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Abstract

The centre of the Galaxy harbours a supermassive black hole, Sgr A*, which is surrounded by a massive star cluster known as the S-cluster. The most extensively studied star in this cluster is the B-type main-sequence S2 star (also known as S0-2). These types of stars are commonly found in binary systems in the Galactic field, but observations do not seem to detect a companion to S2. This absence may be attributed to observational biases or to a dynamically hostile environment caused by phenomena such as tidal disruption or mergers. Using a N-body code with first-order post-Newtonian corrections, we investigate whether S2 can host a stellar or planetary companion. We perform 105 simulations adopting uniform distributions for the orbital elements of the companion. Our results show that companions may exist for orbital periods shorter than 100 days, eccentricities below 0.8, and across the full range of mutual inclinations. The number of surviving companions increases with shorter orbital periods, lower eccentricities, and nearly coplanar orbits. We also find that the disruption mechanisms include mergers driven by Lidov–Kozai cycles and breakups that occur when the companion surpasses the Hill radius of its orbit. Finally, we find that the presence of a companion would alter S2’s astrometric signal by no more than 5 μas. Current radial-velocity detection limits constrain viable stellar binary configurations to approximately 4.4% of the simulated cases. Including astrometric limits reduces to 4.3%. Imposing an additional constraint that any companion must have a mass ≲2 M⊙ (otherwise it would be visible) narrows the fraction of undetectable stellar binaries to just 3.0%.
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1 Introduction
The S2-star is first referred to in Eckart & Genzel (1997) as a high proper-motion star, later found to be orbiting Sgr A* (Schödel et al. 2002), the supermassive black hole (SMBH) at the Galactic centre. It was spectroscopically detected by Ghez et al. (2003), and deep spectroscopy by Martins et al. (2008) showed that it is a young B0-B2.5V dwarf (main-sequence) star. Habibi et al. (2017) derived the mass, radius, and age of S2 using model atmospheres and stellar evolution models.
Precision radial velocity and especially astrometric measurements of S2 have: a) determined the distance to the centre of the Milky Way with sub-percent uncertainty (GRAVITY Collaboration 2019); b) measured Sgr A* mass and tested general relativity through gravitational redshift and Schwarzschild precession (GRAVITY Collaboration 2018; Do et al. 2019; GRAVITY Collaboration 2020, 2021); c) derived upper limits to extended mass distributions (GRAVITY Collaboration 2022, 2024a); d) tested the equivalence principle (Amorim et al. 2019);e) investigated the existence of intermediate massive black holes in the vicinity of Sgr A* (GRAVITY Collaboration 2023b); f) probed for dark matter close to the supermassive black hole (e.g. Della Monica & de Martino 2023; GRAVITY Collaboration 2023a; Shen et al. 2024; GRAVITY Collaboration 2024b); and g) researched alternatives to general relativity and new physics (cf. De Laurentis et al. 2023, for a review). The orbit of S2 is and will be monitored in the following decades with GRAVITY+ (GRAVITY+ Collaboration 2022) and the ELTs (Do et al. 2017; Sturm et al. 2024).
S2 is a member of the S-star cluster dynamical group, the closest cluster to Sgr A* (e.g. Alexander 2017). The origin of this young cluster has remained elusive, which is not surprising given the central supermassive black hole gravitational influence (e.g. Alexander 2005; Genzel et al. 2010). This cluster presents a reduced binarity fraction when compared with the young nuclear cluster in the central parsec (Chu et al. 2023; Gautam et al. 2024) and similar-type stars in the galaxy (e.g. Sana et al. 2012; Duchêne & Kraus 2013). Key dynamical effects in the S-star cluster may contribute to it: a) individual stellar collisions (e.g. Rose et al. 2023); b) resonant relaxation of the individual orbital orientation vectors (e.g. Kocsis & Tremaine 2015); c) stellar binary eccentricity and inclination oscillations such as the Lidov–Kozai mechanism (e.g. Naoz 2016); d) stellar binary evaporation (e.g. Stephan et al. 2016); e) stellar binary breakup by the Hills mechanism (e.g. Antonini et al. 2010; Yu & Lai 2024); and f) star-star scattering (e.g. Trani et al. 2019; Portegies Zwart et al. 2023). Their net effect is to reduce the binarity fraction with time, either via mergers or disruption. Interestingly, the population of G-clouds (e.g. Gillessen et al. 2012) is thought to be created by mergers (Ciurlo et al. 2020) and shares the same dependence of the pericentre distance on the orbital eccentricity as the S-stars (Burkert et al. 2024).
GRAVITY Collaboration (2017) probed the binarity of S2 and found no companions up to 3 mag fainter in the K-band. This was expected since VLTI/GRAVITY cannot resolve the Hill sphere of the Sgr A*–S2 system. Conversely, radial velocity series are more sensitive to inner orbits. The search by Chu et al. (2018) found no companions inside the Hill radius with mB sin I ≳ 2 M⊙ or 4 mag fainter.
Constraining the binarity nature of S2 holds clues on its dynamical past and is key for current and forthcoming high-order tests of gravity (e.g. Waisberg et al. 2018). The individual binarity nature of the objects can also bias statistical properties (e.g. Naoz et al. 2018). In this paper, we aim to provide novel insights into whether S2 may harbour a possible companion and quantify the corresponding astrometric bias such a companion could induce. To achieve this, we combine Monte Carlo dynamical simulations with observational constraints.
Table 1 
Initial orbital elements and parameters of the Sgr A*–S2 system used in the numerical simulations.

2 Methods
2.1 S2 companion statistical distribution
The orbital elements of S2 were taken from Table 1 in GRAVITY Collaboration (2023a), with the exception of the mean anomaly, M•, which we set to 180.0° to initiate the simulations at the point of minimal perturbation. The mass and radius of S2 are adopted from Table 2 in Habibi et al. (2017). All parameter values used in the simulations are summarized in Table 1. The binary companion orbital elements were randomly generated. The mass ratio, q = mB/mA, where mB is the mass of the companion, is uniformly sampled between 0.01 and 1. The longitude of the node, Ω, the argument of the pericentre ω, and the mean anomaly, M, were uniformly sampled between 0 and 2π. The orbital inclination, I, was generated by uniformly sampling cos I between −1 and 1, to warrant a well-balanced distribution over the sphere. For the orbital period, P, we uniformly sampled log P for PR ≤ P ≤ PH, where PH = 132.59 d corresponds to the maximum orbital period allowed by the Hill sphere (e.g. Murray & Dermott 1999)
[image: equation](1)
and PR = 1.559 d corresponds to the orbital period of a circular orbit at the Roche limit (Roche 1849),
[image: equation](2)
with ft = 2.44 (Jeans 1919), and we assume for simplicity that all companions have the same mean density of S2. The eccentricity, e, was also uniformly sampled between 0 and 1. Still, we discarded initial conditions for which the pericentre is below the Roche limit, i.e. a(1 − e) < rR, where a is the semi-major axis corresponding to P. A reasonable balance is achieved between populating the sampled bins with a sufficient number of simulations and overall hypothesis simplicity.
	[image: thumbnail]	Fig. 1 Disruption rate of binary systems over time. In red, we show the number of disrupted systems due to mergers; in green, those disrupted due to gravitational breakup; and in blue, the total number of disruptions.



2.2 Orbital evolution
We use the open-source N-body code TIDYMESS (Boekholt & Correia 2023), which employs a time-symmetric adaptive timestep with post-Newtonian (PN) corrections, allowing accurate treatment of close encounters while conserving total energy (Boekholt et al. 2023). Many binary systems in our simulations become highly eccentric, chaotic, or disrupted, necessitating a variable timestep to accurately track their orbital evolution.
We assume point-mass bodies together with 1PN corrections for a Schwarzschild metric1. Although TIDYMESS can account for tides in chaotic regimes, tidal effects are not considered because the minimum orbital period permitted by the Roche limit in our simulations is greater than the maximum period of tidal circularized B-type binaries (Abt et al. 2002). Moreover, the general relativity precession timescale is much shorter than the tidal and rotational evolution timescales, and so these two effects can be neglected (see Appendix B for more details). TIDYMESS thus reduces to a general point-particle, fourth-order N-body integrator, commonly used in stellar dynamics.
The S2 orbit always starts at the apocentre with the orbital elements previously indicated (Table 1). We generate a sample of 105 different initial hierarchical three-body systems (binary stars plus SMBH) and evolve them for 106 yr. This time length value corresponds to a compromise between the computational running time and the dynamical evolution of the system. The simulation is stopped whenever the binary system is disrupted. This situation arises either because the distance between the two stars becomes lower than rR, corresponding to a merger, or because the orbital energy of the binary becomes positive, corresponding to a breakup event.
3 Results
3.1 Disruption rate over time
In Fig. 1, we show the temporal evolution of the disruption statistics. At the beginning of the simulations, we observe a significant increase in the number of mergers and breakups with cycles around every 16 years, which corresponds to the passage of S2 at the pericentre (Gillessen et al. 2017), where the gravitational disturbance of the SMBH is more substantial.
At the end of the simulations, most systems have been destroyed. Due to short-term perturbations, the destruction rate is very fast, with more than 60% of the systems being destroyed in less than 103 yr. After that time, the disruption rate slows down and can be mainly attributed to secular perturbations. About half of the disrupted systems correspond to a merger, while the other half are due to a breakup event. The mergers are essentially driven by the Lidov–Kozai mechanism, while the breakups result from the binary surpassing the Hill radius of the orbit (see Appendix C for more details).
The number of surviving systems stabilizes around 106 yr at only about 30%. Inspecting the binary orbital parameters distributions of the systems at this plateau provides valuable insights into which configurations can survive near the SMBH.
	[image: thumbnail]	Fig. 2 Histograms of the relative frequency distribution of the surviving binary’s main orbital parameters. We show the orbital period (a), the eccentricity (b), the mutual inclination (c), and the mass ratio (d). The black line gives the total distribution of the surviving systems, while the purple line represents the fraction that would have remained imperceptible to current radial-velocity measurements (Eq. (3)). The colour code corresponds to different ranges of orbital periods (a).



3.2 Orbital parameters of surviving systems
In Fig. 2, we present the relative frequency distribution of the orbital parameters of the surviving binaries. The frequency in each bin is computed by dividing the surviving systems by the initial number of systems. In Fig. 2a, we show the distribution of orbital periods. As expected, the number of surviving systems decreases with increasing orbital period, since wider binaries possess lower binding energies. However, there are some unforeseen features. Disruptions also occur for close-in orbits; for P < 2.5 d, only about 80% survive. For orbital periods 2.5 < P < 16 d, the number of survivors sharply decreases to about 40%. At this stage, there is a plateau in the number of survivals, and we can even spot a slight increase within 10 < P < 16 d. After that point, there is another step of decrease and no surviving systems are observed with orbital periods longer than 100 d. To better understand the initial peak, the plateau, and the middle peak, we have attributed different colors to each region. This colour scheme is consistently used throughout the other panels in Fig. 2, allowing to emphasize behaviours corresponding to each period segment.
In Fig. 2b, we show the distribution of the eccentricities. As expected, the number of surviving systems decreases with the eccentricity because elliptical orbits experience a wider separation at the apocentre. In particular, we do not observe any survival for e > 0.8. Elliptical orbits also lead to a shorter pericentre distance, facilitating approaches within the Roche limit that disrupt the system. Indeed, we observe that close-in orbits (in blue) have a maximal eccentricity of about 0.4, because in this period range higher eccentricities lead to a merger (see Fig. 3). This feature also explains the plateau and the middle peak in the orbital period distribution (Fig. 2a). As the period increases, the systems become more susceptible to breakup events, but on the other hand, they become more resilient to Roche disruptions. In the plateau region (in orange) the maximal eccentricity is about 0.67, while in the middle peak region (in green) the eccentricity is no longer a constraint (Fig. 3).
In Fig. 2c,. we show the distribution of the mutual inclinations. We observe that many binary systems are disrupted for −0.5 < cos i < 0.5, that is, for 60° < i < 120°. This feature is the characteristic signature of the Lidov–Kozai secular perturbations, which periodically exchange inclination with eccentricity and thus facilitate the development of unstable orbits (e.g. Lidov 1962; Kozai 1962). However, a small fraction of binary systems persist at the critical inclination range, corresponding to the shortest orbital periods, because general relativity apsidal precession breaks the Lidov–Kozai cycles (Fabrycky & Tremaine 2007; Naoz 2016; Bataille et al. 2018). This feature also explains why there is a peak of surviving systems for short orbital periods (Fig. 2a). For more details see Appendices B and C. A more subtle inspection of the inclination distribution shows that retrograde orbits (cos i < 0) are also slightly more resilient than prograde orbits (cos i > 0). This asymmetry can be explained owing to the distribution of mean motion resonances that overlap more easily and trigger chaos in the prograde configurations (e.g. Morais & Giuppone 2012).
In Fig. 2d, we show the distribution of the mass ratios. Contrary to the previous cases, we observe that there is no mass preference for disruption apart from some statistical fluctuations. Nevertheless, this figure gives us a clear view of the overall surviving fraction of binary systems (~30%).
In Fig. 3, we present the distribution of the surviving sample in the eccentricity versus orbital period plane, along with the corresponding distribution of surviving orbital periods. In the same plot, we also indicate the Roche limit. The observed increase in the number of surviving binaries between the orange and green regions is attributed to the greater availability of viable binary configurations permitted by the Roche limit.
	[image: thumbnail]	Fig. 3 Distribution of the surviving binary systems as a function of the orbital period and eccentricity. The black curve gives the Roche limit (Eq. (2)). The colour code corresponds to different ranges of orbital periods, and the dashed black line displays the histogram distribution of the surviving binaries (Fig. 2a).



3.3 Impact of radial velocity constraints
Chu et al. (2018) ran a systematic search for spectroscopic binaries around the SMBH at the Galactic centre. This study includes radial velocity measurements of S2, showing no evidence of a binary companion with a semi-amplitude larger than 25 km s−1. The radial velocity semi-amplitude of the binary, denoted as K, is given by (e.g. Murray & Correia 2010)
[image: equation](3)
where n = 2π/P is the mean motion, G is the gravitational constant, and I is the inclination of the binary’s orbital plane with respect to the plane of the sky. This inclination can be obtained from our numerical simulations through the mutual inclination, i, and the longitude of the node, Ω, as (e.g. Giuppone et al. 2012)
[image: equation](4)
where I• = 134.7° is the inclination of S2 (Table 1). We can thus determine which kind of systems would have remained undetected to the current date.
In Fig. 2, we additionally show the number of surviving stars with K < 25 km s−1 (purple line) as a function of the orbital parameters. A first striking observation is that the fraction of undetectable systems is much lower than the number of surviving systems. More precisely, only 4.4% of the surviving binaries remain undetected through spectroscopic measurements. This fraction therefore represents the probability that S2 is part of a binary system, given our initial set of conditions. For completeness, in Fig. 4, we show the distribution of the surviving systems as a function of the K value.
	[image: thumbnail]	Fig. 4 Histogram of the relative frequency distribution of the surviving binary’s radial-velocity semi-amplitude, K (Eq. (3)). The solid line corresponds to the detection limit K = 25 km s−1 (Chu et al. 2018). The colour code corresponds to different ranges of orbital periods (Fig. 2a).



3.4 Properties of an eventual companion to S2
A more detailed inspection of Fig. 2 also provides information on the type of binary system that can still be hidden, i.e. the fraction of surviving systems with K < 25 km s−1 (purple line). The corresponding orbital period distribution (Fig. 2a) is nearly flat, there is only a slight bend for the period range 100.6 < P < 101.0 d (orange region).
The eccentricity distribution (Fig. 2b) shows a slight increase for near-circular orbits, and the inclination distribution (Fig. 2c) shows an excess for near-coplanar orbits. However, in both cases, the surplus is just a consequence of the higher number of surviving systems at those eccentricities and inclinations, respectively. Therefore, we conclude that there is no selection effect for these two orbital parameters.
Concerning the companion mass (Fig. 2d), we observe a clear preference for low-mass ratios, which is in agreement with Eq. (3), since K ∝ q. In particular, we verify that the undetected binaries accumulate towards mass ratios q < 0.15, that is, for secondary masses m ≲ 2 M⊙. Although much less likely, we cannot rule out secondary companions of any mass ratio. Indeed, a closer look at those cases shows that they correspond to systems whose orbital plane is nearly aligned with the plane of the sky (see Fig. 5), that is, for systems with sin I ≪ 1, also in accordance with Eq. (3). However, the GRAVITY imaging data can detect any object near S2 that is brighter than approximately 18.5 mag, corresponding to a main-sequence star with a mass of about 2 M⊙ (GRAVITY Collaboration 2018). This aligns with Habibi et al. (2017), which found no double-line source.
	[image: thumbnail]	Fig. 5 Distribution of the surviving binary systems as a function of the inclination to the line-of-sight, I, and the mass ratio, q. The surviving binaries with semi-amplitudes K < 25 km s−1 are given in purple, corresponding to the observational limitations.



3.5 Astrometric signatures of surviving systems
In a binary system, the motion of one star around the centre of mass reveals wobbles caused by the gravitational pull of its companion. These shifts in position are also referred to as astrometric signals, whose semi-amplitude may be equated as (see Appendix D)
[image: equation](5)
where D is the distance to the binary system,
[image: equation](6)
and all other parameters retain their previous designations.
In Fig. 6, we present the distribution of the astrometric wobble caused by a companion on S2. The current precision of the GRAVITY instrumentation is α ≈ 30 μas (GRAVITY Collaboration 2018). Therefore, only a fraction of the long-period binaries can be detected (in red), the wobble caused by the vast majority of the binary companions is still out of reach.
In Fig. 6, we show the distribution of the semi-amplitude of the astrometric signal. Given the current observational uncertainties of GRAVITY, we find that a significant fraction of the surviving binary systems cannot yet be detected (α < 30 μas). In Fig. 6, the purple line outlines the subset of systems that remain undetected by both astrometric and radial velocity methods. We observe that these systems span a wide range of orbital periods, but are most prevalent for P < 10 d.
We estimate that the probability of a binary system remaining undetected by both astrometric and radial velocity measurements is approximately 4.3%. This probability decreases further when we restrict ourselves to binaries that are undetectable through both methods and have companion masses lower than 2 M⊙, yielding a probability of approximately 3.0%.
	[image: thumbnail]	Fig. 6 Histogram of the relative frequency distribution of the semi-amplitude of the astrometric signal for surviving binary systems, α (Eq. (5)). The solid purple line highlights cases where K < 25 km s−1 and α < 30 μas. The colour code corresponds to different ranges of orbital periods (Fig. 2a).



3.6 Constraints on the origin of S2
The origin of the stars in the S-cluster remains elusive and different formation scenarios have been proposed. One possibility is in situ formation of B-type and O-type stars in an accretion disk surrounding Sgr A*, giving rise to a population of stellar-mass black holes. Subsequent dynamical interactions and collisions between these black holes and stars could account for the observed lack of O-type stars in the S-cluster, as well as the lack of hypervelocity stars (HVS) originating from the Galactic centre (Haas et al. 2025).
Another scenario proposes the inward migration of stars originally formed in the nearby Nuclear Star Cluster (NSC) (e.g. Levin 2007; Griv 2010; Chen & Amaro-Seoane 2014). Binary systems coming from outside the sphere of influence of Sgr A* would then undergo tidal disruption, resulting in one star being captured by the SMBH and becoming a member of the S-cluster and another being ejected as an hypervelocity star (HVS) (e.g. Hills 1988; Ginsburg & Loeb 2006; Löckmann et al. 2008).
At the end of our simulations, we obtain breakup and merger rates that are approximately 19.6% and 50.6%, respectively (Fig. 1), that is, only 29.8% of the initial binaries survive. While mergers only produce single stars, breakup events can lead to two possible outcomes: (1) one star is ejected as a HVS, while the other remains bounded to Sgr A*; or (2) both stars remain bounded. The first scenario only accounts for approximately 0.01% of the breakup events, yielding around three HVS in our simulations, so we conclude that breakup events most commonly originate two stars. In fact, several HVS have been detected that can be traced back to the GC (Brown et al. 2006).
In the case of in situ formation, constraining the binary of stars in the S-cluster may provide insight into their origin. About 70% of the B-type stars in the Galactic field are found in binary systems (Sana et al. 2012). Assuming the same initial fraction in case of in situ formation, after 1 Myr of evolution, our simulations predict that only 29.8% of the 70% remain as binary, and that 19.6% of the 70% produce two single stars. As a result, the final distribution expected would be about 81% of the stars as single stars and the remaining 19% as binary stars. Although this corrected expected binary fraction is significantly lower than that observed in the Galactic field, it remains smaller than the currently measured binary fraction in the Galactic centre itself, which is approximately 42% (Chu et al. 2023). Therefore, we conclude that in situ formation is unlikely to be the dominant scenario for the origin of these stars.
3.7 Possibility of planetary companions
The B-star Exoplanet Abundance Study (BEAST) was launched to investigate the frequency and properties of planets orbiting B-type stars in the Scorpius–Centaurus (Sco–Cen) association (Janson et al. 2019). This survey has already identified some systems composed by a B-type star and a planetary-mass companion (e.g. Janson et al. 2021; Squicciarini et al. 2022; Chomez et al. 2023; Delorme et al. 2024).
Terry et al. (2025) reported the detection of a hypervelocity star hosting a planet. Since these stars are believed to result from the Hills mechanism (e.g. Yu & Tremaine 2003), it is plausible to hypothesize that the inverse scenario also occurs, that is, the star–planet system remains bounded and orbiting Sgr A*.
In Fig. 2d, we observe that the mass ratio of the surviving binaries is uniformly distributed and does not exhibit any preferential range. Thus, companion masses with q < 0.01 should not modify the dynamics of the problem. As a result, we expect that the distributions of the orbital period, eccentricity, and mutual inclination (Fig. 2) remain essentially unchanged and valid also for planetary companions around the S2-star. These planetary companions would not be possible to observe with the current radial velocity or astrometric measurements, explaining why such detections did not occur yet. However, the detection could be made possible using the transits method (Ginsburg et al. 2012).
Planets around stars in the S-cluster may also be engulfed (merger) or ejected (breakup). In the latter case, we end up with two possible new interesting scenarios: (1) the emission of hypervelocity planets; or (2) the planets settle in orbits around Sgr A*, resulting in a new population of objects at the Galactic centre. Due to the extremely faint nature of the planets, the confirmation of both scenarios is still beyond the capabilities of current observational techniques.
3.8 Limitations of the present work
The primary limitations of this study include the simulation timescale, the three-body system approximation, and the neglect of potential interactions of S2 with some undetected stars. A simulation time of 106 yr excludes dynamical processes that act on longer timescales, such as scalar and vector resonant relaxation (see Fig. 1 in Kocsis & Tremaine 2011). These relaxation processes can induce torques on binaries, thereby affecting their survival probability (Kocsis & Tremaine 2015). The three-body approximation does not account for perturbations from other members of the S-cluster or for the influence of the clockwise stellar disk. Neglecting potential collisions between S2 and other stars, the model may underestimate the rate of binary disruption events. Finally, we adopt a conservative merger criterion, namely the Roche limit, rather than Eggleton’s formula (Eggleton 1983). A fraction of merged systems might survive as binaries when employing Eggleton’s formula, but that would require modelling eccentric mass transfer (and stellar evolution), which is inherently challenging and lies beyond the scope of the present study.
4 Summary and conclusions
In this paper, we aim to constrain the possible presence of companions to the S2 star, which are strongly perturbed by the presence of the SMBH Sgr A*. Using a Monte Carlo approach, we adopted uniform distributions of the initial orbital parameters, and through N-body simulations we explored which orbital configurations are dynamically stable and can survive in such a hostile environment.
We find that stable binary systems are restricted to orbital periods shorter than 100 days and eccentricities below 0.8. Furthermore, while companions can exist across all mutual inclinations, they are more likely to survive in near-coplanar configurations. In particular, for mutual inclinations between 60° and 120°, only binaries with orbital periods shorter than 4 days remain gravitationally bounded. This behavior arises because Lidov–Kozai cycles are suppressed by general relativity apsidal precession in such close-in orbits.
Additionally, we find that the mass ratio distribution is uniformly disrupted; that is, this parameter is not critical for the stability. As a result, we can extrapolate our results to systems with mass ratios consistent with planetary companions. We thus conclude that the S2 star can harbor a planetary companion with an orbital period shorter than 100 days and predominantly in a coplanar orbit.
Furthermore, our simulations also allow us to track mergers and tidal breakup events. Mergers are most commonly observed in systems with mutual inclinations between 60° and 120°, triggered by Lidov–Kozai oscillations. Tidal breakups predominantly occur in binaries with initial orbital periods longer than 20 days, as these systems are more susceptible to disruption near the Hill sphere of S2. Among the outcome of tidal breakup events, we have counted three hypervelocity objects.
Observational studies such as Chu et al. (2018, 2023) have used radial velocity measurements to place constraints on the possible mass of a companion to S2. However, due to observational limitations, these studies do not provide information about the orbital configuration of an undetected binary. In this work, we find that such configurations are restricted to orbital periods shorter than 100 days, eccentricities primarily below 0.6, and nearly coplanar orbits. The undetected systems are also expected to have low mass ratios (q ≤ 0.15).
A possible companion to S2 would induce reflex motion around the system’s centre of mass, thereby biasing the S2’s astrometric signal. The commonly used expression for computing the semi-amplitude of the astrometric signal assumes a circular, face-on orbit with respect to the plane of the sky, an idealized scenario. In reality, most orbits exhibit non-zero inclination and eccentricity. In this paper, we derive the projected semi-amplitude of the astrometric signal for orbits with arbitrary eccentricity and inclination. We find that the large majority of the surviving systems have an astrometric signature ≲30 μas, which is still below the current detection limits of the GRAVITY instrumentation (GRAVITY Collaboration 2018).
Finally, given the current radial velocity detection threshold of approximately 25 km s−1 (Chu et al. 2018), we estimate a 4.4% probability that S2 remains part of an undetected binary system. When incorporating both radial velocity and astrometric constraints, this probability reduces to 4.3%. Moreover, if we further restrict our analysis to undetected binaries with companion masses lower than 2 M⊙, the probability of S2 being part of a binary system is reduced to 3.0%.
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Appendix A  Data availibility
The data used in this study to perform the simulations with the N-body code TIDYMESS (Boekholt & Correia 2023) and to generate all plots and conclusions are publicly available on Zenodo at 10.5281/zenodo.17712655 under the standard Zenodo license (Creative Commons Attribution 4.0 International — CC BY 4.0).
The database is optimized for use with SQL engines (e.g. PostgreSQL or MySQL) or their Python equivalents (e.g. SQLAlchemy). It provides detailed information about each binary system considered, including data for every simulation time-step (in years) up to the total simulation time if the system survives, or up to the time of disruption if it occurs. Additionally, the database includes the inertial position and velocity vectors of the SMBH, the primary, and the secondary components of the binary. It contains the binary’s orbital period, eccentricity, mass ratio, primary mass, and the cosine of the mutual inclination.
The database available on Zenodo combined with TIDYMESS enables a wide range of analyses. For instance, users may select any surviving binary and continue its evolution beyond the final simulation time considered in this paper by setting the flag to_continue = 1 and updating t_end in TIDYMESS. In the case of mergers or disrupted binaries, this flag may also be enabled to evolve the resulting unbound or merged systems.
Finally, using the SQL engine and the database provided, one can fully reproduce every figure presented in this work and is enabled to conduct a deeper exploration of the simulations.

Appendix B  Tidal and rotational perturbations
The orbits of close-in binary systems also precess owing to tidal and rotational distortions of both stars. One way to assess whether these effects are relevant to our problem is to compare the timescales on which they act to those of the quadrupole approximation and general relativity.
The timescales for the phenomena considered in our work are given by (e.g. Li et al. 2015; Naoz 2016).
[image: equation](B.1)
[image: equation](B.2)
where a• and e• are the semi-major axis and eccentricity of the inner pair around the SMBH (Table 1), while the tidal and rotational timescales may be defined as
[image: equation](B.3)
[image: equation](B.4)
where G is the gravitational constant, Ωi is the rotation rate, ki is the second Love number, and {i, j} = {A, B} or {i, j} = {B, A}. The rotation rate and the Love numbers depend on the mass and age of the stars. Assuming an age of approximately 4 Myr, limited by catalogue completeness, we adopt Ωi from McNally (1965) and use the Love numbers derived from stellar evolution models by Claret (2004).
	[image: thumbnail]	Fig. B.1 Characteristic evolution timescales for a typical S2-binary disturbed by the SMBH. We show the timescales for the quadrupole approximation in red (Eq. (B.1)), for general relativistic precession in blue (Eq. (B.2)), for rotational deformation in orange (Eq. (B.3)), and for tidal deformation in green (Eq. (B.4)). The dashed black line displays the histogram distribution of the surviving binaries (Fig. 2(a)) and the dashed grey line displays the S2’s age (Habibi et al. 2017).



In Fig. B.1, we show the different timescales as a function of the orbital periods for a typical S2 binary system disturbed by the SMBH. We observe that trot, ttide ≪ tGR, which confirms that the contribution of tidal and rotational deformations can be neglected in this problem. Moreover, for orbital periods in the range 1.559 < Porb < 2.5 d, we also have tGR < tquad, and so we expect that general relativistic precession dominates the quadrupole interactions and thus suppress the Lidov–Kozai cycles. Indeed, by comparing with the histogram of the distribution of surviving binaries in the background, we note that the sharp decrease in the number of survivals exactly coincides with the transition of regimes (tGR ~ tquad).

Appendix C  Analytical predictions
In this work, we argue that Lidov–Kozai oscillations drive mergers and that breakups occur when the system exceeds the orbit’s Hill radius. Indeed, one can use some simple analytical estimations to obtain back-of-the-envelope predictions for the system’s evolution based solely on the initial conditions.
To access the initial conditions destroyed by mergers through Lidov–Kozai oscillations, we consider the secular quadrupole-level Hamiltonian with general relativity corrections (e.g. Touma et al. 2009; Farago & Laskar 2010; Liu et al. 2015).
[image: equation](C.1)
with
[image: equation](C.2)
and
[image: equation](C.3)
where
[image: equation](C.4)
	[image: thumbnail]	Fig. C.1 Histograms of the relative frequency distribution of the main orbital parameters of surviving binaries. The dashed lines indicate the analytical prediction of surviving binaries based on simple criteria (Eqs. (C.7) and (C.9)), while the solid lines depict the results from the three-body numerical simulations (Fig. 2). We show the orbital period (a), eccentricity (b), mutual inclination (c), and mass ratio (d).



and c is the speed of light.
Lidov–Kozai oscillations can increase the binary’s eccentricity to the point where it breaches its Roche limit. To quantify the maximum eccentricity, emax, reached by Lidov–Kozai oscillations, we impose conservation of energy and angular momentum to obtain (Liu & Lai 2021)
[image: equation](C.5)
where e0, ω0, and i0 are, respectively, the initial eccentricity, the initial argument of periapsis, and the initial mutual inclination of the binary orbit. We also define [image: equation], and
[image: equation](C.6)
We then solve the implicit equation (C.5) to obtain emax for a given initial condition and check whether the binary’s pericentre distance does not exceed its Roche limit, i.e. when
[image: equation](C.7)
To access the initial conditions affected by breakups through the Hill mechanism, we define the Hill radius following Trani et al. (2019)
[image: equation](C.8)
For a given initial condition, we then check whether the binary’s apocentre distance does not exceed the Hill radius, i.e. when
[image: equation](C.9)
Given the exact same initial conditions from our numerical simulations, we finally select the surviving binaries from our sample, requiring that both conditions (C.7) and (C.9) are simultaneously satisfied.
In Fig. C.1, we compare the analytical predictions with the numerical results for the surviving systems, as well as for the systems that fall below the observational threshold. We observe a remarkable agreement between the analytical predictions and the numerical simulations. There is only a slight systematic over-estimation by the analytical results that may be attributed to the simplifications that lead to the conditions (C.7) and (C.9), which do not account for higher order perturbations (e.g. Morais & Giuppone 2012; Tremaine 2023; Lei & Grishin 2025).

Appendix D  Astrometric Signal
In this section, we derive the equation for the projected astrometric signal. We consider a frame (X, Y, 0) attached to the orbit of the binary, with the X-axis is aligned with the pericentre. In this frame, the orbit is an ellipse that can be expressed as
[image: equation](D.1)
where a is the semi-major axis and [image: equation]. We now consider another frame (x, y, z), where the z-axis is aligned with the line-of-sight, and thus the xy–plane corresponds to the plane of the sky. The orbit of the binary system expressed in this new frame can be obtained through a succession of Euler rotations, ℛi, around the coordinate axes, such that
[image: equation](D.2)
where Ω is the longitude of the ascending node, I is the inclination to the line-of-sight, and ω is the argument of the pericentre. The angle Ω only rotates the orientation of the projected ellipse in the plane of the sky and has no impact on the astrometric signal. Therefore, for simplicity we set Ω = 0 and obtain
[image: equation](D.3)
[image: equation](D.4)
Inserting the previous expressions in equation (D.1) gives a new generalized equation for the projected ellipse
[image: equation](D.5)
with
[image: equation]
The projected semi-major axis on the xy-plane is then
[image: equation](D.6)
or, simplifying,
[image: equation](D.7)
with
[image: equation](D.8)
The astrometric semi-amplitude signal of a face-on elliptical orbit is given by (e.g. Carroll & Ostlie 2017)
[image: equation](D.9)
where n = 2π/P is the mean motion, a is the semi-major axis, q is the mass ratio, and D is the distance from the observer to the celestial object. To account for an arbitrary orientation, we need to redefine the semi-major axis in Eq. (D.9) using the projected semi-major axis given by Eq. (D.7), resulting in
[image: equation](D.10)
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	[image: thumbnail]	Fig. 1 Disruption rate of binary systems over time. In red, we show the number of disrupted systems due to mergers; in green, those disrupted due to gravitational breakup; and in blue, the total number of disruptions.
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	[image: thumbnail]	Fig. 2 Histograms of the relative frequency distribution of the surviving binary’s main orbital parameters. We show the orbital period (a), the eccentricity (b), the mutual inclination (c), and the mass ratio (d). The black line gives the total distribution of the surviving systems, while the purple line represents the fraction that would have remained imperceptible to current radial-velocity measurements (Eq. (3)). The colour code corresponds to different ranges of orbital periods (a).
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	[image: thumbnail]	Fig. 3 Distribution of the surviving binary systems as a function of the orbital period and eccentricity. The black curve gives the Roche limit (Eq. (2)). The colour code corresponds to different ranges of orbital periods, and the dashed black line displays the histogram distribution of the surviving binaries (Fig. 2a).
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	[image: thumbnail]	Fig. 4 Histogram of the relative frequency distribution of the surviving binary’s radial-velocity semi-amplitude, K (Eq. (3)). The solid line corresponds to the detection limit K = 25 km s−1 (Chu et al. 2018). The colour code corresponds to different ranges of orbital periods (Fig. 2a).
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	[image: thumbnail]	Fig. 6 Histogram of the relative frequency distribution of the semi-amplitude of the astrometric signal for surviving binary systems, α (Eq. (5)). The solid purple line highlights cases where K < 25 km s−1 and α < 30 μas. The colour code corresponds to different ranges of orbital periods (Fig. 2a).
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	[image: thumbnail]	Fig. B.1 Characteristic evolution timescales for a typical S2-binary disturbed by the SMBH. We show the timescales for the quadrupole approximation in red (Eq. (B.1)), for general relativistic precession in blue (Eq. (B.2)), for rotational deformation in orange (Eq. (B.3)), and for tidal deformation in green (Eq. (B.4)). The dashed black line displays the histogram distribution of the surviving binaries (Fig. 2(a)) and the dashed grey line displays the S2’s age (Habibi et al. 2017).
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	[image: thumbnail]	Fig. C.1 Histograms of the relative frequency distribution of the main orbital parameters of surviving binaries. The dashed lines indicate the analytical prediction of surviving binaries based on simple criteria (Eqs. (C.7) and (C.9)), while the solid lines depict the results from the three-body numerical simulations (Fig. 2). We show the orbital period (a), eccentricity (b), mutual inclination (c), and mass ratio (d).
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      Initial orbital elements and parameters of the Sgr A*–S2 system used in the numerical simulations.

      
        


	Element
	[Unit]
	Value





	a•
	[″]
	0.12497



	e•
	
	0.88441



	I•
	[°]
	134.69241



	M•
	[°]
	180.0



	ω•
	[°]
	66.28411



	Ω•
	[°]
	228.19245



	m•
	[M⊙]
	4.3 × 106



	mA
	[M⊙]
	13.60



	RA
	[R⊙]
	5.53
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        Disruption rate of binary systems over time. In red, we show the number of disrupted systems due to mergers; in green, those disrupted due to gravitational breakup; and in blue, the total number of disruptions.
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        Histograms of the relative frequency distribution of the surviving binary’s main orbital parameters. We show the orbital period (a), the eccentricity (b), the mutual inclination (c), and the mass ratio (d). The black line gives the total distribution of the surviving systems, while the purple line represents the fraction that would have remained imperceptible to current radial-velocity measurements (Eq. (3)). The colour code corresponds to different ranges of orbital periods (a).
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        Distribution of the surviving binary systems as a function of the orbital period and eccentricity. The black curve gives the Roche limit (Eq. (2)). The colour code corresponds to different ranges of orbital periods, and the dashed black line displays the histogram distribution of the surviving binaries (Fig. 2a).
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        Histogram of the relative frequency distribution of the surviving binary’s radial-velocity semi-amplitude, K (Eq. (3)). The solid line corresponds to the detection limit K = 25 km s−1 (Chu et al. 2018). The colour code corresponds to different ranges of orbital periods (Fig. 2a).
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        Distribution of the surviving binary systems as a function of the inclination to the line-of-sight, I, and the mass ratio, q. The surviving binaries with semi-amplitudes K < 25 km s−1 are given in purple, corresponding to the observational limitations.
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        Histogram of the relative frequency distribution of the semi-amplitude of the astrometric signal for surviving binary systems, α (Eq. (5)). The solid purple line highlights cases where K < 25 km s−1 and α < 30 μas. The colour code corresponds to different ranges of orbital periods (Fig. 2a).

      

    

  
    
      Fig. B.1 
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        Characteristic evolution timescales for a typical S2-binary disturbed by the SMBH. We show the timescales for the quadrupole approximation in red (Eq. (B.1)), for general relativistic precession in blue (Eq. (B.2)), for rotational deformation in orange (Eq. (B.3)), and for tidal deformation in green (Eq. (B.4)). The dashed black line displays the histogram distribution of the surviving binaries (Fig. 2(a)) and the dashed grey line displays the S2’s age (Habibi et al. 2017).

      

    

  
    
      Fig. C.1 
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        Histograms of the relative frequency distribution of the main orbital parameters of surviving binaries. The dashed lines indicate the analytical prediction of surviving binaries based on simple criteria (Eqs. (C.7) and (C.9)), while the solid lines depict the results from the three-body numerical simulations (Fig. 2). We show the orbital period (a), eccentricity (b), mutual inclination (c), and mass ratio (d).
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