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Abstract

We establish exact interior controllability for a two-dimensional magnetoelastic plate system
with control acting solely in the magnetic field equation. The main result shows that exact
controllability of the coupled system is achievable in arbitrarily small time 7" > 0, despite the
control acting only the magnetic dynamics. This extends the principle of indirect control - previ-
ously demonstrated for thermoelastic systems [6] - to the magnetoelastic regime, revealing that
steering the mechanical plate displacement through magnetic actuation alone is possible. The
analysis employs the operator-theoretic multiplier method adapted to handle vectorial fields with
divergence-free constraints and non-self-adjoint coupling. The approach requires several techni-
cal components: norm equivalences for divergence-free vector fields, analysis of non-self-adjoint
coupling operators, integration by parts identities for rot rot systems, and trace regularity re-
sults. The proof follows three steps: establishing a trace regularity result for the adjoint system,
deriving an energy estimate via the multiplier method, and using a compactness-uniqueness
argument to eliminate lower-order terms. This work provides the first controllability result for
magnetoelastic systems and extends the indirect control framework from thermoelasticity to this
setting. The techniques developed here are applicable to the control-theoretic investigation of
magnetically-coupled elastic systems, with potential applications in smart materials, damping
devices, and electromagnetic actuators.

Keywords: Magnetoelastic plates, exact controllability, multiplier method, indirect control,
operator-theoretic multipliers, divergence-free fields, observability inequality.

1 Introduction

1.1 Statement of the problem.

Let © be a bounded domain in R? with a sufficiently smooth boundary I' = 9 and let the terminal
time T > 0. In this study, we investigate the problem of exact controllability for a magnetoelastic
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plate system, subject to clamped (1d) boundary conditions, and controlled via interior magnetic
input u.
1.1.1 Controlled magnetoelastic plate with clamped boundary conditions

We consider the following magnetoelastic plate equation with clamped boundary conditions (1d)
subject to a control input u € L2(0, T; H*(Q)"):

wyy — YAwy + A%w — a(rotrot h) - H=0 in Q, (1a)

h; +rotrot h + Brot rot(ﬁwt) =u in Q, (1b)

divh=0 in €, (1c)

w = 0, (Z—Z]:O on T, (1d)

h-v=0, vxroth=0 on I, (le)

w(t =0) = wg, w(t =0) =wy, h(t =0) = hy on €. (1f)

Here, w denotes the plate displacement, h is the magnetic field, and ﬁ € R? is a constant
applied magnetic field. The parameter v > 0 is the Kelvin—Voigt damping coefficient, while o > 0
and 8 > 0 are the magnetoelastic coupling and magnetic damping coefficients, respectively. The
domain © C R? has boundary I with outward unit normal v. The space-time cylinder is denoted
by @ = Q x (0,7). For simplicity and wlog in the analysis throughout, we set the parameters
a=p8=1.

1.2 Main theorem

Before stating the main result of this paper, we briefly remark the results of well-posedness re-
quired for its formulation. A comprehensive set of results on existence, uniqueness, and regularity
is provided later in Theorem 2.1. In particular, for any w € L?(0,T;H'(Q)’) and initial data
[wo, w1, ho] € H3(Q) x H(lm(Q) X L?W(Q) the theorem ensures the existence of a solution [w, wy, h].
With this preparation, the main theorem of the paper may now be stated as follows.

Theorem 1.1. For all v > 0, the system (1) is exactly controllable in arbitrary time T' > 0. That
means for any T > 0, and data [wo, w1, ko, [wl,wl, A in the space H3(Q) x HOW(Q) X L?,,l,(Q),
there exists a control w € L2(0,T; H(Q)")
satisfies [w(T),wy(T), h(T)] = [wd, wl, hl].

such that the corresponding solution [w,wy, h] of (1)

The exact controllability result holds for both v > 0 and v = 0. The methodology employed to
prove Theorem 1.1 is based on the classical approach of establishing the surjectivity of the control-
to-terminal-state map Lp (see (18) below for its explicit definition). For this purpose, it suffices to
establish the following observability inequality:

T
/0 HTOM/’”LQ > Cr H[¢07¢177/’0]HH2(Q )xH}  (Q)xL2 ()’ (2)



where 1) is the magnetic component of the solution [¢, ¢¢, 1] to the following backwards magnetoe-
lastic system, adjoint with respect to (1):

bir — YAPy + A% + (rotrot 1) - = 0 in Q, (3a)
—)¢ + rotrot ¥ — rot rot(ﬁqbt) =0 in @, (3b)
diveyp =0 in Q, (3¢)
¢:(3qyb:0,and¢~yzy><rot'¢:0 on T, (3d)
(1) = ¢o, o(T)=¢1, P(T) =1 on 2. (3e)

A multiplier method is employed to derive the observability inequality (2) (see [15] for a com-
prehensive treatment of multiplier techniques in PDE control theory). Specifically, we choose a
multiplier of operator-theoretic type, which is given by ABl 1 where Ap denotes the Laplacian
with homogeneous Dirichlet boundary conditions. The choice of this multiplier is motivated by
its role in controlling the energy associated with the adjoint system and ensuring the coercivity of
the resulting estimates. Multipliers of this nature have been previously employed in similar PDE
control problems, such as in the thermoelastic setting (see [6]).

1.3 Overview of Existing Literature and Organization of the Paper

The controllability of coupled PDE systems has been a central topic in control theory over the past
several decades. This work contributes to this field by establishing exact interior controllability
for magnetoelastic plate systems, extending classical ideas from thermoelasticity to a new regime
with fundamentally different mathematical structure. We organize this section as follows: we
first discuss the foundational theory of exact controllability and the multiplier method; we then
review the extensive work on thermoelastic plate controllability, paying particular attention to
the technical strategies and principles that motivate our approach; we explain why magnetoelastic
systems present qualitatively new challenges compared to thermoelastic systems; we survey the
existing mathematical theory of magnetoelastic systems; and finally we identify the gap in the
literature that this work addresses.

The structure of the paper is as follows. In Section 1, we state the problem and main result
(Theorem 1.1). In Section 2, we reformulate the magnetoelastic system as an abstract evolution
equation in a Hilbert space, define the control operator, the control-to-terminal-state map, and
establish well-posedness of the semigroup. The proof of Theorem 1.1 reduces to proving an observ-
ability inequality for the adjoint system (inequality (2)). In Section 3, we prove this observability
inequality using the multiplier method, employing an operator-theoretic multiplier adapted to the
vectorial setting. This section is divided into three steps: deriving a trace regularity result (Lemma
3.1), establishing a tainted observability inequality or a preliminary energy estimate (Lemma 3.2),
and removing lower-order error terms using a compactness-uniqueness argument (Proposition 3.3).
The appendix provides technical lemmas on vector calculus, norm equivalences, and specialized
estimates needed for the multiplier argument.



Foundational Framework. The problem of exact controllability for coupled PDE systems rests
on the framework established by [30], where exact controllability is equivalent to surjectivity of the
control-to-terminal-state map, which in turn reduces to establishing an observability inequality for
the adjoint system. For PDE systems, the multiplier method pioneered by [24] and systematically
developed in [15] provides the most effective technique for deriving observability inequalities by
constructing test functions that couple with adjoint dynamics to isolate the observable quantity.

Thermoelastic Plate Controllability. The exact controllability problem for thermoelastic plate
systems has been extensively investigated. [16] initiated this line of work with boundary control
on the mechanical component, obtaining partial exact controllability when the coupling parameter
« is sufficiently small. [6] achieved the breakthrough result: control acting solely in the thermal
equation suffices for exact controllability of the full thermoelastic system (both displacement and
temperature) for all v > 0, and remarkably, controllability is achieved in arbitrarily small time.
This counterintuitive result reveals that indirect control through a diffusive component can be as
effective as direct mechanical control. The proof employs an operator-theoretic multiplier Al_)1 0
combined with a compactness-uniqueness argument to eliminate lower-order terms from a prelimi-
nary energy estimate. This strategy has become the standard approach for such coupled systems.
[7, 8] developed complementary exponential stability results using similar multiplier techniques.
[22] extended these results to the analytic case v = 0, proving exact null controllability.

The methodology for thermoelastic plate controllability was significantly refined through the
foundational work of Lasiecka and Triggiani. [18] established exact controllability and uniform
stabilization of Kirchhoff plates with boundary control only on Aw|y, and homogeneous boundary
displacement, demonstrating that control of the Laplacian provides sufficient leverage. This work
required developing sharp regularity results for mixed Neumann-type hyperbolic systems. [17, 21]
proved sharp regularity for elastic and thermoelastic Kirchhoff equations with free boundary con-
ditions, establishing that these regularity properties are essential technical tools for controllability
analysis. [11, 12] proved simultaneous exact/approximate boundary controllability of thermoelastic
plates with variable thermal coefficients and moment control, showing how regularity and unique
continuation properties interact with controllability under varying parameter regimes. These re-
finements demonstrated the deep connection between sharp regularity results, unique continuation
principles, and exact controllability, see [20].

[10] addressed interior controllability of thermoelastic plates, proving exact controllability of
the displacement and approximate controllability of the temperature when control acts in the plate
domain. Their results demonstrate that the location of control (interior versus boundary) and the
component being controlled (mechanical versus thermal) are independent design parameters that
affect the structure of controllability results. [19] proved exact null controllability of structurally
damped and thermoelastic parabolic models, establishing controllability in the limiting case where
hyperbolic and parabolic dynamics blend.

Technical Strategy and Magnetoelasticity. In order to prove exact controllability at time T,
one establishes that the control-to-terminal-state map Lr is surjective. By duality, this is equiva-
lent to proving an observability inequality for the adjoint system; more precisely, the surjectivity



of L7 is equivalent to the boundedness from below of its adjoint operator L., see [13, 33]. For
thermoelasticity, one must show that the energy of the adjoint system is controlled by the time-
integral of the thermal gradient. The multiplier method accomplishes this by strategically choosing
test functions and integrating by parts, extracting positive control terms while carefully handling
boundary integrals. The key steps are: integrating by parts to expose the observable quantity;
employing standard inequalities and trace regularity to bound error terms; obtaining a preliminary
estimate containing lower-order norm terms; and using compactness arguments to remove these
error terms, yielding the clean observability inequality needed for controllability. Thermoelastic
systems feature scalar-scalar coupling: the temperature couples to displacement through the ther-
mal conductivity term appearing linearly in the plate equation. The adjoint thermal equation is
a scalar parabolic equation, and multiplication by a scalar multiplier produces boundary integrals
involving standard derivatives and function values on the boundary. The mathematical structure
operates within standard Sobolev spaces with well-understood integration-by-parts properties.

Magnetoelastic systems present qualitatively different mathematical structure. The magnetic
field h is vector-valued and satisfies the divergence-free constraint div h = 0. The coupling involves
“rotrot” (also denoted by “curlcurl”) operators: (rotroth) - ﬁ, where is a fixed magnetic
field vector. The well-posedness of magnetoelastic plate equations was established by [29], who
provided the foundational semigroup theory and abstract operator formulations. The long-time
behavior and stability of magnetoelastic systems have been studied extensively. [25] and [26]
proved exponential stability of magneto-thermo-elastic systems and polynomial stability for two-
dimensional magneto-elastic systems. [28] established polynomial stability for three-dimensional
magnetoelastic waves. [34] investigated Mindlin-Timoshenko plates with magnetic interactions,
analyzing the dissipative effect of the magnetic field on coupled mechanical-magnetic dynamics. [27]
established that magnetoelastic plate systems generate analytic semigroups and provided explicit
decay rate estimates showing dependence on the magnetic field configuration.

Recent work on coupled piezoelectric-magnetic systems demonstrates the emerging importance
of magnetic effects in multiphysics coupling. [1, 2, 4] established stability results for piezoelectric
beams with magnetic effects. [3] proved stabilization of magnetizable piezoelectric and elastic
systems, revealing that magnetic coupling alters system dynamics compared to classical elastic
systems.

Despite this rich body of work on thermoelastic controllability and magnetoelastic stability, no
prior work addresses controllability (exact, approximate, or null) of magnetoelastic systems. The
natural question arises: Can one steer a magnetoelastic plate system by acting only on the magnetic
equation? The present work answers this affirmatively, establishing exact interior controllability
of magnetoelastic plates with control in the magnetic field dynamics alone. The key challenge
is that the vectorial and divergence-free nature of the magnetic field introduces mathematical
obstacles fundamentally absent in scalar-scalar thermoelasticity: (1) the magnetic field lives in
the constrained space Lg,y(Q) rather than standard Sobolev spaces, requiring specialized norm
equivalences (Lemma A.3); (2) the coupling operators are non-self-adjoint (Lemma A.2 establishes
duality, not equality), requiring precise domain analysis (Proposition 2.2); (3) integration by parts
for curl-curl operators produces boundary terms with fundamentally different structure than scalar
operations, necessitating new trace regularity results (Lemma 3.1); and (4) the magnetic boundary



conditions h-v = 0 and v x rot h = 0 couple normal and tangential components in ways that affect
the entire multiplier argument. Our proof adapts Avalos’s operator-theoretic multiplier method to
this vectorial regime, employing tools from vector calculus and rot (curl) operator theory [23, 31]
to overcome these new technical barriers while maintaining the compactness-uniqueness strategy
for eliminating lower-order terms.

2 Abstract formulation of the PDE problem (1)

In this section, we reformulate the control problem (1) and its adjoint system (3) as abstract
evolution equations within an appropriate Hilbert space framework. To develop the correspond-
ing operator models, we first introduce the necessary definitions and notations that will be used
throughout this paper. We have extracted the following definitions and notations from [6, 9, 29]
and modified to our convenience. In particular, we define the state space, the relevant differen-
tial operators, and their domains, ensuring that the problem is embedded in a functional analytic
setting.

(A.1) We introduce the following realization of elliptic operators. First, the elastic operator A with
clamped boundary conditions (1d) is given by,

A:L3Q) D D(A) = L2(Q), Aw := A%w, D(A) := HY(Q) N H3(Q). (4)

In order to define the magnetic operator, we first introduce the spaces
L2(Q) := {¢ € L*(Q) : divep = 0 in Q}, (5)
L?W(Q) = {7,[1 € LQ(Q) :diveyp =0in Q, and ¢ -v =0 on F} . (6)

Then the magnetic operator B : Lg’y(Q) > D(B) — L?W(Q) is given by
Bh :=rotroth, with D(B) := {h € H*(Q) N L§7V(Q) cvxroth=0onT}. (7)

It is easy to see that D(B) is dense in Lg’V(Q). In the model equations (1) and (3), we observe
the occurrence of the operator “rotrot” acting on h and 1) respectively, followed by a scalar

product with the fixed vector H. To emphasize this dot-product with H, we introduce the
auxiliary operator B4 : L?,’V(Q) > DBy) — L?(2) defined by

B3 h :=rotroth - ﬁ, D(By) :=D(B) in L?W(Q). (8)
We moreover define another magnetic operator Gﬁ by
G3(¢) :=rot rot((ﬁ) with D(G3) = {C € H2(Q) : G3(¢) € L?},,,(Q)} . (9)

We remark here that H3(Q) D(G4) and hence D(A'2) C D(G3)-

To facilitate the multiplier technique, we introduce the homogeneous Dirichlet Laplacian
which serves as a critical tool in obtaining the required observability inequality (2),

Apw:= —Aw with D(Ap) := H*(Q) NHH(Q) in L*(Q). (10)



(A.2) For v > 0, we define the operator P, by
P,:=1+yAp, D(P,):=D(Ap)in L*(Q) (11)

with “I” being the identity operator on L?(Q). We define a space

Hi(Q) if vy >0,
HY (Q) = o) (12a)
’ L2(Q) ify=0
with its inner product being defined as
(QD, QD/)H(l) —Y(Q) = (w, @)LQ(Q) + Y (V’w, VTI]/)LQ(Q) 5 Vw, 'lT) c Hé(Q) (12b)

The dual of Héﬁ(Q) is denoted by Ho_i(Q) When v = 0 we have P, = I and set Hg () =
Haé(Q) = L%(2). The operator P., is clearly Hyg ., (€)-elliptic and by the Lax-Milgram theo-
rem, it is boundedly invertible, i.e. P3' € L(H} (), Hj ().

(A.3) We denote the Hilbert space H, to be
HL, = HG(Q) < Hy () < Lz, (), (13)

with the inner product

wl i )
< wy| , Qél > = (A¢O’A¢O>L2(Q)

hol {40 H,

+ (¢1’ ggl)m(g) T <V¢I’V$I)L2(Q) * (wo’%)rﬁ(m - (14)

(A.4) We define A, : H, D D(A,) — H, to be

0 I 0
Ay=[-P;'A 0 P;'By| with
0 — Gﬁ -B (15)

D(A,) 1= { [0, 61,%0] € H(Q) x HY(©) x D(B) : Ado € HG ()}

Alternatively we can now write (3) for initial data [¢o, ¢1,¢] € D(A,) as

P, ¢ = —Ad — By 9 in Hyl (), (16a)
¥, = — Bt + Gy in L2,,(9), (16b)
[B(T), 84(T), (T)] = [0, 61, o). (16¢)



(A.5) We define the control operator B € L(H(Q), H2(Q2) x L%(Q) x HY(Q)') for u € HY(Q) by

Bu := (17)

e o o

With this definition, we define the input — terminal state map Lr : L*(0, T; H'(Q)') — H,,
possibly unbounded, for all u € L2(0,T; H*(Q)’) such that

T
Lru ::/ e T By (t)dt. (18)
0

This will be made precise later.

(A.6) Throughout the paper, we use the symbol < to denote an inequality up to a positive constant;
that is, A < B means that there exists a constant C' > 0 such that A < C'B. The constant
C is independent of the quantities under consideration.The L2-inner-products are denoted by
(+,-), while other inner products are denoted by (-, ) .

Taking initial data [wo, w1, ho] € H, and control u € L?(0,T; H'(Q2)’), the the system (1) can be
written abstractly

d w(t) w(t) w(0) wo
o e O = Ay fw(®)| +Bu(),  |w(0)| = fwi], (19)
h(t) h(t) h(0) ho

which has an a priori meaning in [D(A%)]' > H

We have the following well-posedness result due to Theorems 3.1, Theorem 3.2 of [29].

Theorem 2.1 (Well-posedness). With the parameter v > 0, A, as defined in (15) genemtes a Co-
semigroup of contractions {eAVt}DO on the energy space Hy. Let [w(t),w(t), h(t)] = At g, wy, ho)
denote the solution trajectory.

(1) If initial data [wo, w1, ho] € Hy, then problem (1) is globally well-posed in energy space H,.
The unique weak solution [w,wy, h] belongs to C([0,00); H,).

(i) if initial data [wo, w1, ho] € D(A,), then the solution [w,wy, h] belongs to C([0,00);.Ay) N
C1([0,00); H,).

With these dynamics in hand, the solution [w,w;, h] to (1) may be written explicitly as

w(t) wo '
wy(t)| = et |wy +/ e (9 Bu(s)ds (20)
h(t) ho 0



A fortiori, .A;lB € L(HY(QY, H,), or equivalently
B e LHY(Q), [D(A)]). (21)
The input to state map above thus gives that
[w, wy, h] € C([0,TT; [D(AT)]). (22)

Given the representation (20) for the solution [w,wy, h], establishing the exact controllability
at a given time 7' > 0 (Theorem 1.1) is equivalent to proving the surjectivity of the operator L,
where Lr is defined in (18) (see, for instance, [30, 35]). It is important to note that Lr is, a priori,
well-defined as follows
Lo € LL2(0, T H (), [D(A)]).

Consequently, the control-to-state operator L7, when viewed as a mapping into the state space H,,
is initially well-posed only as an unbounded operator, closed and densely defined with a specified
domain of definition:

D(Lr) = {u € L*(0,T;H'(Q)) : Lru € H,}. (23)
To further analyze its properties, one can compute the adjoint
Ly € L(D(A),L2(0, T; H' (), (24)
and with the domain of definition:
£+ D(Ch) C Hy - L(0.T:H (), (25)
b0 b0
D(L7) =4 |¢1| €Hy: L |¢1| € L0, T;HY(Q)) (26)
P P
and takes the classical form (see, for instance, [35]),
ol ) ®o
Lo 1| (1) =BT gy | (27)
P P

In the analysis, it is necessary to derive the PDE formulation of the adjoint operator L., as the
desired observability inequality (2) is intrinsically linked to it. To achieve this, one can explicitly
compute the adjoint operator Afy. The following Proposition gives the characterization of .Ai;.

Proposition 2.2. The adjoint A% of A, is given by

0 —I 0 0 I 0
Ar=|[P7'A 0 —P;'By | where A,=|—-P;'A 0 P;'By (28)
0 Gy -B 0 -Gz -B

with D(A%) = D(A,).



Proof. We define the operator 7, : H, — H,, as

0 —1I 0
T,=|[P;"A 0 —PJ'By |, with D(T;) =D(A,). (29)
0 Gﬁ —B
Let [¢o, p1,%¢], [QNSO,QNﬁl,QNpO] € D(Ay). Then we compute
¢O %0 i Yy 7 1 _1 _1 ﬁ by 7
() [3]) = @ros g s 0 Crtanirnon 1) pa),,,

~ (Gl H) + By, 9)
= (¢1,A€go) - (Pi,h Pt Ay, P;/Q €Z~51) + (P;/Q P B(gy) - ﬁ,P;/Q 51)
~ (G(o1H), %) = (Boo o) (30)

Now we apply Lemma A.2 to handle the terms (Plv/2 P;l B(wy) - ﬁ, Pfly/2 {51) , (G(gblﬁ), 1,~b0) and

continue as follows.
(30) = (A%(po, —A%&) + (P;/Q 61,P/> P! Aag) + (wO,G(alﬁ»
~ (P2 01, P2 P By - H) — (0. B )
_ (A%qﬁo, _A%(Zl) n (P;/Q 61, P2 Pl Ady — P2 P B(ghy) ﬁ)
+ (w0, G(31 H) — B o)

Po %0
= < o115 Ty | ¢n > : (31)
'l:bO 'l,bo H,
This shows that
D(Ty) C D(AY) and Allp(ry = T (32)

Next, we determine the inverse .A; Lof A, and then compute the adjoint (.,4; 1y*, This approach
is employed because A~ ! is a bounded operator on H,, allowing us to calculate (A5 Dy = (Af/)_l
without the need to specify domain conditions. Specifically, the adjoint of a bounded linear operator
on the Hilbert space H, is itself bounded and defined on the entire space, enabling straightforward

computation via the conjugate transpose of its matrix representation.
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For this purpose we explicitly compute the inverse of A, € L(H,;D(A,))
-A'BzB Gy —-AT'P, —AT'BzB7!
At = I 0 0 . (33)
-B~' Gy 0 -B™!
Now we compute its Hilbert space adjoint (A%)~' € L(D(A%); H,) as follows:

o0l o —AT'BE BT G0 — AT P, ¢ — AT B BTy %o
1] - : )
Yol |wo] /g, —B7 Gy g0 —B ey o H,
— (a7 (~A7' BB Gy o0~ AT Py 61— AT B BT e ) LA T260)
+ (P2 00, P2 61) — (B G do + Bty 0y
=~ (BB Gy 00,60) — (Py61.90) = (B B w0, 00)
+ (PY2 0.2 1) — (B™ Gy 60980 ) — (B™ w0, o) (34)

The term (Bﬁ B! Gﬁ o, (E{))Z To handle this term we successively apply integration by parts as

shown in Lemma A.1. This the following computations, we drop the L?-part from the underlying
spaces L2(Q), L(T") since the context is clear.

(Bﬁ B! Gﬁ oo, 5())9 = (rot rot (Bfl Gg ¢0> . ﬁ, 50)9
= (rot rot (B_l Gﬁ ¢0) , <ggo . ﬁ))ﬂ
= (rot (Bfl Gﬁ (;50) ,rot (%0 . ﬁ))g + (V X rot (Bf1 Gﬁ (;50) , (go . ﬁ))r

The boundary term v X rot (B_l Gy ¢0> = 0 since B! Gy 9o € D(B). Then we again apply
integration by parts to obtain

(Bﬁ B! Gﬁ oo, £0>Q = (B_1 Gﬁ ¢g, rot rot ((50 . ﬁ))ﬂ — (B_l Gﬁ ¢,V X rot ((50 . ﬁ))r
Again the boundary term rot <<;0 : ﬁ) vanishes as shown in Lemma A.2. Then we have
(BB Gy 60.00) = (B G 0. Gz o)
= (Gﬁ ¢, B! Gy (EO)Q (by the boundedness of B™1)

= (rot rot (qﬁoﬁ) B! Gg 5(])(2

11



= (rot (gzboﬁ) ,Tot (B_1 Gx 5[)))9 + (y X rot (gboﬁ) , (B_1 Gy 50>>F
= ((qﬁoﬁ) ,rot rot (B_l Gﬁ 5()))9 — ((ﬁoﬁ, Vv X rot (B_l Gﬁ $0>>F
= (40, B3 B Gy 50)9. (35)

The boundary terms from integration by parts vanish due to the same reasoning as above. Arguing
in a similar manner and using Lemma A.2, we get

(BB " %0,00) = (0. B Gy do) and (B G o, o) = (60.Bz B o). (36)
Then by combining (34), (35) and (36), we obtain
-A"'B3B Gy A'P, —AT!'BzB!

(A5~ = ~1 0 0 : (37)
—-B! Gﬁ 0 —-B!

Thus for [¢o, ¢1,%,) € Hy, we have that

-A"'B3B'Gy AT'P, —AT!'BzBT!

%o bo
(A5 o] = —1 0 0 $1
Yo —B_lGﬁ 0 —B! Yo

—A "B BT G do+ AT Py g1 — AT B BTy
= —P1 . (38)
—B ™' Gz ¢0— By

This shows that
D(A%) C H3(Q) x Hj(Q) x D(B). (39)

Additionally, we have
—A' B3 B G o+ AT Py ¢ — AT By B e, € Hy (). (40)

Combining the inclusions (32), (39), and by the definition of D(7;) in (29), we conclude that the
adjoint operator is precisely the one given in (28). O

From the explicit characterization of A established above, we can now state the following
corollary to the Theorem 2.1.

Corollary 2.3. For the parameter v > 0, let A% be the adjoint operator to A, as defined in
(28). Then A% generates a Co-semigroup of contractions {eAst}tZO on the energy space Hy. Let
[D(1), (1), ()] = e T, d1, 9] denote the adjoint solution trajectory.

12



1. If terminal data [¢o, ¢1,%o] € H,, then the adjoint problem is well-posed in the energy space
H,. The unique weak solution [, ¢y, 1] satisfies

[¢, ¢+, 9] € C([0,T]; H,). (41)
2. If terminal data [¢o, ¢1,1o] € D(A,), then the solution [¢, ¢y, 1] satisfies
(@, 6, 9] € C([0, T]; D(A)) N CH([0, T); Hy). (42)

Now, using the form of the control operator given in (17), one has the adjoint B* € £L(D(A,), H'(Q))

taking the form
%o
B* | ¢1 | = y. (43)
by
With the inequality (27), for of the adjoints in (28) and (43), and the definitions (A.1), (A.2) for
the components of A, and A%, one has then that the solution [¢, ¢+, %] € C([0,T]; H,) to the PDE
system (3) is given by

) b0 o(t) ]
eI g | = |de(t)] (44)
Py P(t) ]
Moreover, we have explicitly
%o o |
Lh | gr | (1) =BT gy | = (1) (45)
Py Yo |

With these definitions, to establish the surjectivity of Lr, it suffices to show the existence of a
constant Cp > 0 such that the following injectivity condition holds for all [¢g, ¢1, 0] € Hy:

%o %o
Lr |1 >Cr ||| o1 . (46)
Yo L2(0,T;HY(Q)) Yo H,

Using equation (27), this is equivalent to proving the observability estimate (2) for arbitrary ter-
minal data [¢o, ¢1,10] € H,. The next section is devoted to establishing this inequality.

Now we define the energy of the system (3) as follows:

2
®o
1 X
E,(t) = 5 e (T-1) d1 , for0<t<T, (47a)
’l,b() H,
or )
Ey(t) =5 (Hqﬁ(t)”?{g(g) + ”(Z)t(t)H%I(lm(Q) + Hd)(t)HiQ(Q)> (47Db)
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so that in particular

B,(T) = 3 60, 01, Gl » and B;(0) = 3 [[6(0),64(0), $(0)] s,

Furthermore, we can obtain the following energy relation

Proposition 2.4. The component v of the weak solution (¢, pi, 1] to the backward system (3)
satisfies 1 € L2(0,T; HY()). Moreover, for all initial data [¢o, ¢1,%,] € Hy and for all0 <t < T,
the following identity holds:

T
a@+lwmwnm dr = E,(T). (48)

Proof. By computing the energy of the dual system (3) we obtain

1d
2dt

This gives (48). O

111 20y + 19111 2y + 7 IVl P20) + 18117200y | = IIrot $(0)1F2(q

Remark 1. Recall the operator Lk from (45). For L € L(H,,L*(0,T;HY(Q))) to hold, it is
necessary that the following condition is satisfied

19117 20,7101 2y < € o, b1 %0l -

Then one can observe that the Proposition 2./ implies this condition. This implies L1 € L(L*(0,T; H'(Q)"), H,)
by duality.

3 Proof of Theorem 1.1

3.1 Orientation

We now proceed to construct a multiplier argument in order to establish the following lemma.
To this end, we consider a suitable multiplier of operator type, namely ABl 1, and take the L%
inner product of this multiplier with equation (3a) from the system (3). One may also view such
multiplier as a pseudo-differential type; similar multiplier techniques were used in [6, Lemma 3.2]
and [9, Lemma 2.2]. Upon performing integration by parts, we obtain a set of terms that will
be estimated using Lemmas 3.1, A.4 together with standard Sobolev embedding theorems. These
estimates yield the desired inequality (52) in the lemma.

However, the resulting estimate, as formulated in (52), includes residual or “polluting” terms
that prevent a direct conclusion. To address this, we employ a compactness—uniqueness argument
(see Proposition 3.3) to eliminate these undesired contributions. This argument then yields the
clean estimate required for the conclusion of Theorem 1.1, thereby completing the proof.

14



Remark 2. To rigorously justify the integration-by-parts and the estimates used in the proof of
Lemma 3.2 (and consequently in the proof of Theorem 1.1), we first establish the tainted observability
inequality under a stronger regqularity assumption on the initial data of the adjoint system. The
terms evaluated on the boundary such as

9%u

, and £y

=0 in (54)

T
Y (V¢t’ \% ABI wi,t)
0 T

require additional regularity. More specifically in the above cases we need Ve, € C([0,T]; L3(Q))
and ¢y € C([0,T); D(A/2)). Therefore, we temporarily assume

[(Z)O’ ¢17 ,lnb(]] € D(A'Qy)

For such data the corresponding (backward) solution [¢, ¢y, 1] is classical and enjoys the regularity

¢ € C([0,T]; D(Ay)),
¢r € C([0, T); H3(Q) N HA(Q))

: (49)
¥ € C([0, TI; H*(Q) NLZ ().

With this reqularity all formal computations performed in Lemmas 3.1-3.2 are fully justified. Since
D(.A%) is dense in the finite-energy space Hy, a standard density argument (see for example [6, 9])
extends the observability inequality, and hence the exact controllability result of Theorem 1.1, to
arbitrary initial and terminal data in H, .

3.2 Main ingredients of the proof

First, we sketch the proof of the following trace regularity result for the adjoint system (3). This
result does not follow from the standard Sobolev trace theory but is instead derived in a similar
spirit to the trace results obtained for Euler-Bernoulli plates [24] and Kirchhoff plates [18]. Notably,
this result is essential for deriving the observability estimate (2).

Lemma 3.1 (Sharp Trace Regularity). The component ¢ of the solution [p(t), ¢i(t),(t)] of (3)
satisfies Ap|p € L2(0,T;L*(T)), with the estimate

T T 5
/||A¢>HL2 dt<C’</0 Ev(t)dH—/O HmeL?(deEV(T)), (50)

where C' is independent of the parameter ~y.

Proof. Following the methodology of [8, Lemma 2.3| (see also [7, Lemma 2]), we sketch the proof.
We multiply the first equation of (3) by h - V¢, where h(x,y) = [hi(x,y), ha(z,y)] is a smooth
vector field in C?(Q) satisfying h|r = [v1, 0] on T. Integrating over [0,T] x €, we obtain

T
/ (¢tt—7A¢tt+A2¢ (rot rot 1) - ﬁ h - v¢) dt = 0. (51)
0

L2(Q)

15



T
The crucial term requiring special treatment is the / ( (rotrot ) - ﬁ, h - ng) 12() dt term. Using
0

Lemma A.1, we decompose this as

/OT ((rotrot ) Hon w)wm dt
— /OT (v x ot 9, (k- v¢)ﬁ)L2(F) dt + /OT (rotp, rot [(h- qu)ﬁ}) dt

L%(Q)

= /OT <r0t P, rot [(h . V(;S)ﬁ]) dt.

L%(Q)

The boundary integral in the penultimate step vanishes due to v x rot ¥ = 0 on I'. The remaining
interior term, combined with the other terms arising from integration by parts, yields the estimate
(50) through standard arguments (see [7, Lemma 2] for the detailed computation). O

We then obtain the following lemma, which provides the observability inequality, albeit tainted
by certain lower-order terms, as indicated in the orientation.

Lemma 3.2 (Tainted Observability Inequality). For v > 0 and T > 0, the solution [¢, ¢, ] to
(3) satisfies the following estimate

T
E,(T) < Cr (/0 ot 9l At + 161¢o zyamy. @y + 7 192110 7y2(0) + ||’/’||?:([0,T];Hl(ﬂ>'>>
(52)

Proof. We multiply the first equation of (3) by ABl 1; where 1; is the i-th component of the
magnetic vector field ¥». Then, integrating over both space and time, we obtain

T
/ (qﬁtt — vA¢y + A%p — (rotrot ) - ﬁ, ABl ¢i>L2(Q) dt = 0. (53)
0
We then proceed to estimate the individual terms of this expression separately.

T
i) FEstimating the term bt — YADw, AL i) 2,00 dt. We use integration by parts.
D Yi)izq)
0

T
/0 (¢tt - 7A¢tt7 ABI wl)L2(Q) dt

T T
= /(; ((btt’ A]_)l wi)L2 Q) dt — 7/0 (A¢tt7 ABI wl)LQ(Q) dt
T T T
= (¢t7 Al_)l wl) 0 - /0 (¢t7 A51 wi,t)LQ(Q) dt — ,Y/O (A(btta Al_)l 1/11)L2(Q) dt
_ RN 1 P (0% g1y,
- (gbtaAD ¢Z) 0 /0 (d)thD wl,t)LZ(Q) dt/Y/O gvAD wz LQ(F) dt

16



T
+’Y/ (Véu,V AL ¢1)L2 dt
0

Oy

By using .= = 0, we further obtain
v

T
/0 (Ber — YAGw, A i) L2q At

T T
= AT ]~ [ (6AD a1t 7 [ (60T AG )y

T
= (o A5 ) ||+ (V6 VAR i) |

T
- A |:(¢t7 A51 wi,t)LQ(Q) + Y (V¢t, \Y% A51 ¢i,t)L2(Q):| dt. (54)

Recalling (16b), we derive an explicit expression for ABI ;¢ as follows. Consider the equation
(16b) in the following abstract formulation

— G(Her) -

Then we consider the component-wise version of the above vector equation. Note that the
component-wise action on G on H)gbt is denoted by G;. We need to emphasize that G; # G;
if ¢ # j necessarily. Then we obtain the component-wise version of the above equation as
follows:

Via = Ci(H ) - Ay fori=1,2.
Then we apply ABI to obtain

Al_)l Y = A151 Gi(ﬁ¢t) — A51 Av; fori=1,2.

Then we rewrite (54) and proceed as follows.

T
/0 (¢tt - 7A¢tta ABI wZ)L2(Q) dt

T
= (60 AR ) |, + 7 (V6 VAR )
0
T
" /0 [(@’ Ap' Gi(H o) — Ay Mi)y(m

+ oy (Wt, v (A];l Gi(Hey) — A7) Azpi»L?(QJ dt. (55)

Consider the first two terms of (55). Applying Green’s theorem and utilizing the fact that
¢ € HY(Q) for v > 0 and ¢ € [0, 7], we obtain

17



[\

2
ZV(Vd)t()VA bi(t) L2(Q Z
=1

<C; H¢tHc([O,T];L2( ”Qp( )HL2

ggEV( ) +Ce 6ellE o 2y (56)

and
2 € 2 2 -1 2
> (Be(t), AR i ))L2(Q) < 1g 19l o) +Co Y [IAL ill2q
=1 =1

€
= 16 ”¢tHHO () +Ce “w‘|H1(Q)’ = gE’Y(T) +C HT/’HQC([O,T];Hl(Q)/)a (57)

where we have used the contraction of the semigroup {CA?;t}tZQ. Then we estimate the
remaining integral terms of (55) by utilizing Lemma A 4.

/OT |:<¢)t, poyer ﬁﬁst ) 20) Y (V¢t, <A51 Gi(ﬁgbt)))}ﬁ(g)] dt
< /0 [nqbtum V6l + 7V 0rlZagy ]

T

T
<0 /0 [||<zst||iz<m+v||v¢>t|\izm}ohs+E Y IVotlia(q)dt.  (58)

In the previous step, the constant C; > 0 is taken sufficiently large, and the parameter £ > 0
is chosen small enough so that the second integral appears with coefficients € and the (fixed)
parameter v > 0, allowing it to be absorbed into the left-hand side of the energy inequality.
We again estimate

T
/0 |:(¢)t7 A51 Awl)L2(Q) -7 (v¢t7 \Y (Az)l Awl))LQ(Q)} dt

T
S | [10duaa 196y + 7 1961l [Vl ] at. (59

Then by taking sum over components v; for i = 1,2,
2 T
ZA |:(¢)t7 ABI Awl)LZ(Q) -7 (v¢t7 (A A¢Z))L2 Q):| dt
i=1

T
<Ca [ [Houlhaey IWln oy + 7192y Il ] . (60)

Now we combine the estimates (55)-(59) to obtain

2 T
Z/o (6u — YAdu, Ap! %‘)Lz(m dt — CI/ [H@HL? +7 HV¢tHL2 ] dt
i—1
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T
<Ca [ [loulhacey Wlln ey + 7 19y [len o]

T
9
+E 10y e+ ~E,(T) + C- (quthc[OTm +H¢Hc G0y

° 2
+ZE’Y( ) + Ca (7 H(ﬁtHC([O,T};LQ(Q)) + ”w”C([O,T};Hl(Q)’)> (6]_)
T
<C (/0 Irot 9|[320y At + ¥ 1621011120627y + ng(m’ﬂﬁl(m,))

+i </0 Ey(t)dt+E7(T)> (62)

where the constant C' is independent of ~, where 0 < v < M.

T
(ii) Estimating the term / (AQQS,ABl 1/12-) dt. We compute using Green’s second identity and
0

the fact that Aj wl‘r

T
| @5 v ar

T IA¢ ) OAL Y
- DG, AAT i) 2 g At AD dt — Ao, dt
/0 (A0, W ) " / ( v o L*(I) /0 ( ’ ay >L2(F)

T OAP > OAL P
— [ (MG )2 dt ATl dt— [ (ae, dt.
/0 (80 +/ < v A L(T) /0 ( * o >L2(r)

Since ABI Y;i|lr = 0, we have

T T T aAfl d}l
(A%, A5 ;) dt = (Ap,1p;)y 20 At — <A¢, D) dt. (63)
/ D /0 L*(Q) /0 v )

0

Now we estimate the second integral of (63) by using elliptic regularity.

045
/()(Agﬁ, 2 ) dt</ 18612

3 2 -1 2
< oo [ 10yt C [ A5 gy

3A %

L2(I)

T
€ 2
<o [ 180y a0 O [l gt 0
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The preceding estimate relied on the sharp trace regularity result in Lemma 3.1 and classical
trace theory, with the constant C; reused throughout. To further estimate the final inequality,
we invoke the norm equivalence provided in Lemma A.3, which is explained below.

2 T
> /0 (A2p, Ap ;) dt
=1

T T
€ 2 e 2
-+ @ ) HA¢HL2(F) dt‘i‘Cg/(; HrOtd}HLQ(Q) dt

T
s%ﬁummmwwwmw

T
< Co [ 18010 191120
T ) e T
+ C'g/ [rot 9|12y dt + 3 </ E.,(t)dt + E(T))
0 0

T T
SCE/O Hrowniz(dei(/o Ev(t)dt+E(T)>. (65)

T
(iii) Estimating the term / (rot rot ) - ﬁ,ABl %‘) L@ dt: By invoking Lemmas A.1 and A.3
0

we estimate
/OT (rot rot 4 - ﬁ, A} Qpi) df — /OT (rot rot 4, (A7 ¢i)ﬁ)L2(Q) dat
= /OT (rot't,b,rot [(ABI ¢i)ﬁDL2(m dt + /OT (1/ x rot 1, (AE)1 @bl)ﬁ)

— /OT (rot 1, rot [(ABI wZ)ﬁ}) a

L%(Q)

L*(Q)

L*(I)

T
séwwmwwwmqmw

T e T
SQAHWWﬁmﬂHdAHW@@&-WQ

(iv) Combining (53), (62), (65), and (66), we obtain the following estimate: For any arbitrary

e > 0 sufficiently small, there exists a constant C' > 0, independent of -, such that the
solution [¢, ¢, 1] of (3) satisfies

T
T
<C (/0 ||T0t¢”i2(g) dt +~ Hﬁth%([O,T];LQ(Q)) + ||¢||2C([0,T};H—1(Q))>

be < /O Bt + Eﬂ)) (67)
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where the dependence of C' on ¢ has been omitted, as it is not crucial to the analysis.

(v) Now, we multiply the first equation of (3) by ¢ and apply integrate by parts, and integrate
from 0 to T with respect to time to obtain the following relation

OO~ [ (Wl + 7196l
= _/ ||A¢||12}(Q) dt+/0T ((rotrot'qb)-ﬁ,d))m(m
_ / 16112 dt+/T (rot¢,rot(¢ﬁ))L2(m dt

T
~(1-¢) / 8613y dt+Co [ ot iy d. (69

Now we estimate (¢, ¢)H3 () using the contraction of the underlying semigroup et for all
Y
te[0,7T):

(@ D)y (@) < 5 ~ )HH}J @)t Cello(t )HHl ) SeBy(T) + Ce H‘b(t)H%I(l)(Q)' (69)

Then by combining (68), and (69), we obtain the following estimate for sufficiently small € > 0

T T
| 1861ty ae < [ [l +w||v¢uiz<m} dt

T
where the e-dependence of Cp is omitted.

Thus, for sufficiently small £, by combining (67) and (70), and recalling the definition of the energy
E,(t) in (47), we obtain the existence of a constant C. > 0 such that

T
/0 18601220 + 160120y + VIV ulF2(0) + 90172y | At < CBo(T)

T
2 2 2 2
#r (et -+ Wty + 7190 o + ¥lEnaan) - ()

Applying the relation (48) and using the property that £, (t) > E,(0) for all t € [0,T], we obtain

T T
T(EV(T)_/O Jrot l122 dt) :TEW(O)g/O (1)t

T
0
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2 2 2
1608 ocrpmme + 7 ez + Wl man@n) - (72

By further selecting € > 0 sufficiently small, we obtain the following estimate for all v > 0 and
0<T <o0:

T
E\(T) < Cr </0 [0t Wiz ) 4t + 19llco rypmyey + 7 91l mnzy + ”¢"é<[o,T1;H1<Q)'>> :

(73)
This proves the Lemma. O

Remark 3. In the concluding estimate of the preceding Lemma, the expression comprises three
terms: "¢“20([07T];H3(Q)) , H(ﬁtH%([OvT];LQ(Q)), and \|¢H%([07T];H1(Q),). These terms must be eliminated to
establish the target observability inequality (2). To achieve this, we employ a subsequent Proposition
that leverages a compactness-uniqueness argument. This approach exploits the compact embedding
properties of the relevant function spaces and the uniqueness of solutions to an associated homoge-
neous problem, thereby enabling the absorption of these terms into the desired inequality.

Proposition 3.3 (Elimination of the Polluting Terms). The inequality (73) implies the existence
of a constant Cp > 0 such that the corresponding solution [¢, ¢, Y] of (3) satisfies

T
I8llco mm@) + 7 18l iz + 19 legomm @y < Cr /0 [rot ¢ty dt- (74)

Proof. The proof of this proposition follows the same argumentation as in [6, Prop 3.3]. But due to
the magnetic boundary conditions at hand, several technicalities must be properly handled. Due
to that reason, we give a full proof for this proposition here. We proceed by contradiction. If the

o
proposition is false, then there exists a sequence { {qﬁ(gn), gn)’ wén)} } . C H,, and a corresponding
n—

solution sequence { {QS(n), ¢§n), "/J(n)} }OO X to (3) which satisfies
181160 a3 ) + 7 Ntlleo, ez + 1 1o rym @y = 1 for all m (75)
and
T
/ Hrotzﬁ”iz(m dt — 0 as n — oc. (76)
0
Equations (73), (75) and (76) imply that there exists a constant
ESY") (T') < C uniformly in n. (77)

Then, we can find a subsequence in H,, still denoted by { {qb("), g"), 1,0(")] }oo_l, and { [qgo, ggl, 1,770] } €
H,, such that -

[g{)("),gbtn),'zp(")} — [qgo,qgl,{[io} weakly in H,. (78)
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Moreover, if we denote [5, @,1}} to be the solution to (3), corresponding to the terminal data
[50, 51, 1}0], then a fortiori,

(6,61 ™| = G0, 1.4y | weal* in L(0, T3 HL ). (79)

Now we need to prove the following regularity estimate
90l .1 o=ty < € 160,61, o]l - (30)
For terminal data [¢o, ¢1,%,] € D(A3), for any test function b€ L0, T;D(A1/2 P;l)), satisfying

P;lqg € LY(0,T;D(A"2)) with P, in (11), we employ the abstract equation (16a) and duality
arguments to derive the required estimate, as detailed in the subsequent calculations.

/OT (qﬁ, ¢tt)L2(Q) dt — /OT (&,P;l (_M) +Bg ¢)> dt
’ 7oAl -
:/o [— (Al/z P! ¢,A/2¢> + (Gﬁ(P;1¢),¢)} dt

<C <|¢HC([O7T];D(A1/2)) L1(0,75D(A A2 P 1))

¢
< € (Illogo rypiavay * bllogomazy) H(ﬁ‘

+ 1l o) Héf)‘ LIO7D(Gy P;l))>

L1(0,T;D(AY2 PS1))

In obtaining the last estimate, we have used the fact D(A"?) C D(Gg). By leveraging the con-
tractivity of the semigroup {e*};>0, we derive

9

[ (8:66) gy 0 < 0. 61,300, (31)

LL(0,T;D(AY2 P51)) |

Then the density argument yields the bound (80). Arguing in a similar manner and utilizing the
equation (16b), we obtain

[ ellLee 0,75 (B)) < € b0, D15 %ol llg, - (82)

Then (80) and (82) yield

ot

< C, and Hipt")

<c. (83)

Lo (0,T5[D(AY2 P7 1)) Lee(0,15[D(B)]))

The boundedness of {[d)tt Py }} and that of {[(b(”), ¢§n)’ ¢(”)]} allow the use of Simon’s com-

pactness result in [32] so as to have

o™ — ¢ strongly in  C(]0,T]; H5(2)), (84)
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o™ g stronglyin - C([0,T];LA(Q)) ify >0, (85)
™ =9 strongly in - C([0, T); H(Q)). (86)

We then pass to the limit in (75) to get

2 2

[ — -1 )

C([0,T];H5 (%) C([0,T;L*()) - HQ'Z)HC([UvT];Hl(Q)’)
Conversely, the convergence established in (76) implies that 1~ﬁ = 0. This, combined with the
magnetic equation (16b), yields ¢ = 0. In turn, the coupled plate equation (16a) yields ¢ = 0.

Thus, we obtain [5, at, 17)} = [0, 0, 0], which contradicts the equality in (87). O

Remark 4 (Unique Continuation Property). At the conclusion of the proof of Proposition 3.3,
we observe that the vanishing of ¥ ensures uniqueness through straightforward elliptic regqularity
arguments. This embodies the unique continuation property essential for controllability in our
system. Since the control w acts across the entire interior in (1b), these implications follow directly.
However, if the control’s support were restricted to a proper subset of the interior or confined to
the boundary, the complexity of establishing controllability would increase significantly, as evident
in related thermoelastic systems; see [1/].

3.3 Completion of the proof of Theorem 1.1

By combining the tainted observability inequality from Lemma 3.2 with the estimate of the polluting
terms provided in Lemma 3.3, we obtain the desired bound, which completes the proof of Theorem
1.1. O

Appendix A Technical Lemmas

Lemma A.1 (Integration by parts). Let Q C R? be a bounded domain with Lipschitz boundary
O and outward unit normal v. For all vector fields u,v € L*(Q) and rotu, rotv € L*(Q), the
following identities hold:

/rotu-rotvdx:/rotrotu-vdx—l—/ (v x rotu) - vdS. (88a)
Q Q o9

/(rotrotu-v—rotrotv-u) dx:/ ((v x rotu) - v — (v x rot v) - u) dS. (88b)
Q o9

Proof. Both identities follow from the vector calculus identity
V- ((rotu) x v) = (rotrotu) - v — (rot u) - (rot v),

together with the divergence theorem and exchanging u and v for symmetry. O
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Lemma A.2. The following duality relation holds:

(Gﬁ ¢,¢) - (qﬁ,Bﬁ 1/)) for ¢ € D(G), % € D(B). (89)

Proof. Let us compute
<GH¢ qb,'l,b> = /Qrot rot(gzbﬁ) cpdx
- /Q(qbﬁ) rotrot ¢ dz + /F [(v rot(gsﬁ)) 4 — (v x TOb ) ((pﬁ)} ds.
Since 4 € D(B+) = D(B), we have (v x rot ) - (6H) = 0.

Now we calculate /

(V X rot(¢ﬁ)> -1pdS. For this purpose, let H— (Hy, Hs) € R%. Then
r

rot(¢1H) = 01(¢p1Hz) — O2(¢p1H1) = (O1u) Hy — (Oau) Hy.
Writing HL = (Hy, —Hy), this reads
rot(¢pH) = V- H.
If =0 and 9,0 =0 on I', then V¢ =0 on I', hence
rot(qf)ﬁ) =0 on I' implying / (1/ X rot(gbﬁ)) -pdS = 0.
r
This means
(Gl H) %) = (01.6"(w) H) = (61,Bp) - H). (90)
]

Lemma A.3. [5, Theorem 2.1] Let Q C R? be a simply connected domain with a C* boundary T.
Let ¢ € HY(Q) satisfy divep = 0 in Q and either p -v = 0 or v x ¢ = 0 on I, where v is the
outward unit normal. Then the H' norm 9 |lg1 () s equivalent to |[rotepllyzq), i.e., there exist
constants ¢, C > 0 such that:

cllllmi ) < lrot 2y < CllYllg g, -

Lemma A.4. The following estimates hold true.

HAf)l Gi(ﬁéﬁt) L2(@) SNVl ) (91a)
|V a5 ciEen|, < IVl (91b)
HABl Ad}iHL?(Q) S ||7/’||H1(Q) ) (91c)

IV AL Al 2oy S 19l ) - (91d)
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Proof. 1. To prove (91a), we estimate using elliptic regularity

|B5! (o

< |atHen|

Hfl

S <

2. To prove (91b), we estimate as before

[ves' cdon , , < B aEHen|, , < |lc@an)||, ., < IVorlize-

The estimates (91c) and (91d) follow from classical elliptic regularity theory. O
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