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Abstract

Given a compact Lie group G, in this paper we give symbolic criteria for operators to be nuclear and r-nuclear on L? (G)-spaces,
with applications to distribution of eigenvalues and trace formulae. Since criteria in terms of kernels are often not effective in view
of Carleman’s example, in this paper we adopt the symbolic point of view. The criteria here are given in terms of the concept of
matrix symbols defined on the noncommutative analogue of the phase space G x G, where G is the unitary dual of G. No regularity
of the kernel (or of the symbol) is assumed so that several of the obtained criteria extend to the more general setting of compact
topological groups.
© 2013 Elsevier Masson SAS. All rights reserved.

Résumé

Soit G un groupe de Lie compact, dans cet article on établit des criteres sur les symboles pour assurer qu’un opérateur est
nucléaire et r-nucléaire sur les espaces L”(G), avec des applications a la distribution des valeurs propres et la formule pour la
trace. Depuis des criteres en termes de noyaux ne sont souvent pas efficase en vue de I’exemple de Carleman, dans cet article, on
adopte le point de vue symbolique. Les criteres ici sont donnés en termes du concept de symboles matriciels définis sur I’analogue
non commutatif de I’espace des phases G x G, ou G est le dual unitaire de G. Aucune régularité sur le noyau (ou du symbole)
n’est supposée de sorte que plusieurs des criteres obtenus s’étendent au cas plus général des groupes topologiques compacts.
© 2013 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Let G be a compact Lie group. In this paper we address the following problems:

e to find criteria for operators to be nuclear on L?(G), for 1 < p < o0;
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e since in the Banach spaces, due to Grothendieck’s work [9], we know that in order to have the operator trace
to agree with the spectral trace, the notion of nuclearity is not sufficient, to find criteria for the r-nuclearity
(0 <r < 1) and to apply this to derive information on the spectral behaviour and on the traces of operators on
LP(G).

Our analysis will be based on the global quantisation recently developed in [19] and [21] as a noncommutative ana-
logue of the Kohn—Nirenberg quantisation of operators on R”.

In general, for trace class operators in Hilbert spaces, the trace of an operator given by integration of its integral
kernel over the diagonal is equal to the sum of its eigenvalues. However, this property fails in Banach spaces. The
notion of r-nuclear operators becomes useful, and Grothendieck [9] proved that %-nuclear operators in this scale
satisfy the Lidskii trace formula on L”-spaces. The question of finding good criteria for ensuring the r-nuclearity
of operators arises but this has to be formulated in terms different from those on Hilbert spaces and has to take into
account the impossibility of certain kernel formulations in view of Carleman’s example [2] recalled below.

The main results of the paper (in the setting of operators on a compact Lie group G) do not impose any conditions
on the regularity of the kernel (or of the symbol), and include:

e sufficient conditions for operators from L?!(G) to LP2(G) to be nuclear, for 1 < py, p2» < 00;

e sufficient conditions for operators from L?!(G) to LP2(G) to be r-nuclear, for 0 <r < 1, 1 < py, p2 < 00;

e a new trace formula relating the operator trace to an expression involving the matrix-symbol of an r-nuclear
operator (for 0 < r < 1), which in turn is equal to the sum of eigenvalues by the Lidskii formula (for 0 < r < %);

e an application to the trace formula for the heat kernel.

In order to get an efficient criterion for the r-nuclearity, the application of the notion of a matrix symbol of an
operator on a compact Lie group will be instrumental. We also give several further applications. A special feature of
our criteria is that we do not assume any regularity condition on the symbols, which shows a certain advantage in
comparison with the traditional Kohn—Nirenberg quantisation in the manifold setting. Here we will completely drop
regularity assumption on the symbol as a consequence of the technique of noncommutative quantisation that we are
using.

As a result, several of our criteria are valid on compact topological groups, without assuming the differential
structure of a Lie group.

While Grothendieck’s result yields the same index 2/3 for all L?-spaces, we relate the index r of the r-nuclear
operators with the index p of LP-spaces in which the trace formula holds. Nuclearity criteria for operators on L? with
smooth symbols in Hormander classes have been analysed, see e.g. Shubin [24, Section 27]. The problem of finding
criteria for Schatten classes in terms of symbols with lower regularity has been of interest in the last years, see e.g.
[26,27,1].

Symbolic criteria for the L?”-boundedness of operators on compact Lie groups, the Mikhlin—-Hormander multiplier
theorem and its extension to non-invariant operators for 1 < p < oo, are presented in [23].

To formulate the notions more precisely, let £ and F be two Banach spaces and let 0 < » < 1. A linear operator 7'
from E to F is called r-nuclear if there exist sequences (x),) in E” and (y,) in F so that

o
Tx =Y x,(x)yn (1.1)
n=1
and
o0
D xnl e yally < oo (12)
n=1

The class of r-nuclear operators is usually endowed with the quasi-norm

o0 r
e (T) =infd Y " |lxs | lynllp § (1.3)

n=1
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where the infimum is taken over the representations (1.1) of T such that (1.2) holds. When r = 1 we obtain the ideal of
nuclear operators and n(-) is a norm. In this case the definition above agrees with the concept of trace class operators
in the setting of Hilbert spaces (E = F = H).

Since we are also interested in the distribution of eigenvalues we shall consider the case £ = F and the notion
of the trace. In order to ensure the existence of a good definition of the trace on the ideal of nuclear operators J1(E)
one is led to consider the Banach spaces E enjoying the so-called approximation property (cf. [16,4]). It is well
known that the spaces L?(£2, M, u) satisfy the approximation property for any measure p and 1 < p < oo (cf. [14,
Lemma 19.3.5]). Thus, a Banach space E is said to have the approximation property if for every compact subset K of
E and every € > 0 there exists a finite rank bounded operator B on E such that

[x — Bx||g <€ forallx € K.

On such spaces, if T : E — E is nuclear, the trace is well-defined by

Te(T) =) x, ().

n=1

where T = Z;i 1 X, ® yn is arepresentation of T as in (1.1). It can be shown that this definition is independent of the
choice of the representation.

In the setting of Hilbert spaces the class of r-nuclear operators agrees with the Schatten—von Neumann ideal of
order r, a result due to R. Oloff (cf. [13]). When r = %, Grothendieck proved (cf. [9]) that the trace in Banach
spaces agrees with the sum of all the eigenvalues with multiplicities counted. In Hilbert spaces this holds for nuclear
(i.e. trace class) operators, the result which is known as the Lidskii formula (cf. [12]). It has been proven by A. Pietsch
[15] that if » > 1 the class of operators having decomposition (1.1) and satisfying (1.2) is essentially reduced to the
null operator. The question about the sharpness of the index r = % for trace formulae in the case of L”-spaces has
been recently considered by Reinov and Laif [17]. Being in the class of r-nuclear operators can be used to deduce
properties concerning the asymptotic behaviour of the corresponding operators. The statement relating Grothendieck’s
r-nuclearity result to the Lidskii formula in L?-spaces is known as a Grothendieck—Lidskii formula (see e.g. [17])
and we give its variant on compact Lie groups in Theorem 4.2 for 0 < r < 2/3 and in Corollary 4.4 for 0 <r < 1
with % =1+ |% - %|. The r-nuclear operators are sometimes known as p-nuclear operators, but here we will reserve
the index p to indicate the L”-spaces. A description of the current state of the art of the general theory of p-nuclear
operators has recently appeared in Hinrichs and Pietsch [10].

Among other things, in this paper we establish sufficient conditions on the matrix-valued symbol of an operator
in order to ensure the r-nuclearity in L”-spaces. The nuclearity of pseudo-differential operators on the circle T! has
been recently analysed in [7] but the situation in the present paper is much more subtle because of the necessarily
appearing multiplicities of the eigenvalues of the Laplacian on the noncommutative compact Lie groups; moreover,
due to the commutativity of the torus, the symbol there is scalar and hence all of its “matrix”-norms are uniformly
equivalent which is not the case if the group G is noncommutative.

We shall now briefly recall a classical result of Carleman [2] which will be helpful to clarify the significance of our

symbolic criteria. In 1916 Torsten Carleman constructed a periodic continuous function x(x) = fo’:_ o cpemin
i.e. a continuous function on the commutative Lie group T, for which the Fourier coefficients c, satisfy
o
Z len|” =00 forany r < 2.
n=-—00
Now, considering the normal operator
Tf=/fxx (1.4)

acting on L%(T") one obtains that the sequence (c, ), forms a complete system of eigenvalues of this operator corre-
sponding to the complete orthonormal system ¢, (x) = g2minx T ¢, = cu¢y. The system ¢, is also complete for 7%,
T*¢,, = ¢, Pn, the singular values of T are given by s,(T) = |c,| and hence

o

Y s(T) =00,

n=—0o
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for » < 2. Hence, the operator T is not nuclear. Moreover, due to the aforementioned Oloff’s result the operator
T is not r-nuclear for 0 < » < 1. However, the continuous integral kernel k(x, y) = »(x — y) satisfies any kind of
integral condition of the form [[ |k(x, y)|* dx dy < oo due to the boundedness of k. This shows that it is impossible
to formulate a sufficient condition of this type for the kernel ensuring nuclearity on the torus T'.

In this work we will establish conditions imposed on symbols instead of kernels ensuring the r-nuclearity of
the corresponding operators. The criteria that we will obtain in the general case for the nuclearity from LP!(G) to
LP2(G) will depend on whether p; < 2 or p; > 2. The formulation for the left-invariant operators is simpler than
that in the general case, and in this respect, the result on the left-invariant operators with symmetric symbols is that
in Theorem 3.4, saying that if 1 < p1, pp <ocoand 0 <r < 1, andif A: LP'(G) — LP2(G) is a left-invariant linear
continuous operator, formally self-adjoint, with matrix-valued symbol o4 (§) satisfying

1+
>

[£1eG

(')L_“L)r r
mn HGA(E)||Sr<oo, (1.5)

where p; = min{2, p1}, p» = max{2, py}, then the operator A : L’ (G) — LP2(G) is r-nuclear. We also analyse the
general case of non-self-adjoint non-invariant operators but in this case conditions analogous to (1.5) become more
complicated. This is in contrast to criteria for Schatten classes in the case of p; = p> =2 (see [6]) when the conditions
do not depend on whether the operator is self-adjoint or not.

For p; = p> we will apply this to the question of the convergence of the series of eigenvalues of operators and to
the validity of the Lidskii formula. Thus, for 1 < p <ocand 0 <r < 1,if A: L?(G) — LP(G) is a linear continuous
r-nuclear operator with the matrix-valued symbol o4 (x, &), then (under certain conditions) in Theorem 4.2 we prove
the trace formula

TrA:/ Z dSTr(aA(x,é))dx (1.6)
G [£1eG

relating the operator trace to the matrix symbol of the operator. If in addition 0 < r < %, we have by the Lidskii
formula also the equality

TrA:ZAn(A), (1.7)

n=1

where 1, (A) denote the eigenvalues of A counted with multiplicities.

We give examples applying our results to the heat kernel on general compact Lie groups (Section 4.1) as well as to
the Laplacian and the sub-Laplacian on SU(2) ~ S3 and on SO(3) (Section 3.2).

In Section 2 we discuss and formulate the known criteria for nuclearity as well as make a short introduction to the
noncommutative matrix quantisation on compact Lie groups. In Section 3 we move to the setting of L”-spaces and
formulate our criteria for the r-nuclearity. There are different possibilities of how to impose conditions on the symbol.
We will discuss both the cases of invariant and non-invariant operators, and give examples of our results on the tori,
on the group SU(2) and on SO(3). In Section 4 we give applications to summability of eigenvalues, trace formulae
and the Lidskii theorem. In particular, in Section 4.1 we give the example of the heat kernel and its trace.

2. Preliminaries

In this section we recall some basic facts about the concepts of nuclear and r-nuclear operators, and the notion of the
trace on Banach spaces. In particular, we consider the trace of nuclear operators on L? (u). The fact that these spaces
satisfy the approximation property is a classical result (cf. [9,14]). We refer the reader to [14] and to [16, Chapter 4.2]
for the general theory of traces on operator ideals and the notation used in this section, see also [8] for an exposition
on the distribution of the eigenvalues. For the theory of pseudo-differential operators on compact Lie groups the we
refer to [19] and [21].

In the case of L?-spaces we first record the following characterisation of nuclear operators (cf. [3]). In the statement
below we shall consider (£21, M1, 1) and (§22, M>, u2) to be two o-finite measure spaces.
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Theorem 2.1. Let 1 < p1, p2 < 0o and let g1 be such that % + ql_. = 1. An operator T : LP' (1) = LP2(uy) is

nuclear if and only if there exist sequences (gn)y in LP2(12), and (hy), in L (wy) such that ¥ ooy |lgnll o2 |hnllpar <
oo, and such that for all f € LP' (1) we have

77 = [ (Zgnu)hn(y))f(y)dm(y), for ae. x.

n=1

Remark 2.2. An analogue of the characterisation above holds for r-nuclear operators, 0 < r < 1, replacing the terms
lgnllrz Anllzar DY 180l p; 1An |l 4y in the sum, i.e. under the condition that

o
> gl allar < o0.

n=1

A distribution of the eigenvalues for r-nuclear operators can be obtained from the next theorem relating the
eigenvalues and the class of r-nuclear operators (cf. [9, Chap. II, p. 16], [8, Chap. 5, Theorem 4.2]):

Theorem 2.3. Let E be a Banach space which has the approximation property. Let T be an r-nuclear operator from
E into E for some 0 <r < 1. Then

S D <nim), —==—2,
n=1 N r 2

where A, (T) denote the eigenvalues of T with multiplicities counted, and where n,(T) is defined in (1.3).

Remark 2.4. (i) Note that from % = % — % we obtain that s = ZZT’r for 0 < r < 1. In particular, the function s(r) = Zz%r
has the range (0, 2]. It is clear that if s > 2 the series on the left in Theorem 2.3 also converges but the interesting
situation is to find smaller values of s ensuring such convergence.

(i1) Theorem 2.3 was established by Grothendieck [9], and later extended by e.g. Konig [11, p. 107] to the scale of
Lorentz sequences spaces; see also [16, Theorem 3.8.6].

@1ii) If r =1 we get s = 2, a classical result by Grothendieck (cf. [9]) establishing the square summability of
eigenvalues for nuclear operators. It is also known by Grothendieck that s = 2 is the best possible exponent in

this case.

Theorem 2.3 will be applied jointly with our sufficient conditions for r-nuclearity, to obtain estimates on the
asymptotic behaviour of the eigenvalues. From this point of view, the main goal of this paper becomes to find suitable
criteria for ensuring the r-nuclearity of an operator.

Given a compact Lie group G, in this work we consider §2; = §£2, = G and M = M| = M3, the Borel o -algebra
associated to the topology of the smooth manifold G, with u = u; = u, the normalised Haar measure of G. The
results of this paper concerning multiplier operators do not use the differential structure of G and hold on general
compact groups. When talking about compact topological groups in this paper we will always assume that the set
consisting of the unit element {e} is closed, so that the group is Hausdorff.

Let G denote the set of equivalence classes of continuous irreducible unitary representations of G. Since G is
compact, the set G is discrete. For [£] € G, by choosing a basis in the representation space of &, we can view &
as a matrix-valued function & : G — C%*%  where dg is the dimension of the representation space of &£. By the
Peter—Weyl theorem the collection

(Ve &j: 1<, j <dg, [E]€ G}

is an orthonormal basis of L?(G). If f € L'(G) we define its global Fourier transform at & by

Fef & =f@® 2=/f(X)$(x)*dx, 2.1)
G
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where dx is the normalised Haar measure on G. Thus, if £ is a matrix representation, we have f (§) € Cexds
The Fourier inversion formula is a consequence of the Peter—Weyl theorem, so that

flx)= Z de Tr(& ) f ®)). (2.2)
[£1eG

Given a sequence of matrices a(§) € C% >4 we can define

(Fgla)x) = > de Te(E(x)a(®)), (2.3)

616G

where the series can be interpreted distributionally or absolutely depending on the growth of (the Hilbert—Schmidt
norms of) a(£€). For a further discussion we refer the reader to [19].

For each [£] € G, the matrix elements of & are the eigenfunctions for the Laplacian Lg (or the Casimir element of
the universal enveloping algebra), with the same eigenvalue which we denote by —)leé > so that

—LGEij(x) = Apkij(x) forall 1 <i, j <de. (2.4)

The weight for measuring the decay or growth of Fourier coefficients in this setting is (§) := (1 + )\[zg]) > , the eigen-

values of the elliptic first-order pseudo-differential operator (I — L) 2. The Parseval identity takes the form

. 12 . L
1£ 1226 =< > d ||f<é)||§s> . where | )55 = Te(£©) f6)%), 2.5)

[£1eG

which gives the norm on Ez(é).
For a linear continuous operator A from C*°(G) to D'(G) we define its matrix-valued symbol o4 (x, &) € Cdexds
by

oA(x, £) = E(X)*(AE) (x) € Clexde, (2.6)

where A& (x) € C9% %4 is understood as (A&(x))ij = (A&;j)(x), i.e. by applying A to each component of the matrix
&(x). Then one has [19,21] the global quantisation

Af(x)= ) di Tr(E(x)oa(x,6) f(©)) 2.7)

[£1eG

in the sense of distributions, and the sum is independent of the choice of a representation & from each equivalence
class [£] € G. If A is a linear continuous operator from C*°(G) to C*°(G), the series (2.7) is absolutely convergent
and can be interpreted in the pointwise sense. We will also write A = Op(o4) for the operator A given by the formula
(2.7). The symbol o4 can be interpreted as a matrix-valued function on G x G. We refer to [19,21] for the consistent
development of this quantisation and the corresponding symbolic calculus. If the operator A is left-invariant then its
symbol o4 does not depend on x. We often call such operators simply invariant.

We now record simple inequalities on the norms of the representation coefficients which will be essential for
the analysis of the r-nuclearity. The result holds in a more general setting of compact (Hausdorff) groups without
assuming the differential structure:

Lemma 2.5. Let G be a compact group and let [€] € G. Then for all 1 <1i, j <dg we have

a’g , 2< g <00,
I€ijllaey <y~ (2.8)
de *, 1<q<2,

where for g = 0o we adopt the usual convention d%__ 1=1.
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Proof. If ¢ = oo, for any y € G we have [£(y);j| < [I5()llop = 1 by the unitarity of representations in G.If2< q <
oo we apply the inequality

=2 2
Iz <N Fllge AN

/ _1
Using that \/d; &;; is an orthonormal set in L*(G), ie. that |I&;ll.> = d, *, and that we have just showed that
I€ijllL < 1, we obtain

q-2 _1
”&/”L‘I(G) ||'§l/||Loo ”gl/” ”SI/HLZ <d ‘.

Finally, for 1 < ¢ < 2, using Holder’s inequality, we get

1_% 2 % _9q
1€ 170 (c) =/’§ij(,V)|q dy < (/ 1dy> (/’Eij(Y)’q" dy) < ||§ij”iz<G) =d, *,
G G G

where we have used the fact that the Haar measure on G is normalised. O

Our criteria will be formulated in terms of norms of the matrix-valued symbols. In order to justify the appearance
of them, we recall that if A € ¥ (G) on a compact Lie group G is a pseudo-differential operators in Hérmander’s
class ¥ (G), i.e. if all of its localisations to R" are pseudo-differential operators with symbols in the class Sffo ®R"),
then the matrix-symbol of A satisfies

loatx. &), <CE™ forallxeG, [§1€6.

Here | - ||op denotes the operator norm of the matrix multiplication by the matrix o4 (x, §). For this fact, see e.g. [19,
Lemma 10.9.1] or [21], and for the complete characterisation of Hérmander classes ¥ (G) in terms of matrix-valued
symbols see also [22]. In particular, this motivates the usage of the operator norms of the matrix-valued symbols.
However, since o4 is in general a matrix, other matrix norms become useful as well.

3. r-Nuclearity on L?(G) and examples

In this and next sections we analyse the r-nuclearity and trace formulae in L”-spaces. We recall that the case
r =1 corresponds to the class of nuclear operators. One of the features of the obtained criteria is that they require
the integrability (in some L”-spaces) of symbols o4 (x, £) with respect to x but do not assume any regularity of the
symbol.

We start by proving the following sufficient condition for the r-nuclearity of operators on L?(G) with symbols
depending only on £. We note that the property that the symbol depends only on & means that the operator is
left-invariant, that is, it commutes with the left translations on the group G.

Theorem 3.1. Let G be a compact group and let 0 < r < 1. Let A : L*(G) — L?*(G) be a linear continuous operator
with matrix-valued symbol o 4(§) depending only on &. Then A is r-nuclear provided that its symbol o 4 satisfies

Z de ||0A(§)||gr < 00. (3.1)
[£1eG
Here |loa(§)ls, = (Tr(|oa (§)|r))l/r is the Schatten-norm of order r of the matrix o4(§) € Cexds

Although this result is known (even in the ‘if and only if” form, see [6]), we give here a different proof from the
one in that paper as it is more suitable for consequent extensions of this paper.

Proof of Theorem 3.1. Let us suppose that the symbol o4 satisfies (3.1). We note that the kernel of the operator A is
given by
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k(x,y)= Y d: Tr(E(x)oaEEM),
[£1eG

and we will show that it is well-defined and has the tensor product form of Theorem 2.1 that is required for the
nuclearity. To abbreviate the notation, we will write o (§) for o4 (§). We begin by writing

dg

Tr(E@o (©EM) = Y (W @), EMij,

i,j=1

and we set

8e.ij () 1= d (§()0 (©)) ;. heij () = (D)) ;; =E0ij-

For gg ;j(x) we have

lgz.ijllr2(G) = \/CTH\/‘T(S(X)"(S))U | 126)

lko-(é)kj

L2(G)
1

(ZF £(0));,0 E)ij» Zf E());00 Ew; )
k'=1 L2(G)
1

(Zo@)k,o(s>k,)
; 2
(Z o ()" ]ko@)k,)

= dg (o@)*o(s))f,
= /@a@)]}.j. (3.2)
Hence |1ge.ijl1}2 g, = ds 2 lo (9.
1
Now, since {ds2 &;;} is an orthonormal set in L%(G), we have

”él]”}I:Z(G) = d 7'

Therefore,

Y lezii Ol a6y 1heii Ol a6, < ngdg Z|o<5>|,, Zst|o<s>|,,

&,ij i,j=1 § j=1

:Zdﬂr (Jlo®|") =ng||a(é)||sr < 00,
£ £

completing the proof. O

Remark 3.2. We point out that one can prove that the condition (3.1) ensuring the r-nuclearity for left-invariant
operators on L*(G) is also necessary. We recall that in the Hilbert space setting, the Schatten class of order r agrees
with the class of r-nuclear operators whenever 0 < r < 1 by Oloff’s result [13]. For the details of Schatten classes of
invariant operators on compact Lie groups we refer the reader to the recent work [6].
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We will now extend Theorem 3.1 to the setting of L?(G)-spaces. We shall require the following notation: £*°
denotes the L°°-norm on C% and || - llop(e,¢20y denotes the operator norm with respect to £°° on C% . More precisely,
foreachd e N, let B € C9*9 and u € C“. Denoting

B 00 pooy i= max Z B
” ||0p(£ L) \gd | lj|

d
we have |(Bu);| < 3°5_ |Bijlmaxigj<a lujl < Bllopeese,e)llulle, so that we get
| Bulleeo < 11 Bllopee, ey lluell g
justifying the notation || - [|op(¢oe, ¢o<), and the appearance of this norm. The transpose of the matrix M will be denoted

by M'. We first deal with left-invariant operators.

Theorem 3.3. Let G be a compact group and let 1 < p1, p2 <00, 0 <r < 1. Let A: LP'(G) — LP2(G) be a linear
continuous operator with matrix-valued symbol o4 (&) depending only on §. If 1 < pp <2 and

(5 —3)r ,
2od " ea®ly <
[£1eG
where py = min{2, p1}, then the operator A : LP'(G) — LP2(G) is r-nuclear.

If pr > 2, and

py—2

( l 1 ) * rn-2,
Y 4 |(04®)’ ||0,,@m PN ENG!

[£1eG
then A : LP\(G) — LP2(G) is r-nuclear.

1’2
SZ; < 00,

P2

Proof. Let g; and g; be such that —1 + q_1 = éll
have, using (3.2), and denoting 0 =04,

” (S(X)U(s))l, HLFZ(G) H (E(X)O(E))U ”L2(G) <d§ 2}0(5)’

+ = = 1. Then, in particular, g| = max{2,q1}. If 1 < p» <2 we

1
P1

On the other hand
1&gy < ds ™
Therefore,
q (l,
> AN E@o®);11m 6 1ED 10 6) < ng crd " Zla@i“ Z g Joae s,
&.ij
+(
= Zd |oA(§> I, <
Now, if pp > 2 we first observe that
ds dg
(E@0®),; =D E@uo@rj =) (0 E@i.
k=1 k=1
Hence and taking into account that |§(x);x| < 1, we get
dg
|(E@0®©),] = ;(o@))’jks(x)ik

((7(5)) ”(]p(goo £%0) ” (E('x)lla SRR E(x)idg) ||goo

<|
|(‘7($)) ||0p(gvo,zoo)' 3.3)
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Then using (3.2) and (3.3) we obtain

A

6@, [y = ( [lEwoe), 17 ax)"

-

< sup|(Eo (6) ad (é(x)o(é))u \\L2<G)
P22

“ (‘7(5)) ”op(eoo £°) g 7 |‘7(5)|

Q

r

(00 ®), |””|(s<x)o<s>),.j|2dx>”

Q\

Therefore,

Y di (€0 ®); 1m0 1EDi a6

&,ij

Zdéd g »dy ql ”(‘7(5) |op(z0° ZOO)Z|U(‘§)

_Zdéd " ds i |(“(5)) ap(zo:eOO)dS Z|“(§)
(== B2, 2
:ngdg e ”(‘7(5)) ||0p(€°° eM)Tr(‘U(“E)‘pZ)
-1y , P2,

_Zd dépl " (‘7(5)) Hap(eoo ) |U(5)| n
<oo,

completing the proof. O

In the particular case of diagonal symbols only depending on £ we can improve the sufficient condition in the
above theorem. An example of such behaviour are the left-invariant vector fields on a compact Lie group G, the
Laplacian and the sub-Laplacian on G, which always have diagonal symbols in an appropriately chosen basis in the
representation spaces. Moreover, symbols of general left-invariant self-adjoint operators can be chosen to be diagonal
by choosing a particular representative from each equivalence class [£] € G. We formulate a general result now, and
will give its application to the sub-Laplacian in Section 3.2.

Theorem 3.4. Let G be a compact group, 1 < p1, p2 <00 and 0 <r < 1. Let A : LP'(G) — LP2(G) be a left-
invariant linear continuous operator which is formally self-adjoint. Assume that its matrix-valued symbol o (&)
satisfies
1+(-—Lyr
Yode M oa® ] < oo,
[£1eG
where p;y = min{2, p1}, p» = max{2, p2}. Then the operator A : L’ (G) — LP2(G) is r-nuclear.

Proof. First we observe that since A is left-invariant, indeed its matrix-valued symbol o4 (£) is independent of x, and
since A is formally self-adjoint, the matrices o4 (¢) are also self-adjoint for all £. Therefore, we can choose the basis
in the representation spaces so that the symbol o4 (§) becomes diagonal. Since the Schatten norms ||o4(§)|ls, do not
change under a change of basis in the representation spaces, we may assume further, without loss of generality, that
the matrices o4 (§) are diagonal for all £.
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We consider ¢; such that - + L =1 and g g1 = max{2, q1}, and we observe that -+ ~— =1.Since o (§) =04(&)
is diagonal, and using the equahty (3 2), we have

”(E(X)U(Q)U ”LPZ(G) ”E(X)UU(E)JJ ”Ll’z(G) Sdg 7 | (E)|
On the other hand, by (2.8) we have

||§l~j||qul(G) < dg a .

Therefore,

Y di[(E@0®); 6 IEDi a6 < ng_dE ”2d " Z| a®|}; = st "Zd"'ng|a<§>|”
&,ij

+Hg = 1) -
—Zd lo @], <oo,

completing the proof. O
We will sometimes give examples of our results on the torus, so we summarise its notation:

Remark 3.5.If G = T" = R"/Z", we have T ~ Z", and the collection {& (x) = e*"**'K};c7n is the orthonormal basis
of L2(T"), and all dg, = 1. If an operator A is invariant on T", its symbol becomes o4 (&) = &k (x)* A&y (x) = A& (0).

In general, on the torus we will often simplify the notation by identifying T with Z", and thus writing & € Z" instead
of & € Z". The toroidal quantisation

Afx)= )" e Eop(x,6) f (&) (3.4)
gEZ”
has beep analysed extensively in [20] (see also [18,19]) and it is a special case of (2.7), where we have identified, as
noted, T" with Z".

As a consequence of Theorem 3.1 on the torus, we obtain:

Corollary 3.6. Let 1 < p1,pp <ocoand 0 <r < 1. Let A : LP1(T") — LP2(T") be a linear continuous operator with
symbol o4 (&) depending only on &. Then A is r-nuclear provided that its symbol o 4 satisfies

Z loa(®)|" < co. (3.5)

Eeqn
We shall now consider more general non-invariant operators so that the symbols may depend also on x.

Theorem 3.7. Let G be compact Lie group and let 0 < r < 1. Let operator A have the matrix symbol o4 (x, &).
Let 1 < p1, pa < 00 and let us denote py = min{2, p1}. Suppose that the symbol o 4 satisfies

[£1eG

Then the extension A : LP1(G) — LP2(G) is r-nuclear.

[ (oatx. g))t ||op(z°°,£°°) ||2"2(G) =

Here we have denoted

€1

P2
Honts® L ol = [loate Ol e 5) ™
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Proof. The kernel of the operator A is given by
k(x,y) = Z d Tr(£(x)oa(x, ©)E(N*),
[£1eG

and we will show that it is well-defined and has the tensor product form of Theorem 2.1 that is required for the
nuclearity. As before, to abbreviate the notation, we will write o (x, §) for o4 (x, §). We begin by writing

dg

Tr(E(®)o (x, HEW*) = Y (@ (x,8),, 50

ij=1

and we set

8e.ij(0) =dg (Mo (x,8)), .. heij() =(EW);; =E0)-

A similar argument like in (3.3) shows that

[EWo . 8), <[ (@@ &) e -

Hence
“gé’ij (x)”ruz(c) = ”dé (E@o(x, “3))1'] ”rLl’z(G) <dg ” H (o (x, é))t ||op((°°,€°°) HrLl’2(G)'

Let g1 be such that % + q]—l = 1. Now, if we denote g; = max{2, g}, we have % + % = 1. According to (2.8), we have
||gij||qu1(G) < dg a .

Therefore,

Z“gﬁii(’)”rLPZ(G) ”hé,ij(')”rw(c;) S ngds_adgz ” ” (o (x, 5))t ||op(eoo,eoo) ”erz(G)
§ij H

24+
= st il (a(x’é))t||op(l°°,(°°) ||rLl’2(G) = 0%,
§
completing the proof. O

Remark 3.8. (i) If G =T" =R"/Z", an invariant operator A is a Fourier multiplier, 27 k) =a(k) f (k) with symbol
oa(&) = a(k), see Remark 3.5. Theorem 3.7 implies that if 0 <7 < 1 and ) ;7. la(k)|" < oo, then the operator T
is r-nuclear from L (T") to LP2(T") for all 1 < p1, p2 < o0. A

(i1) For the convolution operator on T! as in (1.4), we have T! ~ Z! and o(n) = #(n) = ¢,, or x(x) =
Yo e cpe?™" 1In this case Theorem 3.7 implies that if Yoo o lenl” < o0, the operator Tf = f s x is r-nuclear
from LP'(T') to LP2(T') for all 1 < p1, pr < 0.

(iii) If p; = p» =2 and A is a left-invariant operator on a compact Lie group G, it follows from Theorem 3.1 that
if Z[g]eé delloa(€)lls, < oo, then A is a trace class operator on L%(G).

(iv) We note that the condition of Corollary 3.12 required the integrability of the symbol with respect to x and does
not require any regularity.

In order to deduce some interesting consequences we will apply the following lemma proved in [5]:

Lemma 3.9. Let G be a compact Lie group. Then we have
D 4 <00
[§1€G

if and only if s > dim G.
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This yields the following corollary, and in Remark 3.14 we note that the following orders are in general sharp.

Corollary 3.10. Let G be a compact Lie group of dimension n and let 0 < r < 1. Let 1 < py, pa < 00 and let us
denote p; = min{2, p}. Assume that
i

” (GA(X, E))t”gp(loo![co) < Cd;ﬂ<§>_%

with some s > n. Then A : LP1(G) — LP2(G) is r-nuclear.

Proof. We have

d2+m ”( d Pl d_ﬁr_l —s __ rd2 —s
U(x E)) Hop(goo £0) <C & <$> =C g@)

The result now follows from Lemma 3.9 and Theorem 3.7. O
As consequence of Theorem 3.4 and Lemma 3.9 we have:

Corollary 3.11. Let G be a compact Lie group, 1 < p1, po <ocoand0 <r < 1. Let A: LP1(G) — LP2(G) be a linear
continuous formally self-adjoint operator with matrix-valued symbol o 4 (§) depending only on &. Assume that
1 1

s

) s
loa®]s < c?ag )T,
where py = min{2, p1}, p» = max{2, p»}. Then the operator A : LP\(G) — LP2(G) is r-nuclear.

Proof. We can estimate

(= 5)r = 55)r
dS 7 H A(E)”S Crdg “h dg

The result now follows from Lemma 3.9 and Theorem 3.4. O

11
Gr=5)"

(€)F=C"dZE)

3.1. Example on the torus

We observe that on the torus T" criteria obtained in the above statements are in general sharp. In general, we recall
that the relation of our setting to the special case of the torus was outlined in Remark 3.5, with examples given already
in Corollary 3.6 and in Remark 3.8.

Indeed, as a consequence of Theorem 3.7, recalling the notation on the torus in Remark 3.5, for the torus group
G =T", we have:

Corollary 3.12. Let 1 < p1,p2 <00, 0 <r <1, and let A: LP'(T") — LP2(T") be a linear continuous operator
with symbol o 4 (x, §) satisfying

Z HOA ('a é) ”2p2(Tn) < 00,
Eeqn
then the operator A : LP'(T") — LP2(T") is r-nuclear.

To see the sharpness, we establish the following simple characterisation of the nuclearity for Bessel potentials on
L2(T™).

Proposition 3.13. Let A be the Laplacian on the torus T" and let 0 <r < 1. Then (I — A)™ 3 is r-nuclear on L2(T™)
if and only if ar > n.

Proof. The symbol of the operator 7' = (I — A)_% is positive, hence T being a multiplier operator, it is positive
definite and |T'| = /T*T = T. Thus, the singular values of T agree with the values of its symbol (§)~%. Therefore,
T € S,(L*(T")) if and only if ar > n. The result now follows from the identification of the Schatten class of order r
and the class of r-nuclear operators [13]. O
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Remark 3.14. In the case of the torus T" we have d¢ = 1. From Proposition 3.13 it follows that the index n in the
sufficient condition in Corollary 3.10 cannot be improved.

Corollary 3.15. Let 1 < p1, p2 <00, 0<r < landlet A: LP'(T") — LP2(T") be a linear continuous operator with
symbol o 4(x, &) satisfying

loaGe. ) Lo eny < CE

for some s > n. Then the operator A : LP'(T") — LP2(T") is r-nuclear (for all py, p2).
Using compactness of T", the following criterion can be practical:

Corollary 3.16. Let 1 < py, pp <00, 0<r < landlet A: LP'(T") — LP2(T") be a linear continuous operator with
symbol o 4(x, &) satisfying

loax,&)| <CE" forallx e T",

for some s > n. Then the operator A : LP1(T") — LP2(T") is r-nuclear (for all py, p3).
3.2. Examples on SU(2) ~ S? and on SO(3)

Let us now show other examples of the above statements for some particular compact groups. We first consider
the case of G = SU(2), the group of the unitary 2 x 2 matrices of determinant one. The same results as given below
can be stated for the 3-sphere S° by using of the identification SU(2) ~ S3, with the matrix multiplication in SU(2)
corresponding to the quaternionic product on S?, with the corresponding identification of the symbolic calculus, see
[19, Section 12.5].

We refer the reader to [19, Chapter 12] for the details of the global quantisation (2.7) on SU(2) an the detalls on the
representation theory of the group G = SU(2). In this case, we can enumerate the elements of its dual as G ~ 1N,
with Ny = {0} UN, so that

SUQ) = {[#]: 1 e COFDXQERD ¢ %No}.

The dimension of each #¢ is de =2¢ 4 1, and there are explicit formulae for t% as functions of Euler angles in
terms of the so-called Legendre—Jacobi polynomials, see [19, Chapter 11]. The Laplacian on SU(2) has eigenvalues
)»tzz = (£ + 1), so that we have (¢*) &~ £. With this, Corollary 3.10 becomes:

Corollary 3.17. Let O < r < 1 and 1 < py, pp < o00. Let A : LP1(SU(2)) — LP2(SU(2)) be an operator with matrix
symbol
1
oa(x, 0) =oa(x, 1Y) =" (0)* At (x), e 5No.

Let s > 3 and p1 = min{2, p}. If there is a constant C > 0 such that

1 _s

” “ (oax, E)) ”op(zoc £%) “Ll’z G) SCe
forall € %N, then A : LP1(SU(2)) — LP2(SU(2)) is r-nuclear.
For left-invariant operators with diagonalisable symbols on SU(2), as a consequence of Corollary 3.11 we have:
Corollary 3.18. Let 1 < py, p» < 00,0 <r < landlet py =min{2, p1} and p» = max{2, py}. Let A: LP1(SU(2)) —

LP2(SU(2)) be a formally self-adjoint operator with symbol o4 (£) such that
(=5

Pt P2 y

loao <ce
for some s > 3. Then A : LP'(SUQ2)) — LP2(SU(2)) is r-nuclear.
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In particular we will apply the above corollary to the Laplacian and the sub-Laplacian.
If Lsy(2) denotes the Laplacian on SU(2), we have ESU(z)tf;m x)=—£L{+ l)tfm (x) forall £, m,n and x € SU(2),
so that the symbol of I — Lsy(2) is given by

O1—Lgyp (X, ) = (142 + D)o,

where Iy € CHDXEHD g the identity matrix. Hence, O1—Lsyp (X, £) is diagonal and independent of x.

Consequently, Corollary 3.18 applied to 1 < p = p1 = p2 < 0o says that the operator (I — ESU(z))_% is r-nuclear on
1

1-s
LP(SU(2)) provided that o < cer v 2l fors > 3. Summarising, we obtain

Corollary 3.19. For o > ; + |l — %|, O<r<1land 1< p< oo, the operator (I — £SU(2))7% is r-nuclear on

p
LP(SU(2)).

If p =2, the order ar > 3 is sharp, see [6, Section 4].

We shall now consider the group SO(3) of the 3 x 3 real orthogonal matrices of determinant one. For the details
of the representation theory and the global quantisation of SO(3) we refer the reader to [19, Chapter 12]. The dual in
this case can be identified as G ~ Np, so that

S/O@ _ {[tz]: e C(2l+1)><(2l+1)7 ‘e No}.

The dimension of each ¢ is dye =2€ + 1. The Laplacian on SO(3) has eigenvalues )\tz = {(£ + 1), so that we have
(tt ~ . By the same argument as above, Corollary 3.19 also holds for the Laplacian on SO(3).

Let us fix three invariant vector fields Dy, Dy, D3 on SO(3) corresponding to the derivatives with respect to the
Euler angles. We refer to [19, Chapter 11] for the explicit formulae for these. However, for our purposes here we
note that the sub-Laplacian L, = D12 + D2, with an appropriate choice of basis in the representation spaces, has the
diagonal symbol given by

0Ly Omn = (m2 — L+ 1))5mn, mneZ, —L<mn<L, (3.6)

where §,,, is the Kronecker delta. The operator Ly, is a second order hypoelliptic operator and we can define the
powers (I — Lg5)~%/?. These are pseudo-differential operators with symbols

1-L « E = + 2\~ 28
( sub) /2( )mn (1 £(£+ 1) —m ) / )
We now haVe nn

1
r

4
=( > (1+z(z+1)—m2)2> :

m=—{

~ =

|| G(I*E,mb)_a/z (e) || Sr = (Tr(o-(lfﬁxuh)_d/z (6))}’)

where ¢ € Ng. Comparing with the integral

R R
/(1 +R?— x2)‘“7' dx~CR™ 7 /(1 +R—x)"Tdx~CR™ 7,
—R 0

for ar > 2 and large R, it follows that anz%(l + (£ +1) —m?)~7 is of order £~ 7 . Now, the inequality

=% < e/l

with s > 3 holds if and only o > % + 2|% - %|. If 1 < p=p; = pr<o00,as aconsequence of Corollary 3.18 we

obtain the condition for the nuclearity of the operator (1 — Esub)""/ 2,

Corollary 3.20. For o > % + 2|% — %| withO <r <1 and 1 < p < 0o, the operator (I — Emb)*% is r-nuclear on
LP(SO(3)). The same conclusion holds for the same powers (of sub-Laplacians) on L? (SU(2)) or on L?(S?).

Again, if p =2, the order ar > 4 in Corollary 3.20 is sharp, see [6, Section 4].
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4. Trace formulae on L?(G) and distribution of eigenvalues

We now turn to some applications of the r-nuclearity on L? (G)-spaces for the trace formulae, the Lidskii formula
and the distribution of eigenvalues. In the special case 1 < p; = p» = p < 00, applying Theorem 2.3 and Theorem 3.7
we obtain:

Corollary 4.1. Let G be compact Lie group and 0 <r < 1. Let 1 < p < 00 and let us denote p = min{2, p}. Let
oa(x, &) be the matrix symbol of a bounded operator A : L?(G) — LP(G) such that

241
Z dy : || || (UA(’C’5))I”op(eoo,eoc)||rm<c) < oo
[£1eG

Then A : LP(G) — LP(G) is r-nuclear and

ac 2
D (W) < oo

n=1

We now derive another consequence relating the trace formulae with matrix-valued symbols. As we have already
explained in the introduction, every nuclear operator acting from a Banach space E into E admits a trace provided
that E satisfies the approximation property, which is the case here dealing with L”-spaces. In the next proposition we
show that, when p = p; = p», the sufficient condition in Theorem 3.7 ensures the existence of a formula for the trace
in terms of the matrix-valued symbol.

Theorem 4.2. Let G be a compact Lie group and 0 <r < 1. Let 1 < p <00 and p =min{2, p}. Let A : L?(G) —
L?(G) be a linear continuous operator with matrix-valued symbol o 4 (x, &) such that

24
Z dg 7| (oatx, 5))1”0,;(1500,@00) ”rLP(G) < 0.
[£1eG

Then the operator A : L? (G) — LP(G) is r-nuclear and its trace is given by

TrA=/ > de Tr(oa(x, ) dx. 4.1)
G [1eG

Moreover, if in addition 0 < r < % then

TrA = an (A), 4.2)

n=1
with multiplicities taken into account.
Proof. The r-nuclearity is a consequence of Theorem 3.7 and we adopt the notation of the proof of Theorem 3.7, and

denote o0 = 04. Concerning the trace formula, for the sake of simplicity we will just consider » = 1, the general case
follows from inclusion. As we have seen in the proof of Theorem 3.7, the formula

k(e,y) =Y de Tr(E(x)o (x, )E()7)

[£1eG

represents the kernel of A. Moreover, it is well-defined on the diagonal: in fact for the terms of the decomposition of
the kernel

8eij () =de () (. §)) 0 heij () = (ED");; =EWij.

by Holder’s inequality we have on the diagonal
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[lecis@liress 0l dx < g Oll o e s ey
Hence, since p = p; = p» we have

/ Y de|Tr(o(x,©)dx <Y [l8e.ij Ol Loy 12 Ol 1o

G (616 £ij

\de

) Hop(zoc eoo)HLn(G) 0.

Therefore,

TrA :/k(x,x)dx
G

=/ Y de Tr(E(n)o (x, £)E(x)*) dx

G [£1eG

=f Y de Tr(o(x, £)E(0)*E(x)) dx
G [£1eG

=f > de Tr(o(x,£)) dx
G (€1

We have employed the tracial property Tr(AB) = Tr(B A) and the fact that £(x) is unitary for every x. Finally, (4.2)
follows from Theorem 4.2 and Grothendieck’s theorem. O

Remark 4.3. We note that not for every kernel it is convenient to calculate the trace integrating along the diagonal due
its degeneracy. When the kernel is representable by an expansion of the kind appearing in Theorem 2.1 one is allowed
to proceed in such a way. For a general kernel the integration along the diagonal should be calculated involving an
averaging processes, see e.g. [3].

Very recently it has been proved (cf. [17]) that if % =1+] % - % |, the Lidskii formula holds for r-nuclear operators
on L”(v)-spaces. The importance of this result for us is that it allows to move r along the interval [%, 1] keeping the
validity of Lidskii’s formula for suitable values of p. If r € (%, 1) there exist two corresponding values of p solving

the equanon —=1+ |— — L) the first one with p < 2 and the other one with p > 2. As a consequence of this result
and Theorem 4 2 we obtam an extension of (4.2) allowing now a larger range of r:

Corollary 4.4. Let G be compact Lie group. Let 1 < p < oo and let us denote p = min{2, p}. Let 0 < r < 1 be such
that 1 —1+|———| If

24L
Z de || (UA(X’E))t”op(fo",lm)||2p(G) <

[£1eG

then A is r-nuclear on L? (G) and we have

TrA:f > de Tr(oa(x.8) dx—an(A)

G l£1eG

with multiplicities taken into account.
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4.1. Heat kernels

We shall now establish some applications, in particular to the heat kernels on compact Lie groups. The heat kernel
constructions, and the subsequent Poisson kernel constructions, are instrumental in the advances in the Littlewood—
Paley theory on compact Lie groups, see e.g. [25]. However, our approach is more straightforward, making use of the

symbol of the heat kernel. Indeed, taking into account that o,—z; (x, &) = e‘"ﬂzldé , where &2 = )\[251 with A[¢] as in
(2.4), we have

Lo f()= Y de Tr(EW0, 16 (1. F ) = Y dee MO TE(E(0) £(8)).
[£1eG [£]eG

We can now derive the nuclearity of the heat kernel on L?”-spaces.

Theorem 4.5. Let G be compact Lie group. Then the heat operator e L6 LP\(G) — LP2(G) is nuclear for every
t>0andall 1 < p1, pp <o00. Moreover, if 0 <r < 1, then e LG LP(G) — LP(G) is r-nuclear for every t > 0 and
1 < p < oo. In particular, on each LP(G), due to the 1-nuclearity we have the trace formula

2
re1£G — Z dsze thig)

[£1eG

Proof. The kernel of e ~"£6 is given by

i (x, y) = nge e Tr(E(0E (1)),

[§le
with
dg
Tr(E(EM*) = Y E)iEDij-
i,j=1
We set
_n2 . _
8eij(x) =dge mé(x)ij, heij(y) = (£(y) )j,- =&()ij-
As before we shall consider g1 such that + — =1 and we denote g; = max{2, g;}. Then by Lemma 2.5 we have
_ 1
I€ijliLn G =dg "
On the other hand
a2 2 2
l8eillLre) = [dee™ & ] 1) < [dee™ " EE Nop]| 1o ) < dee™ 1.
Therefore,

Z”gf 11()||Lp2(c;)||hé‘ lJ()”L‘!l(G) Zdézdgple P = 00,
§.ij

the last convergence following, for example, from any of the Weyl formulae, see, for example [5].
The r-nuclearity follows in a similar way. The trace formula follows immediately from Lemma 4.2 and fact that
the Haar measure on G is normalised:

2 2
e~k —/ Z de Tr(e M1y ) = Y die” ",
[£1eG

G [le
The proof is complete. O
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Remark 4.6. The Lidskii formula can be used to deduce lower bounds on the number of eigenvalues: Let E be a
Banach space enjoying the approximation property. If 7 : E — E is a %-nuclear operator which possesses at least one
eigenvalue and if |A;(T)| < M for all k, then

| Tr(T)| <N,
M
where N is the number of eigenvalues of 7. Indeed, applying the Lidskii formula

N
Te(T) =Y (1),
k=1
we can estimate

N N
[Te(T)| = | (D) < Y|l < MN.
k=1 k=1
As a consequence of this observation, taking into account the trace formula in [3] we obtain the following estimate
for integral operators. The symbol ~ will denote the averaging process for kernels described in [3]. Let u be a Borel
measure on a second countable topological space and let T : L” () — LP(w) be a %—nuclear operator with kernel
K (x,y). If T possesses at least one eigenvalue and if [A;(T)| < M for all k, then

| o K(x,x)dp(x)] <N
M

where N is the number of eigenvalues of 7. The last inequality means that the better one can estimate the size of the
trace the better lower bound one gets for the number of the eigenvalues.
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