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Abstract. Meteoroids traversing the E-region ionosphere Kaiser and Clossl952 Lebedinec and Sosnove968 Poul-
leave behind extended columns of elevated ionization knowrter and Baggaley1977 Jones and Joned991). Non-

as the meteor plasma trails. To accurately interpret radaspecular echoes result from Bragg scatter-off of smaller-
signals from trails and use them for diagnostics, one needscale, magnetic-field-aligned plasma irregularities which de-
to model plasma processes associated with their structureelop as a result of plasma instabiliti€Sh@pin and Kudeki

and evolution. This paper describes a 3-D quantitative the1994ab; Oppenheim et al200Q Dyrud et al, 2002 2004).

ory of the electrostatic interaction between a dense plasmahese plasma instabilities are driven by strong electric fields
trail, the ionosphere, and a DC electric field driven by aninduced within or near the plasma trail.

external dynamo. A simplified water-bag model of the me- The majority of meteoroids are too small to be visible even
teor plasma shows that the highly conducting trail efficiently by sensitive optical equipment, so that radars often represent
short-circuits the ionosphere and creates a vast region of cuthe only available diagnostic tool. To accurately interpret
rents that flow through and around the trail. We predict thatradar signals and use them for diagnostics, we need to under-
the trail can induce electric fields reaching a few V/m, both stand the plasma processes associated with trail dynamics. In
perpendicular and parallel to the geomagnetic field. The forparticular, we need to quantitatively describe the structure of
mer may drive plasma instabilities, while the latter may leadmacroscopic electric fields and currents associated with the
to strong heating of ionospheric electrons. We discuss phystrail drift and diffusion.

ical and observational implications of these processes. In Dimant and Oppenheirf2006ab) we developed a 2-D
Keywords. Electromagnetics (Plasmas) — lonosphere (E|ec_the0retical description of meteor plasma trail diffusion and
tric fields and currents; lonospheric disturbances) fields for arbitrarily dense trails that includes interactions be-

tween the trail and the background ionospheric plasma. In
those papers, however, we disregarded external electric fields
or neutral winds which are often present in the ionosphere.
A spatially homogeneous and shearless neutral wind, per-
pendicular to the magnetic field, is equivalent to a uniform

Meteoroids entering the Earth's atmosphere with a hyloer_electric field in the neutral-wind frame of reference. The ef-

sonic speed leave behind a trail of dense plasma visibl . L ) .
P ¥ (?ect of this external electric field on the meteor trail was dis-

to radars via specular and non-specular ech&ssgdaley ; .
and Webb 1980 Levitskii et al, 1982 Jones and Jongs cussed byChapin and Kudek{19943, Chapin(199§, and

) : Oppenheim et a2000. However, these predominantly 2-D
ilnggggolzcgjir?o??gvg\fl\? ;iiggj;] Sc;]ﬂlr%igsg;aé ezrg)lgihHaoeikél. treatments missed the full 3-D polarization of the trail and
(1998. Specular echoes are produced by reflection of HF
or VHF waves from the large-scale electron density inho-
mogeneity associated with the plasma trail, largely when
the radar line-of-sight is perpendicular to the trail axis (e.qg.

1 Introduction

effects associated with it.

In this paper, we develop a quantitative analytical 3-D the-
ory of interaction between a dense meteor plasma trail and an
external DC electric field, and discuss the physical and obser-
vational implications of this interaction. We summarize the
results here.

Correspondence toY. S. Dimant A meteor trail distorts an otherwise uniform electric field
BY (dimant@bu.edu) due to the following. A dense plasma trail has a much
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280 Y. S. Dimant et al.: Meteor plasma trail: effect of external field

on one side of the trail and flow out into the ionosphere from
the other side. This effect results in a net trail current which
complements the current loop associated with the trail diffu-
sion Oimant and Oppenhein20063. Unlike the induced
electric fields that decrease as the trail diffuses, the polar-
ization trail current stays roughly the same while the trail
density remains sufficiently large. Near the trail, the cur-
rents flowing in and out of trail may strongly heat the plasma
(mainly electrons), leading to a number of observable fea-
tures, including airglow. Also, strong plasma heating could
affect the rate of diffusion and may manifest itself in some
other unexpected ways.

The paper is organized as follows. In S&;twe formulate
the problem and give some description of model. In Sgct.
we find the general solution of the potential around a highly
conductive 3-D ellipsoidal trail immersed in a homogeneous

Fig. 1. Schematic of the elongated ellipsoidal trail and succes-. , . L
sive coordinate transformatioo@ex}axk (described in detall ionospheric plasma with an external DC electric field. In

in Appendix A). Only the common magnetic field-trail axis plane is Sect.4,. we find ionosp.he.ric Currer]ts f'OWi”Q both through
shown. The original trail is shaded blugjs the angle betweer the trail surface and within the trail, determine the internal

and B; axis X’3 is alongB. Rescaled alond by the small factor trail electric field, and close the entire solution. In Sé¢ctve
of €, Eq. ©), the trail is shaded yellow is the angle betweek, estimate the electron heating in and near the trail. In $ect.
andX3; the final axesX; are aligned with the principal axes of the we briefly discuss our findings and make some predictions
rescaled ellipsoidy; and Ay are the semi-axes of the original and regarding potentially observable physical effects caused by
rescaled ellipsoids, respectively. the process under study. Sectibgives concluding remarks.

In Appendices A and B, we present some mathematical de-

tails.
higher conductivity than the ambient E-region ionosphere,

especially at night time. The component of a strong external

DC electric field along the trail axis induces a strong cur-2  Description of model

rent within the trail that cannot be closed in the ionosphere

and must stop at the trail edges. As a result, the trail edge# this section, we describe a simplified model of a meteor
acquire net electric charges that partially cancel the externgblasma trail and the surrounding medium that will enable us
electric field within the trail. At the same time, far from the to catch the major features of how the external DC electric
trail, the external electric field remains nearly undisturbed,field polarizes the meteor plasma trail, resulting in distortions
creating a large potential difference projected onto the trailand amplifications of the field in the near-trail ionosphere.
length. This leads to the formation of a transitional zone be-To this end, we assume a spatially homogeneous ionosphere
tween the far ionosphere and the nearly equipotential mewith a dense plasma trail and an external electric field with a
teor trail. This process looks similar to short-circuiting of significant component along the trail. If the trail conductivity
a capacitor by a high-conductance wire. Unlike a capacitorwere infinitely high then the polarized trail would entirely
however, the ionospheric charge is distributed over a largeexpel the electric field. For the majority of real meteor trails,
volume, magnetized, quasi-neutral plasma with the voltagehowever, this ideal case is not a valid approximation. We
sustained by the ionospheric dynanke(ley, 1989. In the consider then the more general and realistic case of finite trail
most typical cases, the external DC electric field is not fully conductivity, when the trail still contains a significant electric
expelled from the trail. field.

The transitional zone between the two different plasma Meteor plasma trails often extend over many kilometers
density distributions contains spatially inhomogeneous elecin length, while their diameter is several orders of magni-
tric fields which increase dramatically near the meteor trailtude smaller. In the course of relatively slow trail diffusion,
edges. These induced fields may drive plasma instabilitieshe trail length remains nearly constant, while its transverse
which give rise to plasma density irregularities responsiblesizes vary from several meters to tens of meters or even
for non-specular radar echoes. Additionally, the field in- more until the dense trail effectively disappears. The dif-
duced near the trail edges can have a significant componeritision coefficient is inversely proportional to the neutral at-
along the magnetic field. This field can energize electronsmosphere density that decreases with increasing height, ap-
dramatically. proximately following the barometric formula. Due to this,

Polarization electric fields near the trail edges give rise tothe trail should have a trumpet-like shape with a larger trail
electric currents which flow from the ionosphere into the trail diameter at higher altitudes. However, to make an analytic
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solution possible, we assume cigar-like 3-D ellipsoidal shape In this paper, for simplicity, we will use a water-bag model
of the trail described below by Eq3) of the meteor plasma trail, which assumes a given uniform
We choose the following coordinate system: theaxisis  plasma densityp™, within a volume restricted by a given
directed along the main trail axis, the-axis is directed per- boundary surface (e.g¢dysell and Drexler2009. We will
pendicular to both the trail axis a8, thexz-axis is perpen-  also neglect disturbances of the background plasma density
dicular to the trail axis and lies in the commd@x-trail-axis (Oppenheim and Diman200§, assuming that beyond the
plane, wher# is the angle betweeB andx1, see Figl. The trail n~ng. To make the analytical solution possible, we as-

external uniform DC electric fie|dE'(0)=(E£O), E;‘)), Eéo)), sume a 3-D ellipsoidal, i.e., cigar-like shape of the plasma
is perpendicular ta. We will show that the most important  trail,
component of£ @ lies in thex1xs-plane. 5 o2 o

To describe the formation of the total electrostatic field, % + x_% + x_g =1 3)

E=—V®, where the electrostatic potenti@lincludes both 41 42 43

the e>'<ternal DC figld and' the polgrization field causeq bY\We assume that the ellipsoid is extended alongrihaxis,
the highly conducting trail, we will use electron and ion

fluid equations combined with the quasineutrality condition. a1 > as ~ (1 + v)¥2ay, (4a)
The isothermal fluid equations for the diffusion regime in-
clude two inertialess momentum equations and two continu
ity equations for electrons and ions. The quasineutrality con-

dition makes the Poisson equation for the electric potentiaking s ¢, @ (4b)

)

unnecessary. This set of equations can be readily reduced to ai

two coupled nonlinear partial differential equations for the where we introduced useful dimensionless parameters
common plasma density, and®:

and this direction is not too close to that of the magnetic field,

1/2
VenVin MeVen —2
.T; = = , ®p = ~135x 1074, (5
on+V.-I; =0, (1a) ) 0.0 0 (miwn> X (5)
V.j=eV-(I; =T,) =0, (1b)
and
where j is the total current density and the diffusion flux 12
densitiesT,;, are given by €=00(1+¥)"" <1, (6)
V (e® + T; In (n/ng)) The widely used parametefr represents the ratio between
Ti~x—n mivin ’ (28)  the Pedersen mobility of magnetized electrons and that of
VY (e® —T.In(n/ng)) !argely unmagnetlzed_ ions, whitej is the ratlo_be_tween the
Iep~n P ) (2b) ion and electron mobilities along the magnetic field. Across
v ;”’ T the E-region altitudes, the values of the collision frequen-
I, ~n [ven 1L (e®— ‘ N (n/no)) cies are such (e.&elley, 1989 Schunk and Nagy2000
meS23 that their ratio is approximately constamt,,/v;,~10 (Di-
b x Vi (ed — T,In(n/ng)) mant and Milikh 2003 Dimant and Oppenhein20063.
o . (2c) This provides an approximate constancy@f along with
e e

its numerical value specified in Ecp)( At the same time,
Hereng is the background ionospheric densif;; are the  the parametety decreases exponentially with increasing al-
electron and ion temperatures, ; are the electron and ion titude, reaching rather small values at the top altitudes of me-
massess2, j=eB/m, ; are the electron and ion gyrofrequen- teor trail formation (for a model of altitude dependence/of
cies, v, <, andv;,>Q; are the electron-neutral and ion- seeDimant and Oppenhein2004 Fig. 2). The smallness
neutral collision frequencies, respectivelyjs the elemen-  of ¢ for any ¢ within this range follows from bot®o«1
tary charge; the subscripisand L pertain to the directions and®g./¥=v.,/2.<1. Note that the aforementioned spe-
parallel and perpendicular to the magnetic fi#ldrespec-  cific models ofyr and®g pertain to the undisturbed E-region
tively; b is the unit vector alongg. The first term in the  ionosphere. At the same time, this paper shows that a strong
right-hand side (RHS) of Eq2€) describes the electron Ped- induced electric field near the meteor trail can result in sig-
ersen flux, while the second term describes the electron Halhificant electron heating and the corresponding local modifi-
flux. In more general adiabatic processes, we would haveations ofv,.,. We discuss this effect and its implications in
additional factors, ; in front of 7, ; In(n/ng). In obtaining  Sects5 and®6.
Eq. (2), we have used the fact that the effects discussed in To apply Eq. (Lb) to the two uniform plasmas separated
this paper are most pronounced at altitudes between 90 anlgly the ellipsoidal interface, we should make an anisotropic
120 km, where electrons are magnetized, while ions are uneoordinate transformation from the origina}, to new co-
magnetized due to frequent collisions with the neutral atmo-ordinates, X;. The entire transformation consists of a num-
sphere. ber of sequential steps, described in detail in Appendix A.
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X, In the renormalized coordinateg;,, the electrostatic po-
tential obeys isotropic Laplace’s equation
3 .2
5 Yoo =0 ©
2 - b
i3 90X

while the coordinates are the principal axes of the rescaled
—X ellipsoid, Eq. B),

X2 x2 x?

224321 (10)

AT A7 A3

where, to the zeroth-order accuracy,

A1~ a1SIinf, Ar=ap, Az~ —. (11)

Fig. 2. Schematic diagram of current closure through the eIIipsoidaIAccording to Eq. 4), the new semi-axes differ significantly,
trail (light-yellow shading). Vertical arrows depict ionospheric cur-

rents directed mainly alongs, while horizontal arrows depict trail A1 > A2 > As. (12)

currents which flow along. We will use this fact in Sec3 and Appendix B in order to

approximate complicated general analytical expressions.
First, we rotate the coordinate system in order to make one Eduation @) is applicable to both the dense plasma inside
of its axes parallel to the magnetic field. Second, to ad-the ellipsoidal trail and to the tenuous background plasma be-

just for strongly different conductivities along and across theY©Nd it. The boundary conditions on the interface separating
the two plasmas are: (1) continuity of the electrostatic poten-

magnetic field, we make an anisotropic scaling transforma-', o "\ ) o
tion. In the new coordinates, the equatiérnj =0 reduces to tial (resulting in continuity of the tangential electric field) and

Laplace’s equation for the electrostatic potential, but the 3-D(2) continuity of the total current density normal to the inter-
ellipsoid, Eq. 8), loses its simple canonical form. In order to face. The second boundary condition implies that there are
restore this form, we make a final small coordinate rotation."© Surface currents, though the boundary surface can accu-
All these transformations are performed in thers-plane. mulate S|g'n|f|car.1t syrface charges that res'ult'm trail polariza-
When the trail axis is perpendicular # (§=9C°) only the tion and discontinuity of the norm_al electric fle!d. The_re_ are
scaling is necessary. no_surface currents becau_se s_tralg_ht current lines within the
The entire transformations from to X, and back are de- trail can only cross the ellipsoidal interface, but they never

scribed by Eqs A9) and (A14). To the zeroth-order accuracy [1OW strictly within it, as illustrated by Fig2. The current
with respect to small parametersand az/a1, see Eqgs.§) lines within the trail are straight because the electric field

and @), we have there is uniform — the fact whi_ch we initia_\lly postulate and
then prove through a self-consistent solution.

X1 X3cosf In the background plasma sufficiently far from the trail,
1~ Sine T T e (78 the total electric field is dominated by the external electric
xp = Xo, (7py  field, E©. This field is perpendicular t# in all coordinate

Xasing systems, so that in th¥;-coordinates it lies mainly iX 1 X »-
X3~ , (7c) plane, and we will neglect its possible sm&l-component.

€ The external field represents an asymptotic boundary condi-
and, vice versa, tion for Eqg. @) at sufficiently large distances from the trail.
Within the meteor plasma trail, where we denote all quan-
X1 ~ x1Sin6 — x3€0SY, (8a) tities by the superscript “int”, we assume that the trail con-
X2 = x2, (8b) tains an internal uniform electric field™. This field will

€x3 remain unknown until we solve for the electric potential be-

Xs~ oo (8¢)  yond the trail and close the entire solution in SdctLater

we will show that the assumption of the uniform internal field
The covariant electric field transforms according to is automatically consistent with our original assumptions of
Ei=Y3_1(8Xy/0x:)Ex,, see Egs. A12), (A1l), and  the water-bag model and the ellipsoidal interface. The uni-
(A13), while the current density transforms accord- form internal field corresponds to a potential with the linear
ing to j;=de(dXy/dx;] Y s_1(3x;/3X)Jx,, Where  coordinate dependence,
defdXy/dx;]=n/N=¢ and N is the plasma density in the 3
renormallzeq c_oor(_jmatexk. In these coordinates, the gint _ —ZE')?-txi’ (13)
current density is given by EGA(L5). =
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which is evidently a solution of Laplace’s E®)( We will for the unknowru. Since Eq. 12) requiresA1>A>> A3z, we

use this fact in the next section. order the three roots, = &, 5, ¢, according to constraints
£>-A3,  —A3<n<-A} —AZ<i<-A}

3 Electric field beyond trail (18)

In this section we determine the electric field in the regionsThe coordinateg and¢ are always negative, whikeis neg-
outside the trail. In Sec8.1we obtain the general analytical ative inside, positive outside, and equals zero on the ellip-
solution for the potential, while in Sec3.2 we determine  soidal interface described by Eq.0). The mutually orthog-
the electric field on the ellipsoidal interface that separates th@nal surfaces of constagt n, and¢ are ellipsoids and hy-
dense plasma trail from the tenuous ionosphere. perboloids of one and two sheets, respectively. In terms of

the ellipsoidal coordinates, the renormalized Cartesian coor-
3.1 General solution of potential dinatesX; are given by

Here we obtain the general analytical solution of Laplace’s (A2 + &) (A2 +1) (A2 +7¢)

Eq. Q) in the background plasma beyond the ellipsoidal trail. X1 = £ (AZ—a2) (A2—A2) (19a)
On the ellipsoidal interface defined by EQQ), the electro- 1 7/ 2
static potentialb equals the linear potential of the trail given

(A3+8) (A5 +n) (43 +¢)

by Eq. (L3), while at large distances from the boundary ellip- x, = + 5 —— " (19b)
soid we haved~d© (X;), where®©(X;) corresponds to \ (AT - A3) (A3 - AY)
the external electric fieldg (@, . » ;
A A A
Xg= + (A3+£) (A5 + 1) (A5 +¢) (19¢)

3
0@ = -3 EQx;. (14) (A7 — 43) (A3 — A9)

Beyond the ellipsoid diametral planeX;=0, each set of
&n,¢, yields eight symmetric points corresponding to dif-
ferent signs ofX;.

The element of length in the ellipsoidal coordinates is de-
termined byd/?=h%d&>+h3dn?+hZd?, where

Solving Eq. ) becomes much easier if we extrapoldt8t
from Eq. (L3) to the entire space and introduce the difference

int
AP =® - W _YEwEo (208)
which should be a solution of Laplace’s E§) pecause both 2R
® andd'"(X;) are. ForA®, the original boundary problem SO =0 E -1
reduces to the problem of an equipotential ellipsoid in an exJn = 2—1377 (20b)
ternal f|eIdAE§(O)_E(O) E'nt This problem is equivalent to JE-DCT =
the well-known vacuum problem of an uncharged conductingh; = ——————, (20c)

ellipsoid in a uniform electric field (e.¢g.andau and Lifshitz 2R,
196Q Sect. 4). The unique potential that satisfies Laplace’sand (foru = &, n, ¢)
equation with the boundary conditio@s®=0 on the ellip- 5 5 5
soid surface and®d—— Y2 ;) AEY X; as|X;|—o0, can Ry = \/(” + A7) (1 + A3) (u + A3). (21)
be represented as a linear superposition of partial potentialsiy the ellipsoidal coordinates;, 7, ¢, the boundary condi-
5 tions for A®® become
AD =3 ADY, 16 ao® =0  Ad®
i=1 §=0
, Rewriting Eq. @) in the ellipsoidal coordinates and multiply-
where each partial potentiald ¥ =0 on the ellipsoid surface ing the result by —n)(n—¢) (¢ —£)/4, we obtain
andA®®——AEY X; as|X;|—oo. 0
The conventional way of solving Laplace’s equation with (11— O)Re 9 <Ré IAD )
an ellipsoidal boundary is via the use of ellipsoidal coordi- 0§ 0§
nates confocal with the ellipsoidal boundalyafidau and 3 <R 8A<I>(">>
n

— —AEQX;. (22)

&£—o00

Lifshitz, 1960. The three ellipsoidal coordinates are defined + (; — £)R,, —

as the three independent real roots of the cubic equation, n

9 dADW
2 2 2 - ¢ a¢
A1 +u A2 +u A3 +u

www.ann-geophys.net/27/279/2009/ Ann. Geophys., 27,298-2009
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Fig. 3. Contours of equal potential (red curves) around an infinitely

conducting ellipsoidal trail (shaded light blue). The external electric

field direction (shown by the black arrow) is parallel to the major
ellipsoid axis. The equipotential contours flow around the equipo-
tential trail, resulting in build-up of strong electric fields near its
boundary.

We will seek the solution of the boundary problem fod @)
in the form

A®D = —AEQX;Gx, (), (24)
where the dimensionless functio@s, (§) satisfy

Qaté > 0
TR e (25)

Now we make use of the fact that the potentia&Eg)Xi,
linearly dependent oiX;, is itself a solution of Laplace’s
equation. This allows us to eliminate all derivatives with re-
specttag and¢ in Eq. 23), making it an ordinary differential
d’Gy, dGy, d "

equation forGy; ,
de2 ' dE dE [R*?(A"ZJ“E)]:

Solving this equation with the asymptotic boundary condi-
tions given by Eq.Z5), we obtain

§ dg o d§
Gy6) = | — % _ 4
%) /o (A,?+g)Rg//o (AZ+&)R;

Recalling Egs. 15) and (L6), we obtain the total potential

3
o= (—E';(‘}X,» + Aq><")) , (26)
i=1
where
. (EM—EX; A3 & g
ADD (1, )=—" 21’\‘1 ”/ 5 . (27a)
i 0 (AT+E)R:
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3
_A
2

dé§
(A2 +&)Rs
The integrals in Eq.47) can be reduced to canonical elliptic
integrals, as described in Appendix B. We have chosen the
normalization in such a way that the constantsbecome

dimensionless and allow simple approximations given below
by Eq. 32).

3.2 Electric field on boundary surface

(27Db)
0

Equation 26) describes the spatial distribution of the total
electric potential in the entire space beyond the trail. Fig-
ure 3 illustrates the solution for the extreme case of an in-
finitely conducting and hence equipotential trail. This fig-
ure shows that the surfaces of equal potential flow around
the trail and thicken dramatically near its edges. This means
that a significant electric field builds up near the ionosphere-
trail interface. In the more general case of a finite con-
ductivity trail, the electric field will partially penetrate into
the trail. Of principal interest for us is the electric field di-
rectly on the interface defined by Edq.Qj, especially its in-
duced part,AE;iz—aACD(")/an (here and below the su-
perscripts(i) denote the partial potentials and fields, while
the subscriptg;) denote different vector components). This
largest-amplitude field determines the ionospheric currents
that flow into or out of the trail. The electric er|dE(l) is

the solution for the boundary condition of the equotentlal
trail, so that on the ellipsoidal interface this field must be
normal to it. It is easy to verify that the components of a unit
vector which is normal to an ellipsoidal surface of consgant
are given by%,-:X,-/(A?x/F), where

X2
A4 ’

X2
A4

2
Xl

= +=
4
Al

(28)

so that the vector components of the normal electric field are

; X: AE®

Q) J
AEy = ——5—. 29

Xj A?\/F ( )
Here AED=—dA®® /dn=—(1/he)dADD /3E s
the partial field amplitude andhe is defined by

Eg. @209. On the ellipsoidal interfac&=0, we have
dACID(’)/dn|S:0= (2A1A2A3//17) 8Ad>(’)‘$:0/8§. Ma-
nipulating with Eq. (9), we obtain n¢|._o=A2A3A3%P,
where X; are related by Eq. 10), so that
AE®=— (2/ﬁ)8Ad>(i)/8§‘S ,  From Eq. e79,
we obtain dA®D /35|, _o=A; AGD|, /24142434,
so that

(E(O) EInI)X A

AED =
A1A2AANP

(30)

www.ann-geophys.net/27/279/2009/
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Using Egs. 26) and @9), we obtain the total vector field on
the boundary surface,

3 O _ pint
Ex|._. = E+ 2 Z(EX" E)XeA ] g
He=0 T TN AZp £ A1ApAsi e

285

field is directed mainly along(s because the equipotential
ellipsoid in theX; coordinates is flattened in this direction.
The contributions t9A Ex |¢=o from the components of the
external electric field in the directions perpendicular to the
major trail axis,AEg(Oz)S, are of the order of these compo-
nents at most. The contribution from the electric field com-

Now we simplify these general results using strong inequali-ponent along the trail axi$E§0)’ is, however, much more

ties given by Eqg.12). Assuming thatd,/A1 andAsz/ A2 are
small, according to Eq.B7) from Appendix B, the integral
constants\; in Eq. 27b) can be approximated by

4A
A1~ 1In (—1) -1,
A2

2 A2
Ay ~ —| ~ 3 (32)
A A1A2
Furthermore, where
A3 < A3 <L |X3 <A (33)
AL A, 3| < As,

the two first terms in the RHS of EqR®) are small compared
to the last one,

X2 1
P~=3=21 (34)
AS A3

significant. Unless the coordinaXg is too close to the plane
X1=0, X1<A2A 1<K A1, the first term in the RHS of Eq3{)

is ~A1/A2>1 times larger than the two remaining terms.
Neglecting contributions from other components o ©
and using Eqg.36¢), we obtain on most of the trail surface
AEx|:—0~|AEx|¢—0X3, WhereX3 is the unit vector along
X3 and

ASX1AEY)
Ao X3Aq

The effect of field amplification increases when approach-
ing the planeX3=0, and saturates on the narrow belt de-
scribed by Eq. §5), where one should use fat and AE;
general Eqs.48-30). The amplification factor is, to within
an order of magnitudq,AEX|5=0/AE§§’1)~X1/A3A1. Ac-
cording to Eq. 82), for A1/A3<1000, A1 reaches~7, so
that well beyond the plan&1=0, and especially when ap-
proaching the endsY1=+4A1, the amplification factor can

|[AEx|s=0 ~ (38)

edge ellipse that lies in the plangz=0,

2

A
X3l < A—i < Az (35)

area around the plan€3=0, the normal electric field is no
longer nearly parallel to th&z-axis but, depending on the
specific location, can have any direction. Note also that we
disregard here the effect of field-induced electron heating on
ionospheric parameters near the trail (see the discussion in

whose contribution to the entire current balance is negllgl-the end of Secs).

ble. The dimensionless parametars given by Eq. 27b) or
approximately by Eq.32), depend on the ratios of the ellip-

soid semi-axesi;. For AEXJ.L;::OE Ex, ’s=0_ E')’Q:

on most of the boundary surface, we obtain =

AEX1|S_0 ~ @mEmzo < AEx,|,_,, (36a)
=0 A%Xs3 ' 216=0

AEx,|,_o~ @IAExlgzo &« AExg,_g» (36b)
£=0" A2y, 3le=0

AEX3|S:0 ~ |AEx|e—o. (36¢)

Here, in accord with Eqs30), (32), and @4), the amplitude
of the electric field normal to the interface is given by

3

|AEx|e—o= Y |AEY |e=0
i=1

A3X1AE§?1)
A2X3A1

A3X2AE§?2)
AxX3

%

+AEY.  (37)

whereAE@EEQ—Ei}Q‘}. According to Eq. 86), beyond the
narrow belt area described by E®5f, the normal electric

www.ann-geophys.net/27/279/2009/

In the original coordinates;, the boundary electric field,
AE;|¢=0, could be obtained by using EqA12). More con-
venient, however, is to use the following approach. The field
AE=-V Y3  A®® is a covariant vector, so that its com-
ponents in the original coordinate,F|e—o, are given by

3

0 Xy
AE|s—0 = —— AEy, |g=0. 39
jle=0 ];8)6]_ X, le=0 (39)
According to Eq. 29), we have
Xk|AEx|lst=0o 1 90S |AEx|:=0
AEx,leco = Xlg=0 _ 1 0o |ALxI[s=0 (40)

A2ZJP 20X VP

where we introduceds=Y">_; X2/A2.  According to
Egs. @) and (L0), on the ellipsoidal interface we have
Sle—o=1="7_, x%/a?, so that we can considéras a scalar
function of coordinates, which remains invariant with respect
to coordinate transformations. As a result, we obtain from
Egs. 89 and @0)

_ 135 |AEx|e=0 _ Xj|AEx|e=0

== 41
=0=325y, Jp 2P @

AE;||
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where P and |[AEx|:—o are functions of the renormalized A more general treatment of 3-D ellipsoidal clouds,

coordinatesXy.

A2< A1, shows that the assumption Jb}“<<]§x‘, and hence

Equation 41) shows that in the original coordinates the Eqs. @5) and @6), are valid for suff|C|entIy dense trails,

field AE; ]

is orthogonal to the ellipsoidal interface (as n"™/n®t>A,/A3~0,

1~70.

it must be) On most of the surface, the component along Using continuity of the current flow, we relate external

the trail axis,AE1, is small, while the two remaining com-

ionospheric currents that flow in and out of the trail through

ponentsA E3 3, are usually comparable. The components of the ellipsoidal interface with the internal trail currents. This

electric field parallel and perpendicular Boare given by

will allow us to find the still unknown internal electric field,
E™. and hence to close the entire solution. Integrating

AE)|,_, = AEsls=osing, (42)  v.jint—0 over a trail cross-sectiofiy,, in a X,X3-plane at
(AE|)1 = —AE3|s—0Sinf cost, given X, we obtain
(AE1)2 = AE2|e=0, 47t
——t = —boundxy) (47)
(AE1)3 = AE3lg=0COS 0, 43)  ax; ’
where, with allowance for Eqs8), (12), (34), and 88), where
€|AEx|z:—o _ easx1 ©) int f/ Jint
AE3|s—0 = _ A AES”, 44a Iy, (X1) = dS 48
3le=0 sing azxahy X1 ( ) Xl( ) X23 (48)
2 3 . . . .
anx €0aX1X
AEole—o = 2 ZAE3|§:O ~ 23 21 2 AEQ)). (44b) is the total trail current flowing along 1, while
asx3 asx§Aq 1 . bound
N L CJPoUNY X ) = ¢ IO Yl 49
The fact that a significant part of the total polarization electric o " X23 (49)

field on the trail surface is directed along the magnetic field.
is unusual even for the highly collisional upper D/lower E
regions (large-scale ionospheric electric fields are normall
perpendicular taB due to high parallel electron mobility).
We will use the boundary electric field in Sedsand6 when
estimating electron heating and the Farley-Buneman instabil-
ity threshold.

is the total external current flowing through the interface per
unit length alongX;. HereJP°U"dis the normal component

Yof the boundary current densny outside the trail (set positive
when directed inward the trail and negative otherwisg),

is the length element of a closed boundary curve correspond-
ing to givenXj, and the loop integration is taken over this
curve. We assumed above that there are no no surface cur-
rents, see FiR, so that the normal current densi#°!"? is

the same on both sides of the interface.

First, we find the internal current. Since both the
In this section we consider electric fields and current withinplasma density and internal electric field within the trail
the plasma trail. In Sec®, we assumed a uniform elec- are assumed uniform, the total trail current flowing along
tric field which leads to uniform internal currents. We will X;, i.e., I'”t, is proportional to the trail cross-section,
demonstrate that this uniformity is consistent with a constantg, (x;)= n(l X2/A2)A2A3. As aresult, we obtain from
density trail restricted by an ellipsoidal surface. Eqs ¢6) and @8),

If the trail density is much larger than the background
plasma density, then the lengthy trail is polarized in such a Im
way that the internal current flows predominantly along the Ix
major trail axisX1, J)'(”Zt3<<J§’l‘t. Using Eqg. A15) and ne-
gIectingJ}?zt3 compared to/g*, we obtain

4 Internal fields and currents; closing of solution

2

X2
=7(1+Gq) (1 — A—) A2AsK™ER. (50)
1

We will use Egs. 47) and 60) in Sect.4. Because the in-
ternal and external currents on the trail boundary are coupled

E')?; ~ quﬁ?L (45a) by Eqg. @7) we obtain
1/2 . . o
T \14y Xemmm dXy A2 '

where G=q[1+y cof 0/(1+y)]~L with g=oy/op, see
Eq. (A7b). Equation A153) then yields

I~ 1+ G K™EY;,

On the other hand, for the RHS of Ed.7, using Eqs.49),
(38), (A6) and the fact that foA3< A2, Eq. (12), the 2-D el-
liptical integration path degenerates into two approximately
parallel lines nearly perpendicular ¥, we obtain

Ax(1-X2/A%)1/2
%anounddlxz3 ~ 2/ L J)t}gunddXz.
—A2(1-X%/AD1/?

(46)

where K" is given by Eq. A7a) with N=N". For small
¥ cof & whengasq, Ohm’s law described by Eq46) cor-
responds to Cowling conductivity,c:aeraﬁ /ap%aﬁ /op.
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Here the integration limits correspondX3=0, the factor 2  to the electrojet formation. Thes-component of the sec-
presumes two symmetric contributions of the external currenondary Hall current (i #£90°) polarizes the trail in this di-

from both positive and negativ&s, see Fig2, rection, resulting in a final current directed mainly along the
o trail. The trail is long but restricted in thg-direction, so that
bound A3X1AE§() the secondary Hall current polarizes the trail in this direction
Jhound gext = — 71 (52) ; i et
AsX3A1 as well. However, this polarization is smoothly distributed

along the trail length. It partially expels the major component
and K *is given by Eq. A78) with N=No . Recalling the  of the external field £\, from the trail until the eventual
definition ofAE(O)—E(O) Eint and expressing 3/ X3 from reduced field in theri-direction provides a self-consistent
Eq. (10) as(1— XZ/AZ X%/A y~1/2, after integration over quasi-stationary closure of the trail current through the much

X, we obtain rarer ionosphere. The denser the trail is, the stronger field
- expulsion is. Estimates show that the fields and currents will
dly, — _ sboundy; develop with a fewus, i.e., much faster than the meteor trail
dX, X2 evolution. This means that as soon as the extended trail starts
(E(O) EMY X, forming, it is already polarized with the quasi-stationary dis-
~ 2 KX A—Xl (53) tribution of fields and currents.
1

Equation b4) gives the explicit expression for the internal
For self-consistency, it is important that both Edgl)(and  electric field, E'}}t, in terms of the external f|eld'£(0) This
(53) yield the same (linear) dependenceXn This implies  closes the solution for spatial distribution of the electrostatic
that the combination of the water-bag model with the ellip- potential and currents in the entire space, see Setn.par-
soidal interface automatically provides the uniformity of the ticular, using

internal electric field (which we used above only as an as-

sumption). From Eqs46), (47), (51), and 63), we obtain (0) (0) int kEg)l)
AEY) =Ey) —EY'~ (56)
114k
_ Eg’) _ quD and Eq. §2), we obtain on the trail-ionosphere interface the
E',’(‘i A 1_1k E')’(‘; 1 ]i |E'm| < |E')?;2|. major component of the external current density that flow in
+ + ' or out of the dense trail,
(54)
(0)
where gbound . g-ext kASXlEXl _ (57)
_ (1+k)A2X3A1
(14 gq)A1A2A3 ( N™ _ . .
T No For very dense trails wheres-g>>-1, the process of field
0 expulsion is so efficient that the total internal electric field

1+ §g)A1(1 + ¥)Y200azaz [ n'™ becomes much smaller than the external field. Observations

~ a2simo o (55) show that this type of dense trails occur frequently. Consider,
L e.g., a purely vertical trailg=90°) in the nighttime equato-
In obtaining Eq. §5), we used Eq.X1). The internal elec- rial ionosphere, wheré=90°, G=¢>>1, and{io’vlos m—s
tric field is determined by the external field componE@(@ Aﬁtcordmg to Egs. 515/)2and @7D), dense trails require that
because only this component creates a large potential differ?  /70>[(1+)/¥] i/(A1azaz). This imposes a lower
ence along the extended trail. The internal field componenfe"“"tr'ct'olpt on the eleciron line density of a dense trail,
along the trail EY!, is always less than @, while the trans-  Vin=71""azas.  For altitudes below 95kmy(>1) and
l L

mt AT . 7/A1~1, a dense trail must havéi, >ano. Foray~1km,
verse componeng’y; , which isq times larger tharEy, , can i requiresVjin>>10“m~1. While the majority of radar-

0 . :

be either larger or Smaller thaffﬁ(l). observed trails havayji,~10“m~1, recent Jicamarca radar
The physical mechanism behind the formation of the in- gbservations show that trails withji,~10m~1 are com-

ternal field is as follows. The external electric fid{@ ini- mon (E. Bass, private communication). At daytime, when

tially penetrates to the highly conducting trail and immedi- the typical background ionosphere density is about two or-
ately gives rise to a strong Hall current aloryg This current  ders of magnitude larger, we obtain a much stronger restric-
quickly accumulates opposite charges on the opposite edge®n, Nin>>1018m~1. For higher altitudesy<1), longer

of the dense trail. As a result, a strong internal field startstrails, or smalle®, very dense trails require highafi, val-
building up in thexo-direction until it creates a sufficient Ped- ues. Trails withNji,~10¥m~1 occur on some rare occa-
ersen current to counterbalance the Hall current. This, muclsions and evew)i, > >10t"m1 may appear.

stronger, field gives rise to a secondary Hall current in the di- For more typical, less dense trails that satigfyk>1, i.e.,
rection perpendicular to botty and B — a process equivalent for a%no/q<<N|in gafno, the component of the internal field
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along the major trail axisEi)?;, is much smaller than the the opposite limit ofk>>>1, as we can obtain directly from
corresponding component of the external fieﬂi’fl), while  EGs- 60) and 65), the maximum trail current is given by

the transverse componert, and hence the total inter- 5 12 ©
- o - _ _ it mazsito (1+y engESY
nal field, are larger thaiy,. For even lower-density trails  Imax™ — 1 : ;
. _ 1
wherek « 1, i.e., forNj <<a12_no/q, the process of field ex- L\ 2 s .
pulsion becomes inefficienEl)rgwEg(ol), while the transverse ~ 0.1A ( ) ( ) 61)

v A1 \1010m-3

field remains IargeE'quE(O)>>E§?1). We emphasize, how- ©)
ever, that even the last case applies only to sufficiently dense 5x 10*nT ( Ei3 ) ( ai )2
trails, n'"™/ng>70, as we discussed in the passage follow- B 1mV/m/ \1km/ °
ing Eq. @6). For trails of a much lower density!™/nq<70,
the transverse electric field decreases with trail density untiwhere we have normalized all dimensional parameters to typ-
it gradually disappears ad™ approachesg. In this paper, ical numerical values to make practical calculations simple.
however, we are not interested in such low-density regimes.In this limit, the maximum current is independent of the trail

The current densities and internal electric fields have beemlasma density but is proportional to the background iono-
expressed in terms <E§(Ol). To express them in terms of the sphere densityzg. This is not surprising because foy>1
original E©, we can apply EqsA11) and A12). Simple  the external electric fieltE(O) penetrates into the trail only
reasoning shows thﬁQ%Eig). WhereEE%) is the full com- ~ Weakly. This maximum trall current is determined by the

ionospheric currents collected from a large volume around

the nearly equipotential trail. It depends on the small scale
az logarithmically weakly, viaA 1~ In(4a; siné/az)—1, see
Egs. (1) and B2). There is no dependence ap because
compression of the coordinates aloig by the small fac-  the ionospheric currents that flow into and out of the trail are
tor € does not affect the field becauﬁéo,)z—acl)/ax’3 =0. dominated by electron currents parallel By so that only

ponent of the external field; @, in thex1 x3-plane. Since the

external field is perpendicular tB, the first rotation to the

coordinate system aligned wih, results in 0 =E{3. The
1

The final rotation through the small ansgteyields the trail cross-section perpendicularBoplays a role. Equa-
tion (61) shows that for quite realistic trail and ionosphere
E(O) EQ cosy ~ EQ (58)  parametersy >3km,no>10m3, £ >10mvim,y «1,

the total short-circuiting current through the trail can reach
with |E(O)|—|E(0)|Sln)(<<|E(O)| One can derive Eq5Q) ~ Many amperes.
directly f3r0m Egs. Al113 and @A123a by expressing the
external electric field, EQ LB, as Eio)zEg) sing and
E(O) E(O) cosf. In particular, according to Eqs43d),
(44a) (56) and 68), on the trail boundary the electric field
component parallel t® is given by

5 Heating of near-trail plasma

The strong electric field induced in the near-trail region, es-
pecially its component parallel tB, can energize electrons.
EkagxlE ) <ing D_ue to pitch-angle scattering pau;ed b_y_frequent collisions
AEM N B (59) with neutrals, such energization is efficiently spread over
d (1+Kk)apxzAs all angles in the velocity space, resulting in nearly isotropic
electron heating. Indeed, for electrons with energies be-
low 2eV, the average fraction of electron energy loss dur-
ing one inelastic or elastic collision with neutrals,,, is
small since in this energy range colliding electrons cannot
excite efficiently vibrational and electronic levels of neu-

wherek is defined by Eq.85).

Now we estimate the total current that flows through the.
trail. Combining Eqgs.50), (54) and 68) with Egs. 8), (11),
(A7), and the definition off, we obtain

_ W col o 2 tral molecules. At the same time, after the collisional im-
Jint (1 I ) < — _;) pact they easily change the direction of motion, so that the
TV a1 electron velocity distribution becomes nearly isotropic with
U azaze n'mE(O) the small mean directional speed,=|V .| ~8=2v7. K vTe,
(1_,_@00(1_'_,{)35'”9 (60)  where vy, =(T,/m.)¥2 (Gurevich 1978. If the parallel

electric field is so strong that, substantially exceeds the
The trail current is proportional to the trail cross-section, soinitial mean thermal speedir.o=(T.0/m.)Y?, then, dur-
that its maximum,lmgx, is reached at the trail centen=0. ing a short time~(8,,v.,) "1, the electron population heats
For smallk, Eq. 65), the trail current is determined by the up in such a way thaV,<«vr.(7T,) becomes valid. While
external field which nearly fully penetrates into the trail. This the angular velocity distribution of electrons becomes nearly
current grows in proportion to the trail plasma density. In isotropic, their energy distribution can differ significantly
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from Maxwellian Gurevich 1978 Milikh and Dimant electric field induced around the trail can also heat ions, al-

2003. beit not as dramatically as electrons because the ion isotropic
We will estimate electron heating assuming local energymobility in the upper D/lower E regions '@52%5500 times
balance with no heat transport, less than the electron parallel mobility.
We should bear in mind, however, that the average frac-
3dT. _ MeVen V.2 — 3 SenVen(To — Tyo). (62)  tion of collisional energy losss.,,, and the electron-ion col-
2 di 2 lision frequency,,, (involved in parameterg andk), are

The first term of the RHS describes frictional heating, while temperature-dependent. The temperature dependerdgg of

the second term describes collisional cooling against neutral® rather complicated and is sensitive to the shape of the

with the temperatur@;,~T,o. Under stationary conditions, €lectron velocity distributionGurevich 1978 Milikh and

taking into account electron heating by the electric field par-Dimant 2003. According to kinetic calculations,, is

allel to B only andmevenVf*jezn/noaen:mevenjf”/néez, roughly constant betweef,~2000K and7,~10*K and

we obtain then starts increasing sharply at larger temperatu@esg-

vich, 1978 Fig. 10). Due to this, we do not expect elec-

tron temperatures be well above 1eV. At smaller temper-

atures, we can approximate,(7,) by a constant value,

8en~2.5x1073. Further, due to the temperature depen-

where j, =enoAE)/(m.ve,) is the parallel current density. dence of the electron-neutral collision frequency, strong elec-

Combining Egs.§) and §9) with v.,=Q.00+/¥, we obtain  tron heating can modify the ionospheric background plasma,

making the entire problem nonlinear and much more com-

12 0 plicated. For reasonable estimates, however, we can use the

k(1 +y) 7 azx1 nocEqg sing (64)  above expressions with the undisturbed valuegt The

(14 Ky 2ax3A1 B ' reason is that ionospheric currents responsible for heating are

determined by the charge conservation and the flow geome-

try of the current collection from a large volume of mainly

2m,j3

AT, =T, — T,o = ———,
¢ ¢ ¢ SSgnngez

(63)

Jel |g:o ~

As a result, on the trail boundary, we have

oLty [ kaseiE© sing 2 undisturbed ionosphere located well beyond the trail. To
AT,|so= 2% 311713 some extent, this can mitigate the sensitivity of the currents to
Benyy (1 +k)azxzA1B local temperature variations. A more accurate self-consistent
O _: 2 3 treatment requires 3-D simulations which we plan to perform
~7x 103K <E13 Sm9> 2.5 x 107 (65) in the future.
1mV/m Sen
2
Ity (5 X 104nT) [ kazxy T_ 6 Discussion
14 B (1 + k)azxsA1

Our analysis shows that sufficiently dense and long meteor
Equation 65) shows that electron heating near the trail pjasma trails in an external DC electric field result in a num-
can be quite significant, especially at larger altitudesper of potentially observable features. The amplified elec-
where ¥ <1.  Assuming, e.g.,¥=001 (this corre- i field can drive plasma instabilities in the near-trail iono-
sponds to an altitude-110km at the geomagnetic equa- sphere, which complements similar effects within the trail
tor and ~107km at high latitudes),x1~a1, x3Ja3,  caused by the ambipolar fields associated with the trail diffu-
a1/az=10° k|sin6 cosx|/(1+k)A1=0.1, and choosing sjon. The electric field near the trail can acquire a significant
typical conditions for the equatorial E regiaB\3=5mV/m,  component parallel to the magnetic field. Because this is the
B~2.5x10*nT, we obtainA7,>7x10*K. At high latitudes  direction of high electron mobility, the parallel electric field
with much stronger electric fields, one would expect evencan locally heat ionospheric electrons to the temperatures in
stronger heating effects. However, due to excitation of vi-the 1eV range. At nighttime, at sufficiently high altitudes
brational levels forT, =1 eV, nonlinear and nonlocal effects ~110km, such heating may result in increased atmospheric
associated with the temperature dependenag,0édnd heat airglow. The dramatic redistribution of the electric potential
conductivity, the maximum temperature should saturate at anear the trail will drive currents that may exceed 1 A across
lower level. Note also that the elevated electron temperathe trail, see Eq.61). The energy for these strong effects is
tures, which can penetrate inside the trail, can result in fasteprovided by the ionospheric dynamo that sustains the exter-
trail diffusion (but only for a restricted time because the heat-nal DC field, rather than by the original meteoroid energy.
ing reduces in proportion wgzat‘l). One more possible We expect these effects to occur in the equatorial and high-
effect of the short-time temperature elevation in the eV tem-latitude E regions, where the external field is strong. Similar,
perature range could be an increased airglow in the nighttiméut less intense, processes may also take place at midlati-
ionosphere. We discuss this in the next section. The strongqudes where the typical values of the DC electric field are
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~1-2mV/m. Also, strong neutral winds perpendicula#o should change in proportion ta £ because near the trail
can cause similar effects. Below we make some estimates dhe total induced field always remains perpendicular to the
possible physical processes associated with strong inducetail surface,

electric fields, currents, and electron heating.

_ AE  xomeven(Te)

AE| 5

66
6.1 Farley-Buneman instability threshold X3 x3npe (66)

Assuming for v,,(T.) the power-law approximation,
en™Veno(T,/ T.0)*® (Gurevich 1978 and neglecting ion
eating, we obtain

Radars observe meteor instabilities in the form of non-
specular echoes. These instabilities are driven by stron
electric fields that develop within or nearby meteor plasma
trails. The fields associated with trail ambipolar diffusion

are mainly located within the trail©{mant and Oppenheim  AEL(Te) V2(T,/Too) Y2 AE| (Too)
2006ab). The strong fields induced by external fields can Ethe(T.) ~ [(1+ ¥(T.))(L + ¢ (T.o)]Y2 ERNN(T,0) °
significantly modify the threshold conditions for instabilities (67)

in the near-threshold regions.

Now we discuss the threshold conditions for the Farley-This relation shows that strong electron heating slightly af-
Buneman (FB) instability, which is the most robust E-region fects the conditions of FB instability generation, mainly
plasma instability. The FB instability is driven by a suf- through the parametep (7,)7”/°, when it becomes>1.
?mently strong electric field perpendicular to the ma%netlc Expressing all quantities in Eg6T) in terms OfEig), with
leld, E 1, via the electron Hall velocitW wai=E L xB/B%,  gjlowance for Egs.64), (65), and 66), we verify that for
and can only be excited providégai=|Vnanl>(1+¥)Cs, . 4. and sufficiently large ratias/az the FB instability

_ T a2 ion. i , : ; .
where Cs=[(y. T+ T})/mi]"/* is the ion-acoustic speed. near the trail surface can be excited by the induced electric
Everywhere near the trail, except neg#0, the Components |4 even if the external electric field is well below the FB
parallel and perpendicular ® of the near-trail electric field  {,reshold (for example foEi%)mzl—Z mV/m, which is typi-
are comparableA Ey~AE;. o . _ cal for midlatitudes). Note also that the same pertains to the

If a strong perpendicular field is sufficient to drive the in- region inside the trail under conditions of moderately dense
stability in the undisturbed ionosphere, a comparable paraly, ;| 1<k<q, n'"/ny>70, when the transverse component

lel field also exists to simultaneously heat the plasma and ; - ©0)_ (0 ; - =
) . - of the internal field =E,,, is approximately; times the
hence, to increase the FB instability threshold. On the other Fx,=Ex PP ¥

hand, the temperature dependence of the electron-neutr&xternal fieldEQing) (see the comment below E5{7).
collision frequency causes the induced electric field to in- . Lo

crease in the heated region near the trail. The resultan?'2 Awglow caused by the electron heating in the me-
threshold conditions can be aggravated or improved, depend- teor trail

ing on th_e balance betyvegn these factors. Bglow we d.is.cuslﬁ this section, we discuss when meteor-heated electrons
only the induced electric field beyond the trail as the driving generate a detectable airglow in the nighttime ionosphere.
force for the instability, while the internal trail field can also We consider excitation of three major electronic levels)(
be of importance. . N2(B®M,) and Ny(C%I1,) by electron impacts. The ex-
Assuming  sufficiently ~ strong ~electron heating, gjiation leads to the emissions of the oxygen green line
I>Teo, T;, and isothermal conditions, ye,;=1, We ,_g55770m and of N(1P) and N(2P) bands. The nitro-
obtain  that Nthe FB threshold 13|2ecrfqrilr? field amplitude gq, st positive system emits in the band of (478-2531) nm,
i Etn(T)~(1+9 (Te)(Te/2Te0) ™ Ep(Te0),  WHere e the second positive system emits in the band of (268—
ETthr(T,0) is the minimum threshold field for the undisturbed 546) nm (McEwan and Phillips1975. The oxygen red-
temperaturd.o~Tio, line emission, although having a low excitation threshold,
is strongly quenched out below 130 km and thus can be ne-

1/2
gmin _ 210 o oq MV ( B > < Te0 ) / . glected.
hr m; m \5x 10*nT/ \ 300K Let us estimate the luminous flux for a given transition

I'", in Rayleighs (R), using the following equation

The parallel current near the trail surfaggy, is collected
from a large ionospheric volume and is determined mainl 1076

9 P . Yt[m(R) = K n.N"dx, (68)
by the macroscopic electrodynamic structure. We expect i 47t (1 + Tifeky Ny exeln

. X qVn

to be less susceptible to local heating than to the local elec-
tric field. Neglecting completely the effect of heating fn, where the denominator shows effect of the collisional
we can find the modified parallel component of local inducedquenching. Herejite is the lifetime of the excited electronic
electric field via A Ej=m,ve,(T,) jj /(noe?), where jjls=o level, k, is its quenching rate due to collisions with the neu-
is given by Eq. §4). The perpendicular componeniE | , tral species having the number density. Furthermorek.?
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Fig. 4. Electron temperature (left panel) and luminous flux versus parallel electric field (right panel). The green trace corresponds to the
oxygen green-line emission; the red trace corresponds{bR; and the blue trace corresponds {2P) band emission.

is the excitation rate of the electron level considered by the For two other electronic levels B) and N(C), having
electrons of density,., N," is the density of the respective the lifetimes~1us (B) and a fraction ofts (C), the col-
neutral species. The integration is conducted along the lindisional quenching at 110 km is negligible. The figure re-
of sight of the ground-based optical detector. veals that for parallel electric field in excess of 80 mV/m the
The excitation rate of the above electronic levels of O expected emissions can be detected by a ground-based tele-
and N was calculated by using a kinetic code. The calcu-scope. And since the emission of interest lasts for about a
lation of electron heating by the electric field follows the second after the tip of a meteor passes, it is possible to de-
well-established procedure of ionospheric and atmospheritect such emission by using a sensitive camera triggered by
breakdown Gurevich et al. 1997 Tsang et al.1991 Pa-  a strong signal due to the burning meteoroids, with the total
padopoulos et g311993. The computer code employed inthe observation duration upto 1s.

present work is based on solving a local kinetic equation that During the nighttime, the background emission of the
ges:crlbfes the evgllgltzlon of the t[ne—a\zlezragedhelectron distriyreen line 557.7 nm is of about 300 R¢Ewan and Phillips
ution function (EDF) fe (e, 1), e=mevg /2, in the presence 1975 in the absence of precipitating charged particles.
of a constant ambient electron field parallelBg with the  This emission originates from two altitudes:250 km and
amplitude E=AE), and various kinds of inelastic electron- _ggkm. At the higher altitude, it is generated by electron

neutral collisions. According to Eq59), for values of the 5 recombination, while at the lower height it is produced
external electric field reaching tens to hundred of mVv/m, de-by triple collisions of atomic oxygen.

pending on the rati@; /a3 and the specific position on the ¢ L .

trail boundary, the parallel field can also reach in some cases S far as N(1P) and N(2P) emissions are concerned, in

tens of mV/m or even more. the absence of particle precipitations, they are not generated
We conducted our computations for the neutral density and!Uring the nighttime. However, since they are broad-band

compositions which corresponds to the height of 110 km, theemissions they overlap with some other backgrognq em_is-
model of IRl was applied (63N, winter). The excitation sions. Therefore the best way to detect the artificial air-

rates were obtained by our codelds= /X 67" f,(¢)/Ede, glow of meteor trails is to focus the opti_cal dgtector on some
& parts of the N(1P) and N(2P) spectrum in which such over-

" o . L
wheres, 1S the excitation threshold and; is the excitation lap with background emission is weak. In the latter case, a
cross section. R )
i . . few R emission in a bandwidth of 10-20 nm should be de-
Figure4 shows the luminous flux for the green-line of oxy- N .
en, as well as the /1P) and N(2P) emissions as func tectable. We note, however, that strong electric fields at high
gen, latitudes are often accompanied by bright auroras. This may

tions of the parallel electric field. It was computed for the . : L . .
; ) o _3 forbid observations of weak emissions associated with elec-
typical trail conditions,n,=10*cm=3, and the 100m total . .
tron heating near meteor trails.

length along the line of sight. Note that collisional quench-

ing of O(S) by atomic oxygen withrife=0.8s for O¢S) We also computed the rate of dissociative attachment to
andk,=7.5x10"12cm?/s (McEwan and Phillips1979 was O, along with the impact ionization rate. It was found that
taken into account. for E<150 mV/m, the ionization rate was smaller than the

attachment rate. Thus, the fieltl150 mV/m is under the
ionization threshold, while at 110 km the attachment rate for
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E=100-150 mV/m ranges between 2 and 5.5.4or emis-  electric current density:
sions that last longer than 0.1 s the electron density reduction,

. / ’
due to attachment to£becomes noticeable. J1=0pE; +oHEy,
Jjo = —oHE] + opE), (A3)
Jj3=0)E3,

7 Conclusions

where

We have developed an analytical 3-D theoretical model of 2 2
ne ne“ve,  (1+14)Oone

the interaction of an external DC electric field with a dense 5, & i (Ada)
meteor plasma trail. This model predicts that such interaction MiVin M2 BJY

will result in a distortion of the external field causing a large . E’ (A4b)
amplification of the field near the trail edges. The meteor will B

also drive currents through itself and into the surrounding ne® ne

ionosphere, short-circuiting the local ionosphere. N roven BOJ/Y (Adc)

Unlike the ambient ionospheric DC electric field which o
points perpendicular t®o, the induced electric field near &€ the total Pedersen, Hall, and parallel conductivities, re-

the trail surface will have comparable components perpenSPectively. Using EqS), we obtain thaBo/¥=ve/ 2. <1
dicular and parallel tBo. The perpendicular electric field 2Nd®o/v¥=%Qi/vin<1, s0 thatzat altitudes of interest we
component can be strong enough to generate plasma instd@Ve or Kon <oy andop/o=¢*, wheree is defined by

bilities near the trail edges. These instabilities often result=d: ©)- , ) . .
in an increased level of electron density irregularities visible ~_Further, to adjust for anisotropic conductivities, we rescale

to high-power large-aperture radars as non-specular echoe¥1® “Primed” coordinates as

The strong component of the electric field parallel to the ) ) . X5

magnetic field can result in a significant (uptd eV) heat- X1, = X3 5, x3=— (AS)

ing of electrons. In some cases, such heating should be mea- . . ] ) o
surable via the increased airglow. Unlike rotation, however, this anisotropic rescaling is not a

unitary transformation and it changes the volume element
such thatd X d X,d X;=edxjdxydxj, so that the plasma

Appendix A density in the new coordinates becomésn /e.
We will denote the vector components in the new coor-
Coordinate transformations dinates by subscript&’. The covariant vector of the elec-

) . . . ) tric field transforms according tB ' = Z,le(ax;/ax,;)E’ ,

In this appendix we describe a chain of coordinate transforsg that its components in the new coordinates become
mations that result in Laplace’s E@)(@nd the renormalized g ., —g/  andE, =E./¢

L , xi,=F12 x;=kE3/¢
ellipsoidal interface given by Eq10). :

First, we perform a coordinate rotation to a new cartesian ) ) 3 S,
systemx} , ; wherexj is alongB, xj=x2, while x; becomes ~ ransforms according tdy, =(N/n) 3 ;1 (3X;/0x;) ji. SO
perpendicular to both) andxJ, that its components in the new coordinates become

The current density in the renormalized coordinaXé/s

x1 = x} SN + x} cost), Txy = K(Ex; +qEx;), (A6a)

X2 = X5, (A1) Jx, = K(=qEx, + Ex,), (A6b)

X3 = —x} €OSH + x5 sind. Jx, = KExy, (Aéc)
where

Rotation is a unitary transformatioxi/ax,’czax,/(/ax,-, o]

that both covariant and contravariant vectors transform .as op 1+ vz ,,

The covariant electric field in the rotated (“primed”) system, K = P €0y = (T) B’ (A7a)

E'=—V'®, relates to the electric field in the original coordi-

nates,E, as g=H___Yn __ Vi > 1. (ATb)
op A+ A+v)O0

As a result of this scaling transformation, the quasineutrality

E} = E1sing — E3cost,

E, = E», (A2) equationV-J=0 reduces to 3-D Laplace’s equation for the
E5 = E1c0s9 + E3sing, electrostatic potentiab,

3
For a plasma with the given uniform densityEq. @) with 3 0°P 0. (A8)

%5]| B yields the following “primed” components of the total = 8le2 -
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Due to the small value of, Eq. @), all sizes in theX;-
direction (i.e., alongB) shrink dramatically. As a result, the
ellipsoid determined by Eq3) becomes oblate in this direc-

To determine the unknown rotation angje,we require the
coordinatesX; to be the new ellipsoid axes. Substituting
Eg. (A113) into Eq. @), equating the factor in front o¥1X3

tion, while its axes become almost parallel to the coordinateto zero, and denotingsag/af, C=cotd, tany=Cex, we
axesX;. To make them exactly parallel and restore the sim-obtain

ple canonical form of the rescaled ellipsoid, we rotate the

coordinate system around th&,-axis through a small, but
still unknown, anglex to the final coordinateX ;,

X} = X1cosy — X3siny,
X5 = Xo,
X5 = X1siny + Xzcosy.

The entire transformations frof; to x; and back are related
as

0x1 0x1 0X3 0X1
9X1 9X3 1 dx3’ 0x3
= - , (A9)
0x3 0x3 € 0X3 X1
dX1 0X3 dx1 Ox1

0x2/0X2 = 0X>2/dx2 = 1, with the Jacobians given by

, -1
det[a(X’)] _ <det[a(xk)]) e
9 (xx) a(Xi)

The explicit expressions fof; (X;) and X (x;) are given by

(A10)

x1 = [(1+ ¢ Lcoto tanx) X1
+ (e*1c0t9 — tanx> Xg] sind cosy,

x3 = (e‘ltanx - cot@) X1

+ (et 4+ coto tanx> Xg] sing cosy, (Alla)
X1 =[(1+ ecotdtany) x1
+ (e tany — coté) x3] sind cosy,
X3 =[(ecotd —tany) x1
+ (e + cotd tany) x3] sinf cosy. (Al1lb)
The electric field transforms according to
dx1 0x3
Ex, X1’ 9X1 Ep
= , (Al2a)
Exs Ixy 9x3 || Es
9X3  9X3
Ex, = E», and
0X1 0X3
E; Ix1’ 0xp Ex,
= ) (A12b)
E3 0X1 0X3 Ex,
dx3’ Ox3

www.ann-geophys.net/27/279/2009/

(x — DL+ €%C%) + (14 C?%x)(L — €%x)8 = 0.

To the first-order accuracy with respectda1, the appro-
priate solution of this quadratic equatigm [(~1) is given by
x~1—(1+C?)8=1—6/ sir? 0, so that we obtain

2
a3
tany ~ € (1 — ) coto,

Al3a
a% Sin? 6 ( )

and hence, to the first-order accuracy with respeef te 1,

e2cot o

cosy ~1—
X 2

(A13b)

Substituting Eq. A13) to Eq. Allb), to the first-order ac-
curacy with respect to small parametegya? ande?, we
obtain

e2cot o .
X1~ |1+ 5 x1Sin@

_[1_62(”

2 2 2
1B coto+ |1 [+ <) coro x3!.
sing af af 2

(A14b)

(Al4a)

X3~

Now we obtain the equation for the potentih| using the
quasineutrality relatiorvV-J=0. From Eq. A6), using the
unitary rotational transformations for the current density,

Jx, = Jy, COSy + Jy, siny,
Jx, = J)/Q,

Jxs = —Jx, sinx + Jy, cosy,
and the electric field,

Ey, = Ex, COsx — Ex,siny,

/
EXZ = EXZ’

EY, = Ex, Sinx + Ex, COsy,
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we obtain to the zeroth-order accuracy wherez(&) varies betweems/A; and 1. The explicit ex-
pressions of the integrals are given by
Jxy = K (Ex, +qEx, cosy) ~ K (Ex, + qEx,), /s E _ 2(0©) - Q)
(Al5a) 0 (A24+6)R; (A2 — AHY/2(A2 — A))
Jx, =K E—qEX1 cosy + Ex, +qEx;siny) N 5 H - A% ]1/2 A } 65
12 2_ 42 2 2 - ’
~ K| —qEx, + Ex, + <—> Ex, coté |, AT — A5 || E+ADE +AY A1A2
i 1+
(A15b) ¢
Jx, = K (—qEx,siny + Ex,) / @ _ 2(P(€) — P(0))
e o (FH0Re (- ADVENT— AD(AT— AD)
v (B3b)
~K|—|— E t0 + £ . A15
(Thy) e+ 4 (A150)
Here we have used EQAL3) along with Egs. §) and A7b). § dé& . 2(S0) — S&)) B3
Equation A15) keeps the same isotropic diagonal terms cor- J, (A% + E)R: - (A% _ A%)l/z(Ag _ Ag)’ (B3c)

responding to the renormalized combined Pedersen-parallel

conductivity as in Eq.A6). However, the final rotation Where

throggh the small anglg introdgces additional anis_otropic 0() = F(z(£); k) — Ez(£): k),

off-diagonal terms corresponding to the renormalized Hall

conductivity. At the constant plasma density, antisymmet- P (§) = (Ag - A%) F(z(&); k) + (Af — A%)E(z(é); k),

ric Hall terms do not contribute to the current divergency, so (B4)
that expressing the field @y, =—0®/dX;, we obtain from

dJx,/9X;=0 Laplace’s Eq.9), equivalent to Eq.A8). $(¢) = E(z(§); k)

(A2 — AD)(A2+£)(A2+ &)

These exact expressions are valid for arbitraryordered
Simplification of integrals in Eq. (27) according tad1>Ap> As.
Now, we approximate the elliptic integrals by elementary
In this appendix we simplify the integrals involved in functions. Under conditions od1>>A; 3, see Eq. 12), the
Eq. (27). First, we express them in terms of elementary func-paramete is close to unityA=1-k?<1. Then in the most
tions and canonical elliptic integrals of the first and secondof the entirez-range, -z A, we have
kind defined here as

A4k 1/2
+(A§—A§)|: L } )

Appendix B

2 2
Z F(z;k)%s_k ln(l—i—z)_(l—k)z’ (B5a)
dt 8 1-¢ 41— z2)
F(z; k) Ef , (Bla) 5
0 VA=D1 -k%?) Eky~z— 1K [z—hn(l”)} (B5b)
: [1_ g2 ' 2 2 \1-z
E(zik) = /(; 142 dt (B1b) This approximation fails in a small vicinity of the top bound-
ary, 1-z<A. For all 1-z«1, we have
(e.g.,Abramowitz and Stegurl970. Then, employing the 5_ 2 4
inequalities between the ellipsoid semi-ax¢s Eq. (2), F(z; k) =~ In[ }
we approximate these integrals with elementary functions. ( 4 ) V21 -2)+v/3-k?-22
Finally, we calculate the normalization constams of 1=k [ 2(1—2) 1— k2
Eq. @7b). + N o2_2 4 (B6a)
For eachi=1, 2, 3, the integrals in Eqs2{) have similar
forms but their explicit expressions in terms of the canoni- 5
cal elliptic integrals differ significantly. All elliptic integrals, E(z k) ~ 3+k° \/(l —2)(3—-k2—-27)
however, have the same argumenendk: ’ 4 2
2\ 1/2 5 o\ 12 1—k? [1-z  [3-k2-2
6 (g- —I—Ag) e (A; A§>  E2 5 In( & T 1 . (B6b)
§+ A5 Al — A3
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Equations B5) and B6) match at an intermediate region Chapin, E.: Simultaneous observations of meteors and the equato-
1-z~A and they approximate the exact elliptic integrals rial electrojet at Jicamarca, Ph.D. thesis, Univ. lllinois, Urbana
with a remarkable accuracy. For example, forz 3 which Chamaign, lllinois, 1996.

are proportional to 10, 1, and 0.1 respectivedy-10/+/101, Chapin, E. and Kudeki, E.: Plasma-wave excitation on meteor trails
A~0.01), the relative mismatch between the exact and in the equatorial electrojet, Geophys. Res. Lett., 21, 2433-2436,

. o 4 1994a.
proper approximate values of the elliptic integrals-it0 Chapin, E. and Kudeki, E.: Radar interferometric imaging studies

in the matching region and is much less beyond it. Even for of long duration meteor echo observed at Jicamarca, J. Geophys.
A13ascloseto each otheras 5, 4, and33/4, A~0.44), Res. 99 8937-8949. 1994b.

the relative mismatch between the exact elliptic integrals ancbimam’ Y. S. and Milikh, G. M.: Model of anomalous electron
their proper approximate values is only a few percentat most. heating in the E region: 1. Basic theory, J. Geophys. Res., 108,
Equations B4) to (B6) accurately approximate the inte- 1350, doi:10.1029/2002JA009524, 2003.
grals in Eqg. B3) over the entire space: EgB%) covers Dimant, Y. S. and Oppenheim, M. M.: lon thermal effects on
§§A2, while Eq. B6) covers§>>A§, Becaused1>>> A, the E-region instabilities: linear theory, J. Atmos. Terr. Phys., 66,
two regions overlap. 1639-1654, 2004.
Now, we find simplified approximate expressions for the Pimant, Y. S. and Oppenheim, M. M.: Meteor trail diffusion and
normalization constants fields: 1. Simulations, J. Geophys. Res., 111, A12312, doi:10.
(A3 00 2 —— 1029/2006JA011797, 2006a.
A’T(Aé/z){f dé/[.(Ai +§)fj]' iq' (217b)' dFor thfie I'?te Dimant, Y. S. and Oppenheim, M. M.: Meteor trail diffusion and
grals, Eq. B4) requiresz(0)= 3/.2<< andz(co)=1. For fields: 2. Analytical theory, J. Geophys. Res., 111, A12313, doi:
the former, we use EqB6E), while for thg Iattgr we use 10.1029/2006JA011798, 2006b.
Eq. B6). Expanding all resultant expressions in powers of Dyrud, L. P., Oppenheim, M. M., Close, S., and Hunt, S.: Interpre-
the small ratiosd2/A1 and A3/ Az (up to the second-order  tation of non-specular radar meteor trails, Geophys. Res. Lett.,

accuracy), we obtain from EgB8) 29, 2012, d0i:10.1029/2002GL015953, 2002.
aA A 3 a4 A2 A2 Dyrud, L. P, Denney, K., Urbina, J., Janches, D., Kudeki,
Apain 2t 284 <_ In 21 _ 1) 22 78 E., and Franke, S.: The Meteor Flux: it Depends how you
Az Az A2 242 Look, Earth Moon and Planets, 95, 89-100, doi:10.1007/

(B7a) 5$11038-005-9001-6, 2004.
Elford, W. G. and Elford, M. T.: The effective diffusion coefficient
A2 1 Az 3 1 44 A% A% of meteor trails above 100km, in: ESA SP-495: Meteoroids
Az~ ALlT T A, iz 3" A, A_i A_% ’ 2001 Conference, pp. 357—359, 2001.

Galligan, D. P., Thomas, G. E., and Baggaley, W. J.: On the relation-

(B7D) ship between meteor height and ambipolar diffusion, J. Atmos.

A% As  AzAp  4A; A% Terr. Phys., 66, 899-906, doi:10.1016/j.jastp.2004.03.002, 2004.
A3z~ - = N—+— (B7c) Gurevich, A. V.: Nonlinear phenomena in the ionosphere, Springer-
A1A A2 242 A2 A3
1 2 Verlag, New York, 1978.

These expressions provide accurate approximations of ~Gurevich, A. V., Borisov, N. D., and Milikh, G. M.: Physics of
for Ap/A1, A3/A»2<0.2 by elementary functions. The rel- mur:]rowa(\;e c:;scharge;: artrl]fchlJe:(Hyzlgglzed ;‘;%';’”s in the atmo-
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