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Abstract

In this paper we study curves parametrized by a time scale parameter, introduce line delta and nabla
integrals along time scale curves, and obtain an analog of Green’s formula in the time scale setting.
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1. Introduction

Differentiation and integration theory for functions of one time scale variable was developed
earlier in [1-3,7,8,10-12]. Recently we gave in [4] a differential calculus and in [5,6] an inte-
gral calculus for functions of several time scale variables. The present paper continues [4—6] and
develops line integration along time scale curves. As an application of the introduced line inte-
grals we derive a time scale version of Green’s formula that establishes a connection between the
double and line integrals.

The paper is organized as follows. In Section 2, we introduce the concept of a curve para-
metrized by a time scale parameter and give integral formulas for computation of its length. In
Section 3, we define line delta and nabla integrals of the first and second types on time scales
and give sufficient conditions for the existence of these integrals and also offer formulas for their
evaluation. Next, we present some properties of line delta integrals. Finally, in Section 4, we
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establish a version of the classical Green formula suitable to time scales. To this end, the con-
cepts of connectedness, domain, and fence of a set are introduced for sets in the time scale plane.
Surface integrals in the time scale setting will be discussed in a forthcoming paper of the authors.

2. Length of time scale curves

Let T be a time scale with the forward jump operator o and the delta differentiation opera-
tor A. Given the points a, b € T with a < b, let [a, b] = {t € T: a <t < b} be the closed interval
in T. Further, let ¢ :[a,b] — R and ¥ : [a, b] — R be continuous (in the time scale topology)
on [a, b]. Consider the xy-plane, i.e., the set of all ordered pairs (x, y) of real numbers x and y.
Each such pair is called a point of the plane and the numbers x and y are called the coordinates
of that point. The point (x, y) can also be denoted by a single letter A, and writing A(x, y) will
mean that the point A has the coordinates x and y.

Definition 2.1. The pair of functions
x=¢(), y=vy(), te€la,b]CT 2.1

is said to define a (time scale continuous) curve I".

The points A(x, y) with the coordinates x and y defined by (2.1) are called the points of
the curve, and the set of all points of the curve, i.e., the range of the mapping (2.1), will of-
ten be referred to as simply the curve (when no ambiguity can arise). In particular, the points
Ao(p(a), ¥(a)) and A1(@ (D), ¥ (b)) are called the initial and final points of the curve, respec-
tively, and Ag, A1 are called the end points of the curve. The initial and final points of a curve
may coincide, in which case the curve is said to be closed. The time scale variable ¢ is called
the parameter of the curve, and Eq. (2.1), mapping the values of the parameter onto the points
of the curve, is called the (parametric) equation of the curve. We can also think of I" as an ori-
ented curve, in the sense that a point (x’, y) = (¢(t'), ¥ (¢')) € I' is regarded as distinct from a
point (x”, y") = (p(t"), ¥ (")) € I' if t' #t” and as preceding (x”,y") if t’ < t”. The oriented
curve I is then said to be “traversed in the direction of increasing ¢.” It will always be clear from
the context whether I is a curve in the set-theoretic sense, i.e., the continuous image of a closed
time scale interval, or an oriented curve as just described. Two curves I'7 and I» with equations

x =@1(), y=vy1(0), tela,b]CTy,

and

XZQDZ(T)’ y:WZ(T)» TE [(X, ﬂ] CTZ’

are regarded as identical if the equation of one curve can be transformed into the equation of
the other by means of a continuous (strictly) increasing change of parameter, i.e., if there is a
continuous increasing function t = A(?), t € [a, b], with the range [«, 8], such that

p(A0)=ei1(),  Y2(r®)=v1(), 1€la,bl

(Then, of course, gol()»_l(r)) = ¢>(1) and Y1 (A" (7)) = Y2 (¢) for 7 € [, B], where 21 s the
continuous inverse of the function A.) We then say that the two curves have the same direction.
We say that the two curves have opposite directions if the function A above is decreasing. In this
case, the initial point of I7 is the same as the final point of I, and vice versa. The curve differing
from I" only by the direction in which it is traversed will be denoted by —I". If the same point
(x, y) corresponds to more than one parameter value in the half-open (time scale) interval [a, b),
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then we say that (x, y) is a multiple point of the curve (2.1). A curve with no multiple points is
called a simple curve (or Jordan curve). It is to allow for the possibility of closed simple curves,
1.e., simple curves whose end points coincide, that we consider parameter values in the half-open
interval [a, D).

Example 2.2. Let T = R. The mappings

— _ 2 =1
{120 {’;;6” {’y:(l)’ boo<igl, 22)
all define the same continuous curve (except for direction), corresponding to the segment of the
x-axis lying between the points (0,0) and (1, 0). The first and second representations in (2.2)
have the same direction (with initial point (0, 0) and final point (1, 0)), but the third representa-
tion in (2.2) has the opposite direction (with initial point (1, 0) and final point (0, 0)). Obviously,
the curve (2.2) has no multiple points and hence is a simple curve. Since its initial and final points
do not coincide, (2.2) is not a closed simple curve.

Example 2.3. Let T = R. The mappings

{xzt, {x:sin(ﬂt),

=0 —0 0<r<1, 2.3)

define different continuous curves Iy and I3, since there is no continuous increasing change
of parameter carrying one of these curves into the other. In fact, such a transformation would
have to carry the increasing function ¢(¢) = ¢ into another increasing function, but the function
sin(rr¢) is not monotonic in [0, 1]. We note that although the two curves (2.3) are different, they
consist of the same set of points, i.e., the points in [0, 1] on the x-axis. Therefore, the fact that
two continuous curves consist of the same points is not a sufficient condition (but is obviously a
necessary condition) for the curves to be identical. We also note the following facts: (i) the curve
I'7 is a simple curve, but not a closed curve; (ii) the curve I3 is not a simple curve, since it has
multiple points, sin(rrt) = sin(w (1 —¢)), 0 <t < 1/2; (iii) the curve I is a closed curve, since
its initial and final points coincide.

Let I" be a (time scale) continuous curve with Eq. (2.1). A partition of [a, b] is any finite
ordered set
P={t,t1,....,ty} Cla,b], wherea=ty<t)j <---<t,=>b. 2.4)

For a given partition, we denote by Ag, Ay, ..., A, the corresponding points of the curve I, i.e.,
the points with the coordinates A; (¢(t;), ¥ (¢;)),i € {0, 1,...,n}. Let us set

n n
2 2
o©r,P)y= Zd(Ai—ls Aj) = Z\/[@(h’) —o@i-)]| +[v@) —v @], (2.5)
i=1 i=1
where d(A;_1, A;) is the distance from the point A;_; to the point A;.

Definition 2.4. The curve I is said to be rectifiable if
sup{¢(I", P): P is a partition of [a, b]} =: £(I") < o0,

where the least upper bound is taken over all possible partitions (2.4). The nonnegative real
number £ = £(I") is called the length of the curve I'. If the supremum does not exist, the curve
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is said to be nonrectifiable. In this case, I" is considered to have no length at all (or, if preferred,
infinite length).

If P and Q are two partitions of [a, b] such that every point of P belongs to Q, i.e., P C Q,
then we say that Q is a refinement of P.

Lemma 2.5. If P and Q are partitions of [a, b] and Q is a refinement of P, then £(I", P) <
ur, Q).

Proof. An induction argument shows that we may assume that Q has only one more point, say s,
than P. If P is of the form (2.4), then

a=th<h<-<l1<s<ty<---<t,=b forsomeke{l, 2,...,n}
Let us set

B=B(p(s),¥(s)) and A;=A;(e), ¥ (1)) forie{0,1,...,n}.
Then

€I, Q) — &I, P) =d(Ak—1, B) +d(B, Ax) —d(Ag-1, Ap) 20

in virtue of the triangle inequality for the distance between points. [
Let us present some properties of rectifiable curves.

Theorem 2.6. If the curve I is rectifiable, then its length £(I") does not depend on the parame-
trization of this curve.

Proof. Assume we have two parametrizations of the curve I" and let ¢ and 7 be parameters of
these parametrizations defined on the intervals [a, b] and [«, B], respectively. Since ¢ and 7 are
strictly increasing and continuous functions of each other, to each partition P of [a, b] there
corresponds a definite partition P’ of [«, 8], and vice versa. Evidently, £(I", P) = £(I", P’), and
therefore the lengths of I" corresponding to the two parametrizations of I are equal. O

Theorem 2.7. If a rectifiable curve I' is split by means of a finite number of points
Ao, A1, ..., A, into a finite number of curves I'; and if the points A; correspond to the val-
ues t; of the parameter t such that a =ty <ty < --- <t, = b, then each of the curves I also
is rectifiable and the sum of the lengths €(I;) of all curves I; equals the length £(I") of the
curve I'.

Proof. Obviously, it is sufficient to prove this property for the case when the curve I is split only
into two curves I'1 and I by means of a point A. Then the points of the curve I'] correspond to
the values of ¢ € [a, c] and the points of I to the values of ¢ € [c, b]. Let P and P, be arbitrary
partitions of [a, c] and [c, b], respectively. Then their union P = Py U P; is a partition of [a, b]
and, evidently, we have

LI, P) +4L(Tn, P) =4, P). (2.6)

Hence by the rectifiability of the curve I', the numbers £(I7, P;) and £(I%, P;) corresponding
to all possible partitions of the intervals [a, c] and [c, b] are bounded, i.e., the curves I'1 and I
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are rectifiable. From (2.6) and the definition of the least upper bound, it follows that the lengths
L(I7), £(I3), and £(I") of the curves I'7, I, and I' satisfy the inequality

€I + £(I2) < ). 2.7

Let us show that in (2.7) in fact equality holds. Assume the contrary, i.e., £(I7) + £(13) < £(I").
Then the number

g = (") — (1) — (1) 2.8)

is positive. From the definition of £(I”), it follows that corresponding to & we can find a partition
Py of [a, b] such that £(I") —£(I", Py) < . Adding the point c to the partition Py and denoting the
obtained partition by P and taking into account Lemma 2.5, we also have ¢(I") — ¢£(I", P) < ¢.
Since the partition P of [a, b] is a union of some partitions P; and P, of [a,c] and [c, b],
respectively, for these partitions we have the relation (2.6). Therefore

Ly — LI, P) — L, P) <e.
Since £(I7, Py) + £(1», Py) < (1) + £(13), we conclude
L)y — L) — L) <e.
But this contradicts the equality (2.8). This concludes the proof. O

Now we present a sufficient condition for rectifiability of curves and give a formula for eval-
uating their lengths.

Theorem 2.8. Let the functions ¢ and r be continuous on [a, b] and A-differentiable on [a, D).
If their A-derivatives ¢ and > are bounded and A-integrable over [a, b), then the curve I’
defined by the parametric equation (2.1) is rectifiable and its length £(I") can be evaluated by
the formula

o“r) = f JeroF +[p20f a 2.9)

Proof. First we show that the curve I" is rectifiable. Let P be an arbitrary partition of [a, b] of
the form (2.4). Consider £(I°, P) defined by (2.5). Applying to each of the functions ¢ and 1/ the

mean value theorem (see [4, Theorem 4.2]) on [t;_1, ;] fori € {1,2,...,n}, we get that there
exist points &, &/ and n;, 1} in [t;_1, #;) such that
2 EDN Wt — tic) <o) —p(tiz) < @™ (&)t — ti—), (2.10)
YAt — tie) S Y (t) — Ytim) < Y2 (0)) (6 — ti1). (2.11)

From (2.10) and (2.11) it follows that

o) —@ti-D)| < Aitti —ti-), | @) — v @G| < Bi(ti —tic1),
where

Ar=maxf{lo® @] [N}, B =max{[y @), [ (n7)]}-

Further, by the condition of the theorem, the derivatives goA and wA are bounded on [a, b). Then
there is a finite positive constant C such that

o) <C and |p2(1)|<C forallt € [a,b).
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Consequently,

o) —pti-)| <CW —tic), Y@ — Y E-D)| < C@ —tio1)
foralli € {1,2,...,n} and we have from (2.5)

oI, P)< Z VC2+C2(t —ti_y) = csz(ri —ti_1) = C~2(b —a).
i=1 i=1

This shows that the set {£(I", P): P is a partition of [a, b]} is bounded, and hence by Defini-
tion 2.4, the curve I is rectifiable.

Now we prove that the length £(I7) of the curve I" can be evaluated by the formula (2.9).
Consider the Riemann A-sum

5= Z\/ oA @] + A& - i)

of the A-integrable function \/ [p2(1)]? + [ 2(2)]2, corresponding to the partition P of [a, b]
and the choice of intermediate points &; defined in (2.10). For every § > 0 there exists
(see [8, Lemma 5.7]) at least one partition P of [a, b] of the form (2.4) such that for each
ie{l,2,...,n}eithert; —t;_1 <Sdort; —ti_1 > 06 and o(t;—_;) = t;, where o denotes the for-
ward jump operator in T. We denote by Ps([a, b]) the set of all such partitions P of [a, b]. Let
us show that for an arbitrary ¢ > 0 there exists § > 0 such that

e Py = 1] <3 forall P e Py(la.b). 2.12)

where

I —/J [0 + [v2 0] A 2.13)

From (2.10) and (2.11), we get
0 <o) = plti-1) =9 ED — i) < [92 (&) — 9 ED ] @ — 1i-1),
0< V() — Ytio) =¥ ) — tim) < [ (n) = > )]t — ti—),
and, consequently,
o(t) — @(ti—1) = [®E) + o ]t — 1 1),
V() — Y1) = [ i) + Bi ]t — ti-1),
where
0<a; < (&) — ™) < M; —m,
0< B <¥(m) — ¥ () < Ni —nj,

in which M; and m; are the supremum and infimum of goA on [t;_1,1t;), respectively, and N;
and n; are the corresponding numbers for ¥ 2. Further, using the inequality (for arbitrary real
numbers x, y, X1, y1)

‘\/ +y? —\/x1+y1) X —x1|+ 1y = y1l,
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we obtain

VIt @+l +[yom + 1 — o> @ F + [12 @] |
lai| + [ i) + Bi = 2 ED| < lewl + 1Bi + [¥ 2 (i) — ¥ (&)
<M; —m; +2(N; —n;).
Therefore
ler, P)— S|

n

S (VIer @) +el + [w3 o0 + 8] o> ] + 3@ )@ — 50

i=1

n

< Z[Mi —m;i +2(Nj —n)|(t; — ti—1)
i=1

=U(p™, P) = L(p™, P) +2[U(v™. P) — L(v*, P)].
where U and L denote the upper and lower Darboux A-sums, respectively. Since the functions

\/[<pA]2 + A2, <pA, and lpA are A-integrable over [a, b), for arbitrary ¢ > 0 there is 6 > 0
such that

S—l<g. U P) L P)<g  UWAP) —L(p* P) <

for all P € Ps([a,b]) (see [8, Theorem 5.9] and the Riemann definition of A-integrability
therein), where I is defined by (2.13). Therefore, taking into account the above estimate, we
get

& & & &
e Py = 1| < eI Py = S| +IS = 1] < g +20 + o =5,

and so the validity of (2.12) is proved. On the other hand, among the partitions P for which (2.12)
is satisfied, there is a partition P such that

jecr. Py — )| < 3. (2.14)
Indeed, from Definition 2.4 it follows that there is a partition P* of [a, b] such that

0< 0(I") — (I, P*) < % (2.15)

Next, we refine the partition P* adding to it new partition points so that we get a partition P that
belongs to Ps([a, b]). Then, by Lemma 2.5, ¢(I", P) > £(I", P*), and (2.15) yields

0< UM — UL P) <5,
so that (2.14) is shown. By (2.12) and (2.14), we get that
ler)—1| <e.

Since ¢ > 0 is arbitrary, we have £(I") = I and the proof is complete. O
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Remark 2.9. Let the curve I” be given as the graph of a function y = f(x), x € [a, b] C T, where
f is continuous on [a, b] and A-differentiable on [a, b). If f2 is bounded and A-integrable
over [a, b), then Theorem 2.8 implies (by taking x =1, y = f(¢)) that the curve I" is rectifiable,
and its length £(I") can be evaluated by the formula

b
e(r)=/\/1+ (2] Ax.

Example 2.10. Let T = (—o00, 0] U N, where (—o0, 0] is the real line interval, and let [a, b] =
[—1,3]=[—1,0]U{l, 2, 3}. Define the curve I" by

x=g(t) =1, y=vy(@)=1t>, te[-1,3]CT.
Setting 1 (1) = /[02(1)]2 + [Y2(1)]2, we have

Bty = V9t 4 412 ifte[—1,0),
VB2 43+ D)2+ 2+ 12 ifref0,1,2,3).

Therefore
3

0 3
Z(F)=/h(t)At=fh(t)At+/h(t)At
—1 0

-1

0
_ / VOrt + 412 dt + h(0) + h(1) +h(2)
—1

:2_17(13«/5—8)+f2+«/§+«/%.

The following theorem can be proved similarly to Theorem 2.8 by using the mean value
theorem for nabla derivatives given in [10].

Theorem 2.11. Let the functions ¢ and \r be continuous on [a, b] and V -differentiable on (a, b].
If their V-derivatives ¢ and V" are bounded and V-integrable over (a, b, then the curve I’
defined by the parametric equation (2.1) is rectifiable and its length £(I") can be evaluated by
the formula

b
()= [Jle¥ @] + ¥l vr

Remark 2.12. Let the curve I" be given as the graph of a function y = f(x), x € [a,b] C T,
where f 1is continuous on [a,b] and V-differentiable on (a,b]. If f V' is bounded and
V-integrable over (a, b], then Theorem 2.11 implies (by taking x = ¢, y = f(¢)) that the curve I"
is rectifiable, and its length £(/”) can be evaluated by the formula

b
e(r)sz/l +[fY@)] V.
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3. Line delta and nabla integrals of the first and second types

Let T be a time scale with the forward jump operator o and the delta differentiation opera-
tor A. Leta and b be points in T with a < b and [a, b] be a closed interval in T. Let ¢ : [a, b] — R
and ¥ : [a, b] — R be two functions that are continuous (in the time scales topology) on [a, b].
Denote by I" the curve defined by the parametric equation

x=¢@), y=v@), tela,b]CT. 3.1)

The points (x, y) with the coordinates x and y defined by (3.1) are the points of the curve I".
Let A and B denote the initial and final points (¢(a), ¥ (a)) and (¢(b), ¥ (b)) of the curve I,
respectively. The range of the mapping (3.1) will also be denoted by I" (provided no ambiguity
arises).

Let three functions f(x,y), M(x,y), and N (x, y) be defined and continuous on the curve I"
(for example, for the function f(x,y) this means that for each Ag € I" and each ¢ > 0O there
exists § > 0 such that | f(A) — f(Ag)| < & whenever A € I" and d(A, Ag) < 8, where d(A, Ag)
denotes the Euclidean distance between the points A and Ag).

Let P ={ty,t1,...,t,} Cla,b], wherea =1ty <t} <--- < t, = b, be a partition of [a, b] and
let Ag, A1, ..., A, be points of the curve I with coordinates (¢(t;), ¥ (¢;)), i € {0, 1,...,n},
respectively. Take any 7 € [tx—1, ) for k € {1,2,...,n}. Denote by ¢, the length of the piece
of the curve I" between its points Ax_1 and Ay. By Theorem 2.8, the formula

Ik

b= [ ool +[pao] ar (3.2)

fr—1
holds. Let us introduce the three integral sums

S1= fe@), ¥ (1), (3.3)
k=1

Sr="Y_ M(p(m), ¥ (@) [et) — pt-1)], (34)
k=1

S3=) N(pm), ¥ () [¥ @) — ¥ (G-1)]. (3.5)
k=1

Definition 3.1. We say that a complex number [ is the line delta integral of the first type of
the function f along the curve I if for each ¢ > 0 there exists § > 0 such that |S1 — I1| < ¢ for
every integral sum Sy of f corresponding to a partition P € Ps([a, b]) independent of the way
in which we choose t € [tx—1, k) for k € {1, 2, ..., n}. We denote the number /1, symbolically,
by

/f(x,y)AZ or ff(x,y)AE, (3.6)
r AB

where A and B denote the initial and final points of the curve I", respectively.

Definition 3.2. We say that a complex number I, (respectively I3) is the line delta integral of
the second type of the function M (respectively N) along the curve I if for each ¢ > 0 there
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exists § > 0 such that |S> — I>| < € (respectively |S3 — I3]| < ¢€) for every integral sum S (re-
spectively S3) of M (respectively N) corresponding to a partition P € Ps([a, b]) independent
of the way in which we choose t; € [tx—1, ;) for k € {1,2,...,n}. We denote the number I,
(respectively I3), symbolically, by

fM(x,y)Alx or /M(x,y)Alx
r AB

/ N(x,ymzy). 3.7)

(respectively / N(x,y)Asy or
r AB

The sum

/ M(x, y)Arx + f N(x,y)Aay
r r

is called a general line delta integral of the second type and is denoted by

fM(x,y)A1x+N(x,y)A2y. (3.8)
r

The following theorem gives conditions sufficient for the existence of the line delta integrals.

Theorem 3.3. Suppose that the curve I' is given by the parametric equation (3.1), where ¢
and  are continuous on [a, b] and A-differentiable on [a, b). If 9™ and ¥* are bounded and
A-integrable over [a, b) and if the functions f, M, and N are continuous on I', then the line
delta integrals (3.6) and (3.7) exist and can be computed by the formulas

b

/ fa )AL= / Fle®, yOW e O + [w2 ] ar, (3.9)
r a

b
/ M(x,y)Arx = f M{p(0). ¥ ()9 1) A, (3.10)
r a

b
[ vena= [ Mo vo)toar (3.11)
r a

Proof. First of all, note that the A-integrals standing on the right-hand sides of formulas
(3.9)—(3.11) exist. Note also that the derivations of the relations (3.10) and (3.11) are analo-
gous to each other, and therefore we will derive only relations (3.9) and (3.10) and prove only
the existence of the integrals (3.6) and (3.7).

Take as above an arbitrary partition P = {fg, t1,...,1,} of [a, b] and introduce the integral
sums (3.3) and (3.4). Taking into account (3.2) and the relation

Ik

Q) — o(tk—1) = / P2 ()AL,

k-1
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we represent the integral sums (3.3) and (3.4) in the forms

5= Zf (om0, ¥ (w) / st 0P +[v20] A

Tk—1
n Ik
$:= Y Mg vw) [ o> 0ar
k=1 Tk—1
Denote the A-integrals on the right-hand sides of (3.9) and (3.10) by I; and I>, respectively,

and represent them as sums of integrals over the subintervals [#;_1, tx), k € {1,2,...,n}. Let us
estimate the differences

St~ 1= Z / o, v @) - e, v ) Vet OF + [vA O A, (.12)

k=1g",

Sz—lz—Z / (0(@). ¥ (@) — M(9(0), ¥ () J9* (1) At (3.13)

Under the conditions imposed on f, M, and (3.1), we have that f(¢(¢), ¥ (¢)) and M (¢(t), ¥ (1))
being composite functions of the argument ¢ are continuous on [a, ] and therefore are uniformly
continuous on this interval. Consequently, for arbitrary ¢ > 0 there exists § > 0 such that ¢, t €
[a,b] and |t — 7| < § imply

| F(e@), ¥ () — fo(@), ¥ (D) < e(r)

&

[M{p0),y©) = M(e@, 0 O)| < 37—

where ¢(I") denotes the length of the curve I" and M = sup{|g0A(t)|: t € la, b)}. Now, assuming
that P € Ps([a, b]), we have

81— 1| < Z / F (0@, ¥ @) — £, ) [e2 OF + [p2 o] ar

k=1,"
= Z () + Z ()= Z (-+)

te—t—1<9 t—tg—1>8 f—t—1<9

A A

<t = / Jr o +[veo] a

k—l—1<6

b A
E(F) O +[v20 ]’ A
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em/\/ (2O + [p20]PA

E(I") () =e,

S-nl<Y flM 0 (00, ¥ (@) = M(p(0), ¥(0)||o* )| Ar

k= 1l‘k !
= Z () + Z ()= Z )
lr—tr—1<9 fp—tg—1>8 lr—t;—1<6
Tk
& A
< Z Mo—a) /|§0 (1) At
Ie—tg—1<8 th-1
n Ik
€ f‘ A
< @ (1)|At
M )kgtkl
b
_ € A
g LeUl
€
<—— Mb—a)=c¢.
M —a)

Thus we have proved the existence of the line integrals (3.6) and (3.7) and the validity of
the formulas (3.9) and (3.10), respectively. Note that we did not use the boundedness and
A-integrability of % in deriving the formula (3.10). The proof is complete. O

Remark 3.4. We call the curve I given by (3.1) piecewise A-smooth if ¢ and i are continuous
on [a, b] and there is a partition a =cy < c1 < --- < ¢ = b of [a, b] such that ¢ and  have
bounded and A-integrable A-derivatives on each of the intervals [c;—1,¢;), i € {1,2,...,m}. In
case of a piecewise A-smooth curve I, it is natural to define line A-integrals along this curve as
sums of line A-integrals along all A-smooth parts constituting the curve I". Then the equalities
(3.9)—(3.11) hold for piecewise A-smooth curves I" as well. These equalities are valid also in
case when the functions f, M, and N are only piecewise continuous along the curve I".

Remark 3.5. In case when it is necessary to emphasize that the contour I" is closed, we will use
for the line integral the symbol ¢ instead of [..

Line A-integrals possess the same properties as those of ordinary A-integrals (proofs are
similar to those given in [8, Chapter 5]). Note that under the more rigid conditions of Theorem 3.3
these properties follow at once from the formulas (3.9)—(3.11). Let us formulate these properties
in connection with the first type line A-integrals.
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Theorem 3.6 (Linearity). Let the functions f and g be A-integrable along the curve I' and let
a,B €R. Then af + Bg is also A-integrable along the curve I' and

/[Otf(x,y)+ﬁg(x,y)]M=oeff(x,y)M+/3/g(x,y)M-
r r

r

Theorem 3.7 (Additivity). If the curve AB consists of two parts AC and C B and if the function
f is A-integrable along the curve AB, then it is A-integrable along each of the curves AC and
CB and

/f(x,y)M=ff(x,y)MJr/f(x,y)M.
AB AC CB

Theorem 3.8 (Estimate of modulus of integral). If f is A-integrable along the curve I', then so
is | f| and

/f(x,y)M </{f(x,y)\Ae.
r r

Theorem 3.9 (Mean value formula). Let f be bounded and A-integrable along the curve I'. Let
us set

m:inf{f(x,y): (x,y)eF} and M=sup{f(x,y): (x,y)eF}.

Then there exists a real number A € [m, M| such that

/f(x,y)A5=A5(F),
AB

where £(I") is the length of the curve I.

Similarly to line delta integrals introduced above we can define line nabla integrals. Let I"
be a curve defined by the parametric equation (3.1) and let f, M, and N be functions defined
on the curve I'. Let P = {ty,t1,...,t,} Cla,b], wherea =1y <t <--- <t, = b, be a partition
of [a, b] and let Ag, Ay, ..., A, be points of the curve I with coordinates (¢(#;), ¥ (t;)), i €
{0, 1, ..., n}, respectively. Denote by ¢; the length of the piece of I" between its points Ax_
and Ay. By Theorem 2.11, the formula

b= [l @l + Yol vr
Tk—1

holds. Take any 7y € (fx—1, tx] for k € {1,2, ..., n} (note that in contrast to the delta integral we
now choose the intermediate point 7 in (#x—1, #¢] rather than in [#;_1, #x)) and introduce the three
integral sums S, S5, and S} as the right-hand sides of Egs. (3.3), (3.4), and (3.5), respectively.
Then we define the line nabla integrals

/f(x,y)VE, /M(x,y)le, and /N(x,y)sz (3.14)
r r r
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to be the limits as § — 0 of S|, S5, and S}, respectively, assuming that S, S}, and S} corre-
spond to P € Ps([a, b]). The following theorem can then be proved similarly to the proof of
Theorem 3.3.

Theorem 3.10. Suppose that the curve I' is given by the parametric equation (3.1), where ¢
and  are continuous on [a, b] and V-differentiable on (a, b]. If @V and ¥V are bounded and
V-integrable over (a, b] and if the functions f, M, and N are continuous on I', then the line
nabla integrals (3.14) exist and can be computed by the formulas

b
ff(x,y)fo:ff(cp(t),w(r))\/[wv(r)]er[W(t)]zvr,
r a

b
/M(x,y)VM=fM(¢(t),1ﬁ(t))¢V(t)Vt,
r a

b
/N(x,y)sz=/N(<p(t),W(t))llfv(t)Vt-
r a

Remark 3.11. As was noted above in Section 2, the curve I' can be thought of as an oriented
curve “traversed” in the direction of increasing ¢ from a to b. A second possible orientation of
I' arises by traversing it in the direction of decreasing ¢ from b to a. Denote by —I" the curve
obtained by reversing the orientation of I'. It follows from the definitions of the line delta and
nabla integrals that we have

/f(x,y)M=/f(x,y)W,

r -

/M(x,y>A1x=—/M(x,y>v1x, fN(x,ymzy:—/N(x,y)vzy.
r T T =r

As an illustration of the last equalities we now consider the following example.

Example 3.12. Any ordered collection of points {Ag, Ay, ..., A,} with the coordinates (x, yx),
respectively, determines an oriented (time scale) curve in R x R, with the parametric equation

x =@(1), y=vy(@), re[0,n]CZ,

where ¢(k) = x; and (k) = yi fork € [0,n] ={0, 1, ..., n}. For any functions f, M, N: ' - R
we have

/f(x, NAL= " f(xe-t, )’k—l)\/(xk — xk—1)% + Ok — Yk-1)%,
ja k=1

n
/M(x, VA=Y Mxk_1, ye1) (@ — Xk-1),
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n
fN(x, A2y =Y N1, ye—1) Ok — Ye—1).

The curve —1I" is given by the parametric equation
x =@1(1), y=vy1@), te€l0,n]CZ,
where ¢1(t) = @(n —t) and Y1 (t) = ¥ (n — t). Therefore

/ fOVE=Y " i, Yn—k)\/(xn—k — Xn—k+ 1) + On—k — Yn—kt1)?
r k=1

= Zf(xj—19 yj—l)\/(xj—l —xj)?2+ (yj—1 —yj)?

j=1

=/f(x,y)M,
r

n
/ M(x,Y)Vix =Y M@t Yni) Xn—k — Xn—k1)

n
= ZM(xj—l, Vi—1)(Xj—1—x;)
=1

n
=— ZM(Xj—l, yji—)(xX; —xj—1)
i=1

== —/M(X, )’)AIX,
r
and similarly for the remaining integral.
4. A time scale version of Green’s formula
Let T1 and T; be two time scales and put T1 x T = {(x, y): x € Ty, y € T»}. Since T and

T, are closed subsets of R, the set T x T» is a complete metric space with the metric (distance)
d defined by

d((r, ). (¢ 30) =/ (e =22+ (= ¥)? for (x,), (¢, ) €Ty x Ta.

Consequently, according to the well-known theory of general metric spaces, we have for T; x T,
the fundamental concepts such as open balls (disks), neighborhoods of points, open sets, closed
sets, compact sets, boundary of a set, and so on. There is also the concept of a continuous curve
for general metric spaces and associated with it the concept of connectedness (arcwise connect-
edness). Namely, if M is a metric space, then any continuous mapping 4 : [a, b] — M of the real
line interval [a, b] into the metric space M is called a (continuous) curve in M. Above, in Sec-
tion 2, we generalized the concept of continuous curve taking as [a, b] an interval of a time scale
instead of the reals R. Accordingly, we can generalize the concept of arcwise connectedness to
Tl X Tz.
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Definition 4.1. Let [a, b] be an interval in Ty with a, b € T and yg € T,. The set

{(x, Y0): x € a, b]}

is called a horizontal line segment in T x T, and denoted by AB, where A = (a, yp) and B =
(b, yo). Similarly, taking xo € T and [c, d] C T», we define a vertical line segment in T| x T,
as the set

{(x0.y): y €lc.d]}
and denote it by C D, where C = (xg, ¢) and D = (xg, d).

Definition 4.2. A finite sequence P Q1, P>Q>, ..., P, Q,, each of whose term Py Qy is a hori-
zontal or vertical line segment in T x T, is said to form a polygonal path (or broken line) in
T x T, with terminal points Py and Q, if Q1 = P>, Q2 = P3,..., Q,—1 = P,. A set of points
of Ty x T, is said to be connected if any two of its points are terminal points of a polygonal
path of points contained in the set. A component of a set £2 C T x T, is a nonempty maximal
connected subset of £2. A nonempty open connected set of points of T x T is called a domain.
A closed domain is a subset in T x T» being the closure of a domain in Ty x T5.

Suppose a < b are points in T, ¢ < d are points in T3, [a, b) is the half-closed bounded
interval in T, and [c, d) is the half-closed bounded interval in T5. Let us introduce a “rectangle”
in Tl X Tz by

R=la,b) x[c,d)={(x,y): x €[a,b), y €lc,d)}. “4.1)

Let us set

Li={(x,¢): x €[a,bl}, Ly={(,y): y€lc.dl},
Ly={(x,d): x€la,bl},  Ls={(a,y): yelcdl}.

Each of L; for j € {1, 2, 3,4} is an oriented line segment; for example, the positive orientation
of L arises according to the increase of x from a to b and the positive orientation of L, arises
according to the increase of y from c to d. The set (closed curve)

I' =L1ULyU(—L3)U(—Ly) 4.2)

is called the positively oriented fence of R. Positivity of orientation of I" means that the rectangle
R remains on the “left” side as we describe the fence curve I".

Definition 4.3. We say that £ C T| x T, is a set of the type w if it is a connected set in T1 x T,
being the union of a finite number of rectangles of the form (4.1) that are pairwise disjoint and
adjoining to each other. Let E C T; x T be a set of the type w so that E = | J;__, Rk, where
Ry = lag, by) X [ck,dy) C Ty x Tp foreach k € {1,2,...,m} and Ry, Ry, ..., R, are pairwise
disjoint and adjoining to each other. Let I} be the positively oriented fence of the rectangle Ry.
Letus set X = | J;_ I'x. Further, let X consist of a finite number of line segments each of which
serves as a common part of fences of two adjoining rectangles belonging to {R1, R2, ..., Ry }.
Then the set I" = X \ X forms a positively oriented closed “polygonal curve,” which we call the
positively oriented fence of the set E (the set E remains on the “left” as we describe the fence
curve I").
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Theorem 4.4 (Green’s formula). Let E C T x Ty be a set of the type w and let I" be its posi-
tively oriented fence. If the functions M and N are continuous and have continuous partial delta
derivatives OM /A>y and ON/A1x on EU I, then

//(— — —)Alx Ary = fMd*x + Nd*y, (4.3)
A1x Ay J

where the “star line integrals” on the right-hand side in (4.3) denote the sum of line delta inte-
grals taken over the line segment constituents of I" directed to the right or upwards and line nabla
integrals of f taken over the line segment constituents of I' directed to the left or downwards.

Proof. First we assume that E is a rectangle R of the form (4.1). Let Ly, L,, L3, and L4 be
the oriented line segments defined above and let I" be the positively oriented fence of R de-
fined by (4.2). Using the formula reducing double delta integrals to repeated delta integrals (see
[5, Theorem 3.10]), we have

/ —Alx Ary = fAle—Azy

Further, by the fundamental theorem of time scales calculus (see [8, Theorem 5.34] or [10, The-
orem 4.1]) we have

oM
/ —Ayy=M(x,d) — M(x,c).
Aoy

c

Therefore

b b
//—Alezy /M(x,d)Apc—/M(x,c)Apc.

Next, each of the last two integrals can be replaced by a line delta integral. Indeed, taking into
account Theorem 3.3, we see that

b
/M(x,d)Alx:fM(x,y)Alx and /M(x,c)Alx:/M(x,y)Alx.
a L a

Hence

f/—Alezy /M(x’y)Alx—/M(x’y)Alx

/M(x y)le—/M(x V)Aix,
—Ls

where in the last equality we have used Remark 3.11. Now considering the integral along the
whole fence I" of R, we add to the right-hand side of the obtained equality the two integrals

—fM(x,y>A1x and —/M(x,y>v1x,
2 —Ly4
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each of which is, obviously, equal to zero, since the variable x remains fixed over L, and —L4.
We obtain

f/ —A1x Ary=— /M(x,y)d*x. 4.4)
r

Similarly we can show

f/—Alx Ay = /N(x,y)d*y. 4.5)
r

Subtracting (4.4) from (4.5) yields (4.3). Thus we have proved (4.3) if E = R is a rectangle of
the form (4.1).

Now we assume that E is a set of the type w, i.e., we assume that E = U?:l Ry, where
Ry = lak, byx) X [ck,dr) C Ty x Tr foreach k € {1,2,...,m} and Ry, Ry, ..., R, are pairwise
disjoint. Let Iy be the positively oriented fence of the rectangle Ry. Then, since Green’s formula
already applies to each of the rectangles Ry, we obtain

f/ oM Aix A Z// I Aix A
—_— = — X — A X
Arx Ary 1 2y = Arx Asy 1 2y

_Z/Md*x+Nd* /Md*x+Nd*

The last of these equalities is explained as follows. The fence I" of E is obtained by removing
from the union of I, ..., I}, a finite number of line segments each of which serves as a common
part of the fences of two adjoining rectangles belonging to {Ry, R3, ..., R;;}. Every such line
segment is traversed twice in the opposite directions; therefore the integrals corresponding to
these paths of integration mutually cancel out and thus only the integral over I" remains. O

For a version of Green’s formula in the case Z x Z, we refer the reader to [9].
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