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Small-Meteor Trivia

* Stream (predictable) and sporadic (unpredictable) meteors.

* Meteoroids enter the Earth’s atmosphere at hypersonic speed
(11-73 km/s), burning up below 100 km altitude.

* The origin, mass distribution, composition, and total annual
input of meteoroids still remain unknown.

* The majority of small meteoroids cannot be optically detected
(if <10™* g), but sensitive radars may detect them (if > 1071 g).

— Due to the meteor plasma formed around and behind the
fast-descending meteoroid




Background

® What? Dense plasma near fast-descending ablating meteoroids.

e Where? In the E-region ionosphere (90-120 km of altitude: magnetized electrons +
unmagnetized ions).

* Radar observations: Head echoes, specular, and non-specular trails.
* Questions? How is the meteor plasma formed? What are its characteristics?

 Why do we care? Need to properly interpret radar measurements in order to obtain
useful information about meteoroid masses and composition.



Typical Plasma Trail and Head Echoes
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Formation of Meteor Plasma
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Theory: Goal and Justification

* Spatial structure of near-meteoroid plasma:
o To model radar head echo

* Need collisional kinetic theory — for two reasons:
o Length-scale: ~ one 1on-neutral collision mean free path
o Non-Maxwellian ion velocity distribution.

* Analytical theory of meteor head plasmas provides:
o Quantitative parameter dependence, scaling
o The spatial structure for FDTD wave propagation simulations



Scaling: Length and Energy
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Plasma Density Spatial Distribution

J§ R My, )L A

1/3 2/3 2/3
f:l 21 erf{ﬁR%cos@ﬁJ— (4—7r)|0039| +2‘c039‘ exp 3R |cos€|
2/3

RY 3 2 2\/1+(4—7r)2R2/3|0039|2/3/27r R 2

1 [27 3 2 2 3R , ,
IZE 3 erf(\/;ﬁJ—(Hijexp[— > j (R is normalized to 1(1))
/o j \/1+2R2/3x2/3 exp 3R ¥ —cos?0 " A, = 1 2 — )
1 2

4 2 1-x n, o n oU

|cos6)|
2R2/3x2/3 3R2/3x2/3 - /1_x2 |COSQ|
1+ B dx
T

2
n = S/ pm Ras (1+ z j[dg(U)] 0, Q= fleosO|+1cosO +1, +1,,

1
]2:|0039| j

|cos6)|

arcsin _
xsin @




Ion Density Distribution (Analytic Theory)
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Comparison of Theory and PIC Simulations
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Conclusions

A first-principle kinetic theory of the dense plasma formed around a fast-descending
meteoroid produces an explicit universal analytic expression for the spatial distribution of
the plasma density.

This axially-symmetric distribution changes from n ~ 1/R at short distances mostly to
n ~ 1/R? at longer distances from the meteoroid center, with varying anisotropy.

EPPIC simulations of the head-echo plasma support the analytic theory.

Recent simulations of the radar cross sections suggest the n ~ 1/R? distribution as the
closest one to CMOR radar (Canada) observations.

FDTD simulations based on plasma structure from theory and PIC simulations have already
been started; first results have been published. To be continued!



Analytic theory

 First-principle physics based on collisional kinetic theory:
* Quasi-stationary plasma velocity distribution in the meteoroid frame
* Local atmospheric background and given meteoroid ablation
* Major assumptions (based on the actual physical conditions):
* Collisions of the ablated particles and meteor plasma only with the
undisturbed distribution of atmospheric molecules (N,, 0,)
* Large Knudsen number: A oy > 1y
* Electrons are magnetized, ions are unmagnetized; quasi-neutrality
* Electric and magnetic fields only weakly affect the 1on motion

* The hypersonic meteoroid speed U >> V1~ (Tap1/ mabl)l/ 2
* Meteor head plasma 1s formed by particles ionized after a first collision
* Inelastic losses are small compared to the particle kinetic energies
* Major result: universal spatial distribution of the meteor head plasma scaled to the
local collisional mean free path



