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The paper presents a brief review of the observational facts related
to plasma filamentation in astrophysics and the subtle structures of plasma in
Transient Luminous Events (TLE’s) and an analysis of the physical mechanism that
could contribute to formation of filaments in plasma inside streamers. The values
of physical parameters are assumed such as to resemble the physical conditions in
streamers of the TLE’s. Estimates of the typical spatial scales of these structures
and temporal characteristics of filament formation are given. The analysis concerns
a non-magnetic mechanism based on a form of non-relativistic dissipative instability
and the electron-nitrogen collisional 2Πg resonance. It is argued that the influence
of the magnetic field is negligible at the leading order at least up to the altitudes of
about 65–70 km. Under the conditions related to those in plasma inside the TLE’s,
derived based on the current knowledge of physical parameters within the electric
discharges, the identified dissipative-resonant instability is demonstrated to be the
only/most vigorous linear instability developing in the system. It results in periodic
plasma density distribution in the direction transverse to the electric field. The
obtained time scales of the instability development are quick and proportional to
the inverse of the ion-neutral collision frequency, 1/νi, whereas the proposed spatial
scale of the density stripes/filaments is proportional to the electron temperature and
inversely proportional to the speed of the discharge.
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1. Introduction

Plasma turbulence is one of the most significant features of space
plasma. Furthermore, plasma also often exhibits a tendency to create filamentary
structures. This is e.g. an evident general feature of magnetized plasma, when
field aligned currents are formed (cf. [1]). Such filamentation can be seen by
optical and X-ray observations of the solar chromosphere and corona, in the
cometary tails and on the Earth in the auroras (cf. [1–6]). Magnetospheric plasma
also exhibits a tendency to form subtle structures in the current flowing along
magnetic field lines. To study this subtle, filamentary structure in situ, sensitive
tools with high time resolution are necessary.

In the upper Earth’s atmosphere some plasma structures are also present.
These are formed through different mechanisms than those of magnetized plasma,
within the so-called Transient Luminous Events (TLE’s), i.e. electric discharges
propagating between clouds and the ionosphere. The magnetic field shows only
a weak influence on the dynamics of TLE’s and hence magnetic mechanisms
of filamentation, valid in the case of astrophysical plasma, cannot be directly
applied to TLE’s. However, the ground base telescopic observations also indi-
cate a subtle structure of plasma there. We discuss the origin and dynamics of
these structures within the scope of the unmagnetized plasma linear stability
theory.

As described by Słomińska et al. [40]: “The Transient Luminous Events are
bright, short-lived, atmospheric phenomena occurring above the clouds level,
some of them reaching the ionosphere. The first suggestion of existence of that
kind of phenomena was given by the Scottish physicist C.T.R. Wilson in
1924 [7], who observed that at a certain altitude above the clouds level the
value of the electric field associated with the thunder cloud discharge equals the
critical value of the electric field allowing for the conventional breakdown mecha-
nism. This, in turn, leads to emission of light. First confirmed observations of the
luminous phenomena above the clouds level date back to 1989. The experimental
discoveries of one type of these events were made in 1989 by Otha Vaughan Jr.
and Bernard Vonnegut and scientists from the University of Minnesota Robert
Franz, Robert Nemzek and John Winckler (cf. [8] and [9]). These first de-
tections were related to a phenomenon, which is now called the red sprite. The
observation was performed during night time, and only in 1998 Mark Stanley

and his collaborators from New Mexico Tech reported electromagnetic signatures
indicative of a day-time sprite ([10, 11]). Since then, thousands of observations
of different types of TLEs have been carried out from aircrafts, balloons, space
stations and satellites (cf. e.g. [12]). Apart from red sprites, other types of TLE’s
– blue jets, elves, halos and trolls – were observed. Different types of TLE’s are
schematically shown in Fig. 1.
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Fig. 1. A schematic overview of different types of the Transient Luminous Events [14].

According to all collected up to date observations, the TLE’s are triggered
by a significant electric discharge either inside a cloud or between the cloud and
the Earth, which causes a strong electromagnetic field above the cloud system.
The electromagnetic field is a source of different light phenomena, some of them
classified as TLE’s. It is estimated that the energy produced in the atmosphere
by all types of TLE’s is about 700 MJ per minute (cf. [13]). In the case of sprites
and elves the positive or negative cloud to Earth discharges are a necessary con-
dition for this type of TLE to occur. Therefore, a strong correlation between
the frequency of the thunderstorms and the sprites and elves is observed but the
mechanism responsible for triggering the TLE’s is still not fully understood”, e.g.
the role of a runaway electron mechanism for air breakdown or the detailed rela-
tion between the TLE and its causative lightning is not clear (see review by [14]).

Since the first registration of TLE in 1989 regular observations of TLE’s are
performed using ground base and satellite cameras and telescopes. To resolve
details high speed cameras with framing rates as high as tens or even hundred
thousands frames per second are necessary. In high-speed images, sprite events
typically contain a number of distinctly identifiable features, such as moving
streamers, glow, and beads (cf. [12, 16–18]). Streamers are very dynamic fea-
tures and only so high speed registration can give the details of their temporal
development. Streamers are relatively small, typically less than a few hundreds of
meters in diameter. Gerken and Inan followed by Marshall and Inan have
made sprite observations using a telescope and reported streamer widths as small
as a few tens of meters in [19] and [20]. High-speed observations of sprite stream-
ers show that they are frequently split into several smaller streamers. Overall,
streamers appear to split into smaller and smaller streamers. Summarizing, the
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telescopic images have shown that the fine structure of sprites covers a wide range
of spatial scales between about 15 and 1000 meters. Similar discharge/streamers
development has been studied numerically and experimentally by [21–25] and
theoretically e.g. by [26]. Here we study the dynamics of plasma within stream-
ers and their subtle structure. We start from fundamental Boltzmann equations
for ions and electrons and perform a stability analysis within the parameter
range relevant to TLE’s. Although nonlinear processes are definitely important
for sprite propagation, as pointed out in the aforementioned works, we are not
concerned here with the process of propagation of the streamer head. Instead
we look at the inside of a streamer and find a type of simple linear instability,
which may cause plasma filamentation inside it. The advantage is the simplicity
of this mechanism, corresponding in this sense to the mechanisms of magnetic
filamentation in auroras or Solar corona, which are also based on linear, although
magnetic and thus entirely different instabilities. The aim of this paper is simply
to check, whether such simple mechanisms of filament formation are allowed in
plasma within streamers.

In the next section we study the physical conditions within the Transient Lu-
minous Events and on neglecting the effects of the magnetic field, through analy-
sis of the plasma Boltzmann equations we find a dominant instability mechanism
of the dissipative-resonant type, which leads to plasma filamentation.

2. Dynamics of plasma within streamers in TLE’s

2.1. Physical conditions within streamers

To study the stability of plasma in Transient Luminous Events (TLE’s) we
first identify the conditions, i.e. the parameters of the plasma state at which the
electric discharges between clouds and the ionosphere take place. The numerical
values of the electric field triggering the discharge E and the number densities of
neutrals Nn, ions ni and electrons ne used below were taken from [14], whereas
the propagation velocity u of the electric discharge (velocity of the leader) was
provided by numerous authors, e.g. by [27, 28] and [14]. The electron temperature
within the streamers, Te is well-known to be of the order of several tens of
thousands degrees Kelvin (cf. [14, 27, 29]), however, the ion temperature Ti is
a poorly known quantity. Sentman et al. in [29] argue, that under conditions
of sprite streamers involving strongly heated electrons up to energies of 1–10 eV
the neutral molecules can reach temperatures of a few thousands K with the
temperature of ions possibly even somewhat higher due to the presence of the
electric field. Moreover, Sharma et al. in [30] provide experimental evidence
of enhancement of an average ion temperature up to 1000-2000 K after a few
sprite events. In accordance with the common knowledge about the ionospheric
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D-region, as confirmed by many authors, e.g. [31, 32], the Nitrosonium NO+ were
assumed the dominant ions and nitrogen N2 the dominant neutrals. Therefore,
at the heights between about 40 km and about 80 km, where sprites and gigantic
jets take place the most important parameters can be estimated as follows

Ti ≈ 5 × 103 [K], Te ≈ 5 × 104 [K],(2.1a)

u ≈ 102

[
km

s

]
, vT i ≈ 1.5

[
km

s

]
, vTe ≈ 8 × 102

[
km

s

]
,(2.1b)

E ≈ 103 − 10

[
V

m

]
, B ≈ 0.5 × 10−4 [T],(2.1c)

Ωi ≈ 1.6 × 102

[
1

s

]
, Ωe ≈ 8.8 × 106

[
1

s

]
,(2.1d)

ωpi ≈ 1.5 × 107 − 1.1 × 105

[
1

s

]
, ωpe ≈ 3.9 × 109 − 2.5 × 107

[
1

s

]
,(2.1e)

Nn ≈ 2.7 × 1025 × e−h/δ

[
1

m3

]
, ni = ne ≈ 1020 × e−2h/δ

[
1

m3

]
,(2.1f)

νi ≈ 7.3 × 107 − 3.7 × 105

[
1

s

]
, νe ≈ 5.4 × 1010 − 2.7 × 108

[
1

s

]
,(2.1g)

where vTα =
√
kBTα/mα with α = i, e are the ion and electron thermal ve-

locities, B is the Earth’s magnetic field, Ωα = eB/mα are the ion and electron
gyrofrequencies, ωpα =

√
nαe2/ǫ0mα are the ion and electron plasma frequen-

cies, h is the height above the Earth’s surface and the parameter δ = 8 km.
The following convention is used throughout the paper for height dependent
parameters – for a range of values of a given parameter, the first value always
corresponds to low altitudes, i.e. 40 km and the second to high altitudes, i.e.
80 km. The duration time of TLE’s is τ ≈ 10–100 ms. The measured width of
streamers varies between l ≈ 100 − 1 m (see e.g. [16], [19]).

The TLE’s typically take place in the height range 40 km–80 km where at-
mosphere is only weakly ionized, therefore we can neglect the effects of collisions
between ions and electrons and include only the collisions with neutrals. In such
a case the collisional frequency is να = Nn

∫∞

0 σα(v)vfαd3p, where fα is the
α-species distribution function. The collisional frequency, very roughly, by the
order of magnitude can be estimated with να = vTασαNn, where σα is the cross
section for collisions between species of type α and neutral, mainly nitrogen,
molecules (which typically depends on the collision energy); this estimate was
used in (2.1g). In the case of ions-neutrals collisions the cross section σi is pro-
vided by σi ≈ π(aN2

+ aNO+)2 ≈ 24.45 × 10−20 m2, with aN2
≈ 1.42 × 10−10 m

being the radius of the nitrogen, N2, molecule (sum of two covalent radii of ni-
trogen atoms) and aNO+ ≈ 1.37 × 10−10 m being the radius of the nitrosonium,
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NO+, molecule (sum of two covalent radii of nitrogen and oxygen atoms). For
electrons-neutrals collisions we may use a little more precise model. Itikawa

in [33] provides a compilation of numerous experimental results for cross section
for collisions between electrons and nitrogen molecules. Hence based on the data,
for TLE conditions, i.e. electrons with temperatures Te ≈ 104–105 K, thus ener-
gies kBTe ≈ 1 − 10 eV the cross section falls in the region of the 2Πg resonance
(cf. [33–36]) and takes values σe ≈ 10 − 34 × 10−20 m2.

The above parameter values allow us to formulate a first crude approximation

(2.2) ωpe ≫ Ωe, ωpi ≫ Ωi,

and also

(2.3)
uB

E
≈ 5 × 10−3 − 0.5 < 1.

In anticipation of the results we can also write, that the growth rate of the
dissipative-resonant instability leading to formation of the filamented subtle
structure of TLE’s satisfies ω/Ωe ∼ νi/Ωe ∼ 10−10−1 and ω/Ωi ∼ νi/Ωi ∼ 106-
103 ≫ 1. This allows us to assume, that the plasma is weakly magnetised and
proceed with neglection of the magnetic fields influence on the stability prop-
erties. We note, however, that at high altitudes (say h & 70 km) the ratios
uB/E ∼ 0.5, ω/Ωe ∼ 10−1 indicate, that the effect of the inclined magnetic
field may, in fact, play an important role in the stability of plasma in TLE’s;
moreover the rather small ratio k2v2

Te/Ω
2
e ∼ 3× (10−1 − 10−5) seems to confirm

that. Nevertheless, for simplicity and clarity of the analysis it seems reasonable
at the first stage, to neglect the magnetic field, thus in the present analysis the
magnetic effect is entirely neglected. Moreover, since Nn ≫ ni we assume the
plasma to be weakly ionised.

Hence we study the stability of electrons propagating at a constant velocity u
in non-magnetised, weakly ionised plasma in a constant external electric field E.
As it will be useful in the following analysis, based on the values given in (2.1a)–
(2.1g) we calculate the following non-dimensional parameters

ωpe

kvTe
≈ 4.5 × 104 − 3.1,

ωpi

kvT i
≈ 4.8 × 105 − 35,(2.4a)

νe

kvTe
≈ 1.1 × 105 − 5.4 × 102,

νi

kvT i
≈ 7.7 × 104 − 3.9 × 102,(2.4b)

where k = 2π/l and we assume l ≈ 100 − 1 m. Therefore in the majority of
the analysed regions all the above non-dimensional parameters can be assumed
large, i.e.

(2.5)
ωpe

kvTe
≫ 1,

ωpi

kvT i
≫ 1,

νe

kvTe
≫ 1,

νi

kvT i
≫ 1.
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Furthermore, we calculate

(2.6)
νi

νe
≈ 1.35 × 10−3 ≪ 1,

ωpi

ωpe
≈ 4 × 10−3 ≪ 1,

vT i

vTe
≈ 1.9 × 10−3 ≪ 1.

2.2. Boltzmann equations

The Boltzmann equations for the electron and ion probability distribution
functions, under the standard Bhatnagar–Gross–Krook (BGK) approximation
for elastic particle collisions take the form

∂fe

∂t
+ v · ∇rfe −

e

me
(E + E

′ + v × B
′) · ∇vfe = −νe(fe − neΦe),(2.7a)

∂fi

∂t
+ v · ∇rfi +

e

mi
(E + E

′ + v × B
′) · ∇vfi = −νi(fi − niΦi),(2.7b)

where the subscripts ’e’ and ’i’ correspond to electron and ion variables respec-
tively, E = Eêz is the external electric field, E′ and B

′ are the small perturbation
electric and magnetic fields respectively and fα(v, r, t)dvdr denotes the number
of particles of type α at time t in the phase space infinitesimal volume dvdr,
so that nα(r, t) =

∫
fα(v, r, t)dv and nα(r, t)〈v〉α(r, t) =

∫
vfα(v, r, t)dv. The

functions Φe and Φi are the local Maxwellians for both types of species,

(2.8) Φα =
1

(2πmαTαn)3/2
exp

[
−mα(v − 〈v〉α)2

2Tαn

]
,

and since me ≪ mn and we assume Tn ≈ Ti,

(2.9) Tαn =
mαTn +mnTα

mα +mn
≈ Tα,

where the subscript ’n’ refers to neutrals. The introduction of local Maxwellians
corresponds to the so-called conventional approach with neglection of the run-
away electron process, often undertaken in the description of TLE’s as pointed
out e.g. by [14] however, as the authors also point out the runaway electron
process cannot be ruled out here, but its role is uncertain as of yet.

2.3. Linear stability of streamers

We briefly report the results of linear stability analysis, which allowed to
demonstrate, that the plasma in streamers is likely to be linearly stable and its
dynamics due to nonlinear effects, although not all possible limits of parameter
values could be analytically resolved. Assuming small perturbations of the form
δfα ∼ exp[i(k · x − ωt)] and including the effect of the constant electric field
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through applying the Gallilean transform to a system moving with uniform ve-
locity u = uêz (cf. the seminal book by Alexandrov, [p. 159, 37]) we get the
following expression for the dielectric tensor ǫij in the moving frame

(2.10) ǫij = δij +

(
δiµ +

kµui

ω

)
(ǫ′eµν − δµν)

(
δνj +

kνuj

ω

)
+ δiµ(ǫ′iµν − δµν)δνj .

In the above ǫ′αµν denotes the contribution from the particles of species α to the
dielectric tensor ǫ′µν of the weakly ionised collisional plasma in a laboratory frame
provided in [Eq. (4.5.8), p. 92, 37], i.e.

ǫ′ij =

(
δij −

kikj

k2

)
ǫ′tr +

kikj

k2
ǫ′lo,(2.11a)

ǫ′lo = 1 +
∑

α

ω2
pα

k2v2
Tα

1 − I+
(

ω+iνα

kvTα

)

1 − iνα

ω+iνα
I+
(

ω+iνα

kvTα

) ,(2.11b)

ǫ′tr = 1 −
∑

α

ω2
pα

ω(ω + iνα)
I+
(ω + iνα

kvTα

)
,(2.11c)

where I+(x) = xe−x2/2
∫ x
i∞ es2/2ds is the plasma dispersion function.

First we consider the longitudinal oscillations, with the phasor exp[i(k·x−ωt)].
Therefore the general dispersion relation takes the form

(2.12) 1 +
ω2

pe

k2v2
Te

1 − I+
(

ω−k·u+iνe

kvTe

)

1 − iνe

ω−k·u+iνe
I+
(

ω−k·u+iνe

kvTe

) +
ω2

pi

k2v2
T i

1 − I+
(

ω+iνi

kvTi

)

1 − iνi

ω+iνi
I+
(

ω+iνi

kvTi

) = 0,

The following asymptotic formulae for the plasma dispersion function can be
easily obtained

I+(x) ≈ −i

√
π

2
x+ x2 + i

1

4

√
π

2
x3 + . . . , for |x| ≪ 1,(2.13a)

I+(x) ≈ 1 +
1

x2
+

3

x4
+ · · · − i

√
π

2
xe−x2/2(2.13b)

for |x| ≫ 1 and − π/4 < arg x < 5π/4,

I+(x) ≈ −i
√

2πxe−x2/2 for |x| ≫ 1 and |ℑmx| ≫ |ℜex|.(2.13c)

Furthermore, since the observed filamentation of plasma within the TLE dis-
charges is predominantly transverse we assume perpendicularity of the propa-
gation velocity and the perturbation wave-vector, k · u = 0. There are three
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possible types of asymptotic limits allowing for analytical progress

10)

∣∣∣∣
Imω + νe

kvTe

∣∣∣∣≫
∣∣∣∣
Reω

kvTe

∣∣∣∣,
∣∣∣∣
Imω + νi

kvT i

∣∣∣∣≫
∣∣∣∣
Reω

kvT i

∣∣∣∣,(2.14)

20)

∣∣∣∣
Imω + νe

kvTe

∣∣∣∣≫
∣∣∣∣
Reω

kvTe

∣∣∣∣,
∣∣∣∣
Imω + νi

kvT i

∣∣∣∣≪
∣∣∣∣
Reω

kvT i

∣∣∣∣,(2.15)

30)

∣∣∣∣
Imω + νe

kvTe

∣∣∣∣≪
∣∣∣∣
Reω

kvTe

∣∣∣∣,
∣∣∣∣
Imω + νi

kvT i

∣∣∣∣≪
∣∣∣∣
Reω

kvT i

∣∣∣∣.(2.16)

However, using formulae (2.13a)–(2.13c) we can calculate the root with the great-
est growth rate, Imω, which in case 10) gives Imω ≈ −νi(1+v2

T iω
2
pe/v

2
Teω

2
pi), in

case 20) gives Imω ≈ −νi/2 and in case 30) Imω ≈ −νi(1 + ω2
pe/νiνe)/2, hence

all the three cases are stable. This means, that longitudinal oscillations do not
lead to an instability.

2.4. Transverse oscillations

The general dispersion relation for transverse oscillations, analogous to (2.12),
in the studied case with k · u = 0 takes the following form (cf. Eqs. (2.10) and
(2.11a-c))

(2.17)
k2c2

ω2
− 1 +

ω2
pe

ω(ω + iνe)
I+

(
ω + iνe

kvTe

)
+

ω2
pi

ω(ω + iνi)
I+

(
ω + iνi

kvT i

)

− k2u2

2ω2

ω2
pe

k2v2
Te

1 − I+
(

ω+iνe

kvTe

)

1 − iνe

ω+iνe
I+
(

ω+iνe

kvTe

) = 0.

Similar asymptotic limits as in the case of longitudinal oscillations, given in
(2.14)–(2.16) can be considered here. The straightforward calculation of case
20) gives the maximal growth rate Imω ≈ −νe, which means that in this case
the system is stable. Case 30) is slightly more complicated, however, within
the considered asymptotic limits it can be shown, that the maximal growth
rate in this case satisfies Imω ≪ νi. The only interesting limit that remains
is given by the case 10) relations in (2.14), which, as it will turn out leads to
Imω ≈ 0.4νi. Let us now consider case 10) in detail. Under the assumptions
(2.14) the dispersion relation (2.17) can be greatly simplified to

(2.18) 0 = −i

√
π

2

[
ω2

pe

ωkvTe
e−(ω+iνe)2/2k2v2

Te +
ω2

pi

ωkvT i
e−(ω+iνi)

2/2k2v2
Ti

]

+
k2c2

ω2
+ i

k2u2

2ω2

ω2
pe

k2v2
Te

ω + iνe

νe
+

ω2
pe

ω(ω + iνe)
+

ω2
pi

ω(ω + iνi)
− 1.
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Taking into account (2.5) we see, that the exponential terms clearly dominate
and hence we may approximate the above dispersion relation by

(2.19)
ω2

pe

vTe
e−(ω+iνe)2/2k2v2

Te +
ω2

pi

vT i
e−(ω+iνi)

2/2k2v2
Ti = 0,

which leads to the following equation for ω, at leading order,

(2.20) ω2

(
1

k2v2
T i

− 1

k2v2
Te

)
+ 2iω

(
νi

k2v2
T i

− νe

k2v2
Te

)
+

ν2
e

k2v2
Te

− ν2
i

k2v2
T i

≈ 0,

the solutions of which can be expressed in the form

(2.21) ω = ±iνi

vTi

vTe

νe

νi
∓ 1

1 ∓ vTi

vTe

.

The only complex growth rate with a positive imaginary part at the leading
order can be approximated by

(2.22) ω ≈ iνi

(
vT iνe

vTeνi
− 1

)
≡ iνi(χ− 1), where χ =

vT iνe

vTeνi
,

which is, indeed, positive as long as χ > 1. We emphasize, that the growth rate
crucially depends on the dissipative collisional process and can only be positive,
when χ, which very roughly can be estimated by the ratio of collisional cross-
sections σe/σi is greater than one. This is possible only because the conditions in
streamers of the TLE’s, under the action of the strong electrical field E, which
accelerates the electrons, correspond to the 2Πg resonance, greatly increasing the
electrons-neutrals collisional cross-section σe. Note, that in the absence of the
electric field the electron energies are necessarily lower and the 2Πg resonance
is absent as well, implying Imω < 0, thus stability. Therefore the diffusive
process is essential for triggering the instability and its development (a situation,
when instability develops only in the presence of diffusive effects has also been
reported in fluid mechanics and diffusive instabilities, e.g. in thin current sheets,
are known).

The above result (2.22) is independent of the wave vector k. Further analysis
of the dispersion relation (2.18) by introducing ω = iνi(χ − 1)/(1 − vT i/vTe) +
δω(k), with δω(k) ≪ ω leads to

(2.23) Im [δω](k) ≈ k2v2
Te

ν2
e

χνi

{
ln

(
ω2

pevT i

ω2
pivTe

)

−
√

1

2π

1

(χ− 1)

kvT i

νi

(
u

vTe

)2(ωpe

ωpi

)2[2k2c2v2
Te

u2ω2
pe

− 1

]
e−χ2ν2

i /2k2v2
Ti

}
,
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which can be expressed in the form

(2.24) Im [δω](k) ≈ νi
χ2

χ− 1
K2[κ− ξK(K2 −K2

0 )e1/2K2

],

where

K =
kvTe

νe
, K0 =

1√
2

uωpe

cνe
,(2.25a)

κ =
χ− 1

χ
ln

(
ω2

pevT i

ω2
pivTe

)
, ξ =

√
2

π

c2ν2
e

v2
Teω

2
pi

.(2.25b)

Note, that according to (2.5) |K| ≪ 1, thus indeed δω(k) ≪ ω. At the altitude
of h = 60 km,

(2.26) K0 ≈ 2.03 × 10−5, κ ≈ 1.27, ξ ≈ 7.4 × 1011.

The consistency of the perturbational approach (at the leading and higher orders)
requires, that the growth rate must not depend on the sign of the wave vector K
of the perturbations, which is suggested by the second term in square brackets
in the formula (2.24) and hence this entire term must vanish. This implies

K ≈ ±K0,(2.27a)

Im [δω](k) ≈ νi
κχ2

χ− 1
K2

0 .(2.27b)

It follows from (2.27b), that the growth rate Im [ω] increases with κ and K0 at
constant ξ. The K0 dependence is particularly interesting, since it is the only
parameter dependent on speed of the electric discharge, u, hence the instability
is more vigorous, if the discharge is faster.

An estimate of the wavelength of the transverse oscillations, i.e. of the thick-
ness of filaments is provided by formula (2.27a) (similar as in the case of ion-
acoustic instability; cf. [38]),

(2.28) λ ≈ 2π

K0

vTe

νe
= 23/2π

cvTe

uωpe
≈ 5 − 850 m,

(and about 70 m at altitude h = 60 km) which is similar or less than the
thickness of the streamer. In that way the thickness of filaments is proportional
to the thermal velocity of electrons, i.e. increases with the electron temperature
and inversely proportional to the speed of the discharge.
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2.5. Discussion of the results

A precise estimate of the growth rate is difficult, since the electron and ion
collision frequencies are poorly known. The equation να = Nn

∫∞

0 σα(v)vfαd3p,
allows for a crude estimate να ≈ Nnσαṽα, where ṽα is the averaged velocity
magnitude of α species. Even a more crude approach leads to a substitution of
vTα in place of ṽα, which allows to calculate ω ≈ iνi(σe/σi − 1). Using also very
rough estimates of the cross sections provided at the beginning of Section 2,
i.e. σi ≈ 24.45 × 10−20 m2 and σe ≈ 34 × 10−20 m2 the maximal growth rate
can be estimated by ω ≈ 0.4iνi. Let us stress at this point the fact, that the
electron energies within the TLE’s, 1−10 eV, correspond very well to the energy
range for the electron-nitrogen collisional 2Πg resonance, leading to an increase
of the electron-nitrogen collisional cross section by roughly a factor of 3 and
even greater, as depicted in [33, Fig. 2] (data taken also from [34] and [35]). This
means that the e−−N2 collisional 2Πg resonance is fundamental for the studied
instability to develop, since in its absence the cross-section σe would be smaller
than the ions-neutrals collisional cross section, leading to Im [ω] < 0 and hence
to decay of perturbations and stability.

Furthermore, using a somewhat more precise estimate of the collisional fre-
quencies, να ≈ Nnσαṽα, leads to ω ≈ iνi[(vT i/ṽi)(ṽe/vTe)(σe/σi)−1], and under
the conditions in TLEs (vT i/ṽi)(ṽe/vTe) > 1, so that the growth rate is even
more positive. The reason for the factor (ṽe/vTe) being greater than unity is ob-
vious since (

∫
vfedv)2 ≥

∫
(v− 〈v〉e)2fedv, with v =

√
(v2

x + v2
y + v2

z) > 0. This
also means that (vT i/ṽi) < 1, however, under current assumptions relating to
negative discharges the mean ion velocity is zero, 〈v〉i ≈ 0 whereas for electrons
〈v〉e ≈ uêz with u ∼ 102 km/s of the same order as the thermal electron velocity,
thus the ratios have to satisfy (ṽi/vT i) < (ṽe/vTe).

On the other hand, in the case of electrons it is important to use the full
expression νe = Nn

∫∞

0 σe(v)vfed
3p, since both σe and fe are expected to depend

significantly on v and moreover the cross section σi for ions-neutrals collisions
also requires more precise estimates. The latter can be achieved with the aid of
the Sutherland potential (Maxwell’s attracting potential −Const/r4 with a hard
core of radius rm; cf. [39, p. 108]), which provides a simple model for interactions
of an ion with a neutral molecule polarized by the ion. The polarizabilities, which
determine the strength of interactions are also provided by [39], hence the cross
section can be simply calculated from basic principles of classical mechanics,
namely that σi = πb2, where b is calculated from an implicit relation

(2.29)
π

2
=

b/rm∫

0

dr√
1 − r2 −

(
rR
b

)4 ,
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with rm = 2.79 × 10−10 m denoting the sum of covalent radii of N2 and NO+

molecules; in the above R = (Const/E )1/4, where Const ≈ 12.504× 10−40 eVm4

(corresponds to C4 in [39]) and E is the collision energy. For a typical of TLEs
value of the collision energy, E ∼ 1 eV the cross section for ions-neutrals colli-
sions turns out to be σi ≈ 28.5×10−20 m2, which is slightly larger than the value
obtained from a ballistic estimate σi ≈ 24.45×10−20 m2, making the growth rate
slightly smaller. It is clear, therefore, that more precise observational data is re-
quired that is mainly for the ion and electron temperatures and cross sections for
the NO+ −N2 collisions, which would allow for further, thorough computational
analysis of the found instability.

Finally, consistency with the assumptions (2.14) follows from the fact, that
the real part of ω satisfies Reω ≪ νi (in fact it is of the order πk2vTevT i/νe ≪ νi

by virtue of (2.5)). On the other hand,

(2.30)
1

νi
∼ 10−8 − 10−6 s ≪ τ ≈ 10 − 100 ms,

so that the time of growth of the found instability ∼ 10/4νi is much quicker than
the life-time of the TLE.

3. Concluding remarks

We have briefly reviewed the state-of-art regarding observational facts on
Transient Luminous Events, i.e. electric discharges between clouds and the iono-
sphere. The subtle filamentary structure of TLE’s, with filaments roughly aligned
with the electric field, was numerously reported in observations. The physical
conditions of plasma within the TLE’s are such, that the magnetic effects seem
to be negligible at least at the leading order and thus no standard filamentation
mechanisms based on interactions of plasma with the magnetic field should be
effective in the case of cloud to ionosphere discharges.

The study of the stability of plasma in the parameter regime relevant to plas-
ma conditions inside propagating discharges at the heights of 40–80 km, revealed
that there exists a dominant type of instability, dissipative in nature, which
is vigorous enough to develop in 10−8–10−5 s, i.e. much faster than the TLE
lifetime. This instability depends crucially on the cross sections for scattering of
electrons on nitrogen molecules N2, i.e. on the electron energies, which in the case
of TLE’s typically fall in the range of the well-known collisional 2Πg resonance,
which increases the values of the scattering cross-sections roughly by a factor of 3.
It is only under the resonance conditions, achieved in the presence of the strong
electrical field accelerating the electrons, that the growth rate of disturbances
can be positive, leading to development of instability, which is dissipative (and
resonant) in nature.
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The identified dissipative-resonant instability was shown to lead to a ‘wavy’
density distribution in the form of stripes aligned with the electric field. This
suggests, that evolution of this quickly growing instability might contribute to
physical mechanisms behind filamentation of streamers in the TLE’s.
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