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Abstract. We give sufficient conditions for the existence of global small solutions to the
quasilinear dissipative hyperbolic equation

utt + 2up — agj(ut, Vu)0;05u = f

corresponding to initial values and source terms of sufficiently small size, as well as of small
solutions to the corresponding stationary version, i.e. the quasilinear elliptic equation

—a;;(0, Vv)0;05v = h.

We then give conditions for the convergence, as t — oo, of the solution of the evolution
equation to its stationary state.

Keywords: quasilinear evolution equation, quasilinear elliptic equation, a priori estimates,
global existence, asymptotic behavior, stationary solutions
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1. INTRODUCTION

In this paper we consider the Cauchy problem for the quasilinear dissipative hy-
perbolic evolution equation

(1.1) U + 2w — aj(ug, Vu)0;0;u = f
with f = f(t,2), t >0, z € RN, N > 3, and u subject to the initial conditions

(1.2) u(0,2) =wuo(x), u(0,2) =ui(x).
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In (1.1), as well as in the sequel, summation for 4, j from 1 to N is understood. Our
goal is to prove a global existence result for small strong solutions of (1.1) (as defined
in the beginning of Section 4 below), corresponding to small data ug, u1, and f (if
the data are large, blow up of solutions of nonlinear hyperbolic problems in finite
time is in general expected), and then to study the behavior of such solutions as
t — oo. In particular, we look for sufficient conditions that imply the boundedness
of the solutions in ¢, as well their convergence to the solutions of the corresponding
stationary equation

(1.3) —a;;(0, Vv)d;0;0 = h.

When f = 0, global existence results for strong solutions of (1.1) corresponding
to small initial values (1.2) were given by Matsumura [9], by means of direct energy
estimates which yield an a priori bound on any local solution. In the case of a
bounded domain, this method shows that solutions decay exponentially to 0. In the
whole space case, polynomial decay to 0 can still be established by considering (1.1)
as a “small” perturbation of the linear dissipative wave equation

(14) Ut + 2ut — Au = 0,

whose solutions are known to decay, via the variation of parameters formula (see
Section 3, where we also report the explicit decay rates for solutions of (1.4) provided
by Matsumura [8]). This procedure is reminiscent of the so-called “LP-L? estimates”
technique, used e.g. by Klainerman [6] and Ponce [14], to prove a global existence
result for small solutions of nonlinear non-dissipative wave equations, and Racke [15],
for nonlinear dissipative wave equations of the general form

(1.5) et + g — 0jlaj(v)Oku] = f(x,t,u, Du, Vug, 92u)

(which, however, does not include (1.1) when f = 0). In fact, we will follow this
same perturbation method to prove an a priori global bound on solutions of (1.1),
which ensures their extendibility to a global bounded solution. In contrast, we will
solve the stationary equation (1.3) directly, by means of a variational technique and
a fixed point argument, and resort again to energy estimates to show the convergence
of the solutions of (1.1) to those of (1.3). The nonhomogeneous case (non-zero f)
is not explicitly treated by Matsumura and Racke; while it is not difficult to extend
their methods in the bounded domain case, with solutions that remain bounded as
t — oo, we have not been able to find analogous results in the whole space case.
Our results in this direction seem to require an additional integrability condition at
infinity on f, either with respect to ¢ (namely, f € L'(0,00; H®)), or with respect
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to z (i.e., f(t,-) € L? for some g € [1,2[). We do not know if the latter conditions
are necessary, although our results on the linear equation

(1.6) U +2u — Au = f

seem to indicate that they almost are. On the other hand, the integrability con-
ditions in x also allow us to examine the convergence of solutions of (1.1) to those
of the stationary equation (1.3): in fact, if the integrability of f on [0, 00 were a
consequence of sufficiently fast decay of f, this would prevent its convergence to a
non-zero source i of (1.3). In turn, this motivates us to consider the stationary
equation in some detail, because while it is relatively straightforward to establish
existence of small strong solutions in the bounded domain case, we have not been
able to locate analogous results in the case of the whole space.

We refer to [11] for a more detailed discussion of our main motivations and possible
applications of our results, which include, among others, models of heat equations
with delay (see e.g. Li [7] and Cattaneo [2]), Maxwell’s equations in ferro-magnetic
materials ([10]), traffic flow models (Schochet [17]), as well as simple models of laser
optic equations (Haus [4]) and random walk systems (Hadeler [3]). In these models,
the reciprocal of the coefficient of the dissipation term u; is a measure, respectively,
of the delay shift-time; of the displacement of the currents, usually much stronger
than the eddy ones; of the drivers’ response time to sudden disturbances; of the
low frequencies of the electromagnetic field, and of the turning rates of the moving
particles. For example, the complete system of Maxwell’s equations

(1.7) Di+J—curlH=F, B;+curlE=0,

supplemented by the constituent relations D = ¢E, J = o F (linear) and H = ((B)

(nonlinear monotone), can be transformed into the quasilinear system
(1.8) eAy + oA + curl((curl A) — VdivA = —F,

which is of type (1.1), by means of the introduction of the electromagnetic poten-
tials A, ¢, defined by the relations B = curl A, E = —A;+ Vo, e +0p = div A (the
latter being one of various possible gauge relations). Typically, ferro-magnetic mate-
rials are characterized by very small frequency values, hence the interest in studying
the long-time behavior of dissipative equations like (1.7) and, more generally, (1.1).

We also refer to [18] for another aspect of the asymptotic behavior of solutions
of (1.1) (at least when (1.1) is in divergence form and f = 0), consisting in showing
that such behavior is the same as that of the solution of the corresponding parabolic
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equation
(1.9) we — 8]» (aij (0, Vw)&w) = 0,

in the sense that the difference u — w decays to 0 faster than either u or w.

This paper is organized as follows. In Section 2 we introduce the notation and
function spaces we use in the sequel. In Section 3 we consider the non-homogeneous
linear equation (1.6), and give necessary and sufficient conditions for the existence
of bounded solutions. In Section 4 we state a global existence and boundedness
result on the quasilinear equation (1.1), an existence and uniqueness result for the
stationary equation (1.3), and a convergence result of solutions of (1.1) to solutions
of (1.3) as t — oco. We prove these results in Sections 5, 6, and 7.

2. NOTATION AND FUNCTION SPACES

We adopt the following notation throughout this paper. If x € R, |z| denotes
its integer part. Bounded intervals of R are denoted by [a, b] if closed, ]a, b[ if open,
[a,b] or ]a,b] otherwise. If u = w(¢,z) is a smooth function, we denote its partial
derivatives with respect to t by us, us, etc., and with respect to the space variables
by 0ju, 0;0ju, etc. We also set Vu := (Oiu,...,0nu) and Du = {u, Vu}; more
generally, given a multiindex o = (e, ..., an) € N, we denote by |o| := a1 +...+an
its length, and set 9%u := 97" ... 95N u. Given a positive integer k, we denote by 9% u
and OFu the set of all derivatives of u of order k with respect to the space or the
time variables.

For 1 < p < o0, | - |, denotes the norm in the Lebesgue space LP := LP(RY). For
m € N, H™ is the usual Sobolev space W™2(R¥) of those functions in L? whose
distributional derivatives of order up to m are again in L2. We identify H° = L?, and
denote by || - ||m, (-, )m, and || - ||, (-, "), respectively, the norms and scalar products
in H™ and L? (thus, ||| = |- |lo = |-|2). Unless there is a risk of misunderstanding,
with abuse of notation we also denote by LP, H™, etc., the product spaces (L) and
(H™)N,...; that is, for instance, the formula Vu € H™ means that each component
of Vu is in H™. Likewise, in many of the estimates we establish, we often omit
one or both of the variables t, x, writing e.g. u(t) instead of u(¢,-), or ||u||m instead
of ||u(t)||m. Finally, we denote by F(f) = f the Fourier transform of a function f
whenever defined (e.g., in L?), and by F~1(g) = § its inverse transform whenever
defined.

We denote by C a generic, universal constant, which may change from formula
to formula, or even within the same formula. Some of these constants depend only
on N or s, while other may depend on the coefficients a;; of (1.1); however, they
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never depend on the data f, ug, u1, nor on ¢, nor on any of the functions involved
in any of the formulas where such constants appear. When the specific value of a
constant has to be fixed (for example, to define another one, or a parameter such as
o in Theorem 4.1 below), we number that constant, denoting it Cy, Ca, etc. Unless
otherwise specified, we assume that C,C1,... € [1,00].

We recall some results on the Sobolev spaces H™ which we need in the sequel; for
a proof, see e.g. Adams-Fournier [1] for the first three, and Racke [16, Lemma 4.7]
for the fourth.

1) The continuity of the Sobolev imbedding H! — LP, 2 <p < p:=2N/(N —2),
N > 3, in the “limit case” p = p; that is,

(2.1) lul; < C1|Vulz, uwe H".

2) The continuity of the imbeddings H™+k — CF 0 Whk> — Wk m > LN
and k > 0; in particular, for k£ = 0,

(2.2) [t)oo < Col|tt]|m, weH™.
When N > 3, (2.2) can be improved to

as we easily see by direct use of the Fourier transform.
3) The continuity of the imbedding H? - H? — H", in the sense described by

Proposition 2.1. Let p,q,r € N be such thatp >r,q>r,p+q>r+ %N. If
u € HP and v € HY, the pointwise product uv is defined a.e. in H", and

(2.4) [uv]ly < Callullpllvllg,

with C4 independent of v and v. In particular, forp=q=r =:m > %N,
(2.5) l[uv]lm < Cs|[ul|ml[v][m;

in fact, using (2.3) and (2.4), (2.5) can be improved to

(2.6) [wvllm < Cs [[ullm[|VOllm—1-

4) The Chain Rule in Sobolev spaces:
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Proposition 2.2. Let m € N3y, u = (ul,...,u’) € H™, and ¢ € C™(RM;R).
Then the function z +— ¢(u(x)) — ¢(0) is in H™, and for all o € NV with |a| < m,

(2.7) 10°[p(u) = @(O)]]| < CoBmp(uloo) (1 + fufze )81 ],

where B, ,(R) = ||¢|

Cm(B(0,R))"

Corollary 2.1. Let m > %N, u,v € H™, and ¢ as in Proposition 2.2. Then,

(2.8) le(@)vllm < (£(0)] + C5C0Bm. ([uloo) (1 + [wfZ™ ) l[ullm ) [V]]m-

Proof. Writing o(u)v = (¢(u) — ¢(0))v + ¢(0)v, (2.8) follows from inequali-
ties (2.5) and (2.7). O

For integer m > 1, we define V" as the completion of H™ with respect to the norm
|[Vullm—1. The space C$°(RY) is dense in V™, because it is dense in H™, and the
operator V: H™ — H™ ! extends continuously to an operator in V™, which we still
denote by V. Likewise, the Laplacian —A is a positive-definite, self-adjoint operator
from H™t! into H™~!, with the square root (—A)'/2: (H™ — H™ ') - H™ 1
In fact, (—A)'/? is an isometry from V™ into H™~ !, with

(2.9) 1(=2) 2t -1 = | Vullm—

for all u € V™. Also note that V™ is continuously imbedded into C° N L™, see 2)
above. Thus, if m > %N and N > 3, V™ can be identified with a linear subspace of
con Lee.

Proposition 2.3. Let m > 1 and h € H™~'. A function h is in the range space
(—=A)Y2(H™) if and only if

7 2
(2.10) K2 = /RN |h|(§g| d¢ < 0.

In particular, (2.10) holds if h € H™ ' N LP, with 1 < p < 2N /(N + 2) (which
requires N > 3). If h € H™ ' N LP and h = (—A)Y/2hq for some hy € H™, then
there is C' > 0, depending only on N and m, such that

(2.11) [ollm—1 = [IVhollm—1 < [lhollm < Cl[Allm—1 +[hlp)-

Proof. Ifh € H™ ! and h = (—A)Y?hg for some hg € H™, then xk =
lholl = ||ho| is finite. Conversely, assume h € H™ ! satisfies (2.10). Then ho :=
F Y- |_1iz) € L?, and an induction procedure based on the easily proved identity

(2.12) 1holli = llhollz—y + IAIIZ -1,
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k > 1, shows that, in fact, hy € H™. Assume now that N > 3. Since h € L?
and 1 < p < 2, the Hausdorff-Young theorem implies that h € L9, 1/p+1/qg=1.
Let r be the conjugate index of %q; we compute that r < %N, so that the function
€+ 1/|¢] is in L7 (RN). Thus, the function ¢: + h(€)/|¢] is in L2 (RY), which
implies (2.10). The equality in (2.11) follows from (2.9) with u = hg; next, we sum
the inequalities (2.12) from k = 1 to k = m, which yields

(2.13) 1hollz, = 120l + Y lIRlIZ—1 < l1holl* + ClIAll,—1-
k=1
We now recall that h € LP, h € L7, and | |7t € L¥ (RYN); thus, letting R :=

_ 1/r .
(f\g\@ €72 de) / , by (2.10) we obtain
(2.14) Ihol|? = K% < |BJ3 + R|h|? < |h[3 + CRIh|2.

Inserting this into (2.13) yields the last inequality of (2.11). O

3. THE LINEAR EQUATION

In this section we consider the linear equation (1.6) and its homogeneous ver-
sion (1.4). Given a function g = g(z), we denote by t — S(t; g) the solution to (1.4)
with initial data ug = 0 and u; = g. By the variation of parameters formula, we can
then write the solution of (1.6) as

(3.1) u(t) = S(t; 2up + u) + 9, (S(t: uo)) +/O S(t — 6; £(6)) df.

More generally, for t > T > 0 the function ¢ — S(t — T';g) denotes the solution
to (1.4) satisfying u(T) = 0, u(T) = g.
We recall the following decay estimates for solutions of (1.4):

Proposition 3.1. Let k, m € N, and set r :== max{k +m — 1,0}. For q € [1,2],
set v:=1N(2/q—1)+k+ im. Let w € H" N LY. Then for any multiindex o with

la| = m,

(3.2) 10702 (S (8 w)) || < C(L+ )™ ([wllr + [w]y)-
The same result holds for the equation

(3.3) Wy + 2wy — ¢;;0;0;w =0,

where C' = [c;;] is a positive definite matrix with constant entries.
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Proof. The cases ¢ =1 and g = 2 are proved in Matsumura [8]; in this proof,
the only place where the L' norm of w enters the argument is in the estimate of the
term

(34 e /|g|<5 € [2@R+m =208 4 ()2 de,

where ¢ € ]0, %[ Let ¢ € |1,2], and let p = ¢/(q — 1) be its conjugate index. Then
p > 2 so that, with ¢, :==p/(p — 2),

2/p 1-2/p
(3.5) J? < (/ |w(&)[P d§> </ |g|2%(2k+m)e—20pt\£\2 d{) )
[€1<o [€]<6

By the Hausdorfl-Young inequality,

2/p
36) ([ raeras) =1 <t
lgl<é
using inequality (10) of [8], we easily see that
(37) / |£|2cp(2k+m)e—20pt\§\2 df < C(]. _’_t)—(N—|-20p(2k-i-m))/27
l€l<é

so that we deduce from (3.5) that
(3.8) J < Clw|y(1 + )~ NVH2ep hdm))/(dey)

from which (3.2) follows. Finally, the result also holds for (3.3) since this equation
can be transformed into (1.4) by the change of variables u(t,z) = w(t,I'z), where
r-t=cvz. 0

In particular, from (3.2) with ¢ = 2 we immediately deduce from (3.1) that the

solution of (1.4), with initial data ug € H™*! and u; € H™, m > 0, satisfies the
estimate

(3.9) sup [[u()lm+1 < C(luollm+1 + [[urllm)-

>

Assume now that wug,u; = 0. Then the solution of (1.6) is formally given by
u(t,r) = (F1u(t,"))(z), where
t ~
(3.10) ot.6) = [ Ft-0.n(0,6) a6
0

sinh(4/1 — |€|?
(3.11) h(t,&) =e " h&%' t).
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In particular, (3.10) is well defined if f € L®(0, 00; H™) for some m € N, since then
f(',f) is locally integrable for almost all £ € RY. Moreover, u(t,-) € H™*! for all
t > 0. The following properties of h are easily deduced from (3.11):

Proposition 3.2. For allt > 0 and ¢ € RY,
(3.12) Ih(t, O <2, [ElhE,€)] < 2.
More precisely: If || < 1, then
(3.13) 0 < h(t, &) < 2 1EF/2,
while if || > 1, then

(3.14) h(t.©) <te™, [E[IA(t,€)] <2(1+t)e"

Proposition 3.2 allows us to deduce that (3.9) can be improved to
(3.15) Jn ([[u(@) [+ [[ue(t)l|lm) = 0.

In fact, considering only the case ug = 0 for simplicity, we note that, by (3.12), there
is a constant C such that

(3.16) Ol <C [ @+ 1™ i ©F b, O dg
<c [ iRl ©PF s

Since h(t,£) — 0 as ¢ — oo for all & # 0, by Lebesgue’s dominated convergence
theorem we conclude that ||u(t)|lm+1 — 0 as ¢ — oo. The convergence u;(t) — 0
in H™ is proved similarly.

We now give some sufficient conditions for the boundedness of solutions to (1.6)
(again, when wug,u; = 0) as t — oo.

Theorem 3.1. Let f € L>°(0,00; H™) for some m € N, and suppose there are
positive constants A\, A such that for all t > 0,

£ 2
a1 [ O e,

Then the function t — ||u(t)||m+1 is bounded on [0,00[. In particular, (3.17) holds
for all X € 10, [, Ap := N(2p~' — 1) — 4, if f € L°°(0,00; H™ N LP) with 1 < p <
2N /(N +4) (which requires N > 5 and implies A\, > 0).
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Proof. By Schwarz’ inequality, we deduce from (3.10) that, for all ¢ > 0,

t R t
(3.18) o OF < [ 5= 0.0 0,014 [ n(0,0)] a5,
0 0

If |€] > 1, by (3.14) we obtain from (3.18) that
(319)  (1+[€P)lolt, )P

t R t .

< [Ife-6.0P0 0 a2 [ 1 -0.0P +0)e " a0
0 0
t
< 3/ |f(t—0,6)2(1 + 6)e~? do.
0
By Fubini’s theorem, (3.19) implies that
G20) [ e de
€121
t

< 0)e—? 2 f(t—0,6)>dedo

< 3/0 (14 6)c /W“ It — 0,02 de

< Csup [ FO)I2.

>0
If |£| < 1, by Proposition 3.2 we obtain from (3.18) that
t
B2 e OF < [ 1fE- 0.0 g
0
t
<AM|g|~ / |f(t = 0,8)|* min(1,6~'~*/2) do,
0

where M := max{1, m>a())((r1+)‘/2e_7"/2)}. Again by Fubini’s theorem,
>

(3.22) / (L4 €2 ()2 de
[€1<1

S 2m+3M/ /5< t|€_|4ﬁf i min(L,071*2) d¢ df
1

< 2m+3MA/ min(1,60717V2)dg < 2™ MA(L + 2271,
0

Together with (3.20), (3.22) clearly implies the asserted boundedness of ||u(¢)||m+1
as t — oo. The second part of the theorem is proved as in the second part of Propo-
sition 2.3, noting that, now r < iN , and the smallness condition on A\ guarantees
that the function |- |~** is in L] (RY). O

In an analogous way, we can also prove
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Theorem 3.2. Let f € L*(0,00; H™) for some m € N, and suppose there are
positive constants A\, A such that

(3.23) / EGOF 4o o
RN

|£|2+)\

for all t > 0. Then the function t — ||Vu(t, )| is bounded on [0, c0[. In particular,
(3.23) holds for all A € 10, \p[, Ap :== N(2p~! — 1) — 2, if f € L>(0,00; H™ N LP)
with 1 < p < 2N /(N + 2) (which requires N > 3 and implies A\, > 0).

If f is independent of ¢, Theorems 3.1 and 3.2 can be refined as follows.

Theorem 3.3. Let f € H™ for some m € N. The function t — ||u(t,")||lm+1 is
bounded on [0, co[ if and only if (3.17) holds with A\ = 0; that is, if

£ 2
(3.24) A= /RN |f|(§|i| d¢ < oo.

In turn, (3.24) holds if and only if there is a (unique) F € H™%?2 such that —AF = f;
in this case,

(3.25) |u(t,") = Fllmt+1 — 0 as t — oo.

In particular, (3.24) holds if f € H™ NLP with 1 <p < 2N /(N + 4) (which requires
N > 5). If N < 4, there are functions f € H™ N L' such that (3.24) fails, and
||w(t, )|lm is unbounded.

Proof. If f does not depend on ¢, (3.10) reads

(3.26) o(t,6) = £(€) / h(6,€)d0 =: F()H(1,€).

Now,

(3.27) H(t,§) = # (1 —e! (cosh(t 1—1¢?) + sinh(tlv_l |;||2£| )>),

so that we easily see that for all ¢ > 0 and & € RV \ {0},

(3.28) [H(t, &) <207, Jim H(t,¢) =[¢[~*.
Together with (3.26), the first of (3.28) implies that for all ¢ > 0,
(3.29) a7 < /RN(l +[EF)™ T FE)P4lel " de.
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Splitting the integral over the regions |{] < 1 and [£] > 1, we deduce from (3.29)
that, if (3.24) holds, then

(3.30) a2 < 8Q™A + [[£17.):

that is, ||u(t)|lm+1 is bounded in ¢. Conversely, if (3.24) did not hold, Fatou’s lemma
would yield

F(e)]2
(331) Jn > [ g iEE g
fOF
> [ s

contradicting the assumption that ||u(t)||+1 is bounded. The claim concerning F'
is clear, since —Aw = F~1(| - [*) for all w € H2. Then (3.25) follows from (3.28)
and

(3.32) lu(t) = Fl5 4 = /RN(l +IERYIFOPHL€) — 1€17) dg

via Lebesgue’s dominated convergence theorem. Finally, the function x — elel” i
in H™ N L! for every m € N, but fails to satisfy (3.24) if N < 4. O

In fact, if f is independent of ¢, the solution u takes values in H™*? and not
just in H™*1 (this, of course, because the initial values, being zero, are smooth). It
is then clear from the proof of Theorem 3.3 that, if (3.24) holds, also the function
t — ||u(t)||m+2 is bounded on [0, oo[. More specifically, proceeding as in Theorem 3.3

we can also prove

Theorem 3.4. Let f € H™ for some m € N. The function t — ||Vu(t,")||m is
bounded on [0, o] if and only if

£ 2
(3.33) /RN 'Jc'fj;' dé < o,

If (3.33) holds, there is v € V™ %2 such that

(3.34) IV (u(t) —v)|lm — 0 as t— occ.

In particular, (3.33) holds if f € H™ N LP with 1 < p < 2N /(N + 2) (which requires
N > 3). If N < 2, there are functions f € H™ N L' such that (3.33) fails and
(IVu(t, )||m is unbounded.
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Remarks. Comparing Theorems 3.3 with 3.1, or 3.4 with 3.2, the natural
question arises whether we can allow A = 0 in (3.17) or (3.23). In this case, our
proof would allow for logarithmic growth of ||u(¢t)||m or ||[Vu(t)||m as t — oo, but
we do not know if this can truly happen. On the other hand, the last claim of
Theorem 3.3 shows that if N < 4, Matsumura’s estimate (3.2) with & = m = 0 is
sharp, since even the L?-boundedness of solutions of (1.6) may fail.

4. THE QUASI-LINEAR EQUATION

For N > 3 we consider integers s > %N + 1 so that, by (2.2), H"! — L.
We assume that the coefficients a;; € C*(R'™V; R), the matrix A(p) := [a;;(p)] is
symmetric for all p € R'™" and satisfies the uniformly strong ellipticity condition

(4.1) Jv>0: Vpe R™, g e RY, ai;(p)d'd’ = v|q/%;

without loss of generality, we take v = 1.
We assume that ug € H*t!, u; € H® and, with Cp, := C N L™,

2N
4.2 cH*N LY 1< q:i=——;
( ) f€Cb([O,oo[, N )a q<gq N+2
correspondingly, we set
(4.3) 0 = fluollipr + w2, o® = ig}g(Hf(t)ll? +[f(O)]7)-
Note that, since ¢ < g < 2, the interpolation inequality
1 /1 1\
6| p11—0 _
(4.4) e <O 0=5(;-3) €l
implies that for all ¢ > 0,
(4.5) [f()lz < Co.
For 0 < m < sand T > 0, we define
m . .
(4.6) X = () /([0 T); H*' )
j=0
and, analogously,
(4.7) X2 = () ¢7([0, 00 HF'9);
j=0
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correspondingly, we look for solutions of (1.1)—(1.2) in the space
(4.8) Y:={ue XOQO: Du € Cy([0, 00; [H*) N C’é([O, oa; Hs—l)}.

As we shall see in Subsection 5.1, if (1.1) has a solution u € X} for some T > 0, then
automatically u € X2.

Under the above stated assumptions on the data and coefficients, in Section 5 we
prove

Theorem 4.1. Let N > 3. There exist ug € |0,1[, K1, K2 > 1 such that, if
§ + o < pi, problem (1.1)—(1.2) has a unique solution u € Y, which satisfies the
estimates

(4.9) sup || Du(t)|ls < po,  sup [|Due(t)|ls—1 < Kipo.
t>0 t>0

If N > 5, then u € Cy,([0, c[; L?) and satisfies the estimate

(4.10) sup |lu(t)|lo < Kapo-
20

>

The constants 9, K1, and Ky depend on the a;;, N, s, and g, but not on u.

We recall that, as we have seen in Theorem 3.3 for the linear Cauchy problem, if
N =3 or N =4 then there are data ug, u1, f such that the corresponding solution
satisfies (4.9), but

(4.11) lim sup [Ju(t)|lo = oo.
t—o0

We next consider the stationary equation (1.3). Given m € N and R > 0, we
denote by B,,(R) the ball of V™ with center 0 and radius R. In Section 6 we prove

Theorem 4.2. Assume a;; € C*TH(RYWN:R), N > 3, and h € H*"' n LY,
q € [1,q[. There exists Ry € ]0, 1[ such that if

(4.12) [Alls—1 + |hlq < RS,

then (1.3) has a unique solution v € Byy1(Ro), which depends continuously on h.

Finally, we consider the convergence, as t — oo, of the solutions to (1.1) to those
of (1.3). In Section 7 we prove
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Theorem 4.3. Let N > 3, assume that a;; € C*T2(R'""V; R), and let h € H*NLY,
q € [1,q|, satisfy (4.12) with s — 1 replaced by s. Assume further that, as t — oo,
f(t,) — h in the sense that

(4.13) /Ooo(||f(t)—h|s+|f(t)  hly)dt = Ag < oo

The values of pg and Ry in Theorems 4.1 and 4.2 can be chosen so small that, if
uw€ Y and v € Byy2(Ry) are the corresponding solutions to problem (1.1)—(1.2) and
equation (1.3), then Du(t) — Dv in H® as t — oo; that Is,

(4.14) Jim ([ D(u(t) ~ v)]|. = 0.

5. GLOBAL EXISTENCE AND BOUNDEDNESS

In this section we prove Theorem 4.1. Our procedure is standard in that we
show, by means of suitable a priori estimates, that local solutions of (1.1)—(1.2)
can be extended to all of [0, 00[. The value of 1 is determined in (5.48) below; in
particular, we choose g < 02_1, where C5 is the norm of the Sobolev embedding
n (2.2) for m = s — 1. It follows that, if u satisfies (4.9), then |Du(t)|s < 1 for all ¢.

5.1. Fundamental estimates. We first note that it is sufficient to prove the
first inequality of (4.9), since this implies the other. Indeed, assume that (1.1) does
have a solution u € Y satisfying (4.9) with o < Co~*. Then by Corollary 2.1 we
deduce the estimate

(51)  [lay(Dw)dd;ull s
< (|ai;(0)] + C5Cfs-1.a, (| Duloc) (1 + | Dul25) 83071

Since |a;;(0)] < Bs—1,a;; (1), estimating

(5.2) [Du(t)oe < C2 [ Du(t)||s—1 < Cal|Du(t)|[s < C2po <1< C5C6
we conclude from (5.1) that

(53) Jass (Du)3isulls—1 < 3CsCofar, (V[ Vs = K[|V

Consequently, since o <

[}

?

(5.4) Nweells—1 < | flls—1 4 2|wells—1 + [|as; (Du)didjulls—1

<
<o+ 2p0 + Kpo < (3 + K)po =: Kipo,

from which the second inequality of (4.9) follows by virtue of Duy = {u, Vu}.
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5.2. Further estimates. We now turn to the proof of the first inequality of (4.9).
We define maps Q: H**' x H® — [0,00[ and F': H**! x H® — R by

(5.5) Q(u,v) :== Z (a;; (v, Vu)d;0%u, 0;0%),
la|<s
(5.6) F(u,v) := (0]l + 2{u, v)s + Q(u, v);

then, for u € X} and t € [0, T, we abbreviate

(5.7) F(t) = F(u(t),u(t), Q) = Qu(t), u(t));
note that (4.1) implies that

(5.8) Q(u,v) = || Vull?

for all (u,v) € H*"1 x H*. Since f € L% (0, 00; H*), Kato’s results of [5] imply the

loc
existence of a unique local solution of problem (1.1)—(1.2); more precisely, we have

Theorem 5.1. Under the above stated assumptions on the coefficients and the
data, there exists T > 0 such that the problem has a unique solution u € X2.

The proof of uniqueness in Theorem 5.1 is independent of the size of 7; this yields
the uniqueness claim of Theorem 4.1. By a standard continuation argument, we can
extend the local solution u to a maximal interval [0, T,[ with

(5.9) T. :=sup{T > 0: (1.1) has a solution u € X7}
Global existence corresponds to 7. = oo, while if T, < oo, then

(5.10) lim sup || Du(t)]|s = oo.

t—T.

Indeed, if the function ¢ — ||Du(t)||s were bounded, then, as we have shown in Sub-
section 5.1, the function ¢ +— || Du¢(t)||s—1 would also be bounded, and the function
t — ||u(t)]|o could not blow up, since it would grow at most linearly; hence, u € Y.

To prove Theorem 4.1, it is then sufficient to establish an a priori estimate on the
maximal solution of (1.1)—(1.2). To this end, we claim:
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Proposition 5.1. Let § and o be as in (4.3), T € [0,T.[, and let u € X2 be
a solution of (1.1)—~(1.2). There exists o € ]0,1[, independent of T, such that, if
0+o < ,u%, u satisfies the estimates

(5.11) [1Du(®)[s < po, ([ Due(B)l|s—1 < (44 Ki)po

for allt € [0,T] (compare to (4.9)). Consequently, T, = co.

Proof. As we have shown in Subsection 5.1 above, it is sufficient to prove the
first estimate in (5.11); before doing so, we prove the last claim of the proposition.
If T, < oo, by (5.10) there would be T3 € ]0, T¢[ such that pq := |Du(Th)|ls > po;
but then, since ||Du(0)||s < § < ug < po, there would also be T' € ]0, T3] such that
for all t € [0,T7,

(5.12) [Du(t)lls < 5 (o + p1) = [Du(T)]]s-

N | =

Since $(uo + p1) > o, (5.12) contradicts the first inequality of (5.11) for ¢t =T

Given u € X2, we set b;j = a;j(Du), p := Joax, [[Du(t)]|s, and

(5.13) Ry = 2<f, Uy + u>s, Ry = —2((8jbij)8iu, U>

We also denote by 7, a generic positive constant depending on x4 in a continuous
and non-decreasing way but independent of v and ¢; typically, such constants appear
from applications of Corollary 2.1, as in the proof of (5.3) from (5.1) and (5.2), via
the estimate |Du|oo < Cop.

We first show that, with F' as in (5.7), u satisfies for all ¢ € [0, T] the estimate

t
(514)  2F(t) < F(0)+ / Ry + Ry + (1 + 0) | Dul2) do.
0

To this end, we note that the standard energy estimates on solutions of (1.1) involve
multiplication of (1.1) by 2(us + u) in H?®; however, this is not directly possible,
since some of the terms in the equation only take values in H*~!. We thus resort
to regularization, by means of Friedrichs’ mollifiers (0%):s0 (see e.g. [1]). Setting
u® := o° * u, where the convolution refers to the space variables only, we deduce
from (1.1) that u® satisfies the equation

(5.15) ugy + 2up — bij0;0jut = [ + g%,
where
(5.16) fEi=0"xf, g% = 0" (b;;0;05u) — b;;0;0;u°.
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Now, all terms in (5.15) take values in H*®; hence, we can multiply (5.15) in H* by
2(uf + u®). In so doing, we note that the term

(517) G* = —2<bij8i8ju€,u§ + ’U,E>s

can be written as

d
(5.18) G = 3@ +2Q° - R; - Rs,
where
(5.19) QE = Z (bij(‘)a(‘)ius,(‘)a@jue), Rg = —2<8jbij8iu€,u6>,
|| <s

and Rg is the sum of terms containing only derivatives of u®, but not «° itself. Thus,

defining
(5.20) F* o= Jlug |2+ 2w, uf)s + Q°, RS :=2(f° + g%, u® + uf)s,
we obtain

d £ € & & &

dt

N

By means of Corollary 2.1, it is straightforward to see that, since |Dul|s
Ca|| Duls-1 < Cap,

(5.22) [R5 ()] < (i + o) [ D2,

where +, is independent of . Thus, we deduce from (5.21) that

d
(5.23) g @) +2F5() < Ri(t) + R5(8) + vl + o)l Duf|l2,

from which
t
(5.24) e FE(t) — F5(0) < /0 e* (RS + Ry + 7, (1 + 0)|| Duf||?) .

Following e.g. Mizohata [12], we can show that |¢g°(¢)||s remains bounded for ¢ €
[0,T], € > 0, and ||g°(t)||]s — 0 as € — 0 for fixed t. We also know that f°(t) —
Ft) in He |l fe@)lls < [|f(®#)]|s, and analogously for Duf(t) in H*~!. Therefore,
by Lebesque’s dominated convergence theorem, we can let ¢ — 0 in (5.24) and
obtain (5.14).
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We next show that for all ¢ € [0, 7]
(5.25) F(t) <e 2F(0) + yuulo + p+ p?),

as follows from estimating the terms Ry (¢) and Rz (t) under the integral sign in (5.14).
Clearly,

(5.26) (fru)s + (V1 Vu)so1 < || f[[s|Dulls < o
and, by Holder’s inequality, (4.5), and (2.1),

(5.27) (o) < I lalulp < C1lf1qlVuls < CCrop
together with (5.26), this implies that

(5.28) Ri(t) < Cop.

Next, since |w|, < |w|1 + w2 for 1 < r < 2, we have

(5.29) Ry (t) |0,bi;0iulg|ul5

<2
g 20 (|8jbij8iu|1 + |8jbij8iu|2)|Vu|2
< 2C1|Vbij |2 (|Vul2 + [Vulso) [Vul2

so that, by Proposition 2.2,

(5:30)  Ra(t) < IV Dula(Vula(Vulz + Col| Valls—1)| Valz < 70
Together with (5.28), this shows that

(5.31) Ri(t) + Ro(t) + vu(p + )| Du(t) |2 < yups(o + o+ p®);

inserting this into (5.14), we obtain (5.25).
Finally, we show that, if u < 1, then for all ¢t € [0, 7],

(5.32) [Du(®)|2 < 7u(6® + 0p+ 0 + op+ ).

Because of (5.25), to show (5.32) it is sufficient to estimate the term (u, u;)s of F'(¢),
which we can do by means of Proposition 3.1. Indeed, setting ¢;; := a;;(0) and
a;j(p) = ai;j(p) — cij, we can rewrite equation (1.1) in the linearized form

(5.33) Uge + 2uy — ¢4;0;0;u = f+ g,
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where g := @;;(Du)0;0;u € L for all ¢ € [1,2], as follows from Proposition 2.2. In
fact, noting that a;;(0) = 0, (2.7) yields

(5.34) l9lq < gl +1gl2 < |ai; (Du)|2(]0:05ul2 + [0:05ul)

<
< 20631 (Cop) | Dula||Vulls < yup?.
We multiply equation (5.33) in L? by u, obtaining
d 2
(5.35) i s e — Juelz + 2w, ue) + {eiO5u, yu) = (f + g, u);
since q € [1,2], by (5.34) and (2.1) we have
(5.36) [(f + g, <|f + glaluls <yl + 1) [Vulz < (o + 4%,
We now use the variation of parameters formula (3.1), by which
¢
(5.37) u(t) = S(t; 2uo + u1) + 0:(S(¢;uo)) + / S(t—6;f(0)+g(8))do.
0
By (3.9), we easily see that

(5.38) [VS(t; 2ug + ur) + VO, (S(t;up))|2 < C6.

Next, we use Proposition 3.1, with ¢ specified in assumption (4.2), to estimate

(5.39)  [VS(t—6;£(0) +9(0)2 <C(L+t—=0)""(If +gla+ ] +glo)
Sfyu(l—i—t—é)_”(a—f—/ﬂ),
where
N /2 1_N/2 1
(5.40) ”:Z(§_1)+§>Z(5_1>+§:1

(it is at this point that we need ¢ < q); therefore, from (5.37), (5.38), and (5.39) we
obtain

(5.41) [Vulz < 7u(8 + 0 + p?).

From (5.35), (5.36), and (5.41) we deduce then that

d
(5.42) — 5 (W) = 20w w) <[f+ g u)l + eyl [Vuly

< (8 + 0% +op+ ),
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from which, finally, since |(uq,u1)| < 62,

(5.43) —(u,up) € v,(0% + 0 + o+ p?).
We are now ready to estimate (u,u;)s. Clearly,
(5.44) —(u,ue)s = = (u, ug) = (Vu, Vug)so1 < =(u, ue) + pf Vul[s—1;
we estimate || Vul|s—1 by the same method we used to show (5.41), applying Propo-
sition 3.1 with £ = 0,0 < m < 5,0 < r < s—1 (note that we cannot estimate | Vul|s
in this way since this would require an estimate of ||g(t)||s; now, we do not know
whether g(t) € H*, while we do have the estimate ||g(¢)||s—1 < 7,1?). We obtain
(5.45) [Vulls—1 < 7u(8 + 0 + p?);
therefore, from (5.54) and (5.43),
(5.46) —(u,up)s < (8 +0p +0” + op+ pi°).
We now use (4.1) (with v = 1), (5.25), and (5.46) to conclude that
(5.47) IDull = lluell? + [VullZ < fudll2 + Q1) = F() = 2(u, ur)s
< Yu(62 4+ 0+ 0 +op+ 1),

which yields the desired estimate (5.32).

We can now conclude the proof of Proposition 5.1. Indeed, denote by I'(u) the

specific constant 7, appearing in estimate (5.32), and choose 1o € ]0,1/Ca][ so small
that

(5.48) 200 (1)po < 1.

We claim that the first inequality of (5.11) holds with this choice of 19. Indeed, there
would otherwise be ¢; € ]0,T] such that ||Du(ty)||s > po; but since

(5.49) IDu(0)]ls = 6 < 4§ < peo,
there would also be t2 € [0, 1] such that for all ¢ € [0, t2],
(5.50) [Du(t)lls < po = [[Duta)|s-
On the other hand, since Capg < 1, (5.32) with p = po and 6 + o < p2 yields that
for all t € [0,T7,
1

(5.51) IDu)3 < T(1)(245 + 3p15) < 5T (Vg < -

Since for t = ty (5.50) contradicts (5.51), we conclude that (5.11) holds. As a
consequence, the local solution cannot blow up; that is, as we have already seen,
T. = 0co. This concludes the proof of Proposition 5.1. (]
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Finally, the proof of (4.10) follows from (5.37) in the same way as (5.38) and (5.39);
the only change is that, in the estimate for |S(t — 6; f(6) + g(0))]2, the rate of decay
given by Proposition 3.1 is r = iN, and r > 1if N > 5. This concludes the proof of
Theorem 4.1. (]

6. THE STATIONARY EQUATION

In this section we prove Theorem 4.2. For simplicity, we only consider the case ¢ =
1; the case for 1 < g < ¢ follows in a similar way by interpolation, via the inequality
|w|y < |w|y + |w|a. We find v as the fixed point of the map ®: V! — Vst which
formally defines u = ®(w) as the solution of the linear elliptic equation

(6.1) Ay (u) == =0j(aij(Dw)diu) = h — aj;(Dw) - VDwdyw

=thy

where, with slight abuse of notation, we have set Dw := (0, Vw).
We first show that for each fixed w € V**! with sufficiently small norm, we can
solve the equation

(6.2) Ap(u) =g, g€ H'nL,

for u € V**!, by means of the Lax-Milgram theorem. Thus, let a,, be the bilinear
form on V*t! x V! associated to A,,, defined by

(6.3) (U, v) = {a;j(Dw)dsu, Ojv)s, u,v € VL

Since ¢ € H*"' N L' and N > 3, by Proposition 2.3 there is G € H® such that
g = (=A)Y2G. We claim that (6.2) is equivalent to finding u € V**! such that

(6.4) aw(u,v) = (G, (=A%), Voe Vet

In fact, assume u € V! solves (6.4). The set (—A)Y2(H**') is dense in H*;
therefore, (6.4) implies that

(6.5) (ai;(Dw)d;u, d;(—A)"122), = (G, 2),

for all z € H*. Now, D; := (—A)_l/Q(‘)j is a bounded linear operator on H* (indeed,
F(Dju)(€) = —i(&;/|€])a(€)), with adjoint —D;. Hence, (6.5) reads

(6.6) (—(=2)7120;(ai;(Dw)diu), z)s = ((—A) "2 Ay (u), 2)s = (G, 2)s.
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Since z in (6.6) is arbitrary, it follows that

(6.7) (=A)"V2A,(u) =G
in H?®; in turn, this implies that

(6.8) Au(u) = (-A)2G =g

in H*~1; that is, (6.4) implies (6.2). Reversing this argument proves the converse.
We solve (6.2) (for fixed small w) by means of the following results, which also
yield a (small) solution to (1.3). For r € R>q we set

(6.9) w(r) = | max [07ai(0)] + C2Bs41,a,, (Car) (1 + (Cor)™ ),

where C, is the largest of the constants C,...,Cgs, and C7, the last one being the
algebraic constant appearing in (6.16) below.

Proposition 6.1. Let A, and a,, be asin (6.1) and (6.3). Then, for allw € V*T1:
1) A, is a continuous, injective operator from V**! into H*~1, and for allu € V51
we have

(6.10) [ Aw(w)l[s—1 < (VW) Vuls.
2) For all u,v € V5! we have

(6.11) |G (1w, )

| <PVl ) VullsIVols,
(6.12) (U, )

(1 = »(IVwll) Vel )Vl

A\YARW/A\

Proof. 1) Let u € V. Then a;j(Dw)d;u € H*, which is an algebra. Thus,
(6.10) follows by (2.8) of Corollary 2.1, with ¢ = a;; and m = s; that is,

(6.13) [Aw(w)lls—1 < [laij(Dw)diulls < Y([[Vwl[s)[Vulls.

Next, assume that A, (u) = 0 for some u € V¥ and choose a sequence (u™),>¢ C
H**1 such that Vu™ — Vu in L2, Then

(614) 0= (Ay(w),u") = (ay; (Dw)du, du™) — (ag;(Dw)dyu, dyu);

consequently, by (4.1), Vu = 0, which implies v = 0 in V1. That is, A, is injective.
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2) (6.11) is proved as in (6.13); when v = u, we compute

(6.15) Ay (U, u) = Z (a;;(Dw)d;0%u, 0;0%u)

laf<s

+ >y ()aﬁ [ai;(Dw))0* P d;u, 9;0%u).

1<]al<s 0<B<a
We denote by Sa the second sum of (6.15); since || > 1, we can estimate

(6.16) Sy < CrCy||Vais (Dw)] || s—1 | Vul|2

<
< C7C4CBs—1(C1||Vwl|s—1) | Vw]|s || Vul|?
<[Vl ) [ Vwlls | Vul2.

Inserting this into (6.15) and recalling (4.1), (6.12) follows. O

Proposition 6.2. Let Ry € ]0,1[ be so small that ¢(Ro)Ry < 3, and assume
w € Byy1(Ro). Then for every g € H*~1 N L' there is a unique u € V9+1, a solution
of (6.4) (and, therefore, of (6.2)). Moreover, u satisfies the estimate

(6.17) IVulls < Cllglls—1 + lgl1),

with C independent of w and u.

Proof. If w € Bsi1(Ro), from (6.12) we obtain that, for all u € VST
(6.18) ay (u,u) > —HVUH
that is, a,, is coercive on V1. In addition, by (6.11), for all u,v € V"1 we have
(6.19) |aw (u, v)| < (Ro)|[Vulls||Volls;

that is, a,, is bilinear continuous on V5! x V**+1 Recalling that (—A)/2 is an
isometry between V**! and H*® (see (2.9)), so that the right-side of (6.4) is a bounded
linear functional on V**!, we can apply the Lax-Milgram theorem and deduce that
(6.4) admits a unique solution u € V**1. From (6.18), (6.4), and (2.11) with m = s
we deduce that

1
(6.20) IVuls <IGlslIVulls < Cllglls— + gl Vulls,

from which (6.17) follows. U
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Proposition 6.3. Let C be as in (6.17), and assume Ry € ]0, 1] is so small that
(6.21) 12 CRy(1 + ¥(2Ry)) < 1.
Assume h satisfies (4.12). Then:

1) For all w € Bsy1(Rp), (6.1) has a unique solution u € Byy1(Ryp); this defines a

map w — u = ®(w) from Byy1(Ry) into itself.
2) ® is a strict contraction on Bsi1(Rp) with

(6:22) 19(2(w) ~ B(@)]. < 510w - )],

for all w,w € V51,

Proof. 1) We first show that for all w € V**! we have h,, € H*~! N L! with
(6.23) hwlls—1 + lhwl < 29 ([ Vells) Va3

This follows from the fact that, by Corollary 2.1,

(6.24) [Plls—1 < llaj;(Dw)d; Dw||s—1 |05w]|s—1 < (||Vwl[)|Vwl]|?
and
(6.25) |hwl1 < B1(|Dw]oo)|0*wl2|Vwla < 9([|Vw|s)[|Vw|)2.

Assume now that w € B,11(Ro). By Proposition 6.2, (6.1) has a unique solution
u € V*+1 which, by (6.17), satisfies the estimate

(6.26) I9ulls < (b = hulloos + A = hul1)
By (4.12), (6.23), and (6.21) it then follows that
(6.27) IVulls < C(RG + Rg(Ro)) < Ro,
that is, ®(w) € Bs+1(Ryp), as claimed.
2) Given w,w € Bsy1(Rp), set u = ®(w), @ = P(w), v =w — W, z = u — 4. Then

z € V**1 and it satisfies the equation

(6.28) Aw(2) = 9j((aij(Dw) — aij(DW))0it) +hg — M.

=:x
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It is now straightforward to see that x € H*~! N L'; in fact, writing

1
(6.29) a;j(Dw) — a;;(Dw) = /0 a;;(ADw + (1 = \)Dw) - (Dw — Dw) dA,
we obtain that

(6.30) [xlls—1 =+ Ixl1 < 2¢(2Ro) Rol| Vvl

As proved in the first part of Proposition 6.3, h,, — hg € H*~1 N L'; hence, by (6.17)
of Proposition 6.2,

(6.31) IVzlls < CCRoy(Ro)IVolls + [|Pw = haalls—1 + [P = haa1)-

To estimate h,, — hg, we decompose

(6.32) hy — hg = Us + Uy + Us,

where

635  Us:=(ay(Dw) Doju)w,

(6.34) Uy := (aj;(Dw) - DOjv)diw,

(6.35) Us = ( /0 "4 (ADw + (1 — \)D@)(Dv, Doy) dA) O

The terms Us and Uy can be estimated exactly as the term h,, in (6.24) and (6.25),
yielding

(6.36) 1Uslls—1 + 1Ualls—1 < 29(Ro) Ro[[Vol[s;

likewise, the term Us can be estimated as y in (6.30) (it is at this point that we need
the additional regularity of the coefficients a;;), yielding

(6.37) |Us||s—1 < 2¢(2Ro) Ro||V||s.

In conclusion, we obtain that

(6.38) [ hw — halls—1 + |hw — ha|t < 4R (Ro)||Volls,

and, putting this into (6.31),

(6:39) 9] < 60Rop(2R0) |V, < 5|9

By (6.21), (6.22) follows. O
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As a consequence of Proposition 6.3, ® admits a unique fixed point u € Bsy1(Ryo),
which is clearly the desired solution to the nonlinear elliptic equation (1.3). We now
proceed to show that this solution depends continuously on h. Let u, @ € Bsy1(Rp)
be the solutions to (1.3) corresponding, respectively, to source terms h, h e Hs 'L
Then, as in (6.28), the difference z = u — @ satisfies the equation

(6.40) Ay (2) = 0j((ai;(Du) — aij(D@)d;@) +h — h.

=:Usg

The term Us can again be estimated as x in (6.30), with

(6.41) |Us|ls—1 + |Us|1 < 2Ro®(2R0)||Vz||s;
thus,
(6.42) [Vz]ls < 20Roy(2R0) ||V 2||s + C(||h — hlls—1 + [ — h|1).

By (6.21), 2CRo¥(2Ro) < §, so that we deduce from (6.42)
(6.43) IVu = Valls < C(||h = hfls—1 + [h = Bl1),

which shows the asserted continuous dependence of u on h. This ends the proof of
Theorem 4.2. O

7. CONVERGENCE AS t — 00

In this section we prove Theorem 4.3; again, we only consider the case ¢ = 1 and,
with abuse of notation, we write Dv := (0, Vv). We denote by ~;, j € N, a generic
positive constant, depending on g and Ry in a continuous and non-decreasing way.

The difference z(t) := u(t) — v satisfies the equation

(71) Zet + 224 — bij(‘)i(‘)jz =f—-—h+g,

where, as before, b;; = a;;(Du), and

(72) g = (aij (DU,) — Q55 (Dv))(‘)i&jv = (Aij . Dz)&iajv
with
(7.3) Ajj = /1 al;(A\Du + (1 — A\)(Dv)) dX;

0
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note that g € L°°(0,00; H*NL'), since h € V52 (the L' part of this assertion follows
by noting that a;j(Du) — a;;(Dv) = (a;;(Du) — a;;(0)) + (a;;(0) — a;;(Dv)) € L?).

We proceed to establish energy estimates on Vz, similar to those on u established
in the proof of Theorem 4.1. We multiply (7.1) in V* by 2(z; + z) (this procedure is
formal, but can be justified by regularization, as in the proof of (5.14)). In doing so,
we realize that the term B := —2(V(b;;0,0;2), V(2 + 2))s—1 can be written as

d - - .
(7.4) B = EQ+ 2Q + Rs,
where
~ N
(7.5) Q= > > (b:0:0)0k2,0;0)0k2),
|6l<s—1k=1

and Rs is the sum of terms containing only derivatives of z, but not z itself. The
terms with derivatives of z of order higher than 1 can be easily estimated, as we
have done for R§ (cf. (5.22)), in terms of (o + Ro)||VDz(t)||s—1; the terms with
first order derivatives of z have the form

(7.6) Ry = (al;(Du) - DOud;0,2,0,2),

and these can be estimated by

(7.7) R31

)

< |aj; (Du)loo| V Dul| 107 2]2| V25
< ol Dulls—1]|0%2[|* < Youol| VD%,

Thus, defining
(7.8) G:= Va2, +2(Vz, Va1 + 2| Va3, + Q,
we obtain an estimate of the form

d
(7.9) 7@ +2|VDz(t)I2-,
<o + Ro)[ VD21 + 2{V(f = h+g), V(2 + 2))s-1.

We can choose pg and Ry so small as to absorb the first term on the right side of (7.9)
into the positive term ||[VDz(t)||2_; on its left, thus leading to an inequality of the

form
(7.10) G'(t) + gHVDZ(t)lli_l S2UV(f —h+9), V(e +2))s-1.
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Clearly,

(7.11) (V(f =h+9),Va)s—1 < | f = h+ glls[|Vae|ls-1,
and, integrating by parts,

(7.12) (V(f =h+9),Va)s—1 <|If — b+ glls—1| Azl s—1;

thus, we deduce from (7.10) that

3
(7.13) G'(t) + §||VDZ(t)H§_1 <COIf =h+glsIVDz(#)||s-1-
By (2.6),
(7.14) lglls < Cl|Ai;0;05v]|s[|VDz[[s—1 < v2Rol|VDz][s-1;

inserting this into (7.13), by the smallness of Ry we obtain

(7.15) G'(t) + |VDz(t)|1_y < CIIf = hlls|IVDz] 1.

Now, for all ¢t > 0,

(7.16) IVDz(t)[ls—1 < [Dz(0)]s < [[Du®)]ls + [[Volls < po + Ro <2,
so that, by virtue of (7.15),

(7.17) &' (t) + [V D=(0)|2 < 20 — Bl

Integrating this and recalling that, by Schwarz’ inequality, G(¢) > 0 for all ¢ > 0, we
deduce that

t
(7.18) / IVD=(0)|2_, d9 < G(0) + 2C Ao,
0

Thus, the function t — fot [VDz(6)]|?_, df is bounded. Finally, applying the stan-
dard energy estimate for (7.1) (i.e., multiplying the gradient of (7.1) only by 2Vz,
in H°~!) and using the bounds so far obtained, we can deduce that the function
t — (d/dt)|[VDz(t)||2_, is also bounded from above. In conclusion, the positive
function ¢ — ||V Dz(t)|%2_; is absolutely continuous on [0, 00|, has a bounded inte-
gral and a derivative bounded above. These conditions imply that ||V Dz(¢)||?_; — 0

as t — oo.
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To prove (4.14), we still need to show that also
(7.19) 12+ 2(8)] — 0.
To this end, we rewrite (7.1) as in (5.33) in the form
(7.20) zte + 224 — ¢ij0;0;2 = f —h+ g+ g,
where ¢;; = a;;(0) and
(7.21) 9(-) = (aij(Du) — ;;(0))9;0;z.

From the first part of this proof we know that for every ¢ > 0 there is T} > 0 such
that for all t > T7,

(7.22) IVDz(t)]|s—1 < &

Assumption (4.13) on the data f and h also implies that there is 75 > 0 such that
for all t > Ty,

(7.23) / (F0) = bl +1£6) — hl) a0 < e.
=¢(0)

Fix e € ]0,1[ and let T, := max{T1,T2}, ¢ := z(T:), ¥ = z(T); also, set
® := f— h+ g. Then, for all t > T, by the variation of parameters formula we
obtain as in (5.37)

(7.24) Vz(t) =St —Te; V(20 + 0e)) + 0.S(t — Te; Vipe)

+/t VS(t—@;(I)(@))d@Jr/t VS(t— 0;9(6))do.

TE

As in (3.15), the fact that V(¢ +1.) € L? implies that
(7.25) [S(t = Te; V(20 + 1)) — 0 ast — oo;
by Matsumura’s estimate (3.2) with g =2, m=0and v =k =1,

(7.26) 10:S(t = Tes Vipe) | < C(1+t = T2) M| Ve .
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We estimate the third term of (7.24) again by (3.2), now with ¢ = 1, £k = 0 and
m = 1; then 14 ::iN+%>%>1and

(7.27) Wi(t) == /t VSt — 0; B(0))] 6
<o [ Qti—0 (0O +|B(0)) db.
T

Recalling (7.21), we conclude that

(7.28) [2(0)]2 < [[£(0) = hll + |ai;(Du) — aij(0)]oc|0:0;2]2
< |fF(0) = bl +3lIVDz].

Likewise, by (2.7),

(7.29) |2(0)1 < [f(0) = hl1 + |ai;(Du) — aij(0)]2|0;0;2]2

|
|f(0) = hl1 + 74| VDz|.

NN

Inserting (7.28) and (7.29) into (7.27) and recalling (7.23) and (7.22), we obtain that
forall t > Tk,

(7.30) Wi(t) < C/Tt (1+¢t—0)""(C(8) + [|[VDz(6)|].)do

[e'e] t
<c [ coan+ 0756/ (1+47) dr.
0

Te

To estimate the last term of (7.24), we need to proceed in a slightly different manner
because, even if, as we know, g(f) € L', we do not know how to estimate |g(6)|1
in terms of ||[VDz(0)|s—1. Thus, we first define positive numbers A, u by A\~! =

- iN’l, ul= % — iN’l; it is immediate to verify that A € |1, [ and u € ]2, pl.
We apply (3.2) again, with ¢ = A\, k = 0 and m = 1, noting that, since A < g, it still
follows that vy := 2N(2A~! —=1) + 1 > 1. Then

t

(7.31) Wa(t) := HVS(t— 0;9(0))| 46

C/ (11— 0)" (|g(8)]2 + |g(6)]) o
Since A7 = p71 + %, using interpolation we estimate
(7.32) 1915 < ClAij oo D21,|0:050]> < 76| D2 < Ol D2f3/* Dl
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Arguing as in (7.16) and recalling (7.14), we conclude from (7.32) and (7.22) that
(7.33) 9l + lgln < 72Ro[[VD2]ls—1 + 7|V Dzly* < yse'/*;

and, therefore, from (7.31) we obtain
¢
(7.34) Wa(t) < 7861/4/ (14 7)™ dr < CeV/4
0

Together with (7.25), (7.26), and (7.30), (7.34) allows us to assert, via (7.24), that
[Vz(t)|| — 0 as t — oo. The proof that ||z:(t)|| — 0 as ¢ — oo is similar; we can
therefore conclude the proof of Theorem 4.3. ([

Remark. To prove (4.14), it would be natural to multiply (7.1) in H® by 2(z;+2)
as in the proof of Theorem 4.1; however, we cannot do so because, in contrast to
that situation, we do not know that u(t) — v € L?, because we do not know that
v € L2 Note also that Theorem 4.1 guarantees that u(t) € L?, boundedly in ¢, only
when N > 5, and, as we have noted already in the linear case (Theorem 3.3), the
map ¢ — u(t) may fail to be bounded in L? if N =3 or N = 4.
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