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ABSTRACT. Some discrete analogue of Poincaré-type integral inequalities involving many
functions of many independent variables are established. These in turn can serve as gen-
erators of further interesting discrete inequalities.
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1. Introduction. It is well known that differential and integral equations appear in
virtually every area of analysis, and among all tools available for the study of quan-
titative as well as qualitative properties of their solutions, integral inequalities are
essential and in fact indispensable. Analogously, as discrete phenomena prevail in
nature, difference equations are of fundamental importance in finite element analy-
sis and the discrete analogues of integral inequalities naturally serve the subject as a
handy effective tool (cf. [1]).

One of the most inspiring integral inequalities is the Poincaré’s inequality. It says
that for any bounded region Q in R? or R3 and any continuously differentiable real-
valued function f on Q which vanishes on the boundary 0Q of Q, one has

AOJ fzdxsj |V fl2dx, (1.1)
Q Q
where A is the smallest eigenvalue of the problem

{Af+2\f=0 inQ

1.2
f=0 on 0Q) . (12)

Exhibiting an effective estimate of the average of f2 on Q by that of | V f|2 on Q,
Poincaré inequality is one of the few most important multi-dimensional integral in-
equalities. Because of its fundamental importance, a vast stock of investigations and
generalizations of it has been established in these years. Such generalizations and im-
provements of the inequality are in general known as Poincaré-type integral inequali-
ties. A brief account of such inequalities can be found in, say, Beckenbach-Bellman [2],
Hardy-Littlewood-Pélya [8], Milovanovi¢-Mitrinovi¢-Rassias [12], Mitrinovi¢ [13], and
Nirenberg [14]. More recent results include those in Horgan et al. [9, 10, 11], Pachpatte
[15, 16], Rassias [17, 18], Cheung [3, 4, 6], and Cheung-Rassias [7]. It is the purpose
of this paper to establish some new discrete analogues of Poincaré-type inequalities
which improve and generalize some existing results in [5]. The importance of the re-
sults here does not confine to their neatness and intrinsic beauty, but also lies on the
fact that they can be used in turn to serve as generators of other interesting discrete
inequalities.
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2. Notations and Preliminaries. In this paper, m > 2 and n > 1 will denote two
fixed integers. For consistency we will use exclusively the Greek alphabet «,8,y,...
as indices from 1 to m and the English letters i, j,k,... as indices from 1 to n. Let
Q=T[~,[0,b;]nZ™ C R™, where b; € NU {0} for each i, be a fixed rectangular lattice
of integral points. As customary, a general point in Q will be denoted as t = (t1,...,t,).
F(Q) will denote the space of all real-valued functions on Q and %, (Q) the subspace
of #(Q) consisting of all those functions in %(Q) which vanish on the boundary 0Q
of Q. For the sake of convenience, we shall extend the domain of definition of each
function in #(Q), hence also those in %y (), trivially to the entire Z" and think of
%(Q) as the collection of real-valued functions on 7" with support in Q, and %, (Q)
as those with support in Q \ 0Q. Furthermore, for the sake of simplicity, since the
indices i, j, k will always be running from 1 to n and «, 8,y from 1 to m, summations
and products over i, j, k and «, 8,y will be abbreviated as > ,,][;, and so forth, unless
possible confusion may arise.

For any f € %(Q), define

fi:Z" —R (2.1)

by
fj(t) = Ajf(t) =f(t1,...,tj,...,tn) —f(tl,...,tj—l,...,tn). (2.2)

Observe that if f € F¢(Q), fj € F(Q) for all j. However, in general f; & Fo(Q).
As usual, we define the gradient of f as

Vf;: (fls---:fn) (23)
and its norm as

1/2
IV fl:= (sz) : (2.4)
J

For any p > 0 and f € F(Q), the £,-norm of f is defined as

1/p
Ifllp = (Z If(t)l”> . (2.5)

teQ

If feFo(Q), fj € F(Q) for all j and in this case the £,-norm of V f is defined as

IV fllp = (Z <Vf<t>|”>w = [Z (Z_|f1|z)w2]w. (2.6)

teQ teQ

3. Discrete Poincaré-type inequalities. Let B=max{b;:1 < j<mn}.

THEOREM 3.1. For any f% € %y(Q), any real numbers px = 2, qu = 0 with
2«qda/Pa=1,and any Cy > 0,

c o« (BCa\P™ «|[Pa
<o (530) v, (-1

where C :=[]g Ct;qﬁ.
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Theorem 3.1 generalizes and improves some existing results of discrete Poincaré-
type inequalities in the literature [5]. For example, the following consequences are
easily derivable from Theorem 3.1.

COROLLARY 3.2. For any f* € %y(Q) and any real nhumbers py > 2, qx = 0 with
Zcx Qa/pu =1,

1 du B\ P« p
oo™ <559 (2) v s, (3.2)

« 1 Ny Pa 2 r
PROOF. This follows immediately from Theorem 3.1 by letting Cy = 1 for all «.
O

COROLLARY 3.3. For any f* € %,(Q) and any real numbers py > 2, qx > 0 with
>aldalPa=1,
[T

o3

C «
< 2NV £l (3.3)
1 o4

c=[] |:(§>qo<<:l)z)qa/pa:|. (3.4)

PROOF. This follows immediately from Theorem 3.1 by letting

1/p«
Co = 3(&> V. (3.5)
B\ g« O

where

COROLLARY 3.4 [5]. For any f* € %,(Q) and any real numbers py > 2 with
Zo( 1/P¢x =1,

1 1 (B\P«
[1r* S*Z*(*) IV FBe. (3.6)
« 1 N Pa 2 ?
PROOF. It is immediate from Corollary 3.2 by putting g« = 1 for all c. O

COROLLARY 3.5 [5]. For any f* € %¢(Q) and any real numbers qx > 0 with q :=

Dadaz2,
1 /B\“ «
Qo] <3 C) o

PROOF. It is immediate from Corollary 3.2 by putting p, = q for all «. O

COROLLARY 3.6 [5]. For any f* € %y(Q),

U <o (5)" Siv e 6.8

o 1 hm

PROOF. This follows from Corollary 3.4 by setting px = m for all & or from
Corollary 3.5 by setting g« = 1 for all «. O

To establish Theorem 3.1, we need the following basic lemmas.

LEMMA 3.7 [8, 13]. For any pa,da,Cx > 0 With > qu /P« =1,
[Tede <> dahe | (3.9)
o o Px

where the equality holds if and only if ¢y = - - - = Cy.
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LEMMA 3.8 [8, 13]. Foranyr; >0 ands > 0,

(Zn) <c(s,n)Drf, (3.10)

i
where

{nSI ifs>1
c(s,n) = (3.11)
1 if0<s<l.

Lemmas 3.7 and 3.8 are fundamental inequalities easily derivable from the
arithmetic-geometric mean inequality. For their proofs, one is referred to, for example,
[8, 13].

LEMMA 3.9. For any f € %y(Q) and any t € Q,
[f(t)] < *Z Z | fi(t1,eoybict, Uiy tivtyeenytn) |- (3.12)
i uj=1
PROOF. Since f =0 on 0Q, for each i =1,...,n, we have
L
f(t) = z fi(t11---lti—llui!ti+ll---1tn)y
izl
" (3.13)
z fi(tll-'-!tifllui!ti+l!'--ytn)-

u;=t;+1

Taking absolute value of each of these equations and adding them up with respect
to i, we have

b;
2n|f@)| =D > | filtr,e tict, Wiy tist,eeestn) |, (3.14)

i ui=1

hence the lemma is proved. O

PROOF OF THEOREM 3.1. By Lemmas 3.7, 3.8, and 3.9, we have

H{f{x(t”‘m <HCBQB>H|C(Xfa(t)|%<

(24 X

< CZ %C&]a |f0((t) \P:x
«x P«

SC%ZZ “[21@22””1' S ’”'Ta

i uj=1

Pa
& o 1 Po
SC%Z(X g (21’1) pa, Z( Z |f biyees Uiyt )|)
(3.15)

for all t € Q. Since py = 2, we have ¢(py,n) = nP«"! and so

Pa b; P«
= %Z@<%> ;(uz_l | fE (e iy ) |) : (3.16)

O(t du
l;[lf()I e
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By Holder’s inequality, this gives

1_[|fa(t)|Qa
&
c c : (Pa=1)/pu b; 1/paPa
= Ao =« . o . Pu
< n%m( o)™ Z{(le) (uiz_lm (Eryees Uiy )| ) }
C (x<C¢x>p pa-—1 o< Px
= 1\ 5 b t yorey Uiy t
"%Pu 2 Zl: u%:l'f 1 n)|
C Ch\ P b; N
< S A (S Tt S et ta) |7
n (&8 pl)( 2 i uj=1
(3.17)
Now by a change of the dummy variables, it is easy to see that
bi bi
DN D N I X (TR TR S B L N N W I St (4 TRUNNE TR S B L
i teQu;=1 i uji=1teQ
b;
=D D (e by ta) | P
i u;=1teQ (3.18)
=2 bi > [ fE(t et ) [P0
i teQ
<BY> > Iff®|™,
i teQ
thus we have
Ao (C &
STIrm<> < zf(i) BPatS ST | F (bt ) [P
teQ « teQ x Pa i ui=1
C C Pa
N G AN AT
Ny Pa i teQ (3.19)
=£Z*“(BC“)M >, [(Zlf-c‘(t){’““)m]pa/z |
n°y Pa 2 teQ i '
LTR() gl Gz
h n o pfx 2 teQ po(, i '
by Lemma 3.8. Since py = 2, ¢(2/pq,n) =1 and so
. BC P Pl
STl = 38 (2" 5 (Ssw)
teQ « Pa teQ i (320)
_g @(BCD‘)W o||Px
- e (53) v -

Note that from the preceding results, discrete Poincaré-type inequalities involving
only one function (the case m = 1) can be easily obtained. For instance, we have the
following corollary.
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COROLLARY 3.10 [5]. For any f € %y(Q) and any real nhumber q > 2,
q 7l 1 B 1 q
Ilf ||1:Hf\|qfﬁ 5 IV flig. (3.21)

PROOF. This follows from Corollary 3.5 by letting f* = f for all «. O

4. Applications

THEOREM 4.1. For any f* € %,(Q), any real numbers py > 2, qo > 0 with
Sada/du =1, and any Cy > 0,

HZ ( [ |f“|"“> |V £\ < cR(pa) S xR v e 4.1)
B \atp 1 o« Pa
where
c:=[1c" 4.2)
B
and

)Zu#[i%x

K(p,a) =K(pada) i= . (%)1—%%/!’[4 (g

B

4.3)

PROOF. By a generalization of Holder’s inequality for the case of many functions
and by Corollary 3.10, we have

2. [2( [ |f°‘(t)|q“> | Vfﬁ(t)W]

teQ L B Na#B

=22 C( [1 ICaf‘“<t)|q“> |cwfﬁ<t>|ﬂ

B teQ x#B

sC%{l‘[ (Z lcaf“(t)\”“)q“/m}(Z ICWfB(t)\”‘*)qﬁ/pﬁ}

L a#B \teQ teQ (4.4)
i 1 /B\P« « Aol pa agl/pvp
e TLEE) e ) s i)
g Llagp ™

1 Za;LBQO(/PD( B Zméﬁmx .
s (2) (5) " Tiexv e
g N «
=CK(p,a) [ [lICaV fA52
[0 4

thus by Lemma 3.7, we conclude that

2.

B

(TT1se1) 1vs7)

«#p

< CK(p,mZ%HCNf“HZZ
! o« P (4.5)
=CK(p,a) Y R v fIps. .
x P
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COROLLARY 4.2. For any f%* € %,(Q) and any real numbers py > 2, 4« = 0 with
Dada/Pu=1,

H%(ﬂ R

o#p

<K X2V e, (4.6)

1 o4

where K(p,q) = K(p«,d«) is as defined in Theorem 4.1.
PROOF. It is immediate from Theorem 4.1 by letting C, = 1 for all «. O

COROLLARY 4.3. For any f* € %,(Q) and any real numbers py > 2, q« > 0 with
Yda/pa=1,

H%(H i) 1w

«#p

<CK(p,a) > ||V fIne, 4.7)
1 o4

where K(p,q) = K(p«,dw) is as defined in Theorem 4.1, and

ag/vp
C::]‘[(q—ﬁ) . 4.8)
5 \PB
PROOF. It is immediate from Theorem 4.1 by putting
1/p«
Co= (%) V. 4.9)
“ O

COROLLARY 4.4 [5]. For any f* € %,(Q) and any real numbers p, = 2 with
za ]-/po( =1,

HZ(H If“lq“> | 7 fB 1% sK(p)Zpillvfﬂ P, (4.10)
B No#p 1 o o
where . )
1\!"1/P6 (B\M-
K(p) =K(po) = (5) (5) . 4.11)

B
PROOF. It follows immediately from Corollary 4.2 by setting g4 =1 forall «. O

COROLLARY 4.5. For any f% € %,(Q) and any real numbers qx = 0 with q =
Dau=2,

HZ(H\f”‘I“”)IVfB\“‘* K@D s v, 412)
B Noa#B 1 qa o
where /
) 1 1-ag/a B\9°48
K(q):K(qa).:Z<£> (5) . (4.13)

B

PROOF. It follows immediately from Corollary 4.2 by setting px = q = 2 for
all «. O
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COROLLARY 4.6 [5]. For any f* € %y(Q),

H% ( L1 fa) v £ H1 = <§>M1<1>11/m%|lvf"‘|\ﬁ- (4.14)

o#B n

PROOF. It is immediate from Corollary 4.4 by letting p, = m for all «. O

Again the above results also give discrete inequalities for the case of one dependent
function for free. For instance, we have the following corollary.

COROLLARY 4.7. For any f € %(Q) and any real numbers qx > 0 with q :=
Dada =2,

HZlfHBWf% <K@ IV fIIE, (4.15)
B

1

where K(q) = K(q«) is defined as in Corollary 4.5. In particular,

A5 £, < (l)lfl/m(g)mflnwum. 4.16)

n 2

PROOF. These follow from Corollary 4.5 by letting f* = f for all « and subse-
quently g = 1 for all «. O

REMARK 4.8. Further interesting discrete type inequalities can be easily gener-
ated from the results in the preceding sections. For instance, by taking m = 3 in
Corollary 4.6, we have

BZ
1£917 hl+ghl v fI+hf1V gl < o op [V AR+ IV a3+ VRIS @17)

taking m = 2 in Corollary 4.6, we have

1119 g1+a1V £l = [V £+ v al], (4.18)

and by putting f = g = h in these inequalities (or using Corollary 4.7 directly), we
obtain

BZ
||f2|Vf\||15WHVfII§ (4.19)

and

A1V fHL S%IIVfH%. (4.20)

On the other hand, using Hélder’s inequality, we have

1AV glll < IFI0V gll2, 4.21)

and so by Corollary 3.10,

B
IF1Vglll, Sﬁﬂvfﬂzﬂv.gﬂz- (4.22)
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Similarly, other interesting discrete type inequalities involving the gradient of % (Q)
functions can be easily obtained. Inequalities of such form are in general of great inter-
est and are important in the study of properties of solutions of difference equations.
The importance of our result here also lie in that by choosing different combinations
of the parameters m,n,pq, 4o, Cx, €tc., one can obtain as many as we wish new dis-
crete type inequalities involving the gradient of %,(Q) functions. Furthermore, the
techniques used here are rather algorithmic and easy to apply. It is expected that dis-
crete inequalities of other types like the Wirtinger type and Sobolev type could also
be established by similar techniques.
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