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1. Introduction

It is well-known that many problems in physics, economics, mechanics and calculus of variations can be
formulated using integral functionals and that many real life phenomena are characterized by functions that are
not differentiable in the classical sense. In the literature there are different approaches to deal with the non-
differentiability of the admissible functions in problems involving integral functionals. In this paper, we are
concerned with the quantum approach.

The word quantum is usually referred to the smallest discrete quantity of some physical property and it comes
from the Latin word “quantus”, which literally means how many. The quantum calculus is usually referred in
mathematics as the calculus without limits and it replaces the classical derivative by a difference operator. One type
of quantum differential operator is the Hahn quantum derivative introduced in 1949 by Hahn [13]. This operator
has been a useful tool in the construction of ortogonal polynomials and in approximation problems [5, 12, 18, 23].

The Hahn calculus has its begining only in 2009 with the Ph.D. thesis of Aldwoah [1], where the author solved an
open problem with 60 years: the construction of the inverse operator of Hahn’s derivative and the development of
the calculus associated with this operator. One year later, the Hahn variational calculus started with the publication
of Malinowska and Torres [20]. Due to its importance, new results in Hahn quantum variational calculus have been
published in the literature [8, 19]; we also recommend the book [21] for more details on the topic. We refer the
interested reader to [2, 3, 4, 7, 10, 22] for details in calculus of variations based in different quantum operators.
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Recently, Hamza et al. [14] defined the general quantum difference operator by
fFB®) @)
Dslflty =4 PO
[, t=p(),

where §:1 — I is a strictly increasing continuous function with a unique fixed point so € I, where [ is a
subinterval of R, and such that (t — s¢)(8(t) —t) < 0 for all ¢ € I, and developed the general quantum calculus
which generalizes the well-known ¢-quantum calculus (also known in the literature as Jackson’s calculus) [16] and
Hanh’s quantum calculus [9, 13].

The main purpose of this paper is to study different types of variational problems involving the general quantum
difference operator: the basic problem and the isoperimetric problem, with and without fixed boundary conditions,
for problems of the calculus of variations with a Lagrangian that may depend on the endpoints conditions and a
real parameter.

The structure of the paper is as follows. In Section 2 we present the necessary definitions and results for the
general quantum calculus. Our results are given in Section 3: the general quantum Euler-Lagrange equation for
the basic problem (Theorem 11), the transversality conditions for the basic problem with free boundary conditions
(Theorem 15), necessary optimality conditions for the isoperimetric problem (Theorem 18 and Theorem 19) and a
sufficient optimality condition (Theorem 14). To finalize the paper we present some illustrative examples and some
concluding remarks.

t#B(t),

2. Preliminaries

In this section we start with the definition of the general quantum derivative. Let I C R be an interval, f : I — R be
a real function and 5 : I — I be a strictly increasing and continuous function that has a unique fixed point sg €
that satisfies the following inequality:

(t—s0)(B(t)—t) <0 forallt €I, (D)
where the equality holds only if t = s¢. Hamza et al. [14] defined the general quantum difference operator by
fF(B#) = 1)
pslfiy=4 POt
1 (so0) , t=sg

provided that f’ (sg) exists (and is finite) in the usual sense. One says that f is - differentiable on I if f’ (s¢) exists
and we call Dg [f] (t) the S—derivative of f at ¢.

We remark that the general quantum difference operator Ds can also be defined for strictly increasing and
continuous functions 3 that have a unique fixed point sy and satisfy (t — sq) (8 (t) —t) = 0, forall t € I (see [14]).

It is clear that every choice of the function /3 gives a new difference operator and that this operator generalize the
well-known Jackson and Hahn operators: if 3(t) = g¢t, for some ¢ €]0, 1], then we obtain the Jackson ¢-difference
operator [16]; if 8(t) = ¢t + w, for some ¢ €]0,1[ and w > 0, then we obtain the Hahn’s quantum difference
operator [13]. For a general introduction to the g-calculus and the Hahn’s calculus, we refer the reader to the
book [17] and to the Ph.D. thesis [1], respectively.

In the following, we present the notions and results from the general quantum difference calculus that are needed
in this paper. We proceed with some basic properties of the general quantum difference operator.

Theorem 1 ([14])
Let f and g be -differentiable on I and k € R. One has:

L. Dg[f +g](t)=Dg[f](t) + Dgg] (t);

t?éS()
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24 GENERAL QUANTUM VARIATIONAL CALCULUS

5. f(B@) = (
6. If D [f](t) =0,

It is clear that if f is S-differentiable, then f is continuous at sg. We note here that there exist discontinuous
functions that are S-differentiable (for an example see [14]), something that cannot happen in the classical theory
and can be seen as an advantage of the general quantum calculus.

In what follows, let us denote

BFt)=BoBo...op(t) and [O°(t)=t, tel.

k times

al tEIthenf() f(s0),t eI

The following lemma is a useful property of function 3.

Lemma 1 ([14])
The sequence of functions {/3*(t)}xen, converges uniformly to the fixed point sy on every compact interval J C T
containing sg.

Now we present the definition of S—integral.

Definition 2 ([14])
Leta,b e Iand a < b. For f : I — R the -integral of f from a to b is given by

b b a
/f(t)dﬁt: f(t)dﬁtf/ £ (t) dt

+oo

[ 5@t =3 (3 @)= 8 @) £ (8 (@) o e

k=0

where

provided that the series converges at x = ¢ and « = b. f is called J—integrable on I if the series converge at a and
b, forall a,b € I.

The following result is also very useful.

Theorem 3 ([14])
If f — R is continuous at sq € I, then f is S-integrable on 1.

Remark 1
The (S-integral generalizes the Jackson g-integral and the Hahn integral. When § (¢) = gt for ¢ € ]0, 1], we obtain

the Jackson g¢-integral [17]:
b b a
[ roae= [ roae- [ o

x 400
/ f(t)dqt::z:(lfq)quf(qu),xGI.
0 k=0

When 3 (t) = gt + w, for ¢ € ]0, 1[ and w > 0, we obtain the Hahn integral [1]:

where

b b a
/ FWdgat = [ 7t dgut— [ F(t)dgut
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where

T 400
/f(t)dq,th(»’C(l—q)—w)zqkf(quw[k]q),xEL

0 k=0
1— k
and where wy = . iq and [k], = 1 _qq .
The S-integral has the following properties:

Theorem 4 ([14])
Let f,g: I — R be S—integrable on I, a,b,c € I and k € R. Then,

b b b
L[ (f+g9)@)dst= [ [f(t)dst+ [ g(t)dst;
[vosee [ rosae |
2 [ @dst =k [ 10 dat
3. af(t) dgt = 0;
\/a\b a
4. /abf(t)dﬁt=—c/b [ (t) dgt; b
5. / f@® dgt = / f @ dgt+/ f @ dgt.

In what follows, for a given s € I, we denote

[s]5 == {ﬂk (s):ke€Ng}U{so}-
and for s € [a,b] C I,
[avb][i‘ = [a}ﬁ U [b]/gi
[a, b] 5 is called the B-interval with extreme points a and b.
Theorem 5 ([14])

Let f,g: I — R be S-integrable functions on I and let a,b € I such that a < so < b. If |f ()] < ¢g(¢) for all
t € [a,b]4, then

b b
1. /f(t)dﬂt </ g (t)dgt;

S0

2. f (t) dﬁt < —/ g (t) d/gt;

S0

b b
3. /f(t)dﬁt </ g (t) dgt.

Consequently, if g(¢) > 0, for all ¢ € [a, b] 3, then the inequalities

b b
/ g(t)dgt > 0 and / g(t)dst >0

S0 a

hold.

Remark 2
We remark that:

1. The last result is also true if a < sg < bora < sg < b;

Stat., Optim. Inf. Comput. Vol. 6, March 2018



26 GENERAL QUANTUM VARIATIONAL CALCULUS

b
2. It may happens that g > 0 and/ g (t) dgt < 0. For example, for the function g : I — R defined by

A1 for t € [a]g

g(t) =
0 otherwise

for some fixed \; € RT and a > s¢, we have
b foo =
/ gt)dst = Y (B¥(b) =BT (1) g (B (0) = Y (B (a) — B (a)) g (8" (a)

k=0 k=0
= -\ (a - 50) <0.

Hamza et al. also have proven the Fundamental Theorem of S-calculus.

Theorem 6 (Fundamental Theorem of 5—calculus [14])
Let f : I — R be continuous at so. Let F' : I — R be the function defined by

F(z)= / f(t)dgt.
S0
Then, F is continuous at sq. Furthermore, Dg [F] (z) exists for every = € I and

Dy [F](x) = [ (x) .

Conversely, if f is S-differentiable on I, then

b
[ pstn@dst =10~ s @

forall a,b € I.
Next, we present the -integration by parts which is essential to prove our main results.

Theorem 7 (B—integration by parts [14])
If f,g: I — R are S-differentiable and Dy [f] and Dg [g] are continuous at s, then

b b b
[ 10Dsl 0 =1we0] - [ DalfI 0905t aber

The next result is a main tool to obtain necessary optimality conditions for our variational problems.

Lemma 2 (Fundamental lemma of the general quantum variational calculus [14])
Let f : [a,b]g — R be continuous at sg. Then,

b
/ £ ()0 (8(6)) dst =0

for all functions 7 : [a, b]g — IR continuous at so with 17(a) = n(b) = 0if and only if f (¢) = 0 for all ¢ € [a, b] ;.
The following definition and lemma are important for the proofs of our results.
Definition 8

Lets e Iandg: [s]s x |—0,0] — R. We say that g (£, -) is differentiable at 6, uniformly in [s] if for every & > 0
there exists 0 > 0 such that

9(t,0) =g (t bo)

-0
0<10—6p <= 00,

- aZg (t790) <e
forall ¢ € [s]5, where dag denotes the partial derivative of g with respect to the second variable.
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Lemma 3 ([14]) o
Let s €. Assume that g:[s]g x |—0,8] — R is differentiable at 6, uniformly in [s] 5 and that G (9) =

/ g (t,0) dgt, in a neighborhood of 6y, and / 029 (t,60) dgt exist. Then, G is differentiable at §, with
S0 So

G (80) = / D9 (1, 60) dst.
S0

3. Main results

The main objective of this section is to introduce the general quantum variational calculus. For this purpose we
consider the following generalized variational problem:

b
Lly,¢] =/ Lty (B(t),Dslyl (t),y(a),y(b), () dgt — extremize 2

where by extremize we mean minimize or maximize, ¢ is a real parameter, and y € ), where
Y:={y:1—R|yand Dg[y] are bounded on [a,b]; and continuous at s }

endowed with the norm

lyll = sup [y ()] + sup |Dgly](t)].
t€la,bl4 t€la,b] 4
We will consider problem (2) with or without fixed boundary conditions and also with an isoperimetric restriction.
The Lagrangian function L is assumed to satisfy the following hypotheses:

(H1) (uo,ur, u2,us, ug) — L (t,uo, ur, uz,us, uq) is a C* (R®,R) function for any t € I;
H2) t — L (t,y(B(t)),Dsly] (t),y(a),y(d), () is continuous at s, for any y € V;
(H3) functions t — 0;+2L (¢t,y (B(t)), Ds [y] (t),y(a),y(d),(),i =0,1,...,4 belong to Y, forall y € V;

where 0; L denotes the partial derivative of L with respect to its ith-coordinate.

The motivation to study generalized variational problems where the Lagrangian depends on the state values can
be found in economics problems ([24]); the dependence of a real parameter is important, for example, in physical
problems ([15]).

In Section 3.1 we derive optimality conditions for problem (2) in the class of functions y € ) satisfying the
boundary conditions:

y(a) =aandy(b) =7 3)
for some fixed a,y € R. Then we consider problem (2) without fixed boundary conditions. In this case, two
additional necessary conditions, usually called natural boundary conditions or transversality conditions, are
obtained. Finally, in Section 3.2 we study problem (2) in the class of functions y € ) satisfying the integral
constraint

b
Tly.( = / F(t,y(B(8). Dp [y] (t) . y(a), y(b), ) dst = 7 4

for some 7 € R.

3.1. Generalized quantum variational problems
We begin this section with some basic definitions that are useful in what follows.

Definition 9

We say that y is an admissible function for problem (2) if y € V; y € ) is said an admissible function for problem
(2)-(3) if y satisfies the boundary conditions (3). We say that a function n € ) is an admissibile variation for
problem (2)-(3) if n (a) = n (b) = 0.
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28 GENERAL QUANTUM VARIATIONAL CALCULUS

Definition 10
We say that (y., () is a local minimimizer (resp. local maximizer) for problem (2) ((and (2)-(3)) if y,. is an
admissible function and there exists v > 0 such that

for admissible function y and ¢ € R with ||y, — y|| <~y and | — (| < 7.

In what follows and in order to simplify expressions, we introduce the notation

[y €l () = (6, (B (1)), Ds [v] (8) (@), u(0), ).
Therefore,
b
Lly.() = / L[yl (1) dst.

For an admissible variation 7, an admissible function y, a real parameter ¢, and a real §, we define the function
¢ :]—€ € — Rby
o) =Ly+en, ¢+ €d].

The following result is an immediate consequence of Lemma 3.

Lemma 4
For an admissible variation 7, an admissible function y, and ¢ € R, let

g(tie) = Ly +en; ¢+ edly ()
for € € |—€, €[. Assume that:
(i) g (t,-) is differentiable at 0 uniformly in [a, b] 5;

a b
(i) / Ly + en; ¢ + €d] 5 (t)dpt and / Ly + en; ¢ + €] 5 (t)dpt exist for € in a neighborhood of 0;

s0
a b
(iii)/ 3zg(t,0)d5tand/ D29 (t,0) dpt exist.
S0 S0

Then,
b
o' 0) = [ (9L lriCly ()1 (3 () + AL lyicl, (1) - Ds [ 1)

a

4L [y; (] 5 (1) - n(a) + 05 L [y; (g (1) - 1(b) + F6 L [y; ¢l g - 5) dgt.

We can now prove a necessary condition for an admissible pair (y.,(.) to be a local extremizer of problem

2)-03).

Theorem 11 (General quantum Euler-Lagrange equation)
Under hypotheses (H1)-(H3) and (i)-(iii) of Lemma 4 on the Lagrangian function L, if the pair (y., (.) is a local
extremizer for problem (2)-(3), then (y., ,) satisfies the 5-Euler-Lagrange equation

Dg[05L] [y; Clg (t) = 0L [y: Clg (1), t € [a,blg 5)

and

b
/ 9oL [y; Cl (£) dst = 0. ©)
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Proof
Let (y., ¢«) be a local extremizer for problem (2)-(3),  an admissible variation and 6 € R. A necessary condition
for (y., («) to be an extremizer is given by ¢’ (0) = 0. Therefore, by Lemma 4,

b
| (BeLl3sl, (@ n (B () + L i .y 1) D i 0
FOUL 023 Gl (1) n(a) + D5 [yes . (1) - m(8) + D6 [ G, - ) gt = 0.

Using S-integration by parts and observing that n(a) = n(b) = 0, we obtain

b b
| L1l 0 D] (@) dat = 0L iy (00| — [ Da[0uL] sG], () (5 1) ot

_ / Dg [05L] [ys: Gl (8) -0 (B (1) dt

and therefore

b b
[ (L1031, 0 = Do 0T sl (0 0 5 () dat + [ L i, () -5t =0,
Taking 6 = 0 and using the arbitrariness of 7, we can conclude by Lemma 2, that

Do 3 Gl () — D [05L] [y: Gl (8) = 0,

forallt € [a,b] 5- Taking the admissible variation to be null we obtain

/b86L [yx; Cul 5 (8) - 6 dt = 0
and, by the arbitrariness of §, we get ,
/ OL [y: Gl (1) dgt = 0,
as intended. ) O

In the particular case where the Lagrangian function L does not depend on the state values y(a) and y(b), and on
the real parameter ¢, we obtain the following necessary optimality condition for the simplest variational problem,
where the Lagrangian L satisfies conditions (H1)-(H3) and (i)-(iii) of Lemma 4, adapted to the case where L
depends only on the arguments (¢, y(5(t)), Dg [y] (t)).

Corollary 1
If 4. is a local extremizer to problem

b
Ll = [ L(.y(5(0).Ds ) () dat — estremize
satisfying the boundary conditions (3), then y. satisfies the Euler-Lagrange equation

Dy [0sL] (t,y (B (1)), D lyl (t)) = G2 L (t,y (B (1)), Dp [y) (1)) @)
forall ¢ € [a, b] 5.

Remark 3
If we specify the function § and consider the simplest problem of calculus of variations, we obtain the following
necessary optimality conditions, proven in [6] and [20], respectively:
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30 GENERAL QUANTUM VARIATIONAL CALCULUS

1. if B (t) = qt, for q € ]0, 1], then we obtain the ¢-Euler-Lagrange equation

OaL(t,y (qt) , Dalyl(t)) = Dy[05L1(t,y (at)) , Dqly)(1));

2. if B (t) = gt + w, for ¢ € ]0,1[ and w > 0, then we obtain the Hahn’s quantum Euler-Lagrange equation

OaL(t,y (gt + W), Dgw[yl(t)) = Dg,w[03L](ty (gt + w), Dy, [y](2))-

Definition 12
We say that a pair (y, ¢) is an extremal to problem (2)-(3) if (y, ¢) satisfies the 3-Euler-Lagrange equation (5) and
condition (6).

In order to prove a sufficient optimality condition for problem (2)-(3), that is useful in the search of extremizers,
we introduce the following definition.

Definition 13
Given a function L: I x R® — R, we say that L (t,uq,...,us) is jointly convex (resp. jointly concave) in
(ug, ..., uq) if and only if 9;L, i = 2, ..., 6, are continuous and satisfy the following condition:

6
L(t,U()+ﬂ0,...7U4+ﬂ4)—L(t,uO,...7U4) > Z@iL(t,uo,...,u4)ﬂi,2
(resp. <) ;55

for all (t,’LL(), R 711,4), (t, Uy + UQ, ..., Ug +ﬂ4) S [CL, b]ﬁ x R®,

Theorem 14 (Sufficient optimality condition)
Suppose that a < sp < b or a < s9 <b and let L (¢, up,...,us) be jointly convex (resp. jointly concave) in
(ug,...,uq). If (ys,(s) is an extremal, then (y., () is a global minimizer (resp. global maximizer) to problem

2)-03).

Proof
Without loss of generality, let us consider that L is jointly convex in (ug, . .., u4). For any admissible variation 7
and 6 € R, it follows that

E[y* +777C* +5] —ﬁ[y*,C*}

b
- / (L [ye 477G+ 8], (8) — Ll Gl (1)) dst

b
> [ (0L iy 00 (5(0) + BL [yl () Dalal ()
L [y Gy (0 0(a) + O5L [y Gl () m(b) + DL [y G (4 8) dt.

Using integration by parts, the fact that n(a) = n(b) = 0 and observing that (y., (.) satisfies the 5-Euler-Lagrange
equation and condition (6), we get

as intended. O

Remark 4
We emphasize that condition a < sp < bor a < sg < b is mandatory in Theorem 14 in order to apply Theorem 5.

Another important question is to find optimality conditions that extremals has to satisfy in the case we have no
boundary constraints on the set of admissible functions.
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Theorem 15 (Natural boundary conditions)
Under hypotheses (H1)-(H3) and (i)-(iii) of Lemma 4 on the Lagrangian function L, if the pair (y.,,) is a local
extremizer for problem (2), then (y., (. ) satisfies the S-Euler-Lagrange equation (5) and condition (6). Moreover,

1. if y (a) is free, then the natural boundary condition

OsL [ys; Gl 5 /84L Yu; Gl g (1) dgt

holds;
2. if y (b) is free, then the natural boundary condition

3L [y.: Gl g /35 [y«; Gl 5 () dat

holds.

Proof
Letn € Y and 0 € R be arbitrary. A necessary condition for (y., () to be an extremizer is given by

¢’ (0)=0
where ¢(e) = L]y« + en, (« + €d]. By Lemma 4, we conclude that

b
| (@aL sl (0 n (B () + 0aL i Gy (- D 1)

UL [yes Gl (8)1(0) + D5 [y Gl (8) (D) + BT [ye3 G, (1) - 8) dgt = 0

and using integration by parts we obtain

b

b
L lyi Gy (1) ()| + / (022 1951, (1) — D [051) g3 G (1) ) ot

a

b
[ (0L sl () 10) + L s Ly (1) ) ot

b
+/ 6L [yu: Gl (1) - 8 dst = 0.

Since no boundary conditions are imposed, 1 do not need to vanish at the endpoints. However, this last equation
must be satisfied for all 7 € } and in particular for the functions that do vanish at the endpoints. Using the same
arguments used in the proof of Theorem 5 we conclude that (y., (.) satisfies the general Euler-Lagrange equation

OaL [y; Gl (1) = D [03L] [y Gl g (1), T € [a,b]g
b
and condition / 96 L [y«:Cil g (t) dgt = 0.
1. Suppose that y(a) is free. If y(b) is fixed, then n(b) = 0; if y(b) is free then we can restrict to all functions

1 € Y such that n(b) = 0. In this case, using general quantum Euler-Lagrange equation and taking § = 0, we
conclude that

OsL [y*,C*} /64 y*7C* () U(a)dﬁt-

From the arbitrariness of 7 it follows that
b
OuLlyi Gy (@) = [ DAL fyiC.ly (0) dt.
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32 GENERAL QUANTUM VARIATIONAL CALCULUS

2. Suppose that y(b) is free. If y(a) is fixed, then n(a) = 0; if y(a) is free then we can restrict to all functions
n € Y such that n(a) = 0. In this case, using general quantum Euler-Lagrange equation and choosing § = 0,

it follows that O3 L [y*,C* / OsL y*,C* (t) dgt.

The proof is complete. U

For the special case where (5(t) = ¢t + w, for some ¢ €]0, 1[ and w > 0, and the Lagrangian L does not depend
on the real parameter ¢, we obtain the following result of the Hahn variational calculus, where we suppose that L
satisfies conditions (H1)-(H3) and (i)-(iii) of Lemma 4 adapted for the case that L depends only on the arguments
(t,y (gt +w), Dqwly](t),y(a),y(b)). In order to simplify the expressions, we denote

[W],0 @) =ty (¢t +w), Dy olyl(t),y(a), y(b))

and
[a,b]q. = {q"a+wnlg} U{qg"b+wln]s} U{wo}
(see Remark 1 for more details).

Corollary 2 ([19])
If y. is a local extremizer for problem (2), then y, satisfies the quantum Euler-Lagrange equation

aQL [y]q,w (t) = Dq,w[al’»L] [y]q,w (t)v te [a’a b]q,w
Moreover,

1. if y (a) is free, then the natural boundary condition

OsL / O4L q W (1) dg ot
holds;

2. if y (b) is free, then the natural boundary condition

b
0L, ) =~ [ B5Lll (0 dyot
holds.
In the particular case where the Lagrangian function L does not depend on the state values y(a) and y(b), and

on the real parameter ¢, and under appropriate assumptions on the Lagrangian, we obtain the following necessary
optimality conditions.

Corollary 3
If y, is a local extremizer to problem

b
£l = [ L (3(0).Ds b (0) dst — extremize,
then y, satisfies the Euler-Lagrange equation

Dy [03L] (t,y (B(1)), Dg [yl (8)) = G2 L (t,y (B (1)), Dp [y] (1))

forall t € [a,b]5 and

Stat., Optim. Inf. Comput. Vol. 6, March 2018



ARTUR M. C. BRITO DA CRUZ AND NATALIA MARTINS 33

1. if y (a) is free, then the natural boundary condition

3L (t,y (B (1), Dslyl () (a) =0

holds;
2. if y (b) is free, then the natural boundary condition

9Lty (B(1),Dalyl (1) (b) =0
holds.

Remark 5
Note that the sufficient condition for optimality presented in Theorem 14 is still valid for variational problems with
free boundary conditions.

3.2. Generalized quantum isoperimetric problems

In this section we consider problem (2) when we are in presence of an integral constraint. This kind of variational
problems is know in the literature as isoperimetric problems. The problem that consist in the search of a closed
plane curve of a given perimeter which encloses the greatest area is a well-known example of an isoperimetric
problem.

The quantum isoperimetric problem that we consider here consists in extremizing the functional

b
Ll ¢l = / L(t,y (8 (1)), Dy ] () y(a), y(b). ) dt ®)

in the class of functions y € Y satisfying the boundary conditions (3) and the integral constraint

b
Ty, ] =/ F(t,y(B(t),Dslyl(t),y(a),y(d),()dst =7 )

for some fixed value 7 € R.
Before presenting necessary optimality conditions for such kind of variational problems, we first give some basic
definitions.

Definition 16

We say that a pair (y., () is a local minimizer (resp. local maximizer) to the isoperimetric problem (8)-(9) if
there exists v > 0 such that £ [y., (] < L[y, (] (resp. L [ys, (] = L[y, ¢]) for all functions y € Y and all { € R
satisfying the integral constraint (9) with |ly. — y|| < v and |, — ¢| < 7.

Definition 17

We say that (y, () is a normal extremizer to the isoperimetric problem (8)-(9) if (v, () is a local extremizer to
problem (8)-(9) that is not an extremal to functional Z; if (y, ¢) is a local extremizer and an extremal to functional
7 we say that (y, ¢) is an abnormal extremizer.

Now we are ready to prove necessary optimality conditions for isoperimetric problems, with and without fixed
boundary conditions, for the particular case of normal extremizers.

Theorem 18 (Necessary optimality conditions for normal extremizers to isoperimetric problems)

Let us suppose that L and F satisfy hypotheses (H1)-(H3) and (i)-(iii) of Lemma 4. If (y., . ) is a normal extremizer
to the isoperimetric problem (8)-(9), then there exists a real number A € R such that (y., (. ) satisfies the following
conditions

oH [y; ¢l (t) = Dg [0sH] [y;: ]5 (t) . t € [a,blg
and

b
/ 96H [y; (5 (1) dat = 0,
where H = L — A\F. Moreover,
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1. if y(a) is free, then \
Ol 1l (@) = [ 00 sl (1) dots
2. if y(b) is free, then
05 H [y«; ¢l / O5H [ys; Gl g () dpt.

Proof
Let us suppose that (y., () is a normal extremizer for the isoperimetric problem (8)-(9). Let us define two real
functions ¢, : R? — R by

o (e1,62) = L[y« +e1m +e2ma, (e + €101 + £209]
Ve, e2) = Tlys +e1m +eama, G + €101 +€202] — 7,

where 7)1 is an arbitrary variation, 7, is a fixed variation (that we will choose later), §; is an arbitrary real number
and 95 is a fixed real number (that we will choose later).
Note that

b
00 0.0) = [ (0aF Iy 10w (510) + 0F D G 1) D ) 0
+04F [y, ] (t) - m2 (@) + O5F [y.; ] (2) - m2 ()
+0 F [?ﬁk»(*]( ) )dﬁt

Using integration by parts formula we get that

924 (0,0)

b
| (0P 61 () = Ds 0aF) 5.l (0)) e (3 1) ot

b
b [ (OF G 0 @)+ O6F [0 (€)1 0) + 96 [0, (1) - 02 dt
+ OF [ G (1) 1a(b) ~ 0oF [y G () - ma(a). (10)

Since (y«, () is not an extremal of Z, then it can happen three cases:
i) O2F [ Gl (1) # Dy [05F) [y ol (1) and / B6F [y23 Gl (1) dat = O;
(i) OF [y2; Gl (1) = Dy [5F) [ Cu], (1) and / B6F [yl () dot £ 0;

(iii) o F [ye: Gl () # D [05F) [y: G 5 (1) and / D6 F [y: ] () dst # 0.

Let us suppose we are in case (i). If we restrict 7, to those functions such that 75 (a) = 72(b) = 0, we get from
(10) that

020 0,0) = [ (0F 13231, () = Ds uF] [136.1, 1)) -2 (5 () .

Since OoF [y;Cilg (1) — D [03F] [ys; (] () # 0, then we can choose 72 such that 0,9 (0,0) # 0. Since
1 (0,0) = 0, then by the Implicit Function Theorem there exists a function h, defined in a neighborhood V' of
0 such that h (0) = 0 and v (¢1,h (¢1)) = 0 for any 1 € V. This means that there exists a family of pairs (y, ()

where
Y =Ys + 1 + h(e1)n2
(= (o4 €101+ h(er)ds
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that satisfies the isoperimetric constraint. Moreover, (0, 0) is an extremizer of ¢ subject to the constraint ¢ = 0 and
V4 (0,0) # (0,0) . Therefore, there is a Lagrange multiplier A € R such that

V6 (0,0) = AV (0,0) .

Restricting 7; to those such that 71 (a) = 11 (b) = 0 we conclude that

b
010(0.0) = [ (9L [1:3G.1, () = D 0L i . () (B () dt

and )
D1 (0,0) = / (0 [1:5¢.)5 (6) = D [05F] 93 G5 (8) ) - (B (1)) dt.

Therefore

b
[ (@eL 1551, (0 = Da a1 23 G (0) = MO [y 1. (0 = Dy [00F) .y () 1 (5 (0) st =
and Lemma 2 proves that

DL [y Gl (8) = Dp [03 L] [yw; Gl g (8) = A0 F [ya; G (£) — D [03F] [y; €5 (1))

forall ¢ € [a,b] 5. Then
92 H [y.; Gl g (1) = D [03H] [y« G g (1)

for H=L — AF and all t € [a, D] - proving that H satisfies the general quantum Euler-Lagrange equation.
Since, by hypothesis,

b b
/ BoL [y Cly (st =0 and [ 06F [ya: ], (1) dat =0

a

then it is obvious that )
/ 86H [y*; C*]ﬁ (t) dﬁt =0.

Let us now consider the case (ii). If in equality (10) we restrict ), to those such that 1, (a) = 72(b) = 0 we get

b
Since .
[ s sl st 0

we can choose d5 such that 921 (0,0) # 0. Applying the Implicit Function Theorem and the Lagrange multiplier
rule, is possible to prove that there exists a real constant A such that for H = L — AF, we have

b
/ 96 H y.; C]p dst = 0.

Since,

D F [ys5Clg (1) — D [03F] [y:; Gl (8) =0, t € [a, 0]
and

9oL [y C*]g (t) = Dg [03L] [ys; C*]ﬁ (t)=0, te [avb]ﬁ
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it follows that
0o H [y*§<*]ﬁ (t) - Dﬂ [83H] [y*§ C*]ﬁ (t) =0, te€ [aﬂb}ﬁ .

Finally, suppose we are in case (iii). The proof that (y., (,) satisfies the Euler-Lagrange equation with respect

to H is similar to the case (i), if we consider in this case do = 0. The proof that (y., (.) satisfies the equality
b

96 H [y; (] 5 (t) dgt = 0 is similar to the case (ii), considering here 7 = 0.

a
Now we will prove the natural boundary conditions.

1. Suppose that y(a) is free. If y(b) is fixed, then 7, (b) = 0; if y(b) is free then we can restrict to all functions
71 € Y such that 1y (b) = 0. Therefore,

b
ammm:/(&mm@bwaM%mmm%uwwnw@mm

b
[ (L sl () me) + O0L 6., 02 )t
0L [p3G5 (@) - (0)

and
05 0,0) = [ (00F i G, (1) = Dy 0aF) i .y () (B () dt

+ /ab (34F [y« Gl g (8) - mila) + 06 F [ys; Gl g - 52) dgt

— 0sF [y.; Gl (@) -mi (a) .
Since V¢ (0,0) = AV (0,0), H satisfies the general quantum Euler-Lagrange equation and
/b O6H [ys; (il (t) dgt = 0, then

b
O3H [y2: Gl (@) - (a) = / OuH [yo: C.], (£) - (a) dgt.

From the arbitrariness of 7, it follows that

b
BsH [ye; C.] s (a) = / O4H [ya; Gl (1) dt.

2. Suppose now that y(b) is free. Using similar arguments as the ones used in 1. we prove that

b
%H@@m@=—/QMH%@mw%t

The proof is complete. O

The previous result can be generalized for the case of abnormal extremizers to isoperimetric problems as follows.

Theorem 19 (Necessary optimality conditions for normal and abnormal extremizers to isoperimetric problems)
Let us suppose that L and F' satisfy hypotheses (H1)-(H3) and (i)-(iii) of Lemma 4. If (y., (,) is an extremizer to
the isoperimetric problem (8)-(9), then there exist two constants Ay, A € R, not both zero, such that (y,, () satifies
the conditions

9. H [%dg (t) = Dy [0sH] [?J%C]g t), tela, b]ﬁ
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and ,
/a O6H [y: Cl (£) dist = 0,
where H = \gL — AF. Moreover,
1. if y(a) is free, then
93H [y«; Gelg / OuH [y.; g (1) dt;
2. if y(b) is free, then

OsH [y.: G, / OsH [ya; C.], (1) dist.

Proof

The proof is similar to the proof of Theorem 18, but in this case we apply the abnormal Lagrange multiplier rule.
This result ensures the existence of two constants ¢ and A, not both zero, such that AgV¢ (0,0) = AV (0,0).
The rest of the proof is straightforward, so it will be omitted. O

In the case where L and F' do not depend on y(a), y(b) and (, and under appropriate assumptions on those
functions L and F', we obtain the following result for the simplest quantum isoperimetric problem.

Corollary 4
If y. is a local extremizer to problem

b
Ly = / L(t,y(B(t)),Dgly] (t)) dst — extremize,

subject to the integral constraint

b
Il =/ F(ty(8(1)), Dy ly) (1) dot = 7, (1

then there exist two constants Ao, A € R, not both zero, such that y.. satisfies the quantum Euler-Lagrange equation

0o H (t,y(8(1)), D [yl (1)) = Dg [0 H] (¢, y(5(1)), D [y (2))
forall ¢ € [a,b]5, where H = AgL — AF. Moreover,

1. if y(a) is free, then 95 H (a,y(5(a)), Dg [y] (a)) = 0;
2. if y(b) is free, then 95 H (b, y(5(b)), D [y] (b)) = 0.

Remark 6
Again, if we restrict ourselves to the particular case where 3(t) = gt + w, for some ¢ €]0, 1] and w > 0, Theorem
29 and Theorem 30 generalize, respectively, Theorem 3.9 and Theorem 3.10 of [19] for the Hahn calculus of
variations.

4. Tllustrative examples

In this section we present some examples in order to illustrate our results. Although, to the best of our knowledge, a
general result guarantying the existence of solutions of nonlinear second order S-difference equations, as well as a
method to construct these solutions, have not yet been presented, we show here one example where it is possible to
exhibit one solution to this kind of difference equations. For the particular case of second order linear homogeneous
[-difference equations with constant coefficients, we refer the reader to [11] for the general solution.
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Example 1

Consider 3(t) = Int + 1, where I = [1, +o00[. We remark that § is a strictly increasing and continuous function
that has a unique fixed point that is so = 1. Moreover, (3 satisfies inequality (1) where the equality holds only if
t = so. Note also that 5(t) < t for all t € I. Consider the following problem

3
cly) = / (Dalu))? — 1)2 - (4(B(®)))? dst — minimize

over all y € Y satisfying the boundary conditions y(1) = 0 and y(3) = 3.
The quantum Euler-Lagrange equation (7) takes the form

2Ds {((Dﬂ[y](ﬂf - 1) (y(B(t)))* - Dsly](®) | (1) = y(B(D)) - ((Dﬁ[y}(t)f - 1)2. (12)
Consider
0 if te[l,2
Yy« (t) =
t if ¢ €]2,4o0f.
Note that
0 if te1,2
Dgly.)(t) =3 =k if t>2AB(1) <2

1 it t>2A8()>2
and therefore y, is an admissible function satisfying (12) (we remark that for all ¢ such that ¢ > 2 and 5(¢) < 2,

y(B(1)) = 0).

Noting that sg = 1, we can conclude by Theorem 5 that L[y] > 0. Since L[y.] = 0, it follows that y, is indeed a
minimizer. Note that the minimizer y, is not continuous while in the classical calculus of variations we deal with
functions that are necessarily continuous.

Example 2
Let 8 : R — R be such that 3 (t) = gt + w for ¢ € |0, 1[ and w > 0. We remark that 3 has a unique fixed point that

is 59 = 1L Consider the following problem

Ly, (] = /0 Lly; t] g dgt — minimize
where
Lly; s = 2y(qt +w) + (Dg [y] (1)) + (y(1) = 2)* + (1 = ¢)*

in the class of admissible functions y € ) that satisfy the boundary condition y(0) = 0. If (y., () is a local
minimizer to this problem, then, by Theorem 15, (y., () satisfies the following conditions:

(1) Dgl0sL] [y« Culg (8) = 0oL [ys; Gl g (t) = D [Dplya]] (£) = 15

() [ OuLlicly (st =0 ¢ =1
0
(i) OsL [ya: G, (1) = / O5L [y Gy (£) dst & Dy ](1) =2 — pa(1).

It is easy to check that
1, w
(1) = t — —c|t+d
y-(1) qg+1 <q+1 >
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where ¢, d € R, is a solution to the Euler-Lagrange equation given in (). Since y.(0) = 0, we conclude that d = 0.
Observing that

1 w
Dsly(t) = —— (t+ gt — = —¢),
(0 = ) - (2 )
then the natural boundary condition (ii7) gives

q+w
2(q+1)

yo(t) = — t2—< w__ _gtw )t

q+1 g+1 2(g+1)

is a candidate to be a local minimizer for the problem. Moreover, since the Lagrangian function is jointly convex,
Theorem 14 guarantees that (y., 1) is a global minimizer.

Hence, the pair (y., 1) where

Example 3
Suppose now that we want to minimize the following functional

£l.0) = [ (20(at+9)+ (D5 0] (0)° + 570 + (1) =27 + (1= OF) ot

where 3 (t) = gt + w for ¢ € ]0, 1] and w > 0, in the class of admissible functions y € Y and ¢ € R.
If (y«, ¢s) is a local minimizer to this problem, then, by Theorem 15, we conclude that:

(1) Dp[0sL] [y+; Culp (t) = 2L [y« Gl (1) & D [Dply]] (1) = 1;
.o 1
(i) / O6L 3 €] (1) dist = 05

(i) O5LlyiCly (1) = - / 051y G, (1) dt.
0
Again, it is easy to check that

1
L(1) = 2 — t+d
y() q+1 <q+1 >

where ¢, d € R, is a solution to the Euler-Lagrange equation given in (¢). In order to determine the values of ¢, d, (.
we will use condition (4¢) and the natural boundary conditions (7i7) — (iv). Using condition (i7) we conclude that

d?+2

G = 9

3

The natural boundary condition (#i7) allows us to conclude that ¢ = . Finally, using the natural boundary

d*+2
condition (iv) we get that d(d? + 3) = % Hence, the pair <y*, ;), where
q

1, w d +2d 2 q+w
W(t) = t* — - t+d and d(d”+3
e (q+1 2 ) @3 =05r

is a candidate to be a local minimizer for the problem. Note that if we restrict our problem for the case where the

parameter ¢ belongs to R, then the Lagrangian function L is jointly convex, and therefore, from Theorem 14, we
2

can conclude that <y*, > is a global minimizer.
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5. Conclusion and perspectives

In this paper we introduced the quantum variational calculus based on the general quantum differential operator Djg.
We proved necessary optimality conditions of Euler-Lagrange type and natural boundary conditions for generalized
problems of the calculus of variations where the Lagrangian function not only depend on time ¢ € [a, b], function
y and the quantum derivative Dgly], but also on a real parameter ¢ and the state values y(a) and y(b). We also
provided a sufficient optimality condition.

There is still a lot of work to do in order to develop this new variational calculus. For example, one interesting
direction is to extend our results to the higher-order case. In our opinion, the main difficulty is to prove the higher-
order fundamental lemma of the calculus of variations because of the generality of the function 3 (see Lemma 3.8
of [8] for the particular case of Hahn’s variational calculus). Another open question is to consider problems of the
general quantum variational calculus with time delay. Here, the main difficulty is that the chain rule, as known
from classical calculus, does not hold for the general quantum derivative.
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