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Abstract

The electric potential plays a key role in the confinement properties of tokamak
plasmas, with the subsequent impact on the performances of fusion reactors. Un-
derstanding its structure in the peripheral plasma — interacting with solid mate-
rials — is of crucial importance, since it governs the boundary conditions for the
burning core plasma. This paper aims at highlighting the dedicated impact of the
plasma-wall boundary layer on this peripheral region. Especially, the physics of
plasma-wall interactions leads to non-linear constraints along the magnetic field.
In this framework, the existence and uniqueness of the electric potential profile
are mathematically investigated. The working model is two-dimensional in space
and time evolving.

Keywords : Plasma, Controlled fusion, Fluid model, nonlinear boundary conditions,
Existence, Uniqueness, Energy estimate.

1 Introduction

The growing need for new sources of energy is one of the drives of the ITER project [13].
The latter is an experiment dedicated to operate a plasma in conditions close to ignition,
namely a state where the energy injected to maintain the fusion reactions is negligible
compared to the fusion energy production. To our present knowledge, tokamaks are the
best candidates permitting the nuclear reactions to take place, in particular allowing to
confine high temperature plasmas. These toroidal devices are characterised by two peri-
odic directions, the toroidal angle — around the main symmetry axis — and the poloidal
angle — around the interior cross-section. The confinement properties in the third —
radial — direction are achieved thanks to strong magnetic fields. Good confinement is
mandatory since thermonuclear reactions impose temperatures in the range of 100 mil-
lion Kelvins in the core. Strong gradients build-up between the plasma and the plasma
facing components. Although the strong magnetic field used in the experiments is suf-
ficient to balance the losses associated to particle Coulomb collisions, it is found that
the level of transport is much larger and, as a consequence, confinement performance



reduced. There is now a consensus to attribute this loss of confinement to turbulent
activity and in particular to that driven by electric field fluctuations, the so-called elec-
trostatic turbulence.

The understanding of turbulent transport is a matter of active research [6]. In particular
the peripheral plasma is widely studied, due to its crucial role to control the interaction
of the plasma with the surrounding wall material, but also to define the boundary con-
ditions of the core plasma.

The present paper is dedicated to the mathematical analysis of the slowly vary-
ing electric potential that leads to poloidal flows in the edge plasma. These radially
sheared flows play an essential role in the saturation of turbulence [16]. Besides, they
are suspected to the essential ingredient in the triggering of the so-called H-mode, where
the plasma spontaneously develops an edge transport barrier characterised by reduced
turbulence and associated transport [4]. These poloidal flows are basically driven by
equilibrium constraints, including boundary conditions in the SOL, and by the turbu-
lence itself via non linear interactions [5]. We restrict our analysis to the equilibrium
part of this flow. In particular, one investigates the existence and uniqueness of a slowly
evolving solution to the key equation of electrostatic turbulence, namely the equation
that governs the evolution of the electric potential for such a turbulence. Since the
large scale radial structure of the electric potential leads to the large scale poloidal flows
associated to the electric drift effects, we focus on the analysis of the mean potential
depending only on the radial direction and the parallel one, which introduces nonlinear
boundary conditions. Furthermore, assuming that the magnitude of the fluctuations
are small compared to the mean value, one can average the evolution equation of the
electric potential on all the small scale effects. For small amplitudes of the fluctuations,
one can also neglect the mean electric potential generation via the Reynolds stress. The
linear part of the equation is then readily averaged. The average of the boundary con-
ditions on the electric current shifts the sheath steady state potential, while conserving
the structure of such a term.

The paper is organized as follows. In Section 2 are presented the physics and the
equation that governs the evolution of the electric potential. One examines the spe-
cific conditions introduced by the contact to the wall material and their impact on the
system of equations. The reduction of the 3D electrostatic potential equation to a 2D
equation is analyzed as well as the linearization procedure that allows one to cast the
problem in a variational framework. Section 3 summarizes the mathematical nonlinear
evolution problem for the electric potential ¢. Section 4 is concerned with the proof of
the existence/uniqueness of a solution of the linearized problem (Theorem 4.5). Finally,
Section 5 is dedicated to the mathematical proof of the existence and uniqueness of a
solution to the original nonlinear evolution equation. The essential result is stated in
Theorem 5.1.



2 Generation of the fluctuating electric field

Two descriptions of the plasma evolution are considered in order to investigate plasma
turbulence. The most demanding description is the kinetic description where one com-
putes the probability, or so-called distribution function, to find a particle at a given
point of the phase space, namely the 6D space of the position and velocity of the par-
ticles [3]. A more convenient representation is given by the moments of this kinetic
equation, yielding the so-called fluid equations [1]: the particle balance equation for
the zeroth moment, the momentum balance equation for the first moment, the energy
balance equation for the second moment, etc. A closure of this infinite series of fluid
equations is required to reduce the system to the first fluid moments. The standard
closure is that leading to the Navier-Stokes set of equations where the fluid is described
in terms of the density, momentum and temperature together with a Fourier law that
relates the heat conduction to the temperature gradient. However, the main drive of
the turbulence development appears to be a plasma pressure gradient that can be sus-
tained by the density at constant temperature. Therefore, a convenient closure, that
still captures the turbulent plasma behavior, is the isothermal closure where the plasma
temperature, for all plasma species, is assumed to be constant. The fluid equations are
then restricted to the two first balance equations, namely the particle and momentum
balance for each plasma species. For simplicity we shall restrict the plasma species to
the electrons and to a single ion species. In this case, the two balance equations are

g + V- (Nala) = Sa (2.1)
Oy (Manaty) + V- (manaﬁa ® Uy + pal + ﬁa> = (aNa (E + U, X é) . (2.2)

The subscript « stands for the various species of the plasma, in practice e for electrons
and ¢ for the hydrogen ions. In the momentum balance, one finds the driving Laplace
force on the right hand side, where B is the given magnetic field, and the pressure con-
tribution on the left hand side with the standard scalar contribution p,, the stress tensor
TI, and the pressure tensor n, 7, ® T, where ® is the tensorial product. One should
then introduce the Maxwell-Gauss equation, or Poisson equation in the electrostatic
limit, to relate the electric field to the charge density

A%A<@> e Fo V. (2.3)
Te N

In this equation, the dimensionless quantity e®/T, (e the proton charge, T, the electron
temperature) measures the ratio of the electrostatic energy normalized by the electron
kinetic energy T,. As far as electrostatic turbulence is concerned, this ratio is much less
than unity in core tokamak plasmas, and can reach several tens of percents at the edge.
The Debye length scale reads A%, = (egT:)/(nge*). As a consequence, when one addresses
the behaviour of the electrostatic potential on a scale L > Ap, one is led to consider a
quasi-neutral plasma n, =~ n; that can be polarized and where the electric potential will
be determined by a constraint that stems from the quasineutrality condition.

Without loss of generality the two particle balance equations (2.1) can be replaced by a
charge balance equation and a particle balance equation for either species

dipe+V - =0, (2.4)



One+V - (neTe) = S.. (2.5)

The charge density p, is defined by p. = e(n; — n.) and the electric current density by
] =e(n;U; —ne 7). In the quasineutral limit, the charge balance equation is reduced
to V - 7 = 0 since p. = 0. The plasma current can be split into a parallel and a
transverse component with respect to the magnetic field lines, both depending on the
electrostatic potential. From the physical point of view, the electrostatic potential will
evolve in order to maintain a divergence free electric current since any departure from
this condition will govern a short scale and rapid restoring electric field. The aim now
is to determine the electrostatic potential ® satisfying ﬁg 7((13) = 0, as well as the
electron density n. satisfying the balance equation (2.5).

The dependence of the current (resp. fluid velocity 7', ) on the electrostatic potential is
obtained by modifying equations (2.2) in order to obtain “the” Navier-Stokes equation

& A 1T X )T e e I+ L)+ LB g, e (2.6)
dt + MoTe Pa T Mg “Ne ’

In the latter equation @, is the Larmor rotation vector proportional to the Larmor
frequency and aligned along the magnetic field &, = m“ . In this expression, a
viscous term has been introduced. Unlike in standard ﬂulds in the case of plasmas
the effect of collisions is negligible. For plasmas, the viscous diffusion term is induced
by small scale turbulent fluctuations in the plane transverse to the magnetic field and
can be computed in the quasilinear framework. Such a term plays an important role

in simulations to damp the small scale fluctuations. The Lagrangian time derivative is
defined by

d

= - V. 2.
= =0+, v (2.7)

The transverse velocity is obtained now by expanding the projection of (2.6) (perpen-
dicular to the magnetic field lines) with respect to 1/w,, where the Larmor frequency
Wo = %‘;—B is large compared to all other frequencies that are considered in the present
analysis. Such a so-called adiabatic limit is well fulfilled in tokamak plasma turbulence,
where turbulence evolves on frequencies typically below 10%s7!, while w; ~ 5.108s _1.
This gives rise at the first order to the so called drift velocities, the electric drift 7' g
and the diamagnetic drift 7 ,,

ExB . BxVp

Vsa =

—

UE = BQ Y

GanaB?
At the second order this procedure then leads to the polarization drift [7,11,12]

me

?pOl,a = _anQ <at - VAJ_ + (7E + 7*0{) : ﬁ) vj_q) . (28)

Inserting these drift velocities into the charge balance equation, yields

Vie T+ Ve T =V 7 - S (00— vas) Ao - S0, A.0] - S, (29)
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where the S-term essentially accounts for the spatial inhomogeneity of the equilibrium
magnetic field B and of the density n. It will be discussed later on. Since there is
no source of charges injected into the system, the contributions of the particle source
terms S, and S; cancel out in the charge balance equation. The leading contribution of
the polarization current is that of the ions due to the explicit dependence in the mass.
Poisson brackets are defined by [®, f] = B(g - V.f) = L. (VO x Vf).

Finally, the parallel contribution to the divergence of the current is obtained by
considering the parallel Ohm’s law that takes the standard form 7j = —V®, where 7
is the parallel resistivity induced by the collisions. The divergence of the plasma current
then takes the form of a differential equation for the electric potential

m;n

~ 53

«@—VAQAE$+%HlAgM>—VW(%W@)—S:O. (2.10)

This equation determines the electric potential, given the source term S and is coupled
through n to the electron balance equation (2.5). Both the mean value and the fluctu-
ating contribution of ® are governed by this equation.

Regarding the physics of the poloidal flows, we are interested in the large scale
contribution of the x B flow that is governed by the radial structure of the mean
electric potential. More precisely, the present paper aims at investigating the impact
of the plasma-wall boundary conditions on the structure and magnitude of the poloidal
flows. As discussed in the following, these boundary conditions act in the parallel
direction, where the field lines intercept plasma facing components. Therefore, one
focuses on the impact of the parallel divergence in the charge balance equation (2.10).
In this framework, the sole radial » and parallel z directions need being retained. The
radial profile of ® governs the poloidal E x B flow, while the direction parallel to the
magnetic field lines enforces the boundary conditions. One is then left with the two-
dimensional mean electric potential ® — ®(r, z), such that the nonlinear term [®, A | 9]
vanishes. Especially, we do not account for the part of the poloidal flow self generated
by turbulence via the Reynolds stress tensor. This component would especially require
to deal with the second transverse direction, namely the poloidal angle.

Consistently with the neglect of the small scale turbulent fluctuations, the source
term is assumed to behave smoothly in space. Let’s call S this small contribution
standing for radial current effects that act as a source for the mean electric potential.
As already stated, such a source will mainly be governed by curvature effects combined
to large scale density structures. Consequently, this large scale source remains small
since governed by polarisation effects only. Indeed, strong electric field can only emerge
at sub-Debye scales, for which charge separation — governed by Poisson equation — is
effective.

As a result, the mean electric potential is governed by the following reduction of (2.10)

(@—u%)&¢+%@¢:—s. (2.11)

Here, all variables are dimensionless, with the following normalisations: ¢ = e®/T,,
(r,z) — (r,2)/ps, t — wit, v — v/(p*w;), N = Veo/we, and finally S — S/(enw;),



with py = (m;T,)"/?/eB the hybrid Larmor radius and v,y the electron-ion collision
frequency. The electron density n will be considered as given in the rest of the paper.

In the here investigated peripheral plasma, plasma-wall interactions constrain the
parallel dynamics. The boundary conditions for the electric potential are in fact gov-
erned by the parallel current that is adjusted by a boundary layer, the sheath, to min-
imise the current outflow [15]. This current is the sum of the ion and electron parallel
current. At the sheath boundary, it can be shown that the ion flow reaches Mach = 1
so that the ion current writes jj; = Jsa¢ = encs, where ¢, is the sound speed. The
electrons are adiabatic and the electron current is governed by the sheath potential so
that jj e = —Jsat eXP(Asheatn — P). In this expression, Agpeqr, is the floating potential and
is given by the ratio of the electron mobility to the ion mobility, Ag,catn % log(m;/m,).
The sheath physics that leads to these expressions ensures that the electron current
matches the ion current at equilibrium, so that Agpeqn, = ®. Here, ® stands for the
entire electric potential, including small scale fluctuations. Therefore, the large scale
component of the here considered electric potential fulfills the modified sheath equi-
librium condition A = ¢, where the dimensionless effective potential A includes the
modification of the sheath potential by small scale turbulent fluctuations. It is taken
constant in the following. Experiments have shown that A < 0. In summary, the bound-
ary current leaving the plasma to the wall is given by (jj) = jsat (1 — exp(A — ¢)), the
brackets indicating the average over small scales. This condition completes the equation
(2.11).

3 The mathematical problem

The objective of this paper is to study from a mathematical point of view the following
nonlinear evolution problem, given on the domain €2 (represented in Figure 1)

—0,02¢ — %6§¢ +vdip=S, t>0, (rz2) €N, (3.1)

and completed with the initial condition
8T¢(07 T? 2) = ar¢0(T’ 2) Y (T7 Z) 6 Q ) (3'2)

for some given function ¢q. The imposed boundary conditions are the no-slip boundary
conditions on X := Yo UX; U X

0. 0(t,r,2) = Bo(t,r,2z) =0, t>0, (r,z)exn, (3.3)

periodic boundary conditions on I'y UT';, that means in the core of the plasma, and the

nonlinear sheath boundary conditions on the limiters I', U T',
O.0(t,r,a) =n(l — A PEray >0, (rz2)el,,
(3.4)
O.¢(t,r,b) = —n(1 — A2y >0, (r,2) €Ty,

Here ¥; and I'; are parts of the boundary 0f2 and stand for
Yi={(r=i,2)€0Q} ; Ij:={(r,z=j)eoQ}.



The source term is denoted by S and 7, v and A are some given constants. The aim is
to prove the existence and uniqueness of a solution ¢ of this problem.

=L
r=L

To T

=
r=l L

Tq Ty
limiter limiter

r=0
o

r z=0 z=a z=b z=1
radial

z longitudinal

Figure 1: The 2D domain.

4 Existence and uniqueness of the linear problem

We shall start by proving the existence and uniqueness of a weak solution of the linear
evolution problem (3.1)-(3.3), completed with the linearized boundary conditions on
r,ur,

{ 0.0(t,r,a) = go(t,7) + ho(t,r)o(t,mya), t>0, (r,z)ely,,
(4.1)

0.9(t,r,b) = gp(t,r) — h(t,r)p(t,m,0), t>0, (r,z)ely.

This problem is obtained by a linearization of the previous nonlinear evolution problem.
Let Q; := (0,t) x 2 be the time-space cylinder. In the rest of this section the following
hypothesis is made.

Hypothesis A :The given functions hq, hy € L>((0,T) x (0,1)) satisfy
ho(t,r) > ¢ >0 and hy(t,r) >c, >0, faat>0,0<r<I.

Moreover, ga, g, € L*((0,T) x (0,1)), S € L*(Qr), ¢po € H'(Q), n>0, v >0, A <0.

Before considering the existence/uniqueness theorem of the linear case, let us prove the
following Poincaré-like inequality, which will be used all along the paper.

Proposition 4.1 There exists a constant Cq > 0, depending only on the domain §2,
such that for every ¢ € H:= {¢ € H'(Q) / 0?¢ € L*(Q), 0,6 =0 on X} the following
inequality holds

]l 22) < Callldral s + [10:0 2) + 1020|120 - (4.2)



Proof: The proof follows by contradiction. Let us suppose that inequality (4.2) is
not satisfied. This means, that there exists a sequence ¢" € H with |[¢"||;2q) = 1 and
satisfying

1= 1¢"r2@) = n(1of, 1) + 10:0" | 2() + 1026 2()) - (4.3)

Thus, ¢" is bounded in H'(2) as well as §2¢" in L?*(f2), implying the existence of a
weak limit ¢, such that

¢" — ¢ weak in H(Q), 0?¢" — 0?¢ weak in L*(Q), ¢, — P, weak in L*(T,).

Inequality (4.3) implies then 9,¢ = 0, 82¢ = 0 and ¢yr, = 0, which tells us immediately
that ¢ = 0. Moreover, due to the compact embedding H'(Q) C L*(Q), we have

¢" — ¢ strongly in  L*(€2).
which yields that |[¢||2() = 1. This is in contradiction with the fact that ¢ = 0. ]

Let us now introduce the mathematical framework of the problem (3.1)-(3.3),(4.1) and
clarify what we mean by a weak solution. For this, let V' denote the Hilbert space

Vi={fecH (Q)/f € L*(Q), f periodiconTqUTy, d,f =0 on X},

with the scalar product

! l
((f,9)v ::/8Zfﬁzgdrdz+/8ffafgdrdz+/ fagadT+/ fogpdr, (4.4)
Q Q 0 0

where f, (resp. f;) denotes the trace function f(r,z = a) (resp. f(r,z =b)). Moreover,
let the Hilbert space H := {f € L*(Q)/0,f € L*()} be associated with the scalar
product

(fa)n = [ fodrdz+ [ o.f0,gdrds. (15)

It can be shown that V' is densely and continuously embedded in H, such that we get
by identifying H with H* the evolution triple

VcH=H CV*.

In order to write down a weak formulation of the problem (3.1)-(3.3),(4.1) we introduce
the following operators and bilinear forms. Let m : H x H — R be the bilinear,
continuous, symmetric and non-negative form

m(¢p, ) ::/Q&qb&ﬂ?drdz.

It is important to remark, that m is not a coercive form on H. The equation (3.1) is
degenerate. Furthermore let the continuous, coercive, bilinear form I(t) : V x V — R
be given by

l(t,9,9) := %/ﬂﬁm(r, 2)0,9(r, z) drdz + V/Qﬁfqﬁ('r’, 2)029(r, z) drdz

I 1 [
—i—;/o hy(t, 7)p(r, b)Y (r, b) d’r’—l—;/o ha(t, r)o(r, a)d(r, a) dr,



and the corresponding isomorphism L(t) : V' — V*. Finally, the operator S(t) € V* is
defined by

3@wpiéauwomw+%Agwfwm@m—%lgﬂywm@m.

Definition 4.2 A function ¢ € Wy, where
Wy = {¢ € L*(0,T;V) / 8,¢ € L>(0,T; L*(Q)) },

is called a weak solution of the linear problem (3.1)-(3.3),(4.1) if it satisfies in a distri-
butional sens (D'(0,T)) the equation

d
ﬁm(gb(-),ﬁ) +1(,0(:),0)=8()), forall VeV, (4.6)

ar¢<0) = 8r(bO .

Remark 4.3 The weak solution ¢ satisfies (4.6) in a distributional sense if and only if
for every test function & € H'(0,T) with £(T) = 0, the following equation holds for all
VeV

- / m((t), )€ (£)dt + / I(t, 6(t), )& ()t = / S(OD)E(H)dt +m(o, DE) . (A7)

Due to the fact that I(-,¢(-),9) € L*(0,T) and S(-)(v) € L*(0,T) for all ¥ € V,
equation (4.7) means that m(¢(-),9) € H'(0,T), thus implying m(¢(-),9) € C([0,T]
for all ¥ € V. ]

Remark 4.4 The initial condition in (4.6) is well defined in H~1/2(2). Indeed, a func-
tion ¢ € Wy satisfying the equation (4.6) in a distributional sens, satisfies 0,¢ €
L*(0,T; L*(Q)), 0,0,¢ € L*(0,T; H*(Q2)). Interpolation arguments imply then 9,¢ €
C([0,T]; H-Y2(Q)) [10]. "

Theorem 4.5 (Existence/Uniqueness)
Let Hypothesis A be satisfied. Then problem (3.1)-(5.3),(4.1) admits a unique weak
solution ¢ € Wy, satisfying the energy estimate

Har¢||%°°(0,T;L2(Q)) + H(bH%Q(O,T;V) <

(4.8)
C(||8r¢0||%2(9) + ||S||%Q(QT) + ||ga||%2((0,T)><Fa) + ||gb||%2((0,T)><Fb)) )

for a constant C' > 0.

The existence and uniqueness of a weak solution of problem (3.1)-(3.3),(4.1) is based on
the standard Galerkin method, applied on the equation

MY +Lp=S. (4.9)



In order to circumvent the fact that the bilinear form m is not coercive (or equivalently
that the operator M is degenerate), we introduce an additional term in the equation

(3.1)
D06 — 0,026 — ~0%9+ 1Ol = 5,
n

the passage to the limit ¢ — 0 leading then to the desired result. Another possible
way to obtain a regular problem is to factor the equation (4.9) by the kernel of M, as
presented in [14].

We shall first of all analyze the modified problem

d
%me(eb('),ﬁ) +1(-,6(-),9) =S(-)(W9), forall vV, (4.10)

$(0) =¢o € H,

where

me(p, ) = e/ ¢19drdz+/8r¢8ﬂ9drdz.
Q Q

In the following we shall consider this bilinear form m.(-,) as scalar product on the
Hilbert space H, instead of the standard one (-, -)y given in (4.5), and the corresponding
evolution triple V. C H = H* C V*.

Proposition 4.6 Under Hypothesis A, the modified linear problem (4.10) admits a
unique weak solution ¢¢ € W(0,T;V,V*) := {¢ € L*(0,T;V) | 0,9 € L*(0,T;V*)},
satisfying the following energy estimate for all t € [0, T

€ € 1 € €
el ()] 720 + [10r6° ()] 720 + 5||3z¢ 122000 + V10261200
+||¢ZH%2((0,t)xrb) + ||¢ZH%Q((0¢)XFQ)
< C(€||¢0||%2(Q) + ||ar¢0||%2(9) + ||S||%2(QT) + ||ga||%2((0,T)><Fa) + ||gb||%2((0,T)><Fb)) ;

(4.11)
with ¢ > 0 a constant independent on € and T, but depending on n and v.

Remark 4.7 We would like to observe here, that a function ¢ belongs to W (0,7 V, V*)

if and only if ¢ € L?(0,T; V) and if there exists a function ¢» € L*(0,T;V*), denoted by
Or¢ and satisfying for every & € C§°(0,7)

T T
/ me(p(t), 9)E (t)dt = —/ <P(t),0 >y« E(t)dt, forall YeV.
0 0

This definition depends on the evolution triple V- C H = H* C V* and thus on the
e-dependent scalar product on H. [

Proposition 4.6 is a standard result of the theory of variational methods (Galerkin

method) or semigroup methods, so that we refer to [2,8,17] for the proof. The solu-
tion satisfies for all test functions ¥ € V and & € H(0,T) the following variational

10



formulation

—e/ot/§2¢619§’drdzd7'+e/ggbf(t)ﬁf(t) drdz—/Ot/§28r¢56r19§'+/98r¢5(T) 0,0 £(T)+
l/t/azqseaﬂuy/t/az¢eazﬁg+E/t/lhmmal/t/lhmm&
//505+ //gmg——//gaﬂ 5+e/¢oz95 /arasoavﬂ)

(4.12)
or in a simplier way

[ o). 000+ [ 165,050, e(rar = [ 500

Density arguments as well as the Green equality

! 1 1
| <0010 > dr = G 0).6°6) = el o),
lead thus to the energy bound (4.11).

Proof of Theorem 4.5 : The energy estimate in the previous proposition implies
that ¢¢, 0,¢°, 0¢° are bounded in L*(Qr) independently on ¢, thus weakly convergent
in L*(Qr) towards some functions ¢, 9,¢, 0?¢ respectively. Besides ¢¢ (resp. ¢5) is
bounded in L2((0,T) x (0,1)) and 9,¢¢ bounded in L>(0,T; L*(2)), allowing to pass
to the limit in all terms of (4.12). This proves the existence of a weak solution ¢ €
L*(0,T;V) of (4.6) satisfying 9,6 € L>(0,T; L*(2)). Moreover, the energy estimate
(4.8) is deduced immediately from (4.11), due to the fact that 2 — z in some Banach
space implies ||z|| < liminf.sq||z¢||. And finally the uniqueness of the solution is an
immediate consequence of the energy estimate as well as the linearity of the problem. =

5 Existence and uniqueness of the nonlinear prob-
lem

In this section the existence and uniqueness of a solution of the initially introduced
nonlinear problem is proven

;

—8t63¢—%8§¢+1/6f¢25, t>0, (rz) €,
0 ¢(0,7,2) = Opgo(r, 2), (1, 2) € Q,
o p(t,r z) = p(t,r,2) =0, t>0, (rz) €, (5.1)
D.0(t,ra) =n(l — A ¢Ery >0 (r2) €Ty,
[ 0.0(t,r,b) = —n(1 — 20D >0, (r,2) €.

11



Hypothesis B : Assume that S, 0,5, 9,5, 0uS € L*(Qr), satisfy ||S||r=@m < Cs and

I|S(T)|| () < Cs, where Cg > 0 is a constant to be precised later on and depending
on the domain Q. Moreover let ¢ € H?*(2) with Oty € L*(2).

Let us introduce the Hilbert space U
U:={feH(Q)/O*f € L*Q), f periodiconToUT;, f=0on X},

differing from the Hilbert space V only in the imposed boundary conditions on ¥ and
being associated with the same scalar product (4.4) as on V.
The main result of this paper is then the following theorem.

Theorem 5.1 Let Hypothesis B be satisfied. Then the nonlinear problem (5.1) admits
a unique weak solution ¢ € X, where

X ={oeWy / 0.0 € Wy,0p € Wy}
Moreover this solution satisfies the following energy estimate
10,0 L(0,1;22(0)) + |0l|L200,73v) < (1 + 110,90l [r2(0) + |[S]|1@r).  (5:2)
Definition 5.2 A function ¢ € Wy s called a weak solution of the nonlinear problem

(5.1) if er=oltra) A=otrd) ¢ [1((0,T) x (0,1)) and if ¢ satisfies for every test function
Y e VNH*Q) and £ € H'(0,T) the variational formulation

T T
- / / O 0,9 €' drdzdt + / d,0(T) 09 E(T) drdz + - / / 0.6 0.0 € drdzdt
0o Ja Q nJo Ja
T T l
+v / / %P 029 € drdzdt + / / (1 — APEr ) 9(r b) £(t) drdt
0 Q 0 0

T .
—i—/o /0(1—€A¢(t,r,a))19(7’, a)&(t) d’f’dt:/o /S)Sﬂfdrdzdth/S)@T(bo 0,9 &(0) dzgz)

Remark 5.3 For ¢ € X, the trace ¢(t,r,a) (resp. ¢(t,r,b)) belongs to H'((0,T) x
(0,1)). This does not imply ¢(t, r,a) € L>((0,7)x(0,1)). But by means of the Trudinger

inequality [2], we have
T
/ / eloEral drdt < oo,
o Jo

which infers eA=¢®m2) ¢ L2((0,T) x (0,1)), such that the variational formulation (5.3)
is well defined for ¥ € V and £ € H'(0,T). ]

Before we start with the existence proof of a weak solution, let us establish an a priori
estimate of the unknown ¢, in order to clarify where the restrictive condition demanded

12



by the theorem, ||S||z>@.) < Cs, comes from. Taking in the weak formulation (5.3) ¢

as test function, we get

/\&qﬁ (T,r, 2)]Pdrdz + - / /\82¢|2drdzdt+y/ /|82¢|2drdzdt+

/ / —OErIN (¢, 7, b)drdt + / / — AN (¢ 7, a)drdt =

5 / 0,¢0(r, 2)|*drdz + / / Sodrdzdt .
2 Ja 0 JQ

Due to the fact that the function f(x) = z(1 — e*~*) behaves at infinity as

f(x) ~ x|t for 2 — —c0  and  f(z) ~z for 2 — 00,

yields for some constants ¢y, ¢y, c3 >0

f(@) > cp|zler T for 2 < A—1; f(x)>colz| for z>1; |f(x)] <ecs

implying with cy =1 —-A >0
/|8r<b (T,r, 2)|*drdz + - / /|8Z¢\2drdzdt+l// /\6%\ drdzdt+

cl/ / (L, 7, b)|eAHOEr Dl gt 4 02/ / lo(t, 7, b)|drdt+
0 JO ¢p<—ca 0 Jo ¢p>—ca
T T
Cl/ / |6(t, 7, a)|e O drdr + 02/ / lo(t, 7, a)|drdt
0 0 da<—ca 0 JO daz—ca

1 T 1
< e+ 5110:60l 2y + / / Sdrdzdt < ¢+ 3|00l [F2(0) + 1151 @019l 1@ -
0

As one can observe, on the left hand side of the previous inequality only the L'-norm
of ¢, (resp. ¢) occurs. This is rather restrictive and will constrain us to assume a
bound on the source term S, in order to get an a priori estimate for ¢. Indeed, using

the Poincaré-like inequality (4.2), we can deduce with ¢4 := min{cy, ca} > 0

/\&qﬁ (T,r, 2)|Pdrdz + — / /\8Z¢|2drdzdt+V/ /|82¢|2drdzdt+
e / / 6(t, )| drdt + ey / / \6(t. . a)|drdt
0 0 0 0

1
< ¢+ 51100l xg@) + CallSlle=(@n) | dalliromxra) + VIOl 1200 + 1020l 121)] -

Using the Young inequality, the term v/T|[S||1(@qr) (|10:0]|12(0r) + 110?¢]| 2(@r)) can be
introduced without any problem on the left hand side, whereas the problematic term
is S]] Lo (@) ®PallL1((0,7)x (0,0, Which can only be introduced on the left hand side by

assuming that the source term S satisfies the following bound

Cq
1]l Le(@r) < 3o s

13



Assuming this, allows to get the a priori energy estimate (5.2). Indeed

1 /T T
/ 10,.0(T, 7, 2)|*drdz + —/ / 0,¢|*drdzdt + 1// / |02 |2 drdzdt+
Q nmJo Ja 0 Jo

T pl T pl
+/ / |p(t,r, b)|drdt +// lp(t, 7, a)ldrdt < C(Q,v,n,T)[1+ H@@OH%Q(Q) + 15|z (@p)]-
0Jo 0Jo

Let us now pass to the existence part of the proof of Theorem 5.1, which involves
several steps. The idea is to construct a fixed point setting 7 : X — X by linearizing
the problem (5.1). To ¢ € X we associate ¢ := T (p) € X, solution of problem (5.1)
with the modified linearized boundary condition on I'y, U T},

anga,b - :i:?’](l - 6A_¢a’b — Pab + gba,b) .

This allows to use the linear theory presented in Section 4. Here we denote by ¢, the
trace functions ¢(t,r,z = a) or ¢(t,r,z = b) and the sign "+" (resp. ”"—") is associated
to the boundary I', (resp. I';). In order to prove the existence of a fixed point of 7, the
boundary condition is truncated in the following way

D00, = tn(1 — e Pt — Gy + B,

where for fixed n € N

~ Qpa,b(ta 7“)
Papll,T) = .

S A PRI
To circumvent as in the linear case the degeneracy of the problem, the regularization
term e0;¢ is introduced. Thus we shall first prove the existence and uniqueness of a
weak solution ¢“" to the modified nonlinear problem

1
Eat(be,n - 8taf¢e,n - _ag(be,n 4 ya:dl(be,n — S, iIl Q’
" (5.5)

0055 = Hn(1 — %0 = G5h + ¢51), on T, Uy,
completed with the remaining initial/boundary conditions. This will be done with a

fixed point argument. Afterwards we shall pass to the limit n — oo and prove the
existence of a solution of

€0y ¢ — 0,02 — laggbf +voiet =S, in Q,
n (5.6)

ang;b = in(l - 6A_¢Z’b) ; on 1—‘a U Fba

completed again with the remaining initial/boundary conditions. Finally, the limit
e — 0 will be performed.

Lemma 5.4 Let n be an integer bigger than 5 and € > 0 be fized. For ¢y € H(Q) and
S € L*(Qr) with ||S||1=qs) < Cs, the modified nonlinear problem (5.5) admits a weak
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solution ¢=™ € W(0,T;V,V*), which satisfies the following estimate for all t € [0,T]

€,n €,n 1 €n €,n
el ()21 + 110:0°™ ()| 720y + ZHasz’ 720 + V10201720,

o o
/ / g5 e ey /”drd7—+/ / |p<™ (7, r, b)|drdT+ (5.7)
<Z5 <—cpA 0 qbZ’nZ_CA

t l
+f / ot T [ e rnalir <.
0 ¢ <—ca 0 ¢g">—ca

for a constant ¢ > 0 independent on n,e and cp > 0 depending only on A. In particular,

\\qbev"\\%Q(OI;V)+||8t¢6’"||%2(07T;V*) < C<1+€"(bO"%Q(Q)_'_||8r¢0||%2(ﬂ)+HSH%°°(QT))7 (5.8)
for a constant C(n,v, T,\) > 0 independent on n and €.

Proof: Let n > 5 and € > 0 be fixed. For notational simplicity, we omit the indices n
and € in the rest of this proof. To prove the existence of a solution, we shall use a fixed
point argument. Let us define the application 7 : X — X with

X ={o e WO, T;V.V") /|9l 20mv) + 100l 20,750+) < M7,

and M > 0 a constant to be defined later. For ¢ € X the image ¢ := 7 () is defined
as the solution of the problem (5.5) with the linearized boundary conditions

Osap = En(1 — el P — ap + Pap) -

The existence of such a solution is assured by the linear case. Moreover, the image ¢
belongs to X, if M is well chosen. Indeed, the energy estimate from Theorem 4.5 yields
for all t € [0, T

ellp(®)172) + 10,0 [72(0) + 1€l [72070) < C (€||¢o||%2(n) +[[0r¢0ll72(0
_'_HSH%Q(QT) + 1= et — @b“%%(o,ﬂxrb) +|[1—etPe — @a||%2((o,T)xra))

C (e||¢0||12(9) + 118r ol 720y + 1511220, +2(1 + 1+ 6A+")2lT> =M.

Moreover 7 : X — X is a continuous map (with respect to the L?-norm) on the
bounded, closed, convex space X, compactly embedded in L?(Qr) (Aubin theorem).
The continuity of the application 7 is a straightforward consequence of the fact, that
W(0,T;V,V*) is compactly embedded in L*(0,T; L*(Ty;)). Indeed, W(0,T;V,V*) C
L*(0,T; L*(Q))NL*(0,T; H'(Q)) and interpolation arguments imply that W (0, T; V, V*)
is compactly embedded in L?(0,T; H'=°(Q)) for 0 < § < 1. Further, this latter space
is continuously embedded in L?(0,7T;L*(T,p)). Thus we can pass to the limit in the
exponential term of the variational formulation

—e/OT/Q<b19§’drdzdt—|—e/ﬂ<b(T)19§(T) drdz—/OT/Q&qbaﬂ?{'jt/Q&(b(T) 0,0 £(T)
% /OT/Qf)z¢azz9£+V/0T/Qaf¢8fﬁ£+/T /l<1 — NP — Gy ) O(r, b) (1)
+/OT/OZ<1_€A¢ bt o) / [socre [ micar [amane.
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establishing the continuity of the map 7. The Schauder fixed point theorem then implies
the existence of a fixed point 7 (¢) = ¢, solution of the modified problem (5.5). Finally,
the proof of the estimate (5.7) is straightforward by taking as test function ¢“™ in the
variational formulation. We observe only that

/ / E" e"drd7’>0
|z

|| 1
1—er>1-¢", for >0; (1 — A+1+\x\/") x> §|x|eA+1+\x\/” , for x < —cy

and

for a constant ¢, > 0. "

The next step concerns the passage to the limit n — oo, for fixed € > 0.

Lemma 5.5 Let e > 0 be fized and let ¢y € H'(Q), S € L*(Qr) with ||S|| 1) < Cs.
Then problem (5.6) admits a unique weak solution ¢ € W(0,T;V;V*), satisfying the
bound

el ()72 +110: 0 (D) 22y H 2202y < C(Ltel ol |22y +10r ol 220y HIS T ()
(5 9)
for a constant C' > 0 independent on €, but depending on T .

Proof: Let € > 0 be fixed. The existence of a solution ¢¢ is proven by passing to the
limit n — oo in the variational formulation of the problem (5.5). Denote by {¢“"},en a
sequence of solutions of (5.5) determined in Lemma 5.4. Since this sequence is bounded
in W(0,T;V,V*), there exists a subsequence {¢“™ }yen, such that

G OF, 000 = 005, 0,07 = 0,0, D2 — 0%6F in LA(Qr).,

as well as

Op @™ (t, - ) — 0p¢(t,-,-) in L*(Q),Vt € [0,T].

For the sake of simplicity, the index € is omitted in the rest of the proof and the subse-
quence {¢™ }ren is denoted again by {¢"},en. The passage to the limit 7 — oo in the
variational formulation is straightforward, except for the limit

Tl _ ) Tl
| [a=e i gt~ [ [ 1= v arar. .10
o Jo o Jo
Due to the compact embedding W (0,T;V,V*) C L*(0,T; L*(T,p)), we know that

Gup — Gap strongly in LQ((O,T) x (0,1)),

/ / b+ Gap)Vapé(t)drdt — 0.
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To prove the convergence of the exponential part, we shall use

T pl |6 |
/ / |¢Z|6A+1+¢”/"drdt+/ / grM T R ardt < ©. (5.11)
0 0 ¢?<7CA 0 PR <—cp

First we observe that ¢* %2 is bounded in LY((0,T) x (0,1)), so that Fatou’s lemma
implies e*~%a0 € LY((0,T) x (0,1)). Choosing now regular enough test functions ¥ and
¢ (for example ¥ € H*(Q) NV and £ € H'(0,7T)) and fixing § > 0, we have for K > 0

(eA"{’g — M?) 9, Edrdt

0 ¢pp<—K

e _ eA’d"’) Iy & drdt'

in

A% — MYy € drdt]

(5.12)

The first term on the right hand side is estimated as follows

1 (T . T pl
<L / / A |7 [9E |+ / / A ,e]
K Jy Jo ¢r<—K 0 Jog¢r<-K

Due to (5.11) we can choose K in such a manner that this term is smaller than s For
this fixed K, the second term on the right hand side of (5.12) will be smaller than 5
for sufficiently large n, due to the Lebesgue dominated convergence theorem. Thus the
convergence of the exponential term in (5.10) holds. The uniqueness of the just found
weak solution ¢¢ € W(0,T;V,V*) is a straightforward consequence of the fact that the
function —e™* is monoton. Moreover, the energy bound (5.9) follows immediately by

passing to the limit in (5.8). This ends the proof of Lemma 5.5. ]

(eA"{’g — eA"bb)ﬁ‘b&
0 ¢pp<—K

And finally, let € tend to zero.

Proof of theorem 5.1 :

The reasoning of the proof of Lemma 5.5 cannot be followed for passing to the limit
¢ — 0 in the variational formulation of problem (5.6), because the e-independent bound
of ¢¢ in W(0,T; V, V*) has no more sense. Indeed, the definition of 9;¢° is based on the
evolution triple V. C H = H* C V* and thus e-dependent. However, the e-independent
bound of the sequence {¢“}c~o in L*(0,7; V) can be used, such that we will only have
P5p — Pap Weak in L?*(Q7) instead of the strong convergence. The difficult point is to
prove that

/ / P00) 00 & () drdt — / / N 0a ), & (t)drdt (5.13)

when ¢ — 0, the convergence of the other terms of the variational formulation being
straigtforward. To prove (5.13) we shall show, by strengthening the assumptions on
S and ¢y, that the functions g5 ,(¢,7) = ¢ % are bounded in WU((0,T) x (0,1))
and thus up to a subsequence strongly convergent in L'((0,7") x (0,1)) towards some
function g,p. Due to the fact, that ¢, — ¢ap in L*((0,T) x (0,1)) we can identify
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Gap(t,7) = e %av which ends the proof. Let thus prove the boundedness of Jop In
WL((0,T) x (0,1)), independently on e. First of all, taking ¢¢ as test function in the
variational formulation of (5.6) and using the fact that ¢¢ is bounded in L*(Qr), gives
rise to the estimate

//1—6A% ¢€drdt+// M) e drdt < C,

independently on €. These integrals are well-defined due to Fatou’s Lemma. Hence

T l T l
/ / |5 e Pardrdt + / / |pepldrdt < C,
0 Jo ¢g ,<—ca 0 JO g5, >—ca

which implies the e-independent bound of g5, in L'((0,T') x (0,1)).
Denote now by ¢ := 0,¢°. Deriving “formally” the equation (5.6) with respect to r
yields the system

1
0" — 0,02 — =% + v = 0,5, in Qr,

?7
D%y, = e TR Ve 0B - on T, U Ty, (5.14)

Y=Y =0, on T,

completed with the residual initial-boundary conditions. Here R € (0,1) is fixed. A
similar fixed point argument as in the proof of Lemma 5.4 implies for every € > 0 the
existence of a weak solution ¢ € W(0,T;U,U*) of (5.14). Moreover it can be shown
rigorously that ¢ = 0,¢¢, where ¢¢ is solution of (5.6), yielding thus the regularity of
¢°. Furthermore, the solution ¢ of (5.14) satisfies

6 € 1 € 1 € €
Q‘W (T)H%Q(Q) + 5\\&1/} (T)H%Q(Q) + leﬁzw H%?(QT) + |02 ||%2(QT)

T l T l
- / / N Pa ohC | 2drdt + / / A% |os| Pdrdt (5.15)
0 0 0 0

€ 1 T
0

Due to the uniform bound of ¢ = 9,¢¢ in L*(Qr), we get the estimate

T l T l
/ / |0, e P drdt + / / 10,652 Yidrdt < C
0 0 0 0

independent on ¢, giving rise to the bound of d,g , = 8r<b;’beA_¢3’b in L'((0,7) x (0,1)).
To do the same for the variable ¢, we have to be much more precise. Denote u¢ :=
5.14),

0;¢°. Derivating the problem (5.6) with respect to t yields a similar system as (
completed with a slightly changed initial condition
( 1
e@t,ue - 81563 € — ;83,&6 -+ Vaf €= @S, in QT7
Duptly = Hnpil eI Hont=00s =01 o T UT, (5.16)

€i—g 82/% 0= 3f¢o—vaf¢o+5t:o, in Q.

\
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The initial condition for u€ is deduced from equation (5.6) at t = 0. Similar arguments
as for the regularity in r yield the existence of a solution u¢ = 9,¢¢ € W(0,7T;V,V*),
satisfying the estimate

€ € 1 € 1 € € r : —PS |, €
S (D) gy + 10 Ty + 10 iy + o020 gy + [ [ el

T [l T
-5, ,€ € € € 1 €
[0 [ luiparar= [ [ osyrdrazat + §lluizollaey + 5110miol o
o Jo o Ja 2 2
(5.17)
The right hand side is controlled in the following manner. First we have

T T
/ /&S@Qﬁedrdzdt: —/ /8ES¢€drdzdt+/@tSt:T¢§Td'r’dz—/ﬁtSO(bodrdz.
0 Jo 0o Ja Q Q

Taking 9;¢¢ € L*(0,T; V) as test function in the variational formulation of (5.6), enables
to estimate ||¢_r||r2(q). Indeed,

€ € 1 € V €
€||0i9 H%%QT) + 1/6:0,¢ ||%2(QT) + %Haz(bt:TH%?(Q) + §||8E¢t:TH%2(Q)+

T l T l
/ / DS (1 — M%) drdt + / / O, 5(1 — e =%) drdt
0 0 0 0

T
€ 1 9 v 9 5

T 1 v
_ / / 0,56¢ drdzdt + / Syt drdz — / S(O)ndrdz -+ 511000l + 5 10260l -
0JQ Q

Q
(5.18)
Then

T l l l
/ / 5 5(1 — M%) drdt = / [ ao(T) + 6A_¢Z’b(T)} dr — / [¢a,6(0) + €2 O] dr-.
0 0 0 0

Assuming like in the case for the energy estimate (5.2) that the term S;_r is sufficiently
small, i.e. ||Sizr||1=() < Cs and since z + e~ > |z| for all |z| > ¢y, it holds that

€ € 1 € € : €
el|0:6°|[72(0) + 11020, 0 ||%2(QT)+;||8Z¢15T||%2(Q)+V“a§¢tT||%2(Q)+/O |¢ap(T)ldr < C',
with a constant C' > 0 independent on e. Thus ||¢{_,||yv < C, independently on e.

It remains to show that the term e||8t¢§:0||%2(ﬂ) + ||8t8r¢§:0||%2(ﬂ) on the right hand
side of (5.17) is bounded independently on e. First it follows from (5.6), that (¢(r, 2) :=
0y P5_y (1, z) satisfies the following system

€Ce(r, 2) — 02¢(r,2) = f(r,2), (r,z) €9
0,(c=0, on X,

(5.19)
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where the right hand side f(r,z) = Sp + %agéf)o — VOl ¢y satisfies

L
f(r,2)dr=0, faa. ze€l0,1].
0/1
Indeed, the initial condition ¢q satisfies equation (5.1) at ¢ = 0. The integration limits
of fOL/l depend on z, taking for z € [a,b] the integration interval r € [0, L] and for
z € [0,1]\[a, b] the interval r € [I, L]. For every z € [0, 1], the system (5.19) has a unique
weak solution (¢(, z) € H? satisfying the energy estimate

L L L
‘ / C5(r, 2)Pdr + / 0.5 (r, 2)Pdr = [ £ 2)C5(r, 2)dr < 1G22 lICC 2z
0 1 0/l

/1 0/
(5.20)
Integrating (5.19) with respect to r gives rise to fOL/l ¢¢(r,z)dr = 0. Consequently, the
Poincaré-Wirtinger inequality yields from (5.20) the estimate

ell¢ (2172 + cllonC(, A)Iz2 < llf (- 2)l1Z2 -

Integrating this inequality with respect to z finally yields ||9,¢¢||2. (o < ¢ and again by
the Poincaré-Wirtinger inequality ||C€||%2(Q) < ¢, independently on e. This is nothing
else but

||8t¢§:o||%2(n) <c, ||atar¢§:0||%2(ﬂ) <c.

Altogether we get from (5.17)

T l
/ / By, 2eM s < C,
0 0

with a constant ¢' > 0 independent on e. Hence 0,95, = dy¢ce™%as is uniformly
bounded in L'((0,T) x (0,)). We have thus shown that the functions g5, are bounded
in WH((0,T) % (0,1)) and conclude the existence proof. The uniqueness of this solution

¢ € X is a straightforward consequence of the monotonicity of the function —e™. [

6 Conclusion

Existence and uniqueness of a solution for the nonlinear equation describing the evolu-
tion of the electric potential of a turbulent plasma flow, was investigated. The results
are obtained under an appropriate smallness condition on the source term S as well as
by requiring more regularity of the source term and the initial condition ¢y. An inter-
esting question is whether it is possible to avoid these hypothesis or at least to get them
weaker. Another open question concerns the numerical implementation of the here ana-
lyzed problem. Due to the fact that the parallel resistivity 7 is rather small, the problem
is strongly anisotropic, inducing thus numerical problems (it becomes degenerate in the
limit 7 — 0). All these open problems will be considered in a forthcoming work.
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