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INFINITE ENERGY SOLUTIONS FOR CRITICAL WAVE EQUATION WITH
FRACTIONAL DAMPING IN UNBOUNDED DOMAINS

ANTON SAVOSTIANOV

ABSTRACT. This work is devoted to infinite-energy solutions of semi-linear wave equations in un-
bounded smooth domains of R® with fractional damping of the form (—A;+ 1)%3tu. The work extends
previously known results for bounded domains in finite energy case. Furthermore, well-posedness and
existence of locally-compact smooth attractors for the critical quintic non-linearity are obtained under
less restrictive assumptions on non-linearity, relaxing some artificial technical conditions used before.
This is achieved by virtue of new type Lyapunov functional that allows to establish extra space-time
regularity of solutions of Strichartz type.

1. INTRODUCTION

In this work we study extra regularity and long-time behaviour of infinite-energy solutions in an
unbounded smooth domain © C R? to the following problem

{8?u — Agt+ Aou+ (A +1)0u + f(u) = g, z € Q,

(1.1)
uloa = 0, uli=0 = uo, Opult=0 = w1,

where constants v and A\ are strictly positive, 6 = % and u = u(t,z) is an unknown function. Further
we assume that external force g = g(z) belongs to L2(2) and initial data (ug,u1) € & defined as
follows

(1.2) E = HE(Q) N {ulsq = 0} x L),

where spaces L7 () and H}!(€2) are uniformly local analogues of H'({2) and L*(2) (see Section 2 for
details). Non-linearity f € C*(R) is of critical growth and satisfies natural dissipative assumptions

(1.3) [f'(s)] < C(1+s]7),
(1.4) f(s)s > =M,

with ¢ = 4. Finally —A, denotes usual laplacian and (—A, + 1)% is operator —A, + 1 to the power
% (see Section 3 for the details).

Wave equations with fractional damping arise in situations when waves propagate through a lossy
media, for example fractal rock layers, human tissues, different biomedical materials (see [6], [21] and
references therein). In contrast to usual damped wave equation (# = 0) the fractional damping term
(—A,+1)?0pu with 6 > 0 allows to model processes in which which the higher frequencies decay faster
than the lower frequencies. This can be easily seen in the linear homogeneous case on torus or in the
whole space by means of Fourier series or Fourier transform.

Let us give a brief review of known results for semi-linear wave equation with fractional damping
in finite-energy case.

It appears that even in linear case properties of wave equation with fractional damping significantly
depend on parameter 6. For instance, if # = 0 we have finite speed of propagation property (see
[20]). Also it is known that wave equation with fractional damping generates analytic semi-group
if and only if 6 € [3,1] (see [23], [24]). When 6 € (0,1) wave equation with fractional damping
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possesses smoothing property similar to parabolic equations see [13], [18], [19]. In case § = 1 there is
instantaneous smoothing for d,u and asymptotic smoothing for u (see [7]).

In presence of non-linearity f even the question of well-posedness of semi-linear wave equation with
fractional damping becomes non-trivial. Indeed, in this case well-posedness of problem (1.1) essentially
depends not only on 6 but also on growth exponent ¢ of the non-linearity (see (1.3)). Let us first
remind the known results when 6 € [0,1] \ {3}. For a long time g = 4 was considered as critical when
S [%, 1] (see [5] and references therein). A great progress for the strongly damped wave equation
(0 = 1) as well as the case 6 € [2,1] was done in [13]. In this case it was shown (see [13]) that the
mentioned problem is well-posed and possesses smooth attractor for arbitrary finite exponent ¢ > 0 if

f € CY(R) is such that
(1.5) —C+als|? < f'(s) < C(1+s]),

for some constants @ > 0 and C' > 0. In addition it was shown in [13] that well-posedness and smooth
attractor theory are valid if 6 € (%, %) and ¢+2 < BL%’ that also improves exponent 4. Well-posedness
and smooth attractor theory for the weakly damped wave equation (# = 0) with critical non-linearity
q = 4 is considered in [12]. This result is based on substantial progress in Strichartz estimates for pure
wave equation in bounded domains (see [3], [4]) and trajectory attractor theory for weakly damped
wave equation developed in [32]. Let us remind that Strichartz estimates are space-time estimates
where LP([0,T]; L™ (€2))-norm of the solution is controlled via energy norm of initial data and right-
hand side for some admissible p and r. For example when # = 0 one may take p = 4 and r = 12.
Furthermore, based on Strichartz type estimates, well-posedness and smooth attractor theory were
obtained in sub-critical case ¢ € [0,4) when 6 € (0,3) (see [18]), whereas ¢ = 3 had been considered
as critical before.

Let us consider more carefully the case 6 = % It appears that to get well-posedness and develop
smooth attractor theory in this case one needs extra regularity similar to Strichartz-type estimates
that does not follow directly from energy type inequality (the one obtained by multiplication of the
equation (1.1) by dyu). In [19] it was shown that in fact any energy solution to problem (1.1) belongs

to L2([0, T); H%(Q)) under assumption
(1.6) f'(s) = =C,

and for arbitrary ¢ > 0 (restriction g < 4 is needed for the uniqueness but not for the extra regular-
ity), if one considers periodic boundary conditions. The main observation used to obtain this extra

regularity is the fact that actually one can multiply equation (1.1) by (—Aw)%u. Then, in periodic
case or in the whole space R3, similar to inequality

(1.7) (f(w), =Agu) > =CllullFp o),

which is a consequence of (1.6) one can also get, again based on (1.6), the following inequality (see

[19])

i 2
(18) (FW). (82 ) = ~Cllul
And consequently the most problematic non-linear term in fact is not dangerous. Furthermore, in
[19] extra L2([0,T); H %(Q))—regularity was also obtained in case of Dirichlet boundary conditions.
But, in case of Dirichlet boundary conditions, we do not know analogues of inequality (1.8). Thus

to obtain L2([0,7T]; H %(Q))—regularity in this case it was proposed to reduce the case of Dirichlet
boundary conditions to the whole space R? by making odd extension through the boundary. This in
turn resulted in quite technical computations and artificial assumptions on non-linearity: oddness of
f and (1.5) instead of (1.3) and (1.6).

Considering the case of unbounded domains it is natural to work with the class of so called infinite-
energy solutions (the rigorous definition for our problem can be found in Section 4, see also [15]).
This is related to the fact that on the one hand if we considered our problem just in usual energy
space H () x L*(Q), analogously to the case of bounded domains, then such choice of space would
implicitly imply some decay condition in space variable at infinity for our solutions and therefore
such solutions would be in some sense localised in space that looks restrictive. On the other hand
space L>°(Q) is also not convenient and usually is used in cases where maximum principle works. A
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good alternative was found in using uniformly local spaces (see [15] and references therein) which
basic properties are collected in Section 2. Infinite-energy solutions were constructed and studied for
various problems of mathematical physics: reaction-diffusion systems (see [29], [30]), Cahn-Hilliard
equation ([17]), weakly damped wave equations (see [10], [31]), strongly damped wave equation ([27])
and even Navier-Stokes equations (see [1], [35], [11] and therein) and dissipative Euler equation (see
[8] and therein). In [10] infinite-energy solutions and corresponding attractor theory were constructed
for autonomous weakly damped wave equation. The non-autonomous case as well as systematic study
of Kolmogorov’s e-entropy in both autonomous and non-autonomous case of weakly damped wave
equation is presented in [31]. The attractor theory for the strongly damped wave equation (problem
(1.1) with § = 1) and quintic non-linearity is developed in [27].

The aim of this work is to extend this result to the case of infinite energy solutions in case of
Dirichlet problem (1.1) with § = 1 in unbounded domains as well as relax assumptions (1.5), oddness
of f and even (1.6) to less restrictive assumptions (1.3) and (1.4). We notice, that when assumption
(1.6) fails, but assumption (1.4) is still valid, for example smgﬁ)’ it is natural to expect, that problem
(1.1) does not possess finite-energy solutions if  is unbounded. Therefore, the class of infinite-energy

solutions becomes the natural one in this case. In contrast to [19], the extra LZ([O,T];H?fxO}(Q))—

regularity, which is analogue of L2([0,77]; H3/?(Q2))-regularity in bounded domains, is achieved by

one more preparatory step. Namely, we get L*([0,77; Lg mO}(Q))—momrn control (weighted analogue of

LA4([0,T]; L'?(2))) first. This is possible due to new type Lyapunov functional for problem (1.1) that
can be obtained by multiplication of (1.1) by, roughly speaking, u? which is the main novelty of the

work (see Theorems 5.2, 6.1). Obtained L*([0,T]; Lg xo}(Q))—regularity implies that non-linear term

f(u) belongs to L([0, T7; L%e xo}(Q)) and hence we can multiply equation (1.1) by, roughly speaking,

(—Az + 1)%u that gives desired L2(]0,77; H?ézxo}(Q))—regularity, but already without inequality (1.8).

Subsequent smoothing property (see Section 8) and attractor theory (Section 9) for problem (1.1) in
unbounded domains can be then obtained in more or less standard way following the arguments from
[19].

The work is organised as follows. In Section 2 we collect basic definitions and properties of weighted
and uniformly local spaces that are used throughout the paper. Commutator estimates involving
fractional laplacian which are necessary for the work in weighed spaces are proven in Section 3. Section
4 highlights the result on the existence of the infinite-energy solutions for problem (1.1). In Section
5 we explain the idea of the obtaining L*([0,T]; L'?(f2))-estimate for the problem (1.1) in the simple
case, when  is bounded. The key theorem of the work (Theorem 6.1) regarding L*([0, T); Lgmo}(Q))
extra regularity of infinite-energy solutions to problem (1.1) is proven in Section 6. Based on the
obtained extra regularity, uniqueness of solutions to problem (1.1) is verified in Section 7. Smoothing
property of infinite-energy solutions is established in Section 8. Existence of locally compact smooth
attractor is proven in Section 9. Finally, Appendix 10 contains the proof of the dissipative estimate
for the problem (1.1) in the infinite-energy case where non-linearity f satisfies (1.3) and (1.4) only.
This proof is based on a variant of Gronwall-type inequality which can be of independent interest by
itself.

2. WEIGHTED AND UNIFORMLY LOCAL SPACES

In this section we introduce and recall basic properties of the family of weight functions and corre-
sponding weighted Sobolev spaces as well as intimate relation between weighted Sobolev spaces and
uniformly local spaces.

Definition 2.1. Let ;1 > 0 be arbitrary. A function ¢ € LS (R™) to be called a weight function of
exponential growth p iff ¢(x) > 0 and there holds inequality

(2.1) d(z +y) < Cpe¥g(a),

for every x,y € R™.
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Remark 2.1. One can easily check that if function ¢ is of exponential growth p then so is the function
1/¢ with the same constant Cy. In other words (2.1) implies

(2.2) ba +y) = Ol Hlg(y),
for every x,y € R™.

Proposition 2.1. (see [9]) Let ¢1 and ¢o be weight functions of exponential growth py and pe respec-
tively. Then

(i) a1+ Boa, max{p1, p2} and min{p1, pa} are weight functions of exponential growth max{j, po}
for every «, 5> 0;

(ii) ¢1 - P2 and ¢y - qS;l are weight functions of exponential growth 1 + po;

(i13) ¢$ is a weight function of exponential growth |o|p;.

The main examples of weight functions of exponential growth are e~¢1#=%0l its smooth analogue

eVt =20l® and (1 + |z — x0|?)* where € and a belong to R. It is easy to see that the first two
examples are functions of exponential growth |e| and the last one is the weight function of exponential

growth p for arbitrary 1 > 0. For us the weight ¢ ,,(x) = eV Ile=20” with small enough € > 0
will be of particular interest.

Definition 2.2. Let Q be some unbounded domain in R™, and let ¢ be a weight function of exponential
growth . Then the space Lf; is defined as follows

(2.3) LE(Q) = {u € D(Q) : u,Qll},, = /Q#’(m)]u(x)\pdm < oo} .

Analogously we define W(;’p (Q), I € N, as the space of those distributions which derivatives up to
the order [ belong to L7(€2). In particular we use notation Wf’ep xo}(Q) if the corresponding weight is
/T e—zo? . l,
e sV IHz=0l* " Also we denote by || - l{e,20},1,p the norm in W{;’mo}(Q).

We also define so called uniformly local Sobolev spaces, which are also of special interest to us,

Definition 2.3. Let Q) C R™ be an unbounded domain. Then

(24) W) = {ue D) o lhsy = sup 20 By < oo}

rogER™

Here and below B stands for the ball in R™ of radius R with center at o and [ju, V||;;, means
|ullwipvy for a domain V' C R™.

Theorem 2.1. (see [9]) Let u € LZ(Q) where ¢ is a weight function of exponential growth p > 0.
Then for any 1 < q < oo the following estimate is valid:

(25 ([ oteor ([ em“orum)\p)quof <c [ @l

for every e > i, where the constant C' depends only on e, p and Cy from (2.1) (and is independent of

For further properties of weighted Sobolev spaces defined above we need some restrictions related
to smoothness of the boundary of the domain and in particular its smoothness ”at infinity”. First,
we assume there exists such a number Ry > 0 that for every z € ) there is a smooth domain V, C 2
such that

(2.6) B nQcVv, c BRtinqQ.

This assumption allows to avoid, for example, such pathologies as infinitely thin cuts going to infinity
and boundaries that behave like sin(z?). Second, we assume that there exists a diffeomorphism
0, : Bol — V.. such that

~1
(2.7) 10zllcn + 110" lov < K,

uniformly with respect to = € ) for sufficiently large N. This assumption, for example, allows to
exclude infinitely thin rays. In general these assumptions are standard and for bounded domains
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this is equivalent to the fact that the boundary is smooth enough manifold. The above mentioned
assumptions supposed to be valid throughout the work with Ry = 2 (for simplicity).

Theorem 2.2. (see [9]) Let domain Q satisfies conditions (2.6) and (2.7), ¢ be a function of expo-
nential growth and let R > 0 be a fized number. Then for any p € [1;00) the following estimates are
valid:

ey o P [ e [ ju@pded <6 | @@u@ps

Applying Theorem 2.2 to derivatives of u we get:
Corollary 2.1. (see [9]) Let | € N, p € [1;00) and the domain  satisfies (2.6), (2.7). Then an

equivalent norm in qu;p(Q) is given by the following expression:
29 ooty = ( [ o). 00 B 17, oo )

In particular we obtain that norms (2.9) are equivalent for different R > 0.

Moreover, using Theorem 2.2 we get equivalent norms for uniformly local Sobolev spaces (see [30]):

Corollary 2.2. Let domain Q satisfy assumptions (2.6), (2.7) and u € Wé’p(Q). Then for any € > 0
we have

(2.10) Cillu, QY < sup {/ e Pl Q0 B dx} < Collu, QY
FSY e

We see that representation (2.9) reduces weighted Sobolev norm to Sobolev norm on bounded
domains. Particularly, this gives the benefit of using standard Sobolev embeddings theorems for
bounded domains (see [34]). Moreover, in analogy to (2.9) we are able to define fractional weighted
Sobolev spaces that will play an important role in the sequel

Definition 2.4. (see [9]) Let s > 0, p € [1;00) and R > 0 be fized numbers and domain @ enjoys
(2.6) and (2.7). The W;P(Q) is defined by

(2.11) WP (Q) = {u e D'( / &P (z0)||lu, QN BE |2 dwg < oo},
so the corresponding norm is given by (2.9) with s instead of I.

Let us remind that Sobolev norm in W*P(V') for a domain V with non-integer positive s can be

defined by

|0%u(x) — 0%u(y)[P
2.12 u,VI|[E, = [lu,V + / / dzdy,
(2.12) Vi, =tvity, s 32 [ SR

laf=[s] 77

where [s] and {s} denote integer and fractlonal part of s respectively. It is not difficult to check that
norms defined by (2.11) are equivalent for different R > 0 as well as (2.11) indeed gives usual norm
for W*P(Q) if we take ¢ = 1 and 2 is a smooth bounded domain (see [9]). Hence the above definition
is natural. Analogously to the integer case we use notations Wféf)xo}(Q) and W, P(Q).

3. COMMUTATOR ESTIMATES FOR THE FRACTIONAL LAPLACIAN

This section is devoted to commutator estimates for the fractional laplacian involving functions of
exponential growth.
Let € € R and z € Q2 be fixed and A, denotes the usual laplacian. The operator

A, +1: L{” 1 (Q) = L%mo}(Q)

endowed with Dirichlet boundary conditions can be considered as an unbounded operator in L% . xo}(Q)
with the domain of definition 7—[%6 w0} T D(—A; + 1). One of the possible rigorous definitions of

(—A, +1)% is as follows (see [28], Chapter IX, Section 11; see also [14, 22] for the descriptions of the
domains of definitions)
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Definition 3.1. The operator (—A, + 1)?, for 6 € (0,1) and ¢ € R, is understood as unbounded
operator in L%e mO}(Q) defined by the formula

1 [e.e]
1 A+ 1) u= —— 01 (e (TN g 1
(3.1) (=A, +1)u r(—a)/o A <e >ud)\, 9 € (0,1),

where I' is the standard gamma function, with the domain of definition ’H{a xo}( ) :=D((—A, +1)9),
which in terms of Sobolev spaces can be described as follows

26 1 .
(3.2) 7'[{5 203 () = H{ ,1(22), when 0 € (0, Z) ;

d(x)

1
(3.4) 7-[{6 203 (Q) = H{ngo}(Q) N{u:ulpg =0}, when 0 € <Z’ 1].

1 2 2
(3.3) H{Qe . }(Q) = H{i }(Q) N {u : / wdm < oo} , where d(x) = dist(z, 0);
0 €20 0

One can check that this definition coincides with the usual deﬁnition of the laplacian when 2 is a
smooth bounded domain or the whole space. We also recall that H2 (e.0 }(Q) with 6 € [0,1] and € € R

are Hilbert spaces and H{ . :vo}( ) = (H{E . }( )) can be understood as dual to H{e . }(Q)
The next commutator estimate will be used frequently throughout the work.

Proposition 3.1. Let 6§ € (0,1), ¢ € (0,e0] with small enough ey and u € L{a m}( ). Then the
following commutator estimate holds true

11 ,0(5-0
(35) (A + 1)%(¢e00t) — bemo(— D + 1)ul 120y < Ce?22 Gﬁuqﬁe,xouumm,

for some absolute constant C, where . yo(x) = e~=V1Flz=w0l,

Proof. Writing down the difference under consideration using (3.1) it is clear that we should get a
control of the quantity

(3.6) le= ATV (G, o) — ¢e,xo€7(7A’”+1)AUHL2(Q)
Let us denote v(\) := e~ ("2t DA(g_ ) and w()) = e (A« DAy  that is v and w satisfy the
equations
(3.7) {@v—i—(—Am—l—l)v:O, x € {@w—i—(—Am—l—l)w:O, z e,
vlan =0, v(0) = Pe 4o u, wlag =0, w(0) = u.

Therefore the quantity we need to control is

(3.8) [0(A) = G mow(N)l L2 (0)

From (3.7) we see that v — ¢ »,w solves the problem
8)\(U - ¢e,xow) + (_A:v + 1)(U - ¢e,xow) = _2V¢€,movw - UJA:BQbE,mOa
(v - ¢e,xow)|89 =0, (U - ¢€,mow)|)\:0 =0.

Multiplying equation from (3.9) by v — ¢ »,w we find

1d
2 dA

(3.9)

(310) 5 =vllv = PewgwllFz () + IV(0 = beqw)llFz(q) + IV = demowlZagy

- 2(v¢6,xovwa v — (ba,xow) - (WAac(ba,arm v — ¢5,xow) =
2(w7 V(b&ﬂﬁov(v - (b&ﬂ&ow)) + (wa¢5,xoy v — (ba,mow) = Al + AQ-
By simple calculations one finds V. | < € 4, that immediately gives the estimate for A;
(311)  |Ai] < 2¢]|ge mowll 2@ IV (0 = e mo) | 20) < €llPemowllTzi) + EllV (0 = demow)l|T2q)-
Analogously we see that |Ayde 40| < Cee 5, with some absolute constant C' that implies Ay estimate
(3.12) |As| < Cellde zowllL2(@) v = Pemollr2 () < Celldemowla(q) + Cellv = benollZ2(qy



INFINITE ENERGY SOLUTIONS FOR FRACTIONAL DAMPED WAVE EQUATION 7

Since w solves (3.7) it is not difficult to see, multiplying the corresponding equation by qﬁg’mw, that
w admits the estimate

(3.13) 9200w (N[72(0) < € |G w0l T2y, A >0,
as long as € < g9. Combining (3.10)-(3.13) we arrive at
d
(3.14) 1o = G mgwllfaq) + 10 = Ge i) < eCe™ 62 moullzz(q)

for some absolute constant C' > 0, as long as € < gy. Hence multiplying the above equation by e* one
finds

101 2
(3.15) [0 = emowlr2(0) < VCELAZE 2 ||z myttl| 12(0)-

Finally, using (3.1) and (3.15), we are ready to get commutator estimate
(3'16) H(_Al" + 1) ((ba zol ) (ba 3&0 —Ay + 1) uHLQ(Q

, S AT ) = bWy <

S =

DO | >~

% / A 300 3N | Gemmtll gy =
T(-0)] ’

1_ 1 _ v 1 (2 -0
VC=223 0[1“ ‘/ ) =Le™5ds || e moull 2 () = V222 G%H)Rll%moullmm,
that completes the proof. O

Corollary 3.1. Let ¢ € (0,g] be small enough, 6 € (0,3) and u € H{Sx }( ) then the following
norms are equivalent

(3.17)  CrO)I(—Az + 1) (¢ mou) | r2(0) <
| pe,z0(—Az + 1)GUHL2(Q) <
Co(O) (=25 + 1) (Ye.00w) | 12().
where constants C;(6) are independent of €.

Below we prefer to use the norm given by Corollary 3.1.

As it is seen from Proposition 3.1 the case 6 = % is in a sense critical and for this reason is delicate.
However for our purposes we will need only 6 = %. On the other hand to establish Corollary 3.1 for
the case 6 € [,1) we may allow a weaker version of Proposition 3.2

Proposition 3.2. Let s € (0,1), 6 € (0,22) and u € 7-[?67330}((2). Then for any small enough
e € (0,g9] the following commutator estimate holds

(3.18) [[(—Ag + 1) (Pe,wot) — Pemo(—Ds + 1)9u||L2(Q) <
1+s 1+s GF (I;S )

(| pe,z0(—Az + 1)§UHL2(Q)7
with some constant Cs > 0, that depends only on s.

Proof. The first part is the same as in Proposition 3.10. So we consider the difference v — ¢, ,,w, with
v and w given by (3.7), which satisfies the identity (3.10). Now to estimate A; we proceed slightly
different

3 3
(319) |A1] =2/ (wOkGen, Op(v = de o)) = 26| Y (W g (@), O (v = degw))| <
k=1 k=1
3
26 ) (=20 +1)2 (egan(@)w) |20y (= Az + 1) 72 (Ok(v = dezow))l| 20
k=1
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zE—(T0)k

o . 1 . "
where ap(z) = oo Now, since 5 € (O, 5), we can complete the above estimate by using
Proposition 3.1 with 9%, (%) = ap(2)de,4 () € C*°(Q2) instead of ¢, 4. Indeed, clearly that [ViE | <
Coe 2, and |A:v7/)§,xo| < Cpe g, for some absolute constant C' when ¢ € (0,¢¢], thus we derive

(3.20) |Ay] <
3
20862 (HQSE,iEO(_AJB + 1)%w”L2(Q) + ||¢€,mowHL2(Q)> Hv - ¢€,mowH8L2(Q)HU - ¢€,x0w\|}{j‘zm <

205 ||pewo (— Az + 1)%w||L2(Q) v — ¢€,xow||22(Q)Hv - ¢€,$0w||11r;1?9)’

with some constant Cs depending only on s. Then applying Young’s inequality on the right hand side
of (3.20) with exponents 2 and ﬁ we deduce

2s

(3.21) |A1] < 2C,e (H@,m( Ay + 1)% | 1+SQ)HU e,z W] 1+SQ) + v = ¢6,xow”§{1(ﬂ)> :

As term is easier and can be estimated as follows

(3.22)  [As| < Cell¢ezowl|p2()llv — PezollLz() <
Csel|pe zo (— Az + 1)%WHL2(Q)HU — ¢ xow”SL2(Q)HU Pe J:owHHl(Q) <

2s
€ <H¢6,xo(_Ax +1)2u| 1+SQ)HU ez || 1+SQ) + [lv - ¢6,x0w”§{1(9)> ’

with some constant Cy depending only on s. Thus combining (3.10), (3.21), (3.22), taking ¢ < &9
small enough and taking into account that

J , d % 1+s
(3.23) a”v—@,xowHLz(Q) d)\ ”U ¢5,xow”L2(Q) =

_2s

d
(L+ )l = demowll g, v = eagw Hl“

we derive the estimate

lv ¢exOWH”S < Cséel|femo (—As +1)%le“

d 2
(3.24) a”v - (ﬁE,wa”i;(SQ) + o L2(Q) L2y

1
1+s
as long as € € (0, 9], with some constant Cs depending only on s. Applying operator (—A, + 1)% to
the equation for w (3.7) and repeating the arguments of (3.13) for @ = (—A, + 1)2w we obtain
(3.25) 16e20 (=0 + 1) 7wV F20) < € Moo (A + D2ulF2q), s €(0,1), A>0.
Combining (3.24), (3.25) we find

d =2 1
(3.26) 5”” - ¢6,xow||£;(sg) + 1—+SH — ¢ xowH 1+S () <

Cuee ™ b~ Ao + Diull gy, A2 0, s € (0,1)

with some constant Cs depending on s. Multiplying the above inequality by el_+s one finds

d A 2
(3.27) e (10— el i ) < Cullbum(-Ba+ VPl 220,
that is
A
(3.28) [v(A) = Pz mow(A )Hﬁfg < Csede” 5 || e wy (—As +1)QUH£¥§Q A>0,
and hence

1

1+s s A S
(3.29) 10(N) = bemowNllr2) < Cse 2 AT €72 |gemg(—Ar + 1) 3ul| L2y, A >0,
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as long as ¢ € (0, &, where constant Cs > 0 depends only on s. Now let us estimate the commutator

(3.30)  [[¢e,20(— A +1) —Ag 4+ 1) ($emou)llr2() <
1+s A S
C.c e / NN (-0 + Dl = |7 = | -
1+S_ 77,, s
Ce' 2% Ot [ e oy (~Aa o Dl =
1+4s
1+s 1+579F( D) ) s
s 2 T/ oN X Am 1 )
Cse 2 2 |F( 9)| H¢€ 0( + )2u||L2(Q)
that completes the proof. O

Remark 3.1. Obuiously, the above proposition allows to extend Corollary 3.1 to the case when 6 €
(0,1), that we will use extensively.

In the sequel we also need a commutator estimate involving compactly supported weight function
1z, such that

(3.31) Ugo € C3°(R?), suppthy, C B2, thyy(z) =1 for x € B,

o)

where z( is some point of R3

Proposition 3.3. Let 6 € (0,3), ¢ € (0,20] with small enough €9 and u € L?&mo}(Q). Then the

following commutator estimate holds true

L(3-9)

(3.32) (=2 + 1) (thagt) = thug (—As + 1)%u]| 20 < 02“6WH¢6 zoUl L2(0)

for some absolute constant C' and small enough ¢ € (0,eq], where 1y, is defined by (3.31).

Proof. Similar to Proposition 3.1 we introduce v(\) := e~ (22t DA (3, 4} and w()) 1= e~ (TAeFDAy,
Repeating (3.7)-(3.10) with 15, instead of ¢, ,, we deduce analogue of (3.10)

1d

(333) 5oy

—llv— ¢s,mow\|%2(g) +[[V(v - ¢€,$0w)”%2(9) +[lv - ¢€,$0w”%2(ﬂ) =

2(wV e, V(v — Ypow)) + (WA g, v — Ygow) == A1 + As.
Due to the fact the v, is compactly supported the A; term admits the estimate
(3.34) A1 < Cllw, @0 BE [lo2lIV (v = tuow) | 12(0) < Clldewow] 201V (v %OW)H%2(9) <

CH(ba,xowH%ﬂ(Q) + §HV(U — Vo) || L2(0),

for some absolute constant C, assuming that ¢ € (0, gg].
The As term can be estimated analogously

1
(3.35) [ Ag| < C||¢€,mow”%2(ﬂ) + 5”” - %:OZUH%z(Q)
for some absolute constant C, assuming that ¢ € (0, go].

Combining (3.33)-(3.35) together with (3.13) we derive

d _
(3.36) lIv = aewllTa ) + v = Yrwlizig) < Ce™ bemoull Tz (0,

for some absolute constant C', assuming that ¢ € (0,g¢9] and g¢ is small enough. Arguing along the
lines of (3.15) -(3.16) we complete the proof. O

Let ¢,u be two functions on 2. Throughout the work we use the following notations for the
commutator

(3.37) [0, (=8s + 1)%Ju = ¢(=Ay +1)%u — (=4 +1)*(du), s € (0,1),
(3.38) [(—Ap +1)%, ¢lu == (—Ag + 1)%(¢u) — p(~Ay + 1)%u, s € (0,1).
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4. EXISTENCE OF INFINITE-ENERGY SOLUTIONS

The aim of this section is to establish existence of infinite-energy solutions to the following semi-
linear damped wave equation

(1) OPu+ v(—Ay 4+ 1)20u — Agu + Aou + f(u) = g(z), =€,
. ulga = 0, &u(t)]i=0 = (u, Opu)|i=0 = (uo,u1),

where constants v and Ao are strictly positive and non-linearity f € C!(R) of critical growth and
subject to assumptions (1.3), (1.4).
Further it is convenient to use the notations

(4.2) Etewot = Hie ) (V) X L. 1y (),
(4.3) & = (Hy () N {ulag = 0}) x LF ().
The norms in the corresponding spaces are given by

(4.4) §=(&1,6) € Ee ol ”5“?9{5@0} = “¢e,xov§1”%2(ﬂ) + )\0H¢a,xo§1H%2(Q) + H(b&mogQH%?(Q)’
(45) &= (61.&) €&, €]z, = IVEall7: ) + Moll€rll72 @) + €117 q)-

Now let us give the definition of infinite-energy solutions

Definition 4.1. Function u(t) such that &,(t) € L*([0,T]; &) and

T
(4.6) sup [ oo~ + D200 gyt <
0

xo€ER3
for some gy > 0, to be called infinite energy solution of problem (4.1) with initial data (ug,u1) € & iff

T

T ) T T
(4.7) —/0 (Gtu,(?t(ﬁ)dt—l—’y/o (8tu,(—Am+1)5¢)dt+/0 (Vu,V¢)dt+)\o/0 (u, ¢)dt

T T
/ (F(u), 6)dt = / (g, 9)dt, V6 € C3°((0,T) x ),
0 0

and &yli=o0 = (ug,u1).
Remark 4.1. The definition of solution does not depend on ey in (4.6). Indeed, if ¢ > &g it is

straightforward. If 0 < & < gg the statement follows due to the fact that inequality (4.6) is uniform
with respect to x.

Remark 4.2. [Initial data can be understood as follows. Definition 4.1 implies that both w and Ozu
belong to L>([0,T]; L%E xo}(Q)) for arbitrary € > 0, and hence u € C([0,T7; L%E xo}(Q)) for any € > 0.

Also writing down the formula for O}u from (4.1), taking into account Definition 4.1, we see that
Ofu € LOO([O,T];%EEIJO}(Q)) for any € > 0. This together with dyu € LOO([O,T];H{;%JCO}(Q)) implies
that Oyu € C([O,T];H{_;mo}(ﬁ)). Thus initial data can be naturally understood if we consider &,
as continuous function in 5{;1360} = L%E’xo}(Q) X 7—[{7617360}(9) Furthermore, by classical result (see
Lemma 8.1, Chapter 3, [14]) we conclude that &,(t) is weakly continuous in &y ..y, that is &,(t) €
C([0,T); Ee oy)-

Now we are ready to state the result on the existence of infinite-energy solutions

Theorem 4.1. Let non-linearity f satisfy assumptions (1.3), (1.4), Q be a smooth unbounded domain
satisfying (2.6), (2.7), constants v,X\o > 0 and g € L}(2). Then problem (4.1) possesses at least
one infinite-energy solution w for any initial data & = (ug,u1) € & on arbitrary segment [0,T].
Furthermore, there exists e > 0 small enough, such that for every e € (0,g9] the following estimate
holds

t

(18) eI}, + s [ 6o (g + 1) F0,(5)| 23l <
20€Q Jmax{0,t—1}

Q-(leolle,)e™™ + Qo) 20,

for some constant > 0 and monotone increasing function Q. which are independent of u and t.
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Since the existence of infinite-energy solutions is not the main subject of the work we give its proof
in Appendix 10.

5. EXTRA REGULARITY: FINITE-ENERGY CASE

Before considering the case of infinite-energy solutions we would like to demonstrate the main idea
of the work in the simpler case of Dirichlet problem for equation (4.1) in a smooth bounded domain
Q. The energy space € associated with problem (4.1) in this case is given by

(5.1) £ = HLQ) x LX),
(5.2) £=(61,6) €&, IEE = IVE& NI T2 () + MolléllT20) + lI€2ll72(0)-

The energy solutions, as previously, are understood in the sense of distributions, one just should
substitute ¢z, by 1 in Definition 4.1.

Let us recall the result on the existence of finite-energy solutions to problem (4.1) in smooth bounded
domains (see [13, 19]). This result can be also obtained as in Theorem 4.1 with even simpler proof,
since in this case we do not need to work with weighted spaces and use commutator estimates.

Theorem 5.1. Let non-linearity f satisfy assumptions (1.3), (1.4), Q be a smooth bounded domain
satisfying (2.6), (2.7), constants v, o > 0 and g € L*(Q). Then problem (4.1) possesses at least one
finite-energy (energy for brevity) solution u for any initial data & = (ug,uy) € € on arbitrary segment
[0,T]. Furthermore, the following estimate holds

t

63 Ia®E+ [ A D) yds < QUG + Qi) 20

for some constant > 0 and monotone increasing function Q@ which are independent of u and t.

Remark 5.1. Theorem 5.1 is valid for arbitrary q > 4 as well if one substitutes energy space € by
&, = HE(Q) N LIT2(Q) x L*(2) (see [7] for the case § =0, for 6 € (0,1] it is analogous).

As it was noticed in [19] the only energy estimate (5.3) is not enough to obtain uniqueness of the
energy solutions to the considered problem in the quintic case and one needs more information on the
regularity of solutions to prove it. In the next theorem we would like to show how the required extra
regularity can be obtained in a more optimal way in comparison with [19].

Theorem 5.2. Let assumption of Theorem 5.1 be satisfied. Then for every initial data & € & the
energy solution of problem (4.1) possesses extra reqularity u € L*([0,T); L*2(2)) on arbitrary segment
[0,T] and the following estimate holds

t

(5.4) / () 4120 s < QU €)™ + QUlgllzey) 30,
max{0,t—1}

for some constant > 0 and monotone increasing function Q) which are independent of u ant t.

Proof. At the moment we would like to explain the idea. The rigorous proof in the more difficult case
of infinite-energy solutions is given in the next section.
Let us, formally, multiply equation (4.1) by u? (exactly this step should be justified). One finds

(5.5) % <(3tu7 u?) +((—Ag + 1), u3)> +3(IVul?, u?) + Xollull Lagq) + (f (w)u, u®) =
(g,u3) + 37((—= Ay + 1)2u, u2u) + 3(u2, (9yu)?).

The desired extra regularity comes from the estimate

(5.6) lu(®)[222() = 14 ®)l[Zo(0y < CIV D)7z 0) < C/Q Vu(t)*u(t)]*de.

It appears that all other terms are subordinated. In particular, thanks to the extra smoothness of
1
Oru induced by the fractional damping and continuous embedding 7-1{2070}(9) C L3() the bad term

coming from d%u can be controlled as follows

1
(5.7) (w?, (8pu)?) < NullFo gy 10l Fs () < IVull?ll(=As + 1) 1072 (q)-
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Also due to Holder inequality with exponents 2, 3 and 6 we have

=

(5.8) [((=Az +1)2u, dpu - u?)| < C|Vull 2@y |0l 13 o) 1ul Faz(q) <

1
ellulrz(q) + Cell(=As + 1)30pullf2 (o) | Vull72 (),

for arbitrary € > 0 which will be fixed small below.
Finally due to dissipative assumption (1.4) we have

(5.9) (f(wu,u®) > =M |[u]| 2

Combining the above estimates, and fixing € > 0 small enough we derive

d
(5,10) %(&ﬂt,ug) + K/HUH%I2(Q) <

1
Cl(=As + 1) 10ul| 72 IVl F2 () + 9]l 2@ Vel 22 () + Mul72 ),

for some x > 0.
Integrating the above inequality from max{0,¢ — 1} to ¢ and using dissipative estimate (5.3) one
derives the required result. O

Remark 5.2. Due to Remark 5.1 and the fact that the above proof does not essentially use growth
assumption (1.3) we conclude that Theorem 5.2 remains valid for arbitrary q > 4 either if the corre-
sponding energy space £ is changed to £,. However, it seems that for the case ¢ > 4 the obtained extra
reqularity is still insufficient for the uniqueness.

Remark 5.3. In contrast to the case of pure wave equation ([3, 4]) or damped wave equation ([12, 18]),
the uniqueness of energy solutions for problem (4.1) which is obtained based on this regularity is
unconditional, that is valid for any energy solution.

6. EXTRA REGULARITY: INFINITE-ENERGY CASE

Now we would like to focus on additional regularity of infinite-energy solutions.

Theorem 6.1. Let assumptions of Theorem 4.1 be satisfied and € € (0,g9] be small enough. Then
for every initial data & = (ug,u1) € & the infinite-energy solution of problem (4.1) possesses extra
regularity u € L*([0, T); Lg xo}(Q)) on arbitrary segment [0,T] and the following estimate holds

¢
(6.1) sup / H@,x()U(S)H‘im(Q)ds < Q:([lolle,)e ™" + Qe(lgllzz)), =0,
20€Q Jmax{0,t—1}

for some constant > 0 and monotone increasing function Q. which are independent of u ant t.

Proof. We would like to adapt and use the idea presented in Theorem 5.2 in our infinite-energy case
as well as make it rigorous. To this end we would like to multiply equation (4.1) by ¢2 , (z)u?(z).
The main technical problem in justifying this multiplication is the fact that [, f(u(t))u?(t)¢? , (z)dx
may be infinite since at the moment we know that u € L>([0,T]; L$(£2)) only and f(u)u? is of order
u® due to (1.3). Therefore to keep things rigorous we will approximate r3 by C'(R) function 1,,(r)

given by the formula

3, |r| <n,

(6.2) Un(r) =< 3n%r — 203, r>n,
3n’r +2n3, r < -—n.

Obviously, 1, (r) is such that |4, (r)| < Cp|r| when C), is large enough and consequently the product
(f(u), 2, (@)¢n(u)) makes sense. We also notice that ¢, (u) € H} (), this implies that product
(—Agu, @2 4 n(u)) is finite. And from the formula for 2u given by the equation (4.1) we conclude
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that product (0?u, gzbéxou) is also finite and thus desired multiplication makes sense and leads to

d 1
(6:3) = (Do Drtts 62 o (W) + 7 (Deira (~ s + 120, 62 4 () ) +

(8,00l V%, 6 0)) + 2 ot (0 1) + (2t 4 T, Y (0),) =

(0220 10rul?, 02 1 00 (1)) = 4(Vtt, 62 1) V e 1o (w)) +
7(¢87J}0(_A2: + 1)%’&7 (ﬁg,xow;(u)(bs,xoatu) + (g7 ¢§7mown(u)) = Al + A2 + A3 + A47

where (-, -) denotes scalar product in L?((2).
Let us estimate each A; separately. Aj-term can be estimated just using Holder inequality with
exponents % and 3

1
3
(64) A1 < |0l ., 05 ( / ¢S,m<wz<u>>3dx) -

ol

9yl ? 27/ o0 u6dﬂc+27/ 68 nSdr) <30l 1o alulZ o
(o001 0.3 wlu@l<n} {wlu®)zn} (Frod 03T HE 2] 00
As-term can be estimated just by Cauchy inequality and the fact that |Ve 50| < €¢e 2,

(6.5) | As| < 4e ]| Vull (e 201,021 50 ¥n (W)l 220y < 166l V]l e oy 020wl e 2oy 060
With As-term we should be more careful. Using Holder inequality with exponents 2, 6, and 3,
1
continuous embedding 7—[{267360}(9) C L?E’xo}(Q) we derive

1
(6'6) A3 < 7”“”{6,:}:0},1,2‘|¢g,xo¢1lm(u)H{z—:,:vo},O,GHQSe,:vo(_A:v + 1)4atuHL2(Q) <
1
K62 20 n (W1 o306 + Crllbewo (— A + 1)300ull7 200y [0l7, 2y 129

where k will be fixed small enough below.
Further, it is convenient to use auxiliary function ¥, (r) such that

(6.7) W (r) = 195, ()],

(6.8) [¢n ()] < CTn(r),

for some absolute constant C. It is easy to see that W, (r) can be chosen as follows
V32 Ir] <n

6.9 U,(r)y=23 2~ -

(6.9) (r) {\/gn]r\ — @nQ, Ir| > n.

Then from (6.6) and (6.8) we find
1
(610) A3 < kCHgngJO\I}n(u)||%5,x0},076 + CngbE,mo(_Am + 1)4(9{&”%2(9) ||UH%67$()}71,2’

where k is small enough to be chosen below, and is an absolute constant.
On the other hand, due to (6.7) and continuous embedding HE () C L°(©2) we have

(6.11) 102, Un(0) oy < C (1620 U022y + 1962, U ()30 ) <

C (119200 Wn W) 32y + (62 0o |Vl 01, (w)))

And using the fact that W2 (r) < ), (r)r we proceed the previous inequality as follows

A
(6.12) 1620 a0 ) < € (5068 0 0) + (0 TP 010 )
that is
A ,
(6.13) S (02 agtn (), u) + (82 4 [Vul2, 0, (w) 2 |82 2y W) 60

for some constant p > 0.
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Estimate of A4-term is trivial

(614) A4 < CHgH{E xo}OZHuH{g 930}06 (HgH{e x0}02+ ||uH{6 xo}OG)

with some absolute constant C' > 0.
So it remains to estimate the term involving f(u) on the left hand side of (3.9). Noticing that

<§u + f(u)) Yp(u) > 0, when |u| > n (n is large enough) and using (1.4) we deduce

(6.15) / e (ot ) ) = Ml
Combining (6.3), (6.4), (6.5), (6.10) (with small k), (6.13), (6.14) we conclude

d 1
(616) % ((¢E,xoatu7 ¢§,mo¢n(u)) + 7(¢67$0(_A$ + 1)511, ¢e xown(u))) + 5“(?3330\1/7;(@6)”%6(9) <

C (Il oy 2+ Wl g0 + 1l g 12 + 6esm0(= A0 + D3 Byula oy 0l gy 1.0 + 190 o0 -

Eventually, integration of the above inequality from max{0,¢—1} to ¢t and dissipative estimate (4.8)
together with Corollary 2.2 yields

t

(6.17) / 162 0 Wn(w(s)) [ 76(0yds < Qc(lléolle, e + Qelllgllrz (), >0,
maz{0,t—1}

uniformly with respect to n and xg for some monotone increasing function @), constant 5 > 0. Passing

to the limit as n goes to infinity in the above estimate, for instance by Fatou’s lemma, and taking
supremum in xg we complete the proof. ]

It will be shown in Theorem 8.2 that with estimate (6.1) in hands it is not difficult to check that
3
actually u € L%([0,T); H{ wo}(Q)).

7. UNIQUENESS OF INFINITE-ENERGY SOLUTIONS

We are ready to prove uniqueness of infinite-energy solutions. We emphasize that uniqueness,
at least in quintic case, is essentially based on additional regularity of energy solutions obtained in
Theorem 6.1. Also to prove the uniqueness, in addition to (4.2)-(4.3), we need to work in the energy
space £,y with compactly supported weight 1, (see (3.31))

(1) gy = (Hb,, (@) N {ulon = 0}) x L3, (Q),
(7.2) €= (€1,62) € Egy, I€NE,,, = g VEilT20) + Aol ¥me€il a0y + 1¥me€ell Tz

Theorem 7.1. Let assumptions of Theorem 4.1 be satisfied, and uy and ug be two infinite-energy
solutions of problem (4.1) with initial data &, &5 € &, respectively. Then, for arbitrary T > 0, the
following estimate holds

(7.3) €0, (1) — Eur (D1IE, < Q(AT)|1&5 — &51I3,eCU, ¢ € (0,7,
where
r 4 4
(7.4) Ar = sup easp{c | (a0 s, + el e, dT},
zo

for some monotone increasing function @Q and absolute constant C' which do not depend on uy, us and
t. In particular, infinite-energy solution is unique and depends continuously on initial data.

Proof. As usual let us consider v = u; — uo which solves the problem

020 + (= Ay + 1)200 — Agv + Agv = f(us) — f(w1), =€,
vloa =0, &limo = & — &

To get the desired estimate we need to multiply equation (7.5) by 1?2 atv We notice that now due to ex-

tra regularity given by Theorem 6.1 and interpolation [L>°([0,T]; H {E xo}( )), LA([0, T7; Lg xo}( )] 4

L3([0,T7; L%gm }(Q)) we know that u; € L?([0,T); L%gm }(Q)) and hence f(u;) € L'([0,T]; L , IO}(;Z))

(7.5)

'
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1 _1
And since Jyu € Lz([O,T];H{i,xO}(Q)) we have (—A, + 1)%8tu € Lz([O,T];H{;xO}(Q)) and thus the

multiplication of equation (7.5) by ¢%0 OJyv makes sense and yields

1d

1
(76) 56l +(~ A+ 1300, 92,000) =

= 2(V0, Y0y Vg 040) + (f (u2) — f (ur), 93, 0p0).

The term involving non-linearity on the right hand side of (7.6) can be estimated based on growth
assumption on f (1.3), Holder inequality and the fact that v, is compactly supported (exactly at this
place we have to use 1, instead of ¢, )

(7.7) (f(u2) — f(wr), 93, 0v) < C/ (1 + Jua [* + Jua[*) 93 v Gpv do <
Q
C (1 +llurll L onsz ) + ||u2\|Ai12(mBgO)> 192001l Lo () 12 Oev | L2y <
C (1+ lurl iz onsz, ) + Nzl iz gonsz ) ) (IV(rov) oy + o t0llEag ) <

with some absolute constant C'. To be able to use Gronwall’s inequality further we absorb the extra
term || V1), v||? by introducing modified energy

(7.8) B, (&) = vawov”%%m + ”§UH¢2€<3€0>7
and rewrite (7.6) in terms of Ey, (&)

1d 1 9
(79) §%E$O (Sv) + 7((_Al' + 1)23t’0, ,l/}xoatv) S

c <1 + HulHim(QﬂB%O) + HUZH%,U(QOB%O)) Eg, (gv) - 2(vv7¢$0v¢xoaﬂ)) + 2(]V1/1x0]2v,3tv).
The term with fractional laplacian can be rewritten as follows
(7.10) (B¢ +1)300,92,000) = (a0, (=B0 + 1)F | (=20 +1) 1000, Y0 O00)
1 1 1
(W (— B0 + 1300, [(— 80 + 180, | 00) + 1500 (=B + D3 010]32 g,
that together with Proposition 3.3 (for € small enough) gives

1
(TA1) (~ A + 1)F00,42,00) > 1(~As + D300 a0 )

0 1
= 5l1Peo (=R + 1) 40072 (q) — Csll0:0(8) 1o 20,02

for arbitrary 6 > 0 which will be chosen small below.
From (7.9), (7.11) and obvious estimates one derives

d 1
(7.12) @Eﬂco (&) +29((Az + 1)43%”%2(903;0) <

c (1 + Huluiw(mBgo) + HUZH%w(mBgO)) Eao (&) +
1
0|z w0 (—Aa + 1) 10072 (q) + Csll&ulZ, ., forall £ > 0.

Applying Gronwall’s lemma to (7.12) we obtain
t
1
(7.13)  Ezy(&(t)) + 27/0 (=4 + 1)4atv(s)H%2(QmBéo)dS =

t 1 t
Ar (Em0<su<o>> 6 /0 e 0 (— A + 1)30,0(5) 22y ds + Cs /0 H§U(S)H?{g,xo}d8> L tef0.1],

where Arp is given by (7.4).
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Furthermore, multiplying (7.13) by gbim with 0 < p < e, using Theorem 2.2 on the left hand side
of (7.13), Theorem 2.1 (p = 2, ¢ = 1) on the right hand side of (7.13) and fixing ¢ = J(Ar) small
enough we end up with

t
1
(14) 16013,y + 5 | 19—+ D00l <

t
Qustitr) (16O, + [ 16OIR,.,d5) . 1€ 0.1

where constant £ > 0 and ()., is some monotone increasing function. Applying Gronwall’s lemma to
(7.14) and taking supremum with respect to zy we finish the proof. O

Remark 7.1. We note that Remarks 5.1-5.3 hold true in the context of infinite-energy solutions if
one substitutes & by E,p = (HE(Q) N Lg+2(Q) N{ulgn = 0}) x LZ(Q).

8. SMOOTHING PROPERTY OF INFINITE-ENERGY SOLUTIONS

It is well known that the wave equation with fractional damping of the form (—A,)?9;u and € (0,1)
possesses smoothing property similar to parabolic equations (see [13], [19], [18] and references therein).
Here we would like to establish smoothing property of problem (4.1) in the case of infinite-energy
solutions.

As usual, we start with the fact that infinite-energy solutions are smoother if initial data are
smoother. Although the next Theorem gives the estimate which is divergent as ¢ — 400, this estimate
will be improved at the end of the section.

Theorem 8.1. Let assumptions of Theorem 4.1 hold true and let initial data be such that

(8.1) €0 € & = Hi () N {ulag = 0} x Hy () N {ulspq = 0}.
Then &,(t) € & and £5,u(t) € &, for all t > 0 and the following estimate holds
(82) @15 + lgauBIIE, < Q1(l€ller. T) + Q2(llgllo02. 7). t € 0,77,

for some monotone increasing functions Q1 and Qo which are independent of u.

Proof. Since the theorem is more or less standard we restrict ourselves to formal derivation of estimate
(8.2).
Let v := Osu, then v solves the problem

(8.3) {a§v+7(—A$+ 1)%8tv—Amv—|—)\ov—{—f’(u)v =0,
vlog = 0,£,(0) = (Byu(0), 07u(0)) € &,

where

(8.4) O2u(0) := —y(=A, + 1)%u1 + Agug — Noug — f(ug) + g.

Let us check that &,(t) € & if and only if &,(t) € &. Indeed, from (4.1) we see, due to triangle
inequality and continuous embedding HZ(2) C Cy(Q2) (here Cp,(£2) denotes the space of continuous
and bounded functions over ), that

(8.5) 107 u(®)lb,02 < QUIED)ller) + llgllb.0.2,
and hence
(8.6) 1€0®)lle, < QUIEL®)llgr) + llglls,0.2,

for some monotone increasing Q).
And vice versa, rewriting equation (4.1) in the form
(8.7) — Agu+ Aou+ f(u) = g(z) — 02u — v(—Ay + 1)28yu == h(t) € LE(Q),

4
E,2(

(8.8) Hu(t)Hé{le,xo},o,u <C (1 + Hu(t)H?e,xo},l,z + Hh(t)H%e,xo},w)

and multiplying equation (8.7) by ¢2 , u?, that can be justified as in Theorem 6.1, we deduce
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uniformly with respect to zo and hence u € L}?(Q) and we have
(8.9) Hu(t)Hé,O,H <C(1+ Hu(t)H?,m + Hh(t)Hg,oz) .
Consequently f(u) € L?(€), indeed using (1.3) we deduce
(810) [If(@)llbo2 < C(L+[1u’lloo2) < C(L+|ullfp10) < CA+ ullsoisllullos) <
C(1+ HUHZI2 + HhHaO,z),

for some constant C' > 0. Combining (8.7), (8.10) and using elliptic regularity we conclude that
u € HZ(2) and the following estimate holds

(8.11) [ulloz < CUIRG 2 + 1f W)l02) < QUIELlle,) + QUIE,) + C(1+[|gll50.2)
and hence
(8.12) ||£u||§~§ < Q(ll€ulle,) + QUIENs) + C(1+[lgllpo.2),

for some monotone increasing function ) and absolute constant C' which do not depend on wu.
Thus to get estimate (8.2) it suffices to get &-norm control of &,(t). To this end we multiply
equation (8.3) by ¢2 dyv

5 S DIZ, (s + 10,02, 00) = — ()0, 6, 500) — A0V, 1),

Arguing along the lines (7.7)-(7.12) we find

(8.13)

d 1
(8:14)  2Bug(6) + 291 (= Az + 1300l 2np ) < C (1+ lullb iz anp, ) Ero(€0)+
8|z o (— e + 1) 70032 + CsllE0

where Ey, (&) is defined by (7.8) and ¢ is small. And repeating the arguments (7.13)-(7.14) we derive

2
Hg{s’xo}, for all t > 0,

t 1
B15) 16Oy uyy 5 | Bopno(—A+ D000l ) <

t
Qu(Br) (nmom%w + /0 H@(s)\@{w}ds) L te 0,1,

where

T
(8.16) By = sup exp {C’/ <1 + Hu||%12(QmBg )) dt}
zo€Q 0 0
for some constants x,C' > 0 and monotone increasing function @, with p € (0,¢) which do not depend
on u and ¢. Taking the supremum with respect to zp in (8.15) and applying Gronwall’s lemma we see

that

(8.17) leu (D12, < Q(Br)ePFT €, (0)IIZ,, t € (0,71,

for some monotone increasing function @ that does not depend on u and ¢. Taking into account (8.6),
(8.12), (6.1) we finish the proof. O

Remark 8.1. Usually to prove the fact that £5,,(t) € & implies &,(t) € EL it is more standard to
multiply equation (8.10) by gz%xo(—Ax)u (or better by >, ak¢§7moaku, see [29] for details). This works
well when, for example, f'(s) < C(1+ |s]?) and q € [0,4) (that is in subcritical case) or without
growth restriction but with (1.4) changed to f'(s) > —M. Since we have growth restriction (to have
uniqueness) and (1.4) is less restrictive than f'(s) > —M we have to deal in a different way, for

example, using the trick with multiplication by qﬁg,xou?’

The next theorem improves L‘%[O,T];Lg wo}(Q)) regularity obtained in Theorem 6.1 to

3
L3([0,T); er,xo}(ﬁ)) that will be used further to obtain smoothing property.
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Theorem 8.2. Let assumptions of Theorem 4.1 be satisfied and € € (0,e0] be small enough. Then for
every initial data &y = (ug,u1) € & the associated infinite-energy solution u of problem (4.1) possesses
3

extra regularity v € L*([0,T7; ’H{E8 wo}(Q)) on arbitrary segment [0,T] and the following estimate holds

t

3

(8.18) Sup/ e 0 (=D + 1) 3u(s) 720y ds < Qe(léolle,)e™ + Q=(llgllz())s 20,
20€Q Jmax{0,t—1}

for some constant § > 0 and monotone increasing function Q. which are independent of u ant t.

Proof. The result follows from multiplication of equation (4.1) by ¢2, (—A,+ 1)%u As we already no-
ticed in Theorem 7.1, due to obtained extra regularity (6.1) we know that f(u) € L'([0,7T]; L {8 m}( )

when ¢ is small enough. Thus, the product (¢2, (=A, + 1)%u, f(u)) makes sense. To justify the

product of the linear part of (4.1) by ¢? 2o (— Az + 1)%u one can approximate our solution u by smooth
solutions that can be done due to just obtained Theorem 8.1 and continuous dependence on initial
data (7.3). Since the approximation procedure is standard we focus on the derivation of the estimate

only. Multiplication of (4.1) by ¢ Ay + 1)%u gives

2ao(—

d L )
(8.19) @ ((¢€,xoatu, ¢€,mo(_Ag: + 1)§u) + %H(ﬁg,xo(—Am + 1)§u||%2(9)> +
(=Ag + u, gbgwo(_Al“ + 1)%u) = (1 = X0) (P 20 s Pe,mo (— Dz + 1)%u)+
(atu’ (bgvﬂﬁo(_Ax + 1)%atu) - (¢E,Z‘Of(u)7 ¢5,x0(_Aa: + 1)%71/) + ((ba,aro.% ¢€,$0(_A$ + 1)%?1)

Similar to (7.10) the term involving fractional laplacian on the left hand side of (8.19) can be trans-
formed as follows

(8:20) ((—Ag + 1w, 62, (~As +1)2u) =
( ¢€,:B0? (_A:v + 1)%] (_A:v + 1)%U, Qbs,mo(_A:v + 1)% )+
(bea(=Ba + D, (=80 + DF deag | (=8 + 1)F0) + 92,0 (~ Az + DullF2 g,
and hence, using Proposition 3.1 and fixing € small enough, we get
(8:21) ((=A¢+1)u 62, (~As +1)7u) >
3 1
§||¢€,mo(_A:B + 1)4UH%2(Q) - C||¢€,:ro(_Am + 1)2u||%2(§2)
Analogously we have
(8-22) (&tu’ ¢§,zo(—Am + 1)%&5“) = (¢€,xoatu, [¢e,xo, (_A:v + 1)% (_Am + 1)iatu)+
1 1 1
( (_AJ: + 1)Z7¢67$o} Oyu, ¢E,xo(_Ax + 1)33tu) + H(b&xo(_Aar + 1)2815“”%2(9)7
and hence
1
(8.23) (D0t @2,y (— A + 1)2010) < C[| g (— A + 1)1 0pull 2 + (162,20 O0ttl32(02):
In addition, along the lines of (8.10) the non-linear term admits the estimate
1 1
(8:24) (0240 f (), (D¢ +1)70)| < [l be,m0f ()| 2 () bem0 (— Do + 1) 70 20y <
1
Ce (14 165,08l 100 ) 6220 (— B + DFull2(0) <
Ce (14 1EullB oy + 19e/5 00l iz lEulE ey ) -

Let us integrate (8.19) from max{0,¢ — 1} to ¢. Keeping in mind (8.21)-(8.24), applying dissipative
estimate (4.8) and extra regularity estimate (6.1) we obtain

t
3 _
s oy, 1o + DO s < Qelloll )™ + Qullglzza): 20
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for some 8 > 0 and monotone increasing function ). which are independent of u. Since the estimate
(8.25) is uniform with respect to z¢ we finish the proof. O

Corollary 8.1. Let assumptions of Theorem 4.1 be satisfied and € € (0,gq] be small enough. Then for
every initial data & = (up,u1) € & the associated infinite-energy solution u of problem (4.1) possesses
extra reqularity

(8.26) (=D + 1)73 (¢ 4o0%u) € L2(0,T]; L2(2))
for arbitrary T > 0 and the following estimate holds

t
(8.27) sup / I(—A; + 1)_% (¢e,xoat2u(3)) H%?(Q)ds <
z0€Q Jmax{0,t—1}

Q=(lléolle,)e " + Q=(llgllr2(@)), =0,
for some constant > 0 and monotone increasing function Q. which are independent of u ant t.
Proof. Since u solves the equation (4.1) the formula for 9?u reads
(8.28) Pu = —y(—Ay +1)205u — (—Ay + Du+ (1 = Ao)u — f(u) + g.
Let us estimate each of the terms. .
By virtue of (1.3), continuous embedding L3 Q) c H;O?O}(Q) and interpolation [L%(Q), L*(Q2)]

Lz (©2) we have

(S

t T t
s20) [ (=0 + )7 G () Bays < € [ [6cmof (a5 ds <
max{0,t—1} max{0,t—1} (©2)
t t
5 5112 < 6 4
Cs +C max (0,41} H¢5/57xou HL%(Q)dS < Cg +C e {041} ||¢5/57$0u\|L6(Q)H¢5/5,x0u\|L12(Q)ds.

The term with fractional laplacian can be estimated using arguments on test functions and com-
mutator estimates. Let x € L%([0,7]; L?(£2)) be a test function, then

830 [ (B ) (el DEO() x(9)) s =

max{0,t—1}
t 1 1
/ (6ea(—Ba + 1)200u(s), (A +1)"5x(5)) ds =
max{0,t—1}
t
/ oy [P (CA A DI (A4 DI, (As + 17X dst
b t 1
/ ((ﬁam(—Agg + 1)38tu(s),x(s)) ds <
max{0,t—1}

1
Cll¢e,zo (— Az + 1) 100u| L2 (jmaxgo,t—1},1:22 () IX ] 22 ((max{o,e=1},0522(9))
for some absolute constant C' assuming that ¢ is small, and therefore

¢ _1 1
(8.31) /m NS (600(~2s + 1)300(s)) [Z gyl <
t
1
C | Pe o (—Az + 1)Zatu(5)”%2(§z)d8'
max{0,t—1}
Similarly we obtain the estimate
t
1
s [ (=00 1) (e (=g + 1Ju(s) [y s <
max{0,t—1}
t
3
C | Pe o (—Az + 1)4u(5)”%2(9)d8'

max{0,t—1}
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The estimates of the rest terms are trivial. Combining the above estimates with energy estimate (4.8),
Theorem 6.1, Theorem 8.2 we complete the proof. O

The next theorem gives us smoothing property mentioned before.

Theorem 8.3. Let assumptions of Theorem 4.1 hold true, then for any initial data & := (ug,u1) € &
the associated infinite-energy solution of problem (4.1) possesses smoothing property for t € (0,1]:

(5.33) 2 (low®IZ, + IEa®IZ) < QUGN +QUlgllz ). ¢ € 0,1

for some monotone increasing QQ which is independent of t and u.
Proof. As in Theorem 8.1 we give only formal derivation of estimate (8.33). Setting v = dyu as in

Theorem 8.1 and multiplying inequality (8.14) by ¢?> we obtain

d 1
(8:34) — (*Ery(€)) + 298 (=20 + D100I[720npy, ) <

dt
1
C (1 + ||UH%12(QQB%O)> t2Emo(£U) + 5t2||¢€7$0(_Am + 1)48151)”%2(9) + C(SH&;H?:{E’IO}‘}'
2t <WzoatUH%2(Q) + 0l Yo 720y + H%OVU”%%Q)) :

Let us estimate the last three terms of (8.34) separately. The first one can be controlled due to
commutator estimates as follows (assuming ¢ is small)

(8'35) Qt”wwoatv”%%ﬂ) < Ct“¢6,w08tv“%2(ﬂ) = Ct((ﬁe,moagua ¢6,xoatv) <

1 1
Ctl[(=Ay +1)7 4 (¢6,xoat2u) ”L2(Q)H¢6,xo(_Ax + 1)Zatv”L2(Q) <
25

1 _1
7“¢6,x0(_Ax + 1)461”}”%2(9) +Csl(Az +1)73 ((ﬁeﬂ:oatzu) ”%2(9)7

where the term ||(—A, + 1)7i (007 u) H%Q(Q) is not dangerous by Corollary 8.1.
The two last terms can be transformed as follows

d
(8'36) 2t ()‘O”wﬂﬁov”%Q(Q) + wao vv”%%ﬂ)) = 2@ (Aot(d}x(ﬂ% %OU) + t(¢$ovu7 %OV?})) - 2R7
where R is given by
(837) R = )‘O(wl‘oua wl‘ov) + (wxovu7 wxovv) + )‘Ot(wxoua wl‘oatv) + t(wl‘ovua wl‘ovatv)-

Performing integration by parts in the previous formula and using commutator estimates it is easy to

3
check the next inequality (at this point 7—[{25 mO}(Q)—norm, given by Theorem 8.2, arises)

25 1
(8:38) R < —-l|6e0 (=D + 1) 50|20+
3 1
Cs <”¢a,xo(—Ax + 1)‘*““%2(9) + (| Pe,z0(— Az + 1)4&5“”%2(9)) :
Thus summarizing (8.34),(8.35), (8.36) and (8.38) we get

d 1
(8.39) — ( 2 Eo (€0) = 2X0t (Yo, Py ) — Zt(waVu,i/Jva)) + 2987 (- A + 1)4atUH%2(QmB;O) <

dt
c <1 + HuHim(mBgo)) 12 By (€0) + 208 | e,y (— Ay + 1)i3t?}”%2(9)+
3 1 _1
Cs (H@bs,:ro(_A:r + 1)““”%2(9) + [[e,p0 (—Az + 1)4615“”%2(9) (A +1)73 (¢6,xoat2u) ||%2(Q)> :

Taking into account that

t2
(8.40) 12208 (Y0 Uy Vg 0) + 2 (g Vi, 1y V)| < gEmo(gv) + CHéuH?(zO)a
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integrating (8.39) from 0 to ¢t € (0, 1], using energy estimate (4.8), and extra regularity (8.18), (8.27)
we obtain

t
(B41) P60+ 47 [ I+ 1)300(5) By, s <

t t
1
C/O (1 + HU(S)H%H(QOB?CO)) S2E$0(£U(S))d5 + 46/0 52||¢€,mo(_Am + 1)48151)(5)”%2(9)(154'

Cs (Q=(l1%0lls) + Q:=(lgll3(cy) ) - for all t € (0,1]

Applying Gronwall’s lemma in integral form to (8.41) we obtain
t
1
(8:42) PEaf6®) + 47 [ 180+ D006) i, s <
0

¢ 1
By (45 /0 52| Geuan(— A + 1)7050(s) |22y ds + Cs (Q=(l1€0lle,) +QE<H9HL5(9)>))  te (0,1,

where

1
(8.43) By = C sup / (1 + Hu(s)Hj{m(Qnt )) ds.
z0€QJ0 0

Multiplying the estimate (8.42) by ¢2 . with u € (0,¢), integrating the obtained inequality with

K0

respect to zg over €2, applying Theorem 2.2 on the left and Theorem 2.1 on the right, choosing
d = §(Bq) small enough we find

(8.44) 216 IZ,, ., < QBNQIS]e) + gl L2@)). t € (0,1],
for some increasing monotone (). Taking supremum with respect to zg in the last estimate, using
Corollary 2.2 and Theorem 6.1 we finish the proof. O

The next corollary improves estimate (8.2) to its dissipative version.

Corollary 8.2. Let the assumptions of Theorem 4.1 hold. And let u be an infinite-energy solution of
problem (4.1) with initial data &y € Sbl. Then u admits the following estimate

(8.45) I€a®)ller + o ®lle, < QU e + Qlgllzz (), ¢ =0,
for some B > 0 and increasing function Q which are independent of t and wu.

Proof. Indeed, by virtue of Theorem 8.3 we have
(8.46) 1€u(t + Dllgr + ot + Dlle, < QUIE(B)]e,) + @Ullglle0,2), =0,

that together with dissipative estimate (4.8) and technical Lemma 8.1 (see below) gives the desired
estimate (8.45) for ¢ > 1. Also, obviously, Theorem 8.1 gives estimate (8.45) on segment [0, 1], so the
proof is compete. O

The following lemma, used in Corollary 8.2, was originally proved in [26].

Lemma 8.1. Let Q : Ry — Ry be a smooth function, Li,Ls € Ry and o > 0. Then there exists a
monotone increasing function Q1 : Ry — Ry such that

(8.47) Q(Ll + Lge_at) < Ql(Ll) + Ql(LQ)e_at.
9. THE ATTRACTORS

In this section we establish existence of locally compact attractor for the natural dynamical system
(St, &) associated with problem (4.1):

(9.1) Se:& = &, Sifo = &u(l),

where &y € &, and &, (t) is infinite-energy solution of problem (4.1) with initial data &. Locally compact
attractors play central role in capturing long-time behaviour of PDEs in unbounded domains. These
objects are natural counterparts of global attractors which are commonly used in studying asymptotic

behaviour of PDEs in bounded domains (see [2]).
Let us recall the definition of locally compact attractor (see[15])
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Definition 9.1. A set A C &, to be called locally compact attractor (further just attractor for brevity)
of the dynamical system (S, &) in & iff

(i) The set A is bounded in E, and compact in Epe := HL () x L2 ().

(ii) The set A is strictly invariant, that is Sy A = A, for all t > 0.

(iii) The set A uniformly attracts any bounded subset of &, in topology of Ejoe. That is, for any
neighbourhood O(A) of A in topology of Ejpe and for every bounded subset B in topology of &, there
exists T'=T(O(A), B) such that

(9.2) S,BC O(A), t>T.

We remind that condition (i) means that Alg, is compact in H'(€;) x L?(Q4) for any bounded
domain ©; C Q. Similarly, condition (ii7) means that for every bounded set B in &, and every
H(91) x L?(£)-neighbourhood O(Alg,) of the restriction Alq, there exists T = T(, O, B) such
that:

(9-3) (S:B)la, € O(Aley), t 2T,

where, again, €7 is an arbitrary bounded domain of 2. Also we would like to point out that definition
(9.1) coincides with definition of (&, &, )-attractor in terminology of [2].

Remark 9.1. One may ask why we require compactness of A as well as well as attraction property in
the space Eipe and not in E,. In [30] there was constructed an example that shows that, as a rule, when
we consider dynamical system generated by a partial differential equation in unbounded domain then
attractor can not be a compact subset of &. Furthermore, even when attractor is a compact set of &, it
is too optimistic to expect attraction property in . The corresponding counter-example is constructed
in [33]. One more key difference between the case of locally compact attractors in unbounded domains
from attractors in bounded domains is that they usually have infinite fractal dimension. FExrample
illustrating the nature of this fact can be found in [15].

The next theorem establishes existence of locally compact attractor for problem (4.1).

Theorem 9.1. Let assumptions of Theorem 4.1 be satisfied. Then dynamical system (S, &) defined
by (9.1) possesses a locally compact attractor A in & which is a bounded subset of Ebl can be described
as

(94) -’4 — ’C|t=0’
where K is the set of all complete bounded in &, solutions of (4.1).

Proof. According to abstract attractor’s existence theorem (see [2]) we need to check two points:

(7) dynamical system (S, &) possesses a bounded in &, absorbing set By which is compact in &.
We remind that By is absorbing means that for any bounded set B C &, there exists time T such
that for all ¢ > T we have S;B C By.

(7i) for every fixed ¢t > 0 the evolutionary operator S; is continuous on By in topology of &..

The desired absorbing set can be constructed by standard procedure as follows. From Theorem
8.3 and Corollary 8.2 one can easily see that closed ball Bé% in Ebl with large enough radius R is an
absorbing ball. Since the embedding Ebl C &jpe 1s compact then B§ is compact in &,.. Thus we can
take By = B{'.

Eloe-Continuity of S; on By is a direct consequence of the continuity of S; in topology of &, (see
Theorem 7.1).

Thus points (7) and (47) are checked and hence the attractor exists. The boundedness of the attractor
in & follows from the fact that By is bounded in & by construction.

Finally representation (9.4) is classical. Obviously, elements of A generate complete bounded in
&y trajectories, hence A C K|;—g. On the other hand, any complete bounded in &, trajectory I' =
{&u(t) }ier of the dynamical system (S, &) (see (9.1)) gets into arbitrary small neighbourhood O(.A)
in &, of A. But since trajectory I' is complete it is invariant, that is, the whole trajectory itself is in
O(A). In addition, since A is &,.-closed we get that I' C A and in particular I'l;—¢ C A. O
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10. APPENDIX

The proof of Theorem 4.1 is based on the following Gronwall-type lemma. In turn, the proof of the
lemma rests on ideas presented in [17, 35, 11] (see also [1, 34] for slightly more abstract variant of this
approach and [16], where the same idea is illustrated in a simpler case).

Lemma 10.1. Let y,(t), Y5(t) : Ry — R be two positive absolutely continuous functions depending
on the parameter o € X (here ¥ is an abstract non-empty set), satisfying the following differential
inequality

d 1
(10.1) S+ (yo)? < H, 620,
with some constants k, H > 0 and p > 1 independent of o. Let, in addition, Y, and y, be such that
(10.2) )\sup Y, (t) < supy,(t) < Asup Yy (1), uniformly w.r.t. ¢ > 0;
oeX oex

t t
(10.3) )\sup/ Yo ( PdT < sup/ yo(T)%dT < Asup/ YU(T)%dT, uniformly w.r.t. 0 < s < t;
oEX ceX Js oceX Js

for some strictly positive constants N\, A. Then the following estimate holds
(10.4) Y (1) <Q(Y(0)e™™ + Q(H), t >0,
for some constant B > 0 and increasing function Q, where Y (t) = sup,cx, Yo (1).

Proof. Integrating inequality (10.1) from s to ¢ and taking %—root of both sides of the obtained in-
equality we have

1 1

1
t P
(10.5) Y,(t)r + ke </ yU(T);dT> < 2Y,(s )P +2Hﬂ(t—s)% for all 0 < s < t.
S
Let {T}}32, be an increasing sequence of times going to 400 with T = 0. We will specify this sequence

below. Setting ¢ = Ty1, integrating the inequality (10.45) with respect to s from Tj_; to T}, and
skipping the first term on the left hand side we find

(10.6) w7 (Ty — Ty-1) ( / Y dT)% <

Tk
T 1 1 1
2 YU(S)P dS—FQHP(Tk _Tk—l)(Tk-i-l —Tk_l)l’, k € N.
Thk—1
Thus, introducing notation
Tk+1 1
(10.7) V(k) = sup/ Y,(r)r dr, k € NU{0},
oEY Ty
1
Vi(k »
(10.8) W (k) = <#> " keNu{ol,
Tyv1 — T

and taking supremum in o we rewrite (10.6) in the form
1
L\» 1 HL
(10.9) W(k)<2< >p—1W(k:—1)p+2< ) , keEN,
)\/i (Tk _ kal); )\Ii
where we have assumed that the sequence {T}}7° ;| satisfies the following condition
(1010) Tiy1 —Tp—1 < L(Tk+1 — Tk), keN,

with large enough constant L > 1 to be specified below. Furthermore, let us assume for a moment,
that the sequence {7} }7° is such that

L\7 1 ]
(10.11) 20— ) ————— Wk -1 <2 forall ke N,
)\Ii (Tk _ kal)g 2
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Then (10.9) reads

1 HL
(10.12) Wk)<-Wk-1)+2(—) , keN
2 AK
Iterating (10.12) we conclude that
1\" HL\7
(10.13) Wk < (=) woy+4(=—=)", keN.
2 AK
Moreover, from (10.5) we see, that
2 1 H\?r
(10.14) W) < —=Y(0)F +4 <—> "
()\I{Tl)g AR
Therefore (10.13) gives
1
1\" 2 1 H(L+1)\7
(10.15) W(k) < <—> Y () +8 <g> " = M(k), ke {0} UN.
2 ()\FLTl); AR

Now let us define the sequence {T}}72, as follows: T equals to 0 and for £ € N it solves the
equation

1
L\7» 1 1
(10.16) 2 (—) e (M(k-1))P'=3, keN,
)\K (Tk _ Tk*l); 2
that is
L
(10.17) Ty = Ty + 4P (M (ks — 1))PPY keN,
I

where M (k) is given by (10.15). It is easy to see that equality (10.17) indeed uniquely defines an
increasing positive sequence {7} }2°, (a bit more care is required for k = 1). Let us check that such
defined sequence satisfies (10.10) if L is large. Clearly, for our choice of T} the inequality (10.10) takes
the form

(10.18) M(k—1)< """ NL—-1M(k), k € N.

Since M (k) satisfies the following recurrence relation

AK

we see that (10.18) is valid, for example, for L = 2P(P=1) 4 1,
Let us verify that for our choice of T} the inequality (10.15) holds true. Indeed, due to (10.9),
(10.19), we have

(10.19) M(k) = %M(k 1) 44 <M> " keN,

1

P 1
P
(T = Tj—1) >

LNr 1 A
<2<M> Ty (M(k - 1)) 2>M(k 1)=0, k €N,

L

(10.20) W (k) — M(k) < 2 (E) (W(k— 1)) ~ M (k—1) <

by induction.

Coming back to V' (k), and taking into account (10.17), (10.15) we conclude that for any Y (0) such
that Y (0) < R there exists time T such that for all ¢ > Tz we have

t+1 L
(10.21) sup Yo(r)rdr < Q1(H), t > Tg,
oceX Jt

for some monotone increasing function (1. Furthermore, assuming that ¢ > T + 1, integrating (10.5)
with respect to s from ¢ — 1 to ¢, taking into account (10.21) we derive

(10.22) Y(t) < Qy(H), t > Tg +1,
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for a monotone increasing function Q2. It is easy to see that (10.22) yields the desired estimate (10.4)
for some monotone increasing () and constant S > 0 that completes the proof. O

Remark 10.1. Let assumptions of Lemma 10.1 be satisfied with p > 1 but H = 0. Then there exists
a finite time T, = T, (Y (0)) < 400 such that

(10.23) Y(t)=0, t>1T,.

Proof. Indeed, repeating the arguments of Lemma 10.1 we, as previously, conclude that
(10.24) W(k) < M(k).

However, since H = 0, we see that

(10.25) lim Ty = CY(0)P~! =T,

k——4o00

for some positive constant C' = C(p, k). Since Y, () is continuous we have

Titry (5)ds
(10.26) lim " Yo(e)ds Y, (T).
k—+oo  Tpy1 — Ty

On the other hand, due to (10.15) and the fact that H = 0 we have limy_,,, W(k) = 0. Thus
Y, (Ty) = 0 for all o € X. Since both y, and Y, are positive integrating (10.1) from T, to T > T, we
obtain the desired result. O

We proceed to the proof of Theorem 4.1.

proof of Theorem 4.1. We give the formal derivation of the apriori estimate (4.8), highlighting neat
points related to the work with uniformly local and weighted spaces and fractional laplacian. The
existence of the solutions follows from this estimate and the fact that infinite-energy solutions can be
approximated by finite-energy solutions. Multiplying the equation (4.1) by qﬁf?,m@tu + 5¢§7x0u with
small enough 6 > 0 (to be fixed below) we get
(1027) 55 Feir(6) 21 9eszo (~ i+ 1)3Butlfgy

6 (1160200 V32 ) + Aoll 0 agtll32 gy ) + 0(02 200 f () = H(D),

where we have used the following manipulations with the terms involving fractional laplacian

(10.28)  5v(de.my(—Ag + 1) 200, e myt) = 6v([bemys (—Ag + 1)T)(=Ag + 1) TDpu, deayu)+
5y d s ) .
%%H(ba,xo(_Ax + 1)411uH%2(Q) 4 59 (Bemg (g + 1) 30, [(—Ag + 1)T, de o),

(10.29) 7(¢6,x0(_A$ + 1)%815“7 ¢6,xoatu) = 'Y([(ba,a:m (—Az + 1)%](—A$ + 1)i3tu, ¢€7$08tu)+
1

Y berao(— Do + 1) 10ull2aq) + V(Pe.ao(— D + 110w, [(—Ag + 1)1, $e agOpu),

and use notations F(u) := [ f(v)dv,

(10.30)  Breo(€u) = I€ull?,_, , +2(82 29y F () = 2(e,209s Pe,00uw)+
1
26(¢€,moatua ¢e,xou) + 67||¢€,mo(_Am + 1)Zu||%2(g)a
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and the right hand side H(t) is given by
(10.31) H(t) = Hy(t) + Ho(t) + Ha(t),
(10.32)  Hi(t) = 8(be w0y P o) + 6]l Ge o Ortt] 2 () — 2(Pe 0 V e o Opt, Vi) —
26( e 20 V b 29, uV 1),

(1033)  Ha(t) = ~6v([enr (— Do + DI (~Ag + 1) 10, h gyu) -

0 (e (— Dy + 1) 100, [(— A + 1)1, e 1),
(10.34)  Hy(t) = —7([$em0s (A + 1)3])(= Ay + 1)50ptt, G g Dyu)—

Y eamo (— Do + 1) 700, [(— A + 1)T, 62 0 0pu).

Let us estimate the right hand side H(t). Choosing 6 = () and & = £(J) small it is easy to see that
Hi-term admits the estimate

1
(1035) |Hi| < ClldemnglZaqa + 2 6e,a0 (~A + 1>5atu||m +

2 (1220 Vull3aioy + Mol 0z oty )
Also, due to Proposition 3.1 about the commutator estimates, we find
(1036)  1H| < Ddeg(~Aa + 1) 2000l + 3 (1900 Vula0) + Mollbemstliay )
(10.37) [Hs| < Lléea0(=A0 +1)2 002

Combining (10.27), (10.35)-(10.37), (1.4) and due to the fact that § = d(y) is small we obtain

1d vy 1 1)
(10-38) 5@E€,mo(£w + le%mo(—ﬁx + 1)48tu\|%2(9) + Z‘|£UH§{E@O} < Cz-:(l + ||¢€,$09H%2(Q))'

Now let us estimate E. ;,(§,). Dissipative assumption (1.4) implies that
Ao
(10.39) F(u) > —gu —C, for all u € R,

for some absolute constant C' (depending on Ag). Hence, choosing 6 = (7, \g) even smaller if needed
and choosing constant C, sufficiently large, we get

1
(10.40) Ea,ﬂco(fu) = Ee z, (€u) + C- <1 + “¢6,xog|’%2(ﬂ)> > 5”57*“%{5@0}'
On the other hand, for small € > 0, we have
1
(10.41) €l .., > € Bocan(6))? = Ce (14 |60l )

for some positive absolute constant ¢ and positive constant C-. Indeed, using growth assumption (1.3)
and continuous embedding H{ () € L8(Q2), we find

(1042) Eepy(€) < Clleal ) + Ce (14 6209l ) + C(8ap 1+ uf®) <
Clleul,...., +Ce (14 162209l320) ) + Clldesagtllsiey <

CllEuly oy + Ce (14 1022022y

for some absolute constant C' as long as € = £(\g) is small. Taking the cubic root of the above
inequality we end up with (10.41).
Thus, from (10.38), (10.40), (10.41) we obtain

1 1
%Eewo(@) + K (Ege 0 (§u))® + Kl Pea0 (Do + 1)4815“”%2(9) <Ce <1 + ngig(ﬂ)) ’

uniformly with respect to zy € €2, where k = k(y,\p) > 0 is small enough absolute constant. Also
from this moment we suppose that ¢ is fixed.

(10.43)
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We claim that inequality (10.43) implies the desired estimate (4.8). To this end we would like to
apply Lemma 10.1. Let us denote

(10-44) Yz, (t) = Ee z (§u(t)), Yo (t) = Esc 00 (fu(t))

So we only need to check conditions (10.2), (10.3). Completing the squares and taking into account
(10.39) we see that that the right parts of the inequalities (10.2), (10.3) are fulfilled with A =1 (they
hold also without supremum in zy) and the left parts of the inequalities (10.2), (10.3) are valid exactly
due to supremum in zg for some A = A(¢). Therefore by Lemma 10.1 and (10.40) we obtain

(10.45) la@®E, < Q=(I€olle,)e™™ + Q=(llgll2()): t =0,

for some monotone increasing function Q. and 8 > 0 independent of solution u. In addition, integrating
(10.43) from max{0,¢ — 1} to ¢, taking supremum in =y and using (10.45) we get

t 1
(10.46) sup / ooy 1920 (82 + DIBUaayds < Qclléoln)e™ + Qellallzn): ¢20,
o max40,t—

for some monotone increasing function Q. and 8 > 0 independent of u(t). Thus the proof is complete.
O

Remark 10.2. We note that the above proof becomes much less technically involved if in addition to
dissipative assumption (1.4) one also assumes extra condition

(10.47) fwu>aF(u) — K, F(u) = /Ou f(w)dv,

for some positive constants a, K. In this case instead of (10.43) we have standard Gronwall estimate.
However, as we have seen, assumption (10.47) can be omitted even in infinite-energy case.

REFERENCES

[1] P. Anthony, S. Zelik, Infinite-energy solutions for the Navier-Stokes equations in a strip revisited, Commun. Pure
Appl. Anal. 13 (2014), no. 4, 1361-1393.

[2] A. V. Babin, M. I. Vishik, ” Attractors of evolutionary equations”, North Holland, Amsterdam, 1992.

[3] M. D. Blair, H. F. Smith, C. D. Sogge, Strichartz estimates for the wave equation on manifolds with boundary,
Ann. I. H. Poincaré - AN 26 (2009), no. 5, 1817-1829.

[4] N. Burq, G. Lebeau, and F. Planchon, Global Existence for Energy Critical Waves in 3D Domains. J. of AMS 21
(2008), no. 3, 831-845.

[5] A. Carvalho, J. Cholewa and T. Dlotko, Strongly damped wave problems: bootstrapping and regularity of solutions.
J. Diff. Eqns. 244 (2008), no. 9, 2310-2333.

[6] W. Chen and S. Holm, Fractional Laplacian time-space models for linear and nonlinear lossy media exhibiting
arbitrary frequency power-law dependency. J. Accoust. Soc. of Am. 115 (2004), no. 4, 1424-1430.

[7] V. Chepyzhov, M. Vishik, Attractors for equations of mathematical physics. American Mathematical Society Col-
loquium Publications, 49. American Mathematical Society, Providence, RI, 2002.

[8] V. Chepyzhov, S. Zelik, Infinite energy solutions for dissipative Euler equation in R?2, Journal of Mathematical
Fluid Mechanics 17 (2015), no. 3, 513-532.

[9] M. Efendiev, S. Zelik, The attractor for a non-linear reaction diffusion system in an unbounded domain, Comm.
Pure Appl. Math. 54 (2001), 625-688.

[10] E. Feireisl, Bounded, locally compact global attractors for semi-linear damped wave equations on R", Differential
Integral Equations 9 (1996), no. 5, 1147-1156.

[11] Th. Gallay, Infinite energy solutions of the two-dimensional Navier-Stokes equations (2014). preprint.

[12] V. Kalantarov, A. Savostianov, S. Zelik, Attractors for damped quintic wave equations in bounded domains,
Annales Henri Poincare, submitted.

[13] V. Kalantarov, S. Zelik, Finite dimensional attractors for quasi-linear strongly-damped wave equation, J. Differ-
ential Equations 247 (2009), no. 4, 1120-1155.

[14] J. L. Lions, E. Magenes, Nonhomogeneous boundary value problems and applications, Springer-Verlag, New York,
1972.

[15] A. Miranville and S. Zelik, Attractors for dissipative partial differential equations in bounded and unbounded
domains, Handbook of Differential Equations: Evolutionary Equations, Vol. IV, 103-200, Handb. Differ. Equ.,
Elsevier /North-Holland, Amsterdam, 2008.

[16] S. Gatti, V. Pata, S. Zelik, A Gronwall-type lemma with parameter and dissipative estimates for PDEs, Nonlinear
Analysis 70 (2009), 2337-2343.

[17] J. Pennant, S. Zelik, Global well-posedness in uniformly local spaces for the Cahn-Hilliard equation in R3, Com-
munications on Pure and Applied Analysis 12 (2013), no. 1, 461-480.



28
18]
[19]

[20]
[21]

22]
23]
[24]

[25]
[26]

27]

28]
29]

30]
31]
32]
33]
[34]

[35]

INFINITE ENERGY SOLUTIONS FOR FRACTIONAL DAMPED WAVE EQUATION

A. Savostianov, Strichartz estimates and smooth attractors for a sub-quintic wave equation with fractional damping
in bounded domains, Adv. Differential Equations 20 (2015), no. 5-6, 495-530.

A. Savostianov, S. Zelik, Smooth attractors for the quintic wave equations with fractional damping, Asymptotic
Analysis 87 (2014), 191-221.

C. D. Sogge, ”Lectures on non-linear wave equations”, Second edition. International Press, Boston, MA, 2008.

B. Treeby and B. Cox, Modeling power law absorption and dispersion for acoustic propagation using the fractional
Laplacian. J. Accoust. Soc. of Am. 127 (2010), no. 5, 2741-2748.

H. Triebel, Interpolation theory, function spaces, differential operators. North-Holland, Amsterdam-New York,
1978.

S. Chen and R. Triggiani, Gevrey class semigroups arising from elastic systems with gentle dissipation: the case
0 < a < 1. Proc. Amer. Math. Soc. 110 (1990), no. 2, 401-415.

S. Chen and R. Triggiani,Proof of extensions of two conjectures on structural damping for elastic systems. Pacific
J. Math. 136 (1989) no. 1, 15-55.

R. Temam, "Infinite-dimensional dynamical systems in Mechanics and Physics”, Springer, 1988.

M. Vishik, S. Zelik, The trajectory attractor of a non-linear elliptic system in an unbounded domain, Mat. Sbornik,
187, no. 12, (1996), 21-56. (in Russian)

M. Yang, C. Sun, Dynamics of strongly damped wave equations in locally uniform spaces: Attractors and asymp-
totic regularity, Trans. Am. Math. Soc. 361 (2009), no. 2, 1069-1101.

K. Yosida, Functional Analysis, 6th Edition, Springer, 1980.

S. V. Zelik, Attractors for reaction-diffusion systems in unbounded domains and their spacial complexity, Comm.
Pure Appl. Math. 56 (2003), 584—637.

S. V. Zelik, The attractor for a non-linear reaction diffusion system in the unbounded domain and Kolmogorov’s
e-entropy, Math. Nachr. 232 (2001), 129-179.

S. V. Zelik, The attractor for a nonlinear hyperbolic equation in the unbounded domain, Discrete Cont. Dynam.
Systems 7 (2001), 593-641.

S. Zelik, Asymptotic regularity of solutions of singularly perturbed damped wave equations with supercritical
nonlinearities, Discrete Contin. Dyn. Syst. 11 (2004), no. 2-3, 351-392.

S. V. Zelik, Multiparameter semigroups and attractors of reaction-diffusion in R™, Trans. Moscow Math. Soc.
(2004), 105-160.

S. V. Zelik, Spatially nondecaying solutions of the 2D Navier-Stokes equation in a strip, Glasgow Math. J. 49
(2007), 525-588.

S. Zelik, Infinite energy solutions for damped Navier-Stokes equations in R?, J. Math. Fluid Mech. 15 (2013),
T17-745.

UNIVERSITE DE CERGY-PONTOISE, CNRS UMR 8088, DEPARTEMENT DE MATHEMATIQUES, CERGY-PONTOISE,
F-95000, FRANCE.
E-mail address: anton.savostianov@u-cergy.fr



	1. Introduction
	2. Weighted and uniformly local spaces
	3. Commutator estimates for the fractional laplacian
	4. Existence of infinite-energy solutions
	5. Extra regularity: finite-energy case
	6. Extra regularity: infinite-energy case
	7. Uniqueness of infinite-energy solutions
	8. Smoothing property of infinite-energy solutions
	9. The Attractors
	10. Appendix
	References

