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A Morse-Smale index theorem for indefinite elliptic
systems and bifurcation

Alessandro Portaluri and Nils Waterstraat

Abstract

We generalise the semi-Riemannian Morse index theorem to non-degenerate elliptic sys-
tems of partial differential equations on star-shaped domains. Moreover, we apply our
theorem to bifurcation from a branch of trivial solutions of semilinear systems, where the
bifurcation parameter is introduced by shrinking the domain to a point. This extends recent
results of the authors for scalar equations.

1 Introduction

The Morse index theorem is a well known result in differential geometry which relates the Morse
index of a non-degenerate geodesic v in a Riemannian manifold (M, g) to its number of conjugate
points (cf. [22 §15]). It was proved by Marston Morse in the first third of the 20th century
(cf. [23], |24]) and since then it has been generalised into various directions. After introducing
coordinates, the Morse index theorem can be viewed as an assertion about Dirichlet boundary
value problems for systems of ordinary differential equations of the form

—u (@) + S(@)u(x) = Au(z), @€ [0,1], "

u(0) =u(l) =0

where S : [0,1] — S(k;R) is a smooth path of symmetric matrices containing curvature terms
of the manifold M along the geodesic, and k is the dimension of M. If we now define the Morse
index pprorse(7y) of the geodesic to be the number of eigenvalues A < 0 of the boundary value
problem () counted with multiplicities and

m(t) ;= dim{u : [0,1] = R¥ : —u”(2) + S(x)u(x) = 0, u(0) = u(t) = 0}, (2)

then the Morse index theorem states that

fatorse(r) = 3 mib). (3)

te[0,1]
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Instants ¢ € [0, 1] such that m(t) > 0 are called conjugate and () in particular implies that they
are finite in number.

Smale showed in [34] (cf. also [35]) that an equality like @) continues to be true for strongly
elliptic partial differential equations as follows: let M be a smooth compact manifold of dimension
n with non-empty boundary M, FE a Riemannian vector bundle of dimension k over M and ¢y :
M — M a continuous curve of smooth embeddings such that ¢y = id and M := @4 (M) C M; for
s>t. Let L:To(E) — T'(F) be a strongly elliptic selfadjoint differential operator of even order,
where T'(F) denotes the space of smooth sections of E and I'yg(F) are those elements of I'(E)
that vanish on M. Note that by the strong ellipticity assumption, £ has a finite Morse index,
i.e., there are only finitely many negative eigenvalues of £ which are all of finite multiplicity. We
now obtain differential operators £; : To(E |p,) — T(E |ar,) by restricting £ to E |, and we
denote

m(t) = dim{u € To(E};) : Lyu = 0}.

Smale’s theorem states that under common assumptions on the operators L, the corresponding
equality (B]) still holds. Later Uhlenbeck (cf. [38]) and Swanson (cf. [36],[37]) gave alternative
proofs of Smale’s result using abstract Hilbert space theory and intersection theory in symplectic
Hilbert spaces, respectively. Note that the classical Morse index theorem (@) is an immediate
consequence of Smale’s result in the case n = 1.

A completely different variation of Morse’s classical result is inspired by physical applications and
concerns the corresponding statement for geodesics in semi-Riemannian manifolds (M, g), which
comprise the models of space-time in general relativity theory. After introducing coordinates,
the equations ([J) are in this more general case

Ju" () + S(x)u(z) = Au(z), = €][0,1], )
u(0) =u(l) =0,
where J is the diagonal matrix
J =diag(—1,...,-1,1,...,1). (5)
——— ——

k—v v

and v is the index of the semi-Riemannian metric g. Twenty years ago, Helfer explored Morse
index theorems for (@) in [I7] and ascertained that it is not even possible to make sense of the
values involved in the classical result (B)) in this generality: the Morse index of () is easily seen
to be infinite if v # 0, and moreover, conjugate instants may accumulate. Starting with Helfer’s
work, considerable amount of research has been done in order to extend the Morse-index theorem
to geodesics in arbitrary semi-Riemannian manifolds (cf. [31]). A new approach to this problem
was proposed by Musso, Pejsachowicz and the first author in [25], where topological tools like
the spectral flow and the winding number were used in order to give a meaning to the indices in
@) in the semi-Riemannian setting. Subsequently, the second author gave an alternative proof
of this general version of the Morse theorem using the Atiyah-Jénich bundle and K-theoretic
methods (cf. [39)]).

Recently, also Smale’s theorem was revisited and extended to more general boundary conditions
under the additional assumptions that the manifold M is a star-shaped domain €2 in some Eu-
clidean space R”, the shrinking ¢ is the canonical contraction, and in particular, £ = 1, i.e., only
scalar partial differential equations were considered. Deng and Jones studied in [9] zeroth-order



perturbations of the scalar Laplacian for a rather general class of boundary value problems.
Subsequently, the first author extended their results for the Dirichlet and Neumann problem
in collaboration with Dalbono to general scalar second order elliptic partial differential equa-
tions in [§]. The novelty in these investigations is that now, except for the case of the classical
Dirichlet condition as treated by Smale in [34], conjugate points can accumulate as in the case
of semi-Riemannian geodesics. Hence the right hand side in (3]) does no longer exist, while the
left hand side is still well defined. Deng and Jones tried to overcome this problem in [9] by using
a Maslov index for curves of Lagrangian subspaces in a symplectic Hilbert space consisting of
functions on the boundary of Q. Note that compared to (), the equations considered in [9]
and [8] correspond for Dirichlet boundary conditions to the case of geodesics in one-dimensional
Riemannian manifolds.

Finally, the authors studied bifurcation phenomena for scalar semilinear elliptic differential equa-
tions on star-shaped domains under shrinking of the domain by variational methods in [29] and
[30], and obtained incidentally a new proof of Smale’s theorem [34] for scalar elliptic equations
(cf. also [40]).

The aim of this work is to extend the semi-Riemannian index theorem from [25] for the indefinite
boundary value problem (@) to elliptic systems of partial differential equations, and to study bi-
furcation phenomena under shrinking of the domain. Let {2 be a smooth bounded domain in R™
which we assume to be star-shaped with respect to 0. In what follows, we denote for 0 < r <1

Qr:={r-z:2eQ}

and we consider the Dirichlet boundary value problems
JAu(x) + V(z,u(x)) =0, z€Q, (©)
u(z) =0, x €,

where V : Q x R¥ — R* is a smooth map such that V(z,0) = 0 for all x € Q and J is as
in ([B) for some 0 < v < k. We call the parameter r the radius, and we note that u = 0 is a
solution of (@) for all » € (0,1]. A radius r* € (0, 1] is said to be a bifurcation radius if there
exist a sequence {r,}nen and weak solutions 0 # u,, € H}(Q,,,R¥) of (@) such that r, — r*
and HunHHé(an rey — 0. As we will see below, an important object for studying bifurcation is
given by the linearisation of (@), which is the Dirichlet boundary value problem

JAu(x) + S(x)u(z) =0, =z€Q, )

u(z) =0, x €,

where

S(x) := D,V (x,0), z€Q,

is a smooth family of k x k matrices. In what follows, we assume that S(z) is symmetric for all
x € Q. We call r € (0,1] a conjugate radius if () has a non-trivial solution, and we say that (@)
is non-degenerate if 1 is not a conjugate radius for ().

Note that if J = —1Ij, where I is the identity matrix of size k, then () is a special case of the
equations considered by Smale in [34], and if moreover k = 1, such equations were treated in [9]
for more general boundary conditions.

It is worth to note that for n = 1, i.e.,, a one dimensional domain Q, (@) are precisely the
equations (@) coming from geodesics in semi-Riemannian manifolds. Consequently, if J # —Ij
in this case, then the corresponding Morse index is infinite, and conjugate radii may accumulate
according to Helfer’s work [I7] which we have already mentioned above. In particular, Smale’s



theorem [34] cannot hold in the situation that we are studying here, and our aim is to extend it
to our equations (7)) as the Morse index theorem (B]) was generalised to the equations (@) in [25].
Accordingly, we substitute the Morse index of the equations () by the spectral flow sf(h, [0, 1])
of a suitable path of Fredholm quadratic forms h as in [25]. Moreover, we use the Maslov index
tnias (4, 1, [0, 1]) for paths of Lagrangian subspaces ¢ in the von Neumann quotient 8 from [5] to
extend the right hand side in (@) to our equations ([7l), where the subspaces ¢ are obtained from
the abstract Cauchy data spaces of (7)) and p corresponds to the Dirichlet boundary condition.
Our main theorem establishes a Morse index theorem for elliptic systems of second order partial
differential equations which are not necessarily strongly elliptic, and reads as follows:

Theorem. If () is non-degenerate, then

Sf(ha [Oa 1]) = MMas(Ea Hs [0’ 1]) € Z.

Moreover, we introduce in a second theorem a new proof of Smale’s theorem for the equations
(@ in the strongly elliptic case, i.e., if J = —Ij.

Theorem. If (@) is non-degenerate and J = —I,, then there are only finitely many conjugate
instants in (0,1) and

sf(h, [0,1]) = = Y m(r),

re(0,1)

where m(r) denotes the dimension of the space of classical solutions of (T).

Finally, the case n = 1 is considered in which (7)) are ordinary differential equations. We
derive as immediate corollary the classical Morse index theorem (B]), and we also prove that the
semi-Riemannian Morse index theorem [25] follows from our main theorem on systems of partial
differential equations.

Subsequently, we use our index theorems to discuss the relation between conjugate radii and
bifurcation radii. Our results extend the main theorems of the recent articles [29] and [30] of
the authors which show that for scalar equations, i.e., kK = 1 and J = —I;, conjugate radii and
bifurcation radii coincide. We will see below that the same assertion holds for £ > 1 as long
as J = —I, however, the remarkable difference is that for J # — I the bifurcation radii are in
general just a proper subset of the conjugate radii. We illustrate this below by an example.
The paper is structured as follows: in the second section we consider the weak formulation of
the equations (@) and we introduce the generalised Morse index, which is defined by means of
the spectral flow for paths of Fredholm quadratic forms that we introduce before in a separate
section. In the third section we define the Maslov index for ([7l), where we follow the ideas of
Booss and Furutani from [5]. In the fourth section we state and prove our main theorems on
the equality of these indices and their corollaries. In the fifth section we discuss bifurcation
for (@) under shrinking of the domain in connection with the non-vanishing of the indices for
the linearised equations (7). Finally, there are two appendices. In the first one we recall the
definition of the spectral flow for paths of selfadjoint Fredholm operators and crossing forms
from [33] which are important in our proofs. In the second one we recall some facts about the
Fredholm Lagrangian Grassmannian of symplectic Hilbert spaces and the Maslov index, where
we follow Furutani’s survey [14].
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2 The generalised Morse index

In this section we recall in a first subsection the spectral flow for Fredholm quadratic forms that
was introduced in [25], §2]. Subsequently, we consider the weak formulations of the equations (&)
and define the generalised Morse index of the linearised equation ().

2.1 The spectral flow for Fredholm quadratic forms

In what follows, we assume that the reader is familiar with the definition of the spectral flow for
paths of selfadjoint Fredholm operators, which we recap in Appendix [Al

A bounded quadratic form ¢ : H — R on a real Hilbert space H is a map for which there exists
a bounded symmetric bilinear form b,: H x H — R such that g(u) = by(u,u), u € H. By the
Riesz representation theorem, there is a bounded selfadjoint operator L, : H — H such that

bg(u,v) = (Lgu,v)m, wu,v € H. (8)

We call L, the Riesz representation of ¢, and ¢ is a Fredholm quadratic form if L, is Fredholm,
i.e., ker L, is of finite dimension and im L is closed.
The space Q(H) of bounded quadratic forms is a Banach space with respect to the norm

llall = sup {lg(w)] : [Jull =1} = [|Lq]-

The subset Qr(H) of all Fredholm quadratic forms is an open subset of Q(H) which is stable
under perturbations by weakly continuous quadratic forms (cf. [43, §21.10]). A quadratic form
q € Q(H) is called non-degenerate if the corresponding Riesz representation L, is invertible.
Since the set GL(H) of invertible operators is open in L£(H ), the non-degenerate quadratic forms
are open in Q(H) as well. The Morse index of ¢ € Qr(H) is defined by

Uniorse(q) :=sup{dim U : U is a linear subspace of H, q(u) < 0 for all u € U \ {0}} ()

= UMorse (Lq)a

where the latter equality easily follows from functional calculus (cf. [28, Prop. 9.4.2]). As for
bounded selfadjoint Fredholm operators, the space Qp(H) consists of three components

Qr(H) = Q3(H) UQk(H) U Qp(H),

where QF(H) = {q € Qr(H) : parorse(q) < 0o} are contractible and Q% (H) is a classifying
space for the K O-theory functor KO~".

Definition 2.1. Let g : [a,b] — Qr(H) be a path having non-degenerate endpoints. The spectral
flow of q is defined by

st(gq, [a,b]) = sf(Ly, [a, b]).

The following properties of the spectral flow are immediate consequences of the corresponding
assertions in Appendix A.



i) If A : [0,1] X [a,b] — Qp(H) is such that h(\,a) and h(A,b) are non-degenerate for all
A € [0,1], then
sf(h(0,-), [a,b]) = sf(h(1,-), [a,b]).

ii) If ¢ is non-degenerate for all ¢ € [a, b], then

sf(q, [a,b]) = 0.

iii) If ¢. is non-degenerate for some ¢ € (a,b), then

sf(q, [a, b]) = sf(g; [a, c]) + st(g, [e, b))

iv) If ¢ € Qf(H) for all t € [a, b], then

Sf(‘]a [aa b]) = ,UI\/Iorse(Qa) - /LMorse(qb)-

As for paths of selfadjoint Fredholm operators (cf. Thm. [A2]), the spectral flow can be
computed explicitly for paths of Fredholm quadratic forms which are sufficiently regular. If
q: [a,b] = Qp(H) is differentiable at ¢, then the derivative ¢(t) with respect to ¢ is again a
quadratic form. We call ¢ € [a,b] a crossing if ¢(t) is degenerate and we say that ¢ is regular if
the crossing form T'(q,t), defined by

F(Qa t) = q(t)|ker Lq(t) )

is non-degenerate.

Proposition 2.2. We assume that q : [a,b] — Qr(H) is continuously differentiable and has
non-degenerate endpoints. If all crossings t of q are regular, then they are finite in number and

sf(g,[a,0]) = > senT(q,1).

te(a,b)

2.2 The generalised Morse index and conjugate points

Let us assume as in the introduction that €2 is a smooth bounded domain in R™ which is star-
shaped with respect to 0, and let J be a diagonal matrix as in () for some 0 < v < k. We define
a function v : {0,...,k} — Z2 by

_ 1 if1<j<k-v
v(j) = . :
-1 ifk—-v<ji<k

Let V = (V1,...,V*) : Q x R* — R¥ be a smooth gradient vector field, i.e., there exists some
G : Q x R* = R such that VoG(z,&) = V(z, &) for all z € Q and ¢ € R*, where V5 denotes the
gradient with respect to the variable in R¥. In what follows, we suppose that there are constants
«, C such that for j=1,... )k

V2V (2,6)] < CA+[E°7Y),  (2,6) € @ xR, (10)



where 1 < o < Z—'_"gifn23and1§o¢<ooifn:2. Finally, in the case n = 1, that is, (@) is
an ordinary differential equation, we do not impose a growth condition on the nonlinearity V.
It is well known that under the assumption (I0), the functional

1k
CHY(QRF) = R == D9 [ (YU, Vul)d G d
0B R v =53 (- [ (v, vy da+ [ Gt do

is O2 and its derivative at u € H(Q, RF) is

k
(Dy Z / (v, Vv]>dx+/ﬂ(V(m,u(m)),v(m))dw, v e HLHQ,RY).

J=1

Consequently, the critical points of ¢ are precisely the weak solutions of the non-linear equation
(@) on the domain © = Q;.

From now on, we assume that

V(z,0)=0, z€Q, (11)

which implies that 0 € H} (€, R¥) is a critical point of 1. The Hessian of 1 at 0 is the bilinear
form

k
D2 (u,v) Z ”(J)/ Vuj,ij>dx+/Q(S(z)u(x),v(z))dz, u,v € Hi (2, RY),

J=1

where

S(z) = (D, V)(x,0), z€Q.

Note that S(z) is symmetric since it is the Hessian matrix of G(z,-) : R¥ — R* at the critical
point 0 € R*.
If we now set as in the introduction for r € (0, 1]

Qi ={r-z:zeQ},

then it is readily seen from () that 0 € H}(€,.,R¥) is a critical point of all functionals 1, :
H} (9., R*) — R defined by

l\'))—‘

k
U (u) = —Zl V<J>/Q (Vud, Vuj>dz+/ﬂ Gz, u(z)) dr, (12)

r r

and the corresponding Hessians are given by

k
D3, (u,v) Z ”(])/Q Vuj,ij>dx+/Q (S(x)u(x),v(z))dx, u,ve HHQ, RY).

j=1



After a change of coordinates x +— r - x, these transform to

|
DN | =
<.
i
—_

(—1)”(j)r"/§2(Vuj(r-x),Vuj(r-x)>dm—|—r"/QG(r-x,u(r-x))dw

I

|

N | —
nghe

(—1)”(]')7“"72 /Q (Vul(z),Vul(z))de +r" | G(r-z,u.(2))dz

1 Q

J

and

k
- —1)¥@)pn Wr x V() dr +r" r-x)u(r-z),v(r-x))de
S0 0 [ (Vi) Vol a)) do+ o7 [ (S(r-utr-a), ol ) d

Q

k
= —1)v)pn=2 ul(x vl (x)) dx + " r-x)u(x), v (2)) de
= Jz:;( 1) /Q<v r( )av T( ))d + /Q<S( ) T( ), T( ))d ,

where u,(z) = u(r - ) and v,(z) = v(r - ) for x € .
We now define a family of functionals v : [0, 1] x HZ (9, R¥) — R by

) = — (—1)V<J‘>/Q<vuﬂ‘(m),vuﬁ(m)>dm+r2/QG(r-x,u(x))dx, (13)

DN | =

k
j=

1

and quadratic forms & : [0,1] x H(Q,R¥) — R by

hr(u):72(71)”(3)/Q<Vu],Vuj>d:c+/ (Sy(x)u(zx), u(z)) dr, wue HIHQRF), rel0,1],

=1 @

where S,.(x) := r2S(r - z). Note that h,.(u) = D3, (u,u), u € HL(Q,R¥), r € [0,1].

Lemma 2.3. h, = hg +72c,, v € [0,1], where hq is a non-degenerate Fredholm quadratic form
and ¢, is weakly continuous. In particular, h is a path of Fredholm quadratic forms on Hg (0, RF).

Proof. We note at first that

k
ho(u) = fZ(fI)V(j)/Q<Vuj,Vuj>dz, u € HH(Q,RF),

j=1

is a non-degenerate Fredholm quadratic form on H} (Q,Rk), which is a simple consequence of
the well known Poincaré inequality.

For the weak continuity of ¢,, let {u,}nen be a sequence in HE(Q, R¥) which weakly converges
to some u € H} (2, R¥). By the compactness of the embedding H} (2, R¥) € L2(Q, R¥), {u, }nen
converges strongly in L2(Q, R¥) to u. Since ¢, extends to a bounded quadratic form on L?(§2, R¥),
we conclude that ¢, (u,) — ¢ (u). O

We leave the proof of the following elementary lemma to the reader.



Lemma 2.4. The following assertions are equivalent for r € (0,1]:
1. h, is degenerate;
2. there exists u € HE(Qy, R¥) such that D31, (u,v) =0 for all v € H} (., RF);

3. 1 is a conjugate radius, i.e the boundary value problem

JAu(x) + S(x)u(x) =0, =€,
u(z) =0, x €I,

that we already introduced in [{) as linearisation of (@), has a non-trivial solution.

Let us now assume that 1 is not a conjugate radius, which implies that the quadratic form
hy is non-degenerate. Since we see from Lemma that hgo is non-degenerate as well, the
spectral flow sf(h, [0, 1]) is defined, to which we refer as the generalised Morse index because of
the following lemma.

Lemma 2.5. If J = —1Ij, then sf(h,[0,1]) = —parorse(h1), which moreover is the number of
eigenvalues A < 0 of

{ —Au(z) + S(z)u(z) 14)

Au(z), x €
u(r) =0,

x € 01,

counted with multiplicities.

Proof. If J = —Ij, then ho(u) > 0 for all 0 # u € H, and consequently h, € Q1(H) since by
Lemma 23] there is a path in Qr(H) joining hg and h,.. We obtain from property iv) in Section
21

Sf(ha [Oa 1]) = ,U/]\/Iorse(hO) - MMorse(hl) = _MMorse(hl)a

where we use again that hg is positive definite. For the remaining claim, we argue similar as in
[I1, Lemma 1.1] and let o > 0 be such that alj, + S(z) is positive for all x € Q. Then

k . .
(u,v)q = Z/Q(VuJ,V1JJ>dJU—|—/Q((oJ;C + S(x))u(z),v(z)) dz, u,ve HI(Q,RF),

is a scalar product on H} (2, R¥) which is equivalent to (-, )i (o.rey- It is readily seen that the
equality in (@) remains true if we replace the scalar product on H by an equivalent one, and so
Lnorse(h1) is equal to the total number of negative eigenvalues of the operator L determined by

k . .
(Lu,u)q = hy(u) = Z/Q (Vu!, V') dx + /Q (S(x)u(z),u(r)) dr, uec HHQ,RF).

However, A < 0 is an eigenvalue of L if and only if 1)‘_—0‘)\ < 0 is an eigenvalue of (I4]), which

completes the proof. [l

Finally, let us point out that puarerse(h1) = oo if J # —I;. Indeed, if v # 0, then clearly
there exists an infinite dimensional subspace of H}(€2, R¥) on which hg is negative definite.
Consequently, ho € Q%(H) U Qx(H), and moreover we see from Lemma that hq lies in the
same path component of Qr(H) than hg.



3 The Maslov index

As we have pointed out already in the introduction, it follows from Helfer’s work [I7] for geodesics
in semi-Riemannian manifolds that conjugate radii of our equations () may accumulate if J #
—1I, and hence they cannot just be counted as in [34]. In this section we use a construction from
[5] to assign a Maslov-type index to the family of equations (), which can be interpreted as a
generalised counting of conjugate radii.

For this purpose, we first need to introduce the von Neumann quotient of our equations (cf. [I0L
§XII.2]) as a symplectic Hilbert space. Let us recall that the vectorial Laplacian

A C®(Q,RF) = C(Q,RY), Au=(Ad,..., Au¥)

is closed and symmetric on the domain

Doin = H2(Q,RF) = {u = (ul,...,u¥) € HX(Q,R®) :w! [po=0,u! =0, j=1,...,k},

where
) " oud .
Dpud (z) = ; al (@) (x), « € o9, (15)
and v = (v!,...,v") is the outward pointing normal vector to the boundary of €, and 9,, the

derivative with respect to v. In what follows, we denote by A the restriction of JA to Din,
and we let A% be the adjoint of Ay, i.e., the unique linear operator on the domain

D(AY) = {v e L*(QRY) : u s (A ju,v) 120 rr) is bounded on Dipn }
determined by
<AJU, U>L2(Q,]Rk) = <u, A§U>L2((27Rk), U € Dpin, UE D(Aj)
It is well known (cf. [16]) that A% is given by the operator JA on the domain
D(A%) = Dypaw = {u € L*(Q,R*) : Au € L*(Q,RF)}.
If we consider on the latter space the graph scalar product

<UaU>Aj = <UaU>L2(Q,Rk) + (AJu, A§U>L2((2,Rk), U, v € Dinag,

then it is a Hilbert space and D,,;, is a closed subspace of it. Consequently, the quotient space
B := Duaz/Dmin is a Hilbert space, which is called the von Neumann space of A;. In what
follows, we denote by 7 the quotient map from D4, to 8. We define a bilinear form on S by

w:BxB—=R, w(r(u),(v)) = (Aju,v) L2 rE) — (U, ATV) L2 RF),

and we point out for later reference that for u,v € H?(, R¥) C Dypax

k k
w(tlul, T[v]) = —1)¥@) ) (x) v (z) doe — —1)¥&) w (z) (Onv?)(x) dx,
(el 7o) = 3 (=) /é)ﬁ(a @) v (2)de — 3 (-1) /Cm (2) (9n0)(z) dz, (16)

j=1 j=1
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which follows from integration by parts. In particular, w vanishes on HZ(Q, R¥) and so it is well
defined on . From now on, we assume that the reader is familiar with the fundamental notions
of symplectic Hilbert spaces and the Maslov index as presented in Appendix [Bl Let us recall the
following lemma from [5] §3.1] in our setting for the convenience of the reader.

Lemma 3.1. w is a symplectic form on (3.

Proof. Let us first point out that w is skew-symmetric by definition, and its boundedness is
readily seen from an elementary estimate. It remains to show that w is non-degenerate.

As usual, we can identify g with the orthogonal complement D#”.n of Dypin in Dyyq. with respect
to (-,-)ax, and now we first claim that

DL = {t € Doz : A%u € Dipaa, (Aj)Qu = —u}. (17)

min

Indeed, if we assume that v € DX.  then

min’

0= (u,v)p2(qrr) + (AJu, AJ0) 2 (0 rH)

. (18)
= (u, 'U>L2(Q7]Rk) + <AJ’U,, AJ’U>L2(Q7]RI€), v € Dpin.

Consequently, v — (A%u, Ajv) 2. rr) is bounded on D,y and so A%u € Dypaz. Moreover, we
see that

<Aju, AJ’U>L2(Q,]RK‘) = <A?}(AT]U), ’U>L2(Q,]Rk‘)
and so ([8) gives (v, A% (A%u) — u)r2(qprsy = 0 for all v € Dpipn. Since Dy is dense in
L?(Q,R¥), this shows that A%(A%u) = —u.
Conversely, let us assume that u € D,,4, belongs to the set on the right hand side of equation
(@) and that v € D,i,. Then

(u, 'U)LZ(Q,]Rk) + (Aju, A?}U)LZ(Q,Rk) = (u, 'U)LZ(Q,]Rk) + (Aju, AJ'U)LZ(Q,]Rk) = (u—u, ’U>L2(Q7]Rk) =0

and so u € D . This finishes the proof of (I7).

min®
We next claim that the restriction of A% to D;-.  is an automorphism. If v := A%u for some u €
D, then clearly v € Dyyap, A%v = —u € D, and A%(A*%v) = —A%u = —v. Consequently,

min? min
v € DLt and we conclude that A% Dt D#”- is an isomorphism having as inverse

min’ min

(A5)~"= -,
Finally, we note that for u,v € D

n

1

min

w(r(u),7(v)) = <Ajuav>L2(Q,Rk) - <U7Ajv>L2(Sl,Rk)
= (AJu,v) 2 rry + (ATATU, AT0) 1200 REY

- < ?}ua U>Af’}7

which shows that w is non-degenerate on 3, since A% : DL, — DL is an isomorphism. O

In what follows, we use without further reference that the restriction of A% to H?(Q,R*) N
H (9, RF) is a selfadjoint Fredholm operator with a purely discrete spectrum (cf. eg. [13, Thm.
2.5.7)).
We now set

11



po=T(H?(Q,RF) 0 Hy (Q,RY)) c B

and we claim that p is a Lagrangian subspace. Indeed, we first see by (G that p is isotropic,
ie, p C p°. On the other hand, if 7(u) € p° for some v € Dpaz, then (A%u,v) 2o rre) =
(u, A%0) 2 rry for all v € H?(Q,R¥) N H(Q,RY). Consequently, v — (A%v,u)r2qps is
bounded on H2(Q,R*) N HE (2, R¥), which shows that u € H2(Q,R¥) N H}(Q,R¥) by the self-
adjointness of the restriction of A% to H2(Q, R¥) N H} (2, R¥). Hence 7(u) € p and so u® C p.
In what follows, we denote by a slight misuse of notation by S, € [0, 1], the bounded selfadjoint
operator on L2(2,R¥) defined by

S, o L2(Q,R*) — L2(Q,RY),  (S,u)(z) =2 S(r - z)u(z).

We consider the subspaces

0(r) =T1(ker(AG +Sy)) C 8, relo0,1],
and note that for 7(u), 7(v) € £(r), we have

w(r(u),7(v)) = <Ajuav>L2(Q,Rk) - <U7Ajv>L2((2,Rk)
= (AJu, U>L2(Q,Rk) + <STU70>L2(Q,W)
—{u, A3”>L2(Q,Rk) — (u, SrU>L2(Q,1Rk) =0,
which shows that £(r) is an isotropic subspace of 3. The task is now to define the Maslov index

of the curve ¢ with respect to u. Before, let us note for later reference the unique continuation
property of the equations (), which states that

Dypin, Nker(AY + 5,.) = {0}, (19)

or in other words, any solution of the Dirichlet boundary problem (7)) such that all normal
derivatives ([3]) at the boundary are trivial, has to vanish on all of  (cf. [7], [I8]).

Proposition 3.2. FEach subspace ((r), r € [0,1], belongs to FL,(B3), and the path £ : [0,1] —
FL,(B) is smooth.

Proof. A complete proof of this proposition can be found in Proposition 3.5 and Theorem 3.8. of
[5] and here we do not want to repeat the argument that £(r) is a Lagrangian subspace of 5 and
that (¢(r), u) is a Fredholm pair, which is elementary but rather technical. Instead we want to
discuss the smoothness of the curve £ in FL£, () since this is a crucial point that was neglected
in the approach to the Maslov index of [9] and [§].

Let us fix an 79 € (0,1) and consider the map

Fy: Doz — L*(Q,RY) @ ker(A% + S,,),  ws (A% 4 S,)u, Pryu),

where P,, denotes the orthogonal projection onto ker(A%+S,,) in L?(£2, R¥). Note that ker(A%+
S,,) is closed in L?(2, R¥) as it is the kernel of a closed operator. We claim that F}., is bijective.
Clearly, F,,(u) = 0 implies u € ker(A% + S,,) and so 0 = P,,u = u. For the surjectivity of F,,
we first note that

(im(AY + S, )t = (im(Ay + S,,)*)F = ker(Ay + S,,) =0,

12



where we use the unique continuation property (I9)). From this and the fact that the restriction
of A% + S, to H?(Q,R*) N H} (2, R¥) is Fredholm, it follows that im(A% + S,,) = L*(Q, RF). If
now y € L*(2, R¥) and = € ker(A% +S,,), then there exists 2 € Diyqp such that (A% +S,,)z = y.
We set w := Py (z) —x € ker(A%+.S,,) and obtain F, (z—w) = (A% + Sy, ) (z—w), P, (2 —w)) =
(y,x). Consequently, F,, is bijective, and so F,. is an isomorphism for all r that are sufficiently
close to rg.

It is not very hard to show that F,7' o F},, : Dinaz — Dimas maps ker(A% +5,,) to ker(A% +S,.),
and moreover the space V' := D,in + ker(A% + S;) C Dipag is closed. We define a family of
maps

Y VAVE = Dpaw, (x+s)+y—a+ (EToF)(s) +y,
where we use that Dy, Nker(AY + S,)) = {0} by (3. Since ¢, = Ip,,,., we see that 1,
is an isomorphism for all r that are sufficiently close to rg, and moreover, ¥, (Dmin) = Dmin.
Consequently, 1, descends to a family of isomorphisms ¢, : 5 — § such that 1,.(£(rg)) = £(r).

We now let IST0 denote the orthogonal projection onto £(rg) in 3. Then P, = 1, P -t : 8 —
is a smooth family of projections such that im P, = £(r). Finally, we set
Pyt = PP} (PP + (Is = PY) (I — Pr)) 7,

which is by [0, Lem. 12.8 a)] a smooth family of orthogonal projections in § such that im(P,,,,) =
im P, = £(r). Now the assertion follows from Lemma [B.5 O

It follows from (I9) that ¢(r) N p # {0} if and only if r is a conjugate radius. Consequently,
since 0 is not conjugate by Lemma 23] the Maslov index pupzqs(4, pt, [0, 1]) is defined whenever 1
is not a conjugate radius. Note that, roughly speaking, paras(4, i, [0,1]) counts radii for which
the boundary value problems (7)) have non-trivial solutions (cf. App. [B).

4 Main theorems

In this section we first state the main theorems of this paper, and afterwards we deduce as
corollaries the Morse index theorem from Riemannian geometry and its generalisation to semi-
Riemannian manifolds. For this latter part, we also recall the necessary definitions and construc-
tions.

Theorem 4.1. We assume that the boundary value problem (@) is non-degenerate, i.e., r =1 is
not a conjugate radius for ([@). Then

Sf(ha [Oa 1]) = MMas(ga Hs [07 1]) € Z.

Our second theorem treats the case in which J = —1I, so that () is strongly elliptic. Let us
introduce the notation

m(r) = dim{u € C*(Q,,R¥) : usolves [@)}. (20)

The following result gives a new proof of Smale’s theorem [34] for the equations (), and it
generalises corresponding approaches from [29] and [30] to systems.

Theorem 4.2. If (@) is non-degenerate and J = —Iy, then there are only finitely many conjugate
instants in (0,1) and
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Sf(hv [07 1]) = 7#Morse(h1) = — Z m(r)

re(0,1)

For stating two corollaries of Theorem 1] and Theorem 2] we first briefly recall some
definitions and constructions for geodesics in semi-Riemannian manifolds, for which we refer to
[25] for a more detailed exposition. Let (M, g) be a semi-Riemannian manifold of dimension k
and index v having Levi Civita connection V and curvature R. If we fix two points p,q € M,
then the set H,, ([0, 1], M) of all curves of regularity H' that join p and ¢ is a Hilbert manifold
(cf. J20]). The functional

£:H) (10,1, M) =R, 'W—)/O 90y (Y (1), (1)) dt

is smooth and its critical points are the geodesics joining p and g, i.e., the curves v : [0,1] = M
from p to ¢ that satisfy the differential equation %7’ =0.

Let us now fix a a critical point v € H, ([0, 1], M) of £. The tangent space 1%, H,, ([0, 1], M) can
be identified canonically with the set of all vector fields along « which are of regularity H' and
vanish at their endpoints. The Hessian of the functional £ at the critical point ~ is the bilinear
form D2 : T, H),([0,1], M) x T, H},([0,1], M) — R given by

D3eten) = [ o (e ntw)) dot [ o(RE/ @), 6 )t i,

and the geodesic 7 is called non-degenerate if D?YS is non-degenerate.

If we now choose a parallel orthonormal frame {e!, ..., e*} along v, we can identify vector fields
£ in Ty H} ([0,1], M) with maps w in H([0,1], R¥) by

k
o) =Y wilw)e'(x), =e[01]. (21)
i=1
Under this identification, the quadratic form induced by D%E transforms to

1 1
hu) = — / T (2), 0 (2)) da + / (S(z)ulx), u(z)) d
0 0
on H{ ([0, 1], R¥), where S denotes the smooth path of symmetric matrices having components

Sij(@) = g(R(Y' (), €' ()7 (@), ¢/ (2)), = €[0,1], 1<4,j <k,

and

J =diag(—1,...,—1,1,...,1)
k—v v
as in (). If (M, g) is a Riemannian manifold, then J = —I and the finite number ppsorse(h) is
by definition the Morse index of the geodesic v (cf. [22] §15]).
If we now consider the restricted domain €, = [0,r], we obtain as in Section a family of
quadratic forms by
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hy(u) = _/0 (Ju'(x),u(z)) do +/O (S, (z)u(z),u(z))dz, we HL([0,1],R¥), (22)

where S,.(z) = r2S(r - z). The kernel ker L, of the associated Riesz representation (§) of h,
consists of all functions that satisfy the boundary value problem

Ju"(2) + Sp(z)u(x) =0, x € 0,1],

{ () (z)u(z) [0,1] (23)

From (2I)), it is readily seen that the space of all solutions of (23]) is isomorphic to the space of
all vector fields & in T, H}, ([0, 1], M) that satisfy

V6(@) + Ry (1), €@ (2) =0 (24)

and vanish at 0 and r. Equation ([24]) is called Jacobi equation, and r is a conjugate instant if

: V2
A (r) .= dim {E € TWH;q(I,M) : @«E(x) + R(Y'(x),&(x))y (x) =0, £(0)=¢&(r) = 0} > 0.
Since we just have seen that .# (1) coincides with the dimension m(r) of the space of solutions of
[23), we immediately obtain from Theorem 2 the following corollary, which is the well known
Morse index theorem in Riemannian geometry (cf. [22 §15]).

Corollary 4.3. If v is a non-degenerate geodesic in a Riemannian manifold (M, g), then

fMorse(Y) = Z A (r).

re(0,1)

If J # —I, ie., (M,g) is not Riemannian, then psorse(h) is infinite. Moreover, it was
exposed by Helfer in [I7] that conjugate points may accumulate in this case and so the indices
in Corollary are not defined in general. As observed in [25], a suitable generalisation of
Uorse(7y) In the semi-Riemannian case is the spectral flow of the family 22]). A possible way
to overcome the problem of counting conjugate points along the geodesic is by using the Maslov
index for curves of Lagrangian subspaces in R?* as follows: we set v = Ju/ and see that the
differential equations in ([23) transform to the linear Hamiltonian systems

£+ )6
(3

is the standard symplectic matrix. If ¥, denotes the fundamental solution of (23], that is,
the unique matrix-valued solution that satisfies U,.(0) = Ia, then ¥, (z) is symplectic for all
(r,x) € [0,1] x [0, 1]. Moreover, it follows immediately from the definition that ¥,.(1)({0} x R¥)N
({0} x R¥) # {0} if and only if the boundary value problem (Z3)) has a non-trivial solution, which

where
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means that r is a conjugate instant. The Maslov index pprqs(y) of the geodesic v is defined
as the Maslov index piazqs(W.(1)({0} x R¥), {0} x R¥,[0,1]), where ¥.(1)({0} x R¥) denotes the
path £(r) = U,(1)({0} x R¥) € A(R?**) (cf. App. [B). We prove below the following corollary
of Theorem [Tl which is the Morse index theorem for geodesics in semi-Riemannian manifolds
[25] Prop. 6.1] and a generalisation of the previous Corollary 3]

Corollary 4.4. If v is a non-degenerate geodesic in a semi-Riemannian manifold (M, g), then

MM orse (7) = HMas (7) .

5 Proofs

In this section we prove Theorem [ Theorem and Corollary 4]l Note that Corollary [4.3]
is an immediate consequence of Theorem and hence does not need to be proved.

5.1 Proof of Theorem 4.1

We begin by recalling that hg is non-degenerate by Lemma[23l Consequently, there exists 7* > 0
such that h, is non-degenerate for all r € [0,7*] and properties ii) and iii) in Section 2] show
that sf(h,[0,1]) = sf(h, [r*,1]). On the other side, we deduce from Lemma 2A4lthat ¢(r)Np = {0}
for all 7 € [0, 7], and hence ppras(€, 1, [0,1]) = paras (¢, i, [r*,1]) by i) and ii) in Appendix [Bl So
in what follows, we may restrict to the interval [r*,1].

We define for r € [r*, 1] quadratic forms R : H}(Q,RF) — R by

1
hy (u) = ﬁhr(w + 5HUH%Z(Q,Rk)

k
1 . ) )
:_T_2 E (—1)1/(‘])/Q<VUJ,VU‘]> d$+/
=1

Q

(S(r-z)u(z),u(x)) dx + 5/ (u(z), u(x)) d,
Q
and we consider the unbounded selfadjoint Fredholm operators

1
AS: L2(Q,R*) > D — L*(Q,RF), Alu= — JAu(z) + S(r - z)u(r) + s u(x)
r
on the domain D = H?(Q,RF) N H}(Q,R¥). From integration by parts, we see that hS is
non-degenerate if and only if Af_ is invertible, and moreover
h’i(u) = <A£U7U>L2(Q,Rk)v u e Dv (7’, 5) € [T*a 1] X Rv (26)
Since h,« and hy are non-degenerate, there is 6 > 0 such that hf_* and h$ are non-degenerate
for all|d| < §*. It follows from property i) of the spectral flow in Section 2] that
sf(h, [r*,1]) = sf(R°, [r*,1]), for alld € [—6*, %] (27)
Since A2 is invertible if h% is non-degenerate, we see that A%. and A¢ are invertible for all
§ € [~6*,6%], and consequently, sf(.A°%, [r*,1]) is defined for all these . By Theorem [A] there

exists § € [—0*,6*] such that A° has only regular crossings in [r*,1]. Since the crossing forms of
h® and A° coincide by (28], we see by ([27) and Theorem [A2] that
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sf(h, [r",1]) = Z sgn (A%, 7).

re(r*,1)

Let us now consider a regular crossing ro € (r*,1). The crossing form is by definition

F(A‘s,ro) :ker.Af0 =R, T(Ar)u] =— 2

= [ ) ule) ds
0Ja
d
+ — |r=ro / (S(r-z)u(z),u(x)) de.
dr Q
Let u = (u',...,u*) : @ = R* be an element of ker A% | i.e

ror

T—QJ(Au)(x) + S(ro - x)u(z) + du(z) =0, xz €.
0

We define for r € (0, o] functions u, : Q@ — R¥ by
r
up(x) =u (Ex) .
We note that u,, = u, and
1
T_2 (JAUT

V(@) + S(r - 2)up(x) + dup(2) 78 (%x) + S0 z)u (ix) + u, (x)
~ Liau <ix)

(30)
+ S(ro— - )u (L:c) + du (Lz> =0, ze
o To o

Let us set for notational convenience

u(z) = dir lr=ro ur(z) = r—lo(Dzu):c = %((Vul(z),z% o (ViR (), 2)T € RF,

(31)

where - denotes the transpose. If we differentiate ([30) by r and evaluate at r = o, we obtain

2 1 . d . .
_%JAU(JC) + %JAU(.T) + . lr=ry (S(r-2))u(x) + S(ro x)i(z) + du(z) =0, =z €.
We take scalar products with u, integrate over ) and see that

2

7 | (JAu(z),u(x)) dr + % / (JAUW(x), u(x)) dx
o Ja o Ja

+ /Q dif" lr=ry (S(r - 2)u(z),u(x)) dx + /Q (S(ro - z)u(z),u(x)) dx + (5/Q (4(z),u(x))dx = 0.

Consequently,
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(AP, 7o) [u] = —% Q<JAu(x),u(x)>dx—A<S(ro-x)u(x),u(x»dx—5/Q<u(x),u(x)>dx

and a subsequent integration by parts gives

(A%, ro)[u] = rig /Q (u(z), JAu(x)) dx — % . (JOnu(z), u(x)) dS

L <Ju(x),anu(x)>ds—/9<5(r0 -x)u(x),u(x»dx—&/ﬂ(u(x),u(x)>dx,

Ty Jon
where we denote d,u(z) = (Opu'(x),...,d,uk(z))T and as before d,u’(z) = >, g—gj(x)yl(z).
Since u solves the boundary value problem (7)), it follows that
1
T(A%, 7o) [u] = —2/ (Ju(z), Opu(x)) dS. (32)
ro Joa

We now consider the Maslov index fiaras (4, 1, [r*, 1]), and we introduce a curve £° : [r* 1] —

FL.(B) by

Eé(r) =7 ({u € Dpaz : JAu(x) + Sy (2)u(z) + r2s u(z) = 0}) ,

where —§* < § < ¢* is chosen as above. Let us recall that 7 : Dyyar — 8 = Dimasx/Dmin denotes
the canonical projection. It is readily seen from (I9) that the linear maps
T lker as: ker A2 = (r) N (33)

are isomorphisms for all r € [r*, 1].
We consider the homotopy h : [r*, 1] x [0,1] = FL,(B),

h(r,s) =7 ({u € Dyag : JAu(z) + Sr(z)u(z) + s - r*du(z) = 0}),
which is continuous by Proposition The isomorphisms ([B3]) show that

h(r*,s)Nu="h(1,s)Npu=40} foralls e [0,1],
and so it follows from property iii) in Appendix [Bl that

,U/]\/Ias(ga M, [T*a 1]) = HUMas (féa H,y [T*, 1]) (34)
Since ker A% # {0} if and only if £°(r) Ny # 0 by B3), we can henceforth assume that rq is
the only crossing of ¢° in [r*,1]. The task is now to compute the corresponding crossing form

(€%, ;o). Let y € £2(ro) N p. By ([B3) we can take

u € ker.Af_0 ={ve D: JAv(x) + S, ()v(x) + ridv(z) = 0}
such that 7(u) = y. As in B0), we see that

JAu(z) + Sy (z)up(x) + 120 up(z) =0, x€Q,
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when u,(z) = u (%x) is defined for r sufficiently close to rg. Consequently, X (r) := 7(u,) €
is in £°(r), and moreover, X depends smoothly on r since u is smooth by standard regularity
theory.

Let now ¢, : £9(rg) — £%(rg)* be a family of maps such that graphg, = £(r) for |[r — rg|
sufficiently small (cf. App. [B). We define ¢(r) = P(X(r)), where P : 8 — [ denotes the
orthogonal projection onto £°(rg), and obtain a smooth curve ¢ in £°(ry) such that

X(r) = c(r) + or(c(r) € £(r).

Note that ¢(rg) = X (r9) = 7(u) = y since u,, = u. Moreover, ¢,, = 0 and so ¢(rg) +pr, (¢(10)) =
é(r) € €%(rp). Tt follows that

w(X(ro), X (r0))

w(y, é(ro) + e (¢(ro)) + ¢ry (c(r0)))
w(y, (ro) + @ry (¢(ro))) + w(y, ro(c(r0)))
w(y, Pro (C(TO))) = w(y, Pro (y))a

and we have

DU 5 10) 0] = = |y (3, 01 (9) = (X (r0), X (r0)) = w(r(w), 7(0).

dr

Since u is smooth and vanishes on 992, we finally see from () that

T, 15 o)) = — /

o

_ / (Ji(x), Opu(z)) dS.
o0

(JOpu(x),u(z))dS + /69 (Ju(z), Opu(x)) dS

By 32), we thus have shown that

T2, pyro)[T(w)] = 1§ T(A°, ro)[u], wu € ker A2, .
Since ([B3) is an isomorphism, it follows that 1"(65, ;7o) is non-degenerate and so we finally
conclude from Proposition [B.4]
/J‘MGS(£67 /’La [T*a 1]) = sgnF(ﬁ‘s, ,U, TO) = SgnF(A(sv TO))
which proves Theorem [A.1]

5.2 Proof of Theorem

Let us go back to the beginning of our proof of Theorem [£.T]and let us now set 6 = 0. As before,
we see that the crossings and crossing forms of the operators A” and h° coincide (cf. (28])). Let
ro € (r*,1) be a crossing of A°. By [32) we have

1

DA 7o)[u] = —= (w(x), Opu(x)) dsS,
o Joq
. . _ 1 .

and since (z) = - (Dyu)z by @), we obtain
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(A, 7o) ] = 32 / (Yl (), 2) (Vi (), v(x)) dS.

If we denote by x! the component of z tangential to the boundary 9€, then

r = (z,v(x))v(z) + 2,

and so
(V! (2), z) = (V! (2),v(2)) (2,v(2)) + (V! (2),2°).
We obtain
1< PRy
T(A°, o) [u] = _8’;1/69 (Op? ()% (z,v(z)) dS
1 : J J t
——S;L)Qanu (2) (Vo (z), ") dS
Since

div(u! (z) (Onw?) (@) 2*) = (Onu? ) (2)(Ve (2), 2") + v (2)(V(Ont?) (), ")
+ u? (x)(Opu? ) () div(x?)

and u/ |go= 0, we see that

(Onu?)(x) (Vi (x),2) = div(u! (2)(0pu? ) (x)xt), x € 09,

and now Stokes’ theorem gives

(A, ro)[u] = /6 ((@n)(@)) (. v(a)) S < 0. (35)

where we use that (z,v(z)) > 0, z € 99, since  is star-shaped with respect to 0. Finally, even
the strict inequality holds in ([BE]), for otherwise d,,u = 0 which implies that « = 0 by ([I9]).
Consequently, T'(A°, 79) is negative definite, and so in particular non-degenerate. Moreover, since
the crossing forms of A° and h° coincide by (28], h° has only regular crossings as well. Finally
we conclude from Lemma 5] Theorem [A2] and our choice of 7* in Section [E.1] that

pntorse(h1) = —sf(h,[0,1]) = —sf(h°, [r*, 1]) = —sf(A°, [r*,1])
=— Z sgnT(A% r) = Z dim ker A? = Z dim ker A?, (36)

re(r*,1) re(r 1) re(0,1)

where we have used that I'(AY r) is negative definite. Now the assertion follows from m(r) =

dimker AY (cf. (20)).
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5.3 Proof of Corollary [4.4]

Let us first recall from [42, §6.4] that for Q = (0, 1), the space D4z is just H2([0,1],RF). We
define a map

p: B RFOR™, o(r(u) = ((w(0), Ju'(0)), (u(1), Ju'(1))).

and note that ¢ is well defined and injective since (u(0), Ju/(0),u(1), Ju'(1)) = 0 for all u €
HZ(]0,1],RF). Moreover, it is clear that every element in R?* @ R?* can be obtained as image

under ¢ of some element in H2([0,1],R¥), and consequently, ¢ is an isomorphism. Finally, we
obtain from (8]

w(T(w), 7(v)) = (Ju'(1),v(1)) = (Ju'(0),v(0)) — (u(1), Jv'(1)) + (u(0), Jv'(0))

=G 6) Gr)- Gt )~ (G ) (o) (i)
= —wa2(p([u]), p([v]),

where wy = wp X (—wp) was defined in Appendix [Bl Let us recall that by definition

((r) = 7({u € H*([0,1],R¥) : Ju"(z) + S,(x)u(z) =0, =€[0,1]}), re]0,1].

We set

£(r) = o(e(r) = {((w(0), Ju'(0)), (u(1), Ju'(1)) : Ju"(z) + Sp(z)u(z) = 0, = € [0, 1]}

for r € [0,1], i := p(p) = {0} x R¥ x {0} x R*, and conclude that

HMas (ﬂa 7, [0’ 1]) = ,uMas(Z /ja [Oa 1]) (37)

Let us now consider as in the definition of 45 () the fundamental solutions W, of the differential
equations (27]), and let us write

_ (ar(@) br(x)
\IJT(ZL') - (CT(ZE) dr(.T)) 9 T e [07 1]7
for some k x k-matrices a,, b, ¢, and d,., r € [0,1]. We obtain from (23]

(59 40)- (e )

and we see that the general solution of the differential equation Ju”(z) + S, (z)u(x) = 0 is given
by u(z) = a,(z)u(0) + b.(x)Ju'(0), x € [0,1]. From this and Ju'(x) = ¢, (x)u(0) + d.(x)Ju'(0),

we conclude that
<J1;('a(2)) B <ch:8 Z:Eﬁ) <Jt;(’(()()))) , z€[0,1],

and consequently
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0(r) = {(w, ¥, (D)w) : w e R*} = graph ¥,.(1) C R?* g R?*.
Setting u = p' = {0} x R* in ([@2) we finally obtain from (37)

fintas(€, 11, [0,1]) = p(graph W.(1), ({0} x R¥) x ({0} x R¥),[0,1])
= paras(W.(1)({0} x R¥), {0} x R, [0,1])
= Unas(7)-

6 Bifurcation

In this section we use the bifurcation theory developed in [I2] and [27] to study bifurcation
phenomena for solutions of semilinear elliptic partial differential equations under shrinking of the
domain. Our results will improve the papers [29] and [30] of the authors, which were discussed
in detail in the second author’s survey [40].

Let H be a separable Hilbert space and f : [a,b] x H — R a continuous function such that each
fri=f(\): H— Ris C? and its first and second derivatives depend continuously on A\ € [a, b].
In what follows, we assume that 0 € H is a critical point of all fy, A € [a, b].

Definition 6.1. We call \* € [a,b] a bifurcation point of critical points of f if every neigh-
bourhood of (\*,0) in [a,b] x H contains elements (A, u) such that u # 0 is a critical point of

Ia-

Since the second derivatives D3 fy at the critical point 0 € H are bounded symmetric bilinear
forms, there exists a unique continuous path of bounded selfadjoint operators L, A € [a,b] on H
(cf. @) such that

D32 fa(u,v) = (Lyu,v)g, u,v€ H. (38)

The following assertion is an immediate consequence of the well-known implicit function theorem
in Banach spaces (cf. [2, §2.2]).

Lemma 6.2. If \* is a bifurcation point of critical points of f, then Ly« is not invertible.

However, A\* need not to be a bifurcation point if L), is non-invertible, i.e., the converse
statement of Lemma is false in general.
Let us now assume that Ly is Fredholm for all A € [a,b] and that L,, L; are invertible, so that
the spectral flow of the path L : [a,b] — FS(H) of bounded selfadjoint Fredholm operators on
H is defined. A proof of the next theorem can be found in [27].

Theorem 6.3. If sf(L,[a,b]) # 0, then there exists a bifurcation point \* € (a,b) of critical
points of f from the trivial branch.

In some situations there is an a priori bound on the dimension of the kernels of the operators
L. The following result shows that then the number of bifurcation points can be estimated from
below (cf. |27, Thm. 2.1 ii)]).

Theorem 6.4. Assume that there exist only finitely many \ € (a,b) such that ker Ly # 0. Then
there are at least
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|sf L]
max ¢y dimker L
distinct bifurcation points of critical points from the trivial branch [a,b] x {0}.

We now want to apply the previous bifurcation theorems in our setting. Let us recall that

in the definition of the generalised Morse index in Section [Z2] we have introduced a family of
C2-functionals v, : H}(2,.,R¥) — R, r € (0,1], such that the critical points of v, are precisely
the weak solutions of the semilinear equation ().
Let us recall that r* € (0,1] is a bifurcation radius if there exist a sequence {r,}nen C (0,1]
and weak solutions 0 # u,, € H}(Q,.,,RF) of (@) such that r, — r* and lunl (0, mey — 0 for
n — oo. Clearly, r* is a bifurcation radius for the semilinear equations (@) if and only if it is a
bifurcation point in the sense of Definition Bl for the family of functionals v : [0, 1] x HH(Q,RF) —
R defined in ([[3). Note that the quadratic forms h,. from the definition of the generalised Morse
index in Section are induced by the Hessians of ¢, at 0 € H} (9, RF). Consequently, we
obtain from our main Theorem 1] the remarkable result that the existence of bifurcation radii
can be deduced from the images of ker(A% 4+ S,) under 7 in the symplectic Hilbert space :

Theorem 6.5. If the assumptions of Theorem [{.1] hold and if pmas(¢, 11, [0,1]) # 0, then there
exists a bifurcation radius r* € (0, 1).

In the proof of Theorem we showed that if J = —I, then there are only finitely many
crossings, and at each crossing rg of h the contribution to the spectral flow is the dimension
of the solution space of (@) (cf, [Bf)). Consequently, we obtain the following theorem, which
extends the main theorems of [29] and [30] to strongly elliptic systems.

Theorem 6.6. If the assumptions of Theorem [{.1] hold and J = —I}, then the bifurcation radii
of @) are precisely the conjugate radii of ().

Note that this means in particular that the converse of Lemma [6.2]is true under the assump-
tions of Theorem
Another interesting special case is n = 1, i.e., systems of ordinary differential equations. Then
the dimensions of the solution spaces of the boundary value problems () can be estimated above
by the space dimension k, and so we immediately obtain the following corollary

Corollary 6.7. If n =1 in Theorem[63] and if there are only finitely many radii r € (0,1) for
which h, is degenerate, then there are at least

VﬂMas(gakUv [0, 1])IJ

distinct bifurcation radii.

Since conjugate radii are isolated for J = —1Ij, we deduce from the previous corollary and
Lemma the following result:

Corollary 6.8. Ifn =1 and J = —Iy in Theorem[G.H, then there are at least

VMm;e(h)J

distinct bifurcation radii.

Finally, we want to point out the strength of our bifurcation theory by two examples:
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Example I: Non variational perturbations

Let us consider on 2 = [0, %ﬂ the ordinary differential equations

—v"(x) —v(x) +u(z)v(z)? =0 (39)

w(0) = v(0) = u (;w) — (;w) 0.

If we multiply the first equation in [B9) by v, the second one by u and subtract them, we obtain
fora110<r§%7r

T T T
0= —/ (vt 4+ utv?) do — / (vu”" — w") dx = —/ (u?v? + utv?) da <0,
0 0 0
and hence all solutions of the restricted equations

. x€[0,r],
—v"(x) —v(x) + u(z)v(z
u(0) = v(0) = u(r) = v(r) =

are trivial. However, we see from the linearisation

that » = 7 is a conjugate radius. Note that this is not a contradiction to Theorem (.6, since

—u?v3
V(Uav) = (+u302)

is not a gradient vector field.

Example II: A conjugate radius which is not a bifurcation radius

If we consider instead

u”(x) +u(z) +u(z)?v(z)® =0, x€][0,7],
(x) — o(z) + ul@)o(@)? =0 (10)
u(0) =v(0) = u(r) =v(r) =0,

for 0 < r < %ﬂ', then of course, there are still no non-trivial solutions and r = 7 is the only

conjugate radius.
The corresponding quadratic forms h, in Section [Z2] are given by

mmw:fé WW”“*% W@»m+rA (u(@))? — (v(2))?) dr,

where (u,v) € Hj ([0, 37] ,R?), and the crossing form at r = 7 is
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EX
L(h, m)[(u,v)] = 27r/ (w(x))? = (v(x))?)dz, (u,v) € ker L.
0
Since the kernel of L, is given by the solutions of the linearisation of ({0 (cf. Lemma ), we
see that

ker L, = {(asin(-),bsin(-)) : a,b € R}.

Consequently, I'(h, 7) is non-degenerate but sgnI'(L, ) = 0, which shows that sf(h, [0, %w]) =
senT'(L,7) = 0 by Proposition Note that by Theorem this is in accordance with our
observation that there are no bifurcation radii.

Appendix

A Spectral flow and crossing forms

Let W and H be real Hilbert spaces with a dense injection ¢ : W — H. We denote by L(W, H) the
Banach space of all bounded operators, and by S(W, H) the subset of all elements in L(W, H)
which are selfadjoint when considered as operators on H having dense domain W. We let
FS(W, H) be the space of all selfadjoint Fredholm operators, and we recall that an operator in
S(W, H) is Fredholm if and only if its kernel is of finite dimension and its image is closed. In
what follows, we abbreviate FS(H) := FS(H, H).

For a selfadjoint Fredholm operator Ty € FS(W, H), there exists A > 0 such that +A do not
belong to the spectrum

o(Ty) = {N € R: X\ — Tynot bijective}

of Ty and o(Tp) N [—A, A] consists only of isolated eigenvalues of finite multiplicity. We set for
—A<e<d<A

Ejeq(To) = @ ker(A —Tp),
AE[e,d]

and we note that it is readily seen from the continuity of finite sets of eigenvalues (cf. [I5]
§L.IT.4]) that there exists a neighbourhood N(Ty,A) C FS(W, H) of Ty such that £A ¢ o(T)
and Ej_x A)(T) has the same finite dimension for all T" € N (7o, A).

Let now A : [a,b] — FS(W, H) be a path of selfadjoint Fredholm operators having invertible
endpoints. We choose a subdivision a =ty < t; < ... < tny = b, operators T; € FS(W, H) and
numbers A; > 0, ¢ = 1,... N, such that the restriction of the path A to [t;_1,t;] runs entirely
inside N (T;, A;). The spectral flow of A is defined by

N
Sf(.A, [a, b]) = Zdlm E[O,Ai] (-Atz) — dim E[O,Ai](Ati—l) €. (41)

i=1

Note that, roughly speaking, sf(A, [a, b]) is the number of negative eigenvalues of A, that become
positive as the parameter ¢ travels from a to b minus the number of positive eigenvalues of A,
that become negative, i.e., the net number of eigenvalues which cross zero.

Let us mention the following properties of the spectral flow, which we use throughout:
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i) If A:[a,b] - FS(W, H) is a path and A, invertible for some ¢ € (a,b), then

st(A, [a,b]) = st(A,[a,c]) + st(A, [c,b]).

ii) If A’ is defined by A} = A;_; for some A : [a,b] — FS(W, H), then

sf(A’, [a,b]) = —sf(A, [a, b]).

iii) If A: [a,b] — FS(W, H) is such that A, is invertible for all ¢ € I, then sf(A, [a,b]) = 0.
iv) Let h : [0,1] x [a,b] — FS(W, H) be a continuous map such that h(s,a) and h(s,b) are
invertible for all s € [0,1]. Then

sf(h(0,-), [a,b]) = st(h(1,-), [a,b]).

Uniorse(Ar) := dim (@ ker(\ — At)> < oo, tE€]a,b,

A<oo
then
Sf(Aa [aa b]) = HUMorse (-Aa) — UMorse (-Ab)

The spectral flow of a continuously differentiable path A : [a,b] — FS(W, H) can be computed
analytically. Let us denote by Ato the derivative of A with respect to the parameter ¢t € [a, b]
at to. An instant ¢y € (a,b) is called a crossing if ker Ay, # 0. The crossing form at to is the
quadratic form defined by

F(.A, to) : keI‘AtO — R, F(.A, to)[’u] = (Atou,u>H,

and tg is called regular if T'(A,to) is non-degenerate. The following two theorems can be found
in [41], however, let us point out that in all their applications in the current paper, special cases
that were proven before in [33] and [12] are sufficient.

Theorem A.1. There exists € > 0 such that
i) A4 01y is a path in FS(W, H) for all |0] < €;
it) A+ Iy has only regular crossings for almost every § € (—e,¢).

The next theorem shows that the spectral flow of A can be easily computed if all crossings
are regular.

Theorem A.2. We assume that the path A has invertible endpoints. If A has only regular
crossings, then they are finite in number and

sf(A, [a,b]) = Y senT(A,1),

te(a,b)

where sgn denotes the signature of a quadratic form.
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Finally, let us recall from [4] the deep result that the space FS(H) of bounded selfadjoint
Fredholm operators consists of three connected components

FS(H) = FST(H)UFS'(H)UFS™ (H),

where

FSE(H) :={T € FS(H) : piarorse(£T) < o0}
are contractible, and FS*(H) is a classifying space for the functor KO~7.

B The Maslov index in symplectic Hilbert spaces

In this section we recall some facts about the Fredholm Lagrangian Grassmannian of a symplectic
Hilbert space and the Maslov index, where our basic reference is Furutani’s work [14].

Let H be a real separable Hilbert space equipped with a symplectic form, that is, a skew-
symmetric and non-degenerate bounded bilinear form w. Note that by definition, w is non-
degenerate if the canonical map H — H*, u — w(-,u) is bijective. For a subspace u C H, we
use throughout the notation

p® ={u€ H : w(u,v) =0 for all v € pu}.

Definition B.1. A subspace p of the symplectic Hilbert space (H,w) is called isotropic if p C p°,
i.e., w(u,v) =0 for all u,v € p. If = p°, then p is called Lagrangian.

The set A(H) of all Lagrangian subspaces of H is a Banach manifold which is called the
Lagrangian Grassmannian (cf. |26] §1]).
For dim H < oo and a fixed Lagrangian subspace 1 € A(H), the Maslov index pazqs(4, 11, [a, b))
of a path ¢ : [a,b] — A(H) was introduced in [3], and heuristically, it counts non-transversal
intersections of ¢ and p. Let us note for later reference the following well known example: Let
H = R?* and wy(x,y) = (ou,v), where o = (IO
k
(-,-) denotes the standard scalar product in R2*. The product H x H is a symplectic space with
respect to we 1= wp X (—wp), and if £ : [a,b] — Sp(2k) is a path of symplectic matrices, then

I\ . . .
Ok) is the standard symplectic matrix and

graph £(t) = {(u, L(t)u) : u € R?*} ¢ R?** x R?* | ¢ € [a, D),

is a path of Lagrangian subspaces of H x H. Let now u, ’ € A(H) be two Lagrangian subspaces
of R?*. Then u x ¢/ € A(H x H) and ppras(graph£(:), u x g/, [a,b]) is defined. On the other
hand, ¢(t)u, t € [a,b], is a path of Lagrangian subspaces in H and so paras(€(-) i, 1/, [a, b]) exists
as well. Clearly, graph ¢(-) intersects u x p/ non-transversally if and only if £(-)u intersects p’
non-transversally. Moreover, it turns out that also the corresponding Maslov indices coincide
(cf. |32, Thm. 3.2]):

HiMas (graph€(~), X /le [av b]) = HMas (6():u7 /le [av b]) (42)

One of the most important properties of the Maslov index ppras(¢, 11, [a,b]) is its invariance
under homotopies having endpoints which are transversal to p. In contrast, it can be shown
from Kuiper’s theorem [2I] that A(H) is a contractible space if H is an infinite dimensional
symplectic Hilbert space (cf. e.g. |26, Prop. 1.1]) and so no non-trivial homotopy invariant for
paths in A(H) can exist in this case.
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Definition B.2. Given two closed subspaces p,n of H, the pair (1, n) is called a Fredholm pair
if

dim(pNn) < +oo  and codim(p+1n) < +o0. (43)

Note that many authors require in the definition of a Fredholm pair also the sum p+n C H
to be closed, however, it is not hard to show that this property already follows from @3] (cf.

19, §1V.4.1]).

Definition B.3. The Fredholm Lagrangian Grassmannian with respect to the Lagrangian sub-
space p € A(H) is defined as

FL,(H)={neAH): (1,n) is a Fredholm pair},

and the subset
MH(H) = {77 € ]:‘CH(H) tnNp# {0}}5
is called the Maslov cycle of p.

Clearly, FL,(H) = A(H) if dim H < co. Let (H,w) be a symplectic Hilbert space and let
uw € A(H) be a fixed Lagrangian subspace. The construction of the Maslov index for paths
¢ : [a,b] = FL,(H) having endpoints outside of M, (H) consists of two steps, which can be
roughly described as follows (cf. [I4} §3.1]): First, a transformation of elements p/ € FL,(H)
to unitary operators U(p') on a suitable Hilbert space is constructed, such that p' N p # {0}
if and only if the unitary operator U(u') corresponding to g/ has —1 in its spectrum. Second,
one builds a spectral flow through —1 on the set of all paths in the image U(FL,(H)) whose
endpoints do not have —1 in their spectra. The composition assigns an integer pasqs(4, 1, [a, b])
to every path ¢ : [a,b] = FL,(H) such that ¢(a) Ny = £(b) N p = {0}, which has the following
properties:

i) if £(t) ¢ M, (H) for each t € [a,b], then

HMas (Ea Hs [av b]) =0
ii) if £: [a,b] = FL,(H) is a continuous curve such that ¢, ¢ M, (H) for some ¢ € (a,b), then
tintas (€, [a, ) = pnras (6, s [as €]) + paras (6, 1, [c, 0]);

iii) if H : [0,1] % [a,b] — FL,(H) is continuous and H (s, a), H(s,b) ¢ M, (H) for all s € [0, 1],
then

,uMas(H(Oa ')a s [a7 b]) = MMas(H(L ')7Ma [CL, b])

Finally, we recall from [I4], §3.4] the computation of the Maslov index by crossing forms. Let
(:[a,b] — FL,(H) be a C' path. We say that t* € [a,b] is a crossing instant for the curve ,
if £(t*) € M, (H). If 1/ is a Lagrangian subspace which is transversal to £(t*) at some crossing
instant t*, e.g. p’ = £(t*)*, then there exists ¢ > 0 such that £(¢) is transversal to u’ for each
|t — t*| < e. Therefore, we can find a C*-family of bounded operators ¢; : v(t*) — u such that

g(t) = graph(¢t)7 t e (t* — &, t* + 5)'
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The crossing form T'(€, u; t*) at the instant ¢ = ¢* is the quadratic form on v(¢*) N p, defined by

D(€, ps t™)[u] : wlu, ge(u),  we(E)Np.

- E t=t*

It can be shown that T'(¢, u;t*) does not depend on the choice of p/. A crossing t* € (a,b) will be
called regular if T'(¢, u; t*) is non-degenerate. It is easy to see that regular crossings are isolated
and hence they are finite in number by the compactness of [a, b].

Proposition B.4. Let ¢ : [a,b] — FL,,(H) be a C* path having endpoints outside M, (H). If £
has only regular crossings, then

,U/]\/Ias(gvua [aa b]) = Z Sgnr(&ﬂ; t*)a
t*€(a,b)

where sgn denotes the signature.
We have not described the smooth structure on F£,,(H) in this appendix for which we refer in
particular to [I, §2]. The following lemma is often useful for applying the previous proposition.

Note that if ¢ : [a,b] — FL,(H) is a path, then there exists for every A € [a,b] a unique
orthogonal projection Py € L(H) such that im Py = (()).

Lemma B.5. The path ¢ : [a,b] — FL,(H) is C', 1 € {0,1,...,00}, if and only if the associated
path P : [a,b] — L(H) of orthogonal projections is C.
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