END-POINT NORM ESTIMATES FOR CESARO AND
COPSON OPERATORS
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ABSTRACT. For a large class of operators acting between weighted
£>° spaces, exact formulas are given for their norms and the norms
of their restrictions to the cones of nonnegative sequences; nonneg-
ative, nonincreasing sequences; and nonnegative, nondecreasing se-
quences. The weights involved are arbitrary nonnegative sequences
and may differ in the domain and codomain spaces. The results are
applied to the Cesaro and Copson operators, giving their norms
and their distances to the identity operator on the whole space
and on the cones. Simplifications of these formulas are derived in
the case of these operators acting on power-weighted ¢°°. As an
application, best constants are given for inequalities relating the
weighted ¢*° norms of the Cesaro and Copson operators both for
general weights and for power weights.

1. INTRODUCTION

The Cesaro matrix, C, and its transpose the Copson matrix, C*, are

1 1 1

1 L3 5 1

11 11 1
22 2 3 1

33 3 * 11
C= 11 1 1 and C* = 3 4
4 4 4 4 1

The same names denote the operators associated with these infinite
matrices, defined by

o0
Tk

1 n
(Cx), = - kz:;xk and (C*x), = ?

k=n
for = an appropriate real sequence. The motivation for this work is to
determine best constants in the weighted two-operator inequalities

||CI||goo(v) S A”C*ZL’Hgoo(l/u) and ||C*$||goo(v) S AHOZEHEOO(l/u) (1)
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for all z and also for all nonnegative x.
The Cesaro and Copson operators, together with their integral ana-
logues,

i@ =1 [ s aa m@ = [ roF,

appear throughout classical and modern analysis. They were already
standard tools in Fourier analysis when Hardy used them to give a
simple proof of Hilbert’s double series theorem from complex analysis.
They serve as base cases and motivating examples for summability,
positive operators, convolution inequalities, interpolation of operators,
maximal functions and more.

Most relevant to our study, is their appearance in the theory of
weighted norm inequalities. A remarkable array of techniques have
been tried out on these operators for the first time and often the results
set the standard for subsequent progress.

Recently, techniques for determination of exact operator norms, ex-
act distances between operators, and best constants in two-operator
inequalities have been worked out using H, H*, C' and C* as motivat-
ing examples.

For the operators H and H* a great deal of progress has been made
in recent years. We refer to [9] and [10], which, besides establishing
the current best results for exact operator norms, include in their intro-
ductions detailed accounts of recent work. The contributions of Boza
and Soria deserve special mention, recently from [6] and [7], but going
back to [5]. In the first, they make a clear case for the independent
study of restrictions of operators to cones of monotone functions. In
the second, they point out the significance of understanding the action
of operators in endpoint cases, i.e., the p = 1, p = oo, and weak type
cases among (P spaces.

For the operators C' and C*, exact norms, distances and constants
had already found an important place in Bennett’s 1996 memoir [1].
Some were proved and others were left as open problems. A few of the
open problems have settled quite recently, see [3,/4,/8].

Our focus on weighted £°° spaces puts us firmly in the endpoint case,
and greatly simplifies norm estimates. On the other hand our results
apply for general weight sequences, something which is beyond the
current reach when seeking exact operator norms in the (P spaces for
1 < p < 0. We also consider the restrictions of operators to cones of
monotone sequences, something of proven value.



END-POINT NORM ESTIMATES 3

Our approach is in two steps. First, we reduce the best constant
problems for the two-operator inequalities for general = or for non-
negative x to the determination of the operator norm of a related ma-
trix operator on a related cone of sequences. See Theorems [2.3| and
Second, we prove and apply a result on matrix operator norms
between cones in weighted (> spaces that is general enough to include
the ones we need to solve the best constant problems. See Theorem
3.3 This result is of independent interest and we apply it to give the
operator norms of a number of related matrix operators that have ap-
peared in recent literature. Here the operators C'— I and C* — I figure
prominently. The results of our analysis of are in Theorem .

The most commonly studied and applied weight sequences are the
power weights. We illustrate our results throughout by giving concrete
expressions for the best constants in the case of power weighted £°°.
See Theorems [3.5] and [3.7] for exact operator norms for C' and C* on
all four cones. See [3.9|for exact distances from C' to the identity on all
four cones. The exact distance from C* to the identity is given in|3.11
on two of the cones. (The case of nondecreasing sequences is trivial and
the case of nonincreasing sequences remains open.) The best constants
in the two-operator inequalities are given in and on the cone of
all sequences and on the cone of all nonnegative sequences.

1.1. Notation and Definitions. For an infinite matrix to represent
an operator on sequences, we have to decide in what sense the sums
involved in matrix multiplication should converge.

Definition 1.1. Let B = (byx)n>14>1 be a real matriz. The domain,
denoted D(B), of the associated matriz operator is the set of all real
sequences x such that for each n, the sum 220:1 by k) converges to
a real number. For x € D(B), we define the sequence Bz by setting
(Bx)n = > 02 bu s

If all entries of B and x are nonnegative, we use (Bzx), to denote
the above sum even when x ¢ D(B) by permitting (Bx),, to take the
value 0o.

This definition gives us larger domains than if we insisted on absolute
convergence in all matrix sums. It means that our matrix operators
don’t correspond to standard integral operators as well as they corre-
spond to operators defined by principal value integrals.

Besides C' and C* we will encounter the matrices I, S, S*, D and
E. The first three are standard, the identity matrix, the right shift
(with ones on the subdiagonal) and the left shift (with ones on the
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superdiagonal.) The other two are defined by

D= i and F =

== =
—_
—

il

so that (Dx),, = x,/(n+1) and (Ex), = >_,_, ®x. The domain of each
these matrix operators, with the exception of C*, consists of all real
sequences. Evidently, D(C*) consists of all real sequences x for which
> hey %k converges in R.

Let ¢, ¢+, ¢* and ¢ denote, respectively, the set of all sequences of
real numbers, the set of all sequences of nonnegative real numbers, the
set of all nonincreasing sequences of nonnegative real numbers, and
the set of all nondecreasing sequences of nonnegative real numbers.
Inequalities between sequences are termwise so for z,y € ¢, v < y
means y — x € {1, that is, z;, < y; for all k.

For weights u,v € T and for any z,y € ¢ we define

Ylewe(wy = sup [yn|vn  and |21 /u) = sup || /g

The two definitions agree, except that if u;, = 0 for some k, the sequence
(1/u1,1/ug,...) is not in ¢*. In this case we apply the convention
0/0 = 0: If up = 0 for some k then |zx|/ur = oo when z; # 0 and
|zk|/ur, = 0 when x = 0. Note that we permit these weighted “norms”
to take the value oo.

For a real number z, let ¥ = (Jz| + x)/2 > 0 and 2~ = (|z| —
x)/2 > 0. Note that x = ™ — z~. This notation extends termwise
to sequences and entrywise to matrices: If x = (z,,) is a real sequence,
then =t = ((x,)"), = = ((z,,)7), and |z| = (|z,]). If B = (b, ) then
BY = (b)), B = ((bap)") and |B] = (bl

For v € ¢t we define the greatest nonincreasing minorant u* of u
and the greatest nondecreasing minorant u' of u by

N A T (), —

uy = (u¥)r = minu; and wu, = (u')x = inf u;.

k ( )k i<k k ( )k >k
Their relevance emerges from the following simple observation.

Lemma 1.2. Let u € (*.
(i) Ifz e f‘L, then Hfoo"(l/u) = HxHZ“’(l/ui);
(i) If x € O, then ||z o1 juy = |21 /uty;
(iii) If x € ¢+ and v < u then v < u'.
(iv) If v € (" and x < u then x < ul.
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Proof. First observe that, since vt < v and u! < u,
[zllee 1wy < N2l rjuty  and |2 ||geo(1/uy < ||| goo (1 ut)-

Let x € ¢*. For each k,
== max = < max =L < |1/,
uy i<k u; ISk Uj
Take the supremum over all k to get ||z ||gso (1 /uty) < |2 ]|eo0 (1/0)-
Let = € ¢'. For each k,
T Tk Lj
— =sup — <sup —* < ||zl (1 /)-
w2k Ui >k U
Take the supremum over all k to get ||| s (1 /uty < ||2]|ese(1/u)-
If 2 € £+ and 2 < u, then [|z]|¢=(1/u) < 150 [|2]| (1 /0y < 1 and there-
fore x <wt. I € €M and & < u, then [|z]/ge 1wy < 150 [|[2]|go(1 /0ty < 1

and therefore x < u'. dJ

2. TwO IDENTITIES

In this section we use two matrix identities to connect the inequalities
to norm inequalities for related operators. The identities are

C=(C—-8)C" and C*=(C*— S)DE.

In Section 10 of [1], Bennett uses the first identity and one closely re-
lated to the second, namely, C* = (C* —I)SC, to explore two-operator
inequalities involving C' and C*. Either of the two second identities
would suffice in this analysis; our aim was to simplify intermediate
results.

In matrix form, the identity (C' — S*)C* = C may be written as

—
—
—
N N[
ol ol ol
I PN PN T
o RIR W=
N N

c R[EWHNE
L N e L
[

EEE N P NI
DN I

Viewed as an operator identity we can prove that it is valid on D(C*),
the domain of the operator C*.

Lemma 2.1. If z € D(C*) then (C' — S*)C*zx = Cx.
Proof. Let € D(C*) and set y = C*z to see that (Cx), is equal to
It on, Inemr 1
527321 = EZZTJ = ﬁZ(yk—ynﬁ-l) = (CY)n = Ynt1-
j=1 7 k=1 k=1 j—k k=1

Therefore (Cx), = ((C — S*)y), = ((C — S*)C*x),, for all n. O
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The second identity is a bit more complicated because the matrix
multiplication involves infinite sums and extra care has to be taken
with the domain of the matrix operators.

In matrix form, the identity (C* — S)DE = C* may be written as

[
—

| [SIE SIS
[N NI

—
Wl Wl Wl

| ol colm colm

—_
S L N

o U RR Wl N
o U= W=

. EN[EENTERNTENTN
RN [N

Next we show that it is also an operator identity on D(C*).
Lemma 2.2. For x € {, x € D(C*) if and only if

Ex e D(C*D) and (DEx)y — 0 as N — oc.
In this case (C* — S)DEx = C*x.

Proof. Fix a real sequence x and a positive integer n. If N > n, then

N

1 1
2$]<N+1+ Z k(k+1)> DExN+Zkk+ Z%’

Jj= k=max(n,j)

which telescopes to
N -1 N
S S Ta [
“— max
j=n 7j=1 7=1

Suppose Ex € D(C*D) and (DEx)y — 0 as N — oo. Then the right-
hand side of converges as N — 0o. So does the left-hand side, so
x € D(C*).

Conversely, suppose z € D(C*) and let N — oo in (2)). Since the
left-hand side converges, so does the right-hand side. Setting y = C*x
we get yy — 0. It follows that the averages (C'y)y — 0 and the shifts
(S*y)ny — 0. Now Lemma 2.1 shows that (Cz)y = (Cy)y — (S*y)y —
0. But (DEz)y = NH(Cm)N so (DEz)y — 0. Since the first term
of the right-hand side of converges, so does the second term. It
follows that Ex € D(C*D), which completes the equivalence.

Letting N — oo, becomes (C*z), + (SDEzx), = (C*DEx),.
Since n was arbitrary, (C* — S)DEx = C*x. O

zl’—‘

These two identities are the keys to proving the following two theo-
rems that reduce inequalities relating C' and C* to inequalities involving
a single operator.
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Theorem 2.3. Let u,v € ¢ and A € [0,00). Then if and only if
, and if and only if (@, where
[Cx ||y < ANC™ 2 o1 /) for x € D(CT); (3)
1(C = S Yllmwy < Al fory € b -0 (4
10wy < A||C*x||poo1wy  for z € £+ ND(C*); (5)
(C = 5)yllemwy < AllYlleepy  fory € €4y, — 0. (6)
Proof. Let x € D(C*), set y = C*z, and note that y, — 0 as n — oc.
If (4) holds, then by Lemma,
1€y = [[(C' = S )ylle ) < Allyllee 1wy = AllCT 2| e (10,

so () holds. If ([6)) holds and z € £ ND(C*), then y € ¢+ so the same
estimate gives (5)).
Now let y € ¢ with y, — 0 and set xp = k(yx — yxr1). We have

N N
T
Z? :Z(yk_yk+1) =Yn —YN 7 Un
k=n k=n

as N — c0. So x € D(C*) and C*z = y. If (3)) holds, then Lemma [2.1]
shows

1(C = 5yl w) = [|C]| oy < ANC T o1 /w) = Allyllece 1/
SO holds. If holds, and y € #* with y, — 0, then 2 € /T and the

same estimate gives @ U

Theorem 2.4. Let u,v € (T and A € [0,00). Set wy, = kuy, for each
k. Then iof and only iof , and @D iof and only of , where

1C* x| vy < Al|Cx|p1/w), @ € D(C); (7)
1(C" = S)Dzll(v) < Allzlle=/w), 2 € D(C*D), (Dz)y = 0;  (8)
|C" 2|l v) < Al|C][po1/u), € LT ND(CY); (9)
(C* = S) D2y < All2lleiw), 2 € €1 ND(C* D), (Dz)y — ?1-0)

Proof. Let x € D(C*) and set z = Ex. The definition of E shows
2]l 1 /w) = ||C||eoo(1/uy. From Lemma we get (Dz), — 0, z €
D(C*D) and C*z = (C* — S)Dz. If (8)) holds, then

[C* 2oy = [[(C™ = S)Dzle=(w) < Allzllejw) = AllC|[e (1),

that is, (7)) holds. If x € ¢ then 2z € (' so the same estimate shows
that if (10]) holds, so does @D
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Now let z € D(C*D) with (Dz)y — 0 as N — oo, set zp = 0 and
Tr = 2z — 2x—1 for all k. Then 2 = Ex so Lemma [2.2] shows that
x € D(C*) and (C* — S)Dz = C*x. If (7) holds, then

[(C™ = S)Dz|le=(w) = |C*2||e(w) < AllCx|ese(1/uy = Allzlle (1),

so (8)) holds. If @ holds and z € ¢', then = € ¢* so the same estimate
gives . This completes the proof.

3. OPERATOR NORMS FOR SOME MATRIX OPERATORS ON CONES

The simple form of weighted /> norms permits direct computation
of the norms of matrix operators from one weighted space to another
and from the positive cone of one weighted space to another. For the
cones of decreasing sequences and increasing sequences, the situation is
more delicate but for each of these cones we identify a class of matrix
operators for which it simplifies nicely. The operators involved in our
analysis of the inequalities in are in those classes.

Definition 3.1. Let b € . We say that b has positives before negatives
provided that for all j,k € Z*, b; > 0 > by, only if j < k. We say that
b has negatives before positives if —b has positives before negatives.
Note that if b has positives before negatives or has negatives before
positives then Zszl b is a monotone function of N for sufficiently
large N so the sum - by, exists in [—o00,00]. We call it the sum of

b.

Let u,v € £*. For a matrix B, let A(B), AT(B), AY(B) and A"(B)
denote the smallest constant A € [0, o] such that inequality

[Bllewy < Allzllee 1/ (11)

holds for all z € D(B), z € (*ND(B), z € ND(B), and = € ('ND(B),
respectively.

Remark 3.2. Multiplying the matriz B on the left by a complex di-
agonal matrixz has no effect on the left-hand side of , provided the
weight sequence v is adjusted appropriately. This simple observation
substantially extends the applicability of the next theorem. Rather than
unduly complicate its statement, we trust that, in applications, suitable
row-by-row “preprocessing” will have been carried out to ensure that
the hypotheses of the theorem are satisfied. One simple form of this
preprocessing allows some subset of the rows of a real matriz B to be

multiplied by —1 to permit the use of parts 07" of the theorem.

Some expressions in what follows need to be understood according
to the convention oo - 0 = 0.
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Theorem 3.3. Let B be a matriz with real entries.
(1) The least A € [0, 00] such that holds for all x € D(B) is

A(B) = [[IBlulle= -

(i1) The least A € [0, 00] such that holds for all x € {* N'D(B)
18
AT(B) = max(|| B ulle=(w), | B~ ulle(w))-
(11i) Suppose each row of B has positives before negatives and a non-

negative sum. The least A € [0, 00] such that holds for all
r € FND(B) is

A(B) = [|B*(u")lle=(v)

(iv) Suppose each row of B has negatives before positives and a non-
negative sum. If each row of B has a finite sum then the least

A € [0, 00] such that holds for all x € (' ND(B) is
ANB) = B (u") =)

If some row of B has an infinite sum, then (' N'D(B) = {0} so
holds trivially with AT(B) = 0.

Proof. Let p™ be the result of replacing all nonzero entries of BT by
1 and let p~ be the result of replacing all nonzero entries of B~ by 1
Then bnkpnk =b" ok and by, 1p,, k= = —b, , for all n and k.

If v € D(B) and |z| < w, then ||x\|goo (1/uy < 1 and, for each n,
(Ba)u| < (1Blia))a < (IBlu)u so we get ||Be|iwq < [I|Blullocq): By
positive homogeneity of the norm, A(B) < || |B|U||goo(v)

Fix n and K. Define a sequence x by setting xr = (p* — p7 st
if k < Kandx, =0if £ > K. Then 2 € D(B) and ||x]|spe(/u) <1
Since |by x| = box(p™ — p7 )ng for all k, we have

K
v, Z bt = v (B), < || Bl < A(B).

k=1

Letting K — oo and taking the supremum over all n we get

[ Blulleew) = sup vn(|Blu)n < A(B).

This proves .

If # € (+ND(B) and x < u, then ||z||ge(1/w) < 1 and, for each n,
0 < (B*x), < (Btu), and 0 < (B™z), < (B u),. If (B*u), and
(B~u), are both finite, then

[(Bx),| = |(B+x)n — (B7x)| < maX((B+u)m (B~ u)n),
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an inequality that also holds if (B*u),, = oo or (B~ u),, = co. Multiply-
ing both sides by v,,, taking the supremum over all n, and interchanging
the supremum and the maximum, yields

| B| oo () < max(]| B ullew), 1B wle=(0)).
By positive homogeneity of the norm,
A+(B) S maX(||B+u||goo(U), ||B_u||goo(v))

Fix n and K. First, define a sequence = by setting z, = ,0;kuk if
k<Kandz,=0if k> K. Then € D(B) and ||| (1/u)y < 1. Since
b:k = bn kp:ka

Un

K
> b ts| = val(Ba)al < I Bellesy < A*(B).
k=1

Next, define a sequence z by setting x = p, yux it k < K and 2, =0
if k> K. Then z € D(B) and ||z[¢=(1/uy < 1. Since b, = =bnxp, 1,

Un

K
> bt = val(Ba)al < I Bellesy < A*(B).
k=1

Letting K — oo and taking the supremum over all n in the two esti-
mates above, we get

max (|| B ulle ), [| B ullex ) < A(B).

This proves |(ii)}

To prove , suppose each row of B has positives before negatives
and a nonnegative sum. Fix n and set m = sup{k : b, > 0}, taking
sup @ = 0 if necessary. If m = 0, then b, < 0 for all &k, but the nth
row of B has a nonnegative sum so b, = 0 for all k. If m = oo,
then b, > 0 for all k£ because the nth row of B has positives before
negatives. In the remaining case, m € Z*, b, > 0 for k£ < m and
bny < 0 for k > m. This implies that for all z € &+ ND(B), b, prp >
b Ty, for all k and so (Bx), > Tm D ey bng > 0, because the nth row
of B has a nonnegative sum. In all three cases we get (Bz),, > 0.

If z € 4 ND(B) and x < u, then x < ut by Lemma. Therefore,

Vp|(B2)p| = vp(Bx), < v,(BT1), < vn(B+(u¢))n.

Taking the supremum over all n, we get ||Bx||go() < | BT (u¥)| s (w)-
Positive homogeneity of the norm shows that AY(B) < || B (u")]| s (v)-

Fix n and K, and define m as above. Define x by setting x; = u,ﬁ
if & < min(m, K) and zj, = 0 otherwise. Then x € & ND(B) and, by
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Lemma, 2]l (1) = 1]l g2o(1/uty < 1. We have seen that b, = by,
for k < m and b, , = 0 for k > m. Therefore,

anbn Wy, = 0, (Bx), < || By < AY(B).

Letting K — oo we get
1B* (1)l o) < AN(B).

To prove , suppose each row of B has negatives before positives
and a nonnegative sum. Fix n and set m = sup{k : b, < 0}, taking
sup @ = 0 if necessary. If m = oo, then b, < 0 for all k because the
nth row of B has negatives before positives, but the nth row of B has
a nonnegative sum so b, = 0 for all k. If m = 0, then b, ; > 0 for all
k. In the remaining case, m € Z*, b, < 0 for & < m and b, > 0 for
k > m. This implies that for all x € (' N\ D(B), bpxxr > by for all
k and so (Bx)n > Tm Y 4oy bux > 0, because the nth row of B has a
nonnegative sum. In all three cases we get (Bx), > 0.

If z € (M ND(B) and x < u, then x < u' by Lemma . Therefore,

V| (Bx)n| = vp(B), < v0(BT 1), < v,(BT(u")),.

Taking the supremum over all n, we get || Bz[goq) < [|B*(u")| e (w)-
Positive homogeneity of the norm shows that AT(B) < || B (u")]| s (v)-
Case 1. Every row of B has a finite (nonnegative) sum. First we show
that D(B) contains every nonnegative, bounded sequence. Suppose x
is such a sequence and choose P so that 0 < x;, < P for all k. Fixn
and let m = sup{k : b, < 0} again. As we have seen, if m = oo, then
bor = 0 for all k, so Y77, b,y is trivially convergent. Otherwise,
Zle by 7k is a nondecreasing for K > m and is bounded above by

ankxk—l—P Z bnk<OO

k=m+1

Again, Y| by pxy is convergent. Since n was arbitrary, x € D(B).

Now fix n and a real number P. Let m = sup{k bnx < 0}. Define
x by setting zp = 0if £ < m and z, = mm(uk,P) if £ > m. Since
x is bounded above by P, z € (1 ND(B). Moreover, |z| < ul so
2]l 1wy = | llee(1/ury < 1 by Lemma [1.2} Therefore,

Uan kmln uk, =0, an,kxk < || B || vy < AN(B).
k=1
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Taking the limit as P — oo, we get
Uan+kuk < AN(B).

Taking the supremum over all n, we get || B (u")||s () < AT(B).

Case 2. For some n, the nth row of B has an infinite sum. Since its
sum is nonnegative by hypothesis, the sum is co. Since this row has
negatives before positives, there exists an m such that b,; > 0 when
k> m. If x € /T is not the zero sequence, then there exists a K > m
such that xx > 0. Therefore,

o0 o0
E bnkTi > Tk E by = 00
=K k=K

Thus, x ¢ D(B). We conclude that ¢M N D(B) contains only the zero
sequence, so AT(B) = 0. d

3.1. The Cesaro and Copson operators. The Cesaro matrix C' is
nonnegative so all four parts of Theorem apply.

Corollary 3.4. Let u,v € {*. The inequality
n < Asup — ]
k Uk

sup’—
k=1

holds for all real sequences x with A = A(C'); for all nonnegative se-
quences x with A = AT(C); for all nonnegative, nonincreasing se-
quences © with A = AY(C); and for all nonnegative, nondecreasing
sequences x with A = AY(C). In each case the constant A is best pos-
sible. Here

Un -
A(C) = A7(0) = [ Cullesy = sup 503w

AHC) = IC (W) lew) —Sup—zmm%

i<k

(€)= IC e~y = sup Z inf uj.
Even using the formulas from this corollary, the operator norms of
C' as a map on cones in a power weighted > space requires some work

to simplify. This is done in the next theorem.
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Theorem 3.5. Let a € R. The inequality

o

k=1

sup
n

n® < Asup |z |k*
k

holds for all real sequences x if and only if it holds for all nonnegative
sequences x if and only if it holds for all nonnegative, nonincreasing
sequences x. In this case the best constant A is

1, a < 0;
1
A= , 0<a<;
11—«
00, a> 1.

The inequality holds for all nonnegative, nondecreasing sequences x

with best constant
A 1, a<0;
0, a>0.

Proof. Take ux, = k= and v,, = n® in Corollary to get

A(C) = AT (C) = supn®? Z [

AHC) —supn mej .

i<k

AN(C) = supn*™ 1ZH>1£] .
n e 1]

We will make use of Proposition 3 of [2], which shows that

n
na—l E k—a
k=1

increases with n when o« > 0 and decreases with n when o < 0. If
a > 0, then minj<;j~* = k= so A(C) = AT(C) = A¥(C) and their
common value is

1

1 o= /k\—@ ! 0<a<l;
lim — E (—) :/ r % dr={1—-a’ = ’
n—>oonk:1 n 0

00, a>1.

If o <0, then min;<; 7% =1 so

A(C) = AT (C) = supn®? Z k™ =1 and AY(C) =supn® = 1.

n
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If @ > 0, then inf;>; 7% = 0 and if o < 0, then inf;>; 57 = k7.
Therefore, AT(C) =0 when a > 0 and
n
AN(C) = supn*! Z k=1
" k=1

when o < 0. OJ

The Copson matrix C* is nonnegative so all four parts of Theorem
apply, although the fourth part applies trivially. Recall that D(C*)
consists of all real sequences  for which )_° | & converges in R.

Corollary 3.6. Let u,v € {*. The inequality

00 Th
2%

=N

v, < Asup@

E o Ug

sup

n

holds for all real sequences x € D(C*) with A = A(C*); for all non-
negative sequences x € D(C*) with A = AT(C*); for all nonnegative,
nonincreasing sequences ¥ € D(C*) with A = AY(C*); and for all non-
negative, nondecreasing sequences v € D(C*) with A = AN (C*). In
each case the constant A is best possible. Here

o0

u
A(C*) = AT(C*) = ||C"u|go vy = SUD Uy, f;
n k=n

AHCY) = || C*(uh) || o ) = sSUP vy, Z 7 minug;
n k=n

i<k
ANCH =0, (('ADC*) = {0})

The operator norms of C* as a map on cones in a power weighted ¢
space are given in the next theorem. We use ¢ to denote the Riemann
zeta function.

Theorem 3.7. Let a € R. The inequality
o0 T
w37

holds for all real sequences x € D(C*) if and only if it holds for all non-
negative sequences x € D(C*) if and only if it holds for all nonnegative,
nonincreasing sequences x € D(C*). In this case the best constant A is

00, a < 0;
A:
{C(a—l—l), a>0.

n® < Asup |z |k®
k
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Ezxcept for the zero sequence, there are no nonnegative, nondecreasing
sequences in D(C*). The inequality holds for the zero sequence x with
best constant A = 0.

Proof. Take up, = k=% and v,, = n® in Corollary to get

A(C*) = AT(C*) = supn® Z ket
" k=n

o0 1
1 *\ « - 1
A(C)—Sgpn kg PR
If a > 0, then minj<; ;= = k= so A(C*) = AT(C*) = AH(C*); their

common value is
sup n® Z Eet > Z Eot = Cla+1).
n k=n k=1

We show this is actually equality by supplying a proof of the first in-
equality from Remark 4.10 of [1], namely, that n® Y, k~*! decreases
with n: The derivative of log(x®™ (™% — (z + 1)7%)) is
R )

(14 z)tt(zm = (z+1)7)
which is positive for > 0 by Bernoulli’s inequality. Thus,
B 1
- ka+1(k—a _ (k: 4 1>—a>

is a decreasing sequence, and so is its moving average

ag

o0

S, al = D))
SR RS R DL

If o <0, then minj<; 7% = 1 and we have
1
A(C*) = AT(C*) > AY(C™) = *N — = 0.
(€ ()_()Sgpn;koo

The final statement of the theorem is evident. O

3.2. The Cesaro and Copson operators minus identity. The ma-
trices we consider here are,

1
0 3

[
[NIE
|
wl
[SIE
| Wl Wl

wln
INTSFNTTNT

N
|
NI

C—-1= and C*—1=

EEN G PN e}
BN
PENSTE
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Parts (i)} and [(iii)] of Theorem apply to C' — I and part
applies to I — C. (See Remark )

Corollary 3.8. Let u,v € {*. The inequality

| (50) -

Up < AsupM

E Uk

holds for all real sequences x with A = A(C — I); for all nonnegative
sequences x with A = AT(C' — I); for all nonnegative, nonincreasing
sequences x with A = AY(C —1I) and for all nonnegative, nondecreasing
sequences & with A = AY(I — C). In each case the constant A is best
possible. Here

n—1

Un )
AC = 1) = 1€ = Tulleeg = sup 22 (0 = T+ )

k=1
A(C = 1) = max([|(C = I)*ullim(oy, (€ = 1))

n—

—

= sup U max ((n — Duy, uk>;
no k=1
v n—1
A4 = 1) = € = D) llewy =10 5 3 mip s
ANI = C) = ||[(I = ) (u) || g w) = sup U—n(n —1) iI>lf u;.
n N Jjzn

Proposition 3.5 of [7] may be compared with the case 0 < a < 1 of the
next theorem: The norm of C'— I restricted to the cone of nonnegative,
nonincreasing sequences coincides with the norm of H — I restricted to
the cone of nonnegative, nonincreasing functions.

On power-weighted ¢>°, C' — I exhibits different behavior on all four
different cones, the cone of real sequences, the cone of nonnegative
sequences, the cone of nonnegative, nonincreasing sequences and the
cone of nonnegative, nondecreasing sequences. The dependence of the
operator norm on the power gets particularly interesting for the third
cone.

log(1—1/m)

Theorem 3.9. Let a € R, set s; = —o0 and set s, = 1 + Tos (LT 1/m)

form =2,3,.... The inequality

w5

n® < Asup |z |k*
k
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holds for all real sequences x with best constant

2—« <1

a )

A=<1-a’ ’
00, a>1.

It holds for all nonnegative sequences x with best constant

1, a < 0;
A= , 0<a<;

1l -«

00, a> 1.

It holds for all nonnegative, nonincreasing sequences x with best con-
stant

(m+1)"m, spn<a<s,, m=1,2,3,...;
1
1 , 0<a<;
—
00, a > 1.

A=

It holds for all nonnegative, nondecreasing sequences x with best con-

stant
A 1, a<0;
0, a>0.

Proof. Take ux, = k= and v,, = n® in Corollary to get

n—1
A(C —1)=sup (1 — % +na_1zk_a>;
" k=1

n—1
1
A*(C — 1) = supmax (1 — =, no! k’a);
" n k=1
n—1
AN C —T)=supn* Y minj %
n i<k
k=1
ANI - C) =supn®*(n—1) ir>1f e
n Jjzn

Proposition 4 in [2] shows that n®~!' "7~} k= increases with n for all
a € R. It tends to

1
1
<1
/x_adx: l—a 57
0 00, a > 1.

The first two statements of the theorem follow.
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If @ > 0, then minj<;j~® = k™% so AHC — 1) = AT (C —I). If
o < 0, then min;<;, j=* = 1 so AH(C —I) = sup, n®!(n—1). Consider
the function g(z) = x*!(z — 1) for z > 1. Looking at ¢'(z) we find
that g is strictly increasing on (0,1 — 1/«) and strictly decreasing on
(1—1/a,00). It follows that a positive integer m satisfies sup,, g(n) =
g(m + 1) if and only if g(m + 1) > g(m) and g(m + 1) > g(m + 2).
These two conditions may be expressed as s, < a < S,41.

If @ > 0, then inf;>, ™ = 0so AT(I — C) = 0. If @ < 0, then
inf;>, j7*=n"“so A"(I — C) =sup,(n —1)/n=1. O

Parts |(i)| and of Theorem apply to C* — I, although
part gives a trivial result. Note that D(C* — I) = D(C").

Corollary 3.10. Let u,v € ¢*. The inequality

[e.9]

(3%) -

=N

v, < Asup@

E o Ug

sup
n

holds for all real sequences x € D(C*) with A = A(C* — I); for all
nonnegative sequences x € D(C*) with A = AT(C* — I); and for all
nonnegative, nondecreasing sequences x € D(C*) with A = AN(C* —1).
In each case the constant A is best possible. Here
. N B n—1 =\ up _
ACT = 1) = |||C" = Iu||ge(v) = SlTle"Un< —Un +k:zn;rl ?),

AT(C" = 1) = max([|(C" = I)Tulle= ), [(C™ = I) " ulle=w))

n—1 > uk)
= sup v, max ( ——u,, — );
p ( n Z k

n k=n+1

AN (C* — 1) = 0. (The first row of C* — I has an infinite sum.)

We omit the trivial case when considering the power-weighted in-
equalities.

Theorem 3.11. Let o € R. The inequality

o0

(3%)

=n

sup
n

n® < Asup |z |k*
k

holds for all real sequences x € D(C*) with

00, a < 0;
A= 1
1+—, a>0.
«
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It holds for all nonnegative sequences x € D(C*) with

00, a<0;
1
A=4¢—, O<a<l;
«
1 a>1

In each case the value of A is best possible.

Proof. Take u, = k= and v, = n® in Corollary to get

1 o

A * — ( - «@ —a—l) .

(C*—1) Sup 1 ~+n Z k ;
k=n+1
1 [e.e]

14+ * — < - a —a—1>'
(Cc*—1) szpmax 1 el Z k
k=n+1
If @« < 0 the sum diverges so both of these are infinite. If a > 0 we

need the second inequality from Remark 4.10 of [1]: n* Y7 . k=*7!
increases with n. The derivative of log(z®™((x — 1)@ — 27%)) is

(1= =) - (1= 3

x T

(z =Dt ((w =)= —a7e)

which is negative for x > 1 by Bernoulli’s inequality. Thus,

B 1
ket (k= 1) — ko)

Qg

is an increasing sequence, and so is its moving average

Y henar (k= 1)7* = k™) " SR
Zzoin—i—l((k - 1)_0‘ - k‘a) o k§1 k .

We recognize these as (improper) Riemann sums, and get
o0 o0
1 kN —o-1 > 1
n® keml=2 (—) — / ey = =
2 -2 : ;
k=n-+1 k=n+1

as n — o0o0. Therefore A(C* — 1) = 1+ 1/a and AT(C* — I)
max(1,1/«). This completes the proof.

Ol

3.3. Two required operators. The next two operators appear in
Theorems [2.3] and [2.4] Their operators norms are needed to complete
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the work on . In matrix form, they are

|
—

|

—

|
D= o=

ol

C— 5=

| Sl
[ V]
o

N

! and (C*—S)D = -

o R WIRN=
NI
[FSTEY N

Parts , , and of Theorem apply to C' — S* and part
applies to S* — C.

Corollary 3.12. Let u,v € {*. The inequality

(32e)

|0
sup

n

v, < Asup
k Up,

holds for all real sequences x with A = A(C' — S*); for all nonnegative
sequences x with A = AT(C' — S*); for all nonnegative, nonincreasing
sequences v with A = A¥(C—S*) and for all nonnegative, nondecreasing
sequences x© with A = AT(S* — C). In each case the constant A is best
possible. Here

1 n
A(C = §%) = [IIC = $*lulli vy = 5P v (11 + = " )
" k=1

AN(C = 87) = max((C = 8l (€ = 5 ullewco)

:supvnmax< E uk,unH)

1 *\
AHC = 5%) = [(C = S*) " (u!) |l w) —SUP—ZI]IEQW
ANS™ =€) = (5" = C) (@)l = supwn_inf u;.

Parts (i)} [(ii)} and of Theorem apply to (C* —S)D and part
applies to (S —C*)D. Note that D((C*—S)D) = D((S—C*)D) =
D(C*D).

Corollary 3.13. Let u,v € {T and for convenience let ug = xg = 0.
sup

The inequality
> T Tp—
n <k§ k:(k:+1)> o

holds for all real sequences x € D(C*D) with A = A((C*—S)D); for all
nonnegative sequences x € D(C*D) with A = AT ((C* — S)D); for all
nonnegative, nonincreasing sequences v € D(C*D) with A = A+((S —

Unp

n < Asup
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C*)D); and for all nonnegative, nondecreasing sequences x € D(C*D)
with A = AT((C* — S)D). In each case the constant A is best possible.
Here

A((C" = 8)D) = [[[(C" = S) Dlullg=(w)

B Un—1 = Uk
_Sip””< n +;k(k+1))’

AT(C = S)D) = max([|((C™ = S)D) " ullpew), [[((C* = S)D) " ulle= ()

n

_ Unoi NS Uk
_Supvnmax( - ’;k‘(qul))’

AH(S = C)D) = [[((S = C*)D)* (")) = sup —= min_uj;

AN((C* = S)D) = |((C* = S)D)* (u") [l w)
= sgpvn g m;ggu]

We forgo an investigation of the power-weighted case for these op-
erators. Their principal interest is their use in the proof of Theorem
and the special case is not required there. Theorems and
deduce the power-weighted case of Theorem directly.

4. BEST CONSTANTS IN THE TWO-OPERATOR INEQUALITIES
Combining Theorems and with the formulas given in the

previous subsection for
A(C = 8%, AYC - S*), A((C* = S)D), and A'((C* - S)D)

gives us answers to our original questions, the best constants in the
inequalities of ([I)).

Fix u,v € (*. Let A(C,C*) and A*(C,C*) denote the smallest
A > 0 such that inequality

1€z e w) < ANCT |1 /)

holds for all z € D(C*) and for all & € ¢t N D(C*), respectively.
Similarly, let A(C*,C) and AT(C*,C) denote the smallest A > 0 such
that inequality

1C" 2|l () < Al C| oo 1)
holds for all z € D(C*) and for all z € ¢ N'D(C*), respectively.
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Theorem 4.1. Let u,v € {*. Then, taking ug = 0, we have
1 n
A(Ca C*) = Sup vn (Un—H + = § uk);
n n
k=1

A—l— *\ U_" : .
(ONG St;p . Zmlnuj,

n
i<k
1 S

A(C*,O)zsupvn<n—_1un_1+ Pl );

n n k:nk+1
A+(C*7C’) = Supl}nz m 11>1£]uj
n [ JZ

Proof. Since holds with A = A(C' — S*), Theorem shows that
does as well. Thus A(C,C*) < A(C' — S*). On the other hand, by
definition, holds with A = A(C,C*) and by Theorem , so does
(4). Fix n and let

y = (u1,u, ..., Uy, —Upy1,0,0,...).

Since yr — 0 as k — oo and ||y|[ee(1/u) < 1, we get
(1423 ) = 0,(C =5 < (€= $)yllemi < ACLCT).
k=1
Using this in the formula for A(C' — S*) from Corollary yields
A(C - 85" = sgp Up, <un+1 + %guk) < A(C,C™).
Therefore,
L
A(C,C*) = SLTle Up <un+1 + - ; uk)

Clearly, (6) holds with A = A(C — S*) and, by Theorem [2.3] so
does (5). Thus AT (C,C*) < AYH(C — S*). By definition, () holds with
A = AT(C,C*) and Theorem shows that (6]) does also. Fix n and

let
y = (ut,ug, ..., ub0,0,...).

Then y € ¢+, yp — 0 as k — oo and, by Lemma , Nylleo 1wy =
1yllese(1 /0ty < 1. Therefore
1 < ) ) ;
v D uk) = val(€ = ) < (€ = $Yylleiy < A(C,C).

n
k=1
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The formula for A*(C — S*) from Corollary implies

n

* Un o . *
Ai(c ) ) = sup E kE:1 I]HSII?U] S AJ’_(C, C )
Therefore,

At (C,CY) —sup—meu]

i<k

Let wy = kuy, for all k& and note that D((C* — S)D) = D(C*D).
Replacing u by w in the formula for A((C* — S)D) from Corollary
3.13| shows that holds with A replaced by

o0 o
~ Wp—1 Wy, n—1 Uy,
A= swpun (5243 ) = swen (e )
T +kz;lk(k+l) wpr no 1+kz;lk+1

By Theorem , also holds with A = A. Thus A(C*,C) < A. The-
orem also shows that and hence holds with A = A(C*,C).
Fix n and K > n, and let

= (0,0,...,O, —wn_l,wn,wn+1,...wK,O,O,...).

Evidently, z € D(C*D), (Dz), — 0 as k — oo, and ||z||ge(1/w) < 1, s0
we get [[(C* — S)Dz||peo(wy < A(C*,C). It follows that

%G%%+§;H£%B):%«0—5ﬂn%§Ath.

Letting K — oo and taking the supremum over n, gives A < A(C*, C),
and we conclude that A(C*,C) = A.

Replacing u by w in the formula for AT((C* — S)D) from Corollary
shows that holds with A replaced by

y
AT — _
A wP%EZkk+1 —Supv E:kk+ j -

By Theorem 2.4, (9) also holds with A = AT, Thus A*(C*,C)
AT, Theorem also shows that (9) and hence holds with A
AT(C*,C). Fix n and K > n, and let

I IA

z = (0,0,...,O,wi,wiﬂ,...w}(,w}{,w}(,...).
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N
Then (C*Dz)x =Y o g %ﬁl) <oosoz € 'ND(C*D), (Dz)r — 0 as
k — oo, and, by Lemma , |2lle>(1/w) = 2|l 1wy < 1. Therefore,

K 1
W
Y i <0, ((C*=S)Dz), < |(C*=8)Dz||geo(ny < AT(C*, 0).
Ty < (€ 9D S NC = HDellemiy < 4%(C7,C)
Letting K — oo and taking the supremum over n, we get At <

A*(C*,C), and conclude that A*(C*, C) = A" O

We split the power-weighted inequalities for the two-operator in-

equalities into two theorems because the techniques of simplification
differ.

Theorem 4.2. Let o € R. The inequality

DIIEEREN 3

nOé

sup
n

holds for all x € D(C*) with

14272, a<O0;

9 _
A= a’ 0<a<l;
11—«
00, a>1.

It holds for all nonnegative x € D(C*) with

1, a < 0;
A= , O0<a<l;

-«

00, a>1.

In each case the constant A is best possible.

Proof. Take uy, = k= and v,, = n® in Theorem |4.1] to see that the best
constant A, taken over all z € D(C¥), is

A(C,C*) = sup <(n :L_ 1>a + ol ik_a>
! k=1

and the best constant A, taken over all nonnegative x € D(C*), is

AT (C,C*) = supn®! Z min j ¢
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By Proposition 3 of [2], n®* 1Y), k= decreases with n when @ < 0
and increases with n when o > 0. The same is true of (HLH)Q So if
a<0,AC,C*)=14+2""and if « >0, (-%)" — 1 and

n+1
- 1 o /k\—@ ! L 0<a<l;
ke =S () [era =T ,
k=1 o 0 00, a>1,
as n — o0 sO
270 jca<i
o<1
AC,C*)=(¢1—-a’ ’
00, a>1,

If o <0, then minj<;j~* = 1 so AY(C,C*) = 1. If @ > 0, then
minj<; j~% = k7% so as above we have

" 1

—, O<ax<l;

A+(C,C*):supna_12k_a: 1—a’ @ ’
n k=1

- 00, a>1.
U

In the case of nonnegative sequences, the best constants given above
agree with those that appear in Theorem 3.7 of [7] for the operators
H and H* on nonnegative functions, except when a < 0. The best
constants given below, again for nonnegative sequences, agree with the
corresponding results from Theorem 3.7 of 7] for all values of a.

Theorem 4.3. Let a € R and set M, = >_2°, X2 The inequality

k=1 k+1"
oo
sup -
n k
k=n

holds for all x € D(C*) with

1 n
n® < Asup‘—zgck’na
n AT

00, a < 0;
1
A=q1+—, 0<a<l;
o
2°M,, o >1.

It holds for all nonnegative x € D(C*) with

oo, a<0;
1
A=¢—, O0<a<l;
«
0, a>1

In each case the constant A is best possible.
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Proof. Take up = k~* and v,, = n® in Theorem to see that the best
constant A, taken over all z € D(C*), is

A(C*,C):max<Ma,sup<< _1> +n® Zk:—l—1>>

n>2

and the best constant A, taken over all nonnegative x € D(C*), is

= 1
AT(C*,C) = supn® Z inf 51~
" k=n k<k - )

7>k

We will need another monotonicity result in the spirit of Remark
4.10 of [1]: If 0 < a < 1, then

" ; k1
increases with n to 1/a and if @ > 1, it decreases with n. For all > 0,
the derivative of log((x + 1)z*(z™* — (z + 1)7%)) is
(1+3)" - (1+2)
(x+ 1)t (z—o — (z+ 1))

which is nonpositive when o < 1 and nonnegative when o > 1 by
Bernoulli’s inequality. Thus,

1
(k+ Dkx(k— — (k+1)72)
is a nondecreasing sequence when o < 1 and is a decreasing sequence
when a > 1. Its moving average,

Zzo:n ak(k_a (lf + 1
Yoo (ke —(k+1 « k + 1

shares its monotonicity. If 0 < a < 1, then the last expression goes to
1/a, as can be seen from the estimates

00 . > o 00 .
n/n (x+1) r<n ;k+1_n /nlx x

+1

ap —

If « <0, A(C*,C) = oo since the sums diverge. If 0 < a < 1, then
A(C*,C)=1+1/a. If a > 1, then
A(C*,C) = max(M,, 2° 1 +2%(M,, — 1/2)) = 2*M,,.
If @ > 1, then inf;5, j'7* = 0 s0o AT(C*,C) = 0. If @ < 1, then
inf;>, 717 = k' so AT(C,C*) = sup,, n* Y _re, %, which is infinite
when o < 0 and equals 1/o when 0 < o < 1.
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