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We derive a model equation describing electrostatic plasma turbulence in general
(inhomogeneous and curved) magnetic fields by analysing the effect of curved geometry
on the ion fluid polarization drift velocity. The derived nonlinear equation generalizes
the Hasegawa—Mima equation governing drift wave turbulence in a straight homogeneous
magnetic field, and may serve as a toy model for the description of turbulent plasmas.
The equation is most appropriate for configurations with a small E x B drift velocity
divergence, or a mild spatial change in E x B drift velocity. We identify the conserved
energy of the system, and obtain conditions on magnetic field topology for conservation of
generalized enstrophy. Through numerical examples, we further show how the curvature
of the magnetic field reshapes self-organized steady turbulent states.
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1. Introduction

The Hasegawa—Mima equation (Hasegawa & Mima 1977a,b) describes two-dimensional
electrostatic plasma turbulence in a straight homogeneous magnetic field. Mathematically,
it is related to the quasi-geostrophic equation for atmospheric dynamics on rotating
planetary surfaces (Charney 1948; Charney & Drazin 1961), and it reduces to the
vorticity equation for a two-dimensional incompressible fluid in the limit of high electron
temperature (Horton & Hasegawa 1994). As such, the Hasegawa—Mima equation exhibits
properties analogous to two-dimensional fluid turbulence (Batchelor 1969; Kraichnan &
Montgomery 1980; Dritschel, Qi & Marston 2015), including inverse cascade of energy
(Kraichnan 1967; Rivera et al. 2003; Xiao et al. 2009) associated with the presence of
two inviscid invariants, energy and generalized enstrophy (Hasegawa & Mima 2018).
Furthermore, in the inviscid limit the system is endowed with a non-canonical Hamiltonian
structure (Weinstein 1983; Morrison 1998), where energy and generalized enstrophy play
the roles of Hamiltonian and Casimir invariant, respectively (Tassi, Chandre & Morrison
2009). These properties combined with a relative simplicity make the Hasegawa—Mima
equation an effective tool in the study of two-dimensional fluid and plasma turbulence.
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Applications include the investigation of turbulence in geophysical flows (Nazarenko &
Quinn 2009) and magnetically confined plasmas (Horton 1999; Fujisawa et al. 2004),
and more generally the characterization of self-organized turbulent states and zonal flows
(Diamond, Hasegawa & Mima 2011; Singh & Diamond 2021).

Several generalizations of the Hasegawa—Mima equation exist. On the one hand,
the Hasegawa—Wakatani system (Hasegawa & Wakatani 1983; Wakatani & Hasegawa
1984) consists of coupled nonlinear equations for the electrostatic potential and the
ion density. These equations reveal the interplay between drift wave turbulence and
zonal flow mediated by the Kelvin—-Helmholtz instability (Numata, Ball & Dewar
2007). Hasegawa and Wakatani also included the effect of field curvature in cylindrical
geometry in their equations (Hasegawa & Wakatani 1987). On the other hand, reduced
magnetohydrodynamics (Hazeltine 1983) and the four-field model (Hazeltine, Hsu &
Morrison 1987) take into account the time evolution of magnetic flux, parallel ion velocity
and electron pressure. Nevertheless, these models are two-dimensional, any deviation
from a straight magnetic field being treated as a higher-order correction in the relevant
ordering. Hence, a closed equation for the electric potential describing electrostatic plasma
turbulence in a general magnetic field is not available at present. This deficiency, which
can be ascribed to the rather elusive nature of the polarization drift (Cary & Brizard 2009;
Kaufman 1986) in non-trivial magnetic fields, has made the understanding of the impact
of topology on the evolution of turbulence a difficult task because one usually needs to
resort to complete models, such as gyrokinetic theory. In this context, the development
of a pertinent toy equation may allow a simplified modelling of turbulence in complex
plasma systems, and therefore help to elucidate the nonlinear physics of two-dimensional
turbulence in non-uniform magnetic fields. Indeed, the Hasegawa—Mima equation and
similar two-dimensional fluid equations have been useful in studying long-term evolution
of coherent structures in Rossby wave turbulence including zonal flows (Yoden & Yamada
1993; Obuse, Takehiro & Yamada 2010).

The purpose of this paper is to fill such theoretical gap by deriving an equation
describing the evolution of electrostatic turbulence in a general magnetic field for the
simplest plasma system consisting of cold ions and a cloud of electrons obeying the
Boltzmann distribution. As in the classical construction, in principle two approaches
could be followed to obtain such an equation: gyrokinetic theory or a fluid description.
In the former, one proceeds by integration of the guiding centre distribution function
to obtain an equation for ion density fluctuations that leads to Hasegawa—Mima-type
electrostatic turbulence by coupling with the gyrokinetic Poisson equation upon suitable
assumptions including cold ions and an adiabatic electron response (Dubin, Krommes &
Oberman 1983; Krommes 2002). It should be noted that, in this context, turbulence is
mediated by a polarization density (Brizard & Hahm 2007) rather than a polarization drift
velocity. By contrast, in the fluid approach one starts from the ion continuity equation
and substitutes the relevant ion E x B and polarization drift velocities (which are fluid
and not guiding centre velocities) obtained from ion fluid momentum balance, and derives
a closed equation for the electrostatic potential (see e.g. Hazeltine & Waelbroeck (1998)
on the treatment of drift motion within the fluid formalism). In this paper we follow the
fluid formalism, sticking to the original derivation carried out by Hasegawa and Mima
(Hasegawa & Mima 1977a), although we expect an equivalent construction to be possible
within the gyrokinetic framework as well.

2. Electrostatic potential in curved magnetic fields

Consider a plasma system consisting of ions and electrons. Let n, denote the
electron density. We assume that n, follows a Boltzmann distribution with constant
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temperature 7, > 0:

n=Aexpl 221 @.1)
kBTe
Here, A, (x) is a positive spatial function, ¢ denotes the electric potential, ¢ = —e is the

electron charge and kg is the Boltzmann constant. It is convenient to introduce the constant

i e
© kgT,’

Let B = B (x) denote a static magnetic field. Recall that B must be solenoidal, V « B = 0.
In the following, we demand that B # 0 throughout the domain of interest V. Let n denote
the ion density. Assuming quasi-neutrality, n, = Zn with Z the number of protons in the
ions. Using (2.1), the ion continuity equation reads

2.2)

Apy=—V v —Av-V¢p — VliogA, - v. (2.3)

Here, v denotes the ion fluid velocity. On the other hand, denoting with m the ion mass,
the ion fluid equation of motion can be written as

dv
mna =Zen(vx B+ E)— VP, 2.4)
where P represents pressure and E = —V ¢ the electric field. It is convenient to decompose
the ion fluid velocity as
V=7 + vy, (25)

where v denotes the velocity component along the magnetic field and v, the
perpendicular one. In the two-dimensional drift turbulence setting, the parallel velocity
component is neglected because the time scale of fluctuations , is faster than the time scale
t, of ion dynamics along the magnetic field, #; < t,. In the following, we will therefore
put

V) = 0, (26)

and discard the dynamics along B. In this context, it is of interest to study the long-term
evolution of coherent structures. It is worth noticing that in the opposite regime #; > t,
the parallel motion v gets averaged out as well due to the fast bounce oscillation, although
the polarization drift becomes neoclassically enhanced due to a large orbit size, leading
to a neoclassically modified turbulence model with a dominant Hasegawa—Mima-type
polarization nonlinearity (Hahm & Tang 1996). To proceed, we introduce a reference time
scale 7. and a reference length scale L, across B, and take k3T, as reference value for the
energy. In the standard drift turbulence ordering f. = 27t/S2,., with §2. = ZeB/m the ion
cyclotron frequency, while L, corresponds to the sound radius p, = ¢,$2.' ~ k', where
¢y = (ZkgT, /m)l/ 2 is the sound speed and k, a characteristic perpendicular wavenumber
for the turbulence. In this study we further consider a regime of plasma where the electric
potential energy is small compared with the electron kinetic energy, and the ratio between
the component of the electric field perpendicular to the magnetic field and the magnetic
field itself is small:

€¢ ZCE Lo
kgT, LB

where € <« 1 is a small ordering parameter, £, = |E |, with E, the component of the
electric field E perpendicular to B, and B = |B|. The remaining perpendicular component

~

€, (2.7a,b)
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v, can be expanded into a first-order term v, which will correspond to first-order E x B
drift dynamics, a second-order term v,, which will be identified with second-order E x
B drift dynamics plus the polarization drift encountered in guiding centre theory, and
higher-order corrections. At second order in € we therefore have

V=1, = ev; + €v,. (2.8)

To proceed, a further working assumption is needed on the rate of change of v, which may
only evolve on time scales long relative to a gyroperiod:

t, 0v <1 2.9)
lv| 9t ' '

Recalling the decomposition (2.8), (2.9) leads to

81)2
ot

8111
at

2
2

L,

:
L,

~

~ €. (2.10a,b)

€,

Furthermore, we enforce the cold ion hypothesis 7 = 0, with T the ion temperature,
implying that ions are not subject to thermal fluctuations, and therefore

P=0. @2.11)

To obtain expressions for v; and v,, consider again the equation of motion (2.4), which at
second order in € now reads as

d
€Ze (B x v — E)) = & [—m% 4 Ze (v, x B +E2)} . 2.12)

Here, we used (2.10a,b) to extract the order of dv,/dt according to dv,/dt — €dv,/dt. In
addition, the electric potential ¢ and electric field E have been decomposed into first-order
and second-order components according to

O =€p+€¢,, E=¢cE +eE,=—eVo, —e*V,. (2.13a,b)

Hence, the cross product of (2.12) with B/B? can be cast in the form

Bx —
E, xB Bx E
e( e —v1>=62 oL oy, 4 2, (2.14)

where we introduced the physical constant

m

= —. 2.15
o= (2.15)

Notice that all terms on the left-hand side of (2.14) are first order in €, while those on the
right-hand side are second order. The first-order E x B flow vg, can be obtained from the
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left-hand side:

E1 x B
Vi = Vg, = B . (216)
Similarly, the second-order fluid drift is given by
dvl
Bx-—" E,xB
Uy = Vpol + Vg, =0 B + B . (217)

Evidently, the second term on the right-hand side is a second-order E x B drift vg,, while
the first term is nothing but a polarization drift v, (see Hazeltine & Waelbroeck 1998).
Indeed, in a straight magnetic field B = By Vz with By € R one has

B dv]
“ 4 _ 0 dEyL

= , 2.18
B? B} dr (&15)

Vpot = O

with E|, the component of E perpendicular to B. Combining equations (2.16) and (2.17),
the total ion velocity has the expression

, Bx[vg, x (V xvg)] e Vi +EZUBX V (v, + ¢2)

PTetm el B T B 2B
B-V x v, , 0Vigr |, BxV(vp +¢)
=€ (1 — EO’T> Vg, — € a& 2 + €0 B , (2.19)

where we introduced the orthogonal gradient operator

Bx (VfxB
V.f= M’ (2.20)
B2
with f some function. Then, we have
B-V a \%
Vev=V.|e¢ l—eaﬁ vg, | — €0 —V . L1
B? ot B?
+1 oV (v +¢2) -V x B (2.21)
26 E, 2 Bz . .
Defining the total E x B drift velocity as
) ExB
Vg = €Vg, + € Vg, = 7 (2.22)
at second order equation (2.19) can be expressed solely in terms of ¢ as
B x [vg x (V x vg)] oV, ¢ B x Vv
V=UVg—O0O — 0 — o
B? ot B? 2B?
B-V x vg oV.¢p B x Vs,
=(l-0———5F—— —0— . 2.23
( TR )vE TR Y 2:23)

We remark that this same result can also be obtained by a simple iteration method where,
regarding the left-hand side of (2.4) as a smaller term than the right-hand side, we have the
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lowest-order solution as v = vg and the next-order solution as given by (2.23). Similarly,
in terms of ¢, (2.21) can be written as

B.V 9_ [V
Voo v | (102 X0) | oy, (V12
B o1 B

1 ) B
+ EUVUE -V x 7 (2.24)
On the other hand, the term
W-Vp =1,V + v, Vo, +€v,- Vo) (2.25)

appearing on the right-hand side of (2.3) is a third-order contribution that can be neglected.
Using (2.24) and (2.25) to evaluate (2.3), at second order we thus obtain

9 AV . B-V x v B x Vv

— A9 — oV - =V |A(c—T"L 1) vg—0A———E|.

at B B 2B
(2.26)

To check the consistency of the ordering assumptions leading to (2.26) we must verify
that the ion fluid conservation laws are satisfied by the derived equation. First consider the
total mass

My = m/ ndV. 2.27)
v

In this notation V C R? is a bounded domain occupied by the plasma and dV the volume
element in R?. The constancy of M follows immediately by noting that at leading order

in ¢
My = m/Ae (1+ A¢) dV. (2.28)
14
Then, using (2.26) and (2.23) we have
dm
Y ——m / A.v - ndS, (2.29)
dr av

where 7 is the unit outward normal to the boundary 0V, dS is the surface element on 0V
and v is given by (2.23). This boundary integral vanishes if the system is periodic or the
fluid velocity v is tangential to the bounding surface, v-n=0on dV,or A, =0 on dV.
Next, consider the fluid energy

Ey = / n (%mvz + Ze¢> dv. (2.30)
Vv

To study conservation of energy it is convenient to subtract from Ey the total mass My and
define a new quantity:

u,=Lv My / Lo 24 29? B av (2.31)
=— - — = —oAv - = . .
" Ze T ma L"\2 1
At leading order in ¢ we therefore obtain
1 5 , 2
Hy=— [ A \ovg+ ¢~ — — | dV. (2.32)
2 Jy A
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Since A, (x) is independent of time, the quantity Hy can be further simplified to

2
Hy = l/Ae (1¢2+ V¢l ) av. (2.33)
\%

2 B?
Using (2.26), the rate of change in Hy is

dHy

— [ A (a " Ve.V.4)dV
dr —/;/ e<¢¢t+ﬁ d) J.¢r)

:/¢|:/1A ¢ —aV - (Aezl¢’)]dv+ qusV“b’- ds
/¢V [ ( B sz ve 1) vE—erB—;BVZ”E] dv
/Ad) L¢t. nds
A%

B-V x vg B x Vi Vi
:/avAe¢|:<G—Bz —1>vE—G B +o 5 -ndS

1
— —J/AevE-vaEdV
2 Jy
1
—/ Apv-ndS — Ea/AevE.vaEdv. (2.34)
A% \’

Here, v is given by (2.23) and the notation ¢, = d¢p/dt has been used. Notice that boundary
integrals vanish if the system is periodicorv-n=0ondV orA.,¢ =0ondV.

However, the last term on the right-hand side cannot be written as a boundary integral.
Hence, an additional ordering condition is needed to ensure that energy is preserved. This
term originates from the quantity

B x Vv;, 1 5 A.B
oV |lA:——— ) ==z0Vv:-V x (2.35)
2B? 2 B?

appearing on the right-hand side of (2.26). We therefore demand that
vol.v x (A8 ’ 2
vy -V X 5 ~ €’ (2.36)

Observe that the scaling above reflects the degree of accuracy of the ordering assumption
thllavz /0t ~ € adopted in (2.10a,b) which led to the omission of this term from fluid
momentum balance. Recalling that v is second order in €, if the density gradient is small
L, |V1A,| /A, ~ € the condition (2.36) is automatically satisfied for those magnetic fields
such that ByL | |V X (B‘ZB) | ~ ¢, with By € R a reference magnetic field, or equivalently

t.o

2A,

B =B (V¢ +€§) (2.37)

for some potential ¢ and vector field &. This condition implies that the quantity B/B>
does not depart largely from a potential field, physically implying that the divergence
of the E x B velocity scales as 7,V - vp =t.€V x § - V¢ ~ €. This is the case of the
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standard Hasegawa—Mima equation, where L, |V A,| /A, ~ € and (2.36) is satisfied with
.= B(jlz, By € R and & = 0 so that V - vz = 0. An alternative way to fulfil (2.36) is to
assume that

L. |Vvg| ~ evg, (2.38)
implying a mild change in E x B drift velocity across B as in the case for large-scale
coherent structures studied in § 3.

Once the prescription (2.36) is enforced, the last term in (2.26) can be neglected since
it scales as €, and we obtain a consistent equation for the potential ¢,

9 AV ¢ B-Vxv
E[/Meq&—aV-( B; )]:V-[Ae (UTE—1>UE:|, (2.39)

which preserves the total mass (2.28) and the energy (2.33) exactly under suitable
boundary conditions. In particular, one obtains

dm dH
''— —m / A -ndS, —L =— / APV - ndS, (2.40a,b)
dr av dr av

with the effective ion fluid velocity

, B’VX‘I)E 8VJ_¢
UZ(I_GT>I)E_GE B . (241)

The conditions on magnetic field topology for the existence of an additional conserved
quantity (generalized enstrophy) are discussed in § 4.

We suggest that (2.39) is appropriate to describe electrostatic turbulence in magnetic
fields with arbitrary topology. In particular, considering the ordering condition (2.36),
the equation is best suited for magnetic fields of the type (2.37) so that 7,V - vy ~ €2,
or for configurations (2.38) such that the spatial change in E x B drift velocity scales as
2L'Vvl ~ €.

It should be noted that (2.39) can be derived from the standard drift turbulence ordering
ep/kpT, ~ 27'9/3t ~ €, ky L', ~ kL, ~ ki /ky~e "' and ky p; ~ 1, where L is a
large perpendicular scale associated with the spatial change in B, L,, ~ A,/ |V 1A,| the
characteristic spatial scale associated with the density n,, k| a characteristic wavenumber
along the magnetic field, p, = c,m/ZeB the sound radius and ¢, = (ZkzT,/m)"/? the sound
speed. With such ordering the last term in (2.26) can be discarded from the outset, being a
third-order contribution. However, this comes at the price of additional constraints on the
spatial change allowed for B, since all its spatial derivatives L, V ~ 1/k; L', ~ € must be
small.

Regarding the physical interpretation of the terms appearing in the equation, it is worth
observing that the quantity V - (B‘2V L(b) arises from the component of the vorticity V x
vg along B. Indeed,

B V.o B B
E'VXDE:V'<BZ>+|:VX(E>j|XE'VJ_¢. (242)

In addition, a term V - (nB‘ZV lq&) is often encountered in modern gyrokinetic and
gyrofluid theories as the ion polarization charge density in Poisson’s equation for the
electric potential (Strinzi & Scott 2004; Hahm, Wang & Madsen 2009). The factor
1 —o0B?B -V x vg on the right-hand side of (2.39) is similarly predicted by gyrokinetic
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theory as a correction caused by the polarization charge-like term to the effective magnetic
field strength:

(2.43)

« B-VX'UE
B ~B(l+o—— L),

BZ
which corresponds to the Jacobian determinant of the guiding centre phase space when

parallel dynamics is ignored. This correction causes a net drift velocity (see equation (4)
of Hahm (1996) or the discussion in Littlejohn (1981)):

. Bx Vg ! B-V xvg (2.44)
Vg = s — 00— | Vg. .
= BB B2 £

3. Limit to the Hasegawa-Mima equation and curvature effects

In this section we show that (2.39) reduces to the Hasegawa—Mima equation (Hasegawa
& Mima 1977a) when the magnetic field is straight, B = BoVz with By € R. In the
remainder of this paper, we restrict our attention to the constant density case A, € R. In
tokamak turbulence this condition can occur in the core of H-mode plasmas (Bernert et al.
2015) where density is often well approximated by a flat profile.

Before proceeding further, it should be noted that in many cases of practical interest
the magnetic field varies on spatial scales L, that are larger than the sound radius p;, i.e.
ps/L1 ~ €. If both magnetic field and electric potential vary on the macroscopic spatial
scale L, the terms V - (A,vg) and V - ((6/2)(A.B/B*) x Vv%) on the right-hand side of
(2.26) become comparable third-order terms because

v o A.B Vo2 O'V 2.y A.B
| = X v — VUL X
2 B? E) 2 F B ) s % N€3szceBLikBTe ~62ﬁ

V. (A.,vgp) V. (A.vEp) ve/Ly mcl/Z  e¢ P
3.1)

Hence, in this scenario the ordering breaks down. However, physical settings with p,/L, ~
€ can still be handled by invoking the standard Hasegawa—Mima ordering (which leads to
the same (2.39) as previously explained) where the magnetic field changes on the large
spatial scale L, , while the electric potential is characterized by the smaller scale length p;.
To elucidate how a curved inhomogeneous magnetic field modifies the Hasegawa—Mima
equation, it is convenient to study (2.39) in the limit of a magnetic field of the type

B = ByVz+ €za, (3.2)

where €3 < 1 is an ordering parameter and a = (ax, ay, az) a vector field such that
V .a = 0. For simplicity, we assume that a, = a - Vz = 0. Notice that the magnetic field
(3.2) satisfies (2.37) and thus (2.36) as well. Furthermore, at the first order in € the
curvature of the magnetic field (3.2) is given by

B B 3
k==.v(2) =224 (3.3)
B Boaz

It is convenient to introduce the two-dimensional gradient and Laplacian operators:

af ’f 0
—V , A " =
ay y ( ,ylf a

x2 + a_yzv (34a3b)

af
Vo =2-Vx+
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where f = f (x, y, z) is some function. Then, at first order in €z we have

B* = B;, (3.5a)
€ 0
Vig=Viuyd— — [(a .V$)Vz+ —¢a:| , (3.5b)
BO 07
Vzx V¢ €3
vp = —p— + B—éa x Vo, (3.5¢)
€p
V’UE:—2V¢'V X a, (35d)
BO
vy 1 3
Vs vp = 2oy, + V X (ax V) — V(xy)—¢. (3.5¢)
B 0 ' 32
Hence, defining the bracket
df dg  9f 9g
[fogloy =75 — oo (3.6)

with f, g some functions, (2.39) becomes

0 eBU da 2¢eg0 ap
A - .V V2=
[ o= phundt 3 9z o+ B} “ (81>i|
o 2ep 8¢)>:|
= — o, A ——a-V|—
B(3J |:¢ (’y)(b BO (aZ (x,y)
€B

o
— B_% (1 - B—(Z)A(x,y)¢) V¢ -Vxa
O€p
+ B_8V¢ Y (A(x,)’)¢) X a. (37)

Recalling (3.3), we see that the third term on the left-hand side of (3.7) arises from
the curvature of the magnetic field. Terms involving d¢/dz describe the effect of the
inhomogeneity of the electric potential along the vertical axis. The term including V x
B = €3V x a can be ascribed to the presence of electric current in the system. Finally,
the last term on the right-hand side results from the polarization drift associated with the
component of the magnetic field eza. Observe that (3.7) reduces to the Hasegawa—Mima
equation when €z = 0:

0
(A¢ (xn¢) 5[0 Bene],,,,- (3.8)
O

The effect of the field curvature (3.3) can be made explicit by expanding a in Taylor
series around z = 0, and by considering the dynamics on such a plane. At first order in z,
one has

€p
a=a+za, k=—a, (3.9a,b)

By
where ay = (aOX, oy, 0) and a, = (ay,, ay, 0) are vector fields independent of z. Using
(3.9a,b) and setting d¢/dz = 0, all terms in (3.7) lose the dependence on z, giving a
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two-dimensional equation:

a o o o
7\~ hand + B* Vo )= B [0, Awnd],,

0
1

_l?o (1 B A(xy)q§> Kk xVe¢-Vz (3.10)

In many applications, the curvature of the magnetic field is not small. It is therefore
instructive to examine how the Hasegawa—Mima equation is modified when curvature is
a leading-order term. To this end, consider a circular magnetic field B = ByrV ¢, where
(r, ¢, z) are cylindrical coordinates and By € R. Notice that B = Bg is constant (unlike
the usual dependence |Vg|* = 1/r%), and that the curvature of the magnetic field is given
by k = —V log r. Assuming that the condition (2.36), which in this case can be explicitly
written as 19 |V lq‘)lz /0z ~ €, is initially satisfied by the electric potential ¢, (2.39) can
be written as

9 K 0¢ oK ap
a—t(/ld) B (zr)¢) B, az( Agnd — >_B_8[¢’ELJ) B [¢. A(zr>¢]<zr>’

(3.11)
where we introduced the differential operators

af of of\ oY of 0y dgof
V(Z r)f - VZ+ ar VI" A(Z r)f - ar ( a}") + 8_22, [f’ g](z,r) 8_25 - 8_25

(3.12a—c)

Notice that the field curvature modifies the Hasegawa—Mima equation through the
modulus k2 = 1/r2, and that (3.11) is two-dimensional if axial symmetry d¢/d¢ = 0 is
assumed. Furthermore, since we expect the electric potential ¢, the electric field =V, )¢
and the electric charge —A(, ,y¢ to be bounded, the Hasegawa—Mima equation can be
recovered in the limit » — oo (k — 0) where field lines become progressively straight.
Next, observe that in the Hasegawa—Mima equation (3.8) steady states are given by the
equation [¢, A @] = 0, or simply A, ¢ = —f (¢) with f some function of ¢. Since the
electric charge — A, )¢ should vanish when ¢ = 0, for small ¢ we may set f' = fo¢ with
Jo a positive real constant (the positive sign physically means that charge density gradients
—V iy Ay are directed in the opposite direction to the electric field —V , ,,¢). Then,
considering a two-dimensional domain (x, y) € V = [0, 7t]* such that the electric potential
is grounded on the boundary, i.e. ¢ = 0 on 9V, solution of the steady Hasegawa—Mima
equation gives self-organized states of the type ¢ = ¢y sin (mx) sin (ny) with ¢y € R,
m, n € Z and fy = m*> + n?. Since f; corresponds to the ratio between enstrophy and energy
in the fluid limit A = 0, at equilibrium the minimum possible value f; = 2 corresponding
to m=n=1 is expected to be preferentially selected (see e.g. Hasegawa (2004) on
this point). Let us see how the situation changes in a curved magnetic field. Since the
right-hand side of (3.11) can be written as

l|: r 093¢

N T <z,r>¢>] ; (3.13)
r By B} ar B3 .

steady states in the circular magnetic field B = ByrV ¢ are described by the equation

(2¢> 82_¢):1 f@

orr = 9z l?o o

(3.14)
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FIGURE 1. (a,b) Contour plots of the self-organized steady electric potential ¢ in a straight
magnetic field B = ByVz (Hasegawa—Mima equation) and in a circular magnetic field B =
BorV . (c,d) Contour plots of the respective vorticities w =V x v Vzandw =V x v - rVg
with the ion fluid velocity v defined by (2.41). In this simulation, By = 1 and fy = 2 for the
Hasegawa—Mima case, while Bp = 1, 0 = 0.1 and f = 1 for the circular magnetic field case.

Considering the case f = fy¢p and taking a two-dimensional toroidal domain with
squared cross-section (r,z) € V = [1, 2]* and Dirichlet boundary conditions ¢ = 0 on
the boundary 9V, solution of (3.14) results in a self-organized steady state sustained by
the curvature of the magnetic field. Figure 1 shows contour plots of the steady electric
potential ¢ and vorticity @ = V x v - V¢ with v given by (2.41) obtained by numerical
solution of (3.14) as compared with the Hasegawa—Mima case. The corresponding fluid
drifts vg and v are given in figure 2. From these figures, one sees that contours of electric
potential ¢, vorticity w and fluid drifts |vg| and |v| tend to accumulate in regions of higher
curvature (small radius r), implying the onset of steeper gradients, while inhomogeneities
are suppressed where the curvature is weaker. Figure 2 also reveals that the fluid drifts vg
and v are enhanced where the curvature is stronger. We remark that the observed behaviour
is not caused by the gradient or curvature drifts of the guiding centre framework because
the cold ions approximation is being considered. In addition, the background magnetic
field has uniform strength in this example. Hence, curvature affects self-organized states
through the E x B drift, as clear from (2.39).
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Hasegawa-Mima Equation ®) ~ Circular Magnetic Field
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FIGURE 2. (a,b) Vector plots of the E x B drift velocity vg associated with the steady states of
figure 1 and contour plots of the modulus |vg|. (c,d) Vector plots of the corresponding total ion
fluid velocity v of (2.41) and contour plots of the modulus |v|.

The effect of vertical inhomogeneity in the potential ¢ can be further examined by
setting ¢ = g + sin (mz) p, with g (r) and p (r) radial functions and m € Z. Then, (3.14)
reduces to the system

cdp (fo o0 o dq  fo 1
I (o 2Ty, 29N 3.15a.b
B or (r " Bg)p B T B (3-15a.5)

A plot of the electric potential ¢ obtained by solution of system (3.15a,b) for different
values of m and By is given in figure 3. Notice that for a sufficiently large magnetic field
strength By, structures arise in the radial direction as well. The size and spacing of these
radial structures appear to be modulated by the background strength and curvature of the
magnetic field rather than the constant m associated with the vertical oscillation.

4. The case of curved magnetic fields crossing a surface perpendicularly

The Hasegawa—Mima equation is endowed with two inviscid invariants, the total energy
and the generalized enstrophy. The generalized enstrophy is an invariant arising from the
two-dimensional nature of the governing equation, which is restricted to the flat (x, y)
plane with normal given by the straight vertical magnetic field B = ByVz. It is useful
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FIGURE 3. Contour plots of the electric potential ¢ obtained by solution of (3.15a,b) for
different values of m and By. Dirichlet boundary conditions p(1) = p(2) = l and ¢(1) = ¢(2) =
1 are used. The case m = 1 for (a) By = 1 and (d) By = 5. The case m = 3 for (b) By = 1 and (e)
By = 5. The case m = 6 for (¢) Bp = 1 and (f) Bp = 5. In this simulation o = 0.5 and fy = 1.

to consider the conditions under which the same kind of topological invariant persists
in general magnetic fields. A condition for the analogy with two-dimensional vorticity
dynamics to apply is that the magnetic field defines the normal direction of a general (not
necessarily flat) two-dimensional surface ¥ C R>. In this case, the dynamics is restricted
to the surface X~ because the drift velocity (2.23) satisfies B - v = (. The geometric
condition for a vector field B to locally define the normal of a surface X' is given by
the Frobenius integrability condition (Frankel 2012):

B-V xB=0. 4.1

In particular, if the magnetic field B has vanishing helicity density then there exist locally
defined functions «, C such that

B=aVC. 4.2)

The magnetic field B thus defines the normal to the surface C = constant. When o =
o (C), the magnetic field B becomes a vacuum magnetic field because V x B = 0. In
this section, we are concerned with magnetic fields of the type (4.2). We will assume
that the functions o and C exist in the domain V, and that B # 0 in V. It is worth
noticing that for time-independent magnetic fields the constraint (4.1) corresponds to
the requirement that the electric current J =V x B is always perpendicular to the
magnetic field, J - B = 0. In tokamaks this condition will be rarely satisfied because
most of the plasma current is aligned with the magnetic field. In addition, we remark that
adiabatic electron response underlying the generalized Hasegawa—Mima equation (2.39)
may impose additional constraints on the magnetic field configuration. Indeed, one expects
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adiabatic electron response to hold only when the integral curves of the magnetic field
form closed surfaces, with generally non-rational rotational transform.

Next, recall that the magnetic field B must be solenoidal. Hence, the Lie—Darboux
theorem (Arnold 1989; de Léon 1989) applies: locally there exist functions ¥, 6 such that

B=VY¥ x V0. (4.3)

Again, we will assume that the functions ¥ and 6 are well defined in the domain V.
A typical example of vacuum magnetic field is the magnetic field generated by a point
dipole. In this case

z r
a=1, C=-M—_ w=M—"" __ g=y, (44a—d)

(]”2 +Zz)3/2’ (I"Z +Z2)3/2’

where (r, ¢, z) are cylindrical coordinates and M a physical constant with units of T m>.
The functions (C, ¥, 0) can be used as a system of curvilinear coordinates. The Jacobian
determinant of the coordinate transformation is given by

BZ
J=VC-V¥ x VO =—, 4.5)
o
Given two functions f, g it is convenient to introduce the bracket
[f.g],, = 08 0 08
Bleo T 5w 90~ 900w

Using (4.6), the derived (2.39) can be written as

9 V.i¢\l B a o’ V.i¢
&[M‘“V'( B )}—E[‘p"ﬁ”ﬁv'( o )L@; @D

One can verify that under appropriate boundary conditions on the surface boundary 9 X~
the surface energy

(4.6)

1 IVigI*\ «
Hy =~ | (97 — dy do 4.8
5= /2 ( O o) (4.8)
is a constant of (4.7). The condition for conservation of generalized enstrophy,
% 1/ AVa9r tolv. (Y2 12 qpag (4.9)
= — o . _ s .
72 s B2 B B2

can be obtained by noting that the second argument of the bracket on the right-hand side
of (4.7) must be a function of V . (B‘ZV ¢¢) up to a function of ¢. The condition is

k B keR (4.10)
o = = —, . .
VC)* &
which is equivalent to
B
Vx|{gm]=0 (4.11)
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In this case, V-vg=V¢ -V x (B‘ZB) = 0. Notice also that V - B =0 implies that
configurations of the type (4.10) must satisfy

V. (|VVCC|2) =0. (4.12)

In spherical geometry, denoting with R the spherical radius, a magnetic field satisfying
(4.10) and (4.12) can be obtained by setting

3

B R
0 ByeR, C= 5 (4.13a—c)

“= R

Similarly, in cylindrical geometry, magnetic fields compatible with (4.10) and (4.12)
include those generated by

2

B

«=-2 ByeR C=°=, (4.14a)
r 2

a=By?, ByeR, C=o. (4.14b)

Observe that when A =0 (4.7) with either (4.13a—c) or (4.14a) gives the usual
two-dimensional vorticity dynamics on a sphere or cylinder respectively. The case
of (4.14b) corresponds to a circular magnetic field B = Byr*V¢ with curvature k =
—Vlogr. Assuming axial symmetry ¢ = ¢ (r, z), the corresponding form of (2.39) is
again two-dimensional:

0 o o
v [/1(/) — B—%V . (sz(zi,ﬂp)} = B—SK [¢.V - (K2V(Z,,)¢)](Z’r) ) (4.15)

5. Concluding remarks

In conclusion, we have derived a model equation (2.39) describing electrostatic plasma
turbulence in a general magnetic field. The equation preserves the mass (2.28) and the
energy (2.33), and reduces to the Hasegawa—Mima equation in the limit of a straight
magnetic field. The ordering adopted in the derivation of the equation is slightly different
from the classical one. On the one hand, both the magnetic field and the electrostatic
potential are allowed to vary on the same spatial scale. On the other hand, the requirement
(2.36), which is automatically satisfied in the standard setting of the Hasegawa—Mima
equation, ensures the consistency of the ordering with respect to preservation of energy.
This latter condition implies that the derived equation is best suited for magnetic fields
satisfying (2.37), implying a second-order E x B drift velocity divergence, or for spatial
scales such that the change in v% represents a third-order contribution (2.38). Nevertheless,
as discussed at the end of § 2 the same (2.39) can be obtained from the standard ordering,
at the price of more stringent constraints on the spatial behaviour of the magnetic field.

Conservation of generalized enstrophy holds when the magnetic field defines the normal
of a surface and it is compatible with two-dimensional vorticity dynamics. It should be
noted that inverse energy cascades are expected to occur for all magnetic configurations
such that generalized enstrophy is constant. Indeed, the order of ¢ derivatives appearing in
(4.8) and (4.9) is not changed by the geometry of the background magnetic field. Detailed
analysis of the effect of magnetic topology on inverse cascades and zonal flows is left for
future work.
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As a physical application of the obtained equation, we have studied how the curvature
of a circular magnetic field with uniform strength modifies self-organized steady states by
comparison with analogous equilibria in a straight magnetic field. A strong curvature tends
to attract level sets of electric potential and vorticity, and to enhance fluid drift velocity. A
higher curvature also appears to contribute to higher heterogeneity in the electric potential.
This behaviour cannot be ascribed to gradient and curvature drifts occurring in the guiding
centre picture because the model relies on the cold ions approximation. Hence, the effect
of curvature is mediated by the E x B drift.

Finally, the results reported in this paper may be useful for constructing simplified
models of turbulence in complex plasma systems of practical interest. In particular, we
expect the derived equation to serve as a toy model of turbulence in tokamak and stellarator
plasmas.
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