SECOND ORDER ARITHMETIC MEANS
IN OPERATOR IDEALS

VICTOR KAFTAL AND GARY WEISS*

ABSTRACT. We settle in the negative the question arising from [3] on whether equality of the
second order arithmetic means of two principal ideals implies equality of their first order arith-
metic means (second order equality cancellation) and we provide fairly broad sufficient conditions
on one of the principal ideals for this implication to always hold true. We present also sufficient
conditions for second order inclusion cancellations. These conditions are formulated in terms of
the growth properties of the ratio of regularity sequence associated to the sequence of s-number
of a generator of the principal ideal. These results are then extended to general ideals.

1. Introduction

Operators ideals, the two-sided ideals of the algebra B(H) of bounded linear operators on
a separable Hilbert space H, have played an important role in operator theory and operator
algebras since they were first studied by J. Calkin [2] in 1941. One of the recurring themes in
this subject, from the early years on, was the study of commutator spaces, also called commutator
ideals. The introduction of cyclic cohomology in the early 1980’s by A. Connes (e.g., see [1])
and the connection with algebraic K-theory by M. Wodzicki in the 1990’s provided a powerful
motivation for further work on operator ideals and commutator spaces. This work culminated in
[3] with the full characterization of commutator spaces in terms of arithmetic mean operations
on ideals.

Arithmetic means were first connected, albeit only implicitly, to operator ideals in the study
of the commutator space of the trace class in [13] (see also [14], [15]) and then explicitly in [11].
In [3], arithmetic means provided a full characterization of the commutator space of arbitrary
ideals and led to the introduction of a number of arithmetic mean ideals derived from a given
ideal I, among which I, (see next section for the formal definitions). For instance, an ideal [
coincides with its commutator space (equivalently, it supports no nonzero trace) if and only if it
is arithmetically mean stable, that is, I = I, [3, Theorem 5.6]. The study of the properties of I,
and of other related arithmetic mean ideals and the application of these properties to operator
ideals are the focus of a program by the authors of this paper which was announced in [6] and
includes [7]-[10] and this paper.

The operation I — I, is inclusion preserving and the arithmetic mean cancellation properties
for inclusion and equality are deeply linked to the structure of operator ideals. For instance in
[9] we characterized when an ideal I has the following first order arithmetic mean inclusion and
equality cancellation properties:

(i") J, C I, = J C I if and only if I is am-closed (]9, Lemma 6.1(C)])
(i") J, D I, = J DI if and only if I = I (]9, Definition 6.10] and preceding remark)
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(iii") If I is principal, then J, = I, = J = I if and only if I is am-stable ([9, Theorem 6.7(A)])

For the definitions, notations and preliminary properties, see Section 2. Notice first that
although the terminology we use here is new and due to [3], the inclusion J, C I, in the case
where both [ and J are principal ideals has a time honored history: it reduces to the (infinite)
majorization of the s-number sequences of the generators (up to a normalization scalar) n < &
in the sense that Y ) n; < > & for all n, namely 7, < &, (see for instance [4], [5], and [12]).

If I is principal, then conditions in (i’) (I is am-closed) and in (iii’) (/ is am-stable) are
both equivalent to the regularity of the sequence 7 of the s-numbers of a generator of I, while
the condition in (ii’) is strictly stronger and is derived from the construction of a new principal
arithmetic mean ideal T (see Section 2). Notice that the first order equality cancellation property
(iii’) is stated directly for principal ideals. Indeed, am-stability is not a sufficient condition for
(iii’) even in the case when I is countably generated (]9, Example 5.5]) nor do we know of any
natural necessary and sufficient condition for the general ideal case.

Second order arithmetic mean cancellations are considerably more complex even for principal
ideals and are the focus of this paper. The questions we address here are: which conditions on
an ideal I guarantee that the following second order arithmetic mean inclusion cancellations and
equality cancellation hold?

(i) Jp2 C L2 = J, C 1,
(ii) Jp2 D I,z = J, D I,

(iii) Jp=1p2=J, =1,

The first natural “test” question, which was posed by M. Wodzicki, arising from work in
[3], is whether equality cancellation (iii) holds automatically for all pairs of principal ideals.
Reformulated in terms of the s-number sequences £ and 7 of the generators of the two principal
ideals, the question asks whether the equivalence &,2 < 7,2 of the sequences of the second order
arithmetic means always implies the equivalence &, =< 7, of the first order means.

The answer to this question is negative and is presented in Example 4.3, one of the main
results in this paper. The intuition behind the construction of this example led to the notion
(Definition 3.1) of the ratio of reqularity sequence r(§) := %“ for a nonincreasing sequence £ € ¢,
and then, indirectly, to the other results in this paper.

The second natural question is whether, at least when [ is principal, the arithmetic stability
of I (namely, the regularity of the sequence 7 of s-numbers of a generator of I) might be the
necessary and sufficient condition for (iii), as is the case for first order equality cancellation. We
found that while regularity is indeed sufficient, it is “very far” from being necessary, where “very
far” is meant in terms of the ratio of regularity r(n,) = %2 of the sequence 7,.

Indeed, as is easy to show, 1 < r(n,), < logn for all n > 1 and all  (Lemma 3.8). The two
“extremal cases” for r(n,) are thus when r(n,) is bounded, which is precisely the case when 7 is

regular (see Corollary 3.10 and preceding discussion) and when 7(7,) =< log. The latter condition

m?(1a)

is equivalent to what we call the exponential As-condition sup m(na)mz < 0o (Proposition 3.11).

Surprisingly (for us) it turned out that either of these two extremal cases, 1 regular or r(1,) < log,
is sufficient for I to have the second order equality cancellation property (iii) (Theorem 4.8(i)).

A further investigation of the exponential As-condition shows that if 7 satisfies this condition,
then so does 7, for all p € N (Corollary 3.12) and hence higher order cancellations also hold
(Theorem 4.9).



SECOND ORDER ARITHMETIC MEANS IN OPERATOR IDEALS 3

While we do not know if these two conditions, 1 regular or r(n,) =< log, are necessary for
the equality cancellation in (iii) to hold, we know that they are too strong for the inclusion
cancellation in (i). Indeed a weaker sufficient condition for (i) is that r(n,) is equivalent to a
monotone sequence (Theorem 4.5(i)).

On the other hand, the two conditions, ) regular or r(n,) =< log, are too weak for the inclu-
sion cancellation in (ii). Indeed Example 4.7 shows that the principal ideal generated by the
regular sequence w'/? (where w is the harmonic sequence < % >) does not satisfy the inclusion
cancellation in (ii).

A sufficient condition for the inclusion cancellation in (ii) is that either n = 1 or r(n,) =< log
(Theorem 4.6(i), and for the definition of 77 see the end of Section 2).

Sufficient conditions for each of the two cancellation properties (i) and (ii) in the case of a
general ideal I are that every sequence in the characteristic set ¥(I) of I is pointwise majorized
by a sequence satisfying the corresponding condition for the principal ideal case (Theorems 4.5(ii)
and 4.6(ii)). For the equality cancellation property (iii) for general ideals however, we have to
ask a stricter sufficient condition than for the principal ideal case, as the proof for the “weaker”
condition fails (Theorem 4.8(ii)). This corresponds roughly to the fact that first order equality
cancellation (iii’) can fail for arithmetically mean stable ideals even for a countably generated
ideal (]9, Example 5.5]).

There is a dual theory to arithmetic mean ideals in the trace class implicit in [3] and devel-
oped explicitly in [6]-]9], called arithmetic mean at infinity ideals and we found strong parallels
throughout their development. It seems likely that this parallel would continue with the results
of this paper although we have not pursued this line of investigation.

2. Preliminaries and notation

Calkin [2] established a correspondence between the two-sided ideals of B(H) for a complex-
valued infinite-dimensional separable Hilbert space H and the characteristic sets. These are the
positive cones of ¢ (the collection of sequences decreasing to 0) that are hereditary (i.e., solid)
and invariant under ampliations

C§95_>Dm§3:<517--->€1,§2>--->52,§3>--->f3,"'>

where each entry &; of £ is repeated m-times. The order-preserving lattice isomorphism I — (1)
maps each ideal to its characteristic set £(1) := {s(X) | X € I} where s(X) denotes the sequence
of s-numbers of X, i.e., all the eigenvalues of | X| = (X*X)'/? repeated according to multiplicity,
arranged in decreasing order, and completed by adding infinitely many zeroes if X has finite rank.
Moreover, for every characteristic set ¥ C ¢, if I is the ideal generated by {diag & | £ € X}
where diag £ is the diagonal matrix with entries &, &, .. ., then we have ¥ = ¥(1).

If £ € ¢, denote by &, the arithmetic mean sequence of £, namely

(ga)n = %Zgj
1

If I is an ideal, then the arithmetic mean ideals ,I and I,, called the pre-arithmetic mean and
arithmetic mean of I, are the ideals with characteristic sets

Eal) :={S €| & € B()},
YX(l,):={¢ €| &= 0(n,) for some n e X(I)}.
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The ideals I° := (,I), and I~ := ,(1,) are called the am-interior and am-closure of I and the
following 5-chain of inclusions holds (all of which can be simultaneously proper):

Jcl°clcl cl,.

Simple consequences of the 5-chain are the identities I, = (,(1,))s and oI = 4((af)s) and the
consequent idempotence of the maps I — I~ and I — I°. And either derived from these or
proven directly are the higher order 5-chains of inclusions:

and C (gnd)gn C 1 C gn(Ign) C Ign,

the higher order identities Iyn = (4n(Lgn))an and gnl = gn((and)an), and the idempotence of the
maps [ — gn(lgn) and I — (gnl)gn. S0 gn(I4n) are called higher order am-closures and form an
increasing nest. (Similarly, (4n/ )an are called higher order am-interiors and form a decreasing
nest.)

Principal ideals are those ideals generated by a single operator X and we denote them by
(X) = (sn(X)), i.e., for every £ € ¢, the principal ideal (diag§) is also denoted by (§). Then
(&) = {n € c | n= 0D for some m € N} and (£), = (&). Since arithmetic mean
sequences satisfy the A1/2 condition, i.e., &, =< Dy(&,) and hence &, < D,,(&,) for all m € N, one
has X((§)a) = {n € ¢; [ n = O(&)}. As a consequence, (n)a C ({)a (resp., (7)a = (§)a) if and
only if n, = O(&) (resp., 1 < O(&)).

We denote by w the harmonic sequence < > and by H the sequence < Z - > and we often
use the inequalities

1
(1) —+logn < H, <1+logn forn>1
n
and
n 1 n+1 n
2 log — — — <1 < H, - H,, <log — f > m.
(2) Ogm m+1 Ogm+1 Ogm orm—m

Given an ideal I and a sequence ¢ € c, the ideal 7 and the sequence SA mentioned in the
introduction are defined in [9, Definitions 6. 10 6. 11] as I :=n{J | J, D I} and (£ ) = (&) u(e)n
where v(§),, = mm{k: eN| ZZ &> n&} Then (f) = () for & not summable. In particular,
we proved there that wP = w?” where l — = =1 and that if £ < 5 then ¢ is regular (see [ibid.,

Corollaries 6.15 and 6.16, and Propos1t10n 6 17)).

3. Ratio of regularity

Ideals that coincide with their commutator space (i.e., those which do not support any nonzero
trace) were identified in [3] as the arithmetic mean stable ideals, i.e., the ideals I that coincide
with their arithmetic mean I,. Nonzero principal am-stable ideals are precisely the ideals I = (§)
with a regular generator, i.e., {, < £ (see [5, 111.14.3]). Since & < §a holds always, a sequence &
is regular precisely when & ¢ X(F) (i.e., & > 0 for all n € N) and 3¢ is bounded. In this paper
we will see how properties of the ratio of regularity sequence %2 of 7, relate to second order
arithmetic mean cancellations for I = (7).

Definition 3.1. Let £ € ¢\ X(F'). The sequence r(§) := % is called the ratio of reqularity of €.

Notice that for all £ € ¢\ X(F), r(&)1 = 1, 7(§), > 1 for all n and if m is the first index for
which &, < &, then r(§),, > 1 for all n > m.
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Ratios of regularity sequences have appeared implicitly in the literature and are helpful in
analyzing various sequence properties. For instance they are instrumental in deriving the Potter-
type inequality characterizing the sequences satisfying the A;/,- condition and characterizing
regularity, see [3, Theorem 3.10], [7, Proposition 4.14 (proof)-Corollary 4.15]. Their usefulness
derives in part from the inversion formula (3) in the next proposition.

Proposition 3.2. There is a one-to-one correspondence between the sequences € € ¢\ L(F)
with & = 1 and the sequences < r, > with ry = 1, (n + Vrpy1 > nr, + 1 for all n and
log r,, + ZZ%(l — %) — 00. This correspondence is given by the map & — r(§) = % with
wmverse map r — & given by

(3) 1 form=1
3 & = B )
nrn, Hz( ym—l) - mnHS(l—%) forn > 1.

Proof. The monotonicity of £ is equivalent to the inequality for r,,. Indeed, first assume that & is
a monotone nonincreasing sequence with & = 1 and &, > 0 for all n. Let r :=r(§) = 5“ Then

rlz%zland

n+1

(TL + 1 Tn—l—lgn—l—l Z gz Z gz + €n+1 = nrngn + €n+1>
1

for all n, i.e., the sequences r and ¢ satisfy the recurrence relation
(4) (n+ Drper — D&y = nrpé,, with & =1and r = 1.
By the monotonicity of &,

((n + 1)Tn+1 - 1)€n+1 2 nrngn—l—l

and hence (n + 1)r,; > nr, + 1, since &,1 > 0 for all n.
Conversely, assume that r = < r, > is a sequence with r, =1 and (n+ 1)r,.; > nr, + 1 for
all n and ¢ is the sequence given by (3). Then

Snt1 nry, 1 nry,

= 14+ = <1
&n (n+ 1)rpsq ( (n+ Drpe — 1) (n+1Drpe —1 —
i.e., £ is monotone nonincreasing. Moreover, it is easy to verify that £ and r also satisfy the
recurrence relation (4) and hence that r(£) = r.
It remains to prove that the limit condition on r is necessary and sufficient for &, — 0. Clearly,
&, — 0 if and only if

Y

(5) lognr, — Zlog(l + - ) — 00.
2

Jgri—1

Equivalently,

- 1
log r, + Z (3 —log(1 + -
2

Since L <log (1 + %1) < -L for > 1 and hence

n n n

G5 Yy =X Gy ) < (e ) <3 ()

Jrg
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it follows that (5) is equivalent to

"1 1
(6) logrn+zf(1——)—>oo
5 J "

O

Remark 3.3. Since the sequence in (5) is monotone nondecreasing, sufficient conditions for (6)
are SUpT = 00 01 Y o % < 00. A necessary and sufficient condition for (6) is that supr = oo

or Y o’ 1(1 — —) 00. (These conditions are not mutually exclusive.)

Lower bound estimates for the rate of decrease of g—; for n > m are an important tool in the
subject. For instance, the Potter-type characterization of a regular sequence states that ¢ is
regular if and only if &, > (%)pgm for some 0 < p < 1 and for all n > m (see for instance [3,
Proposition 4.14]). Since n(n,), is monotone increasing for every n € ¢’ (strictly increasing if
and only if 7, > 0 for all n, i.e., if n ¢ X(F)), it follows that (7a)n > (2)(1)a)m, for all n > m.
The next lemma provides both an identity and an upper bound estimate for the rate of decrease
of % for n > m, both of which are needed here.

Lemma 3.4. Let £ € ¢\ X(F) and let r = r(§).
(i) For alln > m,

—)()m =

n
- Il o
= n
n j=m+ Hj:m—l—l

(ii) If ¢ is a nondecreasing strictly positive sequence with ¢ < r, then

€)n < ()77 (E)m

n

for every m € N sufficiently large so that meo,, > 2 and for every n > m.

Proof.
(i) By applying (3) to é{ we have

B H Jry — 1 H L+ Jri — 1)€ n (&a)n j_H (1+ Jri — 1)(5“)””“

Jj=m+1
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(ii) Equality holds trivially for n = m, and for n > m one has

()n = T (€)m by (i)
Hj:m—l—l (1 o %)

< == 2 (&a)m since ¢ <r
Hj:m—l—l (1 - ﬁ)

< — n (&a)m because ¢ is nondecreasing
Hj:m—l—l (1 o m%m)

M) ),

n
n 1
< M S mia j%m(ga)m by the inequality log (1 —x) > —2x for 0 <z < 3
n
= m6‘1%710{”_117”) (ga)m
n
m 2 15on
S e (Y by (2)
my1—-%
= (_) 7 (&a)m-
n

O

Notice that in general, while the ratio of regularity %“ has downward variations bounded by

1 . .
+ =7, it can vary abruptly upwards since

_ (§a)nt o (n+1)(Ea)n n(&a)n . n &n
T = Gt (N4 1) = (n+D&s1 n+1&u

and fﬁ can be arbitrarily large.

the inequality 111 > 257

7(E)n

Sequences in ¢ that are an arithmetic mean of another sequence in ¢} are however smoother
and their ratios of regularity are subject to “slower” upward variations. Indeed, if £ = n, for
42

some 7 € ¢!, the upward variation of % == is limited by the inequality

(n+ D (a2)nir _ (04 1)(1a2)n
(n + 1)(77a)n+1 a n(na)n

As is easy to verify (cfr. [8, Lemma 2.12]), a sequence £ € ¢ is the arithmetic mean of another
sequence in ¢ if and only if % is nondecreasing and concave, i.e.,

1) PO = = (1 ()

2n&, > (n+ 1) + (n— 1§, for alln > 1.

Define the concavity ratio ¢(§) of a sequence £ € ¢\ X(F') to be

né&,
8 c(&)y = ———F—.
®) (O = mrie—
Concavity of % is equivalent to the condition: ¢(§), + m < 2. Since we are not going to make

use of the concavity ratio beyond a slight improvement in inequality (7) for Corollary 3.7(ii), we
will only sketch briefly the proofs of the next proposition (which is an analog of Proposition 3.2)
and its Corollaries 3.6, 3.7.
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Proposition 3.5. There is a one-to-one correspondence between the sequences € € ¢\ X(F)

with & = 1 and the sequences < ¢, > with ¢, > 1 — n+r1 and Z‘lx’ (% + logcj) = o0o. This
correspondence is established by the map & — c(§) = < ﬁ > with inverse map
) ¢ {1 form=1
n — 1
T Te forn > 1.
Moreover,

7(E)n+1 — n—il formn=1

1
7(€)n and () = { L S i,lf “re(€);  forn> 1.

Proof. 1t is straightforward to verify that (9) provides the inverse of (8) and that the monotonicity
of £ is equivalent to the condition ¢, > 1 — -5 Also, &, — 0 if and only if

C(g)n =

n—1

1
logg = logn+Zlogcj — 00
1

which by (1) is equivalent to > 7" (% + log Cj) = oo. The remaining equations are simple compu-
tations. 0

Corollary 3.6. There is a one-to-one correspondence between the sequences & = n, with n € c,

m = 1 and the sequences < ¢, > with ¢; > %, cn >0, ¢, + Cnlﬂ < 2 for alln € N and

S (% + logc;) = oo. This correspondence is established by the map & — c(€) (Equation (8)).
Moreover, c(€), T1 and

{1 form=1 4 () {1 forn =1
N = 1— c(&)n 1 an \M)n = 1
Mo, 17> b ri—@.y Jorn>1

Proof. 1t is an immediate consequence of the above mentioned concavity of % and of Proposition
3.5 that the sequence c(&) satisfies the stated inequalities and the series condition when & = 7,
and n € c. Conversely, it is straightforward to show that if < ¢, > satisfies these conditions
then it is nondecreasing, its limit is 1 and an easy induction shows that ¢, > 1— n—}rl Thus again
by [ibid.], ¢ = ¢(€) for the sequence £ given by (9), which then implies that % is nondecreasing.
And by the comment after Equation (8), it is also concave, hence £ = 7, for some 7 € ¢. The
remaining claims are also easy to verify directly. O

Combining Proposition 3.5 and Corollary 3.6 (wherein ¢(§),, < 1) we obtain

Corollary 3.7. For{ € ¢t \ X(F) and & = 1:
(1) € =n, for somen € c& if and only if

T(g)n—l T(g)n—l—l - %_1_1
(ii) T(Ua)n—i—l < T(na)n + n+1 (1 + ) (na)n (n > 1)

From Corollary 3.7(ii) one sees immediately that r(n,), < H, for all n. Of interest is a direct
proof of this fact that avoids ratios of concavity considerations.

Lemma 3.8. Let 0 #n € c.

<2 (n>1).
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(i) r(na)1 = Hy =1 and if no > 0, then r(ny)n < H, for all n > 1.
(ii) If g, > 0 for all n, then H, — r(n.)n is strictly increasing.
(iii) If n is not summable, then im(H,, — r(ny)n) = 0.

Proof.
(i) Hy = (77 )1 =1. Forn > 1,

n(122)n ZZ ZZ”Z—H1H+Z?%H ~ Hi)

=1 j=1i

—H an an zl—Hnnan an i—1-

Thus

Zﬁ_g niH;_y
10) Hy —r(Na)n = =S >0
( Zi:1 U
by the assumption that n, > 0.
(ii) Using (10),

S i i S miHi

Na2 Na2
Hnl_(_)nl_Hn_(_)n: n - n
g T ( Ta ) Sl >y
_ HHn(ZL i) = D ipMillio - 1(7a2)n
(Z?:f 77@')(2?:1 ni) (Z::f 77@')(2?:1 ni)
(22),,
Na

= > 0,
(n+ D)t
where the third equality was obtalned in (i).
(iii) Elementary from (10) since H,, — oc. O

This lemma tells us that there are two extreme cases for the ratio of regularity for n,: when
r(n.) =< 1 (i.e., n, is regular) and when r(n,) =< log (by which we mean more precisely:
alogn < r(ne)n < PBlogn for some o, § > 0 and all n > 2). As we will see in the next
section, both cases play a special role for second order arithmetic mean cancellation.

First we obtain some elementary comparisons between the ratios of regularity for n and for 7,
evaluated at pairs of indices.

Lemma 3.9. Letn € ¢\ X(F).

(i) = n ((Ma)m = M) + 10 < (na)n < %((Ua)m - 77m) +Nm  foralln >m.

(ii) %((%Z)m + (Hn H m) < 77a2 %(naz)m + (Hn - Hm)(na)n for alln >m.
(ili) Let n = [m(1*)m] (mteger part). Then r(na)n > Llog r(n)m

Proof.

(i) The inequalities are identities for n = m. For n > m,

n(a)n = > 15 = ZnﬁZmSmnamH )l
1

m+1
and also
n(na)n > m(na)m + (n - m)nn-
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(ii) The inequalities are identities for n = m. For n > m,

n(Na2)n = M(Na2 )m + Z -] 77a

m+1

and also

n(Na2)n > m(Na2)m + Z

m+1
= m(Nu2)m + (Hn — Hin)m(1a)m-
(iii) By the definition of n, %t > (%“)m > . Hence by (i), (ii), (2), and the trivial inequality
(Ma2)m = (Ma)m;
(7712 > m ((naz)m + ( ) log :,2111)
Ta m(Na)m + (= M),
(na)m (1 + log 75)
(Na)m + m77m

O

This proof evolved from work of K. Davidson with the second named author. The original proof
was obtained by the authors using ratios of concavity.

Lemma 3.9 provides a direct and quantitative proof for the following result (proven implicitly
in [16, Theorem IRR| and explicitly in [3, Theorem 3.10]; see also [ibid., Remark 3.11]).

Corollary 3.10. Forn € ¢, n s regular if and only if n, is reqular.

Now we consider the second “extreme” case, namely when r(7,) < log, meaning in the sense
that, except for n = 1, alogn < 7(n.), < Glogn for some «, G > 0.

Proposition 3.11. Let 0 #n € ¢&. Then r(n,) =< log if and only if sup %

m?(na) .2
m(na)m

Proof. Assume 7 := sup < 00. For all n > m, it follows from Lemma 3.9(ii) that

(na2)a > - (Hy = Hi) 03

and hence by (2)
n+1

m—+1

N2y M (Ma)m (o m (Ma)m |
( )n ~ n (na)n (Hn Hm) ~ n (na)n tog



SECOND ORDER ARITHMETIC MEANS IN OPERATOR IDEALS 11

Set m = [/n] + 1. Then

(nﬁ) . ﬂ;(na)m 1 (7o) m? log 1
Na /), T (ﬁa)mz n(na)n \/ﬁ“' 1

1 m2(ny),, 1

1m (Ma)m2 log n+

Y n(Na)n Vin+1

v

by the definition of ~

1 n+1
> —lo by the monotonicity of k(n,). since m? > n
N y y of k(na)r
1
> 3 logn for n sufficiently large.
~

On the other hand, by Lemma 3.8(i) and (2), 7(n,), < H, <logn + 1, so r(n,) < log.
Conversely, assume 7(7,) < log, i.e., alogn < (1), < Blogn for some o, § > 0 and all
n > 2. Then

M2 (M) m? (n_)m M2 (1Ng2 ) m2 _ B logm m*(1a2)mz B (N2 )m2

mn (22),, M) alogn® mna)n | 20 mna)n
and similarly,
1 (1) 2 L em 2 (a2 )2
m(Na)m 28 m(Na2)m
ie.,
(11) mz(na)mz - m2(77a2)m2‘

m(Na)m B M (a2 ) m
Now, from Lemma 3.4(ii) applied to & = n,, ¢ = alog, and n = m?, we have

m2(77a2)m2 < m(ﬁ)l_ﬁ = e%.
m(1a2)m m?
0]

#(2m)

o) < o0), we say that n satisfies

By analogy to the As-condition for monotone sequences (sup

m?(1a) 2

m
W < 0. ie., Zi:l ni < ey -, n; for some ¢ > 0 and

the exponential As-condition if, sup—

all m.

An obvious consequence of (11) is

Corollary 3.12. Let 0 # n € ¢. If n satisfies the exponential Aq-condition then n.e satisfies
the exponential As-condition for every p € N.

Example 3.13. Among the c}-sequences that satisfy the exponential As-condition are all sum-

mable sequences, all sequences < >, < w >, etc. (starting from wherever they
become monotone decreasing). Among sequences that do not satisfy the exponential Ao-condition
are all regular sequences, the sequences in FExamples 4.3 and 4.7. Likewise for the sequence

(starting from wherever it becomes monotone decreasing)

elee Tropton
n=( —5— for which  r(n,) < loglogn.

nlog?log n

log n
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We skip the work to verify the stated properties for these sequences.

This last example shows that the condition that r(n,) be equivalent to a monotone sequence
(see Theorem 4.5) is more general than that r(n,) be equivalent to log or 1 (see Theorems 4.6
and 4.8).

Both regular sequences and sequences that satisfy the exponential As-condition are special
cases of sequences 1 for which r(n,) is equivalent to a monotone sequence. In that case, since
r(n.) > 1, 7(n,) is either equivalent to a sequence increasing to infinity or to a constant sequence
(when 7 is regular); in either case, it is equivalent to a nondecreasing sequence so that Lemma
3.4(ii) applies.

Lemma 3.14. If 0 # n € ¢ and r(n,) is equivalent to a monotone sequence, then there are
constants K, M >0 for which, if m > M, then (1,2), < K™ log % (1y)m for some n > m.

Proof. Assume without loss of generality that r(7,) is equivalent to a monotone nondecreasing
sequence ¢ and assume for simplicity’s sake that ¢ < r(n,) < ¢ for some § > 0. Let M € N be
an integer for which My, > 2. Then for all n > m > M, by Lemma 3.4(ii) applied to 7,,

ZIOg%

(e < () 75 (e < Bna(2)' 7 (s = B 5 ()

Choosing n := [me®"] one has £ < e < L hence ¢, < log % < 2log & < 2¢,,. Thus

n<2 2@1 ﬁ a)m:-
(Ma2)n < 28e . ogm(n)

4. Arithmetic mean cancellations of second order

First order lower arithmetic mean cancellation characterizes am-closed ideals, i.e., ideals I for
which I = I~ := ,(/,). Indeed for a fixed ideal I,

Jo Cl,=JcC1 ifandonlyif = ,(I,) ([9, Lemma 6.1(C)]).

The second order analog of this property involves second order am-closure, ,2([,2).
Proposition 4.1. For a fized ideal I, Jy2 C 1,2 = J, C I, if and only if I~ = ,2(1,2).

Proof. The condition is necessary. Indeed, from the general identity I,2 = (,2(/,2)),2 (see Section
2), it follows from the hypothesis that (,2(/,2))s C I, and hence

I7 = u(la) 2 a((e2({a2))a) = a((ala(la2)])a) = ala(le2)] = a2([a2) D 1~
where the third equality holds from the general identity ,((oL)s) = oL and the last inclusion
also holds for any ideal. Conversely, if I~ = ,2(l,2) and J,2 C Iz, then J C 42(J2) C ,2(1s2)
and hence
Jo C (i2(142)a = (I 7)o = (a(10))a = L.
U
Remark 4.2.

(i) The last step in the above proof shows that if I~ = 42(1,2), then I, = (I,)°. It is easy to see
that the converse also holds, i.e., that I~ = ,2(I2) if and only if I, = (1,)~°.
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(ii) Since I C I~ C 42(142) for arbitrary ideals I, if I = ,2(I2) then I~ = ,2(I,2). The con-
verse implication fails in general. For instance, if L is the countably generated ideal provided by
9, Example 5.5] for which L C L, = L2, then ,2(Ls,2) = L, and hence L # ,2(Ls2) but
L= = L, = 42(Lg2). Furthermore, the converse implication can fail even when I is princi-
pal. Indeed, if I = (n) is not am-stable, then by [8, Theorem 2.11], it is not am-closed, hence
I # ,2(1,2) (recall that ,J is am-closed for every ideal J). However by Theorem 4.5(i) below, if
r(na) 18 equivalent to a monotone sequence (e.g., n = w hence r(n,) < log), then I~ = ,2(I,2) by
Proposition 4.1.

The condition I~ = ,2(I,2) is not very “transparent”, not even for principal ideals. A natural
question is whether this condition might be automatically satisfied for all ideals. As is easy to
see (cfr. proof of Theorem 4.5 below), if second order inclusion cancellation were to hold for all
pairs of principal ideals it would hold also for all pairs of general ideals. Furthermore, if equality
cancellation were to hold for all pairs of principal ideals, inclusion cancellation would then also
hold for all pairs of principal ideals. Indeed, given two principal ideals [ and J and setting
L := 1+ J, we see that J,2 C I,2 is equivalent to L,2 = I,2 which would then imply L, = I, and
hence I, D J,.

It is trivial to see that first order equality cancellation does not hold for all pairs of princi-
pal ideals, e.g., because all nonzero principal ideals contained in the trace class have the same
arithmetic mean ideal (w).

Whether second order equality cancellation holds for all pairs of principal ideals or not is in-
deed a reformulation of a question asked by M. Wodzicki. The following example answers this
question in the negative.

We need first the following identities for “step sequences.”

Let ¢ € ¢ be a step sequence based on a strictly increasing sequence of indices my, starting
with mg = 0, i.e., (; = € for my < j < my4 for some strictly decreasing sequence ¢, — 0. We
will need the following formulas for the sequences (, and (,2:

‘(C)'_ic_ J€o for 0 < j <my
J5alg - / M (Ca)m, + (7 —me)e,  for my < j < mgyq and k> 1

hence

€y for 0 <j<my
12 ali — y
2 o {%((@mk—emek for my < j < my41 and k > 1.

Consequently, for £ > 0 and my < j < mgy1,

3(6a)s = el + 0 (GG — 1) + )

= Mk (Ca2)my + Mk ((Ca)my, — €8) (Hy — Hyn) + (5 — mg)ex,
and for k =0 and 0 < j < my, j((2); = jeo. Therefore
€ for 0 <7 <my

(13 (G = {%(@mmk = et ((Cohme = ) (Hy = Hon)) i for mn < j < mar.
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Example 4.3. Principal ideals J C I for which J,2 = L2 but J, # 1,.

Construction. To define the principal ideals it suffices to provide sequences { and 7 in ¢ to
generate them with the properties that & < n and &2 =< 71,2 but for which 7, # O(&,) (see
Section 2 on principal ideals). Construct inductively an increasing sequence of positive integers
my with m; = 1, then define the sequence of indices ny := [ekzmk] and the sequence d; defined
recursively from 0; = 1 and dxyq = e‘kzék, ie., 0p = 6_21;;%;02 for £ > 1. Now, using the
sequences myg, ng, and g, define the two monotone sequences ¢ and 7 setting & = n; = 1 and
for every k > 1,
& = e_kzék for my < j < mgi

and

o l{:e_kzék for myp < j < ng
i e_kzék for ni < j < mpy.

Notice that 7, = &n, = 0 for every k. Clearly, & < n and both sequences are in c’. Assume
the construction of the sequence my up to £ > 1 and choose my,1 > n; and sufficiently large
to insure that (17,2)m,,, < (1 + %)e‘kzék, which can be achieved using Equation (13). As a
consequence,

1
(14) Ok = Nmy = &myy < (Ea)my < Ma)my < (Ma2)my, < (1 + E)ék and
1
5k S (ga)mk S (faZ)mk S (1 + E)ak
and hence
(15) (Ea)mp ~ (Ma)my, ~ (€a2)my, ~ (Ma2)my, ~ O
From (12), (15) and
k2
(16) M _ e+ £ T zmk ~ e
g (e my]
we have
(ga)nk mg (ga)mk ) _E2 k2
1 - — (=7 F ~
(17) 5 nk( 5 e )+e 2e
and
(na)nk Mg (ga)mk k2 k2 —k2
1 . - ~ .
(18) 5 o ( 5 ke ™) + ke ke

As a consequence, 1, # O(&,), and hence (§), # (1)a-
From (13), (15) and (16) we have

(gaZ)nk _% M_ _k2 M_ g2 B 2
(19) T T om e ¢ H G e ) = H) p e

M )
~ k2e "

~e P (14log—L)+e*
my

2
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and
(naz)nk _ %{ (naz)mk . ke—kz + ((na)mk . ke_kz)(an _ Hmk)} + ke—’fz
~ e (1+log E) + ke ™ ~ ke
my

As an aside relating to the sufficient condition in Theorem 4.5 below we note the equalities
lim sup iﬁ = lim sup %2 = 00, while from (15), lim inf%f = lim inf%2 = 1, and hence neither

2—2 nor Z]—Z are equivalent to a monotone sequence. The conclusions of this example together

with Theorem 4.5 of course also implies this.
Now we give the crux of the proof, that (7,2); < 2(&,2); for j sufficiently large, implying that
(€)az = (M)a2. If my < j < ny, from (13)-(14) we have for all k > 2,

2(8a2);j — (Ma2); _

o

mg 2(€a2)mk - (naz)mk — k2 2(€a)mk B (Ua)mk —k?
P To S (= 2o g (SO S (= 2)e ) (H — Hp,) |
+(2—k)e ™

g [ 2(8a2)my — (Ma2)imy, | 2(&a)mi — (Ma)imy, w2 J
> { 5 + - (H; — Hy, ) — ke m—k}

my, 1 ‘ 1 e g
2—7{1—E+%1—Eﬂbgag—ww+l)—ke ;;}

mig

11 ; Ny
PULLY Gy P k——}
_j{2(2+0g ) — ke myJ’

where the second last inequality follows from (14) and (2) Notice that 1 < ﬂfL << ¥ and

then elementary calculus shows that the function ¢(z) := 7 + log z— ke * 1 attains 1ts absolute
minimum on the interval [1,e*’] for z = 1 and ¢(1) = i k‘e_k > 0. Thus 2(&:2); > (1,2); for
all mp < j < ng. For ny < j < myy1, again from (13) We have

2(8a2)j — (Ma2); _

1) "
2 a?)ng — \lla®)n — 2 a)ng — \Ula)n - —
_%( (52)1@ (Uz)k_ekz_l_((f)k (U)k kz)(Hj—an))—l—6k
J Ok Ok
Since w k2e~* by (19)-(20) and W ~ —ke ¥ by (17)-(18), for k suffi-
ciently large we have %}C(%Z)”k > 1i2e# and w > —2ke™*. Thus from (21) and

(2), for k sufficiently large,

2(&a2)j — (Ma2); _ mk [ 15 J
> B2 14 (=2k— 1)(H; — Hy,) + —
—ry _j{2 + )(H, = Hy,) 2}
ng (1 2 J J
> —<q-k*—3klog — + = }.
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Again, elementary Calculus shows that the function ¥ (x) := %k‘z — 3klog = + x attains its
absolute minimum on the interval [1,00) for x = 3k and ¥ (3k) > 0 when k is sufficiently large.
Thus for large k, 2(£,2); > (n42); also for all ny < j < my4q, which completes the proof.
0]

Remark 4.4. The construction in Example 4.3 illustrates some features of the behavior of “step
sequences,” their first order and second order arithmetic means. On a long interval of constancy
of a sequence (, both the first and second order means (, and (,2 approach the value of the
sequence (, with (, approaching it faster than (2. This “resetting the clock” greatly simplifies
the computations.

Following a step down, (.2 decreases much slower than (,. Thus in the construction of the
example, by having different step sizes for n and & it would have been relatively straightforward
to achieve large ratios for Z—Z The delicate point was to do so while simultaneously keeping the
difference 2,2 — n,2 positive not only on the first part of the interval but on the second one as
well, where the two sequences are equal (which was not automatic due to the delay in the decrease

Of 77(12)'

A consequence of Example 4.3 is that not all ideals, and not even all principal ideals, satisfy
the necessary and sufficient condition I~ = ,2([,2) for the cancellation J,2 C I,2 = J, C I,
to hold (Proposition 4.1). However we are still left wanting a more usable conditions. Clearly,
am-stability is trivially sufficient even for general ideals, since in this case I = I, = ,I and hence

I =1 = ,2(I,2). It is, however, far from necessary. Indeed a much more general sufficient
condition is provided by the following theorem.
Theorem 4.5.

(1) Let I = (n) be principal ideal, let r(n,) be equivalent to a monotone sequence and let J be an
arbitrary ideal. Then J,2 C I,2 = J, C 1,.

(ii) A sufficient condition on a general ideal I for the second order am-inclusion cancellation
implication in (i) to hold for arbitrary ideals J, is that every p € 3(I) is dominated by some
n € X(I) (i.e., p < n) for which r(n,) is equivalent to a monotone sequence.

Proof.
(i) It suffices to prove the cancellation property for the case that J itself is principal. Indeed,
if J is a general ideal with J,2 C [,2 and if p € X(J,), i.e., p < &, for some & € ¥(J), then
(&)az C Ju2 C Ip2. We claim that (¢,) C I,, whence (p) C I, and hence J, C I, by the
arbitrariness of p.

Since I = (n) is principal, so are I, and Iz, indeed I, = (1,) and I,2 = (1,2). Thus the
inclusions (&,) C I, (resp., (§),2 C I,2) are equivalent to the conditions &, = O(n,) (resp.,
€2 = O(n,2)). Thus, to prove the claim, it suffices to prove that if g—‘; is unbounded, then so is

ia—z. By Lemma 3.14, there are constants K, M > 0 for which if, m > M, then

(Na2) iy, < K log n—m(na)m for some n,, > m.
m m

By Lemma 3.9(ii) and (2),
m m N + 1 1m N,
anz_Hn _Hm a)m _l 7am2__1 - \Sa/m-
(6ot 2 (= o) (E)n > 1 Tog " (6),0 2 5 1 Tog 2 (64)

Thus
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Hence the unboundedness of 5—‘; implies the unboundedness of i“—z

(ii) Assume that J,2 C I,2 and that p € 3(J,), i.e., p < &, for some €€ X(J). Then &2 € X(1,2),
ie., &2 = O(pg2) for some p € X(I), hence &2 = O(ny2) for some n € (1) for which 7(,)
is equivalent to a monotone sequence. By (i), the inclusion (£,2) C (7,2) implies the inclusions
(p) C (&) C () C I,. By the arbitrariness of p, we conclude that J, C I,,. O

We do not know if the condition in part (i), that (7, ) is equivalent to a monotone sequence, is
necessary for the inclusion cancellation in Theorem 4.5. However, we see from Example 4.7 below
that it is not sufficient for the second order reverse inclusion cancellation. Sufficient conditions
for that cancellation to hold are given by the following theorem.

Theorem 4.6.

(i) Let I = (n) be a principal ideal, let r(n,) < log orn =<7 (see end of Section 2), and let J be
an arbitrary ideal. Then J2 D 1,2 = J, D 1,.

(ii) A sufficient condition on a general ideal I for the second order inclusion am-cancellation
implication in (i) to hold for arbitrary ideals J is that every p € X(I) is dominated by some
n € X(I) for which r(n,) < log orn =1.

Proof.
(i) As in the proof of Theorem 4.5(i), we reduce the proof to the case where J also is principal.
Indeed, I = (n) and [I,2 C J,2 implies that 7,2 < &2 for some £ € X(J). In the case when
r(n.) < log, by Lemma 3.8(i) and (2),

H,
logn

(a2 )n (§a2)n . 7(&a)
(Ma)n < K log n s K logn Klogn(ga) s K

(€a)n < 2K (&a)n

for some K > 0 and all n > 2. In the case when n =< 7, by [9, Proposition 6.17], 1 is regular.
Then by [ibid., Definition 6.10 and Corollary 6.15], (1,2) C (&2) implies (n,) C (&) and so
na) = () =@M) = () = (Ma) C (&). In either case, this shows that I, = (n,) C (&) C Ja.

(ii) For every u € X(1,), there is a £ € 3(I) for which p < &,. By the hypothesis, there is also an
n € X(I) with £ < n, for which r(n,) =< log or n < 7. Since (9),2 C I,z C Jg2, by (i) we obtain
(1) C (&) C (n)q C Ju. Since p is arbitrary, we conclude that I, C J,. O

As mentioned earlier, one sees from the last example listed in Example 4.3 that the condition
that r(n,) be equivalent to a monotone sequence (as in Theorem 4.5) is more general than that
(1) be equivalent to log or 1 (as in Theorems 4.6 and 4.8).

Notice that neither the condition that (7, ) is equivalent to a monotone sequence, nor the more
restrictive condition that 7(7,) is bounded, i.e., that 7 is regular, are sufficient for the cancellation

—_—

in part (i) to hold. Recall that (wP) is am-stable for all 0 < p < 1 but (w?) # (wP) = (w?) for
1 L =1 by [9, Corollary 6.16]. Thus we see that

(W'2) = (W"?)s C (&)a A (W?) C (8).

The analogous cancellation for second order ideals is a priori different, although the same con-
clusion holds.

Example 4.7. A principal ideal (€) for which (w'/?),2 C (€)q2 but for which (W'/?)y ¢ (£),.
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Construction. We construct inductively an increasing sequence of positive integers my starting
with m; = 0 and define & =1 and §; = ¢, 1= m%e for mp < j < myyq for all £ > 1. Assume

the construction up to my. Choose my; > €*™ and so that (gaz)mm < ljsk/k. This can be
achieved using Equation (13) by choosing my.; sufficiently large. Then

1 1+1/k
m_k = gmzﬁq < (ga)mk+1 < (gaz)mk+1 < e .
For my < j < myyq it follows from (12) that
me, 1 1 1 me(l+75) 1
e ([ E . =CE
J M1 m mg JME—1 m

from which follows, as j increases, the asymptotic

()~

Jme—1 = my

ml/2
In particular, if j = [mfzi], then (&,); ~ m%’ while (w'/?); ~ —»—. But then w'? £ 0(&,) and

hence (w'/?), = (W'/?) ¢ (£)a. We now show that &2 > w'/? so (w'/?),2 = (W'/?) C (£),2. When
mg < j < mgyy and k > 2, by (13) and (2),

j(€a2)j _j '/ = mk((gaz) - mi + ((ga)mk - L)(}IJ - Hmk)) + L _j1/2

k mg mi
1 1 Jj+1 J 1

> ——)(1+1 e

(= )1+ log L)+ L

m 1 , ) 4

> " (14 Zlog Ly 4+ L 12,

2my_1 2 my mg

Define the function ¢(z) := 57— (1+ 3log —) o x/2 for x > my,. Elementary calculus

and the quadratic form in \/— of ¢ with two real roots shows that the function ¢ has an absolute

minimum on the interval [mg,00) at @, = (Z(1+ ,/1— m))2 and a direct computation
shows that gb(:zmk) > 0 for k sufficiently large, because of the assumption that my > e?*™-1. This
proves that w < (&,2); for all j and hence (w'/2) C (€)g2. O

For equality cancellation we can slightly relax the sufficient conditions for the principal ideal
case from those of the general case.

Theorem 4.8.
(i) Let I = (n) be principal ideal, let r(n,) < log or n < n,, and let J be an arbitrary ideal. Then
Jpp=1p2 = J,=1,.
(ii) A sufficient condition on a general ideal I for the second order am-equality cancellation impli-
cation in (i) to hold for arbitrary ideals J, is that every & € X(I) is dominated by somen € X(1)
for which r(n,) < log orn <.
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Proof.

(i) Whether r(n,) < log or n < n,, 7(n,) is equivalent to a monotone sequence, hence by Theorem
4.5(1), J, C 1. If r(n,) < log, then by Theorem 4.6(i) we can also conclude that J, D I,. If
N X 7, i.€., 0 is regular, then n < £,2 for some £ € X(J). But 2 € 3((n)s2) = 2((n)), hence
&2 = O(n). Then &2 < n and thus .2 is regular. It follows that ¢ is regular (cfr. Corollary
3.10) and hence n = O(§). Thus I C J and in particular, I, C J,.

(ii) Follows combining Theorem 4.5(i) and Theorem 4.6(ii) and recalling that 7 =< 7 implies that
7 is regular and hence that r(7,) is equivalent to a monotone sequence. O

We do not know if in (ii) the last condition 7 < 7 can be replaced by the more general condition
of regularity, n < 7,.

Because of Corollary 3.12; we can extend Theorems 4.5, 4.6, and 4.8 to higher order arithmetic
means.

Theorem 4.9. Let p € N. If every ci-sequence in the characteristic set X(I) of an ideal I is
dominated by some 1 in its characteristic set that satisfies the p'* order exzponential Ay-condition

2
Sup% < 00, then Jap+1 D) IaPH implies Jar D IaP7 JaP+1 C Ia?hLl implies Jar C Iap’ and
m @ m
Jgp+1 = Lgp+1 implies Jop = L.
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