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1 Introduction

In the present paper, we study the stability and the asymptotic behavior of a boundary
layer, called a sheath, arising in plasma physics. We begin with a brief explaination of the
formation process of the sheath. We consider the situation in which a wall is put in a plasma
and is negatively charged. Though plasma is quasi-neutral, the potential gradient attracts
positive ions to the wall while repelling most of the electrons. The potential gradient due
to this biased distribution of charged particles near the wall remains only within a close
neiborhood of the wall, so that the wall is insulated from the rest of the space. Hence the
boundary layer is formed. Its typical thickness is given by the Debye distance Ap. In most
cases, the characteristic length scale L, determined by the quantities such as mean free path,
the ionization length or the geometry of the system, is much greater than the Debye distance.
Hence the sheath is considered to be locally planar and collision free. The research of the
sheath was initiated in the 1920s, and in the early pioneer work by Tonks and Langmuir
[11], the basic features of the transition between the plasma and the sheath are addressed.
They defined the sheath edge as the location where the difference between the solution of
the governing equations with the quasi-neutrality and that of governing equation including
the Poisson equation becomes apparent. In other words, the sheath edge is the location
where quasi-neutrality breaks down. Later, Bohm [4] studied the stationary problem (2.6)
with K = 0 and obtained the necessary condition for the formation of the sheath. This
necessary condition, called the Bohm criterion, is that the mean velocity of the incoming
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flow of positive ions to the sheath from the inner region is greater than a certain physical
constant.

The sheath is intensively studied in plasma physics since the process of sheath formation is
important for such industrial applications as material processing, fusion and discharges([6]).
In spite of its importance, the definition of the sheath has been left ambiguous because of
the difficulty in the consistent understanding of plasma and sheath since different governing
equations are used for them. Refer reviews and new insights concerning the sheath to [9] or
[1]. Accordingly no mathematical study has been done to validate the Bohm criterion for a
long time. Recently Ambroso, Méhats and P.-A. Raviart in [3] showed the existence of the
monotone stationary solution to (2.1) under (2.13) over one-dimensional bounded domain.
Later Ambroso in [2] numerically showed the solution to (2.1) approaches the stationary
solution as time tends to infinity in the same setting as [3]. Suzuki in [10] interpreted the
sheath to be a monotone stationary solution to the system of Euler-Poisson equation (2.1) for
one-dimensional half space and derived that the Bohm criterion together with the physically
natural boundary condition on the electric potential is sufficient for the unique existence
of a monotone stationary solution. In [8], asymptotic stability of the stationary solution is
proved under (2.13) and also under (2.14). Consequently the Bohm criterion is well justified
from the mathematical point of view. The objective of the present paper is to summarize
the results obtained in these two papers.

2 Main results

The isothermal flow of positive ions is governed by the Euler-Poisson equations:

pt + div(pu) = 0, (2.1a)
(pu)s + div(pu @ u) + KVp = pV¢ (2.1b)
Ap=p—e? (2.1c)

where unknown functions p, u and ¢ stand for the density and the velocity of positive ions
and the electrostatic potential, respectively. Non-negative constant K corresponds to the
temperature of ions. Note that ¢ is so scaled that it has opposite sign to the electrostatic
potential in physics.

The first equation describes the conservation of mass, and the second one is the equation
of momeutum in which the pressure gradient and electrostatic potential gradient as well
as the convection effect are taken into account. The third equation is called the Poisson
equation, which describes the relation between the potential, the ion density and the electron
density. It is obtained by combining the Poisson equation and the Boltzmann relation in
which the electron density is given by p. = e~%.

We study the initial boundary value problem to (2.1) in the N-dimensional half space
RY := {(x1,...,2n) € R¥|x; > 0} for N = 1,2,3. Throughout this paper, the space
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coordinate is denoted by x = (21,...,2n) = (21,2'), where x; and 2’ = (x3,...,zx) are the
normal and the tangential components, respectively. The initial and the boundary data are
prescribed as

(10) u)(o)x) = (po,uo)(flf>, inf pO(x) >0,

zeRY
lim (po, uo)(x1,2’) = (py,uy,0,...,0) € RV*L  for an arbitrary 2’ € RV-1, (2.2)
I1—00
#(t,0,2") = ¢ for an arbitrary z’ € RV ™!, (2.3)

where p; > 0, uy and ¢, are constants. We take a reference point of the value of the
potential ¢ as x; = oo, that is,

lim @(t,z1,2') =0 for an arbitrary ' € RV™1. (2.4)

xr1—00

To construct a classical solution of the Poisson equation (2.1c), the condition

p+=1 (2.5)

is necessary. Owing to conditions (2.4) and (2.5), the quasi-neutrality p = p. holds as
T1 — oo since limg, 400 pe =€ 0 =p,.
The planar stationary solution (5,4, ¢)(x;) is a solution to (2.1) independent of the time

variable ¢ and of the tangential coordinates z':

(pa),, = O, (2.6a)
(P8 + Kp),, = pbsy, (2.6b)
Pore, = B — €% (2.6¢)
We assume conditions (2.2)-(2.5), that is,
inf ﬁ(l‘l) >0, lim (~> ﬁ,dg)(l'l) = (:0-1‘—, uy,0,...,0, 0)7 &(O) = ¢y (27)

r1€R4 21—00
In the discussion of the existence of the stationary solution, the Sagdeev potential

2 2
ug  ul

¢
Vi = [ [ - e dn f(p) = Klogp+ 55— 5 (2.

plays crucial roles. Here the inverse function f~! is defined by adopting the branch which
contains the equilibrium point (p,¢) = (1,0) (see [10] for details). The unique existence of
the monotone stationary solution is obtained in [10], summarized as follows:
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Theorem 2.1. ([10]) (i) Let uy be a constant satisfying either u2. < K or K+1 < u%. Then
stationary problem (2.6) and (2.7) has a unique monotone solution (p,%,d)(x1) verifying

pi,p€ C(RY) and p,i,¢,,, € C'(Ry) (2.9)

if and only if the boundary data ¢y satisfies conditions

¢p > g(uy) f K >0,
> .
V(gs) >0 and { 6> gll) if K=0 (2.10)
where a function g is defined by, for y > 0,
K
K ogy-Biogr+ %Y pr k>0,
o) =9 2,0 2 272 (2.11)
—5 fOT' K =0.

Moreover, if K+1 < u? and ¢y # g(ul), the stationary solution belongs to C>*(Ry) and
verifies

102,(5 — )| + 187, (& — uy)| + |61, 8] < Clgple™  for j=0,1,2,---, (2.12)

where ¢ and C are positive constants.

(ii) Let uy be a constant satisfying K < v’ < K + 1. If ¢y # 0, then stationary problem
(2.6) and (2.7) does not admit any solutions in the function space C'(Ry). If ¢» = 0, then
a constant state (p,4,d) = (1,uy,0) is the unique solution.

By this proposition, we see that the condition
v >K+1, u <0 (2.13)

together with |@s] < 1 or

W =K+1, u;<0 (2.14)
together with ¢, > 0 gives a sufficient condition for the unique existence of the monotone
stationary solution. The condition

ul >K+1, uy <0 (2.15)

is called the Bohm criterion in [9]. Note that some textbooks as [5] drop the equality in
(2.15) and its manner is adopted in [10]. In the present paper, considering the physical
interest as seen in [1, 9], and our development of mathematical result in Theorem 2.4 under
(2.14), we call (2.15) the Bohm criterion and define the sheath by the monotone stationary
solution to (2.1) under (2.15).
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To study the asymptotic stability of the sheath, we introduce unknown functions v :=
log p, ¥ := log p and the perturbation

(,m,0)(t,21,7) = (v,u, ) (t, 21,2) — (B, &, B)(21).

Subtracting (2.6) from (2.1), we have

Yy +u - VY +divy + md,, = 0, (2.16a)
N +u-Vn+ KV — Vo + mite, =0, (2.16b)
Ao = e¥t? — gl — =0+ | =9 (2.16¢)

The initial and the boundary data to (2.16) are obtained from (2.2), (2.3) and (2.7):

(1/%77)(0,17) = (1/’0,?’]0)(33) = (lOg Po — IOgﬁ, Ug — ’L~L),
lim (¢o,m0)(x1,2') = (0,0) for an arbitrary ' € RV"!, (2.17)
T1—00

0(t,0,2) =0 for an arbitrary 2’ € RVN™1. (2.18)

If the perturbations (3,7, o) and |@| are sufficiently small, all characteristics in x;-direction
of hyperbolic system (2.16a) and (2.16b) are negative owing to (2.12) and (2.15). Namely,

A1 ::771+&—\/_1'_(_<0, A2 :=n1+a+\/l_(<0, M=m+u<0 fori=3,...,N+1.

(2.19)

Hence no boundary conditions for hyperbolic system (2.16a) and (2.16b) are necessary for

the well-posedness of the initial boundary value problem (2.16)—(2.18). Consequently one
boundary condition (2.3) is necessary and sufficient.

Linearization of (2.16) around the asymptotic state (p,u,d) = (p4,uy,0,...,0) results

in
Yt + upthe, +divy =0, (2.20a)
N+ Uy, + KVY — Vo =0, (2.20b)
Ao =19 +o. (2.20c)

Since the spectrums of (2.20) are given by

. ) / 1 )
N(Zf) =1 (—§1U+ + 'fl K+ W) ,  —tGug for §=(&,...,¢6n) € RN> (2:

the real part of the spectrums are zero. Here —iju, has a multiplicity of N — 1. This fact
prohibits the application of standard method to our problem. This diffuculty was overcome
in [10] by considering the stability problem in a function space with such weight functions
as

[S)
o
p—
L —

(1+ Bx)* or ™
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following ideas in [7], which studies an outflow problem for the Navier-Stokes equation.

To derive the asymptotic stabilty of a sheath under (2.13), we introduce new variables
(U, H,X) = (eP1/%),ePm1/2n ePr1/25). We then rewrite the system of equations (2.16)
with respect to (¥, H,X) and linearize the result around the asymptotic state (p,u,¢) =
(p4,uq4,0,...,0,0) to get

U + up ¥y, +divlH = §u+&?, (2.22a)

H] +u HI + KV, — X = -g-u+Hj - jlgz forj=1,...,N, (2.22b)
2

A2—52h+(%_4)2=w. (2.22¢)

By a straightforward calculation we see that the spectrums of (2.22) are given by

,u(z'{)=—ﬁ—g—++i(—§1u+:&\/1{(—%+l—1{), égi—iflu+ (2.23)

2
for £€=(&,...,En) €RY, 0=1+Kﬁ—zwdﬁn

where fu, /2 — i€ uy has a multiplicity of N — 1. The next theorem reassures that condition
(2.13) may be sufficient for the stability of the sheath and corroborates the introduction of
the weight function.

Theorem 2.2. ([8]) As for the spectrums for (2.22) given in (2.23), it holds

sup Re (u(i€)) = max {Re (u(0))} = g (u+ + \/K + —17132—/4) :

£eRN

Hence under the condition

up <0, ul>K+ (2.24)

1-32/4’
the linear stability of (2.22) holds. This condition is fulfilled if and only if uy < 0, u3 > K+1.
Namely, (2.13) is satisfied with the positive weight parameter (3 set suitably small. '

In accordance with the physical observation and the result of the linear stability, in
Theorem 2.3 the Bohm criterion is validated by showing the unique existence of global-in-
time solution to (2.1) and its stabilty under (2.13). In Theorem 2.4, we show similar results
under the degenerate condition of (2.14) corresponding to the limit as Ap/L — 0 (see [1]).
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Theorem 2.3. ([8]) For N = 1,2,3, let m = [{] 4+ 2. Assume that K > 0 and that the
condition (2.13) holds.

(i) Suppose (e*/24)g, **/2g) belongs to the Sobolev space (H™(RY))N*! for some pos-
wtive constant A. Then there exists a positive constant § such that if 8 € (0, Al and B +
(el + l1(e771/24py, €21 2no) | gm ) /B < & are satisfied, the initial boundary value problem
(2.16)—(2.18) uniquely has a global-in-time solution (,n,0) as (e5*1/%), efx1/2y br1/25) €
Xm([0,00)) X Xm([0,00)) x X2%,([0,00)). Moreover, the solution verifies the decay estimate

(€724, P2 2) () 13 + 1”320 () [[}maa < CIl(€7/ 0, €7/ 10) [fgm €™ (2.25)

for certain positive constants C and o which are independent of the time variable t.

(if) Suppose ((1+ ya1)2po, (1+ y21)M?n0) belongs to (H™RY))N*1 for certain con-
stants A and 7y satisfying A > 2 and y > 0. Then for an arbitrary a € (0, \] there ezist a posi-
tive constant & such that if 5 € (0,7] and (|go] + [|((1 + Ba1)* %o, (1 + Bz1)™?n0)| =) /B+
B < & are satisfied, the initial boundary value problem (2.16)—(2.18) uniquely has a global-
in-time solution (1,n,0) as ((1+ Bx1)*?, (1 + Bz1)M?n, (1 + Bx1)*%0) € Xm([0,00)) x
Xm([0,00)) x X2,(]0,00)). Moreover, the solution verifies the decay estimate

(1 + B21)*24, (1 4 Bx1)**n) ()3 + I1(1 + B21)*/ %0 (2) |2
< CI((A+ Bz1) 4o, (1 + Bx1)2no) | 5m (1 + B) =39, (2.26)

where C is a positive constant determined by o.

Theorem 2.3 is an extention of the theorem obtained in [10], in which the spatial di-
mension is limited only to one and more crucially, strictly stronger conditions than (2.13) is
assumed.

Theorem 2.4. (8]) For N = 1,2,3, let m = [§] + 2. Assume that K > 0 and that the
condition (2.14) holds. Set Ao = 5.5693 ... be the unique real solution to the equation Ag(A\o—

D(M—2)—12(Ag+2) =0 and I" := /(K + 1)/6. Suppose (14 ya1)M2o, (1 + yz1) 1)
belongs to (H™(RY))N*! for certain constants A and v satisfying A € [4, Xo) andy > 0. Then
for arbitrary a, 6 satisfying o € (0, )], 6 € (0,1], there exists a positive constant § such that
if ¢o € (0,8), B <, B/(T'$y"*) € 16,1] and ||((1+v21) 2o, (1 + v21)210) || 5tm /5 < 8 are
satisfied, the initial boundary value problem (2.16)-(2.18) has a unique global-in-time solu-
tion (,1,0) as ((1+ B22)°729, (1+ Ba1)2/2n, (1+ B21)20) € Zn([0,00)) X Zm([0, 00)) X
X2,([0,00)). Moreover, the solution verifies the decay estimate

1(L + B2) 24, (1 + B20)* ) (1) 3 + (L 4+ B1)* 260 (8) g
< CY((1+ Brn)24ho, (1 + Ba) o) [ (1 + B8)"O=/3, (2.27)

where C' is a positive constant determined by o and 6.
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Notation. For a real number x, [x] denotes a maximum integer which does not exceed
x. For a nonnegative integer | > 0, H'(RY) denotes the I-th order Sobolev space in the
L? sense, equipped with the norm || - ||;z. We denote by C*([0,T); H'(RY)) the space of
k-times continuously differentiable functions on the interval [0,T] with values in H*(RY).

The function space Iff is defined by
x1([0, 7)) := (") C*([0, T); H**RY)), %:((0,T]) := %}([0,T)) for i = 0,1,2,3, j =0,1,2.
k=0

Lastly ¢ and C' denote generic positive constants.

References

[1] J.E.ALLEN, The plasma-sheath boundary : its history and Langmuir's definition of the sheath edge,
Plasma Sources Sci. Technol. 18 (2009), 014004.

[2] A. AMBROSO, Stability for solutions of a stationary Euler-Poisson problem, Math. Models Methods
Appl. Sci. 16 (2006), 1817-1837.

[3] A. AMBROSO, F. MEHATS AND P.-A. RAVIART, On singular perturbation problems for the nonlinear
Poisson equation, Asympt. Anal. 25 (2001), 39-91.

[4] D.BoHM, The characteristics of electrical discharges in magnetic fields, eds A. Guthrie and
R.K.Wakerling, New York: McGraw.Hill (1949), chapter 3

[5] F. F. CHEN, An Introduction to Plasma Physics, second edition. Plenum Press (1984).

[6] M. A. LIEBERMAN AND A. J. LICHTENBERG, Principles of Plasma Discharges and Materials Process-
ing, second edition, Wiley-Interscience (2005).

[7] T. NAKAMURA, S. NISHIBATA AND T. YUGE, Convergence rate of solutions toward stationary solutions
to the compressible Navier-Stokes equation in a half line, J. Differ. Equ. 241 (2007), 94-111.

[8] S.NIsHIBATA, M.OHNAWA AND M.Suzuki, Asymptotic stability of boundary layers to the Euler-
Poisson equation arising in plasma physics, to appear.

[9] K.-U. RIEMANN, The Bohm criterion and sheath formation. Initial value problems. J. Phys. D: Appl.
Phys. 24 (1991), 493-518.

[10] M.Svuzuki, Asymptotic stability of statioinary solutions to the Euler-Poisson equations arising in
plasma physics, Kinetic and Related Models 41, to appear.

[11}) L.ToNKS AND I.LLANGMUIR, A general theory of the plasma of an arc, Phys. Rev. 34 (1929), 876



