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Abstract. In the auroral zone of the Earth, the electron ac-tions. Recent observations show that these two families of
celeration by Alf\en waves is sometimes seen as a precursoprocesses are not independent from each other.
of the non-propagating acceleration structures. In orderto in- A series of papers tend to conclude that quasi-static elec-
vestigate how Alfén waves could generate non-propagatingtric field structures might cause ABwic acceleration. An
electric fields, a series of simulations of counter-propagatingauroral plasma physics experiment on-board a rocket that
waves in a homogeneous medium is presented. The wavefew into a 100 nT auroral substorm explored an environment
propagate along the ambient magnetic field direction. It iscomposed of an equatorward region of inverted V electron
shown that non-propagating electric fields are generated asrecipitation followed by a poleward region of mostly field-
the locus of the Alfén waves crossing. These electric fields aligned supra-thermal electron bursts. In the inverted V re-
have a component orientated along the direction of the amgion (Klatt et al, 2009, the measuredE /5 B implied a sta-
bient magnetic field, and they generate a significant perturtionary field-aligned current configuration. In the poleward
bation of the plasma density. The non-linear interaction ofregion, the average electric field included time-varying com-
down and up-going Alfén waves might be a cause of plasma ponents with periods of 0.5-5s, add /8 B was Alfvénic.
density fluctuations (with gradients along the magnetic field) The perpendicular scale size of most of these waves was on
on a scale comparable to those of the &livwavelengths. the order of a kilometer or less, as expected for acceleration
The present paper is mainly focused on the creation processy inertial Alfvén waves. The role of the Alénic accel-
of the non-propagating parallel electric field. eration in the poleward side of arcs was confirmed by con-
)jugate observations from space and from the grousrdy
£t al, 2010. It was proposed bilatt et al. (2005 and oth-
ers Asamura et a).2009 Chen et al.2005, that the Alfven
waves might be triggered by the electron beam caused by
the quasi-static electric fields. Then, the Adhic accelera-
tion would be a consequence of the quasi-static electric struc-
1 Introduction tures.

Reciprocally, other papers suggest that Atic processes
An auroral substorm is an abrupt increase in night-side hemimight act as the precursors of quasi-static non-propagating
spheric auroral power. The visual displays of the aurorasacceleration structures. The optical observations reveal
happen at ionospheric altitudes (typically in the range 60-the development of a much brighter onset arc poleward of
400 km). A substantial part of the electron acceleration thatgrowth-phase arcsZpu et al, 2010; the Alfvénic acceler-
triggers the auroras happens at a few thousands of kilometrestion, mostly associated to the poleward side, might act as
above the ionosphere. Two main families of acceleration pro-a precursor to the quasi-static electric fielddewell et al.
cesses have been identified, associated to quasi-static elect2010 combined a very large number of identifications of
fields, and to Alfen wave electric fields. The acceleration by substorm onsets from satellite global imagers with DMSP
quasistatic, and basically non-propagating, electric fields (inparticle data to investigate the substorm cycle dependence of
verted V, or other kinds of localized parallel electric fields) the diffuse aurora, monoenergetic aurora (produced by quasi-
produces mono-energetic beams of electrons, while those bgtatic electric fields), and broadband aurora (associated with
Alfv én waves are associated to broadband energy distribuAlfv é€nic acceleration). Although all types of aurora increase
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82 F. Mottez: Parallel electric fields

at substorm onset, they showed that broadband aurora ateappens, with special attention given to the possible emer-
notably associated with substorms and, especially, substorrgence of a parallel electric fiel#x and to the plasma den-
onset. sity.

Evidences of acceleration structures emanating from Because of this simple setting, the present study cannot
Alfvén waves are also given by the direct observation ofpretend to bring any conclusion on the large scale structure
the parallel electric field (parallel to the mean direction of of the auroral zone. Therefore, we cannot involve the large
the magnetic field)Chust et al. 1998 Chaston et al.2007) scale density and magnetic field dependence with altitude,
or by the estimate of the wave Poynting fllbo(arn et al. net potential drops on large scales, etc. Because the numeri-
1994 Volwerk et al, 1996 Keiling et al, 2000. More ref-  cal simulations are conducted with a reduced ion to electron
erences can be found Keiling (2009. More recentlyHull mass ratio, quantitative comparisons with auroral data cannot
et al. (2010 performed a case study of the development of be done yet. As well as the analysis of the accelerated parti-
an acceleration region based on multi-point Cluster obser€le distribution function and of the field aligned current, the
vations in the high altitude auroral zone, across the plasmauantitative analysis is left for a further stage of this inves-
sheet and into the polar cap. They have identified anéxifv tigation. This paper focuses on an explanation of the physi-
wave dominated system, with its typical broad spectrum ofcal process observed in the simulations that are in the range
accelerated particles, in the vicinity of a plasma cavity. After of "microphysics” when compared to magnetospheric scales.
Alfv énic acceleration, the signature (the so-called inverted\evertheless, its potential relevance to auroral physics is the
V) of particles accelerated by a quasi-static structure, suchmain motivation of this work.
as a strong double layer, was observed. This suggests that It has been shown in previous studiddaéegawa and
the Alfvénic acceleration process could act as a precursoChen 1975 Goertz 1984 that, even in the context of lin-
to the quasi-static process. But the Afvwaves might not ear theories, Alfén waves with an oblique wave vector in-
only be a cause for inverted-VsErgun et al.(2005 have  duce an electric field with a component parallel to the am-
reported observations of spiky parallel electric fields associ-bient magnetic field. This happens provided that the trans-
ated to nonlinear Alfén waves. Contrarily to inverted-Vs, verse scale is small enough to alléwc/wp~ 1 orky pj ~1,
these structures do not display any parallel electric currentwherek, is the wave vector's component perpendicular to
they probably belong to an another category of electric fieldthe ambient magnetic fieldy, is the plasma frequency, and
structures. pi is the ion Larmor radius. In the present study, we do not

Considering the complexity of the auroral processes, itsuppose that the Alen waves are already accelerating the
might be hazardous to state that one family of acceleratiorplasma. As the origin of their small transverse scales is not
processes (non-propagating structures or waves) is systentrivial, it is more careful, for the generality and the simplic-
atically the consequence of the other. In the present studyity of the initial condition to neglect the presence of small
without arguing against the possibility that quasi-static accel-transverse scale associated to the &ivivaves. The choice
eration structures can generate Afvwaves, we investigate of setting initially waves without small transverse scale also
the opposite case of quasi-static — or more precisely, noneomes from the need to explain up-going waves. They should
propagating — electric field acceleration structures triggerede the reflected part of down-going waves created in the mag-
by Alfvén waves. netosphere, and reflected upon the ionosphere eAlfvaves

This paper presents a series of numerical simulations thatvith small transverse scales of the order of 1 km, like those
investigate the interaction of down-going incident Afv  associated to acceleration structures describaddly et al.
waves with their up-going reflected counterpart. Their abil- (2005, cannot be reflected efficiently upon the ionosphere
ity to create parallel stationary electric fields is questioned, agLessard and Knudse2001). Therefore, we set initially
well as to prepare the auroral plasma before the setting of thevaves that propagate along the magnetic field. Because the
acceleration processes. Because the duration of our simulalfv én waves in the present study propagate along the ambi-
tion is short in comparison to the duration of the observed acent magnetic field, the linear theory shows that they do not
celeration structures, one cannot conclude unambiguously onarry any parallel electric field, even when inertial and ki-
the quasi-static character of the structures generated throughetic effects are considered. Therefore, the setting of a paral-
the Alfvén waves interaction, but we will state whether they lel electric fieldEx presented in the next sections is the result
are propagating or non-propagating. Complementary to thef nonlinear effects.
observational facts mentioned above, the approach in this pa- Let us notice already that we make a distinction between
per is determined by a search for simplicity. That is why thethe X component of a vector (parallel to the ambient — and
initial conditions in the simulations are rather basic: we con-uniform — magnetic field) and its component, that is paral-
sider a plasma that is uniform in density, temperature, meatel to the local value of the magnetic field. The reason why
velocity and magnetic field. There is no mean current. Inis explained in Sect.
it, we superimpose two Al#n waves, or two Alfen wave
packets, propagating along the ambient magnetic field direc-
tion X (possibly in both directions), and we observe what
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F. Mottez: Parallel electric fields 83

2 Numerical method and simulation parameters is Vo =0.2.) The first wave packet propagates downward
(toward positive values oX) and the second wave packet
As in Génot et al.(200Q 2001a 2004, dedicated to the propagates upward (toward negative valueX pf
physics of auroral Alfén waves, the numerical simulations  For each of the eight sinusoidal waves (characterized by
are made with a EGC (Electron Guiding Center) electromagthe mode numbe:), the wave vectok,, is parallel to the
netic PIC code that takes into account the motion of the elecX-direction, which is also the direction of the quasi-1-D
tron guiding center and the full ion motion. The boundary box (with 4096 cells in the x-direction and 4 cells in the
conditions are periodic. A complete description of this codey-direction) and the direction of the ambient magnetic field
is given inMottez et al.(1998. Bo = (Bo,0,0).

The physical variables are reduced to dimensionless vari- Following a widespread convention, we call the direction
ables. Time and frequencies are normalized by the electronf the wave vector the longitudinal direction. In the present
plasma frequencywpo that correspond to a reference back- case, it is given by the X-axis. We say that the direction
ground electron densityo. Velocities are normalized to the of the magnetic field is the parallel direction. With a wave
speed of light, and the magnetic field is given in terms of the of infinitesimal amplitude, the longitudinal and the parallel
dimensionless electron gyrofrequeneye/wpo. The mass  directions would coincide, but this it is not the case with finite
unit is the electron masse. Therefore, the units (starting amplitude Alfen waves.
from the Maxwell equation in the MKSA system) aréwpo The polarization of each of these sinusoidal waves is
for distancesgwpo/c for wave vectorse for chargeseng for  given by initial values of the transverse componeBygX),
the charge densitywce/wpo for the electric field. Inthe fol- B, (X), Ey(X), Ez(X) of the electromagnetic field, and by
lowing parts of this paper, all the equations, numerical valueshe particles’ velocity. Each macro-patrticle, electron (“e”) or
and figures are expressed in this system of units. proton (“p”), of index ‘i” has a random velocity, following

This paper is based on a series of numerical simulationsa Gaussian law determined by the temperature, to which is
whose naming convention is AWC (for Aln wave cross- added a transverse velocity perturbatieg (X;), vez(X;),
ing) followed by a number, or a number and a letter. Thesevyy (X;), vpz(X;) that depends on the particle’s positi&h
simulations share most of their characteristics with AWC001,and nature (electron or proton). Each of these functions of
which is therefore used as a reference simulation. For thex is of the form F(X) =8B x frp x Sin(k, (X — X)) or
others, a few parameters are varied. When a physical paran¥ (X) =8B x fru, x cosk,(X — X)), whereX is the po-
eter is varied (for instance, a wave amplitude), the numbessition of the centre of the wave packet (one value for each
is different. When only computational parameters are variedvave packet), andr,, is a scalar that is different for every
(such as the number of macro-particles), a letter is added tfield (By... vz) and every moden. For the magnetic field,
the name of the simulation. fBm = 1. For the parallel electric fieldfexm = 0. The other

Here are some details about the parameters and initial valvalues of f,, are computed numerically, before the simula-
ues of AWCO001. Two wave packets propagate in a uniformtion, through the resolution of the linear dispersion equation
plasma, in opposite directions along the X-axis. There areof Alfvén waves in the cold bi-fluid approximation, as de-
819 200 particles of each species in the simulation; it corretailed in the appendix dMottez (2008. At the center of a
sponds to 50 particles per cell. There are 2048 time steps, davave packet (represented by the valugsand X, for the
fined byAr = 0.2, corresponding to a total timgax= 409.6. first and the second wave packets), the amplitude of the mag-
The size of the whole simulation domain is 4008 x 4AY, netic field is initially 8x § B, as the wave packet is the sum of
whereAX = AY = 0.1 is the size of the grid cells. There- 8 sinusoidal waves (labelled by their mode numbes#arying
fore, the simulation is practically in one dimension. The from 1 to 8) with the amplitudéB.
electron thermal velocity it = 0.1; the ion and electron This way of initializing Alfven wave packets has already
temperatures are the same. The ion to electron mass ratio tseen applied and tested Mottez and @not(2017). It was
reduced ton;/me=400. shown that for a single wave packet propagating on a uniform

Each wave packet is initialized as the sum of 8 sinusoidalplasma, the packet is not destroyed by the dispersion. Apart
waves with their maximum — in terms of magnetic pertur- from noise at a frequency around the plasma frequedaey (
bation — atX; = 0 for the first wave packet, ankl, = 241 1), for a moderate wave amplitude, still for a single wave
for the second wave packet. In each packet, the waves haveacket, there is no creation of parallel electric field, or at least
the same amplitude, given by the wave magnetic field am-the electric field is below the noise level. This point will be
plitude §B =0.12. The value of the background magnetic discussed in the next section for waves of larger amplitude.
field is Bo=4. The waves have a right handed circular po- The parameters of the other simulations are presented in
larization. This corresponds, in parallel propagation, to theTablel. The initial values of the wave packets positidfs
fast magneto-sonic branch of the dispersion relation. Theirare varied in a few simulations in order to test any influence
wavelengths aré = Ao/m whereio=4096 andm varies  of phase and boundary conditions. Actually, none is seen.
from 1 to 8. The phase velocities vary from 0.45 for the The values ofX;, of no influence, are not specified in Ta-
shortest wave to 0.23 for the longest. (The A&lfwvelocity  ble 1. The simulations AWC001 to AWCO010 are initialized

www.ann-geophys.net/30/81/2012/ Ann. Geophys., 30, 852012



84 F. Mottez: Parallel electric fields

Table 1. Simulation parameters varied from AWCO001, and parallel electric field maximum value. Each column contains the data for the wave
packets 1 and 2. RH (resp. LH) is for right-hand (resp. left-hand) polarized waves. D and U mean Downward and Upward propagation. The
simulations AWCO001 to AWCO009 correspond to wave packets, each packet being the sum of 8 sinusoidal waves with the same amplitude.
This amplitude, given in the columiB, can be different for the two wave packets. The range of wavelengths is indicated in the éolumn

In the simulation AWC010-AWCO019, there are no wave packets, but only two sinusoidal waves, whose wavelengths are given in the column
A. Versions “b” are made with more particles. Version “c” is a 2-D simulation (see text). In the last column is displayed the maximum
amplitude of the parallel electric field at any place and any time in the simulation. The maximum intensity is reached at the locus of the wave
packets interactions, except for AWC009, where the most intense valig o associated to plasma wave oscillations. For AWCO009, the
second number indicates the amplitude associated with thémifaves interaction.

name Nicell 3B polar. dir. A max(Ex (X,1))

wave packet

AWCO001 50 0.120.12 RHRH DU 51.2-409. 51.2-409. 0.12

AWC002+b 50, 400 0.080.08 LHLH DU 51.2-409. 51.2-409. 0.078

AWC003+b 50, 400 0.080.08 RHLH DD 51.2-409. 51.2-409. 0.021

AWC004 50 0.160.16 RHRH DU 51.2-409. 51.2-409. 0.21

AWCO005 400 0.040.04 RHRH DU 51.2-409. 51.2-409. 0.016

AWC006 400 0.020.02 RHRH DU 51.2-409. 51.2-409. 0.008

AWCO007 400 0.080.04 RHRH DU 51.2-409. 51.2-409. 0.030

AWCO008 400 0.080.16 RHRH DU 51.2-409. 51.2-409. 0.11

AWCO009 400 0.080.16 RHRH DD 51.2-409. 51.2-409. 0.13pt
0.04

sinusoid

AWC010+b 50,400 (b) 0.080.08 RHRH DU 102.4102.4

AWCO010c, in 2-D 40 0.080.08 RHRH DU 102.4102.4

AWCO011 50 (b) 0.080.08 LHRH DU 102.4102.4

AWCO012 50,400 (b) 0.080.08 LHLH DU 102.4102.4

AWCO013+b 50,400 (b) 0.160.16 RHRH DU 102.4102.4

AWC014+b 50,400 (b) 0.040.04 RHRH DU 102.4102.4

AWC015+b 50,400 (b) 0.080.04 RHRH DU 102.4102.4

AWCO016+b 50,400 (b) 0.080.16 RHRH DU 102.4102.4

AWCO017+b 50,400 (b) 0.040.16 RHRH DU 102.4102.4

AWC018+b 50,400 (b) 0.020.16 RHRH DU 102.4102.4

AWCO019+b 50,400 (b) 0.020.04 RHRH DU 102.4102.4

AWC020+b 50,400 (b) 0.080.08 RHRH DU 409.6 409.6

with two wave packets. The simulations after AWC010 are 2048x 1024, 40 particles per cell, and 512 time steps. The
initialized more simply with only two sinusoidal waves prop- fields computed in this simulation show the same behaviour
agating in opposite directions. As we will see, this simpler as in the 1-D simulations, and they remain invariant in the
setting is a good help to better characterize the nature of theiy-direction (as were the initial conditions), proving that the
interaction. In simulations AWC13 to AWCO019, only the am- phenomenon under study is basically mono-dimensional.
plitudes of the two waves are varied. Actually, these simula- A series of values of plasma parameters corresponding

tions have been done in two versions. The fist correspond§ . o
; . o the initial condition of IWCO001, ICW002, ICW014 and
to 50 particles per cell, as in AWC001-AWCO009. Other S€-1cW020 is presented, in ascending order, in TableThe

ries (AWCO010b and AWC013b-AWCO19D) have been Con'ordering is consistent with the low density regions of the au-

ducted with 400 particles per cell. These simulations b, roral zone, but because of the reduced ion to electron mass

apart from being less noisy, provide the same results angl,;, 1he values are closer to each other than in a real plasma.

thg same numerlcal values (as far as the s!gnal, and not th\‘?\/e can notice that in ICWO001, the wave velocity is quite high
noise above it are concerned). The simulation AWC010 ha%ompared to the MHD Alfen wave velocity Va = 0.20)

also a version “c’, made with a bi-dimensional grid of size The small wavelengths components of the wave packet rather

Ann. Geophys., 30, 8195, 2012 www.ann-geophys.net/30/81/2012/



F. Mottez: Parallel electric fields 85

Table 2. Plasma characteristic values in the initial conditions of simulations ICW001, ICW002, ICW014, ICW20. For each categories
(lengths, velocities, frequencies, magnetic field), the data is ordered from the smaller to the largest values. The parameters that are variec
from one simulation to another are boldfaced. One can notice that the value of the ion cyclotron frequency is plotted in two lines because of
different orderings in IWC001, IWC002, ICW014 and ICW020. The data about the wave is given for a single wave packet; the characteristics

of the second wave packet are the same, apart from their opposite directions of propagation.

Simulation name ICW001 ICWO002 ICW014 ICW020
Lengths

Electron larmor radiuge 0.025 0.025 0.025 0.025
Debye length.p 0.1 0.1 0.1 0.1

lon Larmor radius; 5 5 5 5
Lowest wavelength in the wave packet£8) 51.2 51.2 102.4 409.6
Largest wavelength in the wave packet£ 1) 409.6 409.6 102.4 409.6
Velocities

Thermal ion velocitywy; 0.005 0.005 0.005 0.005
Thermal electron velocityte 0.100 0.100 0.100 0.100
Lowest phase velocity in the wave packet 0.225€1) 0.071¢=8) 0.32 0.225
Largest wave velocity in the wave packet 0.4b2-£8) 0.169(=1) 0.32 0.225
Frequencies

lon cyclotron frequencyg; 0.0100

Lowest freq. in the wave packetyin (m = 1) 0.0034 0.0025 0.0200 0.0034
lon cyclotron frequency; 0.0100

Largest freq. in the wave packetmax (m =8)  0.0556 0.0087 0.0200 0.0034
lon cyclotron frequencyg; 0.0100 0.0100
Plasma frequencype 1 1 1 1
Electron cyclotron frequenyce 4 4 4 4
Magnetic field

Maximum wave amplitudé Bmax 0.96 0.64 0.04 0.08
Ambient magnetic field3g 4 4 4 4

belong to the high frequency part of the dispersion relationare conducted with wave intensities that are systematically
branch. The simulation ICW002 has been conducted withlower than those in ICWO001. For instance, in ICW014, both
two left-hand polarized waves. These waves’ frequenciesvaves’ amplitudes (here, simple sinusoids) represent 1 % of
(from w =0.0087 form =8 tow =0.0025 form =1) are all ~ the background magnetic field amplitude, a value more con-
lower than the ion gyrofrequeneay.; = 0.01), although still ~ form to those met in the high altitude auroral zone.

fairly close. We are clearly in the high frequency range of the
Alfv én wave branches, like Electro Magnetic lon Cyclotron
waves (EMIC), also encountered in the auroral zone. With
the simulation ICW020, the two waves are simple sinusoids,
their phase velocityy = 0.22 is close to the MHD Alfen
velocity Va =0.20, and their frequenay = 0.0034 is a third

of the ion cyclotron frequencycj = 0.01. They correspond
better to the characteristics of a MHD-like A wave.

3 Electrostatic field at the crossing of two Alf\en wave
packets

Figure 1 shows the magnetic field componeBg(X,?) in
simulation AWCO001. We can clearly see two structures that
propagate in opposite directions, with a moderate distortion,
until they meet, around time 200. These structures, ini-
In IWCO001, the total wave amplitude magnetic field tially located around(; =0 andX, = 241, are the two wave

reaches 25 % of the background field. This high wave am-packets. They propagate with a uniform velocity and they
plitude is never met in the auroral zone. ICWO0OL1 is clearly are modified but not destroyed after their mutual interaction.
a caricature in the sense that the plasma characteristics afFigure2 shows the longitudinal electric fielfly (X,7) in the
exaggerated. The counterpart to this excess is a nhumericalame simulation. This electric field component is parallel
simulations that could be conducted rather quickly, with ato the wave vector and to the ambient magnetic field. We
high signal/noise ratio that allows for an easier analysis of thecan see high frequency oscillations that do not propagate;
physical processes at work. The other numerical simulationgshey are simply a noise background oscillating around the

www.ann-geophys.net/30/81/2012/ Ann. Geophys., 30, 852012
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Fig. 1. AWCO001(two wave packets). Temporal stack plot of the Fig. 2. AWC001(two wave packets). Temporal stack plot of the
transverse magnetic fielelz (X, ). longitudinal electric fieldEx (X, ).

plgsma_l frgquencya(z 1). As _in_Mottez_a_md @not(2011), The simulation AWCO003 is based on the fact that a right-
ets because of an imperfect initialization of the Afvwave  side polarized one. Therefore, when can test the interac-
modes. More interesting, we can see that around time 20Qon of two wave packets propagating in the same direction.
when the two wave packets strongly interact, there is thesimylation AWC003 shows that when the faster wave packet
emergence of an electric structure that does not propagatgaches the slower one, a parallel electric field structure de-
and that lasts as long as the two wave packets cross ea%lops again, as shown on Fig. Of course, in this cir-
other. _ _ _ _ cumstance, the electric field structure is propagating too, as
The simulation AVC002 is the interaction of two packets the |ocus of the interaction between the two wave packets.
of shear Alf\en waves, characterized for parallel propaga-Nevertheless, the parallel electric field reaches a level that
tion, as left-hand circularly polarized waves. (The simula- s apout 5 times smaller than in AWC002, in spite of Alfv
tions AWCO01 involve right-hand polarized waves.) Their \yayves of the same amplitude. Therefore, the fact that the two

phase and group velocity is smaller, and the simulation isyayes are not counter-propagating may have an influence on
conducted over a larger number of time steps (up #0  the |evel of the parallel electric field.

1200). Her_e again, Wher_1 th_e two wave packets meet, a struc- The simulations AWC004—-AWCO008 test the conditions of
t“reF’ Ionglt_udlnal electric fieldty appears. Nevertheless, . AWCO001 with different wave packets amplitudes and initial
the interaction of the “’V.° wave packet_s takes a tlm_e that 'Socations. As the signal is expected to be lower, because of
larger than thqse at which thg simulation stops. |t_|s POSSI:smaller wave amplitudes, we have lowered the noise level by
ble that specific effects associated to the low velocity of theraising the number of macro-particles to 400 per cell. Again,

waves and maybe to ion glro—l_fesonant effects play a sgppleé parallel electric field structure emerges, as in AWCO001.
mentary role, not seen with right-hand circularly polarized

The last simulation of this series, AWCO009 is the superpo-
waves. " . . ) :
sition of two neighbouring wave packets of high amplitude
and propagating at the same velocity. Actually, it is similar
to a very intense single wave packet and it appears that there

Ann. Geophys., 30, 8195, 2012 www.ann-geophys.net/30/81/2012/
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Fig. 3. AWCO003 (a slower and a faster wave packets). TemporalFig. 4. AWC010 (two sinusoids). Temporal stack plot of the trans-
stack plot of the longitudinal electric fielfly (X, ¢). verse magnetic fiel®z (X, ).

is a longitudinal electric fieldzx propagating with same ve- Alfvén wave frequency, there is a rather important aliasing
locity as the waves. effect. Nevertheless, it is possible to distinguish the time de-

For a better understanding of what happens, a series dgfendent modes from those that are constant (in the last case,
simulations with simpler initial conditions has been made.there is no aliasing). We can see in Fithat the domi-
They consist of two sinusoidal counter-propagating waves'ant amplitude is on the mode= 4, in accordance with the
instead of two wave packets. initial conditions, and that the frequency is non zero, with a

Figure 4 shows the magnetic field componeBi(X, 1) peak that is compatible with the theoretical wave frequency

in simulation AWC010. The space time dependency of the®f 0-02. There is a second peak for the mede- 12 that is
amplitude results from the superposition of the two counte two orders of magnitude below, which is not analysed further

propagating waves of equal velocity modulus and amp"_inthe present study. The Figshows that for thé&x electric
tudes. We can see that there are four wavelengths along t

Hield, the dominant mode correspondsrte=8 and to a null
simulation box (the initially selected mode numbenis- 4). frequency. These Fourier transforms confirm what could be
Figure5 shows the corresponding electric figig .

seen in Figs4 and5. The Fourier analysis allows to go a bit

We can see that there is a sinusoidal dependency of mod%'ortzie ;;?QfeTlggg_zﬂgg'%‘O?riﬁdtfgng?g:ggogn);:delrze IS
m = 8 and of null frequency. In order to confirm this ob- h Wg mint :\”_ ' K for — 4 and a smaller f Y—8 z
servation, we have made space-time Fourier transforms of oW a €nse peaklor=4 and a smafier fom = o.
By(X.1), Bz(X.1), Ex(X.1), Ey(X,1), etc. The Figs6 and These spectra suggest that the mede- 8 seen in the
7 show the Fourier transforms @& and Ex. As the simu-

electric field is electrostatic, and that it is the result of non-
lation box is treated with periodic boundary conditions, the linear wave coupling between the two Aéfiw waves. Indeed,
space Fourier transform is clean. The time Fourier trans-

let us call(wa,ka) and(—wa, kp) the frequencies and wave
forms is made with 1024 samples, covering the whole simu-;/he gtor of t?e two C(I)(;Jnter-rl)tr qpat[%atlr;g A \gaves,kwhere
lation. The time series was apodized in a simple way: the elr c]?up mgowzoku result in the two modd@a,ka) +
reversed time signal was appended to the direct one. AS™®@A-*a) = (0.2ka).

the total duration of the simulation is not a multiple of the
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EX Fig. 6. AWCO010 (two sinusoids). Space-time Fourier transform of
— " _ Bz(X,t). The horizontal axis displays the spatial mode number, and
-0.400000E-02 0.400000E-02 the vertical axis represents the frequency. The colour scale shows

the logarithm of the mode amplitudes.
Fig. 5. AWCO010 (two sinusoids). Temporal stack plot of the longi-
tudinal electric fieldEy (X, 7).
Semaden{2003, shows that a single wave of finite ampli-
tude in parallel propagation along the magnetic field can be
X i T indeed associated to a mass density perturbation. Due to the
ICWO19 involve Alfven waves of quite high frequency, un- jinitations of MHD, the charge density perturbation and the

like the Alfvén waves met in the auroral zone. In order 0 ysqciated electric parallel field are not investigated by these
study the influence of lower frequencies, ICW020 has beerhuthors

conducted with two sinusoidal waves with the same wave- interpretation of parallel electric fields has been pro-

length as the length of the simulation box. These waves hav%osed byTsiklauri (2006, in the context of parallel electric

a:srlw?:cngiClrﬂzsatgt:h?o,\\:lvgr[)tﬁgz?rx ai\:)envelc;g:ctr)é E:Jnedni fres'eefield generation by an Alfen wave for an application to Sun
4 Y Sig y 9y q y ( coronal heating. It is based on the fact thgt is not lo-

Table2). This simulation also exhibits a purely electric wave cally parallel to the magnetic field. At the location where

with a componengEy of finite amplitude, showing the same the Alfvénic perturbation is high, the intensity of tisg . B

characteristics as those described above. The maximum am- g . .
. ) . . . magnetic field (1.7) r hes 40 % of the ambient magneti
plitude of Ex in ICW020 is 0.0036. A similar value is at- agnetic field (1.7) reaches 409% of the ambient magnetic

. . ) . : ; field (Bo =4). Therefore X is not any more the local paral-
ginmeede;r;r]ICI:i\t/l\JlgiOBUTZC:EJ:I:S;&OSSAEEZ?I\(/jvaalvvgzvnestk\:v 'Elr_'htgzlel direction to the magnetic field. This fact, resulting from
fore, we cgm conclude that the emergence of the glec.tric fielctlhe non-linearity of the waves, will be helpful in the further

' . 9 . interpretation of the phenomenon.
componentEy is not a consequence of the rather high fre-

guency of the wave on the Alénic branches used in the Le_t X.’Y be_ the_frame of th? sm_1ulat|on, whete (the
other simulations. longitudinal direction) is the direction of the wave vector

k and the ambient magnetic fielgh. Because of the null
divergence ofB, Bx = By, and the magnetic perturbation
4 Theoretical interpretation of the longitudinal electric ~ has only Y- and Z-components. For simplicity, but with-
field out entailing the generality of the computation, we consider
only the X- and Y-components of the vectors (considering
A full MHD approach of a large amplitude Alén wave, the Z-component would not change the conclusions). For
such as the simple wave describedPRgssot and &zquez-  two counter-propagating waves, the magnetic perturbation is

As mentioned in Sect2, the simulations ICW001-
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0.0870 waves polarizations. From the above equations, the longitu-

dinal electric field becomes

E1B1
= co — 6
_ X = 28, Spp1—PE1) (6)
o E2B>
% 00580 + ———CoY¢p2—PE2)
g 2B
) E1B
< + 2t lcos(Zwt—ZkX+¢31+¢El)
= 2Bo
oy Eo>B
g + =222 coq 20t + 2k X +dpa+ dr2)
3 00200 2Bo
o
< E1B>
L + cos 2wt +¢ppo+dE1)
2Bo
E->B
+ =24 CcoY 2wt +¢p1+PE2)
2Bo
0.0000 E1B>
0 2 4 6 8 10 12 14 17 19 21 23 25 27 29 31 33 + ZB Coq+2kx + ¢BZ - ¢El)
Mode number E 1;)
+ 22k cos—2kX +pp1—pr2)
Fourier tr. of EX -log. scale- 2Bo
—::- For a circularly polarized wave, the Faraday law implies that
¢p1—¢p1==xm/2 and¢pr — pp2 = £ /2. Therefore, the

0.00 1.51 3.01 . -
two first terms of the above equation cancel.

Fig. 7. AWCO010 (two sinusoids). Space-time Fourier transform  With only one wave of mode:, this equation reduces to
of Ex(X,1). Thg horizpntal axis displays the spatial mode num- E1B;
ber, and the vertical axis represents the frequency. The colour scalg y =
shows the logarithm of the mode amplitudes. 2Bo
and theE x perturbation has a wave vectadr @gnode 2n) that
propagates with the same velocity as the Alfwvave.
written as With two waves, we can see the appearance of two other
kinds of signal. The first is a stationary wave of mode, 2
By (X,t)=BicoSwt—kX+¢p1)+B2codwt+kX+dp2). (1)  which corresponds exactly to what is seen on the simulations
AWCO010 and AWC011-AWC020. The second is a wave of
Let (x,y) (different from X,Y) be the orthogonal coordi- infinite length and a frequency:2
nates, where is parallel to the local magnetic field. Amag-  \we can notice that, according to this explanation, the set-
n_etic field line, because of the perturbation by the waves, is{ing of the Ex electric field is not progressive, but quasi-
given by instantaneous, as seen in our simulations.
Here is a derivation o in the particular case of two

co 2wt — 2k X + ¢pp1+dE1) @

d_Y - By = ﬁ 2) counter-streaming circularly right-handed waves. The wave
dX Bx Bo coefficients, given in a fully developed explicit form lot-
The conditionE - B =0 implies tez(2008, are such that, setting arbitrarily the valuefgfi,

T
=0 and =—= 8
Ex = Eysind 3) PE1 $p1=—7% 8
3

=¢o and =¢o+ =, 9
wheref is the angle between the X- and the x-axis, given by¢E2 b P52=90 2 ©)

. wheregg represents the phase shift between the wave 1 and
sing ~tand =dY/dX. (4)  the wave 2. As the two waves have the same polarization,

o . ' o E1B2 = B1E>. Inserting these values in E@)( one finds
As the electric field is perpendicular to the magnetic field,

: E1By T
Ex =0 andEy can be written as = — __
X y Ex=+ - COS(Za)t 2kX 2) (10)
Ey= E1coSwt —kX +¢r1) + E2CoSwt +kX +dr2). (5) + b;zBBz cos(2a)t+2kX+2¢o+%)
0
The coefficient®p1, o2, p£1, andp g, are appropriate num- E1B>

T
bers, independent from location and time, determined by the ~ + ~5- cos(ZkX+¢o+ E)
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Table 3. Test of the bi-linear dependency of the maximal Fourier
transform valueEx (k) of Ex as a function of the initial Alfén
waves amplitudes. The initial Alen wave amplitude$B1 andé B
are given in the columaB. For a bilinear dependency, the factor
0 = Eg_g/8B1 x B, must be constant. In the columify(0.,8),

the values in parenthesis correspond to simulations with 50 particles
per cell, the other values correspond to the simulations with 400

particles per cell. When there is no difference, only one value is

given.

name SB Ex(0.,8) 0
AWCO010 0.080.08 502.(505.) 1.00
AWC013 0.160.16 1953. 0.972
AWC014 0.040.04 127. 1.001
AWCO015 0.080.04 252.(253.) 1.003
AWC016 0.080.16 994. 0.990
AWCO017 0.040.16 498.(500.) 0.992
AWC018 0.020.16 250. 0.996
AWCO019 0.020.04 64.(62.6) 1.01
AWC020 0.080.08 376.(377.) 0.749
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The two terms corresponding to a wave of infinite length can-

cel (phase opposition), and those corresponding to the time
invariant signal, in phase, add to each other, making the time

invariant electric field the dominant term.
In the particular case of two counter-streaming circularly
waves of opposite circular polarisation,

T
¢e1=0 and ¢p1 = +3 (11)
T
$E2=¢0 and ¢p2 = po+ > (12)
and
1B1 T
T COS(Za)t —2kX — E) (13)

E>B>

S(Zwt+2kX+2¢o+ %)
Ele

s<2a)t +do+ z).

-0.400000E-02 0.400000E-02

Fig. 8. AWCO011. Temporal stack plot of the longitudinal electric
field Ex (X,1).

plasma in this simulation is the same as in 1-D, and the fields
remain invariant in the y-direction.

The simulation AWC011 shows the interaction of a left-
hand polarized wave crossing a right hand polarized one. The
electric field is displayed in FigB. We can see a mode of
zero wave number and a frequency that is the double of the
Alfvén waves frequency. This is compatible with the other
possible wave coupling, which consists of the difference of
the two initial Alfvén waves, considered as two pump waves,

wp,kp) — (—wp, ka) — (2wa,0), whose resulting electric

In that case, the coupling term between the two waves (th‘ﬁeld Ex is given by the wave coulpling term in EQL3).

one proportional t&&1 Bo) is purely time dependent, as if for
a wave of infinite wavelength.

The next section is devoted to a comparison of this simple
theoretical model with the simulation results.

5 Testing of the properties of the longitudinal electric
field

This coupling process is typically 1-D, and it should happen
in the same way in a 2-D simulation with the same initial

According to Eq. §), the amplitude dependence must be
quadratlc or more precisely, linearly dependent on the am-
plitude of each of the two pump/Alen waves. In order
to check this, the AWC012-AWCO019 simulations have been
conducted. The characteristics of the initial Afvwaves are
the same as in AWCO010, except for their amplitude that take
various values. In all cases, an electric field similar to those
in AWCO010 is observed. One expects that the amplitude of
the modew = 0.,m = 8 in the Fourier transform (we use the
notationE"o.,g) is proportional to the produét; x § B, of the

conditions. This is what has been checked with the simulatwo Alfvén waves. Therefore, a rati®@ = Eo_g/8B1 x § B2

tion AWC010c, made on a box of size 4094024 (instead
of 4096x 4 for the other simulations). The behaviour of the

Ann. Geophys., 30, 8195, 2012

has been computed. It is displayed in TaBl&Ve can check
that Q is constant, within a margin of one percent.
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The Fourier transforms displayed in Fig.show indeed
that the term of null frequency and 2vave vector is domi-
nant in the expression @y, as seen in Eq1Q). But the two
first terms of this equation are not supposed to be null; nev-
ertheless, they do not appear in the spectrum of Figwo
other simulations with the same parameters but different val-
ues ofgg have been performed, and they show the same be- 461
haviour. A similar remark can be done about the simulation | e
AWCO009. .. and all the others. This is not explained by the L
little theory exposed in Secd. The theory given in Sectt ; ;
would correspond to the simulations if only the terms that 2 207
couple twodifferentwaves would be kept. It would mean +
that the different waves couple to each other, but that they do
not couple to themselves. This might be the case ithgle
sinusoidalsolution of the linear wave equation would also
be a solution of the nonlinear equations, as for ideal MHD
Alfvén waves. If we make this supposition, the only term
remaining in Eq. 10) would be simply

614 pr

154

E1 2

EX COS<2kX+¢O+ ) (14) ° 0 1‘02 2‘05 3‘07 410
and this would correspond to what is seen with the simulation X
AWCO010 on Fig.5, where the electric field'x has no time NE
dependence. Similarly, the only term remaining in Eig) ( — :_
would be 0.950000E+00 0.105000E+01
E El 2co 20t +¢ + (15)

X= 0 Fig. 9. AWCO010. Temporal stack plot of the electron density

ne(X,t).
Again, this would correspond to the case of AWCO011, where, e
as seen on Fid, the electric fieldEy is purely time depen-
dent. is not restricted to the case of sinusoidal waves. It happens
with the crossing of two waves packets, and it can reach a
very high amplitude, as shown in Fig0. In the auroral con-
text, this modulation of the density would correspond to per-
turbations of the density as a function of the altitude, on a
scale similar to those of the Alén wavelength.

6 A glimpse at slower processes

The simulations conducted with two input Aém waves
show that the electric field&x (whatever sinusoidaly time
or space dependent) reaches a constant amplitude quasi-
instantaneously. Does it mean that there is no slower evo- .
lution of the plasma properties? No. Fig@shows a stack 7 Conclusions
plot of the electron densitye(X,7). We can see that it has
an increasing modulation associated to the same wave-modEhis paper show a series of numerical experiments about the
(m = 8) as the longitudinal electric fiellx. There is obvi-  interaction of Alf\en waves propagating in opposite direc-
ously a link between this amplification of the density mod- tions, in a situation that may be relevant for auroral physics.
ulation and the particle acceleration by the parallel electric It is shown, for the first time in the auroral context, that
field Ex. But at the same time, a part of the process maybethe interaction of counter-propagating Aéiv waves, with
connected also to the wave coupling process. Actually, ndk. =0, can generate longitudinal electric field structures.
amplification is seen either on the perpendicular electric fieldThis process has been simulated with &lfvwave packets
componentsEy and Ez, and there is no obvious amplifica- and with Alfvén sinusoidal waves. The produced electric
tion either of the charge density (compatible with a constantfield structures do not propagate, provided that the locus of
value of Ex). This question will be addressed in more details interaction of the two Alfen waves is static.
in a further study, with a careful examination of the particle  Actually, a single wave packet of high intensity gener-
distributions. ates quasi-instantaneously a parallel electric figldof low

Let us notice, for an possible application in the auroralamplitude. The role of the counter-propagating waves re-
context, that the growth of the plasma density perturbationssides in the appearance of other space and time dependencies,

www.ann-geophys.net/30/81/2012/ Ann. Geophys., 30, 852012



92 F. Mottez: Parallel electric fields

The interactions observed in these simulations could be
relevant for auroral physics. In that context, the two Aliv
waves would represent magnetic perturbations propagating
downward, and reflected waves above the ionosphere. There-
fore, we could expect, as in the present simulations, that the
up- and down-going waves have roughly similar character-
istics. Indeed, the amplitude of the reflected wave might
be lower than that of the incident wave, but the simulations
AWCO007, AWCO008, and AWC015-AWCO019 with waves of
different amplitudes have shown that this is not an obstacle
to the growth the longitudinal electric field structures. These
simulations are also associated to a growth of longitudinal
b ‘; density perturbations.
| R For computational reasons (to take profit of the guiding
; | Hs centre approximation for the electron motion), these simula-
102 R G | ; tions were conducted with an ambient magnetic figjd= 4

il i | o ‘ higher than in most regions of the auroral zone. Such high
values (that correspond physically to a ratio of the electron
gyrofrequency to the plasma frequency./wpe =4) can be
0 ‘ ‘ i met only in the deep and localized plasma cavities with sharp

0 102 205 307 410 transverse gradients observed in various acceleration regions

X (Hilgers et al, 1992 Delory et al, 1998 Chaston et aj2007,
Janhunen et gl2004. These cavities are good places for
NE electron acceleration by Alan waves Génot et al, 2001h
— : :_ 2004 Lysak and Song2008 Janhunen et al2004, but
0.500 2.000 in the present case, a cavity is not required, and the phe-
nomenon could happen in a denser, less magnetized homo-
Fig. 10. AWCO001. Temporal stack plot of the electron density geneous plasma. What would happen then? For the same
ne(X. ). Alfv én waves amplitude, the magnetic field line distortion
] ] ] ) _would be larger. Therefore, the projection of the locally per-
including the setting of a non-propagative structured longitu-pengicular electric field along the X-axis would be larger too,
dinal field Ex. o _ and this would facilitate the creation of ti# electric field.

Kraichnan(1969 showed that in incompressible MHD, Therefore, the process could be even more efficient outside
the non-linear interactions occur only between A&lffwvave  he auroral plasma cavities seentijgers et al.(1992 and
packets travelling in opposite directions. Therefore, the f'”'teDeIory etal.(1998.
electric fieldEx seen with waves propagating allin the same  Nevertheless, the problem is not completely solved. First,
direction is the result of compressive or kinetic effects. It it js necessary to evaluate the influence of the parallel electric
is suggested that thex electric component is generated by fig|q on the particle distribution functions. It has been shown,
the distortion of the magnetic field lines by the Affivwave. i the framework of solar physics, that the interaction of sun-
Because of this distortion, the locally perpendicular electric\yarq and anti-sunward Alen waves of similar amplitude
field has a finite resulting projection along the X-axis. This {nrough non-linear effects generates electrostatic waves and
is a non-linear effect that has already been evidenced, with &.celerate proton much more efficiently than in the quasi-
single Alfvén wave, in the context of the solar corona physics|inear diffusion limit (Markovskii et al, 2009. Concerning
by Tsiklauri (2008. It is associated to the growth of a varia- g ,roral physics, does any ABw waves-electrostatic waves
tion, along the X-axis, of the particle densities; it is therefore jyieraction accelerate the ions? Do they accelerate the elec-
compressive. trons? Might mono-energetic beams be formed as with in-

The simulations conducted with two sinusoidal Aifv. yerteqd v structures? These will be the topics of a forthcom-
waves show that the emergence of the electric field is quasiing study.

instantaneous. At odds with the electric field, the growth of Second, we can see in the simulations with wave pack-

the density perturbation is progressive. The precise nature of;g (AWC001-AWCO008) that the parallel electric field struc-

the wave coupling associated to the emergence of the denyres remain only during the interaction of the two Afv

sity perturbation and decayi(ing 1974 parametric insta- \yaye packets. As soon as the wave packets have crossed

bility; Derby, 1978 effect of the accelerated particles?) has gach other, thety structures starts to dissipate. Therefore,

not been investigated yet. we have not yet created quasi-static inverted V-like structures
that would survive the Alfénic acceleration phase (apart

time
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from the case of AWCO002 where it is not yet possible to con- The simultaneous presence of Adfvic acceleration and
clude). In order to make quasi-static structures, one couldjuasi-static acceleration structures has recently been diag-
imagine that in the ionospheric Anic resonatorGhaston  nosed outside the Earth auroral zone, in the magnetic flux
et al, 2002, there would be a quasi-continuous supply of in- tube connecting the planet Jupiter to its satellite lo. The di-
cident and reflected waves, and that these electric field strucagnostics were made through the analysis of the so-called
tures would develop at the antinodes whose existence woul&-bursts and N-band radio emissiondess et al. 2009h

be almost permanent. On the contrary, the density structureArkhypov and Rucker2011) and a combination of data anal-

do not disappear after the wave crossing. As can be seen oysis and numerical simulatiomiéss et al.2007, 20093. In

Fig. 10, the density perturbation continues to grow after thea discussion paper, it has been established that the observed
wave packets crossing. quasi-static structures are below the Afic acceleration re-

The non-linear coupling of counter-propagating A&fv  gion, but still in the Alf\énic resonator, in the place where
waves trapped in an Earth auroral resonant cavity has beeboth the incident and the reflected Adiv waves have a high
investigated byChian (1995. Although they did not con- amplitude Mottez et al, 2010. Although we have no proof
sider the emergence of a longitudinal electric field, they haveyet that the Alfienic acceleration would precede the forma-
shown that electrostatic waves can be generated in that corion of quasi-static acceleration structures, the mechanism
text. In the present study, we show also that these waves capresented in this paper might be interesting in the Jovian case
be the cause of non-propagating density structures. too.

The projection effect invoked in Seet.has already been
studied in a work byKnudsen(1996 concerning the auro-  AcknowledgementsThe author thanks Vincent @iot for useful
ral context: there were up and down going Alfvwaves, discussions. The numerical simulations were performed at the com-
but with a slightly oblique direction of propagation, imply- puting center (DIO) of the Paris-Meudon observatory.
ing electron inertia effects. The projection effect that was  Topical Editor R. Nakamura thanks two anonymous referees for
analysed depended rather on the coupling of each of thes@eir help in evaluating this paper.
waves with the permanent electric field associated to a fielc'
aligned current sheet. A modulation of the plasma density
was observed, as in the present paper. Low density caviti
can also be created by ion heating localized in a region of ¢
few gyroradius transverse size. Then, the process is assoc
ated to the growth of lower-hybrid waves and to the pondero-
motive force. It can create small size density cavitigsyler o S
1994 Knudsen et a).2004. This effect can be amplified by The publication of this article is financed by CNRS-INSU.
the action of the mirror force caused by the convergence of
the magnetic field lines in the direction of the Ear8irngh
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