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Abstract. The finite Larmor radius (FLR)-Landau fluid 2013 and references therein). A natural source of energy for
model, which extends the usual anisotropic magnetohydrothis effect originates from waves and turbulence. Perpendic-
dynamics to magnetized collisionless plasmas by retainingular heating can result from cyclotron resonance in particular
linear Landau damping and finite Larmor radius correctionsnear the solar corona, but such a process cannot be efficient
down to the sub-ionic scales in the quasi-transverse direcin the regions of the solar wind where the dynamics at the ion
tions, is used to study the non-resonant heating of the plasmscales can, as confirmed by recent measurem8atsrouli
by randomly driven Alfen waves. One-dimensional numer- et al, 201Q Roberts et a).2013, be mostly described in
ical simulations, free from any artificial dissipation, are usedterms of waves propagating in directions nearly perpendic-
to analyze the influence on the thermal dynamics, of the betalar to the background magnetic field. The frequencies of
parameter and of the separation between the driving and ththese waves in the solar wind frame are much smaller than
ion scales. While the gyrotropic heat fluxes play a dominantthe proton gyrofrequency, and, in such a regime, the plasma
role when the plasma is driven at large scales, leading to &eating is supposed to originate from the non-resonant ac-
parallel heating of the ions by Landau damping, a differenttion of low-frequency modes such as kinetic Adfv waves
regime develops when the driving acts at scales comparablKAWSs) (Wang et al. 2006 Chandran et 412010 Nariyuki
to the ion Larmor radius. Perpendicular heating and paral-et al, 201Q and reference therein). In this regime, the so-
lel cooling of the ions are then observed, an effect that iscalled stochastic heating resulting from particle acceleration
mostly due to the work of the non-gyrotropic pressure forcedue to electric field fluctuations at the scale of the ion Lar-
and that can be viewed as the fluid signature of the so-callednor radius indeed breaks the conservation of the magnetic
stochastic heating. A partial characterization of the plasmamoment and leads to an increase of the perpendicular temper-
by global quantities (such as the magnetic compressibilityature of the plasma/Nu and Yoon 2007 Bourouaine et aJ.
and the density-magnetic field correlations that provide in-2009. This effect was studied by considering the dynamics
formation on the dominant type of waves) is also presentedof particles propagating in the electromagnetic field associ-
The enhancement of the parallel electron heating by a higheated with KAWSs, in the absence of any feedbaCkéndran
level of fast magnetosonic waves is in particular pointed out.et al, 2010. It was in particular noticed that, if an efficient
action of a few individual Alfén waves required unrealis-
tically large amplitudes, a relatively weak level of Adfnic
fluctuations with a broad spectrum extending to the ion scale
would provide an efficient effect. 4 and Chen2010.

The fully nonlinear dynamics is captured by particles in
1 Introduction cell (PIC) simulations, but such simulations are computation-

ally demanding, as a huge number of quasi-particles per cell

It is now well established that, in the solar wind, the pro- js o be retained in order to maintain a low numerical noise.
tons are subject to a significant heating in the direction perit tyrns out that plasma heating can also be addressed using a
pendicular to the ambient magnetic field and are, in somejyid approach, provided it retains low-frequency kinetic ef-

regions, cooled in the parallel direction at a rate comparafects (Landau damping and finite Larmor radius corrections)
ble to that of the perpendicular heating ratellinger et al,
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for scales comparable to the ion Larmor radius and below. The FLR-Landau fluid model is constructed by deriving
Such a description is provided by the so-called finite Larmorfrom the Vlasov—Maxwell system a moment hierarchy that
radius (FLR)-Landau fluid modeP@ssot and Sulen2007, starts with equations for the plasma dengityand for the
Passot et al.2012 that, within a self-consistent approach, ion velocity u where, for the sake of simplicity, the elec-
can reproduce both heating and cooling processes, depenttic field is expressed by the generalized Ohm's law, ob-
ing on the plasma parameters. As a first step, the problentained after neglecting electron inertia. The ion pressure ten-
is here addressed in one space dimension with the numesor includes both gyrotropic and non-gyrotropic contribu-
ical code previously used to simulate the development oftionsp; = p1il+(pji—pLi)t+I; witht =b®b (b =b/|b|
mirror modes and their feedback action on the temperatureis the unit vector the direction of the local magnetic field).
anisotropy growth, which constrains the system to remainDifferently, as we do not address the dynamics at the elec-
close to the instability threshold.éveder et a].2011). This tron scale, the non-gyrotropic contribution is neglected in the
one-dimensional setting enables us to address in detail thelectron pressure tenspg = p el + (pje— pLe)Z(X)E. The
basic mechanisms at the origin of the non-resonant heatingquations governing the gyrotropic pressures and heat fluxes
processes due to the waves and to their interaction with the ;. andg, of each particle speciesare given inPassot and
particles, while the heating by current sheets and reconnecSulem(2007) andPassot et al(2012. The model involves
tion events Karimabadi et al.2013, also present in a turbu- the gyrotropic fourth-rank velocity cumulants and also the
lent flow, requires three-dimensional simulations. non-gyrotropic contributions to all the retained moments,
The paper is organized as follows. Section 2 provides awhich are estimated in a way that fits the low-frequency lin-
brief description of the FLR-Landau fluid model. Section 3 ear kinetic theory near an equilibrium state characterized by
specifies the conditions of the simulations together with athe instantaneous mean pressures and temperatures of the
convenient framework to estimate plasma heating. Section $lasma. Explicit expressions of the various contributions in
describes the thermal dynamics of the ions in both parallethe present setup where the space variations only take place
and perpendicular directions when the beta parameter anth a direction making a prescribed angle with the ambient
the separation between the driving and ion scales are vamagnetic field are given iBorgogno et al(2007 andCam-
ied. Section 5 analyzes the relative importance of the variougporeale et al(2010. The lack of space does not enable us to
heating mechanisms, depending on the parameters. Charaprovide a comprehensive description of the model. We never-
terization of the plasma by global quantities sensitive to thetheless briefly mention that the starting point to close the hi-
various kinds of waves is presented in Sect. 6 where the influerarchy and to estimate the non-gyrotropic contributions con-
ence of the level of fast magnetosonic waves on the (parallelsists in deriving the low-frequency kinetic expressions of the
electron heating is also discussed. Section 7 provides a fewarious moments that typically depend on electromagnetic
concluding remarks. field components and involve the plasma dispersion function
(which is nonlocal both in space and time). These various ex-
i pressions are then expressed in terms of other fluid moments
2 The FLR-Landau fluid model in such a way as to minimize the occurrence of the plasma

. . dispersion function (which is nonlocal in time and thus not
It is well known that the magnetohydrodynamic (MHD) and suitable for addressing initial value problems). The latter is

bifluid descriptions are poorly adapted to the solar wind due . : :
to its collisionless character. These models in particular over-.OtherWIse replaced by sitable Reapproximants, thus lead

. - . ing to local-in-time expressions involving in some places a
estimate the compressibility, and, as recently showHun Hilbert transform with respect to the longitudinal space co-
nana et al(2011), Passot et al(2012, and Hunana et al. P 9 P

(2013, pressure anisotropy and Landau resonance need tgrd'nate’ Wh'Ch appears as the signature of Landau damping
: I~ within a fluid description.
be retained even at large scales. Furthermore, permitting the

development of anisotropic pressure may lead to the onset of
micro-instabilities that are arrested at small scales by finite . .
Larmor radius (FLR) contributions. In order to cope with this 3 Measuring the plasma heating
situation, the FLR-Landau fluid model was developBedg-

sot and Suler2007 Passot et 312012, which extends the In order to mimic the energy injection near the ion gyroscale,

) : : ) 7 due to the solar-wind Alfén-wave cascade, and to study the
anisotropic MHD into a fluid description that accurately re- . . .
. S . . resulting heating of the plasma, the FLR-Landau-fluid equa-
produces the linear kinetic theory, provided no ion-cyclotron . o .
tions are supplemented by a random driving acting on the

resonance is encountered. It in particular captures the dynam . . X
. ) I velocity componenisy perpendicular to the plane defined
ics of quasi-transverse sub-ionic modes that are characte

ized by low frequencies compared with the gyrofrequency.{)y the ambient magnetic field and the direction of propaga-

) . . tion. This forcing is centered about a scglevith Fourier

This approach thus appears suitable for a magnetized plasma___.. . : X
coefficients of fixed amplitudes and random phases chosen

ﬁwdependently at each time step. The driving is only active

anisotropy of the energy transfer, when the energy per unit length of the perpendicular kinetic
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and magnetic fluctuations (which are mostly associated with

Alfvén waves)Ey = 3(pu2) + 3(bZ) remains below a fixed

threshold, chosen to ensure a prescribed fluctuation level. iTLi = (T1ib-Vu-b)

Driving the velocity field only has the advantage of not di- 4! .

rectly affecting El)]ﬁ space-averaged magnetic moment Per _(Z(24.; (V~B)+(5~V)qﬂ —61\|i5' VZ;-Z;])
unit massu | = (~——) that obeys n

b 1 ~ o~
. 171 - —(;[V-Sﬁ—b-Vb-SL])
ml Plis mic (] X
et RV g V.
TR [ " pe ( c peﬂ) —}(E[(tr(H-Vu)S—(H-Vu)S 7410 dl)]), 3)
1 N d2 n dt
~v.st _ _ o -
+<2|b| S1i) ZT\“=(T\|iv‘u)—2(T”ib'Vu~ )
1 dt
. S . S . L. 1 ~ o~ o~ 1 o~ o~
_<m[tr(ﬂ|.Vu|) — (I - Vui) 'T+H"E])' 1) +<;[261\|ib'Vb' ]>_<;[V'Slp_2b'Vb'SL]>
2pii 1 5. .dr
In the parallel direction, we similarly define; = (|bI dl —(G UL V™ z =1 ). “)

)
P
that obeys

dpy  2pjin~ mic /j X b

a = [ ()

Ll 5 9 I
_<7[V - (q)ib) — 291V - b]) ~(7 V- sl

It is noticeable that the equations fer. andy involve the
Hall term, while the equations for the temperatures include
mechanical terms associated with the work of the gyrotropic
pressure force. By simple inspection, there is no clear evi-
dence thaf |; remains constant when the dynamics is con-
centrated at large scales. Considernngandu as a surro-

gate of the temperatures thus offers a better insight into the
physical processes relevant for the heating of the plasma.
Note that, in the above temperature equations and also to
leading order in thew equations, the non-gyrotropic pressure
and Hall contributions that arise in equations for the parallel
: . . uantities also occur with an opposite sign in the equations
) In the rlghtjhand side (r.h.s.) of the above e_:quat|ons, thefqorthe perpendicular ones. Theplgtteralsfinclude ac?ontribu—
first term ongmates_ from the Hall term (|_nc|1_1d|ng_the elec- tion involving tr(IT- Vu)$ that turns out to be always positive
tron pre;surt_a grad@nt). The ?ther con.tr|but|0ns mvoll?/e thein our simulatiqns and thus heats the plasmq. |
gyrotropic @i andg i) and non-gyrotropic components( In the numerical code, the FLR-Landau fluid equations are
and Sii) of the parallel and perpendicular heat flux vectors, yyritten using units based on the magnitublg of the am-
and the non-gyrotropic pressuf (seePassot and Sulem  pient field, the Alfien velocity va, the ion inertial length
2007, or Passot et al2012 for precise definitions of the no- ;4 — va/ 2 (Where2 is the ion gyrofrequency), together with
tations). Since the evolution gf | is only due to the Hall  the yniform initial ion densityog and parallel pressurg;io.
effect and to the non-gyrotropic pressures and heat fluxesntegration is performed using a spectral method with an ef-
this quantity is conserved in the limit where the system isfective resolution of 256 grid points (after a partial dealiasing
driven at scales much larger than the ion scales. Differently,yhere the nonlinear terms are evaluated with twice the num-
the evolution ofw| is sensitive to the parallel and perpendic- per of Fourier modes), in a periodic domain along a direc-
L_Jla_r gyrotropic fluxes that remain relevant in the large-scalegjgn making an angle of 80with the ambient magnetic field.
limit. The injection scalé; is associated with the Fourier mode
As seen in the following, the usefulness,of andu is  of index 4. Changings is thus performed by changing the
due to the fact that their time evolutions are very similar to gjze of the integration domain. The driving term is turned on
those of the space-averaged perpendicular and parallel i08nq off in order to maintain the transverse energy per unit
temperatureg’ | andT i, which obey { denotes the number |ength £ close to 0016, leading to a root mean square am-
density) plitude of the transverse magnetic field and velocity fluctua-
tions of about 12 %. The initial ion and electron temperatures
are taken isotropic and equal. The time discretization is made
using a third-order Runge—Kutta scheme with a time gtep
ranging between & 10~° and 2x 10~3 (in Q1 units). We
explored different regimes by varying the ion parallel beta
B =8np||i0/B§ and the ratio between the driving scdje
and either the ion inertial lengt# or the ion Larmor radius

|b|? . dt
(g [ Ve (2)
Note thatu; andu differ from the space-averaged adiabatic
invariants of the CGL theoryGhew et al. 1956 by a factor
in the denominator.
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are smoothed out at the level of thes. When measuring

o 1 the different terms in the r.h.s. of EQ®)€(4), it turns out

1 that these oscillations are mostly due to the term propor-
tional tob - Vu - b, and in particular to its leading contribu-
tion Bz(azuy)ﬁy, which involves the driven velocity compo-
nentuy. These oscillations are however not relevant for the
| plasma heating, on long time scales. In the following, we thus
() 1 concentrate on the's that display simpler properties.

The evolution ofu results only from small-scale contri-
butions, namely the Hall term, the non-gyrotropic pressure
4 tensor (often referred to as FLRs for shortness in the follow-
o ] ing) and also the non-gyrotropic heat fluxes, which turn out

‘ -~ N ] to be always subdominant and will thus be ignored in the fol-
0.01 0.10 1.00 lowing discussions. As a consequence, in simulations where
di/lf injection takes place at large enough scales (a regime similar
to that of Fig.2, left), u, is conserved. Differently, when the
Fig. 1. Parameter plangl;/I;, 8) where the various colors refer to  driving acts at smaller scales, the Hall term and FLR contri-
the series of runs discussed in the text. This plane is divided into twdhyytions break the conservation of the perpendicular moment
regions displaying a different heating dynamics: in region A, ion (middle and right panels), which then increases in time. The
parallel heating QOmlnates, while in region B, perpendicular heatingg, o1 tion ofy is in contrast sensitive to the parallel and per-
and parallel cooling take place. pendicular gyrotropic heat fluxes that remain significant at
large scales and lead to a parallel heating of the ions by Lan-
_dau damping (Fig2, left and middle). Note that in the right
é?anel of Fig.2, the enhancement of the heating and cooling
rocesses shortly before the plasma becomes mirror unsta-
le, which, in the present simulation, occurs at 1200. Fur-
thermore, the thermal dynamics is significantly slower when

0.1¢

rL = di+/B. Note that, in the case of one-dimensional simula
tions, the injection scale has a deep influence on the therm
dynamics, as the energy hardly cascades to small scales. Fi
urel provides an overview of the selected simulations in the
parameter planei(/I;, 8), which turns out to be divided into

two regions where the ion heating displays significantly dif- th(;sc?rlle S(.-:-para'ilont|s Iarger.t that affects the ion heati
ferent properties. The various colors refer to specific series nother important parameter that affects the ion heating

of runs discussed in the following. All the simulations were Is B. When considering the influence of this parameter for

performed without any artificial dissipation a fixed scale separation, it is important to specify whether
' the prescribed quantity is the ratio of the injection scale to

the ion inertial length or to the ion Larmor radius. In the for-
4 Evolution of the temperatures mer casedj/ /s = 0.080), Fig.3 displays, forg = 0.1 (black),

B = 0.3 (blue),8 = 0.6 (green), an@ = 2.4 (red), the varia-
Figure 2 displays the time evolution of the mean tempera- tion of 1| (top panel) and: (bottom panel). These simula-
turesT i andT j, and of the corresponding, and s, in tions belong to the series indicated by green points in Eig.
the case of simulations performed wigh= 0.3 but decreas- At 8 = 0.1, the perpendicular heating is very weak. It is sig-
ing driving scalesdi/; = 0.020 (left panel), 0.080 (middle nificantly enhanced whe# is increased, while the parallel
panel) and 0.16 (right panel). These runs belong to the seheating rate decreases and even becomes negative at large
ries of simulations indicated by blue points in Figand dis-  enoughg. It follows that increasingd while keeping con-
play three typical thermal behaviors of the plasma: in the leftstant the ratiaf; /Is is qualitatively similar to decreasing the
paneI,THi increases whild | ; stays almost constant; in the driving scale at fixegb.
middle panel, both temperatures increase possibly at differ- Since the evolution of theu’s is influenced by non-
ent rates that vary in time; in the right panel,; increases  gyrotropic contributions for which the relevant scale is the
while T decreases, leading eventually to the developmenton Larmor radius, we consider the evolution pf and
of mirror instability. w,y at fixedr, /s, with the series of runs indicated by red

As previously announced, in all the simulations the mean(r_/l; = 0.35), orange #_/I/; = 0.080) and violet £_/I; =

temperatures and the correspondingvalues display the 0.062) points in Figl. Figure4 displays the time variation
same global behavior (an effect analyzed in Appendix A),of ) andu for r_/Is = 0.35 (top panel) and,_/ /s = 0.080
up to a possible shift originating from a brief early-time tem- (bottom panel), whep takes the values.075 (black), 015
perature oscillation, especially in the case of a large-scaldmagenta), B (blue), 12 (green) and 2 (red). The parallel
driving. Furthermore, and in particular in the latter regime, quantities are indicated by dashed lines and the perpendicu-
the temperatures display oscillations with a frequency matchiar ones by solid lines. In all these simulations, we observe
ing the Alfvén wave frequency at the driving scédewhich perpendicular heating and parallel cooling, which eventually

Ann. Geophys., 31, 1195:204 2013 www.ann-geophys.net/31/1195/2013/
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Fig. 2. Time variation ofu | (red) andl" ; (magenta), and also ofy (blue) andTH (cyan), at fixed3 = 0.3 and three scale separations (from
the blue series of Fidl) dj/ Il = 0.020 (left),d;/l = 0.080 (middle), and; /s = 0.16 (right).
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Fig. 3. Time variation ofi| (top panel) andx| (bottom panel), ~ Fig. 4. Time variation of.. (solid lines) andu (dashed lines),

for a fixed ratiod;/is = 0.080 and (green series of Fi) 8 =0.1  Wwhen fixingr /I and changingg. Top:r__ /It = 0.35 (red series of

(black), 8 = 0.3 (blue), = 0.6 (green), ang = 2.4 (red). Fig. 1) with 8 = 0.075 (black),8 = 0.3 (blue),8 = 1.2 (green), and
B = 2.4 (red). Bottomyr|_ /I = 0.087 (orange series of Fid) with
B =0.15 (magenta)g = 0.3 (blue),8 = 1.2 (green), ang = 2.4

leads to mirror instability. Especially in the top panel corre- (red).

sponding to the smaller injection scale, the parallel cooling

is rather weak and it does not vary significantly from one rung;e \we observe in the bottom panel a conspicuous enhance-
to the other, while the efficiency of the perpendicular heatingant of the heating when approaching the mirror threshold

decreases when increasifigA similar variation is observed (for the run corresponding to the magenta curve, the mirror
in the particle simulations reported@handran et a(2010). instability occurs at ~ 730).

This contrasts with the simulations characterized by a fixed
ratiod;/ Is, for which the effect of changing is just the oppo-

www.ann-geophys.net/31/1195/2013/ Ann. Geophys., 31, 118804 2013
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Fig. 5. Time evolution of the r.h.s. (black) of the equation fof together with the various contributions: gyrotropic heat fluxes (blue), Hall
effect (green), non-gyrotropic pressure (red), for the same simulations as &1 Bigs 0.3 andd; /I = 0.020 (left),d;j/ I = 0.080 (middle),
andd,/Is = 0.16 (right)

To summarize, théd;/ Is, B) plane displayed in Figl can  associated with this transition can be understood by notic-
be divided into two regions. Although a sharp boundary caning that the Hall term and the FLRs that contribute.t@
hardly be specified, an approximate separatrix can empiriact with an opposite sign in the equation for while, when
cally be defined. The region denoted by “A” is characterizednot subdominant, the extra FLR tern{E; - Vu;)* (which is
by a parallel ion heating and a weak to moderate perpendicpositive) leads to perpendicular heating.
ular one, while in region B the plasma is subject to a strong A similar behavior is observed when, for intermediate in-
perpendicular heating and to a parallel cooling, leading tojection scales (e.gd;/ s = 0.080), the value oB is increased
mirror instability. Close to this separatrix, the system mayfrom g < 1 to 8 > 1. This transition is exemplified in Fi@.
hesitate between these two possible outcomes, and runs chdor 8 = 0.1 (bottom) ands = 2.4 (top). The smalB regime
acterized by identical initial conditions and a driving corre- is qualitatively similar to a large-scale injection case (parallel
sponding to different realizations of the same random forcingheating), while at higt8, the FLRs are dominant (and nega-
can display different global evolutions. tive) in the ) equation as in the small-scale injection case.

On top of that, the Hall term tends to cool fér< 1 and to
heat forg > 1 (a somewhat general property at any scale).
5 The heating mechanisms

5.1 The transition from parallel heating to cooling 52 The various FLR contributions

The dynamics is simple when the forcing is applied at veryWe observed that the work of the non-gyrotropic pressure
large scales (especially at log), as in this case only the force (referred to as FLRs) plays a main role in the above
heat fluxes are relevant and the only measurable effect is &ansition. For example in the conditions of Fig the transi-
growth of . at a rate that is smaller when the injection scaletion from the middle to the right panel can be sketched as
is larger. It is thus of interest to examine the transition from follows. For the parallel quantities, the middle panel cor-
parallel heating to cooling at the level of the individual terms responds to a positive contribution OF; - Vu;)* : T and a
contributing to the r.h.s. of Eq2), when gradually increas- negligibleIT; : ‘é—f, while in the right panelll; : ‘é—f becomes
ing the ratiod, / Is and/org. In Fig. 5, the contributions (sub-  strongly negative andl;-Vu;)® : T subdominant. In general,
ject to a suitable running average in order to suppress fasin the B region of Figl, II; : fl—f is dominant and negative,
oscillations) of the FLRs (red), the Hall term (green) and thewhile in the A region,(IT; - Vu;)’ : T is dominant and pos-
heat fluxes (blue) are plotted fgr= 0.3 and the same three itive. For the perpendicular quantities, decreasing the injec-
different ratiosd;/l; = 0.020, Q080 and 016, as in Fig.2. tion scales enhances the importance of the te(trVu;)*,
While at the largest injection scale (left panel) the heat fluxthus promoting strong heating, while in the A region, this
(which is positive) is larger than the two other contributions, term is almost compensated b; - Vu;)® : 7, making the

in the middle and right panels it has almost the same magniheating very mild.

tude as the Hall effect (which is negative), so as to compen- The role of the FLRs is central to triggering the emergence
sate it almost exactly. This compensation appears to be quitef mirror instability in the B region, and a sophisticated mod-
generic in regimes of intermediatg//s and 8. Thus, the elization of these quantities at small scales, as performed in
transition from heating at large injection scales to cooling atthe present FLR-Landau fluid model, turns out to be crucial
small injection scales is governed by the FLRs, despite theito achieve such a result. It is in particular not captured when

relative subdominance. The increased perpendicular heatingsing classical large-scale FLR modeling (not shown).

Ann. Geophys., 31, 1195:204 2013 www.ann-geophys.net/31/1195/2013/
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Fig. 6. Ti luti fth ing the rh fth Fig. 7. Time evolution of the total r.h.s. and of the detailed contri-
9. . Time evolution of the terms entering the r.h.S. of the equa-, iong 1o the non-gyrotropic pressure in the equationufpr(top)

tion for /él\’ for tlwcl)a runs of Fig.3, Witlh di/lcfj = 0.080 andp ; Z'i_ and | (bottom) for one of the runs presented in the top panel of
(top) andg = 0.1 (bottom). Same color code as in Figi.e., black: Fig. 4, i.e.,8 =0.075 andd; /s = 1.27. Black: total r.h.s.; orange:

total r.h.g.; blue: gyrotropic heat fluxes; green: Hall effect, red: NON"sum of all the non-gyrotropic pressure contributions; red: term in-
gyrotropic pressure. volving tr(IT; - Vu;)®; green: term involvingII; - Vu;)’ : 7; blue:
term involvingI; : 4T.

When driving the system at scales of the order of the ion
Larmor radius where stochastic heating is supposed to bghg is in particular consistent with the small-beta stochastic
most efficient, the FLRs account for most of the perpen-heating simulations c€handran et a(2010. Moreover, the
dicular heating and parallel cooling of the plasma. To studyterm in I1; : 4% (which almost coincides with the contribu-
this regime, we performed several series of simulations in_ =~ dby . -
which we kept constant the ratig /I by varying simulta- tion Hyzl_azw) accounts for essentially all the variations of
neouslyd;/l; and 8. The dynamics turns out to be simpler I In this small-beta regime, we observe thaf > |by.|'
when the driving scales approach the Larmor radius, e.g.tOAt larger g (e.g., p = 2.4, Fig. 8), the FLRs contribute

for r./1f = 0.35 (red series in Figl). In this case, we plot gi rr:osthof tt_he var|at|onsltoﬁ]fL arlﬂ “! bl{[ the perpte_n- g
in Figs. 7 and 8 for two values ofp the time variation of ICular heating now results from the two terms mentone

the rh.s. (black lines) of Eqsl)and @) for 1z, (top) and above, which contribute by a comparable amount. A small

w (bottom) respectively, together with that of both the total ]E)Ut rr:re]as:rﬁtile co?trlzgnon t 0 th?h heatmg.taldso c;nglcrilates
FLRs (orange) and their individual contributions involving brom € ha erbrln. 2 'lsllreglmt(? € magnitu re]“?’ ?: i
tr (IT; - Vai)* (red), (1 Vay)* - 7 (green) andT; : 9T (blue). y are comparable. A similar pattern appears when the ratio

For the sake of clarity, a running average is performed on SJL/lf is decreased asin the_ orangg/(lf 2.0'087) f'ind_wolet
time units. At smallg (e.g.,8 = 0.075, Fig.7), the term in (r/1f = 0.062) series of Figl, with an increasing impor-
tr (I1; - Vaj)® that arises only in the perpendicular equation is tance of the Hall term and heat flux contributions.
dominant and prescribes the growth.of . The main contri-

bution to this term originates fromiy,d,uy, which involves

the forced velocity component. This perpendicular ion heat-

www.ann-geophys.net/31/1195/2013/ Ann. Geophys., 31, 118804 2013
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Or 7 0.04/
0.03 ]
510 0.02 ‘
|
7 0.1 Il I‘
-110° .
[ | | | | | | | | | | | | | |
1000 1500 2000 2500
| | | | |
200 400 600 Fig. 9. Time evolution of the electron parallel temperature (top) for

two runs (red or black lines) with the same paramegets0.4, and

Fig. 8. Same as Fig, but for another run of the top panel of F4. di/ I = 0.080 (black point in the transition zone between the A and

i.e., B =24 andd;/ls = 0.23. The same color code is used: black: . o . _ 5 _
total r.h.s.; orange: sum of all the non-gyrotropic pressure contri-B regions in Fig.1) for which the quantity/ (u%) (bottom), which
butions; red: term involving {1 - Vu;)*; green: term involving measures the level of fast magnetosonic waves, has a significantly

(I - Vu;)® : 7; blue: term involvingll; : ‘fi—f. different magnitude.

the elemently, that includes a term proportional to the tem-
perature anisotropyP@ssot and Sulen2007, Passot et al.
2012. Simulations performed with initially anisotropic ion
temperaturesI(i > 7)) indeed show an enhancement of the

6 Dominant modes and electron heating

In order to relate the thermal dynamics of the plasma to
its global properties and in particular to the dominant type : :

o . . erpendicular heating (not shown).
of waves that are present, it is of interest to consider thep P 9( )

evolution of quantities such as the magnetic compressibil For what concerns the correlatign it is negative in all
_ ~ qu 2 e mag pre the simulations, indicating that the magnetosonic modes are
ity x = (b7)/{b7+b7) (Where a tilde indicates fluctuations

bout th I d th lation betw the preferentially slow, except when the injection takes place at
? 9{.” efrrsr(]aar(\j va ‘fte) and f(tehcorre ation be e{-_enf_ Ig USery large scalesi= 0.3, d; /It = 0.020) for whichg is pos-
uations ot the density and of tn€ square magnetic fie am?tive, indicating the dominance of fast magnetosonic waves in

plitude ¢ = (5(b2+b2))/,/ (5?) (b2 +b3)?), when varying  this case.
the parameters. The amount of energy associated with fast magnetosonic
In general,x increases from the A to the B region of the modes can be estimated by the quan{ijT%) (wherex is
perpendicular plane, indicating the presence in the latter rethe direction perpendicular to the ambient field in the plane
gion of a significant amount of mirror modes even before that also includes the direction of propagation). In all the per-
they become unstable. It in particular rapidly increases whenformed simulations, no clear correlation is observed between
in the conditions of Fig2 (right), the perpendicular heat- the magnitude of/(u2) and the characteristics of the ion
ing and parallel cooling undergo a strong enhancement at theeating. Differently, this quantity has a direct relation with
moment when the mirror instability develops. This strength-the parallel electron heating (in the perpendicular direction,
ening is related to an increase of the FLRs and in particular othe electron heating is negligible). To analyze this effect, itis

Ann. Geophys., 31, 1195:204 2013 www.ann-geophys.net/31/1195/2013/
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convenient to consider two runs with identical initial param-
etersg = 0.4 andd; /I = 0.080 (black point in the transition
zone between the regions A and B of F1y, for which driv-
ing by different realizations of the same random forcing can
lead to the development of different levels@fu2) (Fig. 9,
bottom) and different growth rates of the (space-averaged)
parallel electron temperature (Fig.top). The larger/(u2)
is, the faster the temperature growth is.

Furthermore, the electron parallel heating turns out to be
strongly enhanced when at fixgahe ratiod;/ /s is increased.
As a typical example, fop = 0.3 we obtained a temperature
growth rate that is almost O fak / /s = 0.020, while it is 1x
104 for d;/ls = 0.080, 3x 10~ for dj/If = 0.11 and 5x
104 for d;/ Is = 0.16. When prescribing the scale separation
di/l; = 0.080 and varyings, the growth rate is mostly the
same (about X 10~%) for 8 = 0.1 and 03, and decreases to 2:10
about 3x 107> for 8 = 0.6, 1.2 and 24. This drastic change
of behavior appears to be related to the transition between 1-10'4
the A and B regions. i

07 -
7 Conclusions _1,10-47 | nMMvn'ﬂim e
We show in this paper that the FLR-Landau fluid model al- 210" Ww J\MM 'UMMMMUA"I‘ WWI“W jlll AJ. 1
lows for a self-consistent study of the non-resonant plasma ~ \‘W," uw“m”wwm N ‘ »‘U 'MM‘-V UIVM
heating due to random Alén waves. A random driving that 310 | ‘ m.’ ‘ M
mimics the energy injection by a turbulent cascade leads to ~ 1000 3000 5000

a perpendicular heating of the ions. Furthermore, the paraIIeII:ig AL. For the same run as in Fig.(middle) (ie.,8 = 0.3 and

heating observed when the plasma is driven at large scale '§i/lf = 0.080), time evolution of the terms entering the r.h.s. of the

replaced by a parallel cooling when the driving acts at scale$,qyation for.; andT | (top) andu andT (bottom). The color
comparable to the ion Larmor radius. Differently, the elec- code is blue for gyrotropic heat fluxes, and green for Hall effect in
trons are always heated in the parallel direction by Landauhe . equations; magenta for mechanical contributions, and orange
damping, through the gyrotropic heat fluxes at a rate thafor gyrotropic heat fluxes in the temperature equation. In the bot-
rapidly increases with the level of fast magnetosonic wavestom panel, the maroon curve is the same as the magenta one after
An advantage of the present approach is the possibility tgescaling by a factor 2.25.
discriminate between the various contributions and to iden-
tify the dominant effects. The main role of the non-gyrotropic
pressure on the ion thermal dynamics is in particular pOintedAppendix A
out.

The present study was performed in a one-dimensional
settmg,'alo.ng a direction qua&—transvers_;e o the amb|enfn order to interpret the similarity in the behaviors of the tem-
magnetic field. We concentrated on heating processes due

o AW, wose effieny s reaed to the proxmiy of EoiTUE0 500 o e, Aouieel See v bt
the wavelengths to the ion Larmor radius. Other heating 9. P 9

processes, in addition to Landau and cyclotron resonanc In the right hand sides of Eqsl)-(4) for the same run as in

es. : . Lo
(Marsch and Bourouaine2011), are based on the effect I§|g. 2 (middle) for which the Hall contrlbu§|on_|s relevant.
) : In general, all these terms have large oscillations that must
of rapidly evolving small-scale structures such as current

sheetsarkovskii and Vasque2011: Servidio et al, 2012, e averaged out in order to extract their secular effects that

. . ; are the only interesting issue for long-time plasma heating.
Forthcoming developments will concern the extension ofFOr this DUIDOSE. & ruNning average over 500 ime Units was
the present simulations to the fully three-dimensional FLR- PUrpose, 9 9

Landau fluid model, which permits the development of tur- applied tp allthe qua_n_tmes. In the top panel that refers to the
erpendicular quantities, the magenta curve corresponds to

bulent cascades and thus provides a suitable tool to addre%)ﬁe mechanical term in the equation @« and th

the heating problem in a fully turbulent regime. . quation 104 an the green
one to the Hall term in the equation for, . These curves
follow each other quite accurately, indicating that the Hall
effect explicitly present in tha | equation has a counterpart

www.ann-geophys.net/31/1195/2013/ Ann. Geophys., 31, 118804 2013



1204 D. Laveder et al.: Non-resonant anisotropic heating

in the secular evolution of the mechanical exchange¥ figr Chew, C. F., Goldberger, M. L., and Low, F. E.: The Boltzmann
The blue curve represents the gyrotropic flux term in%he equation and the one-fluid hydromagnetic equation in the ab-
representation, which turns out to be subdominant and is not sence of particle collisions, Proc. Roy. Soc. (London), A236,
present in the equation far, . The non-gyrotropic pressure ~ 112-118,1956. . N .
contributions are almost identical, and the non-gyrotropicellinger, P., Tavricek, P. M. Stvedk, S., Matteini, L., and Vell,
fluxes turn out to be subdominant (not shown). M.: Proton thermal energetics in the solar wind: Helios reloaded,

The situation is somewhat more complicated for parallel ‘;m%eolohys' Res., 118, 1351-1365, H0i1002/jgra.50147

quantities (bottom panel). Keeping the same color code a_?Hunana, P., Laveder, D., Passot, T., Sulem, P., and Borgogno, D.:
above, the magenta line refers to the sum of the mechani- requction of compressibility and parallel transfer by Landau
cal terms in the equation fdF i, and the green one to the  damping in turbulent magnetized plasmas, Astrophys. J., 743,
Hall term in the equation for . It turns out that these quan- 128, 2011.
tities match each other only after rescaling the former byHunana, P., Goldstein, M. L., Passot, T., Sulem, P. L., Laveder, D.,
a factor empirically evaluated to 2.25 (maroon curve). The and Zank, G. P.: Polarization and compressibility of oblique ki-
same ratio appears when comparing the contributions of the netic Alfvén waves, Astrophys. J., 766, 93, 2013.
gyrotropic fluxes in both representations (orange and blud<@rimabadi, H., Roytershteyn, V., Wan, M., Matthaeus, W. H.,
curves). Despite the presence of this factor, the global evo- Daughton, W., Wu, P., Shay, M., Loring, B., Borovsky, J.,
lutions of 7 and 11 are essentially identical because, for ~-é°nardis, ., Chapman, S. C., and Nakamura, T. K. M.: Coher-
o . . ent structures, intermittent turbulence, and dissipation in high-
the parallel quantities, depending on the representation, the

hanical I e . h . fth temperature plasmas, Phys. Plasmas, 20, 012303, , 2013.
mechanical or Hall contributions are just the opposite of t eLaveder, D., Marradi, L., Passot, T., and Sulem, P. L.: Fluid simu-

heat fluxes, so they cancel out, causing the he_ati_ng prOperf[ieS lations of mirror constraints on proton temperature anisotropy
to be governed by subdominant terms. The similar behavior in solar wind turbulence, Geophys. Res. Lett., 38, L17108,
of T'i andw thus relies on this approximate balance. d0i:10.1029/2011GL04887£2011.
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