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Abstract. Non-propagating magnetic hole solutions in observed. Interestingly, mirror structures in the form of fi-
anisotropic plasmas near the mirror instability threshold arenite amplitude magnetic holes are also present both above
investigated in numerical simulations of a fluid model that and below the mirror threshold, indicating the existence of a
incorporates linear Landau damping and finite Larmor radiusbistable regime.

corrections calculated in the gyrokinetic approximation. This  Several numerical and analytical works have been devoted
FLR-Landau fluid model reproduces the subcritical mirror to the mirror instability, mostly in the linear regime (Vede-
bifurcation recently identified on the Vlasov-Maxwell sys- nov and Sagdeev, 1958; Hall, 1979; Gary, 1992; Southwood
tem, both by theory and numerics. Stable magnetic hole soand Kivelson, 1993; Pokhotelov et al., 2002). The nonlin-
lutions that display a polarization different from that of Hall- ear saturation remains in contrast an unsettled issue. When
MHD solitons are indeed obtained slighlty below threshold, the distance to threshold and the initial data are small, quasi-
while magnetic patterns and spatio-temporal chaos emerginear effects may have time to significantly affect the bulk
when the system is maintained in a mirror unstable regime. of the distribution function if the system is sufficiently ho-
mogeneous, (Shapiro and Shevchenko, 1964). When the
linear growth is capable of producing significant magnetic
field distortions, the hydrodynamic nonlinearity can over-
come nonlinear kinetic effects. Recently, a systematic reduc-

Many observations both in planetary magnetosheaths and iHve perturbative expansion of the Vlasov-Maxwell equations
lose to the mirror instability threshold has been carried out

the solar wind indicate the presence of magnetic increase . . :
b g uznetsov et al., 2007). The resulting equation where lin-

and decreases, either periodic or in isolation, that have com Landau d _ d finite L di i
monly been attributed to nonlinearly saturated mirror modesc o -andau damping andfinite Larmaor radius corrections are

(Kaufmann et al., 1970; Sperveslage et al. , 2000; Joy et al the only relevant kinetic effects, possesses a finite-time sin-

2006). These magnetic fluctuations that are quasi—stationar’ ularity, ipdicating Fhat the physical §ystem rapjdly Ieavgs
in the plasma frame, are observed in relatively higanvi- he domain of validity of the asymptotics. In particular, this

ronments, in anticorrelation with pressure and density. More_singularity is a possible signature of a subcritical bifurcation
over thei,r shape is cigar-like, elongated along a direction@nd of the existence of finite amplitude solutions, even close
making a small angle with the a’lmbient magnetic field (Lucekto the instability thrgshold, making the nonlinear saturation
et al., 2001). In many cases, trains of quasi-monochromati@Ot amenable to a rlgoro_us perturbative treatment.

mirror modes are seen, that are nevertheless not perfectly » €W phenomenological models have attempted to ad-
symmetric, their degree of skewness, that measures prefep_ress the nonlinear saturation of the mirror instability (Kivel-
ence towards magnetic holes or humps, displaying a cleapOn @nd Southwood, 1996; Pantellini, 1998), based on the
statistical correlation with distance to the mirror instability cooling of t_rapped partlc_les In magnetic trogghs. Th_ey
threshold (@not et al., 2006). Slighlty above onset, the fluc- MOStly predict the formation of deep magnetic holes with
tuations are quasi-sinusoidal. Further above onset (i.e. of1@gnetic humps occuring only for large valuesfofout do

ten for larger values oB), magnetic humps are preferably nc_)t mention the poss_lble existence of bistability, in contrast
with observational evidences.

Correspondenceto: T. Passot An alternative scenario based on a dominant saturating ef-
(passot@obs-nice.fr) fect originating from the local variation of the ion Larmor

1 Introduction
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radius was recently suggested (Kuznetsov et al., 2007). latures rapidly evolve in a way as to reduce the distance to
regions of weaker magnetic field and larger perpendiculathreshold. The structures that are formed are not perfectly
temperature, the ion Larmor radius is indeed larger, makingstationary, their amplitude decreasing on a longer time scale.
the stabilizing effect of finite Larmor radius (FLR) correc- This tendency is probably due to the lack of particle trapping.
tions more efficient than within the linear description. As a This model does not yet incorporate the local variation of the
result, the mirror instability will be more easily quenched in Larmor radius and is thus not capable of reproducing the for-
magnetic minima than in maxima, making magnetic humpsmation of magnetic humps as the development of the mirror
more likely to form in the saturation phase of the linear mir- instability from random initial noise, at moderate distance
ror instability. The variation of the local ion Larmor radius from threshold.
can be phenomenologically supplemented to the asymptotic The goal of this paper is to investigate the properties of
equation mentioned above, and the resulting model indeeghirror structures in a parameter regime close to the mirror
leads to the formation of magnetic humps above threshold, @hreshold, paying particular attention to the bistable regime
behavior similarly displayed by direct numerical simulations correctly captured by the FLR-Landau fluid model. For this
of the Vlasov-Maxwell equations (Califano et al., 267  purpose, initial conditions will be taken in the form of large
A bistable region below the mirror instability threshold was amplitude magnetic fluctuations and mean temperatures will
also identified both within this phenomenological model andbe kept fixed in order to permit a truely stationary regime.
in direct simulations of the Vlasov-Maxwell equations. Start- In Sect. 2, the FLR-Landau fluid model is briefly described
ing with finite amplitude magnetic perturbations in the form and tested against kinetic theory in the linear regime. A sim-
of localized holes, the system rapidly stabilizes on stationaryulation starting from random initial conditions in close prox-
solutions. Existence of such structures is compatible withimity to threshold is discussed in Sect. 3 and compared with
satellite observations. Note that with anisotropic MHD sup- predictions of the asymptotic theory developed in Kuznetsov
plemented by an equation of state appropriate for the quasiet al. (2007). Section 4 is devoted to the investigation of so-
static regime (Passot and Sulem, 2006a) and thus capable aftions obtained when fixing mean ion pressures, both above
accurately reproducing the mirror instability threshold (seethreshold, where magnetic patterns are observed, and below
also Hau et al., 2005), an energy minimization principle canthreshold where a bistable regime is found. Section 5 briefly
capture bistability, as well as the preference of magneticaddresses regimes arising when the angle between the ambi-
humps at larger values @fand/or for a larger distance from ent magnetic field and the wavevector is decreased, leading
threshold (Passot et al., 2006), indicating that fluid modelsto a transition between non-propagating and slowly propa-
retain essential ingredients associated with the mirror bifur-gating mirror structures. In the latter case, the amplitude of
cation structure. the magnetic hole remains almost constant over very long
Anisotropic MHD models including linear Landau damp- times, even when the mean temperatures can freely evolve in
ing as the only kinetic effect (Snyder et al., 1997), repro-time. Section 6 is a brief conclusion.
duce the mirror instability growth rate at large scale, but can
hardly address the nonlinear dynamics since in this quasi-
hydrodynamic regime the instability growth rate increases?2 The FLR-Landau fluid model
linearly with the perturbation wavenumber. Attempts based
on usual anisotropic MHD supplemented with an exponen-As a consequence of their quasi-transverse and non-
tial filtering of the small scales (Bauragel, 2001) show the propagating character, mirror modes near threshold obey a
formation of magnetic structures that subsist below the in-slow dynamics involving small transverse scales and mak-
stability threshold. Their properties and shape are howeveing FLR effects relevant. The fluid approach developed
not in agreement with observations. More recently, a FLR-for addressing slow-dynamics phenomena in fusion plasmas,
Landau fluid model was derived that correctly captures theknown as “gyro-fluids” (Brizard, 1992; Dorland and Ham-
mirror instability growth rate at all scales, by incorporating mett, 1993; Beer and Hammet, 1996), is obtained by tak-
linear Landau damping and FLR terms calculated within theing velocity moments of the gyrokinetic equation (Howes
gyrokinetic approximation, in a fluid hierarchy closed at the et al, 2006). Nonlinear FLR corrections to all orders are cap-
level of the pressure tensor (Passot and Sulem, 2006a) dured, but a closure of the hierarchy is still required. Fur-
of the fourth order moments (Sulem and Passot, 2007; Paghermore, the equations are not written in the physical coor-
sot and Sulem, 2007). This model was integrated in mirrordinates but in the gyrocenter variables. A simpler descrip-
unstable regimes, showing the formation of sharp magnetidion retaining hydrodynamic nonlinearities together with a
holes and transient humps at larger valueg ¢gPassot and linear approximation of FLR contributions estimated from
Sulem, 2006b). During the saturation phase, mean tempethe kinetic theory assuming the gyrokinetic scaling, was ini-
tiated by Smolyakov et al. (1995), in the limit where Landau
Lcalifano, F., Hellinger, P., Kuznetsov, E., Passot, T., Sulem, pdamping is negligible. Based on this idea, we have recently
L., and Travnicek, P.: Nonlinear mirror mode dynamics: simula- developed a generalization of the Landau fluid approach,
tions and modeling, preprint, 2007. by deriving equations for the hydrodynamic moments from

Nonlin. Processes Geophys., 14, 373—-383, 2007 www.nonlin-processes-geophys.net/14/373/2007/



D. Borgogno et al.: Magnetic holes

c
the Vlasov-Maxwell system (Passot and Sulem, 2007) rather d; pjj=—g (it pj+——

than from the drift-kinetic equation (Snyder et al., 1997).

In addition to the hierarchy closure, this approach involves
the modeling of FLR effects that is carried out by express-
ing the non-gyrotropic part of tensors such as pressures, heat

fluxes, etc. in terms of lower-rank moments, in a way con-
sistent with the linear kinetic theory in the low-frequency
limit e~w/Q; <« 1, for both quasi-transverse fluctuations
(ky/k1~¢€) with no condition onk,r; (as in gyrokinetic

and gyrofluid approaches), but also for hydrodynamic scales

with ky~k; «1/r.. Here; denotes the ion cyclotron fre-
quency and the ion Larmor radius. Accurate simulations
of scales comparable to a fraction of the ion inertial length in-

deed requires to retain much smaller transverse scales. Note
that at large scales, the model, which then reduces to usual

anisotropic MHD, also captures the fast waves.
The resulting FLR-Landau fluid model is integrated in one

space dimension, assuming that all the fields only depenJ

on a coordinaté&, along a direction of théx, z)-plane mak-
ing an anglex with the z-axis defined by the uniform am-
bient magnetic field (of magnitudBp). The total plasma
density field is normalized byg, the magnetic field byBg,
the velocities by the Alfén velocityv,=Bo/ (47 p0)Y/?, the
pressures by the parallel ion pressw@=pf|(o), the heat

fluxes bypov4 and the fourth rank moments bmvi. With

the unit of lengthL, one defines the dispersion parameter
Ri=L1v4/$; which, in all subsequent simulations, will be
taken equal to unity. The paramefee= 87rpo/B§ measures
the ratio of the (parallel) thermal to the magnetic pressure
Velocities without superscripts refer to the ion velocity. The
electron velocity® is given by

deby

u=u,+R; cosa p 1)
dtb

ui:uy—R,-ﬂ 2)
. 0gb

ui=u.—R; Slna%, 3)

where we defineb,=cosx b,—sine b,. We also define
u=sinw u,+cosr u; which, together withv - u=0agu, take
the same form when using the electron velocity. When
integrated, the divergenceless condition- b=0 rewrites
cosy b,+sinx b,=cosx, which allows to writeV - b=V .
(b/|b])=—cosxd|b|/|b]?.

The model involves dynamical equations for the ion den-
sity p and velocityu, the magnetic field componenig and
by, together with, for each speciesthe gyrotropic parallel
and perpendicular pressurp§ andp’|, and the heat fluxes
qﬁ andg’, . They read

0 p+0g (pi)=0 (4)
0 (pu ) +3¢ (Fi+F})=0 (5)
dbp=0:E, (6)
0by=—0¢E) (7

www.nonlin-processes-geophys.net/14/373/2007/
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oS .
b g+ sinasl)
+24V b 2pﬂ3~ \Ta (8)
cosw ,
3 pl=—0s (ip', + Wqﬁ sinaSE")
—qu-Z—in-u—i—piE-Vur b 9)
_, cosa_, 3B ,cosa_ P
BtQﬁZ—as(WIﬁ‘F_'b' ”|\||)_7Pﬂ_|b| 35(;)
~3¢[b - Vu' - b+3F V- b (10)
- COSw B ,cosx_ p’|
3z¢1i=_3é(14511+wr|u)—§l?ﬂWBE(F)
Br’ - =~
41V U= (G (P =P DA PV b
+C08x 9z Ry - (11)

he equations for the gyrotropic fourth rank cumul N‘

r.ﬁL and7' | are given in .Eqs. (A12)—(A16). _The electr?c
field and flux terms entering the above equations are given
by

E,=cosa E; — sina E; (12)
R.
Ej=—(u x b)j—?lagsz (13)
_ By - i\ Db
F)}:puuerE(sma p', +cosa (ph—]?l)ﬁ
+ sina I, + cosx nxz) (14)
: B B ... b
Fﬁ=puuy+§(c05a (pﬁ—pl)'b%
+ sina T, + cosw Hyz) (15)
Pl 1 B i i iy b
z —Puuz+5 COSx p) + COSu (PH_IU_)W
+ sina sz) (16)
2
2 o bl B
Fr=sina >~ CcoSsw bx+§(sma ps
b
+eosa (pf-p)ip ) (17)
B b
F?=—cosa by+§(c03a (pﬁ—pi)ﬁ) (18)
2
2 |b] B
Ff=cosa - CcoSu bz—i-z(co&x 2
b
+eosa (pf = PO ). (19)
(20)

The specific form of the gyroviscous tengdand of the non-
gyrotropic contributions to the fourth-rank cumulaRy,;,

as well as the transverse components of the fluxes of parallel
and perpendicular heaﬂr andS" are computed from the
linear kinetic theory and given in the Appendix. The work

Nonlin. Processes Geophys., 14, 373-383, 2007
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00004 T T Landau fluid equations initialized with a small amplitude
' I ] random noise superimposed on the equilibrium state charac-
0.0000 | terized byB=5, a=cos1(0.1), Ty, =T};, T1;/Tj;=1.2 and

T ./Tj.=1. With these parameters for which the growth rate
r is rather small compared with the ion cyclotron frequency
0.0000 ) and the angler in a range where the gyrokinetic ordering
) [ applies, the agreement is excellent. At larger deviations from
| threshold, a small discrepency develops near the maximum
—-0.0002 | growth rate (Passot and Sulem, 2007).
—0.0004 ¢
I 3 Mirror dynamics very close to threshold
-0.00060 . ., . . y y
0.0 0.2 0.4 0.6 In order to investigate the nonlinear development of the mir-
ror instability very close to threshold, an initial state was
selected with=5, «=88.85°, T;/T};=1.18 andT|, =
Fig. 1. Normalized growth rates(w)/; versusk, r; for mir- Tj. = 0.057);, for which the maximum growth rate is about
ror modes withg=>5, t=0.1, e=cos 1(0.1), T;/T|;=12 and 9.5 x 107°Q;. Starting with random initial noise of am-
T1e/Tje=1. plitude 104 superimposed on a uniform density and lon-

gitudinal magnetic field, we first observe the formation of

a growing quasi-sinusoidal wave whose wavelength is about
done by the gyroviscous force (see Egs. 8 and 9 in Goswamy4/;, consistent with the predicted most unstable wavenum-
et al., 2005) is not included in the pressure equations beper, given byk,r;=0.16 (Fig. 2a). This scale is large
cause it Originates from nonlinear terms inVOIVing FLR cor- enough Compared with the ion gyroradius for the dynam_
rections, a type of contributions that have been systematicallycs to be described by the asymptotic equation derived in
neglected. Retaining among them, those contributing to th&uznetsov et al. (2007). After the linear regime, the dy-

conservation of the total energy namics develops an acceleration phase that manifests itself
2 2 g 1 by a super-exponential growth of mode 1 between times
ou Z -1 _ -1 ; ;
E:/[TJr? + E(pli + p¢e+§(p|u+p||e))]d€ 1=0.55 x 10°Q; " andr=0.78 x 1°Q;™*. The solution dis-
plays at this time a magnetic hole whose depth is about 28%

is possible. We nevertheless choose to neglect these contEi9- 2b), a large amplitude consistent with the singular be-

butions in order to estimate the accuracy of the above approxiavior of the asymptotic solution. The FLR-Landau fluid
imations. It turns out that in the forthcoming simulatiafis model, that includes richer nonlinearities than the asymptotic

does not vary by more than one percent. equation, is capable of arresting the singularity. The solution

The above equations are integrated numerically in a pelhen relaxes towards th_el uniform state (Fig. 2c) on a time
riodic domain of size 2D in units of ion inertial length, ~Scale of the order of @; . The corresponding variation of

using a pseudo-spectral scheme based on fast Fourier tranlé mean temperatures that evolve towards a regime where
forms. Derivatives, Hilbert transforms and operators in- th€ System is mirror stable, are displayed in Fig. 3. Itis inter-
volving the T',’s (see Appendix) are calculated in Fourier €Sting to note thatwhen preserving close proximity to thresh-
space where they just reduce to multiplications. Nonlineari-°!d, but considering variation in a more oblique direction, no
ties are evaluated in real space. At each time step, and fdfuasi-singular dynamics is observed, the system saturating
each field, Fourier modes are truncatedk@by/2, which smoothly on small-amplitude quasi-sinusoidal mirror waves.
does not amount to a complete dealiasing since the non- Quasi-linear effects Shapiro and Shevchenko, 1964)
linearities are not only of cubic type but also involve di- which, in Vlasov-Maxwell simulations, are observed to op-
visions. Time stepping is performed with a second ordererate at early time and in large domains, are not contained
Adams-Bashforth scheme. No additional dissipation nor fil-in the the FLR-Landau fluid model. The latter model, like
tering is introduced. Several linear tests of the model andthe asymptotic equation, however captures a branch of solu-
of the code have been performed (Passot and Sulem, 200Ajpns that is observed on Vlasov simulations for larger dis-
and in particular, the growth rate of the mirror instability is tance from threshold or at later times in the evolution (Cali-
accurately reproduced. Figure 1 displays a comparison ofano et al., 200%). It thus not only correctly reproduces the
the mirror growth rate given by linear kinetic theory using linear dynamics of the mirror modes, but also incorporates
the WHAMP code (Rnnmark, 1983) (solid line) with the the ingredients of a subcritical bifurcation, leading to the de-
growth rate measured on a short-time integration of the FLR-velopment of large amplitude structures.

Nonlin. Processes Geophys., 14, 373-383, 2007 www.nonlin-processes-geophys.net/14/373/2007/
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r ) 1.020F \_ E
1.000F - 1.015F
i 1.010F :
o 1.000F 1.005F |
i 1.000 ¢t ]
L 5 6 6 6
0.999 ] 0 5.0x107 1.0x10° 1.5x10° 2.0x10
0 50 100 150 200 250 300
1178 F .
1.176 | :
‘ 1 1174 F :
1.000 f—f |0 - D~ === =7 - ] 1.172¢ E
F i 1.170F =
0.950 ] Ot :
— 0.900 [ ] 0 5.0x10° 1.0x10% 1.5x10°% 2.0x10°
~ 0.850F 3
5 ] Fig. 3. Evolution of the parallel (top) and perpendicular (bottom)
0.800 [ ] temperatures in the run close to threshold, as a function of time in
0.750 ] units of ;L.
0 50 100 150 200 250 300
fectly stationary but rather slowly relax to the uniform state,
it is of interest to enforce stationarity by maintaining con-
- stant the mean ion parallel and perpendicular pressures. This
1.005 3 ] is a simple way of imposing a forcing which, in more re-
1 000F 2\ alistic situations, is obtained through boundary conditions,
F ] such as for example an inflow. We shall first address the case
_ 0.895¢ E above threshold. Any kind of initial condition, either small
= 5990k ] amplitude noise or finite amplitude perturbations, leads to
; ] similar solutions in the form of periodic trains of magnetic
0.985¢ ] holes as depicted in Fig. 4 (top). In this simulation, with
0.980 , , B=5, a=78.46°, T,;/T);=12 and T,.=T,=0.05Ty;, the
b ‘ ‘ ‘ ‘ ‘ o size of the domain is 9%, so that only two magnetic struc-
0 50 100 150 200 250 300 tures (whose width at mid-height is about;§ can form. As

a result, the system is able to reach a stationary regime. The
bottom panel of Fig. 4 displays the perpendicular (solid line)
and parallel (dashed line) ion temperatures, showing, as for
. _ the density (dashed line in the top panel), a clear anticorrela-
T);/T}i=1.18 andT | ,=T},=0.05T}; at timest=350x 1031, oo o :
Li/ Tji Le="lle Ii 8Lt * i tion with the magnetic field amplitude. Note that the parallel

1=780x 103Q; 1 andr=850x 103Q2; L. Displayed are the mag- : -
netic field ampl)litude (solid line) andl the density (dashed line) as atemperature presents a sharper profile than the perpendicular

function of space in units of ion inertial length= —EZA_. one, with a smaller magnitude.
1 .
In the case of larger domains, the system cannot reach an

equilibrium. With the same plasma parameters as those of

] ) ) Fig. 4 but in a domain four times larger, the dynamics evolves

4 Nonlinear structures with constant mean ion pres- 4 3 sjow time scale and involves few Fourier modes. An in-
sures teresting feature is the transition between the linear phase,
dominated by the most unstable mode, and the nonlinearly
Since in the simulation discussed in Sect. 3, as well as irdeveloped regime where the characteristic scale of the struc-
those reported in Passot and Sulem (2006b), the structurdsires is twice smaller than predicted by linear theory, the

that form as a result of the mirror instability are not per- dominant Fourier mode becoming linearly neutral.

Fig. 2. Snapshots of a simulation illustrating the development of the
mirror instability very close to threshold, with = 5, «=88.85°,

www.nonlin-processes-geophys.net/14/373/2007/ Nonlin. Processes Geophys., 14, 373-383, 2007
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1100 O Y 1 500k ]
1,000 - 1.000 ¢ ]

: 0.800 ]
0.900¢ 4 i |

g 0.600 g
0.800 F E I ]

i 0.400 8
0.700F E 0 100 200 500 400

F 1 Fig. 5. Snapshot of the magnetic field amplitude in a simulation
oeOObL o v 0 v with fixed mean temperatures in a large domain, displaying spatio-

0 20 40 60 80 100 temporal chaos. The parameters are similar to those of Fig. 4 except

that7;/T);=1.3.

r ] 1.700 [
1.250 F .
! ] 1.000 ]
1.200 ¢ N r
1.150 1 . i
o0 0.900¢ ]
1.100 ] 7
i ] 0.800 ]
1.050 ¢ N r
[ / A 1
i \ ; ]
i AN L\ ] }
W‘OOO: T ST ] 0.700 ]
T S ) S N | r
0 20 40 60 30 100 B
0.600 LI L \ L]
Fig. 4. Stationary solution in a simulation where mean tempera- 0 20 40 60 20 100

tures are kept constant, wih=5, «=7846°, T|;/T;=1.2 and
T .=T}.=0.05T};. The top panel displays the magnetic field am-
plitude (solid line) and density (dashed line) as a functioh.ofhe Fig. 6. Magnetic field amplitude (solid line) and density (dashed
bottom one shows the perpendicular (solid line) and parallel (dashedine) in the stationary regime in a simulation where mean temper-
line) ion temperatures. atures are kept constant, wigh=5, «=78.46°, T, ; /T|;=1.17 and

T, .=T,=0.05T;.

At larger distance from threshold, a faster dynamics devel-
ops that displays spatio-temporal chaos and involves morsimulation in the case of an anisotrofy;/7j;=1.3. The
Fourier harmonics, most of them corresponding to linearlygeneral pattern shows an interesting similarity with the hole
damped modes, in a way somewhat similar to CLUSTERStructures observed in the Jovian magnetosheath (Fig. 1 in
observations reported bgahraoui et al. (2006). The spa- Joy etal., 2006).
tial Fourier spectrum is however an exponential rather than The saturated equation constructed in Kuznetsov et al.
a power law. Holes form and disappear in a chaotic fashion(2007) as well as Vlasov-Maxwell direct simulations (Cali-
and large-scale compression waves are observed to propagéatmno et al., 200%), indicate that below threshold both the uni-
through the domain. Figure 5 displays a snapshot of such &rm state and isolated magnetic holes are stable solutions. It

Nonlin. Processes Geophys., 14, 373-383, 2007 www.nonlin-processes-geophys.net/14/373/2007/
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is thus of interest to investigate, in the context of the present
fluid model, the range of parameters for which this bistable
regime is observed. Since initial conditions in the form of

small amplitude noise obviously relax to the uniform state, "¢ ]
we here choose to initialize the simulation with a finite size

magnetic hole, taking the longitudinal magnetic field in the

form b,=c — 0.5 exf{— (x — 0.5)2/0.005], where O< x <1 is o100k

the non-dimensional space variable, and whkéschosen to
ensure thab, has mean value 1. Parameters are identical to
those of Fig. 4, except thdt; / T|;=1.17, a value for which
the uniform state is mirror stable. The hole first adjusts and i
then stabilizes towards a stationary solution shown in Fig. 6. ~©-200
The hodograph of the magnetic field vector, namely the curve
of coordinategb,, sina (b, — 1) — cosuab,) is displayed in
Fig. 7, showing a small but visible signature of the compo-
nent of the magnetic field perpendicular to theBp) plane, —0.300 ¢
also shown in Fig. 8. Interestingly, both the andb, com-
ponents are symmetric with respect to the center of the mag-
netic hole, making the hodograph foId.on itself.. This prop- Fig. 7. Hodograph of the magnetic fieldy . Sin (b, —1)—costby )
erty, also observeq in Vlasoy S|muIaF|ons (Califano et al., ;" the solution displayed in Fig. 6.
2007), contrasts with all previous soliton models based on
anisotropic Hall-MHD (Stasiewicz, 2004a; Mjglhus, 2006),
where b, is found to be antisymmetric. All the velocity
components are anti-symmetrig, being negligible (about
2x 107°), while u,, displayed in Fig. 8, has a relatively large
amplitude with a sharp gradient at the center of the hole, indi- i
cating that the gyroviscous tensor plays an important role in  0.040
the equilibrium. Similar signatures are observed in PIC sim- I
ulations of non-propagating rarefractive solitary structures I
generated by particle injection (Bauartel et al., 2005) in 0.020
a plasma that is initially isotropic with a much smaller value i
of g (taken equal to @5). The heat fluxes also seem to play
an important role since no equilibrium can be reached when 000 i
these terms are removed from the equations. The modeling
of these static magnetic holes in terms of soliton solutions
of a minimal model (e.g. anisotropic Hall-MHD with lead-
ing order FLR corrections) remains an open problem. Their
symmetry properties however suggest that they do not cor-
respond to the same branch of solutions as the slow mag-
netosonic solitons, in contrast with the claim by Stasiewicz —©-040 "
(2004b). I ]
It is possible to investigate the subcritical nonlinear so- T T VA S S S S—_—
lutions in the bistable regime using a continuation proce- 0 20 40 60 80 100
dure taking, for example, the latter solution as initial con-
dition for simulations with the same parameters but smallerrig. 8. Profiles ofu, (solid) andb, (dashed) for the hole solution
anisotropies. Such solutions still exist fBr; / 7);=1.16, but  displayed in Fig. 6.
seem to disappear dt;/7);=1.15. In a similar way, it is
possible to find subcritical hole solutions with; / 7j;=1.17
and values o8 down to8=4.6, corresponding to a slightly
larger deviation from threshold. Interestingly, these solutions
have a similar magnetic field depression of about 25% to If initial conditions in the form of magnetic humps are in-
30% (see Fig. 9). The overshoots on the edges of the magstead chosen in subcritical situations close to threshold, the
netic holes are almost absent for such subcritical solutionssystem relaxes to the uniform state, as observed in PIC and
while they become more prononced above threshold, consis=ulerian Vlasov simulations (Bauragel et al., 2003; Cali-
tent with CLUSTER observations @aot et al., 2006). fano et al., 200%).
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Fig. 9. Magnetic field amplitude (solid line) and density (dashed Fig. 10. Two snapshots of the magnetic field amplitude as a function
line) in the stationary regime, in a simulation where mean tempera©f space in units of; for a simulation with freely evolving temper-
tures are kept constant, with the same parameters as in Fig. 6 exceptures, with3=5,«=50°, T ; / T|;=1.55, T =T} =0.05T;.
that=4.6.

solutions in the form of magnetic holes commonly observed
5 The case of oblique angles in Vlasov simulations and in satellite data of planetary mag-

netosheaths. This approach is relevant in cases where nonlin-
In this section, we briefly report on the existence of propa-earities originate mainly from hydrodynamic effects. Non-
gating solutions obtained as a result of the nonlinear saturalinear kinetic effects such as particle trapping or nonlinear
tion of the mirror instability developing from small ampli- FLR corrections, not retained by the present description, can
tude initial noise at an angle of propagation of %Gth re- however be efficient to saturate the instability. The inclusion
spect to the ambient magnetic field. The simulations are heref these effects at a phenomenological level in a fluid model
performed without fixing the mean temperatures. While foris presently an object of investigation. Further work is also
larger angles the structures that form are at rest and slowlyieeded to clarify the nature of the obtained static magnetic
relax to the uniform state, for this intermediate propaga-hole solutions, which, in view of their polarization proper-
tion angle, slowly propagating solitary-like structures are ob-ties, do not appear to belong to the same family as the travel-
served, whose amplitude decreases at a much slower rate. limg Hall-MHD solitons.
Fig. 10 are displayed two snapshotsa6x10°Q (right

curve) andt=10'5§21.‘1 (left curve) of a traveling hole for

B=5, T/ T)i=1.55, T .=T}.=0.05T},. For comparison, Appendix

at a larger angle of propagation, the hole would have com-

pletely disappeared after such a long integration time. Inin the following, the hat symbol denotes the Fourier com-

the present simulations, the parallel temperature rapidly beponent of the corresponding fields and the overbar their

comes almost uniform. The profile of tl’¢ magnetic field  (time-dependent) space average. The various non-gyrotropic

component presents a small antisymmetric part (not shown)tensor elements are derived in Passot and Sulem (2007) and
explicited below in the one-dimensional case.

6 Conclusions Gyroviscous stress tensor:

We have shown that a fluid model containing linearized Lan- NI YA o~ fj )

dau damping and FLR effects evaluated in the gyrokinetic Max==pLF (zksma RlAluy—i_AZTi (A1)
approximation is capable of capturing not only the linear dy- , . WS R =

namics of the mirror instability but also the finite amplitude Tlxy=p', R; sinad: F~ (BlEy—Bzux) (A2)
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Non-gyrotropic components of the fourth rank cumulants:
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The term# | is sometimes filtered at small scales because
of the strong increase of its coefficients with the transverse
wavenumber. No significant effect results from this approxi-
mation, except possibly at the smallest scales.

The various coefficients, functions of the paramétes

B

kirﬁ/Z:ETi R?k?sir? a, involve the functiond’o and Iy

where I',(b) is the product of exg-b) by the modified
Bessel function!, (b). They are given by
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with /=1 andu¢=m./m;, ratio of the electron to ion mass.
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