A GEOMETRIC LEVEL-SET FORMULATION OF A PLASMA-SHEATH
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ABSTRACT. In this paper, we present a new geometric level-set formulation of a plasma-
sheath interface arising in the plasma physics. We formally derive the explicit dynamics
of the interface from the Euler-Poisson equations and study the local-time evolution of the
interface and sheath in some special cases.
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1. Introduction

The purpose of this paper is to continue the study begun in [37] of the dynamics of a
plasma-sheath interface (in short ”"sheath interface”) arising from the plasma sheath problem
[2, 14, 35, 38, 39, 47, 55]. The issues can be easily understood by the examination of the
Euler-Poisson system (E-P). Consider a plasma consisting of cold ions and hot electrons
confined to a domain Q = R3 — Qg which is exterior to a target Qy C R3. Both ions
and electrons have constant temperature, the temperature of the ions being absolute zero

Kelvin. The density of ions is denoted by n, the density of electrons is e (Boltzmann
1
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relation [39]), —¢ is the potential field and u is the velocity of the ions. In this case, (E-P)
reads

on+V-(nu)=0, (x,t)€Qx(0,00),
(1.1) du+ (u-V)u=Ve,

62A¢ =n— e_¢,

subject to initial and boundary conditions:

(TL, u, ¢)(X’0) = (’rLo,uO,¢0)(X>, x €4,

(1.2) Vv = 9(’;’”, (x,t) € 9 x [0, ).

Here ¢ is proportional to the Debye length Ap [39] and v is the exterior normal at the
target boundary 0Qy. Typically away from the boundary 0€)y, the formal ¢ — 0 limit in
(E-P) can be used to yield the quasi-neutral relation n = e~¢. However near the boundary
0, this quasi-neutrality breaks down (see Section 2) and a sheath boundary layer of width
¢ forms.

In [37], Ha and Slemrod gave a description of sheath dynamics for the case of planar,
cylindrically and spherically symmetric motion, generalizing earlier work of Daube and
Riemann [47]. In this paper, we make no restriction as to symmetry and formulate the
dynamics of the sheath interface in terms of a geometric level-set, where the dynamics of
the sheath interface is based on a step-sheath model. In the step sheath model, the spatial-
time domain is separated by a propagating sheath interface into distinct quasi-neutral and
sheath regions. Particularly interesting in our approach is a set of equations describing the
evolution of the sheath interface as a curvature driven flow. Specifically, we show that the
sheath interface evolution is governed by the equations:

o on h-v 1
E—O, E—’I’LVU, (V—i—l)—l—T——Evs(Vvslnn),

where

(i) the level set S(t) = {(x,t) : ¥(x,t) = 0} is the sheath interface;
(ii) % = 0y + Vv - V is the normal time derivative following S(t)
and V is the surface gradient on S(t);
(iii) v is the exterior unit normal to S(¢). Since V - v is twice the
mean curvature of S(¢), motion is curvature driven;
(iv) h is the ion current and n is the ion density on the sheath interface.

Usefulness of such models is seen in studying material processing [39] and in particular the
plasma source ion implantation (PSII) technique invented by Conrad and his collaborators
[15]. Other applications may be found in the related problems for the modelling of electron
beam where again loss of quasi-neutrality is a crucial issue (see [6, 7, 8, 9, 20, 21, 22, 23]).

We note that in this paper we have taken the normal component of the electric field
to be prescribed on the boundary 9€)y. This boundary condition was used by Cipolla
and Silevitch [14] in their study of plasma-sheath evolution and considerably simplifies the
proof of the existence and uniqueness theorems presented in Section 7. On the other hand
the derivation of the evolution equations for the sheath interface is independent of the
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boundary conditions. (An existence and uniqueness theorem for the boundary conditions
used in [37, 47] u = Uy, ¢ = ¢ on 9 remains an open problem).
The rest of this paper is organized as follows.

In Section 2, we present a formulation of the plasma-sheath problem for general targets
under suitable physical assumptions. We decompose the domain Q into two sub-domains (a
quasi-neutral region and a sheath region) and a common boundary (the sheath interface).
On each sub-domain, we simplify the Euler-Poisson system according to suitable physical
relations (the equations of isothermal gas dynamics in the quasi-neutral region and the zero
electron density limit in the sheath region). In Section 3, we review the definitions of normal-
time derivative and surface gradient for the fields defined on a sheath interface. In Section
4, we derive the explicit kinematics of the plasma-sheath interface from the Euler-Poisson
system. In Section 5, we simplify the sheath-interface dynamics by considering orthogonal
flow (the tangent component of ion velocity is zero) on the sheath interface. In Section 6,
we summarize the systems governing dynamics of sheath, sheath-interface and quasi-neutral
plasma and in Section 7 we study the local dynamics of sheath and sheath interface when
the sheath interface is represented by the graph of a smooth function in R%. The proof of
local existence for the full initial-boundary value problem describing sheath, quasi-neutral
and interface regions is modelled on free boundary studies of Chen and Feldman [12] and
Canic, Keyfitz and Lieberman [11]. We also borrow many ideas from the fundamental
paper of Nouri [42] where our sheath system was considered in the absence of boundary
conditions and the interface region. In Section 8, we present a new ”bulk interface” level-set
formulation of the initial-boundary value problem. Appendix A provides a detailed proof of
the local existence theorem of Section 7 while Appendices B and C provide other technical
lemmas.

2. Level-set formulation of the plasma-sheath interface

In this section, we present a level-set formulation of the sheath interface for general three-
dimensional targets. This formulation was partly employed in [37] in the case of planar,
cylindrical and spherical targets.

First we give a rather elementary description of the plasma sheath. Since the Debye
length ¢ is a small parameter in (1.1), the Poisson equation suggests that the quasi-neutral
relation n = e~¢ should pervade in our problem. Substitution of this relation into (1.1)
yields the quasi-neutral system:

(2.3) dn+V-(nu) =0, (x,t)€Qx[0,00),

' du+ (u-Vju+V(lun) =0,
with prescribed initial data for n and u at ¢ = 0 and boundary data Vinn - vy = —g
on 0. In general, the initial-boundary value problem for (2.3) is not well-posed. For
example, consider the symmetric cases of planar, cylindrical and spherical targets. In these
cases, the Euler-Poisson system (1.1) becomes

Op+0r(pu) =0, rg<r<oo, t>0,

(2.4) By + 0, (%) = 0,0,

E20,(r"0:¢) = p—pe, p=m1", pe=e 1,
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where v = 0, 1,2 correspond to the planar, cylindrical and spherical cases respectively.
With this one-dimensional symmetry, (2.3) possesses two distinct characteristic curves:

dx1 dx2

a v Th g o vth
which carry the prescribed data into the domain (rg, c0) x R;.. Notice that when u decreases
below the critical value u = —1, both characteristics x; and 2 run into the boundary

r =19, thus making the initial-boundary value problem for (2.3) overdetermined and hence
unsolvable in the class C*((rg, 00) x (0,T)) NC®([rg, c0) x [0, T)), for some positive constant
T. Hence near the ”Bohm velocity” u = —1, quasi-neutrality breaks down and a sheath
boundary layer forms. Since the Poisson equation reads

20, (r"0p¢) = ¥ (n — e™?),

the quasi-neutrality relation is violated when the left hand side becomes non-negligible. This
has been quantified by Franklin and Ockendon for steady problems [30], where a matched
asymptotic expansion yields 9,¢ ~ ¢#, 0 < < 1, so that the electric potential develops
a large gradient near the sheath edge (see also [46]). Since ¢ has rapidly increased as the
ions entered the ”sheath” boundary layer, we formally set the electron density p, = 0 of
(2.4) in the boundary layer to define the ”step sheath” model which we now describe in
more detail.

Specifically we return to the Fuler-Poisson system. Since the sheath width is order of ¢,

we use fast variables (X,1):

_ 4 -t
X=—, t=—,
€ €
to get a rescaled system:

omn+ Vg-(nu) =0, (x,t) €Qx(0,00),
(25) &tu + (ll . V,—()u = V>—(¢,
A)_((b =n-—- e_d)’
and rescaled initial and boundary data
{(n,u, 9)(%,0) = (no, uo, 40) (%), X €,
Vz¢ vy = g(x,t), (x,t) € 0Q X [0,00).

where now the gradient Vz and the Laplacian Aj; are taken in terms of rescaled variables

X.

As mentioned above in the sheath region, we formally set the electron density to be zero
to get the rescaled sheath system (S):

omn+ Vx-(nu) =0, (x,t) €Qx(0,00),
(2.6) Jfu+ (u- Vx)u = Vo,
A)—((b ="n.
In contrast, in the quasi-neutral region, we use the rescaled quasi-neutral system (Q):
(2.7) On+ Vg - (nu) =0, (X,t) € Q2 x (0,00),
) Ju+ (u-Vg)u+ Vi(lnn) = 0.
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Of course it is readily noted that (2.7) is just the system of compressible inviscid isothermal
gas dynamics.

The boundary surface 9€2 is described by an implicit relation:
b(x,e) =0, for a smooth function b: R* x R, — R

Furthermore we assume b satisfies the scaling relation:
X _ _
If x= —, then b(ex,¢) = ¢(e)b(X), for some smooth functions ¢, and b.
€

For these rescaled independent variables x, the boundary surface 9y of the target {2y can
be represented as

(2.8) b(x) = 0.
Example 1. (Perturbation of a planar surface 1 = 0). Consider a high frequency small
perturbation of our planar surface such that

r1 =¢€b (%, %), where by : R 5 R;

T1 — b1(Z2,23) = 0, and b(Z1, 2, Z3) = T1 — b1(Z2, T3).

Example 2. (Perturbation of a circle in the R?: r = erp). Consider a perturbation of a
circle such that

r =cergby(f) where by : R — R: smooth and 27-periodic;

Set
_ X

Ti=—,1=1,2, and 7 = =, 7 = roba ().
€

o |3

and

T
47— rng tan ! (72) =0,
Z1
describes the curve in the 1 — xo plane.

Example 3. (Perturbation of a sphere r = erg). Consider the sphere in R? described by
r = erg and let 0, ¢ denote the standard polar and azimuthal angles such that
x1 = rsin ¢ cos 6, T9 = rsin ¢sinb, T3 = T COS ¢.

As a perturbation of our sphere, consider

r = erobs(6, ¢)
where b3 : R® — R is smooth and 27 periodic in 6, ¢. Then again setting
_ _r
Ti= —, r=-,
€ €
we see
r= T0b3(97 ¢)7
and

T T
T+ 75+ 75 — rgbg(tan_l (72),003_1 (73)) =0,
I 3 -9
Yin1 T

describes the surface.



6 MIKHAIL FELDMAN, SEUNG-YEAL HA, AND MARSHALL SLEMROD

target sheath region guasi-neutral region
Qo Q1) S(t) Qq(®)

F1GURE 1. Schematic diagram of a physical domain at time ¢

In this paper, for fixed time ¢, we decompose the domain €2 into the sheath region, the
quasi-neutral region and their interface, i.e.,

Q=0Q()US(t)UQq(t), $(t): the sheath region,
Q4(t) : the quasi-neutral region, S(t): plasma-sheath interface.
Now we return to the issue of the sheath edge. As noted above for the steady motion
with planar, cylindrical and spherical symmetry, a matched asymptotic expansion [30] yields

Or¢ = e P, 0 < B < 1. Hence in the formal quasi-neutral limit (¢ — 0+), we obtain the
sheath edge relation

Or¢p = cOrp = el=f 0, as ¢ — 0+,
so that the normal component of Vx¢ on the interface becomes zero, i.e.,
(2.9) Vé-v=0 on S(t).

We will incorporate this relation in defining the sheath interface below.
First drop the over bars in (2.6) and (2.7) for notational simplicity and set n. to be the
electron density so that our governing equations become

on+Vx-(nu) =0, (x,t) € Qs(t) x (0,00),
du+ (u-Vy)u= Vo,
(2.10) Axp=n, ne =0.
in the sheath region and
On+Vx-(nu) =0, (x,t)€Q,x(0,00),
Ju+ (u-Vx)u+ Vx(lnn) =0
(2.11) n = ne = e~? (quasi-neutrality and the Boltzmann relation) ,

in the quasi-neutral region.
Note that with overbars deleted the target boundary surface (2.8) can be rewritten as

b(x) = 0.
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We combine (2.9) with the "Bohm-relation” u-v» = —1 (where v is the unit exterior
normal to the plasma-sheath interface) to give a definition of the sheath interface for (2.5).
Specifically the definition of the plasma-sheath interface S(t) is defined by the level set of
the normal component of the electric field and ion-velocity fields:

Definition 2.1. A plasma-sheath interface S(t) separating a quasi-neutral region and an
ton-sheath region is the level set of the normal component of the ion velocity and electric

fields,
SH={xeR:(u-v)(xt)=-1, (Vé-v)(xt)=0}, ¢>0,
where v is the exterior normal to the interface.

Notice our definition is motivated by the observation that in the symmetric case [37] only
the normal component of fluid velocity u and electric field V¢ affect the sheath location.

We list main assumptions (M) employed in this paper.

e (M1) The sheath interface is non-characteristic for the exterior quasi-neutral system
(2.11) and whose (signed) normal speed satisfies

V £0,-1.

(M2) Continuity relation: n,u,¢,Vn,Vu,V¢ and h are continuous across the
sheath interface.

(M3) Continuity of surface Laplacian of ¢, i.e., As¢ across the interface.

(M4) The current density h is irrotational and decays to zero at oo, i.e., for each
t >0,

h=V(¢{, and lim h(x,t)=0.

|x|—0
Here ( is a current potential.
(M5) The target boundary is C2-regular, i.e., the boundary can be represented by
the graph of a C2-function locally.

3. Preliminaries

In this section, we review the concept of a normal-time derivative and some basic lemmas
which will be used in Section 4. In the sequel, we use the Einstein summation convention for
repeated indices and assume that the sheath interface S(t) is represented by the zero-level
set of a scalar valued function ¥, i.e.,

St)={xeR® | o(x,t) =0} for t>0.

We let {S(t)} be a C%-regular sheath interface in R® such that tangent planes, normal lines
and mean curvature are well defined. Since S(t) is regular, we have

[Vxip(x,t)| # 0.

Let v(x,t) = (v1,v2,v3)(x,t) be the exterior unit normal vector of the sheath region at
the interface S(¢). Then it follows from e.g. [33, 36] that we have

L Out
tvel

where £, is the mean curvature. Throughout this paper, we follow the terminology of
Gurtin [36], and we use “bulk” field to denote the fields (e.g., scalar, vector and tensor

1=1,2,3 and V-v =2kKpy,
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fields) defined on R? — 2y and in contrast, we use “superficial” field to represent fields only
defined on the interface S(t).

For given ¢t > 0, let v(S(¢)) be the normal bundle of S(¢) which is a subbundle of a
tangent bundle of R? restricted on S(t), i.e., T(R?)|s(;), moreover, we have the following
orthogonal decomposition of T(R?) = R3:

T(RY) = T(S(t)) @ v(S(t)).
The fiber of any bundle at a point p € S(¢) will be denoted using a subscript p, for example,
if peSt), T,(R)=T,(S(t) D ry(S(t)).
We define the projection operator P onto the tangent bundle of S(¢):
P:T(R?) = T(S(t)); Plw)=w— (w-v)v.
For simplicity of presentation, we use the following notation: w € T(R?),
w' =Pw), w!=(w- v, w=w"tw'.

Definition 3.1. [36] The surface gradients Vsf and VsF of f and F are defined as pro-
jection of bulk gradients, i.e.,

Vsf=PVf and VF =VFP.

Suppose the interface moves in the direction —v. Consider two surfaces S(t) and S(¢)(¢t+
At) and choose the unit interior normal —v to S(¢) at a position py where the normal
intersects the surface S(t)(t + At) at the point py.

Definition 3.2. [36] If the velocity field v of the interface S(t) is a normal field v = Vv
and f is a superficial scalar field on the {S(t)}, the normal-time derivative of f is defined

as:
———~ = lim .
ot At—0 At
Remark 3.1. If f is a C'-bulk field, then the normal-time derivative of f can be defined
as
]
o agrve vy,

moreover, the normal-time derivative for the C'-bulk vector field F' can be defined similarly,
i.e.,
oF

Here the sign of (scalar) normal velocity V is positive or negative depending on expansion
or contraction of S(t) respectively.

Recall that v is the outward normal at the interface of the sheath region (see Figure 1).

Lemma 3.1. [36] The normal-time derivative of an exterior normal v is the negation of
surface gradient of the scalar normal velocity V' of the interface, i.e.,

ov
5= -V,V.
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Proof. We consider the following five identities:

v _%, BV = (Vo) -v, V|V = (Ve Vi,

VY|V =V @ VY —v(Ve Vv, |[VY|ow =P(Vou).

The first three identities can be obtained easily, so we only present the calculation for the

last two identities. FiI'St we ObSGI'VG
VY|V = \V¢|<( v) ¢|V| ¢|2¢( Y )

= VoVy—v(Ve V.

Similarly, we have

vulan () = 99!

= Vati/} - (Vaﬂﬂ : I/)I/ = P(Vaﬂ/})

Based on the above identities, we note that

(Ile(Véw) — (Vo - V)V¢>

Vol _

Vatw atw 3t¢ aﬂﬂ
= Vg ~° v vV
VY V<|V¢|) t¢V(|v¢|) (|V¢|) S VY|
V.
. = —-VV -
By definition of the normal-time derivative for the vector field, we have
ov vatw
5= ov+Vv(Vv) = ]P( vl ) + Vv (V)
\%
= OV (g VIVY) + VeV,
Here we used the identity (3.12). Now we claim:
v
1= (|V¢|VIV¢I) + Vv (Vr) =0.
Proof of the claim:
v
7 = ['W VIV - (w VIVUl-v)o] + e Ve Vel)
= ‘va' [VIW\ (VIW\ -v)u - \v¢|(vu)u]
_ \WI (Ve vow — (Vo vuw.m)y - (Ve vi - (Ve viw.y)y]

O

Lemma 3.2. Let v be any bulk scalar field such that Vv -v = 0 on the sheath interface
S(t). Then we have

Av=Aw+ (Ve Vu)(v,v) on S(t),
where (V @ Vv)(v,v) =v(V & Vou)v.
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Proof. Let v denote a bulk scalar field. Recall that
Vsv=PVuv=YVv— (Vo v,
which then yields
(Vsv); = 03,0 — (V0 v)v4, and V(Vsv) = 0, (V)i — (104, (VV)i) v
By definition of the surface Laplacian Asv, we have
Asv = V- (Vo)
= Oy ((')wiv — (I/jaxj)ui) — 0y, (8xi¢ — (ujaxj ¢)VZ'>I/Z'
= 07,0 = vi(03,1) (0;0) — v3vj (0, 0, v) — 1/ (0o;0) (O i)
—  Ui(0r,00,0) + 1117 (00,15) (O; 0) + 1] (Ou; O, 0) + i1 (0, v) (O 1)

= inv — VYO, Og,v
= Av— (Ve Vu)(v,v).

Here we used
uj8$jv = O, vv; = 1.

Remark 3.2. We have

Ap = A+ (VR VE)(v,v),
An = Agmn+ (Ve Vn)(v,v) on S(t).

Lemma 3.3. A surface gradient of a scalar superficial quantity lies in the tangent plane of
the surface, i.e., for any scalar superficial field w,

sz -V = 0.
Proof. Let w be an arbitrary superficial field. By definition of surface gradient,
Vsw =Vw —[(v-V)wly,

and hence
View-v=Vw-v— v -V)w=0.
O

Remark 3.3. Sincev =

, it can be regarded as a bulk quantity and hence via Remark

IV
3.2, Asp, Agn can be regarded as bulk quantities as well.

4. Derivation of kinematics of the sheath interface

In this section, we derive the explicit dynamics of the plasma-sheath interface S(¢) which
is implicit in the Euler-Poisson equation and defining equations (see Definition 2.1). Crucial
to our computations is the following assumption.

Assumption: Bulk quantities u,n and ¢ are C' functions in space for
each fixed time ¢ in both the quasi-neutral and sheath regions, and hence
these functions and their spatial gradients on the sheath interface can be
computed as limits from the sheath or quasi-neutral regions. Furthermore
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second derivatives of ¢,n,u in directions tangential to S(t) exist and are
continuous across S(t), e.g.,

(4.13) Asp=—Aglnn  on S(t),

since Az¢ can be determined as a limit from the quasi-neutral region (see
Remark 3.3).

Remark 4.1. Notice since ne = 0 in the sheath region and n. = e~ in the quasi-neutral
region, the electron density ne suffers a jump discontinuity across S(t).

As noted earlier we have assumed the outward normal from the sheath region to the
quasi-neutral region on S(t):

Y
VY

and henceforth we treat v as a bulk quantity defined by this relationship. Thus the decom-
position:

for a bulk quantity 2,

u=-v+u' onS(t),

which decomposes the velocity u' into its normal and tangent component on S(t) is mean-
ingful as a bulk relation as well, i.e.,

Vi
uT =u+ —.
VY

However we continue to use the slightly simpler notation for the bulk quantity u':
u =u+w.

The explicit dynamics for the plasma-sheath interface which we will obtain are as follows:
On S(t),

(4.14) % = o+ VIVl =0,
(4.15) ‘;—ZL =nV-v—V,-(nu') = V(nu)(v,v),
% - [(Vu — ) -V]u—VsV —V,lnn,
(4.16) =—[vv—w V]p+ [Vv—w) V]uT - ¥,V - V,1un,

with the implicit “constitutive equation” for V
h.-v

1
(4.17) (V+1)+ = —;VS - (VVslnn).
Here the current density h is given as:

h=0,V¢+nu on S(t).

We derive the above dynamics in the following subsections separately and all normal-time
derivatives will be calculated from the quasi-neutral region unless otherwise noted.
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e Derivation of (4.14). Since the sheath interface is the zero-level set of v, we obtain
a Hamilton-Jacobi equation:

oz‘fs—lf = 0+ V-V
_ Vv,
= aﬂb-i—V‘sz Vi
= o+ V[Vl

e Derivation of (4.15). We calculate the normal-time derivative as a limit from the
quasi-neutral region to get

(;—;L = On+Vv-Vn=-V.(nu)+Vv-Vn

= —Vn-u—nV-u+ (Vv)-Vn
—Vn-(—v+u')—aV-(—v+u')+(Vv) Vn
Vn-v—Vn-u +nV-v—-nV-u' +(Vv)-Vn
—V-(nu")+nV-v+(V+1)v-Vn

= —V,-(nu") =V(ou")w,v)+nV-v+V+1r-Vn
= —V,-(nu")=V(nu")(v,v)+nV- v on S(t).
e Derivation of (4.16) By definition of u' and momentum equation in (2.11), we have
su’  S(u+v)
5t

ot
= ou+ (Vv-V)u—V,V
= —(u-V)u—Vilnn+ (Vv-V)u-V,V
- [(Vu—u)-V]u—VSV—Vslnn

= —[(Vu—u)-V]u+ [(Vu—u)-V]uT—VsV—Vslnna

where we used the quasi-neutrality relation ¢ = —Inn and u = —v on §(t) consistent with
our Assumption (4.13).

e Derivation of (4.17). For x € €(¢), we differentiate the Poisson equation in (2.10)
with respect to ¢ to get

(4.18) 0=08(Ap—n)=V- (vat¢ + nu).
We define the current density h in the sheath region 2, as

(4.19) Voip+nu=h and hence V-h=0.

Now we claim:

(4.20) lim (vatqb.u) (y, 1) = [Vs (VVsqb) . Vn] (x,1), (x,1) €S,

y—x

YEQs(t)

Proof of the claim: Recall that

Vo-v=0 on S(t).
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We take the normal time-derivative of the above equation to get
0 = ‘5(Vft v) _ ‘55Vt¢.u+v¢-‘f5—':
[atw + (V- V)V¢] W —V$-VV
= Voop- v+ (VV@Ve)(v,v)—Vsp-V,V
Vo v =V, (V) + V[(V& Vo) (w,) + A on S(),
where the total quantity on the R.H.S. is well defined and continuous with limits from

and €. Of course the individual terms V¢ v and V(V @ V¢) (v, v) will be discontinuous
across the interface. It follows from Lemma 3.2 and (M3) of Section 2 that

Asp=A¢— (Ve V)(VRVe)(v,v),

and again the R.H.S. is continuous across S(t) even though the individual terms are dis-
continuous. Hence

(4.21)

Ag(xt) = lim (86— (Ve Ve)w,v))(yb)
yEQ(t)
(4.22) = n— lm (VOVO)@,V)y1), (x1)€SW).
yEQs(t)

Take the limit y — x, y € Q, in (4.21) and use (4.22) to get
i (Vo v)(y,1)

ygf?sx(t)
=V (V)0 t) — V] lm (V& Vow,v))(y,1) + Asdlx, )]
yEQs(t)

= [Vs (Vvsgé) - Vn] (x,1).

This completes the proof of the claim.

Finally use the u-v = —1 on §(t) and the definition of h in (4.19) to see
(4.23) lim (vam : u) (y,t) =h-v+n, xeS{).

y—x

yEQs(2)
We combine (4.23) and (4.20) to get the ”constitutive equation” for V'

(vs(vvsop)) —(V+1n=h-v.

Remark 4.2. Since on the level set 1y =0, n satisfies (4.15)
on
5 =

on 8(t) and V # —1, then

nV-v—V,-(nu') - V(nu')(v,v),

Vn-vr=0 onS(t).
Proof: From above subsection 4.2, we have the relation
)
5—7: =-V,-(nu") =V(u)(w,v)+nV-v+(V+1)v-Vn
which combined with (4.15) yields the result.
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5. Orthogonal flow at the interface

In this section, we consider orthogonal ion-flow, i.e., low which is normal to the inter-
face so that:

u' =0 on S().

For the geometrical motion of the interface, orthogonal flow is crucial for simplifying (4.14)
- (4.16). Of course in general u' need not be zero; non-orthogonal flow on the sheath
interface may be induced by the presence of a magnetic field B. In this case, the term
u X B appears at the right hand side of (1.1 b) and, as shown in [45], non-orthogonal flow
occurs on the sheath interface. But notice in the rescaled variables (X, 1), this term is now
O(e) in (2.4 b) and hence negligible in our theory. Thus if u' initially zero on the sheath
interface, it is reasonable to assume u' = 0 on the interface for all time since magnetic field
perturbations are omitted in our rescaled theory. On the other hand, recall (4.15):

)
5—;‘ =nV-v -V, (nu") - V(nu")(w,v).
For an orthogonal flow (u” = 0), the last two terms in R.H.S. of the above equation are

zero, because
e u' =0 on S(t) implies V, - (nu') =0 on S(¢t);
e u' =0on S(t) yields % = 0 on S(¢) and hence the L.H.S. of (4.16) is zero
and (4.16) becomes

((V + v V)uT = ((V + - v)u+ Vs(V +1Inn) on S(t).

Here we used u = —v. Now take the inner product of the above equation with v
and use the relations

Vv(v,v) =0, Vsn-v=Vn-r=0 onS(t),
to get
(V+1)Vu' (v,v)=nVsln(V+1)-v=0 by Lemma 3.3.
Since V # —1, we have
Vu'(v,v) =0 on S(t).
Hence the term V(nu')(v,v) becomes zero:
V(nu")(v,v) = (Vneu')(v,v) +nVu' (v,v) =0.

In summary, for orthogonal flow at the interface, the dynamics of the sheath interface
S(t) is described by a pair of scalar evolution equations and an implicit ” constitutive equa-
tion” for V:

h- 1
61/}—() 5—n:nv~l/, (V—i—l)—l——’/:—ﬁvs-(VVslnn).

(5:24) 5t 6t n

Next we recover the dynamics of planar, cylindrical and spherical interfaces from (4.14)
- (4.17) to show consistency with the earlier paper [37]. In the case of symmetric motion,
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surface derivative terms in the constitutive relation for V' will be zero, and so V satisfies

V=-1- (h—")

n

5.1. Dynamics of symmetric targets. We first consider a planar target. We take the
ansatz for the level set function :

v(x,t) =21 —s(t), x=(x1,22,123),
then the plasma-sheath interface is given by the zero-level set of v, i.e.,
S(t) = {(x,t) : ¥(x,t) = 0}.
Moreover, we have
v=(1,0,0, u' =0, n=1, Vilan=0, A;lnn=0 and V,n=0 on S(¢).
Hence the dynamics (4.14) - (4.17) reduce to
5(t) = —1 — h(t),

which is the relation obtained in [37].

Next we consider a spherical target. Since all fields are assumed to depend only on the
radial variable r and ¢, the terms involving the tangential derivatives V5 and u' in (4.14)
- (4.17) vanish, and we get the simplified dynamics:

(5.25) o — (1+ hT”) VY| =0, On=nV-v.

We take the ansatz for the level set function 1, weighted density p and current h:
Y(rt) =r —s(t), plr,t) =r’n(r,t) and h(r,t) = s(t)*h.(t),

where h, is the radial component of the current h and only depends on the time ¢ by the
divergence free condition. Then (4.24) becomes

. h 2n
(5.26) $(t) = —(1 + E) and O = —- on S(t).
Here ps(t) = p(s(t),t). On the other hand, we have
o d
ps(t) = —p(s(t)

t) = 9p(s(t),t) + s(t)9,p(s(t), t)
OX

= 2s(t)n(s(t),t) +2s(t)é(t)n(5212, )

= 2s(t)n(s(t),t)[1 + ()] = 50
Hence the interface is governed by

s =-(1+2). =2

which is again the same dynamics derived in [37]. The cylindrically symmetric case is done
analogously to obtain
) h )
s =—(1+=),  plt)=-—=
Ps
as in [37].
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6. Recapitulation: The dynamics of an orthogonal flow

In this section, we summarize the governing systems for the sheath, sheath-interface and
quasi-neutral plasmas for an orthogonal flow.

It follows from (M4) in Section 2 that the current density h is irrotational so that
h =V({, for some scalar function (.
Since h := 0;V¢ + nu, h satisfies the equation
V-h = V-(6;V¢+nu)

= 0/V-(Vg))+ V- (nu)
= 0A¢p+ V- (nu) =0n +div(nu) by continuity equation of n
0

and boundary conditions

h-vy=0,9+ (nu)-vy on 98y,
V{—0 as]z|—0.

Hence the current potential { satisfies exterior Neumann problem for Laplace’s equation:

AC=0, xeQ,
VC -vg=hg, X €0 and | 1‘1m VC =0.
X|—00
At this point it is convenient to summarize the full set of initial-boundary value problems
that need to be solved to find the fluid variables n,u, ¢ and the location of the sheath
interface S(t):
The sheath system (S)

On+ Vx - (nu) =Y (Xat) € 2 % (0700)7
du+ (u-Vy)u= Vo,
Axd =mn,

subject to initial data and boundary data

(n7 u, ¢>(X7 O) = <n507 Us0, ¢50)<X)7 x € (g (O>’
V¢ *Vyp=4g on 890,

in the sheath region;

the quasi-neutral system (Q):

O+ Vyx-(nu) =0, (x,t)€ Q,x(0,00),
dru+ (u-Vy)u+ Vy(lnn) =0.

subject to initial and boundary data

(n,u)(x,0) = (ng0,ug0)(x),  x € Q(0),
(n,u)(x,t) = (ns, us)(x,1) on S(t),

in the quasi-neutral region;
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the sheath interface system (SI):

oy
o
subject to initial data:

bn _
ot

: 1
nV.v, (V+1)+ - :—5vs-(vv31nn),

(¥,n)(x,0) = (Yo, m0)(x),  x € S5(0),
where
A(=0, x€Q,
V(- -vg=hg, x€0Q and lim V{=0.

|x| =00
Note again the function hy(x,t),x € 9Qg,t > 0 is not known a priori and must be computed
from the given boundary data g and initial conditions.

7. Local existence theorems

In this section we present local existence theorems for the interface system, the sheath
system under a ” small gradient” assumption for relation for V' in (5.24) and the quasi-neutral
system.

7.1. Local existence for the interface system. In this subsection, we first consider the
local existence of the interface system:

o on V(- v 1
it = . = _—_V.-(VV.1
5t 0, 5t nV-v, (V+1)+ - o Vs (VVsinn),

in the case that the interface is a curve evolving in the z1 — z2 plane.

(7.27)

7.1.1. Evolving curve which is a graph of a function. We consider the situation
where the target is a perturbation of a plane so that the interface is given by the graph
of a function. Hence we assume that the interfacial quantities and profile are functions of
x1,x2,t and moreover the profile is given by the graph of some function f, i.e.,

Tro = f(xl,t).

As in the Figure 2, we denote the angle between the exterior unit normal v and x;-axis at
(z1,t) by 6(x1,t), hence

v(xry,t) = (cos @(x1,t),sin0(x1,t)), 6 € (0,m).

Lemma 7.1. The time and spatial derivatives of f are given by:
V

sin g’

aanf = —cot 0, of=

Proof. In Figure 2, we notice that
a—l—ng, and tana = —0g f.

These imply
cot@ = —0y, f.
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Xo ’F

FIGURE 2. Schematic diagram of a sheath interface on the plane

It follows from the above figure 2 that
VAt
f(.Tl,t + At) - f($1,t>

= sin 0+ O((A1)?).

As At — 0, we have
v

sin 6

=sinf, or Oif =

v
of '
g

In the following lemma, we obtain evolution equations for the interface, which are equiv-
alent to (7.27).

Lemma 7.2. In the case when the sheath interface is a curve in the plane, (7.27) is equiv-
alent to the following system:

0:0 " V cos 0 0,0\ _ (sinf0,,V
on 2nsin® Vcos@) \Oyn) 0

with constitutive relation for V:

cos 00, ¢ +sin00,,¢ 1

(V+1)+ ——V,- (VV,lun).

n

1) 1)
Proof. (i) — = 0 : So the statement equivalent to 5—? = 0 is just the equality of cross

partial derivatives 0;(0y, f) = Oz, (0:f) and we have

v
8t(— cot 0) = 8;,; (m) .

This yields

(7.28) 040 +V cos 80,0 = sin 60, V.

(ii)%—? = ndive: Recall the 2nd equation can be rewritten as

(7.29) on + Vv -Vn = ndive.



A GEOMETRIC LEVEL-SET FORMULATION OF A PLASMA-SHEATH INTERFACE 19

Here all quantities and their derivatives are evaluated on the interface. Now we introduce
the interfacial density n defined by

ﬁ(xht) = n(xla f(mht)?t)

We claim:
@n:@ﬁ—(l;yan V.v=—25in60, 0
sing/) %" , w17
cos” 6
)%m-

Proof of the claim: By direct calculation and Lemma 7.1, we have

V cos 00,,n =V cos 00,0 + V( g
n

”
@ﬁz&n+%ﬂ@f:@n+%w(§w)

Similarly we obtain

Veos00,n = VcosO0y,n+V cos00;,n0y, f

2
= Vcosf0;n — (V(?OS 9)895271.

sin 6

Next note
V.v = -2sin00,,0.
In (7.29), use the above claim to get
on+Vv-Vn
=0+ Vcos 0z, n+ Vsinhoyn

2
= o — (,L)an + V cos 80,1 + V(C(?S ;)&Ezn + Vsinf00,,n,

sin @ sin
= O + V cos 00;,n + arc?nHV ( — 1+ cos? 0 + sin® (9)

sin
= On + V cos 00, n.

Therefore our scaled evolution equation is
(7.30) o+ V cos 00,,n + 2nsin 00,,0 = 0.
Now drop the over bars and combine (7.28) and (7.30) to get the equations of the motion:

0,0 V cos @ 0 0,0\ _ (sinf0,,V
(7.31) <8tn> + <2n sinf V cos 6> <6x1n> o ( 0 ’

Remark 7.1. These are the same formulas as would have followed from the formulation of
Angenent and Gurtin [3].

O

In the following, we consider the system (7.31) together with the approximate speed 1%
of the interface. From (7.27) we know the ”constitutive” relation

V(-v
n

V=-1-

—%V&VVAMnD,
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however, for simplicity, we drop the last expression containing surface gradients and consider
the local approximation for V:
~ V¢-v L _ cos 00y, ¢ + sin60,,¢

.32 =-1-— =
(7.52) V(e t.n.6) : !

With this approximate speed V, the system (7.31) becomes

(7.33) a0 Vcos —sin00yV  —sinf0,V' (05,60 _ (5in00,,V
' on 2n sin 0 V cos @ Opn) 0

The characteristic equation for the coefficients matrix is given by
A2 — (2‘7 cosf — GV sin )\ + (f/)2 cos® 0 — V9yV cos fsin @ + 2nsin? 9,V = 0.

But notice that
V(v

871‘7:_ 2

and hence we have

no,V = =Vl
It follows that A satisfies
2\ — (2‘7 cos 0 — 9V sin 6))\ +V2cos20 — VayV cosfsin — 2(V + 1) sin? 0 = 0,
and hence
2\ = (2V cosf — yV sin6)
1
+ [(2‘7 cos — 9yV sin ) — 4(V? cos®  — V9yV cos sin @ — 2(V + 1) sin? 0)] 2
Thus we have two real distinct eigenvalues when
4V cos® §—4V 9y V cos 0 sin 9+(691~/')2 sin? @ > 4V?2 cos? §—4V 9,V cos fsin H—S(V—I-l) sin’ 6.
Doing the obvious cancellation we see
(05V)? > —8(V +1)
so that when V 4+ 1 > 0 we have real distinct eigenvalues. Of course a more precise result
is that we have real distinct eigenvalues if and only if
(—sin 00, ¢ + cos 00,,()? 08 00y, + sin 00,,¢
’ >8( ).
n n
Thus we may state the following local existence, uniqueness theorem.

Theorem 7.1. Assume the normal component of the current V(- v obtained from solving
the interior sheath system (2.6) is known and C' on R x [0,T] for some T > 0, and initial
data (6o, ns0,Cs0) satisfy the following conditions:

Ei))woanso) € (C'(R)* and ||00|lcr(r) + |Insollcr gy < Go;
1) ngy > 0;
..., (—sinfy 71650 T COS U0Uz5(s0 COS U0z, Gs0 sin fy 22650
(uz)( 0002, Cs0 + 93()2>8( 000z, Cs0 + HaC)
2 )
N0

M50
where Gy is a positive constant. Then there is a time interval [0,T) with T, > 0, 50 that
the interface equations (7.32)-(7.38) with the approzimate constitutive relation V =V have
a unique classical solution (8,n) € (CH(R x [0,T)))2.
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Proof. The result follows from the classical local existence theorem for strictly hyperbolic
systems (see Courant and Hilbert [18], Douglis [24]). O

Remark 7.2. 1. The time Ty depends on ||0s0||1,00:R; ||7s0||1,00R and G.
2. If initial data and all coefficients are C* k > 2, then by the standard iteration scheme,
there exist unique C*-solutions to the sheath interface system (see Friedrichs [31]).

7.1.2. Evolving simple closed convex curve in the plane. In this part, we consider
the case where the interface is given by a simple closed convex curve in the plane (see Figure
3).

Consider a portion I' of a curve which is represented by zo = f(x1,t) in x1-z2 plane.
If we wish to study the evolution of a simple closed convex curve in the plane, it will be
convenient to use polar coordinates:

(7.34) 1 = rcos 3, To9 = rsin 3,
so that the evolving curve is represented by r = r(3,t), and the portion I" becomes
(7.35) rsin B = f(rcosf,t),

First recall the result of Lemma 7.1 to be used in computations below, i.e.

X2

< 0

/ /r/ N
/\ B

X1

FIGURE 3. Schematic diagram of a sheath interface in the plane

v

sinf’

aanf = —cot 0, of=

Now differentiate (7.35) with respect to ¢ to get
OrsinB = 0y, f(Oyrcosf) + O f

v
= —cotf(drcosB) + ol

and we see

(7.36) or=_V

cos(6 — )
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Note that we need to know the evolution of 8 together with n. In order to use the previous
computation in Section 7.1.1, we need to express 0y, in terms of Jg.

95
(7.37) We claim: 0, = — Smﬁc’)ﬂ.

r
Proof of the claim. Differentiate (7.35) with respect to r to obtain

sin 8 + cot § cos 8
rcos 3 — rsin B cot 6’

(7.38) 0=

where we used 0, f = —cot §. On the other hand, the chain rule yields
Oy, = Oz, r0r + 01,808
(7-39) 8{1}1 T'a,-ﬂag + 8x1/88ﬂ.

Recall that

r? =23 + (f(z1,t))> and B = arctan (f(33$11, t)),

and apply (7.39) to r and 3, use the above relation to find

(7.40) Op,7 = —sinffcotf +cos S and Oy, = — (cos B COtTG +sin ) ,
and then use (7.38) and (7.40) to obtain
5. — _ (=sinBcot 6 + cos B8)(sin B + cotHcosﬁ)a _ (cos Beot @ —I—sinﬂ)(9
o r(cos 3 — sin 3 cot 6) A r B
ie.,
2sin
a;,;l = — r Baﬂ-

This completes the proof of the claim.

On the other hand, note that the convexity of interface can be treated as follows:
0,0 2sinB0g0
sin?@  rsin?f
where we used the above claim and hence the convexity of an interface is represented by
the relation

92, f = Oy, (— cot ) =

>0,

sin $0z60 < 0.
We combine (7.36) - (7.37) and Lemma 7.2 to obtain the following lemma.

Lemma 7.3. In the case when the sheath interface is a simple closed curve, (7.27) is
equivalent to the system:

0:0 2sin 8 V cos 6 0 0 030 —M
omns | — 2ngsinf Vcosf 0 Ogns | = 0
or r 0 0 0 dr Y (g_ %

with the same constitutive equation for V as in Lemma 7.1.

If we employ the small surface gradient approximation V for V, we can state the following
theorem.
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Theorem 7.2. Assume the normal component of the irrotational part of the current V({-v
obtained from solving the interior sheath system (2.10) is known, C*, 2m-periodic in 3 and
smooth 27-periodic initial data (6y, ngo,Cs0,70) in the sheath interface satisfy the following
conditions:

(i) (6o,m50,70) € (CT(R)* and ||6ollc1(r) + lInsollcr@) + |Irollor @) < Go;
(ZZ) ng >0, rog>0;
(idd) (—sin 90,6028 o) - Vso S 8(cos by, sin bp) - VCSO;

N0 N0
(iv) 6o — B < g sin 8900 < 0.

Then there is a Tys > 0 so that the interface equations (7.44) with approzimate constitutive
relation V =V has a unique classical solution (8,n,7) € (C1(R x [0,T%s)))® which is 27-
periodic in 3, and this solution satisfies the estimates

||9||C’1(R><[0,T**)) + ||n8||Cl(R><[O,T**)) + ||7"||Cl(R><[O,T**))
(7.41) < 2(|lfollc sy + msollencey + lirolleace) ).

where Go is a positive constant, and Ty, depends on ||6o||c1(r), |I7sollc1w)s [ITollcr(r) and
Go. Furthermore the sheath interface is convex since sin 39360 < 0.

Proof. The eigenvalues of the coefficient matrix are A1, A2, A3, where Aq, Ay are the eigen-
values of (7.31) and A3 = 0. Thus again we have real distinct eigenvalues and again the
classical existence and uniqueness theorem in [18, 24] can be applied. Convexity is preserved
since we have C'-continuity of  in 8 and t. O

Remark 7.3. 1. If the initial data and all coefficients are C* k > 2, then by the standard
iteration scheme, there ezists a unique C*-solution to the sheath interface system satisfying
(7.41) with C*-norms replaced by C*-norms (see Friedrichs [31]).

2. The above ezistence theorem can be further generalized into the Holder space C*7(R)
with the estimate (7.41) replaced by C*7Y(R)-norm. (This result was confirmed by Elling

[26]).

7.2. Local existence for the sheath system. In this subsection we study the local exis-
tence of smooth solutions to the sheath system when the boundary of the target is a small
perturbation of an infinite cylinder and the initial sheath interface is a smooth simple closed
convex curve as in Section 7.1.2. We model the proof on the presentation of Nouri [42] and
use an iteration procedure given in the papers of Chen and Feldman [12] and Canic, Keyfitz
and Lieberman [11] to construct approximate solutions to the sheath system and then em-
ploy the Schauder Fixed Theorem to show the existence of local in time sheath solutions.
Since the exact location of the sheath interface is not known a priori, at each iteration
step, we have to evolve the interface system with the data given by the sheath system
as well. This makes the proof technically challenging, yet since the proof outlines a pos-
sible approach to numerical implementation, we view it as a crucial part of our presentation.

Below we summarize the main assumptions for initial and boundary data to the sheath
and interface systems and then we state the main theorem of this subsection. In what
follows, d4;,7 = 1,2 and §* are positive constants representing the lower and upper bounds
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of the size of data, and V, A denotes a spatial gradient and a spatial Laplacian respectively.

Notations. We first introduce some efficient notation for norms and partial derivatives:

| - | : the Eulidean norm in R",

[-Joy : the Hélder seminorm in a spatial region in R?
| - lloy : the Hélder norm in spatial region in R2,
[[-Jloy : the Hélder seminorm in a space-time region in R2 x [0, 7],
Il - lllo;, : the Holder norm in a space-time region R? x [0, 7).

For the definitions of Holder seminorm and norm, we refer to Evans’ book [28]. On the
other hand, for calculus in two space variables, we will denote the multi-indice o as an
ordered pair (a1, a9) of nonnegative integers, and use the notation:
la| ;== a1 +az and 0%:= 0, 0;2.
Now consider the sheath system (S):

On+V - (nu) =0, (Xat) € Qs(t) X (07 OO),
(7.42) du+ (u-V)u= Ve,
A¢g =n,

subject to initial and boundary data:

{(n,u, ) = (no,ug,do) on Q,(0) x {t = 0},

7.43
(7.43) Vé-vg=g on I x [0,00).

We impose several conditions on data and the target boundary: Let v € (0,1) be fixed.
e (Al) (Regularity, compatibility)
no € CH7(9,(0)), g € (C*7(Q(0)))?,
g € 01’7(890 X (0,00)), A¢gy =mng on QS(O),
ug = —v on §(0), Voo -vo=g on dQ x {t =0}.
e (A2) (Boundedness)

b <mo,  max [19%nollo,0,(0) + 119lll2,000 x(0.00)) < 87

B *
max Y, max [[0%uoillo0,0) < 6"

=1, =
0<h<2 @

e (A3) (Monotonicity and dissipativity) For x € €,(0),

(1) The real parts of the eigenvalues of Vuy(x) are non-negative.
(2) The initial velocity ug is strongly dissipative in the sense that

ug(x) - x < —1o||x||> for some positive constant 7.

e (A4) (Consistency)

Initial data (ng, ug, ¢g) are given so that initial interface is contracting and initial
current hy is irrotational:

Vo -v
no

-1 <‘~/E);: -1 - <0 and hOZVCOa
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where (j is the unique solution of the exterior Neumann problem
A =0 inQ,
with boundary data
{vgo vo =hy, ondQ x {t=0},
Vi —0 as|z| = oo,

and hg := 0rg — no(ug - vg).
e (A5) (Convexity and regularity of the target boundary)

09y is convex and C?7 so that the corresponding normal vq is in C7(9Qg x
[0,00)) :
max|[[voil[|1,7,000x[0,1] < 8"

We next consider the approximate interface system is given as before by:

Bt(‘)\ 2sin V cos 0 0 950 _ZSM
(7.44) (9t7;, " 2ngsinf Vcosf 0 dgny k= 0
7
O 0 0 0 s v

subject to initial data:

(9,71,7‘)(,3,0) = (607n503r0)(6)7 B € R

We impose following conditions on initial data (B):
e (Bl) (Regularity, boundedness and compatibility)
(80, m50,70) € (C*7(R))®, ng=mnyg on S(0),
0s1 < gleiﬁ”so(ﬁ)v ||90H3,%R + ||”50||3,7;1R< + ||7"0H3,7;R <67,

where d,; and §* are positive constants.
e (B2) (Location of the initial sheath interface)
The target and initial sheath interface are sufficiently separated in the sense that

Uy < 8,0 < mi
rp < *2_1[}2§ro(/3),

where 7, denotes the radius of the smallest circle with center 0 containing a target
Qo and d,o is a positive constant.

e (B3) (Convexity of initial interface)
160 — B| < g and  sin 3900 > 0.

e (B4) (Initial strict hyperbolicity)

V{so - (— sin g, cos ) S 8V {50 - (cos By, sin by)

2
Nso Ns0
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e (B5) (Consistency with initial data)

—(cos By, sin fp) - (rg cos B, g sin B) < —nore, B eR

Let r1 be a sufficiently small positive number satisfying

O
0<r < min{é*, 72 — rb} and we set
4 *
K, = 151([ 0 ] +2),
r
rq = the radius of the largest circle with a center 0 contained

inside the target Q.
We set T to be a sufficiently small positive constant satisfying the a priori bound:
i () )
"6Kgo*\ 2 °)72(6K(6%)2 + Ry)

where Rj3 is a positive constant depending only on Ky, %, d,;,7 = 1,2 to be specified explic-
itly in Lemma A.9. In what follows, we use a simplified notation for space-time regions:
For the positive constant T' chosen as above,

Os
72 <|x| <6} and  A(T):=Q x [0,7).
Here B(0,36*) denotes the ball with a radius 36* and a center x = 0.

0<T<<min{

(7.45) Qqp:=B(0,30%) — Qp, Q. ={x:

Notice that A(T) is a bounded region in space-time and the inclusion relation:
Qo CH CQ and Q, C Q.
We define a subset of a Banach space (C17(A(T)))? as follows.
Definition 7.1.
BT) = {v=(u,m) € (CAM))?: 0°v; € COUR(T)),i = 1,2, |a| =2,
and v satisfies the conditions (D) below},
(D1) v(x,0) =up(x) on Q4(0);
(D2) vix,t) - x < DI, (x.2) € (BO,m + 6Kob*T) = Q) x [0, T];

(D3) max > ﬁg”w%imo,%ﬂ(m < 3Kod%;
0<k<2

(D4) maxc |10yl ¢y < Ko(18(68%)? + R).

Remark 7.4. 1. The definition of the above set B(T') was motivated by the work of Nouri
[42].

2. B(T) is a compact convex subset of a Banach space T
(7.46) T :={v € CY"(A(T)) : 9%v; € C¥"(A(T)),i = 1,2,|a| = 2}

for 7 € (0,7) via the Arzela-Ascoli Theorem.
3. The dissipative condition (D2) guarantees that all characteristic curves passing through
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a point (x,t) € (B(0,7rp + 3Ko6*T) — Qo) x [0,T] reaches the initial sheath region 24(0)
backward in time and the target boundary 0 forward in time.

interface

guasi-neutral region
Nq(T)

S* So X

FI1GURE 4. Schematic diagram of a space-time region

In the following subsection, we present the construction of an iteration map and then
state the main theorem for a local existence of sheath solutions. The detailed proof of the
existence of local sheath solution is based on a series of lengthy and technical lemmas and
these lemmas will be proved in Appendix A.

7.2.1. Construction of an iteration map. Let T be a given small positive number to be
determined later. Next we describe the construction of an iteration map step by step.

e Step 0. Let v € B(A(T)) be given.
e Step 1. Determine Al(T;v) and n in AL(T;v):

We solve a linear transport equation for n as follows:
(7.47) on+V-(nv)=0, n(x,0) = no(x).
Define a space-time region Al(T;v) and Q(0;v) (see Figure 4):
AL(T;v) := the region bounded by 9Qg x [0,T] and backward characteristic surfaces

issued from 0Qy x {t =T} ,
Ql(s;v) := projection of the space-time region A!(T;v) N (R% x {t = s}) onto R?,

and a characteristic curve passing through (x,t): For (x,t) € AL(T;v),

(7.48) d’;—? —vix(s),s), x(®)=x 0<s<T.

Since v is uniformly bounded in C''"7-norm, there exists a unique solution x (s, t,x) to (7.48),

and we set
a(x,t) = x(0,1,x), (x,t) € Ay(T;v).
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On the other hand, along the characteristic n satisfies

diilnn(x(s,t,x),s) - L (V-V)(x(s,t,x),5) 0<s<T.

We integrate the above equation along x(-,¢,x) to get

(7.49) n(x,t):no(a(x,t))exp(— /0 (V-v)(x(s,t,x),s)ds), (x,) € AY(T;v).

e Step 2: Determine the normal current V(- v on the interface.

We use the given boundary data g and n given by Step I to compute

ho = 0rg — (nv) 0 - Vg,

0

and solve the exterior Neumann problem for Laplace’s equation: For given t € [0, 7],

Al(x,t) =0, x€Q,
(750) VC -vg = hg on 0y and lim VC =0.

|x|—0

e Step 3 Determine the location of the interface and the interfacial density.

With V( determined by Step 2, we solve the interface system:

_ 2sinfsin BV

0,0 . V cos 6 0 0\ /90
2 5 B r
Ons | — s;n p 2ngsinf Vcos® 0 Ogns | = 0
Vv
Opr 0 0 0/ \9r i

subject to C?"-initial data

(97 N, T)(ﬁa 0) = ((903 50, TO)(IB) € (CQ!W(R))?)v
satisfying the assumptions (B1) -(B3) and approximate normal velocity of the interface

71 V(- (cos9,s1n0),
Ng

where V( is evaluated at (r cos 6,7 sin#). Since V¢ is uniformly bounded in C*7(A(T)) and

T < 1, it follows from Theorem 7.2 that there exist C'7 solutions (6, ns,r) such that

5;_2S7"<B,t) SQ(S*? (ﬂat) ERX[O’T]'

e Step 4: Determine A2(T;v), Q2(0;v) and n in A2(T;v).

In Step 3, we have determined the trajectory of the sheath interface S(t), and an ion
density ns on the interface. We first define A2(T;v), Q22(0;v) (see Figure 4):

A%(T;v) := the region bounded by backward characteristic surfaces issued from
0 x {t = T} and interfaces Uycpo 1S (1),
Q%(s;v) := projection of the space-time region A2(T) N (R? x {t = s}) onto R2.
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We then repeat the same procedure as in Step 1 to get n in A2(T;v), i.e., solve the linear
transport equation
on+V - (nv> =0, (Xa t) € AE(T, V)7
with initial and boundary data:
n(x,0) = ng(x) x € Q2(0) and n(x,t) =ns(x,t) (x,t) €S(t).
Let (e, to) be the point on either Q4(0) x {t = 0} or S(¢p) x {t = to}. We solve the equations
for x and n as before:

d

d_X<57t07a) :V(X(37t07a)73)7 s > to,

% lnn(X(Satha)a 5) = _(V : V)(X(S,to, a),s),
subject to initial and boundary data:

no(a) to = O,

to,to,x) =a and n(o,ty) =
X (to, to, ) (o, to) {ns(a,to) t > 0.

We set the approximate sheath region A(T';v):
Ay(T;v) = AL(T;v) UAX(T;v)  and  Qu(t;v) := QL5 v) UQE(E v).

e Step 5: Determine an electric field V¢ in A4(T;v).

From Step 4, we know n in the region A4(T;v), so we can now solve the Poisson equation
with mixed Dirichlet-Neumann boundary data:

Ap=n, (x,t)€AN(T;v),
V- vg=g ondQy and ¢=—-Inns onS(t), 0<t<T.

e Step 6: Determine a new updated velocity u.

With the electric field V¢ from step 5, solve the inhomogeneous Burgers’ equation:
gu+u-Via=Vg,
with initial and boundary data:
u(x,0) =up(x), x€Q40), and Ga=-r onS(), 0<t<T.
Let x(s,to, ) be the characteristic curve issued from (o, ty). Then we have
w(a) + [y Vo(R(s, 0, a),s)ds  to =0,
—v(a) + ftz Vo(x(s,to,a),s)ds to > 0.

Here x is a characteristic curve associated with G. Since V¢ can be uniformly bounded
by initial and boundary data and 7" < 1, the above inhomogeneous Burgers’ equation is
uniquely solvable.

a(x(t, to, @) = {

e Step 70 Extend u to the whole fixed domain A(T).
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We use Theorem 7.2 and the fact that the boundary data hy for (7.50) is uniformly
bounded by the initial and boundary data for the sheath system to get

Qs(t;v) € B(0,30%) for t € [0,T).

We then extend each component of 1 to the fixed physical domain ©; (see Appendix B).
Finally we set

u('7t> = 5(ﬁ(,t>|8(t>), te [OvT]'

and then define an iteration map F as follows:

F:B(AT)) = B(A(T));  F(v)=u

Below we state the main theorem of this subsection which provides a local in time exis-
tence of sheath solutions to (2.6). The proof of the theorem and relevant lemmas are given
in Appendix A.

Theorem 7.3. Suppose the conditions (A1) - (A5) and (B1)-(B5) stated at the beginning
of this subsection hold. Then there exists a sufficiently small positive time T and the sheath
region Ags(T;u) such that the sheath system (7.42) - (7.48) admits a smooth solution (n,u, @)
satisfying

n € CY(Ag(T;u)), u € (CY(As(T;0)))?
9%u; € COTAL(Tsu)), Vo€ CLI(A(Tin), || =2, i=1,2.

7.3. Local existence for the exterior quasi-neutral system. Recall the quasi-neutral
system is given by the isothermal gas dynamics system:
{am £ Va- (nu) =0, (x,8) € 2y x (0,00),

7.51
( ) Ju+ (u-Vyx)u+ Vx(lnn) = 0.

subject to initial and boundary data

(TL, u) (X7 O) = (nqﬂa uqO)(X)v X € Qq(O),
(n,u)(x,t) = (ns, us)(x,1) on S(t),

in the quasi-neutral region. We continue our discussions of Section 7.1 where the sheath
edge is described by a curve:

ro = f(x1,1),

in the £1 — 9 plane. Theorem 7.1 provided local existence and uniqueness in time for the
sheath edge dynamics when V' was replaced by the local ”small gradient” approximation
V. Thus Theorem 7.1 provides a smooth boundary zo = f(x1,t¢) and data:

(7.52) n = ng, u=-v onxy=f(r,t), t>0,

_1

with v = (=0y, f, 1) (1 + (Bwlf)z) ® for the exterior quasi-neutral system.

In this section, we will sketch the proof of the following theorem for local existence-
uniqueness of initial-boundary value problem for the exterior isothermal gas dynamics quasi-

neutral system.
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Theorem 7.4. The exterior isothermal gas dynamics quasi-neutral system (7.51) with
boundary data (7.52) and initial data

n(r1,x2,0) = no(r1,72), u(w1,z2,0) =ug(z1,22), 2> f(21,0),
has a unique classical smooth solution on [0,T] for any compact subset of Qy = {(x1,x2) :
xo > f(x1,t)} where T > 0 sufficiently small, provided the following conditions are satisfied:
(1) the initial data for the sheath edge problem of Theorem 7.1 and the
initial data for the exterior quasi-neutral problem are consistent and
sufficiently smooth at xo = f(x1,0);
(2) the initial data is sufficiently smooth;
(3) V is not =1 or 0 at t = 0.

Proof. The proof follows from the theorem of S. Schochet (Appendix A2 in [53]). We will
apply Schochet’s theorem via the obvious change of variables. First set

z=x3— f(z1,t), Uiz, 2,t) = w(z, 2 + fz1,1), 1),

U2($1,Z,t) = uZ(xlaz + f(xlat)at)a N(xl,zat) = n(wl,z + f(wlat)vt)'
and let Uy, Use and N, be any smooth extension of the boundary data in the region z =
x2 — f(z1,t) > 0. Next set

N:N_Nea ﬁle_Ule; UZZU_UQS) W:(Naﬁlaﬁé)-

A straightforward application of the chain rule shows the quasi-neutral system (7.51) be-
comes

AoOW + A10;, W + A20, + BW = F,
where Ag, A1, As and B are 3 x 3 symmetric matrices that depend smoothly on W, xq, 2, ¢
for z > 0,t > 0,21 € R and W in a neighborhood of 0. F' is a smooth function of (x4, z,t)
taking values in R3:

1 0 0 U +U N+N, 0
Ag=|0 (N+N)2 0 , Ai=| N+N, U4V, 0
0 0 (N + N,)? 0 0 (U1 + Ute)(N + N,)?

and let us set B B
= —0uf — (Ur + Uie)Op, f + (Uz + Use).

Then _ _
A —02, (N + Ne) N+ N,
Ay = | =0, (N+N.) Z(N+ N,)? 0
N+ N, 0 Z(N + N,)?

and B, F are defined in the obvious way. The boundary condition (7.52) becomes
W=0 atz=0,t>0,21 € R

Notice the boundary z = 0 is C* and Schochet’s boundary matrix M on z = 0 (see [53]) is
just the identity whose null space is 0. Thus Schochet’s conditions (ii) - (viii) are satisfied
if we only consider the boundary z = 0. Also on the boundary z = 0, the boundary matrix
of (v) is simply —Ay and det Ay = —ni[l + (&Elf)z]%f/(l + V) when W = 0. Hence if
V # 0,—1, condition (v) of Schochet’s theorem is also satisfied in the neighborhood of
W = 0. Unfortunately Schochet’s theorem as stated above requires a bounded domain with
C* boundary. However since the proof is based on his Theorem Al which holds for planar
boundaries, Theorem A2 holds in our case as well [52]. O
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8. Dynamics of the sheath interface: Extended bulk interface system

In this section we suggest another approach to compute the sheath interface motion
based on only bulk quantities. The idea is simple and follows from the general level set
ideas recently summarized in the monograph of Osher and Fedkiw [43]. Recall that all
quantities in the sheath interface evolution (5.24) can be extended as bulk variables defined
on R3 x [0,00), say v = % ,etc. Hence if we solve the bulk system, location of the level
set ¥ = 0 will provide the true location of the sheath interface given the known value of V(
obtained from solving the interior sheath problem. This idea is explained below in further
detail.

8.1. Extended bulk interface system (EBI). We follow the program noted above and
introduce the extended bulk interface system (5.24) whose solution on the interface reduces
to the original solution to the interface system. The bulk system for the extended bulk
quantities ¥ and n are:

on+Vv-Vn=nV - v,
. 1
(8.53) V+1+Vcn" :—E[V-(VVIHn)—V-((VVlnn-V)u)]
1
- [V(VVln n)(v,v) — V((VVlnn . u)u) (v, I/)],
where V( is known from solving the interior sheath system and v = % Notice on level

sets ¢ = 0, (5.24) and (8.53) are identical. The advantage of (8.53) is that it is defined via
7 bulk” quantities and the evolution of the level set 1) = 0 may be obtained by solving (8.53)
on (R% — Q) x [0, c0).

8.1.1. Special solutions to EBI. In this part, we show consistency of the (EBI) approach
with the earlier results of [37] for planar, cylindrical and spherical symmetric motions. Hence
we first look for the special solutions of (8.53) which are planar and radially symmetric.

We first consider planar solutions with the following ansatz:
Yv(x,t) =x1 —s(t) n(x,t)=n(r,t) and h=(h,0,0).

In this case, since all surface gradients and a curvature term V - v vanish, EBI system
(8.53) becomes

0 0 h

%o, 0 and vV=-1-1

ot ot n

)
The relation 5= 0; + Vv -V yields a system for planar solutions (¢, n, h):

h
(8.54) ~5+V =0, On+idn=0 and V=-1--.
It is easy to see that
h
(8.55) n(x,t) = no( constant ), §(t)=—-1——, and ¢Y(x,t) =1 — s(t).

no
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are solutions of (8.54) and this is consistent with [37].

Next we consider radially symmetric solutions so that (1, n, h) only depends on the radial
distance r and time t. We take the ansatz v as:

Y(r,t) =7 —s(t).
Under the above ansatz for ¢, the system (8.53) becomes
2 h
V=3t Om+Von="" s41l4-r=0,

where h, is the radial component of the current h. We combine the first two equations to
get

2 h
(8.56) on + s0,n = 7”, $+1+ ;7" =0.

We define §(a, t) by the characteristic curve (particle path) issued from « corresponding to
the first equation of (8.56), i.e

= 5(t), $(a,0) =«

Then along the characteristic r = §(a, -), the system (8.56) becomes

dn(3(t),t)  2n(3(t),t)

(8.57) i W) §(t)+1+

((t) )

We now take the time-derivative of the second equation in (8.57) to get

25(t) +1)  (8(t) + 1)(8,h,5(t) + Bshy)

O n =0

5(t) +

Here h, and n are evaluated at the particle path (§(¢),t). We take the ansatz for the
hy(r,t) = h(t) . By direct calculation we have

2 260 £ 12 b6 41
) TON

and hence on the interface 1(r,t) = 0 we recover the 2nd order equation for §(¢) which is
identical with the result in [37]. The cylindrical case can be done analogously.

8.2. Approximate extended bulk interface system. While we view the (EBI) ap-
proach as a promising method for numerical computation, in this subsection we give a more
modest application and derive an approximate solution of the bulk interface motion when
the target is a small ”transversal’ perturbation of an infinite plane. We employ a formal
asymptotic expansion around the special solution (19, ng, ho) satisfying (8.55).
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8.2.1. Small transversal perturbation of a planar target. Let us choose a small pa-
rameter u and we formally expand ¢, n and h in terms of power series of u:

w(xat) =T — S(t) + M¢1($27x33t) + - ’
n(x,t) = ng + pni(re, 3,t) + -,
h(X,t) = (ho(t), Oa 0) + /,Lh]_(.’l?z, 'T?nt) + e
where ng is a positive constant and hy = (h11, h12, h13) and
Yo(x,t) =1 —s(t), n(x,t)=ng and ho(t)

are exact solutions to the extended EBI with the relation:
ho(t
$(t)=—1— M
ng
Below, we formally denote the higher-order terms by ”---7.

Next we derive a system for (¢1,n1,hy):

hn(:vg,xg,t) ho(t)m 1 h()(t)
oy — - — (1 Any =0,
(8.58) 1 o o +n3( L ) =

atnl = n0(83232¢1 + aggwl)

or equivalently, we have a linear plate equation for nq:

h() 1 hO
c’)fnl + n—0(8§2n1 + 3§3n1) + n_o (1 + n_()) (83202 + 8%3)27“ = 822]111 + aishn.

e Derivation of (8.58). We claim:

h-v h h hon
.Vn = O(u? -z tua o 2
v Vn=00), =T ( T St + 00
h h h h
V:—1——0—uﬁ—u—on%+%(l+—O)Anl—l—(')(uQ).
no no ni ng no

Below we will check the above claim. It follows from the ansatz for ¢ that
Vip=ey +puVir +---,
Oy = —$(t) + poyhr + - - -,
where e; is the unit coordinate vector in x;-axis, i.e., e; = (1,0,0). Since 0,91 =0,

|hV¢| = 1h+ 0(”)7 h v :hel + M(O, 3z2¢1,3z3¢1) + O(NZ)v
. t
by holt) by o),

n no g ny

By direct calculation we have

vV = (14 (0, 0nt, Bytn) + O(?)) - (1Vm1 + O(1?))
= pdp,m + O(p®) = O(u?).
Recall that
V=V —-v-V),
ie.,

Vy=V— (e1 + uvwl) (Bay + V1 - V) + O(2),
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where Vi1 = (0, 0y,11,05,%1). Hence for any scalar quantity w(zs,x3,t), we have

(8.59) Vow =V — (e, w)er — p( (00 w) Vi1 + (V- Vw)er ) + O(u?).
We apply the above equation (8.59) to w = Inn to obtain
Vilnn = an = ME + O(u?).
n no

Hence we have

1 O ho(t) 2
——V,(VV,lnn) = —n—gv[(— 1= )vm] +O(u?)  and

_ ho hi1 ho o W ho 2
V=-1 o M un1n0+n(2) <1+nO)An1+(’)(u )-

We now equate order p-terms in our EBI system to see

hir hony 1 ho
. - —(14+—)A =
(8 60) 8t¢1 0 0 + n% ( + TLO) (a:z,a:3)n1 07
(8.61) By = no (93,41 + 95, 11).-

Finally we apply the differential operators A(,, »,) and 9 to (8.60) and (8.61) respectively
to obtain
1 h
2 0\ A2
(8.62) 8t ny + hOA(wz,wg)nl + TL_Q (1 + %)A(wz,ws)nl = A(wz,wg)hll'
Since hy < 0, the above equation has the structure of an equation for a vibrating plate.
Note it is well-posed if and only if

The motion of 9 is constructed by the insertion of the solution n; of (8.62) into the first
equation of (8.58). The level set 1 = 0 tracks the motion of the "wvibrating plate” via the
relation:

w1 = 5(t) — ppr (w2, 3,1) + O(u).

Remark 8.1. Notice here we have not made the ”“small gradient” approximation V = Vv
and the role of the surface derivatives in the original implicit constitutive equation for V
becomes apparent.
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APPENDIX A. Local existence of sheath solutions

In this appendix, we present a series of a priori estimates for the approximate solutions
constructed in Step 0 - Step 7 in Section 7 and then give the proof Theorem 7.3.

A.1. Basic a priori estimates. In this part, we give a priori estimates for the approximate
solutions constructed in Step 0 - Step 7.

A.1.1. A priori estimates for Step!. In Lemmas A1-A3, we will give a proof of the ex-
istence, uniqueness and regularity for n as given in Step I of Section 7.2.

We first consider the equation for a characteristic curve. For given (x,t),
(A.63) dox(s,t,%) = v(x(5,1,%),5), x(tt,x)=x, 0<s<T.

In what follows, we will use calculus type estimates for the Holder seminorm. For f; €
CY(As(T;v)) i = 1,2, we have

(A.64) [Lf1/2]lo < [[Aillo I f2lllo + (111 ol[f2]lo,

(4.65) 16Ty < 17101l

Here [[]]o,y and ||||||o denote the Holder and esssup norms defined on the same space-time
region.

In the following Lemma, we use simplified notation for balls in R?:
By = B(O, Ty + 3}-{0(5*T0) and By := B(O, Ty + 6}-{0(5*1—’0).

Lemma A.1. There exists a sufficiently small constant Ty > 0 and a unique solution x to
the equation (A.63) satisfying the following estimates: For 0 < T < Ty, v € B(T),

(1) The forward characteristic curve x(s,0,x), s >0, x € QL(0;v) C (B — Qq) hits
the target boundary 0 and the ion-density in the region AL(T;v) is given by

t
n(x(t,0,x),t) = ng(x) exp ( —/0 (V- v)(x(s,O,x),s)ds), X € Q;(O;v).

(2) x(s,t,%) € CV([0,T] x [0,T) x B?) and  sup max |9, x'| < 2.

s,t,x 1h.3=1,
(3) Suppose that v; — v in CYY(A(T)) and let x; and x be the characteristic curves
corresponding to v; and v respectively. Then for (x,t) € AL(T;v),

Xi(t,x) = x(t,x) in CH7([0,T)).

(4) a(x,t) := x(0,t,x) is Lipschitz continuous in (x,t) € A(T) with a Lipschitz con-
stant 4, t.e.

la(x, 1) — aly, s)| < 4|(x,1) = (y,s)|.
Proof. (i) It follows from the dissipative condition (D2) in the definition of B(T'), we have
vix,t) x < — D]’ (x,1) € (Bz — Q) x [0, 7]

Then we have for (x,t) € (By — Q) x [0,T],

d
£|X(S,t,X)|2 = 2<V(X(S,t,X),S),X(S,t,X)> S —ﬂo'X(S,t,X)F.
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Here (-,-) denotes the standard inner product in R?. Hence the characteristic x(s,t,x)
satisfies
_mos _mos
x(s,0,x)| < ™72 [x(0,0,x)[ = e 2 |x].
So x(s,0,x) has decreasing magnitude and must hit the target at some positive s.

Let T < Ty and we define the subregions Al(T;v), QL(T;v) of A(T) and Q,(0) as in Step
1 of Section 7.2.1. Then the characteristic curve x(s,0,x), (x,0) € QL(0) x {t = 0} hits
the target boundary 0€2y and will provide the ion density n at the target boundary, i.e.,

t
n(x(£,0,%),£) = ng(x) exp(—/o (V- ¥)(x(s.0.%),9)ds), x € QL(0:v).
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FIGURE 5. Schematic diagram of the geometry of characteristic curves

Remark A.1. We briefly summarize the geometry of characteristic curves in the space-
time region A(T) (see Figure 5).

The region AL(T) will be completely covered by the characteristic curves x(s,0,%), (x,0) €
QL(0;v) x {t = 0} and they are pointing toward the target for positive s. On the other hand,
all backward characteristic curves x(s,t,x),0 < s < t,(x,t) € A(T) — AL(T) will either hit
the initial region (B(0,36*) — Q) x {t = 0} at s = 0 or the target boundary 0Qg at some
s €[0,t) (see Figure 5). However the latter situation will not happen, for example, suppose
the backward characteristic curve x(s,to,%o),0 < s < tq, (x0,t0) € A(T) — AL(T) hits the
target boundary at s = sy at yo:

yo := X (80 to, Xo)-
Then forward characteristic curve x(s,S0,¥0),8 € [so0,t0] will have the same image of a
trajectory as x(s,t0,Xo), s € [S0,t0], (X0,t0) € A(T) — AL(T), but this is impossible since by
the strong dissipation assumption D2 in the Definition 7.1, no forward characteristic curves
will be issued from the target boundary.

(ii) The first part of the proof for (1) follows from the standard theory of ordinary differential
equations. In fact we gain regularity in the s-variable, i.e.,

x(-t,x) € C*7([0,T)).
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We differentiate (A.63) with respect to x; to get
856$jxk(s,t,x) = Vop(x(s,t,%x),8) - Oz, x(5,8,%x), 0<s<T k,j€{l,2},
8ijk(t7t,X) = Ojk-

Here 0, is a Kronecker delta function and x* is the k-th component of x, k=1,2.

We integrate the above equation along the characteristic curve x to see

t
O, X (6,1, %) = b1 — /E Vo (x(s,£,%), ) - O, x (5, £, x)ds.

The above relation implies

sup max |8$jxk| <1+ 6Ky6"(t — &) sup max, |8$jxk\.

S,t,xka]: ’ S,t,X J=1,
Since t — £ <T <K 1, we have

k
sup max |0z x"| < 2.
sitxkj=12" "7

(iii) Consider the equations for x; and x: For (x,t) € AL(T;v),

aEXi(gatax) = Vi(Xi(£7t7X)7£>v and a§X(f,t,X) = V(X<§7t7X)7£>7
xi(t,t,x) = x, x(t,t,x) = x.

We use the above equations to calculate x;(&,t,x) — x(&,t,x), and integrate in £ from £ = s
to & =t to get

i) ~x(t0) = = [ (vl tx).6) — vix(€.0.9))
= = [ (bt t00. 6 — vl 1))

t

[ (il 1206 ~ vix(e %0, e
(A.66)
Here we used x;(t,t,x) = x(t,t,x) = x and note that

t
/S (Vi(Xi(gataX),f)—Vi(X(g,t’X)’g))dg
= /St/ol aslvz'(X(f,t,x) + s1(x; (€, t, %) —X(ﬁ,t,X),ﬁ)dsldg

-/ t / Vv (X 0) 510683 — (6806 - (xa(6: 1) — X(E0t,) ).
(A.67)
We now take the R2-norm in (A.66) and use (A.67) to see
Xils, %)~ x(s b0l
<IVVilloary | (€30 = X(Et0)IdE + livs = Vo ery ¢ = ).
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Note that Gronwall’s inequality yields
Ixi(s,t,x) — x(s,1,x)|
< 1vi = Vlloqry (¢ = ) (1+ IV valll sy ¢ — s)el 17 loam(@=s)).
(A.68)

By hypothesis (2) of this lemma, we have v; — v in C17(A(T)) as t — oo, and this implies
from (A.68) that

(A.69) s t%) = X(5 1) lloor) 0 as i — oo,
Next we show

(A7O) ||85X2(7t7 X) - aSX('a tvx)HO,[O,T} —0 asi— oo.
Note that (A.63) implies

[[0sx;(+t, %) — Osx (5 t, %) |[o,[0,17
< lvilx; (5 8,%), ) = vilx (£, %), ) o,
< IVvillloa ey lIxi (- 8 x) — x (- 8, %)

We use (A.70) to show
(A71) [X’L(?t7 X) - X(7 tvx)]o,'y,[O,T] — 07 as i — oo.
By direct calculation we have

|(Xi - X)(Slvt’x) - (Xz' - X)(S%tvxﬂ

o7 T [vilx (-, t,%x),-) — v(x( tax)3')
‘0 0,7] +|||V’L_v|||0A(T —0 asi— oo.

|s1 — s2|7
< 0sx; (- 8, %) — Osx (5, %)||o,jo,77 /51 — 89|t
S”aSXi('atax)_ ( )H Tl T—=0 as ¢ — 00.
Next we show
(A72) [GSXi('ﬂtvx) - 8SX('7taX)]0,’y,[O,T] -0, as ¢ — 0.

It follows from (A.63) and (A.64) that

[3in('a t,x) — 9sx(1, X)]O,v,[O,T]
= [VZ(XZ( t X) ) - VZ(X( t, X)a ')]0,7,[0,T] + [V’i(X(" t,X), ) - V(X(" t,X), ')]0,7,[0,T]
< Vvillloyamyllxi( 6, %) = x5 8 %) oy, 0.77 + 11vi = Villog a0y = 0 as i — oo

Here we used (A.69) and (A.71).

Finally we combine the estimates (A.69) - (A.72) to get

xi(s:t,x) — x(s, 8, %)[||1,,07) = 0 asi— oo

(iv) By the triangle inequality, we have

\a(x,t) — a(Y7 3)| < |O£<X,t) — a(Yﬂt” + |a(Y7t) — a(y,S)‘
|(x,8) = (v, )]~ Ix -yl |t = sl
Here we used (A.69) and hypothesis (2) of this lemma. Next observe that

|lo(x, ) — aly, t)] = [x(0,£,x) — x(0,%,y)|
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- ‘/01 3§X(O,t,x+§()’—x))df‘ = ‘/01 Vix(0,t,x + &(y — x)) - (y — x)dé

1
< [ 1Vax(0.tx -y =20y = xide < 21y —x.
Here we used Lemma A1 (1):

Vx| lo,jo,71x[0,7]x 2 < 2-
Similarly, we have
lee(x,t) — a(y, t)|lo,j0,rjxr2 < 2[t — 5.
Hence we have

a(x,t) — aly, s)| <4[(x,1) = (v,3)].

Lemma A.2. Suppose f is a scalar valued function defined on AL(T;v) satisfying
sup ||f(-1)
0<t<T

|0,%Qé (trv) < OO
Then we have

Il / (e 0,ax, ). ] < Gi(@)( s, 176Dl anem)

0,v,AX(T;v)
where [[ - ]]0,7,[\31(7“;‘,) is the Holder seminorm on the space-time region, and
C\(T) = (T1_7 + 167T) = O(T').

If f is in COY(AL(T;v)), then the term supo<s<t || f(+sD)llo,7,01 (1) can be replaced by
|||f|||0,'y,1_X§(T;v)7 i.e.,

[/ rixte.atx . e < DI o hserm

0,7,AL(T;v)

Proof. Let (x,t) and (y, s) be two points in Al(T;v). Without loss of generality, we assume
that s < t.

| Ji FOx(6,0,a(x,)),€)dg — 5 F(x(&,0, aly, ), )|

[(x,8) = (v, 8)]7
x(&,0, a(x,1)) d,f‘
- \(X t) = (y,s)|
(A.73) (x(£,0,a(x,1)), &) — f(x(£,0,a(y, s ‘dg
|(x,t) — (y,9)]”

The terms on the right hand side of (A.73) can be treated as follows:

X(€,0, a(x, 1)), df‘

|<x DI -
b ‘f(X(gvoaa(th))’§> - f(X(gaova(Y7 3))7&)

(@) ST Mo Axrim)s
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< (sup (80,0 ) IX(E 0 alx, 1) = x(€,0,aly, )

0<E<T
< (oiggT[f("f)]O,V,QS(g))T’Ia(x,t) —aly, )"
< (20, [7C-E)00,00)8"105 )~ (291
Note that
ma {117 lox3cr): (502 [ Hlo0ym) § < 1600

Hence we have the desired result. Furthermore if f is in C%7(Al(T;v)), then the term
supg<s< [|F (s D)llo,5,01(1v) can be replaced by [[[f[llo,,a1(77v)> 1

[[ reo.atoow] < a@illlo s

7AL(T;v)

Lemma A.3. Let n be the solution of (7.47) given by (7.49). Then there exists a positive
constant T, such that n satisfies the a priori estimate:

|||n|||0,’y,l_\§(T;v) + |r;1|i>§ |||8an|‘|0,7,ﬁé(T;v) + |||8tn|||0,’y,/_\§(T;v) <R, 0<T<T,
where Ry is a positive constant depending on Ky, d* and .

Proof. (i) Recall that n satisfies
(A.74)

n(x,t):no(a(x,t))exp<—/0 (V- V)(X(&,0,a(x,1)),€)d¢ ), for (x,1) € AL(T; ).

Since v € Br, we have
V- vl

|0,7,/_X(T) S 6K()(5* in A(T)
and hence (A.74) implies

5*
l17lllo Az < € [In0llo. a1 0rv)-

Furthermore if we assume T3 is sufficiently small enough to satisfy

(A.75) STIK < 9
then we have
(A.76) il 3¢y < 2lnolloziom)
Next we show that no(a(x,t)) is in C%(AL(T;v)). Let (x,t) and (y,s) be points in
AL(T;v). Without loss of generality, we assume s < ¢. Then we have
[no(ev(x,1)) — no(aly,s))| _  [no(e(x,1)) — no(aly,s))l (Ia(xat) - Oé(y,S)I)7

|(X7 t) - (}"78>|’y B |a(X7 t) - a(Y? 8)|7 |(X7 t) - (Y73)|

< [noloy01 (0475

and hence

(A77) [[TL() (a)]] 0,7,AL(T;v) < [nO]O,'y,Q§ (0;v) 47.
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On the other hand, it follows from Lemma A.2 and the fact that v € B(T') (see (D(2)) in
Definition 7.1) that

H /t(v v)(x(&,0, a(x,t)),ﬁ)d&” ] < 6C1(T)Kob*

0,7,A5(T5v))
We use (A.65) and (A.75) to get
wm  [[ew(- [ xEoammow)] <@k

0,7, A5(T5v))

and then use (A.64), (A.75), (A.77) and (A.78) to find
(A79> [[n]]O,'y,j_\é (T) < 2[7"’0]0,7,()‘% (0;v)4"7 + 12””0”07@%(0;\/)01 (T)KO(S*
Since C1(T1) = O(T11 ~7), we have for Ty sufficiently small that
(A.80) 120,(T)Kos* <1, T <T,
so that (A.79) implies
(A.81) [[n]]o,y,a1(Tv) < 2[n0]o.4.010v)4" + l170ll0,01(0)-
Finally combine (A.76) and (A.81) to get the desired bound

llloizy < max{2" 8HInollon ey 0 <7 <Th,
(A.82) < max{2¥"! 3}6*.

(ii) We now need to estimate space derivatives of n. Differentiate the continuity equation

2
on + Z Og; (nvy) =0
i=1

with respect to x; to find

(A.83) 8"’”]" (Z% vz)n—(Zaﬁvl) —(i@win&wvi), j=1,2.

=1

HereD%zat-l—v-Vw.

Integrate (A.83) along the characteristic curve x to obtain

8xjn(xat) = aa:jHO(a(xat))
2t
(A.84) -y / (62,001 + O3+ Dy, v:) (X(E,0, (3, 1)), E) .
1 J0

Since v satisfies

max (|m|ax 1[0%villlo A1 () + |m|a>§ |||8°‘vi|||0m;\(T)) < 3Kyd*, by the definition of B(T)
al=

and n satisfies

|||n|||0,1_\§ (T;v) < 2||n0||0,(_281(0;v)’
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for T sufficiently small by (A.76), we have from (A.84) that

Q _
max [0%n|[o,A1(1;v)

< max[[0%nollo,ay o) + 6T Kod"[[nollo.az(ow) + 12K00™ T max [[[0%n[lo i3 rv)-
o= o=

(A.85)
We assume T3 is sufficiently small so that

1
A. Ky6"Th < —
(A.86) 00" 11 < o,

then we have from (A.86) that

1
|0,Q§(o;v) + §H”O||0,Q§(0;v) for T <Th.

(A.87)  max|[|0%n||[o a1(r,v) < 2max|[0%ng
laj=1 sy la|=1

Next we estimate [[0%n]]g , z1(7v): |2 =1 using Lemma A.2 and (A.64).

By direct calculation, we have following estimates: For 7" > 0 sufficiently small, we have
(A88) o (185 nola O)]o a3y <47 maX[*nalo ay0n)
(A-89) o [[07,4;vinllo v, Ay (riw) < 6Ko(6")? max{227F1, 3},
(A.90) o [[00;0i0n; 1]l R1(1iv) < 3K00™[[Vnllgy z1 (1) + 3Kod"|[[Vl]o A1 (75v)
(A91) o [[05;10z;villo 4 A1 (1yv) < 3Kod” ([[V”]]o,y,ﬂg(T;v) + max [[0%n]o,a1 (T;v))'

|
We combine estimates (A.88) - (A.91) to get

max[[aan]]o,v,f_\é(T;v) < 4 max[aano]o,%ﬁé(o;v) + 12K06*Cl (T)

laf=1 B =1

N——

(A.92) x (5* max{227*1,3} + max{[9%n]lo ayriv) + maxll|0%nlllo sy )

We assume 717 is sufficiently small so that

1
A. 00°C1(T) < —
(A.93) 00" Ci(Th) < o
and hence for T € (0,T71], (A.92) implies
max([0®nllogayy < 27 max[0®nolo s gy o) + 07 max{247,3)
o 1
(A94) + 2 ‘Iﬁa‘:)i Ha nO“O,Qé(O;V) + §||n0||0,&'_2é(0;v)'

We combine (A.87) and (A.94) to obtain

(A95) mi}i |||8an| ‘ |0,7,/_\§ (T;v) < 26" max{22’7+1’ 4}

(iii) Now we estimate the time derivative of n. Recall that n satisfies

(A.96) on+ V- (nv) =0.
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Next we use (A.82), (A.95) and (A.96) to see

10 lo A1 (1) < 2|Iél|a:}§||aan||0,7,f&§(T;v)'|||V|||0,7,/§(T)+||n||0,7,1§§(T;v))||v'V||0,7,/§(T))
(A.97) < 15K (0%)? max {2271 4},

Finally we set
Ry (Ky,d*,7) := max{27 3}6* + 26* max{2%7 4} + 15K (0*)? max{2*7"!, 4}
to see that (A.82), (A.95) and (A.97) imply the desired result. O

A.1.2. A priori estimates for Step 2. In this part, we will give existence, uniqueness and
regularity for the function ¢ as given in Step 2 of Section 7.2.

Recall from Step 2, ( satisfies the exterior Neumann problem for Laplace’s equation at
given time t € [0, T:

Al( 1) = Q
(A98) C( at) 07 X € i,
V({-vg=hg, x€9 and V(=0 as|z|— co.

Lemma A.4. hy € C17(89 x [0,T]) and satisfies
1[Polll1,7,000x[0,7] < 6° + 6CoKoR1(6*)?,
where Cy is a positive constant.
Proof. Recall that hg = 9;g — (nv) - v. Then
<

1oll]1,y,600 x[0,7] [110¢91[11,,000 % [0,00)
(A.99) +  nvivollls 600 xjo,17 + |l17v2v02]] |1 4,000 x[0,77-

Since the product of Holder continuous functions is again Holder continuous (see [33], pg.
53), we have

[[Inv1vor|]1,y,000x (0,17 + [[[Pv2002|]11,5,600 x[0,77

< Co (| [7]1]1,7,000 x 0,771 1011 1]1,7,800 x 0,77 [17011]1,7,0020 x [0,17

111111 000x 0.1311102 11 3,000 [0:71 11902117 6020 x10,71 )

(A.100) < 6CoKoR1(0)>.
Here Cj is a positive constant and we used Lemma A.3, mzlau>2<|||vz| Iy, A(r) < 3Kod", and
= s iy
inequalities
Il .000x10,21 < N7l A1 (rswy  a0d (lvilll1 000 x 0,07 < [Mvilll1q,A¢r)-

Hence in (A.99), we use (A.100) and the assumption (A2) of Section 7.2 to get
(A.101) 1holl]1,7,000 x[0,7] < 6° + 6CoKoR1(6*)>.
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Recall the annulus region (7.45) in Section 7.2:
Ox
Q*:{xeR2:72< x| < 26%}.
The following existence and uniqueness result of two-dimensional exterior Neumann prob-
lem (A.98) is due to the results of Bers [10] and Finn-Gilbarg [29].

Lemma A.5. Suppose the boundary data hg is in C17(9Q x [0,00)) as provided by Lemma
A.4. Then there exists a unique solution  up to constant of (A.98) satisfying the following
estimates: For the compactly supported subset 2, of 1, we have

(1)
V<1 .0 x0,r + sup max [[[0%C(- D)l[lo,0, < Ri, 0<t<T,
0<t<T |a|=3

where Ry is a positive constant which depends only on Qq, §*.

(2) Let hgn) € CY7(9Qg x [0,00)) be a sequence of boundary data satisfying the bound
(A.101) and

h(()") — hy in OLT(09) x [0,00))  as n — .

Suppose V™ and V( are the corresponding solutions to the above exterior Neu-
mann problem (A.98) for data h(()n), ho respectively. Then we have

V¢ 5 V¢ in (CV(Qu x [0,T])?  as n — 0.

Proof. (i) Since Q, is compactly supported in €y, it follows from the interior Schauder
estimates ([33], Section 6.1), we have

||V<(a t) ‘ |1,7,Q* + g}'a:‘}é ||aac(" t) | |0,7,Q*

< Co(Q0, )[R0l []1,7,000x[0,1]
(A.102) < Co(Q0, ) (0* +6CoKoR1(6%)), 0<t<T.

Let 0 < s < t. Then it follows from Laplace’s equation and the boundary condition that

A(M):O, xe, 0<s<t<T,

t—s7

We now apply the global Schauder estimate ([33], Section 6.2) to get
|VC(X7t) — VC<X7 3)|
|t —s[7
< C1(Q0, )[R0l ll1,,690x (0,11
(A.103) < C1(Qo, Q) (6 +6CoKoR1(6%)%), x € Q4.

We take the supremum over ¢ # s to get
|VC(X5 t) B VC(Xa 3>|
t#£s |t - 3|'y

(A.104) < C1(Q0, %) (0" + 6CoKoR1(6%)?),  x € Q.
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Let (x,t) # (y,s) and without loss of generality, assume that x # y,t # s. From (A.102)
and (A.105), the Holder quotient satisfies

Ve, 1) = VC(yss)| o [V 1) = VEx, 8)| | [VC(x,8) = VC(y, 8]
[(x,t) = (y,8)[" B |t — s|7 Ix —yl|7

[V, oo, + [VEE $)lo,04(s)

(Co(Qo, Q) + C1(Q0, Q) (6* + 6Co Ko R (6%)?).

<
<

Taking sup over the time-space region 2, x [0,T], we have
(A.105) [VC00 017 < (Co(Q0, 24) + C1 (R0, 2))(8° + 6Co Ko (5°)7)

Similarly we can estimate |max 110%CIo,,0. x 0,77 to get
a _2 3 [avex k]

(A.106) max 0% 10,40, x[0,7] < Ca(S20, %) (8* + 6Co Ko R (6%)?).

Finally we combine (A.102), (A.105) and (A.106) to get

IVEH1,0.x0m + sup max [[[0%C( )|llg,a0, < R,
0<t<T |a|=3

where Rl = (C()(Q(), Q*) + 01(90, Q*) + CQ(Q(), Q*))((S* + 600KOR1 ((5*)2)
(ii) The difference ¢ — ¢ satisfies

A = ¢ 1) =0, x €,
V™ —¢) g =h" —hy, x€09 and (™ —¢=0 ondB(0,35%).

By the Schauder estimates (Section 6.2 in [33]), we have
IV¢M(8) = VDl gy < ClAGY = holl1,r.00,-

Letting n — oo, it follows from the above inequality and hypothesis (2) of this lemma that
(A.107) Ve (1) = V(1) in (CYT())?, 0<t<T.
For the time-estimates we apply the same method as in (i) to get
(A.108) v(™(x,.) = V((x,) in (CY7([0,T])2, x € Q,.
We combine (A.107) and (A.108) to see

V¢ 5 V¢ in (CVT(Qy x [0,T]))>.
This yields

v¢e™ 5 ve in (CYT(Q, x [0,T]))2.
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A.1.3. A priori estimates for Step 3. We now need to give existence, uniqueness and
regularity for the interface of Step 3 of Section 7.2.

Lemma A.6. 1. Assume that ( satisfies estimate (1) of Lemma A.5:
V¢

l1,7,0.xjo,r] + sup_max [[0%C(-,)[g 5,0, < R;.
0<t<T |a|=3

Then there ezxists a unique solution for the interface system (7.44) satisfying
(0,ns,7) € (CYY(R % [0,T]))® and (036, 0pns,057)(,t) € (C*V(R))?, t€[0,T).
Moreover, we have
® 10111,y rx[o,m) + [[7sl]1,7,Rx (0,77 + |I7]]1,7,RX[0,7]
< 2(|180l1132 + lInsol 1.1,2 + IIroll1.1,2 )
® [[080(,t)ll27,r + [10pns (- D)2,k + 110p7(-s 1) |27,k
< 2(||3B00||2,7,R + [[9pnsoll2q . + ||3[37"0||2,%R)-
2. Let
v 5 ve in (CYT(Q, x [0,T]))%  as given by (2) of Lemma A.4,

and let (0(”),ngn),r(”)) and (0,ns,7) be the solutions of the sheath system corresponding to
V™ and V¢ respectively. Then we have

O 2™ 1My 5 (0,n,r)  in (CYT(R % [0,T]))®  as n — oo.

Proof. The result is just continuity with respect to data for the hyperbolic system (7.44).
The proof of convergence in C1(R x [0,77]) follows from the argument in [24]. The proof of
Holder norms C*7(R x [0,T)) is similar to that of [24] and this has been checked by Elling
[26]. 0

A.1.4. A priori estimates for Step 4. We next present the existence, uniqueness and
regularity of the ion density n in the region A2(T) given by Step 4 of Section 7.2.

Lemma A.7. Let n be the ion-density obtained from Step 4. Then the formulas in Step 4,
namely n satisfies the differential equations:

d
d_X(Sat07a) = V(X(S,t(),a),S), s> th

25 nn(x(s, to, @), s) = =(V-v)(x(s, b, @), 5),

subject to initial and boundary data:

no(a) to = O,

to,to, ) = « d a,ty) =
X(O 0 ) an n( 0) {ns(a7t0) t0>0,

are indeed valid. Furthermore for sufficiently small T, the following estimates hold:
neCY(ANT;v))  and  |[nlipa2rv) < Ra,

where Ry is a positive constant depending only on Ky, d*,.



48 MIKHAIL FELDMAN, SEUNG-YEAL HA, AND MARSHALL SLEMROD

Proof. The proof follows from Remark A.1, i.e. since backward characteristics starting at
a point (x,t) € A2(T;v) can be traced back to a point (c,0) in the absence of the sheath
interface, the presence of the sheath interface means backward characteristics must hit either
a point in 22(0; v) or a point in the sheath interface. Furthermore, the segment of backwards
characteristic between (x,t) and (c, 0) can hit the sheath interface at most once. Indeed, the
backwards characteristic can enter but not exit the domain A4 (T;v) = AL(T;v) N A2(T;v)
through the interface surface at time 0 < ¢ < T'. This is because initially up = —~ on §(0),
hence |[v-v + 1| < € on S(t) for 0 < t < T by (Al) and Theorem 7.2, where T > 0 is
sufficiently small depending only on initial data, boundary data, and ¢ > 0. By choosing

¢ > 0 sufficiently small, the vector field for the characteristic d_): = v(x,t) always points

into the domain A4(T;v) at the point of intersection with the sheath interface.
Hence the formulas follow from (7.47). Furthermore the regularity estimates in the state-
ment of the lemma can be obtained in a similar manner as in Lemma A.3. O

We combine Lemma A.3 and Lemma A.7 to get the regularity result for n in the sheath
region.
Lemma A.8. For sufficiently small T, we have
n € CY(Ay(T;v)) and ||”||1,7,AS(T;V) < Ri+ Rs.

A.1.5. A priori estimates for Step 5. We next give the existence, uniqueness and regu-
larity for the function ¢ defined in Step 5.

Consider Poisson’s equation on the space-time sheath region A4(T;v): Let t € [0,7] be
given and ¢ satisfy

(A.109) A¢p=mn in Q(t;v),
Vo vg=g ondQy and ¢=—Inns on S(t).

Lemma A.9. Let n be an ion density in the sheath region As(T;v) and satisfy the a priori
estimate in Lemma A.8. Then Poisson’s equation (A.109) has a unique solution ¢ satisfying
the following estimate:

ma; o“ 5 oy + sup max ||0%(-,t 5 oy < Ra.
1§|aé2”| ¢H|0,’7,A3(T,v) Ogt£T\06|:)§H ¢(7))H0,7,Qs(t,v)_ 3

Here Rg is a positive constant only depending on Ky, 4,1 = 1,2 and §* respectively.

Proof. (i) Differentiation of (A.109) with respect to ¢ shows that 0;¢ satisfies the mixed
Dirichlet-Neumann problem for Poisson’s equation.

Adp = —div(nv) in Q(t;v),

Voip- vg=0g onodQy and 0= —0Inng, onS(t),
where we used V¢- v =0 and Vn- v =0 on the interface S(¢), 0 <t <T.

By the direct application of Holder estimates of the first derivatives given in ([33], Section
8), we have

H8t¢||2,'y,ﬁs(t;v) < él (Hatng,'y,Qs(t;v) + |||an|l,’y,Qs(t;v) + Hat In nSHZJY;R)'

Here C; depends on g and S(t), but we can choose uniform Cj independent of ¢ and
depending only on d, and §* for sufficiently small T, 0 <t < T.
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On the other hand, since v € B(T'), we have

|1,7,Qs(t;v) < 02||n||1,7,ﬁs(t;v)||V||1,7,Qs(t;v) < C_13}'{0(}%2 + R3)5*7
® [109ll1,7,0,(4v) <" by the assumption (A2) in Section 7.2,

o [[|[nv]

where Cy and C3 are some positive constants.
It follows from the interface equation (7.44) that

Ons 4 sin (3 sin 66 2sin BV cos 6§
Ny __< r )8/39—< TN )Bgns,
Vo _1_ V(- (C(;lsé),sme)-

We use the above relation and the estimates from Lemma A.5 (1) to obtain

[|0s In |2,y r < C(051,6%).
Here C(d41,0%) is a positive constant depending only on d.1,6*. Hence we have
(A.110) OiI;ET 106 (s )la,y,0 (1v) < R3,0(Ko,041,042,0%)  for t € [0,T].

(ii) It follows from the Schauder estimates (Section 6.2 in [33]) that

||¢('vt)|‘2,7,ﬂs(t;v) < C_'4<Hn('7t)“O,'y,&'_Zs(t;v) + ||g('7t)||15%890 + || In ’I’Ls(',t)”Q,%R)
(A.111) < Ry1(Ko,0s1,00,6%), 0<t<T.

Here C; depends only on the Qy and S(t), but again we can choose Cy depending only on
04 and ¢* for sufficiently small 7,0 <t < T.

Let (x,t) and (y,s) be any points in Ag(T;v). Without loss of generality, we assume
that 0 < s < t. By assumption (A4) of Section 7.2, we have a contracting interface so that

Qs(t;v) CQs(s3v), 0<s<t<TKI1.
Hence x € Q4(t;v). Then inequality (A.110) implies, for x € Q4(¢;v)

A.112 %o (x, - < R30(Ko, 041, 04, 6" )T7.
( ) 1;?(322“ &(%,*)[loy,00,77 < R3,0(Ko, 041,042, 67)

We combine (A.111) and (A.112) and choose T sufficiently small to get
(A.113) 0 10°o1, ) < Faa(Ko, 8,612, 8°).

(In fact the above argument holds for the expanding interfaces as well).

(iii) On the other hand, d,,¢,7 = 1,2 satisfies

AQy, ¢ = Op,n in Q(t;v),
(A.114) ’ ’
VOy,¢- vo =059 ondQy and 0Op¢=—0,Inn,; on S(t).

Again, it follows from the Poisson equation and the Schauder estimates (Section 6.2 in [33])
that

||6$z¢(7 t) | |2,7,Qs (t;v)
(A115) < O (10an( Dllo vy + 11009 Ol o + 105, 1, Bl
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Here C5 depends on S(t), but we can choose C5 depending only on d,;,7 = 1,2 and 6* for
sufficiently small 7,0 <t < T.

The first two terms in the right hand side of (A.115) can be bounded by a quantity
depending on ¢* using Lemma A.7 and assumptions (A1)-(A2) of the boundary data in
Section 7.2, i.e.,

(4.116) 102,20 )l ) + 119229 Bll1.3006 < C.

Here Cg is a positive constant depending only on 6,; and 6*.
Now we estimate the third term ||9y, Inn||2,,r as follows. It follows from (7.37) that we
have

2sin
Oy, = — - ’835

and similarly we can express 0y, in terms of dg. Therefore we have

;15 () <C; i=1,2

(4.117) 132 T, Dl = || Z2 22, <

Here C7 is a positive constant depending only on 6,; and 6*.
Combining estimates (A.116) and (A.117), we obtain

|I;1|i)§ ||aa¢('7 t)||2,fy,Qs(t;v) < R3,3(K07 041, 042, 6*> for ¢ € [07 T]

The above inequality implies

sup max [|0°@(+,t)|lo 0, 1v) < 13,3(Ko, 051, 042,0%)  for t € [0,T7].
0<t<T |af=1

In particular we have

(A.118) sup max‘laa¢('vt)”0'yﬁs(t-v) < R373(K0,(5*1,(5*2,5*) for t € [O,T].
0<t<T |a|=3 e

We set R3(K0, 5*1,(5*2(5*) = R3’2(K0, 5*1, (5*2, (5*) —I—R3’3 (K(), (5*1, 5*2, (5*) and use (A.115) and
(A.118) to get the desired result. O

A.1.6. A priori estimates for Step 6. In this part, we give the existence, uniqueness and
regularity for the ion velocity G defined in Step 6 of Section 7.2.

Consider the Burgers’ equation with a known source V¢:
(A.119) o+ (- V) = Ve, (x,1) € R? x Ry.

Lemma A.10. Suppose the source V¢ satisfies the estimates obtained in Lemma A.9. Also
assume initial data ug satisfy the assumption (A3) of Section 7.2 so that

(1) Vo € CY(A4(T;v))  and V(- t) € C2V(Q(t;v));
(2) for each o € R?, the real parts of the eigenvalues of Vug(a) are non-negative;
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the there is a positive constant Ty such that (A.119) has a unique solution & € C1Y (A4(T;v))
satisfying

detI'(a,t) >0  and
(A.120) u(x(t,0, o) / Vo(x(s,0,a),s)ds, te€]0,Ts],
a(x,t) - x < —%|x|2, (x,t) € (B(0,rp + 6Ko0*T) — Qo) x [0, T3],

where To s a positive constant and

dx(t,0, )
dt

Proof. (i) Along the particle path x(¢,0, ), system (A.119) becomes

D

Dt

Any smooth solution of (A.120) will satisfy

d*x(t,0, a

% = V¢<X<t70va)7t>; X(C\:,O) = o, T = u0<a)'

Since V¢(-,t) is Lipschitz continuous and uniformly bounded, there exists a unique char-
acteristic curve x(¢,0, o) satisfying (A.122) locally in time ¢. Now we integrate (A.122) to
get

=u(x(t,0,a),t) and T(a,t)=Via(a,t).

D
=V¢, where —=0;+u-V

(A.121) o

(A.122) dx(0,0, &)

dx
<tdi)a—u0 /qu (s,0,x), s)ds

and integration of the above equation yields

(A.123)

t 11
X(t,0,a) = xmﬁ¢ﬂ+¢uda%+/ Vé(x(s,0, a), s)dsdt;
0 0

(A.124) = a+tu(a)+ /Ot Otl Vo(x(s,0,a),s)dsdty.

Next we differentiate (A.124) with respect to a to get

(A.125) INa,t) =1+ tVu(a / b (Ve V)o(x(s,0,a),s)l(a, s)dsdt;.
Set

y(t) = [C(e,t) = I = tVup(a)],

where | - | denotes any norm on 2 x 2 matrices so that we have
t1
0< [ [V @ VIs0xs.0.0),8) (e s) dsdts
0 Jo

Since

IT(a, t)| T(a,t) — I —tVug(a)| + |I + tVuy(a)|

< y(t)+1+dit,
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where sup |Vug(a)| < dy, we have from (A.125) that
ae(o)

t ot
y(t) < / da(y(s) + 1+ dys)dsdty,
0 Jo

where |V ® Vo(x(s,0,a)] < do for o € Q(O) 0 < s <T. Hence we have
t1
y(t) < dQ( + d1— + dQ/ / s)dsdty

and by Appendix B
y(t) <dst>  on0<t<T,

for sufficiently small T, i.e.,

IT(c,t) — I —tVug(a)| < dst?, 0<t<T.
Define

tD(t,a) :==T(ex,t) — I — tVup ().
Then we have
|D(t, )| < dst for some constant dg > 0

and

det(I'(ey, t)) = det(I + t(Vug(a) + D(t, a))).
Let A\j(a,t) and \;j(a),i = 1,2 be the eigenvalues of a matrix Vug(a) + D(¢, o)
and Vug(a) respectively. Then we can see that

)\i(a,t) = )\Z(a) + O(t)
By the Cayley-Hamilton theorem, we have

det(l'(a,t)) = (tAi(o,t) +1)(tAe(ax,t) +1)
= (thia) + 1)(tre(a) + 1) + O(F)
= det(I +tVug(a)) + O(?).

Aslong as 0 < ¢t < T < 1, the sign of det(I'(ex, t)) will be determined by det (I+tVu0(a)>.
Next we calculate det(I +tVug(a)). Let us set the characteristic polynomial of Vug(cx)
by P(c, A). Then we have
P(a, \) =det(Vug(a) — AI) = (A1 (a) = A) (A2 (a) — A),
where \;(a) are the eigenvalues of Vuy(ax). Hence
det (I + tVuO(a)) = t*det (Vuo(a) + t_lf) = t?P(a, -t )

= (M(a) +tH(A(a) +t71)
= (th(a) + 1) (tha(a) +1).

Since by assumption (2) above, real parts of the eigenvalues of the Jacobian matrix Vug ()
are nonnegative, we have

detT(a,t) > o [1 +t Re Ag(@)] + O(t) >0, 0<t<T <L

Hence the Lagrangian map is a C'-diffeomorphism locally in time.
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(ii) It follows from (A.120) that

t
a(x(t,0,a),t) = uo(ar) +/ Vé(x(s,0,ax), s)ds.
0
We take an inner product with x(¢,0, ), t) to get
<ﬁ(X(t7 07 a)7 t)? X(t7 07 a>>

=<uda»xaxxa»41£<v¢u¢ama»x@xxa»¢

t
(A126) = (up(a),x(t,0,a) — ) + (up(ax), @) +/0 (Vo(x(s,0,a),x(t,0,a))ds.

Since
t

Ix(t,0,0) — o = ‘/ v(x(s,0, @), $)ds| < 6Kod"T,
0
and  [[[Volllg a,(rv) < Rs,
Hence in (A.126), we have
(a(x(a,t),t),x (e, 1)) < 6Ko(5*)°T —no||e|]” + RsT.

Now we choose T sufficiently small so that

2 7707“2 Mo 2
(6K0(57)2 + Bs)T < 2 < Dllal?, o€ 2,(0).
Then we have o
<ﬁ(X(aa t)a t)a X(aa t)) S _E”a”2
On the other hand, since

d
%|X(O,O,Q)|2 S —2770')((0,0,0!)'2 = _2n0|a|2a

we have
Ix(t,0,a)| < || fort<T 1.
Therefore we obtain

(a(x(t,0,@). 1), x(t.0,@)) < —Dx(t,0.)
g

A.1.7. A priori estimates for Step 7 of Section 7.2. Finally we prove the existence of
a linear extension map and some estimates of the extension.

Lemma A.11. Let S(t),t € [0,T] be the C*7-reqular simple closed conver curve in R?
provided by Lemma A.6 such that S(t) lies inside the annulus Q. and Qs(t;v) is the corre-
sponding sheath region 0 < t < T, T sufficiently small. Then there erists a bounded linear
operator E(+;8(t)) : C*7(Qs(t;v)) — C2V(Q1) satisfying

(a) E(Q|S(t) =1, in Q(t;v),

(b) E(a|S(t)) has support in B(0,35"),

(c) NE@ISENI2,y,0, < Kolllallla,a, vy,

where K is independent of t € [0,T] and Qy is the annulus region (7.45).

Proof. Since the proof is rather long, we delay its proof until Appendix C. O
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A.2. Continuity of F. In this part, we establish the continuity of F which in turn imply
the existence of a fixed point of F.

Lemma A.12. Let f be a continuous function such that

ft) < Co+Ci(f(1)?, t>0,
f(0)<Cy and CoC; < %

where Cy and C1 are positive constants independent of t. Then we have
f(t) < 2Co.
Proof. Define
F(k) = C1k* — k4 Cy.
Then by direct calculation, we have
. -1+ 2CyCh
Flk)y=——— th=—.
min F'(k) 2C, <0 a 3,

Now we denote r; and ry by the roots of F(k) = 0 such that r; < r9. Then by direct
calculation, the smallest root r; satisfies

2C)
Ch < = <4(v2 —-1)Cy < 2C,.
o< =17 1_40001_(\/_ )Co < 2Cy

On the other hand, since F(f(¢)) > 0, we have two cases:
either f <ry or f>ro
however since f(0) < Cy < r; and f(t) is continuous, we have
[ <y <2Ch.

Proposition A.1. There ezists a positive constant T such that the map F with F(v) :=
E(1;8(t)) is a well-defined map from B(T) to B(T).

Proof. For the time being, we assume T sufficiently small so that
(A127) T S min{Tl,TQ}.

So all estimates in the previous lemmas hold.
(i) By the construction of @ in the sheath region A4(T;v), we have from solving (A.119)
along the characteristic

o Jue(alx, ) + fy VE(x(s,t,x),8)ds  to =0,
(A.128) “(X’t)_{ v(a(x,1) +j‘t0v¢>z t,x),s)ds  to > 0.

n (A.128), we have

X [|wiollo,q, (o) to = 0,
|illo A, (:v) < e
PR (T5v) 1+ (t — to)lIVllo.A, (7:v) to > 0.

This of course implies

luiollo @) + TITlllo 5,
|[woillo,3,0) + TR by Lemma A.8.

||’&i||0,/_\s (T;v) <
(A.129) <
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On the other hand, we use Lemma A.2 to obtain

(A.130) [[@]]o.,As(3v) < [w0ilo,y,04(0) + C1(T) Rs.
We combine (A.129) and (A.130) to get
(A.131) l4illo,y, Ao (T5v) < loilloy,6.(0) + TRs + C1(T)Rs.
We assume T sufficiently small so that

5*
(A.132) TR;+ Ci(T)FRs < 5.
Here we used C1(T) = O(T'™"). Hence we have from (A.132) that

6*

(A133) mas il 7, ) < maxlheaillos a0 + -

(ii) We differentiate the momentum equation
gu+a-Va=Vo
with respect to xj to find

DB, i) | N - vin -
(Tkt) + Z(aackuj)(amzu]) = O, (8m1¢)’

=1

(A.134)

where D% =0y + - V. We integrate (A.134) along the characteristic to get
(2) if tg =0,

2 et
acck'&i(xat) = awkUOi(a(xat)) - Z/ ((Qckﬁj)(axiﬁj))()Z(S,t,X),S)dS

/amk 2 0) (X (8,1, %), $)ds;

(17) and if tg > 0,

Op, Ui (x,t) = =0y, vi(a(x,1)) Z/ (O, j)( Bwlu])>( (s,t,x),s)ds

(A.135) / Ogy (02;0) (X (8,t,%), s)ds.
to
The above equalities yield

maxmax|||a Uz|||oA (T;v)

1=1,2 |a|= 1=1,2 |a|= =12 |a|=1

- ngllla WMoy 0SEST.

Since T' < 1, it follows from Lemma A.12 that

mas ma (10 o, 1) < 2( mag a0 o

(A.136)

IA

2 Ao & 2T R3.
g |0 sl 0+ 277,

_,‘_

o)+ 7 max 1061l 5, 120

55

max max |0 uoil |y, o) + 27 ( mag max 10l 5, )
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On the other hand, it follows from the inequalities (A.135) and (A.64) that

max max/[[0°4;]], 0,7,As(T;v)

i=1,2 |a|=1
< zmZIDQ( ‘Iélﬁx[a woilo 7,0.(0) 4C1(T) (2 Ei}é rél\i)i ||8az}0i”0798 ) T 2TR3)
X {IIEIL}QC |I;1|ax[[8 u’l]] 0,7,As(T;v) +Ch (T)R3

We assume that

1
4C1(T) (2 max ‘m|ax 10%uoillo Ry (T3v) + 2TR3) < 3
Here we used C1(T) = O(T*™7).
Then we have
(A.137) max max([[0%4;]]o , A, (rv) < 2max max[[Vum]]Osz(o) +2C1(T)Rs.

i=1,2 |a|=1 i=1,2 |a|=1

We combine (A.136) and (A.137) to get

maxmas 19,3, () < 205 max |l 0, 0) + 27 Ry + 21 (1) By,

We assume again that 7T is sufficiently small so that

5*
(A.138) 2T R3 + 2C1(T)R3 < ER

Then we have

(5*

(A.139) g%HWaﬂHO,%AS(T;v) < 2£?§|WU01”0,%QS (0) T ER

(iii) We differentiate (A.134) with respect to x; to obtain
D(32 ,4) < ) ) A ) ) )
g:z Yo Z [(Bw,uj)(aijxkui) + (8win)(a§klej) + (8wkuj)(a§ 2 )]

1
(A.140) =02 ., (01,9)-
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We integrate the equation (A.140) along the characteristic curve to find

(¢) if tg = 0,
02, 4,0 (X t) = kaxlum( (x,1))

—Z (i) B0 00 P+ P o)) R 1),

/ aﬂtkaﬂtl Zj ( (S t X) )dsv
(22) if tg > 0,
Oy, O, 05 (X, 1) = =02 , vi(au(x,t))

wkwl

2t
) Z/t (0 (022, ) + (D7) (08 1) + (D 17) (DR, 17) ) (1, 8)ds

/ wkcvz (x(s,t,x), 8)ds.
(A.141)

Then it follows from (A.141) that

maxmaX|||3 UzmoA (T;v

i=1,2 |a|=2 )
6*
63 . — -
< gnflig‘m'aXII@ @oillo,0, 0) +6T(2gg‘i>2<|rg‘g>§lla oillo,,0,(0) + 3)
Alo& 7y + TRs.
Xim:g‘rﬁglllé‘ @illlo, A, ;) + TR3

We choose T sufficiently small so that

5\ 1
(A.142) 6T (2 max max |0 uoilly 2, 0) + +2) < 5 and TRy< .

i=1,2 |a|=

Then we have

(A.143)

(Tv) < 2maxmax||3 U0;

=1,2 a|=2 i=1,2 |a|=2

We need to check the Holder seminorm of 0%4;. Again we use (A.141) to find

g |r;1|a>§[[8 @illoy,As(Tiv)

(5*
< maxll0*uoilo A, r) + 6C1(T) (2mama 0" unl o ,0) + )

6*
x mas maxl[0%iall, i) + 601 (T) (2 mass maax 10°uoillo 0,0 + )

)
(2 max ‘m|ax 10%woillo,0,(0) + g) + C1(T)Rs.

Here we have used (A.64).
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We assume that T sufficiently is sufficiently small that

0* 1
(A.144) 6C1(T) (2 max |m|ax||8 woillo,,0,(0) ?) < 2 and
6C: () (2 mas max [0 uoil o 3, 0) + 5—*)
PSR amy 17 toillon 0.0 T g

A.145 2 o il Ci(T)R3 < o
(A.145) x( ma max ||0%ios lo,0,0) + g) +Ci(T)Rs < 13-
Hence we have

. AT S & —.
(A.146) max g}'ag[[a illoq Ry (ryv) < 2max ‘Ig'ag[a uoilo,y.0.(0) T
We combine (A.143) and (A.146) to get

(5*

(A.147 g [10% o, 5,y < 2 max 0wl .00+ -
We combine (A.133), (A.139) and (A.147) to get
(A.148) max > mﬁXIIIB @illloy,n,(miv) < 2 max f;l‘a_%lla woillo,y,0,(0) + 07 < 367

0<k<2 0<k<2

(iv) It follows from the Burgers’ equation (A.119) that
maxl100illlo Ay < 2( magllinlllog &, rm ) (masmax 100l 5,

=1,2]a|

+ ‘|‘V¢|‘|0,’7,A5(T;V)
< 18(6*)* + Rs.

(A.149)

Finally we combine all estimates (A.148) and (A.149) to get

* ~ _ *\2
mass (max [10%llo a(r)) <36 and ma il iqr) < (1806°)° + Rs).

By the construction of extension of 1, we find

(A.150) () max (maxlllowilllos i) < 3Kod"
(A.151) (b) ma [10husl o, 3¢y < Ko (18(5%) + R ).
Here we notice that the norm |[[ - |y, o, (#v) in Appendix C can be generalized to the space-
time norm || - [lg.y.a¢r)-
Finally the estimates (A.150) and (A.151) show that u € B(T). O
We set

As(T;r) : the sheath region determined by the interface r ,

and recall that an interface S(t) is represented by the radial function r(-,1).
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Lemma A.13. ([12]) Let 7 < 7,

ri =1 in CYT(Rx[0,T]) as given by Lemma A.5  and
0, € CVT(As(T;73)) = be associated solutions of (A.119) for each i as given by Lemma A.10.
Let £(0;(-,t);7i(t)) be the extension of G;(-,t) with
E(;(-,t);m:(1) = w  in CVT(A(T)).
Then we have
w=_E(W .
As(Tsr)

Proof. The proof follows from a straightforward modification of the proof in [12] as hence
is omitted. 0

Proof of Theorem 7.3
Let {v;} be a convergent sequence in By in the topology of T (see (7.46)) such that

vi—=v inCY(A(T)) and 8%;— 9%, inC"» |o/=2, 0<7<7.

By Proposition A.1, F(v;) is well-defined as an element of B(T’) for each i and the sequence
{F(v;)} is uniformly bounded in 7. Since the Arzela-Ascoli theorem implies the compact
imbedding of C17(A(T)) into CY7™(A(T)) with 0 < 7 < , we have a convergent subsequence
which we still denote by (v;, F(v;)):

F(vi) > w in CHT(A(T)).
We claim:
(A.152) F(v) =w.
Proof of the claim: Let (x;, ni, 0i, Si, ¢;) and (x,n, 4, S, ¢) be the quantities corresponding

to v; and v respectively.

Step I. Suppose that B
vi = v in CY7(A(T)) as i — oo.
Then it follows from Lemma A.1 (2) that x;(-,¢,x) = x(¢,x) in C*7([0,7]) as i — oo
and hence since v € C17(A(T)), we have

V- Vi(Xi(fatax)aé-) - V- V(X(ﬁatax)ag) in 0177(890 X [OaT]) as 1 — 00.

We use Lemma A.2 to get
(A.153)

t t
|9 vilalet 00,90 > [ 5 vixle.tx.0d i O (000 x 0.1))  asi .
0 0
On the other hand, since a;; — a in CH7 (99 x [0,T]) as i — 0o, we have
(A.154) no(ai(x,t)) — no(a(x,t)) in C7(0Q x [0,T]) as i — oo.
Here we used the fact that ng is in C17(R?). Recall the formula for n:
t
n(e.8) = no(ext) exp (= [ (V- v)(x(&.0.ax.1). €)ac).

We now combine (A.153) and (A.154) and the above formula to see

ni(x,t) = n(x,t) in CH7(09 x [0,T]) asi — oo,
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which in turn implies
hoi = 0rg — (ngvi) -v —= hg = Oyg — (nv) -v,  in CH7(8Q x [0,T)).
By Lemma A.5 and Lemma A.6, we have
(A.155) V¢ — V¢ in CV(Q, x [0,T]) asi— oo,
(A.156) (03,7i,m5) = (0,7,m) in C7(R x [0,T]).

Step II. Let As(T;v) be the sheath region determined by v. Since F(v) is uniquely
determined by v on the sheath region, once we can show w satisfies equations (7.42)-(7.43)
and the interface conditions:

(A.157) u=-v and Vo-v=0 on S(t),
for the orthogonal flow in the sheath region A4(T;v), we will have
w=F(v) in As(T;v).

So let us proceed to show that w satisfies the sheath system (7.42) and boundary conditions
(A.157) in A4(T;v). Let O be any open set compactly supported in Ag(7;v). Then by
(A.155) and (A.156), since r; — r in CH7(R x [0,T]), we have

O C Ay(T;v;) ©>N.
For i > N, we know that (n;, v;, ¢;, 0;) satisfy
on; + V- (nyv;) =0, (x,t) €O,
Agi =n;,
oya; + (ﬁi . V)ﬁi =V,
and
(ni, vi, $i, 05) = (n, v, ¢, w) in CH7(0),
and hence we find in the limit as ¢ — oo,
on+V-(nv)=0, (x,t)€O,
Agp =n,
ow + (w-V)w = V.

Next we check the boundary conditions on the sheath interface. Since by (A.156) 6; — 6
in C(R) and v; = (cos ;,sin §;), we obtain

vi > v, in CY7(R x [0,T)).
On the other hand, we have
Vo;i-vi=0 and 0;=-v; ondS;.
Letting ¢ — oo, we see
Vo-r=0 and w=-v onS.

Hence we have shown that w satisfies the sheath system (7.42) in the sheath region and
boundary conditions (A.157). By the uniqueness of the construction, we have

F(v)=w on Ay(T;v).
Step III. Recall by (A.156) that we have
ri »r inCY(Rx[0,7]) and F(vi) = w.
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Then by Lemma A.12, we have
w=Ew | )=FW)
Hence we showed that F is continuous in the C'1"-topology. Since JF is a continuous map
on the compact and convex set B(T) of C1'7 space, by the Schauder fixed point theorem,
F has a fixed point u such that
F(u) =u.
This u is a desired smooth solution of the sheath system. This completes the proof.
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APPENDIX B. Gronwall-Bellman type inequality

In this appendix, we prove the Gronwall-Bellman type inequality.

Let f be a real valued positive continuous function and suppose a nonnegative real valued
function y satisfies the following integral inequality:

v <10+ | t / " (e,

Then y satisfies

t t1
o) < fO+E [ 75 explett = 201+ s))dsdy
- f()+ (Trg[%ﬁ]f(r))O(tQ), as t — 0.
Proof. Let us set
w(t) = /O t /O " (et
Then we have
(B.158) y(t) < f(t) + Cw(t).

It is easy to see that
w” (t) = y(t), w(0) = 0, w'(0) = 0.
In (C.159), we have a differential inequality for w:
w” () < Aw(t) + £(1).
Now we introduce another dependent variable u defined by
w(t) = exp(ct)u(t).
By direct calculation, we obtain a differential inequality for u:
u” + 2cu’ < f(t) exp(—ct).

We multiply an integrating factor exp(2ct) to get

(exp(QCt)u')l < f(t) exp(ct).
Next we integrate the above inequality to get

t ot
u(t) S/o /0 f(s)exp[—c(2t; — s)]dsdty,

where we used

This implies

IN

/t /tl f(s)exple(t — 2t1 + s)]dsdt;.
0 Jo
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In (B1), we have

t1
y(t) < )+ ¢ / f(s)exple(t — 2t1 + s)]dsdt1
t1
< fio)+¢ m&g}i / / explc(t — 2t; + s)]dsdty
TE|
= f(t)—l—(ggﬁ);f( )) ast — 0,

where we used

h 1 1 ot
/ / explc(t — 2t1 + s)]dsdt; = — [ — 14 (e %+ eCt)] =— as t — 0.
0 Jo C 2

63
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AprpPENDIX C. Extension Theorem
In this part, we present an extension theorem for C?7-functions defined on the sheath
region Q4 (t;v),t € [0,7] to the bigger domain Q; := B(0,3*) — Q.
We first consider an upper bounds for the length of a convex polygon and a simple closed
convex curve inside the annulus A(rq,r2) defined by
A(ry,m) = {x € R? : 1) < |x| < o}

Lemma C.1. Let P and C be a conver n-polygon and a convex curve inside the annulus
A(ry,m9) respectively. Then we have

I(P)<2mry and I(C)<2mry,
where [(P) and [(C) denote the lengths of the polygon P and the curve C respectively.

Proof. (i) Let P = P(x1,- - ,X,) be a convex n-polygon whose vertices are x1, -+ ,x,. We
choose any point c¢g inside P, and we set

y; : the intersection point with a ray cﬁci and a circle B(0,72).

Then it is easy to see that

(C.159) UP(x1, %)) <UP(y1, 5 yn))-
On the other hand we know that
(C.160) I(P(y1, - ,¥n)) <UB(0,r2)) = 27rs.
We combine (C.159) and (C.160) to obtain

I(P) < 2mry.

(ii) Let C be a simple closed convex curve lying inside A(ry,r3). Note that for any simple
closed convex curve there exists some polygon whose sides are parts of supporting lines of
the given convex curve. Choose a sufficiently small positive constant r9 > 0. Since the
curve C is compact, there exists a finite open cover of C consisting of balls with a center X;
and a radius rg, say,
C c UM B(x;,m9), wherex; €C.

Consider an M-polygon consisting of parts of supporting lines at X;,7 = 1,--- ;M and
denote it by P. Then it follows from the result of (i) that

1(C) < I(P) < 2mrs.
O

Next we present the existence of a continuous linear extension operator from C17(Q,(¢;v))
to C17(21). Even though the construction of this extension operator can be found in the
literature, see for example [1, 28, 33], we slightly modify the proofs given in books [1, 28, 33|
for our purpose.

The proof of Lemma A.10: We first consider the local extension near one generic
point on the interface and then glue these local extensions together using the standard
partition of unity to get a global extension. Let t be given.
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Step I (local extension): Let x¢ be any generic point on the interface S(t). Then there are
two cases: either §(t) is flat near xg, lying in the plane or it is not flat near xg.

Case 1: S(t) is flat near x( lying on some line.

For simplicity, we assume xg = (a1, a2) and the plane is {zs = as}. We choose an open
ball B(xg,r) such that

B+ = B(Xo,T‘) N {.CCQ > ag} C B(0,3(5*) - Qs(t;v),
B~ := B(xo,r) N{x2 < a2} C Qs(t;v).

Let f be any C?7-function defined on Q,(¢; v). We extend f to the ball BT UB™ as follows.

Flor,29) = 6f(x1,2a2 — x2) — 8f(x1,3a2 — 2x9) + 3f(x1,4a0 — 3x2), if (w1,22) € BT,
h fx1,29), if (x1,29) € B~

Notice this choice of f is not the same as given by Evans [28], since he only desired C!-
regularity. We have used a special case of the result given in [1].

We claim: f is C?7 in the ball B.
We need to show all partial derivatives are continuous at xo = (ai,a2). Let us write
f=f b fT := f|lg+. By direct calculation we obtain

o 35 [~ (a1, 22)

= 66’;11‘(3:1,2@2 — .1‘2) — 88§1f(.731, 3ag — 2.%‘2) + 361_;1]‘.(.%‘1,4@2 — 3:82), k=0,1,2,
b inf_(xth)

= —68w2f(E1, 2a9 — .%‘2) + 168w2f(331,3a2 — 2332) — 9<9$2f(:v1,4a2 — 3:82),

© 37, (x1,22)

= 68:%2]0(371,2&2 — .1’2) — 328§2f($1, 3ag — 23?2) + 278§2f($1,4a2 — 3.1‘2),

i aﬂ?lamf_(xl?x?)
= —68x18$2f(x1, 2a2 — 162) + 16(9;,;1 8x2f(l‘1, 3a2 - 2.%‘2) — 9(9331 8z2f(:v1, 4a2 — 3:62)

Now evaluate the above identities on the line {xo = as} to see that extended function f is
C? in the ball B and we have

[8§1f_]0,7,B+ < 31[8:%1 f]O,’y,B*v [8ac1 8x2f_]0,7,3+ < 119[6361 8x2f]0;y,B*
and [a§2f_]0,7,5’+ < 151[8§2f]0,7,1§—-

Hence we have

1128 < 151 £ll1 1,5

Case 2: §(t) is not flat near xq.

Since the interface S(t) is C?7-regular, we can find a C?7-mapping ® with inverse & !
such that ® straightens out S(t) near xo. We write y = ®(x), f'(y) := f(®~!(y)). We
choose a small ball B as before. Then as in Case 1, we extend f’ from B~ to B and get

1/1l2,7,8 < 151/|f'll2,5--
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Let W := ®~!(B) and W* := ®~!(B%). Then we have
1£1l2m < 15[l -

Now we glue local extensions together using the partition of unity to get a global extension.

Step II (Global extension): We will extend f defined on €4(t;v) to the bigger domain €y
such that the extended f has support in £2;. Let r1 be a sufficiently small number satisfying

0<nrm< min{5*,0.55*2 — T’b}.
Then for such ri, we choose points x;(¢ = 1,--- , M(t)) on the curve S(¢) such that neigh-
boring x;’s are located by the part of curve with length r except one pair of points, i.e.,

I(part of an interface curve connecting x; and x;41) =rg, ¢=1,---,M(t) — 1,
I(part of an interface curve connecting xps(;) and x1) <.

Then the number M (t) of such points are bounded by
I(S(t
M) < [( ())] +1,

1

where the bracket is the greatest integer function. Then by Lemma C.1, we know that
4mé*
™

M(t)<[ ]+1, t €0,

As in Step I, we extend f to B(x;,r) for each i, and denote f; by the extended function. Now

take an open set Wy whose closure is a compact subset of Q4 (¢) and Q,(t) C Wy(¢)U (Uiﬂig)

W; (t)) Let {k;} be a partition of unity corresponding to the open covering {W'Z-(t)}ij\igt) of
Q4(t;v) and define
M(t)
f=Y wifi fo="
=0
It follows from Step I that

112,00 < 151M () + 1) fll2.7,0, (1v)-

We take K to be 151 ( [M] + 2) to obtain the desired result.

1
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