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ABSTRACT

In the present paper, we are concerned with a fractional wave equation of
Sturm-Liouville type in a general star graph. We first give several existence, unique-
ness and regularity results of weak solutions for the one-dimensional case using the
spectral theory; we prove the existence and uniqueness of solutions to a quadratic
boundary optimal control problem and provide a characterization of the optimal
control via the Euler-Lagrange first order optimality conditions. We then investi-
gate the analogous problems for a fractional Sturm—Liouville problem in a general
star graph with mixed Dirichlet and Neumann boundary conditions and controls
of the velocity. We show the existence and uniqueness of minimizers, and by using
the first order optimality conditions with the Lagrange multipliers, we are able to
characterize the optimal controls.
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1. Introduction and position of the problem

Classical Sturm—Liouville theory is the theory of real second-order linear ordinary
differential equations of the form:

(BY) + qy = dwy

where y is the unknown physical quantity, £, q,w are suitable functions, A is a pa-
rameter and the function w is called the weight function. With appropriate boundary
conditions, A and y appear as eigenvalue and eigenfunction, respectively, of the adjoint
operator. There is an exhaustive literature corresponding to this type of equations: we
refer for instance to [2] and the references therein.

The last fourth decades, Many researchers have focused their attention on frac-
tional Sturm—Liouville problems which are obtained by replacing the ordinary deriva-
tives with fractional derivatives, and this follows from the fact that many phenomena
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which occur in various fields in science as well as in engineering can be more accu-
rately described by means of fractional order derivatives. For example, in [23], the
orthogonality of solutions to fractional Sturm-Liouville eigen-problems involving a
left-sided Riemann-Liouville fractional derivative and a right-sided Caputo fractional
derivative of the same order was proved. Using variational approach, the existence of
a countable set of orthogonal solutions and eigenvalues to a fractional Sturm-Liouville
eigen-problem involving left-sided and right-sided Caputo fractional derivative of the
same order was established. [38] studied a fractional Sturm-Liouville eigen-problem in-
volving a left-sided Caputo fractional derivative and a right-sided Riemann-Liouville
fractional derivative of the same order; They proved that analytical solutions are non
polynomial functions which are orthogonal with respect to the weighted function as-
sociated to the problem.

Over the past fifty years, hyperbolic partial differential equations have been studied
extensively [12,20,21]. In [21] for instance, the authors deal with a wave equation
with damping in which one of the boundary conditions is of a dynamic nature; they
consider damping effect of Kelvin-Voigt type in both the partial differential equation
and the dynamic boundary condition, studying the problem within the framework of B-
evolutions theories and fractional powers, they proved the existence of a strong unique
solution. In [32], the authors study the motion of a one-dimensional continuum whose
deformation is described by a strain measure of nonlocal type; They use the Caputo
fractional derivatives and a linear relation between stress and strain measure to obtain
an integro-differential equation of motion which is solved in the space of tempered
distributions by using the Fourier and Laplace transforms. In complex or viscoelastic
media [31], the time fractional derivative used to describe the wave equation for a
vibrating string is taken in the Caputo sense; the solution is obtained in terms of the
Mittag-Lefller type functions and complete set of eigenfunctions of the Sturm—Liouville
problem by using the method of separation of variables and the Laplace transform
method. A fractional generalization of the wave equation that describes propagation
of damped waves is considered in [33]; In contrast to the fractional diffusion-wave
equation, the fractional wave equation contains fractional derivatives of the same order
a, 1 < a <2, both in space and in time; the authors show that this feature is a decisive
factor for inheriting some crucial characteristics of the wave equation like a constant
propagation velocity, its gravity and mass centers. The fundamental solution of the
fractional wave equation is determined and shown to be a spatial probability density
function evolving in time, all whose moments of order less than « are finite.

A lot has been achieved in the area of optimal control of evolution equations:
Agrawal detained the first record of the formulation of the fractional optimal con-
trol problem. He presented in [13] a general formulation and proposed a numerical
method to solve such problems. In his work, the fractional derivative was defined in
the Riemann—Liouville sense, and the formulation was obtained through the fractional
variation principle and the Lagrange multiplier technique. J. Lions in [41] has studied
several optimal control of system governed by hyperbolic equations. The author in
[35] applied the classical control theory to a fractional diffusion equation involving a
Riemann-Liouville fractional derivative in a bounded domain by interpreting the Eu-
ler—Lagrange first-order optimality condition with an adjoint problem defined through
a right fractional Caputo derivative. The author obtained an optimality system for
the optimal control. Control problems governed by a linear wave equation are ana-
lyzed in [34]; the space of vector measures M (€., L?(I)) is chosen as control space
and the support of the controls is time-independent which is desired in many applica-
tions, regularity results for the linear wave equation are proven and used to show the



well-posedness of the control problem. Deriving first order optimality conditions, they
elaborate structural properties of the optimal control and finally the optimal control
problem is used to solve an inverse source problem.

In this paper, we are interested in solving the following fractional optimal control

problem on a star graph:
n b, b. b.
1 i 1 i N i
min (/ d:c+/ d:):—l—/ \vi|2dx>,
VEUL4 1 2 a 2 a 2 a
(1.1)

where 2] = (zgl)z eV, z)= (zéz)Z € L2, Uyq is a closed and convex subset of L2, and
y = (y"); satisfies the following wave equation involving a fractional Sturm-Liouville
operator on a star graph:

yi(T) — 25" yi(T) — 2y

i + DY (BD ) + 'y = f n (a,b;) x (0,7),i=1,....n,
Il:ayz(a+,') = Il+ Yi(a +,.) in (0,7), i#j=1,...,n,
Zﬁ@ a)D3:y (at, ) = 0, n (0,7),
Iy (by ) = 0, in (0,7),
q:ayz(bi_a") = Ny, in (0,7),i=2,...,m,
/B,Z(bi)]D%yl(bi_v ) = G in (0,7), i=m+1,...,n,
yl(’o) - yo’la in (a’?b’i)7 L= 1""7
y;(+,0) = v, in (a,b;), i=1,...,n
| (1.2)
Here, T' > 0, y;, denotes the second order derivative with respect to the time of y*, the
operators D¢, , Da i =1,...,n,and I, (0 < a < 1) are respectively Left Riemann-

Liouville fractlonal derlvatlve of order a, the right Caputo fractional derivative of order
« and the left Riemann-Liouville integral of order «, we refer to Section 2 for the precise
definitions. The real valued functions 8' € C([a,b]), ¢¢ € C([a,bi]), i = 1,...,n,
satisfy suitable conditions, f* belongs to L*((0,T) x L*(a,b;)), gi,h; € H2(0,T), i =
1,...,n the controls v;, € L?(a,b;), i = 1,...n. The setting should, therefore, indicate
that we are looking at a star graph, rooted at b, , where we have a fixed Dirichlet-type
boundary condition and controls via initial velocity. After deriving some well-posedness
results (existence and uniqueness of weak solutions) of the system (1.2) in the general
star graph, we show the existence and uniqueness of minimizers to the optimal control
problem (1.1)-(1.2), and give the associated optimality conditions by using the method
of Lagrange multipliers.

In order to study the general star graph, we shall first of all restraint our equation to
the one dimensional optimal control problem given below:

(1 [P 02 I 112 N [,
Jnin (2/a [y(T) — zg| dx+2/a |y (T) — 2| dx+2/a lv|*dx ), (1.3)

where 20 € D(E), z} € L?(a,b), N > 0, Uaq is a closed and convex subset of L?(a, b),



and y = y(v) satisfies the following fractional Sturm-Liouville wave equation:

yu + Dy (BDG:)(y) +qy = [ in(a,b) x (0,7),
(I,=“y)(a*,-) = 0 in(0,7),

(BDg+y) (b, ) = g in(0,7), (1.4)
y(vo) = yO in (a7b>a

ye(+,0) = v in (a,b).

Where the real valued functions 3 € C!([a,b]), q¢ € C([a, b]) satisfy suitable conditions,
feL?*Q),ge H*0,T), y° € D(A) (see Remark 2.19) and the control v € L%(a,b).
After proving existence, uniqueness and regularity results of the state equation (1.4)
and the associated dual system, we show the existence and uniqueness of minimizers
of the optimal control problem (1.3)-(1.4), and characterize the associated first or-
der optimality conditions by using the classical Euler-Lagrange first order optimality
conditions.

The rest of the paper is structured as follows. In Section 2, we give some preliminary
results that will be used in the proof of our main results. In Section 3, we show first
that the homogeneous and non-homogeneous fractional Sturm-Liouville equations on a
single edge have unique weak solutions using the spectral theory. These results are con-
tained in Theorems 3.2 and 3.9, respectively. The regularity of solutions has been also
investigated. We conclude this section by proving that the quadratic optimal control
problem associated to the evolution equation involving a fractional Sturm-Liouville on
one edge has a unique optimal control, and we give the associated optimality system
that characterizes this control (see Theorem 3.11). The same investigation is done for
the wave equation involving a fractional Sturm-Liouville on the graph in Section 4.
We study the existence and regularity of the weak solution. The mains results of this
section are contained in Theorems 4.6, 4.9, 4.10 and 4.11.

by b

® Junction
at
b; G O b, o Boundary
Edge

Figure 1. A star graph with n edges

2. Preliminaries

In this section, we introduce some notations, give the function spaces needed to study
our problems, recall some known results, and prove some intermediate results that



are needed in the proofs of our main results. We start with fractional integrals and
derivatives.

Definition 2.1. [6,9] Let z a complex such that Re(z) > 0. Then the Gamma function,
noted I', is given by

F(z):/ t#~ e tat.
0

Definition 2.2. [6,9] Let x and y be two complexes such that Re(z) > 0 and Re(y) >
0. The Beta function is given by

1
B(:c,y):/ t* 11 — t)yLdt.
0

Definition 2.3. [4] The left, and right Riemann—Liouville fractional integrals of order
a € (0,1) of f are defined, respectively, by:

Iz D)@ =5 [ @00, (@>a)
b
T 0@ =g [ 0-2 0 @ <o),

provided that the integrals exist.
Lemma 2.4. [5] Let 0 < a« < 1, 1 < p < 1/, ¢ = p/(1 — ap). Then, there is a
constant C = C(a,p,q,a,b) > 0 such that for any p € LP(a,b), we have
12&+ Il Laapy SC ol Logap) -
15 Pll Laapy <C NPl Lo ap) -
Remark 2.5. Since the continuous embedding L?(a,b) < LP(a,b) holds for every

1 < p <2, it follows from Lemma 2.4 that for every 0 < a < 1 there is a constant
C > 0 such that for every p € L?(a,b),

1155 pll 2@y < CllollL2(ap)- (2.1)

Definition 2.6. [4] The left, and right Riemann-Liouville fractional derivatives of
order a € (0,1) of f are defined, respectively, by:

O hle) = DU D) = faar [ @07 0% @>a
B b
Of N =-DE"NE) = Frmaqs | -2 0d @ <),

provided that the integrals exist.



Definition 2.7. [1] The left, and right-sided Caputo fractional derivative of order
a € (0,1) of f are defined respectively, by:

Dphle) = UDHE) = [e-verwa @>o

Nl -« (2.3)
(Di-f)(z) =—(L,7*Df)(z) =

—1 b —a g/
provided that the integrals exist.

Noticing that the Caputo fractional derivative is too demanding, its existence re-
quires the function f to be absolutely continuous on [a,b] which is equivalent to
f € Whl(a,b). We refer to the monograph [5] for the precise conditions on f for
which the integrals in (2.3) exist.

Definition 2.8. [40][Laplace Transform| Let f : Ry — R, the Laplace transform of
the function f is defined by

(LF)(s) = LIFB](s) = f(s) = /OO e "f(dt seC.

0
Thus, the inverse Laplace transform of £71[f(s)](t) = f(t).
We have the following observations that will be useful for the existence results.
Remark 2.9. In view of the Definition 2.8, we have the following results.

(1) If f: R4 — R is such that its second derivative f” exists, then

LIf")](s) = s2f(s) — s lim f(t) —lim f'(t) seC. (2.4)

t—0 t—0
(2) Let s,t > 0 and w € R. Then inverse Laplace transform of the real functions

w S
swﬁandswﬁare
s¢ 4+ w sS4 +w

£ <w> — sin(wt). (2.5)

52 + w?
and
-1 S _
respectively. A
(3) Let s,t >0, and g, f : Ry — R. Then the inverse Laplace transform of f x g is
given by

L7 (f(5) % 3()) = (F x9)(@), (2.7)

where x denotes the convolution product.

We recall the Leibniz Integral Rule.



Lemma 2.10. [8/[Leibniz Integral Rule], let a,b be two differentiable real functions
such that —oco < a(x),b(x) < +oo, then

b(x)

d " / / 0
ar (/m) flz,t) dt) =b'(2) f(z,b(x)) — a(2) f(z,a(z)) + /a(x) oo f @ t)dt (2:8)

provided that the integral is differentiable.

We have the following results; for the proof, we refer to the references [5,6]. Let
co,dp € R. Let f : [a,b] — R have the representation

f(z) = F'EZ) (z — a)® L + I%p(z) for ae. z € [a,b], (2.9)

and let also ¢ : [a,b] — R have the representation

_do

(o) (b—2)* 4 I2y(x) ; for ae. € [a,b], (2.10)

g(z) =

where ¢ and 1 belong to L?(a,b). From now on, we denote by AC;)‘f and AC’I‘;‘,’2 the
spaces of all functions f and g having the representations (2.9) and (2.10), respectively,
with ¢,v € L?(a,b).

Remark 2.11. We have the following:

o f e La,b) <= fec ACY, (2.11a)
D f € L*(a,b) < f € AC. (2.11b)

For more details on these spaces, and the proof of (2.11a)-(2.11b), we refer to [10].
We set

% (a,b) =AC%? N L*(a,b), (2.12a)
H (a,b) =ACS? 0 L*(a,b). (2.12b)

It follows from the definitions of AC% and AC;"* that,

p € H% (a,b) < p € L*(a,b) and D%, p € L*(a,b), (2.13a)
p € HY (a,b) & p € L*(a,b) and DY p € L?(a,b). (2.13b)

For any 0 < a < 1, we endow H¢, (a,b) with the inner product:
b b
(0. 0)itz, oy = | 0o+ [ DEgDi v, (2.14)
a a
Then, H, (a,b) endowed with the norm

2 2 2
@Mz, (0.5) = 12l1Z20) + PG+ Pl T2 05 - (2.15)



is a Hilbert space (see e.g. [10]). Moreover, the norm on HS, (a,b) given by (2.15) is
equivalent to the norm given by

2 2
‘H(p”|H°+(a b) = ‘ pla®, )"+ DG+l 720 - (2.16)
In other words, there are two constants 0 < C7 < (5 such that
Cr el oty < Nellie, oy < Coll@llie @y Vo € HE(@b).  (217)

Lemma 2.12. [10, corollary 32] Let 1/2 < o < 1 . Then, the following continuous
embedding is compact

. (a,b) = L*(a,b). (2.18)

In order to assure the well posedness of the boundary value problems considered in
this paper, we introduce the space V defined as follows:

V= {y € H® (a,b) : DY (BD%y) € H}~(a, b)}, (2.19)

with H}~*(a,b) defined as in (2.12b). Then, V is a closed subspace of H%, (a,b). The
space V defined in (2.19) endowed with the norm

o o 1/2
Iyl = (e, o) + 1D5 (DS s 0s)

N 1/2
<||y”H‘1+(a p + 1L (BDE ) ) 720y + ||(B]D)a+p)/||%2(a,b)) ,  (2:20)

and the associated scalar product

b
(6,0} —/ ¢wdx+/ DS, 6D wdx+/ [-(BD2, 6) IL=2(BD%, Y da
+ / (DL, ) (BD% Y d (2.21)

is a Hilbert space [39].
The following trace results are useful for some calculations in the upcoming sections.

Lemma 2.13. Let 1/2 < a < 1,7 =1-a, B € C([a,b]) and T > 0; for every
xg € [a,b], the followings assertions holds:

(1) Let p € L*((0,T); H (a,b)). Then the function I'7®p(x0, ") ezists and belong to
L?(0,T). Moreover, there is a constant C = C(a,b) > 0 such that

155 % (p) (0, 7201y < C||P\|%2((0,T);H;+(a,b))- (2.22)

(2) Let p € L*((0,T);V). Then, the function D%, p(z,,-) exists and belongs to
L?(0,T). Moreover there is a constant C' = C(a,b, ) > 0 such that

DG+ p(%o, )20,y < Cllpllz2((0,1):v)- (2.23)



Proof. We proceed exactly as for the proof of Lemma 2.3 in [29]. O

Remark 2.14. Notice that if p € L?((0,7); V) then from Lemma 2.13 we have that
the traces 17 *p(a™, ), I}7%p(b™,-), BD% p(a™,-) and D2, p(b~, ), exist, and belong
to L?(0,T).

Next, we introduce the following integration by parts formulas.

Lemma 2.15. [13,14] Let B € C([a,b]). Let also y, ¢ : [a,b] — R be such that y,¢p € V.
Then

s=b

/ DY (AD% y)()p(s)ds = — [(AD% y) ()L (8)()] =" + [I7*(0)(5)B(s)D% (6)(5)] =
b
4 / y(5)DE (B2, (#))(s)ds. (2.24)

Assumption 2.16. We assume that the functions 3 € C'([a,b]) and ¢ € C([a,b])
x

are such that ||8]|c := max |B(z)| > Bp and ||¢||c := max |q(z)| > qo, for some
z€[a,b] z€(a,b)
Bo >0, qo > 0.

Lemma 2.17. Let 0 < a < 1, and B3, q satisfy Assumption 2.16, we define the space
D(E) as

D(€) = {¢ € H3(a,b) : I d(a™, ) = 0}.

D(€&) is a closed subspace of HY, (a,b), and the bilinear form E(-,-) defined on D(E) x
D(E) by:

b b
o) = / B(z)D2, 6(2)D% () d + / 4(2)6(2)(x) d,

is continuous and coercive on D(E) x D(E).

Proof. We proceed as in [29], using on D(&) the norm induced by that on H¢, (a,b)
given by (2.15).

Remark 2.18. Note that D(£) endowed with the norm

191l pee) = (E(6,9))%, Vo € D(E) (2.25)
is a Hilbert space.

Remark 2.19. Let A be the self-adjoint operator in L?(a, b) associated with the form
E(+,-) in the sense that

{D(A) - {u € D(E): DE(BD%,u) € L2(a,b) : (I%u)(a) = (8D, u)(b) = o}
Au = Dy (D% u) + qu.

(2.26)
and

(Au,v)r2(q) = E(u,v) Yu,v € D(A). (2.27)



It follows from the embedding (2.18) that for 1/2 < a < 1, the operator A has a com-
pact resolvent. Let (\,), be the eigenvalues of A with associated eigenfunctions (¢y,).

Considering Assumption 2.16, It follows from the coercivity and the nonnegativity of
E(+,) that

0<A <A<-- <A\ <o with lim A, = 4o0.
n—oo

Moreover, as we can assume without lost of generality that the eigenfunctions (¢,)5

[ee)
is an orthonormal basis of L2(£2), we have that (\“/"AL) ) is also an orthonormal basis
) =

of D(A) for the scalar product £. Hence, we obtain that

o0

”¢H2D(A) = ”¢H2D(5) =E(¢,¢) = Z My 0n)a() V¢ € D(A). (2.28)
n=1

3. Boundary optimal control problems on a single edge

In this section, we consider the following initial-boundary value fractional
Sturm—Liouville parabolic equation:

yie + Dy~ (BDgy) +qy = f  in Q= (a,b) x(0,T),

(I, “y)(a*,") = 0 in (0,7,

(BDg+y) (b, ) = g in (0,7), (3.1)
y(-,0) = ¢y in (ab),

e (-,0) = v in (a,b),

where f € L?((0,7); D(£)*) and 3° € D(A), g € L*(0,T) and v € L?*(a,b). The
function 8 and ¢ satisfy Assumption 2.16.
We are concerned with the following optimal control problem:

i 2
Jnin J(v), (3.2)
where the functional J is given by
1 0 2 1 1 2 N 2
J(v) = 3 Hy(T) - Zde(ab) + 5 Hyt(T) - deL?(a,b) + b} HUHB(O,T) . (3.3)

Here, 23 € D(&), zcll € L*(a,b), N > 0, Uyq is a closed and convex subspace of L?(a,b)
and y = y(v) satisfies (3.1).
Before going further, we need some existence results.

10



3.1. Homogeneous fractional Sturm—Liouville parabolic equations in a
single edge

Let us consider the following homogeneous fractional Sturm—Liouville parabolic equa-
tions:

yu +Dp- (BDgy) +qy = [ in Q,
(Ii:ay)(a+7 ) =0 in (07 T)v
ey = 0w (0.7 (3.4)
y('70) = yO in (a,b),
y(,0) = v in (a,b),

where 1/2 < o < 1, f € L*((0,T); D(€)*) and y° € D(A) and v € L?(a,b). The
function 8 and ¢ satisfy Assumption 2.16.

From the characterization (2.26) of the operator A, the Cauchy problem (3.4) can
be rewritten as the following abstract Cauchy problem:

ywt+Ay = f in Q,
y(+,0) = 3 in (a,b), (3.5)
w(,0) = v in (a,b).

Next, we give our notion of solutions to the system (3.4), hence to the problem (3.5).

Definition 3.1. Let f € L*((0,7); D(€)*), y° € D(A), v € L*(a,b). A function y is
said to be a weak solution of (3.4) in (0,7"), T' > 0, if the following assertions hold.

e Regularity: y € C([0,T], D(A)) NC*([0,T); L*(a,b)).

(' = yO in (aa b)a
)

- . y(-,0)
e Initial condition: yw(,0) = v in  (a,b).
2

. . . 0
e Variational identity: (87;2/,@13(5)*,13(5) + &yt ), ) = (f(t,), ) p(e),.D(e), for
every ¢ € D(A), and a.e. t € (0,7).

We have the following existence result.

Theorem 3.2. Let 1/2 < a < 1. Assume that Assumption 2.16 holds. Then
for every f € L2((0,T); D(E)*), y° € D(A) and v € L*(a,b), the system (3.4)
(Hence, the Cauchy problem (3.5)) has a unique weak solution y € C([0,T], D(A)) N
CL([0,T], L%(a,b)) given by

sty =3 {1<v, o) 250ty SRV (10 0) ety c05(v/Ant)

= W
1 L
+ oW /0 sin(v/An(t — $))(f(s), ©n) D(E)*,D(E) ds} On. (3.6)
Moreover, there exists C1 > 0 and Cy > 0 such that,
IWllegozrnen SCt (Iollzas + 18] pey + 1120y (3.72)
0
19" lexo 27,220y <C2 (”””B(a,b) + 19l pee) + HfHL?(Q)) ' (3.7b)

11



Proof. Let ¢, € D(A) be the sequence of eigenfunctions defined in Remark 2.19.
Then, from the abstract Cauchy problem (3.5) and (2.27), we have that

7(3/(75)7 Son)Lz(Q) + E(y(t), Son) = <f(t)7 (pn>D(£)*,D(S) for te (OvT)7

ot?
(4(0), on)r2(0) = (1, ©n)12(Q) (3.8)
Or(y(0), on)r2(0) = (v,0n)r2(Q)>
which can be rewritten as
82
@yn(t) + Myn(t) = fu(t) for te(0,T),
ya(0) =30, (39)
yql’b(o) = Un,

where yn(t) = (y(t), on)r2), fa(t) = (F(t),on)pie).nie)s Yo = 4% @n)12(), and
v = (U, Pn)12(0)-

Remark 3.3. Note that f and 3° being respectively in L?(Q) and D(A), we have

o0 T
115y = D Anlynl® and [ £1172 (0 1:0¢e) :/o | (8)]?dt.
n=1

If we take the Laplace transform (3.9); and use (2.4), we have that

0 .
A B Un SYn fn(s)
In(s) = s24+ A\, + 2+ Ay + 2+ N\,

Therefore, if we take the inverse Laplace transform of this latter identity while using
(2.5)-(2.7), we obtain that

Un

Vn

In other to prove that the series

yn(t) =

t
sm(@twygcos(\/mw\/; /0 sin(v/Mn(t — $)) fu(s)ds. (3.10)

0 =300 = Y- { T sin(V/Aut) 4 cos(v/hnt) + e [/l - (o) ds b
n=1

Vo Vn

n=1

(3.11)
converges, we proceed in several steps.
Step 1. We approached problem (3.8).

m
Let V,,, be the subspace of D(A) generated by @1, -+ ,om, we set y,, = Zyggon

n=1

m
and v, = Z Unpn, we consider the following approached problem:

n=1

12



find y,,(t) = Z YnPn € Vi, solution of

n=1
82
52 Wm (1) k) r29) + EWm(t) k) = (). er)De) D) for t€(0.T), 1<k<m,
(ym(o)v‘Pk)LQ(Q) = (ygw@k)m(sz), 1<k <m,
9 (ym(0), r) 12() = (Vm k) L2(0) 1<k<m.
(3.12)
Using the fact that {5 }32, is an orthonormal basis of L?(2) and {fi}kil is an

orthonormal basis of D(A), we obtain from (3.12) that y, is solution of (3.9) for
1 <n < m. It then follows from (3.10) that y,, is given by

() = 3 { P sin(Rt) + a8 cos(VAnt) + = [ s/t = ) uls) s b
(3.13)

Step 2. We show that (y,) and (y),) are Cauchy sequences respectively in
C([0,); D(A)) and C([0,T}; L*(a, ).
Let m and p be two entire numbers such that 1 < m < p. Then we have,

n=1

/4

Yp(t) — ym(t) = Z yi(t)pi, Yt € [0,T].
i=m-+1

Therefore, £(yp(t) = ym(t), yp() = ym(t)) = D Xilwi(®)|”
i=m-+1

P A 2
<2 i:%l Ai <\;);\7 sin(yv/Ait) + 37 cos(\/)\j-t)>

+2 21’: </Otsin(\//\7(t—s))fi(s)d8>2,

i=m+1

which applying Cauchy-Schwarz inequality gives

P 12
Ep(t) — um(®).wplt) ~ (1) <2 D A('A' +o? 2)

Z:;’H—H t t
+2 ) (/ sin?(v/ (£ — s))ds> ( 1£i(s)]? ds)
=m-+1 0 0
p p t
<2 oil2 4+ X [107) + 2t ( | fi(s)? ds) :
im+1( ‘ ‘ ) i;-l /0

13



Hence, Hyp - ymHZ([o,T];D(g)) = Sup \S(yp(t) — Ym(1), yp(t) — Ym(1))|

te[0,7)
P
2
<2 ) (|Ui|2+)\i\y?]>+2T Z </ | fi(s )
i=m+1 i=m+1
(3.14)
On the other hand, using Lemma 2.10 we have
P
Yp(t) — ym(t) = Z {vi cos(vV/Ait) — VA sin(v/Ait) + [ cos(v/ At — ) fi(s) ds} ®
i=m+1

Thus, Hy;)(t) yr, (t)

i?ab < 2 Z (UzCOS \Ft \//\7,1;?sim(\//\iit)>2

1= m+1 )
+2 Z (/ cos(v/ Nt — ) fi(s)d ) .
i=m+1
Applying again Cauchy-Schwarz and Young inequalities, we obtain that
Iyl <2 35 (e nt) 420 3 [ IR as 19
i=m+1 i=m+1

It follows from (3.14), (3.15) and Remark 3.3 that, (y.) a
quences respectively in C([0,T]; D(A)) and C([0,T]; L?(a,b)
C([0,T]); D(A)) N C([0,T]; L?(a, b)) such that

nd (y,,) are Cauchy se-
) thus there exists y €

Ym — vy in C([0,T); D(A)) and 3/, — 4/ in C([0, T); L*(a, b)). (3.16)

Remark 3.4. Since (y,) and (y,,) are Cauchy sequences respectively in
C([0,T]; D(A)) and C([0,T], L*(a, b)), we have that they are bounded in C([0, T]; D(A))
and C([0, T, L?(a, b)) respectively. Therefore, (0, T) being bounded, we have that (y,,)
and (y},) are bounded in L?((0,7); D(A)) and L?(Q) and we can write:

Ym — y weakly in L?((0,T); D(A)), (3.17a)
y! —y weakly in L*(Q). (3.17b)

Step 3. We prove that y is solution of (3.5)(or equivalently (3.4).
Let C2°(0,T) be the space of C*° function in (0,7") with compact support and let

p > 1. If we multiply the first equation in (3.12) by p € C2°(0,T) and integrate by
part over (0,7"), we have for all m > v

T T82 T
| @1 elner e = [ elwp0d+ [ o). oo
0 OT 0

2

= [/ 0 t)dt Tg t t)ydt vV V,
= | 1 ohe gzt | Ewn(v.oott) it Ve eV,

Passing this latter identity through the limit while using (3.17a), we get Vo €

14



Vi ¥p € C2(0,T)

T T 82 T
| @1 eloer et = [ @) 0w gaei+ [ e

which after an integration by parts, gives Vp € C2°(0,T), Vo € V,,,

T T 82 T
| @1 eloe et = [ S50 oo+ [ e opar.
And since U,>1V), is dense in D(A), we can write Vo € D(A),Vp € C*(0,T),

T T 82 T
| @ o peptit = [ 2w 0m@edt+ [ .ol
0 0 0

therefore, Vo € D(A),

2
%(y(t)> ¢)L2(Q) + g(y(t)7 d)) = <f(t)7 ¢>D(€)*,D(€) IS (O7T)' (3'18>

And from (3.16), we have that

Ym(0) = y(0) in D(A) and y/,(0) — ¢/(0) in L*(a,b).

But ¢ (0 Zymﬁzym— 0, and g, (0 szwzﬁzvz%—vwe

therefore deduce from the unlqueness of the limit that

y(0) = y° in (a,b) and 3/(0) = v in (a,b). (3.19)
It follows from (3.18) and (3.19) that y is solution of (3.4) in the sense of Definition
3.1.

Step 4. We show estimations (3.7a) and (3.7b).
Using (3.13) and proceeding exactly as in (3.14) and (3.15), we obtain that

lymlz om0y = SUP EWm(E), ym(t))]
te[0,7

gzzm:(wiyum\y?f)m:rz:(/ 1fi(s) >

< 2|[v)| ) +2 HyOHD +27T || fl72(q) -

m m T
and 5l 0115000 Z(rvmwy?f +2TZ/ h)P
=1

2[[0] 720 + 2118 e + 2T 1 £172¢0)

Because of Remark 3.3. Therefore, using (3.16) while passing these latter estimations
to the limit when m — +o00, we have (3.7a) and (3.7b).

15



O]

We have the following result which proves that the energy does not vary with respect
to the time.

Proposition 3.5. Let f =0, y° € D(A),v € L?(a,b). The energy of a weak solution
y of (3.4) is the continuous function defined by

1 b
Ey(t) = 2/ (ye(t, ))* + B(2)(DGey (2, 1) + q(y* (2, 1)) de,

which satisfies the following so called energy estimate,
E,(t) = E,(0). (3.20)

Proof. If we multiply (3.4) by y; and integrate by parts over (0, s) x (a,b), we obtain

s b t b
:/ / Yty dmdt+/ / Dy (DS y) ytdxdt+/ / quy; dxdt
/ / 8t\yt dxdt—i— / / 8t)fDa+y ‘ dxdt + - / / at fy 2 dxdt

—Z/yt() (d$+/ ary(s } ’fﬂ%y ‘ dx

1 b
+§ lVay(s)|* = |vay’ | dx
E,(s) - E,(0).

O]

Remark 3.6. Note that, we can prove the uniqueness of the weak solution to (3.4)
by using the non variation of the energy.

Remark 3.7. Note that if " belongs to L?(a, b), then the homogeneous problem (3.4)
admits a unique weak solution y € L2((0,T); D(£)) NC*([0,T], L*(a, b)).

3.2. Non Homogeneous wave equation

Now we consider the non-homogeneous problem given in (3.1).

Lemma 3.8. Let 3,q satisfy Assumption 2.16, let g € H*(0,T), with g(0) = 0, we
consider the function w defined by

w(z,t) = L(m —a)?,

then the functions w,wy and Dy fDY, w belong to L?(Q) and the function w; belongs
to C([0,T]; L?*(a,b)), furthermore, w € C([0,T], D(E)).

Proof. Since g € L*(0,T) and (z — a)® € L*(a,b), while using DY, w(z,t) = %, it

16



follows that

Cle, Bo) lgll 20,1y > N1wlleqo,ripeey < Cles Bo) lglleqo,r)

Cla, Bo) lgelleqory » Nweell 2y < Cle, Bo) llgeell 20,
(3.21)

cand || D BDG w1 ) = 11370 (BDGaw) || o) < Clev, Bos 18 lloo) N9l 2oy - O

lwll 2
lwellego,m;02(a,0))

IA A

If we set z(x,t) = y(x,t) — w(z,t), then z satisfies the homogeneous system

o + DR PDY 2+ gz = f—wy—DppDLw—qu i Q

I'"*z(at,) =0 in  (0,7),

Bb)DY, z(b~, ) =0 in (0,7), (3.22)
Z(', 0) - yO in (CL, b),

z(.,0) = v—uw(,0) in (a,b)

Theorem 3.9. Let 1/2 < o < 1, f € L*(Q), g € H?(0,T) with g(0) = 0, y° €
D(A) and v € L*(a,b), then the problem (3.1) admits a unique weak solution y €
C([0,T], D(E)) N C([0,T], L?(a,b)). Moreover, the following estimates hold true

1Ylleo.ry:peey < Clas Bo, [|8'] - @) (HUHLZ(a,b) +19° pgey + ol 0.y + Hf||L2(Q))
(3.23a

)
Hy,HC([O,T},LQ(a,b)) SC(OCMBO’ H/B/HOO aQ) (”U||L2(a,b) + HyOHD(g) + HgHHQ(O,T) + ||f||L2(Q)> )
(3.23b)

Proof. From Theorem 3.2, we have that the homogeneous problem (3.22) admits a
unique weak solution z € C([0,T], D(A)) N C*([0,T)], L?*(a,b)) given by

z(x,t) = Z {;;7 sin(v/Ant) + 10 cos(v/Ant) + \/1)\7 /0 sin(v/ An(t — ) fu(s) ds} ©n,
(3.24)

n=1
where f = f — wy — Dy fDYw — qw and ¥ = v — wy(+,0).

Since w € C([0,T], D(£)), using the fact that the function y can be uniquely
determined by the equality y(z,t) = z(z,t)+w(x,t), we have that y € C([0,T], D(€))N
c'([0,T), L?(a,b)).

Thus, according to estimates (3.7a) and (3.7b), and using (3.21), it follows that

IN

12lleqo,r1:00e)) + 1wlleqo,mpeE))
Cl (Hﬁ||L2(a,b) + HyOHD(S) + Hf‘

Cla, bo, |8l . @) (HUHp(a,b) + HyOHD(g) 1l 2y + HgHHz(o,T))

l9lleom;peey)

IN

)+l ol

IN

17



and

Hy”(:l([o,ﬂ;m(a,b)) < HzHcl([O,T};Lz(a,b)) + HwH(Zl([O,T];LZ(a,b))

< ol o 0 f

< o (Wllun + 10y + 7], ) *+ €0 B0 oy

< Cle, o, |8 @) (HUHLz(a,b) + HZ/OHD(S) + 1l 2y + HgHH2(O,T)> :
The proof is concluded. O

3.3. Study of the optimal control problem on one edge

We are concerned with optimal control problem (3.1)-(3.3). Note that, y solution to
(3.1) being in C([0,T], D(E)) N C([0,T], L?(a,b)), the cost function J in (3.3) is well
defined.

Theorem 3.10. Assume that Assumption 2.16 holds. Let 1/2 < av < 1. Then, there
exists a unique solution u € Uyq of the optimal control problem (3.1)-(3.3).

Proof. From (3.3), we have We have that:

N

1
J(U) = Hy(v; T) - ZgHiQ(a,b) + 5 Hyt(U§ T) - ZCllH2L2(a,b) + 5 HUH%Z(a,b)

N — DN | =

w(0,0) — L) + 5 [0 T) = 2y + 5 10 T) = 28220

(3.25)
where the symmetric bilinear functional 7 (-,-) and the linear functional L(-) defined
on Uy,q is given by

71'(’0, U) = W’(U; T)a ¢(u, T)>L2(a,b) + <¢t(v; T)v ¢t(u; T)>L2(a,b) + N<u7 U>L2(a,b)

and L(u) = ((w; T), 25 — y(0;T)) r2(ap) + (or(ws T), 25 — 9 (0 T)) 12(a,0)

where ¥ (v) = y(v) — y(0) satisfies the system

Yu +Dy- (BDg+) +q¢p = 0 in  (a,b) x (0,7),

(I;:a )(aJrv ) = 0 in (OaT)v

(BDS ) (b7, ) = 0 in (0,7), (3.26)
(-, 0) = 0 in (a,b).

P(+,0) = v in (a,b).

It follow from Theorem 3.2 that ¢ € C([0,7], D(A)) N C([0,T],L?(a,b)) and there
exist A1 > 0 and As > 0 such that

1Ylleompieyy < Arllvllpzap (3.27a)
||¢t||C([0,T],L2(a7b)) <A, HU||L2(a7b) . (3.27D)

18



Using Cauchy-Schwartz inequality, we obtain for all u,v € U,q4 that,

7w (u,v)] < ’W(WT)HB(a,b) [ (u; T)HL2(a,b) + Hwt(U;T)”L%a,b) ([ (u; T)”L?(a,b)
N Null Lo p) 101l 22 (0,0
< (AT + A+ N) [|ull p2gapy 191l 22 o) -

This means that 7(-,-) is continuous on Uyg X Ugg. On the other hand, we have for all
v € Uyg,

m(0,0) = (03 T a0y + 19600 D Z2(ay + N 0l Z20g) = N 10720 -

And using Cauchy-Schwartz inequality,

L@ < 19@ T o 128 = 90D agay + 1960 Dl 12 = 00| 2
< C(A1+ Do) [|0]] o) -

This prove that 7(-,-) is coercive on U,y and the functional L(.) is continuous on Uyg.

In short we have proved that the symmetric bilinear functional 7(-,-) is continuous
and coercive on Uyq XUy and the linear functional L(.) is continuous on U,4. Therefore,
the Lax-Milgram allows to say that there exists a unique u € U,y such that

1 1
—7(u,u) — L(u) = inf —m(v,v) — L(v),
2 vel/{ad

which in view of the expression of J given by (3.25) implies that

J(u) = inf J(v)
V€U

because % Hy(O; T)— ngiz(%b) + % Hyt(O;T) — zéHi%a’b) does not depend on v. O

Theorem 3.11. Let 1/2 < a < 1. Let 8, q satisfy Assumption 2.16. Let u € Uyq
be the optimal control for the problem (3.1)-(3.3). Then, there exists a unique p €
CL([0,T); L%(a, b)) such that the triple (y = y(u),u,p) satisfies

yu + Dy~ (BDgry) +qy = f in Q,
I;Iay(aJr, ) = 0 m (0,7),
5D3‘+y(b_7 ) = g in (0, T)v (3'28)
y('70) = yO in (a7 b),
ye(+,0) = u in (a)b),
pie + Dy (BDGp) +qp = 0 in @,
I;Iap(cﬁ,-) = 0 in (0,7),
AD% p(b~, ) =0 in (0,7), (3.29)
p('aT> = yt('7T> - chl in (av b)7
pt(‘vT) = _(y(‘vT) - 22) in (av b)
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and
b
/ (Nu —{—p(',O)) (v—u)de >0 Yo & Uy (3.30)

Proof. Since u € Uy is the optimal control for the problem (3.1)-(3.3), we have that
y = y(u) is solution of (3.28). To complete the proof of the theorem, we write the
Euler-Lagrange first order optimality condition that characterizes the optimal control
u. That is,

lim Ju+60(v—u))— J(u)

>0
0—0 0 -

) VU S uad, (331)

which after some straightforward calculations gives

(z(v=w;T),y(u; T) = 29) 12(ap) + <Zt(Ub— wT), ye(us T) = 24) 12 (ap)+

N/ u(v—u)dr >0, Yv €& Uy, (3:32)
where z = z(v — u) € C([0,T], D(A)) N C'([0,T], L?(a, b)) is the solution of
2+ Dy (BDgiz)+qz = 0 in Q,
II7%z(at,) = 0 in (0,7),
8D, 2(b™,-) =0 in (0,7), (3.33)
z(+,0 =0 in (a, b),
z(+,0) = v—u in (a,b).

To interpret (3.32), we use the adjoint state given by (3.29). Since y(T) — 29 € L?(a,b)
and z} — y(T) € L*(a,b), we have from Remark 3.7 that there exists a unique adjoint
state p € L2((0,T); D(E)) N C([0,T], L?(a,b)) solution to (3.29). So, by multiplying
the first equation in (3.33) by p solution of (3.29), and integrate by parts over @, we
get

b
(zt(v—w; T), ye(u; T)— Zd>L2(ab)+< z(v—u; 1), y(u; T)— zd>L2(a b))~ / (v—u)p(-,0)dz = 0.

Combining (3.32)-(3.34), we get (3.30). The proof is complete. O
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4. Boundary optimal control problems on general star graphs

For this section, we generalize the wave equation on a general star graph. For every
real number T > 0, we consider the following fractional Sturm-Liouville problem:

(

v+ Dy (B'Dgsy) +a'y' = in Qui=1,..,n
Ilzayz(ai-) = I'7%i(at,) in (0,T), i#j=1,....n
Zﬁ a)D% i (aT, ) =0 in (0,7),

1%y (by ) =0 in (0,7),

@ﬂywﬂﬁ = g in (0,7),i=2,...,m,
B*(bi)Dg+y* (b, ) = I in (0,7),i=m+1,...,n,
y*(0) =y in (a,b), i=1,...,n
¥:(0) = in (a,b;), i=1,...,n,

(4.1)
where a € Rand b; € R, i=1,--- . n, Q; = (a,b;) x (0,T), 1/2 < a <1, f; € L*(Q;),
gih; € H?(0,T),i = 1,---n and the control functions v; € L%(a,b;),i = 1,---n
From now on, we set

HBawaP-HH (a, b;)
=1

Then, we respectively endow L? and H? with the norms

n
lol22 =Y 10172 (0py  # = (0")i € L2 (4.2)

and

loliEy = D10 e, oy = D0 (161 ey + P3Py )+ P = (01 € HS.
=1

i=1
(4.3)
We define the space V; by

V= {pi € H (a,b;) : DY (B pl) € H(a, bi)} (4.4)

and we set

{ eHV Eﬁ’ DG p(at, ) = 0,150 (a*, ) = I (¥, )i £, i, = 1.,

(4.5)

Remark 4.1. Note that V C HY. Therefore, we endow V with norm on HY given by
(4.3), i.e

lollv = llplle Vo= (p") € V.
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As for the case of a single edge studied in the previous section, to investigate the
minimization problem (4.1)-(4.27), we need some preliminary results. We start with
some existence and regularity results.

We make the following assumption.

Assumption 4.2. We assume that the functions Bt e C'([a,b;]),i = 1,--- ,n and
q' € C([a,b;]),i=1,--- ,n are such that
0.__ : i 0._
Ci= mind. =i 0 (46
@:=max 'lloc, 8 :=max |18, (4.6b)
where [|6']|c := max [8(x)] and [|¢'c := sup [¢'(2)].
z€lab; z€(ab;)

Then, we define the self adjoint operator A as follows: For p = (p%);, we let
Ap= ((Ap))s, i=1,...,n, (4.7)
where each component is given by

(Ap)l = Dg{_ (/81D2Y+p2) + qlpl’ 1= 17 e, N, (48)

D(A) = { eHv Zﬁ@ a)D2 p'(at,-) =0,

Il (+ )_I;+a (CL )) 75.7717]—1 -y 1,
11 pi(br, ) =0,i=1,...,m, Bi(b;)D% pi (b}, )zO,i:m—l—l,...,n}.
(4.9)
We endowed D(.A) with the norm:

16000y = D16 130e, ) = 9113 - (4.10)
=1

It is clear that D(A) is a closed subspace of H. For any p,¢ € D(A), we define the
bilinear functional F(-,-) : D(A) x D(A) — R by:

Z/ B (x)D2, ¢ (z, ) DS p' (z, t)ddt

+ Z/ x)¢" (x,t)p' (x, t)dx dt.

Lemma 4.3. under the Assumption 4.2, the symmetric bilinear form F(-,-) given by
(4.11) is continuous and coercive on D(A) x D(A).

(4.11)

Proof. For every p,¢ € D(A), we have
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n_ .7

Fpo) < 3 /0 187 D% (1)L a0 1D 0 () oyt
> /0 1 loo 6 (1) (1) oy dt
< (lrgag 150+ g 16 ) Bl ollaomyoe
< (@ +B8) ¢l L2¢o,7)me) |1l 20,7310 -

Thus F(-,-) is continuous on D(A) x D(A).
Now For every ¢ e D(A

F(6,¢) > Z / min f/[DS ¢Z<>Hmab)dxdt+2 / win o6() 320

1>i>n

> 2 JHTe
> (1I>nll§1 B+ Jnin q) 101122 ((0.7):12)

> (¢ +5°) ||¢||L2((0,T);Hg)-
This means that F(-,-) is coercive on D(A). O

Remark 4.4. In view of Lemma 4.3 and the embedding (2.18), the operator 4 has
a compact resolvent. Let (ux)r be the eigenvalues of A with associated eigenfunctions
(Ck) = (¢})1<i<n- It follows from the coercivity and the nonnegativity of (-, -) that

O0<pr <po <o <py <--- with lim py = +00.
k—o0

4.1. Homogeneous boundary fractional Sturm—Liouville parabolic
equations in a star graph

We consider the following fractional Sturm-Liouville boundary value problem on a
general star graph:

ytt+D"‘ (B'D Z‘+y)+qiyi = f in Q;,i=1,...,n,
11 yi(at, ) = I'"%(a*,)) in (0,T), i#j=1,...,n,
ZBZ a)D%yi (™)) =0 in (0,7),

I: (bz_,'-) =0 in (0,7),i=1,...,m
Bl(bl)]])g+yz(bz_a ) =0 in (Oa T)7 i=m + 17 5 1,
yZ(O) = y07i in (a? bl)v 1= 1" y Ty
?Jz(o) = Y in (CL, bl)v 1= 17- , 1,

‘ ' (4.12)
where f = (1) € I2((0,T); V*), 4° = (4 € D(A), v = (v;) € L.
Using the definition of the operator A above, we have that the Cauchy problem
(4.12) can be rewritten as the following abstract Cauchy problem

ye + Ay = f(t) for te(0,7),
y(,0) = ¢ (4.13)
yt('70) = ,

where y = (¥)iz1, iy f = (fDizt s V0 = (¥*) izt my v = (V)iz1 m-
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Definition 4.5. A function y = (3) is said to be a weak solution of (4.12) in (0,7,
T > 0, if the following assertions hold.

e Regularity: y € C1([0,T];1L?) OC ([0, T); D(A))
(-, 0) =y in (a,b;), i=1,-
y;(70) = ( 1)7 =1, y T
e Variational identity: (yu,()v+v + F( (t, ),¢) = ( (t, ), o)v+y for every ¢ €
D(A), and a.e. t € (0,T).

e Initial condition:

Theorem 4.6. Assume that Assumption 4.2 holds. Let 1/2 < o < 1, f €
L*((0,T); V*) and y° € D(A),v € L2, the system (4.12) has a unique weak solution
y = (y') given by

y(t,) = Z{ r“’ o sin(yimt) + (5%, Gobus cos( it

(= $)(F(), Cuny ds} - (4.14)

Moreover,

1 -
SellEqo ey < 27Nl 0 ey + 1VI1E: + max (8,7) 19"l
(4.15a)

2 _
2 2 2 — 012
1910150 < (g (2711 ooy + N0l + max (B.a) 1y I )
(4.15D)

Proof. For the existence, we proceed exactly as for the one edge case. Let us prove
(4.15).

If we multiply equation (4.12) by y; and integrate by parts over (a,b;), we obtain for
all t € [0,T] that

n b;
Fyit)de = 1 (0 (1) do + Da (B'Dgsy" )y (t) da
> | riw z / i (i z / y
+ Z / ¢y (Hyi(t) do
_ Zdt/ ()| da + 2 Zdt/ B D2y ()] d
bi . .
+ ;th/ ql‘yz(t)‘2 dz.

Using Young inequality, we have that

1d Z

5%”% )E: + Zdt/ 5 DSy (1) Pdat Zdt/ q |y'(t) ? do
1 5

< — 2 — sup ||y 2,
25” (B)IIF= + 2 o }” s(BIIE
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for some § > 0. Integrating each term of this latter inequality over (0,s,) for s € [0,T]
yields,

lye(s)IIE= +min (8% ¢°) (IDG-y(s)I[E= + [ly(s)lIE=)
S g”f”y((o,:r);n,z) + 5T||yt||c([o,T};1L2) + [0l + max (8,7) (IDg=3°l17= + [[9°lIF=) -

because Assumption 4.2 holds true. We deduce that,

lye(s)2: sgw@@Tm+Mw%mmﬂﬂw@
+ max (8,) Il

mm( ) ly(s )HI2HI§; = Hme ((0,T);L2) +5T”%Hc (o,7};L2) + HU||L2
+ o (B.2) l1y° Iz, -

1
Choosing § = o7 Ve obtain that

1 — _
Slolleqo sy < 2TUF 1T (o, mye) + IVIIE: + max (8,7) l1y° I
2 = _
1W1E 0,700y < min (3, ) <2T\|f||%z((o,T);L2) + [[v][f2 + max (8,7) ||y0\|12mg> -

A

4.2. Non-Homogeneous boundary fractional Sturm—Liouville parabolic
equations in a star graph

So let us consider the non-homogeneous problem given by (4.1); In what follows, we
shall transform that problem into an homogeneous type problem.

Let (g;)i=2..m € (HQ(O,T))m*1 and (h;)i=m+1..n € (HQ(O,T))TFm be such that
hi(0) =¢;(0)=0,i=1,--- ,n, we set

19llcqo,r)) = B lgilleqomy>  1Blleqo,m) nax Ihilleqo,m) (4.16a)
1Gtlleqo,m) = Joax. lgilleqoy>  Pelleqo.r)) = W 1E Ihille o, (4.16b)

We consider the function w = (wi)izly... n, Where w' are giving by :

0 1=
) 2gz(t) (x_a)a—i—l i=92 - .m
w'(z,t) = T(a+2)(b — a)? n (4.17)
hit) (z—a)*™ i=m+1,--- n.

T{a +2)8(bi) (b — )

Lemma 4.7. Assume that Assumption 4.2 holds. Let (g;)i=2..m € ( 2(0,7) )m L and

(hi)izmt1.m € (H2(0,T7))" ™ be such that (4.16) holds. Let also w = (w') be defined
as in (4.17). Then we have that w" DO‘ (8D w') € L3(Q;), wi € C([0,T); L*(a, b;))

and wi, € L*(Q;).
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Moreover,

sup [|w(t)l, < Clarbb,8°n) (I3 g0z + P30 ), (4150)
t€[0,T]

lwn (@)1 < sup Jlwn(®)lZ: < Clasb, 8m) (I3 + IBelEomy) (418b)

te[0,7

where b = maxi<;<,(b;) and b = minj<;<,(b;).

Proof. As in Lemma 3.8 we have that w® € L%*(Q;) and D"‘ (BZDaer Y e L2(Q).

Moreover, g;, hz,i = 2,---,m being in H?(0,T), we deduce that w{ and wi, are
in HY((0,7T), L?(a,b;)) and Lz(Qz) respectively Using the continuous embedding of
H'(0,T) into C([0,T]) that wi € C([0, T]; L*(a, b;)).

Now, let ¢ (z) = (z — a)*T! for all € (a,b). Then, we prove that

1

2 (a+2)
2a+3

bi— 20+3
(= aypes 4 T2

||¢||H (a,b;) (bi — a).

We have for all t € [0, 7] that,

HDa (5D w'(t ))‘ iz(a,bi) =

o 7 ; 2
@) (|18 ()] 32y + 1500 (PF ) [72(0)

the latter implies that

Z HDQ B’Da+w)

gy S C@B. BB, b) (lle o) + I0320m)) - (419)

and we also have that for all ¢t € (0,7T)

m

2
Ol =3 ey ) W ot Y T e e, o

7,— m—+1

_ Q 4(gi(1))? (h(t))”
”wt<t)H12L2 _IZQFQ( )(bz )4H¢HL2ab + Z Fg(a+2) 7,( )2( )2”¢”L2ab)
(4.20)
Then using (4.16), we obtain from (4.20) the estimates (4.18a) and (4.18b). O

Observing that

Il_o‘wi(cﬁ t) = INwi(at,t), i,j=1,--,n,
Zﬁl DS, wi(z,t) = 0,

Il w' (b7, 1) = gi(t), i=2m
51'( ) a*wl(bi_7t) == z(t)7 izm—l—l,...,n,
w'(z,0) = 0, 1=1,---,m,

and setting z = (2%);=1.... , where 2%(z,t) = y'(z,t) —w'(x,t), it follows that z satisfies

26



the homogeneous system

p

2+ Dy- (B'Dg2) + 42 = f in @,i=1,.
]1 ( +7’) = I;:Oézj(a—l—") in (0 T)a 7&]:1’"-7”7
Zﬁl aDZ 2t ) =0 i (0,7),

2 (b7, ) =0 in (0,7),

a by, ) =0 in (0,7),i=2,...,m
,Bf(bi)Dg‘+zz(bi_, ) =0 in (0,7),i=m+1,...,n,
Z'(-,0) = gy in (a,b;), i=1,...,n

\ ZI’fL(70) = 'IN}Z in (aabi)7 Z - 17 7n7

3 (4.21)

where f € L?(Q;) and ©; € L?(a,b;) are given by
fi=fl—wi — Do‘ (BDYw') — g'w'ii=1,--- ,n, (4.22a)
17¢:U¢—wt(-,0), 1= 1,--- ,n. (4.22b)
Lemma 4.8. Assume that Assumption 4.2 holds. Let f = (f),v = (v') €
L2((0,T); L2). Let also (g:)i=g..m € (H2(0,7))™ " and (hi)icmi1..m € (H2(0,T))" ™
be such that (4.16) holds. Then the functions f = (f) and © = (¥;) defined by (4.22)

satisfies

|1

pomn < C (@b B.D) (Il omas + I9lmom + 1Mlion) (4230

ols < €, 8%n) (Illle + I8elogory + el o ) (4.23D)

wherew = (w') be defined as in (4.17), b = maxi<;j<n(b;) and b = minj<;<n(b;) .

Proof. We have that

e A(g/ (1)) 2 - (nf(t))? 2
Hwtt<t)HIL2 = ; FQ(CY n 2)(bz — a)4 ‘wuLQ(a,bi)—"_i_;l PQ(CY + 2),87'(1)1)2(1)@ — a)Q “¢“L2(a,bi)'

Consequently, ||wtt||L2 ((0,T);L2) < C(a,%0) (H i

2o+ W) - (20

Combining (4.19) and (4.24), we obtain (4.23a), moreover using (4.18b), we obtain
(4.23b).

O

Theorem 4.9. Assume that Assumption 4.2 holds. Let 1/2 < a < 1, f € L*(0,T;1L?),
(91)iza-m € (H20,T))""" and (hi)izmi1.m € (H2(0,T))"™™ be such that g;(0) =
hi(0)=0,i=1,---,n, y° = (%) € D(A) and v = (v;) € L2, then the problem (4.1)
admit a unique weak solution y = (y*) € C([0,T], V) NCL([0,T],1L?) given by

y(@,t) :i{

n=1

Un in 0 cos i tsin — 8)) fuls)ds w(x
s sin( )+ con{ )+ = [ sinl /T = ) () s | GG,
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where fi € L2(Qi) and v; € L*(a,b;) are defined as in (4.22). Moreover, there ewist
Ay, Ay = (a b,b, 5,7 ﬂo,n) > 0 such that

Wlleqorms < A (Ilflliz((o,mp) + [[vllEe + 11yl + 19120

A o o (4.25a)
+”h”c([o,ﬂ) + HgtHc([o,T]) + Hht”c([o,ﬂ»

Hy,HC’([O,T],]L?) < Ay <”f”%2((07T);L2) + Hv”%ﬁ + Hy()”]%lg + ngg([oj])

=19 — 19 = 12 (4.25Db)
"‘”h”c([oj}) + HgtHc([o,T]) + ||ht||c([o7T})

Proof. From Theorem 4.6, we have that the homogeneous problem (4.21) admits a
unique weak solution z € C([0, T]; D(A)) N CL([0, T]; L?).
Since w € C([0, T); V), using the fact that the function y can be uniquely determined
by the equality y(z,t) = 2(x,t) +w(x,t), we have that y € C([0,T]; V)N C([0,T]; L?).
Since z € C([0,T]; D(A)) N CY([0,T];1L?) is solution of (4.21) and w € C*([0,T); V),
using (4.15), (4.18) and Remark 4.1, we have that,

lylleqormeyy < lzlleq OT]Ha y T lwlleo,r)mey)
112 Z (1,012
< @ (27171 s o2y + 12 + max (B,a) l19° I )
+ C(ab,b,8%n >(u§u§(0T) + 2 079)
< C(a,8,0,8,7 8% ) (1B + 1012 + 1012 + 1912 0.0
+||h||C([0,T}) + Hgtuc([oj]) + ||ht||c([o,T])>
and
[Welleqorsy < N2tlleqo,ryeey + lwillego,ryez) B
< 27|\ f11 720 1y2) + 1911E2 + maz (B,9) [1y° 17
+ C(a,b,8%n) (||§t”<2:([o,T}) + HhtHg([O,T]))
< 0 (aBbFa8%m) (1 Baqorys + 0B + 1013 + 1710
"‘HEH%([QT}) + ”?t“%([oﬂ) + ||Et||g'([o,T])
The proof is concluded. O

4.3. FExistence of minimizers and optimality conditions in a general star
graph

We are interested in solving the following optimal control problem:

min J (v), (4.26)

VEU
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where

1 1 N
Jw) =3 lly(v; T) = 23|I, + 3 llye(v; T) — 23|, + 5 vl . (4.27)

and y = (y'); satisfies (4.1), 2 = (zsz)z €V, zl = (zclll)l € L2 and Uy is a closed and
convex subset of 2.
We have the following existence result of optimal controls.

Theorem 4.10. Let 1/2 < o < 1. Let ¢¢ € C(a,b;) and 3* € CY([a,b;]) satisfy As-
sumption 4.2. Then, there exists a unique solution 4 € Uyq of the optimal control
problem (4.26)-(4.27).

Proof. We have that:

1 1 1
T() = 5m(0,0) = L) + 3 [0 T) = 24, + 5 loe(0:T) = 23]

where 7(v,u) = (y(v;T) —y(0;T),y(u; T) — y(0; 7))L N
+(e(v; T) = ye(0; 1), ye (u; T) — y(0; 7)) + 5<u, V)12

and L(u) = (y(u; T) — y(0;T), 23 — y(0; T))r> + (e(u; T) — 4(0; T), 25 — y(0; 7))o

Proceeding as in the one edge case, we prove that 7 is a bilinear, symmetric, continue
and coercive form on U,y4, and that L is a linear continue form on U4, thus using the
Lax-Milgram theorem, we conclude that

Alu € Uypq; such that J(u) = inf J(v).
VEULq

Next, we characterize the optimality conditions.

Theorem 4.11. Let 1/2 < a < 1. Let ¢¢ € C([a,b;]) and B € Cl([a,b;]) satisfy
Assumption 4.2. Let u = (u;); € Uyq be the optimal control for the minimization

problem (4.26)-(4.27). Then, there exists a unique p € L*((0,T);V) N CL([0,T];1L?)

29



such that the triple (3,u,p) satisfies

(

Gy + Dy (DY) + 49" = f) in Qii=1,...n,
1,3 (a ) = I'7%i(a*,) in (0,T), i#j=1,....,n
Zﬁl (@)D g (a*, ") —0, in (0,T),
11 g (b7, ) =0, in (0,T),
g ) g, in (0,T), i=2,...,m
ﬂl( DD 9 (b ) = hi, in  (0,T), i=m+1,...,n,
gl(’o) = yO,Z’ in (CL, bl)> i = 17 ,7’L,
\ Z)g(,O) = ui’ in ((I, bl)a L= 17 y 1
(4.28)
and
ptt + Da (/BlDa+pi) + quz =Y, m in 1= 17 cee,
I, (a+ ) =Pt in (0,1), i#j=1,....n,
Zﬁ’ a)D% p'(a*,-) =0, in  (0,7),
11 p'b; ;) =0, in (0,T),i=1,...,m
/BZ( ) g+pl(b7;_7.) :07 Zn (O7T)7 Z:m+17 7n7
pz(’T) :Q;(7T)_chlz in (CL,b), =1, y T
pe(-,T) =—(y'(-,T) — zgl) in  (a,b;),i=1,....,n
(4.29)
and
n b
/ (s + 7 (-, 0)) (v — ws) dz > 0 (4.30)
i=17¢a

for all v = (v;); € Uygq.

Proof. We have already proved (4.28). To complete the proof of the theorem, we
introduce for every p € L2((0,7);V)) N C'([0,T],L?) the Lagrangian

Loy = T@-3 /Q (why D (D) 'y ddt + Y /Q i ddr
iil ’L L. n b; . . i:1n 1 b; .

= j(v)+2/ fzpzdmdt—l—Z/ yr (4, T)p' (-, T) dm—Z/ vip'(+,0) dx

S / P —tdt—Z/ gi(t) (b7, ) (BD ) (b7, 1)

= m+1

- Z/ v (-, D)pi (-, T) d + Z/ (-,
=172
In order to derive the optimality conditions, we compute

‘C(g + A(y - y))“ + A(U — u)7p) — ‘C(gvuvp)

lim

> = (v;);
lim >0 Yo = (v); € Uy,
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where p solves (4.29) and ¢ is the unique weak solution of (4.28). After some calcula-
tions, we obtain that for all v = (v;); € Upg,

n b; .
Z/ (ui +p'(0)) (v; —ug) dz >0
i=17a

which gives (4.30). The proof is finished. O

5. Conclusion and open problems

We investigated an optimal control problem of a fractional hyperbolic type partial dif-
ferential equation involving a fractional Sturm-Liouville operator in a space interval,
and in a general star graph, where the Sturm-Liouville operator is obtained as a com-
position of a left fractional Caputo derivative, and a right fractional Riemann—Liouville
derivative. Using the spectral theory, we proved that the considered fractional optimal
control in an interval as well as in the graph has a unique weak solution. We then
derived the optimality system that characterizes the control in an edge by means of
the Euler-Lagrange optimality conditions, and those in the graph by using the method
of Lagrange multipliers.

Among open questions for further research, there is, investigation on the case where
the controls are taking at the boundaries. It would also be interesting to see what hap-
pen when we take v € (1,2]. Another potentially interesting research direction would
be to employ the fractional wave equation by replacing the second order derivative in
time by the Caputo derivative or the Riemann-Liouville derivative.
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