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Abstract. We study the long-time behavior as time goes to infinity of global bounded
weak solutions to the following integro-differential equation

i+kxiu+VE(u) =g,

in finite dimensions, where the nonlinear potential E satisfies the Lojasiewicz inequal-
ity near some equilibrium point. Based on an appropriate new Lyapunov function
and Lojasiewicz inequality we prove that any global bounded weak solution converges
to a steady state. We also obtain the rate of convergence according to the Lojasiewicz
exponent and the time-dependent right-hand side g.
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1. Introduction

In this paper we study the long-time behavior of global bounded solutions of
a nonlinear second order evolutionary equation with memory damping of the
form

i+k+xu+VE@u) =g, t>0. (1)
Here, VE(u) is the gradient of the scalar function F € C*(R"), k € L'(R") is a
nonegative kernel, kxu(t) = fot k(t—s)u(s)ds, and the forcing term ¢ tends to 0
with exponential or polynomial decay rate. A typical example for the kernel k
we have in mind is given by

k(s)=s"" s>0, (2)
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for some a € [0,1), § > 0.

For this type of singular kernel, we show that, if g tends to 0 sufficiently
fast at infinity, the dissipation given by the memory term is strong enough to
guarantee convergence to a steady state for any global weak bounded solution
of (1), assuming that the function E satisfies the Lojasiewicz inequality near
some w-limit point (see below for the definition of the Lojasiewicz inequality).

We show also that the so-called Lojasiewicz exponent 6 and the decay con-
ditions on g determine the decay rate of the solution to the steady state. If
0= % and g decays to 0 exponentially, then the solution uw converges exponen-
tially to its limit, and if 8 € (0, %) and g decays to 0 polynomially, then the
convergence rate of u is polynomial.

The proof is based on the construction of an appropriate new Lyapunov
functional, differential inequalities, and on the Lojasiewicz inequality which
was proved by Lojasiewicz for analytic functions defined on the finite dimen-
sional space R™ [10-12]. This inequality was generalized first by L. Simon [13],
then by A. Haraux and M. A. Jendoubi [7-9] to functionals defined on infinite-
dimensional Banach spaces where convergence to equilibrium as ¢ — oo was
obtained by the well known Lojasiewicz-Simon approach for bounded solutions

of the heat and wave equations with linear dissipation and analytic nonlinearity.

The problem (1) has already been investigated in several papers under dif-
ferent additional assumptions. The main difficulty in treating such a problem
is due to the presence of the memory term. For the type of kernel k and nonlin-
earity F as above, we note that there are up to now two techniques to construct
an appropriate Lyapunov functional which allows one to apply the Lojasiewicz
inequality in order to obtain a convergence result. The first technique goes
back to C. Dafermos [5], and this technique was adaptated by S. Aizicovici and
E. Feireisl [1] in order to obtain a convergence result for a phase-field model with
memory (see also S. Aizicovici and H. Petzeltova [2]), and then by R. Chill and
E. Fasangova [4] in order to obtain a convergence results for bounded solutions
of equation (1), the autonomous equation in infinite dimensions case, where the
dissipation is both frictional and with memory

i+u+kxu+VE(@u) =0, t>0.

Later, R. Zacher and V. Vergara [14] have developed a second technique to
find Lyapunov functions for ordinary differential equations of order less than 1,
and of order between 1 and 2 in time, which combined with the Lojasiewicz
inequality leads to a proof of convergence of global, bounded solutions to a single
steady state. In [15], Zacher has obtaind a convergence result for global bounded
strong solutions of equation (1). In his proof, Zacher used the Lojasiewicz
inequality together with the method of higher order energies.
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The present work extends the result of [4] to the nonautonomous case with
damping of memory type only. The proof of the current result is easier than the
one in [15] since we do not need the method of higher order energies. Moreover,
we obtain here the rate of decay betwen the solution and its limit. Finally,
our result is established under weaker conditions on ¢ than those imposed by
Zacher.

2. Assumptions and main results

We consider here the nonautonomous case; we assume that, for some § > 0, the
function g € L'(RT,R™) N L?*(R", R") satisfies the polynomial condition

sup (14010 [ (o) ds < oc, (@)
teRT t

or the exponential condition

sup e‘”/ llg(s)||? ds < oo. (G2)
t

teRt

The kernel & is assumed to be positive, convex and integrable on (0, 00), and
there exists a constant C' > 0 such that

dk'(s) + CK'(s)ds > 0, (3)
where dE’ is the distributional derivative of k.

Remark 2.1. (i) The kernels k in (2) satisfy the condition (3).
(ii) If we integrate the inequality (3), we obtain an inequality which will be
used in the sequel:

0 < k(s)ds < —kok'(s)ds < kidk'(s) on (0, 0),
for some kg, ki > 0.

Definition 2.2. For T > 0 we say that a function v € H?*([0,T],R") is a
solution of (1) on [0, 7] if (1) holds a.e. on [0,7]. A function v € H? (R, R")

is called a global solution of (1) if for any J = [0, 7], T > 0, the function u|; is
a solution of (1) on J.

We recall that the w-limit set of a global solution u of (1) is defined by

w(u) = {¢ € R": there exists t,, — oo such that lim u(t,) = ¢}.

n—oo

Our first main result reads as follows.
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Theorem 2.3. Let u € WH°(RT,R") be a global bounded solution of equa-
tion (1). Suppose that

(1) the kernel k is positive, convez, integrable on (0,00) and satisfies (3);
(ii) the function g € L*(RT,R™) N L*(RT,R") satisfies either (G1) or (G2);
(iii) there exists some ¢ € w(u) such that E satisfies the Lojasiewicz inequality

near ¢, i.e. there are constants 6 € (0, %] and o, 3 > 0 such that

|E(z) — E(¢)|*°< B||VE()||, for all x € R™ with ||z — ¢|| < 0. (4)

Then
lla(t)||+]|u(t) — ¢l — 0 ast — oc.

From the proof of Theorem 2.3 and by using differential inequalities we
obtain also the rate of the convergence of the solution u to the steady state ¢.

Theorem 2.4. Under the assumptions of Theorem 2.3, the following assertions
hold:

(i) If 6 € (0, %) and g satisfies the polynomial decay (G1), then there exist

constants C,& > 0 such that for all t > 0 we have

lu(t) = o < C(L+1)7,

. 6 ) .
mf{l——%’ﬁ} if g # 0,
=Y 6

1-2 79=0.

where

(ii) If @ = 5 and g satisfies the exponential growth (G2), then there exist

constants C,k > 0 such that

lu(t) — ¢|| < Ce™™, t>0.

3. The convergence result

We denote by C' (sometime C;) a generic positive constant which may vary
from line to line, which may depend on ||k|[1(g+), but which can be chosen
independently of ¢ € R*. We start our proof by citing and providing some
Lemmas. The first one is a technical lemma. Its proof can be found in [4].
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Lemma 3.1. Assume that the kernel k is positive, convex zntegmble on (0, 00)
and satisfies (3). Let v € L*(R*,R") and define n(t,s) = [ _v(p)dp, 0<s<t.
Then

lim ( K)(s) n(t, s)|2ds = hm/ $)lnt, s)|ds = 0

t—00
lim sk(s) = lim s*k'(s)
s—0*t s—0t

The following lemma is needed in the construction of the Lyapunov energy.
Its proof can be found in [4].

Lemma 3.2. Let H be a Hilbert space cmd ke LZOC(R ) be positive and convez.
Let v € L2 (R, H) and define n(t, s) ft LU , 0 < s <t. Then, for

loc
almost every t > 0,

%(%/0 (—k)(s)|In(t, s)y\zdwk(t)\!n(t,t)!!%)

+5 [ I Bk ) + 5= )t O

(kxv(t),v(t))g =

3.1. Lyapunov function. The crucial step point for our proof is to find a
Lyapunov functional. Using Lemma 3.2, we begin by the basic energy estimate

Lemma 3.3. Let ® : Rt — R be the function defined by

B(t) = 50 + Blu(®) + 5 [ (Kt 5) P

MﬂM@JM”+wa&%M$M&

where n(t, s) ft . =u(t)—u(t—s), 0 <s <t. Then, for almost every
t € RY, we have

d@(-——1/]<t>WM«>+1M@m<th<o

at =g ) Intts T WIS =

Proof. Taking the inner product of (1) with @ and using Lemma 3.2 for H = R,
we obtain the result. O

The dissipation given by the basic energy estimates is not strong enough
to prove the convergence with the Lojasiewicz approach. To overcome the
difficulty due to the weaker dissipation, it is necessary to introduce a suitable
perturbation which serves to control some terms and to produce some new
dissipation. Indeed, we prove two lemmas, the first one serves to control | ||
and the second serves to control ||[VE(u)||. Let ¢ > 0 be a real positive number
which will be fixed in the sequel.
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Lemma 3.4. Let I : Rt — R be the function defined by

zuw—<<>/ tsm—+n/ (e s)dsl?+ 5 [ late)lPds

1

-3 [ ROt Pds — kOOl e R

Then there exists to > 0 such that for almost every t > t,

10 < {= [ ko) SQHE o PO + SITE@IP

v (14 ){/MtsH%’ - KOOI}

P'mof Taklng the derivative of I and using the fact that 4 fg k(s)n(t,s)ds =
k(t)n( (t) [ k(s)ds — k * u(t), we have

jt]( t) = —(u(t) + k= u(t) — k(t)n(t,t) — U(t)/o k:(s)ds,/o k(s)n(t,s)ds)

t
. . . 1
= (a(t), k()n(t, ) + a(t) /0 k(s)ds —kx (1)) = 5 lg(D)I’
d 1 ! / 2 2
— =935 | KD, s)Pds + k@) lInt Ol ¢ -
a2 ),
Using Lemma 3.2 and equation (1), we get almost every t > 0

cifl( t) = —(u(t) + kxa(t) — k(t)n(t,t) — u(t)/o k(s)ds,/o k(s)n(t,s)ds)

-wmwumn>+m>/%mw—kww»—QAMP
(k= il L/Mts!% + S (K O)nt, D)
— —(~VE(ult) + g(t) - K(t)n(t,t) - <wAkKMaA%wmw@@>
— [ sl = () Kot 1) - 301
+ 3 [ AR ) + JR Ot
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Next we estimate some terms in %I (t). The Cauchy—Schwarz inequality implies

IN

@), [ ot 9 < v+ [ VERVEGI )
< SIVBEO)IP + LD [ s e, s
< vl + 22 L pas),

1
2

(e [ Ks)ate. )i ||g<t>||2+o”k”+““ [ntesars),

t

(a(t) /0 k(s)ds, | k(s)n(t,s)ds)

ellk %1 R+) | . 2 ! ’
< ey s L( [ AOVEI 1)
< Py s [y ),

S~

It follows from the assumption on k that there exists to > 0 such that for all
t > to the Cauchy—Schwarz inequality implies

(aft), (e, 1) < S+ e, o <

Also, for t > tg

facol+ CEE D e

DO |

t

onte ), ot 99 <3 [VEGVEGIate 1as) + L o
< AL i, ) Pa )+ b )t 01

Hence, putting these estimates together we obtain the result. O

Lemma 3.5. Let J : Rt — R be the function defined by

J(t) = (VE(u(t)). i(t) — / K(s)(t, s)ds) + / Tllg()|Pds, t e RY.
Then for all t > t,

70 < =LV E@@IP+C {10l + [ Inte.s)Pak(s) - Kol ol
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Proof, Take the derivative of J and use equation (1),
EI10) = (VEGUO) () + b a(t) ~ Kot — (6 [ K(s)as)
(V)00 ~ [ K6t 1) o)
= (VEQ(0),~VEW(t) + 5(0) ~ KOn(t. )~ idt) [ Ks)ds)

t

+ (V2B (u(t))i(t), u(t) — / k(s)n(t, s)ds)—|lg(t)|

0

— | VE@®)|? + (VE(u(t)), g(t) — k(t)n(t. 1) — a(t) / K(s)ds)
T (V2E(ut))alt), alt) — / E(s)n(t, s)ds)—[lg()]>

Next we estimate some terms in %J (t). The Cauchy—Schwarz inequality implies,
forallt > 0

(VE(u(t), g(1)) < i\!VE(U(t))!!2+\\9(t)\!2-
(VE(U(t)),ﬂ(t)/o k(s)ds) < iHVE(u(t))”2+HkH%1(R+)Hu(t)H2'

1
(VE(u(®), k(t)n(t, 1)) < ZIIVE@®)[* + C(=K @) In(t, )"
By the boundedness of u, the continuity of F, and the Cauchy—Schwarz inequal-
ity, for all ¢ > 0
(V2E(u(t))u(t), u(t)) < Clla(t)|*.
t t
(V(“E(U(t))u(iﬁ),/0 k(s)n(t, s)ds) < C([la(t)]* + /0 In(t, )[1*dK (s)).

The claim follows by combining these estimates with £.J(t). O

Now, thanks to the last three lemmas, we construct the suitable Lyapunov
functional. Let Hy : R™ — R be the function defined by
Hy(t)
=d(t)+’I(t)+3J(t)

82

= S+ B )+ [ (K6t 5) s+ (=) ) e

(()/ 0t 5)ds)+ —||/ n(t, )ds|

VB0, ide)— [ ot )+ 22 [Tt P+ [ (oot

0
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Then, keeping in mind the last tree lemmas, for almost every ¢t > ¢,

L tro(t) < ——/ In(t, s)|1*dk'(s) + 5 /f’( )In(t, t)||2——HVE( ®)*

dt
“2{_/“ )ds + = (1+[|k]% R+>)}Ilu(t)|12 + gHVE(u(t))”z

ree(1+2){ [ ntesan) - Kol 01}

rCflaol + [ e IPa(s) - KO e, 017}
< 2o [Tho)ds 5 (04 20 ) PO = SIVEO)I?

+{—% +eCi(1+e) + 5302} (/OtHn(t, $)I2dK () — K (1) |In(t, t)HQ).

Thus, if we choose € > 0 small enough, we see that there exists a constant
C3 > 0 such that for almost every ¢t > tg ,

L b ><—03{||u<t>||2+ O||n<t,s>||2dk'<s>+||VE<u<t>>||2—k'<t>||n<t,t>||2} <0. (5)

3.2. Properties of the w-limit set. If u is a global bounded solution of (1),
w(u) is non-empty, compact, and connected [6]. Moreover, since our equation
has a continuous Lyapunov functional, we prove the following lemma which is
fundamental for the proof of Theorem 2.3.

Lemma 3.6. Let u be a global solution of (1) and assume that the assumptions
of Theorem 2.3 hold. Then

(i) we L2 (R, R™) and [, ||n(t,s)||2dk'(s), [, (=K' (s))||n(t, s)||ds € L'(RF).
(ii) The function E is constant on w(u), and

E(¢) = lim E(u(t)) = Ex = const < oo for all ¢ € w(u).

t—o00

(iil) limy_oo||(t)]| = O.
(iv) The w-limit set of u is a subset of the set of stationary solutions.

Proof. The two functions ® and Hy are decreasing for large ¢ (¢t > ¢y) and (since
g € LN(RT, R")NLA(RT,R"), u € WH(RT, R") and F is continuous) bounded
from below. Then, the following limits exist

t—o0 >0
lim ®(t) = gg O(t) = Po.

t—o00
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From this, the inequality (5), and the fact that fg(—k’(s))Hn(t, s)|Pds <
C [alln(t,s)||?dk'(s) we obtain (i).

Next, let ¢ € w(u) and ¢,, * oo such that u(t,) — ¢. Since © € L*(R*,R"),
we have

u(t, +s) = <u(tn) + /tﬁs u(p) dp) — ¢ for every s € [0, 1].

Hence, by the continuity of £, E(u(t,+s)) — E(¢) for every s€ 0, 1]. The dom-
inated convergence theorem yields F(¢)=1im,_ folE (u(t,+s))ds. Therefore,
by integrating ®(t, + -) over (0, 1), we obtain

1

E(¢) = lim O(t, + s)ds = D

n—oo 0

Here we have used (i), the fact that k € L*(R"), ¢ € L*(R",R"), and the
boundedness of 7. Since ¢ was chosen arbitrarily in w(u), this implies that E is
constant on w(u). Moreover, by the relative compactness of the orbit of u, we
see that

lim E(u(t)) = Po = Feo.

t—o0

From this, (i), the definition of ®, Lemma 3.1, the assumtions on %k and g,
and the boundedness of 7, we obtain (iii).

In order to prove (iv), let ¢ € w(u) and choose t,, — oo such that u(t,) — ¢.
We have already seen that this implies u(t,, +s) — ¢ for every s € [0, 1]. Hence

VE(u(t, +s)) — VE(¢) for every s € [0,1]. (6)

Using the dominated convergence theorem and the equation (1),

1

VE(6) = /0 VE@)dr = tm [ VE(u(t, +))dr

n—oo 0

=lim [ (—d—kxiu+g)(t,+7)dr

n—oo 0
tn+1
= lim (0(ty) — @(t, + 1)) + lim (=k*u(r) + g(7))dr
n—o00 n—o00 b
=0,

by (i),(iii), and the integrability of k£ and g. O
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3.3. Proof of the convergence result. After the previous preparation, we
are ready to prove Theorem 2.3.

Proof of Theorem 2.3. Let H : Rt — R be the function given by
H(t) = Hy(t) — Fo.
By (5), for almost every t > ¢,

d

priadl )<—03{||u(t)||2+ 0||77(t78)IIQdk’(S)JrIIVE(U(t))IIQ—k’(t)IW(t’t)II?} <0. (7)

Then H(t) is decreasing. In addition, using (iii) and Lemma 3.1, we get
lim; o H(t) = 0. Then H(t) is nonnegative for large ¢ (t > to).

Now, we consider two possibilities. If the function g satisfies the polynomial
growth (G1), then, for 6 as in Theorem 2.3, let 6, € (0, 6] be such that

) 4]
(1 + 5)(1 — 90) > 1, thatis 6y < 1—+(,)_

Note that (4) is satisfied with 6 replaced by 6y. Then, by applying the Cauchy—
Schwarz inequality, Young’s inequality ( 1=6opl=bo < C (a + b%> , a,b> O),
and the fact that || [J k(s)n(t,s) ds|| < C( f;(=&")(s)|n(t,s)||* ds)?, % we obtain
forallt >0

(O <Ofa) )+ (o)~ Bl o)) &

’ 12(1-6o)
FEl T +(/(_"")<8)Iln(t, s)|I” dS)
t T (®)
+ (/O(—k;/)(S)Hn(t, s)|” ds) ‘L (/t (g(s), t(s))ds) =)

([ lator ds)(lgo)}.

Next, we will control the term ([ (g(s), u(s))ds)(lfeo) by the other terms of
the right-hand side of the inequality (8). Using the Cauchy—Schwarz inequality
and Young’s inequality,

2 / " g(s).ls))ds < - / llg(s)|%ds + Oy / ()| Pds,

where Cj is given by (7). In addition, H(t) positive and decreasing to 0. Then,
by (7), for almost every t > to, [ [lu(s)||* < & H(t). Hence,

2 [t itods < & [ loto)Pas + )
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Using this mequahty, H the Cauchy—Schwarz mequality, Young’s inequality,
1
and the fact that || [J k(s)n(t, s) ds|| < C(f,(=K)(s)|ln(t,s)||* ds)2 we obtain

t

/t (g(s),als))ds < c{||u<t>||2 + | E(ult) — Bx| + / (—K)(s) (. 5)|)? ds
k() In(t, )PV B (u(t) || =% +[Ja(t) |7

.
; ( / (RS lte, ) ds) " / oo ds}

for almost every ¢t > ty5. From this inequality and Young’s inequality, it follows
that

([Tt OO+ (a0 0

1-6

a5 ([CRe e 1as)
o (1—6p)
|\g<s)|\2ds)

2(1—6p)

+||VE<u<t>>|r},

+<k<t>||n<t,t>||2><1—90>+(

#( [l )

which together with (8) implies that, for almost every t > ¢,

N|—=

H(O < LI + [Bu() - Bxl IV EO) |+ i)

1—6,

n ( / (k) () e, )] ds) " k(e 2 R0

+ (/Ot(—k/)(s)l\ﬁ(t, )| ds)p(l%) " (/tong(s)HZ ds) o }

By Lemma 3.6(iii) and Lemma 3. 1 choosing to > 0 sufficiently large so as
to ensure that both [|a(t)|| < 1, [5(=K)(s)|n(t, s)|]* ds < 1, k(t)|ln(t,t)]* < 1,
for all ¢ > tyg. Taking into account that 1 060 > 1 and 2(1 — 6y) > 1, it follows
that for almost every ¢t > t; we have

H(t)'™" < C{Ilu(t)ll +Eu(t)) = Boo "IV E (D)) ]| + (k(0) |02, 0)]?)2

w ([ e ds)% o (ot o) h f
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If there exists 7 > ¢y such that H(7) = 0, then H(t) = 0 for all ¢t > 7. By the
inequality (7) we obtain ||4(t,.)|| = 0 for all ¢ > 7. In this case u is a stationary
solution and, in particular, a convergent solution. We may therefore suppose in
the following that

H(t) >0 forallt>t.

Let ¢, o be as in assumption (4), and let ¢; > ¢y be such that ||u(t;) — ¢|| < o.
Let

ty = sup {t >ty sup |lu(s) — ¢l < a}.

SE[t1,t]

By continuity of u, to > ¢;. By (4)
B(u(t) — Ex|1% < CIVE(u(®)]l, for every ¢ € [t1,12).

Thus we obtain

H(t)'™" < C{IW(t)IIHIVE(U(t))II + (k) 1))

T ( / )l )P ds)é + ( | st ds) o }

for almost every t € [t1,t5). Now, using (7),(9),(G1), we have

d 6o
- %H(t)

- —HOH(t)GO_I%H(t)
C (a ()| + fylln(t,s)|Pdk(s)+ | VE(u(t) | = k(@) [n(t.0)]*)
Nl IVE@)l+k@) 2 In(6) 1+ (k) () lIn(t.s) [2ds) * +(L42)=0+00-60)
C (Ila() [+ fylln(t,s)Pdk(s)+ | VE(u(t) |~ k(&) [n(t.1)[*)

@l IVE @+ (=R ()3 ()] + (ol (t.s) [2dk(s) 4+ (1) =000

>C (Hu(t)IIHIVE(U(t))H + (/0 (2, S)IIQdk’(S))ZJr (=K' (£)*In(t, t)H)

— C(1 4 t)~1+00=bo), (10)

(9)

From the above inequality and from the fact that the term —<H(t)%+
C(1 + t)~(0+90-%) is integrable we obtain that |[%|| is integrable on [t1,ts).
Moreover, for t € [t1,t2),

() — ]l <lluts) — o] + / (sl ds

<|lu(ty) — 6|l + C {H(t)% + (1 + t;)~ AHOO-0)+1
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The three terms on the right-hand side of this inequality tend to 0, if #; tends
to oo. This implies that t, =00 if ¢ is chosen large enough. In fact, if this was not
true, then we could find a sequence (t7) oo such that lim, . ||u(t}) — ¢|| =0
and such that the corresponding t% are finite. By definition ||u(t}) — ¢|| = o,
and by the above inequality, lim,,_,||u(t5) — ¢|| = 0. The compactness of the
range of u now yields a contradiction.

Hence ty = oo if ¢; is large enough and then ||u|| is integrable on [¢;,00). In
particular, lim; ., u(t) exists.

Finally, when the growth condition in g is exponential, we replace, in the
inequality (10), the term (1 4 ¢)~(1+90=%) Ly the term e~*1=%) which is in-
tegrable too, and then the same conclusion holds. This completes the proof of
Theorem 2.3. [

4. Convergence rate

Now we shall prove the exponential or polynomial decay of solutions to equa-
tion (1), depending on the Lojasiewicz exponent and the decay conditions on g.
The following lemma is used in the proof of the polynomial convergence rate.
Its proof can be found in [3].

Lemma 4.1. Let ¢ € WY (RT,RY). We suppose that there exist constants

loc

Ky >0, Ko >0, k>1 and X > 0 such that for almost every t > 0 we have

% (t) + K (1) < Ky(1 4+ 1)~

Then there exists a positive constant m such that

C(t) <m(l+1t)™", wherev =min {k’— —} :

Proof of Theorem 2.4. We proceed in two steps.
Step 1 (Polynomial decay). First, we note that the inequalities (9) and (10)
are satisfied when 6y is replaced by the initial exponent 6 given by (4). By

using (9) together with (G1) and Young’s inequality, we obtain for almost every
t € [t1,00)

H(t)* % < C(||it(t)||2+||VE(u(t))|l2 + k() [n(t, )|

+/O (=K)(s)In(t, s)|I” ds + (1 + t)—2<1+6)(1—e))_
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From this inequality, (7), and the assumption on k, we obtain the following
differential inequality for almost every t > ¢,

d
C4dt ( )+H<t)2(1—9) < 0(1 —I—t)_2(1+5)(1_9). (11)

Then we may apply Lemma 4.1 in order to obtain
H(t) <C(1+1t)7", foreveryt >t (12)

where v = min{;=5;, 1+ d}. Using again (7), we have —£ H(t) > C|lu(t)|?, for
almost every ¢ > t;. Integrating this inequality over [t, 2t] (t > t1), using (12)
and the fact that H(t) > 0, we obtain

ot
/ |i(s)]|* ds < C(1+ )77
t
1
Note that for every t € R, j; la(s)|| ds < t2 < t2t||1't(3)||2 ds> * Tt follows that

2t -
/ lla(s)|| ds < C(1+t) = for every t > 1;.
t

Therefore we obtain

ok+1¢

/||u Hds<2/ e ||ds<(]22k L o140

Then for all ¢t > ¢

|u(t) — @] < C/tooHu(s)H ds < CO(1+1t)"%, where £ = min {1_0;29, g} :

Step 2 (Exponential decay). Suppose that § = % and that g satisfies the
exponential growth (G2). Then (11) becomes

d

dtH( ) —C5H<t) + 0667&,

where C5 = C%; and Cy can be chosen large enough to ensure that C5 < 4.
Now let

t
K(t)=H(t) — C’Ge_c“"t/ e~ (0=C5)s (.

0

Then
d i d

t
—K(t) = —H(t) — Cge™% 4 C5Cse / e~ =03 gs < —Cs K (1).
dt dt 0
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This yields K (t) < K(0)e=%*!, and therefore

t

H(t) < e_C5t(K(O) + 6’6/ e~ (0=Cb)s ds) < Ce™ %", (13)
0

On the other hand, from the inequality (10) (when g satisfies the exponential

decay and 0y = 0 = %) we have for almost every t > t;

_%H(t)é +Ce™% > Cllu(t)]|.

Integrating this inequality over the interval [t, 00) (¢ > 1), we obtain

ot

[u(t) = ol < /too\lu(S)H ds < CH(t)? +Ce 7.

This inequality together with the inequality (13) implies the claim. O
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