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Abstract

Context. Supermassive black hole binaries (SMBHBs) with separations on (sub)pc scales represent one of the latest stages of hierarchical galaxy assembly. However, many of these objects are hidden behind large columns of gas and dust at the centers of galaxies and are difficult to detect. In these systems, accretion is expected to take the form of two individual accretion disks around the individual black holes, fed by a larger circumbinary disk. The X-ray and UV emission in these systems are predicted to vary regularly on timescales that are comparable to that of the orbital period of the binary.

Aims. This is the first of a series of papers where we continue to search for and characterize SMBHB candidates based on quasiperiodic light curves from the soft X-ray instrument eROSITA on board the Spectrum-Roentgen-Gamma (SRG) observatory and extensive X-ray follow-up.

Methods. We searched the multi-epoch SRG/eROSITA all-sky surveys for extragalactic sources that show an “up-down-up-down” or “down-up-down-up” profile (from scan to scan) in their 0.2–2.3 keV flux light curves. We selected sources where the “up” and “down” flux levels vary by at least 3σ. The “down” states were also allowed to correspond to nondetections. We excluded stellar objects, blazars, and radio-loud active galactic nuclei (AGNs) via Gaia DR3 parallaxes and proper motions. We also carried out a visual inspection of the images drawn from the Legacy Survey DR10 and the SIMBAD database.

Results. We compiled a sample of 16 sources that are suitable for X-ray follow-up campaigns given their brightness and significant variability between bright and faint SRG/eROSITA flux levels. We triggered extensive Swift-XRT and NICER monitoring campaigns on the best SMBHB candidates to confirm or discard their tentative periodicities. Optical spectroscopic observations confirmed the nuclear and extragalactic nature of 15/16 objects and enabled single-epoch SMBH mass measurements and BPT classifications of the dominant ionization in the host galaxy. Our most promising candidate, eRASSt J0530-4125, exhibits X-ray quasi-periodic variability with a typical time scale of one year in the observed frame. By stacking the X-ray observations of each source in our sample, we found that 14 out of the 15 sources can be modeled by a power law with a photon index ranging from Γ∼1.8−2.8. Based on our selection, we estimate an optimistic upper limit on the fraction of SMBHB candidates to be ∼0.05 per galaxy. We emphasize that further observational evidence is needed to confirm the SMBHB nature of our sources.
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1. Introduction
The formation of supermassive black hole (SMBH) binaries is thought to be a direct consequence of the ΛCDM cosmological framework, whereby galaxies hierarchically grow through frequent mergers (see e.g., White & Rees 1978; White & Frenk 1991). In this scenario, there is a clear link between large-scale structure formation and gravitational wave physics.
During a major galaxy merger event, two (or more) SMBHs may be active and embedded in the merging system, separated on kiloparsec scales. This is the so-called dual active galactic nuclei (AGN) phase. Detailed studies of dual AGNs reveal a vast set of astrophysical processes between the active SMBHs and the host galaxies, such as high-velocity outflows (Treister et al. 2018), extended AGN ionization in the host galaxy (Tubín et al. 2021), or even triple SMBH systems (Kollatschny et al. 2020). Statistically, the dual AGN fraction, luminosity, and obscuration all increase with decreasing AGN separation (see e.g., Koss et al. 2012, 2018; Ricci et al. 2017; De Rosa et al. 2023).
Over the course of the merger, dynamical friction (Chandrasekhar 1943) will efficiently remove angular momentum from the SMBH orbits and form an inspiraling binary system at parsec (pc) separations (Begelman et al. 1980). At these spatial scales, the SMBHs become gravitationally bound in a SMBH binary (SMBHB). The projected distances between the SMBHB are small and are virtually impossible to resolve for most of the telescope facilities, especially for nonlocal galaxies.
Since the dynamical friction becomes inefficient due to the low stellar density at pc-scales, the SMBHB can potentially remain in orbit for a period that is several times longer than the Hubble time. This is known as the “final parsec” problem (Milosavljević & Merritt 2003), which highlights the need for external effects to bring the SMBHs to millipc scales. Nonspherical stellar potentials of galaxies (see e.g., Vasiliev et al. 2014; Mirza et al. 2017), injection of gas into the system (Escala et al. 2005; Lodato et al. 2009), or scattering with stars and massive black holes (see e.g., Ryu et al. 2018) are all processes that could remove angular momentum from the binary.
The recent detection of the gravitational-wave background (GWB) using pulsar timing arrays (PTA; EPTA Collaboration 2023; Reardon et al. 2023; Xu et al. 2023) suggests the presence of a population of massive binaries (with masses ranging between 108−1010 M⊙) that are close enough (0.001–0.01 pc separation) to produce gravitational waves in nanohertz frequencies across the universe (Agazie et al. 2023; EPTA Collaboration 2024). The GWB results and the expected population of SMBHBs suggest that there is a mechanism that removes angular momentum from these SMBHBs. This brings them closer until gravitational wave production efficiently removes angular momentum from the binary, eventually leading to mergers on timescales shorter than the Hubble time.
However, the biggest challenge in confirming the existence of SMBHBs and characterizing their demographics is detecting the electromagnetic counterparts of SMBHBs. These objects are usually separated by (sub)pc scales to be spatially resolved by current facilities and likely obscured at the centers of galaxies. A well-characterized population of SMBHBs could constrain the physics and timescales associated with the gravitationally bounded SMBHs.
The presence of gas surrounding the binary provides a way to detect SMBHBs and their electromagnetic features. Hydrodynamic simulations predict that each SMBH at sub-pc separation accretes material from a circumbinary disk (Noble et al. 2012; Farris et al. 2014, 2015) via accretion inflows, forming smaller and independent mini-accretion disks around each SMBHs (Hayasaki et al. 2008; d’Ascoli et al. 2018; Bowen et al. 2018). The presence of the two SMBHs will create cavities in the circumbinary disk (D’Orazio et al. 2013), creating a deficit of optical-UV radiation compared to single-SMBH accretion disks (see, e.g., Gültekin & Miller 2012; Roedig et al. 2014; Wang et al. 2023). Furthermore, X-ray and hard UV emission are expected to originate mainly from the inner mini-disks around each SMBH (Sesana et al. 2012; d’Ascoli et al. 2018), while optical and infrared emission come from the circumbinary disk (see e.g., Tanaka et al. 2012).
Comprehensive reviews on the search and observational evidence of SMBHBs have been reported by De Rosa et al. (2019), Bogdanović et al. (2022), and D’Orazio & Charisi (2023). In addition, D’Orazio & Charisi (2023) recently compiled a complete summary of the multiwavelength observational efforts to search for SMBHBs and the known SMBHB candidates. In the following, we describe the most relevant multiwavelength and multitechnique efforts to search for SMBHBs.
Extragalactic sources with periodic light curves have long been discussed and used as a first step to identifying close SMBHB candidates. X-ray and UV light curves are expected to vary regularly with periods comparable to that of the binary period (Bowen et al. 2018, 2019; Tang et al. 2018; Kelley et al. 2019; Westernacher-Schneider et al. 2022) since the minidisks are periodically fed by gas inflow from the circumbinary disk (Hayasaki et al. 2008; Farris et al. 2014). Doppler beaming (D’Orazio et al. 2015; Charisi et al. 2018) or gravitational lensing (Haiman 2017; D’Orazio & Di Stefano 2018) can also produce periodical features in the light curves of SMBHBs. Further evidence for the binary scenario comes from detections of double peaks or ripples in the Fe Kα emission line profile in the X-rays (see, e.g., Sesana et al. 2012; McKernan et al. 2013; McKernan & Ford 2015; Jovanović et al. 2020).
However, the periodic behavior observed in X-ray light curves can have several causes. One of the most common producers of spurious periodicities is the “normal” AGN variability. Accretion onto single SMBHs produces highly variable X-ray emission with a stochastic behavior (known as red noise; see, e.g., Press 1978; Vaughan et al. 2003). This stochastic behavior can mimic both strictly periodic and quasiperiodic variability for a few cycles (Krishnan et al. 2021; Witt et al. 2022). This implies that tests for periodicities can easily yield false positives (Press 1978; Krishnan et al. 2021), even if no periodic signals are inherently present in the data. In the presence of real periodicity, deconvolving the red noise and the periodic signal is difficult and can be hampered by the quality and cadence of the data.
Regular monitoring campaigns spanning several years at high energies are only available in exceptional cases. For example, Serafinelli et al. (2020) and Liu et al. (2020) carried out independent systematic searches for periodic variable AGN in hard X-ray (14–195 keV) sources within the 105-month Swift-BAT survey. Serafinelli et al. (2020) found two SMBHB candidates with tentative periodicities, namely, MCG+11-11-032 and Mrk 915. On the other hand, Liu et al. (2020) did not find any evidence of periodic AGNs in a slightly larger Swift-BAT sample that includes the previous two sources.
MCG+11-11-032 is a SMBHB candidate that was initially selected as a dual AGN candidate based on its double-peaked optical emission lines. Its X-ray emission hints at a period of 26 months with a double-peaked Fe Kα line (shifted by ΔE=0.4±0.2 keV) that has been claimed at a 4σ confidence (Severgnini et al. 2018). Mrk 915, on the other hand, does not show a double-peaked Fe Kα line, but it does have a tentative X-ray periodicity of 35 months (Serafinelli et al. 2020). In these objects, the distances between the SMBHBs would be 5 and 6.5 milli-pc, respectively. Another claimed SMBHB candidate is OJ 287 (Sillanpaa et al. 1988; Dey et al. 2019a). Extensive multiwavelength monitoring observations, including Swift-XRT campaigns, have been implemented on OJ 287 to claim the presence of an eccentric secondary SMBH orbit with a mass ratio of q≃0.01 that crosses the accretion disk of the main SMBH twice every ∼12 years (see e.g, Komossa et al. 2021a, b, for the project Multiwavelength Observations and Modeling, MOMO, of OJ 287).
Periodicities in other wavelengths have also been proposed as tracers of SMBHBs. Optical photometric variability studies performed on survey data provide a vast initial sample of ∼150 periodic SMBHB candidates (see e.g., Graham et al. 2015; Charisi et al. 2016; Liu et al. 2016a). Most of these candidates are on timescales that place them in a regime where the robust separation of red noise from periodicities is difficult, as stochastic accretion effects can lead to spurious signals given a limited observation duration or gappy data sampling (Vaughan et al. 2016; Liu et al. 2018; Krishnan et al. 2021). Recently, Luo et al. (2025) conducted the first systematic search for SMBHB candidates with periodic light curves from Wide-field Infrared Survey Explorer (WISE) infrared (IR) data. However, their mock simulation of the parent sample indicates that stochastic variability can produce a similar number of periodic sources. Periodicity observed in radio-loud sources has been attributed to the presence of a SMBHB in the center of the galaxy; however, this could also be due to other single AGN processes (Holgado et al. 2018) such as jet precession (Caproni et al. 2013; Liska et al. 2018) or the intrinsic variability of the accretion flow in the accretion disc (King et al. 2013). The presence of SMBHBs have also been invoked to explain periodicities of a few cycles that have been found in radio data of individual blazars (see e.g., Ren et al. 2021; O’Neill et al. 2022; Kiehlmann et al. 2024; de la Parra et al. 2024).
Spectroscopic features like line asymmetries, double-peaks, velocity shifts, or line profile variability on broad emission lines such as Hβ or Hα have been proposed as evidence of orbital motion and a consequence of a black hole binary in the center of AGNs (Tsalmantza et al. 2011; Eracleous et al. 2012; Shen et al. 2013; Liu et al. 2014; Runnoe et al. 2017; Doan et al. 2020; Jovanović et al. 2025). One example of this is the Seyfert galaxy NGC 4151. Radial velocity curves show flux variations in the Hα light curve that suggest an orbital motion that is consistent with the signature of a sub-pc SMBHB system with an orbital period of about ∼5700 days (Bon et al. 2012). However, in some sources, radial-velocity shifts of the broad-line components are found to be inconsistent with the expected orbital motion of a SMBHB (Wang et al. 2017). Eracleous et al. (2009) and Liu et al. (2016b) find evidence that double-peaked line profiles can also be produced by single (nonbinary) AGN broad line regions (BLR). Detailed modeling and extensive time-resolved spectroscopic studies are still needed to understand the spectral features expected for SMBHBs (see e.g., Popović 2012; De Rosa et al. 2019, for a detailed discussion on the hypothesis and challenges using broad emission lines as tracers of SMBHBs).
Periodic X-ray emission seems to be one of the most promising ways to identify SMBHB candidates. The X-ray photons can penetrate the obscuring gas and dust, and in SMBHBs are mainly emitted in regions very close to the orbiting SMBHs. Therefore, the X-ray emission is expected to vary regularly with periods comparable to that of the binary period (e.g., Hayasaki et al. 2007; MacFadyen & Milosavljević 2008; D’Orazio et al. 2013; Farris et al. 2014). However, the X-ray coverage of the sky and the regular monitoring of X-ray sources have been limited. The launch of the extended ROentgen Survey with an Imaging Telescope Array (eROSITA; Merloni et al. 2012; Predehl et al. 2021) has opened a window to the search and discovery of peculiar AGNs in one of the largest and most sensitive X-ray catalogs to date. eROSITA is the soft X-ray instrument on board the Spectrum-Roentgen-Gamma (SRG; Sunyaev et al. 2021) observatory and provides an unprecedented opportunity for regular, all-sky X-ray monitoring thanks to its scanning strategy. Therefore, eROSITA enables extensive time-domain studies of the X-ray sky. The survey has already been used to compile a catalog of highly variable extragalactic transients between the first and second eROSITA sky scans (Grotova et al. 2025).
This work is the first in a series of papers that aim to find and confirm SMBHBs based on data from one of the largest X-ray all-sky catalogs ever obtained. Here, we exploit the SRG/eROSITA all-sky data to identify extragalactic objects that show quasiperiodic X-ray light curves as a first attempt to compile a list of SMBHB candidates. We obtained additional extensive X-ray follow-up, optical spectra, and complementary multiwavelength data to constrain the nature of the selected sources. According to the current theories, a confirmation of the SMBHB scenario is based on the detection of (i) persistent quasiperiodic X-ray signatures for multiple periods and (ii) the confirmation of double-peaked Fe Kα lines that shift in energy with the orbital period of the SMBHB. We note that there is other interesting proposed evidence for SMBHB, such as the periodic ripples in the line profile, which consist of a pair of dips in the broad line blueward and redward from the line centroid energy (see e.g., Jovanović et al. 2014, 2020; McKernan & Ford 2015). However, high-signal-to-noise X-ray observations are needed to observe these features (see e.g., McKernan & Ford 2015). Since our selection is mainly based on quasiperiodic behavior that can also be produced by stochastic accretion, a detailed assessment of the red noise in our sample selection will be made in the second paper of the series (Tubín-Arenas et al., in prep.). Upcoming papers will also present longer and deeper X-ray follow-up data obtained after the time of writing this paper.
The paper is structured as follows. In Sect. 2, we describe the SRG/eROSITA scanning pattern and how we searched for quasiperiodic signals within the eROSITA data. In Sect. 3, we present the additional infrared, optical, UV, and X-ray data for the selected objects. Since we have continuously monitored the sources in X-rays, this paper is based on all X-ray data obtained until December 31, 2024. In Sect. 4, we analyze the multiwavelength data from follow-up observations. In Sect. 5, we present the optical and X-ray properties of the selected sample, including a detailed discussion of the two most well-monitored SMBHB candidates. We discuss the nature of the variability from different physical perspectives and constrain their abundances in Sect. 6. Finally, we present our conclusions in Sect. 7. Throughout this paper, we assume a ΛCDM cosmology with h0=0.7, Ωm=0.27 and ΩΛ=0.73 (Hinshaw et al. 2009). Unless explicitly stated otherwise, we report all errors corresponding to 68% confidence (1σ) intervals.
2. SRG/eROSITA and the SMBHB quest
2.1. Overview of eROSITA all-sky scans
SRG/eROSITA combines a large field of view (FoV ∼ 1°), an effective scanning observation mode, and high sensitivity in the soft X-ray band (0.2–2.3 keV), making it the most efficient imaging survey telescope in X-rays (Merloni et al. 2012; Predehl et al. 2021). By February 2022, SRG/eROSITA completed four and one-third of the planned eight eROSITA all-sky scans (eRASS; Predehl et al. 2021). SRG/eROSITA executes one all-sky scan by rotating around the observing axis (which is perpendicular to the axis that connects the spacecraft with the Sun) every 4 hours (referred to as one “eROday”) and shifting its orbit by one degree per day, covering the whole sky in approximately 182 days (half a year). Each position close to the ecliptic equator is observed typically six times for up to 40 seconds per eROday, while sources close to the ecliptic poles are observed more often, creating regions of deep exposure (see Fig. 3 in Merloni et al. 2024).
Following this strategy, eROSITA detected ∼1 million sources during the first all-sky survey on the Western Galactic hemisphere (eROSITA-De: with Galactic longitudes between 180≲l≲360, Merloni et al. 2024). For nondetected, variable, or transient sources that fall below the detection threshold of the eSASS pipeline, Tubín-Arenas et al. (2024) provide SRG/eROSITA upper flux limits based on X-ray aperture photometry on the eROSITA standard calibration data products (counts image, background image, and exposure time). These detected fluxes and upper limits are used in the search for periodically variable SMBHB candidates.
2.2. Sample selection
2.2.1. eROSITA light curve selection
When the four completed all-sky scans are stacked, the sensitivity increases, resulting in approximately three million detected sources. The eRASS:4 catalog (stacked version of the eRASS1 to eRASS4 catalogs – an internal eROSITA-De consortium product, version 230427) is the deepest, most sensitive, and most complete all-sky X-ray catalog available at 0.2–2.3 keV. It also provides relevant information such as positions, observation dates, and fluxes for each independent eRASS survey used in the stacking process. Therefore, the eRASS:4 catalog delivers immediate eROSITA X-ray light curves.
We set out to explore this eROSITA stacked catalog with epoch information to search for quasiperiodic signals. Since eROSITA observed the sky every six months for almost two and a half years, we are sensitive to quasiperiods of about one year, as well as shorter period harmonics (e.g., four months). Therefore, we have searched for sources that show an “up-down-up-down” or “down-up-down-up” profile in their eROSITA light curve. The top panel of Fig. 1 shows an example of an extragalactic source that follows such a flux pattern. Our eROSITA source selection was based on three criteria, described below.
	[image: thumbnail]	Fig. 1. Visualization of the selection for SMBHB candidates based on their SRG/eROSITA light curves. Top panel: Observed counts at the position of the source eRASSt J0530-4125 (see Table 1) at every SRG/eROSITA scan in the 0.2–2.3 keV energy band. Each image is temporarily spaced every six months. The white circles correspond to a typical aperture with a radius of 30″, similar to the scale bar displayed on the bottom right side of each panel. Lower panel: X-ray light curve of eRASSt J0530-4125. The colored arrows indicate the significance of the flux change between the consecutive scans. The blue-shaded areas indicate the bright and faint flux levels of the source, while the purple arrow shows the factor and significance between these two flux levels.



Table 1. 
Primary SMBHB candidates catalog.

First, we request that the consecutive “up” and “down” flux measurements to differ by >3σ for an object to be preliminary included in our initial sample of candidates. Thus, we have
[image: thumbnail]
where i=1,2,3,4 is the corresponding eRASS scan, then Fi and Fi,err are the flux and flux error for the eRASS scan, i, of a given source. In the case where the source falls into the sky region where we have five eROSITA scans, we require the above-mentioned criterion for eRASS1 to eRASS5 (i=1,2,3,4,5). Figure 1 illustrates this selection criterion as the source varies by almost 10σ between the flux measurements spaced apart by six months. The “down” states are also allowed to be nondetections. In these cases, we use the corresponding 3σ eROSITA upper flux limit values in the 0.2–2.3 keV band (Tubín-Arenas et al. 2024).
For the next two selection criteria, we first defined “bright” and “faint” states based on the average flux of all the “up” data points and the average flux of all the “down” data points for each source. The uncertainty ranges of the bright and faint states (Fbright,err, Ffaint,err, respectively) are given by the standard deviation of the individual fluxes contributing to the corresponding level and are represented by the blue-shaded areas in the bottom panel of Fig. 1. These uncertainties also give us an idea of how consistent the flux measurements are in either of the two flux states.
Next, we compute a factor, F, that corresponds to the ratio between the average fluxes of the bright and the low flux levels for every source (F=Fbright/Ffaint). Only sources with F>3 are thus selected.
Finally, we calculate the significance as
[image: thumbnail]
This is the flux difference normalized by the error between the bright and faint flux levels for every source. Here, we require a value of at least S=3.
2.2.2. Excluding galactic sources
As a first attempt to remove a significant fraction of stellar sources from our light curve selection, we used the proper motion and parallax values from Gaia DR3 (Gaia Collaboration 2021). We cross-matched our eROSITA sources to Gaia sources using a 15-arcsecond matching radius. If multiple Gaia sources were found for one eROSITA source, we considered the closest Gaia source as the likely counterpart. Since we later visually inspected the remaining candidates, we emphasize that this matching procedure only helps to reduce the workload of the visual screening.
We excluded stellar sources by requesting our sources to have a parallax and proper motion (RA and Dec combined) significance consistent with zero within 3σ and 5σ, respectively. Sources without Gaia counterparts were kept in our sample, as it is unclear whether they are faint, distant stellar objects or of extragalactic origin.
As a next step, we visually inspected the Legacy Survey Data Release 10 (LS DR10; Dey et al. 2019b) images of the remaining sources. For objects not covered in LS DR10, we inspected the Digitized Sky Survey (DSS; Lasker et al. 1996) images. For a few sources, bright saturated stars were identified as their counterparts. We rejected these objects from our candidate sample. We also checked the SIMBAD database (Wenger et al. 2000) for the remaining objects. If a stellar object was listed within 15 arcseconds of our X-ray position, we also excluded these objects from our candidate sample. The SIMBAD database was also used to identify known blazars and radio-loud AGNs. The latter category was removed as well since jet precession could also produce periodic X-ray emission (Liska et al. 2018). As a result of these steps, we are confident that our sample contains little to no contamination from galactic objects.
2.2.3. Primary SMBHB candidate sample
The candidate sample consists of 119 extragalactic objects. Figure 2 shows the distribution of their factors F and significances S. All objects shown fulfill our selection criteria of at least 3σ difference in X-ray flux between each adjacent epoch, F>3, and a significance of at least S>3.
	[image: thumbnail]	Fig. 2. Distribution of the sample based on the factor (F=Fbright/Ffaint) and significance [image: equation] values (see Sect. 2.2). For each source, the factor and significance are calculated between the bright and faint states represented by the blue-shaded area in Fig. 1. We make a cut at F>5 and highlight the 16 sources that will be the focus of this paper. The remaining extragalactic sources of the sample are displayed with triangles.



Extended light-curve information for all sources is needed to confirm or rule out each quasiperiodic light curve signature. However, this would require a massive X-ray follow-up campaign. Therefore, we decided to focus our X-ray follow-up resources on the brightest and most variable objects. The objects must have a F>5, an X-ray flux in the bright state Fbright≳5×10−13 erg s−1 cm−2 to allow a follow-up program with missions like Swift and NICER, or have already publicly available follow-up data. This then defines our primary SMBHB candidate sample of 16 sources highlighted in Fig. 2. A summary of their properties is given in Table 1.
3. Data and data reduction
Our X-ray monitoring programs were aimed at observing the candidates once every month for five months (six pointings in total) to fill in the eROSITA gaps and increase the observing cadence. We began monitoring in the month that eROSITA would have observed the source again if the survey had continued after February 2022. Therefore, assuming that the pattern of the eROSITA light curve continues over time, we can study the X-ray variability and emission properties of the candidates in more detail. We used these follow-up observations to discriminate between tentative quasiperiodic signals and red-noise-driven variability. Sources displaying tentative periodicities after an initial one-month cadence follow-up were eligible for X-ray monitoring programs with a higher cadence.
In addition to the X-ray follow-up, we obtained multiwavelength imaging, photometry, and spectroscopic data for the final SMBHB candidate sample. Optical spectra were obtained for known and previously unclassified objects to confirm their extragalactic nature. Here, we describe the multiwavelength data used in this paper.
3.1. Infrared data
Mid-infrared (mid-IR) photometry data was collected from the NEOWISE-R mission (Wright et al. 2010; Mainzer et al. 2014) in the W1 and W2 bands, centered at 3.4 and 4.6 microns, respectively. The data were retrieved via the unTimely catalog (Meisner et al. 2023) that are binned by ∼180 days to match the scanning pattern of the satellite. The infrared light curves are presented in Appendix A.
3.2. Optical
3.2.1. Optical images
Figure 3 shows the optical images of the primary SMBHB candidates retrieved from the Legacy Survey Viewer1 (Dey et al. 2019b). We mark the SRG/eROSITA X-ray position of the candidates, listed in Table 1, and the position of the optical counterpart detected by Gaia. All X-ray positions are consistent with their optical counterpart positions, considering 3σ eROSITA positional uncertainties. This gives strong support to the idea that the X-ray emission is likely coming from the nuclear regions of the galaxy.
	[image: thumbnail]	Fig. 3. Optical images of the SMBHB candidates. The cutout images were retrieved from the Legacy Survey Viewer with a pixel scale of 0.15 arcseconds per pixel and are centered at the SRG/eROSITA X-ray position of the candidates. We highlight the X-ray position with a green circle with a radius of 3″ that corresponds to a typical 3σ positional uncertainty and the optical Gaia DR3 positions with a red diamond when available. Two sources (eRASSt J1522-3722 and eRASSt J0818-2252) are outside the LS footprint, therefore, we show the DSS images. eRASSt J1003-2607 was not detected by Gaia DR3 since the tentative source position highlighted inside the green circle is a faint source with a LS DR10 magnitude of mr∼22. A 10″ scale bar is also shown at the bottom of the images for reference. All images are oriented with north at the top and east to the left.



3.2.2. Spectroscopic data
Optical spectroscopic observations were collected from the archive or newly obtained if missing. We aimed to confirm the extragalactic nature of our candidates, obtain redshifts, and thus study the intrinsic AGN properties of our sources, such as luminosity and SMBH mass. Column 2 of Table 2 lists the facilities used to obtain the optical spectroscopic observations of our SMBHB candidates. Four systems were observed with the ESO/La Silla EFOSC2 on the 3.6 m New Technology Telescope (NTT; program ID: 112.263K). The spectroscopic observations were performed with grating #13 and a 1″ slit width, which corresponds to a wavelength resolution of 15.5 Å in the range 3650–9250 Å. The ESO observations were reduced with the dedicated software ESOReflex (version 2.11.5, Freudling et al. 2013) to correct for the standard bias, flats, wavelength, and flux calibration.
Table 2. 
Optical spectral properties of the main SMBHB candidates.

Eight candidates are bright and could, therefore, be observed with the SpUpNIC spectrograph (Crause et al. 2019) at the South African Astronomical Observatory (SAAO) 1.9 m telescope. The SAAO/SpUpNIC spectra were obtained with a 2.7″ slit width, a typical exposure time of two consecutive 1200 seconds, and a low-resolution grating to cover the entire optical range between ∼3500 Å and ∼9000 Å. The data were reduced using standard bias corrections and flat-fielding. The wavelength and spectrophotometric calibrations were performed using an Argon arc-lamp and a standard star spectra taken on the same night of observations.
Two spectra were taken with the IMACS Short-Camera (Dressler et al. 2011) mounted on the 6.5 m Baade Magellan telescope located at Las Campanas Observatory. The Magellan/Baade observations were carried out using a 1″ and 0[image: equation]7 slit with total exposures of 600 and 1080 seconds for eRASSt J1906-4850 and eRASSt J0458-2159, respectively. The spectra were reduced with IRAF (Tody 1986) following the usual procedure of overscan subtraction, flat-field correction, wavelength calibration using a He-Ne-Ar lamp, and a spectrophotometric standard star.
One optical spectrum (eRASSt J2227-4333) was retrieved from the archive of the 6dF Galaxy Survey (Jones et al. 2004, 2009).
Given its faint nature, we observed eRASSt J1003-2607 with the 8-meter class Large Binocular Telescope (LBT) using long-slit spectroscopy with the MODS spectrograph (Pogge et al. 2010). The observation was carried out on January 2nd, 2025, in one exposure of 3000 s with both the red and blue arms. The basic data reduction was done with the modsCCDred package2. We wavelength-calibrated the data, extracted the spectrum, and performed flux calibration using the apall package from IRAF.
Based on its LBT optical spectrum, we ruled out the AGN nature of eRASSt J1003-2607. We show in Fig. 4 and in Appendix A.12 that eRASSt J1003-2607 shows only two strong emission lines consistent with Hβ and Hα at the redshift of a nearby galaxy, NGC 3109 (z=0.0014). Therefore, the source is extragalactic but has a non-AGN off-nuclear origin, likely connected to an X-ray ultra-luminous object (see Sects. 6 and Appendix A.12 for a detailed discussion about off-nuclear sources and this particular object, respectively). This source is, therefore, removed from the subsequent discussion of SMBHBs candidates and only described in Appendix A.12.
	[image: thumbnail]	Fig. 4. Optical spectra compilation of the best SMBHB candidates in their rest frame. The spectra are sorted from top to bottom based on the column factor F from Table 1, described in Sect. 2.2. The middle and right panels zoom into the Hβ + [O iii] and the Hα + [N ii] + [S ii] emission lines complex of each spectrum, respectively. The numbers in the plot correspond to every source listed in Table 1. The flux is given in arbitrary units where the spectra were scaled by different factors and added a constant offset of a few 10−16 erg s−1 cm−2 Å −1 to visualize better the different spectral shapes of the SMBHB candidates.



Figure 4 shows the rest-frame optical spectra for the primary SMBHB candidates listed in Table 1. We note that, visually, some sources show broad Balmer lines, indicating the presence of a type I AGN, while others show only narrow emission lines with a galaxy-like continuum.
3.2.3. Optical photometric data
Optical photometric data are available for most sources, providing helpful insight into the properties of the candidates. We obtained publicly available forced-photometric data on the target images from the Asteroid Terrestrial-impact Last Alert System (ATLAS, Tonry et al. 2018; Smith et al. 2020) all-sky survey from their forced photometry pipeline3 (Shingles et al. 2021). ATLAS allows us to have long optical photometric light curves of the candidates in the filters cyan (420–650 nm) and orange (560–820 nm). Atlas has been surveying the entire sky since ∼2015 with a cadence of ∼2 days. The data points were extracted by running forced photometry on the available reduced images and binned every 15 days.
We also obtained Zwicky Transient Facility (ZTF; Masci et al. 2018) optical light curves in the r-band. Since ZTF is a Northern-equatorial sky survey, only five sources have data available. The light curves are shown for these individual cases in Figs. A.1., A.2., and A.7. (see Appendix A).
3.3. Swift-UVOT data
SMBHB candidates that were observed with Swift (see Sect. 3.4) also have optical and UV photometric data in six filters: V, B, U, UVW1, UVM2, and UVW2 (with central wavelengths 5468, 4392, 3465, 2600, 2246, and 1928 Å, respectively) thanks to the Ultra-violet Optical Telescope (UVOT, Roming et al. 2005) mounted in the spacecraft. We obtained magnitudes and fluxes using the task uvotsource, which performs aperture photometry at the position of the source. The routine uvotsource extracts counts from an aperture of 5″ and corrects them by the background counts extracted from a 20″ circular aperture in a source-free region close to the source of interest. The UVOT light curves are shown in Figs. A.2. and A.7..
3.4. X-rays
We use X-ray data from several different missions, including eROSITA, Neil Gehrels Swift Observatory (Gehrels et al. 2004), Neutron star Interior Composition Explorer, and XMM-Newton (Jansen et al. 2001). Here, we describe their data reduction.
The eROSITA fluxes in the 0.2–2.3 keV band are extracted from the stacked eRASS:4 catalog with epoch information. For the two most extensively monitored sources, we also extract 2.3–5.0 keV and 0.2–5 keV fluxes by reducing and analyzing their eROSITA spectra (eSASS task srctool). This data is processed with the eROSITA standard processing pipeline version c020, which is based on the eROSITA Standard Analysis Software System (eSASS, Brunner et al. 2022). The source and background spectra are extracted from a 60″ circular region and a source-free annulus region with an inner radius of 140″ and an outer radius of 240″, respectively. We only retrieve X-ray spectra of the individual eRASS observations in the bright flux levels since there are not enough counts in the faint flux states of the sources. In these low-count scans, we report the corresponding eROSITA 3σ upper limits in the 2.3–5.0 keV and 0.2–5 keV bands.
Swift-XRT observations were performed during cycles 19 and 20 (Target ID: #16217, #97405) and using the director's discretionary time (DDT) in the standard photon counting (PC) mode. For each observation, we retrieve publication-ready images, light curves, and spectra, perform source detection, and obtain X-ray positions of the sources using the online Swift-XRT data products generator4 (Evans et al. 2007, 2009, 2014, 2020; Goad et al. 2007). The Swift-XRT data are processed using HEASOFT v6.32.
NICER observations were obtained during cycle 4 (#5141), cycle 6 (#7124), and with several DDT campaigns. NICER data were reduced with the software NICERDAS v12 distributed with HEAsoft version 6.33.2. We followed the NICER analysis guidelines and excluded data taken during orbit day, an undershooting rate below 300 counts s−1, and a default overshooting rate of less than 30 counts s−1 per detector. We model the background with the parameterized X-ray background model SCORPEON that consists of a non-X-ray background (nxb: related to trapped electrons, the South Atlantic Anomaly, or cosmic rays) and an astrophysical X-ray background (sky: corresponding to Cosmic X-ray Background, diffuse local or galactic X-ray emission, solar winds, and neutral oxygen). Unlike other X-ray background library models, SCORPEON is parameterized and can be fitted together with the source model as a function of time and sky position.
We observed eRASSt J1141+0635 with XMM-Newton (ObsID 0881880101) on 28 Dec. 2023 with a net exposure time of 112 ks. Pile-up did not affect the observations. The data was analyzed with the XMM-Newton science analysis system (SAS) version 21.0.0 and HEASOFT version 6.33.2. The EPIC pn and MOS camera were operated in full-frame mode with the medium optical blocking filter. We extracted the source spectra from a 40″ circular aperture and the background spectra from source-free regions on the same CCD chip. For the pn camera, we selected data from pattern 0 and patterns 1–4 separately.
4. Data analysis
4.1. Full optical spectrum fitting
To characterize the nature of the sources and obtain reliable flux measurements from the broad and narrow emission lines, we correct for stellar absorption features in the spectra. We perform full spectral fitting using the pPXF package originally described in Cappellari & Emsellem (2004) and upgraded in Cappellari (2017) and Cappellari (2023) to model and subtract the stellar contribution to obtain continuum-free emission-line spectra. The tool pPXF fits the stellar contribution to the spectrum by minimizing the residuals between the observed galaxy and the model. The model of the galaxy is defined by a convolution between stellar population templates and a line-of-sight velocity distribution (LOSVD) parametrized by a Gauss-Hermite series (see Cappellari 2017, for a detailed description of pPXF). We use single stellar populations (SSP) templates from the extended MILES (E-MILES) library, which covers the full spectral range between 1680–50 000 Å at moderately high-resolution (Vazdekis et al. 2016).
We included additive and multiplicative Legendre polynomial functions to account for discrepancies in shape between the galaxy and the templates. The degrees of the polynomial functions are chosen on a spectrum-to-spectrum basis. Since the main goal of the fit is to subtract the stellar contribution from the spectrum and not to derive stellar parameters, we choose slightly high values for the polynomial degrees (ranging between 5 and 15). We perform a regularized (regul = 100) fit where the most prominent emission lines of ionized gas and sky were previously masked. Figure 5 shows an example of the full spectral fitting routine on the Magellan/Baade spectrum of eRASSt J1906-4850. The best-fit stellar model, shown in red, is a combination of single stellar templates broadened to match the resolution of the observed spectrum. Once it is subtracted from the observed spectrum (black), we obtain the continuum-free spectrum (green) that traces the ionized gas component of the galaxy. The model is interpolated at the location of the bright emission lines that were initially masked based on the overall best stellar population fit. Thus, the continuum-free spectrum provides an absorption-corrected and model-dependent estimate of the total flux of the ionized gas lines, particularly for Hβ and Hα.
	[image: thumbnail]	Fig. 5. Visualization of the full spectral fit of eRASSt J1906-4850 Magellan/Baade spectrum. The observed spectrum of the galaxy is shown in black, while the pPXF best-fit stellar model is shown in red. A continuum-free emission-line spectrum is shown in green, and the individual Gaussian components are shown in blue. We show the Hβ + [O iii] complex and the Hα + [N ii] + [S ii] in the left and right panel, respectively.



Considering the redshift distribution of our sources and the wavelength coverage of the spectra, we always find the following emission lines: Hβ λ4861, [O iii] λ4959,λ5007, Hα λ6563 [N ii] λ6549,λ6583, and [S ii] λ6717,λ6730. These emission lines provide valuable information about the dominant source ionizing the gas in the host galaxy. Additionally, their broad components can be used to calculate single-epoch SMBH masses.
We modeled the emission lines with Gaussian profiles using Pyspeckit, the Python Spectroscopic Toolkit package (Ginsburg & Mirocha 2011). One narrow (σ<500 km s−1) Gaussian component was used to fit each of the mentioned emission lines in each spectrum. Additionally, to reproduce the Broad Line Region (BLR) emission of the Balmer lines, we incorporated one broad (300<σ<3300 km s−1) component for Hβ and one for Hα. We fixed the ratios of the [O iii] and [N ii] doublet to their theoretically determined values of 3 (Osterbrock & Ferland 2006) to reduce the degrees of freedom of the fit. Since the spectral resolutions of our spectra are variable depending on the used instrument, we usually cannot separate the Hα component from the [N ii] lines accurately. Therefore, we use the strong and well-isolated [O iii]λ5007 line as a template to define the widths for all the narrow lines, particularly the [N ii] lines. This choice does not leave significant residuals in the other lines. The emission line fitting process is also shown in Fig. 5. We note that eRASSt J1906-4850 can only be well-fitted with two broad Gaussian components per Balmer line and an extra, broader, and blue-shifted component for the [O iii] lines. Similarly, eRASSt J1522-3722 needs two Gaussian components to fit the broad and asymmetric [O iii]λ5007 line.
We obtained the flux, velocity, and velocity dispersion in the line-of-sight of the ionized gas based on the zeroth, first, and second moment of the Gaussian profiles. Once we performed an initial fit, we retrieved reliable error measurements to these quantities using a bootstrapping technique. We resample the residuals, assuming they are Gaussian distributed and centered in the flux of the model. We added these new residuals to the initial best-fit model of the emission lines and performed a new fit. We repeated this process 1000 times and stored the fluxes, velocities, and velocity dispersions of each realization. Thus, the final emission line measurement will be given by the median and standard deviation of the 1000 realizations. We obtained reliable redshifts based on the wavelength shift of the narrow [O iii]λ5007 Å emission line and the 1000 realizations of the bootstrapping method. The typical errors on the redshifts are on the order of ∼10−5. These redshifts are reported in Table 2 (Column 3), and they were also used to compute the X-ray luminosity of the SRG/eROSITA data (Column 4).
4.2. X-ray data analysis
The SRG/eROSITA, Swift-XRT, NICER, and XMM-Newton spectra were fitted using the Python interface of the XSPEC (Arnaud 1996) spectral-fitting program, PyXspec. We used Poisson statistics (Cash 1979), cosmic abundances from Wilms et al. (2000), and photoelectric absorption cross sections provided by Verner et al. (1996); also, we quote all the X-ray parameter errors at the 1σ (68%) confidence level. Typical requested exposure times for Swift-XRT and NICER spectra are 3 and 8 ks, respectively. We fit the spectra and obtain X-ray fluxes using a single power-law model with a fixed Galactic absorption (tbabsGal*powerlaw) that depends on the position on the sky of the SMBHB candidate and is obtained from measurement of the Galactic neutral atomic hydrogen column density5 (HI4PI Collaboration 2016). We also fit an absorbed power-law (tbabsGal*tbabsIntr*powerlaw) to the different spectra to test for the intrinsic absorption of the X-ray sources. Spectral parameters such as the intrinsic column density NH, photon index Γ, and hardness ratio were calculated for every observation. The hardness ratio (HR=(hard−soft)/(hard+soft)) was calculated using the soft (0.2–2.3 keV) and hard (2.3–5.0 keV) energy bands defined by the eROSITA bands. Figures 7 and 8 show the light curves of the monitored objects with fluxes and luminosities retrieved from the different X-ray missions. The observed luminosities were computed by considering the luminosity distance of each source, which depends on the optical redshift and the assumed ΛCDM cosmology (Hinshaw et al. 2009).
4.3. Stacked X-ray analysis
We stacked the NICER and Swift-XRT observations of each source to constrain their time-averaged spectral properties. NICER observations were stacked using the NICERDAS v12 tool niobsmerge that combines cleaned and calibrated products of several observation segments. Swift-XRT stacked spectra were directly downloaded from the Living Swift XRT Point Source Catalogue (LSXPS; Evans et al. 2023). LSXPS is a living catalog that gets updated in nearly real-time and contains position, fluxes, spectral details, and variability information for hundreds of thousands of X-ray point sources detected by the Swift X-ray Telescope.
We considered two simple X-ray models to study properties like the line-of-sight absorption and the overall spectral shape of the source. We fit a redshifted power-law absorbed by Galactic and intrinsic hydrogen atoms (tbabsGal*tbabsIntr*zpowerlaw) and an absorbed thermal accretion disk consisting of multiple blackbody components (tbabsGal*tbabsIntr*diskbb).
5. Results
5.1. Optical
We confirm that 15 out of the 16 observed SMBHB candidates are extragalactic sources with redshifts ranging between z∼0.02−0.2. Most of the sources display bright emission lines such as [O iii], Hα, and [N ii] and a unique variety of line profiles, especially in the broad components.
The Baldwin, Phillips & Telervich (BPT; Baldwin et al. 1981) diagram considers optical emission-line flux ratios to provide a unified classification of the nature of the dominating ionization mechanism (Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley et al. 2000, 2001, 2006). Figure 6 shows the [N ii]-BPT diagnostic diagram for the spectroscopically observed sources. The region delimited by the blue (denoted as Ka03, Kauffmann et al. 2003) and the black curve (Ke01 in the diagram, Kewley et al. 2001) is defined as a composite region where AGN and SF can be responsible for the ionization of the gas in the host galaxy. Despite all of the sources being X-ray selected, we note that not all of them show strong AGN features based on their optical spectra and their location on the BPT diagram. eRASSt J0530-4125 (#2 in the diagram) displays a galaxy-like spectrum with noticeable stellar absorption features and a weak Hβ broad emission line. On the other hand, eRASSt J1522-3722 (#6 in the diagram) shows strong broad components proper of AGN. However, the source falls into the star-forming portion of the diagram because the [O iii] emission line was fitted with two Gaussian components due to the line being broad and asymmetric. Therefore, at the moment of taking the flux ratio, only the bright and narrower component was considered. Broad and asymmetric [O iii]λ5007 lines could indicate the presence of outflows in the nuclear region of the galaxy.
	[image: thumbnail]	Fig. 6. [N ii]-BPT ([O iii]λ5007/Hβ versus [N ii]λ6583/Hα) diagnostic diagram for the SMBHB candidates. The black curve marks the separation proposed by Kewley et al. (2001, denoted as Ke01 in the diagrams), between the theoretical maximum ionization driven by pure star-formation in HII regions and those regions ionized by AGN. The red solid line on the BPT diagram marks the separation between AGN and Low Ionization Narrow Emission-line Regions (LINERs), as proposed by Schawinski et al. (2007), while the blue solid curve represents the separation between AGN and star formation reported by Kauffmann et al. (2003) denoted as Ka03 on the [NII]-BPT diagram. The markers are color-coded according to the observed eROSITA luminosity of the bright level in the 0.2–2.3 keV band. The numbers of the markers correspond to the sources listed in Table 1.



Following the Mbh−Hβ and Mbh−Hα scaling relations from Vestergaard & Peterson (2006) and Mejía-Restrepo et al. (2022), respectively, we calculate single-epoch SMBH masses assuming that the broad line region size is larger than any binary separation and that the gas is virialized around the central black hole(s). The SMBH masses of the candidates based on the FWHM and luminosity of the broad Hβ and Hα lines are presented in Table 2. Sources without SMBH mass measurements do not show significant broad Hβ in their spectrum. Instead, we derive SMBH masses using the Hα line, following Mejía-Restrepo et al. (2022). eRASSt J1906-4850 is the only source with a particularly interesting double-peaked broad Balmer profile, as shown in Fig. 5. We derive a velocity shift of Δv=2915±736 km s−1 based on the wavelength separation of the corresponding line centroids.
Based on their spectroscopic observations, we confirm that all objects (except eRASSt J1003-2607, which displays an off-nuclear nature) are extragalactic sources. The galaxies show evidence of AGN activity with relatively low single-epoch SMBH masses (∼107 M⊙). Sources falling into the composite and the star-forming regions of the BPT diagram have typical X-ray luminosities on the order of 1043 erg s−1 in the 0.2–2.3 keV, suggesting that the mechanism ionizing the gas in the host galaxy is unrelated to the X-ray emitting source. See Sect. 6.2 for a detailed discussion on the origin of the X-rays in our sources.
5.2. X-rays
Figures 7 and 8 compile every X-ray observation performed during our search for periodically varying light curves. We only show the sources that were observed before Dec. 31st, 2024.
	[image: thumbnail]	Fig. 7. X-ray light curves of the X-ray monitored SMBHB candidates. SRG/eROSITA, Swift-XRT, and NICER data are shown in green, purple, and orange, respectively. We display a sinusoidal curve (gray) to visualize the contrast between the observed X-ray variability and periodically variable signal. The secondary y-axis shows the observed frame 0.2–2.3 keV X-ray luminosities of the sources based on their observed X-ray fluxes and redshifts derived from their optical spectra.



	[image: thumbnail]	Fig. 8. Continuation of Fig. 7. X-ray light curves of the second half of the X-ray monitored SMBHB candidates.



The observed-frame 0.2–2.3 keV X-ray luminosities of the monitored galaxies range between 1042−1043 erg s−1. These values strongly suggest that the X-ray emission is produced by accretion onto the SMBH in the center of the galaxy since no other objects or phenomena in the host galaxy can produce such energetic and persistent X-ray emission. We note that some sources support the quasiperiodic behavior seen in Figs. 7 and 8. However, longer X-ray monitoring programs are needed to confirm or rule out the periodic nature of the sources. We emphasize that since there are sources with few X-ray data points, the tentative periodicities are mainly driven by the eROSITA data points. A stringent periodic analysis should be performed with a well and more populated light curve.
We display a sinusoidal curve (gray) based on the period found by the Lomb-Scargle periodogram (Lomb 1976; Scargle 1982). This periodogram technique is designed to detect periodic signals in unevenly spaced observations. The period of the sinusoidal curve is obtained from the frequency at which each source has a maximum in their periodogram. We emphasize that this curve is only to guide the visualization of the tentative periods and highlights the contrast between the X-ray variability and the periodic curve. We also emphasize that the periods derived might not be statistically significant since the number of data points are still insufficient to perform a proper modeling and false-positive probability analysis of the periodogram. The periodogram is designed to find periods in light curves by comparing the observed signal against pure white noise (null hypothesis of not having any signal at all). However, AGNs are variable, and their variability is stochastic, dominated by red noise. Therefore, using the periodogram to confirm periodicities in AGN should be accompanied by a detailed analysis that considers the red noise as a null hypothesis, as described in Vaughan (2005). See Sect. 6.1 for a detailed discussion of red noise and stochastic AGN variability.
5.2.1. The two most well-monitored sources in X-rays
eRASSt J0530-4125 (#2) and eRASSt J1141+0635 (#7) are the two most well-monitored sources in our SMBHB candidate sample. Here, we present extended X-ray properties for these objects, and we discuss their X-ray variability.
eRASSt J0530-4125: The source displays an interesting variability pattern that seems to be persistent, even after two years of the last eRASS4 observation. Figure 9 shows the soft (0.2–2.3 keV), hard (2.3–5.0 keV), and total (0.2–5.0 keV) X-ray light curve for eRASSt J0530-4125. The light curves in different energy bands follow the same trend, indicating that the variability is not produced by changes in the spectral shape. This is also visualized in the subsequent panels where the column density, nH, photon index, Γ, and hardness ratio are rather constant in time. Apparent outliers in the column density and photon index measurements are associated with low exposure times while in the faint flux state, therefore having large uncertainties.
	[image: thumbnail]	Fig. 9. X-ray properties of eRASSt J0530-4125 observed with eROSITA, Swift-XRT, and NICER. Light curves at 0.2–2.3 keV, 2.3–5.0 keV, and 0.2–5.0 keV bands are shown in the first, second, and third panels, respectively. Spectral X-ray properties such as intrinsic NH, photon index Γ, and hardness ratio are also shown in the fourth, fifth, and sixth panels.



The X-ray light curve reveals a tentative quasiperiodic variability with a period of ∼12 months, as highlighted with the gray sine curve in the top panel of Fig. 9. We emphasize that the periodic signal needs to be carefully tested and interpreted. We do not discard the possibility that the variability pattern is the result of stochastic processes (see also Sect. 6.1).
In the case that the periodic signal is caused by a SMBHB, we can derive the distance between the SMBHs. Assuming a 12-month period and a combined SMBH mass of 107.26 M⊙ (Table 2), the distance would be 1.2 milli-pc (considering a Keplerian orbit: [image: equation]; where d is the distance, M is the total mass of both SMBHs, P0 is the measured period, and G is the gravitational constant). We obtain an orbital velocity of v∼8000 km s−1, using v=2πdP−1 (Serafinelli et al. 2020). The velocity can also be used to estimate the energy shift of the 6.4 keV Fe Kα lines in the X-ray spectrum. We find that ΔEFe Kα=0.17 keV. This energy shift would barely be resolved by XMM-Newton.
eRASSt J1141+0635: The SRG/eROSITA data of this source shows a clear “up-down-up-down” pattern (see Fig. 10). However, the NICER monitoring (orange markers in Fig. 8) suggests a more complex X-ray variability where the flux decreases in a timescale of three months and rises again after one month. Until the first half of 2023, the data matched the periodic behavior of the sinusoidal curve with a period of T∼120 days.
	[image: thumbnail]	Fig. 10. X-ray properties of eRASSt J1141+0635 observed with eROSITA, NICER, Swift-XRT, and XMM-Newton. The panels are similar to those shown in Fig. 9.



At later times, any hint of periodic variability is lost. On 28 Dec. 2023, we obtained a pre-approved AO20 ToO XMM-Newton observation for a net total of 112 ks, aiming to detect a double-peaked profile in the Fe kα emission line. We detect a faint and barely resolved emission line at an observed line energy of [image: equation] keV, a width of [image: equation] keV, and normalization of [image: equation] photons cm−2 s−1. A detailed analysis of the XMM-Newton observation will be presented in future works.
eRASSt J1141+0635 was further monitored during Swift-XRT cycle 20 with a cadence of one week. The high-cadence Swift-XRT data show a more structured variability than in the previous observation block; however, it is unclear whether or not the initial quasiperiodic signal detected with NICER is again present. Further X-ray observations are needed to disentangle the nature of this source. If the source is confirmed to be a SMBHB by future observations, the disappearance of the periodic signal could imply that the accretion of matter in binaries is not always stable and that there could be episodes of less or more accretion that would disrupt the periodic behavior of the sources.
5.2.2. Stacked X-ray properties of the sample
The time-averaged X-ray spectra were also analyzed to study the spectral shape properties of the sources. Stacking the available data increases the signal-to-noise of the observations and can provide valuable information about their nature. Table 3 summarizes the best-fit values for the two models tested. The models have a fixed Galactic absorption component (tbabsGal) derived from the HI4PI Collaboration (2016). We note that all sources have low intrinsic absorption and are mostly well characterized by power-law models with typical AGN-like photon index (Γ∼2). Only one object (eRASSt J0344-3327) shows a soft power law, likely associated with the tidal disruption event (TDE) nature of the source (see Appendix A).
Table 3. 
Stacked X-ray spectral properties of the monitored SMBHB candidates.

6. Discussion
6.1. Stochastic AGN variability as a source of quasiperiodic light curves
Throughout the paper, we have been cautious with interpreting the quasiperiodic signals displayed by the galaxies as SMBHBs since single-SMBH accretion is stochastic and can display artificial periodic features. Here, we give a more detailed explanation of the red-noise phenomena and emphasize that in the second paper of this program, we will properly quantify the effect of stochastic accretion in our sample (Tubín-Arenas et al., in prep.).
Accretion onto single SMBHs produces highly variable and aperiodic X-ray emission with a stochastic behavior: the so-called red noise (see, e.g., Press 1978; Vaughan et al. 2003). The power spectral density (PSD) indicates how strong the variability is as a function of temporal frequency (timescale−1), and it has been used to study variability across different timescales. In red-noise-dominated sources, the X-ray PSD of these light curves is commonly represented by a power law with slopes ranging between 1–2 (Lawrence et al. 1987; McHardy & Czerny 1987; Markowitz et al. 2003; McHardy et al. 2006; Paolillo et al. 2023), opposed to random white-noise PSDs with slope values near zero.
The search for periodic AGN features has been limited by the data quality and poor time resolution of the observations. Additionally, single-AGN stochastic variability can mimic quasiperiodic variability (Krishnan et al. 2021; Witt et al. 2022). Vaughan et al. (2016) claim that the periodic variability of the quasar PG 1302-102 found by Graham et al. (2015) can be explained by stochastic variability. They also found a few-cycle “phantom” periodicities in simulated red-noise light curves based on steep PSD shapes. “Phantom” periodicities are found in large optical quasar surveys (see, e.g., MacLeod et al. 2010) where the tentative periods of the light curve tend to be similar to the total length of the observations (Vaughan et al. 2016). False positives can be reduced by investigating the range of parameter space in which binary systems can be detected. Krishnan et al. (2021) found that discarding timescales greater than (roughly) 1/3 of the total observation length is an effective way to reduce false positives. Witt et al. (2022) found that periodic signals are more easily detectable if the period is short or the amplitude of the signal is large compared to the contribution of the noise.
We cannot rule out the presence of red-noise variability in our sample until further follow-up campaigns provide strong evidence of either periodic or stochastic variability. Real periodic processes should continue to show periodic behavior in future observations, while AGNs dominated by red-noise processes will gradually deviate from the periodic scenario. Therefore, continuous and extended X-ray monitoring programs will be needed when searching for periodic light curves that are expected of SMBHBs.
We will investigate in detail the effect of red-noise-induced variability in the selection of our sources by obtaining false positive rates (Paper II). These rates will be computed by simulating millions of pure red-noise light curves and over-imposing the SRG/eROSITA scanning pattern (i.e., one datapoint every six months). Thus, we will identify the number of spurious sources that show the same variability pattern selected in this paper. We will also include quasiperiodic signals mixed with different PSD slopes and red-noise levels to test our selection method of the SRG/eROSITA candidates. These results will be presented in Paper II (Tubín-Arenas et al., in prep.).
6.2. Possible origin of the X-ray quasiperiodicity in our sample
In the following section, we assume that the quasiperiodic signatures found in the X-ray light curves are not caused by red noise but are real. Given the obtained multiwavelength data, we discuss which scenarios are still plausible for the individual sources. These scenarios include off-nuclear sources, objects interacting with the central SMBH (e.g., TDEs and QPEs), and SMBH binaries. Under each scenario, we explain why we consider it for the given source. To summarize our current understanding of our sources, we give an overview of the already excluded and still possible scenarios in Table 4. If several scenarios are still listed for a source, the current data do not allow us to favor one possible scenario over another.
Table 4. 
Light curve status and possible nature of the primary sample of SMBHB candidates.

Off-nuclear sources: Ultra-luminous X-ray sources are extragalactic objects located outside the nucleus of the host galaxy with bolometric luminosities ranging between 1038 and 1042 erg s−1. The most extreme cases are also known as hyper-luminous objects (HLXs). The source population of ULXs and HLXs are expected to be diverse, covering both neutron-star binaries and black-hole binaries (Kaaret et al. 2017; Gong et al. 2016). However, HLXs are more likely to require an intermediate-mass black hole (IMBH) to power their emission (Webb et al. 2012). The brightest known HLX is HLX-1, located in ESO 243-49. It has a maximum 0.2–10 keV luminosity of ∼1042 erg s−1 (Farrell et al. 2009). This luminosity range is of particular interest as it covers the overlap of ULXs and low-luminosity AGN. Additionally, the X-ray light curve of HLX-1 shows possible recurrence in its variability (see, e.g., Lasota et al. 2011; Servillat et al. 2011), which could be interpreted as “up-down” patterns when sampled with low cadence, such as with SRG/eROSITA. Therefore, HLXs could contaminate our sample, given their luminosity and variability.
Two of the most used methods to discard the presence of HLXs in our sample are X-ray positions and luminosities. HLXs are expected to be off-nuclear sources, so precise X-ray positions compared against the optical position of the galactic nuclei can provide an initial assessment of the nature of these objects. Figure 3 and Table 1 show the separation, in arcseconds, between the optical Gaia positions, centered in the nuclei of the galaxies and the position of the X-ray emission. All of the candidates have X-ray emissions consistent with being emitted by the central parts of the galaxy (except for eRASSt J1003-2607. See Appendix A). The sources with the largest separation (eRASSt J1130-0806 and eRASSt J0600-2939, separated by [image: equation] and [image: equation], respectively) are still consistent with being nuclear within the eROSITA positional uncertainty. However, we note that this method does not discard off-nuclear sources with projected separations smaller than the X-ray spatial resolution. Most of the luminosities in the faint flux state of our sources listed in Table 2 are consistent with the maximum luminosity of HLX-1. However, when considering the observed luminosities (only between 0.2–2.3 keV) of our candidates in the bright phase, we note that all of the galaxies (except for eRASSt J1130-0806 and eRASSt J1124-0348) are almost one order of magnitude brighter than HLX-1. Therefore, the luminosity argument makes it unlikely that the X-ray origin in our sources comes from an off-nuclear, close-to-center HLX object. We show in Table 4 the two sources from our sample that could be HLXs based on their 0.2–2.3 keV X-ray luminosities in their bright states (eRASSt J1130-0806 and eRASSt 1124-0348). The HLX scenario for object eRASSt J1003-2607 is supported by its X-ray luminosity and its off-center position. Since the X-ray luminosities of eRASSt J1130-0806 and eRASSt 1124-0348 are also consistent with the ranges expected for low luminosity AGN, we still consider them under the other possible scenarios. If they are of HLX origin, it is interesting to note that they would be among the most luminous HLXs ever detected.
Objects interacting with the central SMBH: (i) TDEs produce energetic flares originating in the nuclei of galaxies due to the accretion of disrupted stellar debris onto the SMBH. TDEs usually display soft, thermally dominated X-ray spectra, and their light curves typically display a sharp rise in brightness followed by a slow decline with timescales of months or years (∝t−5/3) (see Saxton et al. 2020; Gezari 2021, and reference therein). Lately, more exotic phenomena, such as repeating TDEs, have been discovered (see, e.g., Payne et al. 2021; Liu et al. 2023, 2024; Malyali et al. 2023). In this scenario, the star survives the first encounter with the SMBH and only loses a fraction of its mass. The system will produce new accretion events in the subsequent encounters with the SMBH. The recurrence time of the X-ray flares in the known pTDEs ASASSN-14ko (Payne et al. 2021) and eRASSt J045650.3-203750 (Liu et al. 2023, 2024) are consistent with the timescales probed by our SMBHB search with timescales of 100–300 days, respectively.
(ii) Quasi-periodic eruptions (QPEs) are newly discovered X-ray transients that originate in the nuclei of nearby galaxies where only the X-ray light curve shows persistent, soft, repeating, and narrow X-ray flares with timescales of hours to weeks (see, e.g., Miniutti et al. 2019, 2023; Giustini et al. 2020; Arcodia et al. 2021, 2024; Quintin et al. 2023; Nicholl et al. 2024; Guolo et al. 2024). Possible scenarios to explain QPEs are accretion disk instabilities (e.g., Pan et al. 2022) or stellar objects impacting the accretion disk of the SMBH in close and elliptical orbits (Xian et al. 2021). QPEs and TDEs have been found to prefer similar host galaxies (Wevers et al. 2022, 2024, and references therein). Additionally, QPEs have been detected in galaxies years after TDEs (Miniutti et al. 2023; Quintin et al. 2023; Nicholl et al. 2024; Pasham et al. 2024), suggesting a connection in the formation mechanism of both transients. In this scenario, a main-sequence star (brought into the nucleus as an extreme mass-ratio inspiral; EMRI) emits flares every time it crosses the accretion disk formed by the debris of a TDE (Linial & Metzger 2023; Suková et al. 2024).
Repeating X-ray transients (such as TDEs and QPEs) could potentially explain the initial pattern of the SRG/eROSITA-selected objects in this work. Repeating TDEs present longer timescales, consistent with the timescales of our SMBHB search. In fact, the source with the largest ratio between the faint and bright X-ray states in our sample (eRASSt J0344-3327) is likely a TDE, based on the sharp rise and slow decline in its optical and IR light curves, as well as its steep and soft X-ray spectrum (see Fig. A.1.). Other sources such as eRASSt J1906-4850 (Fig. A.3.), eRASSt J1130-0806 (Fig. A.5.), eRASSt J1124-0348 (Fig. A.10.), eRASSt J0036-3125 (Fig. A.11.), and eRASSt J0044-3313 (Fig. A.16.) show weak but noticeable multiwavelength variability features that might resemble the behavior presented by eRASSt J0344-3327. In these sources, we can neither claim nor discard their TDE nature (see Table 4). For the remaining sources, the lack of TDE-like features in the multiwavelength data and the presence of hard X-rays disfavor the TDE scenario.
On the other hand, the longest repeating time detected for a QPE is 22 days (Guolo et al. 2024), which is not long enough to explain the long-term variability of our candidates, such as eRASSt J0530-4125 or eRASSt J1141+0635. Under the repeating transients framework, the sources with eROSITA-only X-ray data or those with short monitoring programs could belong to a very particular branch of the QPEs population. In this scenario, there would be an EMRI object orbiting the SMBH with long periods (∼1 year), crossing the accretion disk in quasiregular intervals producing more energetic, harder, and long-lasting eruptions. Most of the sources in Table 4 are still marked as possible QPEs since this scenario is more complicated to prove or rule out with the available data. In case these sources are found to be QPEs, they would belong to an extreme class with one of the longest periods detected. This is assuming that there were no eruptions during the six months that eROSITA did not observe the source. Further X-ray observations with a higher cadence than eROSITA would provide better constraints on any plausible eruption timescales.
SMBH binaries: The variability landscape of the X-ray light curves presented in Figs. 7 and 8 is diverse and intricate. eRASSt J0530-4125 shows a smoother and recurrent quasiperiodic behavior with timescales on the order of one year. This object is interesting since AGNs with (quasi) periodic behavior are rare, especially in X-rays. D’Orazio & Charisi (2023) summarize the observational signatures of SMBHBs and provide a compilation of the known SMBHB candidates together with the techniques employed to select them.
Testing and confirming the binary nature of the best candidates is challenging and requires additional multiwavelength evidence. The last column in Table 4 lists the sources in which we have not discarded the SMBHB scenario based on their multiwavelength properties. We note that the X-ray periodic scenario needs further observational evidence with additional extended X-ray monitoring programs, complemented by optical and IR photometric data. Once the periodicity of the objects can be confirmed for several cycles, deep X-ray observations aiming to detect double-peaked Fe Kα emission line profiles will be needed to further test the SMBHB scenario.
6.3. Abundance of X-ray variable SMBHBs
Our aim in this work is to obtain an X-ray observational estimate of the fraction of extragalactic sources that could potentially host SMBHBs and we compare it to predictions. For this purpose, we need to compare the number of SMBHB candidates (Fig. 2) to the number of sources that could have been selected if they had met the specific variability criteria. This implies that not every source in the eROSITA-De sky is bright enough to detect the specific variability pattern and thus search for SMBHB candidates.
We considered sources that are bright enough to have room for flux changes consistent with our selected sample. However, the exposure time across the sky is not uniform, leading to a nonuniform flux distribution. We note that 15 (out of 16) selected monitored sources in Fig. 2 have more than 50 counts in the bright state. Using this criterion, we found ∼40.000 sources among the 2.3 million sources that according to their Gaia properties and consistent with our selection criteria as set out in Sect. 2.2 are likely extragalactic and have at least one eROSITA scan with more than 50 detected counts. Thus, we estimated that one out of ∼2600 sources (a fraction of ∼3.7×10−4) has a F>5, a S>3 and a flux in the bright state larger than ∼5×10−13 erg s−1 cm−2 (monitored sources in Fig. 2). This fraction corresponds to the most optimistic upper limit on the number of X-ray-selected sources. However, we also note that this calculation is limited by the cadence and scanning strategy of eROSITA.
Thus, we also had to obtain an estimate (under several assumptions) of the number of SMBHBs with all possible periods. We note that we are sensitive to windows of approximately one and two months around the tentative periods of ∼4 and ∼12 months, respectively. Sources whose tentative periods do not perfectly match the eROSITA cadence will show a larger discrepancy between the flux values of the corresponding bright or faint state, translating into smaller significances and factors in our selection criteria. Therefore, we consider this time window of ∼3 months (two months from the sources with periods ∼12 months and one from sources with periods of ∼4 months) as our eROSITA-sensitive time window.
According to theoretical models, when the separation of the SMBHs in a binary system is on the order of the BLR size, the BLR starts suffering truncation (Popović 2012; De Rosa et al. 2019). We assume that at smaller separations, the SMBHs are already embedded in the circumbinary disk, giving us a typical separation value for SMBHBs that could be emitting periodic X-ray emission. We find a BLR size of ∼0.01 pc (12 lt-days) following the BLR luminosity-size relation from Greene et al. (2010). Here, we have assumed an average total SMBH mass of our sample of ∼107 M⊙, an average X-ray flux of ∼7×10−13 erg s−1 cm−2 in the eROSITA 0.2–2.3 keV band, an average X-ray luminosity in the 2–10 keV band of ∼9.4×1042 erg s−1, and an average redshift of z=0.075. These are typical values obtained for our primary SMBHB sample (see, Sect. 5).
Binaries with these separations of 0.01 pc have periods of ∼30 years, assuming Keplerian motion, an equal mass ratio, and circular orbits. Assuming also that SMBHBs have a uniform distribution of orbital periods over these 30 years, we notice that the scanning pattern of eROSITA is only sensitive to three out of these 360 months, corresponding to a fraction of 8×10−3 (based on an average total SMBHB mass of ∼107 M⊙). Therefore, combining these fractions, we estimate an upper limit on the probability of detecting X-ray variable SMBHBs of ∼0.05 when we consider the 15 sources of Fig. 2. This fraction will likely decrease when we account for the real origin of the sources and the false positive rate of the red-noise-induced variability in AGNs.
Theoretical and observational studies have predicted an abundance of SMBHBs based on several assumptions, selections, and techniques. Volonteri et al. (2009) predicted ∼0.01 deg−2 sub-pc binary quasars at z<0.7 based on the hierarchical assembly, growth, and dynamics of SMBHs in a ΛCDM cosmology. This result corresponds to a fraction of ∼6×10−4 SMBHBs in their volume and flux-limited theoretical sample. Another study predicts an apparent occurrence of ∼10% sub-pc SMBHBs in SDSS based on bulk radial velocity shifts of the broad emission lines (Guo et al. 2019). Hayasaki et al. (2010) found that ∼1% of AGNs have close binary massive black holes with an orbital period of less than ten years based on the SMBH mass function and the theory of evolution of SMBHBs interacting with a circumbinary disk. Using a combination of cosmological, hydrodynamic simulations, binary merger models, and AGN spectra and variability prescriptions, Kelley et al. (2019) found that the expected fraction of SMBHB is ∼1% at z<0.6. However, only a few (fractions about 10−7−10−5) can be identifiable in the Catalina survey (CRTS) or LSST. From an observational point of view, Chen et al. (2020) found ∼1 quasar per deg2 with likely periodicity in their optical light curves in the overlapping region of the Dark Energy Survey Supernova (DES-SN) fields and the Sloan Digital Sky Survey Stripe 82 (SDSS-S82).
Although several assumptions were made, our optimistic observational probability of ∼5% is fully consistent with theoretical predictions and previous observational estimates. Longer X-ray monitoring campaigns might reduce the number of possible SMBHB candidates in this sample, thus reducing the currently derived observational probability.
6.4. Gravitational waves expectations
In their latest stages, SMBHBs will lose most of their angular momentum due to GW production. Therefore, if our sources are the progenitors of such close GW-emitting SMBHBs, they will also be ideal targets of GW missions and their multiwavelength follow-up. The predictions from both methods would then be expected to be consistent with each other. However, we note that our X-ray-selected SMBHB candidates are only a subsample of the GW-SMBHB sample, as our objects need to be accreting to see their X-ray emission. Gravitational-wave missions, on the other hand, will also be sensitive to nonaccreting SMBHBs.
In principle, SMBHBs with masses calculated in our sample (∼107 M⊙) are detectable by space-borne interferometer GW missions such as the Laser Interferometer Space Antenna (LISA; Amaro-Seoane et al. 2017) or TianQin (Luo et al. 2016). However, the tentative orbital periods of our candidates are longer than those that will be probed by these missions.
Following Peters & Mathews (1963) and Peters (1964), we derive a GW-driven merging timescale for eRASSt J0530-4125 of 4×106 years by assuming that the X-ray emission is effectively coming from a SMBHB in a GW-driven regime with circular orbits, a distance between the SMBHs of 1.2 milli-pc, and a total mass of MHβ=107.23 M⊙ with equal mass ratios. In general, this GW-driven decay is faster for eccentric binaries but slower for binaries of unequal mass.
7. Conclusions
We have explored the largest time-domain X-ray catalog, searching for quasiperiodic light curves in extragalactic X-ray sources, aiming to discover a hidden population of SMBH binaries. Using the SRG/eROSITA X-ray catalog of the Western Galactic hemisphere, we selected X-ray sources with “up-down-up-down” or “down-up-down-up” profiles (from eRASS scan to scan) in their 0.2–2.3 keV flux light curves.
Initially, we selected a total of 16 SMBHB candidates. Optical spectroscopic analysis confirmed the extragalactic and nuclear nature of 15 out of the 16 candidates. We found that most of the sources host low single-epoch SMBH masses (∼107 M⊙) based on the width and luminosity of the broad Balmer lines. Most of the sources are characterized as AGN, given their location in the BPT diagnostic diagram. By using their optical redshifts, we derived the observed X-ray luminosities for the sources ranging between ∼1040−43 erg s−1 in the 0.2–2.3 keV band. We claim that their luminous X-ray emission is very likely to originate in the vicinity of the SMBH at their centers, thus ruling out an off-nuclear origin.
Extensive Swift-XRT and NICER X-ray monitoring campaigns followed up the primary SMBHB candidates with a typical cadence of one month. Given the monitoring strategy and the number of data points in the light curves, we found support for a 12 month periodicity in the galaxy eRASSt J0530-4125 at redshift z=0.076. Unlike the optical and IR emission, the UV bands of the Swift-UVOT light curves tend to follow the variability trend defined by the X-ray light curve with a tentative period of about one year. The lack of optical and IR variability is consistent with the scenario where the SMBHB is surrounded by a colder circumbinary disk that does not vary with the orbital period of the binary. Assuming that the periodic signal is caused by a SMBHB, we calculated a distance of 1.2 milli-pc between the orbiting SMBHs. The optical spectral analysis of the source shows that eRASSt J0530-4125 has a galaxy-like spectrum with weak emission lines and a lack of strong broad emission lines, leading to an uncertain single-epoch SMBH mass measurement of log Mbh(Hβ)/M⊙=7.26±0.48. Based on the optical narrow emission lines, the gas in the host galaxy can be explained by an ionizing continuum from star-forming regions, rather than AGN emission. However, this does not explain the X-ray emission.
We emphasize that the effect of stochastic red-noise X-ray variability produced by accretion onto a single SMBH can mimic a few cycles of periodic behavior, affecting and biasing our sample as well as our interpretation of the X-ray light curves (possibly including eRASSt J0530-4125). The effect of red-noise variability in our sample will be investigated in detail in the second paper of this program (Tubín-Arenas et al., in prep.). Simulations of stochastic AGN light curves coupled with an eROSITA-like observation pattern will provide a quantifiable estimation of the false positives in our sample and will help us improve the source selection. However, longer and extended monitoring programs will also be needed to discriminate between the SMBHB scenario and red-noise-induced variability.
Under the assumption that stochastic red-noise effects do not drive the variability, we observed that our sources share features with some of the rarest transient events. We noted that repeating TDEs might potentially meet our initial eROSITA selection criteria. However, most of the sources in our sample exhibit X-rays consistent with AGN emission (Γ∼2), and their multiwavelength properties do not indicate evidence of optical or IR flares. The absence of a multiwavelength response to the X-ray emission resembles the scenario recently unveiled by QPEs, where they are only detectable in the soft X-ray regime. Our sources, however, display harder X-ray emission with longer timescale variability. Therefore, our current multiwavelength data make it unlikely that for the majority of our sources a TDE and QPE scenario is the origin of the quasiperiodic light curve signature. The SMBHB scenario remains a likely origin for the X-ray emission.
The number of selected SMBHB candidates with quasiperiodic X-ray signals was used to derive an optimistic estimate of ∼0.05 SMBHB per X-ray emitting galaxy. This value is consistent with existing theoretical predictions that suggest that <1−10% of the galaxies host a SMBHB.
SRG/eROSITA is the first repeating all-sky X-ray survey that has opened a window to detect new and rare extragalactic events, such as TDEs, QPEs, and SMBHBs. Combined with spectroscopic and multiwavelength follow-up studies, it is paving a new path toward finding and characterizing the demographics of SMBHBs. We have seen that multiwavelength monitoring programs covering multiple cycles are needed to fully test the scenarios proposed in this paper. Unfortunately, given the timescales displayed by the objects, X-ray programs are expensive and not always available. This highlights the need for missions such as SRG/eROSITA that were designed to perform all-sky monitoring of X-ray sources at regular intervals. Current and future X-ray missions will revolutionize the search for SMBHBs by observing the Fe Kα emission lines with unprecedented spectral resolution. In addition, XRISM (Tashiro et al. 2018) and NewAthena (Cruise et al. 2025) can and will provide high-throughput imaging with high X-ray spectral resolution down to ∼5 eV in the 0.3–12 keV band. High-resolution observations at these energies will easily resolve any double-peaked lines or other effects of the binary in the Fe Kα line profile (McKernan & Ford 2015).
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Appendix A:  Individual properties of the SMBHB candidates
A.1. eRASSt J0344-3327
eRASSt J0344-3327 (z=0.09) is the source showing the largest flux ratio between the bright and faint states of the eROSITA light curve. The source is a galaxy with AGN features, given the relatively strong [O iii]λ5007Å line and the BPT diagram.
eRASSt J0344-3327 was observed four times by Swift-XRT between 2022-05-05 and 2023-11-09, and no X-ray source was detected at the position of eRASSt J0344-3327. The Swift-XRT LSXPS Upper limit server reports a 3σ upper limit of 2.0×10−3 cts s−1 in the 0.3–10.0 keV stacked image that corresponds with a 3σ upper flux limit of 1.8×10−13 erg s−1 cm−2 assuming a Galactic-absorbed power-law spectral model with a column density and photon index given by the values in Table 3 (nH=1.57×1020 cm−2; Γ=5.35). Assuming this Galactic-absorbed power-law spectral model, we scaled the 0.3–10.0 keV upper limit flux to the SRG/eROSITA energy bands, as shown in Fig. 7. We note that the Swift-XRT upper limits of 2022 are still consistent with the periodic prediction. However, deeper observations are needed to confirm or rule out any possible rebrightening expected from our SMBHB predictions.
NICER observed the galaxy between July and October 2022. The stacked observations have a net exposure time of 16 ks. The spectral fitting shows that it is a soft source (Γ∼5) that can also be characterized by an accretion disk consisting of multiple blackbody components (kT∼70 eV).
ATLAS and WISE light curves in Fig. A.1. show a sharp brightening between August 2018 and January 2019 and reached its peak in August 2019 according to the WISE data. The optical and IR fluxes have decayed exponentially since then. This behavior suggests a tidal disruption event (TDE, Hills 1975; Rees 1988) where the soft X-ray emission seen by SRG/eROSITA is likely produced by the repeated accretion of the debris material onto the SMBH after the disruption event.
	[image: thumbnail]	Fig. A.1. Multiwavelength light curve of eRASSt J0344-3327. X-ray data is given by SRG/eROSITA (green markers) and Swift-XRT (purple upper limits) in the top panel. Optical data is retrieved from ATLAS in their ”c” and ”o” bands (light-blue and orange markers) and presented in bins of 15 days in the middle panel. The WISE light curve (red and yellow markers) is shown in the bottom panel.



There is a 4-year window between the tentative start of the TDE and the lack of detection on the Swift-XRT monitoring observations where the source might have been detected in X-rays. This window matches the decay time seen in the ATLAS and WISE light curves. The X-ray variability on eRASSt J0344-3327 could be explained by a repeating partial tidal disruption event (pTDE), similar to the variability found in eRASSt J045650.3-203750 (Liu et al. 2023, 2024). The TDE and the later ”down-up-down-up-down” variability on eRASSt J0344-3327 matches the scenario proposed by Shu et al. (2020) where several flux dips occurred during the decay phase. The variability in Shu et al. (2020) is associated with X-ray flares from the stellar tidal disruption by a SMBHB candidate. A more detailed discussion about TDEs and X-ray quasiperiodic events is presented in Sect. 6.2.
A.2. eRASSt J0530-4125
eRASSt J0530-4125 (z=0.076) is one of the most variable and best-studied eROSITA-selected SMBHB candidates. Only a ROSAT all-sky survey upper flux limit at a level of <3×10−13 erg s−1 cm−2 in the 0.2–2.0 keV band is found in archival X-ray data, consistent with the faint flux level of the source.
The optical analysis of the source shows that eRASSt J0530-4125 has a galaxy-like spectrum with weak broad and narrow emission lines. The broad emission lines found in the spectrum, in particular Hβ, are not significantly detected, leading to an uncertain single-epoch SMBH mass measurement of log Mbh/M⊙=7.26±0.48. Based on the optical narrow emission lines, the gas in the host galaxy appears to be ionized by star-formation processes instead of AGN.
Figure A.2. shows the multiwavelength data collected for eRASSt J0530-4125. We note that the UV bands of the Swift-UVOT light curves follow the variability trend defined by the X-ray light curve. The hot and more energetic photons usually come from the vicinity of the SMBHs. Therefore, an X-ray-UV correlation is expected under the SMBHB scenario. ATLAS data provides a preliminary assessment of the host-galaxy contribution by subtracting a reference image from every observation. We do not notice any significant optical variability in this new (AGN-only) ATLAS light curve.
	[image: thumbnail]	Fig. A.2. Multiwavelength light curve of eRASSt J0530-4125. The first panel shows the X-ray data from SRG/eROSITA+ Swift-XRT+ NICER at the 0.2–2.3 keV band. UV and optical light curves from Swift-UVOT are shown in the second and third panels, while optical and IR light curves, obtained from ATLAS and WISE, are displayed in the fourth and fifth panels, respectively.



A.3. eRASSt J1906-4850
eRASSt J1906-4850 (also known as LEDA 3904185) is a nearby (z=0.049) and luminous (L0.2−2.3 keV=(1.73−23.8)×1042 erg s−1) Seyfert I galaxy with a double-peaked broad Balmer line in the optical spectrum, as shown in Fig. 5. One of the broad components is consistent in kinematics with the narrow Balmer line while the other component is redshifted by Δv=2900±740 km s−1. According to the narrow line diagnostic diagram and the spectral shape of the optical spectrum, the source is consistent with being an AGN.
Two single-epoch SMBH masses were derived by assuming that each hypothetical SMBH is surrounded by an independent BLR, leading to rather low-mass measurements. The mass estimations based on the second and redshifted component of Hβ and Hα lines are log(Mbh/M⊙)=6.64±0.38 and log(Mbh/M⊙)=7.50±0.23, respectively. Double-peaked broad Balmer lines have been proposed to indicate the presence of SMBHBs (see, e.g., Doan et al. 2020; Terwel & Jonker 2022). However, a disk-like BLR on a single SMBH can also reproduce double-peaked profiles tracing the gas located in the outer edge of the accretion disk and the inner edge of the BLR (Eracleous & Halpern 1994; Eracleous et al. 2009; Storchi-Bergmann et al. 2017).
Figure A.3. shows the X-ray, optical, and IR light curves of the galaxy eRASSt J1906-4850. Similar to eRASSt J0344-3327, the optical and IR light curves seem to have a pronounced peak before and during the SRG/eROSITA observations. However, the rise in brightness in the IR light curve takes longer than in eRASSt J0344-3327, making a TDE scenario less likely. The IR seems to lag the optical emission by two years, according to the peaks of the corresponding light curves. The multiwavelength landscape seems to match the behavior presented in eRASSt J0344-3327, where the X-ray ”up-down” emission corresponds with the flux dimming after an increase in the brightness in optical and IR. However, the TDE scenario is disfavored based on the slow rise of the IR emission and the lack of features in the optical data. eRASSt J1906-4850 was detected by the ROSAT all-sky survey in September 1990 with a flux of ∼3×10−12 erg s−1 cm−2 in the 0.2–2.0 keV band, consistent with the faint flux levels of eRASSt J1906-4850.
	[image: thumbnail]	Fig. A.3. Multiwavelength observations of eRASSt J1906-4850.



A.4. eRASSt J0432-3023
eRASSt J0432-3023 (ESO 421-9) is a Seyfert 2 Galaxy at a redshift of z=0.055. It has been lately monitored by NICER, but further X-ray observations are needed to confirm or rule out the hint of periodic variability that this source presents. The multiwavelength light curve in Fig. A.4. shows no noticeable correlation between the X-ray, optical, and IR.
	[image: thumbnail]	Fig. A.4. Multiwavelength observations of eRASSt J0432-3023. The data is similar to the data of Fig. A.1.. The X-ray panel also displays NICER data shown with orange markers.



A.5. eRASSt J1130-0806
eRASSt J1130-0806 (MCG-01-29-027: z=0.037) shows a galaxy-like spectrum with faint emission lines and the absence of broad Balmer lines. The optical counterpart of the SRG/eROSITA coordinates corresponds to a face-on spiral galaxy. The multiwavelength data (Fig. A.5.) show optical variability. However, there is no correlation between the eROSITA and the optical data. The low luminosity X-ray data and the slightly large separation between the X-ray and optical coordinates could indicate the presence of off-nuclear sources, such as hyper-luminous objects (HLXs). For a discussion about non-nuclear objects that produce variable X-ray emission, see Sect. 6.2.
	[image: thumbnail]	Fig. A.5. Multiwavelength observations of eRASSt J1130-0806. The data is similar to the data of Fig. A.1. with additional ZTF r-band data in the third panel.



A.6. eRASSt J1522-3722
eRASSt J1522-3722 was observed under our NICER program (#5141) to test its X-ray variability under the SMBHB scenario. The NICER monitoring program shows an X-ray dimming in the light curve, followed by an increase in the flux. However, our monitoring programs have been unable to catch the source in its faint flux state. The optical ATLAS data in Fig. A.6. seems to follow the pattern established by the X-ray data, especially between eRASS1 and eRASS2 and during the NICER monitoring program of early 2023.
	[image: thumbnail]	Fig. A.6. Multiwavelength observations of eRASSt J1522-3722. The data is similar to the data of Fig. A.4..



eRASSt J1522-3722 (or 2MASS J15221541-3722488) is classified as an AGN candidate by the Strasbourg Astronomical Data Center (CDS-SIMBAD). Our newly obtained SAAO spectrum of eRASSt J1522-3722 shows broad Balmer emission lines, confirming the AGN nature of the source and a redshift of z=0.064. The [O iii]λ5007Å line was fitted with one narrow and one broad Gaussian line, indicating the presence of outflows. The galaxy falls into the HII region of the BPT because the [O iii] line possesses multiple components, and only the narrow line was used for the diagnostic diagram.
A.7. eRASSt J1141+0635
eRASSt J1141+0635 (or 2MASS J11415445+0635096; z=0.101) is one of the most monitored sources in our sample. Initially, the X-ray data visually suggested a periodic behavior with a tentative period of T∼120 days. However, the source does not show any hint of periodic variability anymore. Lately, the Swift-XRT monitoring program showed a more ordered variability than in the previous observations. We emphasize that more X-ray observations are needed to disentangle the nature of this source. We note that only the UV data follow the X-ray variability (Fig. A.7.).
	[image: thumbnail]	Fig. A.7. Multiwavelength observations of eRASSt J1141+0635. Similar to Fig. A.2. with additional ZTF data in the fifth panel.



A.8. eRASSt J0458-2159
eRASSt J0458-2159 (ESO 552-39; z=0.040) is a Seyfert 1 Galaxy monitored by NICER. The source was observed with the ROSAT all-sky survey, ROSAT-PSPC, and ROSAT-HRI pointed observations with fluxes of 9.1, 2.0, and 19.80×10−13 erg s−1 cm−2, respectively. The ROSAT data are consistent with the faint flux level of the source shown in Fig. A.8.. The galaxy shows strong broad Balmer lines and [O iii]λ5007Å emission line consistent with AGN emission, as shown by the BPT diagnostic diagram.
	[image: thumbnail]	Fig. A.8. Multiwavelength observations of eRASSt J0458-2159. The data and markers are similar to those in Fig. A.2. with additional r-band ZTF optical data.



A.9. eRASSt J2227-4333
eRASSt J2227-4333 (6dFGS gJ222755.8-433339) is a galaxy at redshift z=0.198 with a strong [O iii]λ5007Å emission line but without very prominent broad Balmer lines, indicating a type II AGN. The optical and IR light curves of the source (Fig. A.9.) are rather constant, and there is no clear relation with the eROSITA data.
	[image: thumbnail]	Fig. A.9. Multiwavelength observations of eRASSt J2227-4333. Data shown are similar to those of Fig. A.1..



A.10. eRASSt J1124-0348
eRASSt J1124-0348 (or 6dFGS gJ112456.3-034840) is a low luminosity Seyfert II Galaxy with a redshift of z=0.021. It only has a ROSAT all-sky survey upper limit of ∼4×10−13 erg s−1 cm−2 on the 0.2–2.0 keV band, consistent with the faint flux state of the eROSITA data. The optical spectrum reveals a galaxy-like spectral shape with a strong [O iii] emission line relative to the Hβ line. The single-epoch SMBH can only be constrained using the slightly broad component of Hα.
The multiwavelength data in Fig. A.10. show interesting optical variability that apparently matches the IR peaks of 2021. It seems that these peaks in optical and IR are related to the X-ray variability. However, more data is needed to understand the nature of these features.
	[image: thumbnail]	Fig. A.10. Multiwavelength observations of eRASSt J1124-0348. Data and markers similar as in Fig. A.5..



A.11. eRASSt J0036-3125
eRASSt J0036-3125 (LEDA 172477) is a galaxy at z=0.108 with weak emission lines and weak AGN features in the optical spectrum. Despite this, eRASSt J0036-3125 shows a luminous bright state in its X-ray light curve, reaching a luminosity of 1.5×1043 erg s−1 in the 0.2–2.3 keV band.
The optical and IR emission appears to be lagging an increase in the X-ray emission traced by the eROSITA data (Fig. A.11.). Additional X-ray data are needed to understand if the X-ray emission reaches a stable level again, similar to the optical and IR light curves.
	[image: thumbnail]	Fig. A.11. Multiwavelength observations of eRASSt J0036-3125. Data and markers similar as in Fig. A.1..



A.12. eRASSt J1003-2607
eRASSt J1003-2607 (RX J1003.2-2607) was classified as AGN by Kahabka et al. (2000) while studying the gas content of the dwarf galaxy NGC 3109 using ROSAT PSPC observations of background X-ray sources. No obvious extragalactic counterparts are detected at the X-ray position of the AGN, suggesting a very faint or distant object. Only a point source with a magnitude of mr=22.28 is found within a radius of 1.62″ from the X-ray position in the LS DR10 images. The X-ray and UV light curve is shown in Fig. A.12..
	[image: thumbnail]	Fig. A.12. Multiwavelength observations of eRASSt J1003-2607. Only Swift-XRT (purple markers in top panel) and Swift-UVOT (bottom panel) observations in different bands were previously available for this object, covering almost 10 years of data. Additional NICER observations (orange markers) were obtained to monitor the X-ray evolution of the source.



Figure A.13. shows the LBT spectrum of the likely optical counterpart of eRASSt J1003-2607 and the spectrum extracted at an offset position. We extracted a spectrum of an off-source position to assess whether the observed emission lines are from the interstellar medium of the foreground galaxy or not. The source spectrum exhibits only two strong emission lines consistent with Hβ and Hα lines at the redshift of NGC 3109 (z=0.0013). The spectral analysis revealed that the Balmer emission lines are intrinsic to the targeted object and are not coming from the ionized gas of NGC 3109. This implies that the source has indeed an extragalactic nature. However, the object would have a distance consistent with NGC 3109 and an off-nuclear origin. Using the redshift of NGC 3109 as the redshift of the object, we derive a luminosity of ∼4×1039 erg s−1 in the 0.2–2.3 keV band, likely corresponding to a ULX-like object. The source is, therefore, discarded as a SMBHB candidate. We note that there is a possibility that the targeted source is not the real counterpart of the X-ray emission. However, the FoV surrounding eRASSt J1003-2607 is very crowded, and according to Fig. 3, there is only one evident optical counterpart at the position of the X-ray source. Other scenarios, such as an optically faint AGN in the background, are plausible but very unlikely.
	[image: thumbnail]	Fig. A.13. LBT optical spectrum of the tentative eRASSt J1003-2607 counterpart (black) and an off-source position (red). The source shows two emission lines consistent with being Hβ and Hα lines at a redshift of z=0.001345. The lack of emission lines in the off-source position indicates that the lines belong to the tentative eRASSt J1003-2607 counterpart. The source is likely to be an HLX.



A.13. eRASSt J0818-2252
eRASSt J0818-2252 (LEDA 80921, z=0.034) is a Seyfert I galaxy with strong AGN features such as broad Balmer lines and strong [O iii] lines. The X-ray from Fig. 8 and Fig. A.14. seems to follow a quasiperiodic behavior with timescales of ∼300 days. More X-ray monitoring programs are needed to confirm periodicity in eRASSt J0818-2252. The IR and optical brightness increased by ∼0.5 mag in 2016 and 2019, respectively. The source was detected by the ROSAT all-sky survey and later by a pointed ROSAT HRI observation with fluxes of ∼3×10−12 erg s−1 cm−2 and ∼4×10−13 erg s−1 cm−2, respectively. Both ROSAT observations are consistent with the bright and faint eROSITA flux levels.
	[image: thumbnail]	Fig. A.14. Multiwavelength observations of eRASSt J0818-2252. The data is similar to the data of Fig. A.1. with additional ZTF r-band data in the third panel. The X-ray panel also displays NICER data with orange markers.



A.14. eRASSt J0600-2939
eRASSt J0600-2939 is a galaxy at z=0.104 with an optical spectrum that shows weak Hβ+[O iii] emission lines. Only the broad Hα line was used to estimate a single-epoch SMBH mass measurement. No clear trends are found in the multiwavelength light curve (Fig. A.15.).
	[image: thumbnail]	Fig. A.15. Multiwavelength observations of eRASSt J0600-2939. The data is similar to the data of Fig. A.1..



A.15. eRASSt J0044-3313
eRASSt J0044-3313 shows evidence of AGN emission according to its broad Balmer lines and BPT classification. Similarly to eRASSt J1906-4850, the spectral profile of the broad Hα component looks asymmetric and can be modeled by two broad Gaussian lines. This feature is only seen in Hα. A single broad component can model the Hβ line due to the noise and low SNR in the blue part of the spectrum. The velocity shift between both components is Δv=1800±500 km s−1. Using the second Hα component, we derive a SMBH mass of log(Mbh/M⊙)=7.63±0.45, which is consistent with the Hβ measurement. The ATLAS data in Fig. A.16. shows an increase in the optical light curve that is temporally consistent with the X-ray data from eROSITA. The source was detected in X-ray by the ROSAT all-sky survey with a flux of ∼4.5×10−13 erg s−1 cm−2 on the 0.2–2.0 keV band.
	[image: thumbnail]	Fig. A.16. Multiwavelength observations of eRASSt J0044-3313. The data is similar to the data of Fig. A.1..



A.16. eRASSt J0614-3835
eRASSt J0614-3835 shows a Seyfert II optical spectrum hosted by a galaxy at z=0.054. The source was detected in X-ray by the ROSAT all-sky survey with a flux of ∼4×10−13 erg s−1 cm−2 on the 0.2–2.0 keV band, between the bright and faint eROSITA flux levels of Fig. A.17..
	[image: thumbnail]	Fig. A.17. Multiwavelength observations of eRASSt J0614-3835. The data is similar to the data of Fig. A.1..
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	[image: thumbnail]	Fig. 1. Visualization of the selection for SMBHB candidates based on their SRG/eROSITA light curves. Top panel: Observed counts at the position of the source eRASSt J0530-4125 (see Table 1) at every SRG/eROSITA scan in the 0.2–2.3 keV energy band. Each image is temporarily spaced every six months. The white circles correspond to a typical aperture with a radius of 30″, similar to the scale bar displayed on the bottom right side of each panel. Lower panel: X-ray light curve of eRASSt J0530-4125. The colored arrows indicate the significance of the flux change between the consecutive scans. The blue-shaded areas indicate the bright and faint flux levels of the source, while the purple arrow shows the factor and significance between these two flux levels.
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	[image: thumbnail]	Fig. 2. Distribution of the sample based on the factor (F=Fbright/Ffaint) and significance [image: equation] values (see Sect. 2.2). For each source, the factor and significance are calculated between the bright and faint states represented by the blue-shaded area in Fig. 1. We make a cut at F>5 and highlight the 16 sources that will be the focus of this paper. The remaining extragalactic sources of the sample are displayed with triangles.
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	[image: thumbnail]	Fig. 3. Optical images of the SMBHB candidates. The cutout images were retrieved from the Legacy Survey Viewer with a pixel scale of 0.15 arcseconds per pixel and are centered at the SRG/eROSITA X-ray position of the candidates. We highlight the X-ray position with a green circle with a radius of 3″ that corresponds to a typical 3σ positional uncertainty and the optical Gaia DR3 positions with a red diamond when available. Two sources (eRASSt J1522-3722 and eRASSt J0818-2252) are outside the LS footprint, therefore, we show the DSS images. eRASSt J1003-2607 was not detected by Gaia DR3 since the tentative source position highlighted inside the green circle is a faint source with a LS DR10 magnitude of mr∼22. A 10″ scale bar is also shown at the bottom of the images for reference. All images are oriented with north at the top and east to the left.
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	[image: thumbnail]	Fig. 4. Optical spectra compilation of the best SMBHB candidates in their rest frame. The spectra are sorted from top to bottom based on the column factor F from Table 1, described in Sect. 2.2. The middle and right panels zoom into the Hβ + [O iii] and the Hα + [N ii] + [S ii] emission lines complex of each spectrum, respectively. The numbers in the plot correspond to every source listed in Table 1. The flux is given in arbitrary units where the spectra were scaled by different factors and added a constant offset of a few 10−16 erg s−1 cm−2 Å −1 to visualize better the different spectral shapes of the SMBHB candidates.
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	[image: thumbnail]	Fig. 5. Visualization of the full spectral fit of eRASSt J1906-4850 Magellan/Baade spectrum. The observed spectrum of the galaxy is shown in black, while the pPXF best-fit stellar model is shown in red. A continuum-free emission-line spectrum is shown in green, and the individual Gaussian components are shown in blue. We show the Hβ + [O iii] complex and the Hα + [N ii] + [S ii] in the left and right panel, respectively.
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	[image: thumbnail]	Fig. 6. [N ii]-BPT ([O iii]λ5007/Hβ versus [N ii]λ6583/Hα) diagnostic diagram for the SMBHB candidates. The black curve marks the separation proposed by Kewley et al. (2001, denoted as Ke01 in the diagrams), between the theoretical maximum ionization driven by pure star-formation in HII regions and those regions ionized by AGN. The red solid line on the BPT diagram marks the separation between AGN and Low Ionization Narrow Emission-line Regions (LINERs), as proposed by Schawinski et al. (2007), while the blue solid curve represents the separation between AGN and star formation reported by Kauffmann et al. (2003) denoted as Ka03 on the [NII]-BPT diagram. The markers are color-coded according to the observed eROSITA luminosity of the bright level in the 0.2–2.3 keV band. The numbers of the markers correspond to the sources listed in Table 1.
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	[image: thumbnail]	Fig. 7. X-ray light curves of the X-ray monitored SMBHB candidates. SRG/eROSITA, Swift-XRT, and NICER data are shown in green, purple, and orange, respectively. We display a sinusoidal curve (gray) to visualize the contrast between the observed X-ray variability and periodically variable signal. The secondary y-axis shows the observed frame 0.2–2.3 keV X-ray luminosities of the sources based on their observed X-ray fluxes and redshifts derived from their optical spectra.
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	[image: thumbnail]	Fig. 8. Continuation of Fig. 7. X-ray light curves of the second half of the X-ray monitored SMBHB candidates.
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	[image: thumbnail]	Fig. 9. X-ray properties of eRASSt J0530-4125 observed with eROSITA, Swift-XRT, and NICER. Light curves at 0.2–2.3 keV, 2.3–5.0 keV, and 0.2–5.0 keV bands are shown in the first, second, and third panels, respectively. Spectral X-ray properties such as intrinsic NH, photon index Γ, and hardness ratio are also shown in the fourth, fifth, and sixth panels.
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	[image: thumbnail]	Fig. 10. X-ray properties of eRASSt J1141+0635 observed with eROSITA, NICER, Swift-XRT, and XMM-Newton. The panels are similar to those shown in Fig. 9.
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	[image: thumbnail]	Fig. A.1. Multiwavelength light curve of eRASSt J0344-3327. X-ray data is given by SRG/eROSITA (green markers) and Swift-XRT (purple upper limits) in the top panel. Optical data is retrieved from ATLAS in their ”c” and ”o” bands (light-blue and orange markers) and presented in bins of 15 days in the middle panel. The WISE light curve (red and yellow markers) is shown in the bottom panel.
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	[image: thumbnail]	Fig. A.2. Multiwavelength light curve of eRASSt J0530-4125. The first panel shows the X-ray data from SRG/eROSITA+ Swift-XRT+ NICER at the 0.2–2.3 keV band. UV and optical light curves from Swift-UVOT are shown in the second and third panels, while optical and IR light curves, obtained from ATLAS and WISE, are displayed in the fourth and fifth panels, respectively.
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	[image: thumbnail]	Fig. A.3. Multiwavelength observations of eRASSt J1906-4850.
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	[image: thumbnail]	Fig. A.4. Multiwavelength observations of eRASSt J0432-3023. The data is similar to the data of Fig. A.1.. The X-ray panel also displays NICER data shown with orange markers.
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	[image: thumbnail]	Fig. A.5. Multiwavelength observations of eRASSt J1130-0806. The data is similar to the data of Fig. A.1. with additional ZTF r-band data in the third panel.
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	[image: thumbnail]	Fig. A.6. Multiwavelength observations of eRASSt J1522-3722. The data is similar to the data of Fig. A.4..
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	[image: thumbnail]	Fig. A.7. Multiwavelength observations of eRASSt J1141+0635. Similar to Fig. A.2. with additional ZTF data in the fifth panel.
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	[image: thumbnail]	Fig. A.8. Multiwavelength observations of eRASSt J0458-2159. The data and markers are similar to those in Fig. A.2. with additional r-band ZTF optical data.
In the text



	[image: thumbnail]	Fig. A.9. Multiwavelength observations of eRASSt J2227-4333. Data shown are similar to those of Fig. A.1..
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	[image: thumbnail]	Fig. A.10. Multiwavelength observations of eRASSt J1124-0348. Data and markers similar as in Fig. A.5..
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	[image: thumbnail]	Fig. A.11. Multiwavelength observations of eRASSt J0036-3125. Data and markers similar as in Fig. A.1..
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	[image: thumbnail]	Fig. A.12. Multiwavelength observations of eRASSt J1003-2607. Only Swift-XRT (purple markers in top panel) and Swift-UVOT (bottom panel) observations in different bands were previously available for this object, covering almost 10 years of data. Additional NICER observations (orange markers) were obtained to monitor the X-ray evolution of the source.
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	[image: thumbnail]	Fig. A.13. LBT optical spectrum of the tentative eRASSt J1003-2607 counterpart (black) and an off-source position (red). The source shows two emission lines consistent with being Hβ and Hα lines at a redshift of z=0.001345. The lack of emission lines in the off-source position indicates that the lines belong to the tentative eRASSt J1003-2607 counterpart. The source is likely to be an HLX.
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	[image: thumbnail]	Fig. A.14. Multiwavelength observations of eRASSt J0818-2252. The data is similar to the data of Fig. A.1. with additional ZTF r-band data in the third panel. The X-ray panel also displays NICER data with orange markers.
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	[image: thumbnail]	Fig. A.15. Multiwavelength observations of eRASSt J0600-2939. The data is similar to the data of Fig. A.1..
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	[image: thumbnail]	Fig. A.16. Multiwavelength observations of eRASSt J0044-3313. The data is similar to the data of Fig. A.1..
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	[image: thumbnail]	Fig. A.17. Multiwavelength observations of eRASSt J0614-3835. The data is similar to the data of Fig. A.1..
In the text
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        Optical images of the SMBHB candidates. The cutout images were retrieved from the Legacy Survey Viewer with a pixel scale of 0.15 arcseconds per pixel and are centered at the SRG/eROSITA X-ray position of the candidates. We highlight the X-ray position with a green circle with a radius of 3″ that corresponds to a typical 3σ positional uncertainty and the optical Gaia DR3 positions with a red diamond when available. Two sources (eRASSt J1522-3722 and eRASSt J0818-2252) are outside the LS footprint, therefore, we show the DSS images. eRASSt J1003-2607 was not detected by Gaia DR3 since the tentative source position highlighted inside the green circle is a faint source with a LS DR10 magnitude of mr∼22. A 10″ scale bar is also shown at the bottom of the images for reference. All images are oriented with north at the top and east to the left.
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        Visualization of the full spectral fit of eRASSt J1906-4850 Magellan/Baade spectrum. The observed spectrum of the galaxy is shown in black, while the pPXF best-fit stellar model is shown in red. A continuum-free emission-line spectrum is shown in green, and the individual Gaussian components are shown in blue. We show the Hβ + [O iii] complex and the Hα + [N ii] + [S ii] in the left and right panel, respectively.
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        X-ray light curves of the X-ray monitored SMBHB candidates. SRG/eROSITA, Swift-XRT, and NICER data are shown in green, purple, and orange, respectively. We display a sinusoidal curve (gray) to visualize the contrast between the observed X-ray variability and periodically variable signal. The secondary y-axis shows the observed frame 0.2–2.3 keV X-ray luminosities of the sources based on their observed X-ray fluxes and redshifts derived from their optical spectra.
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        X-ray properties of eRASSt J1141+0635 observed with eROSITA, NICER, Swift-XRT, and XMM-Newton. The panels are similar to those shown in Fig. 9.

      

    

  
    
      Fig. A.1. 
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        Multiwavelength light curve of eRASSt J0344-3327. X-ray data is given by SRG/eROSITA (green markers) and Swift-XRT (purple upper limits) in the top panel. Optical data is retrieved from ATLAS in their ”c” and ”o” bands (light-blue and orange markers) and presented in bins of 15 days in the middle panel. The WISE light curve (red and yellow markers) is shown in the bottom panel.
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        Multiwavelength light curve of eRASSt J0530-4125. The first panel shows the X-ray data from SRG/eROSITA+ Swift-XRT+ NICER at the 0.2–2.3 keV band. UV and optical light curves from Swift-UVOT are shown in the second and third panels, while optical and IR light curves, obtained from ATLAS and WISE, are displayed in the fourth and fifth panels, respectively.
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        Multiwavelength observations of eRASSt J1906-4850.

      

    

  
    
      Fig. A.4. 
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        Multiwavelength observations of eRASSt J0432-3023. The data is similar to the data of Fig. A.1.. The X-ray panel also displays NICER data shown with orange markers.

      

    

  
    
      Fig. A.5. 
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        Multiwavelength observations of eRASSt J1130-0806. The data is similar to the data of Fig. A.1. with additional ZTF r-band data in the third panel.

      

    

  
    
      Fig. A.6. 
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        Multiwavelength observations of eRASSt J1522-3722. The data is similar to the data of Fig. A.4..

      

    

  
    
      Fig. A.10. 
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        Multiwavelength observations of eRASSt J1124-0348. Data and markers similar as in Fig. A.5..

      

    

  
    
      Fig. A.13. 
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        LBT optical spectrum of the tentative eRASSt J1003-2607 counterpart (black) and an off-source position (red). The source shows two emission lines consistent with being Hβ and Hα lines at a redshift of z=0.001345. The lack of emission lines in the off-source position indicates that the lines belong to the tentative eRASSt J1003-2607 counterpart. The source is likely to be an HLX.

      

    

  
    
      Fig. A.14. 
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        Multiwavelength observations of eRASSt J0818-2252. The data is similar to the data of Fig. A.1. with additional ZTF r-band data in the third panel. The X-ray panel also displays NICER data with orange markers.

      

    

  
    
      Fig. A.15. 
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        Multiwavelength observations of eRASSt J0600-2939. The data is similar to the data of Fig. A.1..

      

    

  
    
      Fig. A.17. 
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        Multiwavelength observations of eRASSt J0614-3835. The data is similar to the data of Fig. A.1..
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