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Abstract

The Jordan-Moore-Gibson-Thompson equation is a prominent example of a Par-
tial Differential Equation model which describes the acoustic velocity potential in
ultrasound wave propagation, and where the paradox of infinite speed of propa-
gation of thermal signals is eliminated; the use of the constitutive Cattaneo law
for the heat flux, in place of the Fourier law, accounts for its being of third order
in time. A great deal of attention has been recently devoted to its linearization
— referred to in the literature as the Moore-Gibson-Thompson equation — whose
analysis poses already several questions and mathematical challenges. In this work
we consider and solve a quadratic control problem associated with the linear equa-
tion, formulated consistently with the goal of keeping the acoustic pressure close
to a reference pressure during ultrasound excitation, as required in medical and
industrial applications. While optimal control problems with smooth controls have
been considered in the recent literature, we aim at relying on controls which are
just L? in time; this leads to a singular control problem and to non-standard Ric-
cati equations. In spite of the unfavorable combination of the semigroup describing
the free dynamics that is not analytic [in contrast to models based on the Fourier
law], with the pattern displayed by the dynamics subject to boundary control, a
feedback synthesis of the optimal control, via the solution to an associated operator
Riccati equation, is established.

Key words: ultrasound waves, optimal boundary control, absorbing boundary con-
ditions, high intensity focused ultrasound, singular control, nonstandard Riccati equa-
tions, feedback synthesis

1 Introduction and motivation

Partial Differential Equation (PDE) models for the propagation of ultrasound waves
— more specifically, high intensity ultrasound propagation — are relevant to a number
of medical and industrial applications. To name but a few, lithotripsy, thermoterapy,
(ultrasound) welding, sonochemistry; cf., e.g., [15]. The excitation of induced acoustic



fields in order to attain a given task, such as destroying certain obstructions (such
as, e.g., stones in kidneys or deposits resulting from chemical reactions), renders the
presence of control functions within the model well-founded.

The subject of the present investigation is an optimal control problem for a third or-
der in time PDE, referred to in the literature as the Moore-Gibson-Thompson equation,
which is the linearization of the Jordan-Moore-Gibson-Thompson (JMGT) equation,
arising in the modeling of ultrasound waves; see [16, 17], [19], [35]. In contrast with
the renowned Westervelt ([37]) and Kuznetsov equations, the JMGT equation displays
a finite speed of propagation of acoustic waves, thereby providing a solution to the
infinite speed of propagation paradox. This is achieved by replacing the Fourier’s law
of heat conduction by the Cattaneo law ([8]); the distinct constitutive law brings about
an additional time derivative of the acoustic velocity field (or acoustic pressure).

Restricting the analysis to the relevant spatial dimensions n = 2,3, a Neumann
boundary control will be acting as a force on a manifold I'y of dimension n — 1; I'g
will eventually represent a boundary portion of a bounded domain  C R™. (It is an
established procedure to reduce the analysis of wave processes on unbounded domains
to boundary or initial/boundary value problems (IBVP) on bounded domains via the
introduction of artificial boundaries.) Thus, absorbing boundary conditions (BC) will
be taken on a complementary part of the boundary I'y = 99 \ T'y; see section 1.2. We
shall assume that the two parts of the boundary do not intersect. The optimal control
problem arises from the minimization of the acoustic pressure in €. This setup, which
is motivated by significant applications and technologies, has been already adopted in
the literature in connection with the said nonlinear PDEs; see [10], [9], [19], [30], [31]
(and the references therein).

From the mathematical point of view, two main challenges appear. The first one

is due to the presence of boundary controls, which naturally bring about unbounded
input operators B into the (linear) abstract state equation y' = Ay + Bg; see [5], [27].
It is well known that this issue can be dealt with by exploiting the additional regularity
of the PDE dynamics: this occurs in the case of PDEs plainly governed by analytic
semigroups ef. The reader is referred to the classical texts [5] and [27, Vol. I] for a
thorough study of the Linear-Quadratic (LQ) problem for parabolic-like PDEs, along
with the related differential and algebraic Riccati equations.
(We note that the same is actually valid in the case of PDE problems whose corre-
sponding abstract control systems satisfy appropriate singular estimates for B , even
if the semigroup e“? is not analytic ([24]). And, further, appropriate regularity proper-
ties can be displayed by certain coupled systems of hyperbolic-parabolic PDEs subject
to boundary control — including thermoelastic systems, acoustic-structure and fluid-
structure interactions —, which ensure the solvability of the associated optimal control
problems (with quadratic functionals), along with well-posed Riccati equations. The
ultimate finite and infinite time horizon theories, as well as references to the motivating
PDE systems, are found respectively in [1] and [2].)

Returning to the PDE under investigation, as we know from [29] and [21], the dy-
namics of the (uncontrolled) Moore-Gibson-Thompson equation, with classical Dirichlet
or Neumann BC, is described by a group of operators, displaying an intrinsic hyperbolic



character, and hence a lack of regularity of its dynamics. In addition, a major challenge
is brought about by the presence — that cannot be eluded — of the time derivative of
the control function g(¢,x) within the control system, which becomes

y = Ay + Bog + Big:, (1.1)

whereas on the other hand, penalization involves only the L? (in time) norm of the
controls. This means that the cost functional is not coercive with respect to g;. The
resulting linear-quadratic problem becomes singular. It must be recalled that these
features have been already encountered and dealt with in the study of optimal boundary
control of (second-order in time) wave equations with structural damping; see the
former study [6] and the subsequent analysis (and solutions) proposed in [36], [25],
[26]. Because of the strong damping, in that case the free dynamics is described by an
analytic semigroup, and displays an enhanced regularity of the control-to-state map;
this feature has been exploited in the previous studies [6] and [36, 25, 26]. Instead, the
present PDE problem is of hyperbolic type.

The goal of the present paper is to provide a framework for such class of singular
control problems, in the case of a hyperbolic-like dynamics which intrinsically does not
exhibit regularizing effects on its evolution. It is important to emphasize that while
the singularity of the control is reflected in difficulties when treating time dependence,
unbounded inputs affect the analysis of space dependence. So, the infinite-dimensional
aspect of evolution is at the heart of the problem studied. To the authors’ best knowl-
edge this is a first investigation where a singular control problem associated with the
control system (1.1) appear, in an infinite dimensional context and with a general
semigroup governing the free dynamics.

1.1 The nonlinear model and its linearization

The Jordan-Moore-Gibson-Thompson (JMGT) equation is one of the fundamental
equations in nonlinear acoustics which describes wave propagation in viscous ther-
mally relaxing fluids. Its linearization is found in the literature as the Moore-Gibson-
Thompson (MGT) equation. (In recognition of the original work on it by Stokes ([34]),
it might rather be termed Stokes-Moore-Gibson-Thompson equation, as Pedro Jor-
dan himself suggested; hence the acronym SMGT (in place of MGT) will be utilized
throughout the paper.) The fully nonlinear PDE, that is the JMGT equation, is the
following one:

0

1 B
T + b — Y — by = (S + [Vul?) (1.2)

where 7 > 0 is a time relaxation parameter, the unknown ¢ = (¢, x) is the acoustic

velocity potential, the space variable x varies in a bounded domain 2 C R", ¢ is the

speed of sound, the parameter b stands for diffusivity, a > 0 is a damping parameter

and A, B are suitable nonlinearity constants; then, —V1) is the acoustic particle velocity.
When 7 = 0 the model becomes the Kuznetsov equation, that is

9 0r1 B

Wy — AP — AP, = (C2 5

o ag gV +IVeP). (13)



a (second order in time) quasilinear PDE characterized by an infinite speed of propaga-
tion. The positive diffusivity coefficient b provides a regularizing effect on its evolution;
the corresponding linearized equation is of parabolic type, as its dynamics is governed
by an analytic semigroup. Instead, as found out in the former works [21] and [29], in
the case 7 > 0 the PDE turns to a hyperbolic character.

Optimal control problems with quadratic functional for both the Kuznetsov and
Westervelt equations have been studied first in [10] and [9]; see also [19]. The latter
reads as

2
auy — A — bAu; = B% (u2)

in terms of the acoustic pressure u, where 5 > 0 is a suitable parameter of nonlinearity.
(The relation u = pi, between the acoustic pressure and velocity potential — p(x)
being the mass density — allows another formulation of the Kuznetsov equation, with
the pressure as the unknown variable.) Then, the ultrasound excitation on a certain
manifold I'g (of dimension n—1) can be represented by means of the Neumann boundary
condition % = g on I'g, where g is the control function. A question which arises is to
minimize appropriate cost functionals associated with the controlled PDE.

In the works [10] and [9] quadratic functionals of tracking type are taken into
consideration, such as

1 (7 a [T
J(g)://]u—ud|2dxdt+// g|* dodt
2 Jo Ja 2 Jo Jry

1 d 2 a (T 2
J(g) =5 | (T z)—u(z)]"dz + - |g|° do dt
2 Jo 2 Jo Jro

and

respectively, where u? is a given reference pressure; the class of admissible controls G%¢

is a suitably chosen space whose topology is induced by
HY0,T; HY/*(To)) N H2(0,T; H~/*(Iy)) . (1.4)

A critical role in these studies was played by (i) the assumption that G represents
a space of smooth controls — more precisely, differentiable in time and subject to ap-
propriate compatibility conditions (with respect to initial data) —, as well as (ii) the
control constructed is an open-loop one, rather than a feedback one; (iii) the solutions
considered are suitably small and the state equation is of parabolic type.

For such class of controls existence, uniqueness of solutions for small data (due to quasi-
linearity) has been derived; see [22], [19]. The optimal control is characterized via the
Pontryagin Maximum Principle; see [10].

The present study, although focused on a simpler linear equation, departs from the
avenues (i)—(iii), guided by two major goals. On one hand, we aim at minimizing a
quadratic functional that penalizes controls functions in the L? (in time and space)
norm, with (state) solutions under consideration not necessarily smooth (in space). A
set of admissible controls that possess a low regularity is consistent with physical and



engineering applications; see, e.g., [15]. In addition, feedback or closed-loop controls
are of particular interest.

On the other hand, as already apparent in the case of the Westervelt equation — as
well as in the case of its linearization, that is the strongly damped wave equation ([6])
—, the modeling of boundary control actions naturally brings about the time derivative
of the control function, which is somehow ‘hidden’ within the PDE problem. This
intrinsic analytical aspect will be made clear later, once we derive the input-to-state
solution formula, after the third order abstract equation (2.5). (If one were to pursue
such a study in the case of the JMGT equation, a natural choice would be to begin
with the linear dynamics: it is already there where non-smoothness of controls will
provide sufficient challenge. In fact, the minimization problem overall L? controls may
not ensure an optimal solution even in the linear case, as already noted in [26]. We
shall confirm this finding in the case of the problem under consideration.)

The above suggests that appropriate adjustments in the formulation of the problem
and its modeling need to be made. We shall show that by enlarging slightly the class of
controls resolves the issue of existence of optimal solution. Having established this, we
shall proceed with the optimality analysis and the construction of a feedback control
for the PDE which will still display ‘rough’ states (namely, displaying low space reg-
ularity). However, the feedback solution will be shown to generate sufficiently regular
outputs (i.e., observed states) which can be used to control the system on-line — via
the solution to a non-standard differential Riccati Equation (RE). The well-posedness
of these corresponding non-standard Riccati equations provides a contribution of inde-
pendent interest. In fact, the construction of solutions to the RE requires the extension
of the dynamics to extrapolation spaces with very low regularity. This is needed in
order to make the dynamics invariant.

To recapitulate, the novel contribution of the present work pertains to optimal feed-
back control of the acoustic SMGT equation; the closed-loop control will be generated
by solving an appropriate non-standard Riccati equation. (The non-standard structure
is due to the singular nature of the optimization problem.) Focus is placed on the
linearized version of the model, which already provides significant challenges in terms
of the underlying analysis and constitutes a necessary step for a further treatment of
nonlinear problems. The expectation is that once a solution is given for the optimal
feedback control of the linearized dynamics, such control may be used for the nonlinear
problem, which then will have to be considered with small initial data. A similar ap-
proach has been pursued successfully in the case of the Navier-Stokes equations; cf. [3],

[4].

1.2 Mathematical setting

We consider the problem of controlling the acoustic excitation on a certain closed region
T'p while maintaining the acoustic pressure below a certain threshold; I'g will be identi-
fied as a part of the boundary of an introduced bounded domain 2. Then, an artificial
boundary I'; is introduced in order to limit the area of observation/computation. The
absorbing boundary conditions (BC) on I'; are then used to avoid reflections: roughly,



no waves can ‘come back’. Accordingly, and consistently with the analysis carried out
in [10] (on a classical nonlinear model for ultrasound wave propagation like the West-
ervelt equation), we will complement the SMGT equation with the BC which are the
most pertinent: namely,

e Neumann boundary control acting on I'y (the so called excited boundary); g below
represents a surface force;

e absorbing BC on the complement I'; = 9Q\ 'y (the so called absorbing boundary).

(Higher order nonlinear absorbing BC have been introduced in [33] for the study of
the Westervelt equation in an unbounded domain, that allow for efficient and robust
numerical simulations.)

Thus, the boundary value problem (BVP) is as follows:

TUumt + quy — AAu — bAuy =0 on (0,7) x Q
Gu—y on (0,T) x T (1.5)
et tu =0 on (0,7) x Ty

to be supplemented with initial conditions.
Aiming at studying optimal control problems with quadratic functionals associated
with the BVP (1.5), the following features need to be taken into account:
(i) finite time horizon problems, in the absence of penalization of the final time are the
most pertinent ones (e.g., in lithotripsy);
(ii) with u representing the acoustic pressure, the quantity to be minimized (under the
action of the surface force g) is ||u — udH%2 (0.T:12(9)) where u? is a reference pressure;
(iii) longer times (i.e. T'= 4o00) might be taken into consideration (e.g., in connection
with thermotherapy).

Depending on the applications, different cost functionals may be considered. In
what follows we shall focus on the minimization of the following (simple, and yet
physically significant) cost functional:

T T
J(g):// |uud\2d$dt+// lg|* do dt . (1.6)
0JQ 0 JI'g

Remark 1.1. The fact that the functional cost penalizes the control ¢ only in the L?
norm renders the optimization problem a singular one. Indeed, if one penalizes also the
velocity g of the control, then we would obtain a standard boundary control problem
with coercive cost functional (cf. [6]).

Control problems associated with acoustic equations (Westervelt, Kuznetsov, JMGT
ones) have been recently studied in the literature; see the review paper [19]. However,
the principal difference is that the present minimization involves control functions which
belong to L?(X), ¥ := (0,T) x Iy, rather than more regular — time-space differentiable
— controls (see (1.4), and the optimal control problems studied in [10] and [31]). In
addition, control laws provided in the past literature were open loop controls. Our goal



is to construct a feedback control, with controls of limited regularity and control gains
involving a solution to a corresponding Riccati equation. This last aspect is the main
trait of our contribution. A brief outline-guide to the paper follows below.

In order to state our results and to explain the ramifications of the low regularity
of the control, it is necessary to derive an abstract input-to-state formula for the BVP
(1.5) (supplemented with initial conditions, that is problem (2.1) below), within the
realm of classical control theory. This means we will seek an explicit representation for
the map

g — (u, ug, ug) (1.7)

This will be accomplished in the next Section 2 by using semigroup theory. Starting
with the uncontrolled dynamics and its representation via the generator of a strongly
continuous semigroup, we shall then proceed introducing the (boundary) controls into
the “variation of parameters formula” which will provide an explicit map (1.7) — singular
and defined on appropriately selected extrapolation spaces, though.

In the next step we shall formulate the control problem associated with the input-
state dynamics and we shall discuss existence and non-existence of optimal solutions.
The final result pertaining to well-posedness of Riccati equations and to the feedback
synthesis of the optimal control is presented in Section 3. It is important to notice here
that in spite of the singularity of input-state dynamics, the feedback synthesis and the
resulting Riccati equations are defined and well-posed on the basic state and control
spaces. This is due to the effects of the observation.

The proofs of the auxiliary and main results are deferred to Sections 4 and 5. The
proofs will rely on techniques introduced in the study of the LQ problem for hyperbolic-
like equations with unbounded inputs, where the dynamics does not provide beneficial
regularizing effects. To handle this issue, we establish appropriate bounds by exploiting
structural properties of the observation; see [27, Vol. II].

2 Input-to-state formulation of the PDE problem

A prerequisite step for the understanding of the control-theoretic properties of the
IBVP

Tugy + auy — Au — bAu, =0 on (0,T) x Q

ou

o= 0,7)xT

o mODx e
o, tcu=0 on (0,T7) x T'y

u(0,2) = up(x), w(0,2) = ui(x);uu(0,x) = uz(z) on Q
for the SMGT equation is to introduce a corresponding abstract system in an appro-
priate function space.
2.1 Abstract setup. Preliminary analysis

In order to incorporate into the equation the boundary control acting on I'g, along with
the absorbing BC on I'y, we follow a well-established method.



Let A be the realization of —A in L?(2) with Neumann BC: namely,

of
—_A, D :{ H2(Q) - o}
A W={rem@: 4|
It is well known that A is not boundedly invertible on L?(2); it has bounded inverse
on

LE(Q) := L*(Q)/ker(A) = feﬁ /fm—o

where ker(A) is the null space of A spanned by the normalized constant functions.
Then, introduce the Green maps N;, i = 0,1, which define appropriate harmonic ex-
tensions into 2 of data defined on 9. More precisely, for ¢ € L3(T;), i = 0,1, N; will
be defined as follows:

Av—v=0 onf

Ni: op— Njp =1 v < % = on I'; (2.2)
%:O on OQ\ I';.

Either elliptic problem that defines the operator N; in (2.2) admits a unique solution
v; € H3?(Q), for (respective) boundary data ¢ € L?(I;), i = 0,1. Then, by elliptic
theory one has for each i = 0,1 and any positive o < 3/4

N; continuous: L2(T';) — H32(Q) ¢ H3?72°(Q) = D((I + A)*/*77), (2.3)

with identification of the Sobolev spaces H*(£2) with the fractional powers of the oper-
ator (I + A), and equivalent norms, that will be especially useful in the sequel.

If now N, denote the respective adjoint operators of N;, i = 0,1 — defined by
(Nigh, w)2(q) = (¢, Nfw)r2(r,) — it then follows for each i = 0,1 and any o € (0,3/4),

(1+Aﬁﬂﬂmaea@%n%L%Q», NI+ AP e £(L2(Q), L2 ().

A computation which utilizes the (second) Green Theorem yields, for f € D(A), the
following well known results:

Nf(A+Df=flr, i=0,1. (2.4)

see, e.g., [27, Chapter 3]. (For the reader’s convenience: take v € D(A), ¢ € L?(T'p),
and compute

- (NS(A + Iv, QD)FO = ( — (A+ I, Nogo)Q = (Av, Nop)a — (v, Nop)a =
= (v, A(Nop))g, + 9 0%) .0~ (Uv 8]6\71290)89 — (v, Now)a =
:M_ (U7 QO)FOWZ _(Ua 90)1“0

The above shows that (2.4) holds true when i = 0; the case i = 1 is proved in the same
way. We note that it has been used that since v belongs to D(A), then % =0 on




09; in addition, the definition of Nyp — as the solution of the elliptic problem in (2.2)
— gives in particular A(Ngp) = Nop.) By standard density argument the formula in
(2.4) can be extended to all f € H'(Q).

In view of the definition of the introduced operators N;, i = 0,1, we see that
(A =TI)(u+ INiwlr, — Nog) = (A—Iu on Qx (0,T)

(u+ INyuy — Nog) =0 on Ty x (0,7T) .

(u+ LNjw — Nog) = 0 on Ty x (0,T)

v

> Ee

Q

v

Proceeding formally we get
Au=(A=1)(u+ cllNlut\pl — Nog) + u,
Aug = (A = 1T)(us + CllN1utt|P1 — Nogt) +ue
which enable us to rewrite the SMGT equation as
Ty + oy — (A — 1) (u + %Nlut\rl - Nog) — Au—
—b(A = 1) (us + %Nlutth‘l — Nogt) —buy =0,

where 9 .

g(u + aNluﬂrl — Nog) ‘F =0
(we set T' := 9€). Thus, by using the abstract representation of the traces given
by (2.4), the BVP (1.5) for the SMGT equation translates to the following abstract
equation, where both the absorbing BC on I'; and the boundary control action on I'g

are incorporated:
1
TUget + QU + 02(A +1) [u + ENlNl*(A + Nuy — Nog] — Pu+

1
+b(A+1) [ut + = NUNF (A+ Dy - Nggt] —buy =0,

that is

T + aug + Au+ (A + TNy NT (A4 Duy + bAug+
b (2.5)
+ E<A+ I)N{Nj (A + Duy = (A + I)Nog + b(A + I)Nog: ;

the equality is understood with respect to the duality pairing, i.e. in [D(A)]'.

The third order abstract equation (2.5) gives rise readily to a first order control
system, initially defined on an extended space L?(Q) x L%(Q) x [D(A)]":

d U u
i u | =A | w | + Bog+ Big, (2.6)
Utt Utt



where the operator describing the free dynamics is

0 1 0
A= 0 0 I
—771A 1 bA+ c(A+ D)NINF(A+T)] =77 ad + 2(A+ )N Nf (A +1)]
277)
while the input operators B; € L(L*(I';), [D(A)]'),i = 0,1, are
0 0 .
By = 0 ., B = 0 =SB, (28)
771 (A+T)Ny (A + I) Ny

The (free dynamics) operator A in (2.7) will be shown to generate a Cp-semigroup on
the space Y = HY(Q) x HY(Q2) x L*(Q).

Remark 2.1. The first order equation (2.6) is a control system in (extended to) the
dual space [D(A*)]" as it will be shown later; and more precisely, it holds (I —A)~!B; €
L(U,Y),i=0,1 (see Appendix A). However, the given formulation involves the time
derivative of the control, which does not enter the cost functional; as a consequence, the
minimization problem lacks coercivity. To cope with this, we will follow [25]: integration
by parts in the semigroup solution formula enables to eliminate the time derivative of
the control function, however with the drawback that the states will become ‘rougher’.
The smoothing properties of the observation operator R — here, intrinsic — will play
a major role in the entire subsequent analysis, which will eventually bring about the
solution of the optimization problem.

Before we proceed, let us consider the uncontrolled equation first. This step is
necessary in order to formulate a correct notion of duality — which is always with
respect to the generator of the semigroup underlying the dynamics.

2.2 The uncontrolled equation. Semigroup well-posedness.

In order to pinpoint the control-theoretic properties of the abstract system (2.6) —
an ineludible preliminary step for the analysis of the optimal control problem —, we
consider first the uncontrolled equation, that is equation (2.5) in the absence of the
boundary action g. With g = 0, the equation (2.5) reads as

Tugy + aug + A+ (A + ININT (A + Iuy + bAug+
b (2.9)
+ E(A+I)N1Nf(.,4+ Nuy =0.

We follow an idea introduced and utilized in [21] and [29]. Calculations below might
appear formal: however, they are fully justified with respect to the duality in [D(A*)]'.
After having set 7 = 1 for the sake of simplicity, the rewriting of equation (2.9) as

2 2

b
(ut + Oé’U,)tt + b.A(ut + %u) + E(A + I)Nle(A + I) (Utt + %ut> =0, (210)

10



suggests the introduction of the auxiliary variable

2
Z =1+ al (2.11)

The new variable z plays a major role in deriving well-posedness results for the third
order equation (2.9) in the unknown wu; this is because it allows to connect the (free)
equation under investigation with the following system in the unknowns (u, z):

U = —%u +z

, N2 (2.12)
2 = —bAz — Y(A+ D)NINy(A+ D)2y — vz + 752 — 7(%) u
where v := a — % will be assumed to be positive. The explicit statement and proof of
this claim, that is an immediate generalization of what done in [21], is given below for
the reader’s convenience and the sake of completeness.

Lemma 2.2. The uncontrolled third order (in time) equation (2.9) is equivalent to the

coupled ODE-PDE system (2.12), with v = a — %.

Proof. The starting point is equation (2.10) that is nothing but a rewriting of (2.9).
With the new variable z = u; + %u, the term u; + aw in (2.10) is rewritten in terms of

z and u as follows:

02

u +ou =z +yu, 'y::a—?,

so that (2.10) becomes
b
Ztt+b.Az+E(A—}—I)Nle(A—{-I)zt%—yutt =0. (2.13)

On the other hand, using once again the definition of z we see that u; = z — % u, which
gives
2 2 2. 9
c c c
— o = 2 — — - : 2.14
U = 2= = 2 bz+(b>u, (2.14)
the above, inserted in (2.13) yields the following equation

2 2

b 2
ztt—i-b.Az—l-E(A—i—I)NlN{‘(.A—i-I)zt—l—’yzt—7%24— (%) u=20

on the space [D(A*)]" (just like the previous (2.13)).
The latter second order in time equation for z, combined with (2.14) leads to the
following coupled system of (second-order in time) equations in the unknowns (u, 2)

c2
{utt =zt — put

2y + bAz + LA+ I)NINT (A+ Dz + vz _'}/%Ut =0;

or, equivalently, to the coupled ODE-PDE system (2.12). O

11



We establish (semigroup) well-posedness of the Cauchy problems associated with
(2.12), in three different function spaces.

Theorem 2.3 (Equivalent system. Well-posedness, I). The (first order in time) system
in the unknown (u, z,z;) corresponding to system (2.12) is well-posed in the space

Y = HY(Q) x HY(Q) x L*(Q) .
N e

u (Z,Zt)

Its dynamics is described by a closed operator A D(A) CY — Y which is the generator
of a Cy-semigroup et on'Y, t > 0.

Proof. The second-order system (2.12) is rewritten as a first-order system

U U
z| =Al =z ],
Zt ¢ 2t
with dynamics operator
2
) -1 1 0
A= 0 0 I

2

—(2)T —bA+~7ST —I —2(A+)NINF(A+T)
It is then natural to observe that the decomposition
A=A +C1 + K,

holds true, where we set

i Sy 0 0
Ar=1| 0 0 I ,
0  —bA+I) —v—2A+I)NNj(A+]1)
0 I 0 0 0 0
C, = 0 0 0], K =|[0 0 0
212 2
—(%)°1 0 0 0 (v§+b)I 0

It is enough to single out the following respective features:
(i) the operator A; : D(A;) CY — Y is a (maximally) dissipative operator on

H'(Q) x D((A+1)'/?) x LX()
——

u (szt)

and hence it is the generator of a Cy-semigroup of contractions e*1* on Y (which,
however, is not analytic);

12



(ii) Cq is a bounded operator from Y into itself;
(iil) K is a compact operator: in fact, with f € D((A + I)*/?) = D(A"?) one has

2 2
1S +0) =5 +b) A+ DA+ D))
The generation of a Cy-semigroup et on Y follows by semigroup theory. O

Remark 2.4. The space Y will provide an appropriate functional setting where the
original uncontrolled system is well-posed, and a state space for the optimal control
problem under investigation. It is however important to add that well-posedness re-
mains valid in distinct functional spaces; the corresponding results are stated below for
the sake of completeness, while the relative proofs are omitted.

Corollary 2.5 (Equivalent system. Well-posedness, II). The uncontrolled problem is
well-posed in

Y = H3(Q) x H'(Q) x L*(Q) .
—— ——————

u (2,2t)

Thus, in view of the definition of the domain of the generator A, that is

D(A) = {(u,z,zt) € [Hl(Q)]?’: z+ %Nl Ni(A+1)z € D(.A)} -

%
ov

To =0, [ng+zt}rl :0}’

taking the dual [D(A)]’ (duality with respect to Y3), we are able to infer the following
result.

- {(u, 2 %) € HY(Q) x H2(Q) x H(Q) :

Corollary 2.6 (Equivalent system. Well-posedness, I11). The uncontrolled problem is
well-posed in

Yo ~ HY(Q) x L*(Q) x [H*(Q)]', (2.15)
U (2,2t)

where ~ indicates topological equivalence.

The next Theorem 2.3 summarizes relevant well-posedness results which will be
used throughout.

Theorem 2.7 (The uncontrolled equation. Well-posedness and stability). With refer-
ence to the third order abstract equation (2.9) describing the free dynamics, the following
statements hold true.

i) The boundary value problem (1.5) with g = 0 admits the abstract formulation
(2.9) as a third order equation; equivalently, it is rewritten as a first order abstract
system y' = Ay, where y denotes the state variable (u,wug, ug).

it) The operator A which governs the free dynamics, detailed in (2.7), is the generator
of a Cy-semigroup {e*};>0 on the function space Y = HY() x HY(Q) x L*(Q).

13



t

i) The semigroup et is exponentially stable when v = o — % > 0.

Remark 2.8. In the critical case, when v = 0, it is expected that with I'; subject to the
“star-shaped” Geometric Condition (see [23]), the resulting semigroup is exponentially
stable.

Remarks 2.9. The first assertion in Theorem 2.7 establishes the existence of a linear
semigroup defined on Y which describes the original uncontrolled dynamics. It is worth
noting that if the SMGT equation is complemented with either Dirichlet or Neumann
BC the same result holds true, as it was first proved in [29] and [21]; in that case the
semigroup is actually a group on Y. Instead, the group property is not valid any more
in the presence of absorbing BC on I';.

The studies [21] and [29] — the latter, providing a clarifying spectral analysis — obtain
that (still in the case of Dirichlet or Neumann BC) the semigroup e*# is exponentially
stable on the factor space Y/ker(A), provided v > 0; it is marginally stable when
v = 0 and unstable when v < 0. In the present case, assuming appropriate geometric
conditions on I'y, the absorbing boundary conditions turn marginal stability (7 = 0) to
stability. This issue has not been fully investigated so far, yet it is expected that the
multipliers’ method combined with a background on wave equations would provide the
tools.

Remark 2.10. (A distinct perspective) The connection between the SMGT equation
with wave equations with memory has been pointed out in the recent independent
works [14] and [7]. The critical role of v as a threshold for uniform stability is revisited
and recovered in [14] via the analysis of a corresponding viscoelastic equation. It is
apparent that appropriate compatibility conditions on initial data must be assumed, in
order to study the third order (in time) equation by using theories pertaining to wave
equations with a non-local term.

And yet, the perspective of equations with memory opens a distinct avenue of inves-
tigation of the (interior and trace) regularity properties of the corresponding solutions,
fruitfully explored in [7] — as well as, possibly, of other control-theoretic properties.
In this connection, we mention the paper [32], which provides an analysis of the LQ
problem and Riccati equations for finite dimensional systems with memory.

2.3 Domain of the generator

We give an explicit description of the natural domain of the (free) dynamics generator
A introduced in (2.7): given the state space Y = HY(Q) x H*(Q) x L?(f2), one has

yeDA) <= yc {yz (y1,y2,y3) € Y:ys € HY(Q),

b
Ayr + bys + Ni{N{(A+1) (cyg + Eyg,) € D(A)} ,

14



whose PDE interpretation is as follows:
0
yeD(A) <=ye {y € [HN(Q): A(Py1 + bya) € L*(Q), 5(021/1 +by2) =0on Iy,
r, on Fl} .

Notice that by a standard variational argument the normal derivatives are first well
defined on H~'/2(I"). Then, the H'/?(I")-regularity of y;, i = 1,2, 3, along with elliptic
theory gives

0
07(02?/1 +byo)| =-— [6292 + by3}

ov

I

D(A) = {y € [HY (P (Pyr + bye) € H*(Q), 881/(023/1 +bys) =0on Ty,
(2.16)

0
o (P + i)

= — [c2y2 + bys on Fl} .

Iy Iy

We also note that the resolvent of A is not compact, which is important to be pointed
out.

2.4 The SMGT equation subject to smooth controls

Now let us turn our attention to the controlled (abstract) equation (2.5) corresponding
to the BVP (1.5) and to its reformulation as the first-order control system (2.6). This
system produces readily a solution formula, assuming that g € H'(0,T; L?(I'g)): the
following Proposition provides a rigorous justification.

Proposition 2.11. Assume that g € H'(0,T;L?*(Tg)). The boundary value problem
(1.5) for the SMGT equation can be recast as the (third order in time) abstract equation
(2.5); equivalently, it is rewritten as a first order abstract system of the form (2.6), that

is
Yy = Ay + Bog + B1g:; (2.17)

y denotes the state variable (u,us, uy) and g is the control variable, while the linear
operators A and By, i = 0,1, satisfy the following analytical properties.

i) The operator A:'Y D D(A) — Y which describes the free dynamics, detailed
in (2.7), is the generator of a Co-semigroup {e};>0 on the function space Y =
HY(Q) x HY(Q) x L*(Q), with domain D(A) as in (2.16);

ii) the control operators B;, i = 0,1 defined in (2.8) satisfy B; € L(U,[D(A*)]').
Then, the third order equation (2.5) is understood on the extrapolation space [D(A)] .

Proof. Since the Neumann maps N; defined in (2.2) enjoy the regularity in (2.3), that
is N; € L(L*(T;), D(A%*~7)), we accordingly have that the distributional range of the
control maps B; is such that

R(B;) € {0} x {0} x [D(AV*)]".

15



To see this, just recall the explicit form of the input operators By in (2.8), which gives

[(Bog, ¥)ly = [(*(A+ 1) Nog, )y = [(9, UsIry) 12(r) = & [ r1/2+20 () l9] 121

= A A ys) 1209l L2(r)

which proves that there exists a positive constant C' such that
i Y)ly| < 3121912 (rg) < Y 19122(ro) 5 . =0,1,
(Big. 9)ly| < C LAY *7ys] 129l 2(ry) < C | Ayly |9l i=0,1

since By = 5 B,.
By using interpolation trace results, a stronger inequality is obtained: for any ¢ > 0
one has

(Big, y)y < C Ay 1yl 192y < (elAyly + Celyly) 19l 2y

which gives
|B/ylr2r,) < €lAyly + Celyly ~ Ve>0.

O]

In view of Proposition 2.11 — hence, still under the assumption g € H'(0,T,U))
— semigroup theory yields a first input-to-state formula in the extrapolation space
[D(A7)]'.

Corollary 2.12. For any initial state yo € [D(A*)] and any control g € H*(0,T,U),
the control system (2.17) has a unique mild solution y € C([0,T]; [D(A*)]") given by

y(t) = e*'y(0) + / =9 (Bog(s) + Bigi(s)) ds =
0

t . (2.18)
— eAly(0) + /0 eA“*s)Bo(g(s)+§gt(s))ds.

3 The control problem. Main results

If the cost functional (1.6) penalized (quadratically) the time derivative of the control
function, we might choose as space of admissible controls & = H'(0,T; L*(T'y)), and
the obtained semigroup solution formula (2.18) as the state equation. Remember how-
ever that we seek to minimize the functional (1.6) over all controls g which belong to
L*(0,T; L?(Ty)), where the acoustic pressure u satisfies the IBVP (2.1). Hence, in this
Section we first derive from (2.18) a solution formula which requires controls which
just belong to L2(0,7T;L*(T'g)) and are continuous at time ¢ = 0; this is done by an
elementary integration (in time) by parts. Then, following an idea proposed in [25] and
[26], we introduce an (auxiliary) optimal control problem associated to an equation de-
pending on a parameter gg € L?(I'g) =: U. The main result pertaining to the auxiliary
problem and the connection with the original one are stated collectively in the section.
The respective proofs are the subject of the subsequent two sections.
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3.1 Control problem with the observation

Our next step is to provide a representation formula for the solutions to the controlled
dynamics by assuming that controls belong to L?(0,7;U). This is done, as usual,
integrating by parts (in a dual space) and exploiting the structure of the domain of the
generator.

Remark 3.1 (Notation). From now on the dual of the operator A2, that is (A42)*,
will often occurr in the paper. To simplify the notation, the parentheses will be omitted
and the notation A*2, or A*? — in place of (A*)2, which is the same — will be utilized
throughout.

Lemma 3.2. Given an initial state yo € [D(A*?)]" and any control function g €
C([0,T];U), the solution to the original control system (2.6), represented via the input-
to-state formula (2.18), is equivalently given by

y(t) = eM[yo — Big(0)] + Lg(t), (3.1)
with
(Lg)(t) = Big(t) + (Log)(t) ,

t ¢
(Log)(t) = / eA=9) Byg(s)ds + A/ A=) B g(s)ds .
0 0

(3.2)

The map (yo,g) — y(-) is bounded from [D(A*?)]' x C([0,T];U) — C([0,T]; [D(A**)]).

Proof. The novel representation formula (3.1) is easily established integrating by parts
in (2.18); what we need to justify rigorously is the claimed regularity. We know already
that e generates a Co-semigroup on [D(A*?)]’, and that (I—A)~'B; € L(U,Y). Then,
it suffices to analyze the regularity of the operator Ly in (3.2), which depends on the
one of the operator AB;. Recalling the definitions of A and By, it is easily seen that

0
AB1=b (.A + I)N() ,
—Oé(.A + I)N()
where it has been used that the distributions on I'g and I'y have disjoint support; this

property, combined with the contribution of the operator N7 in the definition of A,
brings about (A + I)N1N;(A+I)(A+ I)Ny = 0. As a consequence, we obtain that

R(AB1) C {0} x [D(AY*)] x [D(AY*)) c [D(A?)]',
which gives the desired conclusion. O

Observe that — just as in the works [25] and [26] — the drawback of the chosen
approach is that the space regularity of the state function gets worse. Moreover, in
contrast with the dynamics under investigation therein, whose underlying semigroup is
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analytic, we are dealing with a purely hyperbolic problem.

On the other hand, recall that the goal is to minimize the L?(2)-norm of the acoustic
pressure, described by the state variable u, that is the first component of the state
variabile y. By setting u? = 0 in (1.6) just for the sake of simplicity, the cost functional
is abstractly rewritten as

T T
J(g) = / | Ryll? dt + / gl dt. (3.3)

where U denotes the control space, i.e. U = L?(Ty), and the observation operator R is
acting as follows: for any y = [y1,y2,y3]”, it holds

(A+ 1)~y
Ry = 0 . (3.4)
0

In fact, after identifying H*(Q) with D(A'/?), we see that
1Rylly = I(A+ D2 (A+ D)yl 1200) = ly1lr2(0) -

Thus, the simple — and yet natural — quadratic functional taken into consideration,
attributes to the observation operator R a very special structure and an intrinsic (rather
strong) smoothing effect. The improved regularity of the observed states enables us to
pursue an adaptation of the theory developed in [27, Vol. II] in the study of hyperbolic-
like PDE’s with boundary or point control actions and “smoothing” observations.

3.2 Main Results

In this subsection we shall formulate the main results, while the proofs are all postponed
to the next sections. We shall begin with a negative result.
Consider the following minimization problem.

Problem 3.3. For any yo € Y, minimize the cost functional (3.3) over all controls
L?((0,T) x Ty), where y(-) satisfies the controlled equation (3.1).

Theorem 3.4. If the initial state yo belongs to R(B1), yo # 0, then Problem 3.3 does
not have a solution.

Given this negative result, one might wonder what are the additional constraints
which render the problem solvable. The proof of the negative result (cf. [26]) reveals
that the issue is in singularity of control, as the ‘candidate’ to be the optimal control is
no longer in the space L2(0,T;U). (This depends upon the appearance of a (time-)trace
operator — intrisincally uncloseable — in the definition of the state.)

In view of the above, we shall consider an input-to-state formula depending on a
given (and yet arbitrary) parameter go € U, that is

Ygo (t) = e*(yo — Bigo) + Lg(t), (3.5)
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with L defined in (3.2). This idea has been developed in [25, 26]. When ¢(0) = go
the above controlled dynamics coincides with the one given by (3.1). With (3.5) we
associate the same cost functional (3.3). A new (extended) optimal control problem is
formulated as follows.

Problem 3.5. For any yo € [D(A*))]', go € U, minimize the cost functional (3.3)
overall controls g € L?((0,T) x Ty), with y subject to (3.5).

For this problem the following results holds true.

Theorem 3.6. The optimization Problem 3.5 has a unique solution gq, € L2(0,T;U).
The corresponding optimal trajectory satisfies

Jgo € C([0,T); [D(A*?)),  Rig, € C([0,T];Y). (3.6)

The first main result of the paper establishes the feedback synthesis of the optimal
control referred to in Theorem 3.6. For clarity of the exposition, we shall take u¢ = 0.

Theorem 3.7. With reference to the minimization Problem 8.5, the following state-
ments are valid.

i) (Partial reqularity) For any yo € [D(A*?)], and any go € U, the unique optimal
control gg, belongs to C([0,T1; U], and produces the output Ryg, € C([0,T];Y).

i1) (Riccati Equation) For everyt € [0,T], there ezists a self-adjoint positive operator
P(t) on L(Y), whose regularity is as follows,

A*P(t) € L(Y), BjA*P(t) € L(Y,U) continuously in time,
and which satisfies the following (non-standard) Riccati equation:

%(P(t)% w)y + (Ay, P(t)w)y + (P(t)y, Aw)y + (Ry, Rw)y = .

= ((By + B{A")P(t)y, ([By + BLA")P(t)w)y  for all y,w € D(A),

with terminal condition P(T) = 0. The equation (3.7) actually extends to all
Yy, weY.

iii) (Feedback synthesis) The optimal control gg,(-) has the following feedback repre-
sentation:

990 (1) = =G ()71 [Bg + BiA*|P(t) g0 (1) ,
where the operator G(t) := I — [B§ + BT A*|P(t)B1 is boundedly invertible on U
for each t € [0,T].

From the structure of the Riccati equation (3.7), along with the space regularity of
the operator P(t) asserted in Theorem 3.7, some additional regularity of the operator
P(t) follows.
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Corollary 3.8. The Riccati operator P(t) is time differentiable from Y into itself.
More precisely, the operator %P(t): Y — C([0,T];Y) is bounded.

Remark 3.9. We note that the Riccati equation (3.7) is termed non-standard (already
in [26]) because of the special structure of its quadratic term. This feature results from
the lack of coercivity in the functional cost, a cause for singularity of the minimization
problem. Then, the feedback formula which allows the synthesis of the optimal control
of Problem 3.5 involves the inverse of certain operator defined on the control space
U. Invertibility of the said operator is an issue already encountered in [25] and [26]:
however, differently from those studies, in the present case we cannot appeal to the
analyticity of the semigroup underlying the controlled dynamics.

Theorem 3.7 provides the optimal control and the optimal synthesis for the input-
state dynamics (3.5), given yo and the parameter gg. One aims then at exploring the
relation between the parameter gy with the optimal control §, which is known from
Theorem 3.7 to be continuous on [0, 7]. Thus, a question of major concern is whether
the parameter gy € U can be selected in order that g(0) = go. The validity of this
property will prove the equivalence of the state description in (3.1) with the one in
(3.5), thereby ensuring that the latter system corresponds to the original PDE model.
The answer to this question is positive, as asserted by the Theorem below.

Theorem 3.10. Let G(t) be the operator defined in Theorem 3.7. Then, the operator
[I + G(0)By] is bounded invertible on U; in particular, [I + G(0)B1]~! € L(U). By
choosing go = [I + G(0)B1]71G(0)yo, one obtains that

9(t) = eMyo — B1g(0)] + (L)(1),

so that the original dynamics (3.1) coincides with the one in (3.5). Moreover, the
obtained § is continuous in time, i.e. g € C([0,T];U).

Forcing the original model with continuity of the control at the origin may compro-
mise the optimality. Instead, the additional ‘player’ gg € U is advantageous from the
optimality point of view. While we know that in general there is no optimal control in
the class of L?(0,T;U) functions (cf. Theorem 3.4), reformulating the solution formula
as in (3.5), with an additional parameter, gives additional possibilities for optimization
with respect to the parameter.

Theorem 3.11. Let Uy C U be a bounded and weakly closed set in U. Then, there
exists a g* € Up such that the resulting control g4+ attains the infimum of the functional
J(g) with respect to go € Uy, g € L*(0,T;U) and y satisfying (3.5). Moreover, the
following characterization holds true: either g* is such that yo — B1g* € ker(B;P(0)),
or g* € oUy.

Remark 3.12. Note that the optimal control of Theorem 3.11 provides a control which
is in a larger space than just L2(0,T;U). This is a singular control. The corresponding
state is described by (3.5) and it satisfies Ry(gq+) € C([0,T7;Y).
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It is important to note that from both the point of view of applications as well as of
mathematical developments, it is significant to have two versions of optimal solutions
corresponding to two different formulations of the input-state map. If one is to develop
nonlinear versions of the problem, where regularity of controls and of the states is of
paramount importance, the first version in Theorem 3.10 is the most relevant. However,
from the point of view of automatic control — where discontinuous inputs are feasible
and lead to ‘better’ optimization solutions —, Theorem 3.11 becomes more relevant. In
particular, the result stated in Theorem 3.11 leads to the following algorithm for an
”almost” on line optimal feedback control:

e Step 1: Solve Riccati Equation — P(t).
e Step 2 : Find the optimal value of the parameter ¢g* from (kerB;P(0)) U dU.
o Step 3: Find G(t)~"' where G(t) = I — [B} + B{A*|P(t)B.

e Step 4: Resolve optimal feedback synthesis with a parameter ¢g*: obtaining
gg*agg*- )
9g+(t) = =G(t)""[By + By A" P(t)[gy- (1))

Ugr = @(gg*) - eAtBl [gg* (0) — g7

Remark 3.13. There are several open problems sparked off by the present work. We
name but a few.

i) Extension of the theory to more general observation operators R. However, it
is clear that R should display some kind of smoothing effect. Moreover, the
structure of the problem — namely, an appropriate interplay between control and
observation operators — will need to be carefully chosen, in order that the optimal
(L?) solution does exist.

ii) The infinite time horizon LQ-problem in both the stable and the critical case.
It is expected that under suitable geometric conditions imposed on I'; one could
guarantee solvability of the optimization problem, along with a feedback synthesis
of the optimal control.

iii) Application of the previous result to the feedback control of the nonlinear equa-
tion. A local theory for small initial data should emerge, while the feedback
control should provide a stabilizing effect on the nonlinear dynamics.

The remaining parts of the paper are devoted to proofs of four Theorems.

4 Proofs of Theorems 3.4, 3.6

We point out at the outset that the main challenge in proving the stated results is to be
able to ‘run’ the dynamics on much larger dual spaces, still preserving the invariance
of the said dynamics. The following Proposition singles out some basic regularity and
structural properties pertaining to the observation operator R.
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Proposition 4.1. The observation R satisfies the following properties.
o R: Y — D(A) x {0} x {0} is bounded;
o Re L(Y,D(A));
e R=R" onY, hence R € L([D(A")]',Y).

Proof. For the first statement, take y € Y: then y; € D(Al/ %), and since Ry =
((A+1)""2y1,0,0)" we obtain (A + I)~2y; € D(A).
The second statement follows from the calculation with y € Y

ARy =[0,0,—7 ' CAA+ )Py e Y

We also note that (I — A)~' € L(Y,[D(AY?)]?). The third statement follows from
direct calculations using the inner product in Y.
The fourth statement follows combining the third with the second one. O

4.1 Properties of the input-to-output map

The following Lemma captures a set of functional-analytic properties pertaining to
appropriate combination of the involved abstract operators — namely, the dynamics,
control and observation operators —, which will play a major role in the proof of well-
posedness for the (generalized) differential/integral Riccati equations, eventually lead-
ing to solvability of the optimal control problem.

Lemma 4.2. Let A, B; and R the dynamics, control, observation operators defined by
(2.7), (2.8), (3.4), respectively. Then,

i) RA? can be extended to a bounded operator on the state space Y ;
it1) RB1 = 0;
iii) (I — A)~1B; are bounded and compact operators from L*(T;) into Y, i =0, 1.
Proof. i) We take an element y = (y1, %2, %3) initially assumed in D(A42%), and compute
A%y = A(Ay) =

Y2
=A Y3
—c2 Ay — [bA+ c(A+ I)NiNj(A+ D]ys — [od + %(A + I)N N{(A+1)]ys3

Y3
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where the second and third component of A%y are neglected, owing to the structure of
the observation operator R to be applied. Then,

(I +A)~2y,

RA?%y = 0
0
which gives
(I + A~y
IR A%y|ly = 0 = H(I+A)1/2(I+«4)_1/2y3“L2(Q) = |lysll 20
0
Y

ii) It is immediately verified that for any h € L?(0,T; L*(T1))

0
RBh=R 0 =(I+A)20=0.
b(A+I)Ny h

iii) It is clear that the resolvent (I — A)~! is not compact. However, a careful compu-
tation gives

025_1(./4 + I)No
(I-A)'By=|2S A+ DNy |, (I-A)7'B =
ASTH A+ I)Ny

b _
g(f— A 1By,

that is (A.5) in Appendix A and where the operator S is defined by (A.3). Because
R(Ny) € H*?(Q) c D(AY?) (the latter being a compact embedding), then the oper-
ators (I — A)~!B; are not only bounded from L?(I'g) into Y, but also compact. O

The following Lemma pertains to the regularity of the map RLy.
Lemma 4.3. Let Lo be the operator defined in (3.2). Then

e RLg is a compact operator from L?(0,T; L?(T'g)) into C([0,T];Y).

e ReA'B;: L(0,T; L*(Ty)) — C([0,T);Y), i = 0,1, are compact.

Proof. The first statement follows computing

t t
(RLog)(t) = R/ eA=*) Byg(s)ds — RA/ A=) B g(s)ds
0 0

= R(I — A)? / t A=) (1 — A)2Byg(s)— (4.1)
0

t
— RA(I — A) / eAt=)(I — A)~'Byg(s)ds
0
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in view of Lemma 4.2, combined with Aubin-Simon compactness criterion.
The second statement follows rewriting Re”*By as follows,

Re'By = R(I — A)e (I — A)™' By,

where RA € L(Y) and (I — A)"'By: U — Y compactly. The strong additional regu-
larity RA? € £(Y) allows to handle the time derivative

%R(I — A)e™(I — A)71By = RA(I — A)e (I — A)~'By € L(U,Y),

as needed for the applicability of the Aubin-Simon compactness criterion. O

4.2 Proof of Theorem 3.4

We will denote by J(g) the cost functional J(g,y), where y(-) = y(+; g) corresponds to
the state variable given by (3.1). Take yo € R(B1) € [D(A*)]’ and select a sequence of
controls g, € H'(0,T;U) such that

i) B19n(0) = o,
ii) g, — 0in L2(0,Y;U).
Then, with y(t) = yn(t, gn) = € (Yo — B1gn(0)) + (Logn)(t) + Bign(t) we have
Ry, = RLog, — 0 in L?(0,T;Y),

on the strength of Lemma 4.3. Consequently, J(g,) — 0.
Since g, — 0in L?(0,T;U), we turn to J(0) = fOT | ReAtyo|2-dt > 0, which combined
with g, — 0 contradicts the existence of a minimizer.

4.3 Proof of Theorem 3.6

The argument is in principle standard, as it is based on proving weak lower semiconti-
nuity of the cost functional. Thus, the challenge is to establish appropriate regularity
of the input-to-state map, which is not obvious in view of the high unboundedness of
the control input operators. However, this is possible exploiting the smoothing effect of
the observation operator as well as the properties specifically established for the input-
to-output map (cf. Lemma 4.3). To wit: for a given gy € U consider a minimizing
sequence g, € L?(0,T;U), so that J(g,) — d = inf e 20,750 J(g)- Then, coercivity of
the cost in L*(0,T;U) gives the bound ||gn | 1,070y < M which implies that

gn — g weakly in L2(0,T;U). (4.2)

We also have
Ry, (t) = Re™(yo — Bigo) + (RLogn)(t) .

On the strength of Lemma 4.2 and Lemma 4.3, for a subsequence — denoted by the
same symbol — it follows RLgg, — RLog in L?*(0,T;Y). In addition, ReA'B; =
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R(I — A)e**(I — A)~!' By is bounded from L?(0,T;U) into L?(0,T;Y"). This implies the
weak lower semicontinuity of J(g), along with J(g) < d, which proves optimality.

The regularity in (3.6) pertaining to the observed optimal state, follows in view of
the obtained regularity of the three summands in

Ry(t) = Re™(yo — Bigo) + (RLog)(t),

where in particular Rettyy = R(I — A)2e(I — A)~?yy € C([0,T);Y) for any yo €
[D(A*?)]’, thanks to the property i) of Lemma 4.2.

5 Proof of Theorem 3.7

Given the solution formula (3.5), with the input-to-state map L defined in (3.2), let us
consider the dynamics
ya(t) = e*a + (Lg)(t) (5.1)

depending on the parameter a € [D(A*)]’. This choice is justified by Bigg € [D(A*))
for go € U. (We note that yg,(-) has been used to denote the function in (3.5), with
emphasis on the dependence of y on gy € U, beside to yy. In the present section,
although with a certain abuse of notation, with y,(-) we shall be always referring to
the ‘full’ parameter «, rather than to its component go.)

Recall that g € L2(0,T;U) gives (I — A)~'B;g € L?(0,T;Y), i = 0,1; then, since
ABy =By — (I — A)By = By — (I — A)?> (I — A)~' By, we obtain

L € L(L*(0,T;U),C([0,T]; [D(A™)]'. (5.2)
The following auxiliary control problem is naturally associated to (5.1).

Problem 5.1 (Problem P,). For any o € [D(A*?)], minimize the functional

T T
(g ya) = /0 | Ryal2 dt + /0 gl dt. (5.3)

overall controls g € L*(0,T;U), with ya(-) solution to (5.1).

Of course, our goal is to obtain the results in the topology of the original spaces
Y and U. While this is not possible for the entire control system, it turns out that
the optimal solution displays an additional regularity that will make it possible the
return to the original state space. The corresponding result is formulated below. For
simplicity of notation we shall set C(Y) = C([0,7};Y) and L*(Y) = L?2(0,T;Y); a
similar notation will be adopted with Y replaced by U.

Proposition 5.2. With reference to the parametrized control Problem 5.1, the following
statements are valid.

i) For any o € [D(A*?)], there exists a unique optimal control ¢°(-) € L?(0,T;U),
which additionally satisfies g° € C([0,T);U). Moreover, RyS € C([0,T];Y).

25



it) There exists a selfadjoint, positive operator P(t) on L(Y) with the following reg-
ularity,

A*P(t)A € L(Y,C(Y)), BIAP(t) e L(Y,CU)), %P € L(Y,C(Y));

P(t) satisfies the following (non-standard) Riccati equation, valid for any y,w €
D(A):

d ~

%(P(t)y’ w)y + (Ay, P(t)w)y + (P(t)y, Aw)y + (Ry, R))y = 5.4)

((B; + BfA*)Py, [I + BiR*RBy]"'((Bj + B1A*)P(t)w]),, ,

with terminal condition P(T') = 0.

i) For every a € D(A*?)], the optimal cost J(g°) = minger, 0,70 J (9, Ya) s given
by J(g°) = (P(0)ex, @)y

iv) The optimal control has the following feedback representation:
* * * _1 * * *
9°(t) = —[I — (Bj + BTA")P()B1] ™ [(Bg + BiA")P(t)]ya(t),

where the operator I — (B§ + B} A*)P(t) By is boundedly invertible on U for each
t>0.

5.1 Proof of Proposition 5.2
5.1.1 The parametrized LQ-problem

The starting point is the semigroup solution y(t) = e“*a + Lg(t). In order to derive
the synthesis for the ‘enlarged’ problem by introducing a parameter a € Y and later
considering the family of control problems depending on a parameter a € Y @ R(By),
one needs to develop a dynamics that is invariant on the space compatible with initial
data.

It is then essential to extend the action of the semigroup e?, originally defined on
Y, to a larger space which contains Y @ R(Bj). This can be done on the strength of
the extended regularity of the operator B; as acting into the dual space of D(A*) (this
will be seen below). The low regularity of the input-to-state mapping L in

y(t) = eAMa + Lg(t) = eMo + Big(t) + (Log) (t) (5.5)

suggest that we take o in [D(A*?)]. It is important to emphasize that y(0) # a,
whereas y(0) = a+ B1g(0).

Via the same arguments as the ones used for the proof of Theorem 3.6 we obtain
the following result.

Lemma 5.3 (Auxiliary optimal control problem). Given o € [D(A*?)), there exists a
control function g° € L2(0,T;U) which minimizes the cost functional (5.3), where y(-)
is the solution to (5.5) corresponding to the control g(-).

26



Our main goal is to provide a feedback synthesis of the optimal control ¢°.

While the existence of the optimal solution for the parametrized problem follows
from Lemma 5.3, in order to provide a (pointwise in time) feedback representation of
the optimal control — via the optimal cost operator P(t) — one needs to introduce, for
any s € [0,7), the dynamics described by the equation

y(t,s;0) = e+ Log(t), s<t<T, (5.6)

as well as the cost functional

T
Tate)= [ (1RO + lgto)]}) de. 1)

where as before y = (u,us,us) and Ly — Lg, in short — is the operator defined by

t t
{Lsg}(t) = / A7) Bog(r) dr + A / AT Big(r)dr + Big(t)  Vte s, T].

S
(5.8)
(Note that the subscript s refers to initial time: in order to avoid confusion, the former
operator Lo = L — By is written LO.)

Lemma 5.4. One has the following basic reqularity of the input-to-state map:
LY is continuous: L*(s,T;U) —s C([s, T];[D(A*?)]),

Ly is continuous: L2(s, T;U) —s L2(s, T; [D(A*)]") @ C([s, T); [D(A*)]") ,

The above reqularity improves when the input-to-state map is combined with the obser-
vation operator R; indeed, for the operator RL and its adjoint it holds

RL, continuous: L' (s, T;U) — C([s,T);Y);

LIR* continuous: L' (s, T;Y) — C([s,T); U).
In addition, the operator LY R* satisfies

LR* continuous: L*(s,T;Y) — C([s, T); U)
uniformly with respect to s € [0,T).

Proof. The regularity of the input-to-state map L follows from the quantified regularity
of the operator By, which takes boundedly U into [D(A*)]’. Then the first statements
in the Lemma follow from the very structure of L.

The key for the assertions about the regularity of the mappings RL; and L% R* lies
in the three properties (I — A)™2B; € L(U,Y), i =1,2, RA> € L(Y), RB; = 0. O

Lemma 5.5. With reference to the optimal control problem (5.6)-(5.7), the following
statements are valid:
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i) (Optimal pair). Given o € [D(A*?)]', there exists a unique optimal pair

(9, s;0),(t, 5300))

for Problem 5.3, with

g(t,s;a) = [[ + L*R*RL) ' L*R*ReAt =)oy € C([s, T}, U), (5.9a)
gty s;0) = Mo+ {Lg(, 500} () € C([s, T); [D(A™)]) (5.9b)
Rij(t,s;a) = [I + RL,LER*] 'R € C([s,T);Y). (5.9¢)

i1) (Riccati operator). The operator P(t) € L(Y), t € [s,T], is given by
T *
Pt)a = / A TN R Ry (. 1 0) dr | (5.10)
t

The operator P(t) is positive selfadjoint on Y, and represents the optimal cost
(or Riccati) operator; its reqularity properties are detailed separately (cf. Propo-
sition 5.8 below).

i11) (Implicit feedback formula). The optimal control satisfies
9(t,s;0) = =[B P(t) + B{A"P(1)|®(t, ),
that is the following implicit equation
9(t,s;0) = =[Ba P(t) + BIA™P(1)]§(t, s; o) + [By P(t) + BiA"P(t)]| Big(t, s; )
where the operator ®(t,s) is defined in (5.14).

iv) (Optimal cost). The optimal cost for Problem 5.3 is given by
r 2 2 2 p A 2
Js(9) —/ (IR + 1a(D) ) dt = ||[I + RLyLR*)™2 ReAC™Y T2, 1y

which is rewritten in terms of the optimal cost (or Riccati) operator as follows

J5(9) = (P(s)a, a) =

.k s s (5.11)
= ([ + RL, LR R0, ReAC™a) 1y )
thereby providing
P(s)a = eV ("IR* [ + RLL:R*| "' ReAt~9a Va e [D(A*?]).  (5.12)

Proof. 1. The first statement follows by standard variational arguments applied to the
LQ-problem (cf. [27]), after taking into consideration the regularity of input-output map
stated in the preceding Lemma. The formulas for the optimal control, optimal state,
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observed state are derived as usual from the optimality conditions. The regularity of
the optimal quantities follows from the regularity of the map L. In fact (I —A)2a €Y
gives Reta = R(I — A)?eA*(I — A)~%2a € C([0,T];Y) and by Lemma 5.4

L*R*Rea e C([0,T);U).

We note that the invertibility of the operator I + LYR*RLs on C([s,T];U) fol-
lows combining the self-adjointness and positivity of L R*RL; — which guarantees the
invertibility on L?(U) — with boundedness of the latter operator on C([s, T];U). A
classical bootstrap argument yields the claimed regularity: one starts from

v=[I+LiR*RL] g,

with ¢ € C(U), obtaining first v € L?(U); then, since v = —L!R*RLsv + g, the
regularity improves to v € C(U).

The regularity of Ry(t,s;«) is a consequence of the regularity of the operator RL
in Lemma 5.4. Then, by the optimality condition

9(t,s;0) = —{ LR [RY(-, s;0)[} (1) (5.13)

which combined with the regularity of the operator L¥R* yields continuity (in time) of
the optimal control.
2. All the statements ii)-iv) follow by variational arguments, by using the structure of

the optimal quantities, once several properties that specifically pertain the operators
®(-,-) and P(-) are proved. These technical results are given in the Propositions which
follow next. O

Remark 5.6. A peculiarity of the parametrized minimization problem is that the
optimal trajectory does not satisfy the evolution property. (For this reason the Riccati
operator and the resulting synthesis cannnot be standard, as certain cancellations do
not occur.) In the next section we study the evolution operator, defined only on a dual
(extrapolation) space. This is a consequence of the low regularity of the control-to-state
map.

5.1.2 The operator ®(t,s)

One of the most critical ingredients of Riccati theory is the evolution operator which
describes the controlled dynamics. While in the standard theory the evolution operator
is constructed directly from the optimal trajectory, this is not the case in singular theory.
The reason is that such operator will not display the evolution property, that is the
most fundamental feature, as it appears immediately from its definition below.

For any couple (t,s) such that 0 < s <t < T, let ®(t,s): [D(A*?)] — [D(A*?)]
defined by

B(t, s)a = G(t, s;0) — Big(t, ;) = e+ {L25(, s; ) }(¢) . (5.14)

The regularity properties of the operator ®(-,-), which a priori belongs to £([D(A*?)]')
(for (¢, s) given), are collected in the following Proposition.
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Proposition 5.7. For the operator ®(-,-) defined in (5.14) the following properties are
valid:

i) ®(t,t)a = a for all a € [D(A*?)]';
it) for any s, 7 with 0 < s <7 < T, it holds
ReACTMd(r,5)a € C([r,T);Y)  Va e [D(A*?)) (5.15)
continuously with respect to a and uniformly in s and T;
i11) for any s, 7 with 0 < s <71 < T, it holds
RO(-,7) ®(1,5)a € O([1,T};Y) Vo € [D(A*?)]
continuously with respect to a and uniformly in s and T;
i) for any s,7,t with 0 < s <7 <t <T, it holds in Y
R®(t,7) ®(7, s)o = R®(t, s)a Vo € [D(A*?)]
Proof. Since the operator ®(¢, s) — as defined above — has the same algebraic structure
as in the classical LQ-theory, we can treat this operator as an evolution on the dual space
to D(A*?). The needed regularity is established by referring to preceding Lemmas: in
particular, to Lemma 5.4. The proof of the above properties can be produced along
the lines of Lemma 8.3.2.3 and Lemma 8.3.2.4 in [27], on the basis of the powerful

facts RA? € L(Y), RB; = 0, beside (I — A)™'B; € L(U,Y), i = 1,2 established in
Lemmad4.2. t

5.1.3 The optimal cost operator

We note that the Riccati Operator defined via optimal trajectory coincides with
T *
P(t)a = / A UTOR RO (T, t)adr,  0<t<T, aec[DA?)], (5.16)
t

where ®(7,t) is defined in (5.14). It is readily seen that, combining ® (7, t)a = §(7,t; ) —
B1g(t,t; ) with RB; = 0, (5.16) is actually equivalently rewritten as follows

T
P(t)a :/ AR Ry(r ;) dr,  0<t<T, ac[DA?)
t

which confirms the equivalent relation (5.10).

Proposition 5.8. The optimal cost operator P(t) defined by (5.16) (equivalently, by
(5.10) ) satisfies the following (enhanced) regularity properties:
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1. (Space regularity) For any given t € [0,T], one has
AP()A2 € L(Y); (5.17)

equivalently,
P(t) € L([D(A*™)]), D(A*7?)) V1,72 < 2. (5.18)

As a consequence, Bf P(-)A? € L(Y,U), i = 1,2 and the gain operator B*P(t) =
BiP(t) + Bf A*P(t) satisfies B*P(t)A% € L(Y,U); namely,

B;P(t) € L(D(A®),U));  i=0,1. (5.19)

2. (Time regularity) As for the regularity in time of the optimal cost operator —
then, of the value function — one has

P(-) continuous: [D(A*?)) — C(0,T;D(A*?)). (5.20)

Proof. 1. Let o € [D(A*?)]) be given. We write down and compute, with 0 <t < T,

T
(A" P(t)a = (A?)* / AT R*RO (1, ) dr
t

T
= / e TTD[(A2)*RY RO (7, t) v dr
t

where the application of the operator (A2)* commutes with the integration in time on
the extrapolation space.
Then, the conclusion in (5.17) follows recalling that the function R®(-,t)a takes values
in Y (cf. (5.15)), whilst (42)*R* is a bounded operator on Y.

As for gain operator, on the basis of (5.17), we next obtain

BfP()A? = B (I - A*)"' (I - AMP() A’ c L(Y,U), i=1,2,

owing to B} (I — A*)~! € L(Y,U), thereby confirming the exceptional boundedness and
smoothing effect of the gain operator in (5.19).

2. Finally, the regularity in time of (5.20) follows combining the continuity in time of the
function R®(-,t)c (see, once again, (5.15)) with more standard semigroup properties;
see the proof in [27, p. 697]. O

5.1.4 The Riccati equation

In this section we shall provide several key relations which lead to a characterization of
the Riccati operator via Differential Riccati equation. One of the fundamental proper-
ties is the evolution (of the evolution operator) with respect to the initial time, that is
the second argument. Whilein the case of semigroups both evolutions are the same, in
the case of time dependent evolutions — as in the present case — proving differentiability
with respect to the initial time is challenging. The challenge is due to the compromised
regularity and the intrinsic lack of invariance.
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Lemma 5.9 (Differentiability of the evolution with respect to initial time). The evo-
lution operator ®(r,t) defined in (5.14) satisfies

%(R@(T,t)a) = —R®(7,t)[A - BB*P(t)]« Va € [D(AY)], a.e. int,

where B denotes By + ABj.

Proof. We will sketch the major steps of the proof.
1. We have seen that R®(t, s) may be defined on the extrapolation space [D(A*?)]". In
particular, R®(t, s) Bu does make sense and it holds

sup [[RO(-, ) Bul| g1y < erllullu
0<t<T

To justify the above assertion: we recall that
RO(-,t)ar = ReA™ Do+ R{L;g(-, ;) }(7)
which combined with (5.13) gives
RO(r,t)a = { [ + RL,L;R*] "' ReAU D0} (7), e [D(A™)] (5.21)
Insertion of Bu € [D(A*?)]" in place of a yields the estimate

sup | R®(-,t)Bull i1y < -+ < R Val| g vy < erlullu
0<t<T

2. A major step is to show existence (as well as to pinpoint the regularity) of the
derivative of R®(7,t)a with respect to ¢, with « belonging to the largest possible
space. The arguments here owe to [27, Vol. II, Lemma 8.3.4.2]. Rewrite

R®(7,t)a + {RL,L; R* R®(-,t)a} (1) = Ret " Vo (5.22)
and notice that if a € [D(A*)]' (please note that here it is not o € [D(A*2)]'), then

ReA(Tft)x _ RA2 AfleA(‘rft)Afla:

Y

which gives
iReA(T_t)x = —[RA%)ATD A1y
dt veY

Rewrite next (5.22) explicitly:

T T
RO (7,t)a + R/ eA(T_U)B/ B* eV ") R*R®(r, t)a dr do =
t o

= ReA T

32



which implies

T
%(R(I)(T, t)a) — ReM"YB / B* eV "D R*RO(r, t) o dr +
t
d

T T
+ R/ eA(T_”)B/ B*eA*(T_U)R*R% (R®(7, t)cx) dr do
t o
= —Re Y Aqr.
The above implicit equation is rewritten as

d
1+ RLL;RY) - (RE( t)a) = — Ref;(T(—ZAa + Re Y BB*P(t)a
7, TQ(T,t)

which makes sense at least in H~1(0,T;Y).
Then, noting that
Tl(vt) = C([t,TLY), T2<7t> ELoo(taTvy)

we get
d (R®(7,t)a) = [I+RLtL;R*]*1{—ReA“—t)Aa+ReA<T—t>BB*P(t)a} e LX(t,T;Y).

dt
Recalling (5.21) we finally obtain
d

(R®(7,t)a) = —R®(7,t)Aa + R®(7,t)BB* P(t)a

dt
(cf. [27, Vol. 11, § 8.3.4, p. 701]), thereby providing with

(RO, 1), y)y =
—(R®(1,t) [A— (Bo + ABy) (B} + BiA")P(t)|z,y)y, x€[DA")],yeY.
O

Lemma 5.10 (First Feedback Synthesis). The optimal control § admits the repre-

sentation

§(m,t;0) = —[Bi + BfA*|P(1)®(,t)ac Vo € [D(A*?)] .

Proof. From the optimality conditions we know that
Q(Ta t; a) = _{LIR*Rﬁ(v t; Oé)}(T) :
Because RB; = 0, and exploiting the evolution property enjoyed by ®, it follows
g(t,t;a) = —LiR* RO (-, t)av.

Observing that for any o € [D(A*)] one has R®(t,s)a € Y and LiR*: LY(Y) —
C(U), makes the above composition of operators meaningful — as acting on appropriate
domains. This concludes the optimal synthesis as stated in the Lemma. O
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Lemma 5.11 (Riccati Equation). For all z,y € D(A) the Riccati operator P(-)
satisfies

(L P(t)e,y), = —(R*Re,y)n — (A*P(t)z, )y

dt
— (P(t)Az,y)y — ([By + BiA"|P(t)z, [By + BiA"|P(t)y)y ,

with
AP(H)A € £(Y),
A*P(t)A continuous : Y — L*>*(0,T;Y).

Proof. In order to derive the Riccati equation, we follow the so called direct approach
(cf. [27]). Differentiation (in a weak sense) of the Riccati operator requires the char-
acterization of the left derivative (with respect to the initial time) of the evolution.
However, in the present case, Proposition 5.7 provides the needed regularity for the
evolution when acted upon by the observation. This allows to obtain the critical repre-
sentation for the right evolutionary derivative which is given by Lemma 5.9. The said
representation, when combined with the “first feedback synthesis” in Lemma 5.10 gives
the final conclusion.

Calculations are justified by the already proved regularity of the quantities involved.
In particular, the compromised regularity of the derivative of the evolution (which
requires o € [D(A*)], is sufficient to obtain the final conclusion. O

We note that the feedback synthesis given in Lemma 5.10 is in terms of the evolution
operator ®(¢,s). What is needed, instead, is the feedback synthesis in terms of the
actual trajectory g. This is achieved below.

Lemma 5.12 (Feedback Synthesis). For any o € [D(A*?)]', the following feedback
representation of the optimal control §(t;«) holds true:

g(t;q) = = [I = [B; + B A"|P(t)B1] "' (B + B A"|P(1)j(t, ) ;

the formula provides an “on line” optimal control §(-, o) € Lo(U) for the a-parametrized
problem.

Proof. For the feedback synthesis of the optimal control it remains to discuss the in-
vertibility of the operator

I— [BQ)’< + Bl*A*]P(t)Bl .

Proposition 5.13. The operator I — [By* 4+ B1*A*|P(t) B is boundedly invertible on
U for each t € [0,T].

Proof. Step 1. We shall first prove the injectivity of the operator I—[By*+B1* A*| P(t) By
for t = 0. Then, the dynamic programming argument will extend the conclusion to all
t€[0,7T].
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By contradiction, let v € U be such that v # 0, and
v=[By"+ B1"A*|P(t)Bv. (5.23)

Consider then the optimal control problem with yy = 0, and &« = —Bjv. The (implicit)
optimal synthesis gives

9a(0) = =[B5 + B{A"|P(0) (4a(0) — B17a(0)) - (5.24)

But from the continuity of optimal control, we also have 3,(0) = a + B1§(0). This,
combined with (5.24) give

9a(0) = =[Bg + B{A"|P(0)[§a(0) — B19a(0)] = [By + B{A*|P(0)Biv.  (5.25)

From the contradiction argument (5.23) it follows that g2 (0) = v. On the other hand,
the optimal control problem with yg = 0 produces only one solution which is equal
identically to zero. Therefore, the optimal control ¢ should be zero as well. This
contradicts the fact that v # 0.

The same argument applied to the dynamics originating at the time ¢ yields injec-
tivity of I — [Bj + By P(t)|B1 on U, for any ¢ € [0,T].
Step 2. Compactness of the operator [Bj+ B} P(t)|B;. This follows from the regularity
properties of P(t) which asserts that P(t): D(A*?)] — D(A*?) is bounded. However,
the injection By: U — D(A*?) is compact. Thus, the final conclusion follows from the
theory of compact operators. ]

Now, the conclusion in Lemma 5.12 follows from the Proposition 5.13 and the
representation in Lemma 5.10 supported by definition of evolution operator ®. O

Completion of the proof of Proposition 5.2: combine the results stated in Proposition
5.8, Lemma 5.11 and Lemma 5.12.

Completion of the proof of Theorem 3.7 setting o = yo — B1go provides the con-
clusions stated in Theorem 3.7.

5.2 Proof of Theorem 3.10

It remains to be shown that §(0) coincides with the parameter go. This is done below.

Let yo € [D(A*?)]" and g € U be given. With a = gy — B1go, we know from from
Part 1 of Theorem 3.7 that the optimal control g° belongs to C([0,T];U). Therefore,
in order to comply with the original model one is asking for the following selection of
the parameter go: go = ¢°(0). This amounts to

@(t=0)=go, a=yo—Bigo.

The above implicit relation is always uniquely solvable for some gg € U. In fact,
the matching condition amounts to solving g9 = Fa = F(yg — Bi1go), that is (I —
FBy)go = Fyo, where we set F' := [Bj + BfA*|P(0). (We note the key property
F e L([D(A%)]',U).)
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Thus, it is sufficient to recognize that I — F'B; coincides with the operator G(0),
whose requisite boundeness and invertibility have been shown in Proposition 5.13. This
gives go = (I — FBy) "' Fyy, with (I — FBy)™' € L(U).

The previous Proposition provides the crucial result for the concluson of our anal-
ysis.

Corollary 5.14. Letyg € D(A*?))' be given. Cosnider Problem Py, with a = yo— B1go,
and go € U given by
go= (I —FBy) 'Fyq, (5.26)

where F = F := [Bj + B} A*|P(0).

Then, there exists a unique optimal control g° € C([0,T);U) and a corresponding
trajectory (3.1), with y°(0) = yo, such that the results of Proposition 5.2 hold with
a =yo — Bigo and go given by (5.26).

In other words, by solving the parametrized optimal control problem with a given
a = yp — B1go and a parameter go € U we solve a family of LQ problems, which always
have a unique solution. The original dynamics is included in this family. By selecting
go € U according to the matching condition, we make a selection of a problem whose
dynamics coincides with the original one. However, the above does not imply that
the constructed optimal control for the parametrized control problem is also optimal
for the original problem — when considered within the L?(U) framework for optimal
controls. In fact, the latter may not have an optimal solution at all when yy € R(By),
as shown in Theorem 3.4; see also [26]. Thus, the constructed control is suboptimal, yet
it corresponds to the original dynamics. However, if the original problem does have an
Lo(U) optimal control, then such control coincides with a parametrized control where
go is selected according to the matching condition.

5.3 Proof of Theorem 3.11

Theorem 3.11 follows from Theorem 3.10 by using a rather standard argument in cal-
culus of variations. To wit: we recall from Proposition 5.2 that the optimal value for
the parametrized problem equals

J(9:9g0) = (P(0)cr, )y = (P(0)(yo — B19o), Y0 — Bigo)y -
On the strength of positivity and selfadjointness of P(0) we can write the above as
(3, 9g0) = IPY2(0)(yo — Bago) I3 -

Appealing to the regularity properies of P(0) listed in Theorem 3.10 we obtain that
J(g90) = J(§,Yyg,) is weakly lower semicontinuous on U. Indeed, the latter follows from

J(9,9g0) = (P(0)(y0 — B1go), %0 — B1go)y = (P(0)yo, vo)y
—2(P(0)yo, B1go)y + (P(0)B1go, B1go)y » (5.27)
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where (I — A)"!B;: U — Y is compact and A*P(0)A: Y — Y is bounded. This gives
compactness of the map g — P/ 2(0)B1g from U to Y, adressing the convergence of
the last quadratic term in (5.27).

As for the first term, we simply recall Proposition 5.8 which states A*QP(O)A2 :
Y — Y is also bounded. Strong continuity of the second term (linear in gy ) follows
now from A~!B; € L(Y) and A*P(0)A? € L(Y). Thus the regularity of the Riccati
operator P(0) along with (I — A)~'B; € L(Y) implies weak lower-semicontinuity of
the functional. Since Uy is weakly compact, we obtain a minimizing sequence g, € Uy
such that J(g,) — d = infgcpy, J(g0) and g, — g* € Uy weakly in U. Weak lower
semicontinuity of J(gg) gives an existence of a minimizer. The characterization of the
minimizer follows now from a standard argument in calculus of variations, after taking
into consideration the representation of the functional via Riccati operator. This leads
to the final conclusion stated in Theorem 3.11.
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A On the inversion of the free dynamics operator

This Appendix contains (pretty elementary and yet) explicit calculations showing that
although A does not admit a bounded inverse on L?(Q), the operator I — A does. The
obtained expression of the inverse (I — A)~! then enables us to compute (I — A)~!B;,
disclosing its boundedness and compactness.

Let us return to the definition (2.7) of operator A: Y D D(A) — Y that governs
the free dynamics, whose domain D(A) is described in both abstract and PDE terms at
the beginning of Section 2.3. First we verify that A does not adimit a bounded inverse
on Y. Given w = (w1, ws,ws3)? € Y, seek an element y = (y1,y2,y3)? € D(A), such
that Ay = w. In view of (2.7), one has

Y2
Ay = Y3
—Ayr — [bA+ (A + D)NNF (A + D]y = [al + 2(A+ D)NINT(A+1)]ys
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which gives

Y2 = w1

Y3 = w2

—PAy; = [bA+ c(A+ I)NIN{(A+ D)|wy + [af + 2(A+ I)Ni N7 (A+ I)]ws + ws .
Since A does not admit a bounded inverse on L?(f2), the third equation does not yield
y1 in terms of w.

We thus restart from (I — A)y = w, where w € Y is given. This is now
Y1 —Yy2=w
Y2 — Y3 = w2

Y3 +c2Ay1 + [b.A—l-C(.A-i—I)NlNl (.A—i—[)]yg -+ [Oé[+ (A+I)N1N1 (A—FI)] = w3,

which gives

= wy +wy +
{Zh w1 + W2 + Y3 (A.l)
Y2 = w2 + Y3
along with
b
[0+ @7 +(@ 4+ DA+ (e D) (A+ DNINT(A+D)] 35 =
= w3 — 02A<’LU1 + wg) — [bA + C(.A + I)NlNik(,A + I)]wQ — (A.2)

= —Aw; — [(® +b)A+ c(A+ I)NINT (A +I)]ws + ws.
Since the operator (A + I) N1 Ny (A + I) is non-negative and selfadjoint on D(A), then
the operator
b
Si= (L4 ) + (@ +b)A+ (c+ E)(A + NN (A + 1) (A.3)
admits a bounded inverse S~1: L%(Q) — D(A); consequently, we obtain from (A.2)
ys = S = PAw; — ((® +b) A+ c(A+ I)N1Nj(A+I)) wa + ws] .
The above, combined with (A.1) establishes
(- A>—1 -
— 2874 1-5- [(c +b)A+c(A+I)NINj(A+ 1) S7!
= —CQS A T-S(+bA+c(A+T)NINj(A+T)] 5!
—c2S7tA =STH(AE+b)A+ c(A+ )NINF(A+ 1) S
=I1-cS7'A (1+a)S + .S HA+I)NINF(A+T) S}
= —2s14 (1+a)S™t 4+ 25~Y (A + I)N N (A +I) S,
—2S7MA T+ (14 a)S7 + ST YA+ ) NINF(A+T) S~

(A.4)
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where the latter equivalent representation of the matrix elements (of the operator)
follows from the identity

b
(F+b)A+c(A+ )NINF(A+D) =S - (1+a)l - A+ DNINI(A+T).

The obtained explicit expression of the inverse of I — A in (A.4) combined with the
actual structure of the operators B; in (2.8), i = 0, 1, gives in particular,

0 CQS_I(A+ I)No
(I—A)7'By=(—-A)7" 0 =|AS YA+ N |,
A(A+T)Ny AS~H A+ )N, (A.5)
b
(I-A)'B = ?2([ —A)7By.

The conclusion that both (I — A)~!B; belong to L(U,Y), i = 0,1, as well as their com-
pactness, now follows from the structure of the operator S, along with the definitions
(and properties) of the operators A, Ny, V.

References

[1] P. AcqQuisTAPACE, F. Buccr, I. LASIECKA, Optimal boundary control and Ric-
cati theory for abstract dynamics motivated by hybrid systems of PDEs, Adv. Dif-
ferential Equations 10 (2005), no. 12, 1389-1436.

[2] P. AcQuISTAPACE, F. Bucct, I. LASIECKA, A theory of the infinite horizon LQ-
problem for composite systems of PDEs with boundary control, SIAM J. Math.
Anal. 45 (2013), no. 3, 1825-1870.

[3] V. BARBU, Stabilization of Navier Stokes Flows, Springer Verlag, 2011.

[4] V. BARBU, I. LASIECKA, R. TRIGGIANI, Tangential boundary control of Navier
Stokes equations, Memoirs AMS, 128 pp., Vol. 181, N. 852, 2006.

[5] A. BENSOUSSAN, M. DELFOUR, G. DA PrATO, S. MITTER, Representation of
Control of Infinite Dimensional Systems, Birkhauser, 1994.

[6] F. Bucct, A Dirichlet boundary control problem for the strongly damped wave
equation, STAM J. Control Optim. 30 (1992), no. 5, 1092-1100.

[7] F. Buccr, L. PANDOLFI, On the regularity of solutions to the Moore-Gibson-
Thompson equation: a perspective via wave equations with memory, arXiv e-Print
arXiv:1712.09930 [math.AP], 2017.

[8] C. CATTANEO, On a form of heat equation which eliminates the paradox of in-
stantaneous propagation, C.R. Acad. Sci. Paris, 431-433, 1958.

39



[9]

[10]

[11]

C. CLASON, B. KALTENBACHER, Avoiding degeneracy in the Westervelt equation
by state constrained optimal control, Fvol. Equ. Control Theory 2 (2013), no. 2,
281-300.

C. CLASON, B. KALTENBACHER, S. VELJOVIC, Boundary Optimal Control of
the Westervelt and the Kuznetsov equations, J. Math. Anal. Appl. 356 (2009),
738-751.

I.C. CurisTOV, Nonlinear acoustics and shock formation in lossless barotropic
Green-Naghdi fluids, Evol. Equ. Control Theory 5 (2016), no. 3, 349-365.

C.I. CHrisTOV, P.M. JORDAN, Heat Conduction Paradox Involving Second-
Sound Propagation in Moving Media, Physical review letters 94, no. 15, 2005.

F. DELL’ORO, I. LASIECKA, V. PATA The Moore-Gibson-Thompson equation
with memory in the critical case, J. Diff. Eq. 261 (2016), no. 7, 4188-4222.

F. DELL’ORO, V. PATA, On the Moore-Gibson-Thompson equation and its rela-
tion to linear viscoelasticity, Appl. Math. Optim. 76 (2017), no. 3, 641-655.

T. DREYER, W. KRAUS, E. BAUER, R.E. RIEDINGER, Investigation of compact
focusing ransducers using stacked piezoelectric elements to strong sound pulse in
therapy, in Proceedings of the IEEE Ulytasonic Symposium, 1239-1242, 2000.

P.M. JORDAN, An analytical study of Kuznetsov equation diffusive solitons. Shock
formation and solution bifurcation, Phys. Letters A 326 (2004), 77-84.

P.M. JORDAN, Second-sound phenomena in inviscid, thermally relaxing gases,
Discrete Contin. Dyn. Syst. Ser. B 19 (2014), no. 7, 2189-2205.

P.M. JOrRDAN, The effects of coupling on finite-amplitude acoustic traveling waves
in thermoviscous gases: Blackstock’s models. Evol. Equ. Control Theory 5 (2016),
no. 3, 383-397.

B. KALTENBACHER, Mathematics of nonlinear acoustics, Evol. Equ. Control The-
ory 4 (2015), 447-491.

B. KALTENBACHER, Well-posedness of a general higher order model in nonlinear
acoustics, Applied Mathematics Letters 63 (2017), 21-27.

B. KALTENBACHER, I. LASIECKA, R. MARCHAND, Wellposedness and exponen-
tial decay rates for the Moore-Gibson-Thompson equations arising in high intensity
ultrasound, Control and Cybernet. 40 (2011), no. 4, 971-988.

B. KALTENBACHER, I. LASIECKA, M.K. POsSPIESZALSKA, Wellposedness and ex-
ponential decay of the energy in the nonlinear Moore-Gibson-Thompson equation
arising in high intensity ultrasound, Math. Models Methods Appl. Sci. 22 (2012),
no. 11, 1250035, 34 pp.

40



23]
[24]

[25]

[26]

J. LAGNESE, Boundary Stabilization of Thin Plates, STAM, 1989.

I. LasiEckA, Mathematical Control Theory of Coupled PDE’s; NSF-CBMS Lec-
ture Notes, STAM, Philadelphia, 242 pp., 2002.

I. LasieckA, D. LukEes, L. PANDOLFI, Input dynamics and nonstandard Ric-
cati equations with applications to boundary control of damped wave and plate
equations, J. Optimiz. Theory Appl. 84 (1995), no. 3, 549-574.

I. LASIECKA, L. PANDOLFI, R. TRIGGIANI, A singular control approach to highly
damped second-order abstract equations and applications, Appl. Math. Optim. 36

(1997), 67-107.

I. LasieckA, R. TRriGGIaNI, Control of Partial Differential Equations, Encyclo-
pedia of Mathematics and its Applications, Cambridge University Press, 2000.

D. Louis, D. WEXLER, The Hilbert space regulator and the operator Riccati
equation under stabilizability, Annales de la Societé Scientifique de Bruxelles 105

(1991), 157-165.

R. MARCHAND, T. McDEVITT, R. TRIGGIANI, An abstract semigroup approach
to the third-order Moore-Gibson-Thompson partial differential equation arising in
high-intensity ultrasound: structural decomposition, spectral analysis, exponential
stability, Math. Methods Appl. Sci. 35 (2012), no. 15, 1896-1929.

V. NikoLI¢, Local existence results for the Westervelt equation with nonlinear
damping and Neumann as well as absorbing boundary conditions, J. Math. Anal.
Appl. 427 (2015), no. 2, 1131-1167.

V. NikoLic, B. KALTENBACHER, Sensitivity analysis for shape optimization of a
focusing acoustic lens in lithotripsy, Appl. Math. Optim. 76 (2017), no. 2, 261-301.

L. PAnNDOLFI, The quadratic regulator problem and the Riccati equation for a
process governed by a linear Volterra integro-differential equation, IEEE Trans.
Autom. Control (to appear).

I. SHEVCHENKO, B. KALTENBACHER, Absorbing boundary conditions for nonlin-
ear acoustics: The Westervelt equation, J. Comput. Physics 302 (2015), 200-221.

PROFESSOR STOKES, An examination of the possible effect of the radiation of heat
on the propagation of sound, Philos. Mag. Series 4 (1851), no. 1, 305317.

B. STRAUGHAN, Acoustic waves in Cattaneo-Christov gas, Physics Letters A 374
(2010), 2667-2669.

R. TricGiaNI, Optimal boundary control and new Riccati equations for highly
damped second-order equations, Differential Integral Equations 7 (1994), 1109-
1144.

41



[37] P.J. WESTERVELT, Parametric acoustic array, The Journal of the Acoustic Society
of America 35 (1963), 535-537.

42



