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Abstract

The notion of topological degree is studied for mappings from the boundary of a relatively compact
strictly pseudo-convex domain in a Stein manifold into a manifold in terms of index theory of Toeplitz
operators on the Hardy space. The index formalism of non-commutative geometry is used to derive analytic
integral formulas for the index of a Toeplitz operator with Holder continuous symbol. The index formula
gives an analytic formula for the degree of a Holder continuous mapping from the boundary of a strictly
pseudo-convex domain.
© 2012 Elsevier Inc. All rights reserved.

Keywords: Regularized index formulas; Toeplitz operators; Integral representations of holomorphic functions; Index
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0. Introduction

This paper is a study of analytic formulas for the degree of a mapping from the boundary
of a relatively compact strictly pseudo-convex domain in a Stein manifold. The degree of a
continuous mapping between two compact, connected, oriented manifolds of the same dimension
is abstractly defined in terms of homology for continuous functions. If the function f is
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differentiable, an analytic formula can be derived using Brouwer degree, see [19], or the more
global picture of de Rham cohomology. For any form w of top degree, the form f*w satisfies

/Xf*w=degf/Yw.

Without differentiability conditions on f, there are no known analytic formulas beyond the
special case of a Holder continuous mapping S' — S', which can be found in Chapter 2.o
of [9]. The degree of a Holder continuous function f : §' — S' of exponent « is expressed
by an analytic formula by replacing the de Rham cohomology with the cyclic homology of the
algebra of Holder continuous functions as

(z1) — f(zo)  f(z0) — f(zzk)d

1 — 20 20 — 22k

deg(f) = ﬁ/f(m)f 20 ... dzog, )
whenever «(2k + 1) > 1. Later, the same technique was used in [22,23] in constructing index
formulas for pseudo differential operators with operator-valued symbols. Our aim is to find new
formulas for the degree in the multidimensional setting by expressing the degree of a Holder
continuous function as the index of a Toeplitz operator and using the approach of [9].

The motivation to calculate the degree of a non-smooth mapping comes from nonlinear o -
models in physics. For instance, the Skyrme model describing self-interacting mesons in terms
of afield f : X — Y, see [1], only has a constant solution if one does not pose a topological
restriction, and since the solutions are rarely smooth, but rather in the Sobolev space W4 (X, Y),
one needs a degree defined on non-continuous functions. In the paper [8], the notion of a degree
was extended as far as to VMO-mappings in terms of approximation by continuous mappings.
See also [7] for a study of the homotopy structure of W4 (X, Y).

The main idea that will be used in this paper is that the cohomological information of a
continuous mapping f : X — Y between odd-dimensional manifolds can be found in the
induced mapping f* : K'(X) — K'(Y) using the Chern—-Simons character. The analytic
formula will be obtained by using index theory of Toeplitz operators. The index theory of Toeplitz
operators is a well-studied subject for many classes of symbols; see, for instance, [2,6,9,13]. If
X = 92, where {2 is a strictly pseudo-convex domain in a complex manifold, and f : 02 — Y
is a smooth mapping, the idea can be expressed by the commutative diagram

* ind

K'v) —— K'@0) — Z

lm lcszm l 2)

Hol(yy L goddp) 22,
where the mapping ind : K'(3/2) — Z denotes the index mapping defined in terms of suitable
Toeplitz operators on 92 and

Xon(x) == —/ x ATd(£).
a2

The left part of the diagram (2) is commutative by naturality of the Chern—Simons character and
the right part of the diagram is commutative by the Boutet de Monvel index formula.

K-theory is a topological invariant, and the picture of the index map as a pairing in a
local homology theory via Chern—Simons characters can be applied to more general classes of
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functions than the smooth functions. The homology theory present throughout all index theory
is cyclic homology. For a Holder continuous mapping f : 92 — Y of exponent « and {2 being
a relatively compact strictly pseudo-convex domain in a Stein manifold, the analogy of diagram
(2)is

Ki(C®y) — s Kkceo)) —M. 7

l l” l 3)

HCpaa(CZ(Y)) SEARN HCoua(C*(32)) 22 C

where the mapping x50 : HCpqq(C*(912)) — C is a cyclic cocycle on C*(9(2) defined as the
Connes—Chern character of the Toeplitz operators on d{2; see more in [9,10]. The condition on {2
to lie in a Stein manifold ensures that the cyclic cocycle 3¢, can be defined on Holder continuous
functions; see below in Theorem 4.2. The right-hand side of diagram (3) is commutative by
Connes’ index formula; see Proposition 4 of Chapter IV.1 of [9]. The dimension in which the
Chern—Simons character will take values depends on the Holder exponent «v. More explicitly, the
cocycle xy can be chosen as a cyclic 2k + 1-cocycle for any 2k + 1 > 2n/a.

The index of a Toeplitz operator T, on the vector-valued Hardy space H2(32) ® CV with
smooth symbol u : 32 — GLy (C) can be calculated using the Boutet de Monvel index formula
asind7T, = — f o0 €Sy lu] if the Chern—-Simons character csy[u] only contains a top degree
term. In particular, if g : ¥ — GLy (C) satisfies that all terms, except for the top-degree term, in
csynlg] are exact and f : 92 — Y is smooth, we can consider the matrix symbol g o f on d{2.
Naturality of the Chern—Simons character implies the identity

degf/ csylg]l = —ind Tyo 7,
Y

where T, ¢ is a Toeplitz operator on H 2(342) ® CN with symbol g o f. This result extends to
Holder continuous functions in the sense that, if we choose g which also satisfies the condition
fY csy[g] = 1, we obtain the analytic degree formula:

deg f = xan(cspnlg o f).

A drawback of our approach is that it only applies to boundaries of strictly pseudo-convex
domains in Stein manifolds. We discuss this drawback at the end of the fourth, and final, section
of this paper. The author intends to return to this question in a future paper and to address the
problem for even-dimensional manifolds.

The paper is organized as follows. In the first section, we reformulate the degree as an index
calculation using the Chern—Simons character from odd K -theory to de Rham cohomology. This
result is not remarkable in itself, since the Chern—Simons character is an isomorphism after
tensoring with the complex numbers. However, the constructions are explicit and allow us to
obtain explicit expressions for a generator of the de Rham cohomology. We will use the complex
spin representation of R?" to construct a smooth function u : §*"~! — SU(2"~!) such that
the Chern—Simons character of u is a multiple of the volume element on $?"~!. The function
u will then be used to construct a smooth mapping g : ¥ — GL,.-1(C) for arbitrary odd-
dimensional manifold Y whose Chern—Simons character coincides with (—1)"dVy, where dVy
is a normalized volume form on Y; see Theorem 1.6. Thus we obtain for any continuous function
f : 802 — Y the formula deg f = (—1)"*!ind Tgor, as is proved in Theorem 2.1.
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In the second section, we will review the theory of Toeplitz operators on the boundary of
a strictly pseudo-convex domain. The material in this section is based on [6,9,11,13,16,21].
We will recall the basics from [11,16,21] of integral representations of holomorphic functions
on Stein manifolds and the non-orthogonal Henkin—Ramirez projection. We will continue the
section by recalling some known results about index formulas and how a certain Schatten class
condition can be used to obtain index formulas. The focus will be on the index formula of Connes,
see Proposition 4 in Chapter IV.1 of [9], involving cyclic cohomology and how the periodicity
operator S in cyclic cohomology can be used to extend cyclic cocycles to larger algebras. In
our case, the periodicity operator is used to extend a cyclic cocycle on the algebra C*°(942) to
a cyclic cocycle on C*(92). We will also review a theorem of Russo, see [24], which gives a
sufficient condition for an integral operator to be of Schatten class.

The third section is devoted to proving that the Szego projection Py : L2(302) — H*(312)
satisfies the property that for any p > 2n/a the commutator [ Py, a] is a Schatten class operator
of order p for any Holder continuous functions a on 9{2 of exponent . The statement about
the commutator [Py, a] can be reformulated as the corresponding big Hankel operator with
symbol a being of Schatten class. We will in fact not look at the Szegd projection, but rather
at the non-orthogonal Henkin—Ramirez projection Pyr mentioned above. The projection Py
has a particular behavior, making the estimates easier, and an application of Russo’s Theorem
implies that Py — Py is Schatten class of order p > 2n; see Lemma 3.6.

In the fourth section; we will present the index formula and the degree formula for Holder
continuous functions. Thus, if we let Cy, denote the Szeg6 kernel and dV the volume form on
a2, we obtain the following index formula for u invertible and Holder continuous on 9 {2:

2%
ind7, = —/ tr (H(l —u(z)  uzi))Can (2, Zi+1)> dv
§2k+1

i=0

for any 2k+1 > 2n/a. Here, we identify zo441 with zo. Using the index formula for the mapping
degree, we finally obtain an analytic formula for the degree of a Holder continuous mapping from
d{2 to a connected, compact, orientable, Riemannian manifold Y. If f : 92 — Y is a Holder
continuous function of exponent «, the degree of f can be calculated for 2k + 1 > 2n/« from
the formula

2k
deg(f) = (=1)" / oy T2 20 [ Gratzjor 2pav,

942 =0
where f : 2%+ — C is a function explicitly expressed from f; see more in Eq. (27).
1. The volume form as a Chern-Simons character

In order to represent the mapping degree as an index, we look for a matrix symbol whose
Chern—Simons character is cohomologous to the volume form dVy on Y. We will start by
considering the case of a 2n — 1-dimensional sphere, and construct a map into the Lie
group SU(2"~!) using the complex spinor representation of Spin(R>"). In the complex spin
representation, a vector in $2"~! defines a unitary matrix; this construction produces a matrix
symbol on odd-dimensional spheres such that its Chern—Simons character spans H;?(l (§2n—1y,
The matrix symbol on §2n—1 generalizes to an arbitrary connected, compact, oriented manifold
Y of dimension 2n — 1 such that its Chern—Simons character coincides with (—1)"*dVy.
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Let V denote a real vector space of dimension 2n with a non-degenerate inner product g.
We take a complex structure J on V which is compatible with the metric, and extend the
mapping J to a complex linear mapping on V¢ := V ®g C. Since J?> = —1, we can decompose
Ve == V10 @ VO into two eigenspaces of J corresponding to the eigenvalues =i. If we extend
g to a complex bilinear form gc on V¢, and use the isomorphism Clc(V, g) = CI(Vc, gc), we
can identify the complexified Clifford algebra of V with the complex algebra generated by 2n
symbolsej 4, ..., e, +,€1,—, ..., e, — satisfying the relations

lej+. e+ ={ej— e~} =0 and {ej 4, e} =28k,

where {-, -} denotes the anti-commutator. The complex algebra Clc(V, g) becomes a *-algebra
in the *-operation €% | = —e;,_.

The space Sy := A* V1.0 becomes a complex Hilbert space equipped with the sesquilinear
form induced from g and J. The vector space Sy will be given the orientation from the
lexicographic order on the basis e¢;; A e, A --- Aey foriy < ip < .-+ < ip. Define
c: Vo — End(Sy) by

clv).w = V2v A w, forve v5i0  and

cW)w = —v2v—w forv e VO
The linear mapping c satisfies
c(®) =c@)* and c(w)c(@) + c(v)c(w) = —2g(w, v),

so by the universal property of the Clifford algebra Clic(V, g) we can extend ¢ to a -
representation ¢ : Clc(V) — Endc(Sy). The space Sy is a 2"-dimensional Hilbert space
which we equip with a Z-grading as follows:

SV — S{/P @ S; — pcven VI,O ® Aodd VI’O.

Consider the subalgebra Clc (V)4 consisting of an even number of generators. The
representation ¢ restricts to a representation Clc(V)y — End@(S‘J,r) and Clc(V)y —
Endc(Sy,). We define the 2"~1_dimensional oriented Hilbert space E, := S& when 7 is even
and E, := S, when n is odd. The representation Clc(C") — Endc(E,) will be denoted by
¢+. For a vector v € C", we can use the fact that C" g C = C" @ C", and define

vy =@ (v®0) € Endc(E,) and v_ = ¢ (0B v) € Endc(E,).

We will now define a symbol calculus for $>"~!. We choose the standard embedding §*"~!
C" by taking coordinates z; : §n-1 5 C satisfying 12112 + |z2/>- - + |zn|* = 1. Define the
smooth map u : S>"~! — Clc(R¥"), by

1 -
u(z) = §(€I,++€1,—)(Z++Z7). 4)
Proposition 1.1. The mapping u satisfies

u()*uz) = u@u)* =1,

sou: S — SU@Q" 1) C Endc(E,) is well defined.
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The proof of this proposition is a straightforward calculation using the relations in the Clifford
algebra Clc(V, g). Observe that, if n = 2, the mapping u is a diffeomorphism, since we can
choose 1 and e] A e5 as a basis for S7, and in this basis

—Z1 —22
u(zy, z22) = ( % —Zl>'
For any N, we can consider the subgroup SU(N — 1) € SU(N) of elements of the form
1 @ x. Denoting by e; the first basis vector in CV, we can define a mapping g : SU(N) —
S?N=1 by q(v) := ve;. A straightforward calculation shows that ¢ factors over the quotient
SU(N)/SU(N — 1) and induces a diffeomorphism SU(N)/SU(N — 1) = $2N-1 The function
u is in a sense a splitting to g.

Proposition 1.2. If ¢ : $2*~1 — §2'~1 s defined by

(=z1,22,---20,0,...,0) forn even
(21,22, +--+2n,0,...,0) forn odd

L(Z15 Z25 .. Zl’l) = {
andq : SUQ2"™ ") — SV s the mapping constructed above, the following identity is satisfied:
qou==u.
Proof. We will start with the case when n is even. The first n basis vectors of S?,' are
l,ei ANex,e1 ANes,...,e1 Aey, and
qu) =u@1 = —z1+z0e1 Nex+z3e1 Ae3+ -+ zpe1 Aey.
If n is odd, the first basis vectors of Sy, are ey, ez, ..., e,. Therefore, we have the equality
qu(z)) = u(@)er = —z1e1 + 222 + -+ zpey. U
Consider o = ¢4 (dz ® 0) and o_ = ¢, (0 ® dZ) as elements in T*S>"~! ® Endc(E,).
For an element k = (ky,..., ky_1) € {+, —}21_1, we define o = o, Oy, €
AL T*§2=1 @ Endc(E,). Define the set I} as the set of k € {+, —}*~! such that the

number of + in Kk is /. Similarly, I} a is defined as the set of k € {+, —}21 ~! guch that the number
of — in k is /. The number of elements in FlﬂE can be calculated as

_ 20— 1 (21 — 1)!
+ _ —
157 =11, |_<l—1)_l!(1—1)!'

Lemma 1.3. For any k e {+, —}2[*1, we have the equalities

0 if kegr
1
tI'(Z+C(|]<) = (_1)}12}1—1” Z Zmldzml /\ dzmj A dzmj lf‘ l]( € Fl_
mi,my,..., my j=2
0 i kgrf
_ 1
tr(Z_Ol[k) = (_1)n+12n—ll! Z zmldzml /\ dZm/- A dzmj lf Ik € Fl+'
my,my...,m j=2

Here, tr denotes the matrix trace in Endc (E,).
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The proof is a straightforward, but rather lengthy, calculation using the relations in the Clifford
algebra, so we omit it. We will use the notation dV for the normalized volume measure on §>"~:

(n— 1! & _
dv = o § (=D  xpdxy A+ Adxg—i Adxggt A -+ A dxag (5)
k=1
(n—1! S _ _ _
= 20wy E Zkdzi AN jzp(dzj A dzj) — zxdze A je(dzj A dzj). (6)
(ﬂl) k=1

That dV is normalized follows from the fact that the 2n — 1-form w on $2"~1, defined by

2n
w= Z(—l)k_lxkdxl A Adxgo1 Adxggr A - Adxgy,
k=1

satisfies that, if we change to spherical coordinates, the form r>"~!dr A w coincides with the
. 2 .
volume form on C”". Since fC e 1?dm = 7, where m denotes Lebesgue measure, Fubini’s
. . 2
Theorem implies that f(C" e 1 dm = 7™ and

o
122 2 o (n—1)!
"= e dm = e r2lar w= ®
n 0 §2n—1 2 §2n—1

Recall that, if g : ¥ — GLy(C) is a smooth mapping, the Chern—Simons character of g is an
element of the odd de Rham cohomology H;%d(Y), defined as

_ - (k _ 1)' -1 2k—1
cslgl = ,; Qrifk—DiTE 4T

See more in Chapter 1.8 in [26]. We will denote the 2k — 1-degree term by csok—1[g]. The
cohomology class of cs[g] only depends on the homotopy class of g, so the Chern—Simons
character induces a group homomorphism cs : K{(C*®°(Y)) — Ht‘l’j‘gd(Y ).
Lemma 1.4. The mapping u defined in (4) satisfies

cs[u] = (=1)"dV.
Proof. Since the odd de Rham cohomology of S*"~! is spanned by the volume form, it will be

sufficient to show that csp,—1[u] = (—1)"dV. First, we observe the identity u*du = —du*u,
which follows from Proposition 1.1. This fact implies that

@dw) ' = ()" dudu® ... du*du.
—_—
2n—1 factors

Our second observation is
1 _ _ 1 _ _
u'du = _E(Z +7)(dz+dz) and du*du = —E(dz + dz)(dz + dz).
Therefore

1
(u*du)? ! = —5 @+ Dz + dz)> 1,
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Because of Lemma 1.3, we have the equalities

r((z + 2z +dD)* ) = > @) + Y tr(zay)
kelt ker,”

n
= Y (=" = DY Zedeg A (dz A )
keIt k=1

n
+ 3= = DInt Y zdzk A (dzy A dZ))
kel k=1
n

= (D" @n = DY (Grdai Az A dZ)) — 2edZe Az A dZ)))

k=1
—Dr 2 2ri)y(2n — 1)!
_ Cymr@aiy'@e -t
(n—1)!
Finally, adding all results together we come to the conclusion of the lemma:
1 2wi)"(2n — 1)!
tr(u*du)> ! = —2—ntr((Z +2)dz+dp) 1 = (—1)"%&/. O
n—1)!

To generalize the construction of u to an arbitrary manifold, we need to cut down u at
“infinity”. We define the smooth function & : [0, co) — R as

&(x) = {8;2’ x>0

. x=0,
and the smooth function £ : 2"~ — C” by

£(z) =&0(|l —Re(zp)Dz + (§o(|l —Re(z1)]) = 1,0,0,...,0).

By standard methods, it can be proved that, for any natural number k£ and any vector fields

X1, Xa2, ..., X; on 8271 the function & satisfies

1£(z) — (=1,0,...,0)| = O(1 — Re (z1)[") @)
and

IX1X2-- XiE(@)| = O(1 —Re (z)IF) as z— (1,0,...,0). (®)

Furthermore, the length of £(z) is given by
E@)1* = 2(Re (z1) + D(&(|1 — Re (z)])* — & (11 —Re (zD)) + 1,

so |E(z)| > Oforall z € §2"~ 1.
Using the function &, we define the smooth function i : §2"~! — GLy:-1(C) by

~ 1 __
u(z) = 5(61,+ +e1,-)(E@)+ +8(2)-).
The function & is well defined, since

i(2)%i(z) = [E(2)> > 0.
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Observe that we may express 4 in terms of u as

u(z) =6l —Re(z)Du(z) — 1 + L.

If we choose a diffeomorphism t : By,—1 = §2=1\ ((1,0,...,0)}, Egs. (7) and (8) imply
that the function t*# can be considered as a smooth function Bz,—1 — GL,u-1(C) such that
7*u — 1 vanishes to infinite order at the boundary of Bj,_i. The particular choice of 7 as the
stereographic projection

T(y) = (2|y|2 — 1,21 - |y|2y)

will give a function t*u of the form

& TP (u(r(3) = ) + 1

Tri(y)
1
e (-Iy??

- 1
= (e )EMs+T()) F1—e TP

Lemma 1.5. There is a homotopy of smooth functions '~ — G Lyu-1(C) between ii and u.
Therefore cs[u] — cs[u] is an exact form.

Proof. We can take the homotopy w : $2*~! x [0, 1] — GLy-1(C) as
w(z, 1) =& (|1 =Re (D) — 1)+ 1,

where
_4d-n
&(x)=e .
Clearly, w : S~ ! x [0,1] — GLy—1(C) is a smooth function, and w(z,0) = u(z) and
w(z, ) =u(z). O

In the general case, let Y be a compact, connected, orientable manifold of odd dimension
2n — 1. If we take an open subset U of Y with coordinates ()ci)z"f1 such that

i=
2n—1

U= {x: > @) < 1},
i=1

the coordinates define a diffeomorphism v : U = Bj,,_;. We can define the functions g, g : ¥ —
GLGfl (C) by

_ Ju@vx)) for xeU
g(x) = {1 for xgU ©)
~ . Javx)) for xeU
8x) = {1 for x ¢ U. (10)
If welet ¥ : ¥ — S~ be the Lipschitz continuous function defined by
- _Jrtvx)) for xeU
”(x)_{(l,o,...,O) for x ¢ U, an
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the functions g and g can be expressed as g = V*u and g = v*u. The function g is smooth, and
the function g is Lipschitz continuous.

Theorem 1.6. Denoting the normalized volume form on Y by dVy, the function g satisfies
cs[gl = (=1)"dVy, (12)
in Hj;l,d(Y). Thus, if f: X — Y is a smooth mapping,

deg(f) = (—1)" /X Fesll.

Proof. By Lemmas 1.4 and 1.5, we have the identities

/cs[g] = / C32n71[§]=/ D*csop—1il]
Y U U

= / csop—1[it] = / csop—1[u] = (=D".
S2n—] SZn—I

Therefore, we have the identity csp,—1[g] = (—1)"dVy. Since cs[g] — cs2,—1[£] is an exact form
on U and vanishes to infinite order at dU, the theorem follows. [

2. Toeplitz operators and their index theory

In this section, we will give the basics of integral representations of holomorphic functions
and the Henkin—Ramirez integral representation; we will take the facts from [11,16,21] that are
relevant for our purposes. After that, we will review the theory of Toeplitz operators on the
Hardy space on the boundary of a strictly pseudo-convex domain. We will let M denote a Stein
manifold, and we will assume that {2 C M is arelatively compact, strictly pseudo-convex domain
with smooth boundary.

Consider the Hilbert space L?(d(2), in some Riemannian metric on 8/2. We will use the
notation H>(32) for the Hardy space, which is defined as the space of functions in L?(392)
with holomorphic extensions to (2. The subspace H2(32) € L%39) is a closed subspace
so there exists a unique orthogonal projection Py, : L2(32) — H*0) called the Szegd
projection. We will consider the Henkin—Ramirez projection, see [15,20] and the generalization
in [16] to Stein manifolds, which we will denote by Py : L?>(32) — H?(9£2) and call the
HR projection. The HR projection is not necessarily orthogonal, but is often possible to calculate
explicitly, see [21], and easier to estimate. We will briefly review its construction in the case
M = C" following Chapter VII of [21]. The construction of the HR projection on a general
Stein manifold is somewhat more complicated, but the same estimates hold, so we refer the
reader to the construction in [16].

The kernel of the HR projection should be thought of as the first terms in a Taylor expansion
of the Szego kernel. This idea is explained in [17]. The HR kernel contains the most singular
part of the Szegd kernel, and the HR kernel can be very explicitly estimated at its singularities.
This is our reason to use the HR projection instead of the Szeg6 projection. If (2 is defined by the
strictly pluri-subharmonic function p, a function & = &(w, z) is defined as the smooth global
extension of the Levi polynomial

"9 1 & 92
F(w,z) = ZIW"j(w)(wj —3) -5 _kzl Wg’wkwm; — 2wk — )
J= J. K=
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from the diagonal in {2 x {2 to the whole of 12 x £2; see more in Chapter V.1.1 and Chapter VILS5.1
of [21]. If we take ¢ > 0 such that d0p > c, there is an & > 0 such that

2Re $(w,z) > p(w) — p(z) +clz —w|?, for |z—w|<e, (13)

see more in equation 1.6, Chapter V.1.1 of [21]. By Lemma 1.5 of Chapter VII of [21], the
function @ satisfies the following estimate:

dvw) _
/-m [BGw, pE S (14

where dV denotes the volume measure on d{? if 8 < 0, and a similar estimate with the roles of z
and w interchanged. Here we used the standard notation a < b for the statement that there exists
a constant C > O such thata < Cb.

By Theorem 3.6, Chapter VII of [21] we can associate with @ a function Hy in 2 x 2
holomorphic in its second variable such that, if g € L'(£2) is holomorphic, it has the integral
representation

8(2) = /m Hyo(w, 2) f(w)dV (w).
For the function Hj, the estimate

|Hyo(z, w) S [Pw,2)|™", 5)

holds in 92 x d{2; see more in Proposition 3.1, Chapter VII of [21]. Since @ satisfies the
estimate (13), where ¢ is the infimum of ddp, the construction of an HR projection does
give an L2-bounded projection for strictly pseudo-convex domains. If 2 is weakly pseudo-
convex, the situation is more problematic and not that well understood, partly due to problems
estimating solutions to the d-equation in weakly pseudo-convex domains. By Proposition 3.8 of
Chapter VII.3.1 in [21], the kernel Hjy, satisfies the estimate

|Hyo(z, w) — Hyo(w, 2)| S |6(z, w)| "2, (16)

The estimate (16) will be crucial when proving that Py, — Py is in the Schatten class. The
kernel Hy ) determines a bounded operator Py g on L?(3£2) by Theorem 3.6 of Chapter VII.3
in [21]. Since the range of Py is contained in H?(1) and g = Pyrgforany g € H?(319), it
follows that Pyg : L2(302) — H2(30)isa projection.

We will now present some facts about Toeplitz operators on the Hardy space of a relatively
compact strictly pseudo-convex domain {2 in a complex manifold M. Our operators are
associated with the Szegd projection since the theory becomes somewhat more complicated
when a non-orthogonal projection is involved. For any dimension N, we denote by C (342, My)
the C*-algebra of continuous functions df2 — My, the algebra of complex N x N-matrices.
The algebra C (32, My) has a representation & : C(32, My) — B(LZ(BQ) ® C) which is
given by pointwise multiplication. We define the linear mapping

T:C0O02, My) — B(H*02)®CN), ar Pyor(a)Pyg.

Here, we identify Py¢ with the projection L?>(32) ® CN — H?(32) ® CV. An operator of
the form T (a) is called a Toeplitz operator on d{2. Toeplitz operators are well studied; see for
instance [6,9,13] and [22]. The representation 7 satisfies [Py, 7w(a)] € K(L?(82) ® CV) for
any a € C(3(2, My); see for instance [6] or Theorem 3.1 below. Here, we use the symbol K to
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denote the algebra of compact operators. The fact that Py, commutes with continuous functions
up to a compact operator implies the property

T (ab) — T(a)T (b) € K(H*(812) @ CM). a7y

Furthermore, T (a) is compact if and only if ¢ = 0. Let us denote the Calkin algebra B(H)/K(H)
by C(H) and the quotient mapping B(H) — C(H) by q. Eq. (17) implies that the mapping

B:=qoT :CON, My) — C(H>(32)®CVM)

is an injective *-homomorphism.
By the Boutet de Monvel index formula, from [6], if the symbol a is invertible and smooth,
the index of the Toeplitz operator T (a) has the analytic expression

ind (T (a)) = —/ cslal A Td(0); (18)
{2

see more in Theorem 1 in [6], and the remarks thereafter. The mapping a + ind (7T (a)),
defined on functions a : 32 — GLy(C), is homotopy invariant, so it extends to a mapping
ind : Ki{(C®(3{2)) — Z. Here, K;(C*(3{2)) denotes the odd K-theory of the Frechet
algebra C*°(9{2), which is defined as homotopy classes of invertible matrices with coefficients
in C*(042); see more in [5].

Theorem 2.1. Suppose that 2 C M is a relatively compact strictly pseudo-convex bounded
domain with smooth boundary, Y is a compact, orientable manifold of dimension 2n — 1, and
g Y = GL,u-1(C) is the mapping defined in (10). If f : 082 — Y is a continuous function,
then

deg(f) = (=1)""ind (P37 (g o f)Pyg). (19)

Proof. If we assume that f is smooth, the index formula of Boutet de Monvel, see above in
Eq. (18), implies that the index of Py (g o f) Py satisfies

ind (Pyom(go fIPyn) = —fmf*CS[gl ANTd(2) = — /an*CS[é] = (=" deg(/),

where the first equality follows from g and g being homotopic, see Lemma 1.5, and the last two
equalities follow from Theorem 1.6. The general case follows from the fact that both hand sides
of (19) is homotopy invariant. [

Theorem 2.1 does in some cases hold with even looser regularity conditions on f. Since both
sides of Eq. (19) are homotopy invariants, the theorem holds for any class of functions which
are homotopic to smooth functions in such sense that both sides in (19) are well defined and
depend continuously on the function. For instance, if {2 is a bounded symmetric domain, we
may take f : 32 — Y to be in the VM O-class. It follows from [3] that, if w : 92 — GLy
has vanishing mean oscillation and {2 is a bounded symmetric domain, the operator Pyow Py
is Fredholm. By Brezis and Nirenberg [8], the degree of a V M O-function is well defined and
depends continuously on f without any restriction on the geometry. To be more precise, there
is a one-parameter family (f);c0,1) € C(942,Y) such that f; — fin VMO whent — 0
and deg(f) is defined as deg( f;) for ¢ small enough. Since the index of a Fredholm operator is
homotopy invariant, the degree of a function f : 32 — Y in VM O satisfies

deg f = (=1)"ind (Pyom(g o f)Pyn) = (—=1)"Tind (Pyom(g o ) Py).
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Our next task will be calculating the index of Toeplitz operators with non-smooth symbol. For
p > 1,let LP(H) € B(H) denote the ideal of Schatten class operators on a separable Hilbert
space H, so T € LP(H) if and only if tr((T*T)?/?) < oo. An exact description of integral
operators belonging to this class exists only for p = 2. However, for p > 2, there exists a
convenient sufficient condition on the kernel, found in [24]. We will return to this subject a little
later. Suppose that 7 : A — B(H) is a representation of a C-algebra A and P is a projection
such that [P, w(a)] € LP(H) foralla € Aand P — P* € LP(H). Atkinson’s Theorem implies
that, if a is invertible, Pz (a) P is Fredholm. The operator F := 2P — 1 has the properties

F’=1 and F — F*, [F, ()] € LP(H). (20)

If 7 and F satisfy the conditions in Eq. (20), the pair (7, F) is called a p-summable odd
Fredholm module. If the pair (;z, F') satisfies the requirement in Eq. (20) but with £? (H) replaced
by K(H), the pair (z, F) is a bounded odd Fredholm module. For a more thorough presentation
of Fredholm modules, see, for example, Chapters VII and VIII of [5]. Since our focus is on
Toeplitz operators, we will call (7w, P) a Toeplitz pair if (w,2P — 1) is a bounded odd Fredholm
module, and (77, P) is said to be p-summable if (;r,2P — 1) is.

The condition that L := P* — P € LP(H) can be interpreted in terms of the orthogonal
projection P to the Hilbert space PH. Using that PP = P and PP = P, we obtain the identity

PL=PP*—PP=P—P. 1)

Thus the condition P* — P € £LP(H) is equivalent to the property P — P € LV (H).

A Toeplitz pair (7, P) over a topological algebra A defines a mapping a + ind (P (a)P)
on the invertible elements of A ® My for any N. Since the index is homotopy invariant, the
association a + ind (Pm(a) P) induces the mapping ind : K;(A) — Z, where K (A) denotes
the odd K -theory of A; see [5].

Connes placed the index theory for p-summable Toeplitz pairs in a suitable homological
picture using cyclic homology in [10]. We will consider Connes’ original definition of cyclic
cohomology, which simplifies the construction of the Chern—-Connes character. The notation A%
will be used for the kth tensor power of .A. The Hochschild differential b : A®* — A®K—1 jg
defined as

b(xo ® X1 @+ -+ ® Xk @ Xgt1) = (_1)k+1xk+1xo RXI R QX

k
+Z(—1)JXO®~-~®XJ'—1 RXjXjr]1 @Xj42 ® -+ ® Xgy1-
i=0

The cyclic permutation operator A : A®* — A®K s defined by
Mo ®x1® - ®@x) = (—Dfx @0 ® -+ ® xp1.

The complex Cf (A) is defined as the space of continuous linear functionals 1 on A®F+! such
that 4 o A = . The Hochschild coboundary operator p + o b makes C; (A) into a complex.
The cohomology of the complex C}(A) will be denoted by HC*(A), and is called the cyclic
cohomology of A. There is a filtration on cyclic cohomology coming from a linear mapping
S : HC*(A) — HC**2(A), which is called the suspension operator or the periodicity operator.
For a definition of the periodicity operator, see [9].
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The additive pairing between H C**+1(A) and the odd K -theory K (.A) is defined by

o =de AW |@'-DRU-1D® - @ '-HWu-1)],
2k+2  factors

where we choose the same normalization constant di as in Proposition 3 of Chapter III.3 of [9]:
2~k of 43\ 7!
r
7 (55)

The choice of normalization implies that, for a cohomology class in HC*™*1(A) represented by
the cyclic cocycle u, the pairing satisfies

di =

<S/'Lv I/l)k+1 = (/»L» u)k;

see Proposition 3 in Chapter II1.3 of [9]. Following Definition 3 of Chapter IV.1 of [9], we define
the Connes—Chern character of a p-summable Toeplitz pair as the cyclic cocycle:

chypy1(m, P)(ag, ai, ..., ax41) = cktr(z(aog)[P, mw(ar)]- - - [P, w(azk+1)]),

for 2k + 1 > p, where
2k + 3
= —2i2%+ <T+> .

This choice of normalization constant implies that
Schog41 (7w, P) = chyy3(mr, P),

by Proposition 2 in Chapter IV.1 of [9].

Theorem 2.2 (Proposition 4 of Chapter IV.1 of [9]). If (&, P) is a p-summable Toeplitz pair
over A, 2k+1 > p, and a is invertible in AQMy, the index of Pr(a)P : PHRCN — PHRCN
may be expressed as

ind (Pr(a)P) = (chy41 (7, P), a)
= —tr (7@ OIP. 7@IIP, 7@ D]+ [P, 2@ DIP, 7(@)])

= —tr(P — (@) Pr(a) T,

The role of the periodicity operator S in the context of index theory is to extend index formulas
to larger algebras. Suppose that u is a cyclic k-cocycle on an algebra A which is a dense *-
subalgebra of a C*-algebra A. As is explained in [9] for functions on S' and in [23] for operator-
valued symbols, the cyclic k 4+ 2m-cocycle S u can be extended to a cyclic cocycle on a larger
x-subalgebra A C A" C A. When p is the cyclic cocycle fo ® fi — [ fodfi on C>®(Sh,
the 2m + 1-cocycle S™u extends to C*(S') whenever a(2m 4+ 1) > 1 by Proposition 3 in
Chapter II12.« of [9] and a formula for S™ i is given above in (1). Cyclic cocycles of the form
= ch(m, P) appear in index theory, and the periodicity operator can be used to extend index
formulas to larger algebras.

The index formula of Theorem 2.2 holds for Toeplitz operators under a Schatten class
condition, and to deal with this condition we will need the following theorem of Russo [24]
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to give a sufficient condition on an integral operator for it to be Schatten class. Let X denote
a o-finite measure space. As in [4], for numbers 1 < p,g < oo, the mixed (p, g)-norm of a
function k : X x X — C is defined by

1
Ikl g = ( / ( / k(x, y)|”dx>p dy) .
X X

We denote the space of measurable functions k : X x X — C with finite mixed (p, g)-norm by
LP-9 (X x X). By Theorem 4.1 of [4], the space L(”%) (X x X) becomes a Banach space in the
mixed (p, ¢)-norm which is reflexive if 1 < p, g < oo.

The Hermitian conjugate of the function & is defined by k*(x, y) := k(y, x). Clearly, if a
bounded operator K has integral kernel k, the Hermitian conjugate K* has integral kernel k*.

Theorem 2.3 (Theorem 1 in [24]). Suppose that K : L*(X) — L*(X) is a bounded operator
given by an integral kernel k. If 2 < p < 00, then

1Kl zocz2xy < KNy pllE* 1) 2, (22)

where p' = p/(p — 1).

In the statement of the theorem in [24], the assumption that k € L%(X x X) is made. This
assumption implies that K is Hilbert-Schmidt and K € LP(L?*(X)) for all p > 2, so for our
purposes it is not interesting. But since L?-kernels are dense in LP?), the non-commutative
Fatou Lemma, see Theorem 2.7d of [25], implies (22) for any k for which the right-hand side of
(22) is finite. Using Theorem 2.3, we obtain the following formula for the trace of the product of
integral operators.

Theorem 2.4. Suppose that K : L*(X) — L?(X) are operators with integral kernels k j for
J = 1,...,m such that ||kl y p, ||k;‘f||p/,p < oo for certain p > 2. Then, for m > p, the
operator K1K; - - - Ky, is a trace class operator, and we have the trace formula

m

tr(K1K2~-~Km)=/ (| |kj(x]-,x]'+1)> dxidxz - - - dxp,
xm s
j=1

where we identify x,,1+1 with x|.

Proof. The case p = m = 2 follows if, for any &y, k> € LZ(X x X), we have the trace formula
tr(KL*) = / k(x, ) (x, y)dxdy.
XxX
Consider the sesquilinear form on L2(L?(X)) defined by
(K,L) =t (KL*) — /k(x, WI(x, y)dxdy.

Since tr(K*K) = fXXX |k(x, y)|?dxdy, the sesquilinear form satisfies (K, K) = 0, and the
polarization identity implies that (K, L) = O for any K, L € L2(L2(X)).

If the operators K; : L*(X) — L*(X) are Hilbert-Schmidt, or equivalently they satisfy
kj e L%(X x X), we may take K = K| and L* = K7K3 - - - Ky, so the case p = m = 2 implies
that the operators K1, K», ..., K, satisfy the statement of the theorem. In the general case, the
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theorem follows from the non-commutative Fatou Lemma, see Theorem 2.7d of [25], since L2
isdensein L? forp > 2. [

3. The Toeplitz pair on the Hardy space

As explained in Section 2, for the representation 7w : C(3{2) — B(L%(3£2)) and the Szego
projection Py, the commutator [Py, w(a)] is compact for any continuous a. Thus (7, Py)
is a Toeplitz pair over C(d(2). To enable the use of the index theory of [9], we will show
that the Toeplitz pair (m, Py(p) restricted to the subalgebra of Holder continuous functions
C*(3§2) € C(9(2) becomes p-summable. These results will give us analytic degree formulas
for Holder continuous mappings.

Theorem 3.1. If (2 is a relatively compact strictly pseudo-convex domain in a Stein manifold
of complex dimension n, and P denotes either Pyr or Pyq, the operator [P, w(a)] belongs to
LP(L*(392)) for a € C*(312) and for all p > 2n/a.

The proof will be based on Theorem 2.3. We will start our proof of Theorem 3.1 by some
elementary estimates. We define the measurable function ky : 92 x 32 — C by

|z — w|®

koo w) = g

Lemma 3.2. The function k, satisfies
ko2, w) S | B(w, )|~
for|z —w| <e.
Proof. By (13), we have the estimate
2 —wl* S|P, )%
From this estimate, the lemma follows. [

We will use the notation dV for the volume measure on 9 2.

Lemma 3.3. The function k, satisfies

/ ko (z, w)|P'dV(z) < 1
902

[ e wravan 1
af2
whenever

2n —a)p’ < 2n.

Proof. We will only prove the first of the estimates in the lemma. The proof of the second
estimate goes analogously. Using (13) for @, we obtain

f ke (2, w)P'dV () < f lko (2, w) [PV (2),
a2 By (w)
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since the function @ satisfies | #(w, z)| > r2 outside B, (w). By Lemma 3.2, we can estimate the
kernel pointwise by @, so (14) implies that

/ lke (2, w)P'dV () < / |B(w, )| 7P " DdV () S 1
B, (w) By (w)
if(n—%)p" <n. O

Lemma 3.4. The function ky satisfies ||kl 7, < 00 and ||k} || ., < 00 for p > 2n/a.

Proof. By the first estimate in Lemma 3.3, we can estimate the mixed norms of k, as

lkall? S 1,

whenever (2n — o) p’ < 2n. The statement (2n — o) p’ < 2n is equivalent to

1 1 o

[e— —_— — < _’

p p 2n
which is equivalent to p > 2n/a. Similarly, the second estimate in Lemma 3.3 implies that
k31l p < oo under the same condition on p. [

Lemma 3.5. Suppose that a € C*(912), and let «, denote the integral kernel of [Pyr, w(a)].
The kernel k, satisfies

lka(z, w)| < llallce@0)lka(z, w)l, (23)
where || - || c«(a2) denotes the usual norm in C*(912).
Proof. The integral kernel of [ Py g, m(a)] is given by

Kka(z, w) = (a(z) — a(w))Hyp(w, 2).
Since a is Holder continuous and Hj, satisfies Eq. (15), the estimate (23) follows. [
Lemma 3.6. The HR projection Py satisfies Pyr — Pjjp € L4 (L*(30)) for any g > 2n.
Therefore, Py — Py € L4(L*(312)) for any g > 2n.

Proof. Let us denote the kernel of the operator Py g — P}; p by b. By (16), we have the pointwise
estimate |b(z, w)| < |®(w, z)|7"1/2. Applying Lemma 3.4 with « = 0 and p’ such that
(n — 1/2)q" = np', we obtain the inequality ||b||,,, < oo for any ¢ > 2n. The fact that
Pug — Py € L(L*(312)) follows now from (21). O

Proof of Theorem 3.1. By Lemma 3.5, the integral kernel «, of [Pyg, w(a)] satisfies |«,| <
llallce(a2)yke- Theorem 2.3 implies the estimate

IPHR. 7@l o200y < Nalica@o)Ulkally, pllki ]y )2

By Lemma 3.4, |lkyllp p, k311, p < 00 for p > 2n/a, so [Pyr, w(a)] € LP(L?(392)) for
p > 2n/a. By Lemma 3.6, Pyr — Py € LP(L*(312)), so

[Pyo. m(a)] = [Pugr. (@] + [Pyo — Pur, w(a)] € LP(L*(312))

for p > 2n/a, and the proof of the theorem is complete. [
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4. The index and degree formula for boundaries of strictly pseudo-convex domains in Stein
manifolds

We may now combine our results on summability of the Toeplitz pairs (Pgy g, ) and (Py, )
into index theorems and degree formulas. The index formula will be proved using the index
formula of Connes; see Theorem 2.2.

Theorem 4.1. Suppose that 2 is a relatively compact strictly pseudo-convex domain with
smooth boundary in a Stein manifold of complex dimension n, and denote the corresponding
HR kernel by Hyq) and the Szego kernel by Cyq. If a : 02 — GLy is Holder continuous with
exponent «, then for 2k + 1 > 2n/«a the index formulas hold:

ind (Pym(a)Pyo) = ind (Pyrm(a) PHR) (24)
2%

- /8(22k+1 tr <Jl:£(l - a(Zj—l)_la(Zj))HaQ(Zj—l, Z.j)) dy 2+l (25)
2%

=" /3(22k+1 tr <111(1 —a(zj-1)"'a@z))Can(zj-1. z,-)) dy 2+t (26)

where the integrals in (25) and (26) converge.
Proof. By Theorem 2.2, we have

ind (Pyo7(a)Py) = —tr(Pyp — (@~ ) Pyom (@)™,
and by Theorem 2.4 the trace has the form

—tI'(Pa_Q — n(a_l)PaQn(a))ﬂ(—H

2%k
== —a(zi—) la(z; . . 21
— /;mkﬂtr(g)(l a(zj—1) a(ZJ))CSQ(Zj—l,Zj))dV )

Similarly, the index for Pyrm(a)Pppr is calculated. The theorem follows from the identity
ind (Pypm(a)Pyp) = ind (Pggm(a)Pyr), since Lemma 3.6 implies that Pypm(a) Py —
Pyrm(a)Pyp is compact. [

Theorem 4.1 has an interpretation in terms of cyclic cohomology. Define the cyclic 2n — 1-
cocycle x50 on C*(3(2) by

n
) k
X3 = ZS Wy,
k=0

where wy denotes the cyclic 2n — 2k — 1-cocycle given by the Todd class T'di({2) in degree 2k
as

w(aop, ay, ..., an—2%—1) = / apday Aday A -+ Adazy_ok—1 A Tdr(£2).
a0

Similarly to Proposition 13, Chapter II1.3 of [9], we have the following theorem.
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Theorem 4.2. The cyclic cocycle S™ xy o defines the same cyclic cohomology class on C*°(32)

as
Xon(ao, ar, ..., @ntom—1)
2n+4-2m—1
= / rlaozo) [] (@) —ajzi-0)Canzj1.2))]dV,
9)2n+2m—1 j:l
where we identify zop+om—1 = zo. Furthermore, the cyclic cocycle Xy extends to a cyclic

2n 4+ 2m — 1-cocycle on C*(982) if m > 2n(1 — a) + @) /2a.

Returning to the degree calculations, to express the degree of a Holder continuous function
we will use Theorems 2.1 and 4.1. In order to express the formulas in Theorem 4.1 directly in
terms of f, we will need some notation. Let (-, -) denote the scalar product on C". The symmetric
group on m elements will be denoted by S,,,. We will consider S, as the group of bijections on
the set {1, 2, ..., m}, and identify the element m + 1 with 1 in the set {1, 2, ..., m}.

For 2l < m, we will define a function ¢ : §,, — {0, 1, —1}, which we will refer to the
order parity. If o € S, satisfies that there is an i € {o(1),0(2),...0(2l — 1), 0(2])} such that
i+1,i—1&{c),02),...002 —1),0(2l)}, we set g;(c) = 0. If o does not satisfy this
condition, the order parity of o is set as (—1)¥, where k is the smallest number of transpositions
needed to map the set {o (1), 0(2),...0(2] — 1), 0(2])}, with j identified with j + m, to a set of
the form {j1, j1 + 1, jo, o+ 1,..., ji, i+ 1}, where 1 < j1 < jo <--- < ji <m.

Proposition 4.3. The function u satisfies

2k
tr (]‘[(1 - u(zz'1)*u(zz')))
i=0

2k+1
=Z Z =D'2" " e1(0) (20 (1) 20@)) (20 () 20 @) -+ (Zo@-1)s Zo @),

=0 GESz(szr])
where we identify z,; With Zm+ok+1 form =0, 1, ..., 2k.

Proof. The product in the lemma satisfies the equalities
2%—1 2%—1

[0 -uG@-ue) =] <1 + l(Zi—l ++Zi-1, )@t ))

i=1 i=1 2 ’ ’ ’ ’
2k-1 !

2 2

=0 i1<ip<--<i] j

(Gij—14 + Zi-1.9)@ij ot + Zip2)) -
i

The lemma follows from these equalities and degree reasons. [

Let us choose an open subset U C Y such tlgat there is a diffeomorphism v : U — By,_1.
Let ¥ be as in Eq. (11), and define the function f : 302%*t! — C by

(o, 21, -+ 22k)
2k—1 1
= ) > 02T ey ) [ [0 Goimn)), 5 Go@i))), 27)
0€SHk—1) =0 i=1

where we identify z,, with z,;,42k+1.
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Theorem 4.4. Suppose that (2 is a relatively compact strictly pseudo-convex domain with
smooth boundary in a Stein manifold of complex dimension n, and that Y is a connected,
compact, orientable, Riemannian manifold of dimension 2n — 1. If f : 92 — Y is a Holder
continuous function of exponent «, the degree of f can be calculated by

deg(f) = (=D"(Xs2. g o fhk
2k
= (=" /(mz“l f(zo, 21, ...,sz)g)Hag(Zj_sz)dV
- 2k
= (—l)nf f(ZO,Z1,...,sz)HCaQ(qu,zj)dV
9()2k+1 —0

whenever 2k + 1 > 2n/a.
Proof. By Theorems 2.1 and 4.1, we have the equality

2k
deg(f) = (—1)"/ tr l—[(l —8(z))*g(Nzj+D))Hyo(zj-1,2;) | dV.
9 (2k+1 =0
Proposition 4.3 implies that

2k
tr <H(1 - g(f)(Zj)*g(f)(ZjH))) = Fzo 21, -, 220),

j=0
from which the theorem follows. [

Let us end this paper by a remark on the restriction in Theorem 4.4 that the domain of f
must be the boundary of a strictly pseudo-convex domain in a Stein manifold. The condition
on a manifold M to be a Stein manifold of complex dimension n implies that M has the
same homotopy type as an n-dimensional C W-complex, since the embedding theorem for Stein
manifolds, see for instance [12], implies that a Stein manifold of complex dimension n can be
embedded in C?**!, and by Theorem 7.2 of [18] an n-dimensional complex submanifold of
complex Euclidean space has the same homotopy type as a C W-complex of dimension #.

Conversely, if X is a real analytic manifold, then, for any choice of metric on X, the co-
sphere bundle S*X is diffeomorphic to the boundary of a strictly pseudo-convex domain in a
Stein manifold; see for instance Proposition 4.3 of [14] or Chapter V.5 of [12]. So the degree
of f coincides with the mapping H 3;3—1 (8*Y) — Hj;‘e_l(S*X ) that f induces under the Thom
isomorphism H/,(X) = H?"~!(5*X). Thus the degree of a function f : X — Y can be
expressed using our methods for any real analytic X.
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