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SMALL-TIME GLOBAL CONTROLLABILITY OF A CLASS OF BILINEAR FOURTH-ORDER

PARABOLIC EQUATIONS

SUBRATA MAJUMDAR™ AND DEBANJIT MONDAL?

ABSTRACT. In this work, we address the small-time global controllability properties of a class of fourth-order nonlinear
parabolic equations driven by bilinear controls posed on the one-dimensional torus. The controls depend only on time
and act through a prescribed family of spatial profiles. Our first result establishes the small-time global approximate
controllability of the system using three scalar controls, between states that share the same sign. This property is obtained
by adapting the geometric control approach to the fourth-order setting, using a finite family of frequency-localized controls.
We then study the small-time global exact controllability to non-zero constant states for the concerned system. This second
result is achieved by analyzing the null controllability of an appropriate linearized fourth-order system and by deducing
the controllability of the nonlinear model through a fixed-point argument together with the small-time global approximate
control property. To the best of our knowledge, this work provides the first contribution toward the study of controllability
properties of fourth-order parabolic equations by means of bilinear controls.
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1. INTRODUCTION

1.1. System under study. In this paper, we study global controllability aspects of the following fourth-order nonlinear
parabolic equations within a multiplicative control framework, defined on the one-dimensional torus T := R/27Z

Oru(t, x) + 1102u(t, o) + 1.02u(t, z) + N(u)(t,z) = Q(t, z)u(t,z), t>0,z €T,
U(O, I) = UO(x)v S Ta

(1.1)

where 11 > 0 and vy > 0 are real parameters, with v; corresponding to a fourth-order diffusion term, while v, represents
an anti-diffusion parameter. @ is a function which plays the role of the multiplicative control and is specified precisely in
(1.5)—(1.6). Depending on the choice of the nonlinear term N (u), this setting encompasses several classical fourth-order
nonlinear parabolic models. In this work, we focus on two prototypical nonlinearities, namely the Kuramoto—Sivashinsky
[KT75, KT76, Tad86] and the Cahn—Hilliard [CH58, CH59, Mir19]:

Nis(u) == udyu, (1.2)
New(u) == =02 (u®). (1.3)
Our approach also applies, with minor modifications, to other representative examples, such as the Sivashinsky equation
Nsiv(u) == —02(u?) [Siv83, NCGI5] and semilinear fourth-order parabolic equations of the form Nyep, (u) := u?, v € N*

[DR9OS].

Multiplicative control problems (see [Khal0]) naturally arise in the modeling of distributed systems where the control
acts by modifying intrinsic properties of the medium rather than through external forcing. In such situations, the control
enters the evolution equation in a multiplicative way, leading to nonlinear control systems even when the underlying
dynamics are linear. This type of control is particularly relevant for higher-order parabolic equations, which appear in
the modeling of pattern formation, phase separation, and interfacial dynamics, and for which additive control mechanisms
may be insufficient. From an applied perspective, classical additive controls are suitable only for processes whose intrinsic
physical properties remain unaffected by the control action, modeling instead the influence of externally imposed forces or
sources. This framework, however, fails to capture a wide range of emerging and established technologies, such as smart
materials and various biomedical, chemical, and nuclear reaction systems, whose fundamental parameters (e.g., frequency
response or reaction rates) can be deliberately modified through controlled mechanisms, such as catalytic effects. A
notable example of a parabolic system with multiplicative control is the distributed parameter model studied by Lenhart
and Bhat [LB92], motivated by wildlife damage management problems involving the regulation of diffusive small mammal
populations.

1.2. Small-time global approximate controllability. In this paper, we are concerned with the global controllability
properties of the fourth-order parabolic system (1.1). Our main motivation is the following question: given initial and
target states ug and wg, and a final time 7" > 0, does there exist a shorter time 7 € (0,7] and a control @ such that
the corresponding solution w of (1.1), starting from wug, reaches an arbitrarily small neighborhood of w; at time 7, in
an appropriate norm? This question naturally leads to the notion of small-time approzimate controllability. Before
introducing this concept, we first define the controlled evolution problem explicitly. To this end, we consider the following
control system:

(1.4)

Opu(t, x) + dtu(t, x) + O2u(t, x) + N(u)(t,z) = Q(t, x)u(t,x), t>0,z€T,
(0, z) = uo(z), zeT.

For simplicity, we fix 11 = v = 1 in (1.1). The extension to arbitrary positive values of these parameters follows from
the same analysis. We now specify the class of nonlinearities considered in this work. In what follows, we focus on the
cases (1.2) and (1.3), that is, we take N to be either Nxg or Nog. Detailed proofs are provided only for these two
nonlinearities, since the other cases mentioned above can be treated by similar arguments. @ is a function which plays
the role of the multiplicative control. We control the system through low-mode forcing, meaning that the control function
@ is assumed to have the form

3
Q(t.2) = (p(t).u(x) ) = 3 (el (15)

where p; are chosen to be the first real Fourier modes on the torus, namely

(u1(x), po(x), ps(x)) := (1, cosz, sinx), (1.6)

and p = (p1,p2,p3) € LfOC(R"’; R?) consists of piecewise constant control laws that can be chosen freely. Thus, determining

the scalar controls p;(t) is sufficient to define the control function Q(¢,z). This type of multiplicative control @ is also
referred to as bilinear control, since only the time-dependent intensity acts as the control variable of the evolution, and
the corresponding term depends linearly on it.



We introduce below the notion of small-time approximate controllability relevant to our analysis.

Definition 1.1. Let H C L*(T) be a Hilbert space. Assume that ug,us € H, and T > 0, ¢ > 0, are given.

(A) The equation (1.4)—(1.6) is said to be small-time L?-approzimately controllable, if there exists T € (0,T] and a control
law p € L*((0,7); R3®) such that the solution u of (1.4)~(1.6) associated with the control p and initial condition ug
satisfies

[u(r) — il 2y <e.

(B) The equation (1.4)—(1.6) is said to be H-approximately controllable, if there exists a control law p € L*((0,T); R3)

such that the solution u of (1.4)~(1.6) associated with the control p and initial condition ug satisfies

[(T) =y <e

To formulate our main result, let us denote by H*(T) the usual Sobolev space defined on the one-dimensional torus T
(see Section 2.1). Our first main result is the following.

Theorem 1.1 (Small-time global approximate controllability). Let s > & and ug,u1 € H*(T). Then the controlled system
(1.4)~(1.6) enjoys the following small-time approximate controllability properties:

(A) If sign(ug) = sign(u1), then (1.4)—(1.6) is small-time L?-approzimately controllable.

(B) If ug,u1 > 0 (respectively, ug,u; < 0), then (1.4)~(1.6) is H*-approximately controllable.

Theorem 1.1 highlights several key features in the study of global controllability for fourth-order parabolic equations.
First, it establishes global approximate controllability for a nonlinear system using only three scalar controls. More
precisely, the profiles (u1(z), p2(x), us(x)) are fixed in the expression of @), and the control acts solely through the time-
dependent function p. Moreover, this approximate controllability holds for any arbitrarily small 7' > 0, without any
restriction on the control time 7. Finally, the number of controls is independent of the system parameters, as well as of
the initial and target states.

From a control point of view, bilinear control provides an efficient way to influence infinite-dimensional systems using
only a finite number of scalar controls. In particular, low-mode multiplicative controls allow one to act on the large-scale
dynamics while keeping the control structure simple. However, the coupling between the control and the state makes the
analysis more delicate, especially in the case of higher-order parabolic equations.

We briefly review some existing literature on the fourth-order nonlinear parabolic equations of the form (1.4). Guzmén
studied the local exact controllability to the trajectories of the Cahn—Hilliard equation using localized internal control
in [Guz20], whereas Cerpa and Mercado investigated similar issues for the Kuramoto—Sivashinsky equation via boundary
controls [CM11]. Tt is worth noting that the above results are obtained in the framework of internal or boundary controls,
are essentially local and rely on Carleman estimates for the associated linearized systems together with a local inverse
mapping argument. In this setting, extending controllability results beyond local controllability appears unattainable
through Carleman-type techniques alone, which motivates the use of alternative approaches based on geometric and
saturation methods to address global controllability issues. More recently, with this approach, Gao studied the global
approximate controllability of the Kuramoto-Sivashinsky equation posed on T by means of an additive control consisting
of finitely many Fourier modes, see [Gao22]. On the contrary, in the bilinear control framework considered here, the
control enters the equation multiplicatively, resulting in a different structure of the controlled dynamics. To the best
of our knowledge, the global controllability of the equation (1.4) within a bilinear control framework has not yet been
addressed in the literature.

Let us mention a few key results on the bilinear control problem using a geometric control approach. For the semilinear
heat equation, a small-time global controllability result was obtained recently by means of bilinear control by Duca,
Pozzoli, and Urbani in [DPU25]. A closely related problem for the Burgers equation has been addressed by Duca and
Takahashi in [DT25]. For the wave equation, see Pozzoli [Poz24]; while results for the Schrodinger equation can be found in
recent papers by Beauchard and Pozzoli [BP25a, BP25b] and the references therein. In these works, the authors employed
a saturating geometric control strategy, originally introduced by Agrachev and Sarychev in [AS05, AS06] for low-mode
forcing internal control problems for the Navier—Stokes and Euler equations. This method was first adapted to the bilinear
controllability problem for the Schrodinger equation by Duca and Nersesyan in [DN25]. Our approach in the present work
is inspired by [DN25].

In contrast to existing contributions on bilinear control settings, the present work extends this methodology to a class
of fourth-order nonlinear parabolic dynamics, providing, to the best of our knowledge, the first study of controllability for
such systems within a bilinear control framework. Beyond the specific model under consideration, our analysis highlights
the robustness of the saturating geometric control strategy with respect to both the order of the underlying system and
the nature of the nonlinearities involved. This demonstrates that the approach is not limited to the second-order partial
differential equations, but can be successfully applied to higher-order equations with nonlinear structures of a different
type. Consequently, the present analysis suggests that similar techniques may apply to the study of controllability issues
for bilinear dispersive equations, such as the nonlinear Korteweg—de Vries and the Kawahara equations.
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1.3. Small-time global exact controllability to the constant states. Our second objective is to establish the small-
time global exact controllability of (1.4) toward non-zero constant steady states associated with a free trajectory. Let us
recall the control system (1.4) with the control of the form

Q) = (pl) wl)) = 3 pilt)pala), m <5, a7

where p;, i = 1,2,3, are the same as in (1.6), and the functions p4, us € H'(T) will be chosen later depending on the
nonlinearities (1.2) and (1.3). Furthermore, p = (p1, p2, p3, P4, ps) € LE (RT;R5) consists of control laws as before.

loc
Cahn-Hilliard equation: In this case, we fix m = 5. Let {\x }xen denote the ordered eigenvalues of the Laplacian —9? on
T, counted without multiplicity. Then

e =K%, VkeN.

Observe that, except for the first eigenvalue Xo = 0, all the eigenvalues are double. We denote by {cg, ¢k, Sk tren= the
corresponding orthonormal eigenfunctions of —2, given by

1 1 . .
co(z) = Nirs cr(x) = N cos(kx), sp(x) = N sin(kz), VkeN".

Consider pu4, us € H'(T) such that there exist positive constants 0;, C;, i = 1,2, satisfying

R (14, CO>L2(T) #0and (us, CO>L2(T) =0,
)\Zl ‘<u4,ck)L2(T)‘ > (1, and <M475k>L2(11‘) =0, for all k € N*, (1.8)
A% |5, Sk>L2(']1‘)| > Ca, and (s, ck) 2y =0, for all k € N*.

Theorem 1.2 (Global exact controllability). Let (u1, p2, t3, fta, p15) be as (1.6) and (1.8) and s > 1. Assume that T > 0,
and ug € H*(T) with ug > 0. Let ® > 0 be a given real number. Then there exists a control p € L?((0,T);R%), such that
the solution u of (1.3), (1.4), and (1.7) satisfies u(T, ) = @ in T.

Analogously, for any ug € H*(T) with ug < 0, there exists a control p € L*((0,T);R®), such that u(T,-) = —® in T.

Theorem 1.2 establishes global exact controllability of (1.4), (1.3), and (1.7) to the nonzero stationary states associated
with p = 0 in arbitrary time horizon. This result is obtained by combining the small-time global approximate controllability
provided by Theorem 1.1 with a local exact controllability result to the stationary states, valid for any positive time.
Consequently, the control strategy involves five potentials: three control directions are required to achieve the approximate
controllability stated in Theorem 1.1, together with two additional controls to ensure local exact controllability.

The controllability of the associated linearized model is established using the method of moments [FR71, FR75]. These
seminal works have been significantly extended over the years, leading to numerous important results for a wide range of
parabolic problems and control strategies; see, for instance, [FCGBdT10, BBGBO14, AKBGBdT16]. For a presentation
of the moment method in the case of fourth-order parabolic equations, we refer to [Cer10, HSM25]. Based on an explicit
control cost estimate for the corresponding linearized control problem, we further prove local exact controllability of the
main nonlinear model by means of the source term method [LTT13].

An interesting feature of Theorem 1.2 is the validity of an exact controllability result on the torus, where the Laplacian
exhibits double eigenvalues. This essentially provides an analogous phenomenon for the bi-Laplacian. The proof of exact
controllability relies on the solvability of a suitable joint moment problem, which is more delicate in this setting. This
difficulty is overcome by filtering the spectrum of the bi-Laplacian through two additional control potentials, p4 and ps,
chosen so that s acts only on the cosine modes while us acts only on the sine modes, see hypothesis (1.8). As a result,
the moment problem can be decomposed into two independent subproblems, each associated with simple eigenvalues.

A similar framework can also be employed to address the global exact controllability problem for the Kuramoto—Sivashinsky
equation (1.4) and (1.2). In this case, one may employ five control profiles as before. Nevertheless, by exploiting the spe-
cific structure of the nonlinearity in (1.2), it is possible to achieve global exact controllability with only four control laws,
upon a slight modification of the assumptions in (1.8).

Kuramoto-Sivashinsky equation: Let us fix m = 4 in (1.7) and consider py € H'(T) such that
(XZ +1) ’<u4, eikm>L2(T)‘ >C, for all k € Z, and for some C, 0 > 0. (1.9)

Theorem 1.3 (Global exact controllability). Let (pu1, pi2, pi3, pa) be as (1.6) and (1.9) and s > 1. Assume T > 0, and
ug € H*(T) with ug > 0. Let ® > 0 be a given real number. Then there exists a control p € L*((0,T);R*), such that the
solution w of (1.2), (1.4), and (1.7) satisfies u(T,-) = ® in T.
Analogously, for any ug € H*(T) with ug < 0, there exists a control p € L2((0,T); R*), such that u(T,-) = —® in T.
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The controllability of parabolic-type equations driven by bilinear (multiplicative) controls is known to be an interesting
problem, even for linear systems. A key difficulty is due to a structural obstruction identified in [BMS82], where it was
shown that the reachable set of a linear equation with multiplicative control, starting from any initial data in L*(T), is
contained in a countable union of compact subsets of L?(T). Consequently, its complement is dense in L?(T), which rules
out the possibility of achieving classical exact controllability in the L? framework.

Due to the lack of exact controllability, several approximate controllability results for parabolic equations (second-order)
with multiplicative controls have been established in the literature. In [Kha02], approximate controllability was obtained
for one-dimensional semilinear parabolic equations over sufficiently large time horizons T' > 0, between nonnegative states,
with control functions depending on both space and time. Related results were derived in [CF11] for linear degenerate
parabolic equations subject to Robin boundary conditions. Approximate controllability for nonlinear degenerate parabolic
equations with bilinear controls in large time was further investigated in [Flo14]. Multiplicative controllability properties
for semilinear reaction—diffusion equations allowing finitely many sign changes were studied in [CFK17]. More precisely,
the results of [CFK17] show that any target state exhibiting the same number of sign changes, in the same order, as
the prescribed initial datum can be approximately reached in the L?-norm at a sufficiently large time 7' > 0. Similar
controllability results for nonlinear degenerate parabolic equations between sign-changing states were later obtained in
[FNT20].

The structural obstruction of [BMS82] does not exclude ezact controllability to the trajectories. This concept was first
investigated in [ABCU21, ABCU22] in an abstract framework for parabolic PDEs with scalar bilinear controls, where
local and semi-global controllability results were obtained. The approach was subsequently extended in [CDU22, BD25]
to address exact controllability to eigensolutions. Motivated by the recent developments, the present study aims to
address the problem of global exact controllability for fourth-order parabolic equations driven by bilinear controls, within
a geometric control framework.

1.4. Structure of the paper. The rest of the paper is organized as follows. In Section 2, we present preliminary results,
including well-posedness, the saturation limit property, and the required density of the saturating subspace. Based
on these results, Section 3 is devoted to the proof of the main approximate controllability result Theorem 1.1. The key
ingredient of the main theorem, namely the saturation limit property Proposition 2.2, together with the stability estimates
Proposition 2.1-Item 1, is established in Section 4. Finally, Section 5 addresses global exact controllability to constant
states, where the proofs of Theorem 1.2 and Theorem 1.3 are provided.

2. PRELIMINARIES

The aim of this section is to present some preliminary results. We first introduce the functional spaces employed in our
analysis. Next, we state the existence and uniqueness of solutions to equation (1.4). Finally, we state a saturation limit
result for the conjugated dynamics, which plays a key role in the proof of the main theorem.

2.1. Function spaces and notations. Let u € L*(T) admit the Fourier expansion
u() =Y e, Ay =, (2.1)
kEZ

with the convergence of the expansion in L?(T) provided that Y, [ux|* < co. For s > 0, the Sobolev space H* := H*(T)
consists of all functions given by (2.1) such that Y, ., (1 + |k|?)®|dx|* < co. The associated norm | - ||, is defined by

ull 2= (L + k) .
kEZ
When s = 0 it coincides with the L?-norm; that is, || - |o := || - ||. For s > 0 and u = Z@keikx € H*(T), we set
kEL
ou = Z k|5t et

keZ

For s > 0, the H*(T)-norm defined above satisfies the equivalence
l[ells = Jlull + |0z w-

e Throughout this article, the symbol C will represent a generic positive constant. Its value may change from one
occurrence to the next. Whenever the dependence of such a constant on specific parameters is relevant, it will be
indicated explicitly.

e We denote by R (ug, p) and REH (ug, p) the solution of (1.4) at time ¢, associated with the initial datum ug and
the control p, corresponding to the nonlinearities Nxs and Nog, respectively. We implicitly restrict ourselves to
situations in which such solutions are well defined. For convenience, throughout the paper, whenever the notation
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R: appears without the superscript KS or CH, the corresponding statements are understood to hold for both
cases.

2.2. Local well-posedness and semi-global stability. Let us state some important well-posedness results for the
system under consideration.

Proposition 2.1. Assume that s > &, ug € H*(T), and p € L} (RT;R?). Then there exists a time T\ = Ti(ug,p) > 0

27 loc

such that the system (1.4)—(1.6) admits a unique solution
uwe C([0,T.]; H*(T)).

(1) In addition, the following semi-global stability property holds. Let R > 0 and let p € LfOC(R"’;R?’). For any
uo, v € H*(T) with ||uolls, ||volls < R, there exist a time T* = T*(R,p) > 0 and a constant C (R, ||p||,2) > 0 such

that

IRt (u0,p) = Ri(vo, p)lls < Clluo —wolls, Y €[0,T7], (2.2)
where Ri(ug,p) and Ri(vg,p) denote the solutions of (1.4)—(1.6) corresponding to the initial data uo and vy,
respectively.

(2) Set A := |Jullc o,y (m)) + [woll m= () + [Pl 20,72 )sr5) - There exists a constant § = §(T(uo, p), A) > 0 such that,
for any o € H*(T) and p € L*((0,T);R?) satisfying ||t — uolls + [|P — pll2(0,1)m2) < 0, equation (1.4)—(1.6)
admits a unique mild solution @ € C([0,T.]; H*(T)) with initial condition Ty and control p.

Proof. Local well-posedness for (1.4) can be established using a fixed-point argument, following a similar strategy as in
Proposition 2.1 of [DPU25]. Since this argument is quite standard, we skip the details of the proof of this part. For the
sake of completeness, the proof of Item 1 is provided in Section 4. O

2.3. Small-time limit of conjugated dynamics. We begin by stating the following small-time limit result for the
conjugated dynamics, which is a key ingredient in the proof of our main result Theorem 1.1.

Proposition 2.2. Let s > 1 and uo € H*(T). Assume that p = (p1,p2,p3) € R?, o € H*(T), and ¢ > 0. Then, there

1
exists a constant 6o > 0, such that for any § € (0,60), the solution R(e™® *%ug,d~1p) of (1.4)~(1.6) is well-defined in
[0, 8]. Furthermore the following limit holds:

1 1 N4
el 4“’7%5(6_5 4“"u0,5_1p)—>e_(“’) ey in H®, asé—0".

The proof of this result is postponed to Section 4.1.

This asymptotic behaviour is the starting point of the iterative construction used to establish small-time approximate
controllability. Indeed, Proposition 2.2 allows us, after suitable conjugations, to generate multiplicative factors involving
terms of the form —(¢')*. On the other hand, the algebraic construction of Proposition 2.3 shows that, for every N > 0
and every ¢ € Vy41 (cf. (2.4)), there exist d > 1 and ¢g, ¢1,...,dqs € Vi such that

d

d=co— Y (1) (2:3)
k=1

This representation is particularly useful since each Vy is a vector space containing the constants. In particular, if ¢ € Vy,
then ¢+ c € Vy for every ¢ € R, and any real scalar multiple of 1 also belongs to V. These properties allow us to combine
Proposition 2.2 with an induction argument to approximately generate the factor e~ ()", More precisely, starting from the
three-dimensional control space Vy = span{1, cosz, sinz}, the available control directions allow us to approximately reach
e®ug for every ¢ € Vy in arbitrarily small time. The representation (2.3) then allows us to proceed inductively. Assuming
that e®ug is approximately reachable in arbitrarily small time for every ¢ € Vy, we show that the same property holds
for every ¢ € Vivy1. Indeed, each ¢ € V41 admits the representation (2.3), where all the functions ¢g, @1, . . ., ¢4 belong
to Vn, so that the induction hypothesis can be applied successively to generate the corresponding factors. Consequently,
for every N > 0 and every ¢ € Vy, the state e®uq is approximately reachable from ug in arbitrarily small time by means
of controls taking values only in Vy. Finally, since U})VOZO Vn is the space of real trigonometric polynomials and is dense in
H*(T), a density argument yields small-time approximate controllability to every state of the form e®ug, with ¢ € H*(T);
see Proposition 3.1. This property is then used, together with the assumptions on the initial datum wug and the target
uy, to prove the small-time L?-approximate controllability stated in Theorem 1.1-Item A. Finally, the H*-approximate
controllability result for an arbitrary prescribed time 7" > 0 is obtained by first steering the system, in small time, to a
neighbourhood of a suitable stationary state, then maintaining the trajectory near this state for the required intermediate
time, and finally steering the solution, again in small time, to a neighbourhood of the target u;; see Theorem 1.1-Item B.
Motivated by the above discussion, we introduce and study the so-called saturation property, which plays a fundamental

role in establishing global approximate controllability of (1.4).
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2.4. Saturating subspaces. Let us consider the following subspaces:
Vi = span{1,sin(kz),cos(kz) : 1 <k <m+1},m > 0. (2.4)
We also denote V., := U;io V;. As V4 contains all trigonometric modes, it is clear that for every s > 0, the space Vo is

dense in H*(T). Next, we prove the following representation result for the elements of these vector spaces.

Proposition 2.3. For every m > 0 and every ¢ € V41, there exist d > 1 and functions ¢g, ¢1,...,Pq € Vi such that
d

d=o— Y ()"

k=1

Proof. We split the proof into cases. We first consider m = 0, and then treat the remaining cases m > 1.
Case m = 0. Let ¢ = ag + ay cosx + by sinx + ag cos(2x) + by sin(2x) € V; be arbitrary. For p € (—1,1), define

Q,(x) == (1+p)cos*z + (1 — p) cos* (33 + g) + cos? (az + %) + cos? (az - %) .

Using the identity cos*y = % + £ cos(2y) + %cos(4y), we obtain

3
Qp(z) = 3 + pcos(2x). (2.5)
Choose K, > |az| and set p. = —as/K.. Then |p.| < 1, and
3K,
as cos(2x) = 7 K.Q,.(x).

Notice that all the coefficients occurring in K.@Q),, are positive. Hence every term therein can be written as the fourth
power of the derivative of an element of V. For instance,

14
K (14 p.)cos* x = {(Kc(l +pe)) sing|

and the same holds for the remaining terms of K.Q,., since sin(z + 6) € Vy for every § € R. Similarly, replacing « by
x — /4 in (2.5) and using cos(2z — 7/2) = sin(2z), we obtain

s 3 .
Q) (:v - Z) =3 + psin(2z).
Choose K > |bz| and set ps = —by/K,. Then

. 3K, ™
by sin(2z) = 5~ K.Q,, (:v - Z) .
Consequently,
3
g(x) =ap + aycosx + by sinz + i(KC + K,) — K.Q,.(z) — K:Q,, (3: - %) .

Setting ¢ = ao + a1 cosx + by sinx + 3 (K. + K) € V, the last two terms of ¢ can be written as a finite sum ijl(¢2)47

with ¢y € Vy. Hence
8

¢ =do— ) (&))"
=1
Case m > 1. By definition, V11 = Vp, +span{sin((m+2)z), cos((m+2)x)}. Thus, the only new Fourier modes appearing
in V41 are those of frequency m + 2. Let us first consider

Y(z) :=sinx + - :_ T sin((m + 1)z) € V. (2.6)
Then ¢/ (z) = cosx + cos((m + 1)z). Set
4(m+1)
F(z) := (' (z)* = Ao + Z A, cos(rz).
r=1

We first show that A2 # 0. For m = 1, a direct expansion gives (cosz + cos(2z))* = Ag + >.o_, A, cos(rz), with
Az = 3. Hence A3 # 0. For m = 2, similarly, (cos x + cos(3z))* = Ag + Ziil A, cos(rz), and the coefficient of cos(4x) is
Ay = % # 0. Let now m > 3. Expanding F(x) we obtain

F(z) = % + 2cos(2z) + % cos(4x) + 2 cos(2(m + 1)) + % cos(4(m + 1)x) + 3 [cos((m + 2)x) + cos(mz))

+ % [cos((m + 4)x) + cos((m — 2)z)] + Z [cos(2(m + 2)x) + cos(2mz)] + % [cos((3m + 4)x) + cos((3m + 2)z)] .
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For m > 3, none of the frequencies 2,4,2(m + 1),4(m + 1),m,m + 4,m — 2,2m,2(m + 2),3m + 2,3m + 4 coincides with
m + 2. Therefore, the coefficient A,,1+2 of cos((m + 2)x) is exactly 3. Hence A,,4+2 # 0 holds for every m > 1.

We next isolate the (m + 2)-th Fourier mode by means of a finite family of translations. Choose an integer L > 5m + 6
and set 6, = 2n¢/L, £ =0,...,L — 1. We shall use the following identity

L—1
; L, kelLzZ
3 ikt { L (2.7)
v 0, k¢LZ
Given K. > 0 and p. € (—1,1), define
K

— (14 pecos((m +2)6r)) .

Since |p.| < 1, we have 1+ p.cos((m + 2)0;) > 1 — |pc| > 0, and hence oy > 0 for every £ =0,...,L — 1. We claim that

Qy 1=

L-1
Z aF(x+6p) = K Ag +
=0

chcfAmﬂcos((m—l— 2)x). (2.8)

Indeed, recalling that F(xz) = Ao + Z mH) A, cos(r:v), we have

1

L—1 K, Ko Lol
> arF(z+6,) = 5 2 Fla+00)+ %pc > cos((m + 2)0,) F(x + 0).
=0 =0 =0
L—1 L—1
Since 1 <r <4(m+1) < L, r ¢ LZ. Thus, (2.7) yields Z cos(rfy) = Z sin(rf;) = 0. Consequently,
=0 =0
L—1 4(m+1)
Z F(z+6,) =LAy + Z A, Z cos(r(z + 6¢)) = LAy, (2.9)
=0

Note that, since 0 < m + 2 < L, we have m + 2 ¢ LZ. Therefore it follows that Ze:_ol cos((m + 2)6¢) = 0 and we obtain

L—1 4(m+1)  L-1
Zcos((m+2)94) (x+0¢) = Z A, Zcos (m + 2)0¢) cos(r(z + 6¢)).
=0 r=1 =0

Using cos(r(z + 6¢)) = cos(rx) cos(rf;) — sin(rz) sin(rf,), we obtain

L—1 =
Z cos((m + 2)6;) cos(rf,) = 3 [cos((r —m — 2)0;) + cos((r +m + 2)0,)],
=0 =0
L—1 L—1
Z cos((m + 2)0,) sin(rf,) = % [sin((r +m + 2)8;) + sin((r — m — 2)6,)] .
=0 =0

Since 1 < r < 4(m+ 1), we have r + m+2 < 4(m+ 1)+ (m +2) = b5m + 6 < L. Moreover, if r # m + 2, then
0 < |r—m —2| < L. Thus, by (2.7), all the preceding sums vanish for r # m + 2. For r = m + 2, we have

L—1 L—1
Z cos?((m +2)6,) = g, Z cos((m + 2)8;) sin((m + 2)6,) =
£=0 £=0
Consequently,
L—1 LA
Z cos((m + 2)0p)F(x + 6,) = me cos((m + 2)x). (2.10)
=0

Combining (2.9) and (2.10), one gets (2.8).
Similarly, given K > 0 and ps € (—1,1), define

K,
Be = T
Since |ps| < 1, we have B¢ > (Ks/L)(1 — |ps|) > 0 for every £ =0,...,L — 1. Proceeding as above and using

L—-1 L-1 -
> sin((m +2)0,) cos(rf) =0, Y sin((m + 2)0) sin(rf;) = {5/2’ : ; : i ;

=0 £=0

(1 + pssin((m +2)6,)) .
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we obtauimz:fgo1 sin((m + 2)8,)F(z + 6,) = _# sin((m + 2)z). Therefore the following identity holds

KspsAerQ

L—-1
> BeF(x +00) = KA — sin((m + 2)z). (2.11)
£=0

Let ¢ € V)41 be arbitrary. We can write

¢ = go + acos((m + 2)x) + bsin((m + 2)z), 9o € Vi, a,beR.

Since A2 # 0, choose K. > |A27L‘:|2‘,KS > ‘Aii', and set p. 1= —Kci‘jn+2, ps = stxi’ﬁz. Then pe, ps € (—1,1) and
_chcAm+2 —a KspsAm+2 - (212)
2 ’ 2

For ¢ =0,...,L — 1, define
#i(2) = o p(x + 600,  ¢i(x) = B (x + 6y).

Let us recall the function ¢ € V,, defined in (2.6). Since V,, is a vector space, definition of ¢ implies ¢§, ¢§ € Vp,, £ =
0,...,L — 1. Moreover, by the definition of F', we have

(69 = arF(x+00).  (6))" = BeF(x + 6y).
Setting ¢o := go + (K. + K;)Ap, we also have ¢g € V,,. Combining (2.8), (2.11), and (2.12), we obtain

L—1 L—1

go— > (e =D ((#3))"
=0 £=0
chcAerQ

KS SAm .
= 9o — 5 cos((m + 2)x) + % sin((m + 2)x)

= go + acos((m + 2)x) + bsin((m + 2)x) = ¢.

Thus, there exist d = 2L and ¢q, ¢1,...,Pq € Vp, such that

d

d=cdo— Y (61"

k=1

This completes the proof. O

2.5. Small-time global approximate null controllability. The conjugated dynamics limit Proposition 2.2, together
with the saturation property Proposition 2.3, plays a crucial role in establishing approximate controllability. In particular,
Proposition 2.2 immediately implies that the trajectory can be driven arbitrarily close to the origin. More precisely, a
straightforward observation is the following: for any ug € H*(T) and € > 0, one can choose a constant r > 0 such that

€

e'e > 2luoll, = [leT"uo]|, < 3

Since —r € V), one can write —r = Z§:1 pijt; for some vector p := (p1,p2,p3) € R3. Applying the conjugated dynamics
limit (Proposition 2.2) with ¢ = 0 and this particular choice of p = D, we obtain a time § > 0 such that the solution of
(1.4)—(1.6) is well-defined on [0, ¢] and satisfies

[R5 (0. 5715) ~ =", < 5.
Using the triangle inequality, and setting ¢ := p/J, we deduce
1Rs (w0, @)l < [|Rs (uo,675) — e uo|, + [le™ uo]|, <.

This shows that any initial state ug can be driven arbitrarily close to zero in an arbitrarily small time. In the literature,

this property is referred to as small-time global approximate null controllability. A natural question then arises: Can one

design controls that steer the system from a given initial state to an arbitrarily close, preassigned target state, possibly

under certain conditions on the nature of the data? Furthermore, can such controllability be achieved at a prescribed

time? Section 3 addresses these questions and is devoted to establishing the corresponding controllability results below.
9



2.6. Concatenation property. We end this section by discussing the concatenation of two scalar controls. Let us recall
that the concatenation p * ¢ of two scalar control laws p : [0,7T1] — R, ¢ : [0,72] — R is the control law defined on
[0, T1 + T3] as follows

_ Jp(), t€[0,1]
(pxa)(t) = {q(t ~Ty), te(Ty, T +Th). (2.13)

Such a definition naturally extends componentwise to controls taking values in R3. Assume that for the control p * ¢, the
solution of (1.4) with initial data ug exists for the time interval [0,T] where T € (T1,T1 + T>»] then the associated flow
satisfies the concatenation property

RT1+t (U‘Ovp * Q) = Rt (RTl (U‘Oap) ) Q) ) 0<t<T— Tl- (214)

3. SMALL-TIME APPROXIMATE CONTROLLABILITY

This section is devoted to proving the small-time approximate controllability result stated in Theorem 1.1. We begin
by discussing the following property of the dynamics of (1.4)—(1.6) in small time.

Proposition 3.1. Let s > 1 and uo, ¢ € H*(T). For any &, T > 0, there ezist T € (0,T] and p € L*((0,7); R®) such that
the solution R(uog,p) of (1.4)—~(1.6) is well-posed in [0, 7] and

HRT(uo,p) — e¢u0HS < €.

Proof. Recall that Vi = span{1, sin(kx), cos(kz) : 1 <k < N 4+ 1}. We first prove the following property for every N > 0:

(Pn) For any ug € H*(T), ¢ € Vn, and any &,T > 0, there exist 7 € (0,7) and a piecewise constant control p : [0, 7] —
R3, with p € L2((0,7);R3), such that the corresponding solution of (1.4)—(1.6) is well-posed in [0, 7] and

HRT(uo,p) — €¢U0HS < €.

We argue by induction on N.
e Base case: N = 0. Let ¢ € Vy = span{l,cosz,sinz}. By the definition of the functions p; (see (1.6)), there exists
A = (A1, X2, A3) € R3 such that ¢ = (\, u). Proposition 2.2, applied with ¢ = 0 and p = ), gives

Rs (uo,éfl)\) —s eMMhyy = euy in H?, as § — 07,
Hence there exists 7 € (0,7) such that, for the constant control p™ = \/7,
HRT(uo,pT) — €¢U0HS <e.

Thus (Py) holds.
o Inductive step: N = N + 1. Assume that (Py) holds. We shall prove (Pyy1) holds as well. Let ¢ € Vy41. By
Proposition 2.3, there exist d > 1 and ¢g, ¢1, ..., 94 € VN such that

d

d=cdo— Y (61" (3.1)

k=1

We first prove that, for every i € Vy, the state e_(w/)4uo can be reached approximately in arbitrarily small time. Let
1 € Vn. Choose a constant ¢ > 0 sufficiently large so that ¥ := ¥ 4+ ¢ > 0. Since Vy is a vector space, ¥ € Vy, and
consequently

+ath € Vy for every a > 0. (3.2)
Moreover, ({/)V’)4 = (y")*. Proposition 2.2, applied with ¢ = {/)v and p = 0, yields

6571/4{5735 (6—6*1/412%7 O) — e_(w/)4uo in H®, §— 0T,
Thus, there exists 72 € (0,7/3) such that

—1/47 —1/47 ’
e YR, (6772 1z’uO,O) — ey,

9
<3 (3.3)

By (3.2), —7'2_1/4{/; € V. Hence, by the induction hypothesis (Py ), for any €1 > 0 there exist 71 € (0,7/3) and a piecewise
constant control p™ : [0, 1] — R3 such that

—1/47
——

10
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Since R(e”';/wuo, 0) is well-defined in [0, 72|, by choosing e; sufficiently small and using Proposition 2.1-Ttem 2, the
solution R (R, (ug,p™),0) is also well-defined in [0, 72]. Hence, by (2.13)—(2.14), R(uo,pTl * 0[0,r,]) is well-defined in

[0, 71 + T2]. Moreover, by the stability property Proposition 2.1-Item 1, there exists C; = C1(m2) > 0 such that
o1
HRHW (0, ™ # Oljo,ra]) — Rra (e 2 wuo,o) = HRT (Ro, (10, p™),0 ( Puo, ) S
~1/4
<Oy HRTl U, P ) e w’u,() < Cieq. (34)

Set Uy == Ry, (6_751/4Ju0,0> € H*(T). Since 7'271/47; € Vn, the induction hypothesis (Py), now applied with initial

datum 7y, gives 73 € (0,7/3) and a piecewise constant control p™ : [0, 73] — R? such that

~ T3 7'71/412;/\
Ry (U, p™) — €™ Up

<é€1. (35)

A similar argument as above leads to the existence of the solution R (RTNLTz (uo, P O|[0772]) , pTS) of (1.4) is well-defined
in [0, 75]. Which further simplifies that the solution R (uo,pT1 % 0][0,r) * pT3) of (1.4) is well-defined in [0, 71 + 72+ 73]. Using
the stability property (2.2), the flow property (2.14), (3.3), (3.5), and (3.4), we obtain a constant Cy = Ca(73, ||p™|) > 0
such that

4
HRTl-i-Tz-i-Ts (uOupT1 * O|[O,‘r2] *st) - 6_(1/} ) uo
s
_—1/47
< HRTg (RT1+7'2 (’UJ07pT1 * O|[0,‘rz]) 7pT3) - RT3 (Rm (6 2 7vbu()a O) apTg)
s

—1/47 —1/47 —1/47

+ ‘RT@, (RTQ (6_T2 ' 4wu070) 7pT3> - 6T2 ' 41/}7?/7'2 (e_T2 ' 4wu070>

—1/47 —1/47 N4
e YR, (6772 ¢u0,0) e (¥) U

S

_|_

S

S 02 HR7-1+7-2 (UO,pTl * 0|[0)7-2]) — R~,-2 (B_T;1/4JUO, 0)

fei 4o
..
s 1o

€
< CiCher 461 + 3

We can choose €1 > 0, small enough such that C;1Cse1 + €1 < €/2. Therefore, we have proved that for any £, > 0, there
exists a time 7 := 7 + 75 + 73 € (0,T) and a piecewise constant control p := p™ % 0|[g -, * p™ : [0,7] — R?, such that

R (w0, 7) = e~ g

<e. (3.6)

Thus, for every ¥ € Vy, the state e_(w/)4uo can be reached approximately in arbitrarily small time.
We now use (3.6) successively for the functions ¢4, ..., ¢4 appearing in (3.1). We claim that, for every d > 1, the state
67 Zz:1(¢;c)4u
can be reached approximately in arbitrarily small time. We argue by induction on d. The case d = 1 is exactly (3.6).
Assume the assertion holds for d — 1 and set

-1 B
a = — Z(¢;€)4, Ug 1= €¢UQ.
k=1

For any e2 > 0, by the induction hypothesis on d, there exist 71 € (0,7/3) and a piecewise constant control p; such that
[R=, (w0, P1) — Toll; < e2. (3.7)
Applying (3.6) with initial datum @y and 1 = ¢4 € Vi, there exist 72 € (0,7/3) and a piecewise constant control p, such
that
/N4 e
HR?z (o, Py) — €~ (P2 EOH <3 (3.8)
By stability (2.2) and the flow property (2.14), combining (3.7)-(3.8), there exists C3 = C3(T2, [|[P5||) > 0 such that
e~ (6 g,

HRﬂJer (uo, Py * Do) —

S

. 5 €
< C3 || R, (ug, py) — ol + 3 < Csep + 3

Choosing €2 > 0 sufficiently small gives

HR?(UO’@ —em Zia @)y,

<e (3.9)

for some 7 € (0,27/3) and some piecewise constant control p := P, * Py : [0, 7] — R3.
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It remains to incorporate the term ¢q. Set ug := e~ Zz:l(%)éluo. Since ¢g € Vi, the induction hypothesis (Py), applied
with initial datum g, yields 7 € (0,7'/3) and a piecewise constant control p: [0,7] — R? such that

R+, ) — e, < . (3.10)

Combining (3.9) and (3.10), and using once more the stability and flow properties, we conclude, after taking the approx-
imation error in (3.9) sufficiently small, that there exist 7 := 7+ 7 € (0,7) and a piecewise constant control p := pxp
such that

< eE.

S

HRT(uo,p) — e T (¥ gy

In view of (3.1), the last expression is precisely
| R+ (uo,p) — e¢u0||s <e.

Therefore (Py41) holds. By induction, (Py) is valid for every N > 0.

Finally, let ¢ € H*(T) be arbitrary. Since the real trigonometric polynomials are dense in H*(T), there exist N > 0
and ¢n € Vn such that ||¢n — ¢||s is arbitrarily small. Since s > 1/2, H*(T) is a Banach algebra, and the map v — e” is
continuous from H*(T) into itself. Hence ¢ may be chosen so that

¢ ¢ c
He Nug—e UOHS < 3
Using (Py), there exist 7 € (0,T") and a piecewise constant control p such that
€
HRT(uo,p) — e"”\’uQHS < 3

Therefore, combining the last two inequalities, we obtain
HRT(uo,p) — e¢u0||s < g,
which completes the proof. g
We are now in a position to apply Proposition 3.1 to conclude Theorem 1.1.
3.1. Proof of Theorem 1.1.

Proof. Ttem A. Assume that ug, u; € H*(T) and sign(ug) = sign(u1). We define Z as the closed set in which both ug and
uq vanish:

Z:=uy ({0} = vy ({0}).
Consider for 8 > 0 the set
Zg:={x eT:dist(z, Z) < 0},
and its complement in T, denoted by Z3. For 6 > 0, we define

u
Po = xzg 10g(—1) ;
ug

where x z¢ is the indicator function of the set Z§. The function ¢ is well defined because u;/ug > 0 on Z§. Furthermore,
¢9 € L>=(T). Notice that
[0 — wa] oy < [l€t0 = | oz + 10 — wal] 22, 2) - (3.11)
Fix any €,7 > 0. We can choose 6 > 0 small enough so that
¢ E
||e ug — u1||L2(T) < 3

Using density, there exists a ¢g € H*(T) such that

2e
3
We then apply Proposition 3.1 with ¢ = ¢ and deduce that there exist a time 7 € [0,7) and a control p € L?(0, 7;R?)

such that the solution R(ug,p) of (1.4) is well defined in [0, 7] and satisfies
€

ee <

3.12
o) (3.12)

ePoug — €¢9UO‘

UO_U1’ )+||€¢SUO_U1HL2(T) <

L2(T

_ %6 < 1
HRT(UO,P) 2 Uo} L2(T) <3 (3.13)
Applying the triangle inequality, from (3.12) and (3.13) we conclude that
||'R,,,.(’u,07p) — 'LLlHLg(—JT) < HRT(U(),])) — e¢9u0’ L2y + e¢9u0 — U1’ L2y <E.
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Item B. In this case, our aim is to show approximate controllability in H*(T) norm. Fix e, T > 0. Here we replace ¢y
with two choices,
¢ = log (S,lgzﬂ> and ¢2 = log (sign(ui)uq),
0

which are well-defined everywhere in T. Since ug, u; are in H*(T), then both ¢1, ¢o € H*(T). Without loss of generality,
we assume that wg,u; > 0. Applying Proposition 3.1 with ¢ = ¢1, for any &' > 0, we obtain a time 7, € (0,7/2] and a
control p! : [0,71) — R3 such that

E/

e, (a0:0') 1], < &
Similarly, applying Proposition 3.1 with ¢ = ¢9, we find a time 75 € (0,7/2] and a control p? : [0, 72) — R3 satisfying

(3.14)

[Rr, (1,9%) — |, < % (3.15)

Next, note that 1 is a stationary solution of (1.4) under the control p® : [0, T — 71 — 72] — R3 defined below. For the
nonlinearities N g or Nog in (1.4), one can consider

po(t):(oaovo)a Vte [OaT_Tl_TQ]-

Let us define the control p! * p® * p?, which steers the solution of (1.4) from ug to a state arbitrarily close to u; in the
H?-norm at time 7. Indeed, thanks to (2.13) and (2.14) together with (3.14) and (3.15), we deduce

||RT (uo,pl * pY *pz) — u1||5 < ||R72 (RT42(U07P1 *po),pQ) — R, (l’pQ)HS
+ || Rey (1,9%) =i
< C||Rp—ry (uo, p" % p°) — 1|, + %
< C||Rr—ry =7, (Rr, (uo,p"),p°) — RT*“*”(l’pO)HS
FO Ry (1) 1|, + 5
<COe 4+,

where the existence of C (7'2, pQH) ,C' (T —T1 — To, pOH) > 0 are given by (2.2). Choosing &' > 0 sufficiently small so
that CC'e’ + £ < e, we complete the proof. O

Remark 3.1. The fact that the approximate controllability result in Theorem 1.1-Item A is stated only in the L? setting,
while Theorem 1.1-Item B is formulated in the stronger H?®-topology, is a consequence of the approximation procedure
used in the proof. Indeed, the quantity ||e®ug — utl| s (zg), which arises in the above argument (see inequality 3.11),
cannot be made arbitrarily small as @ — 0 whenever s > 0 and Z # (). Moreover, in this case, extending the small-time
approzimate controllability result to arbitrary times is not addressed by the present approach. This is due to the fact that
our analysis relies on sign conditions for the initial and terminal data. Consequently, the usual strategy of steering the
system sufficiently close to a desired target in a short time and then maintaining the trajectory in a neighbourhood of that
target for a sufficiently long time by means of a suitable control cannot be implemented here. As a result, the issue of
H?-approzimate controllability in arbitrary time T > 0 under the assumptions of Item A remains an open and interesting
problem.

4. PROOF OF THE CONJUGATED DYNAMICS LIMIT AND SEMI-GLOBAL STABILITY

In this section, we prove Proposition 2.2 and establish the semi-global stability property (2.2). To this end, we collect
several inequalities that will be used throughout this section.

Lemma 4.1. (See [AF03]) The Sobolev space H*(T) satisfies the following properties:
(i) For any s > 5 and v € H*(T), we have a constant C > 0 such that

l[ullLoe < Cflulls. (4.1)
(11) For 0 < sy < sy and any € > 0, there exists C(g) > 0 such that for every u € H*2(T),
lulls, < elloz?ull + C(e) [|ull- (4.2)
Lemma 4.2. (Young’s inequality) Let a,b € [0,00), and € > 0, then we have
P b
ab<e Pl 4 el—, (4.3)
p q
where 1 < p < o0, %—l—%:l.
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4.1. Proof of conjugated dynamics limit. In this section, we prove Proposition 2.2 for the Kuramoto—Sivashinsky
equation (1.4), (1.2). The corresponding modifications for the Cahn—Hilliard equation are discussed in Remark 4.1.

Proof of Proposition 2.2. For ease of reading, we split the proof into several steps.
Step 1. Formulation. To simplify the presentation, we assume throughout the proof that § € (0,1). By definition,

u:=TR <e5i“’u0, 51p)
is the solution of
Ou+ Otu+ 2u+ N(u) =6 Yp,uu, t>0,z€T,
{u(O, x) = e’57i“’u0(:§), zeT.
Let us denote .
U(t) := e *Pult, ).

1
Then according to Proposition 2.1, ¥(t) is well-defined up to maximal time T = T,(e™® *%ug, 6 'p) > 0. Next, we
consider the operator:
(=0%) : H*TH(T) — H*(T), wur —0tu.
It is easy to check that —O% is the infinitesimal generator of the strongly continuous semigroup {et(_‘xsL )}tzo- Moreover, it
has the following expression

et(fai)uo — Zuo,keikélteikm, (44)
kEZ
where ug ;, are the Fourier coefficient for ug. We introduce the following functions

w(t) = (@ Hem)tys (t) = T(6t) — w(t), (4.5)
where u = 9" (=9Dyy € H5+4(T), such that
uo — udlls =0, asd—0F. (4.6)
Thanks to (4.4), let us calculate the H® norm of ug as follows

2 _o1.451/8 2
Jugll; = D (1 + (K1) Juol?e ™2 < Jluol7
keZ

2 _o975.451/8 C
HugHer4 = %(1 R g 2e 2K < -

which further simplifies that, there exists C' > 0 independent of 4 > 0, such that
luglls < G, lugllsra < CE5. (4.7)

2
[[uoll%

+ /
Our aim is to show ¥(9) D207, (= Py in H* (T). Thanks to the definition (4.5), it is sufficient to prove that

()]s =5 0.

However, before proving that, we need to ensure the existence of dp > 0 small enough such that, for every 0 < § < dg, v(t)
is well-defined in [0, 1], that is

67T > 1. (4.8)
Let us take t < min{2,0'7?}. Observe that v satisfies the following equation

_1 _1
{atv 00t = —60Mw — 602 (v + w) + 4031/ 93 (v + w) — e 4‘/’./\/(6_‘5 oo+ w)) 49)
+F0%2(v + w) + F20, (v +w) + Fy(v +w) + (p, w)v — (¢')*v,

with initial condition

v(0) = ug — ud, (4.10)
where

P o= (653/490” - 651/2(@’)2), (4.11)
Fy = (453/490’“ —126'20' " + 461 (')® + 263/490’), (4.12)
Fy = (53/4¢//// _ 351/2(<p”)2 _ 451/2<p/<p”/ 4 651/4(g0’)2(g0”) 4 53/4<PN _ 51/2(<p/)2), (4.13)
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and

Nks (eiéii“"(v + w)) _ 2 i ((v + w)0, (v +w) — 6 A (v + w)z) (4.14)
Thanks to (4.5) and (4.7), there exists a constant C' > 0 such that, for all ¢ € [0, 2],
lw)lls < C,  w(t)|s+a < OO (4.15)
The regularity of ¢, together with the assumption ¢ € (0,1) and the above definitions (4.11)—(4.13), yields that
IF1lls < C8Y2, || Fyllssr < C8Y%, || Fyllssr < C54 (4.16)

Step 2. L’-energy type estimate. Let us assume that ug € H?**2?(T) which implies u(t) € H**2(T) and therefore
v(t) € H*T2(T) for every t € (0,6~'T?). Taking the L2-inner product of equation (4.9) with v, and applying Young’s
inequality together with (4.15) and (4.16), for sufficiently small € > 0, we obtain a constant C' > 0 independent of ¢ such
that

| =

[0l + 6]10%v]* < lwl2llZvll + dllvll|8Zvll + Sllwllz o]l +46°/ 4| Lo fwllslloll + | F1 ]l L= lo[[|03v]

N =
IS8

t
+ Bl e [lwll2]loll + Cllz Foll Lo 0]l + | Fall o< wll[[o]| + | 5]l < 0]
+ [1E5| o [[wll[o]l + Z(, v, w, p, p)
< OB 050 ]| + dlloll|070] + COTE v ]| + C8¥/3 o]l + C8* 2 |jv|[|3v]| + C5/F v
+ O |ol® + Z(p, v, w, 1, )
< £d]|07v]| + C6* + C(1 4 6"%)||v]|* + Z(p, v, w, 1, p), (4.17)
where
1
(g, v,w, i, p) = 46574 ('O, U>L2 - <65 1o (5(1} + w)dy (v 4+ w) — 6%/4y (v + w)z) ; v>
L2
+ <(<p, ) — (w’)“v), v>L2 : (4.18)
Considering the first term of Z(¢, v, w, u, p) and using interpolation of Lemma 4.1, we have a constant C' > 0 such that
463 (¢ D3, v) o | < OO Q" || |01 0]] + C&* ||| L= | Owv]?
< C8¥*|oll[|030]| + O (|00
€ 2,112 1/8,,112 3/4 §1/4e 2112 —1/4),,112
< 30202 + OOV ol + €1 ST + Cu o]
< 6]|0%v|)? + C8Y/8||v)|%. (4.19)

~1/4 50+

We focus on the remaining terms in Z(p, v, w, 1,p). If ¢ > 0, we have [[e™® " ¢| L~ ——— 0, and hence

_ +
le'e ") Lo 2255 0,

1 _
Thus, it follows that [le™® *%||p + [[@'e™° 1/4‘/’||Loo < 1 for some small value of 4. Using these limits with (4.15), we
deduce a constant C' > 0 independent of § such that

<65%@ (5(1} + )y (v + w) — 8%/4 (v + w)2) : v>

(e = @)e. v)

<4 ’<6_519", V20w + vw(?ww> + g ‘<e‘6zs", Bw(v3)>
L2

L2

—1
+ §3/4 <gp’e_6 te v3+202w—|—vw> + |
L2
1 —1 1
<ofe el (ol fwlly + ol wl?) + €84 e8| o)} + Co¥4 || 2| ], o]
Lo Lo Lo
cs —67%¢ 2 63/4 /—6’i¢ 3 2 2 C 2
+ 3 e Jwlly loll® +8%/4 [l 'e lollgs + 2liell® fawlls + ol ) +C o]
Lee Lo
< COY8 £ O(1 + 63|24+ Co3/4v]|3s. (4.20)

If ¢ = 0, then the above estimate readily follows. Putting together (4.17), (4.19) and (4.20), we have

%||v||2 + 61020 < CFY8 + C(1 + 6Y8)|Jv||? + O34 |v]|3s. (4.21)
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Step 3. H*-energy type estimate. Let us take the L?—inner product of equation (4.9) with 92*v, and using Young’s
inequality together with the fact that H*(T) is an algebra for s > %, we obtain
1 d S S S S S S S
5 g 10501 + 011957 20]1* < Sllwllsra |07 2vll + SllOZvlll 05 20l + llewlls |95+ 20] + 46% |l s 1lwl| 53103 0]
+ (F10%(v +w), 02%0) 12 + (F20, (v +w), 0%0) 12 + (F3(v + w), 0%0) 12
+ J (¢, v, w, p, p) (4.22)

where

T ) = 4890 (080, Bo0), = (2 (0 + 0000+ 0) = 66 (0 4 ) 02 )

L2
+ (o= (@), 020) | =T+ Bt T (4.23)
We now estimate the remaining term in (4.22) as follows.
(F102 (v + w), 8§SU>L2‘ = [(03(F102(v + w)), 8;1)>L2‘
< IR (vl + oz 2ol lo50] + CllE |lslwlls+2ll03 vl
< C8V2 (|03 |[v]l + OV 205 2l |05 + C6%/% | d50). (4.24)
Here we have used the fact that
105 (FLOZ0| 2 < 11070, < CIELN, [030]], < €82 oll,p < €812 (ll0l] + [0 20]])

Next, we estimate (F20,(v+w),d2%v) ,. Using the algebra of H*(T) (s > 1/2) and the interpolation inequality in
Lemma 4.1 we have

’<F26m(’l) + w), (’ﬁsv)Lz‘ = (O5(F20,v), 05v) 2| + {05 (Fa0,w), Oav) 12|
< CllPlssa (ol + 105 0ll) 1950]) + Cll Bl fwllssa 950
< CoV ol 930l] + CoY/4 (8405 2] + CoH4 ozl lozvll + €605

s+2

< C8Y2(|07 2|30 ]| + Cllogvl* + C8VEa50] + CY* ol | 950]. (4.25)
Similarly, for any s > 1/2,
[(F3(v+w),02) ,| < C6Y*|050||* + CY/3 050 +C5* ||v]| 950 (4.26)
Putting together (4.22) and (4.24)—(4.26) and again using Young’s inequality, we deduce
1d
5 g l19avll” + dlloz o) < O3 0572 0l| + 6l|a3ul|05 20 ]| + CoTE|a3v]| + C8°3 | a50|

+ 08295 0] | 030 ]| + O30 0]| + Cllozv)|> + C8Y4 950
+ I (@, v, w, i, p)
<8]93 20l* + €85 4+ C(1+ 6Y¥)|030]* + T (0,0, 1, p). (4.27)
Finally adding (4.21) and (4.27), we obtain
d
oIS + 81957 20]* < C8Y% + C(1+ 8% |ol2 ++C8**[v][ s + T (¢, 0,0, . p). (4.28)

We will estimate the terms in J by successive application of Young’s inequality. Performing integration by parts, for
sufficiently small € > 0, we have a constant C' > 0 independent of § such that

0] = 191 (080, 020} | = 46%01 | [( 20, 020) ] + (o2, 92|
< o/ oz (¢020) | hozol -+ o2 (v'e20) | oz |

< 053/4[||v||5+2 105l + 1ol Ha;“vn}

< e ]|05+20|)* + V2 ||ul® + C [|050 )2 + C |Jv]|?. (4.29)

For the last two terms of J(p, v, w, u,p), we will use the algebra property of H*(T) for s > 1/2 and the interpolation
inequality stated in Lemma 4.1. Thus, we obtain

|T2| + | T5]
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(e70 e ((5(1} + w)dy (v + w) — 6%/ 4 (v + w)2> ,0%50) 12

<4 ’<a; (f”waw(u + w)2) , a;u>
L2

We estimate the first term in the above inequality as follows.

(R R R
L2 L2
+4 ’< (e“s‘l‘“’(v + w)2) , 8§S+1v>
L2

+ (e =), a2)

L2

+C0¥|93(e70 0! (v + w)?)|| [930]] + C o]l (4.30)

IS
=

] =94

< 0ot ||em e wt wp2|| (950 + C8||e e+ w)?| [|artiu|
< lem7Fe| (s flagr2ol® + co® (follt + 1el2 +1)) (431)
The second term of (4.30) can be estimated similarly as
059/ |ax(e=0 el (0 +w)?) | ozl < €% [l He | ozl o + wl?
< 05t |0 te (14 ol2 + loll2) (4.32)

_1
Let ¢ > 0. Observe that, if s € N*| He_‘s 1y

<0 (e +

oy o)) s cfleo || (o 103ll,)

1
L°°(+

S

1
If not, then s will be replaced by [s] (the smallest integer greater than or equal to s). Therefore as He‘6 T

_sy d—0" _s %
Cé~1) —— 0, we have He o e

we deduce

< 1 for some small value of §. Hence simplifying (4.30) together with (4.31)—(4.32),
|To| + 15| < be |05t + O(1+8Y2) o)) + C6Y2 o2 + C8Y/2. (4.33)
Combining (4.28), (4.29) and (4.33) and using the fact for s > 1/2, ||v]|3; < C||v[|? we obtain

d
ZlvllZ < €85 + O+ 8 |ll? + CoME w3 (4.34)
The above relation holds for any ¢ < min{2, 6 '7?}. By the Gronwall Lemma and using (4.10), we have
t
/
Joe) 2 < e (085 + ug w2 + 08V [ el d), (435)
0

for t < min{2,6 T} and for ug € H?**2(T). Finally, by the density of H25+2(T) in H*(T) and using (2.2), we can have
(4.35) for every ug € H*(T).

Step 4. Analysis of the maximal existence time. We are left to justify (4.8). Due to (4.6), we can choose
8o € (0,1) sufficiently small such that, for 0 < § < &y, we have ||ug — ud||?> < 1/8 and then [[v(0)||2 < 1/8. Denote

79 .= sup{t < 5_1Tf ()]s < 1}

The above inequality (4.35) ensures that 70 > 0. If 70 = 400, then (4.8) is obvious. Thus consider the case when 77 is

finite. To prove (4.8) we show that for sufficiently small 6o > 0 and for all 0 < § < &y we have 7° > 1. We prove by
contradiction. If not assume that for every dy € (0, 1), there exists a § € (0,dp) such that 7% < 1. Then from (4.35), we
have

7_5
L= [lor?)|2 < O (€855 - fug — w2+ C8 [ (o) dp). (4:36)
0
By the definition of 79, for t € [0,7%), [Jv(t)|s < 1. For o sufficiently small we have for 0 < § < do.

oC+8Y%)7° (051/875 + Jluo — u8||§) < %
and hence
5

O (51 4 o — w2+ C8 [ (o)t dp) < 1.
0

17



which contradicts (4.36). Hence, there exists a 6y > 0 small enough, such that 70 > 1 for all § € (0, dp). Thus we completes
the proof of (4.8), and consequently

()]s =25 0.

O

Remark 4.1. To prove Proposition 2.2 for the Cahn—Hilliard equation (1.4), (1.3), we indicate the modifications with
respect to the proof given for the Kuramoto—Sivashinsky equation. The only changes occur in the nonlinear terms of the
equation for v in (4.9). To this end, we compute the corresponding nonlinear term:

Nen (6_571/4“)(’0 +w)) = —3e=307" "¢ ((v +w)20% (v 4+ w) + 2(v + w)(9x (v + w))?
— 6674 (v 4+ w)20, (v + w) + (3672())? = 671" (v + w)3).
Performing similar estimates and simplifying as above, we obtain, for all t < min{2, 5177}
t
o2 < OO (O + uo — ]+ C8 [ ol dp).
0
Applying arguments similar to those used above, we complete the proof.

4.2. Proof of semi-global stability. As mentioned in Section 2, we prove Proposition 2.1-Item 1 here.

Proof. For any initial data ug, vy € H*(T) and any control p € L2 _(RT;R3), there exist positive times T)! = T}(ug,p) and

loc

T? = T?(vo, p) such that the corresponding solutions of (1.4)—(1.6) satisfy
u(t) := R¢(ug,p) is well-defined for all ¢ € [0,T}],
v(t) := Ri(vg,p) is well-defined for all t € [0, T2].
Let us define
T <min{T}, T2}, and 9(t) := u(t) — v(t), o(t) :=u(t) +v(t), forallt e [0,T],

Then ¢ satisfies the following equation

09 + 039 + 029 + <N(u) —N(v)) ={p,um)¥, (t,z)€ (0,T)xT,

(4.37)
9(0,2) = Yo(x) := up(z) — vo(z), z €T,
where,
Nis(u) — Ngs(v) = %81(199), (4.38)
Newn(u) — Nog(v) = —8%(19(11,2 +uv+v2)). (4.39)

Multiplying first equation of (4.37) by ¢ and integrating over T, for sufficently small e > 0, we obtain a positive constant
C > 0 such that for s > 1/2

d
1011 + 107911 < e[l 02011% + CI* (1 + [lulls + 1I0]15), (4.40)

where the nonlinear terms are estimated as below.

Case 1. Kuramoto—Sivashinsky.
/19(%(199)} < C}/6I192Q
T T

<e|a20) +C|lel?| 01>,

< Cllellllv]?

Case 2. Cahn—Hilliard.

/1985 (V(u® 4+ uv + 1;2))} = /8%19 (V(u® + uv + 1)2))‘

T T
< e O20I7 + Cll(9(u? + uv + v*)) ||
< el 29N + ClIIP (I (u® + uv + v*) [
< el 02017 + ClIIIP w3
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Next multiplying (4.37) by 929, we have the following
d S S S
Eﬂazﬁ”z + [[05729)17 < ellogT)? + C||19H§(1 + s + Hv||§)- (4.41)

At this point, we have estimated the nonlinear terms in the following manner
Case 1. Kuramoto—Sivashinsky.

[oo0u(en)|=| [z t02000)
T T

< [z 9llllevls

< elloz 2ol + Cllel? + llell)IV13-
Case 2. Cahn-Hilliard.

/ 9259 02 (9(u® + uv + u2))‘ = ’/ 2209 02 (9(u® + uv + v?))
T T
< el + C105 (V(u® 4 uv + %)) [|?
< el oz 0l* + ClIIIENullZlv]lz-
Adding (4.40) and (4.41), we have a positive constant C' such that

d
915 < CUIIE + [lells + [1o1I5)-

Integrating the previous inequality over the interval (0, T) and using that u,v € C([0,T]; H*(T)), we deduce the existence
of a constant C' > 0 such that

C_ —
191l oyt zyy < € <|190|s VT Wllogomymsay (1o e oy + 101 ooy ) '

Since |luo|] < R and ||vg|| < R for some R > 0, there exists a constant C; > 0, depending only on ||p||r2, and another
constant Cy > 0 such that

||19||c([0,T];Hs(1r)) < el (||190||s +2(C1 + R2)\/%”19HC([OT];HS(T))) )
If T satisfies e“2T (Cy + R2)VT < 1, we obtain the following required estimate for some constant C(R, ||p||;2) > 0

||19||C([0,T];H5(']1’)) S C ”190”5 .

If the above condition does not hold on the entire interval [0, 7], we divide [0,T] into smaller subintervals on which the

inequality eCT(Cl + RQ)\/? < % is satisfied. Applying the same argument on each subinterval yields the desired result.
O

5. SMALL-TIME EXACT CONTROLLABILITY TO THE CONSTANT STATES

This section is devoted to the proof of small-time global exact controllability of the nonlinear system (1.4) and (1.7),
that is the proof of Theorem 1.2 and Theorem 1.3. We make two separate sections for the Cahn-Hilliard and Kuramoto-
Sivashinsky equations.

5.1. Cahn-Hilliard equation. Let us rewrite the Cahn-Hilliard system

{(%u + Ogu + O3u = 92(u®) + (paps + psps)u, t>0,z €T, (5.1)

(0, z) = up(z), zeT.
In this section, we first prove the following local exact controllability result:

Proposition 5.1. Let T > 0 and ® > 0. Assume py, us € H*(T) satisfying (1.8). Then there exists R > 0 such that for
any ug € L*(T), satisfying |Jug — @ 2(py < R, there exist controls pa,ps € L2((0,T);R), such that the solution u of (5.1)
satisfies u(T,-) = @ in T.
Introduce the change of variable v = u — ®. Then v is the solution of the following control problem
0w + Ogv + 3v — 392070 = (papia + psps) (P +v) + Fem, () € (0,T) x T, (5.2)
v(0,2) = vo(z) 1= ug — P, z €T, '

where Fop := 6v(0,v)? + 6®(9,v)? + 302020 + 6vd2v®. Consequently, Proposition 5.1 reduces to a corresponding local
null controllability problem for (5.2).
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5.1.1. Controllability of the linearized system. First let us consider the linearized control problem

v + 0%v + 920 — 392020 = (papua + psus)®, (t,x) € (0,T) x T, (5.3)
v(0,z) = vo(x), z e T. '
Equation (5.3) can equivalently be rewritten in the following abstract form
d
U= Av + B(ps,ps), t€(0,T), (5.4)
v(0) = o,

where the operator A : D(A) C L*(T) — L*(T) is thus given by
Av = =020 — (1 — 39%)0%v, with D(A) :=
Clearly, A is densely defined, and its adjoint A* : D(A*) C L?(T) — L*(T)
A*v = =0 — (1 — 30%)0%v, with D(A*) := HY(T).
We can prove that A generates an analytic semigroup {S(#)}:+>0 on L?(T). The control operator B € L(R?, L?(T)) satisfies
B(pa,ps) := (papra + psps)®. As vog € L*(T), pa, ps € L?(0,T), and pg, us € H'(T), equation (5.3) possesses a unique
mild solution v € C([0,T]; L*(T)) N L*((0,T); H*(T)). Moreover, certain examples for p4 and ps satisfying (1.8) can be

found in [DPU25, Example 4.2].
The eigen-elements of the operator A* are given by

Eigenvalues : A\, = —k% 4 (1 — 3®?)k?, VEk € N.
1 1 1
Eigenfunctions : ¢p(z) = —, ck(x) = —=cos(kx), si(x) = ——=sin(kx), Vk e N*.
These functions form a Hilbert basis of L?(T).
We prove the following controllability result for the linearized system.

HY(T).

is

Proposition 5.2. Let T > 0 be given and assume that pa, us € H'(T) satisfy (1.8). Then for any vo € L*(T), there exist
controls py, ps € L*(0,T) such that the system (5.3) satisfies v(T) = 0. Moreover, the controls satisfy

el
1Pall 20,7y + 11P5ll 20,7y < C€T llvoll p2cry » (5.5)
for some constant C > 0 which is independent of T and vy.

Proof. The proof proceeds by considering the following three steps of the method of moments.
Step 1. Reduction to the moment problems. At first, let us consider the following adjoint system

d *
_%(b_A ¢a tE(O,T),

¢(T) = ¢r.

Taking the inner product of (5.3) with ¢ in L?(T), where ¢ is the solution of the adjoint equation (5.6), and then integrating
over (0,7) we have

(5.6)

T
((T,+) é1) p20ry — (v0, (0, 7)) L2y = ‘1)/0 <p4(t)u4 + ps(t) s, ¢(t, ')>L2(T)dt- (5.7)
To prove v(T) = 0, it is enough to establish that for all ¢ € L?(T), the following identity holds:
T T
(vo, #(0,)) L2(Ty + ®/() pa(t) (pa, d(L, ) oy At + ‘?/0 p5(t) (ps, d(L, ) Loy dt = 0. (5.8)

Our next task is to convert the above identity into a sequential problem by using the orthonormal eigenbasis {co, ¢, Sk } ken-
To this end, we successively choose ¢ = cq, ¢k, and si. As A is the eigenvalue of the operator A*, and in view of the
assumption (1.8) together with the orthonormality of the eigenfunction {cy, ¢k, sk }ren+, the solution of the adjoint problem
(5.6) reads as follows
bt x) =co, T De(z), eMT Vg (). (5.9)
Plugging (5.9) into (5.8), we arrive at the following identities, which are equivalent to (5.8).
AT

_ <UU,Ck>L2(T) f p4 )\k(T t) dt f h4 )qctdt vk EN,

(pasce) 12 ()

(5.10)

ART

_M = [ ps()eMT0dt = [ hs(t)eMtdt Wk € N,

@(ps,5k) 2

where h;(t) = p;(T —t), i = 4,5. Thus, it is enough to establish the existence and a suitable norm estimate for h,;.
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Step 2. Existence of a biorthogonal family of exponentials. We first find the existence of h4. Let us denote, for
all k € N* A, = —A;_1 + 1, and the collection A = {Ay, k € N*}. Our next goal is to check that the collection A satisfies
all the hypotheses of [Boy23, Theorem IV.1.10].
H1: There exists 8 > 0 such that the family A C C satisfies the following sector condition with parameter 6 :
AcCSy & {zeC|Re>0, |92 < (sinh6) (R2)} .
By the definition of A, for all k& € N*, A are positive real numbers, so the required condition is verified with some
suitable 6 > 0.
H2: Let k > 0. Define the counting function Nx(r) := #{ A € A : |A\| < r}. The family A satisfies the asymptotic
assumptions

Na(r) < wrt/d e >o. (5.11)

Using the definition of A\, A = —A\p—1+1=(k—1)* — (1 —3®2)(k — 1)2 + 1.

Casel. If 1 — 3®2 < 0, then |[Ax| > (K — 1)* — (1 — 302)(k — 1)2 +1 > (k — 1)*. Hence, if |Ax| < r, then
kE <1+ r/% Therefore Ny(r) <14 r/4,

Case 2. If 1 — 302 > 0, then there exists C; > 0 such that |Ax| > C1(k — 1)%, for k € N*. Thus similarly as
Case 1, we have Nj(r) < 14 Cyrl/4,

For small r, we may choose 7 > 0 such that Ny(r) = 0 for all » < 7. Thus, the required bound is verified.
Next, by possibly increasing constant C' > 0, the same estimate (5.11) holds for all » > 7. Hence, the bound
Na(r) < Cr'/* is valid uniformly for all r > 0.

H3: Let p > 0 be given. The family A satisfies the gap condition with parameter p if we have

A, — A > p, Vm #n € N*.
This condition is obvious with p = 3®2.
Thus using [Boy23, Theorem IV.1.10], there exists a sequence {ey }ren C L2(0,T) such that, for all k,j € N*,

T
/ ek(t) e Nt g = 5k,j; (512)
0
and there exists a constant C' > 0 independent of T such that Vk € N*
lexll 2oy < CeC(VAFE), (5.13)

Step 3. Construction and estimates of the controls. Let us define the control function h4 as follows:

e T (vo, k) 2
’ T —t
h4(t) = — € €k+1 (t)
;N (I)</L4ack>L2(']1‘)
Clearly, this hy4 satisfies the second equation of (5.10). We just need to show that hy € L2(0,7T). Thus using (1.8) and
(5.13),

c 2, c (—k4+(1—3<1>2)k2)T

Hh4HL2(0,T) < <CeT +C Z E201 CR2+ G ) HUOHL2(T)'
keN~*

Observe that, there exists kg € N such that —k* + (1 — 3®%)k%2 < —C1k*, for all k > kg, for some constant C; > 0.

Moreover, one can absorb k2%t in eC* for all k € N* with a possibly large constant C' > 0. Consequently, we estimate the
control as follows:

IN

hallr2(0,7) (Ceg +CeT +C Z 60k2+g€_clk4T> lvoll 2T -

k>ko

c? + Ci kAT

Using Young’s inequality we have Ck* < & i

such that

IN

, and putting this in the above estimate there exists constant C' > 0

C C
lhallgzory < € (97 +€F ) llvollcry
Without loss of generality, we may assume that 7" < 1. In this case, we obtain the desired control cost estimate

C
hall20m) < CeT |lvollL2¢r).-

The case T > 1 can be reduced to the previous one. Indeed, any continuation by zero of a control defined on (0,1/2) is
also a control on (0,7T), and the estimate follows from the decrease of the control cost with respect to time.
A similar argument establishes the existence of hs together with the required cost estimate. This completes the proof
of Proposition 5.2. 0
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5.1.2. Source term method and local controllability of the nonlinear problem. This section is devoted to the
proof of local exact controllability (Proposition 5.1) of the nonlinear system (5.1). The strategy is to employ the source
term method [LTT13] followed by the Banach fixed-point theorem to ensure local exact controllability. We first choose
constants p > 0, ¢ > 1 in such a way that

1<qg<V?2, and p> (5.14)

2 —q?%’
We fix a constant M > 0 and redefine the control cost as MeM/T | as obtained in the control cost estimate (5.29) for the
corresponding linearized control problem Proposition 5.2. We then define the functions

(+p)g> M

___pM _ _U+p)g= M
p ) e @i teo,T), N=d e T tel0,T), 5.15
po(t) {0 =T ps(t) 0 i (5.15)

Note that the functions py and ps are continuous and non-increasing in [0, 7]. We next introduce the following weighted
spaces

S = {f e L'(0,T; L(T)) ‘ I Ll(O,T;L2(’JT))} : (5.16a)
ps
V= {u e 0([0,T]; L3(T))| = € ¢([0,T); L*(T)) N L2(0,T;H2(T))} : (5.16b)
Po
V= {p e L2(0,T) ‘ pﬂ e LQ(O,T)}. (5.16¢)
0
The norms associated with these weighted spaces are defined accordingly below.
- —1 -1
lolls = lleo vl oo,mp 220y + 100 0l Lo oz
I flls = ||P§1f||L1(0,T;L2(1r)a IRllv = Hpalh”N(o,T)-

Consider the linearized system with nonhomogeneous source term:

d
EU:AU+B(p4,p5)+JC, tG(O,T),

v(0) = vp.

(5.17)

Using arguments similar to those in Propositions 2.3 and Proposition 2.8 of [LTT13], we obtain the following result.

Proposition 5.3. Let T > 0. For any f € S and vo € L*(T), there exist controls ps,ps € V such that (5.17) admits a
unique solution v € Y satisfying v(T) = 0. Further, the solution and the control satisfy

v

Po

v

Po

P4
Po

Ps
Po

+
C([0,T];L3(T))

"

L2(0,T;H?(T)) L2(0,T) L2(0,T)

ps

, (5.18)

<c <|vo||p<m + \ )
L1(0,T;L2(T)

where the constant C' > 0 does not depend on vy, f, pa, ps and T.

We are now in a position to prove Proposition 5.1 using a standard fixed-point argument.
5.1.3. Proof of Proposition 5.1.
Proof. For any f € S, consider the map
f i 6v(0,v)? + 60 (0,v)* + 302020 + 6vI*vD + (pajia + Pspis)v,

where (v,p4,p5) € Y X V x V, is the solution of (5.17) which satisfies (5.18). We show that

e the map F is well defined on S;

e there exists R > 0 such that F(B(0,R)) C B(0,R), where B(0, R) denotes the closed ball in S centered at the
origin with radius R;

e there exists R > 0 such that the map F : B(0, R) — B(0, R) is a strict contraction map.

To establish the existence of a fixed point for F, we use the Banach fixed-point theorem. First, observe that
60(0,v)? + 6@ (9,v)? + 3v20%v + 6vVI2vd

IF(Nlls < o

4 H (Papia + pspis)v
) Ps

L'(0,T;L2(T L'(0,T;L2(T))
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To estimate the first term in , we use an interpolation argument. As, v € C([0,7]; L*(T)) N L?(0,T; H*(T)). Then, for all
t € (0,T), there exists a constant C; > 0, independent of ¢ and v, such that

[o(t, ) < Cu o, )2 o, )%

Consequently, we obtain

1/2 1/2
[l a0, z:1 (1)) < Ch ”UHC/([O,T];LQ('JT))”UHL/?(O,T;H?('JT))' (5.19)
Note that, the assumption p > 2322 implies 2p > (1 + p)q? which further implies that
2 3
202 ¢ oo, 1)). (5.20)
ps pPs

Therefore, using (5.20) and (5.19), one can estimate nonlinear terms in the following manner.

2 2

2 T 3
v(0z0) SC/ Po(t) v v <C v i
Ps  llLr(0,1;L2(T)) o ps(t) [[pollg llpoll g Po ll Lao,7;HL () 1 PO Il L2 (0,15 H2(T))
2
<c|X v ,
Pollc(o,1);L2()) 1Pl L2(0,1;H2(T))
H(@zv)z v02v <cllX 2 '
Ps llL1(0,1;L2(T)) PSs NlL1((0,1);L2(T)) PollLz(0,1;H2(T))
v202v v v |I?
<C|— — . (5.21)
PS IIL1(0,1;L%(T)) Polic(o,r);L2(r)) 1O llL2(0,7;H2(T))
Combining (5.21) and (5.18), we deduce
v v 2 v 2
IIF(f)||s§C< — — +||— )
Polle(ory;Lz(my) 1P llL2(0,msm2(T)) 11 PO llL2(0,1;H2(T))
+C ‘u4&i —I—H,u5]Ei
Po PollL1(0,1;L2(T)) Po PollL1(0,T;L2(T))

<y

3 2
(||UO||L2('J1‘) + ||f||s) + (||Uo||L2(1r) + ||f||s) ]7

for some positive constant Cy, this, together with the uniqueness of v in Proposition 5.3, proves the well-definedness of F.
To ensure that B(0, R) is invariant under F for some R > 0, we choose

1 1
O0<R<min{ ——=, — p =: Ry.
{403/2 800} 1

Then, by the above estimate, for any vy € L*(T) satisfying |lvo|[z2(r) < R, the closed ball B(0, R) is invariant under F.
Consider any two f, f € B(0, R). Then by the Proposition 5.3 there exist controls p4, ps, by, D5 € V for the system (5.17)
with solutions v,7 € ) associated f, f. Then compute

IF(f) = F(Dls

v(9,)? — 0(0,0)?
ps

o ((8111)2 + vagv) - (@a)? + mg@)

L1(0,T;L2(T)) ps

<6

L1(0,T5L%(T))
s (psv — D)
ps

292, _ =292
v20;v — U050

ps

poa(pav — D40)

—1—3‘
ps

)

)

L1(0,T;L3(T)) L1(0,T;L3(T)) L1(0,T;L3(T)) '

Again, using (5.20) and (5.19), one can estimate nonlinear terms one by one in the following way.

v(9,v)? — v(0,0)?

ps L'(0,T5L2(T))
SC/Tp?)(t) v=3| x|’ +C/Tp8(t) v-T ol 7’
o Ps@) Il po |2 llpollge o Ps@ |l po g2 \llrollgr  |lpollgm
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2 2

V—T

Po

vV—T

Po

v

Po

v

Po

<C

+C
L2(0,T;H?(T))

L2(0,T;H?(T)) [

v’ ] (5.22)

v
L4(0,T;H'(T))

C([0,T];L*(T)) LA(0,T;H(T))

Po

+

The second and third terms admit the following estimates.
((310)2 + uagv) - ((31@)2 + mga)
pPs

L'(0,T;L3(T))

v
Po

v

Po

vV—T

Po

v

Po

v

Po

<C

+
C([0,T);L3(T))

+
L2(0,T;H>(T))

v

Po

+
C([0,T];L*(T))

LQ(OﬁT;HQ(’JT))}

L2(0,T;H?(T))
vV—7

Po

+C

) (5.23)
C([0,T];L2(T)) L2(0,T;H?(T))
and

vV—T

Po

v

Po

v

Po

292, _ =292
v20sv — U050

ps

<cC
L}(0,T:L%(T))

L2(0,7;H?(T)) C([0,T];L2(T)) L2(0,T;H?(T))
V—7

Po

vV—T

Po

+C

X
C([0,T];L3(T)) L2(01T;H2(T))1

v

Po

v

Po

v

Po

v
Po

v

Po

+ + + (5.24)

i

Finally, from the above estimates (5.22)-(5.24) we have

L2(O,T;H2('J1‘))> L2(07T;H2(T))]

C([0,T];L*(T)) L2(0,T;H?(T)) C([0,T);L3(T))

IF(F) = FPlls < Cllv =7y [ (loollzzcry + 1£15)° + (llvoll ey + ||f||s)‘|

+C (Iloollzzcny + 1115 [Ips = Ballv + lIps = 511y

We have shown that for any vy € L*(T) satisfying [|vo||L2¢ry < R, the closed ball B(0, R) is invariant under F. Using this
fact

IZ(5) = F@lls < 4R*Cllo ~ By + 2RC[lo ~ Tl + llos — Bl + s — B o]
By the linearity of the solution associated with (5.17), it follows from proposition 5.3 that

IF(f) = F(f)lls < (AR*Cy +2RCY)| f — flIs
S7 =l

AN

IN

by further choosing

1 1
O<R<min Ry, ——, — ;.
mln{ ! 4011/2 801}

For the above choice of R, let vy € L*(T) satisfy
[voll2(ry < R.
By the Banach fixed point theorem, the map
F:B(0,R) — B(0,R)
admits a unique fixed point, denoted by fe B(0, R).
Thanks to Proposition 5.3, there exist controls and the corresponding solution
(v,pa,p5) €Y XV XV

to the system (5.17) associated with the source term fe B(0, R), which satisfy (5.18). By the definition of the space Y

and the property po(T) = 0, we conclude that the equation (5.17) is locally null controllable. This completes the proof of

proposition 5.1. |
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5.2. Proof of Theorem 1.2. The proof of Theorem 1.2 follows from Theorem 1.1 and Proposition 5.1. Indeed, we divide
the time interval [0, 7] into two subintervals [0,7/2] and [T/2,T]. We choose the radius R appearing in Proposition 5.1
depending on ® and 7'/2. By Theorem 1.1, for this prescribed R > 0, there exist controls (p1,p2,p3) € L*((0,7/2); R?)
such that

lu(T/2) — ®||gs < R.
We then apply Proposition 5.1 on the interval [T'/2, T to conclude global exact controllability, using two additional controls
(p1,p5) € L*((T/2,T); R?). O

5.3. Kuramoto-Sivashinsky equation. In this section, we prove the global exact controllability of the Kuramoto—
Sivashinsky equation

Ou + O2u + 02u + uOpu = pgpau, t>0, x €T,

u(0, ) = up(z), zeT.

We only indicate the changes in the proof with respect to the previous case of the Cahn-Hilliard equation. To this end,
we set v = u — ®. Then v solves the following control problem.

v + O%v + 920 = —v0,v + Papra® + papav, (t,x) € (0,T) x T, (5.25)
v(0,2) = vo(x) :=up — P, zeT. '
5.3.1. Controllability of the linearized system. First, let us consider the linearized control problem
Opv + 020 + 02v + ®0,v = pypa®, (t,z) € (0,T) x T, (5.26)
v(0,z) = vo(x), z e T. '
We recall that (5.26) can equivalently be rewritten in the abstract form
d
ZU= Av+ Bpy, te€(0,7T), (5.27)
v(0) = vp.

where the operator A : D(A) C L*(T) — L*(T) is thus given by
Av = =920 — 8%v — ®9,v, with D(A) := H*(T).
Clearly, A is densely defined, and its adjoint A* : D(A*) C L*(T) — L*(T) is
A*v = =9k — 0%v + ®0,v, with D(A*) := H*(T).
We can prove that A generates a strongly continuous semigroup {S(¢)};>0. On the other hand, the operator B €
L(R, L?(T)) satisfies Bpy := papua®. The eigen-element of the operator A* is

1.
Eigenvalues : A, = —k* + k? 4+ ik®, Eigenfunctions : ¢, = ——e'* k € Z.
V2r

As an illustrative example, let us define us(z) = 2%(z — 27)%, = € [0,27], and extend it by 2m-periodicity so that
pa € HY(T). A direct computation shows that

242w

(4, 00 pary = =y € ZN\{0}, and (ua, 60} gacr) > 0.
In particular, we deduce the existence of C > 0 and 6 = 2, such that
Vk € Z, (K* + 1) |{pas o1 2y | = C- (5.28)

Theorem 5.1. Let T > 0 be given and assume that pg € H(T) satisfies (1.9). Then for every vy € L*(T), there exists
a control py € L*(0,T) such that equation (5.26) satisfies v(T) = 0. Moreover, the control satisfies

el
IPall L2(0,my < CeT llvoll 2ry (5.29)
for some constant C > 0 which is independent of T and vg.

Proof. Using arguments similar to those in the proof of Proposition 5.2, we obtain the following identity, which is equivalent
to the null controllability problem for the concerned system.

AT T
et (vo, Bk) 21y :/ pa(t)eMT=D gy
P (114, D) 2 (1) 0

T
:/ h(t)eMtdt Yk €Z, (5.30)
0
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where h(t) = ps(T — t). Thus, it is enough to find the existence and suitable norm estimate for h. Using the bijection
o : N* — Z, defined by

5 if m is even,
om)=91,, . .
=, if mis odd,
we denote, for all k € N*, Ay = —A; ) + 1. Let us also set A = {Ay, k € N*}. Our next goal is to check that the sequence
Ay, satisfies all the hypotheses of [Boy23, Theorem IV.1.10].
H1: There exists 6 > 0 such that the family A C C satisfies the following sector condition with parameter 6

ACSy & {2eC|R2>0, [32] < (sinh6) (R2)}.

By the definition of A, it is clear that $®Ax > 0, for all k¥ € N*. Furthermore, as |SAg| < CP(RA), for some
C > 0, the required condition is verified with some suitable 6 > 0.

H2: Let £ > 0. Define the counting function N (r) := #{ X € A : [A\| <r}. The family A C C satisfies the asymptotic
assumptions

Na(r) < krt/4, v or>0.

Set s = o(k) € Z. Using the definition of \s, Ay = —A\g +1 = s* — 52 + 1 —is®. Thus RA; = s* — 52 + 1, and
therefore [Ag| > [RA| = s* — s+ 1. For s € Z, we have s — s> +1 > 1s%. Hence, if [A;| < r, then $s* < r which

yields |s| < (2r)'/4. Therefore the number of integer s satisfies the above inequality is 1 4 2(2r)'/4. Therefore, we

have proved that N (r) < 1+ 2(2r)'/%. Required bound for the counting function and the existence of  is now
straightforward.
H3: Let p > 0 be given. The family A satisfies the gap condition with parameter p if we have

A, — A > p, Vm #n € N*.
This condition is obvious with p = ®.
Thus using [Boy23, Theorem IV.1.10], there exists a sequence {ex }ren- C L?(0,T) such that, for all k, j € N*,

T
/ €L (t) e Nt g = 5k,j; (531)
0
and there exists a constant C' > 0 independent of T such that for all £ € N*

C(\/%(Ak)Jrl/T)'

lexllzz0,m) < Ce
We set, for k € Z and ¢ € [0, 77,
Pk (t) =et €o—1(k) (t)
For any k,j € Z, using (5.31)

T T
/ Ui (t) eNtdt = / €o—1(k) (t)eiAU*l(j)tdt =0k,;-
0 0
Moreover, we have
1l ooy < CeCFFT, Yk €2 (5.32)

Let us now define the control function A as follows:

e T

e (vo, Pk) 2(m)

h(t) .= —
( ) 7 o <,U47¢k>[,2(11‘)

ke
Clearly this h satisfies (5.30). We just need to show that h € L?(0,T). Thus using (1.9) and (5.32),

1l p2go.my < C D (K2 4+ 1)eCH T RO g | o
keZ

Vi (t).

4
<C eCT + Z eCszr%e*%T HUOHL2('J1‘)'
|k|>2
Using Young’s inequality we have Ck? < %2 + kaT, and putting this in the above estimate there exists constant C' > 0
such that
C
[l 20,7y < CeT llvoll pagry -

This completes the proof. O
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The proof of local exact controllability for the Kuramoto—Sivashinsky equation follows from arguments analogous to
those used in Section 5.1.2 for the Cahn—Hilliard equation. The proof of global exact controllability, namely Theorem 1.3,
follows the same lines as the proof of Theorem 1.2. We omit the details for brevity.
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