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GLOBAL WELL-POSEDNESS AND ATTRACTORS FOR THE
HYPERBOLIC CAHN-HILLIARD-OONO EQUATION IN THE
WHOLE SPACE

ANTON SAVOSTIANOV! AND SERGEY ZELIK!

ABSTRACT. We prove the global well-posedness of the so-called hyperbolic
relaxation of the Cahn-Hilliard-Oono equation in the whole space R3 with the
non-linearity of the sub-quintic growth rate. Moreover, the dissipativity and
the existence of a smooth global attractor in the naturally defined energy space
is also verified. The result is crucially based on the Strichartz estimates for
the linear Scrédinger equation in R3.
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1. INTRODUCTION
It is well-known that the Cahn-Hilliard (CH) equation
(1.1) Ou+ Ay (Agu— flu)+9) =0, x €, u‘t:O = ug,

where the unknown function v = wu(t,x) is the so-called order parameter, f is a
given non-linear interaction function and g are the given external forces, is central
for the material sciences and many papers are devoted to the mathematical study
of this and related equations, see [4], 11| 12} T4l 16, 17, 19, 20, 211, 34] 36, 37, 40]
and references therein. The most studied is the case where the underlying domain
) is bounded. In this case a more or less complete theory of this equation including
the global well-posedness, dissipativity, existence of finite dimensional global and
exponential attractors for various classes of non-linearities (e.g., for fast growing or
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even singular ones) are available in the literature, see [12], 35 [40] and references
therein.

The case where the underlying domain is unbounded is more difficult and less
understood. The main problem here is the loss of dissipation in the low frequency
limit ug = up(ex), € — 0, which prevents the solution semigroup to be dissipative
in a classical sense even in the case of finite energy solutions, see [I5] for some
partial results on the long-time behavior of solutions for the viscous CH equations
in the whole space and [10} [52] for the non-dissipative bounds in the case of infinite-
energy solutions. We mention also the case of CH equation in a cylindrical domain
with Dirichlet boundary conditions considered in [7, [I8] where the dissipation is
guaranteed by the Poincare inequality.

Therefore, in order to restore the dissipation mechanism, it seems reasonable
to consider the physically relevant modifications of the initial CH model. One of
the most convenient from the mathematical point of view model for that is the
Cahn-Hilliard-Oono (CHO) equation

(1.2) O+ Dy (Dyu— f(u) +g) +au =0, ul,_,=uo,

where the extra term au with o > 0 models the non-local long-ranged interactions,
see [38] [41] for more details. The extra dissipation term au does not change the type
of the equation and does not affect much the analytical properties of the solutions
on the finite time interval. However, the presence of this extra dissipation removes
the problem with low frequency modes and allows us to apply the weighted energy
theory and verify the global well-posedness and dissipativity even in the case of
infinite energy solutions, see [52] for more details.

Another interesting modification is the so-called hyperbolic relaxation of the CH
equation:

(1.3) €dfu+ Ou+ Ay(Azu— f(u) +9) =0, >0, u}t:O = uy, 8tu}t:0 =

which has been introduced by P. Galenko in order to treat in a more accurate way
the non-equilibrium effects in spinodal decomposition, see [22] 23] 24] 25]. In con-
trast to the previous modification, the inertial term €9?u changes drastically the
type of the equation (from parabolic to hyperbolic) and the analytical properties
of its solutions. Moreover, the nonlinearity A, (f(u)) becomes ”critical” even if the
equation is considered in the class of smooth solutions and ”supercritical” if the
estimate u(t) € L°°() is not available. By this reason, despite the big current
interest to this equation, see e.g., [26] 27 28, 29, [30, 32] and references therein,
a considerable mathematical theory (which includes global well-posedness, dissipa-
tivity, asymptotic smoothness, etc.) exists only in space dimension one or two, see
[26] 28, 29]. Moreover, to the best of our knowledge, the global well-posedness of
solutions for this problem in 3D is not known even in the case of bounded domain 2
and globally bounded non-linearity f, so the so-called weak trajectory attractors are
used to study the long-time behavior of the considered equation, see [13| BI]. Some
exception is the case of very small € > 0 where the smooth dissipative solutions can
be constructed using the perturbation arguments, see [30, [32].

The main aim of the present paper is to combine the CHO equation and the
hyperbolic relaxation mechanism mentioned above and consider the hyperbolic CHO
equation

(1.4) O2u + Opu + Ap(Dgu — flu) +g) +au=0
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in the whole space Q2 = R3. In contrast to the previous contributors, we use not
only the proper energy estimates, but also the so-called Strichartz estimates which
are known to be crucial to study the non-linear wave or Scrodinger equations,
see [8] [9, [42] [46] 47, 48] and references therein. In particular, using the known
Stricharts estimates for the Schrédinger equations, we deduce the crucial control
w € LA(t,t + 1; L>°(R3)) for the solutions of (L4 which is sufficient to verify the
global well-posedness in the case of sub-quintic nonlinearity f:

(1.5) [f" ()] < O+ [uf™), x>0,

satisfying some natural dissipativity assumptions. To be more precise, we consider
the hyperbolic CHO equation in the energy phase space

(1.6) E:=[H'R)NH R} x HYR?), & = (u,0u) €&

and restrict ourselves to consider only the energy solutions &, € C(0,T; &) which
possesses the additional regularity u € L*(0,T; L*°(R?)) which we referred as the
Strichartz solutions. Here and below H*®(R?) stands for the homogeneous Sobolev
space of order s in R3. The main result of the present paper is the following
theorem.

Theorem 1.1. Let the non-linearity [ satisfy the sub-quintic growth restriction
and some dissipativity assumptions stated in B2). Assume also that the extrenal
force g € HY(R3). Then, for any initial data & = (ug,u1) € &, equation (L)
possesses a unique global Strichartz solution u(t) and this solution satisfies the
following dissipative estimate:

(1.7) lga®lle + lullzagerriz=) < QUIEO)e)e™ +Qlgll ),

where the positive constant B and monotone function @ are independent of the
solution u and time t > 0.

Moreover, the Strichartz solution semigroup S(t) : € — £ generated by equation
([I4) possesses a global attractor in the energy space € and this attractor is bounded
in the more regular space

(1.8) Ey = [H3(R®) N HH(R®)] x [HY(R?) n H~L(R?)].

Note that in the case of damped wave equations the similar results have been
recently extended to the case of general bounded domains and even with the critical
quintic nonlinearity, see [8, [0l [33]. However, in contrast to the wave equation (with
the solution operator eit(’AI)l/z), the Strichartz estimates are more complicated for
the case of the Scrodinger equation (with the solution operator e**#+), and cannot
be extended to general bounded domains without loss of regularity, see [6] and
references therein. In particular, this loss of regularity does not allow to obtain the
desired control of the L*( L) norm of the solution and prevents the straightforward
extension of Theorem [[LT] to the case of bounded domains, see Remark [G.1] for more
details.

The paper is organized as follows.

The classical Strichartz estimate for the linear Scrodinger equations is reminded
in Section 2l Based on this estimate, we deduce its analogues for the case of plate
equation as well as for the linear hyperbolic CHO equation (with f = 0). The
estimates obtained in this section are the key technical tools for our study of the
non-linear hyperbolic CHO equation.
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The global well-posedness for the Strichartz solutions of the non-linear hyperbolic
CHO equation is verified in Section Bl Moreover, the dissipative estimate (7)) is
verified there. Note that the fact that the non-linearity f has a sub-quintic growth
rate is essentially used here. Similarly to [33], we verify the control of the Strichartz
norm through the energy norm of the solution and gain then the dissipativity of
the Strichartz norm just from the straightforward energy estimate. Note also that
the well-posedness is proved only in the class of Strichartz solution and we do not
know whether or not any energy solution is the Strichartz one.

The asymptotic compactness of the Strichartz solution semigroup S(t) in the
energy space & is verified in Section ] using the so-called energy method, see [5, [39]
for more details.

The further regularity of the global attractor A (its boundedness in &) is verified
in Section Note that, even with the Strichartz estimate, the hyperbolic CHO
equation remains ”critical” and the proof of the further regularity of the attractor
is far from being trivial and the standard methods seem not working here. We over-
come this difficulty by using in a crucial way the asymptotic compactness verified
in the previous section.

Finally, in the concluding Section 6 we discuss various generalizations and open
problems related with the proved results.

2. PRELIMINARIES: ENERGY AND STRICHARTZ ESTIMATES FOR THE LINEAR
PLATE EQUATIONS

The aim of this section is to introduce a number of estimates for the linear Cahn-
Hilliard-Oono (CHO) equation which are crucial for what follows. We start with
recalling the known estimates for the linear homogeneous Schrédinger equation
which play the central role in deriving the Strichartz type estimates for the CHO
equation. Namely, consider the following equation in the whole space R3:

(2.1) U —iAU = H(t), Ul|,_, = U,

where U = U(t,x) is the unknown complex valued function and H = H(t,z) and
Uy = Up(x) are given functions. We assume that

(2.2) Up € HY(R®), H e L},.(R, H'(R®)).

Here and below, we denote by H? (R3) the homogeneous Sobolev spaces of order s,
in contrast to this, the usual non-homogeneous Sobolev spaces will be denoted by
H*(R3) or WP(R3) (if p # 2), see [50] for more details concerning these spaces.

The solution of equation (2.1]) can be written (at least formally) using the vari-
ation of constants formula:

t
(2.3) U(t) = e™=Uy + / ePe(=9) [ () ds.
0

It is also well-known that formula (23) defines indeed a unique solution U €
Cloc(R, HY(R3)) of equation ([ZI). More delicate is the following Strichartz es-
timate for U.

Proposition 2.1. Let the initial data satisfies 22). Then, the solution U of
problem 1)) belongs to L} (R, L°°(R?)) and, for any T > 0, the following estimate
holds:

24)  Wllermuy + 1UlLirrwey < Cr(1Uollgs + 1 L1 p0.1)s
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where the constant Cpr may depend on T, but is independent of Uy and H.

For the proof of this result, see [6].
The next corollary which establishes that U € L{ (R, C(R)) will be essentially

loc

used in the sequel for verifying the regularity of the global attractor for the hyper-
bolic CHO equation.

Corollary 2.2. Let the assumptions of Proposition[21] hold. Then the solution of
equation 21)) satisfies

(2.5) U e L*-T,T;C(R?)

for any T > 0.

Proof. Indeed, let xn (&) be the characteristic function of a disk {N-! < |¢] < N}
and let the projector Py : H®* — H? be defined as follows:

(2.6) (Pyf)(@) == F i, (v Fase ),

where F,_,¢ is a Fourier transform in R3. Let also Uy := PyU. This function
obviously solves

(2.7) Uy —iA, Uy = Hy(t) := PyH(t), Un|,_, = PnUo.

Then, on the one hand, Uy is C*°-smooth in z (since PyUy and Py H are smooth
in x), so Uy € L*(—T,T;C(R?)) for all N. On the other hand, since PxyUy — Up
in H' and PyH — H in L'(=T,T; H'), applying estimate (2Z4) to the function
Un — Upr, we see that Uy is a Cauchy sequence in L*(—T,T; C(R?)). Thus, (Z.5)
is proved and the lemma is also proved. (|

Remark 2.3. Arguing analogously, we see that the space C(R?®) in (Z.3) can be
replaced by the space Cp(R?) consisting of all continuous functions on R3 tending
to zero as |z| — oo.

We now switch to the so-called plate equation of the form

(2.8) RV +AV =AH®), V|,_,=Vo, OV]|,_, =W,
where
(2.9) Vo € HY(R®), Vi e HY(R?), H e L}, (R, H(R?)).

Then, the formal multiplication of the equation by A;lvt gives the energy identity
1d
2 dt
(here and below, we denote by (U, V) the usual inner product in L?(R?)). This

identity gives in a standard way the well-posedness of the equation in the class of
energy solutions

(2.11) Ev = (V,0;V) € Cloe(R, H* x H™Y)

(2.10) 10V + IVIF) = —(H,8,V)

as well as the energy estimate

(2.12) 16 (D)l g1 weir—1 < Col&v O g s+ + 1 M| pr — i)
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where Cr may depend on T', but is independent of V', see the case of linear CHO
equation below for more details. In order to obtain more delicate Strichartz type
estimates for this equation, we write down the variation of constants formula:

(213) V(1) = sin(A ) ATV, + cos(Apt) Vo + / tsin(Az(t—s))H(s)ds.
0

Using this formula and the result of Proposition 211 for the Schréodinger equation,
we obtain the following result.

Corollary 2.4. Let the assumptions (Z9) be satisfied. Then the solution V of the
plate equation (Z3) belongs to the space L} (R, C(R?)) and the following estimate
holds for any T > 0:

214) & (Dl ez + IV IIariin=) <
< Cr(lI6v (Ol grasepr— + 11| L1 (i)
where Cp may depend on T, but is independent of V.

Proof. Indeed, using that sin(z) = 5 (e”* —e ™) and cos(z) = 1 (e**+e~**) together

with formula ([23]) and Proposition 2], we see that every term in ([ZI3]) belongs to
LY(=T,T;C(R?)), so the Strichartz part of estimate (2.14) holds. The energy part

of it follows from (2I2)) and the corollary is proved. O

We now turn to the linear hyperbolic CHO equation of the form
(2.15) O2u 4+ Opu + Ay (Agu — H(t)) + au = 0, §u}t:0 = &o,

where o > 0 is a given parameter. The energy equality for this equation formally
reads

1d
2dt
This guesses that the phase space for the energy solutions should be

(217) €= H'NH ) x H [IGll2 = 10ullf, + lullf +alul?_,
and the energy solution of ([ZIH) is a function &, € C(0,T; &) which satisfies the

equation as an equality in H~' + H 3. The next proposition gives the existence of
such solution as well as the validity of the energy identity (2.16]).

(2.16) (I18eullFy o + Nlullfn + allullfy—2) + 10eull, -, = —(H(t), Opw).

Proposition 2.5. Let H € L'(0,T; H') and the initial data & € E. Then, there
exists a unique energy solution u of equation (2.I8) and the energy identity (2.16)
holds for almost all t > 0.

Proof. Note that H € L'(0,T; H') and d;u € L>°(0,T; H~'), so the term (H, d;u)
is well-defined for any energy solution. However, in order to obtain (ZI6]), we need
to multiply the equation by A, '0,u and the terms (02u, A, *9;u) and (A, u, Oyu) are
a priori not well-defined, so we need to use the standard approximation arguments
for justifying it. Namely, let the projector Py be the same as in the proof of
Corollary and uy := Pyu. Then, this function is smooth in z and solves
equation (ZI0) with H replaced by Hy := Py H. Thus, writing the energy identity
in the equivalent integral form for uy, we have

(2:18) (16 (OI = 160 (9B = = [ (Hxr),Brun (7)) + [y dr,
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for all 0 < s < t. Passing to the limit N — oo in this relation, we end up with the
integral equality equivalent to ([2.16). Thus, the energy identity is verified and the
existence of a solution can be then proved using e.g. the Galerkin approximation
scheme based on the projectors Py, so the proposition is also proved. (I

The next corollary gives the dissipative estimate for the solutions of (2Z.THI).

Corollary 2.6. Let the assumptions of Proposition hold. Then, the solution u
of equation (2I8) satisfies the following estimate:

t
(2.19) I€a(®)lle < Cllgu(0)]lee™ + C/O e PN H (s)]| g ds,

where the positive constants C and B are independent of u and t.

Proof. Indeed, multiplying equation 2I5) by dA; lu, where § > 0 is sufficiently
small (which is allowed since v € H* N H~!), we have
(2.20)

d _ 1
0 (=A 0, w) + Slullf-s) = Odeull - + dlull + adllullf-y = —3(H, u).

Taking a sum of this relation with the energy identity (2I0]), we get

d 1 _ 1)
(2.21) E(§H§u”§+6(atu7_Amlu)+5”“‘”?{—1)—’—

+ (1 - 6)”815“”?{—1 + 6”””?]1 + aé”””i]—l = _(H7 Opu + 5“)

Introducing &, (t) := 1[|&u|2+6 (0w, —A7 'u)+$ [[ul|%, ., we see that for sufficiently
small § > 0,

(2.22) CTHIEIF < Eu(t) < Ol

for some C' > 0. On the other hand, it follows from (Z2T]) that, for sufficiently
small 3,

d
(2.23) ZpSu() + BEL(t) < CIH WO g Eult)/?
and the Gronwall inequality gives the desired estimate (ZI9) and finishes the proof
of the corollary. O

The next corollary combines the obtained energy estimate with the Strichartz
estimate for the plate equation.

Corollary 2.7. Let the assumptions of Proposition hold. Then, the solution u
of equation [2I5) belongs to L*(0,T; C(R3)) for all T > 0 and satisfies the following
estimate:

(2.24)  [[&u®)lle + llull L (max{o,t—1},6L5) <
t
< Cll&u(0)lee +C / e U H(s)|| a ds,
0

where the positive constants C and B are independent of u and t.

Proof. We interpret the hyperbolic CHO equation as a linear plate equation
(2.25) OPu+ A2u=AH(t), H(t):=H(t)— A, (du(t) + au(t)).
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Then, due to the energy estimate,

(2.26) ”H”Ll(max{O,t—l},t;Hl) < O(HHHLl(max{O,t—l},t;Hl) + [1€u (max{0,t —1})]|¢)
and, due to the Strichartz estimate (2I4) for the plate equation ([Z25]), we have
(2.27) [Julla(maxfo,e-13,502) < CUH | L2 maxgo,i—13,6:00) + [1€u(max{0,t = 1})][¢)
and the desired estimate ([2:24)) is an immediate corollary of this estimate and the

dissipative energy estimate (ZI9). Thus, the corollary is proved. d

3. THE NON-LINEAR EQUATION: GLOBAL WELL-POSEDNESS AND DISSIPATIVITY

This section is devoted to study the nonlinear hyperbolic CHO equation
(3.1) O2u + Opu + Ay (Agu — f(u) + g) + au =0, §u|t o = o-
Remind that the initial data is assumed to belong to the energy space & = (H In

H~') x H', the external force g lives in the space H' and the nonlinearity f €
C?(R,R) sat1sﬁes the following dissipativity and growth restrictions

1. f(u).u > 0;
(3.2) 2. F(u) < Lf(u).u+ Klul?
[f" ()] < CA + u~");
where all constants involved are positive and 0 < k£ < 3 and F(u fo

We start with defining the proper class of solutions for equatlon (Bj])

Definition 3.1. A function u = u(¢, x) is a Strichartz solution of problem (B if,
for any 7" > 0,

(3.3) & € C(0,T58), ue L*0,T;C(R%)
and equation (3] is satisfied as an equality in H~! + H 3.

Note that, due to the growth restriction on f, we have

(3-4) 1F @)l < CQ+ lull ) (1 + Jull ),
so, using the obvious embeddings
(3.5) HY(R?®) ¢ HY(R?), H Y(R?* nHY(R®) c H'(R?),

we see that f(u) € L*(0,T; H'(R?)) for any Strichartz solution u of problem (BII).
Thus, we may interpret the terms f(u) -+ g as the external force for the linear CHO
equation (I?:EI) Then, due to Proposition 25 we have the energy identity

d
(3.6) 5l + 100l = ~( ), Bu) + (9, 0u) =~ ((F(u), 1) ~ (g,)).
Therefore, any Strichartz solution of problem (B.I)) satisfied the energy identity
(37) 6l + (P (), 1)~ (g,)) + Doy, = 0.

Note also that, due to the first assumption of [B.2]), f(0) = 0, so, taking into the
account the third assumption, we see that
(3.8) |F(u)| + f(u)w < Cluf* + |ul°)

and the terms (F'(u), 1) and (f(u), u) are well-defined for any energy solution u. The
next proposition gives the analogue of dissipative energy estimate for the nonlinear
hyperbolic CHO equation.
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Proposition 3.2. Let the assumptions 32) hold, the external force g € H'(R?)
and u be a Strichartz solution of the hyperbolic CHO equation [BI). Then, the
following dissipative energy estimate holds:

(3.9) €u®)lle < QUIEO)]le)e™* + Qllgll 1), t =0,

where the positive constant 8 and monotone function Q are independent of t > 0
and the solution u.

Proof. As in the proof of Corollary 2.6, we multiply equation (1) by A, (9;u+du)
(the multiplication on A, 1w is allowed and the multiplication on A, 10,u is justified
above) and get

d 1 _ 4]

@ (e + 00—~ )+ Sl + (P, 1)

+ (1= 0)10pullFy o + SllullF + adllull s +6(f(u),w) = (g, Fpu + du).
Using the first assumption of (2)), we see that F(u) > 0 and together with (B:])),
we have

(3.11) CHIE®)E < Eu(t) < QUIE®)] o),

where €,(t) = 5[l&(t)[|2 + 6(Deu(t), —A;  u(t)) + §llu(®)]%_, + (F(u(t)),1) and
d > 0 is small enough. On the other hand, using the second assumption of (3.2,
we deduce from (BII)) that for sufficiently small 8 > 0,

(3.10)

d - _
(3.12) Egu(t) + BEL(t) < CHg”?‘p

and the Gronwall inequality applied to this relation gives the desired estimate ([3.9])
and finishes the proof of the proposition. O

As the next step, we want to obtain the analogue of the dissipative estimate
B3) for the Strichartz norm of the solution w. To this end, we need the following
key result.

Proposition 3.3. Let the assumptions of Proposition [3.2 hold and let u be a
Strichartz solution of problem [BI)). Then, the following estimate is valid:

(3.13) [ullLao,1520) < QUIE(0)lle) + Qg 171),

where Q) is a monotone function which is independent of w.

Proof. We treat the non-linearity f(u) in (3] as an external force and apply ([2:24)
on a small time interval ¢ € [0, 7] where 7 < 1 will be fixed later. Then, we get

(3-14)  Yu(7) := [ullco.re) + lullLao e <
< C(1€(O)lle + llgll e + 1 @l L1 (0,7,11))

for some constant C' which is independent of v and 7. Using the subcritical (sub-
quintic) growth restriction for f(u), see (B2) assumption 3, together with the fact
that f(0) = 0, we estimate the norm of f(u) as follows:

(315) 7@l psny < O+ ) Vel | 20ri22) <
< O+ [l e Ml e oty <

< O(T’Y + T’Y||u||%4(07T;LOO))||€u||L°°(O,T;g) < CT’Y(I + YU(T)4)YH(T)7
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where v = v(k) € (0,3/4] and C are independent of u and 7. Thus, we end up with
the following relation:

(3.16) Yu(r) < C(I&uO)le + llgllz2) + C77 (1 + Yu(7) )Y (7).

Since Y, (0) = ||€.(0)||¢ and Y, (7) is continuous in 7, estimate ([BI6) guarantees
(see, for example, [46], Chapter IV, Lemma 2.2) that there exists 7o = 70(||€.(0)]|e+
lg|l 1) such that

(3.17) V(1) < 20(18u0)lle + llgll 1), 7 < 7o

Important point here is that the constant C' is independent of u and 7y depends
only on the norms of £,(0) and g. This allows us to obtain the desired estimate
BI3) on a big time interval ¢ € [0, 1] just by iterating (3.I7) and using that the
energy norm of &,(¢) is under the control due to the energy estimate ([3.9)). Thus,
the proposition is proved. ([

Corollary 3.4. Let the assumptions of Proposition[3.3 hold and u be a Strichartz
solution of problem [BIl). Then, the following estimate is valid:

(3.18) lga®lle + lullzagerriz=) < QUIEO)e)e™ +Q(lgll ),

where the positive constant B and the monotone function u are independent of t
and u.

Indeed, estimate (B.I8) is an immediate corollary of the dissipative energy esti-
mate ([39) and the control (BI3) of the Strichartz norm through the energy norm.
We are now ready to state the main result of the section.

Theorem 3.5. Let the assumptions of Proposition [33. Then, for every & € &,
there exists a unique Strichartz solution u of problem [B)) and this solution satisfies
the dissipative estimate (B1]).

Proof. Indeed, the dissipative estimate is already verified. Since the non-linearity f
is subcritical (k > 0), the local existence of a Srtrichartz solution is straightforward
and can be done using the Banach contraction theorem. Moreover, the interval of
existence depends only on the energy norm of the initial data. Since the energy
norm is under the control due to [B.I8]), the global existence follows by the extension
of a local solution. Thus, we only need to verify the uniqueness.

Let w1 and ug be two Strichartz solutions of equation [B.I]) and let v = uy — us.
Then, this function solves

(3.19) 020+ 0w+ Ap(Agv — [f(ur) — f(u2)]) + av = 0.

Interpreting this equation as a linear hyperbolic CHO equation with the extrenal
forces f(u1)— f(u2) and applying estimate (Z24)) on a small time interval ¢ € [0, 7],
we have

(320) Y'U(T) = ||v||C(O,T;€) + ||v||L4(O,T;L°°) <
< C (IOl + 117 (1) = £l 3o )

where the constant C' is independent of u;, ue and 7. Using the growth restrictions
B2) on the nonlinearity, we estimate the last term in the right-hand side of (3.20])
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as follows:

(3:21) [ f(u1) = fu2)llpro iy < CNA A+ Jun[* 5 + Jua* ™) Vool 1 (0,7:02)+

+ CIl (A [ua P~ + fug >~ )0l (IVaua| + [Vaua|) | 21 0,7:02) = I + Lo
Estimating the first term in the right-hand side (321]) exactly as in (3I3]), we have
(3.22) L < CTY (U luallZago,rpoey + U2l Tago rpoe)) Yo (7),

where the constants v = (k) > 0 and C > 0 are independent of 7, u; and us. The
second term I can be estimated as follows:

(323) I2 S C (T3/4 + ||u1||izf4~/3(oﬁT;Loo) + ||u2||izf4~/3(oﬁT;Loo)) ||’U||L4(O,T§Loo)><
(st e orsiny + T2l e oy ) < €77 (14 Tt sorizomy + Nlao, o))

X (el e oy + 2l 1) ) Yol7)

for some positive constants v = (k) ( the same as in (BI3)) and C' which are
independent of 7, u; and ug. Inserting the obtained estimates into the right-hand
side of (B:20) and using estimate ([B.I8) to control the norms of u; and ug, we finally
arrive at

3.24)  Yy(r) < C77 (14 Q6w (0)le) + QII€us (0)l[£)) Yo (T) + ClI&0(0)[-

This estimate shows that there exists 7y > 0 depending only on the energy norms
of the initial data for u; and us such that

(3.25) Yo(r) < Cl&O0)]le, T < 0.
Thus, the uniqueness is proved and the theorem is also proved. O

Remark 3.6. Actually, estimate (328 gives a bit more than the uniqueness.
Indeed, iterating this estimate and using that the energy norms of w; and ugy are
under the control, we have

(326)  [|€us (t) = Eus (D)l + [l — 2]l o p41:00) < Ce™ 6w, (0) = &us ()],

where the constants C' and K depend only on the energy norms for the intitial data
for u; and us. Thus, we have for free the Lipschitz continuity of the Strichartz
solution of ([B1]) with respect to the initial data.

Note also that, analogously to the case of bounded domains, see [31], we may
define the class of so-called energy solutions which belong to the space L*°(0,T; &)
and even prove their global existence and dissipativity. However, for the unique-
ness we have crucially used the extra regularity given by the Strichartz estimate.
Moreover, to the best of our knowledge, the uniqueness of energy solutions is an
open problem even in the case when the non-linearity f is globally bounded. In
particular, it is not known whether or not any energy solution is automatically a
Strichartz one.

4. THE GLOBAL ATTRACTOR

As shown in the previous section, the hyperbolic CHO equation (B]) is globally
well-posed in the energy phase space £ in the class of Strichartz solutions. Thus,
the solution semigroup

(4.1) St):E—=E&, S(t)& :=¢&u(t), t>0,
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where u(t) is a Strichartz solution of problem (B, is well-defined. Moreover, due
to estimate (B.I8)), this semigroup is dissipative in £. The main aim of this section
is to verify that this solution semigroup possesses a global attractor in £.

We start with reminding some basic fact from the attractor’s theory, see [2, [49]
for more details.

Definition 4.1. Let S(t) : £ — £ be a semigroup. A set B is an absorbing set for
this semigroup if, for any bounded set B C & there exists T = T'(B) such that

(4.2) S(t)B c B

forallt>T.

A set B is an attracting set for the semigroup S(t) if, for any bounded set B C £
and every neighbourhood O(B) of the set B there exists time T = T(B, O) such
that

(4.3) S(t)B c O(B)
forallt>T.

Definition 4.2. Let S(t) : £ — £ be a semigroup. A set A C & is a global attractor
for the semigroup S(¢) if the following conditions are satisfied:

1. The set A is compact in &;

2. The set A is strictly invariant: S(¢).A = A for all t > 0;

3. The set A is an attracting set for the semigroup S(t).

To state the criterion for the attractor’s existence we need one more definition.

Definition 4.3. A semigroup S(t) : &€ — & is asymptotically compact if for any
bounded set B C &, any sequence of the initial data &, € B and any sequence of
times ¢, > 0 such that ¢, — oo as n — oo, the sequence

(4.4) {S(tn)éntnzy

is precompact in £.

To verify the existence of a global attractor for the hyperbolic CHO equation,
we will use the following version of the attractor’s existence criterion, see [2}, [49] for
the proof.

Proposition 4.4. Let the semigroup S(t) : € — & possess the following properties:
1. The operators S(t) : € = & are continuous in & for every fized t;
2. The semigroup S(t) possesses a bounded attracting set;
3. The semigroup S(t) is asymptotically compact.
Then the semigroup S(t) possesses a global attractor A C € which is generated
by all complete trajectories of the semigroup S(t):

(4.5) A= K:’t:O’

where I C L*(R,&) consists of all bounded functions u : R — & such that
S(h)u(t) =u(t +h) for allt € R and h > 0.

We are now ready to state the main result of this section.

Theorem 4.5. Let the assumptions of Theorem[3.0 hold. Then, the solution semi-
group S(t) associated with the hyperbolic CHO equation (B possesses a global
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attractor A in the energy phase space £ which is generated by all complete bounded
Strichartz solutions of (B1I)

(4.6) A=K|,_,

where K C Cyp(R,E) is a set of all Strichartz solutions of B.Il) which are defined
for allt € R and bounded.

Proof. We need to check the assumptions of Proposition 44l The continuity of
the operators S(t) in &£ for every fixed ¢ follows from estimate ([B26). The exis-
tence of a bounded attracting (and even absorbing) set for S(t) is guaranteed by
by the dissipative estimate ([BI8]). Thus, we only need to check the asymptotic
compactness.

To verify the desired asymptotic compactness, we will use the so-called energy
method, see [5, B9]. Indeed, let &, € £ be a bounded sequence, t, — oo be a
sequence of times tending to infinity. We need to prove that S(t,)&, is precompact
in £. To this end, we define a sequence u,,(t) of Strichartz solutions of the following
problems:

(4.7) 8t2un + O + Ap(Azuy — flun) +9)+au, =0, &, =&, t> —ty,.

[

Thus, in order to prove the asymptotic compactness, we need to prove that the
sequence {&,, (0)} is precompact in £. We will do this in two steps. At step one we
prove that up to a subsequence ¢, (0) converges weakly to &,(0) for some complete
bounded solution u € K and at step 2 we show that the energy ||€,, (0)||e converges
to the energy [|£,(0)]|¢ of the limit solution w and this will give the desired strong
convergence.

Step 1. Since the sequence &, is bounded in &, the dissipative energy estimate
BI8) gives the uniform boundedness of the corresponding solutions uy:

(4.8) 6w, llLemey < C, Nunllparrir,pey < C, T €R,

where C is independent of n (to simplify the notations, we assume that u, and
O¢uy, are extended by zero for t < —t,,). Thus, without loss of generality, we may
assume that

4.9) &, — &, weakly star in L (R, &) and u,, — u weakly star in L} (R, L™
n y loc Yy loc

and the limit function u satisfies estimates (4.8) as well, see [43]. In order to verify
that v € K, we need to pass to the limit n — oo in equations ([@7)). As usual, the
passage to the limit in the linear terms is immediate and only the non-linear term
f(uy,) may cause some problems. Thus, we only need to verify that, for every test
function ¢ € C°(R, H' N H1),

(4.10) / (f (unt)). B(8)) dt — / (F(ult)), B(1) dt.

Moreover, since C5°(R?) is dense in H' N H~', it is sufficient to verify (@I0) for
the test functions ¢ € C5°(R; x R3) only. From the uniform estimate (@8], we
conclude that f(u,) is bounded in LY*¢(T,T + 1; L'*¢(BE)) for some £ > 0 and
every R > 0 and T € R (here and below, we denote by B the ball of radius R
centered at zero in R?). Thus, without loss of generality, we may assume that

(4.11) fuy) — € weakly in L}I'T5(R, x R3)

loc
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and, to verify the convergence [@I0), we only need to check that & = f(u). In turn,
to check the last identity, we only need to verify that

(4.12) un(t,r) — u(t,z) almost everywhere in (t,z) € R*,

see e.g., [2,[49]. To verify (£I2), we note that, due to the obvious embeddings
(4.13) HYR* N HYR3) c HY(R?), H'(R®) c H '(R®)

and the uniform boundedness 8], we know that

(4.14) [unllLoe®, 11 (R2)) + |0tnll Lo @, -1 (R3)) < C

uniformly with respect to n — oco. Let ¥r = ¥r(z) € C°(R?) be the cut off
function such that £g(x) = 1 for x € B§ and &g(x) = 0 for ¢ B3, Then ([@I4)
implies that

(4.15) € runll oo 11 (B27)) + 104 (ERUR) | oo (-1 (B2RY) < C

for some C which is independent of n. Thus, due to the compactness theorem, we
may assume without loss of generality that

(4.16) u, —u strongly in C((T,T + 1) x L*(B{))

forallT € R and R € R,. Thus, passing to the subsequence once more if necessary,
we see that (£I2) indeed holds. Consequently, the convergence (£I0) also takes
place and we have proved that the limit function u is a Strichartz solution of
equation (BI) and that u € K.

To complete Step 1, we need to verify that

(4.17) &u, (0) — &,(0) in€&.

Actually, the weak convergence u,,(0) — u(0) is straightforward due to the proved
strong convergence ([A.I6) and the facts that u,(0) are uniformly bounded in H* N
H~! and that C§° is dense in H! N H~!. Thus, we only need to check that

(4.18) (Dyun(0),9) = (,u(0),v) for every 1 € H'(R?).

To verify this, it is enough to check the convergence for ¢ := Pyt only (where Py
is the projector introduced in the proof of Corollary[2:2]). To this end, we introduce
the function W, (t) := (8yun(t),¥n). Then, since ¢ € H* for every s € R, we may
test equation (@) by ¥ and get

g = Bt — (s A206) + (f (1), Ation)—

dt
(97 A$¢N) - a(unu ¢N)

Therefore, due to the uniform bounds () for u, and the growth restriction (32
for the nonlinearity f,

(4.19)

d
(4.20) W0l Loo ) + ||E\I]n||L°°(R) <C,

where the constant C' depends on N and v, but is independent of n. Therefore,
without loss of generality, we may assume that ¥,, — ¥ := (Qyu, ¥n) strongly in the
space Cioc(R) and, in particular, that ¥,,(0) — ¥(0). Thus, the weak convergence
(@17) is verified and Step 1 is completed.
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Step 2. We now verify that ||&,,, (0)]|e = [|£.(0)]ls. To this end, we will use the
following analogue of ([BI0) for the solutions (£.1):

d (1 2 -1 g 2
(420) 5 (G161 + 30, ~A7 )+ Hhunlly s + (Flun). 1) +

1 1)
8 (—ngunn% 0Ot~ A7 ) + 2wl + (P, 1)) +

1)
(=0~ D0l + 0= Dl + (@0 = 2 = By, 1+

+ [6(f(un)7 un) - ﬁ(F( )7 1)] + 66(&5“7@7 Az Un) = _(97 Orttr, + 6Un)

Introducing the functionals
(4.22)

Eun(t) = 316, (O + 8(@tn (1), 57 un () + 5 ftn (D12 + (Platn(1)),1)

and

(123) Ho (1) = (1= 3~ DY 0n( -, + (6~ Dl +

af B 9
(a5 = % = ) lun (Ol +

+0(f (un(t)), un(t)) = BIF (un(t)), 1)] + 08(Opun(t), A7 un(t))
we rewrite the identity (@21 in the following form:

(420) J16, O + E0,(0) =  J16u, (<013 + Eu,(-10) ) o~

0 0
- / P9, (s)ds — / €55 (g, Dyun(s) + Sun(s)) ds.

—tn —tn
We want to pass to the limit n — oo in this identity. To this end, we first fix
positive § to be small enough that

1 _ §
(4.25) 76 Iz + 30w, A1) + 5], 2 0

for all v € £. Then, the weak convergence ([AI7) implies that
1 _
(4.26)  Z11€a(0)Z + 6(9ru(0), =A; u(0)) + —||U( M- <

. 1 _ 0
< timinf (160, O + 500, (0), A7 0 0) + §||un<o>||§,l) .

Moreover, the convergence ([£16) implies that u, (0, z) — u(0, z) almost everywhere
in R3. Then, the Fatou lemma together with the fact that F(u) > 0 give
(4.27) (F(u(0)),1) < liminf(F(u,(0)),1)
n—00
and, therefore,

(4.28) £.(0) < lim inf &, (0).

The first term in the right-hand side of (£24)) tends to zero due to the facts that
t, — oo and the energy norms of the initial data for u,, are uniformly bounded.
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Moreover, due to the facts that the solutions u,, are uniformly bounded in L*(R, &)
and converge weakly star in L7 (R, £), we have the convergence in the third term:

0
(4.29) / B3(g, Oytun (s) + Oun(s)) ds — / *(g, Oru(s) + Pu(s)) ds

—tn
To pass to the limit in the term containing the functional H, we fix 8 > 0 to be
small enough that

(4.30) §f(u)u — BF(u) + BKu* >0

(which is possible to do due to the 3rd assumption of ([B.2])) and that

(431) (1-0 D)l + (- §>||v||§-,1+

+ (0 — a_ﬁ - @)” [%—1 = BE vz + 38(8(t), A7 v (t) = 0

for all v € €. Then, using the weak star convergence of u, in LS (R, &) together
with the convergence almost everywhere and the Fatou lemma, we conclude that

0 0
(4.32) / e?*H,(s) ds < lim inf/ P H,, (s)ds.

o n—oo [ 4.

Thus, passing to the limit n — oo in the identity [@24]) and using ([A28]),[@29) and
[#32), we have

1 -
(4.33) 7 limsup [[€u, (0)[¢ + £u(0) <
n—oo

0 0
< —/ P H,(s) ds — / (g, dyu(s) + du(s)) ds

—o0 —o0
On the other hand, writing the analogue of the identity ([@.24)) for the limit solution
u € K, we end up with

0 0
(4.34) i||§u(o)||§+£u(0):_/ e@sHu(s)ds—/ ¢%5 (g, pu(s) + u(s)) ds

— 00 — 00

Thus,
(435) i sup €4, (0 < 160 < lminf &, )]

where the inequality in the right-hand side follows from the weak convergence (£.17]).
This is possible only if we have the convergence of the norms

(4.36) €0, (0)lle = [1€u(0)]le, m — o0

which together with the weak convergence ([@IT) implies the strong convergence
(4.37) &4, (0) = £,(0) in the energy space &

and finishes the proof of the theorem. O

Remark 4.6. Remind that the asymptotic compactness of the solution semigroups
associated with dissipative PDEs in unbounded domains are usually proved using
the so-called weighted energy estimates or/and the so-called tail estimates, see [I]
3,135, 51] and references therein. However, in contrast to many examples considered
in [35], the hyperbolic CHO equation does not possess a weighted energy theory at
least in the form used in [35] and the weighted estimates require more regularity of
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the solutions. As we will see in the next section, the extra regularity of solutions
require in turn the asymptotic compactness (at least under the approach used
there). Thus, we do not see how to apply the weighted energy estimates for verifying
the asymptotic compactness of the hyperbolic CHO equation and are forced to use
the energy method instead.

Note also that despite the fact that the energy method is completely standard
nowadays, the application of it to the hyperbolic CHO equation is a bit delicate
due the presence of homogeneous Sobolev spaces for which we do not have the
embedding H*' C H® for s; > so. By this reason, we give the detailed exposition
of the method in this section.

5. SMOOTHNESS OF THE GLOBAL ATTRACTOR

The aim of this section is to verify that under the global attractor A of the
hyperbolic CHO equation is actually more smooth and, in particular, is a bounded
set in the second energy space

(5.1) E:=[H 'NnH x[H'nHY.

To verify this fact, we will essentially use the asymptotic compactness proved in
the previous section and its analogue for the space of trajectories.

Proposition 5.1. Let the assumptions of Theorem [f.5] hold and let IC be the set
of all complete bounded Strichartz solutions of equation B.I). Then the set K is

compact in the space Cioe(R,E) N LY (R, C(R3)):
(5.2) K CC Croe(R, E) N LE (R, C(R?)).

Indeed, the assertion of the proposition is an immediate corollary of the Lipschitz
continuity of the solutions semigroup S(¢), see (8.26) and the compactness of the
global attractor A in the phase space £.

The following simple corollary of the proved compactness is however crucial for
our method.

Corollary 5.2. Let the assumptions of Proposition[5.1 hold. Then, for everyu € K
and every e > 0, there exist functions As(t) and Be(t) such that u(t) = A (t)+ B:(t)
and

(5.3) l€allner,e) + | Acll Lot t41;000) <&, tER
and B: € C}(R, H?(R3)) with the estimate

(5.4) I Bell e m.enmz@sy) < Ce.
Moreover, the constant Ce is independent of u € K.

Indeed, the assertion of the corollary follows in a straightforward way from the
compactness of K, its invariance with respect to time shifts and the Hausdorff
criterion. We just mention that the fact that u € L} (R,C(R?)) (and even u €
L} (R, Cy(R3)) according to Remark 23] not only L} (R, L>°(R3))) is crucial here
since the smooth functions are not dense in L (R3) and the approximation by
smooth functions does not work in L°°.

Analogously to this corollary, we also have the following result.
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Corollary 5.3. Let the assumptions of Proposition [5.1 hold. Then, for every
u € K and every e > 0, there exist functions AL’ (t) and BI (t) such that f'(u(t)) =
Al'(t) + BI'(t) such that

(5.5) IAL e rasnoey < &0 IBL [lwrcomxrey < Ce, tER,

where the constant C. is independent of u € K. Moreover, there exist functions
AL (t) and BI" (t) such that f"(u(t)) = AL (t) + B! (t) and

(5.6) AL |l Lars(t,e415000) < €, B || 1o mxrey < Ce, tER,
where C; is also uniform with respect to u € IC.

Indeed, since f’ and f are continuous, the sets f/(K) and f”(K) are also compact
in the proper spaces and the approximation arguments work.
We are now ready to state the main result of the section.

Theorem 5.4. Let the assumptions of Theorem[{.0 hold. Then the global attractor
A of the Strichartz solution semigroup S(t) associated with the hyperbolic CHO
equation B)) is bounded in the second energy space Es.

Proof. We give here only the formal derivation of the control of the norm of A in
&> which can be justified by approximating the time derivative v(t) := diu(t) by
finite differences. Indeed, let u € K be an arbitrary complete bounded trajectory.
Then, the function v(t) = dyu(t) solves

(5.7) 020 + 0w + Ap(Agv — £/ (u(t))v) + av = 0.

We complete the proof of the theorem in 3 steps. At Step 1, we estimate the energy
norm of v through its Strichartz norm. Then, at Step 2, we use the Stricharz
estimate to verify that

(5.8) 1€ @)lle + [0l 4t e415020) < C

where the constant C' is independent of t € R and v € K. Finally, at Step 3, we

use the elliptic regularity to verify that u € H3(R?) which will complete the proof.
Step 1. Energy estimate. We multiply equation (5.7) by 9;A; v + §A v and

integrate over x. Then, arguing as in the derivation of ([221), we end up with

d
(5.9) &8+ BE() < =8 (f'(u(t)), v* (1)) = (f'(u(®))v(t), Dev(t).
The first term on the right hand side of (9] can be easily estimated as follows

(5.10) [0 (w), )] < C(L+ [[ull L) [[Wl|Z2 < O+ [lullf)[Eu ()],

where at the last step we used [H ™!, Hl]% = L? and uniform control of ||dyul| z-.
on K.

To estimate the second term on the right hand side of (5.9) we rewrite it in the
form

(5.11) = (f'(w)v, ) = (Va(f'(w)v), Vo AL 0) = (f (u) Vv, Vo AL O)+
+ (f”(u)vzuv; VIA;,latv) =1 + Is.
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Using Corollary 5.3} we further transform the first term I as follows

(5.12) I = (A" (t)Vav, VoA ') + (B () Vv, Vo AL 90) <
< O|AL ()| L= &0 (t) — (VuBI (t)o, VoA 0pw) — (B (t)v, dv) <

’ d ’
< ClAL ®)|eEu(t) = (Bl v,0) + Cef|vllz2|0wll 1 + Cellvlliz <

< (OAL () + DED) — (B v,0) + CLlEL (0],

where we have implicitly used the interpolation
(5.13) Cellvllz> < Cellvll g llOeull -

and the fact that the H~-norm of dyu is uniformly bounded on K.
To estimate the second term I, we note that, due to Corollaries[5.2] and £.3] for
every € > (0, we have

(5.14) F (W) Vau = K.(t) + De(t)

and

(5-15) ||K€||L4/3 t,t+1;L2 < Ck, ||D€||L°°(R><R3) <,
( )

where the constant C. is uniform with respect to u € K. Therefore,

(5.16) Iy = (K.(t)v, VoA, 0w) + (D.(t)v, V. AL 0w) <
< NEOllzz o)l 10s0]l -1 + Cel[ollL210e0] - <
< e€(t) + (1 K=()ll 2 [0 (8)l| 2 + Ce)[Eu (D]
Inserting the obtained estimates in the right-hand side of (5.9) we end up with

(517) 5 (£u(t) + (B (1o, 0) + (8 — ClAL ()]~ )Eult) <

dt
< (Ce + KO z2llo®) [l + ull 1) [0 (0],

We now fix &,(t) := &,(t) + (B! (t)v,v) + LH’U”?-{71, where the constant L = L, is
such that

(518) 6 WIE <& < e @2

(it is possible to find such L and C; since B.(t) is bounded). Then, using the fact
that the H—! norm of v is under the control, we transform (5.17) to

(519) SE0)+ (8- CAL ()]1-)E 1) <
< (Ce + OOl ol + ull e + CoAL Ol ), (]7,

where the positive constants 3, C' and C. are independent of ¢t and v € K. Applying
the Gronwall inequality to (519) and using estimate (5.3]) to control the norm of
Al we infer

i B T
(5-20) [I&(T)II2 < C[Sv(o)]l/%_ﬂTJrCaJrC/ e PI=INKo(s)l| 2 llu(s) [ = ds,
0
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where the constant C' is independent of €. Using now the control (B.I5]) for esti-
mating the integral in the right-hand side, we arrive at

(5.21) I€.(T)lle < CIEO)])"/2e™PT + C. + Ce sup [oll Lage,e41;05)-
€

Finally, passing to the limit 7" — oo and using the invariance of IC with respect to
time shifts, we infer that, for every ¢ > 0 there exists the constant C. such that,
for every u € KC,

(5.22) 1€, ()]le < Esu]g vl L2100 + Cs, tER,
te

where C; is independent of u € IC and t € R.

Step 2. Strichartz estimate. We treat equation (B.7)) as a linear one with the
external force f’(u)v and apply the dissipative estimate (2:24)) on the time interval
te0,1]:

(5.23) fvllLaco,sz) < CUIE(0)lle + 1L/ (w)oll 1 o,150m)) <

< Ce|jv|| s, poey + Ce + C||f’(u)v||L1(0y1;H1),
where [[v][Lag, L) = SuPser [V[[La(t,041;05). Thus, we only need to estimate the
last term in the right-hand side:

(5.24)  f' (w®)o@ll 1101,y < I @) Vvl pro;2)+
+ £ (u(t)) Vaut)v(t) | L1 01:02) == J1 + Jo.

Using the fact that the Strichartz norm of u is uniformly bounded together with
estimate (0.22]), we may estimate the term J; as follows:

(525) Ji < ||f/(u)||L1(O,1;L°°)H’U”Loo(oyl;Hl) <
< COl&oll=o1e) < C‘SHU”L‘;(R,L“’) + Ce,
where the constant C is independent of € and u € K.

To estimate the term Jo, we use again the splitting (5.14) with some new g1 > 0
together with estimate (5.22l):

(5.26) Ja = [|[Kc,v||L10,1:22) + | Deyvllnr(0,1502) <
< CO|[Ke, | parso,1;02) 1Vl 2240,15050) + Ceyllvll Lo (0,1522) <
< Cer|vllpam,zoy + CarllollLoe(o,156) < (Cer + Ceye)|[vll Lar, ooy + C=Cy -
Inserting the obtained estimates into the right-hand side of (5.23]) and fixing first
€1 to be small enough and then € < €1 in such way that C., ¢ < e, we end up with

(5.27) [vllza0,152) < Cerl|vll s roey + Ces,s

where the constant C'is independent of €1 both constants C' and C¢, are independent
of u € K. Since K is translation invariant, the last estimate (with sufficiently small
1) implies the desired estimate for the Strichartz norm:

(5.28) [vlls,rey < C, v="0u, uek

which together with estimate (5.22]) gives the desired estimate (B.8) and completes
the estimate of the energy norm of dyu.
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Step 3. Elliptic regularity. Estimate (5.8)) guarantees that 0?u(t) = d;v(t) is uni-
formly bounded in H !, so since au(t) is also uniformly bounded in H~! applying
the operator A! to equation ([B.1)), we see that

(5.29) Agu(t)— F(u(t) —u(t) = —g— u(t)— A7 (O2u(t) — dpu(t) — au(t)) == H, ()
and the right-hand side H,(t) is uniformly bounded in H'. Moreover, using the
growth restriction ([B:2)) on the function f and the fact that f(0) = 0, we see that
|f(u)| < C(Ju| + |ul?) and, consequently, f(u) is uniformly bounded in H~!(R3).
Since A u(t) and u(t) are also uniformly bounded in H~!(R3), then using the
obvious embedding

(5.30) HY(R®) N HY(R?) ¢ HY(R?),
we see that H,(t) € H'(R?) and
(5.31) |Hu ()| g: <C, uek.

Thus, we may use the classical maximal regularity in Sobolev spaces of the semi-
linear elliptic equation (5.29) to establish that u € H3(R3) and

(5.32) ||u(t)||H3(]R3) <C, teR, uek.

This estimate, together with estimate (5.8]) for the time derivative v = Oyu gives
that &, (t) is uniformly bounded in £ and finishes the proof of the theorem. O

Remark 5.5. Arguing analogously, one may show that the actual regularity of
the global attractor A is restricted by the regularity of the non-linearity f and the
external force g. In particular, if they are both C°°-smooth, the attractor will be
C*°-smooth as well.

6. GENERALIZATIONS AND CONCLUDING REMARKS

In this concluding section, we discuss possible generalizations of the result ob-
tained above as well as the related open problems.

Remark 6.1. As we have seen, the global well-posedness of the hyperbolic CHO
equation is crucially related with the validity of the Strichartz estimate (24]) for the
linear Schrédinger equation ([2I)). In turn, this estimate follows from the standard
Strichartz estimate

2 3 3
(6.1) UL (~7,7;La®2)) < CllUoll s gy PRIk Tk

for the homogeneous Scrodinger equation: U(t) := e®+ Uy, see [6]. Thus, to apply
the above technique for general domains €2, we need the analogue of estimate (G.1])
in Q C R3. However, to the best of our knowledge, the analogue of (6.I]) is known
for the exterior domains Q C R? only and for general bounded domain only the
estimate

(6.2) Nl Lr(~.7:00) < ClUON v g o
with a loss of % derivatives is known, see [6]. Thus, in contrast to the case of
semilinear wave equations, see [8] [9] [33] and references therein, the well-posedness
result can be extended in a straightforward way to the case of exterior domains
Q only. The extension of the result to the case of hyperbolic CHO in bounded
domains {2 is an interesting open problem which requires the additional non-trivial
arguments to be involved. We refer the reader to the recent paper [42] where the
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global solvability of cubic non-linear Schrédinger equation has been established
using the alternative method related with the so-called bilinear Lfﬁz estimates, see
also references therein.

Remark 6.2. Another interesting open problem is to extend the obtained result to
the non-linearities f of the critical quintic growth rate. In contrast to the subcriti-
cal case, we do not have here the control (BI3]) of the Strichartz norm through the
energy norm of the solution, so the global solvability becomes much more delicate
and the analogue of the so-called non-concentration estimates (see [45] [46] (47, [48])
should be verified for the case of the hyperbolic CHO equations in order to get the
desired global existence. Note also that these non-concentration estimates are the
main obstacles for developing the attractor theory for the quintic growth rate. In-
deed, if the global existence is known, one can use the so-called backward regularity
on the weak attractor in order to verify the asymptotic compactness analogously
to the quintic wave equation, see [33].

Remark 6.3. Finally, it worth mentioning that we did not use the dissipation
integral for the proof of main results, so these results can be easily extended to
the case of non-autonomous external forces g(t), e.g., in the sense of uniform or
pullback attractors. However, the existence of exponential attractors is more deli-
cate since, analogously to the Scrodinger equation, the hyperbolic CHO equation
does not possess a reasonable weighted energy theory (at least similar to the one,
developed in [3], 35, 5], see also the references therein). Thus, the standard meth-
ods of establishing the finite-dimensionality of a global attractor seem not working.
Nevertheless, some analogues of weighted estimates can be proved if the additional
regularity of the solution of difference between two solutions is known and based
on this observation, one can establish the finite-dimensionality of a global attractor
and the existence of exponential attractors, see the forthcoming paper [44] for more
details.
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