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Abstract: In this paper we consider the dynamics of the monopole solutions of
Yang-Mills—Higgs theory on Minkowski space. The monopoles are solutions of the
Yang-Mills-Higgs equations on three dimensional Euclidean space. It is of interest
to understand how they evolve in time when considered as solutions of the Yang-
Mills-Higgs equations on Minkowski space-i.e. the time dependent equations. It
was suggested by Manton that in certain situations the monopole dynamics could
be understood in terms of geodesics with respect to a certain metric on the space
of guage equivalence classes of monopoles-the moduli space. The metric is defined
by taking the L? inner product of tangent vectors to this space. In this paper we
will prove that Manton’s approximation is indeed valid in the right circumstances,
which correspond to the slow motion of monopoles. The metric on the moduli space
of monopoles was analysed in a book by Atiyah and Hitchin, so together with
the results of this paper a detailed and rigorous understanding of the low energy
dynamics of monopoles in Yang-Mills—Higgs theory is obtained. The strategy of the
proof is to develop asymptotic expansions using appropriate gauge conditions, and
then to use energy estimates to prove their validity. For the case of monopoles to
be considered here there is a technical obstacle to be overcome-when the equations
are linearised about the monopole the continuous spectrum extends all the way to
the origin. This is overcome by using a norm introduced by Taubes in a discussion
of index theory for the Yang-Mills-Higgs functional.

1. Introduction

In this paper we will construct certain solutions of the Yang-Mills-Higgs equations
on Minkowski space. To write these down let (xo,x1,%2,X3) = (¢,%1,%2,%3) be co-
ordinates on Minkowski space, then the dependent variables are an su(2) valued
one form called the connection:

A = Aydt + A1dx; + Ardxs + Azdx;
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and an su(2) valued function called the Higgs field ®(z,x). The curvature is a two
form

13

F= 3 > Fudx, Adxy

#yv=0
where A oA
=—— £ 4][4,,4

uv axv axv +[ 14 V] ’
where [ -, - ] means matrix commutation (see Sect. 2 and Appendix A for notation.)
The Yang-Mills—Higgs equations are:

3
EDiFiO = _[¢9D0¢] > (11)
i=1
3
—DoFjo + ElDiFji = —[9,D;9], (12)
3
Di® - YD =0, (1.3)

i=1
where D, = (V4), = 0, + [4,, + ]is a covariant derivative. The equations are writ-
ten out in terms of (4, @) in Sect. 5. An important property of the equations is gauge
invariance — let g(t,x) be a differentiable SU(2) valued function, then if (4, @) is
a solution of Egs. 1.1-1.3 then so is (gdg~! + gdg™',g®g~ ).

A static solution is one in which (4, @) are independent of ¢ and 4y = 0. There
are a particularly interesting class of static solutions called monopoles which min-
imise a functional (called the Yang-Mills—Higgs functional-see Eq. 2.1) subject to
the condition |@| — 1 as |x| — oo. The space of monopoles consists of different
components characterised by a topological integer k£, which is the winding number
of the Higgs field on a very large sphere. After dividing out by the action of the
gauge transformations these different components are smooth manifolds of dimen-
sion 4k — 1 and are called the moduli spaces of monopoles of degree k, and will
be denoted Ni. As is discussed in Sects. 2—4 it is necessary for technical reasons
to increase the dimension of N; by one to obtain a 4k dimensional manifold M;
which is a circle bundle over N;. There is a Riemannian metric on M; defined by
taking the L? inner product of tangent vectors. Properties of this metric have been
discussed in detail in the book [AH88]. We will construct solutions to Egs. 1.1-1.3
which are close to one of the monopole solutions throughout a long time period. Of
course the monopole to which our solution is closest varies with time in general,
and it was suggested by Manton ([Man82]) that the time evolution of this “closest
monopole” should be approximately geodesic on M in the slow motion limit. This
paper provides a rigorous justification of this suggestion.

A similar problem for the two dimensional Abelian Higgs model has recently
been discussed in [Stu]. In the present paper the formal asymptotic situation is very
similar, but the proof that the asymptotics are valid is considerably more difficult.
This is because in this case when the equations are linearised about a monopole
the associated linear operator has a spectrum which extends all the way to the
origin. This is in contrast to the case of the Abelian Higgs model, where there is a
gap between the zero modes (eigenvectors with zero eigenvalue) and the rest of the
spectrum. The physical origin of this different behaviour lies in symmetry breaking —
the reader unfamiliar with these ideas can either refer to Sect. 8.3 in [CL84] for
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physical background or ignore all the physical terminology and concentrate on the
analysis. In the Abelian Higgs case there is complete symmetry breaking and all
fields are massive. This means that all physical quantities decay exponentially in
space and is associated with the existence of a gap in the spectrum of the linear
operator which is obtained by linearising about the static solutions (see [Stu]). But
in the monopole problem under discussion here the symmetry breaking is only
partial-there is a residual circle symmetry, and associated with this are massless
fields. Thus physical quantities do not decay exponentially-in fact the magnetic field
has a Coulomb tail (~ |x|~2). Associated with this is the fact that the continuous
spectrum of the linear operator extends all the way to zero-see Sects. 2 and 4.
We now sketch the proof given in this paper and discuss the resolution of these
analytical difficulties.

Let {g, }2’;31 be a local co-ordinate patch on M;-this means that we have a map

g — Yo(x;9)

which is a local diffeomorphism from an open set in R* to a 4k parameter family
of monopoles. Such co-ordinate patches are constructed in Sect. 4, and they have

the additional property that %Z—’Q is square integrable. We will produce solutions
"

which are close to slowly varying monopoles. Slowly varying means that there is
a small parameter € and the co-ordinates g satisfy:

dg dq 5, dq
2 =06 S5 =06) -5 =0@).

. . 2
We will write T = ef, and use the shorthand f = %é, f= % We now make an
ansatz for the solution. We use the variable ¥ for (41,4,,43,P) and search for
solutions of the form:
40 = O(8%),
P(t,x) = Polx; q(2)) + e2Y(t,x),

where ¥ = (a, J)). In order for the first condition to be consistent it is necessary to
choose the gauge correctly, as we now describe.

Definition. We say that ¥ = (G, ) = (a1, da, s, $) satisfies the gauge orthogonal-
ity condition with respect to a monopole ¥y = (a, @) if

3 ~
;(Va),-di +[4,¢]1=0. (14)

Remark. The geometric interpretation of this is that (&, ¢) is L*-orthogonal to the
direction of the gauge flow at ¥,. (Here we take the inner product on su(2) defined
in Sect. 2). The gauge flow is generated by the infinitesimal gauge transformations,
which are given by

a— —dy+I[yal,

¢_) [X’¢]9

where y is an su(2) valued function on R3. A simple integration by parts shows
that if (d@, @) satisfies the gauge orthogonality condition with respect to ¥y then it is
L?-orthogonal to those infinitesimal gauge transformations generated by compactly
supported x. Notice however that this is not assured if y does not go to zero as
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|x| — oo — in Sect. 3. This remark will be important for the case where y = ¢, the
Higgs field of the monopole itself.

We will choose the gauge such that both ¥, and y satisfy the condition of
gauge orthogonality. The local existence theorem of Appendix E shows that this
is possible (for small ¢). This choice of gauge ensures 4o = O(¢&*), and for the
remainder of this introduction we will ignore 4. We are now left with an equation
for ¢ of the form:

>y y

W+quol//=—‘llo+8], (L5)
where 7 represents the nonlinear terms which are given in Appendix B, and Ly,
is a second order linear differential operator. The estimates for Eq. 1.5 are for the
quantity (¥,Ly,¥);2, so the ideal situation would be if this quadratic form were
equivalent to ||//|?11. In fact there are three sources of degeneracy of this quadratic
form:

(i) Gauge invariance gives rise to an infinite dimensional null space for Ly,.
This is factored out by the choice of gauge just mentioned.

(ii) There is a 4k-dimensional space of square integrable eigenvectors {n, :’;31
of Ly, having zero eigenvalue. These are called the zero modes and form an es-
sential part of the problem. They arise because there are 4k-parameter families of
monopoles. The basic idea of solitary wave perturbation theory is to choose the
evolution of g(¢) such that

W,n)p=0 forp=0,...,4k—1. (1.6)

Definition. We shall say that  satisfies the dynamic condition with respect to the
monopole Wy if it satisfies the conditions in Eq. 1.6 where n, € Ker Ly,

Thus if y satisfies the dynamic condition the finite dimensional degeneracy due to
the zero modes is removed. The reason for this terminology is that this condition
determines the monopole dynamics, i.e. the evolution of the monopole parameters
q(t). This is well understood and goes back to the paper [Ben72]. This condition
can be interpreted as choosing g(¢) such that Py(x; ¢(¢)) is the closest monopole to
the solution at time ¢ in the L? sense (see [Stu]).

(iii) There is a degeneracy because the continuous spectrum reaches the origin.
This is a technical obstacle which arises due to partial symmetry breaking.

Thus we use the gauge orthogonality and dynamic conditions to overcome the
first two degeneracies, but on account of the third the quadratic form (/, Ly ¥);2 is
definitely still not equivalent to the H! norm. However it is possible to prove after
a very careful analysis of the linearized static problem that for smooth compactly
supported sections Y satisfying the dynamic and gauge orthogonality conditions
there exists a number ¢ such that

e Wlh, < W Legdp < cllyz (1.7)

where

Wz = JAVYP + 116,91 )dx .

We define the space Hy, to be the completion of the smooth compactly supported
sections with respect to this norm. Further definitions are given in Appendix A. As
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a consequence of 1.7 we have to work with the norm | - |y, — in particular we do
not have L? control over the component of Vs in the direction of the Higgs field.
This necessitates great care in the estimates. To prove that i is bounded for times

of O (71,;-) we use the energy and higher order energy identites for Eq. 1.5 given in
Sect. 6. To do this we need to estimate two types of terms:

J QWi 5W))dx and [(Po,¥)dx .

For the first of these we need the crucial fact that (ignoring Ag)

W)L, < (e, + [V Po) .

To explain the meaning of this in words we can say that the bad terms-the compo-
nent of y along the Higgs field, over which we have no L? control — is decoupled
from the nonlinear evolution in an appropriate sense. This is one of the reasons that
Manton’s approximation is valid in spite of the radiation.

To estimate the second term we use the fact that from Sobolev’s theorem

I‘/’|L6 =< C"/’|9’0 s

so that if we can estimate ¥, in L%° we will be done. (Apply Holder’s inequality
with p = 6,9 = 6/5). In fact on account of the dynamic condition, we only need
prove that after subtracting out a linear combination of zero modes ¥, € L%°,
This is proved in Sect. 3 using a careful analysis of the linearized problem based
on Green function estimates for the Dirac operator on Euclidean R>.

The proof of 1.7 given in Sect. 7 depends on three basic facts

(i) The quadratic form (¢, Ly,¥);> is non-negative. This is because the mono-
poles minimize the Yang-Mills—Higgs functional (which is defined in Sect. 2). This
non-negativity can be seen explicitly in the formula 5.13, which allows us to write
L as a product of two first order operators whose symbol is the Dirac operator on
Euclidean R3.

*
Llyo = lpogl]lo .

These operators, which are defined in Sect. 3 were studied in detail in [Tau83] and
further results are given in this paper.
(ii) The following formula:

Ly = ~dgu ~ [8,19,l] + 5 PeulFypo ] (Vo]

shows that at spatial infinity the quadratic form (, Ly,¥);> becomes equal to |y/|3, »

(iii) For each zero mode n, there is a square integrable section f, such that
n, = Dy, f,. This is the crucial analytical fact which combined with the standard
situation given by the previous two statements allows us to prove 1.7. It is proved
in Appendix A.

The dynamic condition (Y,n,);2 =0 leads to modulation equations for g(t)
which are self-contained to highest order. These are obtained by differentiating twice
and substituting for i, from Eq. 1.5. This leads to the equation:

(Po,nu)2 = O(e) .
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If we put zero on the right-hand side this is in fact just the condition that ¢ — ¥y(¢)
be a geodesic. This is because the linear span of the zero modes n, is the tangent
space Ty,M;, and our metric with respect to the co-ordinate system is given by

Juw = (n[b my)p2 -

Now by our requirement that ¥ should satisfy the gauge orthogonality condition
we see that ¥y € Ty, M;, and the geodesic equation is just the requirement that the

projection of ¥, onto T w,M;. should be zero. To see this more concretely one can
calculate explicitly in the co-ordinate system g, the condition above becomes

‘jp = _(g_l)uv((nv, ﬁl)Lqu) + 0(8)

which can be shown to be the geodesic equation by direct calculation. This calcu-
lation has been done in [Stu] and will not be repeated here.

The O(¢) terms depend on Y and so our asymptotics lead to a coupled system
of ordinary and partial differential equations, for which local existence is proved
in Appendix E. To prove that asymptotics are valid we have to prove that for

times of O (%) ,|W|r is bounded and ¢(¢) differs from ¢°(¢), the solution of the
unperturbed geodesic equation with the same initial values, by O(¢). We now state
our main theorem using some notation defined in Appendix A:

Theorem 1.1. Consider the initial value problem for Egs. 1.1-1.3 with initial data
of the form

?(0,x) = Po(9(0)) + eY(0,x) , (1.8)
?,(0,x) = &4,n, + £Y(0,x) , (1.9)

where Y(0) € L2, (Y(0),¥:(0)) € Hs wy(q0)) D Hawyq0)) and Y(0) satisfies the dy-
namic and gauge orthogonality conditions with respect to ¥o(q(0)). Then there

exists &, such that for ¢ < &, there is a time T = O (%) such that there is a
solution on [0,T] of the form

P(1,x) = Po(q(1)) + EY(1,x)

where Wo(q(t)) and Y(t) satisfy the gauge orthogonality with respect to ¥o(q(t)),
and Y(t) satisfies the dynamic condition with respect to ¥o(q(t)). In addition
[olawo(qy) = OE), ()3 w5(ay) + [Wi(O)|2,woiqery) i bounded independent of &

an
— e\ =
max la(#) — q"(et)| = OCe),
where q°(t) is the solution of the geodesic equation on My with initial data
4(0),4(0). The solution has the regularity described in Sect. 8.

This theorem leaves open two very interesting questions which are related.
Firstly it is known (see [MB88]) that there are closed geodesics on Mj, so it
is natural to ask whether there are corresponding periodic solutions of Egs. 1.1-1.3,
which could be interpreted as monopole bound states. Secondly it would be inter-
esting to understand the asymptotic behaviour as ¢ — oo of the equations — does the
solution converge in L* to an approximate superposition of monopoles as t — 0c?
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(Something of this type occurs in the case of the KdV equation.) Clearly the exis-
tence of a bound state would be an obstruction to this, so if bound states do exist
one might expect the asymptotic appearance of the solution to be a superposition
of monopoles and bound states. Something of this type occurs for the Sine—Gordon
equation, in which there are kink bound states (breathers) which together with the
kinks themselves dominate the behaviour as ¢t — oo.

Finally we summarize the contents of this paper. In Sect. 2 we review the
static solutions and discuss their asymptotic decay properties. A theorem on the
asymptotic appearance of monopoles at spatial infinity is proved in Appendix D.
In Sect. 3 we discuss the linearised problem and obtain some results on the zero
modes and their derivatives using Green function estimates for the Euclidean Dirac
operator which are proved in Appendix C. In Sect. 4 we obtain local spaces of
solutions by “integrating up” the zero modes with the inverse function theorem. In
Sect. 5 the asymptotic expansions for monopole dynamics are developed, leading
to a coupled system of equations for Ay, V¥, q for which local existence is proved in
Appendix E. In Sect. 6 some higher order energy identities are written down for the
system of equations. In Sect. 7 it is shown that the higher order energies provide
a good norm for the solution-equivalent to the norm used in the local existence
theorem. Finally in Sect. 8 the main theorem is proved. In Appendix A various
definitions and background results are collected.

The reader will find good mathematical introductions to gauge theories in [JT82]
and [Ble81], while the physical background is explained in [CL84].

2. The Monopole Solutions

In this section we review the static situation — the equations of interest correspond
to critical points of the Yang—Mills functional

1
&= [|F*+|Do. 1)
25

Here all the fields are sections of vector bundles over R® — F = dA4 + %[A,A] is

the curvature (magnetic field) associated to a connection (vector potential) 4 on
R? on a principal SU(2) bundle, and @ is a section of an associated su(2) bundle.
Since the base space is R® these bundles are all trivial and so the fields are just
su(2) valued functions. The Lie group SU(2) is the group of unitary two by two
matrices with determinant equal to +1. The Lie algebra su(2) is the vector space
of traceless, skew-hermitian two by two matrices with the multiplication given by

commutation:
[A,B]=AB—BA. 22)

For an inner product on su(2) we take
A-B=(4,B)= —%tr(AB) .
This inner product has the following useful invariance property:
([4,B],C) +(B,[4,C]) =0. (2.3)

We can then take as orthonormal basis
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we(i 9)e=(5 Das(0)). o

We can now see that su(2) is isomorphic to R> with the vector product giving the
Lie bracket operation since
[er,e2] =2e3.

The covariant derivative of an su(2)-valued function is Dy f =df + [4, f]. The
subscript 4 will be omitted whenever no confusion is possible.

The functional defined in Eq. 2.1 is invariant under the gauge transformations.
These are given as follows — if g(x) is a differentiable SU(2)-valued function, then
it generates a gauge transformation according to:

A—gog~' +gdg™' ®—gbg™' F —gFg', (25)

which will be written as
(4,9) — p(g)(4,P) .

The multi-monopoles appear as minima of the functional defined in Eq. 2.1 within a
given topological sector. The different topological sectors are specified by requiring
that

|®| — 1 as |x| — o0 (2.6)

Then at spatial infinity @ defines a map between spheres whose degree k is the
required topological number. To be more precise in [Gro84] it is proved that if the
following conditions are satisfied:

(i) limp—,c0 SUP} g (1 —|D]) =0
(i) &(4,®) < 0o,

then
—trfquAF_ lim 4— [ 1o (®,F)=k €Z. Q7

r—00 lxl =R

We now minimise & in the space such that 4, @ and their first derivatives are locally
square integrable. Now from Sect. 4.11 of [JT82] it is known that for finite action
critical points of & there exists a number M such that limg—, 0 SUp|_p(M — [®|) =
0. We can then rescale to make M = 1 (see p. 102 of [JT82]) Thus we lose nothing
by restricting further the space on which we minimise by requiring the condition
(i) above to hold. To see the importance of this we use formula 2.7 to write a
Bogomolny decomposition:

s=1 [|*F ¥ DOJ* + 4nk; . (2.8)
24

The minima of & with negative winding number will therefore be solutions of the
Bogomolny equations

*F=-D® or Fi=&mmDn® . 2.9)

It will in fact follow from the decay results in Eqs. 2.12-2.14 that the integer k;
is equal to the winding number of & on large spheres (see p.44 in [JT82]). The
minima will also be solutions of the Euler—Lagrange equations corresponding to the
functional in Eq. 2.1:
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3
-IZD?A,- +Didid; = —[®,D;9] (2.10)
=1

3
-\D?®=0. (2.11)
=1

The Bogomolny equations can be studied both by analytical methods (see [JT82,
Tau82]) and by integrable systems methods (see [Hit82, Hit83, AH88, Dong4,
ES89]). From analytical considerations it is known that all solutions are smooth
in an appropriate gauge — in fact any solution of the second order Euler-Lagrange
equations which has the property that there exists a gauge in which 4, ® and their
first derivatives are locally square integrable is gauge equivalent to a smooth solu-
tion and locally gauge equivalent to a real analytic one. In addition we have the

following decay properties for our monopoles:

k

(i) |D¢|= wE O(lx| 72, (2.12)

i) |6l =1- 5% + 02, (2.13)
0

(iii) a%l = 0(]x|™?), (2.14)

where ??QQ_ means angular derivative, and ¢ € (0,1). This follows from the results

of [JT82], and is proved in Appendix D. This provides a link with the integrable
systems methods where the solutions of the Bogomolny equations satisfying these
decay properties are studied and parametrised using algebraic geometry. Since all
the minima satisfy these decay properties there is a full equivalence between the
classes of solutions studied with analysis and with integrable systems methods.

It is known that the moduli space of solutions (that is the space of gauge
equivalence classes of solutions) for the Bogomolny equations with these boundary
conditions is a 4k — 1 dimensional smooth manifold, which we shall call N;. For
example if k =1 there are three parameters corresponding to the centre of the
monopole. If the centre is chosen at the origin the solution can be written explicitly:

1 1
_-(tanhr—;)n.e’ (2.15)
1 1
a(x) = (sinhr — ;) nxe-dx, (2.16)

a solution known as the Prasad—Sommerfeld solution, which is known to be unique
among the radially symmetric solutions ([Mai81]). Here n = x/|x| and e is the
orthonormal basis for su(2) defined in Eq. 2.4. We shall be concerned with these
4k — 1 parameter families of solutions, which we will generically write as the gauge
equivalence classes

Po(x;9) = (a(x; ), p(x; 9)) ~ p(g)Po(x; 9) = (9dg™" + ga(x;9)g™", gd(x;9)9™")
(2.17)

for a set of local parameters {qu}ff‘:‘ll on the moduli space. The existence of such
families of solutions was first suggested by an informal parameter counting of



158 D. Stuart

Weinberg ([Wei79]) and the construction of 3k parameter families by patching of
Prasad Sommerfeld monopoles sufficiently well separated ([JT82]). Later in [Tau83]
a rigorous index calculation was given to confirm the number 4k — 1 (subject to
a proviso on an additional “non-physical” zero mode discussed below). Integrable
systems methods confirmed this and gave much additional information ([Hit82,
Hit83, Don84, ES89]) — in particular there is a circle bundle M} over N;, whose
definition will be reviewed below, which was shown in [Don84] to be identical with
the space of base point preserving rational maps. The solutions can be intepreted
as approximate nonlinear superpositions of Prasad—Sommerfeld monopoles in the
limit of large separation, and for this reason the solutions are often referred to as
multi-monopoles for |k| > 1.

In [JT82] there are some further estimates for these solutions which we should
keep in mind. The reader will have observed from Egs. 2.12-2.14 that the solutions
approach their asymptotic values algebraically. This is in distinction to the situation
in the Abelian Higgs model where all physical quantities — for example the magnetic
field and the energy density — decay exponentially (see [JT82, Stu}). In physical
terminology the reason for this is that for the multi-monopoles to exist it is necessary
that there be only partial symmetry breaking (see [CL84]). This is because the
magnetic field from a monopole in three dimensions has a Coulomb tail (~ |x|~%)
so if multi-monopoles are to exist there must be an attractive force to cancel out the
Coulomb repulsion. This is provided by the Higgs field, which must therefore also
approach its asymptotic value algebraically. We now make some informal comments
which will hopefully make this clearer — for details the reader should refer to [JT82].
Mathematically, if there is to be exponential decay the linearised equations at spatial
infinity must look schematically like

(~4+m?u=0.

If this is the case then m is called the mass and controls the exponential decay rate
(see [JT82, Chapter three]). This is how things work out for the Abelian Higgs
model, and the asymptotic value of |®| determines the mass. However this cannot
and does not occur in the monopole case for the reasons just mentioned-there are
still massless directions in which the decay is algebraic. If we linearise the equations
at spatial infinity then we end up with equations which look schematically like

—Au — [¢’ [¢,u]] =0,

where u is an su(2) valued quantity. Thus there will only be exponential decay in
the directions which are transverse to the Higgs field Consequently in order to
state decay results we have to decompose the su(2) valued quantities y as

r=xu+rr =)/

into longitudinal and transverse components relative to the Higgs field. We can now
state the decay results which are proved in [JT82, Chapter Four]. In the transverse
(massive) directions we have exponential decay (broken symmetry):

I(D@)rl, |Fr| < c(e)e =0 (2.18)

while in the longitudinal (massless) directions there is slow algebraic decay (un-
broken symmetry):

0= (119D S o/lxl D)l = c/(Ix). (2.19)
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It was mentioned in the introduction that this is related to behaviour of the
Hessian of &, which we will call Hessy, and we now explain how this comes
about. To understand the Hessian properly it is first of all necessary to “correct”
for gauge invariance. So to look at the value of the Hessian in the direction of the
variation ¥ = (4, qg) we will require ¥ to satisfy the gauge orthogonality condition
with respect to the background monopole ¥, and therefore we can introduce a
modified Hessian

R 3 N\?

Ressr, () = Hessry0) + | (L (V) + 19,61) dx,
which takes on exactly the same value as the Hessian on gauge orthogonal directions
Y. A direct calculation then shows that

Hessy, (W, ¥) = [(IVay* + (¢, Y1) + (l//, %Tiﬁijk[ijau] - Ti[(va)idbu]) .

As usual the critical points of the Hessian give the linearised equations and indeed
one can check that

Hessy, (., ¥) = (W, Ly ¥)p2 -

This explains the relation between the appearance of the linearised equations and the
degeneracy of the Hessian. This formula for Hess illustrates two important points —
firstly the gauge orthogonality condition ensures that all derivatives of y are con-
tained in modified Hessian (whereas for general variations ¥ only the exterior
derivatives appear in the ordinary Hessian). Secondly as |x| — oo the modified
Hessian approaches the norm ||y, defined in the introduction which is crucial
to proving that they are equivalent norms on the subspace orthogonal to the zero
modes — see Sect. 7. Thus we see that we get L? control only over the massive
fields, i.e. those which decay exponentially. The existence of massless fields has as
a consequence the degeneracy of Hess.

3. The Zero Modes

The zero modes are the solutions of the linearised Bogomolny equations which
satisfy the condition of gauge orthogonality defined in Eq. 1.4. These can be written
in an economical way by introducing the quaternionic notation as in [Tau83]. So
let {r'}2, satisfy

T = —6Y 4 Ukek | 3.1
where J is the Kronecker delta symbol and /% is the completely antisymmetric
tensor. These are the purely imaginary quaternions — the whole quaternion algebra
is generated by these together with 1. In this section we want to linearise the
Bogomolny equations so we consider

¥ =(4,0)=Y +¥=(a0)+(Gd),

where ¥y = (a,¢) is a monopole. Using the quaternionic notation we can write

~

'ﬁ = (é’ ¢) as )
v=>ta+¢. (3.2)
i=1
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Notation. A summation convention will often be used for repeated indices. The
su(2) inner product together with the standard inner product on H = R* gives an
inner product ( -, - ) on su(2) @ H. We will use ¢ - n to denote the quaternion
obtained by taking the su(2) inner product of ¢ € su(2) and n € su(2) ® H.

A calculation shows that the linearised Bogomolny equations together with the
condition of gauge orthogonality for i with respect to ¥, can be written as the
single quaternionic equation

9%'!’ = Oa where 9?’0 = —ti(va)i + [¢’ * ] . (3'3)

This operator was studied in [Tau83], where it is shown that it is a Fredholm
operator from Hy, to L?, where these spaces are defined to be the completions of
smooth, compactly supported sections of the su(2) ® H bundle with respect to the
norms

“MW% = |Va¥l2 + |9, ‘/’]liz s

3 -
Wz = [ 1ail* + |9 dx (34
R3i=
Theorem 3.1 (Taubes). Let Wy = (a, ) represent a k-monopole, then there are
exactly 4k solutions of Dy = 0 lying in Hy,. These are called zero modes and

will be denoted n, z’;;‘, while Ty M will be used to denote their linear span.

Remark. Notice that the quaternions act on Ty M; by right multiplication.

Remark. Of these 4k zero modes, 4k — 1 should be regarded as corresponding to
the physical parameters of the moduli space. The remaining zero mode refers to an
infinitesimal gauge transformation produced by the Higgs field itself:

3.
ny = Z:lr’(va),-q& . 3.5)

This is not excluded by the condition of gauge orthogonality — in fact since the
Higgs field itself does not decay at infinity the derivation of the gauge orthogonality
condition does not apply to the case where the gauge transformation is the Higgs
field itself. The existence of such a “non-physical” zero mode is related to the fact
that the symmetry breaking is partial — there are still massless directions longitudinal
relative to the Higgs field. For example in the two dimensional Abelian Higgs model
the symmetry breaking is complete and there are no such “non-physical” zero modes
appear. Thus the true number of parameters which the monopoles depend on is
4k — 1, which agrees with the integrable systems parameter counting (see [Hit82,
Hit83]). To deal with the extra zero mode it is convenient to consider instead of
the moduli space N, a 4k-dimensional space which is a circle bundle over M,
with the gauge transformations induced by the Higgs field itself defining the circle
action. This then gives a correct match between the dimension of the space and the
number of zero modes. The definition of M} discussed in detail in the succeeding
sections.

We are interested in curves T — Wo(t) € M; whose velocity vectors at the point
¥o(7) lie in Ty M. If Po(t) = T'ai(x;q(7)) + @(x;q(7)) then this amounts to re-
quiring that
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d . 4kz—: 1
—(t'a; + @) = q,n,, (3.6)
dt i e uoH

where n, € T 'I’oka‘ We will show in the next section that given a curve in M; we
can apply a gauge transformation to ensure that the velocity vector at each point
satisfies this condition. We will need the following basic facts about the first two
time derivatives of the zero modes:

. d . d?
ny, = E(nu(x;‘c) and 7, = at—2(nﬂ(x;‘c) (3.7)

which are known a priori to be in Hy,.

Lemma 3.2. |n| and |V, n| and their © derivatives decay uniformly to zero, i.e.
lim sup (|n| + |Van| + || + |Van| + || + |Vaii]) = 0. (3.8)

R—o0 |x|=R

Proof. Part of the proof follows very closely arguments in [JT82] and the reader
may want to have that book in hand. In view of Lemma A.5 we only need prove
that |n|, V|n|,V;V;|n| are in L®. To see that this is so we apply Theorem A.7 to
the identity

— (Va)?V,n = 2[Fji,(Va)in] + [(Va)iFjisn] + T [e7Fje + (Va)ig ] + [¢, [, 7] -
3.9)

Notation. In regions where |¢(x)| > 0 we define the longitudinal and transverse
components of an su(2) valued function by

ff=18172 o =11 (3.10)

Since we know that the magnitude of the Higgs field of a monopole configuration
approaches 1 uniformly as |x| — co we can state decay results with regard to this
decomposition.

Lemma 3.3. Let n € Ty M, then for any 6 € (0,1) there exist numbers M(d, |n|w,),
M(|n|w,) such that

" ()] < M(8, |n|y,)e 0K (3.11)
L M(]"|W )
[n"(x)| = W (3.12)

Remark. Notice that a priori there is no reason to suppose that the zero modes are
square integrable. This lemma implies that this is the case. The proof given here
depends on results for the Dirac operator ©/d; given in Appendix C. The fact that
all the zero modes are square integrable is proved by a different method in [Tau83].

Proof. The first statement will be proved by the methods of chapter four in [JT82],
see in particular pages 164—166. Thus the crucial point is the following identity for

n=[¢,nl:
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—A|n +2|¢Pnl* + 41, [Vag, Vanl) + 2| Van|?

+ (1,1, [T (€7 Fix — (Va)ig),n]]) = 0. (3.13)

Claim. For any u € (0,1) there is a function v,, which goes to zero uniformly as
|x| — oo, such that

A +2(1 = wW|Van* £ =2[121 — v(p)) + wiy| (3.14)

where w decays exponentially:

[w(x)| £ e(8)e” 1" for any 6 > 0. (3.15)

Proof of Claim. We have to estimate the terms in the previous identity. First of
all notice that since ¢ - = 0 we can write:

(1,[Va¢, Vanl) = (1,1(Va9)", (Van)' D) + (1,1(Vag )" (Van) ) -

Using the exponential decay of (V,¢)7 the first of these is easily estimated in the
desired fashion. For the second we use the following vector product identity (see
p-154 of [JT82]):

197 (Va)m)" = [, [(Va);¢,n1] = [, (Va)jm]
= [[#,(Va);0L nl + [(Va);0,[¢,n]] — [6,(Va)m] -

Again using the exponential decay of [¢, (V,);$] we can estimate these as required.
In a similar way we write

(1, [, [F(e™* Fje — (Va)ig,n]]) = (n, [, 7 (™ F — (Va)ip)),nll)
+ (1, [T Fj — (Va)ig), 1) -

Using the exponential decay of the transverse fields we estimate these terms as
required, completing the proof of the claim.

Now to prove the first statement of the lemma we proceed as on p. 167 of [JT82]
with a very minor modification to deal with the extra exponentially decaying term.
Let 4 = ¢/2 and let R(¢) be sufficiently large that

sup |v(e/2,x)| < ¢/2, (3.16)

x> R(e)

which is possible on account of the foregoing result on uniform decay. Now choose
a number

M(e) > e179R® sup  |n(x)| 3.17)
Jx| SR(e)
and define a set
V={x:|nx)| > M(e)e~1~2F} (3.18)

Then we can find a slightly larger set ¥’ on which |g| is strictly positive, with a
smooth boundary, such that

In(x)| £ M(e)e ¥ for all x € V' . (3.19)
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Now our aim is to apply Lemma A.6 so we have to find some way to eliminate the
troublesome |V,|? term. To do this we consider |y|!*%? (following [JT82]). This
satisfies:

AM|1+3/2 —

N —

(14 3) W dlaf = (1= 5 ) b= 91

& . . .
(1= 5) = avan? = 9Py + 1 (142 (1 o)

3 (14 2) Il (320)

v

We now use Kato’s inequality and [7]¥2 < 1+ ||'*%? to derive the differential
inequality

i+ < — (1+3) (1 —v- @) I+ + %(1 +eo/2)wl. (321

We can now apply Lemma A.6 to obtain the resulit.
~ To prove the second statement of the lemma we consider the Dirac operator
7/ 0;, and notice that by the invariance of the inner product (Eq. 2.3)

Y0,(¢ - n) = (U (Va)j - )+ ¢ - ((Va)jn — [,n])
= t/((V,);¢ - n) since Dy,n=0. (322)
We can now use the Green function for ¥/0; to learn things about ¢ - n. The
necessary results are given in Lemma C.1. We first apply case A using the known
decay of D¢ together with the fact that n € L® from the Sobolev inequality. We

then substitute the result of this and apply Case B to deduce the second statement
of the lemma.

Corollary 3.4

kerDy,(Hy, = KerDy,NL* . (3.23)

It turns out that it is absolutely essential for our method of proof that the time

derivatives of n = ¥ = (4, $) should, modulo T w,My, decay more rapidly than n
itself. We now set about proving this.

Lemma 3.5. It is possible to decompose

h=m+Ycm, A=14+%dm, (324)
in such a way that for any positive number 0 there exist constants such that
c(9) (%)
Pl S |l P . 25
A= G S e 429

The numbers c(5) depend only on 8, (n|y,, iilw, [filw,, [(1 + [x])2V,¢[ree.

Proof. The proof uses the Green function estimates of Lemma C.1, but this time
we have to take advantage of the fact that it is possible to choose c,,d, in such a
way that the integral of the right-hand side is zero. To start with notice that
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Dm = D = —t/[d;,n) + [, n] (3.26)
S0
v0i(¢p - m)=¢ - D+ (Vo) - m (3.27)
= — (¢, [dpn] + [$,n]) + 7 (Vo)1)
- Y@ (Va)domy) - (3.28)

Claim. 1t is possible to choose the c, in such a way that the integral of the right-
hand side is zero.

Proof of Claim. To see this we only need show that the quaternions
Y(Va)ib o ny p=1,...4k (3.29)

span the whole of H. To see that this is so first of all notice that one of the zero
modes is n; = ©/(V,);¢ and for this the above expression is real:

I [(Va)id - (Vo) = —[IVad] . (3.30)

Now recall that the quaternions act on the space of zero modes by right multipli-
cation n — ng q € H. Thus the claim is clearly true.

Now to prove the lemma we can appeal to Case C of Lemma C.1. Notice that
this is a version of well known results for solutions of Poisson’s equation (see
[JT82, Chapter 6]) adapted for the Dirac operator ©/d;. To see what the numbers
¢(0) depend on notice that the coefficients ¢, are bounded in terms of the stated
quantities. Finally we can apply an identical argument for 7.

Remark. 1t will turn out that the crucial thing is that 7,7 are in L55 modulo Ty, M —
we shall write ITs for this rapidly decaying component.

4. Local Spaces of Solutions

As we have noted it is known that M} is a smooth 4k-dimensional manifold with a
complete Riemannian metric and a hyperkahler structure whose tangent space Ty, M;
at the monopole ¥y can be identified with the zero modes for the operator Py, (see
[AHS88]). In this section we produce local families of monopoles in a form suitable
for our work by integrating up the zero modes discussed in the previous section.
let Yo = (a,¢) be some fixed monopole, then we search for nearby monopoles
Yo + ¥, where y = (&,(i;) satisfies the deformation equation:

DY =gt¥) , (4.1)
with :
gy =1 <§5ijk[6i,dj] + [dk, ¢~’]> .
For brevity we will omit the subscript on 9. We will first of all show that the 4k

zero modes integrate up to a local family of monopoles depending on 4k parameters.
Then we will look at some decay properties in greater detail.
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Consider the space
I={veHy,:(r,n)yg, =0 Vne Ty M}.

On this space we know that the quadratic form | 2| is equivalent to the norm ||y, .
Therefore by the Riesz representation theorem if 9*g defines, via the L?-pairing, a
bounded linear functional on / then we will obtain a solution to the equation

DDy =77(9)

g being assumed known, since the inhomogeneous term automatically satisfies the
Fredholm conditions needed to apply Theorem A.9. To see that the right-hand side
is a bounded linear functional on / we note that

| [, 2*(gW))| = | [(Du, g(¥))|
< clulw, i,

from Lemma A.4. Let us write the solution of this equation as GZ*(g(¥)), so we
can consider the map
F: tho — H ¥,

Y=y =GP (gWy) -

This maps solutions of the deformation equation to Ty,M; = Ker%, and has deriva-
tive equal to the identity at the origin. It is therefore a local diffeomorphism and
produces a local 4k parameter family of solutions of the deformation equation, with
[¥|p, small. As we will discuss later in this section all but one of these are gen-
uine monopole parameters, while the remaining parameter corresponds to the one
parameter family of gauge equivalent solutions produced by the action of the Higgs
field as a gauge transformation.

We need some more detailed information on the behaviour of these local solu-
tions at spatial infinity. First of all we notice that by differentiating the deformation
equation once that the second derivatives of y are square integrable. Therefore by
the Sobolev lemma the first derivatives are in L and so we can apply Lemma A.5
to deduce that

lim sup |Y(x)|=0. 4.2)
R—oo |x|=R

We will now improve this:

Claim A. The solution ¥ of the deformation equation just obtained has the following
decay properties:

[, ¥]] < c(e)e™ x|,
lp - Y| < c(1+x)72.

Proof of Claim. First we will prove the first statement. Let # = [¢,¥], then as in
the previous section we obtain the following identity:

— Al +2|¢P [ + 41, [V, Van]) + 2| Vanl?

+ (1,1, [T'e" Fj — (Va)ig,nl]) + (n,[6, 2*g]) = 0 .
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Now the important thing about the last term on the right-hand side is that g
is a quadratic commutator so that the longitudinal terms commute out and so the
expression is quadratic with respect to 7, V#. Furthermore assume that we are in a
gauge such that a — 0 as |x| — oo then we can write this final expression as

a(x)(n,n) + B(x)(n, V,n),

where o, are bilinear forms whose coefficents decrease to zero as |x| — oo by
Eq. 4.2. But this puts us in exactly the same situation as in the proof of Lemma
3.3 and the result is proved. To prove the second statement we use the formula:

Yod - V) =T (V)i - Y+ ¢ - DY
=(Va)d - ¥+ ¢ - 9(¥).

As just noted g is a quadratic commutator, so the longitudinal components commute
out and so by the first statement of the claim g(y) is exponentially decaying. We
can now apply, successively, cases A and B of Lemma C.1 to deduce the second
statement of the claim.

Next we need to study the behaviour of the derivatives %‘qk’ where ¢q is a local

co-ordinate. Since the map F is a local diffcomorphism, we know that %g € Hy,.
The next result says that these have the same decay properties as Y itself:

Claim B. The derivative %—‘k of the solution of the deformation equation just ob-
tained has the following decay properties:

\ [¢, %] ‘ < c(e)e= 0= |

o S| s et b2

Proof. The proof is almost identical to the proof of the previous claim.

For the reader’s convenience we now summarise the definition of the circle
bundle M, over the moduli space N; (see [AH88], to which the reader may also
refer for an alternative description). This will clarify how it is that the local solution
space produced in the last section is actually not a co-ordinate patch on Nj but
rather on the circle bundle M;. The reason for this is of course the occurrence of
the extra zero mode np = ©/(V,);¢ corresponding to the action of the Higgs field
as an infinitesimal gauge transformation. Thus we want to define a circle bundle
whose fibre direction corresponds to the gauge action of the Higgs field. This is
done via Hitchin’s asymptotic isomorphism (see Sect. 6 of [Hit82]). The basic idea
is as follow — corresponding to an SU(2) connection there is a C? bundle. Let us
take as basis for this the eigenvectors of @ on a large sphere S3 so that @ has the

form:
i 0

Then in an appropriate gauge it turns out that the connection is asymptotically of
the form
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a 0
=(3 %)

where a is a connection on the sphere. As R — oo this gives an asymptotic iso-
morphism « of the monopole with a direct sum H* @ H—*, where H is Hopf’s line
bundle on the sphere. This is unique up to the circle action which is the automor-
phism group of this bundle. We see from the expression for @ above that the action
of the gauge transformations e’® corresponds to a circle action

el 0
0 e—lt .

on this bundle. Now —1 extends to the element —1 acting on the C? bundle over
R3. This is the only element of the circle S' which so extends to an automorphism
of the monopole, since the monopoles are irreducible. Thus if we define a rigidified
monopole to be made up of the gauge equivalence class of the monopole together
with an asymptotic isomorphism o fixed up to sign, then the space of rigidified
monopoles M; is acted on freely by S'/{£1}, and has as quotient the space of gauge
equivalence classes of monopoles. Furthermore given a monopole, all the gauge
equivalent rigidified monopoles are obtained by considering the action of the gauge
transformations e’®. This explains the construction of the local co-ordinate patches
on M; in the previous section-deformation in the direction ny = D® corresponds to
the fibre direction in M.

The last thing we need to prove about our local solutions is that we can always
choose the gauge such that the velocity vectors of our monopole Yy(7) satisfy the
gauge orthogonality condition in Eq. 1.4 relative to Wo(7). Consider a smooth one
parameter curve of monopoles

7 — (a(x; 1), P(x; 7))

lying in one of our co-ordinate patches. It will be convenient to introduce a one
parameter family of gauge transformations to ensure that the velocity vectors of the
transformed monopoles satisfy the condition of gauge orthogonality at each 7. In
this section we prove that this is possible. Thus we are searching for a family of
gauge transformations

T — g(x;7)

(where for each t,g(x,7) is SU(2) valued), with the property that
(a(x; 7), (x5 7))

is orthogonal to the gauge flow at each time:

dy - 0+[9,¢] =0
This requirement leads to the following equation:

~44(95™") ~ [0.[0,9d™ ' 1 = ~do - (9dg™") ~ (0,909 7"] (43)
Theorem 4.1. Consider a twice differentiable curve
T — (a(x; 1), §(x; 7)) € My

defined for 1 € (0,T), lying in one of the co-ordinate patches just discussed. Then
for 1 € (0,T),x € R? there is a twice differentiable function g(t,x) € SU(2) which
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solves equation 4.3, and such that g — 1 as |x| — oco. Also, for fixed t,g is smooth
as a function of x.

Proof. We take as initial iterate gy = 1; thereafter given the i* iterate g; we generate
the (i + 1)! by solving the equation:

—Aoi)(gi + 14731 — [00), [0G), gin1d 311 = —dugiy + (gidg;r ") — [0(i), gidg; ',
where
(@), p(@)) = p(g:)(a, §) .

This is not convenient to treat as it stands because the background monopole de-
pends on i. So we introduce

B; = gi”lgmg';]lgi ,

then this solves the gauge transformed equation:

—4,B: = [,[¢,B]l = —V. - da— [¢, 9],

and so by Theorem A.8 we see that B; is uniformly bounded in Hyy, for all i. By
differentiating the equation with respect to time we obtain the same conclusion for
B;. We then obtain a subsequence which is weakly convergent for all times, and is
in fact strongly convergent on all bounded subsets by Rellich’s compactness theo-
rem. We then define an SU(2) valued function inductively by solving the ordinary
differential equation

i1 = 9iBigr"
and this gives the required solution of the equation.

Corollary 4.2. Let q,q' be two points on a co-ordinate patch of My, then the zero
modes corresponding to the co-ordinate g, satisfy:

[n(q) — nu(q)l2 < clg—4'.

Proof. First of all we know that from the construction of the co-ordinate patches
that

oY ik 4

6q°( q) - °(q) Sclg—41l.

Now the zero modes are obtained from ——Q by applying the gauge transformations

from the previous theorem. Applying the estimates from Theorem A.8 we then
obtain the result.

5. The Asymptotic Expansions

In this section we show how to set up the asymptotic dynamics of multi-monopoles.
We will then show that our expansions do indeed provide an approximate solution
of the full equations in the slow motion limit. The equations we will consider
therefore will be the Yang—Mills-Higgs equations on Minkowski space:

—D}4o + Didyd; = —[®,D0®] , (5.1)
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DjA; — D} 4; — Dydido + D;0:4; = —[$,D; 9], (52)
Di®—-Di®—-Di®6—-D3d=0. (53)

We search for solutions which represent slowly evolving multi-monopoles, whose

- 2
parameters vary on the time scale t = ¢t. We will use f, f for %%, % Thus we
search for a solution of the form

Ao = 8350 . (5~4)
A = a(x; 1) + 4, (5:5)
d=0¢+ed. (5.6)

We can write the latter two equations as
Y(t,x) = Yo(x; 1) + &*Y(1,x)

and we choose the gauge such that ¥, and  satisfy the gauge orthogonality con-
dition with respect to ¥y:

(Va)iti + [0, 9] =0, (5.7)
(va)idi + [(P, @] = 0 ’ (58)

as discussed in the introduction. This is what makes 49 = O(&3). It is a consequence
of the local existence theorem proved in the appendix that it is possible to choose
the gauge such that these two conditions are satisfied if ¢ is small enough. We now
calculate the equations for the error terms. Let 4, = >_(V,)? be the Laplacian with
respect to a connection a, then we obtain:

—A4do + [, [do, P11 — 2[0s, G:] — 2[, B] = &jo , (5.9)
0%a; . . - ~ .
a—t‘j — Aodi; + [, [ds, §11 — 2[Fy,dj] — 20(Va)ih ] = 6 + &5, (5.10)
2

57~ 4 = (Voildi, $] = (@ (Vo)ig) = —b +2ja, (5.11)
where the nonlinear error terms are given in Appendix B. To see the structure of
these equations it is best to introduce the variable i defined in Eq. 3.1, in terms of
which Eq. 5.10 and 5.11 can be written as the single equation

0 ~ .
% + Ly =k—8@w0(ao,t)+621 , (5.12)
where k = (—d;)t’ + —@, and the operator Ly, is defined by
J WLy, @) = Hessp(V ) = [1Dwo¥ (5.13)
R3 R

where Hess is the modified Hessian at ¥y = (a, @) of the functional &, as defined
in Sect. 2.

The final step in the asymptotic argument is to find the appropriate equations
for the evolution of the monopole parameters. This is done by requiring that g(¢)
evolve in time such that
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(l//,n)Lz =0 V ne Tq/oMk

is satisfied, as explained in the introduction. This is not very illuminating — to obtain
a set of equations for the monopole parameters which are self-contained up to O(¢)
we differentiate this condition twice and substitute for . This leads to

(Po,n) = —&(Dw,(0:do), n) — 26(1, 1) + *(j,m) — (Y, i) ,

where ( -, - ) refers to L? inner product. To highest order this is the geodesic
equation as suggested by Manton. If we use a co-ordinate system g, on our local

space of solutions we can write ¥, = ¢ 4y and so the equation becomes:
Gy = ~(07 Wul(m )y — (Do (0rdo),my) = 26, 1) + (i, my) — (W, ) -
We will be comparing the solution of this to the geodesic equation

@ = (g7 )wul(my,1i2)d] .

Define Z by
7 = (ZI,ZZ) = (q__q(O)’ q__q(())) ,
€ €
then Z satisfies an equation of the form
2 = o, 2, Do)
where

'Fl < c(lqla 'ql’ |Z" |'//l2,'1’o’ N’tl'l’()’ ldO,tlY’o) .

Remark. To estimate the term (y,7%) we need the crucial result on the decay of
7i modulo Ty M; given by Lemma 3.5, together with the fact that y satisfies the
dynamic condition with respect to ¥, by choice of g(¢).

6. The Basic Identities

In this section we give the basic identities which are needed to obtain estimates for
V. They can be thought of as approximate energy conservation laws which arise
because we have linearised about monopole configurations which are slowly varying

in time. We will omit the subscript on £ with the understanding that this always
means Dy, with Po(t) = Po(x;q(2)) = (o, ¢). The basic energy is

0i0)= 3 [ W) + (@0, D)dx (61)
R3

If we differentiate this with respect to time, substitute for ¥, and then integrate
again we obtain:

01(t) — 01(0) = [(¥, —Po)2 1) — eof(w, YY) + (W1, D(0idio) + &)

+e Of(@zp, —v[d, Y] + [, Y1)
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where Y’(” Wﬁ For the second estimate we consider ¥ = 2y which satisfies
the equation:

Vi + DY = = Do — e[y, Y] + el Yl — 716, Y]
+ &1, Y] - 699(3,0) + & D)
=Ry + &R, .

From this equation we will obtain a higher order energy identity for the quantity:
1 * *
Q) =5 J (DY), (D)) + (DY, 2™Y) . (6.2)
R3
Proceeding as before we find the following identity:
. t d
(1) = 02(0) = [(¥', —D2¥0)2 1o — e[ (W', e (1 R1))2dt
0
‘ ! j / !
~ [(@V Y1, ¥'] + (o, ¥ Dpadt .
0

The final identity we need is the energy identity for ¥" = 2*y' = 2* 2y, which
satisfies the equation:

"+ DY =D*(Ro+ Ry — ev'[d;, 1] + e[, Y]]

- 621'-}.[&]" l//] + 82[@3 ‘//] s (63)
=2*(Ro + eRy) — &S, (64)
which leads to an identity for
1
Os(t) = 3 JW )+ (@Y, 24" )dx . (6.5)
R3

The identity for Qs is:
! d
0:(1) = 0:0) = (0" 9" Riply = of (V. S@'R0)) + (1.5 - Rt
2

+ { (DY, =P [a, ¥ 1 + (¢, ¥ D)p2dt . (6.6)

7. Co-ercive Estimates for the Conserved Quantities

In this section we relate the quantities Q; to the norms defined in Appendix A. First
of all a direct calculation shows that if ¥, satisfies the Bogomolny equations, then
for smooth compactly supported u we have

(D*u, D*u)p2 = |u]*¥, .

Theorem 7.1. There is a positive number y = y(k) such that the following is true.
For any monopole ¥, of charge k and any smooth, compactly supported section
u which is L*> — orthogonal to T w,My we have
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Ig'l’ou'Lz 2 ‘ylul'l’o .

Proof. The proof is an adaptation of the proof of a result of Taubes ([Tau83]) which
is given as Lemma A.3 in our Appendix A. The crucial new input is Theorem A.10.
The result follows from the following two lemmas:

Lemma 7.2. Let u' be a sequence of smooth, compactly supported sections which
have the property that (w',n); =0 Vn € Ty, My. Then for each monopole ¥
there is a number y(¥y) such that

| Dyl 2 2 p(Po)lud|w, -

Proof. First of all recall from Lemma A.3 that & is a Fredholm operator from
Hgp, — L?. Now consider a minimising sequence with the properties

(i) |2ui‘L2 - Oa
(i) [uily, =1,
(iii) (#',n)2 = OVn € Ty, M.

We first of all show that there is a number y(¥,) with the required property by
using this sequence to produce a contradiction to Lemma A.3. We then show that
the dependence of y on the background configuration can be removed. To obtain
the contradiction we introduce a new sequence

V' = +n' where (v',n)y, =0 V ne Ty,M

so that n' = Y "(v/,n,)n,. Notice that on account of the third condition on the '
that v' 0. There are two possibilities — if |v'|y, = & > 0 as i — oo, then we can
renormalise to produce a sequence such that:

@) 29|z — 0,
(ii) 5]9, = 1,
(iii) (5',n)2 = 0 Vn € Ty, M.

This contradicts Lemma A.3 and is therefore impossible. The second possibility is
that |v'|y, — 0 as i — oo. This is in fact impossible since we know from Theorem
A.10 that we can write n, = 9, f, € L?, so that in this case

nt =Y (' nn, = YD, fu)n,

goes to zero in Hy, by Holder’s inequality since |2*v|;> < c|v|y,. Taken together
this imples that |u’|y, — 0 which contradicts the second assumption. Therefore both
possibilities have been ruled out and so the lemma is proved.

Lemma 7.3. There exists a number y such that y(Wy) = y for all monopoles of
given charge k.

Proof. We prove this by first showing that y(¥y) is a continuous function on the
moduli space, and then showing that outside large bounded sets it is bounded below.
The existence of such a bound comes from the fact that as two monopoles separate
they look more and more like a superposition of two single monopoles. But for the
case of a single monopole y(¥y) = y is fixed by translation invariance. Therefore
we expect that for two monopoles the value of y will approach that of a single
monopole as the separation increases without limit. We will now be precise:
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Claim A.

’))('Po) = inf{l@cyolllly : Il/lll[/o = 1(!//,n)Lz =0 Vne TWOMk}

is continuous.

Proof of Claim. This follows from two facts. First of all we know from Corollary
4.2 that the process of projecting L2-orthogonal to Ty, q)My is continuous with
respect to g. Also for fixed Y € Hy, the functional Dy, ;2 is a continuous function
of g. The result is now immediate.

Claim B. Let q; — oo be any sequence of monopoles tending to infinity on M,,
then there exists a universal y > 0 such that

P(Pol(g:)) =7 > 0.

Proof. We will derive a contradiction to the pos51b111ty that p(¥o(q:)) — 0. If
this were so we would have a sequence of sections u' Lz-orthogonal to the zero
modes of Yo(q;), with [ |yyq,) =1 and [Py g’z — 0. Now it is known from
Theorem A.11 that there are sequences of points x! and gauge transformations
g% € C®°(R3;SU(2)) such that P' = p(g?)(Wi( - — x¥) converges, subsequentially,
to a k;-monopole Q in the following sense — on any compact subset of R3 all
derivatives converge uniformly. We will refer to the well-separated k;-monopoles
as the emerging monopoles for the sequence, since as the sequence goes outside
larger and larger compact sets on M; the solution looks locally more and more
like a superposition of well-separated monopoles. This picture of the asymptotic
behaviour of the moduli space is discussed in [AH88, page 24] and [Tau85]. Ap-
plying these same translations and gauge transformations to #' we obtain a sequence
w', L?-orthogonal to all the zero modes of P, such that |w/|p =1 and

|Dpiw' |2 — 0. (7.1)

Now using the uniform convergence P’ — Q on compact sets we can deduce that w’
is uniformly bounded in Hy(K) for each compact set K, where this is the Sobolev
space obtained by completing the smooth sections C*°(R?); su(2) ® H) with respect
to the norm obtained by restricting | « |p to K. By a diagonal argument we obtain
a subsequence which converges weakly to a limit w in Hp(K) for each compact
set K. We next need to show that we may assume that w0 — this is because as
discussed above outside sufficently large compact subsets the moduli space consists
of collections of monopoles at large separations from one another. Furthermore, in
between these emergent monopoles, as we called them above, it is known from
Taubes’ cluster theorems (see [Tau85, Section C]) that F and D@ decrease to zero
with a Coulomb tail. Therefore if all the minimising sequence w' were concentrating
away from the emerging monopoles as i — oo we would contradict 7.1 on account
of Eq. A.22. Therefore the sequence must be accumulating in the neighbourhood
of one of the emergent monopoles and without loss of generality this may be taken
to be Q. We next claim that the limit satisfies Py, w = 0. Since this is an elliptic
equation we only need show that w is a solution in the weak sense, i.e. for all
compactly supported smooth test functions s

(255, w)2 =0
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But by Rellich w* — w strongly on compact sets, so this follows from ZDpw' =
0. But also we can deduce from the strong convergence on compact subsets that
[wlapk) = 1 for all compact sets K and therefore w € H,(R3) so w=n € ToM;.

This then gives a contradiction to the fact that w' were orthogonal to all the zero
modes of P’ via Corollary A.12.

From Theorem 7.1 follows the fact that O; + 0> + Q3 is a good norm for the
solution. We now state this using the spaces H, y, defined in the Appendix A.

Theorem 7.4. Let t — Yo(t) = (a(x; ), p(x;¢)) be a curve in one of the local solu-
tion spaces. Then there is a number k, depending on |¥o|y, and |F,|y,, such that
for (W, ;) € (Haw, N L?) & (Hyw, N L?) with y being L? orthogonal to Ty My, we
have:

O+0+0s 2 K(|l//|§,lpo(t) + |l/’t|§,'1’0(t) + llﬁtliz) .
Proof. From the previous lemma we know that
|!//ﬁvo(t) + Wl £ 26100,

where x; = max(1,y”%) and y is as in Theorem 7.1. Now (2¥), = DY, —
Vld;, ¥] + [, ¥] so we get

|2V12, < (O + Q)
by an application of Lemma A.4. But since |y, 22 < 20, we obtain

Wil + W %,'}’O(t) SO +0).

Next we notice that by the previous lemma

3
;l(va)i@wliz <c0,

so that using the identity

(VDY) = D(Va)¥) = ~[Fy, Y1 + [(Va)id, ¥,

we see that

I'ﬁl‘i’,wo(t) S (@2 +01).

To complete the proof we apply these commutator arguments to Y’ and "/, noting
that Y = @*|/ is automatically L2-orthogonal to Ty M and so the previous lemma
can be applied to obtain information from Qs.

8. Proof of Main Theorem

We are now in a position to prove that the asymptotic expansions do indeed provide
a good approximation to the full equations for small e. The idea is that we can
produce local solutions with a continuation theorem with respect to a norm which
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is equivalent to Q% + 1/2 + QY2 But the identities of Sect. 6 then allow this
q 1 2 3

solution to be continued for times of O (%) Let us introduce the following norms:
(Dl = 022X (Wls.900) + Wel2go) »
18o(T )2 = max (ldolawo(o) + ldoslspo) -
1Z(T))ls = max 14,
where ¥y(0) = (a(0), $(0)) is the initial monopole. As above we will write ¥o(¢) =

Fo(x; 9(1)) = (2, 9).
Theorem 8.1. Consider the system of equations

Vi + Ly = —Po — €Dy, 1)(0:do) + €%

—Aydo + [, [do, 1] = 2[dx, dk] + &jo
dz

= (g, 2.0, W0

derived in Sect. 5, with initial data y(0),(0),Z(0) satisfying:

(i) ¥(0) € L2,

(i) (Y(0),n)2 =0 Vn € Ty 0)M;,
(i) [yl + |1Z(0)|]s §~§-,
(iv) V) - @(0) + [¥(0),¥(0)] = 0.

Then there exist numbers &, Tio., depending on I', such that for ¢ < g,,t < Tioc
there exists a unique solution which satisfies the following bounds:

(@) (Tl + 1Z(Tioc)ls = T,
(b) there exist numbers A(I'),B(I') such that

ldoll2 < AT)  Wu(®)l1,w00) £ BUI) .
The solution has the following regularity: the maps
t— (Y, ¥;) € Hygo0) ® L2
t — do € Haw0)
t(Z,Z) € C'(0, Tioe) ® C(0, Tioc)
are strongly differentiable, while the maps
t— (Y, ¥:) € Hywy0) © Howy0) »
t— (do, doy) € Hawy0) ® Hz,w(0)

are continuous. The solution satisfies the identities given in Sect. 6 and also the
orthogonality conditions

(i) W,n)2=0 Vne I:'I’o(t)Mk ,
(i1) Vo) - a(t) + [o(2), ¢(1)] = 0 a.e.

Proof- This is given in Appendix E.
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Now to prove the theorem we use the identities of Sect. 6 to obtain an a priori
estimate which allows us to continue these local solutions for times of O (%) with
bounds independent of .

Lemma 8.2. Consider a local solution given by the previous result. Then the higher
order energy defined by

oT) = OlgléXT(Ql + 02+ 0s)

satisfies

O(T) £ 0(0) + cQVA(T)(1 + ec(I')) + eTe(T') .

Proof. We start off with some observations on the size of ¢ and its derivatives for
these solutions. From Eq. 5 we see that using Lemma 3.5 and the result given in
Appendix B that

4] < ¢+ ec(I)

while if we differentiate this equation we see that

d’q

Given this we can estimate the terms. Most of these are done in the obvious fashion
— the crucial point is that the nonlinear error terms are estimable using only the /g
norm (see Appendix B) and the linear terms are estimated as

]f(l//,'i’o)dxl = l‘//|L6||H(q“’0)|L6/5 >

where we use the fact that since ¥y € T w,Mi we can apply Lemma 3.5 to obtain

IT1(¥,), the component of ¥, which decays rapidly according to Lemma 3.5. Here
we have used the fact that

(!//,n)Lz =0 Vne T\poMk ,

so the other component of ¥, drops out. The other terms are treated using Lemma
B.1 from the second appendix, together with the observations above on g.
We can now prove the main theorem. We will search for solutions satisfying

o) <L (8.1)

for suitable L, with the initial data satisfying 0"/2(0) < I < L. By the local ex-
istence theorem for a short time condition 8.1 will certainly hold by continuity.
By Lemma 7.4 there exists a k = k(L) such that |[y(¢)|l; < x~'L. So we get a
corresponding solution from the local existence theorem which will satisfy

0(t) £ 0(0) + cQ"(£)(1 + ec(x L)) + ete(x7'L) .

From this we see that in fact Q2 < L for a time of order % and so the solution
can be continued throughout such a time interval by successive application of the
local existence theorem. To complete the proof of the theorem we observe that by
direct calculation our solution will satisfy the gauge conditions which were required
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in Sect. 5 and therefore our solution will be a solution to the Yang-Mills—Higgs
equations of the required form.

Remark. The solution is expected to be unique up to gauge invariance.

A. Appendix A: Some Basic Facts

In this appendix we collect together various definitions and results, mostly due to
Taubes, needed in the paper. Unless otherwise stated all norm and integrals are for
R3. First of all we introduce the function spaces used in this paper:

Definition. Let ¥ = (a,¢) be a monopole configuration. The Hilbert space Hy,
is the completion of the smooth, compactly supported sections I'(su(2) ® H) with
respect to the norm

Wi, = Vahlzz + |16 Y1172 -

The Hilbert space H,y, is the completion of the smooth, compactly supported sec-
tions with respect to the norm

W2, = éllvzw; + 1Y

where o is a multi-index. Finally we will use the following notation for the induced
norm on bounded linear functionals of Hy,:

|f |+, = max 1G]

uEHy/O |u|l}'0 )
Kato’s lemma (see [JT82, Sect. 6.6]) gives a connection between the ordinary
Sobolev spaces and those defined with covariant derivatives:

Lemma A.1 Let ¥ be a section of a smooth section of a vector bundle on
Euclidean space with smooth connection a. Then

[IV|®|*dx £ [(D,'¥,D,¥)dx . (A.1)
Proof. See [JT82].
This leads us to the following gauge invariant Sobolev inequalities
Theorem A.2.
l¢’|L6 4 W[Y’O 5

Wl < cllny, -

Theorem A.3. The operator Dy, = =N+ [§, + | is a Fredholm operator from

Hy, to L? with 4k dimensional kernel T w,Mi when ¥, represents a k-monopole.
There is a number y(¥y) such that

Iw"f’o é ?_1|@‘POW|L2 (A.2)
for any € Hy, such that (y,n)g, =0 for all n € Ty M.

IIA
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Proof. See Lemma 7.6 in [Tau83].

Lemma A4. Let ¥y = (a,$) be a configuration in which |¢| — 1 uniformly as
|x| = oo. Then there exists a number M(¥o) such that for any Y,y € Hy,, and
any 0,¢ € 1,2,3,4,

W35l < M(E)Wi e Walw, , (A3)
3 W5, 91l < WleglWale, - (A4)
The number M(¥,) depends only on the measure of the set on which |¢p(x)| < 1.

Proof. See Lemma 6.6 in [Tau82].

Lemma A.5. Let u € LP(R?) and Vu € LP(R?) with p > d. Then u decays uni-
formly to zero:
lim sup |u(x)|=0. (A5)

R—oo0|x|=R

Proof. See Lemma 7.5 in Chapter three of [JT82].

Lemma A.6. Let u and v be smooth functions, both decaying uniformly to zero
as |x| — oo, and that u is positive. Assume further that q is a smooth function
which is exponentially decaying

lg(x)] < Mye™oH! . (A.6)

Finally assume that
—Au+ (1 + g) (1—o)u < |ql . (A7)

Then for any 6 > O there is a number M(3) such that for sufficently large |x|,
lu(x)| < M(8)e~1=OmH (A8)
where m = min {1 + %,a}.

Proof. The proof is as in chapter three of [JT82]. We consider a comparison function
s = cMye R (A.9)
Then choosing 7 < ¢ we can ensure that for sufficiently large |x|,
As < m*s —clq| . (A.10)
Thus we obtain for w = u — s:

—aw+ (1+ %) (1 -ow = (7= (1+ %) (I—v))s—clgl+]gl. (A1)

Now for sufficently large |x| we can ensure that |v] < %, and thus that if ¢ > 1
and m < (1 + %) then



Geodesic Approximation for Yang-Mills-Higgs Equations 179
&
—Aw + (1 + —2-) (1-vw<0. (A.12)

Thus to complete the proof we just have to apply the maximum principle to a
region |x| > R(J) and choose c¢ large enough that |u| < s on |x| = R(J).

Theorem A.7. Let a be a smooth connection on a vector bundle over R® and
assume the associated curvature is square integrable. Let u be a smooth square
integrable section of E which satisfies an equation of the form

—Vu=Au+v, (A.13)

where A is a matrix with square integrable entries and v is square integrable. Then
lu| € LP2(R3) for 2 < p £ 6; in particular |u| and its first and second derivatives
are all square integrable.

Proof. See Chapter five, Sect. seven in [JT82].

We next discuss some elliptic equations which turn up frequently in the paper.
First of all we will discuss the equation

—Au+ [¢,[P,ull = f (A.14)
for a fixed background ¥y = (a, ¢).

Theorem A.8. Assume that f is an su(2) valued function such that

@) [f(f,w)] = |f]"[ul¥o, (A.15)
() Iflel?, (A.16)
(¢) fE€Hy, for somes =0, (A.17)

then there exists a unique continuous, solution to A.14 which tends to zero as
|x| — oo. It satisfies estimates

’u|2+s,&”0 é c(lfls,q’(]’]fl*’lfle’|Fls+l,'f’0’lF|L2) 5 (A'18)

where F is the curvature of a.

Proof.

Step One. The functional [|V,ul? + |[¢,u]|? is a norm on Hy,, so since f defines
a bounded linear functional on this space we get by the Riesz representation theorem
an element u € Hy, such that for every v € Hy,,

f(vaua Vav) + f([¢’ ul,[p,0]) = f(f)v) > (A.19)
so u will be weak solution.

Step Two. We next differentiate the equation to obtain an estimate in Hjy,. So let
u; = (V,)iu, then it satisfies the equation

— Aatt; +[@, (D, ui]]l = (Va)if — (Va)ilFij,ul — [(Va)id, [d,ul] — [0, [(Va)ig,ul] .
(A.20)
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Now multiply this equation by u; and integrate by parts; the right-hand side is
estimated by:

NCRAREATTS
| (Ta0Fy )| < elF Lyl ol -

| Wi Vi [9.D)| S 1Dal ol vy

and similarly for the fourth term. This leads to an estimate of the form

|u|2,'1’o = c(lfl*’|flL2’|F]'I’o) .

Step Three. We continue the process of the last section indefinitely to obtain the
stated estimate. We then know by A.5 that the solution decays uniformly to zero,
and the theorem is proved.

Remark. 1t is shown how to justify fully the integration by parts calculations in
these proofs in Sect. 5.7 of [JT82].
Example. Using Lemma A.4 we can apply this in the following two cases:

(i) If f = [g,h] with g € Hy,h € L*.
(i) If f =[f1,[f2 f3]] with all f; € Hy, .

We also need to apply this to solving the equation
Dy, Dygu=f. (A.21)

Here the associated quadratic form is L@ul}‘:z which is only equivalent to the Hy,
norm on the subspace orthogonal to Ty M. Apart from this everything works ex-
actly as in the previous theorem, as long as f satisfies the Fredholm conditions
(f,nu)2 = 0, on account of the following Lichnerowicz formula:

PGy = A~ 19,1, ul] + 3PelFiod — U (Voipid . (A22)

This leads to the identical theorem in this case:

Theorem A.9. Assume that f satisfies the conditions in the previous theorem, and
is L2-orthogonal to Ty My, then there exists a unique, continuous solution to A.21
which is Hy-orthogonal to Ty My and tends to zero as |x| — oco. It satisfies

estimates
ulorswy < (w00 L1 1 120 (F 51,945 [Fl12) (A.23)
where F is the curvature of a.

Theorem A.10. Let n € Ty My, then there exists [ € L* N Hy, such that
Dy, f =n.

Proof. The existence of such an f € Hy, is immediate from the results just given.

We have to show that f € L?. We know that [¢, ] € L2, so we have to investigate
¢ - f. The crucial point is the equation:

Yo(p - [)=7((Va)id) - )+ n.
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We would now like to estimate the decay of the solution as |x| — co. The first
term is easy as it fits into the set up of Lemma C.1, but the second term has to be
treated carefully. On the face of it it only decays like |x|~2, and we cannot apply
Lemma C.1. However the situation is in fact much better. To see this notice that
if u is the solution of

vou=¢-n,

then applying 7'd; to this we get:
—Adu = ri(Va)i¢ -n=F since Dyn=0.

Now in this Poisson equation the inhomogeneous term F = O(|x|~*), and also each
component is a derivative since F = 1'9;(¢ + n). Therefore by Fubini we can write
the integral as an iterated integral and deduce that the integral of F is zero. This
allows us to apply Proposition 6.4.6 in [JT82] to deduce that

lu] < e(1+ x>

for any r € (0,1). Combining this with the estimates in cases A and B of Lemma
C.1, we find that ¢ - f is square integrable and the result is proved.

The next result is from [AHS88]:

Theorem A.11. Given an infinite sequence of k-monopoles W, there exists a par-
tition k = Zi=1ka with k, > 0, sequences of points x¥ and gauge transformations
g* € C®°(R3;SU(2)) such that

(1) p(g2)(Pi( - —x¥) converges, subsequently, to a k;-monopole in the following
sense — on any compact subset of R® all derivatives converge uniformly.

(ii) As i — oo the distance between x¥ and x,ﬁ tends to oo while the direction of

the line joining x¥ to x,ﬁ converges to a fixed direction.

The proof ([AHS88, p. 24]) of this uses the compactness theorems of Uhlenbeck
([Uhl82]) in the form given in [Tau82, Part one, Theorem 5.6] and the argument
given in [Tau85, p. 527]. The following corollary tells us that there is a one-to-one
correspondence between the zero modes of ¥§ and those of the k,-monopoles into
which it breaks up for large i:

Corollary A.12. In the situation of the previous theorem let P' = p(g*)(Wi( - — x¥)

and let Q be the ki-monopole whose existence is assured. Let {qﬂ}f]go‘ ' be an

orthonormal basis for the zero modes of Q. Let pg be the cut-off function defined

as follows: p is a smooth, positive, radially symmetric, bump function equal to

one for |x| < L and decreasing monotonically to zero for |x| = 1. Now rescale

pr(x) = p(x/R). Then for large R the projection in Hpi of the prq, onto the space
of zero modes of P; has dimension 4k;.

Proof. As in [Tau83, Lemma 9.11] we look for a zero mode for P’ of the form
T = PR+ Dyt ,
so that v}, satisfies the equation

Dpi Dy v, = —Dpi(prqy) = —Pr(Dpi — D)qu — T Okprqy -
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The idea is to show that |v/,|p: is small for large i and therefore the rL are linearly
independent, since for large R the prq, are. There exists a solution to this equation
which goes to zero as |x| — oo by Theorem A.8. This is true for any i — however
there is nothing to guarantee the linear independence of the "L yet. This is where
we use the previous theorem. The basic estimate for the previous equation gives us

Wz = [ (DhvipRa)|+| [ (0 Dpigy)
Ri2<|x| <R | <R2
1/2
< ( f |qu|2) [ulpi + .f (Dpi — Do)qullvull
R2STx| SR | SR/2

c R, . ,
< | =+ c(R)max =|P' — -
- (R C( ) |x(a§ 2l Ql) IU”IPI ’

where the last line uses |g| = O(|x|~2), and the Poincaré and Kato inequalities. Now
let ¢ be any positive number. Then the first term in brackets can be made less than
&/2 for large R. Fix this value of R, then the second term can be made less than
¢/2 by choosing i sufficently large on account of the uniform convergence of P’ to
Q. We therefore deduce that for large i, |v}|p: gets small and therefore if g, is an

orthonormal basis then rj, are linearly independent for large i since

("Lsrf: ;’ = 5uv +&e(i,R)u »

where &(i,R),, — 0 as i — oo and R — oo. This completes the proof.

B. Appendix B: The Error Terms
If we write the equation for y in the form
Y+ D DY = —¥ — eD(dido) + &%) .
We write j = (j1,J2,/3,J4) With, for i = 1, 2, 3,
Ji = — 2[do, &;] + [d},[G), w11 + [d}, (Va)j@i] + (Va)([4), G:1)
~ e[do, 0,d;] — £0([do, Gi]) — €*[do, [do, 04]]
+ €2[d), [d), ;)] + % [do, Bido] — &*[do, (o, 1] ,
Ja = —2[do, @1+ [, [di, @11 + [Gi, (Va)id] + (Vo) ;([d), 61)
- 8[&0, ¢t] + 82[61'9 [&i’ ¢]] .
If we write the equation for dj as
~(Va)i(Va)ido + [, [do, @11 + 2[d1, 6] + 2[, ¢] = &jo »
then the error term j, is given by
Jo = — [ 1] — (@1 ] + £lds, (Va)ido] + e(Va)il[d» do)) — el b, [do, 0]
+ el o, [do, §1] — €[, [do, 1] + &1, do]] -
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We need the following estimates for the error terms:

Lemma B.1. Assume that (Y,¥:) € Hyy, ® Hyy, and (do,do,t) € Hyy, © H y,
then:
lg(at&O)'Lz = latdo"l’o s

lilz2 + Uolrz < c(ldolo,wgs |oslwys [Wlwy, Wlzoo, Vel wg, | Polw, »

IVajlzz + [Vajolrz

IIA

c(|do]3,wg | o2, w05 V|22, Wzoo, [Wel2ws | Polowy )

I(Va)i(Va)jilez + [(Va)i(Va)jjol.2
< c(|dola,y» o390 113,20, [Wioos Wril90, [ Polswy) »
lolewy = Wiz, [W]w, + &ldolw, -
Proof- We use Holder’s inequality and Lemma A.4. The only subtle point is that
in the use of Lemma A.4 we lose a derivative so that we need to do something

different to estimate those terms with the highest number of derivatives. What we
do is use Sobolev’s theorem which ensures that y/,d, € L°° and then estimate

([(Va);ai, |2 = 1d;112|(Va)idil2

and similarly for the other terms.

C. Appendix C: The Green Function Estimates

In this section we derive estimates for the Green function for the operator ©/d;.
This Green function G(x, y) is easily seen to be

Tj(xj — J’j)

G(x’y) = _4n|x__y|3 .

(C.1)

This means that ©'0;G(x, y) = —9,.

Lemma C.1. Let u, f be smooth quaternion valued functions which decay uni-
formly to zero as |x| — oo and satisfy

You=f, (C2)
then
Case A. If f = gh where |g| € L® and

_M
T+ 2

then for any positive ¢ there is a number c(s,|g|6,M) such that

lh(x)| =

C

|u(x)| < RN
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Case B. Y
< -
|f(x)l = (1 + ‘x‘)7/2__s >

then there exists ¢ = ¢(M) such that

c(M)
= Ty
Case C. o
= < 0
then for any positive ¢ there is a number ¢ = c(M,¢) such that
c(M,¢)
< o0
lu(x)| < Taph=

Remark. No attempt has been made to be either general or sharp in this lemma.
Proof. In all three cases we will split up the integral into an inner region / =
yilx—yl < %l} and an outer region O = {y x—=y > '—3—'} Notice that on

account of the inequality
llal —la— bl = 18],

ly| > %cl in the inner region. For Case A we estimate the integrals as follows:

flaidy , rlalidy ©3)

lu(x)| < N

yP?

5/6
C
<_———lg| e( Ix—yl””/sdy)
ar e

1

q
+ |glslhlLe (flx - yl—zqdy) , (C4)
0
where we choose p = 3/2 + 6 and
111,
6 p q
For sufficiently small 6 this will give the result. For Case B we proceed similarly:
|fldy |f1dy
u(x)| <
R i e
M 4
S ———[lx—y|2dy+ —
< (1+|x|)7/2_31flx y| =ty + Mzglf(y)ldy
c

< W . (C5)
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Finally for Case C we take advantage of the fact that [f =0 to write the
solution as

Xj

u(x) = (4" (ff(y) (Ix - W) dy+[1() (1x e ,;%) dy) :

The inner integrals can both be easily estimated as = W since |y| = [x|/2

in the inner region. For the outer integral we use the following identity:

(e — )P = xilx = ¥ =g — yp)IxP(x] = Ix = p]) + 2x + ylx — ¥l — y))

—x|yPlx = ¥l + yilx = yl@2x - y = x[P) .

This allows us to estimate the outer integral as

d d 2 d
flyllf(y)l y flyllf(y)l y lsz,VI lf(D)ldy

= ko y? IXP ¥l b — yf?
< s (ny(y)lm + ——f—) : (C6)
CED R
Where 11 311
q>1, ;-f—a—landq >2 p'+?=l

Now we choose p large and 3 — p’ small to obtain the desired estimate.

D. Appendix D: Asymptotic Behaviour of Monopoles

In this section we give a proof of an assertion in [Hit83] which is attributed to
unpublished work of Taubes. The proof is an application of the ideas in [JT82].

Theorem D.1. Finite action solutions with monopole number k of the Bogomolny
equations with boundary conditions

¢ =1 as |x[ =00

automatically satisfy the following boundary conditions (for any ¢ > 0):

ID¢| = . ,2 +O0(|x| 7%y,
k _
o] =1- I—x—|+0(1x| %),
M =0(x|™).

Proof. To start with it is proved in [JT82] that |D¢| = O(Jx|~2). To improve this
to the first statement we use the identity
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Aw=—gmew=%u—4mhw=ww2

from which we obtain the following formula:
VW—-ki+f(x—y >g(y)dy
xf? =P P '
Then since |g| = O(|y|™*) we can apply case C of Theorem C.1 to obtain

kx

Vw = P +0(Ix| 7>+,

but since Vw = —(¢,D¢) and the transverse component of D¢ is exponentially
decaying this gives the result.
To obtain the second statement we notice that since [|D¢|? = 4nk we can write

k 1
R (|x| e ~y(> 9y

Now we know that

5+€)

= |D¢|* =

Ix |
2
We treat these two terms separately — for the radial term ix]|€_"4 we can solve the

Poisson equation explicitly, to find it contributes %k2|x|“2 to w. For the second
term we can apply Theorem 6.4.6 of [JT82] to show that this also contributes a
term of O(|x|~2) to w. This completes the proof of the second statement.

Finally for the third statement we have to consider the effects of angular deriva-
tives 2 = x;0, — x0;. We use Eq. D again, and the formula

g= ' PG +0(lxl_5+8),

and since we may evaluate directly the effect of the radial term we may assume
that g = O(|x|~>*%). But then an examination of the proof of Case C of Theorem
C.1 shows that the second term in the formula for Vw contributes O(|x|~3). Finally
taking angular derivatives we find the effect of the first term vanishes:

XiX2  XX]

WERE

and we end up with the result we wanted.

E. Appendix E: The Local Existence Theorem

In this section we explain how to prove the local existence theorem. The approach
is via a very standard iteration scheme, and since the method is very similar to an
analagous proof in [Stu] we will be brief. We want to construct solutions of the
system of equations:
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Y +L‘P0‘/’ =¥ — 89%@@0) + £2j/ >

—Aqdo + [, [do, 1] = 2[dk, dk] + &jo ,
dz
dt

To solve these we set up an iteration scheme as follows: for initial data for /()

iterate we take a smooth compactly supported approximation of ¥(0,x), ¥,(0,x) such
that

— eF(q°, Z, ¥, D(,4p)) -

v ®(0) — y(0)|| < 5277

where & can be taken arbitrarily small, while for Z() we take

Z9(0) = Z(0) .
For the initial iterate we take
VOux) =y O0,x), &P @x) =0, 2Ox)=2(0).
We then produce successive approximations by solving the equations

— 4@ 4 [4(0), [, $(0)]] = zz[aﬁzlaﬁﬁ

+ Aoy — Aa@))a + (0D, 1@, P11 — [4(0),[3D, p(O)]]

+ oy D,a, v,

D Ao + [9(0), [P, (0] = — B + (Ayer — Aago))V®
+ [0, [y D, 911 — [¢(0), [y, $(0)]]
~ e 0(0dg"") + '@y, vy

dZG+D)
dt

where P§) = (a®, p®) = ¥y(¢® + £2®M). The first equation is solved by means
of Theorem A.8, while for the second we need the following:

_ eF(’)(q Z(l) ‘ll(l) 9( (H'l)))

Lemma E.1. Let ¥y = (a,¢) be a fixed monopole configuration, and consider the

equation
Yu—4¥ + [0, [Y, 011 = 1.

Assume that

J P+ IV f P+ ZIVai(Va) f P < 00,
R i iy

and that t — f(t) is continuous with respect to the topolgy defined by these norms.
Assume that the initial data is smooth and compactly supported. Then there exists
a solution which satisfies
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og‘,agr("/’(’)|3,% + [Yi(®)l2,w,)

T
< WOy + WO, + c({(mz + 2 (I7F + SUVas P

1/2 T
+ STV drdt + [ (W Oro + O )
ij

Proof. See Sect. 3(b) of Chapter Five of reference [Joh81] for example. In applying
(V,): to the equation to obtain the higher order energies commutator terms appear
which is what makes the final term on the right-hand side necessary.

The iterates are now well defined. The crucial step in proving the local exis-
tence theorem is obtaining uniform bounds on the iterates. Once this is done it is
straightforward to show that the iterates are a Cauchy sequence.

Step One. Uniform Boundedness. The uniform bounds come from the following
result:

Claim. Given a positive number I', there exist numbers A(I"),B(I") such that the
following is true: assume that for j < i we have bounds

WO < I, 1@ (D)l < 24, 120D < T, max [9i]w, < 2B(T),
o (E.1)
then for the (i + 1) iterate we have

WD) < 5+ 5+ Te(T),

l@§* ()l = A + ec(DWL 1wy
max Y ]1wyg, < BN+ ella@f (D),

0=t=<T -

2Dl = + eTe(T') .

Proof of Claim. Let us consider first the dy equation. From our assumptions on the
previous iterates we can estimate the O(¢) term by:

eljo(lyy + elio()l 12 + eljo(i)lowy, = ec(I). (E.2)
By our assumptions on Z/,j < i we have an estimate of the form
|25 — ®o(0)] 12 + [P — Po(0)rwo0y < ete(I), (E3)
from which we can estimate the term
(4,9 = 4a0))dy + 07,135, 0PN ~ [$(0), 135", 6O . (BA)
@) ~

Finally we have a bound for the norm of 23, [a",a{"] which gives the required

estimate for a('+ ). In an identical fashion we get the other estimates. The estimate
for Y, comes from the equation. Now by choosing ¢, T sufficently small we find that
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the (i + 1) iterates obey the bounds in E.1. These bounds imply further bounds
by differentiation with respect to time. This gives uniform bounds for |{/4|,> and

'68}, ’23’0 and Z(i).

Step Two. Convergence of the iterates. Having obtained these uniform bounds the
convergence of the iterates in the norm

WOl ldo(®ll2 + 125 + max Wi 1w (E.S5)
St<T
follows in the usual way since the inhomogeneuous terms are Lipshitz with respect

to the norms || - ||; (see e.g. [Stu].) By using the equations and their time derivatives
we can deduce from this the convergence of the iterates measured by

~(i 5 (i) (i)
max a5 Lo + 12 Il + 12"

oBax ll5 - (E.6)
Step Three. Properties of Solution. The uniform bounds on the higher time deriva-
tives then ensure the stated regularity properties with respect to time. By writing
down the corresponding versions of the energy identities of Sect. 6 for the iterates,
and then taking the limit, we deduce that the solution satisfies those identities. Di-
rect calculation shows that the gauge orthogonality condition is preserved by the
equations, as are the condition (/,7,);2 = 0. (Indeed the equation for Z was chosen
exactly such that this is so!). Notice that while we do not prove estimates for |y|;2,
we know that as long as the initial data is square integrable then so is i since

T
()2 = [W(0)|2 + Of"ﬁt(t)']}dt‘ (E.7)

Thus the condition (,n,);> = 0 makes sense.
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