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Abstract

NASA’s OSIRIS-REx mission observed millimeter- to centimeter-scale pebbles being ejected from the surface of asteroid (101955)

Bennu, indicating that Bennu is an active asteroid. About 30% of these particles escape from Bennu, and the minimum orbital

intersection distance (MOID) between Bennu and Earth suggest the possibility of a ‘Bennuid’ particle flux at Earth. We

characterize the evolution of Bennu’s particle stream and potential for meteor flux by simulating weekly particle ejections

between the years 1780 - 2135 continuing their dynamical evolution until 2200. Ejections are modelled as a discrete release

of 95 particles every week. The meteoroid stream is found to circularize in 80 +/- 40 years. Individual particles and streams

remain associable to Bennu for the entire 420 years simulated. Particle flux at Earth is predicted to begin in 2101, as the

Bennu-Earth MOID reaches minimum values. The year of highest particle flux, 2182, experiences 161 Earth intersections and

accounts for ˜1/4 of our predicted meteors. Our methods can be expanded to study the history and structure of the general

meteoroid population and to estimate flux from specific near-Earth asteroids.
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Abstract15

NASA’s OSIRIS-REx mission observed millimeter- to centimeter-scale pebbles being ejected16

from the surface of asteroid (101955) Bennu, indicating that Bennu is an active aster-17

oid. About 30% of these particles escape from Bennu, and the minimum orbital inter-18

section distance (MOID) between Bennu and Earth suggest the possibility of a “Ben-19

nuid” particle flux at Earth. We characterize the evolution of Bennu’s particle stream20

and potential for meteor flux by simulating weekly particle ejections between the years21

1780 – 2135 continuing their dynamical evolution until 2200. Ejections are modelled as22

a discrete release of 95 particles every week. The meteoroid stream is found to circular-23

ize in 80 ± 40 years. Individual particles and streams remain associable to Bennu for24

the entire 420 years simulated. Particle flux at Earth is predicted to begin in 2101, as25

the Bennu-Earth MOID reaches minimum values. The year of highest particle flux, 2182,26

experiences 161 Earth intersections and accounts for ∼1/4 of our predicted meteors. Our27

methods can be expanded to study the history and structure of the general meteoroid28

population and to estimate flux from specific near-Earth asteroids.29

Plain Language Summary30

NASA’s OSIRIS-REx asteroid sample return mission observed coin-sized rock frag-31

ments launching from the surface of the near-Earth asteroid Bennu. Although many of32

these particles fall back down to the surface of Bennu, about 30% escape the gravita-33

tional influence of this small celestial body and enter orbits around the Sun. By simu-34

lating the motion of small particles ejected from Bennu over the years 1780 to 2200, we35

test whether they eventually encounter Earth’s atmosphere. The predicted particle flux36

ranges from undetectable to 1 meteor per 10 hours, a rate which is comparable with the37

weakest known meteor showers. We find that ejected particles spread out along Bennu’s38

orbit and occupy positions around the entire circle within 80 years. For the 420 years39

simulated, the particles can be easily associated with Bennu by the similarities in their40

orbits. Particles we simulated being ejected from Bennu are not found to impact Earth41

until 2101. We predict a maximum flux in the year 2182, with around 161 intersecting42

meteors potentially visible as shooting stars. Our methods can be used to investigate the43

possibility of meteoroid streams from other near-Earth asteroids to identify sources of44

known meteoroid streams and meteor showers.45
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1 Introduction46

The growing evidence for asteroid activity suggests that comets may not be the sole47

contributors of meteor flux at Earth. For example, active asteroid (3200) Phaethon has48

been identified as the parent body of the major Geminid meteor shower (Jenniskens, 2006).49

The near-Earth asteroid target of NASA’s OSIRIS-REx asteroid sample return mission,50

(101955) Bennu, exhibits meteoroid-generating activity (Lauretta, D. S. and Hergenrother,51

C. W. et al., 2019; Hergenrother, Adam, et al., 2020; Hergenrother, Maleszewski, et al.,52

2020). With observed ejection events producing sometimes hundreds of centimeter-sized53

particles at velocities of up to a few meters per second, and a small minimum orbit in-54

tersection distance (MOID) with Earth (Chesley et al., 2020), it is reasonable to ask if55

meteoroids ejected from Bennu could contribute to meteor activity at Earth.56

The most probable mechanisms for activity at Bennu are thermal fracturing, phyl-57

losilicate dehydration, and impacts (Lauretta, D. S. and Hergenrother, C. W. et al., 2019;58

Molaro et al., 2020; Bottke et al., 2020). Orbit determination analysis of the observed59

ejection events found that ∼30% of particles escape from Bennu on hyperbolic trajec-60

tories (Chesley et al., 2020; Hergenrother, Maleszewski, et al., 2020; Leonard et al., 2020).61

Chesley et al. (2020) and Leonard et al. (2020) investigated the trajectories of the ∼70%62

of particles that remain bound to Bennu on orbital and suborbital paths. To comple-63

ment these works, we developed an orbital integration model to predict the fate of the64

escaped hyperbolic particles.65

With its low inclination (∼ 6◦), eccentricity (∼ 0.2), and MOID (currently within66

1.25 lunar distances), Bennu is a plausible candidate parent body for meteor activity at67

Earth. Bennu’s recent and near-term future close approaches with Earth are shown in68

Figure 1. Each close approach affects how well we can predict Bennu’s subsequent mo-69

tion. The perturbations of the Yarkovsky effect on Bennu are expected to further de-70

crease the MOID over this upcoming century, reaching values within Earth’s cross sec-71

tional radius between 2100 – 2200 (Chesley et al., 2014).72

Two preceding studies examined the dynamical evolution of ejecta from Bennu (Ye,73

2019; Kováčová et al., 2020). Ye (2019) presented initial estimations for peak meteor flux74

rates assuming cometary-style production, which suggested fluxes on the order of 10−675

km−2 hr−1 over the next several decades. These estimates increase by an order of mag-76

nitude near the year 2080 which can be correlated with a major close approach (Figure77

1) and the decreasing Bennu-Earth MOID (Chesley et al., 2014). Kováčová et al. (2020)78

provide a detailed analysis of potential meteor streams from Bennu, including their pre-79

dicted radiant at Earth, the evolution of particle MOIDs, which differ from the parent80

body, and insights into the orbital spread of the resulting stream. The present study ex-81

pands on these past works by numerically integrating a source of continuously produced82

particles and constraining them to the characteristics observed by the OSIRIS-REx mis-83

sion during a time frame which Bennu’s position is precisely known (1780–2135).84

Similar to cometary dust, particles ejected from Bennu are susceptible to plane-85

tary perturbations and are constantly subject to the effects of solar radiation. This ra-86

diation operates in the form of solar radiation pressure (SRP) and Poynting-Robertson87

(PR) drag (Burns et al., 1979). In contrast with cometary dust, meteoroids from Bennu88

are produced throughout its orbit (Hergenrother, Maleszewski, et al., 2020). Our orbital89

integrations simulate the motion and evolution of Bennu’s particles under assumptions90

of productivity about the entirety of Bennu’s orbit. Activity at comets occur around their91

perihelion passages, as the body enters a range close enough for volatiles to react to the92

Sun’s energy. Particle production events at Bennu are observed to occur regardless of93

orbital position.94

Owing to uncertainties in Bennu’s orbit before 1780 and after 2135, we constrain95

meteoroid stream production to this time range (355 years), though our simulations prop-96
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Figure 1. With a ∼1.2 year orbital period, Bennu approaches close to Earth every 5–7 years.

Its closest approaches are noted here for distances ≤ 1000 Earth Radii (or 0.043 AU).

agate the motion of the resultant stream out to 2200, for a total of 420 years simulated.97

We analyze the output from the integrations for the peak meteor intersection flux at Earth98

for each year in the simulation. We contextualize these impact rates through analysis99

and characterization of the stream by:100

1. Investigating the timescale of stream circularization101

2. Determining timescales of associability to the parent body102

3. Analysing initial conditions that may affect impact probabilities103

Our results offer information about the long-term trajectories of the particles that have104

been observed leaving Bennu and provide testable projections for ground-based ”Ben-105

nuid” meteor observations.106

2 Particle Dynamics107

There are two aspects that allow ejected particles to follow Earth-crossing orbits108

while Bennu does not: their ejection velocities and their susceptibility to SRP and PR109

drag forces. The resulting particle stream can be characterized by circularization of par-110

ticle orbits and their associability to the parent body. (Ye, Brown, & Pokornỳ, 2016).111

2.1 Observations of Ejection Velocities112

By analyzing off-limb images (Bos et al., 2020) of Bennu taken by the on-board nav-113

igation camera NavCam 1, Hergenrother, Maleszewski, et al. (2020); Chesley et al. (2020)114

and Lauretta, D. S. and Hergenrother, C. W. et al. (2019) found that particles ejected115

from Bennu range from millimeters to centimeters in diameter. In the photometry study116

by (Hergenrother, Maleszewski, et al., 2020), the particle size distribution was found to117

–4–
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Figure 2. The particle size distribution reported by Chesley et al. (2020) is fit with a log-

normal distribution. The range of 1 to 25 mm is broken into 24 equally sized bins and follows the

distribution of the fitted curve. The randomly generated particle bins represents the values used

in our model.

range from NavCam 1’s lower limit of detection at 1 mm (or smaller) to 7 cm, with the118

peak centered between 0.1 and 2.5 cm (Figure 2). These observed values are consistent119

with size distributions predicted for thermal fracturing (Molaro et al., 2020) and mete-120

oroid impacts (Bottke et al., 2020). Observed ejection speeds of escaping particles range121

from a lower limit equal to Bennu’s escape velocity ∼0.2 m s−1 up to 3.26 m s−1 dur-122

ing the most energetic events (Hergenrother, Maleszewski, et al., 2020). Weighting the123

observed ejection velocities with the observed size distribution leads to a range of 0.2 –124

1 m s−1 for the speeds of the escaping population (Hergenrother, Maleszewski, et al., 2020).125

Based on meteorite analogs (Hamilton et al., 2019), Hergenrother, Maleszewski, et al.126

(2020) assume a particle bulk density of about 2000 ± 500 kg m−3, and estimate par-127

ticle production rates of ∼10 kg per Bennu orbit.128

Observations of the particle ejections show that particles are released most often129

during Bennu’s local afternoon and evening (Hergenrother, Adam, et al., 2020). Because130

the energy added or removed from the particles’ orbits due to ejection velocity is small131

compared to heliocentric motion, astrodynamics predicts that small differences in ini-132

tial conditions can lead to large effects especially for bodies like Bennu that have close133

encounters with major perturbers, such as Earth. A range in ejection velocities causes134

particles to either pull ahead or lag behind Bennu in its heliocentric orbit, affecting the135

timing of future close interactions with Earth and contributing to the formation of a par-136

ticle stream.137

–5–
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2.2 Particle Stream Coherence138

Because their ejection velocities are much smaller than Bennu’s orbital velocity, the139

orbits of the ejected particles will remain characteristically similar to their parent body.140

A commonly used parameter for quantifying Keplarian orbital similarity is the Dsh cri-141

terion (Southworth & Hawkins, 1963; Jenniskens, 2006). Due to chaotic gravitational142

perturbations, particles on Bennu-like orbits only remain associable on the order of 1000143

years. Such similarity; however, is crucial in this study as it is a necessary factor in con-144

firming if any observed meteor flux is related to Bennu. To be recognized as meteors from145

Bennu, ejected particles must be on orbits similar enough to Bennu to approach Earth,146

but different enough that their orbits intersect with Earth.147

2.3 Importance of Solar Radiation Forces on the Particle Stream148

For particles in the observed centimeter-size range, SRP and PR drag play a ma-149

jor role in their orbital evolution (Chesley et al., 2020; Burns et al., 1979; Ye, Hui, et al.,150

2016). We used a log-normal distribution which qualitatively matches the observed par-151

ticle size distribution shown in Figure 2. For particles in the reported size range, the152

force caused by solar photon collisions ranges from 2×10−5 to 6×10−4 times the force153

of gravity. For SRP, the interaction is along the vector radial to the luminous body, in154

our case the Sun, which allows us to think of the force as a reduction of perceived grav-155

itational influence from the central body. However, PR drag is a retarding force on the156

motion for orbiting bodies within and below the centimeter-size range. Owing to the ef-157

fective mass loss of re-radiated photons biased in the direction of the particle motion,158

PR tends to decrease the semi-major axis (a) of bodies under its influence (Burns et al.,159

1979).160

The combination of initial ejection velocity and the solar-induced non-gravitational161

forces enables a third difference between a parent body and its particles: the evolution162

of a particle stream about the parent body’s orbit. Slight differences in their initial con-163

ditions allow the particles to quickly drift away relative to their parent body. In the limit164

of large numbers, cometary ejecta can fully circularize about their parent’s orbit within165

200 years, and in some cases as quickly as 30 years (Ye et al., 2018). The result of this166

is a ring-shaped stream of dispersed ejecta along the circumference of the parent orbit.167

The density of this cloud of particles tends to uniformity along the orbital path as the168

standard deviation of the particle mean anomaly (M) surpasses 60◦ (Ye et al., 2018).169

For example, the Leonids are a circularized meteoroid stream that produces an an-170

nual shower at Earth. This is caused by Earth crossing through comet 55P/Tempel-Tuttle’s171

ejected debris. 55P has an orbital period of more than 33 years and yet we encounter172

its ejecta every year as we pass near the point of minimum orbit intersection distance173

(MOID) between Earth and 55P. That MOID is ∼3 lunar distances, whereas the Bennu-174

Earth MOID is only 1.25 lunar distances and decreasing over time. One might expect,175

therefore, that Bennu could also deliver an annual meteor shower. Vaubaillon et al. (2005)176

modeled the evolution of the Leonid dust stream to predict annual meteor flux densi-177

ties which matched observations. We follow the computational methods of Vaubaillon’s178

model: simulating the production and orbital evolution of many thousands of particles179

over the time range 1780 to 2200.180

3 The Dynamical Environment181

To model the dynamical evolution of the hyperbolic ejecta observed from active182

asteroid Bennu, we used the robust, freely available, N-body integrator package REBOUND183

(Rein & Liu, 2012). Our dynamical model is built to optimize accuracy of the particle184

stream evolution, for the investigation of dynamical behavior, lifetime of association, and185

predicted particle flux at Earth.186

–6–
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3.1 Simulation Development with Rebound187

Chesley et al. (2014) found that regular close approaches to Earth limit the range188

of Bennu positional certainty to between 1780–2135. Planetary positions are well con-189

strained well past this however, so our model remains accurate through the year 2200.190

Our first step in building an accurate simulation environment was to ensure that the mas-191

sive bodies of the solar system maintained correct historically accepted positions through-192

out the modelled time frame. The bodies included are the eight planets along with Pluto,193

Ceres, Pallas, Vesta, and Earth’s Moon, with their respective masses matching those used194

in JPL’s latest, most consistent, digital ephemeris, DE431 (Folkner et al., 2014), provided195

by NASA’s Jet Propulsion Laboratory. These bodies constitute more than 99.98% of the196

mass relevant to this region of the solar system (Folkner et al., 2014).197

Bennu and all generated ejecta are treated as mass-less particles. This is a reason-198

able assumption because our simulated particles are introduced with ejection velocities199

that account for Bennu’s sphere of influence. We used Bennu’s weekly state ephemeris,200

which matched that used by Chesley et al. (2014), to initiate particles at known Bennu201

locations. (Note: An alternative approach would be to integrate Bennu into the simu-202

lation and use its state to initialize new ejecta). A side effect of using the Bennu ephemeris203

is the inclusion of non-gravitational forces that are pertinent to Bennu’s orbital evolu-204

tion but are negligible for the ejecta. One such force is the Yarkovsky effect, which plays205

a strong role in the dynamical evolution of bodies of diameter 102–104 m over this time206

scale (Chesley et al., 2014). Hence, our simulations indirectly incorporate the Yarkovsky207

effect on Bennu while saving the computational expense of an additional non-gravitational208

force.209

Particles have been observed ejecting from Bennu throughout its orbit (Hergenrother,210

Maleszewski, et al., 2020), and on average, ejections occur roughly several times per month.211

In our model, simulated particles are introduced weekly at known Bennu locations with212

randomized ejection velocities. These ejection velocities are included by projecting ran-213

domized velocities within the range 0.2–1 m s−1 (representative of majority of observed214

ejecta speeds) onto a sphere and adding the resulting vector to the particles’ initial state.215

This implementation was also used by Kováčová et al. (2020).216

3.2 Implementation of Non-Gravitational Forces217

Particles in the centimeter-sized particle regime are easily influenced by SRP and218

PR drag (Burns et al., 1979). We used REBOUNDx (Tamayo et al., 2020), which can219

incorporate computationally complex procedures into a REBOUND simulation environ-220

ment without sacrificing computational speed. We included the solar effects, as defined221

by Burns et al. (1979), via the Radiation Forces package (Tamayo et al., 2020). The mag-222

nitude of this radiative effect depends on a parameter β corresponding to a radii gen-223

erated according to the observed size frequency distribution (Figure 2), which is assigned224

to each particle during initialization. β is the ratio of SRP relative to the solar gravi-225

tational force and can be obtained from226

β = 1.148 · 10−4
Qpr

ρd
, (1)

where Qpr is the grain scattering efficiency, ρ is the particle density in kg m−3, and227

d is the particle diameter in centimeters (Jenniskens, 2006).228

Other non-gravitational forces such as relativistic effects, solar wind drag, and mass229

shedding are assumed to be negligible for this study (Vaubaillon et al., 2005).230

–7–



manuscript submitted to JGR: Planets

Figure 3. This figure shows a Sun, Earth, and particle three-body system, with expected

orbital evolution of the particle under the effects of gravitational perturbations, SRP, and PR

drag (Weidenschilling & Jackson, 1993). The sample particle (in this example, β = .057) will

experience a constant decay in its orbit until caught in resonance with Earth. Once trapped, as

noted by the first vertical line, the eccentricity of the orbit will continuously rise, until the reso-

nance can no longer support the orbit shape, as noted by the second vertical line. This behavior

was reproduced from (Weidenschilling & Jackson, 1993), using a REBOUND simulation with the

REBOUNDx implementation of the radiation forces, giving us confidence in the accuracy of the

simulated environment.

–8–
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3.3 Assessing Simulation Accuracy231

Because our objective is to create a simulated environment that is representative232

of the actual conditions that Bennu’s particle stream experiences, we took additional mea-233

sures to ensure accuracy. Each week, just before the introduction of a new particle, we234

correct the positions of the major bodies to match those reported by Folkner et al. (2014)235

in JPL’s most recent solar system solution DE431. Our integrator was already highly236

accurate such that the weekly corrections are on the order of only 10 meters for the in-237

ner planets and 1 meter for the outer planets. These corrections are effective in the long238

run, as Earth’s positional differences between internally integrated planets and the JPL239

solution could be as large 2 Earth radii by the end of the 420 year period. The most sig-240

nificant rationale for this step in our integration method is to ensure the accuracy of the241

Moon’s position, because the Moon’s orbit is notoriously difficult to model effectively242

due to non-rigid-body motions of tides, etc. A summary of the position and velocity cor-243

rections (expressed as deltas) applied during this process is provided in Table 1.244

Table 1. Solar System Shift Deltas

Body ∆R (m) ∆R (m) ∆Ṙ (mm/s) ∆Ṙ (mm/s)
Mean Max Mean Max

Venus 85.32 86.97 0.28 0.29
Earth 32.27 36.35 0.11 0.12
Moon 321 485 1.27 1.82
Mars 9.3 11.9 0.03 0.04
Jupiter 0.2 0.4 0.0007 0.0009

We added one more test to ensure accuracy. A study by Weidenschilling and Jack-245

son (1993) explores the effect of SRP and PR drag on orbital resonance traps. With our246

model we were able to recreate a three-body resonance system that is detailed in their247

paper (Figure 3). As expected, a particle under a constant transverse drag along its or-248

bit will experience a drift towards the system’s center. This drift is interrupted by the249

resonance trap, which will remain stable until the eccentricity reaches a critical value,250

above which it exits the trap.251

4 Simulation and Experimental Procedures252

Our simulations model the evolution of Bennu’s particle stream throughout the pe-253

riod when Bennu’s orbit is best constrained (1780 – 2135). The integrations are extended254

through 2200 to better understand the future of the particle stream. The ejection pa-255

rameters are summarized in Table 2. Simulated particle positions are determined by256

the location of the parent body; the ejection velocities are uniformly distributed across257

the range of observed speeds of 0.2 – 1 m s−1; and particle sizes are constrained to match258

the size distribution observed by the OSIRIS-REx mission science team. We do not try259

to simulate potential observational biases in particle size or ejection direction (Chesley260

et al., 2020). Figure 2 shows our simulated particle size distribution, with particles rang-261

ing from 0.1 to 2.5 cm in diameter and grouped into 24 bins. These particle sizes directly262

determine the β of each simulated particle, assuming a particle density of 2000 kg m−3263

(equation 1).264

Bennu produces on the order of 104 grams of material per orbit with 30% of that265

mass on hyperbolic trajectories (Hergenrother, Maleszewski, et al., 2020). Converting266

Bennu’s orbital mass loss to annual mass loss (365 days per year / 438 days per orbit),267

the hyperbolic ejecta amounts to 2500 grams per year. Our software is set up to intro-268

duce new particles at a constant, weekly, cadence. To account for the 2500 grams of new269

–9–
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Table 2. Parameters of Model

Production Range 1780 – 2135
Full Time Range 1780 – 2200
Production Rate 95 Particles/Week
Ejection Speeds 0.2 – 1 (m s−1)
Particle Diameters 0.1 – 2.5 (cm)
Particle Density 2000 (kg m−3)

material entering the simulation per year, we use a production rate of 95 particles per270

week.271

300 Earth Radii 100 Earth Radii

10 Earth Radii

A B C

Figure 4. Panel A is a full view of a potential Bennuid particle stream in 2135 as Earth (or-

bit in green) nears the Earth-Bennu MOID. We collect data on all simulated particles within

300-Earth radii, as shown in panel B. Panel C shows the location of the 10-Earth radius for con-

text. Panels B and C also demonstrate that the youngest material (orange-yellow) tends to stay

closely correlated to Bennu’s position (orbit in blue).

The integration of many thousands of particles is a computationally expensive task.272

Even running the simulation at 1 ejection per week produces tens of thousands of par-273

ticles on orbits close to Bennu’s orbit, where stream members experience close encoun-274

ters with Earth on an annual basis. This requires the integrator to use very small step275

size increments to maintain accuracy.276

Because we assume that the particles do not interact with each other, our solution277

was to break the 355 years (1780 to 2135) of particle production in each simulation down278

into 3-year groups, or ‘chunks’. Each chunk covers 3 years of 1 particle per week pro-279

duction and represents an average of 157 particles. These particles all experienced iden-280

tical representations of the solar system between the years 1780 and 2200 and were able281

to be simulated on a single machine in about a quarter of the time that would otherwise282

have been required. To achieve a particle production rate of 95 particles per week, we283

simply restart the process 95 times. This is parallelized between multiple processors which284

enabled the simulation of 1,764,625 unique particles. These sum to a total mass of 2056285

kg introduced and simulated in the particle stream. Comparing this mass to the produc-286

tion rate reported by Hergenrother, Maleszewski, et al. (2020) of 2.5 kg/year × 355 years287

= 888 kg, we consider our results optimistically representative of Bennu mass loss for288

this time frame.289

Measurements of associability, stream elements, and circularization are made on290

the 3-year 157-particle sub-streams which are compiled together for final analysis. To291

–10–
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collect data on the near-Earth particles, a sphere with radius equal to 300 Earth radii292

is centered at Earth. Any particle that enters that sphere is tracked until it reaches its293

minimum distance to Earth, where the heliocentric and geocentric state vectors are recorded294

for later use in impact and meteor-flux probability analysis. Figure 4 depicts the size295

scale of the data acquisition region. The particle stream in this example is a super-set296

of particle positions in 2135 as produced by our simulations. The year 2135 is chosen for297

Bennu’s known close approach with Earth. Many young (age: 1–20 y.o.) particles are298

trailing behind Bennu while some older particles (age: 30–50 y.o.) are preceding Bennu,299

experiencing even more significant Earth close approaches. Because Bennu itself will not300

impact Earth over our time interval, we do not expect to observe flux from particles much301

younger than the timescale of circularization.302

5 Data Analysis & Results303

To provide context for the primary simulation, first, we address the relevance of304

SRP and PR through analysis of the timescale of circularization as described in Ye et305

al. (2018) and Ye, Brown, and Pokornỳ (2016). Throughout the simulation, the stan-306

dard deviation of the particle streams’ mean anomaly is calculated. The stream is said307

to be circularized if it reaches the encircling limit of σM ≥ 60◦, where σ is the stan-308

dard deviation of the mean anomaly M . This limit is a fairly accurate metric of circu-309

larization as 3σ gives a range of ±180◦ and is representative of 99.7% of the stream mem-310

bers (Ye et al., 2018; Ye, Brown, & Pokornỳ, 2016). Secondly, we investigate the timescale311

of particle stream associability using the Dsh criterion. Meteoric activity observers have312

determined that bodies with Dsh ≤ 0.15 can be correctly associated with the parent body313

(Jenniskens, 2006). At regular intervals, we compare all particle stream members to the314

current orbit of their parent body. These results are relative to a start date for parti-315

cle production of 1780 though there is reason to suspect that particle production has been316

part of Bennu’s history before this (Hergenrother, Adam, et al., 2020).317

5.1 Timescale of Circularization318

Our simulations produced nearly 1.8 million particles, each with distinct ejection319

velocities and sizes. Resulting from realistic differences in their initial conditions, these320

particles circularize about Bennu’s orbit in 80 ± 40 years. The fastest sub-stream cir-321

cularized in 14 years. Figure 5 shows an example of stream circularization, comparing322

the approximated constant production rate (95 particles/week in the model) to single-323

event production. Both streams begin to circularize around the same time, prompted324

by near-Earth approaches in 2054 and 2060 which are marked by vertical dashed lines.325

Constant particle production by the parent body results in a stream circularizing faster326

than particles released in a single event. Panels A – D of this figure provides a visual-327

ization of meteoroid stream circularization. Panel D corroborates previous assertions that328

particles will be near Earth, each mid-September, as the stream becomes circularized.329

Our modeled circularized particle stream resulted in the presence of particles within330

Earth’s Hill Sphere every year after 1966, 186 years after the model begins. The very331

first particle to pass this close to Earth did so in 1896, long before Bennu’s first close-332

approach within this region in 2060. This particle stream’s progress towards circular-333

ization is heavily driven by close approaches. Particles will remain relatively close to Bennu334

with only ejection velocities and radiation forces to drive differences between them and335

their parent body. As a result, the sub-streams which took the longest to circularize were336

all produced within the dynamically calmest period of 1850 – 2000.337
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Constant Production
Single Event Production

Figure 5. Time evolution of σM (left panel) with visual examples of particle spread at var-

ious levels of encircling (right panels). This figure compares the time for circularization from a

single event (blue curve) with that of the constant particle production case (yellow curve).

5.2 Particle Associability338

Figure 6 shows that 99.33% of our stream of 1.8 million particles remains asso-339

ciable to Bennu for the entirety of the simulated time range 1780 – 2200. Bennu’s close340

approaches are noted in the vertical dashed lines, the affect of which can be best observed341

during the 1788 and 1848 approaches which are correlated with an increasing spread of342

the populations Dsh values. The 0.67% that dissociate from Bennu are caused by very343

close encounters with Earth that result in highly perturbed trajectories such that their344

orbits are no longer comparable to Bennu’s. Even these perturbed particles remain as-345

sociable with Bennu for the first 320 years of the simulation. This means that there is346

a good chance that a successful observation of these meteors would be recognized as com-347

ing from Bennu.348
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Figure 6. Particles ejected from Bennu remain associable for at least 150 years according to

our calculation of the Dsh criterion as defined by Southworth and Hawkins (1963). Only 0.67% of

particles are predicted to lose their association to Bennu by 2200.
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5.3 Analysis of Impactor Flux at Earth349

B-plane analysis is a method used in large-body impact hazard prediction (Chesley350

et al., 2014; Farnocchia et al., 2019; Valsecchi et al., 2003). By saving the states of par-351

ticles within Earth’s Hill Sphere, the region around Earth where its gravity dominates,352

we can reduce the particle’s interaction with Earth to the two-body problem. Once a par-353

ticle is close to Earth, we can change to a geocentric reference frame in which the par-354

ticle will appear to be on a hyperbolic orbit about Earth. The B-plane is defined as the355

plane that is both passing through the origin of Earth and normal to the asymptotic in-356

bound velocity of each particle, hereby denoted as V∞. A vector B is then projected from357

Earth’s origin to the point where the particle will intersect the plane. Impact is defined358

as whether the magnitude B = | ~B| is less than Earth’s capture distance, which is ∼2.5359

Earth radii for this system.360

Figure 7. A particle stream from 2050 to 2135 (years chosen for computational convenience)

is observed to evolve continuously towards a high meteor flux encounter in 2182. The stream is

plotted on the B-plane in the pik framework. The mirrored vertical lines show the ± 10 Earth

radii (thicker lines) and ± 2.5 Earth radii (thinner lines) regions.

The two-body approach formulation can be analyzed by transforming the pik ref-361

erence frame (ξ, ζ) onto the B-plane such that −ζ is oriented with the projection of the362

heliocentric velocity of the planet and ξ can be taken as the MOID. We can obtain in-363

formation on the MOID (|ξ|) and relative timing (|ζ|) of each particle’s near-Earth ap-364

proach. For particle impacts from Bennu, Earth needs to pass through a coherent por-365

tion of the meteoroid stream. Figure 7 plots the particle stream on the B-plane, pro-366

viding perspective on the timing and positions of our stream over time. The MOID of367

the meteoroid stream decreases towards zero until 2182, where a portion of the stream368

is shown to overlap with Earth (at the origin) at the right time and place for numerous369

impacts. These impacts are analyzed below in section 5.3.2.370

Though we initially thought to consider particles within a 10-Earth radii as poten-371

tial impactors, such an assumption would require the particle stream to be of near uni-372

form density across this region. Figure 7 refutes this assumption as the particle streams373

projected on the B-plane exhibit stream widths < 5 Earth radii. Panel C of Figure 4374

presents a another reference of this region. Therefore, rather than defining very close par-375

ticles as impactors, we implemented and search our integrations for hard-sphere parti-376
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Figure 8. Recorded impact distribution at Moon (blue) and Earth (green) for each year of

our simulation. The vertical axis is truncated for reasonable scaling of the majority of years.

cle collisions. Table 3 details the predicted meteor flux through the provision of the max-377

imum particle impacts in an hour. Figure 8 shows the number of particles that impact378

Earth and Moon throughout the simulations. These “true impacts”, and their initial con-379

ditions are analyzed in the following section. We find that the year 2182 has the most380

impactors with 161 counted within a 3 hour period. Analysis of the 2182 storm is con-381

tinued in section 5.3.3. We will show that this peak is not a sampling error but is, in fact,382

an example of a best-case scenario of Earth crossing through the densest portion of our383

particle stream.384

5.3.1 Analysis of Impactors385

Of the 1.8 million particles produced during our simulated period of particle pro-386

duction (1780–2135), 276 particles impact Earth and 6 impact the Moon. The distribu-387

tion of impacts per year is shown in Figure 8. Our model finds the first impact to be388

at the Moon in 2071 (291 years after start), with the first at Earth occurring in 2101 (321389

years after start). The rates of these impact numbers steadily increase until the Septem-390

ber 2182 storm which accounts for > 23% of our models recorded impactor flux.391

Bennu close approach years do not appear to correlate with impactor counts. Com-392

paring the size distribution of these particles to the size distribution of all simulated par-393

ticles shows no bias (Figure 9). The total stream population was produced with ini-394

tial velocities that were evenly distributed between 0.2 and 1.0 m/s, and the impacting395

particles still maintain that trend, as shown in Figure 10. Our particles were introduced396

in weekly intervals about Bennu’s orbit which results in an even distribution of the par-397

ticles’ initial Keplerian mean-anomaly. Figure 11 shows that impacting particles from398

all years except those involved in the 2182 storm are evenly distributed in mean anomaly.399

5.3.2 Analysis of the 2182 Bennuid ’Storm’400

The year 2182 recorded 5 times more impacting particles than any other single year.401

We examined this result to ensure that it was not a sampling error or otherwise biased402
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Figure 9. Size distribution of simulated particles intersecting Earth compared to the ex-

pected size distribution. Panel A compares all 682 impactors. Panel B compares only the 2182

impactors. Panel C shows the distribution without the 2182 impactos.
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Figure 10. Speed distribution of particles intersecting Earth following same format as Figure

9
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Figure 12. Two separate particle streams are responsible for the meteors predicted to in-

tersect Earth in 2182. The 12 members labeled group 1 are shown in blue. The 138 members

labeled group 2 are shown in red. The average age of these particles matches the expected

timescale of circularization.
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Figure 13. Relationship between particle age and particle size for the two coherent streams

which contribute to the 2182 meteor shower.
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result. The distribution of particle ages at impact, shown in Figure 12, shows that these403

impacting particles are produced over a range of 67 years. Figure 13 adds to our un-404

derstanding by showing a comparison of ejection years and particle size. If our 2182 storm405

were the result of a sampling bias, such that nearly all 161 impactors were born during406

the same 1 or 2 weeks, these two plots would have shown peaks centered at one or two407

years. By considering our result shown in Figure 7 that Bennu’s particle stream is cross-408

ing Earth’s path and the peak impact rate of 137 particles per hour as reported in Ta-409

ble 3, we see that 2182 is an ideal year for a major intersection between Earth and Bennu’s410

meteoroid stream (a Bennuid storm).411

The age breakdown (Figure 12) shows that most of the impacting particles were412

produced over a 60-year period between 2085 and 2125. The close encounter breakdown413

in Figure 1 shows that this time range, 2082–2125, is a dynamically calm period, so we414

expect that many of the particles produced during this time range stay within a half rev-415

olution from Bennu. The B panels of Figure 9 – 11 are reproduced in more detail in416

Figure 14. Panel C in Figure 14 shows that, unlike the rest of impacting particles, the417

2182 impactors were produced within a defined range of mean anomalies, which ranges418

from approximately one third of Bennu’s orbit centered at a mean anomaly of 315◦ to419

just before perihelion, where Bennu is closest to Earth.420
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Figure 14. The predicted 161 2182 impactors can be categorized by their orbital route to

impact. Panel A shows the ejection speed distribution, colored by group, Panel B shows each

group’s size distribution, and Panel C shows the groups’ distributions of initial mean anomaly, or

the mean anomaly of each impacting particle at their time of birth.

So, we have a specific group of particles produced during a calm period of time in421

a well-defined region of Bennu’s orbit. Panels A and B of Figure 14 show that there422

is no bias in speed or size. What then is the reason behind this storm in 2182? We find423

our answer in a study by Chesley et al. (2014) on Bennu’s impact probabilities between424

2175 and 2200 as a result of keyholes (temporally correlated positions around a mas-425

sive body that ensure future impacts upon entry), produced by Bennu’s close encounter426

with Earth in 2135. We analyzed these 161 particles for a close approach with Earth in427

2135 and found that 150 particles, split between two groups, were present.428

Analysis of 11 particles not near Earth in 2135 shows them to be characteristically429

similar to impactors of other years. We have labeled these 11 particles as “interlopers”430

and consider them to be background particles.431

The remaining 150 particles are plotted on the B-plane in 2135 in the first panel432

of Figure 15, which includes age and relative size. This figure shows that two dynam-433

ically distinct streams experience Earth encounters in 2135 which set up different res-434
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onant returns to Earth in 2182. The smaller group, group 1, of only 12 particles makes435

an intermediary Earth approach in 2155 resulting in a 27:23 resonance with Earth. The436

larger group, group 2, makes an intermediary close approach in 2162 resulting in a 20:17437

resonance to Earth. The particles of group 2 were produced over a range of 60 years with438

varying sizes and speeds, but their orbital position during ejection selects these parti-439

cles to impact Earth in 2182 when the meteoroid stream’s MOID is zero. With these 150440

particles impacting within 1 hour and 40 minutes, this ‘storm’ is representative of the441

best conditions for particle flux at Earth from Bennu.442
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Figure 15. Of the 161 particles which impact Earth in 2182, 150 can be dynamically linked to

an Earth approach in 2135 which determines their path towards impact. Particle sizes and ages

are represented according to the keys available in the figure. group 1 is represented in gradients

of blue while group 2 is in gradients of red based on particle age at impact. group 1’s interme-

diary close approach in 2155 is shown along with group 2’s intermediary close approach in 2162.

group 2 is shown to have a tight impact cluster along the right limb of Earth.
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6 Conclusions443

We used a precision historical solar system integrator (REBOUND), parameter-444

ized on the basis of OSIRIS-REx observations of particle ejection from asteroid Bennu,445

to predict the flux of Bennuid meteors to Earth. These simulations show that discrete446

weekly particle ejection events (95 particles/week ) allow for circularization of the par-447

ticle stream within 80 years after ejection. Individual particles (and the stream) remain448

associable to Bennu for the entire simulation timescale of 420 years.449

This simulation confirms that material ejected from Bennu will intersect with Earth450

in the future and likely already has. We predict that particle flux rates at Earth will be451

extremely low, much less than a particle per year until near 2101 as the Bennu-Earth452

MOID reaches values less than Earth’s cross section of impact. Our simulated highest453

particle flux in 2182 converts to a zenith hourly rate (ZHR) of > 0.1 or one meteor ob-454

served in 10 hours. This is comparable to the lowest recognized flux from known show-455

ers. Major showers like the Geminids dwarf this rate by three orders of magnitude with456

a ZHR > 100 year to year (Jenniskens, 2006). We expect that the 3 hour window offered457

by the 2182 storm is the only reasonable chance to observe meteors from Bennu.458

In our study, the increase in flux rates were not correlated with close approaches459

of the parent body Bennu, but we observe that the densest portion of the meteoroid stream460

remains near the parent body. This finding suggests that more significant meteoric ac-461

tivity is possible from near-Earth asteroids that pass closer to Earth than does Bennu.462

Asteroid (99942) Apophis is an ideal candidate for such activity at Earth with a close463

approach distance of 37,700 km (5.9 Earth radii) in 2029.464

The process that is leading to mass loss on Bennu is probably not unique to Bennu465

(Hergenrother, Adam, et al., 2020). Thus, the discovery of particle ejection from Bennu466

opens up an avenue of investigation into meteors originating from the near-Earth aster-467

oid population. The methods presented here can be expanded upon to give us insight468

into the history and structure of what is now regarded to be the ‘background’ meteoroid469

population.470

Developments in the field of dynamically tracking debris in space may be of inter-471

est to sectors other than astronomers. Improvements in our models of near-Earth aster-472

oid ejecta could also be used to constrain safety margins for future missions to other bod-473

ies. Ejecta long-term evolution could be important to estimates of safety and expected474

lifetime for any near-Earth satellite.475
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Table 3: Annual Bennuid Meteor Flux Rates at Earth

Peak Time UT Duration Peak Hourly Peak Time UT Duration Peak Hourly
(Y-M-D hh:mm) (hh:mm) Impactors (Y-M-D hh:mm) (hh:mm) Impactors
2125-09-25 01:15 04:50 1 2165-09-24 23:53 04:38 2
2127-09-25 18:02 03:42 1 2166-09-25 03:31 05:29 3
2129-09-25 05:02 03:12 2 2167-09-25 04:50 03:24 2
2130-09-25 08:22 03:40 1 2168-09-24 16:56 05:37 2
2133-09-25 00:18 07:45 2 2169-09-24 22:59 04:32 14
2134-09-25 11:15 00:24 2 2170-09-25 03:23 04:18 3
2135-09-25 12:29 11:53 2 2171-09-25 07:43 04:48 2
2136-09-25 01:16 03:06 2 2172-09-24 14:33 05:25 2
2137-09-25 11:00 00:31 2 2174-09-25 02:15 04:54 4
2138-09-25 09:54 02:13 1 2175-09-25 04:46 09:25 2
2139-09-25 12:52 08:31 1 2176-09-24 09:33 07:52 1
2140-09-24 23:40 02:59 2 2177-09-24 19:47 06:53 1
2141-09-25 06:57 04:02 2 2178-09-25 03:48 07:12 4
2142-09-25 09:46 03:51 3 2179-09-25 03:55 05:13 5
2143-09-25 12:09 10:01 2 2180-09-24 13:11 05:53 4
2144-09-24 21:19 08:11 2 2181-09-24 15:46 02:52 8
2145-09-24 23:09 06:29 1 2182-09-24 23:04 03:17 137
2146-09-25 04:55 10:26 1 2183-09-25 16:07 11:11 3
2147-09-25 12:04 09:09 2 2184-09-24 09:18 07:18 2
2148-09-24 19:36 12:02 1 2185-09-24 14:31 05:05 4
2150-09-25 03:13 05:23 1 2186-09-25 01:21 04:44 3
2151-09-25 13:58 04:15 3 2187-09-25 07:08 06:03 3
2152-09-24 17:32 08:03 2 2188-09-24 06:46 09:55 2
2153-09-25 00:37 07:45 4 2189-09-24 15:07 04:36 4
2154-09-25 05:52 00:19 5 2190-09-25 02:33 04:36 10
2155-09-25 16:25 06:33 2 2191-09-25 04:35 01:28 1
2156-09-24 18:18 06:52 3 2192-09-24 07:59 09:58 1
2157-09-25 00:06 05:18 2 2193-09-24 15:17 11:32 7
2158-09-25 05:38 06:32 2 2194-09-24 19:00 05:58 3
2159-09-25 10:39 09:36 4 2195-09-25 02:00 05:35 13
2160-09-24 12:43 09:13 2 2196-09-24 08:26 02:08 22
2161-09-24 22:01 06:04 2 2197-09-24 15:06 04:06 1
2162-09-25 00:42 10:06 2 2198-09-24 14:41 08:32 1
2163-09-25 09:43 06:53 2 2199-09-25 01:01 10:50 4
2164-09-24 14:55 06:20 3
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