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We study the non-autonomously forced Burgers equation
ug(z,t) + u(z, t)uz (x,t) — uge (z,t) = f(z,1)

on the space interval (0, 1) with two sets of the boundary conditions: the Dirichlet and periodic
ones. For both situations we prove that there exists the unique H' bounded trajectory of this
equation defined for all ¢ € R. Moreover we demonstrate that this trajectory attracts all
trajectories both in pullback and forward sense. We also prove that for the Dirichlet case this
attraction is exponential.
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1. Introduction

The questions about the attractor structure for dynamical systems governed by dissipative
evolutionary partial differential equations (PDEs) are usually difficult, in many cases open,
and belong to the key problems that are being researched in PDEs community. We focus
on one situation where, as it turns out from our results, the structure of such attractor can
be described fully. Namely, we study the asymptotic behaviour for the following Burgers
equation

up(, t) + u(z, ug (z,t) — uge (x,t) = f(x,t),

where = € (0, 1) and the forcing is assumed to be non-autonomous. This equation serves
as the most basic model which allows to understand the interference between the linear
viscous term —u,, and the quadratic nonlinearity uu,. We supply the equation with two
sets of boundary conditions: the Dirichlet ones

u(0,t) = u(1,t) =0,
and the periodic ones
uw(0,t) =u(l,t) and u,(0,t) = ug(1,1).
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Assuming that the forcing f belongs to the space L>°(RR; L?(0, 1)) we prove that for both
cases the equation has a unique global in time trajectory which is uniformly bounded in
time in H' norm and that this trajectory attracts all weak solutions both forward in time
and in the pullback sense.

Our study starts with the a priori energy estimates, which follow the arguments of, e.g.,
[23,26]. We note that in [23] the energy estimates and results on the solution regularity are
derived for the unforced case. These estimates, together with the energy equation method,
cf., e.g., [3], allow us to obtain the existence of the non-autonomous counterpart of the
global attractor, namely the pullback attractor. This object is a non-autonomous set, which
attracts for a given time ¢, all the trajectories emanating from the bounded sets of initial data
taken at time instants converging to minus infinity. The approach by pullback attractors to
deal with asymptotic behaviour of non-autonomous problems governed by PDEs started
more than 20 years ago [8,13] and has since then been used to study many classes of
dissipative non-autonomous PDEs, see [2,6,7,22] for some the recent development of
the theory. We stress that the pullback attractor existence for the considered problems is
standard and needs only the energy methods. We provide the proofs, however, in order to
make the article self-contained, and moreover the results are used in the second part of the
paper where we prove the global asymptotic stability of the unique eternal solution. Using
the argument inspired by the work of Hill and Siili [18] which uses the weak version of
the maximum principle we prove that the pullback attractor consists, in fact, of a single
eternal trajectory. For the Dirichlet conditions, using the appropriate comparison principle,
see, e.g., [17], we prove that the attraction is exponential in time. For periodic conditions
while we expect that this attraction is exponential, we leave the question of the attraction
speed, for now, open. We only prove that the unique eternal trajectory attracts, in forward
and pullback sense, all trajectories, without obtaining the speed of attraction.

The problem with time independent f and with the Dirichlet condition has been stud-
ied in [18]. The authors there prove that there exists the unique solution of the stationary
problem which attracts all solutions of the evolutionary problem as time goes to infinity.
They prove this for the case of the multidimensional domain €2 and for more general non-
linear term a(u) - Vu. We note that such extensions of our present work are possible and
straightforward, we chose to follow the one-dimensional problem only to avoid the techni-
cal bootstrapping arguments which are required, in the periodic case, to get the sufficient
smoothness for the strong maximum principle. We remark that the paper [18] only deals
with the autonomous problem, and the question of the asymptotic behaviour for the case of
the Dirichlet condition and non-autonomous forcing was, to our knowledge, open. We fill
this gap. We also remark that we strengthen even the autonomous result of [18] where the
time-independent forcing was assumed to be Holder continuous f € C*(Q) and only the
solutions with the initial data uy € C(£2) were proved to be attracted (in the present work,
as we consider only the one-dimensional case, ug € L%(0,1)).

The result with periodic boundary conditions is due to Jauslin, Kreiss, and Moser [20]
who proved that if the forcing term is time-periodic then there exists the unique eternal
trajectory which attracts in future all solutions of the problem. The work of [20] was later
extended in [9, 16], where, always, the time periodicity of the forcing term was assumed.
We remove this periodicity requirement and show that the unique eternal solution attracts
all trajectories for arbitrary L>°(R; L?) forcing. Note, that in [9] the authors use the energy
method only, and not the maximum principle, and get the attraction only under the small-
ness assumption on the forcing term. They also provide the numerical evidence that for
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large forcing the unique eternal solution is not attracting all trajectories anymore. We
prove that this is not the case and the unique eternal bounded solution is actually globally
asymptotically stable independent on the forcing magnitude.

The direct motivation of our work are recent articles of Cyranka and Zgliczynski
[14,15]. In [14] the author obtained the existence of the globally asymptotically stable
solution of the autonomous problem with the periodic boundary conditions, thus provid-
ing the computer assisted proof of the counterpart of the result of [18] with the Dirichlet
conditions replaced by the periodic ones. On the other hand, in [15] the authors obtained
the existence of globally attracting solution for periodic boundary conditions and a non-
autonomous and not necessarily periodic in time forcing having a given form. We underline
that the advantage of [14, 15] over the results of the present paper and of [18, 20] is that
computer assisted methods do not need the maximum principle and they allow to construct
more concrete bounds for the obtained attracting eternal solutions. Moreover, in the case
of the periodic boundary conditions in [15] the exponential convergence speed is obtained,
while we prove only global asymptotic stability, leaving the question of convergence speed
in the general case, for now, open.

Our future aim is to construct the computer assisted technique in order to constructively
obtain, with some accuracy, the unique attracting trajectory for the considered problem.
To this end, in contrast to [14,15], where the Fourier basis is used, we plan to use the
finite element method (FEM). The approach based on FEM is better suited to deal with the
problems with Dirichlet conditions as the construction of the orthogonal basis, in the case
of arbitrary multidimensional domain is in itself a hard problem. While the rigorous proofs
obtained by means of computer assisted techniques obtained by FEM will be the topic of
our forthcoming paper, here we focus on what can be obtained purely analytically.

We also mention, that while we study only the problems with the Dirichlet and periodic
boundary conditions, it appears very interesting to understand the asymptotic behaviour
with the Neumann conditions. Although this problem is no longer dissipative, in the
unforced case, in [S5], Cao and Titi, prove that every trajectory converges to a station-
ary one. The same result was also obtained by Byrnes et al. [4], who use the infinite
dimensional version of the centre manifold theorem.

It also appears interesting to us, to extend the results of the present paper to study the
global asymptotic stability for the non-autonomously forced Burgers equation with the
fractional viscous term

2

ug(z,t) + u(z, t)ug (z, t) + <—88$2) u(z,t) = f(z,t).

We hypothesize that, at least with periodic boundary condition, the result on the con-
vergence to the unique eternal solution holds for o € [1/2,1) as the two ingredients:
regularization effect of the evolution and the maximum principle remain valid in this case
of the “weakened” damping [11, 21]. This result is also suggested by the fact that the kernel
of the fractional Burgers operator behaves similar as the kernel of the fractional Laplacian
itself, cf. [19].

We end the introduction with a brief overview of our paper structure. In § 2 we derive the
key energy estimates that we need to study our problems. We also discuss the existence,
uniqueness, and regularity of the solutions. § 3 is devoted to the summary of required facts
from the pullback attractors theory, and the results on the pullback attractors existence for
the problems under consideration. Finally, in §4 we prove the uniqueness of the eternal
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trajectories as well as the results on the forward convergence, and, in the Dirichlet case, its
speed.

2. Problem formulation, strong and weak solutions and relations between them

Throughout the paper we will denote by C' a generic positive constant which can change
from line to line, sometimes even in the same formula the letter C' can appear several times
and denote different constants. We denote 2 = (0, 1), the space domain of problems under
consideration. We will use the shorthand notation for the spaces of functions defined on
Q, that is we will write L? = L?(0,1), Hi = H}(0,1), H~1 = H~1(0,1), the dual space
to H{, and so on. For a Banach space V we will denote by P(V), B(V) the family of,
respectively, nonempty, and non-empty and bounded sets in V. The scalar product and
norm in L? will be denoted by (-, -) and || - ||, respectively. For spaces other than L? we
will always use the subscript to denote the corresponding norms and duality pairings. By
H* we will denote the closure in H* norm of the space of restrictions to the interval (0, 1)
of 1-periodic functions belonging to C°°(R) such that their mean on the interval (0, 1)
vanishes. If we do not impose the vanishing of the mean we denote the corresponding
spaces by Hl’fer. We will frequently use the Poincaré inequality

cllofl < flvzll;

valid for v € H{ and for v € H' with ¢ = 72. We will also use the following well-known
interpolation inequalities,

0]z < [Jol|*?|jve]|/? for ve H} orve H*, 2.1

vzl < 0lV2||vee||M? for ve HENH? or ve H?. (2.2)

Let f € L°°(R; L?). We will always assume that f is defined on the whole time axis R

even though sometimes we will consider problems defined only on the interval (g, 00).

We will deal with two problems: the non-autonomously forced Burgers equation first

with the Dirichlet and then with periodic boundary conditions. We start from the analy-

sis of the problem with the Dirichlet conditions. The main part of this section is devoted

to the derivation of the energy estimates, cf. [23], where such estimates are derived for the
unforced problem.

2.1. Problem with the Dirichlet conditions

We define the weak and strong form of the problem with the Dirichlet conditions.

PrOBLEM 2.1. Let tg € R, ug € L? and f € L>°(R; L?). Find u € L% _(to, 00; H}) with
u € L3 (to,00; H1) such that

<ut7U>H*1><H3 + (uul‘a U) + (uwvvl‘) = (f(t),@)
forevery v & Hy andae. t€ (t,00), (2.3)
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PROBLEM 2.2. Letty € R,up € H} and f € L>(R; L?). Findu € L% (to,00; H> N HY)
with u; € LE (to, o0; L?) such that

Up + Uy — Ugy = f(z,t) for almostevery (z,t) € (0,1) x (tg, 00), (2.5)

u(ﬁo) = Up- (26)

The proof of the following existence and uniqueness result is standard and follows by

the Galerkin method, and hence we omit it. We only provide the key a priori estimates,
which will be useful in the following part of the paper.

THEOREM 2.3. Problems 2.1 and 2.2 have unique solutions.

Proof. Taking v = u(t) in (2.3) we obtain

20‘ltll u()l* + (u(t)ua (t), u(t) + llua (D) = (f(1), u(t)). 2.7)

Note that for a smooth function v defined on the interval (0, 1) such that v(0) = v(1) there

holds
! 1t v3(1) —v3(0)
/0 v(:c)v(x)vx(x)dx—gfo P v¥(z) da — 0,

and the relation holds for every v € H' such that v(0) = v(1) by the density of smooth
functions in that space. Using this equality in (2.7) after simple transformations we deduce

d

S + @ < Clf[fwprs forae te(too0). — @8)
By the Poincaré inequality and the Growall lemma we deduce

lu() 1 < [lulto) P U1 4 Ol fIf o sz (1 — €471, (2.9)

It is also clear that

ta
| a0 dt < u(tn)| + Cl a2 — 1) forevery t0 <1 <t
ty

(2.10)
Multiplying (2.5) by —u,, and integrating over interval (0, 1) yields
14 1 1
— |Jua||® + [|ues]|® = F () gy dt+/ Uy Uy AT (2.11)
2dt 0 0

It follows that

5 e (O + luae O < Fllzoo iz luae (0] + 1wl 2 llue () uws (£

After obvious transformations which use (2.1) and (2.2) we obtain

1
5 gt + e (I < CII o @s12) + Itz O + [P [l (O]
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We use the Young inequality with € which yields

d

s @ + llwws (D12 < ClFIE o @22y + Cllul®)]*°. (2.12)

Using (2.9) it follows that (note that the constant C' is allowed to depend on f but not on
the initial data)

d
— g ()] + uaa (B> < C(A + [Julto)]|"). (2.13)

Now, as u,(t) is mean free, we can use the Poincaré inequality to deduce that

d
O + cllu @) < OO+ [lulto)]™), (2.14)
where c is the Poincaré constant. Applying the Gronwall lemma yields
oz (D)1 < JJua(to) [P + C(1+ [|ulto) ). (2.15)

Coming back to (2.13) it follows that

/ N ()2 dt < [lua ()2 + Clta — 12)(1 + [Julto)][**)

ty

< (to)||? + C(1 +ta — t1) (1 + [Julto)||'?) for to <t <ta.  (2.16)

Finally,
to b
/ lue (8)]* dt < C ((t2 — )1 F e ms22) +/ [z ()] dt
t1 t
ta
[ I s ).
ty
and

tz t2
/ ||ut<t>|2dt<0<<t2—t1>+ / e (B[ At + (b2 — £1) ess sup s (D)% | -

tl tl te [tl ;t2]
2.17)
The required regularity follows. (|

We also observe the simple corollary which follows from the definition of the weak and
strong solutions and theorem 2.3.

COROLLARY 2.4. Let u be a weak solution with the initial data taken at time to. If t1 > tg
then the function ul, ) is the weak solution with the initial data u(t,) taken at t,. If,
in turn, u is a strong solution with the initial data taken at time to then, if t1 > to, the
function uly, ) is the strong solution with the initial data u(t,). Moreover, if ug € H}is
the initial data taken at time tq then both the strong and weak solution with this initial data
coincide.

In the next result we obtain the Lipschitz continuity on bounded sets of the mapping that
assigns to the initial data the value of the strong solution after some time.
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LEmMMA 2.5, If wug,vo € HO1 are the initial data taken at time to, such that
[z (to) ], ||vz(to)|| < R and u, v are strong solutions with these initial data, then for every
7 > 0 there exists a constant D(1, R) > 0 such that

[z (B0 + 7) = va(to + T)I| < D(7, R)[[uz(t0) — va(to)]]-

Proof. Letug, vy € H& and let u, v be strong solutions corresponding to ug, vy at time g,
respectively. Denoting w = u — v there holds the following equation

W — Way + Uty —vv, =0 ae. t>tg,xz € (0,1).
Testing this equation by —w,.,.,, we obtain

1d

5&”“50”2 + ||wx:rr||2 < [(uwe, Wee )| + [(V2w, Wz )]

It follows that

1d

5 qpllwell® + llwee |l < llullse wellwes | + wll e [[ve [ wae |l

whence

1d

ia\MIIQ + [[wee|? < C (luall + vz ) llwe 1w -
It follows that
d 2 2 2 2
g lwel” < Cllual” + [lvs %) ws 7.
The assertion follows by the Gronwall lemma and the estimate (2.15). U

Finally we will prove that the weak solution becomes instantaneously the strong one.

LEMMA 2.6. Let u be a weak solution with the initial data u(ty) = ug € L? taken at time
to. Then u(t) € H} for every t > to. Moreover Ul[totes00) IS @ strong solution with the
initial data u(ty + €) taken at time to + €. Finally for every set B € B(L?) and every
€ > 0 there exists a set B. € B(H{) such that if u is a weak solution with the initial data
ug € B taken at time to, then u(t) € Be for every t > to + €.

Proof. Again, the estimate that we derive is only formal. The actual estimate should be
derived by considering the Galerkin solutions in the spaces spanned by the eigenfunctions
of —u,, operator with the initial data converging strongly in L?.
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Coming back to (2.14), by the Gronwall lemma it follows that

s (2)1* < fJua (8] + C(L+ [Ju(tr)]['?)  forevery to < t1 < ta.
Using (2.9) we deduce
s (t2)* < fJua (8] + C(1+ [Julto)]|'?)  forevery to <ty < ta.

Now we choose any ¢ > 0 and integrate the above inequality with respect to ¢; over the
interval (tg, to + €). It follows that

el|ua (t2)]I?

t0+8
< / luz (t1))|% dty + Ce(1 + |lu(to)||*®) forevery to-+e <to

to
We can use (2.10) to deduce
ellua(t2)]1? < [lulto)|* + Ce(1 + u(to)[|'?)  forevery ta >ty +e.

Hence
1
[z (t2)]1? < EHU(to)II2 + C(1+ [luto)[|"°)  forevery ta>to+e, (2.18)
and the assertion follows. O

2.2. Problem with the periodic conditions

We will now consider the Burgers equation with periodic conditions u(0,t) = u(1,?)
and u,(0,t) = u,(1,t). We assume that f € L>°(R; L?), that is || f(¢)||z2 is uniformly
bounded, f is 1-periodic, and mean free. We define the weak and strong solutions as
follows.

PrOBLEM 2.7. Lettg € R, up € L? and f € L>®(R; L?). Find u € L2 (to,00; H') with
us € L2 (to,00; H™') such that
<ut7U>H'71><H1 + (uum,v) + (ux7Ua:) = (f(t)7v)
forevery v € H' andae. t€ (to, 00), (2.19)
U,(to) = Uup. (220)

PROBLEM 2.8. Let tg € R, up € H' and f € L(R; L?). Find u € L?
u € L2 (to, 00; L?) such that

(to,oo;HQ) with

loc
Up + Uy — Ugy = f(x,t) for almostevery (z,t) € (0,1) x (tg,00), (2.21)
u(to) = Ug- (222)

REMARK 2.9. Note that it is sufficient to restrict to the mean-free f and the mean-free
solution w in periodic case. Indeed, suppose that f € L>=(R; L?) is not necessarily mean-

free. Denote «(t fo z,t)dz and ((t) fo x,t)dz. Taking v = 1 in (2.19) we
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obtain

d [t 1
— / u(z,t)de = / f(z,t)dt,
dt J, o

hence (3(t) can be found by solving the ODE

1
B'(t) = a(t) with the initial data ﬁ(to):/ ug () da.
0

Denote
t 1 t s
~y(t) = / B(s)ds = (t — to)/ uo(z) do +/ / a(r)drds,
to 0 to Jto
and
v(z,t) = u(z —y(t),t) — B(t). (2.23)
The function v is 1-periodic, similar as u, and it is mean-free. Moreover it satisfies the
equation

vy + 0y + B = vy + (v + Bug = f
But+/(t) = 5(¢) and B'(t) = «(t), hence

Ve — Vg + 00, = f(1) —/1 f(z,t) da.
0

The last equation can be solved for v and (2.23) can be then used to recover u, the solution
for the non-mean-free case.

Similar as in the case with the Dirichlet conditions, the existence and uniqueness of the
weak and strong solutions are standard, and follow by the Galerkin method. Hence we
omit the proof of the next theorem, restricting only to give the a priori estimates which
are analogous to the ones in the Dirichlet case and will be needed in the subsequent
computations.

THEOREM 2.10. Problems 2.7 and 2.8 have unique solutions.
Proof. Exactly as in the case of the Dirichlet condition taking v = w(t) in (2.19) we obtain

to
[ IOt < [ale) 2+ CIIE o= 1) Forevery 1o < 13 < 1
1

(2.24)
and, by the the Poincaré inequality for mean free functions and by the Gronwall lemma,

lu()I* < [lulto)lPe= ") + CIf |17

Py (L — e 0T, (2.25)

whence from (2.24) we deduce

ta
/t ||u:,3(t)||2 dt < Hu(tO)H2 + C”f”ioo(]R;LZ)(l +1to —t1) forevery tog <ty <to.
1
(2.26)
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To derive the second energy inequality we multiply (2.21) by —u,, and integrate over
(0, 1) which yields

1d

1 1
§&Huz||2 + |Juz || = —/ f(®)ugy dt —|—/ Ulp Uy A (2.27)
0 0

Proceeding exactly the same as in the case of the Dirichlet conditions, which is possible,
as U, (t) is mean free and hence we can use the Poincaré inequality, we deduce that

eI + Clhue (I < OO+ [u(2)[), @.28)
and the estimate (2.25) as well as the Gronwall lemma yield
e (DI < s (t0) [0 + (L + [Julto) [I'°). (2.29)
Analogously as in the Dirichlet case we also have the estimates

/ s (B2 de < s (t2) 2+ Cltz — 1)1 + (o))

t1
< Jug(t)|1? + C(A +t2 — t1) (1 + [[u(to) I'%)  for to <ty <ta, (230

and

/Ww@PM<ch—m+/"wm@2&+@—mm$ww%wﬁ>

t1 t1 te[tl,tg]
331
O

Exactly as in the Dirichlet case we have the result analogous to corollary 2.4.

COROLLARY 2.11. Let u be a weak solution with the initial data ug € L? taken at time to.
If t1 > to then the function ul, ) is the weak solution with the initial data u(ty). If, in
turn, u is a strong solution with the initial data vy € H? taken at time to then, if t1 > to,
the functionu|y, ) is the strong solution with the initial data u(t,). Moreover, if ug € H!
is the initial data taken at time to then both the strong and weak solution with this initial
data coincide.

Similar as in the Dirichlet case the mapping which assigns to the initial data the value of
the solution after given time is Lipschitz on bounded sets in H'. We skip the proof as it is
analogous to the proof of lemma 2.12.

LEmMA 2.12. If, wup,vg € HO1 are the initial data taken at time 1ty such that
Iz (t0)]l, lve(t0)]] < R, and u,v are strong solutions with these initial data, then for
every T > 0 there exists a constant D (1, R) > 0 such that

[z (o + 7) = va(to + 7)|| < D(7; R)[Juz (o) — va(to)]-

The next result is analogous to the lemma 2.6 for the Dirichlet case and the proof follows
the same lines, so we skip it.
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LEMMA 2.13. Let u be a weak solution with the initial data ug € L2 taken at time to. Then
u(t) € H' for every t > to. Moreover Ul[tote500) IS @ Strong solution with the initial data
u(to + €) taken at time to + €. Finally there holds the estimate

1
Huz(tl)H2 < g”u(tO)HQ +C(1+ ||u(t0)||10) forevery >0 and t; >1g+e.
(2.32)

3. Pullback attractors and their existence
3.1. Pullback attractors: definition and the result on existence.
We begin this section with the definition of a process and a pullback attractor.

DEFINITION 3.1. Let V be a Banach space. A family of mappings {S(t,t0)}i>, such
that S(t,t9) : V — V is called a process if S(t,t) is an identity for every ¢t € R and
S(t,t1)S(t1,t0) = S(t,t0) forevery tg < t1 < 1.

If V' is a Banach space and A, B C V, then the Hausdorff semidistance between these
two sets is denoted by

disty (A, B) = sup inf ||a — b||v.
isty (4, B) = sup inf fla —bllv
We will call the families of sets A(t) € P(V) parameterized by time ¢ € R non-

autonomous sets and denote them A = {A(t) }+er.
We recall the definition of a pullback attractor.

DEFINITION 3.2. The non-autonomous set A = {A(t)}+cr is a pullback attractor of a
process {S(t,t0) }1>1, on the Banach space V' if

e forevery t € R the set A(t) C V is nonempty and compact,
e forevery s > t there holds S(t, s)A(s) = A(t), i.e., the family A is invariant,
e forevery B € B(V) there holds

lim disty (S(t,to)B, A(t)) = 0,

to——o0
i.e., the family A is pullback attracting,

e if the non-autonomous set C = {C(t) },er is such that C'(¢) is nonempty and compact
for every ¢t € R and C is pullback attracting, then A(t) C C(t) for every t € R.

REMARK 3.3. Itis straightforward to check that if there exists By € B(V') such that A(t) €
By for every t € R then the last assertion (minimality) follows from the first three.

We also define the so-called bounded eternal (complete) solutions and kernel sections of
the process {S(t, to) }e>t,-

DEFINITION 3.4. The function v : R — V is a bounded eternal solution of {S(¢, %) }1>1,
if [|u(t)|ly < C forevery t € R and S(¢,to)u(to) = u(t) for every to € Rand t > t.
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DEFINITION 3.5. The non-autonomous set K = {K (¢) };cr is called a kernel section of
{S(t,t0) bzt if

K(t) = {u(t) : u is abounded eternal solution of {S (¢, o) }¢>¢, }-

The existence of the pullback attractor and its relation with kernel sections follows from
the next theorem. The proof, in a more general, multivalued, setting can be found for
example in [12].

THEOREM 3.6. Suppose that the process {S(t,to) }1>v, on V is such that

e the mappings S(t,to) : V. — V are continuous for every t > to,

o the process {S(t,to) }1>, is pullback asymptotically compact, that is, for every t € R,
every bounded sequence {x,,} CV and every t, — —oc the sequence S(t,t,)x, is
relatively compact,

o the process {S(t,10) }t>1, is pullback dissipative, that is, there exists a set By € B(V')
such that for every B € B(V') and t € R there exists ty = to(t, B) such that for every
t1 < tg there holds S(t,t1)B C By.

Then {S(t,to)}i>1, has a pullback attractor A = {A(t)}er such that A(t) C By for
every t € R. This attractor is given by

Moreover, the pullback attractor A coincides with the kernel section K.

3.2. Pullback attractors: a bi-space attractor.

In the case of the Burgers equation the pullback attractor will be compact in H} and it
will attract in the norm of H{ all sets which are bounded in L?. We will hence use the
Babin’s and Vishik’s formalism of bi-space attractors, see [1,10]. We assume that H, V'
are two Banach spaces such that V' C H with a continuous embedding. The following
definition of the bi-space pullback attractor differs from the definition of the pullback
attractor by requiring that it attracts not only the sets which are bounded in V' but also
the sets which are bounded in H.

DEFINITION 3.7. Suppose that the family {S(¢, ¢0) }1>, of mappings S(¢,t9) : H — H is
a process on H and suppose that S(¢, to)|v, that is S(¢, t) restricted to V, is a process on
V. The non-autonomous set A = {A(t) e is a pullback (H, V') attractor of the process

{S(t,t0) bt if
e forevery t € R the set A(t) C V is nonempty and compact in V/,

o forevery s > t there holds S(t,s)A(s) = A(?), i.e., the family A is invariant,
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e for every B € B(H) there holds
lim disty (S(t,t0)B, A(t)) = 0,

to——o0
i.e., the family A is pullback attracts in V the sets which are bounded in H,

e if the non-autonomous set C = {C(t) }+cr is such that C'(¢) is nonempty and compact
in V for every ¢t € R and C pullback attracts bounded sets in V' (such as in Definition
3.2), then A(t) C C(t) forevery t € R.

We prove the following theorem.

THEOREM 3.8. Suppose that the family {S(t,t0) }1>1, of mappings S(t,to) : H — H isa
process on H and suppose that S(t,to)|v, that is S(t, to) restricted to V, is a process on
V' such that

e the mappings S(t,to)|v : V — V are continuous in'V for every t > t,

o the process {S(t,t0)|v }i>1, is pullback asymptotically compact in'V,

o the process {S(t,t0)|v }i>t, is pullback dissipative in V,

e forevery B € B(H) and for every e > 0 the set S(t + €,t) B is bounded in V.

Then there exists the pullback (H, V') attractor A = {A(t) }1>1, which coincides with the
pullback attractor of {S(t,to)|v }i>t,-

Proof. In view of theorem 3.6 it only suffices to prove that A pullback attracts in V the
sets which are bounded in H. So let B € B(H). Then

diStv(S(t,to)B, A(t)) = diStv(S(t,to + 1)S(t0 + 1,t0)B, A(t))

The set S(tg + 1,t0)B is bounded in V' with the bound independent on the choice of ¢y,
cf. lemma 2.6. Hence

lim disty (S(t,t0)B, A(t)) = lim  disty (S(t,to + 1)S(to + 1, t0) B, A(t)) = 0,

top——o00 to+1——o0

and the proof is complete. U

3.3. Existence of (L?, H;) pullback attractor for the problem with the Dirichlet
conditions.

We come back to the study of the Burgers equation with the Dirichlet conditions. In
view of corollary 2.4 and lemma 2.6 the map

S(t,to)ug = {u(t) : wisa weak solution of Problem 2.1 with initial data uo € L? at o}

(3.1)
is a process on L2, and the following relation holds
S(t,to)|gauo = {u(t) : wisastrong solution of Problem 2.2
with initial data ug € H& at to}. (3.2)
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According to lemma 2.5 mappings S(t,to)|; : H} — H{} are continuous. Lemma 2.6
implies that for any B € B(L?) and for any £ > 0 the set S(to + ¢,t0)B belongs to
B(H}). To get the existence of the (L?, H}) attractor it is sufficient to obtain the asymp-
totic compactness and dissipativity of the process given by the strong solutions. We start
from the proof of dissipativity.

LEMMA 3.9. The process {S(t,t0)| 1 }t>t, is pullback dissipative in H{.

Proof. Using (2.12) and (2.9) it follows that

d
@1 + luae(®)]* < OO+ [[ulto)[|'0e™ ). (3.3)

By the Poincaré inequality we obtain
d Ol
&Hum(t)ll2 + Cllus ()]I* < O+ [luto) ]| "0e= 1)), (3.4)

Remembering that C' may denote three different constants in the above formula, after
simple calculations which use the Gronwall lemma we obtain

s (811 < Iz (20) P~ CE710) 4 O(L + [fulto) | e 1))
< s (to) [P0 + C(L+ fua(to) |00, (3.5)
and the required dissipativity follows. ]

There are several techniques to prove the asymptotic compactness. One of them relies
on the existence of an absorbing set in a space compactly embedded in Hg. Since this
technique would require additional regularity of f, to avoid the extra assumptions on f,
we choose to use the technique based on the energy equation, cf, e.g., [3] in the proof of
the next lemma.

LemMA 3.10. The process {S(t,to)| g1 }t>t, is pullback asymptotically compact in H{.

Proof. Choose t € R, and the sequence ¢,, — —oo, and a bounded sequence {ug, } C Hg.
Let u,, be a strong solution corresponding to the initial data wg,, taken at ¢,,. The esti-
mate (3.5) implies that u, (¢t — 1) is a sequence bounded in H}. We should prove that
the sequence wu,,(t) is relatively compact in Hj. Estimates (2.16) and (2.17) imply that
the sequence u,, is bounded in L2(t — 1,¢ + 1; H?) and L®°(t — 1,¢ + 1; H3) and wuy; is
bounded in L?(t — 1,¢ + 1; L?). The Aubin-Lions lemma implies that there exists u €
Lot —1,t1; HY) N L2(t — 1,t + 1; H?), such that, for a nonrenumbered subsequence

u, — u strongly in L?(t — 1,¢ + 1; H}) and weakly — = in L>(t — 1, + 1; H})

(3.6)
Upt — uy  weakly in L2(t — 1,¢ + 1; L?), (3.7)
Unpzz — Ugp Wweaklyin L2(t — 1, + 1; L?), (3.8)

and the last weak convergence also holds in L?(t — 1,s; L?) for every s € (t — 1,¢ + 1).
In particular we deduce that

U, (s) — u(s) forae.s € (t—1,t+ 1) strongly in Hj.
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Since u € L2(t — 1,t + 1; H)) N L*>®(t — 1,t + 1; H}) and u;, € L?(t — 1,t + 1; L?) it
follows that u € C([t — 1,¢ + 1]; H}). Consider the integrals

/ts (U (7))t (1) 5 Uy (7))

-1

- /t :((unm (1))t (1), e (1))

+ /tjl(u(r)(unw(r) — Uz (1), Unaa (r)) dr + /: (w(r)ug (1), Unge (1)) dr

1

for s € (t — 1,t + 1). The first two terms converge to zero as n — oo due to the estimates

/t " (tn(r) — ()Y (), e () dr

-1

<

[ ) = ) a0 1)

< sup g (r)|pz flun
relt—1,t41]

- u”L?(t—l,t-&-l;H&)||Un||L2(t71,t+1;H2) —0 as n— oo,

and

W0 ) = 0t 00

<

/ts ()| poe 1tne (1) = we (1) || 2 |tnas (1) || 2 dr

-1

< suplua(r)l[ 2 [lun
reft—1,t41]

—ullz2—1ermpllunllL2@—1,441,m2) > 0 as n— oo
It is straightforward to check that uu, in L? (t—1,t+1; Lz), whence it follows that, for
a subsequence still denoted by the same index,
S S

lim (Un (Pt (1) Upa (1)) A = / (Un (M)t (1), U (1)) drr.

oo Ji—1 t—1
Coming back to (2.11) we deduce that the following energy equation holds for every s €
[t—1,t+1]

s+ [ (000 = [ (Y (1), 1)

1 S
= Dt — D2 — / itz ()2 d
2 -1

Denote

1

Vals) = gllunslt = DI = [ el ar
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and

S

V) =l + [ G0 unalr)dr = [ (e uns )

-1
for s € [t — 1,¢ + 1]. The functions V;, are nonincreasing on [t — 1,¢ + 1] and, since

S S

(f(r), ungz(r)) dr — / (tn (r)tna (1), Unzz (1)) dr,

t—1

Vals) = 5 lenal) + [

t—1
then
Vi(s) = V(s)asn — oo forae.s € (t —1,t+1).

Let p,, /'t and 7, \, ¢ be sequences such that V,,(p,,) — V(pm) and V,(r,,) —
V(rm). Then

Vn(pm) = Vn(t) = ‘/n(rm)~

Passing with n to infinity it follows that

V(pm) = limsup V,,(¢) = liminf V,,(t) = V(ry).
n—oo n—oo
Passing with m to infinity, continuity of V implies that V(1) — V (1), whence
[|ttnz (|| = [|us(t)]|- Since the previous convergences (3.6)—(3.8) imply that u, (t) —
u(t) weakly in H}, we deduce that wu,(t) — u(t) strongly in H} and the proof is
complete. U

We are in position to apply theorem 3.8 (and the fact that any solution in
L2 (to,00; H* N H}) with time derivative in L2 (to,00; L?) is a continuous function
of time with values in H{) to deduce the following result

THEOREM 3.11. Let f € L°°(R; L?). There exists a non-autonomous set A = {A(t) }icr,
the pullback attractor for the process (3.2) governed by the strong solutions, and (L?, H, b))
pullback attractor for the process (3.1) governed by weak solutions. This attractor is
given by

A(t) = {u(t) : wis a bounded in Hy eternal strong solution}.

In particular this means that there exists at least one eternal strong solution of prob-
lem 2.2. Moreover, each bounded eternal strong solution u : R — HE in A(t) belongs

to Cyp(R; HY).

In the subsequent sections we will show that in fact the eternal strong solution is unique
and in consequence the set A(t) is a singleton for every ¢ € R.

3.4. Existence of (L2 JH 1) pullback attractor for the problem with periodic
conditions.

The argument of this section follows the lines of the argument for the Dirichlet case, so
we skip the proofs, which are analogous to the ones in §3.3. Similar as in the Dirichlet
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case, in view of corollary 2.11 and lemma 2.13 the map

S(t,to)uo = {u(t) : uis a weak solution of Problem 2.7 with initial data ug € L at o}
(3.9
is a process on L2, and the following relation holds

S(t,to)|gruo = {u(t) : wis a strong solution of Problem 2.8 with initial data
ug € H' atty}. (3.10)
The proof of the next theorem step by step follows the lines of the proof of theorem 3.11.

THEOREM 3.12. Let f € L>®(R; L?). There exists a non-autonomous set A = { A(t)}icr,
the pullback attractor for the process (3.10) governed by the strong solutions of the peri-
odic problem, and (L27 H Yy pullback attractor for the process (3.9) governed by its weak
solutions. This attractor is given by

A(t) = {u(t) : wis a bounded in H* eternal strong solution}.

In particular this means that there exists at least one eternal strong solution of problem 2.8.
Moreover, each bounded eternal strong solution v : R — H?' belongs to Cy,(R; H*).

In § 4.2 we will prove that the convergence to the pullback attractor is in fact exponential
and that for each ¢ the set A(¢) is a singleton.

4. Convergence to the unique bounded eternal trajectory.

4.1. Dirichlet conditions.

The argument of this section is inspired by [18]. Note, however, that in [18] the authors
deal with the strong solutions. Their key result on the convergence to equilibrium, cf. [18,
theorem 3.2], is based on the comparison principle applied to the linear adjoint problem.
This analysis of the linear problem does not depend on the fact if the original problem is
autonomous or non-autonomous. We generalize, however, [18, theorem 3.2] because we
combine the comparison principle with the Stampacchia argument [25] which is valid even
for weak solutions. Thus, we can consider more general class of forcing, while in [18] the
authors require that f is Holder continuous. We also obtain our global asymptotic stability
results for a wider class of solutions, namely we allow that uy € L? and our solutions are
not necessarily classical, but weak.

We start the proof by showing that the eternal solution bounded in H} must be unique.
This fact is established in the following theorem.

THEOREM 4.1. Let f € L°°(R; L?). The pullback attractor A = {A(t) }icr established in
theorem 3.11 consists of a single eternal solution A(t) = {u(t)} for every t € R. In other
words there exists a unique eternal solution u € Cy,(R; H}) such that for every bounded
set B € B(L?) of initial data there holds

limOO dist 72 (S(t, o) B, {u(t)}) = 0.

to——
Proof. Let u,v:R — H} be two eternal solutions such that [u(t)]| gr <M and

[v(t)lz < M for every ¢t € R. Denote a(t) = 1(v(t) +v(t)). Then la()||gz < M
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and, by (2.1), ||a(t)||L= < M for every t € R. Denote and w(t) = u(t) — v(t). Then
[w(t)lg2 < 2M for every ¢t € R. Moreover, the function w € Cp(R; H}) satisfies the
equation

W — Wyy + (aw), =0, 4.1)

as well as the Dirichlet conditions w(0,¢) = w(1,t) = 0 for every t € R.

We must prove that u(t) = v(t), i.e., w(t) = 0 forevery t € R. To this end we fix t € R.
We will consider the above equation on time intervals (%o, ¢) for ¢y < t. First we observe
that as w(t) € HE C C([0,1]), the function w(t) is continuous. Define two open sets A
and A_ by Ay ={z €[0,1] : w(z,t) >0}, and A_ = {z €[0,1] : w(z,t) <0} and
the function z : [0,1] — R by

20() = xa, () = xa_(2).

It is clear that zg € L?. Moreover

llw ()| 21 :/0 zo(x)w(z, t) du.

Now, consider the backwards problem

24(8) 4+ zux(s) + a(s)zx(s) =0 for (x,s) € (0,1) x (to,t), (4.2)
2(0,8) = 2(1,8) =0 for s € [to,t], 4.3)
z(t) = zo. (4.4)

It is standard to prove that this problem has a unique weak solution 2z € L?(to,t; H}) with
2y € L%(to,t; H™1). Testing the weak form of (4.2) with w(s) we obtain

(2e(8), w(8)) m-15mp — (22(8), wa(s)) + (a(s)zz(s),w(s)) =0 forae. s € (to,t).

If, in turn, we test (4.1) with z(s), we arrive at )
(we(s), 2(5)) + (zz(s), wx(8)) + ((a(s)w(s))z, 2(s)) =0 forae. s € (to,t).
Integrating by parts, it follows that,
(we(s), 2(5)) + (zz(s), wz(s)) — (a(s)w(s), z:(s)) =0 forae. s € (tg,t).
Adding (4.5) to the last equation it follows that
(wi(s), 2(s)) + (2e(s), w(s)) -1z =0 forae. sé€ (to,1),
whereas
d
a(w(s),z(s)) =0 forae. sé€ (to,t).
Integrating the above inequality over the interval (¢, t) it follows that
(wito), 2(t0)) = (w(t), 2(t)) = (w(£), 20) = e (t)] 1. 46)
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Introducing the time 7 =t — s the problem (4.2)—(4.4) is equivalent to the following
forward in time problem

Yr(T) = Yo (7) —a(t — T)y.(7) =0 for (x,7) € (0,1) x (0, —to),
y(0,8) =y(1,s) =0 for s€][0,t— 1],
y(O) = 20,

namely, its solution y is given by y(7) = z(t — 7) for 7 € [0,¢ — to]. We will use the
comparison principle [17, theorem 6.1], also see [18, theorem 3.2]. Define
Q2(M+1) _ pa(M+1)
Pz, 7) = G2(M+1) _ oM+1

|

Observe that ¥(1,7) > 0 and ¥(0,7) > 0 for 7 € [0,¢ — o). Since ¢ is smooth and y
satisfies the homogeneous Dirichlet condition at x = 0 and = = 1 this means that (y(7) —
(7)) belongs to L2(0,t — to; HL). We calculate

Vr(T) = Yua(T) — alt — 7)Pa(7)
¢ EOTED T
e2(M+1) _ oM+1
Q2(M+1) _ a(M+1)
% ( c2(M+1) _ |

+(M+1+a(z,t—71))(M+ 1)ex(M+1)>

e (,2(1\1+2) 17

Z e2(M+2) _ 6M+2M > 0.

We continue the argument using the weak maximum principle, in spirit of the method of
Stampacchia [25]. We obtain

(e (1), (7)) = (7)) 4) = (e (7), (y(7) = (7)) +)
— (a(t = 7)va(7), (y(7) = ¥(7))4) 2 0,
for almost every 7 € (0,¢ — (). Moreover
(e (1), (W(T) = ()1 =150y — Waa (1), (y(7) = ¥(7)) )
— (a(t = 7)ya(7), (y(7) = ¢(7))4) = O,
for almost every 7 € (0,¢ — tp). It follows that
(Yr (1) = ¥ (7), (W(T) = P(T) ) -1 xmy = Yo (T) = Y (7), (y(7) = (7)) 1)
= (a(t = 7)(y=(7) = (7)), (y(7) = ¥(7))+) <O

We deduce that
2

331 100) =P + | L wtr) - vl

M| 2 yr) — i),

h ‘

() =)+,
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whence
d 5  M? 9
W) = )+I” < == (y(7) = ¢(r)+ |7 foralmostevery 7 € (0, —to).

Now, the Gronwall lemma implies that
M2
I(y(T) = () <e 2 (20— 9(0)1[|> forevery 7€ [0,t—to].

It is easy to see that zp(z) < 1 and v (z,0) > 1 for every x € [0, 1], and hence (zy —
¥(0))+ = 0 for every = € [0, 1], and, in consequence (y(7) — 1(7))+ = 0 for every 7 €
[0,¢ — to]. This means that

y(x,t —to) < W(x,t —ty) forae. z€(0,1).

In a similar way, testing by (y(7) + (7)) in place of (y(7) — 9 (7)) it follows that
—p(z,t —to) < y(w,t —ty) forae. =€ (0,1).

We deduce that

llz(to)l|L = lly(t — to)ll L= < f&%ﬁﬂ@i —tg) = Ce Cli7t0),

Coming back to (4.6) we observe that
lw(®)llzr < lw(to) | ll2(to) | L < Ce™ U7 w(to)|| 11

< Cem O |u(tg) | 1y < 2MCe O,

By taking t sufficiently negative it follows that for every & > 0 there holds ||w(t)||1 < €
and hence it has to be w(t) = 0. The proof is complete.

As a special case, when the set B € B(L?) is a singleton we obtain the following result.
THEOREM 4.2. Let f € L°°(R; L?). For every ug € L? there holds

lim ||S(¢, to)uo — w(t)|| g = 0.
to——o00 0

REMARK 4.3. If f is independent of time, then the problem becomes autonomous and the
process is actually a semigroup {S(t)}:>0. In such a case the above result states that if
f € L? then there exists the unique u € H{, the solution to the stationary problem, such
that for every ug € L?

lim HS’(t)uo - u||H1 = O,
t— o0 0

where S(t)ug is the value of the weak solution at time ¢ with the initial data uo taken
at time equal to zero. Observe that we have strengthened the result of Hill and Sili [18]
who require that f € C*([0, 1]) and who consider only classical solutions. Note, however,
that in [18] the authors consider the case where the domain is not the interval [0, 1] but a
bounded and open set 2 C R%, and their nonlinear term has the form a(u) - Vu.
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We can extend theorem 4.1 to get following result

LEMMA 4.4. [fu : [t1,00) — H} and v : [t,00) — H} are two strong solutions such that
luz (|| < M and ||vg(t)|| < M for every t > t1, then

lut) = v(B)]| < Cem 1),
where the constant C' depends on M.
Proof. In the course of the proof of theorem 4.1 we have shown that
[u(t) = v(t)l| 1 < Cem .
Now, for v € H} by interpolation we get

1/2 1/2 1/2
o]l < [ollZ2 l10l1352 < ol 4 loe 174 ol 142

It follows that
2/3
ol < ol 222 oz 172,
and the assertion is proved. O

REMARK 4.5. It is clear that if the non-autonomous forcing f is T-periodic, then the pull-
back attractor A = {A(t) }+er is also T-periodic, i.e. A(t) = A(t + T) for every t € R,
and, in our case, the unique eternal solution bounded in H} is periodic.

For a set B € B(L?) we will denote by || B|| the value sup,¢  ||b]|. We prove the following
result.

THEOREM 4.6. Let f € L™ (R; L?). Let vo € B € B(L?) and let v be a weak solution
starting from the initial data vg at time tq. Let u be the unique eternal solution bounded in
H{}. There exists a constant C > 0, a constant C(||B||) > 0 (depending continuously and
monotonically on || B||) such that for every t > tq there holds

lu(t) = v(®)]| < C(|BI[)e= ). 4.7

In consequence, if only f € L™ (R; L?), then the unique eternal solution u bounded in
H} attracts exponentially in L? both in forward and pullback sense all weak solutions
uniformly with respect to bounded sets of initial data in L.

Proof. Let vy € L? and let v be a weak solution starting from v at time ¢,. Without loss
of generality we consider only the case ||vg|| > 1. If ||vg|| < 1 we can take any fixed value
greater than one in place of ||vg||. Assume that u : R — H} is a unique eternal solution
which is bounded in H&. Estimate (2.9) implies that there exist positive constants C', D

https://doi.org/10.1017/prm.2019.11 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2019.11

2046 P. Kalita and P. Zgliczyniski
such that if
t>to+ Clu|lvgll,

then

lo(@)]| < D.
Estimate (2.18) with ¢ = 1 implies that there exist constants C', D > 0 such that if

t=14to+ Cln|lvoll,

then

[[va ()] < D.

Consider v[[1 44,4+ n [jvo |l,00) AN U|[1440+C In [|vo|,00)- Lemma 4.4 implies that for every
t > 14 ty+ Cln|vg|| there holds

u(t) — v(t)|| < Ce™C—1=to—Inllwol)
Hence, if only t — ¢y > 1+ C'In ||vg||, then
lu(t) = v(B)]] < Cllwg||“e= 1),

and the assertion (4.7) follows for every ¢t > to + 1 + C'In ||ug||. The fact that the assertion
(4.7) holds for every t > t, follows from the fact that ||u(¢) — v(¢)]| is uniformly bounded
in L2, U

4.2. Periodic conditions.

Contrary to the Dirichlet case, in periodic situation we only prove that all trajectories
converge (forward in L? and pullback in H') to a unique eternal strong solution bounded
in H'. For the time, we leave open the question of the convergence speed, which we
expect to be exponential. In the course of the proof, contrary to the Dirichlet case, the
weak maximum principle appears to be insufficient to get the corresponding result, and we
need to apply its strong version. This requires us to do the additional bootstrapping to get
the desired regularity for the adjoint problem. Note that the convergence of higher order
space derivatives is easy to obtain from our results, by interpolation and uniform a priori
estimates in higher order norms which will hold under increased regularity assumptions on
the forcing term f.

Before we pass to the proof of global asymptotic stability, we need two auxiliary results.

LEMMA 4.7. Assume that a € Cy([0,00); H') satisfies ||a(t)| ;1 < M foreveryt > 0and
y € L (0,00; H,) NC([0,00); L?) with y, € LE (0, 00; (HL,,)') is the unique weak

solution of the lingzl;’ problem "
yT(T) - y’I‘T(T) - a’(T)y-’E(T) =0 fO}" (SC, T) € (Oa 1) X (Oa OO), (48)
y(0,7) =y(1l,7) and y.(1,7)=y.(0,7) for 7€ (0,00), 4.9)
y(0) = yo, (4.10)

with yg € L. Then

ly(llze < llyollze  for every 7= 0.
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Proof. The proof follows by the method of Stampacchia [25], as in the Dirichlet case.
Weak form of the considered equation is the following

<yT(T)7 Z>(chr)’><chr + (Ya (7’), Zg) — (a(T)yw(T)a z)=0
forevery z € H! ae. 7>0, (4.11)

per

with the initial data y(0) = yo € L?. It follows from the standard argument that this
equation has a unique weak solution with the regularity given in the statement of the
lemma. We derive the maximum principle estimate for this equation. To this end, first
test the above equation by (y(7) — ||yol| L= ). This leads to the bound

%%Il(y(f) —lwoll= )17 + [[((w(T) = lyollze)+ )zl
< M|((y(7) = llyolle=)+ )l (¥ (T) = [lyoll L)+, (4.12)

and, since ||(y(0) — ||yoll =)+ || = 0, the argument based on the Gronwall lemma implies
that || (y(7) — ||yol|z=)+]| = 0 for every 7 € [0, 00). A similar argument based on testing
the equation by (y(7) + ||[yo|| L) _ leads to the conclusion that || (y(7) + ||oll =) —|| = 0
and in fact [|y(7)||L= < [|yol|L= for every 7 € [0, 00). O

We have proved that L>° norm of the solution cannot exceed the L°° norm of the initial
data. In the next result we show, using the strong version of the maximum principle, that
the L°° inequality in the assertion of the last lemma must be in fact strict.

LEMMA 4.8. Assume that a € Cy([0,00); H') with a, € L} _(0,00;L?) satisfies

loc

||c§(t)\|H1 <M for every t >0 and y € Li, (0,00; H.,,) N C([0,00); L*) with y, €
L

2 (0,005 (H,,)") is the unique weak solution of the linear problem (4.8)~(4.10) with

per
Yo € L. Assume that vy is not equal to a constant function for a.e. x € (0,1). Then

ly(T)llLe < llyollLe=  for every 7= 0.

Proof. We first need to establish the regularity of y in order to use the strong maximum
principle. Fix T' > 0. Testing (4.8) by —y,.,(7) we obtain

1d
2 dt
It follows that

52 (DI + 1Yae (T < My (T)llYae(7)]| - forae. 7> 0. (4.13)

d 1
(I < M2y (0],

whence for every 0 < 71 < T2
2 2
lye (2)[1* < /2=y, () |12 < 2V g ()17

We can integrate the above estimate with respect to 7 over the interval (0, 72), which
yields

2 T2
Tallya () |2 < 1/2M7 / lya(r) |2 dr,
0
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whence

) el/2M?my T2 ) el/2M?7 )
[y (2)[I” < T/o [y () ||” dm1 = THZ/HB(O,TQ;Hl )

per

Coming back to (4.13) it follows that

T3 T3
/ e (712 dr < M / lya ()2 dr + ga(m) |2 forevery 0 <7 < 7s.
T T2

2
We deduce that for every € € (0,7) there holds
Ye € L®(e,T;L?) and vy, € L?(e,T; L?).
Moreover, as |a(z, t)| < M for every (z,t) € [0, 1] x [0, 7] it holds that
yr € L*(e,T; L?).
We deduce that
y € C(le,T]; Hper), (4.14)

whence y € C([0,1] x [e,T]) and y(t) is 1-periodic with respect to variable x for every
t > 0. Now we differentiate (4.8) with respect to 7 and denote p = y,. This function
satisfies the equation

Pr (T) — Pzx (T) —ar (T)yw (T) - Cl(T)px (T> =0, (4.15)
with the periodic boundary conditions. We first test this equation with p(7). We obtain

1d

5 7 PO + (1) < /0 |ar (2, 7)p(, 7)ye (2, 7)| dz + M|ps (7) || Ip(7)]]

It follows that

%%llp(ﬂw + P2 (D1? < lar (D) p(T) || o 1y (7) || + M2 ||p(T)]1* + i”Pm(T)HZ-

We deduce
d
&HP(T)II2 + e (DI < 2llar (7)1 [ly (7)[1? + 202 ||p(7) || (4.16)

We integrate this inequality from 71 > 0 to 75 € (71, T], whence

T T
lp(m2)* < llp(r)lI? +2/0 la-(T)[* dr esssup ||y, (7)]* +2M2/ lp(7)|I* dr.

TE(71,T) 1

We choose o > 2¢, and integrate the above inequality with respect to 7; over the interval
(e, 2¢e) whence

T T
llp(m) 2 < / lp(r)|? dr + 2¢ / lar ()12 dr esssup g (7))

€ 0 T€(e,T)

T
+2M25/ llp(T)|)? dr.
I
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It follows that i, = p € L>(2¢,T; L?). As

1Y (M| < My (T + M|y ()| = [lp(T)I] + M|y (7)1,

it follows that y,, € L°(2¢,T; L?) and hence y, € L°°(2¢,T; L>°). Coming back to
(4.16) we deduce thaty,, = p, € L2(26, T, L2). Equation (4.15) implies that p, =y, €
L?(2¢e,T; L?). Finally we test (4.15) with —p,,(7) which yields

1d
55”%(7)\\2 + 1Pea (M? < M|pe () | 1P2a (7| + Nlar (D) vz (D)l oo [P (7) || 22
We deduce
d
&||pz(7)||2 + 1pea ()1? < 2M2||pe ()17 + 2llar () 1P g2 (7). (4.17)

Choose 71 > 2¢ and integrate the above inequality from 71 to 7 € (71, 7). We obtain

T T
2 (T < [z (1)1 +2M2/ pr(T)||2dT+2/ llar (7)||* dr esssup [z (7)|1%.
2e 2e TE€(2e,T)

Now let 7 > 3¢ and integrate the above inequality over 7; from 2¢ to 3. We obtain

T T
eI < [ patr)ldn+208% [ (] dr

2¢e 2¢e

T
422 [ an()dr esssup o)
2

€ TE€(2¢,T)

It follows that p, = y,, € L>=(3¢,T; L?), and, by (4.17), ppx = Ytz € L*(3e,T; L?). It
also follows from (4.15) that p, = y,, € L?(3¢,T; L?).
We have proved that y, € L?(3¢,T; H2,,) and y., € L*(3¢,T; L2,.). This regularity

per per

implies that y, € C([3¢,T]; H}..), whence y, € C([0,1] x [3e,T7]). We have also proved
that y, € L*(3¢,T; H..,), whence we deduce that y, € L*(3¢,T;C([0,1])) and y, is

1-periodic with respect to = variable. It follows that y, € C([0, 1] x [3¢,T7) is also a 1-
periodic function with respect to 2 variable. We deduce from (4.8) that y., € C(]0,1] x
[3¢,T7]). We have obtained enough smoothness of y to use the strong maximum principle.
Regularity (4.14) implies that y(7) € C([0,1]) for every 7 > 0. By lemma 4.7 it fol-
lows that for every 7 € (0,77 there holds max,¢[o,1) |y(z,7)| < [|yol| L. Without loss
of generality we may assume that max, o 1) y(%, 7) < |[|yol|L>~ for every 7 > 0. Assume
that for some 7 > 0 there holds max,eo,1] |y(%, 7)| = [|yo|| L. If there exists z € (0,1)
such that y(xo, 7) = ||yo|| Lo, then the strong maximum principle, see [24, theorem 2, page
168] implies that y(z, 7) = ||yo|| L for every (x,7) € [0,1] x [3¢, T]. This means that

y(3e) — y(0) = [|yoll L= — o,

and ||y(3e) — y(0)]| = ||[|vollz= — yol| # O as yo is not almost everywhere equal to a
constant function. But y € C([0, T]; L?), so lim._q ||y(3¢) — y(0)|| = 0, a contradiction.
We can hence exclude the case y(zo,7) = ||yo|| for ¢ € (0,1). Since y is 1-periodic
with respect to x, we deduce that if max,cjo1) |y(2,7)| = |lyollz~ then y(0,7) =
y(1,7) = 1. We use [24, theorem 3, page 170] whence it follows that y,(0,7) < 0 and
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Y. (1,7) > 0, a contradiction with 1-periodicity of y,, with respect to variable x. The proof
is complete. U

THEOREM 4.9. Let f € L>®(R; L?). The pullback attractor A = { A(t)} e established in
theorem 3.12 consists of a single eternal solution A(t) = {u(t)} for every t € R. In other
words there exists a unique eternal solution u € Cp(R; H YY such that for every bounded
set B € B(L?) of initial data there holds

, lim dist . (S(¢,t0)B, {u(t)}) = 0.

0——0Q

Proof. The first part of the argument follows the lines of the argument for the Dirich-
let problem. Let u,v: R — H' be two eternal solutions such that ||u(t)||;; < M and
[v(t)[| g1 < M for every t € R. Similar as in the Dirichlet case denote a(t) = % (v(t) +
v(t)). Then a € Cy(R, HY), [|a(t)|| 1 < M forevery t € R, a; € L2, (R; L?) and

loc
la(z,t)] < |la(t)]|pe < |lax(t)]] < M forevery (x,t) € [0,1] x R.

Denote and w(t) = u(t) — v(t). Then ||w(t)|| ;1 < 2M for every t € R. Moreover, the
function w € Cy,(R; H') satisfies the equation

Wt — Wee + (aw), =0, (4.18)

as well as the periodic conditions w(0,t) = w(1,t), w,(0,1) = w,(1,t) for every t € R.
Our aim is to prove that u(t) = v(t), i.e., the only solution in Cy(R; H') of the above
equation such that |[w(t)|| ;1 < 2M for every ¢ is w(t) = 0. To this end we fix t € R
such that w(¢) is not identically zero, and consider (4.18) on the time interval (¢, t) for
to < t. Asw(t) is a continuous function of the variable = we can define two open sets A
and A_ by Ay ={z €[0,1] : w(z,t) >0}, and A_ = {z €[0,1] : w(z,t) <0} and
20 :[0,1] — Rby

z0(7) = xa, (z) — xa_(®).

It is clear that zo € L? (but its mean is not necessarily equal to zero). Moreover

1
lw(t)]| L :/0 zo(x)w(z,t) da.

Similar as in the Dirichlet case we can define the adjoint problem which we solve
backwards in time

21(8) + 2z2(s) +a(s)zx(s) =0 for (z,s) € (0,1) x (to, 1), (4.19)
z(0,8) = 2(1,s) and z(0,s), = z(1,s), for s € [to,t], (4.20)
z(t) = 2o. (4.21)

This problem has a unique weak solution z € L?(to, t; H},,) with z, € L?(to, t; (H}.,)').
Note that H' ¢ H!

per»> the former being in fact a closed subspace of the latter. Proceeding
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exactly as in the Dirichlet case it follows that

(w(to), 2(to)) = (w(t), 2()) = (w(t), z0) = [lw(®)|[11- (4.22)

Introducing the time 7 = ¢ — s the problem (4.19)—(4.21) is equivalent to the following
forward in time problem

Yr(T) = Y2 (7) —a(t = T)yo (1) =0 for (z,7) € (0,1) x (0,t —tp),
y(0,7) =y(1,7) and y.(1,7) =y, (0,7) for 7€ (0,t—to),
y(0) = 2o,

namely, its solution y is given by y(7) = z(t — 7) for 7 € [0,¢ — to]. We will consider this
problem on the whole positive semiaxis, which corresponds to taking arbitrarily small ¢,

i.e
yT(T) - nyﬂC(T) - a(t - T)yx(T) =0 for (I7T) S (07 1) X (07 00)7 (423)
y(0,7) =y(l,7) and y.(1,7) =y.(0,7) for 7 € (0,00), (4.24)
y(0) = 2o, (4.25)

It follows from (4.22) and lemma 4.7 that
lw(®)[l ;1 < (w(to), 2(to)) < lw(to)ll 1 [[2(to)ll Lo
= lw(to)ll p1lly(t = to)ll > < llw(to)llf:-

Hence, ||w(t)||1: is a non-increasing function of ¢, whereas there exists numbers 0 < ¢1 <
¢o such that

lim |w(t)||pr =ce and lim [[w(t)|: = (4.26)
t——00 t—o00

As w(t) is not identically zero, it follows that ¢y # 0, we will show that this leads to a
contradiction. Define u” (t) = u(¢t + 7) and v (t) = v(¢t + 7). Then

ug () —up, (t) +u” (H)ur(t) = f(t+7) forevery teR, (4.27)
and
ol () — vz, (8) + 0T ()og () = f(t+7) forevery teR, (4.28)

that is, «™ and v” are two eternal bounded in H' solutions with the forcing terms
f(-+7) = f7. Estimates of § 2.2 imply that for every ¢; < {2 there hold the bounds

Juz ()] + [loz (D] < C,

to to
[ hoPas [Copasc,

t1 ty

12 to
/n@mWa+/nﬂmwm<a

t1 t1

where the constant C' depends on ¢; — ¢ but is independent of 7. It is also clear that

7@l < C.
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We choose a sequence 7, — —oc. Using the diagonal argument it follows that there exists
the subsequence of indexes, which we still denote by n, and functions f, v, @ such that for
every t1 < g the following convergences hold for n — oo

f™ —f weakly —xin L*(ty,ty; L?),
u™ — 7T weakly — % in  L>(t1,to; H') and weakly in L?(ty,to; H?),
v™ — T weakly — % in L>(t1,to; H') and weakly in L?(t1,to; H?),

Tn
Uy

—7; and v/" — v, weaklyin L?(t1,to; L),
and
u™ (t) — w(t) and v™ (t) — T(t) weakly in H' and strongly in L? for every ¢ € R.

These convergences allow us to pass to the limit with 7,, to minus infinity in (4.27) and
(4.28), whence it follows that

u,v € Cy(R; H') N LY (R H?), 0,0, € L, (R; L?)
satisfy (in strong sense) the equations
Ty (t) — T (8) +T() (1) = (1),
T(t) = Taa () + T()T2(t) = F(1).
(

Define w=u—7v and @ = (w+ 7). Then |[a(t)||;; < M and |[w(t)|| ;7 < 2M for
every ¢t € R and we have the following regularities and convergences

w,a € Cy(R; HY) N L2 (R; H?), Wy, a; € L3 (R; L?),
w(+7,) =w™ — W weakly — * in L”(tl,tg;Hl) and weakly in Lz(tth;Hz),

w™ (t) — w(t) weaklyin H' andstronglyin L> forevery t¢€ R.

Moreover, w satisfies is strong sense the equation
W (t) — Wae (1) + (@(t)w(t))e = 0.
The convergence (4.26) implies that
lw™ ()| — co forevery teR,
and hence
[w(t)||r =co forevery teR.

Choose real numbers ¢ < ¢ and define 20(2) = X{ze[0,1]: w(x,t)>0} — X{z€[0,1]: W(w.t)<0}-
Analogously to (4.23)—(4.25) we formulate the adjoint problem

Yr(7) = Yoo (7) —@(t — T)ya(r) =0 for (z,7) € (0,1) x (0, 00), (4.29)
y(0,7) =y(1,7) and y,(1,7) =y.(0,7) for 7€ (0,00), (4.30)
y(0) = 2. (4.31)
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As in (4.22), as w(t) is not identically zero, we get |29/~ = 1, and
c2 = [[w(t)llz, = (Wt —to), w(t)) < ly(t —to)ll = [w(to)l|r = c2lly(t —to)|l L~
As ¢ # 0 and £ is arbitrary it follows that
lly(T)||L= =1 forevery 7 >0.
But lemma 4.8 leads us to the conclusion that
lly(T)||lL= <1 forevery 7 >0,
which is a contradiction and the proof is complete (]

We can repeat the argument of the above theorem passing with 7,, to +oo instead of —co
to deduce that the unique complete trajectory also attracts all trajectories in future. That is,
we get the following result

THEOREM 4.10. Let f € L>(R; L?). The unique eternal strong solution u € Cy(R; H')
satisfies

tlim 1S (¢, to)up — u(t)|| =0
for every ty € R and uy € 12

REMARK 4.11. Similar as in the Dirichlet case it is clear that the T'-periodicity of the non-
autonomous forcing f € L°°(R; L?) implies that the unique eternal solution bounded in
H' which attracts all trajectories in pullback and forward sense is also T-periodic.
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