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Abstract

High-power large-aperture radar instruments observe numerous meteor head echoes per minute. Head echoes result from
reflections of radio waves from plasma surrounding meteoroids as they enter Earth’s atmosphere. Knowledge of the spatial
distribution of electrons in this plasma is essential to determining the mass loss rate of the meteor as a function of its measured
radar cross-section. Prior work applies theoretical and computational methods to determine the electron density distribution,
but assumes the meteoroid emits neutral particles uniformly across its surface. In this paper, a numerical surface ablation model
demonstrates that meteoroid mass loss may occur preferentially in the direction facing the oncoming atmosphere. Specifically,
meteoroid mass loss becomes proportional to the frontal surface area facing the freestream atmosphere in the limit of high
Biot number, but remains isotropic in the limit of low Biot number. Meteoroid rotation has a small effect on the direction of
ejected mass, but the effect is insignificant compared to variation in meteoroid properties that affect the Biot number. This
result informs our computational meteor plasma model, in which we compare the effect of meteoroid vaporization on the plasma
distribution in the limits of low versus high Biot number. The resulting electron density profiles demonstrate order-of-magnitude
agreement between each other, with peak difference of 70\% immediately upstream of the meteoroid. This implies that the
directional distribution of vaporizing neutrals likely does not significantly influence head echo observations, lending credence to

existing work that assumes isotropic ablation.
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Abstract

High-power large-aperture radar instruments observe numerous meteor head echoes per
minute. Head echoes result from reflections of radio waves from plasma surrounding me-
teoroids as they enter Earth’s atmosphere. Knowledge of the spatial distribution of elec-
trons in this plasma is essential to determining the mass loss rate of the meteor as a func-
tion of its measured radar cross-section. Prior work applies theoretical and computational
methods to determine the electron density distribution, but assumes the meteoroid emits
neutral particles uniformly across its surface. In this paper, a numerical surface abla-
tion model demonstrates that meteoroid mass loss may occur preferentially in the di-
rection facing the oncoming atmosphere. Specifically, meteoroid mass loss becomes pro-
portional to the frontal surface area facing the freestream atmosphere in the limit of high
Biot number, but remains isotropic in the limit of low Biot number. Meteoroid rotation
has a small effect on the direction of ejected mass, but the effect is insignificant compared
to variation in meteoroid properties that affect the Biot number. This result informs our
computational meteor plasma model, in which we compare the effect of meteoroid va-
porization on the plasma distribution in the limits of low versus high Biot number. The
resulting electron density profiles demonstrate order-of-magnitude agreement between
each other, with peak difference of 70% immediately upstream of the meteoroid. This
implies that the directional distribution of vaporizing neutrals likely does not significantly
influence head echo observations, lending credence to existing work that assumes isotropic
ablation.

Plain Language Summary

Meteors entering Earth’s atmosphere, colloquially referred to as “shooting stars,”
are regularly observed by radar instruments that transmit radio waves into the atmo-
sphere and then listen for received signals. Although objects that are meters or larger
in diameter pose a collision risk to life on Earth, small particles that are less than mil-
limeters in diameter, called meteoroids, are much more abundant and pose an ongoing
threat to spacecraft via high-speed impacts. During entry, a meteoroid collides with on-
coming atmospheric particles, causing the meteoroid surface to heat up, melt, and va-
porize into gas particles. Previous research assumes this gas is ejected in all directions
equally surrounding the meteoroid. We develop a computer simulation that demonstrates
that gas may be ejected in greater quantities from the front of the meteoroid facing the
oncoming atmosphere. As vaporized gas expands outward, it collides with more atmo-
spheric particles, ionizes, and becomes a plasma. We further perform computer simu-
lations of plasma formation, comparing the cases where meteor material is ejected equally
versus preferentially forward. Although the resulting plasma shapes are slightly differ-
ent between the two cases, the difference is likely not large enough to make a significant
difference in radar observations.

1 Introduction

Small extraterrestrial dust particles, known as meteoroids, continuously enter Earth’s
atmosphere at tens of kilometers per second, colliding with atmospheric species that trans-
fer energy to the meteoroid. As the meteoroid heats, neutral particles vaporize and ion-
ize from its surface, forming a plasma detectable by radar, which is referred to as a me-
teor. By analyzing meteor radar signatures, properties of the meteoroids responsible for
these signatures, in addition to the atmosphere through which they travel, can be bet-
ter understood and quantified.

Recent research has sought to quantify meteoroid mass and density using their radar
or optical signatures (Tarnecki et al., 2021; Térano et al., 2019; Close et al., 2012). Im-
proving the accuracy of these calculations is important since these properties are directly
related to the hazards that such particles pose to spacecraft and astronauts in the space
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environment. When meteoroids impact spacecraft, they can cause electrical damage due
to generation of a plasma during impact that emits radio-frequency pulses (Kelley et al.,
2012; Lau et al., 2024; Lau & Elschot, 2025). The nature of these pulses are known to
depend strongly on the properties of the impactor (Garrett & Close, 2013).

As a meteoroid enters Earth’s atmosphere and encounters collisions with atmospheric
molecules, mass loss occurs from the meteoroid surface due to sputtering and thermal
ablation (Popova et al., 2001; Guttormsen et al., 2020). As ablated particles travel away
from the meteoroid, they experience further collisions with atmospheric molecules that
are often ionizing. A plasma cap forms around the ablating meteoroid, from which ra-
dio waves scatter to produce head echo signatures in radar data. As the plasma expands
and undergoes more collisions with the surrounding atmosphere, a Farley-Buneman/gradient
drift instability may form, initiating turbulence and creating field-aligned irregularities
(FAI) (Oppenheim & Dimant, 2015; Oppenheim et al., 2000). When a radar beam is aligned
perpendicular to the background magnetic field, these irregularities can Bragg scatter
radio waves and create a radar signature known as the nonspecular trail echo (Dyrud
et al., 2005). Non-FAI scattering is also known to occur and generate trail echoes in cases
where radar beams are not oriented perpendicular to the background magnetic field (Kozlovsky
et al., 2020; Chau et al., 2014).

High-power large-aperture (HPLA) radar instruments capable of performing inco-
herent scatter radar (ISR) measurements are also particularly capable of detecting me-
teor head echoes. Examples of such radars include the ARPA Long-Range Tracking And
Instrumentation Radar (ALTAIR) (Close et al., 2000), the Advanced Modular Incoher-
ent Scatter Radar (AMISR) facilities such as PFISR and RISR-N (Sparks et al., 2010),
Millstone Hill Observatory (MHO) (Evans, 1965; Erickson et al., 2001), and Jicamarca
Radio Observatory (JRO) (Chau & Woodman, 2004; Y. Li et al., 2020). These facili-
ties observe between hundreds and thousands of meteors per hour (Hedges et al., 2022;
Volz & Close, 2012), originating from small particles with diameters of micrometer scale;
larger than the particles observed via impact detectors on spacecraft (Baggaley et al.,
2007), but smaller than those detectable via optical instruments (Brown et al., 2017; Campbell-
Brown & Close, 2007). The abundance of head echo signatures present in radar data can
be quickly identified and analyzed using machine learning algorithms (Hedges et al., 2024;
Y. Li et al., 2023, 2022). A radar need not be HPLA to observe head echoes; facilities
that operate within lower-power regimes such as those adapted from specular meteor radars
are also capable of observing head echoes (Janches et al., 2014; Panka et al., 2021).

Previous research has sought to quantify the mass loss rate of a meteoroid using
the measured head echo signal strength, along with some model for radio wave scatter-
ing from the plasma cap, which can be integrated over the observation time to deduce
total meteoroid mass (Marshall et al., 2017). The first such effort is discussed in Close
et al. (2004) and Close et al. (2005), in which it is assumed that the electron density sur-
rounding the ablating meteoroid is spherical and drops off in distance via a Gaussian.
Bulk density of meteoroids can then be calculated using the measured meteoroid mass
and deceleration as input to a model for atmospheric drag (Close et al., 2012). With these
properties quantified, one can further apply optimization techniques to calculate atmo-
spheric neutral density as a function of altitude (Limonta et al., 2020; A. Li & Close, 2016).
More recent research, including an analytical model based on physical gas dynamics (Dimant
& Oppenheim, 2017a, 2017b), demonstrates that the meteor plasma cap shape is far from
a Gaussian sphere. This analytical theory, which we henceforth refer to as the DO model,
has been validated by a three-dimensional electrostatic particle-in-cell (PIC) simulation
(Sugar et al., 2018, 2019). The PIC method is preferable to fluid methods for meteor sim-
ulations since it is fully kinetic. Such a method is necessary for meteors since the veloc-
ity distributions of ablated particles are expected to be highly non-Maxwellian in the mo-
ments after ablation and before they encounter enough equilibrating collisions (Sam et
al., 2025). Using a known shape for the plasma surrounding an ablating meteoroid, ra-
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dio wave scattering from this plasma can been simulated using the finite-difference time-
domain (FDTD) method (Dyrud et al., 2008a, 2008b; Marshall & Close, 2015; Sugar et
al., 2021). These analytical and computational approaches rely on the assumption that
the meteoroid ablates warm neutrals isotropically, which is generally justified by the ar-
gument that the meteoroid is small and rotates quickly.

Given the reliance of prior work on the isotropic ablation assumption, there is an
ongoing need to further investigate the directional distribution of ablated neutrals, and
understand its effect on the meteor plasma responsible for head echoes. This enables quan-
tification of uncertainty due to this variation in ablation physics, knowledge of which is
currently severely lacking in the field. It is known that head echoes sometimes exhibit
properties of differential ablation (Dyrud & Janches, 2008; Janches et al., 2009) and frag-
mentation (Close et al., 2011; Campbell-Brown, 2019), so this work makes a crucial ad-
vance towards the most physically accurate ablation simulations that study these effects
in detail and quantify their effect on radar observations.

We will first discuss the meteoroid surface ablation model used to demonstrate the
importance of considering non-isotropic ablation in section 2. As part of this discussion,
we introduce the Biot number for the case where heat transfer occurs primarily due to
rarefied collisions between oncoming atmospheric particles and the meteoroid. We then
present our computational plasma simulations used to determine the electron density pro-
file of the meteor in section 3, where we consider the extremes of low and high Biot num-
ber ablation, and compare the results with an existing analytical theory.

2 Meteoroid Ablation Model

There have been many past works, both analytical and numerical, studying the at-
mospheric entry of meteoroids, including ablation models (Popova, 2004; Campbell-Brown
et al., 2013; Brykina & Egorova, 2023) and flow physics (Zalogin & Kusov, 2016). Ef-
fects of rotation have also been studied for simplified cases. Simulations of meteoroid en-
try for a rapidly rotating meteoroid and a non-rotating meteoroid have been performed
to investigate the effects of meteoroid rotation on meteor formation altitude (Adolfsson
et al., 1994).

Meteoroids with diameters smaller than 102 m are often assumed isothermal, such
that they eject ablation products during entry with a distribution equiprobable in all di-
rections. The Biot number is often used to justify an isothermal assumption, which is
an indicator of the temperature uniformity in a body undergoing heating and is typi-
cally defined as Bi = hL/X where h is the convection coeflicient, L is a characteristic
length scale, and A is the thermal conductivity of the solid. A small Biot number (Bi < 1)
typically indicates an isothermal condition. In the case of meteoroid entry, since the sur-
rounding flow is not a continuum flow for small meteoroids, the convection coefficient
cannot be used and another parameter to represent the heat flux must be considered.
Past works (Love & Brownlee, 1991; Longo & Longo, 2018) justify isothermality using
a modified Biot number that assumes radiation, rather than convection, is the dominant
mode of heat flux from the meteoroid surface, such that h ~ ¢T3, where o is the Stefan-
Boltzmann constant and T is the characteristic temperature of the ablating meteoroid.
This results in the following expression for the Biot number: Bi = oT3L/\.

This definition of the Biot number results in very small values of Bi for parame-

ters of interest in this study. As a simple model of asteroidal meteoroids, we take A = 3 W/(mK)

and consider the meteoroid diameter as the characteristic length scale, with L = 10~* m.
We show in Section 2.2.1 that the steady-state temperature of this meteoroid traveling
at 40 km/s reaches 1750 K. These values yield Bi = 0.01, which appears to support
the use of an isothermal assumption. In this section, we will investigate whether such

a meteoroid is truly isothermal using a surface ablation model, and what this indicates
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for the directions in which ablation products are ejected. We also vary meteoroid param-
eters, including rotation, to determine their effect on ablation.

2.1 Physical Model and Numerical Methods

A simplified 2D model is used to simulate heat transfer within the meteoroid and
through its surface. It is assumed that the surface does not recede due to mass loss, to
avoid any need to adapt the mesh geometry across each timestep. Energy flux due to
vaporization is still considered. The 2D heat equation is solved in cylindrical coordinates:

ot ror or r2 902 (1)

oT(r,0) (T(?T(r, 9)) a 02T(r,0)
where « is the thermal diffusivity, defined as o = A\/(pmcp) where p,,, is the mass den-
sity of the meteoroid material and ¢, is the specific heat capacity of the material. Per-
forming the simulation in 2D effectively approximates the meteoroid as an infinitely long
cylinder with the atmosphere impinging on the curved face. Since the fundamental physics
of heat transfer are similar in 3D, this model serves as a starting point to assess isother-
mality and ablation.

The heat flux boundary condition is applied for free-molecular conditions, suitable
for high altitude ablation of small meteoroids. Assuming full thermal accommodation,
the heat flux from collisions with atmospheric molecules at a given point on the mete-
oroid surface, in units of power per unit area, is calculated as

1
Qin = ianS COSB? (2)

where p, is the mass density of the neutral atmosphere, U is the meteoroid speed, and
[ is the relative angle between a surface element normal vector and the meteoroid ve-
locity vector. For elements on the back side of the meteoroid, the heat flux is set to zero.

Heat rejection from radiation and vaporization at the surface is also considered,
yielding the net heat flux through a surface element as:
1 dm)
s dt /)’
where € is the emissivity, T is the surface temperature, H is the latent heat of vapor-
ization, and 4™ is the mass loss per unit area from the surface where s is the area of

s dt
the surface element.

1
Qnet = §an3 cos B — oeTd — H( (3)

Following the simplified ablation models in the literature (Popova, 2004; Zalogin
& Kusov, 2016; Adolfsson et al., 1996), we compute

1dm wo\Y?
S _p (- 4
s dt v(27kaT) ’ ( )

where p is the molecular mass, k; is the Boltzmann constant, and P, is the vapor pres-
sure, calculated with the Clausius-Clapeyron model:
C
logyo Po(T) = Ca — — (5)
where C'y and Cp are the Clausius-Clapeyron coefficients. A slightly modified form of
this model was used by Zalogin and Kusov for the study of iron meteoroid entry (Zalogin
& Kusov, 2016).

The equations are solved with a 2nd order finite differencing scheme for the spa-
tial derivatives and implicit Euler for the time derivative. The Scipy library (Virtanen
et al., 2020) is used for the sparse matrix construction and solving the linear system of
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the meteoroid can be assumed relatively constant. With the parameters defined in Ta-
ble 1, the diffusion timescale specified by R?/a is 2.5 ms. Using the time it takes for a
40 km/s meteoroid to travel 1 km gives a time interval of 25 ms. The Fourier number
is 10 in this case, which indicates that a steady-state analysis of the meteor tempera-
ture profile is appropriate.

An initial simulation was performed of this asteroidal meteoroid without rotation,
the results of which are shown in Figure 1. We can see that, starting from an initial tem-
perature of 300 K, a steady-state solution with average temperature T ~ 1750 K is reached
at around 0.03 s, with a difference between temperature extremes of 138 K. Although
the meteoroid appears reasonably isothermal, the ablation rate is highly non-uniform across
the surface. This is because relatively small differences in the temperature can result in
significant differences in the ablation rate, which is specified by its nonlinear relation-
ship with temperature in Equations 4 and 5. We calculate the overall probability den-
sity function of the direction that a particle is ejected, 6, by assuming that all particles
are ejected from any given surface point with probability given by a half-Maxwellian dis-
tribution and then integrating the directional distribution of mass loss per unit area across
the surface. In summary, these results indicate that for a non-rotating meteoroid, tem-
perature differences on the order of 100 K may exist, despite the modified Biot number
(with h ~ oT?) predicting isothermal behavior. Such a temperature difference leads to
a surface ablation rate multiple times larger in the upstream-facing direction than the
downstream-facing direction.

2.2.2 Effects of Rotation

Next, we consider the effects of rotation on the isothermal assumption, particularly
as it relates to the distribution of ejected ablation products. Some past works have at-
tempted to estimate the rotation of meteoroids. Beech and Brown used flickering in op-
tical meteoroid observational data as an indirect measurement of rotation rate (Beech
& Brown, 2000), with frequencies up to 500 Hz observed for meteoroids as small as 1 cm
in diameter. Capek performed numerical estimations of the rotation rates of cometary
meteoroids, estimating a median rotation frequency of around 100 Hz for 1 mm diam-
eter meteoroids (Capek, 2014). The results were dependent on the meteoroid diameter,
with smaller meteoroids having a higher rotation frequency.

Based on these estimates of meteoroid rotation, we perform simulations with 100 Hz,
500 Hz, and 1000 Hz rotation with the same conditions detailed in Table 1. The result-
ing steady-state temperature profiles are shown in Figure 2b, including the prior result
with no rotation. The rotation produces three main effects on the temperature field: first,
the solution becomes more homogeneous for higher rotation rates; second, the average
temperature of the meteoroid increases slightly with increasing rotation rates; and finally,
the location of maximum temperature is shifted in the direction of rotation, with the mag-
nitude of the shift increasing with the rotation rate. The magnitude of these effects are
shown in Table 2. In each case, a steady state is reached and the time to reach steady-
state from an initial temperature of 300 K is not significantly affected by the rotation
rate.

As expected, these results impact the steady-state distribution of the ejected ab-
lation particles, which are shown in Figure 2a. As the rotation frequency increases, the
distribution of ejected particles becomes more uniform, and the peak of the distribution
shifts away from the direction of the incoming free-stream in the direction of the rota-
tion. This shift corresponds exactly to the shift in maximum temperature. Importantly,
even at 1000 Hz rotation, there is significant variability in the distribution of ejected par-
ticles, with a ratio of maximum to minimum ablation rates of 1.58 at 1000 Hz (as a com-
parison, the ratio is 2.98 at 0 Hz).
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Figure 1. Surface ablation model results for an asteroidal meteoroid with diameter of 10™* m

ablating at 100 km showing a) the average temperature of the meteoroid as a function of time, b)
the steady-state temperature profile of the meteoroid, c) the probability density function of the
ejected direction of particles from the meteoroid, and d) the ablation rate as a function of posi-
tion on the meteoroid surface. Temperature fields are visualized with the atmosphere traveling

from left to right.

Table 2.

of varying rotation rate.

Results from surface ablation simulations for the variation in temperature as a result

Rotation Rate

255

256

257

Mean Temp. (K)

Temp. Range (K)

Temp. Peak Shift (Radians)

0 Hz 1750.2 137.6 0

100 Hz 1751.1 133.5 0.142
500 Hz 1757.3 90.90 0.481
1000 Hz 1759.3 64.07 0.550

Although increasing the meteoroid rotation rate does make the solution more isother-

mal, given the nonlinear relationship between the temperature and the ablation rate, it
is clear that rapidly rotating meteoroids can still have relevant temperature gradients
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Figure 2. Surface ablation model results for an asteroidal meteoroid of d = 10™* m at 100 km
for 0 Hz, 100 Hz, 500 Hz, and 1000 Hz rotation rates showing a) the probability density function
of the ejected direction of particles from the meteoroid and b) the steady-state temperature pro-

file of the meteoroid.

resulting in significant variation in ejected particle distribution. Furthermore, this vari-
ation can occur in spite of very low Biot numbers as defined using the h ~ ¢T* con-
vention used previously in the literature.

2.2.3 Revisiting the Biot number

Our result of significant temperature gradients at a low Biot number motivated fur-
ther investigation of the Biot number definition used in past works (Love & Brownlee,
1991; Longo & Longo, 2018). One potential problem with this definition lies in the sub-
stitution of the convection term given by h ~ ¢T2, which implicitly assumes that ra-
diation is the dominant mode of heat transfer in the problem. Revisiting the equilibrium
energy balance specified by Equation 6, the heat flux from the free-molecular flow col-
lisions is balanced against the endothermic vaporization reaction and the radiative heat
transfer from the meteoroid. For our simulation parameters in Table 1, the radiation ac-
counts for roughly 12.4% of this balance, with the remaining 87.6% of the heat losses at-
tributed to vaporization. A more appropriate definition of the Biot number may there-
fore be one that captures the heat flux experienced by the meteoroid more directly. Here,
we instead define the Biot number based on the heat flux per unit area experienced by
the meteoroid under rarefied flow conditions, with h ~ p,U?/T and

_ paUL

B
YT

(8)
Applying this definition of the Biot number to the conditions of our aforementioned

simulations yields Bi = 0.53, as compared to a value of Bi = 0.01 with the previous

definition. While the current formulation is defined for free-molecular flow conditions,

it could be extended to account for transitional and continuum flow conditions.

To study the effect of our Biot number definition on the final solution, the ther-
mal conductivity of the meteoroid was modified to yield Biot numbers of 10, 1, 0.1, and
0.01. It should be noted that modifying the meteoroid radius to yield the same Biot num-
bers produces the same steady state solution. Other material and entry properties were
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unchanged. Simulations were then performed for 0 Hz, 100 Hz, and 1000 Hz rotation rates.
Results are presented in Figure 3, and the modified Biot number is shown to provide a
reasonable measure of the homogeneity of the ejected particle distributions. For higher
Biot numbers (Bi 2 1), the solution shows significant variation, and for low Biot num-
bers (Bi < 1), an isothermal assumption holds. Notably, when Bi = 10, the ejection
probability trends toward a sinusoidal function, where particles are most likely to be ejected
upstream (i.e. in the direction of the meteoroid velocity vector). This indicates that par-
ticles at any given point on the meteoroid surface are ablated at a rate proportional to

the surface area that faces the oncoming atmosphere. As expected, the rotation rate im-
pacts the solution homogeneity, but the same trend with the Biot number is still observed.
In additional simulations, it was found that varying the Biot number by changing either
the diameter or the thermal conductivity produced identical final results in the temper-
ature field and ablation product ejection distributions.
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Figure 3. Ejection direction probability distribution functions for Biot numbers of 10, 1, 0.1,
and 0.01 at rotation rates of 0 Hz, 100 Hz, and 1000 Hz. These results correspond to simulations
where the Biot number is controlled by modifying the thermal conductivity. Identical results are

produced by modifying diameter.

Figure 4 depicts the same simulation setup per the parameters specified in Table 1,
except the atmospheric altitude (and therefore density) is now varied to yield Biot num-
bers of 10, 1, 0.1, and 0.01. We further recompute the characteristic temperature by solv-
ing the energy balance in equation 6. This is necessary when either the density or ve-
locity is modified. While the results in Figures 3 and 4 are not identical, the qualitative
trend captured in our Biot number definition, specified by Equation 8, holds regardless
of which parameters are modified. The main difference between these results is the im-
pact of the rotation on the overall solution. Since the high density (and therefore high
heat flux) solutions in Figure 4 heat the meteoroid very quickly, the impact of the ro-
tation is reduced.

2.2.4 Key Takeaway

In summary, a small numerical study was conducted on meteoroid heating, rota-
tion, and ablation using a simplified 2D model. The key takeaway from this study is that
significant temperature gradients can exist under conditions often considered to be isother-
mal. Under such conditions, these temperature gradients result in a non-uniform distri-
bution of ejected ablation products from the meteoroid. The commonly used definition
for the Biot number (where h ~ ¢T®) does not appropriately predict these inhomogeneities.
Instead, a modified Biot number is proposed and simulations are presented for a range
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Figure 4. Ejection direction probability distribution functions for Biot numbers of 10, 1, 0.1,
and 0.01 at rotation rates of 0 Hz, 100 Hz, and 1000 Hz. These results correspond to simulations
where the Biot number is controlled by modifying the atmospheric density. Identical results are

produced by modifying entry velocity to achieve the same changes in the free-molecular heat flux.

of modified Biot numbers and rotation rates. When Bi > 1, the ejected particle distri-
bution is highly heterogeneous, and suggests that a given point on the meteoroid sur-
face ablates at a rate approximately proportional to the surface area facing toward the
oncoming atmosphere. When Bi < 1, the ejected particle distribution is nearly isotropic,
as per the assumptions of many prior models for meteoroid ablation. Rotation can in-
crease the isotropy of ablation to some extent, but the effect is not nearly as pronounced
as that of changing the Biot number.

Although this ablation simulation was performed in two dimensions, which effec-
tively approximates the meteoroid as an infinitely long cylinder rather than a sphere, the
result provides a starting point to investigate how non-isotropic ablation may influence

plasma formation and radar observations of the meteor head echo. Although a three-dimensional

ablation simulation would be more physically accurate, determining how the meteoroid
tumbles in 3D is not trivial, and since the physics of heat and mass transfer are simi-
lar, we do not expect these key findings to vary drastically in 3D. We further investigate
the effect of varied Biot number on plasma formation using a 3D plasma simulation in
Section 3.

3 Plasma Simulation

Since the plasma surrounding an ablating meteoroid is responsible for the head echo
signature, we seek to simulate this plasma as accurately as possible to best interpret the
plethora of head echoes present in radar data. As part of this effort, we incorporate the
physical understanding gained via our ablation model into our models of the plasma that
is directly observed by radar instruments.

Prior efforts to simulate plasma in the near-meteoroid region make significant as-
sumptions in how ions and electrons from the ablating meteor are initialized within the
simulation domain. The first such investigation by Jones et al. (1999) tracks the motion
of ablated particles and the momentum-scattering and ionization effects that occur due
to collisions with background neutral particles. However, thermally ablated neutral atoms
are initialized at zero velocity, which neglects the initial motion of ablating particles be-
fore they collide with atmospheric particles. Furthermore, it is not a full PIC simulation
since the effect of the electric field acting on ions and electrons is neglected. The second
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attempt to perform meteor head echo simulation by Dyrud et al. (2008a) utilized a two-
dimensional PIC code to resolve the meteor plasma including the effects of the electric
field, but this simulation effectively assumed that ions are directly ablated from a point
source via sputtering, rather than assuming neutrals are thermally ablated at some fi-
nite velocity before ionizing some distance away from the meteoroid due to a collision.

The most recent PIC simulation of the meteor head echo by Sugar et al. (2019) used
the massively parallel three-dimensional Electrostatic Parallel Particle-in-Cell (EPPIC)
code on a supercomputer (Oppenheim et al., 2008), which tracks meteoric neutrals, ions,
and electrons along with background ionospheric ions and electrons, while modelling back-
ground atmospheric neutrals as a continuum. The simulation assumes warm neutrals are
initialized isothermally, with equal probability that a neutral particle is ejected from any
part of the meteoroid. Ionization occurs subsequently after the neutral particle travels
some distance from the meteoroid and collides with an atmospheric neutral particle.

Despite Sugar et al. (2019) being the most accurate meteor head echo plasma sim-
ulation to date, the ablation model results discussed in Section 2 demonstrate that warm
neutrals are not ejected isotropically from many of the meteoroids that generate head
echoes observed via radar, which raises the question of how this effect influences the elec-
tron density shape surrounding the meteoroid, and therefore how radio waves reflect from
the plasma. In the following section, we will discuss the implementation of a non-isotropic
ablation case into EPPIC based on the ablation model results, and then compare the dif-
ference between the plasma shape calculated via this non-isotropic case and the formerly
used isotropic ablation case. We further compare the results from both cases with the
analytical DO model developed by Dimant and Oppenheim (2017a, 2017b).

3.1 Simulation Method

We performed our PIC simulations using the EPPIC code running on a supercom-
puter cluster. EPPIC is an electrostatic PIC code that performs computation in three
dimensions on a uniform Cartesian grid.

For our meteor plasma simulations, we track five particle species: meteoric neu-
trals, meteoric ions, meteoric electrons, ionospheric ions, and ionospheric electrons. We
take the meteoric neutral particles to be purely sodium particles, since spectral obser-
vations reveal that sodium is quite common in meteor observations (Ceplecha et al., 1998).
Although simulations including varying or multiple elements would be interesting, it is
not the focus of this study. Ionospheric ions and electrons are initialized uniformly through-
out the domain with a Maxwellian velocity distribution at a given temperature.

Atmospheric neutrals are treated as a uniform fluid of nitrogen gas particles trav-
elling at constant velocity relative to the meteoroid, since they are far more numerous
relative to the other species and therefore including them as discrete particles would be
computationally prohibitive. On each timestep, the present particle positions are used
to calculate species densities, and thus total charge density, p, everywhere on the grid.

The electrostatic potential, ¢, is then calculated using Poisson’s equation derived via Gauss
Law,

)

V=L 9)
€0

where ¢ is the vacuum permittivity. Poisson’s equation is discretized and solved on the
3D simulation grid by leveraging fast Fourier transforms in the dimensions perpendic-
ular to the meteoroid trajectory, and then solving the equation directly via a tridiago-
nal matrix solution in the remaining dimension. The use of Fourier methods accelerate
computations in directions where it is acceptable to assume the boundary conditions are
periodic.
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The electric field is computed via the definition of electrostatic potential, E= —Vo,
at the position of each particle, from which the particle’s velocity at the next timestep
is determined via

Ar=2L (wa éo) At, (10)
m

where ¢ and m are the particle’s charge and mass, respectively, EO is the background ge-
omagnetic field vector, and At is the timestep length. Given the electrostatic solution,
we assume that the magnetic field induced by the plasma itself is not strong enough to
significantly alter the results. Once the new particle velocity is calculated, the effect of
momentum-scattering collisions with atmospheric neutral particles is accounted for us-
ing the Monte Carlo Collision (MCC) method (Birdsall, 1991), which updates the ve-
locity vectors of some neutrals, ions, and electrons. Particle positions are then simply
updated via the relation A7 = TAt.

3.1.1 Simulation Parameters

For a small meteoroid entering Earth’s atmosphere at an altitude of 100 km and
velocity of 40 km/s, Sugar et al. (2019) determined that the simulations require a do-
main size of 2.56 m in all three dimensions to ensure the meteor head plasma is fully cap-
tured, and a cell length of 5x1073 m in all three dimensions to ensure the plasma De-
bye length is resolved throughout the domain, including at the position of peak plasma
density. The computational grid therefore includes 512 points per dimension. Ideally,
we would resolve the length scale of the meteoroid surface within our PIC plasma sim-
ulation and include surface physics such as charging, but it is currently computation-
ally prohibitive to use a grid resolution small enough when the meteoroid diameter is set
to 0.1 mm.

We use a simulated electron mass of 10 times the physical electron mass in order
to increase the allowable timestep size. This technique is frequently used in PIC simu-
lations to decrease the computational time necessary to run the simulations while pre-
serving accuracy (Bret & Dieckmann, 2010). A timestep size of 20 ns then ensures that
plasma oscillations are resolved throughout the domain. We consider background ions
to have the same mass as meteoric ions since the mass of sodium is very similar to the
mass of nitrogen gas and therefore does not significantly affect the results.

In our simulation, at time ¢t = 0, we initialize the domain with a background iono-
spheric plasma of uniform density throughout the domain, and we begin to initialize ab-
lated neutral particles at the meteoroid location. After enough timesteps have been com-
puted, the number of total particles in the simulation reaches a quasi-steady value. At
this point, the simulation has reached a steady state, and we consider the results for quan-
tities such as density and electrostatic potential final.

Since our meteor simulations evolve into a steady state within a timescale of mi-
croseconds, and meteor entry typically occurs on a larger timescale of tens to hundreds
of milliseconds, we choose background conditions that are constant and consistent with
our chosen altitude of 100 km. We set the background neutral atmospheric number den-

sity to 1.1 x 10 m~—3, and the background ionospheric species number densities to 1.9 x 10° m

with a temperature of 380 K, corresponding to a quiet nighttime ionosphere. We initial-
ize meteoric particles such that one simulated particle represents 2048 physical particles,
and initialize background ionospheric particles such that one simulated particle repre-
sents 256 physical particles. We orient the background magnetic field perpendicular to
the meteor trajectory. As an example, this condition would be expected for a meteor de-
scending from directly overhead at Jicamarca Radio Observatory. We assume the me-
teoroid ablates at a total rate of i = 107! kg/s. This value is lower than what we ex-
pect for many head echoes observed in HPLA radar data, but increasing it further would
reduce the smallest Debye length and therefore require reducing the simulation cell size.
We tested varying the simulated value of 71, and doing so results in directly proportion-

—13—

3



432

433

434

435

436

437

438

439

440

443

444

445

446

447

448

449

450

451

453

454

455

Low Biot Number High Biot Number

Meteoroid
surface
—
Atmospheric =
neutrals —  aumm
(11 to 73 Km/S) mp
—

(a) ©

E 04 0.4 1.0e+15 _
3 7
g 02 0.2 6.0e+13 §
- >
% 3.6e+12 G
5 0.0 0.0 ‘ S
3 2.1e+11 0
QL ]
T -0.2 -0.2 Q
< 1.3e+10
e z
9 -04 -0.4 1.0e+09

-0.4 -0.2 0.0 0.2 04 -0.4 -0.2 0.0 0.2 0.4

Downstream distance (m) Downstream distance (m)
(d) (e

Figure 5. Illustration of how thermally ablated neutral particles are initialized in the simula-
tion, including a) definition of angle ¢, diagrams of particle initialization for b) low Biot number
and c) high Biot number, and simulated neutral particle density in steady-state within the do-
main for d) low Biot number and e) high Biot number. The diagrams showing the meteoroid

surface are for illustration only; in the plasma simulation, this surface reduces to a point source.

ate scaling of the plasma density. The results also remain in agreement with the DO model.

Thus, although the simulated plasma density will be overall lower than what occurs in
many real meteors, we can assume that the plasma shape is representative of the shape
that appears at higher ablation rates, up to the point where collisions between two me-
teoric particles, as opposed to collisions involving one meteoric particle and one atmo-
spheric particle, become frequent enough to alter the plasma shape.

3.1.2 Meteoric Particle Initialization

Since the grid spacing is 50 times larger than the diameter of the meteoroid exam-
ined via our computational ablation model, we consider the meteoroid a point source of
warm neutral particles at 2500 K, where each neutral is generated given the probabil-
ity that its initial velocity has a particular magnitude and direction.

We initialize warm neutral particles via a two-step process. The first step is to choose
a point on the meteoroid surface corresponding to the point at which the particle vapor-
izes, using some probabilistic model specifying the odds a particle is ablated from any
given point on the surface. The second step is to assign a magnitude and direction to
the velocity vector of the particle, assuming the probability it is ejected in any given di-
rection is specified via a half-Maxwellian oriented normal to the meteoroid surface at the
point chosen via the first step. This process is illustrated in Figure 5. Note that since
the meteoroid surface is so small relative to the grid, the particle position on the sur-
face is not modelled, and this position is only relevant for determining the direction of
the half-Maxwellian distribution from which it is initialized.

In the material ablation simulations with high Biot number, it is observed that the
ejection probability trends toward a value that is proportional to the projected surface
area facing upstream at any given point, with far reduced ablation occurring from the
side facing downstream. The ablation rate per unit area at any point on the surface is
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thus m’ ~ cos (¢), where ¢ is the angle between a given surface point and the point on
the meteoroid directly facing upstream (i.e. aligned with the meteoroid velocity vector),
and [, m/dA = 1. Straightforwardly, in simulations with low Biot number, the ejec-
tion probability is constant across angle. We therefore simulate the two extremes of high
and low Biot number in separate PIC simulations, to determine how varying Biot num-
ber may affect the meteor plasma, and thus influence radar head echo observations.

3.1.3 Collisions and Ionization

Since the background atmospheric neutral density is multiple orders of magnitude
higher than the densities of each meteoric species, we include only collisions between each
meteoric species and background atmospheric neutral particles in our PIC simulation.

Via the MCC method, the chance that particle collides with an atmospheric neutral within
the length of a timestep is given by

P, =1—exp(—naoV,At), (11)

where n 4 is the background atmospheric density, o is the collisional cross section, and
Vi-er is the magnitude of the relative velocity between the colliding particles. We assume
that collisions between meteoric neutrals and atmospheric neutrals have the same cross-
section as between meteoric ions and atmospheric neutrals, since Sugar et al. (2018) demon-
strates that the difference is less than 1% via analysis of Lennard-Jones interaction po-
tential models. We then determine this cross-section using an empirical formula that has
been used frequently in prior research (Bronshten, 1983). Therefore,

Onn = Oin = 5.61 x 10710V 08, (12)
where V,.; must be specified in kilometers per second. These collisions are considered
to be fully elastic, since the ionization energy of sodium is significantly less than the to-
tal collision energy at velocities in the range expected for meteors. For collisions between
electrons and atmospheric neutrals, we instead assume that inelastic collisions dominate,
since Figure 7 of Frost and Phelps (1962) demonstrates that inelastic collision rates at
energies around 1 eV and below are multiple orders of magnitude larger than elastic col-
lision rates. We then model inelastic energy loss via the method discussed in Oppenheim
et al. (2008) and Oppenheim and Dimant (2013). The collisional cross-section for electron-
neutral collisions at velocities below 400 km/s is determined by the formula specified in
Gurevich (1978),

Gen = (16246 x 1072) V3 (13)

rel’

where V,..; must be specified in meters per second. For velocities above 400 km/s, the
cross sections are interpolated from Figure 1 in Engelhardt et al. (1964).

In the event that a neutral particle undergoes momentum scattering, its probabil-
ity of ionization is assessed using the empirical power law specified by Vondrak et al. (2008)
for sodium particles,

B =0.933 (Vye — 8.86)> V94, (14)

rel

where V,.; must be specified in kilometers per second. If ionization occurs, the neutral
particle is replaced with an ion and an electron. The ion undergoes momentum scatter-
ing via the MCC method, while the electron is initialized with random direction and with
its velocity magnitude sampled from a 1 eV Maxwellian distribution relative to the col-
lision center of mass. This method of initializing electrons is based on the work of Berry
(1961) and is further discussed in Sugar et al. (2019). Since spectroscopic observations
demonstrate that most ions are singly ionized species, we do not include any multiply
ionized species in our simulation (Ceplecha et al., 1998).
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283 3.1.4 Boundary Conditions

a8 In order to reduce overall computation time and leverage the performance improve-
a8 ment gained by the use of fast Fourier transform methods, we use periodic boundaries

486 in both dimensions perpendicular to the direction the meteor travels. Although this ef-
ag7 fectively simulates a two-dimensional array of meteors in parallel, so long as there is no
188 significant population of meteoric particles crossing the periodic boundaries, the assump-
489 tion does not significantly impact results. Particles that exit a periodic boundary will

490 re-enter from the opposite side, and electrostatic potential is inherently assumed peri-

201 odic at the corresponding boundaries when calculated via the Fourier method.

102 We cannot use a third periodic boundary in the direction of the meteor trajectory,
203 since the outgoing meteor trail would nonphysically overlap with the meteor head echo
404 plasma. These boundaries act as inflow and outflow boundaries for the neutral atmo-

405 sphere and background ionosphere. Since only the background ionosphere needs to be

496 resolved via particles, we inject ionospheric ions and electrons at each of the boundaries
a07 using a Maxwellian flux distribution with the bulk velocity of the relative atmospheric

498 motion. The results of Sugar et al. (2019) demonstrate that Neumann field boundary

499 conditions at the nonperiodic boundaries, where V¢ = E= 0, are appropriate for me-

500 teor plasma simulations with a quiet ionosphere, so we employ this condition for the field
501 potential.

502 3.2 Simulation Results

503 Since the magnetic field only contributes to minor asymmetry in the results, and

504 studying its effect is not the primary motivation of this paper, we present the electron

50 density profiles axially averaged about the meteor trajectory. Furthermore, to mitigate
506 the noise that is inevitable in PIC simulation results, we perform time-averaging of the
507 steady-state result by outputting the electron density field every 25 simulated timesteps,
508 until the results from 400 timesteps are output. These fields are averaged together.

500 The electron density for the cases of low-Biot and high-Biot meteoroids, along with
510 the electron density predicted by the DO model, the percent difference between the low-
s11 Biot and high-Biot cases, and the percent difference between each simulation and the

512 DO model, are compared in Figure 6. From visual inspection of the logarithmic contour
513 plots, the electron density shapes are remarkably similar between the low-Biot and high-
514 Biot cases, and even the DO model in the near-meteoroid head echo region. The per-

515 cent difference plot between the low- and high-Biot cases reveals the difference between
516 the shapes. In the region directly upstream of the meteoroid, there is greater than 60%
517 difference, and in the region directly downstream, the difference is up to 40%. This is

518 intuitive given that the difference in neutral ablation is greatest in front of and behind

519 the meteoroid, and differences in the neutral densities drive differences in the electron

520 densities as neutrals quickly ionize after vaporizing.

521 It is clear that the DO model produces the greatest similarity in the near-meteoroid
522 region, as expected given that the DO model is intended specifically to resolve this re-

523 gion. The DO model neglects a component of forward scattering of ionized particles, which
524 explains the apparent discontinuity between the upstream and downstream components
525 of the plasma, and the reduced upstream agreement between the DO model and PIC plasma
526 densities. For the low-Biot case, agreement is very strong downstream of the meteoroid,
507 with less than 50% difference until beyond 0.5 meters downstream. For the high-Biot

528 case, agreement in this region is not as strong, with up to 100% difference close to the

529 meteoroid. This makes sense given that the DO model effectively assumes a low Biot num-
530 ber via isotropic ablation. In both cases, the percent difference increases with distance

531 from the meteoroid. The percent difference blows up in the upstream direction beyond
532 the region occupied by the meteor plasma. This is because the DO model neglects the
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Figure 6. Electron density for a) the DO model, electron density for b) the low-Biot and c)
high-Biot PIC cases averaged about the axis of the meteor trajectory, d) difference between the
two PIC cases, and e) and f) difference between each PIC case and the DO model.

background ionosphere included within the PIC simulations and the density drops to zero
in this region.

To more clearly elucidate how the electron density varies between the low- and high-
Biot cases, we consider the axially averaged electron densities along lines perpendicu-
lar to the meteor trajectory, depicted in Figure 7. Slightly upstream of the meteoroid
position, the plasma density is larger overall for the high-Biot case, due to greater ejec-
tion of neutral particles from the side of the surface facing upstream. Progressing down-
stream, the high-Biot plasma density is lower in the near-meteoroid region but then be-
comes larger at greater perpendicular distance.

In general, the plasma density shapes agree within an order of magnitude between
the extreme low-Biot and high-Biot cases. In reality, for many meteors, it is likely that
the plasma density will fall somewhere in the middle of the two extremes, given the vari-
ation in rotation, size, material, and atmospheric properties. The shape variation may
contribute somewhat to differences in the observed radar signal strength, although the
effect is not likely to be drastic. Furthermore, the simulation results lend additional cre-
dence to the analytical DO model, given that variation within the near-meteoroid plasma
region is minor, and this region is responsible for generating head echoes in radar data.
For non-fragmenting and near-spherical meteoroids, where the ablation rate is not large
enough for a vapor cap to form, the DO model is a sufficient physical picture of the plasma
responsible for head echo scattering.

4 Conclusions and Future Work

In this paper, a numerical model for ablation and surface recession of meteoroids
with varying properties including rotation rate is developed. Although prior work de-
fines a meteoroid Biot number based on radiative heat transfer, we suggest a Biot num-
ber based on atmospheric heating; we show that this modified Biot number better pre-
dicts the thermal gradients present during meteoroid entry. Our meteoroid heat trans-
fer and ablation model demonstrates that meteoroids with moderate to large Biot num-
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Figure 7. Axially averaged electron density profiles from each PIC case along a line perpen-

dicular to the trajectory axis at varying downstream distances.

ber, even at high rotation rates, do not experience isotropic ablation. This result is con-
trary to what has extensively been assumed for prior meteoroid ablation research. In-
stead, ablation becomes proportional to the projected surface area facing upstream. The
results motivate the extension of our existing PIC plasma simulation of an ablating me-
teor to account for anisotropic ejection of ablating neutrals. Using our PIC code, we sim-
ulate the extremes of low-Biot and high-Biot number ablation. Although the electron
density shape varies somewhat between the cases of isotropic and non-isotropic ablation,
the difference overall does not exceed 70%, and the shapes are very similar within order-
of-magnitude scale.

It must be noted that this work purely investigates the potential effect of anisotropic
ablation that may be dependent on rotation, among other parameters, for the case of
a spherical non-fragmenting meteoroid. Our simulations are an important step towards
advanced models of radio wave scattering that may explain more unique head echo ob-
servations in HPLA radar data. Future work will investigate surface recession in the very
likely case that an incoming meteoroid is more irregularly shaped and composed of vary-
ing material, and move towards self-consistent three-dimensional simulation of surface
recession and tumbling. This will more accurately quantify the range of rotation rates
expected for incoming meteoroids, and further investigate how the plasma density pro-
file that generates a head echo may vary based on meteoroid properties. Additionally,
computational simulation of radio wave scattering using the FDTD method will be car-
ried out using PIC results for the electron density shape. This will specify how much the
radar cross-section of a measured head echo might vary due to variation in the ablation
parameters of a meteoroid.
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All of the code repositories and data necessary to reproduce the results of this pa-
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