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Transient Luminous 
Events (TLE)
• Occur over big thunderstorms, last from 

1ms (ELVES) to hundreds ms (sprite, jet) 

• Sprites, alt. 40-80km (Franz et al., 1990)



Sprites over a thundercloud

©Paul M. Smith, spritechaser.com, ESA 








Filamentary structure of sprites

© Stephane Vetter

Gerken et al., 2000

These are streamer channels
Why do they split/branch?



What is a streamer?
• Electric discharge in gas (St Elmo’s fires, 

plasma balls)

• Streamer’s head is an expanding 
structure that ionizes the gas in the front, 
(𝐸𝐸ℎ > 𝐸𝐸0); behind lays a weakly-ionized 
plasma channel (𝐸𝐸𝑠𝑠 ≪ 𝐸𝐸ℎ)

Surkov & Hayakawa, 2012

𝐸𝐸0



Problems in modeling TLE streamers

• In-situ measurements not available in the mesosphere (only brief 
rocket soundings and indirect measurement) and inside TLE 
streamers (indirect measurements, scaling laws)

• At first TLE streamer plasma properties were to be estimated
• Choosing the modeling method (e.g. Adams-Bashforth, Particle-in-

Cell); Trade-offs: precision vs computation time and code 
complication; Choosing plasma theory to work in (kinetic, fluid, etc.)



Positive streamer 
plasma (sprite), 
h=60 km
• vs = 106 … 108 m

s
~c (front velocity)

• nn = 1,5 × 1022m−3 (air density)
• ne = 𝑛𝑛+ = 3 × 1013m−3 (NO+, electrons density)
• νin = 6,25 × 106s−1

• νen v ≈ 7,35 × 108 … 4.29 × 109s−1(Itikawa, 2006) 

• Te = 1,25 × 104K; vth,e = 615 km
s

• Ti = 3,83 × 103K; vth,i = 1,5 km
s

• Efront = 66 kV/m

• Einside = 0 … 100 V
m

• uinside = 105 m
s

(electrons velocity inside streamer)

Bazelyan & Raizer, 1998



Scaling laws
• Assuming uniform air composition and 

constant temperature

• Density falls exponentially with altitude 
(as the density)

• This influences mean free path, etc.

Pasko, 2010



Hypotheses of streamer’s branching

• Laplace instability (Ebert et al., 1996, Meulenbroek et al., 2004)
• Kinetic diffusive filamentation instability (DFI, Błęcki & Mizerski, 2018)
• Weibel instability (current filamentation instability, CFI, Weibel, 1959, 

Fried, 1959)



Kinetic plasma theory
Describes the evolution of particles’ velocity 
distribution function (i.e. the probability that 
there are n particles around a given velocity 
�⃗�𝑣 and around a given point 𝑟𝑟):

Discrete formulation, Klimontovich-Dupree:

Maxwellian:

Baumjohann & Treumann, 1997



The first solver (Fourier Boltzmann Solver)

• Solving for Maxwell-Boltzmann system by a spectral method
• Parallel computing (OpenMPI, FFTW-MPI, PLGRID)
• 2D+2V, periodic boundary conditions (implicit in the spectral 

method)
• BGK collision term
• 2 types of particles: ions, electrons
• Trapezoidal integration
• 3rd order Adams-Bashforth method for derivations of fields and 

distribution functions: 
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Fourier Boltzmann Solver



Fourier Boltzmann Solver

• Charge conservation
• Simulating Weibel instability
• DFI could not be simulated
• ~3000 lines of the code in C
• Moving to another approach (Particle-in-cell code SMILEI)



SMILEI (Particle in Cell)
• Parallel PIC model (Derouillat et al., 

2018), macro-particles of given shape (S) 
and weight (w) represent the behavior of 
much more real particles: 

• Implementing of electron-neutral, ion-
neutral collision model: Monte Carlo 
Collisions (MCC, Vahedi & Surendra, 
1995)



Validation
• Maxwellianization of the distribution

• Investigating collisions of single and 
multiple particles



Validation



DFI (Błęcki & Mizerski, 2018)

• Basing on investigating linearized kinetic equations for small disturbance in a 
form

∼ 𝑒𝑒𝑒𝑒𝑒𝑒(𝑖𝑖(𝑘𝑘𝑒𝑒 − 𝜔𝜔𝑡𝑡))
• Initial distribution for ions and electrons: drifting Maxwellian
• Dielectric tensor investigation in a moving system (via Lorentz transform) and 

collisions via BGK (Alexandrov et al., 1984):

• 𝐸𝐸 ⊥ 𝑘𝑘, 𝑘𝑘 ⊥ 𝑢𝑢𝑒𝑒
• 𝜔𝜔 = 𝑖𝑖 𝜈𝜈𝑖𝑖𝑖𝑖

𝑣𝑣𝑇𝑇𝑇𝑇𝑇𝜈𝜈𝑒𝑒𝑒𝑒
𝑣𝑣𝑇𝑇𝑇𝑒𝑒𝜈𝜈𝑇𝑇𝑒𝑒

− 1 + 𝛿𝛿𝜔𝜔 𝑘𝑘 ~𝜈𝜈𝑖𝑖𝑖𝑖, < 𝑣𝑣 >𝑒𝑒 ,𝑘𝑘, ca. 0,4 𝜈𝜈𝑖𝑖𝑖𝑖 ≈ 106𝑠𝑠−1

• Should occur in TLE streamer, 𝜏𝜏𝐷𝐷𝐷𝐷𝐷𝐷 ≈ 10−6𝑠𝑠, while 𝜏𝜏𝑇𝑇𝑇𝑇𝑇𝑇 ≈ 10−2 … 10−1𝑠𝑠



DFI in external electric field at variable collisions rates 𝜈𝜈𝑒𝑒𝑖𝑖

• Disturbance wavelength: 4-63 m (wavenumber 𝑘𝑘 = 0,1; 0,2; 0,4; 0,8; 1,6 𝑚𝑚−1), electrons drift < 𝑣𝑣 >𝑒𝑒= [100,1000] km/s, external field 𝐸𝐸0=[−200 𝑉𝑉/𝑚𝑚; −66 𝑘𝑘𝑉𝑉/𝑚𝑚], 
𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐[10−3 … 101])

• Fast set-on of nonlinear effects, strong suppressing influence of collisions (𝜈𝜈𝑒𝑒𝑖𝑖 ≈ 1,3 × 109𝑠𝑠−1 × 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) which introduce the noise in charge density and B field patterns

• Fast relaxation (Maxwellianization) of the distribution due to collisions

• Only for 𝜈𝜈𝑒𝑒𝑖𝑖 ≈ 1,3 × 109 𝑠𝑠−1 (𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1), some DFI-like pattern is visible, 𝜆𝜆 ≈ 31𝑚𝑚,𝑘𝑘 = 0,2𝑚𝑚−1, T𝑟𝑟 = 𝜔𝜔𝑝𝑝𝑒𝑒 ≈ 3 × 108𝑠𝑠−1, L_𝑟𝑟 ≈ 1𝑚𝑚

~30m



DFI-like, no external electric field

• Some exponential growth, rate 
1,66 × 104𝑠𝑠−1 (DFI growth: ∼
106𝑠𝑠−1)

• Could be investigated with 
linearized equations, but it is not 
the DFI



Weibel instability (CFI) at variable collisions rates 𝜈𝜈𝑒𝑒𝑖𝑖

• No in-situ measurements of streamer channels
• Assumption of 2 counter-streaming streams of particles (for the 

appearance of a counter-stream in plasma when single stream is 
injected, e.g. Cox, 1970)

• No external electric field inside streamer
• Cold distributions (𝑣𝑣𝑇𝑇ℎ𝑒𝑒 , 𝑣𝑣𝑇𝑇ℎ𝑖𝑖 = 0)
• CFI growth rate investigation at different modes and collisions rates 

(× 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐[10−9 … 10−3])



CFI, evolution of electron’s distribution (𝑣𝑣𝑥𝑥, 𝑣𝑣𝑧𝑧 plane)

𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 10−7 (as in FBS)

𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 10−3



CFI

• 𝐵𝐵𝑦𝑦 in time and space, 1D (nonlinear 
effect of collisions, 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 10−5, 
𝜈𝜈𝑒𝑒𝑖𝑖 ≈ 1,3 × 104 𝑠𝑠−1), 



CFI, magnetic field energy growth rate

• Fourier isolated growth rate for single wavelength

• Secondary instability of exponential growth rate 
(depending on collisions rate)

• Suppressing CFI at different collisions rates (𝜈𝜈𝑒𝑒𝑖𝑖 ≈ 1,3 ×
109𝑠𝑠−1 ⋅ 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐), drastically when the MFP (mean free 
path) gets close to the disturbance wavelength





Conclusions

• PIC+MCC code with analysis methods were given
• Strong suppression of instabilities due to collisions
• Fast on-set of nonlinear effects
• DFI: some patter visible in one case, fast Maxwellianization of the distribution, breaks the 

foretaken theoretical assumption, discrepancy between the drift velocity and the external electric 
field made BGK model not working

• some linear instability visible when no external electric field was given
• CFI: the biggest suppression when 𝑀𝑀𝑀𝑀𝑀𝑀 ~𝜆𝜆, secondary instability due to collisions
• FBS to be developed in the future
• Plans:

• 2 publications: CFI, DFI
• Further analysis of the DFI, simulating conditions when the DFI sets on (non-TLE)
• Improvement and simulations: SMILEI+MCC i FBS
• Investigation of Laplace instability with the kinetic theory and with collisions



Laplacian instability, Lozansky-Firsov limit 

• Calculating for a potential of a conducting ellipsoid in 2d (Landau & Lifshitz)

• No charge outside the streamer

• Ideal conductivity inside

• System prone to an instability on a harmonic mode

• Firstly published by Lozansky & Firsov (1973)

• Similar moving boundary problems arise in Hele-Shaw flow of two fluids with a large viscosity contrast

Meulenbroek, 2004
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