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Abstract

Given a manifold with boundary endowed with an action of a discrete group on it,
we consider the algebra of operators generated by elements in the Boutet de Monvel
algebra of pseudodifferential boundary value problems and shift operators acting on
functions on the manifold and its boundary. Provided that the group is of polynomial
growth and its action is isometric, we construct a Chern character for elliptic elements
in this algebra with values in a de Rham type cohomology of the fixed point manifolds
for the group action and obtain an index formula in terms of this Chern character. Our
index formula contains as special cases the index formula by Fedosov for boundary
value problems in the Boutet de Monvel algebra and the index formula by Nazaikinskii,
Savin and Sternin for operators on a closed manifold associated with an isometric group
action.

Keywords Nonlocal boundary value problems - Index theorem - Boutet de Monvel
operators - Elliptic operators

1 Introduction

The aim of this work is to give a solution of the index problem for nonlocal ellip-

tic boundary value problems associated with isometric actions of discrete groups on
manifolds with boundary.
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The index problem in elliptic theory (see [1]) consists in computing indices of
elliptic operators in terms of topological invariants of the principal symbol of operators
and topological invariants of manifolds on which the operators are defined.

Index formulas are known in many geometric situations. In particular, many authors
developed index theory for elliptic boundary value problems in the framework of
classical boundary value problems (see [2—4]) and for Boutet de Monvel algebra of
pseudodifferential boundary value problems with boundary and coboundary operators
(see [5-10]).

Firstly, we note that obtaining index formulas in the case of pseudodifferential
boundary value problems was of significant difficulty because principal symbols of the
boundary value problems in question are operator functions defined on the cotangent
bundle of the boundary of the manifold and it was necessary to construct topologi-
cal invariants which take into account this operator function. These difficulties were
overcame in [8], where a topological index of elliptic problems in Boutet de Mon-
vel algebra was defined using special regularized traces on the algebra of principal
symbols.

Secondly, we note that all known proofs of the index formulas for elliptic boundary
value problems use stable homotopies (these homotopies are constructed using K-
theory of the C*-algebra of symbols), which allow to reduce the boundary value
problem to such a form that its index is equal to the index of an operator on the
double of the manifold with boundary. In this case, the index is easy to calculate using
Atiyah—Singer formula (see [3,7,8,10]).

Noncommutative geometry of Connes [11] contributes greately to the development
of index theory. In noncommutative geometry, one usually considers algebras of oper-
ators, the principal symbols of which generate essentially noncommutative algebras.
The algebras of crossed product type associated with group actions on manifolds (see
[12-22]) appear in many applications. The corresponding equations on the manifold
in question include pseudodifferential operators as well as shift operators along the
orbits of the group action. For such operators, ellipticity conditions were obtained.
They provide Fredholm solvability of the problem in Sobolev spaces (see [15]). How-
ever, index formulas were obtained only in the case of smooth closed manifolds (see
[19,20,22,23]). As a first step towards obtaining index formulas for boundary value
problems associated with group actions on manifolds with boundary, a classification
(up to stable homotopies) of elliptic boundary value problems was obtained and K -
groups of the corresponding symbol algebra were calculated in [24].

In the present paper, we construct the topological index for elliptic boundary value
problems on manifolds with boundary endowed with an isometric action of a discrete
group of polynomial growth in the sense of Gromov [25]. More precisely, for the
principal symbol of such a problem we construct the Chern character with values in a
de Rham type cohomology of the cotangent bundle of fixed point submanifolds. The
definition of Chern character uses traces on the algebra of noncommutative differential
forms from [20] and on regularized traces from [8] on the algebra of symbols of Boutet
de Monvel operators. Unlike the paper [8], where a topological index is constructed as
anumber, we refine this construction and construct a Chern character for the symbol in
suitable cohomology groups, and the topological index is obtained from it by taking
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product with the Todd class of the manifold and integrating over the fundamental
cycle.

Let us briefly describe the contents of the paper. In Sect. 2, we recall the definitions
related to the Boutet de Monvel algebra of pseudodifferential boundary value problems
on a manifold with boundary. In Sect. 3, we study the algebra generated by Boutet
de Monvel operators and shift operators associated with isometric actions of discrete
groups of polynomial growth on manifolds with boundary. We state an ellipticity
condition for the elements in this algebra, their Fredholm property is established. After
that we solve the index problem. To this end, we construct (in Sect. 4) cohomology
of de Rham type for manifolds, whose boundary is the total space of a fibration (the
cotangent bundle of a manifold with boundary has this structure and this structure
implicitly appears in [8]). Furthermore, in Sect. 5, we introduce noncommutative
differential forms on the boundary and regularized traces on them. These constructions
enable us to define the Chern character for elliptic problems as a cohomology class on
the cotangent bundle of the manifold of fixed points of the group action, considered
as a manifold with fibered boundary (in the sense of Sect. 4). Next, in Sect. 6, we
give the definition of the Todd class of the manifold and state the index theorem.
The proof of the index theorem is given in Sects. 7 and 8. To this end, we establish
a homotopy classification of elliptic boundary value problems, which enables us to
make a homotopy of the boundary value problem to a quite simple boundary value
problem in a neighborhood of the boundary of the manifold. Next, for such a problem
the index formula can be checked by a reduction of the operator to the double and
application of the index formula in [20] on the double.

2 Boutet de Monvel algebra

Let us recall the main properties of the Boutet de Monvel algebra (for more detailed
exposition see [5,7,26,27,33]).

Let M be a smooth compact manifold with boundary X. We suppose that M is
endowed with a Riemannian metric. In a neighborhood of the boundary we use local
coordinates x = (x’, x,) on M, where dimM = n, x’ = (x1,...,x,—1) are local
coordinates on X, and x, is a defining function of the boundary, i.e., the boundary
is locally defined by the equation x, = 0, while M is defined by the inequality
xp > 0. Denote as (¢, &,) the variables dual to (x’, x,,). Then (x’, x,,, &, &,) define
local coordinates for the cotangent bundle 7*M. We fix a Riemannian metric on M.

Let us consider Boutet de Monvel operators of zero order and type. We write such
operators as follows

L*(M) L>(M)
p:(A;GAC>~ o — @ . (1)
X

. L%(X) L3(X)
where

e Aisaclassical pseudodifferential operator (1 DO) of order zero on M ; its complete
symbol satisfies the transmission property (see below);
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e Ay is a DO of order zero on X
e B, C and G are boundary, coboundary and Green operators, respectively (or trace,
potential, singular Green operators in the terminology of Boutet de Monvel [5]).

Recall that a classical symbol a = a(x’, x,,, &', &,) with an asymptotic expansion
a~am+ap-1+--- (2)

into its homogeneous components a; satisfies the transmission property, if its order
m € Z and for all k € Z and arbitrary multi-index o = («y, ..., ¥y—1) € Z'j__l the
following equality holds:

D Dfai(x',0,0,&) = "7V Dl DEay(x',0,0, &), & #0, ()

where

9 oy P Ap—1
o= (i) ()
aEl aSnf]

The principal symbol of operator (1) is the pair o (D) = (oy (D), ox (D)), where the
first component is called the interior symbol and is a function

om(D) = o (A) € C*(S*M), )

where S*M = {(x,&) € T*M, |&| = 1} is the cosphere bundle of M, where o (A) is
the principal symbol of A (if a is the complete symbol of A, then o (A) is equal to the
leading order term a,, in (2)). The second component is called the boundary symbol
and is an operator function

ox(D) € C®(S*X, B(L*(R;) @ C)) ~ C®(S*X, B(H+ & C)) (5)

on the cosphere bundle S*X of the boundary, where B is the algebra of bounded
operators,

Hy = F(S[Ry))
stands for the space of images with the respect to the Fourier transform 7, ¢, of
the Schwartz space S(R;) of smooth rapidly decaying at infinity functions on R..

Denote the norm closure of Hy C L*(R) by H . Similarly, we define the space H_
as

H_ = F(S[R.)).
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Next, we define the projection Il : Hy @ H_ — H. to the first summand and the
continuous functional

n':H.&H- — C,

w@) o lim Tl ).
xp,—>04 57 n
Note that if u € L'(R) N (H; @ H_), then
, 1
Mu = 2—/ u(&y)ds,. (6)
T JR

Let us denote the algebra of boundary symbols (5) by £x € C®(S*X, B(H, @ C)).
To describe explicitly the elements in Xx, we consider smooth functions

b(x/a 5/9 %_n) € COO(S*Xv H_),

C(.x/, é/’ Sn) € COO(S*Xs H+)’

g(x' &' &y mp) € C(S*X, Hi @ H-);

q(x',§") € C®(S*X).

Here the spaces H.., their topological tensor products, and smooth functions on S$*X
are considered as Fréchet spaces. Then an arbitrary boundary symbol ay € Xy is a
smooth operator family

H. H.
ax(x', €= & — @ (7
C C

with the parameters (x, &’) € $*X. Operator (7) acts on pairs h € H,,v € C as
follows:

ax (&) (fj)
B <H+<a<x’, 0.8, E)h(E) + T, (2, &, &0, 1)) + ¢, £ sm)

I (b(x', &', &)N(En) + (', E)v
®)

Here a(x’, 0, &, &,) is the restriction to the boundary of a symbol homogeneous of
degree zero with the transmission property on M. The functiona(x’, 0, €', &,) is called
the principal symbol of the boundary symbol ay. It is known that smooth families (7)
form an algebra.

Let us denote the algebra of matrices (1) by Wp(M) C B(L*(M) & L*(X)). This
algebra is called the Boutet de Monvel algebra.

Theorem 1 ([7], Section 2.2.4.4, Corollary 2) The symbol mapping

Wp(M) —> C®(S*M) ® C®°(S*X, B(LA(R1) @ C))
D +— (om(D), ox(D))
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is well defined and continuously extends to a monomorphism of C*-algebras
Vp(M)/K — C(S*M) & C(S*X, B(L*(R+) & O)),

where IC C W (M) is the ideal of compact operators.

Note that the mappings in Theorem 1 are not surjective: first, the interior and
boundary symbols satisfy additional properties (3) and (7). Moreover, they satisfy
certain compatibility conditions.

The regularized trace Tr’ of a boundary symbol ay € X is defined by the formula

Tr/ aX()C/, %-/) = H;]ng(-x/a E/v nila nn) + Q(x/’ E/) (9)
The mapping
Tr': Ex — C®(5*X)

does not possess the trace property. More precisely, the following trace defect formula
was obtained in [8, Section 2.4, Lemma 2.1]: given ax 1, ax > € Xx, we have

d n — d n
Tr'[ax.1. ax.] = —ill (%axsﬂ)) =il (m(én) “gf )>, (10)

where ay, ap are the principal symbols of ax 1, ax 2 respectively.

3 I'-Boutet de Monvel operators: Fredholm property

Group actions and shift operators. Let I be a discrete finitely generated group of
isometries y : M — M, which preserve the boundary y (X) = X. We suppose that the
local coordinates near the boundary are chosen such that x,, is a ["-invariant function.
Given y € I', we define the shift operator

T, : LA(M) © L*(X) — L*(M) & L*(X),
@), v(x")) — @@y @), vy @)

This operator is unitary if we equip the L?-spaces with the norms, defined by the
volume forms associated with the Riemannian metric. The mapping y + T, defines
a unitary representation of " on L2(M) & L*(X).

It is known that compositions 7}, DT, !, where D is a Boutet de Monvel operator
and y € I, is also a Boutet de Monvel operator. Moreover, the interior and boundary
symbols of TVDT),_1 are equal to

om(Ty DT, ) (x, ) = ou(D) @y~ (x, £)),
ox (T, DT, H(x', &) = ox (D) 0y~ (x', §)).
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Here the actions of I' on M and X are lifted to the bundles 7*M and T*X using
codifferentials 9y = (dy’)~' of the corresponding diffemorphisms (here dy is the
differential of y, while dy is its dual mapping of the cotangent bundle).

I'-Boutet de Monvel operators. Let us recall the definition of smooth crossed products
(see [28] or [22]). Let A be a Fréchet algebra with seminorms || - ||, m € N, and
" be a group of polynomial growth in the sense of Gromov (see [25]), acting on A
by automorphisms a — y(a), where a € A and y € T'. Then the smooth crossed
product denoted by A x T is the vector space of functions f : ' — A, which rapidly
decay at infinity in the sence of the following estimates:

1f O llm < Cun (X +1y DN

forall N,m € Nand y € I', where the constant C,, y does not depend on y. Here
|y| is the length of y in the word metric on I". Finally, we assume that the action of
I" on A satisfies the following property: given m € N, there exists k € N and a real
polynomial P(z) such that the following inequality

Iy @llm = Py Dlall

holds for all @ and y. The product in A x I" is defined by the formula:

1AMy =1 Y hin(hLG) ¢ (11)

2=y

It can be shown that the right hand side in (11) is an element of .4 x [, i.e., this space
is an algebra.

The action of " on Fréchet algebras C*°(S*M), X x and W (M) satisfies the con-
ditions above, and the following smooth crossed products are defined: C*°(S*M) x
I'Xx x I" and Wp(M) x I'. Elements {Dy } in the smooth crossed product
Wp (M) x I define operators

yel
D)), — YD L)@ LX) > LX) & LX), (12)
yel
Definition 1 Operators in (12) are called I"-Boutet de Monvel operators.

Definition 2 The symbol of operator (12) is a pair o (D) = (o (D), ox (D)), which
consists of the interior and the boundary symbols

om(D) ={o(Ay)lyer € CT(S*™M) x T, ox(D) = {ox(Dy)}yer € Tx x I'.
13)
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The operators (12) form an algebra and symbols (13) enjoy the composition for-
mula: given D1, Dy € Wp(M) x I', we have oy (D1D2) = oy (D1)oy(D2) and
ox(D1D2) = ox(D1)ox (D).

Operators, acting between ranges of projections. A matrix I'-Boutet de Monvel
operator is a triple (D, Pj, P>) such that

e D e Maty (Wp(M) x I') is a matrix with the components in Wp(M) x T;
e P; e Maty((C®(M) ® C*®(X)) xTI'), j=1,2, are projections;
e the following relation is satistied P, DP; = D.

Then we define the operator
D:P(L*M,CYy @ L2 (X, CN)) — Pr(L>M, CYyd L*(X,CN))  (14)

Acting between the ranges of the projections on the L>-spaces. Denote operator (14)
by (D, Py, P2).

Definition 3 Operator (D, Py, P,) is elliptic, if there exists a matrix operator
(R, P2, P1) such that the following equalities hold

oc(D)o(R)=0(P2), o(R)a(D)=o0o(P1). 15)

Theorem 2 An elliptic operator (14) has Fredholm property.

Proof The proofis standard (see, for instance, [15]). Indeed, let (D, Py, P») be elliptic.
Denote the symbol of R by

(Irymdyers Uy xbyer) € (C(S*M) @ £x) % T

We represent the operators D, R as

D=>)"D,T,, R=Y R,T,.

yel yel
where | Dy |, — 0, [IRy lm — O rapidly, for all m € N, and write their symbols as
o(D)={o(D))}, R =]{oc(R,))}.

Then (15) is equivalent to

Y o@ynoRy) =0(Py). Y. 0(Ry)no(Dy,) =o(Piy).
Yiv2=y Yiy2=y
(16)

We obtain

RD = Z R, Ty, Z D, T,
y1el’ yel
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— Z Rylrylpyl_.yTyl_]yzz ZRy]yl(Dyl_ly) T,. (17)
y,y1€l yell \yiel’

It follows from (16) that

o[ 2oRun@,0) | =D oRy)nio(@, 1) =0 (Pry).
yiel yiel

Hence, by Theorem 1 we have

> Ryn(@,1) =Piy + Ky, (18)
y1el

where K, is a compact operator and || K} ||, — 0 as |y| — oo. Therefore, (17) and
(18) give

RD =P + Ky,

where K is a compact operator.
Similarly one can prove that DR = P, + K», where K is a compact operator.
Then by Atkinson’s theorem operator (14) has Fredholm property. O

I"-Shapiro-Lopatinskii condition. Consider a nonlocal boundary value problem
Du =f onM,

9/
E Bj—lj =g onX, (19)
0<j<d 9% |y,—o

where D = Zyer D,T,,ordD =d, Bj = Zyel" Bj,T,,ord Bj = b — j. Here

{D, } are differential operators on M and {Bj, } are differential operators on X. The
functions u, f, g are elements of spaces

we PLHY(M,CY), fePH (M, CY), ge PsH P12 (X, CN),
where Pj, P, are N x N matrix projections over C*°(M) x I" and P3 is Ny x Ny
matrix projection over C*°(X) x I'. We realize problem (19) as the following operator

(cf. (14))

(D, B): P{H*(M,CY) - PyH*~4(M,CN) @ PyH* "~ 1/2(x, CNa)

u+— | Du, Bj_j . (20)
0<j<d 9% |y,—o

We suppose here that D = P,D Py and P3B = B, where B = (By, ..., B4—1).
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Note that in the local case, i.e., when D, B, P; do not contain shift operators 7),
for y # e, problem (20) is a classical boundary value problem. We give the ellipticity
condition of problem (20), which generalizes the Shapiro—Lopatinskii condition. To
this end, we write (19) in a neighborhood of the boundary as

Xp, —l—, X, —l— u =19,
" 0xy, ax' )7

yel
. 21
S oy (v ) 1 -
v \xX,—l— ), — = g.
j vel o’ duxi Xy =0

To state an analogue of Shapiro—Lopatinskii condition for problem (21) let us
define an analogue of the Calderon bundle in this situation. To this end, we define
for simplicity A = C*°(S*X) x ' and consider the homogeneous system of linear
ordinary differential equations

o (D) (0, —ii, x/, %") u(x,) =0, (22)

dx

whereu € C®(R, AQCY). Suppose that the triple (D, Py, P,) is interior elliptic (this
means that (15) holds for the interior symbols of of these operators). Then the solutions
u € PIC®MR, A® CN) of (22) either tends to zero as x, — +00 Or x;, — —00.
Moreover, only the solution u(x,) = 0 tends to zero as x, — oo and x,, - —00.
Denote by L4 (D) the Cauchy data subspaces of solutions of (22), which tend to zero
as x,, — +oo:

Li(D)= {W = (Wo, ..Wq_1) € (PLAQCN)® C?3u € PLC®(R, A® CN),

Then L+ (D) € A® CN¢ are right A-modules. Moreover, they are finitely generated
and projective. Denote by O € Maty, (A) a projection defining L (D).

97
X, g’) 1(xn)=0, 1(xy) — 0 as x, — 200, Wj= —'j
0x;,

)
n

(D) (0 2
o s ld_x

xp=0

Definition 4 Problem (21) with the interior elliptic triple (D, Py, P;) satisfies the
Shapiro—Lopatinskii condition if the triple (o (D), Q, P3) is elliptic on S*M, i.e.,
there exists triple (o (R), P3, Q) such that 0 (R)o(B) = 0(Q), 0(B)o(R) = o(P3)
in Maty, (C*(S*X) x T).

Theorem 3 Let the operator D : P{H*(M,CN) — PyHS=4(M,CN) in (19) be
elliptic and the Shapiro—Lopatinskii condition be satisfied (in the sense of Definition 4).
Then (20) has Fredholm property.



Elliptic boundary value problems associated with isometric group actions Page 110f34 50

4 Two de Rham complexes for manifolds with fibered boundary

Given a smooth manifold M with boundary d M, we suppose that the boundary is the
total space of a locally trivial fiber bundle & : dM — X with the fiber F. Then the
pair (M, ) is called a manifold with fibered boundary.

The embedding i : M — M induces the restriction mapping i* : Q*(M) —
Q*(0 M) of the differential forms to the boundary. The projection v defines the induced
mapping 7* : Q*(X) — Q*(dM) and the mapping

Ty s QEOM) — QF7"(X), v=dimF, (23)

of integration of compactly supported differential forms over the fiber F (see, for
instance, [29]). Here we suppose that the fibers of 7 have orientation continuously
depending on the point of the base. Let us recall the definition of the integral in (23).

Definition 5 Given a form w € Q’j(aM), its integral over the fibers of T : OM — X
is the differential form denoted by m.w € Q’;‘”(X ) and such that

f(rr*a)>/\a)1 :/ o A TFwr
oM
X

for all differential forms w; on X.
The following properties are valid:

1. Tu(w A T 01) = (Tw) A w1, for all forms w € QEOM), w € QL(X);
2. d(myw) = (—1)"74(dw), for all forms w € QIC‘(SM).

For simplicity, we suppose that X and d M are oriented, and the orientation of d M
is given by the orientations of the fibers and the base.
Let us consider the graded morphism

QM) d) =5 (@ (X). d), dmi* = (=) mi*d (24)

of the de Rham complexes on M and X. Denote the cone of w.i* by (Q*(M, x), 9),
where

i i i—v—1 d 0
i, m =elone ™ x), = (n*l.* (_1)u+1d). (25)
Note that

92 — d? 0
- Tei*d + (—1)U+1d(ﬂ*i*) (_1)2v+2d2

_ 0 0 _o
T\ mitd + (=Dl o) T

The last equality follows from (24).
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We denote the cohomology groups of the complex (Q27(M, ), d) by H (M, 7).
Also, we consider the complex (Q*(M, x), 9):

QI(M, ) = {(w, 0x) € QM) B QU X) | i*w =n"wx), 0= (g 2).

(26)
Note that di*w = dn*wyx since i*w = w*wy. Hence, i*dw~: m*dwy, since i*
and 7* are the induced mappings on differential forms. Hence, 9 is well defined. We

denote the cohomology groups of the complex (Q*(M, 7),9) by H*(M, 7).
Component-wise exterior product of differential forms gives the product

AQLM, ) x KM, 1) — QIR M, ).
This operation enjoys the Leibniz rule
danb)=danb+ (=) andb, aeQlM,7),bel*M, ). @7

Indeed, given

we have

_ one ) dw A o)
danb)=20 (a)x A a)’X> - (n*i*(a) AW+ (=)' Tld(wx A w'y)
_ dono +(=DlwAdo
T\ o At + (=) Tdox Aoy + (D=1 oy A doly

B do Ao n =D/wAdo
T it (@) Aoy + (=D ldoy Aoy (=D wx A doly
’ . - /
() (G ) v (2)03(5)
wyx a)X wyx a)x
It follows from the Leibniz rule (27) that A defines a product in cohomology

AHI(M, ) x BSM, ) — HI™ M, ). (28)

Finally, we suppose that M and X are oriented manifolds and their orientations are
compatible with the orientation of the fibers in the following way. Denote n = dimM
and choose as positively oriented the form (—1)"dt; A- - - Adty Adyi A+ - - Adyx Adxy,
where 71, . .., t, are some positively oriented coordinates on the fiber, y1, ..., yp—p—1
are some positively oriented coordinates on X, while x,, > 0 is a defining function of
the boundary.
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We define the linear functional

(M, z]): HX (M, ) — C

(w,wx)+—>/ a)—(—l)”/ ox.
M X

To prove that this functional is well defined, it suffices to show that it vanishes on
exact forms. We choose compactly supported forms

w=ft,y, x)dty AN Ndyz—y_1,  wx =gydyt A Ady,_v_q

and compute

(0w, wx), [M, 7]) :/dw—(—l)” (n*i*w+(—l)”+ldwx)

M X
=/i*w—(—1)"/(n*i*w)
aM X
= (_l)n / f(t7 y90)dtl

RY xRn—v—1

ldyp—v—1 — (—1)"/ /f(t,y,())dtlmdtu dyy...dyn—v—1 = 0.
Rn—v—1 v

5 Chern character of elliptic symbols

In this section, we define the Chern character for symbols of elliptic operators (14).
The definition uses noncommutative differential forms on cotangent bundles 7*M
and 7*X which we now define.

Noncommutative differential forms. Regularized trace. Let C;°(T*M) C C*(T*M)
be the subalgebra of classical symbols of order < 0, which satisfy the transmission
property (see (3)). Let Qr+y C Q(T*M) be the subalgebra of differential forms on
T* M with coefficients in C;°(T*M).

By Sx C C®(T*X, B(H + @ C)) we denote the subalgebra of operator families
ax(x', &), (x', &) € T*X, such that the family ay (x’, £’) is defined as in (7), where
b e C®(T*X,H_),c € C*°(T*X,H,), g € C*°(T*X,H, ® H_), q(x', §') €
C*°(T*X), while functiona(x’, 0, &', &,) is the restriction to the boundary 8 (T*M) ~
T*X x R of asymbol a(x’, x,, &', &,) € CS2(T*M).

By Qr+x C Q(T*X, B(H, @® C)) denote the subalgebra of differential forms on
T*X with coefficients in &x. Let us consider the action of I" on the Frechet algebras
Q7+ and Qr=x of differential forms and corresponding smooth crossed products

QT*M x I" and QT*X x I
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These crossed products are differential graded algebras with respect to the gradings
defined by the gradings of the differential forms and the differentials defined by the
exterior differential on differential forms.

Given y € I', we define the mappings (cf. [20,30])

TVZQT*MNF—>QT*MV, ‘[; ZQT*XXIF—>QT*X;/. (29)

Here MY C M and X” C X are the submanifolds of fixed points of isometry y. To
define these mappings, we introduce auxiliary notations. Denote the closure of I in
the compact Lie group of isometries of M by T. This closure is a compact Lie group.

Let C¥ C T be the centralizer! of y. The centralizer is a closed Lie subgroup in T.

The elements of centralizer are denoted by /, while the induced Haar measure on the
centralizer is denoted by dh. Next, for an element Y’ € (y) in the conjugacy class of
¥, we fix an arbitrary element z = z(y, y’), which conjugates y and y’ = zyz~'. Any
such element defines diffeomorphism 9z : T*MY — T*M v of the corresponding
fixed point manifolds.

We define the first functional in (29) by

7 (w) = § /h*(*
; cr
y'ely)

) dh, wherew € Qr+y x T,  (30)
T*MY

and the second functional by

T*XV)dh’ where wx € QT*X x I

Je =Y / Ty (W (Zox ()

Y ely)
(3D

Here

Try (Z a)I(t)dtI> = ZTr/(a)I(t))dtl,
1 1

where Tr' : $x — C® (T*X) is the regularized trace defined earlier in (9).

Proposition 1 The following assertions hold:

1. The summands in (30) and (31) do not depend on the choice of the elements z.
2. Functionals (30) and (31) have the following properties:

V(w1 A wy) = (=181 LY (3 A @), forall w1, wr € ey X T,
(32)
dt(w) = th(dw), forallw e Qr+x xT.
(33)

! We recall that the centralizer of y is a subgroup of elements which commute with y.
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Proof Let us prove 1. Indeed, let z; be another element such that y’ = zlyzl_l. Then
for the summands in (30) we have:

[t = [ @nr o),

= / (o (y")
cv

T*MY

Here in the last equality we made the change of variable z;4 = zh’ in the integral and
used the invariance of the Haar measure. Equality (31) is proved similarly.

Now let us move on to part 2. Let us show that 7V is a graded trace, i.e., equality
(32) holds. It suffices to prove this property for the following forms wy, w>:

a,y =y, b,y =y,
‘““”:{o yEn ‘”2(”:{0 v

Then

0, Y # VY2,
w1 N\ = _
(w1 2)(¥) {a/\yl* b,y = iy

Since (30) does not depend on the choice of z, we setz = e € I'.
On the one hand, for y = y1y» we have

o (@1 A ) =/ h*(a/\yl*_lb)‘ dh = | (Fank*y 0| an
cv cv

T*MY T*MY

= /CV (h*a A y*h*yl*_lb)

0 (34)

since the form is integrated over T*M?" and over this manifold we have y* = Id.
Since h € CY in (34), we have h*y* = y*h*. Hence, (34) gives us

dh,

y — n* h¥* *—lb’ dh:/ ]’l*( *b>
(w1 A w3) /Cy anNhy v S o anyyb)| ..

(35)

since y = y1y2 and y ¥y = p5.

On the other hand, for z = y», we have
dh

(o Aoy) = /th*<z*<b a yz*_la)) T*MY

= (—1deaondeze /Cyh*(z*(yz*’la Ab))

— (_l)degmdengf h*(a A J/2*b)
cv

dh
T*Mv

dh
T*MY
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— (_l)degwldega)zry(a)l A 602)

Here in the last equality we used (35).
Now we prove equality (33):

1y (dox) = Z / TrX (Z (dox(y )))NT*XV> dh

y'e(y)

Z / Try (b (" @x ()

=d Z /Cy Try (h*(z*(wx()/’)))

y'ely)
= dty (wx).

TW) dh

rexr ) dh

m}

Definition of the Chern character. Consider an elliptic operator (D, Py, P5). For
brevity, we frequently denote it simply by D. We extend the interior symbols
oy (D), oy (R) of the original operator and its almost inverse to 7*M as smooth
symbols, which have the transmission property. We extend the boundary symbols
ox (D) and ox (R) to T*X as smooth symbols. We denote such extensions by

a,r e C(T*M)x T, ax,rx € ¥xxT.

Suppose that these extensions are compatible, i.e., the principal symbol of the boundary
symbol is equal to the restriction of the interior symbol to the boundary and the
following equalities hold:

a= PaP,, r=PrbP, ax = Pz’axP{, rxy = Pl'rxPz’, (36)
where
Pj=om(Pj), Pj=ox(P).

The desired extensions can be defined as follows. The interior symbols o7 (D), oy (R)
are extended to T* M by homogeneity of order zero and are then multiplied by a smooth
cut-off function x (|£]) equal to O for |£| small and equal to 1 for |£| > 1.

Similarly, the boundary symbols ox (D), ox(R) are extended from S*X to the
domain [&’] > 1 as twisted homogeneous functions of degree zero. Recall that a
boundary symbol ay (x’, &') is twisted homogeneous of degree zero for |§'| > 1 if
VIE’'| > 1,x" € X and A > 1 we have

ax(x', A&') = smax(x', &) )
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where

) . H+ D (C —> H+ (<>] (C
(h(E),v) — OTV2h071E), v)

is the action of the dilation group.
Then we choose arbitrary extensions of the components of boundary, coboundary

and Green components (b, ¢, g, ¢) in (8) to the domain |&’| < 1 such that (36) holds.
We define the noncommutative connections

Vp;=Pj-d-P; on T*M and VPJ(=PJ{~d’-P]’- on T*X, where j
=1,2,

where d’ stands for the exterior derivative on T*X. We also define a connection on
T*M

Vp, = Vp, +r(Va), where Va = Vp,a —aVp,, (37)
and a connection on T*X
%P{ = Vpr +rx(V'ax), where Vay = Vpjax —axVp;.
Lemma 1 The curvatures of %pl and V p; are equal to

Qp = (Vp)? = Vp, + Vp (rVa) + (rVa)*,

Qpy = (vp{)2 - vfgl, + Vp (rxV'ax) + (rxV'ax)>.

Proof Indeed, we have

ﬁplu = (%pl)zu =(Vp, + rVa)zu = (VlzDl + VprVa+r(Va)Vp, + (rVa)z)u
= (V}, + Vp (rVa) + (rVa) )u,
Qprv = (Vp?v = (Vpy +rxV'ax)’v = (Vi + VprxViax +rx(Viax) Vi

+(rxV'ax)Hv
= (Vi + Vp(rxV'ay) + (rxV'ax)*)v.

Let us define the differential forms with compact supports

chl.,, 0(D) € QY (T*M”), chl.yo(D) € QE(T*XY) (38)
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on the cotangent bundles of the submanifolds of fixed points by the formulas

chY.py 0 (D) = ¥ (727 (Py — ra))

-7 (Pze_vg’Z/hi —ae= /2"ir> , (39)
—Qp /27i
ch’;*XG(D) = r% (e r/ m(Pl’ — rXaX))
_vz//2 i —Q ., /2mi
—r; <P2/e i —axe rf/ mrx). (40)

Here and below we denote the extensions of mappings (29) to the matrix algebras over
the corresponding crossed products again by t7, ‘L’;. The extensions are obtained as
the compositions of the matrix trace and mappings (29). Using the fact that

ar = Py,ra = Pj,axrx = Py, rxax = P|

at infinity in the cotangent bundles, one can show that the noncommutative differential
forms in (39) and (40) have compact supports on 7*M and T*X. Hence, the Chern
forms (39) and (40) have compact supports on 7*M?Y and T* X" respectively.

Remark Since t7 is a graded trace, (39) can be written as
_ , e
Ch}%*MO'('D) =17 (e_QPI /2:711P1 — Pe VPZ/ZT”) .

The boundary d(T*M?Y) >~ T*XV x R is fibered over T* X" with the fiber R. We
denote the corresponding projection by 7V : 9(T*M?) — T*X? and the embedding
d(T*MY) C T*MY by i,. Hence, the pair (T*M?, ") is a manifold with fibered
boundary in the sense of Sect. 4.

Proposition 2 Given y € I', we have

d (chy,, 0(D)) =0, (41)
d' (ch}.y 0(D)) = nli} (ch}.y, 0(D)). (42)

In other words, the pair (Ch;*M o(D), — Ch;*x o (D)) is closed in the complex
(QET* MY, 7)), ), see (25), and we denote its cohomology class by

ch o (D) €e H(T*MY , n7).

This class does not depend on the choice of the elements a,r,ax, rx and does not
change under homotopies of elliptic symbols.

Proof 1. Equality (41) can be proven in a standard way (see, for instance, [31])

-V2 i _v2 .
d (ch}.,, o (D)) = dt” (e v, /2mP1> 4o (Pze VP2/2m>
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~ 2 . _ 2 .
=¥ (vp1 (e Vi, /2 P1>> _ Y (va (Pze VPW”))

~ 2 : 2 .
=17 [Vpl,e V”l/zmﬁ] -tV [VPz, Pre vP2/2m] =0.

The last equality holds, since the commutators in it are equal to zero.

2. Next, let us prove equality (42). Let us calculate the right hand side in (42). We
denote the restriction of the curvature form pr, to dT*M by Q| = §~2P1 lar*pm. It is
clear that 21 is equal to the curvature form for the pair of restrictions (a |1+, ¥ laT* M)-
Also we denote by Q5 = Q,(&,) = Q plar*x N {&, = Const} the family of curvature
forms for the restrictions (a|37*mnig,=const}> 7' |a7* Mg, =const})» Where &, is consid-
ered as a parameter. We have

2 .
i chfuy (D) = 1 ( T/ pe VP2/27”>,

0 —Q/27i
s J91> e )dsn. (43)

1
V. Y
) z;'j chy.,, 0(D) = 5 A 124 ((
Here 1:0 stands for the trace defined as in (30) but for the manifold 07*M = T*X xR,
while 8 i stands for the substitution of = S into the differential form. Note that the
1ntegrand in (43) is compactly supported. Hence, its integral is well defined. By Lemma
1, we have

9 )
Y =0 (VPl—i—Vpl(rVa)—l—(rVa)) (44)

We now substitute d/d¢, into each of the summands in (44). To this end, we represent
the connections in the following form:

0 0
d=d&,— § +d/ VPJ- = de/Pj + defna—%_n = V})j + deén@, \%
ad
=V +d&—.
+dé, 9%,

For the first summand in (44), we have

0 2 0 2
Bf,, Py agn ( 1 1) ( )

since P does not depend on &,,. For the second summand in (44), we have
Vp rVa) = (Vi + Prdg, 2= ) (+V'a +r 2% ag
rva) = — | |rVa+r—
Py Py 1dsn 3§n asn n
vV, (V) + ¥, (r2%4 P, - ) (v’
- Y P rvVa) + Py ragn %-Yl + 1 %-n 3§n r (1)

da
(Pl 3 )( 8&"5)
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d ad
=V}, (rV'a) + V), <r—“> d&, + d&y——(rV'a). (46)
9&n 0&n
We now substitute d/9&, into (46):
O Vp(rVa) =V ( 8a>+ V')
— _Vp (rVa) = — r— —@V'a
& i\ og ) " o0&
da da ar da da ar
=—(Vr)— —rV—+—Va+rV—=—(Vr) — + —V'a.
(V') 08 08, 08, 08 (V') &, 095,

For the third summand in (44), we get
ad 0 0 0 0
— ((rV/a + r—adén) (rV/a + r—adén)) =r 22, (rV’a)r—a.
9&n 9&n 9&n 9&n 9&n

Substituting (45), (47) and (48) into (43), we obtain
) i ch}.,, 0 (D)
_ 74 iV’a— (V'r) da +|r da rV'a 692/2’”> dg,. (49)
2 Jr 0 \\ g, &, A&, "

As in (43), the argument of t&’ in (49) is compactly supported.
3. To calculate the left hand side in (42), we first prove two auxiliary lemmas

Lemma 2 For each form o' € Maty (Qr+x x T) such that ' = P{w'P|, we have
d't (@) = r§(vpl,a/). (50)
Proof The difference between the left and right hand sides in (50) is equal to

d'ty (@) — 13 (Vpo) =ty (d'(P{o) — P{d')) = T3 ((d' P)e)
=15 ((d'P))P{w'P{) = T} (P{d'P{P{0) = 0, (51)

where in the last line we used the trace property: r))(/ (0'P)) = 1,'; (P{w"). The last
equality holds, since P| acts as a scalar operator in the variable &,. In the last equality
in (51) we used the identity P;(d’P{)P{ = 0 for the projection P;.

This completes the proof of Lemma 2. O

Using Lemma 2, we obtain the following expression for the left hand side in (42)

V2, 2mi

P)) =k (Vnstrse )

—%il, /27i

d'chl.y o (D) =1} (vplf (e
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—V2, )2mi
+d'ty, |:aX, e N mrx:| . (52)
For the first summand in (52), we have

-2, 2mi -2, 2mi
VPI/ (6 Py P{) = [Vplr,e Py Pl/]

—V2, /2mi
= [(VP]’ +rxViax) —rxViax,e N Pl/]

~ -2, 27i -2, )2mi
_ P / / P! /
=[Vpe T P]—[rxViax.,e " P{]

-2, )2mi
= —[rxV'ax,e " P[]

For the second summand in (52), we obtain

—V2, )2mi —V2, /2mi
Vi (Pz’e F2 =[Vpj, Pre 2

1=

Substituting the last two formulas into (52), we get

—V2, )2mi -2, )2mi
d’ch;*xa(D) = —r% |:rxV’ax,e i Pl’] +d’r§ |:ax,e B x|

(53)
The next lemma is a generalization of (10).

Lemma 3 Given forms wx 1, wx 2 € Qr=x x I', we have

d 0
r%[a)x,l, wx.2] = —ill' (r” <a;onl a)z)) =il (tV (a)l 8?3)) , (54)

where w1, wy are the principal symbols of wx 1 and wx > while

la,b] = ab — (=) ba, k =dega,l = degh.
Proof Consider noncommutative forms
wx,| =dax, 0], WX 2 = dx 202, where ax 1,ax2 € ix XTI, aj,ay € Q(T*X)

As in the proof of Proposition 1, it suffices to consider the symbols ax 1, ax 2 of the
following form

bx.i. g = . bxa g =,
ax,l(g)Z{ R ax,2(8)={ A

such that y = y1».
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A computation shows that

b1y b ), ifg =y,
(ax,lalax,zotz)(g)={ x.1v; (bx2)(niy2)* (a2), ifg=ny

0, if g # yiy2,

(55)
bx 2y b “ay), ifg =y,

(aX,ZazaX,lal)(g) — { X,2V2 (a2 XOI)(J/2V1) (al) lfg 7/2]/1 (56)
, if g # yay1.

Substituting (55) and (56) into r% [wx.1, wx 2], we obtain

ki
tylox1, ox 2] = Ty (CUX,]CUX,z - (=D wx,zwx,1>

= /c Trx (h* (z* (ax,1alax,20!2(1/)))|T*Xy) dh
Y

_ /cy Try (h* (z/* ((—1)klax,zot2ax,1a1(V)))

Consider now the first summand in (57). Here we take z = e. We substitute (55) into
the first summand in (57) and get

) dh (57
T*XV

dh

./c Try (h* (Z* (ax,lollaX,ZOQ(V))) T*XV)

T*XV) dh

= [ 1o (@ (bt~ braenay @) | )dn @)

= [ o (0 (v cabrary @)
cv

Since h € CY, we have h*y*~! = *~1h* and y*~'h* = h* since the form in (58)
is considered over 7* X7 . Thus, (58) is equal to

L, 1o (0 (b ™ xzaen)| | Yan

- /;y h (Trx ((bx’]yfil(bx’z))‘ﬂxv) (yl*il(a])az) ‘T*XV) dh. (39)

Now we consider the second summand in (57). Here ¥’ = 5y and 7/ = y,. We
substitute (56) into the second summand in (57)

dh

/C T (B (& (ax 2oax 101 ()) |

= /;y Try (h* (72* (bx,zyz*fl(“21’&1)(7/2]’1)*71(al)» T*XV) dh

— | Tex (h (9 x)bx oy dh 60
/cv rx( (y v (bx2)bx 100y (“1)) T*Xy) (60)
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since y, = y*yl*_l. Equality 2*y* = h* over T* X" implies that (60) is equal to

T*XV> dh

= (-1 /C (1 (o oxabxn| L, (T @nen)

/ Trx (h* (ka_l(bx,z)bx,10121/1*_1((11))
cr

T*XV)) dh.

(61)
Finally, substitute (59) and (61) into (57) and obtain
T)J(/[CUX,I»CUXQ]
_ * ’ w—1 sl et
= /cvh (Tr ((bx,n/] (bx2) — i (bx,z)bx,l)‘T*Xy) <y1 (al)a2> T*Xy)dh
— * (ot w—1 1
_/cvh (Tr (([bx,l,m (bX'Z)]>)T*XV> ()’1 (m)ozz)‘T*Xy)dh. (62)

Now we use (10) and show that (62) is equal to

ob
/ h* <—i1‘[/ (—lyl*_l(bz)) Vl*_l(al)a2> dh
cv 0&, T*XV
ob
= —il‘I’/ h* ( lyf_l(bz)yl*_l(al)f)lz) dh
cv 08, T*XY

. day . Jwyx |
=—zl'1’/ h*(( otaa) )dh:—zl"[’(ry< —w )),
. o, 419202 ) s 0 \ g, @x2

where b1, by are the principal symbols of bx 1, by 2, respectively. Here the used (55).
The second equality in (54) is proved similarly.
This completes the proof of Lemma 3. O
Now let us calculate the traces in (53) using Lemma 3:

3 4 9 .
d'chl.yo(D) =ill't) ((—(Nh)) e /2 P1> —id' 'ty (—ae—ﬂz/z’“r)
&, 08,

iH,Tg (( ad (}"V,a)> 6792/27![) _ l-l-[/,[é/ [%})1’ raie*92/271i:|
0&, 08,
9 rV'a) — %} ,ra—a oS0/
0%, v0g,

ad ad d ad :
= il'I/rg <(—rv/a + v 24 V;)] (r—a) — [rV/a, r—a]) e_92/2’”>
9&n &, 0&n 0,

iv’a —(V'r) aa?a + [rai, rV’aD 6_92/2’”) , (63)

[
-
=

Cﬁﬁ

98,
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where %}Jl = V}Jl + rV'a (we have (%},1)2 = Q). Since the argument of rg in (63)
coincides with that in (49) and hence is compactly supported, we use (6) and (63) to
obtain

; Ly i y or _, (o da da , 792/27ri)
d' chl.y o (D) = I /10 ((asn Via—(V'r) %, + [r %, rv a]) e dg,.
(64)

Since the expressions in (49) and (64) are equal, we have desired equality (42).

4. Consider compatible families of interior symbols a,, r; over T*M x [0, 1]
and boundary symbols ay ;, rx; over T*X x [0, 1], which smoothly depend on
t. For such pairs of symbols, we consider the Chern forms ch;* Mx[0.1] o (D) and

Ch)T/"*Xx[O 1 o (D). We represent the form ch;*MX[0 1 o (D) as

ch;*Mx[O)]]a(D) =dt Na + B, (65)

where «(t), B(t) € Qr+) are smooth families of forms. Here
_ hV D _ 9 hV
B(t0) = chywprioy o@D, a= PP AT PIURIE

By already proven item 1 of the theorem, we have d ch);* mx(0.1]¢ (D) = 0. Using
(65), we obtain

a
dCh;*Mx[o,uU(D) = —dt Nda +dB +dt A a—’j =0.

Therefore, we obtain

which gives us

(1) — B(0) =d/a(t)dt.

0

Now we use the expansion
chly 0.0 (D) = dt Aax + Bx, (66)
where ax (1), Bx(t) € Qr+x. Let us find nfi; Ch}T/'*Mx[(),l] o (D). We obtain

iy chiupr o) 0 (D) = dit Aisa+i}p.

7l i chlyrj0.0 0 (D) = —dt Amlifa+ali%p. (67)



Elliptic boundary value problems associated with isometric group actions Page250f34 50

Let us now find d ch’%* xx[0.1] 9 (D). Using expansion (66), we obtain

dch?, o(D) = —dt Ad'ay +dt A 9bx +d'B (68)
T*Xx[0,1] = X a1 X

By the proven item 1 of the theorem, the left hand sides in (67) and (68) differ by a
sign. Hence, their right hand sides differ by a sign:

0Bx

—dit Al ita+ it =dt Ad'ax —di A - —d'Byx,
which gives us

0Bx )
T dayx + ni’z;a.

Integrating this equation, we obtain

1 1

px(n) = fx @ =d' [ axwdr +i5 [ atyar.

0 0
Thus, we obtain
chl.,; 0 (D)(1) — chrepy 0 (D)(0) = do, (69)
ch;*x o(D)(1) — chrsx o (D)(0) = d' wx + rrfi;ja), (70)

where

1 1

w = /a(t)dt, wx = /ax(t)dt.

0 0

Equalities (69) and (70) imply that the difference

(Ch;*Mx[O,l] o(D)(1), — Ch}T/‘*XX[O,l] o (D)(1))
_(Chg*MX[()’” O—(D)(O)’ - Ch}%*Xx[O,l] U(D)(O))

is a coboundary in the complex (Q2(T*M?Y, V), d). This proves the homotopy invari-
ance of the Chern character.

Let now a1, r1, ax 1, rx,1 be different extensions of the elliptic symbols to 7" M
and 7*X. Then we consider the homotopies

a=a(l—t)+a;-t, rr=r(l—1t)4+r -t,

ax; =ax(1 —t)+ax1-t, rx;=rx(1—t)+rx1-t,
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where t € [0, 1]. At = 0 we have the seta, r, ax, rx, while at t = 1 we have the
setai, r1, ax.1, rx,1. Thus the homotopy invariance gives independence of the choice
of the extensions. O

6 Index theorem

To state our index formula, we need to define the necessary equivariant characteristic
classes. Firstly, we define the Todd forms on M?':

TA(T*MY ® C)
—QY /2mi
& et /2mi -
1 — exp(2Y /2mi)

) € Q(MY),

where QY is the curvature form of the Levi-Civita connection on M? . The Todd form
Td(T*X” ® C) on X7 is defined in a similar way. The pair of these forms is closed
in the complex (Q2* (MY, w7), d) (see (26)) and its cohomology class is denoted by

Td" (T*M ® C) € H®* (MY, n"). (71)

Next, let NV be the normal bundle of MY C M. Then we have the natural action of y
on NV and the following differential forms on M?:

ch” A(N” @ C) = Trpev(nry (v exp(—2/2mi))
— Tt poda vy (v exp(—2/27i)) € QUV(MY),

where €2 is the curvature form of the exterior bundle A(N?), y is considered as an
endomorphism of the subbundles A€v/odd(NYY) of even/odd forms and Tr Aev/odd (N
is the fiber-wise trace functional on endomorphisms of the bundles A¢%/?44(NY).
Similarly, let N ; be the normal bundle of X¥ C X. Then one can define the form
ch? A(N; ® C) on XV along the same lines. The pair (ch” A(NY @ C), ch” A(N; ®
C)) is closed in the complex (Q*(MY, ?), d). We denote its cohomology class by

ch? AWWY @ C) € HY (M, z?). (72)

This class is invertible since its zero degree component is nonzero (see the proof in
[1] or [20]).

Theorem 4 Let D be an elliptic operator in the sense of Definition 3. Then the following
index formula holds:

indD = ) (ch?” o(D) ATd"(I*M ® C) Ach? AWNY @ C)~", [T*M? . z7]),
(y)cr
(73)
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where the summation is over the conjugacy classes in ' and the series converges
absolutely.

To prove this theorem, we need to establish some auxiliary statements.

7 Homotopy classification

Ell-groups.

Let us denote the Abelian group of stable homotopy classes of elliptic I"-Boutet
de Monvel operators (14) by Ell(M, I'). We recall (for details see [32]) that two
operators (D, Py, P2) and (D, P{, Pﬁ) are called stably homotopic, if there exists a
smooth homotopy of elliptic operators (D;, P1 ¢, P2.:), t € [0, 1] such that

(Di, Pr.i. Pao)|,_y = (D, P1. P2) & Triv,
(Dt9 Pl,la PZ,[)LZI == (D/, Pi, Ipé) 69 TriV/,

where Triv, Triv’ are some trivial operators. Here a trivial operator is an elliptic
operator (D, Py, P») (see (14)), where D has components in the subalgebra

(CEM) D C®(X)) x T Cc Wp(M) xT. (74)

It can be proven in a standard way that stable homotopy is an equivalence relation
on the set of elliptic operators (14). Then the set of elliptic operators (14) considered
modulo stable homotopies is denoted by Ell(M, I'). This set is an Abelian group with
respect to the direct sum of operators. The zero element of the group is defined by
the equivalence class of operators (D, P;, P2), where D is a matrix operator over
(C®(M) ® C®(X)) xT.

The aim of this section is to obtain an analogue of the Boutet de Monvel theorem,
see [5,9,10], which provides stable homotopies of elliptic boundary value problems
to a simple form in a neighborhood of the boundary. To state this result, we introduce
some notations.

First, denote by Ell(M°,I") the group of stable homotopy classes of triples
(D, Py, P2) (see above), where the components of D are in the subalgebra (74) in
a neigborhood of the boundary X C M.

Second, to each projection P € Maty (C*°(X) x I'), we assign a special boundary
value problem. Namely, consider the matrix N x N operator (cf. [3, Corollary 20.3.1])
on M:

a
Ap =x <E(2P -D+ Ax) + (1= 0)AM, (75)

where Ajs, Ax are non-negative elliptic ¥ DOs of order 1 on M and X respectively,
x € C*(M) is a function such that 0 < y < 1 and identically equal to one in a
neighborhood of the boundary and equal to zero outside a slightly larger neighborhood
of the boundary. Here we suppose that A and Ay commute with the actions of T’
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on M and X. For instance, we can take Ajs and Ax with principal symbols equal to
those of the square roots of the Laplacians associated with the Riemannian metrics on
M and X. Let us consider the following boundary value problem for operator (75)

A L*(M,CY)
(Pi’;> cH'(M,CY) — ® : (76)
PH'2(x,CV)

Similarly to [7], one can show that this boundary value problem has Fredholm
property and its Fredholm index is equal to zero. We now reduce problem (76) to a
problem in L? spaces. To this end, we denote by A _ operator (76) for P = 0. Note that
the latter operator is Fredholm without any boundary conditions. Now let us define
the zero order boundary value problem:

_1 L*(M,CN)
( J\zp(ﬁ_) _1> (L*(M, CV)y — ® (77)
Ay PiF(A-) PL2(X,CN).

This problem is Fredholm with zero index as the composition of AL problem (76)
and operator A;(/z. Moreover, it is elliptic in the sense of Definition 3. Note that similar
to [3,7], the problem (77) is not a I'-Boutet de Monvel operator (its interior symbol
is only continuous on $*M, since the interior symbol of Ax as a ¥ DO on M is not
smooth). However, a small deformation of (77) as in [3,7] gives a '-Boutet de Monvel
operator with smooth symbols. We do not repeat this deformation here for brevity. We
denote problem (77) by [Dp, P1.p, Pa2.pl.

Theorem 5 (homotopy classification). The mapping

EI(M°, T) ® Ko(C®(X) x T') —> EI(M, T 78)
[D, P, P2l ® [Pl +— [D, P1, P21 ® [Dp, P1,p, P2, Pl

is an isomorphism of groups.

Proof 1. For the Fréchet algebras C*°(M), C*°(X), X, Xx, ¥ (M), ... we consider
their C*-closures denoted by C(M), C(X), X, T x, Vg (M), . ...

Denote by Ell(M, I') the group of stable homotopy classes of triples (D, Py, P2)
as in (14), where the elements are chosen from C*-algebras

D e Maty(Wp(M)) xT', P12 e Maty(C(M) @ C(X)) xT.
Similarly, we define the group EIl(M°, T").
Since our Fréchet algebras are spectral invariant in their C*-closures, the natural

mappings

El(M,T) — EI(M,T) and EI(M°,T) — EIl(M°,T) (79)
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are isomorphisms of Abelian groups. Hence, to prove Theorem 5, it suffices to establish
the group isomorphism

El(M°, T) ® Ko(C(X) xT') — ElI(M, I). (80)

2. Let us express EIl(M, I') in terms of the K -group of some C*-algebra associated
with the symbol algebra. Namely, by [32] we have the isomorphism of Abelian groups

EN(M.T) ~ K (Con(C(M) BCX) > ) r), 81)
where
Con(A — B) = {(a,b(t)) € A® C([0, 1), B) | f(a) =b(0)}

is the cone of a homomorphism f : A — B of C*-algebras A and B. The mapping
C(M)@® C(X) — X in (81)is a monomorphism, which takes a pair of functions f, g
to the symbol (f, diag(f|x, g))-

For brevity, the C*-algebra Con(C(M) & C(X) — X) is denoted by A.

3. Denote by g C X the ideal of all symbols with zero interior symbol. We
consider the commutative diagram

0— Tp — bl M, C(SEM) — 0

0 0 0 (82)
0— C(X) — C(M)®C(X) — C(M) —> 0,

where the space S} M is obtained from the cosphere bundle S*M by identifying pairs
of points (x’, 0,0, 1) on its boundary. Note that the interior symbol oy in (82) is
well defined, since the interior symbols with the transmission property are continuous
functions on S;. M. The rows in (82) are exact. The diagram (82) gives the short exact

sequence

r

0 — Con(C(X) > o) XTI —> AxT —> Con(C(M) — C(SM)) xT — 0

of crossed products of cones of vertical mappings in (82) and the corresponding peri-
odic exact sequence of K-groups

... = Ko(Con(C(X) - Tg) xT) —> Ko(AxT)
— Ko(Con(C(M) — C(S:M)) xT)
— Ki(Con(C(X) > Zg) xT) — ... (83)

4. Now let us calculate the K-groups in (83).

Lemma4 We have group isomorphisms

K.(Con(C(X) = Eo) x I') = K. (Co(T*X) x I, (84)
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K.(Con(C(M) — C(S:M)) x T) ~ K, (Co(T*M) x T) @ K4(C(X) x T).
(85)

Proof Let us construct isomorphism (84). The isomorphism of C*-algebras To ~
C(S*X, K) implies the desired isomorphism:

K. (Con(C(X) — Xo) x I') = K, (Con(C(X) — C(§*X,K)) x T')
~ K, (Con(C(X) - C(§*X)) x ') =~ K,(Co(T*X) x T),

where we used the isomorphism of C*-algebras Con(C(X) — C(S*X)) >~ Co(T*X)
endowed with I" actions.
Isomorphism (85) can be constructed similarly. O

5. Using Lemma 4, we can write sequence (83) as

.= K (Co(T*M) x T @ K1 (C(X) » TD) —3> Ko(Co(T*X) x T)
—> Ko(AxT)

— Ko(Co(T*M) x T) & Ko(C(X) x T) 2 K{(Co(T*X) x T) —> ...
(86)

Here the boundary mappings 9 are the compositions

K. (Co(T*M) x T) @ Ky (C(X) x I)
— K (Co(T*M) % T) —> Ky (Co(T*X) x T)

of projections to the first summand and restriction to the boundary T*M|x >~ T*X xR.
6. Consider the exact sequence

= K(Co(T*M) % T) @ K1 (C(X) x T) = Ko(Co(T*X) x T
— Ko(Co(T*M°) x T) @ Ko(C(X) x T
— Ko(Co(T*M) x T) @ Ko(C(X)  T) = K (Co(T*X) % T) —> ...,
(87)

which represents the direct sum of the exact sequence of the pair

Co(T*M°)y x T C Co(T*M) x T’

and the sequence 0 - K, (C(X) x T') E) K.(C(X) xT) — 0. We consider (87) as
the upper row in the commutative diagram

K1(Co(T*(M U X)) xT) > Ko(Co(T*X) x ') —Ko(Co(T*M° U X)xT) —
2 i \
Ki(Co(T*(M U X)) xT) > Ko(Co(T*X)xT) — Ko(AxT) —
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— Ko(Co(T*(M U X)) xT) 5K (Co(T*X) xT)
¥ + (88)
— Ko(Co(T*(M U X)) xT) 5K (Co(T*X) xT).

The vertical mappings in this diagram (except the middle one) are identity mappings.
Hence, using Lemma 4, we obtain from the diagram that the middle mapping is an
isomorphism:

Ko(AxT) >~ Ko(Co(T*M®°) xT) & Ko(C(X) x I).

This isomorphism and (79), and (81) give the desired isomorphism in Theorem 5.
O

8 Proof of the index theorem

Let us now prove Theorem 4.
1. We claim that the left and right hand sides in (73) define homomorphisms of
Abelian groups

ind, ind; : EIl(M,T") — C. (89)

Indeed, the analytical index is invariant with respect to homotopies of elliptic operators.
It is equal to zero in the case of trivial elliptic operators, since trivial operators are
invertible. Thus, the analytical index ind does not change under stable homotopies and
it defines a group homomorphism

ind : Ell(M,T) — Z.

On the other hand, the topological index is also invariant with respect to homotopies
of elliptic symbols. It is equal to zero for the trivial operators, since the Chern character
of the symbol of such operators is equal to zero.

2. By Theorem 35, it is sufficient to prove the equality of the indices a) in the case
of operators in Ell(M°, I') (i.e., operators trivial in a neighborhood of the boundary);
b) in the case of special boundary value problems (77).

3. Case a): since the operator is trivial in a neighborhood of the boundary, it can
be extended to the double of the manifold preserving the analytical index. In this
case (73) follows from the index theorem in [20]. Indeed, consider an elliptic triple
(D, P1, P»), trivial in a neighborhood of the boundary X C M. Triviality means that
D has components in subalgebra (74). Then we have

ind(D, P1, P2) =ind(D, Py, P2), 90)

where P12 € Maty (C*(M)) x I' are the components of P and P> on M, while D
is a pseudodifferential operator in D on M.
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Denote by 2M the double of M. As a topological space, it is obtained by gluing
two copies of M along the boundary. The space of C°°-functions is defined by the
formula

C®02M) = {(u,v) € C®(M,;) ® C®°(M)|u(x', x,) = v(x’, —x,) for all |x,| < &},

where M, is the manifold obtained by gluing M and the cylinder X x (—¢, 0] along
the boundary.

We assume that the coefficients of (D, P, P>) do not depend on x,, for small |x, .
Under this assumption we consider symmetrlc extensions of (D, Py, Py) to the double
(as in [34]) and denote the extension by (D P1, Pz) On the one hand, the operator

:ImP; — ImP, is isomorphic to the direct sum of two copies of the original
operator D : Im P; — Im P. Thus, we get

ind(D, Py, P,) = 2ind(D, Py, P>). 91)

On the other hand, we apply the index formula in [20] to compute the index of
(D, P1, P») and obtain

ind(D, Py, P,)
= Y (ch” (D) ATd (T*2M & C) Ach” AQN” @ C)™", [T*2M” . 77]).
(y)cr
(92)

Since D is trivial for small |xx|, the integrand in (92) is identically equal to zero
for small |x,|. Further, since (D, P, P») is defined by a symmetric extension of
(D, Py, Py), we obtain from (91) that

ind(D, Py, P,)
=2 > (ch’ ¢(D) AT (T*M ® C) Ach? AW @ O)™', [T*M” , x7]).
(y)cr
93)

Hence, (90), (91), (93) imply the desired index formula

ind(D, P1, P»)

= Z (ch” o(D) ATdY (T*M @ C) Ach? AWNY @ C)~!, [T*M”, 77])
(y)cr

for our operator (D, Py, P»).

4. Case b): the analytical index is equal to zero for special boundary value problems
(77). The proof is similar to that in [3, Proposition 20.3.1] (cf. [7, Sec.3.1.2.1]) and
we do not repeat it here. The topological index is also equal to zero.
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Indeed, given projection P and corresponding problem (Dp, Py p, P2, p), see (77),
the topological index in (4) is equal to the sum of contribution of conjugacy classes
(y) C I'. Each such contribution

(ch” 6(Dp) ATdY (T*M @ C) Ach?Y AWNY @ CO)~L, [T*MY,z7])  (94)

is equal to the sum of integrals of the forms representing the cohomology classes over
T*MY and T*X?. We claim that each integral is equal to zero.
First, choose local coordinates (y, n) in 7*X? and introduce spherical coordinates

n=rw, where r=1n|, o 95)

Il

Then it follows from (75),(76), (77) and (71),(72) that the differential forms, which
represent components on 7% X" of the cohomology class in (94), have no differentials
dw. Hence, the integral over T*MY is equal to zero.

Second, choose coordinates (y, x,, 1, T) in a neighborhood of the boundary of
T*M? . Here we also introduce spherical coordinates (95) and also note that the inte-
grand in the integral over 7*M? has no differentials dw. Hence, the integral is equal
to zero.

5. By 3. and 4. functionals (89) are equal on the generators of EIl(M, I'). Hence,
these functionals are equal on Ell(M, I'). This completes the proof of the index theo-
rem.
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