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Interactions of massless monopole clouds
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Some spontaneously broken gauge theories with unbroken non-Abelian gauge groups contain massless
magnetic monopoles that are realized classically as clouds of non-Abelian field surrounding one or more
massive monopoles. We use moduli space methods to investigate the properties of these massless
monopole clouds. We show that the natural metric on the Nahm data for a class of SU(2M + 2) solutions
with 2M massive and M(2M — 1) massless monopoles can be obtained from that for a simpler class of
SU(M + 1) solutions. For the M = 1 case, we show that the Nahm data metric is isomorphic to the metric
for the moduli of the BPS solutions, thus verifying a previously conjectured result. For M = 2 we use our
results and the moduli space approximation to obtain an effective Lagrangian for an axially symmetric
class of solutions. Using this Lagrangian, we study the interactions between the two types of clouds that
appear. We show that, although the static spacetime field configurations suggest that the clouds might be

rather diffuse, in scattering processes they behave as if they were relatively thin hard shells.
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I. INTRODUCTION

N = 4 supersymmetric Yang-Mills theory is believed to
possess an electric-magnetic duality symmetry. When the
gauge group is maximally broken, to an Abelian subgroup,
this duality interchanges the massive electrically charged
particles corresponding to the elementary fields with mag-
netically charged states arising from classical soliton solu-
tions. If the unbroken symmetry has a non-Abelian
component, then there exist massless particles carrying
electric-type charge. Although there are no isolated mass-
less solitons, certain multisoliton solutions have degrees of
freedom that are naturally interpreted as corresponding to
massless magnetic monopoles. These are manifested as
clouds of non-Abelian field that surround one or more
massive monopoles and shield part of their non-Abelian
magnetic charge [1]. Our aim in this paper will be to
explore the properties of these massless monopoles by
studying the interactions between these clouds.

To explain this in more detail, consider an SU(N) gauge
theory with an adjoint Higgs field whose asymptotic value
can be brought into the form

(1.1)

with s; = s, = ... = sy. [fthe s; are all distinct, the gauge
symmetry is broken maximally, to U(1)Y~!, and there are
N — 1 topological charges. If the asymptotic magnetic
field is then written in the form F;; = €, Qu/ r3, with

(1.2)

® = diag(sy, 59, ..., sy)

Oy = diag(ny, ny — ny, ..., —ny_y),

these topological charges are the n;,. We will refer to an
SU(N) monopole solution with such charges as being an
(ny, ny, ..., ny_y) solution.

*emm80@columbia.edu
ejw @phys.columbia.edu

1550-7998/2009 /80(6)/065025(20)

065025-1

PACS numbers: 14.80.Hv, 11.27.+d

With this maximal symmetry breaking, one can identify
N — 1 fundamental monopoles [2], each carrying a single
unit of one of the topological charges, with the mass of the
kth being' (477/¢)(s;+; — s;). Each of these has four de-
grees of freedom—three position variables and one U(1)
phase. A BPS solution with arbitrary magnetic charges can
be understood as being composed of appropriate numbers
of the various species of fundamental monopoles and as
living on a moduli space whose dimension is four times the
total number of component monopoles.

Our interest here is not in maximal gauge symmetry
breaking, but rather in the alternative possibility, where
@ has degenerate eigenvalues. The unbroken symmetry is
then enhanced to a non-Abelian group, and some of the
fundamental monopoles become massless. It is instructive
to follow the behavior of the classical solutions as this case
is obtained from the maximally broken one by smoothly
varying the eigenvalues of ®. One finds that an isolated
fundamental monopole solution goes over to the vacuum
solution as it becomes massless. The behavior of multi-
monopole solutions is more complex [3]. If the total mag-
netic charge remains purely Abelian, then the solution
rapidly approaches its limiting form once the inverse of
the smallest monopole mass becomes larger than the sep-
arations of the component monopoles. In addition, the
moduli space of solutions and its naturally defined metric
have smooth limits; in the examples where the metric for
the case with nonmaximal breaking has been found di-
rectly, it is indeed the limit of the metric for the maximally
broken case [1,4].

If instead the magnetic charge has a non-Abelian com-
ponent, none of these are the case. Not only do the moduli

"For the remainder of this paper, we will assume that the gauge
fields have been rescaled so as to set the gauge coupling e to
unity.
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spaces not have smooth limits, but cases that are gauge
equivalent in the massless limit have different dimensions
for any finite monopole mass. These pathologies are
clearly related to the long-range behavior of the non-
Abelian fields and the non-normalizability of certain zero
modes in the massless limit. A simple example of this
arises in an SU(3) gauge theory. With maximal breaking,
the unbroken symmetry is U(1) X U(1), and there are two
species of fundamental monopoles. If two of the eigenval-
ues of @ are equal, the unbroken symmetry is SU(2) X
U(1) and one of the fundamental monopoles is massless. In
the maximally broken case, the moduli spaces of the (2,0)
and the (2,2) solutions have dimensions four and twelve,
respectively. Yet, when the breaking is nonmaximal an
SU(2) gauge transformation can turn a (2,[0]) solution
into a (2,[2]) solution, where the square brackets denote
the massless species. On the other hand, the (2,[1]) solu-
tions, which have a purely Abelian long-range field have a
well-defined moduli space, with a metric that is a smooth
limit of the (2,1) metric.

In this paper we will restrict ourselves to configuration
with purely Abelian magnetic charge. Several such solu-
tions with a single massless monopole are known. These
include solutions [5] with one massive and one massless
monopole for SO(5) broken to SU(2) X U(1), as well as
SU4) (1,[1],1) solutions [6] and the SU(3) (2,[1]) solutions
[7] referred to above, each with one massless and two
massive monopoles. These SU(3) solutions will be of
particular importance in our analysis. Their properties
were studied in considerable detail by Dancer and collab-
orators [7-10], and we will refer to them, and their (N —
I,[N —2],...,[1]) generalizations for SU(N), as Dancer
solutions.

In all of these solutions there is a single non-Abelian
cloud (spherical in the first case, ellipsoidal in the latter
two) that encloses the massive monopole(s). Well inside
this cloud, the magnetic field approximates the field, with
both Abelian and non-Abelian magnetic components, that
would be expected to arise just from the massive mono-
poles. The cloud effectively shields the non-Abelian com-
ponents, so that outside the cloud one sees the purely
Abelian field corresponding to the sum of the massive
and massless monopole charges. The size of the cloud is
determined by a single parameter, whose value has no
effect on the total energy of the solution.

Since our goal in this paper is to investigate the interac-
tion between massless monopole clouds, we need solutions
that have more than one cloud. One might have expected
that these could be obtained simply by having more than
one massless monopole. This turns out not to be so. For
example, the SU(N) (1,[1],...,[1],1) solutions contain N —
3 massless monopoles, but only a single cloud, no matter
how large N becomes [1]. [In fact, for N > 4 these solu-
tions are essentially embeddings of (1,[1],1) SU(4) solu-
tions into the larger group.]
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A set of solutions that do have multiple clouds, and
which we will focus on, are the (2,[2],[2],[2],2) solu-
tions—with four massive and six massless monopoles—
in the theory with SU(6) broken to U(1) X SU(4) X U(1).
The structure of these solutions was studied in Ref. [11].
They can be viewed as containing two SU(3) Dancer
solutions, each with a ‘“Dancer cloud” enclosing two
massive monopoles, embedded in disjoint subgroups of
the SU(6). In addition, there are two larger “SU(4)
clouds,” enclosing both Dancer clouds, that are somewhat
analogous to the cloud in the SU(4) (1,[1],1) solutions. As
we will describe in more detail later, these four clouds are
characterized not only by individual cloud-size parameters,
but also by a number of additional parameters specifying
their orientations with respect to the unbroken gauge
group. Note that, even in this case, the number of clouds
is less than the number of massless monopoles.

A useful tool for studying the low-energy dynamics of
multimonopole systems such as these is the moduli space
approximation [12], which reduces the full field theory
dynamics to that of a finite number of collective coordi-
nates z“. The latter are governed by the Lagrangian

L =1g,292b, (1.3)
where g,, is the metric on the moduli space of BPS
solutions. This method was used to study the (1,[1],1)
SU(4) solutions [13]. Because the two massive monopoles
lie in mutually commuting subgroups of the SU(4), one
would not expect them to interact directly with each other.
This turns out to be the case; indeed, they can pass though
each other undeflected. On the other hand, they do interact
with, and exchange energy with, the cloud. In these inter-
actions the cloud acts as if it were a thin shell, with the
monopole-cloud interactions concentrated in the times
when the massive monopole positions coincide with the
shell. At large times the massive monopoles and the cloud
decouple from each other and evolve independently. The
interactions between the cloud and the massless monopoles
are similar in the SU(3) Dancer solutions [8,9], which have
the additional feature that the massive monopoles, being
both of the same type, also interact directly with each other.

A word of caution is in order here. The essential idea
underlying the moduli space approximation is that for a
slowly moving soliton fluctuations off of the moduli space
are energetically suppressed. If the theory contains mass-
less particles, this needs further examination, since excita-
tion of these modes by radiation of massless particles is
always energetically possible. However, since the source of
the radiation is proportional to the time derivative of the
bosonic fields, the radiation rate is expected to be small for
low soliton velocities. This has been shown rigorously for
configurations involving pairs of monopoles in theories
where the massless gauge fields are all Abelian [14,15].
Although the validity of the approximation has not been
demonstrated rigorously for the case where there are mass-
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less non-Abelian gauge fields, explicit comparison of the
predictions of the moduli space approximation with nu-
merical evolution of the full field equations in a spherically
symmetric example [ 16] show that they agree as long as the
configurations are slowly varying.

Of course, this method requires that moduli space metric
be known. It can be obtained directly from the BPS solu-
tions, if they are known explicitly. In some other cases
indirect methods based on the mathematical properties of
the moduli space can be used to obtain g,, [17-19].
However, for other cases it turns out to be easiest to resort
to an alternative approach. The Atiyah-Drinfeld-Hitchin-
Manin-Nahm (ADHMN) construction [20-23] is a power-
ful tool for obtaining BPS solutions. It is based on an
equivalence between the Bogomolny equation for the fields
in three-dimensional space and an ordinary differential
equation for a set of matrix functions of a single variable,
known as the Nahm data. The moduli space of Nahm data
has its own naturally defined metric. It has been shown for
both the SU(2) theory [24] and for the case of SUN + 1)
broken to U(N) [25], and is believed to be true in general,
that the moduli spaces of Nahm data and of BPS solutions
are isometric.” [In particular, Dancer used this equivalence
in his investigation of the dynamics of the SU(3) solutions,
and worked with the Nahm data metric.] In this paper we
will assume that the equivalence of the two metrics holds
as well for our SU(6) example, and will work with the
Nahm data metric.

The remainder of this paper is organized as follows. In
Sec. II we review the relevant parts of the ADHMN con-
struction, as well as the metric on the moduli space of
Nahm data. We then show that if the metric for the
SU(M + 1) Dancer solutions is known, then that for the
(M,[M],...,[M], M) solutions of SU(2M + 2) broken to
U(1) X SU(2M) X U(1) can be easily obtained. In Sec. III
we illustrate this method by obtaining the metric for the
(1,[1],1) SU(4) solutions and verify that the Nahm data
metric thus obtained is in fact equivalent to the metric on
the moduli space of BPS solutions, which had been found
previously [1,13,26]. Next, in Sec. IV, we turn to the
moduli space metric for the SU(6) (2,[2],[2],[2],2) solu-
tions. These are described by a total of 40 collective
coordinates. Although the full metric can be obtained by
the methods of Sec. II, the result would be rather unwieldy
for exploring the nature of the cloud dynamics. We there-
fore consider a restricted problem, that of a lower-
dimensional submanifold of axially symmetric solutions,
for which the metric has a relatively simple closed form
expression but which still has enough structure to allow us
to investigate nontrivial cloud dynamics. In Sec. V we use
the metric obtained in the previous section to explore the
cloud-cloud interactions. Section VI contains some con-

%In fact, we will demonstrate this equivalence for yet another
example, the (1,[1],1) SU(4) solutions, in Sec. III.
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cluding remarks. There is an appendix, which contains
some of the details of the moduli space metric calculation.

II. THE ADHMN CONSTRUCTION AND THE
METRIC FOR (M, [M],...[M], M) SOLUTIONS

As was discussed in Sec. I, the moduli spaces of BPS
solutions and of Nahm data are believed to be isometric.
We work in this paper with the Nahm data metric, which is
the more accessible of the two for the examples that we
study. In this section we first review the essential elements
of the ADHMN construction [20-23], emphasizing the
points that are relevant for the (M, [M], ..., M) solutions
of SU(2M + 2). We then obtain a general expression for
the metric of these SU(2M + 2) solutions, and briefly
discuss an asymptotic special case.

A. Nahm data

The basic elements in the ADHMN construction® are the
Nahm data, a quadruple of matrix functions 7', (s) (u=0,
1, 2, 3) that obey the Nahm equation,

0=

ar, . i
dsl + [T, T;] + 3 €[ T; Til,

ij k=123
2.1)

For charge k solutions in an SU(2) theory with Higgs
vacuum expectation value wv, the T,(s) are k Xk
Hermitian matrices defined for —v/2 < s < v/2. For a
general SU(N) theory, the eigenvalues of the Higgs vac-
uum expectation value divide the range of s into N — 1
intervals, on each of which Eq. (2.1) must hold. (The
boundary conditions at the ends of these intervals are
somewhat involved; we describe them below for the cases
we need.) The dimension of the T, varies from interval to
interval, being determined on each by the corresponding
magnetic charge. If the T, are of the same size, k X k, on
two adjacent intervals, then there are additional ‘‘jumping
data,” forming a 2k-component complex vector, associated
with the boundary between these intervals.

For later reference, note that if the T, (s) satisfy the
Nahm equation, then so do the TM defined by

T:(s) = R;;T;(s) + B;, (2.2)

To(s) = To(s),

where R;; is an orthogonal matrix with determinant one.
The T () lead to a spacetime solution that is obtained
from the original one by a combination of the spatial
rotation specified by R and a spatial translation by the
vector B.

3For a fuller description of the ADHMN construction, includ-
ing a discussion of how the spacetime fields are obtained from
the Nahm data, see Ref. [27].
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For SU(2M + 2) broken to U(1) X SU(2M) X U(1) the
eigenvalues of the Higgs vacuum expectation value are
sp <59 < sg, with sy being 2M-fold degenerate. These
divide the range of s into a “left” interval [s;, s¢l, a
“right” interval [s¢, sg], and 2M — 1 intervals of zero
width at s = §3. These correspond to two species of mas-
sive monopoles, with masses

ML = 47T(S0 - SL), MR = 47T(SR - So), (23)
and 2M — 1 species of massless fundamental monopoles.
For the (M, [M], ...,[M], M) solutions we need two sets of
M X M matrices, T4 (s) and TX(s), defined on the left
and right intervals, respectively.4 These obey Eq. (2.1)
subject to the boundary condition that, for M > 1, the T
(TlR) have poles at s; (sp) with the residues forming an
M-dimensional irreducible representation of SU(2).
Except for these poles, the T and TX must be everywhere
nonsingular.

Because the magnetic charge is the same on adjacent
intervals, there are jump data associated with each of the
2M coincident boundaries at s,. We write the data associ-
ated with the Fth boundary as a 2M-component vector a’,.,
where r = 1,2,..., M and a = 1, 2. These jump data are
required to satisfy the constraint

(AT])rs = [T]l“(sﬂ)]rs - [TJR(SO)]VS - Za (0- aﬂaﬂr

Foz,B
2.4)

If we assemble the jump data into a 2M X 2M matrix A

with A,,.r = ak,, and define an M X M matrix
(T4),s = Zamam 2.5)
and a 2M X 2M matrix
Korps = (AT),(0)op + (T4),80p = Za L (26)

the jump data constraint becomes simply K = AAT. For
later reference, it is important to note that this implies that
the eigenvalues of K must be positive. The general solution
of this constraint is

A= K'?vy, (2.7)

where V is unitary. The freedom in the choice of V reflects

“The spacetime fields are obtained from sums of integrals over
the various intervals, with the integrands obtained by solving a
differential equation involving the Nahm matrices on the corre-
sponding interval. Because the integrals for the zero-width
intervals vanish, the corresponding Nahm matrices have no
effect on the spacetime fields. For more details, see Ref. [27].
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the existence of an unbroken U(1) X SU(2M) subgroup of
the original SUQ2M + 2) gauge group.’

The crucial observation for us is that the dimensions and
boundary conditions for the 75 and TX are the same as
those for the Nahm data of the SU(M + 1) Dancer solu-
tion. Apart from the gauge orientation angles and phases
encoded in V, the new information specific to the
SU(2M + 2) problem—i.e., the parameters that describe
the SU(2M) clouds—enters only through T, which can be
chosen to be any Hermitian matrix, subject only to the
constraint that the eigenvalues of K must be positive. Thus,
if the Nahm equation has already been solved for the
SU(M + 1) Dancer problem, the only additional data
needed for the (M,[M],...,[M], M) solutions are the
jump data, which are given by Eq. (2.7).

B. Gauge action

In addition to the spacetime symmetries described by
Eq. (2.2), the Nahm equations have a set of invariances that
are analogous to, although distinct from, the gauge trans-
formations on the spacetime fields. If g(s) is a unitary
matrix of appropriate dimension, the Nahm equation
(2.1) and the jump equation (2.4) are invariant under®

T,(5) = T4(9) = BT, () ™1(5) + 18,0 % ¢71(5)

g(SO)rsAas F- (28)

Aar F— Aar F
When considering spacetime gauge transformations one
distinguishes between local gauge transformations, which
approach the identity at spatial infinity, and global gauge
transformations, which are nontrivial as r — co. While the
former simply reflect the presence of redundant field com-
ponents, the latter correspond to symmetries that are re-
lated to conserved gauge charges. When the gauge
symmetry is unbroken, the number of global gauge trans-
formations is equal to the dimension of the gauge group. If
the symmetry is spontaneously broken, as it must be when
monopoles are present, only those global gauge transfor-
mations that leave the asymptotic Higgs field invariant
(i.e., those in the unbroken gauge group) lead to normal-
izable zero modes about a static solution, and only these
correspond to physical motions on the moduli space.
Similarly, we can distinguish between local gauge ac-
tions on the Nahm data, for which g(s) = I at both bounda-
ries, and global gauge actions, which have g # I at one or
both boundaries. Any of the latter that act on pole terms in
the Nahm data will lead to nonnormalizable modes, and
therefore do not contribute to the moduli space dynamics.
This means that for the (M, [M], ..., M) solutions, which

SIn the next subsection we will see how the effects of the
remammg unbroken U(1) factor are manifested.

Such transformations are often used to make Ty(s) vanish
identically.
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have poles at both boundaries, the only relevant global
gauge actions are those that leave the pole terms invariant.
These are proportional to the unit matrix and are of the
form g(s) = e'X]. Because an s-independent gauge ac-
tion proportional to the unit matrix would have no effect on
the Nahm data, it is sufficient to consider the case where y
vanishes at one boundary, but not at the other; this leads to
a zero mode corresponding to an unbroken U(1). The zero
modes corresponding to the other unbroken generators do
not arise from gauge actions, but instead correspond to
variations of V.

For the SU(M + 1) Dancer solutions there must be a
pole at one boundary, but the only constraint at the other is
that the Nahm data be nonsingular. There are then a total of
M? independent normalizable global gauge zero modes,
corresponding to the generators of the unbroken U(M).
These can be obtained from gauge actions for which g is
an M-dimensional unit matrix at the pole and proportional
to one of the generators of U(M) at the other boundary.

C. The moduli space metric

The moduli space of Nahm data is the space of solutions
of the Nahm and jump equations, but with solutions that
are related by local gauge actions considered equivalent.
The coordinates on this space are the collective coordinates
Z,- Its tangent space at a given point is spanned by the
variations of the Nahm data that preserve the Nahm and
jump equations and that are orthogonal to the variations
due to local gauge actions.

For our solutions, the Nahm data consist of two quad-
ruples of Nahm matrices, one for each interval, and jump
data at the boundary at s5y,. We can write these collectively
as T = {TL(s), TR(s), A}. The tangent vectors to the Nahm
data moduli space must have a similar structure, and so can
be written as Y = {Y}(s), YX(s), Y}. The inner product of
two such vectors is defined to be’

YY) = [ " YL (s)YIE(s) + [ " TeyE ()Y (s)

SL So

1
+ 3 Tr(YY't + yv'vT). (2.9)

An infinitesimal local gauge action is specified by a
Hermitian matrix function A(s) that is everywhere con-
tinuous and vanishes at s; and sz. We denote its values on
the left and right intervals by A%(s) and AR(s), and define
A(sg) = A, Its action on the Nahm data defines a vector

Yauge With

"Note that in the trace in the last term the indices run over 2M
values, whereas in the first two terms the traces are of M X M
matrices.
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LR
(Ygauge);LL’ - 8ATLR 5 — l[T AL’R]
=D, ALR, (2.10)
(Ygduge)arF (BAA)arF iA(r)sAas,F’

where D; = i[T)(s), ]and Dy = d/ds + i[Ty(s), ]. In order
that Y be orthogonal to Y,y for any choice of A, we
must require that

0=D,YLR(s), s # S, 2.11)

0= [¥f(s0) = YE(s0)]s +5(YAT =AY, 212)
By analogy with the corresponding constraint on the var-
iations of the spacetime fields, we will refer to these as the
background gauge conditions.

A basis for the tangent space is given by a set of vectors
VY, of the form

+ D, AR,

LR aTER(s; 2)
PR =g

(2.13)

a

Ya = a i[Aa(SO) ®A]!

with the gauge action A,(s) chosen so that Y, is in
background gauge. The metric on the moduli space is
then defined to be®

ds* = g.,dz%dz" = 4w\, Y,)dz¢dz". (2.14)

D. The metric for the (M, [M], ...,
SUQRM +2)

As we have just seen, to calculate the moduli space
metric one must first vary the Nahm data with respect to
the coordinates, and then find a gauge action A(s) that
brings the resulting tangent vector into background gauge.
The one part of this procedure that is not completely
straightforward is the solution of the differential equation
for A(s) that is implied by Egs. (2.11) and (2.13). However,
if this has already been done for the SU(M + 1) Dancer
solutions, the determination of the moduli space metric for
the (M, [M], ..., M) solutions of SU(2M + 2) reduces to
an algebraic problem. To see this, first note that the Dancer
problems give us two sets of basis vectors, Y-L and YDX,
that satisfy Eq. (2.11) on their respective domains. Each of
these sets includes M? vectors corresponding to the global
U(M) gauge freedom. These are of the form Y7, = D, x}

and Y§, = D, x5 (f =1,2,...M?), where x% (x§) van-
ishes at s; (sg) and is nonzero and proportional to one of
the U(M) generators at sy. Because the Dancer basis vec-

M) solutions of

8The factor of 47 here is chosen to make the normalizations of
the Nahm data metric and the BPS solution metric the same; it
can be easily checked by noting the coefficient of the terms
quadratic in the center-of-mass position.

065025-5



CHRISTOPHER M. MILLER AND ERICK J. WEINBERG
tors satisfy Eq. (2.11),

D#DW\/]LC ZD#DW\/}? = 0. (2.15)

Now suppose that the coordinates for the
(M, [M],..., M) solutions are chosen so that one subset
are those originating with the left Dancer problem, a
second subset are those from the right Dancer problem,
and the remainder are associated only with the jump data.
The tangent vector corresponding to the coordinate z¢ can
then be written in the form

4 e Iz)A},

— lynL L yDR R
Y, = {Yaﬂ + DMAa, Yoo+ D#Aa, 9z

(2.16)

where Y2L and Y2R are the vectors from the left and right
Dancer problems.9 Although these Dancer vectors already
satisfy the background gauge condition on their respective
domains, an additional gauge action may be needed to
satisfy Eq. (2.12) at s,. Its gauge function A must vanish
at s; and sk and, in order to maintain the background
gauge condition on the two intervals, it must satisfy
D,D,A =0 for s # 5. It is therefore a linear combina-
tion of Dancer global gauge modes, with

AL = cLoxy, AS = cfxf. (2.17)
Thus, for each Y, there are a total of 2M? constants to be
determined. Requiring continuity of the gauge action at the
boundary, AY = AL(s)) = AR(sy), gives M? algebraic
equations. The background gauge condition at the bound-
ary becomes

[DoAL(sg) — DoAR(sg) + AIT, + T4AS],,
i( IAT  9A

= [YDR — YBL +-1A
[ a0 (SO) a0 (SO)]rs 3 0z, 0z,

AT)
ar,as

(2.18)

and gives M? more equations, thus determining the csf and
cks, and hence Y,

We can now evaluate the metric. Because the Y, satisfy
the background gauge conditions of Egs. (2.11) and (2.12)
and, in addition, D,Y2L =D, YPX =0, many of the
terms involving the gauge actions can be eliminated by
integrations by parts. With the aid of Eq. (2.18), one
eventually obtains

- f " dsTeYPLYPL + 4 [ " dsTrYPRYPR + g0,
S So

= gDl + gbR + 6%, (2.19)

where g2 and gPR are the metric components from the

corresponding Dancer solutions and

20f course, with coordinates chosen as described above, at
most one of these Dancer vectors will be nonzero for a given z“.
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g0, = 4w Tr{ YR (so) — YER(s0) A}

A 9AT  9A aAT>

+ 27Tt — — + — —
(az“ 9zt 9zb 9z°

A AT

(aA AT 9A aA*>
=27Tr|— — + — —
az¢ 9z azb 9z

+ 47TTI‘|:DOA§(S0) - DoAé(So)]Ag

— 47 TITy(AAD + AOAY) (2.20)

contains the entire contribution from the jump data.'®
These two equations are the main result of this section.

E. Large SU(2M) clouds

Before focusing on the specific examples of M = 1 and
M = 2, it is worth commenting briefly on the case where
the length scales in 2% and T2® are smaller than all those
entering 7, by a factor of € < 1. This corresponds to the
situation where the SU(2M) clouds are large compared to
both the Dancer clouds and the separations between the
massive monopoles. In this case Eq. (2.7) can be written as

A= (T)*® L)V + 84, (2.21)

where 6A, which contains all of the information about the
Dancer data, is suppressed by a factor of €. Therefore, if z,,
is one of the Dancer coordinates, 9A/dz, = O(e).
Furthermore, by noting the A7, terms on the left-hand
side of Eq. (2.18), we see that the A, corresponding to
these coordinates are also suppressed by a factor of €. It
follows from these facts that (1) if either a or b refers to a
Dancer coordinate, then g%, is suppressed relative to g2~
or g% and (2) if a and b both refer to jump coordinates,
then all of the dependence of g%, on Dancer parameters is
through subleading terms. Hence, to leading order in € the
moduli space Lagrangian separates into two parts, one
depending only on the Dancer parameters and one depend-
ing only on the jump parameters. In other words, large
SU(2M) clouds are effectively decoupled from both the
massive monopoles and the Dancer clouds.

III. (1,[1],1) SOLUTIONS IN SU4)

We will first consider the (1,[1],1) solutions for a theory
with SU(4) broken to U(1) X SU(2) X U(1). This will not
only serve as an illustration of our method but, because the
metric on the space of BPS solutions is already known
[1,13,26], it will also provide one more example support-

10Although the middle term in the final expression for ggb
appears not to be symmetric under interchange of a and b, it
actually is. This can be shown by an integration by parts and
making use of the facts that the A. obey D,D,A. =0 and
vanish at s; and sp.
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ing the conjecture that the moduli spaces of Nahm data and
of BPS solutions are isometric.

The “Dancer” solutions in this case are just embeddings
of the unit SU(2) monopole, each with a four-dimensional
moduli space. The Nahm data are numbers rather than
matrices and are given (with a standard choice of the gauge
action) on the left interval by T = 0, T]L =-X jL, where
the XJL are the coordinates of the monopole center.
Differentiating these with respect to the XJL gives three
Dancer tangent vectors

Yl = =8, (3.1)

that satisfy the background gauge condition without need-
ing any compensating gauge action. The fourth tangent
vector corresponds to a U(1) phase, and so must be of the
form

dx*

ds
In order that this be in background gauge, we need that
d’>A/ds* = 0. Fixing the normalization by requiring that
x"(so) = 1 and x*(s;) = 0, we find that

[Y2h 1, = Duxt = 8,0 (3.2)

47
o il =s <—) (3.3)
u(1)dm 0 M,

_ 4ar(s — s1)

L
x5 (s) M,

The Nahm data and tangent vectors for the right Dancer
data are completely analogous. They are obtained simply
by replacing L by R in the above equations, except for a
sign change that yields

47r(s — sg)

R —
X" (s) M,

dar
(Yol = — S“O(MR)'
(3.4

In the absence of jump data, these two sets of four vectors
would give a moduli space metric

ds? . ) ) (47)? )
57 tdsy = MpdX; + MpdX5 + dxi
M;
(4)?
+ dy>. 3.5
My XR (3.5)

In the standard fashion, we can rewrite the positions in
terms of center-of-mass and relative positions Xy and R.
We can also replace y; and yx by a global U(1) phase and
a relative U(1) phase. The former, given by & = x; + xr,
corresponds to a simultaneous phase rotation of the
two monopoles, and is described by a tangent vector
{YPr ), [YEF1 =48 0/ (M + MpKL, 1y =4 /(M +
Mg)D M x*, —Mpx"}. Note that although [Y2*], and
[Y?R] . correspond to pure gauge actions on their separate
intervals, the combined vector is not a gauge action be-
cause the corresponding left and right gauge functions are
not equal at s = s.

PHYSICAL REVIEW D 80, 065025 (2009)

The relative U(1) phase s = (M xgr — Mgx)/ (M +
Myp) corresponds to an orthogonal combination of vectors
and, in the context of just the Dancer data, is a pure gauge
action. We can therefore choose the gauge so that [Y f/,’L] “
and [Y))*],, both vanish and the g, are given completely
by the jump data term g9,

We now have to consider the contributions from the
jump data. We start by defining 7, = b; examination of
the spacetime solutions shows that » measures the size of
the non-Abelian cloud. We then have

K=blL+R-0=UK, U, (3.6)

where K, = diag(b + R, b — R), and can write the general
solution for the jump data as

A = UKY*welv, (3.7)

where W, like U, is an SU(2) matrix.'! Neither the center-
of-mass position nor the global U(1) phase &, appears in
A, so the tangent vectors corresponding to these variables
have no jump component and are specified completely by
the Y2! and Y2 inherited from the Dancer problems. It is
easily verified that these vectors are in background gauge
and that they are orthogonal to the vectors for the relative
coordinates.

The calculation of the remaining metric terms is sim-
plified by noting that, because the spatial rotations repre-
sented by U and the global U(2) symmetry represented by
W and ¢ are isometries, we can calculate the metric from
the tangent vectors at a point with U = W = [, 4y = 0. At
this point the tangent vector for the intermonopole separa-
tion R gets a jump data contribution

0A 1 di ( 1 1 )
— = —dia ,—

orR 2% vb+R b—R
that combines with the contributions from the Dancer

vectors to give a tangent vector Yy that is already in
background gauge. For the cloud size parameter b we have

(3.8)

0A 1 di ( 1 1 ) 3.9)
— = —dia , . .
ab 2 g\/b—i—R b — R
Because b does not enter the Dancer solutions, Y, has no
YBL or YBR contribution. It, too, satisfies the background
gauge conditions without the need for a compensating
gauge action.

To obtain the remaining tangent vectors, which corre-
spond to rotations and U(2) transformations, we first write
an infinitesimal variation of A (with K, held fixed) as

: 2 .3 .
_ ! 1/2 l 1/2 L 12
dA—Ei:ZlUjKO daj+§izzll<0 ojdB; + S Ky dy,

(3.10)

"1 the notation of Eq. (2.7), W = U~'V. We have written A in
this form to facilitate comparison with the results in Ref. [13].
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where the da; and d; are the invariant one-forms for the
rotational SO(3) and gauge SU(2) symmetries.'? The da,
and d«a, terms combine with contributions, due to rotations
of R, from the left and right intervals to give background
gauge tangent vectors. The B, and S, vectors have no
contributions from these intervals, but are also in back-
ground gauge. However, the B3 and i vectors do not
satisfy Eq. (2.12) and so must be supplemented by com-
pensating gauge actions. As explained in Sec. II D, these
gauge actions must have gauge functions of the form AL =

PHYSICAL REVIEW D 80, 065025 (2009)
¢,. Using Eq. (2.18), we then find that

Sk
ll

Ru _ bu

__ Re _OF @il
Bs T 4 + 2bp = amiapn D

where u = M;My/(M; + Mp) is the reduced mass.
With the A, thus determined, we can use Egs. (2.19) and

(2.20) to show that the metric for the eight-dimensional

relative moduli space [i.e., with the center-of-mass motion

cExt, AR = cR®yR. Continuity of A at s, implies that cL = and overall U(1) phase factored out] is
|
27h 27hb 47R
ds® = [M + %]dRz + a1 2 dbdR + (uR? +2mb)(dat + da) + 2wb(dp] + dB3)
(b* — R?) (b* — R?) b* —
47m%b 27 uR? 87°R
+ 4mVb?> — R*(dadB, + da,d +— d2 [ —] I+ ——— diydBs. (312
|
This agrees with the metric on the moduli space of BPS 7L — 1 AL L
solutions that was previously obtained."® This thus pro- T; EZA j ()7 + RiT, (4.2)

vides another example where the moduli spaces of Nahm
data and of BPS solutions are isometric, lending further
support to the conjecture that this is true in general.

For later reference, we note that when the angular mo-
menta and charges all vanish, the system reduces to one
governed by the Lagrangian

C s C
AR AU N3 )
2 b+R) 2 (Bb—-R) 2

(3.13)

IV. (2,[2],[2],2],2) SOLUTIONS IN SU(6)

A. Nahm data

The Nahm data are 2 X 2 matrix functions T%(s) and
Tﬁ (s) on the left and right intervals, respectively, plus jump
data that are obtained from 7% (s,), Tk (s,), and

T4=p12+q"7 (41)

by using Eqgs. (2.6) and (2.7). The parameters in 7, deter-
mine the properties of the two SU(4) clouds. Examination
of the spacetime solutions [11] shows that, roughly speak-
ing, p + g and p — g (with ¢ = |q|) determine the sizes of
the clouds, while the direction of q specifies an orientation
in the unbroken SU(4). The T (s) are themselves the Nahm
data for an SU(3) (2,[1]) Dancer solution. By an appropri-
ate gauge action one can set 7§ = 0 and then write [8]

2We have not included an a; term because its effect can be
absorbed by a redefinition of Bj; this term would correspond to
the Euler angle that leaves R invariant.
3This is verified most easily by comparing with the form given
in Ref. [13]. For the angular and phase parts of the metric our
expression, written in terms of angular velocities, is related to the
one in Eq. (3.18) of that paper, given in terms of angular
momenta, by a Legendre transformation.

where AiLj is an orthogonal matrix and the three %]L =

Upr;U; " are a rotated set of Pauli matrices. The f%(s)
obey
d L
YT = pirt
ds

and its two cyclic permutations. If we adopt the convention
that f2 = f3 < f2, they are given in terms of Jacobi ellip-
tic functions by

(4.3)

DLCHKL [Dy(s —s.)]

) = = =4 oG5 0]

fL( ) _ DLdnKL[DL(s - SL)] (4.4)
2 s DL (s — 5,)] ‘
Fhs) = = L

SnKL[DL(S =)

The requirement that ff(s) only have a pole at s; imposes
the conditions 0 =< k; =1 and 0 = D; = 2K(k;)/(s¢ —
s1), where K (k) is the complete elliptic integral of the first
kind. The T%(s) are similar, but with D; and «;, replaced
by Dy and kp.

The left and right Nahm data each contain eleven pa-
rameters: three center-of-mass variables R}, the three Euler
angles in A;; that specify the spatial orlentatlon the three
angles needed to define the 7;, and the elliptic function
parameters D and k. The significance of the latter two is
clarified by referring to the plot in Fig. 1. The change of
variables [9]

x =2 - «k*D?

4.5)
_ \/§K2D2
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FIG. 1. A geodesically complete submanifold illustrating the
SU(3) Dancer solutions. The long straight lines correspond to the
axially symmetric hyperbolic solutions, with two widely sepa-
rated monopoles, while the short straight lines correspond to the
axially symmetry trigonometric solutions. The limiting curved
boundaries, which are not part of the manifold, correspond to
SU(2) two-monopole solutions.

maps the allowed range of D and « onto the lower right
sextant of the plot (including the straight boundaries, but
excluding the curved outer boundary, which is geodesically
infinitely far from any point in the interior). By adjoining
five other copies (corresponding to the other possible
orderings of the fJ2.), one obtains a geodesically complete
two-dimensional manifold. Points far out on the long arms
of the figure correspond to solutions with two well-
separated massive monopoles, with the distance between
the two approximately equal to D. The straight lines down
the centers of the arms, on which « = 1, correspond to
minimal Dancer cloud size, while the limiting curve cor-
responds to embeddings of SU(2) two-monopole solutions
that can be thought of as having infinite Dancer clouds. The
central point, where D = 0 and « is undefined, corre-
sponds to a solution with coincident massive monopoles
and a minimal size cloud. On the short straight lines
emanating from this point k = 0. Points on these lines
correspond to solutions with coincident massive mono-
poles and clouds varying from minimal to infinite size
[10,28].

For « equal to O or 1, the elliptic functions reduce to
trigonometric or hyperbolic functions, respectively [7].
Two of the f; are then equal and the spacetime solution
has an axial symmetry. When D = 0, all three of the f are
equal and the solution is spherically symmetric. A straight
trajectory passing from a « = O line through the central
point and out along the opposite k = 1 line is a geodesic of
the Dancer metric.

B. Reduction to cylindrical symmetry with vanishing
charges

As noted above, the left and right sets of Dancer data
each contain eleven parameters. In addition, there is an
overall U(1) phase associated with each set. These, plus the

PHYSICAL REVIEW D 80, 065025 (2009)

four parameters from the elements of 7, given in Eq. (4.1)
and the sixteen moduli arising from the U(4) matrix V
would seem to give a total of 44 moduli. This cannot be
correct, because a solution with ten monopoles should lie
on a 40-dimensional moduli space. The discrepancy is
resolved by noting that there is a U(2) subgroup of the
U(4) whose effect is gauge equivalent to that obtained by
simultaneously rotating the U(1) phases and SU(2) orien-
tations of the two Dancer solutions and the SU(2) orienta-
tion of the vector (.

Because the moduli space metric for the Dancer data is
already known, the methods of Sec. II can be applied to
obtain the metric for the full 40-dimensional moduli space.
However, the result would be rather unwieldy for exploring
the nature of the cloud dynamics. We will therefore reduce
the problem to a more manageable one by restricting
ourselves to a considerably smaller, but geodesically com-
plete, submanifold.

A geodesically complete submanifold can be obtained
by restricting to the maximal subspace left invariant by
some isometry of the full manifold. In particular, we will
require that the solutions be axially symmetric about the
z-axis. This means that the Nahm data must be invariant
under the combination of a rotational transformation of the
form given in Eq. (2.2) and an appropriately chosen gauge
action. In each set of Dancer data two of the f; must then
be equal (which is only possible if k = 0 or 1), which
implies that the solution acts as a symmetric top in the
SU(2) space. Furthermore, the symmetry axes of the two
Dancer solutions must be aligned with each other and with
q. More specifically, the 7% and the #¥ can differ only by an
U(1) rotation. Making use of the redundant U(2) freedom
noted above, we can take the U(1) rotation to be about the
73 direction and fix the #% and 75 to be

L — {e_“»h'r}Tle“//TS’ e_ll/lTBTzel'r//T3, 7'3}

2
/ (4.6)
'f-f = {ei'//TSTle_il/lT?,’ ei¢7-37'26_i'r//7-3, 7'3}

Although rotation of the relative phase ¢ is not an isome-
try, there is a Z, symmetry that reverses its sign. We can
require invariance under this symmetry as well, and set
G =014

If we now set Ty = Ty = 0 and write Ty = p + g3,

the Nahm matrices on the left and right intervals then
become

T(s) = [Lgk (), Set(s)m, Lgk(s)ms + Z, 1)
TR(s) = [LgR()71, LgRr(s), L ()73 + Zgl, ]

with

"“Invariance under this Z, symmetry could also be achieved by
setting = —ar/2; we will not explore this possibility here.
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L(S) _ _DL CSC[DL(S - SL)], Kp = 0
81 —D;cosech[D; (s — s;)], x. =1
L(S) _ _DL COt[DL(S - SL)], K; = 0
83 =Dy coth[D;(s —s;)], k., =1 4.8)
R(g) = {DR csc[Dg(sg — 5)] kg =0 .
&1 Dgcosech[Dg(sg — 5)], kg =1
R _ | Drcot[Dg(sg — ),  kg=0
83 (s) = _ .-
Dpgcoth[Dg(sg — 5)], kg =1

We can further simplify matters by requiring that the
conserved charges from the unbroken U(1) X SU(4) X
U(1) symmetry all vanish. One’s first thought might be
that the phases associated with these vanishing charges
could be simply dropped from the Lagrangian. This is
not so, because there are couplings between the angular
velocities ' of these phases and the six nonphase moduli
(Dy, Dg, p, q, Z;, and Zy) that remain after our symmetry
constraints are imposed. If we denote the latter moduli by

|

ptq+C+R 0

o 0 p—qg—C+R
k= 0 2B
0 0

with
B =3[ (s0) — gf(s0)]

C= Q[gé‘(so) - g§(s(>)],
R = ZL - ZR'

(4.13)

Note that K has been written so that the Greek indices in
Eq. (2.6) label 2 X 2 blocks; the elements within each
block are labeled by the indices r and s.
Given this Nahm data, the calculation of Lyg ¢ can be
organized as follows:
(1) Calculate the derivatives of the Nahm data with
respect to the y*. On the left and right intervals the
only nonvanishing derivatives are those of the 7,
with respect to the corresponding D and Z, but A has
nonzero derivatives with respect to all of the y“. The
calculation of these is somewhat involved, and so we
relegate it to the appendix. The explicit form of the
results are actually not needed until the final step 6.
(2) Determine whether the tangent vectors obtained in
step 1 require any additional gauge actions to put
them into background gauge. It is easy to see that the
derivatives of the T, on the left and right intervals
obey Eq. (2.11). The pieces arising from the data at
sy require a bit more care. With V taken to be the
identity, A is Hermitian. Equation (2.12) then im-
plies that a compensating gauge action is only
needed if

PHYSICAL REVIEW D 80, 065025 (2009)
y*, the moduli space Lagrangian can be written as

Lys = 3Cpy*y" + By 0’ + 3E 0’ w/, (4.9)

where the metric coefficients C,;,, B,;, and E;; depend only
on the y*. By means of a Legendre transformation we can
convert this to an effective Lagrangian in which the de-
pendence on the ' is replaced by a dependence on the
conserved charges

If all of the Q; vanish, this effective Lagrangian reduces to
Lysert = 3 Cap — BaiE,}lij])"a)"b~

As we did for the (1,[1],1) example, we will take advan-
tage of the isometries of the moduli space and calculate the
metric at the point V = [. We start our calculation by
displaying the Nahm data. The T%(s) and TX(s), as well

as T,, were given above. With V = I, A = K'/2, where

@11

0 0
2B 0
pt+tqg—C—R 0 (4.12)
0 p—qtC—R
0A
I:—,A] #0 (4.14)
ay” ar,as

for any coordinate y“. To see that this quantity
always vanishes, first note that both A and dA/dy*
have the same block diagonal form as K, and that a
nonvanishing commutator can only arise from the
middle 2 X 2 block. Within this block, the matrices
are all linear combinations of the identity and the
Pauli matrices p, and p,. Any commutator must
then be proportional to p,, and thus would not
contribute after the trace over a was taken.'”

(3) Determine which B;, are nonvanishing. Because the
tangent vectors for the y* do not require compensat-
ing gauge actions, Bj, is given just by the first term
on the last line of Eq. (2.20). This gives

) 0A
Bja = =277 Tr([aya, A]t])’

where ¢; is the Hermitian generator corresponding to
the jth phase. From the remarks of the previous
paragraph, we see that we can choose the ¢; so that
the only nonzero Bj, come from the generator that
has a Py in the middle 2 X 2 block and zeros else-
where; we label this generator 7,.

(4.15)

>This cancellation is a consequence of the axial symmetry,
because otherwise there is also a p, contribution to K.

065025-10



INTERACTIONS OF MASSLESS MONOPOLE CLOUDS

(4) Show that the tangent vector corresponding to the
U(4) action generated by t, does not need a com-
pensating gauge action. Referring to Eq. (2.12), we
see that this is equivalent to showing that

0= (AZ2A)ar,as (416)
for all values of r and s. It is easy to verify that
this follows from the symmetric block diagonal
form of A.

(5) Calculate E5,'. Because the Bj, vanishif j # 2, we
only need this one element of the matrix £~ !. Using
the fact that the #, tangent vector has no compensat-
ing gauge action, Eq. (2.20) gives

Ey; = 2w Tr(A{ty, 1}A) = 27 Te(K{ty, 1}}). (4.17)

This vanishes unless j = 2, implying that

_ _ 1
Ezzl = (Ex) I =

(6) Evaluate the C,, and the B,, and substitute the
results into Eq. (4.11) to obtain Lyg .. The details
of this are given in the appendix. Instead of writing
the result directly in terms of the y¢, it is more
convenient to express it in terms of the four eigen-
values of K,

M=p-—q-R+C

4.19
Ay =p—C+44B> + (¢ — R?, @19
A =p—C—V4BZ+(q—R)2,
and the variable
1 1 27T(Zl - Z4)

LMs,eff = EMLZ% + EMRZE +

m(p — q)
[(p — Q)z —(z, - Z4)2]
27(Z, — Z3)

[(p+ @) — (Zy — Z3)*]

[(p— @) = (Z, = Zu)]

PHYSICAL REVIEW D 80, 065025 (2009)

2B
0= tan"(—).
R—gq

We can then write

(4.20)

. . 1 . 1 .
LMS,eff = MLZ% + MRZ%Q + EIgDD% + EISDDIZ?

T A2 7 Ay — A,
+ -y T
22

Ay 2 (AL +A0) “.21)

where Ipp is the function given in Eq. (A9). (Of
course, when obtaining the equations of motion
from this Lagrangian one must remember that the
A, and @ are not independent variables.)

C. The large-mass limit

Considerable simplification can be achieved by working
in the “‘large-mass limit” in which the massive monopole
core radii, M; ! and My', are much less than all other
relevant distance scales.'® There are four possible cases,
depending on the values of k; and k. We will examine the
two with k; = kp.

1. Hyperbolic solutions, k; = kp = 1
Here we take w; = M;D; /47 and ugr = MgzDg/4
both large, with D; and Dy held fixed. In this limit the
Dancer clouds have minimum size and D; and Dy, are the
separations between the massive monopoles of the same
species. Up to exponentially small corrections,
B =0, C= —%(DL + D). (4.22)

Substituting these values, as well as the asymptotic values
of 15,, and I%,, from Eq. (A11), into Eq. (4.21) gives

(p— (2, — Zy)

1

. . 1 . .
[(p— ¢+ (Z,— 2]+ EMLZ% + = MpZ3

2

TPED) (4 P+ (2 - 257

(4.23)

'°It must be kept in mind that this limit involves a comparison between the monopole masses and the cloud sizes and massive
monopole separations. While the masses are, of course, constant, the evolution of the other quantities may invalidate this limit at large
times. This would happen, for example, in a geodesic motion that started with a large-mass k = 0 Dancer solution, passed through the
spherically symmetric point where the symmetry axes in Fig. 1 meet, and then moved out toward the large-mass k = 1 solutions.
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where
Dy
7, =7, +==,
1 L 2
D
ZQZZL_—L,
2 (4.24)
Zi =7 +DR
3 R 2 b
Dy
Z,=Zp — =X,
4 R 2

Examination of Eq. (4.23) shows that the metric is the
sum of two independent pieces, one involving Z;, Z,, and
p — ¢, and one involving Z,, Z5, and p + g. Each of these
describes a (1,[1],1) SU(4) system. [Indeed, this could have
been foreseen by recalling the results of Ref. [11], where it
was shown that the SU(6) solutions with two minimal
Dancer clouds and all SU(2) orientations aligned were
essentially superpositions of two independent SU(4)
(1,[11,1) solutions.] The splitting of the metric here implies
that the two nontrivial clouds are completely decoupled
from each other. Hence, this limiting case does not shed
light on the interactions between clouds, which is our
primary interest in this paper. We therefore turn to the
second limiting case.

2. Trigonometric solutions, k; = kr = 0

For these, we take u; = (so — s,)D; = M; D, /47 and
ur = (sg — s9)Dg = MyDyg/47 to be just less than the
maximum allowed value, 7. In this regime the approxi-
mate radius of the Dancer cloud is

a=——">M" (4.25)
2(m — )
To leading order, then, we can write
C = _B - (aL + aR) = d (426)

In addition, using Eq. (A10), we find, again to leading
order, that

da} . dad
I5,dD2 + I%,dD} = 47 L + 47 R
ap ag

= 167(d"/a)? + 16madd?, (4.27)
where ¢ = tan"'(yJa, /ag).

We can take the center of mass, M;Z; + MpZp, to be at
rest and define a reduced mass M = M, My/(M; + My).
The effective moduli space Lagrangian of Eq. (4.11) then
reduces to

. A (A — A a2

L = MR+ I 2o T T 20 oy g nd

MS et 2 Z A, 2 (A +A) T
+ 167ad>. (4.28)

Note that, except in the d')z term, the Dancer cloud size
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parameters a; and ay only enter the Lagrangian through
their sum a. This is a consequence of our having aligned
the U(1) phases of the two Dancer clouds, as described in
Sec. IV B.

Finally, in the limit of large monopole mass we can treat
R = Z; — Zj as being constant in time, and so drop the
first term on the right-hand side of Eq. (4.28). For the sake
of simplicity, we will set R = 0. In the large-mass limit in
which we are working, this makes the system essentially
spherically symmetric. It also sets # = —tan~'(2d/q).

V. CLOUD DYNAMICS

We now focus on the dynamics of the trigonometric
solutions discussed at the end of the previous section. We
work in the large-mass limit with R = 0. The eigenvalues
A, of the matrix K are then

A =p+gqg+a

A =p—gq+a,

/\+=p—a”+\[q2+4d2,

(5.1

As noted in Sec. II, these eigenvalues must all be positive.
Applying this constraint to the smallest eigenvalue, A_,
gives the inequality'’

p—lgl=a=o. (5.2)

A. Asymptotic behavior

The system is particularly easy to analyze at large times
(either positive or negative). The eigenvalues are then all
large, with p = ¢ > a = a; + ag, and

A=A =ptyg, (5.3)
M =A_=p—q.

Substituting these into Eq. (4.28), and noting that the 6>
term in the Lagrangian is suppressed, we see that the
dynamics is well described by the Lagrangian

52 2

Lysym = 7T(p 9 + 7T(p 9) +ar il 4 47 9R
ptyq P—q ar ag
(5.4)

This can be viewed as describing a system composed of
four noninteracting spherical clouds: two “SU(4) clouds,”
with cloud parameters (p + ¢g) and (p — ¢), and two

For a fixed static solution, g is naturally defined to be
positive. However, when describing time-dependent solutions
it is convenient to allow ¢ to change sign when it goes through
a zZero.
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Dancer clouds, with cloud parameters a; and ag. (We will
refer to these cloud parameters as radii, but it should be
kept in mind that the cloud structure does not allow a
precise and unambiguous definition of its radius.) These
evolve according to
+ g =1 — 2
P=q zcr(f t+)%, (5.5)
arr = %CL,R(t - fL,R)z»

where the C; and ¢; are arbitrary constants.'® The total
energy is divided into four separately conserved parts,

. _"_ . 2
Epy=al T4,
pPtaq
PR Sk |y
P—q
2 (5.6)
E, =4nr-Lt=4xC,
a,
a2
Ep =478 = 47C,.
ag

Note that this asymptotic separation into noninteracting
clouds did not require that (p + g)-cloud and the (p — g)-
cloud be very different in size, but only that they both be
much larger than the Dancer clouds. This can be under-
stood by recalling the description of the corresponding
static solutions in Ref. [11]. By analyzing the magnetic
field in the regions between the cloud radii, it was found
that the non-Abelian part of the effective magnetic charge,
Ona, in each of the regions can be diagonalized, with'’

diag(0, 0, 0, 0),
diag(0, —1,0, 1),
diag(—1,—1, 1, 1),
diag(—2,0, 1, 1),
diag(—2,0,0,2),

r>p-+gq
prgq>r>p—gq
p—q>r>ag
ap > r > ay
ap > r.

Ona =

(5.7)

In other words, the clouds act as if they have magnetic
charges

Qpig = diag(0, 1,0, —1),
0, = diag(1,0, —1,0),
0., = diag(l, —1,0,0),
Q, = diag(0,0, 1, —1).

(5.8)

"®These formulas imply that at very large times the clouds
would be expanding at speeds greater than that of light. A more
detailed analysis of cloud behavior [16] shows that at these times
the moduli space approximation breaks down, and that instead
the cloud expansion is best described as a wave front moving at
the speed of light.

We have arbitrarily chosen g > 0 and ag > aj.
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Thus, the (p + ¢)- and the (p — g)-clouds lie in mutually
commuting SU(2) subgroups of the unbroken SU(4), and
so can only affect each other via interactions mediated by
one or both of the Dancer clouds. When p = g > a, these
interactions are negligible, in accordance with the discus-
sion in Sec. I E. Similarly, the two Dancer clouds decouple
from each other in this asymptotic regime, regardless of
their relative sizes.

B. Scattering

We have a system of four clouds that are asymptotically
noninteracting. The asymptotic solutions indicate that they
are all contracting at large negative times, and expanding at
large positive times. Their interactions at intermediate
times can be viewed as a series of one or more scattering
processes. These can be studied by starting with an initial
configuration containing well-separated clouds and then,
using numerical simulations, letting the system evolve
under the equations of motion that follow from the
Lagrangian of Eq. (4.28).

We show two typical examples of this in Fig. 2. Both of
these simulations were performed with the constant of
motion J = ¢ set equal to zero, so that the ratio of the
Dancer cloud radii remains constant throughout. The evo-
lution does not depend on this ratio, but only on the sum of
the Dancer radii, @, which is shown by the solid line in
these plots. There is some ambiguity in defining the size of
the two SU(4) clouds [e.g., the differences between Ay, A,
and p + ¢ are negligible at large times, but not necessarily
when the SU(4) and Dancer clouds are comparable in size].
We have, somewhat arbitrarily, chosen to plot p + ¢ (dot-
ted line) and p — ¢ (dashed line).

These plots show several features, common to all of the
examples that we have examined, that should be noted.
First, the SU(4) clouds always remain larger than the
Dancer clouds (in fact, larger than the sum of the Dancer
radii), as should be expected from the bound in Eq. (5.2). In
the asymptotic solutions, the SU(4) cloud radii have para-
bolic dependences on time, with a minimum radius of zero.
In the actual interacting solutions, their behavior is rather
similar, except that the vertex of the parabola is raised so
that it occurs at or near the point when the SU(4) cloud
radius is equal to d. (Given the ambiguity in defining the
cloud radii, the distinction between exact coincidence of
these values, as in Fig. 2(a), or a slight gap between them,
as in Fig. 2(b), is not meaningful.) In particular, the overlap
(or near overlap) between the SU(4) clouds and the Dancer
clouds is relatively brief, suggestive of a rather short and
sharp interaction.

Also, from examining simulations for a variety of initial
conditions, we see that, just as in the asymptotic limit, the
(p + g)- and (p — g)-clouds do not appear to interact
directly with each other. This suggests that we focus on
the interaction of just one of these SU(4) clouds with the
Dancer clouds. We can do this by choosing initial condi-
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(a)

(b)

FIG. 2. Two examples of cloud collisions. The horizontal axis represents time, and the vertical axis cloud size. The incoming p — ¢
and p + ¢ clouds, represented by the dotted and dashed lines, respectively, collide with the Dancer cloud (solid line) and then expand

to infinity.

tions such that the (p + g)-cloud is very large (and there-
fore essentially not interacting with the rest of the system)
at the time that the (p — ¢)-and Dancer clouds interact.
In fact, we can simplify our analysis by taking the (p + ¢)-
cloud to be at infinity; i.e., by taking the limit p — oo,
with p?/p and &6 = p — g held fixed. In this limit
A =2p—8+aand A\, =2p—38—a+ O(1/p) tend
to infinity, while

/\2=8+6~1,
A_=6—a.

(5.9

If we drop the terms proportional to p? that decouple from
everything else, and restrict ourselves to the J = 0 case
where the ratio of a; /ay remains constant, the effective
Lagrangian of Eq. (4.28) reduces to

(8 — a)> a

(6 + d4)?

Lyis red = E (5 +a)

Keeping in mind that we expect 0 >> a at large times,
and noting that this purely kinetic Lagrangian is equal to
the energy, we can write

[ 75862 mms]
E: —

62 _ a2 62 _ 512
N |:47Té~12 n 764> _ madad ]
a &-a &-a
=Es+E, (5.11)

where we have defined SU(4) and Dancer cloud energies
whose asymptotic values at large |¢| are

82

Ey=m—,

=775 (5.12)
~2

Ea=47TaT.
a

It follows that the trajectories at large negative times, when

8 > a, are of the form

E
6(t) = Ej_(t - t&)zy (513)

al) = 127 (t— 1)

The trajectories at large positive times are of the same
form, except that the values of the various constants of
motion are changed as a result of the interactions between
the clouds.

The form of Eq. (5.10) is strikingly similar to that of
Eq. (3.13), with the Dancer cloud parameter d playing a
similar role to R, the separation between the massive
monopoles in the SU(4) (1,[1],1) solution, and the fixed
monopole reduced mass u replaced by the variable a~!.
This seems surprising, since the previous case involved
massive monopoles hitting an ellipsoidal cloud at two
distinct points, while in the present case two nested spheri-
cal clouds are meeting each other at all points.
Nevertheless, the similarity in the Lagrangians suggests
that the interactions should be similar. In particular, the
analysis of the SU(4) dynamics in Ref. [13] found that the
interaction between the cloud and the massive monopoles
was relatively brief, taking place over a distance of order
u~ . This suggests similarly brief interactions in the
present case, with the interaction largely restricted to the
time when 6 — & is itself of order @. We saw some indi-
cation of this, with all of the clouds present, in Fig. 2. We
illustrate this more clearly in the two-cloud case in Fig. 3,
where we show the transition from the initial asymptotic
trajectories to the final ones.

Equation (5.13) suggests that an arbitrary solution de-
pends on four initial constants, ¢,, t5, E,, and E. It is clear
that time-translation invariance can be used to eliminate
one of these. In addition, the Lagrangian of Eq. (5.10) has
some interesting scaling properties. The only effect of the
rescalings
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(@)

FIG. 3 (color online). A typical collision between the Dancer cloud and an SU(4) cloud. The horizontal axis represents time, and the
vertical axis cloud size. The actual cloud trajectories are shown as solid lines. In (a) the dashed lines indicate the initial and final
asymptotic trajectories of the Dancer cloud, while in (b) they indicate the asymptotic trajectories of the SU(4) cloud.
a—a = g, only need to vary a single continuous parameter, which we
choose to be E, /Es. (Note that applying the constraint § >
S— 8 = A8 .14 7 . S
’ a in the asymptotic region implies that E,/Es5 < 4.) Also,
since the rescaling cannot reverse the time ordering, we
must consider separately the cases t, —t5 >0 and ¢, —
is to multiply the Lagrangian by an overall factor of A/x?. 15 <0.
Hence, given any solution of the equations of motion, these The range of possibilities is illustrated in Fig. 4. If 7, —
rescalings will generate a two-parameter set of solutions. 5 = 0, the collapsing SU(4) cloud collides with the Dancer
Thus, to study the full range of possible solutions we really ~ cloud while the latter is also collapsing. Three examples of

t—t =kt

1 1
1 1
1 ]
1 1
1 1
1 1
1 1
)
\

i
]
\ J

(a)

©)

(©)

FIG. 4 (color online). Typical interactions between a Dancer cloud (solid black line) and an SU(4) cloud (dashed purple line). The
horizontal axis represents time, and the vertical axis cloud size.
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this are shown in Fig. 4(a)-4(c), with the value of E,/Es
increasing from one to the next. In all three cases the SU(4)
cloud loses energy to the Dancer cloud. In the last case,
where E,/E; is initially close to its maximum allowed
value, the SU(4) cloud loses so much energy that the
inequality E,/Es <4 is temporarily violated. Because
the cloud radii both increase like Ef?, there must be a
second interaction in which the Dancer cloud overtakes
the SU(4) cloud and transfers back enough energy that the
inequality is satisfied at large times. The crossover from the
behavior shown in Fig. 4(b) to that in Fig. 4(c) occurs when
Ea / E 5 = 2.

In the borderline case, t, — t5 = 0, the two clouds arrive
at the origin simultaneously, as shown in Fig. 4(d). In this
case the asymptotic solution of Eq. (5.13) is exact for all
times, and no energy is exchanged between the clouds.

Finally, we come to the case where 7, — t5 < 0. Here,
the collapsing SU(4) cloud only reaches the Dancer cloud
after the latter has already reached its minimum size and
begun to expand. If E,/Es <4 is sufficiently large, as in
Fig. 4(e), the Dancer cloud loses some energy to the SU(4)
cloud, but continues to expand, although at a reduced
speed. (This is then a time-reversed version of a solution
with 7, — 15 > 0.) However, if E,/E5 < 4 is small enough,
as in Fig. 4(f), the collision can reverse the expansion of
the Dancer cloud and have it shrink to zero radius a second
time. The boundary between these two regimes is at
Ea / E 5 = 2.6.

While these plots are sufficient to provide a qualitative
understanding of the interactions, it would be nice to have
some more quantitative results as well. Let us first consider
the energy transferred during the collision. The fact that the

©)

FIG. 5 (color online).
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interaction between the clouds takes place over a relatively
short time interval suggests a naive model that treats the
interaction as an instantaneous elastic collision of two rigid
shells, with kinetic energy and radial momentum
(3 M, i,) conserved. Because the Dancer cloud has four
times the kinetic energy of the SU(4) cloud for the same
value of the velocity [see Eq. (5.12)], we treat it as having
four times the mass. It is then a straightforward matter to
calculate the fractional energy transfer. The result is com-
pared with the actual data from numerical simulations in
Fig. 5. We see that the model captures the important
features of the collisions. It accurately predicts that if the
two shells collide while traveling in the same direction, the
faster one will lose energy. It also agrees with the data in
predicting that in a head-on collision the SU(4) cloud will
lose almost all of its energy for large values of E,/Ej.
Finally, it correctly asserts that for a head-on collision there
is a critical value of the initial energy ratio below which the
direction of energy transfer is reversed.

This model works better than one might have hoped, but
there is no mystery as to why the predicted and observed
energy transfer disagree. First, the cloud trajectories are
only approximate, and are altered by additional interaction
terms that only become significant when the cloud radii are
comparable. Second, the interactions are not truly instan-
taneous, but occur over a finite time interval as the clouds
move through one another. Let us modify the statement of
conservation of energy of the clouds by including an
inelastic term A, defined in terms of the initial and final
cloud velocities by

(5.15)

Py A
[/ 05 1.0 15 20

(b)
AEs/Es

3L

.
e
ok
-~

15 20
(d

05 1.0

Energy change between the SU(4) and Dancer clouds. In (a) and (c), both clouds are contracting at the time of

collision, while in (b) and (d) a contracting SU(4) cloud collides with an expanding Dancer cloud. In all four plots the dotted blue curve
shows the transfer observed in the simulations. In (a) and (b) the solid purple curve shows the prediction for an elastic collision, while
in (c) and (d) it indicates the prediction for an inelastic collision with A = —1(3v3}; + 4vsv,; — 4v2)).
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Because all of the terms in the conservation of energy
equation are quadratic in velocities, we looked for an
expression for A that was quadratic in the initial velocities
and that provided good agreement with the observed en-
ergy transfer. By trial and error, we found that taking A =
— 1303}, + 4vsv,, — 4v2)) provides excellent agreement
with the results obtained from numerical simulations, as
can be seen from the plots in Fig. 5. The exact dynamics
that give rise to this formula are still unclear to us.

We argued previously that the interaction between the
clouds is largely restricted to the time when 6 — d was
itself of order a; this gives us a measure of the thickness of
the clouds. To describe this more precisely let us define the
beginning of the interaction to be the time when 20% of the
total energy has been transferred from one cloud to the
other, and the end of the interaction to be the time when
80% has been transferred. We also define &, and d, to be
the values of these variables at the beginning of the inter-
action and

0o — dy
p=—"7.
ap

(5.16)

Figure 6 shows p as a function of energy ratio for two
different regimes. The left plot shows p for an interaction
in which a collapsing SU(4) cloud overtakes a collapsing
Dancer cloud. Because the cloud velocities are equal when
E,/Es = 4, approaching this value from below corre-
sponds to decreasing the relative velocity of the clouds.
This plot therefore shows that p decreases as the relative
velocity is decreased. We see that the two clouds can
approach quite close to one another before exchanging a
significant amount of energy if they are moving slowly
relative to one another. The right plot is for an interaction
in which a collapsing SU(4) cloud collides with an expand-
ing Dancer cloud. In this case the relative velocity in-
creases with E,/Es. We see that as this increases the
clouds begin to transfer their energy sooner, and hence at
a greater separation. The maximum value of p is about 0.17
in the former case and 0.15 in the latter. The similarity of
the values for these two collision scenarios would seem to
indicate that the cloud thickness is a relatively small frac-
tion of the cloud radius, approximately (0.15-0.20)a,.

0.16 +
0.14 F
012§
0.10 f
0.08 ¢
0.06

. . . . E./E
05 T To 15 2o oy BB
(a)

FIG. 6 (color online).
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The behavior described by these two plots suggests that
the clouds act as dissipative media, and that when the
SU(4) cloud moves through the Dancer cloud, the energy
loss increases with the relative velocity of the clouds. This
explains why when both clouds are collapsing and their
relative velocity is small, they can come very close together
before significant energy is transferred. In the other situ-
ation, where the clouds collide head-on, the energy transfer
begins very quickly because the relative velocity is large.
This is also consistent with the behavior of the inelasticity
in the collisions that we found previously.

VI. SUMMARY AND CONCLUDING REMARKS

In this paper we have used moduli space methods to
investigate the properties of the massless magnetic mono-
poles that arise when a gauge theory is spontaneously
broken to a non-Abelian subgroup. We have shown how
the natural metric on the Nahm data for a class of
SU(2M + 2) solutions with 2M massive and M(2M — 1)
massless monopoles can be obtained from the metric of a
simpler class of SU(M + 1) solutions. Using this approach,
we have explicitly verified for the SU(4) (1,[1],1) case that
the moduli spaces for the Nahm data and for the BPS
solutions are isomorphic, thus lending further support to
the conjecture that such an isomorphism holds in general.
We then applied this method to the problem of obtaining
the metric for the SU(6) (2,[2],[2],[2],2) solutions from
the (2,[1]) SU(3) metric studied by Dancer. This gave us an
effective Lagrangian for a class of axially symmetric
solutions. This Lagrangian was then used to study the
interactions of the clouds that are the semiclassical mani-
festation of the massless monopoles.

By examining explicit spacetime solutions, it has been
known for some time that the spacetime fields evaluated at
the cloud radius are not qualitatively different from those at
points slightly further from or closer to the origin. One
might therefore expect the interactions between clouds to
take place as if the shells of these clouds were diffuse.
However, our simulations show instead that the clouds
interact more like relatively thin, hard shells. In the colli-
sions between an SU(4) cloud and the Dancer clouds the
energy transfer takes place over a short interval before and

0.14'»0
0.12 }
0.10 |
0.08 |
0.06 | I/
004} 7

0.02 ;

i EJE,
05 1.0 15 20 25 3.0 35
(b)

The parameter p, which is a measure of cloud thickness, as a function of the energy ratio. The result for two

collapsing clouds is shown in (a), and for a collapsing SU(4) cloud and expanding Dancer cloud in (b).
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after the cloud radii coincide, suggesting an effective cloud
thickness that is roughly 15-20% of the cloud radius.

Some intriguing open questions remain. It is known that
in Type IIB string theory one can interpret D1-branes
stretched between D3-branes as the analogs of massive
magnetic monopoles. This suggests that massless mono-
poles should, in some sense, correspond to D1-branes of
zero length connecting coincident D3-branes. It would be
desirable to clarify these ideas, and to see if they would
help explain the properties of the clouds that we have
found. One would also like to understand better the role
of massless monopoles in the electric-magnetic duality of
N = 4 supersymmetric Yang-Mills theory, where they
should be the duals of the “gluons,” the massless gauge
particles of the unbroken subgroup. We hope that our
results will help shed light on these questions.
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APPENDIX: CALCULATION OF Ly st FOR THE
SU(6) EXAMPLE

In this appendix we present the details of the calculation
of the moduli space effective Lagrangian, Eq. (4.11), for
the cylindrically symmetric SU(6) solutions of Sec. IV B.

We begin by calculating the C,,,. Because none of the y*
tangent vectors require a compensating gauge action,
Egs. (2.19) and (2.20) for the metric reduce to

aTL aTM aTR oTR
Cab == 47T + 47T
@ gyb ay? 8y
dA 9At  9A oAt
+ 277Tr( — —) (A1)
aye ayt  ayb 9y

The only nonvanishing contributions from the integral
over the left interval are

PHYSICAL REVIEW D 80, 065025 (2009)

L aTh\2
17, =4m /SO ds Tr(&ZL) (A2)
and
TL
15, =4 [SD ds Tr(aDL) (A3)

(The mixed integral 1%, is zero because its integrand
vanishes point by point as a result of the trace.) Noting that

aaTZﬁLL = 6,30, (A4)
we see immediately that
1L, = 8m(sg — s1) = 2M. (A5)
Equation (4.7) implies that
5, =27 /SO ds[2<§§i) + (;%1)2]. (A6)

Defining U = s — s and referring to Eq. (4.8), we see that
for the axially symmetric solutions
—= =—(g; +ug'), A7

with the prime indicating differentiation with respect to u.
Hence,

29 [M./(4m)
Ipp = o L dul(2g? + g3) + 2u(2g,g} + g38%)
L

+u(2gf + g%)]
29 [M./(4m)
=§f T du [gz +—(2ug + uzg?ga)]- (A8)
L JO

[In the second equality we have used Eq. (4.3) and its
cyclic permutations.] This is now easily integrated to give

M ) COS U
TL(ML — sinu; cospy )(tanp, — ML)(T%L) Ky =0,
JL = ML ML (A9)
DD
M h
S5y, — sinhuy coshuy)(tanhuy, — wy) CO-S—IU;L , kL =1,
2 ppsinh® g
|
where w; = M; D, /(4m7). while for x = 1 and large u,
The integrals on the right interval can be evaluated in the
same manner, and give the same result, except for the
replacement of M;, pu;, and k; by Mp, wg, and kg, Inp :M[l + 0(i)i| (A11)
respectively. 2 “

We need some limiting values of /. For k = 0 and u
close to 7,

oo =g =)}

(A10)

To calculate the contribution from A = K1/2, we recall
from Eq. (4.12) that K can be written in the block diagonal
form
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A 00
=(o 7 0),
0 0 A

where the 2 X 2 matrix K can be expanded in terms of
Pauli matrices as

(A12)

K= (P - C)IZ +2Bp, + (R — Q)pz- (A13)
This can be rewritten as
K=U"'prU, (A14)

where U = expiflp,/2 with tanf = 2B/(R — g) and Pis a
J
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diagonal matrix with eigenvalues

=(p—-0C) = \/482 + (R — ¢~

The square root of K is also block diagonal, with the
middle block being K'/2 = U~!P/2U, whose derivatives
are

(A15)

Tra,K'%9,K"? = Tra, P'/?9,P'/? + %(aae) Tr(9,P/?[PV2, p,]) + é(a,,a) Tr(0,P2[P'2, p,])

1
— 7(90)(9,6) T P2, p, .

Because both P and 9,P are diagonal, the middle two
terms on the right-hand side both vanish. The remaining
terms give

Tra,K'20,K"? = 9 AL AL + 9 AA_ A
+30,0)(9,0) WA, — A
(A18)

Adding to this the contributions from the corner elements
of K gives

Tra,Ad,A = Tro, K'/29,K'/?

= 3R 0,000 VTP,

(A19)

where the A, are the four eigenvalues of K.
Combining this with our previous results, we obtain

—2M, dZ2 + 2MydZ3 + I5,dD? + IR, dD>
+2(J Ay — \/A_)zaaﬁabﬁ]dy“dyb.

(A20)
|

Capdydy®

N ”[Za A/\ah

a

[Cab -

+ w[z

o

- B i B
3,K'2=U"1(a,PV)U + 5 @00V P20, p, 1
(A16)
To calculate the metric we need
(A17)

The next step is to calculate the B,,. These only get a
contribution from the boundary term, and are given by

0A
Bza = =27 Tr<[ ]tz)
ay’

akY?
=2 Tr<[ ) :Ipv>.
aya J

With the aid of Eq. (A16), this can be rewritten as

(A21)

By, = w0 TH[[P'2, p,], PV/?]p,}
= 73,0 T P'/% p, I
=273,0(As — A2

We also need Ez’zl. Referring to Eqs. (4.18) and (A15),
we see that

(A22)

1

El=—
2 Am(dy + AD)

(A23)

Using these last two results, we can calculate the cor-
rection term that converts Lyg, Eq. (4.9), to Ly efs
Eq. (4.11). The terms quadratic in 9,0 combine nicely,
and we find that

BupE3) Byyldytdy® = 2M,dZ3 + 2MpdZ3 + I%,dD? + IR ,dD?
aaAUab/\o ()\+

— /\_)2

Gaﬁébﬁ]dy“dyb. (A24)

)‘0' ()‘+ + )‘7)
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