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Connes’ integration and Weyl’s laws
Raphaél Ponge

Abstract. This paper deals with some questions regarding the notion of integral in the framework
of Connes’ noncommutative geometry. First, we present a purely spectral theoretic construction of
Connes’ integral. This answers a question of Alain Connes. We also deal with the compatibility of
Dixmier traces with Lebesgue’s integral. This answers another question of Alain Connes. We further
clarify the relationship of Connes’ integration with Weyl’s laws for compact operators and Birman—
Solomyak’s perturbation theory. We also give a “soft proof” of Birman—Solomyak’s Weyl’s law for
negative order pseudodifferential operators on closed manifold. This Weyl’s law yields a stronger
form of Connes’ trace theorem. Finally, we explain the relationship between Connes’ integral and
semiclassical Weyl’s law for Schrodinger operators, including for (fractional) Schrodinger operators
on Euclidean spaces and on noncommutative manifolds. We thus get a neat links between noncom-
mutative geometry and semiclassical analysis.

1. Introduction

The quantized calculus of Connes [19] aims at translating the main tools of the classi-
cal infinitesimal calculus into the operator theoretic language of quantum mechanics. As
an Ansatz the integral in this setup should be a positive trace on the weak trace class
L1,00 (see Section 2). Natural choices are given by the traces Tr,, of Dixmier [27] (see
also [19,39] and Section 2). These traces are associated with extended limits. Following
Connes [19] we say that an operator A € £ o is measurable when the value of Tr,, (A4) is
independent of the extended limit. We then define the NC integral f A to be this value. It
follows from this construction that if A € £  is positive, then

1
(A is measurable and ][ A= L) = Nll_r)nOO log N /;v Aj(A) =L,

where A9(A) > A1(A) > - .- are the eigenvalues of A counted with multiplicity.

During the conference “Noncommutative geometry: state of the arts and future pros-
pects”, which was held at Fudan University in Shanghai, China, from March 29—-April 4,
2017, Alain Connes asked the following question:
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Question A (Connes). Is it possible to show the existence of a limit for all measurable
operators without using extended limits?

In other words, Connes is stressing the need for a purely spectral theoretic construction
of the integral in noncommutative geometry. A partial answer to this question was given in
a recent preprint of Sukochev—Zanin [68]. However, that paper deals with a special class
of operators and the approach still relies on using extended limits at some intermediate
step. Therefore, this does not provide a fully satisfactory answer to Connes’ question.

In this paper, we observe that we can answer Connes’ question by using a lemma in
the 2012 book of Lord—Sukochev—Zanin [39]. Although the main focus of this book is on
singular traces, the authors establish there an interesting asymptotic additivity result for
sums of eigenvalues of weak trace class operators. Recall if A is a compact operator, its
spectrum can be organized as a sequence of eigenvalues (A;(A));>o such that [1o(A4)| >

|[A1(A)| = ---, where each eigenvalue is repeated according to its (algebraic) multiplicity.
By [39, Lemma 5.7.5], if A and B are operators in £, then
DA A+B) =) A (A) + D A(B)+0O(1). (1D
J=N J=N J=N

This result is related to an eigenvalue characterization of the commutator space
Com(L,0). It is also used in [39] to show that an operator A € £ o is measurable
if and only if it is Tauberian, in the sense that

1
lim
N—oo log N

Z A;j(A) exists. (1.2)
j<N

We take the point of view to start from scratch and work with Tauberian operators from
the very beginning. We define on such operators a functional f ' given by the limitin (1.2).
It easily follows from (1.1) that Tauberian operators form a subspace of £1,6, on which f !
is a positive linear trace, i.e., it satisfies the NC integral’s Ansatz (see Proposition 2.17).
The key result is the equality between this functional and the NC integral as defined above
(Theorem 2.18). In particular, if A is measurable, then

1
][A = lim
N—oco log N

This formula is not stated in [39]. This gives a purely spectral theoretic construction of
Connes’ integral, and hence this answers Connes’ Question.

Further, another interesting consequence of the above result is the spectral invariance
of Connes’ integral. Namely, if two weak trace operators A and B (possibly acting on
different Hilbert spaces) have the same non-zero eigenvalues with same multiplicities,
then one is measurable if and only if the other is, and in this case their NC integrals agree
(see Proposition 2.22).

Another important question regarding Connes’ integral is its compatibility with
Lebesgue’s integral. This is a sensible question since £ « is a quasi-Banach ideal, but this

Z Aj(A). (1.3)

J<N
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is not a Banach space or even a locally convex topological vector space. Thus, Bochner
integration and Gel fand—Pettis integration of maps with values in £, do not make
sense.

Question B (Connes [20]). Can we single out a Dixmier trace that commutes with
Lebesgue’s integral?

We stress that we are seeking for a trace that is defined on all weak trace operators.
Connes [20] actually suggested to use Dixmier traces associated with medial limits in the
sense of Mokobodzki [46]. They are extended limits with the fundamental property to be
universally measurable and to commute with Lebesgue’s integration (see [46]).

We observe that any Dixmier trace Tr,, uniquely extends to a linear trace Trg : El 00 —>
C, where Zl,oo is the closure of £  in the Dixmier—-Macaev ideal (see Lemma 3.1). The
advantage of passing to Zl,oo is to work with a Banach space, since the Dixmier—-Macaev
ideal is a Banach ideal. Thus, Bochner integration with values in Z1,oo makes sense and
commutes with continuous linear forms. We then get for almost free the following com-
patibility result (Proposition 3.2): if (€2, ) is a measure space and A : Q@ — Lj,00 i a
measurable map which is integrable as an fl,oo—map, then we have

[ Tolawiau =m( Ji A(x)du(X))-
Q Q

In particular, if (€2, i) is a finite measure space, then the above result holds for any (essen-
tially) bounded measurable map A : @ — £ . Furthermore, for such maps and in the
special case of Dixmier traces associated with medial limits, this result is an immediate
consequence of the fundamental property of medial limits alluded above (see Section 3).
This confirms Connes’ suggestion.

As it turns out, there are numerous positive traces on £ o that are not Dixmier traces.
Therefore, it is natural to consider a notion of measurability with respect to all positive
traces on L1 o (see, €.g., [34,39,61]). We shall call such operators strongly measurable.
For the sake of completeness we overview their main properties. These operators actually
form a natural domain for the NC integral, in the sense that its restriction to strongly
measurable still satisfies the NC integral’s Ansatz (see Proposition 4.5). We also establish
the spectral invariance of the strong measurability property (see Proposition 4.9).

Strong measurability naturally appears in the context of Connes’ trace theorem [18,
34]. Suppose that (M", g) is a closed Riemannian manifold and E is a Hermitian vec-
tor bundle over M. Recall that Connes’ trace theorem asserts that if P : C*°(M, E) —
C>®(M, E) is a pseudodifferential operator (¥DO) of order —n, then P is strongly mea-
surable, and we have

][P = l/ trg[o(P)(x, §)]dxdé, (1.4)
S*M

n

where o (P) is the principal symbol of P and S*M is the cosphere bundle equipped with
its Liouville measure dxd§&. The right-hand side is the noncommutative residue trace
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of P in the sense of Guillemin [32] and Wodzicki [73]. Applying the above result to
P=f A;"/ %, where f € C*®(M) and A, is the Laplace—Beltrami operator on functions,
gives Connes’ integration formula,

_n 1
][ng2 = cn /M f)Ve(x)dx,  cpi= ;(Zn)_"IS"_lL (1.5)

This shows that the NC integral recaptures the Riemannian measure /g (x)dx.

In the special case f = 1, Connes’ integration formula (1.5) is an immediate con-
sequence of the Weyl’s law for the Laplacian A,. Strong measurability does not imply
Weyl’s law. Therefore, we are lead to the following question:

Question C. What is the precise relationship between Weyl’s law and measurability?

This question is closely related to the work of Birman—Solomyak [7,9-11] on Weyl’s
laws for compact operators in the 70s. This work was partly motivated by the semiclas-
sical analysis of Schrodinger operators, since by the Birman—Schwinger principle [5, 59],
Weyl’s laws for compact operators yield semiclassical Weyl’s laws for Schrédinger oper-
ators. In particular, Birman—Solomyak [7] set up a full perturbation theory. In [9-11], they
further showed that if P is a selfadjoint WDO of order —m < 0 with principal symbol
o(P)(x,£), and we set p = nm™!, then we have the following Weyl’s law:

. Lo 1 _ » P
lim j?AF(P) =|—-Q2n) ”/ trg [o(P)(x,§)] Jdxdg | . (1.6)
j—oo J n S*M
where j:)t(ﬂf(P) > j:)t?:(P) > ... are the positive and negative eigenvalues of P and
o(P)(x, &)+ are the positive/negative parts of o (P)(x, £). We also have a similar result
for the singular values of P (i.e., the eigenvalues of |P| = +/ P* P) without any selfad-

jointness assumption. Namely,

1

lim j ¥ (P) = [1<2n)—" / trg [|a(P)<x,s)|P]dxds]”, (L7
Jj—>o0 n S*M

where (o(P) > p1(P) > --- are the singular values of P.
As it turns out (see Proposition 5.12), any selfadjoint operator A € £, satisfying a
Weyl’s law of the form (1.6) for p = 1 is strongly measurable, and we have

][A = lim jAf(4) = lim jA7(A). (1.8)
J—>0o0 Jj—>00

There is a similar result for the absolute value |A| in terms of the singular values of A
(cf. Corollary 5.13). This answers Question C. This also provides a further spectral theo-
retic description of the NC integral for operators satisfying Weyl’s laws. Incidentally, this
shows that the Weyl’s laws (1.6)—(1.7) of Birman—Solomyak provide us with a stronger
form of Connes’ trace theorem (1.4). For instance, if P is any ¥DO of order —n, then its
absolute value | P| is strongly measurable, even though it need not to be a WDO.
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The original proof of the Weyl’s laws (1.6)—(1.7) by Birman—Solomyak [7,9-11] is
arguably a beautiful piece of hard analysis. Unfortunately, the main key technical details
are exposed in a somewhat compressed manner in the Russian article [10], the translation
of which remains unavailable.

Question D. Is there a softer proof of Birman—Solomyak’s Weyl’s laws (1.6)—(1.7)?

We attempt to provide such a proof in Section 6. The approach uses the relationship
between zeta functions and the noncommutative residue to get the Weyl’s laws (1.6)—(1.7)
for inverses of elliptic operators. The perturbation theory of Birman—Solomyak [7, §4] and
the BKS inequality [6] then allow us to get the Weyl’s laws in the general case. We refer
to Section 6 for the full details.

For the sake of completeness we also briefly explain how we can recover the versions
of the Weyl’s laws (1.6)—(1.7) on R” from their versions on closed manifolds. In particular,
this leads to a stronger form of Connes’ trace theorem on R” (see Corollary 6.13).

As mentioned above, the Birman—Schwinger principle provides a bridge between
Weyl’s laws for compact operators and semiclassical Weyl’s laws for Schrodinger opera-
tors. As we have related the former to Connes’ integration, we are lead to the following
question:

Question E. What is the precise relationship between Connes’ integral and semiclassical
Weyl’s laws for Schrodinger operators?

We answer to this question in Section 7. First, we re-interpret the Birman—Schwinger
principle in terms of Connes’ integral (see Proposition 7.1). Recall that if H is a non-
negative operator and V = V* is H-form compact, then the abstract form of the Birman—
Schwinger principle [15] relates the counting function of the Schrédinger operator H + V/
to the counting function of the negative part of the Birman—Schwinger operator

H_I/ZVH_I/Z,

provided 0 is not in the continuous spectrum of H . Thus, any Weyl’s law of the form (1.6)
for the negative part (H ~'/2VH~1/2)_ is equivalent to a semiclassical Weyl’s law for the
number of negative eigenvalues N~ (h*H + V) as h — 0. In terms of the NC integral §,
this takes the form,
lim W2’ N~ (h*H + V) = ][ (H2VH3)P. (1.9)
h—0+t
One illustration of this form of the Birman—Schwinger principle is provided by the
semiclassical Weyl’s laws for spectral triples [44,51]. In the framework of noncommuta-
tive geometry noncommutative manifolds are represented by spectral triples (A, H, D).
Here A is a unital x-algebra represented by bounded operators J{ and D is a selfadjoint
(unbounded) operator on H with compact resolvent such that [D, a] is bounded for all
a € A. Assume further that if a € A is positive and invertible in £(J), then

.-z -2
lerBOJ ?Aj(aD?a) =t[a”?] 7,
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where 7 is a positive linear form on the closure A C £(H). Here 0 < Ag(aD?a) <
A1(aD?a) < --- are the eigenvalues of a D?a counted with multiplicity. This condition
can be checked by using Tauberian theorems.

Under the above assumption it is shown in [51] that, for any a € A, the operator
a|D|™? is strongly measurable. Moreover, for all ¢ > 0 and V = V* € A, we have the
semiclassical Weyl’s law,

lim h? N~ (h*49(D?*)? +V) = ][(V_)%wrl’.
h—0t

This improves earlier results of McDonald—Sukochev—Zanin [44]. This encapsulates a
number of semiclassical Weyl’s laws for fractional Schrédinger operators in a variety of
settings (see [51]).

We also look at fractional Schrodinger operators A9 4+ V on R”, where A?, g <
n/2, is a fractional Laplacian. For potentials in L”/24(R") the corresponding semiclas-
sical Weyl’s laws go back to Rozenblum [54, 55]. By using a recent result of Sukochev—
Zanin [69] and the version of Birman—-Solomyak Weyl’s laws (1.6)—(1.7) for YDOs on R”,
we establish a strong form of Connes’ integration formula on R” (Theorem 7.15). Namely,
for any Borel function f(x) such that

/ | f(x)log(1+ |f(x))dx < oo and / | f(x)|log(1 + |x|)dx < o0, (1.10)

the operator A™/* fA™"/* and its absolute value satisfy Weyl’s laws of the form (1.6)—
(1.7) with p = 1, and so they are strongly measurable. Moreover, we have

fatiat—co [ @i cwi=cene

We have a similar formula for |[A™"/# fA="/4|. This improves a recent result of Lord—
Sukochev—Zanin [40]. The first condition in (1.10) means that f is an LlogL-Orlicz
function. The conditions (1.10) also appeared in [62].

The integration formula (1.11) allows us to reformulate Rozenblum’s semiclassical
Weyl’s laws in terms of the NC integral f (see Corollary 7.17). Namely, if V is any real-
valued potential such that |V/|"/24 satisfies the conditions (1.10), then

h—0t

lim h"N~(h?1A7 + V) = ][ AR (V)sATE.

All this highlights neat links between the semiclassical analysis of Schrodinger oper-
ators and Connes’ noncommutative geometry. They are usually considered to be different
sub-fields of quantum theory. Therefore, it is somewhat striking to witness interactions
between them.

The remainder of this paper is organized as follows. In Section 2, we deal with Ques-
tion A and give a purely spectral theoretic construction of Connes’ integral. In Section 3,
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we deal with Question B. In Section 4, we describe the main properties of strongly mea-
surable operators. In Section 5, we deal with Question C by relating Connes’ integration
to the Weyl’s laws for compact operators. In Section 6, we give a “soft proof” of Birman—
Solomyak’s Weyl’s laws (1.6)—(1.7); this deals with Question D. In Section 7, we deal with
Question E by explaining several links between Connes’ integral and semiclassical Weyl’s
laws. Finally, in Appendix A, we gather a few results on Hilbert spaces embeddings that
are needed in Section 2.

2. Quantized calculus and NC integral

In this section, we present a purely spectral theoretic construction of Connes’ integral.
After a brief review of weak Schatten classes and Connes’ quantized calculus, we give
two constructions of the NC integral. The first one is given in terms of Dixmier traces and
uses extended limits. The other construction is in terms of Tauberian operators. These two
constructions are shown to give exactly the same notion of NC integral. This will answer
Question A.

2.1. Weak Schatten classes

First, we briefly review the main definitions and properties regarding Schatten and weak
Schatten classes (see, e.g., [30, 65] for further details).

Throughout this paper we let H be a (separable) Hilbert space with inner product (-|-).
The algebra of bounded linear operators on H is denoted £(H). The operator norm is
denoted || - ||. We also denote by X the (closed) ideal of compact operators on H. Given
any operator T € X we let (u;(T));>0 be its sequence of singular values, i.e., u; (T) is
the (j + 1)-th eigenvalue counted with multiplicity of the absolute value |T'| = ~/T*T.
The min-max principle states that

i (T) = min{|| Tjgo|): dimE = j}. @.1)

We record the following properties of singular values (see, e.g., [30,65]):

wi(T) = w; (T*) = p; (ITY), (2.2)
Wik (S +T) < i (S) + ux(T), (2.3)
wj(ATB) < || Al (D) B, A, B € L(H). (2.4)

The inequality (2.3) is known as Ky Fan’s inequality.
For p € (0, co) the Schatten class £, consists of operators T € X such that |T|? is
trace-class. It is equipped with the quasi-norm,

T = (1) = (). Tes,

J=0
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We obtain a quasi-Banach ideal. For p > 1 the £,-quasi-norm is actually a norm, and so
in this case £, is a Banach ideal. In any case, the finite-rank operators on J{ form a dense
subspace of £,,.

For p € (0, 00), the weak Schatten class £,  is defined by

Lpoo = {T € X 11j(T) = O(j~7)}.

This is a two-sided ideal. We equip it with the quasi-norm,

1
||T||p,oo i=sup (j + D)7 p;i(T), T elpoo. (2.5)
Jj=0

For p > 1, the quasi-norm || - || 5,0 is equivalent to the norm,
141
1T 100 := sup N™1F2 > (1), T € Lpoo.
Nzl j<N
Thus, in this case £,  is a Banach ideal with respect to that equivalent norm. In general
(see, e.g., [64]), we have
1
IS + Tlpoo =27 (ISllpoc + ITllp,00), .7 € L7, (2.6)

In addition, we denote by (£, o0)0 the closure in £, o of the finite-rank operators. We
have

(Lp,oo)o = {T e K; /’L.i(T) — O(j_%)}_

‘We note the continuous inclusions,
Lpg(ﬁp,oo)ogﬁp,oogﬁm 0<p<yg.

In particular, the fact that (£,,00)0 # £p,00 means that £, o is not separable.
In the following, we will also denote the Schatten and weak Schatten classes by £, (I)
and £, o () whenever there is a need to specity the Hilbert space.

2.2. Quantized calculus

The main goal of the quantized calculus of Connes [19] is to translate into the Hilbert
space formalism of quantum mechanics the main tools of the classical infinitesimal calcu-
lus.

Classical Quantum

Complex variable Operator on H

Real variable Selfadjoint operator on 3
Infinitesimal variable Compact operator on H

Infinitesimal of order @ > 0  Compact operator 7" such that u; (T) = O(j %)
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The first two lines arise from quantum mechanics. Intuitively speaking, an infinites-
imal is meant to be smaller than any real number. For a bounded operator the condition
IT|| < € forall e >0 gives T = 0. This condition can be relaxed into the following: For
every ¢ > 0 there is a finite-dimensional subspace E of 3 such that || T|g.|| < e. This is
equivalent to 7" being a compact operator.

The order of compactness of a compact operator is given by the order of decay of its
singular values. Namely, an infinitesimal operator of order o > 0 is any compact operator
such that 44 (T) = O(j ~). Thus, if we set p = a~!, then T is an infinitesimal operator
of ordera > Oifand only if T € £ .

The next line of the dictionary is the NC analogue of the integral. As an Ansatz the
NC integral should be a linear functional satisfying at least the following conditions:

(1) Itis defined on a suitable class of infinitesimal operators of order 1.

(2) It vanishes on infinitesimal operators of order > 1.

(3) It takes non-negative values on positive operators.

(4) It is invariant under Hilbert space isomorphisms.
As mentioned above, the infinitesimal operators of order 1 are the operators in the weak
trace class £1,o. Condition (3) means that the functional should be positive. Condition (4)
forces the functional to be a trace, in the sense it is annihilated by the commutator sub-
space,

Com(Li,00) := Span{[A4,T]; A€ L(F), T € L1,00}-

More precisely, it would be convenient to adopt the following definition of a trace.

Definition 2.1. If € is a subspace of £ o, containing Com(£L,o) and J is another vector
space, then we say that a linear map ¢ : € — JFis a trace if it is annihilated by Com(£ 1 ,c0)-

To sum up, the NC integral should be a positive trace  : M — C, where M is a suit-
able subspace of £ o containing the commutator subspace Com(£,o0) and infinitesimal
operators of order > 1.

2.3. Eigenvalue sequences and commutators in £1

If A is a compact operator on H, then its spectrum can be arranged as a sequence
(A, (A));>0 converging to 0 such that

[Ao(A)| = [A(A)] = -+ = [4;(A)] =+ =0,

where each eigenvalue is repeated according to its algebraic multiplicity, i.e., the dimen-
sion of the root space Ej(A) := |J;- ker(4 — M) If A £ 0, the algebraic multiplicity
is always finite (see, e.g., [30]). It ag_rees with the geometric multiplicity whenever A4 is
normal.

A sequence as above is called an eigenvalue sequence for A. Such a sequence is not
unique. If A > 0, then the eigenvalue sequence is unique and agrees with its singular value
sequence (u; (T));j>o. In general, an eigenvalue sequence need not to be unique.
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In what follows, by (4, (A4)); >0, we shall always denote an eigenvalue sequence in the
sense above.
We record the Ky Fan’s inequalities (see, e.g., [30,65]),

S h@ = Y@= Y e vN =L @7)
Jj<N Jj<N J<N
The approach of this section is based on the following asymptotic additivity result.

Lemma 2.2 ([39, Lemma 5.7.5]). If A and B are operators in L1 0, then

D A(A+B)=) " A(A)+ Y Ai(B)+0(). (2.8)

J<N J<N Jj<N

Remark 2.3. For B = 0 the above result shows that if (1;(A4));>0 and ()L} (A))j>0 are
two eigenvalue sequences of A, then

DX =D A(A) +0(1). (2.9)
j<N Jj<N
Remark 2.4 (See [39, Lemma 5.7.1]). Suppose that A = A* € £; . Let (j:)LJ“-—L (A4))j>0
be the sequence of positive/negative eigenvalues of A, that s, A]ﬂF (A)=A; (A% =p i (4%),
where A* = %(|A| + A) are the positive and negative parts of A. As A = AT — A~ we
get

D A4 =Y (A (4) = A7 (4) + O).

J<N J<N

Remark 2.5. Given A € L1, let R4 = J(A + A*) and I4 = - (4 — A*) be its real
and imaginary parts. Then we have

DA =) (A (RA) +i4;(34)) +O(1).

J<N J<N

As Aj (D A) and A (I A) are real numbers, we get

m( > )L,-(A)) = > R (A) = Y A;(RA) +0(D),

Jj<N J<N J<N
”( DA (A)) = D 3R(A) = D A;(34) +0(1).
j<N J<N J<N

We have the following consequence of Lemma 2.2.

Corollary 2.6. If A € Com(L1 ), then

> Ai(4) = 0(1).

Jj<N
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Proof. By definition Com(L,+) is spanned by commutators of the form [7, A] with
Tel(H)and A € L1,00. Any T € L(H) is a linear combination of unitary operators
(see, e.g., [53, Section VL6]). Thus, Com(L,) is spanned by operators of the form
[U, A] = UA - U*(UA)U with A € £, and U € L(H) unitary. Combining with the
asymptotic additivity (2.8) of sums of eigenvalues, we see that it is enough to prove the
result for operators of the form A = U*BU — B with B € L1, and U € £ o uni-
tary. However, in this case, any eigenvalue sequence for B is an eigenvalue sequence
for U* BU. Therefore, by using (2.8) we get

> Ai(A) =YX U*BU) = Y A;(B) +O(1) = O(1).
J<N J<N j<N
The proof is complete. ]

We have a converse to Corollary 2.6. More precisely, we have the following result.

Proposition 2.7 ([28,39]). If A and B are operators in L1 o, then

A—B e Com(Lie) <= > A;i(A) =) A;(B)+0(). (2.10)
j<N j<N
Remark 2.8. Proposition 2.7 is a special case of a deep characterization of the com-
mutator spaces of compact operator ideals due to Dykema-Figiel-Weiss—Wodzicki [28].
However, in the special case of £, the proof is much simpler (see [39, §5.7]).

2.4. The noncommutative integral in terms of Dixmier traces

Let us now recall the construction of the NC integral in terms of Dixmier traces. Our con-
struction deviates a bit from the standard constructions of Dixmier [27] and Connes [19],
since we work on the weak trace class, rather than the Dixmier—Macaev ideal. The ap-
proach is solely based on using the asymptotic additivity property provided by Lemma 2.2.
The exposition is also partly inspired by the construction of Dixmier traces by Connes—
Moscovici [22, Appendix Al].

In what follows we denote by £ the C*-algebra of bounded sequences (an)n>1 C
C. We also let co be the closed ideal of sequences converging to 0. We then endow the
quotient £, /co with its quotient C *-algebra structure.

If A € £ o0, the Ky Fan’s inequalities (2.7) imply that

1 1
”A‘<— (A) < CllAl1,00. 2.11
e 2o M| = o 2 i) = ClAle 2.1
J<N Jj<N

where the constant C does not depend on A. (We make the convention that (log N)™! =0
for N = 1). Thus, the sequence {(log N)~! Zj<N Aj(A)}n>1 is bounded. Moreover, it
follows from Remark 2.3 that, if (A} (A)); >0 is another eigenvalue sequence for A4, then

1 , 1 .
g 2 M) = oy 2 4 +o(D).

J<N J<N
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Thus, the class of {ﬁ Y i<y 4j(A)}n>1 in oo/ co does not depend on the choice of
the eigenvalue sequence (A;(A4));>o. Therefore, we have a well-defined map 7 : £1,00 —
{5/ co given by

7(A) = class of { Z Aj (A)} info/co.

]<N Nzl

Lemma 2.9. The map t : £1,00 = Lo/ Co is a positive continuous linear trace. It is anni-
hilated by operators in (L1,00)0, including infinitesimal operators of order > 1.

Proof. Let A € L1,00, and let (A;(A4))j>o0 be an eigenvalue sequence. If ¢ € C, then
(cA;(A))j>o is an eigenvalue sequence for c A, and hence

T(cA) = class of {@ Z cA; (A)}N21 = ct(A).

j<N

If B € £1,c0, then it follows from Lemma 2.2 that

Y A4+ B) = —Z Aj(A )+—ZA(B)+0(1)

IOgN J<N j<N

Thus, (A + B) = t(A) + t(B). In addition, it follows from (2.11) that

7] < sup =] P S ()| = CllAlh oo 2.12)

gN

Therefore, we see that 7 is a continuous linear map.

It is immediate that if A has non-negative eigenvalues, then 7(A) is a positive element
of £oo/co. Thus, T is a positive linear map. Furthermore, it follows from Corollary 2.6
that if 4 € Com(£1 o), then (log N)~! Zj<N Aj(A) is o(1), and hence t(A4) = 0. Thus,
T is a trace. Likewise, if A € (£1,00)0, then (log N)~! Zj<N Aj(A) = o(1), and hence

7(A) = 0. Thus, 7 is annihilated by (£1,00)0. The proof is complete. |

Recall that a state on a unital C *-algebra A is a positive linear functional w : A — C
such that w(1) = 1. Every state on A is continuous. Moreover, it follows from the Hahn—
Banach theorem that the states separate the points of A. If w is a state on the quotient
C *-algebra £/ cg, then it lifts to a state lim,, : o, — C which annihilates c. Namely,
lim, = w o w, where 7 : oo — £oo/ o is the canonical projection. Such a state is called
an extended limit. Conversely, any extended limit uniquely descends to a state on £,/ ¢.
Therefore, we have a one-to-one correspondence between extended limits and states on

0o/ Co-

If lim,, is an extended limit, then its positivity implies that, for every real-valued

sequence a = (An)N>1 € oo, We have

liminfay <limya < limsupay. (2.13)
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Furthermore, as the states on £, /co form a separating family of linear functionals, we
have
lim ay =L <= (a— L € ¢g) < (limpa =L Vo). (2.14)
N—o0

Given any extended limit lim,, we define Try, : £1,00 — C by

. 1
Tro(A) = limy, g N DA, A€ L

j<N
Thus, if A € £1,, then we have
1
Tre, (A) =a)on|:{— ZAJ(A)} :| = w[t(A4)].
log N for N>1

Therefore, in view of Lemma 2.9 we immediately obtain the following result.

Proposition 2.10. Try, : £1,00 — C is a positive continuous linear trace. It is annihilated
by operators in (L£1,00)0, including infinitesimal operators of order > 1.

Definition 2.11. The trace Try : £1,00 — C is called the Dixmier trace associated with
the extended limit lim,,.

Every Dixmier trace satisfies the Ansatz for the NC integral. However, if A € £ o,
the value of Tr, (A) may depend on the choice of the extended limit. To remedy this we
proceed as follows.

Definition 2.12 (Connes [19]). An operator A € £, is called measurable if the value
of Tr, (A) is independent of the choice of the extended limit. For such an operator, its NC
integral is defined by

1
][A = limyp, —— E Aj(A),
log N oy
where lim,, is any extended limit.

In what follows we denote by M the set of measurable operators. The NC integral then
isamap f : M — C.
Proposition 2.13. The following hold.

(1) M is a closed subspace of £ 1,0, containing Com(£L1,00) and (£1,00)0. In particu-
lar, all infinitesimal operators of order > 1 are measurable.

(2) The NC integral § : M — C is a positive continuous trace on M. It is annihilated
by operators in (£1,00)0, including infinitesimal operators of order > 1.
Proof. By definition,
M=) {4 € Lo Tro(4) = Trey(A)}.
w,w’

where w and @’ range over all states on £, /co. As the Dixmier traces Tr,, are continuous
linear maps, it follows that M is a closed subspace of £1 .
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By definition the NC integral f agrees with any Dixmier trace Tr,, and so this is a
continuous positive linear functional by Proposition 2.10. Moreover, as the union

Com(Ll,oo) U (51,00)0

is annihilated by every Dixmier trace, it is contained in M and is annihilated by f. In
particular, the NC integral { is a trace on M. The proof is complete. ]

Remark 2.14. It follows from (2.13) that, for every extended limit w, if A € £ o has
real eigenvalues (e.g., if A* = A), then

1
lim inf
N—oco log N

1
log N

DA

> Aj(A) < Try(A) < limsup
N—o0 j<N

j<N
2.5. A noncommutative integral in terms of Tauberian operators

We shall now present an alternative approach to the NC integral. The approach is to work
with Tauberian operators (see definition below). This approach is inspired by the charac-
terization of measurable operators in terms of Tauberian operators in [39].

We will show in the next subsection that this approach is equivalent to the previous
approach in terms of Dixmier traces. As the 2nd approach involves spectral data only, the
equivalence between the two approaches will answer Question A.

If A € L1,00, then it follows from (2.9) that if (1;(A));>0 and (4}(A));>0 are two
eigenvalue sequences for A4, then

(log N)™' Y X (4) = (log N)™" >~ A;(4) + o(1).
j<N j<N
This immediately implies the following statement.
Lemma 2.15. Given A € L1, and L € C, the following are equivalent:
(i) (ogN)™! Zj<N A;j(A) — L for some eigenvalue sequence (A;(A));>o of A.
(i) (logN)~! Zj<N A;j(A) — L for every eigenvalue sequence (A;(A));=o of A.

Definition 2.16 (see, e.g., [39]). Any operator A € £ o that satisfies the conditions of
Lemma 2.15 is called a Tauberian operator.

In what follows, we denote by T the class of Tauberian operators in £ 0. If 4 € 7,

we set , {
A:= 1 Ai(A
][ N log N Z i (4.

j<N
where (A;(A));>0 is any eigenvalue sequence for A. Thanks to Lemma 2.15 the above
limit exists for any eigenvalue sequence and its value is independent of the choice of that
sequence.
The following result shows that the map f "1 T — C has all the properties we are
seeking for the NC integral.
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Proposition 2.17. The following holds.
(1) Tis a subspace of £1,00 containing Com(L1,00) and (£1,00)o0-
(2) The map § " T — C is a continuous positive linear trace on T. It is annihilated

by operators in (£1,00)0, including infinitesimals of order > 1.

Proof. 1t is immediate that if an operator A € T is positive, then § " A > 0. Moreover, if
A e Tandc € C,then (cA;(A))j>o is an eigenvalue sequence of cA, and hence c4 € T
with f'(cA) = ¢ '(A). If A, B € T, then (2.8) implies that

logNj;VA j(A+ B) = —Z Aj(A4 )+—J;vx i (B) +o(1).
Thus,
Nl'_r)noologNZ/\(AvLB)— fim ZA(A)+hm—Z)L(B)

1<N j<N

=][A+][B

Thatis, A + B € Tand f'(A + B) = f' A + §' B. All this shows that T is a subspace of
L1,00 and f/ : T — C is a positive linear map.

If A € (£1,00)0, then 1 (A) = o(j 1), and so Zj<N 1j(A) = o(log N). Combining
this with the Ky Fan’s inequality (2.7) shows that Zj<N Ai(A) =o(logN),ie, AT
and f’ A = 0. Likewise, if A € Com(£1,0), then Corollary 2.6 implies that Zj<N Aj(A)
is 0(1), and hence is o(log V). Thus, in this case, too, A € T and f/ A = 0. In particular,
this shows that { "is a trace on T. The proof is complete. ]

2.6. Equivalence between the two approaches. Spectral invariance

We shall now explain that the two approaches to the NC integral coincide. Namely, we
have the following result.

Theorem 2.18. An operator A € L1 « is measurable if and only if it is Tauberian. More-
over, in this case we have

, 1
][A = Jim_ Ty Z A (A). (2.15)

J<N

Proof. This is a direct consequence of (2.14), since it gives

D A4 =

j<N

(lima, ZA (A =1L Va)) < lim

1<N N—>o0 logN

The left-hand side exactly means that A € M and §f A = L. The right-hand side exactly
means that 4 € T and {* A = L. Hence the result. m
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Remark 2.19. The characterization of measurable operators in terms of the Tauberian
property is the content of [39, Theorem 9.7.5]. The proof given above is somewhat simpler.
The trace formula (2.15) is not established in [39].

Theorem 2.18 characterizes measurable operators and shows how to compute NC inte-
grals purely in terms of spectral data. In particular, the computation of the NC integral of
some concrete operator only requires the knowledge of its spectrum. This answers Ques-
tion A in the introduction. Incidentally, this shows that (M, f) depends on the locally
convex topology of J{ in a somewhat loose sense. In particular, it does not depend on the
choice of the inner product.

We mention a few consequences of Theorem 2.18.

Proposition 2.20. Let A € L1 . Then A is measurable if and only if its real part R A
and its imaginary part I A are both measurable. Moreover, in this case we have

Si(J[A):][ERA, S(J[A):][SA.

Proof. 1t follows from Remark 2.5 that

logN (ZA( )):—ZA (RA) +o(1),

j<N j<N
24 )) 2R A4) + o1).
logN (];v ];v

Thus log N 7! Zj<N A;(A) — L as N — oo if and only if

Jim_ logN D Ai(h4) =RL and Jim Z A;(RA) = 3L.
J<N ]<N
Combining this with Theorem 2.18 gives the result. ]

Proposition 2.21. Let A = A* € L . Then A is measurable if and only if

D (A =27 (A)  exists.

liml ~
Nempog =N

Moreover, in this case we have

. 1 _
4= g 3 0760700

j<N
Proof. Tt follows from Remark 2.4 that
1
DA = D () =25 () + o).
log N -
J<N j<N

This gives the result. ]
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Let H' be another Hilbert space. Theorem 2.18 implies the following spectral invari-
ance result.

Proposition 2.22. Let A € L1,00(H) and A’ € L1,00(H') have the same non-zero eigen-
values with same multiplicities. Then A is measurable if and only if A’ is measurable.
Moreover, in this case f A= f A,

Suppose now that ¢ : H' — J is a continuous linear embedding, i.e., it is a linear map
which is one-to-one and has closed range. For instance, any isometric linear map is such an
embedding. Denote by J(; the range of ¢. By assumption this is a closed subspace of J{ and
L gives rise to a continuous linear isomorphism ¢ : 3 — H; with inverse .1 : H; — (.
As explained in Appendix A we have a pushforward map ¢, : £(H') — L£(FH) given by

sA=10Ao0i o, A€ L(H), (2.16)

where 7 : H{ — I is the orthogonal projection onto J;. In particular, if ¢ is invertible,
then 14 A = 1Ai~!. We also know from Proposition A.3 that ¢, induces a continuous linear
embedding,

[ Ll,oo(g{/) g Ll,oo(g{)

Moreover, by Proposition A.1, if A € £1,(3’), then A and ¢, A have the same non-zero
eigenvalues with same multiplicities. Combining this with Proposition 2.22 we then arrive
at the following statement.

Corollary 2.23. Let A € L1, 00(H'). Then 14 A is measurable if and only if A is measur-
able. Moreover, in this case we have
][ 1+A = ][ A.

Denote by M(H) (resp., M(H')) the space of measurable operators on H (resp., H').
Specializing Corollary 2.23 to the case where ¢ is an isomorphism yields the following
invariance result.

Corollary 2.24. Assume 1 : H — H' is a continuous linear isomorphism. Then
M(H)T! = M(H),

and we have

][LAL—l = ][A VA € M(H).

3. Connes’ integration and Lebesgue’s integration

In this section, we look at the compatibility of Connes’ integral with Lebesgue’s integra-
tion. This will answer Question B.
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3.1. Compatibility of Dixmier traces with Lebesgue’s integration

To address the compatibility of Dixmier traces with Lebesgue’s integration, the main tech-
nical hurdle is the lack of convexity of the weak trace class £, . Indeed, £ o is a
quasi-Banach ideal, but this is not a Banach space or even a locally convex space. Thus,
Bochner integration, or even Gel’fand—Pettis integration, of maps with values in £ o
do not make sense. We can remedy this by passing to the closure 31,00 in the Dixmier—
Macaev ideal I . Recall that

Mi00 1= {A € X: > u;(T) = O(log N)}.
j<N

This is a Banach ideal with respect to the norm,

1
A =sup ——— i(A)), AeM o 3.1
I ||(1,oo) szl log(N + 1) ];ﬂj( ) 1,00

Note that £ 00 & M1 00 (see [35,60]).

As L] o equipped with the || - [l (1,00)-norm is a Banach space, Bochner’s integration
makes sense for maps with values in Zl,oo- Thus, given a measure space (2, i), for any
measurable map A4 : 2 — £ o we may at least define its Bochner integral fQ A(x)dp(x)
as an element of £, provided that [, || A(x)]|(1,00)dpt(x) < 00.

Lemma 3.1. The trace t : £1,00 = {oo/Co uniquely extends to a positive linear trace
T : L1,00 = Loo/co Which is continuous with respect to the Dixmier—Macaev norm (3.1).

Proof. It follows from (2.12) that there is a C > 0, such that, for all 4 € £; o, we have

1 1
le(A)l < sup | 30 2] = o 30 i(A) = CllAll 0
N>11log N ;;V / logN];V / (1.00)

Thus, the linear map t is continuous with respect to the Dixmier—Macaev norm, and hence
it uniquely extends to a continuous linear map T : £ 00 — {00/ co. This map is positive
and is a trace. The proof is complete. ]

Given any state @ on £/ o, We define the map Tr,, : Zl,oo — C by
Tre,(A) = w 0 T(A), A€ L0

Equivalently, Tr,, is the unique continuous extension to Zl,oo of the Dixmier trace Try,.
In what follows we let (€2, ;) be a measure space.

Proposition 3.2. Let A : Q — L1,00 be a measurable map such that

/Q 1A ooy i1 (x) < 0.
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Then, for every extended limit lim, the function Q > x — Tr,[A(x)] is integrable, and
we have

/ Tro [A (A (x) :ﬁw( / A(X)dM(X))- (32)
Q Q

In particular, lfo A(x)dp(x) € £1,00, then

i Trw[A(xndu(x):Trw( / A(x)du(X))-
Q Q

Proof. Let lim, be an extended limit. The continuity of Tr, and the fact that A : Q —
£L1,00 is Bochner-integrable as an £ »-valued map ensure us that the function Try, [A(X)]
= Tr,[A(x)] is integrable, and we have

[ ol = [ mA(xndu(x):ﬁw( [ A(x)du(x)).
Q Q Q
The proof is complete. u

Corollary 3.3. Let A : Q — L1, be a measurable map so that [ | A(X)||(1,00)dt(x) <
oo. Assume that A(x) is a measurable operator a.e., and [q A(x)du(x) € L£1,00. Then
Jo A(x)dp(x) is a measurable operator, and we have

/g(][ A("))d“(x) -f ( /Q A(X)du(x)).

3.2. Dixmier traces associated with medial limits

As pointed out by Connes [20] another route to look at the compatibility of Connes’ inte-
gration with Lebesgue’s integration is to use medial limits. These limits were introduced
by Mokobodzki [46]. Namely, by using the continuum hypothesis he proved the following
result.

Lemma 3.4 (Mokobodzki [46]). There exists a state w : £oo/co — C which is universally
measurable and such that, for any complete finite measure |1 on Lo/ co, we have

a)(/adu(a)) = /a)(a)du(a). (3.3)

Let wmeq be a state as in the above lemma. The corresponding extended limit is called
a medial limit and is denoted by lim med.
The fundamental property (3.3) implies the following striking feature of medial limits.

Proposition 3.5 ([46]). Given a complete finite measure space (2, ), let (fy)e>1 a
bounded family in L*°(2, w). Then Q2 > x — limmed fy(x) is a bounded measurable
function such that

/ (limmed f¢ (x))du(x) = limmed/ fe(x)du(x).
Q Q
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In other words, we do not have to worry about the integrability of lim med fy(x). We
may freely swap the integral sign and the medial limit. Alternatively, if a : @ — £/ is
any bounded measurable map, then

[ omalatidie =wmed( / a(x)du(x))- (3.4)
Q Q

Denote by Trg,,, the Dixmier trace associated with the extended limit lim med. Let
A1 Q — L1, be a bounded measurable map. Applying (3.4) to a(x) = t[A(x)] gives

[ o o) = wmed( [ r[A(X)]du(X))-

Note that @peq © T[A(x)] = Tre,,[A(x)], and

[ eta@lane = [ el =?( | A(X)du(x))-
Q Q Q

Thus,

[ s o?( [ A(X)dM(X)) - Trw( | A(x)dM(X))-

Therefore, in the special case of medial limits, we recover the formula (3.2) as an imme-
diate consequence of the fundamental property (3.3) of those extended limits.

4. Strongly measurable operators

In this section, we look at a stronger notion of measurability and show that we still have a
sensible notion of integral on operators that satisfies this notion of measurability.

4.1. Strong measurability

In what follows we denote by Ty any positive operator in £1,00 so that A; (Tp) = (j + 1)~
for all j > 0. Note that any two such operators are unitary equivalent, and hence agree up
to an element of Com(£L1,00)-

Recall that a trace ¢ : £1,00 — C is called normalized if ¢(Tp) = 1. All the Dixmier
traces are normalized traces. However, there are positive normalized traces on £ that
are not Dixmier traces and do not have a continuous extension to the Dixmier—-Macaev
ideal 9 o (see, e.g., [61, Theorem 4.7]). Therefore, it stands for reason to consider a
stronger notion of measurability (see, e.g., [34,39,61]).

Definition 4.1. An operator T’ € £  is called strongly measurable when there is L € C
such that ¢(T') = L for every positive normalized trace ¢ on £ . We denote by M the
class of strongly measurable operators.
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Remark 4.2. The class of strongly measurable operators is strictly contained in the space
of measurable operators (see [61, Theorem 7.4]).

Lemma 4.3. The space of continuous traces on L1 « is spanned by normalized positive
traces. In fact, any continuous trace is a linear combination of 4 normalized positive
traces.

Proof. Every positive trace on L1, is continuous (see, e.g., [49, Proposition 2.2]). Con-
versely, every continuous trace on £, is a linear combination of 4 positive traces (see
[21, Corollary 2.2]). To complete the proof it is enough to show that every positive trace
is a scalar multiple of a normalized positive trace.

Let ¢ be a non-zero positive trace. As L1, is spanned by its positive cone, there is
a positive operator A € £1 o such that ¢(A4) > 0. Let (§;);>0 be an orthonormal basis
of J such that A§; = pu;(T)&; for all j > 0. Let Ty be the operator on J{ such that
To&j = (j + D& As 1 (A) < | Alleo(j + 17! we see that A < ||Al|1,00T0- The
positivity of ¢ then implies that 0 < @(A) < ||T|l1,00¢(T0). Thus, ¢(Tp) > 0, and so
@ := ¢(To) '@ is a normalized positive trace. As ¢ = ¢(Ty)@ we see that every positive
trace is a scalar multiple of a normalized positive trace. The proof is complete. ]

Lemma 4.3 implies the following characterization of strongly measurable operators in
terms of continuous traces.
Lemma 4.4. Let A € L1 . The following are equivalent:

(i) A is strongly measurable and § A = L.

(ii) ¢(A) = @(To)L for every continuous trace on L .

This implies the following properties.

Proposition 4.5. The following holds.
(1) My is a closed subspace of M containing Com(L1,00) and (£1,00)0. In particular,
every infinitesimal operator of order > 1 is strongly measurable.
(2) The space M does not depend on the inner product of H.
(3) Let A € £1,00 be such that

D 4j(A) = Llog N + O(1). (4.1)
j<N

Then A is strongly measurable and § A = L.

Proof. Tt is immediate that M is a subspace of M. Moreover, as condition (ii) of Lem-
ma 4.4 depends only on the topological vector space structure of £ o, we see that M
does not depend on the inner product of J.

Let (A¢)¢>0 be a sequence in M converging to A in £1,00. Set oy = § Ag. As M is a
closed subspace of £ o and f is a continuous linear form, we see that oy — « as £ — oo.
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Let ¢ be a positive normalized trace on £ o,. We have ¢(A4,) = f Ag = ag forall £ > 0.
As @ is a continuous trace, we have

@(A) = lim ¢(A4y) = lim oy = «.
L—>00 £—>00

Thus ¢(A) = o for every positive normalized trace, and so A is strongly measurable. This
shows that Mj is a closed subspace of M.

Furthermore, if A € Com(£1,00) and ¢ is a continuous trace on £ o, then ¢(A4) = 0,
and so by using Proposition 4.4 we deduce that A is strongly measurable. It follows from
Proposition 2.7 that the ideal R of finite rank operators is contained in Com(£1,0). As
M is closed, we deduce that it contains the closure of R in £ o, i.€., the ideal (£1,00)0-

Finally, let A € £ « satisfy (4.1). In addition, let T be any positive operator in £,
such that 14 (To) = (j + 1)~1. Then (4.1) is the right-hand side of (2.10) for B = LTy, and
so A — LTy € Com(L1,c0). In particular, given any normalized positive trace ¢ on £1,00
we have ¢(A) = Le(Ty) = L. Thatis, A € M and §f A = L. The proof is complete. m

Remark 4.6. Let us call strongly Tauberian any operator A € £  satisfying (4.1). In the
same way as in the proof of Proposition 2.17, it follows from Lemma 2.2 that the strongly
Tauberian operators form a subspace of M. This is a proper subspace. For instance,
every operator in Com(£1,00) \ Com(£L],s0) is strongly measurable, but is not strongly
Tauberian.

Remark 4.7. As M; is a subspace of M containing Com(£1,.0), We see that the NC
integral  induces a positive continuous trace on M which is annihilated by operators in
(£1,00)0. This restriction also satisfies the Ansatz for the NC integral.

Remark 4.8. We refer to [61, Proposition 7.2] for a characterization of strongly measur-
able operators in terms of eigenvalue sequences.

In what follows we denote by H’ another Hilbert space. We also denote by M (H)
(resp., Ms(H")) the space of strongly measurable operators on 3 (resp., H'). We have the
following invariance property of strong measurable operators.

Proposition 4.9. Let A € £1,60(H) and B € L1 00(H') have the same non-zero eigen-
values with same multiplicities. Then A is strongly measurable if and only if B is strongly
measurable.

Proof. By assumption any eigenvalue sequence for A is an eigenvalue sequence for B,
and vice versa. If H' = H, then combining this with Corollary 2.6 shows that A — B is
an operator in Com(£L 1, ), and hence is strongly measurable. As M (J) is a subspace of
L1 00, it follows that A is strongly measurable if and only if B is strongly measurable.

Suppose now that H' # H. Let U : H — H' be a unitary isomorphism, and set B’ =
U*BU. Then B’ is an operator in £1 o (F() with the same non-zero eigenvalues and same
multiplicities as A and B. Thus, by the first part of the proof, A is strongly measurable if
and only if B’ is strongly measurable.
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Let ay : L(H') — L(H) be defined by ay(T) = U*TU, T € L(H). This is a
*-isomorphism of C *-algebras. It induces an isometric isomorphism oy : £1,00(H') —
L£1,00(F(). By duality we get a one-to-one correspondence ¢ — ¢ o oy between positive
traces on L1, (H’) and positive traces on L1 00(J). It then follows that B is strongly
measurable if and only if B’ is strongly measurable. This gives the result when H’ # K.
The proof is complete. |

Using the same type of argument that lead to Corollary 2.24 and Corollary 2.23 we
obtain the following consequence of Proposition 4.9.

Corollary 4.10. Lett : H' — H be a Hilbert space embedding.

(1) If A € L1,00(H), then 1A is strongly measurable if and only if A is strongly
measurable.

(2) If 1 is an isomorphism, then |IM(F')™! = M, (H).

4.2. Connes’ trace theorem

Suppose that (M", g) is a closed Riemannian manifold and E is a Hermitian vector bun-
dle. Given m € R, we denote by W (M, E) the space of m-th order classical pseudodiffer-
ential operators (WDOs) P : C*°(M,E) — C*® (M, E).If P e V" (M, E), then we denote
by o (P)(x, &) its principal symbol; this is a smooth section of End(E) over T*M \ 0. Any
P e V" (M, E) with m < 0 extends to a bounded operator P : L,(M, E) — L,(M, E).
If in addition m < 0, then we get an operator in the weak Schatten class £, o with
p = n|m|~!, i.e., an infinitesimal operator of order 1/ p.

Setting WZ(M, E) = Umez Y (M, E), let Res : WZ(M, E) — C be the noncom-
mutative residue trace of Guillemin [32] and Wodzicki [73]. It appears as the residual
trace on integer-order WYDOs induced by the analytic extension of the ordinary trace to all
non-integer order WDOs (see [32,73]). A result of Wodzicki [72] further asserts this is the
unique trace up to a constant multiple on the algebra W4 (M, E) if M is connected and
has dimension n > 2 (see also [37,48]). The noncommutative residue is a local functional.
Namely, if P € yZ (M, E), then

Res(P) = [ tpler (]
M
where cp (x) is an End(E)-valued 1-density which is given in local coordinates by

cp(x) = (271)_"/ a_n(x,é)d"_lg‘,

&1=1

where a_, (x, £) is the symbol of degree —n of P. In particular, if P has order —n, then
Res(P) = (271)_”/ trg [o(P)(x,%)]dde,
S*M

where S*M = T*M/R? is the cosphere bundle and dxd £ is the Liouville measure.
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Proposition 4.11 (Connes’ trace theorem [18,34]). Every operator P € W™ (M, E) is
strongly measurable, and we have

][ p— %Res(P). 4.2)

Remark 4.12. Connes [18] established measurability and derived the trace formula (4.2).
Kalton-Lord-Potapov—Sukochev [34] obtained strong measurability. We observe that
Connes’ arguments can also be used to get strong measurability.

Suppose that E is the trivial line bundle, and let Ag be the Laplace-Beltrami operator
on functions. As an application of Connes’ trace theorem we obtain the following integra-
tion formula, which shows that the noncommutative integral recaptures the Riemannian
volume density.

Proposition 4.13 (Connes’ integration formula [18,34]). Forall f € C*(M), the oper-

ator f A;% is strongly measurable, and we have
_n —_n 1 — —
faltsmt—a [ ron@w. o= oo @y

where v(g)(x) = +/g(x)d" x is the Riemannian measure.

Remark 4.14. The integration formula (4.3) fails in general for functions in L (M)
(see [34]). However, as shown by Rozenblum [56] and Sukochev—Zanin [68] (see also
[50]) it actually holds for any function in the Orlicz space LlogL (M), i.e., measurable
functions f on M such that [(1 + |f])log(1 + | f|)v(g) < co. In particular, it holds
for any f € L,(M) with p > 1 (see also [34, 38, 40]). In fact, Rozenblum [56] further
extends this result to potentials that are product of LlogL-Orlicz functions and Alfhors-
regular measures supported on a regular submanifold (see also [57]).

Remark 4.15. We refer to [47] for versions of Connes’ trace theorem and Connes’ inte-
gration formulas for Heisenberg pseudodifferential operators on contact manifolds and
Cauchy—Riemann manifolds. We also refer to [41,42,49] for extensions of Connes’ trace
theorem and Connes’ integration formula to noncommutative tori. In addition, versions of
Connes’ integration formula for noncommutative Euclidean spaces and SU(2) are given
in [43].

5. Weyl’s laws and noncommutative integration

In this section, we relate Connes’ integration to the Weyl’s laws for compact operators
studied by Birman—Solomyak [7] and others in the late 60s and early 70s. In particular,
this will exhibit an even stronger notion of measurability of purely spectral nature, and so
this will provide another spectral theoretic interpretation of Connes’ integral.
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5.1. Weyl operators

If A is a selfadjoint compact operator, then as in Remark 2.4 we denote by (A% (A4)) >0
its sequences of positive and negative eigenvalues, i.e., )Lji (A) = A;(A%) = p;(4%),
where A% = %(|A| £ A) are the positive and negative parts of 4. We refer to [13, §9.2]
for the main properties of the positive/negative eigenvalue sequences of selfadjoint com-
pact operators. In particular, we have the following min-max principle (cf. [13, Theo-
rem 9.2.41]):

)Lji (A) = min { 0;512)21 + <éi|§s))

;dimE:j}, j=0.
This implies the following version of Ky Fan’s inequality (cf. [13, Theorem 9.2.8]),
AT (A + B) < A (A) + A (B). j.k=>o0. (5.1)

Definition 5.1. We say that A € £ o, p > 0, is a Weyl operator if one of the following
conditions applies:

i) A=>0and limjl/plj (A) exists.
(i) A* = Aandlim j /71 (A) and lim j /P17 (A) both exist.

(iii) The real part RA = %(A + A*) and the imaginary part JA = %(A — A*) are
both Weyl operators in the sense of (ii).

We denote by W,, o, the class of Weyl operators in £, 0. If A € Wp o0, A > 0, we set
A(A4) = lim j7A;(4).
If A =A% e Wp o, We set
A*(4) = lim j7AF(A).
j—>o00
For an arbitrary operator A € W), o, we define
AE(A) = AT (RA) +iAF(34).
Remark 5.2. If A = A* € £, . then
0<2F(A) < (A < G+ D)7 Alpes Y20, (5.2)

In particular, the sequences (j'/ZA%(A)) >0 are always bounded. If in addition A4 is a
Weyl operator, then we have

0 < A%(A) < | 4llp,00- (5.3)
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Remark 5.3. If A = A* € (£, )0, then j l/l’p,j (A) — 0, and so by using (5.2) we see
that jl/l’)t]“.—L(A) — 0 as well. Thus, 4 € W, o, and A*(A4) = 0. More generally, by
taking real and imaginary parts we see that every operator A € (£p,00)0 i contained in
Wp.oo With AT (A) = 0. This includes all infinitesimal operators of order > p.

Remark 5.4. Given any selfadjoint compact operator A on J{, its counting functions are
given by
NE(A; X)) == #{j; AF(4) > A}, A >0.

IfAe L, o, p>0,then (see, e.g., [63, Proposition 13.1]), we have

liminf A? N*(4; 1) = liminf (A7 (A))”,

A—0t Jj—o00 (5.4)
lim sup A? N=(A; A) = limsup j(AF (4))”. '

A—>0F Jj—o0
Thus, if A € W, o, then

lim APN*(4:2) = lim j(A7(4))? = A=(A)”.
A—0t Jj—o00

In addition, it will be convenient to introduce the following class of operators.

Definition 5.5. W), |, p > 0, consists of operators A € £, o such that |A] € W oo,
i.e., lim j l/l’uj (A) exists.

In particular, if A € W), |, then
. . L
A(lAl) = lim 77 p;(A4).
j—o0

5.2. Birman-Solomyak’s perturbation theory
We recall the main facts regarding the perturbation theory of Birman—Solomyak [7, §4].

Proposition 5.6 (Birman—Solomyak [7, Theorem 4.1]). Let A = A* € L, o0. Assume that,
for every € > 0, we may write
A=A, + A,

where Al, and AY are selfadjoint operators in Ly oo such that A, € Wy, oo, and
li Loy
imsup j 7 A5 (4;) < e.

Then A € Wy, o, and we have

lim A®(4L) = A%(A).

e—>07t

We stress that Proposition 5.6 is obtained in [7] as a sole consequence of the Ky Fan’s
inequality (5.1). This result has a number of consequences.
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Corollary 5.7. W, o, is a closed subset of L, o on which AT Wp.ooc = C are contin-
uous maps.

Proof. We only need to show that if (A¢)¢>¢ is a sequence in W, o, converging to 4 in
Lp.00,then A € W), o, and we have

an AE(Ay) = AE(A). (5.5)

By taking real and imaginary parts we may assume that the operators A, and A are self-
adjoint.
Thanks to (5.3) we have

sup Ai(A@) < sup || A¢llp,00 < 00.
>0 >0

That is, {Ai(Ag)}gZ() are bounded sequences. Let {Ai(Agp)}pzo be convergent subse-
quences. As Ay, — A in Lp o, given any £ >0, there is pe > g1 such that |4 — Ay, | <e.
In view of (5.2) this implies that

limsup j PAF(A—Ag, ) < [|[A— Aq,, || <&
As Ay, € Wy, forall e > 0, it follows from Proposition 5.6 that A € W), o and we have
1 + 1 +
A(A) = 81_1)r(1)1+ A (Agps) = pll)n;o/\ (Agp).
This shows that A*(A) are the unique limit points of the bounded sequences { A*(A¢)}¢=o-
This gives (5.5). The proof is complete. ]

Corollary 5.8 (K. Fan [29, Theorem 3]; see also [30, Theorem I1.2.3]). Let A € Wy
and B € (Lp,00)0. Then A + B € W), oo, and we have

A4+ B) = AT(4).

Proof. Itis enough to prove the result when 4 and B are selfadjoint. In this case we know
from Remark 5.3 that lim j /7 )kji (B) = 0. Therefore, the we get the result by applying
Proposition 5.6 to A + B with A, = A and A = B forall ¢ > 0. L]

As mentioned above, Proposition 5.6 is a sole consequence of the Ky Fan’s inequal-
ity (5.1). As the singular values satisfy the Ky Fan’s inequality (2.3), we similarly have a
version of Proposition 5.6 for singular values (cf. [7, Remark 4.2]). Namely, we have the
following result.
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Proposition 5.9 (Birman—-Solomyak [7]). Let A € Lp o. Assume that, for every & > 0,
we may write
A=A, + A,

with A, € W\p.co| and A} € Lp o such that

lim supj%,uj (A)) <e.
Then A € W), o), and we have

lim A(l4;]) = A(lA4)).

e—>0t

By arguing along the same lines as that of the proofs of Corollary 5.7 and Corollary 5.8

we arrive at the following statements.

Corollary 5.10. W\, o) is a closed subset of Lp o on which the functional A — A(|Al)
is continuous.

Corollary 5.11 (K. Fan [29, Theorem 3]; see also [30, Theorem 11.2.3]). If A € W), |
and B € (£p,00)0, then A+ B € W\, |, and we have

AF(IA+ Bl) = A= (|A)).
5.3. Measurability of Weyl operators

Suppose that p = 1. We shall now show that every Weyl operator in £ o is strongly
measurable and explain how to compute its NC integral in terms of the maps A*. More
precisely, we shall prove the following result.

Proposition 5.12. Let A € W . Then A is strongly measurable, and we have
][A = AT (4) = A~ (4). (5.6)
In particular, if A is selfadjoint, then
][ A= jl_i)n(}o JAT(A) —jl_i)rglo JA7 (A).

Proof. Let us first show that 4 is measurable and its integral is given by (5.6). By taking
real and imaginary parts and using Proposition 2.20 we may assume that A is selfadjoint.
In this case we have

R v /;v (A7 () =27 (4)) = lim jAT(4) = lim jA7(4)
= AT(4) — A~ (4).

Combining this with Proposition 2.21 shows that 4 is measurable and

][A = AT(4) = A~ (4).
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It remains to show that any A € W  is strongly measurable. By taking real and
imaginary and their respective positive and negative parts reduces to the case A > 0, which
we assume from here on. Let (£;) ;>0 be an orthonormal basis of J{ such that A§; = 4, (4),
and let Ty be the operator on H such that To§; = (j + 1)7!§; forall j > 0. Note that T
is strongly measurable.

Set B= A — A(A)Ty. Forall j > 0, we have

BE; = y;£;, where y; 1= 4;(4) — A(A)(j + D7

Moreover, the fact that jA;(A4) — A(A) implies that jy; — 0as j — oo.
Let j > 0. By applying the min-max principle (2.1) and taking £ = Span{&;; k < j}
we get
wj(B) < |BigLll = sup [Vk|-
>j

This implies that ju; (B) < supgs; j|vkl < supgs; k|yk|. Thus,
hmsup],u](B) < hm sup k|yr| = hmsup]|yj| = hm ]|y]| =0.

j—o0 Rk>j Jj—>00

This shows that B is in (£1,00)0, and hence is strongly measurable by Proposition 4.5.
As A = B + A(T)Ty, it follows that A is strongly measurable as well. The proof is
complete. ]

Corollary 5.13. Let A € W)y 0| Then |A| is strongly measurable, and we have
f 11 = i ju; 5.7)
j—o0

Remark 5.14. Let A € £} o, A > 0. We have

o < fimd
l}rggf]/\_, (4) < lzlvnllgof Z Aj(A),

]<N

lim sup Z Aj(A) <limsup jA;(A).

N—>oo lOg j<N Jj—00

Combining this with Remark 2.14 shows that, for every extended limit w, we have

hmmf]k (A) < Try(A) <limsup jA;(A) VA€ Ly,00. A>0.

j—oo

6. Weyl’s laws for negative order ¥YDOs

In the 70s Birman—Solomyak [9-11] established a Weyl’s law for negative order ¥DOs.
Unfortunately, the main key technical details are exposed in a somewhat compressed man-
ner in the Russian article [10], the translation of which remains unavailable.

In this section, after explaining how this implies a stronger version of Connes’ trace
theorem, we shall provide a “soft proof” of Birman—Solomyak’s result. This will answer
Question D.
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6.1. Weyl’s law for negative order ¥DOs

In the following (M", g) is a closed Riemannian manifold and E is a Hermitian vector
bundle over M. We keep on using the notation of Section 4.2.

Theorem 6.1 (Birman—Solomyak [9-11]). Let P € W™ (M, E), m > 0, and set p =
nm~'. Then P and | P| are Weyl operators in L , and we have

lim % (P) = [1(2n)—" [, e [|o(P)<x,e>|P]dxds]p, 6.1)
J—>0o0 n S*M

lim j%)tjc(P) = [1(271)—"/ tre [a(P)(x,g)i]dxdg]p (if P* = P). (6.2)
Jj—>o0 n S*M

Remark 6.2. In [9, 10] Birman—Solomyak established the Weyl’s laws above for com-
pactly supported pseudodifferential operators on R” under very low regularity assump-
tions on the symbols. Furthermore, the symbols are allowed to be anisotropic. This was
extended to classical WDOs on closed manifolds in [11].

Remark 6.3. We refer to [1-3,16,25,31,33,56,57], and the references therein, for various
generalizations and applications of Birman—Solomyak’s asymptotics.

Combining Theorem 6.1 for m = n (i.e., p = 1) with Proposition 5.12 provides us
with a stronger form of Connes’ trace theorem (compare Proposition 4.11).

Corollary 6.4. If P € V™" (M, E), then P and | P| are both Weyl operators in £ o, and
hence are strongly measurable. Moreover, we have

][P = %(m)—"/ trg [a(P)(x,s)]dxds, (6.3)
S*M

][ 1P| = L@n) [ trz [|o(P)(x. £)]]dxdE. 64)
n S*M

Remark 6.5. In general, | P| is not a WDO, unless P is elliptic. Therefore, formula (6.4)
is not a direct consequence of Connes’ trace theorem.

In what follows we let Ag = V*V be the Laplacian of some Hermitian connection V
on E. In particular, Ag is (formally) selfadjoint and has principal symbol o(Ag) =
|€|?idg, (where we denote by | - | the Riemannian metric on T*M).

Specializing Corollary 6.4 to P = AE"/“uAE"/“, u € C®(M,End(E)), leads to the
following refinement of Connes’ integration formula (4.3).

Corollary 6.6. [fu € C®(M,End(E)), then A" *un7"* and |A " *un;""*| are both
Weyl operators in £1,00, and hence are strongly measurable. Moreover, we have

][ AE%MAE% = %(271)_” /M trg[u(x)]vg(x)dx, (6.5)
][|AE%uA;%| = l(271)_”/ tre [Ju(x)|]Vg(x)dx. (6.6)
n M
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Remark 6.7. More generally, we have versions of the integration formulas (6.5)—(6.6)
for operators of the form Q*uP, where P and Q are operators in W™/2(M, E) and
u(x) is a potential in the Orlicz class LlogL (M, End(E)) (see [50, 56]; see also [68]).
In particular, the operators P and Q need not to be negative powers of elliptic opera-
tors. Rozenblum [56] actually establishes the results in the scalar case for potentials of
the form v = hu, where p is an Alfhors-regular measure supported on a regular subman-
ifold ¥ C M and # is a real-valued LlogL-Orlicz function on ¥ with respect to u (see
also [57]). If, in addition, E is a Clifford module, then we may replace Ag by E2E , where
D £ is the Dirac operator associated to some unitary Clifford connection on E.

6.2. Proof of Theorem 6.1

We will deduce Theorem 6.1 from the properties of zeta functions of elliptic operators and
their relationship with the noncommutative residue trace. This will clarify the relationship
between Birman—Solomyak’s result and the noncommutative residue. More precisely, we
shall use the following result.

Proposition 6.8 ([32,73]). Let Q € V(M. E), m > 0, be elliptic and let A € ¥°(M, E).
The function z — Tr[A| Q|~?] has a meromorphic extension to C with at worst simple pole
singularities on ¥ 1= {km~'; k € Z, k < n\ in such a way that

1
Res;—q Tr[A|Q]7?] = — Res(4|Q[79), o€Xx.
m
As is well known, the above result implies the following Weyl’s laws.

Corollary 6.9. Let Q € V™ (M, E), m > 0, be elliptic, and set p = nm~L. We have

1 1 7
lim j# (07" = [—an)" [ e [|a<Q>(x,s)|P]dxds] , ©7)
J =0 n S*M

1 1 _ %
lim j3AE(Q ) = [—(2n)—" / trs [G(Q)(x,é)i”]dxdé] i 0% = 0).
Jj—00 n S*M
6.8)

Proof. The first part is a mere restatement of the Weyl’s law for |Q|. Namely, Proposi-
tion 6.8 for A = 1 implies that the function Tr[|Q|7*] = ijo wi(JO1™1)* has a mero-
morphic extension to the half-space 9is > p — 1/m with a single pole at s = p such that

L Res10177) = L @2n) / tez: [|0(Q) (x. §)| P ]dxde.
m m S*M

By using Ikehara’s Tauberian theorem (see, e.g., [63]) we then obtain the Weyl’s law (6.7).
Suppose now that Q is selfadjoint. Let I1o(Q) be the orthogonal projections onto

ker Q and IT14(Q) the orthogonal projections onto the positive and negative eigenspaces

of Q. Here I1p(Q) is a smoothing operator, and IT4(Q) are WDOs of order < 0, since

M. (Q) = %(1 —Te(Q) + Ql0[™).
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In particular, o(IT+(Q)) = %(1 +0(Q)o(|Q™Y)) = M+(c(Q)). Therefore, Proposi-
tion 6.8 for A = T1(Q) shows that the function Tr[T1+(Q)[Q[™*] = 3,50 )kji(Qfl)s
has a meromorphic extension to the half-space is > p — 1/m with a single pole at s = p
such that

~Res (M4(0)Q177) = 20" [ e [Ma(0(@)Io(Q)x. O *Jdxd
S*M

1 _ -
=—Q2n) ”/ trg [U(Q)(x,g)ip]dxdg.
m S*M
As above, using Ikehara’s Tauberian theorem gives (6.8). The proof is complete. ]

We will also need the following version of the BKS inequality.

Lemma 6.10 (Birman—Koplienko—Solomyak [6, Theorem 3]; also [14, Proposition 4.9]).
Let A and B be non-negative selfadjoint operators on H such that A — B € L oo, p > 0.
Then, given any a € (0, 1), the difference A% — B® is in Ly-1 o, and we have

4% = B¥[lq=1 p,00 < CpallA = Bll} o
where the constant Cpq depends only on p and a.
We are now in a position to prove Theorem 6.1.

Proof of Theorem 6.1. Let P € Y™™ (M, E), m > 0, and set p = nm™'. Throughout this
proof we let Ap = V*V be the Laplacian of some Hermitian connection on E. In partic-
ular, 0(Ag) = |£|?idg, and AF™ € W™2"(M, E). Given & > 0 set

Ag = \/P*P + e2A5".

Here A2 — P*P = e2A7" € £,/5.00. Therefore, by Lemma 6.10 the difference A, — | P
e E p/2, y

isin £, o0, and we have
[4e = [P lllp.co < Cpey/IIAE™ llp/2.00-

where the constant C,, does not depend on &. Thus,
Ae — | P| inL,o ase—0. (6.9)

Let Q. € W™ (M, E) have principal symbol (|o(P)(x,£)|? + £2|§|72’”)*1/2=0(A§)’1/2.
In particular, Q. is an elliptic operator. Thus, by Corollary 6.9 the inverse absolute value
|Q¢|7! is a Weyl operator in £, o, and we have

=

P p
2

A(Q ™ = B(zn)—" /S*MtrE [(1lo(P)(x,8)* + &2|£|7>™) ]dxd$:|

— [l(zn)—”/ trg [|a(P)(x,g)|P]dxdgT.
S*M

e—>0 n
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By construction o (| Q¢|™2) = 0(A42), so A2 — | Q|2 is an operator in W21 (M, E)
and hence is in the weak Schatten class £,/ o, Withg =2n(2m + 1)7! < p.Lemma6.10
then ensures us that A, — |Q,|™! is in the weak Schatten class £4 0, and hence is con-
tained in (£p,00)0. It then follows from Corollary 5.11 that A, is a Weyl operator in £, oo,
and we have

r

M) = 800 5 [2em™ [ e lop)cx, P avde ]|

Combining this with Corollary 5.10 and (6.9) then shows that | P| is a Weyl operator in
L p,00, and we have

2

AP = lim A = [ em ™ [ e [lo(P) .ol hide |
£—> n S*M

This proves (6.1).
Suppose now that P* = P. Set B, = %(Ae + P). It follows from (6.9) that

1
By —> ~(|P|+ P) = P4 inLp 0. (6.10)
e—>0 2

In addition, let Q ¢ € V" (M, E) be selfadjoint and have principal symbol

-1

(53 VoI O + -7 + 20(P).0) = (30007 + 30(P)x.)

As Q ¢ 1s elliptic, Corollary 6.9 ensures that Q~€_1 is a Weyl operator in £ o, and we have

@ = [rem [ e[ (VI B +

+ %G(P)(x,é))p]dxdg}

In particular,

1
P

lim AT = [ em [ e[ (Glo e + o)) Jaxde ]

1

p

[%(271)_" /S*M trg [G(P)(x,é)i]dxdg]

By construction, 6(0; ') = %(o(|Q8|_1) + o(P)). Thus, 0; ! — %(|Q8|_1 + P)is
a WDO of order < —(m + 1), and hence is contained in £j o with § = n(m + 1)7L.
As g < p, this implies that Q;l — %(|Q€|_1 + P) is contained in (£p,00)0. We know
that |Q,|™! — A, is in (£p,00)0 as well. Thus, Q~E agrees with %(Ae + P) = B, up to
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an operator in (£,,00)0. It then follows from Corollary 5.8 that B, is a Weyl operator in
L p,00, and we have
1
~ 1 2
AT(Bs) = AT(O) — [—(2n)—n / trg [o(P)(x, S)i]dxdg] .
e—>0 n S*M

Combining this with (6.10) and using Proposition 6.1 shows that P is a Weyl operator in
L) 00, and we have

APa) =ty A (B = |2 [ e o) 0 Jaxde |
e—0 n S*M

This gives the Weyl’s law (6.2) for the positive eigenvalues of P. We get the Weyl’s
law for the negative eigenvalues by replacing P by —P. This completes the proof of
Theorem 6.1. u

Remark 6.11. As mentioned in Remark 6.2, the original version of Birman—Solomyak’s
result on R” in [9] was established for WDOs associated with anisotropic symbols. Conse-
quently, we may expect to have a version of Birman—Solomyak’s result for the Heisenberg
calculus [4, 70] and more generally for the pseudodifferential calculus on filtered mani-
folds [45]. In those settings the pseudodifferential operators are defined in terms of an-
isotropic symbols. Note that we already have a noncommutative residue trace for the
Heisenberg calculus (see [47]), as well as for the pseudodifferential calculus on filtered
manifolds (see [26]).

6.3. Weyl’s laws on Euclidean space

For the sake of completeness we briefly explain how we can recover from the Birman—
Solomyak Weyl’s laws (6.12)—(6.13) on closed manifolds their versions for YDOs on R”.
In particular, this leads to a strong form of Connes’ trace theorem on R”.

In what follows we shall say that a WDO on R” (or more generally on any open
manifold) has compact support if its Schwartz kernel has compact support. Equivalently,
there are compact sets K; C R”, j = 1,2, such that

suppPuC K; YueCPR") and suppuNK,=0=— Pu=0. (6.11)

Note that if P has compact support, then its principal symbol o (P)(x, ) has compact
support with respect to the space variable x.

Theorem 6.12 (Birman—Solomyak [9, 10]). Let P € V™" (R"), m > 0, have compact
support, and set p = nm~'. Then P and | P| are both Weyl operators in L o, and we
have

1 1 %
Jim by = [nen [ [ e o) 6.12)

L1 1 n » .
jlggojmf(m:[;(zn) /R /Snlo(P)(x,S)idxdE} (if P* = P). (6.13)
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Proof. By assumption there is a compact K C R” satisfying (6.11). We can find @ > 0 and
an open set U such that K C U C U C (—a,a)". Denote by M the torus R"/(2aZ)"; this
is a closed manifold. We denote by K; and U, the respective images of K and U in M.
The canonical submersion 7 : R” \ M restricts to a diffeomorphism 7y : U — U; and
yields an isometric isomorphism (77 )« : L%((U) — L%Q (Uy).

Let ¢ € C°(R") be such that ¢ = 1 near K and supp¢ C U. Define ¢ € C*°(M) by
@=¢o(my) tonU;and§ =00n M \ U;.Note that = 1 near K1. Asmjy : U — Uy
is a diffeomorphism, the pushforward operator (7| )+ (Pjy) is in ¥~ (U;), and so we
define an operator in W™ (M) by letting

P = ¢[(mu)«(Pv)]g.

Note that under the standard trivialization T*M = M x R”" given by the global frame
7«(dx7), j = 1,...,n, the principal symbol of P, is given by

om(P1)((x).§) = om(P)(x.§),  x €[-a,a]”, § € R"\O. (6.14)

Bearing all this in mind we have the following isometric embeddings/isomorphisms:

L%(R"™) “— L%(U) ﬁ L% (Uy) — L*(M), (6.15)
* * 1 *

where the far left and far right arrows are induced by the inclusions of U and U; into R”
and M, respectively. By the very definition of P; we have

()« P1 = (Plmw)«(Pw)IP) 1y, = (mu)«(Pv) = (w)«P.

As the embeddings in (6.15) are isometric, it follows from Proposition A.2 that, for all
Jj = 0, we have

wi(P)=pj(Py)  and  AF(P)=27(P) ifP*=P.
Combining this with Theorem 6.1 and using (6.14) gives the result. ]

In particular, for m = —n, i.e., p = 1, combining Theorem 6.12 with Proposition 5.12
yields the following strong form of Connes’ trace theorem on R”.

Corollary 6.13. If P € V7"(R") is compactly supported, then P and | P| are Weyl oper-
ators in £1,00, and hence are strongly measurable. Moreover, we have

][P = %(27{)—" /ﬂ; /Srl o (P)(x, £)dxdE, (6.16)
! —n
][IPI = —(n) /R /SH lo(P)(x,£)|dxdE. (6.17)

Remark 6.14. The strong measurability of compact supported WDOs of order —» and the
formula (6.16) is well known (see [18,34]). The part regarding their absolute values seems
to be new. Once again the absolute value of a negative order WDO need not be a WDO.
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7. Connes’ integration and semiclassical analysis

In this section, we look at the relationship between Connes’ integration and semiclassical
Weyl’s laws for abstract Schrodinger operators, i.e., we shall answer Question E of the
introduction. This highlights neat links between these two fields within Quantum Theory.

7.1. Birman-Schwinger principle

In what follows we let H be a (densely defined) selfadjoint operator on H with non-
negative spectrum such that 0 is either not in the spectrum or is an isolated eigenvalue
with finite multiplicity. Its quadratic form Qg has domain dom(Qg) = dom(H + 1)%.
We denote by H 4 the Hilbert space obtained by endowing dom(Q g) with the Hilbert
space norm,

Il = (Qu(E.&) + [E1%)? = (1 + H)V2E|. & € dom(Qn).

We also let H_ be the Hilbert space of continuous anti-linear functionals on J . Note
that we have a continuous inclusion ¢ : H < JH_ given by

(€@.n) = Eln).  §eIH nelH,.
The operator (H + 1) is a unitary isomorphism from 3 onto J with inverse
(H+1)7Y2 3 - H,.
By duality we get a unitary isomorphism (H + 1)~'/2 : H{_ — % such that
(H+D728n) = (6. (H+ D7), e ned

Let V : H{4 — J{_ be a bounded operator. We denote by Qy the corresponding
quadratic form with domain J{; and given by

QV@’ 77) = <V£:v 77>, 577765{4“

We assume that Qy is symmetric and H -form compact. The latter condition means that
the operator V : H — H_ is compact, or equivalently, (H + D™V2V(H +1)"Y%isa
compact operator on J.

Our main focus is the operator Hy := H + V. It makes sense as a bounded operator
Hy : H4 — J_. As the symmetric quadratic form Qv is H-form compact, it is H -form
bounded with zero H-bound (see [66, §7.8]). Therefore, by the KLMN theorem (see,
e.g., [52,58]) the restriction of Hy to dom(Hy) := H;l(ﬂ-() is a bounded from below
selfadjoint operator on J{ whose quadratic form is precisely Og + Qvy.

It can be further shown that, for all A ¢ Sp(H) U Sp(Hy ), that H and Hy have the
same essential spectrum (see, e.g., [66, Theorem 7.8.4]). Thus, as H has non-negative
spectrum, the bottom of the essential spectrum of Hy is > 0.
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As Hy is bounded from below, we may list its eigenvalues below the essential spec-
trum as a non-decreasing sequence,

Ao(Hy) < AM(Hy) < Ax(Hy) <---,

where each eigenvalue is repeated according to multiplicity. This sequence may be finite
or infinite, or even empty. We then introduce the counting function,

N(Hy:A):=#{j: Aj(Hy) < A}, A < infSp. (Hy). (7.1)

We also set N~ (Hy) = N(Hy;0).

Assume further that 0 lies in the discrete spectrum of H , i.e., 0 is an isolated eigenvalue
of H. Thus, the essential spectrum of H is contained in some interval [a, 00) with a > 0.
We denote by H~!/2 the partial inverse of H /2. Moreover, as H and Hy have the same
essential spectrum, it follows that Hy has at most finitely many non-positive eigenvalues.

The Birman—Schwinger principle was established by Birman [5] and Schwinger [59]
for Schrodinger operators A + V on R”, n > 3. Its abstract version [15, Lemma 1.4] (see
also [41, Proposition 7.9]) allows us to relate the number of negative eigenvalues of Hy
to the counting functions of the Birman—Schwinger operator H =2 VH /2. Note also that
the assumptions on V' ensure us that H “2VH Zisa selfadjoint compact operator. The
Birman—Schwinger principle in the form given in [15, Lemma 1.4] (see also [66]) implies
that

N=(H *VH™3;1) < N"(Hy) < N"(H :VH %;1) + dimker H.  (7.2)

Readers who are unfamiliar with the Birman—Schwinger principle can also find a proof of
the above inequalities in [41].

Proposition 7.1. Assume that H-V2VH Y2 € £, « for some p > 0. We have
lim W22 N~(h*H + V) = lim jA7(H :VH"2)?, 73
Jim, (WH +V) = lim j;( ) (73)

provided any of these limits exists. In particular, the right-hand side semiclassical limit
exists if and only if the negative part of H=Y2VH /2 is a Weyl operator in Ly, 0. More-
over; in this case we have

lim W2’ N~ (h®H + V) = ][ (H2VH2)P. (14)

h—0+

Proof. The first equality is a well-known consequence of the inequalities (7.2). It goes
back to Birman—Solomyak (see, e.g., [8, Theorem 10.1] and [12, Appendix 6]). We give a
proof for reader’s convenience. It follows from (7.4) that, as h — 0%, we have

N~ (h*H +V)=N"(H+h7?V),
= N~(H *h™>VH"3:1) + O(1), (7.5)
= N~(H 2VH™;h%) + O(1).
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Combining this with (5.4) we get
limsuph*’ N~ (h*H + V) = limsup APN_(H_% VH™2; A)
h—0t A—0+
= limsup jA; (H™2VH3;1)". (7.6)

Jj—>00
Likewise, we have

liminfi>? N~ (hH + V) = liminf jA; (H 2 VH2;2)". (1.7)
h—0t Jj—o0
This gives (7.3).
In particular, the right-hand side of (7.3) exists if and only if (H~2VH"2)? is in
W1,00, 1.€., (H_% VH_%)_ is in W, . Moreover, in this case Proposition 5.12 ensures
that (H —2VH": )? is strongly measurable, and we have

][(H—%VH—%)’_’ = lim jA7(H2VH™2)" = lim h*’ N~ (h*H + V).

Jj—o0 h—0t
This gives (7.4). The proof is complete. ]

Remark 7.2. Combining (7.6)—(7.7) with Remark 5.14 shows that, for every extended
limit w, we have

liminfh2? N=(F2H + V) = Try [ (H3VH™3)"| < limsup i N™(hH + V).

h—0%t h—07+

7.2. Semiclassical Weyl’s laws for spectral triples

We illustrate the Birman—Schwinger principle (7.4) with the semiclassical Weyl’s laws for
spectral triples [44,51]. In the framework of noncommutative geometry, noncommutative
manifolds are represented by spectral triples. By this we mean a triple (A, H, D), where A
is a unital x-algebra represented by bounded operators on the (separable) Hilbert space I,
and D is a selfadjoint unbounded operator on I with compact resolvent such that

a(dom(D)) C dom(D) and [D,a] € L(KH) Va € A. (7.8)

We further say that (A, 7, D) is p-summable, with p > 0, if the partial inverse D! is in
Lpoos 1.€., D~ is an infinitesimal of order 1/ p.
The prototype of a spectral triple is given by a Dirac spectral triple

(C®(M), L*(M, $)., P),

where M™ is a closed Riemannian spin manifold, L2(M, §) is the Hilbert space of L2-
spinors and [ is the Dirac operator on M acting on spinors. A simpler spectral triple is
(C*®(M), Lﬁ, (M), \/Agz), where A, is the Laplacian of (M, g). Both spectral triples are
n-summable.
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In what follows we let (A, 3, D) be a p-summable spectral triple with p > 0. We
denote by A the closure of A in £(7). If a € A is positive and invertible in £(7), then
the operator a D?a is selfadjoint and has compact resolvent. Thus, its spectrum can be
arranged as a non-decreasing sequence,

Ao(aD?a) < Ay(aD%a) < Ay(aD%a) < -+,
where each eigenvalue is repeated according to multiplicity.

Condition 7.3. For every a € A which is positive and invertible in £(J{), we have
. -2 2 _p—2
lim j~?A;(@D%a) =tla™?] 7, (7.9)
j—o0o

where 7 : A — C is a given positive linear map.

Remark 7.4. The Weyl’s law (7.9) can often be proved by using Tauberian theorems
(see [51]). Note that in many examples checking it for @ # 1 can be done in the same way
as fora = 1.

Under Condition 7.3 it is shown in [51] that, for any ¢ > 0 and a € ﬁ, we have the
spectral asymptotics,

lim j 71, (1D|"%a|D|"%) = <[lal %], (7.10)
j—>o00

q
lim j7AF(ID"%alD|"%) = t[(ax)7]”  (ifa* =a). (7.11)
j—oo

For ¢ = p, by combining the asymptotics (7.10)—(7.11) with Proposition 5.12, we
get the following extension to spectral triples of the strong form of Connes’ integration
formula stated in Corollary 6.6.

Proposition 7.5 ([51]). If Condition 7.3 holds, then, for every a €A, the operators a|D|™P
and |D|~P/2a|D|~P/2, along with their absolute values, are Weyl operators in L1 o0, and
hence are strongly measurable. Moreover, we have

][a|D|_” = ][ |D|"%a|D|"% = t[a], (7.12)
][|a|D|_1’| = ][ IDI"2a|D|"2| = t[lal]. (7.13)

Note that (7.10) identifies the linear form t with the NC integral a — f a|D|™?.
Moreover, by combining the spectral asymptotics (7.11) with Proposition 7.1 we arrive at
the following semiclassical Weyl’s laws for spectral triples.

Proposition 7.6 ([51]). Let g > 0. If Condition 7.3 holds, then, for every V = V* € A,
we have

Jim hPNT (B3 4 V) = ][(V_)z%|D|_p. (7.14)
—0
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Remark 7.7. In [44], McDonald—Sukochev—Zanin obtained spectral asymptotics similar
to (7.10) in the case ¢ = p and a semiclassical Weyl’s law similar to (7.14) in the case
g = 1. This is done by further requiring the spectral triple (A, H, D) to be p-summable
with p > 2 and to be Lipschitz-regular. Moreover, Condition 7.3 is replaced by a more
stringent Tauberian condition for the zeta functions z — Tr[a?|D|™?],a € A, a > 0.

Examples of spectral triples satisfying Condition 7.3 include spectral triples associated
with the following operators:

(i)  Dirac-type operators and square-roots of Laplace-type operators on closed
Riemannian manifolds.

(i) Dirichlet-to-Neumann operators on boundaries of compact Riemannian mani-
folds.

(iii) Square-roots of Dirichlet and Neumann Laplacians on domains 2 C R” with
smooth boundaries.

(iv) Dirac operators and square-roots of magnetic Laplacians on open manifolds
with conformally cusp metrics (see [S1]).

(v)  Square-roots of Hormander’s sub-Laplacians on equiregular sub-Riemannian
manifolds (see [51]).

(vi) Square-roots of (flat) Laplacians on noncommutative tori (see [51]).

The spectral asymptotics and semiclassical Weyl’s laws for the examples in (i) and (iii)
are well known. We get the same kind of asymptotics for Dirichlet-to-Neumann operators,
since they are WDOs with same principal symbols as square-roots of Laplacians (see,
e.g., [36,71]). We refer to [51] for a detailed description of these asymptotics for the
examples (iv)—(vi).

Note that on NC tori the semiclassical Weyl’s law (7.14) does not hold for square-roots
of Laplace—Beltrami operators associated with arbitrary Riemannian metrics, including
the conformally flat metrics of [23] (see [42] on this point). Incidentally, those operators
do not provide spectral triples, since the boundedness condition (7.8) need not to hold.
We refer to [42] for the semiclassical Weyl’s laws for Schrodinger operators built out of
powers of Laplace—Beltrami operators in this setting. The approach in [42] is also using
the Birman—Schwinger principle (7.3)—(7.4).

7.3. Semiclassical Weyl’s laws and integration formulas on Euclidean spaces

For the sake of completeness we briefly sketch how the Weyl’s laws (6.13) allow us to
recover the semiclassical Weyl’s laws for Schrodinger operators on R” with L?-potentials
associated with fractional Laplacians A7, ¢ < n. We will then re-interpret these semi-
classical Weyl’s laws in terms of Connes’ NC integral. Note that if A is the (positive)
Laplacian on R” then N~ (h2A + V) is the number of bound states of h2A + V.

For ;t > 0 and m € R the operator (A + u?)™ is the multiplication by (|£|? + u?)™
in the Fourier variable. For &t = 0 and m > —n/2 we define A”/2 as the multiplication
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by |&|™; this is the celebrated fractional Laplacian (see, e.g., [17]). We have the following
consequence of the Cwikel estimates [24].

Proposition 7.8 ([24]). Assume0<q <n/2, andsetr =n/2q.Ifu>0and f € L"(R"),
then (A + p2)=22 f(A + p2)=/2 ¢ L 00, and we have

_4 _4
[(A+u)72 f(A+ 1) 72, o = Cagll fllLr
where the constant C, 4 does not depend on i or f.

Letg € (0,n/2) and 2 > 0, and set r = n/24. Note that (A + ©?)~%/2 isa ¥DO on R”
of order —q whose principal symbol is [§|72. If f € C2°(R") and we pick Y € CX(R")
such that ¢ = 1 near supp V, then it can be shown that

(A+ )72 f(A+ )72 = (A +p?) 72 f(A + 4?72y mod (Lreodo. (7.15)

Here ¥/ (A + u2)~2 f(A + u2)~'/2y is a compactly supported ¥DO of order —g on
R” whose principal symbol is f(x)|&|74, and so the Weyl’s laws (6.13) apply. In view
of (7.15) and Corollary 5.8 these asymptotics hold for (A + u2)~9/2 f(A + u?)~9/2.
Combining this with Corollary 5.7 and the density of C>°(R") in L"2(R™), and using
Proposition 7.8, we then arrive at the following result.

Proposition 7.9. Let g €(0,n/2). For any i > 0 and real-valued function f € L™/24(R™),
we have

2q
tim 7 AE(A 47D+ 2 = (e(n) / fi(x)z”qu) RNCAt
j—o00
where we have set c(n) = %(27{)_" |S™1.
Remark 7.10. It can be also shown that, for all x > 0 and f € Ln/24 (R™), we have
2q
. .29 —4 _4q n "
Jm o (A DT A+ ) 72) = (C(n)[ If(x)lzqu) :
We are now in the position to recover the semiclassical Weyl’s law for fractional
Schrodinger operators.
Theorem 7.11 (Rozenblum [54,55]). Let g € (0,n/2). For every real-valued potential V

in L"/24(R"), we have

lim W"N~(h* AT+ V) = c(n)[ V_(x)27dx. (7.17)

h—0t

Proof. Even though we have the spectral asymptotics (7.16) for u = 0, we cannot apply
directly the Birman—Schwinger principle (7.3) for H = A4, since 0 is in the continuous
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spectrum. We observe that the proof of the Birman—Schwinger principle (as presented,
e.g.,in [15] or [41]) still allows us to get the inequality,

N™(A?+V) < N"(A"2VA™2; 1)

Therefore, by using the spectral asymptotic (7.16) for 4 = 0 and arguing as in (7.5) we
get

limsupN_(hquq + V) < lim j)Lj_(A_ﬁ VA_i) = c(n)[ V_(x)2dx. (7.18)

h—0t j—oo

For p > 0 the Birman—-Schwinger principle (7.3) for H = (A + u?)4 applies. Together
with (7.16) this gives

lim N™(h2(A + p2) + V) = lim jA7((A+p>) 7 2V(A + pu2)7%)
h—0t j—o0
= c(n)/ V_(x)2dx.

As AY < (A + pu?)?, we have N~ (h*1A9 + V) > N~ (h*?(A 4+ u?)? + V), and hence
liminf N~ (h*7A7 + V) = lim N~ (h*9(A 4+ p?>)? + V) = c(n)/ V_(x)%dx.
h—0t h—07+

Combining this with (7.18) gives the result. ]

To get integration formulas on R”, n > 2, we need to use the Orlicz space LlogL(R").
Recall it consists of measurable functions f on R” such that

[ 1 eltog(t + £ < oc.
It is a Banach space with respect to the norm

1f lziogr = inf{t > 0: 7! flog(1 + ¢~ [ fDllzr <1}, f € LlogL(R").

Note that we have a continuous inclusion of LlogL(R") into L'(R"). We are interested
in the subspace

V.= {f € LlogL(R"); / | f(x)]log(1 + |x]|)dx < oo}.

This is a Banach space with respect to the norm

1A 1lv s= 1/ | Ziogr + / | f()[Tog(1 + [xDdx,  feV.

In dimension 2, the class 'V was introduced by Shargorodsky [62].
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We have the following Cwikel-type estimate.

Proposition 7.12 ([69]; see also [67]). If f € V, then A™"* fA™/* € L} o, and we
have

|ATE a5 < Gall fllv,
where the constant C,, does not depend on f.

Remark 7.13. A Cwikel-type estimate for the larger Dixmier—Macaev ideal is given
in [40]. That estimate is actually stated for functions in the Lorentz space A!(R"). It
seems to be known that the latter space agrees with LlogL(R").

Thanks to Proposition 7.12 we may use the same kind of arguments as those that lead
to Proposition 7.9 to get the following spectral asymptotics.

Proposition 7.14. For every f €V, we have

Jim iy (875 rA7H) = cto) [ 17 ldx, 7.19)
lim jkf(A_%fA_%) =c(n) [ fr(x)dx (if f is real-valued). (7.20)
j—o00 ’

Combining the spectral asymptotics (7.19)—(7.20) with Proposition 5.12 yields the
following integration formula.

Theorem 7.15. If f €V, then (1 + A) ™4 f(1 + A)™*and (1 + A)™/* f(1 + A)™/4
are Weyl operators in £1,0, and hence are strongly measurable. Moreover, we have

][A—%fA—% = c(n)/f(x)dx, (7.21)
][|A—%fA—%

Remark 7.16. A version of (7.21) in terms of continuous traces on the wider Dixmier—
Macaev ideal M o is given in [40, Theorem 1.2]. Note that there are many traces on £ o0
that do not extend to M  (see, e.g., [61, Theorem 4.7]). The integration formula (7.22)
is new.

= c(n) / | £(x)|dx. (7.22)

In particular, the integration formula (7.21) allows us to rewrite the semiclassical
Weyl’s law (7.17) in terms of the NC integral.

Corollary 7.17. Let q € (0,n/2). For any real-valued measurable potential V(x) on R"

such that |V|"/?4 € V), we have

lim h"N~(h?1A7 + V) = ][ ATH(V)2ATE,

h—0t
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A. Embeddings of Hilbert spaces

In this section, we gather a few basic facts about embeddings of Hilbert spaces and their
actions on Schatten and weak Schatten classes.

Given quasi-Banach spaces € and &’, a continuous linear embedding ¢ : & — € is a
continuous linear map which is one-to-one and has closed range. For instance, any iso-
metric linear map ¢ : & — & is an embedding.

Suppose now that H and H' are Hilbert spaces, and let ¢ : H' — H be a continuous
linear embedding. Denote by J; the range of . By assumption this is a closed subspace
of . The embedding ¢ : H' — H induces a continuous linear isomorphism ¢ : H' — H;
whose inverse is denoted :=! : 7(; — F’. Let  : 7{ — J{ be the orthogonal projection
onto 3(;. Then (~! o 7 is a left-inverse of (. More precisely,

(lom)or=idge, to(tlom) =m.
The pushforward ¢« : L(H') — L(K) is then defined by
wA=10Ad0 @ tom), A€ L(FH). (A.1)

In fact, with respect to the orthogonal splitting H = JH; & }Cf- we have

At 0
L*A_( ] 0). (A2)

In particular, we see that the pushforward map ¢, : £L(H') — £(3) is a continuous embed-
ding. It is also multiplicative, and so we get an embedding of (unital) Banach algebras.

If in addition ¢ is an isometric embedding, then ¢, : L(H') — L(F) is an isometric
embedding as well. In fact, as ¢ : H' — H; is then a unitary operator, and so in view
of (A.2) we have t4(A*) = (t+A)*. Thus, in this case, tx : L(H') — L(FH) even is an
(isometric) embedding of C *-algebras.

In any case, the pushforward ¢, : £L(H') — L£(H) maps compact operators on H' to
compact operators on H. Moreover, in view of (A.2) we have the following result.

Proposition A.1. If A is a compact operator on H', then A and 1+ A have the same
non-zero eigenvalues with the same algebraic multiplicities. In particular, any eigenvalue
sequence for A is an eigenvalue sequence for 1 A, and vice versa.

Suppose that ¢ : H' — H is an isometric embedding. As mentioned above ¢4 : L(H') —
L(H) is an isometric embedding of C*-algebras. Thus, for any A € L(H') and f €
C(Sp(A)) we have

-1
Flted) = (‘f (/(1))‘ 8) — 1, f(A).

In particular, we have |t« A| = t«|A|. Moreover, A is selfadjoint if and only if ¢ A is, and
in this case, (tx4)+ = 2(|txA| £ 14 A) = (1| A| £ txA)tstx(A+). Combining this with
Proposition A.1 we then arrive at the following statement.
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Proposition A.2. Assume that 1 : H' — H is an isometric embedding, and let A be a
compact operator.

(1) The operators A and 1« A have the same non-zero singular values with the same
multiplicity.

(2) If A* = A, then A and 14 A have the same positive and negative eigenvalues with
the same multiplicity.

In general, as ¢ : H' — JH; is a continuous linear isomorphism, we can pullback the
inner product on H; to a new inner product on H’, which is equivalent to its original
inner product. With respect to this new inner product the embedding ¢ : H' — H becomes
isometric. Thus, given any compact operator A on H’, the singular value sequence of
1« A agrees with the singular value sequence of A with respect to the new inner product
on H'. As this inner product is equivalent to the original inner product of H’, by using the
min-max principle (2.1), we eventually arrive at the following result.

Proposition A.3. Let 1 : H' — H be a continuous linear embedding.

(1) There is ¢ > 0 such that, for every compact operator A on H', we have
¢ i (A) < pj(eA) < cpj(A) V) =0.
We may take ¢ = 1 when t is an isometric embedding.

(2) Given any p > 0, the operator A is in the class L, (3') (resp., Lp oo (H')) if and
only if tx A is in L, () (resp., Lp,oo(H)). Moreover, the pushforward map (A.1)
induces continuous linear embeddings,

bt Lp(H') = L,(F), e Lpoo(H') = Lp,0o(H).
These embeddings are isometric whenever t is an isometric embedding.

Remark A.4. Part (2) holds more generally for any symmetrically normed ideal.
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