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DYNAMIC PROGRAMMING AND FEEDBACK ANALYSIS OF THE
TWO DIMENSIONAL TIDAL DYNAMICS SYSTEM

ManNiL T. MOHAN®

Abstract. In this work, we consider the controlled two dimensional tidal dynamics equations in
bounded domains. A distributed optimal control problem is formulated as the minimization of a suitable
cost functional subject to the controlled 2D tidal dynamics equations. The existence of an optimal
control is shown and the dynamic programming method for the optimal control of 2D tidal dynamics
system is also described. We show that the feedback control can be obtained from the solution of an
infinite dimensional Hamilton-Jacobi equation. The non-differentiability and lack of smoothness of the
value function forced us to use the method of viscosity solutions to obtain a solution of the infinite
dimensional Hamilton-Jacobi equation. The Bellman principle of optimality for the value function is
also obtained. We show that a viscosity solution to the Hamilton-Jacobi equation can be used to derive
the Pontryagin maximum principle, which give us the first order necessary conditions of optimality.
Finally, we characterize the optimal control using the adjoint variable.
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1. INTRODUCTION

From the earliest ages onwards, people have been fascinated by the periodic rise and fall of the sea surface. The
tidal motion can be described as the oscillation of ocean waters under the influence of enchanting gravitational
forces of the moon and the sun. Ocean tides have been investigated by many mathematicians and physicists,
starting from great scholars like Galileo Galilei, Isaac Newton etc. (see [15, 33]). Newton’s equilibrium theory
of tides described the observed dominant semi-diurnal periodicity of ocean tides (see [16] for more details).
The ocean tide information have been massively used in the geophysical areas such as Earth tides, the elastic
properties of the Earth’s crust, tidal variations of gravity, and in calculating the orbits of artificial satellites
used for space exploration etc. (see [27, 28]). They are also applied, in space studies to calculate the trajectories
of man-made satellites of the Earth and to interpret the results of satellite measurements. The kind of model
considered in this paper goes back to the works of Laplace. He was the first one to investigate the free and
forced oscillations of a thin atmosphere on a spherical planet (see [24]). Laplace rearranged the rotating shallow
water equations into the system that underlies the tides and is known as the Laplace tidal equations. By taking
the shallow water model on a rotating sphere, which is a slight generalization of the Laplace model, the tidal
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dynamics model considered in [22, 27, 28] is obtained. We refer the interested readers to [27, 28, 34] etc., for
extensive study on the recent progress in this field.

In this work, we consider the controlled two dimensional tidal dynamics equations in bounded domains
and establish the Pontryagin maximum principle, via the dynamic programing method. We now describe the
controlled two dimensional tidal dynamics equations with a distributed control. Let Q C R? be bounded with
smooth boundary conditions. That is, €2 is a horizontal ocean basin, where tides are induced over the time
interval [0, T]. The boundary contour 0f2 is composed of two disconnected parts:

(1) a solid part I'1, coinciding with the edge of the continental and island shelves,
(2) an open boundary I's.

We assume that sea water is incompressible and the vertical velocities are small compared with the horizontal
velocities, and hence we are able to exclude acoustic waves. Also long waves, including tidal waves, are stood out
from the family of gravitational oscillations. Moreover, in order to reduce computational difficulties, we assume
that the Earth is absolutely rigid, and the gravitational field of the Earth is not affected by movements of ocean
tides. Also, we ignore the effect of the atmospheric tides on the ocean tides and the effect of curvature of the
surface of the Earth on horizontal turbulent friction. Under these commonly used assumptions, we consider the
following controlled tidal dynamics model (see [17, 22, 26-30, 43] etc.):

%—vtv—i—lk X w+gV§+%|w|w—mhAW:g+U, in Q x (0,7),
o¢ | . .
Bt +div(hw) =0, in Q x (0,7,

w=w’, on dQ x [0, 7], (1.1)
w(0) = wo, ¢(0) = (o, in,

T
w' =0, on Ty, and / hw? - ndTydt = 0,
0o Jry

where w(z,t) € R?, the horizontal transport vector, is the averaged integral of the velocity vector over the
vertical axis, [ = 2pcos@ is the Coriolis parameter, where p is the angular velocity of the Earth rotation and
0 is the colatitude, k is a unit vector oriented vertically upward, g is the free fall acceleration, the friction
coefficient r is a universal constant, x; is the horizontal turbulent viscosity coefficient, n is the unit outward
normal to the boundary I's. The scalar ((x,t) € R is the deviation of free surface with respect to the ocean
bottom (i.e., ¢ = (s — (p, where (s is the surface and ¢, is the shift of the ocean bottom), g = y,gV(™ is the
known tide-generating force with +, is the Love factor approximately equal to 0.7 and (T is the height of the
static tide. In (1.1), h(z) is the vertical scale of motion, that is, the depth of the calm sea at x in the region
and we assume that it is a continuously differentiable function nowhere becoming zero, so that

= 1 = < .
0 <A=minh(z), u=maxh(z), max|Vh(z)| <M, (1.2)

where M is a positive constant which equals to zero at a constant ocean depth. The quantity U appearing in
the right hand side of momentum equation in (2.1) is the control, which is a distributed external force acting
on the system.

Next, we discuss about the boundary conditions satisfied by the averaged velocity field. Remember that the
contour 0f2 consists of two parts, a solid part 'y coinciding with the shelf edge and the open boundary T's.
The function w®(z,t) is a known function on the boundary. This impermeability condition is given on the solid
part of the boundary, i.e., the restriction w|r, = 0 is the no-slip boundary condition on the shoreline, and
fOT fr2 hw" - ndl2dt = 0, follows from the mass conservation law. The initial datum wq(z) and (p(z) are given.
In particular, wg and (y can be set equal to zero, which indicates the fact that initially the ocean is at rest. The
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unique global solvability results of the system (1.1) is obtained by simplifying the non-homogeneous boundary
value problem to a homogeneous Dirichlet boundary value problem (see (2.1) in the next section). For more
details, we refer the readers to [21, 26-29], etc.

Let us now discuss the solvability results available in the literature for the system (1.1) (or equivalently (2.1) in
the next section). The existence and uniqueness of a weak solution for the tidal dynamic equations (see systems
(1.1) or (2.1)) in bounded domains has been obtained in [21, 27, 28], using compactness arguments. The authors
in [26] obtained similar results for the deterministic tidal dynamics system using global monotonicity property
of the linear and nonlinear operators (so that the results are valid even in unbounded domains). The existence
of a periodic solution for the tidal dynamics problem in two dimensional finite domains is obtained in [17]. The
existence and uniqueness of weak and strong solutions of the stationary tidal dynamic equations in bounded and
unbounded domains is obtained in [29]. The global solvability results for stochastic perturbations in bounded
and unbounded domains, and different asymptotic behaviors have been established in [2, 20, 26, 40, 43] etc.

Optimal control theory of fluid dynamic models has been one of the important research areas of applied math-
ematics with enormous applications in the fields like Oceanography, Geophysics, Engineering and Technology,
ete. (¢f. [1, 4, 9, 14, 19, 25, 39, 41], etc.). Recently, the author in [30] considered several distributed control
problems like and minimization of total energy and dissipation of energy of the flow, data assimilation prob-
lems in meteorology, etc. with 2D tidal dynamics equations as constraints. The existence of an optimal control
as well as the first order necessary conditions of optimality for such systems is established, and the optimal
control is characterized via adjoint variable. The Pontryagin maximum principle for the state constrained opti-
mization problem for the 2D tidal dynamic system using Ekeland’s variational principle is established in [31].
Some optimal control problems in optimizing the sea level induced by a tidal component in a small basin, tidal
power generation and related problems are considered in [5, 32, 35, 36, 42], etc. The authors in [2] formulated
a martingale problem of Stroock and Varadhan associated to an initial value control problem and established
the existence of optimal controls.

In this work, we formulate a distributed optimal control problem as the minimization of a suitable cost
functional subject to the controlled two dimensional tidal dynamics equations. The cost functional under our
consideration is the sum of dissipation of energy of the flow, L2-energy of the elevation and the total effort by the
distributed controls. We first discuss about the existence of an optimal control for such optimization problems.
Then the dynamic programming method for the optimal control of 2D tidal dynamics system is described. That
is, we show that the feedback control can be obtained from the solution of an infinite dimensional Hamilton-
Jacobi equation. The non-differentiability and lack of smoothness of the value function imposed us to use the
method of viscosity solutions to obtain a solution of the infinite dimensional Hamilton-Jacobi equation. We also
establish the Bellman principle of optimality for the value function. The Pontryagin maximum principle gives
the first order necessary conditions of optimality. We show that a viscosity solution to the Hamilton-Jacobi
equation can be used to derive the Pontryagin maximum principle. At the end of this work, we characterize
the optimal control using the adjoint variable. Of course, we are able to prove only the existence of viscosity
solution and uniqueness is still open. We will address the uniqueness question in a future work.

The rest of the paper is organized as follows. In the next section, we first simplify the non-homogeneous
boundary value problem (1.1) to a homogeneous Dirichlet boundary value problem. We give an abstract for-
mulation of the model and describe the necessary functional spaces needed to obtain the unique solvability
results. The existence and uniqueness of weak as well as strong solutions to the system (1.1) (see Thms. A.1,
A.6), and continuous dependence results are stated in the Appendix (see Thms. A.3, 2.6 and 2.7). The exis-
tence and uniqueness of weak solutions to the linearized problem and a continuous dependence result of the
same problem is also discussed in the same section (see Thm. 2.8 and Prop. 2.9). A distributed optimal control
problem, subject to the controlled tidal dynamics system, is formulated in Section 3 as the minimization of
a cost functional, which contains sum of dissipation of energy of the flow, L2-energy of the elevation and the
total effort by the distributed controls. The existence of an optimal control is also discussed (see Thm. 3.4).
In the same section, we derive the adjoint system formally and discuss about the unique solvability results to
the adjoint system (see Thm. 3.3). In Section 4, we describe the dynamic programming method for the optimal
control of two-dimensional tidal dynamics system. We define the value function as the minimum of the cost
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functional and show that the value function satisfies an infinite dimensional Hamilton-Jacobi equation. In the
same section, we also establish the Bellman principle of optimality for the value function (see Thm. 4.4). Due to
the non-differentiability and lack of smoothness of the value function, we use the method of viscosity solutions
to obtain a solution of the infinite dimensional Hamilton-Jacobi equation (see Thm. 4.7). In the final section,
we prove that the value function, a viscosity solution to the Hamilton-Jacobi equation can be used to derive
the Pontryagin maximum principle (see Thm. 5.5). The feedback optimal control is characterized via adjoint
variable. A verification theorem is also provided in Section 5 (see Thm. 5.6).

2. MATHEMATICAL FORMULATION

In this section, we provide an abstract formulation of the system (1.1) and explain the necessary function
spaces needed to obtain the global solvability results of (1.1). We provide the global existence and uniqueness
of weak as well as strong solutions of the uncontrolled system. We also give an insight into the global solvability
results of the corresponding linearized problem and adjoint system.

In order to simplify the non-homogeneous boundary value problem (1.1) to a homogeneous Dirichlet boundary
value problem (for convenience, we take 7 = 0 in this section), we set

u(z,t) = wz,t) — w'(z,t),

and
E(z,t) = Cla, 1) + / div(h(z)w(z, 5))ds,

which are referred to as the tidal flow and the elevation. The full flow w®, which is given a priori on the
boundary 99, has been extended to the whole domain 2 x (7,7 as a smooth function. We denote this function
also by w%. We write the controlled tidal dynamics system (1.1) in the abstract form as:

3‘579 + Au(t) + B(u(t)) + VE(t) = £(t) + U(t), in Qx (r,7),
o&(t . :
% +div(hu(t)) =0, in Qx (1,7), (2.1)

u(t) =0, on 902 x (1,T),
u(T) = Uo, 5(7—) = 507 in Q;

where we scaled g to unity. For U = 0, we call the system (2.1) an uncontrolled tidal dynamics system. Using
conservation of mass, we have

/Q{(:E,t)dx: /Qg(x,T)d:c = /Qfo(x)dx: |Q|&o, for all t e [r,T], (2.2)

where &, = ﬁ fQ &o(z)da, and |Q] is the Lebesgue measure of ). Let us now describe the operators appearing
n (2.1). The operator A denotes the matrix operator:

A= ( _%A _‘fA ) (2.3)
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where A is the Laplacian operator, a := kp, 8 := 2pcosf are positive constants. For x € ), B denotes the
nonlinear vector operator,

B(u) := vy(z)ju+ w’|(u + w?), (2.4)
where w9(z,t) € R? is a known deterministic function on the boundary Q. The function ~(x) := ﬁ is a

strictly positive smooth function (note that the friction coefficient » > 0 is a universal constant and h(-) satisfies
(1.2), [28], see p. 46). The function f and initial data (ug,&p) are given by

f:g_a(;‘; V/ div(hw®)ds 4+ rkp Aw? — Ik x wP,
2.5
wo(2) = wo(z) — w0(&,0), (25)

o(z) = Co(x).

The regularities of (ug, &), w’ and f are discussed in the sections given below.

2.1. Functional Setting

For p > 1, we denote by LP(f2) := LP(Q;R), the space consisting of equivalence classes of measurable real
valued functions for which the pt* power of the absolute value is Lebesgue integrable, where the functions which
agree almost everywhere are identified. We know that L2(Q2) is a Hilbert space, and the norm and inner product
in L2(Q) are denoted by || - ||z and (-,-)r2. We define LP(£2) := LP(Q;R?) as the Banach space of Lebesgue
measurable R2-valued, p-integrable functions on ) with the norm:

pul = ([ |u<x>|f’da:)1/p.

For p = 2, L2(Q) := L2(£;R?) is a Hilbert space equipped with the inner product given by
(u,v)p2 := / u(z) - v(z)de, u,v € L*(Q).
Q

Then the norm on L?(Q) is defined by

1/2
e = (u,w)y (/ u(z |d33> .

Let H'(Q) := H'(2; R?) denotes the Sobolev space W2(Q) := W2(Q; R?) with the norm defined by

ullm == (Juflf2 + ||Vu||i2)l/2, for all u € H'(Q).
We also let H}(Q2) := HE(2;R?) to be the closure of C°(Q;R?) in H!(Q) norm, where C2°(£2;R?) is the space
of all infinitely differentiable functions with compact support in 2. Then H}(€2) is also a Sobolev space under

the induced norm. Since €2 is a bounded domain, in view of the Poincaré inequality, that is,

[uflL> < Cal[Vullee,
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the norms [|Vul|i2(q) and [[ullg are equivalent in H{(€2). Thus H{(Q) is also a Hilbert space equipped with
inner product:

(W, v)m = (Vu, V)2 = /QVu(x) - Vv(z)de,

and the norm:

1/2
lullgs = [Vulls = ( /Q |Vu<x>|2dx> .

We denote the dual of H}(Q) by (H§(2))" = H~1(2). The induced duality between the spaces H{ () and H~1(€2)
is denoted by <~,~>H_1xH(1) . Then, we have the following continuous and dense embedding:

Hy(Q) c L*(Q) = (L*(Q)) c H1(Q).
The first embedding is also compact, since © is bounded. Using the Gelfand triple (Hg(Q),1L?(Q), H™1(£2)), we
may consider V or A as a linear map from L2(Q2) or H}(Q) into H~1(2) respectively. In the sequel, we use the
notations H™ () := H™(Q; R?) = W"2(; R?) and H™(Q2) := H™(Q;R) = W™2(Q;R) for Sobolev spaces of
order m. We also use the notations,
H=12Q), V=H(Q), VV=H Q) and W =H?*(Q).
Let us denote by

H=1%Q), V=H(Q), and V' = the dual of H*(Q),

and the duality pairing (-,-)v/xv. For every f € V', we denote f the average of f over €, i.e., f :=
|Q71{f, 1)v'xv. Let us also introduce the spaces (see [13])

and the operator A : V — V' is defined by
(Au, v)yyrixy = / Vu(z) - Vo(z)dz, forall u,v € V.
Q

Clearly A is linear and it maps V into V{, and its restriction B of A to V¢ onto V{, is an isomorphism. We know
that for every f € Vj, B~1f is the unique solution with zero mean value of the Neumann problem:

—Au=f, in Q,
g—z =0, on 0.
In addition, we have
(Au, B fivixy = (f,u)vixy, forall ueV, feVp, (2.6)

(B ghvixv = (9. B~ flvisv = /QV(B_lf) V(B 'g)dz, for all f,g€ V. (2.7)
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Note that B can be viewed as an unbounded linear operator on H with domain D(B) =

{veH*(Q): g—z =0 on 0Q}.

Let us now give the well known inequality due to Ladyzhenskaya (see [23], Lem. 1 and 2, Chap. 1), which is
used in the paper quite frequently.

Lemma 2.1 (Ladyzhenskaya inequality). Foru € C5°(;R™),n = 2,3, there exists a constant C' > 0 such that

1—n n
lafls < CY¥ullg *[Vullg, forn=2,3, (2.8)

where C'= 2,4, for n = 2,3 respectively.

Thus, for n = 2, we have
haflus < 24 [ull/* | Vull® < Col|Vulla = Collullv, (2.9)
where we also used the Poincaré inequality. Thus, we obtain a continuous embedding
Ve LYQ) = H— LY3(Q) = V.

2.2. Linear operator

Let us define the non-symmetric bilinear form:
a(u,v) = a[(Vuy, Vvi)u + (Vug, Vvo)u] + Bl(ur, ve)m — (uz, v1)ul,
where u = (u1,u3),v = (vq,vy) € V. If u has a smooth second order derivatives (or if u € VNW), then
a(u,v) = (Au,v)y, forall veH.

For u,v € V, we take a(u,v) = (Au,v)y/ xy. For u,v € VN'W, we consider Au = —aAu + Sk x u and an
integration by parts twice yields (using the fact that u| aq = 0)

(—aAu+ Sk x u,v)g = a(Vu,Vv)g + Sk X u,v)g
= (u, —aAv — Sk x v)y,

and hence (Au,v)y # (u, Av)y, so that A is not symmetric. The bilinear form a(-, -) is continuous and coercive
in V, that is,

la(u, v)| < Collullv|lv|lv, forall u,v eV, (2.10)
(Au, u)v v = a(u,u) = o Vul[f = afulf3, (2.11)
for some positive constant C,. Even though A is not a self-adjoint operator, the operator A= —Ais a self-

o~

operator on H with D(A) =V NW.

2.3. Properties of the nonlinear operator
In the sequel, L(H;K) denotes the space of all bounded linear operators from H to K.

Lemma 2.2 ([26, 29, 40]). The operator B defined in (2.4) has the following properties:
For all u,v,w° € L*(Q), we have

7 u)|mg < uj|pe + [|[W e )<, where O < = ||[7llLe < ¥ 1S a constant aepending on -,
) ||B <c, O a)?, where 0 < C, <% tant dependi
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)
) (B(u) =B(v),u—v)u >0,
(iv) (B(w), wa > —55 (W[l + [luf), .
v) [B(w) = B(v)llz < C;([uflus + [[vlls + [[wolLs) [lu = vl|es,
) The operator B(-) is Gateauz differentiable with the Gateauz derivative B'(u) = 2y|u + w?| € L(IL*; H)
and (B'(u)v,v)g > 0.
(vii) Moreover, for u € L*(Q), we have B'(u) = 2y[u + w°| € L(H; V'), and

C
IB' (w)v][y < TTHU + WOl v, for all v e L (2.12)

(vidi) Foru,v,w € L4(), we have [|(B'(w) — B'(v))wlls < 2| — v s | w]s.

Proof. A proof of the Lemma (i)-(v) can be obtained from the Lemma 2.3 in [29]. We prove here (vi)-(viii)
parts.

(vi) Using the definition, it is clear that B(-) is Gateaux differentiable (in fact Fréchet differentiable) with
the Gateaux derivative B/(u) = 2yju+w°| € £(V;V’). Also for each fixed u € L*, using Holder’s inequality, we
have

2r

B (vl = 2llyfu+wo vl < 2]y fu+ wlluafviies < 5

(s + [wOllLa)[[viis, (2.13)

and hence we have ||B(u)|| £ < 2 ([lullLs + [[wO||14), so that B'(-) € £(IL*; H). Since > 0, it can be easily
seen that

(B'(u)v,v)g = 2/ ylu+ wO||v|*dz > 0, (2.14)
Q

for all u,v,w? € L4(Q).
(vit) For any w € V| using (2.13), Holder’s and Ladyzhenskaya’s and Poincaré’s inequalities, we have
[(B'(w)v, whvrv| = [(B'(w)v, w)u| < [|B'(w)v]|p/s [wlvs
< 2429 u + WO vllus | wilg | Vwll

< 224 Col e a4+ WO sVl | V'

Cr
< T(HUHM + WO llea) v el w - (2.15)

Hence, we get (2.12) and since (2.12) is true for all v € H and u € L*(Q), we finally obtain B’(u) € £(H; V).
(viii) For u,v,w € L*(Q2), using Hélder’s inequality, we have

I(B'(w) = B'(v))wla = [[2y(Ju+ w°| — [v + w°|)wl|z
< 2|y flue [la+ w0l = v + WO [s [ w s
2r
< THU-_V”]L“HWH]L% (2.16)
and also ||B/(u) — B'(v)|| zz1a) < Z[Ju — v||ps. O

The estimates (2.11) and (4i%) easily imply the following:
Lemma 2.3. The operator F(u) := Au+ B(u) — £ is a globally monotone operator, i.e,

(F(u) = F(v),u—v)yxy >0, forall u,vevV.
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2.4. Global existence and uniqueness

Let us now give the definition of weak as well as strong solutions to the controlled system (2.1). The global
solvability results have been discussed in [26-29] (see Appendix A also).

Definition 2.4. The pair
(u,8) € (C([r, T);H) NL*(r, T5 V) x C([r, T]; H),
with
(0pu, 0,€) € L*(7,T; V') x L?(7,T; H),

is called a weak solution to the system (2.1), if for f € L?(7, T; V'), (u0,&) € H x H and (v,n) € Vx V, (u,§)
satisfies:
(Opu(t) + Au(t) + B(u(t)) + VE(L), v)vxv = (£(t) + U(t), v)vrxv,
(04€ + div(hu),n)g = 0,

(2.17)
ltiirgl/ﬂu(t)vdx:-/ﬂuovdx, ltiirgl/gg(t)ndx:/gfondx,
and the energy equality
S (VR +1€0IR) + 20 @), hu)vner = (£0) + V() (). (2.18)

Definition 2.5. The pair
(0,6) € (C([r, T} V) N L*(r, T; W) x C([r, T}; V)
with
(Oru, 04€) € L2 (7, T; H) x L*(7,T; V),

is called a strong solution to the system (2.1), if for f € L?(7,T;H), U € L?(7,T;H) and (v,p) € V x V, (u,§)
satisfies

{ dpu(t) + Au(t) + B(u(t)) + gVE(t) = £(1) + U(t), in L*(r,T;H), (2.19)

O&(t) + div(hu(t)) = 0, in L2(r,T;V).
Let us now establish some continuous dependence relations, which is useful in the subsequent sections. The

constant C' appearing in the next theorem depends on «, p, A\, M, ||f||r2(-,7,v/) and HW0||L4(T’T;]L4(Q)) also, and
we suppress that dependence.

Theorem 2.6. Let (vi,01),(va,02) € H x H be given. Then the solution of the tidal dynamics system (2.1)
corresponding to the control U(-) satisfies:

lus () = wa ()5 + [162(#) = &3 + a/ [s (r) = ua(r) [[Edr

< C(IUllzcr,zsmys vl Ivalle, lealls, ozlln) (v = vl + ller — e2l), (2.20)
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for allt € [7,T].
Proof. Let us set z(t) = uy(t) — ua(t) and 9(t) = &1 (¢) — &2(t), so that z(7) = vi — vy and 9(7) = 91 — 02. Then
(z,) satisfies the following system:

9z (t)
ot

+ Az(t) + B(uy(t)) — B(ua(t)) + VI(t) =0, in Qx (7,7T),
L +div(hz(t)) =0, in Qx (7,7T), (2.21)
u(t) =0, on 9N x (1,7T),

u(r) =viy — vy, {(7) =01 — 02, in Q.

From the existence and uniqueness theorem (see Thm. A.1), we know that (z,9) € (C([r, T]; H) N L?(7,T;V)) x

C([r,T];H). Let us take inner product with (—A)~!z(-) to the first equation, B~1(d(-) — ) to the second
equation in (2.21) and then add them together to obtain

< l(-2) (1) +2dtHB Y2(0(t) — D) + a0

) (¢
= =Bk x 2(t), (=) "2(t))m — (Bur(t)) — B(uz(t), (-A)"a(t))x
= (VO(t), (=) "2(t))e — (div(ha(t)), B~ (I(t) — 9)n

4
= > I (2.22)
I=1
where I;, 1 <14 < 4, are the four terms appearing in the right hand side of (2.22). Since the operator (—A)~1/2
is self-adjoint and z|8Q =0, we find I as
I = =Bk x z,(=A)'2)u = B((—-A) " (k x z), (-A)"?z)g = 0. (2.23)

Using Taylor formula (see [7], Thm. 7.9.1, [8], Chap. 6), (2.12), Cauchy-Schwarz and Young’s inequalities, I
can be estimated as

|Io| = ‘ (/01 B'(fu; + (1 — O)ug)zdb, (—A)_1z>

H

/1((—A)1/2[B’(0u1 + (1 —6)uy)z], (—A)l/Qz)Hd0’
0

< sup [|(=2)7V2[B'(Gus + (1 - O)uz)z |l (—2) 2w
0<o<1

Cr _
< - sup (I16uy + (1 — O)ugl|Ls + [[WO|Ls) [12lfsll (—2) /22|
0<0<1

SCQTQ 0 2 —1/2 2
< gllzli + 5z (hlles + e flue + IwPllea) "1 (=A)7 2. (2.24)
Since V(¥9) = 0, using (2.6), Cauchy-Schwarz and Young’s inequalities, we estimate |I3| as

I3] = |(~2)7'V(9 = 9), 2)ul < (=) 7'V (0 =)l
< Slally + 5o 157720 - DR (2:25)
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Observe that B~1( — ) € D(B). Using an integration by parts and Cauchy-Schwarz and Young’s inequalities,
we estimate |I4] as

1] = |(hz, VB~ (9 = 0))u| < ||hz]u| VB~ (¥ — 9)|u
(L 1 e R ¥

IN

a 3u? —
< g||z||12m + 5. 1B Y2 =) (2.26)

Combining (2.23)—(2.26), using it in (2.22) and then integrating from 7 to ¢, we obtain

I(=2) = 22(t)lIfy + 1B-/2(9(t) — D)l + a/ Iz(s)[Zds
< (=2)Y2a(7) | + I1B72(0(r) = 0) i + %(MQ +1) / 1B=2(0(s) — )llzzds

[3C%r? 0 2 -1/2 2
+ | oz Ulw()lee + fuz(s)llus + w0 (s)llua) 7| 11(=4) 2 (s)[Eds. (2.27)
An application of Gronwall’s inequality in (2.27) yields

1203 + 1913 < (2130 + [9(r)[3)es (BZH1 =

9Cc?r? (T 2 2 0 2
X eXp) ~—v5 (lar ()[4 + laa(s) (2 + [wO(s)lIF2)ds . (2.28)

Since uy,uy € L®(7,T;H) N L2(7,T;V) and w® € L(, T;L*(2)), and the estimate (A.1) helps us to get the
required result in (2.20). O

Theorem 2.7. Let the Assumption A.J hold, and let £ € L2(7,T;H), and (v1,01), (v2,02) € H x H be given.
Then the solution of the tidal dynamics system (2.1) corresponding to the control U(-) satisfies:

s (£) — w2 ()5 + 1I€2(8) — &0 + a/ [ (r) =z (r) |5y dr

< C(IUllezrrswys Ivillv, Ivallv, lletliv, lleallv) (ve = valiy + llex — e211%), (2.29)
for allt € [7,T].

Proof. Let us take z(t) = uy(t) — uz(t) and 9(t) = &1(t) — &2(t), so that z(7) = vi — vo and ¥(7) = 01 — 02, and
(z,7) satisfies the system (2.21). We take inner product with A(uy(-) —ua(+)) to the first equation in (2.21) and
—A(&1(") — &(+)) to the second equation in (2.21), and then add them together to obtain (see [29], Thm. 2.11
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for more details)

2 dt
—(B(ui(t)) = B(uz(t)), Az(t)m + (VI(t), Az(t)u — ((z- V)(Vh), VI
— (VA -Vz), V) — (div 2Vh, V)i — (hV(div z), V9)x

=y I (2.30)

i=1

&SIV} + 5 IO+ A=)l

where I;, for i = 1,...,6 represents the six terms in the right hand side of (2.30). We estimate I; using Taylor’s
formula, Cauchy-Schwarz, Ladyzhenskaya and Holder’s inequalities as

1
|| = ’(/ B'(6uy + (1 — 9)u2)zd9,Az>
0 H

< sup [[B'(6uy + (1 - 0)us)zu||Az|la
0<o<1

<2yl sup [[us + (1= 0)uz + w||pal|z]lLs || Azllm
0<o<1

1 2
< 6IIAZII%1 + 3]V (J[un flus + [luzfls + [wllLs) 117

< Ll + 22 g s + ol + W)l T
< L+ D17l 2 s i+ 0 ) el 231
Remember that
Azl = o2 Bl + 5% 232

We estimate the rest of the terms in (2.30), using Cauchy-Schwarz, Holder’s and Young’s inequalities as

1 3
1] < [IV9llAzl < Azl + SI99)E
3M2

1
|| < |z V)(VA)lal VOl < [V(VR) L lzllal VOlla < ZIVIIE + k=

3M2

1
L] < VR - Va|ul|VIlla < [ VAl | V2lla| VIla < £l VIllE + 1Vl

: . 1
5] < ldiv 2Vl VOllu < [ Vh]i ldiv z]la| VO la < £l VIllE + 3M2||VZ||H,

(Lo < [V (div 2)||al|VOle < (B[l [V (div 2)||al| VO|a < pllz]a: |Vl
3u C 3u C’

IVl < *IIAZII?HI +

2
(67
< uCl|Azl|ul|VIla < gIIAZII?m + IVl

where in the third estimate we used the fact that ||div z|y < v/2||Vz|m and in the final estimate we used
Remark 2.10 from [29]. Combining the estimates for I;-I, substituting it in (2.30) and then integrating it from
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0 to t, we obtain
t
OéHVZ(t)HﬁJrHVﬁ(t)II%Jr/ |Az(s)||fds
2) 3prc? 2
< o[ Va(7)|[f + [VI(7)[[F + (1 +9M?) ||VZ s)iids + {4+ 5 \|V19( )lzzds

+2 sup ||z(s)
s€[T,t]

@Pﬁr[(Wﬂﬂ@+lm@%rﬂm%ﬂ@ﬁb+wﬁ@—ﬂ} 2.35)

An application of Gronwall’s inequality in (2.33) yields
t
al|Vz()||§ + VI lI +/ [Az(s)|fids

< {QIVZ(T)IIﬁ+IVﬁ(7)I%+K sup IIZ(S)II%I}

s€[r,t]

14 9M? 3ulC?
X exp (max{ R <4 + 507 ) }(t - T)), (2.34)

for all t € [r,T], where

486r% 1
K= T/ (laa(s)lI£a + laz(s) e + [wO(s)lILa ) ds + 6MF (£ — 7)

< C(T, A, M, My, T T, HV”Hv ”Q”Hv ”WOHL“(T,T;]L“(Q))v ”f”Lz(T,T;V/)’ ”UHLZ(T,T;V’))?

using (A.1). Hence, the estimate (2.29) follows easily by using the continuous dependence result given in the
Theorem A.3 (see (A.2)). O

2.5. The linearized system

Let us linearize the equations (2.1) around (1, E) which is the unique weak solution of system (2.1) with control

term U = 0 (uncontrolled system), external forcing g, and initial datum uy and EO are such that g € L2(7,T; V")
and (ug,&p) € H x H. We consider the following linearized system:

@gl+Am>+B%<»<>+vm> &)+ U(t), in Qx (r,7),
u

div(hto(t)) =0, in Qx (7,T), (2.35)

w(t) =0, on 90 x (r,7),
m(o) = Mo, 77(0) = To, in Q7

where g = g — g, B/(1) = 2v|u + w’| and (tvg,79) € H x H. Using a standard Faedo-Galerkin approximation
technique, we have the following theorem.

Theorem 2.8 ([30], Thm. 2.7). Let (tog,n0) € H x H be given. For g € L2(7,T; V') and U € L?(7, T; V'), there
exists a unique weak solution to the system (2.35) satisfying

(v, n) € (C([r, T|;H) N L*(r, T3 V) x C([r, T; H),
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with

(Opr0,0pm) € L2(7, T; V') x L2(7, T; H),
and

I (®)IE + ()15 + a/ [Vro(s)|[frds

forallt € [7,T].

_ +M) t

The following proposition on continuous dependence is needed in the later sections.

2 2 4 ! 2 4 ‘ 2 (8(“2+1)
< (Iwolla + Il + 2 [ 1gos + 2 [ el as)e

)

(2.36)
Proposition 2.9. The linearized problem (2.35) with g = U = 0, where (u, &) solves the tidal dynamics system
(2.1) with nitial data (v, 0) € H x H, satisfies the following estimate:

t
I ()% + In()IF + 04/ Ivo(r) |Ezdr

< C([Ule(r sy, vl llollw) (Iwoll + llmoll)-
Also, the following continuous dependence estimate for (10,7) = (t0y — 109,11 — 12) holds:

(2.37)
o~ t ~
RO + 7R +a [ 180)]dr
< C(Ule2(r vy Vil 1vallms l[oxllas ozlla) (0ol + 170l + v = vallf + ller — e2llfr), (2.38)
where (10;,m;), fori=1,2, solves
i(t , )
am@t( ) + Aro;(t) + B'(w;(¢))ro;(t) + Vi (t) = 0, in Q x (7,7T),
87;1525) +div(hw,(t)) =0, in Qx (1,T), (2.39)
w;(t) =0, on 9N x (1,T)
1o, (

0) = 1f, 7:(0) =ng, in Q.
Here (u;,&;) solves tidal dynamics system (2.1) with the initial data (v;, 0;) and control U.

Proof. Let us take inner product with (—A)~!to(-) to the first equation in (2.35) (with g = U = 0) and
B~1(n(-) — 1) to the second equation in (2.35) to find

IR+ 5 1B () MR+ alw(n)

2dt VT 2dt H H

—Bk x w(t), (=A) " ro(t))m — (B'(w(t))wi(t), (=A) " "wi(t))x
= (Vn(t), (=) "o (£) ) — (div(hwo; (£)), B~ (n(t) = 7)n

(2.40)
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where I;, for 5 < i < 8, are the four terms appearing in the right-hand side of (2.40). As in the calculations of
(2.23)—(2.26), we estimate Is—Ig as

15 = 0)
(6% 2 302T2 0 2 _1/2 2
[ls] < E”m”H + W(HUHM + [|w ||JL4) [(=4) 1o/|g,

« 3., _
1] < Sl 4+ o B2 - m)l,
« 3u? _
Is| < E”m”]%l + %HB Y2 (= 7)1
Thus, from (2.40), it is immediate that
t
@)1 + 1B™Y2(n(t) =) If + a/ [vo () Ifydr
2 —1/2 vz, 307 ! 0 2 —1/2 2
< fwollfr + 11B7 %m0 =i+ —z= | (Il + WO (r)llus) "1 (=2) 7" ro(r) [
3. 9 ! —~1/2 (12
+o 1) BT (n(r) = m)llEdr (2.41)
An application of Gronwall’s inequality yields

t
I @)1 + In(®)13 + a/ [ (r)|fxdr

3,2 6027“2 ¢
< (ol + )30 exp{ SC [ (atr) 2 + () )} (2.42)

Using the fact that (u,€) is a unique weak solution of (2.1) with the initial data (v, ) and control U, we finally
obtain (2.37).
The estimate (2.38) can be obtained in a similar way as of (2.37) except for the following term

(B'(uy)ro; — B (ug)1g, (—A) o)y
= (B’(ul)(ml — mg), (—A)*lm)H + ((B’(ul) — B/(UQ))YDQ, (7A)711‘0)H = Iy + Ip. (243)

We estimate Iy similarly as in (2.24) as

3C?r?

2
WU l

« _
o] < Z Il + [l + [WOllee) “1(=2) 7 2o 2. (2.44)

Using Cauchy-Schwarz inequality, Holder’s inequality and Lemma 2.2, I1y can be estimated as

T10| = ((—A)72[(B'(u1) — B (u2))w2], (—A) "/ ?1o)p
< [[(=A)7V2[(B (u1) — B (u2)) o] || (—A) " 2] |x
< C|(B'(uy) — B/ (uz))wo|g]|ro]|v-

2r
7||u1 — ug||pa [[rog|La [[ro[[v/

IN

IN

2
,
Fas = w224+ 5 [[wa |2 [0l (2.45)
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A calculation similar to (2.42) yields

t
(@)1 + IR+ a [ ()
t
< (Iwolfs 4 Il + [ ) = walr)aar e
6C%r% (1 r? [t
cexp{ O [l + 0+ 55 [ Iwa)lar . (2.46)

Using Ladyzhenskaya’s inequality, the fact that (uy,&;) is the unique weak solution of the system (2.1) with the
initial data (v1, 1) and control U, (s, 12) is the unique weak solution of (2.35) (with g = U = 0) corresponding
to the trajectory (us,&2), and the continuous dependence result in Theorem A.3 finally gives (2.38). O

3. OPTIMAL CONTROL PROBLEM AND EXISTENCE OF OPTIMAL CONTROL

In this section, we formulate a distributed optimal control problem as the minimization of a suitable cost
functional subject to the controlled tidal dynamics system (2.1). For 7 = 0, the cost functional under our
consideration is given by

1 1
J(r,T,v, 00,8, U) = Sflu(T) - uy Il + S IE(T) = Enllf (3.1)

1

T
+ 5/ [V (a(t) —uarO)E + 160) = Eaxr (@)1 + U 1E] dt,

where up/(+) is the measured velocity of the fluid, £3/(+) is the measured elevation, uﬁ/[ is the measured velocity
at time T and 5{4 is the measured elevation at time 7. Physically, one can think it as an optimal estimation
problem, where we are trying to find an unknown external force based on measurements and the cost functional
is then the difference between measurement and the tidal dynamics. For simplicity, we fix

up(t) =&p(t) = u';/[ = 51{4 =0, for all te (0,7),

in the rest of the paper. In the subsequent sections, we need the explicit dependence of 7 in the cost functional
given in (3.1). Note that the cost functional given in (3.1) is the sum of dissipation of energy of the flow, L2-
energy of the elevation and the total effort by the distributed controls. Next we provide the definition of class
of admissible controls and solutions.

Definition 3.1. Let % be a closed and convex subset of L2(r,T;H) consisting of controls U (containing 0
also).

Definition 3.2 (Admissible class). The admissible class </q of triples (u, &, U) is defined as the set of states
(u, &) solving the system (2.1) with the control U € %4 C L?(7,T;H). That is,

o = {(u,f,U) : (u,€) is a unique weak solution of (2.1) with the control U}.

Clearly %,q is nonempty. Note also that %4 is also a nonempty set as for any U € %,q, there exists a
unique weak solution of the system (2.1). In view of the above definition, the optimal control problem we are
considering can be formulated as:

i ,Iyv,0,u,8,U). 3.2
(u7§{g§rel%dj(T v,0,u,&,U) (3.2)
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A solution to the problem (3.2) is called an optimal solution. The optimal triplet is denoted by (u*,£*, U*) and
the control U* is called optimal control.

3.1. The adjoint system

In order to establish Pontryagin’s maximum principle, first of all, we need to find the adjoint system corre-
sponding to (2.1). Remember that the optimal control is characterized via adjoint variable. In this subsection,
we formally derive the adjoint system corresponding to the problem (2.1). Let us first define

Nl(“)E’U) = *AU*B(U)*V&#’U, 3.3
Nao(u, €) := —div(hu). (3:3)
Then the tidal dynamics system (2.1) can be written as
{815113 8t§} = {Nl(u7 ga U)vNQ(u7 g)}
Let us define the augmented cost functional J as
_ T
T Tv.0u60) = [ (p(0)0(t) - Ny(u(0). €0, U)) e
T
+ / (p(t), Be&(t) — No(u(t),&()))dt — T (7, T, v, 0,u,&,U), (3.4)

where p and ¢ denote the adjoint variables corresponding to the states u and &, respectively. Next, we derive
the adjoint equations formally by differentiating the augmented cost functional J in the Gateaux sense with
respect to each of its variables. The adjoint variables p, ¢ and the control U satisfy the following system:

0
5~ [OuNI]P — [BuN] " = T
0
—Z2 _0NI)P — [0eNa) o = e,
ot (3.5)
—[0uM1]*p — [OuN2]*p = Ju,
p’asz =0,

Further, we compute [0uN1]*p, [OuN2]*¢, [O:N1]*P, [0eN2] ¢ as

[0uN1]'p = —Ap — B'(w)p,  [0uNa]"p = hV, (3.6)
[(95./\/1]*1) = div P, [85/\/'2]*90 = 0,
where Kp = —aAp — Sk x p. Since A is non-symmetric, we have Av # Av. But one can easily show that

(Av, V)yixy = a||[VV[[3 = (Av, V)yxy, for all v € V.
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Also note that the third condition in (3.5) gives U = —p if we take U € %q = L?(7, T; H). Thus from (3.5),
it follows that the adjoint variables (p,n) satisfy the following adjoint system:

_8[579 + Ap(t) + B'(u(t))p(t) — hVep(t) = —Au(t), in Qx (r,7T),
—&g% —divp(t) =£&(#), in Qx(r,T), (3.7)
p(t) =0, on 90 x (7,T),
p(T,) =u(T), ¢(T,) =&T) in Q.

Using a Faedo-Galerkin approximation technique, one can obtain the global solvability resuslts of (3.7). The
following theorem gives the global existence and uniqueness of weak solution to the system (3.7) (see [30], Thm.
4.3).

Theorem 3.3. Let (u(T'),&(T)) € H x H be given. Then there exists a unique weak solution to the system (3.7)
satisfying

(p, ) € (C([r, T|; H) N L*(7, T3 V)) x C([r, T]; H),
with
(0P, Opp) € L?(7,T; V') x L?(r,T; H),

and

T
IpE + eI + a/t IVp(s)lEds

T T
s<pT||%;1+||wT||%{+ / lu(s)||ds + / ||s<s>|%Ids>e[M+2”2+4<i“>1T, (3.8)

for all t € [1,T), where (u,§) is the unique weak solution of the system (2.1) with the initial data (v, o) and
control U.

3.2. Existence of optimal control

The following result provides the existence of an optimal triplet (u*,£*, U*) for the optimal control problem
(3.2).

Theorem 3.4 (Existence of an optimal triplet, [30], Thm. 3.3). Let (v,0) € Hx H and f € L2(7,T;V’) be given.
Then there exists at least one triplet (u*,&*,U*) € uq such that the functional J(7,T,v,0,u,&,U) attains its
minimum at (u*,&*, U*), where (u*,£*) is the unique weak solution of the system (2.1) with the control U*.

Theorem 3.5. Let U* be the optimal control obtained in the Theorem 3.4. Then, we have

102y < C(luolle, 1€olles WO llLarria ) Iz (rrsvr)) - (3.9)
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Proof. Let us take an arbitrary fixed Uy € H. Then using this element as control and (ug,&p) € H x H as the
initial data, the corresponding solution (u°(-),£%(+)) satisfies the following estimate:

la® @)1 + 1O 15 + a/ IVu® (s)|lfzds

ro [t ¢
< (Ioll+ leoll + Vol + 5 [ w0 las + [ 1) Ras e, (3.10)

for all ¢ € [r, T]. Since (u*,£*,U*) is an optimal triplet and Uy is a non-optimal control in general, we have

1 * * r * * *
5 [ (D) + 11 (T)II%NL/ [IVu* @)z + 1€ O 15 + 11U (t)||%1]dt]
L0 2 0 2 g 04112 0412 2
< 5 | (D)l + € (T)\|H+/ [V (@) + € () [f + 1Tollf] dt
T
<C swp [l -+ TICOI] + TVl + [ el (311
and hence the Theorem follows using (3.10). O

4. DYNAMIC PROGRAMMING AND FEEDBACK ANALYSIS: THE
HAMILTON-JACOBI EQUATION

In this section, we describe the dynamic programming method for the optimal control of two-dimensional
tidal dynamics system. We use the same method used in [11, 38, 39] for the 2D Navier-Stokes equations to
establish Pontryagin’s maximum principle (see [18] also). Our main aim is to show that the feedback control can
be obtained from the solution of an infinite dimensional Hamilton-Jacobi equation. In this context, we consider
the optimal control problem (3.2) with the control

U c L%(7,T;Ug), where Ur:={UcH:|U|g < R}.

That is, here we take %q = L?(7, T;Ug). Moreover, we consider f € C([r,T];H) (that is, we are also taking
w? e C([r, T;; W) N CY((1,T); H)) and (u(r),£(1)) = (v,0) € VAW x V. We define the value function as

V(T,v,0):= min{j(T, T,v,0,u,&U): UeL*0,T; H)}, (4.1)
where J is defined in (3.1). We show that the value function V satisfies the Hamilton-Jacobi equation:

v ( gy 9y

s V,0 5o 8@) =0, for (7,v,0) €(0,T)x (VNW)xV (4.2)

with

1 1
V(T,v,0) = §||V||H2-11 + illgllﬁa (v,0) € HxH. (4.3)

We obtain the true-Hamiltonian ¢ from the pseudo-Hamiltonian A in the following way:

H(v,0,p,0) = sup H(v,0,p,¢, V), (4.4)
VeUur
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where

%(V7 o, P, ¥, V) = (AV + B(V) + vf - f7 p)H - (Va p)H + (le(hV), QO)H

1

~ SVl + Nl + IVIZ)- (145)

Thus, the true-Hamiltonian is given by

. 1
H(V,0.P,0) = (Av +B(v) + V€ — £, p)u + (div(hv), @)u + T(p) = 5 (IVVI + llell), (4.6)
where
3Pl if ||pllm <R

T _ 2||pH]HI7 1 Pln = {3, 4.7
® =1 Mol - e it fols R @9

Also, the optimal control is obtained as,

U(t) = o(p(t)), with o(p)= { _BE it bl > R (4.8)
ol Pl = £,

and p(t) = O, V(t,u(t),£(t)), if the value function V is differentiable. However, V is not differentiable and the
lack of smoothness tells us that the above quantities must be understood in a generalized sense. We use the
method of viscosity solution to get the required result. The existence and uniqueness of strong solution to the
system (2.1) is discussed in Theorem A.6 and in the following Proposition, we provide an estimate which is used
in proving the smoothness property of the value function.

Proposition 4.1. Under the assumptions of Theorem A.6, for some Uy € H, the corresponding solution (u°, £°)
of (2.1) satisfies
T
OO + 1@ + [ 1Ol < C vl (ol Bl rian, W luerason):  (49)

T

and

a®(t) — viia + 1€°(t) — ellu < C([Ivllv, lellu, [Uolle, 1€l vy WO llLoo (rsace))) [t — 71, (4.10)

for allt € [7,T]. The constant C depends on the constants r, o, u, A\, M, My, T.

Proof. The existence and uniqueness of strong solution to the system (2.1) and the estimate (4.9) is established
in Theorem 2.11 from [29]. In order to get (4.10), we first note that (z(t),9(t)) = (u°(t) — v, £%(¢) — o) satisfies

agit) + Az(t) + B(u’(t)) = B(v) + VI(t) = £(t) + Uy — Av — B(v) — Vo, in Qx (1,7),
61;7(;) +div(hz(t)) = —div(hv), in Qx (r,T), (4.11)

z(t) =0, on O x (1,T),
z(7) =0, (1) =0, in Q.
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Let us take an inner product with z(-) to the first equation and ¥(-) to the second equation in (4.11), and then
add to obtain

e+ 5 IO+ al V(o)

—(B(u’(t)) = B(v),z(t))u — (VI(t),2(t)) + (£(t) + Up — Av — B(v) — Vo,2(t))
— (div(hz(?)),d(t)u + (div(hv),d(t))n
—(B(u’(t)) = B(v),z(t))u + (9(t), div z(t))m + (£(t) + Uo — Av — B(v) — Vo, 2(t))
— (hdiv z(t),9(t))u — (Vh - z(t),9())u + (hdiv v, g + (Vh - v, )
< [9@)lulldiv 2()[la + [1£()[|mllz(@)la + [[Uollullz()]la + [[Avlv[|l2()|lv
+ BV lallz(@) e + [lellslldiv z(¢)[[s + [|72[|Le [|div z(8) [[al|d(8)[a
+ VAl [|2() w10 (@) [ + (2l |div v{[a[[d(E)n + | VA][Lee [ v]|al[9()][n

N —

V\_/

Q 4
< Szl + [a(l + 2u2) + 2212 [ [9() I + 12(8) I + IECE) I + Vol
o 2 2 é 2, Ly oo
+ (14 ) IVl + IBOIE + el + £ v, (4.12)

where we used the fact that (B(u(¢)) — B(v),z(t))m > 0 (see Lem. 2.2 (iii)), ||div z||z < V2| Vu||m, Cauchy-
Schwarz, Young’s and Holder’s inequalities. Let us now integrate the inequality (4.12) from 7 to ¢ to find

t
)+ 10 + [ 193] ds
4 2 2 ! 2 2 ! 2
< maxq 1, = (1+20%) + 202 0 [ [J2()|E + [9()IF]ds + [ () ds
' 2 2 - o Ay Ly o
+ [ IBOIEds + (1Vollf + (1+ 5 )IVVIE + = el + 7 IvIiE ) ¢ = 7). (4.13)

Using Lemma 2.2 (i), we know that

2 S 2
IB(v)|1& )\2(||V||L4+||WOHL4) SW(HV”M'F”WOH]L‘*)
167’
< e v Vv HH+ 2 ||WOHL47 (4.14)

where we used Ladyzhenskaya’s and Young’s inequalities. Use (4.14) in (4.13) and an application of Gronwall’s
inequality in (4.13) yields

() + 19l + / IVa(s) s

< [ [ iteas+ 5 [ Iweitas

1 max 4 2 2 -7
+ (1ol + (1 5 IV + Sloll + GVl ) ¢ = | mestiod Gty

IN

2 87"2 0 4 2 « CQ
sup [[£(s)I[E + <z sup [[WO(s)llLs + [[Uollf + ( 1+ = + == IIVVIlE + *HQHH
_se[‘r,t] A s€(r.t] 8
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x (t — T)emax{1,§(1+2u2)+2M"‘}t’ (4.15)
since f € L>°(0,T;H) and w® € L°°(0,T;L*(2)). In (4.15), Cq is the Poincaré constant and the inequality
(4.10) follows from (4.15). O

Remark 4.2. In virtue of (2.5) and the Sobolev embedding (H*(0,7") C L*°(0,T), for s > 1/2), in order to
obtain the regularity f € L>°(0, T; H), we need

w? € L0, T; W) N HY(0, T; H).

Using the Proposition 4.1 and Theorem 2.6, we prove the following smoothness theorem on the value function
V.
Theorem 4.3. The value function V is continuous. That is, V € C([0,T] x H x H). Furthermore, we have
(¢) for allt €[0,T], V(t,-,-) : HH x H — [0,00) is locally Lipschitz. That is, for all C > 0, there exists K =
K(C) > 0 such that

|V(t,V1, Ql) - V(t7v27 92)| S K[”Vl - V2||H + Hgl - QQHH]? (416)

for all vi,vo € H and o1, 02 € H with ||v1||m, [|[Vallm, lo1lla, llella < C.
(i) For allv eV and o€ H, V(-,v,p):[0,T] = [0,00) is locally Lipschitz. That is, for all C > 0, there exists
K = K(C) > 0 such that

|V(t,V, Q) _V(85V7 Q)| < K|t_$|a (417)

for allv € V and p € H with ||v|m, |lollu < C, and t,s € [1,T].
Finally, we have the following continuity property in the negative norm:

(73i) for all C > 0, there exists K = K(C) > 0 such that
|V(t,V1, Ql) - V(taVQa Q2)| S K[Hvl - V2HV’ + HQI - Q2||V'}7 (418)

for allvi,vo € V and 01, 02 € H with |Vvi|lm, [|VVvallm, [|o1]m, lolla < C.

The constants appearing in the Theorem 4.3 depend on the norms of f and w’, but we suppress the
dependence for notational convenience.

Proof of Theorem 4.3. (i). Let U(t) be the optimal control corresponding to the initial data (7,v1, 01). Then
from the Theorem 3.5, we know that

IUllLz0,0m) < CIvillm, llorllm, 7, T). (4.19)

Furthermore, in general U will not be an optimal control for an another initial data (7, va, g2). Let us denote
the solution corresponding to the initial data (7,v1,01) with optimal control U as (uy(t),&1(¢)) and that
corresponding to the initial data (7, vq, g2) with control U as (uz(t), &2(t)). Then, we have

T
s (DI + oM+ 5 [ [IV0a(e)l + heatlat
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1

T
- Sl = Sl =5 [ Vw0l + a0 (420)

2

Using the continuous dependence result (A.2) and the energy bound (A.1), we have

s (T)[1F — Il (T) 1% + [&2(T)F = 16 ()11
= ([[uz(T) [l — [laa (7)) ([[u2(T) [l + [lui(T)]m)
+ ([|&2(T) lr — [1€x(T) l) ([|€2 (D)1 + ([ (T)] 1)
< lue(T) — i (D)l ([[ue(T) [[m + [[ua (7))
+1&(T) = &(T)[[a(1&2(T) ln + 1&(T)[1)
2)1/2

< Cllvalle, lIvallas el llezlla, 7, T) (Ive — vallf + [lor — o2l
< C(villm, lIvallm, llet e, [lozllm, 7, T) (Ve — valla + [loe1 — o2[l1), (4.21)

since (a? 4 b?)Y/2 < (a +b), for all a,b > 0. Using Holder’s inequality, (A.2) and (A.1), we also obtain
T T
| 119w~ IVw @]+ [ [l — 1601
T
S/ Vg (8) = Vg (8)]a (| Vaz ()|l + [V (@) [[m)dt
Tor
+ [ 16 - a@la(la®lln + 16 @l

T 1/2 T
< (/ [Vuy(t) — Vu1(t)||12mdf> (2/ (Vs (8)]I5 + ||Vu1(f)||1%ﬂ]df>

+(T—7) s 1€2(¢) — ()IIH s (|I§2 )lle + [1€(8) 1)

te[r, T
< C(||villm, ||V2||H, llo1/|m, ||Q2||H,T, T)(||V1 —vallg + [[o1 — 02|ln)- (4.22)

1/2

Similarly, for the optimal control corresponding to (7, va, 92), one can get estimates similar to (4.21) and (4.22),
where the roles of (vi, 01) and (vz, 02) are interchanged, and hence (4.16) follows easily.

(49). Let us now show the continuity with respect to time, i.e., (4.17). In order to establish this, we construct
a special control in the following way:

N { Uo €Ur, ifse(r,t), (4.23)

U(s) == U(s), if s e (t,7),

with 7 < ¢ < T. In (4.23), U is the optimal control corresponding to the initial data (¢, v, o). Let (u, E) and
(u, &), respectively be the solutions corresponding to

ou(r)
or

+ AU(r) + B@u(r)) + VE(r) = £(r) + U(r), in Qx (,7),

%)er v(hii ()):0, in Qx (n,7), (4.24)

u(r) = on 00 x (1,7T),
u(r) =v, {(r) =0, in




24 M.T. MOHAN

and
83@ + Au(r) + B(u(r)) + V&(r) = f(r) + U(r), in Qx (¢, T),
8587(:) +div(hu(r)) =0, in Qx (¢,7), (4.25)

u(r) =0, on 90 x (¢t,T),
u(t) =v, £(t) = o, in Q,

Let us first take (v, p) € H x H. Note that the trajectory (u,€) is optimal and (u, E) is non-optimal. Using the
definition of the value function in (4.1), we have

V(Ta v, Q) - V(t’ v, Q)

< SIREIE+ 18R+ 5 [ [IVaEIE + 1€+ 1T() 1] as
~ Ll 2 - 2 [ I9uE + Il + VIR (4.26)
B H 9 H 5 ; S)ilm S)lu S)ilm|das. .

Since there exist unique weak solutions of the systems (4.24) and (4.25), making use of the semigroup property,
we have (see [3])

X(r,7;v,0;U) = x(r, t;X(¢, 73v, 0; Up); U), for 7 <t <, (4.27)

where x = (1,§) and X = (1,€). Let us use (4.27), the Theorem A.3 (continuous dependence) and energy
estimate (A.1) in (4.26) to obtain

[T — () + 1D - I
< (T) — (D) (1T s + (7)) + IET) — £ s (JECT s+ 16T )
< C(Ivlls, ol (CE) = vl + 1€5) ~ ell)- (4.28)

Similarly, we obtain
T _ T
| Iv8eIE+ 1€ ]as - [ I9u(l + lelas

T 1/2 T 1/2
g(/ |v<ﬁ<s>—u<s>>||ﬁds) (2 / [||va<s>|ﬁ+|w<s>||%ﬂ]ds>

+ sup [|&(s) - §<s>||H[ sup (J1€(s)Iln + 11€(s)1lx )
s€[t,T]

se(t,T) S

(T —1)

< Ol ol (5(e) — vl + 1€(6) — ollu). (4.29)
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Finally, we have

[ TG + 1) + U0l as

T

<(t—-7)

[Uollf + sup ||§ )13
s€[T,t]

/ | VE(s)]|2ds. (4.30)

Note that the final integral appearing in (4.30) is finite, since (11,€) is a weak solution to the system (4.25).
Combining (4.28)—(4.30) and using the Proposition 4.1, it is immediate that V € C([0, T] x H x H). Furthermore,
if the initial data satisfies (v, ) € V x V, using the Proposition 4.1 (see (4.9)), we have

/HVu Eds < sup |[|[Va(s)||Z(t — 7). (4.31)

s€[r,t]

Once again combining (4.28)-(4.31), and then using the Proposition 4.1 (see (4.10)), we get the local Lipschitz
property of the value function in time, c¢f. (4.17).

(91) Let us now establish the continuity in the negative norm. The proof is similar to that of (4.16) and we
use the Theorem 2.6 to get such a result. From (4.20), we have

[uo(T) I3 — [aa (T) 1% + [[62(T) I — [16:(T) I
= (u2(T) —ui(T), w2 (1)) + (u2(T) — wi(T), wr (1))m
+ (&2(T) = &u(T), &2(T))n + (&2(T) — &(T), & (T))n
< flue(T) — i (T)[lv ([fa2(T)[lv + [[ur (T)[lv)
+1&(T) = & (D) & (D) Iv + [1€2(T)Iv)
< C(R, |Ivillv, [vallv, [lerllv, le2llv) (v = vallvr + [[o1 — o2[lv/), (4.32)

using (2.20) and the energy estimate of the strong solution (see (4.9)). Similarly, using an integration by parts,
we have

/TT[IIVW(I?)II%I — [V (#)[E]dt + /TT[Iiz(t)II% — & (@] dt

= /T T[(sz(t) = Vuy (1), Vug () + (Vug(t) — Va (t), Vuy (t))uldt
+ /TT[(fz(t) = &), &) + (&2(t) — &1(1), &1(4))u]dt

< /TT [[ag () — wi () [ ([l ()]lw + [[uz(t)]|w)dt
+ /TT 1€2(8) = & (@) lv- ([|€2(B)[v + [1€2.(8) [lv)de

T 1/2 T 1/2
<</ ||u2<t>—u1<t>%ndt> (2 / [u1<t>||%w+||u2<t>§v]dt>

+ sup [|€2(8) = & (®)llv sup ([1€2(D)]lv + &) IV)(T —7)

te[r,T) te[r,T)

S O, [[villv, Ivallvs lleallv, lezllv)([[vi = vallv + ller = 2llv), (4.33)
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using (2.20) and (4.9), which completes the proof of (ii7). O

4.1. Bellman’s principle of optimality

Our next aim is to establish the Bellman’s principle of optimality for the value function (4.1).

Theorem 4.4 (Bellman’s principle of optimality). For 0 <1 <t < T, the value function

V(7,v,0) (4.34)

—int {5 [ TITaEE + I + UG E]ds + V(e uo), €0) U e L2 (rtt)}.

Proof. Let U be an optimal control in the interval (, T') corresponding to the initial data (7,v) and (11, €) be the
corresponding solution trajectory. Or in other words, (u,&,U) is an optimal triplet. Then, from the definition
of value function (see (4.1)), we have

Virvie) = [ [IVEOIR+ 1€+ IDOIE]d+ SIEDIE + S IEDI

=5 [ (IO + &I + 1T ]as
1

T g ~ Py
*3 / [I17() %+ IEIR + 1T ()]s + SIRT)E + 5 IET)

> 3 [ [IVa6)E+ 1€ + 10613 as

T
+inf{;/t [IVz(s)f + 19(s) 17 + [[U(s) 7] ds

1 1
+3laDIE + 30D e o7 | (435)

where (z,19) solves the tidal dynamics system (2.1) with the initial data (2i(t),£(t)) and control U. Note that
the second term in the right hand side of (4.35) is the value function. Thus, from (4.35), it is immediate that

t

Virvie) 2 5 [ IV + 1€ + 1T0)]ds + Ve, a0, &), (4.36)

T

Note that for all U € L2(0,T;Ug), and for the corresponding solution (u, &) of the tidal dynamic system (2.1),
we have

t

Virvio) < 5 [ [I9a(s)lE + el + V)R]

T

1

’ 2 2 214 1 2 1 2 4
+§/t [V u(s) i + 1€ (s)IIE + U] ds + 5 la(T)IlE + 5 1€ (4.37)
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Let us now choose the part of U in [¢, T] to be optimal control, so that the sum of second, third and final terms
in the right hand side of (4.37) become equal to the value function. Thus, from (4.37), we also have

t

V(r,v,0) < %/ [IVu(s)llf + 1€ 15 + 1U(s) 1] ds + V(E, (), £(¢)).- (4.38)

Remember that the control U in [r,t) is arbitrary. Taking infimum over all U € L2(7,t;Ug) in (4.38), we infer
that

V(r,v,0) (4.39)

1 [t
< mf{2 [ IV aI -+ 1)1 + V()]s + Vit (o). (o) U e Lzu,t;uR)}.
Combining (4.36) and (4.39), we finally obtain (4.34). O

4.2. Viscosity solution

The next goal is to show that the value function is a viscosity solution to the Hamilton-Jacobi equation (4.2).
In order to establish this, we first define a certain class of test functions and also give the definition of viscosity
solution.

Definition 4.5. A class of test functions ¢ : [7,T] x H x H — R is called test functions of class D if

(@) ¢(-,+,+) : [, T] x Hx H— R is locally Lipschitz and
(it) the Fréchet derivative

Do = (05¢,0y0,0¢0) : [T, T) x VX V=R x V' xV

is locally Lipschitz.

Definition 4.6. The value function V : [0,7] x H x H — R is called a viscosity solution to the Hamilton-Jacobi
equation (4.2), if for all ¢ € D, and
if V — ¢ attains a local maximum at (tg, v, 00) € (0,7) x W x V, then

_8t¢(t0a Vo, QO) + %(Vo, 00, 6v¢a 8Q¢) S Oa (440)

and

if ¥ — ¢ attains attains a local minimum at (o, vg, 00) € (0,7) x W x V, then

_8t¢(t07 Vo, QO) + L%("07 00, av(ba 8Q¢) Z 0. (441)

Theorem 4.7. The value functionV : [0, T] x Hx H — R is a viscosity solution to the Hamilton-Jacobi equation
(4.2) in the sense of Definition 4.6.

Proof. Let ¢ € D and suppose that V — ¢ attains a local minimum at (¢, vo, 00) € (0,7) x W x V. Without loss
of generality, we may assume that the minimum is zero. Let us now substitute ¢ for V in Bellman’s principle
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(see (4.34)) to obtain

1 to+e
olto,voso0) = int {5 [ [IV0(6) I + (o) + U

+ ¢(t0 +5,u(t0 +€),f(to + 6)); Ue LQ(to,to + E;UR)}. (442)

Using fundamental theorem of calculus, we have

¢(to, vo, 00)
>t {5 [ IV + 1R + VRIS + ot vo, 00
+ /t H Bf _ <Au(t) +B(u(t)) + VE() — £(£) — U(), gi’)H - (div(hu(t)), g?)IJ dt:
U € L2(tg, to + s;uR)}. (4.43)
Using the pseudo-Hamiltonian (see (4.5)), one can rewrite (4.43) as
sap {2 [ [ 52 a0 + (w00, G0 a0, St ), V00|
U € L2(tg, to + s;uR)} > 0. (4.44)

Let us now use the continuous dependence result (see Prop. 4.8 below) and the continuous differentiability of ¢
to deduce that

{ 1 /to +e
sup § —
g to

- [—é;(f(toﬂ’o,go)-i-«%”(vo&o,gi(tmvmgo),g?(toﬂ’OaQO)vU(ﬂﬂ ’dt?

U e L(toto + s;uR>} < 9(6). (4.45)

- S au(0,0) + 2 (o). 600, 520 u(0).60). 5 1,000, 00 )|t

where g(g) > 0 and g(¢) — 0 as € — 0. One can estimate (4.45) in the following way. For U € L% (to, to + &;UR),
let us first consider

1 /tU “+e
g to

1 to+e
< g[ L(t, [[a(®)[[v, €@ V) (1t = tol + l[a(t) — vollv + [I£(t) — ollv)dt

< C(R, [[vollw, lleollv) (e + Ve),

(0. €(0) ~ G o, vo. 00)

9¢
&

where we used the local Lipschitz property of the Fréchet derivative of ¢ (see Def. 4.5, L(-, -, ) denotes the local
Lipschitz constant) and (4.53). Similarly, for U € L2(tg, to + &;Ug), using the definition of pseudo-Hamiltonian
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given in (4.5), local Lipschitz property of the Fréchet derivative of ¢ and (4.53), one can establish that

tote |
LA (w060, G a0, G uo, 0).00) )
%<V07907gi(tmv()aQO)vggé)(t(JaVOaQO)vU(t))‘dt

< CO(R, Ivollw, lleollv) (e + Ve).

Using (4.44) in (4.45), we find

1 [t g _ ) 0
Sup{E/to |:a(f(to,VO,QO)+%<V05Q07ai§(t0av()ag0)aa?(thVO7QO)aU(t)):|dt;

U € L2(to, to + E%”R)} > —g(e). (4.46)
This also implies that

USgZ?R {Zf(to,voa 00) + 3/{5<V0, 00, %(thV()? 00), %?(to,vo, 00), U@))] > —g(e). (4.47)

Using the definition of true-Hamiltonian (see (4.4)), we also have

0 0
—%(to,vomo) +%<V0,Q07 afi(to,vo,é)o)v a?@oﬁm@o)) > —g(e). (4.48)

Taking € — 0 in (4.48), we get (4.41).
Now, let us suppose that V — ¢ attains a local maximum at (o, vo, 00) € (0,7) x W x V. An argument similar
to above leads us to (see (4.44))

to+e .
s {2 [ 0 - S au(0).0) + 2 (u(0). 600, 520 u(0).60). G (0.0, 000 )|t
U € L2(tg, to + s;uR)} <0. (4.49)

For a constant control Uy € Ug, from (4.49), we also have

1 ¢

to+e —~
9 |- G000 600) + (0, 00) G000, 600, 5

¥r (t,u(t),&(t)), Uoﬂ dt <0. (4.50)

I3

Using the continuous differentiability of ¢ and the continuous dependence of trajectories (see Prop. 4.8), as
before (see (4.45)), we obtain

1 0¢ ~

fote 0o 0¢
Z /to {—at(to,vo,é)o) +%(V0790, %(tO,Von), ag(tmvo,QoﬁUo)]dt < g(e), (4.51)
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and then on taking ¢ — 0, we get

0 —~ 0 0
—g(to,vo&o) +%<V0,Q07 %(thVOaQO)’ é)?(to,Vo,Qo),Uo) <0. (4.52)

Note that one can take a specific Uy in (4.52), in particular, Uy = a(%(to, Vo, go)), where o is defined in (4.8).
With this choice, (4.52) becomes (4.40) and it completes the proof. O

Proposition 4.8. Let (vg,00) € WNV xV and U € L2(to, to+e;Ug). Then, (z(t),9(t)) = (u(t) —vo, () — 00),
where (u(t),£(t)) solves (2.1) with (u(to),&(to) = (vo, 00) satisfies:

t
Iz + 191 + a/ 1(r) |5 dr < C(R, [vollw, lleollv)e, t € (to, to +€). (4.53)
to

A proof of the Proposition can be obtained in a similar way as in the proof of Theorem 2.7.

5. PONTRYAGIN’S MAXIMUM PRINCIPLE

Our next aim is to prove that the value function V, a viscosity solution to the Hamilton-Jacobi equation (4.2)
can be used to derive the Pontryagin maximum principle. Let us consider the following tidal dynamics system:

a?Tit) +Au(t) + B(u(t) + VE(H) = (1) + U(t), in Qx (s,T),
oe(t) .
% +div(hu(t)) =0, in Qx (s,7T), 5.1)

u(t) =0, on 0N x (s,T),
u(s) =v, £(s) = ¢, in Q.

where (v,0) € VAW x V and Ue L%(7,T;Ug) is the optimal control in [r,T] for the initial data (7,v, o).
Remember that the trajectory x(t, s; v, o; U), where x = (u,£) ", is an optimal trajectory only if 7 = s.

Remark 5.1. In order to establish the Pontryagin maximum principle, we use the regularity (u,§) €
(C([s, T); V) N L%(s, T;W)) x C([s,T]; V), which indeed implies that U € C([s, T]; H).

Let us define a functional W: [7,T] x H x H — R as

1 2 1 2 1 T 2 2 T 2
Wisv0) = S @I+ SIETE+ 5 [ (1) + €I + [TEIE]ar (52)
with
WT, v, 0) = 5 (v + llel3)- (53)

Here (u,¢) € (C([s, T); V) N L2(s,T; W)) x C([s,T]; V) with the control U € C([s, T]; H) is the unique strong
solution of the system (5.1) with the initial data (u(s),&(s)) = (v, 0). Then, we have

Proposition 5.2. (i) The function W : [1,T] x H x H — R is locally Lipschitz and for s almost everywhere in
(r.7),

OsW(s,-,) : VxV =R (5.4)



DYNAMIC PROGRAMMING OF THE 2D TIDAL DYNAMICS SYSTEM 31

1s locally Lipschitz.
(ii) For all s € [1,T] and o € V, the Fréchet derivative 0, W(s,v,0) € V, and for all s € [7,T] andv € V, the
Fréchet derivative 0,V(s, v, p) € V. Also, 0,W(s,-,0) : V=V and 0,V (s,v,-) : V=V are locally Lipschitz.

Remark 5.3. It should be noted that for s a.e. in [r,T], W has all the remaining properties of the class D of
test functions.

Proof of Proposition 5.2. Let us define U(-), ®(-) and O(-), for some t € [s,T] as

U(t) := dyx(t, s;v,0;U)y, v € H,
D(t) := Jpx(t, 8;v, 0; U)y, v€H, and (5.5)
y(t) = 0x(t, 5;v, 0; 1),

where x = (u, &) T. Then one can easily show that (U, ®)T solves the following system:

8%) + AT (1) + B'(u(t))¥(t) + V() = 0, in Qx (s,T),
aa( ) () = 0, in Qx (s,T), (5.:6)
¥(t)=0, on 9Qx (s,T),

\I'(s)—fy, D(s)=v, in Q,

Using the Theorem 2.8, for (v,v) € H x H, we know that the system (5.6) has a unique weak solution (¥, ®) €
(C([s, T);H) N L2(s, T;V)) x C([s,T); H), with (9,¥,,®) € L2(s,T; V') x L?(s,T;H). Note that y = (©,1I)
satisfies the following linear system:

90(t)

g TA8() +B'(u(®))e(r) + VII(#) = 0, in Qx (s,T),
ol (U div(hO(1)) = 0, in Q x (s,T), (5.7)
o(t) = on 90 x (s,T),
O(s) = Av + B'(w)v + Vo — £(s) — U(s), I(s) =dlv<hV> in €

Remember that
O(s) = Av +B'(u)v + Vo — f(s) — ﬁ(s) € H, and II(s) = div(hv) € H, (5.8)

since (v, 9) € VNW x V. Once again using the Theorem 2.8, we obtain a unique weak solution of the system (5.6)
such that (©(-),TI(-)) € (C([s, T]; H) N L%(s, T;V)) x C([s,T]; H), and (8,0, 9,11) € L?(s,T; V') x L2(s,T; H).
Now, for v € H, we know that

T
(O W(s, v, 0), 7)1 = (u(T), U(T))s + / (Vu(r), VO (r))udr, (5.9)
and for v € H,

T
(@O, W(5,v, 0), V)it = (E(T), B(T))xs + / (€(r), () udr. (5.10)
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Let us define the vectors X := (9, W(s, v, 0),0,V(s,v,0))" € X:=H x H and ¢ = (7,v)" € X. We take the
norm on the product space X =H xHas || [|x = || - |lmu+ | - ||a- Using Cauchy-Schwarz and Holder’s inequalities,
we estimate |(X,¢))x| as

(XSl < (D), W)l +| [ (Tulr), VU (r))adr

T, ()| + / (€(r), B(r))pdr

T
< Hu(T)IIHH\I/(T)IIHJr/ IV a(r) el Ve (r)||adr

T
1) Nl D(T) |1 + / 1€ [l @(r) [l mdr

T 1/2 T 1/2
s|u<T>||H|w<T>||H+</ ||Vu<r>|%ﬂdr> (/ ||w<r>||%ndr)

+ 1€ [l 2(T) e + sup [I€(r)]a sup]II‘P( P)[a(T = s). (5.11)

re(s,T re(s,T

Due to the energy estimates for (u,&) € (C([s, T];H) N L3(s,T;V)) x C([s, T); H), (¥,®) € (C([s, T]; H) N
L%(s,T;V)) x C([s,T]; H), and the fact that ¢(s) = (¥(s),®(s)) = (v,v) € H x H, from (5.11), it is immediate
that

[0vW(s, v, 0)lla < C(||v]lm, [lolln, R), and
HagW(&V, Q)”H < C(HVHH> ”QHH?R)

Let us now consider

(X1 — X2, $)u|
= [(OW(8,v1,01) — OW(S, V2, 02), 7)1 + (O, W (5, V1, 01) — O W (s, Va2, 02),V)H]

< (@ (T), ¥1(T))m — (u2(T), ¥2(T))n +/ (Vay(r), VU1 (r)m — (Vua(r), V¥s(r))udr

+(&(T), 21(T))u — (&(T), ©2(T))n +/ (62(r), @1(r))u — (&2(r), P2(r))udr

< (T) = wo (D) [l @2 (T) [ + (a2 (T) |[al[ @1 (T) — W2 (T) |5

T 1/2 T
+</ ||V<u1(r>—u2(r>>||ﬁdr> (/ 190, ()
1/2 T
(/ [Vua(r ||Hdr) (/ V(1 (r) - Ba(r)]fadr

+16(T) = &(Dal @ (T)[[a + [&(D)[all1(T) — 22(T)|la

+ sup ||§1() &(r)lla sup [[@1(r)||u(T - s)
rels,T) re(s,T)

+ sup IISz( )la s [@1(r) = B (r)[Ju(T — 5), (5.12)
re|s,

rels,T
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where we used the Cauchy-Schwarz and Holder inequalities. Using continuous dependence theorems of (u, €)
and (¥, ®) (see Thm. A.3 and Prop. 2.9) and the fact that (Uy(s), ®1(s)) = (Pa(s), P2(s)) = (v,v), we get

|1OW (s, V1, 01) — OuW(s,va, 02)|lm + [[0.V(s, V1, 01) — OW(s, V2, 02)|lu
< C(R, [|villu, [[vellm, [lorlln, loallu) (Vi — vallu + [lor — o2|ln)- (5.13)

Let us first take 91 = g2 = p and then take vi = vy = v to obtain

[0.W (s, v1,0) = OWV(s,va, 0)lu < C(R, |[villu, [Vl llellu)llvi — vallm, (5.14)
[0, W (s, v, 01) — OW(s,v,02)lm < C(R, ||V, llo1llm, lozlln)llor — o2|lu- (5.15)

For a.e. s € [1,T], we have

IsW(s,v,0) = (u(T),0(T))u + (€(T), T(T))m + / (Vu(r), VO(r))u + (£(r), I(r))udr

1 1~
= 5 (Il + llellf) = 51UG)l- (5.16)

Using the energy estimates satisfied by (u, ) and (6,1I) (see for example, (A.1) and (2.36), and (5.8) also), we
get

10sW(s, v, 0)| < [[u(T) | O(T) [l + [|€(T) | [TI(T) [[ 12

T 1/2 T
+</"HVuwn@m> (/'|vewnﬁm>

1 1, ~
+ sup [l€(r) [l sup [[T(r)[[a(T = s) + 5 (IVVIE + llellf) + 511UCs)
rels,T) re(s,T) 2 2

1 ~
< CIvllws lellv) + S1U(s) (5.17)

1/2

forve VNW and o € V. Since, Ue L2(7, T;H), we finally have 9,0V (s, v, 0) € L(7,T), for all v.€ VN'W and
0 € V. Using the continuous dependence property of (u,§) and (6,1I) (see for example (A.2) and (2.38)), we
also obtain

|85W(Sa Vi, Ql) - 8SW(3, Vo, 92)|
= (u(T),01(T))u — (wa(T), O2(T))u + (§2(T), I (T))u — (&2(T), H2(T))u

T
+/ (Vuy(r), VO1(r))m — (Vua(r), VO (r))u + (&1(r), T (r))m — (§2(r), Mz (r))udr

1
- §(||VV1||1%1 — IVvallf + llewllf — HQzH%{)

< i (T) = wo () [[|01(T) | + |©:1(T) = O2(T) lszl| w2 (T) |
+ 16(T) = &(D)[u T (T)[a + 1€(T) [alT1(T) — T2(T) ||u

T /2, 1/2
+</Wm®mW»@0 </|V@mMM>
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T 1/2 T 1/2
+</ Vu2<r>||%ﬂdr> (/ ||v<@1<r>—@2<r>>|ﬁdr>

+ sup [[&2(r) = &(r)llu sup [Tz (r)[[u(T - s)

re[r,T] re[r,T]
+ sup [|&(r)]la sup [T (r) — Ha(r)[|u(T - s)
rel[r,T] re[r,T]

< CO(R, [Ivallms [valle, llorllu, Lozl [|©1(s) 1w, 1©2(s)llm, [T (s) 5, [[T1 (s) 1)
X ([lve = vallu + ller — o2llm + [1©1(s) — O2(s) |z + [[Ta () — Ma(s) 1)
S CR villw, [vallw, lerllv, lleallv)([[ve = vallw + [[er — e2]lv), (5.18)
since the initial data of (©,II) satisfies (5.8).

Let us now prove the continuity properties in part (i¢) of the Proposition. One can write (O, W(s, v, 0),7)u,
(0, W(s,v,0),v)u and OsW(s, v, 0) as

@53, 002w = (-8 2u(T), (~8) (T + (- Aa(r), W) (5.19)
@ (s.v,0) vy = (6T, (D + ), By (5.20)
W (5.v.0) = ((—A)/2u(T), (~A)26(T))x + (€(T), Ty v
+/ (- A)u(r), Oy + (€0 Ty
— SUIVIE + leli) — 5 1T(s) (5.21)

As before, we define vectors X := (0, W (s, v, 0),0,W(s,v,0))T € Y:=V x Vand ¢ = (vy,v)" € V' x V'. Using
the Cauchy-Schwarz and Holder inequalities, we estimate |(X,¢))yxy’| as

T
(X, D] < II(—A)1/2u(T)HHII(—A)_”Q‘I’(T)IIH+/ I(=A)a(r)al ¥ (r) [adr

T
+Hlemvlemllv + [ eIyl fodr
T 1/2 T 1/2
s<|u<T>||%,+ / ||u<r>||\%vdr) <¢(T>||@,+ / ||w<r>||%ldr>

1/2 1/2
+<§(T)I%+T sup ||§(T)||2v> <||<I>(T)IIQV/+T sup <I>(T)|3w>

rels,T) rels,T)
< CR, |vllv, llelv) (vl + llvlve), (5.22)

where we also used the fact that (u,¢) is a strong solution, (ab+ cd)? < (a? 4 c?)Y/?(b? + d?)'/2, for a,b,c,d > 0
and the energy estimates in the Proposition 2.9. Since the estimate (5.22) is true for all ¢ = (y,v)" € V/ x V’
and (||v|lv: + ||v|lv/) induces a norm on the product space V' x V', we find

[0 (s, v, 0)llv < C(R, [[v]lv, [[ellv), and (5.23)
[0.W (s, v, 0)llv < C(R, [[v]lv, [lellv)- (5.24)
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Similarly, we have
T 1/2 . 1/2
|asw<s,v7g>|<<||u<T>||%y+ / |u<r>||\%wdr> <|@<T>||%w+ / ||@<r>%ﬂdr>

rels, T

1/2 1/2
+ <|§(T)||2v +TT§EPT] ||€(7")||%/> (IIH(T)II%/ +T sup IIH(T)IIQVI>
+ L(IVIE + lleliR) + S5
Once again using the energy estimates and the strong solution estimates, we infer that
[0sW(s, v, 0)| < C(R, [[v]lv, [lellv)- (5.25)
Thus, from the estimates (5.23)—(5.25), it is immediate that
(OsW(s, -, ), OuW(s,+,+), 0. V(8,,-)) : ¥V x VR XV x V.

A similar proof as in (5.14)—(5.18) and the continuous dependence results in (see Thm. 2.7 and Prop. 2.9) yield
the following Lipschitz continuity results:

[0vW(s,v1,0) — OuW(s,va,0)lv < C(R, [[villv, [[vallv, [[ellv)[[vi — vallv, (5.26)
[0,W(s,v,01) = O W(s,v, 02)lv < C(R, [[v][v, [le1][v, loz]lv)ller — o2]lv, (5.27)
|0sW(s,v1, 01) — OsW(s, vz, 02)| < C(R, [[villv, [[V2llv, lo1[u, [ 02][x)
x ([[vi = vallv + [lor — o2lu), (5.28)
which completes the proof. O

5.1. Pontryagin’s maximum principle

We are now in a position to establish the Pontryagin maximum principle. The following theorem gives such
a result.

Theorem 5.4 (Rademacher theorem, [12], Thm. 3.1.6). If O C R"™ is open and f : O — R™ is Lipschitz
continuous, then f is differentiable at a.e. x € O.

Theorem 5.5. Let U € L2(7,T;Ug) be an optimal control for the initial data (1,v,0) € [0,T] x (WNV) x V
and (u, &) € (C([r,T); V) NL23(7,T;W)) x C([r, T]; V), be the optimal trajectory, then for a.e. t € [7,T], we have

A (a(t), £(t), O W(t, u(t), £(t)), 9, WV (¢, u(t), (1))

= (u(t), £, WL (D), (1)), W (1, u(d), £(1), U(D)). (5.29)
Moreover, if

(p, ) € (C([0, T];H) NL*(0, T3 V)) x C([0, T]; H),
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1s the unique weak solution to the adjoint problem:

—827?) + ;‘ip(t) +B'(u(t))p(t) — hVe(t) = —Au(t), in Qx (1,7T),
20 e () =€), im0 (1), (5.30)
p(t) =0, on 9Qx (1,7T)
p(T) =u(T), o(T) =&(T), in Q,
then, we have
p(t) = O W(t, u(t),£(t)), ¢(t) = 9,W(t,u(t),{(t)), t € [r,T]. (5.31)

Furthermore, optimal control is obtained as U(t) = o(p(t)), where o(-) is defined in (4.8) and we obtain the
regularity U € C([r, T];H) and

(w,6) € C([r, TV N W) N (7, T3 H) x C([r, T); V) N CH(r, T5 V).
Proof. Step 1. Proof of (5.29). Since U is an optimal control, using the semigroup property (see (4.27))
x(r, tx(t,5;v,0,0);U) = x(r, 8;v,0,0), s <t <7 < T, (5.32)

we can write W(t,u(t),&(t)) as

1

Wit u(t).€(0) = ST + 516+ 5 [ [IVa)E + e+ IT0)E]ar (6539)

Also, one can write W(¢, u(t),£(t)) as

t+dt
Wit.u(t,€0) = SN + IR+ [ (198 + el + 10012 ar
e ~
+5 /  [IVa) I+ 160+ 100 ar
= W(t + 6t,u(t + 6t), £(t + 6t))
t+49t
+i / 19 B+ 1) + TR e (5.34)

Thanks to Rademacher’s theorem (see Thm. 5.4), from the above expression, using the almost everywhere
differentiability of W(-,,-), we have

W+ 8t (), €(1) = Wt u(t),£(8) W+ 8t ut + 8t),E(1) — Wit + 8t, u(t), (1))
5t 5t
Wt + 6t,ult + 6t), £(t + 5t)) — W(t + 5t u(t + 5t), £(¢))

t+6t & N
/t [IVa() I + 1€ + 100)I1E] ar = 0. (5.35)

1
26t
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Passing § — 0 in (5.35), we find

— W (1), £(1)) — (Dru(t), B W (E u(t), £(1)s — (BE(H), O (2 u(b), €
— S [Ivu®IE + leIR + 1T IE] =0 (5.36)

where we used (5.5). Thus, we have

— AWt u(t), £(1) + (Au(t) + Blu(t) + VE(t) — £(t) — T(1), dW(t, u(t), £(t))n
+ (div(m(0), 9, (¢, u(t), €0 — 3 [IVa(e) I + €@ +1T0I] =0, (5.37)

Hence, using the definition of pseudo-Hamiltonian (see (4.5)), we also get
— Wt (1), £(1)) + A (u(t), £(1), BV (L u(t), £(8), 0, (1, u(t), £(1), T) =0, (5.38)
with

W(T,u(T),&(T)) = 5 [la(D) & + 16(T)1F]-

DN | =

Since ﬁ() is an optimal control, from the above equality, we also have

— OW(tu(t),£(t) + sup H(u(t),£(t), 0 W(t u(t), £(t), 0,W(t u(t),£(t), V) > 0.

Uelr
Using the definition of true-Hamiltonian (see (4.4)), from the above expression, we infer that
- atw(tv u(t)v g(t)) + %(u(t)v g(t)v aV]/\}(ta u(t)v f(t)a aQW(t7 u(t)v f(t)) Z 0. (539)

It should be noted that for s € [r, T, and (v, 0) € (VNW) x V, we have W(s, v, 0) > V(s, v, 0) and W(7, v, 0) =
V(7,v,0). In fact, if X(t) = X(t,7; v, 0; U), where X = (@, &) is the optimal trajectory, then we have

W(t,(t),£(t) = V(t,u(t),£(t), T <t <T. (5.40)

From the above identity, it is immediate that V — )V attains a maximum of zero along each point of the trajectory
(t,u(t),&(t)). Let us now use the fact that V is a viscosity subsolution (see Thm. 4.7, (4.40)) to deduce that

oW, (1), &) + o (1), E0), AW, (1), E0), 9, (1, 5(0), &) <. (5.41)
Comparing (5.39) and (5.41) at s = 7, we obtain

— AW (L), E(t) + ji”(ﬁ(t), E(t), 0 W(L, (L), E(1), DW(L, (), E(t)) —0. (5.42)

Finally, we compare (5.38) with (5.42) for s = 7 to deduce (5.29).
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Step 2. Characterization of optimal control. Let us now take duality pairing with (¥, ®) € (C([s,T];H) N
L%(s,T;V)) x C([s, T]; H), with (9,¥,0,®) € L?(s,T;V’) x L2(s,T;H) to the adjoint system (5.30) to find

T
[ -0p(0) + Rp(r) + B @r))p(r) — hVp(r). W)
' T
+3/ (=Brp(r) — div p(r), B(r)n
Tt T _
=t[ (—AﬁﬁﬁﬂDW»VWVdT+-LW(fﬁ%qﬂrﬂHdﬂ (5.43)

where (p, ) € (C([0, T]; H) N L2(0,T;V)) x C([0, T]; H) with (8;p, 0yp) € L?(s,T; V') x L2(s, T; H). Let us per-
form an integration by parts in the left hand side of the equality (5.43), use the equation satisfied by (U, ®)

and the fact that (p(T),¢(T)) = (a(T),&(T)) to find

(P(1), U(1))m — (W(T), ¥(T))a + (p(t), D(£))u — (E(T), ®(T))n

:/t <—Aﬁ(7’),\:[/(7‘)>v/><vd7'+/t (f(T’),(I)(T'))HdT (544)

Making use of the continuity theorem, one can show that the above equality holds for all ¢ € [, T]. Let us now
compare these equations with (5.9) and (5.10) for s = ¢ to obtain

(OuW(t,a(t), £(1)), 7)a — (P(), V)u + (W (E,u(t), £ (1), v)u — (p(t), )i = 0. (5.45)

Since the above equality is true for arbitrary (v,v) € H x H, then for all ¢ € [, T], we get

p(t) = AW(t, (1), (1)), @(t) = O,W(t, (1), (1)), (5.46)
and

{ p() = aVVV('v ﬁ()vg()) € C([Ta T]aH) N Lz(Ta T V),
() = 0,W(-0(),£()) € C([r. T): H).

Now, since V — W attains a maximum at (¢,u(t),£(t)), using the definition of super-differential and (4.40), we
also have

Furthermore, the optimal control is given by

U() = 0@ W(-1(),&())) € C([7, T]; H), (5.48)

where o(+) is defined in (4.8). We finally use this regularity on the optimal control to get the regularity of the
tidal dynamic system as

(W, &) € C([r, T); VW) N CHr, T;H) x C([r,T]; V) N CY(r,T; V), (5.49)

which completes the proof of the Theorem. O
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Theorem 5.6 (Verification theorem). The super-differentials O V(t, v, o) and 83’V(t, v, 0) of the value function
V(t,v, ) is non-empty, for all (t,v,0) € ([r,T],VNW,V), and for (v,0) € (VNW,V),

—0V(t,v,0) + H(t,v,0,p(t), (1)) =0, a.e., te(r,T), (5.50)
with
OW(t,v,0) € OFV(t,v,0), and I,W(t,v,p) € 6;V(t,v, 0), (5.51)

for all (v,0) € H x H.
Furthermore, the optimal control is given by the feedback relation:

U() = a(p()),
for some
p() € OFV(,u(),&()

where o(-) is defined in (4.8).

Proof. Using Rademacher’s theorem, we note that V(-,v, ) is differentiable for a.e. t € (7,T) and (v,p) €
(VNW) x V. Let t € (1,T) be such a point of differentiability. Let U be the optimal control and (i, £) be the
optimal trajectory corresponding to the initial data (¢, v, ) € [7,T] x (VNW) x V. Let (u, ) be the trajectory
corresponding to the control U and initial data (t+e,v,0) €[, T] x (VNW) x V. Using the definition of the
value function V(-, -, -), we have

V(t +e,v, Q) - V(t’ v, Q)

T ~
< SO+ IO+ 5 [ [ITu0)E + 1wl + 1T ]ar
~ T ~ ~

- SIS = SIEDIE 5 [ [IVG6)IE + 186 + TR ar

= S [l - 1G] + 5 [Il6) I ~ 1ED)IE]
e _ -
+5 ) [I9uEE ~ IV + e 1801 ar
t+e _
5 [IV80E+ -+l + 1T ar (552

Let us now restrict ¢ to belong to the intersection of the following three sets of full measure in |7, T]. The three
sets are

— the set in which V(-, v, p) is differentiable,

— the set of Lebesgue points of integrand of the final integral appearing in the right hand side of the equation
(5.52), and

— the set of full measure in equation (5.29) in the Pontryagin maximum principle.
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Then, on dividing by e, taking limit as £ | 0 and using the definition (©,1I) in (5.6), we find
~ T ~
OV(t,v, ) < = [V + llell + 1T + / ((=2)E(r), O vrxv + (€(r), TL(r)u ] dr

+ (a(T),0(T))u + (£(T), I(T))x. (5.53)

Remember that the adjoint system (p, ¢) satisfies:

_527?) +Ap(t) + B'(()p(t) — hVe(t) = —Au(t), in Qx (,7),
_59;75“ —divp(t) = £(t), in Qx (r,7), (5:54)
p(t) =0, on 9Q x (1,7),

p(T) = W(T), (T) = &(T), in Q.

Let us substitute (5.54) in (5.53) and perform an integration by parts to obtain
o (t.v.0) < ~[IVVIE + el + 1T + (B(0). ©(®))s + ((0) (D). (5.55)

Note that in (5.55), the initial data for (©,1I) equation is applied at ¢ and is given by (see (5.8) also)

O(t) = Av +B'(u)v+ Vo —f(t) — U(t) € H, and II(t) = div(hv) € H. (5.56)
Let us substitute (5.56) in (5.55) to see that

BV(t,v,0) < (p(t), AV + B'(w)v + Vo — £(t) — U(t))x + (o(t), div(Av))s
= {IVvlE -+ llellf + IIﬁ(t)Hﬁ}

= A (t,v, 0,p(t), (1), U(t)). (5.57)
Using the Pontryagin maximum principle (see (5.29)) in (5.57), we find
atV(t7V, Q) S %(t,v,g,p(ﬁ),g@(t)) (558)

Next, let U be the optimal control [T + €, T] corresponding to the initial data (v, ) € (VNW) x V at ¢t 4+ ¢ and

let (1, &) be the corresponding trajectory. Let us now set

U ifre(t4eT)
U(r)_{ﬁ(t—l—e) if r e (t,t+e),

and denote (u,§), the trajectory corresponding to the initial data (¢,v, ) € [7,T] x (VNW) x V and control
U. Then, we have

V(t+€,V, Q) *V(t,V, Q)
> SR+ SEDIE+ L [ [IF50)IE + 11 + 100 ar
=9 H 2 H 9 e H H H
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T
— I = T~ 5 [ (19l + 160 + [V ar

_ {(;Hamn%ﬂ - ;|u<T>||%1) + (iné’(T)Hﬁ - ;“fm'ﬁ)}

T ~
w5 [ (IO - 170012 + 101 - ) R]ar

t+e

t+e
- %/t [IVa(e) I+ 1€ IE + 10 [1E] dr. (5.59)

Using the arguments as in (5.53)—(5.58), we obtain

atv(tv Vv Q) Z %(ta Va Qa p(t)v Sp(t)) (560)

Comparing (5.58) and (5.60), we infer that

—0V(t,v,0) + H(t,v,0,p(t), (t)) =0, (5.61)

with
OW(t,v,0) € OFV(t,v,0), and 9,W(t,v,0) € O V(t,v,0), (5.62)
for all (v, ) € H x H. O

Remark 5.7. For the Hamilton-Jacobi equation obtained in this work, we have proved only the existence of
viscosity solution and uniqueness is still open. We will address such kind of problems in a future work.
APPENDIX A. GLOBAL SOLVABILITY OF THE TIDAL DYNAMICS SYSTEM

Let us discuss about the global solvability results available in the literature for the controlled tidal dynamics
system (2.1).

Theorem A.1 (Existence and uniqueness of weak solution, [27], Chap. 2, [26], Props. 3.6, 3.7). Let (ug,&) =
(v,0) € H x H be given. For w° € L*(r, T;L*(Q)), £ € L2(7,T;V’) and U € L2(1,T;V’), there exists a unique
weak solution (u,§) to the system (2.1) satisfying:

t
[a(Ols + IOl + o [ [Tu()]Eds
2 o T o ' 2 ' 2 K
< (vl + 5 [ IwP@taas+ [ I as+ [ 10 s e, (A1)

for all t € [1,T)], where K = max{14+ M + %, 2(1 + p*) + M}.

Remark A.2. From the relation (2.5), it can be easily seen that if g € L2(7,T;V’) and w® € L*°(7, T; H) N
L2(7,T;V) with 8;w® € L2(7,T; V') (which also implies w° € C([r,T];H)), then f € L2(r,T;V").

Theorem A.3 ([30], Lem. 3.7). Let (u1,&1) and (ug, &2) be the unique weak solutions of the controlled system
(2.1) with controls Uy and Usy, and initial data (v, 01) and (va, 02), respectively. Then, we have

Jlas () = wa ()1 + 1€2(8) — &)1 + a/ IV (u1(s) — ua(s)) || &ds
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4 [ 49,2
< {|V1 — VQH]%I + ||Q1 — Q2||%1 + a/ ||U1(8) — UQ(S)%}/dt}e[a(2+“ )-H\/f]t7 (A2)

forallt € [7,T).

In order to obtain the strong solution and further regularity results for the system (2.1), we need the following
technical assumption on A (see [29] for more details).

Assumption A.4. Let us assume that h € CZ(Q) with

max |V(Vh(z))| < Mi,

where M; > 0 is some non-negative constant.

Remark A.5. From (2.5), we know that for f € L2(7,T;H), one needs
wl € L2 (1, T; W) n HY (7, T; H).

The above regularity on w® and Assumption A.4 ensure that Aw?, aa—“zo, \Y f: div(hw®)ds € L2(r, T; H).

Theorem A.6 (Strong solution, [29], Thm. 2.11). Under the Assumption A.4, for £ € L?(r,T;H), U €
L2(7,T;H) and (v,0) € V x V, the unique weak solution to the system (2.1) is also a strong solution in the
sense of Definition 2.5 satisfying:

T
sup [[a(®)ls + I6OIF] + [ fu(o)ae
r<t<T -
< Clo, A, M, My, |1V, llellv, [WPllvae rns @) | 0llee oy, [1€llLz o) - (A.3)

Moreover, if w® € C([r,T); W) N CY(r,T;H), £ € C([r,T);H) and U € C([r, T];H) and (v,0) e VAW x V,
then we have

(0,€) € (C([7, T|; VW) x C([7,T; V)

and (Opu, 0€) € C([r, T|; H) x C([r,T]; V).
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