SCHATTEN CLASS AND NUCLEAR PSEUDO-DIFFERENTIAL
OPERATORS ON HOMOGENEOUS SPACES OF COMPACT GROUPS
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ABSTRACT. Given a compact (Hausdorff) group G and a closed subgroup H of G, in
this paper we present symbolic criteria for pseudo-differential operators on the compact
homogeneous space G/ H characterizing the Schatten-von Neumann classes S, (L*(G/H))
for all 0 < r < co. We go on to provide a symbolic characterization for r-nuclear, 0 < r <
1, pseudo-differential operators on LP(G/H) with applications to adjoint, product and
trace formulae. The criteria here are given in terms of matrix-valued symbols defined on

noncommutative analogue of phase space G/H x G/H. Finally, we present an application
of aforementioned results in the context of the heat kernels.

1. INTRODUCTION

The theory of pseudo-differential operators is one of the most significant tools in math-
ematics to study the problems of partial differential equations [23]. The study of pseudo-
differential operators was initiated by Kohn and Nirenberg [29]. Ruzhansky and Turunen
[38] 39] studied (global) pseudo-differential operators with matrix-valued symbols on com-
pact (Lie) groups. They introduced symbol classes and symbolic calculus for matrix-valued
symbols on compact Lie groups and presented plentiful applications of this global the-
ory. After that, the theory of pseudo-differential operators with matrix-valued symbols on
compact (Hausdorff) groups, compact homogeneous spaces, compact manifolds is broadly
studied by several authors [3] [4, [5], O, [1T), 12 13|, 14} 151 20, B30L 311, B3] B34 38|, 44] in many
different contexts.

Let G be a compact (Hausdorff) group and let H be a closed subgroup of G. In this
paper, we mainly address the following three problems: (i) To find criteria for pseudo-
differential operators to be in r-Schatten-von Neumann class S, of operators on L*(G/H)
for 0 < r < oo; (ii) to find criteria for pseudo-differential operators from LP'(G/H) into
LP2(G/H) to be r-nuclear, 0 < r < 1, for 1 < py, pa < o0; and (iii) applications to find
a trace formula and to provide criteria for the heat kernels to be nuclear on LP(G/H).
In order to do this, we use the global quantization for compact homogeneous spaces as a
non-commutative analogue of the Kohn-Nirenberg quantization of operators on R™.

Recently, several researchers started an extensive investigation to give criteria for oper-
ators belonging to r-Schatten-von Neumann class and to the class of r-nuclear operators
in terms of their symbols with lower regularity [2} 13| [16] [41] [42]. Ruzhansky and Delgado
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[13] [15] successfully drop the regularity condition at least in their setting using matrix-
valued symbols. Inspired by the work of Delgado and Ruzhansky, we present symbolic
criteria for pseudo-differential operators on G/H to be r-Schatten-von Neumann class us-

ing the matrix-valued symbols defined on G/H x G/H, a noncommutative analogue of
phase space. It is well known that in the setting of Hilbert spaces, the class of r-nuclear
operators agrees with the r-Schatten-von Neumann class of operators [36]. In general, for
trace class operators on 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 importance of r-nuclear operators lies in the seminal
work of Grothendieck, who proved that, for 2/3-nuclear operators, the trace in LP-spaces
agrees with the sum of all the eigenvalues with multiplicities counted. Therefore, the no-
tion of r-nuclear operators becomes useful. One of the interesting questions is to find
good criteria for ensuring the r-nuclearity of operators on LP-spaces. But this needs to be
formulated differently than those on Hilbert spaces and has to take into account the im-
possibility of certain kernel formulations in view of Carleman’s example [6] (also see [13]).
In view of this, we will establish conditions imposed on symbols instead of kernels ensuring
the r-nuclearity of the corresponding operators. The initiative of finding the necessary
and sufficient conditions for pseudo-differential operators to be r-nuclear was started by
Delgado and Wong [I7]. The main tool used for such a characterization is a theorem of
Delgado [12]. A multilinear version of this result was recently proved by the first author
and D. Cardona to study the nuclearity of multilinear pseudo-differential operators on the
lattice and the torus [4, 5]. Delgado and Ruzhansky [I3] studied the LP-nuclearity and
traces of pseudo-differential operators on compact Lie groups using the global symbolic
calculus developed by Ruzhansky and Turunen [38]. Later, they with their collaborators
extended these results to more general compact homogeneous spaces and compact mani-
folds [12], 13} 14}, 15]. On the other hand, Wong and his collaborators extended the results
of [17] in the settings of abstract compact groups without differential structure [19, 20]. In
particular, characterizations of nuclear operators in terms of decomposition of symbol via
the Fourier transform were investigated by Ghaemi, Jamalpour Birgani and Wong [19] for
St and for arbitrary compact groups [20].

The homogeneous spaces of abstract compact groups play an important role in mathe-
matical physics, geometric analysis, constructive approximation, and coherent state trans-
form, see [24), 25, 26, 27, 28] 29] and references therein. Pseudo-differential operators on
homogeneous spaces of compact groups (without differential structure) studied by the first
author [30] (see also [38]). We use the operator-valued Fourier transform on homoge-
neous spaces of compact groups developed by Ghani Farashahi [I§]. Using this Fourier
transform, we define global pseudo-differential operators on homogeneous spaces of com-
pact groups and study the r-Schatten-von Neumann class of operators on L?(G/H) and
r-nuclear operators on LP-spaces on compact homogeneous spaces. Our results can be seen
as a complement as well as a generalization of [I3] [19].

We begin this paper by recapitulating some basic facts about the Fourier analysis on
homogeneous spaces of compact groups from [I8] in Section [2| Although, a parallel theory
of homogeneous spaces of compact Lie groups can be found in the classical book of Vilenkin
[43] and recent papers and books [I}, 10, [16, [35]. Later in this section, we present a global



quantization (Ruzhansky and Turunen [38]) on homogeneous spaces of compact groups
related to matrix-valued symbols. In Section [3] we give symbolic criteria of r-Schatten-von
Neumann class of operators defined on L?(G/H). In Sectlon' we start our investigation on
r-nuclear operators. We begin this section by providing sufficient conditions for operators
to be r-nuclear in terms of conditions on symbols. We also present a characterization of
r-nuclear pseudo-differential operators on LP-spaces for homogeneous spaces of compact
groups. We calculate the nuclear trace of related pseudo-differential operators. In Section
we find symbols of the adjoint of r-nuclear pseudo-differential operators on homogeneous
spaces of compact groups and provide a characterization for self-adjointness. We also
compute symbol of the product of a nuclear operator and a bounded linear operator. We
end this paper by presenting applications of our results in the context of the heat kernels.

2. FOURIER ANALYSIS AND THE GLOBAL QUANTIZATION ON HOMOGENEQOUS SPACES OF
COMPACT GROUPS

We begin this section by recalling some basic and important concepts of harmonic analy-
sis on homogeneous spaces of compact (Hausdorff) groups from [I§] which is almost similar
to the theory given in [1] and [43] (see also [10} 16, B5] for homogeneous spaces of compact
Lie groups).

Throughout the paper, we assume that G is a compact (Hausdorff) group with the
normalized Haar measure dx and H is a closed subgroup of G with the probability Haar
measure dh. The left coset space G/H can be seen as a homogeneous space with respect
to the action of G on G/H given by left multiplication. Let C'(€2) denote the space of all
continuous functions on a compact Hausdorff space €. Define Ty : C(G) — C(G/H) by

T (f) (H) = /H f(wh)dh, zH € G/H.

Then Ty is an onto map. The homogeneous space G/H has a unique normalized G-
invariant positive Radon measure p such that the Weil formula

/ Ty (f)(wH) du(eH) = / f(z) da
G/H G

holds. The map Ty can be extended to L?(G/H, u) and is a partial isometry on L?(G/H)
with (T (£), T (9)) 2y = (- 9120 for all f,g € LA(G).

Let (7, H,) be a continuous unitary representation of a compact group G on a Hilbert
space H. It is well-known that any irreducible representation (7, H,) of G is finite dimen-
sional with the dimension d, (say). Consider an operator-valued integral

TF = /H7r(h) dh

defined in the weak sense, i.e., (IT7;u,v) fH Ju,v) dh, for all u,v € H,. Note that, T7;
is a bounded linear operator on H, with norm bounded by one. Further, T7 is a partlal

isometric orthogonal projection and T7; is an identity operator if and only if 7w(h) = I for
all h € H (see [18]).



Definition 2.1. Let H be a closed subgroup of a compact group G. Then the dual GT/?I of
G/H is a subset of G given by

G//?I::{WG@:T}};&O}:{ﬂe@:/Hﬂ(h)dh;éO}.

We note here that the set C?/?{ is the set of all type 1 representations of G with respect
to H which was denoted by Gy in [35] 43].
Let m € G/H. Then the functions F?& : G/H — C defined by
nle(H) = (r(x)TfC,€),  «H € G/H,

for &, ¢ € Hn, are called H-matrix elements of (7, Hr). If {e1, ea, ..., €4, } is an orthonormal
basis for H, then we denote (m(x)T}e;, ej) by wg (zH). Using the orthogonality relation
of matrix coefficients of G and the fact Ty (¢ ¢) = 77?5, we have

H ¢+H
<7ri,j>£k,l>L2(G/H7#) = aéﬂgéik(sjl,

Let o € LY(G/H,p) and 7 € G//?I Then the group Fourier transform Fg /g () of ¢ at
7 is a bounded linear operator defined by

(2.1) Foyu(9)(m) = ¢(n) = /G PG (e

on the Hilbert space H,, where for tH € G/H the notation I';(zH) stands for a bounded
linear operator on H, satisfying

(€, Tr(zH)E) = (¢, m(2)TFE)

for all (,£ € Hr. Note that, from the notation of I';(zH), the H-matrix coefficients
7TZH] (zH) are same as I'x(xH);;. Moreover, if ¢ € L?(G/H) then ¢(r) is a Hilbert-Schmidt
operator on H, and satisfies the following Plancherel formula as stated in next theorem.

Theorem 2.2. For ¢ € L?>(G/H, 11), we have
Y dell eI, = ez
(rleG/H

where ||.||s, stands for the Hilbert-Schmidt norm on the space of all Hilbert-Schmidt oper-
ators on Hy.

Theorem 2.3. For ¢ € L?>(G/H, ), the following Fourier inversion formula holds
(2.2) p(xH) = Z dr Trlp(m)m(x)TF),  for p— a.e. xH € G/H.
(rleG/H

We would like to record the following lemma whose proof is similar to [13, Lemma 2.5]
by using the fact that the operator T’ is norm bounded by one.



Lemma 2.4. Let G/H be a compact homogeneous space with the normalized measure p
and let 1 € G/H. Then, for all 1 < i, j < dr, we have

7, if2<q < oo,
2, if1<qg<2,

_1
with the convention that for ¢ = oo we have d * = 1.

Nl= Q=

d
1T ()ijll e/ < )

Given a continuous linear operator 7' : C(G/H) — C(G/H), its matriz-valued global
symbol op(xH, ) € Cl >4 is defined by

(2.3) Thor(xH,w) = 7n(x)*(TT:)(zH),
where TT; stands for the action of 7" on the matrix components of I'r(xH). Setting
(ITT(xH))mn = (T'(Tx,,,))(xH), we have

dr
(Thor(@H, 7))mn = Y T (2)(TT 2 (2H)) o,
k=1
where 1 < m,n <d,.
Assume that op is a matrix-valued global symbol for a continuous linear operator T :
C(G/H) — C(G/H) as above. Then we can recover the operator T' by using the Fourier
inversion formula as follows:

Tf(xH)=T 2: dy Tr(m(x)TF f (7))

[w }eG/H
= Y de Te(TTx(zH) f(r)).
[x]eG/H
Using and the relation W(m)T}} =T, (zH), we get
(2.4) Z dp Tr(Tr(zH)op(xH, 7) f (1))

[ eG/H
for all f € C(G/H), p-a.e. xH € G/H and the sum is independent of the representation
from each equivalence class [r] € G/H. We will also write T' = Op(or) for the operator
T given by the formula (2.4)). The operator T'= Op(op) will be called pseudo-differential
operator corresponding to matrix-valued symbol op. For more details and consistent devel-

opment of this quantization on compact Lie group and the corresponding symbolic calculus,
we refer [38] and [39].

Remark 2.5. Let H be a closed normal subgroup of the compact group G and let u be the
normalized G-invariant measure over the left quotient group G/H associated to the Weil

formula. Then p is a Haar measure on the compact (quotient) group G/H and CT/?J =
HLt :={r e G:n(h) =1 forall h e H}. Moreover, the Fourier transform (2.1}, inverse
Fourier transform ({2.2)) and pseudo-differential operator defined by (2.4]) coincide with the



classical Fourier transform, inverse Fourier transform and pseudo-differential operator on
the compact group G/H, respectively.

3. r-SCHATTEN-VON NEUMANN CLASS OF PSEUDO-DIFFERENTIAL OPERATORS ON
L*(G/H)

This section is devoted to the study of r-Schatten-von Neumann class of pseudo-differential
operators on the Hilbert space L?(G/H). We begin this section with the definition of r-
Schatten-von Neumann class of operators.

Let H be a complex Hilbert space. A linear compact operator A : H — H belongs to
the r-Schatten-von Neumann class S, (#H) if

D (sn(A)" < o0,
n=1

where s, (A) denote the singular values of A, i.e., the eigenvalues of |A| = vV A*A with
multiplicities counted.
For 1 <r < oo, the class S,(#) is a Banach space endowed with the norm

JAls, = (Z <sn<A>>’“> Ny

n=1

For 0 <r <1, -|ls, only defines a quasi-norm with respect to which S, (H) is complete.
An operator belongs to the class S1(H) is known as a Trace class operator. Also, an
operator belongs to So(H) is known as a Hilbert-Schmidt operator.

Let L?(G/H x CT/?I ) denotes the space of all matrix-valued functions o4 on G/H X CT/?I
such that

HUAHLQ(G/HXG//T-I) = /G/H Z/\ dﬁ"UA(xH7 f)TEH%Q dﬂ(xH) < 0.
[(leG/H

The following theorem gives a characterization of Hilbert-Schmidt pseudo-differential op-
erators on G/H. We remark here that the following theorem is already proved by the first
author in [30] using a different method.

Theorem 3.1. Let T : L?>(G/H) — L*(G/H) be a continuous linear operator with matriz-

—

valued symbol o on G/H x G/H. Then T is a Hilbert-Schmidt operator if and only if
or € L*(G/H x G/H). Moreover, we have

HT”SQ = ||0'THL2(G/H><CT/?I).

Proof. For all f € L?(G/H), we have
Tf(xH)= Y deTe(Te(zH)or(zH,€)f(£))

[€leG/H



_ / S de (Te(aH)or(wH, ETe(wH)") f (wH) dp(wH)
“IM gecrm

= K(zH,wH)f(wH) du(wH),
G/H

where the kernel K (zH,wH) is given by
K(zHwH)= Y deTr(T¢(xH)op(aH,&)Te(wH)*), H,wH € G/H.

[€leG/H
Then
1T, = [ [ K P duGe) dut)
G/HJa/H
:/ / \K(zH, 2z "H)|* du(zH) du(zH).
a/HJa/H
Note that

K(@Hxz'H)= Y deTr (Te(zH)or(sH,&)T¢(zz"  H)¥)
gleG/H

S de T (Te(=H)or(eH. TS
leG/i
= (F'7(«zH,")) (zH),

where 7(zH,§) = op(zH,§) T . Therefore, using Plancherel’s formula, we have

HTHS2 / / K(zH,zz Y H)|2dp(zH) du(zH)
G/HJG/H

— [ e P H) duaH)
G/HJG/H
=[S deliratt oI, duet)

& €leG/H
~ [ Y dellor(HOTH IR, dutatt)

G/H “—_

[(leG/H

= HJTHLQ(G/HXCT/TJ)'

g

The following lemma is a consequence of the definition of r-Schatten-von Neumann class
(see [15]).

Lemma 3.2. Let A : H — H be a linear compact operator. Let 0 < r,t < oco. Then
A € S.(H) if and only if |A|7 € Si(H). Moreover, ||Alls = [|A]7],.



The corollary below is the main result of this section which present a characterization of a
pseudo-differential operator on L?(G/H) to be an r-Schatten-von Neumann class operator.
The proof follows from Lemma [3.2] with ¢ = 2 and Theorem

Corollary 3.3. Let T : L>(G/H) — L*(G/H) be a continuous linear operator with matriz-

—

valued symbol op on G/H x G/H. Then T € S, (L*(G/H)) if and only if

€112
oy 2 delloys CHOTh I, dulaH) < .
[{leG/H
4. CHARACTERIZATIONS AND TRACES OF r-NUCLEAR, 0 < 7 < 1, PSEUDO-DIFFERENTIAL
OPERATORS ON LP(G/H)

This section is devoted to the study of r-nuclear operators on Banach spaces LP(G/H).
Here we present a symbolic characterization of r-nuclear operators and give a formula for
the nuclear trace of such operators. We begin this section by recalling the basic notions of
nuclear operators on Banach spaces.

Let 0 < r <1 and T be a bounded linear operator from a complex Banach space X
into another complex Banach space Y such that there exist sequences {«/,} >, in the dual
space X' of X and {y,}r; in Y such that > >, ||z} ||y lynlly < co and

n=1

oo
Tx = Zx'n(x)yn, r e X.
n=1

Then we call T : X — Y a r-nuclear operator and if X =Y, then its nuclear trace Tr(T")
is given by

Te(T) = ) a7, (yn) -
n=1

The definition of r-nuclear operators is independent of the choices of the sequences {2}, },-
and {y, },- ;. An 1-nuclear operators will be simply called a nuclear operator. The following
theorem is a characterization of r-nuclear operators on o-finite measure spaces [12].

Theorem 4.1. Let 0 < r < 1. Let (X1, p1) and (X2, u2) be two o-finite measure spaces.
Then a bounded linear operator T : LP* (Xy,pu1) — LP?2 (X9, p2),1 < p1,p2 < o0, is
r-nuclear if and only if there exist sequences {gn}>, in LP\ (X1, 1) and {h,}>°, in
LP2 (Xo, p2) such that for all f € LP* (X1, p1)

(Tf)(x) = . K(z,y)f(y)dpa(y), =€ Xy,
where

K(z,y) = ihn(w)gn(y% x € Xp,y € Xu,
and "

oo
Z HgnHzm’(Xhm) thHzpz(X%m) < 0.

n=1



Let 0 < r < 1. Let (X, ) be a o-finite measure space. Let T : LP(X,u) — LP(X, p),
1< p < 00, be a r-nuclear operator. Then by Theorem we can find sequences {gn}o-
in LP' (X, p) and {h,}°° | in LP(X,p) such that

o0

Z HgnHzp’(XM) thHEp(x,u) < 0

n=1

and for all f € LP(X, u), we have

- /X K(x,9)f(y) duly), =€ X,

where

r,y) =Y hn(x)gnly), zy€X,
n=1

and it satisfies

/ K Ge)| dnw) < 3 1ul o Wl -

n=1
The nuclear trace Tr(T') of T': LP(X, u) — LP(X, ) is given by
(4.1) / K(z,z)du(x).

Now, we present a characterization of r-nuclear pseudo-differential operators from LP'(G/H)
into LP?(G/H).

Theorem 4.2. Let 0 < r <1 and let T : LP*(G/H) — LP*(G/H),1 < p1,p2 < o0, be a

continuous linear operator with matriz-valued symbol op on G/H x G/H. Suppose that op
satisfies

24 L
Z de ™ ||”UT('af)t||op(zoo,£°°)HEpz(G/H) < 00,
g]eG/H
where p1 = min{2,p1}. Then the operator T is r-nuclear.

Proof. Since the operator T' can be written as
Tf(zH) = - Z de Tr(Te(xH)or(xH,§)Te(wH)") f(wH) du(wH),
M gearm
the kernel of T is given by
K(zH,wH) Z de Tr(De(xH)op(xH, €)De(wH)*).

€leG/H
Now we write
de
Tr(Pe(aeH)op(xH,§Te(wH)™) = Z (Ce(xH)or(xH, f))ing(wH)ij,
ij—=1

and set that he ;j(vH) = de(Te(xH)or(xH, €))i; and ge ;5 (wH) = (De(wH)*) ji = Fg(wH)ij.



We observe that

de de
(Ce(xH)or(@H,€))ij = > Te(aH )i or(zH, )y = Y _(or(xH,€)) Te(xH) s,
k=1 k=1

By taking into account that |T¢(xH )| < 1, we get

dg

|(Ce(eH)or(zH, &)yl = |Y_(or(eH,€))j) Te(xH )i
k=1

< lor(@H, &) [lop(eoe o) |(Te (@ H )ir, Te(H )ig, - - ., Te (@ H )ia, )|l
< Nlor(zH, &) || op(ese ¢)-
Therefore,
e i5 (o2 ) = llde (Te(Dor (5 €))ijll e (o ym)
< dgllllor (-, &)l opgese ooy | Loz (G )-

If p denotes the Lebesgue conjugate of p;, then we have 1%14—(1% =1, where ¢1 = max{2,p}}.

, i
By Lemma we have ||I¢(- )||Lp1 /m <d; . Thus

Z ||9£,zy HLpl (G/H) H 5,11( )HLPQ (G/H) < Zd pl dgdgnHUT( )t”op(EOO,ZOO)HLPz(G/H)
[€],i. (€]

24 -
<D de "llor () lloptes )l (6 < 00

Hence, by invoking Theorem it follows that 7' is r-nuclear. O

Next theorem gives a necessary and sufficient condition for an operator to be r-nuclear
in terms of its symbolic decomposition.
Theorem 4.3. Let 0 <r <1 andlet T : LP*(G/H) — LP2(G/H),1 < p1,p2 < o0, be a

continuous linear operator with matriz-valued symbol op on G/H x G/H. Then T is r-
nuclear if and only if there exist sequences {gy}oo, € LP1(G/H) and {ht};2, € LP2(G/H)
such that

k=1

and

TS0 (zH, &) = th (H)Ge(€)*, (¢H,€) e G/H x G/H.

Proof. Suppose that T': LP*(G/H) — LP2(G/H) is r-nuclear for 1 < pj,ps < co. Then by
Theorem there exist sequences {gx}r, in LP1(G/H) and {hg};2, in LP?(G/H) such

10



that
> Ml (/8 1Pk e () < 00
and for all f € Lpl(G/H) v’?zglhave
(T'f Z dr Tr(Cr(zH)or(zH, ) f (1))

[m }eG/H

Z dr Z (xrH)op(zH, W))‘jf(ﬂ')ji

[nleG/H =1

> da Z (zH)or(zH, 7))ijTr (wH )i f(wH) du(wH)
G/H [nleG/H  WI=1

(4.2) = /G/H (Z hi(zH) gk(WH)> f(wH) dp(wH)

for all zH € G/H. Let & be a fixed but arbitrary element in (?/?I Then for 1 < m,n < dg,
we define the function f on G/H by

f(wH) =T¢(wH)pm, wHeG/H.
Since

3
if and only if 7 =&, i = n and j = m, and is zero otherwise, it follows from (4.2 that

/ T (wH )y (wH) gy dpa(wH) = d1
G/H

(Ce(eH)or(@H,))um = 3 hi(wH) ( /G | ) T, dﬂ(wH)>

k=1

=" hulaH) (@(©),
k=1
Therefore,
TEUT(.T.Hf th cH)Ge(€)*, (zH, &) € G/H x C?/?{

Conversely, suppose that there exist sequences {g;},o; in LP\(G/H) and {hi}re, in
LP2(G/H) such that

S gl gy el ) <
k=1

and

TS0 (zH, &) = th (zH)Ge(€)*, («H,€) € G/H x G/H.

11



Then, for all f € LP1(G/H), we have
(Tf) (@H) = Y de Te(Te(xH)op(xH, £)f(£))

[€leG/H
de¢

Z de Z (Le(xH)or(zH, f))nmf(f)

gleG/m - mn=l

de

[ﬂECT/?I m,n=1 \k=1

de 00

€ }ECT/?I m,n=1 \k=1

EG/H m,n=1 k=1

de
= / Z de > Te(wH)umf( th (xH)gp(wH) dp(wH)
G/H m,n=1 k=1
[€leG/H
:/ Z de¢ Tr( Fg(wH) th (zH)gr(wH) du(wH)
G/H k=1
[€)eG/H

:/ (Z hy(zH) gk(wH)> fwH) du(wH)
G/H
for all tH € G/H. Therefore by Theorem it follows that T is r-nuclear. 0

In the next theorem, we will give another characterization of r-nuclear operators from
LPY(G/H) into LP?(G/H) in order to find the trace of r-nuclear operators from LP(G/H)
into LP(G/H).

Theorem 4.4. Let 0 < r <1 and let T : LP*(G/H) — LP*(G/H),1 < p1,p2 < o0, be a

continuous linear operator with matriz-valued symbol op on G/H xG/H. Then the operator
T is r-nuclear if and only if there exist sequences {gr}ro, in LP\(G/H) and {h};°, in
LP2(G/H) such that

k=1

and

Z de Tr(Te(wH )or(xH, €)Te(yH)*) th (zH)gr(yH).
(€eG/H w=l

12



Proof. Suppose that T : LP1(G/H) — LP?(G/H) is a r-nuclear operator for 1 < p;,ps <
oo. Then by Theorem E there exist sequences {gy}oo, in LP1(G/H) and {h;}72, in
LP2(G/H) such that

) gll’ (/) kel 2 () < 00
=1
and

(Ce(eH)or(@H. &) = Y hi(aH) (G(©) . (¢H.8) € G/H x G/H
k=1

for all n,m with 1 <n,m <d¢. Let yH € G/H. Then

(CelwH)or(eH, €))unle(yH),, th 2H)(30(9) Te(yH),,

- / Pe(zH )T e(H), S b (o H)gu(2H ) dp (1),
G/H

k=1
consequently

de

> Ce(zH)or(zH,&))umle(yH),,,,

m,n=1

de
:/ ( Z Le(zH),, Fg(yH )th (xH)gr(zH)du(zH).
G/H \ mn=1 k=1

Therefore, for all zH, yH € G/H, we get

Y de Te(Te(xH)op(xH, §Te(yH)")
[EleG/H

:/ Z de Tr (Te(zH)Te(yH)* th xH)gr(zH)du(zH)
G/H k=1
[€leG/H

I
T
~2
T

Z deTr (Te(yH)Te(2H)*) th (H) g (zH)dp(zH)
[€leG/H k=1

e

hi(zH) > deTr (Te(yH)Te(zH)*)gi(2H)
1 S\ gearn

i

3 H) /G . Y 4T (Fg(yH)Fg(zH)*gk(zH)>

= [€leG/H

I
)—‘Mg
=

13



o0

=S mem| ¥ de Tr (Te(yH)5(¢)) th o11)(ov))

k=1 €leG/H
= hi(wH)gi(yH)
k=1

for all vH,yH in G/H.
Conversely, let {gx }7>, and {hz}72, be sequences in LP1(G/H) and LP?(G/H) such that

o
S 980t gy 1 o0y <
k=1

and for all xH and yH in G/H, we have

> de Tr(Te(xH)o(zH,&)Te(yH)") th (zH)gp(yH).
€leG/H h=1

Then, for all f € LP'(G/H), we get
(Tof) (@H) = Y d¢Te(Te(xH)o(xH,€) ()

[€leG/H
de¢

= X de Y CeleM)o(@H,&))mnf(E)nm

[geG/m M=l
de

leG/H ™= 1

:/GH > de Tr(Te(vH)o(zH,E)Te(yH)*) | f(yH) du(yH)
M \gearm

= /G/H (Z hk(xH)gk(yH)) f(yH) du(yH)

k=1

for all tH € G/H. This completes the proof of the theorem. O

An immediate consequence of Theorem[4.4]gives the trace of a r-nuclear pseudo-differential
operator on LP(G/H) for 1 < p < oo. Indeed, we have the following result.

Corollary 4.5. Let 0 < r <1 and let T : LP(G/H) — L’(G/H),1 < p < o0, be a r-

nuclear operator with matriz-valued symbol op on G/H x G/H. Then the nuclear trace of

14



T is given by

Tr (T) = /G . [5]6253/7{ de Tr(TSor(H, €))dp(zH).

Proof. Using trace formula (4.1) and Theorem we have

Tr (T) = /G/H;hk (xH)gg(zH)dp(zH)

_ / > de Tr(Te(wH)or(aH,§)Te(«H)").
M gecrn

Since Tg is an orthogonal projection, we obtain

Tr (T) = /G . mgﬁ de Tr(TYor(xH, €))du(zH).

5. ADJOINT AND PRODUCT OF 7-NUCLEAR PSEUDO-DIFFERENTIAL OPERATORS

In this section we give a formula for symbols of the adjoints of r-nuclear pseudo-
differential operators from LP'(G/H) into LP2(G/H) for 1 < pi1,pa < oo, where G is a
compact Hausdorff group and H be a closed subgroup of G.

Theorem 5.1. Let 0 < r <1 and let T : LP*(G/H) — LP*(G/H),1 < p1,p2 < o0, be a

r-nuclear continuous linear operator with matriz-valued symbol o on G/H x G/H. Then
the adjoint T* of T is also a r-nuclear operator from LP2(G/H) into LP1(G/H) with symbol
T given by

TS r(eH.€) = €)Y gr(aH)hi(€)*, (¢H,€) € G/H x G/H,
k=1

where {gr}7>, and {hi}3>, are two sequences in LP\(G/H) and LP?*(G/H) respectively
such that

> kloa oy 198N ot oy < 00
k=1

Proof. For f € LP*(G/H) and g € LP>(G/H), from the definition of the adjoint of an
operator, we have

/ (Tf) (zH)g(zH) du(xH) = f(@H)(T*g) (xH) dp(zH).
G/H G/H

15



Therefore,

de
/G/H (/ Y de > Ce(@H)or(zH,&))mn

geG/m M=l

(5.1) X Te(yH )imn f(yH) du(yH)> g(xH) du(zH)

de
o (/ > de Y (CelwH)r(aH. )

}EG/H m,n=1

x Te(yH)mng(yH) du(yH )> dp(zH).

Let v and n be elements in CT/?I Then for 1 <i,5 < d, and 1 < p,q < d,), we define the
functions f and g on G/H by

f(.’EH) = FW(xH)ij, xH € G/H,

and
g(zH) =Ty (zH)yq, xH < G/H.
Thus, from the relation ([5.1)), it folllows that

[ ()o@, ), Ty, du(eH)
G/H

- / Lo(zH)ij(Ly(zH)T(2H, 77))pq du(zH)
G/H

and so

/ (O (@ H)or(wH, 1)) T(wH ) pg dps(H)
G/H

= / (Cy(xH)T(xH,n))pgl'y(xH )iy dp(xH).
G/H
This implies that
(5.2) (@5 oz (7)) M)ap = (Cr()TCom))pg) " ()i

for 1 <i,5<d,,1<p,q<d,andall yand 7 in CT/?{ Since T': LP*(G/H) — LP*(G/H)
is r-nuclear, from Theorem there exist sequences {gy}o>, in L1 (G/H) and {h}3>,
in LP?(G/H) such that

> MklToa () 981 o 310y < 00
k=1
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and for all (yH,v) € G/H x CT/?I, we have

(O (yH)or(yH, )i = > halyH) (5(7)
k=1

Then

(Ly(zH)7(xH,n))pg = Z dy Tr[Dy (e H) (T ()T(‘an))pq)/\w)]
eG/H

dW
= > N (T (@H)) i (T ()7Cm))pg) ()i

MeG/a HI=1

for all (xH,n) € G/H x C?/?{ Therefore, by (D for all (xH,n) € G/H x CT/?I, we get

(Ly(zH)T(xH,m))pq

dy
= Z Zd,y(FV(xH))ij(((F'y(')UT('a’Y))ij)/\(n))qp

meG/a =t

dy
= Y Y a0 () /G TGOy, dp(oH)

[7]65/71“_1
= Y Z d, (T (zH)) U/ th (yH)(Gk()) Ty (yH),,, dps(yH)
yleG/a H=1
= </ i (yH)T (v H ) pg dpe yH) > Z dr( i GE()ji
k=1 G/H i,7=1
heG/H
oo dy
= Zﬁ;(”)qp Z Z dv(rv(wH»w (ﬁ(7)>jz
k=t peG/m =1
= Zﬁ;(n)qp Z dy Tr(Ty (xH)gr (7))
k=1 eG/H
= M) (H) = Y (0,9 ( H)
k=1 k=1

for all 1 < p,q < d,. Thus, for all (xH,n) € G/H x G{/}\'{ we get

Iy(xH)T(xH,n) th * gk(xH)

17



and hence
Thr(xH,n) =n(x th *gr(xH).
O

As an application of Theorem and Theorem in the next corollary, we give a
criterion for the self-adjointness of r-nuclear pseudo-differential operators.

Corollary 5.2. Let0 <r <1 andlet T : L*>(G/H) — L?>(G/H) be a r-nuclear continuous

linear operator with matriz-valued symbol op on G/H x G/H. Then T is self-adjoint if
and only if there exist sequences {gr}rey and {hx}rey in L?*(G/H) such that

> Ml 2y N9kl 2 my < oo,

k=1
> hi(zH)ge(€) th Gr(zH), (zH,£) € G/H x G/H,
and
TS0 (zH, €) = th (H)Gi()*, (zH,€) € G/H x G/H.

We can give another formula for the adjoints of r-nuclear operators in terms of symbols.
Indeed, we have the following theorem.

Theorem 5.3. Let 0 < r < 1. Let or be a matriz-valued function on G/H X CT/?{ such
that the corresponding pseudo-differential operator T : LP(G/H) — LP*(G/H) is r-nuclear
for1 < py1,pa < 0o. Then the symbol T of the adjoint T* : LP>(G/H) — LP1(G/H) is given
by

Tl O =€) 30 dy [ Ty H)or(ul ) Te ) Cely ity
n ]eG/H
which is eventually same as

Tér(eH, &) = &) S d, (Tr (o7(m) Ty ()T (@ H))
meG/H

A

©)

for all (zH,€) € G/H x G/H.

Proof. Suppose that T : LP*(G/H) — LP*(G/H) is r-nuclear operator for 1 < pj,py <
oo. Then by Theorem there exist sequences {gy}re; in L\ (G/H) and {hr}rey in
LP2(G/H) such that

Z Hgk”;}’/l (G/H) ”thsz(G/H) <00
k=1
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and for all (yH,n) € G/H x 6/7{, we have

Ty(yH)or(yH,n) = > hi(yH)ge(n)*
k=1

(Ly(yH)or(yH,n)) th yH)gk(n).
k=1

Let (zH,&) € G/H x CT/?I Then

S

Te[(Ty(yH)or(yH, 1) Ty(xH)|Te(yH) du(yH)
G/H

- / [ <:cH>] Pe(yH) dyu(yH)
G/H

- ZTr@(n)rn(xH)) /G | TRGHITEH) du(y)

= Z hie(§)" Tr[gi(m Ty (x H ).
Then by Theorem [5.1] . we obtain

S o [ T o, n) Ty )Ty H) dp(o)

[n]eG/H
Yo dy (th )" Te[gi ()T <xH>]>
mleG/H k=1
=3 m© Y. dyTr[Ge(n)Ty(zH))
k=1 eG/H

[ee]

= (&) Gr(xH) = Te(wH)r(aH, €)
k=1

for all (zH,&) € G/H x CT/?{

Another criterion for the self-adjointness of r-nuclear pseudo-differential operators on

homogeneous space of compact groups is as follows.

Corollary 5.4. Let 0 < r < 1. Let or be a matriz-valued function on G/H x G//?{ such
that T : L*(G/H) — L*(G/H) is r-nuclear. ThenT : L*(G/H) — L*(G/H) is self-adjoint

if and only if
Thor(at,§) = @) 3 dy (TorCr Ty T @) ()

(meG/H
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for all (zH,€) € G/H x G/H.

Next, we show that the product of a nuclear pseudo-differential operator on LP(G/H)
with a bounded operator again a nuclear pseudo-differential operator on LP(G/H) for
1 < p < o0, where G is a compact (Hausdorff) group and H is a closed subgroup of G.
We present a formula for the symbol of the product operator. The main theorem of this
section is the following one.

Theorem 5.5. Let T : LP(G/H) — LP(G/H), 1 < p < oo, be a nuclear operator with a
matriz valued symbol o and let S : LP(G/H) — LP(G/H) be a bounded linear operator
with symbol og. Then ST : LP(G/H) — LP(G/H) is a nuclear operator with symbol A
given by

TpM@H, &) =&)Y hi(aH)ge(€
k=1

for all (zH,§) € G/H x G{/?I, where {gr}72, and {h1.}32, are two sequences in LP' (G/H)
and LP(G/H) respectively such that Y -, gkl L (. ey Wl oy ey < 00 wiith

h(xH) Z d Tr[ (xH)og(zH, n)hk( )}, xH e G/H.
eG/H

Proof. Since T : LP(G / H) — LP(G/H) is a nuclear pseudo differential operator for 1 < p <

00, from Theorem |4.3] there exist sequences {gx }o>, € L (G/H) and {hy};>, € LP(G/H)
such that

Z ||9k:”Lp’(G/H) Wkell Lo (G 1y < 00
k=1
and

T or(xH, €) = Z ho(zH)Gn(€)*,  (zH,€) € G/H x G/H.
Let f € LP(G/H). Then
(STf)(xH) Z d,, Tr(C,y(zH)os(zH, 0T f(n))

[meG/H

= Y dyTr|Ty(zH)os(zH,n) (/G/HTf(yH)Fn(yH)*du(yH))]
[meG/H

Z d, Tr I'y(zH)os(xH,n)
meG/H

></G/H K]eza;mdfH(Ff(yH)UT(@/HaOA(é)) T, (yH)* du(y H)
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for all tH € G/H. Using the nuclearity of T', we have

(STf)(xH) Z dy Tr |Ty(zH)os( an/ Z de
(meG/H [€leG/H

Tr <Z hi(yH)ge(€)* A(f)) Uy (yH)" du(yH )]

k=1

Z dyTr |y (xH)os(xH,n) Z ngTl"<gk J?f))

[eG/H [€)eG/H k=1

></ hk(yH)Fn(yH)*du(yH)]
G/H

Z dy Tr |y (zH)og(xH,n) Z nghk (7“(5)*/\(6))

eG/H [€]eG/H k=1

- X > > dedy T [Uy(aH)ors(xt m)hi(n)| Tr () F16)

meG/a =1 [gleG/H

>. deTr (Te(eH)NH. OF(E)) .

€leG/H
where
TEN(2H, €) = Z > d T [Dy(eH)os(@H, )hy(n)| 51(€)"
k=1 neG/H
2)* > i (xH)gr(E)
k=1

for all (xH,¢) € G/H x G/H and

hi(xH) Z d Tr{ (xH)og(zH, U)hk( )], xH € G/H.
meG/H

6. APPLICATIONS TO THE HEAT KERNELS ON G/H

In this section, we assume that GG is a compact Lie group and H is a closed subgroup
of G. Let L¢ be the Laplace-Beltrami operator (or the Casimir element of the universal
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enveloping algebra) on G. For every [¢] € G , the matrix elements of £ are the eigenfunctions
of L& with same eigenvalue denoted by —)\[251. Therefore,

—La&ij = —Ajg&ij for alll <i, j < de.
Let —Lg g : C*(G/H) — C*(G/H) be the differential operator on G//H obtained by
—L¢ acting on functions that are constant on cosets of G, i.e., such that —Lq/ g f = —ng
for f € C*°(G/H), where for f € C*(G/H), f € C*(G) is the lifting of f given by f(z) =
f(zH). The operator —Lq/, g has the eigenspace I'¢,, (v H ) for 1 < i, j < d¢ corresponding to
the common eigenvalue —A[Qg]. For more details on —L¢/ g, see [35]. We make use the symbol

_ . —tl€]2
of the heat kernel e **¢/# Indeed, by taking into account O ~tLem (zH, &) = el Tfl,
where [¢| = )\2 | we have

~

etharm f(aH) = Y deTe(Ue(wH)o i) (2 H,€) F(€))

[]eG/H
> deTe(Te(zH)e AT f(€))
€leG/H
Z dee” MO Te(De (v H) J(€)).
€leG/H

Now, we show that the nuclearity of the heat kernel on LP-spaces.

Theorem 6.1. Let G be a compact Lie group and let H be closed subgroup of G. Then
the heat kernel e"**c/v : LP(G/H) — LP>(G/H) is nuclear for every t > 0 and all
1 < p1, pa < 00. Moreover, if 0 < r < 1, then e”**c/1 . [P(G/H) — LP(G/H) is r-nuclear
operator for every t > 0 and 1 < p < oo. In particular, on each LP(G/H), we have the
following nuclear trace formula

Tr (e teo/m) = Z dgeft)‘[zﬂ Tr(TfI).
[€)eG/H

Proof. The kernel of e #£¢/H is given by

= > dee” e Te(Ce(zH)T (yH)*)

€leG/H
= Y dee” MO T(Te(xH)E(y)")
€leG/H
with
Tr(Te(zH)E ng (xH)i; €
We set

—X2 “(ar)
he.ij = dge gy Pe(xH)ij  9eij = f(@/)zj-
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Let p} denotes the Lebesgue conjugate of p; and ¢; = max{2,p}}. Then by Lemma

we get
_1

Also, we have

—t\2
e ijll o2 (cymy = lldee” OT (@ H )ijl| o2 (G

_ )\2 _ )\2

< |ldge™ M Te () llopll o2 () < dee™ e,
Therefore,
1
—F —tA2
gei5 (Nl o e .ij (O Le2(a/my < did, ™ e 8 < oo,
LP1(G/H) 3
GEF KleG/H

where the last convergence follows from any of the Weyl formula, see, for example [10].
Therefore, e *“6/H is a nuclear operator. Similarly one can prove r-nuclearity of e *~c/H

By Corollaryand by using the fact that measure p on G/H is normalized, the nuclear
trace formula of e *¢/# given by

Tr(e te/m) = Z de Tr(eit)‘[QﬁlTé) = Z dfeft)‘[QE] Tr(TfI).
G/H “—_ —~
/ [{leG/H [(leG/H
O
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