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Morse theory for the space of Higgs bundles

GRAEME WILKIN

The purpose of this paper is to prove the necessary analytic results
to construct a Morse theory for the Yang—Mills-Higgs functional
on the space of Higgs bundles over a compact Riemann surface.
The main result is that the gradient flow with initial conditions
(A" $) converges to a critical point of this functional, the isomor-
phism class of which is given by the graded object associated to the
Harder—Narasimhan—Seshadri filtration of (A”, ). In particular,
the results of this paper show that the failure of hyperkahler
Kirwan surjectivity for rank 2 fixed determinant Higgs bundles
does not occur because of a failure of the existence of a Morse
theory.

1. Introduction

This paper studies the convergence properties of the gradient flow of the
Yang-Mills-Higgs functional on the space of Higgs bundles over a com-
pact Riemann surface, as introduced by Hitchin in [10]. Higgs bundles that
minimize this functional correspond to solutions of Hitchin’s self-duality
equations, which (modulo gauge transformations) correspond to points of
the SL(n,C) or GL(n,C) character variety of the surface. The results of
this paper provide the analytic background for the use of Morse theory in
the spirit of Atiyah and Bott’s approach for holomorphic bundles in [2] to
compute topological invariants of these character varieties, a program that
has been carried out for the case n = 2 by the author, Daskalopoulos and
Weitsman in the paper [5].

To precisely define the spaces and functions under consideration we use
notation as follows. Let X be a compact Riemann surface of genus g, and
fix a C'°° complex vector bundle E of rank r and degree d over X with
a Hermitian metric on the fibres. Let A denote the space of connections
on E compatible with the metric, and note that A is isomorphic to the
space A%! the space of holomorphic structures on E. A pair (A", ¢) €
A% x QLO(End(E)) = T* A is called a Higgs pair if the relation d’y¢ = 0 is
satisfied. Let B(r,d) denote the space of all Higgs pairs on E, this space
can be visualized as follows. There is a projection map p: B(r,d) — A%!
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284 Graeme Wilkin

given by p(A”, ¢) = A", the fibres of p are vector spaces {¢ | d’j¢ = 0}, which
change in dimension as the holomorphic structure changes. In this way it is
easy to see that the space B(r,d) is singular. If the determinant of E is held
fixed throughout this process then the gauge group G has an SU(r) structure,
the space A consists of holomorphic structures with fixed determinant, and
the Higgs field ¢ is also trace-free. This is known as the fixed determinant
case. If the determinant of F is unrestricted then the gauge group G has a
U(r) structure and this is known as the non-fized determinant case.

In the following, B will be used to denote the space of Higgs bundles and
the extra notation for the rank and degree of F will be omitted if the meaning
is clear from the context. B (resp. B*) denotes the space of stable (resp.
semistable) Higgs bundles, those for which every ¢- invarlant holomorphic
sub-bundle F' C E satisfies ri?lgk((};’)) < riigk((?) (resp. rifi < riiglf(EE) ). The
moduli space of semistable Higgs bundles is the space M ‘ggs (r,d) =B%*//G,
where the GIT quotient // identifies the orbits whose closures intersect. In
the fixed determinant case the moduli space is denoted MnggS(r, d).

As noted in [10], the space T*A is an infinite-dimensional hyperké&hler
manifold, and the action of the gauge group G induces three moment maps
p1, 2 and p3 taking values in Lie(G)* = Q?(End(E)) and given by

p1(A, @) = Fa + (¢, ¢7]
pc(A, @) = p2 + i = 2id)¢.

A theorem of Hitchin in [10] and Simpson in [21] identifies the moduli space
of semistable Higgs bundles with the quotient (ul_l(a) N pg 1(0)) /G, where
« is a constant multiple of the identity that minimizes | u1]|?, and which is
determined by the degree of the bundle E. This is the hyperkdahler quotient
(as defined in [11]) of T*A by G at the point (o, 0,0) € Lie(G)* ®r R3.

The functional YMH (A, ¢) = ||Fa + [¢,¢*]||* is defined on B using the
L? inner product (a,b) = Jx tra%b. The purpose of this paper is to use
the gradient flow of YMH to provide an analytic stratification of the space
B for any rank and degree, and for both fixed and non-fixed determinant.
The theorem of Hitchin and Simpson described above identifies the minimal
stratum with the space of semistable Higgs bundles, the results here com-
plete this picture by providing an algebraic description of the non-minimal
strata for the flow in terms of the Harder—Narasimhan filtration.

Theorem 1.1 (Convergence of gradient flow). The gradient flow of

YMH(A, $) = | Fa+ 6, 0"
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converges in the C* topology to a critical point of YMH. Moreover, let
(Ao, ¢o) be the map which take the initial conditions (Ao, ¢o) to their limit
under the gradient flow equations. Then for each connected component n
of the set of critical points of YMH, the map r : {(Ao, ¢o) € B : r(Ag, ¢o) €
n} — n is a G-equivariant continuous map.

This theorem is proved in Section 3. On each non-minimal critical set,
the critical point equations of YMH define a splittingof E=Fy @ --- ® F,
into ¢-invariant holomorphic sub-bundles. The degree of each component of
the splitting is (up to re-ordering) well defined on each connected component
of the set of critical points, and each component can be classified by the
Harder—Narasimhan type of the splitting into sub-bundles. This leads to
the following stratification of the space B.

Corollary 1.2 (Description of analytic stratification). The space B
admits a stratification in the sense of [2, Proposition 1.19 (1)-(4)], which
1s indexed by the set of connected components of the critical points of the
functional YMH .

As described in [9], B can also be stratified algebraically by the ¢-
invariant Harder—Narasimhan type of each Higgs bundle. The following
theorem shows that this stratification is the same as that in Corollary 1.2.

Theorem 1.3 (Equivalence of algebraic and analytic stratifications).
The algebraic stratification of B by Harder—Narasimhan type is equivalent to
the analytic stratification of B by the gradient flow of the functional YMH .

This theorem is proved in Section 4. Moreover, the following theorem
(proved in Section 5) provides an algebraic description of the limit of the
gradient flow in terms of the Harder-Narasimhan—Seshadri filtration of the
bundle.

Theorem 1.4 (Convergence to the graded object of the HNS
filtration). The isomorphism class of the retraction r : B — By onto the
critical sets of YMH is given by

(1.1) r(A”,¢) = G54, ¢),

where Gr'™NS(A” | ¢) is defined in Section 5.
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A long-standing question for finite-dimensional hyperkédhler quotients
M /// G is the question of whether the hyperkéhler Kirwan map is surjec-
tive. In infinite dimensions this is not true, since a comparison of the Betti
numbers from the computation of Pt(/\/lghggs(Q, 1)) in [10], together with
the calculation of P;(BGSY(?)) from Theorem 2.15 of [2], shows that the
hyperkéhler Kirwan map kpk : H3(T*A) — Hé(ufl(a) N ug'(0)) cannot
be surjective in the case of rank 2 degree 1 fixed determinant Higgs bundles.
It would have been reasonable to conjecture that this failure of surjectivity
occurs because of a failure of the Morse theory for this infinite-dimensional
example, however the results of this paper show that the Morse theory actu-
ally does work, and the paper [5] explains the failure of hyperkahler Kirwan
surjectivity for this example in terms of the singularities in the space B.

The proof of Theorem 1.1 is an extension of the approach of Rade in [17]
and [18] where it was shown that the gradient flow of the Yang-Mills func-
tional converges in the H' norm when X is a 2- or 3-dimensional manifold,
thus providing a purely analytic stratification of the space A. Rade’s proof
was based on a technique of Simon in [19], the key step being to show that a
Lojasiewicz-type inequality holds in a neighbourhood of each critical point.
Theorem 1.1 extends this result to Higgs bundles and also improves on the
convergence (showing C* convergence instead of H! convergence), by using
a Moser iteration argument.

This paper is organized as follows. Section 2 sets the notation that is
used in the rest of the paper. In Section 3 we prove the convergence result,
Theorem 1.1. Section 4 contains the proof of the equivalence between the
analytic stratification defined by the gradient flow of YMH and the alge-
braic stratification by Harder—Narasimhan type (Theorem 1.3) and Section 5
shows that the gradient flow converges to the graded object of the Harder—
Narasimhan—Seshadri double filtration (Theorem 1.4).

2. Symplectic preliminaries

In this section we derive the basic symplectic formulas that are used to set
the notation and sign conventions for the rest of the paper. First identify

A x QW(End(E)) = A% x QY0 (End(E)),

where A%! denotes the space of holomorphic structures on E (as in [2,
Section 5]), and note that the tangent space is isomorphic to

(2.1)  Tiarg) (AY x QY(End(E))) = Q" (End(E)) x Q" (End(E)).
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The metric used here is given by

" 1
22) g <<a1> , <a2>> :2Re/ tr{a’l’;a’z’}mRe/ tr{p1 % 2},
¥1 ¥2 X X

where x(-) = %(-)*, * being the usual Hodge star operator and (-)* the
Hermitian adjoint with respect to the Hermitian metric on the fibres. Sim-
ilarly, the inner product on Lie(G) is defined as follows

(2.3) (u,v>:/Xtr{u*v}:—/xtr{u*v}.

The dual pairing Lie(G)* x Lie(G) — R is given by

(2.4) weu = —/Xtr{uu}

and noting that p - u = (u, *xu) we see that the identification of Lie(G)* with
Lie(G) for this choice of inner product and dual pairing is the Hodge star
operator * : Q?(End(FE)) — QY(End(E)). The group action of G on A%! x
OLY(End(E)) is given by

. A// B g—lA//g+g—1dg>
(2.5) g (¢>—< gadn).

Differentiating this gives us the infinitesimal action

"

26) ) = ().

The extra notation denoting the point (A", ¢) will be omitted if the meaning
is clear from the context. If p(u) = 0 then differentiating again gives us the
infinitesimal action of u on the tangent space T 4~ 4) (T*Ao’l)

en oo (§) = Gl () = ()

¥
For some calculations (such as those in Section 3) it is more convenient to
use the identification

Tiag) (Ax Q"(End(E))) = Q' (End(E))

a
—a+ @+ 5
(&) —atere
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where a € Ql(ad(E)) and ¢ € Q19(End(E)). This allows us to consider a
Higgs pair (4, ¢) as a GL(n,C) connection on E, given by

Dag) : Q°(End(E)) — Q' (End(E))
ur— dau+ [¢+ ¢%, ).

Note that if ue Q'(ad(E)), then D4 4u— (D(A,d))u)* =2dau and
D 4,p)u + (D(A@)u)* = 2[¢ + ¢*, u|, and therefore by splitting the tangent
space into skew-adjoint and self-adjoint parts we can use this interpretation
to give us the infinitesimal action of G on ASL(C) the space of GL(n,C)
connections on F.

p: Lie(G) — QY(End(E))
p(u) = D4 gyu.

In the case of a Higgs pair (A4, ¢) a simple computation shows that the cur-
vature of D4 4), denoted F{, 4), satisfies F(44) = Fa + [¢, ¢7]. Tt is useful
to note that F (*A, 6 = —F(4,4)- Now consider a general hyperkéhler manifold
M with the hyperhamiltonian action of a Lie group G. Let p: Lie(G) —
C*°(TM) be the infinitesimal action of G, and define p} to be the operator
adjoint of p, at the point x € M with respect to the metric g and the pairing
(+,+) on the space Lie(G)

9(pz(u), X) = (u, (X)) .

The moment map condition du(X) - u = w(pz(u), X) = g(Ipz(u), X) shows
that dy; € Lie(G)* can be identified with —p% 1 € Lie(G). By differentiating
the condition u(g-z) = g~ 'u(x)g we obtain the following formula

(2.8) ol pa(u) = =[x (), ul,

and similarly pkJp,(u) = —[*p2(z), u] and piKpg(u) = —[*pus(x), u|, where
* 1s used to denote the identification of Lie(G) with Lie(G)*. Differentiating
again, we obtain the following product formulas for p} acting on Iép,(u)(X)

and dp(u)(X):

(2.9) pLI8pa(w)(X) = [p3(IX),u] — (3p)} (X, Tpo(u)
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For the space of Higgs bundles with the action of G on the space T*A, a
calculation shows that the complex structure I commutes with the infinite-
simal action on the tangent space in the following sense

(2.10) 15p2(u)(X) = Spa(u)(IX).
Therefore we can use (2.9) to derive the product formula

(2.11) P0pz(u)(X) = [p X, u] 4 (0p); (X, pa(u)).

Note that this formula is true for any Kéahler manifold for which the com-
mutativity relation (2.10) holds.

3. Convergence of the gradient flow

Using the notation and formulae of the previous section, a calculation shows
that for a Kéhler manifold M with moment map u; associated to a Hamil-
tonian G-action, the downwards gradient flow equations for the functional
3 ||pe1(z)||* are given by % = —Ip;(*p1(x)). More explicitly, for the func-
tional YMH on the manifold 7% A%!, the gradient flow equations are

O = idhx (Fat [6,6°)
(3.1) é;f(b

The purpose of this section is to prove the following theorem.
Theorem 3.1 (Convergence of gradient flow). The gradient flow of
YMH (A, ¢) = |[Fa +[¢,¢']|"

with initial conditions in B converges in the C* topology to a critical point of
YMH . Moreover, let r(Ag, ¢o) be the map which takes the initial conditions
(Ao, ¢0) to their limit under the gradient flow equations. Then for each
connected component n of the set of critical points of YMH, the map r :
{(Ao, ¢o) € B :1(Ao, o) € n} — B is a G-equivariant continuous map.

In [17] and [18], Rade proves convergence of the gradient flow of the
Yang-Mills functional in the H' norm when the base manifold is 2 or 3
dimensional. Here we extend Rade’s results to the case of Higgs bundles
over a compact Riemann surface, and use a Moser iteration method to
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improve the regularity to smooth convergence. This relies on the following
propositions.

Proposition 3.2 (Existence and uniqueness). The gradient flow equa-
tions for the functional YMH have a unique solution which exists for all
time.

Proposition 3.3 (Convergence modulo gauge transformations). For
each k > 0 there exist sequences {t,} C Ry and {gn} C G of Sobolev class
H**2 such that t, — oo and gy, - (A(t,), ¢(tn)) converges strongly in the H"
norm to a critical point (Aco, doo) of the functional YMH (A, ¢).

Proposition 3.4 (Continuous dependence on initial conditions).
For all k> 1 and T > 0, a solution to the gradient flow Equations (3.1) at
time T depends continuously on the initial conditions in the topology induced
by the H* norm.

Proposition 3.5 (Lojasiewicz inequality). Given a critical point (Ao,
Goo) of the functional YMH, there exists €1 > 0 such that the inequality

(3.2) ID{p gy Fiagllze > c| YMH(A, ¢) — YMH (Aoo, ¢oc)|' ™
holds for some 6 € (0, 3) whenever ||(A, ¢) — (Ao, doo)|l 1 < €1

Proposition 3.6 (Interior estimate). Let e; be as in Proposition 3.5, k
any positive integer and S any real number greater than 1. Given a critical
point (Aco, o) of the functional YMH and some T such that 0 <T < S —
1, there ezists a constant ¢ such that for any solution (A(t),¢(t)) to the

gradient flow of YMH (A, ¢) satisfying ||(A(t), ¢(t)) — (Ao, Poo)|| gr < €1 for

all t € [T, S] then
S
on 08| o, [ (28,22
ot ot ) || g T ot '’ ot

(3.3) /TS+1

Assuming the results of these propositions, the proof of Theorem 3.1
proceeds as follows.

L2

Proposition 3.7. Let (Ao, Poo) be a critical point of the functional YMH
and let k > 0. Then there exists ¢ > 0 such that if (A(t), p(t)) is a solution
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to (3.1) and if for some T > 0

(3-4) I(A(T), ¢(T')) = (Aoo, boo) | <,

then either YMH (A(t),¢(t)) < YMH (A, ¢oo) for some t > T, or (A(t),
#(t)) converges in H* to a critical point (AL, ¢..)) as t — co, where
YMH (A, ¢, ) = YMH (A, o). In the second case the following inequal-
ity holds

(35)  [[(Aly dh) = (Aoos 6o0)|| g < ¢ I(A(T), H(T)) — (Ao, doo) | 2

with 0 as in Proposition 3.5 and where ¢ depends on the choice of critical
point (Aso, Poo)-

The method of proof of Proposition 3.7 is the same as the proof of
[18, Proposition 7.4], and so it is omitted. Here we use Higgs bundles
instead of connections, and also derive estimates in the H* norm using
Proposition 3.6.

Using the above results we can now prove the main theorem of this
section.

Proof of Theorem 3.1. Let (A(t),¢(t)) be a solution to the gradient flow
equations, and let Gyr+2 denote the completion of the group G in the H**+2
norm. Proposition 3.3 shows that there exists a sequence {t,} such that
tn, — 00 and {g,} C Ggr+2 such that

(3.6) gn - (Altn), o(tn)) — (AL, 05,

strongly in H¥, where (A¥ , ¢k ) is a critical point of the functional YMH.
Since the functional YMH is invariant under the action of G and decreasing
along the gradient flow then

(3.7) YMH (g - (Altn), 6(tn))) = -+ > YMH(AL, ¢%,).

In particular YMH (A(t), ¢(t)) > YMH (A, ¢ ) for all t. Equation (3.6)
implies that given any e there exists some n such that

The gradient flow equations are both unitary gauge-invariant and translation
invariant with respect to t, and so gy, - (A(t, + t), ¢(t, + t)) is also a solution.

gn - (Alt). 9(tn)) — (k. 05) | <=
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For notation let (A'(t),¢'(t)) = gn - (A(tn + 1), ¢(tn +t)). Then

|, o) - (ko)

<e€
ok

for all t > 0, and YMH (A'(t), ¢'(t)) > YMH (A, ¢F ). Therefore we are in
the second case of Proposition 3.7, and so (A'(t), ¢/(t)) — (AL, ¢L) strongly
in H* for some critical point (A’_, ¢..). Therefore

gn (Altn +1),0(tn +1)) — (AL, ¢L)
& (A1), 6(1) — (92)7" (A, dl)-

Since the critical point equations are G invariant, then (g,)~! - (A%, ¢.) is
a critical point of the functional YMH.

Therefore the gradient flow converges in H” to a critical point (A%, ¢%)
for all k> 0. Since ||| g+ < || -||gr+r for all k then (A%, ¢k ) = (AFF

AN = .. = (Aso, 0o for all k. The Sobolev embedding theorem implies
C*=2 c H* for all k, and so the gradient flow of YMH converges smoothly
to (Aooa ¢oo)

To show that the limit depends continuously on the initial data, con-
sider a solution (A(t), ¢(t)) to the gradient flow equations that converges in
H* to a critical point (Ao, o). Since (A(L), ¢(t)) converges to (As, Poo)
then there exists T such that ||[(A(T), #(T)) — (Ass, Poc)|| e < 3B2. Propo-
sition 3.4 states that finite time solutions to the gradient flow equations
depend continuously on the initial conditions, therefore given (G and T as
above there exists 33 > 0 such that if ||(A’(0), ¢'(0)) — (A(0), ¢(0))|| ;7 < B3
then

Ls,

[(A(T), ¢(T)) = (A(T), $(T))| ;10 < 5

It then follows from Proposition 3.7 that for any (; > 0 there exists
B2 > 0 such that if (A'(t),¢'(t)) is another solution to the gradient flow
equations which satisfies

H(A/(T)v(b/(T)) - (A007¢00)HHk < ﬁZ

for some T, and which converges to (AL, ¢, ) in the same connected
component of the set of critical points of YMH as (Ac, $o), then we
have the estimate ||(AL,, ¢5) — (Aoo, Poo)|lyr < B1. Therefore, given any
initial condition (A(0),#(0)), the above results show that for any (; >0
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there exists 33 > 0 such that given another initial condition (A’(0),¢'(0))
satisfying both

[[(A"(0), ¢(0)) = (A(0), S(O) o < Bs,

and also that r(A’(0),¢'(0)) and r(A(0),¢(0)) are in the same connected
component of the set of critical points of YMH, then (A’(t), #'(t)) converges
in H* to a critical point (A, #..) such that

H(A/OO7¢£>O)_(A007¢OO)HHI€ </31 O
3.1. Existence and uniqueness of the gradient flow

In this section we prove Proposition 3.2, which states existence and unique-
ness for the gradient flow equations (3.1) with initial conditions (Ag, ¢o) € B.
In [21] the gradient flow equations (3.1) are studied as evolution equa-
tions on the space of Hermitian metrics on E. This equivalence is described
as follows: fix a holomorphic structure on E and a holomorphic section
¢o of QY0(End(E)). Now let H be any Hermitian metric on E and let
Dy =d" +dy + ¢o + ¢y be a GL(r,C) connection, where d” + dy = da
denotes the metric connection on E and ¢;” is defined using Hermitian
transpose with respect to the metric H. More explicitly, we can write

(3.8) da=d"+d +H 'dH
(3.9) b+ ¢5F = g0+ H "o’ H.

Denote the curvature of Dy by Fy and let AFE = AFy — )\ -id where
A =tr{Fy} is a function A\ : X — C, and A : Q¥ — Q%2 is defined in the
standard way using the Kéhler structure on X. For X a compact Riemann

surface, the following theorem is a special case of that given by Simpson
n [21, Section 6].

Theorem 3.8 (Simpson). Solutions to the nonlinear heat equation

0

1 H™
(3.10) 5

= —2iAFx = —2i (AFy — X -id)
exist for all time and depend continuously on the initial condition H(0).

The proof of Proposition 3.2 relies on showing that Equation (3.10) is
equivalent to the gradient flow of YMH. As an intermediate step we use the



294 Graeme Wilkin

following equivalent flow equations for (A(t), (t))

oAr L . i}
(3.11) o = dax (Fat[0,67) +dja
%0 b w(Fa + 13,8 + b.cl

for some one-parameter family a(t) € Q%(ad(F)). Note that the new terms
in the equations correspond to the infinitesimal action of « at (zzl’ " qg) These
equations are Higgs bundle versions of the equivalent flow equations used
in [7] to prove existence for the Yang-Mills gradient flow equation, however
here we also use the methods of [12] to show the relationship between the
equivalent flow equations and the gradient flow equations. To achieve this
let H(t) = Hoh(t), note that h_l% = H‘l%—lg and consider the following
equation for h(t)

oh
(812) o = —2ihx (Fa, +d, (W1 (d4, b)) + [do. h 1 dph]) + 2iAh,

where dy, is the metric connection for H(0). The proof of Proposition 3.2
requires the following lemmas, which together show that Theorem 3.8 implies
existence for Equation (3.11).

Lemma 3.9. Euistence for Equation (3.10) implies existence for Equation
(3.12).

Proof. By explicit computation using (3.8) and (3.9) we also have

(3.13) Fiay = Fa, +dy, (07 (dy, 1)) + [0, h ™ 63h]. -

Note that h(0) = id and that h(t) is positive definite, therefore we can
choose g(t) € G such that g(t)g*(t) = h(t)~* (Note that a priori this choice
is not unique).

Lemma 3.10. Let h(t) be a solution to Equation (3.12), choose g(t) €
G© such that g(t)g(t)* = h(t)™t, and let A"(t) = g(t)- Al, (t) = g(t) - do-
Then (A"(t),$(t)) is a solution to (3.11) with a(t) = (g7 09 — (Og")
(g")71).
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Proof. Let (A"(t),¢(t)) = (g9(t) - Ay, g(t) - ¢0). We have the following
identities for g € G (cf [12] (3.2) for the vortex equations)

(3.14) 9Fag ™ = gF a9 " = Fa, +d4, (h™ ' (dy,h))
(3.15) 9l ¢*1g7" = gl(g - ¢0). (g #5)]g~" = [do. K dhl.

Differentiating A” and ¢ gives us

oA" 9

ot 0=,

1 — * *\ — 1 — * *\ —
= 56&(9 Loug + (0eg")(g%) 1) + idfﬁ;(g Lorg — (0kg™)(g") ™)

(3.16) 0 Ago0,g)-2, = A9 (D))

and similarly

(3.1% B

0 = S0 (57 0+ (0u") (6" D]+ 316, (07D — (g9 )

Let a(t) = 5(g7 09 — (819™)(g*)1). Since gg* = A1, then

Oh *\ — * *\ — — —
(3.18) 5= 0 (@Qg)e) " 9 (09) g
Using the identities (3.14) and (3.15) together with the equation (3.12) shows
that the right-hand side of (3.18) is —2i(g*) 19 lg* (Fa + [¢,¢*])g~ ! +

2i\h, and therefore

(0" + 7 (0) = i (Fa +[6.67) — iA-id.

Together with (3.16) and (3.17) this gives us the following equations for
A" (t) and ¢(t)

6;5 = idy * (Fa + [¢,¢"]) + d4 (o — i) - id)
g(f = i, (Fa+ [6, 6] + [¢, = A~ id] .

Proof of Proposition 3.2. To prove existence, we construct a solution to the
gradient flow equations (3.1) from a solution to the equivalent flow equations
(3.11). To prove uniqueness we then show that this solution is independent



296 Graeme Wilkin

of the choice of g(t) such that g(t)g(t)* = h(t)~!. Consider the following
ODE for a one-parameter family of complex gauge transformations S(t)

25

(3.19) S = S() (at) —ix-id).

where a : R — Lie(G) is as defined in the proof to Lemma 3.10. Note first
that S(¢) is a unitary gauge transformation, even though a priori S(t) €
GC. This follows from observing that S(0) = id € G and %—f € S(t) - Lie(G),
therefore S(t) € G for all t. Lemma 3.10 shows that «(t) is defined for all ¢,
and therefore solutions to Equation (3.19) exist for all time by linear ODE
theory.

Let (A(t), (]3(15)) denote a solution to the equivalent flow equations. For
notation let & =a —iX-id. Define A”(t) = S~'(t)- A”(t) and ¢(t) =
S(t)~' - ¢(t). Then (A"(t),d(t)) exists for all ¢ and it remains to show that

(A"(t), p(t)) satisfies the gradient flow equations (3.1). Differentiating with
respect to t gives us

0A" — 9 7 o—1
ot ot (SdAS )
— SadyS™! iy + (Fa+[0,67]) + 8 (d4a) §7! = Sd4as™!
= id) * (Fa+[9,¢"])

and similarly for ¢ we obtain % = i[¢, *(Fa + [¢, ¢*])]. Therefore the solu-
tion (A”(t), ¢(t)) of (3.1) exists for all time.

To prove uniqueness we note first that (as in the unitary case studied
in [7]) solutions to Simpson’s heat equation (3.10) are unique, by apply-
ing the maximum principle to the distance function ¢ given in the proof
of [21, Proposition 6.3]. From the construction in the proofs of Lemmas 3.9
and 3.10, the only non-unique choice made in constructing the solution to
the gradient flow of YMH from a solution to Equation (3.10) is the choice
of g(t) such that g(t)g(t)* = h(t)~!. The following lemma shows that the
solution is independent of this choice.

Lemma 3.11. Let h(t) be a solution to (3.10), and suppose that gi(t)
and go(t) are one-parameter families in GC such that g1(t)g1(t)* = h(t)™! =
g2(t)g2(t)*. Let Si(t) and Sa2(t) be the corresponding solutions constructed
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above such that

(A7 (2),01(2)) = S1(t)™" - g1(t) - (AG, o)
(A5(8), 62(t)) = Sa(t) ™" - g2(t) - (AG, do)

Then (A1(t), ¢1(t)) = (A5(t), da(t)).

(g1(£)S1()7Y) - (Af, ¢o)
(92()S2(t) 1) - (4G, do) -

Proof. Note that gflgggg‘ (g{)_1 = id, therefore gflgg = u(t) for some curve
u(t) € G. Asin the proof of Lemma 3.10, define the gauge fixing terms o (t)
and as(t) by
1 -1 * x\—1
) (91 kg1 — (9eg71)(97) )
1

aa(t) = 5 (6009 — (Dug3) (95)") = wlt) e (B)u(t) + u(t) Oy

ai(t) =

Therefore the equations for Si(t) and Sa(t) are

Sl(t)l({;f = ay(t) — i\
Sg(t)lfgf = as(t) — id = u(t) tay (t)u(t) + u(t) ' opu.

Sa(t) = S1(t)u(t) is a solution to this equation, which is unique by lin-
ear ODE theory. Therefore go(t)S2(t) ™! = g1 (t)u(t)u(t)"1S1(¢) ™t = g1(t)
S1(t)~1, which completes the proof of uniqueness. O

3.2. Compactness along the gradient flow

In this section we derive estimates for ‘VQ(F A+ [0, %)) | oo along the gradi-
ent flow of YMH | and prove a compactness theorem (Lemma 3.14). Together
these are sufficient to prove Proposition 3.3. The basic tool is the following
estimate based on [10, Theorem 4.3] (for the case of SU(2) bundles) and
Lemma 2.8 of [22] (for bundles with a general compact structure group).

Theorem 3.12 (Hitchin/Simpson). Fiz a Higgs pair (Ao, ¢o) and a con-
stant C, and consider the subset Oc of the complex group orbit G - (Ag, ¢o)
consisting of Higgs pairs satisfying the estimate |Fa + [¢, ¢*]|| 2 < C. Then
there exists a constant K such that ||Fall2 < K and ||¢]|m < K for all
(A,0) € Oc.
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The Sobolev spaces LZ used in this section are defined via norm

k
N .
lollz, = <Z HVzAUIILP) :
1=0

Remark 3.13. A priori the norm depends on the connection d 4, however
Propositions D.1 and D.2 from [17] show that given a uniform bound on
the curvature ”FAH% , the norms of the Sobolev multiplication, embedding
and interpolation operators are uniformly bounded in A. Therefore the
bounds obtained from Lemma 3.14 below show that the estimates obtained
in this section are independent of the choice of connection used to define the
Sobolev norm.

The proof of Proposition 3.3 relies on the following two lemmas. Firstly,
by bootstrapping the results of Theorem 3.12 using the equation d’j¢ =0
we obtain the following result.

Lemma 3.14. Consider the subset Oé, of the complex group orbit GC -
(Ao, ¢o) consisting of Higgs pairs satisfying the estimate ||Fa + [¢, ¢*]||s <
C. Then there exists a constant K such that |Fal|lps < K and ||¢[|s,, < K
for all (A”,¢) € (’)g. Moreover, the Sobolev embedding theorems show that
HVI;\+1¢HC’O < K.

Proof. Suppose that [[Fa +[¢,¢"]||zs <C on a GC-orbit. Then
|Fa + [¢, ¢*]|| L2 is bounded and Theorem 3.12 shows that there exists K
such that ||[Falz> < K and [|¢]|;2 < K. Therefore [¢, ¢*] is bounded in L*
and so ||Fa||zs is bounded. Theorem 1.5 in [23] shows that after apply-
ing unitary gauge transformations [|Al|z+ < K locally. Then Sobolev multi-
plication L} x L§ — L3 shows that ||[A”,¢]]|z: is bounded locally and so
the equation d”¢ = —[A”,¢] gives the elliptic estimate [|¢|lzz < C(||[A”,
Oz + [|¢llz2). Applying this procedure again with Sobolev multiplication
L{ x L% — L1 shows that ¢ is bounded in Lj. Therefore [¢, ¢*] is bounded
in L{, so | Fall 1+ < C and we can repeat the above process inductively for
all k£ to complete the proof of Lemma 3.14. O

The next lemma shows that the Li bound on Fy4 + [¢, ¢*] exists along
the flow.

Lemma 3.15. Let s > 0 and suppose that | V4 (Fa + [¢, ¢*])||co is bounded
for all £ < s, and that ||V ¢||co is bounded for all £ < s. Then the following



Morse theory for space of Higgs bundles 299

estimates hold for a solution (A(t), ¢(t)) of the gradient flow equations (3.1)

21V5(Fa+ 0.0DF < - (5 +8) T3 Ea+ 0. 6D

(3.20) +C (Vi (Fa+ 6,6 +1)

0 “ %
20 (g +a) IV + oD < 0 (IV4(E+ 0.0DE +1)
Proof. For notation let u = Fa + [¢,¢*] and define the operator L: Q°
(ad(E)) — Q°(End(E)) by L(u) = [¢,u]. First we note that (in the nota-
tion of Section 2) for any moment map p on a symplectic manifold we have
the following equation along the gradient flow

32 O (57) = (- Tpalon) = ~ppton)

For Higgs bundles this reduces to the equation (% +A(A”7¢)) (xp) = 0.
Since g is a 0-form then Ay gy (+11) = V3V a(*p) + L*L(*p1). The method
of [7, pp. 16-17] for the Yang—Mills functional shows that in this case

9 |xul?

A |xu|? < 0.
5 TAKMT<O

(3.23)

In particular, the maximum principle shows that supy ]*,u\g is decreasing
and therefore bounded uniformly in ¢. Equations (3.20) and (3.21) can then
be computed in a standard way ([3, cf p. 40] for the Yang-Mills flow and
the proof of [13, Proposition 3 and Proposition 6] for the vortex equations),
and so the rest of the proof is omitted. O

As a corollary, we obtain uniform Li bounds on Fy + [¢, ¢*].

T+1
Corollary 3.16. |VA(Fa+ [¢,¢0%])||12 dt is bounded uniformly in

T
T, and so ||V%(Fa + [¢,¢*])||co is bounded uniformly in t.

The proof relies on Moser’s Harnack inequality from [16], which can be
stated in the following form.

Theorem 3.17 (Moser). Let 0 <7, <7, <7 <7 and suppose that
u >0 is a function on a compact manifold X, and that a“ + Au < Cu.
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Then there exists a constant v depending only on (1, — 11 ), (7'1+ -7 ),
(t5f — 75 ) and C such that

+

T2
sup u < 7/ ||lw|| L2 dt
,7_+

T <t<Ty 1

Proof of Corollary 5.16. To obtain a C° bound on |V¥(xu)| we use Theo-
rem 3.17 as follows. Equation (3.20) together with the fact that [V (x|
is bounded in C? for all £ < s shows that fgﬂ | V% (k) || 22 dt < C, where
C'is independent of T'. Equation (3.21) shows that Moser’s theorem applies

to the function |V% (*p)| + 1. Therefore

T+1

sup V4 (k) +1< 7 / IV, g0 =
T-2<t<T—1 T

is uniformly bounded in 7' (where v is independent of T' because the time
intervals [T'— 2,7 — 1] and [T, T + 1] are of constant size and relative posi-
tion). Therefore |V? (*pu)| is uniformly bounded in ¢. O

Using these lemmas, the proof of Proposition 3.3 proceeds as follows.

Proof of Proposition 3.3. First we show by induction that ||Fa + [¢, ¢]| L
is bounded for all k. The computation in the proof of Lemma 3.15 shows
that a solution (A(t), ¢(t)) of the gradient flow equations (3.1) satisfies the
equation
(; + A) [Fa+ [0, ¢"])> < 0.

Therefore ||Fa + [¢,$*]||co is bounded uniformly in ¢, and in particular
|Fa + [#,¢*]||z+ is bounded. Lemma 3.14 then gives a bound on the C°
norm of |V 4¢| and Corollary 3.16 with s =1 gives a bound on ||V 4(F4 +
[6,6*])llco, and hence on [F + [, 6"l

Now suppose that ||Fa + [¢, ¢*]||rs is bounded, and also suppose that
|V4éllco and || VY (Fa + [, ¢*])||co are bounded uniformly in ¢ for all £ <
k. Applying Lemma 3.14 shows that ||V%a|co is bounded for all £ < k +
1. Then we can apply Lemma 3.15 for s = k 4+ 1 which shows that [|[F4 +
[0, ¢"]llzs,, and |[VEFL(Fy + [6,0*])||co are bounded, which completes the
induction.

Since |[[(Fa + [#,¢*])||lL: is bounded for all k then Lemma 3.14 holds
for all k. In particular, |[Fal[zs and |¢[|z: , are bounded for all k. To
complete the proof we need to show that along a subsequence the gradi-
ent flow converges to a critical point of YMH. To see this, first note that
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in general for the gradient flow of any non-negative functional f: M — R
T 8f

we have for any time 7' the equation f(t=0)— f(t=T)=— [, g dt=
fOT df (grad f) dt and therefore fOT | grad f||>dt < f(t = 0). Therefore there
exists a subsequence t,, — oo such that grad f(¢,) — 0 strongly in the appro-
priate norm. For the case of f = YMH, along this subsequence t,, the above
argument provides a bound on [|[Fa||p:. Therefore Uhlenbeck’s compact-
ness theorem shows that along a subsequence (also call it ¢,) there exists
a sequence of unitary gauge transformations g, such that g, - A(t,) = Ao
weakly in L{,; and strongly in L}. Since gy - ¢(tn)lLs,, s also bounded,
then there exists a subsequence (also call it ¢,) such that g, - ¢(tn) = oo
in L}. It only remains to show that (Ao, doo) is a critical point of YMH.

Let  pp:Q%ad(E)) — QUYEnd(E)) @ Q1°(End(E))  denote the

operator
AN
w—s <tn>>
([qﬁ(tn),u]

and let xu = *(F4 + [p,¢*]). Note that grad YMH (t,,) = Ipn(*u(ty)).
Along the subsequence t,, grad YMH — 0 strongly in Lﬁ_l. Therefore
(3.24)

Pr($(tn)) = Poo(x1(00)) = poo (¥pu(tn) — *p1(00)) = (pn — poo) (xfa(tn))

pn(*u(ty)) — 0 strongly in L} | and the right-hand side of the above equa-
tion converges to 0 strongly in L} ;. Therefore peo(*u(00)) =0, and so
(Ao, Po) is a critical point of YMH. O

3.3. Continuous dependence on initial conditions

In this section we prove Proposition 3.4. The proof of this proposition
follows the method of [18, Section 5] which proves continuous dependence
on the initial conditions in the H! norm for the Yang Mills gradient flow,
however here we generalize to the case of Higgs bundles, and also use the
estimates for the higher derivatives of the curvature from Lemma 3.14 to
show continuous dependence on the initial conditions in the H* norm for
all k. This relies on the estimates from [18, Proposition A], which are
valid when the higher derivatives of the curvature are bounded. Rade’s
approach also proves the existence and uniqueness of a solution, however
since in this case Proposition 3.2 together with the estimates derived in
the proof of Proposition 3.3 already show that a unique smooth solution to
(3.1) exists, then the estimates in this section can be simplified from those
of [18, Section 5]. The reference for the definitions of the time-dependent
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Sobolev spaces used in this section is the Appendix of [18] (further details
are explained in [17]).

First note that for the general case of a moment map on a symplec-
tic manifold, the downwards gradient flow of ||u||? satisfies the following

equations
0
871. + Lpz(xp) = 0
(3.25)
O(xp)

5+ Papalxi) = 0.

The results of Proposition 3.2 and Proposition 3.3 show that in the Higgs
bundle case, a smooth solution to (3.25) exists. Now consider instead the
following generalized system, with xu replaced by a general €2 € Lie(G)

%: +Ip(2) =0
(3.26)
o2 + pip(Q) =0

First we note that if a smooth solution (x(t),$(t)) of (3.26) exists with
initial conditions z(0) = z¢ and 2(0) = *u(zp) then this solution satisfies
Q(t) = #u(x(t)). This follows by considering () = Q(t) — *u(z(t)), and
noting that

op 0 O(xp)

ot ot ot

ox
= —p*pu(Q) — =

= —phpa(Q) + il (—1pa ()
= —pip2(Q) + pipa(Q) = 0.

Therefore if ¢)(t = 0) = 0 then Q(t) = *u(x(t)) for all £. In the Higgs bundle
case, the space T* A is an affine space, and pz1q(v) = pz(u) + {a,u} where
{-,-} denotes various intrinsically defined multilinear operators. For a fixed
point zp € T*A, let y = x — zp and note that the Equations (3.26) become

oy B
i Ipy, () = {y, 2}
of)

T Do Pao (§2) = U™, puo ()} + {05, (), 2} + {y", y, 2}

(3.27)
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In the Higgs bundle case we can write (for zo = (Ao, ¢0))

P Pao (1) = dl d'y 2 — 5 [0, *[ o, 2]
= Vi, Va,Q + {ég, b0, 2}

Therefore the gradient flow equations become

Oy

= 2 (Q) = {y, 0
at+Ipo() {y,Q}
o0

o T Vi, Va2 = {95, d0, 2} +{y", pa, (D)} + {y", 9, Q}.

(3.28)

Following the method of [18], define the operator L

9 o
(3.29) L=|ot 5 " ,
0~ + V% Vi,

ot
and Q1, @2, Q3

% (3) = (i)
o) e 402
() uno o)
Q) T\ pa () + {05, (), )
v\ 0
@ (ﬂ) - ({y%yﬂ}) |
Define the Hilbert spaces
Uk (ty) = { (3) cy € HY/2FHR((0,40]) and Q € HI/2FER=1([0, 40])
ﬂH*(l/QHE’kH([O,tO])}

Uk (to) = { (é) sy € HYPTR([0,t0]) and @ € HY/D TR ([0, 1))

ﬂH;(l/sz’kH([O,to])}
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Wh(to) = { (é) sy e Hpy W7k ([0, 49]) and Q € H;(1/2)+5’k_1([0,t0])} .

The following lemma is a Higgs bundle version of [18, Lemma 5.1], the
proof is analogous and therefore omitted.

Lemma 3.18. Let (Ao, ¢o) € B. Then the maps L, Q; for i =1,2,3 and
the identity map I define bounded linear operators

L : UE(tg) — Whi(to)
Q1 : U (to) = Wh(to)
Qs : S2Uk (tg) — Wh(to)
Q3 = S°U(t) — Wh(to)

I:UB(to) — U(to).

Moreover, the operator L is invertible. For any K > 0 there exists cx > 0
such that if ||Fa,||gr-1 < K then

— 4)—
1LY < ey (@il < exctD e

_ 1/4)—-2
1M < exty®, [|Qall < cxt{/D7

11 <1, 11Qsll < exty?
for ty sufficiently small.

Note that the Sobolev spaces in [18] are defined slightly differently to
the definitions of U*, Z/lllg and WF above. Rade also considers the case of a
3-dimensional manifold for which the multiplication theorems used in the
proof of [18, Lemma 5.1] become borderline with the definitions above, how-
ever here we only consider the case of a compact Riemann surface, and so
we can derive stronger estimates. Now consider the homogeneous system of
equations with initial conditions (y1(0),1(0)) = (x0, Qo).

a?J1
: Ip, (Q) =
(3.30) op T 1pwe () =0
o0
(3.31) LV VA, = 0.

ot

Proposition A of [18] shows that there exists a unique solution to (3.31) given
by @ € HU/2+ek=1 n =(/2+ek+1 " which satisfies || Q1] < ety ||Qo]]-
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Therefore there also exists a unique solution y; = yo — fot Ipy, (21(s)) ds to
(3.30) which (again by [18, Proposition A]) satisfies ||y1] < cxllyoll-
Therefore, the solution operator M defined by

(3.32) M (g‘;) = (éll)

is bounded, with || M| < ckty©. Let (y2,82) = (y — 1,2 — Q1). Then the
initial-value problem (3.27) can be written as

(2) - (o (3) 1(8) - (o 2) ()
s () ()

The estimates from Lemma 3.18 are identical to those of [18, Lemma 5.1],
and applying [18, Lemma 5.2] shows that for a small interval [0, %], the
solution to (3.27) satisfies y € C9([0, to], H*), Q € C°([0,to], H*~1), and that
(y,9) depends continuously on the initial conditions (yg, Qo) € H* x H*1,
This completes the proof of Proposition 3.4.

3.4. A Lojasiewicz inequality

In the paper [19], Simon proved the convergence of solutions to the equation
u—M(u)=f

as t — oo, where u = u(x, t) is a smooth section of a vector bundle F' over a
compact Riemannian manifold ¥, and M(u) is the gradient of an “Energy
Functional” £ fz x,u, Vu) on ¥. The function F is assumed to have
analytic dependence on u and Vu, and the operator M is assumed to be
elliptic. The key estimate in Simon’s proof was the inequality

IM(u)l| = E(u) - EO)]',

where 6 € (0, %), an infinite dimensional version of an inequality proved by
Lojasiewicz in [15] for real analytic functionals on a finite-dimensional vector
space. The proof uses the ellipticity of M to split the space of sections
into a finite dimensional piece corresponding to the kernel of an elliptic
operator (where Lojasiewicz’s inequality holds) and an infinite dimensional
piece orthogonal to the kernel (where Simon uses elliptic estimates).
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In [17,18], Rade extends this estimate to the case of the Yang—Mills
functional on 2- and 3-dimensional manifolds. Simon’s result does not hold
a priori since the gradient of the Yang—Mills functional is not an elliptic
operator, however Rade uses a Coulomb gauge theorem to show that after
the action of the gauge group one can restrict to a sub-space where the
Hessian is an elliptic operator, and then prove the result directly, following
Simon’s technique.

In this section we prove Theorem 3.19, which is a Higgs bundle version
of Simon’s estimate for the functional QH defined below, and it is then
shown that Proposition 3.5 follows from Theorem 3.19. Many aspects of the
proof of Theorem 3.19 are more general than just the case of Higgs bundles
considered in this paper, and can be extended to functionals on other spaces,
such as the case of quiver bundles over Riemann surfaces (for which an
analogue of Hitchin and Simpson’s theorem was proven in [1]). With this in
mind, when possible the results are given in more general terms.

For notation, let M denote the affine Hilbert space (T*.A) ;. and let Gp
denote the completion of G in the H? norm. Note that Sobolev multiplica-
tion implies that Gg= acts on M.

Theorem 3.19. Let p: M x g — TM denote the infinitesimal action of
G2 on M, and consider the functional QH : M — R defined by

QH(z) = [lpa (@)1 + llp2(@)[* + [l s (),

where x denotes the point (A", ¢) € (T*A) ..
Fiz a critical point  of QH. Then there exists some € > 0 (depending
onx)andf € (O, %) such that the following inequality holds:

(3.34) |l grad QH(y)|| 57+ > C |QH(y) — QH(z)| "™
whenever ||z — y|| ;. <e.

Assuming the result of the theorem, the proof of Proposition 3.5 is as
follows.

Proof of Proposition 3.5. Choose a critical point (A7, ) € B of YMH,
which is also a critical point of QH. Note that QH|z = YMH and
apply Theorem 3.19 to show that there exists € > 0 and 6 € (0, %) such
that the following inequality holds for (A,¢) € B such that
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H(A//7¢) - (Ago7¢oo)HH1 < eE.
1D iy Fan oyl = | YMH (A, ¢) — YMH (Ang, 6007

The inequality HDEKA”@)

Foangyllg-+ < HD’("A,,@)F(AH@)HLz completes the
proof. O

The first step in the proof of Theorem 3.19 is the following local descrip-
tion around a critical point.

Proposition 3.20 (Coulomb gauge). Let M be an affine Hilbert
manifold with the action of a Hilbert Lie group G, and let f: M — R be
a G-invariant functional. Let x € M be a critical point of f and denote the
Hessian of f at the pointx € M by Hy(x) : T,M — T, M. Let p, : Lie(G) —
T, M be the infinitesimal action of the group G at the point x € M and sup-
pose that the following operator is elliptic

(3.35) Hy(z) + papl : TeM — T, M

Then there exists € >0 such that if ||y — x| < & then there exists u € (ker p; )"
such that for g =e™*

(3.36) Py (g-y—z)=0.

This more general situation described above is related to the space of
Higgs bundles in the following way. The functional QH is Gp2-invariant, and
the Hessian is given (in the notation of Section 2) by the following formula

1
sHan(z) = —1popp I X + 16ps (xp1 (2))(X) = Jpupyd X
+ JOpg (+p12(2))(X) — Kpapr KX + Kbpa(xps(x))(X).

From this description of the Hessian together with the description of the
operator p, from Section 2 and complex structures I, J, K from [10], we see
that Hqu(x) + pzpj is an elliptic operator on the tangent space

To(T* A) g = H' (Q¥1(End(E)) & Q"0 (End(E)))

and therefore the critical points of the functional QH on the space T*A
satisfy the conditions of Proposition 30.20. Since a critical point (A", ¢) € B
of YMH is also a critical point of QH, then the theorem applies at all critical
points of YMH.

The first step in the proof of Proposition 3.20 is the following lemma.
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Lemma 3.21. At a critical point x € M of the functional f, imp, is a
closed sub-space of T, M and the following decomposition holds

T, M = ker p; @ im p,.
The proof of this lemma in turn depends on the following lemmas.
Lemma 3.22. Let L = H¢(x) + pyps. Then ker L = ker Hy(x) Nker p}.

Proof of Lemma 3.22. f is G-invariant implies that imp, C ker H¢(z),
and since the Hessian Hy(z) is self-adjoint then im H¢(x) C ker p. There-
fore im p, C (im Hf(x))J‘, and so ker L C ker H¢(x) Nker p%. The inclusion
ker H¢(x) Nker p}. C ker L follows from the definition of L. O

Using this lemma together with the fact that L is elliptic and self-adjoint,
we have the splitting

(3.37) TuM =ker L@®im L* = ker L @ im L = (ker Hy(x) Nker p;) @ im L
Next we need the following technical lemma.

Lemma 3.23. Let H be a closed Hilbert space with two linear sub-spaces
A,B C H that satisfy AC B+ and BC A*. If H= A+ B, then A and B
are closed sub-spaces, and H = A® B.

Proof. The result follows from showing that A = BL. Arguing by con-
tradiction, suppose that 2 € B-\ A. Then x =a+b for a € A and b €
B. Since a L b, then ||z||?> = ||a]|®> + ||b]|*>. We can also write a =z — b,
so ||lal|? = ||z — b)|?> = ||=||> + ||b]|?, since € B+ by assumption. Therefore
llz||? = ||=||? + 2||b||* and so b = 0. This implies that 2 € A, which is a con-
tradiction.

Therefore A = B+, and in particular A is a closed sub-space of H.
Repeating the same argument shows that B = A*. Since H = A+ B and
A, B are closed, orthogonal sub-spaces of H then H = A ® B. [l

Lemma 3.24. im L decomposes into a direct sum of closed sub-spaces

(3.38) im L =im Hy(x) ®im p,.
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Proof. First note that
(3.39) im L = im(H(z) + pept) C im Hy(z) 4 im p, C (ker L)*

and since L is elliptic, im L = (ker L)*, and so all of the set inclusions in
(3.39) are equalities. Therefore im L is a closed Hilbert space such that
imL =im Hy(x) +imp,. Recalling that im H¢(z) L im p, and applying
Lemma 3.23 completes the proof. O

Proof of Lemma 3.21. Applying Lemma 3.24 to the decomposition (3.37)
shows that

(3.40) T, M =imp, @ im Hy(x) & (ker H¢(z) Nker p}) .

Since im Hy(x) ® (ker Hy(x) Nker py) C ker py, and imp, L ker pi then
applying Lemma 3.23 to (3.40) gives us the decomposition
T, M = im p, @ ker p. O

To complete the proof of Proposition 3.20 we need the following descrip-
tion of a neighbourhood of the critical point x.

Lemma 3.25. The map F : (ker pw)L x ker p¥ — M given by

(3.41) Flu,X)=¢e"-(x+X)
is a local diffeomorphism about the point F(0,0) = x.

Proof. dFg0)(6u,0X) = py(0u) + 6X. Since du € (ker pe) - and 6X € ker p*
then dF{g) is injective. By Lemma 3.21, T; M = ker p; @ im p, and so
dF(o,0) is an isomorphism. Applying the inverse function theorem completes
the proof. O

Proof of Proposition 3.20. Lemma 3.25 shows that there exists € > 0 such
that if ||y — x| < e then there exists (u, X) € (ker p,)* X (ker p*) such that
e - (x + X) = y. Rearranging this gives us

(3.42) X=e"y—=x

and since X € ker p%, then setting g = e completes the proof. O

The function QH defined on M satisfies the conditions of Proposition
3.20, and so at a critical point x € M we have the splitting T, M = im p, &
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ker p¥. Using this decomposition of the tangent space, define projection
operators Ily., and Il;;, denoting projection onto ker pi and im p,, respec-
tively. Since the inequality (3.34) is Gpyz-invariant, then we can use Propo-
sition 3.20 to restrict attention to those points y in a §-neighbourhood of
x such that y —x € ker p},. Consider the functional E : ker p; — R given
by E(b) = QH(z + b) — QH(b). The gradient of E at the point X € ker p}
is then given by grad E(b) = N(b) = Iy, grad QH(x + b). Since the func-
tional QH is analytic, then so is £ and hence N. The image of the Hessian
of QH satisfies im Hqu () C ker p3, and so the derivative of N at b =0 for
b’ € ker p¥ has the following expression

dNp—o(V') = Mxer Hou(z)(0') = Hou(z) ().

Hqgu(x) is an elliptic operator ker p} — ker p} and so we can decompose
ker p¥ into closed sub-spaces

ker p} = (ker Hou(x) Nker p}) @ im Hopu(x).

For notation, write Ko = (ker Hqu(x) Nkerp}) and decompose ker pi N
H®* = Ky ® K3. Denote the norm on Ky by | - |k, and note that since
K is the kernel of an elliptic operator then it is finite dimensional and all
norms on K are equivalent. For any b € ker pX N H' write b = by + b+ with
bo € Ko and by € K. Since Hqu(z) is the derivative of N : ker p — ker p?
and Hqm(z) is an injective operator K} — Ki' (and so an isomorphism
onto its image), then an application of the implicit function theorem gives
us the following lemma.

Lemma 3.26. There existse > 0 and § > 0, and a map ¢ : B.Ky — BsK1,
such that for any by € Ko satisfying ||bo||x, < €, we have that N(b) € Ky if
and only if b =bg + €(by). Moreover, since the function N is analytic then
so is L.

Given any b € ker p; we can use Lemma 3.26 to decompose b = by +
0(bg) + by, where by is the projection of b onto the sub-space Ko C T, M
and b:t =b-— bo - E(bo)

Lemma 3.27. There exists € >0 and § > 0 such that for ||b]|m < e the
following inequalities hold

1bollzcy < cllbllzr,  1€Cbo) [l < elfbllar,  [b£lme < cllbl -
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Proof. Ky C T, M is finite-dimensional, therefore all norms on K are equiv-
alent and there exists ¢ such that ||bg||x, < cl|bo||g:. Also, by L (¢(bg) + b)
implies that ”bo”Hl + ”f(bo) + biHHl = ”bHHl, so therefore ”bOHHl < ||b||H1
Since ¢ : B.Ky — BsKy is smooth and has a finite dimensional domain
then for some k we have |[€(bo)|m: < k||bollx, < (¢ —1)||b||zz. Therefore
there exists a constant ¢ such that ||by ||z = ||b— bo — €(bo) ||z < ||b]| g2 +
1ol -+ [Boll < clblen. 0

Denote the completion of T, M in the H* norm by (T,M)p-. Define
g: Ko — R by g(bg) = E(bp + ¢(by)) and note that since E and ¢ are real
analytic then g is real analytic. Now we can split N(b) into the following
parts

N(b) = N(bo + E(bo) +by)
= Vg(by) — N(bo + £(bo)) + N (bo + £(bo) + b+)

1
= Vg(by) + /0 dN (bo + £(bo) + sb+)(bs)ds

(3.43) = Vg(bo) + Hqu(z)(b+) + L1(b+),

where Ly : (Tu M) — (T M) -1 is defined by Ly(a) = [} dN (bo + €(bo) +
sby)(a) —dN(0)(a)ds.

Claim 3.28.
[ L1(b+) |- < cl|bll g [|b+]] £

Proof. For b € T, M define hs(b) = dN(bo + £(by) + sby+) — dN(0). Since N
is analytic then hg is also analytic, and together with the fact that hs(0) =0
then there exists € > 0 and some constant ¢(s) depending on s € [0, 1] such
that whenever ||b||: < & we have the following inequality

|hs(bo + £(bo) + b)) || -1 < (s)|[bo + £(bo) + bt || a1
= ||hs(bo + £(bo) + b )|z < C||b]|
= ||dN(by + £(bg) + sb+) — dN(0)||g- < C||b| g

Therefore ||L1(bi)”H—1 < CHbHHleiHHl whenever ||b||H1 < e. U
Lemma 3.29. The following inequality holds whenever ||b||g: < e

(3.44) INO[— = (Vg (o), + 10+ 1) -
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Proof. By Lemma 3.26, Vg(by) € Ko and Hqu(bs) € K. Therefore Vg
(bo) L Hqu(bs+), which together with (3.43) implies that

(3.45)  [IN(O)l[z— = [[Vg(bo)llzr—+ + [[Hau (@) (b) -+ — |1 (bs) [z

Since all norms on Ky are equivalent then ||Vg(bo)||g-: > ¢|[Vg(bo)| x, for
some constant c¢. K1 is orthogonal to ker Hqn and Hqy is elliptic, therefore
|Hqu () (b+)||fr-1 > c||b+||m for some constant c. Together with (3.45) and
Claim 3.28 this completes the proof. O

We can decompose the functional E in the following way

E(b) = g(bo) + E(bo + £(bo) + bx) — E(bo + £(bo))
1
= g(bp) + /0 (N (bo + £(bo) + sby),by)ds
= g(bo) + (N (bo + £(bo)), b+)
1
[ 80+ 6(00) + sba) = Nt +€(b0)) ) ds
= g(bo) + (Vg(bo), b+)
1 1
+/ / (dN (bg + £(bg) + stby)(sby),by) dsdt
0 0
(3.46) = g(bo) +(Vg(bo), bx) + (Hqu(z)(b+), bx) + (L2(bs), bx) ,

where Lo : (T, M) — (T, M) -1 is defined by

1 1
Lg(bi) = /0 /0 (dN(bo + f(bo) + Stbi)(sbi) — HQH(bi)) dsdt

Lemma 3.30. The following holds whenever ||b||g: < e
(3.47) [B()] < 1g9(bo)| + Cllbs |72
Proof. Following the same proof as Claim 3.28, we have that whenever
bl <€
[ Lo (b+) |-+ < cllbl z [[b£ ]| 1

Since Vg(bo) € Ko and by € K4 then (Vg(bo),b+) =0. Hqu(z) is elliptic
and injective on K1, therefore (Hqu(z)(bs),bs) < c||b+||%:. Applying these
results to (3.46) completes the proof. O
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Proof of Theorem 3.19. Since the inequality (3.34) is Gg2-invariant, then we
can use Proposition 3.20 to restrict to those points y in a §-neighbourhood of
x such that y — 2 € ker p%. Therefore it is sufficient to prove that [E(b)|' ™0 <
K||N(b)]| g~ for some constant K and b € ker p% N H! with ||b]| g2 < e. Since
g: Ky — R is a real analytic function on a finite-dimensional space, from
results of Lojasiewicz in [15] there exists 6 € (0, %) such that

(3.48) |9(b0)['7 < el Vg (bo) | x-
Applying this to Equation (3.47) and using (3.44) gives us

IE®)* 0 < |g(bo)|* ™0 + cl[bs |7
< c([Va(bo)lx, + bl m1)
< K[N®)|g—

for any b in ker pX N H' with ||b]|z: < e. O
3.5. An interior estimate

The purpose of this section is to prove Proposition 3.6, which provides an
estimate relating the H* and L? norms of a tangent vector to the gradient
flow of YMH. The relationship between the H' and L? norms of a tangent
vector to the Yang—Mills flow was proved in [18], here we extend these results
to derive estimates on higher derivatives of the gradient of the functional
YMH on the space B.

Recall that the proof of Proposition 3.3 shows that ||Fa + [¢, ¢*]|| g+ is
bounded for all k. For fixed (Af, ¢o) define the bounded complex gauge
orbit

(3.49) Of = {(A",¢) € G“ - (Af, ¢0) : |Fa+ 8, 0" < C}.

As noted in Subsection 3.2, the proof of Lemma 3.14 shows that there exists
a constant K such that |[Fal|g+ < K on OF. For (A”,$) € OF consider the
initial value problem

o

(3.50) 2t VaVay =o

for some o € H® where s € [~k — 2,k + 2]. Equations (11.3), (11.4) and
Proposition A in the Appendix of [18] show that the following estimates



314 Graeme Wilkin

hold on the time interval [0, 2to]

(3.51) 191 22 j0,2t0), %) < excllol Lr(jo,2t0], 5% 1)

1/4
(3.52) 19122 (0,260, ) < €xcty) N0l 2 o,0ta], o072

Moreover the constant cx only depends on K. For notation, in the following
2]
we use H* to denote the space L ([0, 2to], H*). Now let G(t) = (%, 3—‘25)
and using the notation of Section 2, for any moment map on a symplectic
manifold we have the following formula for %—(t; along the downwards gradient

flow of |||

oG ox ox
= ot —15py(*pu) 8t> —Ipy <*dlu ((%))

= —I6p(+p1)(G(t)) + LpepiI(G(t)),

where in the last step we identify *xdy = —pkil as described in Section 2.
Note also that Equation (2.8) shows that piG = 0. Therefore we have the
equation

(3.53) O e (@)~ Ipap1(C) = ~16p: (s1)(@)

which for the case of u = Fy + [, ¢*] reduces to

G .
(354) E +A(A”,¢)G = {FA+ [¢7¢ ]7G}7
where the operator {-, -} denotes various different intrinsically defined multi-
linear operators. The Weitzenbock formula of Simpson ( [20, Lemma 7.2.1])
states that for a k-form o with values in £

(3.55) VaVaa = A gya+{Fa,a} +{(¢+¢%), (¢ + ¢"),a}
+ {VAQSa Oé} + {R7 Oé} s

where R refers to the Riemannian curvature of X. Substituting this formula
into (3.54) gives the following expression

(3.56) % +VAVAG = {Fa + [6,6"], G} + {Va0, G} + {R,G}.
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Now let (A", ¢) = (A, po) + a (where a € Q' (End(E)), and note that the
assumption of Proposition 3.6 is that ||a|| g+ < £1. Then we have the follow-
ing equation

oG « «
(3.57) +{a,VG} +{Va,G} + {a,a,G} .

Multiplying both sides by a smooth cut-off function 7n(t) with n =0 on
[0, %to] and n =1 on [tg, 2tp] gives the equation

a(th )4 VL Va0G) = {Fa + [6.6°1G) + (V460G + {R.nC)
(3:58) {0, Ve )} + (Tt 1) + {0,006 + 0

The existence of a solution to the gradient flow equations (3.1) shows that
nG is a solution to the initial value problem (3.50). Therefore, following the
method of [18, p. 156] (see also [24, p. 30] for more details), the estimates
(3.51) and (3.52) show that

NGl o < Ct A {Fa + [6,6*],nG} + {V 40, nG} + {R, G} || roe—care)
+ Ot {0, Voo 1G) } + {V oo, nGY + {a, a,nGY || pro—ca/o

In
o2

L'([0,2t0],H+—1) .

Therefore Sobolev multiplication theorems as used in [18] show that for
G e HF Fa+p,¢*] € H 1, V¢ € H*"!1 R is smooth and a € H¥, the
following two estimates hold

[{Fa + [0, ¢6"].nG} + {Vag,nG} + {R,nG} || gor-crn < CnG|| o
[{a, Voo (1G)} + {Vooa,nG} + {a,a,nG} || zros—s/2
< ClnGl o + €1l Voo (nG) o1 < ClnG| pro.s.
Therefore [[nGl|gror < Cty*[nGll 0. + C 5G| s 0.260),125-1), and 50
when t is small we have ||[nG||go.x < C,H%G||L1([072t0]’Hk—1). Therefore

|Gl L1 (t0,2t0), HF) < Ct(l)/QH77G||L2([0,2t0],Hk)

0 _
(3.59) <oyl* |l < Ctg PGl o 20 -

L(]0,2t0], H*—1)
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Dividing the interval [T, S] into subintervals of length ¢y and applying
this estimate on each sub-interval shows that (for ¢y < %)

S S S
/ 1G L dt g/ 1Glye dt < C 1G e dt
T+1 T-+kto T+(k—1)to

S
<C [ 1G]
T
which completes the proof of Proposition 3.6.
4. Algebraic and analytic stratifications

In order to set the notation we first recall the main points of the Harder—
Narasimhan filtration for Higgs bundles from [9]. Given a filtration Ey C
Ey C--- CE.=F of E by ¢-invariant holomorphic sub-bundles, let F; =
E;/E;_1 and let ¢; € Q°(End(F;)) be the induced Higgs field. The filtration
is called a ¢-invariant Harder—Narasimhan filtration if the pairs (Fj, ¢;) are
semi-stable, and the slope riigk((lgi)) is strictly decreasing in i. For a rank
n bundle, the type of the Harder—Narasimhan filtration is the n-tuple u =

(41, ..., tn), where the first rank(F}) terms are riigk((%)), the next rank(Fy)
terms are riigk(gﬁz)) and so on. Let B, denote the space of Higgs pairs which

have a ¢-invariant Harder—Narasimhan filtration of type p. As shown in [9,
Section 7|, each Higgs pair possesses a unique Harder—Narasimhan filtration,
the space B = Uu B,, is stratified by these subsets, and the strata satisfy the
closure condition B, C UV2 u B,, where we use the usual partial ordering
on Harder—Narasimhan types (cf [2, Section 7] for holomorphic bundles,
or [9, Section 7] for Higgs bundles).

At a critical point (A”, ¢) of YMH, the bundle E splits into ¢-invariant
holomorphic sub-bundles and the goal of this section is to show that the
algebraic stratification by the type of the Harder—Narasimhan filtration is
equivalent to the analytic stratification by the gradient flow described in
the previous section, where the equivalence is by the type of the splitting
of F into ¢-invariant holomorphic sub-bundles at the critical points of the
functional YMH.

In order to describe the analytic stratification of B using the results of
Section 3, first recall the critical point equations

(4.1) d'y % (Fa + [, 6]) = 0,
(6, %(Fa + [, 6"])] = 0.
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Equation (4.1) shows that for a non-minimal critical point (A”, ¢) the bundle
E splits holomorphically into sub-bundles (see for example [8, Theorem 3.1]
for the Yang—Mills functional), and Equation (4.2) shows that the holomor-
phic sub-bundles are ¢-invariant. Therefore the space Bt of non-minimal
critical sets can be stratified by the Harder—Narasimhan type of each
¢-invariant holomorphic splitting By = [J,, 7y Given a Higgs pair (A”, ¢)
let r(A”,¢) denote the limit of the gradient flow with initial conditions
(A”,¢) as defined in Section 3. Define the analytic stratum associated to
each critical set by

(4.3) Cu=A{(A,0) €B:7r(A ¢) €nu}.

Then Theorem 3.1 shows that B is stratified by the sets {C,} in the sense of
Proposition 1.19 (1)—(4) of [2] (statement (5) of [2, Proposition 1.19], that
the strata have well-defined codimension, cannot be true for {C,} because
the dimension of the negative eigenspace of the Hessian of YMH is not
constant). Moreover, each stratum C, retracts G-equivariantly onto the cor-
responding critical set 7, with the retraction defined by the gradient flow.
The main theorem to be proved in this section is the following.

Theorem 4.1. The algebraic stratification by the ¢-invariant Harder-
Narasimhan type {B,} is the same as the analytic stratification {C,} by
the gradient flow of YMH .

The proof of the theorem relies on the following results. Let g denote
the Lie algebra of the structure group of E (which will be u(n) or su(n) in
our case) and note that the following analogue of Proposition 8.22 from [2]
also holds for the functional YMH.

For a pair (A", ¢) of type p and a convex invariant function h : g — R,
let H(A", ¢) =inf [}, h(*(Fa + [¢,$*])), where the infimum runs over all
pairs (A", ¢) € B,,. Also, if ;1 can be written as = (A1,...,\,), let A, be
the diagonal matrix with entries —2mi\;.

Proposition 4.2. (A", ¢) is of type p iff H(A”, ) = h(A,) for all convex
invariant h. Moreover, (grad H,grad YMH) > 0.

The details are the same as those in [2, Section 8] for the case of holo-
morphic bundles, and so the proof is omitted.

Claim 4.3. If B, NC, is non-empty then A > p.
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Proof. Let (A", ¢) € B, NCy for X\ # p. The proof of Proposition 3.2 shows
that finite-time gradient flow is equivalent to the action of an element of
G, Therefore we can find {g;} C G© such that g; - (A", ¢) — (Aco, Poo), and
since (A", ¢) € Cy then (Ao, ¢o) is of type A. (A", ¢) € B, and G© preserves
B,, therefore by Proposition 4.2, we have YMH (g; - (A", ¢)) > YMH(A,)
for all j. Therefore YMH (Ay) = YMH (Aw, ¢oo) > YMH (A,) also. O

Lemma 4.4. For each Harder—Narasimhan type p, there exists a neigh-
bourhood V,, of 0, such that B, NV, CC,.

Proof. The proof follows that of [4, Proposition 4.12] for the Yang—Mills
functional. Since the vector bundle E has finite rank then the set {\;} such
that YMH (Ay,) = YMH(A,) is finite. Choose € > 0 such that the only crit-
ical sets 7 intersecting U, = YMH ' (YMH(A,) — e, YMH(A,) +¢) are
those for which A € {\;}. By Claim 4.3 we can restrict attention to those A
for which A > p. For each A € {\;}),>, choose a convex invariant functional

fx such that fy(A) > fa(u), and let ey = 1 (f1(A) — fa(u)). Define the sets

Va = U NF (i) —ex, fa(p) + ex)

and note that 1, C V) for each A € {\;},>,. Suppose that (A", ¢) € V)N
B, NCy and let (A7, ¢o) denote the limit of (A", ¢) under the gradient flow
of YMH. Therefore fy(\) = Fx(AL, ¢oo) < FA(A”,0) < fa(p) + ey, since
(A", ¢) € V). We then have

() + Fa(N) < Fa(A)

N | =

FAO) < Fa) + 5 (A) = ) =

a contradiction. Therefore V) N B, N Cy = (), and setting V,, = ﬂ)\G{Ai})\.>HV)\
completes the proof. "

Lemma 4.5. Let (A", ¢) be a Higgs pair of p-invariant Harder—Narasimhan
type p, and let {f;} be a finite collection of convex invariant functions as
defined in Proposition 4.2. Then for any € > 0 there exists a metric H on
E such that fi(Fu + [¢m, o5 — Au) < e for alli.

Proof. Theorem 1 of [21] shows that the result holds if (A", ¢) is stable.
For the case where (A”,¢) is semistable, the proof of [21, Theorem 1,
p.895] shows that the functional M (K, H;) is bounded below, and %M(K,

Hy) = —||Fp, + [6n,,¢};,] — p-id || 2. Therefore ttﬂ | Fr, + (b1, 95,1 —
p-id||p2 dt — 0 ast — oo. Equation (3.23) shows that Theorem 3.17 applies
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to the function |Fg, + [¢n,,¢},] — - id| and so ||Fg, + [én,, ¢y,] — - id
|lco — 0, which is enough to prove Lemma 4.5 for the semistable case ¢f. [7,
Corollary 25] for the case of the Yang-Mills functional on a Kéhler surface).
For the case of a Higgs pair of general ¢-invariant Harder—Narasimhan
type the result follows by induction on the length of the Harder—Narasimhan
filtration, as in the proof of [6, Theorem 3.10] for the Yang—Mills functional.
O

Applying this result to the functions fy in the proof of Lemma 4.4 gives

Corollary 4.6. Given (A”,¢) € B, there exists gy € GC such that go -
(A", ¢) € V), and so r(go - (A", 9)) € np.

The next lemma shows that if the GE-orbit of (A”, ¢) intersects V,, then
the gradient flow with initial conditions (A”, ¢) converges to the critical set
Ny C Ve

Lemma 4.7. If there exists go € G such that r(go - (A", ¢)) € n, thenr(g -
(A", ¢)) €ny forall g € GC.

Proof. As noted in Section 3.1, the action of an element g € G& can be
described up to G-equivalence by changing the metric on E by H — Hh.
Since the set 7, is preserved by G and the gradient flow is G-equivariant,
then it is immediate that the lemma holds for all g € go - G, and so it is
sufficient to show that the lemma is true for any Hermitian metric H on E.

Let H be the set of Hermitian metrics H such that r(A%;, ¢x) € n,. Since
the neighbourhood V), of Lemma 4.4 is open and the finite-time gradient flow
is continuous in the C™ topology by Proposition 3.4, then # is open. Let HJ
be a sequence of metrics in ‘H that converge to some Hermitian metric K in
the C°° topology. The proof of Proposition 3.3 shows that ||Fa + [¢, ¢*]|| s
is bounded along the gradient flow for all k, and so Lemma 3.14 together with
the smooth convergence of H7 shows that there exists a Higgs pair (A%, $>),
sequences g; € G and t; € R such that g; - (Api(t;), dmi(t;)) converges to
(A%, ¢>°) in the C* topology. Let (A%, %) denote the limit of the gradient
flow with initial conditions (A%, ¢k ) and note that to prove that H is closed,
it suffices to show that (A, ¢>) = (A%, ¢%).

For notation let H; = H’(t;) and K; = K(t;) = H;h;. A calculation
shows that

K, H, 1, ;H;
(dtj )/ - (dtj )/ = hj l(dtj )/hj’

4.4
4 Ok, — Or, = h [k, hl.
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Let D;:Q%End(E)) — Q'(End(E)) denote the operator u (d Nu+
[¢3;,u]. The proof of [21, Proposition 6.3] shows that the distance
measure between metrics sup o(Hy, K;) is decreasing with time, and so
|hj —id||co = 0 as j — co. Then we have for any smooth test 1-form (3

(45)
(@) = @) + 05, = 11,5 8) = (b5 (W) g + (07,51 . B)
((diYhs + (671, h5), 8)

The first term converges to zero since Dj — Do, — 0 smoothly, and since
hj — id in CY then the second term becomes

(4.6) (hj, D5.B) — (id, D%, 3 / d*tr3=0

by Stokes’ theorem. Therefore (dfj = (dgj)’ + ¢k, — ¢, — 0 weakly in
L% and so (A%, ¢>) = (A%, ¢%). Therefore H is both open and closed,
which completes the proof of Lemma 4.7. O

Proof of Theorem 4.1. The result of Lemma 4.7 shows that B, C C,, for each
Harder—Narasimhan type p. Since the analytic stratification and the alge-
braic stratification are both partitions of B, then this implies that the two
stratifications are equal. O

Next we prove Proposition 4.13, which provides a description of each
stratum in terms of the action of G€. Let Q}Cp denote the completion of the
complex gauge group G€ in the H2 norm on Q°(End(FE)), and note that for X
a Riemann surface, the Sobolev embedding theorem shows that Qgg C ggo,
the completion of GC in the C° norm. Let By denote the completion of the
space B in the H! norm. For a fixed C* filtration (%), define UT(E, *) to
be the sub-space of bundle endomorphisms preserving (%), and similarly let
Gt 72, denote the subgroup of elements of Gt 172 which preserve (x). Also let
(T*A), denote the space of pairs (A", ¢) such that both dj and ¢ preserve
(%), and let (T*A).p: denote the completion of this space in the H! norm.
Let B, and B,p: be the respective restrictions of (T*A), and (T A)s to
the space of Higgs pairs. Let B$® denote the space of Higgs pairs preserving
the filtration (%) such that the pairs (Fj, ¢;) are semistable for all i with
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slope strictly decreasing in i, where F; = F;/FE;_; and ¢; is induced by ¢
on Fl

Lemma 4.8. If (x) is a filtration of type p then B, = Gt . B>,

Proof. As in the proof of [4, Lemma 2.10], we note that G€ . B C B,. If
(A”,¢) € B, then there is a ¢-invariant holomorphic filtration of (E, )
which is equivalent to (¥) by an element of G©. O

In order to proceed further, we also need the following local description of
the space of Higgs bundles close to a point (A", ¢) € B. Define the operator

(4.7) L : Lie(Gjp2) @ Lie(G2) — Tian g) (T A) 1

by L(u,v) = <[¢%"Z]> +J ([(]EE]) = pc(u) + Jpc(v), where J is the com-

plex structure

Since L is elliptic then Tiargy(T* Ay = im L @ ker L*. The following
lemma shows that when (A”, ¢) € By then the same is true for the operator
pc = Lie(Gp) = Tiang) (T*A) g

Lemma 4.9. Let (A, ¢o) € Brr. Then T(an ¢\ (T* A) g = im pc @ ker pg..

Proof. Since L is elliptic then im L = im pc +im Jpc is closed, and so we
have T 4z po) (T*A) i = im L & ker [~/*.~The adjoint L* is given by L*(a”, ¢)
= (pt(a”, ), —p&J (", ¢)) and so ker L* = ker pi Nker(pgJ).

Since impc +imJpc is closed and (A”,¢) € By, then impc C
(im Jpc)* and im Jpc C (im pc)*. Lemma 3.23 then shows that im pc =
(im Jpc)* and im Jpc = (im pc)*, so im pc and im Jpc are closed subspaces
of im L and we have im L = im p¢ @ im Jp¢. Therefore

Tiay 60)(T* A) g = im pc @ im Jpc @ (ker p¢ Nker(pgJ))
Since im Jpc @ (ker pf Nker(pJ)) C ker p. C (impc)t  then applying
Lemma 3.23 again shows that the set inclusions are in fact equalities, which

gives the decomposition T(Aa/’d)o)(T*A)Hl = im pc @ ker pg.. U

The next lemma follows from the inverse function theorem.
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Lemma 4.10. The map f: (ker pc)® x ker pts — T* A given by f(u,a”, )
=ev. (A" +d", ¢+ ) is a local diffeomorphism at (0,0,0).

Proof. The derivative of f at (0,0,0) is the map df (du, da”,dp) = pc(ou) +
(6a”,d¢), which is an isomorphism by the previous lemma. The inverse
function theorem then shows that f is a local diffeomorphism. O

Now let S(4 4) be the slice given by
Sarg) =ker pe N {(a",¢) € Tiar o) (T* A v = dyp + [a”, ¢] + [a", ¢] = 0}

Lemma 4.11. Let f be the restriction of f to (ker pc)t x Sargy- If
(A", ¢) € By satisfies ||(A”, ¢) — (A", d)||m < e then there exist unique ele-
ments u € (ker pc)® and (a”, ) € S(an ) such that (A", ¢) = fu,a”, ).

Proof. Lemma 4.10 shows that there exists (u,a”, ) € (ker pc)t x ker pf
such that (A”,¢) = f(u,d”, ). Therefore only remains to show that (a”, ¢)
€ S(av,¢), which results from observing that (A", @) € By iff e - (A" +
a’, ¢+ ¢) € By iff (A" +d", ¢+ ) € By. O

Proposition 4.12. Fiz (A", ¢) € Bgr. Then the map f : (ker pc)* x Siar )
— By is a local homeomorphism from a neighbourhood of zero in (ker pc)*
X Sang) to a neighbourhood of (A", $) € Bpy.

Proof of Proposition 4.12. If (a", @) € S(ar g then f(u,a”, ) € By for any
u € (ker p)*, which combined with the previous lemma shows that f is sur-
jective onto a neighbourhood of (A", ¢) € By:. Since f is the restriction of

a local diffeomorphism then it is a local homeomorphism onto a neighbour-
hood of (A”, ¢) in BHI. 0

Given a filtration (x) of the bundle E, define the subset of the slice
consisting of variations that preserve the filtration by (S( Au@)) L, =Surg N
QOL(UT(E, %)) ® QX°(UT(E, %)). Let p be the projection p: (ker pc)® x
Scar gy — (ker p(c)J‘ X (S( A”,(p))*- We then have the following description of
each stratum close to a critical point.

Lemma 4.13. Let (Ao, ¢o) € B be a critical point of YMH with Harder-
Narasimhan filtration (x). Then there exists € > 0 such that for any (A", @)
€ (Bu)ur with [[(A”,¢) — (AG, ¢0)|l 1 < e, there exists (u,a”,¢) € ker(1 —
p) such that f(u,a”, @) = (A", ).
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Remark 4.14. Conversely, this lemma implies that if (A”,¢) € By
(Bu) g and (A”,¢) is close to (B,)m, then there exists (u,a”,y) satisfy-
ing (1 —p)(a”, ) #0 and f (u,a”, o) = (A", ¢). In other words we have a
criterion that describes exactly when a point in a neighbourhood of (Af, ¢o)
lies in the stratum (B,)m:.

Proof of Lemma 4.13. Proposition 4.12 states that there exists € > 0 such
that given a point (A", ¢) within a distance e from (A{], ¢o) in the H! norm
there exists (u,a”,¢) € (ker pc)™ & S(ar ) such that f(u,a”,0) = (A", ).
Restricting to the stratum B, we follow the same steps as in the proof of
Proposition 3.5 from [4] (for the Yang-Mills functional and unitary connec-
tions), except for the functional YMH and GL(n,C) connections, to show
that (a”, ) € (S Au@))*. Therefore the projection p is the identity on this
space, which completes the proof. O

Let (ker pc)t = (ker pc)t NQO(UT(E, %)). The previous lemma
describes a neighbourhood in (B,)g:, and now we describe a neighbour-
hood in (B$*) .

Lemma 4.15. The restricted map f, : (ker p(c)i‘ X (S(A”,¢))* — (BS%) g s
a local homeomorphism.

Proof. Clearly f, maps into (B#%) 1. Since it is the restriction of a local
homeomorphism then it is a local homeomorphism onto its image, and so the
proof reduces to showing that f* is locally surjective. Lemma 4.13 shows that
if (A", ) is close to (A”, ) in the H' norm then there exists u € (ker pc)™
and (a”, ) € (S(arg)), such that e - (A" +d”, ¢ + ) = (A, ). The proof
then reduces to showing that u € (ker pc)f. Restricting our viewpoint to
the holomorphic structures, we see that a weak sub-bundle 7 corresponding
to a term in the Harder-Narasimhan filtration () is holomorphic, and so the
equation in Lemma (3.2) of [4] holds for 7. This allows us to prove a Higgs-
bundle version of Lemma (3.3) in [4], which shows that u € (ker pc) f . 0O

Proposition 4.16. (B,),. is homeomorphic to
C ~
gH2 X(Gf,z)* (BiS)Hl = gH2 ngiagHQ (BiS)Hl

where Ggiog C G denotes the space of diagonal gauge transformations with
respect to the fized C* filtration (x).

Proof of Proposition 4.16. Define the map 9 : Q}Cp X(ge,). B g — (Bu)
by ¥(lg, (A", 9)]) = g- (A", ¢). If ¢([g1, (AT, ¢1)]) = ¥([g2, (A3, ¢2)]) then
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g1 - (Alll’ $1) =gz~ (A/2/7 ¢2) with (Allla $1), (A/2/> $2) € (B )1, so 9;192 €
gt g2 and therefore ¢ is injective. Lemma 4.8 shows that 1 is surjective
onto (B,,)x1, and so the first equality in the proposition will follow if we can
show that v is a local homeomorphism.

Lemma 4.15 shows that a neighbourhood of a point (Afj, ¢o) € (B*) g is
homeomorphic to a neighbourhood of zero in (ker qu)*L X (S( Ag,%))*. There-
fore, in Q%Q ngHz (Bis)Hl we have [97 (A//7 ¢)] = [97 et (AIOI + a//7 ¢0 + 90)] =
[e=ug, Ay + a”, do + ¢], since e € (G5.).. This implies that v([g, (4", ¢)]) =
e g - (Af +a”, ¢o + @) with (a”,¢) € (S(ar,6,)),- Lemma 4.13 then shows
that 1) is a local homeomorphism when g is close to the identity, and trans-
lating this result by the action of the complex gauge group shows that 1 is
a local homeomorphism for all g.

The homeomorphism G, = (gf)m X Guing 2 Y2 from Theorem 2.16 in
[4] completes the proof of the second equality in the statement of
Proposition 4.16. O

Corollary 4.17.
B, = GC xge B =G xg,,,, B

Proof. Lemma 14.8 of [2] shows that every ggg—orbit in A% contains a
C® holomorphic structure d’j. If the holomorphic structure A” is smooth,
then since the Higgs bundle equation d’j¢ = 0 is elliptic then all ¢ satisfying
this condition are smooth. Therefore every Q}C{Q—orbit in By contains a
C* Higgs pair. Moreover, if two C'*° holomorphic structures A} and Af
are isomorphic by an element g € Gg=, then bootstrapping the equation
gA — AYg = d"g shows that g is smooth also, and so every G&,-orbit in
By contains exactly one G€ orbit of smooth Higgs pairs. The corollary
then follows from Proposition 4.16. U

5. Convergence to the graded object of the filtration

The results of Section 3 show that the gradient flow of YMH converges
smoothly to a critical point of YMH, and the results of Section 4 describe
the type of the ¢-invariant Harder—Narasimhan filtration at the limit. The
purpose of this section is to provide an algebraic description of the iso-
morphism class of the limit of the gradient flow, a Higgs bundle version
of [4, Corollary 5.19] (for the Yang—Mills functional on a Riemann surface)
and [6, Theorem 1] (Yang—Mills on a Kéhler surface). To describe the limit
algebraically requires a description of the appropriate Higgs bundle versions
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of the Seshadri filtration and the Harder—Narasimhan—Seshadri filtration,
which is contained in the following Propositions (cf. [6, Propositions 2.5 and
2.6] for holomorphic bundles)

Proposition 5.1. Let (A", ¢) be a Higgs-semistable structure on E. Then
there is a filtration of E by ¢-invariant holomorphic sub-bundles

O=khCchcC---Ck=F

called a ¢-invariant Seshadri filtration of E, such that F;/F;_1 is Higgs
stable for all i (with respect to the Higgs structure induced from (A", )),
and ((F/Fy_1) = u(E). The graded object GrS(A”,¢) = @le F;/F;_1 is
uniquely determined by the isomorphism class of (A", ).

Proposition 5.2. Let (A”,¢) be a Higgs structure on E. Then there is
a double filtration {E;;} of E, called a ¢-invariant Harder-Narasimhan-
Seshadri filtration of E (HNS filtration) such that if {E;}{_, is the
¢-invariant HN filtration of E then

Ei 1=F,oCFE1C---CkLiy =E;
is a Seshadri filtration of E;/E;_1. The associated graded object
(5.1) G (A", ¢) = PP Qi
i=1 j=1
is uniquely determined by the isomorphism class of (A", ®).

Recall the gradient flow retraction r : B — Bt onto the set of critical
points Bt defined in Theorem 3.1. The main theorem of this section is the
following.

Theorem 5.3. The isomorphism class of the gradient flow retraction is
given by

(5.2) r(A”,¢) = G5 (4" ¢).

Consider a sequence t, — oo, and denote (A(ty)”, #(tn)) by (A, dn).
Let g, € G be the complex gauge transformation corresponding to the
finite-time gradient flow from time ¢y to t,, i.e. (A, ¢n) = gn - (A], do).
Let S be the first term in the Harder—Narasimhan—Seshadri filtration of
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E, and let fy:S — E be the ¢-invariant, holomorphic inclusion. Define
the map f, : S — E by f, = gn o fo, and note that since fy and g,, are ¢-
invariant holomorphic sections of the associated Higgs bundles Hom(S, Ey)
and Hom(Fy, E,) (with the induced Higgs fields) then f,, is also holomorphic
and ¢-invariant. Define the operators

D" Q%ad(E)) — QY (End(E)) ® QYO (End(E))
and
D@j : QO(HOHI(EZ‘, Ej) — Qo’l (HOII](EZ‘, E])) D Ql’o (HOH](EZ', E]))

by u (diﬁl"u, (¢, u]) and u > (d”u + Afu — uAY, dju — ugbl) Let g; 5 €
GC correspond to the finite-time gradient flow from time ¢; to tj (e gij-
(Ai, ¢i) = (A}, ¢;)). Then a simple calculation shows that D; jg; ; = 0. The
proof of Proposition 3.3 shows that ||¢|| g+ and ||F4|| g+ are bounded for all
k along the gradient flow of YMH, and so for all £

(5.3) 1Di jull e < Cllull e,

where the bound C' is uniform along the gradient flow, by [18, Proposition A]
and Lemma 3.14 in this paper. After these preliminaries we can now prove
the following claim.

Claim 5.4. f, converges in the H¥ norm for all k£ to some non-zero
¢-invariant holomorphic map fuo.

Proof. Replace f, by ||f7{7|n|L2 (note that || fy|| ;- # 0 for all n since || fo|/z> # 0
and g, is an automorphism of F) and consider D(’)”n fn = D()’voo fn + [Bn, fn]
where 3, — 0 in H* for all k (since D! — D’ in H* for all k). Since f,, is
holomorphic, Dg ,, fn = 0. Therefore for any ¢ we have the estimate

(5:4) 1D o fnll e < 1Bnllco I fnll e

Since 3, — 0 smoothly then along a subsequence (also denoted f,), f, is
bounded in H* implies that f, is bounded in H*t!, where the bound only
depends on || fy| ge. Since || fn||zz = 1, by induction ||fy, | ge < Cp for all £.
Therefore there exists fo such that f, — fao strongly in H*~! for all £. The
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estimate (5.3) for the operator ng shows that

106 co ool e < (D8 0o (Fr = Foo)ll yres + 106 00 fr| o
<C an fooum + || Dg oo fo| gre-s

Since (3, — 0 and || f,,|| g is bounded, (5.4) shows that the right-hand side of
the above estimate approaches zero as n — oo for all £. Therefore D&oo foo =
0 and so fs is holomorphic. Since || f,||z2z = 1 for all n then f # 0. O

Theorem 4.1 shows that the type of the Harder—Narasimhan filtration
is preserved in the limit. The next result shows that the destabilizing
Higgs sub-bundles in the Harder—Narasimhan filtration along the gradient
flow converge to the destabilizing Higgs sub-bundles of the limiting Higgs
pair. In the following we use the projection 7 : E — F to denote the sub-
bundle 7(E).

Proposition 5.5. Let {ﬂ'lgi)} be the HN ﬁltmtzon of a solution (A}, d) to
the gradient flow equations (3.1), and let {71' } be the HN filtration of the

(%) (@)

limit (AS, ¢c). Then there exists a subsequence {t;} such that m,’ — T

in L? for all i.
To prove this we need the following lemmas.
Lemma 5.6. ||D} (ﬂ't )||L2 — 0.

Proof. Let Dy : QYEnd(E)) — Q%Y(End(E)) @ Q1°(End(E)) denote the
infinitesimal action of GC at time t, i.e. D) (u) = (d’y,u, [¢1,u]). The Chern—
Weil formula of [21] shows that

i -1 i x o (i
65 des(n’) = 0 [ (e (B, + o 610) — DL

Along the finite-time flow d; = deg(ﬂgi)) is fixed; therefore we can re-write
(5.5):

1D (r)lze = ~ds + Y / #(Fa. +[¢oo,¢oo]>)
(56) (e (B o 60) = P — 0 62).

Theorem 3.1 shows that Fa, + [¢r, ¢;] — Fa,, + [¢oo, #5c] in the C'° topol-
ogy, and therefore since 7;" is uniformly bounded in L? (it is a projection)
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then the last term in (5.6) converges to zero. Let p be the HN type of
(AZ, Poo). Since (AL, ¢oo) is a critical point of YMH, we also have

el

61 Y [ (s (Fa o)) €Y =i
X k<rank(r$)
Combining all of these results, we see that || D} (wgl))H 2 — 0. O

In particular, this lemma shows that Hwti |z < C and so there exists

-~ (4) (@) _, ~@@)

some T, and a subsequence t; such that Ty = Tog weakly in H! and

strongly in L2.
Lemma 5.7. HD’O’O(fr&))HLz =0.

Proof. || D2 (n{")|| > < || D, (x}") — DY @&y’ >||L2+||D"<wt )[z2.  Theorem

3.1 and the previous lemma then show that || D/ (7rt )HL2 — 0. Since 7r§ D,

7r<(>0) weakly in H! then HDgo(froo)Hp = 0. O
Lemma 5.8. deg(fr&?) = deg(m (Z))

Proof. The previous lemma and equation (5.5) show that

deg(71) = / * (Fa, + ¢, <Z5oo]))
5.8 — 7 ()12 (2)
(5.8) jlggo |7 i3 + deg (i)

= deg (m(x?) :

where in the last step we use the result of Theorem 4.1 that the type of the
HN filtration is preserved in the limit. 0

Proof of Proposition 5.5. The results of the preceding lemmas show that
the degree and rank of 7['((30) and 7TC(,O) are the same. For ¢ =1, 71'&) is the
maximal destabilizing Higgs sub-bundle of (A, ¢oo), which is the unique
Higgs sub-bundle of this degree and rank. Therefore wé}) = ﬁé})). Proceeding
by induction on the HN filtration as in [6] completes the proof of Proposi-

tion 5.5. O

Following the idea in part (2) of the proof of [6, Lemma 4.5] in the Yang—
Mills case, we see that the same argument applies to the Seshadri filtration
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of a semistable Higgs bundle, except that because of the lack of uniqueness
of the Seshadri filtration we can only conclude that the degree and rank of
the limiting sub-bundle are the same.

The following lemma is completely analogous to the proof of in [14,
(V.7.11)] for holomorphic bundles and so the proof is omitted.

Lemma 5.9. Let (S1,¢1) be a stable Higgs bundle, and let (S2,¢2) be a

semistable Higgs bundle over a compact Riemann surface X. Also suppose

that riigk(&)) = riigl((fszz)), and let f : S1 — Sy be a holomorphic map satisfying

fogr=¢a0 f. Then either f =0 or f is injective.

Since the Harder—Narasimhan filtration is preserved in the limit then
(S, Ao, o) is Higgs-stable and (S, Ao, Poo) is Higgs-semistable with the same
degree/rank ratio, so the non-zero map fo, must be injective. Therefore
im foo = (S, Aso, do) is Higgs-stable. Using [4, Lemma 5.12] we can assume
(after unitary co-ordinate changes) that the operator D} preserves the bun-
dle S for all i. To complete the induction we need the following result for
the quotient bundle Q).

Claim 5.10. Let Q = E;/Sk. Then Q. = hy, - Qo for some hy, € GE(Q),
the induced connections D;-’Q converge to some DgoQ in the C* norm, and
Qo and -, have the same ¢-invariant Harder—-Narasimhan type.

Proof. The construction of hj follows from the following commutative dia-
gram

(5.9) 0 So Ey Qo 0
|

\

0 Sk Ey, Qk 0

where the map hy, is constructed from the maps fi and g using the exactness
of the rows in the diagram.

Using the notation from [4, Lemma 5.12], the induced connection on
Qy, is given by DgQ = NkJ‘DZTFkJ‘. Lemma 5.12 from [4] states that 7} =
T is constant with respect to k, and so DZQ = = D{lmL converges to
7LD/ 7l = D” 9. Finally, Theorem 4.1 shows that Qo and Qs have the
same Harder—Narasimhan type. O

Therefore we can apply the previous argument to the first term in the
double filtration of (). Repeating this process inductively shows that the
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limit of the gradient flow YMH along the sequence {t,} is the graded
object associated to the ¢-invariant Harder—Narasimhan—Seshadri filtration
of (A”, ¢). Since Theorem 3.1 shows that the limit exists along the flow inde-
pendently of the subsequence chosen, the limit is GrINS(A”, ¢), completing
the proof of Theorem 5.3.
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