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Reduced models are derived for a strongly magnetized collisionless plasma at scales large
relatively to the electron thermal gyroradius, in two asymptotic regimes. One corresponds
to cold ions and the other to far sub-ion scales. By including the electron pressure dy-
namics, these models improve the Hall reduced MHD and the kinetic Alfvén wave model
of Boldyrev et al. (2013), respectively. We show that the two models can be obtained
either within a gyrofluid formalism (Brizard 1992) or as suitable weakly nonlinear limits
of the FLR-Landau fluid of Sulem & Passot (2015) which extends anisotropic Hall-
magnetohydrodynamics by retaining low-frequency kinetic effects. It is noticeable that,
at the far sub-ion scales, the simplifications originating from the gyroaveraging operators
in the gyrofluid formalism and leading to subdominant ion velocity and temperature
fluctuations, correspond, at the level of the FLR-Landau fluid, to cancellation between
hydrodynamic contributions and ion finite Larmor radius corrections. Energy conserva-
tion properties of the models are discussed and an explicit example of closure relation
leading to a model with a Hamiltonian structure is provided.

PACS codes: Authors should not enter PACS codes directly on the manuscript, as these
must be chosen during the online submission process and will then be added during the
typesetting process (see http://www.aip.org/pacs/ for the full list of PACS codes)

1. Introduction

With the aim of describing the dynamics of kinetic Alfvén waves (KAWSs) that play
an important role in solar wind turbulence, the present paper is devoted to the devel-
opment of three-dimensional reduced fluid models suitable for finite-beta plasmas, in
regimes where magnetic fluctuations along the guide field are non negligible. When con-
centrating on scales large compared to the ion gyroradius, reduced models were derived
from two-fluid equations (Hazeltine et al. 1985; Fitzpatrick & Porcelli 2004; Schekochihin
et al. 2009; Tassi et al. 2010), possibly extended by retaining leading-order finite Larmor
radius (FLR) effects (Hsu et al. 1986). Differently, when considering a quasi-transverse
collisionless dynamics at scales comparable to or smaller than the ion thermal Larmor
radius, gyrofluid models have been constructed by considering the time evolution of a
few velocity moments derived from the gyrokinetic equation. As KAWs are low-frequency
waves, it seems suitable to turn to gyrofluids. Nevertheless, as most of such models were
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developed for fusion plasmas, they often assume negligible parallel magnetic field fluctu-
ations (as in, e.g., Snyder & Hammett (2001)). In contrast, spacecraft observations in the
solar wind show that parallel and transverse magnetic fluctuations become comparable
at small scales (Kiyani et al. 2013). This led us to use as a starting point the gyrofluid
model described by Brizard (1992), where parallel magnetic fluctuations are retained.
The approximations made in this model for computing finite Larmor radius (FLR) con-
tributions are discussed in Dorland & Hammett (1993), where it is argued that the effect
of gyro-averaging is overestimated, at least at the smallest scales. However, as in the
present paper we concentrate on two asymptotic regimes, corresponding to either cold
ions or to transverse scales much smaller than the ion thermal gyroradius but much
larger than the electron gyroradius, the difference between the gyroaveraging performed
by Brizard (1992) or by Dorland & Hammett (1993) becomes irrelevant.

The present paper is organized as follows. Starting in Section 2 with the gyrofluid
model of Brizard (1992), we consider in Section 3 its limiting formulation in the two
previously mentioned asymptotic regimes. In the cold-ion regime, the resulting model
can be viewed as a Hall reduced MHD model retaining dynamical equations for the par-
allel and perpendicular electron pressures. The derivation of the sub-ion scale model,
on the other hand, provides a systematic basis to the semi-phenomenological model of
Boldyrev et al. (2013), in a formulation not limited to isothermal electrons but including
a description of the electron pressure dynamics, which thus permits closures of the fluid
hierarchy retaining electron Landau damping, as in the approach initiated by Hammett
& Perkins (1990). Section 3 addresses the issue of energy conservation, together with
considerations on closure relations ensuring the Hamiltonian character of the system. In
Section 4, we construct a weakly-nonlinear version of the FLR-Landau fluid model pre-
sented in Sulem & Passot (2015). In Section 5, we show that the two derived asymptotic
gyrofluid models can be recovered from this reduced FLR-Landau fluid, when taking the
corresponding limits. It is noticeable that, in contrast with gyrofluids, the FLR-Landau
fluid does not involve a drift description and does not prescribe a priori pressure balance.
As a consequence, the present analysis provides a bridge between the gyrofluid formalism
and a generalized anisotropic Hall-MHD description where low-frequency kinetic effects
have been supplemented. Section 6 discusses the spectral validity range of the small-scale
model where deviation from kinetic theory can be mainly attributed to the neglect of
electron inertia. We conclude in Section 7.

2. The gyrofluid model

We consider as starting point a simplified version of the gyrokinetic equation presented
in Brizard (1989, 1992), where background magnetic inhomogeneities and curvature have
been neglected. It reads

8Fa C v Ue 2 8Fa

— + 5 |Jodd — = Jod A+ — 6B., F,

oD + B |:JO ) CJo |+ “ k/’J_PJ_ajl 4+ o

do 9 o 0 Mo 2 0 Qo

B 7 J0OA + —= o — +-J10B; — A 2.1
(mac 8tJ05 I+ M 82J06¢+ ma kipl, 8zJ15 z maB[JO5 I+ Jodg] (2.1)
Mo 2 or,

-—— Ay, —— 1B =
maB [J06 P kipia o z]) v 0,

where F,, (2,9, 2z, v, lia, t) is the gyrocenter distribution function for the particle species
«. For simplicity, we consider a plasma composed of electrons and by one single ionized
ion species, permeated by a constant magnetic guide field. The index « will then take the
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values ¢ for ions and e for electrons. In particular, one has ¢; = e and ¢. = —e to indicate
the charge of the ions and of the electrons, respectively. On the other hand, we denote
as m; = M and m, = m the ion and electron mass, respectively. The spatial Cartesian
coordinates z,y,z span a domain [0, L,] x [0, L,] x [0,L,] where we impose periodic
boundary conditions, whereas v € R, u,, € R;t € R with ¢t > 0 and p,, > 0. We denote as
k =k, +k the wave vector of a generic field in Fourier space, with k; = k,X+k,¥ and
k| = k.Z indicating the components perpendicular and parallel to the strong background
magnetic guide field directed along the z axis. Based on the strong guide field ordering,
we assume k,/k; ~ 0B,/By ~ ¢ < 1, with k; the modulus of the perpendicular wave
vector, By the (constant) amplitude of the strong guide field component and 6B, the
perturbation along the guide field direction. With such assumptions, the expression for
the magnetic field (up to terms of order €?) is given by B(z, y, z,t) = VOA | (z,y, z,t) x 2+
(Bo+0B,(z,y,z,t))z. The field d¢(z,y, z,t), on the other hand, denotes the electrostatic
potential. The coordinate v represents the velocity along the z direction. The expression
for the magnetic moment pu,, on the other hand, is given, to lowest order, by p, =
mavﬁ_ /2By, with v, indicating the modulus of the perpendicular velocity coordinate.
The constant c¢ refers to the speed of light, whereas Jy and J; are operators that, in
Fourier space, correspond to the multiplicative factors Jo(k1p,,) and Ji(kipl,), with
Jo and J; denoting the zeroth and first order Bessel functions of the first kind. Here,
Plo =01 /Q and Q, = |ga|Bo/(mec) are the Larmor radius and the cyclotron frequency
associated with the species «, respectively. Finally, the canonical bracket of two functions
f and g is defined as [f, g] = 0, f0yg — 0y fO0xg.

The distribution function of each gyrocenter species is assumed to be given by the sum

Fa(xay7 Z,, /J’out) = ]:eqa('l],//&a) + fa(x7y7 Z,U,/.La,t), (22)
of an equilibrium Maxwellian
3/2 2
m MaV Lo Bo
Feqo (Vs ta) =10 (27T;a> exp <— 2;104 - ;a ) (2.3)

where ng is the uniform equilibrium density, and a perturbation fa so that f; [Feqo =
O(e).
The scalar electromagnetic fields 6¢, 6A| and 6B, are related to the perturbed distri-

bution functions f, by means of Poisson’s equation

ra a(sqb NQBO 2Jl 6Bz
V26 = —4 o | DWVa (Jofa+ (JE—1)Fuy, 2 J Fegar )
. (b Wazzeiq / ( Of +( 0 ) o Ta * Ta OkLpL(x o BO
(2.4)
and of the parallel and perpendicular components of Ampere’s law
4 ~
V264, = _7” 3 qa/dWa 0Jo fas (2.5)
and
~ ~ 2Jy ~ 2.J; a0
0B, =4 AWq | ta o ado——Fc
V.6B. x Z wzxa;i/ W (u hopys Vifot padog e Fego VT
’ (2.6)
2 2
/J/aB 2J1 5BZ
+ T, (kuua) Feia Ve By |’

We then introduce the following gyrofluid moments built from the perturbation of the
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distribution function:

N, = /dWa};7 noUs = /dwav};, (2.7)
P = ma/dWa 0 fa, P = /dWa LtaBofa, (2.8)
Q1. = [ War’Fu 30000 Qu, = [ OVapaBoos —noTolas (29)
ma]??HJ_a = ma/dWa UQ,uaBofa - Taﬁl\a — TaﬁLa + Tiﬁa, (2.10)
MmaR 1o = %/dWa p2B2fo — 2T P, +T2N,, (2.11)

with the volume element dW, defined by dW,, = (27 By/me)duqdv. In Egs. (2.7)-(2.11),
N, and U, indicate the gyrofluid density and parallel velocity, Py and P, the parallel
and perpendicular pressure, @”a and @ 1, the parallel and perpendicular components

of the parallel heat fluxes, and I?EH 1o and R 1 1o the perpendicular component of the
parallel and perpendicular energy-weighted pressure tensors, respectively. Furthermore,
ng and T, are the equilibrium density and temperature (assumed isotropic) of particles
of species a, respectively.

We then define the following non-dimensional quantities (denoted with overbars):

2
E:Qitv T = xy ﬂzga zzia kJ_:kJ_Ps, kz:kzpsa ASZ%Vi,

Ps Ps Ps
N, . 0. . B B
Na:77 Uaziv Il :Lv P, = La»
) c * nola YN
. ©\| - Qi = EHJ.& S(L) Riia
= = = Ry, =mq ) R = Mq )
Q. noTncs’ QL. noTncCs’ «=m noT?2 Lo =M noT?2
_ @ A — 6AH B _ 0B,
Y= Te’ H_Bops, z = BO.
(2.12)

We introduce the non-dimensional parameters:

T; o m . noTe
T—E, 5—1/M, Bo = 87 Bg , (2.13)

and assume the ordering

ngNgwl}lwge:(’)u%

k 1 - ~ _ _ ~ ~ _ _
L S Ny~Ua~ P~ P, ~Qp ~Qu, ~ Ry, ~RY (2.14)
ki t

N(pNA”NBZ:O(€)<<1,

where ¢ = /T./M is the sound speed and ps = ¢;/Q; the sonic Larmor radius. Note
that the normalization and the ordering differ from those adopted in Brizard (1992).

Taking moments of Eq.(2.1) leads to the set of normalized evolution equations (where
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the overbars were removed from the non-dimensional quantities)

ON,

o [0 80 Nl 4 02 [Ase™ e, P — Nl = o2 Ay, U] = o4 B, P ]

— 02 [AS 2B, P — N+ %U; =0, (2.15)
0

& (52Ue — 65 ASAH) + 52[66 ASQD, Ue] — [65 ASAH,PHE] — (52[A366 ASAH,]Dle — Ne}

— 82[e” 2 B,,U.] — 82[B.,Q.1.] — To(62A%,6°AM) [, 4]
+ (Do(2AF, 2A) + 6 AT (82 A8, 2 A))[B., A|]

) s s
+ 5 (B - e+ B) =0, (2.16)
8PHE 52A 2 52A 52A
TR [e” T, P |+ 67[Ase” T2, Pr, — Ne] — [A), Q] — 3[e” =24y, U]
— 2B, P+ P — N 6*[Ae” 2B, P, — N~ [B..Ry..]
)
+ 5, (@, +3Uc) =0, (2.17)
aP 2 2 2
82_6 +[(1+ 52A8)66 ASQP»PJ-e] + (52[A5(2 + 52AS)66 AS%PJ-e = Ne] = [eé ASAH’ Ue]
— A1, QL] — 2+ 0240”2 B, 2Py — N = 6*[A,(3 + 0°A,)e? 2 B., P1 — N.]
B
—2[B., Riie] + E (Ue+Q1.)=0, (2.18)
ON;
ot + [eTASgo, Nz] + T[ASGTASQO,PLi — Nz] — [eTASA”, Uz] + T[QTASBZ,PLZ.]
+ 7[Ae™ B, P, — N;] + % =0, (2.19)

a T T T T
& (Uz' +e ASAH) + [e As(p,Ui] - T[e ASAH,PHi] - T[Ase ASAH,PLi — Nl]

+ 7™ B, U] + 7[B., Q1,] + To(TA?, TAN) [p, 4]

+7(To(rAZ, 7AY) + 7A 1 (02 A8, 62 A1) (B., 4] + 2 (TP, +e™ o+ B.) =0,

0z
(2.20)

OB, AL A, N _ afaAs )

a T [e™% 0, P ]+ 7[Ase™ 0, P, — Ni| = [A), Q)] — 3[e™™* A4, Ui]
+ 7[e™ B,, P, + P, — Ni] + 2 [Aye™B,, Py, — Nj

0

+ 7[B., RHLi] + 7 (Q”i + 3U¢) =0, (2.21)
WL” +[(1+7A)e™ 0, P+ T[A(2 + TA)e ™, Pr, — Nj] — [e™2 A, U]

- [AH ’ QLJ + T[(2 + TAs)eTASB27 QPL,: - N?] + T[AS(S + TAs)eTASBzy PLi, - Nv]

0
+27[B.,R, 1]+ — (Ui +Q.,) =0. (2.22)

0z

for the first four electron and ion gyrofluid moments, where terms of order up to €2 have
been retained, while FLR effects have been estimated only up to leading order in the
terms involving heat fluxes and energy-weighted pressures. The operators I'y and I'; are
defined as To(z,2") = Ip(22")exp(z + 2') and T'1(z,2') = I1(22') exp(z + 2’), where I,
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is the modified Bessel function of the first kind of order n. Furthermore, the symbols
AB, Af and A refer to the Laplacian operator A, acting on B, A| and ¢, respectively.
Equations (2.15)-(2.22) are supplemented by Poisson’s equation

1)2 2 2 2
S VIp=e" TN+ 62 Ase” 4 (PL, = No) = (Io(20°A,) = 1)e* S

+ (Ig(262A,) + I1(262A,))e7 2 B, — ™8 N; — 7Ae™2+ (P, — N;) (2.23)
— (Io(27A)e*™ — 1)E — (Iy(27A) + [1(27A,))e* ™ B,
T

where v4 = By/(47Mng)'/? is the Alfvén speed at equilibrium, and by the parallel and
perpendicular components of Ampere’s law which yield

Vid) = %(662“ U, — ™ Uy), (2.24)

and

B, = —% (&“sme 820,62 (Pl — N,) — (In(262A,) + I1(262A,))e2 e

12(Io(202A,) + I (26%A,))e? 2 B, + 7™ Py 4 T2 AT (P, — N)

+(Io(27As) + I1(27A,))e* ™ o + 27 (1o (27A) + I1(27A,))e* ™ B,) .
(2.25)

Equations (2.23), (2.24) and (2.25), obtained from Egs. (2.4), (2.5) and (2.6) respectively,
provide relations that permit the fields ¢ , A and B, to be expressed in terms of the
eight gyrofluid moments N, N;, U., U;, Pl\e’ PHN P, and P,,.

3. Two asymptotic regimes

The complexity of the gyrofluid model discussed above suggests to pay attention to two
asymptotic regimes where drastic simplifications take place in the model formulation.

3.1. The cold-ion limit

We here consider the limit of negligible electron inertia (6 < 1), cold ions (1 < 1) and
non-relativistic Alfvén speed (va/c < 1). Introducing the constant b = (8./2)(1 + B.)~*
and the parallel gradient operator

V) = % = Ay ], (3.1)
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Egs. (2.15)-(2.22), (2.23), (2.24) and (2.25) become
ON,

ot + [‘PvNe] - [BzaPJ_J + VHUE =0, (32)
9A
W”—VH(PH —¢+B.) =0, (3:3)
P,

5 T e A= (B P = [Bey Pl + [Bay Ne] = [B:, By ]+ V) (@, +3Ue) =0,

(3.4)

OP,.

S+ [, PL] = 4[Bay PL ]+ 2(Be, N = 2[Bo Rirl] + V) (U +Q1,) =0, (35)
ON,

5 Tl N+ VUi =0, (3.6)
9
57 Ui+ A)) + [, U] + Vo =0, (3.7)
P,

5 T le P+ V(@) +3Ui) =0, (3.8)
aP.,

o + o, P+ V(Ui +Qu,) =0, (3.9)
Vie=N.- N, (3.10)

Be

Vidj =S -, (3.11)
B, =-bP,,. (3.12)

Provided that closures for heat fluxes and fourth order moments are given, the system
(3.2)-(3.12) yields a model for finite electron beta plasmas, accounting for parallel mag-
netic perturbations and valid at scales larger than the electron thermal gyroradius, in
the limit of low ion temperature.

3.2. Sub-ion scale limit

We consider in this section a different situation, where we still have v4/c < 1 and
202A; = p?V?% <« 1, with p. indicating the electron thermal gyroradius, but where
scales are now much smaller than the ion thermal radius p;, i.e. 2r1A; = pZV3 > 1.
In order to derive a model in this sub-ion scale limit, it is convenient to introduce an
additional dimensionless parameter p < 1. We then impose the following subsidiary
ordering between the non-dimensional quantities:

0 0

— ~ —=0(1/p),

o~ oy (1/)

7~ B =0(1),

0

a = O(E/:u’)7

0
3~ Ua~Q1, ~ Q) =0(e),

Na ~ PH(y ~ Pla ~ Rma ~ Rg_la) ~pn~ Bz = O(E,UJ),
A” = 0(6/.1,2).

(3.13)

As a result of such an ordering and of the assumption 262A, < 1, one still obtains from
Egs. (2.15)-(2.18) the evolution equations (3.2)-(3.5) for the four electron moments, as
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in Sec. 3.1. On the other hand, in the sub-ion scale limit, Poisson’s equation (2.23) yields
¢ =—-TN. — 7B, (314)

whereas the parallel and perpendicular Ampere’s law (2.24) and (2.25) give

Be

V34 = 5 Ue, (3.15)

and
B, =b(¢—PL,), (3.16)

respectively.

From Eqgs. (3.14) and (3.16) one obtains the relations

T b b b
= — N, P B, = — N, — P
1+7b e+1+7’b Ler * 1+7b ¢ 1+7b Leo

(3.17)

which, together with Eq. (3.15), permit, in this regime, electromagnetic fluctuations to
be expressed in terms of gyrofluid moments. Note that evolution equations for the ion
moments do not enter this model.

Thus, Eqgs. (3.2)-(3.5), together with Egs. (3.15) and (3.17), yield a set of equations
applicable to plasmas with finite beta for both ions and electrons, accounting for parallel
magnetic perturbations and valid on scales larger than the electron thermal gyroradius
but smaller than the ion thermal gyroradius.

3.3. Energy conservation

The two asymptotic models derived in the previous subsections are not closed because
expressions for the electron and ion heat fluxes Q) , Q1 , Q|., @1, as well as for the elec-
tron energy-weighted pressure tensor R, and R, ., in terms of lower order moments,
are not provided. Because no dissipative effect has been included in the derivation of the
models, it is important to verify that, unless dissipation is introduced through closure
relations on the heat fluxes and energy-weighted pressure tensors, both systems pos-
sess conserved energy functionals. For this purpose, it is convenient to rewrite the two
models replacing the pressures in favor of the parallel and perpendicular temperature
fluctuations, defined as T = P — No and T'i, = P, — N,, respectively, for a = e, 1.



Reduced models accounting for parallel magnetic perturbations 9
The cold-ion model then reads

ON,

5 T Les Nl +VUe =0, (3.18)
a4
5 T [0, Ayl =V (T}, = bTL, + (1 = b)N. — ) =0, (3.19)
<l
5 Tl I+ OTL,, Ty 1+ b[Ne, Ty )
+b[TL,, RyL,] +b[Ne, Ry, ]+ V) (Q), +2U.) =0, (3.20)
T

atle + [QO, Tie} - 2b[TL67 Ne] + 2b[TLE,RLLe} + 2b[Ney Rlle] + VHQLS = O, (321)
ON;

0
57 Ui+ Ay) + [, Uil + Vi =0, (3.23)
o1,

5 T T+ V(@ +20:) =0, (3.24)
aT, .

5 T le. T+ ViQuL =0, (3.25)
Vie=N.- N, (3.26)

b

2 _— ———— — .

VJ_AH “1_-9 (Ue Uz>7 (327)

where we also made use of relation (3.12) to replace B, in favor of P, _.
If we denote with D = A + U; the ion parallel canonical momentum, and consider the
energy functional

1 T}
=2 /d% ((1 —B)N? + % +(1—b)T2, — 26N, Ty, — p(N. — Ny)

2
7AH(U@ — UZ) + Aﬁ + D? — 2AHD)
1 3 2 TH2 2 2 2, 120 2 2
= 5/d x| N, +7€+TLE —bPT_ + |V +T|VA“| +U; |, (3.28)

we obtain, from Eqgs.(3.18)-(3.27), the following relation

H = /d?’fc (=71, Vi@, +bPL.V)Qu. — T V)Qu,
—(b/2)T) [PL., Ry, — 26T [Py, Rii.]),

(3.29)

where a dot indicates time derivative. It follows in particular that, if the closures on the
heat flux and energy-weighted pressure tensor fluctuations are such that the integral on
the right-hand side of Eq. (3.29) vanishes, the energy functional H is conserved.

We remark that the functional H consists in the sum of terms involving free energy
fluctuations (first three terms on the third line of Eq. (3.28)), energy due to parallel and
perpendicular magnetic perturbations (fourth and sixth term, respectively), energy due
to electrostatic fluctuations (fifth term) and parallel ion kinetic energy (seventh term).

The expression for the functional H can be constructed starting from the expression
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of the conserved energy functional for the gyrokinetic equations

dga € v Loy 0 (- (o v Lo B
ot +B 5¢ C(;AH + o 582 ) ga:| +Uaz <go/ + Ta 5¢ 05A|| + G 5Bz fe‘]a - 07
(3.30)

where g, = fa +(qa/Ta)(v/c) Feq,Aj, for a = e,i and where Egs. (3.10)-(3.12) have to
be used to determine the electromagnetic perturbations d¢, A and JB..

Equation (3.30) is obtained from the original gyrokinetic equation (2.1) by assuming
fa/]:eqa = O(¢), applying the ordering (2.14) and retaining only terms of order €2. The
gyroaveraging operators have also been approximated by Jy ~ 1 and J; ~ kip,,/2,
which can be seen a posteriori to be consistent with the asymptotic limits 7 < 1 and
0 < 1 (the model (3.18)-(3.27) could indeed be alternatively derived directly by taking
moments of Egs. (3.30) and then applying the limit 7 < 1, § < 1 to the resulting
equations). The system composed by Eqs. (3.30), (3.10), (3.11) and (3.12) admits the
conserved energy functional

H:lz:/d%dw T, 9a Yo (06— 26+ 5B, ) 3 (3.31)
2 Rt « « ]:-eqa «@ c Il o z o | - .

One can then suppose that the perturbed functions g, are amenable to the following ex-
pansion in terms of Hermite-Laguerre polynomials, truncated to account for the dynam-
ical variables present in the fluid model, that is, density, canonical momentum, parallel
and perpendicular temperatures:

Ja :]:eqa

)

2
Z\ﬂx_i_(Ua_'_%“lI)U_'_lTla (2_1)_% (1_ua3>
no Vtow  MaVtaC | Via 2 Ty \Vj, T T
(3.32)
with vso, = /T /Mq. One can insert expression (3.32) into the functional (3.31) and then
take the limit 7 < 1 and 6 < 1. The resulting functional is namely (3.28). Therefore the
origin of the expression for the functional (3.28) is explained by the consistency with the

conserved energy functional of the underlying gyrokinetic model. A similar procedure
was used to establish energy conservation theorems for gyrofluid models in Scott (2010).

With regard to the second model, valid for the sub-ionic scales, its equations can be
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rewritten as

ON,
gr Tle Nl + b[Ne,Ti ]+ VU =0, (3.33)
04 b 1-0
ot Vi (T e T 1x TbTJ_E + mNe - SD) =0, (3.34)
o1, b
ot [p, T} ] + ﬁ[TLG,TH ]+ b b[Ne7T|| ]
b
e B ]+b Tb[NmR\u [+ V) (Q +2U.) =0, (3.35)
o1, 37b + 2b
< T ——— T ,, N,
o R 1+7b [ 2
2b 2b(1+ 1)
1+7b T Riel+ ﬁ[Ne,Rlle} +V QL. =0, (3.36)
b—1 b
S0_7—1—|—7’bNE+ 1—|—7’bTJ'E7 (3.37)
b
ViA= 15U (3.38)

where we made use of Eq. (3.17) and of the relation P, = T, + N, to express B, in
terms of N, and 7', ,.

By means of a procedure analogous to that adopted for the cold-ion model, one obtains
that the energy functional for the system (3.33)-(3.38) reads

H—l/d% N2+—|VA|2 i, —< + 171 No— -0 Nop b pe
=3 R T e I

(3.39)
and that its time evolution is governed by

H= /d3 <T| ( (B2, Ry1.] — vIQIIE)

b b
—+ (’.Z]_(3 — 1T 7_[)]\78 — 1T TbPLF‘) (2[BZ,RJ_J_8] — VlQLF)) . (340)

Also in this case, depending on the closure relation, the functional H can be conserved.
A natural question that arises in connection with the energy conservation properties
of the systems, concerns the existence of a Hamiltonian structure for such models. Typ-
ically, in the absence of dissipative terms, fluid models for plasmas expressed in terms
of Eulerian variables, possess a noncanonical Hamiltonian structure (see, e.g. Morrison
(1998)). In particular, reduced drift or gyrofluids models in their two-dimensional limit
possess noncanonical Poisson brackets of Lie-Poisson type (see, e.g. Thiffeault & Mor-
rison (2000); Waelbroeck & Tassi (2012); Hazeltine et al. (1987)) and the extension of
the Hamiltonian structure to three dimensions, in the limit k,/k; < 1, can be obtained
following the prescription of Tassi et al. (2010). Clearly, the possibility for the existence
of a Hamiltonian structure depends on the adopted closures. A systematic identification
of all possible closures leading to Hamiltonian models with a Lie-Poisson bracket lies
outside the scope of this paper, but we note that, for example, by choosing the closure

QI =QL =Q|, =QL, =0, (3.41)
1

RLLe = O7 RHJ_e = —71 n 2bTHe'

(3.42)
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the cold-ion model acquires a Hamiltonian structure consisting of the functional (3.28)
as Hamiltonian with the Poisson bracket

{F,G} ={F,G}. — {F,G},, (3.43)

where

{F,G}. = /d% (Ne ([FN67GN6] rolt d [FTS’GTE])

142b
+4 ([FNe’ GAII] + [FAH G ]+ 2([FAH ) GTHJ + [FTMc ’ GAH])> +
14 3b
T, <[FN~GTJ +1FnOn ]+ o T [Fr, GTG]) (3.44)

2 1+b

+17, <[FNe’ GTJ_e] + [FTJ_e ) GNJ - m[FTIIc ’ GT“E] + T[FTLE ) GTJ_e])

0 0 0 0
N, &GAH +Fy @GM + 25, @GT\\S +2Fn, aZGA> ’
and

{F,G}; = / d*z (N;[Fn,,GN,]

+D([Fn,,Gpl + [Fp,Gn,] + 2([Fp, Gr ] + [Fry,, Gp]))

+T\|,i([FNi’ GT”I.] + [FTHi , GN7] + 2[FTH1- , GT”i]) (345)
+TJ—¢([FN17GTLJ + [FTLi ) GN'i])

+FnN, %GD + FD%GM + 2Fq, %GD + 2FD§ZGT”1_) .
Here, the subscripts on functionals indicate functional derivatives. The bracket (3.43) is
the direct sum of two Poisson brackets, acting on electron and ion moments, respectively.
The coupling in the dynamics, on the other hand, comes from the Hamiltonian (3.28). It
can be verified that the two operations (3.44) and (3.45) satisfy bilinearity, antisymmetry
as well as Leibniz and Jacobi identities.

3.4. Particle moment formulation

The cold-ion model (3.2)-(3.12) and the sub-ion scale model consisting of Eqgs. (3.2)-
(3.5), together with Eqs. (3.15) and (3.17), are written in terms of gyrofluid moments.
For a more complete physical interpretation, it is however important to determine their

expression also in terms of particle moments. This is accomplished in the following Secs.
3.4.1 and 3.4.2.

3.4.1. Cold-ion limit

In the limit of cold ions and for scales larger than the electron thermal gyroradius,
the transformation between the gyrofluid and the particle moments is given by Brizard
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(1992) as
N, =n.— B, U, = u., (3.46)
P, =py, - B., Py, =pi, —2B., (3.47)
Ni =n; — B\z - Vi(/ﬁ, Uz = U4, (348)
P =p), - B. - V3§, P, =p., — 2B, —2V%§, (3.49)
Q, =4, Qi. =41, (3.50)
R, =14, —2B., RE =rY _ 6B, (3.51)

for o = e,i. In Eqgs. (3.46)-(3.51), the quantities nq, Ua, P, s PLas Qus GLlas T, and TS_J;),

for @ = e,1, indicate the moments with respect to the perturbed particle distribution
function. We indicated with a hat the electromagnetic fluctuations expressed in terms of
the particle moments, so that, for instance, B, (P, _) = B,(p,,). Transformations (3.46)-
(3.51) are consistent with the asymptotic limits and the assumptions made to derive Egs.
(3.2)-(3.12).

In terms of the particle moments, the system (3.2)-(3.12) can be written (after sup-
pression of the hats) as

d

%(ne - B.)+ Vju. =0, (3.52)
% = Vp), + ?Tf =0, (3.53)
%(PHE — B.) = [Bz,py | + [Bz,ne] = [Bz, 7Ll + V) (g, + 3ue) =0, (3.54)
%(mg —2B.)+2[B.,ne] — 2[B.,r11c] + V) (ue +q1,) =0, (3.55)
%(ni —B. —Vip)+ Vju; =0, (3.56)
9w+ A + 22 =0, (3.57)
%(Pni — B, —Vi¢)+ V) (g, +3u;) =0, (3.58)
%(mi — 2B, —2Vip) + V| (ui +q1,) =0, (3.59)
Ne = N, (3.60)
vig = %(Ue —uy), (3.61)
B, = —%Zue, (3.62)

where we introduced the operator

d 0

We remark that, in terms of the particle perturbed moments, Egs. (3.60) and (3.62) take
the familiar form of the quasi-neutrality condition and of the balance between magnetic
and pressure perturbations (in this case, the latter are restricted to the electron pressure
because of the cold ion limit). In particular, from Egs. (3.60), (3.61), (3.52) and (3.56),
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one gets
dV3e 2 9
— Ay =0 3.64
i g Ivid =0 (3.64)
which corresponds to the usual vorticity equation of reduced magnetohydrodynamics.
By imposing isotropic and isothermal electrons, i.e. py =pi, =n. = —(2/5.)B., one
obtains, from Egs. (3.52), (3.53) and (3.57), the set of equations
dB, Be 2 _,
- Vi =V2%A ;] =0, 3.65
a2+ g A (3:65)
2 V,B. + X% = .
I + BevH Py Ey 0, (3.66)
o~ VIB =0, (3.67)

which, together with the vorticity equation (3.64), forms the closed system of Hall reduced
MHD (Schekochihin et al. 2009). From such system, if the evolution equation (3.67) is
replaced by u; = 0, one recovers the three-field low-ion beta model of Boldyrev et al.
(2013). On the other hand, Eqs. (3.52) and (3.53) are compatible with Eqgs. (107) and
(106) of Boldyrev et al. (2013), and the model (3.52)-(3.62) generalizes the electron
dynamics to account for anisotropic pressure evolution, when compared to the models of
Boldyrev et al. (2013). However, the ion dynamic is treated in a different way, for in our
case the cold ion, low ion-beta limit is taken.

3.4.2. Sub-ion limit

In this regime, for the electron moments, the mapping between gyrofluid and particle
moments is the same as in Sec. 3.4.1 and is thus given by

o~

Ne :ne*Bza Ue = Ue, (368)
Pj, =p|, - B., Py =p.. —2B., (3.69)
Q). = a, QL. =4quL., (3.70)
R,, =1, —2B., R =Y 6B, (3.71)
When transformed in terms of particle moments, the sub-ion model becomes
d
73 (e = B:) = (B2, pi.]+ Vijue =0, (3.72)
A Oy
o VIe 5, =0 (3.73)
d
@(pl\e - B.) - [Bmpne] - [Bmpj_e} + [Bz,ne] — [BZ,THLQ} + V” (qHe + 3ue) =0,
(3.74)
d
a(PJ_e - 2Bz) - 4[BZ7pJ_e] + 2[Bz7ne} - Q[Bzer_J_e] + v“ (ue + ql_e) = 0; (375)
Y = —TTe, (376)
Be
V34 = 5 e (3.77)
R - (3.78)

2 2
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Note that the electromagnetic fluctuations ¢, A and B, are entirely expressed in terms of
electron particle moments and agree with those of Schekochihin et al. (2009) and Boldyrev
et al. (2013). The evolution equations for the electron moments, on the other hand,
remain unchanged with respect to those of the previous section because in both cases
we assumed %A, < 1. Furthermore, if instead of Eqgs. (3.74) and (3.75), an isothermal
isotropic electron pressure (pHC = pi, = n.) is prescribed, the system reduces to

Be\ One 2
(1 +(1+ 7)2) 5 T EVHViA” =0, (3.79)
0A
aTH —(1+7)V)ne =0, (3.80)

which corresponds, although written with a different normalization, to the model of
Boldyrev et al. (2013) for the sub-proton scales.

We remark that, for the ions, the transformation from gyrofluid to particle moments,
in the limit k£, p; > 1 is not invertible and yields, to leading order,

ng =p|, =PL; = —f, (3.81)
v T

u =0 (3.82)

which corresponds to an isothermal isotropic fluid with a Boltzmann response to the
potential fluctuations and with negligible parallel ion velocity. This corresponds to the
hypotheses adopted in Boldyrev et al. (2013).

4. A reduced FLR-Landau fluid model

The starting point is provided by the FLR-Landau fluid model discussed in Section 5 of
Sulem & Passot (2015), considered at the lowest relevant order relatively to the ordering
defined in Eq. (2.14), and written in a non-dimensional form, using the units defined by
Egs. (2.12). In contrast with the previous section, it is not convenient here to separate
everywhere the equilibrium profiles from the fluctuations. We thus keep the original
notations of the various variables and indicate, when needed, fluctuations by means of
the symbol §. Furthermore, we use the notation u, for the parallel (hydrodynamic)
velocity of particles of species «, which was referred to as u, in the previous sections.

When neglecting electron inertia, the electron velocity equation leads to

~ 1~
uLe:Exb—beV~pe, (4.1)

where b denotes the unit vector in the direction of the ambient field, and n is the density
of both the ions and the electrons, due to electric quasi-neutrality.

Within the ordering defined by Eqs. (2.14), and assuming isotropic equilibrium pres-
sures and scales large compared with the electron gyroradius (which makes electron finite
Larmor radius effect negligible) one has

~

V- pe =Vple+ VH(pHe _pJ_e)b7 (42)

It follows that, to leading order, (V- p.)1 = Vipi. and b- (V-pe) = V|p|je, where, in
the present asymptotics, transverse differential operators are defined with respect to the
guide field. Similarly, one can approximate b x V by z x V, which gives

ul.=z2xXV(p—pie). (4.3)
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From Faraday equation and Ohm’s law (E = —u, xB—(1/n)V-p.), one has to leading
order
dB.,
dt
where, when not differently specified, the parallel component of the various vector fields
and their z-components can be identified. In order to eliminate V - u, it is convenient
to use the electron continuity equation

—[Pre; Bzl = Vyuje + V-ue — [pie,n] =0, (4.4)

d
diz ~[pie,n] +V-u, =0, (4.5)

One gets
d
dt
The equation for the electron pressures read

(n - BZ) + VHuHe - [Bz;pJ_e] =0. (46)

Oiplle + Ue - VDo + PV - ue + ZpHGB Vue-b+ (V-qe):T=0 (4.7)

~ ~ 1
8tpLe +u.-Vpie+2p.V-u.—picb-Vu.-b+ §(V ’ qe):n =0, (48)

where r =b®b and n=1— 7. To leading order, one can write
(V-qe): 7= Vg +V-S, (4.9)
1
i(V-qe):n:V”qle-l-V-SiT.. (4.10)

Here, the nongyrotropic heat fluxes contributions, described by the vectors SL and Sir,
are estimated for scales much larger than the electron gyroscales by Eqs. (3.8) and (3.9)
of Sulem & Passot (2015), in the form

1~ _

SL = _Eb X (pLeVTje + V7| 1e) (4.11)
2~ _

ST, =—5bx (pL.VTie+ ViLLe), (4.12)

where, at the order of the present analysis, the fluctuations of the magnetic field origi-

nating from the local Larmor radius, are to be retained. Furthermore, the contribution of

the gyrotropic fourth-order cumulant 7, . , not retained in Eq. (3.7) of Sulem & Passot

(2015), turns out to be potentially relevant, for example within the closure model defined

by Egs. (3.24)-(3.27) and (3.17)-(3.19) of the above reference, where 7| | . scales like M /m

in the units of that paper. Differently, within this framework, 7, | . is negligible.
Combining with the equation for B,, one gets

d .
—(Ple = B2) = [B2,p1e] = [B2ypje =+ 7 1e] + V) Buje +qe) =0 (4.13)

dt
d -
a(pj_e - 2Bz) - 4[BZ7pJ_e] + 2[BZ7 n— TJ_J_E] + VH (uHe + qJ_e) =0. (414)
Ampere law directly gives that, to leading order,
2
Ujle = uj; + EV%_A”. (4.15)
e

Equating the expressions of the electric field given by Ohm’s law and Faraday equation
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(taken in the form E = —V¢ — 0,A), leads for the parallel component to

=~ VIPle + 90 =0, (4.16)
and for the perpendicular one to
. 2
—Vip=1zXx <ui_ﬁVXB> —Vipie, (4.17)
or when writing u;; = =V x. + V1 X (xsz) and taking the transverse divergence,
2
Vil +xs = 5 B: = pie) =0. (4.18)

Note that the quantities p, B, and A determine the full electromagnetic field, as the
condition B = V x A, together with the gauge condition V - A = 0 gives VE_AL =
z x VB, — 0.VA.

One now turns to the equation for the ion velocity where the electric field has been
expressed using Ohm’s law. It reads

D)

21
Dt

1
ui+gv.<p(6‘)_~_1‘[)_6 (VxB)xB=0, (4.19)

. n
where D) /Dt = 0; +u; -V, while p(&) denotes the total gyrotropic pressure tensor and
IT the non-gyrotropic contribution to the ion pressure. One writes V- II =V - (—An +
Be-b+b@II+II; ®b), where n = I —b®b. The scalar quantities A and B, together
with the vector ITj|, are defined by Eqs. (5.7)-(5.9) of Sulem & Passot (2015).

The equation for u; is obtained by estimating IT from Eq. (5.9) of Sulem & Passot
(2015), which, to leading order, gives

8tu”i + [U,”i, Xs] + V” (Tp”i —|—pHe) + 7-&2 (ViV”p”e + V” (n:VE)) =0, (4.20)
where it is sufficient to write (n:VE) = —V? ¢. Furthermore, ¢, is an operator which in
Fourier space reduces to the multiplication by the factor

1
¢ = g(l = To(b;)). (4.21)

Here, I';,(b;) = exp(—b;)I,,(b;) where I,, denotes the modified Bessel function of order n.
The variable b;, which is defined in the physical variables by b; = (k2 p?)/2 (where p; holds
for the ion thermal gyroradius) reduces in the present units to b; = 7k? . Furthermore,
in the limit b; — 0, €, — 1 while for b — 0o, € = 1/b; + O(1/b2/).

Considering the transverse component of Eq. (4.19) and taking the transverse diver-
gence, one gets to leading order the transverse pressure balance equation

2
V3 (pLi+pie+ GB-A =0 (4.22)

where, from Eq. (5.7) of Sulem & Passot (2015), A = T(QAllw”i + QAlQTJ_i), with w); =
—V? xs denoting the parallel ion vorticity. The operators 5511 and é\lg reduce in Fourier
space to the multiplicative factors
'y (bi)
bi[lo(b;) —T'1(bi)] ~ To(bi)
)
Lo(bi)

Ay =1-— (4.23)

Ay =

(4.24)
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For b; — 0, 2y — 1/2 and 2y — 0, while for b; — oo, 2; ~ 1/b; and Ay — —1.
Equation (4.22) rewrites

2 -~ o~

V3 FBZ + 14 pre — Rhwy; +7(1 - ng)Th} =0. (4.25)

Combining this equation with Eq. (4.18) also gives
V3 lrpLi+o+xs — Tﬁlw”i - Tngu] = 0. (4.26)

The equation for the parallel ion vorticity reads

DOy . 1 2 1
T—(w~V)u”¢+(V-ui)wHi+z-V>< [nV (pi + pe)] —EZ-VX [n(v x B) x B] =0.
(4.27)

The ion continuity equation shows that V - u; is second-order in magnitude, making
(V - u;)wy; negligible and indicating that, to leading order, u ; = —z x V| x5, and thus
D@ /dt = 9, + [-, xs]. The ion vorticity equation rewrites

2 2
Opwj; + [Wl\iv)(s] —[n,Tp1i +pie+ FBZ] + gVHViAH — ViB =0, (4.28)
where, from Eq. (5.8) of Sulem & Passot (2015),
B=r {%gn:Vui ~B1b - (V x EH)] (4.29)
with
n:Vu; =V, -uy; + [AH7U||¢]. (4.30)
and
E _! g(V><B)><B—V (4.31)
H — n Be Pe .
or
- 2 _ 2
b . (V X EH) = _FV”VJ—A” + [napJ_e + ﬂ*Bz] (432)
Furthermore,
_ ) ) FO(bz) — Fl(bz) 1
By = [rofo) - Ty (0] (5Lt 4 2) - (433)
1 To(by) —T1(b;
By — — B, — — + o(bi) 1 ( ) (4.34)

b; 1 —To(bs)

For b; — 0, 87 — —1/4 and B3 — —1/2, while for b; — oo, B ~ —1/b; and Bz ~
—1/(2v2ab/?).

At this stage, V - u;, is eliminated by using the continuity equation for the ions
Vi-up; = —0m —[n, x| — 0.u;. (4.35)
Equation (4.28) becomes

Oy (wys + T%gVin) + [y, Xs] + T%3Vi([n, Xs) + O-u;)

2

Be
2 ~ ~

+?(1 —78,V1)V VIA4 — m83V3[A4),u] = 0. (4.36)

_T[n>pl_i] - (1 - T%lvi)[naple + Bz]

e
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It is also of interest to write the equation for the ion pressures. Neglecting terms that
are subdominant in the present ordering in the case of a scalar equilibrium pressure, the
equations for the parallel and perpendicular ion pressure writes

D@ ~ ~ ~

S PtV wi+2b-Vu; b (I1- Vu;)%: 7+ V - (q;b) = 0, (4.37)
D = = s N
ﬁplz+2Vul—qulb+(H-Vuz) :n+V(qu+SM) :O, (438)

where the superscript s indicates that the tensor is symmetrized. The last term in Eq.
(4.38) reduces to

V.8t =rv2 (@B (VxEg) + an:Vui) , (4.39)

where

€y = [To(b;) —T1(by)] (;l — w>

$2(To(bs) ~ Ta(bi)) — 3 Ta(b) (4.40)
€= €4+ bl - w (4.41)

For b; — 0, € — 9/4 and € — 3, while for b; — 0o, €4 ~ 160/(128b?/27b;) and
&g ~ 1/b;. Furthermore, in the present asymptotics, one has for the quantities associated
with the work of the nongyrotropic pressure forces

(TT-Vu;)%:n =211, :V  u,, (4.42)
(IT- Vu;)®:7 = 210 - Vo uy,. (4.43)

Here I, = (V. ® V) — (Zx V1) ® (@ x V1))(=V2) ' A and I[j = —b x VD, with
D, given, up to normalization, by Eq. (5.11) of Sulem & Passot (2015), where the last
term is negligible.

The ion temperatures thus obey

8tTHi + [THi,Xs] + 2V\|U\|i + (H . Vui)S: T+ V”qu =0, (4.44)
1+ [T1i xs) + (- Vu;)*:n
+VqLi — bj@;g (VXEg)+(1- bT\GG)H:Vui =0, (4.45)

where, in the latter equation, one can use Eqs. (4.30) and (4.32). In this equation, V, -u;
is again eliminated using the ion continuity equation, which leads to

Oy (Tu - (1~ 57@6)”) - (1- b:@fﬁ) (I, Xs] + O2up) + [Tis, xs] + (IT+ V) ®:m
+Vjq1i — bi€sb - (V x Brr) + (1 - b;Eg) Ay, uy] = 0. (4.46)
A closed system (up to the closure of the fluid hierarchy) is thus provided by the
dynamical equations (4.6) for (n — B.), (4.13) for (pj. — B.), (4.14) for (pL. — 2B.),
(4.16) for Ay, (4.20) for uy;, (4.44) for Tj;, (4.46) for (T1; — (1 — b;€g)n), and (4.36) for

(wyi + T%gVin) (with wy; = —V3 xs), together with the explicit expressions (4.15) for
uj. and (4.18) for ¢, provided B, given by Eq. (4.25) can be expressed in terms of the
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above quantities. For this purpose, this equation is rewritten

1 ~ ~ —
<T+%I+B)+¥mﬂ%Vi+ﬂ1—mﬁu—@@@)Mﬁ:

e

(7 + P2 By V3 + (1= ) (1 - Bi€) ) (90— 6B.) — (Op.c — 20B:)
—Té\[l (WHZ + T%gVin) + T(l — é\lg) ((STJ_Z — (1 — bj\(’fﬁ)én) . (447)

It follows that B, is well-defined, provided

T4+ 2 <1+ﬂl) 7Tbi9l1%3+7'(1*m2)<1*b€6) 7&0, (448)
€

be satisfied, a condition which was numerically checked to hold for any transverse wavenum-

ber.

Appropriate fluid closures can then be chosen in order to express heat fluxes in terms
of lower order moments. The simplest assumption is the adiabatic approximation which
prescribes zero heat fluxes. A more refined approach is provided by Landau fluid closures
(Hammett & Perkins 1990; Snyder & Hammett 2001; Sulem & Passot 2015) which are
aimed at reproducing the linear kinetic theory, and thus include Landau damping. Note
that in Sec. 6, the heat fluxes are directly computed from the linearized kinetic theory
in the low-frequency limit. Involving operators that are non-local in time, this approach
is limited to the linearized problem and thus cannot be viewed as a genuine closure.

5. Asymptotic regimes

The above model strongly simplifies in two asymptotic regimes which are discussed
below. In particular, it will be shown that in such regimes one can retrieve the reduced
models derived in Secs. 3.4.1 and 3.4.2 from the gyrofluid approach.

5.1. The limit of cold ions

Equations (4.13) and (4.14) are unchanged, while in the limit 7 — 0, Eq. (4.25) reduces
to pie = —(2/B)B.. Consequently, Eq. (4.6) becomes

&0 B2+ Ve = 0, (5.1)
and Eq. (4.18) gives xs = —. Furthermore, combining Eq. (4.20) with Eq. (4.16) gives
%WW+AO+@w:& (5.2)
Using that w); = V2 ¢, Eq. (4.36) reduces to
d oo 2 2
%VL¢+EV‘|VLA‘| =0. (5.3)

Although subdominant, the ion pressures can be evaluated. We first note that, in the
limit 7 — 0, the considered scales are much larger than the ion thermal gyroradius, so
one can consider the expression of the nongyrotropic pressure tensor given by Eqs. (3.1)-
(3.3) of Sulem & Passot (2015) and derived for example in Schekochihin et al. (2010).
In evaluating the contributions of the work of the nongyrotropic pressure forces in the
parallel and parallel pressure equations, it is enough to evaluate IT to first order, in the
form

IIzT(Bx(VuQS%I+3TffG+BT%(VuQSxb). (5.4)
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One easily checks that in this case, (IT - Vu;)*:n and (II - Vu;)%: 7 are subdominant
and can be neglected.

Combining Eq. (4.44) with Eq. (5.1), and using Eq. (4.15) together with Eq. (5.3), one
gets

d
dt (sz B, - Vis@) + VH(?’UW + qu) =0. (5.5)
Similarly, from Eqs. (4.46) and (4.6), it follows that
d
2 (P = 2B. = 2V ) + V) ()i + q1s) = 0. (5.6)

To summarize, in the cold-ion asymptotic regime, the reduced model derived from
the FLR-Landau fluid yields the model of Sec. 3.4.1. Indeed, the electron equations
(5.1), (4.16), (4.13), (4.14) correspond namely to Egs. (3.52), (3.53), (3.54) and (3.55),
respectively. Similarly, the ion equations (5.2), (5.5) and (5.6), correspond to Egs. (3.57),
(3.58) and (3.59), respectively. The vorticity equation (5.3), on the other hand, together
with the quasi-neutrality assumption n. = n;, which is intrinsic to the FLR reduced
fluid model, and with the electron continuity equation (5.1), yields Eq. (3.56). Finally,
Eq. (4.15) corresponds to Eq. (3.61) and, as above stated, Eq. (4.25) reduces to Eq.
(3.62).

Note that when assuming a polytropic scalar electron pressure, the present cold-ion
model reduces to the Hamiltonian four-field model of Tassi et al. (2010) (when neglect-
ing electron inertia), which extends to three dimensions the two-dimensional model of
Fitzpatrick & Porcelli (2004, 2007).

5.2. The sub-ion scale limit

The equations for the electrons remain valid in this regime, and the main issue concerns
the ion dynamics. In particular, it will be shown that ion velocities are subdominant and,
as a consequence, the perpendicular ion pressure satisfies an isothermal equation of state.
In order to address this issue, the additional small parameter p o kll measuring the
magnitude of the inverse transverse wavenumber must be introduced. While the smallness
of the parameter p is physically limited by the ratio of the electron to ion gyroradius,
and thus by the square root of the electron to ion mass ratio, it is technically relevant
to take the limit it p— 0 Where 1mportant simplifications take place. In partlcular the
operators (1 — b; Qll) 1+ b B,) and b ¢, vanish asymptotically, while b E¢ = 1 and
biBy = —1/(2v2mb}%).

The amplitude of the fields dn, ¢, dB., dp1e and dp|. are now scaled by the small
parameter eu. The parallel space variable is stretched by a factor e, while the time
variable is scaled by the factor e¢/u, that results from a dominant balance between the
linear terms of the electronic equations. This regime is indeed dominated by the dynamics
of kinetic Alfvén waves (KAWs) whose dispersion relation is w oc kjk_.

A first remark is that in the material derivative, the transport operator [, xs|] =
(1/1u?)O(x5) is negligible compared to 9; = O(e/u). Indeed, otherwise, xs would be
larger than ey and thus u,; larger than e, which is unrealistic in the present ordering.
This point will be checked a posteriori.

From Eq. (4.16), it follows that Aj = O(ex?), and from Eq. (4.15) that uj. = O(e),
provided the magnitude of u); does not exceed e. From the density equation, V - u; =
O(€?), and so is the transverse part V| -u ;.

Equation (4.28) then reduces to

—

aatw”l —7[n,p1i] — 1/(2v/27b;)(n:Vu;) = 0. (5.7)
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The last term is O(e?y). It follows that, provided 6T ; < O(eu?), one has x5 = O(eu?)

and |u ;| = O(eu?), consistent with the previous assumptions.
Let us now turn to the equation for the ion perpendicular pressure. As in this limit,
I1, involves only the temperature contribution, (IT - Vu;)®m = O(eu)O(6T ;) and is

thus negligible in Eq. (4.45) which reduces to

oT;
ot

The latter equation describes the relaxation of the parallel temperature fluctuations
under the effect of the heat flux, leading indeed to 077 ; = O(eu?).
Returning to Eq. (4.26), we find that the fluctuations d¢ of ¢ and dn of n satisfy

+ VgL = O(p). (5.8)

dp = —7n, (5.9)

which is Eq. (3.76). The term A in the pressure balance equation (4.22) is also subdom-
inant and condition (3.78) is recovered.

The last point concerns Eq. (3.77), which requires that the ion parallel velocity be
smaller than e. In the small-scale limit, the electron pressure gradient terms cancel out
in Eq. (4.20). Using Eq. (5.9), this equation reduces to

8tu||i + V||T|u = O(GQMQ), (5.10)

where the driving term in the rhs originates from the subdominant contribution to €,.

Furthermore, in the equation for the parallel pressure, one has to evaluate the work
of the nongyrotropic pressure given by 2I1;V | - u); where in the small-scale limit I =
~bxV 1Ds. The evaluation of this term requires considering the asymptotic behavior
for b; — oo of the various coefficients constructed with the functions I'g and I'y in the
expression of Ds. It turns out that Dy scales like qﬁ, so Il = O(ep) and 200 -V Ly, =
O(e21*)O(|uy|)- This term is asymptotically small compared to Vu;. The equation for
the ion parallel temperature thus reduces to

atTHi + QVHUHi + 8”(]‘“ =0. (5.11)

Without specifying the heat flux g, it is possible to derive magnitude estimates from
Egs. (5.10) and (5.11). The latter equation can be viewed as describing the relaxation of
the parallel temperature fluctuations under the effect of the heat flux, in the presence of
a driving originating from the parallel velocity fluctuations. This suggests that the first
term in Eq. (5.11) cannot exceed the second one, indicating that the magnitude of the
ratio T); /u; cannot exceed p. This makes the temperature contribution negligible in Eq.
(5.10), which ensures that u); = O(eu®). Consequently, Tj; < O(ep?). It follows that
both the ion temperature fluctuations and the ion parallel velocity are subdominant and
can be neglected in this regime.

Interestingly, the above estimates are consistent with the linear kinetic theory. Indeed,
inspection of Egs. (B5) and (B7) of Passot & Sulem (2007) indicates that, at the level of
the linear kinetic theory,

T 1 1-R(G)+ 2¢2R(Gi)
ulp V21 GR(G) ’
where R is the plasma response function related to the plasma dispersion function Z

by R(¢) = 1+ ¢Z(¢), and ¢; = (1/V27)(w/|k|). It follows that for large ¢;, T);/uy; =
O(1/G) = O(u)-

(5.12)
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Similarly, at the level of the linear kinetic theory, one also has,

qi Cz[ 3R(<L)+2<2 (Gi)]
Ty v R(G) +2CR(G)

which behaves like 3/(2¢;) when ¢; — oo, indicating that g); is subdominant in Eq. (5.11).
The two other terms balance each other, consistent with 7j; /u); = O(u).

The complete system of equations of the small-scale gyrofluid model can thus be re-
covered by the FLR-Landau fluid approach in the limit of small amplitude and large
transverse wavenumbers. Indeed, as previously mentioned, the electron equations (4.6),
(4.16), (4.13), (4.14) yield Egs. (3.72), (3.73), (3.74) and (3.75), respectively. Eq. (5.9)
corresponds to Eq. (3.76). Finally, the above arguments leading to isotropic, isothermal
ion fluid, with negligible parallel velocity, yield Egs. (3.77) and (3.78) from Egs. (4.15)
and (4.18), respectively.

Note that the order of magnitude estimates for the various fields (and in particular for
the ion vorticity and divergence) from the fluid system are consistent with the kinetic
low frequency linear formulae of Appendix B in Passot & Sulem (2007). The non-trivial
cancellations with FLR corrections mentioned above are crucial to obtain these estimates.

(5.13)

6. Validity range of the small-scale gyrofluid model

It is of interest to study the validity of the small-scale model by analyzing, in the linear
regime, its prediction for the dispersion and damping of kinetic Afvén waves. For this
purpose, and in order not to introduce additional uncertainty related to the hierarchy
closure, electron heat fluxes are evaluated from the low-frequency kinetic theory, as done
in Passot & Sulem (2007). Indeed, in the present framework where the electron FLR
corrections are neglected, Egs. B12) and (B7) of this reference give

Ce 1_3R Ce +2<e (Ce)]
dlle = \/ m RIC.) + 2C2R(C.) 0Te- (6.1)

Here (. = (1//2M/m)(w/|k.|) (where w is the complex frequency) and R is the plasma
response function R(¢.) = 1+ (.Z((.), with Z denoting the plasma dispersion function.
Similarly, Egs. (B13) and (B6) lead to

_ / Ce (Ce)
Qe = (<e>§TJ_e- (6.2)

In order to simplify the writing, it is convenient to use the notations gj. = Q) (¢c)dT)e
and ¢ = Q1 (¢.)0T .. The linear system reads (keeping the same notation for the fields
and their Fourier modes)

2
w <<1 + T0)6n + ooy ) S = -
wA| + k(10 + dpje) = 0 "
y (Tge 4 5265]7Le> ( Q)i(Ce) (0pye — )

w (B.0n + (14 B)0p.c) + . (—Q@e)(ém _ony+ 2Ly ) (6.6)

56

It is easily seen that the parallel wavenumber only enters in the combination w/k..
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Equations (6.3)-(6.6) are conveniently solved numerically. In order to test the valid-
ity of this gyrofluid model, we also solve for the linear fully kinetic solution using the
WHAMP software (Ronnmark 1982), and for a low-frequency limit, equivalent to the
gyrokinetic approach. It consists in substituting the kinetic expressions of the ion and
electron density and velocity, as given in Appendix B of Passot & Sulem (2007), within
the quasi-neutrality condition, the parallel component of the Ampere equation and of its
curl (which isolates the contribution of the solenoidal velocities). This leads to a linear
system of three equations. The dispersion relation is then obtained by solving for the
determinant of a 3 x 3 matrix 9 whose elements (in the case of isotropic pressures) are
given by (Kuznetsov et al. 2012)

M1 = —(To(bs) = T (b)) (R(G) = 1) + (To(be) ~T1 () (R(C) = 1) (67)
Mz =Lo(b;) — 1+ 7(Lo(be) — 1) (6.8)
Myg = — [Lo(bi) R(G:) + 1 = To(b)| = 7[To(be) R(G.) +1 = To(b.))] (6.9)
Mar = (N1 (bs) = To(bi) R(G) — (T1(be) = To(be)) RG) (6.10)
__ K
Moo = B.C2 (6.11)
Mz = — [Co(B)R(G) + TLo(b ) R(C)| (6.12)
May = 78, (To(bi) — T1(6:)) (R(G) = 1) + B (To(be) = T (b)) (R(C) — 1)
—-1-— :—22 (6.13)
My = T (Tu(b) — T (be) ~ To(be) + Ta (b)) (6.14)
7Be

Mg = km@) r1(6:) (R(G) — 1)

b
o(be) — ( (Ce)) )} (6.15)

where b, = (k% p2)/2, with @ = i for the ions and o = e for the electrons. In the
latter approach, two cases can be distinguished, depending on whether the electron FLR
effects are retained or neglected (by taking b, = 0). In all the three considered kinetic
approaches, electron inertia is implicitly built in, while it is neglected in the small-scale
gyrofluid model and thus in Eqgs. (6.3)-(6.6).

In the linear regime, the angle of propagation 6 between the ambient field and the
wavevector has to be specified. While it has almost no influence in the low-frequency
asymptotic description, it has to be chosen close to 90° in the Vlasov description in
order to avoid resonances. We have taken 6 = 89.9° in order to prevent any finite angle
dependence in the considered range of wavenumbers). We further assume . = 7 = 1.

For comparison, we also consider the adiabatic and isothermal closures. In the adiabatic
case (q|e = qLe = 0), an analytic solution is found for the frequency in the form

2
—(T

w? A7 +124 (67 +10)6.

= 6.16
BT AR+ (25 (616)

This solution contrasts from the isothermal one
w? 2(1+7) (6.17)

k22 Bell+ (1+17)8/2)
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obtained by solving the subsystem of equations for én. and A, when imposing dp|. =
0ple = on. In this regime, following Howes et al. (2006), an estimate of the Landau
damping can be obtained in the form

Y o 2mm (. 1+(1+47)8e
(1 2{1+<1+r>ﬁ6/212>'

k.k2 BeM

Figure 1 displays the real and imaginary parts R(w)/k, (left) and S(w)/k. (right)
of the complex frequency as a function of k|, resulting from the various approxima-
tions described above. The solid lines correspond to the fully kinetic system. The low-
frequency kinetic description, for which the dispersion relation is given by the the con-
dition det(9) = 0, is considered in two different cases. In the first one (referred to by
+ symbols), no assumptions are made on b; and b, but for numerical convenience we
take R(¢;) = 0 which is valid for &k, larger than a few units, as expected for small-scale
kinetic Alfvén waves for which w/k, ~ k; > 1. Furthermore, R((.) is approximated
by a 4-pole Padé approximant with the parameters (IV,p) defined in Table 1 of Hedrick
& Leboeuf (1992), are taken equal to (4, 1), for which the plasma response function is
globally approximated with a good accuracy. In the second case (referred to by * sym-
bols), we concentrate on the small-scale asymptotic regime corresponding in the present
notations to b, = 0 and b; = oo (here taken equal to 10°). In this setting, the func-
tions R(¢;) and R((.) are both approximated by the above 4-pole Padé approximant.
The reduced model given by Egs.(6.1)-(6.6) is indicated by ¢ symbols. Finally, the upper
(lower) dashed lines correspond to the adiabatic (isothermal) solutions, the dashed line
of Fig. 1 (right) corresponding to the isothermal analytic damping rate, as given by Eq.
(6.18).

It is to be noticed that for the considered large angle of propagation, the low-frequency
limit with ions and electrons FLR corrections (+ symbols) displays almost no deviation
with respect to the fully kinetic solution up to k; = 30 (in p; ! units), confirming the
validity of the small-frequency asymptotics. When neglecting electron FLR correction
in the low-frequency kinetic theory (x symbols), some inaccuracy starts to be visible on
the real frequency (but not on the damping rate) by k; = 15, but remains moderate for
all the considered scales. Differently, the gyrofluid (¢ symbols) precisely predicts the real
frequency and the damping rate at moderately small scales but significantly departs from
the kinetic theory when k| > 15, suggesting the importance of electron inertia (neglected
in the present theory) for k| p; £ 20. When comparing with the real frequency predicted
by the conservative closures, we note that, while the adiabatic approximation is inaccu-
rate at all the scales, assuming isothermal electron provides a rather good approximation
of the real frequency up to the electron gyroscale.

(6.18)

7. Conclusion

We have considered a three-dimensional gyrofluid model accounting for magnetic fluc-
tuations along the guide field in two asymptotic regimes. One concerns the limit of cold
ions, the other concentrates on the spectral domain corresponding to transverse scales
large compared to the electron gyroradius but small relatively to the ion gyroradius. The
cold-ion model extends the “Hall reduced MHD” (Schekochihin et al. 2009), by including
a realistic description of anisotropic electron temperatures. The spectral validity range of
the second model may seem limited, as the ratio of the ion to electron thermal gyroradii
is given by the square root of the particle mass ratio. This model nevertheless deserves a
special attention, as it extends the kinetic Alfvén wave model of Boldyrev et al. (2013), by
retaining dynamical equations for the electron gyrotropic pressures instead of assuming
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FIGURE 1. Real part (left panel) and imaginary part (right panel) of w/k. versus k; (in units of
p;l) for KAWs; in the conditions of the small-scale model, within various descriptions: adiabatic
and isothermal regimes (upper and lower dashed lines respectively, in the left panel) together
with the corresponding analytic damping rate in the isothermal case (dashed in the right panel),
gyrofluid model (diamonds), full kinetic theory assuming 6 = 89.9° (solid line), low-frequency
kinetic theory including ions and electrons FLR corrections (crosses) and without electron FLR
contributions (stars).

an isothermal electron fluid. Interestingly, this limit involves important simplifications,
such as subdominant ion velocity and temperature fluctuations.

In both models, the pressure equations involve electron heat fluxes and energy-weighted
pressures (fourth order cumulants) which are to be estimated by prescribing closure
relations, possibly involving Landau damping (see Sulem & Passot (2015) and references
therein), an issue outside the scope of the present paper.

It turns out that the two asymptotic gyrofluid models can also be viewed as suit-
able weakly-nonlinear limits of the FLR-Landau fluid (Sulem & Passot 2015) where ion
nongyrotropic (i.e. FLR) contributions are estimated from the low-frequency linear ki-
netic theory phenomenologically corrected to take magnetic field line distortions into
account. Although this approach is less systematic that the gyrofluid formalism, it pro-
vides an easier identification of the physical origin of the various terms arising in the
model equations, such as the electron energy-weighted pressures in the pressure equa-
tions. Also, the fact that ion velocity and temperature fluctuations are negligible in the
small-scale model results in the fluid description from the cancellation of some hydro-
dynamic terms by FLR contributions. The agreement with the gyrofluid indicates that,
at least in the case of isotropic equilibrium pressures, the FLR-Landau fluid built to fit
the linear kinetic theory is also quantitatively accurate in the weakly-nonlinear regime
addressed by the gyrokinetic formalism.

As the second model is limited to scales large compared to the electron gyroradius, we
evaluated more quantitatively its spectral validity range, by making comparisons at the
level of dispersion and damping of kinetic Alfvén waves between the full linear kinetic
theory as provided by the WHAMP software (Rénnmark 1982) and the small-scale model
where the heat fluxes and fourth-order cumulants (not given by the model) are evaluated
asymptotically from the low-frequency kinetic theory, as in Appendix B of Passot &
Sulem (2007). It turns out that for isotropic and equal ion and electron temperatures
and corresponding betas equal to unity, a good agreement holds for &k, p. < 20.

Further developments include the extension of the small-scale model to electron scales.
Assuming for the sake of simplicity small betas for which nongyrotropic pressure correc-
tions are negligible, leading order corrections originating from electron inertia are to be
retained. Such an effect would in particular be needed to simulate collisionless magnetic
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reconnection. Furthermore, in the derivation of the asymptotic model from the FLR-
Landau fluid, an intermediate step led to a reduced formulation of the FLR-Landau fluid
valid at scales comparable to the ion gyroradius, in the weakly-nonlinear regime when
the equilibrium temperatures are isotropic. In this regime, the ion dynamics is relevant
and the corresponding model could be useful for a detailed analysis of the role of the ion
Landau damping which is supposed to potentially affect the kinetic Alfvén wave cascade
(Passot & Sulem 2015; Sulem et al. 2016).
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