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1 Introduction

The Adler-Manin trace was discovered for one dimensional pseudodifferential symbols
[1, 23]. It was generalized by Wodzicki to the algebra of pseudodifferential operators on a
manifold of arbitrary dimension [33]. A vast generalization of Wodzicki’s noncommutative
residue was obtained by Connes and Moscovici for spectral triples in the context of the
local index formula in noncommutative geometry [7]. A pseudodifferential calculus was
developed in [5] for C*-dynamical systems. Noncommutative residues on the correspond-
ing classical pseudodifferential operators for the canonical dynamical system defining non-
commutative tori were studied in [18] (see also [17]). Also, noncommutatvive residues for
pseudodifferential operators on noncommutative tori with toroidal symbols are built in [22].
Motivated by the notion of a twisted spectral triple [8], a twisted version of the Adler-Manin
trace was studied in [14].

In this paper, motivated by the theory of bi-singular pseudodifferential operators [28],
we find an algebraic setting for a noncommutative residue defined analytically in [25].

Fredholm properties, index and residue were studied for an algebra of pseudodifterential
operators, denoted by HL(X| X X3), on the product of two manifolds X; and X, in [25]. In
the the case X; = X» =S/, an operator in HL(X| X Xp) = HL(T) (with T = S'x S can be
defined by a global symbol a(xy,x2,£1,&2) as

a(x1,x2,D1,Dp)u = f NG (1 X0, &1, E2VU(E,&2) dE) dEy

eZm'(xl k1+x2ko)

a(xy, x2, ki, k2)ci, k,» (LD
kl,k2€Z

where ¢y, , = f f]r u(xy, xp)e~ Frivikitxaka) gy gy, are the Fourier coefficients of u € C*(T) (in
the first line u is regarded as a 1-periodic function and its Fourier transform is a Dirac comb,
which gives the discrete sum). The symbol a is supposed to have an asymptotic expansion
a~ %:_Oo nN:_Oo Omn(X1,x2,€1,€2), where 0y, (X1, x2,€1,&2) is smooth in T X R\ {0})?
and positively homogeneous of degree m,n with respect to &€; and &; respectively. Hence

1,1 .
)y (1, 2)ENE] 161> 0,6>0
1,2 .
din (e )ENE i 61> 0,6 <0
Omn(X1,%2,€1,62) = @0 men
Amn,n (x17x2)§1 é‘z if&<0,6%>0
2,2 :
iy (1, 2)EE) i 61 <0, £ <0
for suitable smooth functions aﬁ,jj,), s,t=1,2,on T (see [25, Section 2] for more details).
Now, writing [ for the two sided ideal of the operators which are smoothing with respect
to at least one of the variables on T, we have an isomorphism

HL(T)/I - Y(A,01,02), (1.2)

where W(A,61,02) is an algebra of formal pseudodifferential operators with coefficients in
the algebra A, given by the direct sum of 4 copies of the algebra C*(T), and d;,0, are the
standard partial derivatives. To be precise, each element in the right-hand side of (1.2) is by
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definition a formal series
M N

DD anattsl, (1.3)

m=—00 p=—00

with a,,, = (a ”)) si=12 € A. We have 4 linearly independent traces 7,; : A — C on the
algebra A, defined by

75.(a) = f f a(x1,x2)dx 1 dxy, s,t=1,2, acA.
T

Correspondingly, we will have 4 noncommutative residues on W(A,d;,0,), defined via
Ts1,8,¢t = 1,2, by considering the term 7,,(a_; 1) for any a € A. We will prove these re-
sults in Section 4 for the abstract algebra W(A,d1,9,), generalizing therefore those obtained
for bi-singular operators on the torus in [25].

Bi-singular operators P were originally studied, during the years 60’s and 70’s, under
the form

Pf(z1,22) = bo(z1,22)f(21,22)
1 b
__f Mf({hm)d&
T Jsi —Z1

s
lf Mﬂm,{z)d{z
st -
b12(11’12,§1,§2)
dti dg. 14
W e e R (14)

Here z1,z» belong to S', regarded as the unit circle in the complex plane, and we un-
derstood counter-clockwise integration in the principal value Cauchy sense. We assume
the functions by, b1, by, b1 are C* with respect to all of the variables. These operators,
bounded on L?(T), can be regarded as operators of order zero in HL(T), namely d,,, = 0
for (m,n) # (0,0) in (1.3). To respect the algebraic isomorphism in (1.2), one sets in (1.3)
apo = (af)f;)”)s,z:l,z, where

"E)sot) = bo(z1,22) = (=1)’b1(z1,20,21)

—(=D)'ba(z1,22,22) + (=1)**'b1 2(21,22, 21, 22)s (1.5)

with z; = e¥™%i j=1,2 (see Example 5.1 below for computations).

The literature in this connection is wide, involving problems of operator theory, har-
monic analysis and several complex variables, see for example [34, 32, 19], coming from
the school of A. Zygmund, and [30, 26, 27, 20], from the school of F. D. Gahov.

Starting from the 70’s, bi-singular operators were reconsidered from the point of view
of the theory of pseudodifferential operators, see [13] and [28], emphasizing the connection
with the proof of the index theorem [3]. Roughly, the algebra HL(T) is obtained by com-
posing P in (1.4) with partial derivatives on T and their inverses. This originates terms of
positive and negative orders in (1.3), and gives rise to non-trivial residues. Note that, argu-
ing from a purely algebraic point of view, Fredholm property and index have no meaning
for W(A,d1,07), nevertheless a trace 7 on W(A,81,d,) in (1.2) can be obviously extended to
HL(T) by setting 7 = 0 on the ideal /.
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A natural question is whether a related class of pseudodifferential operators exists, pro-
viding in (1.2) an isomorphism with Y¥(A,d1,6,) where simply A = C*(T). To this end, we
may address to the Toeplitz operators in a quadrant of [11, 12, 4, 31].

This paper is organized as follows. In Section 2, we recall some standard constructions
and the Adler-Manin trace in the one dimensional case. In Section 3, we recall from [14]
the extension of the Adler-Manin trace to a twisted set-up, where the twist is afforded by an
algebra automorphism. This work was motivated by the notion of twisted spectral triples,
introduced recently by Connes and Moscovici [8], which appear naturally in the study of
type III examples of foliation algebras. They have shown that given a twisted spectral triple,
the Dixmier trace induces a twisted trace on the base algebra, where lack of any non-trivial
trace is the characteristic property of such algebras. Also, we briefly recall from [24] the
construction of spectral triples twisted by scaling automorphisms, and the existence of a
tracial noncommutative residue on the corresponding algebra of twisted pseudodifferential
operators. In Section 4, we construct a two dimensional version of the algebra of twisted
formal pseudodifferential symbols and introduce a noncommutative residue on this alge-
bra. That is, starting from an algebra equipped with an automorphism and two twisted
derivations, we construct an algebra of formal twisted pseudodifferential symbols. Then,
we introduce a noncommutative residue on this algebra via an invariant twisted trace on the
base algebra, and show that it is a trace functional. In Section 5, as an example of our two
dimensional analogue of the Adler-Manin noncommutative residue, we shall consider the
noncommutative residue of bi-singular operators.

2 The Adler-Manin Trace

Let A be a unital associative algebra over C which is not necessarily commutative. Recall
that a derivation on A is a linear map 6 : A — A such that

o0(ab) = ad(b) +6(a)b, a,beA,

Given a pair (A,9) as above, the algebra of formal differential symbols D(A,0) [21, 23] is,
by definition, the algebra generated by A and a symbol & subject to the relations

éa =aé+6(a), acA. 2.1)

For every element D of D(A,¢) there is a unique expression of the form

N

Z aié,

i=0

with N > 0,a; € A. We think of D as a differential operator of order at most N. Using (2.1),
one can prove by induction that

n

"a = Z (’;)(Sj(a)f”_j, acaA, n>0. (2.2)

J=0
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Using (2.2), we obtain the following multiplication formula in D(A,§):

M X . MiN ;
(S0 S0 = 3, (3 fhsae
i=0 Jj=0 n=0 ik

where the internal summationisoverall 0 <k <i<M,and 0 < j< N suchthati+ j—k=n.

By formally inverting & in D(A, 6) and completing the resulting algebra, one obtains the
algebra of formal pseudodifferential symbols of (A,9) [1, 23, 21], denoted by W(A, ). More
precisely, it is defined as follows. Elements of W(A, ) consist of formal sums

N
D= Z aié,

|=—00

with a; € A, and N € Z. Its multiplication is defined by extending (2.2) to all n € Z as follows.
For any a € A and n € Z one defines

(9]

ga=7 (’;)5j(a)§"‘j .

J=0

Here the binomial coefficient (;’) for n € Z and non-negative j € Z, is defined by ( ) =

n
1 j+1 /
w Notice that for n < 0, we have an infinite formal sum. It follows that for

general Dy = Y¥ @& and D, = Y b;¢/ in W(A,5), the multiplication is given by

j=—00 j:—oo

M+N i
DiD2= Y, (3 cJastp)e
n=—00 i jk

where the internal summation is over all integers i < M, j< N, and k>0 such thati+ j—k =
n.
Now consider a d-invariant trace T : A — C. By definition, 7 is a linear functional such
that
7(ab) = 1(ba), 7(6(a)) =0, a,beA.

The Adler-Manin noncommutative residue [1, 23, 21] is the linear functional res : ¥(A,6) —

C defined by
N
res( Z aifi) =71(a_y).

One checks that res is a trace, i.e.
res([D1,D;]) =res(D1D, — D, D) =0, D,D, e Y(A,9).
Equivalently, one shows that the map res : Y(A,6) — A/([A,A] +imo)
D a_; mod [A,A]+1m6

is a trace on W(A, 0) with values in A/([A,A] +im o).
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A relevant example is when A = C ®(sh, the algebra of smooth functions on the circle
S! =R/Z, with

1
() = fo fWdx, S =f.  feC @S,

In this case the noncommutative residue coincides with the Wodzicki residue on the algebra
of classical pseudodifferential operators on the circle, see Section 5 below.

3 Twisted Symbols and Noncommutative Residues

Motivated by the notion of a twisted spectral triple [7], the Adler-Manin trace was extended
to a twisted set-up in [14]. That is, an algebra of twisted formal pseudodifferential symbols
was defined, where the twist is afforded by an automorphism of the base algebra, and a non-
commutative residue was introduced. In this section we briefly recall this construction and
highlight the tracial property of the corresponding noncommutative residue. We also recall
some facts about noncommutative geometric spaces [6], namely spectral triples and the cor-
responding algebras of pseudodifferential operators, which admit noncommutative residues
under some mild conditions [7]. We also briefly recall the twisted spectral spectral triples
obtained from scaling automorphisms of a spectral triple in [24], and the corresponding
algebras of twisted pseudodifferential operators and noncommutative residues.

3.1 Adler-Manin trace in a twisted set-up

We assume that A is a unital associative algebra over C, and o : A — A is an algebra auto-
morphism. A linear map 6 : A — A is a o-derivation or a twisted derivation if

o(ab) = 6(a)b + a(a)i(b), a,beA.

Given such a triple (A, 0,9), the algebra of formal twisted differential symbols D(A, o, 0) is
defined as follows. Its elements are polynomials in & with coefficients from A, which are of

the form
N

Dlag, N0, aeA
i=0

The multiplication of D(A, o, d) is defined by the relations
éa =o(a)é¢+6(a), acA.

By induction, it follows that
n .
£'a=) Piac)@E, n>0, acA, 3.1)
i=0

where P; ,(0,0) : A — A is the noncommutative polynomial in o and ¢ with (’l’) terms of
total degree n such that the degree of o is i. For example

P34(0,0) = 507 + 060 + 0250 + 6.
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By formally inverting & and using induction, for n = —1 and a € A, we have

N
f_la — Z(—l)ia'_l((sa'_l)i(a)f_l_i +(_l)N+1§_l(60'_1)N+1(Cl)§_1_N.

i=0
This suggests setting
&la= ) (Do o @,
i=0

Therefore for n > 0,a € A, we set
£a=
2 Z< D+t gy o o (@ (3.2)

i1=0 i,=0

Thus, the elements of the algebra of formal twisted pseudodifferential symbols [14],
denoted by Y¥(A, 7, 6), are of the form

N

Zaifi, NeZ, a; € A,

and the multiplication in this algebra is defined as follows. For any

N

D = Z ane", Dy = i bt € W(A,0,0),

n=—00 m=—00

we have

DD, = Z ZZ( l)lllan 1(50- l)l— —1(60.—1)i1(bm)§_—m+n—|i|

—o0 n<0 i>0
+ Z ZZanPj,n«r, 5 bu)E™,

m=—o0 =0 ]:O

where for n <0, i = (i,...,i-,) is an n-tuple of integers and [|i| = i1 +--- +i_,.
One of the main results proved in [14] is that given a twisted §-invariant trace 7: A — C,
the linear functional res, : W¥(A,0,0) — C defined by

N
resg( Z anfn) =71(a-y)
n=—o0o0
is a trace. Here, by twisted trace we mean that

7(ab) = (o (b)a), a,beA.

Also, 7 is said to be o-invariant if To 6 = 0.
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3.2 Spectral triples twisted by scaling automorphisms

Geometric spaces are described by spectral triples (A, H, D) in noncommutative geometry
[6, 7]. Here, A is a x-algebra represented by bounded operators on a Hilbert space H, and
D is an unbounded selfadjoint operator acting in H, which interacts with A in a bounded
fashion. That is, for any a € A, the commutator [D,a] = Da — aD extends by continuity to
a bounded linear operator on H. A local index formula is proved for spectral triples in [7].
If a spectral triple is n-summable, the Dixmier trace Tr,, induces a trace on the base algebra
A. This trace functional is given by

aw— Try,(alDI™), acA.

Also, it is shown in [7] that if the spectral triple has a simple dimension spectrum, the
analogue of Wodzicki’s residue defines a trace on the corresponding algebra W(A, H, D) of
pseudodifferential operators. This trace is defined by

P Res,—oTrace(PID| %),  PeW(A,H,D).

Since the existence of a non-trivial trace is the characteristic of type Il situations in
Murray-von Neumann classification of rings of operators, in order to incorporate type II1
examples, the notion of twisted spectral triples was introduced recently by Connes and
Moscovici [8]. In fact, this notion arises naturally in the study of type III examples of fo-
liation algebras, and also in noncommutative conformal geometry [8, 10, 15, 9, 16]. For
twisted spectral triples, the ordinary commutators [D,a] are not necessarily bounded op-
erators, however, there exists an algebra automorphism o : A — A such that the twisted
commutators [D,a], = Da—o(a)D extend to bounded operators for all a € ‘A.

Twisted spectral triples also arise naturally in conformal geometry of Riemannian man-
ifolds [8, 24]. Let (M, g) be a connected compact Riemannian spin manifold of dimension n
and D = D, be the associated Dirac operator acting on the Hilbert space of L?-spinors H =
L*(M,S®). Let S CO(M, [g]) denote the Lie group of diffeomorphisms of M that preserve the
conformal structure [g] (consisting of all Riemannian metrics that are conformally equiv-
alent to g), the orientation, and the spin structure. Also, let G = SCO(M,[g])o denote the
connected component of the identity. In [24], using a suitable automorphism of the crossed
product algebra C*(M) =G, a twisted spectral triple of the form (C*(M) =G, L*(M,S%),D)
is constructed.

Similarly, by endowing R” with the Euclidean metric, and considering the group G of
conformal transformations of R", a twisted spectral triple is constructed over the crossed
product algebra C°(R") > G [24]. An abstract formulation of this class of twisted spectral
triples leads to the idea of twisting an ordinary spectral triple by its scaling automorphisms.
A local index formula is proved in [24] for these examples under a particular invariance
property under the twist, which enforces the Selberg principle for classical examples.

The set of scaling automorphisms of a spectral triple (A, H, D), denoted by Sim(A, H, D),
consists of all unitary operators U on H such that

UAU = A and UDU" = u(U)D for some u() > 0.

One can see that Sim(A, H,D) is a group and the map u : Sim(A, H,D) — (0,00) is a
character. Since the group Sim(A, H, D) acts by conjugation on A, by fixing a subgroup
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G c Sim(A, H, D), one can form the crossed product algebra Ag = A= G. By definition,
as a vector space, Ag is equal to A®CG whose elements are finite sums of the form

ZaUU, UegaG, ay € A.
The multiplication in this algebra is defined by
Ua=UaUU, U eG, acA.
It is shown in [24] that the formula
o) =) al, ac@A, UegG,

defines an automorphism of Ag, and (Ag, H, D) is a twisted spectral triple. For the twisted
commutators, one has

[D,aU], = DaU —o(aU)D = [D,a]U,

which are bounded operators for alla e A, U € G.

For this class of twisted spectral triples, the group Sim(A, H, D) acts by conjugation on
the algebra of pseudodifferential operators W(A, H, D) of the base spectral triple. In [24]
the crossed product algebra

Y(A~G,H,D) :=VY(A,H,D)~G
is considered, and it is shown that the residue functional given by
P Reszonrace(P|D|_22), PeY(A~G,H,D),

defines a trace functional, under a similar assumption to the untwisted case, namely the
extended simple dimension spectrum hypothesis.

4 'Two Dimensional Noncommutative Residue

In this section, motivated by the theory of bi-singular pseudodifferential operators [28], we
find an algebraic setting for a noncommutative residue defined analytically in [25]. The
setting is a higher-dimensional version of the one for the Adler-Manin trace, explained in
Section 2. Our construction is rather general in the sense that, similar to the construction
described in Section 3, it involves a twist afforded by an algebra automorphism.

As above, we assume that A is a unital associative algebra and o : A — A is an algebra
automorphism. We consider two o-derivations 81,92 : A — A such that 6,02 = 0201,010 =
001,000 = 00,. First, we associate to this data an algebra D(A,0,01,06,) of twisted differ-
ential symbols whose elements are polynomials in &1,&, with coefficients in A, which are
of the form

M N
Z Z amnfl€l, M,N>0,  ap, €A.

m=0 n=0
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The multiplication in D(A,0,61,d7) is essentially defined by the relations
&ia = o(a)é; +6;(a), i=1,2, acA.

Since ¢; and o commute, by induction, for any n > 0 we have
n
ga=) (”_)aﬂ-fa{(a)g;"f, i=1,2, acA
=0\
We also define an algebra of formal twisted pseudodifferential symbols W(A,0,81,067)
(in short W(A,01,0,) if o = id) formally inverting each &;,i = 1,2. The elements of this
algebra are of the form

Z Zamng &, MNEZ,  apn,€A.

m=—o0o n=—00

The multiplication of this algebra is defined by the following relations:
§162 = 6281,
il =¢lg=1,  i=12,

0
ga=>)" (’f)a"—f&{(a)gf‘f, i=1,2, neZ,  acA
=0\
We note that these relations follow from (3.1) and (3.2) under the assumption that the auto-
morphism and the derivations commute with each other, which is assumed in our construc-
tion as mentioned above. Therefore, for any

Z Z amné|'€s, Do = Z Z bpq§p§2 € Y(A,o0,01,02),

M=—00 1=—00 —00 g=—

we have:

DD, =
Z Z ( )( ) o= J25]15]2(bpq)§m+l7 Ji ;+q—jz’
120 JiJ\J2

where the first summation is over all integers m,n, p,g such that m < M,n < N,p < M’,q <
Nl

In the following, we define a noncommutative residue Res : ¥(A,0,01,02) — C and
prove that it is a trace functional. For the definition, we start from a twisted trace 7: A — C,
which satisfies some invariance properties stated in the hypotheses of Theorem 4.3.

Definition 4.1. For any

M N
D= ) > anl& € W(A0.61,0),

m=—00 n=—00

we define its noncommutative residue by

Res(D) = t(a-1-1).
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In order to investigate the tracial property of Res, which is carried out in Theorem 4.3,
first, we need to prove a lemma:

Lemma 4.2. Let 6 : A — A be a o-derivation such that 6o =09d. If 7: A — C is a linear
functional such that 7o ¢ = 0, then for any a,b € A and non-negative integer i, we have

(6" (a)b) = (=1)'1(c" (a)5"(b)).

Proof. For any a,b € A, we have

7(6(ab)) 7(8(a)b + o(a)o(b))
7(6(a)b) + (o (a)6(D))

= 0.

Therefore
7(8(a)b) = —1(0(a)é(b)), a,beA.

So the statement holds for i = 1. By induction, for any non-negative integer i we have:

@ @b) = (87 (6(a)b)
= (D)@ (@)™ )
= (D)6 @)™ )
= (D't(c'(@3'(b)).
]
Now, we show that under suitable invariance properties on the twisted trace 7: A — C,

the noncommutative residue defined above gives a trace on the corresponding algebra of
two dimensional formal twisted pseudodifferential symbols.

Theorem 4.3. Let1: A — C be a o--trace such that to6; =0 fori = 1,2, and Too- = 7. Then
the noncommutative residue Res gives a trace functional on W(A,0,d1,067).

Proof. Since Res is clearly a linear functional, in order to prove that it is a trace, it suffices
to show that for any a,b € A and m,n, p,q € Z, we have:

Res(aé]'6,b€7€]) = Res(bE] €3a8'€Y).

First, we observe that

a& Tf '21 b& f§§ = afT Z ’;)0-”—1(%' (b) ff f;_jw
Jj=0
”.)fTo”‘fag(b)gfg;—fw

n 3 m —ici n—jcj M—i+p N—j+q
S s

= Z n.l)(n_)aa’"_””_jd’i6é(b)§'1n+p_i§;+q_j-
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Therefore
Res(a&}'&3b&0ED) = = Z (’:’)(';)a oIS 6 (b)E T TE ), .1
where the summation is over all non-negative integers i, j such that m+p—i = -1 and
n+g—j=-1.
Similarly, we have:
5 (P\(4),, pmivgmisi s i g
vetegacti = 3 (7)o iolaey g
i,j=0

Therefore
Restoefelaeted = o (1) *por i isa),

where the summation is again over all non-negative integers i, j such that m+ p—i=—1 and
n+q—j=—1. Since 7 is a o>-trace, for each term in (4.2) we have

et

1

(’7 )(".)r(a"—”q—f”ai 8} (a)b)
J

1

[t
which, using Lemma 4.2, is equal to
(’l’ )(?)(—1)"+f'r(ap+q+2<a)5é 55(0).
Using 7o o =T, the latter is equal to
(’? )(q_)(—l)”fr(aa—l’—q—z(sg 51(b)).
i)\j

Since m+ p—i=n+qg— j=-1 in the above sum, we have —p—g—2 =m+n—i— j. Thus
we have

Res(bfffgaf'lnf’z’) = T( Z (];)(3)(—1)i+jT(a0'm+"_i_j5i15£(b))), (4.2)

where the summation is again over all non-negative integers i, j such that m+ p—i=—1 and
n+g—j=-1.
By comparing (4.1) and (4.2), in order to prove that they are identical, we show that

()= G

for any fixed non-negative integers i, j such that m+ p—i=—1and n+¢— j = —1. This can
be proved by showing that (—1)i(’l.’ ) = ("f) and similarly (-1)/ (‘JI) = (;‘) as follows. We have:
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<—1>"(’.’)
l

<—1>"(‘m+.i‘1)

1
(—m+i—1D)(=m+i=1=1)-(—m+i—1—i+1)
il

-1y
(m—i+D(m—i+2)---(m)

oo

Example 4.1. Let A = C™(T), o = id, 6, = 33, 6, = 7. and

1 1
T(f)=f0f0f(01,02)d91d92, f eA.

Then

M N 1l
Res( Z Z am,n§T§§)=£ L a-1,-1(601,6,)d6, db,.

m=—0oon=—00

S Singular and Bi-Singular Operators

We add here some detail concerning the bi-singular operators mentioned in the introduction.
To be definite, we consider first the one dimensional case.

5.1 Singular integral operators

Classical pseudodifferential operators [2, 29] of order N € Z on the circle S' =R/Z can
be defined by a global symbol a(x,£), x € R/Z, £ € R, with an asymptotic expansion in
homogeneous terms. Modulo regularizing operators, i.e. mappings D’(S') — C*(S!), this
algebra can therefore be identified with that of formal series

N

o= ) anWE+an(el, (5.1

n=—oo

where &, = max{£,0}, £~ = min{&,0}.
This corresponds to the Adler-Manin algebra

N
P(A,68) = Z a,f"; NeZ, a,cAl,

n=—oo

with A = C*(SH e (S, 6 = %, an = (an1,a,2). There are two linearly independent
traces on A, namely

1
T4(a) = f a®(x)dx, s=1,2, a=a?,a?)eA.
0
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Therefore, there are two noncommutative residues

N

1
Ress( Z apé )=Ts(a_1) =j(; an.s(x)dx, s=1,2,

n=—oo

which are known as Wodzicki’s residues.
Introducing on W(A, ) the Toeplitz projection

N

Pir= ) an(E,

n=—oo

i.e. setting a, » = 0 for all nin (5.1), we may define the quotient subalgebra of the asymptotic
expansions of the classical Toeplitz operators, cf. the example at the end of Section 2, where
A is simply given by C(S!).

5.2 Bi-singular integral operators

Consider the algebra HI(T) of bi-singular integral operators on T = S! x §!, which are
defined by a global symbol
a(x,x2,£1,62),

as in (1.1), where x1,x2 € R/Z, &1, € R, with an asymptotic expansion in terms which
are positively homogeneous with respect to &1 and &, separately. As explained in the intro-
duction, modulo sums of operators regularizing in x| or x;, they are identified with formal

series of the form
M N
o=, 2, T

m=—00 n=—00

where each 0, is given by an expansion of the form

O-m,n = Z a,(,,fjl)(_X] axz)é:}]/rfsé‘:rzz’p
s,t=1,2
with £;1 = max{¢;,0}, £;o = min{£;,0}, j=1,2.
Therefore, the above operators correspond to the algebra

Y(A,61,02) =¥(A,0,01,02) =

M N
{ Z Z am,nngg; M,N € Z, Amp = (aﬁpi,’fz))s,t=l,2 € A},
M=—00 n=—00

considered in Section 4, with

0 0

A =C®(T)*, =id, 51 = —, )
() T ! 8)61 6)62

Now we have four linearly independent traces on A, namely

1,
T5.(a) = f f a(s’t)(xl,xz)dxl dxy, a= (a(s’t)) €A, s, t=1,2.
0o Jo
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Therefore, in this case, we have four noncommutative residues on W(A, 0, 1,02), which are
given by

M N
Resg( D D) amatléh) =7oilar),  sr=12
m=—con=—00
They correspond to those found in [25] for general bi-singular operators on the product of
two manifolds.
Finally, we note that the projection

M N

1,1
P++O'= Z Z aEn,n)(xl’XZ)é:’],rf]gg,l

m=—o0o n=—00

gives the algebra of the asymptotic expansions for Toeplitz operators in the quarter plane,
corresponding to Example 4.1.

Example 5.1. We finally verify that the operator P in (1.4) falls in the class HL(T) and
prove the formula (1.5) for its symbol.

To this end, in (1.4) we perform a Oth order Taylor expansion of by, b», b1, at {1 =z1,
{H =1z and () = z1, {» = 2o respectively. Ignoring operators whose integrals kernels are
smooth with respect to a couple of variables, which belong to the ideal I, we get

b1(z1,22,21) f(§1,Z2)

Pf(z1,22) = bo(z1,22)f(z1,22) + = My d
bz(ZbZz,Zz) f(z1,0)
dés
st L2—22
b12(Z1,Z2,Z1,Zz)ff f(&1,0) _J@)  dr mod 1
sixst (21 =41)(z2—42) e '

The formula (1.5) then follows by expressing the Hilbert transform on a circe as a pseudod-
ifferential operator:

— u¢) —2d = Z e a(x, k)ex — Z e a(x,k)ex = a(x, Dyu+ Ru,

S =0 %<0

where ¢; = fSl u(x)e 7 dx, R is a regularizing operator, and a(x,&) = (1 — x(£))signé, y
being a smooth cut off function, y(£) = 1 in a neighborhood of the origin.
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