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BOUNDARY LAYER ANALYSIS AND QUASI-NEUTRAL LIMITS
IN THE DRIFT-DIFFUSION EQUATIONS *

YUE-JUN PENG!

Abstract. We deal with boundary layers and quasi-neutral limits in the drift-diffusion equations.
We first show that this limit is unique and determined by a system of two decoupled equations with
given initial and boundary conditions. Then we establish the boundary layer equations and prove the
existence and uniqueness of solutions with exponential decay. This yields a globally strong convergence
(with respect to the domain) of the sequence of solutions and an optimal convergence rate O(s%) to
the quasi-neutral limit in L2

Résumé. On étudie les couches limites et les limites de quasi-neutralité aux systémes de dérivée-
diffusion. On montre d’abord que cette limite est unique et déterminée par un systéme découplé
avec données initiales et aux limites. On établit ensuite les équations des couches limites et montre
P'existence et I'unicité de solutions avec 'atténuation exponentielle. Ceci implique un résultat de
convergence globale (par rapport au domaine) de la suite de solutions et un taux de convergence
optimale O(s%) dans la limite de quasi-neutralité dans L?.
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1. INTRODUCTION

The drift-diffusion equations are fundamental models for the mathematical description and numerical sim-
ulation of plasmas physics and semiconductor devices. These equations consist of the continuity equations for
particle densities and a Poisson equation for electrostatic potential. Since they are elliptic-parabolic type, we
consider them in an open and bounded domain with initial conditions and mixed Dirichlet-Neumann boundary
conditions. The existence of solutions to these equations has been proved under natural assumptions. In some
situation, the uniqueness of solutions is also obtained, see [7,10]. On the other hand, in numerical simulations
the Euler-Poisson equations are often replaced by the drift-diffusion equations to simplify computations. This
approximation is valid as the relaxation time is small. The mathematical justification of this zero-relaxation-time
limit has been rigorously performed in [11,13].

In [12,14], we are interested in some asymptotic limits in the drift-diffusion equations. More precisely, the
zero-electron-mass limit and the quasi-neutral limit are studied. The first limit is proved under a compatibility
condition on the Dirichlet boundary data which excludes the boundary layer phenomena. However, the second
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limit is obtained even in the presence of the boundary layers. Both proofs rely on the use of the so-called
entropy functional which yields appropriate uniform estimates to apply compensated compactness arguments.
In this paper, we give an analysis of these boundary layers in the quasi-neutral limit.

We consider an ensemble of particles consisting of electrons with density n¢ and of a single species of positively
charged ions with density n;. Denote by ¢° the electrostatic potential. These variables satisfy the scaled drift-
diffusion equations (DD-EI):

oni — div(Vp;(ng) + pin; Vo©) =0, (1.1)
O¢ng — div(Vpe(ng) — pencVeo©) = 0, (1.2)
PG =St (1.3)

in Q7 = (0,7)x9Q, where T > 0 and 2 C R? (d > 1) is an open and bounded domain. Here, p; and p. denote the
pressure functions of the electrons and ions, respectively. The physical parameters are the (constant) mobilities
i >0, pe > 0 and the (scaled) Debye length & > 0. We suppose that the boundary 92 of the domain consists
of two disjoint sets I'p and I'y with meas;—1(I'p) > 0, and we denote by

ZD = (O,T) X FD, ZN = (O,T) X FN.

The system (DD-EI) is complemented by initial conditions and mixed Dirichlet-Neumann boundary conditions
for a =i, e:

ns,(0) =nrq inQ, (1.4)
ng, =npa, ¢ =¢D onXp, (1.5)
Vpa(n) - v=V¢*-v=0 onXy. (1.6)

Here the function v is the normal unit vector of 9€) which is assumed to exist almost everywhere. We say that
the boundary conditions are compatible on X p if

npi=mnNpe ON Xp. (1.7)

The quasi-neutral limit € — 0 is called also zero-Debye-length limit. For the drift-diffusion equations (1.1)-(1.6)
this limit is justified in [14] under assumption that the electron and ion densities are equal at initial time,
i.e. nr; = nyc, which avoids the formation of initial layer. However, the local compactness of the sequence
(n5,ng, ¢%)eso is obtained without the compatibility condition (1.7). Since the sequences (ng,)s>o converge to
the same function for a =i and o = e, we have in general boundary layers in the limiting process. We mention
that this problem has also been studied by Gasser et al. [8,9] where assumption p; = p. and homogeneous
Neumann boundary conditions are imposed to simplify the analysis, since no boundary layers are expected.

The quasi-neutral limit in macroscopic models for plasmas has been investigated by Brézis et al. in [3] and
by Cordier et al. in [4]. In the first mentioned paper the limit ¢ — 0 is considered for the nonlinear Poisson
equation (the ion density being fixed). In the second article the authors study the quasi-neutral limit for the
traveling wave solutions of the hydrodynamic equations for plasmas. This limit is rigorously proved by Cordier
and Grenier in [5] for locally smooth solutions of the one dimensional compressible Euler-Poisson equations and
by Brenier for the weak solutions of the Vlasov-Poisson equations [2]. Asymptotic expansions in powers of € to
the stationary drift-diffusion equations for semiconductors are derived by Markowich et al. [16,17].

This paper is organized as follows. In the next section, we first recall the main results obtained in [14]. Then
we show the uniqueness of the quasi-neutral limit, which is determined by a initial-boundary value problem
to a system of two decoupled equations. Indeed, the locally strong convergence of the sequence (n$,ng).>o
in L2 (Qr) and the locally weak convergence of the sequence (¢€).s¢ in L?(0,T; HL _(2)) shown in [14] allow

loc loc

to pass to the limit in the system (DD-EI), and the Dirichlet boundary conditions are obtained from the
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L2(0,T; H*(Q)) estimates for quasi-Fermi potentials. Thus, numerical simulation can be performed for the
limiting problem. Section 3 is devoted to the boundary layer analysis of this limit in one space dimension. With
the same scaling © — x/e near x = 0 used in [3, 6], we establish the boundary layer equations and prove the
existence and uniqueness of solutions with exponential decay to 0 as ¢ — 0. We stress that this result is still
true in several space dimensions if the boundary layers occur only near a hyperplane of dimension d — 1 of the
form {x; = a € R,1 < i < d} (see Rem. 4.1.). For more general boundary, we refer to [6,16] for the related
analysis in the case of smooth solutions to stationary equations. Finally, in section 4 we prove the convergence
rate O(e2) of the quasi-neutral limit n¢ — ng — 0 in L2(Q7). Since it is valid for the whole domain Qp,
we deduce a globally strong convergence of the sequence (n$,ng).~¢ in L*(Qr). Moreover, we show that this
convergence rate is optimal by an example of stationary drift-diffusion equations in one space dimension.

It turns out that we are not able to prove the strong convergence of the sequence (¢°).~¢ due to the lack of
a priori estimate for (0;¢°).~0. However, it is possible to obtain a convergence rate in L?(Q7) for the quantity
nf, — n in one space dimension, where n denotes the limit of n, for a = i,e. For this purpose, some special
techniques are needed. This problem will be discussed in forthcoming publications.

For the sake of completeness, in the last section we give without proof a similar characterization of the
quasi-neutral limit and the boundary layer analysis for the nonlinear drift-diffusion equations derived from the
zero-electron-mass limit [12] in the drift-diffusion equations (DD-EI), where the electron density is replaced by
the Boltzmann-Maxwell type relation. In this situation, we show that both two sequences (nf).>o and (¢)e>0
converge strongly in L2 (7).

2. PRELIMINARIES

In this section, we first recall the main results established in [14] and then show that the quasi-neutral limit to
(1.1)-(1.6) can be uniquely determined and a global convergence result (with respect to the domain) is available.
The limit is governed by a system of two decoupled equations with given initial and boundary conditions which
have not been shown in [14]. To this end, we need the same hypotheses used in [14]. For o =i, e:

(H1) nre =mnr; in
(HQ) nra S LOO(Q)a nND S CO(ED) N Hl(ED)a d)D S Hl(oaTaHl(FD)) N LOO(ED),

(H3) there exist two constants n,7 > 0 such that
n<nr,<min Q and n<np, <N on Xp;
(H4) po € C?([0,+00)) is strictly increasing on (0, +00);

(H5) the function s — sH(s) is strictly convex on (0, +00), where

1 1
ho(s) = p(s)/s, >0, ha(l) =0, H=—h;+ —he. (2.1)

(3 e

Under the assumptions (H2)-(H4) it has been proved in [10] that there exists a solution (ng,ng, ¢°) to the

problem (1.1)-(1.6) satisfying equations (1.1)-(1.3) in the sense of the usual variational formulation, the initial

condition (1.4) in the sense of V*, and
ns,nS € HY(0,T;V*) N L®(Qr) N L*0,T; H(Q)), ¢° € L>=(0,T; H(Q)),
where V* is the dual space of
V={uec H(Q);u=00onTp}.

If in addition, the given boundary data are smooth and I'y = (3, the solution is unique.



298 Y.-J. PENG

To study the quasi-neutral limit to the problem (1.1)-(1.6), let us introduce the quasi-Fermi potentials:
Ff = hi(nf) + pid®, F¢ = he(ng) — ped, (2.2)

which will play an important role in the proofs. The results obtained in [14] may be summarized as follows.

Lemma 2.1. Assume (H1)-(Hj). Then for a =i, e, we have:

(i) for almost all (t,x) € Qp, n < né(t,z) <T;

(ii) the sequence (F%)e=o is bounded in L*(0,T; H'());

(iii) the sequence (ng)eo is bounded in H*(0,T; H~1(Q));

(iv) the sequence (£¢%)->0 is bounded in L>(0,T; H(2));

(v) the following convergence holds for a subsequence (not relabeled) of (ng,, ¢%)e>o0:

ns, —sn in L (Qr) strongly, ¢F— ¢ in L*(0,T; HL.(Q)) weakly; (2.3)
(vi) for any open and bounded domain w such that W C Q, we have
Ini —nelr2(wrn) < Aog, [ VO |L2(0r) < Aoe, (2.4)

where wr = (0,T) X w and Ay > 0 is a constant depending on w and independent of €. If in addition, the
compatibility conditions (1.7) is satisfied, then the estimate (2.4) holds in the whole domain Q.

The assertion (i) is obtained from the maximum principle, and (ii) follows from the entropy type estimates
which, together with the equations (1.1)-(1.2), implies (iii). The convergence (v) is a consequence of Aubin’s
Lemma [1,15] and the local estimates for the sequence (n$,n, ¢*).>o. Finally, the local convergence rate (2.4)
is derived from a truncating argument. Note that in general this estimate cannot hold in the whole domain
Qr due to the boundary layers. A global and optimal convergence rate weaker than (2.4) will be established
in section 4 in one space dimension. The initial compatibility condition (H1) is needed only in showing the
bounds of (F£).so in L2(0,T; H*(2)). The quasi-neutral limit is an open problem if (H1) is not satisfied. We
refer to [8,9] for an initial layer analysis of the problem where new scalings are introduced.

From (ii) it is easy to see that (¢¢).~0 is bounded in L?(Qr). Therefore, ¢ € L?(2) and from (i) n € L>(Q7)
with n <n <7 in Q7. Hence, there is a unique solution y € L>(0,T; H'(£2)) to the following problem:

—div(nVx) =0 in Qp, (2.5)
X=Xxp on ¥Xp, Vx-v=0 on Xy,

where
XD = hi(np.i) = he(np.e) + (i + pe)PD- (2.7)

The main result of this section can be stated as follows. It shows that the quasi-neutral limit is unique and
characterized by a initial boundary value problem to a decoupled system.

Theorem 2.1. Let the hypotheses (H1)-(H4) hold. Then the whole sequence (n§,ng, ¢°)eso converges to (n,n, ¢)
in the sense of (2.3). Moreover,

n€ H'(0, T3 H1(Q) N L0, T3 H'(Q)) N L¥(Qr), ¢ € L*(0, T3 H'(Q)), (2.8)
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and the pair (n,d) is the unique solution of the following problem:

on — Ap(n) =0 in Qr,
1
= he _h’i m (2 )
6= ()~ () in O
n(O) =nj; m Qa
n=np on Xp, Vn-v=>0 on XN,

where

He Hi
p(n) = ————pi(n) + Pelnn),
() Wi + pe () Wi + pe ()

and np is uniquely determined by the relation

1 1
H(TLD) = —hi(nD,i) —+ —he(npye).

i e
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(2.14)

Proof. The inclusion n € H(0,T; H~1()) follows from (iii) of Lemma 2.1. Therefore, (2.11) is satisfied in the

sense of H~1(€2). To prove n € L?(0,T; H'(f2)), we use the relation

1 1 1 1
FF 4 = FE = () o - he(n).

% e ) e
By (2.3), we have (up to a subsequence),

1 1 1

—hi(n;) + —he(nl) — ihz(n) + —he(n) = H(n) in L2 .(Qr) strongly.

7 e

i e i e

Therefore, we obtain from (ii) of Lemma 2.1 that H(n) € L*(0,T; H'(2)). Since h; and h, are strictly increasing,
so is H. By the L>°(Qr) bound for n, we have n € L?(0,T; H'(£2)). This proves the first relation in (2.8).
Next, the local convergence (2.3) allows to pass to the limit in the system (DD-EI) in the sense of distributions

to obtain

o — div(Vp;(n) + uinVe) =0,
Ogn — div(Vpe(n) — penVe) = 0.

Adding and subtracting these two equations leads to (2.9) and
—div[(pi + pe)nV¢ + Vpi(n) — Vpe(n)] = 0,
which can be rewritten as:
—div[nV((1i + pre)$ + hi(n) — he(n))] = 0.
Again from the limit (2.3) and the L?(0,7; H'(£2)) bound for (F¥):~0, we deduce that
Ff = hi(ng) + pi¢® — hi(n) + i in L?(0,T; H'(Q)) weakly.

Therefore,

(hi(n5) + pi¢®) s, — (hi(n) + pid)ls, in L*(0,T;H'*(Tp)) weakly.
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In view of the boundary conditions (1.5), we have

hi(n) + pi¢ = hi(np,i) + pipp on Tp. (2.15)
In a same way, we have also

he(n) — e = he(Npe) — edp on Ep. (2.16)

These two relations imply the Dirichlet boundary condition in (2.7) and (2.12). From the uniqueness of solutions
to (2.5)-(2.7), we obtain (2.10) which yields ¢ € L?(0,T; H'(Q)).

The uniqueness of solutions to the nonlinear heat equation (2.9) follows from the monotonicity of the function
p, which yields the uniqueness of solutions to the problem (2.9)-(2.14). Finally, this uniqueness of solutions
implies the convergence of the whole sequence (ng, ng, ¢°)s>o. This finishes the proof. O

Theorem 2.1 gives a precise characterization of the limit &€ — 0 to the problem (1.1)-(1.6). Note that since the
boundary layers exist, the sequence (n$,ng, ¢°).~o cannot be bounded in L?(0,T; H(€2)). Therefore, (2.8) is a
regularity property of this limit. The following result concerns the globally strong convergence of the sequence
(n§,mE)e>0, where the assumption (2.17) below will be proved in section 4 in one space dimension.

Proposition 2.1. Assume (H1)-(H5) hold and
ns —nS — 0 in L*(Qr) strongly. (2.17)

Then for a =i,e,
nS, —n inL2(Qr) strongly . (2.17)
Proof. From (2.17) and the L*°(Q2r) bounds for (n).~o, we obtain for a =i, e
ha(n§) — ha(ng) — 0 in L*(Qg). (2.18)
Since (ng,)eso is bounded in L (Qr), (FS)es0 is bounded in L2(0,T; HY(Q)) and
ong, — div(n, VFS) = 0,

by the div-curl lemma of compensated compactness [20] applied to the sequences (ng,ns,VEE)! and (FE,0),
we have in the sense of distributions

o epme Y e s e iy
lim nt FE = g%na 313(1) F:, a=i,e,

e—0

or equivalently,

lim n (h;(nf) + pig®) = lir% ng lirr%)(hi(nj) + pi®d°)  in D'(Qr)

e—0

and

tim 0 (e (n) — j1e¢°) = lim n T (he (n) — o) in D'(Q).

£e—

It follows from (2.17)-(2.18) that

lim nSH(ng) = lim ng lim H(nf) in D' (Qr).

e—0 e—0 e—0
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Since H is strictly increasing, from the monotonicity argument and the L*°(Qr) bound for (nf).so, we have
the identification [15]

1irr(1J H(nf)=H(n) in L>®(Qr) weakly-*,
which yields

limniH(n.) =nH(n) in L™°(Qr) weakly-*.

e—0

Finally, we conclude the strong convergence of (nf)eso in L?(Qr) from the strict convexity of the function
s — sH(s), see [21]. The strong convergence of (nf).>o in L?(Q27) follows immediately. O

3. BOUNDARY LAYER ANALYSIS

In this section, we give a boundary layer analysis of the drift-diffusion equations in the above quasi-neutral
limit. To avoid tedious computations, we only consider the problem in one space dimension. From now on, we
denote by

Q=(0,1), Qp=(0,T)x (0,1), To={x=0}, T, ={z=1}

We suppose that only Dirichlet boundary conditions are prescribed. Therefore, the boundary layers may occur
near I'g and I';. The situation is evidently simpler if a Neumann boundary condition is prescribed on I'y or I';.

In a neighborhood of T'y and for « = i, e, the solution (n¢,, ¢°) of (1.1)-(1.6) may be approximated by (n(¢,0)+
ua(t,y), d(t,0) + ©(t,y)), where y = x/e is the fast variable. We expect that (u;(t,y), ue(t,y), p(t,y)) describes
the boundary layer near I'g in the quasi-neutral limit. Due to (2.8) and Sobolev’s imbedding H'(0,1) —
C(]0,1]), the quantities n(t,0) and ¢(¢,0) are well defined. Moreover, it is easy to see that n(.,0) and ¢(.,0)
are continuous functions on [0, T]. Indeed, by (2.15)-(2.16), n(t,0) and ¢(¢,0) can be expressed as

H(n(t,0)) = —hy(np4(t,0)) + ihemm(t, 0)).

i

6(t,0) = —[hi(np(t, 0)) — hi(n(t,0)) + uidp(t, 0)],

i
and we obtain the continuity of n(t,0) and ¢(¢,0) from the assumptions (H2) and (H4).
Now we establish boundary layer equations for (u;(t,y),uc(t,y), ¢(t,y)). Putting the approximate solution

(n(t,0) + ui(t,y), n(t,0) + ue(t,y), ¢(¢,0) + ©(t,y)) into the drift-diffusion equations (DD-EI) and taking into
account the e=2 term in (1.1)-(1.2) and the £° term in (1.3), we obtain:

Iy[(n(t,0) + ui(t,y))0y (hi(n(t,0) + ui(t,y)) + pip(t,y))] = 0, (3.1)
Oy[(n(t,0) + ue(t, y))0y (he(n(t, 0) + ue(t,y)) — pesp(t,y))] = 0,
—Oyyp(t,y) = wilt,y) — ue(t,y),
for (t,y) € By :=(0,T) x (0,+00). The boundary conditions of these variables are given by, for a = i, e,
Ua(t,0) = np o(t,0) — n(t,0), yll)liloo u(t,y) =0 in [0, T, (3.4)
@(tv 0) =¢p (tv 0) - ¢(ta 0) = Pl (t)a lim @(tay> =0 in [Oa T] (35)

y——+o00
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Now we simplify the above equations. Integrating (3.1)-(3.2) and using the boundary conditions (3.4)-(3.5), we
obtain

hi(n(t,0) +ui(t,y)) + pip(t,y) = hi(np,i(t,0)) + pipn(t) :== ai(t),
he(n(t,0) + ue(t,y)) — pe(t,y) = he(np.e(t,0)) — preppi(t) = ac(t).

From the definition of ¢4 and (2.15)-(2.16), we have also
aq(t) = ha(n(t,0)), a=i,e. (3.6)

Let f, be the inverse function of h, (a = i,e). It is obvious that f, € C'. Then we obtain from the above
equations:

ui(t,y) = filai(t) — pip(t.y)) — filai(t))  in Br, (3.7)
Ue(t7y) = fe(ae(t) + Me@(tay» - fe(ae(t)) in Br,

and then from (3.3)
Ayye(t,y) = felac(t) + pep(t,y)) — fi(ai(t) — pip(t,y)) in Br. (3.9)
Similarly, in a neighborhood of I'y and for @ = i, e, the solution (n, ¢°) may be approximated by (n(t,1) +

va(t, 2), d(t, 1) +1(t, 2)), where z = (1 —x)/e. The variables (v;(¢, 2), ve(t, 2),%(t, 2)) satisty the boundary layer
equations:

vi(t, Z) = fl(bl(t) — ‘LLﬂ/)(t, Z)) — fz(bl(t)) in BT, (310)
ve(t72) = fe(be(t) + ,uew(ta Z)) - fe(be(t)) in Br, (311>
0220(t, 2) = fe(be(t) + petv(t, 2)) — fi(bi(t) — pib(t, 2)) in Bp, (3.12)

with boundary conditions:
vo(t,1) =np.a(t,1) —n(t, 1), ZEIEOO vo(t,z) =0 in [0,T], (3.13)
1/1(t, 1) = ¢D(t7 1) - d)(tv 1) = Py (t)v ZEIJPOO l/f(t, Z) =0 in [Oa T]v (314)

where

ba(t) = ha(n(t, 1)), a=i,e. (3.15)

Notice that the boundary conditions (3.4)-(3.5) and (3.13)-(3.14) are meaningful due to (H2) and (2.8). Obvi-
ously, for a =i, e, aq, ba, @u and 1y are given continuous functions on [0, T7.

The following result shows the existence and uniqueness of the boundary layers (u;, u., ¢) and (v;, ve, %) with
exponential decay to 0 as y — +o0o and z — +00, respectively.

Theorem 3.1. Assume (H1)-(H4) hold. Then for all t € [0,T], the boundary layer equations (3.7)-(3.9) and
(3.5) ((3.10)-(3.12) and (3.14) respectively) admit a unique solution (u;, e, ) ((vi,ve, ) respectively), which
is continuous in t, of class C3 and monotone in y (z respectively), such that for a =i, e:

[ua(t,y) ] [9(ty) | < Cp lpn(t) | exp(=dpy), (ty) €[0,T] x (0, +00),
[va(t; 2)[, [9(E, 2) | < Cy [¢u(t) | exp(=dy2), (t,2) € [0,T] x (0, +00).
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Moreover,

| Oyua(t,y)], [0yt y) | < Cp [@u(t)| exp(=d,y), (¢ y) € [0,T] x (0,400),
[0=va(t, 2) |, |0:00(t, 2) | < Cy | (t) | exp(=dyz), (t,2) € [0,T] x (0, +00),

where Cy > 0 and 6, > 0 (Cy > 0 and 6y > 0 respectively) are two constants depending only on T and wu; (Yul
respectively).

Proof. Let us define the function f by:
f(t0) = felac(t) + pep) — filai(t) — pi),  (t,9) €[0,T] xR. (3.16)

It is clear that f is continuous in ¢ and of class C! in . Since p; and p. are strictly increasing, so are f; and
fe- We obtain for any (¢,) € [0,T] x R,

of (t, ¢)

o = fre fo(ae(t) + pesp) + pafi(ai(t) — pip) >0,

and there is a constant fy > 0 depending only on T and ¢y, such that

OBLE) > fo. forall (tp) € 0.7]x [= [u(®], ou(0)]

From
f(t,0) = fe(ac(t)) — fi(as(t)) = n(t,0) — n(t,0) =0,
we deduce that
ft,o) >0 for ¢ >0, f(t,¢) <0 for p <O0.
For t € [0,T] such that ¢y (t) > 0, the following problem

Opye(t.y) = [(t ), @(t,0)=en(t), lim o(ty)=0

admits a unique solution ¢(¢,y) which satisfies (see [6], Lemma 2.1):
eoi(t) ds
Y=, 2Fks)

where
S
Ft.s) = [ fit.
0
Obviously, this solution is monotone decreasing in y. Therefore,
0 <o(t,y) <eul(t), Vye (0, +0).

From

OF(t,0)
0s

F(t70):07 :f(t,O):O,
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we obtain for some ¢ € [0, s],

F(t,S) = aféi: 6) 52/2 Z f052/27 Vse [O,@bl(t)]
Hence,
0 << /%z(t) ds . Llo ((pbl(t))
V), Vs Vi e\ e )
and then

0 < ¢ < pu(t) exp(—+/ foy).

The estimate for dy¢ follows from the relations:

—Oyp = \/QF(taSD)v F(t,O)ZO

For ¢ € [0,T] such that oy (t) < 0, we may replace ¢ by $ = —¢p, which satisfies

ayy@(ta y) = f(taa) = 7f(ta 7@)7
?(t,0) = —pu(t) >0, lim B(t,y)=0.

Since

01—, TP _0f(te)
F(t.0) =0, = = S

>0, V(,9)€0,T] xR,
the above result can be applied to . In this case, ¢(t,y) is monotone increasing in y and we have

wui(t) exp(—+/ foy) < @(t,y) <0, Yy e (0,+00).

The case where @y (t) = 0 is trivial. It leads to ¢(t,y) = 0. The same results for u; and wu,. follow from
(3.7)-(3.8). Finally, the regularity of solutions is derived from the equations (3.9), (3.12) and f, € C'. The
proof for (v;,ve, ) is similar. O

4. CONVERGENCE RATE OF | n§ — nZ | 2(0,)

The results of the boundary layer analysis allow to establish a global convergence rate for n{ —n¢ with respect
to the domain Q. This implies a strong convergence of the sequence (n$, ng).>o in the whole domain 2p, which
have not been provided in [14]. To see this, let’s denote by

Re(t,l‘) = nf(t,x) - uf(t,x) - Uf(t,l‘) - [ni(t,fﬂ) - ug(t,x) - U:(t7$)]a

where

11—z

X .
ug(ta :L') = uﬂé(tay) = ua(tv g); ’Ug(t,ﬂf) = Ua(t, Z) = Ua(t, )7 @ =1,ée.
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The main idea is to use R® instead of n; — n in the corresponding estimate. Indeed, from Theorem 3.1, it is
easy to see that there exists a constant C; > 0 depending only on T, ¢y and ¥y such that

[ (t, ) 22y < Cre®, 05t ) i) < Cie?, a=i,e, (4.1)
and from (3.4) and (3.13), we have

[RE(t, 0) = [ (ve — wi) (¢, 1/€) | < 2Cy exp(—dy/e), (4.2)
\RE (8, V) = [(ue — i) (t,1/€) | < 20, exp(=d, /).

The key result to prove the global convergence rate of n$ —ng in L?(Qr) is the following lemma. See Appendix
for its proof.

Lemma 4.1. Under the assumptions (H1)-(H4), there is a constant A; > 0 independent of € such that
L 1
" RE ||L2(QT)S A1€2, ||5283¢¢E "Lz(QT)S Al. (44)

From the definition of R®, Proposition 2.1 and (4.1), we deduce the following global convergence rate for
ns —n and the globally strong convergence of the sequence (ng,n¢).~o in L?(Qr).

Theorem 4.1. Under the assumptions of (H1)-(H5), there is a constant As > 0 independent of € such that
Inf = n¢ L2 < Ase?. (4.5)
Moreover, for a =1i,e, we have
ns —mn, nS —n in L*(Qr) strongly.

In order to show that the estimate (4.5) is optimal, let us consider the following stationary model of the
drift-diffusion equations in one space dimension.

Example. Take p; = pre = 1 and p;(s) = pe(s) = s?/2, and define ¢; = 1 and q. = —1, then the stationary
drift-diffusion equations are written as:

d d
*a nia(nZ‘i’qad)E) :0, Cl:i,e,
d2 (5
752 d;bg :nfinZﬂ

in = (0,1), subject to the boundary conditions

nZ(O)zng, (bE(O):(;ﬁO, a=1,e,
ng (1) =nl, ¢°(1)=¢', a=i,e.

We suppose that n? > 0 and n}, > 0 for a = i, e. Then it is easy to check that the solution of the above problem
satisfies the following relations:

d
nir o =g [

0 nf(y)

T dy
0 0 € _ 4 _ [3E 0_ .0
+ni +¢ y Tle ¢ ﬁeA ng(y) +ne (b ’
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where the constants 35 and 8¢ are determined by

1 1
ﬁf/ Um0 =+ g, ﬂi/ V=g =t =g,
o ") o ()

Now we suppose furthermore that
ng +¢° =nj +¢', nd " =n.—o".
Hence,

B; =0 =0.
Let us denote by

d=n —nl+2¢° =n! —nl+2¢",

i
then we obtain from the Poisson equation

d2¢a B
da?

d— 2¢Ea
whose solution is given explicitly by
¢° = AS exp(V2x/e) + A5 exp(—v2z /) + d/2,

where

20' —d) — (20" —d)exp(-v2/e) . _ (26° — d)exp(v2/e) — (2! —d)
2exp(V2/e) —exp(—v2/e)] T 7 20exp(v2/e) — exp(—V2/e)]

Af = (
Thus,

Inf = nilia@) = 120° — dl2(@) = (126" —d| +[2¢" — d])O(e?).

It is clear that 2¢! = 2¢° = d if and only if the compatibility condition (1.7) holds, i.e. n{ = nY and n} = nl.
This shows that the convergence rate (4.5) is optimal.
In this example, since the limit (n, @) of (nf, ¢°) is given by

p=d/2, n=n)+¢" ¢,
we have also:

Ing, =l = 16" = $l2) = (120" —d| +|26° = d)O(7), a=i,e.
We end this section by the following remark.

Remark 4.1. The results presented in Sections 3-4 are still true in several space dimensions if the boundary
layer phenomenon occurs only near a hyperplane of dimension d — 1 of the form 'y, = {z; = a € R,1 <
i < d}. To see this assertion, suppose that the domain € is located on the right of I';. Then for o = i, e,
we way approach (nS,¢°) by (n(t,2',a) + ua(t, 2, y), ¢(t, 2", a) + ¢(t,2’,y)) in a neighborhood of T',, where
2 = (z1,...%i=1,Tit1,...,24) and y = (z; — a)/e. Following the discussion in Section 3, we obtain the same
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boundary layer equations for (uq(t,2’,y), p(t,2’,y)) and the existence and uniqueness of solutions. Moreover,

for x € Q and (t,y) € [0,T] x (0, +00), the following estimates hold:

lua(t, 2", y) [, [t 2", y) | < Cy lou(t,2")| exp(—dpy),
|ayua (ta 1'/, y) |7 |ay90(ta x/’ y) | S CAP |<)0bl (tv ﬂfl) | exp(f&py),

and

|0z, ua(t, 2", y) |, |0, 0t 2", y) | < Cy lpu(t,')] exp(=dpy), j# 1,

where py(t,2") = ¢p(t,a’) — ¢(t,2’,a). The constants C, > 0 and d, > 0 depend only on T" and ¢y;. Indeed,

the last estimate above follows again from the boundary layer equations:

Oyyo = f(t, ),  y€(0,+00),
@(tawlyo) = @bl(t7xl)7 lim @(taxl7y) = Oa
y—+oo

where f is defined in (3.16). Indeed, using the above equations we obtain explicitly

F
0y o= (t,¢)

~Y_ "7 ) ,
j F(t, @bl) x; Pbl

with

Flt, o) = /: F(t, 5)ds.

The remainder of the proof is similar to that of Section 4. We obtain Lemma 4.1 and Theorem 4.1 under

assumption of some regularity conditions on ;.

5. BOUNDARY LAYER ANALYSIS IN THE NONLINEAR DRIFT-DIFFUSION EQUATIONS

The nonlinear drift-diffusion equations are the system of equations (1.1) and (1.3) in which the electron

density is replaced by:

ng = fe(ped®),

which is a generalization of the Boltzmann-Maxwell relation [3,18,19] nS = exp (¢°) obtained by the choice
De(s) = pes. The nonlinear drift-diffusion equations are valid when the kinetic energy of the electrons is much
smaller than their thermal energy. The justification of this asymptotic limit to the drift-diffusion equations can
be found in [12]. In this situation, the ion density and the electrostatic potential solve the problem (DD-I):

Ogn® — div(Vp;(n®) + pin°Ve¢®) =0 in Qp,
—PAG =1 — fu(ped?) inQr,
subject to the initial and boundary conditions
n°(0) =ny in Q,
n® =np, ¢ =d¢p on Ip,

Vpi(nf)-v=V¢*-v=0 on Xy,

where we have used a simple notation n° = n;.

(5.1)
(5.2)

(5.3)
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By a straightforward computation, it is easy to see that the limit (n,$) of (n°, ¢°) as ¢ — 0 satisfies the
following equations:

oy — Lt e

o Ap(n) =0 in Qp, (5.6)
¢ = he(n)/pe inQr, (5.7)
where p is defined in (2.13). This quasi-neutral limit has also been proved in [14]. Due to the nonlinear Poisson

equation (5.2), we have a L>°(£2r) estimate for the sequence (¢°).~0, which yields a globally strong convergence
of the sequences (nf, ¢)c>0 in L?(Qr) without the compatibility condition on the data given on ¥p:

¢p = he(np)/ e

Thus the boundary layers may exist too. The goal of this section is to give (without proof) a similar analysis
of this boundary layer. We first state the result of the characterization of the limit.

Theorem 5.1. Let the hypotheses (H2)-(H3) for o = i, (H4) for a = i,e and (H5) hold. Furthermore,
fe(0) > 0 and fe(0o) = +00. Then the whole sequence (n°, ¢°)eso of solutions to (5.1)-(5.5) converges to (n, ¢)
in the following sense:

n® —n in L*(Qr) strongly,

¢° — ¢ in L*(Qr) strongly and in L*(0,T; H} () weakly.

The limit (n, @) satisfies (2.8) and ¢ € L>=(Qr), and is the unique solution of the equations (5.6)-(5.7) with
initial and boundary conditions:

n(0)=n; inQ, (5.8)
n=mnp onXp, .
Vn-v=V¢-v=0 only, (5.10)

where the Dirichlet data mp is given by the relation:

H(np) = ihmm +ép.

7

Moreover, we have the optimal estimates:

1

In® = felied*) l2@r)= O(?), |V |r2(0p)= O(e™2). (5.11)

Estimates (5.11) give the same convergence rates than (4.4) and (4.5) for equations (DD-EI). They are
optimal due to a similar example given in Section 4. Now we describe the boundary layers of the above limit in
one space dimension. To this end, we use all the notations introduced in Sections 3-4. Let (n®, ¢°) and (n, ¢)
be solutions of the problems (5.1)-(5.5) and (5.6)-(5.10) respectively. Let (n(t,0) + u(t,y), ¢(t,0) + ¢(t,v))
and (n(t,1) + v(t,2), ¢(t,1) + (¢, z)) be approximations of (n®, ¢°) in a neighborhood of I'y = {z = 0} and
I'1 = {& = 1} respectively, where y = x/¢ and z = (1 — x)/e. Then, similar to the analysis given in Section 3,
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we obtain the boundary layer equations for (u, ) and (v,v):

Oyye(ty) = felae(t) + pep(t, y)) — fi(nid(t,0) — pip(t,y)) in Br, (5.12)
o(t,0) = u(t), lm ¢(ty)=0 in0,T], (5.13)
u(t,y) = filai(t) — wip(t,y)) — fi(ai(t)) in Br, (5.14)

0 0(t,2) = fe(be(t) + pet0(t, 2)) — filpid(t, 1) — pib(t, z)) in Br, (5.15)
P, 1) = Yu(t), hm w(t z)=0 in[0,T], (5.16)
o(t,z) = fi(bi(t) — Mz‘llf(t,z)) fi(bi(t)) in Br, (5.17)

where ¢y, ¥, a; and b;, are defined in (3.5), (3.14), (3.6) and (3.15) respectively, which are continuous functions
on [0,T]. Since

fl(al(t)) = fe(ued)(tv 0)) = n(ta 0)7 fz(bz(t)) = fe(ued)(tv 1)) = TL(t, 1);

by a similar argument to the proof of Theorem 3.1, we obtain the existence and uniqueness of the boundary
layers with exponential decay to 0.

Theorem 5.2. Under the assumptions and the notations of Theorem 5.1, the boundary layer equations (5.12)-
(5.14) (respectively (5.15)-(5.17)) admit a unique solution (u, ) (respectively (v,)), which is continuous in t,
of class C® and monotone in y (respectively z), such that for (t,y) € [0,T] x (0, +o0)

lu(t, )] [o(t,9) |, [Byult, y) |, [0yt y) | < Cp [@n(t) | exp(=dey),
and for (t,z) € [0,T] x (0, +00)

[o(t, 2) |, [9(t, 2) |, | 0:=0(t, 2) |, |0:90(t, 2) | < Oy |hu(t) | exp(—dyz).

APPENDIX. PROOF OF LEMMA 4.1

To show (4.4), we use the Poisson equation

2 G € €
—€°0500° = n§ — ng,

¢° = ¢p on XgU Xy,
where
Y0 =(0,T)x {x =0}, ¥1=(0,T) x {zx=1}.

Since the sequence (1% )c~0 is bounded in L>(Qr) for o = 4, e, we deduce easily that (€20,¢¢ |rp, )e>0 is bounded
in L>=(0,T).
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In the sequel, we denote by C; (i € IN*) various positive constants independent of €. Let I'p = I'o UT'.
Using again the Poisson equation, the definition of R and (4.1)-(4.3), we have

IR Py = /Q (R%)? dadt
T
- /(nf—ni+ui+v§—uf—vf)Rdedt
Qr

= —32/ O0r® RE dadt +/ (ug + v —uf —vi)R® dadt
QT QT

T
< g / 0p¢° 0, R dadt — 2 / 0y ¢° () RE(t) |1y, dt
Qr 0
+ |ug +ve —uf — v |20 | B [22(07)
< &2 0,0°0.(n5 —ng) dadt + 2| 0,070, (u + vE — uS — vf) dadt

QT QT
+4C1e3 | R |12 (qy) +C2exp(—6/e),

where § = min(d,, dy). Hence, by Young’s inequality and the following basic inequality for small e:
exp(—d/e) < Cae,

we obtain
| R 172000y < 267 / 0p 0z (n5 — nS) daxdt + 22 / 0p 0y (U + vE — u§ — v5) dadt + Cse. (%)
QT QT

The first term on the right hand side of (%) can be estimated as in [14]. Indeed, from (2.2) we may write
ni = filFy = pi¢®), ng = fe(FE + ped”).

Therefore, from the lower and upper bounds for (ng)e>¢ and the L?(0,7; H'(2)) bounds for (F%).~0, we have

e[ 02¢70x(nf — n) dudt = 62/ (i (F = pi¢") 000" 0u Iy — JUFE + p1e¢”) 000% 0, FE] dadt
QT QT

e /Q i (FE — ) + pe fUEE + 1o67))(0a°)? dardlt

52

= 3, [f (hi(n§) (0 F)?  1i + Je(he(n)) (0 FE)? / re] davdlt

52

3, (i fi (hi(nf)) + pe fi(he(ng))(0:6%)? dadt

Cag? = Cue® 0067720y -

IN

Here we have used the relations:

g :
fé(ha(”Z)):h, T (ne > Cy/pa, a=r,e.
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For the second term on the right hand side of (x), using again Young’s inequality and Theorem 3.1, we have

2
£ 0000t v —f = )| < T (0207 + Coel0ulut + 1t —uf — o)
0482 £\2 2 15 £\12 2 5 £\12
S 5 (0:0%)" + 205600 (ue — uf)]” + 2C5e7[0s (ve — v7)]
Cye? £\2 2 2
= = (029°)° + 2C5 [0y (ue — ui)]° + 2C5[0; (ve — v;)]
Cye? £\2 2
< 5 (020°)° + 2C5C5 [exp(—20,y) + exp(—20,2)],

which yields

Cye?
e[ 00070u(uf + 0f — uf —of) dedt < = 10,673, +Coe.
Qr
Hence
c C4€2 c
| R ||2L2(QT) T 1029 ||2L2(QT)§ Cre,
and thus (4.4) is proved. O
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