THE P-HH NORMS ON CARTESIAN POWERS AND
SEQUENCE SPACES

EDER KIKIANTY AND GORD SINNAMON

ABSTRACT. A new family of norms is defined on the Cartesian product of n
copies of a given normed space. The new norms are related to the hypergeo-
metric means but are not restricted to the positive real numbers. Quantitative
comparisons with the usual p-norms are given. The reflexivity, convexity and
smoothness of the norms are shown to be closely related to the corresponding
property of the underlying space. Using a limit of isometric embeddings, the
norms are extended to spaces of bounded sequences that include all summable
sequences. Examples are given to show that the new sequence spaces have
very different properties than the usual spaces of p-summable sequences.

1. INTRODUCTION

Let (X, ||-]|) be a normed linear space, and consider the Cartesian product space
X" for a fixed positive integer n. Under the usual addition and scalar multiplication,
it becomes a normed space when equipped with any of the following norms (the
so-called p-norms):

(lzallP + -+ llzalP)/P, 1< p < oo;

max{|[z1l,... [Jzall},  p=o0,

Ixll» =

for all x = (z1,...,2,) € X" All p-norms are equivalent in X", as
Ixlloo < [1%1l, < 7'/ |x [0

for 1 < p < co. Each of these norms extends in a natural way to a norm on a space
of sequences in X, giving the familiar ¢?(X) spaces. Despite their equivalence on
X™ the norms on the #?(X) spaces are all inequivalent, and the (P (X) spaces are
all different for different values of p.

In this paper, another family of norms on X" is defined and studied. They are
based on the p — HH norms introduced by Kikianty and Dragomir in [11]. The
study of these norms is motivated by the Hermite-Hadamard inequality and the
close connection they have to the hypergeometric R-function of [2] and [3].

The classical means, exemplified by ¢? above, extend from means on [0, 00) to
means in a normed vector space X in an unfortunately simple fashion; one evaluates
the norms of n vectors in X and then calculates the mean of the resulting n real
numbers. Consequently, these means depend on the original vectors only through
their norms. This process does give a norm on X", but one that is relatively
insensitive to the geometry of X™. The weighted arithmetic means (as distinct
from weighted ¢! norms) are exceptional in this regard because one first computes,
within X, a fixed linear combination of the original vectors, and then evaluates the
X-norm of the result. This preserves more of the structure of X”. However, a
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2 E. KIKIANTY AND G. SINNAMON

weighted arithmetic mean of non-zero vectors can be zero so it does not give us a
norm on X".

To calculate the hypergeometric mean of n vectors in X one evaluates a number
of different weighted arithmetic means, indexed by the points of an (n— 1)-simplex,
and then finds the LP norm of this collection of means by integrating over the
simplex. Theorem 1 shows that for each p > 1 this procedure does give a norm
on X", called the p — HH norm. The p — HH norms retain the sensitivity of the
arithmetic means to the geometry of X”; they depend on the relative positions of
the n original vectors in the space X, not just on the size of each vector. Example
1 shows one concrete way that a change in the “shape” of the space X affects the
p — HH norms.

Spaces of sequences with entries in a normed space X can be normed using
classical means in much the same way as the space X" can be, provided one is
willing to restrict the sequence space to ensure finiteness of the norm. Here again,
the norm of the sequence depends only on the norms of the entries. Extending the
p — HH norms, and hence the hypergeometric means, to sequence spaces h?[X] is
done in Section 4. The sensitivity of these norms to the geometry of X is markedly
different than, for instance, the spaces ¢?(X). A simple example of this is provided
by Remark 4 and Example 3. These prove that although (1, —%, %, —i, ...) and
(1, %, %, i, ...) are both in £2, the first is in A2[R] but the second is not. The reason
for this is that, even though the entries of the two sequences are the same size, the
first sequence is spread out around zero and so has significantly smaller weighted
arithmetic means than the second, which is concentrated on one side of zero. A
more persuasive example comes from Harmonic Analysis. Consider the sequence of
terms of the trigonometric polynomial

N .
fz) = Z ane™”.
n=—N

Its 2 norm does not depend on z. Indeed, for any z,

[(@ne™ NNl = 1 fllL2(=mm)-
However, Theorem 5 shows that its 2 — H H norm does depend on x. The formula

is quite straightforward;

znx)N || _ <||f|L2(7r,7r) + |f($)2>
=Nl (2N +1)(2N +2)

Letting N — oo we can, at least formally, apply Theorem 11 (for two-sided se-
quences) to get

I(ane™ )52 sllnzi) = 75 (I L2 am + 1 (@)]7)

This norm may be different, may be finite or infinite, for different « depending on
the pointwise convergence of the trigonometric polynomials as N — oo. This is not
the case with the £2(C) norm.

It would be interesting to investigate in what precise sense the series for f(x)
must converge for the above formula to hold, and to explore the differences between
the spaces ¢2(C) and h%[C] but our task in this paper is to introduce the p — HH
norms and the spaces h?[X], and to establish some basic properties.

After the p — HH norms on X" are defined in the next section, quantitative
comparisons are made between the p — HH norms and the p-norms. In particular,
these prove Conjecture 1 of [11], establishing the best constant in an inequality
relating the p-norms and the p— H H norms in X?2. The strict analogue of Conjecture
1 fails when n > 2 but a substitute is given that is also sharp. Together with an
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n-dimensional Hermite-Hadamard inequality, these results prove the equivalence of
the p — HH norms and the p-norms.

A brief examination of the smoothness and convexity properties of the p — HH
norms on X" follows. In keeping with the methods of [11], an isometric embedding
of X™ into a Lebesgue-Bochner space is given. This embedding facilitates the
proofs of several of the geometrical results. A formula for the semi-inner products
is also presented and is used to prove that (Gateaux) smoothness of the space X"
is inherited from X.

Extending the p — HH norm from X" to a suitable space of sequences reveals
fundamental differences between the p — HH norms and the p-norms. Although
the resulting sequence spaces all lie between ¢*(X) and £>°(X), it seems that the
resemblance to ¢?(X) ends there. Examples are given, in the case X = R, to show
that the 2 — HH norm extends to a sequence space that strictly contains ¢!, that
these sequence spaces need not be lattices, they need not be complete spaces, and
they need not even be closed under a permutation of the terms of the sequence.

2. THE p— HH NORM ON X"

Let (X,]|-||) be a normed space. In [11], Kikianty and Dragomir introduced the
p — HH norm on the vector space X2 by defining

1 1/p
N —— ( [ 1a-na +m2||pdt>
0

for all x = (x1,72) € X2. Here 1 < p < co. In this section we extend the definition
of the p — HH norm to X" for n > 2 and investigate upper and lower bounds for
this new norm, in terms of p-norm.

For the upper bound, we apply the unweighted case of the n-dimensional Hermite-
Hadamard inequality. The general case is Theorem 5.20 of [15] but we provide an
elementary proof of the special case that we use.

In Theorem 3 below we verify Conjecture 1 of [11] by proving a sharp lower
bound for the p — HH norm in terms of the p-norm on X2. We observe, moreover,
that the best constant in this lower bound is the same for every normed space X.
This is not the case when n > 2. Example 1 shows that when n > 2 the sharp
lower bound for the p — HH norm in terms of the p-norm on X" may genuinely
depend on the norm of the underlying space X. As a substitute for sharp lower
bound obtained when n = 2, we provide a sharp lower bound for the p — H H norm
in terms of the co-norm,

[x[[oo = max{[[zl,.... [lzn]}-
In this result the best constant does not depend on the space X.

Definition 1. Let (X, ||-||) be a normed space, n > 2 be an integer, and 1 < p < 0.
Set

E, = {(uh...,un,l) € (0’1)71—1 ULt U < ].}

When (u1,...,un—1) € By setu, =1 —ug — -+ —up_1, and du’ = dup—1...du;.
Forx = (z1,...,z,) € X",

1 v , 1/p
[1xllp—rrm = A lurzy + -+ + unzn[|” du :
n E.,

Here |E,| = [, du' is the measure of the set E,.

Note that when n = 2 this definition agrees with the one given in [11]. When
n =1 it is convenient to set ||x||,— gy = ||21]| for x = (z1) € X1
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There is a natural definition of the p — HH norm when p = oo but it does not

give a new norm. Indeed, for x = (x1,...,x,) € X",

1Xlloo—rr = sup lurzy + -+ + unzn || = max{|[za ], .., 2n ]} = [1x[|oo-
U17~~-7un—1)€En

Theorem 1. Suppose (X, || - ||) is a normed space, n is a positive integer, and

1<p<oo. Then || - |lp—ga is a norm on X™.

Proof. The triangle inequality in X shows that
(U1, up—1) — |lurzy + -+ upz,||?

defines a continuous function on the closure of E,,, a compact set of finite measure.
It follows that integral defining the p— H H norm is finite. The norm is clearly non-
negative and homogeneous. The triangle inequality follows readily from the triangle
inequality in X and the Minkowski inequality. Now suppose that ||x|/,—azr = 0.
Then, ||uizy + -+ + upz,||? = 0 for almost every (up,---,un—1) € E,. By
continuity it is identically zero on FE,. In particular, it vanishes at the points
(1,0,0,---,0), (0,1,0,---,0), ---, (0,0,---,0,1), and (0,0,---,0). This shows
that 1 = 29 = --- = x,, = 0, and completes the proof. O

When X =R and x = (21, ...,2,) is a vector of positive real numbers, the p —
H H norm of x is the pth-hypergeometric mean of (1, ..., z,), which is constructed
from the unweighted hypergeometric R-function evaluated at (x1,...,x,). See [1,
p. 366-367] and [3, 32-33].

The p — HH norms enjoy a simple relationship with each other and with the
p-norms on X"™. Since the integral defining the p— H H norm is an average, Holder’s
inequality shows that the p — HH norm is increasing as a function of p on [1, 00).
So for 1 < p < ¢ < co we have

xlh-me < [xllp-ma < Ixllo-rm < X[l < [Ixllq < X, < %]

It is interesting to compare this observation with Theorem 10 in Section 4.

To work effectively with the p — HH norms we often need to make calculations
involving integration over the simplex FE,. To assist with such calculations we
offer the following useful changes of variable. Their proofs are left as exercises in
multivariable Calculus.

Lemma 1. Let n be a positive integer and f : (0,1)" — R be integrable. For

(U1, .. Up—1) € Ep, setup, =1—uy — -+ —up_1 and du’ = dup_1...duy. If o is
a permutation of {1,2,...,n}, then
(2.1) / flug, ... up) du' = / f(ug(l), e ,ug(n)) du'.
E, En
Lemma 2. Let m > 2 and n > 2 be integers and f : (0,1)™t" — R be integrable.
For (u1,...,upn—1) € Ep, (v1,...,9m-1) € Ep, and (w1, ..., Wmin-1) € Enin set
Up=1—u; — - —Up_1, du =du,_1...dus,
U =1—v1 — - —vp_1, dV =dvy,_1...dvy,
Wman =1 — w1 —++ —Wpan_1, dw =dwpin_1...dw;.
Then,
(2.2) / flw, ... W) dw’
Emin

1
= / / / fltvr, .. tog, (1 —t)uy, ..., (1 —t)uy,) du/ do't™ (1 — )"~ dt,
0 En JE,



THE P-HH NORMS 5

(2.3)
1
/EHH flwy, ..., wyy) dw' :/0 /E ft, (1 =t)ug, ..., (1 —t)uy,)du/ (1 — )" tdt

and

1
(2.4) / flwi,. .. Wipar) dw'’ :/ / f(tor, ... tog,, 1 —t)do't™ 1 dt.
B o JE

m

With f =1 equation (2.3) becomes

1
1
|En+1|:/ dw’:// du'(1— £~V dt = L|E, |
Eni1 0o JE, n

and by induction we find that |E, | =1/(n — 1)!.
With these in hand we can easily prove the following (unweighted) n-dimensional
Hermite-Hadamard inequality.

Theorem 2. Suppose X is a vector space, n > 2 is an integer, and f : X — R is
convez. If x = (x1,...,z,) € X, then

f(a:1+...+xn)§|El|/E f(u1x1+--~+unmn)du’§f(x1)+"'+f(m").

n n

Proof. Let S,, denote the collection of all permutations of {1,...,n} and note that

Sp has n! elements. Let (ug,...,up—1) € B, and set u,, =1 —u3 — -+ —up_1. For
each 1,
Z Uo(i) = (n — 1)'
oES,
because each of uq, . .., u, occurs exactly (n—1)! times in the sum and w1+ - -+u,, =
1.
By Lemma 1,

1
W /E flurzy + - + upxy) du’

1 1 .
= mg; |En|/Eﬂ f(uo(1)$1+"'+ug(n)l‘n)du

1 1
(2.5) = W/E o Z f(Uoy1 + -+ -+ Uy Tn) du.
n n " geS,

Since f is convex and ug(1) + *+ + Ug(n) = 1 for all o € Sy,

1
o] Z JueyT1 + -+ + Ug(n)Tn)

" oeS,
1
< ! Z (uo(l)f(ml) +-- uo-(n)f({];n))
" o€eS,
1 1
— (n' Z uo(l)) f(xl) + .o+ (7’1,' Z ua(n)> f(xn)
" o€S, " oes,

f(@1) +--- + flan)

n
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On the other hand, the convexity of f also yields

1
n! Z J(Ugyr + -+ Ug(n)Tn)
O'ESn

1
f <7’L' Z (ua(l)zl + -+ ua(n)‘rn)>

’ ocES,

1 1
- ((m 3 ug(1)> T4+ (m > ua(n)> xn>
ocES, ocES,

B 14+ Ty
L g(mrtm)

Using these upper and lower bounds for the integrand in (2.5) completes the
proof. O

v

The following corollary gives a sharp upper bound for the p— H H norm in terms
of the p-norm on X".

Corollary 1. Let (X, ||-||) be a normed space, n a positive integer, and 1 < p < 0.
Forx = (z1,...,z,) € X",
T4+ -
(2.6) | S Xl <07y,
The inequalities reduce to equality when x1 = - = xy,.

Proof. If n = 1 the statement holds trivially. If n > 2, note that f(z) = ||z||P is a
convex function on X. With this f, the conclusion of the previous theorem easily
implies (2.6); just take pth roots.

When x = (z,...,z) for some z € X,

e
n 9
1 1/P
||x||p_HH=<|E /E ||x||Pdu’) —Jlall, and
_ _ 1
n VPl = 0 (2P + - + )7 = ). O

Obtaining a lower bound for the p — HH norm in terms of the p-norm is more
delicate. We begin with the case n = 2, giving the best constant conjectured in [11]
as the lower bound.

Theorem 3. Let (X, || -||) be a normed space and 1 < p < co. For any x € X?
(2.7) (20 +2)"7)xly < Xl
Equality holds if and only if x = (x,—x) for some x € X.
Proof. Let x = (w1, 22) € X2. For any t € (0,1),
(1 =20z = (1 —t)(1 —t)z1 + tas) + t(—(1 — t)xg — txq).

Since the the map = — ||z||? is convex on X,

11 =2t ||z [|P < (1 = |1 = )21 + tas||P + ¢]|(1 — )z + taa ||,
Adding this inequality to the one obtained by interchanging z; and z2 yields,
(2.8) 1= 2tP[[x[[; < (1 = t)z1 + b ||” + [[(1 = t)wg + ta |7
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Integrating this from ¢ = 0 to ¢ = 1 and using the fact that ||(z1,22)||p—gn =
|(z2, 21)|lp— e gives

1
—— %I} < 2/xlI}_ i p-

p+1
Dividing by 2 and taking pth roots gives the desired inequality.
If 1 = —zo, then all the inequalities in the above argument reduce to equations.

Conversely, if (2.7) holds with equality, then (2.8) is equality for almost every ¢t. By
continuity, (2.8) is also equality when ¢ = 1/2, which implies that ||z; + 22| = 0.
Thus, equality holds in (2.7) only if z; = —z». O

In view of this result it is natural to ask for the best (greatest) constant ¢ in the
inequality
(2.9) clixly < 1%l

for x € X™. However, as the next example shows, the constant ¢ may be different
for different spaces X. As Theorem 3 showed, this cannot happen when n = 2.

Example 1. Let n = 3 and p = 2. If X = R, the best constant for which (2.9)
holds is ¢ = 1/+/12. However, if X = R% then (2.9) fails with ¢ = 1//12.

Proof. First take X = R. For x = (x1, x2, x3), a straightforward calculation shows
that
XI5 g = %(ﬁ + 23 + 23 + 2122 + T273 + T371).
Since ||x||3 = 22 + 23 + 22, we see that
0 < (21 + 22 +23)” = 12]x[5_ g5 — [I%]3,

which proves (2.9) with ¢ = 1/y/12. Take x = (1, —1,0) to see that no larger value
of ¢ will do.

Now let X = R2, that is, X = R? with norm ||(t1,%2)|| = max{|t1|,|t2|}. Set
x = (x1, 22, 23), where x1 = (—1,2), 2 = (—1,—2), and x3 = (2,0). Calculations
show that

Ix|2 =12 and ||x||3_; 5 = 437/450.
For (2.9) to hold for this vector x we must have 12¢? < 437/450 so (2.9) fails with

c:l/\/ﬁ. O

Rather than continuing to pursue a lower bound involving the p-norm directly,
we turn our attention to the oco-norm and get a lower bound for the p — HH norm
in which the same constant is sharp for each normed space X. Since the p-norm
and the oco-norm are equivalent, this approach gives, indirectly, a lower bound for
the p — HH norm in terms of the p-norm.

Theorem 4. Let (X, || -||) be a normed space, n > 2 and integer, and 1 < p < 0.
The inequality

(2.10) 1x[lp—rm = cllxlloo
holds for all x € X", where

1
c? = inf (n—l)/ |1 — ts|Pt" 2 dt.
0

1<s<2

The constant c is strictly positive and best possible.

Proof. Let x = (x1,...,2,) € X" The identity (2.1) implies that the p— H H norm

is invariant under permutations of 1, ..., x, So we may permute x1,...,Z, without
changing either side of the inequality above. Therefore we may suppose without
loss of generality that ||z1| = max{||z1],..., |znll}. Set T = (z2+---+x,)/(n—1)

and note that ||Z]| < ||z1]|.
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Let o be the (n — 1)-cycle (2 ... n) and apply o to z1,...,z, repeatedly to get
||(x1,x2, cee 7xn)||P*HH = ﬁ (”(xlvx?v s ’xn)Hp*HH
(21,23, ..., Tn, @2)|lp—Er
ot @ an, w2 wn1)lp-mm)
||(£U1,.f, tee vif)”g—HH
The last inequality above is the triangle inequality in the p — HH norm.
If n > 3, (2.3) implies that
1
| En|

1 1
= E|/0 /E [ty + (1 — £)z||P du/(1 — t)" 2 dt
n n—1

v + +

N2, DI gn / iz + (1 — wn)z | du’
E,

1
_ (n—l)/ (1 = )y + t2 |74 2 dt.
0

It is straightforward to check that this equation also holds when n = 2. Putting
these together and applying the triangle inequality in X shows that

1
@ oaea)ly gy = (=) [ 0=l ~ a2

1
= (n*l)/0 1=t [[2ll/la ) Pen =2 e |17

Pl P

Y%

Observe that fol |1 — ts|Pt"=2dt is a strictly positive, continuous function of s on
[1,2]. The infimum of such a function is strictly positive so ¢ is strictly positive.

To complete the proof we show that ¢ is the best possible constant in (2.10). If
1<s<2andz#0, set

x=(z,(1-9)x,...,(1—s)z) e X"
and note that ||x||coc = ||z||. On the other hand, if n > 3 then (2.3) implies
1
0 = gy [ e+ (1= )0 = e du
n E.,

[”

- | Enl /0 /E t+1—t)(1—s) du'(l — t)"_2 dt

1
- (n—1)||x||p/0 1= tsPE"=2 gt

It is straightforward to check that this equation also holds when n = 2.
If follows that (2.10) fails for any constant larger than ¢ so ¢ is best possible. O

Corollary 2. Let (X, ||-||) be a normed space, n a positive integer, and 1 < p < co.
Then the p— HH norm is equivalent to the p-norm on X™. If X is a Banach space
then (X™, || - |lp—mm) is a Banach space. If X is reflexive then (X", | - ||p—rmw) is
also reflexive.

Proof. The Hermite-Hadamard inequality gives an upper bound for the p — HH
norm in terms of the the p-norm and the previous theorem gives a lower bound for
the p — HH norm in terms of the oco-norm. Since the co-norm is equivalent to the
p-norm there is a lower bound for the p — HH norm in terms of the p-norm and so
the two norms are equivalent.

It is well known that if X is complete then (X", || - ||,) is also complete. Since
the p — HH norm is equivalent to the p-norm, (X", || - ||,—mx) is complete as well.
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It is an exercise to show that

(X[ Mlp)™ = (X5) - M)

or, strictly speaking, to exhibit a natural isometric isomorphism between the two
normed spaces. It follows that if X is reflexive then (X", || - ||,) is also reflexive.
The equivalence of the p-norm and the p — HH norm implies that (X", || - ||lp—za)
is reflexive whenever X is. O

To end this section we point out that if the norm in X is induced by a (real) inner
product then both the 2—norm and the 2 — HH norm in X" are also induced by
inner products. It is easy to verify that the inner product that induces the 2-norm
is

(X, ¥)2 = (T1,y1) + -+ + (Tn, Yn)

where x = (x1,...,2,), and y = (y1,...,Yn) are in X"; and (-, -) denotes the inner
product in X. For convenience in expressing the formula for the inner product that
induces the 2— H H norm we define s(x) = 1+ - -~4a, forall x = (21, ...,2,) € X"

Theorem 5. Suppose (X, (-,-)) is an inner product space and n > 2 is an integer.
Then X™ is an inner product space with respect to the inner product

oo =~ (e + (560,500 )

n+1
and ||x||3_ g5 = (X, X)2_pu for allx € X".

Proof. Tt is a simple matter to check that the formula for (-,-)o_ gy given above
does define an inner product. To verify that it induces the 2 — H H norm suppose
x = (21,...,2n) € X". Then

1
HX”%fHH = W~/E |U1$1+"'+Un$n\2du/
n n

= (n-— 1)!/ (U1 1 + -+ + UpTp, UL TY + -+ + UpTy ) du’

n

- ZZ(n—l)!/ wjug du' (z;,x))  and

j=1k=1 n

s = ot (602 + (5005000

where §;, is 1 when j = k and 0 otherwise.
It remains to show that

(n+1)'/ ujukdu’:éjk—i-l

n

for all j, k. By (2.1) it is enough to show that

(n+1)!/ uiugdu’' =1 and (n—!—l)!/ u? du' = 2.
E E

n n

A pair of straightforward calculations using (2.2) and (2.3) completes the proof. O
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3. CONVEXITY AND SMOOTHNESS

Although the p— H H norm on X" is equivalent to the p-norm, it is not identical.
Geometrical properties such as convexity and smoothness are not preserved under
equivalence of norms. In this section we investigate the extent to which geometrical
properties of X are inherited by X" when it is given the p— H H norm. In addition,
we give simple formulas for the semi-inner products on (X", || - ||[,—g#) in terms of
the semi-inner products on X.

Our approach follows the method of [11], giving an isometric embedding of
(X™, || - |p—m &) into a much larger space, the Lebesgue-Bochner space L?(E,,, X),
which is known to inherit geometric properties of X. Before introducing this space
we recall the definitions of smoothness, Fréchet smoothness, strict convexity, and
uniform convexity.

A normed space (X, || - ) is called smooth provided its norm is Géteaux differ-
entiable away from zero. That is, the limit

tim 2 (ly + ta] — [y
exists for all x,y € X with y # 0. The space is called Fréchet smooth provided
its norm is Fréchet differentiable away from zero. This means that for each y € X
with y # 0 there exists a continuous linear functional G, such that

Lo L+ Bl =yl = Gy (0]

=0.
|h]| =0 [|A]]

For any z,y € X the functions ¢ — ||y +tz|| and ¢t — 1|y + tz||* are convex and
therefore have one-sided derivatives. We denote the right- and left-hand derivatives
of the norm by

(Vll-l)) () = tim 3 (lly+tz]—ly]) and (V||| (4))(x) = lm 3(lly+t]—lyl)
and the superior and inferior semi-inner products of the norm by

(s =l (ly+ el [yl?) and (o) = lim & (ly -+t — ).
The chain rule gives the relationships

(3.1) (@,9)s = WVl - () (z)  and (2, y)i = [y (V-] - [[(y))(x)

from which it is evident that X is smooth if and only if the superior and inferior
semi-inner products are equal for all z,y € X. See [6], [7], [8] and [9] for further
properties of the semi-inner products.

Let Sx = {z € X : ||z|| = 1} be the unit sphere in a normed space (X, | - ||).
The space X is strictly convex provided

Az 4+ (1 =Nyl <1

whenever 0 < A < 1 and z,y € Sx with x # y. The space X is uniformly convex
provided for any € > 0, there exists a § > 0 such that

Iz +y)ll<1-6

whenever z,y € Sx satisfy || —y|| > .
Let (X, || - |I) be a normed space, n > 2 an integer, and 1 < p < co. Recall that

E,={(u1,...,xn_1) € (0,1)”_1 tur Uy < 13

du' = du,_1...du; and u,, =1 —u; — -+ — u,_1. The Lebesgue-Bochner space
L?(E,,X) is the vector space of all f: E,, — X such that the function

(ula v aunfl) = ”f(uh v ’un71)|‘p
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is integrable on F,. The norm is given by

1 , 1/19
1l 30 = (|E| / ||f(uh-~7un1)||de)

and, as usual, functions that agree almost everywhere are taken to be equal. For
properties of the Lebesgue-Bochner spaces see II1.3 of [10] and for applications to
the geometry of Banach spaces, see [16].

For each x = (z1,...,2,) € X" we define the function f : E,, — X by
fx(ug, .o ytip_1) = w1y + -+ + upz,. Evidently, the map x — fx is an isom-
etry from (X", | - ||[p—gm) into LP(E,,X).

Using this embedding we show that both types of convexity are preserved as we

pass from X to (X", || - ||p—m#), although we must exclude the case p = 1.
Theorem 6. Let (X, |- ||) be a normed space, n > 2 an integer, and 1 < p < oo.
If X is uniformly convex then so is (X", || - ||[p—mr). If X is strictly convex then so
is (X |- lp—rrmr)-

Proof. Suppose first that X is uniformly convex. By Theorem 2 (and the remark
on page 507) of [4], LP(E,,X) is also uniformly convex. See also [13] and [17]. Tt
is clear from the definition that any subspace of a uniformly convex space is also
uniformly convex. The above embedding shows that (X", ||-||,— z &) is isometrically
isomorphic to a subspace of LP(E,,X) and therefore (X", || - ||,—z#) is uniformly
convex.

The uniform convexity of R is trivial, and it follows that L?(FE,,R) is uniformly
convex and hence strictly convex. (See Theorem 5.2.6 in [14].)

Now suppose that X is strictly convex. The strict convexity of LP(E,,R) and
Theorem 6 of [5] together imply that LP(E,,, X) is strictly convex. The definition of
strict convexity shows that any subspace of a strictly convex space is strictly convex.
Since (X", || - ||p—mm) is isometrically isomorphic to a subspace of LP(E,, X), it is
also strictly convex. O

For Fréchet smoothness we exclude the case p = 1 and also require that X be
complete.

Theorem 7. Let (X, || |) be a Banach space, n > 2 an integer, and 1 < p < oo.
If X is Fréchet smooth then so is (X", || - |lp—rr)-

Proof. The norm in the Banach space X is Fréchet differentiable away from zero so,
according to Theorem 2.5 of [12], the norm in L?(E,,,X) is also Fréchet differen-
tiable away from zero. In particular, the norm in L?(E,,, X) is Fréchet differentiable
at each non-zero point of the isometric image of (X", | - ||p—g#) in LP(E,,X). It
follows that (X™, || - ||p—z &) is Fréchet smooth.

The next result gives formulas for the one-sided derivatives and the semi-inner
products for the p — HH norm. In a slight abuse of notation we let

u-X=uiy + -+ uUpTp

where x = (21,...,2,) € X" and (u1,...,Up—1) € B, withu, =1—u;— - —up_1
as usual.

Theorem 8. Let (X, |- ||) be a normed space, n > 2 an integer, and 1 < p < oo.
For any x,y € X™ withy # 0,

(Vll - llp-rm (¥)) (%) = ||Y||11;—II)1H|Eln|/E -y [PV (e y)) (u x) du’

and

1

2 _

¥yt = Wy [ eyl sy,
n E.,
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Corresponding formulas hold for the left-hand derivative and the inferior semi-inner
product.

Proof. First, observe that if y # 0 then the set
(U, tn 1) € By iuey =0}

is a section of an affine set of dimension n — 2 and is therefore of measure zero in
the (n — 1)-dimensional set E,. This ensures that the expressions |[u - y||P~! and
|a-y||P~2 apearing above are well-defined and finite almost everywhere.

Fix x,y € X" with y # 0 and define

fo = fi(ur, ..., up—1) = [Ju- (y + tx)||

for all t € (0,1) and for all (uq,...,u,—1) € E, satisfying u-y # 0. The triangle
inequality shows that |f;| < ||y|/1 + ||x||: for all ¢ and that

T (e = fo) < u-x|l < llxlls < llyll + [l
By the mean value theorem,

(7 = IO Uyl + Il 3 (e = fo)l < pUlyll + l1x]11)*-

Thus, (ff — f}) is dominated by a constant independent of ¢ and (u1, ..., un—1).
For almost every (u1,...,un—1) € En, fo =|lu-y| # 0 so the chain rule implies
Jim L(FF = f8) = pfE (V|- (- y))(u-x)

and by Lebesgue’s dominated convergence theorem,

1 . ,
di ([ gt [ o)< [ o @ 1 e

Applying the chain rule again gives

. 1— _
Jim Uy +txllp—mr—=yllp-me) = Iy, 5w / [y [PV [ (wy)) (ux) d
the first formula of the theorem.
The second formula follows from the first by applying (3.1). With obvious minor
modifications the proof will apply to the left-hand derivative and the inferior semi-
inner product. O

These formulas imply that if the superior and inferior semi-inner products of X
agree then the superior and inferior semi-inner products of (X", | - ||,—mx) agree,
giving the following corollary.

Corollary 3. Let (X, |- ]|) be a normed space, n > 2 an integer, and 1 < p < co.
If X is smooth then so is (X", || - |lp—mH)-

Proof. Since X is smooth, (z,y)s = (x,y); for all z,y € X. Tt follows that for all
x,y € X" with y # 0, and for almost all (uy,...,un—1) € Ey,

oyl (- xuey), = uy [P P uexusy).

Theorem 8 implies that (X,y)p—mH,s = (X, ¥)p—mm,; for all y # 0. It also holds
when y = 0, from the definition of the semi-inner products. Equality of these two
semi-inner products for the p— H H norm implies that (X", ||-||,— g &) is smooth. O
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4. THE hP SPACES

In this section we introduce a space of sequences of elements of the normed
space X. The norm in this sequence space will be based on the p — HH norm in
X", To do this we first renormalize the p — HH norms so that the embedding
(1, 2n) = (T1,...,2,,0) of X" into X"+ is an isometry. For 1 < p < oo and
n > 2 we define the space h? = h2[X] to be X" with norm

n 1/p
o ccanllee = (g baipes ) o)l

For convenience we let A7 [X] = X, with identical norms.

Define
hP = WP[X] = {(z1,22,...) : lim  sup [[(Zms1,... @n)|lpr =0}
N—oop>m>N nom
and, for (x1,x2,...) € hP, define
(4.1) @z = lim (@12, ) g

Some work is required before we can show that AP is a normed space.

Theorem 9. The embedding (x1,...,2,) — (21,...,2,,0) of h¥ into h? | is an
isometry forn > 1.

Proof. If n =1 and z; € X we have

I'(p+2)
T(p+1)

1
loalP e+ 1) [ wfdus = oalP = oy
0

I O) I [ s+ (= wnolp o
2

Suppose n > 1 and 1, ...z, € X. Applying (2.4) with m replaced by n yields

F(p+n+1)/
1, Zn, 0)]|Ps = =7 Wi, + -+ - + WnZy + wp10]|P dw’
(o1 Wy, = [ ey 0]
F(p+n+1)/1/ R
= — 0 torxy + -+ oz, ||P dv't" T dt
L'(p+1) 0o JE, v |

Tlp+n+1) [ _
= tp+"1dt/ P dv'
T(p+1) /0 oty
'p+n+1) 1 »
Totm prnlt ol
S T [
This completes the proof. O
The change of variable (2.1) shows that the norm in AP is invariant under permu-
tations of x1,...,x,. This observation, together with the embedding lemma just
given, enables us to show that the limit in (4.1) exists for every (z1,22,...) € h?:
It is enough to show that the sequence |[(z1,...,%y)|[sz is Cauchy. If m < n, then
(@, zn)llne < (@1, @m, 00, 0)[lpe + 110, 0, Zpgrs - - - )| 2
= (@1, zm)lnz, + 1(@m1, - 20))| R
SO
G, wn)llng = @ @m) g, < I@mprs @)z

n—m

The definition of AP shows that the last term goes to zero as m and n go to infinity.
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Theorem 10. If X is a normed space then h? = hP[X] is a normed space. More-
over, if 1 <p < q < oo then

Zl(X) C hi[X] C RP[X] C £*°(X)
with continuous inclusions.

Proof. Tt is easy to verify that hP is a vector space of sequences of elements of X
and that (4.1) defines a non-negative function that is positive homogeneous and
satisfies the triangle inequality. Theorem 4 may be used to show that the limit in
(4.1) is zero only when (z1,x2,...) = (0,0,...) but first we need an estimate of
the constant ¢ for n > 2. Set

1
w(s)=(n-— 1)/0 |1 —ts|t" 2 dt

and split the integral at ¢ = 1/s to calculate

cp(s)zs—l—i(l—jl) and w’(s)=(1—i> (1-5).

Since ¢ is decreasing on [1,2'/"] and increasing on [2!/7, 2] its infimum is p(2'/7) =
21/n _ 1. By Hélder’s inequality,

1 1/p
¢ = inf ((n - 1)/ |1 — ts|Pt"2 dt)
1<s<2 0

1
> inf (n—l)/ |1 —ts|t"2dt = 2Y/™ — 1.
0

1<s<2

By Theorem 4 and the definition of the norm in h?

n Cp+n) \'"
(@1, ) e > (2™ = 1) (W) max{[[zl,. .., [|znl}-
The limit as n — oo of max{||z1[],..., ||zn|[} is ||(z1,22,...)|le=(x) and Stirling’s
formula shows that
r Hr log 2
lim (27 — 1) <(p+n>) __ log2
n—oco T(p+1)T(n) T(p+ 1)t/

Thus,
[(z1,22...)|lhe = (log2)D(p + 1)V ||(21, 22, . .. ) ||e= (x)-

This finishes the proof that (4.1) defines a norm by showing that only the zero
vector in AP can have zero norm. It also proves that h? is contained in ¢>°(X) with
continuous inclusion.

Next we show that h? contains ¢*(X). If 0 < m < n then the permutation
invariance of the h? norm, together with the isometry of the embeddings h? — h? 11
yields

H(xm+17~-~7$n)|‘hf’L_W < ||(xm+1707"'70)”h5_m ++||(O’7O’xn)”hf,_m
= |@meall + -+ [zl

If (x1,72,...) € £2(X) then this sum tends to zero as m,n — oo so, by definition,

(z1,22,...) € h?. Moreover, taking m = 0 above gives,
(1,22, )lae = lim [[(z1,...,20)]lnz
n—oo
<l (flaafl - A flzal) = @2, ) llex)-

This shows that the inclusion is continuous.
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As mentioned previously, the p — HH norm is defined as an integral average so
Holder’s inequality shows that for any x € X™,

1Xllp—rmr < Xllg-mm
when p < ¢. In terms of the h? and h? norms this is,
g+ 1Y (T(p+n)\"" (T \"*
(4.2) Ixllne < 77 ] [l
F(p+1)/» \ I(n) I'(g+n)

By Stirling’s formula,

i <F(§<Z>n)>l/p (r(l;(z)m)l/p -

Therefore, the constant

Cp,q =sup

. Eg:;g (r(p+n))1/p (Fr(n) ))1/;77

I'(n) (g+n

is finite, independent of n, and satisfies

[l < Cp.qllxlng-

n —

This implies that h? C hP. In addition, taking the limit in (4.2) yields

Il < COEDY

< WHXHM

for all x € h?, showing that the inclusion is continuous. O

Remark 1. Since hP contains (it contains all sequences that are eventually zero.
Theorem 9 shows that for these sequences the morm in hP reduces to the norm in
h? for some n. That is,

(@1, 22, .. 20, 0,0, )l = [[(z1, 22, -, 20) ||z -

Remark 2. It is important to distinguish between the spaces h?[X] and hP[R](X).
The latter provides a norm on the space

PP[RI(X) = {(z1, 22, ...) = ([Jzal, 22l - . ) € RP[R]}
given by

[(z1, 22, remix) = U2l 220l - ) llhr -

Even in the case X = R the spaces h?[X] and h?[R](X) are not the same, although
in this special case the two norms do coincide on vectors with non-negative entries.

The next example shows that the spaces h?[X] need not be complete, even if the
underlying space X is complete. In the example, X = R but, since every non-trivial

normed space contains an isometric copy of R, the example is easily adapted to any
X.

Example 2. The normed space h*[R] is not complete.

Proof. Consider the sequence (a,...,a,b,...,b,0,0,...) in which the first m entries
equal a € R, the next n entries equal b € R and the rest of the entries are zero. If
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m,n > 2 we use (2.2) to get
I(a,...,a,b,...,b,0,0,...)|7:
= H(G;,...,a,b,...,b)”iz

m+n

+n+1)!

= ('ITL;L)\/E |(w1++wm)a+(w7ﬂ+1++wm+n)b|2dw'
m—+n
N
- M// /(t‘”“(1*t)b)2dv’du’tm*1(1ft)”fldt
2 0 JEn JE,

(m+n+1)! [} - )

) 2(ml)!(n)l)! | (tat (L 0b)* T o) e

= Lm(m+1)a® + mnab+ in(n + 1)b°.
Similar arguments using (2.3), (2.4) show that the conclusion remains valid when
m,n > 0.

In particular, if &, = (%, e %,0,0, ...) is chosen to have exactly n non-zero
entries then [[&,]|2, = (n + 1)/(2n). Since ||, ]ln2 — 1/V2 as n — oo the sequence
{¢,} does not converge to 0 in h?. However, &, does converge to 0 in > so {£,}
cannot have a limit at all in the smaller space h2.

On the other hand, the above calculation shows that

2
lmin — EmllZe = ;m<m+1>( L _1)

+ §n(n+1)( ! )2

" <
2m(m+n) — 2m
Since ||€mtn — Emllnz — 0 uniformly in n as m — oo the sequence {£,,} is a Cauchy

sequence in h%. As we have seen, {{,} does not converge in h?. Thus h? is not
complete. O

Remark 3. The formula,

I(a,...,a,b,...,5,0,0,...) |72 = m(m + 1)a® + mnab + in(n + 1)b?
given above, shows that h?[R] does not have the lattice property since replacing a
by —a may affect the norm in h?[R].

When X is an inner product space, h?[X] is too. Also, there is a simple formula
relating their inner products. Recall that s : X" — X was defined earlier by
s(x1,...,xn) =21 + -+ - + xp,. By identifying (z1,...,2z,) € X" with the sequence
(x1,...,2n,0,0,...) we can extend this definition to

s(z1,z2,...) =1+ 22+ ...
for all sequences (z1,xa,...) that are eventually zero.
Theorem 11. If X is a (real) inner product space, then h? = h?[X] C (?(X), the

operator s extends uniquely to a bounded linear operator on h?, and h? is an inner
product space satisfying

(1.3 ey = 3 (62 + (560500 )

for all x,y € h2.
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Proof. By Theorem 5, (X", || - |l2—gz) is an inner product space and consequently
so is h2. Moreover, for all x,y € X",

(g = dnloc+ D0e Y2 = g (G + (560 50) ).

Taking y = x in this equation implies

(4.4) Ixll2 < V2lxln
and
(4.5) Is(x)]| < V2[1x|52 -

For x = (z1,22,...) € h% set xX") = (x1,...,2,) € X". Inequality (4.4) shows
that

Il = Jim 1™l < V2 lim x|z = V2.
Thus, x € £2(X) and we have h? C ?(X).
Inequality (4.5) shows that if 1, xs, ... is eventually zero, then

lsGl = lim [lsx™)] < V2 lim [l 2 = V] .

The definition of h? implies that x(™ — x in h2 so the space of sequences that are
eventually zero is dense in h?. We have shown that the linear operator s is densely
defined and bounded on h2. It therefore extends uniquely to a bounded linear map
on h?, which we also denote by s.

The map

1
) 5 (x¥)a + (50,5
is an inner product on h? and the norm it defines,
x = 5 (Ix[3 + Isx)11%) .

agrees with the norm in h? on a dense subset. Therefore, h? is an inner product
space and (4.3) holds for all X,y € h2. O

Remark 4. If X is an inner product space then (*(X) # h?[X]. To see this, fir
a unit vector x € X. The sequence (z,x/2,x/3,...) is in £2(X) because the series
12+ (1/2)2 4 (1/3)? + ... converges. However, for any m,

2
1 n 1 n 1
sup H(I/(m+1)""’35/”)”%13,,,,,, = sup o Z ﬁ+ ( Z k) = 00.
m<n m<n k=m-+1 k=m+1

By definition, (xv,x/2,2/3,...) ¢ h2.

In the next example we construct an element of h2 that is not in ¢', showing
that the inclusion ¢! C h? is strict.

Example 3. When X =R, h? ¢ (1.

Proof. The sequence (1, f%, %, f%, ...) is not in £*. However, if m < n then
2
(G R R TR =
e =- = A /A
m+1 " - 2 j=m-+1 J j=m-+1 J

can be made arbitrarily small by taking m sufficiently large. This shows that

11 1 ‘i 12
(1,-5,3,—7,...) isin A% O
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The permutation invariance of the p-norms carries over from finite-dimensional
spaces to sequence spaces. In contrast, the permutation invariance of the norm on

h2 may be lost in the transition to h?. We have seen that (1, —%, %, —%, ...) ER?

but it is a simple matter to rearrange the terms of the conditionally convergent
series 1 — % + % — i + ... so that its partial sums are unbounded. The resulting

sequence is not in A2
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