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Abstract

In this paper, using the recently defined generalized derivative, we
present a generalized formulation of variation of calculus, which includes
the classical and conformable formulation as particular cases. In the first
part of the article, through the properties of this generalized derivative, we
discuss the generalized versions of the Bois-Reymond lemma, a Tonelly’s
type existence theorem, Fuler-Lagrange equation, D’Alembert principle,
du Bois-Reymond optimality condition and Noether’s theorem. In the
second step, we discuss the Picard-Lindelof theorem, Gronwall inequality,
Pontryyagin maximum principle and Noether principle for optimal con-
trol. Finally, to end the article, clarify and make the article more robust
and important, we end with an application involving the fractional time
Schrédinger equation.
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1 Introduction and motivation

In 1918, Noether published a paper that strongly influenced the physics of the
twentieth century [47]. During the 20th century, Hilbert, Noether, Tonelli,
Lebesgue and Hadamard, among others, made notable contributions, Morse ap-
plied the calculus of variations to what is now known as Morse theory, and
Pontryagin, Rockafellar and Clarke developed new mathematical tools within
the theory of optimal control, generalizing the calculus of variations. In par-
ticular, Noether’s Theorem is a central result in theoretical physics and in the
calculus of variations. It expresses that any differentiable symmetry, coming
from a physical system, has its corresponding conservation law, that is, to each
(continuous) symmetry there corresponds a conservation law and vice versa.
This result constitutes an explanation of why there are conservation laws and
physical magnitudes that do not change throughout the temporal evolution of
a physical system [29, 41, 44, 61, 68, 70, 71].

It is natural to consider the theory of optimal control as an extension of the
theory of the calculus of variations. In this direction, Pontriaguin Maximum
(Minimum) principle is used in optimal control theory to find the best possible
control to bring a dynamic system from one state to another, especially in the
presence of constraints for state controls. or input. It was formulated by the
Russian mathematician Lev Pontriaguin and his students in 1956. It has as a
special case the Euler-Lagrange equation of the calculus of variations [38].

Speaking more precisely, the calculus of variations deals with the problem
of determining the extreme values (maximum or minimum) of certain variable
quantities called functionals. By functional, we mean a rule that associates a
real number for each element (functions, vectors, tensors, ...) in some class
of the so-called spaces of admissible functions, that is, it is a relation that



assigns a real number to the functions of a certain space. Classical calculus
shows us that the local extremes of a function can only occur at the points
where the first derivative vanishes, hence the Euler-Lagrange equations, the
Noether’s theorems, Fundamental invariance identities, and the other known
classical results are obtained, those that are later expanded, with the optimal
control, in the so-called Pontryagin maximum principle. Readers interested in
obtaining more details, other historical aspects and more information about the
applications, which throughout this time have been varied and extensive, can
consult [29, 30, 34, 50, 61].

Since the first ideas of fractional calculus, the importance and relevance in
the different areas of science is remarkable. Today, fractional calculus is a well-
established theory, both when the approach is theoretical and in the sense of
applications. What can be noted is that the vast majority of works involving
fractional operators (differentiation and integration), are non-local [42, 45, 46,
62, 65, 66, 67]. One of the special properties of fractional operators is when we
take the fractional order of differentiation and integration operators, equal to
the whole case, i.e., when the order is no fractional, but integer. So, the natural
question that arose in this century, what would happen, if motivated by the
definition of the classic derivative by limit, introduce the fractional parameter?.

Then, in 2015 Abdeljawad [1], introduced the so-called conformable deriva-
tive, which is nothing more than a disturbance of the classical derivative. How-
ever, a problem for such an operator is that a fractional operator could not
be considered, as it did not satisfy the criterion, which guarantees whether a
given operator is a fractional operator or not [60]. In that sense, countless other
derivatives and conformable integrals have been introduced over the past few
years, and countless applications have been discussed and reports on advantages
compared to the classic case [4, 5, 6, 8, 13, 63, 64].

In 2011 Malinowska and Torres [52], carried out an important work on frac-
tional calculus of variations for a combined Caputo derivative. In this sense,
Agrawal et al. [2], dedicated to generalized variational calculus in terms of
multi-parameters fractional derivatives. What has been noticed over these years
is the growing number of works involving the calculus of variations with frac-
tional calculus. Thus, we can say that it is a well-consolidated and grounded
theory. Note that these works are all involving fractional differentiation oper-
ators of the type: Caputo, Riesz, Caputo-Katugampola, among others, which
are said to be non-local [3, 25, 51, 58, 69].

Now when it comes to calculus of variations via a generalized derivative,
the number of works is very limited. In 2016 Lazo and Torres [48], carried
out an important approach on variational calculus with conformable fractional
derivatives, i.e., they discussed invariant conditions for conformable fractional
problems of calculus of variations under the presence of external forces in the
dynamics and addressed fractional versions of Noether’s symmetry theorem.
In this sense, the authors also investigate invariant conditions for fractional
optimal control problems, via the Hamiltonian formalism. In 2017 Eroglu et
al. [26] discussed an Optimal control problem for a conformable fractional heat
conduction equation. In this sense, Eroglu and Yapiskan [28], attacked a local



problem generalization of transversality conditions for optimal control problem.
Although this generalized derivative (local) theory has been discussed for more
than 10 years, important and relevant work that involves calculus of variations
is still very restricted, and this is a problem when looking for results to be used
and references. To read some results, see [18, 27, 36, 49, 53, 73, 74] and the
references therein.

Due to such restriction and the difficulty of finding relevant results that
impact the area, this is one of the main reasons for carrying out this work.
Motivated and inspired by the above works and the lack of results in the area,
when it involves the calculus of variations and generalized derivatives, we will
now highlight what are the main contributions of this paper, which was divided
into three essential steps.

In general, the purpose of this paper is to present in a general way and
with well-discussed results on the calculus of variations with the generalized
derivative.

First, consider the generalized problem of calculus of variations (GPCV),
that is, find ¢* € 7" such that

I(¢") = min{I(q) [q € T} (1)

where
1a) = dn(a(t0) + nfalt) + T2, |2 (a0, BL)| @) @

Here, the Lagrangian L} ([to,t1]) 3 L : [to,t1] x U x R” — R and ¢g,¢; : U — R
are given continuous functions.

In order to make the results of the paper clear and easy to understand, below
we explain the main results obtained in the first step, namely:

1. We discussed a generalized du Bois—-Reymond lemma.

2. We investigated the existence and uniqueness for GPCV (1)-(2) on neces-
sary and sufficient conditions, presented in Theorem 13 itself, below.

3. Guaranteed that ¢ € 7 is a GPCV solution (1)-(2), we investigate the
Euler-Lagrange equation and transversality conditions. In that sense, we
attack the D’Alembert principle.

4. Finally, to end this step, we present and discuss the proof of the generalized
Noether theorem for GPCV (1)-(2) using the Euler-Lagrange equation and
the du Bois—Reymond optimality condition , as discussed in the previous
items. In this sense, as a consequence of the generalized Noether theo-
rem, we discuss a new and interesting result for autonomous generalized
variational problems.

For the second step of the paper, we consider the follows optimization prob-
lem, given by

Vue A: Ju] == Jg, [L(E¢" (), u(t))](t)- (3)
Find ve A: (CP)and 3r > 03l € NVu € ANBL(v): J[v] < J[u). (4)



In order to develop the necessary optimality condition for Problem (3)-(4),
we first assume that u € A, i.e.

: =4qU u(t) — cC A.
Ir>0: B.(u) {u €Al Jax la(t) —u(t)| < r} CA
Thereby, for all control @ € A, and for some 6 = d(u, ) € (0, 1) sufficiently

small
Vh e (=6,0): u+hu € A, (5)

and hence we can evaluate J[u + ha] € R.
Continuing the discussion of the results of this paper, we highlight the main
results of this second stage, namely:

1. We discussed the extension Picard-Lindelof theorem and Gronwall-Bellman
inequality in integral form in the fractional conformable setting.

2. We discussed a proof of the weak Pontryagin Maximum Principle for op-
timal control problems with generalized derivatives.

3. We investigated the Noether principle for optimal control.

4. Other important results for the discussion of the previous items are dis-
cussed during the section.

Finally, since during the paper, the main purpose were to attack and discuss
general and theoretical results on calculus of variations via generalized deriva-
tive, we prove that, under certain condition, solutions of the fractional linear
Schrodinger equation coincides with the extremals of a quantum functional via
the time-fractional Hamilton-Jacobi-Bellman equation. In addition we find con-
stants of motion for a fractional quantum variational problem.

1.1 Connection with other works and consequences

One of the objectives when discussing a given problem using generalized deriva-
tives, in particular, with 0 < a < 1, is to guarantee the special case, that is,
when we take a = 1, the results investigated also are valid. In this present
paper, that special property is guaranteed.

A natural consequence and impact in the area of calculus of variations that
this paper provides, is the new tools that have become available, in addition
to increasing the range of varieties in the area. On the other hand, it is worth
mentioning that this work in the structure it is in, with a general approach,
is in fact the first. some works mentioned above, which approach the calculus
of variations with so-called local derivatives, in most cases are restrictive to a
specific theorem or case. Here, we took care and concern in trying to approach
in general the results of the calculus of variations and optimal control.

In the rest, in section 2, we present the essential definitions of integral and
generalized derivative and some extremely important results that are useful
throughout the paper.



2 Preliminaries

Fractional and generalized calculus are areas in expansion and continuous de-
velopment today. An attractive characteristic of this field is that there are
numerous fractional operators, and this permits researchers to choose the most
appropriate operator for the sake of modeling the problem under investigation,
in [10] a fairly complete classification of these fractional operators is presented,
with abundant information, on the other hand, in the work [9] some reasons
are presented why new operators linked to applications and developments the-
orists appear every day. These operators had been developed by numerous
mathematicians with a barely specific formulation, for instance, the Riemann-
Liouville (RL), the Weyl, Erdelyi-Kober, Hadamard integrals, and the Liouville
and Katugampola fractional operators and many authors have introduced new
fractional operators generated from general classical local derivatives.

In addition, Chapter 1 of [7] presents a history of differential operators,
both local and global, from Newton to Caputo and presents a definition of lo-
cal derivative with new parameter, providing a large number of applications,
with a difference qualitative between both types of operators, local and global.
Most importantly, Section 1.4 Limitations and Strength of Local and Fractional
derivatives concludes, ” We can therefore conclude that both the Riemann-
Liouville and Caputo operators are not derivatives, and then they are not frac-
tional derivatives, but fractional operators. We agree with the result [72] that,
the local fractional operator is not a fractional derivative” (p.24). As we said
before, they are new tools that have demonstrated their usefulness and potential
in the modeling of different processes and phenomena.

In [75] a generalized derivative was defined in the following way (see also
[56]).

Definition 1 The generalized derivative of order 0 < o < 1 of a function
f :[a,b] = R is defined by

_ i SRR o) = f()
dti‘l(t) = lim € ’ (6)

where F(a,t) is a given positive absolutely continuous function. If the limit (6)
exist, then we say that f is a-differentiable.

Different known local derivatives (conformable or not) can be obtained as
particular cases of the kernel F(t, ), the interested reader can consult the ref-
erences [33, 40, 43, 55].

Remark 2 If f € C'[a,b], then we have from (6) that

] 4

g (B =Flet)g

(t)- (7)

It is important to note that for F'(¢, ) = 1 the generalized derivatives (6) re-
duces to first order ordinary derivatives (see [1]). Is also important to note that



differently from the majority of definitions of fractional derivative, including the
popular Riemann—Liouville and Caputo fractional derivatives, the generalized
derivative (6) is local operator and is related to ordinary derivatives if the func-
tion is differentiable (see Remark 2). For more on local fractional derivatives,
we refer the reader to [1, 5, 12, 16] and references therein.

Usually, we use F' defined as one-parameter Mittag-Leffler function E,, de-
fined by

) 2
z
E = _—
«(2) ,;:01—‘(1"‘04]“)7 a,z€ C, Re(a) >0,

where T' is the well known Gamma function.
Now, we give the definition of a general fractional integral (see [1, 75]):

Definition 3 The generalized integral of order 0 < «a < 1 of a continuous
function f : [a,t] — R, is defined by

Ta®) = [ s do 0

Note that if F'(t,a) = 1, we will have the classic Riemann integral.

Definition 4 Let E C R be a measurable set, and let f : E — R be a measurable
function. We say that f belongs to L. (E,R), if the following property holds

Ts(FOD0 = [ }{%

The following statement is analogous to the one known from the ordinary
calculus.

dx < 400.

Theorem 5 (Fundamental theorem of calculus) Let f € Cl[a,b] and 0 <
a < 1. Then,

st (EL) 0= 100 - f1a)
for allt € [a,b].

Proof. Since f € C'[a,b], we have

st [ 0= [ s L as = [ P = 0~ @,

which is the desired result. m

Theorem 6 Let f € Cla,b] and 0 < a < 1. Then,

9 [7,00)] = )

for allt € [a,b].



Proof. Let f € Cla,b]. Theorem 5 gives for every ¢ € [a, b]

Q)
(JF‘I Fsa _F(taa),
B 0] = RO = Pl Fa =0

]
The next result, which we will present, is about integration by parts, being
extremely important for the present work (see [75]).

Theorem 7 (Integration by parts [75]) Let f,g : [a,b] — R differentiable
functions and « € (0,1]. Then, the following property hold

It |10 0| 0 = sl - 2 0L 0] 0. ©
Theorem 8 Let a € (0,1], g a- dz[ferentmble att > 0 and f differentiable at
g(t) then %{:g)(t) fd(t ) (t) ~a (t)

Proof. We prove the result following a standard limit-approach. First, we
consider that the function ¢ is constant in a neighborhood of a > 0, then
dp(fog)
dte
we can find an g9 > 0 such that g(x1) # g(z2) for any 1,22 € (a — to,a + o).

Now, since g is continuous at a, for e sufficiently small, we have

d3(fog) fg((t+eF(a, a))) — f(g(a))

(t) = 0. If g is not a constant function in a neighborhood of a > 0

g @ =l
_ falt+ =F(e0) - f(9(@) gla + F(a0)) — ofa)
e=>0  gla+eF(a,a)) —g(a) 3
_ f9(t +eF(a,))) — f9(a)) . 9la+eF(a,q)) —g(a)
e=0  gla+eF(a,a)) —gla) =0 €
Making

e1 =g(a+eF(a,a)) —g(a)
in the first factor we have

o flateF(a, ) — f(g(a))

M gareF(wa) —gla) T e ‘
from here
G o0) ) _ oy H0l0) £ 20~ flgla) o glat eF(a.0)) ~ oo
dte e1—0 €1 e—0 €
df(g), \dzg
T(G)ﬁ%(a)~
| |



Theorem 9 (Chain rule for functions of several variables) Let f : RN —
R (N € N) be a differentiable function in all its arguments and yy,...,yn : R —
R be a-differentiable functions. Then,

. f _ o diw

_ Y/ ﬁ dEys
dt> 8y1 dte

Oys dt™

., 9f diyn
dyn dt™

(W1(8), - un (D)) (t) + (t).

Proof. The proof follows the ideas of the classical n-variables calculus and the
application of the Theorem 8. m

3 Generalized calculus of variations

Let to,t1 € R with 0 <o < ;. Let a connected open set U C R" and two closed
subsets Uy, U; C U. We denote by AC ([to,?1],R™) the class of all absolutely
continuous arcs q : [to, 1] = R™.

Definition 10 The set of admissible arcs is defined by
Y = {C] e AC ([to,tl],Rn) I YVt € [to,tl] q(t) € @, q(to) € Uy, q(tl) € Ul}
We then consider the following problem of the calculus of variations:

Problem 11 (Generalized problem of calculus of variations (GPCV))
Find ¢ € T such that

1(¢") = min{I(q)[¢ € T}

where

T dte

I(g) = dola(to)) + én(a(tr)) + T2, [L (t, () m(t))} (). (10)

Here, the Lagrangian L}x([tmtl]) SL:fty,t1]] xUxR® = R and ¢g,¢1 : U =R
are given continuous functions.

In order to obtain a necessary condition for the extremum of (10) we need
the following lemma.

Lemma 12 (Generalized du Bois—Reymond lemma) Set s, h € L. ([to,t1]).
If

Teeg |5(0) () + bt - E )| (1) =0 (1)

for any n € Lip([to,t1]) with n(t) = n(t1) = 0, then there exists a continuous

(e}

representative h of h such that h € AC([to,t1]) and Cf;;—f = s almost everywhere.

In particular, for h =0, if

Tpto [5(8) - n(@)] (t1) = 0 for alln € Lip([to, t1]),

then s =0.



Proof. We will prove this lemma in two steps:

e Stepl: Let us assume that s = 0 almost everywhere in [tg, 1] and define
the functions

h(t) if |h(t)| <n 1
hn(t) = B R T
() {O otherwise, “ t1 —to 70 n ()] (1)
and )
u= Iy, [h(B)](8)
1—to

Therefore, we can see that h, — h and u,, — u as n — .

Moreover, we also set the function

M (t) = T 4o [An (8) = un(t) -
By our assumption, 7, is well defined and its belong to Lip ([to, t1]) . We

da
can easily check that n(t1) = n(tp) = 0 and (?Tzn(t) = hy(t) — u, almost

everywhere. Hence, by Fatou’s Lemma (see e.g. [11]), one has

T [(0(0) = )] (01) = TRy, | Tim (h(2) = ) - (Ra(t) = wa)] (t2)

< Jim 2, [0~ - B ) () <o

So, the only possibility for this to happen is h(t) = u almost everywhere.
Thereby, we can define h(t) = u Vt € [to, t1].

e Step2 : Now, we consider the general case s Z 0 almost everywhere in

dsS
[to, 1] and define S(t) = J&, s(t)(t1). So, dia
where. Thus, by our hypotheses one has

(t) = s(t) almost every-

0= T3, |(5(8)0(0)+ 160) - SE10)] 1)
= T, | S5O 00| () + T2, |00 - 50 )| 0
Ty |00 50 EL0)] 1),

Hence, by the previous step, h(t) —S(t) is equal to some constant u almost
- d%h

everywhere and we can define h(t) = S(¢) + u. Hence dl;—a(t)) = s as

claimed.

10



3.1 Existence and uniqueness of minimizers of (GPCYV)
The next theorem is a Tonelli type theorem but the strategies for its proofs are

different [15].

Theorem 13 (Existence and uniqueness theorem) Let L, ¢g, ¢1 of (GPCV).
Let us define the augmented Lagrangian by

(a0 )

£ (a0, B 0ir.0)) = —— (12)

and assume the following hypotheses:
e (Hy) L is a convex function with respect to the third variable;

e (Hy) There exists k > 0 and a Nagumo function for the functional I

. 6 lim 20
p: Ry — Ry, that is, t_13+moo i +o00 and
L(t,z,0;F(ta) = p(lv)) =k, o(a),01(q) = —ks  (13)

o (H3) For all v > 0 there exists K(r) > 0 such that

[L(t, @, 03 F(t, ) = L(t, y, 0, F (¢, o)) | < K(r)6(|z = y[)p(|v])

for all t € [to,t1], 7,y € UN B,, v € R" and F(t,a) is defined in Def-
inition 1. Here, 8 : Ry — Ry is a nondecreasing function such that
lim 6(r) = 0;

r—0

e (Hy) Either Uy or Uy is a compact set.

Then problem (GPCV) has at least one solution.
In addition, if

e (Hs) L is strictly convex for any t € [to, t1],
this solution is unique.

Proof. Taking into account (H,), we assume that Uy is a compact set. In
addition, set down any minimizing sequence (¢, )nen for I, i.e.,

I(gn) — m=min{l(q)|g €T} asn — cc.

Our goal is to show that (¢)nen admits a cluster point which is the required
minimizer. We recall that m is a cluster point of the sequence (g, )nen if, and
only if, Ve > 0{n € N: |¢, — m| < €} is infinite.

11



First, we claim : the sequence of generalized fractional conformable deriva-

dt
is, Ve > 0 there exists v > 0 such that A C [to, t1], then

dOt
tives (thn(t)) is equi-absolutely fractional conformable integrable, that
neN

d%qn

Al <v = J§%
Al <v FA | g

(t)’ () <eforaln.

The hypothesis (Hz) asserts that, for all ¢ > 0 there exists K, > 0 such that

r< M for all r > K, and for all any measurable set A C [tg,t1], one has
L

no))] o

ddn 1
t < D e
0| < 3

Y . [ (
F,Aﬂ{l%(t)\zm}

(0%

TR L ditn ) ()
F,Am{\qun Wl<xy | 9
dt
1
<~ [1(ga) + bty + 2K] + [AIK,
A
<= 4 AK, (14)
L
<e

for a suitable constant A > 0 and by arbitrariness of ((large) and A(small).
Thus, our claim is proved.

. . d%qn
Notice that, since
dt>

conformable integrable, the Dunford-Pettis Theorem (see [23]) remains valid. Its

(t)) € L ([to, t1]) is equi-absolutely fractional
neN

dte
and a function s € L ([to, t1], R™) such that, in the weak-L} topology,

d()é
follows that, there exists a subsequence, which we denote again by ( rn (t)) ,
neN

A% qn
dte

t)— kK.

dpan . . . .
Since ( c?t 3 (t)) is equi-absolutely fractional conformable integrable and
neN

Uy is a compact set, we have that the sequence (g )nen is equicontinuous and
uniformly bounded. Therefore, by the Ascoli-Arzela theorem (see e.g. [?]), the
sequence (gn)nen converges uniformly to some absolutely continuous function
G. Then, we can conclude that ¢ € 7" because ¢ is a uniform limit. Having in
mind Theorem 7, for all n € C(l)([to,tlLR”), one has by integral parts formula

12



9)

T (0 0(0)() = Tim T2, | B2 @) o) 1)

n— oo

=~ tim I, [an0)- 52 ) = =, a0 0] )

o I, w00 400 L 0)] () = 0.

Invoking the generalized du Bois—Reymond lemma (Lemma 12), we conclude
o A

d
that k = % almost everywhere.
Finally, to conclude the proof, we need to show that 1(§) < liminf, .~ I(gy).
For this to happen, as ¢y and ¢, are two continuous functions, we just need to
prove that

o A

,mm[LG@@%%f@O}@g<nmmmﬁmﬁ%¢Lngwf§?a0]my

We have,

a o) Ard dpan
st [1 (10 5900) 2 (1m0, 5210
« daq d Qn
= JF,tQ |: < d?a ) ( 7 ’ dI;a >:| (15)

g, |2 (000, E20) - L (a0, B2 0) | @), oo

Now, let’s show that both terms in (15) and (16) vanish. Let the functional
T : L. ([to,t1],R") — R defined by

T(v) = Jp, [L(¢,4(¢),v)] (t1)
and let the sets
Y. ={ve L(ll ([to, t1],R™) : T(v) < ¢ € R}.

To prove that the term in (15) tends to zero, it suffices to show that the func-
tional T is weakly lower semicontinuous with respect to the L} ([to, t1], R"™) topol-
ogy. Standard arguments used above conduce us to the following: the sets ¥ are
convex from (Hy), and are closed in the strong LY ([to, t1], R™) topology. Then,
by a classic property of weak topologies, one obtains that 3. is also closed in
the weak L. ([to, 1], R™) topology which leads us easily to conclude that T is
weak lower semicontinuous.

To show that the functional in (16) tends to zero, we proceed as follows.

13



From (Hz) and (Hs), we have
Iy |2 (101 B2 0) - 2 (ha0 B2 0)] o)

< K013 — gnlloc) T8¢, [” <

< K(1)0(]lg — qnlloc)A — 0asn — oo,

where A is given in (14) and r is an upper bound on ||gy || -
Now, we will prove the uniqueness. Suppose there exist ¢i, g2 € T such that

If{I(q): q € T} = I(@) = I(@) = m € R,
and show that this implies ¢; = G2 . Let

G1+ G2
2 b

g =
so § € T. Since L is convex, we can say that ¢ is also a minimum of I because

o _I(q) | 1(g2)
melg)s—-+ =5 =m

We thus obtain

E(ta0. Elwre) L(ta0. ERwra)

/tl ’ dt(x + dta _
to 2 2
d%q dpge
- . —(t) — (@)
il q1(t);FQZ(t)7 dt ; dt di=0.

The convexity of L ensures that the integrate is non-negative. As the integral
is null, so the only possibility is

= x5

L (t, di(t), d;;?j (t); F(t, a)> L <t, (1), d;;ff (t): F(t, a)>

2 + 2
D)+ TR
~ g1 (t Ga (t a o
| 2O+ e®) dr dt =0 on [to, t1].
2 2
L dq1 dpge
We now use (Hs) to get that §; = g2 and (t) = (t) on [to, t1], as

dte dt>

asserted.
The proof is complete.
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3.2 Euler-Lagrange equation, D’Alembert principle and
du Bois—Reymond optimality condition

In this section, we first compute the first-order Gateaux-differential of I and
thereby we deduce the Euler-Lagrange equations, and the D’Alembert principle.

Definition 14 (first-order Gateaux-differential of I) Let g, h € AC([to,t1],R™)
such that ¢+ eh € T and I1(q + eh) € LL ([to, t1]) for € in a neighborhood of 0.
Then, the first-order Gateauz-differential of I at q in direction h is defined by

§(I(g;h) == hﬂ%w

provided that the right-hand side term exists. The function q is called weak
extremal of I if §(I(¢q;h) =0 for all h € AC([to, t1], R™).

Lemma 15 Suppose that the augmented Lagrangian L given in (12) is of class
C' and there exists a function p satisfying (Hz2) of Theorem 13, and the fol-
lowing properties

0oL (¢, 2, v; F(t,0)) | +|05L (t,2, 0, F(t, ) | < K(r)p(Jv]) (17)
t € [to,t1], € UN By, v € R™, and 7, K(r) > 0
and
p(p+m) < Cu(1l+ p(p)), for allm € [0.M], p>0. (18)

If ¢ € T is such that q(t) € U for all t € [to,t1] and I(q) € LL ([to,t1]), then
for all h € Lip ([to, t1], R™) such that h(ty) = h(t1) = 0, the first-order Gateauz-
differential of I at q in direction h ezists and is given by

s(1(a:h) = I, [onL (1000, %200)) - it

saur (a0, E0) - o) ). 9

Proof. Let r > 0 such that ¢ € UN B,. Since h € Lip([to,t1],R™) such that
h(to) = h(t1) = 0, the map € — ¢q + eh € U is well defined and continuous
in its co-domain. Therefore, we can find an € > 0 sufficiently small such that
g+ eh € UN B,. We hence have if ¢ € T, then g + eh € . Now, let us prove
that if I(¢) € LY, ([to, t1]), then I(q + ¢h) € L} ([to,t1]). Indeed, we have

dgq | dgh

L(t,q+eh s +e€ e ; F(t, a))

. dsq “d ds, deh
=L (t,q,d;;F(t,a)> +/0 dz/L <t q+ vh, i 4,y df;a ;F(t,a)> dv.

15



Using the properties (17), (18) and (13), we obtain

€d - d%q  d%h
— Lt h, L F B¢ d
/odV <,q+u dta+ e (,a)> v

€ ~ d% dah
[ et (oo 2240 2 )
~ ds q d d%h
L “F1 L OF
+83 <t7q + Vh dto‘ ( ) )) die :l dy‘
¢ dsh q¢  dh
< F F
—/0 " (|h+ dte ) g TV )dy

€ daq
< F
H2/0p<dt“ dt“
<r | (”P(d”»
0

dt>
< K3 (1—|—[~/<t q, ili?q,F(t,oz)) +k>e

for suitable positive constants k;, ¢ = 1,2,3, depending only on g and on the
Lipschitz constant of h. This shows that if I(q) € L. ([to,t1]), then I(q + €h) €
L! ([to,t1]). Thus, the first-order Gateaux-differential of I (19) can be derived
from a first-order Taylor expansion with integral rest of L and from the Lebesgue
Dominated Convergence theorem. m

Using the arguments as in the previous proof, we can consider variations
where the endpoints are also changed, when it is allowed by the constraints, to
obtain for instance the following result.

Lemma 16 Under the hypotheses of the previous lemma, suppose in addition
that q(to) belongs to the interior of Uy and q(t1) belongs to the interior of Uy.
Suppose again that ¢o, ¢ € C*(U). Then for all h € Lip ([to, t1],R™), the first-
order Gateauz-differential of I at q in direction h exists and is given by

S(r(ai) = T3, |oat 1000, 2 0)) -t

d%q dgh
3L (t,q(t), L=t IRG
rour (a0, Ed0) - Fro| @)
+ Dgo(q(to)) - h(to) + Do1(q(tr)) - h(ta)
We are now in a position to state and prove the main result of this section.

Theorem 17 Suppose that L is of class C' and that there exists p satisfying
(Hz2) of Theorem 13 and properties (17), (18). Ifq € 1 is a solution of (GPCV)
for all t € [to, 1], then:

16



(i) Euler—Lagrange equation: the function 3L (t, q(t), C(?;f(t)) € AC([to, t1])

L) ka0 | = diq
A Jour (a0, 22 0))] = out (a0 ELw) . ce0)
for almost every t € [to, t1];

(ii) Transversality conditions: the equalities

ouL (1o.alto), S2a) ) = Dn(a(ta) @1
and &
03L (tl, q(t1), ng(tl)) = —D¢1(q(t1)) (22)

hold, if q(to) € Uo, q(t1) € Uy and ¢o, ¢1 € C*(U).

Proof. Since there is no constraint in (GPCV) and since ¢ is a solution of
(GPCV), we can easily see that §1(g;h) = 0 for all h € Lip([to,t1],R™) such
that h(to) = h(t1) = 0. From (19), it holds that
d%q d%q d%h
Iy |02L [t q(t), ==(t) | - h(t) + OsL ( t,q(t), =—(t) | - —=—(t)| (t1) = 0.
o 022 (100 520 ) 00+ 2 (1400, S 0)) - T 0] o)
Hence statement (7) is consequence of Lemma 12. In order to derive the transver-

sality conditions, we follow the same strategy but with variations in the space
h € Lip([tg, t1],R™). Then Lemma 16 implies

I, 0ot (1), S0 -+ our (1000, %)) - S ) )
+ Deo(q(to)) - h(to) + Dp1(q(t1)) - h(t1) = 0.

Integrating by parts (see Theorem 7) and using the Euler-Lagrange equa-
tions proved above, we obtain

ty

+ Dgo(q(to)) - h(to) + De1(q(t1)) - h(t1)

to

0= 0L (t, a0, ‘fff(t)) h(t)

oL (tl,q(m d%qm)) T Don(g(t))] - h(tr)

T dt
+[~03L (tm q(to), ﬁf(fo)) + Do (q(to))] - h(to) .

Since h(to) and h(t1) are arbitrary, equalities (21) and (22) are proved. ®

Remark 18 In the literature, the FEuler—Lagrange equation and the transversal-
ity conditions are known to be first-order necessary optimality conditions. The
proof of the first-order necessary optimality conditions in Theorem 17 can easily
be adapted to the three following constrained cases:

17



(i) fized initial condition to some qo € R™ and free final condition, that is,
q €T such that q(to) = qo. In that case, the transversality condition (21)
cannot be derived in general;

(i) free initial condition and fized final condition to some q1 € R™, that is,
q €T such that q(t1) = q1. In that case, the transversality condition (22)
cannot be derived in general;

(#ii) fized initial condition to some qo € R™ and fized final condition to some
@1 € R™, that is, ¢ € T such that q(to) = qo and q(t1) = q1. In that case,
none of the transversality conditions is valid in general.

Finally, Lemma 15 yields the D’Alembert principle.

Corollary 19 Let L. ([to,t1]) 2 Q : [to,t1] x U x R* — R and assume that T
satisfies at q the D’Alembert’s principle with generalized forces @Q,i.e.,

o(rlai) = T3, |@ (100 2 0)) - no)] )

for all h € Lip([to, t1],R™). Under the hypotheses of the Theorem 17, we get the
following generalized Fuler—Lagrange equation

C‘lﬁ {agL <t,q(t), Lj;f(t))] = &L <t,q(t), Cjif(f)) +Q <t,fJ(t)7 f;Ff(t)) :
(23)

Remark 20 [t is not difficult to prove in this context the common property in
the classical calculus of variations [14]: Under suitable assumptions (namely,
assume that L(t,x,v; F(t,)) is strictly convex with respect to v), and if g € T
is a weak extremal of I, then q € C*([to, 1], R™)).

Theorem 21 Let the hypotheses of the Theorem 17 be satisfied. In addition
assume that the Lagrangian L € C* and the function F(t,a) € Ck=L, for some
k > 2, and that Os3L(t,x,v) is positive definite for all t,x,v. Then any mini-
mizer § of I is of class C*([to, t1],R™) and is a solution of the Euler-Lagrange
equations (20).

Proof. Assuming that § € C'([to,t1],R")(see Remark 20), we just need to
prove that ¢ € C*71([to, t1], R™). For this, let us define

H(t)=Jg,, [(%L (t,c‘j(t), Cﬁf(t))]

R (t, ‘fif(t)) = 0L <t,(j(t) dﬁ(t)) — H(t), (t, ﬁf) € [to, t1] x R™.

18



Notice that, from the previous assumptions, the functions H and R are well
defined. Hence, R € C*!([to,t1],R") and by the Euler Lagrange equations

(20), we get
drq
R(,dta)c, Vt€[t0,t1],
where ¢ € R. Thereby, the classical implicit function theorem and the hypothesis

 did

g is a C*~!function, that is,

that 933 L(t, x,v) is positive definite imply tha

d
F(t,a)d—(t] € C* ! Then, ge C*. m
We are now in conditions to prove a conformable du Bois—Reymond opti-

mality condition.

Theorem 22 If ¢ € 1 is is a weak extremal of I, then
d: dq dq dq
ZF |p, ord e i YA N P
o (a0 G 0) - - our (a0, F e
dq
=01L t’q(t)’d?(t) F(t,a) (24)

Proof. We obtain (24) by direct computations and using Theorem 9, and
Euler-Lagrange equation (20). m

Remark 23 If the Lagrangian is autonomous (when L does not depend explic-
itly on time t), we get by the Du Bois—Reymond optimality condition (24) and
Definition 1 that

dpq  dpq dgq _
L (q, s ) o osL | q, g ) = constant for all ¢t € [t,t1]. (25)

The quantity (25) corresponds one of the most important conservation law in
Mechanics: the autonomous Lagrangian L correspondent to a mechanical system
of conservative points, is invariant under time-translations (time-homogeneity
symmetry) i.e., the total energy of a conservative closed system always remain
constant in time along all the Euler—Lagrange extremals. This conservation law
s known as the 2nd Erdmann necessary condition; in concrete applications, it
gains different interpretations: conservation of energy in Mechanics; income-
wealth law in Economics; 1st law of Thermodynamics; etc.

3.3 Generalized Noether theorem

The theorem of E. Noether [57] identifies a quantity that is preserved along any
solution ¢(-) of the Euler-Lagrange equations of a variational integral, a so-called
first integral of motion, with any differentiable symmetry of the integrate.

Definition 24 (Variational symmetry group) Let D C R" be an open set.
We say that © = {1(s,")}ser € (D,D) is a one parameter group of diffeomor-
phisms of D if it satisfies:
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(i) 1 € C*(R x D,D);

(ii) For each s € R, the map (s,-) € C*(D,D) is invertible, and 1(s,-)~" €
C*(D,D);

(#ii) (0,-) = Idp, where Id is the identity function;
(iv) Vs, s €R:s+s" € R=1(s,-)op(s,:) =(s+¢,-).

The translation in a spatial direction h is a typical case of a one-parameter
group of diffeomorphisms

Y:iq— q+sh, q,heR™
Another classical example is the rotations by an angle 6
Vg qe? qeC, R

In the present paper, we use the concept of a group of diffeomorphisms
rather than the concept of infinitesimal transformations as in [35, ?]. These two
concepts (see the classical book [59] for more details in particular Chapter 4)
can be related by a Taylor expansion of ¥(s, ¢(t)) in the neighborhood of s = 0.
We have,

oy
¥(s,4(t)) = (0,q()) + 55-(0,4(2))-

Therefore, for a sufficiently small infinitesimal s, we can always say that
(s, t) is infinitely close to a transformation of the form ¢(t) — ¢(t) + sn(q(t)),

0
where 7(t) := %(O,q(ﬁ)).
s
With the aim of generalizing the Noether Theorem for our problem (GPCV),
firstly, we need to define the concept of symmetry for a Lagrangian of the form
(12) under the action of a group of diffeomorphisms.

Definition 25 Let both T = {7(s,-)}ser € C*(T",T') and S = {o(s,-)}secr €

C?(S8",8") be one parameter groups of diffeomorphism on the open sets T' C

[to.t1] and S C R™ respectively. The variational integral of I is said to be in-

variant under the action of T and S, if for any weak extremal q € C*([to, 1], S")
it satisfies

d% d%o(s,q(t d%T

L (1o E0) 2 (rts0,00a0) ELD) E

F(t,a) - F(r(s,1),a) (26)

d$ t

for all s € R and all t € [ty,t1], where the expression ;(ags,g)()i) 1s defined in
7(s,

the following Remark 26 (i3).

Remark 26 (i) From Definition 24 (i) we have 7 (s, 7(s,)~!(t)) =, thereby

d
the chain rule theorem yields that %(s,t) is invertible for all s € R,
teT’;
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dgo(s,q(t))

) B . " (9 . .
(ii) Based on the previous remark, in (26) the expression A (5.0))° is de
fined as
d*o(s,q(t))
dpo(s,q(t) _ P10 ) gz (51) -
(7 (s, 1)° ) |
dte ™

dzo(0,q(t)) _ diq

A0 de

As usual, because of Definition 24 (iii), we have

(i1i) Notice that, for all s € R, all t € T' and for h € sufficiently small, we
have

o (s, q(t + 1)) = o (s, g(t)) + h - 2254

ot
T(s,t+h)=71(s,t) + h- %[s,t;h].

[s,t; h]

Therefore, the ratio (of differentials):

o (s,q(t))
olsglt+h) —o(sial) g B EH T (s )

(s, t+h) —7(s,t) or. - ar
5 [s,t; h] (s,1)

for all sufficiently small invertible h.

The next lemma gives a necessary condition for the variational integral of
I to be invariant under the action of the parameter group of diffeomorphism
T = {7(s,)}ser € C}(T",T") and S = {0 (s, ) }ser € C*(S’, 5").

Lemma 27 If the variational integral of I is invariant in the sense of Defini-
tion 25, then

ot (a0, %200 ) 50,0+ ont (o), L)) - 5 00
ot (a0, Ew) - [ £ 0.
dte F(t,a)
(B o ()
+L<t,q(t),fl§f(t)) e Os F(t’a)at %) =0 (28)

for all weak extremal q € C*([to, t1],5").
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Proof. Differentiating (26) with respect to s at s = 0, we obtain

o (100, 520 ) S 0.0+ st (a0, E ) - 0.0
d%q 0 [d%o(s,q(t))
W) g T

Lo 1
o O0sF(1(s,t),a)

+ 0sL (t, q(t)

d%q 0 d%T
1 (ra0. 55 0) (5

s=0

> 0. (29)

s=0

From equality (27) and recalling that 7(s,t),0(s,q) € C? with respect to s

in the Definition 25, and since dt% acts on t and s on variable s, we deduce
S
that

or (or _dpor
9 [d%a(s,q(t )} _ dp 0o dba | O (as((% )) gt~ 95 )
ds | d(r(s,t)™ ||,y dt®0s dte F(t,a) ’
s (30)
0 [d%r B d—i%((),t)
s {dia (S’t)} L tF(t,a) (31)
and
oF (0Tt
o 1 o (a) (0.2) .
B F 00y FL)? (32)

Substituting (30), (31) and (32) into (29), we obtain the desired conclusion
(29). m

da
Definition 28 Let T’ C [to,t1] be an open set. We say that a quantity C <t, q(t), thO(‘](t)>

is a constant of motion on T’, 5 if
Ua drq ’
— 1C(t,q(t),=—(t =0 VteT 33
e (raw o)) (33)
along all the extremals q € C? ([to, t1],5").

dOé
Note that condition (33) is equivalent to ask that C (t,q(t) Fq(t)> is

T dte
d(X

constant on any interval J C T”. In fact, if 77 € J, G(t) := C (t7 q(t), %(f) -
ooy 9ED o : : , d%G

C |t q(t), dt—a(t ) ) is the unique function such that G(¢') = 0 and e t)=0

on any closed interval contained in T”.
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Theorem 29 (Generalized Noether theorem) If the variational integral of

dOé
I is invariant in the sense of Definition 25, then the quantity C (t, q(t), L;f(t))

defined for all g € C?([tg,t1],5") and t € T' by

¢ (tate) F2)) = 72, (10, 2050 ) 1)

# o (ta0. o w) - E-our (raw. Elo)| G0

s
# Pt (a0, F0) - 50,0 o)

is a constant of motion on T' and S’, where G is a Llll-function defined by

G (ate). e ) = -G (5) @02 (a0, Bdo))

raur (a0, E ) |5 (Sr00) Eo - e T
(3)

Proof. The proof follows directly from the previous results. Using the Euler—
Lagrange equation (20) and the du Bois—Reymond optimality condition(24), we
deduce that

ont. (a0, 20 ) - 5710.0) = 5 [ont (o, Bl o)) - Fr0.0) 0

and

or

Js
= [ (ra0. o) - E oo (a0, Eo )| 0.0 @

Substituting (36) and (37) into (28), and after straightforward calculus, we
obtain

F(t,a)01 L <t, q(t) Cl%q(t)) (0,t)

T dte

e (ra0 Erw) - )0z (rat0. %0 )| G 0.0
+r(tnt (a0, Elw ) - 700} + 6 (na. Ea) o

where the function G is defined in (35). The conclusion follows from the Defi-
nition 28. m
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Theorem 29 gives a new and interesting result for autonomous generalized
variational problems. Let us consider an autonomous variational problem i.e.,
the case when Lagrangian L of I do not depends explicitly on the independent
variable ¢

d$ .
1) = 73, | (0. 52 0) | ) — min (39)
Corollary 30 For the autonomous problem (38), one has
dkq diq dkq
(a0, B2 0) - o) our (a0, Fl o) (39)

is a constant of motion for allt € T'.

Proof. As the Lagrangian L does not depend explicitly on the independent
variable ¢, we can easily see that the integrate of (38) is invariant under trans-
lation of the time variable: the condition of invariance (26) is satisfied with

0 0
7(s,t) =t+ s and o(s,q) = q. Indeed, given that 8—7 =1 and 8—2 =0, the in-

S
dpo(s,q(t)) _ diq

variance condition (26) is verified if Ars0)  de

(t). This follows directly
from Remark 26, i.e.,

dgo(s,a(t) _ dpo
d(r(s,0)>  dte

_dpo, . _ dEg
Tdte (5,8) = dte (#)-

(s,t+s)

Substituting these quantities into (34), we obtain

2 (a0 ) - Eo-onr (40 E )| (1 m| o

(a0, F20) - S0t (a0, )

is a constant of motion for allt € T7. m

Notice that, we obtain in previous corollary, the same condition than in
Remark 23.

Remark 31 If F(t,a) = 1, Problem (GPCV) is reduced to the classical problem
of the calculus of variations,

Ha0) = [ 1 (a0, 5210)) — min (40)

and one obtains from Theorem 29 the standard Noether’s theorem [57]:

dq dq\ Oo
C (ta q, dt) = a3-[/ <t7 q, dt> : E(t q)

dq dg\ dq] ot

24
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is a constant of motion, i.e. (41) is constant along all the solutions of the
Euler-Lagrange equations

: d .
aQL (t7 q, Q) = %a:’)L (t7 q, q) (42)

(these classical equations are obtained from (20) putting F(¢,a) = 1).

4 Generalized optimal control

In this section, we adopt the Hamiltonian formalism in order to generalize
Noether’s principle to the wider context of optimal control, see e.g [22].

Let us consider the optimal control problem in Lagrange form, i.e. the
minimization of the functional:

Ti oL (8 (1), u(t))](t1) — min (P)

subject to the Cauchy problem

%(t) = o (t,q(t), u(t)), (CP)
q(to) = {o,

where gy € R?, the state ¢ € C'([to, 1], R?), the control u € C°([to, 1], R!), the
Lagrangian L : [tg, t;]xRYxR! — R and the state equation ¢ : [tg, t1] xRIxR! —
R? are assumed to be C'-functions with respect to all their arguments, and
to < tq.
In particular, we always consider state and control functions in the following

spaces

g€ Q:={q€C([to,t1], H) : llg — qoll <7}

u € A:=C[to, 1], K),

where H C R4, K C R! and r > 0 is a fixed radius such that B,(q) C H. In
this section, we use the notations L (-, ¢, u) and ¢(-, g, u) to denote L (-, q(t), u(t))
and ¢(-, q(t),u(t)), respectively.

In developing this topic, it is therefore essential to already have suitable
results about solutions of (CP) such as Picard-Lindel6f theorem and Grénwall-
Bellman inequality in integral form in the fractional conformable setting.

Theorem 32 Let P C R? be an open and connected set, assume (0,a) C RT,
and define S = (0,a) x P. Let f(z,y) be a real valued vector bounded function
on S. Consider the following system of ordinary equations of order o € (0,1]

) (43)

under the conditions,
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i) f(x,y) is a continuous function in L. (S),

ii) f(x,y) satisfies a Lipschitz condition with respect to y in S, i.e., there
exists a constant Ky, > 0, such that for all (z,y), (z.z) € S:

1f(2,y) = flz-2)| < Killy — 2| (44)

where || - || is the supremum norm.

Then, for all (zo,y0) € S, there exist a positive number B such that the
closed interval B = [xg — 8,20 + 5] C (0,a), and a unique continuous function
y: B — P, such that

TV (1) = f (2.y(x)), Vo € B,

dt (45)
y(zo) = wo.-
Remark 33 Let us consider the function g defined by
f(x,y), V(x,y) € S withz € B,
g(z,y) = (®9), V@) . (46)
0 otherwise,

where the function f is the same that in the Theorem 32, and the corresponding
inatial problem
d%y
TV (1) = g (2,y()) , V2 € B,
y(zo) =yo -

Then a function y : B — P verify (46) if, and only if, verify (47).

(47)

To prove the previous theorem, we need the following two lemmas.

Lemma 34 The function y(-) satisfies condition (47) if, and only if, it satisfies
the integral equation

y(@) = yo + I uo—pl9 (s, y(5)))(2) - (48)

Proof. The conclusion follows directly from Theorems 5 and 6. m
We define now the set

Cp = {y : y is a continuous vector function on B},

which is a complete metric space with the distance d(y(x), z(z)) = ||z — z|/cg
where || - ||cy = ma}gc” -] Set
zE

5 =1{y€Cr:lyx) —yollcy <7}
for some r > 0.

Lemma 35 C§ is a complete metric subspace of Cg.
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Proof. As Cj is a closed subspace of Cp, we obtain the desired conclusion
because Cp is a complete metric space. ®
Next, we present the proof of Theorem 32.

Proof. (Theorem 32). As f(z,t) is bounded on S and F(z,a) is a pos-
itive function in L!(S), there exists a positive constant M, such that M =
f(x,y)
(z,y)€S F(l‘,Oé)
tor T' defined by

, is included in S. For all function y € Cg , we apply the opera-

Tly(x)] = yo + JE2,-5l9(s, y(s))l(2) -
We claim: the operator T verifies the following properties:
1. T[y] € Cg for all y € Cg;
2. T : Cy — C§ is a contractive mapping.

To prove 1. it suffices to check that

ITly()] — vollow = max|Tly(e)] — oll = max|l T2, slo(s, y(s))(@)] < Mb <1,

where b = min{, %} So T'[y] € Cg for all y € Cj.
To prove 2., we need to introduce the Bielecki-type norm

|- |l = Sup {e 2"M~Kr|. |2 € B}.

Notice that the above norm is equivalent to the standard supremum norm
on Cpg, so this vector space is complete under this weighted norm, and by
Lemma 35, the set Cf equipped with this norm/metric is a complete metric
space. Furthermore, for all y, z € Cf, we obtain

IT5)] — Tl = 17300 slo (s, 5(5)) — 905, =) @)]ls
— e 2MEL| g2 lg(s,y(s)) — 9(s, 2(5))](@)
< e e |gg L slla(sy(s) — (s, 2(5))[1(@)]

xr
SMKL€7230MKL/ Hy*Z”BS%NIKLdS
z0—f
< My ==l (1 _ eszKL(a:fron)) ,
2
Since § was suitably choose 2. is proved.

Finally, Theorem 32 is obtained applying the well known fixed point theorem
for contractive mappings in complete metric spaces, and taking into account the
Remark 33. m

Finally, we have the following Gronwall-Bellman inequality in integral form:
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Theorem 36 Let r be a continuous, nonnegative function and ¢, d and k be
continuous functions on the interval [t1,ts], d,k >0, and o € (0,1], such that

(0) < cft) + d(t) T3, (kr)(0)
for all t € [t1,t2]. Then we have
r(t) < c(t) + d(t)Jg,, (cke™ TEn () () B (RO,
for every t € [ty,ta].
Proof. Let us define R(t) = Jg, (kr)(t). Thus, R(t1) =0,
r(t) < e(t) + d(t)R(¢)
for all t € [t1, 2], then we have

;%R(t) =k(t)r(t) <c(t)k(t) + d(t)k(t)R(t), (49)
for every t € [t1,to], since k > 0. Let us define E(t) = e /7t @®  §o we
have

deE@®)  _ d¥ o _ge (aw
dte =g ()W
da [e3
= (= TRy, (dR)) (e "mn an

= —d(t)k()E(). (50)

Since R and E are N-differentiable on [t1, 2], from above we obtain

%(ER)(:&) - E(t)i—ai}z(t) + R(t);%E(t) = E(t)c‘;ti;R(t) — d(t)k(t)R(t)E(t)
< (k) B() + dt)k(t)RE)E() — d)k(H)R(t) E()
— c(k(t)E(t),

for every t € [t1,t2], since E > 0. Since E(t)R(t) is differentiable on [t1,t2] we
have
dOl
Jii, (ckE)(t) > J@,, (Cﬁ—i(ER))(t) = E(t)R(t) — E(t1)R(t1) = E(t)R(t),
for any ¢ € [t1,t2]. Thus, since d, E > 0,
JE i, (ckjE) (t)
E(t)
=c(t) +d(t)Jpy, (ck'e*‘]g-rtl (dk)) (t) e/ (@)

r(t) < e(t) + d(t)R(t) < c(t) + d(t)

for every t € [t1,t2]. m
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In this section, we always assume that the state equation ¢ satisfies the
assumptions of Theorem 32 for each control u € A, i.e setting:

v M, = t,q,u(t
ue A ,max lp(t, q,u(?))]
lg—qo| <7
L, := t,q,u(t 1
(Jax [0gp(t, g, ult))] (51)
l[g—qo| <7
N, := F(t,a)™t 2
Jmax [ F(ta) 7 (52)
we assume that

Yu € .A : (tl — to)NuMu S T
lim (t; —to)"NIL" = 0. (53)

n—-+00

Therefore, Theorem 32 allows us to state that
Yu e A3lg" € Q: (CP) holds for all ¢ € [to, 1] (54)

Finally, observe that the constant L, > 0 defined in (51) and Taylor expan-
sion yield the Lipschitz condition

Vu € AVL € [to, t1]Vq,q € By(qo) = |@(t, q,u(t)) — o(t, ¢ u(t))| < Lulg —ql.-
(55)
4.1 Weak Pontryagin Maximum Principle
Invoking (54), we can introduce the notation and the optimization problem

Vue A: Ju] = Jg, [L(t g (1), ult)](t:) (56)
Findve A: (CP)and 3r > 03l € NVu € ANBL(v): Jp] < Ju].  (57)

In order to develop the necessary optimality condition for Problem (56)-(57),
we first assume that u € A, i.e.

dr>0: Br(u)z{ﬂe.%ﬂ max ﬂ(t)—u(t)|<7“}§./4.

to<t<t;

Thereby, for all control @ € A, and for some § = d(u,@) € (0,1) sufficiently
small

Vh e (=6,0): u+hu e A, (58)
and hence we can evaluate J[u + ha] € R.
To define the first variation of J[—] : A — R at u € A in the direction

@ € A, we can intuitively think at a sort of first order Taylor sum of I[u + h]
at u:
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Definition 37 [34] Let § > 0 be such that (58) holds. We say that R :
(=6,6) — R is an incremental ratio of J[—] at u € A in the direction @ € A,
if there exists a function R : (—4§,0) — R (called remainder) such that:

1. Yh e (=6,0): Ju+hi] = Ju] +h- R(h) + R(h);

2. R is continuous at 0;

3. 3A > 0Vh € (=4,0) : ‘R(h)‘ < A-R2.

Based on the Theorem 54 [34], we can state that the incremental ratio R(0)
in the above definition is unique. Now, we can define the first variation of J[—].

Definition 38 We define the first variation of J[—] at u € A in the direc-
tion @ € A as §J%(u; @) := R(0), where R is any incremental ratio of J[—].
Moreover, we say that u € A is a weak extremal of J[—] if for any @ € A,
0I(u;u) = 0.

Theorem 39 [34] If v € A solves the problem (57), then it is a weak extremal
of J|—].

The next theorem shows the continuity conditions for the map u € A —
q* € Q (see [19] for a similar proof):

Theorem 40 (Stability of order 1 and 2) Let u e A, € A and § € (0,1)
as in (58). Assume that

Vu,i € AIN € NVh € (=6,6)  Lusnalts — to] Ny < N. (59)

Then, there exist positive constants A, A (depending only on u, @ and clearly
on @) such that for all | h|< 0, we have

|¢“t"™ — g"|| < |h| A (60)
|g“ " — ¢ — hq|| < AR?, (61)

where q € Cl([to,tlLRd) is the unique global solution of the following Cauchy’s
problem

dpq _ 9p _ Op _

— = —(t,q%uv) - g+ —(,q¢% u)-u

die ~ gg bahwat g hatu) (LCP,)
q(to) = 0.

Proof. We will present the proof only for the (60). Similarly, follow the proof
of (61).

Let h € (=6,0). From the evolution ODE (CP), for all ¢ € [t, 1], we have
() — ()] < [ TRy, (0(s,a T (s), uls) + ha(s)) — (s, 4" (s), u(s)))] (1)

< Tf g, |0(5, 6 (s), u(s) + ha(s)) — (s, 4" (s), u(s))] (¢)
(62)
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for all s € [to, t], we have

o (s,¢“ T (s), uls) + hi(s)) —¢(s,q ()] <
< Jeo(s,q“ T (5), u(s) + ha(s )) ( q"(s),u(s) + hu(s))| +
+ |<p(s,q (s),u(s) + hu(s)) — @(s,q“(s),u(s)” . (63)

Now, we apply the Lipschitz condition (55) to the first sum, and a first order
Taylor expansion with Lagrange remainder to the second one, obtaining

lo(s, 4" (s), u(s) + hui(s)) — o (s,q"(s), u(s) + ha(s))| <
< Lutha - |qu+h“( )—q"(s)| (64)

|0 (s,q" (s), u(s) + ha(s)) — (s, " (s), u(s))| < Ihl ( q“(5),€) 'ﬂ(S)‘

(65)
where & = £(u, h, i, s) € [u(s),u(s) + hii(s)] € R!. The extreme value Theorem
applied to u, @ on the compact set [t1,t2] yields the existence of positive con-
stants By, Bg such that [u(s),u(s) + hi(s)] C [Bi, Ba)'; since |h| < §, we can
always assume that these constants do not depend on h but only on u and 4.

0
In the same way, applying the extreme value theorem with 8—S0 on the compact
u

set [t1,t2] x B,(qo) x [Bi, Ba]!, we get the existence of a constant C; € R
(depending only on u, @) such that

0
Vs € fttal : |55 (5,0"(5).) - u(s)| < €
Thereby, considering (52) and (65), we get
Tiio [9(5.4" (s), uls) + hu(s)) — o(s,4"(s), u(s))| (s) < [R|C1Nu(t1 —t0). (66)
Using inequalities (62), (63), (64), and (66), we have
vt € [to,ta] : g (1) — ¢“(t))]
< Lugna iy [0 (5) = 0" ()] (5) + [R|C1NwW(tr — t0) . (67)

Finally, we apply Gronwall-Bellman Theorem 36 to (67) and use assumption
(59) to obtain

Hunrha —q%o < |h|CLN,(t; — to) a(t1=to) < |h|CLNy(ty —to)N.  (68)

Setting A := |h|C1 Ny (t1 —to) N, (68) proves the claim, because also N does not
depend on h but only on v and 4. m

Theorem 41 In the assumptions of Theorem. 40, the following equality holds

5(ui0) = T, (Gl "(6)u(s) - a(6) + S0 a* ()9 -1(6) ) (1)
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where ¢ = q(u) € Q is the unique global solution of problem (LCPy). Moreover,
€ A 6I(u;u) € R is an R-continuous linear map, i.e. it is R-linear and
satisfies

JK > 03r > 0Va,v € B.(0): |6l(u;a) — 6l (u;0)| < Ky - la—|.  (70)

Proof. Since u € A, there always exists § > 0 such that (58) holds. Define
h .= quth® — gqv — hq for all h € (—4,0), so that

[v"]| < An® (71)
by Theorem 40. For t € [tg,t1] and k = (0,ky, ky) € R x R x R, let
R (t,¢" (1), u(t); k) := L(t, q*(t) + kg, u(t) + ku) — L, ¢" (1), u(t))

— 04 L(t, ¢" (1), u(t)) - kq —3 L(t ¢“(t),u(t)) - k

be the remainder of the first order Taylor formula of L at the point (¢, ¢*(t), ( )
with increment k = (0, kg, k,,). Thereby, for all h € ( 3,9), we get

Jlu+ha] — Ju] = Jg . {L(¢“ " u+ ha) — L(-,q",u) } (t1)
= Jg s {LC,q" +hg+ 0" u+ ha) — L(-,q",u)} (t)
= Jp4, {3qL g%, u) - (hg + o) + 0,L(-, %, u) - hu+

+RL('7qu7u§ (', hQ+ Uh? hﬂ))} (tl)

= hJg 1, {0gL( g% u) - G+ OuL(-, ¢", u) - u} (to)+
+ I3 {0gL( g% u) - 0" + Rp(,q% u; (-, hg + 0" har)) } (t1) .
Setting
R:=Jg; {04L(-,q",u) - G+ OuL(:, ", u) - u} (t2) and
R(h) := I, {04L(- q" u) - " + R (-, q" u; (-, hg + 0", ha)) } (t2)

Taylor expansion theorem and (71) yield the existence of a constant D >
0 such that |R(h)| < Dh?. This proves that R = R(0) = 6.J(u;a) is the
incremental ratio of J[—] with remainder R (Definition 37), which is claim (69).
Using the notation ¢ = g(@) and the uniqueness of solution of problem (LCPy),
it follows that g(Au 4+ Bv) = Aq(u) + Bq(v) for all A\, B € R and u, v € A.
Thereby, (69) implies that §J(u;-) : A — R is an R-linear map. Finally, we
have

q(u) = q(v) = Jg 4, [a-{a(@) — g(0)} () + Jp, [b- (@ —0)]()
17(u) — q@)| < llg(@) — g(O)[| - Nu(ts — to) Lu + (bl Nu(ty —to)l|@ — o,

a(t) = %*;’ (t, " (t, u(t)))

b(t) = % (tvqu(tvu(t)))) .
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Note that ||a|| = L, by (51). But assumption (53) implies that N (¢; —
to)NLY < 1 for some N € N and hence that 1 — N, (t; — t9)L,, is invertible,
yielding

(@) = a(@)Il < (1 = Nu(ts — to) Lu) " [0l Nu(ts — to)la — o]

Now, the conclusion (70) follows from this Lipschitz property and (69). m

In this section, we are interested in giving a proof of the weak Pontrya-
gin Maximum Principle for problems of optimal control with generalized con-
formable derivatives. For that, we need to introduce the definition of the Hamil-
tonian using the Lagrange multipliers.

Definition 42 Let H be the Hamiltonian associated to the Lagrangian L and
the state equation (CP), i.e.

H: [to,t1]) x Hx K xR? — R (72)
(t7 Q7u7p) — L(t7Q7 u) +p : @(ta q7u) .

Moreover, for any control u € A, let p* € PC'([to,t1],R?) denote the adjoint
variable (generalized momentum), i.e. the unique solution of the Cauchy problem

d%‘pu _ 877-[ u u\ 87[/ u % U ’ U
dta - aq (taq y Uy P )_ aq(taq 7u) (aq(t7q 7“’) p

pu(tl) = O

(LCPy)
As we showed above, this problem has a unique solution on [tg,t1] because of
our assumptions (53).

We want to close this section, giving a proof of the weak Pontryagin Mazi-
mum Principle, i.e. a theorem where instead of the usual condition

H(t,q" (1), v(2),p" () = minH(t, ¢"(t), k, p"(t)) V€ [to, t1]
(if v is an optimal control, i.e. it solves problem (57); see e.g. [41, 61]) we
have instead the necessary condition 0, H(t, ¢"(t),v(t),p"(t)) = 0 assuming that
v € A is a local minimum of the functional J[—].
Directly from the definition of Hamiltonian, we get that, for any control
u € A, the pair (¢%,p") is a solution of the following Hamiltonian system:

d$ OH

SET _ S (1 q,u,p)

dt dp (HS)
dgp _ OH (t,q, 0, )

dta - aq ’q7 7p M

Next, we prove the following optimality condition for the functional (56).
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Theorem 43 Let u € A and u € A.Then
o oH, . wn
7(7(1 , Uy P )’LL (tl)

5J('U,, 'l_l/) = JF,tU ou

Therefore u is a weak extremal of J[—] if, and only if, (¢*,u,p") satisfy the

equation:
O0H
—(t, q" “)=0. CSE
au( ,q",u,p*) (CSE)
Proof. Let u € A. Theorem 41 asserts that
_ o OL “ _ 0L _
stus) = I, [t 0+ St ).

Equation (73) can be written as

oL u as@ u * u

§J(usu) = Jg,, [(8(1
_ (&P(.,unL) . q) -p“ + %(-,q“,u) . u] (t2). (74)

dq
By (LCP;) and (LCP3), we have
— a 9 u ~ 0 u —
q:JF,to |:a§(’q ’u)q+£(’q ,’LL)"UJ:| (tl) (75)

and
(76)

U % aL U
P =—Jp4, [8(1(,(1 ’“)+<aq

2T L
('7 q, ’U,) "D (tl) :
Now, using in (74) equalities (75), (76) and integrating by parts (Theorem 7)

with g(tg) = 0, p“(t1) = 0, we get
0 0

6J(usu) = Jg [p“ : <8q

- (Zﬁj(-,q“,w ~q) P+ %ﬁ(-,q“,w U} (t1)
=J% [(?j(~,q“,u)>T P+ gz(-,q",u)] (t1) - u

= Ji [?:(-,q“,u,p“) ﬂ} (t1)-

The proof is now completed applying the fundamental lemma (Lemma 12)
|

Summarizing these results yields the weak Pontryagin Maximum Principle
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Corollary 44 (Weak Pontryagin Maximum Principle) If v € A is a lo-
cal extremal of J[—], i.e. it solves problem (57), then (¢*,v,p") € C*([to, t1], R%)x
C%([to, t1], RY) x PC([to, 1], R?) are solution of the system

dpq OH

dta - ap (t7Qav7p)

d%p oH

T — T A t7 , U,

o 94 (t,q,v,p) (WPS)

%(t’ q7v7p) = O
(q(to),p(t1)) = (0,0).

MOT@O’U@T; Zf (Q7u7p) € Cl([t07t1]aRd) X CO([thtlth) X Pcl([toatl])de)
solve (WPS), then necessarily (¢q,p) = (¢*,p").

Proof. By Theorem 39, we get that v is also a weak extremal of the functional
J[—]. Therefore, the conclusion follows by (HS), Theorem 43 and (LCP;),
(LCPQ) ]

Remark 45 In the particular case ¢ = v, i.e., when the generalized optimal
control problem (P)-(CP) is reduced to the (GPCV), we obtain from (WPS)

d%x
H=L(tx,v v, =y,
(t,z,0) +p e
and the equations

dgp _ _OH _ oL 0L
dte Oz oz P v’

) . dgp .

Comparing the two expressions for Jpa 7 WE obtain the Euler—Lagrange equa-

tions (20).

Definition 46 Any triplet (q(-),u(-), p(+)) satisfying the system (WPS) is called
a generalized weak Pontryagin extremal.

The next proposition generalizes the generalized du Bois—-Reymond necessary
optimality condition Theorem. 22 (as usual, set in the following theorem:

da
o(t,q,u) = u so that a2k u). Its proof follows directly from (72) and the

dt>
system (WPS).

Theorem 47 The following property holds for any generalized weak Pontryagin
extremals (q,u,p):

S (e, 0,000, p(0) = T 40, w0 pO)F(1,0) VEE [t (7T
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4.2 Noether’s Principle for optimal control

Using the same arguments of classical optimal control (see e.g. [22, 38]), we can
deduce that the optimal problem (57) is equivalent to minimize the augmented
functional J[q, u, p] defined by

a dfq

Tlavw.p] = T, [ (ta),u(®).p00) o) - EL0)] (1), (78)

with H given by (72). The notion of variational invariance for problem (57) is
then defined with the help of the augmented functional (78).

Definition 48 LetT = {7(s,-)} ,cp € CX(T',T"), S = {o(s, V}eer € C*(s, 8",
U= {v(s,")}ser € CXU',U"), and A = {7(s, ) }oer € C%(A’, A") be one pa-
rameter groups of diffeomorphisms of the open sets T' C R, S’, A’ C R¢ and
U' CRY. The augmented functional (78) is said to be invariant under the action
of T, S, U, A, if for any generalized weak Pontryagin extremal (q,u,p), the
following equality holds

{(0(6.0).015, 0. w0500 15, p00) = o) - 2L T
F(r(s.8).0) -
(L qft), u(t) o)) — p(6)- L (1)1

_ dte
- o) . (79)

foralls € R and allt € T'.

Theorem 49 (Necessary condition of invariance for problem (57)) If the
augmented functional (78) is invariant in the sense of Definition 48, then for
all generalized weak Pontryagin extremal (g, u,p), we have

IH o OH 9o

oH or oH H(q,u,p) dip O
ot ( 7q,u,p)as(0, )+ 94 (v q,u,p) s (0,q) +

F(t,a) dte 95 )
d% Oo OF (0ot 0o
00+ 5 (500) (r 00 - Heawn) ©
Proof. We obtain (80) by differentiating (79) with respect to s at s = 0 and
then considering Rem. 26 and (WPS). m
Note that for the particular case of calculus of variations (¢(t, ¢, u) = u and

hence H = L+ p- ) one obtains from (80) the necessary condition of invariance
Lemma 27.

Definition 50 (Constants of Motion/conservation law for problem (57))
We say that a functiont € T — C(t,q(t),u(t),p(t)) € R is a constant of motion
onT', 8" U, A if along any generalized weak Pontryagin extremal (q,u,p), we
have o
F
dte

(t,q(t),u(t), p(t) =0 Vte T (81)
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The condition 81 implies that
teJ— Ot q(t),u) p(t) € R
is constant along any interval J C T".

Theorem 51 (Noether’s theorem for optimal control) If the augmented
functional (78) is invariant in the sense of Definition 48, then the quantity
defined by

C(t,q(t),u(t),p(t)) :== Jp, G1(t, q(t), u(t), p(t); o) (t2)+
or do

+H(E a(t), u(t), p(8) 5-(0:8) = F(t, a)p(t) - 52(0,4(t)) Ve T" (82)

is a constant of motion on T, ', U', A’, where Gy is a L., -function defined by

G1(t, q(t),u(t),p(t);a) =

=2 (50.0)) (30 50,0~ Mt a0.u0.00) )

Proof.
Considering (WPS), we obtain (80) by differentiating (82) with respect to ¢
in the sense of generalized derivative. m

Remark 52 Similarly to [22, 38|, only the functions T and o, corresponding
to the one parameter groups of diffeomorphisms of the time and state variables,
appear in Noether’s conservation laws (cf. expression (82)).

5 Application-time-fractional Schrodinger equa-
tion

In [17, 54], a fractional linear Schrédinger equation, with particular interest in
quantum mechanics, is studied. In this section we prove that, under certain
condition, solutions of the fractional linear Schrédinger equation coincide with
the extremals of a quantum functional via the time-fractional Hamilton—Jacobi—
Bellman equation. In addition we use our Corollary 30 to find constants of
motion for a fractional quantum variational problem. Precisely, consider the
following time-fractional linear Schrodinger equation:

0% B 9%y
o (t,x)+%zi t,

ih

h
where h = o h is the Planck constant, m > 0 the mass of particle, the potential

T
energy U : R — R and ¢ : R x R — C is the wave function associated to the
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particle on C2(R x R?, C). We know that the action S obeys the time-fractional
Hamilton—Jacobi-Bellman equation [37)

9% 1 (o

2
ata(t,ac)Jer(agcj(t,a:)> +U(x) =0, j=1,...,d. (84)

Generally, (84) is the conservation of energy in disguise; the first term equals
-F, and the second term is the kinetic energy. Assume that

oS ih 0 .
=, :1,...,d 85
833]‘ ¢ Ba:j J ( )
and making the allowance for the complex nature of ¢, we can reformulate (84)
as
h* (o o™
U—-EWy* + — | =— =0, j=1,...,d 86
Wb+ 5 (o) (5 ) =0 d=ted s0)

where * denotes complex conjugation.

The Schrodinger equation is motivated by taking a look at the classical
relation between energy and momentum of particle, quantization is done by
replacing the physical quantities by operators corresponding to them and state
or wave function on which they operate. This corresponding operator for the
energy is given by [21, 24, 31]

. 0%
Theorem 53 Let L be a quantum Lagrangian defined by
. A R RN Tl
(vl v (). 5,57 ) = © - By + NG B

Then the solutions of the Schriodinger equation (83) coincide with the extremals
of the quantum Lagrangian.

Proof. Considering the problem to minimize a functional with the quantum
Lagrangian (88), we obtain from the Euler-Lagrange (20) for the generalized
coordinate *
h2 K 0%
U—-FE)Y— — —5 =0. 89
( Y 2m £~ Ox? (89)
g=1 —J
Substituting (87) into (89), we obtain the time-fractional linear Schrodinger
equation (83). m

Corollary 54 For an autonomous problem with the quantum Lagrangian (88),
we have

U = E)y* (90)

is a constant of motion along all extremals of the Fuler—Lagrange (89).

Proof. As the Lagrangian (88) is autonomous (with respect of ), its invariant
in the sense of Definition 25 under the symmetries (7,, oy ) = (¢;,0), where ¢;
is an arbitrary constant. So, the quantity (90) follows from our Corollary 30. =
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