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Abstract

It is well known to particle physicists that scattering dominated trans-
port processes lead to drift-diffusion regimes. In this paper, we give a
mathematical study of this result, beginning with the full hydrodynamic
model, and identifying scaled drift-diffusion as the zero relaxation limit.
In order to provide a more complete background of drift-diffusion, we de-
scribe steady-state parameter regions in the introduction. This material is
not essential for the paper.

1 Introduction

In this chapter, we shall study a hydrodynamic model for charged carrier trans-
port, and its singular relaxation drift-diffusion limit. Although the emphasis of
the chapter will be on the theory of the hydrodynamic model and its limit, and
although the theory will proceed for the evolution system, we shall present in the
introduction an idealized steady-state drift-diffusion model, so that the reader
unfamiliar with this area can gain some appreciation for the rich and diverse
behavior possible even in this special case. After presenting this model, we shall
then discuss, in the remaining part of the introduction, the context in which
the principal results of the paper are derived. Before proceeding to the steady-
state model, we shall describe the setting of charge transport in the principal
application areas of semiconductors and ionic channels.

It is helpful to view semiclassical semiconductor modeling as an hierarchical
structure, in which the Boltzmann transport equation forms the summit, and
the drift-diffusion model the base; intermediate are systems derived from mo-
ments of the Boltzmann transport equation. The hydrodynamic model is an
example, and it offers the promise of simulation detail, as well as feasibility. It
does have the drawback of requiring adequate closure assumptions and accurate
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representations for the average collision mechanisms. In addition, the model has
hyperbolic as well as parabolic components for the moment equations, in the
transient case, and thus issues of shock capturing mechanisms arise. On the
other hand, the drift-diffusion model has only parabolic components, exclusive
of the Poisson equation, which must be adjoined to any model in the hierar-
chy. An interesting derivation of the drift-diffusion model from the Boltzmann
transport equation, making use of the diffusion approximation, is carried out in
[10]. This model is by far the best understood of the models. It was introduced
by Van Roosbroeck in 1950 [28] as a conservation system for electron and hole
carriers, with the ambient electric field determined from the Poisson equation.
This model is closely related to the older (by sixty years) ionic transport model
of Nernst and Planck, which is described in detail in [24]. Tt is of interest that the
current-voltage curves in biological membrane channels are derived from mech-
anisms closely related to those described here, with similar systems of equations
involved in the modeling. The reader is invited to consult [23] for scientific detail.

1.1 Idealized Drift—Diffusion
Physically, this is a case of constant temperature in which friction, caused by
collisions, dominates. We select the case of wvanishing permanent charge and
simple boundary conditions. It describes:
e Electrons and holes in a pure crystalline lattice; or,
e Positive and negative ions in a vacuum environment,
together with equilibrium boundary conditions. The steady system is defined
by continuity equations for
(1) Electric potential ¢; charge flux: —(dielectric) x ¢';
(2) Negative carrier (electron/anion) concentration n;

Charge: —e, C t: J, =D ! —ng');
arge: — €, Curren w=2¢eD,( n ng');

diffusion  Jrift
(3) Positive carrier (hole/cation) concentration p;

Charge: e, Current: J, =éeD,(p’ + p¢’).

The equations (with vanishing permanent charge) are given by:

¢ —n+p=0, (1.1)
J, = const.,
Jp = const.,

in (0, 1), with boundary conditions,
p(0) =pr >0, n(0) =ng >0, (1.4)
p(1)=pr >0,  n(l)=ng>0, ,
60)= o, B(1) = 1. (1.6)
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Without loss of generality, take ¢; = 0. Above, D,, and D,, denote diffusion
coefficients. We highlight here the following definitions:

e Potential difference: V = ¢y,

e Physical current: [ = J,, + Jp,

o Negative of (mass) flux: J = J, — Jp.

e c is the quotient of two lengths, intrinsic and extrinsic.
A notation in terms of dimensionless ratios is given by:

pr=2L pp=EE (1.7)
nr, nr

System (1.1)—(1.6) has simple boundary values if p;, = pr = 1. In this case,
denote the common values by ¢y, cgr, respectively.

There are four modes for simple boundary conditions as is demonstrated in
[22]:

Case 1. ¢, <cgr, V > 0.

(HIV>0 J>0; (2) ¢.<0; (3)n>p; (4) ng, p: >0.
Case 2. ¢, <cgr, V <0.

W IV=0, J>0 (2)6:>0; () n<p (4)n, po>0.
Case 3. ¢, > cgr, V <0.

W IV=0, J<0 (2)6:>0; (3)n>p (4) g, po <0,
Case 4. ¢, > cr, V > 0.

W IV=0, J<0 (2)6,<0; () n<p (4)m, p <0,

Fig. 1 illustrates a typical case. In all cases, the solution is unique, as demon-
strated in [22].

1.2 The Hydrodynamic Model

This model may alternately be defined from a microscopic starting point, the
semiclassical Boltzmann equation, in which moments are computed with respect
to group velocity, and the system closed at three equations with constitutive
relations among the averaged quantities, or it can be derived from a macroscopic
starting point, in which the system then becomes a conservation law system for
a charged fluid, incorporating particle number, momentum, and energy balance
equations. Both forms of derivation are carried out in the book [14] Chap. 2.
The result is the following system, with a copy for each charge species:
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Fi1g. 1. The electric potential profile and concentration profiles for the simple
boundary condition, Case 1. Dimensionless concentration and potential units
employed. Reproduced from [2].

dp+ V- (pv) = Cp, i
dp+v(Vep)+(p-VIv=—5pF —V(pkpT/m) + Cp, (1.8)
OE+V-(vE)=—Zpv- F = V- (vpkyT/m) + V- (kVT) + Ckg.

Here, p denotes particle mass density, related to concentration n and effective
mass m via p = mn, p denotes particle momentum density, related to velocity
v through p = pv, and E the mechanical energy density. F' denotes the elec-
tric field, T' the carrier temperature, x the heat conductivity, k, Boltzmann’s
constant, and C,, Cp, and Cg denote relaxation expressions. The systems are
coupled through the Poisson electrostatic equation as well. The momentum re-
laxation time 7, is given via

The energy relaxation time 7, is given via

W =Wy

Tw

= CW

Here, Wy denotes the rest energy, %nkbf, where T is the lattice temperature.
Note that the relaxation time reciprocals appearing here have the units of fre-
quencies, and suggest time scales over which collisions are likely to occur in
influencing momentum or energy. The forms for the relaxation times used in [1]
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on the basis of higher order moments, are:

T = ¢/T,
T +1
ch+T 5T

Tw

Here, ¢, and ¢, are physical constants. The hydrodynamic model was first
derived by Blgtekjeer [3] for semiconductor devices. It can describe multiple
species of charge carriers (e.g., upper and lower valley electrons and holes) by
adding extra copies of (1.8). This model also governs an important biological
process in which ions move into biological cells through pores in proteins that are
holes in dielectrics [5]. The model (1.8) plays an important role in simulating
the behavior of charged carriers in submicron semiconductor devices; some of
its computational and physical aspects have been discussed in [11, 25, 16]. The
existence of solutions and the convergence of Newton’s method to the steady-
state subsonic electron flow have been proved in [13]. Also, an electron shock
wave in the case of steady-state for (1.8) for submicron semiconductor devices
was first simulated in [12].

1.3 Regimes Defined by Damping
We identify three essential regimes defined by the hydrodynamic model:

(1) The full hydrodynamic regime;

(2) A regime in which inertial effects are negligible over the momentum relax-
ation time scale;

(3) A regime, contained within the preceding, in which temperature variation
is negligible, so that heat flux is insignificant. This corresponds to the
drift-diffusion regime. It is characterized as friction dominated.

In the first regime, friction is not dominant. In the second, resistance to momen-
tum transitions is significant over the relaxation time scale. In the third regime,
additional resistance to heat flow (temperature gradients) is significant. Regime
two may be defined via a critical limit of the hydrodynamic model, as we now
explain. The first and third equations in (1.8) remain as in the hydrodynamic
model. However, the momentum equation is rewritten, and the limit,

T — 0,
is taken to obtain a constitutive relation for the current, given by:
eD [T

J= = | SV ¥ (Z ¢ ¢>} (1.9)

T kT
Here, D is the diffusion coefficient and ¢ is the electrostatic potential. This is
the interpretation of the inertial approximation. The third regime follows from
the second when isothermal conditions prevail.

These are strictly heuristic considerations. It is the purpose of this paper to
derive the third regime in a completely rigorous fashion, as a scaled limit of the
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one carrier model as 7, and 7, tend to zero in a controlled manner. In fact, the
fundamental inequality relating 7, and 7,,, and required by the theory developed
below, is satisfied by the representations given above.

We close the introduction by exhibiting the results of a series of simulations
carried out by decreasing 7, via increasing a parameter, the saturation velocity,
vg, which is related to ¢, in an inverse square fashion. The application is to
the biological regime, that of ionic channels. The tendency of regime (1) toward
regime (3) is evident in these pictures.

FiG. 2. The solid curve gives the temperature for v, = 5 x 107°, the dotted
curve is for vy = 107°, the short-dashed curve is for vy = 2 x 1075, and
the long-dashed cureve is for vy = 5 x 107°. The decrease of temperature
coincides with efficient damping of energy exchange. The figure is taken from
[5]. The units of v, are um/ps.

2 Energy Method for a Scalar Equation with Damping

In this section, through a scalar model with damping, we present an efficient
method, the so-called energy method, for determining the global existence, unique-
ness, and asymptotic behavior of classical smooth solutions for nonlinear partial
differential equations with certain dissipation. Such a method has been success-
fully applied to problems of classical smooth solutions for nonlinear wave equa-
tions in [17], nonlinear hyperbolic Volterra integrodifferential equations in [9],
nonlinear thermoelasticity in [27], as well as for the compressible Navier-Stokes
equations in [21] and [6] (see also the references cited in [17, 9, 27, 21, €]).
Consider the following scalar model with damping;:

ut + f(u)g +u =0, (2.1)
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Fic. 3. The IV curves are calculated for different values of vs and compared to
the drift-diffusion (PNP) case. The figure is taken from [5].

with Cauchy data
ult—o = up(x). (2.2)

The local existence and uniqueness of the smooth solution u(x,t) for the
Cauchy problem (2.1)—(2.2) can be found in [19]. It can be obtained by using
the standard Contraction Mapping Theorem of Banach (see Section 3.1 for such
an application for the inviscid hydrodynamic energy model). In this section,
we present the energy method, through the scalar model (2.1), in order to mo-
tivate the more general approach involved in establishing the global existence,
uniqueness, and asymptotic behavior of classical smooth solutions to systems of
conservation laws to follow in the next section. It is particularly intended for
readers not familiar with the techniques of this subject.

Theorem 1 Assume that initial data uo(z) € H*(R). Then there exists a
unique global smooth solution of the problem (2.1)—-(2.2) satisfying

u(z,t) — 0, uniformly when ¢ — oo.

Proof It suffices to obtain the energy estimates for the local solution u(z,t).
Now we derive such estimates in considerable detail, as an illustration for the
following Sections 3 and 4, for the smooth solution u(x,t) € H?((—o0,00) X
[0,%0)). In the course of these estimates, we make certain assumptions on f, not
always made explicit. We first assume a priori that

HuHCl(Rx[O,to)) <eg, (2.3)

for sufficiently small e. Then we prove that there exists g = €¢(g, f) such that,
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when
l|luol| 2 < eo,

the a priori assumption (2.3) is indeed achieved.
Multiplying (2.1) by u, one has

(“;)t +u? + (/Ou vf’(v)dv>m =0.

Integrating over R x [0,t), ¢ < tg leads to

/jo (2, t)da + 2/ / (@, s)deds = /O:o vl .

Differentiating (2.1) with respect to = and then multiplying by u,, one has

(%) +e s =5 @)

Integrating over R x [0,t), ¢ < tg leads to

/ actdx+2// xsdmds
< / ud, (z)dx + C'/ / |ug | (, s)dzds. (2.5)
—00 0 —00

Differentiating (2.1) with respect to ¢ and then multiplying by u;, one has

u? 1 I . 1 1
(Tt)t g+ 5 f W = =5 (f (wug)a

Integrating over R x [0,t), ¢ <ty leads to

/ xtdx—i—Z// 2(z,s)dxds
S/ ud(x dx—l—C’/ / (|uz|u?)(z, s)dzds

< C/_Oo(u%+u(2)z)(x)dx+0/0 /_w(|ux|u§)(x,s)dxds. (2.6)

Here we have have used the notation ug:(z) = ut(z,0), and estimated this
quantity by (2.1). Differentiating (2.1) with respect to xza and then multiplying
by gz, one has

w2 1
(ﬁ) 2, 2 Wy g = — o ( (),

2 2
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Integrating over R x [0,1), t < to leads to

o0
/ xtdm+2// Lz, s)dzds

<[ @0 / / (ot + [tz (2, 5)dods
<C/ ud . (2 dx—l—C/ / (Jugu,| + ul)(x, s)dxds, (2.7)

where we used the inequality,
ab < 6a* 4 b*/(46). (2.8)

The left hand side of (2.7) is understood to be the expression two lines above;
for compactness, we absorbed the estimation term §u2, and did not rewrite this
left hand side. We employ this technique throughout the proof.

Differentiating (2.1) with respect to xt and then multiplying by w.¢, one has

u? 3
(%) +uit + §fﬂ(U)uxuit + f”( Ut Uz Ut + f”l( )Uiutuxt = ——(f'(u)uit)x.
t

Integrating over R x [0,1), t < to leads to

/ xtmtdx—i—Z// u?,(z, s)dxds

S/ ud, . (x )dm+C/ / (Jugu2y] + [wettprtae| + [u2ugtg) (2, s)dzds
< C/ an: + an: + U‘Oa:a:)( )d(E

e / / (i) + w22, + ube?)(z, s)deds, (2.9)

where we used the inequality (2.8) and (2.1), and the notation, ug,: = uzt(x, 0).
Similarly, differentiating (2.1) with respect to ¢t and then multiplying by .,
one has

Uit

2 1 1
(7) + uft + §f”(u)uxut2t + 2f”(U)UtU;ctutt + f”’(u)uxufutt = _§(fl(u)ut2t)x
t

Integrating over R x [0,t), t < to leads to

[ed] t 00
/ u?,(z,t)dx + 2/ / u?,(z, s)dxds
—o0 0 J—oo

oo t 00
< / ud, (x)dx + C'/ / (|uzu?,| + |ustpruse| + |uzuug|)(z, s)dzds
0 J—oo

— 00



10 Gui-Qiang Chen

< C/ (Udpe + U0y + Up + U, + ug)(2)dw

+C/ / (|ugud| + uu2, + u2u})(x, s)dzds, (2.10)

where we used the inequality (2.8) and (2.1), and the notation, ugy = uw(z,0).
Adding (2.4)—(2.7) and (2.8)—(2.10), one has

/ (W? 4 ul +uf + ul, +udy +ug) (v, t)de
t [e%s)
+2/ / (u? +u2 +u? +ul, +ul, +ud)(z, s)deds
< C/ (ug + ug + ug, + ug, + uf,,)(x)de

"‘C// Uut Ut"‘“)"‘“ —|—|um|(u +ut+ua:a:+ua:t+utt)
u?(uZ, +u,)(x, s)drds
t [o%¢)
< C||uo|\%{2(R) + Cs/ / (u? 4 u? +u?, +u?, + u?)dds. (2.11)
0 —00

For sufficiently small € > 0, one has from (2.11) that

[N(t)]2 / (u2 + ui + uf + uix + uit + uft)(gc, t)dx

— 00

t 00
+ 2/ / (u? +u2 +uj +ul, +ul, + uy)(z, s)dzds
0 J—oo

CHUOH%F(R)' (2.12)

IN

Notice that C' does not depend upon e if the latter is sufficiently small. From
the local existence and uniqueness theorem, there exists an interval [0, to) such
that (2.1) has a unique smooth solution. It follows from the Sobolev inequality
that

lullcr®xjote)y ST sup N(t),
0<t<to

where I' is a positive constant. Choose €y such that

€
eg < ——.
"Trve
Then the estimate (2.12) implies
N(t) <e/T,

as we assume a priori, which implies (2.3). By a technique developed fully in
the next sections, we can apply the above arguments again, and continue the



Relaxation Limit of the Hydrodynamic Model 11

local solution to the global solution in [0, oo) by use of the estimate (2.12).
Alternatively, if one wishes to use only the information already derived, one can
assume that continuation has been carried out maximally, and then use the C!
estimates to continue locally from classical conservation law principles. This
contradiction ensures the global continuation.

Therefore, we have proved the existence of the global smooth solution u
satisfying

u € L*([0,00); H*(R));  |lulom)(t) =0, whent — cc.

This completes the proof. O

3 Global Smooth Solutions of the Inviscid Hydrodynamic
Energy Model

In this section, we consider the inviscid hydrodynamic energy model, rewritten
from (1.8) as:

oo+ (pv)s =0, (3.1)
(Fipu)y + (Fpv? + pT), = Ty — o, (3.2)
P
_3,T
By + (0B + vpT)y — (KTy)s = Tpvy — M, (3.3)
Gza = €(p — d()), (3.4)

where p(x,t) > 0,v(z,t), T(x,t), p(z,t),k > 0,d(x,t) > dy > 0,8 > 0,T, and ™
respectively denote electron density, velocity, temperature in energy units (the
Boltzmann constant k, has been set to 1), electrostatic potential in charge units
per length (the dielectric has been set to 1), thermal conductivity, doping pro-
file (background ion density), electron charge, ambient device temperature, and
effective electron mass, and

1
E= ng + §mpv2,

is the energy density for parabolic energy bands. The collision terms have been
treated classically through momentum and energy relaxation times 7, > 0 and
Tw > 0 (see the discussion in Section 1.2).

The existence of a global classical solution of the system (3.1)—(3.4) with
additional viscosity was proved in [30]. However, for the Cauchy problem of
(3.1)-(3.4), with large smooth initial data, it is proved in [29] that the solution
generally develops a singularity, shock waves, and hence no global classical solu-
tion exists. The next question is whether there exists a global classical solution of
(3.1)—(3.4), provided that the initial data are small, although the system (3.1)-
(3.4) does not have the viscosity term as in [30]. In this section, we address this
problem with the aid of the energy method as shown in Section 2, and prove that



12 Gui-Qiang Chen

there exists a global smooth solution of the inviscid system (3.1)—(3.4), provided
that the initial data are small.

Consider the following initial-boundary value problem with impermeable in-
sulated boundaries for (3.1)—(3.4):

(pyv, T)(,0) = (po (), Tpvo (), T + 70 (To(x) — T)), 0<z<1,
(v, Ty, ¢)(i,t) = (0,0,0), i=0,1, t>0, (3.5)

Such an initial condition is natural for the drift-diffusion limit (see Section 4).
For the existence problem, this initial condition can be relaxed by modifying our
energy estimates. Note that the boundary conditions for ¢ are those of electric
neutrality.

In this section we use the energy method to prove the global existence,
uniqueness, and asymptotic decay of classical smooth solutions for the prob-
lem (3.1)—(3.5) without the viscosity terms. This indicates that the relaxation
term prevents the development of shock waves for smooth initial data with small
oscillation.

We remark that, in the hydrodynamic equations (3.1)—(3.4), we can assume
m =€ = 1 without loss of generality. Otherwise we can rescale

(T,T,¢) — (T/m, T /m,ep/m),

in the first three equations and the resultant constant in the fourth equation will
not add any analytical difficulty, and hence can be assumed to equal one in our
analysis.

Using the Lagrangian coordinate (y,t) as used in [6]: y = fo (&, t)d¢g, we
obtain the full hydrodynamic model in Lagrangian Coordmates

(1/p)¢ — vy =0, (3.6)
ve + (pT)y = pdy — v/Tp, (3.7)
2 2 2Tw — T, T-T
T, — = (kpT, —pTv, = 2242 — .
t 3(“/) )y + 3/) Uy 3707w v — (3.8)
(pdy)y =1—d/p, (3.9)

with the same initial-boundary conditions:

(p,v T)(y,0) = (po(x(y, 0)), pvo(z(y, 0)), T + 7w (To((y, 0)) — T)),
(v, Ty, d)(i,t) = (0,0,0), i=0,1, t>0, (3.10)

where ci(y,) d(z(y,t)).
Let
p—1l=w,, v=w, 60=T-T. (3.11)

Then, the system (3.6)—(3.9) is transformed into the following form:

wit — e wyy + oy + 2 = [ [U((1 = d) — dw,)dédn,  (3.12)



Relaxation Limit of the Hydrodynamic Model 13

. 2% 2k0y 2(0+T) 6 (27'1“_7—?)“%2
0 3(1+wy) 9yy + 3(1+w 72 Wyy + 3070, Wyt T 7, 37pTw

=0, (3.13)
with the following initial-boundary conditions:
(w7 We, 6)(y7 O)
Y1 — po(x(£,0 _
= ([ A e 10000 0). T 7T (003 0) = T)), (314)
(w,6y)(i,t) = (0,0), i=0,1, ¢t=>0. (3.15)
In the following context, we use the following notations for simplicity:

a 81 (at7 a )7 8 (at2t7 aﬁb 853;) a (8?%7 aSttv agzjytv 83%)
D =D'= (30", =(0",0',0%, D?=(3"0"0% 0%,
|0%ul? = Jul?, |0"u* = If)tUI2 +10yul®, 0%ul* = |0ul® + |0eyul® + [Dyyul®,
|0%ul® = |atttu|2 + 1Oueyul® + |Oryyul® + |8yyyul?,

|D™ul* = Z ul?, m=1,2,3,

and C' > 0 is a universal constant and C'(NN) > 0 is a universal constant depend-
ing only on N.
3.1 Local Solutions

To establish the local existence for the problem (3.1)—(3.5), we apply Banach’s
contraction mapping theorem. For this purpose, we first consider the following
linear problem:

wee — a1 (Y, ) wyy + az(y, )0y + w/7p = f, (3.16)
Or — az(y, t)0yy + as(y, hwyy + as(y, t)wy: + ag(y, t)we + 6/70 =0,

(3.17)
(w, wy, 0)(y,0) = (wo, w1, 00)(y), (w,0y)(i,t)=(0,0), i=0,1.(3.18)

Lemma 1 Forty>0and1<j <6, let

ai,az >0, a;(y,t) € C'([0,1] x [0,%0]), 0%a;(y,t) € L>([0,t0); L*(0,1)).
Assume that the initial data satisfy
(woy, w1)(y) € H*(0,1), 0o(y) € H*(0,1); (wo,wr1,00,)(i) = (0,0,0), i=0,1.
Then, (3.16)-(3.18) has a unique smooth solution (w,0) satisfying:

w(:‘/?t) € 02([07 1] X [07t0])7 (9789y)(y7t) € Cl([ov 1] X [O,to]),
0u(y, 1) € L=([0,to]; C[0, 1)), (D*w, D?6,0%6,)(y, t) € L>([0,t0]; L*(0, 1)).
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Lemma 1 can be proved by applying the method of Faedo-Galerkin-Lions.
For details, see Section 8.2 of Chapter 3 in [18] . One could also use Rothe’s
method of horizontal lines.

To establish the local existence of the initial-boundary problem (3.12)—(3.15),
we modify the system (3.12)—(3.13) to avoid possible singular coefficients. Let
a(wy) be a smooth function so that a(w,) = ﬁ for |wy| < % and 2 < a(w,) <

2 for |wy| < co. We also assume that § +7T > % This will cause no difficulty
since we will have an a posteriori estimate with small |w,(y,t)| for small to > 0.

Theorem 2 Assume that initial data satisfy
(pO(y) - 17”0(y)) € H2(07 1)7 00(3/) € HB(Ov 1)5 (anaoy)(i) = (070)7 1=0,1.
Then, the problem (3.12)-(3.15) has a unique smooth solution (w,0) satisfying
w(y,t) € C3([0,1] x [0,)),  (8,08,)(y,t) € C*([0,1] x [0, %)),
(D*w, D*6)(y,t) € L=([0,£*); L*(0,1)),  (8°6,)(y,t) € L*([0,¢%); L*(0, 1)),

defined on a mazimal interval of existence [0,t*). If t* < oo, then

1 t 1
/ |(D3w,D29)|2dy—|—/ / 1070, |2dyds — co, t—t*. (3.19)
0 o Jo
Proof Step 1. For positive constants tg and N with

N> 2{]|(wo, 0)[|7s 0,1y + lwor 32 0,1y}
we define
(U, 0)llx e <N, _ B
X(N7 t()) = (U7 @)(y7t) : (U Utvg)( Y, ) = (w Tpv07T+7—w(T0 - T))(y)v
(U,0,)(i,t) = (0,0) ,0 <t <tp,i=0,1,
where

1 t 1
MU@MNW—wp/KDUD%W@+//NWmWW&
0 0

0<t<to

Let (U,0) € X(N,tyg). Consider the following linear system (3.16)—(3.17)
with initial-boundary data,

(w, wy, 0)(y,0) = (wo,Tpvo,T—l— 7w(To —T))(y), 0<y <1, (3.20)

(w, 0y)(i,t) = (0,0), 0 <t <tg,i=0,1, (3.21)
where
(@) = O+ T)a(l,). asly.t) = 2ma(U,)/3,  as.t) = a(U,).
aaln0) = 2200210, as(00) = XD ), oty ) = 2Tl
(3.22)

All coefficients of (3.22) in the equations (3.16)—(3.17) satisfy the conditions
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of Lemma 1. Thus, for every (U,0) € X(N,t), the problem (3.16)—(3.17) and

(3.20)—(3.21) has a unique solution (w,0) € X(M,to) for certain M > N > 0.

Now we define a map F' by solving (3.16)—(3.17) and (3.20)—(3.21), i.e., (w,0) =
F(U,0).

Step 2. To show that there exists £ < ¢y such that F' maps X (N, ) into itself,
we need a priori estimates. Since (w, ) € X (M,to), M > N > 0, it suffices to
prove that there exists ¢ < to such that (w, ) € X (N,t).

Multiply (3.16) and (3.17) by w; and 6, respectively. Differentiate (3.16),
(3.17) with respect to t and multiply by wy, 0:, respectively. Differentiate (3.16),
(3.17) with respect to y and multiply by wy., 6,, respectively. Then we differen-
tiate (3.16), (3.17) with respect to tt and multiply by wy, 04, respectively. Also
we take second derivatives of (3.16) and (3.17) with respect to yt and multiply
by wyet, Oyt, respectively; and take derivatives of (3.16) and (3.17) with respect
to yy and y, and multiply by aiwyy: + f, Oyyy, respectively. Finally we take
derivatives of (3.16) with respect to yy and multiply by (a1wyy: + f):. We then
use integration by parts and the elementary inequality: af < %(042 + 32), to
obtain the following energy inequality:

2
t 1 1 1
+// {—|D2wt|2+—|D20|2+a2|D26y|2}dyds

1 1
5 | o+ D 0% 4 Doy
0

+C/ / [|D (Dw, 6)] Z|82aj|+|8a4|)|D2(Dw 0,0,)| +|D?f - D*w|

j=1
+(Q_(az| + [9a 1)) + |a4|)|D2(Dw7979y)|2] dyds, (3.23)
4
where I(0) is the value of the first line above, in (3.23), evaluated at ¢ = 0.

Since (U,0) € X(N,to) and (w,8) € X(M,to), it follows from Sobolev’s
inequality that

(DU, DO)lc(o,11x[0,t0)) < CN, [I(D*w, D)l c(0,11x[0,40)) < CM.
Then,

// la,|( wt+w dyds—// 10,a(Uy) + (© + T)d'( y)Uyy|(wt2+w§)dyds
N) / / (w? + w?)dyds < C(N)M>t.
0 Jo

Every term on the right hand side of (3.20) involving a4, a;, 0a;,j # 4, can be
handled in a similar way.
To estimate the other terms we use a slightly different technique. For exam-
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t 1
/ / (51016 |0y |y,
0 0

2
asy = ;@yttaQ +40yaa'Uys + 20, (a')?U;, + 20yaa”" Uy, + 20 aa’Uyy.

ple, consider

where

Since (U, 0) € X (N, to) and (w,0) € X(M,tg), we have

t 1
// |as 10wy | dyds
0 Jo
1/2

t 1
< C(N) ( / / |9ttwyy|2dyds) 1D (U, ©)]| 2201 010
1/2

<C(N)NM ( /0 t /0 1 wftdyds> < VtC(N)MN.

Similarly, we can estimate the terms involving the second derivatives of a;.
Then, it follows from (3.23) that

1 t 1
L/ﬂD%ﬁ+ﬂD%FMy+/‘/(MPWF+Uﬂﬂ1HD%ﬂ%@%
0 0 0
2
< I(0) + M2C(N)(t + V1) < NT + M2C(N)(t + V). (3.24)

Now choose  sufficiently small so that M2C(N)(t + /1) < N72 We then have
(w,0) € X(N,1).
Step 3. Now we show F is a contraction map in X (N, t) for sufficiently small
t<1.
Let (U,0), (U,0) € X(N,ty). Then (w,0) = F(U,0), (w,8) = F(U,0),
and (w — w, § — ) satisfies
_ . A 1 _
(W = @)ge — a1(w — W)yy +a3(0 = O)y + —(w — @)
P
= (/=D + (@1~ @)y, — (a5~ @)y,
~ ~ N N N 1 ~
(0 —0)r — az(0 — 0)yy + as(w — W)yy + as(w — W)ye + ag(w — @), + — (6 — 0)

w

= (a2 — a2)0yy — (a1 — a4)Wyy — (a5 — a5)Wyt — (ag — ap)Wt.

In a manner similar to deriving the energy estimates required for (3.24), and
with the aid of Gronwall’s inequality, we can obtain

l(w = @,0 = 0) x5 < ICNIU =T, 0 = 6)ll x (i)
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Choose t < 1 sufficiently small such that 0 < {C(N) < 1. Thus
F: X(N,t) — X(N,1)
is a contraction mapping on X (N, ) for sufficiently small £ > 0.

The final step is to apply Banach’s Contraction Mapping Theorem. We see
that F has a unique fixed point in X(V,?). That is, (3.14)-(3.15) has a unique
smooth solution (w,#) on 0 <t < t. Let [0,t*) denote the maximal interval of
existence of this solution. If t* < co and (3.19) is not satisfied, then

1 t 1
swp [ (D%l + 0%y + [ [ 156, Payds < .
0<t<t* Jo o Jo

This inequality and use of the second equation in (3.16) imply that (w, 0)(y,t*)
satisfies the conditions for initial data in Theorem 2. Hence, the local existence
can be continued to the interval [0,t* + ¢) for some € > 0. This contradicts the
fact that [0,¢*) is the maximal interval of existence. This completes the proof of
Theorem 3.1. O

3.2 A Priori Estimates via the Energy Method

In this section we use the energy method to make the a priori estimates for
establishing the global existence of smooth solutions for the full hydrodynamic
model (3.1)—(3.4). To achieve this, we derive the a priori estimates for the
solution of (3.12)—(3.15), which is equivalent to (3.1)—(3.5).

Theorem 3 Assume that
0 <6< po(x) <M, (vo, 002) (i) = (0,0), i = 0,1,
1270 — Tp| < M /Ty
Then, given sufficiently small € > 0, there exists eg(e) > 0 such that, when
[(po = 1,v0,d — 1)||z2(0,1) + [ To — Ul z3(0,1) + 7 < €0,
we have, for any time interval (0,ty) on which the solution exists,
[(D*w, D*w,, DO, Dy, mpwier, Tp0re [l 12(0,1) (1) + [|(By, 90yy) || L2((0,1)x (0,t0))

1
+— | (Dwy, Owyy, DO, DOy)|| L2((0,1)x (0,t0))
P

+7p (07 wy, were, Dybee) || 12((0,1)x (0,80)) < €- (3.25)
Proof We start with the following equations from (3.12)—(3.13):
Wep — a(wy)2(9 + T)wyy + a(wy )0y + f—; +w — fol wdy = f, (3.26)

01 — aa(wy)0yy + aa(wy)*0ywyy + Ba(w,) (0 + T)wy, + % + b\/% =Y
(3.27)
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with the initial-boundary conditions (3.14)—(3.15), where

// (1 — d)(1 + wy)dédn, (3.28)

and
1 2w —
alwy) = 7y b=

Tru, Sy

Then, from the assumptions of Theorem 3,

) 0422&/3, 6:2/3

bl < C.

We first assume that, for sufficiently small ¢,

1
[ (w, wy, 0)|lcr((0,11x[0,t0)) S €< 5 in(1,7), (3.29)
which implies

T/2<T<3T/2,

and
1/2<w, +1<3/2 <<= 2/3<p(x,t)<2.

Then we prove that there exists an ¢y > 0, independent of ¢y, such that, when

l(po — 1,v0,d — 1)l z2(0,1) + [ To — Ul z3(0,1) + 7 < €05

the estimates (3.29) can be achieved. With this apriori argument, a(w y) a (™
function of one variable w, such that |w,| <e < 1/2 and 2/3 < a(w,) <
We have from (3.26) and (3.14)—(3.15) that

1
(0 + T)awy, +f+/ wdy)(i,t) =0, i=0,1. (3.30)
0

We now derive the energy estimates. We first perform the following calcula-
tions: (3.26) x (1, K2w), (3.26) x (K%wy), (3.26) X (—Tpwyy), (3.26)¢ x (Kwe),
(3.26)y X (K ?wyt), (3.26)¢ X (Tpweee), (3.26)y¢ X Wy, (3.26)yy X (T((0+T)awy, +
o+ Jo wdy)), (3:26)yy x (K((0 + T)awy, + f + [y wdy)y), (3.27) x (K30),
(327) X Ht, (327)y X Hy, (327)tt X (Tiett), (327)yt X Hyt, and (327)y X Hyyy, then
integrate over [0,1] x [0,¢], where K = K(v,k) > 1 is determined later. Then
we integrate by parts with the aid of the boundary conditions (3.15) and (3.30),
followed by use of some elementary inequalities such as

1/2

1 1
ab < 6a® + b— |w| = / wydy| < / w2dy . (3.31)

Finally, we add and re-group all the resulting inequalities from previous calcu-
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lations and estimates together, and use 7, < 1/2 to obtain:

f+ fol wdy

1
2 2 2 M 2 2 2
/O (2D, 0+ K ((0+ Tty + 1)} + (ay + 5 55?)

HD(w0.0,) + 7wl + 03] 0 )y
t 1 1 1
[ IR 4 03+ D, OF) + (€ +1000.0,))
p
+7p(wly, + 05 + 0w |* + (0 +T)aPwyy + 1)2) + |00y, > + 702, ]dyds

Ly

<€ [ RADR 0 + KU+ Ty, + 1+ (o + s

1
(100 + lye) (g | + 1] + / fwldy) x

1 1
X (fwyy] + fi] + / fweldy + (1] + / foldy) (18] + [oye]))]
+|D(wye, 0,0,)1> + 7207, + | Do f|? + Towiy + wi, (07 + wiy) Hy, 0)dy
1
—I—C/ 2K2 +Kw§t((0—|—T)a2wyy—l—f—|—/ waly)fl—i—w2
0

+Tp (wyt + wjyt) + 7+ witw?;y + Tplwyyt f|

+70 (07w, + 0wl + 0o, + w0awe)]dy

t 1
40 [ [ (0P, D6, 8,0 + 70, + (0 + 0+ 0l
o Jo
+w§|wyt| + wf + préy + 9§|(w, Duw,, 8§’w)|2
+(10:] + |wyt|)w§t + 101 (Jwywyt| + [wyywyye])]

1 1
+K([— (w? + 7+ T+ wy, (wy, +07) + (f + / wdy)*(w?, + af))
p 0

1 1
e, (2 + / wdy) + Jwyy (1] + / fweldy)
0 0
1
(g + 100w, + w0, + 12+ / o Py + w2, + 62)
0

1
0+ T)aPwyy + £ + / wiy|(ry (w2 + why + 6 + 0u?,)

1 1
+— (W + wypwy, + FE i+ (F + / wdy)* (wy, + 07))]
p

+pr2 + pr?;t + |Dwyt|2 + 70 yyy + 77 wttt + TBftt
+Tg(w§y|Dwtt|2 + ’U) (’U} + wyy yt + wytt)) + TpW yyt'Dwy|2

"‘Tg(wft + wiwgy) + wyt( vy T wiy) + w w;tt
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o]

273/, 2 4 2, 2
+0,[7, (w ytt +wyt+9 wttt)+w +wyyt+wyyy Yy

+6t2[ ( Wyt + wytt + wyy yt + wyt) + wyt] + 7 |0t|wytt
w2, [T3(0F + 02,,) + (02, + 02, + 62, + 02, )]
+wyt[ (02 + ayyt yteyy) + ay ] Beyywytt
+([wye| + |‘9t|) Wyt + Ti|9ttt|(|9ywyyt| + |Oytwyy| + [wyrwy,by|)

Fwyywyye|(10] + 7[0¢]) + |wyyt|(|wyy|w§t + [ fee| + [wyyOre])

—|—w —|—wytw

1
trdfualud + (o |+ ol (1A + [ o)
1
+T_(w§t|Dwy|2 + w,52|(Dwt, wyyt)|2)}dyd5- (3.32)
P
Using the elementary inequalities (3.31) and the a priori assumption (3.29),

taking K > Ko(C,T) and 7, < 70(C,T, K) for sufficiently large Ko > 1 and
small 79 < 1/2, and making tedious calculations, we have from (3.32):

t
Er(t) +/0 Gi(s)ds < CK*(|[(po — 1,00,d1) || B2 0,1y + o = L F20,1)

+eCK?(Fy (t / G1(s)ds), (3.33)
where
Er(t) = /Ol[KQI(DQwa O)? + K|Dwyy[* + [D(wye, 0,0,)|* + 75 (wiy, + 07)]dy,
Gi(t) = /Ol[Kz(pr?; + 912; + Tlp|(Dwt7wyttv 9)|2) + Tp(w?;y + 9t2t + |(atwtt7wyyy)|2)
+%(Kw§yt +10(0,0)1%) + 100y, |* + 7,05,]dyds. (3.34)

In the process of these calculations, we used the following identities:

dy = —wydy, Jy = d;c/p> Cztt = _w?d:mc — Wiy,
and the following inequalities:

[fyl S [1—d|+1(d — Dwyl, | futl < lwye(d = 1)) + |(wy + Dweds]

il < / Foeldy + / fwyeldy / fyldy + / fwy + 1/dy / Fyldy,

ful < 2+ / [, |dy) / (Iy + 1) (wRlde] + [wreda]) + 2uwyrronds|

1 1 1 1
1 = legee ey + / e / fyldy +2 / oy / Fyeldy.
0 0 0 0
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Then, if € is sufficiently small, we have

t
E(t) +/O G(s)ds < C([[(po = L,vo,d = DlF2(0.1) + 1To = U 0.1y)s  (3:35)
where

B = [ (102w, w,)[2 + D0, 0,) + 2w, + 62)) dy,
0
6 - [ (%a(mt,awym% D(6.6,)?)

02wy, wa) P+ (0, 96,)] + rp|ayett|2)dy. (3.36)

By the Sobolev inequality we obtain

[D(Dw, 0)||co0,11x[0,t0)) < T sup /E(t),

0<t<to

where T is a positive constant. Hence if
€
[[(po = 1,v0, do — V)l mr2(0,1) + [0l r13(0,1) < ok (3.37)

we have
| D(Dw, 0) | c(o.1x[0.t0)) < TVC([l(po — 1,v0,do — 1)l 20,1y + |00l 3 0,1)) < €

and the assumption for the function a(wy) is satisfied. This completes the proof
of Theorem 3. |

3.3 Global Existence, Uniqueness, and Asymptotic Decay

Theorem 4 Assume that
0<6<po(r) <M, (vo,00,)(i) =(0,0), i=0,1,  [270 — 7p| < M \/TuTp.
Also, assume that the following norms,

[[(po = L,v0,d = 1)[|a2(0,1), 100l z3(0,1),

and both relazation times are sufficiently small. Then, (3.1)-(3.4) has a unique
global smooth solution (p,v, T, )(x,t) satisfying

H(p - 17px7pt7v7vxvvt7T - Ta Tvat)HC[O,l] (t) —0 when t — oo.

Proof We now use the continuation argument to prove the global existence.
From the local existence and uniqueness theorem, there exists an interval [0, ¢)
such that (3.1)—(3.4) has a unique smooth solution. Then, Theorem 3 indicates
that

E(ty) <¢/T.
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At this point, we can apply the local existence and uniqueness theorem in pre-
vious sections to continue the solution to an interval [tg, t1], top < t;. We can
continue this process onto [0, c0) unless the sequence {t,} converges to a finite
number t* < oo as n — oo. For such a t* we must have a maximal interval
of existence [0,t*); i.e., (3.19) holds. This contradicts a priori estimate (3.35).
Thus there can be no such t* < oo and
([ (wy, )l o (0.1)x[0,00)) < €

holds. Then we have shown the existence of unique global smooth solution
satisfying

(D*w, D*0) € L2([0, 00); L*(0,1));

(D?w, D)(y,t) — 0 uniformly as t — oc.

By (3.11), we obtain
l(p =1, pus pt, v, vz, v, T — T, Ty, Tt)|lcjo,1)(t) — 0 when t — oo.

This completes the proof of Theorem 4. ]

4 Singular Relaxation Limit to Drift-Diffusion Equations

In this section we study the singular limit of (3.1)-(3.4) when the relaxation
times 7, and 7, tend to zero with 0 < 27, — 7, < M\/TP—TW' We first scale the
variables (p,v,T,®), and then show that the limit functions satisfy the drift-
diffusion system as 7,, 7, — 0.

Let

Then (3.1)—(3.4) is transformed as follows.

ps + (P07 )z =0, (4.1)
1 _
Tl + T (T + T + 07 = ¢, (4.2)
2KTw 27, Tp (2T —

’7'3}9; — 37 0, + TpTuwv 0 + 3 (100" + T)vl — ™
w

= - (4.4)
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with the following initial-boundary data:

(p7,07,07) = (po(x), vo(x), To(z) — T),
(UT70;7¢T)(i7S):07 1=0,1, s>0.

We assume that initial data (po(x),vo (), To(z) — T) are independent of 7, and
Tw-

Theorem 5 Assume that the conditions of Theorem 2 hold. Let (p,v,T, ) be
the solution of (3.1)-(3.4) constructed in Theorem 4. Then there exists N(zx,s)
such that

(p” (N, / / d(€))dédn), a.e. as T, Ty — 0.

The limit function N satisfies the drift-diffusion equation,

Y E—

in the sense of distributions.

Proof To show the convergence of subsequence {p”, v, 87}, we need some
estimates which are independent of 7, and 7.

Notice that the scaling sequence (p™,v7, 67, ¢7) satisfies (4.1)—(4.4). Then the
relations of the scaling sequence and the function (w, 6), satisfying (3.26)—(3.27),
are as follows, where we use 7 for both 7, and 7,:

! v (z s)—lw< (m f) f)
w, (5@ 3, 5+ 1 R A

T

re=to((s2).2).

- - s\ s - 1 . s\ s
px(m,s) = _(P )3wyy (y z, ;) ; _> ) vx(m,s) = ;P Wyt (y ((L’, _> 7_> y

T T T

pral, ) = () wy (v (2, 2) . 2) 43007 (wyy (y (=2).9))"

o (w,5) =

(2, 8)ps = —(p7 — d)v" (w,8) + /01% (

([ ) 02) )

n

[ (L (= + 1) (6.2) )

Therefore,

167670l [ [ 070 0D 020405+ (67 s <
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where C' > 0 is independent of 7.
Thus, there exists N(z, s) such that
(p",¢r) — (N,®,) ae. asT— 0,

where @, ( fo fn §,s) — d(§))dEdn.
From ( ) (3.2),

// s + pTv T, )dads = 0,
Tp//(pTvam + TppT(vT)me)dxds —l—//pT(TwGT + T)tpppdrds

// " — pT PL )pdads,

for all ¢ € C§°(R x Ry). That is, for any test function ¢(z,t) € C§°((0,1) x
(0,00)), the relation,

/ / (P + pT OLthe + TP  thaz)duds
_//(T;?PTUTWCS + (107 (V)2 + T p 07 )1 )ddss,

holds. Let 7,7, — 0. Since

127l Lo ((0,1)x (0,00)) + (0", 07| L2((0,1) x (0,00)) < C,

where C' is independent of 7,, 7, and ¢, then

//(N% + N®y1py + TNtpyy)dads = 0.

This completes the proof of Theorem 5. a
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