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Abstract. This paper concerns the relaxation time limits for the one-dimensional steady hy-
drodynamic model of semiconductors in the form of Euler—Poisson equations with sonic or nonsonic
boundary. The sonic boundary is the critical and difficult case because of the degeneracy at the
boundary and the formation of the boundary layers. In order to avoid the degeneracy of the second
order derivatives, we technically introduce an invertible transform to the working equation. This
guarantees that the remaining one order degeneracy becomes a good term since the transform used
here is strictly increasing. Then we efficiently overcome the degenerate effect. When the relaxation
time 7 — +o00, we first show the strong convergence of the approximate solutions to their asymptotic
profiles in L> norm with the order O(7~2). When 7 — 0T, the boundary layer appears because the
boundary data are not equal to each other, and we further derive the uniform error esitimates of the
approximate solutions to their background profiles in L° norm with the order O(72) or O(r) ac-
cording to the different cases of boundary data. Unlike the methods adopted in the previous studies,
we propose some altogether new techniques of the asymptotic limit analysis to successfully describe
the width of the boundary layer, which is almost the order O(7) provided 0 < 7 < 1. These original
approaches develop and improve the existing studies. Finally, some numerical simulations are carried
out, which confirm our theoretical study, in particular, the appearance of boundary layers.
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1. Introduction. The hydrodynamic model was first derived by Blgtekjeer [3]
for electrons in a semiconductor. After appropriate simplification the one-dimensional
time-dependent system in the isentropic case reads
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pt + (pu)z =0,
(1.1) (pu)i + (pu® +p(p)), = pE — %’
)\2Em =P d(.’E),

where p, u, and E denote the electron density, velocity, and electric field, respectively.
The function p = p(p) = Tp" is the pressure, where T' > 0 is Boltzmann’s constant
and v > 1 is the adiabatic exponent. The constant parameter 7 > 0 is the momentum
relaxation time. The physical parameter A > 0 represents the scaled Debye length.
The given background density d(x) > 0 is called the doping profile standing for a
background fixed charge of ions in the semiconductor crystal. The hydrodynamic
model (1.1) is also called an Euler—Poisson system with semiconductor effect. For
more details we refer to treatises [36, 49] and references therein.

In this paper, we aim at investigating the zero- and infinity-relaxation-time limits
with a degenerate boundary, sonic or nonsonic, for this model in the case of one-
dimensional isothermal steady-state flows satisfying equations

J = constant,

2
(1.2) ({0 +p(p))xpE %
NE, =p—d(z).

Here, J = pu stands for the current density, and p(p) = Tp corresponds to the isother-
mal ansatz. By the terminology from gas dynamics, we call ¢ := \/P'(p) = VT >0
the speed of sound. The flow is referred to as subsonic, sonic, or supersonic provided
the velocity satisfies

(1.3) lul<e, |ul=e¢, or J|u|>ec, respectively.
Without loss of generality, we set
(1.4) T=1, A=1, and J=1,

and then for smooth solutions with p > 0, we have u > 0, and (1.2) is equivalently
reduced to

1 1 1
) p=E-—,
(1.5) <p p3> ’ TP
E,.=p—d(z).
It follows from (1.3) and (1.4) that the flow is subsonic if p > 1, sonic if p=1, or
supersonic if 0 < p < 1. Throughout this paper, we are interested in the system (1.5)
on (0,1), which is subjected to the following boundary condition:

(1.6) p(0)=a, p(1)=0b, a,b>1.

Then the problem we consider turns into

w7 ((;—;)Px>$=p—d(x)— (:p) re(0.1),

p(0)=a, p(1)=0>.
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Namely,
(1.8) - .

where

1
(1.9) w(p)zlnp+ﬁ

is a strictly increasing function on [1,+00).
Tt also follows from (1.5) that

E_(1 1) L
(1.10) “\p T )Ty
E,=p—d(x).

We also assume that the doping profile d(x) is of class L>°(0, 1), satisfying the subsonic
condition d > 1, where

d:= inf d(z)and d:= sup d(z).
CDG(O,l) ZE(O,l)

Regarding the relaxation time limit 7 — 400 or 7 — 07T, let us denote by (p., E,)
the solution of (1.7) and (1.10) with respect to 7. In what follows, we consider
limit problems about relaxation time 7 in (1.7). On the one hand, when 7 — +o0,
let us set

p= lim p; and E= lim FE,,

T—+00 T—+00

which formally satisfy
1 1\ ._ _
- ((G-5)m) =r-d@. cco.
and
_ 1 1
E=(=-—-=]p
(1.12) <p p3) pe

It should be pointed out that there is no boundary layer in this case.
On the other hand, when 7 — 0%, we let p=1lim,_,o+ pr, which formally satisfies
that

(1.13) p(x) = constant, € (0,1),
which implies that there might be boundary layers in this case.

Background of study. We now draw a picture of the progress on the studies of well-
posedness for a hydrodynamic model of semiconductors. There are major advances
in the mathematical theory of steady-state Euler—Poisson equations with/without the
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semiconductor effect. For the subsonic steady-state flows, Degond and Markowich [8]
first proved the existence of the subsonic solution to the one-dimensional steady-
state Euler—Poisson equations with the semiconductor effect when its boundary
states belong to the subsonic region. Subsequently, Degond and Markowich [9] fur-
ther showed the existence and local uniqueness of irrotational subsonic flows to the
three-dimensional steady-state semiconductor hydrodynamic model. After that, the
steady-state subsonic flows were investigated in various physical boundary conditions
and different dimensions [2, 14, 22, 39]. As for the supersonic steady-state flows, Peng
and Violet [42] established the existence and uniqueness of the supersonic solutions
with the semiconductor effect. Lately, Donatelli and Juhdsz [10] and Donatelli and
Marcati [11] investigated the oscillations and defect measures for the quasi-neutral
limit and the primitive equations. Regarding transonic steady states, Ascher et al. [1]
first examined the existence of the transonic solution to the one-dimensional isen-
tropic Euler—Poisson equations, and then Rosini [46] extended this work to the non-
isentropic case. When the doping profile is nonconstant, Gamba [18, 19] studied the
one-dimensional and two-dimensional transonic solutions with shocks, respectively.
Luo et al. [32] and Luo and Xin [33] further considered the one-dimensional Euler—
Poisson equations without the semiconductor effect; a comprehensive analysis on the
structure and classification of steady states was carried out in [33]. Meanwhile, both
structural and dynamical stability of steady transonic shock solutions was obtained
in [32]. And then, He and Huang [24] and Huang et al. [25] studied the nonlinear
stability of a large amplitude viscous shock wave and the stability of transonic con-
tact discontinuity for two-dimensional steady compressible Euler flows in a finitely
long nozzle. Recently, Li et al. [30, 31] explored the one-dimensional semiconductor
Euler—Poisson equations with the sonic boundary condition. Motivated by their pio-
neering works [30, 31], there is a series of interesting generalizations into the transonic
doping profile case in [4], the case of transonic C*°-smooth steady states in [48], the
multidimensional cases in [5, 6], and even the bipolar case [38]. Later on, Feng, Mei,
and Zhang [17] demonstrated the structural stability of these smooth transonic steady
states by the local singularity analysis.

In addition to these results on the well-posedness, a series of studies were con-
cerned with the asymptotic limits in the hydrodynamic model, such as the Newtonian
limits in the speed of light for the relativistic Euler—Poisson equations [34, 35, 37],
the quasi-neutral limits [7, 12, 13, 26, 40, 41, 44, 47], the zero-electron-mass limits
[20, 21, 29], and the zero-relaxation-time limits [16, 23, 27, 28, 43, 45], for instance.
These investigations are important and amazing but do not involve the degeneracy,
to the best of our knowledge. Recently, the quasi-neutral limit for a subsonic-sonic
solution of system (1.5) with the degenerate sonic boundary was investigated by Chen
et al. in [6].

However, noting the difficulty caused by the degeneracy and boundary layers, the
relaxation time limit problem for subsonic steady states of system (1.5) with sonic or
nonsonic boundary values is still open and challenging, as we know. Hence, the goal
of this paper is to answer this question in two directions. The main results are stated
as follows.

Main results. We are going to present our main results on the convergence of
the original solutions to their asymptotic profiles as the relaxation time 7 — oo and
T — 0T, respectively.

THEOREM 1.1 (infinity-relaxation-time limit). Assume that the doping profile
d e L>(0,1) is subsonic such that d > 1. Let (p;, E.) be the interior subsonic solution
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of system (1.7) corresponding to the doping profile d(x). Then problem (1.7) converges
to (1.11) with (1.12) as 7 — 400 uniformly in the sense that

(1.14) Ipr = plLe@©1y <O % and ||E. — E|gio1) < C77 %,

where C'> 0 is a constant independent of T > 0.

THEOREM 1.2 (zero-relaxation-time limits). Assume that the doping profile d €
L>(0,1) is subsonic such that d> 1. Let (pr, E;) be the interior subsonic solution of
system (1.7) corresponding to the doping profile d(z). Then the following two results
hold:

(@) If p+(0) = p-(1) =a > 1, then (p,(z), E-(z)) converges to its asymptotic state

(p(x), E(z)) = (a,ax - /Ox d(s)ds)

as T — 0T, without boundary layer for the density p,, but with a huge gap % between
the electric field E. and its asymptotic state E over the entire interval [0,1]. Namely,
there exists a constant C > 0 such that for all T > 0 the following error estimates hold:

(1.15) Ipr — allpmon SO ifa=1,
(1.16) lor —all g0y SCT ifa>1,
1

1 2 gfa=1
(117) HE.,-E < Cr2 Z:fa )

Ta | e (0,1) Cr  ifa>1,
and

Cr? ifa=1

1.18 E; — E)glle) < ’
(119 1B = Blel~on {CT .

(1) If p-(0) =a and p-(1) =b with b > a > 1, then the density p,(x) converges to
its asymptotic state p(x) = a outside the boundary layer, and the width of the boundary
layer becomes thiner as T — 07F; the electric field E.(x) converges to its asymptotic
state

E(x)=azx — /OI d(s)ds

with a huge correction % over the whole interval [0,1] as 7 — 0. Namely, there exist

two constants C >0 and 0 < 79 < 1 such that for all0 <7 <79 and 0 <e < 1/2, the
following error estimates outside the boundary layer hold:

(1.19) lpr() —a| <C7T Vael0,1-7"° ifa>1,

(1.20) lpr(z) —a| <CT7 Voe[0,1—-7""°] ifa=1,

and inside the boundary layer (1 — 717%,1] the density p, starts to rapidly approach
the right boundary value b; in addition,
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Cr'™¢ ifa>1,
< .
L>°(0,1) Cr ifa=1,

[N

TAQ

1
(1.21) HET—E—

and for 1 <p<2,

Crv ifa>1,

(1.22) I(E7r = E)zllzeo,1) < ;
OD=) ort ifa=1,

p
19 J

Remark 1.3. It should be pointed out that we assume b > a > 1 in case (II) of
Theorem 1.2. For a > b > 1, we can use the same method here to get a similar result.
We omit it for simplicity.

where n:min{l —€

Difficulties and strategies. Now, let us mention the main difficult points of the
study and outline our strategies in the proof.

In the first part, we investigate the relaxation time limit problem as 7 — +oo.
Due to the boundary degeneracy, the study of the infinity-relaxation-time limit of
interior subsonic solutions over [0, 1] appears to be challenging. If we use the usual
method as that in [15], then we cannot remove the difficulty caused by boundary
degeneracy and therefore the uniform estimates about the error function p, — p in
the parameter 7 cannot be established. In order to overcome this difficulty, we use
the invertible transform defined in (1.9) to reduce the two order degeneracy to the
one order degeneracy. Fortunately, this remaining one order degeneracy is a good
term since the transform used here is strictly increasing for p > 1. Then we efficiently
overcome the degenerate effect.

In the second part, we study the relaxation time limit problem as 7 — 07. First,
we establish the estimates for n, in Lemma 4.1 and those for n —w(a) and n — w(b)
in Lemma 4.2, where n = w(p,). In the case b > a, the boundary layer must appear.
We figure out the width of the boundary layer and prove a boundary layer estimate
near the right endpoint x =1 in Lemma 4.3 as follows:

w(pr (7)) —w(a) < %Tﬂ?, re[0,1 77,

where 0 < € < 1/2 is a constant. Then, we study the zero-relaxation-time limit of
(1.7) in the two cases.

Case 1. p,(0) =p-(1) =a > 1. There is no boundary layer effect in this case. By
Lemma 4.2 and in view of the relation between w(p,(z)) —w(p,(0)) and p,(z) — p-(0),
we obtain the estimates for p,(x) — p,(0) according to cases in which a=1or a > 1
(see (4.25) and (4.26)). Finally, we study the zero-relaxation-time limit for E,. Based
on the Poisson equation in (1.5) and the relations between E, and p, (see (1.10) and
(1.12)), we show the estimates for E, and (E;), (see (4.33) and (4.35)).

Case 2. p.(0) =a and p,(1) =b with b >a > 1. By Lemma 4.3 we establish the
estimates about p,(x)—p,(0) outside the boundary layer and then prove the estimates
for E; and (E;); in (4.42) and (4.43), respectively.

We conclude this section by stating the arrangement of the rest of this paper.
In section 2, we give the important preliminaries such as the existence and reg-
ularity of subsonic solutions. In section 3, we analyze the infinity-relaxation-time
limit of subsonic steady states and prove Theorem 1.1. In section 4, we investigate
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zero-relaxation-time limits of subsonic steady states and finish the proof of Theo-
rem 1.2. In section 5, we carry out some numerical simulations in different cases,
which perfectly demonstrate our theoretical studies in Theorems 1.1 and 1.2. In par-
ticular, the boundary layers in Theorem 1.2 can be clearly observed in numerical
forms.

2. Preliminaries. In this section we shall give the important preliminaries for
later use. First, we recall the definition of the interior subsonic solution.

DEFINITION 2.1. We say a pair of functions (p., E;) is an interior subsonic solu-
tion of the boundary value problem (1.5)—~(1.6) or (1.7) provided (i) (p,—1)? € Ha(0,1),
(i1) pr(z) > 1 for all x € (0,1), (iii) the following equality holds for all test functions
p € Hg(0,1),

A 1 1 [ty 1
2.1 / (—) pr I%dawf/ idx+/ pr —d)pdr =0,
( ) 0 Pr p?'r ( ) TJo Pr 0 ( )

and (iv) E,(x) is given by

(22) B@) = E-0) + [ (orl0) - () dy.

In addition, we continue to recall the existence and uniqueness of interior subsonic
solutions, which is excerpted from the first part of Theorem 1.3 in [30].

PROPOSITION 2.2 (existence [30]). Suppose that the doping profile d € L*>°(0,1)
is subsonic such that d > 1. Then for all T € (0,00] the boundary value problem (1.5)-
(1.6) or (1.7) admits a unique interior subsonic solution (pr, E,) € Cz[0,1] x H(0,1)
satisfying the bounds

(2.3) 1+msin(nz) < pr(x) <d, x€]0,1],

and

(2.4)

{Olmxﬁs/af(x)léczﬂxﬁv Jor @ near 1

— C3(1—2) 7% < (pr)a(z) < —Ca(1—x)~

Nl=

where m = m(7,d) >0, Co > Cy >0, and C3 > Cy > 0 are certain uniform estimate
constants.

Next, from [30], the regularities of p, and n =w(p,) are stated as follows.

PROPOSITION 2.3 (regularity). For 1 < p < 2, the subsonic solution (p,,E.)
obtained in Proposition 2.2 satisfies the following properties:

(2.5) pr €C3[0,1] and p. € WHP(0,1).
And n=w(p;) obtained by the transform (1.9) satisfies

(2.6) neCv2[0,1] and neW?>?(0,1).
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3. Relaxation limit as 7 — 4o00. This section is devoted to proving our main
result when 7 — +o00. For the sake of simplicity, we only consider the case in which
a =b=1. For all constants a > 1 and b > 1, by using the following method, we
can get similar results as (1.14) in Theorem 1.1. Then problems (1.8) and (1.11) are,
respectively, equivalent to

1
. (@(pr)) e = pr —d(a) : (57) - =<0,
wlpr (0)) =wlpr (1) = 3.
and
@(P)es =5 d(x), zE(0,1)
(3.2)

w(p(0)) = w(p(1)) =
Proof of Theorem 1.1. Let us set
V=w(p) —w(p)

By taking the difference between (3.1) and (3.2), we obtain

1
5

B 1
Vew —(p—pr) = (7',0

V|w:0 = V|w:1 =0.

s ) . ze(0.1),

Multiplying the first equation of (3.3) by V and integrating the resulting equation
over [0, 1], we have

1 1 1
(3.4) / VaaVdz — / (p—pr)Vdr = / (1) Vdz.
0 0 0 TPr T

By integration by parts, we get

1 1 1
1
0 0 0

TP,

Noting the strict monotonicity of the function w, we obtain

(3.6) / (p— pr)Vda = / (5 — pr)(@(p) — w(pr))dz >0,

Then it follows from (3.5)—(3.6), (2.3), and the Holder inequality that

1
1 1 1 1 1 2
—Vpdx < 7/ |V |dx < = </ Vz|2) dz.
Pr T Jo T 0

(3.8) IVallzzoa) <71

1 1 1
(3.7) / |V |?dx < =
0 T Jo

Hence,

The Poincaré inequality implies that

(3.9) IVIlz20,1) < CllVellz2o,y <CT 1
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Then it follows from the Sobolev imbedding theorems that
(310) ||V||Loo(071) SC”V”Hl(O,l) SC’T_I.
By (1.9) and the Taylor series of w(p,) and w(p) at p, =1 and p= 1, respectively,

we have

(3.11)
V=u(p) —wlpr) = (gt 55 ) = (g + 575 ) = (0= pr) (4, =2 -

Then in view of (2.3), we obtain

_ C‘p‘l'_ﬁ|2 as pT_>17ﬁ_>17
(3.12) V= lw(p) —wlp-)l >{

Clpr — p| otherwise.

Therefore, the first part of (1.14) follows by combining (3.10) and (3.12).
Next, we study the infinity-relaxation-time limit for F.. It follows from (1.5),
(1.12), and (1.9) that

(3.13) (@(pr))e = Er — — and  (w(p))s = E.

Then, by noting (2.3) and (3.8), we get

’ 1
Er—Ell120,1) < | @(p) = w(pr))al|z2 |7
[ lz2(0,1) < [[(w(p) — wlpr))zllz2(0,1) + Tp-1122(0,1)
1
<||V, 71‘ -
<[Vallezony + 7 o-122(0,1)

(3.14) <cr .

Moreover, by the second equation of (1.5), we have

(3.15) (E;)o(x) =pr(x) —d(x) and E.(x)=p(x)—d(z).
Then, by the first part of (1.14) and (3.12), we get

_ _ 1 1
(316)  N(Bx = Ballzeton = Ior = Allzeon) < CIVIEaory <C7E.
This, together with (3.14), implies
(3.17) |Er — Bl 101y <C7 2,
which is the second part of (1.14). The proof of Theorem 1.1 is completed. d

4. Relaxation limits as 7 — 01. The main task of this section is to prove
our main results when 7 — 07. From the first equation of (1.7), we obtain that
p=lim,_,g+ p; is a constant over the entire interval [0, 1]. Hence, the boundary layers
must appear if a # b. Here, we use a new method to look at the width of a boundary
layer.

With the invertible transform w defined in (1.9), the problem (1.7) is equivalent
to

11,
(4.1) nm:prd(x)Jr;Ef(n)nm, xz € (0,1),
n(0) =w(a), n(l)=w(b),
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where f is the inverse transform of w and satisfies f’(n) > 0 for n = w(p,). Let us
define

1
o= pﬁf’(n), B=pr—d,
which are functions of z. It follows from (1.9) and (2.3) that there exists a constant
M > 0 independent of 7> 0 such that

(4.2) a>M on [0,1].

First, we show the estimates of n, as follows.

LEMMA 4.1. Assume that the doping profile d € L>=(0,1) is subsonic such that
d > 1. Let n be the solution to the initial value problem (4.1) and xzo € [0,1) be an
initial point. We denote by wo =n. (o). Then the following properties hold:

Ale.ag) d—1 d—1
(4.3) ng(zr)>e ~ (wo— i T)-‘r 7 V€ [zg,1]
and

Azz0) d—1 d—1
(4.4) ng(z)<e 7 (w0+ 7 T)* T YV € [z, 1],
where

Az, z0) = /: a(y)dy.

CO

Proof. With the definition of o and B, n, satisfies the following initial value
problem for a linear first order differential equation:

{ (ng)e — %nm =08, x€(xg,1],
1z (o) = wo.

The solution is given by formula

(4.5) Ny (x) zwoeM +r(x),
where
o) = [ B .
o
Obviously,
1-d<B<d-1 on0,1]
and

Az, z0) > M(x —x0) Y € [x0,1].

Since 1 — d < 0, we have

_ A(y,zq) Aly,zg) M(y—=zq)

2(1—&)6_ ™ 2(1—&)6_7.

B(y)e
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Therefore,
A@ag) [T My-=q)
r(z)> (1—-d)e” - e = dy
xo
A(z,zg) T M(xz—=xq)
=(1—-d f7<1_ _f>
(=@ (1
(d — 1)7‘ A(z,2q) d—1 A@xg)—M—=ug)
=————"—¢ - Te - .
M M
Since
d—1>0, Az, 20) — M(x — ) >0,
we obtain

r(z)>————e 7

This together with (4.5) yields (4.3).
Similarly, we have

A(y,zq)

Bly)e < (d—1)e”

M(y—zq)

Therefore,
r(z) < (cZ— 1)6A(1;10> / e~ e )dy
Zo
(d=1)7 aeee d—1 Acep-Me—=
=— * ¢ T — ——Te T
M M
< (d — 1)7' Az d—1
~—t e 7 - T
— M b
which proves (4.4). |

The next result concerns the estimates for n — w(a) and n — w(b).

LEMMA 4.2. Let b>a>1. Under the assumptions of Lemma 4.1, we have

(4.6) w(pr(z)) —wla) > — i vz €10,1]
and

d—1
(4.7) w(pr(z)) —w(d) < T Vo €[0,1].

If furthermore, b=a, then

dz\}le Yz €[0,1].

(4.8) w(pr(2)) —w(a) <

Proof. We prove this lemma by contradiction. If (4.6) does not hold, there exists
x1 € (0,1] such that

(4.9) w(pr(21)) — wla) < —gﬂ;l

TXq.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/16/24 to 142.157.201.150 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

RELAXATION TIME LIMITS OF SUBSONIC STEADY STATES 3463

By the mean value theorem, there is & € (0,271) such that

(4.10) na(€1) = w(pr(m))g; w(p-(0) _ _d]\—417.

Applying (4.4), for all z € [£1,1], we have
d—1 ) d—1 d—1
)=

M M ST

(4.11) ne(z) < e 5 <nx(§1)—|— 7 <0,

which implies that n is strictly decreasing on [£1,1]. It follows from (4.9) that
n(1) <n(z1) = w(p-(r1)) <w(a).
On the other hand, w is strictly increasing on [1,+00) and b > a, and hence
n(1) =w(b) > w(a).

This is contradictory and (4.6) follows.
Next, we prove (4.7). If it does not hold, then there exists 2 € (0,1) such that

(4.12) (s (22)) > w(b) + I

7> w(b).

Since w is strictly increasing on [1,400), we have p,(z2) > b. By the continuity of p.,
there is yo € [0, z2) such that p,(y2) =b. It follows from the mean value theorem that
there is & € (y2,x2) C (0,1) such that

~ w(pr(x2)) —w(b) d-—1 . J—IT
(4.13) Ny (§2) = p— Z(.Tg—y2>M > Tk

Applying (4.3), for all z € [¢3,1], we have

(4.14) ng(x) > M (nm(§2) -

This contradicts (4.12) since x5 € [§2,1) and n(z2) > n(1) =w(b). Hence we get (4.7).
Now we prove (4.8) in a similar way. If it is false, there is x3 € (0, 1] such that

d—1

(4.15) w(pr(z3)) —w(a) > TI3.

By the mean value theorem, there exists &3 € (0,x3) such that

w(pr(x3)) —w(p-(0)) ~d-1
4.1 = .
(1.16) el — e
In view of (4.3), for all z € [£3,1], we obtain
Alz,€a) d—1 d—1 _d-1
(4.17) ng(x)>e - (nm(&,)— i 7') + i T> i >0,

which implies that n is strictly increasing on [¢5,1]. Since x3 € (€3, 1], it follows from
(4.15) that

n(1) > n(as) =w(py (x3)) > w(a).
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This contradicts the fact that
n(1) =w(b) =w(a),

and hence (4.8) is proved. O

Now we investigate the boundary layer near the right endpoint x = 1 in case
b>a>1. We assume that the width of boundary layer is 717, where 0 <& < 1/2 is
a constant.

LEMMA 4.3. Let b>a>1. Under the assumptions of Lemma 4.1, we have
(Z l—e
(4.18) w(pr(x)) —wla) < Vakd Vrel0,1—7"°].

Proof. Indeed, if (4.18) is not correct, there is x4 € (0,1 — 717¢] such that

(4.19) w(pr(z4)) —w(a) > %7’@.

It follows from the mean value theorem that there exists & € (0,x4) such that

w(pT(u))mZW(pT(O)) N (1 N d—1> -

(4.20) al6s) = T

In view of (4.3), for all = € [£4, 1], we obtain

(421) > T Alz,€4)

which implies

1
(4.22) Zl/ oM (a4 gy
M J,

-7 (eMFE — 1) —+oo asT—0T.
This is impossible and then (4.18) follows. |
COROLLARY 4.4. Let b>a>1. Under the assumptions of Lemma 4.1, we have
(4.23) Inz(0)] < %7.
Proof. From (4.6) and (4.18), we have

n(z) —n(0)

T

T VYze(0,1-77°),

S

<

which imlies (4.23). o
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Proof of Theorem 1.2. We prove this theorem in two cases.

Case 1. p-(0) = p,(1) =a > 1, namely, w(p-(0)) =w(p-(1)) =w(a).

We first prove (1.15) and (1.16), which show that the limit of p,(z) is p(z) =a
over [0,1]. Indeed, from (4.6) and (4.8), we have B

1—1
dM T Vzel0,1].

(4.24) |w(pr(2)) —w(a)] <

Recalling the Taylor expansion for w(p) — w(p) in (3.11) and using (4.24), for all
z €10,1], we have

(4.25) lp=(2) = p-(0)] < CV/|wlp-(2)) —w(p-(0)) < CT? if a=1
and
(426)  |pr(e) — pr(0)] < Clulpr(@) —wlpr )| <Cr i a>1.

Hence (1.15) and (1.16) follow.
Next, we consider the zero-relaxation-time limit for E;. From (1.9) and (1.10),
we have

(4.27) s

which implies

1 1
=ny,(0) + —.

(4.28) E.(0)=n4;(0)+ 75r(0) o

Tt follows from the second equation of (4.27) that

(129)  Erle) =B+ [ (pr(9) - d)ds =2 = D@) 4 ma(0)+ [ prls,
where
(4.30) D(x)= /03” d(s)ds, z€]0,1].

For the last term on the right-hand side of (4.29), a straightforward computation
gives

(4.31)
[ o= [ pe@ds+ [ o6 = prl0) ds=aat [ (prlo) = prl0) .

In view of (4.25)—(4.26), we obtain

(4.32)
x x Cra <Ct if p;(0)>1,
| oo =po0)as| < [ 1ot = prl) s < { o I
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Combining (4.29) and (4.32) together with (4.23), we have

(4.33) ‘Er(x) - <1 — D(z) + ax)‘ <

Cr if pr(0)>1,
Ta =1

Crz if p.(0)

)

which gives (1.17).
Furthermore, it follows from the second equation of (4.27) that

(4.34) (B2 )a(r) = pr(@) — d(@) = po () — pr(0) + p+(0) — d(x).
This, together with (4.25) and (4.26), gives

Cr if p, )
(135)  I(B)elw) — (p-(0) — d(a))| = o (&) — - (0)] < { pr(0)>1

which is (1.18).
Case 2. p;(0)=a and p,(1)=b with b>a > 1.
From (4.6) and (4.18), we have

(4.36) lw(pr (7)) —w(a)| < —7 Vze[0,1-7"° ifo<T<1.

S

When p,(0) =a > 1, by (4.36) and (3.12), we have

(4.37) o) = pr0)] < o vwelo,1- 7177,

which implies (1.19). When p,(0) =a =1, by (4.36) and (3.12) again, we obtain
(4.38) |or () — pr(0)| <CTF Yz e[0,1—7'77,

which gives (1.20).

Next, we consider the zero-relaxation-time limit for E,. From (4.28) and the
second equation of (4.27), we have

B (@)= E-0) + [ (p,(s) — d(s))ds

(4.39) =n,(0)+ % + /i(pf(s) —d(s))ds
0 x

L D@ 0+ [ 5O+ [ a0,

0

where D(z) is defined by (4.30). Then it follows from (4.39) that

@10)  B0) - (=D + [ orl0s) =m0+ [ orto) = pr(0) .

TOQ
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From (4.37) and (4.38), we have

(4.41)

(pr () = pr (0)) ds

0

1
< / 19e(5) — - (0)] ds

1

3467

<[ l@-plast [ o) = pr )]s

1—71-¢
J 7 l1—e 1— :
J— < £
< MT+C(d,a,b)T <Cr ifa>1,
Cr7i+C(d,a,b)T ¢ <Cr?  ifa=1.

This, together with (4.23) and (4.40), implies

<M

%M)PM@(MD@Hax

Then (1.21) follows.
Moreover, it follows from (4.34) and (4.41) that for 1 <p <2,

[(Er)z — (pr(0) — d)”LP(O,l)

-( 01 or(2) pr(O) d

1
P

1

1—e 1 P

(443) - (A N |p7(x) - PT(O)\p dx + ‘/1_ - |p,r(x) _ pT(0)|p dx)

1 7P - % 1—¢
(/ J\Czljrpdx—FC’(d,a,b,p)Tl_E) <Cr7» ifa>1,
0

IN

Las - v "
(/ 5 TdeJrC'(d,a,b,p)TlE) <Crr» ifa=1,
o M=

where n=min {1 — ¢, &}. This is (1.22). The proof of Theorem 1.2 is finished.

d _
1 >‘ —7+C(d,a,b)r' = <C7' 7 ifa>1,
Cri+C(d,a,b)rc<Cr* ifa=1.

d

5. Numerical simulations. In this section, we engage in the numerical veri-
fication of our theoretical results. For this purpose, we choose the following doping

profile in the problem (1.5) and (1.6),
(5.1) d(z) =3 +sin(rz), =z€]0,1],

which is unified for the simulations of results in both Theorems 1.1 and 1.2.

First, Theorem 1.1 tells us that the subsonic solution to the problem (1.5) and
(1.6) uniformly converges toward the one to the problem (1.11) and (1.12) as the
relaxation time 7 tends to +o00. This result holds for all boundary data a,b> 1, and
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23

22

2.1

[\S)

density p(z)
©

1.8
1.7
1.6
1.5 / 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
T
1
(@) lor = pllzee(o,1) S CT~2, as 7 — +oo.
1.5 T T
—En(z),n=1
. -~ E,(z), n=2
E,,(z), 3 =10
1—\\\\ \‘\\\\ -—FE(z) i
= 05F Tl \*\\ 4
3] o
= b N \\\\\
2 G T
2 0F P T B
Q =3 Tl
2 I Tl
o — Tl
05+ aa—
_l 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T

(b) ||Er — Ellpoe(0.1) < CT7 2, as T — +oo.

Fic. 1. Case 1 for Theorem 1.1: a=1.5 and b=2.

as such, we consider the three numerical cases of the boundary data a and b in (1.6)
as follows:

1. a=1.5 and b= 2; see Figure 1.

2. a=1 and b = 2; see Figure 2.

3. a=0b=1; see Figure 3.
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2.2

—_
oo
T

—pr(z), =1
—=pr(T), T2 =2

density p(z)
&

14 p,».“(l'), 3 =10 |
——p(x)
1.2 B
1 | | | | | | | | |
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
x
_1
(@) llpr = Pllpec(o,1) L CT72, as T — +oo.
2 T T
—E,(z),n=1
——En(z), =2
. E(z), =10
15F ) ]
O \
= - |
E S
= N
C‘E h ~
=2 05F - R
Q -
2 . .
@ RS N
)= - \\\\\\\\ i
_045 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T

(b) |1 B7 — Bll oo (0,1 < CT7F, as 7 — +oo.

Fic. 2. Case 2 for Theorem 1.1: a=1 and b=2.

In all the cases above, we set up the finite approximation sequence of relaxation times
as 11 =1, 79 = 2, and 73 = 10; and the limiting relaxation time 7 is +o00. It is worth
pointing out that when the relaxation time 7 takes the value which is greater than

10, the solution (p., E;) is already in close proximity to the limiting solution (p, E);
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—_
W

density p(z)
N

1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1 I I I I
x

_1
(@) llpr = Pllpec(o,1) L CT72, as T — +oo.

2 T T
—En(z),n=1
-~ E,(z), n=2
1.5+ E, (z), 73 =10] 1
S —E(z)
— 1 \\\‘\\ B
= 05 T e *
= 0F < .
= -
+> ~ Tl
o N Tl
) T T
D 05F e
1k Tl
15 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T

(b) |1 B7 — Bll oo (0,1 < CT7F, as 7 — +oo.

Fic. 3. Case 3 for Theorem 1.1: a=b=1.

see Figures 1, 2, and 3. Besides, we can also see, from the figures, that there are no
boundary layers when passing to the limit as 7 — 4-oc0.

As far as Theorem 1.2 is concerned, we know that whether the boundary data
a and b take the same value will make the zero-relaxation-time limit results very
different. In fact, when 1 <a =0, the boundary layer does not occur between p, and
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2.4

—pn(z), 1 =01
— | - pn(z), 2 = 0.01 i
& 225 pry (), 75 = 0.001
—-p(x)

22 B

X

density p

T

(@) llpr = pllLec(o,1) < CT, as T — 0F.

500

400 - i

z)

(%]

(=}

(=}
T

E.(z),n=0.1
E.,(z), 7 =0.01
E,,(z), 75 = 0.001

——E(x)

(3
(=3
(=}
T
1

electric field F¥
=

_l()() 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T

(®) |[Er — E — L||Lo<;(071> <Cr, asT—0t.

Ta

Fic. 4. Case 1 for part (I) of Theorem 1.2: a=b=2.

limiting density p as 7 — 07; when 1 < a < b, the boundary layer (1 —717¢ 1] appears
near the right endpoint # =1 with a rough width 7', Therefore, we next take into
account two numerical cases for part (I) of Theorem 1.2,

1. a=b=2 (see Figure 4),

2. a=b=1 (see Figure 5),
as well as consider two numerical cases for part (II) of Theorem 1.2,
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1.3 T T
— P (z)1 7 =01
- pn(z), 2 = 0.01
12560 pry(x), 73 = 0.001 _
' —--p(x)
—~ 1.2r- \\ B
& \
< \
ZLIsp |
< \
1.1F \*
|
1.05 !
1 ,,//+—7***’1’”’777\777<///\>k777_//\/> ] ! J |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x
1
(@) llor = plliLes 0,1y £CT2, as T — 0.
1000
800 *
— —E;(z), n =01
5 (Z),
= 600 - Ep(z), =001
M Eq(x), 3 = 0.001
= -~ B(x)
& 400 a
)
o
B3
g 200+ 1
)
0
_200 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T

1
(0) |1 Br — E— Ll poeo1) < OTF, as T — 0*.

Fic. 5. Case 2 for part (1) of Theorem 1.2: a=b=1.

1. a=1.5 and b=2 (see Figure 6),

2. a=1 and b=1.25 (see Figure 7).
In all the four cases for Theorem 1.2, we opt for the finite approximation sequence of
relaxation times as 7 = 0.1, 79 = 0.01, and 73 = 0.001, and the limiting relaxation
time 7 at the moment is 0. We can easily see, in Figures 4 and 5, that there is no
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2.1

—p(z)
"
QL
2138
B7)
=}
<
1.7
1.6
1.5 B i Rk \//////KFEkiiiiiwi_‘// ) ) L }
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
x
(a) |pr(z) —a| <Cr, 0<2x<1—717% as7—0t.
700
600 |
500
D "B (x), =01
~— **ETQ(Z),TZZO.Ol
Ky 400 E,(z), 75 = 0.001
= — E(2)
& 300
)
E
£ 200
<L
)
100
0
_100 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

RELAXATION TIME LIMITS OF SUBSONIC STEADY STATES

T T T

—pn (@), =01

- pn(z), 2 = 0.01
pr,(z), 73 = 0.001

(d) |Er — E - X |lpoo(0,1) S CT175, as 7 — 0%,

Ta

Fic. 6. Case 1 for part (II) of Theorem 1.2: a=1.5 and b=2.

3473

boundary layer between p, and p; however, in Figures 6 and 7, we can observe from a
numerical perspective that the boundary layer occurs near the right endpoint provided
the relaxation time 7 is small enough, and the width of boundary layer gets thinner
and thinner as the relaxation time 7 goes to 0. Also, we can find, in all the four
figures for Theorem 1.2, that there is a huge gap % between F, and the asymptotic
profile E over the entire interval [0, 1].
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1.35 T T T
—pn(x), =01
- pn(z), 2 = 0.01
1.3 pry(x), 73 = 0.001 .
—)
125+ B
O
S 1.2- B
[
2 |
S 115+ 4
5] |
o I
111 T;
1.05 H
1 B et NN \77777777\77777>>\>/ I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x
(a) |pr(z) —a| <C72, 0<x<1—-7'7% as7— 0t
1000
800+ B
o —E, (z), 1 =0.1
K 1(T)s
— 600 -~ E,(z), » =0.01 7
& E, (x), 75 =0.001
= ~— E()
& 400t .
S
i
B3]
D 2001 1
(&)
0
_200 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x

1
() |Er —E— L |zo(0,1) < Cr2, as T — 0%,

T

Fic. 7. Case 2 for part (II) of Theorem 1.2: a=1 and b=1.25.

All these numerical simulations conducted in this section perfectly support our
theoretical results obtained in Theorems 1.1 and 1.2.
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