EPJ manuscript No.
(will be inserted by the editor)

Fluid simulations of ion scale plasmas with weakly distorted
magnetic fields
FLR-Landau fluid simulations
T. Passot1 , P. Henri1,2 , D. Laveder1 and P.L. Sulem1
1
2
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Abstract. Three-dimensional simulations of turbulence in collisionless plasmas are presented, using a fluid
model that extends the anisotropic MHD to scales of the order of the ion gyroradius and below in directions perpendicular to the ambient magnetic field. This model, which includes linear Landau damping and
finite Larmor radius corrections to all the retained moments, provides an efficient tool to describe Alfvénic
turbulence in the absence of cyclotron resonance. When sufficiently small scales are retained, no artificial
damping nor collisonal effects is required. Simulations with large-scale Alfvenic driving show the development of power-law spectra with an exponent close to -2.8 for the perpendicular magnetic field at scales
smaller than the ion inertial length. The electric field spectrum displays a break at intermediate scales beyond which it approaches a -1/3 power-law, consistent with Solar Wind observations. These spectra appear
in a quasi-stationary state after early-formed sheet-like density and current structures have evolved into
filaments. In the presence of temperature anisotropy, the nonlinear development of the mirror instability
leads to pressure-balanced magnetic structures surrounded by significant ion velocity fields perpendicular
to the ambient field. At later time, the system becomes turbulent, with the disruption of the magnetic
structures into parallel filaments.
PACS. 5 2.25.Xz, 52.35.Ra, 52.65.Kj, 94.05.Lk, 96.50.Tf

1 Introduction

FLR corrections. This can be performed in two ways. A
first approach consists in solving the equations for the
In many instances, space plasmas are collisionless or weakly non-gyrotropic parts of the pressure or heat flux tensors
collisional and turbulent, a regime that can hardly be perturbatively with respect to a small parameter measurstudied with the usual magnetohydrodynamics (MHD) or ing the scale separation between the considered phenomits extension including the Hall effect (Hall-MHD), even ena and the ion gyromotion, both in space and time [2–
when permitting ion and electron temperature anisotropies, 4]. Another approach consists in expressing all the nonin part due to a lack of appropriate form of wave damp- gyrotropic terms directly from the low-frequency kinetic
ing. A fully kinetic description requiring huge computa- theory, by proceeding as in the closure of the hierarchy [5,
tional ressources, fluid approaches including a modeling of 6]. In this description, the FLR terms are calculated in a
low-frequency kinetic effects such as Landau damping and linear approximation within the gyrokinetic scaling, thus
finite Larmor radius (FLR) corrections at the ion scales, retaining quasi-transverse small scales. Concentrating on
thus appear of special interest to study turbulence in space ion scales, we neglect here the inertia of the electrons,
together with their Larmor radius. In the following, we
plasmas.
Landau damping was first retained within a fluid de- report on this approach and refer to the corresponding
scription of a magnetized plasma in [1], where a large- model as the FLR-Landau fluid.
scale Landau fluid model was constructed by performing
The FLR-Landau fluid model includes all the hydroa closure of the moment hierarchy derived from the drift dynamic nonlinearities and is thus suitable for describing
kinetic equation. The fourth-rank cumulants or, in a sim- the large-scale energy cascade. It also permits the developplified version, the heat fluxes, are expressed in terms of ment of temperature anisotropy and the resulting microlower rank moments in a way consistent with the low- instabilities such as the mirror instability, whose growth
frequency linear kinetic theory, up to the possible replace- rate and spectral extension range are accuately reproment of the plasma dispersion function by suitable Padé duced thanks to a precise modeling of the linear Landau
approximants. Another step was made by supplementing damping and FLR corrections to all the retained fluid mo-
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ments. This model accurately reproduces the linear properties of kinetic Alfvén waves (KAWs) such as their dispersion, damping and polarization, in the absence of cyclotron resonance.
The paper is organized as follows. Section 2 briefly describes the main features of the FLR-Landau fluid model
and discusses in particular the importance of retaining the
magnetic field line distortion in the modeling of Landau
damping and FLR corrections in fully nonlinear multidimensional simulations. Section 3 reports on the first
three-dimensional numerical simulations using the FLRLandau fluid model, both in the regime of Alfvenic turbulence and in the presence of temperature anisotropy where
the mirror instability can occur, leading to the formation
of mirror structures and, after their filamentation, to a
mirror turbulence regime displaying specific spectral properties. Section 4 summarizes our findings and discusses
further developments.

2 About the FLR-Landau fluid model

Before discussing first numerical simulations of the multidimensional nonlinear regime, it is of interest to discuss
technical points concerning the modelization of the magnetic field line distortion within the kinetic effects.
2.1 Modeling Landau damping
We first mention that, as discussed in [1], a proper calculation of Landau damping would involve, at each point, the
evaluation of a convolution integral along the magnetic
field line attached to this point, a task which is unfeasible
on the present day computers. A drastic simplification,
consistent with the linear description of the kinetic effects, consists in substituting the local magnetic field line
by the straight ambient magnetic field. The calculation of
the Landau damping then involves an operator Hz defined
as the negative of the Hilbert transform in the direction
of the ambient magnetic field (taken in the z direction),
which thus reduces in Fourier space to a mere multiplication by isgn(kz ). As seen below, this procedure is convenient when the nonlinear problem is considered in one
space dimension, but turns out to be inappropriate for the
multi-dimensional framework. The dynamical equations
for the gyrotropic heat fluxes qk and q⊥ indeed involve
terms of the form ∇ · (e
r⊥kbb) and ∇ · (e
rkkbb). Here bb denotes
the unit vector in the direction of the local magnetic field
and re⊥k and rekk two components of the deviation of the gyrotropic fourth order cumulant from their bi-Maxwellian
value. Within the present closure, this fourth-order tensor re includes a contribution proportional to Hz q (here
the absence of indices generically stands for the ⊥ or k
directions). Rewriting

The full system of equations constituting the FLR-Landau
fluid model is too complex to be reproduced here due to
the lack of space. A few comments on the peculiarities
of this model as compared to more common extendedMHD or gyrofluid systems will however be given. The
linear properties of the FLR Landau fluid model have
been discussed at length in previous papers [5]-[8], showing
in particular that the properties of low-frequency modes
are accurately captured, except perhaps at intermediate
scales where, in some instances, the Padé approximants
used in the modelization are the least precise (i.e. when
∇ · (e
rbb) = bb · ∇e
r + re∇ · bb,
(1)
ζ = ω/kz vth = O(1)). In addition, and in contrast with
gyrofluids, this model does not filter out the fast modes
one sees that it is of interest to examine the well-posedness
which are in fact well described up to the scale where cyof the simpler equation (after neglecting all the terms that
clotron resonance (a phenomenon not captured in fluid
do not contribute in the linear regime as well as the nonformulations) takes place. An interesting point concerns
homogenous ones)
the properties of highly oblique kinetic Alfvén waves (KAWs),
which are believed to be the main component of the Alfvén
∂t q − bb · ∇Hz q = 0.
(2)
wave cascade at small scales. Above a certain critical angle that decreases as the β parameter increases, the KAW Let us first show that the one-dimensional case along a
polarization becomes right-handed [13–15]. Its frequency prescribed direction making an angle α with the ambican then exceed the ion gyrofrequency without enconter- ent field and parametrized by the abscissa coordinate ξ, is
ing a resonance. It is remarkable that the FLR-Landau well-behaved. One has, in the plane defined by the direcfluid model can capture KAW’s dispersion relation with a tion of propagation and the ambient field,
reasonable accuracy even though the frequency lies out1
side the range of the gyrokinetic approximation [6]. Linear bb·∇ = (bbx sin α+bbz cos α)∂ξ =
(Bx sin α+Bz cos α)∂ξ .
|B|
studies of this model also pointed out the importance of
(3)
taking into account a full description (i.e. in a form that
involve Bessel functions of the perpendicular wavenum- Furthermore, the zero divergence condition rewrites
ber) of the non-gyrotropic components of all the retained
∂ξ (sin αBx + cos αBz ) = 0
(4)
fluid moments in order to capture the correct KAW eigenvector, even at scales relatively large compared to the ion or
inertial length. Another remark concerns the importance
sin αBx + cos αBz = B0 cos α.
(5)
of the electron Landau damping to account for the correct
As a consequence
dissipation of KAWs at scales only slightly smaller than
the ion Larmor radius, thus questioning the assumption
bb · ∇ = B0 cos α∂ξ .
(6)
of isothermal electrons usually made in hybrid methods.
|B|
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Furthermore, Hz = Hξ , so
bb · ∇Hz = B0 cos α∂ξ Hξ ,
|B|

(7)

where in Fourier space the operator ∂ξ Hξ reduces to the
factor −|k|, where k is the Fourier variable conjugate to
ξ. In this special case, the operator thus also rewrites
bb · ∇Hz = B0 ∂z Hz .
|B|

(8)

Apart from the positive prefactor B0 /|B|, Eq. (2) has
the same form as in the purely linear case (i.e. ∂t q =
−|kz |q) and is thus well behaved, as could be tested in
one-dimensional numerical simulations [10].
Differently, in several dimensions, the term bb · ∇Hz q
can lead to a spurious secondary instability in the presence of magnetic field distortion. To analyze the effect of a
magnetic field perturbation, it will be more convenient for
the sake of simplicity to assume that bb is constant, making
an angle θ with the z-direction (which in reality can only
be true locally). Considering the problem in two space dimensions, one has after making a Fourier transform of Eq.
(2)
kz
q = 0.
(9)
∂t q + (bbx kx + bbz kz )
|kz |
It is easily seen that when λ ≡ bbx kx kz /|kz | + bbz |kz | < 0,
the corresponding Fourier modes are unstable. The growth
rate can indeed be rewritten λ = (k 2 /|kz |) cos α cos(α−θ).
Assuming that the angle θ is such that cos θ > 0, the condition for instability rewrites (t − 1)(t + 1)(t2 − 2T t −
1) < 0, where t = tan(α/2) and T = tan θ. It is seen
that for small √
and positive θ, all wavenumbers
for which
√
t ∈ [−1, T − T 2 + 1] or t ∈ [1, T + T 2 + 1] are unstable. This instability can be exemplified numerically by
taking an ambient field making a large-scale sinusoidal oscillation along the z-direction, with numerical noise on the
density field, constant pressures, and zero velocities and
heat fluxes. During the growth phase of the instability,
the various fields display small-scale oscillations in directions nearly perpendicular to the local magnetic field, in
regions where the latter is the most distorted. The above
instability, which points out the necessity to accurately
compute the direction of the heat flux, could be related to
the one found when solving anisotropic diffusion using finite difference schemes that do not preserve monotonicity
[11].
The above discussion sugests a subdominant correction
of the linear Landau damping terms that ensures wellposedness of the equations. From the previous analysis,
it appears important to have a formulation that does not
refer to a prescribed direction. The point is that when, in
the nonlinear model, the distortion of the ambient field
is retained in evaluating the directional derivative bb · ∇,
it should be so in the negative Hilbert transform (i.e. the
operator H that should also be evaluated along the actual
magnetic field lines). In the very special case where the
perturbation consists in a global rotation of the ambient
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field which remains uniform, one has (in Fourier space)
H = ibb · k/|bb · k|, while in the general case H should be
evaluated in the physical space as an integral operator,
which, as already mentioned, is presently hardly feasible.
At this point, some heuristic modeling is to be used. In
order to retain the magnetic line distortion, the procedure
used in [17] consists in replacing the denominator of the
above formula by a typical (and thus fixed) wavenumber,
which up to a multiplicative constant reduces the operator
H to the directional derivative, thus changing the order of
the operator and making the Landau damping essentially
similar to a collisional dissipation along the magnetic field
lines. We suggest an alternative description that preserves
the zeroth order of the operator and is exact in the special
case of a uniform field, whatever its direction. For this
purpose, we write
H=

FT (bb · ∇•)
.
(k · hτ i · k)1/2

(10)

where FT refers to the Fourier transform and the brakets
denote spatial averaging over the whole domain, a description that ensures that the denominator in Eq. (10) is local
in Fourier space. Here we denote τ ij = bbibbj and we shall
also use nij = δij − bbibbj .
2.2 The non-gyrotropic pressure tensor
In a similar way, it is also necessary to take into account
the magnetic field lines distortion in all the kinetic effects that are evaluated from the linear kinetic theory and
retained in the FLR Landau fluid model, in order to prevent the possible development of spurious instabilities in
the multi-dimensional nonlinear regime. As an example,
we shall explain the procedure that has been adopted for
the non-gyrotropic pressure tensor, all the other FLR corrections being treated in a similar way.
The idea is to replace the quantities evaluated from the
linear kinetic theory by expressions that remain intrinsic
whatever the direction of the magnetic field and reduce to
the primitive quantities in the linear asymptotics.
We are thus led to replace Eqs. (33) and (38) from [5]
by
h
i
∇ · Π = ∇ · − An − Bǫ · bb + bb ⊗ Π k + Π k ⊗ bb (11)
where ǫ denotes the fundamental antisymetric 3rd-rank
tensor and
Π k = −n · ∇C + ǫ · bb · ∇D.

(12)

It is then necessary to modify the “potentials” A, B, C,
D accordingly, writing intrinsic formulas which are equivalent when neglecting the magnetic field line distortion.
As obvious examples, one is led to replace ∂z by bb · ∇ and,
for a vector field V that does not include a mean value of
order unity, ∇⊥ · V ⊥ by n : ∇V .
Note that there is no unique way of writing an “intrinsic” formulation starting from linear kinetic formulas.
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A comparison with the exact large-scale nonlinear asymptotic expressions ([4] and references therein) nevertheless
provides useful guidelines [18].
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3 Numerical simulations
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The FLR-Landau fluid model is numerically integrated
using a Fourier spectral method in a 3D periodic domain
with a physical extension five times larger in the parallel than in the perpendicular ones in order to focus on
the quasi-transverse dynamics. A resolution of 1283 grid
points is used, leading to resolve lenghts of the order of a
fraction of the ion gyroradius in the perpendicular directions. Dealiasing is performed by putting to zero all the
fields Fourier components outside a cube of side 2kmax /3
for the Alfvenic turbulence runs (Section 3.1) and kmax /2
for the simulations of the mirror instability (Section 3.2).
The time integration is performed with an explicit 3rdorder Runge-Kutta scheme, which imposes strong stability constraints on the timestep due to the presence of the
electron physics in the Landau damping that must be resolved. In all the simulations, no extra dissipation nor filtering is used, the damping provided by the ion and electron Landau resonances being sufficient to absorb the energy transferred to small scales by the nonlinear cascade.

10

3.1 Alfvén wave turbulence
A simple procedure to generate a turbulence of kinetic
Alfvén waves (KAWs) is to drive the system by a random
forcing supplemented in the velocity equation, in the form
X
0
Fi (t, x) =
Fi,n
cos(ωKAW (kn )t−kn ·x+φi,n ) (13)
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Fig. 1. Angle-averaged energy spectra as functions of the perpendicular wavenumber (in units of d−1
i ) for kz = 0, of the perpendicular magnetic field and ion velocity at t = 500 (black and
green lines respectively), together with their average (red and
blue lines respectively) over the time interval 600 < t < 700.
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for different wavevectors kn , with Fi,n
and φi,n being the
th
amplitude and phase of the n mode forming the ith
component of the external driver Fi . When taking for
ωKAW (k) the KAW frequency at wavevector k, the system will generate KAWs by resonance at this frequency.
KAW frequencies are calculated from the linearized FLRLandau fluid system, using a symbolic mathematics software. The dispersion relation is tabulated and used as an
input in the FLR-Landau fluid code. Eight KAWs (four
forward and four backward propagating waves with an orthogonal polarization) making an angle of 80 degrees with
the ambient magnetic field are excited at the largest scale.
The driving is turned on (resp. off) when the sum of the
kinetic and magnetic energies is below (resp. above) a certain threshold taken such that the typical magnetic field
fluctuation does not exceed 20% of the ambient field magnitude. Here we assume initially equal isotropic ion and
electron temperatures with β = 1.
Interestingly, for these parameters, electron Landau
damping plays an important role in the damping of Alfvén
waves, even though the smallest considered scale in the
simulation is not smaller than a tenth of the ion gyroradius. This conclusion is reached by comparing two freely
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Fig. 2. Angle-averaged energy spectra as functions of the perpendicular wavenumber (in units of d−1
i ) for kz = 0, of the
number density (red line), of the parallel magnetic field fluctuation (blue line) and of the perpendicular electric field (green
line) averaged over the interval 600 < t < 700.

decaying simulations, one with the full model and the
other one using a quasi-normal closure for the electron dynamics (zero fourth rank cumulants, and thus no Landau
damping), taking as initial condition a well-developed turbulent state generated with the full model, using Alfvén
wave forcing. While the former model continues to evolve
in a smooth way, the run where the electron Landau damping is turned off rapidly generates a spurious accumulation
of energy at small scales and has to be stopped.
Another interesting point concerns the role of the nongyrotropic contributions. Simulations performed without these
terms (but still keeping the Hall electric field and Landau
dampings) showed some differences with the full model
that will not be discussed here, but clearly demonstrate
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that the no-FLR model can also be simulated without extra dissipation nor filtering, beyond ion and electron Landau dampings.
We now discuss a few results of a run which was integrated in a box of parallel and transversal sizes Lk =
196di (here di holds for the ion inertial length) and L⊥ =
34.6di , during 700 inverse ion cyclotron frequencies Ωi−1
with a time step equal to ∆t = 2 · 10−3 Ωi−1 . After t =
600, the situation is statistically stationary. The angleaveraged transverse magnetic and velocity field spectra,
are displayed in Fig. 1 as functions of k⊥ for kz = 0,
at time t = 500 and after averaging over time between
t = 600 and t = 700. While the parallel spectrum is very
steep (not shown), in agreement with the fact that the
KAW cascade should be anisotropic and mostly in the perpendicular directions, a clear power-law behavior with a
slope close to −2.8 is observed in the transverse directions
at the late times, for a range of wavenumbers extending
from k⊥ di = 2 to the end of the numerical zone (cutting off
the range associated with dealiasing). In particular, in contrast with simulations involving Laplacian-type viscous effects, no dissipative zone is observed. In the purely perpendicular direction, dissipation is mediated by nonlinear
coupling which drains energy to oblique directions where
it can dissipate through Landau damping. Moreover, Landau damping cannot be viewed as working mostly within
a small-scale dissipation range. The existence of a proper
inertial range, free of injection and dissipation, can thus be
questioned in this kind of systems. The fact that the simulation does not show any spurious accumulation of energy
at small scales in fact indicates that, within this power-law
range, energy must be dissipated. Even though our model
does not contain a parametrization of the small scales, its
behavior is somewhat reminiscent of the so-called Large
Eddy Simulations [19] where power-law spectra also develop until the smallest retained scale.
The slope of the perpendicular electric field spectrum
(shown in Fig. 2 as averaged on the time interval 600 <
t < 700) displays, for k⊥ di > 4, a clear power law with a
−1/3 slope, associated with a −7/3 range of the parallel
magnetic field spectrum. This shallower part is also visible on the density spectrum, but not on the perpendicular
magnetic field, as previously seen. Preliminary analysis
seems to link this part of the spectrum with sharp gradients of Bz in transverse directions, possibly associated
with magnetosonic waves. The slopes of the perpendicular
magnetic spectrum are close to those observed in the Solar Wind [20, 21] in the so-called dissipation range, where
the spectral exponents range from -2.5 to -2.8, separated
from the usual Kolmogorov inertial range by a transition
zone where the slope can be much steeper. The magnetic
and electric spectra observed in the present simulations
compare also very well with those observed in gyrokinetic
simulations [22].
The transition between the steeper spectrum observed
at t = 500 and the quasi-stationary spectra observed later
is associated with a clear change in the topology of the
typical density structures, from sheets (Fig. 3 left) to filaments (Fig. 3 right) aligned with the local magnetic field.
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These panels actually display data that have been filtered by removing Fourier modes with k > kmax /2, in
order to suppress a small-scale noise that does not affect
the dynamics but is associated to the existence of powerlaw spectra extending down to the smallest scale. These
spectra are indeed the Fourier signature of physical fields
which are either just continuous or for which only the
lowest order derivatives are finite. This transition seems
nevertheless associated to a breakup of the sheets rather
than to a roll up, with a later pile up of the structures
(see Fig. 4 showing a density cut in a plane perpendicular
to the ambient field at times t = 500 and t = 600).
Such filamentary structures are also observed at the
level of the electric current density in isotropic incompressible Hall-MHD [23] and in electron MHD turbulence [24]
where they are shown to be due to the Hall term, standard
MHD rather leading to sheet-like structures. Magnetic
spectra close to k −8/3 (thus significantly steeper that the
usual k −7/3 spectra obtained for KAW [25], whistler [26]
or Hall-MHD [27] turbulence on the base of phenomenological arguments, but which are somewhat closer to the
ones observed in our FLR-Landau fluid simulations), are
observed in the electron MHD simulations of [24] and
also in simulations of a simple nonlinear fluid model for
KAWs [28], where the density structures are nevertheless
observed to be sheets. Interestingly, the existence of filaments or sheets in a KAW model has also been shown
to depend on the ratio of diffusive to resistive dampings
[29]. In the present simulations, resistive damping is absent. Further study is necessary to identify the physical
mechanisms at the origin of this transition between sheets
to filaments, and in particular the role of resistivity due
to collisional effects.
The current density also undergoes a transition towards filamentary structures. It is shown in Fig. 5 at time
t = 500 where sheets (in dark yellow) are still visible. Magnetic field lines (in green) are also plotted to illustrate
their typical distortion. A few isosurfaces of the density
field, taken close to their minimal (in blue) and maximal
(in red) values are also plotted to show that they take
the form of elongated filamentary structures following the
field lines.
The ion velocity field is quasi two-dimensional, as shown
in Fig. 6 (top panel) which also shows density isosurfaces
at time t = 550, with a line of sight almost perpendicular to the ambient magnetic field. In contrast, the electron velocity streamlines (Fig. 6, middle panel) have a
more prononced three-dimensional character, with large
parallel velocities in localized regions (right part of the
panel). The bottom panel of Fig. 6 displays the ion velocity streamlines together with density isosurfaces viewed at
a small angle from the direction of the ambient field. A
small density region (top right) is seen in the center of a
vortex, while a sheet-like structure (top left) appears to
be stretched between two co-rotating vortices.
A diagnosis that is often used in the analysis of satellite
data is the so-called magnetic compressibility spectrum,
given by the ratio of the longitudinal to the total magnetic
field spectra as a function of the transverse wavenumber.
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Fig. 3. Isosurfaces at 55% of the minimum (blue) and 55% of the maximum (orange) of the density field at t = 500 (left) and
t = 600 (right) together with color-scale plots in parallel and transverse planes. Minimum and maximum values are indicated
on the color bars.

anisotropy. In this section, we illustrate this issue with
the development and the nonlinear saturation of the mirror instability, taking βkp = 2, T⊥p /Tkp = 2, T⊥e /Tke = 1
and Tke /Tkp = 1. The size and aspect ratio of the simulation boxes is chosen so that the mode (1,1) is mirror
unstable, leading to the formation of 4 mirror structures.
In this simulation, L⊥ = 17.6di , Lk = 35.1di and the
timestep is ∆t = 1.25 · 10−3 Ωi−1 .
Fig. 4. Cross sections of the density field in the upper transverse planes displayed in the left and right panels of Fig. 3

This quantity, averaged over the time interval 600 < t <
700, is shown for the above simulation in Fig. 7 (black
line). A clear signature of KAWs is observed, with a small
value at large scales that increases around kdi = 1 and
saturates at values of about 0.4 at small scales, consistent
with the linear kinetic theory [30].
3.2 Formation of mirror structures and development of
mirror turbulence
This FLR-Landau fluid model can also be used to address plasma dynamics in the presence of temperature

The simulation is initiated with small random noise on
a uniform density, with zero velocity, uniform magnetic
field and pressures and zero heat fluxes. After a phase
of linear growth, the mirror instability saturates, creating
magnetic field structures in the form of elongated cigarshaped maxima, and minima with a more complex topology, in the form of saddles (see Fig. 8, left). As predicted
by the linear theory, anti-correlation between magnetic intensity and perpendicular ion pressure is clearly observed
(not shown). Anti-correlation with density is also visible
in Fig. (8) (left), although in a less obvious way. Interestingly, we observe the presence of quasi two-dimensional ion
velocity fields (red-yellow lines) surrounding the magnetic
structures, with maximal velocities of the order of 0.2vA .
This regime contrasts with the ordering performed in theoretical developments near the mirror instability threshold,
where the velocity field is found to be subdominant in a
weakly nonlinear asymptotics [31]. In any realistic situ-
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Fig. 5. Isosurfaces at t = 500 of the current density at 50%
of its maximum value (dark yellow), together with those of
the density (restricted in a sub-domain) at ρ = 0.98 (blue)
and at ρ = 1.023 (red). Magnetic fields lines (in green) are
superimposed, indicating that the structures tend to align with
the magnetic field.

ation, the deviation to threshold can hardly be so small
as to ensure a quasi-static evolution. It is thus of interest
to investigate the further evolution of these mirror structures. We show in Fig. 8 (right), a later view (using the
same angle of sight) of the density and magnetic fields, together with two cross-sections of the z-component of the
vorticity. The density maxima have evolved in the form
of thin sheets in the strain field of two conter-rotating
vortices. The velocity field has also developed significant
parallel components, as can be seen in the (red-yellow)
stream lines spiraling along a vortex. The isosurfaces of
the magnetic intensity for values close to its maximum
display ripples which ultimately lead to the formation of
filaments, elongated along the magnetic field, which has
relaxed to a much straighter form. The magnetic fluctuations are at this stage indeed mostly parallel, as can also be
seen from the magnetic compressibility spectrum (Fig. 7,
red line) averaged over the time interval 402.5 < t < 450.
The turbulence that develops in this simulation is thus
significantly different from that resulting from Alfvenic
driving and should be identifiable in space plasma observations in regions (e.g. behing a shock wave) where the
temperature anisotropy can exceed the threshold of the
mirror instability. The question arises whether the turbulence regime displayed in this simulation is related to the

Fig. 6. Ion (top) and electron (middle) velocity field lines together with isosurfaces of large (red) and small (blue) density
fluctuations at t = 550. The bottom panel displays in a view
from above the ion velocity showing vortical motions around
density minima and stretching of large density regions between
co-rotating vortices.
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which may question the assumption of isothermal electrons usually made in hybrid simulations.
When compared with fully kinetic simulations in sit0.8
uations where the distribution functions remain close to
bi-Maxwellian, fluid models display some interesting aspects in spite of the involved approximations. They are
0.6
not only less demanding in computational power, but are
also much more flexible, for example at the level of the
0.4
permitted initial conditions and driving processes. Furthermore, as the various terms in the equations can easily
be switched off and on, they often lead to easier phys0.2
ical interpretations, allowing for an easy estimate of the
various contributions to a given phenomenon. Another ad0
vantage of fluid models compared to particle in cell (PIC)
1
10
k⊥di
or hybrid PIC methods concerns their low level of numerical noise. Investigation of small-scale turbulence is only
Fig. 7. Magnetic compressibility spectrum as a function of possible if the noise level is sufficiently low compared to
−1
perpendicular wavenumber (in units of di ) of the developed
the turbulence energy level, a situation that could require
regime of Alfvenic (black line) and mirror (red line) turbua prohibitively large number of particles per cell in PIC
lences.
simulations.
As already mentioned, the present model retains the
turbulence seen in the terrestrail magnetosheath where FLR effects at the linear level only, as the result of an esnew power-law spectra, not predicted by the usual turbu- timate of the nongyrotropic moments by a closure procedure consistent with the low-frequency linear kinetic thelence theories, have been reported [32].
ory. Differently, fully nonlinear expressions of these quantities are available in the literature, at least to leading
order within a large-scale asymptotics. Further develop4 Conclusion
ments should include a mixed description of the FLR effects, involving a matching between the large-scale nonThe preliminary results presented in this paper demon- linear description and the present kinetic-based closure at
strate the capability of the FLR-Landau fluid model, which smaller scale, an approach which may be of special interest
supplements a linear description of the low-frequency ki- for example when addressing questions such as stochastic
netic effects to the usual anisotropic Hall-MHD, to simu- the heating of the plasma.
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