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Abstract

Context. Open clusters (OCs) are important for understanding star formation, dynamics, and evolution. Previous studies have indicated a relationship between cluster structure and member star properties, but the formation mechanism of the layered structure of OCs remains unclear.

Aims. We study the three-dimensional spatial distribution of 279 nearby OCs to understand the formation mechanism of the layered structure.

Methods. We analyzed the spatial distribution of member stars within each OC and correlated the presence of a layered structure with the number of member stars. Additionally, we performd N-body simulations to model the evolution of OCSN 125. We assessd the correlation between the binary fraction, the most massive star, and the radius of the layered structure in each simulated OC.

Results. Our analysis reveals that OCs with fewer member stars tend to lack a layered structure. The results from N-body simulations indicate that the presence of a layered structure is strongly influenced by dynamical factors, particularly the most massive star and the binary fraction. Massive stars drive mass loss through supernova explosions and stellar winds, which weaken the spatial layering. Furthermore, clusters with higher binary fractions exhibit a weaker layered structure, likely due to energy equipartition, dynamical friction, and perturbations caused by binary systems. These factors contribute to delaying core collapse and slowing the emergence of a layered structure.

Conclusions. Our findings suggest that dynamical interactions, including the effects of the most massive stars and binary fraction, play a critical role in the formation and disruption of the layered structure in OCs.
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1 Introduction
Open clusters (OCs) are gravitationally bound groups of stars formed after the collapse of giant molecular clouds. Their member stars typically share similar ages and chemical compositions. This makes OCs important objects for the study of star formation and evolution (Lada & Lada 2003; Portegies Zwart et al. 2010). The ages of OCs range from a few million to nearly a billion years (Friel 1995), and they are widely distributed throughout the Galactic disk. By studying the kinematics and spatial distribution of OCs, one can gain valuable insights into the Galactic gravitational potential and external perturbations (Soubiran et al. 2018). Moreover, the information provided by OCs can not only deepen our understanding of the dynamical and chemical evolution of star formation (Cantat-Gaudin & Anders 2020), but it also serves as a foundation for studying stellar mass distributions and Galactic structure (Adamo et al. 2020).
Open clusters were generally viewed as structures with high-density cores and low-density outer regions (Artyukhina & Kholopov 1964), with the surrounding extended halo potentially containing a large number of member stars (Nilakshi et al. 2002). Chen et al. (2004) utilized Two Micron All Sky Survey data to classify clusters into central cores and outer regions, finding that the central region remains circular, while the outer region becomes increasingly elliptical. The differentiation of the core and outer regions is mainly due to different physical mechanisms in different regions. The structure of the core region is influenced by stellar evolution, two-body relaxation, and gravitational interactions (Vesperini et al. 2009; Portegies Zwart et al. 2010), while the outer region is more susceptible to external perturbations and Galactic tidal fields (Spitzer 1958; Portegies Zwart et al. 2010).
Since 2018, high-precision astrometric data from the Gaia satellite (Gaia Collaboration 2016) has fundamentally changed our understanding of OC morphology from an observational perspective. Covering approximately 1.8 billion sources brighter than 21 mag in the G band (Gaia Collaboration 2023), the third data release (DR3) of Gaia marked a significant advancement. This dataset provides high-precision photometric measurements in three bands (G, GBP, and GRP) as well as astrometric solutions for 1.47 billion sources with five- or six-parameter solutions, thus improving parallax precision by 30% compared to Gaia DR2 and nearly doubling the accuracy of proper motion measurements. Additionally, Gaia DR3 includes new radial velocity (RV) measurements for over 33 million stars (Katz et al. 2023),  with median RV precisions of 1.3 km/s at GRVS = 12 mag and 6.4 km/s at GRVS =14 mag. Furthermore, it provides atmospheric parameters (Teff, log g, and [M/H]) for approximately 470 million sources (Fouesneau et al. 2023). These advancements significantly improve the identification of cluster members and the precision of cluster structural analyses.
Recent studies utilizing Gaia data not only confirmed the existence of tidal tails but also revealed complex extended structures within OCs, including halos, tidal tails, and filamentary substructures (Röser & Schilbach 2019; Zhang et al. 2020; Meingast et al. 2021). Tarricq et al. (2022) found that the overall size of OCs increases slightly with age, while the proportion of stars in the halo decreases. Zhong et al. (2022) introduced an improved model that utilizes Gaia EDR3 data to separately describe the core and halo components, further enhancing understanding of OC structure.
Three-dimensional analysis is particularly important in the study of OC morphology. Pang et al. (2022) performed a statistical analysis of OCs within 500 pc using Gaia EDR3 data, finding that younger OCs exhibit elongated filament-like substructures, while older OCs display tidal-tail-like substructures. Meanwhile, Hu et al. (2023) explored the 3D spatial stratification of OCs and proposed a rose map structure, discovering that some clusters exhibit a layered structure in the 3D space.
Regarding dynamical evolution, N-body simulations are an important tool for studying this aspect of OCs (Aarseth et al. 2003; Wang et al. 2015), accurately simulated gravitational interactions between stars and external perturbations in order to reproduce changes in cluster morphology. Chumak et al. (2005) used N-body simulations to study the tidal tail structure of the Hyades, while Jerabkova et al. (2021) and Boffin et al. (2022) used PeTar to find that the tidal tails of the Hyades and NGC 752 are longer than observed. Wang & Jerabkova (2021) further utilized N-body simulations to investigate the impact of massive OB stars on the tidal evolution of young OCs, and their results indicate that the most massive star significantly influences the dynamical evolution of OCs.
In this work, we perform N-body dynamical simulations of nearby OCs within the Galactic potential to investigate the mechanisms behind the observed layered structure in 3D space. The paper is organized as follows. In Section 2, we provide an overview of the OC dataset used in this work and describe the methodology for analyzing the 3D stratification of OCs, including the N-body simulation tool and initial parameters. In Section 3, we present an analysis of the results from both the simulations and observations, and this is followed by a discussion. Finally, we summarize this work in Section 4.
2 Data and 3D morphology
The third data release of the Gaia survey (Gaia Collaboration 2023) provides high-precision photometric and astrometric data. These data have substantially improved the accuracy and coverage of OC censuses. Qin et al. (2023) utilized Gaia DR3 data in combination with pyUPMASK and HDBSCAN clustering algorithms to publish a catalog of 324 OCs in the solar neighborhood within 500 pc.
Qin et al. (2023) extended the search radius to identify members of OCs and reported 101 new OCs, resulting in a more complete catalog. The completeness of the catalog in terms of member stars enables the exploration of the 3D morphology in a wider region. Thus, we adopted the OC sample catalog published by Qin et al. (2023). To ensure a robust analysis, we selected clusters with at least 50 member stars (N ≥ 50) to be part of our sample. Ultimately, 279 OCs were selected for further analysis.
2.1 3D layered structure
Hu et al. (2023) introduced the rose map method for investigating the 3D layered structure of OCs. The rose map, characterized by its petal-like appearance, consists of multiple sectors with equal angular divisions but varying radial lengths. This method is also being applied in other areas, such as visualizing the distribution of velocity vectors in astronomical datasets (Meingast et al. 2021). Notably, it provides a clearer representation of spatial distributions, especially when analyzing complex 3D structures.
The process of creating the map involves two main steps. First, one uses the Python package Astropy (Astropy Collaboration 2013, 2018) to compute the galactocentric Cartesian coordinates (X, Y, Z) for each member star in the sample cluster. The transformation from International Celestial Reference System coordinates (α, δ, d) to galactocentric Cartesian coordinates is defined as
[image: equation](1)
where (α, δ, d) denote the right ascension, declination, and distance of a member star, respectively. We adopted the Galactic center coordinates from Reid & Brunthaler (2004), Galactic center = (266∘.4051, −28∘.936175). The galactocentric distance of the Sun is 8.0 kpc, and the height of the Sun above the Galactic midplane is 15.0 pc. The peculiar motion of the Sun was adopted as (U, V, W) = (10.0, 235.0, 7.0) km/s. Since observational uncertainties may lead to elongation effects along the line of sight (Smith & Eichhorn 1996; Luri et al. 2018; Zhang et al. 2020), we avoided computing the distance directly as d = 1000/ϖ (ϖ is the parallax from Gaia). Instead, we applied a Bayesian approach for parallax inversion (Bailer-Jones 2015; Carrera et al. 2019). We modeled the prior distribution as an exponentially decreasing volume density function that incorporates cluster membership probabilities (Qin et al. 2023). The posterior probability distribution was then derived from the observed parallax and its uncertainty, with the posterior mean taken as the optimal distance estimate for each member star.
After obtaining the spatial coordinates of the cluster members, we applied the rose map method to analyze the three-dimensional spatial structure of the cluster. This method projects the spatial distribution of cluster members onto the X-Y, X-Z, and Y-Z planes, forming multiple sectors with different radii. Each plane is evenly divided into 12 equal-angle sectors, which allowed us to visualize the distribution characteristics of cluster members in different spatial regions. The radius of each sector is determined by two key parameters: the number of cluster members within the sector and the median distance of these members from the cluster center. By normalizing these two parameters, we obtained the radius value for each sector, thus quantifying the density and distribution of cluster members in different regions. When overlaying the rose map from multiple projection planes, the presence of a well-defined circular core suggests that the cluster exhibits a layered structure. Conversely, the absence of such a circular core indicates that the cluster lacks the layered structure. We defined R as the radius characterizing the layered structure within each cluster, with R = 0 indicating a non-existent layered structure. Using the rose map method, we superimposed the OC samples in 3D space to assess their layered structure. The clusters with layered structures should have overlapping areas in the center of their rose maps. The rose maps for the OCSN 125 and OCSN 127 are shown in Figure 1. As is visible from the figure, OCSN 127 displays a layered structure (R ≠ 0), while OCSN 125 lacks overlapping areas, indicating no layered structure (R = 0).
We carried out the rose map analysis on all OC samples to investigate the formation pattern of the layered structure. Statistical analysis was performed on 279 OCs; the results are presented in Figure 2. Analysis revealed a significant correlation between the layered structure of clusters and the total number of member stars. We found that clusters lacking a layered structure typically have fewer than 100 member stars, and only seven clusters with more than 100 member stars lacked such structures. In contrast, a layered structure was observed across clusters of various ages, and no significant differences were shown. We selected the OCSN 125 for further investigation into the potential reasons behind this phenomenon, as this object has a relatively large number of member stars and an intermediate age.
	[image: thumbnail]	Fig. 1 Rose map of OCSN 125 and OCSN 127 obtained by superposition in 3D space, with the X-Y plane (green), X-Z plane (pink), and Y-Z plane (blue). The left subplot exhibits the absence of a layered structure, and the right subplot shows a layered structure.



	[image: thumbnail]	Fig. 2 Number of member stars in the 279 OC samples shown in relation to cluster age and the presence of a layered structure. The red filled circles represent clusters without a 3D layered structure, while empty circles indicate those with such a structure. The size of the circles corresponds to the radius of the layered structure region. The red star denotes the selected cluster OCSN 125.



2.2 N-body simulation
To investigate the underlying causes of the layered structure in the OCs, we employed N-body simulations to explore the dynamical evolution of the cluster OCSN 125. N-body simulation is a fundamental technique in computational astrophysics, and it is used to study the dynamical evolution of systems with multiple interacting bodies, such as clusters, galaxies, and large-scale cosmic structures (Aarseth et al. 2003; Hurley et al. 2005).
We utilized PeTar1, a high-performance N-body simulation tool designed for simulating the dynamical evolution of clusters (Wang et al. 2020a). Built on the architecture of the Framework for Developing Particle Simulators (FDPS), PeTar takes advantage of multi-core parallel computing, thus enabling excellent performance on modern computing systems (Iwasawa et al. 2016; Namekata et al. 2018; Iwasawa et al. 2020). Key features of PeTar include advanced algorithms for binary star dynamics, such as regularization techniques (Wang et al. 2020b), and integration with well-established stellar and binary evolution codes, SSE and BSE (Hurley et al. 2000, 2002; Banerjee et al. 2020). PeTar also employs the initial mass function (IMF) to define the initial mass distribution of stars (Kroupa 2001), with masses ranging from 0.08 M⊙ upwards. The gravitational potential of the Milky Way was considered using the GALPY code with the MWPotential2014 Galactic potential model (Bovy 2015).
We used GALPY to integrate the orbital trajectory of OCSN 125, and we determined the birthplace and initial velocity. The actual trajectory of the OCSN 125 cluster within the Milky Way over the past 89 Myr is illustrated in Figure 3. The initial coordinates and velocities at galactocentric Cartesian coordinates are as follows:

	[X, Y, Z] = −7.394, −4.111, 0.161 kpc;


	[Vx, Vy, Vz] = 109.381, −176.574, −2.459 km/s.



Under the current GALPY code, the position and coordinates of the Sun are as given below:

	[X, Y, Z] = −8.00, 0.0, 0.015 kpc;


	[Vx, Vy, Vz] = 10.0, 235.0, 7.0 km/s.



We determined the mass of the observed member stars using the color-magnitude diagram (CMD) of the cluster. The apparent magnitude limit in the G band was set at 18, as Gaia data are highly complete within this range. The CMD of the cluster OCSN 125 with the best-fit (Marigo et al. 2017) isochrone is shown in Figure 4.
According to Qin et al. (2023), OCSN 125 has equatorial coordinates (α, δ) = (233∘.57, −29∘.70). Its proper motion is [image: equation] mas/yr. The parallax is ϖ = 2.60 mas, with a distance modulus of DM = 8.29 mag. The cluster contains N = 143 member stars, with an angular size of half-number radius rh = 3.93 deg. The radial velocity is RV = −26.38 km/s. The age of the cluster is 89 Myr, with a metallicity value of Z = 0.0152 and an extinction of E(B – V) = 0.17 mag. To obtain the mass of each star, we determined the nearest point on the best-fit isochrone and assigned the corresponding mass as the star mass. We then determined the initial total mass of the cluster by applying the multiple power-law mass function provided by Kroupa (2001). This method is similar to those described by Snider et al. (2009), Maurya et al. (2023), and Elsanhoury et al. (2025). According to this power-law, the number of stars between the mass interval m1 and m2 could be given by the following relation:
[image: equation](2)
where N represents the number of stars within the specified mass interval, m1 and m2 are the lower and upper mass limits, and α is the exponent of the power-law in the IMF (Kroupa 2001). From this equation, we calculated the normalization constant Ai for the mass interval m ≥ 1.0 M⊙.
[image: equation](3)
Using the above equation, we calculated the total mass of stars in the mass interval m ≥ 1.0 M⊙. The normalization constant Ai values for the mass intervals 0.08–0.5 M⊙ and 0.5–1 M⊙ were calculated by utilizing the relationships among the normalized constants for these mass ranges with that of the m ≥ 1.0 M⊙ mass interval given by Maschberger (2013). We then summed the masses corresponding to the mass intervals 0.08–0.5 M⊙, 0.5–1 M⊙, and 1 – 100 M⊙ to obtain the total mass of the cluster. Following this process, we estimated the total initial mass to be Mtot = 224 ± 138 M⊙ for the cluster OCSN 125.
In this work, our simulations start at the gas-free phase, leading to systems that are composed solely of stellar particles. We utilized the latest version of the particle generation tool MCLUSTER2 to create the initial conditions of our simulated clusters (Küpper et al. 2011). The structures of OCs are influenced by various factors, such as the evolution of stars within molecular clouds, stellar interactions, and the external gravitational potential of the Milky Way. However, the Plummer model provides an effective method for characterizing the structure of a gas-free cluster (Plummer 1911; Röser et al. 2011; Röser & Schilbach 2019). Therefore, we adopted the Plummer density profile to randomly generate the initial 3D positions and velocities of the simulated stars (Aarseth et al. 1974). The initial parameters of the cluster are given in Table 1. The mass distribution of the simulated cluster follows the Kroupa (2001) mass function in the mass range of 0.08–100 M⊙. The initial half-mass radius of 15 pc, including all star components in three-dimensional space, is the most consistent with the spatial distribution of the observed data. The cluster metallicity and the initial number of the member stars were taken as Z = 0.0152 and N = 400, respectively. We considered the evolution time to be 89 Myr and three binary fractions: 0, 50, and 100%. The initial number of members was set to 400 to ensure that the total initial mass of the cluster remains controlled, thereby preventing the presence of extremely massive stars from dominating the cluster’s mass and potentially affecting the overall number of members. We repeated the simulation 100 times for each binary fraction.
	[image: thumbnail]	Fig. 3 Past motion of OCSN 125 motion through the Milky Way using the GALPY. The plot shows the orbit of OCSN 125 projected in the X-Y plane. The red star indicates the cluster’s starting position, and the blue point represents its current location. The arrows show the direction of motion of OCSN 125 in the X-Y plane.



	[image: thumbnail]	Fig. 4 Plot for the CMD of the cluster OCSN 125. The black solid line and dotted line represent the best-fit isochrones corresponding to the single stars and the equal mass-ratio binary stars, respectively. The red points mark the member stars of OCSN 125.



3 Result and discussion
3.1 Comparison of simulation and observation
To assess the reliability of our simulations, we compared the spatial distribution of simulated cluster populations in the OC with varying initial binary fractions to the observed member stars. The comparison results of the spatial distribution are shown in Figure 5. The lower mass limit of the simulated member was taken as 0.3 M⊙ to cope with the lower mass limit of the observed member stars according to the completeness of the Gaia DR3 data. The spatial distribution of the simulated populations closely resembles that of the observed distribution, and the number of internal members is similar. This indicates that the simulations not only reproduce the spatial characteristics of clusters with different binary fractions but also effectively represent the underlying dynamical processes and distribution mechanisms in real clusters. We used the EMCEE method (Foreman-Mackey et al. 2013), implemented in PYTHON, to analyze correlations in the simulated cluster with different binary fractions. Additionally, we examined the correlation values between parameters within the simulated clusters derived from EMCEE for different binary fractions. To further ensure the accuracy and reliability of the correlation values, we calculated p-values from Pearson correlation tests (Pearson 1901).
Table 1 
Initial conditions used for the PeTar simulations.


The EMCEE correlation analysis results for different binary fractions are shown in Figures 6, A.1, and A.2. In each simulation, we selected the most massive star in the cluster and observed a significant negative correlation between the layered structure radius and the mass of the most massive star. This relationship became more pronounced with the increasing binary fraction. The correlation coefficients and Pearson p-values for each parameter pair are summarized in Table 2. For clusters composed entirely of single stars, the correlation between the layered structure radius and the mass of the most massive star is weak, with a correlation coefficient of −0.135 and a p-value of 0.205. This suggests that in such clusters, although the most massive star may cause a slight decrease in the layered structure radius, the effect lacks statistical significance. When the initial binary fraction is increased to 50%, the negative correlation between the mass of the most massive star and the layered structure radius becomes more statistically significant, with a correlation coefficient of −0.278 and a p-value of 0.009, indicating that the presence of binaries enhances this relationship. In the case of a binary fraction of 100%, the negative correlation is further strengthened, with a correlation coefficient of −0.402 and a p-value of 0.00002. This trend suggests that, in clusters composed entirely of binary stars, the mass of the most massive star significantly reduces the layered structure radius. These findings reveal two key features: (1) the most massive star in the cluster may constrain the layered structure radius, with the layered structure becoming less pronounced as its mass increases, and (2) this negative correlation is strengthened with an increasing binary fraction. This suggests that a higher binary fraction and the higher mass of the most massive star in the cluster play important roles in shaping the spatial distribution and evolution of clusters.
3.2 The effect of massive stars
According to the correlation study results in Table 2, the most massive star in the simulated OCSN 125 can greatly influence the layered structure. Clusters with an initially very massive star may exhibit a reduced degree of spatial stratification. For clusters without a layered structure, the most massive star exceeds 8 M⊙. Several factors associated with the most massive star may explain this interesting outcome.
Massive stars, which typically exceed 8 M⊙, end their lives in supernova explosions (Woosley et al. 1986; Woosley & Weaver 1986; Smartt 2009). The feedback activities of massive stars, including supernovae and stellar winds, can release large amounts of energy. These events eject the outer layers of the star into the interstellar medium, releasing vast amounts of energy and material. Massive stars can significantly influence cluster dynamics, particularly during the early stages when they are concentrated in the core (Langer 2012; Gehrman Jr 2019), and supernova explosions cause mass loss within the cluster, thus altering the dynamic balance of the cluster. These explosions could impede the formation of spatial stratification by disrupting the internal structure of the cluster (Goodwin & Bastian 2006; Baumgardt & Kroupa 2007). In addition to the disruptive impact of supernovae, strong stellar winds from massive stars lead to sustained mass loss, further altering the cluster’s dynamics and spatial stratification (Portegies Zwart & McMillan 2002). Combined with supernova explosions, these processes accelerate the cluster’s evolution. As massive stars lose a substantial portion of their mass early in their evolution, the gravitational binding of the cluster’s core weakens, leading to a hotter and more dynamically active core. This heightened activity prevents core collapse, which in turn inhibits the development of pronounced spatial stratification (Lamers et al. 2005).
Mapelli et al. (2013) and Trani et al. (2014) found that core collapse can be reversed by mass loss due to stellar winds and supernovae. Moreover, recent studies using N-body simulations have demonstrated that clusters with identical initial conditions can evolve along divergent paths (Mackey et al. 2008; Wang & Jerabkova 2021). Wang & Jerabkova (2021) employed the PeTar to simulate the tidal stream structure of the Hyades. Under unified simulation conditions, they found that differences in the initial mass of the massive stars led to significant variations in the evolved structure and dynamical state of the cluster. This finding aligns with the results of the present study, indicating that the presence of massive stars and the mass loss caused by stellar winds can significantly influence the structural and dynamical evolution of clusters. Such mass loss may accelerate the overall evolutionary process and impact the emergence of a layered structure in clusters.
In conclusion, our simulations suggest that the mass of the most massive star in the simulated OCSN 125 may play a critical role. It influences the degree of 3D spatial stratification within the cluster, especially during its early stages of development. As indicated in Table 2, clusters with more massive stars initially appear to exhibit smaller layered structural radii. For instance, in clusters with a binary fraction of 100%, the correlation coefficient reaches −0.402, which may suggest a constraining influence of the most massive star on spatial dynamics. Additionally, our analysis of Figures 6, A.1, and A.2 revealed that clusters initially with massive stars could show reduced spatial stratification and indicate more uniform star distributions. These findings imply that the mass loss from supernova explosions and strong stellar winds can accelerate the evolution of OCSN 125 while potentially inhibiting the development of a distinct layered structure.
Table 2 
Correlation between the layered structure radius and various parameters along with a comparison of p-values under different initial binary fractions from simulations.


Due to feedback from massive stars that may end their lives as supernovae, the presence of such stars in OCSN 125 indicates strong internal feedback and ongoing dynamical evolution. To evaluate whether OCSN 125 has reached dynamical equilibrium, we calculated the half-mass relaxation time using the standard expression from Spitzer (1987):
[image: equation](4)
where N is the number of stars, rh is the half-mass radius, m is the average stellar mass, λ accounts for tidal effects, and G is the gravitational constant. We find that Trh ≈ 1636.88 Myr, which is much longer than the current age of the cluster (89 Myr), indicating that OCSN 125 remains in a dynamically non-relaxed state. We also estimated the escape velocity using the formula from Maeda et al. (2024), [image: equation], where M is the total cluster mass. The resulting escape velocity is 0.18 km/s, which is substantially lower than the observed velocity dispersion of 1.27 ± 0.21 km/s. This discrepancy suggests that a significant fraction of stars are unbound, reinforcing the conclusion that OCSN 125 has not yet reached dynamical relaxation.
	[image: thumbnail]	Fig. 5 Comparison of the spatial distribution between simulated data with varying initial binary fractions and observed data for OCSN 125. From top to bottom, the rows represent simulations with initial binary fractions of 0, 50, and 100%. From left to right, the columns display the X-Y, X-Z, and Y-Z coordinate projections. Red points indicate binary star systems, blue points represent single stars, and gray points correspond to the observed data.



	[image: thumbnail]	Fig. 6 EMCEE parameter sampling of the simulated clusters with an initial binary fraction of 0% at 89 Myr. The first column shows the total initial mass of the simulated cluster, the second column depicts the mass of the most massive star in the simulation, and the last column represents the radius of the layered structure. The remaining columns represent the number of single stars, and the vertical dashed black lines indicate the one standard deviation spread at the 16th, 50th and 84th percentiles.



3.3 The effect of binary fraction
Our results presented in Section 3.1 suggest that the initial binary fraction in the simulated OCSN 125 may play a significant role in shaping the 3D spatial structure. Analysis of Table 2 indicated that clusters with higher initial binary fractions tend to exhibit a more uniform stellar distribution, which could imply a reduction in spatial stratification. This phenomenon might arise from the dynamical influences that binary star systems exert, potentially leading to a more homogeneous energy distribution within the cluster.
Binary star systems may influence the evolution of star clusters through gravitational interactions and energy exchanges (Heggie et al. 1975; Hills et al. 1975). Heggie & Hut (2003) described how these interactions contribute to a more uniform energy distribution within the cluster, as they reduce energy gradients between stars. Furthermore, the gravitational perturbations caused by binary systems might increase the randomness and chaotic nature of stellar motions within the cluster. This perturbative effect could result in a more randomized orbital distribution, potentially diminishing the likelihood of forming a layered structure. Additionally, the increased frequency of stellar collisions and energy exchanges associated with binary systems may further contribute to the overall dynamical uniformity of the cluster (Heggie & Hut 2003; Binney & Tremaine 2011).
In clusters with a higher fraction of binary systems, dynamical friction may play an important role in altering the structure of the cluster. Dynamical friction occurs when a member star moves through the cluster due to gravitational interactions. When massive objects, such as binary stars, move through the cluster, their gravitational interactions with surrounding lower mass stars may cause the binaries to lose energy (Heggie & Hut 2003). As binary systems migrate inward, they may increase the stellar density in the core region, possibly disrupting any initial stratification. The enhanced central concentration of mass could create a more uniform distribution of stars, thus making it harder for distinct spatial layers to form. Higher binary fractions may amplify this effect, leading to reduced spatial stratification and a more isotropic stellar distribution (Spitzer 1987; Portegies Zwart et al. 2001; Heggie & Hut 2003).
The increased kinetic energy provided by binary systems through gravitational interactions and dynamical friction could potentially slow down the core collapse process (Gao et al. 1991). According to Hurley et al. (2005), core collapse is not distinctly observed in binary-rich star clusters. Portegies Zwart et al. (2001) and Fregeau et al. (2003), using N-body simulations found that higher initial binary fractions may benefit from the increased kinetic energy from binaries, potentially delaying core collapse of clusters and mitigating stratification, which could result in a more uniform cluster distribution. Kremer et al. (2019) mentioned that the core collapse can be halted by an energy source in the core, which is expected to arise from binaries.
In conclusion, our simulation results indicate that the proportion of binary star systems present during evolution may play a crucial role in influencing the degree of 3D spatial stratification in the simulated OCSN 125. Analysis of Figures 6, A.1 and A.2 revealed a trend: Clusters with higher initial binary fractions may exhibit diminished spatial stratification, potentially resulting in a more homogenous stellar distribution. These findings imply that the dynamical interactions and energy exchanges associated with binary systems may variably influence the evolutionary processes of clusters.
4 Summary
In this paper, we have applied the rose map method to examine the layered structure of 279 OCs and found that the number of member stars in OCs has a certain influence on the layered structure of these clusters in 3D space. We observed that OCs with more than 100 member stars typically display a layered structure, with only a few exceptions lacking this feature. To investigate the factors behind this spatial feature, we focused on OCSN 125 and created N-body simulated cluster populations with varying initial binary fractions. After comparing the simulation results with the observed cluster populations, we find that the 3D stratification in OCSN 125 is likely influenced by several factors, such as the most massive star and initial binary fractions.
Our results suggest that the most massive star may play a significant role in reducing the degree of spatial stratification within OCSN 125. This potential reduction could be attributed to mass loss caused by supernova explosions and stellar winds, which disrupt the gravitational binding of the cluster and prevent the formation of a spatial layered structure.
The initial binary fractions may also significantly influence the presence of spatial stratification. Clusters with higher binary fractions appear to show less pronounced layering, likely due to the equipartition of energy, dynamical friction, and perturbations associated with binary systems. These factors can inhibit core collapse and contribute to the homogenization of the internal dynamics of the cluster, leading to a reduction in layered structure.
Our work provides valuable insights into the formation mechanism of the layered structure, revealing a complex interplay among massive stars, binary systems, and cluster evolution. It suggests that considering initial conditions and binary fractions in simulations may influence the spatial distribution of stars within the cluster, potentially affecting the development of a layered structure. However, this study focuses only on the simulation of OCSN 125, which limits the generalizability of our findings. Future work will aim to expand the sample by including additional clusters, thus allowing for a more comprehensive analysis. By incorporating a wider range of initial conditions and clusters, we hope to further validate and refine our understanding of cluster dynamics.
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Appendix A  Layered structure correlation analysis figures
	[image: thumbnail]	Fig. A.1 The same as Fig 6, but for the simulation with an initial binary fraction of 50%.




	[image: thumbnail]	Fig. A.2 The same as Fig 6, but for the simulation with an initial binary fraction of 100%. 
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	[image: thumbnail]	Fig. 2 Number of member stars in the 279 OC samples shown in relation to cluster age and the presence of a layered structure. The red filled circles represent clusters without a 3D layered structure, while empty circles indicate those with such a structure. The size of the circles corresponds to the radius of the layered structure region. The red star denotes the selected cluster OCSN 125.
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	[image: thumbnail]	Fig. 3 Past motion of OCSN 125 motion through the Milky Way using the GALPY. The plot shows the orbit of OCSN 125 projected in the X-Y plane. The red star indicates the cluster’s starting position, and the blue point represents its current location. The arrows show the direction of motion of OCSN 125 in the X-Y plane.
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	[image: thumbnail]	Fig. 4 Plot for the CMD of the cluster OCSN 125. The black solid line and dotted line represent the best-fit isochrones corresponding to the single stars and the equal mass-ratio binary stars, respectively. The red points mark the member stars of OCSN 125.
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	[image: thumbnail]	Fig. 5 Comparison of the spatial distribution between simulated data with varying initial binary fractions and observed data for OCSN 125. From top to bottom, the rows represent simulations with initial binary fractions of 0, 50, and 100%. From left to right, the columns display the X-Y, X-Z, and Y-Z coordinate projections. Red points indicate binary star systems, blue points represent single stars, and gray points correspond to the observed data.
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	[image: thumbnail]	Fig. 6 EMCEE parameter sampling of the simulated clusters with an initial binary fraction of 0% at 89 Myr. The first column shows the total initial mass of the simulated cluster, the second column depicts the mass of the most massive star in the simulation, and the last column represents the radius of the layered structure. The remaining columns represent the number of single stars, and the vertical dashed black lines indicate the one standard deviation spread at the 16th, 50th and 84th percentiles.
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	[image: thumbnail]	Fig. A.2 The same as Fig 6, but for the simulation with an initial binary fraction of 100%. 
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        Plot for the CMD of the cluster OCSN 125. The black solid line and dotted line represent the best-fit isochrones corresponding to the single stars and the equal mass-ratio binary stars, respectively. The red points mark the member stars of OCSN 125.

      

    

  
    
      Table 1 

      Initial conditions used for the PeTar simulations.

      
        


	Parameters
	Initial conditions





	Number of member star
	400



	Half-mass radius
	15 pc



	Binary fraction
	0



	Binary fraction
	50%



	Binary fraction
	100%



	Metallicity
	0.0152



	[X, Y, Z]
	−7.394, −4.111, 0.161 kpc



	[Vx, Vy, Vz]
	109.381, −176.574, −2.459 km/s





      

    

  
    
      Table 2 

      Correlation between the layered structure radius and various parameters along with a comparison of p-values under different initial binary fractions from simulations.

      
        


	Quantities compared
	Initial binary fractions
	Correlation coefficient
	p-value





	R vs. Mtot[M⊙]
	0
	−0.151
	0.123



	R vs. Mmax[M⊙]
	0
	−0.135
	0.205



	R vs. Nsingle
	0
	0.093
	0.271



	R vs. Mtot[M⊙]
	50%
	−0.247
	0.011



	R vs. Mmax[M⊙]
	50%
	−0.278
	0.009



	R vs. Nbinary
	50%
	0.186
	0.018



	R vs. Nsingle
	50%
	0.011
	0.479



	R vs. Mtot[M⊙]
	100%
	−0.299
	0.0005



	R vs. Mmax[M⊙]
	100%
	−0.402
	0.00002



	R vs. Nbinary
	100%
	−0.081
	0.637



	R vs. Nsingle
	100%
	0.053
	0.994
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        Comparison of the spatial distribution between simulated data with varying initial binary fractions and observed data for OCSN 125. From top to bottom, the rows represent simulations with initial binary fractions of 0, 50, and 100%. From left to right, the columns display the X-Y, X-Z, and Y-Z coordinate projections. Red points indicate binary star systems, blue points represent single stars, and gray points correspond to the observed data.
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        EMCEE parameter sampling of the simulated clusters with an initial binary fraction of 0% at 89 Myr. The first column shows the total initial mass of the simulated cluster, the second column depicts the mass of the most massive star in the simulation, and the last column represents the radius of the layered structure. The remaining columns represent the number of single stars, and the vertical dashed black lines indicate the one standard deviation spread at the 16th, 50th and 84th percentiles.
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        The same as Fig 6, but for the simulation with an initial binary fraction of 50%.
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        The same as Fig 6, but for the simulation with an initial binary fraction of 100%. 
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