Proceedings of the Royal Society of Edinburgh, 140A, 119-134, 2010

The combined semi-classical
and relaxation limit in a quantum
hydrodynamic semiconductor model

Yeping Li
Department of Mathematics, Shanghai Normal University,
Shanghai 200234, People’s Republic of China

(ypleemei@yahoo.com.cn)

(MS received 22 April 2008; accepted 29 April 2009)

We discuss the combined semi-classical and relaxation limit of a one-dimensional
isentropic quantum hydrodynamical model for semiconductors. The quantum
hydrodynamic equations consist of the isentropic Euler equations for the particle
density and current density, including the quantum potential and a momentum
relaxation term. The momentum equation is highly nonlinear and contains a
dispersive term with third-order derivatives. The equations are self-consistently
coupled to the Poisson equation for the electrostatic potential. With the help of the
Maxwell-type iteration, we prove that, as the relaxation time and Planck constant
tend to zero, periodic initial-value problems of a scaled one-dimensional isentropic
quantum hydrodynamic model have unique smooth solutions existing in the time
interval where the classical drift-diffusion model has smooth solutions. Meanwhile, we
justify a formal derivation of the classical drift-diffusion model from the quantum
hydrodynamic model.

1. Introduction

Quantum hydrodynamic models are important and necessary in order to model
and simulate electron transport, affected by extremely high electric fields, in ultra-
small (sub-micron) semiconductor devices such as resonant tunnelling diodes, where
quantum effects (like particle tunnelling through potential barriers and build-up in
quantum wells [5]) take place and dominate the process. Such quantum mechanical
phenomena cannot be simulated by classical hydrodynamic models. The advantage
of macroscopic quantum hydrodynamic models relies on the fact that they not only
are able to describe directly the dynamics of the physically observable and simu-
late the main characters of quantum effects, but are also numerically less expensive
than microscopic models like the Schrédinger and Wigner—Boltzmann equations.
The quantum hydrodynamic model is a moment model, derived from the quan-
tum Wigner—Boltzmannn equation using a velocity-moment method or from the
Schrodinger equation. (details are given in [5,7,9]). The isentropic quantum hydro-
dynamic system governs the evolution of the electron density, the electron current
density and the electrostatic potential. In this paper, we study an isentropic quan-
tum hydrodynamic model for semiconductors. More specifically, with appropriate
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scaling, our model can be represented as

1
ng + Eﬁx(nu) =0,

ndsp  h? nu (1.1)
; + Zeﬁx(nﬁm(logn)) ~

N0prtd = n — b(z).

Ot (nu) + %&E (nu2 +p(n)) =

The variables are the electron density n, the mean velocity u and the electrostatic
potential ¢. p(n) is the given strictly increasing function and denotes the pres-
sure. The function b(x) denotes the prescribed density of positively charged back-
ground ions (doping profile). The parameters are the (scaled) Planck constant h,
the momentum relaxation time e and the Debye length A. In the real semiconductor
device, the rescaled parameters )\, €, h take the form

2 _ 52 2 _ GkBTO 62 _ ]CBT()TO2
2mkgTyL?’ q?C,, L2’ mL2 ’

which may be sufficiently small or O(1), depending on the different real situations.
Note that the scaling ¢ = ef converts (1.1) back into the original quantum isentropic
model in [5,9] with # as its time variable. The scaled-time variable ¢ was first intro-
duced in [21] in order to study the relation between the classical hydrodynamical
and drift-diffusion models.

Since we are interested in the small relaxation time and small Planck constant
analysis, we can take A = 1, h = e. Moreover, we introduce the enthalpy f(n) for
n > 0, which satisfies

f’(n) _ p’(n).

n

Since p(n) is strictly increasing, f(n) is also strictly increasing. As in [11,18], it is
convenient to make use of the variable transformation n = w?. With the simplifi-
cations above, we can rewrite the model (1.1) as

1
w; + —wu, + —uw, =0,
2€ €

1 1 1 Wy u
U + —UlUg + 7f(w2)z = 7¢x + 6( ) - (12)
€ € € 2\ w J, ¢

Grw = W — b(x).

Recently, many efforts have been made to solve the quantum hydrodynamic
(Euler—Poisson) system. The existence and uniqueness of thermal equilibrium and
non-thermal equilibrium steady-state classical solutions for one-dimensional and
high-dimensional quantum models have been studied in [1, 3,4, 6,23, 26]. For the
time-dependent system, the local- and global-in-time existence of the classical solu-
tions was obtained in the bounded domain [14] (subject to boundary conditions on
the density and the electrostatic potential) and on the real line [11,18].

Relaxation limits in the classical hydrodynamic equations have been performed
extensively. In one spatial dimension, the relaxation limit problem for isentropic
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and non-isentropic hydrodynamic models has been investigated in the compactness
frameworks for non-smooth solutions of conservation laws [8,10,12,21]. In [16,17],
Lattanzio and Marcati considered the multidimensional isentropic unipolar hydro-
dynamic model and the corresponding bipolar model with z in a bounded domain,
assumed the existence of L°°-solutions in a 7-independent time interval, and jus-
tified the relaxation limit in a compactness framework for non-smooth solutions.
In [19,25], Li and Yong, respectively, studied the diffusive relaxation of multidimen-
sional isentropic and non-isentropic hydrodynamical models for semiconductors by
the Maxwell iteration. Investigations of the relaxation limit and semi-classical and
relaxation limits for the unipolar and bipolar quantum hydrodynamic models by
compactness arguments were made in [15,27].

Finally, the semi-classical limits from the stationary and non-stationary quantum
hydrodynamical model have been partly discussed (see [1,2,6,27]). To the best of
our knowledge, no results for the combined semi-classical and relaxation limit of
the time-dependent quantum hydrodynamic model (1.2) have been found. In this
paper, we investigate the combined relaxation and semi-classical limit in (1.2). We
expect the quantum hydrodynamic model and the classical drift-diffusion model to
give similar results when ¢ is small, which can be seen formally as follows. Applying
the Maxwell-type iteration to the momentum equations in (1.2) gives

wl‘fL‘

u = —€edy f(w?) + €0y — eudpu + € <> — 20
w xT

= —ed, f(w?) + €0y + O(€?).

Substituting the truncation u = —ed, f(w?) +€d, ¢ into the mass equations in (1.2),
we arrive at the quantum drift-diffusion model [13, 22]

2wdw — Oy (p(w?), — w?¢,) = 0,}

¢1z == U)2 - b(IE), (13)

which is a parabolic-elliptic-type system, provided that p’(w?) > 0. We state our
main results in the following.

THEOREM 1.1. Suppose that p € C*(0,0), p'(w?) > 0, b(z) € H*(2) and that the
classical drift-diffusion model (1.8) with initial data

1
w(z,0) = wo(x), z € (0,1](=: N2), /0 (w3 (z) —b(z))dz =0

has a solution w € C([0,T.], HS(£2)) N C*([0,Ty], H?(£2)) with a positive lower
bound and ¢ € C([0,T.], H*(£2)).

Then, for € sufficiently small, the quantum isentropic model (1.2) with periodic
initial data

w(zx,0) = wo(z), w(z,0) = epy(x,0) — W (1.4)

has a unique solution

(w, ut,¢°) € C([0, T3], H*(£2)) x C((0, T3], H*(£2)) x C([0, T3], H*(12)),

https://doi.org/10.1017/5030821050800036X Published online by Cambridge University Press


https://doi.org/10.1017/S030821050800036X

122 Y.-P. Li

and there exists a constant K > 0, independent of € but dependent on Ty < 0o, such
that

S[up ](”we — Well2 + €[ (W — we)zaallt + [[u® = uclls + |69 — ¢ella) < K62a (1.5)
te[0,T.

where
We = W, Ue = 681:¢ - Gaxf(wz)v d)e = d)

To prove our results, we shall adopt and modify the arguments in [24,25]. How-
ever, we have to face up to two difficulties here. The first one is from the potential,
which is a third-order dispersive term. Our strategy is to reformulate the law of
conservation of mass in the quantum hydrodynamic equation as a fourth-order wave
equation as in [11,27]. The second difficulty is that we cannot directly make use
of the previous convergence-stability lemma (which was first formulated in [24]),
since it only fits the symmetrizable hyperbolic system with a relaxation term. Thus,
we must establish the corresponding convergence-stability lemma for our quantum
hydrodynamic model with the third-order dispersive term.

REMARK 1.2. As far as we know, it is the first time that the convergence-stability
lemma of the symmetrizable hyperbolic system has been extended to that of the
non-hyperbolic case, and we apply it in order to investigate the combined semi-
classical and relaxation limit for the quantum isentropic hydrodynamic model for
semiconductors.

REMARK 1.3. Our conclusion implies that if the classical drift-diffusion model (1.3)
has a global smooth solution on [0, co] with w having a positive lower bound, then
there exists €y > 0 such that the quantum isentropic hydrodynamical model (1.2)
has a unique smooth solution up to time co, when € < €y, and when T' < oo (1.5)
also holds. Moreover, employing similar arguments, we can investigate the combined
semi-classical and relaxation limit for the bipolar quantum hydrodynamic model
for semiconductors. Moreover, on the basis of the convergence-stability lemma, we
can use the matched-expansion method to discuss the combined semi-classical and
relaxation limit for the quantum hydrodynamic semiconductor models with more
general initial data.

REMARK 1.4. In [11, 27], the global existence of smooth (or strong) solutions is
initially established for corresponding initial-value problems (IVPs), and then the
relaxation limit and semi-classical limit are investigated by compactness arguments.
However, we use proper scaling and assume the existence of the drift-diffusion
equations; we then construct the solutions of the one-dimensional quantum hydro-
dynamic model with appropriate initial data. Moreover, we also obtain the con-
vergence rate. Finally, due to the combined semi-classical and relaxation limit, the
estimate (1.5) is different from that obtained in [20].

This paper is organized as follows. In §2 we establish the convergence-stability
lemma and construct the formal approximations. Section 3 is devoted to validating
the formal approximation and the existence of the solution to (w€, u, ¢¢) in the
time interval where w is well defined.
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2. The convergence-stability lemma and formal approximations

In this section, we establish the convergence-stability lemma and construct formal
approximations. Initially, for

1 1
Wy + —wu, + —uw, = 0,
2€ €

1 1 1 -
Ut + —UUyg + 7f(w2)w = 7¢w + E (w> - %a (21)
€ € € 2\ w /,
¢xm = ’LU2 - b(x)a
we have the following lemma.
LEMMA 2.1 (Huang et al. [11]). Assume p(w?) € C*(0,+00), p'(w?) > 0, b(x) €
H*($2), b(z) > 0 and
1
w(x,0),u(x,0) € H*(2) x H*(2), w(z,0) >0, / (w(z,0)* — b(z))dr = 0.
0
Then the unique classical solution (w,u, ®) of (2.1) with initial data w(x,0), u(z,0)
exists for t € [0,T.], satisfying w > 0 in 2 x [0,T%] and
we C([0,T.;; H*(2)), i=0,1,2,
w€ C/([0, T H*=(92)), ¢ € C/((0, L. H(%2), j=0,1.

Fix € according to lemma 2.1. There is a time interval [0, T] such that (1.2) with
the initial data has a unique H*(§2) x H3(£2) x H*(£2) solution

(w,us, ¢) € C([O,T],H4(Q)) X C([O,T],H3(Q)) X C’([O,T},H‘l(ﬂ)).
Define
T. =sup{T > 0:w" >0, (wu¢) € H4(Q) X H3(Q) X H4((2)}; (2.2)

namely, [0,7,) is the maximal time interval of H* x H3 x H*-existence. Note that
T. may tend to 0 as € goes to a certain singular point, say 0.

In order to show that lim._,o T, > 0, we need the convergence-stability lemma as
in [24,25]. First, we make the following assumption.

ASSUMPTION 2.2 (convergence assumption). There exist T, > 0 and (we, e, @) €
HY(02) x H3(2) x HY(2) for each ¢, satisfying w,(t,z) > 0 such that, for t €
[0, min{T,, T.}),

bf? |(we’ue’¢s)(x’t) - (wg,ug,qﬁe)(ﬂf,t)‘ = 0(1)a
sup((fu(@.£) = wile, )1 + [u*(2,6) = el ) s + [1¢°(@.6) = Gl 1) = O(1)

as € tends to the singular point.

With such a convergence assumption, we are in a position to establish the con-
vergence-stability lemma.
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LEMMA 2.3. Assume that (w,u)(x,e) € HY(2) x H3(02), w(z,€) > 0,

1
/0 (@0 (x,€) — b(x))dz =0 for all (z,€),

and that the convergence assumption holds. Let [0,T,) be the mazimal time interval
such that (1.2) with the initial data (0, a)(x,€) has a unique solution

(we,us, ¢¢) € C([0,T.], H*(22)) x C([0,T.], H*(2)) x C([0,T], H*(£2)).
Then
T. > T,
for all € in a neighbourhood of the singular point.

Proof. By contradiction, there exists a sequence {€j }x>1 such that limy_,oc e =0
and T, < T,. Owing to the convergence assumption, there exists a k such that
w > 0. Next, from (1.2); and

1
/ (@(x,€) — b(x)) dz = 0,
0
we have

1
/ (w2 (z,t) — b(z))dz =0
0
for all (z,t) € £2 x [0,T¢,). On the other hand, we deduce from

Jw™ la 4+ [[u™[3 + |97 [la < lw™ = we[la + [u™ = ue, lls

H 0% = Perlla + llwey lla + lluells + [ @ey [la,

and the convergence assumption that ||w ||4+|u*||3+||¢* |4 is bounded uniformly
with respect to ¢t € [0,T¢, ). Now we apply lemma 2.1, beginning at a time ¢ < T, ,
to continue this solution beyond T, . This contradicts the definition of T, in (2.2)
and completes the proof. O

Due to lemma 2.3, our task is reduced to finding a (we, ue, ¢c)(x,t) such that
the convergence assumption holds. We propose a construction of the approximation
(we, Ue, Pe) in assumption 2.2 for the quantum isentropic hydrodynamic model (1.2).
Let w solve the IVP of the classical drift-diffusion model:

2w8tw — 6x(p(w2);c - w2¢x) =0,

w(z,0) = wo(x), /0 (w2 (z) — b(z)) dz = 0.

https://doi.org/10.1017/5030821050800036X Published online by Cambridge University Press


https://doi.org/10.1017/S030821050800036X

Semi-classical and relaxation limits in a QHD semiconductor model 125

Inspired by the Maxwell iteration, we take (we, uc, de) = (w, €d, — ef (w?),, @) and
define

1 €Yexr E€ETT
ne (ot -5 (%)
€ € 2\ we /,

= 06— F(u2)a) + (0 — 6o — S - 5 (1) ()

2\ w,

Then we have

1 1
Wet + 5~ Weleg + —UWeq = Oa
2¢ €

1 1 1 ETT €
Uet + ~Uetieg + — F(W2)y = ~es + = <"“> _ Y (R, (2.5)
€ € € 2\ we /,

beww = w2 — b(2).
Regarding (we, uc, ), we have the following regularity result.

LEMMA 2.4. Assume that p(-) € C*(0,00) for w > 0 and that p'(w?) > 0. If
w € C([0,Ty], HX(2)) N C*([0,T.], H3(£2)) has positive lower bound and, more-
over, if b(z) € H*(12), then u. € C([0,T.], H3(£2)) N C([0,T.], H*(£2)) and R €
C(0.T.], H'(2)).

Lemma 2.4 can easily be proved using the well-known calculus inequalities in
Sobolev spaces, and thus we omit the details here.

3. Proof of theorem 1.1

Having constructed the formal approximation (we, ue, ¢, )(z, t) for the periodic IVP
of the isentropic quantum hydrodynamical model (1.2), we prove here the validity
of the approximation under some regularity assumptions on the given data and an
existence result for (2.1) in this section. Due to lemma 2.3, it suffices to prove the
error estimate in (1.5) for ¢ € [0,T%).

First, in order to avoid the dispersive third-order term, we reformulate (1.2); of
the quantum hydrodynamic equation as a fourth-order wave equation. To do this,
by differentiating (1.2); with respect to time ¢ and substituting this into (1.2)y, we
have

1

1
?wt - T(p(w2) + w2u2)a::1:

wye + —wi +
Tt 2e?w
I 5

4w wIJL’

2e2w

Similarly, from (2.5), we can derive the wave equation satisfied by w, as follows:

1 1
2 2 2. 2
Wett + eret + o Wet — m(p(we) + WU )z
1 1 1
22w, (w52¢€o:)9: + Zweaxbmw - rwéwfm = _QR‘T' (3.2)
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Let us introduce the perturbed variable (¢, 7, ), which is defined by
(wﬂﬁ e)* = (we — W, Ue — U, Pe — (be)*
Then, from (1.2)3 3, (2.5)2.3, (3.1) and (3.2), it follows that the error (¢, 7, e) satisfies
1 1 1, 1
Y + 67% + szmzm + Ewét - UTU)t

€
€

9 1

- m(}?(wz) + w?“e)m + W(p(w&) + w62u62)m
2 €2 1€ 1 2 1 €2 1
262’w€ (we ¢E$)JC - 2e2q¢ (w d)w)x - rwewewz + 4we Wyy = _§R$’ (33)
b (R + F2) = uus), = T, + S (Lo - Yin) 4R
uiz 6277 c We UeUeg w U Uy )x = Eeac 2\ . we ). en,
(3.4)
and
ez = (We + W), (3.5)
Moreover, from (1.2)1, (2.5)1, we obtain
1 1 1 1
Yy + —wNe + — Nz + —uYy + —nwe, = 0. (3.6)
2e 2e € €

For the sake of clarity, we divide the necessary arguments into the following lemmas.

LEMMA 3.1. Set

_ 190z + 1nlls + ell@zwotoll + €llellz + [1Hlla

D = D(t)
€
Then we have
[ul, [ugl, [uge| < Ce+ CeD, lwg| < C+ CeD,

Proof. Tt is obvious from the Sobolev’s inequality and lemma 2.4 that

[uf| < |u® — ue| + |ue| < Ce+ CeD.

O
We can prove other estimates similarly.
LEMMA 3.2. From (3.5), we have
llell® + lleal” + lleasll3 < Cllw]1*. (3.7)

Proof. Since

x
e:/ e, dx,
0
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x 1
le|? g/ \ez|2dx</ e, |* dz,
0 0

lell* < llea|*.

we have

which implies that

Furthermore, from (3.5) we have
llezll* < Cllwl”

with the help of Poincaré’s inequality. Finally, it follows from (3.5) and the standard
theory of elliptic partial differential equations that

leas | < ClIDIP,  llesall < ClllI3-
This completes the proof of lemma 3.2. O

LEMMA 3.3. Under the assumptions of theorem 1.1, it follows that, for 0 < a < 2,
1d 9 15 9
—— n)°d — “n)“d
sai [ @ 2 [ o
< llogeel* + Cle! + (L + D) (1310 + Inll2 + 102 eall® + €105 %aa|*))-
(3.8)
Proof. We multiply (3.4) by n and integrate the resultant equation over {2. Then

1d

1 1
~— [ nPde+ = /772 dz + - /(f(w?) — (W) + uetier — uus),nda
2dt € €

1 exx ;z
/(em+e(ww) +6R>ndx. (3.9)
€ 2\ we we ),

From the Cauchy—Schwarz and Young inequalities, we have

1 2
f/ezndx—i-/eRndxg M—&—C’||egg||2—i—Ce4,
€ 16€2

and

1 exx 965;1;
- /(Ueuem — u‘ug),ndr + E/ (w S ) ndx
€ 2 We we ),

-1 /(Ue(u6 —u)y — uf(ue — u))n, do — %/ (UM%)% dz

€ wewe

711>
16€2

with the help of integration by parts. Moreover, noting that

+ C(L+ D)([|[9[1” + [[¢aal” + I0ll* + 1021,

~X

Fw?) — Fw) = (w? — w) / f'(w? + o (w? - w?))do,
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we have

1
1F@w?) - F)]| < Clel] / F(w? + o(w? — w?)) do]ls
1
<Cl| / 1w + o (w? — w)]l4 dolo]

CII?/JII/ (1 + llo(w? = w?)[la) do < C(1 + DY

Furthermore, we can obtain

L[ - seepanar < B o e @0

Inserting the above inequalities into (3.9) yields

1d [, 15 [,
(A
<
8¢2

Similarly, taking 0%, a > 1, we obtain

+Cet + Cllea|* + O+ D¥)(I1 1% + € l¢as® + Inl17)- - (3.11)

1d 15
s de+ — [ (0%
sar | Pt de+ 5 [ (@)
amanl’ % [e%
NOIT | ety ooz, 2+ O+ DI + 1020002 + 1240,
(3.12)
Moreover, from (3.6), we may deduce that
17211 < 4€ (9]l + Ce[Inl]* + €(1 + D?)|[yz ||* + Cn]|* (3.13)
and
1052 11* < 4€2(|05 ]| + Ce[Inll7, + € (1 + D?)l|v. |15 + Cllnlla. (3.14)
Therefore, by combining (3.11) and (3.14), we can establish (3.8). This completes
the proof. O

LEMMA 3.4. Under the assumptions of theorem 1.1, we have

d
= / (Q;(agw)uagw;‘wtﬂagwt) (02 s)? )dwi / (0042 da

L4 [P (wE A+ o(wg —w?))(we + w)
dt 2e2w,

2T 17 o 1 [ (wl+o(w? —w?))(we+w),, 5
+(1662—16)/(5x¢t) d$+22/ o, Oy dx

%4 da

(of¢! + D?)

< O+ D) (|05 ¢ua | + 105 ¢e]*) + U113 4o + lIllE 0) + C€*.

(3.15)
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Proof. Multiplying (3.3) by ¥ and integrating the resultant equation over {2, we
have

d 1 2
& (7/”/}1:4'22 )dw—/wtdWr /wmxdm
1 5 I o 1 2 2,2 1 €2, €2
+/ (,wewst Tl T 2¢2w, (p(w?) + wiug)s + 55— (p(w?) oz

2e2we twu
1

+ 26211]6 (w3¢ex)x

€ € 1 1 €

- 2¢2q0¢ (’LU 2¢x)$ - 4w w?xac + dwe wa:%c)?;[}dx
1

2

R da.

(3.16)

In the following we deal with the terms in (3.16) one by one. First, using the
Cauchy—Schwarz inequality, we have

1 1
/ (wft - w?)zﬂdx + 1 /R,ﬂb dz
We we 2

€ € €\2
:/w (wE—I—ww)t;/):—F(wt) wwdx—l—%/Rdem
< ggllvel® + O+ D?)[wl* + ||w||2+0e27
and
2 €2 /e 2 62
i (we(rbe:t)it _ ( ¢ ) 1/}d$7 1/ wemr _ ’U.) 1/}d$
2¢2 We 4 We w6
1 w6(2w6w51¢ex + w3¢emz) — We (2w6w§¢6 + weZ ;z)
- @ Wewe ydz
_ 1/ <we2xac7v[} + We(Wezz + w;x)wxx)d}dx
4 WeWE
2
Lca +D )

U1+ 1all® + lleall? + llesall?) + C (@ + D*) (Il + bzl

Similarly to (3.10), we have

1 2 T <2 T

We we

g1 | (e (pte2r =pw®) o021 (3= o) Jao

s <$€>m(p(w3)p( e dr+ 55 pffui W2 da

/ 2 2 _ ,,€2 € 2
</p(we—i-a(w6 w ))(w5+w)widx+(]( +D)
2€2w,

(111 + [l lI?)-
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Moreover, with the aid of integration by parts, we have

(e
_ 1/((w?)muf+2<w2)z(u?)x+w3(u§)m

T2

We
€2 €2 €2 €2 €2 €2
(W) aau 4 2(w) o () + W (u )M>1/Jdm
wE
C(l1+ D3
< COEDD) a2 4l + el + Il + me]?):

Therefore, we have

(wwt ) L R

p’(w?+a<w3 W) (we +w)
+/ 2€2w, vade
C(1+ D8
< LD (i 4 i) + 0O+ DYl 4 02 (317

Next, multiplying (3.3) by 2¢; and integrating the resultant equation over {2, we
have

2
W} + 105, de+ 5 /wf dz

1 1 1 1
+2/(wi—uﬁ— (P(w?) + 02 n + o (p(w?) + 0242

We we 2e2w, 2e2q¢
1 2 1 €2 1€ 1 2 €2
+ 2¢2w (we ¢e:c):c 2e2¢ (w d)ac)x - 4w Wege + 4we W Yy da
€ €

— / R, dx.

Similarly, we have

Tt or) o
_ / (211)6(10E + w1y — 2(ws)2Y N

WeWwe

Rz) wt dz

SO+ D))l + 155 16 ez vl +C€

1 (wz¢er)r (W3PS 1 wZ, W
62/< w, w )W x‘/(we‘we)‘”tdx

1 ((U’?)ac@bex + W2 Pern _ (W) 05 + w ;x)wt dz

We we

62
o 1 *Ufmd’ + We (wéibm + wfn'r)wmit
2 WWeE

and

y d
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C(1+ D?
< QDD (4wl + Newell?) + g I0?

+C(+ DI + e + 1wl ).
Moreover, with the aid of integration by parts, we have

1 2 €2 )
-5 (p(we)II _ p(w )Il)wt da
€ We we

X (we +w) (¥3);) d
/(0142 2 _ €2 € 8
4 [ ol ) ), COEDY
dt 2€2w,

1 2
618 - sl

and

1 <<wgug)ww (weQ’U/eZ)a:w)w dz
) - t

We we

1 ((w?)xmug + 2(“’3)1(“?)1’ + we2 (ug)m
We

€2 €2 €2 €2 €2(, €2
(W) aru 4 2(w ) () + 0 (u )m>¢tdx

wé

2/w€2w€u€uem ww utus

Wewe

iy dr + - s lhl?
C(1+ D?)
+ = (IBI” + 1921 + € baall® + [Inll* + I7:117)

2
2 fueuemwd/} + wew Uegz) + Wellegp U (WE — wWE

€2 Wewe
2 c@ + D3)

) +U6wew€2nmm 'l/)t da

1
+ e llve (17 + 11 + el + Il + 172 17)

4
g /u€w€< (wt nuew + Uel/)z + nwew) )wt dz

D3
Ll + SO DD i a4 bl + Il + e )

N

162

C(1+ D3
CLLDD G + @Ml + ).

1
SO+ D)l + g5 lll” +

Furthermore, we have

d / 2 2 _ €2 . €
o (s PN )t Vs T [

2
2€%w,

(ofg! +D8)

< U113 + InllF + € aell?) + Ce?.
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Therefore, we have

d "(w? + o(w? — w?))(we + we)

1 p
G [ (vt +vur o+ o b, ) do

/ 2 2 _ €2 €
(i g) [rraee ] [utany [Hleroteon Ot o,

16¢€2 2€2w,

C(1+ D?)
< =T + il + € [ell” + € [aal*) + Ce®.

In order to obtain a higher-order estimate, we differentiate with respect to x; there-
fore, by repeating the previous steps, we have

d 1., . N o 1 o
- (262@ ¥)? + 02902y + (054be ) + L(08 %)2) dz+ 5 /(@c Vas)? dz
d /pl(wz + U(IU? - wSQ))(wﬁ + we)agwi dz

+ dt 262w,

2 AT\ [ P (w? + o(w? — w?))(w, +w)
* (1662 N 16) /(al'wt) dx+/ 2¢2w, Op v do

C(1+€eD8 o o
< O DD (1, m) o+ PN + O 0I) + O

This completes the proof. O

Combining lemmas 3.2-3.4 yields

d
1020, 05, €024y, 071, €0 a I + (€07 o, O 00t, Db, O3 ) 1*
< Cet+ O+ D)1, m)llagr + €105 9el|* + €105 vaal?). - (3.18)
Then we integrate (3.18) from 0 to T with [0,7] C [0, min{T,,T%}) to obtain

T
18240, e 01, €0 €024 ||* + C / (602, 000, B0, D)t
0

T
< CTe' + C/O (L + D), mE 41 + €107 Yaall® + €107 ) dt.

Here we have used the fact the initial data are in equilibrium. Summing up the last
inequality over all « satisfying o < 2 and noting that (3.13), we get

T
1, ) 13 + 1113 + € ¥aoaI + C/O (1213 + Ml Yaaall + e lwell3 + Inl3) dt

T
<CT*64+C/O L+ D¥)([91I3 + lInl3 + [lvell3 + € [[aea D) At (3.19)

We apply Gronwall’s lemma to (3.19) to get

T
9115 + Inll3 + € lleell3 + € 1aaelli < CTue* exp [C/ (1+D8)dt} (3.20)
0
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Since [|9[13 + [[l|3 + €2[|9413 + €22z ||? = €2D?, it follows from (3.20) that
T
D(T)* < CT,e* exp {O/ (1+ D®) dt} =&(T). (3.21)
0

Thus, it holds that
' (t) = C(1+ D®)®(t) < CD(t) + CP°(t). (3.22)

Applying the nonlinear Gronwall-type inequality in [24,25] to the last inequality
yields

B(t) < e (3.23)
for ¢ € [0, min{T},T.}) if we choose € so small that
H(0) = CT,e® < e T,
Due to (3.21), there exists a constant ¢, independent of €, such that
D(T)<c (3.24)

for T € [0, min{7%, T.}). Finally, the theorem is concluded from (3.20) and (3.24).
This completes the proof.
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