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Abstract. We propose a construction of static magnetic Yang-Mills-Higgs
monopole solutions of arbitrary topological charge. They are axially sym-
metric and contain no free parameters except for their position. The regularity
of the solutions has yet be proved ; doing so would complete the constructive
proof of existence.

I. Introduction

The purpose of this paper is to present new static magnetic Yang-Mills-Higgs
monopole solutions of arbitrary topological charge. The solutions are axially
symmetric and contain no free parameters except for their position in three
dimensional Euclidean space. Our solution thus generalizes the recent and
remarkable construction of Ward [1] on the charge 2 monopole. Unlike Ward’s
construction, our construction is based on a systematic framework for obtaining
monopole solutions with arbitrary topological charge. As a byproduct of the
systematic framework, we are able to explicitly construct the complex gauge
transformation that makes Ward’s (and our) solution real. In a separate paper [9]
we have verified regularity of these solutions in various regions, but we have not
yet shown that these regions cover the three dimensional Euclidean space.

Let us define in four dimensional Euclidean space (x,,X,,x5,X,) the gauge
potentials A} where a=1,2,3 and u=1,2,3,4. The gauge field strength is defined
by

Fi,=0,A%— 0,45 +ec™ A} A (1.1)

v

where e is an arbitrary constant, the gauge coupling constant. The problem, simply
stated, is to solve the self duality equations:
FZv: + 1/28uvi.gFjg (12)

(our convention is &, ,53, = + 1) for the gauge potentials 47 subject to the following
requirements:
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(i) In all gauges, 4; are static (independent of x,): 9,45 =0. In this case Af is
referred to as the Higgs field.
(ii) In some gauge, A4j are all real non-singular functions of (x;, x,, x3).
(iii) The gauge invariant quantity H?= 4%A4% has the following asymptotic
form:
H2=f2—2eﬁ+0(r'2) as r—oo, (1.3)
.
where r?=x2+x3+x2%, f is an arbitrary constant with dimensions of inverse
length and n is a positive integer called the topological charge. We assume that
ef >0. (To compare our formulas with Ward’s one should set f=1, e=2.) The
energy E of the monopole is then:
E=[1/4F% F¢ d*x=1/2[V*H*d*>x=4xnfg, (1.4)

[l TAY

where we have defined the magnetic charge g to be (n/e).

We now proceed to outline the general framework [2] within which we look
for monopole solutions. We then present case by case the known n=1 and n=2
solutions and a new n=3 solution, after which an obvious pattern emerges
allowing us to present the solution for arbitrary n.

II. Formulations of the Self Duality Equations [2]
We begin by defining the 2 x 2 matrix valued fields:

O.a

2i

o.a

Au=e 2i

Ay and F =e_-F; =0,A4,—-0,4,+[A4,A4,], (2.1)
where ¢“ are the Pauli matrices. For real gauge fields, 4, and F, are antihermitian
traceless matrices. We now analytically continue 4, into complex space where
X1, X, X5, X, are complex. The self duality equations (1.2) are then valid also in
complex space, in a region containing real space where x’s are real. Now consider

the four new complex variables p, p, ¢, and g defined by
]/szxl-l-ixz, l/iﬁle—ixz, [/ﬁqzx3—ix4, ]/iaz-x3+ix4.
(2.2)
The self duality equations (1.2) then reduce to:

F,,=0, F,.=0 and F,,+F,=0. (2.3)

pq
The equations F,, =0 and F,;=0 can be immediately integrated, since they are
pure gauge, to give:
A,=D"'D,, A,=D"'D,, A;=D"'D,;, A,=D 'D, (2.4
where D and D are arbitrary 2 x 2 complex matrix functions of p, p, q, and g with

determinant=1 and D,=0,D, etc.
Gauge transformations are the transformations:

D-V(p, D%, D—-V ' p,q)DZ, (2.5)
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where & is an arbitrary complex matrix function of p, p, g, and § whereas V(V) is
an arbitrary complex matrix function of p, g(p, q) and we take the determinants of
#,V,and ¥V to be one. Under the gauge transformation (2.5) the gauge potential A "
and gauge field strength F,, transform as

AL AL+ L70,%, F,~L'F, 2. (2.6)
. 2 L .
The energy density Fj Fj = — e—ZTr(F wF ) 1s invariant under gauge transfor-

mations. Let us define a matrix J by:
J=DD™ !, (2.7)
then the remaining self duality equation F,; + F ;=0 becomes:

(71, + (1), =0. (2.8)

17:
Under the gauge transformations (2.5), J transforms as:
J= V3, 9IV(p,q). (2.9)

Since J is an arbitrary complex 2 x 2 matrix function with determinant one it can
be parameterized as:

L e
¢ ¢

J= 2.10
o ¢*+o0 (210
¢ ¢

where ¢, g, and g are arbitrary and independent complex functions of p, p, ¢, and q.
The self duality equations (2.8) in terms of ¢, ¢, and g become:

(0,0,+0,0,) Ingp+ (QP—‘_"’(;E‘*—) =0, (2.11a)
14 0 05 0z

% %) g (% 1) _o. 2.11b
(oe) (51, =0 (38 + (4. R

To construct the gauge potentials 4, from J requires a selection of gauge [i.e.,
there are an infinite number of ways of factoring (2.10) in the form (2.7)]. We will
work exclusively in Yang’s R gauge which is defined by J=RR ™! where:

1 g
Ve °\ L VP Ve
R= ) , R= { . (2.12)
_= ‘/5 0 -
Vo Ve
The gauge potentials in the R gauge take the form:
— ¢" 0 ﬁ _ %
2 2
A,= ? . A= ¢ ¢ , (2.13)
Qu + _?i 0 — ¢‘7

¢ 2¢ 2¢
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where u=p, q. Now because of requirement (i) the gauge potentials (2.13) must be
x, independent and we require this to be true in all gauges which implies that the
gauge transformation matrix % must be x, independent.

0,%¢=0 (2.14)
2
by virtue of (2.6). In particular H*= A{A4 = — e—ZTr(A4A4) is gauge invariant.
Even if the gauge potentials 4, derived from (2.13) le.g., 4, = :—;(Aq —A,)|are

static, they will not in general be antihermitian as demanded by requirement (ii).

For real gauge fields 4, = — 4, (the symbol = is used for equations valid only for
real values of x,, x,,x5,x,), we have from (2.4) and (2.7)
A =—A=D=(D*)"'=J=DD '=DD" (2.15)

i.e., for real gauge fields J is a positive definite 2 x 2 hermitian matrix. A necessary
and sufficient condition to meet requirement (ii)! is that we be able to find matrices
V(p,q) and V(p,q) in Eq.(2.9) such that V(p,g)RR™'V(p,q) is a positive definite

hermitian matrix. If we can find such matrices ¥V and V, then the gauge
transformation matrix % in (2.6) is simply a square root of the matrix:

FPLT=RVVIR)! (2.16)

and this matrix % will make 4, and F,, antihermitian as demanded by
requirement (ii). We now proceed to the solution of the self duality equations (2.11)
and the implementation of requirements (i)—(iii).

III. Implementation of Requirement (i)

We will begin by insuring that the gauge potentials (2.13) are x, independent. We
do this by looking for solutions of the self duality equations (2.11) in the following
form:

¢E€iefx4Q¢, QEQiefx4QQ, éEeief"“Q§, (31)
where
0,4.Q,.0; are functions of x;,x,,x; only. (32)

The gauge potentials (2.13) constructed from (3.1) are manifestly x, independent.

IV. Solution of the Sefl Duality Equations (2.11):
The Atiyah-Ward Ansatz [3]

The Atiyah-Ward ansatz can be stated as follows. Let (,¢, ,0, ,0) be solutions to the
self duality equations (2.11), then so are (,, ¢, , .10, ,+0) Where:

D% +,0.0
N

1 We must, of course, also check that the gauge fields are nonsingular functions of x;, x,, and x;

1= (4.1a)
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n 2+n n—2 n n 2+n n_2 n
n+1Qp=_[¢ QQ} {d)z ¢ } 5 n+1Qq=+l¢ QQ} [ ¢ :| ’ (41b)
n q D

n¢ + ngné n¢ n¢2 + nQné
_ n¢2+ngnéﬂ W0 _ {¢2+nenéﬁ .0 }
= Y . [ | (@410
T ) B2+ ,00l, T P D% +,0,00,

The proof of (4.1) is given in Appendix A. Thus the Atiyah-Ward ansatz
provides a recursive method of obtaining solutions to (2.11). Let us now define:
(¢, 0,0) associated with the Atiyah-Ward ansatz .7, =(,¢, ,0,,0). (42)

The recursion starts with the </, ansatz which is defined by:

&{1 ansatz: Iszld)Q’ 1Qq:_1¢p, 1éﬁ=1¢qa 1éq=—1¢ps (43)

which implies:

1955 104 =0- (4.4)
We look for solutions of (4.4) in the form (3.1):

(p=eTA, 4.5)
which implies a Helmholtz equation for 4,

V2 Ay, =(ef)*4,. (4.6)

We will take the general solution of (4.6) to be:
" sinh(efr,)
kT

Ag= > a

k=1 Ty
EXT+ x5+ (x,—2,)%, (4.7b)

(4.7a)

where o, and z, are arbitrary complex constants constrained only by the
requirement that A, be a real function of x,,x,, and x;. If we now define a real
function 4, by

Ag=p1o,A,=p 10,4, (4.8)

then we can integrate Eq. (4.3) to give

- p=er¥ A, 1Q=eiefx4(ﬂl-’)_ (05 +e)4,
2=e"*(]/2p) 10, —ef)A, .

Note that when we integrate A, to obtain A, we do not keep any constants of
integration.

(4.9)

V. Integration of the o/, Ansatz

In Eq. (4.9) we have completely integrated the o7, ansatz. Corrigan et al. [4] have
integrated Egs. (4.1) for any n>2. Their solution begins by defining (2n+1)
functions 4,, where —n=/=<n, which satisfy the following equations:

0, A, =—0,A,, 1,  0,A4,=04,,,. .1)
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Then the (¢, 0,0) associated with the .o/, ansatz for n=2 are given by:

A4n+1 A*n+2"'AO
A—n+2 A~n+3"‘A1
ooyt Ao A Ay
" A—n+2 A—n+3 "AO
A—n+3 Avn+4 "AI
4y A, A,
A-n A—n+1"'A-1
A wir A yiady
o A, Ay A,
! Aﬁn+2A~n+3"'A0 ’
A——n+3A~n+4"'Al
Ay Ay A,
A—n+2 A~n+3 "Al
A4n+3 A~n+4 "AZ
A A |
né:"_ 1 2 n ,
A~n+2 A«n+3 "AO
A—n+3 A——n+4 "Al
Ay Ay A

, (5.2a)

(5.2b)

(5.2¢)

Where |...| designates determinant. Equations (4.1a) and (5.2a) give the following

useful relation:

n¢2 +nQn@ =

Let us define the real functions A,

A, Ay Ao
A_pir Apiy o 4y
Ay A, .4,
A—-n+2 A-n+3 "AO
A—n+3 A—n+4 "Al
Ay A, A,
for n=2 by:

AnEﬁilapAn+1 5p~1ai)/1n+1 >

(5.3)

(5.4)
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then it follows by induction that:

Ag=1p=eT"4,, (5.5a)
A, =(=1)"e/*(]/2p) "0, +¢f)'4,, (5.5b)
A, =eT*(]/2p) "0, —ef )'A,. (5.5¢)

Note that when we integrate A, to obtain A4,,; we do not keep any constants of
integration. The A’s are given by:

—(ef) iz'l smhfrifrk)

A, =(ef)™? kzl o, cosh(efr,)

n

Ay=(ef)"? Y o,(efry) sinh(efr,) —(ef) 24,

n

A3=(ef)"* Y wlefr)* cosh(efiy)—3(ef)

n

Ay=(ef)"" k; o lefry)’ sinh(efiy) — 6(ef) 2 A5 —3(ef) " *4,

VI. Implementation of Requirement (iii):
A Remarkable Superposition Formula [S]

It is proven in Appendix B that for the .o/, ansatz the gauge invariant quantity
H? = A4 A4 is given by:

1 n
</, ansatz : H2=f2-i-e—2 Y [V In¢], (6.1)
k=1

which represents a remarkable superposition formula for the energy density of the
monopole  solutions. Now from (47) and (49) we see that
In; p—ef(r+ix,)+O0(Inr) as r—oo. The Atiyah-Ward transformations do not
change the asymptotic behavior of ¢ so that

In, p—ef(r+ix,)+ O(nr)=In,p—ef (r +ix,)+ O(lnr) as r—oo. (6.2)
Substituting (6.2) into (6.1) we see that the asymptotic behavior of H? is

2
o, ansatz: H*— f?*— fn

+0(r’2) as r—oo, (6.3)
which is precisely what requirement (iii) demands. Thus the n'® Atiyah-Ward
ansatz o/, is guaranteed to give topological charge n provided only
In, p—ef(r+ix,)+O(nr) as r— 0.
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VII. Implementation of Requirement (ii)

We have already shown that reality of the gauge field is assured if we can find
matrices V(pg) and V(pq) such that YRR~ 'Vis a positive definite hermitian matrix.
Equations (2.13) and (6.1) shows that to assure the gauge fields are nonsingular all
we have to verify that ,¢ never vanishes for each n.

We now proceed directly to study how the above formalism applies to the
n=1,2,3 monopole solutions, after which we present the arbitrary n monopole
solution.

VIII. The n=1 Monopole Solution [6]

Here we take the .o/, ansatz with

_ sinh(efr)

A, p

(8.1)

The matrices 7(p, ) and V(p, q) which make VRR ™'V a positive definite hermitian
matrix for (,¢, ,0,,0) constructed from (8.1) are:

(10 _[ 0o w2
Wha-i=(, ) vea- (_ o ) 82

and the gauge transformation matrix % is formed by:
$$+ =(R+ I—/+ V- 1ﬁ)— 1 ____e_ef(o'-x):g___e“ 1/2ef(a-x) . (83)

Furthermore (8.1) never vanishes so that we indeed have the original real
nonsingular spherically symmetric n=1 monopole solution.

IX. Ward’s n=2 Monopole Solution

Here we take the ./, ansatz with:

A= sinh(efr,) + sinh(efr,)

0
Fy ry

, 9.1)

where
rP=xT X3+ (x,—20)%,  rE=xP4xd4(xy+2,)7. 9.2)

Guided by Eq. (8.2), we now choose the matrices V(pg) and V(pq) to be:

_ 10 0 74}/ 2p) 2
144 )=I=< ) V(p, )=< ) (9.3)
pq 0 1 P.9q 0/ 0

and require that YRR ™'V be a positive definite hermitian matrix for (,¢, ,0, ,0)
constructed from (9.1). After some tedious algebra one finds in order to have real
gauge fields:

y must be a real constant, (9.4a)
—722pp)2e” MM (1% + ,0,0) = — (4yzo)* = +1. (9.4b)
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Note that in calculating (9.4b) we have made essential use of Eq.(5.3).
Equations (9.4a) and (9.4b) imply:

zo=-+ic, cis a real constant, y=(4c)” . 9.5)

It remains to check that the gauge fields are nonsingular and we find that
(again by tedious algebra)

19,9 +F0=c= % (9.6)

so that there are no free parameters left in the solution. Note that in Eq. (9.6) we
always calculate ;¢ and ,¢ using A, given by Eq. (9.1).

X. The New n=3 Monopole Solution

Here we take the o7, ansatz with

_ sinh(efr,) N sinh(efr,) N 2sinh(efr)

Iy Ty r

Ay (10.1)

where
2.2, 2 2. 2_ 2, 2 2. 2.2, .2, .2
MT=XTEXG (= z0)T =X AN (G +20)%s rP=ExT XS+ XS

(10.2)

Guided by Egs. (8.2) and (9.3), we now choose the matrices V(pg) and V(pg) to

be:
s o (10 _ 0 y7iY2p) 0
V(pq)—1—<0 1>, V(p,q)—(_y(l/zp)3 0 ) (10.3)

and require that VRR™'V be a positive hermitian matrix for (;¢, ;0,50) con-
structed from (10.1). The calculations are now so complicated that we had to resort
to the symbol manipulation computer program MACSYMA, and we find that in
order to have real gauge fields:

y must be a real constant, (10.4a)
=72 2pP)1 (307 + 3050 F = (8yz5) = + 1. (10.4b)

Note that in calculating (10.4b) we have again made essential use of Eq. (5.3).
It remains to check that the gauge fields are nonsingular and one fiends, using
MACSYMA:

1(}52(;53(]5:!:0:20:% (10.5)

so that again there are no free parameters left in the solution. Note that in
Eq. (10.5) we always calculate ¢, ,¢, and ;¢ using 4, given by Eq. (10.1).
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XI. The Arbitrary n-Monopole Solution

The n=1,2,3 monopole solutions follow an obvious pattern which has allowed us
to guess and indeed verify the following central result of this paper. To obtain a
monopole solution of arbitrary topological charge n=1 one should take the .o/
ansatz with

Z sinh( efrk (11.12)
k= Ty
where
rE=xi+x54(x3—2)%, (11.1b)
(n+1) i
= — k|| = 11.1
Zy 2 k ef > ( C)
—1)!
oy = —(n——L— (11.1d)

(k= 1)!(n—k)!

Note that z,—z, _; =in/(ef) and o, are the binomial coefficients.
To verify the above result we choose the matrices V(pg) and V(pq) to be:

e (10 (0 w(ﬂp)-") L
e=r=(y i) veo=(_ 0o T

where 7 is a real constant, and require that VRR™'V be a positive definite
hermitian matrix for (,¢, ,0,0) constructed from (11.1). We must also check that
19,0 ... ,¢ never vanishes. From (5.2a) one finds:

A—n+1 A—n+2"'AO
n(n+3) A 'Al

A,y
1¢2¢n¢:(_1) 2 :—-n+2 :—n+3
Ay Ay

(11.3)

n—1

The key to verifying our result is to study what happens on the x; axis where
x, =x,=0. Equations (11.3) and (5.5) imply that if H? as defined in Eq. (6.1) is not
to develop line singularities on the x, axis one must have:

(2ppya_,4,,=0, for 1</=<n, and x,=x,=0. (11.4)

By virtue of Egs. (5.5b) and (5.5¢) we choose to satisfy (11.4) by requiring:
A,=0 for 1=/<n and x,=x,=0. (11.5)
Of course A, must never vanish. It is tedious but straightforward to verify that

(11.1) satisfies (11.5). In order to have real gauge fields on the x, axis one finds,
using Eqgs. (5.3) and (11.4), that:

- yz(zpﬁ)ne_ ZieIX4(n¢2 + HQ"@—) = yz(zpﬁ),l - ZlefxaA “IIA +n

2m\" ! 2
Z{y(—ef) (n— 1)!} =+1. (11.6)
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Thus requiring the gauge fields be real and nonsingular on the x axis uniquely
fixes the solution to be (11.1). One can prove reality of the gauge fields over all
three dimensional Euclidean space, but this is much more difficult and is presented
in [9]. In [9] we have verified regularity of the solutions in various regions, but we
have not yet shown that these regions cover the three dimensional Euclidean
space.

Discussions

The axially symmetric monopoles presented in this paper contain no free
parameters. However, solutions containing free parameters are known to exist [ 7]
and presumably they are not axially symmetric. It appears likely that the Atiyah-
Ward ansatz may still provide the framework to study such nonaxially symmetric
monopoles.

Explicit forms of the gauge potentials in various real gauges can be found in
[2] and a real gauge in which mirror symmetry is manifest can be found in [§].

Appendix A: Proof of Equation (4.1) [5]
The proof of Eq. (4.1) rests on two theorems which we now state:

Theorem 1. If (¢, ¢, 0) satisfy Eq. (2.11), then so do (¢%, o', 8%) defined by

¢ 0 _ 0
= 2 o=, = Al
¢ $*+ 00 $+o0° ° " ¢ +oo (A1)

and furthermore the gauge potentials derived from (¢',0",a") are gauge transfor-

mations of those derived from (¢, 0, 0).

Proof.
1 o' $*+00 o
K o N\ | o o) (0 —i\ (0 i
o AP I R v
¢’ oy ¢ ¢

so that in (2.9) we have V= (O l) and V= ( 0, —l).
i 0 —-i 0

Theorem 2. If (¢, 0, 0) satisfy Eq. (2.11), then so do (¢®, o®, 0~ B) defined by :

1

0z 5 5 0 - 4
¢B=$; @,’f=—$‘§~; o=-%, o P=——F (A2)

ek Qﬁ:ﬁ; 0 = %
The proof of Theorem 2 follows from the assumption that g is integrable so that
Qpg=Cqp» CtC.

Note that I is a discrete transformation, since when operated twice it gives an
identity (i.e., ¢'' = ¢, o' =p, ... etc.). Furthermore, acting with the operator B twice
is a trivial operation (ie., ¢**=¢, 03" =g, ... etc.) in that it does not change the
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gauge potentials. Therefore, in order to use B more than once, one must interpose
the I operation of Theorem 1 between two B’s.

The Atiyah-Ward ansatz <7, (n=1,2,3, ...) can now be defined by the following
chain of operations

(BI) (BI) (BI)

o, o, . (A3)

<,

where o7, is the first ansatz defined by Eq. (4.3) and (BI) means operate with [ first
and then with B. Thus we have proved Eq. (4.1).

For comparison purposes we note that the relation of what we call the Atiyah-
Ward ansatz .7, to what Corrigan, Fairlie, Goddard, and Yates call ansatz R, is
the following: of,=IR,,,. With this transcription the formulas of Sect. V
immediately follow.

Appendix B: Proof of Equation (6.1) [5]

From Eq. (2.13) and the fact 4, = ———I(Aq—Aq) we have

/2

-2
H> =~
o2 Tr(4,4,)= =3 {

¢3+29q@1} (B.1)

¢2
Now in Appendix A we proved that I is a gauge transformation so that H? which
is gauge invariant is invariant under it

2 1 1
HA)= ;" Tr (Ajdl)= L[03 +20,85) 1 [05+20,0g] (B.2)
¢ e ¢
On the other hand, under the B transformation:
2 1 [¢B + 20808 1 {p2—20,0,
Z(B)___T (ABAB) e_z ¢B2q Q] e_z{ 3 d)zp p (B3)
d2+20.0- 1
= ez{ 3 pe =4 e—2V21n¢, (B.4)

where we have used (A.2) in (B.3) and (2.11a) and (3.1) in (B.4). Thus for the
operation (BI):

2 2 1
HY(BI)= — S Tr(A3 A}) = — S Tr(A,A)— 5 P2 Ing”. (B.5)

For the ./, ansatz we have, using Egs. (4.3), (2.11a), and (3.1):

$3+2,0,10, 12@ 05 | 210,19;
Hz(ﬂ) [1 3 18gq1&g 1q1q+ 1€p1&p
e? 1 §? @ 9?

1
=—;5V21n1¢+f2,

—(0,1n, ¢)?

Equation (6.1) follows by induction.
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