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HARDY-TYPE INEQUALITIES FOR MEANS

ZsoLT PALES AND LARS-ERIK PERSSON

In this paper we consider inequalities of the form

) oo
ZM(:L‘l,...,zn) < szm
n=1 n=1

where M is a mean. The main results of the paper offer sufficient conditions on M so
that the above inequality holds with a finite constant C. The results obtained extend
Hardy’s and Carleman’s classical inequalities together with their various generalisa-
tions in a new direction.

1. INTRODUCTION

Hardy’s celebrated inequality states that, for p > 1,

oo oo
Ty 4 -+ ZTp\P P 14
0 (=) <G X
n=1 p n=1

for all nonnegative sequences (z,). In integral form it was stated and proved in [9] but
it was also pointed out that this discrete form follows from the integral version. Hardy’s
original motivation was to get a simple proof of Hilbert’s inequality, see the special cases
proved in {7, 8]. It is almost impossible to summarise the enormous literature concerning
the generalisations and extensions of this inequality. We recommend the books [12, 14],
and [16] and the historical survey paper [13] on this subject for the interested readers.

In this paper, we follow a new approach in generalising Hardy’s inequality. The main
idea is to rewrite (1) in terms of power means and then to replace them by more general
means.

Replacing z,, by z+/" and p by 1/p in (1), we get that

g SEr) (LS,
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for 0 < p < 1. As it was proved by Knopp [11], this inequality is also valid for p < 0.
Taking the limit p — 0, Carleman’s inequality can also be derived:

o ) o0
(3) Z YTz, éeZzn.
n=1 n=1
For some further developments and historical remarks concerning (3), we refer to (20].
Define for p € R the pth power (or Holder) mean of the positive numbers z,...,Z,
by
4. .. P\ 1/
(AE=25)7 itp o,
(4) P,,(:I:l,...,x,,) = n
YT Tn ifp=0.

The power mean P, is the arithmetic mean which will also be denoted by .A in the sequel.
Now observe that (2) and (3) are particular cases of the inequality

(5) ZM(xl"'-vzn)<Cz$n$
n=1 n=1

if M is the pth power mean P, with parameter p < 1 and C is the constant ¢, := (1—p)~!/?
if p# 0 and ¢y := e if p = 0. The aim of this paper is to study (5) for means M that are
more general than power means. A function M is said to be a mean on R, if it is a real

valued function defined on the set (J R7} such that, foralln € N, z,,...,z, > 0,

n=1

min(zi,...,Z,) < M(z,,...,2,) € max(zy,...,T,)

holds. In the sequel, a mean M will be called a Hardy mean if there exists a positive real
constant C such that (5) holds for all positive sequences z = (z,). Due to the Hardy,
Carleman, and Knopp inequalities, the pth power mean is a Hardy mean if p < 1. One
can easily see that the arithmetic mean is not a Hardy mean, therefore the the following
result holds.

THEOREM A. Let p € R. Then, the power mean P, is a Hardy mean if and only if
p<l1.

The notion of power means is generalised by the notion of quasi-arithmetic means
(see [10]): If f: Ry — R is continuous strictly monotonic function then the quasi-
arithmetic mean My is defined by

:1:1)+--~+f(z:n)).

n

(6) Mf(:l:l,...,xn) (= f_l(f(

By taking f as a power function or a logarithmic function, the resulting quasi-arithmetic
mean will be a power mean. More surprisingly, the power means can be characterised
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as the only homogeneous quasi-arithmetic means (see {10, 19]). The characterisation of
Hardy means among quasi-arithmetic means is due to Mulholland [15].

THEOREM B. Let f : R, — R be a continuous strictly monotonic function. Then,
the quasiarithmetic mean My is a Hardy mean if and only if there exists p < 1 and a
constant C such that
My(zy, ..., Za) K CPy(zy,.. ., Zn)

forallne N and z,,...,z, > 0.

A further generalisation of quasi-arithmetic means can be obtained in terms of two
arbitrary functions. These means — called quasi-arithmetic means with weight-function
— were introduced by Bajraktarevié¢ (2, 3]. Let f : R, — R be continuous strictly
monotonic function and let w : Ry — R be a positive function. Now define the function
Mg by

w(z1)f(z1) + - + w(zn) f(Zn) )

(7) Mf’w(xl,...,zn) = f-l( W(Il)+"'+w(xﬂ)

It is easy to check that My, is a mean on R,. In the particular case w = 1, the mean
M, reduces to My, that is, the class of means My, is more general than that of the
quasi-arithmetic means.

It is a remarkable result of Aczél and Dardczy [1] that the homogenous means among
the My, means are exactly the Gini means [6] that form a two-parameter class of means
including most of the classical homogeneous means. For p,q € R, the Gini mean G,

mean of the variables z,,...,z, > 0 is defined as follows:
zl + o 2P\ (p-9) .
(+———£2) ifp#q,
Y+ -+ ZTn
(8) Gpa(Z1, .-y Tn) =
ex (x’l’ln(:cl) +--+zh ln(x,,)) o

Clearly, in the particular case ¢ = 0, the mean G, ; reduces to the pth power mean P,. It
is also obvious that G, , = G, p, therefore, we may restrict our attention only to the case
P < ¢ in our investigations.

Finally, we recall the concept of the most general means considered in this paper, the
concept of deviation mean introduced by Daréezy [4). For, a function E: Ry x R, - R
will be called a deviation function on R, if E(z,z) = 0 for all z > 0 and the function
y — E(z,y) is continuous and strictly decreasing on R, for each fixed £ > 0. The
E-deviation mean of the values z,,...,z, > 0 is now defined as the unique solution y of
the equation

(9) E(z1,y) + - + E(2n,y) = 0

and is denoted by Mg(zy,...,Zs).
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In the particular case E(z,y) := f(z) — f(y) the solution of (9) is the value
y = My(z1,...,2,) defined in (6). Similarly, by taking E(z,y) := w(z)(f(z) — f(¥)),
the resulting deviation mean will be M ,,. Thus, all the means defined previously (power
means, quasi-arithmetic means, quasi-arithmetic means with weight-function, and Gini
means) are particular deviation means.

The main results of this paper offer necessary as well as sufficient conditions for (5)
if M is a deviation mean. This result is then translated to the case of Gini means as well.

2. MAIN RESULTS

Our first main result offers necessary as well as sufficient conditions in order that a
deviation mean be a Hardy mean.

THEOREM 1. Let E: R, xR, — R be adeviationon R,. If M = Mg is a Hardy

mean, then
(10) ME(.’ZIl,...,Zn) S Cpp($1,...,$n)
holds with p = 1 for all n € N and z,,...,z, > 0 and there is no positive constant

constant C* such that
(11) C‘PI(zlv-'~;zn)gME(xl""azn)

is valid on the same domain. Conversely, if (10) is satisfied with a parameter p < 1, then
Mg is a Hardy mean.

PROOF: Assume first that Mg is a Hardy mean, that is,

iME(zl,...,xn) < Cio::::ﬂ
n=1 n=1

for all positive sequences (z,). The left hand side of this inequality contains positive
terms, therefore, omitting those for n > k, we get that, for each k € N,

k [+]
ZME(xl,...,z,.) < CZ.’L‘,,.
n=1 n=1
Now, for all fixed n > k, letting =, — 0 on the right hand side, we get that
k k
(12) S Me(zi,...,z) < CY 10
n=1 n=1

forall ke Nand z;,...,zx > 0.
As a consequence of the characterisation theorem of (quasi)deviation means by Pales

[17], the mean Mg is internal, that is, if uy,...,Un,v1,...,0m > 0 and Mg(uy,...,un)
< Mg(v, ..., Uy), then
Mg(uy, ..., un) S ME(U1, ... Un, V1,. .., Um) S Mg(vy,...,05).

https://doi.org/10.1017/5S0004972700034778 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700034778

5] Hardy-type inequalities 525

Thus, ifz; 2 22 > --- 2z >0then, fori=1,..., k-1,
MEg(zy, ..., x) 2 min(zy,...,5) = Z; 2 Tit1 = MEg(Zin)
implies that
ME(II, .. 'azi) ? ME(Z[,- .. ’xi1xi+l)'

Therefore, we get

Mg(zy) 2 Mg(1,20) 2 -+ 2 Mg(z1, 22, ..., Zk)-
Applying these inequalities, it follows from (12), that
(13) EMEg(zy,...,2¢) S C(z1+ -+ - + %)

for zy 2 23 2 --- 2 zx > 0. The left and right hand sides being symmetric with respect
to z1,-..,Zk, we get that (13) is valid for all z;,...,zx > 0. Dividing both sides by k,
we infer that the inequality (10) (with p = 1) holds on the domain indicated.

If (11) were satisfied with some positive constant D, then the arithmetic mean would
be a Hardy mean. Since this is not true according to Theorem A, we conclude that (11)
cannot hold.

Now assume that (10) holds with p < 1 and with a finite constant C. Then (10)
combined with Theorem A yields

ZME(II,...,xn) < CZP,,(:cl,...,z,.) < Ccpr,,.
n=1 n=1 n=1

Thus the proof is complete. 0

REMARK 1. There is a gap between the necessary and the sufficient conditions of The-
orem 1. In view of Theorem B, we conjecture that the necessary and sufficient condition
is analogous to that of for quasi-arithmetic means. Thus, we formulate the following:

OPEN PROBLEM 1. Prove or disprove that in order that a deviation mean Mg is a
Hardy mean it is necessary (and also sufficient) that there exist a power p < 1 and a real
constant C such that (10) be valid on the domain indicated.

Now we turn our attention to Gini means. The result contained in the theorem
below offers a sharper condition than what follows directly from Theorem 1.

THEOREM 2. Letp,q € R. If G, is a Hardy mean, then
(14) min(p,q) <0 and max(p,q) < 1.
Conversely, if

(15) min(p,q) <0 and max(p,q) <1,
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then G, 4 is a Hardy mean.

PrRoOOF: As we pointed out in the introduction, Gini means are deviation means.
Therefore, if G,, is a Hardy mean, then, by Theorem 1, G, , cannot be larger than the
arithmetic mean and there exists a constant C such that

(16) gp,q(xl) sty .T") < CPI (Ila ey ZL'") = CGI,O(xll reey xﬂ)

for ali n € N and z;,...,z, > 0. We are going to show that the constant C here can
be replaced by 1, that is, G, , < G1¢. By the Comparison Theorem of Gini means due
to Daréczy and Losonczi [5], this inequality holds if and only if (14) is satisfied. Now,
assume the contrary of (14), that is, assume that at least one of the inequalities in (14)
is not valid. Since G, , is not larger than A = G, 5, we conclude that only one inequality
in (14) can be violated. Thus, either

(17) min(p,q) > 0 and max(p, g¢) < 1,
or
(18) min(p,q) <0 and max(p, q) > 1.

Suppose first that p < g. Then (16) can be rewritten in terms of power means as follows:

(’Pg(zl, ce ey Zp) ) 1/(g~p)

PP(z1,---,Zn) L CPi(z1,...,2q)

or, equivalently,
(19) Pi(z1,---1Zn) S CTPPH(z1,. .., Z0) P (21, .., Zn).
Define the moment space of the three power means Py, P,, P, as follows
or, (Pp: Py, P1)
= R3Ncl {(’P,,(xl, s Za)y Pol@y, o 20), PilEr, ., 20)) |[REN, 71, .., 30 > 0}.
Then, clearly, (19) implies that, for all (u,v,w) € or, (Pp, Py, P1),
(20) v? € CTPyPy7P,

On the other hand, the moment space og, (Pp, P,, P1) is completely described by the
results of Péles [18, Theorems 2, 3]. Using this description, we show that (20) cannot
hold if (14) is not satisfied.

We consider the two possibilities described by (17) and (18). If (17) holds, then
0 < p < g < 1. In this case, by [18, Theorem 3], we have

0r, (Pps Py P1) = {(u,v,w) | 0 <u < v, pI(1=P)/(a=P)ypla-1)/(a-P) ¢ w}.
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Putting the minimal value w = v~/ (a-Plypla-1)/(a-p) into (20), after simplifications,
we get that
VP K CTPyPY
for all 0 < u < v. Taking the limit u — 0, we get an obvious contradiction.
If (18) is valid, then p < 0 < 1 < ¢. In this case, by [18, Theorem 2], we have

or, (Pp, Py, P1) = {(u,v,w) | 0 < u < w v}
Putting w = u into (20), we get that
w9 < CI Pyl

thus, by taking the limit u — 0, we again get a contradiction.

Thus, we have proved that G, ; < Gip. From this, by using the Daréczy-Losonczi
comparison theorem, it follows that (14) holds (in the case p < q). The same must hold
for the case p > g because of the symmetry property G, = G,,. If p = ¢, that is, G, ,
is a Hardy mean then Gp_(1/n)p < Gpp is also a Hardy mean for all n € N. Thus, from
what we have proved, it follows that p — (1/n) < 0 and p < 1 for all n. Taking the limit
n — 0o, we get that p < 0. Therefore, (14) holds in this case as well.

To prove the sufficiency of (15), define r := max(p, q,0). Then, again by the com-
parison theorem of Gini means [5], we have that G,, < G,o = P,. Therefore, by the
Hardy-Carleman-Knopp inequality,

[ e} (o] [> ]
ng,q(xl,...,z") < Z’P,(zl,...,z,,) < C,Za:,,.
n=1 n=1 n=1
Thus the proof is complete. 0

REMARK 2. There is a gap in the condition of Theorem 2, namely in the case min(p, q)
< 0 and max(p,q) = 1 the Gini mean G, , is not characterised from the point if it is
a Hardy mean or not. Nevertheless, we conjecture that the condition (15) is not only
sufficient but it is also necessary. Thus, we can formulate the following two problems.

OPEN PROBLEM 2. Prove or disprove that in order that a Gini mean G,, be a Hardy
mean it is necessary {and also sufficient) that (15) be valid.

OpPeEN ProBLEM 3. If the Gini mean M = G, , is a Hardy mean, then determine the
smallest possible value C = ¢, 4 such that (5) is satisfied.
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