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1 Introduction

Atiyah, Patodi and Singer [3] studied operators of form

d
Dy = o —A(t)

when A(t) is a first order elliptic operator on a closed odd-dimensional manifold

and the limits
AT = lim A*()
t—+oo

exist and have no zero eigenvalue. A typical example for A(t) is the div-grad-curl
operator on a 3-manifold twisted by a connection which depends on ¢. Atiyah et
al proved that the Fredholm index of such an operator D 4 is equal to minus the
“spectral flow” of the family {A(t)}+cr. This spectral flow represents the net
change in the number of negative eigenvalues of A(t) as ¢ runs from —oo to oco.
This “Fredholm index = spectral flow” theorem holds for rather general families
{A(t) }ter of self-adjoint operators on Hilbert spaces. This is a folk theorem that
has been used many times in the literature, but no adequate exposition has yet
appeared. We give such an exposition here as well as several applications. More
precisely, we shall prove the following theorem.

*This research has been partially supported by the SERC.



Theorem A Assume that, for each t, A(t) is an unbeounded, self-adjoint op-
erator on a Hilbert space H with time independent domain W = dom(A(t)).
Assume, moreover, that W is a Hilbert space in its own right with a compact
dense injection W — H and that the norm of W is equivalent to the graph norm
of A(t) for every t. Assume further that the map R — LW, H) : t — A(t)
is continuously differentiable with respect to the weak operator topology. As-
sume finally that A(t) converges in the norm topology to invertible operators
A* € L(W,H) as t tends to +00. Then the operator

Da: WY (R, H)NL*(R,W) — L*(R, H)

1s Fredholm and its index is given by the spectral flow of the operator family

A1),

The assumptions of Theorem A imply that the spectrum of A(t) is discrete
and consists only of eigenvalues. Hence the “spectral flow” is well defined and
we shall give the precise definition in Section 4. We shall also prove that Theo-
rem A remains valid if A(¢) is perturbed by a family of compact linear operators
C(t) : W — H which is continuous in ¢ with respect to the norm topology and
converges to zero as ¢ tends to £o0o. The operators C(t) in this perturbation are
not required to be self-adjoint when regarded as unbounded operators on H.

A drawback of Theorem A is the assumption that the domain of A(t) be
independent of t. This assumption will in general exclude the case of differential
operators on manifolds with boundary. Theorem A will remain valid for a
suitable class of operator families with time dependent domains but the precise
conditions on how the domain is required to vary with time will be a topic for
future research.

The “Fredholm index = spectral flow” theorem is used in a generalization
of Morse theory known as “Floer Homology”. Both Morse theory and Floer’s
theory are used to prove the existence of critical points of a nonlinear functional
f via topological arguments. In either case the operators A* appear as the
Hessian of f at critical points 2% and the operators A(t) represent the covariant
Hessian of f along a gradient flow line z(t), i.e. a solution of

& =Vf(z),

which connects = = lim—, o (t) with 1 = lim;_, o x(t). Here both the
gradient V f(x) and the Hessian A = V2 f(z) are taken with respect to a suitable
metric on the underlying (finite or infinite dimensional) manifold. The operator
D 4 arises from linearizing the gradient flow equation.

In the case of Morse Theory, the function f is bounded below and each
operator A(t) has only finitely many negative eigenvalues and hence has a well
defined index, namely the dimension of the negative eigenspace. In this case the
spectral flow can be expressed as the index difference so the “Fredholm index



= gpectral flow” formula is
indexDg =v~ (A") —v (A7) (%)

where v~ denotes the number of negative eigenvalues counted with multiplicity.
In the finite dimensional case it turns out that the operator D4 is onto (for
each connecting orbit) if and only if the unstable manifold of 2~ intersects
the stable manifold of z* transversally (cf. [24]). So in this case the space
M(z=,2T) = W*(x~) N W*(zT) of connecting orbits is a finite dimensional
manifold whose dimension is the difference of the Morse indices. On the one
hand this follows from finite dimensional transversality arguments. On the
other hand this can be proved by using an infinite dimensional implicit function
theorem in a suitable path space where D 4 appears as the linearized operator
and its kernel as the tangent space to the manifold of connecting orbits. Full
details of this second approach can be found in [26].

In Floer’s theory (see [10] and [11] for example) the operators A* can have
both infinite index and infinite coindex so the right hand side of equation (*) is
undefined. The spectral flow can still be defined as the number of eigenvalues
of A(t) which cross zero as t runs from —oo to +0o. The counting is done
so that each negative eigenvalue which becomes positive contributes +1 and
each positive eigenvalue which becomes negative contributes —1. We make this
precise in section 4.

In Floer’s theory the initial value problem for the gradient flow equation is
not wellposed and hence there are no stable or unstable manifolds. However, one
can still prove that the operator D 4 is onto for suitable “generic perturbations”
of the function f. It then follows from an infinite dimensional implicit function
theorem that the space of connecting orbits is a manifold. Its dimension is the
Fredhom index of D4 and hence, by Theorem A, agrees with the spectral flow
of the 1-parameter family of the Hessians A(t). Even in cases where the index
and coindex of AT are both infinite, this spectral flow can still be viewed as
an index difference and this leads to Floer’s “relative Morse index”. Floer then
proceeds to analyse the properties of these manifolds of connecting orbits to
construct a chain complex generated by the critical points of f and graded by
the relative Morse index. The boundary operator is defined by counting the
connecting orbits (with appropriate signs) when the index difference is 1. The
homology groups of this chain complex are called “Floer homology”. Details
of this construction can be found in [10], [11], [24], [25], and, for the finite
dimensional analogue, in [26].

For example, Floer homology can be used to study closed orbits of Hamil-
tonian systems. These closed orbits are critical points of the symplectic action.
Like Morse theory, Floer’s theory constructs a gradient flow for this action and
studies orbits connecting critical points. A connecting orbit joining two crit-
ical points in this infinite dimensional gradient flow is a cylinder joining two
closed orbits in a finite dimensional symplectic manifold. The cylinder satis-
fies a certain nonlinear partial differential equation. Linearization along such a



connecting orbit gives an operator D 4. In this case the spectral flow along the
connecting orbit is the difference of the Maslov indices of the two critical points
at the ends. See [24] and [25], for example. This linearization is an example of
the Cauchy-Riemann operators studied in section 7.

The fact that the spectral flow is sometimes the difference of two Maslov
indices is not surprising, since the spectral flow can be thought of as an infinite
dimensional analogue of the Maslov index for Lagrangian paths. The graph of
a path of symmetric matrices A : [-T,T] — R™*™ is a path of Lagrangian sub-
spaces in R?". Its endpoints are transverse to R™ x 0 if and only if the matrices
A* = A(4T) are nonsingular. In this case the Maslov index y is the intersec-
tion number of the path Gr(A) with the Maslov cycle ¥ of those Lagrangian
subspaces which intersect the horizontal R™ x 0 in a nonzero subspace. The
Maslov index can be expressed in the form

p(Gr(A)) = 3sign(A™) — 4sign(A”)

and agrees with the spectral flow of the matrix family A(t).
Our main application is an index theorem for the Cauchy-Riemann operator
a¢ a¢

OsAC = o Joa +5¢

on the infinite cylinder [0, 1] x R with general non-local boundary conditions

(€(0,),¢(1, 1)) € A(t)

where S(s,t) = S(s,t)T € R?*2" is symmetric and A(¢) is a Lagrangian path
in (R?" x R*™, (—wp) X wp). We prove that Js a is a Fredholm operator between
suitable Sobolev spaces and express the Fredholm index in terms of the relative
Maslov index for a pair of Lagrangian paths.

Theorem B index ds o = —u(Gr(¥y), A).

Here ¥4 (t) = ¥(1,t) is a path of symplectic matrices determined by S via
Jo0s ¥ =S¥ with ¥(0,t) = 1. This generalizes a theorem of Floer [8] for S =0
and local boundary conditions A = Ag @& A; and a theorem in [25] for periodic
boundary conditions. Both theorems play an important role in Floer homology
for Lagrangian intersections [9] and for symplectic fixed points [11].

In section 2 we discuss the finite dimensional case as a warm-up. In section 3
we prove that D4 is a Fredholm operator. In section 4 we characterize the
spectral flow axiomatically and prove that the Fredholm index satisfies these
axioms. In section 5 we review the properties of the Maslov index. In section 6
we use the spectral flow and the Maslov index to give a proof of the Morse index
theorem. A special case of this is Sturm oscillation. Finally, in section 7 we
discuss the aforementionned Cauchy-Riemann operators.



2 The finite dimensional case

Linearization along a connecting orbit of a gradient flow of a Morse function
leads to a differential operator

(Dag)(t) = &(t) — A(H)E()- (1)

The index of this operator is the difference of the Morse indices of the critical
points at the two ends. In this example the matrices A(t) may be chosen to be
symmetric. In this section we shall prove a more general fact. The hypothesis
that the vector field is a gradient field is dropped. We linearize along an orbit
connecting two hyperbolic critical points. As a result the matrices A(t) will no
longer be symmetric but the limit matrices
A% = lim A(t)
t—+oo

exist and are hyperbolic (no eigenvalues on the imaginary axis). For any matrix
B € R"™™ we define

E*(B) = {UER":tlim eBtU=O},
E“(B) = {UER":tlim eBtU:O}.

Then E*(B) is the direct sum of the generalized eigenspaces corresponding to
eigenvalues with negative real parts and similarly for E*(B) with positive real
parts. Hence the matrix B is hyperbolic if and only if

R" = E*(B) & E"(B).

Theorem 2.1 Assume that A : R — R"™*™ is continuous and that the limit
matrices A* exist and are hyperbolic. Then formula (1) defines a Fredholm

operator
Dy : WH3(R,R™) — L*(R,R™)

with index
index D4 = dim E“(A™) — dim E“(A™).

Proof: That the operator is Fredholm follows from the inequality

[€lwrzm < e (€2 + 1D allL2w)) (2)

for a sufficiently large interval I = [~T,T]. This estimate is proved in three
steps. Firstly, since £ = D& 4+ A€, the estimate is obvious for I = R:

[€llwregy < e (€]l 2w + 1 DA 2w)) - (3)



Secondly, if A(t) = Ao is a constant hyperbolic matrix, then the associated
operator D 4, satisfies

I€llwrem) < cllDagéllLe(w)- (4)

To see this decompose R™ as a direct sum where each of the summands has all
its eigenvalues in one of the two halfplanes. Hence it suffices to treat the special
case where all the eigenvalues of Ay have negative real part. For n € L%(R,R")
the unique solution of € — Ag€ = 1 with &€ € L2(R,R") is given by

() = / A=y (5) ds = & x (t)

— 00

where ®(t) = e4o! for t > 0 and ®(¢) = 0 for ¢ < 0. By Young’s inequality,

I€llzz < 191 1 [Imll 22

Since £ = Aof + 71 we also have

I€llz2 < [140€llzz + [Inll 2 < (1ol @]l L2 + 1) [Inll L2

Note in fact that the operator D 4, is bijective since any function in its kernel is
an exponential and can lie in L? only if it vanishes identically. This proves (4).
Alternatively, (4) can be proved with Fourier transforms as in Lemma 3.7 below.

Finally, the estimate is proved by a patching argument. It follows from (4)
that there exist constants 7' > 0 and ¢ > 0 such that for every £ € W12(R,R™)

() =0 for t|<T-1 = [€lwrzm <cllDalllz@. ()

Now choose a smooth cutoff function S : R — [0,1] such that (t) = 0 for
[t| > T and S(t) = 1 for |¢| < T — 1. Using the estimate (3) for 5¢ and (5) for
(1 — )¢ we obtain

[1€llwr.2 18E]lwr.2 + [I(1 = B)llwr.

<
< e (188lze + [1DABEIl L2 + [1Da((X = B)E)I2)
< co (lléllzep—may + (1D A€l 2) -

This proves (2). Since the restriction operator W2(R,R") — L*([-T,T],R")
is compact it follows from Lemma 3.5 below that D4 has a finite dimensional
kernel and a closed range.

We examine the kernel of D 4. It consists of those solutions of the differential
equation § = A¢ which converge to zero as t tends to 00 and —oo. Consider
the fundamental solution ®(t,s) € R™*" defined by

5}
E@(tﬂs) = A(t)®(t, s), D(s,8) =1,



and note that ®(t, s)®(s,r) = ®(¢,r). Define the stable and unstable subspaces

ES(tO) = {50 € ]R" : tl}glooq)(ta tO)gO - 0} )

Bto) = {60 €R": lim @(tto)6 = o}.

Both subspaces define invariant vector bundles over R. This means that F*(t)
®(t,s)E%(s) and E“(t) = ®(t,s)E“(s). Moreover, lim;_ o, E5(t) = E5(AT
and limy—, o, E“(t) = E*(A™). Hence

dim E5(t) = n — dim E*(A™), dim E*(t) = dim E“(A™).
Now let £(t) be any solution of the differential equation £ = A¢. Then &(t) =
O(t,5)E(s) for all ¢ and s. Moreover, |£(t)| converges to 0 exponentially for

t — 400 whenever £(t) € E*(t) and |£(t)| converges to oo exponentially for
t — 400 whenever £(t) ¢ E*(t). Similarly for t — —oo. Hence

cekerDy <=  £(t) =Dt s)E(s) and E(t) € ES(t) N EY().

We examine the cokernel of D 4. Assume that n € L?(R,R") is orthogonal
to the range of D 4. Then

[ ww.éwnac— [~ o, Awre) e =o

for every ¢ € WH2(R,R™). If £(¢) = O for |t| > T then this implies

T T .
[ w0 = [ A nts) ds.éGs)) ds = 0
T t

and hence

0(t) + A(t) n(t) = 0.
The fundamental solution of this equation is &)(t, s) = ®(s,t)" and it is easy to
see that the associated stable and unstable bundles are given by E* (t) = E*(t)*
and E¥(t) = E(t)*. Hence

)T

n L range D4 = n(t) = ®(s,t)"n(s) and n(t) L EB5(t) + E“(t).
In particular the cokernel of D 4 is finite dimensional. Moreover,
indexD4 = dim(E*NEY) —dim(E* 4+ E*)*
= dim(E°NEY)+dim(E°+ E") —n
dim E° 4+ dim E* — n
= dim E%(A7) — dim E“(A™).

This proves the theorem. O



Remark 2.2 Assume that the matrices A* are symmetric. Then the index
formula of Theorem 2.1 can be expressed in terms of the signature as

index D4 = isign A~ — Lsign A™T.

3 Fredholm theory

Assume that W and H are separable real Hilbert spaces with
WCH=H"CW".

Here the inclusion W — H is compact with a dense range. Throughout we
identify H with its dual space. We shall not use the inner product on W but
only the norm. Hence we distinguish W from its dual space W*. The notation
(n, &) will denote the inner product in H when &, € H and the pairing of W
with W* when £ € W and n € W*.

Fix a family of bounded linear operators

Alt): W — H
indexed by ¢t € R. Given a differentiable curve £ : R — W, define D¢ : R — H
by

(DA€)(t) = () — A(t)E(t) (6)
for t € R. In the intended application W = W2 and H = L? and A(t) is a first

order linear elliptic differential operator whose coefficients depend smoothly on
t. We impose the following conditions:

(A-1) The map A : R — L(W, H) is BC'. This means that it is continuously
differentiable in the weak operator topology and there exists a constant
co > 0 such that

1A@E ]z + IA@EN < colléllw-
for every t € R and every £ € W.

(A-2) The operators A(t) are uniformly self-adjoint. This means that for each
t the operator A(t) when considered as an unbounded operator on H with
dom A(t) = W is self-adjoint and that there is a constant ¢; such that

€1y < e (TAM®ENT + lI€lZ) - (7)
for every t € R and every £ € W.
(A-3) There are invertible operators A* € £(W, H) such that

lim [|A(t) — A*|| zow,m) = 0.

t—too



Remark 3.1 Condition (A-1) implies that the map ¢ — A(#) is continuous in

the norm topology but ¢ +— A(t) is only weakly continuous. We shall use the
fact that ¢ € L2(R, W) implies A¢ € L*(R, H).

Remark 3.2 Let A be a self-adjoint operator on H with dense domain W =
dom A. Then W is a Hilbert space in its own right with respect to the graph
norm of A and the estimate (7) holds trivially. The inclusion W «— H is
compact if and only if the resolvent operator (A1 — A)~!: H — H is compact
for every A\ ¢ o(A). In this case the spectrum of A is discrete and consists of
real eigenvalues of finite multiplicity.

Remark 3.3 Let A be a closed symmetric operator on H with dense domain
W = dom A. When A is regarded as a bounded operator from W to H its adjoint
is a bounded operator from H to W*. Since A is symmetric the restriction of
this adjoint to W agrees with A. Thus the adjoint is an extension of A which
we still denote by A. With this notation we have

Ae LW, H)NL(H,W™).
The condition that A be self-adjoint now means that A¢ € H implies £ € W.

Remark 3.4 A symmetric operator A : W — H which satisfies (7) is neces-
sarily closed but need not be self-adjoint.

We define Hilbert spaces H and W by

H = L3R, H),
W = L*R,W)nW"3(R, H)

with norms

€12, / 1E(0) 13,

Il = [ (I + I3 .
The inclusion W — H is a bounded linear injection with a dense range since

C&° (R, W) is dense in both spaces. The uniform bound on A(¢) from condi-
tion (A-1) means that £ — D€ defines a a bounded linear operator

Da: W —H.
Our first aim is to show that it is Fredholm. The proof relies on the following

Lemma 3.5 (Abstract Closed Range Lemma) Suppose that X, Y, and Z
are Banach spaces, that D : X — Y is a bounded linear operator, and that
K : X — Z is a compact linear operator. Assume that

zllx < c(|Dzlly + | Kz| 2)

for x € X. Then D has a closed range and a finite dimesional kernel.



For each T' > 0 define Hilbert spaces W(T') and H(T) by
H({T) = L*[-T.T],H),
W(T) = LX([-T,T],W)nW"([-T,T], H)
with norms as above.

Lemma 3.6 For every T > 0 the inclusion W(T') — H(T) is a compact oper-
ator.

Proof: Choose an orthonormal basis for H and denote by 7, : H — R” the
orthogonal projection determined by the first n elements. Since 7w, € L(H)
converges strongly to the identity of H and the inclusion W — H is compact,
the operator

T Tnlw W — H

converges to the inclusion W < H in the norm topology. The induced operator
W(T) — H(T) : £ — m5m,& can be decomposed as

W(T) — WY3([-T,T],R") — C([-T,T],R™) — H(T).

Here the first operator is induced by 7,, the second is compact by the Arzela-
Ascoli theorem, and the last is induced by 7). Now

1€ = mpmnéllery < N0 = mnmnllcow,m 1§ wr)-

Hence the inclusion W(T') < H(T') is a uniform limit of compact operators and
is therefore compact. O

Lemma 3.7 There exist constants ¢ > 0 and T > 0 such that
1€llw < e (Il€llsery + 11D aEll)
for every £ € W.

Proof: The proof is analogous to the proof of (2). The first step is to prove
the estimate with T' = co. For every £ € C§°(R, W)

IDaglE = 1EIBe+ 1At —2 [ (6 Ag)a
— €8+ 1Ael+ [ (6 A

> IR + A1 — col€le €]l oce )
: 1
> €0+ 60wy — €15 = collle )
. 1 cocC
2 2 0C1 2
> €+ g ey — (1+ 757 €l

1
> 2—cll\§||3v — cll€]f3,-

10



The second step is to prove the estimate with A replaced by a constant
bijective operator A(t) = Ag. The associated operator D 4, satisfies

€1l < cllDagklly (8)
In terms of the Fourier transform the equation D 4, = n can be rewritten as
iwé (iw) — Aoé (iw) = fiw).
Since the operator Aj is symmetric we have

wl €117 < [(iwé — Aog, &) < [liwe — Aotz €]z

and hence
lw| €]l < liw€ — Aol -

With ¢ = ||A071H£(H)W) we obtain

I€llw < cllAoglla
< dliwg = Aolla + clw| [I€]l a
< 2clliw€ — Apé||m-

Hence it follows from the Fourier-Plancherel theorem that for every £ € W

el = /_OO (G By + w26l ) do
< (1-1—402)/00 liwé (i) — Ao (iw) )% duv

— 00

= (1+4¢*)||Daéll3-

This proves (8).
The final step uses a patching argument and is analogous to the patching
argument in the proof of (2). a

Assume A : W — H is self-adjoint and &, € H such that

(Ag, &) = (o,m)

for every ¢ € W. Then £ € W (see Remark 3.3). In other words every ‘weak
solution’” £ € H of A = n with n € H is a ‘strong solution’. The following
theorem says that a similar result holds for the operator D 4. Since D4 is not
not self-adjoint we must use the formal adjoint operator of D4 to define the
notion of a weak solution. The formula

(6 + A, E)p + ($, Dal)p = 0

for ¢, & € W shows that —D_ 4 is the formal adjoint operator of D 4.

11



Theorem 3.8 (Elliptic regularity) Assume &, n € H satisfy

for every ¢ € C3°(R,W). Then € € W and Dat = 1.

Proof: We first prove (in four steps) that the theorem holds under the as-
sumption that £ and 5 are supported in an interval I such that A(t) : W — H
is bijective with

IA®) e w) < e
fortel.

Step 1: £ € WL2(R,W*) and

E(t) = A)E(t) +n(t) 9)
where A(t) € L(H,W*) as in Remark 3.3.
For ¢ € O (R, W)
[ (new), e = = [~ 00 A + 1w ds

H

— 00 — 00

= [ (o, [T e s as) an

—00 W,W*

Since the derivatives of test functions ¢ are dense in L?(R,W) this implies
Step 1.

Now choose a smooth cutoff function p : R — R such that p(¢t) = 0 for
[t| > 1, p(t) > 0 and [ p=1. For 6 > 0 define ps(t) = 6 ' p(61¢).

Step 2: For § > 0 sufficiently small we have & = ps x € € W.

Multiply equation (9) by A~! to obtain ¢ = A~1¢ — A1y and convolve with
ps:

& = psx (A7) —ps* (A1)
= psx (A7) + psx (ATTAATIE) — ps x (A7)
= pox (A7) +psx (A7)

where ¢ = AA~¢ —n € H. We have used p * (ud) = p* (uv) — p* ().

Step 3: There exists a constant ¢ > 0 such that

[Da(ps *&)|ln < c

for every sufficiently small §.

12



Use step 2 and the identity 55 = ps * € to obtain

Daé& = & — AL
= ps*x&— Apsx (A71E) + Aps x (A7)
= A(A psx&—ps* (A1) + Aps x (A71().

The second term on the right is bounded in H, uniformly in §. For the other
term we have

[(A™"ps % £(8) = ps + (A1) ()|,
1 =8\ AT - AT(s)
| (50) S e as

oo 1 _
<e [ 5 (50| e as

Here c is a uniform bound for the derivative of A~! on I. By Young’s inequality

"A71p5 *g_ p5 * (A71§)||L2(]R,W) < CHPHLI(R)H§HH

This proves Step 3.
Step 4: £ € W and Da& =n.

It follows from Step 2 and Lemma 3.7 that ||€5||yw < ¢ for some constant ¢
independent of 6. Choose a sequence ¢, — 0 such that &5, converges weakly
in W. Let & € W denote the weak limit. Then s, converges weakly to & in
H. On the other hand &5, = ps, * £ converges strongly to £ in ‘H and hence
£ =& € W. Now it follows from (9) that D& = € — A = 1.

This proves the theorem under the assumption that & and 7 are supported
in an interval on which A is bijective. Cover the real axis by finitely many open
intervals I; such that A;1— A(t) : W — H is bijective with

[ = A®) lew) < ¢

for t € I;. Now choose a partition of unity 3; subordinate to the cover. Then
the function &; = ;¢ is a weak solution of

& — A& =nj
where .
Aj=A-NL, oy =Bin+ (B + XB5)E
By the special case {; € W and hence { =3, &; € W. O

13



Remark 3.9 The previous theorem only requires the estimate of Lemma 3.7
with I = R. Hence it continues to hold if the limits A* do not exist. Moreover,
local regularity does not require bounds on the function A : R — Leym (W, H).
However, we cannot dispense with the assumption that A(t) be self-adjoint.

Theorem 3.10 The operator D 4 is Fredholm.

Proof: By Lemma 3.7 and Lemma 3.6 the operator D 4 has a finite dimensional
kernel and a closed range. By Theorem 3.8 the cokernel of D 4 is the kernel of
the operator D_ 4 : W — H. Hence the cokernel of D 4 is finite dimensional. O

Theorem 3.11 Assume A : R — L(W,H) is of class C*~1 with d*A/dt*
weakly continuous and d’ A/dt? uniformly bounded for 0 < j < k. If £ € W
and

D& =ne W (R, H)

then
EcWr2(R,W)NWHLAR, H).

Proof: The proof is by induction on k. Assume k = 1. Then §; = § is a ‘weak
solution’ of D& = n; with 91 = A¢ +1 € L3(R, H). To see this note that

&= AL +ne WH(R, W)

with . . .
§1 = AL+ AL+ = AG +m.

By Theorem 3.8 this implies that £&; € W and hence hence £ € WH2(R, W) N
W22(R, H).
Suppose by induction that the statement has been proved for k£ > 1. Let
n € WHFLZ(R H) and € € W with D¢ = 7. By what we just proved { ew
and
D& = AE +1ne WH2(R, H).

Hence it follows from the induction hypothesis that
£ e WEHR, W) N WHLA(R, H).

This proves the theorem. O

Proposition 3.12 Suppose A(t) is bijective for all t and

IA®) ™ e w) IA@ | cow, i |A®) ™l 2, my < 2. (10)

Then D4 is bijective.

14



Proof: Let £ € ker D4. Then it follows from Theorem 3.11 that
Ee WHR,W)NW*2(R, H).

Hence )

d .

el = 4 A€13, + 2(¢, Ag). (1)
The right hand side is continuous and hence the function ¢ — ||£(t)||% is C2.
By (10) this function is convex. Since it is integrable on R it must vanish. Hence
D 4 is injective. The same argument with A replaced by —A shows that D 4 is
onto. u

Corollary 3.13 If A(t) is bijective for all t then D4 has Fredholm index 0.

Proof: The operator family A(et) satisfies the hypotheses of Proposition 3.12
for small e. a

Example 3.14 If we drop the hypothesis that each A(t) is self-adjoint then
D4 need not be Fredholm. For example, let H = W12(S1) x L2(S!), W =
W22(SH) x Wh2(S1), and let Ag : W — H be defined by

Ao (u,v) = (v,u”).

This operator Ay : W — H has a compact resolvent and is the infinitesimal
generator of a strongly continuous one parameter group U(t) € L(H) of unitary
operators on H. Define

A(t) = Ap — b(t)1

where b(t) =1 for t < —1 and b(¢t) = —1 for ¢ > 1. Then the Cauchy problem
£(t) = A®E®),  £0)=&eW,

is well-posed and all solutions converge to zero exponentially as ¢ tends to +oco.
Hence the kernel of D4 is infinite dimensional. Hence the operator D4 is not
Fredholm.

In contrast to the previous example ‘lower order perturbations’ of A always
produce Fredholm operators. The perturbation is a multiplication operator
induced by C(t) : W — H. We assume that the function C' : R — L(W, H) is
continuous in the norm topology such that C'(¢) : W — H is a compact operator
for every ¢t and

lim (C@ £ w, 1y = 0-

[t|—o0

Remark 3.15 If B : R — L(H, H) is strongly continuous and converges to 0
in the norm topology as t tends to 0o then the operator family C(t) = B(t)|w
satisfies the above requirements.

15



Lemma 3.16 The operator
W—-H:£E— CE
15 compact.

Proof: First assume that C' is compactly supported in an interval I. Choose
projection operators 7, : H — R™ as in Lemma 3.6. Then the operator

Cp(t) =m;m,C(t): W - H

converges in the norm topology to the operator C(t) € L(W, H) and the conver-
gence is uniform in ¢ since C' : R — L(W, H) is continuous in the norm topology.
The multiplication operator induced by C,, can be decomposed as

W — WU(IL,R") — L*(I,R") — H.

Here the first operator is induced by 7, o C, the second is compact, and the last
is induced by 7. Since the operator C,, : W — H converges to C' : W — 'H
in the norm topology it follows that the operator C' is compact. In the general
case use a cutoff function to approximate C' in the norm topology by operators
with compact support. O

Corollary 3.17 The operator Dayc : W — H defined by
Dayct =&~ AL — ¢
is Fredholm. It has the same index as D4 :
index Dyyc = index Dy.

Remark 3.18 Assume that the curve A : R — L(W, H) is continuous in the
norm topology and satisfies (A-2) and (A-3). We were not able to prove under
these assumptions that D 4 is Fredholm.

4 The spectral flow

We continue the notation of the previous section. For A : R — L(W, H) and
t € R we define the crossing operator by

['(A,t) = PA(t)Plier A

where P : H — H denotes the orthogonal projection onto the kernel of A. A
crossing for A is a number ¢ € R for which A(¢) is not injective. The set
of crossings is compact. A crossing t is called regular if the crossing opera-
tor I'(A, t) is nonsingular. It is called simple if it is regular and in addition
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dimker A = 1. If ¢y is a simple crossing then there is a unique real valued
C! function A = A(t) defined near ty such that A(¢) is an eigenvalue of A(t)
and A(tg) = 0. This function is called the crossing eigenvalue. For a simple
crossing the crossing operator I'(A, ty) is given by multiplication with A(to) and
hence A(to) # 0.

Theorem 4.1 Assume A satisfies (A-1), (A-2), (A-3) and has only regular
crossings. Let D4 be defined by (6). Then the set of crossings is finite and

index Dy = — ) "signT'(4, 1) (12)
t

where the sum is over all crossings t and sign denotes the signature (the number
of positive eigenvalues minus the number of negative eigenvalues). Hence for a
curve having only simple crossings

index Dy = — Z sign A(t) (13)
t

where X denotes the crossing eigenvalue at t.

Note that the direct sum of two curves having only regular crossings again
has only regular crossings. The analogous result fails for simple crossings. In-
deed A® A has no simple crossings. We will see in this section that the property
of having only simple crossings is generic so that (13) suffices. On the other hand
the following theorem shows how to use formula (12) without perturbing A.

Theorem 4.2 The curve A — 01 has only regular crossings for almost every
deR.

To prove these results we characterize the Fredholm index axiomatically and
show that the right hand sides of the formulae (12) and (13) satisfy these axioms.
It is convenient to introduce some notation.

Denote the Banach space of bounded symmetric operators from W to H by

Loym(W, H) = {A € LOW, H) : A*|yy = A}

and let S(W, H) C Lsym (W, H) be the open subset consisting of those operators
with nonempty resolvent set, i.e. the operator

M-A:W-—-H

is bijective for some real number A. This means that the operator A, when
regarded as an unbounded operator on H with dense domain W = dom A is
self-adjoint with compact resolvent. (See remark 3.2.)

17



Denote by B = B(R, W, H) the Banach space of all continuous® maps A :
R — Lgym(W, H) which have limits

AT = lim A(t)

t—+oo

in the norm topology. Denote by B! = BY(R, W, H) C B the Banach space of
those A € B which are continuously differentiable in the norm topology and
satisfy

Al = sup (| + 1AW < oo.
teR
Define an open subset
A=AR,W,H) C B(R,W,H)

consisting of those A € B for which the limit operators AT : W — H are
bijective and A(t) € S(W, H) for each ¢ € R. The set

Al = AR, W,H) = AN B!

is open in B!. The set A consists of all maps A : R — L£(W, H) which are
continuous in the norm topology and satisfy (A-2), and (A-3). The set A’
consists of all maps A : R — L(W, H) which satisfy (A-1), (A-2), (A-3) and
in addition are continuously differentiable in the norm topology. Theorem 3.10
implies that D4 is a Fredholm operator for every A € A'.

Given A; € AR, W;, H;), i = 1,2, the direct sum

AL @A € A(R, Wi e Wy, H & HQ)

is defined pointwise. Given A, Ay, A, € AR, W, H) we say that A is the cate-
nation of A, and A, if

Ag(t) fort<o0
Alt) = { Ai(t) for t > 0

and Ay(t) = A(0) = A, (—t) for t > 0. In this case we write
A= Ap#HA,.
Note that the operation (A4, A,) — Ay#A, is only partially defined.

Theorem 4.3 There exist unique maps p : AR,W,H) — Z, one for every
compact dense injection of Hilbert spaces W — H, satisfying the following
azrioms.

(homotopy) p is constant on the connected components of AR, W, H).

I Continuous means continuous in the norm topology unless otherwise mentioned.
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(constant) If A is constant, then pu(A) = 0.

(direct sum) p(A; @ Az) = pu(Ar) + p(Az).

(catenation) If A = A;#A,, then u(A) = u(Ap) + u(A,).
(normalization) For W = H =R and A(t) = arctan(t), we have u(A) = 1.
The number p(A) is called the spectral flow of A.

Remark 4.4 Choose A € A(R, W, H). Then there exists a constant € > 0 such
that if Ag, Ay € AY(R, W, H) satisfy

sup [[A(t) — A; ()l cow,r) < €
teR

then the path A, = (1 — 7)Ag + 7A; lies in AY(R,W,H) for 0 < 7 < 1.
Moreover, if Ag, A; € AY(R,W, H) are homotopic by a continuous homotopy
in A(R,W, H) then they are homotopic by a C'-homotopy in A'(R, W, H).
Hence any homotopy invariant on A* (R, W, H) extends uniquely to a homotopy
invariant on A(R, W, H).

We may write the set S = S(W, H) as an infinite disjoint union

s, i) = | suw, 1)
k=0

where S = Sip(W, H) denotes the set of operators L € S(W,H) with k-
dimensional kernel. The set Sy, is a submanifold of S of codimension k(k+1)/2.
The tangent space to Sk at a point L € Sy, is given by

TLSy = {L € Logm(W, H) : PLP = 0}

where P : H — H denotes the orthogonal projection onto the kernel of L. In
other words a curve A € A is tangent to S, at ¢ = 0 if and only if A(0) € Sy
and the crossing operator I'(A4,0) = 0. Since S has codimension 1 a curve has
only simple crossings if and only it is transverse to Sy for every k. (Recall that
Sk has codimension greater than 1 for k¥ > 2 and hence a curve is transverse to
Sk, if and only if it does not intersect Sk.)

Proof of Theorem 4.3: For A € A'(R, W, H) the number (A) can be defined
as the intersection number of the curve A with the cycle S; (appropriately
oriented) as in [18]. This requires showing that the set of curves transverse
to all Sg is open and dense in A' and that the set of homotopies which are
transverse to all Si is dense. The assertion about curves can be proved using

the transversality theory in [1]. In the notation of [1] ne uses the representation
of maps p : A — CHX,Y) with A = AYR,W,H), X =R, Y = S(W,H),
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W = S,(W, H) and p the inclusion. Homotopies are handled similarly but a
preliminary smoothing argument is required. By Remark 4.4 the definition of
1(A) as the intersection number with S; extends to A € A(R, W, H).

If the curve A € AY(R, W, H) is transverse to each Sy then the intersection
number of A with &7 is given by the explicit formula

p(A) = signA(t)

where the right hand side is as in (13). The transversality argument shows that
this intersection number satisfies the homotopy axiom. The other axioms are
obvious. The proof that the axioms characterize the spectral flow requires the
following

Theorem 4.5 For every A € A(R,W, H) there exists an integer m and a path
of matrices B € A(R,R™,R™) such that A® B is homotopic to a constant path.

Proof: We prove the theorem in three steps.
Step 1: If A(t) is bijective for every t then the theorem holds with m = 0.
Homotop A to a constant A(0) using the formula A, (t) = A(tan(r arctant)).

Step 2: If A € AY(R,W, H) has m simple crossings then there exists a curve
b € AY(R,R,R) such that A & b is homotopic to a curve with m — 1 simple
Crossings.

Assume A has a simple crossing at ¢t = to and let A(t) € o(A(t)) be the
crossing eigenvalue for ¢ near t3. For ¢ > 0 sufficiently small choose a C*-
curve of eigenvectors ¢ : (to — €,t0 +€) — H such that A(t)((t) = A(t)¢(¢) and
<(t)]|; = 1. Define 7(t) : H — R by

m(t)§ = (C(1),8)-

Moreover, choose a smooth cutoff function 8 : R — [0, 1] such that g(t) = 1
for |t — to] < /2 and B(t) = 0 for |t — to| > e. Finally, choose a C'-function
b:R — R such that

b(t) = —A(t) for |t—to| <e/2,

b(t) # 0 for t # to, and b(t) is constant for [t| > e. Consider the curve A €
AYR, W @ R, H ® R) defined by

: A) o8t
As(t) = < so()n(t)  bit) >

Then Ay = A@ b and for § > 0 the curve As has no crossing at t = tg.

Step 3: The general case.
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By transversality homotop A to a curve in A'(R, W, H) with only simple
crossings. Now use step 2 inductively to construct a curve B € AY(R,R™, R™)
such that A @ B is homotopic to a curve without crossings. Finally use step 1.
O

Proof of Theorem 4.3 continued: Denote by u(A) the spectral flow as
defined by intersection numbers. Let i : A(R,W,H) — Z be any putative
spectral flow which satisfies the axioms of Theorem 4.3. We prove that g = u.
To see this note that a curve of matrices B € A(R,R™,R™) is homotopic to
a curve of diagonal matrices. Hence it follows from the homotopy, direct sum,
and normalization axioms that

f(B) = u(B) = isign BT — Lsign B™.

Now let A € A(R,W, H) be any curve and choose B € A(R,R™,R™) as in
Theorem 4.5. Then it follows from the homotopy and constant axioms that
(A @ B) = 0. Hence i(A) = —i(B) = —u(B) = p(A). This proves the
theorem. a

We have not used the catenation axiom to prove uniqueness of the spectral
flow. Hence the catenation axiom follows from the other axioms. Here is a
direct proof of this observation.

Proposition 4.6 The catenation axiom follows from the homotopy, direct sum,
and constant axioms.

Proof: Let A; A, € AR,W, H) such that A,(t) = A.(—t) for t > —1. Call
this constant operator L. We construct a homotopy A, € AR, W& W, H ® H)
such that

Ag=Ar® A, Ay = A#A © L.

This homotopy is given by A, (t) = Ae(t) ® Ar(t) for t < 0 and

At = R (~5) < Ago(t) Aro(t) >R(%)

for t > 0. Here R(#) is the Hilbert space isomorphism of H @& H defined by
R(6) = ( cosf —sind ) '

sin 6 cosf

Note in particular that R(6) commutes with L & L. Thus we have proved that
Ag=A;® A, and A; = Ay#A, & L are homotopic. Hence

N(AZ)'i_u(Ar) = MAKEBAT)
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The first equality follows from the direct sum axiom, the second from the ho-
motopy axiom, and the last from the constant axiom. O

Lemma 4.7 Assume A : R — L(W, H) satisfies (A-1),(A-2), (A-3) and has
only reqular crossings. Then the number of crossings is finite and the spectral
flow of A is given by

p(A) = Zsign T'(A,t)
t
where the right hand side is as in (12).

To prove this result we require Kato’s selection theorem for the eigenvalues
of a one parameter family of self-adjoint operators.

Theorem 4.8 (Kato Selection Theorem) For A € AY(R,R",R") there ex-
ists a C* curve of diagonal matrices

R — R™™: ¢t — A(t) = diag(A1(f), ..., An(t))
such that A(t) ~ A(t) for everyt. Here the sign ~ denotes similarity. Moreover,
DA = A\t) ~T(A—- A1)
for allt and A.

This is a reformulation of Theorem I1.5.4 and Theorem I1.6.8 in [14]. The
existence of a continuous family A(¢) which is pointwise similar to A(t) is easy
to prove. Simply use the ordering of the real line to select the diagonal entries.
In general one cannot choose the similarity continuously. There might not exist
a continuous family of bijective matrices Q(t) with A(t) = Q(#)A(t)Q(t)~!. To
find a differentiable function A(¢) is much harder.

The functions \;(t) are the eigenvalues of A(t) counted with multiplicity.
The theorem also asserts that the derivatives A;j(t) for those j with A;(t) =
are the eigenvalues of the crossing operator I'(A — A t), again counted with
multiplicity.

Corollary 4.9 Assume A : R — L(W, H) satisfies (A-1) and (A-2). Letto € R
and ¢ > 0 such that £c ¢ o(A(ty)). Then there exists a constant € > 0 and a
Cl function A(t) of diagonal matrices defined for to —e <t < to +¢ such that

T(A—\t) ~T(A—\t)

forto—e<t<to+e and —c < X < c. (This implies that the diagonal entries
of A(t) are the eigenvalues of A(t) between —c and ¢, counted with multiplicity.)
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Proof: We prove this by reducing it to the finite dimensional situation. First
choose € > 0 such that +c ¢ o(A(t)) for to —e <t <ty + . Let E(t) denote
the sum of the eigenspace of A(t) corresponding to eigenvalues between —c
and c¢. Choose C'-functions &; : (to — €,to + ) — H such that the vectors
&1(t), ..., En(t) form an orthonormal basis of E(t) for every t. Define 7 (¢) :
H — RY by the formula

N
F(f)*x = Z $j§j (t)
j=1

By the finite dimensional case the theorem holds for the symmetric matrix
B(t) =n(t)A(t)w(t)*.
Differentiating the definition of B gives
B = nmAn* 4+ 7 An* + n A%
and hence . .
QBQ =nPAPT*

where P and @ denote the spectral projections for A and B corresponding to
the same eigenvalue . ]

Proof of Lemma 4.7: A curve A : R — £(W, H) which satisfies (A-1), (A-2),
and (A-3) has only regular crossings if and only if it is transverse to

S = | Sk

k>1

in the sense that its derivative A(t) at a crossing ¢ does not lie in the tangent
cone at L = A(t)

708 = { £ € Lopm(W, H) : 0 € o(PEPlrr) }

Choose ty € R with A(tg) € S;. Then 0 is an eigenvalue of A(to) with finite
multiplicity m. Choose ¢ > 0 such that there is no other eigenvalue of A(tg)
in the interval —c¢ < A < ¢. Now choose ¢ > 0 such that £c ¢ o(A(¢)) for
to —e <t <tyg+e. By Corollary 4.9 there exist m continuously differentiable
curves

M, eoy Am 2 [to —&,t0 + €] — (—¢,¢)

representing the eigenvalues of A(t) in (—c¢,c). Since tg is a regular crossing
of A it follows that /.\j (to) # 0 for every j. This proves that the crossings are
isolated.

Shrinking ¢ if necessary we may assume that A\;(¢) # 0 for 0 < [t — to| < €.
This proves that

sign \j(to + &) = —sign A (tg — €) = sign A\;(to).
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Hence
sign(I‘(/Lto)) = #{j 0 < )\j(to-f—ff) < (5} - #{j 0 < )\j(to —E) < (5}

The right hand side is unchanged by small perturbation and agrees with the
spectral flow across the interval [to — ¢,tg + €] for a nearby curve in A with
simple crossings. This proves that the intersection number of A with S; at tg
is the signature of the crossing operator. O

Proof of Theorem 4.2: By Corollary 4.9 cover the set {(t,\) : A € o(A(t))}
by countably many graphs of smooth curves ¢ — \;(t) each defined on an
interval [a;, b;]. By Sard’s theorem the complement of the set of common regular
values has measure zero. By Corollary 4.9 § € R is a common regular value of
the functions A; if an only if A — 01 has only regular crossings. O

Proof of Theorem 4.1: We prove that minus the Fredholm index satisfies
the axioms of Theorem 4.3:

AYR, W, H) — Z: A —index D 4.

The homotopy and direct sum axioms are obvious. The constant axiom fol-
lows from Corollary 3.13, the normalization axiom from Theorem 2.1, and the
catenation axiom from Proposition 4.6. Hence

index Dy = —pu(A)

for A € AY(R,W, H). To prove this formula in general approximate a curve
which satisfy (A-1), (A-2), and (A-3) (but is only continuously differentiable in
the weak operator topology) by a curve in A (R, W, H). Finally use Lemma 4.7.
O

We include here some observations about catenation. Assume Ay, A, € A
such that A(t) = A, (—t) for t > 0. Form the shifted catenation

A= AE#TAT
by A(t) = A¢(t + 7) for t <0 and A(t) = A.(t —7) for ¢ > 0.

Proposition 4.10 If the operators D4, and D 4, are onto (resp injective), then
the operator D 4 is onto (resp injective) for T sufficiently large.

Proof: We consider the injective case; the onto case follows by duality. By
assumption there exist constants ¢, > 0 and ¢, > 0 such that

I€lw < cellDaélly: IElw < erllDa,€lly s

24



for every £ € W. Choose a nondecreasing cutoff function 8 : R — R such that
Bt)y=1fort >T, 5(t) =0for t < —T and f(t) <1/T. Then for 7 > T

lelw < 10~ B)elhw + 16w
< cel|Da, (1= B)E) 3 + cr 1D 4, (B8l
< el = DDAl + er 18D, 8l + (eo e €l
<

(o ) (1Da€lhe + ).

This estimate shows that D4 is injective for T sufficiently large. Note that in
the estimate

1€llw < el Dagl2
the constant ¢ is independent of 7 > T'. O

The operator A = Ay#,A, is constant and bijective on the time interval
—71 <t < 7. The proof of Proposition 3.12 shows that every £ in the kernel of
D 4 satisfies an estimate

d2 2 2 2
el > el

on this interval. Hence for large 7, £(0) must be small. This shows that elements
of the kernel of D4 are roughly of the form & = &#.&, where & € ker Dy,
and & € ker Dy,.. Conversely the catenation of two such elements &, and &,
can be approximated by an element in the kernel of D4. The argument uses
Proposition 4.10. This provides an alternative proof for the catenation axiom.

5 The Maslov index

Let (E,w) be a symplectic vector space and denote by £ = L(F,w) the manifold
of Lagrangian subspaces of E. The Maslov index as defined in [21] assigns to
every pair of Lagrangian paths A, A’ : [a,b] — L(F,w) a half integer u(A,A’).
In this section we enumerate the properties of the Maslov index that will be
needed in the sequel.

Any two symplectic vector spaces of the same dimension are symplectomor-
phic. The Maslov satisfies the naturality property

H(WA, WAy = u(A,A) (14)

for a symplectomorphism ¥ : (E,w) — (E’,w’). Hence we will give our defini-
tions for the standard symplectic vector space

E =R>", w:w():Zd:vj/\dyj.

Jj=1
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The only other example which we need is
E =R*" x R*", w = (—wp) X wp.

In the latter case the graph of a symplectomorphism of (R?",wy) is an element
of £. The Maslov index has the following properties.

(naturality) Equation (14) holds when ¥ is time dependent.

(homotopy) The Maslov index is invariant under fixed endpoint homotopies
(zero) If A(t) N A’(t) is of constant dimension then p(A,A") = 0.

(direct sum) If £ = F; @ E> then

(A ® Ao, Ay & AY) = pu(Ar, AY) + (A2, Ag).
(catenation) Fora <c<b
(A, A) = p(Alfa,e)s A'lja,e)) + (Al ey Allje.)-

(localization) If (E,w) = (R?",wp), A’(t) = R™ x 0 and A(t) = Gr(A(t)) for a
path A : [a,b] — R™*™ of symmetric matrices then the Maslov index of A
is given by the spectral flow

u(A,A') = LsignA(b) — LsignA(a). (15)

Remark 5.1 These axioms characterize the Maslov index (see [21]). By the
localization property the spectral flow of a path of finite dimensional symmetric
matrices is a special case of the Maslov index. However, we only define the
spectral flow in the case where the matrices A(a) and A(b) are invertible whereas
the Maslov index is defined for any path. The reason for the former is that the
operator D 4 is not Fredholm unless A* are invertible. The reason for the latter
is that it is often necessary to consider Lagrangian pairs with A(a) = A’(a).

For t € [a,b] and A'(t) = V constant the crossing form T'(A,V,t) is a
quadratic form on A(t) NV defined as follows. Let W be a fixed Lagrangian
complement of A(t). For v € A(t) NV and s — ¢ small define w(s) € W by
v+ w(s) € A(s). The form

DAV = S wlo,u(s)

is independent of the choice of W. In general the crossing form T'(A, A’ t) is
defined on A(t) N A’(t) and is given by

T(A N t) =T (A A (),t) — T(A,A(t), t).
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A crossing is a time ¢ € [a,b] such that A(t) N A’(t) # {0}. A crossing is
called regular if T'(A, A’,t) is nondegenerate. It is called simple if in addition
A(t) N A'(t) is one dimensional. For a pair with only regular crossings the
Maslov index is defined by

u(A,A") = L1signT(A, A a) + Z sign(A, A, ) + Lsign (A, A, b).
a<t<b

Since regular crossings are isolated this is a finite sum.

Remark 5.2 If V =0 x R™ and Z(t) = (X(¢),Y (¢)) is a frame for A(¢) then
DA, V,t)(v) = —(Y ()u, X(t)u),  X(t)u =0,

where v = (0, Y (t)u).

Remark 5.3 Consider the symplectic vector space E = R?" x R?" with w =
(—wp) X wp. For a path of a symplectomorphisms ¥ : [a,b] — Sp(2n) we have

u(WA,A') = p(Gr(¥), A x A).
When ¥(¢) = 1 this means
WA ) = (A A % )
where A C R?" x R?" denotes the diagonal.

Remark 5.4 Let V = 0 x R™ denote the vertical. The Maslov index of a
symplectic path ¥ : [a,b] — Sp(2n) is defined by

p(V) = p(TV, V) = p(Gr(¥),V x V).

f¥(a) =DLand ¥(b)VNV =0 then u(¥)+n/2 € Z. The condition ¥(t)VNV =
0 holds if and only if ¥(¢) admits a generating function as in [23]. If ¥ is written

in block matrix form n
B
v (48). a0

then this is equivalent to det B(t) # 0. By Remark 5.2 the crossing form I'(¥, ¢)
is given by

LW, 8)(y) = =(D(t)y, B(t)y)-
for y € R™ with B(t)y = 0.
Remark 5.5 The Conley-Zehnder index of a symplectic path is defined by
poz(¥) = p(Gr(¥), A).
This index was introduced in [5] for paths ¥ : [a,b] — Sp(2n) such that ¥(a) = 1
and 1—U(b) is invertible. For such paths the Conley-Zehnder index is an integer.

27



6 The Morse index

6.1 Sturm oscillation
Consider the operator family A(t) : W — H defined by

2
A(t) = 55— als. 1)
with
H=1L*[0,1]), W =W22([0,1])nW,>([0,1)).
Here s is the coordinate on [0,1]. Assume that ¢ is C! on the closed strip

[0,1] x R and independent of ¢ for |¢| > T. Let ¢ = ¢(s,t) be the solution of the
initial value problem

9%¢ 9¢
Define ¢*(s) = q(s, £T) and ¢*(s) = ¢(s, +T) and assume that

¢*(1) # 0.
This means that 0 is not in the spectrum of A%.
Proposition 6.1 The spectral flow of A(t) is given by
w(A) =v(e™) —v(o")

where v(¢T) denotes the number of zeros of the function ¢*(s) in the interval
0<s<1.

Proof: First note that all eigenvalues of A(t) have multiplicity 1. By The-
orem 4.2 we may assume that all crossings are simple. We investigate the
behaviour of the quotient ¢/0s¢ along the boundary s = 1. Differentiating the
identity

1
| (@02~ a6?) ds = 0(1.00,601.0
0
with respect to ¢t and integrating by parts we obtain
1
/ (0:q) 9 ds = 01 p(1,1)050(1,1) — G(1,1)0;050(1,1).
0
At a crossing t the left hand side is the crossing operator (up to a scalar multiple):

) @) ds

o2 d = tr(PAP) = A(t).
0 S
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Here A(t) is the crossing eigenvalue. Hence

- o(Lt)
sign A(t) = —sign — dt Do)’

Since s — ¢(s,t) solves a second order equation ¢ and Js¢ cannot vanish si-
multaneously. Hence the loop of lines R(¢(s,t),dsb(s,t)) C R? around the
boundary of [T, T] x [0, 1] is contractible. Set ¢ = £7 and let s run from 0 to
1: The intersections of the line R(¢(s, £T), ds¢(s, £T)) with the vertical R(0, 1)
count the zeros of ¢+

d o¢(s,£T)
V(d)i) = Z Slg ds W = Z 1.
¢(s,£T)=0 ¢(s,£T)=0

The intersections of the line R(¢(1,¢), ds¢(1,t)) with the vertical R(0, 1) count
the crossings of A(t)

pA) = Y i)

¢(1,¢)=0
= — Z signii(b(lﬂf)
(0 dt 0sp(1,t)

_ . d ¢(s,-T) d ¢(s,T)
- ¢(S¥)_081gn%_as¢<s,—fr>‘q% R Y
— u(¢7) — (o).

a

Corollary 6.2 (The Sturm oscillation theorem) The n-th eigenfunction of

the problem
2,

82

has n — 1 interior zeros.

—I—qu—i—)\U—O u(0)=u(l)=0

Proof: Consider the spectral flow for the operator family

d2
Alt) =—== —q—b(t
()=~ —a—blt)
where b : R — R is a smooth function such that b(t) = b~ < A for ¢t < —1 and
An_1 < b(t) =bt < A\, for t > 1. 0

This proof also shows that if the operator A : W — H defined by Au =
—d?u/ds?® — qu is invertible then its Morse index (the number of negative eigen-
values) is the number of zeros of the fundamental solution ¢(s) in the interval
0 < s < 1. This is a special case of the Morse index theorem proved below.
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6.2 The Morse index theorem

In suitable coordinates the Jacobi equation in differential geometry has the form

2

Au = —% —Q(s)u=0. (17)
Here s € [0,1], u(s) € R™, and Q(s) is a symmetric matrix representiong the
curvature. This generalizes the previous example from 1 dimension to n. We
call sgp € (0,1] a conjugate point of A iff there is a non-trivial solution u of
equation (17) satisfying u(0) = u(sp) = 0. The dimension of the vector space
of all solutions u of (17) satisfying u(0) = u(sg) = 0 is called the multiplicity
of the conjugate point. Denote by v(A) the number of conjugate points of A
in the interval 0 < s < 1 counted with multiplicity. Let ®(s) € R™*™ be the
fundamental solution of (17) defined by

R do
TETQEP=0,  B0)=0, =

d82
o (31

for 0 < s < 1. Then
is a Lagrangian plane for every s.

0) =1,

Proposition 6.3 Assume det U(1) # 0. Then the number v(A) of conjugate
points is related to the Maslov index of A by

n
BAV) = () - &
where V=0 x R"™.

Proof: Suppose sg is a crossing of multiplicity mg. By Remark 5.2 the crossing
form is given by

L(A, V,50)(v) = —(®(s0)uo, P(s0)uo), v = (0, ®(s0)uo), ®(s0)uo = 0.

Since ®(sg) is injective on the kernel of ®(so) the crossing form is negative
definite and of rank mg. This shows that all crossings are regular. Moreover,
so = 0 is a crossing with crossing index mo = n. The Proposition is proved by
summing over the crossings:

wA, V) = —%dimker@((})— Z dim ker ®(s)

0<s<1
det ®(s)=0
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Let H and W be as before but tensored with R"™:
H=L*([0,1],R™), W =W?22([0,1],R") n W, >([0,1],R"),

and replace the operator of (17) by a one-parameter family

2
Al) =~ Q(s.1).

Assume that @ is C! on the closed strip [0,1] x R and independent of ¢ for
|t| > T. Assume that 1 is not a conjugate point for either of the operators A*.
This says that these operators are invertible.

Proposition 6.4 The spectral flow of A(t) is given by
p(A) = v(A7) —v(AT).
Proof: Let ® = ®(s,t) € R™*™ be the fundamental solution defined by

02® O
S Q=0 20.)=0,  Z(0,)=1

Then the operator A(t) is injective if and only if det ®(1,¢) # 0. The kernel of
A(t) consists of all functions of the form

u(s) = ®(s, t)uo, O(1,t)ug = 0.

Think of the crossing operator I'(A4, t) as a quadratic form on the kernel of A(t):

1
T'(A,t)(u) = —/0 (u(s), 0:Q(s, t)u(s)) ds.

The next lemma shows that that this agrees with the crossing form of the
Lagrangian path ¢ — A(1,t) with the vertical V' = 0 x R™ evaluated at ug where

Als, 1) :range( 8‘3)(1()5(;2) )

Hence
= ,U‘(A+a V) - :U’(A_v V)
= v(A7) —y(Ah).
The second equality follows from the fact that the loop of Lagrangian subspaces

A(s,t) around the boundary of the square [0,1] x [T, T] is contractible. The
last equality follows from Proposition 6.3. a
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Lemma 6.5 Let V =0 x R". Then
I(A,t)(u) = T(A(L,-), V1) (v)
for u(s) = ®(s,t)ug and v = (0,95P(1, t)ug) with ®(1,t)ug = 0.

Proof: Differentiate the identity
1
/ ((0s@)705® — DT QP) dx = ®(1,t)7 9,®(1,¢)
0
with respect to t and integrate by parts to obtain

1
/ ®T(9,Q)® ds = 0, ®(1,1)T0,0(1,t) — 0;0,®(1, )T ®(1,1).
0

Now multiply on the left an right with ug where ®(1,¢)ug = 0. The result is

/0 (u(s), 0:Q(s, t)u(s)) ds = (0sP(1, t)ug, e P(1,t)ug).

The left hand side is —T'(A, t)(u) and the right hand side is —T'(A(1, ), V,t)(v).
O

Corollary 6.6 (The Morse index theorem) Assume that the operator A :
W — H defined by (17) is invertible. Then its Morse index (the number of
negative eigenvalues) is the number v(A) of conjugate points.

Proof: Consider the spectral flow for the operator family

A)) = —25 - Q- b()

where b : R — R is a smooth function such that b(t) = b~ < A for ¢t < —1 and
b(t) =0 for t > 1. O

7 Cauchy-Riemann operators

0 -1
= (1)
the standard complex structure on R?"® = C™. Consider the perturbed Cauchy

Riemann operator
5 a¢ a¢

Ds.nC = 5 — Jogx +5C (18)

Denote by
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where ( : [0,1] x R — R?" satisfies the non-local boundary condition

(€(0,2),¢(1,1)) € A(). (19)

Here A(t) C R?" x R?" is a path of Lagrangian subspaces and S(s,t) € R?"x2"
is a family of matrices. We impose the following conditions:

(CR-1) The function A : R — L(R?** x R*" (—wp) X wp) is of class C1. More-
over, there exist Lagrangian subspaces A* and a constant T > 0 with
A#)=AT fort >T and A(t) = A~ for t < —T.

(CR-2) The function S : [0,1] x R — R?"*2" is continuous. Moreover, there
exist symmetric matrix valued functions ST : [0, 1] — R2"*2" guch that

lim sup [|S(s,t) — S*(s)| = 0.

t—+oo OSS§1

(CR-3) Let U* :[0,1] — Sp(2n) be defined by

+
aal + JoSTUt =0,  wE0) =1
S

Then the graph of U*(1) is transverse to A*.

The operator ds o has the form D4 = d/dt — A(t) but in contrast to section 3
the domain of the operator A(t) : W (t) — H depends on t so Theorem 3.10 does
not apply directly. We overcome this difficulty below by changing coordinates.
Condition (CR-1) asserts that the domain of the operator A(t) is independent
of t for |[t| > T. The Lagrangian boundary condition and the symmetry of S+
imply that the limit operators A* are self-adjoint. Condition (CR-3) asserts
that these operators are invertible. Abbreviate

L? = L?([0,1] x R,R®"),
Wh? = {CeW2([0,1] x RR™) 1 (C(0,1),¢(1,1) € A1)}

In the case A(t) = A of constant boundary conditions these are the spaces
H = L% and W = W,"? of section 3.

Theorem 7.1 The operator Js 4 : Wi’2 — L? is Fredholm. Its index is given

by
index s p = p(Gr(¥ ™), A7) — pu(Gr(¥H), A1) — u(A,A) (20)

Proof: We prove the theorem in five steps.

Step 1: Let U(s,t) € Sp(2n) be defined by

U=0, U(0,t)=1 (21)



Then
p(Gr(B(1,)),A) = (A, A) + p(Gr(T+), A%) = p(Ge(7), A7), (22)

By condition (CR-2) we have
UE(s) = lim W(s,t).

t—+oo

By condition (CR-3) the path s — ¥(s,£T) has the same Maslov index as
U+ for T sufficiently large. Hence step 1 follows by considering the loops of
Lagrangrangian subspaces A(s,t) = A(t) and A'(s,t) = Gr(¥(s,t)) around the
boundary of the rectangle [0,1] x [-T,T]. In view of step 1 it suffices to prove
that

index 9 o = —p(Gr(¥(1,-)),A). (23)

Step 2: The theorem holds when A(t) = V @V, S(s,t) = S(s,t)T is sym-
metric and continuouly differentiable, and the path t — U(1,t) has only simple
CTrossings.

By Theorem 3.10 the operator is Fredholm and by Theorem 4.1 the Fredholm
index is given by the spectral flow for the self-adjoint operator family

A(t) = J()% - S(S,t)

on H = L?([0,1],R?") with dense domain
W = W,72([0,1], R™) x Wh2([0, 1], R™).

We examine the crossing operator I'(A,t) at acrossing ¢. The operator A(t) is
injective if and only if ¥(1,£)V NV = 0 where ¥(s,t) € Sp(2n) is defined as in
step 1. The kernel of A(t) consists of all functions of the form

C(s) =¥(s,t)o, wv=(0,y), Bl t)y=0.
Here B(1,t) is the right upper block in the block decomposition (16) of ¥(1,t).
Think of the crossing operator I'(A, t) as a quadratic form on the kernel of A:

1
(A1) = - / ((s), BS(s,)C(5)) ds.

We shall prove in the lemma below that this form agrees with T'(¥(1,-),¢).
Hence the operator family A(t) has only regular crossings and

indeng,V@V =—u(4) = _M(\II(L ) = —M(GY(‘I’(L ))7 Vev).

The last equality follows from Remark 5.4. Now use step 1.
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Lemma 7.2 We have
I(A,8)(¢) = T(¥(1,-), )(y)
for ((s) = W(s,t)v withv = (0,y) € V and B(1,t)y = 0.
Proof: Differentiate the identity
SV = Jo0s ¥

with respect to ¢, multiply on the left by W7 and integrate by parts to obtain

1 1 1
/\I!T(ﬁtS)\Ilds = /\IITJO(?s@t\I/ds—/ UT'50,¥ ds
0 0 0

1 1
- /q/TJoasat\de/ (0,9)T Jy0, ¥ ds
0 0

U1, )7 Jo0, W (1, ).

Now multiply on the left and right by v = (0,y) with B(1,t)y = 0 to obtain
(A D) = —(U(1,t)v, Jod ¥ (1,t)v)
= _<D(17t)yaat ( )y>
= D(Y(,), ().

Here D(1,t) denote the lower right block in the decomposition (16) of ¥(1,¢).
The last equality follows from Remark 5.4. This proves the lemma.

Step 3: The theorem holds when A(t) =V & V.

Choose any smooth cutoff function 8 : R — [0, 1] such that §(t) = 0 for
t < =T and S(t) =1 for ¢t > T and replace S by

§'(s,8) = B)S* () + (1= B(1)S (5):

Then the right hand side of (18) is unchanged. Moreover, the multiplication
operator induced by S — S’ satisfies the assumptions of Lemma 3.16. Hence,
by Corollary 3.17, the operator 557\/@‘/ is Fredholm and has the same index as
55/7\/@‘/. Now choose a small perturbation to obtain a symmetric C''-function
S” such that the associated symplectic path ¢ — ¥’ (1,¢) has only simple cross-
ings. Finally use step 2.

Step 4: The theorem holds in the case of local boundary conditions
A(t) = Ao(t) ® A (2)

U)Zth Aj (t) S L:(Rzn, WO)-
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Identify R?" = C™ and choose a unitary transformation ®(s,t) € U(n) =
0O(2n) N GL(n,C) of class C* such that ®(s,t) is independent of ¢ for |t| > T.
Then

557/\ od=>Po 55/)1\/

where P P
— )y —+ PSP

I d—1
S=2 ot Os

and A" = Aj @ A} with
Nj(t) = B0, 1) Ao(t),  AL(E) = B(L 1) AL (1),

Since ®~! = &7 the matrix S’(s,t) is symmetric for || > T. The corresponding
symplectic matrices U'(s,t) € Sp(2n) defined by (21) with S replace by S’ are
given by

U'(s,t) = B(s,t) W (s, 1)®(0,1).

s,
Now denote ®(t) = ®(0,¢) & ®(1,t) € Sp(R?" x R?" (—wp) X wp). Then
Gr(V'(1,t)) = ®(t) ' Cr(¥(1,1)), A (t) =D(t)A().
and, by the naturality axiom for the Maslov index,
p(Gr(B(1,)), A) = p(Gr(W'(1,-)), A",
Now choose ® such that A’(t) =V x V and use step 3.

Step 5: The general case.

Define the operator 7 : L%([0, 1] x R, R?") — L2([0, 1] x R, R?" x R?"*) which
sends ¢ to the pair 7¢ =1 = (19, n1) where

Mo(s, ) = C((1— )/2,4/2), m(s,t) = C((1+ 8)/2,1/2).
If¢ e W/{’Q then 7 satisfies the local boundary conditions
00,0 € A=Kot),  n(lL,1) € At) = Ka(t).
Moreover, the operator 7 o ds.a 0 7 ! is given by
(10, m1) = (Oeno + JoO¢ + Somo, Oem — JoOr + S1m1)

where So(s,t) = S((1—1s)/2,t/2)/2 and S;(s,t) = S((1+5)/2,t/2)/2. This is a
Cauchy-Riemann operator with respect to the complex structure J = (—Jgy)®Jo
which is compatible with @ = (—wp) ® wo. The corresponding fundamental
solution U(s,t) = Wo(s,t) ® ¥y(s,t) is given by

Uo(s,t) = U((1—s)/2,t/2)¥(1/2,t/2)7 1,
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Uy (s,t) = U((1 +5)/2,t/2)¥(1/2,t/2)" .
Hence W(1,t)A = Gr(¥(1,t/2)) and it follows that
p(Gr(W(1,)), A) = u(W(1,-)Ko, Ay)
By step 4 the operator 7 o 557 A 0771 is Fredholm and its index is given by
index7T 0dgp 0T ' = —u(U(1,-)Ag, Ay).
Hence g, is a Fredholm operator and

index s x = —pu(Gr(¥(1,-)),A).

By step 1 this proves the theorem. O

Remark 7.3 (Periodic boundary conditions) Assume A(f) = A for all ¢.
Then condition (5) above means that

det(1 — U¥(1)) # 0.
In this case the Fredholm index is related to the Conley-Zehnder index by
indexéSA = ,ucz(\lf_) - /ch(\I/+).

This result was proved in [25]. With these boundary conditions the operator
Os plays a central role in Floer homology for symplectomorphisms. The mod 2
index is the relative fixed point index e(¥) = sign det(1—¥ " (1))-signdet(1—
U (1)): )

(_1)indcx85 _ 5(\1])

As a result the Euler characteristic of Floer homology for a symplectomorphism
is the Lefschetz number [11], [6].

Remark 7.4 (Local boundary conditions) Assume S =0 and
A(t) = Ao(t) ® A (2)
where Ag(t), A1(t) € L(R?*",wp). Then condition (5) above means that
Ao(£T)N AL (£T) = 0.
By Remark 5.3 the Fredholm index is given by
index 9y = — (Ao, Ay).

This was proved by Floer [8] using results by Viterbo [28]. With these bound-
ary conditions the operator dp plays a central role in Floer homology for La-
grangian intersections. The mod 2 index is the relative intersection number
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£(Ag,A1). Choose orientations of Ag and A; and define (Ag, A1) = £1 ac-
cording to whether the induced orientations on R?" = Ag(£T) @ A1 (+T') agree.
Then ~

(_1)index6A _ E(Ao,Al)-

As a result the Euler characteristic of Floer homology for a pair of Lagrangian
submanifolds is the intersection number [9].

Remark 7.5 (Dirichlet boundary conditions) Assume S = S7 is symmet-
ric and A(t) = V @& V where V = 0 x R" is the vertical. Then condition (5)
above means that ¥ (1) NV = 0. By Remark 5.4 the Fredholm index is given
by

index g o = u(¥™) — pu(TH).

In this case the results of section 3 apply and the operator A = A(t) is given by
AC = JoC — 5¢

for ¢ = (¢, n) with boundary condition £(0) = £(1) = 0. This operator appears
as the second variation of the symplectic action on phase space. The signature
of A is undefined since the index and the coindex are both infinite. In [23] we
interpret the Maslov index as the signature of A via finite dimensional approx-
imation:

sign AT = 2p(TF).

Hence the index theorem can be written in the form
index Jg o = isign A~ — isign AT.
This is consistent with the finite dimensional formula in Remark 2.2.

Remark 7.6 (Totally real boundary conditions) The operator 551 A con-
tinues to be Fredholm when A(t) is only totally real with respect to the complex
structure (—Jo) @ Jo on R?® x R?". To see this in the case of local boundary
conditions A = Ag@® A1 choose a family of symplectic forms w(s,t) on R?" which
are compatible with Jy and satisfy

Ao(t) € LR, w(0,1),  Aq(t) € LR®™, w(L,t)).
Now choose a unitary frame
®(s,t) : (R*™, Jo,wo) — (R*™, Jo,w(s, 1))

and consider the operator Jg s in the new coordinates ¢’ = ®~'¢. Then the
operator has the above form with Lagrangian boundary conditions. Its index is
independent of the choice of ® since the space of all symplectic forms on R?"
which are compatible with Jy is contractible. The general case can be reduced
to that of local boundary conditions as in Step 5 of the proof of Theorem 7.1.
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