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Abstract

Aims. We present a model for the distribution of dust ejected by asteroids and comets. Our model incorporates the effects of solar gravity and radiation pressure. In specific cases it can also account for additional forces and the re-impacts of ejected dust onto the source body.

Methods. The number density of dust at a given point in space was computed as the sum of contributions from a set of point sources placed along a given trajectory, ejecting dust in a temporal sequence that approximates the motion of the source body. The dust ejection from each source was modeled using continuous distributions of the dynamical parameters the dust grains have at ejection. We developed three methods to solve for the dust number density from a single point source that differ in complexity and applicability.

Results. We applied the model to investigate the dust environment of the near-Earth asteroid Phaethon, and estimated the number of dust grains that will be observed by the dust detector on the flyby of the forthcoming DESTINY+ mission by JAXA. Additionally, as an illustrative example, we reconstructed an image of comet C/1996 B2 (Hyakutake) to demonstrate the details of working with the model. The implementation of our model, verified with a comparison to independent software, is freely available as a Fortran-95 package, DUDI-heliocentric.
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1 Introduction
In recent decades, a series of space missions have significantly advanced our understanding of the small bodies in the Solar System. One of the earliest missions was the Near Earth Asteroid Rendezvous (NEAR) mission, the first spacecraft to orbit and successfully land on the asteroid Eros (Veverka et al. 1997). This mission set the stage for subsequent explorations, such as DAWN, which conducted extensive observations of the two largest objects in the asteroid belt, Vesta and Ceres (Russell & Raymond 2011), and the Rosetta mission, which investigated comet 67P/Churyumov–Gerasimenko with a deployment of a lander onto the comet’s surface (Taylor et al. 2017). The exploration continued with sample-return missions, such as Hayabusa, which visited asteroid Itokawa (Saito et al. 2006), Hayabusa2, which targeted asteroid Ryugu (Watanabe et al. 2017), and OSIRIS-REx, which visited and collected samples from asteroid 101955 Bennu (Lauretta et al. 2017) and then, after returning its sample to Earth, embarked on the extended OSIRIS-APEX mission to asteroid Apophis (DellaGiustina et al. 2023). Remote observations (Knight et al. 2023; Crovisier et al. 2016) at optical, radar, and radio wavelengths provided comprehensive data alongside space missions. In addition, the rate of new object discoveries has been high due to survey projects, such as the Palomar Transient Factory survey (Waszczak et al. 2013), and the numerous comets observed at their perihelion passage by the SOHO/LASCO coronagraph (Battams & Knight 2017). The study of asteroids and comets remains an important aspect of space exploration with ongoing missions such as the Lucy Mission to the Trojan asteroids (Levison et al. 2021) or the mission to explore the metal asteroid Psyche (Martin et al. 2022). Other missions are upcoming, such as JAXA’s DESTINY+, targeting the active near-Earth asteroid (NEA) 3200 Phaethon (Ozaki et al. 2022), and the Chinese mission Tianwen-2 to NEA 469219 Kamo’oalewa and the active asteroid 311P/PANSTARRS (Zhang et al. 2021). Additionally, ESA’s Comet Interceptor is a mission designed to study long-period comets with dynamic target selection (Snodgrass & Jones 2019). Characterizing the dust environments of these targets is crucial to ensuring mission success (Marschall et al. 2022).
The phenomenon of active asteroids, which exhibit comet-like features, presents an additional subject for research, especially given the uncertainties surrounding the mechanisms of dust ejection (Jewitt et al. 2015). In general, the study of dust particles in space offers invaluable insights for Solar System researchers, offering unique information on the source bodies from the investigation of their dust environment (Bradley 2003).
The dynamics of dust originating from asteroids and comets can be complex, influenced by multiple forces beyond solar gravity. These forces include solar radiation effects such as radiation pressure, Poynting-Robertson drag, and the Yarkovsky effect (Burns et al. 1979). Additionally, charged particles within the Solar System are subject to the solar wind drag and to the Lorentz force due to their interaction with the variable interplanetary magnetic field (Morfill & Grün 1979). The gravitational forces of planets and their satellites also play a significant role in shaping dust dynamics. Furthermore, the gravity of the dust’s parent body, though often minor, contributes to the dynamics along with the drag force exerted by the gas released from the comet. This makes a meticulous numerical approach to modeling dust dynamics computationally highly challenging (see, e.g., Jackson & Zook 1992; Marzari & Vanzani 1994; Chambers 1999) even for modern computer facilities (Liu et al. 2016; Borin et al. 2017; Jo & Ishiguro 2024).
Limiting the set of forces taken into account, one can aim for an analytical approximation of the solution to dust dynamical problems. For example, Finson & Probstein (1968a) investigated the dynamics of the dust particles of varying sizes that are continuously emitted from a comet’s nucleus, and applied their formulae to comet Arend-Roland (Finson & Probstein 1968b). Finson & Probstein (1968a) considered that the particles are propelled initially outward from the nucleus by drag forces resulting from the interaction with expanding gas within the comet’s head region. However, in the tail region, the dust was considered to be only subjected to solar gravity and radiation pressure. This perspective allowed the derivation of relatively simple mathematical expressions to describe the surface density defined as the integral of the particle cross section along the line of sight from Earth, which is proportional to the light intensity, given that the dust tails are optically thin.
Krivov et al. (2003) and Sremčević et al. (2003) considered dust dynamics within the two-body problem, investigating the impact ejecta clouds around the giant planets’ moons (Krüger et al. 2000; Horányi et al. 2015). They expressed the dust number density at a distance from the source in terms of the distributions of the dust particles’ ejection parameters, such as the grain radius, ejection speed, and zenith angle. The same model was later modified to include the effect of gas friction on the grain ejection and applied by Postberg et al. (2011) to model the Enceladus dust plume. Building upon this work, Ershova & Schmidt (2021) further developed the approach, obtaining an analytical solution for the distribution of dust ejected in a nonstationary manner into a jet tilted toward the surface normal. While that model allows for variations in the dust production rate, it assumes that the dust source maintains a fixed inertial position in a coordinate system centered in the spherical source moon. In the model of Ershova & Schmidt (2021) the moon’s gravity is the sole force driving the dynamics of the dust.
In this paper, we extend the work of Ershova & Schmidt (2021) to dust emission from atmosphereless bodies in interplanetary space, including asteroids and comets. The main principles of our model approach are described at the beginning of Sect. 2, followed by mathematical derivations in Sects. 2.3–2.6. We describe the implementation of the model as a Fortran-95 software package in Sect. 3, and show examples of the code applications in Sect. 4. In Sect. 5, we summarize our results.
2 Modeling dust ejection from a moving object
In the remainder of the paper we refer to the parent body of dust as an asteroid although our approach can be equally well applied to dust emission from comets. For convenience, we adopt the terminology introduced by Ershova & Schmidt (2021), referring to the point at which we want to calculate the dust number density as either a “spacecraft position” or a “point of interest.” The variables assigned to various physical quantities utilized in deriving the equations in this paper are listed in Table 1, with nomenclature inherited from Ershova & Schmidt (2021), as well as earlier works by Krivov et al. (2003) and Sremčević et al. (2003). These models were oriented on dust ejection from the giant planets’ moons, and so many of the variables describing dust at its source possess index M, a notation which we keep here, for easier comparison to earlier work.
To model the dust ejection from an asteroid orbiting the Sun, we placed the Sun at the origin of the coordinate system (see Fig. 1). In order to utilize the model by Ershova & Schmidt (2021) we neglected the asteroid’s gravity and considered the dynamics of dust in the field of the central force originating from the Sun. The model of Ershova & Schmidt (2021) allows for arbitrary directions of dust grain ejection velocities and ejection processes variable in time. Consequently, we simulated dust ejection from the asteroid’s surface as it moves along its trajectory by placing a dense grid of sources along the path. Each source ejects dust particles over a short time interval. This concept is illustrated schematically in Fig. 2. The times Tj, at which the sources are active, form a grid on the timeline. By decreasing the intervals (Tj+1 − Tj), we can approximate continuous dust ejection from a moving asteroid. At any given point in space r and any time tnow, the number density of dust equals the sum of dust contributions from all sources active prior to tnow.
	[image: thumbnail]	Fig. 1 Geometry of the model studied by Ershova & Schmidt (2021) transferred to the heliocentric coordinate system. The vector v⊥ is the projection of vector v onto the plane tangential to the sphere centered at the Sun and that contains the position of the source on the asteroid, located at position rM. The remaining variables are defined in Table 1.



2.1 Radiation pressure
Considering the dust grains’ dynamics as a two-body problem with the Sun as the main gravitating body allows us to take into account the force exerted by solar radiation pressure without changing the dynamical equations. Namely, solar gravity and radiation pressure are both central forces decreasing with the inverse square of the heliocentric distance. Hence, the particle motion can be considered within the two-body problem using a reduced gravitational parameter as if the Sun had a lower mass. We define the reduced gravitational parameter as
[image: equation](1)
for particles of radius R, where G is the universal gravitational constant, MS un is the solar mass and β(R) is the ratio of the radiation pressure force to the gravitational force (Burns et al. 1979) computed as
[image: equation](2)
Here ρ denotes the bulk density of the dust grain, LS un is the Sun’s luminosity, c stands for the speed of light, R is the particle radius, and Qpr is the radiation pressure efficiency averaged over solar spectrum, which generally depends on particle size, shape, and material.
In addition to the Keplerian orbits considered in Ershova & Schmidt (2021), the case of a repulsive force may arise when we take into account radiation pressure. The parameter μR becomes negative if the acceleration due to radiation pressure is larger than solar gravity acceleration (β > 1). Geometrically in this case dust grains are moving along the hyperbola’s branch that lies on the other side of the hyperbola’s center than the Sun. We generalized the solution of Ershova & Schmidt (2021) to account for the repulsive force case utilizing the analogue of Kepler’s equation for the motion under a repulsive force that is scaling with inverse square of distance from the Sun (see, e.g., Hui 2023).
Table 1 
Definition of variables.

	[image: thumbnail]	Fig. 2 Moving dust source represented by many sources placed along the given trajectory. Each of these sources is active for a short or infinitely small period of time around Tj.



	[image: thumbnail]	Fig. 3 Prime dust clouds ejected by a point source at the same time. The direction of the asteroid motion (apex) is shown relative to the direction toward the Sun. The cross sections of number density (m−3) in the orbital plane of the source are shown at 50 minutes after ejection. The black dot indicates the position of the asteroid center at the same time. The total number of dust particles in each prime cloud is the same (105 grains) with fixed grain sizes that correspond in each case to values of the parameter μR of GMS un, 0.4GMS un, −0.2GMS un, which determines the dust dynamics. The centers of these prime clouds lie on a synchrone.



2.2 Model dust cloud formation
Let us call the spatial configuration of dust from one model source a “prime dust cloud.” All the particles in a prime cloud are affected by practically the same total force. If we take into account only the solar gravity and radiation pressure, then different values of Tj and μR correspond to different prime clouds. The prime clouds are the building blocks of our model for actual physical dust clouds around asteroids. The number density of dust at any point is a sum of the number densities of dust from all the prime clouds overlapping at this point. Additionally, we introduce the concept of the “center of a prime cloud,” which represents the position of a hypothetical particle ejected from the source with zero velocity and that moves under the influence of the same forces acting on the entire prime cloud (neglecting physical obstacles). It is important to note that prime clouds are not necessarily symmetrical, meaning the center of a prime cloud, as defined here, may not coincide with the cloud’s center of mass.
In this section, we consider how the model dust cloud is formed as a superposition of prime clouds. This allows us to estimate how many prime clouds one must take into account for the calculation of the dust number density at the given point for achieving a desired accuracy.
Let us consider one prime cloud ejected by an asteroid represented by one point source, with uniformly distributed directions and ejection speed distributed uniformly between umin and umax. All dust particles shall have the same size, and so the same μR. If we consider the prime cloud motion only for a short time after ejection, deviations from spherical symmetry of this prime cloud can be neglected. The prime cloud can be said to grow uniformly with time, as it is very small compared to its distance from the Sun, and so the forces of solar gravity and radiation pressure are practically the same for all the dust grains in the cloud. The dust ejected in this way forms a cloud limited by two spherical shells with radii of uminΔt and umaxΔt. With time dust is redistributed within the expanding spherical layer between uminΔt and umaxΔt so that its density decreases. The trajectory of the prime dust cloud center is determined by the parameter μR as well as the source position and velocity vectors at the time of creation of the cloud.
The centers of the prime clouds that are ejected at the same time, though that may differ in μR, evolve on a line called a synchrone (Finson & Probstein 1968a). Figure 3 shows a cross section of three prime clouds in the orbital plane of the asteroid. Each of the prime clouds contains 105 dust grains (an arbitrary chosen normalization factor). We adapt the values of umin = 2 m/s and umax = 30 m/s. The dust is ejected at approximately 0.16 AU heliocentric distance on the asteroid’s outbound orbit. At this proximity to the Sun the difference in dynamics due to the effect of radiation pressure (different for different μR) accumulates quickly. The dust spatial distribution is shown 50 minutes after the time of ejection for three prime clouds with μR equal to GMS un, 0.4GMS un, and −0.2GMS un, corresponding to β = 0, 0.6, 1.2, respectively. The leftmost cloud in Fig. 3 experiences zero radiation pressure (which can be a valid approximation for large dust grains), and so this prime cloud stays symmetrical around the asteroid at its center. The dust moves away from the center, and after a sufficiently long time, this dust leaves the given vicinity of the asteroid. One can roughly estimate the prime cloud center distance from the asteroid’s which is the origin of the coordinate system in Figs. 3 and 4 as
[image: equation](3)
considering the source’s heliocentric distance rM constant for the approximation. Knowing the position of a point of interest r relative to the position of the asteroid, one can check if that point lies inside the prime cloud before computing this prime cloud’s contribution to the number density.
Centers of the prime clouds ejected at different times but having the same parameter μR lie on a line called a syndyne (Finson & Probstein 1968a). Figure 4 shows three prime clouds on a syndyne or, in other words, the time evolution of a prime cloud in the orbital plane of the source. The three prime clouds contain the same total number of particles (105 grains), have the same ejection parameters and the same value of μR = 0.5GMS un but they were ejected at three times Tj separated by 30 min from each other. Thus, we see that a prime cloud grows with time, becoming less dense, and, if having μR < GMS un, separates from its source. Let the total number of dust grains in a prime cloud be equal to Γ. This number is conserved in the evolution of the cloud after ejection. Therefore, the maximum number density within a prime cloud can be estimated through the maxima of the dust ejection parameters distributions multiplied by a factor accounting for the expansion of the prime cloud with time (more details about this factor are given in Sect. 2.6). Here this factor is Δt(uΔt)2, and the estimation reads
[image: equation](4)
where fu is the distribution of the particles’ ejection speed u, and [image: equation] is the distribution of ejection directions. Defining a lower limit for nmax we can find Δt for which performing calculations is unnecessary (i.e., the prime dust cloud was ejected a sufficiently long time ago such that at time of interest tnow it is already negligibly sparse).
In the close proximity to the asteroid, as shown in Figs. 3 and 4, syndynes and synchrones are practically indistinguishable, and, roughly speaking, for β > 0 the prime clouds separate from the asteroid along the continuation of its heliocentric position vector. Orbital phase lag relative to the asteroid accumulates more slowly than the radial distance.
	[image: thumbnail]	Fig. 4 Prime dust clouds ejected by a point source at three different times. The direction of the asteroid motion (apex) is shown relative to the direction toward the Sun. Each prime cloud contains 105 dust particles. The cross section of particle number density (m−3) in the orbital plane of the source is shown 30 minutes (left) after ejection, 60 minutes (middle), and 90 minutes (right). The black dot indicates the position of the asteroid 90 minutes after the first prime cloud was ejected. All particles in the three prime clouds are of the same size corresponding to μR = 0.5GMS un. The centers of these prime clouds lie on a syndyne.



2.3 Adapting the model by Ershova & Schmidt (2021) for a moving object
According to Ershova & Schmidt (2021), if the dust is ejected from a point rM with a time-dependent production rate γ(t), then the expression for the number density of dust particles with radii within the range (Rmin, Rmax) at the time tnow at point r is
[image: equation](5)
Variables are defined in Fig. 1 and Table 1 (see also Ershova & Schmidt 2021). The sum under the integral accounts for possible trajectories a dust particle can take from the source position rM to the spacecraft position r with a velocity v. The trajectories are found from the equations of the two-body problem for given gravitational parameter, which, taking into account the effect of radiation pressure, is replaced by the reduced gravitational parameter μR, depending on the particle radius R. Thus, the integral over v implicitly depends on the dust grain size. The position vectors are defined in a coordinate system (Fig. 1) centered in the gravitating body (the Sun) which can be treated as a point mass. The angle Δϕ is between r and rM. The function fR(R) is the distribution of particle radii (R) of the emitted dust normalized in (Rmin, Rmax). At the point r a particle’s speed is denoted by v and the angle between the particle velocity and position vectors is denoted by θ; ψ is the zenith angle of the particle ejection velocity, and λM is the azimuth of this vector.
To solve this problem, we considered four coordinate systems in which we can express the phase space coordinates of the dust grains and the asteroid itself (see Fig. 5). The coordinate system centered at the gravitational field source, which, in our case, is the Sun is denoted as S in Fig. 5. The source and the spacecraft coordinates are defined in the system S. The velocity vector components of the dust particle at the time of its ejection (u, ψ, λM) are expressed in the inclined heliocentric system [image: equation]. This system [image: equation] has its z-axis aligned with the source’s heliocentric radius vector, and the x-axis of the system [image: equation] is parallel to the direction of the local north of the system S at the source position in the time of dust ejection (along the projection of the z-axis onto the plane tangential to the Sun-centered sphere of radius rM at the source position rM). The coordinate system A has its axes parallel to the axes of [image: equation] but is centered at the position of the dust source at the time of ejection. It moves with the velocity of the source. This velocity is considered constant, having the value assumed by the source at the time of dust ejection.
The distributions of ejection speed and direction are more straightforwardly described in the inclined system [image: equation] moving with the asteroid in the same manner as the system A but having its polar axis [image: equation] aligned with the ejection axis of symmetry. In the model published by Ershova & Schmidt (2021), describing dust emission from a gravitating spherical moon, this system tilted relative to the position vector of the source was stationary, and ejection was only possible toward the positive direction of the axis Z of system A (i.e., directed into the half space radially outward from the dust emitting surface). In this paper, we overcome this restriction, allowing the ejection symmetry axis [image: equation] to point in any direction. This enables us to model dust ejection from the entire surface of the asteroid including those surface elements facing the Sun, which is the center of gravity.
In Eq. (5), the velocity vector components of the dust grain at the point r, which are (v, θ, λ), are expressed in a coordinate system defined in a manner as the system [image: equation] but centered in the point r instead of rM. Here the [image: equation]-axis points along the spacecraft radius-vector and the [image: equation]-axis along the local north defined at the point r at time tnow.
We define the distributions of ejection speed [image: equation] and direction [image: equation] in the system [image: equation]. To obtain the solution to Eq. (5), we need to establish a connection between this system and the system [image: equation], where we express the ejection velocity vector over which we integrate to obtain the number density of dust. The Jacobian Jtilt for the transformation from the system A to the system [image: equation] was provided in previous work (see Fig. 2 in Ershova & Schmidt 2021). For modeling dust ejection from a moving object we must derive a Jacobian Jmotion to perform an additional coordinate transformation (between the systems A and [image: equation]) to account for the source velocity V. This velocity should be understood as a velocity of a surface element where the dust is ejected from. In practice, we treat it as the velocity of the asteroid center, though the vector V can also be adjusted to account for the asteroid’s rotation. The Jacobians for both transformations are given in Appendix A. Thus,
[image: equation](6)
In what follows we describe three methods to evaluate the integral in Eq. (5) for a time dependent dust production rate γ(t). The choice of the best suited solution method for a given problem depends on the asteroid orbital parameters and the time passed since ejection, Δt. The integration over the grain radius R has to be the last step in the evaluation of the Eq. (5) because the particle size determines the parameter μR, and thus the solution of the dynamical problem.
	[image: thumbnail]	Fig. 5 Position vectors of dust source rM and spacecraft r (in spherical coordinates (rM, αM, ωM) and (r, α, ω), respectively), defined in the Suncentered system S (compare to Fig. 1). The particle velocity vector at the time of ejection (u, ψ, λM) is defined in the coordinate system [image: equation] with the z-axis aligned with the asteroid heliocentric radius-vector and the x-axis pointing toward the local north of the system S. The axes of the source-centered system A are co-directed with the axes of the system [image: equation]. The inclined system [image: equation] is the system in which the distributions of the ejection direction can be described mathematically in a simple way.



2.4 The v-integration method
The v-integration method obtains the number density of the dust ejected by a moving source from Eq. (5) upon numerical integration over particle velocities. This method assumes that the sources placed along the trajectory eject dust over a short time interval Δτ. This interval must be less than or equal to (Tj+1 − Tj), the difference between neighboring times Tj (see Fig. 2). As an approximation, we consider the positions of the dust sources to be unchanged over this time interval. However, the dust grains leave the asteroid having a velocity of [image: equation], so that the asteroid’s motion itself is taken into account. The v-integration method is applicable to any Δt shorter than half of the orbital period. However, also for small Δt, this method may encounter numerical problems caused by the proximity to the degenerate case Δϕ = 0 described in Ershova & Schmidt (2021).
The asteroid velocity is much higher than the dust grains’ ejection velocities. Therefore, the asteroid velocity can be considered an approximate solution for the particles’ velocities and the actual solution is searched for close to this value. This allowed us, when following the algorithm of Ershova & Schmidt (2021), to remove from consideration those dust trajectories that appear in course of solving the mathematical problem but differ drastically from the asteroid trajectory.
Calculating the limits of integration (vmin, vmax) in the same way as for a motionless source (Ershova & Schmidt 2021) provides too loose bounds for the case of a moving source. This is because the limits were computed from the orbital energy, while the time needed for traveling from rM to r was not taken into account. Knowing the time (Tj − Δτ/2, Tj + Δτ/2) when the source is active, we could narrow down the corresponding interval of velocities [image: equation]. Then we integrate over [image: equation] ⊂ (vmin, vmax). Furthermore, with a fixed Δt, there is only one path that a particle can take from the source to the spacecraft position. Consequently, the summation in Eq. (5) is unnecessary when considering a moving object. Thus, the formula for the v-integration solution is
[image: equation](7)
2.5 The δ-ejection method
The δ-ejection method assumes that sources are active only for an infinitely small interval of time. In this case, integration over v can be performed analytically and the computational effort is reduced significantly. The δ-ejection method is applicable for sufficiently small time intervals since ejection because it relies on the Taylor expansion by Δt.
We defined the time dependent production rate of a given source as
[image: equation](8)
Then there exists only one value of vector u that corresponds to a particle traveling from rM to r exactly in the time Δt = tnow − Tj. Performing a replacement of the variable in the argument of the δ-function and then integrating over v, we obtained the solution
[image: equation](9)
Here, the variables with an asterisk denote those particular values of the velocity vector components that are required for a dust grain to travel from rM to r in time Δt.
The azimuth λ, measured clockwise from the local north, determines the orientation of the particle’s orbital plane in the coordinate system [image: equation] but is unrelated to the energy and shape of the orbit. Therefore, ∂Δt/∂λ = 0 and the Jacobian in Eq. (9) reads
[image: equation](10)
To evaluate this formula, we must compute the components of the velocity vectors, namely [image: equation], assuming that the distance from the source to the spacecraft position and the time of flight between these two points are small on the scales of the asteroid orbit.
The velocity azimuth angle λM can be calculated as the angle between the direction to the local north (N) and the vector pointing from rM to r (see Fig. 1).
To obtain u* and θ*, we considered a coordinate plane centered at the Sun, which coincides with the dust grain’s orbital plane, with the x-axis pointing along rM. In this coordinate system, for the position of the spacecraft is given by
[image: equation](11)
and the position of the dust source is
[image: equation](12)
Taking into account that both components of the vector r − rM are very small compared to the heliocentric distances r and rM, we approximated x and y with a Taylor polynomial
[image: equation](13)
[image: equation](14)
In the chosen coordinate system, the y components of rM and the acceleration vector are zero, and dr/dt = ux at the point rM. The expressions for the nonzero derivatives in Eqs. (13) and (14) are provided in Appendix B. These expressions are substituted into Eqs. (13) and (14) and then they are solved iteratively, using the radial and tangential components of the asteroid’s velocity as initial guesses for ux and uy, respectively. The quantities required for evaluating the number density are then
[image: equation](15)
and
[image: equation](16)
where k = 0 if the asteroid is moving away from the Sun, and k = 1 if it is moving toward the Sun. The corresponding values of v and θ can be found from the conserved orbital energy, and angular momentum.
2.6 The simple expansion method
When computing the number density of recently ejected dust, one can employ an approximation that, although basic, is not limited to the effects of solar gravity and radiation pressure. We can determine the coordinates of the prime cloud center by direct integration of its trajectory. Then, assuming that a prime cloud is small relative to the gradient of the total force governing dust dynamics, we derived the spatial distribution of dust by multiplying the distribution of ejection parameters with the factor governing the expansion of the prime cloud around its center. This gives
[image: equation](17)
Here n is the dust number density at the point r at the time tnow, and rc is the position of the prime cloud center at this time. The factor Γ sets the total number of particles ejected by the source. The function fu(u) is the distribution of ejection speed (u); fψ, λM (ψ, λM) is the distribution of the ejection direction defined in terms of the zenith angle ψ and azimuth λM of the ejection velocity vector. The azimuth is measured clockwise from the local north.
A similar idea was implemented by Finson & Probstein (1968a), who represented comet tails as an ensemble of spheres formed by dust particles ejected at the same time with the same speed, and experiencing the same radiation pressure. The gradient of gravity and radiation pressure was neglected within one sphere.
We suggest that when using the simple expansion method to describe dust dynamics, any perturbations can be taken into account as long as they induce equal accelerations on all dust grains within the prime cloud. This condition is met not only by solar gravity and radiation pressure but also by plasma drag and the interplanetary magnetic field. Although the latter two exhibit irregular large-scale spatial variations, they can be regarded as constant over the scale of a single prime cloud.
To obtain the prime cloud center position rc, one must integrate the motion of one particle ejected by the model source with zero velocity. This particle separates from the asteroid at the time Tj and possibly starts experiencing forces that are negligible for the parent body. This solution however neglects the physical shape of the parent body of the dust, as the dust is assumed to be ejected from a single point source, and the curvature of its orbit is neglected, because the direction of the ejection velocity vector is considered constant after ejection.
3 DUDI-heliocentric
The methods described in the previous sections have been implemented as a Fortran-95 software package named DUDI-heliocentric1 (where DUDI stands for “dust distribution”). It inherits the structure of the package DUDI (Ershova & Schmidt 2021), though the main routines were implemented anew. This was necessary because the three solution methods (v-integration (see Sect. 2.4), δ-ejection (Sect. 2.5), and simple expansion (Sect. 2.6) methods) employ algorithms significantly different from the method of Ershova & Schmidt (2021).
Like DUDI (Ershova & Schmidt 2021), DUDI-heliocentric accepts as input parameters the time at which the number density must be computed (tnow) and the coordinates of the point of interest (r), the dust source (rM), and the form and parameters of the distributions of ejection speed and direction, describing the dynamical parameters of ejection. Additionally, the time when the source is active (Tj − Δτ/2, Tj + Δτ/2) and the reduced gravitational parameter (μR) used in calculations must be specified. In contrast to the original DUDI, DUDI-heliocentric produces output for a given grain size which is fixed by setting the parameter μR. Results for a given size distribution are obtained by a proper average of the output for individual grain sizes. Instead of the dust ejection rate (γ), as used in the original DUDI, DUDI-heliocentric takes as input the total number of particles (Γ) ejected by the source. The concept of production rate has a physical meaning only if the v-integration method is chosen; in this case, the production rate is considered constant over the time of the source activity (γ = Γ/Δτ).
To improve the numerical stability of the calculations, in DUDI-heliocentric we express distances in AU and velocities in AU/day in all calculations. However, the computed number density is expressed in m−3 for convenience. Care must be taken when defining a customized distribution of particle ejection speed, as this function receives ejection speed in AU/day as its argument and must return the result in day/AU. Typically, it is more convenient to define such a distribution using parameters expressed in the International System of Units (SI), as we do it in the following Sect. 4. In this case, the user must convert the units before computing the value of the function, and the function’s result must be expressed in the correct units.
We developed a procedure that allows us to account for the re-impacts of ejected particles with their parent body when using the v-integration or δ-ejection method and representing the asteroid with numerous sources (typically hundreds) distributed across its surface. For this, the asteroid’s shape is assumed to be spherical, and the radius of this sphere is provided as an additional input parameter in DUDI-heliocentric. Details of the algorithm are described in Appendix C.
In this section, we outline the tests conducted to verify the correct performance of DUDI-heliocentric and provide general guidelines for code users. These guidelines pertain only to the applicability limits of the code and the selection of the appropriate solution method among the three available options. For detailed instructions on how to use DUDI-heliocentric, we refer to the README.md file on GitHub.
	[image: thumbnail]	Fig. 6 Comparison of DUDI-heliocentric to results obtained by the direct integration of trajectories. The dust cloud in the left panel, obtained with DUDI-heliocentric, is shown in the plane normal to the asteroid orbital plane and containing the asteroid’s instantaneous heliocentric position vector. The dust was ejected 15 min before tnow from 2000 sources uniformly distributed on the surface of a spherical asteroid with 5 km radius. Radiation pressure is considered, with β set to 0.5, and dust grain re-collisions with the asteroid are taken into account. The lines in the left panel represent the cuts for which number densities are displayed in the right panel.



3.1 Code performance evaluation
We validated the performance of DUDI-heliocentric comparing to the results obtained with a well tested code that evaluates dust number densities by direct integration of the dynamical equations for dust grains (Liu et al. 2016; Liu & Schmidt 2018, 2019, 2021; Yang et al. 2022; Chen et al. 2024). The direct integrations are numerically expensive but they can in principle resolve the full physics of grain dynamics, including nongravitational perturbation forces, like the Lorentz force exerted by the interplanetary magnetic field on charged particles. Figure 6 shows the comparison of a dust cloud evaluated with the two software packages. Profiles and the cross section are shown for the number density of dust ejected from 2000 point sources uniformly distributed on the surface of a spherical asteroid with 5 km radius. The model asteroid was moving on the orbit of NEA 3200 Phaethon. Dust is ejected at 0.16 AU heliocentric distance, soon after the asteroid passed its perihelion. Each of the 2000 sources ejects 2 × 105 particles instantaneously with ejection directions distributed uniformly within a cone of 60° full opening angle, and ejection velocities uniformly distributed between 0 and 100 m/s. The profiles are shown for the dust configuration 15 min after the time of ejection. We considered the radiation pressure force with β = 0.5 and accounted for particles re-colliding with the asteroid when ejected toward the Sun and then pushed back by the radiation pressure (see Appendix C). This results in the formation of an empty hollow inside the cloud. Each point on the profile obtained from the trajectory integration code is an average over a grid cell of a given volume, whereas the number density evaluated by DUDI-heliocentric is a continuous function. This accounts for the differences in the profile shown in the upper panel that manifest at the edges of the dust-free region in the middle of the cloud.
DUDI-heliocentric obtained the cloud shown in Fig. 6 within a few CPU seconds on a 4-cored laptop (where the δ-ejection method was used) while the trajectory code utilized several hours on a computer cluster using 256 cores. Moreover, the CPU time required by the trajectory code scales with the time after dust ejection Δt. The computational time for the δ-ejection and v-integration methods of DUDI-heliocentric does not depend on Δt. The simple expansion method involves an integration of the trajectories of the prime clouds’ centers. Hence, this method requires in principle longer calculations for larger Δt, too. But the applicability of the method is limited to short intervals Δt anyway, so an enhanced demand on CPU time does not manifest in practice. The δ-ejection method’s accuracy degrades for large Δt; however, the divergence is sufficiently slow for this method so that it remains applicable to a wide range of problems.
We further tested DUDI-heliocentric by comparing the three methods against each other. Specifically, we investigated how the asteroid’s orbital parameters influence the accuracy of the δ-ejection method, which employs a Taylor expansion of the dynamical equations in powers of the time Δt elapsed since the time of ejection (see Sect. 2.5). The accuracy of this method was assessed by comparing it to the results obtained with the v-integration method, which accounts for the dynamics of the two-body problem without simplifications. We compared the outcomes of the two methods across several representative scenarios of dust ejection, including dust ejection from comet C/2011 W3 (Lovejoy) shortly before its perihelion passage, C/2011 W3 (Lovejoy) at a distance of 0.5 AU on its outbound orbit, NEA 3200 Phaethon at a heliocentric distance of 0.16 AU shortly after its perihelion passage, and NEA 3200 Phaethon at a heliocentric distance of 1 AU as it moves toward the Sun. To assess the accuracy of the solution, we varied parameters such as μR, Δt, and the time interval of the source activity (Δτ) for the v-integration method. In this way, we gained insight into the performance of each method under different conditions.
The v-integration method converges to the δ-ejection solution with decreasing time interval of dust ejection Δτ; however, Δτ must be greater than zero by the assumption of the v-integration method. The threshold of Δτ necessary to obtain a desired accuracy varies with the orbital velocity and the spacecraft position relative to the dust cloud. Those points of interest that require a very small ejection velocity [image: equation] to be reached by a particle, demand a smaller value of Δτ to accurately compute the dust density. In our tests with the asteroid Phaethon, we did not observe any drawbacks of selecting Δτ smaller than the value, which is sufficient for the convergence. However, for the extremely eccentric orbit of C/2011 W3 (Lovejoy), setting a too small Δτ led to numerical difficulties. When we computed the integrand in Eq. (7) the difference between the values at each integration step was below computational accuracy. This resulted in insufficient resolution for accurate computation of the dust density. Figure 7 illustrates this problem. Here we present two cross sections through a prime dust cloud that was ejected by a point source on the orbit of comet Lovejoy at a distance of 0.5 AU from the Sun, 20 hours before tnow. The ejection occurs uniformly in all directions, with ejection speeds uniformly distributed between 0.05 and 100 m/s. For this trajectory of the parent body and the time elapsed since the ejection, both the δ-ejection and v-integration methods are applicable. Therefore, we could utilize the profile of the δ-ejection solution as a reference for analyzing the choice of Δτ. The profile depicted in the upper panel Fig. 7 lies in the source orbital plane and traverses the very center of the dust cloud. In this profile, we observe that smaller value of Δτ results in a better resolution of the dust cloud center. However, in the lower panel of Fig. 7, which displays the profile normal to the orbital plane, passing as far from the prime cloud center as 20 km, we see that employing the same small value of Δτ leads to irregular fluctuations in the profiles, while a larger Δτ produces a less wiggled profile that also remains closer to the reference from the δ-ejection method.
The simple expansion method requires even less CPU time than the δ-ejection method. However, it neglects the curvature of the asteroid orbit and simplifies the consideration of the change in dust grain velocities over their path from the source to the spacecraft (see Sect. 2.6). Nevertheless, the accuracy of the simple expansion method may be sufficient for practical problems. For instance, in the case investigated in Sect. 4.1.1, where we examine the dust environment of NEA 3200 Phaethon, the simple expansion method produces practically the same results as the δ-ejection method.
	[image: thumbnail]	Fig. 7 Profiles of the spherically symmetric prime dust cloud ejected by a point source on the orbit of comet C/2011 W3 (Lovejoy) with e = 0.99993. The dust number density is evaluated 20 hours after the ejection. The profile in the upper panel lies in the source’s orbital plane and passes through the cloud center. This center has developed a hollow because of a nonzero minimum ejection velocity umin (see Sect. 2.2). The profile in the lower panel is normal to the source’s orbital plane, piercing this plane at 20 km distance from the cloud center.



3.2 Guidelines for applying DUDI-heliocentric
Overall, the v-integration method has similar limitations as the DUDI code for a source at rest (Ershova & Schmidt 2021). Extra care must be taken when applying it to quasi-parabolic cases (0.998 < e < 1.001), trajectories close to the radial direction (ψ < 5° or ψ > 175°), and close to the model’s singularities, which are described in Section 2.4 of Ershova & Schmidt (2021). The other two methods do not require these conditions fulfilled because they do not rely on geometric calculations as the v-integration method and the original DUDI code for a source at rest.
Ershova & Schmidt (2021) describe in Section 3 that the integrand in Eq. (9) has a pole located at the minimal possible dust particle velocity at the spacecraft position r. However, this pole is not in practice encountered when using the v-integration method (see Eq. (7)) because the integration interval [image: equation] is very small, with values close to the asteroid velocity. The limits of integration [image: equation] are found iteratively by bisection, as the time Δt necessary for a particle to travel from the source to the spacecraft monotonically decreases with increasing particle velocity v.
In general, DUDI-heliocentric is unable to provide a solution if a particle passes perihelion between the time of ejection and the time it reaches the spacecraft because of an ambiguity arising in geometrical considerations of the cyclic variables as the true anomaly. However, the v-integration method of DUDI-heliocentric includes an option to handle such cases. It requires prior knowledge that the perihelion passage occurred, which must be provided as an input parameter (see README.md file for details). With this information, the v-integration algorithm can calculate the values of the angles between the particle position and velocity vectors at ejection (ψ) and at detection (θ), thereby yielding the correct solution for the dust density. However, at the very pericenter the angle ψ is equal to 90°, which corresponds to a zero in the denominator in Eq. (9). Therefore, numerical difficulty arises at those points of interest, where particles ejected very close to their perihelion contribute to the number density, which may cause a degradation of accuracy. What helps, is that such problematic points are located in different places for different prime clouds. If the desired result is a sum of number densities of dust from many prime clouds, the loss of accuracy is in general suppressed by the averaging. The δ ejection and the simple expansion methods are not recommended to use close to perihelion even if the time of perihelion passage itself lies outside the interval from the ejection to tnow because particles’ trajectories near the perihelion are highly curved. We note that the time of perihelion passage and the perihelion position of the asteroid and the ejected dust grains differ, though only slightly, because radiation pressure affects the dust but not the source. The information about a dust grains’ perihelion passage is the what matters for the solution, and one prime cloud can consist of particles that have passed their perihelion and those that have not. See Sect. 4.2 for an example of modeling dust ejection near perihelion with DUDI-heliocentric.
All the solution methods have an additional singularity corresponding to dust ejection with zero-velocity relative to the source. To avoid this problem, one must define the ejection speed distribution [image: equation] so that ejected dust grains have a certain minimal ejection velocity [image: equation]. In case of the δ-ejection and simple expansion methods [image: equation] m/s is sufficient; if the v-integration method is to be used, [image: equation] m/s is required. These values are smaller than the escape velocities of typical asteroids and comets.
The δ-ejection method is conceptually simpler and computationally less challenging, so it is preferred over the v-integration method as long as the Taylor expansion up to the 6th order approximates the trajectory well (see Sect. 2.5). The simple expansion method, in its turn, is even less challenging computationally and within its limits can save CPU time in cases when many runs of the code are needed. For given heliocentric distance and velocity of the source body, the threshold for applicability of the δ-ejection and simple expansion solutions can be defined in terms of the time interval Δt between the ejection and the time for which the dust density is computed. However, the maximal Δt from the time of ejection for which the approximations are sufficiently accurate, changes greatly for different orbital parameters and orbital phases. DUDI-heliocentric includes a test routine which helps to evaluate the applicability of the simple expansion and δ-ejection methods based on the parent body phase space coordinates and the desirable time interval from the time of dust ejection. The test routine computes cross sections of number density of a prime cloud using the three methods and compares the results. This routine can also be used to estimate the optimal value of Δτ for the v-integration method. Detailed guidelines about selecting one of the algorithms for obtaining a solution are given in the README.md file of DUDI-heliocentric. Based on the tests described in Sect. 3.1 we recommend using Δτ from the interval (10−3−10−1) s, taking extra precautions when dealing with very eccentric comets.
One significant perturbation force which plays a role in interplanetary dust dynamics but is neglected in the presented model is the Lorentz force
[image: equation](18)
Here Q is the grain charge, v is the grain velocity, vsw is the velocity of solar wind, and B is the interplanetary magnetic field (IMF). The IMF and the solar wind velocity are highly variable factors, and so we cannot make a general statement on the effect of the neglect of the Lorentz force in DUDI-heliocentric. For each case the importance of the IMF must be considered individually by comparison of relative strengths of the Lorentz and the gravity forces. One can estimate the error of the prime cloud center position derr induced by neglecting the Lorentz force for a dust grain of mass mg as
[image: equation](19)
The simple expansion method is implemented in the DUDI-heliocentric package as a subroutine computing n(r, tnow) according to Eq. (17). The position vector of the prime cloud center rc is an input parameter of this subroutine. Users are required to obtain it in advance as per their needs. Then, the effect of the Lorentz force on the motion of the prime cloud can be taken into account as well as any other force whose gradient is small relative to the prime cloud size.
Modeling continuous dust ejection demands a significant number of sources. Two primary metrics govern the computational workload and the smoothness of the solution: the number of points along the asteroid’s trajectory from which dust is ejected, and the number of sources representing dust emission at each position. The number of sources per position depends on the desired resolution, the size of the asteroid, and the proximity of the spacecraft to the asteroid surface.
The number of points along the asteroid trajectory quantifies the convergence of the solution as the time interval between the activity times of the model sources, (Tj+1 − Tj), decreases. This convergence is influenced by several factors. The velocity of the asteroid at the time of dust ejection determines the spatial separation between the model sources active at consecutive Tj (see Figs. 2 and 4). A tighter placement of sources better approximates continuous ejection, as it ensures a smoother transition in initial conditions for the dynamics of subsequent prime clouds. The strength of the radiation pressure affects the spread of the dust cloud; a higher β value results in greater distances between the centers of successive prime clouds (see Fig. 3), inducing a patchy appearance of the averaged dust cloud model. Moreover, the distribution of ejection speeds and directions defines the evolution and internal distribution of dust within the prime clouds, influencing convergence. Both the asteroid’s velocity and the acceleration of the dust due to solar radiation pressure vary significantly with heliocentric distance. However, our tests show that the convergence rate has only a weaker than linear dependency on heliocentric distance and the value of β. We recommend that users of the model conduct test cases to establish the required frequency of dust source positioning along the asteroid’s trajectory. An interval (Tj+1 − Tj) sufficient to achieve convergence within 1% is expected to be around 1 minute.
	[image: thumbnail]	Fig. 8 Number density distribution in the PSE equatorial plane near Phaethon on February 22, 2025. In each case, the asteroid ejects the same number of dust particles, all of which are considered to have the same β.



4 Applications
4.1 3200 Phaethon
Classified as a near-Earth asteroid of the Apollo type, 3200 Phaethon follows a highly eccentric orbit (a = 1.27 AU, e = 0.89, i = 22°), frequently crossing Earth’s orbital path. This object, discovered in 1983 (Green et al. 1985), displays comet-like characteristics and is associated with the annual Geminid meteor shower (Whipple 1983). Remarkably, the impact ejecta production observed from Phaethon along its highly eccentric orbit exceeds that of asteroids in more circular orbits, but it remains minimal compared to the Geminids (Szalay & Horányi 2016b; Szalay et al. 2019). A comparison of the evolution of the Geminid stream and its currently observed stream location near the Sun found that the Geminids were likely created in a catastrophic event (Cukier & Szalay 2023).
In what follows we apply the model developed in the previous sections to calculate the number density of dust (created by impacts of interplanetary grains on the asteroid surface) in the vicinity of Phaethon including the effect of solar radiation pressure. We use the orbital phase at which Phaethon will be visited by the upcoming DESTINY+ JAXA’s mission (Arai et al 2018; Ozaki et al. 2022). We define the distributions of dust ejection speed and direction by applying the results of Szalay et al (2019). In that study, the impact ejecta number density distribution over Phaethon’s surface was inferred (see Fig. 10 of Szalay et al. 2019) from the meteoroid environment in the inner solar system (Nesvorný et al. 2010; Nesvorný et al. 2011a,b; Pokorný et al. 2014) taking into account variations in projectile flux over Phaethon’s orbital period.
4.1.1 Phaethon as a point-like dust source
At first, we neglected the size of Phaethon and evaluated its dust environment modeling dust ejection from a moving point-like object. We used the simple expansion method as the orbital parameters of Phaethon allow for it (see discussion of the simple expansion method applicability in Sects. 2.6 and 3.2). For each model source active at time Tj we employed an impact ejecta map obtained by Szalay et al. (2019) for the given time (or interpolated for the time Tj from the maps obtained for nearby times) to define the distribution of the ejection direction. Each map is a matrix in which for the given grid of latitudes and longitudes, the number density of impact ejecta at the asteroid surface is provided. For any given direction of dust ejection [image: equation] we interpolated from the matrix the corresponding number density, which was then normalized so that the integral of [image: equation] over the sphere is equal to 1. At the same time, the total number of particles ejected by each source Γ was obtained from the same map by converting number density to the ejecta flux and then integrating over the surface of the spherical asteroid and multiplying by (Tj+1 − Tj). We employed for the ejection speed distribution, the expression determined in Szalay & Horányi (2016a) for Lunar impact ejecta
[image: equation](20)
with h = 1737 m, ue = 2400 m/s, and l = 200 m, which was also adopted by Szalay et al. (2019) for Phaethon’s impact ejecta.
We determined the dust number density in the vicinity of Phaethon on February 22, 2025 for a dense grid of β values. For each β, we modeled the dust ejection from Phaethon by setting (Tj+1 − Tj) to 60 seconds and took into account the dust ejected for 140 hours before tnow. These parameters were empirically shown to be sufficient for the desired resolution and accuracy of number density. Figure 8 displays the results obtained with the simple expansion method in the Phaethoncentric Solar Ecliptic (PSE) coordinate system, as utilized by Szalay et al. (2019). In the PSE frame, the xy-plane encompasses the center of Phaethon, with the x-axis oriented toward the Sun and z-axis co-directed with the component of ECLIPJ2000 polar axis that is normal to the Phaethon-Sun direction. In Fig. 8 we show results for grains of different values of β, which allows us to compare the respective dust cloud configurations. The distribution of number density depicted in the leftmost image of Fig. 8 (corresponding to β = 0) matches the lower panel of Figure 6 in Szalay et al. (2019), which was derived from a different model approach that ignored the effect of radiation pressure but that employed the same map for the ejecta flux over the asteroid surface. This case (β = 0) develops a higher dust density on the solar facing side of the asteroid, as a result of the large inbound radial velocity component of the asteroid in this time that establishes a high relative velocity to the helion projectile population (Szalay et al. 2019). For β > 0 dust is pushed toward the anti-solar side relative to the asteroid. This leads to an enhancement of the dust number density on the anti-solar side, and the asteroid begins to develop a tail. On the sub-solar side, the changes due to the radiation pressure effect are small relative to the case of β = 0.
In the next step, we calculated the total number density of dust particles within a specified radius range taking into account a plausible relation between β and particle size derived for forsterite, as a prototype astrophysical silicate. These β values are derived with Mie theory (Mie 1908; Bohren & Huffman 1983) from the complex refractive indices of nonporous forsterite (ρ = 3270 kg/m3), measured in laboratory experiments (Suto et al. 2006; Pitman et al. 2013), averaging over the solar spectrum (Mukai 1989). Figure 9 illustrates this relation. Following Szalay & Horányi (2016b) and Szalay et al. (2019) we adopted a power-law differential distribution of particle radii derived from measurements of LDEX at the Moon by (Horányi et al. 2015)
[image: equation](21)
with k = 3.7, the maximum radius Rmax = 100 μm, and a minimum particle radius Rmin = 0.05 μm, which is a rough estimate of the DESTINY + Dust Analyser (DDA) sensitivity threshold for its flyby of Phaethon. We integrated results for various β(R) over the size distribution defined by Eq. (21). The maximum β value of 0.73 corresponds to R = 0.2 μm. The number density distribution obtained upon this integration is shown in Fig. 102. Due to the steep size distribution, the environment is predominantly populated by dust grains with radii below 0.1 μm, corresponding to β values of about 0.4 to 0.6.
We also derived the number density profile expected for a spacecraft on a circular trajectory. For a direct comparison to Szalay et al. (2019) we present here calculations corresponding to a flyby on February 22, 2025, though the actual DESTINY+ flyby will occur later. Nevertheless, the orbital configuration, and thus the impact ejecta distribution over the asteroid’s surface, will be very close to the case we considered. We assumed that the trajectory lies in the PSE xy-plane and crosses the x-axis of the PSE frame at an angle of 29°. The distance of closest approach to Phaethon is 500 km, as planned for DESTINY+. The dashed line in Fig. 10 corresponds to this trajectory. For comparison, we also evaluated the number density along a trajectory at the same distance from Phaethon but on its anti-solar side. Despite the significant redistribution of dust in the cloud due to radiation pressure, the sub-solar trajectory still passes through a denser region than the anti-solar one because of the abundant ejection of dust on the side facing the Sun. Figure 11 shows the profiles of number density for different size thresholds Rth. Knowing that the effective sensitive area of the DDA is 0.03 m2 (Simolka et al. 2024), we evaluated the cumulative number of dust impacts of particles with R > Rth onto the DDA target during the flybys along the lines in Fig. 10. In case of Rth = 0.1 μm, this number is nearly 3 for the sub-solar trajectory (dashed line), while for the anti-solar flyby (dotted line), it is only 1. For Rth = 0.05 μm, the expected cumulative number of impacts in case of the sub-solar flyby is 19, and for Rth = 0.2 μm the number is 0.3. For comparison, if the same amount of dust were ejected isotropically by Phaethon, the expected number of impacts of particles with R > 0.5 μm would be 1 for any flyby at a distance of 500 km.
The impact velocities of the dust grains on the detector are roughly equal to the spacecraft’s relative velocity to the asteroid. The particles’ velocities relative to the asteroid are at least an order of magnitude smaller than the flyby velocity and can thus be neglected. However, in a rendezvous mission, when the spacecraft’s velocity relative to the asteroid is low, the grains’ peculiar velocities become significant and must be included in the kinetic integral to estimate the dust flux along the spacecraft trajectory.
The dust environment in the close vicinity of the dust source is dominated by particles that have been ejected recently, as the prime clouds with small Δt values are denser (see Fig. 4). Therefore, the spatial distribution of dust is highly sensitive to the shape of the ejection velocity distribution, particularly within the range of relatively small velocities. The distribution obtained by Szalay & Horányi (2016a) from LDEX measurements shows a peak at approximately 600 m/s. To illustrate the effect of varying the ejection velocity distribution on the dust concentration, we evaluate the dust number density around Phaethon employing two distributions that peak at smaller velocities (they are plotted in Fig. 12 and correspond to setting in Eq. (20) l = 1 m and l = 40 m), and a power-law differential distribution with an exponent of −2, representing an extreme case of the peak of the distribution being shifted toward low ejection speeds. All distributions are considered over the interval between umin = 2 m/s (escape velocity of Phaethon) and umax = 2400 m/s (the upper limit of the distribution defined in Szalay & Horányi 2016a). Figure 13 demonstrates how the spatial distribution of dust responds to these changes of the ejection speed distribution. As the peak shifts to smaller values of u, the ejected dust remains more concentrated near the source. Only in the case of the power-law distribution, the radiation pressure acceleration of the dust away from the Sun overcomes the effect of the initial velocity component of grains launched from the sub-solar side directed toward the Sun, resulting in a cloud that is denser on the anti-solar side of the asteroid.
The ejection velocity distribution of impact ejecta depends on the properties of the target surface (see for example Michikami et al. 2007), which may differ significantly in the case of Phaethon compared to the lunar surface. In our modeling, we also neglected a potential dependence of ejection velocity on grain size, which is expected in various physical processes. The data obtained during the DESTINY+ flyby can be used, among other applications, to better constrain the distribution of ejection velocities.
	[image: thumbnail]	Fig. 9 Dependence of β on particle radius for forsterite dust grains.



	[image: thumbnail]	Fig. 10 Number density of dust with radii in the range 0.1–100 μm integrated over the differential power-law size distribution with an exponent −3.7. The number density is shown in the PSE equatorial plane near Phaethon on February 22, 2025. Radiation pressure is taken into account. The dashed line shows the trajectory of a flyby that mimics the future DESTINY+ flyby. The dotted line represents the trajectory of a flyby at the same distance from the asteroid, but on the opposite side.



	[image: thumbnail]	Fig. 11 Number density profiles of the flybys along the trajectories shown in Fig. 10 evaluated for three size thresholds Rth = 0.05 μm, Rth = 0.1 μm, and Rth = 0.2 μm.



	[image: thumbnail]	Fig. 12 Test distributions of ejection velocity compared to the distribution obtained by Szalay & Horányi (2016a) and employed by Szalay & Horányi (2016b) and Szalay et al. (2019). The distribution fu1(u) corresponds to setting l = 40 m in Eq. (20). The curve fu2(u) is obtained by setting l = 1 m.



	[image: thumbnail]	Fig. 13 Variations in dust configuration in the close vicinity of Phaethon with changes in the ejection velocity distribution. The number density is computed for particles with radii larger than 0.1 μm. All three distributions of the ejection speed u are normalized over the interval (2, 2400) m/s. The distributions fu1(u) and fu2(u) are shown in Fig. 12.



	[image: thumbnail]	Fig. 14 Number density distribution in the PSE equatorial plane near Phaethon on February 22, 2025. Re-collisions of dust grains with Phaethon are taken into account. Phaethon is considered a sphere of radius 2.9 km. Radiation pressure is neglected in the shadow of the asteroid.



4.1.2 Phaethon as a spherical source of dust
In order to investigate the principal effect of the finite asteroid size on the dust environment we modeled Phaethon as a sphere with a radius of 2.9 km. In this case, we utilized the impact ejecta maps obtained by Szalay et al. (2019) to assign a production rate to each source on the asteroid’s surface based on the source position. The distribution of ejection directions employed in this scenario is uniform, with particles ejected into a cone with an opening angle of 60°, uniformly distributed around the local normal to the asteroid’s surface. The result is obtained for a time interval between the times of dust ejection Tj+1 − Tj = 60 s, with 600 point sources randomly and uniformly distributed over the sphere ejected dust simultaneously. Thus, each source represents dust ejection from a region of approximately 1.8 × 105 m2 area. A new set of random point sources was generated for each time Tj and each particle size, which helped reducing random fluctuations when co-adding contributions from different Tj and averaging over the size distribution. However, small oscillations are still visible in the resulting number density distribution (see Fig. 14).
Figure 14 displays the distribution of dust number density close to the asteroid in the PSE equatorial plane. The region where the number density is depleted due to particles re-impacting the asteroid is narrow. We considered the region directly behind the asteroid being shadowed from sunlight and switched off radiation pressure entirely when calculating the number density in this area. This is a reasonable approximation for the close vicinity of the asteroid and short time intervals since ejection. However, when performing calculations for larger Δt, it is important to note that particles may temporarily enter the asteroid’s shadow and later contribute to the number density outside of the shadow or particles enter the shadow after having followed a path that was influenced by radiation pressure. Mathematically, this means that the value of μR changes over time. DUDI-heliocentric is not capable of resolving such cases. Therefore, the user must choose the most appropriate value of μR as an approximation. For the situation shown in Fig. 14 we used μR = GMS un (i.e., β = 0) for the evaluation of number density in the shadow region.
The asteroid’s shadow in the dust cloud would be crossed within seconds or less by a spacecraft traveling at typical flyby velocity (few to a few 10s of km/s). However, the effect of the shadow may be important for missions that encounter asteroids and comets at low relative speed, like quasi-orbiter missions or sample return missions.
4.2 Comet Hyakutake: SOHO near perihelion observations
In the following example, our objective was not to obtain scientifically valuable results on a dust-ejecting object but rather to demonstrate the nuances of the v-integration method. We applied this method to reconstruct an image of Comet C/1996 B2 (Hyakutake), achieving a general resemblance of the model image to the observed one. Comet Hyakutake, one of the great comets of the twentieth century, was observed near the Sun by the Solar and Heliospheric Observatory (SOHO). The image, shown in Figure 15, was captured by the C3 subsystem of SOHO’s Large Angle Spectroscopic Coronagraph (LASCO) soon after the comet had passed its perihelion.
We neglected the comet’s dimensions and modeled the dust ejection at each point with a single point source. We also disregarded possible temporal changes in the dust ejection rate and the distributions of dust particle sizes, ejection speed, and direction. For the ejection speed distribution, we adopted the normal distribution
[image: equation](22)
with σ = 50 m/s and u0 = 600R−1/2 m/s, where particle radius R is in microns. Here u0 is the terminal velocity to which particles of size R tend to be accelerated to by the gas outflow (for typical velocities inferred for Hyakutake see Fulle et al. 1997). We modeled the dust emission as a uniform ejection from the sub-solar hemisphere of the comet. The dust production rate of the particles in the considered size range was set to 1020 s−1.
We considered the comet tail to be optically thin based on the estimates of the dust production rate and size distribution by Fulle et al. (1997) inferred from the observations preceding the perihelion passage. We calculated the geometrical optical depth, which is correlated to the brightness of the tail, for a uniform grid of 20 particle radii Ri in the range of (0.2 μm, 2 μm) and the corresponding values of β(Ri). We adopted the relation β(R) for fresh cometary material given by Wilck & Mann (1996) to test our model across a broad range of β values (see also Mann et al. 2004; Kolokolova et al. 2007, for more recent results regarding the subject). The adopted relation has a peak value of β near 0.1 μm particles (see Fig. 2 in Wilck & Mann 1996). The chosen interval of R corresponds to β values between 0.27 and 1.60. The value of Ri = 0.36 μm corresponds to β = 0.997, which is sufficiently far from the critical value β = 1, for which the v-integration method cannot obtain a solution (see Sect. 3.2). If β had been closer to 1, we would have had to adjust the grid of particle radii Ri.
We considered dust ejection for two weeks before the time tnow, for which we construct the image. The model sources were placed along the comet’s trajectory in such a way that they were denser close to tnow, with the interval (Tj+1 − Tj) being as small as 0.5 minutes for dust ejected 5 days before tnow or later. For dust ejected between 10 and 5 days before tnow, the interval (Tj+1 − Tj) was set to 1 minute, and for dust ejected earlier, this interval was 3 minutes. The number of particles ejected by each model source Γ was adjusted accordingly to maintain a constant production rate over the two weeks of dust ejection. The decision to reduce time resolution for earlier dust ejection was based on the fact that the density in prime clouds decreases with time as the prime clouds expand (see Fig. 4), and their relative contribution to the result becomes smaller.
We computed the number density of dust for each β in planes parallel to LASCO’s field of view, cutting the comet’s tail at different distances from the comet’s nucleus. These parallel planes are spaced 5 × 10−4 AU apart, which provides sufficient resolution for our purpose. The furthest plane we considered in our calculations is located at 0.05 AU from the comet center. Prime clouds with larger corresponding values of β move away from the comet faster than those with smaller β values (see Fig. 3). Therefore, within two weeks before tnow, the furthest plane is reached only by the dust having β > 1.1.
The SOHO image from Fig. 15 was taken shortly after comet Hyakutake had passed its perihelion. To apply our model to this situation we had to utilize the v-integration method’s ability to solve the dynamical problem when dust particles pass their pericenter on the way from the source to the point of interest. In such cases, for every point of interest, the code must be run twice: once with the assumption that the particles passed their perihelion, and another time with the assumption that they did not (see README file in the GitHub repository with the code for a precise instruction on how to set this assumption in the code). In practice, one can integrate the trajectory of the prime cloud center to determine if it has a nonzero density at the point of interest or if the dust grains passed perihelion on their way to it. However, there are limit cases where one prime cloud may be divided into two parts: one part containing particles that have already passed their perihelion and the other composed of particles that did not. Running the code with the assumption that the perihelion passage took place results in zero number density at points where the particles having not yet passed their perihelion would be, and vice versa, as shown in Fig. 16. The lack of connection between the parts is an artifact resulting from the numerical difficulty arising when the dust grains are ejected very close to their perihelion (see Sect. 3.2 for details). The actual dust number density in this region can be recovered via interpolation within the prime cloud. Another possible way to address this is by increasing the time resolution (i.e., the number of model sources used per orbital arc). The prime clouds ejected by different model sources experience numerical problems in different regions. Hence, for every point of interest, we can exclude the prime clouds with singularities and interpolate between those prime clouds whose input to the number density at the given point is computed normally.
We display the results of our modelling as a reconstructed image in terms of the geometric optical depth that is derived for the viewing geometry of the SOHO image shown in Fig. 15. We co-add contributions from different particle sizes (that include the effect of β(R)) with a proper integration over the initial size distribution
[image: equation](23)
Specifically, for a parallel bundle of straight lines (corresponding to the lines of sight for each pixel in our reconstructed image) we determine the column number density Ni(Ri) for the contribution from each particle size. Then the geometric optical depth for a given pixel is obtained as
[image: equation](24)
Figure 17 shows the comparison of the model image to the image taken by SOHO/LASCO. We restricted analysis to a visual comparison to demonstrate the principal applicability of DUDI-heliocentric. Our simplified approach could not reproduce the double structure of the comet dust tail visible in the SOHO image, and the ion tail is out of the scope of DUDI-heliocentric. The greater relative brightness near the comet’s nucleus in the observed image may indicate the presence of dust with a smaller β parameter that moves away from the comet’s nucleus more slowly. Dust production rate increasing with time could also lead to a relatively denser region near the nucleus. A wider spread of dust in the SOHO image compared to the model image, in its turn, may be interpreted as a sign of higher ejection speeds of the particles. Nevertheless, the comet tail position and shape in the model image matches the observed one. It shows that the model is capable to reproduce the cometary dust tail structure when compared to images. Combining the analysis with a model for light scattering it will be possible to constrain the size distribution and ejection velocity distribution of the dust in comparison to images of different wavelength and phase angle.
	[image: thumbnail]	Fig. 15 Comet C/1996 B2 (Hyakutake) observed by the SOHO/LASCO coronagraph C3. The image is taken from the gallery “Best of SOHO.” The date and time of the observation are given in the bottom left corner (May 2, 1996, 23:51 UTC). The field of view of the C3 coronagraph is 15.93° × 15.93°. The square restricts the area with the comet image, which we reconstructed using DUDI-heliocentric.



	[image: thumbnail]	Fig. 16 Section of one prime cloud containing dust particles ejected both before and after their perihelion. The resolution is 20 times that used to construct the model image of the comet C/1996 B2 (Hyakutake) in Fig. 17. The mismatch is the result of the singularity appearing in Eq. (9) when a particle is ejected close to the pericenter of its orbit, and so ψ ≈ 90°.



	[image: thumbnail]	Fig. 17 Comparison of the SOHO/LASCO image of the comet Hyakutake and the image constructed with DUDI-heliocentric.



5 Summary and discussion
In a recent paper (Ershova & Schmidt 2021) we developed a mathematical model for the distribution of dust particles that are ejected from point sources on the surface of a gravitating atmosphereless body, building on previous work by Krivov et al. (2003) and Sremčević et al. (2003). In the present paper we extended this approach to model the ejection of dust from interplanetary sources of dust (e.g., asteroids and comets). The dust can be mobilized for instance by outgassing activity or impacts of interplanetary meteoroids, while for active asteroids a number of additional processes have been discussed (Jewitt 2012). In order to apply the model from Ershova & Schmidt (2021), which is based on the theoretical framework of the gravitational two-body problem, we used the Sun as the central gravitating body and neglected the gravity of the dust source itself. For most applications this is an excellent approximation. Moreover, the approach permits the inclusion of the effect of solar radiation pressure by a renormalization of the solar mass. The dust emission from the source body is described in terms of point sources located on a hypothetical spherical surface with the Sun at its center and a radius that corresponds to the heliocentric distance of the location of the source. The continuous production of dust is approximated by an appropriate number of discrete sources placed along the path of the dust source that remain active for a short period of time. For some applications it is sufficient to approximate the source body as one single dust source, where a non-uniform directional distribution can be taken into account that may have been induced by the directionality of the impactor flux or, in case of cometary activity, the direction of solar insolation. However, it is also possible to account for the finite size of the source body directly, using a (potentially large) number of sources placed appropriately on the surface of the body.
We developed and described three specific methods of solution to the problem. The methods differ in mathematical and numerical complexity as well as their range of applicability to model dust emission from interplanetary sources. One of the methods even allows us to consider forces other than solar gravity and radiation pressure, though only in limited cases.
The v-integration method takes into account only solar gravity and radiation pressure. This method can be applied to the dynamics of dust ejected as long ago as half of the asteroid’s orbital period. It can calculate the number density of dust particles that passed the pericenters of their orbits between the ejection and the time for which the number density is computed. This method allows for the consideration of dust grain re-impacts on the asteroid, but it requires representing the asteroid at each time when it ejects dust not just with one model point source, but hundreds of point sources (the number depends on the asteroid’s size), resulting in a proportional increase in computational workload. This method is suitable for modeling dust ejection in proximity to the Sun and for investigating dust tails far from their sources.
The δ-ejection method uses simplified two-body equations to describe the dynamics of dust under solar gravity and radiation pressure, neglecting other forces. This method can be used to determine the number density of dust ejected from an asteroid along a curved arc of its orbit, though there are limitations to its applicability related to the asteroid’s orbital parameters (see Sect. 3). Re-impacts of the dust with the asteroid can be accounted for if at each point on the asteroid trajectory the asteroid is represented by many sources distributed over its surface. The δ-ejection solution should be selected if one is interested in the number density of dust in the close vicinity of the asteroid, where recently ejected dust dominates the environment, but where the curvature of the asteroid’s trajectory, as well as its physical size or shape, cannot be neglected.
The simple expansion method can be applied when the trajectory of the asteroid can be locally well approximated by a straight line. This method is suitable to evaluate the dust number density in the close vicinity of an asteroid (so that dust ejected recently dominates the environment) being far from its pericenter (so that the curvature of the asteroid trajectory is small). The main assumption of the simple expansion solution is that all forces acting on the dust grains can be regarded as constant within the vicinity of the asteroid. This method allows the effect of various perturbations experienced by the dust cloud to be taken into account, for example the Lorentz force acting on charged particles in the interplanetary magnetic field; however, the re-impacts of the dust particles on their parent body are not considered. The solution is computationally inexpensive, even though separate integration of the trajectory of the prime cloud center is necessary. In DUDI-heliocentric, when using the simple expansion solution method, the coordinates of the prime cloud center are treated as an input parameter.
We applied our model to investigate the dust environment of NEA 3200 Phaethon during the orbital phase at which it will be closely observed by the upcoming DESTINY+ mission by JAXA. During this phase, as Phaethon moves toward the Sun, the majority of dust grains are ejected from the sub-solar hemisphere of the asteroid due to the significantly increased projectile flux from this direction, a result of Phaethon’s motion on its eccentric orbit. We found that radiation pressure significantly redistributes the ejecta toward the anti-solar region because the dust ejected toward the Sun is pushed in the opposite direction by radiation pressure. Within thousands of kilometers from the asteroid, the dust number density is still higher on the sub-solar side than on the anti-solar side as the separation of the dust cloud from the asteroid is slow at 1 AU heliocentric distance. However, on the sub-solar side, there is a limiting distance that the dust can reach due to the influence of radiation pressure, while on the anti-solar side, the dust tail length is limited only by the orbital parameters of the asteroid. We note that an asteroid moving away from the Sun would experience an enhanced projectile flux from the anti-solar direction, resulting in more dust being ejected in the same direction that radiation pressure pushes it. This makes flybys in the anti-solar region highly preferable for dust sampling from bodies on outbound orbits compared to sub-solar flybys.
We found that the spatial configuration of dust number density in the close vicinity of the asteroid is particularly sensitive to the distribution of dust ejection speeds, especially in the range of low velocities. This sensitivity arises because the environment is dominated by recently ejected dust. For Phaethon at the considered orbital phase, an enhanced density in the sub-solar region is observed in the model for a range of choices for the ejection speed distributions (see Fig. 13). However, as the peak of the ejection speed distribution shifts toward lower velocities, the center of mass of the surrounding dust cloud shifts away from the Sun.
We also considered a scenario where the physical size of the asteroid was taken into account, assuming a spherical shape. We evaluated the effect of grain absorption by re-impacts of dust particles on the asteroid. The results show a significant drop in number density, but only within a very narrow region directly behind the asteroid along its heliocentric position vector. This trace is negligible for typical flybys, but could be important for rendezvous missions. Additionally, when a significant number of particles are ejected with a speed distribution that peaks at low velocities, re-impacts can remove a substantial portion of the ejecta from the dust tail and the more massive grains can be expected to have lower ejection speeds. This could result in a depletion of these large particles in Phaethon’s dust tail compared to the initial size distribution of the ejecta.
Finally, we provided a technical example of the application of the v-integration method by reconstructing a SOHO/LASCO image of comet C/1996 B2 (Hyakutake). We outlined the necessary steps and discussed in detail the treatment of dust ejection near the comet’s perihelion.
Our model is implemented as a Fortran-95 software package named DUDI-heliocentric. The code is efficient and easily parallelizable using the OpenMP library. It allows the investigation of a variety of physical problems, even on a personal computer, without the need for large computing clusters. For example, we did not require special computational facilities for the case discussed in Sects. 4.1.1 and 4.2, while a computer cluster of 12 cores was utilized for the calculations in Sect. 4.1.2. DUDI-heliocentric can be applied to model complex dust ejection scenarios, such as those involving collimated jets or catastrophic events where dust ejection changes drastically over time, as well as a stationary or slowly changing ejection from moving objects. The package can also be used to analyze the often complex topology of dust clouds ejected by comets and asteroids (Jewitt et al. 2015) and to relate the topology to the sources and mechanisms of ejection.

[bookmark: S6]Data availability
DUDI-heliocentric is publicly available at https://github.com/Veyza/dudi-heliocentric under the GNU General Public License.
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Appendix A  Jacobian of transformation from the asteroid-centered to heliocentric coordinate system
Ershova & Schmidt (2021) derived a Jacobian for modeling dust ejection into a tilted jet (Eq. (12) of Ershova & Schmidt (2021)). It corresponds to the Jacobian for the transformation from the system A to the system [image: equation], both of which are asteroid-centered (see Fig. 5 in the main text). This Jacobian, denoted Jtilt, reads
[image: equation](A.1)
where ζ and η are, respectively, the zenith angle and azimuth of the ejection symmetry axis.
In the case of dust ejection by a moving object we must calculate an additional Jacobian Jmotion to perform the variable transformation from the system [image: equation] to the system A moving relative to the system [image: equation] with the source velocity V.
The coordinates u, ψ, λM are defined in the system [image: equation] in Fig. 5. Then the Cartesian coordinates of the vector uA in system A can be expressed as
[image: equation](A.2)
where Vx, Vy, Vz are the Cartesian components of the vector V in the system [image: equation]. The ejection velocity vector in polar coordinates [image: equation] in the system A can be expressed in the following way:
[image: equation](A.3)
The expression for the azimuth [image: equation] may include an additional constant term +π. However, the presence of this term is irrelevant because Eqs. A.3 are differentiated to obtain the Jacobian for the transformation from [image: equation] to A
[image: equation](A.4)

Appendix B  Derivatives of the dust grain coordinates in its orbital plane
The coefficients of the Taylor expansion for the particle’s coordinates, defined within its orbital plane, are given by
[image: equation](B.1)
[image: equation](B.2)
[image: equation](B.3)
[image: equation](B.4)
[image: equation](B.5)
[image: equation](B.6)
[image: equation](B.7)
[image: equation](B.8)
[image: equation](B.9)
Thus, Eqs. 13 and 14 read
[image: equation](B.10)
[image: equation](B.11)

Appendix C  Dust grains re-impacting the asteroid
When a particle is ejected from the side of the asteroid that faces the Sun, radiation pressure pushes it back toward the asteroid, potentially resulting in a re-impact. To influence the resulting number density, the re-impact must occur within the time interval of length Δt from the time of ejection Tj to the time for which we compute number density tnow (see Table 1). The majority of such events happen shortly after ejection. Therefore, in order to take into account the depletion of the dust density due to re-impacts with the parent body we may use a second-order approximation
[image: equation](C.1)
where Δd is the difference of the position vectors of the asteroid center and the particle position at time t since the time of ejection. The symbols Δd0, Δu, and Δa denote, respectively, the differences of the position, velocity and acceleration vectors of the asteroid center and the particle at the time of ejection.
Bearing in mind that in the time of ejection (t = 0) the particle was at distance Δd0 from the asteroid center, we can transform Eq. (C.1) in the following way neglecting terms of higher orders
[image: equation](C.2)
such that the time for re-collision [image: equation] is given by the cubic equation
[image: equation](C.3)
Here the terms [image: equation] and Δd0Δä/12 are negligible and omitted in the computational algorithm. If Eq. C.3 has a positive real root smaller than Δt, the particle re-collides with the asteroid.
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1 Available at https://github.com/Veyza/dudi-heliocentric


2 The DUDI-heliocentric GitHub repository contains the necessary routines and input files to calculate the number density distribution shown in Fig. 10.
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	[image: thumbnail]	Fig. 1 Geometry of the model studied by Ershova & Schmidt (2021) transferred to the heliocentric coordinate system. The vector v⊥ is the projection of vector v onto the plane tangential to the sphere centered at the Sun and that contains the position of the source on the asteroid, located at position rM. The remaining variables are defined in Table 1.
In the text



	[image: thumbnail]	Fig. 2 Moving dust source represented by many sources placed along the given trajectory. Each of these sources is active for a short or infinitely small period of time around Tj.
In the text



	[image: thumbnail]	Fig. 3 Prime dust clouds ejected by a point source at the same time. The direction of the asteroid motion (apex) is shown relative to the direction toward the Sun. The cross sections of number density (m−3) in the orbital plane of the source are shown at 50 minutes after ejection. The black dot indicates the position of the asteroid center at the same time. The total number of dust particles in each prime cloud is the same (105 grains) with fixed grain sizes that correspond in each case to values of the parameter μR of GMS un, 0.4GMS un, −0.2GMS un, which determines the dust dynamics. The centers of these prime clouds lie on a synchrone.
In the text



	[image: thumbnail]	Fig. 4 Prime dust clouds ejected by a point source at three different times. The direction of the asteroid motion (apex) is shown relative to the direction toward the Sun. Each prime cloud contains 105 dust particles. The cross section of particle number density (m−3) in the orbital plane of the source is shown 30 minutes (left) after ejection, 60 minutes (middle), and 90 minutes (right). The black dot indicates the position of the asteroid 90 minutes after the first prime cloud was ejected. All particles in the three prime clouds are of the same size corresponding to μR = 0.5GMS un. The centers of these prime clouds lie on a syndyne.
In the text



	[image: thumbnail]	Fig. 5 Position vectors of dust source rM and spacecraft r (in spherical coordinates (rM, αM, ωM) and (r, α, ω), respectively), defined in the Suncentered system S (compare to Fig. 1). The particle velocity vector at the time of ejection (u, ψ, λM) is defined in the coordinate system [image: equation] with the z-axis aligned with the asteroid heliocentric radius-vector and the x-axis pointing toward the local north of the system S. The axes of the source-centered system A are co-directed with the axes of the system [image: equation]. The inclined system [image: equation] is the system in which the distributions of the ejection direction can be described mathematically in a simple way.
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	[image: thumbnail]	Fig. 6 Comparison of DUDI-heliocentric to results obtained by the direct integration of trajectories. The dust cloud in the left panel, obtained with DUDI-heliocentric, is shown in the plane normal to the asteroid orbital plane and containing the asteroid’s instantaneous heliocentric position vector. The dust was ejected 15 min before tnow from 2000 sources uniformly distributed on the surface of a spherical asteroid with 5 km radius. Radiation pressure is considered, with β set to 0.5, and dust grain re-collisions with the asteroid are taken into account. The lines in the left panel represent the cuts for which number densities are displayed in the right panel.
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	[image: thumbnail]	Fig. 7 Profiles of the spherically symmetric prime dust cloud ejected by a point source on the orbit of comet C/2011 W3 (Lovejoy) with e = 0.99993. The dust number density is evaluated 20 hours after the ejection. The profile in the upper panel lies in the source’s orbital plane and passes through the cloud center. This center has developed a hollow because of a nonzero minimum ejection velocity umin (see Sect. 2.2). The profile in the lower panel is normal to the source’s orbital plane, piercing this plane at 20 km distance from the cloud center.
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	[image: thumbnail]	Fig. 8 Number density distribution in the PSE equatorial plane near Phaethon on February 22, 2025. In each case, the asteroid ejects the same number of dust particles, all of which are considered to have the same β.
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	[image: thumbnail]	Fig. 9 Dependence of β on particle radius for forsterite dust grains.
In the text



	[image: thumbnail]	Fig. 10 Number density of dust with radii in the range 0.1–100 μm integrated over the differential power-law size distribution with an exponent −3.7. The number density is shown in the PSE equatorial plane near Phaethon on February 22, 2025. Radiation pressure is taken into account. The dashed line shows the trajectory of a flyby that mimics the future DESTINY+ flyby. The dotted line represents the trajectory of a flyby at the same distance from the asteroid, but on the opposite side.
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	[image: thumbnail]	Fig. 11 Number density profiles of the flybys along the trajectories shown in Fig. 10 evaluated for three size thresholds Rth = 0.05 μm, Rth = 0.1 μm, and Rth = 0.2 μm.
In the text



	[image: thumbnail]	Fig. 12 Test distributions of ejection velocity compared to the distribution obtained by Szalay & Horányi (2016a) and employed by Szalay & Horányi (2016b) and Szalay et al. (2019). The distribution fu1(u) corresponds to setting l = 40 m in Eq. (20). The curve fu2(u) is obtained by setting l = 1 m.
In the text



	[image: thumbnail]	Fig. 13 Variations in dust configuration in the close vicinity of Phaethon with changes in the ejection velocity distribution. The number density is computed for particles with radii larger than 0.1 μm. All three distributions of the ejection speed u are normalized over the interval (2, 2400) m/s. The distributions fu1(u) and fu2(u) are shown in Fig. 12.
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	[image: thumbnail]	Fig. 14 Number density distribution in the PSE equatorial plane near Phaethon on February 22, 2025. Re-collisions of dust grains with Phaethon are taken into account. Phaethon is considered a sphere of radius 2.9 km. Radiation pressure is neglected in the shadow of the asteroid.
In the text



	[image: thumbnail]	Fig. 15 Comet C/1996 B2 (Hyakutake) observed by the SOHO/LASCO coronagraph C3. The image is taken from the gallery “Best of SOHO.” The date and time of the observation are given in the bottom left corner (May 2, 1996, 23:51 UTC). The field of view of the C3 coronagraph is 15.93° × 15.93°. The square restricts the area with the comet image, which we reconstructed using DUDI-heliocentric.
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	[image: thumbnail]	Fig. 16 Section of one prime cloud containing dust particles ejected both before and after their perihelion. The resolution is 20 times that used to construct the model image of the comet C/1996 B2 (Hyakutake) in Fig. 17. The mismatch is the result of the singularity appearing in Eq. (9) when a particle is ejected close to the pericenter of its orbit, and so ψ ≈ 90°.
In the text



	[image: thumbnail]	Fig. 17 Comparison of the SOHO/LASCO image of the comet Hyakutake and the image constructed with DUDI-heliocentric.
In the text





    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Geometry of the model studied by Ershova & Schmidt (2021) transferred to the heliocentric coordinate system. The vector v⊥ is the projection of vector v onto the plane tangential to the sphere centered at the Sun and that contains the position of the source on the asteroid, located at position rM. The remaining variables are defined in Table 1.

      

    

  
    
      Table 1 

      Definition of variables.

      
        


	Variable
	Definition
	Variable
	Definition





	Tj
	Time of dust ejection by a given source
	tnow
	Time at which the dust number density is computed



	r
	Heliocentric position vector of the point in space where the density is calculated (“spacecraft position”, “point of interest”)
	rM
	Heliocentric position vector of the source



	α
	Polar angle of the spacecraft position
	αM
	Polar angle of the source



	ω
	Eastern longitude of the spacecraft
	ωM
	Eastern longitude of the source



	Δt
	Time interval from Tj to tnow
	Δτ
	Length of the time interval centered at Tj over which the given source ejected dust



	V
	Asteroid velocity vector at the time of dust ejection Tj
	Δϕ
	Angle between vectors r and rM



	v
	Particle’s speed at the time tnow
	u
	Particle’s speed at the time Tj



	θ
	Angle between the particle’s velocity and position vectors at the time tnow
	ψ
	Angle between the particle’s velocity and position vectors at the time Tj



	λ
	Azimuth of the particle’s velocity vector, measured clockwise from local north at the time tnow
	λM
	Azimuth of the particle’s velocity at ejection (at the time Tj), measured clockwise from local north



	Γ
	Total number of particles ejected by one source
	γ
	Rate of dust-particle ejection



	R
	Radius of the particle
	n
	Number density of dust at the given point at the given time



	ζ
	Zenith angle of the source symmetry axis
	η
	Azimuth of the source symmetry axis measured clockwise from local north



	μR
	Gravitational parameter of the Sun reduced to account for solar radiation pressure
	β
	Ratio of the radiation pressure force to the gravitational force



	a
	Dust particle heliocentric acceleration at ejection
	
	



	




	px, py, pz
	Cartesian coordinates of the vector p in the given CS
	p*
	The value of variable p satisfying the given conditions



	[image: equation]
	Equivalents of variable p defined, respectively, in the CS A or [image: equation] moving in the heliocentric CS with the asteroid velocity V. (see Fig. 5)
	fp, fp, q
	Respectively, a differential distribution of the variable p and a combined differential distribution of the variables p and q





      

      
Notes. In Ershova & Schmidt (2021), β and βM denote the eastern longitudes of the spacecraft and the dust source, respectively. We used a different notation to prevent confusion as β conventionally represents the ratio of the radiation pressure force to the gravitational force.




    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Moving dust source represented by many sources placed along the given trajectory. Each of these sources is active for a short or infinitely small period of time around Tj.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Prime dust clouds ejected by a point source at the same time. The direction of the asteroid motion (apex) is shown relative to the direction toward the Sun. The cross sections of number density (m−3) in the orbital plane of the source are shown at 50 minutes after ejection. The black dot indicates the position of the asteroid center at the same time. The total number of dust particles in each prime cloud is the same (105 grains) with fixed grain sizes that correspond in each case to values of the parameter μR of GMS un, 0.4GMS un, −0.2GMS un, which determines the dust dynamics. The centers of these prime clouds lie on a synchrone.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Position vectors of dust source rM and spacecraft r (in spherical coordinates (rM, αM, ωM) and (r, α, ω), respectively), defined in the Suncentered system S (compare to Fig. 1). The particle velocity vector at the time of ejection (u, ψ, λM) is defined in the coordinate system [image: equation] with the z-axis aligned with the asteroid heliocentric radius-vector and the x-axis pointing toward the local north of the system S. The axes of the source-centered system A are co-directed with the axes of the system [image: equation]. The inclined system [image: equation] is the system in which the distributions of the ejection direction can be described mathematically in a simple way.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Comparison of DUDI-heliocentric to results obtained by the direct integration of trajectories. The dust cloud in the left panel, obtained with DUDI-heliocentric, is shown in the plane normal to the asteroid orbital plane and containing the asteroid’s instantaneous heliocentric position vector. The dust was ejected 15 min before tnow from 2000 sources uniformly distributed on the surface of a spherical asteroid with 5 km radius. Radiation pressure is considered, with β set to 0.5, and dust grain re-collisions with the asteroid are taken into account. The lines in the left panel represent the cuts for which number densities are displayed in the right panel.

      

    

  
    
      Fig. 7 
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        Profiles of the spherically symmetric prime dust cloud ejected by a point source on the orbit of comet C/2011 W3 (Lovejoy) with e = 0.99993. The dust number density is evaluated 20 hours after the ejection. The profile in the upper panel lies in the source’s orbital plane and passes through the cloud center. This center has developed a hollow because of a nonzero minimum ejection velocity umin (see Sect. 2.2). The profile in the lower panel is normal to the source’s orbital plane, piercing this plane at 20 km distance from the cloud center.

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Number density distribution in the PSE equatorial plane near Phaethon on February 22, 2025. In each case, the asteroid ejects the same number of dust particles, all of which are considered to have the same β.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Number density of dust with radii in the range 0.1–100 μm integrated over the differential power-law size distribution with an exponent −3.7. The number density is shown in the PSE equatorial plane near Phaethon on February 22, 2025. Radiation pressure is taken into account. The dashed line shows the trajectory of a flyby that mimics the future DESTINY+ flyby. The dotted line represents the trajectory of a flyby at the same distance from the asteroid, but on the opposite side.

      

    

  
    
      Fig. 11 
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        Number density profiles of the flybys along the trajectories shown in Fig. 10 evaluated for three size thresholds Rth = 0.05 μm, Rth = 0.1 μm, and Rth = 0.2 μm.

      

    

  
    
      Fig. 12 
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        Test distributions of ejection velocity compared to the distribution obtained by Szalay & Horányi (2016a) and employed by Szalay & Horányi (2016b) and Szalay et al. (2019). The distribution fu1(u) corresponds to setting l = 40 m in Eq. (20). The curve fu2(u) is obtained by setting l = 1 m.

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Variations in dust configuration in the close vicinity of Phaethon with changes in the ejection velocity distribution. The number density is computed for particles with radii larger than 0.1 μm. All three distributions of the ejection speed u are normalized over the interval (2, 2400) m/s. The distributions fu1(u) and fu2(u) are shown in Fig. 12.

      

    

  
    
      Fig. 14 
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        Number density distribution in the PSE equatorial plane near Phaethon on February 22, 2025. Re-collisions of dust grains with Phaethon are taken into account. Phaethon is considered a sphere of radius 2.9 km. Radiation pressure is neglected in the shadow of the asteroid.

      

    

  
    
      Fig. 15 
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        Comet C/1996 B2 (Hyakutake) observed by the SOHO/LASCO coronagraph C3. The image is taken from the gallery “Best of SOHO.” The date and time of the observation are given in the bottom left corner (May 2, 1996, 23:51 UTC). The field of view of the C3 coronagraph is 15.93° × 15.93°. The square restricts the area with the comet image, which we reconstructed using DUDI-heliocentric.

      

    

  
    
      Fig. 16 
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        Section of one prime cloud containing dust particles ejected both before and after their perihelion. The resolution is 20 times that used to construct the model image of the comet C/1996 B2 (Hyakutake) in Fig. 17. The mismatch is the result of the singularity appearing in Eq. (9) when a particle is ejected close to the pericenter of its orbit, and so ψ ≈ 90°.

      

    

  
    
      Fig. 17 
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        Comparison of the SOHO/LASCO image of the comet Hyakutake and the image constructed with DUDI-heliocentric.
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