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Abstract. We consider the generalized Lebesgue and Sobolev spaces on a bounded time-scale.
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1. INTRODUCTION

Let T be a time-scale, i.e. a closed subset of R. We also assume that T is bounded,
since our motivation is the study of boundary value problems on bounded time-scales.

In this paper we consider the so called generalized Lebesgue and Sobolev spaces,
which we define in full detail later on, namely

LPO(T) = Ju : u is A-measurable and lim [ |Mu(t)[P®D At =0
A—=07F
T

and
WhPO(T) = {u € LPO(T) : A%y exists and A%y € LPO(T)},

where A"u denotes A-weak derivative of u and p € LY(T), where

L(T) = {u € L(T) : essinfu(t) > 1} .

In doing so we will use the properties of the A-measure and the Lebesgue A-integral
introduced in [18].
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Our studies are motivated by Fan and Zhao [7]. The authors investigated the
concept of spaces LP®) () and W»®) (Q), where Q C R” is a measurable subset and
p € L(Q2) with

L2(Q) = {u € L®(Q) : essinfu(t) > 1}

teQ

and which are counterparts of the well known spaces LP(2) and W'P(Q). There
has already been some research concerning Sobolev spaces W1?(T) on time-scales
and boundary value problems in the space WP(T) with p > 1 held constant, see
for example [1,21]. The approach in [1,21] is different from ours due to possible
definitions of measure on T. We adopted the approach from [18], where the measure
of an isolated maximum of T, in the case when T is bounded, is not infinite. Such
ideas are more convenient for tackling problems on discrete intervals {1,2,..., N} and
intervals on the real line in some uniform manner. This is according to the core idea
lying behind the introduction of a time-scale. We would like to emphasize here that
the Lebesgue and Sobolev spaces LP()(T) and W'P®)(T) have never been studied
before.

This paper consists of five sections. Section 2 reviews the theory of the Lebesgue
A-integral and the Lebesgue A-measure. For a deeper discussion of these concepts, we
refer the reader to [1,3,11,18], which serve as our main background reference.

The main results concerning the space LP()(T) are given in Section 3. We establish
the equivalence between convergence in terms of the modular and in terms of the norm
in the space LP(*) (T). Properties and estimations of a modular enable us to prove
some new results concerning LP®*)(T), e.g. convergence in A-measure for sequence
(Theorem 3.7) or reflexivity (Theorem 3.22). It is worth to point out that using
Clarkson inequality, we obtain reflexivity only in the case when p(t) > 2 for A-a.e.
t € T. Moreover, we obtain some new inequalities here (see e.g. (3.13), (3.14)). As
mentioned before these inequalities would reduce to known ones if we have used
the well known settings. See [9] for the discrete case and [5] for the continuous one.
We would like to underline that using approach towards measure from [1], we possibly
would not obtain all of our results.

In section 4 we study generalized Sobolev space Wl’p(t)('}l‘). We analyze the weak
convergence in W1HP()(T) and the character of linear and continuous functionals
defined on WP (T). In this section we also consider the Sobolev-like embedding
theorem (Theorem 4.9).

Results presented in this paper can be used to discuss boundary value problems
on bounded time-scales. An example of such a problem is given in Section 5, where
we investigate a Dirichlet problem with p(t)-Laplacian (see problem (5.1)). There
are many results for problems of this type, see e.g. [8], however, it has been never
considered in the context of time-scales. The whole discussion in Section 5 is based
on the theory of generalized Lebesgue and Sobolev spaces on time-scales. Within
our framework we can apply variational or monotonicity techniques to boundary
value problems with p(t)-Laplacian on bounded intervals related to the time-scale, see
e.g. [6,14].
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Continuous version of problems like (5.1) are known to be mathematical models of
various phenomena arising in the study of elastic mechanics [20], electrorheological
fluids [17] or image restoration [4]. Variational continuous anisotropic problems have
been started by Fan and Zhang in [8] and later considered by many methods and
authors, see e.g. [12] for an extensive survey of such boundary value problems. The
research concerning the discrete anisotropic problems of variational type have been
started in [13] and then continued for example in [10] where some known tools from
the critical point theory are modified suitably and then applied in order to get the
existence of solutions and also their multiplicity.

Since the research was conducted in discrete and continuous setting separately, it
seems interesting to demonstrate that a sort of unification is also possible with the use
of a time-scale notion considered with some type of measure that has not been vastly
exploited but which appears indispensable. We show by example of a few results that
both settings can be tackled in some unified manner. We are of course aware that
in the discrete setting one has more options at disposal since all norms are equivalent
and in a consequence it does not matter which term in the action functional dominates
the other.

2. LEBESGUE A-MEASURE AND A-INTEGRAL

In this section we recall the notion of the A-measure and the Lebesgue A-integral as
introduced in [18]. Let T be a bounded time-scale. We denote

a=inf{s € T}, b=sup{se T}. (2.1)
Since T is bounded, a,b € T. We consider the time-scale intervals defined as follows
[tl,tg]'ﬂ‘ = [tl,tQ]mT and (tl,tg)']r = (tl,tz)ﬂT

for t1,to € T. Let 0 : T — T be a forward jump operator, i.e.,

inf T: t} forte T\ {b
o(t) = inf{seT:s>t} forteT)\{b} (2.2)
b fort=10
and o : T — T be a backward jump operator, i.e.,
sup{seT:s<t} forteT\{a},
g@>{ { } Mol (2.3
a for t = a.

We introduce the graininess function p : T — [0, 00) defined by

u(t) = o(t) — t

for t € T. If u(t) > 0, we say that ¢ € T is right-scattered. If u(t) = 0, we say that
t € T is right-dense.

In the sequel we will use the symbol R to denote the set of all right-scattered
points of the time-scale T, i.e.,

R={teT:t<ao(t)}. (2.4)
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Definition 2.1. Let f: T — R. Function f: [a,b] — R is a step interpolation of f if

7 f@t) forteT,
| f(s) forte(s,a(s),s€R.

The function f extends f to the real interval [a,b] and it allows to establish the
equivalence between the Lebesgue A-integrable and the Lebesgue integrable functions.
With the aid of function f, we can calculate the Lebesgue A-integral on arbitrary
A-measurable set as a usual Lebesgue integral on a corresponding Lebesgue measurable
set.

We would like to mention that the continuity of a function f : T — R does not
imply the continuity of f. However, we can formulate the following lemmas.

Lemma 2.2. Let f: T — R. If f is continuous on T, then f is continuous at any
point t € [a,b] such that t is not a left-scattered point of the time-scale T.

Lemma 2.3. Let f: T — R. If f is continuous on T and if f(t) = f(o(t)) for all
t € R, then f is continuous on [a,b).

Lemma 2.4. Let f,g: T — R. Then
(8) [£12 = | FI7 on [a,b);
(b) I(f =9 =1(f —7)| on [a,b].

Proof. Let us denote hy(t) = |f(t)|9®) and ho(t) = |f(t) — g(t)| for t € T. Since
F(t) = f(t) and §(t) = g(t) for t € T, we have

~

ha(t) = () = [FOPY and ha(t) = ha(t) = | F(£) = 5(0)]
for t € T. Let us fix s € R and take t € (s,0 (s)). Then

() = ha(s) = | £(s)[7) = [ F()[o®)

and

~

ha(t) = ha(s) = [f(s) = g(s)| = |f(t) = g(t)l. =
In what follows, we recall some background from [18].
We call a function f : T — R A-measurable (A-integrable) if the extension

I [a,b] — R is measurable (integrable) on the interval [a, b] in the Lebesgue sense.
We say that f : T — R belongs to L!(T) if the A-integral defined by

/ FAL = / Fle)dt

[a,b]

is finite. L!(T) is obviously a Banach space with the norm

I fllzrry = /f(t)At.
T
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We say that A C T is A-measurable if its characteristic function y 4 is A-measurable.
We define the notion of A-measure pa(A) of A C T by

ja(4) = / xA(b)AE = / Taltydt.

T [a,b]

The following property holds pa(A) = .z (0(t) —t) + ur(A), where pup(A)
denotes the classical Lebesgue measure of A C T. Moreover, ua(A4) = ur(A) if and
only if A C T does not have any right-scattered points.

If A C T is A-measurable, we can define the A-integral of u over A by

A/ u(t)At = T/ u(t)xa(t) At

and then we say that u belongs to L'(A).

A C T is called A-null set if pa(A) = 0. We say that some property holds A-almost
everywhere (A-a.e.) on A or for A-almost all (A-a.a.) t € A if there is A-null set
E C A such that this property holds on A\ E.

We would like to note that the only A-null subsets of T are the ) and the unions

of single-point sets, which are right-dense points of T. Consequently, we obtain that
all subsets of A-null sets in T are A-measurable and that Lebesgue A-measure pa is
a complete and a no-translation-invariant measure.
Remark 2.5. For each to € T\ {b}, the single-point set {to} is A-measurable and
ua({to}) = o(to)—to = u(to). For every right-scattered point ¢y € T we have o (tg) > to.
It implies that ua ({to}) > 0 for every to € R. In particular, if T is a discrete time-scale,
then pua({t}) > 0 for all t € T\ {b}.

Additionally, since we adopted approach to the A-measure from [18], we obtain
that

na({p}) = / 1Af = / Sy ()t = pr({B}) =0,
{b} [a,b]

where b is given in (2.1). It gives that all subsets of the time-scale T containing b are
of a finite A-measure and it is the main difference from the approach given in [1].

We regard the space L!(T) as an equivalence class of functions defined A-a.e. on T,
except possibly on a A-null set. In particular, the value of a function u € L!(T) need
not be well defined at any individual points, which have necessarily A-measure zero.
In the time-scale setting this means that u € L'(T) need not be well defined at every
right-dense point, but will be well defined at all right-scattered points.

3. THE SPACE LP(®")(T)

In this section we introduce the generalized Lebesgue spaces on T. We denote

E = {u: u is A-measurable function on T},

Ejqp) = {u: u is measurable function on [a, b},
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ue E: esssup|u( )| < oo},

t€[a,b]

ue L*(T): essmfu()>1},
teT

)=
{u € By esssup|u( )| < oo},
)= {
A

€ L*([a,b]): infu(t) >1;.
we LTl t): el > 1}

In the sequel we assume that v € E, p € LY(T) and we define ¢ : T x [0,00) = R
given by
o(t,s) = sPW for t € T, s > 0. (3.2)

We recall that functional p : X — [0, 00) defined over the vector space X is called
a modular if
(M1) p(x) =0 if and only if x = 0;
(M2) p(—z) = p(z) for all z € X
(M3) p(az + By) < ap(z) + Bp(y) for all z,y € X and for any «, 5 > 0 such that

a+p=1.

The vector space A, = {z € X : lim,_,o+ p(ax) = 0} is called a modular space.
The modular space A, is also called a generalized Orlicz space [15, p. 5].

We see that a function given by the formula

o(t, [u(t)]) = Ju(t)["”

for t € T, where ¢ is defined by (3.2), is a composition of A-measurable functions, if
u € E, pe LY(T). It makes it obvious that it is A-measurable function of ¢ for every
u € F and that

- / o(t, [u(t))) At (3.3)
T

is a modular.
Since s — ¢(t, s) is convex on [0, 00) for A-a.e. t € T, we obtain that p is a convex
modular over E and that

LPO(T) = {u eE: ,\IHI(Jl+ p(Au) = 0}

is a modular space. Consequently, LP(*) (T) is also a generalized Orlicz space.
By properties of ¢, we also get

LPO(T) = {u € E: VYA > 0p(\u) < oo},

which we call the generalized Lebesgue space on a time-scale T.
Observe that for any p € L3°(T) we have

1<p = inf = f
Sp” =essinfp(t) = gsés[;r;] p(t)

< esssupp(t) = esssupp(t) =: p* < oo.
te[a7b] teT
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Note that for any u € LP®)(T) and for any A > 1 we get
/ MOLINES / u(t)[PO At
T T

Thus,
p(u) < AP p(u).
Similarly, for A € (0,1) we have

N p(u) < plu).

For every fixed u € LPU(T), u # 6, A — p(\u) is a continuous convex even
function and it is increasing on [0, 00).

Lemma 3.1. Letu € E and p € L*(T). Then

(a) u e LPU(T) if and only if u € L;(t)([a7 bl);
(b) p € L(T) if and only if p € LY ([a,b]).

Proof. First, we show that relation (a) holds. Let u € LP(®)(T). Then, obviously
u € E[a,b] and

= lim p(hu) = li Mu(t)POAL = i / Na(t)[P O dt.
0= tim pO) = lim [ Pulo)r©at = tim [ xa)
T la,b]

Thus, u € L;(t)([a, b]). Assume now that u € L;’\(t)([a, b]). Hence u € E and

0< lim / (PO AL = Tim / ()P Odt = 0.
A—0t A—0t
T [a,b]

Consequently, u € LP()(T) and the proof of relation (a) is completed.

Now we shall show that condition (b) holds. Note that if T does not contain
any right-scattered point, then p = p and the thesis is obvious. Assume that T
contains at least one right-scattered point. Let p € L3°(T). Then p € L*°(T) and
essinfierp(t) > 1. Suppose that p ¢ L°([a, b]). Then p is either not bounded on [a, ]
or else essinfic(q, P(t) < 1. However, if one of these cases holds, there must be some
subset A C [a,b] \ T of positive measure on which p has at least one of the mentioned
properties. Taking the construction of p into account, we obtain that there exists at
least one right-scattered point ¢y € T such that p is either not bounded at ¢, or else
p(to) < 1. Since pa({to}) > 0, we reach a contradiction. This proves that the first
implication holds.

Now let p € L([a,b]). Then p € L>([a,b]) and essinf,cqp) p(t) > 1. It follows
that plr € L (T) and essinf;er p(t) > 1. Moreover, p(t) = p(t) for t € T. Thus,
p € L>(T) and essinf,crp(t) > 1. Thus, p € L(T). O
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Remark 3.2. The proof above shows that it is applicable to set essinfier u(t) in
(3.1). Since pa({t}) > 0 for t € R, where R is defined in (2.4), function p € L (T)
to required to achieve values greater or equal 1 in all right-scattered points of the
time-scale T.

Lemma 3.3. The functional || - ||, : LP™(T) — [0, 00) defined by
. u
[ull, = ||UHLp(t>(qr) = inf {/\ >0:p (X) < 1}’

for u € LPO(T), is a norm in LPM(T).

Note that, by (3.3), we obtain

HmemszA>0n/ﬂ9MﬂN<l
T
=inf<A>0: / @ (t)dtgl
[a,b]
Thus,
lallzoeomy = 1l 20 o (35)
Since (L;(t)([a, b)), || - ||L;\(t)([a,b])) is a Banach space and since (3.5) holds, we can at
once obtain that (LP®(T), || - ||,) is also a Banach space.

Theorem 3.4. For any u € LP(T), u # 6,

[ullp = a >0

(2)-1

Proof. Fix u € LPM(T), u # 0 and assume that |lu||, = o. Then

a:inf{)\>0:p(%)§1}.

Let us observe that a function

if and only if

p(t)

u(t) At

A

is continuous and that it is decreasing on (0, c0). We see that

a=inf{\: € p,'([0,1])}.
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By the continuity and the monotonicity of p,, we get 1 = p,(a) = p (%) .
Now let us assume that p(2) = 1 for some a > 0. Then there exist 3 € R such
that ||ull, = 8 < a and

u U
pu(B) p(5>_ rly) = Pul@)
By the monotonicity of p,, we obtain that 5 > a.
Finally, ||lull, =8 = a. O
Theorem 3.5. Let u € LM (T),u # 6. Then

(a) lull, < 1(=1,>1) if and only if p(u) < 1(=1,> 1),
- +

(b) If [lull, > 1, then [ullf < p(u) < [ull,
+ —

(©) If flull, <1, then [lull5" < p(u) < full -

Proof. We show that condition (a) holds. Assume that |lu||, = oy < 1. By Theorem 3.4
and by the monotonicity of the modular, we obtain

By similar reasoning we argue when [jul[, > 1 or [jul|, = 1.
Now we will prove (b). Assume that ||u||, = az > 1. By Theorem 3.4, we get

SONE

Moreover, we see that

U 1 1
1= () > [ Pt = —plw)
a2 oy o}

p(t)

At< / lu(t)[PO AL = Lp(u).
ab b
T

Qg

2

Therefore - - N .
lullj =aof <p(u)<ay =|ul .
The proof that (¢) holds may be performed in a similar way as (b). O
Now we provide a theorem, which relates convergence in norm and convergence

obtained via a modular. As expected, this two notions coincide.

Theorem 3.6. Let u € LPM(T) and uy € LP(T) for k € N. Then
i {|ug —ull, =0

if and only if
lim p(A(ug —u)) =0

k—o0

for every A > 0.
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Proof. Let us assume that limp_,o ||ur — ul, = 0. Then, of course, we get
limp o0 | A(ur — u)||, = 0 for all A > 0. Now let A > 0 and let ¢ € (0,1). Then
there exists ko € N such that ||\ (uy —u) ||, < ¢ for all k > k.

By Theorem 3.5, for every k > kg we get

p (M (e —w) < [Mux — )|l < [Aue —w)ll, <e.

Thus, limg 00 p (A (ur — u)) = 0. Since A and € were arbitrarily fixed, we obtain that
the convergence of a sequence in LP(*) (T) implies the convergence in terms of modular.
Assume now that for any A > 0 we have

lim p(A (ux —u)) = 0.

k—o0

Then there exists kg € N such that

p(Mr) = - <1

A

for k > ko. Therefore |juy — ul|, < + for k > ko and every A > 0. This proves that
klggo lluw — ul, = 0. O

From the well known Riesz Theorem convergence in A-measure of some sequence
implies that the this sequence is convergent, up to a subsequence, A-almost everywhere.
We can prove however the following result.

Theorem 3.7. Let u € LPM(T) and up € LPO(T) for k € N. If
li —ul,=0
J[lug, —ul[, =0,

then

up, — u in A-measure

and (ug),cy contains subsequence (uy,) which is A-a.e. convergent to u on T.

i€NY

Proof. Let us fix a > 0 and let us define a measure

9(A) = [ é(t,a)At, (3.6)
/

where A C T and ¢ is defined by (3.2). We see that the A-measure is absolutely
continuous with respect to the measure given in (3.6). If ¥(A) = 0 for some A C T,
then we conclude that the set A cannot contain any right-scattered point and

deﬂﬁza
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Since ¢ is a non-negative function, we obtain that
i (A) = pa(A) = 0.
Let € € (0,1). Now if limy o0 ||ur —ul|, = 0, then by Theorem 3.6, there exists ky € N
such that for k > k¢ we have .
pluy, —u) < .
We denote
A ={t €T : |ug(t) — u(®)| > e}

for k > ko. Then
/ P(t,e) At = / POAL < / lu(t) = u()POAL < pluy —u) < 2P
Ag Ay Ay

and

1 + 1
pa(Ay) = 517/67) At < 6}7/5?“)& <ef
for k > ko. Hence we conclude that

lim ,uA(Ak) =0.
k—oo

The sequence (ug)gen is convergent to u in A-measure on T. Moreover, since (ug)xen
is a Cauchy sequence in LP()(T), we can show that (u;)gey is Cauchy sequence in
A-measure. By the Riesz theorem it follows that (uy)ren contains a subsequence
(ur, );ey that is convergent A-a.e. on the time-scale T. O

Lemma 3.8. Let v,w € LPM(T). Then v, w satisfy the following inequalities:

(a) [ot) +w(®)P® <271 (ju(B) PO + fw(t) 1),
(b) () —w(@P® <27 = (OO + w(H®)

for A-a.e. t € T.
p(t) p(t)
"
S 2p ( >

p(t) p(t)
corr (P, BOEY s+ )

for A-a.e. t € T. Condition (b) can be obtained in a similar way. O

Proof. By the Jensen inequality, we get

uit) , wlt)
2

v ) p(t)

[o(t) + w(pP® = 220 Sy

Lemma 3.9. Let (uy)ren C LP® (T) be a sequence convergent to a certain function
u € LPM (T). Then there exists a subsequence (ury)jen C LP®) (T) such that

lim wuy, () = u(t)
l—o0

for A-a.e. t € T and there exists a function g € LPW (T) such that |uy, (t)| < g(t)
forl € N and A-a.e. t € T.
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Proof. The first part of this lemma follows by Theorem 3.7. We consider the following
monotone sequence of real valued, A-measurable functions (g, )men defined by

(1) =l (] 4D g (8) = w1, (8)]
=1

for m € Nand t € T. Then by Lemma 3.8 (a),

T/ lgm (PO AL = /

T

p(t)

|uk1 (t)l + Z |ukz (t) = Ukyyq (t) At
=1

(3.7)

for some M > 0. Moreover, (gm)men is convergent to a certain function g in
A-measure. By (3.7) and the Lebesgue Dominated Convergence Theorem, we obtain
that g € LP(®) (T). Apart from this, by the monotonicity of (g, )men, we obtain that
for every | € N we can find m € N such that

|uk'l (t)| = |uk1 (t) + Uk, (t) — Uk, (t) +.o U (t) = Uk (t)l
< uky (6)] 4 |k, (8) = wr, ()] 4+ A Jug, (8) — gy, (B)] < g () < g(2)

for A-a.e. t € T. O

Theorem 3.10. If p1,p2 € LY (T) and pi(t) < pao(t) for A-a.e. t € T, then
the embedding L2 (T) — LP*() (T) is continuous.

Proof. By [7, p. 430], we know that if pj(t) < pa(t) for almost all ¢ € [a, b], where
pi.p2 € L ([a,b]), then the embedding LP2® ([a,b]) < LP*® ([a,b]) is continuous.
Now if p1,p2 € LS (T) and pi1(t) < po(t) for A-a.e. t € T, then p1,pz € LY ([a,b])
and p1(t) < pa(t) for almost all ¢ € [a, b]. By Lemma 3.1 and by (3.5), we obtain that
the embedding LP*® (T) — LP*(®) (T) is continuous. O

Now let u € LP®) (T) and let us define

() if u(t)] < n,
un(t) = {o if [u(t)] > n

for n € N. Then
lim p(u, —u) =0

n—oo

and since Theorem 3.6 holds, we obtain the following result.

Theorem 3.11. The set of all bounded measurable functions defined on T is dense
in (LPD (T), || - [],)-
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We now discuss the uniform convexity of LP(*)(T) which property is crucial for the
further applications of variation methods in this setting.

Theorem 3.12. Let p € L°(T) and p(t) > 2 for A-a.e. t € T, then LPO(T) is
uniformly convexr (and thus reflexive).

Proof. Let us recall that a Banach space X is uniformly convex [2, p. 76], if for every
g > 0 there exists 6 > 0 such that for every z,y € X with ||z||x <1, ||y|lx <1 and
lz — yl|x > &, we have H%”/HX <1-4.

Let € € (0,1) and let u,v € LP®(T) be such that [ull, < 1, [jv]|, < 1 and
|lu—wv||, > €. Then by Theorem 3.5, we get that p(u) < 1, p(v) < 1. Using the
Clarkson inequality [2], we obtain that

p(t) p(t)

u(t) 4+ v(t)
2

VO < L (o) @)

holds for A-a.e. t € T. Integrating both sides of (3.8) and applying Theorem 3.5,

e have p () + (M50) = 5 lotw + o <1

Hence

Since € € (0,1), we have
! _ ! ) —o@)POat>p(=2) >1 3.9
?P(U—U)—E,ﬁ u(t) — v(t)] =P\~ )=+ (3.9)
T

By (3.9), we obtain that

.
u—+v u—v eP

<1-— <1l-—<1.
()= () =1

Applying Theorem 3.5, we get that there exists § > 0 such that

urul o1y

p

Applying similar considerations for € > 1, we obtain that

u+v uU—v eP
<1-— <l—-—<1.

By Theorem 3.5, we have the assertion. Since every uniformly convex Banach space is
reflexive, we obtain that LP(Y)(T) is reflexive and the proof is finished. O
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Lemma 3.13 ([15, p. 48]). Let p,q: T — R be conjugative functions on T, i.e.,

RN
p(t)  q(t)
for A-a.et € T. Then
aP®  pat)  qpt) galt)

P ) S

aff <

for any o, > 0 and for A-a.e. t € T, where p~ is defined in (3.4) and ¢~ =
essinfier g(t).

Applying Lemma 3.13, we have the following.
Corollary 3.14. Let p,q: T — R be conjugative functions on T. Then

/|u (t)|At < 7/@ t)[P®) At+—/|v H1® At

foru € LPW(T), v € LI (T).

Now applying theory of classes N and ® described in [15], we discuss the conjugate
space (LP(®) (T))". Let us recall [15, p. 108] that ¢ : T x [0,00) — R belongs to class @,
if it satisfies the following conditions:

(®1) ¢(t,y) =0 if and only if y = 0 for every t € T,
(®2) ¢(t,y) is a non-decreasing, continuous function of y for every t € T,
(®3) @(t,y) is a A-measurable function of ¢ for all y > 0.

Next, we say that a function ¢ € ® belongs to class N [15, p. 82|, if for every ¢t € T,
® is a convex function of y and

Lemma 3.15 ([15, p. 82]). If a function ¢ : T x [0,00) — R belongs to class ® and it
is a convex function of the variable y € [0,00) for every t € T, then ¢ is of the form

ly|
olty) = / o(t, s)ds, (3.10)
0

where g(t,y) is right-handed derivative of o(t,y) for a fized t € T.

Definition 3.16 ([15, p. 82]). Let ¢ belongs to class N and be of the form defined in
(3.10) with
9" (t,y) = sup{s : g(t,5) < y}.
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Then the function
[yl

" (t,y) = /g*(ta s)ds

is called a complementary of ¢ in the sense of Young.

Theorem 3.17 ([16, p. 104]). Let ©* be a complementary function in the sense of
Young to w. Then ¢* and ¢ are convex and they satisfy Young inequality

aff < (t,a) + ¢*(t, 5) (3.11)

foralla, p>0,teT.

We will assume p,q : T — R to be conjugative on T in the sequel. Set

1
op(t,s) = —sP®
fort € T,s > 0. Then ¢, € ®. Moreover,
lim Lp(t,s) =0 and lim L,(t,s)

s—0F S s—o0 S

Consequently, ¢, € N. Writing

ppl) = / bt |u(t) ) At

T

and U
lull, = inf{)\ >0:p, (X) < 1},
we obtain an equivalent norm to || - ||, on LP®)(T).
Now notice that for ¢t € T and s > 0 we have
[s|

1 _
¢p(t73) = msp(t) = /Tp(t) 1d7"

0

and . )
sup{s : sPW 71 <7} =sup{s:s < rrO-1} = rrO-1,

Thus,

Is]

/rpm Tdr = p(t) — 15;75(;11 — qu(t)
0
0.

p(t) q(t)

for any t € T and any s >
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p;w)T/qu (H)70A /fbt\v

Writing

we obtain

1
q(t) — . q(t) — T * _
LT {vEE./q(t)|v(t)| At<oo} {veE.)\li)r{)lerp(/\v) O}.
T

Consequently, using Corollary 13.14 and Theorem 13.17 in [15] we can formulate
the following theorems.

Theorem 3.18. For every v € LYY (T) functional f : LP(T) — R defined by

Flu) = / w(t)o(t) At (3.12)

T

is a continuous and linear on LP(M)(T).

Theorem 3.19. For every continuous and linear functional f on Lp(t)(’]I‘), there is
a unique element v € LI (T) such that f is defined by (3.12).

Consequently, the following theorem holds
Theorem 3.20. (LPM)(T))* = LIO(T).

Remark 3.21. By Theorem 3.12, we know that if p € LP(T) and p(t) > 2 for
A-a.e. t € T, then LPM(T) is reflexive. Notice, that (LP(®)(T))* = LI*)(T), where
p,q: T — R are conjugative on T and ¢(t) € (1,2] for A-a.e. t € T. Since a Banach
space is reflexive if and only if its dual space is reflexive, we obtain that LP(®)(T) is
reflexive for function p € LS°(T) satisfying p(t) € (1,2] for A-a.e. t € T.

By Remark 3.21 and Theorem 3.20, we obtain the following theorem.
Theorem 3.22. Ifp € L(T) and p(t) > 1 for A-a.e. t € T, then LPM)(T) is reflezive.

Theorem 3.23. Let v € LIY(T) be such that p,q € L% (T) and p,q are conjugative
on T. Let us define

[v]|" = sup /|u )AL 1w e LPO(T) and ||ull oo () < 1

Then
/ 1 1
[vllLacrcry < [loll < e [0]| Lacor (T)-
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Proof. For fixed v € LYU(T), u € LPM(T) we set o = vl Lawr(mys B = lJull oo (my < 1.
Then by (3.11), we obtain

u(t) / 1 Ju(t) [P® / OIR
At< — =2 A+ [ — |2 At
/ p(t)| B qt) | «
T T
p(t) q(t)
Sy ] VR N IRV R
P~ J B q- JoIa pTq

/|u(t)v(t)|At < (pl + ;) af < (1 + 1) . (3.13)

Thus, we get
/ 1 1
[v]| < = + *q, ||U||Lq(t)(1r)~

On the other hand, for v € L) (T) such that vl Lacr (1) = o we define

u(t) = vt sgn v(t).
Then u € LPM(T) and
o(t) 140
Jupone= [ |2 A= 1= o
T T
Therefore
o(t) q(t)—1 o(t) q(t)
/|u Bt = / ) v(t)At:/a SO At = o = ol oy
T T

Consequently, we obtain /
ol = [loll ooy (y-

Remark 3.24. Inequality (3.13) leads to the Holder inequality

1 1
/ o1t < (o= + =) lull ol (3.14)

for u € LPM(T),v € LI®(T). Apart from this, by Theorem 3.23, we obtain the
equivalence of norms |[v|| Law (1), Jv]|" in LIO(T).
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4. THE SPACE W1»®)(T)

In this section we shall give some basic properties of the generalized Sobolev space
WHPO(T), where p € L (T). We denote

for t € T, where o : T — T is defined in (2.2) and ¢ : T — R.

Let us denote T® = T\ (o(sup T),sup T], where o : T — T is defined in (2.3). In
this way, we remove from the time-scale T a A-null single-point set, which consists of
a left-scattered maximum of T. Alternatively, it can be written as

T~ T if b is not an isolated point,
| T\ {b} ifbis an isolated point.

We recall that function f : T — R is A-differentiable at ¢ € T* if there exists
a finite number f2(t) with the property that given any £ > 0, there is a neighborhood
U of t such that

17(8) = f(5) = F2()(a(t) = 5)| < elo(t) —s|

for all s € U. We denote by C},(T) the set of functions defined on T, which are
A-differentiable on T and their A-derivatives are rd-continuous on T*.

Definition 4.1. Let u € E. We say that a function g : T* — R is A-weak derivative
of u if

[ eas=- [ en)s)as

T T

for every ¢ € Cj ,4(T) with
Coxa(T) = {f : T = R: f € Ciy(T) and f(a) = f(b) = 0}.

We denote
g = A"u.

Having the definition of A-weak derivative we introduce generalized Sobolev space
on a time-scale T.

Definition 4.2. Let p € L (T). We say that u belongs to generalized Sobolev space
WLPO(T) if and only if u € LP()(T) and A"u exists and belongs to LP(®)(T).

By Lemma 3.1 and Theorem 3.10, we obtain the following result.

Theorem 4.3. Let p1,po € LT(T). If pi(t) < pa(t) for A-a.et € T, then the
embedding WP (T) < WHP1((T) s continuous.
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An immediate consequence of Theorem 4.3 is that the following continuous embed-
dings hold
WP (T) < WPO(T) — Whe™ (T).

Since any element of W1 (T) is absolutely continuous, we see that same holds for
any u € WHPA(T).
For generalized Sobolev space WP()(T) we introduce the norm

HU||1,p(t) = HUHWLP(t)(T) = Hu”Lp(f)(’H‘) + ||Awu||Lp<t>(T)~ (4.1)

Using basic properties of generalized Lebesgue spaces LP®*)(T), we can prove the
following theorems.

Theorem 4.4. (WYPO(T), |- |l p)) s a Banach space.
Theorem 4.5. The generalized Sobolev space Wl’p(t)(T) is reflexive.
Proof. Observe that the product space LP®)(T) x LP)(T) considered with the norm

2 U)llp(8),p(t) = Lr()(T) L) (T)
[ (w, V)l [[ull + ]|
is reflexive. The operator T : Wl’p(t)(’]r) — LP(® (T) x Lp(t)(']r) defined by
T(u) = [u, A"u] (4.2)

is an isometry. Since WP()(T) is a Banach space, T'(WP()(T)) is closed subspace
of LPM(T) x LPM(T). Consequently, (WM (T)) and WHPH(T) are reflexive. [

By (4.1), we may conclude the following result holds.

Lemma 4.6. Let u, € W'"PM)(T) for n € N. Then u, — u in WLP®(T) if and only
if up — u in LPO(T) and A%u,, — A%u in LPO(T).

Since we are going to consider weak-convergence in WhP()(T), we define the
character of linear and continuous functional defined on W*»®)(T).

Theorem 4.7. Let ¢ € LY(T) be a conjugative to p € LL(T) on T. Functional

F: WYO(T) = R is linear and continuous if and only if there exist functions
91,92 € LYO(T) such that F is defined by the following formula

Flu) = / w(t)g1 (DAL + / A" u(t) g (£) At
T T
for w € WHP(O(T).

Proof. We assume that functional F' : W1P()(T) — R is linear and continuous. Then

F=FoT ':LP(T) x LP(T) - R,
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where T : WA (T) — LPA(T) x LPM)(T) is given in (4.2), is linear and continuous.
Consequently, there exist functions g,g> € L9®(T) such that F is given by the
following formula

Ffu fo) = / f1 (D)1 (DAL + / falt)ga(t) At (4.3)

for f1, fo € LPM(T). Notice that

F(u) = (ﬁ oT)(u) = /u(t)gl(t)At + /Awu(t)gg(t)At
T

T

for u € WHP((T).
Now we take the following functional

F(u) = / u(t)gi (t) At + / A%u(t)ga(t) At

T T

for u € W2 (T). By Theorem 3.18, the functional F : LP()(T) x LPO(T) — R
defined by (4.3) is linear and continuous. Since F' = F o T', we have that the functional
F' is continuous and linear as a composition. O

By Theorem 4.7, we obtain the following result.

Theorem 4.8. Let u,, € wipt) (T) for n € N. Then u, — u in wlp(t) (T) if and
only if w, — u in LPM(T) and A%u,, — A%u in LPO(T).

Now we focus our attention on compact and continuous embeddings of generalized
Sobolev space W1P(®)(T).

Theorem 4.9. The embedding W' *®)(T) < C(T) is compact.

Proof. Let u belong to the unit ball in W1P®)(T). Then
JAvu], < 1. (4.4)
Let t1,to € T, e > 0 and let ¢ € L3°(T) be such that p, ¢ are conjugative on T. We recall

that ¢ = essinfyer ¢(t) and ¢+ = esssup,cr ¢(t). Applying (4.4), the Fundamental
Theorem of Calculus and Holder inequality (3.14) we estimate

to 2
lultr) — ults)| = /Awu(t)At §/|Awu|At
t1 t1

L1y (11N
- + q || HL‘Z(”([tl,tQ]T) - P + q- H HL‘?“)([tl,tz])

IA
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with extension ¢ : [t1,t2] — R of function ¢, number p~ defined in (3.4) and 1(¢t) =1

for t € T. Observe that if o = HIHLA( (it o) <1, then
a0 ([ty,t2

to -~ ta
1 1 q(t) 1 1
1:p(a>:/<a> dﬁ</(wﬁ>ﬁ:a¢ﬁr%ﬂ
t t

1 1

Hence

1 1 1
) —u(e)] < (£ + L) el -l

q

Analogously, if o = |[1]] > 1, then

Lo ([t4,£2])

to -~ to
1 1\ 1 1
1p(>/<) dt < | ——dt = —— |ty — t].
« « ol ad
t t

1 1

Thus,

1 1 1 1 - 1 1
|u(t1> - u(t2)| < ( + > a < ( + ) a? < ( + > |t2 —t1|.
p q p q p q

Taking

0 = min ; N7 ;

(F+a) (F+)
we obtain that if |[t; — 2| < d, then |u(t1) — u(t2)| < e. Thus, by the Ascoli-Arzela
Theorem we have that unit ball in 7WP®)(T) has compact closure in C(T). O

Moreover, since embeddings
C(T) < L? (T)

and
C(T) < L” (T)

are continuous we have that embeddings
WhP®O(T) — LP™ (T) (4.5)

and
WP (T) — LP'(T)

are compact.
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5. THE DIRICHLET PROBLEM DRIVEN BY p(t)-LAPLACIAN

A function f: T xR — R is called A-Caratheodory function if it satisfies the following
conditions

(C1) for all y € R the function ¢ — f(¢,y) is A-measurable on T,
(C2) for A-a.e. t € T the function y — f(¢,y) is continuous on R.

A function f : T x R — R is called L'-Caratheodory function over T x R if it is
A-Caratheodory function and for every d > 0 there exists f; € L'(T) such that for
A-a.e. t € T and for all u € [—d, d] we have |f(t,u)| < fa(t).

We recall that C,.q(T) denotes the set of functions which are rd-continuous on T,
i.e. which are continuous at right-dense points of the time-scale T and posses finite
left-sided limits at left-dense points of T.

Let p € LS (T) N Crq(T) be such that p(t) > 2 for t € T and let Wol’p(t)(T) denote
the closure of CgS,,(T) in WP (T), where

C57a(T) = {u € CF(T) : u(a) = u(b) = 0}.

In this section we discuss the following problem

u(a) = u(b) = 0, (5.1)

{—Ap(t)u(t) = —& (JAu(t)[PO-2AYy(t)) = f(t,u(t)) for t € T*,
where f: T x R — R is L'-Caratheodory function over T x R, a and b are defined
in (2.1), 0 : T — T is a forward jump operator given in (2.2) and u € Wol"p(t) (T).

Definition 5.1. Function u € Wol’p(t)('ﬂ‘) is a weak solution to the problem given
n (5.1) if

/ AV (6O -2 AV () ATy (#) AL = / Ft 07 ()07 () At (5.2)
T T

for every v € Wol’p(t) (T).

Note that the definition of the weak solution to the Dirichlet problem on time-scale
is different from the classical one. The definition of A-derivative implies that we
multiply both sides of (5.1) by the superposition v o ¢ in order to integrate it by parts.
Apart from this the A-integral on the left side of (5.2) can not be simply considered
as the classical Lebesgue integral. It is caused by lack of equivalence between the
weak derivative of the extended function @ and the extension of A-weak derivative of
function u defined over time-scale.

Example 5.2. Let T =[1,3] U [4,5] and u(t) =t for ¢t € T. Then

Avu(t) =1
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for t € [1,5] and

1 fortel[l,3)U (4,5
Di(t) ortel,3)U(4,5],
0 forte(3,4),
where D% denotes the weak derivative of the extended function % : [1,5] — R.

Definition 5.3 ([19, p. 500]). Let X be real Banach space and L : X — X* be
an operator. Then

(a) L is called uniformly monotone if
(Lu — Lv) (u —v) > fi(Jlu —v| x)||lu — v||x for all u,v € X,

where f1 : [0,00) — [0

f1(0) = 0 and lim;_, f1(t
(b) L is called coercive if

oo) is continuous, strictly monotone increasing with

(L) (u)

im ,
[Ju]] x =00 ||UHX

(¢) L is called hemicontinuous if the real function ¢ — L(u + tw,v) is continuous
on [0,1] for all u,w,v € X.

Theorem 5.4 ([19, p. 554]). If the operator L : X — X* is monotone, coercive and
hemicontinuous on the reflexive Banach space X, then L is surjective.

Theorem 5.5 ([19, p. 557]). Let L : X — X* be a uniformly monotone, coercive
and hemicontinuous operator on the real, reflexive Banach space X. Then the inverse
operator L™' : X* — X exists and it is continuous.

Lemma 5.6. There exists function f1 :[0,00) — [0,00) which is continuous, strongly
increasing, f1(0) =0 and lim;_, f1(t) = oo such that

p(w) = filllullp)llull, for allue LP®(T).

Proof. Let u € LP® (T). Then Theorem 3.5 enables us to conclude that p(u) <
||u||f)+*1||u||p if [lull, > 1 and p(u) < [lul/5 ~Hull, if [ul, < 1. We define function

o —lft < 1,
fl(t):{ + .

ol if > 1,

which is the desired function. O
Lemma 5.7. The norm ||ulla = [[A%ul|, is an equivalent to the norm |lu|ly p
in Wy P9 (T).

Proof. 1t is sufficient to show that there exists ¢ € R such that |ul|, < ¢[|A"ul|,.
Indeed, since p™ < oo we may find functions p; € C4(T) for i = 0,1,2,...,k such
that p(t) =: po(t) > p1(t) > p2(t) > ... > pi(t) := 1 for t € T. Since embeddings
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Whpiti((T) — LPi()(T) are continuous for i = 0,1,...,k — 1 we have that there

exist Cp,C1,...,Cr_1,Co,. .., 6;6,1 > 0 such that

ooy < Co (ullzorogey + A"l orcor) )
< Collull ooy () + Coll A ul| Lo 1y,
lullzosorcry < Cr (Il zoacor ey + 147l oo )

< Cillull prao 1y + C1l| A ul Lo (1)

||uHka—1(t)(']r) < Cr-1 (”UHLPk(t)(T) + ||Awu||ka(t)(T)>
< Cr—tllull porcor () + Cro—1 | A ul| poicor 1y
Moreover, one has

t

u(t) = u(a) —|—/Awu(s)As < /Awu(s)As < 1A ul| gy

a

for t € T. Thus, sup,ey [u(t)| < [[A%ul|z1(T). Consequently,

lull Lower(my = ullzrery = /U(t)At < ua(MIA ullzrry < CrllA%ul[ Loy (1)
T

with C}, > 0. Hence there exists ¢ € R such that

lull Lo (my < ell A ul| Lo (1) (5.3)

We denote
X =Wy ""(T)

and consider operator L : X — X* defined by
(Lu)(v) = / AT (1)[PO -2 AT () AT (1) At (5.4)
T
for v € X. For operator L we can formulate the following theorem.

Theorem 5.8. L is an uniformly monotone, coercive and hemicontinuous operator.

Proof. Let u,v,w € X. By [8], we know that for every o, 8 € R and p > 2 we have

(lafP"2a = [B[P72B) (a = B) > (;) la — BJP. (5.5)
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If we apply (5.5) to A%u, A%v and the function p, we obtain

(Lu — LU) (U — ’U) > ?% / |Awu(t) — va(t)|p(t)At = %p(AwU _ va). (56)
T

Combining (5.6) with Lemmas 5.6 and 5.7, we obtain uniformly monotonicity. Theo-
rem 3.5 and (5.3) lead to

L AY AY -
( u)(u) _ p( uz} 2 p( wu) 2 CQHAwqu —1
[ullipey  llullo + 1A%ull, — clld®ul,

with ¢, c2 € R. Thus L is coercive. Now we prove hemicontinuity. Let ¢, € [0,1] for
n € N be such that ¢, — t € [0,1] as n — co. By Theorem 3.7, u + t,w — u + tw in
A-measure. Moreover,

L(u+ t,w)(v)
_ / IA () + b A w(6)PO2(A%u(t) + tn A%w () A%u(1) At
T

< /|Awu(t)+tnAww(t)\P<t)*1A%(t)At
T

< / A" u(t) + A (6)[PO-LAY (1) At
T

for n € N. Applying Young inequality (3.11) and Corollary 3.14, we have

/ |AYu(t) + A%w(t)[POLAY () At
T

IN

1 (t) 1
T/(|Awu(1t)JFA%@)V’“H)Q At+f/|va(t)|p(t)At
1 T P T

1 1
= / AYu(t) + A w(t)POAL + — / IAYu() PO AL < 00
1 T b T
with function ¢ : T — R such that p, ¢ are conjugative on T. Consequently the Lebesgue

Dominated Convergence Theorem implies the hemicontinuity of L. O

Theorem 5.9. If the function f in problem (5.1) does not depend upon u, i.e.
[t u?(t) = fa(t),

fort € T and fy € L*(T) with o =
solution.

pf’—:l, then problem (5.1) has a unique weak
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Proof. According to embedding (4.5) and Theorem 3.18, we obtain that if fo € L*(T)
with a = p{’—:l, then the functional J : X — R defined by

J(v) = / Fa(t)o” (B At
T

for v € X, is linear and continuous on X. By Theorems 5.4, 5.5 and 5.8, the operator L
defined in (5.4) is a homeomorphism and problem (5.1) has a unique weak solution. [
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