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Abstract. The discrete, the quantum, and the continuous calculus of variations, have been recently unified and extended
by using the theory of time scales. Such unification and extension is, however, not unique, and two approaches are
followed in the literature: one dealing with minimization of delta integrals; the other dealing with minimization of nabla
integrals. Here we review a more general approach to the calculus of variations on time scales that allows to obtain both

delta and nabla results as particular cases.
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1 Introduction

The calculus on time scales is a recent field introduced by
B. Aulbach and S. Hilger in order to unify the theories of
difference and differential equations [8, 28]. It has found
applications in several contexts that require simultaneous
modeling of discrete and continuous data, and is nowa-
days under strong current research in areas as diverse
as control of population, quantum calculus, economics,
communication networks and robotic control (see [1, 46]
and references therein). The area of the calculus of vari-
ations on time scales, which we are concerned here, is in
its beginning and is a fertile area of research [20]. As par-
ticular cases, one gets the classical calculus of variations
[23], the discrete-time calculus of variations [30], and the
g-calculus of variations [9].

The calculus of variations on time scales was intro-
duced in 2004 by M. Bohner using the delta derivative
and integral [12], and has been since then further devel-
oped by several different authors in several different di-
rections [2, 11, 21, 22, 33, 34]. In all these works, the
integral functional to be extremized has the form

b
JA@):/ L(t,y°(t),y (1)) At. (1)

Motivated by applications in economics [4, 7], a differ-
ent formulation for the problems of the calculus of vari-
ations on time scales has been considered, which involve
a functional with a nabla derivative and a nabla integral
[3, 6, 43]:

b
Toy) = / Lty () V. @

Formulations (1) and (2) are good in the sense that re-
sults obtained via delta and nabla approaches are similar
among them and similar to the classical results of the cal-
culus of variations. An example of this is given by the
time scale versions of the Euler—Lagrange equations: if
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y € C% is an extremizer of (1), then y satisfies the delta-
differential equation

SOL (L5 (0.5°0) = BL (L7 (0.50) O

forallt € [a, b]"””2 [12];if y € CZ is an extremizer of (2),
then y satisfies the nabla-differential equation

%03!3 (t,y° (1), yV () = 0oL (t,y°(t),y" (1)) (4

for all ¢ € [a,b],2 [43], where we use 0; L to denote the
standard partial derivative of L(,-,) with respect to its
ith variable, ¢ = 1,2, 3. In the classical context T = R
one has

b

Isw) =T = [ Loy o) ©)
a

and both (3) and (4) coincide with the standard Euler—

Lagrange equation: if y € C? is an extremizer of the

integral functional (5), then

SOL (1,30, (1) = %L (t,(0), /(1)

for all ¢ € [a, b]. However, the problems of extremizing
(1) and (2) are intrinsically different, in the sense that is
not possible to obtain the nabla results as corollaries of
the delta ones and vice versa. Indeed, if admissible func-
tions ¥ are of class C? then (cf. [27])

b
Ialy) = / L(tyo(t),y™(t)) At

while
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and one easily see that functionals (1) and (2) have a dif-
ferent nature and are not compatible with each other.

In this paper we consider the more general delta-nabla
formulation of the calculus of variations introduced in
[37] and further developed in [24, 25, 26, 38], that in-
cludes, as trivial examples, the problems with function-
als Ja(y) and Jv(y) that have been previously stud-
ied in the literature of time scales. For a different ap-
proach, based on the concept of duality [17], we refer the
reader to [42, 44, 45]. One of the main results provide
an Euler-Lagrange necessary optimality type condition
for the more general integral functional J we are pro-
moting here (Section 3.1). As straight corollaries we ob-
tain both delta- and nabla-differential equations (3) and
(4). Natural boundary conditions and necessary optimal-
ity conditions for delta-nabla isoperimetric problems of
the calculus of variations are obtained as well (Sections
3.2 and 3.3, respectively). Simple illustrative examples
on the application of the results are given in detail.

Let T be a given time scale with a,b € T, a < b,
and (T \ {a,b}) N [a,b] # 0; La(-,-,-) and Ly(-,-,")
be two given smooth functions from T x R2 to R. The
results here discussed are trivially generalized for admis-
sible functions y : T — R™ but for simplicity of presen-
tation we restrict ourselves to the scalar case n = 1. We
consider the delta-nabla integral functional

b b
Ty) = ( / LA[yMt)At)o( / Lv{y}(f)Vt>

ba b (6)
- / / Lalyl(t) - Ly {y} () AtV

where, for simplicity of notation, we use the operators [']
and {-} defined by

Note that with the new operators we write (1) and (2) as

b
Taly) = / Lalyl(t)At,

b
Tely) = / Ly{y}(t)Vt.

Remark 1. In the particular case Ly = ﬁ functional

(6) reduces to (1) (i.e., J(y) = JTa(y)); in the partic-

ular case La = % functional (6) reduces to (2) (i.e.,

T (y) = TIv(y))- "

Our main goal is to answer the following question:
What is the Euler-Lagrange equation for J(y) defined
by (6)?

2 The time scales calculus

The aim of the calculus on time scales is to unify con-
tinuous and discrete analysis into a general theory. The
motivation for such general theory is rooted in the fact
that many results concerning differential equations carry
over quite easily to corresponding results for difference
equations, while other results seem to be very different
from continuous counterparts. The unification and exten-
sion given by the theory of time scales helps to explain
such similarities and discrepancies.

In this section we introduce the basic definitions and
results that will be needed in the sequel. For a more gen-
eral presentation of the theory of time scales and detailed
proofs, we refer the reader to the books [14, 15, 31].

As usual, R, Z, and N denote, respectively, the set of
real, integer, and natural numbers.

2.1 The delta calculus

A time scale T is an arbitrary nonempty closed subset of
R. Besides standard cases of R (continuous time) and
Z (discrete time), many different models of time may be
used, e.g., the h-numbers (T = hZ := {hz | z € Z},
where h > 0 is a fixed real number) and the g-numbers
(T =¢" := {¢* | k € No}, where ¢ > 1 is a fixed real
number). We assume that a time scale T has the topology
that it inherits from the real numbers with the standard
topology. For each time scale T the following operators
are used:

o the forward jump operator o : T — T, defined by
o(t) =1inf{s € T : s > t} fort # supT and
o(supT) =sup T ifsup T < 4o0;

o the backward jump operator p : T — T, defined
by p(t) :=sup{s € T: s < t} fort # inf T and
p(inf T) = inf T if inf T > —ooc;

e the forward graininess function p : T — [0, 00),
defined by pu(t) := o(t) — t;

e the backward graininess function v : T — [0, 00),
defined by v(t) =t — p(t).

Example 1. If T = R, then for any t € T o(t) =
p(t) = tand p(t) = v(t) = 0. If T = hZ, h > 0,
then for everyt € T o(t) = t+ h, p(t) =t — h, and
w(t) = v(t) = h. On the other hand, if T = ¢"°, ¢ > 1,
then we have o(t) = qt, p(t) = q~'t, u(t) = (¢ — 1)t,
andv(t) = (1 —q Ht.

A point t € T is called right-dense, right-scattered,
left-dense or left-scattered if o(t) = t,o(t) > t, p(t) = ¢,
and p(t) < t, respectively. We say that ¢ is isolated if
p(t) <t < o(t), thattis dense if p(t) =t = o(t).

If sup T is finite and left-scattered, we define T" :=
T\ {sup T}, otherwise T* := T.



D.E.M. Torres: The variational calculus on time scales 13

Definition 1. We say that a function f : T — R is delta
differentiable at t € T* if there exists a number f>(t)
such that for all ¢ > 0 there is a neighborhood U of t
such that

(1)) = f(s) = F2()(a(t) = 5)| < elo(t) — s

forall s € U. We call f~(t) the delta derivative of f at
t and f is said delta differentiable on T* provided f*(t)
exists for all t € T".

Remark 2. Ift € T \ T%, then f2(t) is not uniquely
defined, since for such a point t, small neighborhoods U
of t consist only of t and, besides, we have o(t) = t. For
this reason, maximal left-scattered points are omitted in
Definition 1.

Note that in right-dense points

s—t t—s ’

provided this limit exists, and in right-scattered points

provided f is continuous at ¢.

Example 2. If T = R, then f : R — R is delta differ-
entiable at t € R if and only if f is differentiable in the
ordinary sense at t. Then, f~(t) = f'(t). If T = hZ,
h > 0, then f : Z — R is always delta diﬁferentiable
at every t € 7 with f2(t) = M IfT =

q > 1, then f2(t) = Ha)—I®) o e get the usual q-
derivative of quantum calcu;us [29]. For a more general
quantum calculus see [16, 39].

Delta derivatives of higher order are defined in the
standard way. Let r € N, T = T, and T* :=
("Jr*’»“) i=1,...,
A" = fand A" = fA. We define the r*'_delta deriva-
tive fA" of f provided f2 " is delta differentiable on

(fN ) T SR

We shall often denote f2 by 2 ~;f if f is a composi-
tion of other functions of ¢t. For f : T — X, where X is
an arbitrary set, we define f := f o o.

For delta differentiable f and g, the next formulas
hold:

r. For convenience we also put

T*" with derivative f& =

fo) = ()+ ul(t) f2(1),
(f9)2(t) = f2(Dg7 () + f(t)g™ (t)
= fA(t)g(t) + f7(t)g (1)
Leta,b € T, a < b. We define the interval [a, b] in T

by
[a,0] :={teT:a<t<b}.

Open intervals, half-open intervals and unbounded inter-
vals in T are defined accordingly.

In order to describe a class of functions that possess
a delta antiderivative, the following definition is intro-
duced:

Definition 2. A function f : T — R is called rd-
continuous if it is continuous at right-dense points in T
and its left-sided limits exist (finite) at left-dense points
in T. We denote the set of all rd-continuous functions
by C% = Cy = Cu(T) = Cu(T;R). The set of
functions f : T — R that are delta differentiable and
whose delta derivative is rd-continuous is denoted by
Cl, = CL(T) = CL(T;R). In general, we say that
fecr,reNiffrfecrt

Definition 3. A function F : T — R is called a delta
antiderivative of f : T — R provided

FA(t) = f(t), VteT~.

In this case we define the delta integral of f from a to b
(a,b € T)by

b
/ F(O)AL = F(b) — F(a).

Theorem 4 (Theorem 1.74 of [14]). Every rd-continuous
function has a delta antiderivative. In particular, if a €
T, then the function F' defined by

:/tf(T)AT, teT,

is a delta antiderivative of f.

Example 3. Let a,b € Twitha < band f € Cy. (i) If
T = R, then f: fAt = f; f(t)dt, where the integral
on the right-hand side is the classical Riemann integral.
(ii) If T = hZ, h > 0, then

b
b b1

[ roar= 3 s
b=t

a

IfT = ¢, ¢ > 1, then

b
[ roai=a-a 3 s
@ t€la,b)
(cf. the usual q-integral of quantum calculus [29]).
Theorem 5 (Theorems 1.75 and 1.77 of [14]). Ifa,b,c €
T,a<c<ba€eR and f,g € Cy(T,R), then

b b b
L[+ amyac= [ s [ gwan

2. /ab af(t)At = a/ab F(B)AL
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3 /abf(t)At: —/baf(t)At;
4 /:f(t)At:O;
s, /:f(t)At:/acf(t)At—&-/cbf(t)At;

b
6. If f(t) > Oforalla <t <b, then/ f)At > 0;

o(t)
7. Ift € T%, then /t F(F)AT = n(t) f(2).

We have presented only the very basic concepts of
the theory of time scales. Nowadays the time scales the-
ory covers nonlinear and higher order dynamic equations,
boundary value problems, dynamic inequalities, sym-
plectic dynamical systems, etc. An analogous theory has
been later developed for the “nabla derivative”, denoted
f V_ which is a generalization of the backward difference
operator from discrete calculus [5, 14]. This is the subject
of our next section. The nabla calculus seems to be par-
ticularly useful as a modeling technique in the calculus of
variations with applications to economics [4, 7, 32].

2.2 The nabla approach

In order to introduce the definition of nabla derivative, we
define a new set T, which is derived from T as follows: if
T has a right-scattered minimum m, then T, = T\ {m};
otherwise, T,, = T. In order to simplify expressions,
and similarly as done with composition with o, we define

fo@) = f(p(t)).

Definition 6. We say that a function f : T — R is nabla
differentiable at t € T, if there is a number fY (t) such
that for all € > 0 there exists a neighborhood U of t such
that

[f2() = f(s) = FY ()(p(t) — )| < elp(t) — 5]

forall s € U. We call fV (t) the nabla derivative of f at
t. Moreover, we say that f is nabla differentiable on T
provided fY (t) exists for all t € T,.

Theorem 7. (Theorem 8.39 in [14]) Let T be a time
scale, f : T — R, and t € Ty. The following holds:

1. If f is nabla differentiable at t, then f is continuous
at t.

2. If f is continuous at t and t is left-scattered, then f
is nabla differentiable at t and

1) = £(p(t))

) === o0

3. If t is left-dense, then f is nabla differentiable at t
if and only if the limit

t .

Lo F0) = 1(5)
s—t t—s

exists as a finite number. In this case,

s—t t—s
4. If f is nabla differentiable at t, then
o) = f) = v fY ().

Remark 3. When T = R, then f : R — R is nabla
differentiable at t € R if and only if

Y (4) — lim L0 = 1(5)
£ = llgi t—s
exists, i.e., if and only if f is differentiable at t in the or-

dinary sense. When T = Z, then f : Z — R is always
nabla differentiable at t € 7. and

f@) — f(p(t))
t—p(t)

i.e., V is the usual backward difference operator defined
by the last equation above. For any time scale T, when
f is a constant, then f¥ = 0; if f(t) = kt for some
constant k, then f¥ = k.

Y@= =ft) - f(t=1) = Vf(),

Theorem 8. (Theorem 8.41 in [14]) Suppose f,g: T —
R are nabla differentiable at t € T,. Then,

1. the sum f + g : T — R is nabla differentiable at t
and

(F+9)V () =fY(t) +g7(t);

2. for any constant o, af : T — R is nabla differen-
tiable at t and

(@f)Y(t) = af¥(t);

3. the product fg : T — R is nabla differentiable at t
and

(FV () = fY(t)gt)+ fo(t)gY(t)
= fY()g°(t) + f(t)g¥ (t).

Definition 9. A function F' : T — R is called a nabla
antiderivative of f : T — R provided FV (t) = f(t) for
all t € Ty. In this case we define the nabla integral of f
fromatob(a,beT)by

b
/ F()Vt = F(b) — F(a) .

In order to exhibit a class of functions that possess
a nabla antiderivative, the following definition is intro-
duced.
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Definition 10. Let T be a time scale, f : T — R. We
say that function f is 1d-continuous if it is continuous at
left-dense points and its right-sided limits exist (finite) at
all right-dense points.

Theorem 11. (Theorem 8.45 in [I4]) Every Id-
continuous function has a nabla antiderivative. In par-
ticular, if a € T, then the function F defined by

F(t)/tf(T)VT7 teT,

is a nabla antiderivative of f.

The set of all 1d-continuous functions f : T — R is
denoted by C} = Cig = Ciy(T) = Cia(T, R), and the set
of all nabla differentiable functions with 1d-continuous
derivative by C}; = CL(T,R). In general, we say that
fecpneNif fAecn .

Theorem 12. (Theorems 8.46 and 8.47 in [14]) If a, b,
ceT,a<c<ba€eR and f,g € Ciy(T,R), then

b b b
. / (F(t) + g(t)) VE = / FOVE+ / (VL

N

/: af (H)Vt = a/abf(t)Vt;

: /abf(t)Vt /baf(t)Vt;

. /:f(t)w —0;

. /abf(t)Vt/:f(t)Vt+/cbf(t)Vt;

[9%)

A

W

=)

b
L Iff(t) > Oforalla <t <, then/ fVt > 0;

t
7. Ift € T, then / FOVr = v(B) £ (D).
p(t)
Exampled. Leta,b € Tand f € Cjy(T,R). ForT =R,

then f; f)Vt = f; f(t)dt, where the integral on the
right side is the usual Riemann integral. For T = 7Z, then

b b b
[ 0w = Y swira < [ fove =0y

t=a+1

b a
a=b and/ fOVE== " f(t)ifa>b.

t=b+1

For more on the nabla calculus we refer the reader to
[15, Chap. 3].

2.3 Preliminaries to variational calculus

Our goal is to obtain Euler-Lagrange type equations.
Similar to the classical calculus of variations [23], inte-
gration by parts will play an important role. If functions
f,g: T — R are delta and nabla differentiable with con-
tinuous derivatives, then the following formulas of inte-
gration by parts hold [14]:

b _ b

/ (0> (DAL = (fg)(B)]=" — / FAHgHAL,
b b

| g wae= (ool - [ 12 werwar,
b b

/ (g% 6V = (fo)B)['=" — / OGS

b b
=b
[ rog”@ve= ool - [ e,
(7
The following fundamental lemma of the calculus of

variations on time scales, involving a nabla derivative and
a nabla integral, has been proved in [43].

Lemma 13. (The nabla Dubois—Reymond lemma [43,
Lemma 14]). Let f € Ciy([a,b],R). If

/ rom vt =0

for all n € CL(la,b],R) with n(a) = n(b) = 0, then
f(t) = ¢ t € [a,bl, for some constant c.

Lemma 14 is the analogous delta version of
Lemma 13.

Lemma 14. (The delta Dubois—Reymond lemma [12]).
Let g € Cpa([a,b],R). If

/  gOmA AL =0

forallm € C}, withn(a) = n(b) = 0, then g(t) = c on
[a, b]* for some ¢ € R.

Proposition 15 gives a relationship between delta and
nabla derivatives.

Proposition 15. (Theorems 2.5 and 2.6 of [5]). (i) If
f : T — R is delta differentiable on T* and f* is con-
tinuous on T", then f is nabla differentiable on T, and

V) = ()" (t) forallteT,. (8)

(ii) If f : T — R is nabla differentiable on T,. and f¥
is continuous on T, then f is delta differentiable on T"
and

A = (V) (t) forallteT. 9)

Remark 4. Note that, in general, ¥ (t) # > (p(t)) and
2@ # £V (o(t)). In Proposition 15 the assumptions
on the continuity of f* and fV are crucial.
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Proposition 16. ([5, Theorem 2.8]). Let a,b € T with
a < band let f be a continuous function on [a,bl. Then,

b p(b)
/ F(HAL = / FOAL+ (b p(b)F2().

b
/ FOAL = (o(a) —a)f(@) + | (AL,

o(a)

b p(b)
/ )Vt = / FOVE+ (- p(B) F(B).,
b

ab
/ SOVt = (o) a7 @+ [ e,

We end our brief review of the calculus on time scales
with a relationship between the delta and nabla integrals.

Proposition 17. ([27, Proposition 7]). If function f :
T — R is continuous, then for all a,b € T witha < bwe
have

b b
| roai= [ rove. (10)
ab ab
/f(t)Vt:/ F7 (DAL (11

3 The A-V calculus of variations

We consider the problem of extremizing the varia-
tional functional (6) subject to given boundary conditions

y(a) = aand y(b) = S:

b b
J(y) = < / LA[y](t)At> ( / Lv{y}(t)Vt> —5 extr

y e Ci (la, 0], R)
y(@)=a, y(b) =4,

12)
where C! ([a,b],R) denote the class of functions y :
[a,b] — R with y® continuous on [a,b]* and yV con-
tinuous on |[a, b],..

Before presenting the Euler—Lagrange equations for
problem (12) we introduce the definition of weak local
extremum.

Definition 18. We say that j € Cl([a,b],R) is a weak
local minimizer (respectively weak local maximizer) for
problem (12) if there exists 6 > 0 such that

J(@G) < T(y) (respectively J(i)) = T (y))
for all y € CL([a,b],R) satisfying the boundary condi-
tions y(a) = a and y(b) = B, and
'y =9 l100<,
where
1y o=l 47 lloo + 11 9 lloo + 1 4 lloo + 119" lloo

and

[y o= sup [y(t)].
tefa,b)s

3.1 Euler-Lagrange equations

Theorem 19 gives two different forms for the Euler—
Lagrange equation on time scales associated with the
variational problem (12).

Theorem 19. (The general Euler—Lagrange equations on
time scales). If § € C! is a weak local extremizer of
problem (12), then § satisfies the following delta-nabla
integral equations:

p(t)
To(@) (agLA[z;](p(t)) - / aQLA[m(T)Ar)

SRVINC) (33Lv{ﬁ}(t) */ 52LV{Q}(T)VT> = const
' (13)
Sorallt € [a,b];

o(t)
Ta(d) (83Lv{?)}(0(t)) - / 82Lv{2?}(7')V7'>

+Jv(9) <33LA[Q} (t) */ agLA[Q](T)AT> = const
’ (14)
forallt € [a,b]".

Remark 5. In the classical context (i.e., when T = R)
the necessary conditions (13) and (14) coincide with the
Euler—Lagrange equations (39) given in [18].

Proof. Suppose that 7 has a weak local extremum at
4. We consider the value of 7 at nearby functions g+ ¢n,
where ¢ € R is a small parameter, € C{ ([a, b], R) with
n(a) = n(b) = 0. Thus, function ¢(g) = J(§ + en) has
an extremum at € = 0. Using the first-order necessary
optimality condition ¢’(¢)|._, = 0 we obtain:

b

0= Ja(9) / (O L (1B (1) + s L (3} (6% (8)) Vit

a

b
e () / (BuLald) () (£) + DsLalg)(D) (1)) At.

’ (15)
Let
A(t) = / OLalf)()AT,  B(t) = / L {7} (r)VT.
Then, A2 (t) = 9o LA[9)(t), BY (t) = o Lv {9} (t), and

the first and third integration by parts formula in (7) tell
us, respectively, that

b b
/ OuL Al (£)r ()AL = / A (£ () At
a B b a
= A= — / A (1) At
b

= —/ A(t)n™ (t) At

a
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and

b b
/ OnLw {3} () () V't = / BY (1) (1) Vt

a

b
~ B~ [ BT @

- /bB(t)nV(t)Vt.

If we denote f(t) = O3LaA[9](t) — A(t) and g(t) =
05Lv{4}(t) — B(t), then we can write the necessary op-
timality condition (15) in the form

b b
o) [ 5OnP®A+I56) [ gtmT Ve =o.
a a (]6)
We now split the proof in two parts: (i) we prove (13)
transforming the delta integral in (16) to a nabla inte-
gral by means of (10); (ii) we prove (14) transforming
the nabla integral in (16) to a delta integral by means of
(11). (i) By (10) the necessary optimality condition (16)
is equivalent to

/ (Te @O0 (E) + Ta@gt)n” (1) Vt =0

and by (8) to

b
[ e ®+ as@em " ©ve=o. an
Applying Lemma 13 to (17) we prove (13):

TIv (@) fP(t) +Ta(@)g(t) =c Vte[a,bl,, (18)

where c is a constant. (ii) By (11) the necessary optimal-
ity condition (16) is equivalent to

b
/ (7o @ 7m0 + Ta@)g” (1) (%) (1)) At =0

and by (9) to

b
| e@s@)+ Ts@) @)t 0at =0 9)
Applying Lemma 14 to (19) we prove (14):
TIv (@) f(t) +Ta(@)g”(t) =c Vtela,b]", (20)
where c is a constant.

Corollary 20. Let La (t,y°,y®) = La(t) and
Ia(G) # 0 (this is true, e.g., for La = 7 for which
JIa = 1; ¢f Remark 1). Then, OoLa = 03La = 0 and
the Euler—Lagrange equation (13) takes the form

OsLv{g}(t) — / oLy {g}(7)VT =const  (21)

forallt € [a, b],.

Remark 6. If § € C2, then nabla-differentiating (21)
we obtain the Euler—Lagrange differential equation (4)
as proved in [43]:

%agLv{g}(t) Lo G} (t) =0 V€ [a, bl

Corollary 21. Let Ly (t,y%,yY) = Lyv(t) and
Jv(§) # 0 (this is true, e.g., for Ly = ﬁfor which
Jv = 1; ¢f Remark 1). Then, oLy = 03Ly = 0 and
the Euler—Lagrange equation (14) takes the form

OsLalfl(t) — / Oy Lalfl(F)AT = const  (22)

Sforallt € [a,b]"

Remark 7. If § € C2, then delta-differentiating (22)
we obtain the Euler—Lagrange differential equation (3)
as proved in [12]:

S OLali)) ~ Lalil(t) =0 Vi€ [ab]"

Example 5. Let T be a time scale with 0, £ € T, 0 < &,
and (T \ {0,£}) N[0, €] # 0. Consider the problem

¢ ¢
J(y) = (/O (yA(t))QAt> (/0 ¥V ()% w) — min

y(0) =0, y(&)=¢.
(23)
Since
, Ly = (yV)2

we have
82LA = O7 83LA = QyA, (92Lv = O7 agLv = 2yv.

Using equation (14) of Theorem 19 we get the following
delta-nabla differential equation:

24y (t) + 2By~ (o(t)) = C, (24)

where C € R and A, B are the values of functionals Jv
and Ja in a solution of problem (23), respectively. From
(9) we can write equation (24) in the form

24y2(t) + 2By> = C. (25)

Observe that A + B cannot be equal to 0. Thus, solv-
ing equation (25) subject to the boundary conditions
y(0) = 0 and y(§) = & we get y(t) = t as a candidate
local minimizer for the problem (23).

Example 6. Consider the problem

J(y) = </01 tyA(t)At> (/Ol(yv(t))QVt) — extr

y(0) =0, y(1)=1.
(26)
Since

La=ty*, Ly=(y")?
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we have
aQLA = 0, 83LA = t, agLv = 0, agLv = va.

Using equation (14) of Theorem 19 and relation (9), we
get the following delta differential equation:

At +2By”(t) = C, (27)

where C' € R and A, B are values of the functionals Jv
and Ja in a solution of (26), respectively. Observe that
A # 0, so that B is also nonzero. A solution of (27) de-
pends on the time scale. Let us solve, for example, this
equationon T =RandonT = {O, %, 1}. OnT =Rwe
obtain

A 4B+ A

_ 2
vt =15t g

Substituting (28) into functionals Jv and Ja gives

2 2
{483 +A7 _ »

t. (28)

48 B2 29
12B-A _ g (29)

24B

Solving the system of equations (29) we obtain
A=0 A=
B =0, B =

y(t) = —t* + 2t

ol Lol

Therefore,

is a candidate extremizer for problem (26) on T = R.
Note that nothing can be concluded from Theorem 19 as
to whether y gives a minimum, a maximum, or neither of
these, for J.

The solution of 2T)on T = {O7 %, 1} is

0 ift=0
yt) = s+15 ift=3 (30)
1 ift=1.

Constants A and B are determined by substituting (30)
into functionals Jv and Ja. The resulting system of
equations is

A2
{T%B“A a1
i~ w5 =B

Since system of equations (31) has no real solutions, we
conclude that there exists no extremizer for problem (26)
onT = {0, %, 1} among the set of functions that we con-
sider to be admissible.

3.2 Natural boundary conditions

We consider now the situations when we want to mini-
mize or maximize the variational functional 7 but y(a)
and/or y(b) are free. Then,

A= = A®B)n(b) — Aa)n(a) = A(b)n(b)

and

B(t)n(t)li=, = Bb)n(b) — Bla)n(a) = Bb)n(b)

do not vanish necessarily, and conditions (17) and (19)
take, respectively, the form

(A(b) + B(b)) n(b)
+ /ab (Tv @) () + Ta@e®) 0" ($)VE=0 (32)
and
(A(b) + B(b)) n(b)

b
+/ (Tv D))+ Ta@)g” (t) n™ () At = 0.
(33)

Since (32) and (33) are valid for an arbitrary function 7,
in particular they hold for the subclass of functions 7 for
which n(a) = n(b) = 0. Thus, the same Euler-Lagrange
conditions (18) and (20) of Theorem 19 are obtained and
both (32) and (33) simplify to

(c+ A(b) + B(b)) n(b) — en(a) = 0.

If y(a) is free, n(a) is arbitrary and we conclude that
¢ = 0; if y(b) is free, n(b) is arbitrary and we conclude
that ¢ + A(b) + B(b) = 0. The value of the constant
c is obtained from (18) and (20). We remark that (18)
does not hold in a in the case a is right-scattered; and
(20) does not hold in b if b is left-scattered. By (20)
one has ¢ = Jv(9)f(a) + Ta(9)g(o(a)), and by (18)
¢ = Jv(@)f(p(b)) + Ta(@)g(b). We have just proved
the following result:

Theorem 22. (The general natural boundary conditions
on time scales). If § is a weak local extremizer of the vari-
ational functional (6), then the Euler-Lagrange equa-
tions (13) and (14) hold, together with the natural con-
dition

o(a)
Ta(d) (33Lv{33}(0(a)) - / aQLv{y}mvT)

+ Iv(9)05Lalg)(a) =0

when y(a) is free; together with the natural condition
p(b)
JIv(9) (83LA [9)(p(0)) — / 92La [@](T)AT>
b
+/ o LAlg](T)AT
’ b
+ Ia(9) (53LV{Q}(5) —/ Bsz{Q}(T)VT>

b

when y(b) is free.
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Using Proposition 16, the next corollary is obtained:

Corollary 23. (The delta natural boundary conditions).
If § is a weak local extremizer of the delta variational
functional (1), then the Euler—-Lagrange equation (22)
holds together with the natural condition

OsLalg)(a) =0
when y(a) is free; together with the natural condition

93 Lalg)(p(b)) + (b — p(b)) D2 La[g](p(b)) =0 (36)
when y(b) is free.

(35)

Analogous nabla natural conditions are also trivially
obtained from Theorem 22:

Corollary 24. (The nabla natural boundary conditions).
If § is a weak local extremizer of the nabla variational
functional (2), then the Euler-Lagrange equation (21)
holds together with the natural condition

o(a)
OuLe(i}o(e) = [ LofaHn)Vr=0 @D
when y(a) is free; together with the natural condition
3Ly {9} (b) = (38)
when y(b) is free.

Remark 8. The natural boundary condition (37) can be
written in the equivalent form

O3Lv{g}(o(a)) = (o(a) —a) G2Lv{g}(a) =0

In the classical context of the calculus of varia-
tions, i.e., when T = R, both (35) and (37) reduce to
03L(a,y(a),y’'(a)) = 0 and both (36) and (38) reduce
to 93 L(b, y(b),y' (b)) = 0, for some given Lagrangian L,
which are the standard natural boundary conditions of the
calculus of variations (cf., e.g., [23]). For the particular
case T = R we obtain from our Theorem 22 a result in
[18] that generalizes the classical natural boundary condi-
tions to functionals given by the product of two integrals:

Corollary 25. (cf. [18]). If § is a weak extremizer of the
variational functional

I(y) = T1i(y)I2(y)

b
- (/ Ly (t,y(t),y’(t))dt>
b
: (/ Ly (t,y(t)’y’(t))dt> ;

then the Euler—Lagrange equation

/azmy o
/(%Lg (t, gt ())d)

= const (39)

Z2(9) (83L1 (t, 9t

+Z, (7)) (33[/2 (t,y(t

holds for all t € [a,b]. Moreover, the natural condition

,9(a), 9 (a))
+ 71 ()05 L2 (a, §(a),

IQ (:&)83111 (CL
§'(a)) =0

holds when y(a) is free; the natural condition
Z2(9)05 L1 (b, 9(b), g

1—12 / 82L1 Ty A/( ))d

'(6)+Z1(9)93L2 (b, 4(b),9' (b))

1—11 /(92[12 Ty A/( ))d =0

holds when y(b) is free.

Example 7. Let us consider the functional of Example 5
but where we are free to choose the value of y at point &:

13 13
J(y) = </0 (yA(t))%t) (/0 (yv(t))Q) Vt) — min
y(0) =0, y(&) free .

Solving the Euler—Lagrange equation (25) with y(0) = 0
gives the extremal

C

y(t) = ——t. 40
g(t) AT B (40)
In this case the natural boundary condition (34) along

(40) simplifies to

C C
A<A+B>+B(A+B> =0,

that is, C = 0 and the minimum is obtained by choosing
y(&) = 0. It is trivial to see that the extremal §(t) = 0
we just found is indeed the global minimizer: J(y) > 0
Sor any function y, and J () =

3.3 The delta-nabla isoperimetric problem

We consider now delta-nabla isoperimetric problems on
time scales. The problem consists of extremizing

L(y) = (/ LA[y](t)At> (/ Lv{y}(t)Vt> — extr

(41)

in the class of functions y € C!([a,b],R) satisfying the

boundary conditions
(42)

and the constraint

b b
y) = ( / KA[th)At) ( / Kv{y}(t)Vt> -

(43)
where «, 3, k are given real numbers.
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Definition 26. We say that j € Cl([a,b],R) is a weak
local minimizer (respectively weak local maximizer) for
problem (41)—(43) if there exists § > O such that

L(9) < L(y) (respectively L(y) > L(y))

for all y € Cl([a,b],R) satisfying the boundary condi-

Definition 27. We say that §j € C} is an extremal for K
if y satisfies the delta-nabla integral equations (13) and
(14) for K, i.e.,

p(t)

a

Kv(9) (33Ka[17](ﬂ(t))—/ C%Ka[z?](T)AT)

+a () (ke (330 /am{y} V7 = cons

(44)
Sforallt € [a,bl,;
o(t)
Ka () ((%Kv{y”}( - [ am{g}mw)
+Kv(4) (63KA / KAy ) = const
(45)

forallt € [a,b]". An extremizer (i.e., a weak local min-
imizer or a weak local maximizer) for the problem (41)-
(43) that is not an extremal for IC is said to be a normal
extremizer; otherwise (i.e., if it is an extremal for IC), the
extremizer is said to be abnormal.

Theorem 28. Ifj € C! ([a,b], R) is a normal extremizer
for the isoperimetric problem (41)—(43), then there exists
A € R such that y satisfies the following delta-nabla in-
tegral equations:

p(t)
Lo(d) (agLA[yMp(t)) - / agLA[m(r)Ar)

+2a) (Lo (30 / 0uLs {3} (r)V

p(t)
- {’Cv@) ((%KA[@](p(t)) - / 82KA[@](T)AT>

/ s Ko {1} (r)V )}zconst

KA (d) ( Ko () ()

(46)

forallt € [a,b],;
c ()(@,LA / OrLali )

o(t)
+ LA (7)) <33Lv{?7}(0(t)) —/ asz{Q}(T)VT>

o(t)
-\ {mm (53Kv{z?}(0(t)) - / asz{@}mvT)

/ O KAlY )} = const

(47)

+Kv(9) (33KA

forallt € [a, b]".

Proof.Consider a variation of ¢, say § = ¢+ €111 +
€272, where for each i € {1,2}, n; € C([a,b],R) and
ni(a) = n;(b) = 0, and ¢; is a sufficiently small param-
eter (¢1 and 3 must be such that || § — § ||1,c0< 0 for
some § > 0). Here, n; is an arbitrary fixed function and
79 1s a fixed function that will be chosen later. Define the
real function

K(e1,e2) = K(7)

( / Kalp At) ( / bKv{y}u)w) -

‘We have g—g)( : = 0, that is,
0,0

b
0= /Cv(z?)/ (02 Kalg](t)ns (t) + O Kalg](t)ns (1)) At

b
Ka(d) / (DK (G} (OB (1) + B3 Kw (g} (DY (1)) V.

Since n2(a) = n2(b) = 0, the first and third integration
by parts formula in (7) give

/ Du K al3) (105 (1) At = / On K Al (1) Arma()]i="

/ ( / Dok ali ) A(1)At
- / ( / 03K 7)) AT

)b ar

and
b t
/ O Ko {3 (Bl () Vit = / Ko {7} (r)Vrm(t)[=0

-/ b (/ t 0utte 3(7) V7 ) 13 (9
-/ b (/ t 0ue {3H(7) V7 ) 1T (O
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Therefore,

oK
882

b
~ Ko (d) / <agf<m1<t>
_ / ok @]mm> nd (t)At

b
+Ka9) / (33Kv{?)}(t)

(0,0)

—/t asz{?J}(T)VT>772V(t)Vt~ (48)

Lot

/82Kv{y} )VT).

Let
1(t) = Ko (@) (agKA

and

o(0) = Ka() (o (7)1
We can then write equation (48) in the form

0K

b b
oK - / Fn2 AL+ / g(tynd (VL. (49)

(0,0)

Transforming the delta integral in (49) to a nabla integral
by means of (10) we obtain

0K ) ’
w| = [ rorevs [ s o
and by (8)

oK L

ol = OO O

As g is a normal extremizer we conclude, by
Lemma 13 and equation (45), that there exists 7y such

that g—i 0.0 # 0. Note that the same result can be
0,0

obtained by transforming the nabla integral in (49) to a
delta integral by means of (11) and then using Lemma 14
and equation (44). Since K(0,0) = 0, by the implicit
function theorem we conclude that there exists a func-
tion €2 defined in the neighborhood of zero, such that
K(e1,e2(1)) = 0, i.e., we may choose a subset of vari-
ations ¥ satisfying the isoperimetric constraint.
Let us now consider the real function

L(er,e2) = L(7)

b b
_ ( / LA[yMt)At) ( / Lv{y}(t)Vt> .

By hypothesis, (0,0) is an extremal of L subject to the
constraint X = 0 and VK (0,0) # 0. By the La-
grange multiplier rule, there exists some real A such

that V(L(0,0) — AK(0,0)) = 0. Having in mind that
n1(a) = n1(b) = 0, we can write

oL 0 :
2| - / (agLA[th)
—/t 82LA[1?](T)AT>771A(t)N
b
v2s) [ (33Lv{@}(t)

- / 82Lv{17}(T)VT>n1V )Vt (50

and
gi 00) = Kv(5) /ab (83KA[Q]@)
- /a 52KA[Q](T)AT> (1) At
+Ka0) [ b (33Kv{ﬂ}(t)
-/ 52Kv{37}(T)VT>771V(t)Vt. n
Let

m(t) = Ly (j) (agLA

Lot
/BgLv{y} )VT).

Then equations (50) and (51) can be written in the form

and

n(t) = £a () (ava{y}

oL b
s = [‘montwars [ aonF o

and

_ b b
g?K :/ f(t)nlA(t)AtJr/ g(t)my (t)Vt.

10,0

Transforming the delta integrals in the above equali-
ties to nabla integrals by means of (10) and using (8) we
obtain

oL| [ o

o I ORI DTN
and

oK L

5|, = GO oo e
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Therefore,

b
/ i (8) {m? (8) +n(t) = A (f(t)" + g(1))} VE = 0.
’ (52)
Since (52) holds for any 71, by Lemma 13 we have

mP(t) + n(t) —

for some ¢ € R and all ¢ € [a, b],;. Hence, condition (46)
holds. Equation (46) can also be obtained by transform-
ing nabla integrals to delta integrals by means of (11) and
then using Lemma 14 and equation (44).

In the particular case Ly = ﬁ we get from Theo-
rem 28 the main result of [22]:

A(f@®)° +g(t) =

Corollary 29 (Theorem 3.4 of [22]). Suppose that

b
J(y) = / Lty (£), 45 (1)) At

has a local minimum at y,. subject to the boundary con-
ditions y(a) = y, and y(b) = y» and the isoperimetric
constraint

b
I(y):/ gty (1), y> (1)) At = k.

Assume that vy, is not an extremal for the functional I.
Then, there exists a Lagrange multiplier constant \ such
that vy, satisfies the following equation:

Dz 2 (8,97 (1), 4 (8) — Do F (8,97 (1), 92 (1)) = 0

forallt € [a, b]“Q, where F = L — \g and O3 F* denotes
the delta derivative of a composition.

One can easily cover abnormal extremizers within our
result by introducing an extra multiplier Ag.

Theorem 30. If§ € C. is an extremizer for the isoperi-
metric problem (41)—(43), then there exist two constants
Ao and A, not both zero, such that ) satisfies the following
delta-nabla integral equations:

p(t)
N {Ev@) (agLA[y;Mp(t)) - / agLAw]mAr)

/ L (i) (197 |

p(t)
- [ ok L@](T)AT>

LA (33Lv{y}

oo fons

+Ka(9) (s )0

forallt € [a,b],;
Ao {/Jv(?) <53LA

[oason)

o(t)
+La(9) <33Lv{3?}(0(t)) —/ 32Lv{2?}(7)VT> }

o(t)
-2 {/CA@) (33Kv{2?}(0(t)) —/ 82Kv{17}(T)VT>

/ O KAly >} = const

+Kv (9) (83 Kaly

(54)

forallt € [a, b]".

Proof . Following the proof of Theorem 28, since
(0,0) is an extremal of L subject to the constraint K = 0,
the extended Lagrange multiplier rule (see for instance
[47, Theorem 4.1.3]) asserts the existence of reals Ay and
), not both zero, such that V(Ao L(0,0) —AK (0, 0)) = 0.
Therefore,

b
/ i () { Ao (m? () + n(t)) — A (f(1)” + g(1)} VE = 0.
’ (55)
Since (55) holds for any 7;, by Lemma 13, we have

Ao (mP(t) +n(t)) = A(f(1)” +9(t) = ¢

for some ¢ € R and all ¢ € [a, b],;. This establishes equa-
tion (53). Equation (54) can be shown using a similar
technique.

Remark 9. If §j € C! is an extremizer for the isoperi-
metric problem (41)—(43), then we can choose \g = 1
in Theorem 30 and obtain Theorem 28. For abnormal
extremizers, Theorem 30 holds with Ay = 0. The condi-
tion (Mo, \) # 0 guarantees that Theorem 30 is a useful
necessary optimality condition.

In the particular case La = ﬁ we get from Theo-

rem 30 a result of [3]:

Corollary 31 (Theorem 2 of [3])
mizer or maximizer for

. If y is a local mini-

b
- / F(t (1), 47 (£) Ve

subject to the boundary conditions y(a) = o and y(b) =
B and the nabla-integral constraint

Jy] = / g(t,y"(t),yY 1)Vt = A,

then there exist two constants Ao and ), not both zero,
such that

/ R Kv{j}H(r)V )} =const 03K (t,y"(t),y" (t)) — DK (t,y"(t),y" (t)) =0
(53) for all t € [a, b],, where K = Ao f — Ag.
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Example 8. Let T = {1,2,3,..., M}, where M € N
and M > 2. Consider the problem

M M
(/ (yA<t>>2At> (/ (yV<t>>2+yV<t>)w>%mm

y(0) =0, y(M)=M,

(56)
subject to the constraint
M
K(y) = / ty™ (t) At = 1. (57)
0
Since
La=y*)? Lv=@u")+y",
1
Ka=ty®, Ky= Vi
we have

OoLa =0, O3La = 2y>, OoLy =0, 3Ly = 2y +1,
and

WEA =0, 93Kr=t, 5hKy=0, 03Ky=0.
As

o(t)

Ka(@) (33Kv{ﬂ}(0(t))/ 82Kv{ﬁ}(T)VT>

+xs(@) (oumalio) - | ENA ilir)ar) =

there are no abnormal extremals for the problem (56)—
(87). Applying equation (47) of Theorem 28 we get the
following delta-nabla differential equation:

24y>(t) + B + 2ByY (o(t)) — Mt = C, (58)

where C € R and A, B are the values of functionals L
and La in a solution of (56)—(57), respectively. Since
yV(o(t)) = y2(t), we can write equation (58) in the
form

24y (t) + B + 2By> — M\t = C. (59)

Observe that B # 0 and A > 2. Hence, solving equation
(59) subject to the boundary conditions y(0) = 0 and
y(M) = M we get

A(M —1t)
y(t) [ A(A T B)} ! 60)
Substituting (60) into (57) we obtain A = —%.

Hence,

_ (AM?—T7TM —-3Mt+6t)t
y(t) = M(M—1)

is a candidate local minimizer for the problem (56)—(57).

4 Conclusion

The calculus of variations on time scales is an important
subject under strong current research (see [10, 13, 19, 35,
36, 41] and references therein). Here we review a gen-
eral necessary optimality condition for problems of the
calculus of variations on time scales [37, 38]. The pro-
posed calculus of variations extends the problems with
delta derivatives considered in [12, 22] and analogous
nabla problems [3, 43] to more general cases described
by the product of a delta and a nabla integral. Minimiza-
tion of functionals given by the product of two integrals
were considered by Euler himself, and are now receiving
an increasing interest because of their nonlocal proper-
ties and their applications in economics [18]. We proved
Euler-Lagrange type conditions for the generalized cal-
culus of variations and corresponding natural boundary
conditions.

The calculus of variations here promoted can be fur-
ther developed. For instance, we can continue our study
by proving sufficient optimality conditions. Moreover,
the results here presented can be generalized in different
ways: (i) to variational problems involving higher-order
delta and nabla derivatives, unifying and extending the
higher-order results on time scales of [21] and [43]; (ii)
to problems of the calculus of variations on time scales
introduced in [40], with a functional which is the compo-
sition of a certain scalar function H with the delta integral
of a vector valued field fa and a nabla integral of a vector
field fv, i.e., of the form

b b
H </ fA(tayg(t)vyA(t))Ata/ fV(tvyp(t)ayv(t))Vt> .

Euler-Lagrange equations and natural boundary condi-
tions for such problems on time scales can be proved, and
present results obtained as corollaries.
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