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Boundary observability and null-controllability for
non-autonomous degenerate hyperbolic equations
via energy estimates

MOHAMMAD AKIL, GENNI FRAGNELLI(® AND SARAH ISMAIL

Abstract. Motivated by the broad applications of wave propagation in non-uniform and time-varying envi-
ronments, such as in acoustics, elasticity, and seismology, we investigate the controllability of degenerate
wave equations with time-dependent wave speeds. In this work, we examine non-autonomous degener-
ate wave equations in a one-dimensional spatial domain, addressing both divergence and non-divergence
forms. A control function is applied at the non-degeneracy boundary point, while Dirichlet or Neumann
conditions are imposed at the degeneracy one. Using the generalized energy conservation law, we first
establish boundary observability for the homogeneous problem, a key step in our analysis. Building on
this, we prove the null-controllability of the non-autonomous degenerate wave systems. To achieve this,
we construct solutions using the transposition method, which accommodates low regularity requirements,
enabling us to handle weaker smoothness assumptions while maintaining rigorous control over the system’s
behavior. We conclude by presenting some insightful observations and potential avenues for future work,
which could further advance the understanding of this problem.

1. Introduction

From vibrating strings and membranes in acoustics [1] to the propagation of seismic
waves in geophysics [2], the wave equation constitutes a cornerstone in the study
of wave phenomena across disciplines. Mainly, in Engineering, the wave equation
models the behavior of electromagnetic waves in communication systems [3], while in
Oceanography, it governs the dynamics of water waves [4]. The basic one-dimensional
wave equation is given by

2
Ut = C Uxx,

where the wave function u(z, x) represents the displacement or amplitude of the wave
at position x and time . The second-order derivative u;, measures the acceleration of
the medium at point x, while u,, measures the curvature of the wave and determines
local bending, and ¢? represents the wave propagation speed.
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Waves can travel through complex or heterogeneous media, such as strings with non-
uniform density. For example, if a medium grows denser or more rigid near a specific
point, the wave may decelerate or come to a halt at that location. To accurately model
wave propagation in such environments, we turn to degenerate wave equations, which
incorporate variable coefficients to account for the added complexity of the medium.
This equation can be written in non-divergence form as

Uy —a(X)uyy =0,

where a(x) is the tension/density ratio. Thus, if the density is extremly large at some
point xo, we can assume that a degenerates at this point, i.e., a(xg) = 0. In other
words, we can say that a(x) controls the wave speed variation. This equation can also
be written in divergence form as

urg — (@(@)uyx)x =0, (1.1)

where the term a(x)u, is the flux term representing the energy flow through the
medium. This makes the divergence form more suitable for conservation law formu-
lation since the derivative (a(x)uy ), enables easier application of boundary condi-
tions and highlights conservation properties. While the non-divergence form is more
intuitive physically, the divergence form is better suited for analysis and numerical
methods; the choice of the most convenient representation depends on solving specific
problems.

The function a(x) can exhibit either weak or strong degeneracy at 0. To formalize
these two types of degeneracy, we define them for a general function g as follows:

Definition 1. We say that a function g : [0, 1] - R4, g(0) =0, g > 0in [0, 1], is
— weakly degenerate (WD) at 0, if g € C([0, 1]) N C'((0,1]) and K < 1 where

/!
Ko sup XEQL.

1.2
xe©0,1] &%) (12)

— strongly degenerate (SD) at 0, if g € C'([0,1]) and K € [1,2), where K is
defined as above.

For non-degenerate wave equations, it is well known that null-controllability can
be achieved at a fixed time 7 > O sufficiently large under appropriate geometric
conditions on the control region and sufficient regularity of the coefficients [5,6].
However, when the wave speed vanishes at certain points or regions, the problem
becomes more complex, since the degeneracy can lead to a loss of energy propagation,
making it difficult to control the system using standard techniques.

The foundation for studying controllability of degenerate wave equations is es-
tablished through several seminal works where the initial studies focused on one-
dimensional problems. One of the first papers to consider a degenerate wave equation
is [7], where Gueye investigates a certain class of weak degeneracy for the equation in
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divergence form, with the particular diffusion term a(x) = x*, « € (0, 1). The author
obtains an exact controllability result with Dirichlet boundary control located at the
degeneracy point 0 and then extends these results to degenerate parabolic equations,
giving a first answer to a question opened for quite some time. In [8] (see also the
arxiv version of 2015), Alabau-Boussouira et al. investigate the same system from a
different viewpoint: considering (1.1) with a(x) allowed to degenerate either weakly
or strongly on a part of the domain, they obtain observability or exact controllability
from the non-degenerate part of the boundary using direct techniques such as mul-
tipliers and sharp trace results. They also prove a negative result when the diffusion
coefficient degenerates too violently, i.e., when K > 2. An interesting system is con-
sidered by Bai and Chai in [9] where they study one-dimensional linear degenerate
wave equations in domains having moving boundary. They prove the exact control-
lability by Hilbert Uniqueness Method (HUM) when the control acts on the moving
boundary, and they provide an explicit expression for the controllability time as well.

Furthermore, the controllability of modified degenerate wave equations is studied
by many researchers. In [10], Zhang and Gao prove the existence of interior controls
for one-dimensional semi-linear degenerate wave equations, when a(x) = x*. By a
duality argument, they reduce the problem to an observability estimate for the linear
degenerate wave equation. They establish the unique continuation for the degenerate
wave equation, obtaining the observability estimate by the multiplier method. In a re-
cent work, Boutaayamou et al. [11] consider a degenerate wave equation with drift in
the presence of a leading operator in non-divergence form. They establish the bound-
ary controllability for the solution of the associated Cauchy problem at a sufficiently
large time under some necessary conditions. Moreover, Allal et al. [12] are the first
to consider the exact boundary controllability for a degenerate wave equation with
a singular potential. In this case, the degenerate and the singular functions are the
power functions. The authors prove the exact boundary controllability in the range
of both subcritical and critical potentials and for sufficiently large time, through a
boundary controller acting away from the degenerate/singular point. In [13], the au-
thors investigate a degenerate wave equation in non-divergence form with drift, they
impose an interior control acting on a bounded interval and prove the controllability
for such a problem using some conditions by a standard technique. Recently, in [14]
the authors study the controllability for a general degenerate/singular equations via a
control acting on the non-degenerate point.

On the other hand, when the behavior of waves is affected by varying environmental
or material conditions, the scenario necessitates a time-dependent wave propagation
speed. To the best of our knowledge, Reissig and Yagdjian [15] are the first to consider a
non-autonomous wave equation. They investigate the influence of the time-dependent
coefficient on L,-L, decay estimates for the solution of the Cauchy problem; they
find that there exist no L ,—L, decay estimates and that the energy estimate from Gron-
wall’s inequality is near to an optimal one. Later, in [16], Reissig and Smith give a
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classification of the oscillating behavior of the coefficient that determines in an es-
sential way the possibility of deriving L,—L, decay estimates. As control problem,
Chambolle and Santosa [17] study an initial boundary-value problem for a wave equa-
tion with time-dependent sound speed. In particular, they consider the case where the
sound speed can take on only two values. The authors propose a simple control law
that they prove to lead to energy decay when the number of modes in the vibration
is finite and none of the eigenfrequencies are repeated. In [18], Hirosawa explores
the relation between the total energy behavior of solutions to wave equations featur-
ing time-dependent propagation speeds and the smoothness of the coefficient. The
research reveals that the asymptotic behavior of the total energy is governed by three
main aspects of the coefficient: its degree of differentiability, the asymptotic behavior
of its derivatives as t — 00, and the stabilization of the amplitude, characterized by an
integral. The optimality of these properties is then ensured through explicit examples.
In [19], D’ Abbicco and Ebert study the long time behavior of the energy for wave-type
equations with time-dependent speed imposing also a time-dependent damping and
they investigate their interaction. The authors show how to describe the dissipative
effect on the energy and study a class of dissipations for which the equation keeps its
hyperbolic structure and properties. Recently, Zhou et al. [20] investigate the long-
term behavior of non-autonomous wave equations with critical nonlinearity imposing
a new-type nonlocal weak damping. The authors show that the solutions are exponen-
tially approaching a more regular bounded subset, and based on this regularity result,
they obtain the existence and smoothness of uniform exponential attractors.

It is observed that the literature lacks a thorough analysis of wave equations fea-
turing both degenerate and time-dependent wave propagation speeds. Such equations
model wave propagation in media with time-varying and spatially inhomogeneous
properties—for instance, waves traveling through the Earth’s crust, where material
properties change due to tectonic activity or temperature gradients. Controlling such
systems is critically important, as the interaction between time dependence and degen-
eracy can give rise to new wave phenomena, such as dispersion or resonance effects.

Given its significance, in this paper we will investigate, for the first time, the null-
controllability of non-autonomous degenerate wave equations, represented by the
following systems:
uy — Ai(u =0, (t,x) € Or,

Biu(t,0) =0, te(0,T),

u(t, 1) = f(), te(0,7), P;)
u(0,x) =up(x), xe€(0,1),

ur(0,x) =uj(x), xe(0,1),

i =1,2,where Q7 := (0,T) x (0,1), T > O fixed, and Bju(t,0) =0, i = 1,2,
are suitable boundary conditions related to the operators A;, i = 1, 2. In particular

b(t)a(x)uxy, i=1,

1.3
b(t)(@()uy)x, i =2, 4

A (Du = i
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where b € W10, T) is a strictly positive function, a is (WD) or (SD) at 0 and

u(t,0) =0, i=1,
Biu(t,0) = u(,0) =0, ifais (WD) at0, _ (1.4)
lirr})(aux)(t, 0) =0, ifais(SD)at0, '~ <
xX—>

We consider the control function f to act as a boundary control used to drive the
solution to O at a sufficiently large time 7" > 0. In particular for (P;), we aim to prove
global null-controllability in the sense of finding a control f € L?(0, T) such that

u(T, x) = u(T,x) =0, YVxel(,1), (1.5)

for a given initial data (u¢, u1) in a suitable space.

Further complications arise in (P;) in comparison with the autonomous degener-
ate case. Indeed, we cannot use the standard Liimer-Phillips technique for the well-
posedness, but, for the non-autonomous Cauchy problems, we have to use the Kato
perturbation Theorem. Moreover, the energies of the associated homogeneous adjoint
problems depend on the function b(#); this means that the conservation law that holds
for the case b(¢) = 1 for all + € [0, T], does not hold in this case. Finally, due to
the presence of b(z), additional terms have to be estimated in order to prove that a
generalized conservation law holds.

The paper is structured as follows: In Sect. 2, we introduce the Hilbert spaces
required to address the problems (P;), establish key Hardy-Poincaré inequalities, and
present essential hypotheses that underpin the subsequent analysis. Section 3 focuses
on proving the well-posedness of (P;) using Kato’s Perturbation Theorem. In Sect. 4,
we derive energy estimates, providing both upper and lower bounds, and demonstrate
that the generalized energy conservation law holds for non-autonomous degenerate
wave equations in both divergence and non-divergence forms. Finally, in Sect. 5, we
show that the adjoint problems (AP;) are observable in time 7 > 0, and we establish
the null-controllability of our systems by constructing a solution via transposition for
(P;), associated to the control function f. Further extensions and broader applications
are presented in Section 6.

Throughout this paper, (") denotes the derivative of a function depending only on
the real space variable x; () denotes the derivative of a function depending only on
the real time variable 7. Moreover, we will denote by || - || := || - [l2¢,1) and by

Il - lloo,7 == 1II - lLoo(0,7)-

2. Functional spaces and preliminary findings

In the following, the next assumption will be crucial.

Hypothesis 1. Let a € C([0, 1]) be such that a(0) = 0, a > 0 on (0, 1] and there
exists K € (0,2) such that the function x +—— “
neighborhood of x = 0.

2 s non-decreasing in a right
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Observe that if a is (WD) or (SD) at O then (1.2) implies that the function

xV

is non-decreasing in (0, 1] for all y > K and
y
lim ~—— =0 2.2)
x—0 a(x)

for all y > K. These fact will play a crucial role in the next sections. Observe that
(2.1) holds thanks to the definition of K in (1).

2.1. Framework for the non-divergence form

One of the main differences between the systems (P;) with i = 1 (i.e., in non-
divergence form) and (P;) with i = 2 (i.e., in divergence form) arises in the natural
spaces: while the second problem is studied in LZ(0, 1), the first problem has to be
studied in the weighted space

a

L1(0.1) = {u € L2, 1) |l 0,1y < oo},
where

1,2 1
llul3 ::/ —dx and (u,v)1 ::/ Wx, Yu,ve L2, 1). (2.3)
a 0o a a 0o a 4

a

As in [21] or [22], we also consider the following Hilbert spaces

Hi(0,1):=L3(0. )N Hy (0. 1), (u,v); 1 := (u,v)1 + W', 0) 20,1
’ ’ (2.4)
forallVu,v e Hll(O, 1), and
H3(0,1) := {u e H (0, 1) | au” € L3 (0, 1)},
a a a (25)

= (u, v),

+ (Vau", \/EUN>L2((),1),

forallu,v e H f (0, 1). Obviously, the previous inner products induce the following

a

(u, v),

]/=

1
‘a

norms

2 . 2 2 2 . 2 2
lall{ 1 := el 3 + 'l and flalls = lull] o + Va1,

a a

respectively. Moreover, the following Gauss-Green formula holds
1 1
/ u"vdx = —f w'v'dx, ¥ (u,v) € H7(0,1)x H(0,1), (2.6)
0 0 a a

(see [22, Lemma 2.1]).
In particular, in [22, Proposition 2.6] the following Hardy-Poincaré inequality is
proved:
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Proposition 1 (Hardy-Poincaré Inequality). Assume Hypothesis 1. Then, there exists
C > 0 such that

1,2 1
v N2
f —dx < c/ ("%dx, (HP)
o d 0
forallv € H(0, 1).

Observe that the previous inequality is proved in [22, Proposition 2.6] under the
condition a(0) = a(1) = 0, but actually it holds requiring only a(0) = 0. Indeed, by

. . K . ..
assumptions there exists € > 0 such that x +— % is non-decreasing in (0, €]; thus
1.2 € .2 1
v v 1
/ —dx 5/ —dx + —/ v2dx
0o 4a 0o a mln[e,l] a Je
1 € 2

1 1 1
=— | —Zdx+ —/ vidx < C/ (v')%dx,
ae) Jo x minge 17a Je 0

by the Hardy and the Poincaré inequalities, for a positive constant C.
Denoting by Cy p the smallest constant that satisfies (HP) and assuming that a is

(WD) or (SD), one has that Cg p is smaller than %. Indeed, by (2.1) we get that

1 v2 1 1 1)2 4 1
/ —dx < —/ —dx < —f (v)%dx,
0 a a(l) Jo x2 a(l) Jo

forall v € Hy (0, 1).
Moreover as a consequence of Proposition 1, if Hypothesis 1 holds we get that
H1 (0, 1) and H; (0, 1) coincide and the norm [|- ||, 1 is equivalent to || ||y in H ] (0, 1),

wﬁere
lully == llu'll, YueHLO,1),

is induced by the inner product
1
(u,v)] = / u'v'dx,
0
forall u,v € Hi (0, 1). In particular, we have
lullf < lull} 4 < (1+ Crp)llullf,

forallu e Hll (0, 1). In the following, we will use || - ||; and (-, -)1 since they are more

convenient.
Now, consider the operator (A, D(A1)), where Aju := au” with

D(Ay) = H}(0, 1). (ND)

(A1, D(A1)) is m-dissipative and self-adjoint in L2l (0, 1) (see [22, Theorem 2.3]).

Thus, by [23, Corollary 3.20], the operator (A, D(;h)) is densely defined and gen-
erates a contraction semigroup.
Moreover, the next properties hold.
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Lemma 1. Assume Hypothesis 1.
1. Ifu e H' (0, 1), then lim “u(x) = 0.
a x—=0a
2. Ifu € D(A), then lirr})x(u’(x))z =0.
x—
3. Ifye D(Ay)andu € H}(O, 1), then lin})u(x)y/(x) =0.
a x—

Proof. 1t is sufficient to prove only the second point if K > 1, being the other case
and the other points proved in [11, Lemma 3.2].

Fixedu € D(A}),settingz := x(u')>. Wehavez’ = (u’)?+2xu’u”. Clearly, (u)* €
2J%u/u”\/5 < J%(—l)lu’\/ﬁu”l e L'0,1) by
Holder’s inequality. Hence z € Wb, 1) and limy_0z(x) = L € [0, 4+00). If
L # 0 there would exist a neighborhood Z of 0 such that % <x@ )2, forall x € Z;
in particular, % < @ )2 forall x € Z, in contrast to the fact that u’ € LZ(O, 1). Hence
L = 0 and the conclusion follows.

LI(O, 1); moreover, by assumption

O

The previous result will be crucial for the rest of the paper.

2.2. Framework for the divergence form

Following [24], for the system in divergence form, we take the following weighted
Hilbert spaces. In the weakly degenerate case, we consider

Ha1 ©O,1):={u e LZ(O, 1) | u absolutely continuous in [0, 1],
Vau' € L*(0,1) and u(1) = u(0) = 0}

and
H20,1) :={u € H}0,1) | au’ € H'(0, 1)}.
On the other hand, in the strongly degenerate case, we consider

Ha1 O, 1) := {u € LZ(O, 1) | u locally absolutely continuous in (0, 1],
Vau' € L*(0, 1) and u(1) = 0}

and

H2(0,1) := {u € H}(0,1) | au’ € H'(0, 1)}
={uce L2(O, 1) | u locally absolutely continuous in (0, 1],
au € Hy(0,1), au’ € H'(0, 1), u(1) = 0 and (au’)(0) = 0}.

In both cases, we consider inner products and norms given by

2 2 2
(U, V)14 = (u, U)L2(0,1) + (\/Eu/, \/EU/)L2(0,1)1 ||u||11a = |lull” + ||\/Eu’|| )
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forall u, v € H)(0, 1), and
(1, )20 = (0, 0)1a + (@), @) 200 Tullay = luli , + @Y1,
forall u,v € Ha2(0, 1).
Proposition 2 [8, Proposition 2.2]. Assume Hypothesis 1. Then
lwl?* < CallVaw'||> ¥ w e H, (0, 1),
where

C, = L min {4, ;} . 2.7
a(l) 2—K

Thanks to Proposition 2, one has that the norms || - ||1 4 and || - ||, are equivalent in
H!(0, 1), where

1

1 2
lullq := (/0 a(u’)de> , YueHN0,1),

is induced by the inner product

1
(U, v)q := (Vau', Jav') 2.1y = / au'v'dx,
0

for all u, v € H}(0, 1). In particular,
lul? < ul?, < (1+ Co)llull?,

forallu € Ha1 (0, 1). In the following we will use || - ||, and (-, -), since they are more
convenient.
Also, in this case, the operator (A,, D(A3)), where Ayu := (au’)’ with

D(Az) == HX(0, 1), (D)

is m-dissipative and self-adjoint in L?(0, 1) (see [24, Proposition 2.5]); thus, (Az,
D(A»)) is densely defined and generates a contraction semigroup.

For the following, the next lemma proved in [24, Proposition 2.4] or in [8, Propo-
sition 2.5] will be crucial.

Lemma 2. Assume Hypothesis 1. Then

lim xu® = 0,
x—0

forallu € H)(0, 1).
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3. Well-posedness for the homogeneous adjoint problems

Let us consider the homogeneous adjoint problems of (P;) given by

w—Ai(®)y =0, (x)eQr,
Biy(t,0) =0, te(0,7),
y(, 1) =0, te(0,7), (AP;)
y(0,x) =yo(x), x€(0,1),
yi(0,x) = yi(x), x€(0,1),

where A; and B; are defined in (1.3) and (1.4), respectively.
Clearly, thanks to the definition of the operators,

D(A; (1)) = D(A;), Ytel0,T]. (3.1
Let us define
L300, i=1, H'O, 1), i =1,
g and K; = n
L?0,1), i = H(0,1), i =2.

In order to study the well-posedness of (AP;), we introduce the following Hilbert space
Ho := K; x H;, (3.2)
with inner product and norm given by
((u, v), (1, V)1, = (u, u)k; + (v, V) g,

and
2 . 2 2
G, 7y, = Nuly, + vl

for all (u, v), (u, v) € Hop and for i = 1, 2. In particular
((u,v), (@, V))H, = / u'tt' dx +/ —dx and
1
0.0, = [+ / Y,
0 0o a
ifi = 1and
1 1
((u, ), (@1, V)1, = / au'it'dx +/ vodx and
0 0

1 1
e, )13, = f a(u')*dx + / v¥dx,
0 0

if i = 2. Moreover, we consider the matrix operator B; : D(B;) C Ho — Ho, i =

1, 2, given by
0 Id
Bi(t) := <Ai(t) 0>,
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with domain
D(B; (1)) := D(A; (1)) x K; C Hp. 3.3)

Now, we can rewrite the problem (AP;) as a Cauchy problem

(CP;)

V(@) = Bi()Y(), t >0,
Y(0) = Yo,

where Y (1) = (y) and )y = <y0> € Hpy.
Vi Y1

Then, we prove the following existence and uniqueness result.

Theorem 2. Assume a (WD) or (SD) at 0, and b € W>(0,T) a strictly positive
function. Then, for all (yo, y1) € K; x H;, i = 1,2, (AP;) has a unique solution
y € CY([0, T1; H) N C([0, T]; Ki) < C([0, T1; H) N L*(0, T K;).

Moreover, if (yo, y1) € D(A;) X K;, then y € Cz([O, Tl; Hi) N Cl([O, Tl; K,') N
C([O, T, D(Ai)), i=1,2

Since the Cauchy problem (CP;) is non-autonomous, the idea to prove the above
theorem is to apply the following Kato Theorem (see [25, Theorem 1.2], [26, Theorem
1.9] or [27, Theorem 2.1]):

Theorem 3. Let T > 0 be fixed, H a Hilbert space and </ (t) : D(</(t)) C H — H
a linear operator satisfying the following hypotheses:
(Hi) D( (1)) = D(#(0)), Yt € [0, T];
(Hy) D(<7(0)) is a dense subset of H;
(H3) Yt € [0, T], </ (t) generates a strongly continuous semigroup on 'H, and the
Sfamily 98 = {</ (t)}icq0,1] is stable with stability constants C and p indepen-
dent of t

(i.e., the semigroup (S;(s))s=0 generated by <7 (t) satisfies

k
1_[ St (sj)u
H

j=1
CePZim1% ullyg, forallu € H, 5; >0, 0<n < ..tp < T, k € N);
0

(Hy) 5,527 € L° (0, T; B(D(<7(0)), H)) which is the space of equivalent classes

of essentially bounded, strongly mesurable functions from [0, T into the set
of bounded operators B(D(<7(0)), H).

Then

u(t) = (Hu(), t € (0,7),
u0) =up e H,

has a unique solution u € C([0, T, H) for all uy € H. Moreover, if uy € D(<7(0)),
then u € C([0, T1; D(<7(0))) N C'([0, TT; H).
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In order to apply the previous theorem, we need to verify that the conditions (Hp) —
(Hy) hold.

The condition (H;) follows immediately by (3.1). Moreover, as written before,
D(A;)isdensein H;,i = 1, 2;thus, (H>) clearly holds in both cases since D(A4; (0)) =
D(A;),i = 1,2.In order to prove (H3) and (Hy), we need to introduce another inner
product in Hg that takes into account the term b(¢). Just to fix the idea, we assume
that i = 1. Thus, for all # > 0, we consider

U U = ((u,v), ({1, D), := b(t)(u, @)1 + (v, )1, ¥ U = (u,v), U = (i, D) € Ho,

1,
inducing the norm
I = 11, )12 = bOlul + Ivl3, ¥ U = (u,v) € Ho,

which is equivalent to the norm || - ||, in Hp, being

I, 07y, < @ vIF < max{(M, D@, v)llF,. (G4

1
max{%, 1}
forall i/ = (u, v) € Hp. Here

= min b(t d M:= b(t 3.5

mi= min () an max. (1) (3.5)

(we recall that b € W1-2(0, T), hence b € C[0, T]). The first part of (H3) follows
by the next proposition.

Proposition 3. Assume a (WD) or (SD) at 0 and b € W0, T) a strictly positive
function. For all fixed t > 0, the operator (B(t), D(B(t))) is m-dissipative and
generates a strongly continuous semigroup.

For the second part of (H3), it remains to prove that, for any + > 0, B =
{B1(t)}:ef0,17 is a stable family of Cp-semigroup generators with stability constants
C and p. Indeed, since By (¢) is the infinitesimal generator of a contraction semigroup
on Ho with respect to || - ||;, this means that [|e*B1OY||, < | V|,V Y € Ho and for
all s > 0. Now, for all Y = (u, v) € Ho we have

[1bllo0,7

m

IVI?, VY e Ho.

d d .
Enyn% = E(b(r)nun% + ||v||%) =b(n)|lull] <
By the Gronwall inequality, one has
IVIZ < [V]2eh €T = Y26« V1> 5>0 and VY € Ho,

15100, c
where C; = > Then, we get |Vll; < [[Vlse? ™, Vi >s > 0and

m
V Y € Hp. Thanks to [26, Proposition 1.1], we obtain the desired result.
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A (1)
Now, it remains to prove (Hy). Since A (t)u = b(t) Aju, we have that :

b(t)Ayu, Yu € D(A;(t)). Hence, for all Y = (u, v) € Ho

u =

B | aA [P ,
H Y = ul =16 AT < 161Z 7 1A
t Ho 8t 1 a a
dBi (1) ..
thus ” Yy < ClIB1()VlH,, forall Y € D(B(t)), for a positive constant
Ho
C.

) 0B (1)
This shows that

u € L(0, T; B(D(B1(0)), L3 (0, 1))).
Hence, we can apply the Kato theorem, obtaining the thesis if i = 1. The compu-
tations are similar if i = 2. In this case, we consider as inner product

V. V) = (. v), (i, D)) = b(e)(u, it)a + (v, D) 20,1
VY= (u,v), 37 = (i1, V) € Hop, which induces the norm
IVIZ = [, 017 = @) llul + 0% ¥ Y = (u,v) € Ho.

Also in this case the norms || - ||; and || - ||7, are equivalent in Hy since (3.4) still
holds.
We conclude this section with an estimate on the solutions of (P;), i =1, 2.

Theorem 4. Assume a (WD) or (SD) at 0 and b € W'°°(0, T) a strictly positive
function. Then, if (yo, y1) € D(A;) X K;, the unique solution y € Cz([O, Tl; H,-) N
C! ([0, T1; K,-) N C([O, Tl; D(A,-)), i = 1,2, of (AP;) satisfies the following estimate

sup (ny,(t)n% + ||yx(r>||2)

tel0,T]
5 <”b”°°+T“eT"°° + 1) max(1, 6(0)} 0. )13,
ifi =1and
up (@I + IVay. 0)1?)
§ (Ww'w ; 1) max {1, 5O} (0. 1)y,
ifi =2.

Proof. Assume that y is the classical solution of (AP;) and assume for simplicity that
i = 1. Then, multiplying the equation of (AP;) (withi = 1) by % and integrating over
(0, 1), one has

1dn (r>||2+lb(r)d|| "I =0
2y PN S O RO =T
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Thus

d .
T (ny,(t)n% +b(r)||yx<t>||2> = by ().

Integrating over (0, ¢), one has, i.e.,
2 2 ; ! 2 2 2
ly: O +b@O Ny < ||b||oo,T/ lyx(@II7dT + [Iy1llT + O o)« |l
a 0 a

t
< 1bllco.T /0 lyx (D17 d7 + max{1, bO)}| (v, y1) I3, -

(3.6)
In particular, one has

t
mllyx D17 < by O < ||b||oo,rf0 ly (@) 12d + max{L, 5O} (o, y1) I3,

Hence

1Bl [ max{1, b(0)}
llye (0)]1* < T’”/O lyx (D)% dT + ———— IO, D3,

and, by the Gronwall inequality, we obtain

ax{1, b(0)}

”bH T
2 m T o0,

10 yDIge™

for all # € [0, T]. Coming back to (3.6), one has

t
ly (D13 < ||b||oo,rf0 llyx (D127 + max{1, b0}l (o, y) I3,

1blloo. T T 7 1ilor
(%J 7 1) max {1, b} o, y)I2y, .

<

for all ¢+ € [0, T]. In particular,

sup (nyt(t)n% + ||yx(r)||2)

tel0,T]

) 18]l 0o
< (”b”oo,TT + leTT’T

” + 1> max {1, b(0)}| (yo, }’1)”%10‘

4. Energy estimates: upper and lower bounds
In this section, we prove two estimates of the energy associated to the solution

of (AP;): one from below and the other one from above. If the propagation speed
b(t) is constant, for example b(¢t) = 1 for all ¢ € [0, T], then the total energy at the
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initial time is conserved with respect to ¢ (see [24] for the divergence case and [11]
for the non-divergence one). On the other hand, the variable propagation speed with
respect to ¢ describes a change of the quantity of the total energy, precisely, b(¢) > 0
and b(r) < 0 imply the increasing and the decreasing behavior of the total energy,
respectively. Hence, oscillating propagation speed makes the behavior of the energy
more complicate. In this paper, we consider the general case b(r) # 0. Clearly, the
case b(r) = Oae.r € [0, T] implies that the function b is a constant and thus we have
again the autonomous case.

In the next subsection, we will prove that in the non-autonomous degenerate case, as
in the non-degenerate case, the so-called generalized energy conservation law holds.
In particular, setting Ey () the energy associate to (AP;), one has that there exists
C1, C2 > 0 such that

C2E,(0) < Ey(t) < C1Ey(0), @.1)

forallt € [0, T].
In the following, we make the next assumption:

Hypothesis 5. Assume a (WD) or (SD)at0andb € W'°(0, +00) a strictly positive
function in (0, 400).

4.1. Energy bounds in the non-divergence case
Consider the degenerate hyperbolic problem with Dirichlet boundary conditions

yir —b®)a(x)yxx =0, (1,x) € Or,
y(t, 1) =y, 0 =0, te(,T),
¥(0,x) = yo(x), x € (0,1,
y:(0, x) = y1(x), x € (0,1).

4.2)

Let y be a mild solution of (4.2) and consider its energy given by the continuous
function defined as

1
E, (1) = %/0 (éyf(t,x) +b(t)y§(t,x)) dx, Vit>D0. 4.3)

Theorem 6. Assume Hypothesis 5, fix T > 0and let y be a classical solution of (4.2).
Then, (4.1) holds in [0, T], with

16ll0o, 7 T 16l 0. 7 T

Ci:=e m and Cp:=e ~—m “4.4)

In addition, if b is non-increasing, then Ey is non-increasing; if b is increasing then
Ey is increasing. In particular, (4.1) holds in [0, T, with

1, if b is non-increasing,
C| = 16100, T 4.5)
e PO ifbis non-decreasing,
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and

Y
e D if b is non-increasin,
s A 3 4.6)

1, if b is non-decreasing.

Proof. Multiplying the equation by 2L (recall that Vi € H (0, 1) by Theorem 2),

integrating over (0, 1) and using the boundary conditions one has

1 ('d (y? 1! d
O0==| —(Z)dx+= | b)—(y*)d
2/0 dt(a) x+2/0 ()dt(yx) *

4.7
— e 1/1d yt+b(t) 1/11;@) 24
—_ | = — = — X.
a2 T2y ar Yz 2 Jy T
Hence,
d 1. 1,
—Ey ()| < —”b”oo,T/ yi(t, x)dx
dt 2 0
1Blloo,r 1 (! 5] @9
< ;”’T—[ b2 00dx = =L g o),
m 2 0
and
d _ 1Blloo, T
E(Ey(t)e m ')50
151l 00, 7

for all t > 0. Hence the function 7 € [0, T] — Ey(t)e” m " is non- increasing;
oo, T

thus E, (t)e el < Ey(0), forall t € [0,T], ie., Ey(t) < E, (O)e m <

16l 7 T

Ey(O)e T ,forallz € [0, T']. Setting Cy :=e~ m ' ,onehas E,(t) < C1Ey(0),
for all t € [0, T']. Moreover, by (4.8), EEy(t) > —”b”T“’TEy(t), then

d E 151l 00, 1Pllcc. T, 0
t m >
a7 y(De >0,

b’uoo,
forallr > 0. Hence the functlont e [0 T]— Ey(t)e  m " is non-decreasing; thus

Hbl\oo
Ey0) < Ey(e < Ey(ne w7, foralls € [0, T Setting Cy == e~ n 7,

one has C2E,(0) < E,(2), for all r € [0, T'] and the thesis follows.

Moreover, if b is non-increasing, then the energy E is non-increasing. In particular
Ey(t) < Ey(0), for all # > 0 and (4.1) holds with C; = 1.

On the other hand, assuming b non-decreasing, one has that £, is non-decreasing;
in particular £, (0) < E,(¢), for all > 0 and (4.1) holds with C; = 1.
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Theorem 7. Assume Hypothesis 5 and fix T > 0. If y is a classical solution of (4.2),
then we have

1T, Ty 1 2
— b(t)y;(t, dt = dx + xbyidxdt
2Jo 0 [ P or

1 "\ 1
+ —/ <2 - ﬁ) —xyldxdt.
2 Jor a )a

x2yx

a

(4.9)

Proof. Multiplying the equation in (4.2) by

,integrating over Q1 and proceeding

asin [11, Theorem 3.4], we have

! x2y Vi =t 1 x?
0 :/ |:_x:| dx — —/ —(ytz)xdxdt —/ xzbyxyxxdxdt
0 a 2J)gr a or
1 2 T -1
_ / [#} dr - L / [20y2] " ar (4.10)
0 a =0 2 0 x=0
5 1 xyt2 xa’
+ xbyidxdt + — — |2 - —)dxdt.
or 2 or 4 a
In addition, thanks to Lemma 1, lim, ¢ x2 yf(t, x) = 0, hence

T x=1 T
/ [x%yf] dt = / b(1)y2(z, Vdt. @.11)
0 x=0 0

Thanks to (4.10) and (4.11), the thesis follows. O
Corollary 1. Assume Hypothesis 5 and fix T > 0. If y is a mild solution (4.2), then

T
f b(t)y2(t, )dt < MyE(0), (4.12)
0

where M ::2max{m, 1} a+CH+ 2+ K)CT.

Proof. As a first step, assume that y is a classical solution of (4.2), hence (4.9) holds.
Proceeding as in the proof of [11, Theorem 3.4], we estimate the boundary terms in
(4.9). In particular, by (2.1), one has

P2y (r, )y (T, x) 1o, 1! y(z,x)
< —_ SRR
/0 P dx‘ < 2a(1)/0 yx(r,x)dx—G—Z/O dx
1 ! 1 (! y2(t, x) 1
< b(t)y2(r,x)dx + - | T"dx < JAVE (D),
< 2(1(1)m/(~) @y; (r, x)dx + 2/0 ; X _max{a(l)m } y(T)

(4.13)
for all T € [0, T']. By the previous inequality and Theorem 6, we get

=T
] dx §2max{;,l}(l+C1)Ey(0). (4.14)
=0 a(l)m

fl [xzyx(r,x)yt(r,x)
0

a
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Now, using the fact that x|a’| < Ka, we find

2 / 2
'1/ ﬁ(z—Ji)dxdz §2+K/ 2 dxdr.
2 or a a 2 or

a
Finally, we clearly have |, or xbyldxdt < |, or by2dxdt. Hence, by (4.9) and Theorem
6’

I 5 1
EA b(l)yx(l, l)dl < 2 max {m, 1} (l + C1)Ey(0)

2+K 2
+ / bydxdi + 2 [ 2 grar
or 2 or 4

T
< 2max {L, 1} (I+CDHEyO0)+ 2+ K)/ Ey(t)dt
a(l)m 0
< 2 max {; 1} (I+CDEy©0)+ 2+ K)C1TE(0).
a(l)m

Hence, the inequality (4.12) holds true for all 7 > 0 if y is a classical solution. Now,
let y be the mild solution of (4.2) associated to the initial data (yp, y1) € Ho, and
consider a sequence {( y{)‘, y}nen C D(Bi(1)) that approximates (yo, y1). Let y" be
the classical solution of (4.2) associated to (y(’)‘, y}). Clearly y" satisfies (4.12), and
by linearity (y"), is a Cauchy sequence in L>(0, T'), then we can conclude by passing
to the limit. O

We shall also prove an estimate from above for the energy. To this aim the next
equality is crucial.

Theorem 8. Assume Hypothesis 5 and fix T > 0. If y is a classical solution of (4.2),
then we have

1 T 1 =T 1
_f b(t)y2(t, 1)dt=/ [xy"y’] dx+—f by2dxdt
2 0 0 a t=0 2 or

1 N 1
+ —f (1 - ﬁ) ~y2dxdt.
2 Jo; a /a

Proof. We proceed as in [11, Theorem 3.3]. Thus, multiplying the equation in (4.2)

(4.15)

X .
by ) and integrating over Qr, we have
a

1 =T 1 1
0= / [xyx)’t] dx — —/ )_C(yf)xdxdt — —/ xb(yf)xdxdt
0 or 4 2 or

a =0 2

1 1=T 1 (T x=1 1 N y2
[ e [ s [ (1-2) v
0 a t=0 2 Jo a x=0 2 or a a

17 x=1 1
- = by?| dt+— | by’dxdr.
2/0 03], +2/QT Tt
(4.16)



J. Evol. Equ. Boundary observability and null-controllability for... Page 19 of 31 93

Now, thanks to the boundary conditions on y and Lemma 1, we have fo [x bys ]x dr =

fo b(t)y2(t, 1)dt, (1)
sical solution, thus y; (¢, -) € Hl (0, 1)). Hence, (4.16) reads

1T ! 1=T 1 "\ 1
-/ b(t)y2(t, 1)dt =/ [xy"y’] dx—i——/ (1 - ﬂ) ~y2dxdt
2 Jo 0 a t=0 2 or a a

1 2
+ = byidxdt
2 or

—; (t 1) =0and llmx_>() (t, x) = O (recall that y is aclas-

4.17)
and the thesis holds.
O

As a consequence, we have the next estimate on the energy.

Corollary 2. Assume Hypothesis 5 and fix T > 0. If y is a mild solution (4.2), then

T
/ b(t)y2(t, )dt > MyE(0), (4.18)
0

where

M, =TR—-K)Cr —2(1+Cy)max{1, —} — —(1 + C;)max 41, .
a(l) 2 m

Proof. As in the proof of Corollary 1, assume that y is a classical solution. First of all,
observe that by the boundary condition on y, we have (by, y) (¢, 1) = (by,y)(t,0) = 0.

Hence, multiplying the equation in (4.2) by 2 and integrating on Q7, we obtain

= K
:_7/ dx+— y’d dr+—/ (byxy1XZ (])dt——/ by2dxdt
2 Jor
=T K K
:_7/ [ﬁ] dx + = Y grar - K by2dxd.
2Jo ta =0 2 Jor a 2 Jor

Summing the previous equality to (4.15) multiplied by 2 and using (1.2), we have

T 2
/ b(1)y3(t, l)dt:2/ [xyxyt ——f yy’ +£/ X gxdr
0 0 a 2 or a
K )’2 xa y2
—— | byldxdt + / ’dxdt~|— / byZdxdt — / — “Ldxdt
2 Or or @ a

K
zz[ [% ——/ (2] +<1——>f by2dxdt
0 a 2
K
+(1+—)/ y—’dxdt—K/ y—’dxdt
2 or 4 or 4
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:2/ [xy"y’ ——/ yty Tix+ - K)/ Ey(t)dt.
0 a t—

By Theorem 6, it follows that

T 1 t=T
/ b)Y, l)dt22/ [%] dx
0 0 a t=0

K (Yryyq=T
2 —] dx + (2 — K)CoT Ey(0).
0 a 4t=0

Now, we move to the boundary terms. As in [11, Theorem 3.7]

2‘(x)’x)’t>( x)‘ < ( + ;ﬁ)) (t,x)

for all ¢ € [0, T]. Thus, by Theorem 6

1 _
X t=T
/ [—yx e ] dx
0 a Jdi=0

2

B / Y 7 pde + —L / (by2)(T, x)dx
; <1>

1 2
+ / 2L (0, x)dx + L / (by*)(0, x)dx
0 a(l)m

§2max{ (1)}E),(T)+2max{ (])}E 0)

1
< 2(1 4 C;) max {1, m} Ey(0).
(4.19)
(5 @ 0| < (y’ +§>(r,x),f0rallt20.

a

Thus, by Proposition 1 and Theorem 6, we get

K

1 = Iy2 1

Yyt 1=T K/ KCHP 2

—| dx|=— T,x)dx + ——L | b(T)yX(T, x)d
2/0[ ]t_ox‘—4 o Todet == | bI)Y(T, x)dx

a

KC !
—/ 210, x)dx + — 22 | b(0)y2(0, x)dx
4 m 0

| /\

Ll g oy K Ll g o
Emax{ 7} y( )—i—Emax{ —} v(0)

IA

K+ ¢)) max {1, %} Ey(0).

2 m ’

Hence fOT b(t)yf (t, )dt = M>E(0). Thus the conclusion holds true if y is a classical
solution. Now, let y be the mild solution associated to the initial data (yo,r, y1.7) € Ho.
By approximation, as in the proof of Corollary 1, we get the same estimates for mild
solutions. O
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4.2. Energy bounds in the divergence case

Consider the following degenerate hyperbolic problem

yir = b()(a(x)yx)x =0, (tr,x) € Or,
0, if a is (WD),

y(,0) =1 e 1€(0,7),
limy_,9a(x)uy,(t,x) =0, ifais(SD), 4.20)

vt 1) =0, t€.7), '

y(0, x) = yo(x), x € (0, 1),

¥:(0, x) = y1(x), x € (0,1).

Let y be a mild solution of (4.20) and consider its energy given by
Lt 2
B0 =3 | (y, (t.x) —i—b(t)a(x)yx(t,x)) dx, Yt>0. .21)

Theorem 9. Assume Hypothesis 5 and let y be a classical solution of (4.20). Then,
(4.1) holds in [0, T], with C| and C; given in (4.4). In addition, if b is non-increasing,
then E, is non-increasing; if b is increasing then Ey is increasing. In particular,
for fixed T > 0, (4.1) holds in [0, T with Cy and C» defined as in (4.5) and (4.6),
respectively.

Proof. The proof is similar to the one of Theorem 6, thus we omit it. We only observe
that, in this case, if y is a classical solution of (4.20), multiplying the equation by
y; (recall that y, € Ha1 (0, 1) by Theorem 2), integrating over (0, 1) and using the
boundary conditions one has

0= %/01 % (yf) dx + %/01 b(t)a(x)% (y%) dx

(4.22)
— e 0 1/1 d(2+b(t) (x) 2)d 1/115(0 (x)y2d
— = — — a(x X == a(x X3
dr? 2 )y ar V1 Yx 2 J Yx
hence
d 1 1
A 2
LE0] < Hbloor / a(0)y2(t, x)dx
dt 2 0
. ) (4.23)
bl (! ) 15]ls0,7
< ——’/ b(t)a(x)y;(t, x)dx < —Ey(1),
2 0 m
forall t+ > 0.

In the divergence case, the analogous of Theorem 7 is the next result.

Theorem 10. Assume Hypothesis 5 and fix T > 0. If y is a classical solution of (4.2),
then we have
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a(ly (T ! _
—~ / by (t. Dt = / Loysydi=G dx
0 10 | (4.24)
+3 f y2dxdt + 5| (@a—xa "by*dxdt.
or or

For the proof of the previous result, Lemma 2 is crucial, but we omit it since it is
similar to the one of [24, Lemma 3.2]; indeed if b(¢) = 1 for all t € [0, T'], then we
have exactly the same result as in the autonomous case ( [24, Lemma 3.2]).

Thanks to the previous theorem we can obtain the analogous of Corollary 1.

Corollary 3. Assume Hypothesis 5 and fix T > 0. If y is a mild solution (4.2), then
T
f b(t)yi(t, 1)dt < MyE(0), (4.25)
0

where My = (2(1 +C)) max { , a(l)m} 201+ K)C T)

Proof. As afirst step, assume that y is a classical solution of (4.20). Then (4.24) holds
and, as in [8, Lemma3.2],

2 |(xyeye) (T, X)| < (y,2 +x2yf) (t,x) < (y, +— (1) f) (T, x)

for all ¢ € [0, T']. Thus, by Theorem 9

1
2 ‘/ ey '28 dx
0

5/ 2(T, x)dx + —/ (aby})(T, x)dx
0 (1

1
+/ (0 x)dx + —/ (abyx)(O x)dx
0 (D

§2max{l, }Ey(T)—i—Zmax{l

} Ey(0)

b b
a(l)m “a(D)m

< 2(1 + Cy) max {1 }Ey(O).

1
“a(l)m
(4.26)
By (4.24) multiplied by 2, we have

T
a(l)/ b(t)y>(t, Hdt < 2(1 +C1)max{ }E (0)
0

a(hm

+ / yidxdt + (1 +K) | aby*dxdt
or or

1
< 2(1+C1)max{l,m}Ey(0)

T

+2(1+K)/ Ey(t)dt§2(1+C1)max{ O }E(O)
0

+2(1+ K)CITE,(0).

If y is a mild solution, then we can proceed as in Corollary 1 obtaining the thesis.
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Thus, Corollary 2 becomes the following

Corollary 4. Assume Hypothesis 5 and fix T > 0. If y is a mild solution (4.20), then

T
/ b(t)y)%(t, dt > MzEy(O), 4.27)
0
where

M : = b ((2— K)C,T — 2(1 +C1)max{1,
a(l)

—5(1 + Cp) max {1, &})
2 m

Proof. We proceed as in Corollary 1; thus assume, as a first step, that y is a classi-

1
a(l)m}

K
cal solution. As in [8, Theorem 3.4], multiplying the equation in (4.20) by Ty and

integrating on Q7, we obtain

K K
0=— Yypdxdt — — by(ayy) dxdt
2 or 2 or

K (! =T K 2 K 2
= E [yyt]t:() dx — ? 2 dxdt + E abyxdxdt,
0 or Or

X

being fOT [aby,y] xz(l) dt = 0. Summing the previous equality to (4.24) multiplied by
2 and using (1.2), we have

T 1
a(l) / b(1)y2(1, 1)di = 2 / Levey =T dx
0 0

K ! t=T T
+ 2 ) [yiyliZp dx + (2 —K) ; Ey(t)dt.

By Theorem 9, it follows

T 1
a(l) / b()y2(t, di > 2 / Loy =T dx
0 0

P (4.28)
+5 [ bz e - 0GTE O,
0
Now, we consider the boundary terms. As in Corollary 3
! 1
2 f [y v '=0 dx| < 2(1 4+ Cp)max {1, —— t E,(0). (4.29)
0 a(lym

Moreover, as in [8, Theorem 3.4], for all T € [0, T'] one has

f1|( )(rx>|dx<1/](2+ ?) (¢ 0)d
0 Yt ’ =9 0 Y y s

1! C, (!

2 a 2
—/ v (T, x)dx + —/ ay; (T, x)dx,
2 Jo 2 Jo
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by Proposition 2, where C, is defined in (2.7).
Thus, we get

‘ / vy '=8 dx

< —/ Vi (T x)dx + —C— a(x)b(T)y (T, x)dx
0 4 m

—/ =L(0, )dx+——/ a(x)b(O)y (0, x)dx

| /\

1C“ E(T)+K 1C“ E,(0)
—max —_ ) —max {1, —
2 m Y 2 m Y

IA

K Cq
—(1 4+ Cy) max {1, —} E(0).
2 m

T
Hence, by (4.28), / b(t)y2(t, 1)dt > MyEy(0). , Thus the conclusion holds true

0
if y is a classical solution. If y is a mild solution, we can proceed as in Corollary 1
obtaining the thesis.

5. Boundary observability and null-controllability
Following [24] for the divergence case and [11] for the non-divergence case, we

give the next definition:

Definition 2. Problem (4.2) (or (4.20)) is said to be observable in time T > 0 via
the normal derivative at x = 1 if there exists a constant C > 0 such that, for any
(y%, le) € Ho, the mild solution y of (4.2) satisfies

T
CEy(0) < / b(1)y2(t, 1)dt. (5.1
0

Moreover, any constant satisfying (5.1) is called observability constant for (4.2) (or
for (4.20)) in time T'.

Setting
Cr :=sup{C > 0: C satisfies (5.1)},

we have that (4.2) is observable if and only if

Cr in J by, Hdr
(30,y1)#(0,0) Ey(0)

1

The inverse of C7, ¢; := o is called the cost of observability (or the cost of control)
T

in time 7.

Thus, as immediate consequences of Corollaries 2 and 4, one has the next results.
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Proposition 4. Assume Hypothesis 5 and set

1
To :

}+ = +C1)max{1, —C P })
2 m
5.2)

1
“a(l)
If T > To, then (4.2) is observable in time T. Moreover,

K Cup
TQ2—-—K)Cyr—2(1+Ci)max {1 —E(1+C1)max 1, —§ <Cr.
m

1
“a(l)

The analogous statement of Proposition 4 in the divergence case is the following:
Proposition 5. Assume Hypothesis 5 and set

To :

3 )

+ =0+ Cpmax {1, —

2 m
(5.3)

“a(hm
IfT > 7~‘0 then (4.20) is observable in time T. Moreover,

o ('] - 20 com {1 5)
— | 2—-K)CoT —2(1+Cy)max {1, ——— ¢ — —(1+Cy)maxil, — ) <Cr.
a(l) a(l)m 2 m

In the following, we will study the problem of null-controllability for (P;). More
precisely, denoting with K the dual space of K;, i = 1,2, and given (ug,u;) €
H; x Ki*, we look for a control f € L2(0, T) such that the solution of (P;) satisfies
(1.5).

To this aim, we give the definition of a solution for (P;) by transposition which
permits low regularity on the solution itself. Such a definition is formally obtained

by multiplying the equation of (P;) by B, in the non-divergence case, or by v, in
a

the divergence case, and integrating by parts. In particular, we have the following

definition:

Definition 3. Fix T > 0;let f € L2(0, T) and (ug, u1) € H; x Kl.*,i =1, 2. We say
that u is a solution by transposition of (P;) if

ue CY([0,T1; KF) N C([0, T1; H;)

and

1
(u (T), UO’T>HII(0,1),H1l(0,l) _/0 EM(T)UI,de = (uy, v(0)>HI1(O’1)’H1l(0’1)

1 T
—/ luovt(O,)c)dx— / b(t) f(H)ve (2, 1)dt,
0 a 0
5.4)
ifi =1, and

1
(ue(T), UO,T)HJI(O,I),H(Z'(O,I) _/0 u(T)virdx = (ui, U(O))Hl;l(o’])’].](}(o’])
(5.5)

1 T
— / uov (0, x)dx — / b(t) f(t)ve(t, 1)dt,
0 0
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if i =2, for all (vo,r, v1,7) € K; x H;, where v solves the backward problem

v — Ai(Hv =0, (t,x) € Or,
v(t, 1) =v(,0=0, te(0,7),
v(T, x) = vo,7(x), x € (0,1),
v (T, x) =vir(x), x€(,1),

(5.6)

i=1,2.

Observe that, setting y(¢,x) := v(T — t, x), one has that y satisfies (4.2) with
yo(x) = vo,r(x) and y;(x) = —vy,7(x). Hence, we can apply Theorem 2 obtaining
that there exists a unique mild solution y of (4.2) in [0, T]. In particular, there exists
a unique mild solution v of (5.6)

v e C([0. T]: H) N C([0, T1: K).
i = 1,2, which depends continuously on the initial data V7 := (vo,r, vi,7) € Ho.
Using Theorems 6 and 9, one can prove the next result.

Proposition 6. Fix T > 0 and assume Hypothesis 5. Then, there exists a unique
solution u by transposition of (P;), i = 1, 2.

Proof. For simplicity, assume i = 1, being the case i = 2 similar. Thus, consider the
functional G : Hyp — R given by
g(UO,Ts Ul,T) D= (uy, U(O)>H;(0,l),Hé(0,l)
1 1 T (57)
—/ —ugvy (0, x)dx —/ b(t) f(t)vs(t, 1)dt,
0 a 0

where v satisfies (5.6). Clearly, G is linear and continuous. Being G € (Ho)* (where
(Ho)* is the dual space of Hj), we can use the Riesz Theorem obtaining that there
exists a unique (ito, 7, i1,7) € Ho, which can be identified with H, such that

G(vo,r, v1,7) = ((Wo, 7, U1,7), (Vo,T, V1,7))H,

- T (5.8)
= <MO,T9 vO*T>HIl(0,l),H|l(O,l) + 0 ZMI,TUI,de-

Moreover, o, T, i1, depend continuously on 7', so there exists a unique
u e C([0,T]; L3 (0, )N C'(10, T]; Hy'(0, 1)

such that u(T) = —ii1,7 and u;(T) = uto,7. By (5.7) and (5.8), we can conclude that
u is the unique solution by transposition of (P;). 0

Now, we can prove the null-controllability result. To this aim, we consider the
bilinear form A : Hy x Ho — R defined as

T
A(Vr, Wr) 1=/ b(1)ve(r, Dwy(z, Ddt,
0
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where v and w are the solutions of (5.6) associated to Vr := (vo,r, v1,7) and Wr :=
(wo,1, w1,T), respectively. The following lemma holds.

Lemma 3. Assume Hypothesis 5 and fix T > Ty, in the non-divergence case, or
T > Ty, in the divergence one. Then, the bilinear form A is continuous and coercive.

Proof. Also in this case we consider i = 1, being i = 2 similar.

For i = 1, the proof is similar to the one given in [11], but we repeat here for the
reader’s convenience since in this case the energy is non-constant as in [11] and we
have the term b(¢). By Theorem 6 and Corollary 1, one has

T
AV, W) < / b(1) s (1, Dws(r, D) dt
0

T 3 0T 3
5(/ b(t)v%(t,l)dt) </ b(;)wﬁ(r,ndt)
0 0

! 1 M, 1 1
< MiE; (0)Ej;(0) < reN Ej (T)E(T)
2
1

1 2 1 2
ﬂ max{1, M} (/ de + / v)%(T, x)dx) X
2C, 0 a 0

1

1 2 1
y ( / i)™, / w5<r,x>dx>z
0 a 0

M
= 5, max(l, MW, v (D)l (o (T, w0 (Tl

IA

M
= — max{1, M}|Vr Il IWrH,,
2C,

for all V7, Wr € Hp. In a similar way, one can prove that A is coercive. Indeed, by
Theorem 2 one has

1
M,
AV VDI = [ o0, Ddr 2 Moy ©) 2 2 EW)
0
My . 2
> Z—CImln{l,WZ}HVT”Hﬂ

for all V7 € Hpy.
Thanks to A, the following null-controllability result holds.

Theorem 11. Assume Hypothesis 5 and fix T > Ty, in the non-divergence case, or
T > Ty, in the divergence one. Then, for every (ug, u1) in H; x Ki*, i = 1,2, there
exists a control f € L*(0, T) such that the solution u by transposition of (P;) satisfies

u(T,x) =u;(T,x) =0 a.e x €(0,1).
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Proof. Again assume i = 1, since the proof for i = 2 is similar. Consider the contin-
uous linear map £ : Ho — R defined as

1
upvs (0, x)
L(Vr) = —/ tde + (u1, U(O)>H1‘l(0,1),H11 0,1)°
0 a a

where v is the solution of (5.6) associated to the final data Vr := (vo,r, v1,7) € Ho.
Thanks to the previous lemma and by the Lax-Milgram Theorem, there exists a unique
Vr € Ho such that -

e AV, Wr) = L(Wr), Y Wr € Hy. (5.9)
Set f(¢) := b(t)v, (¢, 1), v being the solution of (5.6) with initial data Vr. Then, by
(5.9) we get

T T
/ F@Ow, (@, Ddt = / b(6)Tx (1, Dwy (2, Ddt = A(Vr, Wr) = L(Wr)
0 0

1
1
= (u1, w(0)>H;(O’l)’Hii(0’l) _/() ‘—luowz((), x)dx,

(5.10)
for all W7 € Hp.
Finally, denote by u the solution by transposition of (P;) (with i = 1) associated to
the function f just introduced above. Then, we have
1

T
1
/(; f(t)wx(t, l)dt = - <ut(T)v wO’T>H1](O’1)’H1L(O’1) +/0 ;M(T)UJLTdX

1
1
+ (uy, w(o))HI'(O,l),Hi o1~ /0 Zuow,(O, x)dx.

(5.11)
By (5.10) and (5.11), it follows that

'
<M,(T), wO’T>HaII(O’1)’HLL(O’1) _‘/(.) EM(T)wl,Td-x = O,

for all (wo,r, wi,T) € Ho. Hence, we have

u(T,x) =u,(T,x) =0 ae.x € (0,1).

6. Main results and future perspectives

In this work, we examine the null-controllability of a wave equation with a propaga-
tion speed which depends on the time variable through the term b(¢) and degenerates
at a boundary point, say xo = 0. At the degeneracy point, we impose either Dirichlet
or Neumann boundary conditions, while at the non-degeneracy point, we applied a
control function to study the boundary observability of the problems (P;). Assuming
an oscillating wave propagation speed, we derive upper and lower bounds for the
energy, thereby proving that the generalized energy conservation law holds. Further-
more, by establishing the estimation given in Definition 2, we demonstrate that the
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adjoint problems (AP;), i = 1, 2, are observable in time 7" > 0. Finally, via the solu-
tion by transposition (see Definition 3), we concluded the null-controllability for (P;),
i=1,2.

The present analysis is confined to one-dimensional linear non-autonomous degen-
erate wave equations. On one hand, extending this study to nonlinear wave equations
would highlight the practical relevance of the theoretical framework in various ap-
plications, such as nonlinear acoustics, where sound waves propagate in media with
nonlinear properties. Nonlinearities can manifest in diverse forms, such as power-
type nonlinearities, nonlinear damping, or nonlinear wave speed. In such cases, the
system may exhibit finite-time blow-up or singularities, where the solution becomes
unbounded. This necessitates an understanding of how control mechanisms can pre-
vent or mitigate such phenomena, requiring new analytical tools to address the complex
dynamics introduced by nonlinearities.

On the other hand, extending this work to higher dimensions introduces additional
complexities related to the domain’s geometry, the location of degeneracy points, and
the placement of control functions. Additionally, the generalized energy conservation
law would need to account for energy dissipation or concentration in different spatial
directions, particularly near regions of degeneracy. Addressing these challenges would
provide deeper insights into the controllability and observability of higher-dimensional
systems, paving the way for broader applications in physics and engineering.
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