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We study the asymptotic behavior of solutions to the second-order evolution equation
p()u () +r(t)u (t) € Au(t) a.e. t € (0,+), u(0) = ug, sup .olu(t)| < +oo, where A is
a maximal monotone operator in a real Hilbert space H with A~'(0) nonempty, and
p(t) and r(t) are real-valued functions with appropriate conditions that guarantee the
existence of a solution. We prove a weak ergodic theorem when A is the subdifferential
of a convex, proper, and lower semicontinuous function. We also establish some weak
and strong convergence theorems for solutions to the above equation, under additional
assumptions on the operator A or the function r(t).
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tributed under the Creative Commons Attribution License, which permits unrestricted
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1. Introduction

Let H be a real Hilbert space with inner product (-,-) and norm | - |. We denote weak
convergence in H by — and strong convergence by —. We will refer to a nonempty subset
A of H X H as a (nonlinear) possibly multivalued operator in H. A is called monotone
(resp., strongly monotone) if (y2 — y1,x —x1) = 0 (resp., (y2 — y1,%2 — x1) = Blx; — x2 /2
for some f3 > 0) forall [x;, y;] € A, i = 1,2. A is called maximal monotone if A is monotone
and R(I +A) = H, where I is the identity operator on H.

Existence, as well as asymptotic behavior of solutions to second-order evolution equa-
tions of the form

pu’ (1) +r()u'(t) € Au(t) a.e. onR",
u(0) = uy, sup |u(t)| < +oo, (1.1)
t=0
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in the special case p(t) = 1 and r(t) = 0, were studied by many authors, see, for example,
Barbu [1], Morosanu [2, 3], and the references therein, Mitidieri [4, 5], Poffald and Reich
[6], and Véron [7].

Véron [8, 9] studied the existence and uniqueness of solutions to (1.1) with the fol-
lowing assumptions on p(t) and r(t):

pE W2*(0,+), re Whe(0,+00),

1.2
da>0 suchthatVi=0, p(t) =z a, (1.2)

+o0
I o WS/ g — 4o (1.3)
0

The following theorem is proved in [9].

THEOREM 1.1. Assume that A is a maximal monotone, 0 € A(0), and (1.2) and (1.3) are
satisfied. Then for each uy € D(A), there exists a continuously differentiable function u €
H?((0,+00); H), satisfying

P () +r()u'(t) € Au(t) a.e.on R,

u(0) =uy, u(t)eD(A) ae onR". (14)

If u (resp., v) are solutions to (1.1) with initial conditions ug (resp., vo), then for each t = 0,
|u(t) —v(t)| < |uo—wo]. (1.5)

In addition, |u(t)| is nonincreasing.

Véron [8, 9] also proved another existence theorem by assuming A to be strongly
monotone, instead of (1.3).

It is easy to show that without loss of generality, the condition 0 € A(0) in Theorem 1.1
can be replaced by the more general assumption A~1(0) # ¢.

In Section 2, we present our main results on the asymptotic behavior of solutions to
(1.1).

2. Main results

In this section, we study the asymptotic behavior of solutions to the evolution equation
(1.1) under appropriate assumptions on the operator A and the functions p(t) and r(¢),
similar to those assumed by Véron [8, 9], implying the existence of solutions to (1.1).
Throughout the paper, we assume that (1.2) holds and A~1(0) # ¢.

First we prove two lemmas.

LEMMA 2.1. Assume that u(t) is a solution to (1.1). Then for each p € A71(0), |u(t) — p| is
either nonincreasing, or eventually increasing.

Proof. Let p € A~1(0). By monotonicity of A and (1.1), we have

(pOu” (1) +r(Ou (1),u(t) — p) =0 a.e.on (0,+00). (2.1)
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It follows that

p(t)j—;|u(t)—p|2+r(t)%|u(t)—p|220. (2.2)

Dividing both sides of the above inequality by p(#) and multiplying by ehrO/pO)ds e
obtain

d( d 2
L L)/ p(s)ds & _
7 (e dt|u(t) Pl ) > 0. (2.3)

We consider two cases.

If (d/dt)|u(t) — pI?> < 0 for each t >0, then |u(t) — p|? is nonincreasing. Otherwise,
there exists to > 0 such that (d/dt)|u(t) — p||2t:t0 > 0. Integrating (2.3), we get for each
t >ty that

eIé(r(s)/p(s))ds% u(t) — p|? = 2eH PO (o (1), u(t) - p) 0. (2.4)
Hence, (d/dt)|u(t) — p|* > 0 for each t > t;. This means that |u(t) — p| is eventually
increasing. ]

Note that in the proof of Lemma 2.1, we did not use the boundedness of u.

LEMMA 2.2. Suppose that u(t) is a solution to (1.1). Then for each p € A~(0),
limy— 40 lu(t) — p|? exists and liminf,_ .« (d/dt)|u(t) — p|* < 0. In addition, if either (1.3)
is satisfied or A is strongly monotone, then |u(t) — p|? is nonincreasing.

Proof. The existence of lim;_ |u(t) — p|? follows from Lemma 2.1.
By contradiction, assume that liminf,_« (d/dt)|u(t) — p|*> > 0. Then there exist t, > 0
and A > 0, such that for each t > t,

d
g 1w —pl’=A (2.5)
Integrating from ¢ = fo to t = T, we get
|u(T) = p|* = |ulty) — p|* = AT = Aty (2.6)

Letting T — 400, we deduce that u is not bounded, a contradiction. If in addition (1.3) is
satisfied, assume that |u(t) — p| is eventually increasing. Then there exists fy > 0 such that
(1 (to),u(te) — p) > 0. Dividing both sides of (2.4) by elo(r(/P()ds and integrating from
t=tytot="T,weget

to T t
u(T) = p|* = [ulty) = p|” = 20" VP (1), u(ty) - p) f e eI
(2.7)

Letting T'— +co, we obtain a contradiction to assumption (1.3). This implies that |u(t) —p|
is nonincreasing.
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Finally, assume that A is strongly monotone, and let p € A~1(0). Then we have

(p(u” () +r(t)u' (1), u(t) — p) = Blu(t) —p|2. (2.8)

This implies that

dt2|ut) »l’ () |()—p|222[3|u(t)—p|2. (2.9)

Suppose to the contrary that |u(¢) — p| is increasing for t = Tj) > 0. Let K (resp., M) be an
upper bound for p(t) (resp., |r(t)|). Integrating both sides of this inequality from ¢ = T
tot =T, we get

T
2/3L u(t) - p|2dt

T
sK(% u(T) = p|* —2(u' (To), (To)—p)+JT %% u(t)—p|2dt)
5K<%| P| =2(u'(To),u(To) - +%|u(T) P| __| pl)
(2.10)

Since |u(t) — pl is increasing for t = T, > 0, we have
2Bl u(To) = p|*(T - To)
SK<ﬁ| (T)—p|* —2(u/ (To),u(To) - p) (2.11)
2 |u(r) - p|” = u(To) - pl*).
Taking liminf as T — +co of both sides in the above inequality, by the first part of this

lemma we deduce that u(t) is unbounded, a contradiction. O

In the following, we prove a mean ergodic theorem when A is the subdifferential of a
proper, convex, and lower semicontinuous function.

THEOREM 2.3. Suppose that u(t) is a solution to (1.1) and A = dp, where p : H —] — 00, + 0]
is a proper, convex, and lower semicontinuous function. If (1.3) is satisfied, then or :=
(1/T) f u(t)dt — p € A1(0), as T — +oo.

Proof. By the subdifferential inequality and (1.1), we get for each p € A~1(0) that

@(u(t)) —o(p) < (p()u” (t) +r(t)u' (1), u(t) -p)
(t) d?
s‘DTd—Iu(t)—m2 5 dtl u(t) - pl* (2.12)
s d d
= % fo(r dt( fo r(s)/p(s))ds 2 | t) p| )
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Let K be an upper bound for p(t)/2. Integrating the above inequality fromt=0tot =T,
and using integration by parts, we get

[, (ptu) - gpat

d , T d
< K( g 1un) = pI* =20 @0) =)+ [ 8 w61 =pl ) 213

, Tr(t) d 2
sK(—Z(u (o),u(o)—phj0 o) dt u(t) - p| dt)

(the second inequality holds by Lemma 2.2). Let R be an upper bound for |r(¢)|, which
exists by assumption (1.2). Since |u(t) — p| is nonincreasing (by Lemma 2.2), we get from
(2.13) that

li dt
imeup 7 (00) - (p)
< hmsup ' d u(t) — p|’dt (2.14)

T—+o0 T 0 P(t) dt

< _I;Rlimsup?[|u(T)—p|2— |u(0)—p|2] =0

T—+o0

Since p € A71(0) and A = dg, p is a minimum point of ¢. Convexity of ¢ implies that

0<g(or J o(u(t))dt - 9(p). (2.15)
Taking the limsup as T — +co in the above inequality, we get by (2.14)

limsupg(or) < @(p). (2.16)

T—+co

Assume that o7, — g for some sequence {T,} converging to +oco as n — +co. Since ¢ is
lower semicontinuous, we have

liminf¢(or,) = ¢(q). (2.17)
Therefore,
o(p) = limsupg(or) = hmlnfgo(aT ) = ¢(q). (2.18)
—+o00

Hence, g € A71(0) and by Lemma 2.2 lim;_, |u(t) — g|* exists. Now if p is another
weak cluster point of or, then limy—e(|u(f) — pI? — |u(t) — q|?) exists. It follows that
limy— 4o (u(t), p — q) exists, hence limy_ .« (o7, p — g) exists. This implies that p = g, and
therefore o7 — p € A71(0), as T — +co. O
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THEOREM 2.4. Let u be a solution to (1.1). If (1.3) is satisfied and there exist ty >0 and a
positive constant M, such that r(t) > —Mt~2 for t > to, then

. 1 (T
lim|u(T) - ?L u(t)dt’ 0. (2.19)
Proof. From (2.1), we have
, 1r(t) d >
W (]’ < 2dtzl ut) = p|~+ 300 di u(t) = p| (2.20)

Multiplying both sides of the above inequality by ¢?, integrating from ¢ = 0 to ¢ = T, and
dividing by T, since |u(t) — p|? is nonincreasing, we get after integration by parts that

1 (7, d
?L 21 ()] dt <= |u(T) - p| +TJ \u(t) —p| dt+ 2TJ ”tl;)dt u(t) —p| dt.
(2.21)

Since |u(t) — p|?* is nonincreasing (by Lemma 2.2), r(t) > —M¢~2 for t > o, and p(t) is
bounded from below and by «, we get

. 1 2r(t) d 2
1 t2 0| dt <1li J t dt
imsup . | ' (5] msup o |0 dtl( -]

-M .. 2 2
SgllTrriiljoPT[lu(T)—pl —lu(ty) - p|*] =
(2.22)
Integrating by parts and using the Cauchy-Schwartz inequality, we have
1 (! 2o Pt :
u(t) — —J u(s)ds| = ’ —J su'(s)ds| < (—J s|u'(s)|ds>
to tlo to (2.23)
t t :
< %(J ds) (J 52|u'(s)|2ds) = lj 2| (s) | ds.
t 0 tJo
Thus by (2.22),
) 1t 2 t o 2
limsup |u(t) — = | u(s)ds| < hmsup s ' (s)|"ds = 0. (2.24)
t—+o00 t 0 t—+oo 0 0]

As a corollary to Theorem 2.4, we have the following weak convergence theorem.

THEOREM 2.5. Suppose that the assumptions in Theorems 2.3 and 2.4 are satisfied. Then
u(t) ~ pe A~1(0) ast — +oo.

In our next theorem, we prove the strong convergence of u by assuming A to be
strongly monotone.

THEOREM 2.6. Assume that the operator A is strongly monotone, and let u be a solution to
(1.1). Then u(t) converges strongly to p € A~1(0) as t — +oo.
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Proof. By the strong monotonicity of A, and for p € A71(0) (in this case A1(0) is a
singleton), we have

(p(6)u”" (6) +r(t)u’ (8),u(t) — p) = Bl u(t) — p|*. (2.25)

Let K be an upper bound for p(t). Integrating this inequality from t =0 to t = T and
using Lemma 2.2, we obtain

r(t)i|u(t)_p|zdt).

T T
28 || 1u0=-pldr<K (7 () —p P =20 @,u0)—p) + [ T8 5
(2.26)

Let R be an upper bound for |r(#)], which exists by assumption (1.2). Dividing both sides
of this inequality by T and using Lemma 2.2, we get

ZﬂTlierW(T) p|’ —hmsupTJ lu(t) - p| dt

T—+00

1 u(t)— p|’dt (2.27)

I
= lqriliip t) dt

_KRlimsup%[|u(T)—p|2— |u(0)—p|2] =0

T—+00

This completes the proof of the theorem. O

Now, we apply our results to an example presented by Véron [8] and Apreutesei [10].

Example 2.7. Let H = L*()) where Q = R" is a bounded domain with smooth boundary
I'. Let j: R — (—o00,+00] be proper, convex, and lower semicontinuous and f§ = dj. We
assume for simplicity that 0 € (0). Define

n az
Au=—Au = —lzzl ax? (2.28)
with
D(A) = {u e HA(Q), =2 (x) € B(u(x)) ac. on r}, (2.29)
on

where ((du/0dn)(x)) is the outward normal derivative to I' at x € I'. We know that A = d¢,
where ¢ : L2(Q) — (—o0,+00] is the Brézis functional:

1 2 :
s {zL)'V”' dx+L[§(u(x))da ifu e HI(Q), Bu) € LI(T), o)

+00 otherwise.
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Consider the following equation:

o’u ou o*u 3 N
p(t)ﬁ(t,x)+r(t)§(t,x)+Zi:a—ﬁ(t,x)—0 ae.onR* xQ,

—g—:(t,x) € Bu(t,x) a.e.onR"xT, (2.31)

u(0,x) = up(x) a.e.on Q.

Assume that p(#) and r(¢) are real functions satisfying (1.2) and (1.3). Then Theorem 2.3
implies the weak mean ergodic convergence of u(t,-). In addition, if r(¢f) > —Mt 2

eventually, Corollary 2.5 implies the weak convergence of the solution to the above equa-

tion.
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