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OPTIMAL BILINEAR CONTROL OF NONLINEAR HARTREE
EQUATION IN R?

BINHUA FENG, JIAYIN LIU, JUN ZHENG

ABSTRACT. This article concerns with the optimal bilinear control for the
nonlinear Hartree equation in R3, which describes the mean-field limit of many-
body quantum systems. We show the well-posedness of the problem and the
existence of an optimal control. In addition, we derive the first-order optimality
system.

1. INTRODUCTION

We are interested in an optimal bilinear control problem for the nonlinear Hartree
equation

) i* ul®)u T)u = x o0 3
ZUt"’Au“‘/\(‘ﬂ ‘ |) +¢(t)V( ) 0, (tv )E[O’ )XR) (1.1)

(0, z) = uo(x),

where u(t,z) is a complex-valued function in (t,z) € [0,00) x R?, ug € H(R?),
X € R, ¢(t) denotes the control parameter and V(z) is a given potential. Equation
has many interesting applications in the quantum theory of large systems of
non-relativistic bosonic atoms and molecules. In particular, this equation arises in
the study of mean-field limit of many-body quantum systems; see, e.g., [8, [14] and
the references therein. An essential feature of equation is that the convolution
kernel |x|~1 still retains the fine structure of micro two-body interactions of the
quantum system. By contrast, nonlinear Schrodinger equation arises in limiting
regimes where two-body interactions are modeled by a single real parameter in
terms of the scattering length. Especially, nonlinear Schrédinger equation cannot
describe quantum system with long-range interactions such as the physically im-
portant case of the Coulomb potential |z|~!, whose scattering length is infinite, see
[14].

The problem of quantum control via external potentials ¢(t)V (x), has attracted
a great deal of attention from physicians, see [ [I0, II]. From the mathematical
point of view, quantum control problems are a specific example of the optimal
control problems, see [6], which consist in minimizing a cost functional depending
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on the solution of a state equation (here, equation ) and to characterize the
minimum of the functional by an optimality condition.

Now we begin with a brief recapitulation of some important optimal control re-
sults for Schrodinger equations that have been derived so far. The mathematical
research for optimal bilinear control of systems governed by partial differential equa-
tions has a long history, see [7, [13] for a general overview. However, there are only
a few rigorous mathematical results about optimal bilinear control of Schrodinger
equations. Recently, optimal control problems for linear Schrédinger equations have
been investigated in [2] B, [12]. Moreover, those results have been tested numerically
in [3, 16]. In particular, a mathematical framework for optimal bilinear control of
abstract linear Schrédinger equations was presented in [12]. In [2], the authors
considered the optimal bilinear control for the linear Schrodinger equations includ-
ing coulombian and electric potentials. For the following nonlinear Schrodinger
equations of Gross-Pitaevskii type:

iug + Au — U(z)u — Mu|*u — ¢(t)V (z)u =0, (t,z) € [0,00) x RV,
u(0, z) = uo(z),

where A\ > 0; i.e., defocusing nonlinearity, U(x) is a subquadratic potential, con-
sequently restricting initial data ug € ¥ = {u € H*(RY), zu € L?2(RY)}. The
authors in [9] have presented a novel choice for the cost term, which is based on
the corresponding physical work performed throughout the control process. The
proof of the existence of an optimal control relies heavily on the compact embed-
ding ¥ — L*(RY). In contrast with (L.2)), due to absence of U(z)u in (L.I]), we
consider equation in H'(R3). Therefore, how to overcome the difficulty that
embedding H!(R?) — L?(R?) is not compact, which is of particular interest, is one
of main technique challenges in this paper.

This article is devoted to the study of within the framework of optimal
control, see [I5] for a general introduction. The natural candidate for an energy

corresponding to (1.1)) is

E(t) = /|Vu(t:1:|dw— // ult,y)Plutt, )1 dy dx
R3 R3 JR3 |z =yl

_o0) V(z)|u(t, z)|*dx.
2 Jus

(1.2)

(1.3)

Although equation (1.1]) enjoys mass conservation, i.e., ||u(t,)||z2z = |Juol||r2 for all
t € R, the energy E(t) is not conserved. Indeed, its evolution is given by

d

ZE(t) = —%q&'(t) /R V(@)|u(t, ) 2dz. (1.4)

Integrating this equality over the compact interval [0, T], we obtain

T
E(T) — E(0) :-%/O (1) /R V(@) u(t, 2)[2 da dt. (1.5)

Borrowing the idea from [9], we now define our optimal control problem. For
any given T > 0, we consider H*(0,T) as the real vector space of control parameter

¢. Set
X(0,T) := L*((0,7), H" ) nW"((0,T), H™"), (1.6)
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and for any initial data ug € H', ¢9 € R
A0,T) := {(u,¢) € X(0,T) x H'(0,T) : u is a solution of (LI
with u(0) = ug and ¢(0) = ¢o}.

Thanks to Lemma the set A(0,T) is not empty. We consequently define the
objective functional F = F(u,¢) on A(0,T) by

T T
F(u, ¢) = (u(T, ), Au(T, )7 +71/0 (El(t))th-‘r’YQ/O (@'(t)%dt,  (1.7)

where parameters v; > 0 and v > 0, A : HY(R3) — L?(R3?) is a bounded linear
operator, essentially self-adjoint on L?(R3) and localizing; i.e., there exists R > 0,
such that for all 1y € H': supp,cps(A¢(z)) C B(R).

Therefore, we can define the minimizing problem

F(u, 9). (1.8)

= inf
(u,)€A(0,T)

Firstly, we consider the existence of a minimizer for the above minimizing problem.

Theorem 1.1. Let V € W12(R3). Then, for any T > 0, any initial data ug € H*,
¢o € R and any choice of parameters v1 > 0, v2 > 0, the optimal control problem

(1.8) has a minimizer (u«, ¢.) € A0, T).

Remarks. (1) In contrast with the result in [9], our result holds for both focusing
and defocusing nonlinearities.

(2) Since the embedding H'(R3) — L?(R3) is not compact, the method in [9]
fails to work in our situation. Fortunately, applying Lemmas [2.1] and 2:2] we derive
the compactness of any minimizing sequence.

Thanks to well-posedness of Hartree equation (1.1, for any given initial data
ug € H', we can define a mapping by

w: HY0,T) — X(0,T) : ¢ — u().
Using this mapping we introduce the unconstrained functional

F:HY0,T) =R, ¢ F(¢):=F(u(e),d).

In the following theorem, we investigate the differentiability of unconstrained func-
tional F, and obtain the first order optimality system.

Theorem 1.2. Let ug € H?, ¢ € H*(0,T) and V. € W2, Then the functional
F(¢) is Gateauz differentiable and

F(6)=Re [ at.oV@utade -2 5@ 002 +n"0). (1)

in the sense of distributions, where
w(t) = / V(2)|u(t, ) 2dz, (1.10)
R3

and ¢ € C([0,T), L?) is the solution of the adjoint equation
' 1 1 o
i+ Dp+ o)V (2) oM # ul?) o+ A=+ (patup)u = 31 (¢ (1)) *w(t)Vau, (1.11)

|| ||

subject to the Cauchy initial data o(T) = 4i{u(T"), Au(T)) 2 Au(T).
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As an immediate corollary of Theorem[I.2 we derive the precise characterization
for the critical point ¢, of functional F. The proof is the same as that of [9]
Corollary 4.8], so we omit it.

Corollary 1.3. Let u. be the solution of (1.1)) with control ¢., and ¢, be the
solution of corresponding adjoint equation [.2)). Then ¢, € C%(0,T) is a classical
solution of the ordinary differential equation

%W; (t)(y2 + ’Y1wf(t))) = %Re /]RS G (t, )V (2)ux(t, x)de. (1.12)

subject to the initial data ¢.(0) = ¢o and ¢, (T) = 0.

This article is organized as follows: in Section 2, we present some preliminaries
and some estimates for the Hartree nonlinearity. In section 3, we will show Theorem
[ In section 4, we firstly formally derive the adjoint equation and analyze its
well-posedness. Next, the Lipschitz continuity of solution u = u(¢) with respect to
control parameter ¢ is obtained. Finally, we give the proof of Theorem
Notation. Throughout this article, C' > 0 will stand for a constant that may
different from line to line, when it does not cause any confusion. Since we exclusively
deal with R3, we often use the abbreviations L™ = L"(R3), H* = H*(R?). Given
any interval I C R, the norms of mixed spaces L?(I, L"(R?)) and L4(I, H*(R?)) are
denoted by || - ||ze(r,zr) and || - | pacr me) respectively. We denote by U(t) := e'*4
the free Schrodinger propagator, which is isometric on H* for every s > 0, see [5].
For simplicity, we denote

2
gu)(w)i= (e o)) = [ 0L

\ | R3 |33 - y\ .
2. PRELIMINARIES

We now recall some useful results. First, we recall the following two compactness
lemmas which are vital in this paper, see [5] for detailed presentation.

Lemma 2.1 ([5]). Let X — Y be two Banach spaces, I be a bounded, open interval
of R, and (un)nen be a bounded sequence in C(I,Y). Assume that u,(t) € X for
all (n,t) € N x I and that sup{||lu,(t)||x,(n,t) € Nx I} = K < co. Assume
further that u., is uniformly equicontinuous in'Y . If X is reflexive, then there exist
a function u € C(I,Y) which is weakly continuous [ — X and some subsequence
(tn, )ken such that for everyt € I, uy, (t) — u(t) in X as k — oo.

Lemma 2.2 ([5]). Let I be a bounded interval in R, and (u,)nen be a bounded se-
quence in L (I, Hy)AW™>°(I, H="). Then, there exist a functionu € L>(I, Hy)N
Whee (I, H=1) and some subsequence (un, )ken such that for every t € I, up, (t) —
u(t) in H} as k — oo.

Lemma 2.3 ([1]). Letr >0, v € H' and (vy)nen is a bounded sequence in L. If

vp — 0 in L2, then

Vx| <, /wdyao as n — 0o.
]

For (L.1), we need the following lemma dealing with the Hartree nonlinearity
term.

Lemma 2.4. There exists a constant C > 0 such that for every u,v € H?,
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() llg(wu = g()vllze < C(llullfn + W) llw = vllz2;
(i) [lg(w)ullmz < Cllullze;
(i) [lg(uw)u — g(v)ollz> < C(llullz + [vll32)llu = vl

Proof. (i) Applying the Hardy inequality and the Holder inequality, we have
lg(u)u — g(v)v|| 2
< llg(w)(u —v)llr2 + [[(g(u) — g(v))v]| 2
< lg)llzeellu = vz + [lg(w) = g(v)l|L=lv] L2
< Cllullg2([Vul 2 flu — vl| g2

(2.1)
u(y)| + |v 2 \1/2
s ([ D 3y =
zE€R3 N JR3 [z =yl
< Cllullp llu = vlizz + C(IVullz + Vol z2)lvll e llu — vll 2
< C(llullz + lollz)llu = vl e
This prove the first point.
(ii) Using the equivalent norm of H?; i.e., || - ||g2 = || - |22 + ||A - || 22, we have
lg()ull = = [[g(wull L2 + [[A(g(w)u)l| L2 == Ky + K. (2.2)

For Ky. Taking v =0 in (i), we have
K1 < Cllullipllullzz < Cllullze.

For KCo. It is known that (—A) in R3 has the Green’s function ﬁlw\; ie., _A(W
f) = f. Thus, it follows from the Hardy inequality and the Holder inequality that

|82 < CIAI-A) uPlulls + CIVg()Val 2 + Cllg(u)Al 2
< Clllulullzs + CIIVg@)ll 2= [Vul 2 + Cllg(w)]l o=l Aull 2
< Cllulf}e.

*

Collecting the estimates on K; and Ko, we obtain the second point.
(iii) Similarly, we write

lg(w)u — g(v)v| g

< Cllgw)u — g(@)vll2 + CIAI(=A) " ul*lu — Al(=A) " o[*Jo]| L2
+ C[|[Vg(u)Vu — Vg(v)Vv| 2z + Cllg(u)Au — g(v)Av|| Lz

=1 + Iz + I3 + Iy,

(2.3)

where
L < O(Jlullf + ollF)llu = vllze < C(lullfz + [vllie)llu — vl a2,
I < Ollfulu — [v*v]| g2 < ([ullf~ + 0] o) lu = v] 2
< ClllullFrs + Ioll32)llu = vl e,
I3 < C|V(g(w) + g(0) I IVu = Vo2 + C[|V(g(u) — g(v))[[=[[Vu + Vvl| >
< C(IIVullza + IVoll72)llu — vl s,
14 < Cllg(u) + g(0) | L= [|Au — Av||L2 + Cllg(u) — g(v)[| L= [[Au + Av)[ L2
< O(IIVullze + [VolZ2)llu — vll 2
This completes the third point. (]
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Lemma 2.5. Let ug € H! and V € WY, For any given T > 0, ¢ € H'(0,T),
there exists a unique mild solution u € C([0,T), H) of (L.1)). In addition, u solves

t 1
u(t) = U(t)ug + 2/ Ut —s) ()\(|x * Ju(s)[*)u(s) + (b(s)Vu(s)) ds.
0
Proof. When ¢ is a constant, Cazenave [5, Remark 4.4.8, Page 102] showed that
(T.1)) is locally well-posedness. For our case, since ¢ € H'(0,T) — L>(0,T), we
only need to take the L norm of ¢ when the term ¢Vu has to be estimated in

some norms. Keeping this in mind and applying the method in [5], one can show
the local well-posedness of ([L.1)). Hence, it suffices to show

la@®)llm < CT, ol 16l mromy) for every te [0,7]. (2.4)
Indeed, we deduce from (|1.4)) and the mass conservation that
1E |20,y < Cll¢ll 20,0y IV [l Loe ([0 -
This yields
t T 1/2
E(t) = E(0) +/ E'(s)ds < E(0) + (T/ (E’(s))zds> < +o00.
0 0
When A <0, it follows from (|1.3) that
IVu(t)[[72 < CIEll L 0,1) + Cll¢ll 0.1 luoll 2,

which, together with the mass conservation, implies (2.4]).
When A > 0, we deduce from (1.3) and the Hardy inequality that

IVu(®)|72 < ClIEllLo(0.1) + ClldllL= (o, lluollFz + ClluolZ2llg(w) (1)l L
< Ol Bllz=(0,r) + Cllell o= 0,1y lluoll 22 + Clluol[ 22 V()] 2,
which, together with the Young inequality with e, implies (2.4)). O

In the next lemma, we recall some regularity results, which can be proved by
applying [5, Theorem 5.3.1 on page 152].

Lemma 2.6. Letug € H? and V € W2°°. Then the mild solution of (1.1) satisfies
u € L*>((0,T), H?).

3. EXISTENCE OF MINIMIZERS

Our goal in this section is to prove Theorem we proceed in three steps.
Step 1. Estimates on the sequence (uy,¢n)nen. Let ¢ € HY(0,T), thanks to
Lemma there exists a unique mild solution u € C([0,T], H') of (L.1)). Hence,
the set A(0,T) is nonempty, and there exists a minimizing sequence (uy, ®n)nen
such that

im F(un, ¢p) = Fh.

n—oo

We deduce from 7 > 0 that there exists a constant C' such that for every n € N

T
/ (¢, (t))%dt < C < 4o0.
0
By using the embedding H*(0,T) — C[0,T] and ¢, (0) = ¢, we have
T
0

u(0)= 6000+ [ 661 < 0n(0)+ (T [ (020) " < o,
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for every n € N. This implies the sequence (¢, )nen is bounded in L*°(0,T). By
approximation, (¢, )nen is a bounded sequence in L>°(0,T), so is in H(0,T). Thus,
there exist a subsequence, which we still denote by (¢, )nen, and ¢. € H*(0,T) such
that

bn — ¢ in H'(0,T) and ¢,, — ¢, in L*(0,T) as n — oc.
On the other hand, we deduce from and the mass conservation that

1B Iz2(0,7) < Clidnllzzo,m) IV Lo lluollZ--
Using the same argument as Lemma 2.5 and E,,(0) = E(uo), we derive

wnllLo= (0,7),m1) < C. (3.1)
Combining this estimate and the fact that u,, is the solution of (|1.1)), we have
| (wn )tll oo 0,7y, -1y < C. (3.2)

Step 2. Passage to the limit. By applying (3.1)), (3.2), and Lemma we deduce
that there exist u, € L>((0,T), H') N WH>((0,T), H~1) and a subsequence, still

denoted by (un)nen, such that, for all ¢ € [0, T7,
up(t) = u.(t) in H' as n — oc. (3.3)

From the embedding W ((0,T), H= ') — C%'([0,T],H~') [5, Remark 1.3.11]
and the inequality ||u[3. < ||u| g ||ul/z-1, we obtain that for every function u €
L=((0,7), HY) nWH((0,T), H™),

lu(t) —u(s)|| 2 < Clt —s|*/2, forall t,s e (0,T).
This, together with Lemma and (3.1)), yields
g (un(t))un(t) = g(un(s))un(s)ll 2 < Cllun(t) = un(s)| 2 < Clt —s|"/2.

This implies (¢(tn)tin)nen is a bounded sequence in C%2 ([0, 7], L2). Therefore,
from Lemma there exist a subsequence, still denoted by (g(up)un)nen, and
f € C%=2([0,T), L?) such that, for all ¢ € [0, 7],

gt (t)un(t) = f(t) in L? as n — oo. (3.4)
On the other hand, it follows from (u,, ¢,) € A(0,T) that for every w € H' and
n€D(0,T),
T
/ (= (it @) -1, (8)  (Attn + (1)t + ()t ) -1 gram(£))dt = 0.
0

Applying (3.3), , and the dominated convergence theorem, we deduce easily
that

T
i)yt 0+ (Bt 4 4 60,0V 0 0) 1 gt = 0.
0
This implies that u, satisfies

d
zau* + Auy+ f+ ¢ (t)Vu, =0 for ae. t€[0,T]. (3.5)
We next show g(u.(t))(x)u.(t,x) = f(t,z) for a.e. (t,z) € [0,T] x R3. Tt suffices
to show that for any given ¢ € [0, 7]

/RS (s (1)) (@) un (b, 2)p(z)d = S ba)e@)de forany ¢ € C2(RY). (3.6)
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Let us prove (3.6) by contradiction. On the contrary, if there exists ¢o € C2°(R?)
such that

[ stw®) -t e)pn@de # [ ft 0o (3.7)
R3 R3
It follows from that

[ stu® et apeis = [ ftan@de asn—o. (38

On the other hand, we deduce from (3.3)) that there exists a subsequence, which
we still denote by (un)nen such that u,(t,z) — u.(t,z) for a.e. = € R and
Un(t) — u.(t) in L2 _(R3). Therefore, it follows from Lemma that for every

loc

x € O, vy(t,x) — 0, where Q is the compact support of ¢y and v,, defined by

wn(t,x) _ / (|un(tay>‘ + |u*(t7y)|)|un(t7y) — u*(t’y)|dy.
RS |z =yl
By similar estimates as Lemma [2.4] we derive that there exists a constant C' such
that |v,(¢,z)] < C € L2 _(R3). Applying the dominated convergence theorem to

loc
the sequence (v, (t))nen, we obtain

/ o (8, ) o )l = / fon(t, 2)Plgo(2)|2dz — 0 as 1 — oo.
R3 Q
Combining this, (3.1) and , we derive

| / gl () @1, )0 ) ~ / 9 (O) (@) b, )0 2)e

< [ loun () @) o (t.2) = . (0D (o) d
+ [ ol (®) = o) @)t 2)o(a) do

< lg(un(@®)llze l[un(t) = we (@)l 2@ lpoll L2 + [[we @) 2 [[on () p0l| L2

— 0 asn — oo,

which contradicts (3.7]) and (3.8]).
In summary, u, € L>((0,T), H') N W1>((0,T), H~1) and satisfies

By using the classical argument based on Strichartz’s estimate, we can obtain the
uniqueness of the weak solution w, of . Arguing as the proof of [B, Theorem
3.3.9], it follows that u. is indeed a mild solution of and u, € C((0,7),H)N
CL((0,T),H™1).

Step 3. To conclude that the pair (u.,¢.) € A(0,T) is indeed a minimizer of
optimal control problem , we need to show only that

F. = lim F(un,¢n) = F(u., 6.). (3.10)

Indeed, in view of the assumption on operator A, there exists R > 0, such that for
every n € N, supp,eps (Au(T,x)) € B(R). Therefore, we deduce from u, (T") —
ue(T) in L2 and Au,(T) — Au,(T) in L? that

loc
[{un(T), Aun(T)) L2 = (us(T), A (T)) L2

< N un (T) = s (T), A (T)) 12| + [(us(T), A(tn (T) — us(T))) 2| — 0 (3.11)
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as n — 00. By the same argument as in [9 Lemma 2.5], we have
T T
timinf [ (61,020t > [ (@022t (3.12)
n=oe Jo 0

where
anlt) = [ V@l ()l w0~ [ Vol

It follows from the weak lower semicontinuity of the norm that
T T
lim inf/ (o0, (1))2dt > / (¢l.(t))?dt. (3.13)
Collecting (3.11))-(3.13)), we derive (3.10). This completes the proof.

4. CHARACTERIZATION OF A MINIMIZER

To obtain a rigorous characterization of a minimizer (u., ¢«) € A(0,T"), we need
to derive the first order optimality conditions for our optimal control problem .
For this aim, we firstly formally calculate the derivative of the objective functional
F(u,¢) and analyze the resulting adjoint problem in the next subsection.

4.1. Derivation and analysis of the adjoint equation. We begin by rewriting
(1.1) in a more abstract form,

P(u, ¢) = ius + Au+ Ag(u)u + ¢(t)V(x)u = 0. (4.1)

Thus, formal computations yield

. 1 _ _
OuP(u,d)p = ipy + Ap + ¢(t)V (2)p + Ag(u)p + /\m * (¢t + up)u,
where ¢ € L?. Similarly, we have

0sP(u,¢) = V(x)u.

By an analogue argument as [9, Section 3.1], we derive the adjoint equation

1 5F (u,
i+ B+ 0V (@) + dg(wp + A (g + ughu = L)
(4.2)
) - P (0)
P TS
where M;(f&’;b ) and 55&%‘5’) denote the first variation of F'(u, ¢) with respect to u(t)
and u(T) respectively. By straightforward computations, we have
(5F(’LL,¢) / 2 / 2
—_— = t V(x)|lu(t,z)|*dz)V (z)u(t,
o = (@ 0P V@) )V @) s

=7(¢' (1) *w(t)V (x)u(t, z),
in view of the definition and
6F (u,¢)
W = 4(u(T), Au(T)) 2 Au(T). (4.4)

Thus, equation (4.2)) defines a Cauchy problem for ¢ with data ¢(T) € L?, one can
solve (4.2) backwards in time.
In the following Proposition, we will analyze the existence of solution to (4.2]).
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Proposition 4.1. Let ug € H? and V € W2, Then, for every T > 0, equation
[@.2) admits a unique mild solution » € C([0,T], L?).

Proof. We sketch the proof, which is similar to [9, Proposition 3.6]. Firstly consider
the homogenous equation 9, P(u(¢),®)p = 0. It can be written as
dep = iAp + B(t)p,

where
B(t)p = i(¢(t)V (2)p + Ag(u)p + Aﬁ

In view of the assumption on V and Lemma [2.6] by the same argument as Lemma
it follows that for every ¢ € [0, T, B(t) is a bounded linear operator on the real
vector space L2, the corresponding inner product defined by

(u,v)r2 = Re /RS u(z)v(x)dx. (4.5)

* (Pl + uP)u).

After some fundamental computations, it follows that for every u,v € L? such
that (B(t)u,v)r2 = (u, B(t)v)r2. This implies B*(¢) = B(t) and the same holds
for iB(t). On the other hand, we deduce from uy € H? and Lemma that
u € L>®((0,T) x R®). Hence, B € L*((0,T),L(L?)). Therefore, following the
argument of [9, Proposition 3.6], we can conclude the proof. ]

4.2. Lipschitz continuity with respect to the control. This subsection is
devoted to derive that the solution of depends Lipschitz continuously on
the control parameter ¢, which is vital for investigating the differentiability of
unconstrained functional F. To begin with, we study the continuous dependence
of the solutions u = u(¢) with respect to the control parameter ¢. Our result is as
follows.

Proposition 4.2. Let V. € W% and u,u € L>=((0,T), H?) be two mild solutions
of (1.1)) with the same initial data ug € H?, corresponding to control parameters
¢, ¢ € H*(0,T) respectively. Assume

Ml sr2.0,7y5 1Dl 0,7)s a(®)llzz, @02 < M,

for some given M > 0. Then, there exist T = 17(M) > 0 and a constant C = C(M)
such that

lu = @l L= (1, 2) < C(fut) = @(t) | a2 + 16 = Sll2(r,)), (4.6)

where Iy := [t,t + 7] N[0, T]. In particular, the solution u(¢) depends continuously
on control parameter ¢ € H(0,T).

Proof. Applying Lemma there is a 7 > 0 depending only on M, such that w|z,
is a fixed point of the operator

O(u) == U(- = t)u(t) +i/4 U(- = s)(Ag(u(s))u(s) + ¢(s)Vu(s))ds,

t
which maps the set

Y = {’LL (S LDO(It,Hz), ||u||L°°(It,H2) S 2M}
into itself. The same holds for 4, we consequently obtain

u(s) —u(s) = U(s — t)(a(t) — u(t))
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+i [ UG = D@1 - g() + V(ad — u)(r)dr
t
where s € [t,t + 7]. Taking the H2-norm, it follows from Lemma that
[a(s) — u(s)| 2

< llat) - u(®)llz + / N g(@)ii — glasyu) ()= + / V(i — ug)) ()| e
< l[at) — u(®)]| = + C(M) / () — u(r) | gedr

+ ClIV][w2.e /ts(ﬁ(r) —u(r)l| 219 (r)| + [[u(r)]| 2lé(r) — ¢(r)|)dr
<Clla(t) = u(®)| > +7(C(M) + ClIV w2 9]l 2 (1)) 1F — ll Lo 1, 12)

+CM)V w2 |6 = dllL2(1,)-
This implies

1% — wll o 1,12y < MNa(t) = w(@)llzrz + CM)NG — @llz2(r,)
+ C(M)7llals) — w(s)| Lo~ (1,.m2)-
Hence, (4.6) holds by taking 7 sufficiently small. Due to @(0) = u(0), we deduce

from continuity argument and (4.6)) that the mapping ¢ — u(¢) is continuous with
respect to ¢ € H(0,T). O

As an immediate result of Proposition and the fact that the continuous
function defined on compact sets is bounded, we obtain the following corollary.

Corollary 4.3. Let V. € W2 ¢ € HY(0,T), and u = u(¢) € L>((0,T), H?) be

the solution of (L.1). Given d, € H'(0,T) with 65(0) = 0 and let u(¢ + €d4) be
the solution of (L.1)) with control ¢ + €dy and the same initial data as u(¢). Then,
there exists C < oo such that

|u(9 + €dg)l| Lo (0,7),m2) < C Ve € [-1,1].

We are now in the position to show Lipschitz continuity of solution u(¢) with
respect to ¢ € H'(0,T). The proof is analogue to that of[d, Proposition 4.5], so
we omit it.

Proposition 4.4. Let V.€ W»>*, ¢ € H'(0,T), and u = u(¢) € L>=((0,T), H?)
be the solution of (L1)). Given 6, € H'(0,T) with 645(0) =0, for every e € [-1,1],
let & = u(¢p+€dy) be the solution of with control ¢+ €dy and the same initial
data as u(¢). Then, there exists a constant C' > 0 such that

@ — ull oo 0,82y < Clld — bl 10,7y = Clell|0s] mr1.0,7)-

In other words, the mapping ¢ — u(p) is Lipschitz continuous with respect to ¢ for
every fized direction d4.

Finally, with Lipschitz continuity of solution u(¢) with respect to control ¢ at
hand, we can prove Theorem

Proof of Theorem [7.4 In view of the definition of Gateaux derivative, let u = u(¢),
@ = u(¢) with ¢ = ¢ + &y, we compute

f(éf;)*f(¢):j1+\72+j3,
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where

Jr = (a(T), Aa(T))72 — (u(T), Au(T))7z,

T 2
o [(@@r( [ v@leop) .
0 RS
With the same computations as [, Theorem 4.6], we have

T = 4u(T), Au(T)) 12 ((T) — u(T), Au(T)) 2 + O(I6 = Ol o) (A7)
T
Ty = 2 / &' ()@ (1) — ¢ )t + 016 — 612 0.), (4.8)
T
Ty =2 / (@) — o' ()6 (w2 ()dt

T
i [ @02 (Re [ (G=@Va)t.ade)de+ 0016 = ol o).
(4.9)

We now deal with the second term on the right-hand side in (4.9). Applying the
adjoint equation (4.2)), integration by parts, and the assumption 4(0) = u(0), we
obtain

T
dm /0 (¢/(6)2w(t)( Re /]R (@ = @)Vu)(t,2)de )dt
T
=Re [ [ Glt)0uP0.0)(— )t ) do e (4.10)

_ Re /R (T @) (T, 2) — u(T, 7))

By the definition of the operator 9, P(u, ¢), we obtain

0uP(u, $) (@ — w) = i0y(@ — w) + Al — u) + V(i — u) + A(%' v (i — u)u

where

1
— %
||

Set f(u) = (&7 * [u|?)u, it follows from the Taylor formula that

||

R(t,u) = Ag(u)u — Ag(@)a — Ag(u)(u — @) — A( [(u— @)+ u(i —a)])u.

(4.12)
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where v = tu + (1 — t)a for some ¢ € [0,1]. Collecting (4.10)-(4.12)), Proposition
by the same discussion as Lemma [2.4] we obtain

/RS it )] (ﬁ i (00— @) + (i — @) (u — @) + (ﬁ i u— )| (2)d

- _ = -
< Cliellzee0,m),22) (IIm * (0(u — @) +o(a = a))|[pelu - af L2
1
— %

+1 7]

fu = @l = o]l 2)

< Cllellpe=(o,m),02)llu — @ll3

= 0|6 = bl H01))-
(4.13)
On the other hand, from Proposition [£.4] we deduce that

(6(t) = SNV (@)a = ($(t) — SOV (2)u + ($(t) — SV (2) (@ —u)
= (6(t) = )V (@)u+ Ol — &3 0.1))-

By (4.11)), (4.13)), (4.14) and the fact o(T") = 4i{u(T), Au(T)) 2 Au(T'), we obtained
that the expression (4.10)) is equal to

(4.14)

T _ 7 2
A (6(t) — ¢(t)) Re /}R , POV @ult )dedt + O = dllmon) 4 45

— 4u(T), Au(T)) g2 (a(T) — u(T), Au(T)) 2.

Collecting (4.7)-(4.9) and (4.15]), we obtain (1.9) by letting € — 0. This completes
the proof. O
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