ON A CLASS OF FUNCTIONAL INEQUALITIES AND THEIR
APPLICATIONS TO FOURTH-ORDER NONLINEAR PARABOLIC
EQUATIONS

JIAN-GUO LIU AND XIANGSHENG XU

ABSTRACT. We study a class of fourth order nonlinear parabolic equations which include
the thin-film equation and the quantum drift-diffusion model as special cases. We investigate
these equations by first developing functional inequalities of the type

/u%_o‘_BAuo‘Au'Bd:C > c/ |AuY | da,
Q Q

which seem to be of interest on their own right.

1. INTRODUCTION

Let T > 0 and Q be a domain in RY with boundary 9Q2. We consider the existence of a
solution to the problem

(1.1) O + apdiv[u"V (u* ' Au®)] + ardiv(u™Vu) = 0 in Qp,
(1.2) Vu-v=u"Vu'Au*)-v = 0 on Xy,
(1.3) u(z,0) = wup(x) >0 on Q,

where Qr = Q x (0,7, X7 = 0Q x (0,7, v is the unit outward normal to 92, ag,n,a €
(0,00), a;,m € R, and ug = up(z) are given data whose precise assumptions will be made
later.

Fourth-order nonlinear parabolic equations arise in a variety of physical settings ([6], [8],
[12], [20]). Two well-known examples are the thin film equation and the quantum drift-
diffusion model, both of which are special cases of (ILT)). In the former case, « = 1,n > 0,
while in the latter n = 1,a = % We have seen extensive research work done on these two
types of problems. We refer the reader to ([24], [22], [10], [26] [15]) and the references therein.

The objective of our work is to present a unified mathematical approach to these two very
different physical problems. This is done via functional inequalities of the type

(1.4) I(u) = / uP P A AP dr > c/ (Au")?dz for all u € W,
Q Q

where

(1.5) W,={u>0:u € W??(Q),Vu -v=0 on dQ}.
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Obviously, the validity of the above inequality depends on €2, «, 8 and . We will focus on
the case where 2 is bounded and convex. Then a result of [12] asserts that

(1.6) /(Au“’)Qd:z > / |V2u7 2z
Q Q
for all w € W,. Thus a slightly weaker version is the inequality

(1.7) I(u) = / u P Au AuPdr > c/ (V2u")? dz for all u € W,
Q Q

Several known inequalities are special cases of this. If § = 1,a = v = %, and () is a box

domain with sides parallel to the coordinate planes, then (7)) is established in [4]. The same
inequalities as those in [4] are obtained in [16] for torus domains. A result in [10] extends the
result in [4] to even more general domains which include bounded convex domains, but the

result is formulated in a measure-theoretic setting. See [27] for a more direct approach. More
(N-1)% 3

recently, the case where 8 = 1,7 = o € (45 T 5), and € is a bounded convex domain has
been investigated in [22] and [28]. However, the perspectives in these two papers are totally
different. In the former paper, the inequality is developed in the framework of the gradient
flow theory, while in the latter paper it is treated as part of an approximation scheme to
partial differential equations. In terms of existence assertions, the results in [28] are more
general than those in [22]. In this paper we will follow the line of attack in [2§].

The significance of this type of functional inequalities lies in the fact that the integrand
on the left-hand side of (L)) can change signs. In essence, they are the nonlinear version of
the Garding inequality. To illustrate how they arise naturally in the study of fourth order
nonlinear partial differential equations, we proceed to make some formal analysis of (I.])-
(L3). That is, we assume that u is a positive, smooth solution of (II)). Use u”, where 3 > 0,
as a test function in (I.1]) to derive

1 i/uﬁﬂdxjtﬂ u T AU AU dr
Q

= af / u" P V| dx
Q
16&15 / u2m72a;[5’77l+3 |vu2a+64+n71 |2dx

(18) 5/ ‘Vu2a+ﬁ4+n_1‘4dx+c(5)/u2m_2a+ﬁ_n+3dx,
Q Q

where § > 0. By (L4)), we have

(1.9) /uo‘_lAuaAu”J’ﬁd:c > c/
Q

2
2a4+n+5—1
(Au 2 ) dx.
Q

For the moment, we ignore the restrictions under which the above inequality holds. We will
address this issue in Section 2. A result of [2§] (also see Lemma 2.2 in this paper) asserts

m m 2
(1.10) / VS gy < L / (™% da.
Q 16 Jq
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Choosing ¢ suitably small, we deduce
(1.11)
a+n -1 2
/u5+1(x,t)d:£+/ (Au2 5 ) drds < c/ u@“(x)d:z—l—c/ w2 s,
Q Qt Q Qt

where €, = 2 x (0,t). This puts us in a position to apply the Sobolev Embedding Theorem.
If N <4, we have

L A A
Q
at+n+B8— 2
(1.12) < c/ (Auiz 5 1) dx+c/u2°‘+"+ﬁ—1dx,
Q Q
where | - ||, denotes the norm in LP(2). We are ready to estimate

T
/ /u5+1+2a+n+ﬁ—ldxds
0 Q
T B+1 2a4+n+5—1 2
< udr|luT 2 || ds
0 Q
B+1 ’ Zatnipot )2 20+n+5-1
< ecmax [ u' Tz, s)dx (Au 2 ) de + [ u dx
0=s<T Jo 0 Q Q
2 2
c (C‘l‘/ u2m—2o¢+ﬁ—n+3dl,d8) + (/ u2o¢+n+ﬁ—ldl,ds)
QT QT

< c+cl{u> MY [ wimTtet2BInt0 g
Qp

(1.13) +cl{u> M} | worFT240ds
Qr
where M > 0. Integrate (LI]) to obtain

(1.14) /Q w(w, t)de = /Q o ()

Thus |[{u > M}| — 0 as M — oco. If we impose the condition
4m + 6
3

then the exponent on the left-hand side of (IL.I3)) is bigger than or equal to the two exponents
on the right-hand side of (LI3)). As a result, we can conclude from (LI3) that

IN

(1.15) <2041 <2,

2a4+n+5—1

2
(1.16) /u5+1(:c,t)dx+/ (Auf> dxds < c.
Q Q

The case where N > 4 can be handled in a similar way.

Our study of (IL4]) is inspired by the integration by parts rule proved by Gianazza et al.
[10] and by Jiingel and Mattes [16]. We also refer the reader to [17] for the development of an
algebraic technique for dealing with such formulas. However, we believe that the framework
we have developed here is more direct and easier to use. This can best be illustrated by the
application of our method to the standard thin film

(1.17) Oyu + div (u"VAu) = 0.
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In this case, the second integral in (L8 becomes
/ AuAu" P dz.
Q

This immediately puts us in a position to apply Lemma 2.5 in Section 2, from whence follows
that for each g € (% —n,2 —n) there is a positive number ¢ such that

n 1 2
/AuAu"Jrde > c/ (Au S ) dz.
0 Q

Of course, this result is well-known, see, e.g., [I7] and the references therein. Also notice
how easy it is for us to prove Lemma 2.5 in our framework. Most importantly, our method
has led to the discovery of Corollary 2.2 in Section 2. It is this corollary that enables us to
completely solve the open problem proposed in [10].

We can easily foresee other potential applications for the functional inequalities developed
in this paper. An immediate example is the study of epitaxial growth of thin films ( see ([1],
[9]) and the references therein). A family of continuum models has been established, one of
which has the form

(1.18) O+ uw*A*u® =0 in Q.

Using u” as a test function yields

1 d /
1.19 | WPTNx + / AP AuPde = 0,

and Lemma 2.5 in Section 2 becomes applicable. Of course, the resulting inequality is
far from enough to obtain an existence assertion for (ILI8). However, the idea behind the
derivation of the inequality can lead to the discovery of additional estimates. The precise
implementation of this will be done in a forthcoming paper [2I]. Since our inequalities do not
depend on the space dimension N, their applications will inevitably lead to the relaxation
of the restrictions on N in previous studies [9].

In our calculations (L8)-(LI3) we already show how the lower order in (I.I) can be
handled. Also, our focus is not on how the principle term and the lower term interact. For
this we refer the reader to ([24] and [19]). Instead, we focus our attention on how « and n
interact in the principle term. To simplify our presentation, we will omit the lower term by
setting a; = 0 in the subsequent study.

Theorem 1.1. Let Q be a bounded convex domain in RY. Assume:
(H1) e € [1,2),n € [1,1+2), where

—_

if N < 4,
+ if N > 4,
any number in (0,1) if N =4;

(1.20) o=

(H2) up € L>®(Q) with infqug > 0, a; = 0.
Then there is a weak solution to (L1)-(1.3) in the following sense:

(C1) u € L>**(Qp) with uw >0 on Qp, u® € L0, T; W*?(Q));
(C2) Vu*-v =0 a.e. on Xp;
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(C3) for each & € C=(Q7) with &(x,T) =0 and VE-v =0 on Nr there holds
—/ udédudt — [quo(x)€(x,0)dx
Qp

(1.21) —l—/ (QC?TOnuN-i-g—qugAuavf * aoua+"_1AuaAf) dzdt = 0.
Qr

We would like to make some remarks about Theorem 1.1. We can conclude from (II0)

that Vus € (L*(Qr))". Thus each integral in (L2I) makes sense. Assumption (H1) is
largely due to the restrictions for (IL4]) to hold.

Theorem 1.2. Let Q be a bounded convex domain in RN and (H2) hold. Assume:
(H3) a=1,n€ (1, 1+ 2), where o is given as in [L20).
Then there is a weak solution to (I.1)-(1.3) in the sense of (C3).

In comparison with previous results on the thin-film equation (see the reviews in [24], [5]
and [13]), this theorem has removed all the restrictions on the space dimension. Thus this
is truly a multi-dimensional result. As we all know, most of the existing results on non-
linear fourth-order parabolic equations involve restrictions on the space dimensions with the
one-dimensional problems attracting the most attention. See ,e.g., ([2], [3], [7], [25] and [6]),
where various properties of solutions are investigated.

Our approach to the question of existence is to construct a sequence of smooth, positive
approximate solutions such that the calculations similar to (L8)-(II3) can be employed. A
well-known difficulty in the study of fourth-order equations is that the maximum principle is
no longer true. In fact, the heat kernel for the heat biharmonic equation changes signs. Thus
arguments based upon the maximum principle for second order equations do not work here.
We must rely on the nonlinear structure of our equation to obtain non-negative solutions. It
turns out that the term u®~1 = ull,a in (L)) plays a key role in the existence of non-negative
solutions. The case where n = 1, < 1 has already been considered in [22] and [2§], while
the case where @ > 1 is left open there. One contribution of this paper is that we have
completely solved this open problem (Theorem 1.1). Even though we have not been able to
find a physical application for this case, it is still very interesting from the point of view of
mathematical analysis because this is the case where the optimal transport theory fails [22].
The key to our success seems to be that we have found a right way to approximate the term
u!~® with the exponent being negative.

The optimal transport theory has been successfully employed to treat many different
types of parabolic equations as gradient flows of various entropy functionals for various
transportation metrics, the canonical example being the regular scalar heat equation viewed
by Jordan, Kinderlehrer and Otto [14] as the gradient flow of the Boltzmann entropy for the
quadratic Monge-Kantorovich MK2 (frequently named Wasserstein) metric. We have seen a
very large body of work done on this subject in the last 20 years ( in the study of the heat
equation in a very general framework, porous-medium equations, thin-film flow equations,
chemotaxis models, etc.. See ([10], [22], [I8]) and the references therein as examples.).
However, in the generality considered in Theorems 1.1 and 1.2, the transport theory is
no longer applicable [22]. We discretize the time derivative in (1)) and transform it into
a system of two second order elliptic equations. Our approximation scheme seems to be
standard. However, the genius is in the details, and we have to overcome numerous technical
difficulties for it to work here. On the one hand, we need to introduce new terms in our
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approximate problems in order to ensure high regularity and positivity of our approximate
solutions. On the other hand, we have to make sure that these new terms do not destroy the
essential a prior estimates that hold for positive, smooth solutions of the original equations.
Striking a suitable balance between the two constitutes the core of our development.

This paper is organized as follows. In section 2 we develop a class of functional inequalities.
Section 3 is devoted to the fabrication of our approximation schemes. Here the key is how
to handle the term u*~!. Then we proceed to obtain discretized versions of the a priori
estimates that hold for positive, smooth solutions of the original equations, which eventually
leads to the establishment of Theorems 1.1 and 1.2 in the two subsequent sections.

2. FUNCTIONAL INEQUALITIES

In this section we study the functional inequality (C4]). We will focus on the case where
Q is a bounded convex domain in RY.

The key to our development is the following lemma, which is a substantial improvement
over Lemma 2.1 in [2§].

Lemma 2.1. Let Q be a bounded domain in RN with Lipschitz boundary 0. Assume that
(2.1) a # 0.
Then we have
/u2a_2ﬁ|v2uﬁ|2d:£ > 7252 /|V2ua|2dat
Q 2+ N)a? Jo

for allu € W,.
Proof. If B = 0, then the lemma is trivially true. Thus assume that § # 0. Note that
(2.3) (Auf)? < N|VZP|2.
Thus if o = 3, then (2.2)) is still true. Without loss of generality, we suppose
B#a.

For convenience, we also assume that v € W, is bounded above and bounded away from
0 below. As a result, u € Wy for each s € R. (Otherwise, use a suitable approximation
[10]. The same is understood in the subsequent calculations in this section. In this connec-
tion, we would like to mention that in our applications to partial differential equations our

approximate solutions satisfy this condition.) We compute, for 7,5 = 1,---, N, that
(2.4) oup = 8i(u°‘)§ = éuﬁ_o‘&-uo‘,
Q@
(2.5) 8l-2ju5 = L(ﬁ ; @) uﬁ_za&-uo‘ajua + éuﬁ_o‘ﬁfjuo‘.
o o

First, we let ¢ = 7 in the above equation and then sum up over i to derive

(67

(2.6) Auf = uP 2 Vue|? + “Au”.
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Square both sides of this equation and multiply through the resulting equation by g_jum—%

to arrive at

o’ 2023 2 2
(2.7) @u PIAVP? = |Au®)? + 2
Square both sides of (2.5]), multiply through the resulting equation by g—iu%‘_w , and then
sum up ¢, j to obtain

—al —a\? 1
B a—a|Vua|2Au°‘+ (ﬁ a) T|Vua|4.
a u o u=

2
a_u2a—2ﬁ|v2uﬁ|2 = |V2ul]? + 2
32

Note that Vu® = 2u2Vuz. Keeping this in mind, we can rewrite (Z8) and (Z.7) as

043

—al —a\? 1
(2.8) b O‘—avua.v%aw%(ﬁ a) ——|Vue|",
[0} u [0} u

2Vu? - V2uoVuz = ——— 2 2|V — e V2u®|?
G-ar VgV
4(p — o
(2'9) —M‘Vuf“l’
(6%
3
VusPAu = —— 5 2B AB - D Aye?
Vel S G L
2 - o
(2.10) —W|VU2|4.

By Theorem 3.1 in [10], for each u € W, we have that u2? € W'4(Q) and
(2.11) AVu? [* + div (|[Vu? |*Vu®) = 2Vu? - (V2ueVu?) + [Vu? [PAuc.

Integrating this equation over €2, we obtain, with the aid of the fact that Vu®-v = 0 on 012,
that

(2.12) 4/ |Vu3|4da7:2/Vug : (Vzuo‘Vug)dx+/ |V 2 Au®de.
0 0 0

Integrate (Z9) and (ZI0) over 2, add the two resulting equations, then make use of (2.12),
thereby derive

3 3
a /u2°‘_26|V2uﬁ|2d:E+ai/u%‘_%muﬂzdx
0 Q

4B — ) 52 8(8 — a)p?
a a
= ——— [ |[V%u®dz + 7/ Au®Pdx
reer DA RS e
2 —3 o
(2.13) —M/ Vu$ | de.
o Q
Multiplying through this equation by 4(5;7‘;‘)52, we can conclude the lemma from the inequality
(23). The proof is complete. O

Notice that the only inequality we have used in the proof of the above lemma is (2.3)).
Thus (2.2) is just as sharp an inequality as (2.3]). Obviously, the lemma has been obtained
by sharpening the proof of Lemma 2.1 in [2§].

Lemma 2.2. Assume that € is bounded and convex. Then we have

(2.14) / Vs e < / (Auo)2da
Q 16 Jo
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for all u € W,,.

Proof. This lemma is taken from [2§]. The proof is rather simple. Thus we repeat it here.
Remember that in this case (LL.G) holds. Taking note of this, we calculate from (2.12]) that

4/|vu3‘|4dx < 2(/ |V2ua|2dx) </|vu3‘|4dx)
Q Q Q
(2.15) + </ |Vu%|4x) </ |Aua|2d1’)
Q Q
< 3(/ |Au“|2dx)2 (/ |Vu%|4d:c)2
Q Q

from whence the lemma follows. O

Now we are ready to study the functional
(2.16) I(u) = / u? P Aut AuPda.
Q

At this point, we only assume
(2.17) af >0, v#0.
Recall from (2.6]) that

(2.18) Aue = e _ V) yo=2r |2 + S A,
v g
(2.19) Auf = WU&MVMP + guﬁ_“’Au'y.

Plugging these two into (2.I6) yields

(w) = /Q (Au?)2dz + 16(0‘_32(5 =) /Q V| de

4 _2 Yy
+W/ |Vuz [*Au’d.
Q

Let us first consider the special case where N = 1. In this case, we have

gl
—1
af

(2.20)

/VugVQuVVugd:E = / |Vuz|2Au'dz.
Q Q
Thus by (2.12), we obtain
o 4 o
/ |Vuz *Audr = —/ |Vuz |*dz.
Q 3 Ja
Use this in ([2.20)) to derive

v _ 16(7* — 2(a + B)y + 3a) 7
(2.21) a_ﬁ[(u) = /gz(AuV)2dx + 37 /Q |Vuz [*dz.

If v2 — 2(a + B)y + 3af > 0, we are done. If v* — 2(a + B)y + 3af < 0, i.e.,

(2.22) a+B—Va2+—af<y<a+ B+ a2+ 52— ap,
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then we apply (ZI4) to ([2.2I)) to get
2 492 — 6 9
(2.23) 7 Juy > A0t Byt 9ap / (Au)dz.
of gl
For the coefficient of the integral in the preceding inequality to be positive, we must impose
the conditions

3 3

(2.24) v > §a or v < 55 in the case where o« > 3, or
3 3

(2.25) v > 55 or v < a in the case where a < (.

In summary, we have

Lemma 2.3. If N =1 and a > 3, then (1.4]) holds whenever
(2.26) vo> min{%a,a%—ﬁ%— a2+ p6%2—af,} or

(2.27) vo< max{gﬁ,a+ﬁ— a? + (%2 — af}

Now we deal with the more general case N > 1. It turns out that the sign of the term
2y — a — [ plays a significant role.

Lemma 2.4. Let Q be a bounded convex domain in RY and v a number satisfying

(2.28) 2y —a—[>0.
Without loss of any generality, we assume
(2.29) B < a.
If either

3
(2.30) S(Oz +8)>v > « or
(2.31) v < min{a, gﬂ},

then there is a positive number ¢ such that (1.4) holds.

Proof. Under (228)-(230), the coefficient of the second integral in (Z20) is non-negative,
while the coefficient of the third integral is negative. Thus we can deduce from (2:20) and

@I3) that
T > / (Auw)?dz + / IVl PAudx
Q

i /Q(A“W“W ([1vatiiar)” ([ @uwyar)
R

Q
(2.32) - W/Q(Awﬁdx.

The coefficient of the last integral in the above inequality is positive by (2.30). This completes
the proof of the first part of the lemma.

(a+5
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If v < «, then the coefficient of the second integral in (Z20) is negative. Then it follows

from (2.20) and ([2.14) that

T Iw) > / (Auy2ds + 29~ 7;2(5 —7) / (Au)?dz

3(a+8—2y) N2
+—7 /Q(Au ) dx

492 — 6(a+ B)y + 9af3

(233) = 72 A Y 2d$

Note that 442 — 6(a + 8)y + 9B = 4(y — 38) (v — —a) Thus it is positive if ([2:3T]) holds.

The proof is complete. L
Next we analyze the case where v = O‘Tw In this direction, we have the following result.

Lemma 2.5. Let Q be a bounded convex domain in RY. Then for each o € (g, 2[3) there is
a positive number ¢ = c(«, ) such that

s 2
(2.34) /AuaAuﬁdx > c/ <Au%ﬁ> dx
Q Q

for all u € WaTHi.
Proof. . Let v = O‘—J’ﬁ in (2.20) to obtain

(a+5)2 / g8y 16(04—5)2/ a8y
2.35 ——I(u)= [ (Au 2 )de — —— [ |[Vu =+ |"dx
(23) -l = [ (@uyar - O [ vt
In view of (2.14]), we have

(a+p)? 9(a — B)? / atfig

2.36 —J(u)>(1— ——>=% A d
(2.36) -t = (170 ) [ e,
If a € (g, 2(3), then the coefficient on the right-hand side of the preceding inequality is
positive. The proof is complete. O

For the case where
(2.37) 2y —a— <0,
we deduce from (2.12)) that

'7_2 _ 2 16(aff — 72) 104
aﬁl(u) = /Q(Au”f) d:)s+—72 /|Vu |*dx

(a+5

(2.38) / Vui V2 Vuide.

Hence the key is how to handle the term fQ VuzV2u'Vuzdz. To this end, we infer from

(Z9) that
Vus  Vu'vuz = Lu%—%‘v?unﬁ — #‘v%ﬂ‘?
8(n —)n? 8(n—")

_2(n—19)

(2.39) |Vuz |,
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where 7 is a number to be determined later. Substituting this into (Z.38) , we arrive at

-2
g T ) = /(Au“’)deer/ V20 2dz
Q n—=- Q

af
16[(a+ 8 = 29)(n —7) + @B — 7’| / Vi
v? Q
-9 2
(2.40) +(O‘ +5 72)7 / w2\ V2u 2.
(y=mn*  Ja

This puts us in position to apply (2.2)). To do this, we need to suppose
(2.41) vy—n>0

to ensure the coefficient of the last integral in (2:40]) is positive. In our context, the inequality
([2:2) has the form

2 2
/52u27—27l|v2u77|2d1'2 (2_‘_%/ |V2u’7|2dl'
2
U 2 16m*(y — n)(y — 3n) / s
2.42 —_— AuY)2d d
(2.42) +(2+N)72/Q( u?)?dx + BTN |Vuz [*dz.

Use this in (2.40) to derive

a+B+Ny—(2+N)ny »yzz_(a“‘ﬁ—QV)N 2,7 2d
e N e ALK,
16[(N — 1)n — (N + D)y)(e+ 8 —27) + 2+ N)(af — 7*)] gy
+ 2T N /Q\Vu |*dzx.

We choose 1 so that the coefficient of the last integral in the above equation is 0. This leads
to

(2.43)

(N + D@+ 5-2y) = 2+ N)(af —7°)
(N =1(a+p5—2)
The number 7 chosen above must satisfy (2.41]). Plug the value of n into (2.43]) and take a

note of (L) and the fact that the coefficient of the second integral in (2.43]) is negative to
arrive at

(2.44) n=

(2+ N)y?2
—1
()
1—-N Ny—(2+N
7= Q
Thus our last hypothesis is that the coefficient of the above integral is positive, i.e.,
(2.45) (1-N)(a+p)+3Ny—(2+ N)np>0.

To summarize our results, we have

Lemma 2.6. Let Q be a bounded conver domain in RY. Assume that (2.17) and (2.37)

hold. If n given by (2.44) satisfies (2.41), and (2.45), then there is a positive number ¢ =
c(a, B,v, N) such that (1.4) holds.
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N-1)2
( ) 3)

Corollary 2.1. Let Q be a bounded convexr domain in RYN. Then for each o € (2N2+1 .5

there is a positive number ¢ = c¢(a, N) such that

(2.46) /uo‘_lAuAuo‘dx > c/(AuO‘)2dx
Q Q

for alluw € W,.

Proof. This corollary is largely contained in [28]. We also refer the reader to (1.38) in [22]
for a different version of (2.46)). It is also an easy consequence of our preceding development.
To see this, note that in this case we have

(2.47) =1, yv=«a, and2y—a—-pF=a—1.

If =1, then (2.40) is trivially true. If @ > 1, we apply Lemma 2.4. The conditions (2:2§)),
(2:29), and (2:30) are equivalent to

3
I<a< 5
If o < 1, we substitute (2.47) into (2.44) to obtain
a
2.48 = — .
(2.48) U

Obviously, ([2I7) is true. Since n < 0, we see that (2.41)) is also satisfied. Plugging (2.47)
and (Z48) into (Z4H), we arrive at
(2.49) (2N? +1)a > (N — 1)
Thus (2.45) holds under our assumptions on «. We conclude (2.46) from Lemma 2.6.
U

Corollary 2.2. Let Q2 be a bounded convex domain in RN. Then there is an e € [0,3) such
that to each o € (%, 2) there corresponds a positive number ¢ = c(e, «) with the property

(2.50) /ua_lAuo‘Audx > c/(AuQ;E)QdaZ
Q

Q

for all u € Wa%s.

Proof. In this case, we have

(2.51) f=1, y=2C
Thus a + 3 — 2y =1 — €. Hence we need to show that there exists an ¢ € [0, 3) such that
(2.52) v o>
3N
(2.53) —(N—l)(a+1)+$—(2+zv)n > 0,

where 7 is defined by (2.44]). Plugging (2.51)) into (2.44]), we derive
(2.54) )= —N62+2(N+1+a)5+(N+2)oz2—2(N+3)a‘
A4N-1)(1—¢)
Using this value of n in ([2.53)), after some elementary calculations we arrive at
—4(N —1)* + 4(N + 1)(N + 2)a — (N + 2)%a?
(2.55) > N(5N — 8)e® + [2N(N + 2)a — 4N (2N — 5)]e = h(e).




FOURTH ORDER PARABOLIC EQUATIONS 13

The right-hand side is a quadratic function in e, which achieves its minimum value at
(N +2)a+2(2N —5)

2.56 €=
(2.56) 5N —8
But this number is not always non-negative. It becomes negative only when o > 2(%1_25).
Thus we take
__ { 0 if o > 28M5)
=\ —(N+2)a+2(2N-5) .
N8 otherwise.

Obviously, we have ¢ € [0,452). Next we will show that ¢ selected above satisfies (2.52)-
([253). If ¢ = 0, then
[(N 4+ 2)a —2(N + 3)]

2- =

(2.57) n N =1 <0

for a < 2. Thus (252]) is trivially true. Set ¢ = 0 in (2.53]) to obtain
(2.58) —4(N =12+ 4(N 4+ 1)(N +2)a — (N +2)%a* > 0.

Solutions to this inequality form the interval

(2(N+1)—4\/N 2(N+1)+4\/N>

N +2 ’ N +2

which contains the interval (%, 2) if N < 4. That is to say, if the space dimension does not
exceed 4, we can simply take ¢ = 0. We will have to do a little bit more work if we want

(Z350) to hold for all the space dimensions. To this end, we substitute (2.56) into (Z55]) to
deduce

—(N -2)a*+ (3N —4)a+2— N > 0.
Solutions to this inequality are the interval

<3N—4— VNGBN—-8) 3N —4+ /N(BN — 8))

2(N — 2) ’ 2(N — 2)

which contains the interval (3,2) if N > 2. To see [252), we substitute (251) and (254)
into (2.52) to obtain

(N —2)e* + (2Na +4)e + (N +2)a? — 4(N + 1)a < 0.
Remember that ¢ lies in the interval (0,%%) and the function on the left-hand side of the
above inequality is an increasing function of € over the interval. Thus it is sufficient for us
to prove

H(a)= (N —2) (4 ;5a)2 + (2Na + 4)4_Ta + (N +2)a® —4(N + 1)a < 0.

It is easy to see that H(«) is a convex quadratic function of a. An elementary calculation

shows that )
H(§) <0, H(2)<0.

Thus H(a) < 0 for each a € (3,2). The proof is complete.
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From our proof we see that this lemma can hold for more general a.
Similarly, we can investigate the functional

J(u) = / u? A In uAucdz.
Q
A simple calculation shows
1 1
(2.59) Alnu = —§U_QV\VU“’\2 + §u_”Au“’.

Plug this and (2.18])) into J(u) to obtain

2

(2.60) L J(u) = /Q (Au)2dz +

«

4
(7/|Vu2|2Au“’dx— /|Vu2|4dx

It is interesting to note that the arguments of Lemmas 2.4 and 2.5 do not work here. If
(2.61) a—2v >0,

we can still mimic the proof of Lemma 2.6 to obtain the following lemma.

Lemma 2.7. Let Q be a bounded convexr domain in RY and (2.61) be satisfied. Set

_ C+N)(v—a)y+ (o =2y

(262 (N-D@r-a)

If n satisfies the inequalities

(2.63) n—~y < 0 and
(2.64) C+N)n—7+ N -1)(a—2y) < 0,

then there is a positive number ¢ = c(a, 7y, N) such that

(2.65) J(u) > c/(Au“’)Qd:)s.

Finally, we remark that it is possible to extend the inequality (4] to other types of
domains . For example, if the boundary of Qis C?, 3 =1, and a = v = %, a result of [27]
asserts that

(2.66) AuA\/[dx>co (/ V2 /ul? d:)s+/—|V\/_|4dx) —cl/udx

for u € W1 Here the complication is largely due to the fact that (I.6]) is no longer true in

this case. In its place, we have

(2.67) /(Au)2d17+/ |Vul?dz > c/ |V2u|?d.
0 0 0

It is also interesting to pursue the case where the Neumann boundary condition is replaced
with the Dirichlet boundary condition.
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3. THE APPROXIMATE PROBLEM

In this section we will show how to construct a sequence of positive, smooth approximate
solutions. Then we proceed to derive a priori estimates for the sequence that hold under
more general conditions than these in Theorems 1.1 and 1.2. Our approximation scheme is
based upon the following lemma.

Lemma 3.1. Let Q be a bounded domain in RY with Lipschitz boundary 0). Assume that
a>1,€][0,1), ap >0, a;,n,meR withm —n+1+#0, and

(3.1) p> max{g, 2}.

Then for each 1 > 7 > 0 and each f € L>®(Q) there is a solution (p, F') with p > 0 in the
space (WE2(Q) N L®(Q))* to the problem

(3.2) —div[(p+7)"VF|+1F = p—f in €,
T
—apAp® + 7P = [~F+ U (de(p)" ]

(3.3) +7 in
(3.4) Vp* v = VF-v=0 on 0,
where

U EES?

d:(s)=1< s ifT<s<i,
T if s < T.

Furthermore, we have that p, F € C%%(Q) for some 8 € (0,1) and p > cy in Q for some
co > 0, where 3, cq depend on the given data.

Of course, the equations (B.2)-(34) are satisfied in the sense of distributions. The last
term 7 in (3.3) has been added to ensure that p cannot be identically 0. As we shall see,
it is also the main reason why p has a positive lower bound. This idea was first employed
in [26]. The real tricky part, though, is that we have used the term % to approximate
pt~@. That is, a term with a negative exponent is being approximated by a term with two
positive exponents. It serves two purposes: one is that we avoid having to seek solutions
in a function space whose functions must have positive lower bounds; the other is that it
ensures that solutions to ([B.3)) is non-negative. If our solution is non-negative then the term
7 in ([B.3]) guarantees that it is bounded away from zero below. If we further assume that
f is Holder continuous on ©, then the classical Schauder theory [I1] indicates that the pair
(p, F') is a classical solution. As it is, we can only conclude that p is a classical solution. But
this, together with the fact that p is bounded away from 0 below, is enough to justify all our
calculations in the derivation of a prior estimates for the sequence of approximate solutions
to be constructed later. In view of the definition of d,, we alway have

(3.5) 0 < (d(p)" " < e=efr)
no matter what sign the term m —n + 1 has.

Proof. We just need to modify the proof of Lemma 3.1 in [28]. We still apply the Leray-
Schauder Fixed Point Theorem (see Theorem 11.3 in [I1]). For this purpose, we define an



16 JIAN-GUO LIU AND XTANGSHENG XU

operator B from L*(2) into L>°(Q2) as follows. Given that p € L*(Q2), we consider the
problem

(3.6) —div[(p* +7)"VF) 4 F = 2 I o

(3.7) VF-v=0 on  09Q.

Eqn (3:6) is uniformly elliptic, and thus by (3.I]) we can appeal to the results in ([I1], Chap.
8) and thereby conclude that this linear boundary value problem has a unique solution
F in the space WH2(Q) N L>(Q). For each ¢ > 2, the function |F|92F € W'%(Q) and
V (|F|972F) = (¢ — 1)|F|72VF. Upon using it as a test function in (3.6)), we arrive at

(3.8 171, < —5 o - £1,.
Now we use the function F' so-obtained to form the problem
—ag A+ T[[F T = [—F 4 s (d ()" ] e
(3.9) +7 in Q,
(3.10) Vip-v = 0 on 09Q.
Obviously, this problem has a unique solution ¢ in the space W12(Q) N L°°(£2). We define
B(p) = 0(¢), where §(s) = [s|=""s.

It is easy to see that B : L®(Q2) — L®(Q) is well-defined. By Theorem 8.22 in [I1] and a
boundary flattening argument [29] , we can conclude that there exists a number 5 € (0, 1),
depending only on the given data, such that F v € C%#(Q). It is not difficult to show
that the Holder continuity of ¢ implies that B is continuous and maps bounded sets into
precompact ones.

Next, we show that

(3.11) plle < c

for all 0 € [0, 1] and p such that 0B(p) = p. Here and in the remaining proof, c¢ is a generic
positive number which depends only on the given data. Without loss of generality, assume
o > 0. Then the equation 0 B(p) = p is equivalent to the problem

(3.12) p;f = —div[(p"+7)"VF]+7F in Q,
P a1 _ p m—n +yl—e
~a0d0 )+ 7|0 (D)D) = [Pt @)
(3.13) +7 in €,
(3.14) Vo' 2y v = VF-v=0 on Q.
o
Remember that ¢ < 1, and thus (67*(2)) (p Jr)l_E =0 on Q. Upon using (§7'(2)) as a

P
test function in (BEI{I), we deduce that p n €. Subsequently, we have

We can rewrite (3.13)) as

I w men .
(3.15) — U—Ap + ;pp = [-F + 2 (d-(p)) +1] A= +7 in Q.
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Integrate this equation to obtain

T/ppdx _ o—p/ {_F+L(d7(p))m—"+l 7|0
Q Q

m—-n-+1

1 -
< 2 ) lolly == +-c

(3.16) < ol +cllpll, ™ +e.
The last step is due to the fact that - +’; ; < p. A simple application of the interpolation
inequality

1 1

ab < na? +c(n)b?!, -+-=1

P g

gives

ol < e.
In the sequel, we will not acknowledge this interpolation inequality again when it is being
used.
Applying the proof of Theorem 8.15 in ([11], p.189), we can derive from ([B.12) and (315
that

p—1f
(3.17) [Flle < cl[Flla+cll I, +c<gc,

(3.18) 1ol < cllolz+cllp' [y +c < c.

Note that the constant ¢ here depends only the lower bound 7" of the elliptic coefficient
(p+ 7)™ in (B12), not the upper bound. This completes the proof of existence.
Next, we show

1
(3.19) — € L*(Q) for each s > 1.

p

To this end, we use =57, where § > 0, as a test function in (3.3) to obtain

p+5.57

1
T dr < 7’/ + 0P °dx + c/ + ) de
/Q 5 [(o+0) [(o+0)

from whence follows )
dz / +0)P7%dx + c.
/ (p+0)° (o+9)

If s < p, then we take 6 — 0 in the above inequality to obtain

/id:)sgc/pp_sdxjtc.
o p? Q

It is not difficult to see that this inequalities actually holds for each s > 1, and thus (319
follows.
Now we let v =

0 > 0. Then we can easily show that v satisfies the boundary value

a+5?
problem
2 2 _ ay m—n+ly pl—¢ 9
AU—FU\VU\ = {(F m—n—i—l(dT(p)) )= — T+ ") | v
=G in

Vv-vr = 0 on 0N
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in the sense of distributions. We can conclude from ([11], [28]) again that
[0l < ellvll2 + €llGll, < e
The last step is due to (BI9). This completes the proof of Lemma 3.1. O

If o < 1, then our approximate problem can be made a little simpler. In this regard, we
have:

Lemma 3.2. Let Q be a bounded domain in RN with Lipschitz boundary ). Assume that
€(0,1), ap >0, aj,m,m € R withm —n+1+#0, and

(3.20) p > max{— 2}.

Then for each 1 > 7 > 0 and each f € L*(Q) there is a solution (p, F') with p > 0 in the
space (WE2(Q) N L®(Q))? to the problem

(3.21) — div][(p+T)"VF]+7F = p;f in Q
—ao A"+ p = | =F + ——— (d(p)" "
m—n+1
(3.22) +7 in €,
(3.23) Vp*-v = VF-v=0 on 5.

Furthermore, we have that p, F € C%%(Q) for some 8 € (0,1) and p > ¢o in Q for some
co > 0, where (3, ¢y depend on the given data.

The proof is similar to that of the previous lemma.
We are ready to construct our approximate solutions. Let 7" > 0 be given. We divide the
time interval [0, T into j equal subintervals, j € {1,2,---}. Set

T = —.
J

We discretize and regularize the system (LI)-(L.3)) as follows. For k =1,--- ,j, solve recur-
sively the systems

(3.24) % = —div[(p +7)"VE] +7F, in Q,
—aoAp” + 7o = [—Fi 4 e (de (o)

(3.25) +7 in

(3.26) Vo v = VF,-v=0 on 09,

(3.27) po(x) = up(z).

Define the functions

pr(T) —Tpk—l(x) + pr-1(z), x€Q, te (tgr,ti,

uj(z,t) = (t—tg-1)
ui(z,t) = pe(x), 2€Q, tE (th,tyl,

j(l’,t) = Fk(l’), xr € Q, t e (tk—btk]a

Rl
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We can rewrite the system (B3.24)-(B.27) as

(3.28) 5% —div [(w; + 7)"VF;] + 7F; in Qr,
— « — al a — \ym—n+1]_(Uj)' e
—ag AT + 7" = [—Fj 4 S (d ()" }@faﬁ
(3.29) +7 in Qr,
(3.30) Vu,*-v = VF;-v=0 on Xr,
(3.31) uj(x,0) = wo(xr) on €.

As we mentioned earlier, we will derive a priori estimates for the sequence of approximate
solutions only in the case where a; = 0.

Lemma 3.3. Let ¢ € [0, %) be given as in Corollary 2.2. Assume that e € [1,3),n € (0,2—¢),
a1 =0, and p > max{%,2}. Then there is a 1o € (0,1) such that

/ (Aw;*)*dxds + 7 |AHJ-QT+E |*dxds
Qt Qt

+7 / a PtV Pdeds + 7 / a Pt V| P dads
Qt Qt

—l—7‘/ Ujo‘_2|Vﬂj|2dxds+T2/ w; 2|V, *deds
Qt Qt

(3.32) + max /Q G (@, (x, £))dz <
for all T € (0,79), where

s ifn>1,
(3.33) Gls) = { s> ifn <1,

slns—s ifn=1.
Here and in what follows ¢ denotes a positive constant independent of j.
By the proof of Corollary 2.2, we can take e = 0 if N < 4. Thus in this case n € (0, 2).
Proof. For r € [0, 00) we define

" 1 L Jr+r)t—(1+7) ifn#1
— — 1—n Y
(3.34) K(r) = /1 (s + T)nds o { In(s+7) —In(1+7) if n=1.
We use K(px) as a test function in (3.24]) to obtain
1
(3.35) / F.Appdx — 7‘/ F K (py)dz + - /(pk — pe—1) K (pr)dx = 0.
Q Q Q

We proceed to estimate each integral in the above equation. For this purpose, we solve (3.25])
for F}, to yield

(3.36) Fi, = aopi® " App® + aOTpi_lApko‘ —rppPtet P2ttt ety 7‘2,02_1.

This can be done because py is bounded away from 0 below. Observe

(3.37) % /Q (e — pe_1) K (pr)dz > % /Q /,, pk K(r)drda.
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This is due to the fact that K(r) is an increasing function on [0,00). Substituting (336
into the first integral in ([3.35]) gives

/Q FAppdr = ag /Q Aprpe® App®de + agT /Q Aprpi Ay da
+(p+a—-1)7 /Q o’ TV pgPdx + (p+ & — 1)72 /Q PP T2V |2 d
(3.38) —(a — 1)7‘/ka°‘_2|Vpk|2d:E — (e — 1)7‘2/ka5_2|v,0k|2d1’.
By Corollaries 2.1 and 2.2, we have

(3.39) [otamsn =« [ aoppan
Q Q

a+te

2 )2dax.

(3.40) / o ApRAp, > ¢ / (Apx
Q Q

If « > 1, then the coefficient of the sixth integral in (3.38) is negative. To address this issue,
we compute the integral as follows:

/Pko‘_QWPdeﬂf = /|Pkg_1vﬂk|2d$
Q Q
4 a
— = | ntpas
a” Jo
5 .
< — | |Vpgp2|tdx + 7¢(0)
T Ja

96
. < |2
(3.41) - 167 /Q |Ap|“dx + ¢(0),

where ¢ is a positive number. Using (3.39)-(3.41) in (3.38]) and choosing d suitably small,
we obtain

/FkApkdx > C/(Apka)2d$+CT/(Apk
Q Q Q

+(p+a— 1)7/ POV Pdr + (p 4+ & — 1)72 / P AV
0 0

ate

> )2dx

(3.42) +(1 —¢)7? / orE 2|V Pde — c.
Q
Plugging (3.30) into the second integral in (3:35]) yields
-7 / FK(pp)de = —apr / (op ™"+ 7o DK (o) Apide
Q Q

477 [(te et K s
Q
(343) = [17]g + [27]@.
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A simple integration by parts enables us to represent [y ; in the form

(3.44) +agar / P X7 ko2, 2y,
Q

We first consider the case where

(3.45) a> 1.

Set

(3.46) S T
. =\ oo Ta—c,

Then we can choose 75 € (0,1) so that

(3.47) by < 1.
From here on, we assume that

(3.48) T < Tp.
Recall from the definition of K (r) that

(3.49) K(r)(r—1)>0 on [0,00).

21

We can easily deduce that the integrand of the first integral in (B8.44]) is non-positive only on

the set
On this set, we have

1-n

1 1 1 p:f_l ifn>1,
—K(pk):/ 7nd8§/ —d << —lnp, ifn=1,
pr (547) pr® L ifn<l.
Our assumptions on «, n, e imply that
(3.50) o™ < 1 on Ay, and
(3.51) e @ < ¢ on A4,
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Keeping these in mind, we calculate, for n > 1, that

ha 2 aar [ (@ Dpt = (L= 0K (o s
A

> apal(a—1)7 [ K(pr) o> |V pi|?dx
Ay
200—2—n 2

> —CT/ Pk |V pi|*dz

Ag
> —c / P> TE T VP

A
>

—c / S A
Ag
> —5/|vpk3‘|4dx—c(5)
Q

(3.52) > 6 [ (Agpdn = (o),

where 6 > 0. The above inequality still holds if n < 1. Thus if ¢ is sufficiently small, this
term can be incorporated into the second integral in (3.42)).
If o =1, then we can express [ ; in the form

pe(pe' S+ 7)

e—2 2
V dx.
(pr +1)" oVl d

(3.53) Ly = aoT/Q {—(1 —&)TK(pr) +

Set
By ={x € Q:pp(z) > 1}.
On the set By, we have
ﬁ ifn>1,
K(pr) << Inpg ifn=1,
ot ifn < 1.

—_

Furthermore, there holds
" < pP7! on By

For n < 1, we estimate
Ly > —(1—€)a07'2/K(Pk)pk€_2\vpk\2d$
Q
> —072/ o= |V g Pda
By
(3.54) > —CTz/pkp_l\Vkadx.
Q

In view of the coefficient of the fourth integral in (3.42]), we just need to impose a further
condition

(3.55) 1o < P,
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where ¢ is the same as the one in the last line of (3.54]). Then the fourth term in (342) can
absorb the term on the right-hand side of (8.54]). The case where n > 1 can be handled in a
similar manner.

We can express Iy, in the form

(3.56) hoc= 7 | K(psi (" + 1) = 1.

The integrand in the above integral is always non-negative.
Summarizing our preceding estimates, we obtain

/(Apka)2d$+T/(Apk%)2d$
Q Q

+7/Pkp+a_2|vpk|2d$+72/Pkp+£_2|vf0k|2d93
Q Q

1 Pk
(3.57) —|—7'/ ok 2|V o) Pda + 7 / orS 2V o Pdx + ;/ K(r)drdz < c
Q Q

QJpg—1

for 7 € (0, 7). Multiplying through this inequality by 7 and summing up over k, we obtain

/Q(Aﬂjo‘)zdxds—l—T/ (AT, 2)*dxds

Q¢

+7’/ PtV Pdads + 7'2/ ;P e | V| Pdads

Qt Qt

(3.58) +T/ ﬂjo‘_2|Vﬂj|2da:ds+7‘2/ w; 2| v, d:):ds+/ K(r)drdx < c
Qi Qq

for 7 € (0, 7). By the definition of K(r), we have

/:jK(r)dr _ /K dr+/ K(r

Wj+r)2" (147)t Uy

(359) > (1-n)(2—n) 1-n —C if n % 17
(@ +7)In(@; +7) — (L+In(1+7)a; —c ifn=1.

Here the fact that the second integral in (3:59)) is bounded is due to our assumptions on uy.
The rest is rather obvious. The proof is complete. 0

Lemma 3.4. Let the assumptions of Lemma 3.3 hold. Then we have

/ ﬂja_l(Aﬂja)2dllfd8+7'/ ﬂja_l(Aﬂja)2dId8
Q

Q¢
—1—7'/ ij+2°‘_3|Vpk|2dxds+T2/ w Pt v Pdads
Qt Qt
(3.60) 472 / ;T 3\Vu]|2dxds+ max / a7 (2 ) de < e

Proof. Here we use a different test function. Let

(3.61) L(r) = /1 (So‘f;)nds
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Then use L(py) as a test function in (324]) to obtain

1
(3.62) - / VFy - Vpyrde — 7'/ F.L(py)dx + - /(,01.C — pr—1)L(px)dx = 0.
0 0 0

The first integral in the above equation is equal to
/ FyApyde = ag / ok (App®)?dx + am‘/ ks (Ap®)dx
Q Q Q

+(p+a— 1)a7/ PP 273V o Pd
Q

+(p+e—1)ar? / PP T3 |V py [P d
Q

(3.63) —(a — l)aT/ P23V | dx — (e — 1)ar? / PR3V | ?d.
Q Q
Owing to Lemma 2.4, for each « € [1, g) there is a positive number ¢ with the property

3a—1

(3.64) /pg—l(Apg)de > c/(Apk 7 )2du.
0 Q

If o > 1, then the coefficient of the sixth integral in (3.G3)) is negative. We will use (8.64) to
deal with the term. To do this, we estimate

a—1 3a—5
/ P>V pPde = / Pk 7 pr 7 |VoelPde
0 0

)
< 2 [t mlidn o) [ g
T Ja Q
49 da=l 1y a—1
= m Q|Vpk 4 |d!l§"|"7'C(5) ka dx
1446 3a-1 a—
)
(3.65) < 2 [ oppdn o) [ et
Q Q

where § is a positive number. Using (B.64)-(B.65) in (8:63) and choosing § suitably small,
we obtain

[ Ramis = o [ g s e | o S
Q Q Q
+(p+a— 1)047'/ P T2V o Pde
Q
+(p+e—1)ar? / prP T3 Vg [P da

Q

(3.66) +(1— 6)@72/pka+5_3|Vpk\2dx — c/ ot
Q Q
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Plugging (3.30]) into the second integral in (B.62)) yields
1 [ Rl = —ar [+ mi LG s
Q Q

+7° / (PPt rpPet = ot — 7o) Lpe)da
Q
(3.67) = Jigp+ Jou.

The term J; ; can be written in the form

Jie = agar / (0 — Dp™ — (1 — )7) Lo |V pul2de
Q

pka—€_|_,7_
3.68 +agaT / UL N
09 @ (e T 7P

If « > 1, we can define Ay, b, as before. Note that the integrand of the first integral in (3.68))
is non-positive only on the set A,. For z € A, we have

pk2a+€_3|Vpk|2dlL"-

L g0l 1 — if a > n,
(3.69) — L(py) = / ————ds < / as® " ds < { —alnp, ifa=n,
p (547) P 20 if o <,

If & < n, we have

L > aor / (0= D™ — (1 — )7) L) o™ |V a2

Apg

> aoa(a—l)T/ L(pw) pe 3|V pi|?dx

Ag

Z —C’T/ pk3a—3—n|vpk|2dx
Apg

> —C/ pr T V|
A
Ag

> / V7 1 — e(6)
Q

> 5 / (Ap T 2da — of8)
Q

(3.70) > =5 [ ot (B = cl5)

Q

where 0 > 0. Thus J; can be absorbed into the second integral in (3.60)) if J is small. If
a > n, a similar argument can be made.
If o« =1, then we can express J; ; in the form

I=e 47 _
(3.71) Jip = aoT/Q {—(1 —e)7L(px) + % o= 2|V pr|2d.
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Let By = {z € Q: pr(z) > 1} be given as before. On the set By, we have

L ifn>1,
L(pr) < ¢ Inpy if n=1,
ﬁpkl_” ifn < 1.

Furthermore, there holds

For n < 1, we estimate

Jie > —(1—e)apr? / Lipe) pi=2|V pi[2da
Q
> —672/ oV pr|*de
By,

(3.72) > —cr? / prP 7V pr)?d.
Q
In view of the coefficient of the fourth integral in (B.66]), we just need to impose a further
condition
(373) cTp <D,

where ¢ is the same as the one in the last line of (8.72). The case where n > 1 can be handled
in a similar manner.
We can express Jo, in the form

(3.74) Jop = 72 /Q Lip) s (e + 1) (P — 1)

The integrand in the above integral is always non-negative.
If n > 1 and a # n, we have

Lir) = /1 ' fids

s+ T)"
T 1-n
_ / OéSa_ld(S+T)
a(l +7)tn a . . ala—1) /T g2
= - « + "4 d
n—1 n—1 (r+7) n—1 J; (s+7)! °

o —T)(a—m)
a_pa-n a(l+7) (a—n)—a(a—1) if r < 1.

(3.75) >

{ ﬁ(r + T)a_n + a(14+7)' " (a—n)—ala—1)(1+7)>~" ifr> 17

a—n (n—1)(a—n)
Similarly, if n > 1 and o = n, we have

n((14+7)1""—1)

nln 24T + -

if r>1,
if r <1.

n—1

Uj . N
// L(r)drdz > c/ ;e dy —
Q Jug Q

Thus we always have
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where @; = u;(z,t), provided that n > 1. It is not difficult to see the same inequality holds
for n < 1. Collecting all the previous estimates in ([B.62]), we arrive at

[@n s [ ety
Q Q

—1—7'/pkp+2a_3\Vpk\2dx+T2/pkp+€+°‘_3\Vpk\2d:c
Q Q

1 Pk
+T2/pka+€_3|Vpk|2d{E+—// L(r)drdz
Q T JoJpra

(3.77) < c/ pr® rdr + c.

Q
Multiply through the inequality by 7, note that 0 < a—1 < 1, and sum up over k to obtain
the desired result. The proof is complete. O

Lemma 3.5. Let the assumptions of Lemma 3.8 hold. Then the sequence {u;*} is bounded
in L*(0, T; W22(Q)).
Proof. Note that

2 2—a
Vﬂj — —ﬂj 2 Vﬂj
[0

a
2 .

We calculate

alN
aN 2 a+N o (2—a)aN _ a,.aN
/ |Vﬂj|a+1\7dl' = (—) / u] 2(a+N) |Vuj2 |O‘+Nd:[f

Q o Q
alN

alN
s2—a)aN \ T AtN) oy Tat )
C Hj 4(a+N)—aN \Vﬂ] 2 | dx
0 Q

ot ™)
(3.78) < ¢ (/ \Aﬂja|2dx) )
Q

The last step is due to the fact that
2(2 — a)aN <1
4(a+ N)—aN —

On account of the Sobolev Embedding Theorem, we have

IA

1 a+N

o N aN
</ ajadx) < c</ \Wj|a+NNdx) —l—c/ﬂjdx
Q Q Q

1

1
c (/ \Aﬂja|2dx) + c.
Q
Consequently, there holds

(3.50) [(/ ﬂjadx)%gc.

Recall the interpolation inequality

2
Vu:*2de < c | |V*u:%%dx + ¢ udr | .
J ) J
Q Q Q

(3.79)

IA
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This, together with the fact that « € [1, %), implies the desired result.

Lemma 3.6. Let the assumptions of Lemma 3.3 hold. Then we have

7_/ ﬂjp+2a—1+((a—n)++l)%dxdt <ec.
Qr

Proof. By the Sobolev inequality, we estimate, for a > n, that

T N—2 2
Qr 0 Q Q

< c( / Vi Pdadt + / ﬂjp+20‘_ldxdt)
QT QT

2

N
. ( sup /ﬂja_n+ldl’)
0<t<T JQ
/ w, P3| Vg 2 dadt + / ﬂjp+20‘_ldxdt)
QT QT

~ Ujp+2a_3|Vﬂj|2dxdt
Qp

+5/ a2t et DR qudt + .
Qr

IN
o
N

AN
o

Choosing ¢ suitably small yields

/ a2 e DR dadt < ¢ / w; P8V P dadt + c.
QT QT
If a < n, we have
(3.81) / TP R dedt < c / w0 V) P dadt + c.
QT QT
Multiplying through the inequality by 7 and taking a note of Lemma 3.3 give the desired
result. U

4. PROOF OF THEOREM 1.1
The proof is divided into several lemmas.

Lemma 4.1. Let the assumptions of Lemma 3.8 hold. If n > 1, then 7F; — 0 strongly in
LY (7).

Proof. Recall that

(4.1) 7F; = agrw;* AW + aor?w; S AT — TPt — Pbtett 4ot 4

We will show that each term on the right hand side of the above equation tends to 0 strongly
in L'(Qr) as 7 — 0. We begin with the last term. For this purpose, assume 7 < 7, where
To is given as in Lemma 3.3. Set

IQJ = ’7'2 K(ﬂj)ﬂja_l(ﬂja_e + 7') (ﬂjp — 1)dl’dt
Qp
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By the proof of Lemma 3.3, we have
(42) [QJ <ec

Let

Then we can rewrite ([£2)) as

72 / K (u;)u;?t* 'dodt + 7° / K (u;)u" " ' dadt
B; B;
—T2 / K(ﬂj)ﬂja_ldl’dt — T3 / K(ﬂj)ﬂje_ldl’dt
Aj Aj
S —’7'2 / K(ﬂj)ﬂjp—i_a_ldl'dt — ’7'3 / K(ﬂj)ﬂjp+€_ldl'dt
Aj Aj

(43) +T2 K(Hj)ﬂja_ldxdt —+ 7'3 K(ﬂj)ﬂje_ldl’dt + c.
B B

On the set B;, we have

L ifn>1
7. n—1 )
(44) K(w) < { Inw; ifn=1,
while on the set A;, there holds
1 —~1-n
B — mu] if n > ]_,
(4.5) K(w) < { —Inu;  ifn=1

We wish to show that the right-hand side of (4.3]) is bounded. If n > 1, we have

-2
1/ Pt dadt < et
Aj

n —

(46) — 7'2 / K(ﬂj)ﬂjp—i_a_ldl'dt S
Aj

The last step is due to the fact that p+ a —n > 0. The second integral on the right-hand
side of (A.3]) can be handled in an entirely similar way. The third one there can be estimated
as follows:

(4.7) 7‘2/ K(u;)u;* 'dzdt < 072/ ;% drdt < cr?.

B B
Here we have used Lemma 3.5 and the fact that In%; < %@; on the set B;. As for the last
integral, remember that € — 1 < 0. Hence ;"' <1 on B;. Subsequently, we have

(4.8) 7'3/ K(u;)u; = tdzdt < 073/ w;drdt < cr.
B; B;

Now we can conclude that

(4.9) g / K (@), dedt < c.
Aj

This implies

(4.10) 7'3/ ;s tdrdt — 0 as T — 0.
Qr
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To see this, we calculate

(4.11) 7'3/ ;s ldrdt = 7'3/ ;S tdrdt + 7‘3/ w;  dadt
Qrp {HJST} {ﬂj>7’}
1
(4.12) < 7 / |\ K (pr) [u;°" tdadt + crte
‘K(T>| {ngr} ’
c
(4.13) < +er?t =0 asT— 0.
[ K(7)]

Our assumption that n > 1 is made just to ensure that |K(7)| — co as 7 — 0.

We can derive from Lemma 3.3 that
1
3
( / (Aﬂjo‘)dedt)
Qp

/ 70, A drdt - < ( / Tzﬂj2o‘_2dxdt)
QT QT

(4.14) < et
because 2a — 2 < 1. With the aid of Lemma 3.4, we obtain

1 1
2 2
/ Tzﬂje_l‘Aﬂjakll’dt S (/ T3ﬂj€_1d.§(:dt) (T/ ﬂje_l(Aﬂja)2dIdt)
Qp Qp Qp
1
2
< ¢ (/ T?’ﬂf_ld:cdt)
Qp

(4.15) — 0.
We deduce from Lemma 3.5 that

/ rPut  dedt = / Tzﬂj”“‘_lda:dt—l—/ 2T dadt
Qr {

NI

U;<1} {u;>1}

< 072—1—/ TZﬂjp+2a—1+((a—n)++1)%dxdt
{

Uj>1}
(4.16) < erPter—0 asT—0.

Similarly, we can show that 73 fQT u P ldadt — 0 as e — 0. This completes the proof. O

Lemma 4.2. Let the assumptions of Lemma 4.1 hold. Ifn < 149, then the sequence {0,1;}
is bounded in L*((0,T); (W>°°(Q))*), where o is given as in (L.20).

Proof. We first claim that

(4.17) / w;” T drdt < c.
Qr

We will prove this only in the case where N < 4. Assuming this, we have

T
/ ﬂj1+2ad.§(:dt S / / ﬂjdl’HﬂjaHgodt
Qrp 0 Q
T

¢ / (125,213 + 1a,|12) dt
0

C.

IN

(4.18)
The last step is due to Lemma 3.5.

IN
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Recall that

(ﬂj + T)n_IVﬂij = aoﬂja_l(ﬂj + T)n_IVEjAﬂja + aoTﬂf—l(Hj —+ T)n_IVﬂjAﬂja
_Tﬂjp—i_a_l(ﬂj + T)n_lvaj - T2ﬂjp+a_l(ﬂj + 7‘)"_1Vﬂj
(4.19) +7; " (W 4+ 1)V + 7 (T 4 1) V.

Our objective here is to show that each term on the right-hand side of the above equation
is bounded in (L'(Q27))Y. To this end, we note

(@ + )"t <am 4!

since n — 1 < 1. By our assumption, 0 < —a +4n — 1 < 2a 4+ 0. We compute

4 o oa— a—1

/ w0tV AT 0 dedt = / TV [, | AT dedt
Qr 30& —1 Qr
1 1
— —a+4n—1 ‘ 7 3elig !
< c U, dxdt |V, |*dxdt
QT QT
3
. (/ ﬂja_1|Aﬂja‘2dSL’dt)
Qr
(4.20) < ¢

There are too many terms on the right-hand side of (4.19)), and so we will skip the obvious
ones. Now we look at the second term on the right-hand side of (£.19). We have

T / ﬂj€+n_2|VﬂjAﬂja|dl’dt
Qr

4 1_e_a, 1 1 ate, 1_ &1
= T4ﬂj4_4+"_27'4|VHj 4 ‘Tzﬂj 2 |Aﬂ]a‘d$dt
o+ Qr

i i
c ( / Tﬂje_o‘+4n_2d:cdt) ( / T\Wﬁgﬁdxdt)
QT QT
2
. (/ Tﬂje_l‘Aﬂjanl’dt)
Qr

(4.21) < eri.

IA

=

Here we have used the fact that 0 < e — a +4n — 2 < 2a + 0. Next we estimate

1 1
2 2
T / ﬂjp+a+n—2|vﬂj |dl’dt S (/ Tﬂjp+a—2 |Vﬂj |2dl'dt) (/ Tﬂjp+a_2+2ndl'dt)
QT QT QT

(4.22) < c

The last step is due to Lemma 3.6 because n < 1+ I The rest of the terms can be estimated
similarly.
We still need to consider the term
(@ +7)"F; = aou;* (0 + 7)" AU + aptu; (@ + 1) Aw©
—ru Pty + ) — e (g + )"

(4.23) 1 @+ ) T ()
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It is easy to see that it is also bounded in L' (7). Let € be a C™ test function with V&-v =0
on 0f). We have

@ ~j> == _j HVF] : V d Fj d

(Oytn;, &) /Q(U—I-T) §I+T/Q Edx

(4.24) = - / Fj (n(u; +7)"'Va; - VE+ (u; + 7)"AE) do + 7'/ Féd,
Q Q

where (-,-) is the duality pairing between W2°°(2) and its dual space (W?2>(Q))*, from
which the lemma follows. ]

Lemma 4.3. Let the assumptions of Lemma 4.2 hold. Then the sequence {w;} is precompact
in L**((0,T); L**(V)).
Proof. Set
_ Ba+do
1= 440

where o is given as before. By our assumption on «, we obviously have ¢ > 2a. We estimate
that

Y

o 24 _ (2-a)g _a
\Va|ldedt = = [ wor |V, ddadt
e %
QT QT

q

1 2(2—a)q 1_%
¢ < / |Vﬂj3|4dxdt) ( / T d:):dt) .
QT QT

Note that % = 2a + o. Therefore, we obtain from (Z.I7)

IN

(4.25) / |Vu;|dzdt < c.
Qr
We can easily deduce from the definitions of u;, u; that
~ 12« — |2« 1 2c
(4.26) / i, dadt < / @, [2 dedt + 27 / o,
Qr Qr 2 Ja
1
(4.27) / Vi dedt < / IV, P dadt + 7 / V|2 de
Qr Qr 2 Jo

Thus {a;} is bounded in L**((0,T); W?*(Q2)). Note that for ¢ € (t,_1, ] we have
a;(z,t) —uj(x,t) = (tp — t)0h,(x, ).
This together with Lemma 4.2 implies that

T
(428) / ||ﬂ] — 1~LJ||(W2,oo(Q))*dt S CT.
0

Observe that the embedding W12*(Q) — L?*(Q) is compact and L**(Q) — (W?2>°(Q))"
is continuous. A result of [23] asserts that {a;} is precompact in both L?*((0,T); L**(Q2))
and L'((0,7); W?%>(Q))*). According to ([E28), we also have that {u;} is precompact in
LY((0,T); (W%%°(Q))*). This puts us in a position to apply the results in [23] again, from
which the lemmas follows. The proof is complete. U
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We are ready to complete the proof of Theorem 1.1. We can extract a subsequence of {j},
still denoted by {7}, such that

(4.29) u; — wu strongly in L**(Qr) and a.e.,
(4.30) u;® — u® weakly in L*((0,T); W*3(Q2)).
Equipped with this, we calculate that
(4.31) / |V, drdt = —/ AT u; dxdt — — Autu®dxdt = / |Vue|*ddt.
QT QT QT QT
This implies that
(4.32) u; — u® strongly in L*((0,7); W12(Q)).
Without loss of generality, we may also assume
(4.33) Vu;* — Vu® a.e. on Qp.
Note that o > 1 and Vu; = éﬂjo‘*Vﬂjo‘. This along with (£29) shows
(4.34) Vu; — Vu a.e. on (.
Next we wish to prove
J— 2 o [e%
(4.35) (@; + )" ' F,;Vu; — %u#"_lAuO‘VUE weakly in L'(Qr).

This can be derived from the proof of Lemma 4.2. To see this, first observe that
(4.36) WO AVE; — w2V ace. on Q.

According to Egoroftf’s Theorem, to each § > 0 there corresponds a set Es C Qp with the
property

4.37 00TV, — w2V uniformly on Qp \ Ej and |Es| < 6.
j j
Due to our assumption, we have ¢ — 4n + 4 > 0. By a calculation identical to (£20), we
obtain
1
i
0, TV AT dadt| < a2t dadt
j jRUj j
Es Es
a+2n—2
20+ 2(2at0) o—4n+4
< ¢ w; " dxdt | | 5@a+0)
Es
(4.38) < Tt

Consequently, we have

lim sup / W TV AT dadt — / ua+"_2VuAuada:dt‘
Jj—o0 Qr Qr
g—4an 2 « o
(4.39) < c§iGate) 4 / —uz+"—1Auawzdxdt‘
Bs @

The right-hand side goes to 0 as § — 0. Therefore,
(440) ﬂja+n_2VﬂjAﬂja — ua+"_2VuAua Weakly in LI(QT)
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We can also prove
(4.41) / TP dedt — 0 as T — 0.
Qp

In this case, we use the inequality
ﬂjp+a—2+2n < 5ﬂjp+a+% + 0(5)’ 5> 0.

Then apply Lemma 3.6 to yield the desired result. The remaining terms on the right-hand
side of ({I7) are very easy to handle. Thus (4.38]) follows.
On account of (£.23]), we have

(u; +7)"F; = apu*™ ' Au®  weakly in L'(Qr).
We can infer from (4.28) that
(4.42) @; — u strongly in L*(Qr).

Assume &(z,T) = 0 in ([£24), integrate it over (0,7"), then let j — oo, and thereby obtain
the theorem. The proof is complete.

5. PROOF OF THEOREM 1.2

The proof of Theorem 1.2 relies on the following lemma

Lemma 5.1. Let the assumptions of Lemma 3.3 hold. Assume

1
(5.1) a=1, §<B<n.

Then there is 19 € (0,1) such that for all T € (0,79) we have

/ (AT, 2" )2dads + 7 / (AT, 72°)2dwds
Q4

Q¢

+7‘/ ﬂj”+5_2|Vpk|2datds+7‘2/ ;P3| v P dads
Qt Qt

(5.2) +7‘2/ w; 3|V, [P deds + 7‘2/ (1 + 7w, Y (w? — 1)M (u;)dzds < e,
Qt Qq
where
r 685—1
. M =
(5.3) (r) /1 5t 7_)nds

Proof. Let M (r) be given as above. We use M(py) as a test function in (3:24]) to obtain

1
(54) - / V- Vplde — 7 / FuM (pe)da + - / (ko — pr_1)M(pg)dz = 0.
Q Q Q
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The first integral in the above equation is equal to
/QFkApfda: = ap /Q AppAppPdx + aOT/kaE_lApkApgdx
+pBT /Q pi 2N py P
+(p+e—1)p7° /Q PP TPV o [P de
(5.5) —(e — 1)B7'2/ka5+5_3\Vpk\2d:c.
By virtue of Lemma 2.5, we have

+1 1

(5.6) / AppApl de > c/(Aka)Qdat, g e (5,2),
Q 0

while Corollary 2.2 implies
(5.7) Lo tamagae=c [(2p 552 pe G2,
Using (5.0)-(5.7) in (5.5]), we obtain

/QFkApgdx > C/Q(Apk%)zd:c—|—c7'/Q(Apk6;E)2dx

+pBT / PP P2V pg| 2 dex
Q

+(p+e—1)B7° / PP TPV [P d
Q
(5.8) —(e — 1)572/pk5+5_3|v,0k|2d:):.
0
We calculate the second integral in (5.4]) to obtain

—T/FkM(pk)dl’ = —aoT/(1+7‘p2_1)M(pk)Apkd:B
Q Q

w7t [ (o =1+ 7 )M ()

(5.9) = Kix+ Koy
Notice that M (r) changes from negative to positive at 1, and thus we always have
(5.10) Ky, > 0.
The term K, ; can be written in the form
Kix = —aor” [ (1= )M (p) | Voufds
Q
1—¢
P~ +T pgres 2

(5.11) —l—CLoﬁT/ —— Pk |V,ok| dx.

o (px +7)"
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Let By = {z € Q: pr(z) > 1} be given as before. On the set By, we have

M(pr) < —.

Keeping this in mind, we estimate
Ky > —(1- 6)a072/ M (pr)pi® 2|V pr|*da
Q
> —cr? [ |Vp|2de

By,
(5.12) > —cr? / piP TPV pi [P d.

Q
In view of the coefficient of the fourth integral in (5.8)), we just need to select a number 7,
in (0,1) with the property
(5.13) cTo < pp,

where ¢ is the same as the one in the last line of (5.12]). Then K ; can be absorbed into the
fourth term in (5.§)).
By a calculation similar to (B.75]), we have

- [(r+7)f™—(1+7)™"] ifr>1
: > Agn ’
(5.14) M(r) > { Bfnrﬁ—n if r < 1.

Thus we always have
/ M (r)drdz > —c.
Q Jug

The remaining proof is similar to that of Lemma 3.3. The proof is complete. U

We are ready to conclude the proof of Theorem 1.2. Since n > %, we can pick a number
[ with the property

1
5 < f < min{l,n}.

Then we apply Lemma 5.1 to obtain

(5.15) 7'2/Q (1+ 7, Y (@, — 1)M(u;)dzds < c.
T

This combined with the fact that

(5.16) Tligi M(r) = —o0

implies

(5.17) 7F; =0 strongly in L(Qg).

We can easily infer this from the proof of Lemma 4.1. That is, if we replace K (r) with M(r)
in the proof, all the arguments there still work. By examining the rest of the calculations in
the proof of Theorem 1.1, we see that all of them are still applicable here except (4.21), for
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ngmh we make some adjustments. To this end, we set « = 1,7 = lﬁ = u; in (2.18) to
obtain
- 21 =8)_ 5o 128 2 _ s, 18
Au]' (1+B)2u] B\Vuj 2 ‘24‘ —1_'_511]'1 2 Au]' 2
8(1_6) _ﬂg 2 18, 148
(518) (1+5)2 Uy |V | 1+5U] 2 Au]' 2.

Substitute this into the left-hand side of (£.21) to obtain

7'/ w; |V, Ay dadt
Qp
8(1—5) / ) 2
— T a2 2wy ||V o 2 dadt
— (1 +5)2 QT J | ]|| ] |
+——7 Uj%*”" 2V AT, 2 ? | dadt
Qp

We estimate Aj to yield

: ;
A < c< / 2, Prer2n-p)te |y 2 d:cdt) < / |Aaj%2dxdt)
QT QT

(5.20) < ¢ < / 7P rem3t2n=R)te |y, |2 d:cdt)
Qp
Thus if the exponent 5+ ¢ — 3+ 2(n — ) + & < 0, then there holds the inequality

|\ ~(BHe-8)-2(n—A)+e]
ﬂjﬁ+5_3+2("_5)+5 _ ( )

Uj
1 —(B+e—3)
u;

(5.21) = §u; T 4 ¢(0).

Consequently, we can deduce from Lemma 5.1 that

1
3
limsup A, < limsupe <5/ 720,773 v Pdadt + ¢(0) 7 / \Vﬂj|2dxdt)
QT QT

70 70
(5.22) < coe.
Since 4 is arbitrary, we have lim, ,q Ay = 0. If the exponent §+e —3+2(n— ) +¢e > 0,
then we use the inequality
ﬂjﬁ+a—3+2(n—ﬁ)+a < (mjp—l + ¢(9).
This can be done because from our assumptions we always have f+&c—3+2(n—f)+¢ < p—1.

We can conclude from Lemma 3.3 that lim,_,yg Ay = 0. The term A; can be handled in the
exactly same way. This completes the proof.
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