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Summary

The thesis presents a first step towards a family index theorem for classical elliptic
self-adjoint boundary value problems. We address here the simplest non-trivial case
of manifolds with boundary, namely the case of two-dimensional manifolds. Over
such a manifold, that is, a smooth compact surface with non-empty boundary, we
consider first order self-adjoint elliptic differential operators with self-adjoint elliptic
local boundary conditions. The first part of our results concerns paths in the space of
such boundary value problems connecting two boundary value problems conjugated
by a unitary automorphism. We compute the spectral flow for such paths in terms of
the topological data over the boundary. In addition, we show that the spectral flow
is a universal additive invariant for such paths if the vanishing on paths of invert-
ible operators is required. The second part of our results concerns families of such
boundary value problems parametrized by points of an arbitrary compact topological
space X. We prove a family index theorem for such families, namely, we compute the
K*(X)-valued analytical index of a family in terms of the topological data over the
boundary. In addition, we show that the index is a universal additive invariant for
such families if the vanishing on families of invertible operators is required.






Preface

An index theory for families of elliptic operators on a closed manifold was developed
by Atiyah and Singer in [AS2]. For a family of such operators, parametrized by
points of a compact space X, the K°(X)-valued analytical index was computed there
in purely topological terms.

An analog of this theory for self-adjoint elliptic operators on closed manifolds was
developed by Atiyah, Patodi, and Singer in [APS]; the analytical index of a family in
this case takes values in the K* group of a base space.

If a family of self-adjoint operators is parametrized by points of a circle, then the
K*(S*)-valued index can be identified with an integer-valued spectral invariant called
the spectral flow. This invariant has clear analytical meaning: it counts with signs the
number of eigenvalues passing through zero from the start of the path to its end. The
theory developed by Atiyah, Patodi, and Singer in [APS] gives also the formula for
the spectral flow for a loop of self-adjoint elliptic operators on a closed manifold.

The situation becomes much more complicated if a manifold has non-empty bound-
ary. The integer-valued index of a single boundary value problem was computed by
Atiyah and Bott [AB] and Boutet de Monvel [BM]. This result was generalized to
the K°(X)-valued analytical index for families of boundary value problems by Melo,
Schrohe, and Schick in [MSS].

Manifolds with boundary: self-adjoint case. The case of self-adjoint boundary
value problems, however, remains largely open. While Boutet de Monvel’s pseudo-
differential calculus allows to investigate boundary value problems of different types
in a uniform manner, self-adjoint operators seem to lack such a theory. In this case,
two different kinds of boundary conditions, global and local, were investigated sepa-
rately and by different methods.

For Dirac operators on odd-dimensional manifolds with global boundary conditions
of Atiya-Patodi-Singer type, Melrose and Piazza computed the odd Chern character
of the K*(X)-valued index [MP2], which determines the index up to a torsion. This
result is an odd analog of [MP1].

Self-adjoint case: local boundary conditions. For Dirac operators with classical
(that is, local) boundary conditions some partial results were obtained in [P1, KN,
GL, Yu].

The spectral flow for curves of Dirac operators over a compact surface was computed
by the author in [P1] in a very special case, where all the operators have the same
symbol and are considered with the same boundary condition. Later the results of
[P1] were improved and generalized to manifolds of higher dimension by Katsnelson
and Nazaikinskii in [KN] and by Gorokhovsky and Lesch in [GL].

For compact manifolds of arbitrary dimension, Katsnelson and Nazaikinskii expressed
the spectral flow of a curve of Dirac operators with local boundary conditions as the
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(integer-valued) index of the suspension of the curve [KN]. See also [RS] for a similar
result in a more general context.

Gorokhovsky and Lesch considered the straight line between the operators D  Id
and g(D ®1d)g*, where D is a Dirac operator on an even-dimensional compact man-
ifold M and g is a smooth map from M to the unitary group U(C™). They take the
same local boundary condition for all the operators along this line. Using the heat
equation approach, they expressed the spectral flow along this line in terms of the
spectral flow of boundary Dirac operators [GL].

The result of Gorokhovsky and Lesch was generalized to the higher spectral flow
case by Yu. In the general situation, the higher spectral flow is defined for a self-
adjoint family parametrized by points of the product X = Y x §* provided that the
restriction to Y x {pt} has vanishing index in K*(Y). The higher spectral flow of such
a family takes values in K°(Y) and may be identified with the K*(X)-valued index of
the family. Yu considered a Y-parametrized family of Dirac operators on an even-
dimensional manifold M, with local boundary conditions, whose K*(Y)-valued index
vanishes. From such a family and a map M — U(C"), he constructed a family of
straight lines of Dirac operators, as in [GL]. He expressed the higher spectral flow
of such a family in terms of the higher spectral flow of the family of boundary Dirac
operators [Yu].

Unfortunately, the methods of [KN, GL, Yu] use essentially the specific nature of
Dirac operators and cannot be applied to more general classes of self-adjoint elliptic
differential operators.

In this thesis we generalize the previous results in two directions. First, we consider
arbitrary first order self-adjoint elliptic differential operators, not necessarily of Dirac
type. Second, we consider families of such operators parametrized by points of an
arbitrary compact space X. Our results may be viewed as a first step towards a general
family index theorem for classical self-adjoint boundary value problems.

We address here the simplest non-trivial case of manifolds with boundary, namely
the case of two-dimensional manifolds. We consider first order differential operators
on such manifolds with local, or classical, boundary conditions (that is, boundary
conditions defined by general pseudo-differential operators, in particular boundary
conditions of Atiyah-Patodi-Singer type, are not allowed). As it happens, in this
setting all the work can be done by topological means only, without using of pseudo-
differential calculus.

Spectral flow. Part V of the thesis deals with the simplest non-trivial case of the
family index for self-adjoint operators, namely the case of one-dimensional parameter
space. In this case the K*(S")-valued index can be identified with the spectral flow.

The computation of the spectral flow for paths of first order self-adjoint elliptic oper-
ators over a surface is important for some applications in condensed matter physics.
For example, the Aharonov-Bohm effect for a single-layer graphene sheet with holes
arises if a one-parameter family of Dirac operators has non-zero spectral flow. The
varying free term of the Dirac operator corresponds to a varying magnetic field,
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while the path connecting two gauge equivalent operators corresponds to the situa-
tion where magnetic fluxes through holes change by integer numbers in the units of
the flux quantum. The spectral flow for such paths of Dirac operators was computed
by the author in [P1]. However, some other possible realizations of the Aharonov-
Bohm effect in condensed matter physics are described by self-adjoint elliptic opera-
tors of non-Dirac type and require different mathematical tools for their investigation.

Part V of the thesis is devoted to the arising mathematical problem, namely compu-
tation of the spectral flow for such a family. We compute the spectral flow in terms
of the topological data extracted from the corresponding one-parameter family of
operators and boundary conditions. In addition, we show that the spectral flow is a
universal additive invariant for such a family if the vanishing on families of invertible
operators is required.

Family index. In the next part of the thesis, Part VI, we generalize the results of
Part V to families of self-adjoint elliptic local boundary value problems on a compact
surface parametrized by points of an arbitrary compact space X. In this case, the integer-
valued spectral flow is replaced by the analytical index taking values in the Abelian
group K*(X).

We prove an index theorem for families of such boundary value problems. As we
show, the analytical index in our case depends only on the topological data over the
boundary. We define the K*(X)-valued topological index in terms of these data and
show that the analytical and the topological index coincide.

The second result of Part VI, or rather a collection of results, is universality of the index
for families of such boundary value problems. We show that the Grothendieck group
of homotopy classes of such families modulo the subgroup of invertible families is
the K*-group of the base space, with an isomorphism given by the index. In fact, we
prove stronger results, dealing with the semigroup of such families without passing
to the Grothendieck group.






List of symbols and abbreviations

Throughout the thesis a “Hilbert space” always means a separable complex Hilbert
space of infinite dimension, a “compact space” always means a compact Hausdorff
topological space, and a “surface” always means a smooth compact oriented con-
nected surface with non-empty boundary. By the “symbol of a differential operator”
we always mean its principal symbol.

B(H) is the space of bounded linear operators on a Hilbert space H with the norm
topology.

K(H) is the subspace of B(H) consisting of compact operators.

U(H) is the subspace of B(H) consisting of unitary operators.

Uk (H) is the subspace of U(H) consisting of unitaries u such that 1 —u is a compact
operator.

R(H) denotes the space of regular (that is, closed and densely defined) operators on
H equipped with the graph topology.

R%3(H) is the subspace of R(H) consisting of self-adjoint operators.

RE (H) is the subspace of R%(H) consisting of operators with compact resolvents.
R{(H) is the subspace of R%(H) consisting of Fredholm operators.

M is a smooth compact Riemannian manifold (in the main part of the thesis it is a
surface) with non-empty boundary.

E is a complex Hermitian vector bundle over M.

X is a compact parameter space.

End(E) is the space of smooth bundle endomorphisms of E.
U(E) is the group of smooth unitary bundle automorphisms of E with the C*-topology.

Vect is the class of all Hermitian vector bundles over X.

Vecty] is the class of all smooth Hermitian vector bundles over M.

Vectx wm is the class of all locally trivial fiber bundles € over X with fibers & € Vecty;
and the structure group U(Ey).

Ell(E) is the space of first order formally self-adjoint elliptic differential operators
acting on sections of E.

Ell(E) is the space of pairs (A, L) such that A € Ell(E) and L is a self-adjoint elliptic
local boundary condition for A.

sf (y) denotes the spectral flow of a path y in Rf*(H) or in El(E).

ind(y) denotes the family index of a map y: X — R{?(H).

ind, (), respectively ind;(y), denotes the analytical, respectively topological, index of
amapy: X — ElL(E).






Part I

Introduction






1 Unbounded operators

Let H be a Hilbert space. A closed linear operator A on H is a (not necessarily
bounded) linear operator acting from a linear subspace dom(A) C H to H such that
its graph is closed in H @ H. The natural topology on the set of closed operators on H
is the so-called graph topology induced by the metric 5 (A;, A,) = ||P; — P.||, where
P; denotes the orthogonal projection of H @ H onto the graph of A;.

Denote by R(H) the space of regular (that is, closed and densely defined) operators
on H equipped with the graph topology.

Fredholm operators. The space Rf(H) of regular Fredholm operators on H, as well
as its subspace Rk (H) consisting of operators with compact resolvents, is a classi-
tying space for the functor K° [Jo]. The Fredholm index ind(A) = dimKer(A) —
dim Coker(A) of an operator A is constant on the connected components of both
Rr(H) and Rg(H) and defines the bijection between the set of connected components
and the group Z of integers.

If an operator A is self-adjoint, then its integer-valued index vanishes; the same is
true for the K°(X)-valued index of a family of self-adjoint operators parametrized by
points of a compact space X. However, self-adjoint operators have another kind of
invariant, namely the K*(X)-valued family index, which is identified with the spectral
flow if X is a circle.

The spectral flow for self-adjoint unbounded operators. Denote by R%?(H) the sub-
space of R(H) consisting of self-adjoint operators on H and by R}*(H) the subspace
of Fredholm self-adjoint operators. The space R}*(H) is path-connected, and its fun-
damental group is isomorphic to Z. This isomorphism is given by the 1-cocycle on
R (H) called the spectral flow. Roughly speaking, the spectral flow counts with signs
the number of eigenvalues passing through zero from the start of the path to its end
(the eigenvalues passing from negative values to positive one are counted with a plus
sign, and the eigenvalues passing in the other direction are counted with a minus
sign). See [BLP] for a rigorous definition.

The (integer-valued) spectral flow plays the same role for loops of Fredholm self-
adjoint operators as the integer-valued index dim Ker(A) — dim Coker(A) plays for
Fredholm operators.

Family index for self-adjoint unbounded operators. Denote by R}?(H) the subspace
of R(H) consisting of self-adjoint operators with compact resolvents. By results of
Joachim [Jo], both R§?(H) and R}*(H) are classifying spaces for the functor K*.

The Cayley transform A — k(A) = (A —1)(A +1)7" is a continuous embedding of
R%3(H) into the unitary group U(H). It takes R§?(H) into the subgroup Ux (H) of U(H)
consisting of unitaries u such that the operator 1 —u is compact. Hence R{?(H) can
be considered as a subspace of Uk (H).
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As is well known, the group [X, Ux(H)] of homotopy classes of maps from a com-
pact topological space X to Uk(H) is naturally isomorphic to K*(X). We define the
family index ind(y) of a continuous map y: X — R{?(H) as the homotopy class of the
composition k oy: X = Ug(H) considered as an element of K*(X),

ind(y) = [kovy] € [X,Ux(H)] = K*(X),

More generally, this definition works as well for families of regular self-adjoint oper-
ators with compact resolvents acting on fibers of a Hilbert bundle over X. See Section
8 for details.

2 Criteria for graph continuity

In this thesis we deal with families of differential operators on a manifold M with
boundary. To define the spectral flow or the analytical index for such a family, one
needs to ensure that the corresponding family of unbounded operators in H = [*(M)
is graph continuous. For elliptic operators on a closed manifold this is an easy task.
However, it is not so clear for boundary value problems on a manifold with boundary.
Part III of the thesis is devoted to solving this problem.

First, we deduce some general criteria describing when a family of closed operators
in H is graph continuous. Then, in Section 13, we apply these general results to a
particular case in hand, namely to differential operators on manifolds with boundary.

On the way we prove a result (Proposition 10.2) which gives an equivalent definition
of the gap topology on the space Gr(H) of all complemented closed linear subspaces
of a Banach space H. Namely, the gap topology on Gr(H) coincides with the quotient
topology induced by the map Proj(H) — Gr(H), P — Im P, where Proj(H) is the space
of all idempotents in B(H) with the norm topology. The author does not know if this
fact was noted before.

3 Elliptic local boundary value problems

Local boundary value problems on a compact manifold. Let M be a smooth com-
pact Riemannian manifold with non-empty boundary oM, and let E be a Hermitian
vector bundle over M. Denote by Ej the restriction of E to 9M. Let A be a first order
formally self-adjoint elliptic differential operator acting on sections of E. We consider
only local, or classical, boundary conditions for A, which are given by smooth sub-
bundles of Ej (in particular, boundary conditions defined by spectral projections are
not allowed). A smooth subbundle L of Ej defines the unbounded operator A; on
[*(E) with the domain

dom (Ar) ={u e H'(E): uls, is a section of L},
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where H'(E) denotes the first order Sobolev space of sections of E.

The conormal symbol o(n) of A defines the symplectic structure on the fibers of
Ep. For every non-zero cotangent vector & € T;0M the operator o(n,) "'c(&) has no
eigenvalues on the real axis. The invariant subspaces E* (&) and E~(£) of this operator
corresponding to eigenvalues with positive, respectively negative imaginary part are
Lagrangian subspaces of Ey.

A local boundary condition L is called elliptic, or Shapiro-Lopatinskii, boundary con-
dition for A if Ly is a complementary subspace for each ET (&), that is,

(31) LX N E+(Ev) =0 and LX —+ E+(a) = EX for every non-zero E c T;:aM

If L is elliptic for A, then Ay is a closed operator on H = L*(E) with compact resol-
vents. If, in addition, L is a Lagrangian subbundle of Ej, that is,

(3-2) om)L=1L"%,

then A is self-adjoint.

We denote by EII(E) the space of all such pairs (A, L) equipped with the C*-topology
on symbols of operators, the C°-topology on their free terms, and the C*-topology on
boundary conditions. We show in Part III that the natural inclusion

(3-3) t: EI(E) — R (L*(E)), (A, L)~ AL
is continuous.

Local boundary value problems on a surface. Let now M be an oriented smooth
compact surface. Then T;0M \ {o} consists of only two rays, so E5 can be naturally
decomposed into the direct sum EJ @ EJ of two Lagrangian subbundles. Their fibers
can be written as Ef = ET(&) and E; = E~ (&), where (n, &) is a positive oriented
frame in T; M.

The identity E¥(—¢&) = E~ (&) together with (3.2) allows to simplify ellipticity con-
dition (3.1). Namely, a self-adjoint elliptic local boundary condition for A is a La-
grangian subbundle L of E; satisfying

LNEy =LNE; =o.

We show in Proposition 15.3 that such subbundles L are in a one-to-one correspon-
dence with self-adjoint bundle automorphisms T of Ej. This correspondence is given
by the rule

(3-4) L =KerPy with Py =P" (1+i0(n)""TP7),
where P* denotes the bundle projection of Ey onto Ef along E5 and P~ =1 —P*. If
A is the Dirac operator, then EJ and EJ are mutually orthogonal; in this case L can

be written as L = {ut ®@u~ € Ef @ E: io(njut =Tu }.
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The topological data. We associate with an element (A,L) € Ell(E) the vector sub-
bundle F = F(A,L) of E;, whose fibers Fy, x € 0M, are spanned by the generalized
eigenspaces of Ty corresponding to negative eigenvalues. As we show in the thesis, in
two-dimensional case the vector bundle F = F(A, L) incorporates all the information
about (A, L) that we need to compute the spectral flow and the family index.

4 Spectral flow

The natural inclusion (3.3), t: EII(E) < RE(H) taking (A, L) to A is continuous; see
Proposition 14.3. Thus the spectral flow sf (y) is defined for every continuous path
v: lo,1] — EII(E).

The invariant V. Lety: [0,1] — EII(E), vy = (A, L) be a continuous path such that
Y(1) = gy(o) for some smooth unitary bundle automorphism g of E. With every such
pair (v, g) we associate the vector bundle F(vy, g) over the product 0M x S* as follows.
The one-parameter family (F¢) of subbundles Fy = F(Ay, L) of Ey defines the vector
bundle over 9M x [o, 1]. The condition y(1) = gy(o) implies F, = gF,. Gluing F, with
F, twisted by g, that is, identifying (u, 1) with (gu, 0) for every u € F,, we obtain the
vector bundle ¥ = F(vy, g) over oM x S*.

The product 9M x S* is a disjoint union of tori. The orientation on M induces the
orientation on 0M x S'. Evaluating the first Chern class of the vector bundle J(y, g)
on the fundamental class of 0M x S*, we obtain the integer-valued invariant

m

Y(v,9) =ci(Flv, 9)OM x ST = > cy(F;)[OM; x ST,

j=1
where 0M;, j = 1...,m, are the boundary components and Jj is the restriction of
F(v, g) to oM.
The spectral flow formula. The first main result of Part V is the following formula.

Theorem 22.1. Let y: [0, 1] — ElI(E) be a continuous path such that y(1) = gy(o) for some
smooth unitary bundle automorphism g of E. Then the spectral flow of 'y can be computed in
terms of the topological data over the boundary:

(4.1) sf(v) = c:(F(y, g))[OM x STl =¥(y, g).

Note that we do not require the weak inner unique continuation property for operators
Y(t). While Dirac operators always have this property, for general first order self-
adjoint elliptic operators this is not necessarily so.

Example: conjugation by a scalar function. In one particular case our spectral flow

formula (4.1) takes an especially simple form. Let (A,L) € Ell(E) and let T = T(A, L)
be the bundle automorphism of Ej defined by the formula (3.4). The conjugation
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by a smooth function g: M — {z € C: |z| = 1} preserves the symbol of A, that is,
gAg ' —A = —g 'oa(dg) is a self-adjoint bundle endomorphism. Let Q: [o,1] —
End*(E) be a one-parameter family of self-adjoint bundle endomorphisms such that
Q: =Qo—9g "oaldg).

Theorem 23.1. The spectral flow of the family (A + Qy, L) is equal to 3, €;g;, where ; is
the number of negative eigenvalues of T (counting multiplicities) on OM; and g; is the degree
of the restriction of g to OM;.

In Appendix A we apply Theorem 23.1 to Dirac operators on a planar domain. Our
aim there is to provide the reader with the simplest and most basic examples. In
addition, these examples may be useful for condensed matter physics; one of the
possible applications is to the Aharonov-Bohm effect for a single-layer graphene sheet
with holes.

Universality of the spectral flow. The second main result of Part V is the universality
of the spectral flow for paths in Ell(E) with conjugate ends.

Let U(E) denote the group of smooth unitary bundle automorphisms of E. For g €
U(E) we denote by Q4EII(E) the space of continuous paths y: [0, 1] — EII(E) such that
v(1) = gy(0), equipped with the compact-open topology.

Recall that every complex vector bundle over M is trivial and that ElI(E) is empty for
bundles E of odd rank. Denote by 2ky the trivial vector bundle of rank 2k over M
with the standard Hermitian structure.

Theorem 24.1. Let A be a commutative monoid. Suppose that we associate an element
O(y,g) € A with every path vy € QgEll(2km) for every k € IN and every g € U(2km).
Then the following two conditions are equivalent:

1. @ is homotopy invariant, additive with respect to direct sums, and vanishing on paths
of invertible operators.

2. @ has the form ®(y,g) = c - sf(y) for some (invertible) constant ¢ € A.

The homotopy invariance here is understood as the invariance with respect to a
change of a path in the space QgEII(E) of all paths in Ell(E) with ends conjugated
by a fixed unitary automorphism g of E. In other words, @ is constant on path con-
nected components of QgEll(2kp).

By vanishing on paths of invertible operators we mean that @ vanishes on Qg4EII°(2ky)
for every k and g, where EII°(E) denotes the subspace of Ell(E) consisting of all pairs
(A, L) such that the unbounded operator A is invertible (or, what is the same, has no
zero eigenvalues).

A similar result holds also for invariants @ defined only on loops vy € QEll(2kpm),
which is a particular case of Theorem 34.5 from Part VI.

It is known that the spectral flow is a universal homotopy invariant for loops in the
space R}?(H), and that the spectral flow is additive with respect to direct sums and

vanishes on loops of invertible operators. But the space ElI(E) is only a tiny part
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of R}?(L*(E)). Universality is usually lost after passing to a subspace, so we cannot
expect the spectral flow to be a universal invariant for loops in EIl(E). Indeed, for any
given E the map sf: [S*,Ell(E)] — Z is not injective. It is surprising that considering
all vector bundles over M together is enough to restore the universality.

Universality of W. The proofs of both the spectral flow formula and the universality
of the spectral flow are based upon the following result, universality of ¥, which we
prove in Section 19 using topological means only.

Denote by Ell*(E), respectively EIl~(E) the subspace of Ell(E) consisting of all (A, L)
with positive, respectively negative definite T, where the bundle automorphism T =
T(A, L) is defined by formula (3.4).

Theorem 19.3. Let A be a commutative monoid. Suppose that we associate an element
O(y,g) € A with every path y € QgEll(2km) for every k € N and g € U(2kn ). Then the
following two conditions are equivalent:

1. @ is homotopy invariant, additive with respect to direct sums, and vanishing on con-
stant loops in Ell(2kn) and on paths in ENI* (2kpm), ELL™(2kpm ) for every k.

2. @ has the form ®(y,g) = c-¥(vy, g) for some (invertible) constant c € A.

The direction (2 = 1) follows immediately from the properties of ¥. To prove (1 = 2),
we first notice that if an additive homotopy invariant @ vanishes on QgEII" (2kw)
and QEIll~(2kpy) for every k and g, then it depends only on the class of F(vy, g) in
K°(0M x S*'). Next we show that vanishing of @ on QQE_H’(sz) cancels the image
GO of the homomorphism K°(M x S*) — K°(0M x §') induced by the embedding
OM x S* < M x S§*. Similarly, vanishing of ® on constant loops cancels the im-
age G* of the homomorphism K°(dM) — K°(0M x S§') induced by the projection
OM x S — dM. The subgroup of K°(dM x S?) spanned by G? and G* is the kernel
of the surjective homomorphism {: K°(dM x S*) — Z, which is given by the rule
PY[V] = ¢4 (V)[OM x §'] for every vector bundle V over 0M x S*. It follows that ©
factors through 1, that is, ®(y,g) = ¥ o P[F(y, g)] = ¥(¥(y,g)) for some monoid
homomorphism ¥: Z — A. It remains to take ¢ = d(1).

Invertible operators. Obviously, every constant loop v € QEII(E) is homotopic to
a constant loop vy’ € QEII°(E): one can just add a constant to the corresponding
operator.

Denote by Dir(E) the subspace of ElL(E) consisting of all pairs (A, L) such that A is a
Dirac operator which is odd with respect to the chiral decomposition. Two subspaces
of Dir(E) play a special role: Dir*(E) = Dir(E) N Ell*(E) and Dir (E) = Dir(E) N
Ell(E). It can be easily seen that the unbounded operator A is invertible for every
(A,L) € Dir"(E) or Dir (E); see Proposition 21.1 for details. Thus both QgDir"(E)
and ng_(E) are subspaces of QgE_llo(E).

Deformation retraction. We show in Section 20 that the natural embedding Dir(E) —
Ell(E) is a homotopy equivalence. Moreover, we construct a deformation retraction
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of EII(E) onto a subspace of Dir(E) preserving E; (A) and F(A,L); see Proposition
20.6. Similarly, we construct a deformation retraction of Q4EIl(E) onto a subspace of
Qg4 Dir(E) preserving J(vy, g); see Proposition 20.7. Restricting the last retraction to
the special subspaces defined above, we obtain a deformation retraction of Q4EII" (E)

onto a subspace of QQW‘*(E) and a deformation retraction of QQE_H’(E) onto a sub-
space of QgDir™ (E).

In particular, every path connected component of QgEII*(E), respectively Qg4EIl~(E)
contains an element of ngﬂE), respectively QgD_ir_(E). It follows that every
function @ satisfying the first condition of Theorem 24.1 should satisfy also the first
condition of Theorem 19.3. We use this result to deduce Theorems 22.1 and 24.1 from
Theorem 19.3.

Proof of the spectral flow formula. To prove Theorem 22.1, we use the homotopy in-
variance of the spectral flow, its additivity with respect to direct sums, and vanishing
of the spectral flow on paths of invertible operators. In other words, the spectral flow
considered as a function sf: QQE_H(E) — Z satisfies the first condition of Theorem
24.1 and thus of Theorem 19.3, with ® = sf and A = Z. Theorem 19.3 implies that
there is an integer constant ¢ € Z depending only on M such that sf(y) = c-¥(y, g)
for every y € Q4EII(E).

It remains to find the factor ¢ = cy. Simple reasoning shows that cp; depends only
on the diffeomorphism type of M. We then reduce the computation of cp to the
case of the annulus and compute the factor cann by direct evaluation. This gives
CM = Cann = 1 for any surface M and completes the proof of Theorem 22.1.

Proof of universality of the spectral flow. The spectral flow, as well as each multiple
of it, satisfies the first condition of the theorem. Conversely, suppose that an additive
homotopy invariant @ vanishes on QgE_Ho(sz) for every k € IN and g € U(2km).
Then, as was stated above, @ satisfies also the first condition of Theorem 19.3. It
follows that there is an (invertible) constant ¢ € A such that ®(y) = c-W¥(y, g) for
every v € QgEll(2kpm), k, and g. Substituting the value of ¥ given by Theorem 22.1,
Y(vy,g) = sf(y), we obtain the second condition of the theorem.

5 Family index

The analytical index. For a compact space X, the natural inclusion (3.3) associates
the analytical index ind,(y) := ind(toy) € K*(X) with every continuous map y: X —
Ell(E).

More generally, let € be a locally trivial fiber bundle over X, whose fibers &, are
smooth Hermitian vector bundles over M, and the structure group is the group U(Ex)
of smooth unitary bundle automorphisms of ;. We denote by Vectx \1 the class of
all such bundles €. (Notice that we cannot consider arbitrary vector bundles over
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X x M, since we need smoothness with respect to coordinates on M.)

Let Ell(€) be the fiber bundle over X associated with & and having the fiber Ell(&y)
over x € X. A section of Ell(&) is a family x — (Ay, Ly) € Ell(&y) of operators and
boundary conditions parametrized by points of X. The natural inclusion Ell(€y) —
RE(L2(Ex)) allows to define the analytical index for such families. Our first result is

the computation of the analytical index in terms of the topological data of a family
(Ay, L) over OM.

The topological index. With each family (A4, Ly) as above we associate its topologi-
cal index taking values in K*(X).

Recall that by Proposition 15.3 self-adjoint elliptic local boundary conditions L for
A are in a one-to-one correspondence with self-adjoint bundle automorphisms T of
E;. This correspondence is given by the rule (3.4). With a pair (A,L) € EII(E) we
associated the subbundle F = F(A, L) of Ej, whose fibers Fy, x € 9M are spanned by
the generalized eigenspaces of T corresponding to negative eigenvalues.

Let y: x — (Ay, L) be a section of Ell(€). The family of subbundles F(Ay, Ly) gives
rise to the subbundle § = F(y) of the restriction 3 of € to X x 0M. Let [F] denotes
the class of J in K°(X x dM). The second factor 0M is the disjoint union of boundary
components dM;, each of which is a circle. Using the natural homomorphism K°(X x
S*) — K*(X) and taking the sum over the boundary components, we obtain the
homomorphism Ind;: K°(X x 0M) — K*(X). Finally, we define the topological index
of v as the value of Ind; evaluated on the class [F(y)] € K°(X x OM):

indi(y) := Ind¢ [F(v)]) € K'(X).

Index theorem. The first main result of Part VI is an index theorem.

Theorem 33.2. The analytical index of 'y is equal to its topological index:
inda(y) = ind¢(y).

If the base space X is a circle, then vy is a one-parameter family of operators. In this
case, up to the identification K*(S') = Z, the analytical index of y coincides with the
spectral flow of y and the topological index of y coincides with c;(F(y))[0M x S*].
Thus the Spectral Flow Formula (Theorem 22.1) is a particular case of the Index
Theorem 33.2.

Properties of the analytical index. The proof of the index theorem is based on the
following properties of the analytical index:

Io) Vanishing on families of invertible operators.

(

(I1) Homotopy invariance.

(I2) Additivity with respect to direct sum of operators and boundary conditions.
(

I3) Functoriality with respect to base changes.
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(I4) Multiplicativity with respect to twisting by Hermitian vector bundles over the
base space.

(I5) Normalization: the analytical index of a loop y: S* — EII(E) coincides with the
5 y P

~

spectral flow of y up to the natural isomorphism K*(S*) = Z.

Here by an “invertible operator” we mean a boundary value problem (A,L) such
that the unbounded operator A1 has no zero eigenvalues (since Ay is self-adjoint, this
condition is equivalent to the invertibility of Ap).

These properties follow immediately from the analogous properties of the family
index for unbounded operators on a Hilbert space; see Section 8 for details. As it
happens, these properties alone are sufficient to prove the index theorem.

Universality of the topological index. To describe all invariants of families of self-
adjoint elliptic local boundary problems over M satisfying properties (Io-I5), we note
tirst that the topological index satisties properties (I1-I4). Property (lo), however, is
purely analytical, so its connection with the topological index is not clear a priori. We
manage this problem, replacing temporarily (Io) by two topological properties, (T)
and (T%), which are stated below.

First, we replace the subspace ElI°(E) C EII(E) consisting of invertible operators by
the two special subspaces Ell* (E), Ell~(E) C EII(E), as above. Let EII°(€), EII* (&), and
Ell- (&) denote the corresponding subbundles of Ell(&). We show that every section
of EIlT (&) or EIl~(&) is homotopic to a section of Ell°(&); see Propositions 20.8 and

21.1.

In addition to this, we consider “locally constant” families of operators, that is, sec-
tions 1y X (A, L) of Ell(W X E), where an element (A,L) € EII(E) is twisted by a
vector bundle W over X. See Section 27 for details. Since every (A,L) € El(E) is
connected by a path with an invertible operator, every section of the form 1y X (A, L)
is homotopic to a section of EI°(W X E).

Finally, as a substitute for (Io), we take the following two properties:
(T*) Vanishing on sections of Ell* (&) and Ell(€).
(T®) Vanishing on “locally constant” sections.

In Sections 29 and 31 we prove a number of results concerning the universal nature
of the topological index; here we show only two of them.

Theorem 29.6. Let X be a compact space and A be a commutative monoid. Suppose that we
associate an element @ (y) € A with every section -y of Ell(€) for every € € Vectx m. Then
the following two conditions are equivalent:

1. @ satisfies properties (T, T¥) and (I1, I2).

2. @ has the form @ (y) = d(ind¢(y)) for some (unique) monoid homomorphism 9: K*(X) —
A.

19



Theorem 31.1. Suppose that we associate an element ®x(y) € K*'(X) with every section
v of EIl(E) for every compact space X and every € € Vectx m. Then the following two
conditions are equivalent:

1. The family ® = (®y) satisfies properties (T*, TX) and (I1-1g).
2. There is an integer ¢ such that ® = c - ind;.

Note that the factor ¢ here is independent of X.

To deduce Theorem 31.1 from Theorem 29.6, we use the following result about natural
self-transformations of the functor K*.

Proposition 30.1. Let O be a natural self-transformation of the functor X — K*(X) respecting
the K°(-)-module structure. Then ¥ is multiplication by some integer c, Ox (1) = cy for every
X and every p € K'(X). In particular, if Bs: is the identity, then 9x is the identity for every
X.

The proof of the index theorem. As was noted above, every invariant @ satisfying
properties (Io) and (I1) satisfies also (T*) and (T¥). Thus Theorem 31.1 implies that
every invariant @ satisfying properties (Io-I4) has the form ® = m-ind;. Applying
this to the analytical index, we see that it is an integer multiple of the topological
index: ind, = c - ind; for some integer factor ¢ = cp1, which does not depend on X,
but may depend on M.

To compute c, it is sufficient to consider the simplest non-trivial base space, namely
X = S, where the analytical index is just the spectral flow. It remains to apply
Theorem 22.1 to obtain cpm = 1 for any surface M. It follows that the analytical index
and the topological index of vy coincide.

Universality of the analytical index. The second main goal of Part VI is universality
of the analytical index. We obtain a number of results in this direction in Section 34,
combining our index theorem with results of Sections 29 and 31.

Universality for maps. Recall that we denoted by 2ky, the trivial vector bundle over
M of rank 2k with the standard Hermitian structure.

Theorem 34.4. Let y: X — Ell(2kp), v': X — E_ll(zk]’\,l) be continuous maps. Then the
following two conditions are equivalent:

1. ind,(y) = inda(y').

2. There are L € N and maps p: X — ElI°(2(1—k)m), B': X — El°(2(1 —k')pm) such
that y @ B and y' @ R’ are homotopic as maps from X to Ell(2ly).

Semigroup of elliptic operators. The disjoint union

Elly = H Ell(2km)
kelN
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has the natural structure of a (non-commutative) graded topological semigroup with
respect to the direct sum of operators and boundary conditions. The set [X, Elly] of
homotopy classes of maps from X to Elly; has the induced semigroup structure. The
semigroup [X,E_IIM] is commutative; see Proposition 31.3.

Denote by EII}, = [[in Ell°(2kp) the subsemigroup of Elly consisting of invert-
ible operators. The inclusion E_HK/l < Elly; induces the homomorphism [X, E_IIRA] —
[X,EllyJ; we will denote by [X,Elly]° its image. The analytical index is homo-
topy invariant and vanishes on families of invertible operators, so it factors through
[X, Elly] / [X,Ell(]°. In other words, there exists a (unique) monoid homomorphism
Ka: X, EllpmI/[X, Ellm]® — K*(X) such that the following diagram is commutative:

C(X,Ellm) — [X, Ellm] —— [X, Ellp]/[X, Ellp°

[
ind,

KH(X)

Theorem 34.6. The quotient [X, Elly] /X, Elly]° is an Abelian group isomorphic to K*(X),
with an isomorphism given by Kq.

The family index is a universal homotopy invariant for maps from X to R{?(H), but
the space El(E) is only a tiny part of R?(L*(E)). Universality is usually lost after
passing to a subspace, so we cannot expect from the analytical index to be a universal
invariant for Ell(E). Indeed, it follows from our index theorem that for any given E
the map ind,: [X, EIl(E)] — K*(X) is neither injective nor surjective for general X. It is
surprising that universality can be restored by considering all vector bundles over M
together.

Universality for families. Denote by 2kx m € Vectx v the trivial bundle over X with
the fiber 2kpm.

Theorem 34.1. Let y; be a section of El(&;), i = 1,2. Then the following two conditions
are equivalent:

1. ind,(y,) = inda(y2).
2. There are k € IN, sections (3 of E_llo(sz,M), and sections y{ of El°(&;) such that
Y1 @ YS P RS and v & v, ® B3 are homotopic sections of E; B €, B 2kx M.
Let V be a subclass of Vectx i closed under direct sums and containing the trivial
bundle 2kx a for every k € IN. In particular, V may coincide with the whole Vectx 1.

Theorem 34.2. Let X be a compact space and A be a commutative monoid. Suppose that we
associate an element ®(y) € A with every section 'y of EIl(E) for every €& € V. Then the
following two conditions are equivalent:

1. @ satisfies properties (Io—12).
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2. @ has the form ®(y) = d(inda(y)) for some (unique) monoid homomorphism
9: KHX) — A

Theorem 34.3. Suppose that we associate an element ©x(y) € K*(X) with every sectiony of
Ell(&) for every compact space X and every & € Vectx m. Then the following two conditions
are equivalent:

1. The family @ = (®x) satisfies properties (lo—I4).
2. @ has the form ®x(y) = m-ind,(y) for some integer m.

Theorems 31.1 and 34.3 are formulated here as statements about the category of com-
pact spaces and continuous maps (maps come into picture due to property (I3)).
However, these theorems still remain valid if one replaces this category by the cat-
egory of finite CW-complexes and continuous maps or by the category of smooth
closed manifolds and smooth maps. The choice of such a category comes into the
proofs of these theorems only through Proposition 30.1, and we prove this proposi-
tion for each of these three categories.

22



Part 11

Unbounded operators and their
invariants

23






6 The space of regular operators

An unbounded operator A on H is a linear operator defined on a subspace D of H
and taking values in H; the subspace D is called the domain of A and is denoted by
dom(A). An unbounded operator A is called closed if its graph is closed in H® H
and densely defined if its domain is dense in H. It is called regular if it is closed and
densely defined.

Graph topology. Associating with a regular operator on H the orthogonal projec-
tion on its graph defines an inclusion of the set of regular operators on H into the
space Proj(H® H) C B(H ® H) of projections in H@® H. Let R(H) be the set of reg-
ular operators on H together with the topology induced from the norm topology on
Proj(H @ H) by this inclusion. This topology is usually called the graph topology, or
gap topology. On the subset B(H) C R(H) it coincides with the usual norm topology
[CL, Addendum, Theorem 1]. So, B(H) is a subspace of R(H); it is open and dense
in R(H) [BLP, Proposition 4.1].

A family {Ay}xex of unbounded operators A, € R(H) defined by a family of differen-
tial operators and boundary conditions with continuously varying coefficients leads
to a continuous map X — R(H); see Propositions 13.2 and 13.3. This property plays a
fundamental role in this circle of questions.

Remark 6.1. Another useful topology on the set of regular operators is the Riesz
topology, induced by the bounded transform A +— A(1+ A*A)~"2 from the norm topol-
ogy on B(H). By definition, the bounded transform takes a Riesz continuous family
of regular Fredholm operators to a norm continuous family of bounded Fredholm
operators, so the index of such a family can be defined in a classical way.

The Riesz topology is well suited for the theory of differential operators on closed
manifolds, but, except for several special cases, it is unknown whether families of
regular operators on L*(E) defined by boundary value problems for sections of E are
Riesz continuous. Two of such special cases where the Riesz continuity is established
are the following: (1) continuous variation of the free term of an operator, with both
the higher order part and a boundary condition fixed [Le, Proposition 2.2], and (2)
continuous variation of the local boundary condition for a fixed Dirac operator [BR,
Theorem 3.1]. However, these results are far from giving Riesz continuity in our
framework. In view of this, we use only the graph topology throughout the thesis.

Fredholm operators. A regular operator A is called Fredholm if the range of A is
closed and the kernel and the cokernel of A are finite-dimensional. Let R¢(H) denote
the subspace of R(H) consisting of Fredholm operators.

Operators with compact resolvents. For A € R(H), the operator 1 + A*A: dom(1 +
A*A) — His regular, bijective, and the inverse operator (1 + A*A)~" is bounded [Kat,
Theorem 3.24]. A regular operator A is said to be an operator with compact resolvents
if (1+A*A)™" is a compact operator. Let Rx(H) C R(H) denote the subspace of such
operators.
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An operator with compact resolvent is always Fredholm [Kat, Theorem 6.29], so
Rk (H) is a subspace of Rr(H).

Self-adjoint regular operators. Recall that the adjoint operator of an operator A €
R(H) is an unbounded operator A* with the domain

dom(A*) ={u € H: there exists v € H such that (Aw,u) = (w,v) for all w € H}.

For u € dom(A*) such an element v is unique and A*u = v by definition. An operator
A is called self-adjoint if A* = A (in particular, dom(A*) = dom(A)).

Let R%(H) C R(H) denote the subspace of self-adjoint regular operators, R*(H) de-
note its subspace consisting of Fredholm operators, and R}{?(H) denote the subspace
of R%(H) consisting of operators with compact resolvents.

For self-adjoint regular operators one can use another, equivalent definition of opera-
tors with compact resolvents. Namely, for A € R%?(H) the operator A +1i: dom(A) —
H is bijective, and the inverse operator (A +1i)~' is bounded [Kat, Theorem 3.16]. A
self-adjoint regular operator A is an operator with compact resolvents if (A +1)"" is a
compact operator.

7 Spectral flow for unbounded operators

Fredholm operators and the spectral flow. The space R}?(H) of regular Fredholm
self-adjoint operators is path-connected and its fundamental group is isomorphic to
Z. [Jo]. This isomorphism is given by the 1-cocycle on R{?(H) called the spectral flow.
The definitions of the spectral flow can be found in [Ph] for the case of bounded
operators and in [BLP, Le] for the case of unbounded operators.

The case where one or both of the endpoints of the path have zero eigenvalue re-
quires some agreement on the counting procedure. Yet if a path is a loop up to an
automorphism of H, the value of the spectral flow is independent of the choice of
definition. Since we consider only such paths in this thesis, we do not specify the
counting agreement for the case of non-invertible endpoints: any such agreement
will suffice.

Properties of the spectral flow. It is well known (see, for example, [P1]) that the
spectral flow has a number of nice properties:

(So0) Zero crossing. In the absence of zero crossing the spectral flow vanishes: if vy is
a continuous path in R3?(H) such that none of the operators y(t) has zero eigenvalue,
then sf (y) = o.

(S0’) The spectral flow of a constant path vanishes.

(S1) Homotopy invariance. The spectral flow along a continuous path vy in R;*(H)
does not change if v changes continuously in the space of paths in R (H) with fixed
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endpoints (the same as the endpoints of vy).

(S2) Additivity with respect to direct sum. Let H,;, H, be separable Hilbert spaces,
and let y;: [a, b] — R*(H;) be continuous paths. Then sf (y; © v,) = sf (v1) + sf (v2),
where v; ©v.: [a,b] — R}?(H; © H,) denotes the pointwise direct sum.

(S3) Path additivity. Let v, v’ be continuous paths in R*(H) such that the last point
of vy is the first point of y/. Then sf(y.y’) = sf(y) + sf(y’), where y.y’ denotes the
concatenation of y and y'.

(S4) Conjugacy invariance. Let g be a unitary automorphism of H, and let y be a
continuous path in Rf*(H). Then sf (y) = sf(gyg™).

Paths with conjugate ends. In the thesis we compute the spectral flow only for paths
with conjugate ends (in particular, for loops), so it is convenient to have a special
designation for the space of such paths. For a topological space X we denote by QX
the space of free loops in X with the compact-open topology. Here by a free loop
we mean a continuous map from a circle S* to X, or, equivalently, a continuous map
v: lo,1] = X such that y(o) = y(1). If g is a homeomorphism of X, then we denote
by Q¢X the space of continuous paths y: [0, 1] — X such that y(1) = gy(o) equipped
with the compact-open topology. We say that paths v,y’ € QX are homotopic if
they can be connected by a path in Q¢X.

The group U(H) of unitary automorphisms of H acts on the space R*(H) by conju-
gations: (A, g) — gAg . We will write Q4R (H) for g € U(H) having in mind this
action.

In the proof of Theorem 22.1 we do not use all properties (S0-S4), but only the fol-
lowing small part of them.

Proposition 7.1. The spectral flow has the following properties.

(SoY) Zero crossing. Lety € QyR(H), g € U(H). Suppose that y(t) has no zero eigen-
value for each t € [o,1]. Then st(y) = o.

(S1Y) Homotopy invariance. The spectral flow is constant on path connected components
of QgR{*(H) for each g € U(H).

(S2Y) Additivity with respect to direct sum. Let y; € Qg RF(Hy), g1 € U(Hy), i =1,2.
Then sf(y: ©v2) = sf(v1) + sf(v2).

Proof. Properties (So'!) and (S2Y) are just weaker versions of (So) and (S2) respec-
tively. To prove (S1Y), we combine (S1), (S3), (S4), and (So’). Let ys(t), s € [o,1]
be a homotopy between v, and ;. Let the paths 3, 3',": [0, 1] — R}?(H) be given
by the formulas B(s) = ys(0), B'(t) = v4(t), B”(s) = vi-s(1). Then vy, is homo-
topic to B.3’.3" in the space of paths in R{¥*(H) with the same endpoints as 7,.
Property (S1) implies sf(y,) = sf(B.f’."), and by (S3) the last value is equal to
sf(B) +sf(B')+sf(B”). Property (S4) implies sf () = sf(gPR). The path g is just the
path 3" passing in the opposite direction, so the concatenation of these two paths is
homotopic to the constant path (in the class of paths with fixed endpoints). By (S3),
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(S1), and (So’) we have sf(gp) +sf(p”) = sf(gB.B"”) = o. Taking all this together, we
obtain sf (y,) = sf(B’) = sf(y,). O

8 Family index for unbounded operators

In case of bounded operators, the spectral flow of a loop is a particular case of a more
general invariant, the family index, which is defined for families of bounded self-
adjoint Fredholm operators parametrized by points of a compact topological space.
The theory of such families was developed by Atiyah and Singer in [AS1].

In order to deal with unbounded self-adjoint operators (in particular, with self-adjoint
differential operators) directly, one needs an unbounded analogue of the Atiyah—
Singer theory. Cf. [BLP], [B]S], [Jo]. This section is devoted to such an analogue
adapted to our framework.

The functor K*. Let H be a Hilbert space. Denote by B(H) the space of bounded
linear operators H — H with the norm topology.

The subspace of unitary operators U(H) C B(H) is a topological group with the
multiplication defined by composition. Let Uk (H) be the subspace of U(H) consisting
of operators u such that 1 —u is a compact operator. It is a closed subgroup of U(H).

The group structure on Uy (H) induces a (non-commutative) group structure on the
space C(X,Uk(H)) of continuous maps from a compact space X to Ux(H). Passing
to the set of connected components of C(X, Ux(H)) defines a group structure on the
set [X, Ux(H)] of homotopy classes of maps from X to Uk (H). As is well known, the
resulting group [X, Uk (H)] is naturally isomorphic to the classical K*-theory K*(X) of
X. In particular, it is commutative.

The homotopy type of R}?(H). Booss-Bavnbek, Lesch, and Phillips have shown in
[BLP] that the space R}*(H) of Fredholm self-adjoint regular operators is path con-
nected and that the spectral flow defines the surjective homomorphism

L (RP(H)) — Z.

They conjectured that R}*(H) is a classifying space for the functor K*, and this con-
jecture was proven by Joachim in [Jo]. Along the way he proves (crucially using
the results of [BJS]) that R}?(H) is a classifying space for K*. In our context Ri?(H)
appears to be a more natural choice of classifying space than R?(H).

The results of Joachim imply that for a compact space X the set of homotopy classes
(X, RZ(H)] of maps X — R{@(H) is naturally isomorphic to K*(X). The element of
K*(X) corresponding to a map y: X — R{?(H) deserves to be called the family index
of y. At the same time the proofs of the basic properties of this family index depend
on a fairly advanced machinery used in [Jo] and [B]S], and the needed properties are
not even stated explicitly in these papers.
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By this reason we will use another, more elementary, approach to the family index. It
is based on the Cayley transform and is a natural development of an idea from [BLP].

The Cayley transform. The Cayley transform of a self-adjoint regular operator A is
the unitary operator defined by the formula

K(A) = (A—1)(A+1)"" € UH).

Proposition 8.1. The map k: R%(H) — U(H) is a continuous embedding. If A has compact
resolvents, then k(A) € Ux(H).

Proof. The first part of the proposition is proven in [BLP, Theorem 1.1]. The second
part follows from the identity 1 — k(A) = 2i(A +1)7". O

Family index for maps. Recall that K*(X) = [X, Ux(H)]. The Cayley transform
(8.1) k: RE(H) — Uk (H)

induces the map

(8.2) Ke: X, RE(H)] — [X, Uk (H)] = K*(X).

It is proved in [P6] that (8.1) is a weak homotopy equivalence and that the induced
map (8.2) is bijective for every compact space X. This motivates our definition of the
family index. Let y: X — R{(H) be a continuous map. We define the family index
ind(y) of v as the homotopy class of the composition k oy: X — Uk (H) considered as
an element of K*(X). In other terms,

(8.3) ind(y) = [kovy] € [X, Uk (H)] = K*(X),

One can also define in this way the family index of maps X — Ry*(H). But for our
purposes it is sufficient to consider only maps X — R (H).

Families of regular operators. More generally, one can consider X-parametrized
families (Tx)yex of regular operators acting on a X-parametrized family of Hilbert
spaces (Hy)xex, i.e. on the fibers of a Hilbert bundle J — X.

In more details, let 7{ — X be a Hilbert bundle, that is, a locally trivial fiber bundle
over X with a fiber H and the structure group U(H) (we consider only Hilbert bundles
with separable fibers of infinite dimension). Recall that the group U(H) continuously
acts on the space R(H) by conjugations: (T,g) — gTg~'. The subspace R}?(H) is
invariant under this action. This allows to associate with J{ the fiber bundle R{?(7)
having Ri# () as the fiber over x € X. We equip the set I' R} (H) of sections of
R (H) with the compact-open topology.

By the Kuiper theorem [Ku], the unitary group U(H) is contractible. Therefore, every
Hilbert bundle H is trivial and a trivialization is unique up to homotopy. The choice
of a trivialization identifies sections of R} () with maps from X to Ri(H). The
family index of a section of R{?(H) is defined as the index of the corresponding map
X — R (H). This definition does not depend on the choice of trivialization.
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Connection with topological K-theory. Let again X be a compact space. The group
K*(X) may also be defined as the direct limit limy_,[X, U(C™)] with respect to the
sequence of embeddings

(8.4) U(C") = U(C?)... = U(C™) = U(C™) — ...
given by the rule u — u® 1.

The choice of an orthonormal basis in H allows to identify (8.4) with a sequence of
subgroups of Uy (H). By results of Palais [Pa], the resulting inclusion j: Us — Uk (H)
of the direct limit Uy, = limnp_o U(C™) is a homotopy equivalence. In particular,
every continuous map u: X — Ug(H) is homotopic to a composition j o v for some
map v: X = Uy. Since X is compact, every map from X to Uy, takes values in some
U(C™). Therefore, every map u: X — Ug(H) is homotopic to a map X — U(C™) C
Uk (H) for sufficiently large n. Similarly, if two maps u,v: X — U(C™) are homotopic
as maps to Uk (H), then they are homotopic as maps to U(C™) for some m > n.

The definition of addition in the group [X, Ux(H)] given in the beginning of the sec-
tion uses the multiplicative structure of Uy (H). The standard definition of addition
in lim,[X, U(C™)] associates with a pair of maps u,v: X — U(C") the direct sum
udv: X — U(C?M), so that [u] + [v] = [udv] € K*(X). These two definitions are
equivalent, since u® v and uv @ 1 are homotopic.

Let now H be a Hilbert bundle over X with a fiber H. The structure group U(H) of 3
acts on R} (H) and Uk (H) by conjugations. The Cayley transform «: R§f(H) — Uy (H)
is equivariant with respect to this action. Therefore, k can be applied point-wise to
sections of R (H). For a section vy of R (H), the Cayley transform u = k(y) is a
section of Uk (H).

Choose a trivialization J: H — Hx, where Hyx denotes the trivial Hilbert bundle
H x X — X. The composition u' = Jou is a map from X to Ux(H) and thus is
homotopic to v/ @ 1 for some map v/: X — U(C™) C Uk (H). The classes of u and v’ in
K*(X) coincide. Returning back to J{ by applying ], we obtain a trivial subbundle E
of J{ of finite rank and a unitary bundle automorphism v of E such that the sections
wand v @ 1 of Ug(H) = Uk (E @ E+) are homotopic.

Conversely, let E be a (not necessarily trivial) vector bundle over X. A bundle au-
tomorphism v of E defines an element [v] € K'(X) as follows. Lift E to the product
X x [0, 1] and identify the restrictions of E to X x {o} and X x {1} twisting the first
one by v. This constructions gives a vector bundle over X x §* which we denote by
E,. Let [E,] denotes the class of E, in K°(X x S*). The group K°(X x §') is naturally
isomorphic to the direct sum K°(X) @& K*(X); denote by

(8.5) a: KO(X x S') — K (X)

the projection to the second summand. Then [v] = «[E,] € K*'(X). If E is a subbundle
of a Hilbert bundle H and u =v ® 1 is a section of Uk (H), then [u] = [v] € K*(X).

Twisting. One of the key properties of the index that we need in the thesis is its
multiplicativity with respect to twisting by vector bundles.
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Let V be a finite-dimensional complex vector space equipped with a Hermitian struc-
ture. An unbounded operator A on H can be twisted by V, resulting in the un-
bounded operator 1y ® A on V ® H with the domain dom(1y ® A) =V ® dom(A). If
an isomorphism V = C¢ is chosen, then V ® H can be identified with the direct sum
of d copies of H and 1y ® A can be identified with the direct sum of d copies of A. If
A € RE(H), then 1y ® A € RF(V @ H).

Let now W be a finite rank Hermitian vector bundle over X. A Hilbert bundle H over
X can be twisted by W, giving rise to another Hilbert bundle W & I over X with the
fiber (W ® H)x = Wx ® Hx over x € X. A section y of R}?(H) can be twisted by W,
resulting in the section 1w ® vy of RF(W ® H) such that (1w ® v)(x) = 1w, ® v(x).
Since the Cayley transform is additive with respect to direct sums and equivariant
with respect to conjugation by unitaries, k(1 ® v) = 1w ® K(y).

Choose a subbundle E C I of finite rank and a unitary bundle automorphism v of
E such that the sections k(y) and v & 1 of Uk (H) are homotopic. Then the sections
1w ®K(y) and (1w @ V) @ 1y4p L of Ux (W ® H) are also homotopic. The vector bundle
(W ® E)1y@v is isomorphic to p*W ® E,, where p denotes the projection X x S* — X.
Since (8.5) is a homomorphism of K°(X)-modules, we get

[1w @ V] = a[(W R E)qyyen] = a(p*[W] - [E,]) = W] - «[E,] = [W] - [v] € K}(X).
It follows that

ind(1w ®v) = 1w @ k(y)] = wovl = W] -] = W] [k(y)] = W] -ind(y) € K*(X).

Properties of the family index. In fact, we do not need an exact definition of the
family index to prove the main results of the thesis. All we need are the following
properties of the index.

Proposition 8.2. The family index has the following properties for every compact spaces X,
Y and Hilbert bundles 3, 7' over X.

(Io) Vanishing. The index of a family of invertible operators vanishes.

(I1) Homotopy invariance. If 'y, and 'y, are homotopic sections of RZ(H), then ind(y,) =
ind(y,).

(Iz) Additivity. ind (v, © v:) = ind(yo) +ind(y:) for every sections y; of R (H;), i =
o, 1.

(I3) Functoriality. Let f: Y — X be a continuous map and y be a section of R (3). Then
ind(f*y) = f*ind(y) € K*(Y), where f*y =y o f is the section of R (f* ).

(I4) Twisting. ind(1w ®y) = [W]-ind(y) for every section y of R (H) and every Her-
mitian vector bundle W over X, where [W| denotes the class of W in K°(X).

(Is) Normalization. For a loop y: S* — R (H), the index of v coincides with the spectral
flow of v up to the natural isomorphism K*(S*) = Z.
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(16) Conjugacy invariance. The index of a section of R}?(H) is invariant with respect to the
conjugation by a unitary bundle automorphism of H. In other words, ind(uyu*) =
ind(y) for every section 'y of Ry (H) and every section u of U(FH).

Proof. (I1) and (I3) follows immediately from the definition of the index. (I4) is
proven in the previous subsection.

(Io). The Cayley transform takes the subspace of R?(H) consisting of invertible op-
erators to the subspace Uy (H) = {u € Ux(H): u+ 1 is invertible} of Uk (H). The space
UY (H) is contractible, with the contraction given by the formula h(u) = exp(tlog(u)),
where log: U(C) \{—1} — i(—m, ) C iR is a branch of the natural logarithm. There-
fore, for every section y of Ry (JH) consisting of invertible operators the composition
Ko7y is a section of Uy () homotopic to the identity section, so ind(y) = [k oy] = o.

(I2). Let u; = k(yi). The Cayley transform is additive with respect to direct sums,
SO K(Yo @ Y1) = K(Vo) ® k(y:). Let E; be a trivial subbundle of H; of finite rank and
vi be a unitary bundle automorphism of E; such that the sections k(v;) and v; ® 1 of
Uk (F;) are homotopic. Then k(v,) @ k(y1) and (vo @ v4) @ 1 are also homotopic, and
ind(vo ® V1) = Vo ® V1] = Vol + V4] = ind(vo) +ind(v4).

(Is) follows from [BLP, Proposition 2.17].

(I6). Since the unitary group of a Hilbert space is contractible, there is a homotopy
(Ut)te[o,1] cOonnecting u, = 1 and u; = u. It induces the homotopy vi = uyvuf con-
necting the sections v = k(y) and uvu* of U (J). Therefore, ind(uyu*) = [uvu*] =
V] =ind(y) € K*(X). O
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Part 111

Criteria for graph continuity
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This part presents some general criteria describing when a family of closed operators
(in particular, differential operators on a manifold with boundary) is graph continu-
ous.

Section 13 is devoted to a particular case of these results, namely differential and
pseudo-differential operators on a manifold with boundary. We use the results of
Section 13 in the main part of the thesis for two purposes. First, Proposition 14.3
arises as a particular case of Proposition 13.3. Second, Proposition 13.2 and Lemma
13.4 provide the continuity of the family of global boundary value problems used in
the proof of Lemma 22.5.

Some of the results of sections 11 and 12, though in a different form and with different
proofs, are contained in the Appendix to the recent paper of Booss-Bavnbek and Zhu
[BZ]. In particular, our Proposition 11.1 is a corollary of [BZ, Proposition A.6.2]
and our Proposition 12.1 is a special case of [BZ, Corollary A.6.4]. However, the
statements of our Proposition 11.1 and Proposition 12.1 better meet our needs. For
Hilbert spaces, our proofs have the advantage of not using elaborated estimates and
inequalities. We also add the more general case of Banach spaces with the purpose
of better matching the results of [BZ], though we use only Hilbert spaces in the
remaining parts of the thesis.

It is worth noticing that our Proposition 10.2 gives an equivalent definition of the gap
topology on the space Gr(H) of all complemented closed linear subspaces of a Banach
space H. Namely, the gap topology on Gr(H) coincides with the quotient topology
induced by the map Proj(H) — Gr(H), P — Im P, where Proj(H) is the space of all
idempotents in B(H) with the norm topology. The author does not know if this fact
was noted before.

9 Complementary pairs of subspaces

Subspaces of a Banach space. Let H be a Banach space. Denote by B(H) the space
of all bounded linear operators on H with the norm topology. Denote by Proj(H) the
subspace of B(H) consisting of all idempotents.

A closed subspace L C H is called complemented if there is another closed subspace
M C Hsuch that LN M =0, L+ M = H; such a pair (L, M) is called a complementary
pair, and M is called a complementary subspace to L. Equivalently, L C H is comple-
mented if it is the image of some P € Proj(H); (L, M) is a complementary pair if it is
equal to (Im P,Ker P) for some P € Proj(H).

We denote by Gr(H) the set of all complemented closed linear subspaces of H, and
by Gr(?)(H) the set of all complementary pairs of subspaces of H. We will also write
Gr?*(H) instead of Gr(H)? for convenience.

For (L, M) € Gr?)(H) we denote by Py the projection of H onto L along M. For
M € Gr(H) denote by GrM(H) = {L e Gr(H): (L,M) € Gr(z)(H)} the set of all com-
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plementary subspaces to M.

Proposition 9.1. Let H be a Banach space and P,Q € Proj(H). Then the following two
conditions are equivalent:

1. Both (ImP,Im Q) and (Ker P, Ker Q) are complementary pairs of subspaces.
2. P—Q is invertible.

If this is the case, then for the projection S on Im P along Im Q and the projection T on Ker P
along Ker Q we have:

(9.1) S=PP-Q)", T=FP-1)(P-Q)", (P-Q)"'=S5-T,
and P+ Q = (2S5 — 1) (P — Q) is also invertible.

Proof. (1 = 2) Let (ImP,ImQ), (KerP,Ker Q) € Gr?(H). Denote by S, T the el-
ements of Proj(H) corresponding to these two pairs of complementary subspaces.
Using the identities SP =P, TQ =T, SQ =0, and (1 — T)(1 — P) = o, we obtain

(S—-T(P-Q)=T+P—-TP=1—(1—T)(1—P) =1.
Similarly, we have

P=Q)S—T)=Q+S—-QS=1—(1—Q)(1—95) =1.
Therefore, P — Q is invertible with S — T the inverse operator.

(2 = 1) Let P — Q be invertible. It vanishes on the intersections ImP N Im Q and
Ker P NKer Q, so these intersections are trivial. Consider the operators S = P(P —
Q) *and S’ = —Q(P—-Q) . We have ImS = ImP, ImS’ = ImQ, and S+ S’ = 1,
so ImP+ImQ = H. Similarly, consider the operators T = (P —1)(P — Q)" and
T =1—-Q)P—Q)* Wehave InT = KerP, ImT' = KerQ, and T+ T’ = 1, so
Ker P +Ker Q = H. All four subspaces Im P, Im Q, Ker P, Ker Q are closed. Therefore,
both (ImP,Im Q) and (Ker P,Ker Q) lie in Grl@(H).

The first equality of (9.1) implies (2S5 —1)(P — Q) = 2P — (P — Q) = P+ Q. Note that
invertibility of P 4 Q implies Im P +Im Q = H, but does not imply ImPNIm Q = o. [

Subspaces of a Hilbert space. If H is a Hilbert space, then each closed subspace
of H is complemented, so Gr(H) is the set of all closed subspaces of H. The map
Im: Proj(H) — Gr(H) has a natural section taking a closed subspace L C H to the or-
thogonal projection P; of H onto L. Applying Proposition 9.1, we obtain the following
result.

Proposition 9.2. Let H be a Hilbert space. Then the following statements hold:

1. The pair (L, M) of closed subspaces of H is complementary if and only if P — Py is
invertible. If this is the case, then

(9.2) PLm =PL(PL—Pm)
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2. Let P € Proj(H). Then the operator P + P* — 1 is invertible, and the orthogonal projec-
tion on the image of P is given by the formula

(9.3) POt — P(P+P*— 1)L,

Proof. 1. If (LLM) € Gr?/(H), then also (L+, ML) € Gr(@ (H). Applying Proposition
9.1 to the pair of orthogonal projections Py and Py, we obtain the first claim of the
Corollary.

2. 1 — P* is the projection on (Im P)t along (Ker P)L. Applying Proposition 9.1 to
the pair of projections P and 1 — P*, we see that P+ P* — 1 = P — (1 — P*) is invertible
and P(P + P* — 1)~ is the projection on Im P along (Im P)-+. [J

10 The gap topology on Gr(H)

For a Hilbert space H the map L — Pr given by the orthogonal projection allows to
identify Gr(H) with the subspace Proj°(H) C Proj(H) of orthogonal projections in H.
The gap topology on Gr(H) is induced by the norm topology on Proj(H) C B(H).

For a Banach space H there is no natural section Gr(H) — Proj(H), so the definition of
the gap topology on Gr(H) is slightly more complicated in this case. Usually the gap
topology on Gr(H) is defined as the topology induced by the gap metric

(10.1) &(L,,Ly) = mil.x {sup {dist(w,Lj): u e Ly |lu| =1}},
i#]
§(0,0) =0, &(o,L)=1forL #o.

For a Hilbert space H these two definitions of the gap topology coincide.

Proposition 10.2 below gives an equivalent definition of the gap topology on the
Grassmanian of a Banach space in terms of projections, resembling the definition of
the gap topology for Hilbert spaces.

The gap topology on Gr(H) induces the topology on Gr*(H) and on its subspace
Gri? (H).

Proposition 10.1. Let H be a Banach space. Then the following statements hold:
1. The map Im: Proj(H) — Gr(H) is continuous.

2. The map @: Proj(H) — Gr'?)(H) taking P € Proj(H) to (ImP,Ker P) € Gr®)(H) is
a homeomorphism.

3. Gr@(H) is open in Gr?(H).
We first give the proof in the case of a Hilbert space H, because it is simpler and
because we need only this case in the main part of the thesis as well as in the proofs

of all the results below in the context of Hilbert spaces. After proving the “Hilbert
case” we give the proof of the general “Banach case”.

37



Proof. 1. Suppose first that H is a Hilbert space. The map Im: Proj(H) — Gr(H) is

continuous. Indeed, it is the composition of the two maps Proj(H) — Proj°(H) and

Im: Proj°*(H) — Gr(H), where the first map is given by formula (9.3) and Proj°"*(H)
is the subspace of Proj(H) consisting of orthogonal projections. The first map is con-

tinuous and the second map is an isometry, so their composition is also continuous.

The conjugation by the involution P — 1 — P takes the map Im: Proj(H) — Gr(H) to
the map Ker: Proj(H) — Gr(H), so the second map is also continuous. Therefore, ¢
is continuous. Obviously, ¢ is bijective.

The inverse map Gr®(H) — Proj(H) is given by formula (9.2) and therefore is con-
tinuous. Thus the map Proj(H) — Gr(?)(H) is a homeomorphism.

To prove that Gr@(H) is open in Gr?(H), take arbitrary (L, M) € Gr@(H). The oper-
ator Py — Py is invertible by Corollary 9.2. Choose ¢ > o such that 2e-neighbourhood
of Pp — Py in B(H) consists of invertible operators. Then for any L', M’ € Gr(H) such
that [|[PL — Pr/|| < ¢, ||IPm — Pm/|| < € we have

[ (PL—Pm) — (Prr — Pp)|| < |IPL—Prf| + [[Pm— Pl < 26,

so L/ — Py is invertible. Applying again Corollary 9.2, we obtain (L’,M') € Gr(?(H).
This completes the proof of the proposition for Hilbert spaces.

2. Let now H be an arbitrary Banach space. The continuity of the map Im: Proj(H) —
Gr(H) follows from the inequality $(ImP,Im Q) < ||[P—Q||. As above, this implies
that ¢ is a continuous bijection. The continuity of the map Grl?(H) — Proj(H),
(L, M) — P m follows from [Ne, Lemma o.2]. By [GM, Lemma 1 and Theorem 2],
Grl?(H) is open in Gr?(H). This completes the proof of the proposition for Banach
spaces. L]

Proposition 10.2. Let H be a Banach space. Then the gap topology on Gr(H) coincides with
the quotient topology induced by the map Im: Proj(H) — Gr(H), P — ImP.

Proof. The projection p;: Gr*(H) — Gr(H) onto the first factor is an open contin-
uous map. By Proposition 10.1, Gr?(H) is open in Gr?(H), so the restriction of p;
to Gr(?)(H) is also an open map. This restriction maps Gr'?)(H) continuously and
surjectively onto Gr(H). Therefore, the gap topology on Gr(H) coincides with the
quotient topology induced by the map p,: Grl?)(H) — Gr(H). To complete the proof,
it is sufficient to apply the homeomorphism ¢: Proj(H) — Gr(*)(H) from Proposition
10.1. UJ

11 Injective maps of Banach spaces

Proposition 11.1. Let j € B(H, H') be an injective map of Banach spaces. Denote by Grj(H)
the subspace of Gr(H) consisting of L with j(L) € Gr(H’). Then Grj(H) is open in Gr(H)
and the natural inclusion j.: Grj(H) — Gr(H’), L — j(L), is continuous.

38



Proof. By Proposition 10.1, GrM(H) is open in Gr(H). Thus the statement of the
proposition results from the following lemma.

Lemma 11.2. Let L € Grj(H), let M € Gr(H’) be a complementary subspace to L" = j(L),
and let M =371 (M’). Then L € GrM(H) ¢ Gr;(H), and the restriction of j« to GrM(H) is
continuous.

Proof of the Lemma. Denote by Q’ the projection of H’ onto L’ along M'. By the
Closed Graph Theorem, the bounded linear operator j|; : L — L' is an isomorphism.
Thus the composition Q = (jl;)"*Q’j is a bounded operator on H. Obviously, Q is an
idempotent, Im Q = L, and ker Q = M. This implies that (L, M) is a complementary
pair of subspaces of H.

Let N € Gr™(H), N/ =j(N). Then Qn =jPnm(jl ) *Q’ is a bounded operator acting
on H'. The kernel of Qy is M’ and the restriction of Qf, — Qn to L’ vanishes, so Q% =
Qn and Qn € Proj(H’). The image of Qn contains in N’ and NN M’ =j(NNM) =o.
Therefore, Qn = Pnrmr, N =Im Qn € Gr(H'), and N € Grj(H).

By Proposition 10.1, the map N + Py is continuous. Thus the map Gr™M(H) —
Proj(H’), N — Qy is also continuous. Composing it with the continuous map
Im: Proj(H’) — Gr(H’), we obtain the continuity of the map j.: Gr™(H) — Gr(H/),
N — j(N) = Im Qn. This completes the proof of the lemma and of Proposition 11.1.
O

12 Closed operators

Let H and H’ be Hilbert spaces. The space €(H, H’) of closed linear operators from H
to H' is the subspace of Gr(H @ H’) consisting of closed subspaces of H @ H’ which
injectively projects on H. An element of C(H, H’) can be identified with a linear (not
necessarily bounded) operator A acting to H’ from (not necessarily closed or dense)
subspace dom(A) of H such that the graph of A is a closed subspace of H® H'.

All results of this section are valid for Banach spaces as well. However, in this case the
space C(H, H') as we define it (namely, as a the subspace of Gr(H @& H')) does not contain all
closed linear operators from H to H', but only those whose graphs are complemented subspaces
of H® H'. Nevertheless, families of such operators often arise in applications, so these
results can be used for them as well. For example, for Banach spaces H, H' and a
linear operator A acting from D C H to H’, if KerA € H and ImA C H’ are closed
complemented subspaces, then the graph of A is a closed complemented subspace
of H& H'. In particular, every (not necessarily bounded) Fredholm operator has this

property.

Proposition 12.1. Let H, H’ be Banach spaces. Then the map B(H,H’') x Gr(H) —
C(H, H') taking (A, D) to Aly is continuous.

Proof. For each A € B(H,H’) we define the automorphism J5 of H® H’ by the for-
mula Ja(u®u') = u® (u' —Au). Both A — Ja and A — J,* are continuous maps
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from B(H, H’) to B(H® H'). The formula f(A, Q) = J,'QPy11/Ja defines the contin-
uous map f: B(H, H’) x Proj(H) — Proj(H& H') (here Py} denotes the projection of
H @ H’ on H along H’). Since J5 takes the graph of Al to D @ o for each D € Gr(H),
f(A, Q) is the projection of H @ H' onto the graph of Al o. In other words, we have
the commutative diagram

B(H, H') x Proj(H) —— Proj(H® H’)

lld x Im llm

B(H,H') x Gr(H) —2— Gr(Ho H/)

where g is the map taking the pair (A, D) to the graph of Aly. The top and the right
arrows of the diagram are continuous maps, while the left arrow is a quotient map
by Proposition 10.2. Therefore, g is also continuous. This completes the proof of the
proposition. [

Proposition 12.2. Let W, H, H’ be Banach spaces, and let j € B(W, H) be injective. Denote
by C;(W,H') the subspace of C(W,H') consisting of operators A: dom(A) — H’ such
that the operator j,A: j(dom(A)) — H’, j,A = A-j~* lies in C(H,H’). Then the natural
inclusion j,: C;(W,H') — €(H, H') is continuous.

Proof. Consider the following commutative diagram:

C(W,H') «+—— &(W,H') —X— @(H,H)

/ L

Gr(WaoH') +—— Grj(WoH') —2— Gr(HoH/)

The spaces above are just subspaces on the spaces below, and €;(W,H’) = ¢(W,H") N
Grj(W @ H’). By Proposition 11.1, the map j.: Grj(W @ H') — Gr(H @ H’) is contin-
uous. So the restriction of j, to C;(W,H’) C Grj(W @ H’) is also continuous. This
completes the proof of the proposition. [

13 Differential and pseudo-differential operators

The results of the previous section can be used for differential and pseudo-differential
operators acting between sections of vector bundles over M. To achieve continuity of
the corresponding families of closed operators, the relevant topology on the space of
differential operators will be the C?-topology on their coefficients.

General framework. Let M be a smooth Riemannian manifold and E, E/ be smooth
Hermitian vector bundles over M. For an integer d > 1, we denote by Op%(E, E’) the
set of all pairs (A, D) such that

* A is a bounded operator from H%(E) to L3(E),
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* D is a closed subspace of H4(E), and
¢ the restriction Al of A to the domain D is closed as an operator from L*(E) to
L2(E).
We equip Op9(E, E’) with the topology induced by the inclusion

OpY(E,E') < B(HY(E), L2(E')) x Gr(HY(E)).

Here L2(E) is the Hilbert space of L2-sections of E and H4(E) is the d-th order Sobolev
space of sections of E.

Proposition 13.1. The map Op%(E, E’) — C(L2(E), L2(E')) taking (A, D) to Al is contin-
uous.

Proof. Take W = H4(E), H = [2(E), H' = L*(E’), and let j be the natural embedding
W < H. By Proposition 12.1, the map Op9(E,E/) ¢ B(W,H’) x Gr(W) — C(W, H’)
is continuous. By definition of Op9(E,E’), the image of this map is contained in
C;(W,H’). By Proposition 12.2, the map j.: €;(W,H’) — €(H,H’) is continuous.
Combining all this, we obtain the continuity of the map Op%(E,E’) — €(H,H’). O

This general result can be applied to differential or pseudo-differential operators A
of order d with domains D given by boundary conditions. We show below how
Proposition 13.1 can be applied to boundary value problems for first order differential
operators, in particular local boundary value problems. We omit a discussion of

higher order operators because boundary conditions are slightly more complicated
in that case; however, Proposition 13.1 works for higher order operators as well.

Boundary value problems for first order operators. Suppose now that M is a com-
pact manifold. Denote by Ej the restriction of E to the boundary oM.

Let A € B(H'(E),L*(E’)). In particular, A can be a first order differential operator
with continuous coefficients. For a closed subspace £ of H/2(E,) we denote by Ag
the operator A with the domain

dom (Ag) ={u e H(E): 1(u) € £},

where T: H'(E) — HY2(E;) is the trace map extending by continuity the restriction
map C®(E) = C®(Ep), ur— ulyp.

Let (S]B(E,E’) denotes the subspace of B(H*(E), L?(E’)) x Gr(H2(E)) consisting of
pairs (A, £) such that the operator A is closed.

Proposition 13.2. The map

OP(E/ F—/) — G(LZ(E)/LZ(F—/))/ (A/L) — AL
is continuous.

Proof. The inverse image 1 '(£) is a closed subspace of H'(E). Since T is bounded
and surjective, the map

: Gr(HY?(Ey)) — Gr(HY(E)), £+ 17Y(L),
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is continuous. Hence the map Op(E,E) — Op*(E, ') taking (A, L) to (A, T (L)) is
also continuous. It remains to apply Proposition 13.1. [J

Local boundary value problems for first order operators. Denote by Ell(E,E’) the
set of all first order elliptic differential operators with smooth coefficients acting from
sections of E to sections of E'.

Let L be a smooth subbundle of E5. The Sobolev space HY/2(L) can be naturally
identified with the closed subspace of HY/2(E,) via the map HY2(L) 5 u — ud
0 € HY2(L) ® HY2(L1) = HY2(E,). This allows to associate with a pair (A, L) the
unbounded operator A acting as A on the domain

dom (A[) = {u € H'(E): t(u) € H1/2(L)} .

Denote by Eﬁ(E,E’ ) the set of all pairs (A,L) with A € Ell(E,E’) and L a smooth
subbundle of Ej such that the unbounded operator A is closed.

Remark. By the classical theory of elliptic operators, Ar is closed for L satisfying
the Shapiro-Lopatinskii condition. See, for example, Proposition 14.2 below, where
it is proven for self-adjoint operators. Closedness of a non-self-adjoint A; can be
proven along the same lines, or can be obtained directly from Proposition 14.2 by

replacing a pair (A, L) with the pair (A’,L’) € EIl(E® E'), where A’ = (/?\ }})t) and
L'=L& (oa(n)L)* C Ea B E).

Equip EII(E, E/) with the C°-topology on coefficients of operators and the C*-topology
on boundary conditions, that is, the topology induced by the inclusion

EII(E,E) — B(H'(E),L2(E/)) x C*(Gr(Ey)).

Here Gr(Ey) denotes the smooth vector bundle over 0M whose fiber over x € 0M is
the Grassmanian Gr(Ey), and sections of Gr(Ey) are identified with subbundles of Ej.

Proposition 13.3. The natural inclusion ]/ETI(E,E’) — CG(L2(E),L2(E")), (A, L) — Ay is
continuous.

Proof. It is an immediate corollary of the following lemma applied to N = 0M and
F = Ep and of Proposition 13.2.

Lemma 13.4. Let F be a smooth Hermitian vector bundle over a smooth closed Riemannian
manifold N. Then the map

(13.1) C®(Gr(F)) — Gr(HY2(F)),
taking a smooth subbundle L of F to HY2(L) ¢ HY2(F), is continuous. Here C°*(Gr(F))

denotes the space of smooth sections of Gr(F) with the C*'-topology, that is, the topology
induced by the embedding C*°(Gr(F)) — C*(Gr(F)).
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Proof. The operator of multiplication by a C*-function N — C is a bounded operator
on H*(N) for every s € [o,1]. In particular, it is bounded as an operator acting

on H/2(N), and the corresponding inclusion C*(N) < B (Hl/ 2(N)) is continuous.
Passing to bundles, we obtain the natural continuous inclusion

(13.2) C'(End(F)) — B <H1/2(F)) :

The smooth map P: Gr(C") — End(C"), V — Py, induces the continuous map
P.: C'(Gr(F)) — C*(End(F)),

which carries a subbundle L of F to the orthogonal projection P.L of F onto L. Com-
posing it with the continuous inclusion (13.2), we obtain the continuous map

Q: CY(Gr(F)) — B <H1/2(F)> .

For each smooth subbundle L of F the bounded operator Q(L) is an idempotent with
the image H'/2(L). By Proposition 10.1(1), the map

Im: Proj (H2(F)) - Gr (H2(F)),

is continuous. Composing it with Q, we obtain continuity of (13.1). This completes
the proof of the lemma. [J
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Part 1V

Elliptic local boundary value problems
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14 Local boundary value problems

Let M be a smooth compact connected oriented manifold with non-empty boundary
oM and a fixed Riemannian metric, and let E be a smooth Hermitian complex vector
bundle over M. We denote by Ej the restriction of E to the boundary oM.

Operators. Let A be a first order elliptic differential operator acting on sections of
E. Recall that an operator A is called elliptic if its (principal) symbol oa (&) is non-
degenerate for every non-zero cotangent vector & € T*M. Throughout the main part
of the thesis (except for Part III) all differential operators are supposed to have smooth
(C*°) coefficients.

An operator A is called formally self-adjoint if it is symmetric on the domain C5°(E),
that is, if [, (Au,v)dvol = [, (u, Av)dvol for any smooth sections u, v of E with
compact supports in M\ 0M.

Local boundary conditions. The differential operator A with the domain C(E) is
an unbounded operator on the Hilbert space L*(E) of L*-sections of E. This operator
can be extended to a closed operator on L*(E) in various ways, by imposing appro-
priate boundary conditions. We will consider only local boundary conditions that
are defined by smooth subbundles of E;. For such a subbundle L, the corresponding
unbounded operator A; on L*(E) has the domain

(14.1) dom (Ar) ={u € H'(E): uly, is a section of L},

where H'(E) denotes the first order Sobolev space (the space of sections of E which
are in [? together with all their first derivatives). We will often identify a pair (A, L)
with the operator Aj.

To give a precise meaning to the notation in the right-hand side of (14.1), recall that
the restriction map C*°(E) — C*®(E;) taking a section u to ulyy, extends continuously
to the trace map t: H'(E) — H/2(E3). The smooth embedding L — E; defines the
natural inclusion H/2(L) < HY2(E,). By the condition “uly,, is a section of L” in
(14.1) we mean that the trace t(u) lies in the image of this inclusion.

Decomposition of E. We will use the following properties of elliptic symbols.

Proposition 14.1. Let 0 € Hom(T*M,End(E)) be a symbol of first order elliptic operator.
Let T1 be an oriented two-dimensional plane in the cotangent bundle T;M, x € M. Then for
any positive oriented frame (e, e,) in T1 the operator

Q = o(es) "o(ez) € End(Ey)

has no eigenvalues on the real axis. It defines the direct sum decomposition £, = ET @& E~
(not necessarily orthogonal), where £+ and €~ are spanned by the generalized eigenspaces of
Q corresponding to the eigenvalues with positive and negative imaginary part respectively.
This decomposition depends only on T1 and is independent of the choice of a frame (e, e5).
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If additionally o is self-adjoint, then the ranks of € and £~ are equal (so the rank of E is
even), and for every non-zero & € TI the symbol o(&) takes T and £~ to their orthogonal
complements in Ey.

Proof. 1. Since o is elliptic, the operator Q —t = o(e;) 'o(e, — te;) is invertible for
any t € R. Hence Q has no eigenvalues on the real axis and Ex = E* G E.

If we change (e, e,) to (eq, e, +te;), t € R, then Q is changed to Q +tId. If we
change (ey, e,) to (e; + te,, e,) then Q is changed to (Q~* + tId) . In both cases E*
and E~ do not change. Therefore, they do not change at any change of the frame
(e1, e;) preserving orientation, and thus depend only on TT.

2. Suppose now that o is self-adjoint, that is, o(§&) is self-adjoint for every & € T*M.
Let & € TT be a non-zero vector. Choose a positive oriented frame (e4, e,) in TT such
that e; = & Denote o; = o(ei), Vi x = Ker(Q — Ak, and V) = V) dime- We prove
by induction that o;V) is orthogonal to V, for any A,u € C with A # 1. Indeed,
0:V), 0 = 0 is orthogonal to V,, , = 0. Suppose that o, V)1 is orthogonal to V, m for all
Lm>o l+m<k. Thenforl+m =%k uec V) veV,nwehave

(A —1) (01w, v) = (oA, v) — (07w, wv) + (U, 0,v) — (o1, v) =
= (oAU, v) — (oqu, W) + (o1, Qv) — (0, Qu, v) = (o, (Q — p)v) — (07 (Q —A)u,v) = o

by induction assumption, since (Q —p)v € V, m—; and (Q —A)u € V; 1_;. Thus o,V
is orthogonal to V, if A # .

The subspace ET is spanned by |J V) with A running over all the eigenvalues of Q
with positive imaginary parts. For every pair A, p of such eigenvalues (not necessarily
distinct) we have A # 11, so o,E™ is orthogonal to ET. Similarly, o, E™ is orthogonal to
E™. We have

2dimET = dim EY + dim(0,E") < dim EY + dim(E1)* = dim Ey,

and, similarly, 2dimE~ < dimE,. On the other hand, dimE* + dimE~ = dimE,.
Therefore, dimE" = dimE~ = dimE, /2. O

Elliptic boundary conditions Let A be a first order elliptic operator acting on sec-
tions of E. The inverse image of a non-zero cotangent vector £ € T;0M under the
restriction map T;M — T;0M is an affine line in T;M parallel to the outward conor-
mal ny. Denote by TT; the two-dimensional vector subspace of T; M spanned by this
line. Applying Proposition 14.1 to the plane IT;, we obtain the decomposition of Ey
into the direct sum ET (&) © E~ ().

A local boundary condition L is called elliptic for A if

(14.2) LyNET(E) =0 and Ly+E*(E) = Ey for every non-zero & € T;0M,x € OM.
If L is elliptic for A, then the adjoint to A[ is AY, where A' is the differential operator
formally adjoint to A and N = (o(n)L)=.

Self-adjoint elliptic boundary conditions Suppose now that an elliptic operator A
is formally self-adjoint. Then the conormal symbol o(n) of A defines a symplectic
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structure on fibers of E5 given by the symplectic 2-form wx(u,v) = (ioc(n)u,v) for
u,v € Ey, x € OM, where n is the outward conormal to 9M. By Proposition 14.1 both
ET (&) and E~ (&) are Lagrangian subspaces with respect to this symplectic structure.

The differential operator A with the domain C3°(E) is a symmetric unbounded oper-
ator on the Hilbert space L*(E) of L*-sections of E. This operator can be extended to a
regular self-adjoint operator on L*(E) by imposing appropriate boundary conditions.
For L satistying ellipticity condition (14.2), the operator A is self-adjoint if and only
if L is a Lagrangian subbundle of Ej;.

For a Lagrangian subbundle L condition (14.2) can be written in simpler form:
(14.3) Ly NEY(E) = o for every non-zero & € T;0M,x € OM.

Indeed, rank of both Ly and E* (&) is half of rank E,. Therefore, L, NE" (&) = o if and
only if Ly + E*(&) = Ey.

Finally, we obtain the following description of self-adjoint elliptic local boundary
value problems.

Proposition 14.2. Let A be a first order formally self-adjoint elliptic differential operator
acting on sections of E. Let L be a smooth Lagrangian subbundle of Ey satisfying condition
(14.3). Then Ay is a regular Fredholm self-adjoint operator on L*(E). Moreover, AL has
compact resolvents, that is, (A +1)~" is a compact operator on L*(E).

Proof. Denote by D the domain of A given by formula (14.1). It is dense in [*(E)
and closed in H*(E). Equip D with the topology induced from H*(E).

Let T: H*(E) — HY2(E,) be the trace map, and let P be the bundle endomorphism
projecting E on L+ along L. Condition (14.2) means that P: ET(&) — Ly is bijective
for every non-zero & € T;0M. It follows by [H6, Theorem 20.1.2] that the operator
A @ Pt: H'(E) — L2(E) @ HY2(L') is Fredholm. Its restriction to the kernel of Pt
is also Fredholm. But this restriction coincides with A; considered as a bounded
operator from D to L*(E). Hence A| is Fredholm.

In particular, V = Im(Ap) is a closed subspace of L*(E). Let U be the orthogonal
complement of the kernel of Ap in L?(E). The restriction A of A to U is injective with
the image V. Therefore, the inverse operator A™*: V — U is bounded and its graph
is closed in V x U. Equivalently, the graph of A is closed in U x V, which is a closed
subspace of L*(E)?>. The graph of Ay is the orthogonal sum of ker(Ar) x {o} with
the graph of A and therefore is closed in L?(E)2. In other words, the operator Ay is
closed.

Green’s formula implies that A is symmetric. Let (u,v) € L*>(E)? be an arbitrary
point of the graph of the adjoint operator. This means that for each w € dom(Ar) we
have (u, Aw) = (v,w). By [LP, Theorem 1], (u, v) lies in the closure of the graph of A.
(The statement of this theorem of Lax and Phillips concerns only smooth domains in
Euclidean spaces and trivial vector bundles. But its proof is local, so it works for the
general case without change.) Since Ay is closed, u € dom(Ar). Therefore, Ay is
self-adjoint.

49



The operator A} is bounded as an operator from the Hilbert space D to L*(E). Since
A1 is a closed self-adjoint operator on L*(E), the bounded operator A; +1i: D — L*(E)
is bijective and the inverse (A; +1i)™" is a bounded operator from L*(E) to D [Kat,
Theorem V.3.16]. Composing it with the compact embedding D C H*(E) — L?*(E),
we see that (A +1)7" is compact as an operator on [*(E). This completes the proof
of the proposition. [

The space of boundary value problems Denote by Ell(E) the set of all pairs (A, L)
satisfying conditions of Proposition 14.2. The following result is a particular case of
Proposition 13.3 from Part III.

Proposition 14.3. For the set EII(E) equipped with the C°-topology on coefficients of opera-
tors and the C*-topology on boundary conditions, the natural inclusion EIl(E) — R (L*(E)),
(A,L) — Ay is continuous.

Equivalently, the C°-topology on coefficients of operators can be described as the
topology induced by the inclusion Ell(E) — B(H'(E), L*(E)).

15 Boundary value problems on a surface

From now on we will consider only the case of dimension two, that is, M will be
a smooth compact connected oriented surface with non-empty boundary oM and a
fixed Riemannian metric.

Let E be a smooth Hermitian complex vector bundle over M. Denote by EIlI(E) the
set of first order formally self-adjoint elliptic differential operators with smooth coef-
ficients acting on sections of E.

Decomposition of a bundle. Since M is now two-dimensional, Proposition 14.1
allows to define the global decomposition of E.

Proposition 15.1. Let A € EII(E). Then the symbol o of A defines the decomposition of E
into the direct sum (not necessarily orthogonal) of two smooth subbundles E* = E* (o) and
E™ = E" (o) such that the following conditions hold:

1. B} and B are spanned by the generalized eigenspaces of Qx = o(e;) *o(e,) as in
Proposition 14.1, where (e,, e,) is an arbitrary positive oriented frame in T, M.

2. Ranks of BT and €~ are equal, so the rank of E is even.

3. For every non-zero & € T;M the symbol o(&) takes Ef and E to their orthogonal
complements in Ey.

Proof. The main part of the statement follows from Proposition 14.1. It remains to
show that EJ and E are fibers of smooth vector bundles E* and E~. Choosing a
local smooth frame (ey, e,) in T*M, we see that E and E; smoothly depend on Qy,
which in turn smoothly depends on x. [J
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Self-adjoint elliptic boundary conditions. Denote by EJ, respectively EJ the re-
striction of ET, respectively E~ to OM. As before, the conormal symbol o(n) defines
the symplectic structure on the fibers of Eg, and EJ, E are transversal Lagrangian
subbundles of Ej;.

The orientation on M induces the orientation on 0M. Fibers of F_ai can be written
as Ef = ET(&) and B = E (&), where & is a positive vector in the oriented one-
dimensional space T;0M. The identity E*(&) = E~(—¢) allows to write ellipticity
condition (14.2) in a simpler form:

(15.1) LNE; =LNE; =0 and L+EJ =L+E; =Ep.
If L is Lagrangian, then condition (15.1) can be simplified even further, cf. (14.3):
LNEy =LNE; =o.

As before, we denote by Ell(E) the set of all pairs (A, L) such that A € EII(E) and L
is a smooth Lagrangian subbundle of Ej satisfying condition (15.1). Proposition 14.2
then takes the following form.

Proposition 15.2. For every (A,L) € ElL(E) the unbounded operator Ay is a reqular self-
adjoint operator on L*(E) with compact resolvents.

The correspondence between boundary conditions and automorphisms of E;. For
every elliptic (not necessarily self-adjoint) symbol o there is a one-to-one correspon-
dence between subbundles L of Ej satisfying condition (15.1) and bundle isomor-
phisms R: Ej — EJ. Namely, L is the graph of R in E5 & E] = E5. Equivalently, —R
is the projection of E5 onto EJ along L.

If additionally o is self-adjoint, then one can move further and construct a one-to-
one correspondence between Lagrangian subbundles L of Ej satisfying (15.1) and self-
adjoint bundle automorphisms T of Ej.

Let us first describe this correspondence in the case of mutually orthogonal £ and EJ
(this holds, in particular, for Dirac type operators). Composing R with io(n): E] —
(E?{)L = E,, we obtain the bundle automorphism T of E;. Conversely, with ev-
ery bundle automorphism T of E, we associate the subbundle L of Ej given by the
formula

(15.2) L={u"®u €EJBE; =E: ion)ju" =Tu }.
As Proposition 15.3 below shows, T is self-adjoint if and only if L is Lagrangian, so we

obtain a bijection between the set of all self-adjoint elliptic local boundary conditions
for A and the set of all self-adjoint bundle automorphisms of Ej;.

In the general case, where EJ and Ej can be non-orthogonal, this construction should
be slightly modified. The composition T =1io(n)R acts from E; to (EX)L, which now
does not coincide with Ej. In order to correct this, we compose T with the orthogonal
projection P, of E5 onto E;. Since Ep = (E;)* & (E})*, the restriction of P, to
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(Ez{)L is an isomorphism (Ez)r)L — E5. Finally, we define the bundle automorphism
T =P, 0T of Ej, so that the following diagram becomes commutative.

(15.3) Pl /ﬁ:/::/T Ortﬂ

Proposition 15.3. Let A € ElI(E). Denote by P* the projection of Eq onto B} along E5 and
by P~ = 1—P™ the projection of E5 onto E5 along €3. Then the following hold.

1. There is a one-to-one correspondence between smooth subbundles L of By satisfying
condition (15.1) and smooth bundle automorphisms T of E;. This correspondence is
given by the formula

(15.4) L =KerPr with Py =P" (1+1io(n)"TP7),
where Py is the projection of Ey onto £ along L.
2. For Land T as above, L is Lagrangian if and only if T is self-adjoint.
If €] and €5 are mutually orthogonal, then (15.4) is equivalent to (15.2).

In the rest of the thesis we will sometimes write an element of Ell(E) as (A, T) instead
of (A,L).

Proof. The adjoint (P~)* projects E5 onto (Egr)L along (E;)-, so its restriction to Ej
is the inverse of P_: (EJ)* — Ej. All three solid arrows at the right half of Diagram
(15.3) are smooth bundle isomorphisms.

By Proposition 15.1 the conormal symbol o(n) takes Ey and E} to their orthogonal
complements. So (P7)* = o(n)PTo(n)~* and o(n)"*(P~)* = Pto(n)~*. Therefore,
(15.4) can be equivalently written as

(15.5) Pr =P +ic(n) (P )*TP".

1. Let L be a smooth subbundle of Ej satisfying (15.1). Then both solid arrows at
the left half of Diagram (15.3) are smooth bundle isomorphisms. There is a smooth
automorphism T of Ej making this diagram commutative, and such an automor-
phism is unique. Substituting R = (io(n))"*(P7)*T to L = Ker(P* — RP~), we obtain
L = Ker(Pt +io(n) *(P7)*TP~) = Ker Py.

Conversely, let T be a smooth automorphism of E;. The image of Pt is contained
in EJ, while the restriction of Pt to EJ is the identity. It follows that P2 = Py, that
is, Py is the projection of Ey onto EJ along L = KerPy. This implies LNES =
and L+ EJ = Ey. The projection Pt smoothly depends on x € 9M and has constant
rank, so L is a smooth subbundle of Ey with rank L = rank Ey — rank Eg = rank E;.
If u e LNE,, then Pfu = o and Tu = P ic(n)PTu = o. Since T is invertible,
LNE; = o. This completes the proof of clause 1.
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2. Let L, T be as in clause 1 and u,,u, € L. For uj_ =Py and u]-+ = P+u]- we have
(15.6) (Tuy,uy ) = (Tu;,uy ) = (lom)uf,uy ) = fo(n)uf,u,),

using the orthogonality of Tu; — Tu; = (1 — P )Tu; € (E;)* tou; € E; and the
orthogonality of ic(n)u; € (E])* to u, —u; =uj € EJ. Similarly,

(15.7) (uy, Tuy ) = (ug, ion)ud) = — (io(n)u;,ul ) = — (io(n)u;, u,).
Subtracting (15.7) from (15.6), we obtain
(15.8) {to(m)ug, uy) = (TP uy, Pu,) — (P7uy, TP u,) forallug,u, € L.

If L is Lagrangian, then (15.8) implies self-adjointness of T, since P7: L — Ej is
surjective. Conversely, if T is self-adjoint, then (15.8) implies ic(n)L C L*; taking into
account that rank L = rank E5/2, we see that L is Lagrangian.

3. If EJ and E; are mutually orthogonal, then (P~)*: Ej — (E})* is the identity, and
(15.5) takes the form (15.2). This completes the proof of the proposition. [J]

The subbundle F(A,L). With every (A,L) € Ell(E) we associate the smooth subbun-
dle F(A,L) of E5 as follows. Let T be the self-adjoint automorphism of E; given by
formula (15.4). We define Fy as the invariant subspace of T, spanned by the gen-
eralized eigenspaces of T corresponding to negative eigenvalues. Subspaces Fy of

EL smoothly depend on x € OM and therefore are fibers of the smooth subbundle
F=TF(A,L) of Ej.

Being a subbundle of Ej, F(A, L) is also a smooth subbundle of E. Sometimes it will
be more convenient for us to consider F(A, L) as a subbundle of Ej,.

16 The space of boundary value problems on a surface

Topology on EII(E). In section 14 we used the C°-topology on coefficients of opera-
tors. We will compute the spectral flow for the paths in Ell(E) which are continuous in
a slightly stronger topology, namely the C'-topology on symbols and the C°-topology
on free terms of operators. Let us describe this more precisely.

For a smooth complex vector bundle V over a smooth manifold N, we denote by
Gr(V) the smooth bundle over N whose fiber over x € N is the complex Grassmanian
Gr(Vy). In the same manner we define the smooth bundle End (V) of fiber endomor-
phisms. We identify sections of Gr(V) with subbundles of V and sections of End(V)
with bundle endomorphisms of V.

Let r = (r4, 7o) be a couple of integers, 7, > 1, > 0. Denote by EIl'(E) the set ElI(E)
equipped with the C™-topology on symbols and the C™-topology on free terms of
operators.
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To be more precise, notice that the tangent bundle TM is trivial since M is a surface
with non-empty boundary. Thus we can choose smooth global sections e;, e, of TM
such that e;(x), e, (x) are linear independent for any x € M. Choose a smooth unitary
connection V on E. Each A € Ell(E) can be written uniquely as A = 0;V; +0,V,+a,
where the symbol components o; = o4 (e;) are self-adjoint bundle automorphisms of
E, Vi = V¢,, and the free term a is a bundle endomorphism. Therefore the choice of
(e1, €5, V) defines the inclusion

Ell(E) — C* (End(E))?> x C*® (End(E)), o0;V:+0,V.+a— (0,0, 0a),

where C* (End(E)) denotes the space of smooth sections of End(E). We equip EII(E)
with the topology induced by the inclusion

Ell(E) < C™ (End(E))? x C™ (End(E))

and denote the resulting space by Ell"(E). Equip EII(E) with the topology induced
by the inclusion El(E) — EN"(E) x C*(Gr(Ey)), with the product topology on the
last space, and denote the resulting space by ElI"(E). The topologies on Ell'(E) and
EllI"(E) defined in such a way do not depend on the choice of a frame (e, e,) and of
a connection V.

By Proposition 15.2 the natural inclusion Ell (00 (E) — R (L2(E)) is continuous.
Since the (1, To)-topology on El(E) is stronger than the (o, 0)-topology, the inclusion
Ell"(E) — Ry* (L(E)) is continuous for every couple r of non-negative integers.

Convention. From now on we will use the (1,0)-topology on ENI(E), that is, the C*-topology
on symbols and the C°-topology on free terms of operators. For brevity we will omit the
superscript, so further EIl(E) will always mean Ell(0)(E),

The following proposition is an immediate corollary of Proposition 15.2.
Proposition 16.1. The natural inclusion EIl(E) < R (L2(E)), (A, L) = Ay is continuous.

Remark 16.2. We choose to use the stronger (1,0)-topology on ElI(E) instead of the
(0,0)-topology to simplify the proofs. Probably, all theorems in the thesis remain
valid for the (o, 0)-topology on Ell(E) as well, but the author did not check this. It
can be easily seen that all universality results are valid (and their proofs remains the
same) for the (4, 1,)-topology on El(E) with 1, —1 > 15 > 0.

Continuity of the decomposition. We prove here a technical result that will be used
further in the thesis.

Denote by Z(E) the set of all smooth bundle morphisms o: T*"M — End(E) such that o
is a symbol of a formally self-adjoint elliptic operator. Equip X(E) with the topology
induced by the inclusion Z(E) — C'(TM ® End(E)). Then the natural projection
Ell(E) — X(E) is continuous, as well as the map X(E) — C*(End(E;)) taking o to
o(n).

For a smooth fiber bundle V over a smooth compact manifold N, we denote by
C*3(V) the space of smooth sections of V with the C*-topology, that is, the topol-
ogy induced by the embedding C*(V) — C*(V).
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Let e;, e, be global sections of T*M such that (e(x), e»(x)) is a positive oriented
orthonormal basis of T{M for any x € M.

Proposition 16.3. The following maps are continuous:
1. Q: X(E) — C**(End(E)), 0 — Q = o(e;) "o(e,);
2. EY,E7: Z(E) — C**(Gr(E)).

Proof. 1. The maps from X(E) to C*>*(End(E)) taking o to o(e;), i = 1,2, are contin-
uous, so Q is also continuous.

2. The invariant subspace E;  of Qx spanned by the generalized eigenspaces of Qx
corresponding to eigenvalues with negative imaginary part is an analytic function of
Qx and hence an analytic function of oy. Therefore, for smooth o, E~(0) is a smooth
subbundle of E, and the map E~: Z(E) — C**(Gr(E)) is continuous. The same is
true for ET: Z(E) — C>®1(Gr(E)).

Correspondence between L and T. Proposition 15.3 defines a one-to-one correspon-
dence between L and T. We will use it to construct homotopies in Q4Ell(E). To do
this, we need to show that the map (A,L) — (A, T) is a homeomorphism.

Denote by Ell’(E) the set of all pairs (A, T) such that A € Ell(E) and T is a smooth
bundle automorphism of E5 (A). We equip Ell’(E) with the topology induced by the
inclusion

(16.1) Ell'(E) < Ell(E) x CY(End(E3)), (A, T)— (A, T@ Id )1,

where (Eg)L is the orthogonal complement of E5 (A) in E5. We introduce the auxiliary
self-adjoint automorphism

(16.2) T=To Id(g e

by technical reasons: T acts on the bundle E;(A) which depends on A, while T’ acts
on the fixed bundle Ej.

Proposition 16.4. The map Ell(E) — EI'(E) taking (A, L) to (A, T) is a homeomorphism.
The map F: Ell(E) — C>®*(Gr(Ey)) is continuous.

Proof. Denote by Gr? (E) the smooth subbundle of Gr(E) xp Gr(E) whose fiber
over x € M consists of pairs (Vy, Wy) of subspaces of E, such that VN Wy = o0 and
Vi + Wy = E,. For a smooth section (V, W) of Gr®)(E) the projection Py of E on
V along W is a smooth section of End(E). The map C%1(Gr® (E)) — C**(End(E)),
(V,W) — Py is continuous. The same is true if we replace M by 0M and E by E;.
Therefore, the composition

T (E) = C®Y(Gr?)(E)) — C®*(Grl?)(Ey)) — C®*(End(Ey)),

o— (EVE) — (Ef,Ej) — PEg,Eg = P*(0), is continuous. Similarly, the map
P7: Z(E) —» C*(End(Ey)) is continuous.
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Let T’ be defined by formula (16.2). Since TP~ = T'P~, identity (15.5) can be equiv-
alently written as Pt = PT +1io(n)"*(P~)*T’P~. Hence Pr, and also L = Ker Py,
continuously depend on (o, T'). It follows that the map (A, T') — (A, L) is continu-
ous.

Conversely, for u € E; we have Tu = Pgrticr(n)PJrPL’Egu, where P, = P (P~ +
(P7)* — 1)~ is the orthogonal projection of E5 onto E; (see (9.3) for the formula of

the orthogonal projection). This implies

Since all elements of this expression continuously depend on (o, L), the map (A,L) —
(A, T') is continuous. This proves the first part of the proposition.

By the definition of T’, we have X(_c0)(Tx) = X(—c0,0)(Tx), Where xs denotes the
characteristic function of a subset S of R. Hence F, considered as a point of Gr(Ey)
coincides with Im (X[—oo,o) (T))) and thus is an analytic function of T,. Therefore, Fis a
smooth subbundle of E and continuously depends on T’ in the C*-topology. Together
with the continuity of T’ this implies continuity of the map F: Ell(E) — C®*(Gr(Ey)).
This proves the second part of the proposition. [J



Part V

Spectral flow
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17 The invariant ¥ and its properties

Gluing of bundles. Lety € QgE_ll(E), that is, v: [0,1] — EII(E) is a path in ElI(E)
such that y(1) = gy(o0), g € U(E). With every such pair (v, g) we associate a number
of vector bundles.

First, lift E to the vector bundle E=Ex [0,1] over M x [0,1]. Then form the vector
bundle € over M x S* as the factor of E, identifying (u, 1) with (gu, o) for every u € E.

The one-parameter family E; = E~(y(t)) of subbundles of E forms the subbundle -
of E. The condition v(1) = gy(o) implies E; = gE;, so E~ descends onto M x S?
giving rise to the subbundle £~ = €7 (v, g) of € such that the following diagram is
commutative:

~

| S s E s M x [0, 1]
E « > & > M x St

In the same manner, from the one-parameter family of vector bundles E; (y(t)) C Ep
we construct the vector bundles Eg C Ey over M x [o, 1. Twisting by g and gluing as
described above, we obtain the vector bundles £, C €3 over 0M x S*. Equivalently,
€y and & can be obtained as the restrictions of € and £~ to M x S*.

The one-parameter family F; = F(y(t)) of subbundles of EJ (y(t)) forms the subbun-
dle F of Eg. Again, the condition y(1) = gy(o) implies F; = gF,, so F descends
onto OM x S* giving rise to the subbundle F = F(vy, g) of &5 such that the following
diagram is commutative:

F- >Eg ¢ >Ea > OM X [0, 1]
F - y &y > € > OM x St

If g = 1Id, then we will write F(y) instead of F(v,Id).

Definition of W(y,g). The orientation on M induces the orientation on 0M. We
equip O0M with an orientation in such a way that the pair (outward normal to 9M,
positive tangent vector to dM) has a positive orientation.

The product oM x S' is a two-dimensional manifold, namely a disjoint union of tori.
Let [0M x S'] € H,(0M x S*) be its fundamental class. The first Chern class c¢,(F) of
the vector bundle J is an element of the second cohomology group H?*(0M x §'), so
one can compute its value on [0M x S'], obtaining the integer-valued invariant

(17.1) Y(v,9) = c:1(F(v, g))[OM x §'].
If g = 1d, then we will write ¥(y) instead of ¥(vy, Id).

59



The homomorphism . The first Chern class is additive with respect to direct sum
of vector bundles, so we can define the homomorphism of commutative groups
P: K°(OM x S') — Z by the rule Y[V] = ¢,(V)[OM x S'] for any vector bundle V
over OM x S§*. Then ¥ can be written as

Y(y,g) =V[F(y, g)l.

Consider the following three subgroups of K°(dM x S'):

* G*is the image of the natural homomorphism K°(0M) — K°(0M x S§*) induced
by the projection oM x S* — 9M.

e G%is the image of the homomorphism K°(M x §*') — K°(0M x S') induced by
the embedding OM x S* — M x S*.

e G is the subgroup of K°(dM x S*) spanned by G* and G°.

Proposition 17.1. The homomorphism \p is surjective with the kernel G. In other words, the
following sequence is exact:

00— G — K(@MxS) Y7z o

Proof. Denote the connected components of M by 0M,,...,0My,. The group
K°(0M x S') is isomorphic to Z>™, with the isomorphism given by

VI — (r,...,Tm, Q1 ..., Qm),

where Tj is the rank of the restriction V; of a vector bundle V to oM x ST and aj =
c.(Vj)[0M; x ST].

In these designations, the subgroup G* consists of elements with a; = ... = a, = 0.
The subgroup G? consists of elements with 1, = ... = 7, and 2_;a; = 0. The span

G of G* and G? consists of elements with 2_;aj = 0. The homomorphism 1 takes
(ri,...,™m,Qq,...,Qn) to Zj aj, so it is surjective with the kernel G. This completes
the proof of the proposition. [

Special subspaces. The following two subspaces of ElI(E) will play a special role:
e EllI*(E) consists of all (A, T) € Ell(E) with positive definite T.
e Ell(E) consists of all (A, T) € EIl(E) with negative definite T.
Proposition 17.2. Let v € QgEII(E). Then the following statements hold:
1. F(v,g) = oifand only if y € QgEIT(E);
2. F(v,9) = & (v, 9) if and only if y € QgEI"(E).

Proof. It follows immediately from the definition of J. [J

Properties of ¥. Denote by Q*EII(E) the subspace of QFII(E) consisting of constant
loops.
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Proposition 17.3. WV has the following properties:
(Wo) W vanishes on Q*ElL(E), QgE_ll+(E), and QgE_ll_(E)for every g € U(E).
(W1) Y is constant on path connected components of Q4EIl(E) for every g € U(E).

(W2) Y(vo®V1, 9o D g1) = ¥(Vo, go) +¥(v1, g1) for vi € Qg Ell(E), g1 € U(Ey), i=0,1.
Proof. (Wo). If y € QgE_ll+(E), then (v, g) =0,s0 ¥(y,g) =o.

If v € QQE_H’(E), then F(vy, g) is the restriction to 0M x S* of the vector bundle
€ (y,g) over M x S%, so [F(vy, g)] € G°.

If y € Q*EII(E), y(t) = (A, L), then F(y) is the lifting to M x S* of the vector bundle
F(A,L) over OM, so [F(y)] € G*.

In the last two cases Proposition 17.1 implies vanishing of V.

(W1). If vy, and y; are connected by a path (y;) in QgE_ll(sz), then ¥, = F(y,,g) and
F:1 = F(v1, g) are homotopic via the homotopy s — F(vs, g). It follows that the classes
of F, and F; in K°(0M x S') coincide, and thus ¥(vy,, g) = W[F,] = b[Fi] = Y(y4, g).

(W2). Obviously, F(vo ® Y1, 9o @ 91) = F(Yo, 9o) ® F(v1, g1). Passing to the classes in
K°(dM x S') and applying the homomorphism 1, we obtain the additivity of ¥. [J

18 Dirac operators

Odd Dirac operators. Recall that A € ElI(E) is called a Dirac operator if o4 (&) =
|1&]]* Idg for all & € T*M. We denote by Dir(E) the subspace of ElI(E) consisting of all

odd Dirac operators, that is, operators having the form
(18.1)

A= ( AO 4 AO ) with respect to the chiral decomposition E = E*(A) ® E~(A).

Denote by Dir(E) the subspace of Ell(E) consisting of all pairs (A,L) such that A €
Dir(E).

The following two subspaces of Dir(E) will play a special role:

Dir"(E) = Dir(E) NEII*(E), Dir (E) = Dir(E) NEL(E).

Realization of bundles. In the following we will need the possibility to realize some
vector bundles over 0M x S* as F(y) for some y. Recall that we denoted by ky the
trivial vector bundle of rank k over N.

Proposition 18.1. Every smooth vector bundle V over OM can be realized as F(A, L) for
some k € N and (A, L) € Dir(2km).
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Proof. V can be embedded as a smooth subbundle in a trivial vector bundle kam
of sufficient large rank k. Choose a smooth global field (e,, e,) of positive oriented
orthonormal frames of TM and define the Dirac operator acting on sections of kym
(that is, C*-valued functions on M) by the formula D = —id; + 0,. Let D' be the
operator formally adjoint to D. Then

(18.2) A= <B l?:)

is an odd Dirac operator acting on sections of ky1 @ kpm, and E~(A) = km. Let V<L be
the orthogonal complement of V in Ej (A) = kam, and let L be the boundary condition
for A defined by T = (—1)y @ 1y1. Then (A,L) € Dir(2ky) and F(A,L) = V, which
proves the proposition. U

Proposition 18.2. Every smooth vector bundle V over OM x S* can be realized as &F (v) for
some k € N and v € Q Dir(2kpm).

Proof. V can be embedded as a smooth subbundle in a trivial vector bundle over
OM x S' of sufficient large rank k. Let (Vi), t € S', be the corresponding one-
parameter family of subbundles of kap. Define the odd Dirac operator A € Dir(kp @
km) by formula (18.2). Let L; be the boundary condition for A corresponding to the
automorphism T = (—1)y, ® 1, L of kpm. The element (A, L) € Dir(2ky) depends

continuously on t, so the family (A, L;) defines the loop y € Q Dir(2ky). By con-
struction, F(A,Li) = Vi, so F(y) = V, which completes the proof of the proposition.
O

Proposition 18.3. Let V be a smooth vector bundle over M x S*. Then the restriction V of
V to OM x S* can be realized as F(y, g) for some y € Qg¢Dir~(2km), k € N, g € U(2kp).

Proof. Let k be the rank of V. The lifting of V by the map M x [o,1] -+ M x S' is
a trivial vector bundle ky;4[o 1), SO we can obtain V from this trivial bundle, gluing
Kmx(z) With kaixj0) by some unitary bundle automorphism g € U(ky). Let B =
km@®km, § = gdg € U(E), and A € Dir(E) be given by formula (18.2). Since
the symbol of A is §-invariant, A; = JA§ " has the same symbol as A, so the path
lo,1] >t — Ay = (1 —t)A +tA, is an element of Qg Dir(E). It follows that the path y
given by the formula y(t) = (A, —Id) is an element of ng’(E). By construction,
F(v, g) = V. This completes the proof of the proposition. [

Proposition 18.4. Every integer A can be obtained as A = Y(y) for some k € IN and
v € Q Dir(2kpm).

Proof. Every integer A can be obtained as the first Chern number of a smooth vector
bundle over a torus. Hence A = {[V] for some smooth vector bundle V over oM x S?.
By Proposition 18.2 V can be realized as V = F(y) for some y € Q Dirp. We obtain
A =V¥(y), which completes the proof of the proposition. [
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19 Universality of V¥

Homotopies fixing the operators. In this section we will deal only with such de-
formations of elements of Q¢EII(E) that fix an operator family A = (A;) and change
only boundary conditions (L;).

Let us fix an odd Dirac operator D € Dir(2y). Denote by 6" € Q*Dir*(2y), re-
spectively 8~ € Q*Dir (2pm) the constant loop taking the value (D, Id), respectively
(D,—1d). We denote by k&, respectively k&~ the direct sum of k copies of 6, re-
spectively 5. Notice that €5 (kd") = €5 (k67) = F(kd™) = kamxs: and F(kd") =o.

Proposition 19.1. Let v: t — (A, L) and v': t — (A, L{), t € [o,1], be elements of
QgEI(E) differing only by boundary conditions. Then the following statements hold.

1. If F(v, g) and F(y', g) are homotopic subbundles of £5(y,g), then vy and y' can be
connected by a path in QgEII(E).

2. If F(y,g) and F(vy', g) are isomorphic as vector bundles, then y @ k&t and v’ © kd"
can be connected by a path in Q4414 EIl(E © 2kpm) for k large enough.

3. If 1F(v, 9)l = [F (v, g)] € KX(OM x S*), then y & 16~ @ k& and y' & 16~ & k6™ can
be connected by a path in Qga1q41dEI(E ® 2l © 2km) for 1, k large enough.

Proof. Notice that &; (v, g) depends only on the operators and does not depend on
the boundary conditions, so &5 (y,g) = &5 (v, g). Denote &5 = €5 (y,9), T =T (v, 9),
and ' = F(v/, g).

1. Let A = (A{) € QgEII(E) be the corresponding path of operators. Denote by
L(A, g) the space of all lifts of A to QgE_ll(E). Denote by L“(A, g) the subspace
of £L(A, g) consisting of paths (A, T;) such that the self-adjoint automorphism T; is
unitary for every t € [o,1]. The subspace L"(A, g) is a strong deformation retract of
L(A, g), with the retraction given by the formula qs(A¢, Tt) = (Aq, (1 — s+ s|Te[ 7)) Ty).
Since qs preserves J, it is sufficient to prove the first claim of the proposition for
Y,y € LA, g).

For a fixed A, an element y € L*(A, g) is uniquely defined by a subbundle F(vy, g) of
&5 (v, g), and every deformation of F uniquely defines the deformation of y. Suppose
that ¥ and F’ are homotopic subbundles of £;. A homotopy hs between F and F’
can be chosen to be smooth by x € dM and continuous (in the C*-topology) by
s,t € [0,1]. As described above, such a homotopy defines a path connecting vy and v’
in L%(A,g) C QgE_ll(E). This completes the proof of the first claim of the proposition.

2. If F and J' are isomorphic as vector bundles, then F @ o and F’ & o are homotopic
as subbundles of £5 @ kapmxs: for k large enough. It remains to apply the first part of

the proposition to the elements y & k6" and vy’ & k8" of Qg@ldE_ll(E D 2km).

3. The equality [F] = [F'] implies that the vector bundles F and F' are stably isomor-
phic, that is, I; ® lymxs: and F, @ Ly« s are isomorphic for some integer 1. It remains
to apply the second part of the proposition to the elements y & 15~ and vy’ & 15~ of
Qge1aEI(E @ 2Ly). O
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The case of differglt operators. For y € QgE_ll(E), v(t) = (A¢, Tt), we denote by y*
the element of QgEIl* (E) given by the rule t — (A, Id).

Let v; € Qg,Ell(E;), i = 1,2. Consider the elements v, =y, ®v5 and vy, =v{ &, of
le@ng_ll(E1 @ E,). By Proposition 17.2 F(v{, g1 ® g.) = F(vi, gi). On the other hand,
v, and v} differ only by boundary conditions and thus fall within the framework of
Proposition 19.1. In particular, from the third part of Proposition 19.1 we immediately
get the following.

Proposition 19.2. Let y; € QgiE_ll(Ei), i =1,2. Suppose that [F(y+,91)] = [F(v2, g2)] €
K°(OM x S*). Then

vidvI el @kt and v @y, o160 @ kst

can be connected by a path in le@gz@ld@ldE_ll(El ® E, @ 2lm @ 2knm) if 1, k are large
enough.

Semigroup of elliptic operators. The disjoint union

E_HM = H E_H(ZkM)
kelN

has the natural structure of a (non-commutative) graded topological semigroup with
respect to the direct sum of operators and boundary conditions.

The point-wise direct sum of paths defines the map
QgEll(2km) x Qg/Ell(2k}y) = QgeqEl(2(k + k' )m),

which induces the natural structure of a (non-commutative) topological semigroup
on the disjoint union

O Ellv=  []  QgFl(zky) = {(y,g): y € QEll(2ky), k €N, g € u(sz)} .
kelN, gelU(2knm )

The disjoint unions

QuE_HJ]\r/l = HQQE_H+(2]<M), QUE_HK/[ = HQQE_Hi(ZkM), and Q*E_HM = H Q*E_H(ZkM)
kg k,g k

are subsemigroups of QyElly.

Universality of ¥. Now we are ready to state the main result of this section.

Theorem 19.3. Let ® be a semigroup homomorphism from Q@M to a commutative monoid
A, which is constant on path connected components of QuEllm. Then the following two
conditions are equivalent:

1. @ vanishes on Q*Elly, QuEILY,, and QuElLy,.
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2. ® = YoV for some (unique) monoid homomorphism 9: Z — A, that is, O has the
form @ (y,g) =c-¥(y,g) for some invertible constant ¢ € A.

Here by “invertible” we mean that there is ¢’ € A inverse to c, that is, such that
/
¢'+c=o.

Proof. (2 = 1) follows immediately from properties (Yo-¥2) of Proposition 17.3.

Let us prove (1 = 2). Suppose that ® satisfies condition (1) of the theorem. By
Proposition 19.2 the equality [F(v4, g1)] = [F(v2, g-)] implies

(19.1) O(y;®vs DL BkST, g1 D g ®Id) = D(y] By D DkdT, g; D g, ®1d).

Since @ vanishes on (v{,gi) € QuEIl,, (67,1d) € QuElL,, and (5,1d) € QuElly,,
(19.1) implies @ (v, g1) = P (v, g2). It follows that the homomorphism @ QuEly —
A factors through the (unique) semigroup homomorphism ¢: H — A, where H de-
notes the image of QuEllp in K°(OM x S1):

QuElpm
e

H\
2
/AR LR > A

Suppose that P (h;) =P (h,) for h;, h, € H. By Proposition 17.1 this implies h; —h, =
i+ p® € K°(OM x S*) for some p* € G* and p € GO.

The element (12 can be written as the difference of classes [j*V,] — [j*V;] for some
(smooth) vector bundles V;, V, over M x S§*, where j denotes the embedding M x
St — M x §*'. By Proposition 18.3, [j*Vi] can be realized as [JF(f;, g{)] for some
(B, g!) € QuDiry,, which gives 1 = [F(B,, g})] — [F(Bs, g,)]-

Similarly, by Proposition 18.1 u* = [F(a,)] — [F(a,)] for some o, &, € Q* Diry.

Combining all this, for liftings (i, gi) of h; to QuEllyp we obtain

[T (v, 91)] + [F(B4, 9;)] + [F(o1)] = [F(ya, 92)] + [F (B2, gé)] + [F(ay)],

Applying ¢ to the both sides of this equality and taking into account that

@ ([Flvi, gl + F(Bi, 9] + [F(x)]) = D(yi, gi) + P (Bi, 9{) + P (e, Id) = O (3, g1) = (i),

we obtain @(h;) = @(h,). Thus the equality P (h,) = WP(h,) implies @(h;) = @(h,).
On the other hand, the homomorphism 1{: H — Z is surjective by Proposition 18.4.
It follows that ¢ factors through the (unique) semigroup homomorphism 9: Z — A.
Since 3(0) = ®(Q* Dirp) =0, dis a homomorphism of monoids.

Let ¢ = 9(1) and ¢/ = 9(—1). Then ¢+ ¢’ = 0 and ¥(n) = nc for every n € Z. This
completes the proof of the theorem. [
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20 Deformation retraction

The main result of this section is Proposition 20.5, where we prove that the natural
embedding Dir(E) < El(E) is a homotopy equivalence. In the rest of Part V we will
need only one corollary of this result, namely that every element of Q4EII" (E), respec-
tively QgE_ll_(E) is connected by a path with an element of QQWJF(E), respectively
Q,Dir(E).

Sections. First we construct two sections, which will be used below for construction
of a deformation retraction.

Proposition 20.1. The map p: Ell(E) — X(E) is surjective and has a continuous section
r: X(E) — ElI(E) such that v o p is fiberwise homotopic to the identity map.

Proof. We define a section r: £(E) — ElI(E) by the formula r(o) = (0, V; + 0,V,) /2+
(0,V1 4 0,V,)" /2, where o; = o(e;), (e, e,) is a fixed global field of frames in TM,
V is a fixed smooth connection on E, and superscript t means taking of formally
adjoint operator. The operation of taking formally adjoint operator leaves invariant
symbol. Moreover, it defines a continuous transformation of the space of first order
operators with the topology defined by the inclusion to C* (End(E))* x C° (End(E)),
o0;Vi+0,V,o+a +— (0,0,a). Thus r is a continuous section of p and defines a
trivialization of the affine bundle Ell(E) — Z(E) with the fiber C*®° (End®*(E)). Thus
T op is fiberwise homotopic to the identity map, which completes the proof of the
proposition. []

Denote by YP(E) = p(Dir(E)) the subspace of X(E) consisting of symbols of Dirac
operators.

Proposition 20.2. The restriction of p to Dir(E) has a continuous section v°: £P(E) —
Dir(E).

Proof. Let 0 € IP(E) and A = r(0). Denote by S the bundle automorphism of E,
whose restrictions on fibers are the orthogonal reflections in the fibers of E~ (o). We
define TP (o) by the formula (o) = (A — SAS)/2. Obviously, it is a Dirac operator,
which is odd with respect to the chiral decomposition E = E*(0) @ E~(0) and has
the same symbol o as A. Since S depends continuously on o, the map °: £P(E) —
Dir(E) is a continuous section of plp;,g). This completes the proof of the proposition.
O

Retraction of symbols. The following proposition is the key result of this section.

Proposition 20.3. The subspace P (E) is a strong deformation retract of £(E). Moreover, a
deformation retraction can be chosen to be U(E)-equivariant and to preserve E~ (o).

Proof. For any o € X(E) the automorphism Q = o(e;) 'o(e,) of E leaves the sub-
bundles E~ = E~(0) and ET = E*(0) invariant. Denote by Q~ (respectively Q™) the
restriction of Q to E~ (respectively ET). By the construction of E~ and E*, all eigen-
values of Q5 (respectively Qy) have negative (respectively positive) imaginary part
for every x € M.
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Denote by | the restriction of o(e;) to E7; it is a smooth bundle isomorphism from

E~ onto its orthogonal complement (E~)*.

Finally, with every o € £(E) we associate the quadruple
(20.1) 9(0) = (E-,ET, ], Q).

Denote by O(E) the set of all quadruples (E~,ET,], Q) such that E~, ET are transver-
sal smooth subbundles of E of half rank (that is, rank E~ = rank E" = ZrankE), J is a
smooth bundle isomorphism of E~ onto (E~)+, and Q™ is a smooth bundle automor-

phism of E~ such that all eigenvalues of Q) have negative imaginary part for every
x € M.

Equip O(E) with the topology induced by the inclusion
O(E) — C* (Gr(E))* x C* (End(E))*, (E,ET,J,Q )~ (E,ET,JPop+, Q Dogp+).
Lemma 20.4. The map (20.1) defines a homeomorphism between the spaces L(E) and ©(E).

Proof. Let us show first that ¥ is a bijection. Let (E~,E",],Q ™) € O(E). Then 0; =],
o, = JQ~ are smooth bundle isomorphisms from E~ onto (E~)*.

The Hermitian structure on E defines the non-degenerate pairings Ef x (E;)t — C
and (Ef)* x Ey — C for each x € M. Hence there exist (unique) smooth bundle
isomorphisms o, of from ET onto (ET)! such that <Gi+u,v> = <u, cri_v> for any
u € Ef, v e E, x € M. We define the endomorphism o; of E by the condition that

the restriction of o3 to E*, respectively E~ coincides with o7, respectively o} .

Every elements u,v € Ey canbe writtenasu =u"+u",v=v"+v- withu®, vt € EJ,
u, v € Ep. We get (oyu,v) = (o ut, v )+ (o;u",vh) = (ut,o;v )+ (u-,0fvh) =
(u, o7v). Thus o, and o, are self-adjoint.

Let (c4,c2) € R*\ {o}. Then c,0; +c,0, = 07 (c; +¢,Q7) is an isomorphism of E~
onto (E7)*. By definition of o7, ((c;07 + c,00)u,v) = (u, (c;0; +¢,0; )v) for any
u € Ef, v € E;. Therefore, c;0; + c,07 is an isomorphism of ET onto (E*)*. The
direct sum decompositions E- @ E* = E = (E7)+ @ (E")* imply that c;0; + c,0, is a
smooth bundle automorphism of E. Thus (04, 0,) determines the self-adjoint elliptic
symbol 0 € (E), o(ei) = 0j.

The automorphism Q = o0;'0, of E leaves E~ and E* invariant, and the restriction
of Q to E™ coincides with Q™. All eigenvalues of Q~ have negative imaginary part.
Ranks of E~ and E* coincide, so by Proposition 15.1 all eigenvalues of the restriction
of Q to ET have positive imaginary part.

By construction, 8(c) = (E7,ET,J,Q 7). The same construction shows that o is de-
termined uniquely by the quadruple (E—,E*,], Q7). Therefore 9 defines a bijection
between L(E) and O(E).

By Proposition 16.3, ¥ is continuous. The construction of the inverse map given above
shows that 97" is also continuous. This completes the proof of the lemma. [
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Continuation of the proof of Proposition 20.3. By this lemma, instead of a defor-
mation retraction of Z(E) we can construct a deformation retraction of @(E) onto the
subspace

OP(E) = 9(zP(E)) = {(E*, E+,7,Q7) € ©(E): EX = (E7), J e U(E-,EY), Q~ = —iId}.

For fixed E~, all three ingredients of the triple (E*,], Q™) can be deformed indepen-
dently of one another. We define a homotopy hs(E—,E",],Q7) = (E7, E{, s, Q5 ) by
the formulas

Jo= (sUr) ™2 41-5) ), Q7 =—isld+(1-5)Q",
and E be the graph of (1 — s)B, where B is the smooth homomorphism from (E~)+
to E~ with the graph E*.

Obviously, h, = Id, the image of h, is contained in ©P(E), and the restriction of hg to
©P(E) is the identity for all s € [0, 1]. Thus h defines a deformation retraction of Z(E)
onto XP(E). By construction, hs is U(E)-equivariant and preserves E~ (o) for every
s € [o,1]. This completes the proof of the Proposition. [J

Retraction of operators. Using results of Propositions 20.1—20.3, we are now able to
prove the following result.

Proposition 20.5. The natural embedding Dir(E) — EII(E) is a homotopy equivalence.
Moreover, there exists a deformation retraction H of Ell(E) onto a subspace of Dir(E) having
the following properties for all s € [0, 1] and A € Ell(E), with Ay = Hg(A):

(1) E7(As) =E~(A).

(2) The symbol of A depends only on s and the symbol o of A.

(3) The map Hg: op — oa, defined by (2) is U(E)-equivariant.

(4) If A € Dir(E), then op, = OA.

(5) If A,B € Im H, and the symbols of A and B coincide, then A = B.

We will need only properties (1-3) in Part V. Properties (4-5) will be used below in
Part VL.

Proof. Throughout the proof, we call a homotopy [o, 1] x Ell(E) — EII(E) “nice” if
it satisties conditions (1-3) of the proposition. Obviously, the set of nice homotopies
is closed under concatenation. We will construct a desired deformation retraction
H as the concatenation of three nice homotopies. Then we show that the resulting
homotopy satisfies conditions (4-5) as well.

Let r: £(E) — EII(E) be a section from Proposition 20.1 and rP: £P(E) — Dir(E)
be a section from Proposition 20.2. The linear fiberwise homotopy q between 1o p
and the identity map is a nice deformation retraction of EII(E) onto r(X(E)). The
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composition r o hg o p gives a nice deformation retraction of r(X(E)) onto r(ZP(E))
p (=P (E)) we will denote it by the same letter h. The linear fiberwise homotopy qP
between ° o p and the identity map is a nice deformation retraction of p~* (X DE)
onto P (ZP(E)) ¢ Dir(E).

Dir(E) +—— rP(ZP(E “1(ZP(E)) —— r(X(E)) —— EII(E)

\ l ) A

L 3(E)

1\_/
hy

Concatenating ¢, h, and qD, we obtain a nice deformation retraction H of Ell(E) onto
the subspace P (ZP(E)) of Dir(E):

qss(A) foro <s < 1/3,
HLA) = s A) for /3 < 8 < 273
92 ,hiqs(A) for2/3<s < 1.

If A € Dir(E), then 04 € ZP(E), so the symbol of A, is independent of s. If A € Im H,,
then A = rP(ox). This proves conditions (4-5) of the proposition.

It remains to check that the natural embedding Dir(E) < EII(E) is a homotopy equiv-
alence. For every A € Dir(E), the image H;(A) = A, also lies in Dir(E), but we need
to be careful because A is not necessarily odd for s € (o,1). By property (4) the
symbols of A; and A coincide. Thus the formula H,(A) = (1 —s)A + sH;(A) defines
a continuous map H’: [o, 1] x Dir(E) — Dir(E) such that H) = Id and H] = H,. It
follows that the restriction of H; to Dir(E) and the identity map Idp;,) are homo-
topic as maps from Dir(E) to Dir(E). On the other hand, the map H,: Ell(E) — EII(E)
is homotopic to Idgy ) via the homotopy H. It follows that H;: Ell(E) — Dir(E) is
homotopy inverse to the embedding Dir(E) — EII(E), that is, this embedding is a
homotopy equivalence. This completes the proof of the proposition. [

Proposition 20.6. The natural embedding Dir(E) < EII(E) is a homotopy equivalence.
Moreover, there exists a deformation retraction of EII(E) onto a subspace of Dir(E) preserving
both E=(A) and F(A,L).

Proof. Since the deformation retraction H constructed in Proposition 20.5 preserves
E~(A), one can define the deformation retraction H: [o,1] x EIl(E) — EIl(E) cover-
ing H and satisfying the conditions of the proposition by the formula Hs(A,T) =
(Hs(A),T) for (A, T) € Ell(E). O

Retraction of paths. Applying the deformation retraction from last two propositions
point-wise and slightly correcting it on the ends of a path, we obtain a deformation
retraction of the space of paths in Ell(E) and in EII(E).
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Proposition 20.7. Let g € U(E). Then the following two statements hold.

1. There exists a deformation retraction of Q4 EIl(E) onto a subspace of (g Dir(E) pre-
serving €~ (v, g) for every y € Qg4 EII(E).

2. There exists a deformation retraction of Qg4EIl(E) onto a subspace of Qg Dir(E) pre-
serving both £ (v, g) and F (v, g).

Proof. 1. Let po,ps: [0,1] = R be a partition of unity subordinated to the covering
[0,1] = UoUU,, Uy = [0,2/3), U; = (1/3,1], that is, suppp; C U; and po+p; = 1.
Let h: [0, 1] x ElI(E) — EIlI(E) be a deformation retraction of ElI(E) onto a subspace
of Dir(E) satisfying the conditions of Proposition 20.5. Then a desired deformation
retraction [0, 1] x Qg Ell(E) — Qg ElI(E) can be defined by the formula

(20.2) (s, A) = Ag = poA2 + prAL, where AY(t) = hy(A(t), AL(t) = ghs(g A1),

Indeed, by property (3) of Proposition 20.5 the operators A{(t) and Ai(t) have the
same symbols, so their convex combination A(t) lies in EII(E) for every t € [o, 1].
The symbols and the chiral decompositions of the odd Dirac operators A$(t) and
Aj(t) coincide, so their convex combination A,(t) lies in Dir(E). For s = o we get
A=Al = A, so Ao = (po + p1)A = A. For each s € [o, 1] we have

As(1) = Ag(1) = ghs(g " A(1)) = ghs(A(0)) = gAL(0) = gAs(0),

so As lies in Q4 ElI(E). Since E™(A) depends only on the symbol of A and is preserved
by hs, we get £7(As, g) = E7(A, g) for every s € [o, 1].

2. We define the deformation retraction H: [o, 1] x QgE_ll(E) — QgE_ll(E) by the
formula Hg(y)(t) = (As(t), T(t)) for v € QgE_ll(E), where A is the projection of
v to Qg EI(E), y(t) = (A(t), T(t)), and A is defined by the formula (20.2). Since
E(As, g) = E7(A, g), Hs(y) is correctly defined. [

Deformation retraction of special subspaces. Let Ell*(E), respectively Ell (E) be
the subspace of ElI(E) consisting of all (A,L) with positive definite T, respectively
negative definite T (see Proposition 15.3).

Proposition 20.8. For every g € U(E), there exists a deformation retraction of QgE_ll+(E)

onto a subspace of QgDir" (E) and a deformation retraction of Q4EIl~(E) onto a subspace of
Qg¢Dir™ (E).
Proof. Let H be a deformation retraction of QgE_ll(E) onto a subspace of Q4 Dir(E)

satisfying conditions of Proposition 20.7.

For vy € ggE_llJf(E) and ys = Hs(y) we have ?(ys)_: F(yv) = o, so by Proposition 17.2
Vs € QgEIT (E) for every s. In particular, v; € QgEI*(E) N Q4 Dir(E) = Q¢Dir* (E).

For y € QgEll"(E) and vs = Hs(y) we have F(ys) = F(y) = € (y) = € (vs), s0
by Proposition 17.2 vs € QgEll"(E) for every s. In particular, v; € QgEllI"(E) N
Qg4 Dir(E) = Q4Dir (E). O
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21 Vanishing of the spectral flow

Invertible Dirac operators. We have no means to detect the invertibility of an arbi-
trary element of Ell(E) by purely topological methods. However, there is a big class
of odd Dirac operators which are necessarily invertible.

Proposition 21.1. Let A € Dir(E), that is, A is an odd Dirac operator. Let T be a positive
definite automorphism of £5(A), and let L be the boundary condition for A defined by (15.2).
Then Ay has no zero eigenvalues. The same is true for negative definite T. In other words,
both Dirt (E) and Dir~(E) are subspaces of E11°(E).

This proposition explains why we distinguish odd Dirac operators. If T is definite,
but A is not odd, then A1 no longer has to be invertible.

Proof. Let A be defined by formula (18.1). Denote the symbol of AT by o*. Let
u = (u',u") be a section of the vector bundle E = EF(A) ® E~(A). If u € dom(A),
then the restriction of u to OM satisfies ic"(n)u™ = Tu~. Since A" and A~ are
formally conjugate one to another, Green’s formula gives

L)M (Twum)dl = LM (i (mju’,u™)dl = JM ((ATu™,u™) —(u™,A7u7)) ds,

where dl is the length element on 9M and ds is the volume element on M.

Suppose now that Aju = 0. Then ATut = A~u~ = o, so the last integral vanishes
and we obtain [,,, (Tu~,u™)dl = o. If T is positive definite or negative definite on
oM, then the last equality implies vanishing of u~ on dM. This together with the
boundary condition ioc"(n)ut = Tu~ implies vanishing of u™ on dM. By the weak
inner unique continuation property of Dirac operators [BW], we get u = o on whole
M. It follows that A; has no zero eigenvalues, which completes the proof of the
proposition. [

Vanishing of the spectral flow. Our next goal is to show that the spectral flow
satisfies the first condition of Theorem 19.3.

Proposition 21.2. Let y be an element of Q*Ellp, QuELL,, or QuE_llK,l. Then vy is connected
by a path with an element of QuEIL,, and hence sf(y) = o.

Proof. Suppose that vy € QgEII"(E) or Q4EIl"(E), g € U(E). By Proposition 20.8, v is
connected by a path with 1 an element v, of Qg4Dir"(E) or Q¢Dir™ (E) respectively. By
Proposition 21.1 v, € Q4EI°(E).

Suppose that y € Q*EII(E), that is, y(t) = (A,L). Since Ar is Fredholm, A; — A is
invertible for some A € R. The path ys(t) = (A —sA, L) connects y with the constant
loop v: € Q*EII°(E).

Since the spectral flow vanishes on paths in El°(E), sf(ys) = o. The homotopy in-
variance of the spectral flow implies sf(y) = o, which completes the proof of the
proposition. [
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22 The spectral flow formula

Now we are ready to compute the spectral flow.

Theorem 22.1. Let v: [0, 1] — El(E) be a continuous path such that y(1) = gy(o) for some
smooth unitary bundle automorphism g of E. Then sf(y) =¥(y, g).

The proof consists of a sequence of lemmas.

Lemma 22.2. There is an integer ¢ = cp depending only on M such that

(22.1) sf(y) =c-¥(y,9)
for every vy € Q4EII(E), g € U(E).

Proof. The spectral flow defines the homomorphism sf: QuEllm — Z, (v, g) — sf(y),
which is constant on path connected components of QyElly;. By Proposition 21.2, the
spectral flow vanishes on Q*Elly, QuElLY,, and QuE_llK,l. Thus ® =sfand A = Z
satisfy the first condition of Theorem 19.3. By Theorem 19.3 there is a ¢ € Z such that
(22.1) holds for every vy € QgE_ll(sz). Since every vector bundle over M is trivial,
this completes the proof of the lemma. [J

Lemma 22.3. The value of c does not depend on the choice of a metric on M.

Proof. Let h, h/ be two metrics on M. The Hilbert spaces L?(M, h; E) and L*(M, h/; E)
are isomorphic, with an isometry given by the formula uw — cu, where c is the
positive-valued function on M defined by the formula ¢ = \/ det(h’)/det(h). This
isometry induces the bijection between the spaces Ell(M, h; E) and ElI(M, h/;E) and
leaves invariant the spectral flow of paths. On the other hand, such an isometry leaves
invariant both the symbols of operators and local boundary conditions, so it leaves
invariant F(A,L). The conjugation by c also leaves invariant bundle automorphism
g. Therefore, the aforementioned bijection Ell(M, h; E) — Ell(M, h/; E) does not affect
F(v, g). This implies that the factor c in (22.1) is the same for metrics h and h'. Since
h and h' are arbitrary metrics, ¢ does not depend on the choice of a metric. [J

Lemma 22.4. If M is diffeomorphic to the annulus, then cp = Cann = 1.

This was proven by the author in [P1, Theorem 4] (cann is denoted by c, there). The
proof is based on the direct computation of the spectral flow for the Dirac operator on
M = S* x [o, 1] with varying connection and fixed boundary condition. We include
the proof to the thesis for complicity.

Proof. By Lemma 22.3, the value of cann does not depend on the geometry of an
annulus, so we can choose such a geometry that computation become as simple as
possible. Let us take the annulus M = {(r, ¢) : 1 < r < 2} in polar coordinates (r, @)
on the plane, with the metric ds*> = dr* + dg?. We compute the spectral flow for the
path of Dirac operators (D + Q¢) acting on sections of the trivial vector bundle over
M of rank 2, that is, on functions

+
uz(u),ui:M—HC.
u
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We take the Dirac operators D + Qt with the boundary condition given by formula
(15.2), with a fixed (independent of t) scalar automorphism T. Let

. 0 0r —10¢ (o it ) tratr=1
D__‘(awria(p 0 )’ Qt_(—it o)’ T_{—latrzz'

The ends of this path are conjugated by the scalar function g: M — U(1), g = e*®.

We obtain the following system for an eigenvector u and an eigenvalue A of (D + Q4, T):

(—i0r + 0y —it)u™ =Au~
(22.2) (—i0r — 0y +it)Ju” =Aut .
ut=iu"atr=1,2

All the eigenvectors of (D + Q¢, T) are smooth functions, so we can seek them in the
form

(22.3) ut(r, @) = Z uh(r)etke.
keZ

Substituting (22.3) to (22.2), we obtain the following system:

oy — (k—thul —iAu, =o
Oruy + (k—thug, —idu =o .
ul =iu atr=1,2

Equivalently,
Or (uf +iug ) = (k—t—A) (v —iuy)
O (uf —iuy ) = (k—t+A) (u] +1iuy)
ul —iu, =oatr=1,2
and 92 (u;” —iu ) = ((k—1)> —A?) (u] —iu, ). So we have the following cases:

o eitheru =u =o,
o ork—t+A=o0,u, =const u =iu,
o or (k—t)2—A?=—(nl)?, 1 € Z\{o}, ujf —iu; = const- (em” — e_m”)>.
Thus, the set
A ={(t,A): Ais an eigenvalue of (D + Q¢, T)} C R?

can be represented as the union A = A; UA,, where Ay = {(t,A): A—t € Z} (with
multiplicities 1 for all eigenvalues) and A, is a subset of {(t,A): [A| > mt}.

If Aj(t) are continuous functions from the interval [0, 1] to R such that A;(t) < Aj(t)
for i <jand AN{(t,A): 0 <t < 1}is the union of the graphs of functions A;(t), then
Aj(t) =j+t when —3 <j < 2 (up to a shift of the numeration). So

st (D + Qt, Tiepo,1] = 1
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On the other hand, by Lemma 22.2

(D+Qt1 telo,1] — Cann - W((D+Qt)/ 9)

Since T is positive on the inner boundary circle 9M; = {r = 1}, the restriction F; of
F = J((D + Qt), g) to this boundary circle vanishes. The restriction J, of J to the
outer boundary circle 9M, = {r = 2} is obtained from the trivial vector bundle of rank
1 over OM, x [0, 1] by gluing it with twisting by g. Therefore,

Y((D + Qu), Z c1(F7)[OM; x 8] = ¢;(F2)[0M, x S| = deg(glap,) = 1

Taking all this together, we obtain cann = 1. U

Lemma 22.5. For any smooth oriented connected surface M the values of cyp and cann coin-
cide.

Proof. There are different ways to reduce the computation of cp to the case of an
annulus. Here we describe one of them, namely the splitting of M into two pieces: the
smaller surface M’ diffeomorphic to M and the collar M"” of the boundary. Following
ideas of Kirk and Lesch from [KL], we take the Dirac operator which has the product
form near boundary and choose mutually orthogonal boundary conditions on the
sides of the cut. Then the spectral flow over M coincides with the sum of spectral
flows over M’ and M". Since M” is the disjoint union of annuli, this reasoning allows
to reduce the computation of ¢y to the computation for the annuli. Let us describe
this procedure in more detail.

Let U be a collar neighbourhood of oM in M; we identify U with the product
(—2¢,0] x OM. Let (y,z) be the coordinates on U, with y € oM, z € (—2¢,0], and
(02,9y) a positive oriented basis in TU. Equip M with a metric whose restriction to
u has the product form d1* = dy? + dz>.

Let D € Dir(E) be an odd Dirac operator acting on sections of E = E*(D) @ E~(D)
with ET(D) = E7(D) = 2pm. Adding a bundle automorphism to D if required, we can
ensure that the restriction of D to U has the product form Df; = —i(0,9; + 0,0y),

where 0; = (;} G(f), 0, =0:;Q,Q= (ci)fi)'

Let J be a vector bundle of rank 1 over 0M x S* such that ¢, (F)[0M x S*] # 0. Choose
the smooth embedding of J into the trivial vector bundle of rank 2 over oM x S*.
Restricting this embedding to 0M X {t}, we obtain the smooth loop (Ft)tes: of smooth
subbundles F; of 23p1. Define the smooth automorphisms T; of 250 by the formula
Ty = (—1)r, @ 1 L Let Ly C Ej be the corresponding boundary condition for D (that
is, Lt is obtained from T; as described in Proposition 15.3). Then J = J(y) for the
loop v € QEII(E) defined by the formula y(t) = (D, Lt). By Lemma 22.2,

sf(D,L{) = cm - ¢ (F)[OM x S*].

Let us cut M along N = {—¢} x OM C U. We obtain the disconnected surface
Mt = M/ TIIM”, where M” = [—¢,0] x OM is the disjoint union of annuli and
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M’ is diffeomorphic to M. Denote by E**t = E'ITE” the lifting of E on M, and by
Dt = D’II D” the lifting of D on M. By N’, N” denote the sides of the cut, so
that oM’ = N’ and oM” = N” II 9M.

The restriction of E“* to N’ II N” is isomorphic to the disjoint union of two copies of
Ely- Let us identify its sections with sections of the vector bundle 3 = (E @ E)|y. The
diagonal subbundle A = {u®u} of E; defines the so called transmission boundary
condition on the cut. The natural isometry L2(E) — L2(E") takes the operator Dy,
to the operator DZ‘ﬁLt. Therefore, DZ‘ﬁLt is a self-adjoint Fredholm regular operator
on [2(E), and

sf (D, L) = sf (D™, ATI Ly).

Extending the identification above to the identification of sections of ECUt’u’Hu" with
sections of E = (E® E)|,, where U' = (—2¢,—¢] x M, U” = [—¢,0) x OM, we can
write D in the collar of the cut as

D = —i(5,0; + 6,0y), where &, = (Z _(; ) , 02 = ((:) (?) /
1 2

and Z is the normal coordinate increasing in the direction of the cut (so Z = z on

U’ and z = —z—2¢ on U”). We also change the orientation on M’, so that (9z, 9y)
becomes a negative oriented basis. Then Q = —6;'6, = (—Q) @ Q and
(22.4) Er=E-gE"™, E-=Etor".

The restriction 67 of &, to ET has the form & = 0] @ (—0;) with respect to decom-
positions (22.4).

Proposition 15.3 associates with every self-adjoint automorphism T of E the subbun-
dle L(T) of E5 given by the formula i57 4" = Ta~. Each L(T) is a self-adjoint well
posed boundary condition for D on the cut, so L(T) II L; is a self-adjoint well posed
boundary condition for D,

The transmission boundary condition A corresponds to the unitary self-adjoint auto-

morphism
- . _ o 1 0 io,
Ta =07 (1 o) - (—i0+ 01>
1

of Ej = 4om. Over every point x € dM the trace of Tp is zero, so it has exactly
two positive and two negative eigenvalues. T can be identified with a map from
OM to the complex Grassmanian Gr(2,4). Since Gr(2,4) is simply connected, every
two maps from OM to Gr(2,4) are homotopic. Thus T, = T can be connected by a
smooth homotopy (Ts) with T; = (—1) @ 1 in the space of (unitary) self-adjoint bundle
automorphisms of Ej.

Denote by L the subbundle of Ej corresponding to Ts, and let L = L,. Then Ls I Ly
is a self-adjoint well posed global boundary condition for D, so DEuth is a regular
self-adjoint Fredholm operator on L2(E") for each s, t. By Lemma 13.4 from Part III,

the map
lo,1] x S* — Gr <H1/2(Ea) sy HI/Z(E6)> ~ Gr (HI/Z(E%ut)> )
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(s,t) — HY2(Lg) ® HY2(Ly), is continuous. By Proposition 13.2, this implies the
continuity of the map

o, 1] x 8" = RE(L2(E)), (s,t) s DR

Therefore, by the homotopy invariance property of the spectral flow we have
sf (D, ATI L) = sf (D, LII L).

The boundary condition L is given by the formula i67 04" = T,;ii". Coming back from
E; to EC‘“|N,HN,,, we obtain L’ ITL” in place of L, where L’ is the subbundle of Ecut‘N,
given by the formula i(—o7] )u’" = u’~ and L” is the subbundle of Ecut‘N,, given by
the formula io]u”t = u”~. Therefore, L1I L is a local boundary condition for D,
Applying Lemma 22.2 to the connected components of M, we obtain

sf (D [ I11,) = sf (D', L/) +sf (D", L" 11 L) = sf (D", LTI L) =
Cann - (01(?//)[]\] "% S' +cq(F)[OM x SI]) = Cann - ¢1(F)[OM x §7],
since 7" is zero vector bundle.

Combining all this together, we obtain
cm - e (F)OM x §'] = sf(D, L) = sf (D, L' IIL" 11 Lt) = cann - ¢4 (F)[OM x S™].

The value of ¢{(F)[0M x S*] does not vanish due to the choice of F. Therefore, cp =
Cann, Which completes the proof of the lemma and of Theorem 22.1. [J

23 Example: conjugation by a scalar function

In this section we illustrate Theorem 22.1 by a simple example. We consider a one-
parameter family (A¢) of operators such that A; is conjugate to A, by a scalar auto-
morphism g. We suppose that all A; have the same symbol, and we take the same
boundary condition for all A;. In this case, our spectral flow formula takes an espe-
cially simple form.

Let (A,L) € EII(E). Suppose that
gM—=U(1) ={zeC: |z] = 1}

is a smooth function (scalar gauge transformation). Then the conjugation by g pre-
serves the symbol of A. More precisely, the conjugation by g takes A to the operator
gAg! = A —g oaldg).

Let Q: [0,1] — End®(E) be a one-parameter family of smooth self-adjoint bundle
endomorphisms such that Q; = Qo — g 'oa(dg). Then Ay = A + Q¢ is a one-
parameter family of self-adjoint elliptic operators satisfying the conjugation condition
Al — ngg_I.

Let T be the bundle automorphism of E; defined by formula (15.4). Since T(x) is
nondegenerate at every x € 0M, the number of negative eigenvalues of T(x) (counting
multiplicities) does not depend on the choice of x € 9M;. Denote this number by ¢;.
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Theorem 23.1. Let (A, L) € EII(E) and let g: M — {z € C: |z| = 1} be a scalar gauge
transformation. Suppose that Q: [o, 1] — End®*(E) is a one-parameter family of smooth self-
adjoint bundle endomorphisms such that Q; = Qo — g 'oa(dg). Then the spectral flow of
the family (A 4 Qy, L) is given by the formula

A+ Qt, Z 8]9]/

where gj is the degree of the restriction of g to 0M; and ¢; is defined as described above.

Proof. Every local boundary condition is invariant with respect to a scalar bun-
dle automorphisms. Thus the one-parameter family of boundary value problems
v: [o,1] — EII(E) defined by the formula y(t) = (A 4 Qy, L) is an element of Q4EII(E).

Let us lift F(A,L) to oM x [o, 1] and identify (u, 1) with (gu, o) for every u € F(A,L).
The resulting vector bundle J over 0M x S* is isomorphic to JF(y,g). By Theorem
22.1,

sf(v) = c1(FPOM x ST = ) ¢y(F;)[0M; x S'].
j=1

The j-th summand in the right hand side is equal to the rank ¢; of F; multiplied by
the “twisting” number gj. It follows that sf (A +Q¢, L) =} _¢5g;. O

24 Universality of the spectral flow

The direct sum of two invertible operators is again invertible, so the disjoint union

EI}, = [ [ EL°(2km)
kelN

is a subsemigroup of Elly1. The disjoint union

_O.uE_HO = H QgE_HO(ZkM).
kelN, geU(2kp)

is a subsemigroup of QyElly.

Theorem 24.1. Let ®© be a semigroup homomorphism from Q@M to a commutative monoid
A, which is constant on path connected components of QuEllm. Then the following two
conditions are equivalent:

1. @ vanishes on QuE_ll?\A.
2. ® = Do sf for some (unique) monoid homomorphism ¥: Z — A, that is, @ has the

form @(y,g) = c - sf(y) for some invertible constant ¢ € A.
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In other words, the spectral flow defines an isomorphism of monoids
sf: T[o(QuE_HM)/ﬂo(QuE_HRA) — Z.

Proof. (2 = 1) follows immediately from properties (So-52) of the spectral flow; see
Section 7.

Let us prove (1 = 2). Suppose that ® satisfies condition (1) of the theorem. By
Proposition 21.2 @ vanishes on Q*Ellp, QuElLY,, and QuE_llK/l. Theorem 19.3 then
implies that ® = ¥ o ¥ for some (unique) monoid homomorphism ¥: Z — A. By
Theorem 22.1 ¥ is equal to the spectral flow. Taking this all together, we obtain
® =Y osf. Taking ¢ = (1), we obtain ®(vy, g) = c - sf(y), which completes the proof
of the theorem. [



Part VI

Family index

79






25 The analytical index

The analytical index of a map. Recall that we have the natural inclusion
L BI(E) = RZ (L2(E)), (A,L) = AL

and by Proposition 14.3 this inclusion is continuous.

Let y be a continuous map from a compact topological space X to Ell(E). We define
the analytical index of v to be the index of the composition of y with the inclusion
t: EII(E) — R (L?(E)) and will denote it by inda(y).

More generally, the index can be defined for a family of elliptic operators acting on a
tamily of bundles; we describe such a situation below.

Families of elliptic operators. For a smooth Hermitian vector bundle E over M, we
denote by U(E) the group of smooth unitary bundle automorphisms of E with the
C*-topology.

The continuous action of the topological group U(E) on E induces the continuous
embedding U(E) — U(L*(E)). The action of U(E) on ElI(E) given by the rule g(A, L) =
(gAg™*, gL) is continuous and compatible with the action of U(E) on R(L>*(E)).

Denote by Vectx the class of all Hermitian vector bundles over X and by Vecty; the
class of all smooth Hermitian vector bundles over M. Denote by Vectx y the class of
all locally trivial fiber bundles over X with fibers €, € Vecty; and the structure group
U(Ex). Note that in the case of disconnected X the fibers over different points of X
are not necessarily isomorphic.

Let & € Vectx M. We will denote by ElI(€) the locally trivial fiber bundle over X
with the fiber Ell(€) associated with . A section of Ell(€) is just a family of elliptic
operators acting on fibers of a family () of vector bundles over M parametrized by
points of X. We denote by T'EIl(€) the space of sections of Ell(€£) equipped with the
compact-open topology.

The analytical index of a family. A bundle € € Vectx \ defines the Hilbert bundle
H = H(&) over X, whose fiber over x € X is Hy = [*(Ey). Note that the fibers H, over
different points x are isomorphic as Hilbert spaces even if £, are not isomorphic as
vector bundles over M.

The natural embedding t: El(E) — RE(L*(E)) is U(E)-equivariant and thus defines
the bundle embedding Ell(€) — RE (H), which we still will denote by . For a section

v of ElI(€), ((y) is a section of R (H). The analytical index ind,(y) of v is defined as
the family index of i(y).

Invertible operators. Recall that Ell°(E) denotes the subspace of Ell(E) consisting
of all pairs (A,L) such that the unbounded operator A; has no zero eigenvalues
(since Ay is self-adjoint, this condition is equivalent to the invertibility of Ar). For
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& € Vecty v we denote by ElI°(€) the subbundle of Ell(€), whose fiber over x € X is
EII°(&y).

Property (lo) of Proposition 8.2 implies that the analytical index vanishes on sections
of Ell°(€); our proof of the index theorem will rely heavily upon this fact.

26 The topological index

The first main result of this part is the computation of the analytical index of a section
Y: x — (A, L) of EII(€) in terms of topological data of vy over the boundary. These
data are encoded in the family J = (Jy)xex of vector bundles over oM with Fy =
F(AX/ [—X) .

The correspondence between boundary conditions and automorphisms of E;. Re-
call that by Proposition 15.3 self-adjoint elliptic local boundary conditions L for A
are in a one-to-one correspondence with self-adjoint bundle automorphisms T of Ej.
This correspondence is given by the rule (15.4),

L =KerPr with Pt =P* (1+ic(n)"TP7),

where P* denotes the projection of E onto EJ along E5 and P~ = 1 —P*. It is shown
in Proposition 16.4 that the correspondence (A,L) — (A, T) is a homeomorphism.
This allows us to move freely from (A,L) to (A, T) and back; we will use it further
without special mention in constructions of homotopies.

In Section 15 we associated with a pair (A,L) € Ell(E) the subbundle F = F(A,L)
of E5, whose fibers F,, x € OM are spanned by the generalized eigenspaces of Ty
corresponding to negative eigenvalues. Being a subbundle of Ej, F(A,L) is also a
smooth subbundle of Ey. Moreover, the map F: Ell(E) — C*(Gr(Ey)) is continuous;
see Proposition 16.4.

Subbundles, restrictions, and forgetting smooth structure. For V € Vectx m we
denote by V5 € Vectx om the locally trivial bundle over X whose fiber over x € X is
the restriction of V, to 0M.

Let N be a smooth manifold (in our case it will be either M or 0M), and let V €
Vectx n. We say that W C 'V is a subbundle of V if W € Vectx n and Wy is a smooth
subbundle of V, for every x € X.

We will denote by (V) the vector bundle over X x N whose restriction to {x} x N is
the fiber V. with forgotten smooth structure.

We discuss the correspondence V — (V) in more detail in the appendix to Part VI; we
prove there a couple of technical results that are used in the main part of the thesis.

Definition of F(y). Lety be a section of ElI(€), & € Vectx m. By Propositions 16.3
and 16.4, E7(A4) and F(A, L) C E7(A4) continuously depend on x. Hence they
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define the subbundle £~ (vy) of & whose fiber over x is E7(Ay), and the subbundle
F =TF(y) of &, (v) whose fiber over x is F(Ay, Ly).

The homomorphism Ind;. The boundary 0M is a disjoint union of circles, so the
natural homomorphism
K°(X) ® K°(0M) & K*(X) ® K*'(0M) — K°(X x M)

is an isomorphism. Denote by x5 the projection of K°(X x 0M) on the second sum-
mand K*(X) ® K*(0M) of this direct sum. The orientation of M induces an orientation
of OM and thus defines the identification of K*(oM) = @;11 K*(0M;) with Z™, where
0M;, j = 1...m, are the boundary components. Denote by 6 the homomorphism
K'(0M) = Z™ — Z given by the formula (a,,...,anm) — Z)";I a;. Equivalently, 6 is
the connecting homomorphism of the exact sequence

KI(M) — K'(dM) —>— K°(M, M) = Z,

where i denotes the inclusion 0M < M and the identification of K°(M, 0M) with Z
is given by the orientation of M.

We define the topological index homomorphism
Ind;: K°(X x 0M) — K*(X)

to be the composition

(26.1) KO(X x OM) —225 K1(X) @ K*(OM) 1928 k1(X) @ Z = KY(X).

The topological index. We define the topological index of a section y of Ell(§) by
the formula

(26.2) ind¢(v) = Ind¢[F(v)],
where [F] denotes the class of (F) in K°(X x 0M).

27 Properties of the topological index

Properties of the homomorphism Ind;. Denote by G? the image of the homomor-
phism K°(X x M) — K°(X x 0M) induced by the embedding of X x 0M in X x M.

Denote by G the image of the natural homomorphism K°(X) ® K°(dM) — K°(X x
OM). Recall that this homomorphism takes the tensor product [W] ® [V] of the classes
of vector bundles W over X and V over 0M to the class of their external tensor product
WK V] € K°(X x oM).

Denote by G the subgroup of K°(X x 9M) spanned by G° and G¥.

83



Proposition 27.1. The homomorphism Indy is surjective with the kernel G. In other words,
the following sequence is exact:

0 — 3 G — KO(X x M) =24 K1(X) —— o,

Proof. The groups K*(M) and K*(0M) are free of torsion, so the first two rows of the
following commutative diagram are short exact sequences:

0 — Ko(X) @K (M) —— KO(Xx M) —*— K'(X) @K' (M) —— o
lld 1* l(ld x1)* Id ®i*

~

0 — KO(X) @ K°(AM) —— K°(X x OM) —2 K'(X) @ K*(dM) —— o

Id %
m e

Ki(X)®Z

i
S

Taking tensor product of the exact sequence
KH(M) 55 KH(OM) =25 KO(M, M) = Z — 0

by K*(X), we see that the right column of this diagram is also exact.

It follows from the diagram that Ind; vanishes on both G¥ and G°. Both «p and Id ®56
are surjective, so Ind; is also surjective. Finally,

KX x 0M)/G =Im (og) /Im (g o (Id x1)*) =
= (K'(X)®@ K*(daM)) / (K*(X) ® K*(M)) = K(X) ® Z,
and the quotient map is given by the composition (Id ®0) o ¢y = Ind;. This completes

the proof of the proposition. [

Special subspaces. The following two subspaces of Ell(E) will play a special role:
e ElI(E) consists of all (A, T) € ElI(E) with positive definite T.
e Ell (E) consists of all (A, T) € EII(E) with negative definite T.
Proposition 27.2. Let y be a section of EIl(€). Then the following statements hold:
e F(y) = oifand only if y is a section of EI* (€);
* F(y) =&, (v) if and only if v is a section ofE_ll_(S).
Proof. This follows immediately from the definition of J. [J

Denote by I+ EIl(€) the subspace of I'ElL(€) consisting of sections y that can be written
in the form

(27.1) vy=v'@®y" with vy’ e TEI" (&) and y” € TEIl"(&")

for some orthogonal decomposition € = &' & .
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Proposition 27.3. The class of F(y) in K°(X x 0M) lies in Gafor every y € T'* ElL(&).
Proof. For y defined by (27.1), F(v) = F(v") = €5 (v"), so [F(v)] € G%. O

Twisting. A bundle € € Vectx \ can be twisted by W € Vecty, giving rise to another
bundle from Vectx 1, which we denote by W ® €. If W is a subbundle of a trivial

vector bundle ky, then W & € is a subbundle of the direct sum of k copies of £, whose
fiber over x € X is W, ® &Ey.

A section vy of Ell(&) can be twisted by W, resulting in the section 1w ®y of E(W ®
€). This construction induces the map 1yw®: Ell(€) — EII(W ® €).

For W € Vectyx and E € Vecty; we denote by WK E the tensor product W ® &, where
& is the trivial bundle over X with the fiber E. For (A,L) € Ell(E) we denote by

1w X (A, L) the section 1y ® y of WX E, where y: X — ElI(E) is the constant map
x — (A, L).

Denote by M Ell(€) the subspace of I'Ell(€) consisting of sections y having the form

(27.2) Y= @ 1w, X (Aq, Li)

for some (A, L) € Ell(Ey), E; € Vectyi, and W; € Vectx with respect to some decom-
position of € into the orthogonal direct sum ; W; X E;.

Proposition 27.4. The class of F(y) in K°(X x M) lies in G* for every y € TP ElI(€).
Proof. For y defined by formula (27.2) we have [F(y)] = > ; Wi K F(A;, Li)] € G¥. O

Properties of the topological index. A continuous map f: X — Y induces the map
fi: I'Ell(&) — TEI(f*&) for every & € Vecty m. On the other hand, f induces the
homomorphism f*: K*(Y) — K*(X). We will use this functoriality to state property
(T3) in the following proposition.

Proposition 27.5. The topological index has the following properties for every €, €’ € Vectx wm:
(To) The topological index vanishes on T* Ell(€) and T™ El(&).
(T1) indi(y) = ind¢(y') if y and vy’ are homotopic sections of E1I(€).

(T2) indi(y @7v') = indi(y) +indi(y’) € K°(X) for every section y of EI(€) and vy’ of
El(&").

(T3) ind¢(f*y) = f*ind¢(y) € K*(Y) for any section y of El(€&) and any continuous map
f:Y—X

(T4) indi(1w ®v) = W] -ind¢(y) for every section y of El(€&) and every W € Vecty.
(Ts) Fora loop y: S* — EII(E),

(27.3) ind¢(y) = ¢:(F(y))[OM x §7]
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up to the natural identification K*(S*) = Z. Here c,(J) is the first Chern class of F,
[0M x S*] is the fundamental class of 9OM x ST, and OM is equipped with an orientation
in such a way that the pair (outward normal to OM, positive tangent vector to OM) has
a positive orientation.

Vanishing of ind; on ' Ell(€) is a corollary of (T3) and (T4); however, we prefer to
give this property separately in (To) for a reason which will be clear later.

Proof. (To). If y € TTEII(€), then [F(y)] € G? by Proposition 27.3. If y € I EII(€),
then [F(y)] € G¥ by Proposition 27.4. In both cases Proposition 27.1 implies ind;(y) =
0.

(T1). If v and v’ are homotopic sections of Ell(€), then F(y) and F(y') are homotopic
subbundles of £;. Thus the subbundles (F(y)) and (F(y')) of (€5) are homotopic, so
they are isomorphic as vector bundles and their classes in K°(X x 0M) coincide. This
implies ind(y) = ind¢(y').

(T2). Flyey) = F¥) @I, so [Fly eyl = [FH)+FH)] in K°(X x dM).
Applying the homomorphism Ind, we obtain the equality ind¢(y @ vy’) = ind¢(y) +
ind¢(y’) in K*(X).

(T3). F(f*y) = f*F(v), so [F(f*y)] = f*[F(v)] € K°(Y x OM). Since the homomorphism
Ind;: K°(X x 0M) — K*(X) is natural by X, we have ind(f*y) = f* ind¢(y).

(Tg). (Flrw®7v)) = W& (F(v)), so [Fiw ®@y)] = W] - [F(y)] € K°(X x OM). Both
xy: KO(X x oM) — K'(X) ® K*(0M) and Id ®6: K*(X) ® K*(oM) — K*(X) ® Z are
homomorphisms of K°(X)-modules, so their composition Ind;: K°(X x oM) — K*(X)
is also a homomorphism of K°(X)-modules. Combining all this together, we get
ind(1w ®7v) = [W] - indy(y).

(Ts). It is easy to check that, for X = S* and up to the natural identification K*(S*) =
Z, Ind¢[V] = c;(V)[0M x S'] for every vector bundle V over oM x S*. This implies
formula (27.3) and completes the proof of the proposition. [

28 Dirac operators

Recall that kyq denotes the trivial vector bundle over M of rank k with the standard
Hermitian structure. Denote by kx m € Vectx v the trivial bundle over X with the
fiber kp.

Odd Dirac operators. Recall that Dir(E) denotes the subspace of Ell(E) consisting of
all odd Dirac operators, that is, operators having the form

A= ( AO ¥ AO > with respect to the chiral decomposition E = E*(A) @ E~(A),

and Dir(E) denotes the subspace of El(E) consisting of all pairs (A,L) such that
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A € Dir(E). The following two subspaces of Dir(E) will play a special role:
Dir"(E) = Dir(E)NEIl"(E), Dir (E) = Dir(E) NEIl"(E).

We denote by Dir(€) the subbundle of ElI(€), whose fiber over x € X is Dir(€,).
Similarly, denote by Dirl‘l) and Dir~ (&) the subbundles of Dir(&), whose fibers over
x € X are Dir" (€y) and Dir (&), respectively.

Realization of bundles. We will need the following result in our proofs.

Proposition 28.1. Let V € Vectx m and let W be a subbundle of Vy. Then there is a section
Y of Dir(V & V) such that £~ (y) =V & o and F(y) = W. In particular, every vector bundle
over X x OM is isomorphic to (F(y)) for some y: X — Dir(2kp)), k € IN.

Proof. Let us choose smooth global sections e;, e, of TM such that (e;(y), ex(y))
is a positive oriented frame in TyM for every y € M. Choose a smooth unitary
connection V* on each fiber Vy in such a way that V* continuously depends on x
with respect to the C*-topology on the space of smooth connections on V. (Such a
connection can be constructed using a partition of unity subordinated to a finite open
covering of X trivializing V.) Then Dy = —iV{ + V¢ is the Dirac operator acting on
sections of Vy and depending continuously on x. Let D! be the operator formally
adjoint to D. Since the operation of taking formally adjoint operator is a continuous

transformation of Ell(E), DY is continuous by x. Thus the operator Ay = (DOX D(})

is an odd self-adjoint Dirac operator acting on sections of V, & Vy and depending
continuously on x.

Let Tx be the self-adjoint automorphism of E~(Ayx) = Va4 @ 0 equal to minus the
identity on Wy and to the identity on the orthogonal complement of Wy in Vy. Let Ly
be the subbundle of V, @& V corresponding to Ty by formula (15.2). Then (A4, Ly) €
Dir(Vy @ Vy) and F(A,, L) = Wy. The section y: x — (Ay, Ly) of Dir(V & V) satisfies
conditions £ (y) =V and J(y) = W, which proves the first claim of the proposition.

Suppose now that we are given an isomorphism class of a vector bundle over X x
0M. We can realize it as a subbundle of a trivial vector bundle kx.sm for some
k € IN. By Proposition 35.2 from the appendix, this subbundle is homotopic (and
thus isomorphic) to W = (W) for some subbundle W of kx am. Applying conclusion
above to V = kyx m and W, we obtain a section y of Dir(V @ V) such that W = F(y).
Since V@&V = 2kx wm is trivial, vy is just a map from X to Dir(2kp). This completes the
proof of the proposition. [

Image in K°(X x OM). Denote by I'* Dir(€) the subspace of ' Dir(€) consisting of
sections y that can be written in the form y = v’ @ y” with vy’ € TDir"(€’) and
v" € TDir~ (€”) for some orthogonal decomposition & = &' @ €.

Proposition 28.2. The subgroup G 9 of K°(X x OM) is generated by the classes [F(y)] with
v running over T+ Dir(2kx m) and k running over IN.

Proof. The subgroup G? is generated by the images j*[V] with V € Vectx,pm. By
Proposition 35.2, every such V is isomorphic to (V) for some subbundle V of kx m for
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some (sufficiently large) k. Let V' be the subbundle of kx ym whose fibers V;, are the
orthogonal complements of fibers Vy in kp;. By Proposition 28.1, there are sections
v €TDir(Ve V) and vy’ € TDir(V/ @ V') such that E(v) =V, F(y) =Vy, £ (v) =V,
and F(y') = o. By Proposition 27.2 y € TDir (V@ V) and vy’ € I'Dir" (V' @ V).
Identifying (V@& V) @ (V' & V') with (Ve V)& (Ve V') = 2kx m, we identify y &y’
with an element of I'* Dir(2kx pm). By construction, F(y @v’) = V3 @ o, so j*[V] =
[Vl = [F(y @ v')]. This completes the proof of the proposition. [J

Tensor product. Twisting respects Dirac operators and their grading, so its restric-
tion to Dir(€) defines the map 1w®: Dir(€) — Dir(W ® &).

Denote by '™ Dir(€) the subspace of T ElI(€) | consisting of sections y having the
form vy = @; 1w, X (A4, Li) for some (Ay, Li) € Dir(E;), E; € Vectyy, and W; € Vectx
with respect to some decomposition of € into the orthogonal direct sum ; W; X E;.

Proposition 28.3. The subgroup G™ of K°(X x dM) is generated by the classes [F(y)] with
v running over T™ Dir(2kx pm) and k running over IN.

Proof. The subgroup G¥ is generated by the classes of external tensor products
WX V] with W € Vectx and V € Vect]};. Choose an embedding of W in a trivial
vector bundle nyx over X, and let W’ be the orthogonal complement of W in ny.
By Proposition 28.1 applied to a one-point base space, we can realize V as F(A, L)
for some (A,L) € Dir(2kym), k € N. Choose arbitrary (A’,L’) € Dirt(2ky). Then
v = 1w X (A, L) is a section of Dir(W K 2kpy) and v/ = 1y K (A’,L’) is a section of
Dir" (W' X 2ky). Identifying W X 2ky @ W' K 2k with (W @ W) K 2kp = 2nky m,
we obtain the section y ®y’ € ™ Dir(2nkyx m) with (F(y@y')) = WK V)@ (W' K
o) = WIXI'V. This completes the proof of the proposition. [

Surjectivity of the topological index.
Proposition 28.4. For every u € K*(X) there are k € N and v: X — Dir(2kp) such that
w = ind(y).

Proof. By Proposition 27.1 the homomorphism Ind;: K°(X x 9M) — K*(X) is surjec-
tive, so 1 = Ind; A for some A € K°(X x OM). We can realize A as [V] — [nx«om] for
some vector bundle V over X x 0M and n € IN. By Proposition 28.1 V is isomorphic to
(F(y)) for some y: X — Dir(2kp). The trivial vector bundle ny,gm is the restriction
of nxxm to X x OM, so [nxxoml € G ¢ KerInd. Combining all this, we obtain

ind¢(vy) = Ind¢[V] = Ind;[V] — Indi[nxcom] = Indi A = .
This completes the proof of the proposition. [

29 Universality of the topological index. I

Homotopies that fix operators. In this section we will deal with those deforma-
tions of sections of Ell(€) that fix an operator family (Ay) and change only boundary
conditions (Ly).
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Let us fix an odd Dirac operator D € Dir(2p). Denote by &7, respectively &7, the
constant map from X to (D,Id) € Dir"(2y), respectively (D,—1d) € Dir (2p). We
denote by k&7, respectively k&, the direct sum of k copies of 5, respectively 5.

Proposition 29.1. Let y: x — (Ax, Ly) and y': x — (A, L) be sections of ENl(€) differing
only by boundary conditions. Then the following statements hold.

1. If (F(y)) and (F(y')) are homotopic subbundles of <Sa_(y)>, then y and y' are homo-
topic sections of El(&).

2. If (F(y)) and (F(y')) are isomorphic as vector bundles, then the sections y & kd*+ and

v' @ kd" of Ell(E @ 2kx m) are homotopic for some k € IN.

3. If [F(y)] = [F(v")] € KO(X x OM), then the sections y & 16~ ¢ kd" and v’ & 16~ &
kdt of EIl(E @ 2lx m D 2kx, m) are homotopic for some 1,k € IN.

Proof. Recall that &5 (y) depends only on operators, so £ (y) = &5 (v'); denote it by
€5 . Denote F = J(y) and 7' = F(y').

1. Let A: x — A be the corresponding section of Ell(€). Denote by £(A) C I'EL(€)
the space of all lifts of A to sections of Ell(€). Denote by L“(A) the subspace of
L(A) consisting of sections (A, Tx) such that the self-adjoint automorphisms Ty is
unitary for every x € X. The subspace L"(A) is a strong deformation retract of £(A),
with the retraction given by the formula h(Ay, Tx) = (A, (1 — s+ s|Tx[7")Tx). Since hg
preserves JF, it is sufficient to prove the first claim of the proposition for y,y’ € L*(A).

Suppose that (F) and (F’) are homotopic subbundles of (¢5). Then F and F’ are
homotopic subbundles of &, by Proposition 35.3 from the appendix. An element
v € LY(A) is uniquely defined by the subbundle F(y) of &, (y). Hence a homotopy
between F and J' defines the path in L%(A) C T'Ell(€) connecting y with '

2. If (F) and (F’) are isomorphic as vector bundles, then they are homotopic as
subbundles of (€3 ) @ kxxom for k large enough. Thus the sections y @ ké" and
v' @ kéF of Ell(€ & 2kx m) satisfy conditions of the first claim of the proposition and
therefore are homotopic.

3. The equality [F] = [F'] implies that the vector bundles (F) and (JF’) are stably
isomorphic, that is, (F) @ lxxom = (F(y D 167)) and (F') & Ixxom = (F(y' ®107)) are
isomorphic for some integer 1. It remains to apply the second part of the proposition
to the sections y @ 16~ and v/ @ 16~ of EII(€ @ 2lx m). O

The case of different operators. For a sectiony: x — (Ay, Tx) of Ell(€) we denote by
v the section of Ell*(€) given by the rule x — (A4, Id).

Proposition 29.2. Let y; be a section ofE_ll(Si), €1,E5 € Vectx m, 1 = 1,2. Suppose that
[F(v1)] = [F(y2)] € KO(X x OM). Then the sections y, &y & 16~ @ kd" and vi & v, ®
16~ @ kdt of Ell(E; @ &, D 2lx m D 2kx, M) are homotopic for 1, k large enough.

Proof. The sections vy, = v; @y} and v, = v} @ v, of Ell(€, @ &,) differ only by
boundary conditions and thus fall within the framework of Proposition 29.1. By
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Proposition 27.2 F(y/) = F(yi). It remains to apply the third part of Proposition 29.1
toy; and y,. O

Commutativity. The direct sum of operators is a non-commutative operation. How-
ever, it is commutative up to homotopy, as the following proposition shows.

Proposition 29.3. Let f: X — Ell(2knm), g: X — Ell(2lp) be continuous maps. Then f & g
and g & f are homotopic as maps from X to Ell((2k + 21)m).

Proof. Let J; be the unitary automorphism of C2**2! given by the formula u@v
vau for u € C*, v € C?. Let us choose a path J: [0,1] — U(C?*2!) connecting
Jo = Id with J;. Denote by J the unitary bundle automorphism of (2k + 21)p induced
by Js. Then the map h: [o,1] x X — Ell((2k + 21)p) defined by the formula hs(x) =
Js(f(x) @ g(x)) gives a desired homotopy between f @ g and g @ f. [

Universality of the topological index. Now we are ready to state our first univer-
sality result.

Theorem 29.4. Let y; be a section ofE_ll(Ei), &1,E5 € Vectx v, 1 = 1, 2. Then the following
two conditions are equivalent:

1. indi(y;) = ind¢(y2).

2. There are k,1 € N and sections B € I'* Dir(2kx m), BY € ™ Dir(2lxm) such that

(29.1) Y1 ©Y: ©BY BB and y{ ®v, DBy @B
are homotopic sections of El(&, @& @ 2kx m B 2lx m).

Proof. (2 = 1) follows immediately from properties (To-T2) of the topological index.

Let us prove (1 = 2). Suppose that ind¢(y;) = ind¢(y,). Then Ind¢(A; —A,) = o for
Ai = [F(vi)] € K°(X x 0M). Proposition 27.1 implies that A; — A, = A +A® for some
A% € G% and A® € G®.

By Proposition 28.2 A% = [F(B2)] — [F(B?)] for some B2, B2 € I'* Dir(2nxm) (one can
equate the ranks of corresponding trivial bundles by adding several copies of 6" if
needed). Similarly, by Proposition 28.3 A¥ = [F(B%)] — [F(B¥)] for some B, X <
r Dir(2lx m) (one can equate the ranks of corresponding trivial bundles by increas-
ing the ranks of ambient trivial bundles for V and W in construction of p¥ if needed;
see the proof of Proposition 28.3). Combining all this, we obtain

F(rieplepl)| =7 (.0l el

Adding sections of Ellf(& @ 2lx m @ 2nx m) to the sections on both sides of this
equality, we obtain

F(nevie@lep) e BYapd) )| = (7 (viev.o (BT p) o (BT 0 B)].
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The third part of Proposition 29.1 implies that

vievieBPepd) e BRapd)tass atst

and
yiov.o(BPep) o BYopd) @ss ots"

are homotopic for some integers s, t. Using Proposition 29.3 to rearrange terms,
taking k = 2n+ 1+ s +t, and defining B;" € I'* Dir(2kx m) by the formula

Br=ple(PPep) T ®ss @ts" for {i,j}={1,2},
we obtain the second condition of the theorem. [

Universality for families. Our next goal is to describe invariants of families of el-
liptic operators satisfying the same properties as the topological index. Let ®(y) be
such an invariant. We start with the first three properties (To-T2) of the topological
index:

(E*) @ vanishes on ' El1(€).
(E¥) @ vanishes on M™ EI1(€).
(E1) ®(y) = ®(y') if y and y’ are homotopic sections of ElI(€).

(E2) ®(y®vy') = O(y) + ®(y’) for every section y of Ell(€) and vy’ of EIl(€’).

Let V be a subclass of Vectx y satisfying the following condition:

(29.2) V is closed under direct sums
and contains the trivial bundle 2kx pm for every k € IN.

In particular, V can coincide with the whole Vectx .

Theorem 29.5. Let X be a compact space and A be a commutative monoid. Suppose that we
associate an element ®(y) € A with every section 'y of EN(E) for every € € V. Then the
following two conditions are equivalent:

1. O satisfies properties (E*, EX, E1, E2) for all €,&' € V;

2. @ has the form @ (y) = d(ind¢(y)) for some (unique) monoid homomorphism 9: K*(X) —
A

Proof. (2 = 1) follows immediately from properties (To-T2) of the topological index.

Let us prove (1 = 2). We show first that
(29.3) indi(y:) = indi(y2) implies ®(y;) = ®(v2)
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for all y; € TEI(&;), &, €&, € V. Indeed, if ind¢(y:) = indi(y.), then by Theorem
29.4 the sections (29.1) are homotopic for some k,1 € IN, Bii ert Dir(2kx m), and
RX € '™ Dir(2lx m). Properties (E1) and (E2) then imply

D(y,) + @(yI) + @(BF) + D(PY) = D(v,) + (v + D(BE) + O(BY).

(E*) implies d)(yj) = (D([Sii) = o, while (E¥) implies (D(B?) = 0. Thus we obtain
®(v,) = ®(y,), which proves (29.3).

Next we define the homomorphism 9: K*(X) — A. Let p be an arbitrary element
of K1(X). By Proposition 28.4 there exist k € IN and a section B of Dir(2kx pm) such
that p = ind¢(p). In order to satisfy condition (2) of the theorem we have to put
d(u) = @(P). The correctness of this definition follows from (29.3).

Let now y be an arbitrary section of Ell(&) and p = ind¢(y). By definition above
d(u) = @(B) for some P such that pw = ind¢(3). Then ind¢(y) = n = ind¢(B), so (29.3)
implies ®(y) = ®(B) = ¥(un) = ¥(ind¢(y)). This completes the proof of the theorem.
[

In the case V = Vectx \, the property (EF) in the statement of the last Theorem 19.3an
be replaced by the property (T*) from the Introduction, namely vanishing of ® on
sections of ElI* (&) and EIl(&). Indeed, a section from I'* ElI(€) is a sum of sections
of ElI*(£’) and EII~(£”) for some &’ and €”, so (T*) together with (E2) implies (E*).
Similarly, (E¥) can be replaced by the property (T¥) from the Introduction, namely
vanishing of ® on sections having the form 1y, X (A, L). Therefore, for V = Vectx u
Theorem 29.5 takes the following form, which we give in the Introduction.

Theorem 29.6. Let X be a compact space and A be a commutative monoid. Suppose that we
associate an element @ (y) € A with every section -y of Ell(€) for every € € Vectx m. Then
the following two conditions are equivalent:

1. @ satisfies properties (T, T¥) and (I1, I2).

2. @ has the form @ (y) = d(ind¢(y)) for some (unique) monoid homomorphism 9: K*(X) —
A.

30 Natural transformations of K*

Let € be one of the following categories: the category of compact Hausdorff spaces
and continuous maps, the category of finite CW-complexes and continuous maps,
or the category of smooth closed manifolds and smooth maps. We consider K* as a
functor from € to the category of Abelian groups.

The purpose of this section is the proof of the following proposition, which we use
in the next section to prove the second collection of results about universality of the
family index.
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Proposition 30.1. Let O be a natural self-transformation of the functor X — K*(X) respecting
the K°(-)-module structure (that is, ¥(Ap) = A¥(n) for every object X of C and every A €
K°(X), u € K*(X)). Then 9 is multiplication by some integer c, that is, Ox () = cu for every
object X of C and every p € K*(X). In particular, if Os: is the identity, then Dx is the identity
for every X.

Proof. K'(U(1)) is an infinite cyclic group, so dy;(,) is multiplication by some integer;
denote this integer by c.

Let X be an object of € and p € K*(X). There is n € N and a continuous map f: X —
U(n) such that p = f*3, where 3 denotes the element of K*(U(n)) corresponding to
the canonical representation U(n) — Aut(C"). Since 9 is natural, dxu = f*(dym)B).
Therefore, it is sufficient to show that 9y, = c3.

Let T = U(1)™ be the maximal torus in U(n) consisting of diagonal matrices and
V = U(n)/T be the flag manifold. Let m: V x T — U(n) be the natural projection
given by the formula 7t(gT,u) = gug™

Denote by L, ..., L, the canonical linear bundles over V, and let l; = [L;] € K°(V).
Let «; be the element of K*(T) corresponding to the projection of T = U(1)" on the
i-th factor. We denote the liftings of L;, i, and «; to V x T by the same letters. The
lifting of B can be written in these notations as " = Y ' | L.

The element «; is lifted from U(1) and dy(,) is multiplication by c, hence dv (o) =
cay. Since dy 7 is a K°(V x T)-module homomorphism we have

T (Dyum)B) = v (" B) Z{)VXT L) = Zl Dvxr(e) Zl e =70 (cB),

that is, 77 (9B — cB) = 0. To complete the proof of the proposition, it is sufficient
to show the injectivity of the homomorphism 7*: K*(U(n)) — K*(V x T), which we
perform in the following lemma.

Lemma 30.2. The homomorphism m*: K*(U(n)) — K*(V x T) is injective.

Proof. The k-th exterior power U(n) — Aut(A¥C™) of the canonical representation
U(n) — Aut(C") defines the element of K*(U(n)); denote this element by py. The
ring K*(U(n)) is the exterior algebra over Z generated by f,,...,3n [At, Theorem
2.7.17]. Therefore, for every non-zero p € K*(U(n)) there is p’ € K*(U(n)) such that
w-pn’ =cub, where b = ;... fn and c, is a non-zero integer. Thus the injectivity of
7" is equivalent to the condition that ¢ - b # o in K*(V x T) for every integer c # o.

By the Kiinneth formula [At, Theorem 2.7.15], K*(T) is the exterior algebra over Z
generated by the elements «,...,x, € K'(T). Applying the Kiinneth formula one
more time, we obtain K*(V x T) = K*(V) ® K*(T). The group K*(T) is free Abelian
and K*(V) is torsion-free, so K*(V) ® K*(T) is also torsion-free. Hence we should only
prove that b # o. Let us compute 7*b.

(30.1)
n n
=) | o ][ul=2_eu D> JJu=D_«l [/\kflEi},
Ic{y,..n} \iel  jeI i— IC{1,..,m\(i} j€l i=1
=k T=k—1
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where we denoted E; = @#i L. Since [L; © E;] = n, we have [/\kEJ + 1L [/\k_IEJ =
[A¥(Li @ Ei)] = (}), where (}) are the binomial coefficients. Induction by k gives
[/\kE } = qk(li), where the polynomials qx € Z[x] are defined by the formula qy(x) =
Y (=1 ( ")) Substituting this to (30.1), we get 7T Bk = 3 ", ailiqk—(1i). Taking

the product of these identities for k running from 1 to n and using the identity
[ ]l = 1, we obtain

(30.2) b = HT[Bk— [ PPN ) I S

where Q € Z[xy,...,xn] is the determinant of the matrix (qx_;(xi))ix=1.n. Since
(—1)*qy(x) is a unital polynomial of degree k, the polynomial Qis equal up to sign
to the Vandermonde determinant d,, (x4, ..., xn) = det(x H1>)

It will be more convenient for us to use ux = lx — 1 as the generators of K°(V)
instead of ly. The ring homomorphism Z[x,,...,xn] — K°(V) sending x; to u; is
surjective; its kernel is the ideal J, generated by the elementary symmetric polyno-
mials oy (X4,...,xn), k = 1...,n [At, Proposition 2.7.13]. Obviously, dn(ly,...,ln) =
Hi>j(1i - lj) = Hi>j(ui _Uj) =dn(uy, ..., un).

Let us show that

n—i

(30.3) dn(x4,...,%xn) =n! Hx}iﬂ mod Jy,.
k=1

Indeed, d,(x4,%2) =X, —X; = 2Xx, mod J,. Let n > 2 and suppose that

n—2

(30.4) dn1(X1, ..., Xn1) = (n—1)! H x{iﬂ mod Jn—;.
k=1

Since oy (X1, ..., Xn—1) + XnOk—1(X1, ..., Xn—1) = Ok(Xy,...,Xn) = 0 mod J,, induction

by k implies oy (X4, ..., Xn—1) = (— )kxk mod J, for all k. Hence

n—

(30.5) H (xn—%) = Y (—1)*0k(X1, -, Xn )X T F =Xt mod Jn.
1<<n—1

[=

~
I

0]

The inverse image of the ideal J,,—; under the projection
Z[XII e ;Xn] — Z[XI/ e /XTL]/(XTI) - Z[XI/ e /anl]

is the ideal generated by x, and J,. Taking into account induction assumption (30.4),
we obtain

(30.6) H (xi —%;) = (n—1)! 1:[ x}z_l + xnf mod |
k=2

1<isn—1
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for some f € Zlx,,...,xn]. Multiplying (30.6) by (30.5), we get

n
(30.7) H (xi —%;) = n! H xt_l +nf-xy mod Jn.
k=2

1g<isn

Since x4,...,xn are roots of the polynomial x™ — o x" ' +... 4+ (—1)"0p, their n-th
powers xi* lie in J,, so nf - x;} = 0 mod J,,, and (30.3) follows from (30.7). Therefore,
(30.4) implies (30.3), so (30.3) holds for all n > 2.

The quotient Z[x,, ..., xnl/Jn is a free Abelian group with the generators [ [_; xL‘jr o

o < jx < k [Kar, Theorem 3.28]. The right-hand side of (30.3) coincides with one
of these generators up to the factor n!, so it does not vanish in Z[x,,...,xnl/Jn.
Equivalently, dn.(uy,...,uy) does not vanish in K°(V). Taking into account that
oy - ... &n # 0 in K*(T), we finally obtain

n—i1
(30.8) b = (—1)M1/2 I_Iubrl SO0y 0oin KF(V x T).
k=1

This completes the proof of the lemma and of the proposition. [

31 Universality of the topological index. II

Universality for families: functoriality and twisting. Our next goal is to describe
families ® = (@x) of K*(X)-valued invariants satisfying two more properties in addi-
tion to (E*, E¥, E1, E2):

(E3) Oy(fzy) = f*@x(y) € K*(Y) for every section y of Ell(€) and every continuous
map f: Y — X.

(E4) Ox(1w ®@7Y) = [W] - Ox(y) for every section y of Ell(€) and every W € Vectx.

Theorem 31.1. Suppose that we associate an element ®x(y) € K*(X) with every section y
of Ell(E) for every compact topological space X and every € € Vectx m. Then the following
two conditions are equivalent:

1. The family ® = (D) satisfies properties (E*, EX, E1-E4) for all £,&' € Vectx w;
2. There is an integer c such that © has the form ®x = c - inds.

Remark 31.2. As well as in Theorem 29.6, the property (E¥) in the statement of this
Theorem 19.3an be replaced by (T*) and (E¥) can be replaced by (T%).

Proof. (2 = 1) follows immediately from properties (To-T4) of the topological index.

Let us prove (1 = 2). By Theorem 29.5, for every compact space X there is a homo-
morphism

(31.1) Ox: K'(X) = K*(X) such that ®x(y) = 9x(ind¢(y))
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for every € € Vecty um and every section y of Ell(€). Moreover, such a homomorphism
Ux is unique.

Let f: Y — X be a continuous map and p € K*(X). By property (T5) of the topological

index p = ind¢(y) for some y € TEI(€), € € Vectx m. By (T3) ind¢(fiy) = f* indi(y)
and by (E3) @y (f;y) = f*®x(y). Substituting this to (31.1), we obtain

Oy (f ) = Iy (" inde(y)) = Dy (inde(fey)) = Dy(fpy) = fOx(y) = fOxind(y) = fOx(n).

Thus the family (dx) defines a natural transformation 9 of the functor X — K*(X) to
itself.

Similarly, (T4) and (E4) imply that ¥ respects the K°(-)-module structure on K*(-), that
is, Ox(Ap) = Ax(u) for every compact space X and every A € K°(X), p € K*(X).

We show in Proposition 30.1 of Part III that the only natural transformations satisfying
this property are multiplications by an integer. Hence, there is an integer ¢ such that
Ox (1) = cp for every X and every p € K*(X). Substituting this identity to (31.1), we
obtain the second condition of the theorem. [J

The semigroup of elliptic operators. The disjoint union

E_HM = H E_H(ZkM)
kelN

has the natural structure of a (non-commutative) graded topological semigroup, with
the grading by k and the semigroup operation given by the direct sum of operators
and boundary conditions. We denote by Ellx y the trivial bundle over X with the
fiber Ellpq and by

MEllx, m = C(X, Ellym)

the topological semigroup of its sections, with the compact-open topology.
We will use the following two special subsemigroups of I'Elly am:

Fi E_HX,M = H FiE_ll(sz,M) and Fg E_Hle = H IM E_H(ZkX,M).
kelN kelN

The subsemigroup of FE_HX_, m spanned by I'* Ellx y and ™ Elly p will play a special
role; we denote it by '™ Ellx .

The homotopy classes. The set ﬂO(FE_llx, M) = [X, Ellp] of homotopy classes of maps
from X to Elly; has the induced semigroup structure.

Proposition 31.3. The semigroup (X, Elly] is commutative for any topological space X.

Proof. Let f,g: X — Elly; be continuous maps. For every k,1 € IN the inverse images
f~1(Ell(2kp)) and g~ *(Ell(2lp)) are open and closed in X, so their intersection Xy
is also open and closed. By Proposition 29.3 the restrictions of f® g and g & f to
X1 are homotopic as maps from Xy | to Ell((2k 4 21)pm) (the proof of Proposition 29.3
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does not use compactness of X and works as well for arbitrary topological space).
Since X is the disjoint union of Xy 1, this implies that f ® g and g ® f are homotopic as
maps from X to Elly;. Therefore, the classes of f @ g and g @ f in [X, Elly] coincide, so
[X, Ellyy] is commutative. This completes the proof of the proposition. [J

The topological index as a homomorphism. A continuous map y: X — Elly; defines
the partition of X by subsets X}, where Xy consists of points X such that y(x) has the
grading k. Since the grading is continuous, all Xy are open-and-closed subsets of
X. Since X is compact, all but a finite number of Xy are empty, so this partition is
finite. The restriction of y to Xy takes values in Ell(2kp1), so Y can be identified with
a section of E_H(SY), where €, € Vecty 1 is the bundle whose restriction to Xy is the
trivial bundle over Xy with the fiber 2ky;. Thus the topological index of vy is well
defined.

Since the topological index is additive with respect to direct sums, it defines the
monoid homomorphism indi: C(X, Elly) — K*(X). Since the topological index is
homotopy invariant, this homomorphism factors through the projection C(X, Elly1) —
[X; Elly].

rilX

The inclusion E_llxl M = FE_IIX/ m induces the homomorphism

7o (T Ellx m) — 7(TEllx m) = [X; Ellp];

we denote its image by [X; Elly ).

Since the topological index vanishes on r+ E_llxl m and M E_llxl M, it factors through the
quotient [X; Ellp] /1X; E_HM]ix. In other words, there exists a monoid homomorphism

ke: [X; Ellv] /DG Bl *™ — K*(X)
such that the following diagram is commutative:
C(X;Elly) —— DGElp] — [X; Ellp]/[X; Ellpy |
(31.2)
indt J/Kt
K*(X)

Theorem 31.4. Let X be a compact topological space. Then [X, Elly] / [X; Elly1*® is an
Abelian group isomorphic to K*(X), with an isomorphism given by Kq.
Note that, for any given k, the restriction of k; to a given rank,

[X, ELl(2kx, m)]/ 06 Ell (2kx, M)IF2 — K2 (X),

in general is neither injective nor surjective, so we need to take the direct sum for all
the ranks to obtain universality.

Proof. Denote the commutative monoid [X, Elly]/[X; Ellp]*™ by A and the composi-
tion of horizontal arrows on diagram (31.2) by @, so that ind; = k¢ o ®. By definition,
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@ is additive, homotopy invariant, surjective, and vanishes on both I'* Ellx ; and
M Elly m.

Suppose first that X is connected. Then [X,E_IIM] = ]_[k[X,E_ll(sz)], so ® and A
satisfy the first condition of Theorem 29.5 with V = {2kx m}. Thus @ = ¥ o ind; for
some monoid homomorphism 9: K*(X) — A. By Proposition 27.5 the topological
index is surjective. Thus k; and ¥ are mutually inverse and «; is an isomorphism.
This completes the proof of the theorem in the case of connected X.

In the general case we need to extend the set {2kx, m} o Of trivial bundles. Let V be
the set of all bundles &, with y € TEllx m. An element € of V is defined by a partition
of X by open-and-closed subsets Xy, k € IN, such that all but a finite number of Xy
are empty. For such a partition, € is defined as the disjoint union of trivial bundles
2kx,, M- A continuous map from X to E_llx, M is nothing else than a section of a bundle
Ell(€) with € € V. Obviously, V is closed under direct sums and contains all trivial
bundles 2kx m. Hence the triple (V, @, A) satisfies the first condition of Theorem 29.5,
and therefore ® = ¥ o ind; for some monoid homomorphism 9: K*(X) — A. Taking
into account that both @ and ind; are surjective, we see that k; and ¥ are mutually
inverse and thus «; is an isomorphism. This completes the proof of the theorem. [

32 Deformation retraction

Proposition 32.1. The natural embedding Dir(€) — EI(E) is a bundle homotopy equiv-
alence for every €& € Vectx m. Moreover, there exists a fiberwise deformation retraction h
of Ell(E) onto a subbundle of Dir(E) having the following properties for every s € [o,1],
A € Ell(&y), and As = hg(A):

(1) E=(As) = E(A).

(2) The symbol of A depends only on s and the symbol o of A.
(3) The map hl: oa — oA, defined by (2) is U(Ex)-equivariant.
(4) If A € Dir(Ey), then op, = OA.

In the case of one-point space X this result was proven in Section 20. We will use
Proposition 20.5 to construct such a deformation retraction for an arbitrary compact
space X.

Proof. Let (X') be a finite open covering of X such that the restrictions of £ to X' are
trivial. Choose trivializations f': €|y; — E' x X For x € X!, denote by fi € U(&,, EY)
the isomorphism of the fibers given by f'. The homeomorphism Ell(€y) — ElI(EY)
induced by fi we will also denote by fL.

Choose a partition of unity (pi), pi €C (X}, C*1(M)), subordinated to the covering
(X'). Let h': [o, 1]' x EllI(E'Y) — ElI(E') be a deformation retraction of Ell(E') onto a
subspace of Dir(E') satisfying conditions of Proposition 20.5.
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For x € Xi. and A € Ell(€,), we define an element Al of Ell(&y) by the formula
fi (AL) =hi (f{(A)). From Proposition 20.5 we obtain the following:

(a) Al = A and Al € Dir(&,) for every i.

(b) The symbol of Al depends only on s and the symbol o of A and is independent
of i; denote it by o5.

(c) The map o — o5 defined by (b) is U(E«)-equivariant.
(d) B (05) =E (o).
(e) If A € Dir(€y), then o5 = o for all s € [o, 1].

(f) If If A, B € Ell(&y) and the symbols of Al and B! coincide, then Al = B!.

We claim that the bundle map h: [o, 1] x Ell(€) — ElI(€) defined by the formula

(32.1) hs(A) = Z pi(x)Ais for A € Ell(Ey)

is a desired deformation retraction. The rest of the proof is devoted to the verification
of this claim.

First note that (a) implies h, = Id. A convex combination of self-adjoint elliptic oper-
ators with the symbol oy is again a self-adjoint elliptic operator with the symbol o,
so (b) implies 0o, = 05 and A € Ell(Ey). (c) implies condition (3) of the proposition,
(e) implies (4), and (d) implies (1).

The chiral decomposition of an odd Dirac operator Al is defined by its symbol o,
and hence is independent of 1, so (a) and (b) imply Imh, C Dir(€).

Suppose that A € Imh;, that is, A = B, for some B € Ell(y). Then A € Dir(&y), and
(e) implies 05, = 04 = 0p,. Hence the symbols of Ai1 and Bi1 coincide, and (f) implies
Al = Bl. Substituting this to (32.1), we obtain A; = By, that is, h;(A) = A. Thus the
restriction of h; on its image is the identity.

It remains to prove the homotopy equivalence part. Let A € Dir(€y). Then A; =
h,(A) also lies in Dir(&y), but A is not necessarily odd for s € (o, 1), so we should
change a homotopy a little. Since the symbols of A; and A coincide, the formula
h{(A) = (1 —s)A + sA; defines a continuous bundle map h': [o, 1] x Dir(€) — Dir(€)
such that h] = Id and h] = h,. It follows that the restriction of h; to Dir(€) and the
identity map Idp;,(¢) are homotopic as bundle maps from Dir(€) to Dir(€). On the
other hand, the map h,: Ell(&) — ElI(€) is homotopic to Idgy(¢) via the homotopy hs.
It follows that h,: Ell(€) — Dir(€) is homotopy inverse to the embedding Dir(&) —
Ell(€), that is, this embedding is a bundle homotopy equivalence. This completes the
proof of the proposition. [

Proposition 32.2. For every & € Vectx m the natural embeddings T’ Dir(€) — T EII(E)
and T Dir(&) < T'EIL(&) are homotopy equivalences. Moreover,
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1. There exists a deformation retraction of I' Ell(E) onto a subspace of T' Dir(€) preserving
e (v).

2. There exists a deformation retraction of I'EL(&) ontoa subspace of T Dir(€) preserving
both £~ (vy) and F(y).

Proof. 1. The fiberwise deformation retraction h from Proposition 32.1 induces the
deformation retraction H on the space of sections satisfying conditions of the propo-
sition.

2. Denote by p the natural projection I'Ell(€) — T ElI(€), which forgets boundary
conditions. We define the deformation retraction H: [o, 1] x "'Ell(€) — I"EIL(€) by the
formula H;(y)(x) = (Hs(py)(x), T(x)) for y: x — (A(x), T(x)). Since €~ (Hs(py)) =
E7(v), Hs(y) is well defined. By definition of H, the subbundles F(H;(y)) and F(vy)
of &5 (v) coincide for every s € [o,1] and y € T'EL(E).

3. The fiberwise homotopy h’ from Proposition 32.1 induces the homotopy between
the restriction of H; to I' Dir(€) and the identity map of I' Dir(&), as well as the homo-
topy between the restriction of H; to I Dir(€) and the identity map of T Dir(&). The
same arguments as in the proof of Proposition 32.1 show that H,: I" EIl(£) — T" Dir(&)
is homotopy inverse to the embedding T Dir(€) < T Ell(€) and Hy: renE) —
I' Dir(€) is homotopy inverse to the embedding I' Dir(€) — I'EL(€). This completes
the proof of the proposition. [J

Retraction of special subspaces. The following proposition is one of the key ingre-
dients in the proof of the index theorem.

Proposition 32.3. There exists a deformation retraction of IEI* (&) onto a subspace of
I'Dir" (&) and a deformation retraction of T Ell™ (&) onto a subspace of T Dir~(&).

Proof. Let H be a deformation retraction of IEl(€) onto a subspace of T Dir(€)
satisfying conditions of Proposition 32.2. For y € IEl*(€) and ys = H(y) we have
F(ys) = F(y) = o, so by Proposition 27.2 vy € IEIlT (&) for all s. In particular,
v, € TEI(&)NT Dir(&) = I'Dirt(&). For y € TEl"(€) and y; = H,(y) we have
Flys) = Fly) = € (yv) = € (vs), so by Proposition 27.2 ys € I'Ell(&) for all s. In

particular, v, € TEI" () NT Dir(€) = I'Dir (€). This completes the proof of the
proposition. []

33 Index theorem

Vanishing of the analytical index. Recall that by Proposition 21.1, A1 has no zero
eigenvalues if (A, L) is an element of Dir" (E) or Dir~(E). In other words, both Dir™ (E)
and Dir~(E) are subspaces of EI°(E). Taking into account Proposition 32.3, we are
now able to describe, in purely topological terms, a big class of sections of ElI(€)
which are homotopic to families of invertible operators.

Proposition 33.1. Let y be an element of T* EIL(€) or TX EII(E). Then vy is homotopic to a
section of ElI°(&), and hence ind,(y) = o.
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Proof. 1. If y € T*EII(E), then y = v’ @ y" with vy’ € TEI*(&’) and y” € TEII~(£")
for some orthogonal decomposition € = £’ @ £”. By Proposition 32.3, v’ is homotopic
to some v, € I'Dir™(€’) and y” is homotopic to some v/ € I'Dir~(€"). By Proposition
21.1, v} and y! are sections of ElI°(€’) and ElI°(€") respectively. It follows that vy is
homotopic to v, @y, which is a section of EII°(€).

2. Suppose that y = 1y X (A, L) for some (A, L) € ElI(E) and W € Vectx. Since A; is
Fredholm, A; — A is invertible for some A € R, thatis, (A — A, L) € EII°(E). The path
h: [o,1] — M ElI(W K E) given by the formula hy = 1w K (A — s\, L) connects y with
1w X (A=A L) € ElI° (WK E).

In the general case, for y = @ 1w, M (A, L) € M'¥El(E), we take such a homo-
topy as described above for every direct summand 1y, X (A, L;) independently.
The direct sum of these homotopies gives a required homotopy of vy to a section
h.(y) € T¥EI°(E).

3. It follows from the homotopy invariance of the analytical index and its vanishing

on sections of EII°(&) that ind,(y) = 0. O

Index theorem. Now we are able to prove our index theorem.

Theorem 33.2. Let X be a compact space and € € Vectx v. Then the analytical index is
equal to the topological index for every section y of E11(€):

(33-1) ind, (v) = indy(y).
In particular, this equality holds for every continuous map y: X — EI(E), E € Vect$s.

Proof. By Proposition 8.2 ® = ind, satisfies conditions (Eo-E4). By Proposition
33.1 @ satisfies conditions (E*, E¥). By Theorem 31.1 there is an integer c such that
ind,(y) = c-ind¢(y) for every section y of Ell(&), every & € Vectx y, and every
compact space X. The factor ¢ = cp1 does not depend on X, but can depend on M.

For X = S* the analytical index of y coincides with the spectral flow sf(y) by Proposi-
tion 8.2, while the topological index of y coincides with c;(F(y))[0M x S*] by Propo-
sition 27.5. Hence it is sufficient to compute the quotient

sf(y)
c:(F(v))[OM x 5]

CM =

for some loop y: S* — Dir(2kp) such that the denominator of this quotient does not
vanish.

It remains to apply Theorem 22.1 to obtain cpy = 1 for any surface M. In fact, we do
not even need Theorem 22.1 for this, it is enough to use Lemmas 22.4 and 22.5.

Therefore, ind,(y) = ind¢(y), which completes the proof of the theorem. [
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34 Universality of the analytical index

Recall that we denoted by El°(E) the subspace of El(E) consisting of all pairs (A, L)
such that the unbounded operator A1 has no zero eigenvalues, and by Ell°(€) the
subbundle of Ell(€) whose fiber over x € X is EII°(&,). Sections of ElI°(€) correspond
to families of invertible self-adjoint elliptic boundary problems.

Theorem 34.1. Let X be a compact space, and let y; be a section of El(&), & € Vectx m,
i=1,2. Then the following two conditions are equivalent:

1. ind,(v:) = inda(v2).

2. There are k € IN, sections 39 of E_llo(sz,M), and sections y{ of El°(&;) such that
Y1 B Y2D B2 and v) & v, B BY are homotopic sections ofE_11(81 ® E, B 2kx m)-

Proof. (2 = 1) follows immediately from properties (Io-I2) of the family index.

Let us prove (1 = 2). By Theorem 33.2 the equality ind,(y;) = inda(y.) implies
ind¢(y,) = ind(y,). By Theorem 29.4 there are Bi € I'* Dir(2nxu) and B¥ €
' Dir(2lxm), 1 = 1,2, such that the direct sums v, @y @ pf @ ¥ and yv{ @ v, @
BE & BY are homotopic. By Proposition 33.1v;" is homotopic to a section v¢ of EII°(&;)
and Bii D [3{E is homotopic to a section 3 of E_llo(sz,M), k = n + 1. This completes
the proof of the theorem. [

Universality for families. In Sections 29 and 31 we considered invariants satisfying
properties (E*, E¥) and (E1-E4). Now we replace the topological properties (E*, E¥)
by the following analytical property:

(Eo) @ vanishes on sections of EII°(€&).

Theorem 34.2. Let X be a compact topological space and A be a commutative monoid. Let
V be a subclass of Vectx w satisfying condition (29.2). Suppose that we associate an element
®(y) € A with every section y of EII(€) for every & € V. Then the following two conditions
are equivalent:

1. O satisfies properties (Eo—E2).

2. @ has the form @ (y) = d(inda(y)) for some (unique) monoid homomorphism 9: K*(X) —
A.

Proof. (2 = 1) follows from properties (Io-12) of the family index. (1 = 2) follows
from Theorem 29.4, Proposition 33.1, and Theorem 33.2. [

Theorem 34.3. Suppose that we associate an element ®x(y) € K*(X) with every sectiony of
Ell(E) for every compact space X and every € € Vectx v Then the following two conditions
are equivalent:

1. The family @ = (®x) satisfies properties (Eo—E4).

2. @ has the form ®x(y) = c -inda(y) for some integer c.
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Proof. (2 = 1) follows from properties (Io-I4) of the family index. (1 = 2) follows
from Theorem 31.1, Proposition 33.1, and Theorem 33.2. O

Universality for maps. Theorem 34.1 applied to trivial bundles &, and &, takes the
following form.

Theorem 34.4. Let X be a compact space and y: X — Ell(2km), v': X — E_ll(zk,’vl) be
continuous maps. Then the following two conditions are equivalent:

1. inda(y) = inda(y').

2. There aren € N and maps 3: X — E_llo(z(n_— K)m), B": X — Ell°(2(n—k/)m) such
that the maps y ® B and y' @ B’ from X to Ell(2n) are homotopic.

Theorem 34.2 applied to the set V = {2kx m} of trivial bundles takes the following
form.

Theorem 34.5. Let X be a compact space and A be a commutative monoid. Suppose that we
associate an element ®(y) € A with every map y: X — Ell(2kn) for every integer k. Then
the following two conditions are equivalent:

1. @ is homotopy invariant, additive with respect to direct sums, and vanishes on maps to
Ell°(2kpm).

2. @ has the form ®(y) = 9(inda(y)) for some (unique) monoid homomorphism 9: K*(X) —
A.

The analytical index as a homomorphism. Denote by EII}, the disjoint union of
subspaces Ell°(2kpm) C Ell(2kpy) for all k € IN; it is a subsemigroup of Ellyi. The

inclusion E_llg/l C Ellyy induces the homomorphism [X, E_H?\A] — [X, Ellp]; we denote
by [X, E_HM]O its image.

Since the analytical index is additive with respect to direct sums, it defines the monoid
homomorphism ind,: C(X, Ellp) — K*(X). Since the analytical index is homotopy
invariant, this homomorphism factors through the homomorphism C(X,Elly) —
[X;Ellp). Since the analytical index vanishes on maps to EII},, it factors through

(X, Elly] / [X, Elly]°. In other words, there exists a monoid homomorphism
Ka: [X, Ellpm]/[X, Ellpm]° — K*(X)

such that the following diagram is commutative:

(34.1) k} lKa
K* (X)

Theorem 34.6. Let X be a compact space. Then [X,Ellp]/[X, Ellpm]© is an Abelian group
isomorphic to K*(X), and the homomorphism kq on diagram (34.1) is an isomorphism.
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Proof. Denote the commutative monoid (X, Ellp]/[X, Ellp]© by A and the composition
of horizontal arrows on diagram (34.1) by ®. The homomorphism ® factor through
[X, Ellyy] and vanishes on maps to EII°(2kaq). By Theorem 34.5 ® = 9 o ind, for some
(unique) monoid homomorphism ¥: K*(X) — A. By definition, @ is surjective. By
Theorem 33.2 ind, = ind;; by Proposition 27.5(T5) ind; is surjective. Thus kK, and ¥ are
mutually inverse monoid homomorphisms, so kg is an isomorphism. This completes
the proof of the theorem. [

35 Appendix. Smoothing

This appendix discusses forgetting the smooth structure, that is, the correspondence
V — (V) for V € Vectx z. The appendix is devoted to the proof of two technical
results that are used in the main part of the thesis. Proposition 35.2 states that every
vector bundle over X x Z is isomorphic to (V) for some V € Vecty z. Proposition 35.3
states that two subbundles V, and V; of € are homotopic if the corresponding vector
subbundles (V,) and (V) of (£) are homotopic.

Smoothing of maps. Let Z and Z’ be compact smooth manifolds and r be a non-
negative integer. We denote by C™*°(Z, Z’) the space C*(Z, Z’) of smooth maps from
Z to Z' equipped with the topology induced by the natural inclusion C*(Z,Z') —
C'(z,Z2").

Proposition 35.1. Let X be a compact space and Z, Z' be compact smooth manifolds. Then
for every non-negative integer v the following statements hold:

1. The space C"**°(Z,Z') is locally contractible.

2. Thespace C(Xx Z,Z") = C(X,C(Z, Z")) is locally contractible and contains C(X, C*(Z,Z"))
as a dense subset. In particular, every f € C(X,C(Z,Z2")) is homotopic to some
Fe C(X,C>®(Z,2").

3. If continuous maps fo, f1: X — C"*°(Z, Z') are homotopic as maps from X to C(Z,Z"),
then they are homotopic as maps from X to C*°(Z, Z'). Moreover, H" (fo, f1) is a dense
subset of HO(f,, f1), where H" (f,, f1) denotes the subspace of C([o, 1] x X, C"*°(Z,Z’))
consisting of maps f such that fly,, x = fi fori =o,1.

Proof. Let us choose a smooth embedding of Z’ in R™ for some n; let p: N — Z' be
its normal bundle. Denote by N; the e-neighborhood of the zero section in N.

Let € > o be small enough, so that the restriction of the geodesic map q: N — R" to
N is an embedding. This embedding allows to identify N, with the e-neighborhood
of Z" in R™. We denote the restriction of p to N again by p; we will use only this
small part of the normal bundle from now on. The map p takes a point u € N; to the
(unique) closest point on Z'.

2a. Let f be an arbitrary element of C(X x Z,Z'). For every s € [o,1] and every two
points u,v € Z’ such that |[u—v|gn < ¢, the point w = su+ (1 —s)v lies in N,
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lw—pWw)|| =d(w,Z') <|w—v|, and
[pw) —uf =llpw) —wH+w—ul| < [v—w[+[w—ul| = [lv-ul <¢,
so p(w) lies in the e-neighborhood of u. Thus the formula

(35.1) hi(g) =po(sf+(1—s)g)

defines the contracting homotopy of the e-neighborhood

U, = {9 € C(XxZ,2'"): |lg—fllexxxzrn) < 5}

of fin C(X x Z,Z"). It follows that C(X x Z, Z') is locally contractible.

1. If f € C(X,C"*°(Z,Z’")), then formula (35.1) defines the contracting homotopy of
C(X,C"®(Z,Z")) NUg ¢ to f. In the particular case of a one-point space X this implies
the first claim of the proposition.

2b. For every y € X choose gy € C*°(Z,R") such that [|gy — f(y)[lc(z gn) < €& Then

is an open neighborhood of y. Since X is compact, the open covering (Xy)yex of X
contains a finite sub-covering (Xy)yer. Choose a partition of unity (py)yer subordi-
nated to this finite covering. We define the map g’: X — C*(Z,R") by the formula
g'(x) = 2_ye1 Py(x)gy. Obviously, g’ is continuous. By (35.2), ||g’(x)(z) — f(x)(z)]| < ¢
for every x € X, z € Z, so the image of g’ lies in C*°(Z, N, ). The composition g =pog’
is a continuous map from X to C*(Z, Z’). Moreover, g and f are homotopic as con-
tinuous maps from X x Z to Z’, with a homotopy given by the formula (35.1). This
proves the density of C(X,C*®(Z,Z')) in C(X,C(Z,Z’)) and completes the proof of the
second claim of the proposition.

3. Let f: [o,1] x X — C(Z,Z') be a homotopy between f,, f; € C(X,C"*(Z,Z")).
By the second claim of the proposition, C([o, 1] x X, C*(Z,Z’)) is dense in C([o, 1] x
X,C(Z,Z")). Thus there is a continuous map F: [o,1] x X — C"*(Z, Z’) such that
IF—fllc(oxxxz,rn) < & The last inequality implies [[Fi —fillc(xxz rn) < € for

i = 0,1, where F; = Fly;,x. Applying again the second claim of the proposition,
we obtain a homotopy hV: [0,1] x X — C"*°(Z,Z’) between F; and f; such that
) hg) —f; CXxZ R < ¢ for all s € [0,1]. Concatenating hl®), F, and h(") and suit-
ably reparametr’rizing the result, we obtain the path in C(X,C"*(Z,Z’)) connecting

fo with f; and lying in the e-neighborhood of f. This proves the third claim of the
proposition. [

Smoothing of subbundles. Let us recall some designations from the main part of
Part VI. Let X be a topological space and Z be a smooth manifold. We denoted
by Vectx z the class of all locally trivial fiber bundles € over X, whose fiber &y is a
smooth Hermitian vector bundle over Z for every x € X and the structure group is
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the group U(&y) of smooth unitary bundle automorphisms of €, equipped with the
C*-topology. We say that W C V is a subbundle of V € Vecty 7 if W € Vectx 7z and
Wy is a smooth subbundle of V, for every x € X. For V € Vectx 7 we denoted by
(V) the vector bundle over X x Z whose restriction to {x} x Z is the fiber V, with the
forgotten smooth structure. Similarly, for a subbundle W of V we denote by (W) the
corresponding vector subbundle of (V).

Proposition 35.2. Let X be a compact space, Z be a compact smooth manifold, and V be a
subbundle of a trivial vector bundle Kxxz. Then V is homotopic to (V) for some subbundle
V of kx,z. In particular, every vector bundle over X x Z is isomorphic to (V) for some
V € Vecty z.

Proof. Let f: X x Z — Gr(C¥) be the continuous map corresponding to the embedding
V — kxxz. By Proposition 35.1(2), f considered as a map from X to C(Z, Gr(CK)) is
homotopic to a continuous map F: X — CV*°(Z, Gr(CK)). Such a map F defines a fiber
bundle V over X, whose fiber V is a smooth subbundle of k7 given by the smooth
map F(x): Z — Gr(C*). A homotopy between F and f induces the homotopy between
the vector subbundles (V) and V of kxz.

Let x, be an arbitrary point of X and F, = F(x,). By Proposition 35.1(1), there is a
contractible neighbourhood U’ of F, in C¥*°(Z, Gr(C*)). Let h be a corresponding
contracting homotopy. Then the restriction of F to U = F7*(U’) C X is homotopic,
as a map from U to C¥*®(Z,Gr(C¥)), to the constant map U > x ~— F,, with the
homotopy Hg(x) = hg(F(x)). It follows that the restriction of V to U is a trivial bundle.
Thus V € Vectx z and V is a subbundle of kx z, which completes the proof of the
proposition. [

Proposition 35.3. Let X and Z be as in Proposition 35.2. Let & € Vectx z and V,, V, be
subbundles of €. Suppose that (V,) and (V) are homotopic as subbundles of (€). Then 'V,
and V, are homotopic subbundles of €.

Proof. Consider first the case of a trivial € = kx z. Then V; can be identified with a
continuous map F;: X — C"*®(Z,Gr(C¥)), i = 1, 2. Since (V,) and (V,) are homotopic
as subbundles of (£), F, and F; are homotopic as maps from X to C(Z, Gr(C)). By
Proposition 35.1(3), they are homotopic as maps from X to C"*°(Z, Gr(CX)). It follows
that V, and V, are homotopic subbundles of €.

Let now € be an arbitrary element of Vecty 7.

Denote by T'€ the vector space of continuous maps X 3 x +— ['">*&,, where &y
denotes the space of smooth sections of £, with the C*-topology. It is finitely gener-
ated as an A-module, where A = C(X,C"*(Z,C)). Indeed, let (X;) be a finite open
covering of X such that the restriction &; of € to X; is a trivial bundle with a fiber E;.
Let (p;) be a partition of unity subordinated to this finite covering, and let (vi;) be a

finite generating set for '°E;. Then uy; = p;vi; form a finite generating set for TE.

Let (ui)lf:I be a finite generating set for the A-module Te. For every x € X, the
set (ui(x)) of smooth sections of £y generates '°E, as a C*(Z,C)-module and thus
defines the smooth surjective bundle morphism 7, : kz — €4 continuously depending

106



on x. Then the kernel Xy of 7, continuously depends on x and is locally trivial. Thus
the family (K ) of smooth vector subbundles of k; defines the subbundle K of kx 7.
Denote by K the continuous map from X to C"*°(Z, Gr(C")) corresponding to X.
Obviously, subbundles of £ are in one-to-one correspondence with subbundles of
kx,z containing X.

Let V,, V, be subbundles of €. Denote by W,, W, the corresponding subbundles of
kx z and by F,, F; the corresponding maps from X to C¥*®(Z,Gr(C¥)). If (V,) and
(V;) are homotopic as subbundles of (£), then there is a homotopy h: [0,1] X X —
C(Z,Gr(C¥)) between F, and F; such that hg(x)(z) D K(x)(z) for every s € [o,1],
xe€ X,and z € Z.

Equip Gr(CK) with a smooth Riemannian metric. For L € Gr(C*) denote by Gr; (CK)
the submanifold of Gr(C¥) consisting of subspaces of C* containing L. Denote by
pr: Ni — Gri(C*) the normal bundle of Gr;(C*) in Gr(C*), and by N, the e-
neighborhood of the zero section in Nj. Let ¢ > o be small enough, so that for
every L € Gr(Ck) the geodesic map qr: N — Gr(CK) is an embedding. Similarly to
the proof of Proposition 35.1, we identify Ny . with the e-neighborhood of Gr (CK) in
Gr(CX). The map p1 smoothly depends on L with respect to this identification.

By Proposition 35.1(3), there is a homotopy H: [0, 1] x X — C¥*(Z, Gr(C¥)) between
F, and F; such that the distance between H¢(x)(z) and hg(x)(z) is less then ¢ for all
s, x, and z. Then the continuous map F: [o,1] x X — C"*(Z, Gr(CK)) defined by
the formula Fs(x)(z) = py(x)(z)(Hs(x)(z)) is a homotopy between F, and F; such that
Fs(x)(z) D K(x)(z) for every s, x, and z. Thus F defines the homotopy (Ws) between
W, and W, such that X is a subbundle of W; for every s € o, 1]. Factoring by X, we
obtain the homotopy (Vs) between V, and V; as subbundles of £, which completes
the proof of the proposition. [
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Appendix A
Dirac operators on planar domains
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In this appendix we apply Theorem 23.1 to Dirac operators on a planar domain. Our
aim is to provide the reader with the simplest and most basic examples. In addition,
these examples may be useful for condensed matter physics; one of the possible
applications is to the Aharonov-Bohm effect for a single-layer graphene sheet with
holes.

In these examples, we consider a one-parameter family (D¢) of Dirac operators on
a planar domain. We suppose that all the operators D have the same symbol and
that D, and D, are conjugated by a scalar gauge transformation. We consider all the
operators D¢ with the same boundary condition.

In the last section of the appendix, we compute the spectral flow for 4-dimensional
Dirac operators in terms of the “general boundary conditions for the Dirac equation”
formulated by Akhmerov and Beenakker in [AB].

All these examples are taken from the author’s earlier paper [P1]. However, in [P1]
the spectral flow was computed explicitly only for the case of an annulus. The spectral
flow formula for a disk with more than one hole was obtained there only up to a
multiplicative integer constant. In Part V of the thesis we compute this constant
explicitly for the general case, which allows us to give an exact value of the spectral
flow for all the examples considered in the appendix.

36 Dirac operators: the simplest case

Let M be a compact planar domain bounded by m smooth curves (topologically it is
a disk with m — 1 holes).

Let ID be the Dirac operator on M,

. 0 0, — 10,
(36.1) D= 1(61+iaz o )

where 0; denotes the partial derivative 9/ 9x' and x = (x!,x?) are coordinates on
M C R?. D acts on spinor-valued functions, which we identify with column vectors
of two complex-valued functions:

J’_
u
u:< _),ui:M%C.
u
A Dirac operator with non-zero vector potential has the form

D =D+ Q, where Q = (Z 2)

and q is a smooth function from M to C.

Let g: M — U(1) ={z € C: [z| = 1} be a scalar gauge transformation. The conjugation
by g takes the Dirac operator D, = ID + Q, to the Dirac operator D; = gD,g™" =
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D + Q. Let

0 T
(36.2) Di=D+Qt, Q= ( qt) ,

gt O
be a one-parameter family of Dirac operators connecting D, with D,. In other words,
q: is a smooth function from M to C continuously depending on t € [o, 1] and satis-
tying the conjugation condition

q: —qo =19 " (0,9 +1029).

A self-adjoint elliptic local boundary condition for D has the form
(36.3) im; +in,)u™ = Tu™ on M,

where T: 9M — R\ {0} is a smooth function defining the boundary condition and
n = (n4,n,) is the outward normal to the boundary oM at point x.

Remark 36.1. A local boundary condition for Dy is elliptic if and only if it can be
written in the form (36.3) with T: oM — C\ {o}. Such a boundary condition is self-
adjoint if and only if the function T is real-valued.

Remark 36.2. D =D + Q is the Dirac operator on the trivial 2-dimensional complex
vector bundle over M with the compatible unitary connection defined by the function
q: M — C. So the change of q; with t is equivalent to a change of the connection.

The boundary condition (36.3) is gauge invariant with respect to conjugation by g,
while D, and D, are conjugated by g. So the operators D, D, with the same bound-
ary condition (36.3) are isospectral, and the spectral flow of the family D determines
a shift of the spectrum of Dy when t runs from o to 1.

Proposition 36.3. The spectral flow of the family (D), t € [o, 1], with boundary condition
(36.3) is given by the formula

m
Sf (Dt/T) = Z E:jgj/
j=1

where gj is the degree of the restriction of g to OM; and

| 1, T<oon oM
&= o, if T>o0o0noM; °

Here OM; are the connected components of the boundary of M equipped with an orientation
in such a way that the pair (outward normal to OM;, positive tangent vector to OM;) has
positive orientation on the plane (x*,x?).

Note that since T does not take zero values, it has a definite sign at each boundary
component 0M;, so the constants ¢; are well defined. The restriction of g to the j-th
connected component of 9M gives us a map from the circle 9M; to the circle U(1); g;
is the degree of this map.

Proof. This is an immediate corollary of Theorem 23.1. [J
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Remark 36.4. Boundary condition (36.3) coincides with the boundary condition of
Berry and Mondragon for the “neutrino billiard” [Be] up to replacement of B by 1/T.
In physical terms, a one-parameter family of Dirac operators (36.2) describes the sit-
uation of a magnetic field varying continuously so that the following two conditions
are fulfilled:

(1) the magnetic field at t = 1 coincides with the magnetic field at t = o all over the
interior of M,

(2) the fluxes through the j-th hole at t = 1 and at t = o differ by an integer number
& y &
gj in the units of the flux quantum.

Suppose that j = m corresponds to the outer boundary component and that j =
1,..., m—1 enumerate the holes. Since g, = Z] . 9j, we can reformulate Proposi-
tion 36.3 as follows. The spectral flow of the family of operators (36.2) with boundary
condition (36.3) is given by the formula

(36.4) f(Dy, T Z —&m)g

Thus the variation of the magnetic field through the j-th hole contributes to the value
of the spectral flow with the coefficient (&; — en).

In particular, in the case of one hole equality (36.4) takes the form
sf(Dy, T) = (e; — €2) deg(g).

If the signs of T are the same on all boundary components, then the spectral flow is
zero, no matter how the magnetic field is varied (if only conditions (1-2) above are
tulfilled). On the contrary, if T takes positive values on some boundary component
and negative values on another, then one can vary the magnetic field so that the
spectral flow does not vanish.

37 2k-dimensional Dirac operators

Let M be as in the previous section. The standard 2k-dimensional Dirac operator has
the form

. (O Ik . (¢} —iIk
(37.1) D =—-i(0,0; + 0,0,), where o; = (Ik 0) , 0, = (ilk o ) ,

and Iy is the k x k unit matrix.

We will consider operators of the form D =D + Q(x) acting on spinor functions

+
(37.2) u= (3 ), ut: M = Ck,
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where Q is a smooth map from M to the space B%3(C?*) of complex self-adjoint
2k x 2k matrices.

A self-adjoint elliptic local boundary condition for the operator ID + Q has the form
(37-3) i(ny +in,)u™ =Tu™ on oM,

where T is a smooth map from 0M to the space of complex self-adjoint invertible
k x k matrices and n(x) = (n, n,) is the outward conormal to 0M at point x.

The equivalent representation of boundary condition (37.3) is

: T o
(37-4) i(uor+ne00)+ | ;) )u=o0 ondM.

Remark 37.1. A local boundary condition for Dy is elliptic if and only if it can be
written in the form (36.3) with T(x) invertible for every x; such a boundary condition
is self-adjoint if and only if T(x) is self-adjoint for every x.

Proposition 37.2. Let Q¢(x) be a continuous one-parameter family of self-adjoint 2k x 2k
matrices smoothly dependzng on x € M such that D+ Q,; = g(ID+Q,) g " for some
smooth gauge transformation g: M — U(1). Let T be a smooth map from 0M to the space of
complex self-adjoint invertible k x k matrices. Then the spectral flow of the family (ID + Q¢)
with boundary condition (37.3) is given by the formula

f(D+Qy,T) Z §iGi,

where g; is the degree of the restriction of g to the j-th connected component OM; of the
boundary and ¢; is the number of negative eigenvalues of T (counting multiplicities) on OM;
(this number is correctly defined due to the nondegeneracy of T).

Proof. This is an immediate corollary of Theorem 23.1. J

38 The spectral flow for k = 2 in terms of condensed
matter physics

In this section we compare our boundary condition (37.3) with the “general bound-
ary conditions” for 4-dimensional Dirac operators formulated by Akhmerov and
Beenakker in [AB] and give some computations for the spectral flow in terms of
[AB].

In this section we will temporarily use notations of [AB] in their original form and
will formulate our results in the same terms.

The long-wavelength and low-energy electronic excitations in graphene (a one-atom-
thick planar sheet of single carbon atoms that are densely packed in a honeycomb
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crystal lattice) considered in [AB] are described by the Dirac equation HY = EY with
the Hamiltonian

(38.1) H=v1,® (o - p)

acting on a four-component spinor wave function ¥ = (W4, ¥g) (in our notations, ¥
is a two-dimensional spinor function, ¥ = u’, ¥g =u, k = 2). Here v is the Fermi
velocity, p = —ihV is the momentum operator, o - p = —ih (0, V; + 0,V,), matrices
T, 07 are Pauli matrices in valley space and sublattice space, respectively:

0_100_010_0—1 o= (T °) t_g
0_01/1—1012_1-'0/3_0_1/1._1.-

The general energy-independent boundary condition posed in [AB] has the form
(38.2) Y = MVY on the boundary,

where M is a self-adjoint unitary 4 x 4 matrix depending on the point x € oM and
anticommuting with the current operator vt, ® (o - ng). Here ng is the outward
normal to the boundary of M at x, so ng = (n4,n,) in our previous notations, and
o -Ng = N;0; +N,0,.

Let us compare (38.2) with our boundary condition (37.3).

At first note that the condition “M is a self-adjoint unitary matrix anticommuting
with the current operator” means nothing but the condition of self-adjointness of the
boundary problem (38.2). The authors of [AB] do not require local ellipticity of the
boundary condition; however, in the absence of local ellipticity the spectrum of the
operator is no longer expected to be discrete. The boundary condition (38.2) is both
locally elliptic and self-adjoint if and only if the matrix function M can be represented

by the formula
_ Lo+T> o \ [ Ix iaT
M= L =2 ( o I+ T2) (—mT T2

for some complex self-adjoint invertible k x k matrix function T. In this case, bound-
ary condition (38.2) is equivalent to our boundary condition (37.4).

The set of all possible self-adjoint unitary 4 x 4 matrices anticommuting with the
current operator is parametrized in [AB] by the following 4-parameter family:

(38.3) M=sinAvo® (n;-o)+cosA (v -7)Q (n,-o),

where A(x) is the “mixing angle”, v(x), n4(x), n,(x) are unit vectors in R3 = {(x*, x>, x3)}
such that n; and n, are mutually orthogonal and also orthogonal to the boundary

normal ng(x), (v-7) = 3:1 vit;, and (n; - o) are defined analogously.
Let us describe the ellipticity condition for the boundary problem (38.2) in terms of
(A, v,n,n,) and compute ¢; as functions of these parameters.
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From now on we will suppose that the frame (ng, n,,n,) is positively oriented in R3,
that is its orientation coincides with the orientation of the frame (e, e,, e5) of basis co-
ordinate vectors. This is possible because parameters (A, ny, n,,v) and (—A, —n4, n,, V)
define the same matrix M, so in the case of a negatively oriented frame (ng, n,,n,)
we can change the signs of n; and A simultaneously to obtain the positive orientation
of the frame.

Let ¢ be a function from the boundary to the circle R mod 27t such that n, = sin¢ -
N+ cos @ - e3, where e; is the unit vector in IR3 in the direction of x3, and n(x) is the
unit tangent vector to the boundary at x € 0M such that the pair (ng(x),n(x)) has
the positive orientation on the plane (x',x?). Then n; = cos @ -1 —sin @ - e;, and M
is determined by the triple (A, @, v).

The following two propositions are Propositions 1-2 from [P1].

Proposition 38.1. The boundary condition (38.2) is locally elliptic for the Dirac operator
(38.1) if and only if A+ @ # o(modm) and A — ¢ # o(modm) at every point of the
boundary oM.

In other words, the boundary condition is not locally elliptic if and only if n, =
+sin An + cos A e; for some x € OM and for some combination of signs +.

Proposition 38.2. If the boundary condition (38.2) is locally elliptic for the Dirac operator
(38.1), then it is equivalent to boundary condition (37.3) with T = u P4 + p_P_, where

W (v-71) A+ A—o
=——-, u; =cot an .
2 2 2

Pi

Here .y are the eigenvalues of T and Py are the orthogonal projections on the invariant
subspaces of T corresponding to the eigenvalues iy.

Proposition 38.3. Let Q(x) be a continuous one-parameter family of self-adjoint 4 x 4 ma-
trices smoothly depending on x € M such that H+ Q; = g (H+ Qo) g~ * for some smooth
gauge transformation g: M — U(1). Suppose that the boundary condition (38.2) is locally
elliptic for the Dirac operator (38.1). Then the spectral flow of the family (H + Q) with this
boundary condition is described by the formula

m
st (H+ Qt, Mo = Z £€j9j,
j=1

where g; is the degree of the restriction of g to OM; and ¢; depends only on the values of A\,
@ at the j-th boundary component 0M;:

o, if both A+ @, A — @ belong to the interval (o, m)
g = § 2, if both A+ @, A — o belong to the interval (r, 2m)
1, if one of A+ @, A — @ belongs to the interval (o, ) and another to the interval (7, 2m)

Proof. This proposition follows immediately from Propositions 37.2 and 38.2. [J

120



Bibliography

[AB] A. R. Akhmerov and C. W. J. Beenakker. Boundary conditions for Dirac
fermions on a terminated honeycomb lattice. Physical Review B 77(8), 085423
(2008); arXiv:0710.2723 [cond-mat.mes-hall].

[Be] M. V.Berry and R. J. Mondragon. Neutrino billiards: time-reversal symmetry-
breaking without magnetic fields. Proceedings of the Royal Society A

412(1842), 53-74 (1987).

[P1] M. Prokhorova. The spectral flow for Dirac operators on compact planar
domains with local boundary conditions. Communications in Mathematical
Physics 322(2), 385414 (2013); arXiv:1108.0806 [math-ph].

121



SO OPTINY NYOWPDOT TIT
1AIYD MTINT NIYDION THY 29I NIV NIy
DOVPIN DITVLY SIY

Tpnn By 200

7°107299% MVPIT ININT NPAPD MIWSITI DW PR N awh

2177192 735

DRIWH OA1PI100 7101 — 17007 VID? WA

2020 "1 79 7"wn nnn



NP'ONNNYT NV7IEOA ' [IYAY 010NN 1109119 N'NINA NYWYI 7NNN

JNIM7NYNA N TIN D900 NI'ANN 7Y |I':DU'7 nNTn 'IX



SRy

|7'7I'l nown 7un IR 2TON DNXY7 D'TINYN DUU9™R DUIR'NIN9'T DMIVIDINA 701V IA'NN
D"0U9"IN D'"ipynNn NSV "XinN Dy N7XN DMIVIDIXN NX DZIN 1IX .NOY DYI N'X0I'"MIIXR QY 'OpONIy?

.ONXYY7 D'TINXN

DAY NI'VA MY |2 NNANAN NSY DY NIV 7 2NN NI7'onY% yan NIRXINN 7¢ [IYXRIN 2700
N7RN NI7'0NN 112y N'I0E90N NNMITR DK DAYNN R .N0IIN OT'OINIVIX T 7Y NITINXY N9Y

.Y 01719100 DININ N1'NAN
2NN JIN2 YN 0191 NNRN N9Y DY NIYA 7Y NINDWNY YAl NIKXINN ¢ nwn 7700

D'2AWNN JNI7D ,N7XD NINDWN 1AV NNOWN OpTI'X UOSYN D'N'DIN IX X 1w '0poNIp 171910

.19 D"A7I9100 0IMn nivynxka K1(X) -2 7wimn nnown YW '0'Rn op TR DX

.NOY D NIva 7w anInn
7V o1 .M yn o' Niopn Tark E nn ,0M nsw nyi n'x01IR DY 'oponip 770 nown M ae
MXYY? TINXN '09MK IR'Y¥INOT N0IOIK KN A-w (4, L) niairn 23 9w annn nx EL(E) T
D'T'¥N X .NXY? TiINxn A-7 '09'7% mipn now 'Nan Xin L-1 E 9w nonnnn 7y wion (lwk) YTon
,DMI079IXN YW D"woIn DR CO niaioiva ,0MiIvoIkN YW n'vnoa C1 naisiva W(E) NN

.Nown "xana CL naaryioioal

D"A1719100 DININ
F = F(A, L) niopu Tak-nna o' TTiznn 0"a7ioio oaima o'xxm nx (4, L) nsw o ntwa 7on
“non 7w nixnxal L -2 g 1n F(A, L) Takn-nn .0M nowy E 9w nixnyn Xin E; ©Wuxd L Ep v
awn? ' n7wntn (4,L) nimxyTnn 2 nx 7on F(A4,L) ,ntha o'k n XY '9) .97 A

.NNOYNN O TI'N NNI TI"?“IUPDOD "t NX

n'7a0790n0 nth
nNMTA L awn rurtaR VIRNIN'R v onyy? orTinyn Fredholm mivneix Yw n'rrontw anon
7ayna (D'A'RNN D'IN'0 DY NININ) 09X NN D'YINN D'MIXYN D'2IVN 19017 v ,N707900

.N9107 N7'onn N7'NNN

-1 Ay = gAgg® -w 1P now D niva YW nowa nvon Ly, = (4, Ly) ,y:[0,1] = EL(E) 'an
F;, = F(A¢, Ly) nonio-Tnn nnownn ™ .E ¢ g noaix oromioix inwm ay Ly = gl
7apan g 1y nan 7mon oy Fy-7 Fy pam JFp = gFy ann nk vy Ey 7w ormak-nn v

OM x ST 9un F(y, g) niopn Tax



N'07900 NNMITA NINOIR X' ATAN 7w V 770 YW My nRxInn

niz72nn ‘w F(y, g) 7w nnwxin Chern nz7nn 7w w7 niw y 72w n'2ao790n nnarn .1 vown

,O0M X S vy nmion AN

st(y) = c1(F(y, 9))[0M x S*]

YINTI DX ,N7RD NI7'0N 7w 701211 "2'0M TR LINNMIIR KD ]'1"710|790ﬂ NNTNY 0O'RIN 11X ,901N02

.0'2'9N DMIVIBIX 7Y NI7'ON 7V NIOOXRNN

nnNovnn oO7T1'X
YIN 10Nn192 NN N9W DY NIva W ninswny? Vo p'n W nik¥INn nx 0*7'7n nax VI pna
T 2V N97nmM oMYy DD DY N0R90N ANAITA Nt PN X InwhD 'oponiy anina

K1(X) n'7arn nniana ooy apnn 'uraKn oD

201 ind,(y) € K1(X) 79100 o1i'kn nX o'a'knn nx Nk y:x & (4,, L,) nnown ‘Y
DN .M X X qun F(y) niopn Tak nman Ep 7w ormar-nn % F, = F(A,, L) nnownn
1YAUN DT'OANIMIND NITYA .2aun KIN DN TNX 70 ,NoWN 'Y 7 atd TINKD KIN M [lwNan

DrOINIMIN 72771 ,nown 1 n 2wn ool KO(ST x X) - K1(X)
Ind,: K°(dM x X) - K (X)
,KO(0M x X) -2 F(y) 2w nannn 7 Ind, 7w 170 Y YW 21719100 0pTI'RN IR T2
ind;(y) = Ind,[F(y)] € K*(X)

:nNownn opTI'R LOWN X'N VI 27N 7w NIIWKRIN ARXINN
A7¢ 21719100 O TI'N7 NI Y 7w '0'71xN Oj7T1'XN .2 VOWN

AR .N7XD NOYW DY NI'YA 7w NINBWNY? OpTI'RN 7w Nionaaixn X VI p'n hw nnwn arkximn
U "ann-NN 7Imm AR ninown v aromin nipnn 7w Grothendieck mianw orxn
NINXIN D'NDIN X .OPTIRA T %Y N2 DromirRn N ,K1(X) -7 n'onmirx nix'on ninown

.Grothendieck naian% 11ayY 72 ,nRd NiNown YW nxnNn? NINIAN 27 NIPTA NIE Ty



