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Abstract

Context. Rotational instability of rubble-pile asteroids can generate debris clouds that represent the earliest stage of asteroid system formation. The collisional evolution of centimeter- to decimeter-sized debris within such environments remains poorly constrained.

Aims. We investigated the dynamical and collisional evolution of debris cloud clusters numerically generated around a Didymos-like progenitor, focusing on the mesoscopic regime that links particle-scale interactions to macroscopic systems.

Methods. We performed full-scale simulations of debris evolution using a cross-spatial-scale approach based on the discrete element method (DEM), and extracted the statistical properties of the collisional environment. These results were subsequently used to construct a cluster-scale simulation framework that quantifies cluster growth efficiency and structural evolution, while alleviating the computational constraints of long-timescale simulations.

Results. Our simulations reveal that the collisional velocity distribution within the collision-dominated region is well described by a Weibull function and spans a consistent velocity range across radial distances. The growth of clusters is primarily controlled by the relative collision velocity and mass ratio, which define accretion and fragmentation regimes. Clusters grow efficiently from centimeterdecimeter scales to meter-sized aggregates, developing compact and moderately porous structures. No bouncing barrier is observed at the meter scale, and continued growth is enabled through low- to moderate-velocity impacts.

Conclusions. Our findings provide quantitative constraints on the collisional growth of debris clusters, and demonstrate that mesoscopic granular interactions play a key role in bridging particle-scale debris and the early formation of asteroid systems. Future missions such as Hera, DESTINY+, and Lucy will offer critical opportunities to test these mechanisms through direct observations of debris clouds and dust ejecta.
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1 Introduction
Observations show that a significant fraction of asteroids form gravitationally bound systems, including binaries, multiple systems, debris clouds, and ring-like structures. Among these, nearly 15% of the near-Earth asteroids (NEAs) are binary systems; the fraction increases up to 65% for fast-spinning bodies larger than 300 m in diameter (Wimarsson et al. 2024). These systems commonly exhibit a characteristic morphology in which the primary is a rapidly rotating, top-shaped body with a pronounced equatorial ridge. Such configurations are widely interpreted as the result of rotational instability, where spin-up driven by the Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect induces structural failure or continuous mass shedding from the primary surface (Yu et al. 2018; Pajola et al. 2024). The ejected material forms a debris cloud, within which inelastic collisions and gravitational interactions promote the formation of particle clusters. This granular accretion stage represents a fundamental early phase of asteroid system evolution, providing the building blocks for a wide range of final configurations, including binaries, multiple systems, and rings (Agrusa et al. 2024; Wimarsson et al. 2024).
To investigate the evolution of debris clouds and the formation of asteroid systems, numerical simulations have been widely employed. The smooth particle hydrodynamics (SPH) method has been applied to simulate landslide-driven debris evolution in the vicinity of a top-shaped asteroid (Hyodo & Sugiura 2022; Madeira et al. 2023) and to investigate the origin of specific objects such as (469219) Kamo'oalewa (Jiao et al. 2023, 2024). However, based on continuum mechanics, SPH cannot explicitly resolve discrete particle-particle interactions, which dominate the dynamics in dense debris clouds and give rise to mesoscopic processes such as contact and interlocking. To overcome this limitation, gravitational N-body and DEM simulations have been employed to resolve particle-scale dynamics. Walsh et al. (2008) demonstrated that satellites can form through the gradual accumulation of discretely ejected particles, highlighting the role of granular friction. Agrusa et al. (2024) used the gravitational N-body code PKDgrav to investigate the rapid formation and dynamical evolution of Dimorphos. This process is highly chaotic, and the resulting satellites show a strong preference for a prolate shape. Wimarsson et al. (2024) combined SPH with the gravitational N-body code GRAINS to simulate the evolution process of angular particles and the subsequent tidal reshaping. Together, these studies demonstrate that satellite formation is governed by the coupled effects of collisions, self-gravity, and idal force. However, they primarily focus on meter-scale or larger bodies, leaving smaller particles unresolved.
Laboratory experiments have mainly focused on collisions among micron- to centimeter-sized particles (Wada et al. 2009; Wada et al. 2013; Güttler et al. 2010; Blum & Wurm 2008). These studies have provided valuable insight into fundamental collisional physics; such fine particles are rapidly removed from asteroid environments by solar radiation pressure (Ferrari et al. 2022; Li et al. 2023), limiting their relevance for long-term debris evolution.
In contrast, observations from the Hubble Space Telescope (Jewitt et al. 2023) and in situ spacecraft imaging reveal that particles ranging from centimeters to decimeters in size are abundant across asteroid surfaces (Pajola et al. 2024). The surface of (162713) Ryugu is nearly saturated with small boulders in this size range (Michikami et al. 2019; Michikami & Hagermann 2021), whereas OSIRIS-REx images of (101955) Bennu show that the cumulative surface coverage reaches 50% for particles with sizes of 12-18 cm (Burke et al. 2021). Similarly, Dimorphos is covered by a large fraction of centimeter-decimeter particles according to the DRACO scientific camera data during the DART mission (Pajola et al. 2024; Pajola et al. 2023). These observations suggest that centimeter- to decimeter-sized particles are the primary constituents of rubble-pile asteroids and are expected to dominate debris cloud populations.
Despite considerable progress achieved through simulations, experiments, and observations, substantial gaps remain in our understanding of the collisional evolution of debris aggregates. Numerical studies employing SPH and DEM methods typically concentrate on meter-scale boulders, treating smaller particles (with diameters below 2.5 m) as unresolved matrix material. This approximation limits the mesoscopic characterization of debris cloud evolution and tends to underestimate the structural integrity of forming aggregates (Raducan et al. 2024; Raducan et al. 2024). At the same time, laboratory experiments and observations cannot directly probe the long-term dynamical evolution of such particles due to limited spatial resolution and observational timescales. Consequently, the formation, growth, and structural properties of centimeter- to decimeter-sized particles in debris clouds remain insufficiently characterized.
For this paper, we addressed this gap by investigating the collisional growth of clusters during the early stages of asteroid system formation. Here, clusters refer to groups of particles that become gravitationally bound as a result of repeated low-velocity collisions and sustained contact interactions. Using the primary of (65803) Didymos as a representative progenitor, we first performed a full-scale simulation of debris cloud formation driven by rotational instability to characterize the global dynamical environment. Then we focused on clusters and conducted a series of DEM simulations to investigate the collisional behavior and structural evolution of aggregates composed of centimeter- to decimeter-sized particles. The results quantify the growth limits of clusters dominated by self-gravity and collisions, and characterize the morphological transition occurring during the cluster growth process. The remainder of this paper is organized as follows. Section 2 briefly introduces the methods and equations used in this study, including the full-scale debris cloud model and cluster-scale simulation setup. Section 3 presents the results of simulations, addresses the cluster growth efficiency and structural evolution within the debris cloud, and investigates the collisional behavior of surviving clusters after cross-scale growth. Section 4 summarizes the main results and conclusions of this study.
2 Method
2.1 Full-scale debris cloud modeling
The evolution of a debris cloud around a near-critically rotating asteroid can be divided into three stages: continuous mass shedding, ballistic transport, and collision-dominated evolution within the debris cloud. We adopted the method developed by Huang et al. (2024) to simulate the full-scale evolution of a debris cloud shed from the surface of a rotationally unstable progenitor. In this section, we present the principal modeling framework and numerical procedures adopted to simulate the full evolutionary sequence.
2.1.1 Continuous mass shedding
Rubble-pile asteroids are thought to have heterogeneous interiors, though their exact structures remain uncertain (Sánchez & Scheeres 2018; Cheng et al. 2021; Walsh 2018). In this work, we adopted a simplified two-layer model, in which a shallow mantle of loose granular regolith covers a stiffer interior, to focus on surface material shedding. This model is supported by recent impact experiments on (162173) Ryugu (Arakawa et al. 2020). Mass shedding on a fast-rotating asteroid can occur through two distinct mechanisms: centrifugal instability and slope failure (Yu et al. 2018; Huang et al. 2022). We defined the unstable region as the area where the centrifugal force equals or exceeds the normal component of gravity:
[image: Mathematical equation: \nabla V_\textrm{s} \cdot \hat{\textit{\textbf{n}}} \leq 0 .](1)
Here n̂ represents the outward unit normal vector of the surface, and ∇Vs denotes the gradient of the geopotential at the surface. Regions satisfying Eq. (1) are gravitationally unstable, allowing regolith particles to detach or levitate under low-energy perturbations.
Mass shedding can also result from slope failure, which occurs when the local slope angle approaches or exceeds the material’s friction angle. The slope angle is defined as the angle between the local geopotential force and the unit normal vector (Huang et al. 2021; Huang et al. 2024),
[image: Mathematical equation: \langle -\nabla V_\textrm{s}, -\hat{\textit{\textbf{n}}}\rangle = {\arctan}{\mu},](2)
where μ indicates a mean friction coefficient. The steepest descent direction of the geopotential, l, is
[image: Mathematical equation: \textit{\textbf{l}} = -\nabla V_\textrm{s} + (\nabla V_\textrm{s} \cdot {\hat{\textit{\textbf{n}}}})\hat{\textit{\textbf{n}}}.](3)
To describe the mass shedding generated by rotational instability, we employed a Monte Carlo sampling approach. Debris particles were assumed to follow a nominal power-law distribution with a slope of slope q,
[image: Mathematical equation: N_{>d} = N_r d^q,](4)
where d is the particle size (d1 < d < du), and Nr is the reference value of number (units: 1/mq). Integrating the mass distribution over the full size range gives
[image: Mathematical equation: N_r = -\dfrac{6(q+3)}{\pi q \rho} \dfrac{\Delta m}{d_\textrm{u}^{(q+3)} - d_\textrm{l}^{(q+3)}},](5)
where ρ is the bulk density of regolith material, Δm is the total shedding mass, and du and d1 are the upper and lower limits of particle size. To ensure statistical representativeness and capture the dynamics across different particle sizes, we assigned a discrete set of nodal sizes di across the entire size range and randomly sampled particles for each di. This method identifies regions with a high probability of surface instability while quantifying the ejecta mass distribution over the full range of particle sizes.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Debris cloud distribution and underlying geopotential field. Panel a: spatial mass density of the accumulated debris cloud at the end of the 2.3-day continuous shedding and ballistic stage, shown in the body-fixed equatorial plane. The black regions indicate areas devoid of debris particles, while the colored regions denote their presence, with the color scale representing the local mass density. Values exceeding 0.5 are saturated and shown in red. Panel b: geopotential contours around Didymos projected onto the equatorial plane. The different colors indicate distinct geopotential values (unit: J/kg). Values outside the color bar range are shown in the same colors as the respective maximum and minimum values.



2.1.2 Ballistic transport model
Regolith particles in unstable regions can be shed into orbit through surface collisions and gravitational coupling. We adopted (65803) Didymos as a representative progenitor to model debris cloud formation because its equatorial region is dynamically unstable at its current spin period of 2.26 h. At the early stage of shedding, the debris cloud remains dilute, and mutual collisions can be neglected. To model the dynamical evolution of the released debris, we tracked the motion of particles originating from the unstable regions using a ballistic model and set their initial velocities to zero.
Observations suggest that individual shedding events typically last from several days to weeks (Kleyna et al. 2019), whereas sub-millimeter particles are efficiently removed by solar radiation pressure within about two days (Yu et al. 2017; Yu & Michel 2018; Yu et al. 2019). Consequently, the motion of the remaining centimeter-sized particles is governed mainly by the asteroid’s irregular gravitational field and Coriolis forces in the body-fixed frame. The motion of each particle can thus be expressed as
[image: Mathematical equation: \ddot{\textit{\textbf{r}}} = -2\omega \times \dot{\textit{\textbf{r}}} -\nabla V(\textit{\textbf{r}}),](6)
where r is the position of the particle in the body-fixed frame, (∸) and (-̈) are the first and second time derivatives, ω is the spin rate of the progenitor, and V(r) is the geopotential defined as the potential of the centrifugal force and the gravity of the asteroid:
[image: Mathematical equation: V(\textit{\textbf{r}}) = -\frac{1}{2}(\omega \times \textit{\textbf{r}}) \cdot (\omega \times \textit{\textbf{r}}) - \mathrm{G}\sigma \iiint_P{\frac{1}{\textit{\textbf{r}}} dV}.](7)
Here P represents the polyhedral shape model of the progenitor (Werner & Scheeres 1996), G is the gravitational constant, and σ is the bulk density of the asteroid.
In addition to the particles that enter orbit, a certain fraction of the shed debris falls back and re-impacts the asteroid surface. These particles follow quasi-specular reflection, and the specularly reflected velocity was first computed using an inelastic collision model,
[image: Mathematical equation: \left\{ \begin{array}{l} \textit{\textbf{v}}_\textrm{n}^+ = - c_\textrm{r} \textit{\textbf{v}}_\textrm{n}^- \\ \textit{\textbf{v}}_\textrm{t}^+ = \textit{\textbf{v}}_\textrm{t}^- -\mu (1+c_\textrm{r}) \Vert \textit{\textbf{v}}_\textrm{n}^- \Vert \dfrac{\textit{\textbf{v}}_\textrm{t}^-}{\Vert \textit{\textbf{v}}_\textrm{t}^- \Vert }\end{array}\hspace*{-4pt},\right.](8)
where cr denotes the restitution coefficient. Then, a quasi-specular reflection was introduced using the Cercignani-Lampis-Lord (CLL) method (Lord 1991), where the degree of diffusivity depends on the surface roughness and is governed by the energy accommodation coefficient. In regions that do not satisfy the shedding condition, particles are assumed to accrete onto the surface if their impact velocity falls below a specified limit. Together, continuous mass shedding and the ballistic transport stage govern the morphology and mass distribution of the debris cloud. The resulting state at the end of a shedding event is shown in Fig. 1a, and the contour lines in Fig. 1b denote the geopotential of Didymos.
2.1.3 Collision-dominated debris cloud evolution
As the ejected particles accumulate, the debris cloud gradually increases in density and develops heterogeneity. Figure 1a illustrates the equatorial distribution of particle mass density within the cloud at the end of the ballistic stage, with the densest regions reaching up to 2 kg m-3. As the particle density rises, interparticle collisions increasingly dominate the evolution, leading to a collapse phase that critically shapes its morphology (Yu & Michel 2018; Huang et al. 2024). To investigate this process in detail, we employed the DEMBody code (Cheng et al. 2018, 2021; Huang et al. 2023), which is based on the soft-sphere discrete element method (SSDEM) to model interactions between particles under the asteroid’s irregular gravitational field. The total debris mass obtained from the shedding and ballistic stage simulations (Sects. 2.1.1 and 2.1.2) was discretized into a non-contact particle cloud that retains the same mass distribution.
The simulated cloud contains 953 492 centimeter- to decimeter-sized particles. These particles dominate both the mass and the dynamical evolution of the debris cloud several days after the shedding event. The particle sizes follow a nominal power-law size-frequency distribution (SFD) with a slope of q = −3.7, radii ranging from 0.05 m to 0.1 m, and a bulk density of ρ = 3500 kg m−3. These parameters are consistent with the SFD inferred from DART mission observations (Li et al. 2023). To accurately capture the contact mechanics of regolith particles shed from Didymos, the simulations employed realistic physical parameters, which are summarized in Table 1.
In the DEM simulations, we adopted a softened Young’s modulus Y to allow sufficiently large integration time steps while maintaining the maximum interparticle overlap below 1% of the particle radius (Zhang et al. 2018). We set the static and dynamic friction coefficients (μs, μd), restitution coefficient (e), and shape parameter (β) to typical values for rocky materials, corresponding to an internal friction angle of approximately 40° (Agrusa et al. 2024; Zhang et al. 2022). Following Raducan et al. (2024), the cohesion strength was set to c = 50 Pa, based on comparisons between numerical simulations and observations. The initial spatial and velocity distributions of particles were imported from the ballistic stage result described in Sect. 2.1.2.
To further analyze the collisional behavior within the debris cloud, we extracted representative regions from the full-scale DEM simulation for detailed examination. Because recording the complete contact history of all 953 492 particles would exceed the available computational memory, we uniformly selected 12 sector-shaped regions with a radial range of [360 m, 1300 m] and a central angle of Δθ = 10° (highlighted in blue in Fig. 2a) to extract the collision velocities. These sectors correspond to the regions with high mass density in the full-scale debris cloud simulation. To determine the collision velocities for the subsequent simulations (Sect. 2.2), we analyzed the relative collision velocities vcol recorded within the selected sectors. The distribution of vcol, which spans from 3 × 10−4 ms−1 to 0.207 m s−1, is shown in Fig. 2b. It can be well described by a Weibull probability density function with a scale parameter λ = 0.065 and a shape parameter k = 1.853, expressed as
[image: Mathematical equation: p(v_{\mathrm{col}}) = \dfrac{k}{\lambda}\left(\dfrac{v_{\mathrm{col}}}{\lambda}\right)^{k-1}\exp\left[-\left(\dfrac{v_{\mathrm{col}}}{\lambda}\right)^k\right].](9)
Table 1 
Particle contact parameters used in DEMBody.

2.2 Simulation setup of the cluster-scale collisional evolution
Due to computational constraints, it is impractical to directly simulate the entire formation process from a debris cloud to fully formed satellites at centimeter-scale DEM resolution. To overcome the limited growth efficiency observed in the debris cloud simulations, two complementary cluster-scale DEM experiments were designed: (1) Cluster-cluster collisions (Sect. 2.2.1), conducted to map the growth efficiency across a wide parameter space of relative collision velocity (vcol) and mass ratio (γ), thereby identifying the boundary between growth and disruption. (2) Sequential particle-cluster collisions (Sect. 2.2.2), performed to trace the detailed morphological evolution of a representative cluster undergoing continuous accretion events.
Together, these simulations bridge the gap between full-scale debris evolution and the cluster-scale collisional growth processes, allowing us to evaluate whether clusters can survive and grow within the collisional environment of the debris cloud. Since these simulations focus on the growth efficiency and morphology of an individual cluster, variations in the gravitational field can be neglected. To validate this assumption, we conducted a set of 114 controlled simulations of representative collision events, with and without the primary’s gravitational field (see Appendix A). The results demonstrate that the collision outcomes and the resulting cluster morphologies are statistically identical between the two cases. Minor differences are observed only in particle positions, while the cluster structure (quantified by contact network) and collision outcomes are largely unaffected. This supports the simplification adopted in this study, whereby only self-gravity and contact between particles are considered.
2.2.1 Head-on collisions between clusters
The first set of simulations focuses on head-on collisions between clusters to determine the growth efficiency under varying mass ratios and collision velocities. This experiment aims to identify the transition boundary between growth and fragmentation, and to evaluate whether clusters formed in the debris cloud can grow further through mutual impacts. In this context, a cluster is defined as a group of particles connected through contact forces. During a cluster-cluster impact, the larger and smaller clusters are referred to as the target and projectile, respectively.
Most of the clusters used in this study were directly extracted from the full-scale simulation (Sect. 2.1), ensuring physical consistency between the cluster-scale simulations and the full-scale debris environment. The contact parameters were kept identical to those listed in Table 1. The clusters extracted from the debris cloud contain between N = 1 and 60 constituent particles, with N = 59 representing the largest cluster formed in the debris cloud (see Fig. 3a). However, not every cluster size within this range is formed in the full-scale simulation. To obtain a more systematic set of simulations, we supplemented the missing cases by generating additional clusters using the procedure described in Sect. 2.2.2. Representative natural and supplemented clusters are shown in Figs. 3b-g, with red particles indicating added components. These clusters exhibit a wide range of morphologies, reflecting the natural diversity of aggregates formed under realistic collisional and gravitational conditions.
To systematically explore the collisional behavior in parameter space, we identified all unique cluster pairs, resulting in 1830 distinct combinations. The collision statistics derived from the debris cloud (Fig. 2c) show that the distribution of collision velocities maintains a consistently broad range across the debris cloud. Therefore, each pair was simulated at 41 collision velocities spanning the full range of [3 × 10−4 m s−1, 0.207 m s−1] measured in the full-scale simulations. To minimize geometric bias, we used three orthogonal incidence directions for each case. Simulations were continued until the variation in total system energy between two successive time steps dropped below 10−5 J, after which the configuration was regarded as a steady post-impact state. A consistent post-processing routine was then applied to classify each outcome as sticking, mass transfer, or fragmentation. This approach provides a statistical mapping of the collisional outcomes in the (vcol, γ) parameter space, as discussed in Sect. 3.2.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Collisional environment within the debris cloud. Panel a: azimuthal sectors used for sampling. The blue regions indicate 10° wide sectors uniformly distributed over the radial range r = [360 m, 1300 m]. The white dots denote simulated particles, while the black areas correspond to regions without particles. Panel b: probability density distribution of the relative collision velocity vcol. The red curve shows the best-fit Weibull distribution with a scale parameter λ = 0.065 and a shape parameter k = 1.853. Panel c: radial distribution of vcol across all sampled sectors. The color scale indicates the local collision frequency. The orbital radius is defined as the distance from the progenitor center to the collision location. Values exceeding the color scale range are saturated at the upper limit. Panel d: temporal evolution of collision activity within the sampled sectors, illustrating the gradual stabilization of the collisional environment.



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Evolution and representative structures of clusters in the debris cloud. Panel a: evolution of the largest cluster size identified at each step in the full-scale simulation, expressed by the number of constituent particles. The red crosses indicate the growth cases used in Sect. 3.2.2, whose structures are shown in Figs. 8a and 8f. Panels b-g: representative clusters sampled during the evolution. Panels e and f: supplemented clusters generated using the procedure described in Sect. 2.2.2, with red particles indicating the added components.



2.2.2 Procedure for sequential particle-cluster collisions
The second set of simulations aims to mimic the successive impacts between individual particles and clusters, which represent the most common collision type in a debris cloud. At the end of the full-scale DEM simulation, the low particle number density led to long collisional timescales and stagnant growth, limiting the exploration of continuous accretion. To overcome this limitation, we developed a sequential particlecluster collision algorithm that directly follows the collisional growth of a target cluster through a series of individual impacts. The algorithm statistically reproduces the velocity and particle size distributions extracted from the full-scale simulation, while substantially reducing computational requirements.
Each run involves a single target cluster and one incoming particle, rather than millions of particles as in the full-scale DEM simulation. This design lowers the computational cost by several orders of magnitude and enables the simulation of hundreds of consecutive impacts to track the structural evolution of clusters. The overall workflow of the algorithm is illustrated in Fig. 4 and can be summarized as follows:

	Step 1: initialization of particle radius and velocity. A particle radius R is randomly generated in the range of [0.05 m, 0.1 m] following a power-law SFD with a slope of q = −3.7, consistent with the full-scale simulation. The impact velocity ccol relative to the cluster mass center follows the Weibull distribution derived in Sect. 2.1.3 (see Fig. 2b).


	Step 2: initialization of particle position. The initial position is randomly chosen outside the cluster to ensure no initial contact.


	Step 3: initialization of velocity direction. The target cluster is projected onto a plane orthogonal to the vector connecting the particle and the cluster mass center. A random point on this projection is selected as the impact point, and the velocity vector is directed toward it.


	Step 4: collision time estimation. The relative position and velocity are used to estimate the impact time tcol. If it exceeds a preset threshold ttol (i.e., the initial distance is too large), the particle position is resampled (Step 2) with a reduced distance.


	Step 5: DEM input generation and iteration. Once all parameters are accepted, the data are converted into DEMBody-compatible input files. After the collision, the final cluster configuration is recorded as the new target for the next iteration. The process continues until the cumulative number of impacts exceeds a predefined limit Nlim.



Figure 3 (panels e-f) shows examples of cluster growth produced using this procedure. Post-processing routines were applied to extract structural parameters from each collision for subsequent quantitative analysis. In summary, the sequential particle-cluster simulation provides a computationally efficient yet physically consistent framework for studying the continuous accretion and structural development of clusters, thereby extending the reach of full-scale debris cloud simulations.
3 Results
3.1 Full-scale evolution process in debris cloud
We generated a debris cloud with an initial mass approximately 8 × 10−6 times that of the progenitor using the method introduced in Sect. 2.1. This section presents the results of the full-scale simulation, focusing first on the mass shedding and ballistic stage that led to the formation and spatial configuration of the debris cloud, followed by its subsequent collisional evolution modeled with the DEMBody code.
The debris cloud was produced through a 2.3-day continuous shedding and ballistic process. By the end of this phase, the debris cloud exhibited an uneven spatial distribution, showing distinct low-density cavities in the vicinity of Didymos. These cavities correspond to regions of high geopotential V(r) (Eq. (7)). The geopotential contours and mass distribution projected onto the equatorial plane are shown in Fig. 1, calculated for a rotational period of 2.26 h. The geopotential field plays a dominant role in shaping the spatial configuration of debris and the motion of individual particles, and thus we adopted the Jacobi integral,
[image: Mathematical equation: J = \frac{1}{2}\dot{\textit{\textbf{r}}} \cdot \dot{\textit{\textbf{r}}} + V(\textit{\textbf{r}}),](10)
where the kinetic term r ∙ r ≥ 0. The contour defined by C = V(r) represents the zero-velocity curve, which divides the space into two parts: the accessible regions where C ≥ V (r), and the forbidden regions where C < V(r). The zero-velocity curve thus constrains the orbital area accessible to each particle (Baoyin et al. 2010; Hirabayashi & Scheeres 2014; Wu et al. 2025).
Song et al. (2023) revealed that the equatorial ridge of Didymos mainly corresponds to dynamically unstable regions (see their Fig. 1). Therefore, shed particles repeatedly re-impact the surface and undergo saltation motion (Harris et al. 2009). Because collisions between the particles and the surface are inelastic, the re-impact process causes a monotonic decrease in the Jacobi integral, continuously reducing the accessible regions until all shed particles become trapped near local minima of the geopotential. This process is independent of the initial positions of the shed particles. Ultimately, all particles either re-accrete onto the surface or evolve into long-term orbits that do not intersect with the surface of the asteroid.
At the end of the shedding stage, the debris cloud naturally developed stable cavities as particles were expelled from regions of high-geopotential and concentrated in low-geopotential areas. This spatial heterogeneity creates localized hotspots of particle concentration, which in turn drive further growth through enhanced collisions. These nonuniform distributions serve as the initial condition for the subsequent DEM simulation. The collisional evolution of the debris cloud was then modeled using DEMBody (see Sect. 2.1.3) over a total simulated duration of 56.25 h.
Figure 5 summarizes the spatiotemporal evolution of the debris cloud. The simulated particles can be divided into three parts: (1) accreted onto the progenitor, (2) escaped from the system, and (3) remained in orbit around the progenitor. In Fig. 5a, these are shown by the red, green, and blue lines, respectively. The orbital part is further divided into unbound and clustered particles, which were individually tracked and quantified in Fig. 5b.
During approximately the first 10 h, the debris cloud remained relatively dense, particularly in the low-geopotential regions near Didymos. Collisions became one of the dominant mechanisms governing its evolution. Frequent impacts rapidly promoted the formation of clusters, which accounted for approximately 9.5% of the total orbital mass (Fig. 5b). Meanwhile, a significant fraction of particles gradually settled back onto the progenitor, resulting in a net reaccreted mass of about 34% of the total debris. The reaccreted material preferentially concentrated in the equatorial region, contributing to the formation of an equatorial ridge (Hyodo & Sugiura 2022).
Statistically, we find that the debris cloud gradually enters a stable state approximately 10 h after the shedding event. The number of clustered particles becomes stable, and the size of the largest cluster shows little variation (Fig. 3a; Fig. 5b). Both the radial mass distribution (Fig. 5c) and the collision frequency (Fig. 2d) gradually converge, indicating that the spatial density, radial distribution, and collisional activity change only weakly with time. Although the system does not become completely static, its overall morphology and statistical properties remain effectively steady.
To further characterize cluster formation within the debris cloud, Fig. 5d presents the spatiotemporal distribution of the largest cluster at each orbital radius, indicating that clusters form over a broad radial range, including regions within the classical fluid Roche limit. In particular, clusters are most frequently observed in the inner regions of the debris cloud, where particle density and collision rates are relatively high. It is important to note that the classical Roche limit is derived for strengthless fluid bodies. In contrast, the clusters in our simulations consist of discrete centimeter- to decimeter-sized particles, forming granular assemblies with internal friction and contact networks. Such structures can sustain finite shear strength, allowing them to effectively resist tidal disruption in the early stage of evolution. Previous studies suggest that granular clusters can maintain structural integrity under conditions where a fluid body would be disrupted (Walsh et al. 2008, 2012), indicating that the classical fluid Roche limit does not directly apply to such systems. Furthermore, while those prior studies primarily address the long-term orbital evolution of satellite-scale clusters, our results highlight an important early-stage process: local contact dynamics during short-timescale collisions promote initial growth, providing the structural basis for subsequent evolution. This demonstrates that the presence of clusters within the Roche limit in our simulations does not contradict tidal constraints, but instead reflects the distinct mechanical behavior of granular clusters. However, while the full-scale simulation captures the formation and global distribution of clusters, it does not allow for a systematic exploration of the collisional parameter space. Therefore, to quantify the growth conditions and collisional outcomes in a controlled manner, we proceed to dedicated cluster-scale simulations in the following section.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Flow chart of the sequential particle-cluster collision algorithm.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Spatiotemporal evolution of the debris cloud during the full-scale DEM simulation. Panel a: mass evolution of the simulated particles classified into three parts: particles remaining in orbit around the progenitor (blue), accreted onto the progenitor (red), and escaped from the system (green). Panel b: mass evolution of unbound particles (dashed line) and clustered particles (dotted line), which together constitute the orbital component. Panel c: temporal evolution of the radial mass distribution within the debris cloud. The colors correspond to different simulation times as indicated in the legend. Panel d: spatiotemporal distribution of the largest cluster at each orbital radius. The color scale represents the number of particles in the largest cluster at each radius; the gray regions correspond to areas without clusters. Values exceeding 35 are saturated at the upper limit of the color scale.



3.2 Cluster-scale growth conditions in debris cloud
As discussed in Sect. 3.1, the full-scale DEM simulations reveal that the debris cloud eventually evolves into a dynamically stable state. Beyond this stage, extending the simulation time yields little additional insight, as collisional growth has essentially ceased and further mass redistribution becomes negligible. It is important to note that our current model captures the evolution following a single shedding event. In reality, however, a rotationally unstable asteroid is likely to experience multiple shedding events, continuously replenishing the debris particles and allowing further growth.
To investigate the intrinsic physics of collisional growth and overcome the limitations of the full-scale model, we therefore performed high-resolution cluster-scale DEM simulations focused on particle-cluster and cluster-cluster impacts. These localized simulations provide direct access to the cluster-scale growth mechanisms, independent of the global dynamical environment. By systematically varying the impact velocity, mass ratio, and internal structure of the colliding clusters, we quantify how individual collisions drive the collisional evolution of debris clusters under realistic post-shedding conditions.
3.2.1 Cluster collisions mapping in parameter space
We investigated cluster-cluster collisions to evaluate how the mass ratio and collision velocity affect growth efficiency. The simulation setup followed the methodology described in Sect. 2.2.1 and used clusters extracted from the full-scale debris cloud simulation. We simulated head-on collisions between all unique cluster pairs and used two growth parameters adapted from Wada et al. (2013) to characterize each collision, i.e., the collisional growth efficiency fgro and the collisional growth efficiency of the second-largest remnant f2nd. These are defined as
[image: Mathematical equation: f_{\mathrm{gro}}\equiv \dfrac{M_{\mathrm{lar}} - M_{\mathrm{tar}}}{M_{\mathrm{pro}}},](11)
[image: Mathematical equation: f_{\mathrm{2nd}} \equiv \dfrac{M_{\mathrm{2nd}} - M_{\mathrm{pro}}}{M_{\mathrm{pro}}},](12)
where Mtar and Mpro denote the masses of the target and the projectile, respectively, with the convention Mtar ≥ Mpro. The quantities Mlar and M2nd represent the masses of the largest and the second-largest remnants after the collision, respectively. A collision is said to reach the critical collisional fragmentation velocity vfra when the target mass remains unchanged (Mlar = Mtar). Similarly, the critical collisional transfer velocity vtra is defined as the collision velocity at which the second-largest remnant retains the original mass of the projectile (M2nd = Mpro). Based on the definition of growth efficiencies, the collision outcomes are classified into three categories according to the scheme of Hasegawa et al. (2021):

	Growth (fgro > 0): the target gains positive mass through the collision, normalized by Mpro.


	Fragmentation (fgro < 0 and f2nd < 0): all the remnants are smaller than both the target and the projectile.


	Mass transfer (fgro < 0 and f2nd > 0): the second-largest remnant exceeds the projectile in mass, while the largest remnant remains smaller than the target.



Figure 6 summarizes the outcomes of collisions with different mass ratios, γ = Mtar/Mpro, and collision velocities, vcol, as introduced in Sect. 2.2.1. As the growth efficiency is essentially independent of the cluster size (Wada et al. 2013), we average the results of simulations with identical sets of γ and vcol for quantitative analysis. The red, blue, and green regions in Fig. 6 correspond to growth, fragmentation, and mass transfer, respectively.
To further determine the boundaries among these categories, we apply the fitting formulation proposed by Hasegawa et al. (2021). The parameter space can be broadly partitioned into three regimes, divided by the critical velocities for collisional fragmentation (vfra) and mass transfer (vtra), as defined in Eqs. (13) and (14):
[image: Mathematical equation: v_{\mathrm{fra}} &\approx& \left[(0.055 \times \gamma ^{-0.2})^2 + (0.009 \times \gamma ^{0.63})^2 \right] ^{1/2},](13)
[image: Mathematical equation: v_{\mathrm{tra}} &=& \begin{cases} 0.1 \times \gamma ^{-0.35}, v_{\mathrm{tra}}\lesssim 0.068~\mathrm{m~s^{-1}} \\ 0.013 \times \gamma ^{1.5}, v_{\mathrm{tra}}\gtrsim 0.068~\mathrm{m~s^{-1}} \end{cases}\hspace*{-8pt}.](14)
As shown in Fig. 6 and summarized by Eqs. (13) and (14), the critical fragmentation velocity vfra exhibits a nonmonotonic dependence on the mass ratio γ. For 1 ≤ γ ≲ 12.8, vfra is lower than that at γ = 1 (vfra ≈ 0.063 m s−1). The minimum critical collisional fragmentation velocity is vfra,min ≈ 0.047 ms−1. As γ increases further, vfra rises rapidly. This behavior can be interpreted in terms of the energy partitioning during collisions.
During target-projectile collisions, the kinetic energy is primarily dissipated through plastic deformation, i.e., failure events such as rolling, sliding, twisting, contact formation, and contact breakage within each cluster. Dissipation via elastic deformation is negligible and is therefore omitted in the following analysis (Oshiro et al. 2025). If the impact energy exceeds the capacity of plastic dissipation, the excess is converted into the kinetic energy of ejected fragments, resulting in fragmentation.
At lower collision energies, collisions result in perfect sticking. According to Oshiro et al. (2025), sticking proceeds through compression, transition, and stretching stages. During these stages, most kinetic energy is dissipated through interparticle failure events. The dissipated energy Ediss is defined as the difference between the system’s kinetic energy before and after the collision. For perfect sticking, the dissipated energy in the center-of-mass frame is
[image: Mathematical equation: E_\mathrm{diss} = \dfrac{1}{2} M_\mathrm{r} v_\mathrm{col}^2,](15)
where Mr represents the reduced mass
[image: Mathematical equation: \frac{1}{M_\mathrm{r}} = \frac{1}{M_{\mathrm{tar}}}+\frac{1}{M_{\mathrm{pro}}}.](16)
To investigate the energy partition in detail, we analyzed collisions at vcol = 0.03 m s−1, a velocity that produces exclusively growth outcomes. For each simulation, we measured the initial kinetic energy Eini, the dissipated energy Ediss, the kinetic energy changes ΔEtar and ΔEpro, and the numbers of failure events within each cluster, denoted Nevent,tar and Nevent,pro. In our simulation setup, the initial velocity of the projectile was vcol, whereas that of the target was set to zero. The initial kinetic energy of the system is
[image: Mathematical equation: E_\mathrm{ini} = \frac{1}{2}M_{\mathrm{pro}}v_\mathrm{col}^2.](17)
Substituting this into Eq. (15) yields
[image: Mathematical equation: E_\mathrm{diss} = \dfrac{\gamma}{\gamma+1} E_\mathrm{ini}.](18)
Figure 7a shows the dissipated kinetic energy Ediss normalized by the initial kinetic energy of the system Eini. For collisions with γ = 1, half of the initial kinetic energy remains after the collision, representing the most efficient energy exchange. As γ increases, the dissipated energy fraction Ediss/Eini increases rapidly, indicating that a larger fraction of the collisional energy must be dissipated through plastic deformation.
To isolate the effect of mass ratio alone, we examine a series of perfect sticking cases with fixed reduced mass Mr ≈ 70 and identical collision velocity. These collisions share the same total dissipated energy Ediss and are highlighted as red points in Fig. 7. It should be pointed out that, for a fixed Mr, increasing γ produces a smaller projectile and a larger target simultaneously.
Figure 7b shows that the mean energy dissipated per failure event exhibits opposite trends in the target and projectile. The target’s value ΔEtar/Nevent,tar decreases with γ because a larger target can distribute the absorbed energy among more constituent particles. In contrast, ΔEpro/Nevent,pro increases slightly, indicating that the smaller projectile must dissipate comparable energy through fewer contacts. This slow rise suggests that the projectile approaches the upper limit of dissipation achievable through rolling, sliding, and twisting at a single contact.
Because a smaller projectile has a reduced capacity for plastic dissipation, it more readily reaches its internal fragmentation threshold as γ increases. This explains the initial decline of vfra with γ. At higher mass ratios (γ ≳ 4.4), however, the collision outcome transitions toward a cratering-like regime. Although the projectile may be partially disrupted, the massive target can efficiently absorb the kinetic energy of the fragments and often traps them geometrically, making complete sticking more likely. Therefore, the critical fragmentation velocity vfra rises again at high γ. Because the number of available cluster sizes is finite, the combinations of target-projectile pairs become increasingly limited at high mass ratios. This limitation leads to numerical gaps in Fig. 6 around γ ≈ 25 – 30 and γ ≈ 80-90. For γ ≳ 66.5, only particle-cluster collisions occur. In such cases, f2nd ≥ 0 because individual particles cannot fragment. Consequently, no collisional fragmentation is observed in this regime.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Summary of head-on collision outcomes. The red, blue, and green regions represent target growth (fgro > 0), fragmentation (fgro < 0 and f2nd < 0), and mass transfer from the target to the projectile (fgro < 0 and f2nd > 0), respectively. The solid black line denotes the analytical boundary between growth (red) and the other regions (Eq. (13)), while the dashed line marks the transition between the fragmentation (blue) and mass transfer (green) regions given by Eq. (14). The strip at γ = 1.2 illustrates the outcomes of collisions between meter-sized clusters discussed in Sect. 3.2.3; the orange and cyan parts represent collisional growth and fragmentation, respectively. Their critical collisional fragmentation velocity is vfra,mctcr = 0.085 m s−1.



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Dissipated kinetic energy and energy partitioning for perfect sticking collisions (f2nd = 0) at vcol = 0.03 m s−1 for different mass ratios γ. The red symbols indicate a sequence of perfect sticking cases with identical reduced mass Mr ≈ 70. The vertical dotted lines highlight key mass ratios: γ = 4.4, where the critical fragmentation velocity reaches its minimum vfra,min ≈ 0.047 ms−1, and γ = 12.8, where the critical fragmentation velocity vfra ≈ 0.063 m s−1 coincides with that of γ = 1. Panel a: dissipated kinetic energy Ediss of the target-projectile system, normalized by the initial kinetic energy Eini. Panel b: mean dissipated energy per failure event, with ΔEpro/Nevent,pro shown as black points and ΔEtar/Nevent,tar shown as blue points.



3.2.2 Cross-scale growth pathways under sequential collisions
The collisional map (Fig. 6) shows that the velocity range within the debris cloud encompasses that required for cluster growth.
This suggests that collisional growth of clusters can proceed naturally under the typical dynamical conditions of the debris cloud. In realistic environments, multiple shedding events intermittently supply debris particles, thereby sustaining ongoing collisions. Consequently, over sufficient time, surviving clusters are expected to undergo successive collisions and grow to larger scales. Moreover, as a cluster gains mass, its target-projectile mass ratio increases, which further enhances its collisional growth efficiency. However, computational timescale constraints prevent full-scale debris cloud DEM simulations from being extended long enough to capture sequential cluster growth. To address this, we propose a sequential particle-cluster collision method, detailed in Sect. 2.2.2, to investigate the long-term growth behavior of clusters.
To study the growth process, we selected two representative clusters. Two of the largest clusters, each containing about 30 particles, were selected as seeds from the debris cloud simulation. These clusters, identified at the early stage and end of the simulation (marked by red crosses in Fig. 3a), exhibit markedly different morphologies and packing structures. Their selection aimed to examine whether initial morphological differences influence subsequent collisional evolution and growth behavior. To focus specifically on collisional growth rather than fragmentation, collision velocities were sampled from a Weibull distribution (Fig. 2) with an upper limit of 0.08 m s−1. A total of 2000 particle-cluster impacts were simulated for each seed cluster. The growth processes are illustrated in Fig. 8. Panel k shows the evolution of the number of constituent particles in each cluster with the number of impacts; the black and blue lines correspond to the clusters shown in panels a-e and f-j, respectively. Both clusters eventually reached approximately 103 constituent particles and adopted nearly spherical shapes with diameters of about 2 m. Despite their different initial morphologies, repeated impacts led both clusters to evolve toward similar spherical configurations.
To analyze the structure and morphological evolution of the growing clusters, we introduce three characterization parameters: the sphericity index ΔI, the average coordination number 〈Z〉, and the macroporosity φ. Among them, 〈Z〉 and φ together describe the internal compactness of the clusters, whereas ΔI traces the evolution of their overall shape. The changes in these parameters with respect to the number of collisions are shown in Fig. 9.
We first examine the sphericity index ΔI, which is derived from the principal moments of inertia [Ix, Iy, Iz] and quantifies the deviation of a cluster from a perfect sphere:
[image: Mathematical equation: \Delta I = 1 - \dfrac{\mathrm{max}(I_\mathrm{x},I_\mathrm{y},I_\mathrm{z}) - \mathrm{min}(I_\mathrm{x},I_\mathrm{y},I_\mathrm{z})}{\frac{1}{3}(I_\mathrm{x}+I_\mathrm{y}+I_\mathrm{z}) } .](19)
Values of ΔI close to 1 indicate nearly spherical morphology, whereas lower values correspond to elongated or irregular structures. In both experiments, ΔI exhibits strong fluctuations during the early growth stage, primarily due to the formation of transient, chain-like branches that are dynamically unstable. Furthermore, interparticle friction, cohesion forces, and the nonsphericity of the constituent particles prevent the clusters from achieving a fluid equilibrium shape. As growth proceeds, ΔI gradually stabilizes around 0.8, suggesting that the clusters evolve toward spherical configurations.
To characterize the compactness of cluster packing, we introduce the average coordination number 〈Z〉 and the macroporosity φ. 〈Z〉 is defined as the mean number of contacts per particle, whereas φ represents the fraction of void space within a cluster, calculated using a Voronoi tessellation method (Okabe et al. 2000). This method divides the space around all particles into individual subdomains, each containing all points closer to that particle than to any other. During the early growth stage, both 〈Z〉 and φ exhibit strong fluctuations due to the transient formation of fragile chain-like branches. As these branches are destroyed through subsequent collisions, the clusters become more compact and spherical. At the same time, 〈Z〉 stabilizes and φ provides a reliable measure of macroporosity. These trends indicate that the clusters gradually develop denser internal structures. Both experiments yield consistent values of 〈Z〉 ≈ 4.15 and φ ≈ 0.52.
A combined analysis of the structural parameters provides a comprehensive view of cluster morphology and its evolution. Clusters with initially looser packing grow more rapidly at early stages due to their higher porosity. Although this porosity-driven growth rate differs initially, the growth paths converge in later stages. The clusters progress through a sequence of stages: forming chain-like branches (about 60 particles), transitioning to spheres (about 200 particles), and stabilizing at ΔI ≈ 0.8 as collisions break unstable branches. The simulations further demonstrate that, under typical debris cloud collision velocities, surviving clusters can continue to grow across size scales and eventually develop into meter-sized clusters. These findings suggest that the early collisional environment plays a critical role in determining the initial structural properties of clusters, which subsequently shape the formation process and internal structure of the secondary.
	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Growth processes of two representative cases in the simulations of particle agglomeration through sequential collisions. The corresponding morphological evolutions are shown in panels a-j, while their shape parameters are summarized in panel l. Panels a-e illustrate the growth sequence of case A (a looser cluster), and panels f-j show case B (a more compact cluster). The particle colors indicate their coordination numbers. Panel k presents the evolution of cluster size (expressed by the number of constituent particles) as a function of the number of collisions; the black and blue lines correspond to cases A and B, respectively. An animation of the cluster growth processes is available online and in the Zenodo repository https://doi.org/10.5281/zenodo.20322605



	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Evolution of the characterization parameters with the number of collisions. The black lines represent the growth path of case A (a looser cluster, shown in Figs. 8a-8e), while the blue lines represent case B (a more compact cluster, shown in Figs. 8f-8j). Panel a: sphericity index ΔI, where ΔI → 1 indicates a nearly spherical shape, and lower values correspond to elongated or irregular clusters. Panel b: average coordination number 〈Z〉, serving as an indicator of cluster compactness. Panel c: macroporosity φ, calculated using a Voronoi tessellation method, which also quantifies compactness.



3.2.3 Collisional behavior of meter-scale clusters
In Sect. 3.2.2, the temporal evolution of clusters within the debris cloud was simulated through sequential particle-cluster collisions. The results indicate that clusters can grow by nearly an order of magnitude under the conditions around Didymos, yielding meter-sized, nearly spherical clusters that retain potential for further growth. Building on these results, we examine low-velocity, head-on collisions between meter-sized clusters to assess their capacity for continued growth and to understand the processes governing their deformation and possible coalescence.
The two meter-sized clusters obtained from the previous simulations (Figs. 8e and 8j) were employed as colliding bodies. Collision velocities were selected according to the velocity distribution within the debris cloud, ensuring realistic dynamical conditions. The outcomes were classified following the criteria defined in Eqs. (11) and (12) and are shown in Fig. 6 (the strip at γ = 1.2, where orange indicates collisional growth and cyan denotes fragmentation). Representative results at different collision velocities are presented in Fig. 10. The results reveal four distinct collisional regimes:

	Low-velocity sticking (vcol ≲ 0.03 m s−1): The two clusters gently adhere upon contact and largely preserve their initial structures, forming a contact-binary-like configuration.


	Plastic merging (0.03 m s−1 ≲ vcol ≲ 0.055 m s−1): The clusters merge into a single, larger cluster with negligible mass loss.


	Damage-enhanced growth (0.055 m s−1 ≲ vcol ≲ 0.085 m s−1): The largest post-collision cluster gains mass but becomes morphologically distorted, losing its initial sphericity.


	Fragmentation (vcol ≳ 0.085 m s−1): Collisions become destructive, and both clusters experience substantial mass loss.



The analysis above, together with Fig. 10, shows that the collisional behavior of meter-sized clusters (γ = 1.2) qualitatively follows the trend in Fig. 6, exhibiting only collisional growth and fragmentation. Quantitatively, the critical collisional fragmentation velocity of meter-sized clusters (vfraa,meter ≈ 0.085 m s−1) is significantly higher than that of decimeter-sized clusters (vfra ≈ 0.054 m s−1) presented in Sect. 3.2.1. Notably, the vfra of decimeter-sized clusters roughly corresponds to the upper velocity limit at which meter-sized clusters still merge into a single, nearly spherical body.
Moreover, the simulations show that the nearly spherical meter-sized clusters undergo only growth or fragmentation with increasing collision velocity, without exhibiting any bouncing behavior. This contrasts with the behavior of centimeter-scale, fluffy aggregates composed of micron-sized particles, which typically undergo a sticking-bouncing-fragmentation sequence with increasing velocity (Schräpler et al. 2021). These results suggest that meter-sized clusters, composed of centimeter- to decimeter-scale particles, possess a highly porous internal structure that efficiently dissipates collision energy within the velocity range of the debris cloud. Such dissipation promotes efficient accretion and allows these clusters to overcome the classical bouncing barrier, facilitating the formation of larger-scale structures.
	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Representative morphologies of collision outcomes between two meter-sized clusters formed in Sect. 3.2.2 for relative velocities vcol ranging from 0.01 m s−1 to 0.1 m s−1. The particle colors indicate their initial cluster membership. Complete results for collisions within the debris cloud velocity range are available in the Zenodo repository https://doi.org/10.5281/zenodo.20322605.



4 Conclusion
In this study, we investigated the collisional evolution of debris clusters during the early stage of asteroid system formation using a cross-scale numerical framework that combines full-scale debris cloud simulations with cluster-scale DEM modeling.
The full-scale evolution covers 2.3-day continuous shedding and ballistic stage, followed by a 56.25-hour large-scale, high-resolution DEM simulation. Our results show that particles released from a rotationally unstable progenitor preferentially migrate toward low-geopotential regions, where they remain in orbit and form a collision-dominated environment. The collisional environment can be well characterized by a Weibull distribution (λ = 0.065, k = 1.853), providing a quantitative characterization of the kinematic conditions for cluster growth.
Based on these conditions, the cluster-scale simulations demonstrate that collision outcomes are primarily controlled by the relative velocity and mass ratio. A transition between accretion and fragmentation regimes is identified, with the critical fragmentation velocity exhibiting a nonmonotonic dependence on the mass ratio: for mass ratio γ < 4.4, the critical fragmentation velocity vfra decreases with increasing γ, whereas for γ > 4.4, it increases.
The sequential particle-cluster collisions enable clusters to grow by nearly an order of magnitude, from centimeter- to decimeter-sized particles to meter-sized clusters. Despite differences in their initial configurations, clusters follow a similar evolutionary sequence: chain-like branches emerge when the cluster contains roughly 50 particles, while larger clusters (≳200 particles) evolve into more compact structures, stabilizing at a sphericity index of ΔI ≈ 0.8 and macroporosity φ ≈ 0.52.
The subsequent collisions between these meter-sized clusters exhibit distinct regimes. Their porous structures provide sufficient internal strength to dissipate collisional energy, and do not exhibit a classical bouncing barrier. Instead, their collision outcomes fall into four regimes: (i) low-velocity sticking (vcol ≲ 0.03 m s−1), forming contact-binary-like configurations; (ii) plastic merging (0.03 m s−1 ≲ vcol ≲ 0.055 ms−1), producing larger near-spherical clusters; (iii) damage-enhanced growth (0.055 m s−1 ≲ vcol ≲ 0.085 m s−1); and (iv) fragmentation (vcol ≳ 0.085 m s−1).
Overall, these results provide quantitative constraints on the collisional growth of debris clusters in asteroid debris clouds. We highlight the key role of mesoscopic granular interactions in governing early-stage cluster growth and establish a growth boundary between local collisional dynamics and the emergence of larger-scale structures in asteroid systems.
Our findings offer a framework for understanding how rotational shedding and collisional accretion drive the early-stage formation of asteroid systems. The upcoming missions Hera, DESTINY+, and Lucy will provide valuable opportunities to test these mechanisms under diverse dynamical conditions, ranging from impact-generated debris clouds and dust-ejecting asteroid tails to Trojan populations (Michel et al. 2022; Simolka et al. 2024; Levison et al. 2025). These missions are expected to provide crucial observational evidence on the links between rotational shedding, debris cloud evolution, and asteroid system formation across diverse small-body populations.

Data availability
The supplementary materials for this study, including the full-velocity-range version of Fig. 10 and animations corresponding to Fig. 8, have been deposited on Zenodo and are publicly accessible at https://doi.org/10.5281/zenodo.20322605. These materials provide enhanced visualizations of the cluster growth processes discussed in the manuscript and are intended to complement the main text. For detailed methodology and simulation parameters, please refer to the publication.
Movies associated with Fig. 8 are available at https://www.aanda.org.

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant No. 12272018, Y.Y.) and by the Opening Project of Joint Laboratory for Planetary Science and Supercomputing (CSYYGS-QT-2024-17).

Movies
 
Movies associated with Fig. 8 
 (Refer to website)
 
Movies associated with Fig. 8 
 (Refer to website)
 
References
	Agrusa, H. F., Zhang, Y., Richardson, D. C., et al. 2024, PSJ, 5, 54[See]
	Arakawa, M., Saiki, T., Wada, K., et al. 2020, Science, 368, 67[See]
	Baoyin, H.-X., Chen, Y., & Li, J.-F. 2010, Res. Astron. Astrophys., 10, 587[See]
	Blum, J., & Wurm, G. 2008, ARA&A, 46, 21[See]
	Burke, K. N., DellaGiustina, D. N., Bennett, C. A., et al. 2021, Remote Sens., 13, 1315[See]
	Cheng, B., Yu, Y., & Baoyin, H. 2018, Phys. Rev. E, 98, 012901[See]
	Cheng, B., Yu, Y., Asphaug, E., et al. 2021, Nat. Astron., 5, 134[See]
	Ferrari, F., Raducan, S. D., Soldini, S., & Jutzi, M. 2022, PSJ, 3, 177[See]
	Güttler, C., Blum, J., Zsom, A., Ormel, C. W., & Dullemond, C. P. 2010, A&A, 513, A56[See]
	Harris, A. W., Fahnestock, E. G., & Pravec, P. 2009, Icarus, 199, 310[See]
	Hasegawa, Y., Suzuki, T. K., Tanaka, H., Kobayashi, H., & Wada, K. 2021, ApJ, 915, 22[See]
	Hirabayashi, M., & Scheeres, D. J. 2014, ApJ, 780, 160[See]
	Huang, C., Yu, Y., Cheng, B., et al. 2021, Phys. Rev. E, 104, L042901[See]
	Huang, C., Yu, Y., Cheng, B., & Wang, Q. 2022, Nonlinear Dyn., 110, 2283[See]
	Huang, C., Yu, Y., Song, Z., Cheng, B., & Dai, W. 2023, Aerospace, 10[See]
	Huang, C., Yu, Y., Song, Z., et al. 2024, ApJ, 975, 90[See]
	Hyodo, R., & Sugiura, K. 2022, ApJ, 937, L36[See]
	Jewitt, D., Kim, Y., Li, J., & Mutchler, M. 2023, ApJ, 952, L12[See]
	Jiao, Y., Cheng, B., & Baoyin, H. 2023, J. Guid. Control Dyn., 46, 382[See]
	Jiao, Y., Cheng, B., Huang, Y., et al. 2024, Nat. Astron., 8, 819[See]
	Kleyna, J. T., Hainaut, O. R., Meech, K. J., et al. 2019, ApJ, 874, L20[See]
	Levison, H. F., Marchi, S., Noll, K. S., et al. 2025, Space Sci. Rev., 221, 63[See]
	Li, J.-Y., Hirabayashi, M., Farnham, T. L., et al. 2023, Nature, 616, 452[See]
	Lord, R. G. 1991, Phys. Fluids A, 3, 706[See]
	Madeira, G., Charnoz, S., & Hyodo, R. 2023, Icarus, 394, 115428[See]
	Michel, P., Küppers, M., Campo Bagatin, A., et al. 2022, PSJ, 3, 160[See]
	Michikami, T., & Hagermann, A. 2021, Icarus, 357, 114282[See]
	Michikami, T., Honda, C., Miyamoto, H., et al. 2019, Icarus, 331, 179[See]
	Okabe, A., Boots, B., Sugihara, K., & Chiu, S. N. 2000, Spatial Tessellations: Concepts and Applications of Voronoi Diagrams (John Wiley & Sons, Ltd)[See]
	Oshiro, H., Tatsuuma, M., Okuzumi, S., & Tanaka, H. 2025, ApJ, 983, 75[See]
	Pajola, M., Tusberti, F., Lucchetti, A., et al. 2023, in LPI Contributions, 2806, 54th Lunar Planet. Sci. Conf., 1314[See]
	Pajola, M., Tusberti, F., Lucchetti, A., et al. 2024, Nat. Commun., 15, 6205[See]
	Raducan, S., Jutzi, M., Cheng, A., et al. 2024, Nat. Astron., 8, 445[See]
	Raducan, S. D., Jutzi, M., Merrill, C. C., et al. 2024, PSJ, 5, 79[See]
	Sánchez, P., & Scheeres, D. J. 2018, Planet. Space Sci., 157, 39[See]
	Schräpler, R. R., Landeck, W. A., & Blum, J. 2021, MNRAS, 509, 5641[See]
	Simolka, J., Blanco, R., Ingerl, S., et al. 2024, Philos. Trans. A Math Phys. Eng. Sci., 382, 20230199[See]
	Song, Z., Yu, Y., Cheng, B., Lv, J., & Baoyin, H. 2023, A&A, 672, A172[See]
	Wada, K., Tanaka, H., Suyama, T., Kimura, H., & Yamamoto, T. 2009, ApJ, 702, 1490[See]
	Wada, K., Tanaka, H., Okuzumi, S., et al. 2013, A&A, 559, A62[See]
	Walsh, K. J. 2018, ARA&A, 56, 593[See]
	Walsh, K. J., Richardson, D. C., & Michel, P. 2008, Nature, 454, 188[See]
	Walsh, K. J., Richardson, D. C., & Michel, P. 2012, Icarus, 220, 514[See]
	Werner, R. A., & Scheeres, D. J. 1996, Celestial Mech. Dyn. Astr., 65, 313[See]
	Wimarsson, J., Xiang, Z., Ferrari, F., et al. 2024, Icarus, 421, 116223[See]
	Wu, Y., Song, Z., Zhang, X., Yu, Y., & Lv, J. 2025, CNSNS, 149, 108905[See]
	Yu, Y., & Michel, P. 2018, Icarus, 312, 128[See]
	Yu, Y., Michel, P., Schwartz, S. R., Naidu, S. P., & Benner, L. A. M. 2017, Icarus, 282, 313[See]
	Yu, Y., Michel, P., Hirabayashi, M., et al. 2018, AJ, 156, 59[See]
	Yu, Y., Michel, P., Hirabayashi, M., & Richardson, D. C. 2019, MNRAS, 484, 1057[See]
	Zhang, Y., Richardson, D. C., Barnouin, O. S., et al. 2018, ApJ, 857, 15[See]
	Zhang, Y., Michel, P., Barnouin, O. S., et al. 2022, Nat. Commun., 13, 4589[See]



Appendix A  Effect of the primary’s gravitational field on collision outcomes
In Sect. 2.2, we argue that in localized cluster-scale simulations, variations in the gravitational field can be neglected. To test this assumption, we performed additional simulations to evaluate the influence of the primary’s gravitational field.
We first extracted collision events occurring within discrete azimuthal sectors of the debris cloud. As shown in Fig. 2a, each sector spans a radial range of r = [360 m, 1300 m] and has an azimuthal width of Δθ = 10°. A total of 114 unique collision events were identified, covering a representative range of impact velocities and mass ratios.
For each collision event, we conducted two sets of DEM simulations initialized at the corresponding radial locations: one included the gravitational field of the primary asteroid, whereas the other neglected it. By comparing the outcomes, we assessed the impact of the primary’s gravity on key collisional metrics including collision outcomes, internal contact networks, and post-collision particle positions.
We used two growth efficiency parameters, fgro and f2nd, defined in Eqs. (11) and (12), to characterize the collisional outcomes. The results from the two sets of simulations are identical. To further evaluate internal structural consistency, we quantified the differences in the post-collision contact networks, which describe the contact relationships among particles and thus characterize the internal structure of the cluster. As shown in Fig. A.1a, the vast majority of cases exhibit zero deviation, with only two simulations showing minor differences. As illustrated in Fig. A.2, these discrepancies are limited to a few local contacts and do not affect the overall cluster morphology. For post-collision particle positions, noticeable absolute position deviations are observed (Fig. A.1b). However, these differences result strictly from the collective influence of the gravitational field, which induces an overall translation of the cluster, and do not affect either the classification of collision outcomes or the resulting cluster morphology.
The results demonstrate that the primary’s gravitational field has a negligible influence on the collision outcomes and cluster morphology. This can be understood in terms of the separation of physical timescales. The collision process occurs over timescales of a few seconds and is primarily governed by contact dynamics, including impact velocity and mass ratio. In contrast, the gravitational field of the primary acts over much longer orbital timescales to induce a coherent acceleration on all particles. As a result, it does not significantly modify the relative motion during collisions. Therefore, cluster-scale simulations can be accurately conducted without accounting for the primary’s gravity.
	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Influence of the primary’s gravitational field on collision outcomes for 114 sampled events. Panel (a): Deviation in the post-collision contact networks between simulations with and without the primary’s gravity. Most cases show zero deviation, with only two outliers (IDs 57 and 68) exhibiting minor local differences. Panel (b): Mean (solid black line) and maximum (dashed red line) absolute position deviations after collision. The observed offsets primarily reflect bulk translation of the cluster induced by the external gravitational field, rather than internal structural changes, indicating negligible influence on collision outcomes.



	[image: Thumbnail: Fig. A.2 Refer to the following caption and surrounding text.]	Fig. A.2 Localized differences in contact networks for the two outlier collision events (IDs 57 and 68). Panels (a)-(c): ID = 57. Panels (d)-(f): ID = 68. Panels (a) and (d) and panels (b) and (e) show the post-collision clusters simulated with and without the primary’s gravity, respectively. Panels (c) and (f) highlight the contact differences (red particles). The discrepancies are confined to a small number of neighboring particles and do not affect the overall cluster morphology.
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	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Debris cloud distribution and underlying geopotential field. Panel a: spatial mass density of the accumulated debris cloud at the end of the 2.3-day continuous shedding and ballistic stage, shown in the body-fixed equatorial plane. The black regions indicate areas devoid of debris particles, while the colored regions denote their presence, with the color scale representing the local mass density. Values exceeding 0.5 are saturated and shown in red. Panel b: geopotential contours around Didymos projected onto the equatorial plane. The different colors indicate distinct geopotential values (unit: J/kg). Values outside the color bar range are shown in the same colors as the respective maximum and minimum values.
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	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Collisional environment within the debris cloud. Panel a: azimuthal sectors used for sampling. The blue regions indicate 10° wide sectors uniformly distributed over the radial range r = [360 m, 1300 m]. The white dots denote simulated particles, while the black areas correspond to regions without particles. Panel b: probability density distribution of the relative collision velocity vcol. The red curve shows the best-fit Weibull distribution with a scale parameter λ = 0.065 and a shape parameter k = 1.853. Panel c: radial distribution of vcol across all sampled sectors. The color scale indicates the local collision frequency. The orbital radius is defined as the distance from the progenitor center to the collision location. Values exceeding the color scale range are saturated at the upper limit. Panel d: temporal evolution of collision activity within the sampled sectors, illustrating the gradual stabilization of the collisional environment.
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	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Evolution and representative structures of clusters in the debris cloud. Panel a: evolution of the largest cluster size identified at each step in the full-scale simulation, expressed by the number of constituent particles. The red crosses indicate the growth cases used in Sect. 3.2.2, whose structures are shown in Figs. 8a and 8f. Panels b-g: representative clusters sampled during the evolution. Panels e and f: supplemented clusters generated using the procedure described in Sect. 2.2.2, with red particles indicating the added components.
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	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Flow chart of the sequential particle-cluster collision algorithm.
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	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Spatiotemporal evolution of the debris cloud during the full-scale DEM simulation. Panel a: mass evolution of the simulated particles classified into three parts: particles remaining in orbit around the progenitor (blue), accreted onto the progenitor (red), and escaped from the system (green). Panel b: mass evolution of unbound particles (dashed line) and clustered particles (dotted line), which together constitute the orbital component. Panel c: temporal evolution of the radial mass distribution within the debris cloud. The colors correspond to different simulation times as indicated in the legend. Panel d: spatiotemporal distribution of the largest cluster at each orbital radius. The color scale represents the number of particles in the largest cluster at each radius; the gray regions correspond to areas without clusters. Values exceeding 35 are saturated at the upper limit of the color scale.
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	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Summary of head-on collision outcomes. The red, blue, and green regions represent target growth (fgro > 0), fragmentation (fgro < 0 and f2nd < 0), and mass transfer from the target to the projectile (fgro < 0 and f2nd > 0), respectively. The solid black line denotes the analytical boundary between growth (red) and the other regions (Eq. (13)), while the dashed line marks the transition between the fragmentation (blue) and mass transfer (green) regions given by Eq. (14). The strip at γ = 1.2 illustrates the outcomes of collisions between meter-sized clusters discussed in Sect. 3.2.3; the orange and cyan parts represent collisional growth and fragmentation, respectively. Their critical collisional fragmentation velocity is vfra,mctcr = 0.085 m s−1.
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	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Dissipated kinetic energy and energy partitioning for perfect sticking collisions (f2nd = 0) at vcol = 0.03 m s−1 for different mass ratios γ. The red symbols indicate a sequence of perfect sticking cases with identical reduced mass Mr ≈ 70. The vertical dotted lines highlight key mass ratios: γ = 4.4, where the critical fragmentation velocity reaches its minimum vfra,min ≈ 0.047 ms−1, and γ = 12.8, where the critical fragmentation velocity vfra ≈ 0.063 m s−1 coincides with that of γ = 1. Panel a: dissipated kinetic energy Ediss of the target-projectile system, normalized by the initial kinetic energy Eini. Panel b: mean dissipated energy per failure event, with ΔEpro/Nevent,pro shown as black points and ΔEtar/Nevent,tar shown as blue points.
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	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Growth processes of two representative cases in the simulations of particle agglomeration through sequential collisions. The corresponding morphological evolutions are shown in panels a-j, while their shape parameters are summarized in panel l. Panels a-e illustrate the growth sequence of case A (a looser cluster), and panels f-j show case B (a more compact cluster). The particle colors indicate their coordination numbers. Panel k presents the evolution of cluster size (expressed by the number of constituent particles) as a function of the number of collisions; the black and blue lines correspond to cases A and B, respectively. An animation of the cluster growth processes is available online and in the Zenodo repository https://doi.org/10.5281/zenodo.20322605
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	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Evolution of the characterization parameters with the number of collisions. The black lines represent the growth path of case A (a looser cluster, shown in Figs. 8a-8e), while the blue lines represent case B (a more compact cluster, shown in Figs. 8f-8j). Panel a: sphericity index ΔI, where ΔI → 1 indicates a nearly spherical shape, and lower values correspond to elongated or irregular clusters. Panel b: average coordination number 〈Z〉, serving as an indicator of cluster compactness. Panel c: macroporosity φ, calculated using a Voronoi tessellation method, which also quantifies compactness.
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	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Representative morphologies of collision outcomes between two meter-sized clusters formed in Sect. 3.2.2 for relative velocities vcol ranging from 0.01 m s−1 to 0.1 m s−1. The particle colors indicate their initial cluster membership. Complete results for collisions within the debris cloud velocity range are available in the Zenodo repository https://doi.org/10.5281/zenodo.20322605.
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	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Influence of the primary’s gravitational field on collision outcomes for 114 sampled events. Panel (a): Deviation in the post-collision contact networks between simulations with and without the primary’s gravity. Most cases show zero deviation, with only two outliers (IDs 57 and 68) exhibiting minor local differences. Panel (b): Mean (solid black line) and maximum (dashed red line) absolute position deviations after collision. The observed offsets primarily reflect bulk translation of the cluster induced by the external gravitational field, rather than internal structural changes, indicating negligible influence on collision outcomes.
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	[image: Thumbnail: Fig. A.2 Refer to the following caption and surrounding text.]	Fig. A.2 Localized differences in contact networks for the two outlier collision events (IDs 57 and 68). Panels (a)-(c): ID = 57. Panels (d)-(f): ID = 68. Panels (a) and (d) and panels (b) and (e) show the post-collision clusters simulated with and without the primary’s gravity, respectively. Panels (c) and (f) highlight the contact differences (red particles). The discrepancies are confined to a small number of neighboring particles and do not affect the overall cluster morphology.
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        Debris cloud distribution and underlying geopotential field. Panel a: spatial mass density of the accumulated debris cloud at the end of the 2.3-day continuous shedding and ballistic stage, shown in the body-fixed equatorial plane. The black regions indicate areas devoid of debris particles, while the colored regions denote their presence, with the color scale representing the local mass density. Values exceeding 0.5 are saturated and shown in red. Panel b: geopotential contours around Didymos projected onto the equatorial plane. The different colors indicate distinct geopotential values (unit: J/kg). Values outside the color bar range are shown in the same colors as the respective maximum and minimum values.
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      Particle contact parameters used in DEMBody.

      
        


	Parameter
	Symbol
	Value





	Young’s modulus
	Y
	5 × 103 Pa



	Poisson’s ratio
	ν
	0.3



	Static friction coefficient
	μs
	1.0



	Dynamic friction coefficient
	μd
	1.0



	Restitution coefficient
	e
	0.55



	Shape parameter
	β
	0.8



	Cohesive strength
	c
	50 Pa





      

    

  
    
      Fig. 2 
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        Collisional environment within the debris cloud. Panel a: azimuthal sectors used for sampling. The blue regions indicate 10° wide sectors uniformly distributed over the radial range r = [360 m, 1300 m]. The white dots denote simulated particles, while the black areas correspond to regions without particles. Panel b: probability density distribution of the relative collision velocity vcol. The red curve shows the best-fit Weibull distribution with a scale parameter λ = 0.065 and a shape parameter k = 1.853. Panel c: radial distribution of vcol across all sampled sectors. The color scale indicates the local collision frequency. The orbital radius is defined as the distance from the progenitor center to the collision location. Values exceeding the color scale range are saturated at the upper limit. Panel d: temporal evolution of collision activity within the sampled sectors, illustrating the gradual stabilization of the collisional environment.
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        Evolution and representative structures of clusters in the debris cloud. Panel a: evolution of the largest cluster size identified at each step in the full-scale simulation, expressed by the number of constituent particles. The red crosses indicate the growth cases used in Sect. 3.2.2, whose structures are shown in Figs. 8a and 8f. Panels b-g: representative clusters sampled during the evolution. Panels e and f: supplemented clusters generated using the procedure described in Sect. 2.2.2, with red particles indicating the added components.
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        Flow chart of the sequential particle-cluster collision algorithm.

      

    

  
    
      Fig. 5 
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        Spatiotemporal evolution of the debris cloud during the full-scale DEM simulation. Panel a: mass evolution of the simulated particles classified into three parts: particles remaining in orbit around the progenitor (blue), accreted onto the progenitor (red), and escaped from the system (green). Panel b: mass evolution of unbound particles (dashed line) and clustered particles (dotted line), which together constitute the orbital component. Panel c: temporal evolution of the radial mass distribution within the debris cloud. The colors correspond to different simulation times as indicated in the legend. Panel d: spatiotemporal distribution of the largest cluster at each orbital radius. The color scale represents the number of particles in the largest cluster at each radius; the gray regions correspond to areas without clusters. Values exceeding 35 are saturated at the upper limit of the color scale.

      

    

  
    
      Fig. 6 
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        Summary of head-on collision outcomes. The red, blue, and green regions represent target growth (fgro > 0), fragmentation (fgro < 0 and f2nd < 0), and mass transfer from the target to the projectile (fgro < 0 and f2nd > 0), respectively. The solid black line denotes the analytical boundary between growth (red) and the other regions (Eq. (13)), while the dashed line marks the transition between the fragmentation (blue) and mass transfer (green) regions given by Eq. (14). The strip at γ = 1.2 illustrates the outcomes of collisions between meter-sized clusters discussed in Sect. 3.2.3; the orange and cyan parts represent collisional growth and fragmentation, respectively. Their critical collisional fragmentation velocity is vfra,mctcr = 0.085 m s−1.
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        Dissipated kinetic energy and energy partitioning for perfect sticking collisions (f2nd = 0) at vcol = 0.03 m s−1 for different mass ratios γ. The red symbols indicate a sequence of perfect sticking cases with identical reduced mass Mr ≈ 70. The vertical dotted lines highlight key mass ratios: γ = 4.4, where the critical fragmentation velocity reaches its minimum vfra,min ≈ 0.047 ms−1, and γ = 12.8, where the critical fragmentation velocity vfra ≈ 0.063 m s−1 coincides with that of γ = 1. Panel a: dissipated kinetic energy Ediss of the target-projectile system, normalized by the initial kinetic energy Eini. Panel b: mean dissipated energy per failure event, with ΔEpro/Nevent,pro shown as black points and ΔEtar/Nevent,tar shown as blue points.

      

    

  
    
      Fig. 8 
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        Growth processes of two representative cases in the simulations of particle agglomeration through sequential collisions. The corresponding morphological evolutions are shown in panels a-j, while their shape parameters are summarized in panel l. Panels a-e illustrate the growth sequence of case A (a looser cluster), and panels f-j show case B (a more compact cluster). The particle colors indicate their coordination numbers. Panel k presents the evolution of cluster size (expressed by the number of constituent particles) as a function of the number of collisions; the black and blue lines correspond to cases A and B, respectively. An animation of the cluster growth processes is available online and in the Zenodo repository https://doi.org/10.5281/zenodo.20322605
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        Evolution of the characterization parameters with the number of collisions. The black lines represent the growth path of case A (a looser cluster, shown in Figs. 8a-8e), while the blue lines represent case B (a more compact cluster, shown in Figs. 8f-8j). Panel a: sphericity index ΔI, where ΔI → 1 indicates a nearly spherical shape, and lower values correspond to elongated or irregular clusters. Panel b: average coordination number 〈Z〉, serving as an indicator of cluster compactness. Panel c: macroporosity φ, calculated using a Voronoi tessellation method, which also quantifies compactness.

      

    

  
    
      Fig. 10 

      
        [image: Fig. 10 Refer to the following caption and surrounding text.]
      

      
        Representative morphologies of collision outcomes between two meter-sized clusters formed in Sect. 3.2.2 for relative velocities vcol ranging from 0.01 m s−1 to 0.1 m s−1. The particle colors indicate their initial cluster membership. Complete results for collisions within the debris cloud velocity range are available in the Zenodo repository https://doi.org/10.5281/zenodo.20322605.

      

    

  
    
      Fig. A.1 
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        Influence of the primary’s gravitational field on collision outcomes for 114 sampled events. Panel (a): Deviation in the post-collision contact networks between simulations with and without the primary’s gravity. Most cases show zero deviation, with only two outliers (IDs 57 and 68) exhibiting minor local differences. Panel (b): Mean (solid black line) and maximum (dashed red line) absolute position deviations after collision. The observed offsets primarily reflect bulk translation of the cluster induced by the external gravitational field, rather than internal structural changes, indicating negligible influence on collision outcomes.

      

    

  
    
      Fig. A.2 
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        Localized differences in contact networks for the two outlier collision events (IDs 57 and 68). Panels (a)-(c): ID = 57. Panels (d)-(f): ID = 68. Panels (a) and (d) and panels (b) and (e) show the post-collision clusters simulated with and without the primary’s gravity, respectively. Panels (c) and (f) highlight the contact differences (red particles). The discrepancies are confined to a small number of neighboring particles and do not affect the overall cluster morphology.
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