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Dedicated to Professor Dietmar A. Salamon on the occasion of his 60th birthday

ABSTRACT. We lay the foundations of a Morse homology on the space of
connections on a principal G-bundle over a compact manifold Y, based
on a newly defined gauge-invariant functional 7. While the critical
points of J correspond to Yang-Mills connections on P, its L2-gradient
gives rise to a novel system of elliptic equations. This contrasts previ-
ous approaches to a study of the Yang—Mills functional via a parabolic
gradient flow. We carry out the complete analytical details of our pro-
grame in the case of a compact two-dimensional base manifold Y. We
furthermore discuss its relation to the well-developped parabolic Morse
homology of Riemannian surfaces. Finally, an application of our elliptic

theory is given to three-dimensional product manifolds ¥ = ¥ x S*.
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2 R. JANNER AND J. SWOBODA

1. INTRODUCTION

During the last decades many authors, in order to understand Morse
theoretical properties of the Yang—Mills functional

YM: AP) >R, YM(A) = % /Y (Fa A F)

on a principal G-bundle P over a compact manifold Y, studied its L*-
gradient flow

This approach was introduced by Atiyah and Bott (cf. [3]) and used for ex-
ample by Donaldson (cf. [5]) to prove a generalized version of the Narasimhan—
Seshadri theorem. Analytical properties of the solutions of for principal
bundles over 2- and 3-dimensional base manifolds, or over base manifolds
with a symmetry of codimension 3, were proven by Rade (cf. [15] [16]) and
Davis (cf. [4]). A consideration common to all of these works is the follow-
ing one. Since Eq. is invariant under an infinite-dimensional group of
symmetries, the group G(P) of gauge transformations, it is only degenerate
parabolic, in contrary to e.g. the heat flow on manifolds. This problem can
be overcome by imposing a suitable gauge-fixing condition. The linearized
flow equation then splits into an operator of mixed parabolic and elliptic
type (cf. [4, 12, 23]). Short-time existence of the thus augmented equation
is shown in [I5]. Long-time existence holds below the critical dimension
n = 4, and is unknown to be case for n = 4 (cf. Struwe’s article [22] for a
blow-up analysis in this case). Moreover, it is not known whether the flow
satisfies the Morse-Smale transversality property and it is therefore in gen-
eral an open question whether a Morse homology, based on the Yang-Mills
functional and its L?-flow, can be defined in dimensions n > 3.

In this context we present a novel approach to Yang—Mills theory and define
a new Morse homology as follows. Let Y be a closed manifold of dimen-
sion n > 2. Fix a Riemannian metric g on Y and let dvoly denote its
volume form. We consider a principal G-bundle P — Y, G a compact
Lie group with Lie algebra g, and an ad-invariant inner product on g. Let
X := A(P) x Q"2(Y,ad(P)) be the product of the space of g-valued con-
nections on P and ad(P)-valued (n—2)-forms. Then we consider the energy
functional

J: X - R, J(Aw) = / ((FA, kW) — ;]wP) dvoly .
Y

Critical points (A, w) of this functional satisfy the system of equations
*Fqp—w=0, daw =20

in which case A is a Yang-Mills connection (i.e., satisfies dy F'4 = 0) and
*w is its curvature. The most interesting aspect are the L2-gradient flow
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equations
(2) DsA + (=1)" " s dyw =0, Osw + *F4 —w =0,

a system of first order nonlinear PDEs, which for n = 2 define a nice el-
liptic problem. Based on the gradient flow equations ({2]), we define a new
elliptic Yang-Mills Morse homology. To make this idea precise, we need
to work with a perturbed version J + hy of the functional J. The rea-
son for adding a perturbation hy is twofold. First, it is in general not the
case that critical points of the unperturbed functional 7 are nondegener-
ate in the Morse—Bott sense. By this we mean that the nullspace of the
Hessian H(4,)J of J at each critical point (A,w) consists entirely of in-
finitesimal gauge transformations. The second reason is that a priori it is
not clear whether gradient flow lines of 7, connecting two critical points,
satisfy Morse-Smale transversality. This condition, which is equivalent to
the linearized gradient flow equation at such a flow line being surjective, is
required to obtain smooth moduli spaces of solutions. We here work with
holonomy perturbations (cf. for details) the construction of whose is
based on work by Salamon and Wehrheim in [2I]. The precise form of the
L?-gradient flow equations resulting from the perturbed functional J + h ¥
will be stated in below.

The plan of the article is as follows. In §2| we introduce the elliptic Yang—
Mills equations. We then move on to establish their main analytical prop-
erties as far as they are needed to define elliptic Yang—Mills homology in
the case n = 2 (which we introduce in Section . We in particular show
(cf. Section [3)) that the linearization of the gradient flow equations give rise
to a Fredholm operator and determine its index. The main difficulty one
encounters here is that the functional 7 is neither bounded from below nor
from above so that the number of eigenvalue crossings of the resulting spec-
tral flow cannot be read off from the index of the Hessian at limiting critical
points of 7. To overcome this problem we relate this spectral flow to that
of a further family of elliptic operators, the numbers of negative eigenvalues
of their limits as s — 400 being finite and equal to the index of the limiting
Yang—Mills connections. A further result concerns compactness up to gauge
transformations and convergence to broken trajectories of the moduli spaces
of solutions to (3) which have uniformly bounded energy, cf. Exponential
decay of finite energy solutions of towards critical points is shown in
Transversality is being dealt with in A Morse boundary operator defined
by counting the numbers of elements in suitable moduli spaces of connecting
flow lines is introduced in gﬂ Together with the critical points of J + h; in
a fixed sublevel set it gives rise to a chain complex, the homology of which
we name elliptic Yang—Mills Morse homology.

In §8| we initiate a comparison of elliptic Yang—Mills Morse homology with
its classical parabolic counterpart (cf. [3, 23]). Although these theories are
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based on very different types of equations, they share a number of common
properties. Namely, the set of generators of the relevant chain complexes is
the same in both cases, and also the dimensions of moduli spaces of connect-
ing flow lines agree in each case. Therefore it seems natural to conjecture
that there exists an isomorphism between elliptic and parabolic Morse ho-
mology. We give some evidence to this conjecture by constructing a so-called
hybrid moduli space in which we combine elliptic and parabolic flow lines.
Leaving the analytical details of that construction to a future publication we
anticipate, based on a crucial energy inequality, that arguments similar to
those in [I} [2, 24] apply and give rise to an invertible chain homomorphism
between the parabolic and the elliptic Morse complex.

As an application of the elliptic Yang—Mills homology presented here we
consider in §9| three-dimensional product manifolds Y = 3 x S1. We relate
the new invariants obtained in this case to various other homology groups,
amongst them Floer homology of the cotangent bundle of the space of gauge
equivalence classes of flat SO(3) connections over X.

One difficulty in extending elliptic Morse homology to manifolds Y of di-
mension n > 3 consists in the fact that the linearization of equation ({2)
ceases to be elliptic, even if appropriate gauge-fixing conditions are im-
posed. To overcome this problem we introduce in §10| a modification of
the above setup. The main idea is to restrict the configuration space X =
A(P) x Q"2(Y,ad(P)) to the Banach submanifold

X ={(Aw) e X |djw=0}

of X and consider the flow (2)) on X instead. This modification is natural
because the critical points of J are automatically contained in Xj. As it
turns out, the linearization obtained through this modification are in fact
elliptic equations, however of nonlocal type. A discussion of their compact-
ness and transversality properties is left to future work.

Acknowledgements. The second named author gratefully acknowledges
DFG for its financial support through grant SW 161/1-1. He also thanks
the Department of Mathematics of Stanford University for its hospitality
where part of this work has been carried out.

2. ELLIPTIC YANG—MILLS FLOW EQUATIONS

Let Y be a closed oriented smooth manifold of dimension n > 2, endowed
with a Riemannian metric g. We keep the notation as introduced before.
For pairs (4,w) € X = A(P) x Q" 2(Y,ad(P)) we consider the functional

J: X - R, J(Aw) = / <(FA,*w) — ;|w]2> dvoly .
Y

For transversality reasons apparent later we add a so-called holonomy per-
turbation hy to J which we shall define in The LQ—gradient of J + hy
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is given by
VI (Aw) = ((=1)"" s daw — Xp(A,w), xFa —w + Y3(4,w)).
For a definition of the term (X;(A,w),Ys(A,w)) which results as the L%

gradient of hy, cf. below. We define the perturbed elliptic Yang—
Mills flow to be the system of equations

0=0,A—da¥ + (_1)n+1 *dqw — Xf(A,w),
0=0w+ [V,w] —w+ *xFa+ Y;(Aw).

for a connection A € A(P) and ad(P)-valued forms ¥ € Q°(Y,ad(P)) and

w € Q" 2(Y,ad(P)). The term ¥ has been introduced in in order to

make this system of equations invariant under the action of time-dependent

gauge transformations. Stationary points of the unperturbed flow equation
(referring to the unperturbed functional 7) such that ¥ = 0 satisfy

(4) daw =0 and w=xFy.

3)

Then daw = da * F4 = 0 and hence the set of critical points of J is in
bijection with the set of Yang—Mills connections on the bundle P.

Remark 1. The factor (—1)"*! appearing in the first equation in results
from the different signs the formal adjoint d% = (—1)Mdegwt D+l ) % 0 of
da has in different degrees and dimensions.

Remark 2. Assume (4, w) is a solution of the unperturbed equation (3)) on
I xY, I abounded or unbounded interval. Assume in addition that ¥ = 0.
Then it follows that w satisfies the linear PDE

(5) 0=w—w—djdaw.
In the case n = 2 this is an elliptic equation with the Hodge Laplacian
—% + A4 acting on QO(I x Y, ad(P)) as leading order term.

3. MODULI SPACES AND FREDHOLM THEORY

From now on we specialize to the case n = 2 and let Y = ¥ denote a
closed oriented surface, being endowed with a Riemannian metric g.

3.1. Gradient flow lines and moduli spaces. Throughout we call a
smooth solution (A, w, ¥) of on R x ¥ a negative gradient flow line
of J. We say that (A,w, ¥) is in temporal gauge if ¥ = 0. The energy
of a solution (A,w, V) of (3) is

Ei(Aw,¥) =
/ e awrda WX p (A, ) |2 s+ Fa —o+ [0AW]4 Y (A, 0)] 2 .

It is by definition invariant under time-dependent gauge transformations. In
1t will be shown that a temporally gauged solution (A4, w, 0) of (3) on Rx %
has finite energy if and only if there exist critical points (AjE jE) of J+hy
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such that (A(s),w(s)) converges exponentially to (A%, w®) as s — oo.
We let M (A~ ,w™, AT, w") denote the moduli space of gauge equivalence
classes of negative gradient flow lines from (A=, w™) to (AT,w™), i.e.

M(A=,w=, AT wh)
G(P) ’

/\/lf(Af,wf,Aﬂer) =
where

.K/l\f(A*,w*,AJr,w*) = {(A,w)

(A, w,0) satisfies (3, Ef(A,w,0) < oo, }
im0 (A(s), w(s)) € [(AF,w™)] '

The moduli space M (A~ ,w™, AT ,w™) can be described in a slightly differ-
ent way as the quotient of all finite energy gradient flow lines (A, w, ¥) from
(A=, w™) to (AT, w™) such that ¥(s) — 0 as s — Foo modulo the action of
the group G(R x X) of smooth time-dependent gauge transformations, which
converge exponentially to the identity as s — +00. One of our goals in the
subsequent sections is to show that the moduli space M (A~ ,w™, AT, w™)
is a compact manifold with boundary and to determine its dimension. We
start by considering first the linearized operator for Eq. .

3.2. Linearized operator. Linearizing the map

O0sA — da¥V — xdgw — X (A, w) >

F:(Aw ) — ( Osw + [V, w] —w + *F4 + Y¢(A4,w)

at (A,w, V) yields the linear operator

(6) D(A,w,\lf) : (Oé, v, d)) =

o xwA ] —xda  —da o' —dX (A, w)(a,v)
Vel v |+ *d A -1  —[wA ] v |4+ dYp(A,w)(o,v)
v S PV ¥ 0
=:B(a,w,v)

where V; = 8% + [¥ A -]. To specify its domain and target we define for
p>1

LP:=IP(R,IP(X)) and  WP:= WH(R,LF(X)) N LP(R,WP(X)),
where for abbreviation we set
LP(R, LP(X)) :== LP(R, LP(%,T*E ® ad(P)))
@ LP(R, LP(X,ad(P))) & LP(R, LP (%, ad(P))),

and similarly for LP(R, W1P(X)) and WP(R, LP(¥)). Throughout we shall
consider D4, v) as an operator D4, g): WP — LP.

Remark 3 (Gauge-fixing condition). The last component in the definition
@ of the operator D4, v) is a gauge-fixing condition. It can be understood
as follows. We identify the pair (A, V) with the connection A+ ¥ ds on the
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principal G-bundle R x P. The group G(R x P) of time-dependent gauge
transformations acts on pairs (A + Wds,w) as

g (A+Tds,w) = ("A+ (g Wg+ g 'g) Nds, g wg).
The infinitesimal action at (A + ¥ds,w) is the map
p = (dap + (@ + [V AR Ads, [w A g]).

A short calculation now shows that (a+1 Ads, v) is orthogonal to the image
of the infinitesimal action precisely if the last component of D4 ., w) (v, v,v)
vanishes.

3.3. Fredholm theorem. Throughout this section we fix a > 0 and an
a-regular perturbation hy. The aim of this section is to prove the following
theorem.

Theorem 4. Let (A,w, V) be a solution of (3) and assume that there exist
solutions (A*,w™®) of the perturbed critical point equation such that
lim (A(s),w(s), ¥(s)) = (A%,w*,0)
s—=+o00
in CK(X) for every k € Ng. Then for every 1 < p < oo the linear operator
Dpw,w): WP — LP is a Fredholm operator of index

(7) ind D(A,w,‘ll) = ind HA—,f — ind HA+,f-

Here we denote by ind Hy 5 the Morse index (i.e. the number of negative
eigenvalues) of the perturbed Yang—Mills Hessian

HA’f = d:kqu + *[*FA AN ] + de(A)

Because the statement of this theorem is invariant under gauge transfor-
mations we may from now on assume that ¥ = 0. For ease of notation we

also define Bf = B(A,w,(]) + (— de(A, w), de(A, w))

Fredholm property and index in the case p = 2. We let p = 2. Then By(s)
is a self-adjoint operator on the Hilbert space H := L?(¥) with domain
W = dom By(s) = W2(X), for every s € R. This follows by the same
arguments as given in the proof of Proposition

Proof. [Theorem [4|in the case p = 2]. To show the Fredholm property we
employ the result [I7, Theorem A]. To apply this theorem we need to check
that the following conditions (i-iv) are satisfied. (i) The inclusion W — H
of Hilbert spaces is compact with dense range. This holds true by the
Rellich—Kontrachov compactness theorem. (ii) The norm of W is equivalent
to the graph norm of Bf(s): W — H for every s € R. This follows from a
standard elliptic estimate for the operator By(s): W — H. (iii) The map
R — L(W,H): s — By(s) is continuously differentiable with respect to the
weak operator topology. For this we need to verify that for every £ € W and
n € H the map s — (By(s)&,n) is of class C*(R). Because s — (A(s),w(s))
is a smooth path in X and B depends smoothly on (4,w), this property is
clearly satisfied. (iv) The operators B( s+ .+ o) — (dX(A¥),0) are invertible
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and are the limits of By(s) in the norm topology as s — +oo. Invertibility
follows because the perturbation hy was assumed to be a-regular. Theorem
(exponential decay) gives uniform convergence with all derivatives of
(A(s),w(s)) to (A*,wT) as s — 400, hence in particular norm convergence
By(s) — Ba* o+ 0) — (dX7(A%),0) as s — +oo. We have thus verified that
the operator family s — Bj(s) satisfies all the assumptions of [I7, Theorem
AJ. Tt hence follows that the operator D4, 0) = d% + By(s) is Fredholm
with index given by the spectral flow of the family s +— By(s), cf. below. It
is shown in Proposition [f] and Lemma [6] below that this spectral flow equals
that of a further operator family s — Cj(s). Its spectral flow in turn is
equal to the right-hand side of , which is the content of the subsequent
Lemma @ The index formula now follows. O

It remains to determine the index of the Fredholm operator D4, o). This
index is related to the spectral flow of the operator family s — By(s) as
we explain next. Here we follow the discussion in [I7, §4]. Recall that a
crossing of By is a number s € R for which Bf(s) is not injective. The
crossing operator at s € R is the map

I'(By,s): ker By(s) — ker Bf(s), I'(By,s) = P(s)By(s),

where P(s): H — H denotes the orthogonal projection onto ker Bf(s). A
crossing s € R is called regular if I'(By(s)) is nonsingular. It can be shown
(by adapting the arguments in [I7, Theorem 4.2]) that, after replacing f by
a suitable, a-regular perturbation f (which may be chosen arbitrarily close
to f), the operator family s — B f(s) only has regular crossings. We assume
that f has been chosen accordingly. Then the number of crossings of By is
in particular finite. The signature of the crossing s € R is the signature
(the number of positive minus the number of negative eigenvalues) of the
endomorphism I'(By, s). The Fredholm index of D4, o) is determined by
the crossing signatures via the relation

(8) ind D40y = — Y _ signT(By, s)

where the sum is over all crossings, cf. [I7, Theorem 4.1].

We now aim to determine the Fredholm index of D) from (8). The
following proposition simplifies the subsequent computations.

Proposition 5. Let By denote the family of operators which we obtain
from By by setting Y = 0. Then the operator % + Byo: W2 = L2 s a
Fredholm operator with index equal to that of D4, 0)-

Proof. For 0 < 7 < 1 consider the family of operators % + Baw,o) +
(—dX¢(A,w), 7dYs(A,w)). Since Y;(A(s),w(s)) = 0 for sufficiently large
|s| > so (which holds by our choice of the a-regular perturbation f) it
follows that for each 7 the limiting operator as s — oo of B4, 0) +



ELLIPTIC YANG-MILLS FLOW THEORY 9

(—dXy(A,w), 7dYs(A,w)) is equal to the invertible operator B(ax .+ o) —
(dX(A%,0). By the same proof as of Theorem [4] in the case p = 2 this
implies that each of the operators in the above family is Fredholm. Be-
cause this family is an interpolating family of Fredholm operators between
% + By and D4, 0) equality of the indices follows. ([l

To determine the Fredholm index of D4, o) we use Proposition@together
with relation (with the operator By replaced by Byg). The crossing
indices of the operator family By are found by relating them to those of a
further path of operators C't(s) which we introduce next. For A € R\ {—1}
and (A,w) = (A(s),w(s)) we define the symmetric operator Cy x(s) by

Crals) == %ﬂd*AdA“‘*[W/\ 4+ dX (A w) —dA‘F%H*dA[W/\ /]
5 ' —d}—i—/\%_l*[w/\dA-] —)\%Ll*[w/\*[w/\-]] ’

We furthermore set C¢(s) := Cfo(s).

Lemma 6. For every s € R the crossing indices I'(Byo(s)) and I'(Cy(s))
coincide.

Proof. We first note that A = 0 is an eigenvalue of By (s) if and only if
it is an eigenvalue of Cy(s). In this case, the corresponding eigenspaces
are of the same dimension. These facts follow from Proposition [7] below. It
remains to show that for every crossing sp € R the signatures signI'(By o, s0)
and signI'(C'y, s9) coincide. We prove this equality for a simple crossing s,
i.e. in the case where the crossing is regular and in addition the kernels
of Bfo(so) and Cy(sg) are one-dimensional. In this situation let s — A(s),
5 € (so—¢, s0+¢), be a Cl-path of eigenvalues of By o(s) with corresponding
path of eigenvectors £(s) = (a(s), v(s),1(s)) such that A(sg) = 0. Similarly,
let s — pu(s), s € (so —&,80 + €), be a Cl-path of eigenvalues of C(s)
with normalized eigenvectors &(s) = (@(s),1(s)) such that u(sg) = 0 and

&(s0) = (a(s0),%(s0)). It suffices to prove that

9) sign A(sg) = sign u(so).

To prove this claim we first apply Proposition [7] below which gives the iden-
tity

Craes)(s)(als), ¥(s)) = As)(s), P (s))

for all s € (sog —e,80 +¢€). Next, by definition of the operator families
Cras)(8) and Cp(s) it follows that

(10)
% . Craes)(5) = Crls0)+A(s0) ( _ *_[ﬁ%\dgA.] *_[:/ili[[z;\ ]]] ) :

We apply Proposition [§ below to the operator family s +— Cy y(5)(s). To-
gether with it then follows that (we abbreviate A := A(sg), w := w(sp)
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and recall that g(so) = (a(s0),¥(s0)))

Cra()E(s0),E(s0)

s=80

i (o e ) )
=1(s0) — A(so)(dadaa(s0), a(s0)) + 2A(s0) {(*da(s0), [w A ¥ (s0)])
+ A(s0) (¥[w A #[w A (50)], % (s0))
=j1(s0) = A(s0)lldac(so)[I* = A(s0) | [w A ¢ (s0)]|I*
+ 2X(s0) (xd acx(50), [w A ¥(50)]).

Here we used again Proposition 8| in order to replace <C’f(30)§~(so), £(s0)) =
[(so). Concerning the remaining terms in the same line we compute

{als0), = * dafw A p(s0)]) =(xa(s0), dalw A ¢p(s0)])
=(d * a(s0), [w A ¥ (s0)])
=(rdaa(so), [w A (o)),
and likewise for (— * [w A daa(sg)],¥(so)). It finally follows that

A(so) = (Ll daa(so) [+ [w At (so)llI* —2(xdaa(s0), [wAt(s0)])) Also)-

Using the Cauchy—Schwartz inequality we can estimate the factor in front
of A(sp) in the previous line as

1+ [ldaa(so)|* + llfw A v (s0)][I* = 2(xdaa(so), [w A ¥(s0)])

21+ [ldaa(so)ll” + Illw A (s0)]lI* = 2lldac(so)lll[w A ¥ (so)ll
1.

VAN

Therefore, fi(s9) and A(sp) have the same sign which shows () in the case
of a simple crossing sg. The case of a general regular crossing can be treated
similarly. This completes the proof. U

Proposition 7. Let the operators By o(s) and Cyx(s), s € R, be as defined
above. Let A € R\ {—1}. Then § = (a,v,v) € dom Byg(s) satisfies the
eigenvalue equation Bfo(s)é = X if and only if € = (v, ) satisfies the
nonlinear eigenvalue equation

(11) ij)\(s)g = )\é.
Proof. Assume § = (o, v,1)) € dom By (s) satisfies
(12) Byo(s)€ = A&

for some A # —1. Then it follows from the definition of By (s) that

(13) v = (xdaa — [w A )).

A+1
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Inserting this v into the first and last of the three equations in yields
(11). Conversely, assume that £ = (o, 1) satisfies for some A\ # —1.
Defining v by equation and setting & := (a,v,1) we obtain a solution
& of for this eigenvalue A. O

Proposition 8. Let s — F(s), s € (sg — ¢,50 + €), be a Cl-path of
densely defined symmetric operators on a Hilbert space H. Let s — A(s),
5 € (s0—¢,50+¢), be a Cl-path of eigenvalues of the operator family F with
normalized eigenvectors x(s). Then it follows that

A(so) = (F(s0)z(s0), z(s0))-
Proof. We differentiate the eigenvalue equation F(s)z(s) = A(s)z(s) at so
and obtain
F(so)z(s0) + F(so)i(so) = }\(so)x(so) + A(so)2(s0)-
Take the inner product of both sides with z(sg) and use that by symmetry
of F(So)
(F(s0)&(s0), z(s0)) = (&(s0), F(s0)z(s0)) = ((s0), A(s0)z(s0))

to conclude the result. O

Lemma 9. The total number ) . T'(Cy(s)) of eigenvalue crossings of the
operator family C'y equals the right-hand side of .

Proof. We set ij := lims_ 100 Cf(s). By assumption, each pair (4%, w®) =

lim, 400 (A(s),w(s)) satisfies the critical point equations w® = *F4+ and

xdg+wt + X¢(AT) = 0. Inserting the first one into the definition of Cy it
follows that

Ci _ dZidAi + *[*FA:t A ] - de(Ai) —dA:t + *dA:t [*FAﬂ: A ]

I —dzi—l—*[*FA:t/\dAj:'] —*[*FAi/\[FAi/\-H '
We point out that the upper left entry of Cf equals the perturbed Yang-
Mills Hessian H 4+ ;. For 0 < 7 <1 we consider the smooth path

Ci .:( HAﬂ:J —dA:t—l-T*dAi[*FA:t/\'])_
S —diy F TR [RFyx Adgx -] =T [xFyx A [Fae A -]
W22(2) e Wh(E) — LA(D) @ LA(D).
of bounded symmetric operators. Note that C’Oij equals the perturbed Yang—
Mills Hessian H 4+ r, augmented by a gauge-fixing condition, while Cf =
C'ij. We claim that 0 is not an eigenvalue of ijf, for every 0 < 7 < 1. To

prove this claim, assume that (o, 1)) satisfies Cﬁc f(a, 1) = 0. Then it follows
that

HA:N:JCY - dA:l:dJ =+ T * dAj:[*FA:I: /\w] =0.
Applying d% . to both sides of the last equation yields
dzidAiqu) — Td:kqi * dAi [*FAi A ’(ﬁ] =0.
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This follows because im Hy+ ; C kerd’,.. Take the L?-inner product with
1) to obtain

= (), & daet) — Td'ys * das[+Fax A1)

= (dg=v, dp+1p) — T(h, xd g d g+ [xFp= N 9)))
= (da=t), dpx1p) — (b, *[Fgx A [xFp A9))
= [|da=0[|* + 7| [Fazx A9]|1*.

It follows that ¢ = 0 because the connections A% are irreducible. We hence
conclude that H 4+ ja = 0 and that d* .o — 7 [*[4+ Ady+a] = 0. Because
the perturbed Hessian H 4+ ¢ is nondegenerate it follows that o = dy+¢ for
some ¢ € QY(X,ad(P)). Then the second of these equations implies that

0=dlsdsrp — 7% [¥Fax Ndprdyxy]
=dhsdaro — T [¥Fpqx A [Fax A gl

from which it follows as before, by taking the inner product with ¢ and
using irreducibility of A*, that ¢ = 0 and hence also & = 0. We now
argue by continuity of the spectral flow of the operator family 7 — C’jE
that the (finite) number of negative eigenvalues of Cif does not change
with 7. The statement of the lemma now follows because the total number
of eigenvalue crossings of the operator family s — C}, s € R, equals the
difference of the numbers of negative eigenvalues of Cf_ and C’]T. By the
preceding argumentation this difference is equal to the difference between
the Morse indices of the augmented Yang—Mills Hessians at A~ respectively
AT, whence the first claim. O

Fredholm property and index in the case 1 < p < oo.

Proof. [Theorem [4]in the case 1 < p < oo]. The assertion of the theorem
in the general case is a consequence of the following standard line of argu-
ments (cf. e.g. [30, Propositions 3.15-3.18] for details). We fix a constant
0 > 0 smaller than the modulus of any eigenvalue of the limiting opera-
tors ij. Such a choice is possible since these operators are by assumption
nondegenerate.

Step 1. Let N be the vector space
={{=(,v,9) € CF°(R X X) | Daw,pé =0,3c>0Vs € R:

1€ o0 () + [105€ () | oo () + IV 4& () | ooy < ce™ 1}

Then ker(D(AwO) WP — [P) = N. In particular, this kernel is finite-
dimensional and does not depend on p.

By standard elliptic estimates, any solution of D4, 0y = 0 is smooth.
Exponential decay in L?(X) of any such & holds by . Elliptic bootstrap-
ping arguments then show exponential decay in the form stated above. This
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proves the inclusion ker(D4 o 0): WP — LP) € N. The opposite inclusion
is clearly satisfied.

Step 2. Let N* be the vector space
N* = {77 € COO(R X 2) | D?A,w,(])n =0,dc>0Vs € R:

78] oo () + 110s0(8) | Lo () + 1V an(8) || poo sy < ce 21}
Then coker(DEkAMO): WP — [LP) = N*. In particular, this cokernel is finite-
dimensional and does not depend on p.

The statement follows from Step [l using the reflection s — —s under
which D{A7w70) is mapped to —D(4, 0)-

Step 3. The range of the operator D4, 0): WP — LP is closed.

First, there exists a constant ¢ = ¢(4,w,p) > 0 such that for any sy € R
and the two intervals I = (so — 1,s0+ 1) and Iy = (s — 2, so + 2) the local
elliptic estimate

[€llwrrnxs) < cPaw0)éllLrxs) + [1EllLrxs))
is satisfied for all ¢ € WHP(I x ¥). Second, for the two s-independent
solutions (A%, w*,0) of the operator Dg+ .+ ): WLr(Z+) — LP(Z7F)
has a bounded inverse. Here we let Z* denote the half-infinite cylinders
Z~ = (—00,0) x 3, respectively ZT = (0,00) x ¥. By a standard cut-off
function argument, both estimates can be combined into the further estimate

1€lwr < e(Dawoéllcr + I1EEll ),
where K: WP — [P is a suitable compact operator. The assertion now
follows from the abstract closed range lemma, cf. [18, p. 14].

Step 4. We prove the theorem.

By the preceding steps, the operator D4, 0): WP — LP is a Fredholm
operator, its index being independent of p. Hence the asserted index formula
follows from the one already established in the case p = 2. ([

4. COMPACTNESS

In this section we prove a compactness theorem for solutions of of uni-
formly bounded energy. Let I C R be an interval. For convenience we shall
identify at several instances a path (A, ¥) € C*°(I, A(P) x Q%(3,ad(P)))
with the connection A := A+ Vds € A(I x P). Its curvature is

(14)  Fa = Fa+ (0;A+da%) Ads € Q*(I x S,ad(I x P)).

We call a connection A; € A(I x P) to be in local slice with respect to
the reference connection A if the difference Ay — A = a + ¢ ds satisfies

dp(a+1ds)=0.
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This condition is equivalent to
(15) Vo) — djya =0,
where we denote Vi) := 051 + [, 1].

In the following we fix (Ag,wp, ¥o) € A(P) x QU(X,ad(P)) x Q°(%,ad(P))
as a smooth reference point and denote Ay := Ag+ Vg ds. Thus Ay is a con-
nection on I x 3 whose components do not depend on the time-parameter
s. Let (A,w,¥) = (Ap,wo, ¥o) + & with £ = (a,v,1) be a smooth solution
of on I x . We augment with the local slice condition rela-
tively to the reference connection Ag. Expanding the thus obtained system
of equations about (Ag,wp, Vo) yields the equation

(16) 0 :f(A07w07 \IIO) + (vs + B(Ao,wo,\llo))g + Qwog
+ (_Xf(Aa 0.)), Yf<A7 U.)), 0)7
where the linear operator B4, ., v,) has been defined in @ and where we

set

AO — dAO\IJO — *dAOW(]
f(Ao,u)O, \I’Q) = d)o + [\I/(], WQ] —wo + *FAO

0
and
« —[a A Y] — x[a Av]
Quo (v | = | W]+ 5% [ana]
P — % [wy A *v]

We furthermore define the gauge-invariant energy density of the solu-
tion (A,w, ¥) of to be the function
1
(17) e(A,w, W) = (| % daw +da¥ + Xp(Aw))?
+ | Fa—w+ [Ww + Y (Aw)): ITxS =R

Proposition 10. Let I C R be a compact interval and (AY,w",0) be a
sequence of smooth solutions of Eq. on I x X in temporal gauge. Assume
that there exists a constant C' > 0 such that for e¥ := e(A”,w",0)

(18) le"llLiaxsy < C

for all v € N. Then there exists a subsequence, still denoted by (A”,w",0),
and a sequence of gauge transformations g* € G(Ix P) such that the sequence
(g")*(A”,w",0) converges in the C* topology, for every k € Ng.

Proof. Combining (3]) and it follows that the curvature of the connection
AY := AY 4+ 0ds € A(I x P) is

Fpr = Fypv + (*dAuw” + Xf(AV,wy)) A ds.
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Assumption together with the definition of ¢ implies the uniform
curvature bound

[Farlzerxs) < 1+ Fav —w” + Y5 (A, 0")[| L2(xs) + 0¥l L2 (2xs)
+ IYF (A, w)[| Lo (rxs) + || # davw” + X (A, 0¥)[|L2(1xx) < C1

for some further constant C1. The term [|w”||2(7 ) is uniformly bounded as
follows from Lemmata [28| and A standard estimate allows to uniformly
bound the L?-norm of Y;(A”,w"), cf. [2I, Proposition D.1 (iii)]. Therefore
the assumptions of Uhlenbeck’s weak compactness theorem (cf. [27, Theorem
A]) are satisfied for the Sobolev exponent p = 2. It yields the existence of a
sequence of gauge transformations g” € G2P(I x P) such that after passing
to a subsequence
(¢")*AY — A* = A* + U" ds (v — 00)

weakly in W12(I x ¥) for some limiting connection A* € W12(I x ¥). Let
go € G>2(I x ¥) be a gauge transformation such that Ay = goA* is in tem-
poral gauge, i.e. of the form !7\0 = Ag+0ds. Let Ag = Ap+0ds be a smooth
connection W12 close to Ag. Because the weakly convergent sequence
(g")*AY is bounded in W12, this is also the case for the gauge transformed
sequence (g”go)*A”. Now the local slice theorem (cf. [27, Theorem F]) yields
a further sequence h” of gauge transformations such that (g”goh”)*A" is a
bounded sequence in W2, which in addition is in local slice with respect
to the reference connection Ag. Denoting o + ¢ ds := (g”goh”)*A” — Ay
this means that

(19) A, (@ + 97 ds) = dh,a” — " =0

for all v € N. Differentiation of with respect to s shows that each w”
satisfies

0= —6" + A’ + 0" + dav X (A, w”) — DY (AY, w").

The uniform L?-bound satisfied by w” together with ellipticity of the linear
operator —j—; + d% + A 4v shows that the sequence w” is in fact uniformly
bounded in W22, This uses in addition that the terms dav X(A”,w") and
95Y;(A”,w") are uniformly bounded in L? which follows from the estimates
on holonomy perturbations in [21, Proposition D.1 (iv,vi)]. We now choose
wo € Q°(X,ad(P)) for reference and set v¥ := w” — wy. By and
each £ satisfies the equation

(Vs + B(agwo,0)E" = —F (Ao, w0,0) — Quo&” + (Xf(A”,w"), =Y;(A”,w"),0).
The last three terms on the right-hand side of this equation are uniformly
bounded in Wl’%(IX ¥). Namely, the map Q,,: WH2(IxX) — Wl’%(lx Y)
maps bounded sets to bounded sets as follows from Sobolev multiplication
and embedding theorems, and £ satisfies a uniform bound in WH2(I x ¥).

The same holds true for the term (X (A", w"), =Y¢(A”,w"),0) by a standard
estimate, cf. [21, Proposition D.1 (vi)]. The statement of the proposition
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now follows inductively from a bootstrap argument based on ellipticity of
the linear operator Vs + B4, w0,0)- O

The following theorem states compactness of moduli spaces up to con-
vergence to broken trajectories. The notion of a-regular perturbations is
introduced in Definition [15| below. We refer to for explanation of some
of the subsequently used notations.

Theorem 11. Fiz a number a > 0 and let f be an a-reqular perturbation.
Let AY and A% be two sequences in Crit(J + hy) which converge uniformly
to some critical point A~, respectively AT of J + hy. Let (A”,w",0) be a
sequence in M\f(AZ, AY) with bounded energy

(20) sup(J (A%, w”,0) + hy (A", u")) < a.

Then there is a subsequence, still denoted by (A”,w",0), finitely many crit-
ical points By = A~,..., By = A" € Crit*(J + hy) and connecting trajec-
tories (A, w;, U;) € M\f(Bi,Bi+1) fori=0,...,£—1, such that (A”,w",0)
converges to the broken trajectory

((Ag,wo,¥0),. .., (A1, we—1,¥e-1))

in the following sense. For every i =0,...,¢ —1 there is a sequences s; €
R and a sequence of gauge transformations g € G(R x X) such that the
s-dilated sequence (g¢)*(A"(- + s¥),w”(- + s¥),0) converges uniformly to
(A;,wi, ¥;) on compact subsets of R x 3.

Proof. We first note that our assumptions imply for every compact interval
I C R the existence of a constant C' > 0 such that uniform energy bound
(18) is satisfied. This follows for I = R (and hence for every subinterval I)
from and the identity

| ey ds =
T(AY 0¥ 0) — T (AW, 0) + hp(AY w”) — hp(A%,WY).

Hence the restriction of (A”,w",0) to each compact interval I C R satisfies
the assumptions of Proposition Therefore, after passing to a subsequence
and modification by gauge transformations it follows that (A" |;,w”|r,0) con-
verges uniformly to a limit (A*|7,w*|r, ¥*|;), which again satisfies Eq.
on I x ¥. The remaining parts of the statement now follow from standard
arguments, which e.g. can be found in [21] §7]. O

5. EXPONENTIAL DECAY

Throughout we fix a constant a > 0.

Proposition 12 (Stability of injectivity). Let hy be an a-regular pertur-
bation in the sense of Definition . Then there are positive constants §
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and ¢ such that the following holds. Let (A,w) € A(P) x QY(X,ad(P)) with
J(A,w) < a satisfy

(21) | *daw + Xp(A )|y + 11+ Fa =0 + V(A 0) | 1(s) < 6.

Then for every & = (a,v,) of class C', where a € QY (X, ad(P)) and
v, € QU(X, ad(P)), it holds that

(22) €172y = lledlZ2gs) + 1017wy + 18172,
< ¢ ||xdav + dath — x[w A o] + dX (A, w)(a, U)|\i2(2)
t[¥dac — v = [w A Y] + dYp(A, W) (@, 0)|[F2 () + [daa = #lw A 0]l 72x, )-

(This estimate shows stable invertibility of the Hessian of the perturbed func-
tional J + hy near critical points, cf. @)

Proof. We assume by contradiction that there is (A,w) as in the statement
of the proposition but fails to be true for every ¢ > 0. Then there is a
sequence (A,,w,) € A(P) x Q°(£,ad(P)) and a nullsequence 6, — 0 such
that

(23) [I*da,wy + X (A", W) poo(m) + 1% Fa, —wy + Y5 (A, ") || Loe(s) < 00

and inequality does not hold for the constant ¢, = v. For any (A4,w) we
obtain from the definition of 7 and the Cauchy—Schwartz inequality that

1
SlwlZas) = T(4,0) - /EW A (Fa — 50))

1 2 2
<a+ EHWHLQ(E) + [ *w = Fallzz(s)-

This inequality together with shows that w, and Fj4, are uniformly
bounded in the L?-norm. Again by , da,w, = Va,w, is uniformly
bounded in L*°. Hence altogether, the sequence w, is uniformly bounded
in W1, Furthermore, shows that F4, is uniformly bounded in L*°
and thus by Uhlenbeck’s weak compactness theorem (cf. [27, Theorem A])
we can assume that (after modifying by suitable gauge transformations) the
sequence (A,) has a weakly convergent subsequence in A"P(P) for any fixed
2 < p < oo. Therefore, there is a subsequence of (A4,,w,) which converges
weakly in WP and strongly in C to a limit (A, w.). It follows from
that (As,wy) is a critical point of J + hy. Also, J(As,w.) < a. Hence
holds for (A, w,) and some constant ¢ > 0, because the critical points
below level a are not degenerate. The existence of such a finite constant ¢
contradicts our above assumption. The assertion now follows. O

Theorem 13. Let hy be an a-regular perturbation in the sense of Definition

. Then there exist positive constants 0, 5, and ¢ such that the following
holds. Let (A,w, V) satisfy on R x X such that J(A(s),w(s)) < a for all
s € R. Assume that there exists sy > 0 such that (A,w, V) satisfies

(24) 105 A(8) — d ) ¥(8)|| Lo (s + [ Vow(s) | oo sy < 0
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for all |s| > sg. Then for every & = (a,v,v) of class C?, where a(s) €
QL(Z,ad(P)) and v(s),(s) € QU(X,ad(P)), which satisfies D4 40)& = 0
and does not diverge as s — +oo, it follows that
(25) 1€(8) || p2x) < el

for all s > sg.

Proof. For fixed £ = («,v,1) as in the assumptions let us consider the
function

1
FR=R s 2 (a2 + 100) o) + 196)as, )
We claim that f satisfies the differential inequality
(26) f"(s) = 6%f(s)

for a constant 6 > 0 and all s > 1. Assuming this claim for a moment it
implies that f decays exponentially as s — +o00. Namely, since for s > 1

L (P +85()) = e ("(5) ~ P1(5)) 2 0,

it follows that f'(s)+0f(s) < 0. Otherwise the function s — e (f(s) + 6 f(s))
would for some sy > 1 be nonnegative. Since it is increasing it would then
be nonnegative for all s > sg. Thus, since f(s) is by assumption bounded,
s +— e 9% f(s) would decrease and hence f’(s) increase for s > sq sufficiently
large. Therefore f(s) would be unbounded which is a contradiction and

hence f(s) 4+ 6 f(s) < 0. Therefore, if the function f satisfies (26)), then
f(s) < cre®

for a suitable constant ¢; > 0. We now prove (26)). Differentiating f twice
with respect to s, we obtain

(27)
"= VsalFagm + IVsvllaqm) + IVsbllTzmy + (@ Vaa) + (v, Vav) + (4, Vi)

1 *
>|Vsall3ags) + IVotlags) + Vot + 5 Idha — [w A vl
1 1
tollxdaa —v—lwAy]+ AY|[Z2 sy + gl dav+day +dX —+lw A o ||72(s
— &b (llaliZagsy + 012y + 6132, )

where the second equality follows from the computation below. To obtain
the desired inequality we apply after choosing § > 0 still smaller
if necessary. For abbreviation we set

dX = dX (A, w)(a,v) and  dX = V4(dX) — dX (A4, w)(&,0)
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(and likewise for dYf(A,w)(a,v)) in the following calculation. Using at
several places the assumption that D4, ¢)§ = 0, we compute
(@, Via) + (v, Viv) + (4, Vi)
=(a, Vs (= * [w A a] + *dav + datp + dX))
+ (v, Vs (—xdaa+v+ [wAyY] —dY)) + (¥, Vs (dha — *[w A *v]))
=(a, *dAVsv + [V, %da]v) + (a, daV st + [V, da]t))
— (0, *[Vw A o] + *[w A Vo) + (o, Ve dX) — (v, %da Vo + [V, *d 4] )
+ (v, Vsv) + (v, [Vsw A Y] + [w A Vsib]) + (v, Vs dY)
+ (Y, d4Vsa + [Vs, dy]a) — (P, [Vsw A *v] + *[w A «Vv])
=(xdaa, *daa — v — [w A Y] +dY) + (o, [Vs, *da]v)
+ (o, o — [wAv]) + (o, [Vs, daly)
— (a, *[Vsw A a] + *[w A Vsa]) + (o, Vs dX)
(*d v, *dgv — *[w A a] + daty +dX) — (v, [V, *da]a)
(v, Vsv) + (v, [Vsw AY] + [w A Vst)]) + (v, Vs dY)
(dath,dath + xdgv +dX — *[w A o) — (P, [V, dy]a)
— (Y, *[Vsw A 0] + *[w A *Vv])
=|| % dgv + dath — ¥[w A a] + dX||* + || ¥ daa — v — [w A Y] +dY||?
+ldha = [wAol|P + (@, X) + (v,Y)
+ (o, [V, xdalv) = (@, [V, dila) + (o, [Vs, da]ip) — (v, [V, xdae)
—{a, *[Vsw A a]) — (¢, [Vsw A xv]) + (v, [Vsw A 9])

+
+
+

Note that the terms appearing in the last three lines are bilinear expressions
in «, v or ¢, which with the help of can be bounded through

&8 (lall3aqsy + 1032w + 1132,

for some universal constant ¢. This completes the proof of inequality .

Thus, using Proposition |12| and choosing 6 still smaller if necessary we con-
clude that

(28) f"(s) = 6% (HQH%Q(E) vl e + WH%%E)) =5 f(s),
and thus the claimed exponential convergence follows. ([
We can now state and prove the main result of this section.

Theorem 14 (Exponential decay). For a constant a > 0, let hy be an a-
regular perturbation of J. Let (A,w, V) be a smooth solution of onRx X
such that limsup,cr J(A(s),w(s), ¥(s)) < a and suppose that

(29) / / |05 A(s, 2), Osw(s, 2), 05 (s, 2)|* dvoly ds < co.
RJS
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Then there are critical points (A, w®) of T+hy such that (A(s),w(s), ¥(s))
converges to (AT, w*,0) as s — +00. Moreover, there are constants 6 > 0
and Cy, k € Ny, such that

I(A* — A(s),w™ — W)l ok (s—1,541]x5) < Cre M
for every |s| > 1 and k € Ny.

Proof. We first verify that (A,w, ¥) meets the assumptions of Theorem
Let some constant § be given. Then implies that for any 6 > 0 there
exists sp > 0 such that for all |s| > s

1
He(A,w, \II)HLl([s—l,s—‘rl]XZ‘) = 5”(85‘47 aSw?65\1})”%2([5—1,s+1]><2) <0,

where e(A,w, ¥) denotes the gauge-invariant energy density as defined in
. Lemma [27| now yields the estimate

le(A(s), w(s), U(5)) ]| e () < €6,

for every |s| > so and some constant C' > 0 which only depends on ¥.
Therefore assumption of Theoremis satisfied. We apply this theorem
to & = (0sA, Osw, 05¥). This yields existence of the integral

+o0
(AT, wF, UF) = (A(so),w(s0)) —|—/ (0sA, Osw, 05V ds

50
and exponential convergence in L? of (A(s),w(s), ¥(s)) to (AT, w®, TF) as
s — doo. After applying a suitable time-dependent gauge transformation
we may assume that ¥* = 0. The claimed exponential convergence with
respect to the C* norm for any & > 0 may now be obtained by standard
bootstrapping arguments. U

6. TRANSVERSALITY

6.1. Holonomy perturbations. To achieve transversality we introduce a
perturbation scheme based on so-called holonomy perturbations. Such per-
turbations have been used in similar situations, cf. [6l 10 21, 25]. We adapt
the construction of holonomy perturbations as carried out in |21, Appendix
D] slightly in order to make it well suited in the situation at hand.

In the following it will be convenient to identify the pair (4,w) € A(P) x
Q0(%,ad(P)) with the connection A := A + wdt on the principal G-bundle
P x S' over ¥ x S'. We point out that both components A and w of A do
not depend on the second coordinate t € S'. We let A(P) C A(P x S')
denote the set of such connections. The diagonal action of G(P) on A(P) x
Q%(%, ad(P)) induces an action on A(P) given by g*A = g*A + g~ lwgdt.
Let D C C denote the closed unit disk. For an integer m > 1 let I',,, denote
the set of sequences v = (v1,...,vm) of orientation preserving embeddings
vt 81 x D — ¥ x S Every v € T',,, gives rise to a map

p=(p1,...,pm): Dx AP) — G™,
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where p;(z, A) is the holonomy of the connection A € A(P) along the loop
0 — ~;(0,z). Let F,, denote the space of real-valued smooth functions on
D x G™ invariant under the diagonal action by simultaneous conjugation
of G on G™. Each pair (v, f) € T, X Fy,, determines a smooth function

hg: A(P) — R by

(30) hy(8) = [ Flepte B) i

The integrand is by construction invariant under the action of G(P) (in
fact of the larger group G(P x S')) on the argument A. By the Riesz
representation theorem, the differential dh¢(A)(ca+ v dt) in direction of o +

vdt € Ta A(P) can be written in the form

(B dhy(@)a+vde) = [ (~X(B) Aa) + (¥)(R) A )
b

for uniquely defined (Xf(A),Y¢(A)) € Q1(T,ad(P)) x Q°(Z,ad(P)). (For

later convenience, we put a minus sign in front of X;(A)). We define the

perturbed elliptic Yang—Mills flow to be the system of equations

{o = 0,A — da¥ — xdgw — X(A),

32
(32) 0= 0w+ [V,w] —w+ *xF4 + Ys(A).

Equations are invariant under the action of time-dependent gauge trans-
formations in G(P). Since in the following all statements are formulated in
a gauge-invariant way we may always assume that ¥ = 0.

6.2. Perturbed critical point equation. The above defined class of ho-
lonomy perturbations will turn out to be large enough to achieve surjectivity
of the linearized operators D4, vy along connecting trajectories (A,w, ¥).
However, in order to achieve nondegeneracy of critical points of the per-
turbed functional J + hy it is sufficient to work with the more restricted
class of holonomy perturbations which depend on A (but not on w). Such
perturbations are maps hy: A(P) — R defined as in where we set
A = A+ 0dt. In this case the (negative of the) gradient of hy at A is the
uniquely defined X ;(A) € Q'(2,ad(P)) such that

(33) dhy(A)(a) = /2 (—X7(A) A xa)

for all « € Q' (X, ad(P)). Critical points of the thus perturbed elliptic Yang—
Mills functional J + hy are solutions (A, w) of the system of equations

= X+(A
(34) 0 = *dsw + Xy(A),
0=x%Fy—w.

The set of critical points of the functional J +hy is denoted by Crit(J +h f).
For a > 0 we also set

Crit®(J + hy) = {(A,w) € Crit(J + hy) | T(A,w) < a}.



22 R. JANNER AND J. SWOBODA

We define the linear operator H{A’];): WP(¥) — LP(X) to be the Hessian

at (A,w) of the perturbed functional J + hy, i.e.
H&{u)(a,v) = (*dav — *[w A o] + dX ¢ (A)a, xdaa — v).

Note that the previously defined operator B4, ) (cf. (6)) is the Hessian
H &Su) considered here, augmented by a gauge-fixing condition. Associated
with each (A,w) € Crit(J + hy) is the twisted de Rham complex

Q0(, ad(P)) 0D Ql(s ad(P)) @ 00(S, ad(P))
a
290N, ad(P)) ® QO(S, ad(P)).
The first operator in this complex is the infinitesimal action of the group
G(P) at (A,w). Let

\.7,
kerH(A )

im(da, [wA -])

be the cohomology groups arising from that complex. We call a critical
point (A,w) € Crit(J + hy) irreducible if H?A w) = 0. It is called nonde-
generate if H(IAW = 0.

!
H(OA,w) = ker(dA, [w N - ]), H(1A7w7f) — ,w

6.3. Transversality theorem. Throughout this section we fix a number
a > 0.

Definition 15. Let m € N. A pair (v, f) € 'y, X Fy, is called a-regular if

the following two conditions are satisfied.

(i) Every critical point A = (A,w) € Crit*(J + hy) is irreducible and non-
degenerate.

(i) Let A = (A,w): R — A(P)xQ°(Z,ad(P)) be a solution of Eq. such
that lims_ 100 (A(s), w(s)) = (A%, w®) for a pair (AF,w*) € Crit"(J+hy).
Then the operator D4, o) defined in @ is surjective (for every p > 1).

For v € I'y, we denote by Fy,(7) the set of maps f € F, such that (v, f)

is a-regular.

We now proceed in two steps. We first show that nondegeneracy of critical
points in the sense of Definition (i) can be achieved by adding to J a
perturbation h; which depends only on A. Thereafter we show that there
exists an a-regular perturbation hy (which now may depend on (A, w)) close
to hy such that Crit®(J + hy) = Crit®(J + hy). To be able to formulate
our transversality theorems it is necessary to first introduce a family of
seminorms on the space of perturbations. Here we follow again closely [21]
and define for any k£ > 1 and perturbation f the k-seminorm of X as

X5 (M)l [dX s (A)(a +vdt)|gr— .
L+ [[Allex () lla + v dt] s (1 + [|Aflgr-1)*

| Xyllx = sup
AcA(P)

+ sup
a+v dtGTAA
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A k-seminorm for Yy is defined analogously. In the case where X; depends
only on A (and not on w), we modify the definition of || X ¢||; accordingly.

Theorem 16. Let (Yo, fo) € I'my X Fmg be such that every critical point of
J + hy, in the sublevel set of a is irreducible. Then, for every k > 1 and
e > 0, there exists n € N and a pair (v, f) € I'y, X F,, that satisfies condition
(i) in Definition [13 and such that | X — Xy, ||r < e.

Proof. We split the proof into five steps.

Step 1. Assume the connection A € A(P) is irreducible. Let hy: A(P) — R
be a perturbation such that the kernel of the perturbed Yang—Mills Hessian
Hajg:a— diydaa+ «[xFa A o] +dXp(A)a equals im (da: Q°(3, ad(P)) —
QY(X,ad(P))). Then hy satisfies condition (i) in Definition .

It suffices to show that the assumptions imply that the operator By g as
defined in Proposition [5|is injective. By Proposition [7] applied with A = 0,
injectivity of By is equivalent to injectivity of the operator Crg = Cf.
Since (A,w) € Crit*(J + hy) and therefore w = *F4, the operator C takes
the form of the operators Cf considered in the proof of Lemma |9} But for
these injectivity has been shown under the same assumptions we made here,
and hence the claim follows.

Step 2. Let (70, fo) € I'my X Fm, satisfy the assumptions of the theorem.
Then there exists m > mg and v € Iy, with v; = vo; fori=1,...,mg such
that the following condition is satisfied. Let

o(A) = p(0,4) = (p1(0, 4), ..., pm(0, A)) € G™.

Then for every critical point (A,w) € Crit*(J + hyg,) and every nonzero
o € ker Hy g, such that djo = 0, it follows that [do(A)a] € Tiy(a)(G™/G)
18 MONZzero.

For any fixed nonzero o € ker Hy y, such that d%a = 0 it follows from
statement (ii) in Proposition that we can extend 7y to v such that
[do(A)a] # 0. Because the latter property is open it remains satisfied for
all o sufficiently close to a. Elliptic theory implies that the unit sphere
in ker H4 f, lker % is compact. A standard compactness argument now com-
pletes the proof of the claim.

Step 3. Letm € N and (v, f) € I'yy x Fp. Fiz a number p > 1 and let ¢ > 1
with p~' 4+ ¢~ = 1 denote the Sobolev exponent dual to p. Then surjectivity
of the operator Ha p: WHP(X) — LP(X) is equivalent to the vanishing of
every 3 € L1(X) with the property that 3 € ker H} ; and

(35) iy ne) o

As follows from standard arguments, the range of Hy s is closed. Then
surjectivity of Hy ¢ is equivalent to injectivity of its dual operator, whence
the claim.
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Step 4. Let (Yo, fo) and m > mg be as in Step[§ For k € N we denote
Fk = CH YD x G™)Y and consider the linear operator

(36) WIP(S) x FE — LP(D): (o, f) > Hapa+ Xp(A).
Then for every k € N there exists € > 0 such that for oll f € F,, with

| X, — X¢llk < € and for all (A,w) € Crit(J + hy) the operator in is
surjective.

We first verify the claim for f = f3. Assume by contradiction that there
exists (A,w) € Crit*(J +hy,) such that the operator in is not surjective.
Then by Step 3| there exists § # 0 in L(X) which satisfies 5 € ker Hz,fo as
well as ([35). It follows from Step that [do(A)B] # 0 in Tjp(4)G™/G. This
implies that the map r — [p(0, A + r3)] is an embedding of a sufficiently
small neighbourhood of zero. Therefore there exists a map f € F* such
that

A~

[z p(z, A+ rB)) = rx(r)x(|z])
is satisfied for all 7 € R and all z € D. Here x: R — [0,1] is a suitably
chosen smooth cutoff function such that x equals 1 near 0 and supp x is
contained in a sufficiently small neighbourhood of 0. It follows that

d TZO/Df(Zyﬂ(ZaA—i-Tﬁ))d%—/Dx(\z|)d2,z>().

dh;(A)B = —

e =1
This inequality contradicts Eq. . The claim in the case f = fy follows.
Because surjectivity is an open condition and the set Crit*(J + hy,)/G(P)
is compact it follows that the operator in is surjective for all f € F,,
such that || Xy — Xy, ||, is sufficiently small.

Step 5. We prove the theorem.
We first claim that for every k € N there exists € > 0 such that

M (F) =
(AL ) € AP)X Py | dFart Xp(4) = 0.7 (A, xF) < .| X; =X i < <}

is a C*-Banach manifold. Namely, the linearization of the equation A Fa+
X¢(A) =0at each (A4, f) € M*(]—"f,;a) is a surjective operator as was shown
in Step It is Fredholm by standard arguments. Therefore the infinite-
dimensional version of the implicit function theorem proves the claim. It
follows that the projection map m: M*(fﬁf) — FFeis a C*-Fredholm
map between C*-Banach manifolds. The Fredholm index of its linearization
dr(A, f) is zero for all (4, f) € M*(FiF). Hence the Sard-Smale theorem
applies and shows that the set of regular values of 7 is dense in F,]ff. For each
such regular value f and every A € 7~ 1(f) it follows from surjectivity of the
operator in and since each dr(A, f) has Fredholm index equal to zero
that the perturbed Hessian H 4y is surjective. This shows that H (1 Aw f) = 0

for all (A,w) € Crit*(J + hy). Because irreducibility of connections is an
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open condition we also have that H?, , = 0 for all such (4, w) after choosing
€ > 0 still smaller if necessary. That in fact f can be chosen to be smooth

follows from a density argument as in [21, Theorem 8.3]. This completes the
proof of Theorem O

Theorem 17. Let (yo, fo) € I'my X Fn, be the perturbation as in the conclu-
sion of Theorem (which was named (v, f) there). Then for every k > 1
and & > 0 there exists m > 1 and an a-regular pair (v1, f1) € T X Fon which
satisfies

(37) Crita(j + hfo) = Crita<j + hfo + h‘fl)v
(38) (A,w) € Crit(JT + hy,) =  hp(Aw) =0,
(39) 1 X[l < e

Proof. We proceed in three steps. At several places we identify (A4,w) with
A = A+ wdt as explained above.

Step 1. There exists m > mg and v € Ty, with v; = vyo; fort=1,...,mg
such that the following condition is satisfied. Let

o(A) = p(0,A) = (p1(0,A),...,pm(0,A)) € G™.
For every pair of distinct critical points (A%, w*) € Crit*(J+hy,) and every
(A,w,0) € Mg, (A" ,w™, AT, wh) (cf. @ for notation) there is so € R such
that the following holds. First,
(40) o(A(so)) ¢ {o(A) | A=A+ wdt, (A w) € Crit*(T + hy,)}-

Second, for every nonzero 1) € ker Dy , o it follows that [do(A(s0))0sA(s0)]
and [do(A(so))n(so)] are linearly independent vectors in Tiy(a(s,)) G™ /G-

Fix sp € R such that the connection A(sg) is irreducible. Such a choice
of so is possible because the limit connections (AT, w®) are irreducible
by assumption. Since (AT,w*) and (A7,w™) are distinct it follows that
(T 4+ h)(A7,w) < (T + hy)(A(s0)) < (T + hyy)(AT,wT). Therefore
A(sp) is not gauge equivalent to (AT, w™) or to (A7, w™). It then follows
from Proposition [18| (i) that there exist m > mg and v € I'y, as required
and such that holds. Furthermore, it follows from statement (ii) in
Proposition [1§[ that we can choose m € N and v € I}, such that in addition
do(A(sp))0sA(sp) ¢ V. Here we let

V = {(€0i(A(50)) — 0i(A(50))E)iz1, .m | € € g}

denote the tangent space at (o;(A(so))i=1,...,m to its G-orbit by simultaneous
conjugation. It follows that § := inf,cy ||do(A(sg))0sA(sg) — v|]| > 0. By
compactness of the unit sphere in ker Dzk A,0,0) it suffices to prove the claim
for each fixed nonzero n € ker DE“ Aw,0) Note that n(so) # 0 by a unique
continuation argument. By definition of the constant ¢ it follows that

(41) do(A(s0))(n(s0) + A0sA(s0)) € V
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for all |\| > ¢ := 61| do(A(s0))n(s0)||. Hence for this range of A we see that
[do(A(s0))(n(s0) + AdsA(s0))] # 0 in Tig(a(s))G™/G. To also show this
property for |A| < ¢ it suffices to prove it for any fixed such A\ by openess
of the condition and compactness of the interval [—c,c]. We fix an
arbitrary A\ € [—c,c]. Because n(sg) # 0 and 9sA(sg) # 0 it follows from
Proposition 19| that n(sp) and dsA(sp) are linearly independent, and hence
n(so) + AJsA(sp) # 0. Again by Proposition [19|it follows that

da (n(so) + AsA(s0)) = 0.

Thus Proposition yields the existence of a number m; > m and a suit-
able tuple (v1,...,%m,;) € I'm, of embedded loops (with ; as before for
i =1,...,m) such that [do(A(so))(n(so) — AIsA(sp))] does not vanish, as
desired. This completes the proof of the claim.

Step 2. For k € N and €1 > 0 we denote

Frt ={f € "D x G| flp, ) = 0 I flow < e},
where C' == {(z,p(2,A)) e Dx G™ | A = (A,w) € Crit"(J + hy,)}. Then
for every k € N the constant €1 > 0 can be chosen such that conditions ,

, are satisfied for every perturbation f € Fler, Furthermore, for
every (A, w*) € Crit™(J + hy,) and f € FREL the linear operator

Diaw): WP & Ty Fm — L7,
(a7 v, % f/) — D(A,w,O) (Oé, v, ¢) + (_Xf/(A)? Yf’(A)a 0)
is surjective for all (A,w,0) € M\f(A_,w_,A+,w+).

It follows by definition of the space ]-",]ffl that conditions , ,
are satisfied for every sufficiently small e; < . To prove the second claim
we first note that by standard arguments the range of f)( Aw,f) is closed.
Let ¢ > 1 with p~! + ¢! = 1 denote the Sobolev exponent dual to p.
Then surjectivity of @( Aw,f) 18 equivalent to the vanishing of every n €
L7 orthogonal to imlA)(A7w7f). Any such n = (no,n1,72) is contained in
ker ZA)E‘AMJ) and satisfies

@2 [ A + V(A m(s) ds = 0

for every f' € TyF,,. We first prove the assertion for f = fy and a fixed pair
(A%, wE) € Crit"(J + hy,). Assume by contradiction that n = (no, 71, 72) #
0 satisfies both 15? Aw fo)l = 0 and . As follows from Step |1| there
exists so € R such that [do(A(s9))0sA(so)] and [do(A(sp))n(so)] are linearly
independent vectors in Tjy(a(sy))(G™/G). Therefore the map

(r,s) = [p(z, A(s) +rn(s))] € G"/G

is an embedding of a neighbourhood of (0, sg) € R2. Now let x: R — [0, 1]
be a suitably chosen smooth cutoff function such that supp x is contained in
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a sufficiently small neighbourhood of 0 and is equal to 1 near 0. Then there
exists a smooth G-invariant function f’: D x G™ — R which by Step [1| can
be chosen to vanish in a neighbourhood of C' and satisfies

f'(zp(2, A(s) +11(s))) = rX(r)x(s — s0)x(|2])-
for all (z,7,s) € D x R x R. For each s € R this implies that

Ahp A = | [ PG AR + ) s

= X(S—So)/ﬂ)x(lzl)d2z>().

Hence there exists a perturbation f’ € Ty, F,, for which is not satisfied.
This contradiction shows that 7 = 0. Therefore the operator 15( Aw.fo) 18
surjective. Surjectivity for every pair (A%,w®) € Crit*(J + hy,) and f €
FrEEL follows from a compactness argument after choosing &1 sufficiently
small.

Step 3. We prove the theorem.

The statement of the theorem follows from Step [2| by carrying over the
arguments of Step [5| of the proof of Theorem [16|to the present situation. [J

In the course of proof of the transversality theorems we made frequently
use of the following two auxiliary results.

Proposition 18. For an embedding v: S* — ¥ x S* let py: A(P) — G

denote the resulting holonomy map, asigning A € fl(P) its holonomy along

~v. Then the following statements hold true.

(i) Two connections Ay = Ay + w1 dt, Ay = Ag + wo dt € /l(P) are gauge
equivalent if and only if there exists g € G such that

p1(B2) = g7 py(Ar)g
for every embedding ~y: 5:1 — ¥ xSt
(ii) Let A = A+ wdt € A(P) and (a,v) € QYX,ad(P)) © Q°(X,ad(P)).
Then
a+vdt €im (da: Q°(E,ad(P)) — Q1 (E x S, ad(P x S))

(where we denote dp = da+[wA -|A dt) if and only if for every embedding
v: 81— ¥ x St there exists € € g such that

dpy () (@ +vat) = p, (A)E — Epy (A).

Proof. Both statements follow from the fact that a connection A € A(P) is
uniquely determined by parallel transport along the set of embedded loops
in ¥ x St ([

Proposition 19. Assume (A,w,0) is a solution of Eq. (32)). Denote as
before A = A+ wdt and dp =dg+ [w A -] A dt. Then (no(s) +mi(s)dt) L
imdp s for all n = (no,m,0) € ker DEkAwO) and s € R. The same relation
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holds true for n = OsA. Furthermore, (no(s) + n1(s) dt,dsA(s)) = 0 for all
n = (n0,m,0) € ker D, , o and s € R.

Proof. Let (no,m,0) € ker D?Aw 0 Denoting 7 == (19, m1) and
B(AM)(oz, v) = (*jw A o] — *dav — dX¢(A)(o,v), *dgac — v+ dYf(A)(a,v))

this implies that —0s7) + B(a.)7 = 0. On the other hand, from gauge-
invariance of Eq. it follows that dsdap + B(a.)day = 0. Therefore, by
symmetry of the operator B, it follows that

d . . .
= (0, dag) =(0sh, dag) + (0, Osdap)
=(Baw, dap) + (1, —Baw)dap)
=0.
This shows that the inner product (7, dap) is constant in s. Because 7(s)
converges to zero as s — +oo this constant must be zero and the first claim
follows. Let ¢ € QY(3,ad(P)). Then the second claim follows from the
calculation
(0sA + Oswdt,dap + [w N ] A dt) = (05 A, dap) + (Osw, [w A @])
=(xdaw + Xf(A),dap) + (w —*Fa — Y3(A), [w A ¢])
=(da * daw + A3 Xy(A), ©) + (x[w A Fa] + [w A Yr(A)], )
=0.
The second equation holds by and the fourth equation follows from
dyXp(A) =0, [wAY((A)] =0,
together with the identity d% * daw = *dadaw = *[F4 Aw]. This proves the
second claim. Finally, because 0sA satisfies the linearized equation (% +
Ba,w))0sA = 0 and /) = (no, 1) satisfies by assumption (—%+B(A,w))77 =0
it follows by the same calculation as in the proof of the first claim that
(N(s),0sA(s)) =0 for all s € R. O

7. ELLIPTIC YANG—MILLS HOMOLOGY

We fix a closed oriented Riemannian surface (3, ¢g), a compact Lie group
@, a principal G-bundle P — ¥, a regular value a > 0 of 7, and an a-regular
perturbation hy. Associated to these data we define the elliptic Yang-Mills
homology HY M, (%, P, g,a, f) as follows. Let

o Crit"(J +hy)
RY = —Q(P)

denote the (finite) set of gauge equivalence classes of critical points of J+hy
of energy less than a. These generate a chain complex

CYMIS, Pg.f) = > Z{[(Aw))
[(Aw)]eRe
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with grading given by the index ind Hy4 ; of the perturbed Yang-Mills Hes-
sian (cf. Theorem [ for further details). For a pair [(A~,w™],[(AT,wh)] €
R® of critical points we let

My(A~ 0™, A* ")

g(pP)
be the moduli space as defined in It is a smooth manifold of dimension
ind Hy- ¢ —ind Hy+ ;. The group R acts on it freely by time-shifts. If this
index difference equals 1 it follows by compactness (cf. Theorem that
the quotient of M (A, w™, AT, w™) modulo the R-action consists of a finite

number of points. For each k € Ny we hence obtain a well-defined boundary
operator

Mf(A_,w_a A+aw+) =

O: CYMZ(X,P,g,f) = CYM;_(X,P,q,f)
as the linear extension of the map

Okx == Z n(z,x')a’,
z/eRA
ind(z/)=k—1
x € R® a critical point of index indz = k. Here n(x,z’) € Zs is defined for
z=[(A",w7)] and 2’ = [(AT,w™)] as the number of R-equivalence classes
of elements in M;(A~,w™, A", w"), counted modulo 2, i.e.

- - AT Wt
n(x,x/) :#Mf(A 1WR7A y W )

Lemma 20. The sequence Oy of homomorphisms satisfies Os 0 Opy1 = 0,
i.e. (CYMZ(X,P,g,f),04) is a chain complez.

(mod 2).

Proof. The property of a chain map follows from standard arguments invok-
ing Theorems (compactness) and (exponential decay of finite energy
gradient flow lines). O

We define the elliptic Yang—Mills homology at level a associated
with the data (3, P, g, f) to be the collection of abelian groups

ker 8k
im Ok 41

HYMI?(Z>Pvgaf) = (kENO)

We conclude this section with a number of remarks.

e We expect the usual cobordism arguments to show independence of the
homology groups HY M2(%, P, g, f) on the choice of the Riemannian met-
ric g and a-regular perturbation f used to define it.

e To keep the exposition short we developed here a version of elliptic Yang—
Mills homology using coefficients in Zo. Defining a variant of it with
coefficient ring Z requires to deal with oriented moduli spaces.

e It would be very interesting to compare elliptic Yang—Mills homology with
the Morse homology obtained from the Yang—Mills gradient flow on a Rie-
mannian surface and first considered by Atiyah and Bott [3]. The chain
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complexes in both cases are generated by (perturbed) Yang—Mills connec-
tions A (respectively pairs (A,w) where A is a (perturbed) Yang—Mills
connection and w = *Fy), and hence coincide. However the boundary
operators are very different, involving a parabolic equation in the classi-
cal situation, in contrast to the elliptic system in the approach presented
here. We shall comment more on this point in

8. RELATIONSHIP TO PARABOLIC YANG—MILLS MORSE HOMOLOGY

We now discuss a partly conjectural relationship between elliptic Yang—
Mills homology and the by now classical Morse homology theory based on the
L?-gradient flow of the Yang-Mills functional over Riemann surfaces. The
latter will be called parabolic Yang—Mills homology for brevity. We
refer to the seminal article [3] by Atiyah and Bott which initiated (amongst
other things) the study of the Yang—Mills functional on Riemann surfaces
from a Morse theoretical perspective. Recall that the (unperturbed) Yang—
Mills functional is the map

IYM: A(P) — R, IYM(A) = ;/ |F4)? dvols; .
b

The following observation provides the starting point of our discussion.

Lemma 21. For all (A,w) € A(P) x Q°(3,ad(P)) there holds the energy
mequality

(43) J(A,w) < YM(A),
with equality if and only if w = *F4.

Proof. The claim follows, using the Cauchy—Schwartz inequality, from
1 1
T(Aw) = / (Fa ) — ]uf? dvols < / [Falle] — 2wl dvols
by b

1
< / §|FA|2 dvoly, = YM(A).
by
The case of equality can easily be read off from this estimate. O

We now consider the G(P)-equivariant map
0: A(P) — A(P) x Q°(Z,ad(P)), A (A,xFy).

As initially remarked, a pair (A,w) is a critical point of J if and only if A
is a Yang-Mills connection and w = *F4. Hence the map 6 induces a G(P)-
equivariant bijection between the sets Crit(YM) and Crit(J). By Lemma
it decreases energy in the sense that

(44) Job(A) < YM(A)

for all A € A(P). This observation plays a crucial role in the following
construction. The idea is to couple solutions of the Yang—Mills gradient
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flow equation
(45) 0=0sA+dyFa

on the half-infinite interval (—oo,0] with solutions of the (unperturbed)
equation on the half-infinite interval [0,00). We are thus lead to de-
fine for critical points A~ € Crit(Y M) and (BT,w™) € Crit(J) the set

./\//\lhyb(Af;BJ“,wﬂ =
(A; B,w) | Asatisfies on(—oo,O) x ¥, lim A(s) = A",
(B, w) satisfies (3]) on (0, 00) x X, lim (B(s),w(s)) = (BT,w™),

(B(0),w(0)) = 6(A(0)) }
and call the quotient

_ M A= BT wt
Muye (A7 BT, w™) = hyb(Q(P) =

hybrid moduli space (of connecting trajectories between A~ and (B*,w™)).
We refer to the articles [II, 24] for related constructions of hybrid moduli
spaces in various different contexts. The significance of the moduli spaces
Muybr(A7; BT, wT) introduced here is that they are supposed to give rise
to a chain map © between the Morse complexes defined from the elliptic
and the parabolic Yang-Mills flow equations. Namely, after introducing a
suitable perturbation scheme (which for the Yang-Mills gradient flow has
been done in [23]) we expect these hybrid moduli spaces to be smooth man-
ifolds of dimension equal to the index difference ind H,- — ind Hpg+ of the
corresponding Yang—Mills Hessians. As in [I],24] they are expected to admit
compactifications by adding configurations of broken trajectories. In partic-
ular, in the case of index difference equal to zero, Myyn (A7 BT, wt) is a
finite set and we may then define # M"WP'(A~: BT w*) to be the number
of elements of M™WP*(A~; B+ w™) (again counted modulo 2 to avoid orien-
tation issues). For the remainder of this section we fix a regular value a > 0
of YM and let Crit®(Y.M) denote the set of critical points A of Y M with
YM(A) < a. By the above considerations, we obtain a well-defined map
© = (Ok)ken,, where the homomorphism Oy, is defined by linear extension
of the map

OR(A7) = > #Mym(AT BT wh) (BT wh),

(Bt ,wt)ecrite(7)
ind HB+ =k

where A~ € Crit*(YM) with ind H4- = k. By standard arguments, the
map O is a chain map between the Morse complexes generated by the sets
Crit*(YM) and Crit*(J). The crucial observation, first made in a related
situation in [1], cf. also [24], is that the homomorphism © in each degree k
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can be represented by an invertible upper-triangular matrix of the form

1 % e el %
0 1
(OGh<ijem=| & . 1| €Zy
: 1 %
0 - - 0 1

and hence is invertible in Z5"™™. The existence of such an invertible upper-
triangular matrix (@fj)lgmgm can be seen as follows. As a set of generators
of the chain group of degree £ € Ny of the parabolic Yang—Mills Morse
complex we choose the critical points (Aj,...,A,,) € Crit®(YM) of index
ind Hy, = k, ordered by increasing action. We then define the m-tuple

((B1,w1), -y (Aywm)) == (0(A1),...,0(An)),

which as explained above is a set of generators of the chain group of degree k
of the elliptic Yang—Mills Morse complex. Inequality (which in this case
is an equality) moreover shows that this m-tuple is ordered by increasing
action, too. It follows from Lemma [21| and inequality by an elementary
argument that

(46) Mugoe(A7 B wl) =0 i i<

Namely, along any flow line in M\hybr(A;; B, wj) energy is strictly increas-
ing and therefore inequality implies . Furthermore, each moduli
space Mpypr(A; B;r ,wj ) is represented by precisely one element, the con-

catenation of the constant flow lines A = A7 and (B,w) = (B ,w;"). The
invertible chain homomorphism ©* descends in each degree k € Ny to an
isomorphism between the k-th elliptic and parabolic Yang—Mills homology
groups (at level a). The details of the construction of this isomorphism are
similar to those being carried out in [I, 24]. We leave them to a forthcoming

publication.

9. THREE-DIMENSIONAL PRODUCT MANIFOLDS

So far, we defined the elliptic Yang—Mills homology in the case n = 2
which allows the equations to be nicely elliptic. In the subsequent sections
we discuss two extensions of this theory to the case n > 3. First we explain
how two-dimensional elliptic Yang—Mills homology may be applied to the
special case of three-dimensional products Y = £ x S!. Then in We show
how to restore ellipticity by restricting the space X = A(P)xQ"2(Y,ad(P))
to a suitable Banach submanifold.

We start by recalling some facts concerning the moduli space M7 (P) of
flat connections on a principal bundle P over a Riemann surface (X, ¢gy)
of genus . It was investigated for the first time in 1983 by Atiyah and
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Bott in [3]. They noticed that the conformal structure of ¥ gives rise to
a Riemannian metric and an almost complex structure on M7 (P); more-
over, if a nontrivial principal SO(3)-bundle P is chosen, then the moduli
space M7Y(P), defined as the quotient of the space of the flat connections
Ao(P) C A(P) and the identity component Go(P) of the group of gauge
transformations, is a compact Kéhler manifold without singularities of di-
mension 6y — 6 (cf. [7]). In the nineties some aspects of the topology of
M7 (P) were investigated by Dostoglou and Salamon (cf. [7, 8, 9, [19]), who
proved among other results the Atiyah—Floer conjecture in this context, as
well as by Hong (cf. [11]).

We fix a three-dimensional product manifold Y = ¥ x S1, (¥, gs) a Riemann
surface of genus v, with the partially rescaled product metric e2gs @ gq1,
for a parameter € > 0. We include in the discussion here only trivial prin-
cipal SO(3)-bundles P and P =P x S over ¥ and Y, respectively. The
motivation for considering this setup comes from the fact that, as we will
see, the perturbed Yang—Mills connections on P and the resulting elliptic
Yang—Mills homology groups are strongly related to the perturbed geodesics
and the homology of the free loop space LM?(P) associated with the mod-
uli space of flat connections M7Y(P). In fact, by results of the first author
(cf. [14]), there is a bijection between the perturbed Yang-Mills connections
on the bundle P and the perturbed geodesics on MY (P). Furthermore, he
showed that the Morse homologies, defined from the perturbed parabolic
Yang-Mills gradient flow on P — ¥ x S and the heat flow on M7(P), are
isomorphic, provided that e is small enough and that an energy bound b is
chosen (cf. [12, [13]). Hence we have:

(47) HM, (LMY (P), Zo) = HM, (A (P)/Go(P), Zs)

where LYM?(P) C LMY (P) and A=(P) C A(P), respectively, denote the
subsets with energies bounded from above by b.

The heat flow homology appearing on the left-hand side of is well-
defined in any dimension due to work of Salamon and Weber (cf. [20] 29} 30]).
In contrast, the Yang—Mills gradient flow exists only if the base manifold
Y is two- or three-dimensional, or if it has a symmetry of codimension
three (cf. [15, [16]). Furthermore, apart from the two-dimensional case,
the Morse-Smale transversality is not yet proven and thus the homology
HM, (A**(P)/Go(P),Zs) is presently not defined in the general case. One
notable exception are products Y = ¥ x S'. Here the gauge equivalence
classes of gradient flow lines are in a bijective relation with the gauge equiv-
alence classes of heat gradient flow lines on LM?7(P) provided that ¢ is small
enough and thus, the homology H M, (A%*(P)/Gy(P), Z3) is well defined.

As follows from works of Viterbo (cf. [26]), Salamon and Weber (cf. [20]) and
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Abbondandolo and Schwarz (cf. [I, 2]), the Morse homology of £L°M?(P)
is isomorphic to Floer homology of the cotangent bundle 7% M7 (P) defined
via the Hamiltonian Hy given by the sum of kinetic and potential energy
and considering only orbits with action bounded by b. Moreover, Weber
(cf. [29]) showed that the Morse homology of the free loop space defined
from the heat flow is isomorphic to its singular homology. Summarizing we
therefore have (in part conjecturally) the following isomorphisms of abelian
groups:
H, (LM (P)) H,(A(P)/Go(P))
?

HM*(ﬁgMV(P)) ~  HM,(A%(P)/Go(P))

HF? (T*/\/TV(P), Hy)

It is still an open question (marked with an interrogation point in the above
diagram) whether the Morse homology of A%(P)/Gy(P) defined from the
L?-gradient flow of the Yang-Mills functional is isomorphic to the singu-
lar homology. We may also ask how our newly defined elliptic Yang—
Mills homology fits into this picture. To be specific, we consider the el-
liptic Yang-Mills homology HY M®(X x S',e2gs @ gg1, f) defined from the
functional J + hy on A(P) x QY2 x 8',ad(P)), which can be seen as
the Yang—Mills analogue of the cotangent bundle. In this special case it
might be possible to show a bijective relation between the gauge equiva-
lence classes of the elliptic Yang-Mills flow lines between stationary points
and those of the parabolic Yang-Mills or of the Floer homology setup, pro-
vided that e is small enough, by an analogous argument as in [I2] or in
[20]. We leave the proof to a forthcoming publication. This would then de-
fine HY M?(X x S, %95, @ gg1, f) and lead to an isomorphismus between it,
HM,(A=Y(P)/Go(P)) and HE?(T*M(P), Hy), considering Z» coefficients
homologies:

H, (LM (P))

HM, (Eb_MV(P))

?
(o] [

I
=
=

E
e
S
3

2

HFY(T*MY(P),Hy) = HYM"E x S',e295 @ g5, f)

10. RESTRICTED FLOW

In this final section we discuss a modification and extension of Eq. to
base manifolds Y of dimension n > 3. It is motivated from the shortcoming
that the linearization of Eq. is an elliptic system only in dimension n = 2,
even after imposing gauge-fixing conditions.
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Proposition 22. Let I be an open interval and (A,w, V) € C*(1, A(P) x
Q""2(Y,ad(P)) x Q°(Y,ad(P))). Then the linear operator Vs + B(a,v)
associated with (A,w,¥) (cf. @) is elliptic if and only if n = 2.

Proof. 1t is straightforward to verify the assertion from a calculation of the

principal symbol of the operator Vs+ B4, w). As this requires to introduce
some notation we instead prove the claim for the operator

(Vs + Blaww) (Vs + Blaww)" = —Vi+ By, )

A short calculation shows that

—VZ4+ Ay 0 0
—Vi+ Blapw) = 0 ~V2 +dida v20 A + Riaw )
0 0 —Vi+ Ay

where R4, ) is a differential operator of order one. In the case n = 2 it
follows that the entry d’d4 appearing in the above matrix is equal to A4.
Then all the three components of the leading order term of —V?2 + B(2 A 0)

are Laplacians on one of the bundles Q' (I x Y, ad(I x P)) or Q°(I x Y, ad(I x
P)), showing that this operator is elliptic. This fails to be the case if n > 3
and hence the claim follows. O

To overcome the lack of ellipticity of its linearization in dimension n > 3
we introduce the following modification of Eq. . This modification arises
as the formal L2-gradient flow equation associated with the restriction of
the functional J to the infinite-dimensional manifold (with singularities)

X1 ={(A,w) € X | djw = 0},
where we let X = A(P) x Q" 2(Y,ad(P)). Note that in dimension n = 2
it follows that X; = X, and the system studied so far appears as a
special case of the restricted flow equations which we shall introduce next.
The tangent space of X7 at (A,w) € Xj is T(4,,)X1 = ker L4, where we
define
Liaw): @Y ad(P)) ® Q" 2(Y,ad(P)) — Q"*(Y,ad(P)),
(v, v) = dv + *[xw A af.

The formal adjoint of L4, is the operator
Ligwy: Q"7 (Y,ad(P)) — Q' (Y,ad(P)) ® Q"*(Y, ad(P)),
U ((=1)"" % [xw A U], daT).

Let (A,w) € Xi. Because the condition djw = 0 is gauge-invariant it follows
that the image of the map

d(aw): (Y,ad(P)) — QY(Y,ad(P)) © Q" (Y.ad(P)), ¢ (dap, [w A ¢])
is contained in ker L4 ). We therefore obtain an elliptic complex

0 daw) 1 n—2 Law) yn-3
0 — Q°(Y,ad(P)) — Q' (Y,ad(P))® Q" “(Y,ad(P)) — Q" °(Y,ad(P)) — 0
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together with a Laplace operator D4, == d(A,w)dEkA w T LE‘A w)L(A,w)' Any
€ = (a,v) € QY(Y,ad(P)) @ Q" 2(Y,ad(P)) admits a unique L?-orthogonal
decomposition

§=2%8 +& +dawe,

where & € ker Dag), &1 € imLi, ), and ¢ € Q°(Y,ad(P)). The L2-
orthogonal projection m(4 ) : T(4,u)X — T(4,,)X1 is therefore given by

TAw)§ =& — &1,

where &7 is the unique solution of the elliptic equation
Daw& = LigwmLawé

If in particular £ = ((—1)" * daw,w — xF4), which is the negative of the
L?-gradient of 7, then it follows by a short calculation that

Ly Lawé = (= * [xw A x[xw A xdaw]], (—1)"da * [xw A xdaw]).
In this case, £ = (a1, v1) is the solution of the equation
(48) D(awyér = (= * [xw A *[xw A *daw]], (=1)"da * [xw A xdaw]).

Definition 23. Let I be an interval. The restricted L?-gradient flow is
the system of equations

_ _ _1\n+1 o
(19) {O—BSA da0 + (—1)" ! s dgw — oy

0=0sw+ [V,w] —w+*xF4 —v;

for a triple (A, w, ¥) € C®(I, X x Q°(Y,ad(P))). Here the correction term
&1 = (a1, v1) is defined to be the solution of Eq. (48). The term W is included
in order to make invariant under time-dependent gauge transformations.

We conclude this section with a number of remarks. First one should
note that the additional condition d%jw = 0 imposed on pairs (4,w) € X
is compatible with the critical point equation . Namely then, w = *xF4
and hence d’jw = 0 holds automatically by the Bianchi identity. Second, the
term ((—1)" ' xdw—aq, —w+*F4—v1) appearing in (49) can be understood
as the Riemannian gradient of the functional J: X; — R, where we view
X, as submanifold of X endowed with the L? submanifold metric. Finally,
the linearization of together with a gauge-fixing condition as discussed
in Remark [3| now leads to an elliptic system in any dimension n (in contrast
to the unrestricted flow , cf. Proposition . A slight complication now
comes from the fact that the term & = (g, v1) in is nonlocal (however
of order zero). Still it is conceivable that an analysis of the moduli spaces
of solutions of is possible in analogy to that of the solutions of .
This will lead to an elliptic Yang—Mills homology for manifolds of dimension
n > 3. We leave this programe to be carried out in a future publication.
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APPENDIX A. DIFFERENTIAL INEQUALITIES FOR THE ENERGY DENSITY

Recall from the gauge-invariant energy density of the solution (A4, w, ¥)
of , which we defined to to be the function

1
e(A,w, V) = 5(\ x daw +da¥ + X (A, w)?
+ % Fg—w+ [P0+ Y(Aw)): IxS—R

Our aim is to derive an elliptic differential inequality satisfied by e(A4, w, ¥).
Let Ay denote the (positive semidefinite) Laplace-Beltrami operator on
(X, 9), and define

2
A =—— + Ay
Ix% 52 + Ayx

Proposition 24. Assume that (A,w,V) is a solution of (32). Then the
energy density e = e(A,w, V) satisfies on I x X the differential inequality
(50) Arxse < Ag+ A1|w|® + Age + Age2

for positive constants Ay, A1, A2, A3 which do not depend on (A,w, V).

Remark 25. Note that the exponent % appearing in the differential inequal-
ity is critical in dimension dim Y = 3 but subcritical in the present case.

Proof. Since the asserted inequality is invariant under gauge transformations
we may assume that ¥ = 0. We first show the claim in the unperturbed
case (X, Ys) = 0. By differentiating with respect to s we obtain

A = d"Fa+ xdsw + #[A AW
(51) . 4 .
w = djdiw+w
It then follows that
Arxsxe
d d
= —|—daw|* — | (—w + *F4)|? — |Vadaw|* — |V a(—w + *F4)|?
ds ds
d2 2
H{daw, (=75 + VaVa)daw) + (—w +#Fa, (=25 + VaVa) (-w + +Fa))
_ d 2 d 2 2 2
%dA | g( w+>|<FA)| |VAdAw| |VA( w+*FA)\
d2
+ (daw, (—@ + Ap)daw + {Fa,daw} + {Ry, daw})
I
2
+ <—w+*FA,(—@ —i—AA)(—w—f—*FA) + {FA,—w—i—*FA} + {RE,—W+*FA}>.

II
In the last step we replaced V%V 4 using the standard Weizenbdck formula

VaVa=Aa+{Fa, -} +{Rx, -},
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where the brackets denote bilinear terms with fixed coefficients, and Ry is
some curvature expression determined by the fixed Riemannian metric g. It
remains to analyze terms I and II. For the first one we obtain, making use

of Eq. ,
d2
(_@ + AA)dAw
d

= —-(dad+ [AAw]) + dadiydaw + d*dadaw

T ds

= —dp0 — [ANG] = [AAw] = [ANG] + dadiydaw + d5[Fa A W)
d . .

= —dAw+dA£*FA—2[AAw] —[AAw]+dadidaw + dy[Fa A w)

= —dpw+dyxdgA —2[AND) — [A AW+ dadiydsw + dy[Fa A W]

= —daw —2[AND] — [AA W]+ dY[Fa AWl

= —daw —2[A AN D) — [(xdaw + *[A A W]) Aw] — [%Fa A *daw].

By again, term II reduces to
d? . d : .

(—@—I—AA)(—W—F*FA):w—*gdAA—AAw—I—dAdA*FA
I&')f*dAAf*[A/\A]fAAerdZdA*FA
= A w4+ &+ d4y[AAw] — x[A A Al

We then estimate (for any € > 0 and some absolute constant C > 0), using
Hoélder’s inequality several times

1] <daw, {Fa,daw} + {Rs, daw})|
+ {daw, —daw — 2[A A &) — [(*daw + *[A A w]) Aw] — [¥Fa A xd4w)])|
<C(|dawl® + |Fa® + eldao? + e dawl® + [AP + [0 + |w]* + |w]®)
and
III| <|{(—w + *Fa,{Fa,—w+ *F4} + {Rx, —w + *F4})]|
+ (—w + #Fa, Agw + & + d4[A A w] — +[A A A]))
<C(| —w + *F4]? + |Fa]® + e|Vadaw|* + e — w + Fa)? + |w]?
+e|VAAP + e Y —w+ «F4 ]2 + e Hwl® + |[Vaw]2 + |A]P).

Now we fix ¢ < C~1. The asserted inequality then follows. The case of non-
vanishing perturbations (Xy,Y7) follows similarly, the extra terms coming
from (Xy,Y}) being controlled as in [21, Proposition D.1]. This completes
the proof. O

We recall from [28] the following mean value inequality.

Theorem 26 (Elliptic mean value inequality). For everyn € N there exists
constants C, > 0, and 6 > 0 such that the following holds for all metrics g
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on R™ such that ||g — 1|y« < d. Let B.(0) C R™ be the geodesic ball of ra-
dius 0 < r < 1. Suppose that the nonnegative function e € C?(B,(0), [0, 00))
satisfies for some Ag,A1,a >0

Ae < Ag+ Are + aent2)/n and / e< ua_”/Q.
»(0)

Then

e(0) < CAgr® + C (AT 477 / e.
B, (0)

Proof. For a proof we refer to [28, Theorem 1.1]. O

This result together with Proposition [24] implies the following L*° bound
which we made use of in

Lemma 27. Assume that (A,w, V) is a solution of . Then the energy
density e = e(A,w, V) satisfies on I x ¥ the estimate

(52) lellzoo(rxx) < CllellLrrxx)
for a positive constant C' which only depends on |I| and on X.

Proof. Theorem [26] along with Proposition [24] yields for suitable constants
Cp and C; and every (s,z) € I x ¥ the estimate

e(5,2) < Coll|wllpe(rxxy + Al =(rxs) + Ci /I -
X

Taking the supremum over I x X the claim follows, since we may absorb the
second term using for ¢ > 0 sufficiently small the estimate

HWHLOO(Ixz) < €HVAWHL°°(Ix2) + 671HWHL2(1><2)=

and likewise for || Al zoo(7x5)- O

APPENDIX B. FURTHER AUXILIARY RESULTS

By gauge-invariance of the subsequent estimates we may in the following
assume that ® = 0. Let (4,w) be a solution of such that for critical
points (A%, wT) the asymptotic condition

lim (A(s),w(s)) = (4%, %)

is satisfied. Let C* := (J + hy)(A%, w*). Since (A,w) is an L%-gradient
flow line of J + hy it satisfies the energy identity

(53) /OO IV(T + ) (A(s),w(s) 2y ds = C~ = CT > 0.

From this we obtain the following estimate for the L?-norm of Fj.
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Lemma 28. For (A,w) as above and any interval I C R there holds the
estimate

HFAHL2 (xx) < (L+[I))C™ = CT +|11Cy
for a positive constcmt Cy which only depends on the perturbation hy.

Proof. Since for all (A,w), ||V(J + hf)(A,w)H%Q(Z) < lw — *Fy — Yf“%%z)
it follows from the energy identity (53] . that

c-—-Cct > /IHw—*FA—YfHQLQ(E)dS

1
> 5 [ o= #Fallage) = V1 do
= L R — 200, 4 F 2oy — Y1220 d
5 [Fall72(sy = 2(w, % Fa) + [wll72(sy = Y7l 72(x) ds
1

1

= 3 /I ”FAH%Q(Z) - J(Aw) — ||Yf||2L2(E) ds
1 —

2 §HFAH%Q(I><Z) - |I|C - |I|Cf

For the last estimate we used that J(A(s),w(s)) < C~ for all s € I and
further that ||Yy|? T2 < Cy for a constant Cy which does not depend on

(A,w) (cf. [21} Proposition D.1 (iii)]). The claim hence follows. O
An estimate for the L?-norm of w is obtained in the following lemma.

Lemma 29. For (A,w) as above and every s € R there holds the estimate

1
Slw)lce) < [1Fags) 2z + Cr-

for a positive constant C'y which only depends on the perturbation hy.

Proof. Note that w™ = F 4+ because (AT, w™) € Crit(J +hy), and therefore
1
CF = (7 + b)) = 5 [ [FasP dvols +hy (A7) 2 hy(A")
2

It therefore follows from the gradient flow property and the Cauchy—Schwartz
inequality that for all s € R

hHAT) S (T +hp)(AGs),w(s))
= [ (Pags) = et dvols +h(AGs) ()

1
< Fa) ey lws)ll 2 sy — §HW($)H%2(2)+hf(A(3),w(3))-

By definition of hy there exists a constant Cy such that |hs(A,w)| < Cf for
all (A,w). Thus we can further estimate

1
§HW(8)H%2(E [1Eaes)ll L2 llw ()l r2(s) — 2CF <0,
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which implies the result. [l
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