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A wave turbulence theory is developed for inertial electron magnetohydrodynamics
(IEMHD) in the presence of a relatively strong and uniform external magnetic field
By = Boe|. This regime is relevant for scales smaller than the electron inertial length
d.. We derive the kinetic equations that describe the three-wave interactions between
inertial whistler or kinetic Alfvén waves. We show that for both invariants, energy and
momentum, the transfer is anisotropic (axisymmetric) with a direct cascade mainly in the
direction perpendicular (L) to Bg. The exact stationary solutions (Kolmogorov-Zakharov
spectra) are obtained for which we prove the locality. We also found the Kolmogorov
constant Cx ~ 8.474. In the simplest case, the study reveals an energy spectrum in

k15/2kﬁ1/2 and a momentum spectrum enslaved to the energy dynamics in k13/2k‘[1/2.

These solutions correspond to a magnetic energy spectrum ~ klg/ 2, which is steeper than
the EMHD prediction made for scales larger than d.. We conclude with a discussion on
the application of the theory to space plasmas.

1. Introduction

There are many ways to investigate the problem of energy transfer through the different
scales in a turbulent plasma, but one of the most rigorous is the theory of wave turbulence.
This theory is limited to systems composed of a sea of weakly interacting waves. Since
the nonlinearities are weak, it is possible to describe how the dynamics of the system
develops in a time asymptotically long compared to the period of the waves considered
(Nazarenko 2011). The importance of the wave turbulence theory is, first, the fact that
a natural closure can be achieved with a uniformity of the asymptotic development
(Benney & Saffman 1966; Benney & Newell 1969) and, second, the possibility to derive
exact solutions (Kolmogorov-Zakharov spectra) of the wave kinetic equations (Zakharov
et al. 1992). The wave turbulence regime is a highly studied subject in physics, both
theoretically and experimentally. Examples are provided e.g. in hydrodynamics with
surface waves (Zakharov & Filonenko 1967; Falcon & Mordant 2022), internal gravity
waves (Caillol & Zeitlin 2000; Dematteis & Lvov 2021) and inertial waves (Galtier 2003;
Yarom & Sharon 2014; Monsalve et al. 2020); in plasma physics with MHD (Galtier
et al. 2000; Kuznetsov 2001; Meyrand et al. 2015), Hall-MHD (Galtier 2006; Meyrand
et al. 2018) and rotating MHD (Galtier 2014); in acoustic waves (Zakharov & Sagdeev
1970; Newell & Aucoin 1971; L'vov et al. 1997), optical waves (Dyachenko et al. 1992),
elastic waves (Diiring et al. 2006; Hassaini et al. 2019), Kelvin waves (Laurie et al. 2010),
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in Bose-Einstein condensates (Nazarenko & Onorato 2006) and even with gravitational
waves (Galtier & Nazarenko 2017; Galtier & Nazarenko 2021).

Here, we are interested in the plasma dynamics at scales where the electron inertia plays
a non-negligible role. In our approach, the mass difference between ions and electrons is
such that the ions will be considered static to form a neutralizing background. Therefore,
at the time scale of interest, only the electron dynamics is relevant. This is the domain
of EMHD and IEMHD which describe, respectively, the scales £ > d. and d. > ¢ > r,,
where r, is the electron Larmor radius. Our study will focus on the latter case. Although
it is difficult for current spacecraft to measure the plasma dynamics corresponding to the
electron inertia scales, it is interesting to see what the theoretical description can predict.
The EMHD and IEMHD approximations are widely used models to study, for example,
magnetic reconnection or space plasma turbulence (Bulanov et al. 1992; Biskamp et al.
1996, 1999; Dastgeer et al. 2000a,b; Cho & Lazarian 2004; Cho 2011; Kim & Cho 2015).
More information is given in Milanese et al. (2020) where an exhaustive list of plasmas
driven by the IEMHD model is given with the parameter regimes. In this paper, we
present the theory of wave turbulence for IEMHD in the presence of a relatively strong
and uniform external magnetic field Bg. The equivalent theory for EMHD has already
been published (Galtier & Bhattacharjee 2003) but not yet for IEMHD. Strong IEMHD
turbulence has recently received new attention with the study of the weakly compressible
case (Chen & Boldyrev 2017; Roytershteyn et al. 2019). The objective was to study
the nature of plasma turbulence in the Earth’s magnetosheath. The main prediction,
phenomenological in nature, is a magnetic spectrum in klu/ 3 (see also Meyrand &
Galtier (2010)) which is less steep than the prediction we will derive in this paper. In
the meantime, a rigorous derivation (using systematic asymptotic expansions) based on
a more general model including electron inertia and finite Larmor radius corrections has
been proposed (Passot et al. 2017; Passot & Sulem 2019). This more general approach
allows the study of several different limits, and to recover in particular the model
discussed previously (Chen & Boldyrev 2017). In fact, this weakly compressible IEMHD
equations have the same mathematical structure as the incompressible case when the ion
B; (the ratio between ion thermal pressure and magnetic pressure) is moderately small.
Therefore, the physics of wave turbulence that we will describe in this paper has a broader
impact than strictly speaking the incompressible case and can be applied for both inertial
whistler waves (IWW) and inertial kinetic Alfvén waves (IKAW). A similar situation
exists for scales larger than d.: in the presence of a strong By, the equations describing
the nonlinear dynamics of kinetic Alfvén waves and whistler waves have exactly the same
mathematical form, which means that the physics of wave turbulence is similar for both
problems (Galtier & Meyrand 2015). Although a fully kinetic approach is a priori required
to describe plasma dynamics at electron inertial scales, all of these reduced fluid models
can provide interesting insight when considering small fluctuations around a Maxwellian
equilibrium state. In this paper, we follow this precept and apply the powerful tool of
wave turbulence to extract new properties useful for a better understanding of space
plasmas.

The structure of the article is as follows. In Section 2, we propose a quick (and therefore
simplified) derivation of the system of equations that we will use for the theory of wave
turbulence. In Section 3, we introduce the canonical variables and derive the dynamical
equation describing the wave amplitude variation. In Section 4, a phenomenology of
wave turbulence is developed to get a simple heuristic explanation to the solutions
(Kolmogorov-Zakharov spectra) derived later. In Section 5, we derive the wave kinetic
equations from which we show the detailed conservation of invariants. In section 6, we
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obtain the exact stationary solutions in the anisotropic limit k| < k1 and the locality of
these solutions is proved. In Section 7, we consider the limit of super-local interactions
and derive the associated nonlinear diffusion equation for the energy. In Section 8, we
compute the sign of the energy flux which gives the direction of the cascade, and find the
Kolmogorov constant. We conclude in Section 9 with a discussion of possible applications
of our results, and ways in which these results can be extended.

2. Inertial electron magnetohydrodynamics

The goal of this section is to quickly derive in a simplified way the set of equations
describing the dynamics of non-relativistic electrons at inertial scales in a fully ionized
plasma. For this reason, the assumption of incompressibility will be used. A complete
derivation is found in Chen & Boldyrev (2017) and in Passot et al. (2017).

2.1. Governing equations

The basic fluid equations governing the electron dynamics in an incompressible (dissi-
pationless) plasma are

1 e
5tue+(ue.v)ue:—p—VPe—:T(ue><B+E), (2.1)
B =—-V x E, (2.2)
V x B = upJ, (2.3)
V- Ue = 07 (24)
V.-B=0, (2.5)

where u.(x, t) is the electron velocity, pe(x,t) = m.no the constant electron mass density
with m, the electron mass and ng the density, P.(x,t) the electron pressure, g. > 0 the
modulus of the electron charge, B(x,t) the magnetic field, E(x,t) the electric field,
J(x,t) = noge (u; — u.) the electric current and w;(x, t) the ion velocity (assumed to be
zero). Normalizing the magnetic field to the (electron) Alfvén velocity and then taking the
rotational of equation (2.1) combined with the Maxwell-Faraday law (2.2), one obtains

O (2V? = 1) b+ (ue - V) (d2V? = 1)b = (d>V* — 1) b Vu,, (2.6)

where d. = y/me/(noq2puo) is the electron inertial length. Now, we introduce a relatively
strong and uniform (normalized) magnetic field by = boé| that defines the parallel
direction. In the limit of IEMHD, the spatial variations of b are done on a characteristic
length L < d. and mainly in the plane perpendicular to €. Thus at the leading order,
we have

(O + ey - V1)d2V3ib=d?(V3ib, -V )u. — (b - V)u, (2.7)
and also J = —ngqeu, which can be written d.j = —u,. with the normalized electric
current 7 = V x b. The magnetic field having a zero divergence, we define b = by —
V x (ge, +1e.) where €, is a unit vector (hereafter, we will assume €, = & which is

valid at leading order for a relatively strong uniform magnetic field by), ¥ (x,t) a stream
function and g(x,t) a function satisfying the relation 0,9 = b;. We obtain the relation

Vib= (e x V1) (Viv)+Vibe, (2.8)

where, hereafter, the z-derivative is assumed to be negligible compared to the perpen-
dicular derivative. Replacing b by its expression, the electron velocity can be expressed
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as a function of the magnetic field components

ue =d. () x Vb — Vive)). (2.9)
Projecting equation (2.7) in the perpendicular plane to é), we find

(&) x V1) [0 (d2V3i)] +d2 (uey - VL) [(é) x VL) VIY]

2.10
=d; (Vib- V1) (€ x Viby) —debody (& x V1) by. (210

The non-trivial relation
(wer V1) [(€) x V1) ViY] = 2.11)

(&) x V1) [(tey - V) VIY] +de (VI VL) (€ x V1b),

allows to simplify the previous equation and, by expressing u. as a function of v, we
obtain after some algebraic manipulations

Oy (Vid)) + d, [(é” X VLbH) . VL] Vi’t/) = —QeaHbH, (2.12)

with 2. = by/d. the cyclotron frequency of electrons (note that here, (2. is constant due
to the assumption of incompressibility).
Now, a projection of (2.7) in the | direction gives directly

O (2V2by) + d2 (we - V1) Vi = —d (Vib- V1) Vi +debod) (Vie). (2.13)

It is straightforward to show that the first term of the right-hand side is exactly zero.
Then, by expressing b and u. as functions of ¢ and b, we obtain

O (V2by) +de [(&) x Viby) - V1] VIby = 2.0 (V1Y) (2.14)

Equations (2.12) and (2.14) describe the dynamics of electrons at inertial scales. They
have been derived in a more general framework and using kinetic arguments by Chen
& Boldyrev (2017) and Passot et al. (2017). Here, we have used the incompressibility
condition to propose a (less accurate but more) fast derivation of a system that a priori
describes only IWW. However, it is interesting to note that at inertial electron scales: (i)
IKAW and IWW can have the same dispersion relation and the only difference is that the
transition to the inertial regime occurs at k% d ~ 1 for IWW rather than k2 d? ~ 1+2/8;
for IKAW:; (ii) the nonlinear equations governing the dynamics of IKAW and IWW are
mathematically similar (up to a change of variable from b, to p. (Chen & Boldyrev 2017;
Passot et al. 2017)), which means that the physics of wave turbulence developed in this
paper applies to both waves. A similar situation is found at scales larger than d.: in
the presence of a strong By, the equations describing the nonlinear dynamics of kinetic
Alfvén waves and whistler waves have exactly the same mathematical form, which means
that the physics of wave turbulence is similar for both problems (Galtier & Meyrand
2015).

2.2. Three-dimensional quadratic invariants

In the absence of forcing and dissipation, the system (2.12)—(2.14) has two quadratic
invariants. The first invariant is the energy which is written at the leading order

E=d(j®) = By + B = d2 (Vi) + (V3v)?), (2.15)

where () is a spatial average or, equivalently by ergodicity, an ensemble average. E can
also be interpreted as the kinetic energy of electrons. As shown in Appendix A, both
E, and E) are separately conserved at the nonlinear level, however, energy is exchanged
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between the two at the linear level, thanks to the presence of waves. This definition of
energy is valid for both IWW and for IKAW in the limit of small j;.

The second quadratic invariant is the momentum that can be written at the leading
order

H=d (Vi) (Viby)). (2.16)
H can be interpreted as the kinetic helicity of electrons. Unlike energy, the momentum is

not positive defined. As we will see later, the wave kinetic equations conserve these two
invariants on the resonant manifold.

2.3. Dispersion relation

In the linear regime, the Fourier transform of equations (2.12) and (2.14) gives

Opipr, = i02:ky kT by, (2.17)
Oubi = 102k, (2.18)

where the Fourier transform used is

V(k,t) =y, = /Rs Y(x, t)e *2de. (2.19)

Hereafter, we use the notation by = b - If the wavevector k is decomposed as k =
ki é| + kHéH7 then the linear dispersion relation reads

Wi 2 ]f” 2
— ) =({—] . 2.20
( 12 ) ( ki ) ( )
One can find the following solutions to the linear IEMHD equations in Fourier space

Yk, t) = f (ki) cos(wit) +ig (k1) kll sin (wgt) , (2.21)
bi(ki,t) =g (ki) cos(wit) +if (ki) ko sin (wgt), (2.22)

with f and g two arbitrary functions.

3. Wave amplitude equation
In Fourier space, IEMHD equations (2.12) and (2.14) become

k3 Oy — i02ek) by = de/ € (pL x qu) q} bpthedk, dpdq, (3.1)
R6

kiatbk — ’L'Qek‘uki’l/)k = de/ éH . (pj_ X QJ_) qibpbq(squpdq, (3.2)
RG

with 6]’;} =4 (k — p — q) the Dirac distribution coming from the Fourier transform of the
nonlinear terms. We introduce the canonical variables as follow

1 1
= AT by = AF 3.3
/l/}k Qdekizsk k > k 2dek‘lz k ( )
Sk Sk
where s = =+ is the directional polarization that defines the direction of the wave

propagation with sik > 0. After a little calculation, we find

e pJ_ XqL 5 s
(O + ispwy) A Z /R6 NN ek SV} T pids ) (a7 + sksqkiqL) A pAqq(Squdpdq. (3.4)
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By making the following change of variable Aj* = eap*e "*s“rt where ¢ < 1 is a
small positive parameter, the linear part of this equation vanishes and we obtain the
fundamental equation describing the slow temporal evolution — thanks to € — of the wave
amplitude

SKS ink
8,@2’“ = Z/ ’sz;qp qap a ‘qut(sllqupdq7 (35)

SpSq

with Q;fq = SpWi — Spwp — Sqwg and ’H;;;qp&z =é|-(pLxqL) (qf_ + SkquJ_QJ_) /(kipiqy)

the nonlinear interaction coefficient which depends on the nonlinearities of the system.
The presence of the complex exponential is fundamental for the asymptotic closure: as we
are interested in the long time behavior with respect to the linear time scale (1/w), the
contribution of the exponential is mostly zero. Only (secular) terms for which Q]’;q = 0 will
survive (Benney & Saffman 1966; Newell et al. 2001). Adding to this the relation imposed
by the Dirac distribution, we can obtain the following resonance condition (symmetries
in p and q are used)

k+p+q=0, (3.6)
SpWk + Spwp + Sqwq = 0. 3.7)

After a few manipulations, we find the (anisotropic) relationships

8q9L — SpPL _ Skk1L —sqq1 _ sppy — skky (3.8)

SEWk SpWp SqWq

which will be useful to prove the conservation of the quadratic invariants. This is also
useful to highlight the anisotropic character of the system. Indeed, let us consider the
particular case of super-local interactions which give, in general, a dominant contribution
to the turbulent dynamics. In this case, we have k; ~ p; ~ ¢, and the resonance
condition simplifies into
Sq—Sp _ Sk—Sq _ Sp— Sk (3.9)
sk SpD)| Sqq)|

If k) is non-zero, the left-hand term will only give a non-negligible contribution when
sp = —84. We do not consider the case s, = s; which is not relevant to first order in the
case of local interactions as can be seen in expression (3.5) which then becomes negligible
(it is easier to see that in equations (3.11)—(3.12) after using the symmetry in p and q).
The immediate consequence is that either the middle or the right term has its numerator
canceling (to first order), which implies that the associated denominator must also cancel
(to first order) to satisfy the equality: for example, if s, = s, then ¢ ~ 0. This condition
means that the transfer in the parallel direction is negligible because the integration in
the parallel direction of equation (3.5) is then reduced to a few modes (since pj ~ k)
which strongly limits the transfer between the parallel modes. The cascade in the parallel
direction is thus possible but relatively weak compared to the one in the perpendicular
direction.

Before applying the spectral formalism of wave turbulence, it is necessary to sym-
metrize the fundamental equation (3.5) under the exchange of p and g. To to this, we
take advantage of the summation over the s, and s, polarizations and introduce

SkS Sq 1 SkSpS SkpSqgS
Liggr™ = 5 (M + Hya™ ) (3.10)
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to finally obtain after a little calculation

Orayt =€ Z/ Lzl;st;sqa;patslqemsqté;;qdpdq’ (3.11)
SpSq RS
where
[kt — M (S — S ) (s ki+s +s ) (3 12)
kpa ™ 8kipiq. qdL = SpPL)\SKRL T SpPL T $qqL) - '

This operator has, among others, the following symmetries

SkSpSq __ —Sk—Sp—Sq __ 1SkSpSq _ 1 SkSpSq __ SkSpSq
Lkpq - Lkpq - L—k—p—q - L—kpq - Lk—p—q’ (3'13)
Liksrta — [rkset, (3.14)
LZ’;;SP*S" = L;;ZSPS‘?, (3.15)
Lf)"psq”s" =0. (3.16)

Equation (3.11) is our fundamental equation, the starting point to derive the wave kinetic
equations. Note that the nonlinear coupling associated with the wavevectors p and ¢q
vanishes when they are collinear (k = 0 is a particular case). Additionally, the nonlinear
coupling vanishes whenever the wavenumbers p; and ¢, are equal if their associated
polarities s, and s, are also equal. This was also observed in EMHD (for scales larger
than d.) and seems to be a general property of helical waves (Kraichnan 1973; Waleffe
1992; Turner 2000; Galtier 2003; Galtier & Bhattacharjee 2003).

4. Phenomenology of wave turbulence

Before going into the deep analysis of the wave turbulence regime, it is important
to have a simple (phenomenological) picture in mind of the physical process that we
are going to describe. According to the properties given in section 3, if we assume that
the nonlinear transfer is mainly driven by super-local interactions (k ~ p ~ ¢), which
is a classical assumption in the turbulence phenomenology, then we can consider only
stochastic collisions between counter propagating waves (s, = —s4) to derive the form of
the spectra. Note that non-local interactions (which include copropagating waves) also
provide a contribution to the nonlinear dynamics but, as will be shown in section 6.4
with the convergence study, their contributions are not dominant for the formation of a
stationary spectrum.

To find the transfer time and then the energy spectrum, we first need to evaluate the
modification of a wave produced by one collision. Starting from the momentum equation
(for simplicity we write the wave amplitude as ay and assume anisotropy with k ~ k),
we have

2
a(t 1) ~ an(t) + 1 2~ ag(t) + 1L, (4.1)
ot I
where 77 is the duration of one collision; in other words, after a collision, the distortion
of a wave is Aja, ~ a2 /¢, . This distortion is going to increase with time in such a way
that after NV stochastic collisions, the cumulative effect may be evaluated like a random
walk (Galtier 2016)

al a? t
> Ajag ~mghy [ (4.2)
i=1 tLvmn

The transfer time, 7i,, that we are looking for is the time for which the cumulative
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distortion is of order one, i.e. of the order of the wave itself:

az Ttr

ag ~T1— ] —. (4.3)
L\
Then, we obtain
103 Ry
P~ — ko N 4.4
T T1 (lg T1 ( )

where 7N, = £ /ay. This is basically the formula that we are going to use to evaluate the
energy spectra. Let us consider IWW/IKAW for which 71 ~ 1/wy, ~ k1 /kj. A classical
calculation with a constant energy flux € ~ Ey/7,, leads finally to the bi-dimensionnal
axisymmetric energy spectrum

E (ky k) ~ ek ™22, (4.5)

As we will see in § 6.3, this corresponds to the exact solution of the wave turbulence
theory. The same calculation could be done for the momentum but, as we will see, it
presents a more subtle behavior that the phenomenology cannot describe.

5. Kinetic equations
5.1. Definition of the energy density tensor

We now move on to a statistical description. We use the ensemble average () and define
the following spectral correlators (cumulants) for homogeneous turbulence (we assume

(ai") =0)
<a;’“aék’f> = ei%§kk/585, (5.1)

with e+ (k) = ek,. We observe the presence of the delta function (55’“ meaning that two-
point correlations of opposite polarities have no long-time mﬂuence in the wave turbu-
lence regime. The other delta function is the consequence of the statistical homogeneity
assumption. The objective of the wave turbulence theory is to derive a self-consistent
equation for the time evolution of this spectral correlator; this is the kinetic equation. In
this development, we have to face the classical closure problem: a hierarchy of statistical
equations of increasingly higher order emerges. In contrast to strong turbulence, in the
weak wave turbulence regime we can use the time scale separation to achieve a natural
closure of the system (Benney & Saffman 1966; Newell et al. 2001). After a lengthy (but
classical) algebra, we obtain the time evolution equation of the energy density tensor (we
leave the details of the derivation to Appendix B)

&Legk = Z/ SEWEk ‘LSk p3q

Sp ,%q Sk 5 Sk ,5p
skwkep €q T Spwper eq + Sqwqeey’ ep )

(5.2)
X 6 (21pq) Orpgdpdq,
where
i SkSpSq
LZ,;Z,SQ _ ::7;1%7 (5.3)

Dipg = Skwk + Spwp + Sqwq and dgpg = 0 (kK + p + ). This equation is the main result of
the wave turbulence formalism. It describes the statistical properties of IWW or IKAW
turbulence at the leading order, i.e. for three-wave interactions.
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5.2. Detailed conservation of quadratic invariants

In § 2.2 we introduced the three-dimensional invariants of IEMHD. The first test that
the wave turbulence equations must pass is the detailed conservation — i.e. for each triad
(k,p,q) — of these invariants. Starting from the definitions (2.15) and (2.16), we define
the energy and momentum spectra

E(k) = Z e =ey +ep, (5.4)
SEp= =+

H(k)= Y sikiepr =k (ef —ep). (5.5)
Sk:i

Before checking the energy conservation, it is interesting to note that when one of the
polarized energy density tensors e,f is zero, the other invariant is extremal and verifies
the relation H(k) = +k, E(k), which is in agreement with the realizability condition
(Schwarz inequality) |H (k)| < kL E(k). From equation (5.2), we obtain the equation for
the (total) energy

=0 pdk
: /W e
SkSpSq
Z /]R9 SkWk ‘Lkpq

SkSpSq

(5.6)

S S S s
(skwrep’eq” + spwpereq’ + sqweer ey’

X 0 (2kpq) Orpedkdpdg.

Without forcing and dissipation, energy must be conserved and this conservation is done
at the level of triadic interactions (detailed energy conservation). The demonstration is

straightforward. By applying a cyclic permutation of wavevectors and polarizations, we
find

0:E(t) = Z / Qkpqskwk‘[/k_’;q"“

SKkSpSq

(skwrep’eq” + spwperteq’ + sqweertey’)
) (Qkpq) 5kpqdkdpdq =0,
(5.7)

which proves the conservation of (kinetic) energy on the resonant manifold for each triadic
interaction.
For the second invariant H(t), one has

0, kieskdk
t-/Rs g SkR1ep
e !2 = 5 8p5g

SkSpSq

O H (t)

(5.8)

S S S S
skwkep”eq" + spwperteq’ + Sqweertey’)

X 0 (2kpq) Orpedkdpdq.

The same manipulations as before leads immediately to
skspsq

TE Q sp s s s
i P q Sk q P
oH E : /9 o (spwrep’eq” + spwpereq’ + sqweerep’)
spopsg Y R (5.9)

x (ky + )+ ay) 6 (2kpq) Srpgdkdpdg = 0.




10 V. David & S. Galtier

This proves the conservation of momentum (kinetic helicity) on the resonant manifold
for each triadic interaction.

5.3. Helical turbulence

From the wave turbulence equation (5.2), we can deduce several general properties.
First, we observe that there is no coupling between the waves associated with the p
and g wavevectors when these wavevectors are collinear. Second, the nonlinear coupling
disappears whenever the wavenumbers p | and ¢, are equal if their associated polarities
sp and s, are also equal. These properties are also observed in EMHD (for scales larger
than d.) and more generally for other helical waves (Kraichnan 1973; Waleffe 1992;
Turner 2000; Galtier 2003; Galtier & Bhattacharjee 2003). Note that they can already be
deduced directly from the fundamental equation (3.5). Third, the wave modes (k) > 0)
are decoupled from the slow mode (k) = 0) which is not described by these wave kinetic
equations. This situation is thus different from wave turbulence in incompressible MHD
where the slow mode has a profound influence on the nonlinear dynamics.

6. Turbulent spectra as exact solutions
6.1. Wave kinetic equations for the invariants

The objective of this section is to derive, in the stationary case, the exact power law
solutions of the kinetic equations for the two invariants, energy and momentum. To
do so, it is necessary to simplify the equations, written for F(k) and H(k), using the
axisymmetric assumption. First of all, we have

l; _ SkSpSq
O (H )_ 6 2 /S’““’“‘Lkm

SkSpSq

s S S . S
(skwrep’eq” + spwpereq’ + sqweerey’)

1
X <5kkl> 6 (£kpq) Orpgdpdq.

(6.1)

We now develop the energy density tensors inside the integral in terms of energy and
momentum spectra. We note that only terms containing the products of two E(k) or
two H (k) will survive for energy, whereas only the products of E(k)H (k) will survive
for helicity. After some algebra, we find for the energy

W€ SESpS
KE(k) =T > /Rﬁskwk‘Lk’;,;q

x [srwr E(p)E(q) + spwpE(k)E(q) + sqw, E(k)E(p)

H(p)H(q) H(k)H(q) H(k)H (p)
TokSpse (Wk P1qL e kiqgL T kipy )}
X 6 (2kpq) Okpedpda,

(6.2)
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and for the momentum

8t = Z / wkkJ_‘LZ;;%

SkSpSq

(o o )

+Spwp [E(kz)H(q) + E(q H(k)] (6.3)

SqqL spkL
H H(k

2) , iy )
SppL spkL

+8qWy {E(k) }) 0 (2kpq) Skpgdpdg.

If we exchange in the integrand the dummy variables, p and g, as well as s, and s, , we
can simplify further the previous expressions to obtain

E skspsq XE
O (H > o Z /Rﬁ kpq Skwkspwp (XH) 8§ (21pq) Orpedpdq, (6.4)
with
Xg E(q) [E(k) — E(p)] + 10 (i(:ff _ H(Z))
- (6.5)
Xg

sik1 [Bg) (4 — 202} 1 5@ 5(k) - B(p))

6.2. The azisymmetric wave turbulence equations
To simplify the problem, we will consider an axial symmetry with respect to the
external magnetic field and introduce the two-dimensional anisotropic spectra
Ek :E(kJ_7kH) :27TkJ_E(kJ_,k”), (66)
HkZH(k‘L,k”)ZQWleH(kL,kJ”), (6.7)
which result from an integration over the angles in the plane perpendicular to the mean
magnetic field (see Figure 1). In polar coordinates dpdq = p daydpdp|dg, and, thanks

to the Al-Kashi formula: ¢% = k% + p? — 2k, p, cosa,, we find at fixed k; and p,,
g1dgi = kip, sinagzda,. Using expression (5.3), we then obtain the kinetic equations

2
Ek> €2(2? / skSpk|p)| (s qL — SppL 2 .
0, = < a P spk1 + 8pp1 + 8qq1)  sina
t (Hk 912 s}; A PP E Shk ( P qq1) q

X
X < ~E> d (Qkpq) 5kup||¢1u dpi—dQJ-dequ’

Xu
(6.8)
where A the integration domain verifies the resonance condition k; +p; +¢q; = 0 and
~ HLI
(XE> | FaleiBe— kB + R (- ) (6.9)
~ = . H ) *
Xu) ~ \shs [B, (BB~ L) + o (pu By — 1B

with a4 the angle between k| and p in the triangle defined by the triadic interaction
(ki1,p1,q1) (see Figure 1). Equations (6.8) will be used to derive exact solutions also
called Kolmogorov-Zakharov spectra.

6.3. Kolmogorov-Zakharov spectra

Equations (6.8) have sufficient symmetry to apply the bi-homogeneous conformal
Kuznetsov—Zakharov transformation (Zakharov et al. 1992). This transformation has
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3

qu/ky

pi/ky

FiGure 2. Illustration of the Kuznetsov-Zakharov transformation. It consists in swapping
regions I and III with regions II and IV, respectively. We specify that the gray band is defined
up to infinity and corresponds to the domain A . The same manipulation is done on the parallel
wavenumbers.

been applied to several problems involving anisotropy (Kuznetsov 2001; Galtier 2003,
2006). It is a generalization of the Zakharov transformation applied for isotropic turbu-
lence (in the context of strong 2D HD turbulence, see also Kraichnan (1967)). With such
an operation, we are able to find the exact stationary solutions of the kinetic equations
in power law form. The bihomogeneity of the integrals in the wavenumbers k; and k
allows us to use the transformations (see Figure 2)

pL — k2 /po, (6.10)
gL = kiqi/py, (6.11)
P = ki /Py (6.12)
a — kyqy/py- (6.13)

We apply this transformation first on the energy equation (6.8) which means that we
are looking for constant energy flux solutions. We seek stationary solutions in the power
law form,

E (ki ky) = Cgk®|ky|™" and H (ki k)= Cuk " k|7, (6.14)

where Cg and Cp are two constants with Cg > 0. (We consider only positive parallel
wavenumber since it is symmetric in k|.) The new form of the integral, resulting from
the summation of the integrand in its primary form and after the Kuznetsov—Zakharov
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transformation, can be written as

*$22 sispkIP ((5qaL — sppL ) .
OBy = Z / i ( K L ) (skki 4 spp1 + s4q1)  sinay
Ay

B 32
2" e kiprai kWi

X (C%EE + SkSqC%{EH) 1) (Qkpq) 5k|lqu|| dpJ_dQJ_dedQ||7
(6.15)

with the pure energy contribution

—1-z : —542a —142;
Ep = k1" ky| " |ay| [1 - (“) ‘p' y] [1 (“) dl y] :
]CL k’H kL k”
(6.16)
and the pure helicity contribution
_ _ 7 253 25-1
S =k ke ll o ( ) ’2 ] [ (ﬁ) %” 1 '
(6.17)

We can distinguish two different types of solutions. First, there are the thermodynamic
equilibrium solutions, which correspond to the equipartition state for which the energy
flux is zero. The power laws which verify this condition are

E (ki,k)) = Cgky, (6.18)
H (ki k) =Cuk?. (6.19)

These results can be easily verified by a direct substitution in the original kinetic
equations. In general, this stationary state cannot be reached in the presence of helicity
because the value sps, = —1 prevents the cancellation of the integral. There is, however,
a particular case where the solutions exist: it is the state of maximal helicity for which
either ez =0 or e, = 0. Then, we have the relation Hj = &k, E}. But this state is not
viable as we can see on equation (5.2): for example, if e, = 0 at time ¢ = 0, it will not
remain zero at time ¢ > 0. This means that this solution is only possible if there is an
external mechanism that forces the system to remain in the maximal helicity state.

The most interesting solutions are those for which the energy flux is constant, non-
zero and finite. These exact solutions are called Kolmogorov-Zakharov (KZ) spectra
and correspond to the values which make the integral cancels in a non-trivial way and
independently of the polarizations. These spectra are

E (kv ky) = Cuky ™|y 72,

H (ki ky) = Crk 2|k |2, (6.21)

There are not constrained by the polarization and can therefore be reached by the system
even in the presence of helicity.
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For the helicity equation, using the same manipulations as before, we obtain

2
SkS k p S — S .
atHk— C’ECH E / PRI ( adL ppL) (skkl+8ppl+squ)Qsmaq
SkpSpSq

LPL(JL SEWEk
~ i g \PHE y+i—1
X KT [k |7V (1= sy, (L)
ki

—z - —5-2 —3
q.L q) Y pL P
1= 2 1— L sl
) [(/ﬁ) k| ( e (’ﬂ> k| >

P
ky

—i-1 —
q.L 4 bL D
()8 (- () )t
(6.22)
The zero helicity flux solutions satisfy
E (kyi,k)) =Cgky, (6.23)
H (ki ky) = Crki, (6.24)

which correspond to the thermodynamic spectra found for energy (this can be seen
directly from equation (6.9)). For the KZ spectra, we have a family of solutions that
meet the following criteria

T+ 7 =4, (6.25)
y+4=1 (6.26)

The situation is worse than for energy because none of the constant helicity flux solutions
(thermodynamic or KZ) can be reached in general because of the presence of the product
sisp which, let us recall, prevents the cancellation of the term in the right-hand side of
expression (6.22). Only the maximal helicity state allows the existence of these stationary
spectra but, as said above, it is not a naturally viable state. (Note that this property
found in weak wave turbulence may not be true in strong turbulence.)

In conclusion, the most relevant solutions are the KZ spectra at constant energy flux.
In section 8 we will further investigate the corresponding exact solution for H = 0 in
order to find the direction of the energy cascade and the expression of the Kolmogorov
constant. In space plasma physics, we often compare theoretical predictions with the
magnetic spectrum E,f’ which is well measured by spacecraft (with the Taylor hypothesis,
the frequency is used as a proxy for the wavenumber). In our case, a simple dimensional
analysis based on the definition of energy (2.15), leads to the relation Ej ~ kiE,f .
Consequently, we obtain EZ ~ klg/ 2
scales larger than d..

, which is steeper than the predictions made at

6.4. Locality condition

We have seen that the most interesting exact solutions of the kinetic equations are the
KZ spectra at constant energy flux. However, these solutions are only fully relevant if
they satisfy the locality condition. Mathematically, this condition means that the integral
must be convergent. If it is not the case, it means physically that the inertial range is not
independent of the largest or smallest scales, where forcing and dissipation are expected.
The calculation of the locality condition is highly non-trivial in this anisotropic case. It
requires a careful treatment that we leave to Appendix C. Note that the study of locality
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F1GURE 3. Domain of convergence of the energy integral. The black dot at the center of the
domain corresponds to the KZ energy spectrum.

is still a subject of investigation (Dematteis et al. 2022). In the absence of helicity, we
find the following conditions

3<z+ 2y <4, (6.27)
2<zx+y<4 (6.28)

We obtain a classical result for wave turbulence in the sense that the power law indices
of the KZ spectra fall exactly in the middle of the convergence domain (see Figure 3).

7. Super-local interactions

In this section, we shall study the limit of local triadic interactions (in the perpendicular
direction) for which the wave kinetic equations simplify significantly. From to the results
found in the previous section, we know that it is mainly relevant to study the energy
only. In the strongly anisotropic limit &k < k1, equation (6.8) writes

OBy, = Z Tone”*dp1dpydgLdpy. (7.1)

SkSpSq

By definition (the small parameter € is absorbed in the time variable)

SkSpSq 2973 Sk;SpkaH Sq4qL — SpPL
kpq 912 kipiqi SEWE
X Eq (pLEx — kLEp) 6 (kpq) Ok py g

2
k 2 .
) (skki + sppiL + sqq1) sinay (72)

is the nonlinear operator which describes the energy transfer between modes which verifies
the following symmetry
Tk = ookt (73)

In the limit of super-local interactions, we can write

pL=ki(l+¢) ;5 qL=Fki(1+¢), (7.4)
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with 0 € ¢, < 1 and 0 < ¢, < 1. We can introduce an arbitrary function f (k:l, kH)
and integrate the kinetic equation to find

/f kJ_7 k“ Ekdkj_dk” Z / f kJ_, k“ Skspsq ko_dpJ_qu_dkHdequ
SkSpSq

) (7.5)
=5 > /[f (ki k) = £ (p1sp))] Tipg ™" dkerdkydp dpydg.dpy.

SkSpSq

Neglecting the parallel wavenumber contribution (this assumption is fully compatible
with the weak cascade along the parallel direction — see arguments based on the resonance
condition), for local interactions we have

—+oo

Fpep) =) Ma f (ki ky) ZG" La WV F (ko) - (7.6)

n!
n=0

At the main order, we can write

) /f (K, k) Erdk dky =

(7.7)
1 SkS
- ialﬂ_ Z EpkLTk;qp "3ka (/{L, k”) dkldkudpLdequde
SkSpSq
Using an integration by part, we find the relation
1 SkSpS
OBy = 0k, > [ ek Toher ™ dp dpydgydpy | - (7.8)

SkSpSq

The asymptotic form of Tb;;p ? can be found by using the locality in the perpendicular

direction. In particular, we find the relations

kJ_pJ_QJ_ = /ﬂ_v (7.9)
<5qQL - Sppi)z _ M (5 — 8p) (7.10)
SpWr ngﬁ e %)
(skki + $pp1 + 5qq1)° = k2 (sk +5p + 54)° (7.11)
E,(pLEy — kL E,) = —%”k‘i&u (Ei/kL)?, (7.12)
sina, = sinm/3 = v/3/2, (7.13)
60y = %5 (skky + sppy + 5qqy) - (7.14)
After simplification, we arrive at

T = o2 o TR oo =) G bp )"0 (B0

x 8 (siky + spp) + 5q4)) 8 (k) +p) +9)) -
With this form we see that the transfer will be significantly higher when s, = —sq,

therefore we will only consider this type of interaction. Then, the expression of the
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transfer reduces to

Tsksp—sp — ¢ @i S;DpH
kpq Pol2 02, SkkH

K30k, (Bx/k1)? 8 (siky + sppy — spay) 8 (ky +py +q) -
(7.16)
The resonance condition leads to two possible combinations for the parallel wavenumbers,
kyt+pp—q =0 and kj+pj+q =0, (7.17)
kj—py+q =0 and kj+pj+q =0

The solution corresponds either to ¢ = 0 or p; = 0, which means in particular that the
strong locality assumption is not allowed for the parallel direction. The second solution
cancels the transfer, therefore, we will only consider the first solution for which we have
(with D= —kH). We find

1 _
OBy, = iaiu (/ epk 1 Tyt dpLdP|dQLdP|>

: - (7.18)
\/§ 1 +é€ +é
— Yook (Ko (Bukw?] [ dde [ e
We finally obtain the nonlinear diffusion equation
OF) 0 s 0 E 2
= k T 1
T [ Lok, (kl) (7.19)

where C' = &/ (211\/§Qe). This equation has been derived analytically from the kinetic
equations in the limit of super-local (perpendicular) interactions and when H = 0.
It gives a first interesting description of wave turbulence in IEMHD. In particular,
the thermodynamic and KZ spectra are exact solutions. We can also prove that the
corresponding energy flux is positive, and thus that the cascade is direct.

It is interesting to note that a similar nonlinear diffusion equation has been obtained,
in the same approximation of wave turbulence, for EMHD (David & Galtier 2019; Passot
& Sulem 2019) and rotating hydrodynamics (Galtier & David 2020). The numerical
simulations of this equation reveal the existence of a kls/ 3 energy spectrum during
the non-stationary phase that is steeper than the KZ spectrum. This solution has been
understood as a self-similar solution of second kind (which means it cannot be predicted
analytically). It is also shown that once the energy spectrum reaches the dissipative
scales, a spectral bounce appears which affects the whole inertial range to finally form

the expected KZ spectrum in kf_s/z.

8. Direction of the energy cascade and Kolmogorov constant
8.1. Direct energy cascade

In this section, we will study the sign of the energy flux from the kinetic equations
(6.15) and prove that the cascade in the perpendicular direction is direct. In cylindrical
coordinates (see figure 4), we have (Zakharov et al. 1992)

OE(k) _ o g L OkiII(k) OIyk)
at Tk oks ok

(8.1)

where IT is the energy flux vector, I1, and Il its perpendicular and parallel compo-
nents (axisymmetric turbulence is assumed), respectively. Introducing the axisymmetric
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11, (k)

1, (k)

¥ Q/\
FI1GURE 4. Schematic representation of an axisymmetric flux in Fourier space. Each cylindrical

shell corresponds to a specific value of k;. In theory, they form a continuum but here their
discrete nature serves as an illustration.

spectra Ey =2k, E(k), Il =27k, 11, (k) and II) = 27k, I1)(k), we obtain

oI, oI

O Ey = —
RT T 0k ok

(8.2)

We now introduce the adimensional variables p; = p,) /k1, ¢1 = q.1/k.1, P = pH/kH
and § = q)/kj. We seek power law solutions of the form (6.14) and then obtain

0By = (K472 |k | ™ I, ) + K272 |ky |~ Chilu(@,9)| (8.3)

213!2

where

P _
Ig(z,y) Z / SkSp=o H~2 (squ—sppL) (Sk—l—SppL—FSqu) sin oG " |qH|
AL pLqy

SkSpSq

% (1 o 15 ’—u) (1 B I H‘—1+2v)

X8 (sk + sp—” + 84— a ) 6 (14 py + qy) dpLdgidpydgy,
pL qL

(8.4)
and
N p -
In(@g) = 3. / SpSa =t (s4dL = 5,01)° (s + 8P + 5401)" sinagd ||
SkSpSq Ay pJ‘qL
— -3 2y—1
><(1 sespPL” || )( -7 By )
X 0 <sk + sppH + 54 (ﬁ) 6 (14 py + qy) dpLdgrdpydgy.
(8.5)

Taking the limits, corresponding to the KZ spectra, (z,y,%,9) — (5/2,1/2,3/2,1/2),
thanks to the Hospital rule, we can write

<Z;§> 21229 (51) [CE (Iu ) +Ch (ﬁﬂ ’ (56)
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FIGURE 5. Left: integrand of I, as a function of p; and ¢, ; a positive value is always
observed. Right: integrand of I; which changes sign as a function of (small) 5, and ..

where
. ~ ) ) _ p
<I > > / Pﬁ(%tﬂ*%m)? (51 + spPL + 5q01)° sin aglog < L)‘
[ VR A e U] !
D 4 51+ ay) dp dd, dpida
(1_ 7/2| “| ) (sk+sp I +squ> 5(1 + D +Q||)dpi_qudequ’
(8.7)
and

()l
D
— - = D q - - e e e 1~
X (sk — SppJ_7/2 ’p||| 1/2> 5 <5k + spp—u + 54 qu|_> 6 (1 +p) + qH) dp,dq.dp dg.
(8.8)

J D - N N -
<J ) =D / ‘JTHW (sqdL = $pP1)” (35 + 5pPL + 5¢01)° sinag log
I/ e TAs T pLd) " q ]

Therefore, the ratio of the two fluxes is

KZ
Iy~ _ Ry CELy + ChJy (8.9)
HKZ kLCQIL-FCQJL- ’

Since it is proportional to k/k1, we expect ITK? o< IT%% which is in agreement with
the analysis based on the resonance condition to find the direction of the cascade. In the
absence of helicity, the ratio (8.9) only depends on k/k. < 1 and I}/ ; we numerically
find I /1, ~ 0.73, then the previous expectation is fulfilled.

We can also find the sign of the energy flux and thus prove the direction of the cascade.
Since the perpendicular flux is dominant, we will neglect the parallel flux and only look
for the sign of I;. A numerical evaluation reveals a positive value, which means that
II, > 0 and that the energy cascade is direct in the transverse direction.

In figure 5, we show the sign of the integrands of I, and I obtained from a numerical
evaluation of expressions (8.7). We see that for I, the integrand is always positive, while
for I the integrand can be either positive or negative depending on the perpendicular
wavenumbers (for large perpendicular wavenumbers it is always positive) but overall,
after integration, the positive sign dominates in the sense that the integral I} > 0.
Therefore, the parallel cascade is also direct but it is composed of different contributions,
with (a minority of) triadic interactions contributing to an inverse transfer.
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F1GURE 6. Convergence of Ck as a function of &.

8.2. Kolmogorov constant

If we neglect the parallel flux and helicity, we can also obtain the expression of the
Kolmogorov constant Ci for which we can numerically get an estimate. To do so, we take
advantage of the Dirac distributions to integrate the parallel wavenumbers. Then, since
I, is only defined on the region A, we introduce the change of variable ¢, = £ — p |

where £ € [1,+o00] and p; € [5%1, %} that confines the integration to this domain.

One finds at a given k|,

_ 2
Ep = I, 2.Cxk>? with Cg =64 T BATA, (8.10)
1

The numerical convergence of Ck to this value in shown in Figure 6.

9. Discussion and conclusion

In this paper, we have developed a wave turbulence theory for inertial electron MHD
(i.e. for scales smaller than d.) mediated by three-wave interactions between inertial
whistler waves or between inertial kinetic Alfvén waves. The asymptotic wave kinetic
equations are derived for the two quadratic invariants of the system, namely energy
and momentum. The theory is expected to be relevant mainly for ion-electron plasmas
such as the Earth’s magnetosheath, the solar corona or the solar wind (Milanese et al.
2020), but also for electron-positron plasmas (Loureiro & Boldyrev 2018). We show
that this turbulence is mainly characterized by a direct energy cascade in the direction
perpendicular to the strong applied magnetic field. The role of the second invariant,
the momentum or kinetic helicity, is less important because in general there is no exact
solution at constant helicity flux (except for the state of maximal helicity). By converting
the exact solution (Kolmogorov-Zakharov spectrum) into unit of magnetic field, which
is easier to measure in space plasma, we find a magnetic energy spectrum EZ ~ klg/ 2,
It is interesting to note that this power law is steeper than that observed in the solar
wind at sub-MHD scales (satisfying kd. < 1) with a power law index often close to —8/3
(Alexandrova et al. 2012; Podesta 2013; Sahraoui et al. 2020) whereas at kd. > 1, power
law indices close to —11/3 are observed (Sahraoui et al. 2009; Sahraoui et al. 2020) as well
as —9/2 (Sahraoui et al. 2013) but in a narrow frequency range. The former matches the
strong turbulence prediction (Biskamp et al. 1999; Meyrand & Galtier 2010) while the
latter is in adequation with the wave turbulence one. In absence of helicity, we prove that
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the energy cascade is direct and numerically estimate the Kolmogorov constant using its
analytical expression. We also prove that the Kolmogorov-Zakharov spectrum is in the
domain of convergence, showing the relevance of the exact solution.

An interesting point concerns the dynamics of the two-dimensional state (i.e. the slow
modes for which & = 0). We see from the kinetic equation (6.8) that the nonlinear
transfer for energy and helicity decreases linearly with k, and for the value kj = 0
the transfer is exactly null. This means that the dynamics of the slow modes decouples
from the three-dimensional state. Actually, the slow modes are not described by the
wave turbulence theory which is based on the time scales separation 1/w < 7n1, (when
kj — 0 this inequality cannot be satisfied). The possibility that higher order processes,
such as four-wave interactions, could lead to a coupling between two-dimensional and
three-dimensional modes has been discussed in the past by Smith & Waleffe (1999) in
the context of inertial waves in rotating hydrodynamics. Since it is a similar problem,
this scenario could also be relevant here.

In the limit of super-local (perpendicular) interactions, we derive a nonlinear diffu-
sion equation that is similar to that found in electron MHD at scales larger than d..
Interestingly, this equation is also similar to the case of inertial wave turbulence (fast
rotating hydrodynamic turbulence). In fact, the link is deeper than that since the two
problems share the same kinetic equations (within a factor) with the same dispersion
relation (within a factor). This connection is due to a strong asymmetry imposed by
a mean magnetic field on the one hand, and by the axis rotation on the other hand.
It is also due to the helical nature of the waves. This reinforces the bridge between
plasma physics and fluid mechanics (see also Galtier & David (2020)) and suggests that
laboratory experiments (Yarom & Sharon 2014; Monsalve et al. 2020) can help to better
understand space plasma physics at a scale still difficult to detect by current spacecraft.

Appendix A. Detailed conservation of energy

We recall the relations u) = d.V2 ¢ and u; = de(—0ybjé, + 0,b)€,) which allow
us, in Fourier space, to obtain the expressions of the energy density respectively in the
directions parallel and perpendicular to the mean magnetic field: |u”’k|2 = d2k% |y |?
and |uy x> = dZk? |bp* (with by = by, ). From the equations describing the temporal
evolution of ¢ and b in Fourier space, we obtain the evolution of the energy density

Ol k) — id2 2k k3 by, + c.c. = do /6 sinagk? p1qr (g7 ¥eby — T bpby) (A1)
X wkékpqdpdq + c.c.,

8t|uL7k|2 + ngﬁekukibk@/}k +c.c = dﬁ sin aEp1q. (qi - pi) bkbpbq (A 2)
6
X Oppedpdq + c.c.,
where we have used the relation € - (é,, x &,, ) = sinay and c.c. denotes the complex

conjugate. Parallel Eﬁ and perpendicular E' energies being the sum of these quantities
over the all wavenumbers, we find

B[ —id2 82 / ky k3 bppedk + o = d2 / Sit (k1,p1,q1) Orpgdkdpdg + c.c.(A3)
R3 R9

O EY +id* 0, / ky k3 brpedk + o = d2 / St (ki,p1,q1) Okpgdkdpdg + c.c(A4)
R3 RO
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with S‘T (ki,p1,q1) and SY (ki,p1,q1) the nonlinear interaction coefficient defined as

Sif(ki,p1,q1) =sin ek pLaivn (g7 Yeby — T bpby) (A5)

St (ki,pi,q1) =sinagplqr (qf_ —pi) bibpbg. (A6)

The remarkable property is that the nonlinear contributions are both conserved over time
since S‘T (ki,pi,q1) and St (ki,p1,q1) verify the following relations

Sif(ki,priqu) + S| (qu, ki, qu) + S (pr,qi, ki) =0, (A7)

St (ki,pi,qu) + ST (qu,ki,q0) + ST (pi,qu, ki) =0. (A8)

Then, the parallel and perpendicular components of the energy are conserved individually
at the nonlinear level. The exchanges between the two are only done at the linear level.

Appendix B. Derivation of the wave kinetic equations

We start from (3.11) and write successively equations for the second- and third-order
moments,

v ’ -k
O <a‘;’° aZ’§> =€ E / L™ <a2’}'a;”a2">emmtc§§qdpdq
R6
q

s) spS Sp S ik bk (B 1)
kSpSa [, Sk %
+e E /6 Ly oo’ (ak ag’ ag') ' 6, dpdq,
R
SpSq
and
s. S st SkSps s, s) s, s i0F t ok
O {asrakak, ) =e L, Cakak anl ag' ) e rat o) dpd
t \OQp Qs Cperr ) = o kpq k' A Ap Qg pqdPAq
SpS
LS;cSqu Sk Sk Sp, Sq iQ’;;t(Sk’d d
+GZ R k'pg CLk ak//ap aq e pq paq (B 2)
SpSq

sy sps s sp s oL T
+e E / Ligiipg" <azkak’fap”aqq>el ra ', dpdq.

A natural closure arises for times asymptotically large compare to the linear wave time
scale (see e.g. Newell et al. (2001); Nazarenko (2011); Newell & Rumpf (2011)). An
important aspect is the uniformity of the development which was discussed first by
Benney & Saffman (1966). In this case, the fourth-order moment does not contribute
at large time and, therefore, the nonlinear regeneration of third-order moments depends
essentially on products of second-order moments

(mbada i) = (aay') (o el )+ (ol ) (il )+ (ool ) (o'l ) - (B)
Thanks to the integration on the dummy variables p and q, to their symmetry and the
symmetry between the polarizations s, and s,, we make the following simplification in
advance

S/ S// S S S S SIN S// S S/ S S”
<ak’?ak’f,appaqq = (ap’aq") (agsags ) +2(ag’ap) ) (ag'ags ), (B4)
. . 4 5%
and also introduce the spectral energy density e®* (k') = e,} such as

’ ’
(aaih ) = exbonoy, (B5)
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where dipr = 0 (k+ E') and §7F = 0 (s — s},). The last delta condition ensures that the
k
contribution is non-negligible over long times. We then write

st sy sp s s s} 84 s Sp 8 s
<ak’f ak’?,ap”aqq> = epp(qu(;jgek’f 5k/k//5sfj + erp pk/(;SZGQq (qu//(ssz, (B 6)
S// S S S
<azkak]f’appa'qq> = eP 6171165 ek 516]6”6 v + Zepp(spk(ssk eq 511’6”63;3” (B7)
S S/ S S Sk S S
c g S
<akkak’fap”aqq> = €37 Dpg 03t €4 Ok O2f + 2637 0183t €5 B0 (BS)

We note that, on the one hand, the d,, imposes p = —q and, on the other hand, the 5}’;1
imposes k = p+ q. Thus, these two conditions lead to k = 0. Since L(S)’;,Zpsq = 0, the first
term on the right side hand side is zero and we get

sh s) sks Sp Sq 10k t¢s k
Oy <ak ak’}ak’il = 2¢ g / "’ g epeq'e s, ”5 ,,5pk/5qku(5 e dPdq

SpSq

+ 2¢ Z / Skl-zlp (q] Zp egq l(zp(ltéspd //5pk5qk~5k;dpdq (B 9)

+ 262/ L_’“,:ﬁ;qqe;pezqemm tdql’é ! pkéqkfé dpdq.

SpSq

After integration and summation over the polarizations, we obtain

’ " .
0Oy <alsf ay aZ’f,> = e PRR Ry
sks, s// / // s sks " sks/ s s/ (B 10)
X (L_kk_l]::/ k//e_kk/e kk// + L k k;k k://e ke kk/l + L kk// kk_k/e(_kke_kk/) )

where 2/ = Spwi + skwk + skwk Further simplifications can be made. Firstly, the
energy density tensor describes an homogeneous turbulence then e’*, = e;*. Secondly,

the interaction coefficient has the following symmetry L’ ’”;’“ g, o = L;’;;,’;;? Thirdly,

kSpSq SkSpSq
we introduce Lkpq = (sqqL — SppL) M,

kpq which is convenient for the calculations.
We obtain

sy, sy i$2 t 1"y Y sks
O <azkak’7ak’§,> = Qe kKK Okk k! (skkJ_ — skkJ_> kk';::"k eklfek’f/
! 4 "
1"y 5,8k S s
+ (sp k| — spk1) Mysppr er e (B11)

1" !’
! / S SkS S
(sipk' — sipkl) kl‘,kk,"ezkek’i

a7 NI A
We observe that My ko* = Mpkhor = —Mpker” thus the previous expression can be
simplified

Sk Sk Sk Q t wn [ 110N Sk _Sh
% <alsck “k’mké'> = 2ee" MW G Myt (iR — sik)) 61576157'
anii S
- (sk; 1 — skk‘L) ei:k ekljl (B 12)

+ (spkL — seki) e ek’
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We note that sjk” — si.k' = s{k"” — spk + sk — s}k, and thus

’ " ’ " ’ 1" "
Sk Sk Sk 182, t SkSyS "0 S 8 s S
% <akkak'5ak]7’> = 26 O Mg ot [(sk T —skky) (ekﬁelﬁ' - 6k,kek§/)

s/ S/, S//
(53— ek o) (eirens — et )]

(B13)

After integration over time, one has

<aifa25a2%> = 26 A (o) Oetrsor M po kot [(Skkl — sik' ) exk, (eff — efj)
7 " (B 14)
+ (sikL — siki) e (eZ’“ - eZ’Zﬂ :
with
t>1/w efrt _ 1
A(zx) = / e“Tdr = — . (B15)
0 ix

Now, we can introduce expression (B 14) for the third-order moment into equation (B 1)
O (azans ) = Duey S 83

SkSps s, Sp s ik ¢ ok
r2q k p q
. (L_kpq <ak,ap aq >e e’ O,
spsq R (B16)

’ -~k ’
SKkSpSq Sk Sp Sq\ 182 t sk Sk
L g (" ap’ag") €' 5pq) 552 ki dpdg
= Il + 127

. . . . . . SESpS
where I; and I are the two integrals involving the interaction coefficients L _’“k; q and
SkSpSq

L°k7r%  yespectively. Expressing LZ’;Z”S‘? as a function of M "%, the first integral

k’pq’
becomes

I, = 262 Z / (Sqq1 — spp1) Mi"',j;;q
R6
SpSq

X [(srkL —5qq1) eq" (e —ep’) + (sppL — seki) ep’ (ep —eq")] dpdg.
(B17)

2 ok
A (02 pg) e Pratsh

We note that A (£2_j,q) e et = A (Q{,fq). The long time behavior is given by the
Riemann-Lebesgue lemma

oo . 1
Az) 22 n5(z) + iP (x) . (B18)
After a last change of variable, we find (p,q) — (—p, —q)

I, =262 Z /RG [(skkL —sqqr) eq’ (exr —ep) + (sppL — siki) ey’ (epf — eq')]
Squ B 1
2 o B19)
[ms (2ppq) + P (())] Skpedpdq.

kpq

SLSpS
X (SqqL — SppL) ’Mkpqp a
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The same manipulation with Iy without performing the change of variable leads to

I, =2¢* Z / [(skki —sqqr)eq (exr —ep) + (sppr — siki) ey (epf — eq')]
pq 75 (B 20)

SKESpS 2 . 1
X (8qqL — $ppL) ’Mkpqp ! [7”5 ($2kpq) — iP (m)] Okpgdpdq,
Pq

and the sum of these two integrals gives

oeyr =Ame’ Z /6 [(skki — sqqr) eq’ (exf —ep) + (sppo + siki) e (ep" — eq')]
SpS R

2

X (S$qq1 — Spp1) ’M,“:;Zpsq 8 (Rkpq) Okpgdpdg.
(B21)
Using the symmetries of the resonant conditions, we have
sk e (sqq1 — sppJ_)2 sin? 9

% =g Z/ s R Rt o) (B22)

X [spwpeq’ (e — ep’) + sqwqep’ (e — eq')] 6 (2kpq) Okpgdpdq.

The 0 (£2p,) allows us to finally rewrite the term in the second line as follow

Overr = LGQ Z/ b ‘L‘;’“sl’s" ’ (skwke;}’efj’ + spwpeitert 4+ s,w es’“es")

16 = Jro sww Pg pWp€r €q qWqC€y €p (B23)

X (Qkpq) (Skpqdpdq.

These are the kinetic equations for IEMHD wave turbulence.

Appendix C. Locality criteria

The objective of this section is to find the locality domain of the power law solutions at
constant energy flux and (for simplicity) in absence of helicity. In other words, we want
to check if the contribution of non-local interactions are not dominant. There are three
areas (regions A, B and C in figure 7) for which the interactions are non-local. To do this,
it is convenient to introduce the adimensional wavenumbers p; = p1/ki, p| = p /Ky,
QL = QL/kL and (jH = qH/k” We obtain (H = 0)

212 =
eC Cop P - - - ~ .
OBy =—— L A2 2 E SkSp——5 H~2 (5441 — SpP1)” (s + $pPL + $q41)° sin oy
212() I
e SkSpS Ay p1qy
e e P q N e g e
% qquH y (1 —pﬁ lp” y) ) (sk + sp]% + Squl_) ) (1 +p+ qH) dpidg.dpdg.

(C1)

This expression can be integrated in the parallel directions. We recall the following
property

f,((?)”, such as g (z;) = 0. (C2)

lg

[ 1@ste@yas =3
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QLA
C
11'B
A
0 >
1 ﬁl

Ficure 7. The kinetic equations are integrated on a domain verifying k + p + g = 0. The grey
strip corresponds to this domain for the adimensional perpendicular wavevectors. A, B and C
(at infinity) are the non-local regions where the convergence of the integrals must be checked.

Then, we have

O(1+p+4) — @ =—1-p, (C3)
P q . skqL—s
6<Sk+8p~”+sq~”> — D) Zpl#- (04)
pL qL SgPL — SpqL
We obtain
_ 620% 4—92x —2y ~—T—Yy—2 ~ ~ 2 ~ ~ 2
OBy =75 5 k172" [k > SkSpd L (Sq@1 — 3pP1)” (Sk + SpPL + Sqd1)
€ SpSpSq AL
skGL —5q | sp—skpL |7 oyt | SKGL—sq |77
X sin g — 2 z — 1—p, ¥ | ——L
SqPL — Spql | SqPL — SpqL SqPL — SpqL
PLqL I
—————|dp.dqu,
Spqdl — SqPL
(C5)
where sin o, = \/1 —(1+p2 @) (252
C.1. Zone A
We define p; = 1+ rcosf and ¢, = rsinf, with r < 1 and 8 € [r/4,37/4]. Two
cases must be distinguished: when s, = s, and when s; = —s,. An evaluation (to

leading order) of the different terms of the integral (C5) is given in Table 1. Note that
these evaluations take into account the possible cancellation of the integral due to (8
symmetry.
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Table 1 | Sk = Sp | Sp = —5p
_SkdL—Sq 1 1
SqPL—5pdL
—g—okDs 7| cos B 2

qPL—SpqL )

(SqQL — Spﬁj_) , 1 1
(Sk + spp1 + SquL) 4 r2
sin 6 rv/—cos 23 | rv/— cos 23
c—z—y—1|_skdi—sq | Y 2 .2 2 2
1-p, Sqm_sp(i X 174 cos’ B | x r°cos 3
ﬁ 7 |sin S| 7 |sin 3]
dp,dg, rdrdg rdrdg

When s;, = sp, the criterion of convergence of the kinetic equation (C5) will be given by
the following integral

R<1 3 /4
/ rsfw*der/ |cos B]°7¥/— cos 23 (sin 8) ' 7Y dB. (C6)
0 /4
Therefore, there is convergence if  + 2y < 4. When s, = —s,,, we have
R<1 3m/4
/ P Ay / cos? By/—cos2f3 (sinB) ' 7TV dB (C7)
0 /4
and the convergence is obtained if z +y < 6.
C.2. Zone B
We define p;, =rcosf and g, = 1+ rsin 3, with this time 5 € [—7 /4, 7/4]. We have
two cases: s = s4 and s = —s,. An evaluation (to leading order) of the different terms

of the integral (C5) is given in Table 2. Note that these evaluations take into account
the possible cancellation of the integral due to 5 symmetry.

| Table 2 | S = S84 | Sp = —84
Skd1L—Sq 2 12 _
SePL—eeT sispresin” 255p
Sp—SkPL 1 1
SqDL—SpqL 5
(SqQJ_ - Sppj_) ) 1 1
= ~ 2
(sk + spDL + 5¢41) 4 r

sin 6

1— ﬁlzfyfl

SqPL—5pqL
PLqL
Spqdl —SqPL

dpidq.

SkGL—Sq

/1 —tan? 8

-y

7 |cos S

rdrdf

1—(rcosB) " ¥ |rsing| ™Y

1-27

V1 —tan® g

7 |cos (]

rdrds

When s;, = s4, the criterion of convergence of the kinetic equation (C5) will be given by

R<1 +7/4
/ r3_”_2ydr/ (cos )" ¥ sin B> 7Y /1 — tan? BdS.
0 —n/4

the following integral

Y (rcosB) V!
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Therefore, there is convergence if x + 2y < 4. When s, = —s,, we have
R<1 +7/4
/ r?’*z*ydr/ (cos )" 7Y /1 — tan? Bd3 (C9)
0 —m/4

and the convergence is obtained if z +y < 4.

C.3. Zone C
We define p;, = (o —71)/2 and ¢, = (11 + 72)/2, with —1 <7y < 1 and 1 < 75. We
have two cases: s, = s4 and s, = —s,. An evaluation (to leading order) of the different

terms of the integral (C5) is given in Table 3. Note that these evaluations take into
account the possible cancellation of the integral due to 71 symmetry.

| Table 3 | Sp = 84 | Sp = —5q4 |
Skle_Sq _ _
E T 13 SkSp/2 SkSp/2
Sp—SkPL —1
‘sqm—s},q;’ |T2T1 |/2 1/2
(8401 — SpD )2 T2 T2
qdL pPL ) 1 2
~ ~ 2 2
(Sk + spDL + 5¢G1) T 1+ 77
sin 6 1—7f 1—7f
s o—y—1| skdi—sq | _ ozt2y+1, —z—2y—1 Yy|q _ gzty—1_—z—y—1
1-p] P A 1-2 Ty [71]7 |1 —2 Ty
_ Piqi 2 —1
P Ty T3 ‘7'1 ’/4 T2/4
dp,dq, x dridm x drdm

When s, = s, the criterion of convergence of the kinetic equation (C5) will be given by
the following integral

1 +00
/ 1—72 " dn / 75 T2y, (C10)
—1 T>1

Therefore, there is convergence if 3 < x 4 2y. When s, = —s,, we have

+1 400
/ (1 + T12) A/ 11— 712d7'1 / T;m_y"_ldTg, (C11)
T>1

-1

and the convergence is obtained if 2 < x + .
In conclusion, a solution is local if the following conditions are satisfied

3<x+2y<4, (C12)
2<z+y<4 (C13)

We notice that the KZ spectrum for the energy corresponds to z+2y = 3.5 and z+y = 3.
These values are thus exactly in the middle of the convergence domain.
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