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Abstract. We discuss the supersymmetric ¢ model and its soliton solutions in
2+ 1 dimensions. We classify supersymmetric maps and derive Bogomolny
bounds. We also give the modified superalgebra and describe the metric on the
parameter space of solitons.

Introduction

Nonlinear ¢ models have been studied for many reasons. In 2-Euclidean
dimensions analogies have been considered with 4-dimensional gauge theories,
whereas in Lorentzian spacetimes the supersymmetric and extended supersym-
metric ¢ models have been discussed, because of their finiteness properties and its
relation to complex geometry. More recently ¢ models defined on Riemann
surfaces have been considered in string theory where the Riemann surface
represents the world sheet of the string propagating through spacetime.

In this paper we wish to discuss the two dimensional instanton solutions and
some metrics associated with them. The primary motivation was to understand the
work of Ward [1] and of Zakrzewski and collaborators [2, 3] in a wider context.
These authors have discussed the evolution of solitons in the 2+ 1 dimensional
CP! and CP" models. A technique which has also recently been applied to similar
problems is that of the approximation of geodesic motion on a moduli space
[1,4-6]. That is at low energies in a given topological sector the evolution of
solitons may be approximated by a motion on a finite dimensional submanifold of
an infinite dimensional configuration space. On this submanifold the evolution is
given by a geodesic motion with respect to a natural metric and for the CP” models
the submanifold represents the instanton solutions in 2 Euclidean dimensions.
Zakrzewski and collaborators [2, 3] found that for the CP! model these natural
metrics were formally Kdhler. Here we generalize this result to a wider class of
target manifold and elucidate properties of the metrics already found.
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The Kéhler property hints that the proper setting for these solitons in the
supersymmetric extension of the theory [7,8]. Thus we will derive various
properties of these solitons such as Bogomolny inequalities and superalgebras in
the nontrivial topological sector. The features which arise here show the
similarities that these solitons have with, for example, BPS monopoles [4] and
extreme black holes [S]. These systems have also been treated using the moduli
space approximation. This has been a second motivation for this work; to try to
relate the moduli space metric to the underlying supersymmetry in the field theory.
Unfortunately this cannot be achieved for the o model and we comment on the the
apparent paradox that remains.

The rest of this paper is organized as follows; in Sect. two we review the 2
dimensional and 2+ 1 dimensional ¢ models and discuss the topological sectors
for a variety of ranges and domains. In Sect. three we show that supersymmetric
maps must be holomorphic, and in Sect. four we show how the superalgebra is
modified by central charges in the topologically nontrivial sector. In Sect. five we
discuss the metrics described above and in Sect. six we relate this work to the
metrics discussed by Ward and Zakrzewski. Section seven concludes the paper.

2. 6 Models in 2 Euclidean and 3 Lorentzian Dimensions

The supersymmetric ¢ model has an action which is given by the supersymmetric
extension of the energy functional studied by mathematicians in the theory of
harmonic maps [9]. For any domain D with metric h the fields are given by smooth
maps ¢: (D,h)—(M,g), where (M, g) is a Riemannian manifold with metric g,
together with “fermions” p* These spinors obey an appropriate reality condition
and are spinors with respect to the tangent space group of D [i.e. SO(d—1,1) or
S0(d)] or SO(d)] and vectors on M. y* sits over the map ¢ and each element of y*
lives in the complexified tangent space (T¢C(x)M ) of M at ¢(x). These spinors thus
correspond to a number of vectors over the map ¢ or sections of the pull back
bundle ¢ ~' TM over D. These variables have been discussed in the mathematical
literature as infinitesimal perturbations of maps, and the correspondence between
“fermions” and perturbations noted before [9, 10]. They will appear later in this
paper when we discuss the differential geometry of the space of maps.
In two Euclidean dimensions the action is given by:

i e
S = .( dzx %gaﬂau(paavqsﬂhuv + E wamlpﬁgaﬂ + 1—12Raﬁy61‘p wywﬂwé . (21)

We have assumed here that the metric h on D is the standard flat metric on R?, but
note that the first term is invariant under the conformal transformations
h,,—Q?h,,. This property only holds in two dimensions. Our notation in (2.1) is as
follows; the covariant derivative on spinors is

D,y =0,y"+1%,0,6"y", (2.2)
where *is a two component anticommuting spinor <l/) ) obeying the Majorana

1
a
2

condition. We take y, =0, y, =03, ys =i0, for gamma matrices and C, the charge
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conjugation matrix, obeys Cy,C~'= —y,7, CysC ™' = —ysT, C?= —1,C "' =C".
The Majorana condition is

O=CoT, (2.3)
and the (Dirac) conjugate is defined by
6=0%y;. (2.4)

Thus if we take C =0, the Majorana spinors are real, and if ® is Majorana then so
are 7,0 and y;0. To obtain the 2+ 1 dimensional model we use action (2.1) and
formula (2.2) but allow p to vary over indices 0, 1, 2 taking y, =y5. Interpreting the
rest of the formulae in this section in this way gives us valid expressions for either
case.

We now recall some results of Zumino [ 7] and Freedman and Alvarez-Gaumé
[8]. For an arbitrary metric, action (2.1) is invariant under the supersymmetry
transformation

dpr=igy* oy =(dp*e—il"p P ey’), (2.5)

¢ a constant anticommuting Majorana spinor. Any further supersymmetry
transformations imply a reduction of the holonomy group of M and are given by

Spr=iglt gy Syt= —J%ddPe— i T Epty, (2.6)

where .II"‘,, is a covariant constant (1,1) tensor on M and i labels the extra
supersymmetry transformations. Reference [8] now gives that except for the trivial
case of non-interacting models we either have one such J or three. The former case
implies that M is Kédhler, the latter that it is hyper Kdhler. From now on we will
assume that M is Kéhler as this appears to be necessary for the existence of
supersymmetric solitons and is the case discussed by most authors. Thus we have a
covariant constant complex structure J*; such that

TP = — 5% 2.7)

For the models we consider here the existence of this structure leads to a
partitioning of the space of finite action (respectively energy) field configurations in
2 (respectively 3) dimensions into topological sectors labelled by

QLo]= | ¢*(@), (2.8)

where w is the fundamental two form on M defined via w(X,Y)=g(JX,Y)
regarding J as an endomorphism of T,M for all y. The integral in (2.8) is over space
for the 2 dimensional theory or any constant time surface for the 3 dimensional
model. Restricting to finite energy/action maps gives that Q is a topological
invariant [11]. This condition says that (at constant time) ¢ may be extended to a
map ¢:S?— M (see [9]) and for M a Riemann surface Q measures the degree of .
In fact we have for generic M a finer topological classification associating a
topologically invariant vector V[¢] e R??, where b, =dim H*(M, R) is the second
betti number of M. This is obtained by trivially extending (2.8) to other generators
of the second cohomology group. This classification does not appear to have been
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used in the physics literature. For CP" models it yields nothing new and for other
manifolds only certain vectors V[¢] are permitted.

There are other sorts of topological invariants that one may define using the
spinor fields although for the finite energy/action maps we consider here these all
vanish. It seems plausible that for D a Riemann surface of arbitrary genus and
unusual boundary conditions on yp* new types of solutions (and new types of
physics) will be possible. Later we will contrast this with the work of Gracey [12] in
2 Lorentzian dimensions where the finite energy condition does not force these
spinorial topological invariants to vanish. Finally in this section we note a class of
2 Lorentzian dimensional ¢ models not possessing a Euclidean supersymmetric
analogue. These are the heterotic ¢ models with torsion discussed by Hull and
Witten [13] and Howe and Sierra [14]. Although the bosonic theory given by

S=[d*X 38,40,0°0*¢* + 3B, ;e 0,0%0,¢" (2.9

may be considered in a space with signature + +, it is not possible to extend the
fermionic part as the definition of a spinor derivative now depends on the chirality
of 9% and we do not have Majorana-Weyl spinors in this space.

3. Supersymmetric Maps

In this section we wish to find all purely bosonic configurations which are invariant
under at least one supersymmetry. We call these supersymmetric maps. We restrict
ourselves to seeking static configurations in 241 dimensions so me may
equivalently consider the 2-dimensional Fuclidean model. It is a general
phenomenon that such maps will in addition obey the equations of motion and
this does indeed happen in our case. For a restricted class of theories there is a
theorem due to Boucher [15] that static supersymmetric configurations obey the
full equations of motion; however the g-model does not fall into this class as the
action is non-polynomial (generically) in fields ¢*.

Suppose we have just one complex structure J%;. Then we have a superinvar-
iance of ¢ : R*— M if and only if there exist Majorana spinors &°, ¢! not both zero
such that

Jore® —J*dpPet =0. (3.1)
A little algebra shows that this equation is equivalent to
J* 0, 9P = +¢,70,¢". (3.2)

If we interpret the alternating tensor as arising from a complex structure on R?, Eq.
(3.2) has the interpretation that ¢ is an (anti) holomorphic map. Now it is well
known [9] that a holomorphic map is harmonic and that the harmonic map
equations are the Euler Lagrange equations for the bosonic energy functional.
Further yp*=0 trivially solves the Fermi field equations and thus ¢ holomorphic
and y*=0 solve the field equations for the full supersymmetric o-model. Thus we
have the

Result. If a sigma model admits (only) N=2 supersymmetry then a bosonic
configuration is supersymmetric if and only if it is (anti) holomorphic. Fur-
thermore this configuration obeys the full equations of motion.
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There is another way of seeing that such configurations must solve the
equations of motion. Consider the action for bosonic configurations

09" 09" (3.3)

E=§d2X %gaﬁa— ax .
u n

This may be (as is well known) rearranged to give

E=[d*x3g,[D**1[D*"]F I ¢*o, (3.4)
where
0¢* 0P
ta —_ o v
D**, = —aXu +J%e, —&xv' (3.5

Now the last term in (3.4) is a topological invariant, thus if D**, =0 we are at a

minimum of configurations in the same topological class. Thus we have solutions

to the full equations of motion, and D**, vanishing is equivalent to (anti)
1

holomorphicity. In the case that M is hyper Kéhler (i.e. has 3 complex structures J,

2 3 1 2 3 . . . . .

J, J with JJ=J etc.) it is easy to show that supersymmetry implies that ¢ is
holomorphic with respect to one and only one of the complex structures
parametrized by the two-sphere

1 2 3
J=aJ+bJ+cJ, a*+b*+c*=1. (3.6)

Moreover by extending the definition of topological charge Q; (2.8) to the 3
fundamental forms w' we can see that the relevant complex structure is

J=0J/Q;0)". 3.7
For, given any complex structure (3.6), we have from (3.4)
Ez|aQ"+bQ*+cQ’, (3.8)

and this inequality is sharpest for a=Q"/(Q;0,)"/* etc. But if the configuration is
supersymmetric and hence holomorphic with respect to some complex structure
we have (3.8) even for this choice. Hence equality can only be achieved (and is since
¢ is holomorphic) for the sharpest choice. Thus we have the corollary that a
bosonic configuration for a hyperKahler target is supersymmetric if and only if it is
holomorphic with respect to the complex structure (3.7). We have also derived the
“Bogomolny inequalities” for the Kdhler and hyperKéhler o models:

E=|Q| 3.9)
and

Ez (Z QiQi)1/2 (3.10)

with saturation if and only if the configurations are supersymmetric. This picture is
characteristic of solitons in all supersymmetric theories, where the topological
charges become central charges [16] as we shall see in the next section.
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We may reexpress the right-hand side of (3.10) in terms of homology classes of
the image of ¢ and the period matrix of the hyperKéhler target.
Let y, be a basis of H,(M, Z). Then expand $(S?) in this basis

[BSH]=Yn",, n'eZ. (3.11)
Now the period matrix is defined by
Ay= | o (3.12)

Ya

with o; the i'"™ fundamental form. Thus
Qi=[¢*w= | w;=n"4,. (3.13)
$(s?)

Hence (3.10) reads
E=(n"A A,n®)'2. (3.14)

Thus the Bogomolny bounds are, in a sense, quantized.

For further reference we give here the holomorphic maps where M is taken to
be CP!. Then ¢(z) (z=2z+1iy) are given by rational functions of degree n. These
have Q=2nn and depend on (2n+1) complex parameters. However we may
eliminate one of these parameters by fixing the behaviour as |z|— co. Thus without
loss of generality

k a.

Plz)= Y — (3.15)

i1 (z—2)°

When we come to describe the metrics on the space of parameters in Sects. 5 and 6
we will need to enforce the boundary condition ¢—0 at co which we have here.
Clearly for arbitrary target manifold we will have at lest as many real parameters
as there are isometries of the target which fix ¢(o0) as I - ¢ still solves the Euler-
Lagrange equations if I is an isometry. Thus for the K&hler symmetric spaces (such
as CP") we are guaranteed solutions depending on continuous parameters.

4. The Superalgebra and Topological Central Charges

It was first noticed by Witten and Olive [17] that in supersymmetric field theories
the superalgebra is modified in the topologically nontrivial sector by the
appearance of topological central charges. This leads to a quantum mechanical
bound for the mass of such states, the Bogomolny inequality, and this bound is
saturated if and only if the state is annihilated by some supercharge. This section
aims to examine these issues for the 2-dimensional Euclidean ¢ model.

To find the superalgebra for the 2-dimensional Euclidean supersymmetric
theory we first consider the 2+ 1 dimensional Lorentzian theory. The super-
charges in this case are constructed simply by using Noether’s theorem for
invariant Lagrangians. Calculating the variation of these charges under supersym-
metry gives the superalgebra. In the classical theory these may be found by using
Poisson brackets and using commutators for the quantum theory. Now if we
specialise to time independent fields we obtain the symmetry algebra for the



Sigma Model Solitons 651

Euclidean theory. This is true for three reasons. First the actions and Lagrangian
coincide for such fields and secondly supersymmetry preserves time independence
of fields. Finally supersymmetry is only an on-shell symmetry, but time indepen-
dent fields which are on-shell in the 2 + 1 dimensional theory are also on-shell in the
2-dimensional Euclidean theory. Thus we will have a consistent truncation of
supersymmetry in going from the Lorentzian theory to the Euclidean theory. For
the 2+ 1 dimensional theory the supercharge corresponding to transformations
(2.5) is given by

Qo= JdZXﬁAayOw”gaﬂ (4.1)

and those to transformation (2.6) by
Q;= IdzxaAayowﬂJiaﬁ- 4.2)

As we done for N =4 super Yang-Mills [ 18] we compute the variation of (operator
valued) charges O by R R
00=i[£Q,0]. 4.3)

Let the Noether currents be J,* and J/* corresponding to (4.1) and (4.2)
respectively. Then

0ot " =2T"",6+ % &0, (P W’ 8up) Vet (4.4)

i &, l at e d l
SoJ =, [0, VW pd gy + 70, 0P T )7

- Sigtag(lpa’yrxﬂ']aﬂ)ylyu] 4
+1,50,0%0. Py e = — 8", (4.5)

i . vV,
5?’1’” = 25ijT”v3’v8 + 4 5ijav(w w”gaﬂs VAL

+ Z4jug(0;%0. e+ iy*yhp*eD ,pf) (4.6)
where Z;;,,= —Z;,; is the covariant constant two form
N
Zija[f = %(Jayt])}ﬂ _Jﬁvaa) . (47)

(In the case that M is hyperKéhler i ranges over 1,2,3and Z;;,,=¢; j,ja,,.) To obtain
the superalgebra we set =0 in (4.4)(4.6) and integrate over space. Note that all
terms involving fermions are total derivatives and thus are essentially constructed
from asymptotic values of spinor fields. However the finite action condition forces
these to be constant on the circle at spatial infinity and thus they can give no
contribution. This should be contrasted with [12] for 1 + 1 dimensions where these
contributions are allowed as spatial infinity is disconnected. In our case this leads

to:
{Qow Qoﬁ} = 2Pﬂ(’yu)a[} s (48)
{0 0%} =2C,40", (4.9)
{in Qjﬂ} = 25iqu(yu)a[i - 2CaﬁQij s (410)
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where

09" 0*
9 3% 2y (4.11)

Thus the Euclidean superalgebra is modified from its naive form (obtained by
successively applying transformations to fields) by topological terms given by
integrals of closed two forms R?. This possibility was conjectured by Zumino in [7]
for the CP" model and was shown to hold for M given by CP" and with bosonic
configurations only by Maison [19]. It is also known to occur generally for a wide
class of other topological solutions. Note that the assumption of time inde-
pendence has not been used in deriving (4.8-4.11). It is merely necessary in order to
interpret the quantites on the right-hand side of these equations for the Euclidean
theory.

Qij_: ydzxzij

5. The Moduli Space Metric

We have seen in Sect. 3 that the holomorphic maps can (for example if the target
manifold M is homogeneous) depend on continuous parameters or moduli. Thus
the set of maps with the same topological numbers forms a topological space which
may even be a complete Riemannian Manifold. We will not consider rigorous
derivations of this later fact and in the spirit of [1] assume that we have at least an
incomplete manifold. Our aim is to discuss a certain natural metric on this
manifold whose counterparts in other field theories have been discussed recently
[4-6].

The general motivation for considering these metrics on the space of
holomorphic maps comes from the 2+ 1 dimensional bosonic sigma model. The
metrics here generalize those considered by Ward [1] and Zakrzewski [2, 3] for
the CP! and CP" models respectively. Unlike these authors we do not require
explicit formulae for the holomorphic maps.

The metric on the space of holomorphic maps is given by restricting the kinetic
energy term in (2.1) for the bosonic fields to this submanifold of the space of all
maps, but where we now allow the moduli to depend on time. We consider

o™ 0¢F

1 -
flgaﬁ at at dxdy (51)

restricted to holomorphic maps. Then we have the following
Theorem. The metric given by (5.1) is formally Kdhler.

The aim of this section is to prove this theorem. We will first show that the
space of (smooth) maps

C={¢:D>M)}, (5.2)

where M is Kéhler is formally a Kdhler manifold. It has been pointed out [20]
that since € is an infinite number of copies of M that this result must hold with
suitable definitions.
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Let the metric and complex structure on M be g, J respectively. Then we define
a metric and complex structure on € as follows. The tangent space at ¢ € €, T,€ is
the set of vectors over the map ¢, i.e.

T,€={V:D>TM such that IT-V=¢}, (5.3)
where IT is the canonical projection TM — M. Define the metric § on € by
&V, W)= d Vol gV (x), W(x)) (5.4)
and the almost complex structure J by
TV (X) =T gV (X)) (5.5)
Then clearly J2= —1 and we define the fundamental 2-form & by
OV, W)=8T VW) (5.6)

We now prove that (€, ,J) is Kihler by showing that & is closed and that the
torsion of J vanishes. To show that & is closed it suffices to show that it is closed
when pulled back to any finite dimensional submanifold UCE. Define the
evaluation map I: U x D»M by

I(¢,x)=p(x). (5.7
Then
dl,= | I*w)*>°dVol, (5.8)
D
where
Fo=(*w)*°+{[*w)" ' +([*w)>?. (5.9)

The first superscript in (5.9) indicates the number of components of the form du’,
where u' are coordinates on U. Since U x D is a global product the decomposition
in (5.9) is unique. Now dy, » p =dy x dp, by a similar argument where d is the exterior
derivative. Since d,,0 =0, we have

dy < p([*w)=0, (5.10)
and thus
dy(I*w)* %) = (dy « pI*w)>° =0. (5.11)

Thus dy(d|y)=0. This is true for any U CC. Thus & is closed. To show that the
torsion of J vanishes is more difficult. A vector field on €, 7, associates with each
¢ €€ a vector V over ¢. Consider ¥, W vector fields near ¢, e €. These generate
flows on €,

Y€€, f7.:E-C. (5.12)
Pick x4 €D, then for ¢ near ¢, and x near x, and ¢ near 0 we have:

(f7dD) () =", ) (x) (5.13)
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(and similarly for W) where ", is a/1 parameter of difffomorphisms of a
neighbourhood of ¢y(x,). Now let F be a map €— R. The derivative F'y at ¢ is
given by

(VE)(@)=F y(V(9)). (5.14)
Then

d
(W) (@)=~ F ywr o V(7 ¢)

0

=F'"op(W(p), V() +F'y (i V(¢ > (5.15)
d =0
By symmetry of partial derivatives we have
e o~ d N "
(WV-VW)F)($)=F, <E V(T eeN-w(f V,(d>)))) : (5.16)
Now in a neighbourhood of x, and ¢,
d " > d
GO W) = VW=t ed) o (517)
t=0 =0

where for ¢ near ¢, and x near x,, the flows y”, define vector fields near ¢o(x, ). We
are now essentially done. Consider

N, W) =[IV,IW] =TIV, W] -JLV,JW]—[V,W] (5.18)
the torsion of ¥, W, Now near ¢, and x, the action of this vector field on functions
F is given by

Fy([IV($), JW(P)]=JLIV($), W()] =T [V (), W ()]
—[V(¢), W(9)D). (5.19)

But the argument of the derivative vanishes as J is torsion free on M. Now let our
choice of x, vary. Then J has vanishing torsion near ¢,. But ¢, is arbitrary and
thus J is torsion free. So we have a Kihler manifold € with covariant constant
complex structure. What is not clear however from this analysis is whether one can
apply the Newlander-Nirenberg theorem [21] and deduce that € is a complex
manifold. We will now show that if we specialize D to be a Kéhler manifold, then
the holomorphic maps will form a complex submanifold of €.

A submanifold S of our Kéhler manifold (€, g, J) will be complex if and only if
for all vectors tangent to S at ¢, JV is also tangent to S. Suppose S is the
submanifold of € given by holomorphic maps and let V be a vector at ¢ tangent to
S. Then we have a one-parameter family of holomorphic maps {¢,} with ¢,=¢.
The vector V is such that

a dx)) €T ()M, (5.20)

t=0

and each ¢, obeys
Jyodp,=dp,oJp. (5.21)
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Given V we need to construct ¢,(x) such that ¢,=¢ and

LEE =16V VxeD (5.22)

0
with ¢, a one-parameter family of holomorphic maps. We claim that

Gx)=exp,(JV (x), $o(x)) (5.23)

satisfies our requirements with exp,: TM —M the exponential mapping sending
(x, V) to the point with affine parameter ¢ along the geodesic starting at x with
dx*

dt t=0
a curve of holomorphic functions at ¢ it is necessary and sufficient that V*(x) obeys

I (CN Y, Ve =V, V)T 5 (%) (5.24)

This can be seen by an explicit computation in complex coordinates. But if V*
solves (5.24) then so does J*(¢p(x)) V*. Thus the space of holomorphic maps (ifitis a
manifold) is Kéhler and we have proved our theorem.

The above construction may be further extended to finding the Kéhler
potential on €. It is easy to show that formally

R(¢)= ly) d Vol K(¢(x)) (5.25)

=V* Itiseasy to see that this works by realising that for V to be tangent to

will generate the above metric. However there may be a problem if the Kédhler
potential K of M is not globally defined on the image of ¢. Note that although
(5.23) appears to depend on the connection used, this dependence vanishes as the
complex structure is covariant constant.

We close this section with some remarks on the metric whose existence has just
been proved. The metric will have isometry group including IsomD x Isom M
since these preserve the action and where we take isometries which preserve the
appropriate boundary conditions. The subgroup formed by the product of
isometries of D and holomorphic isometries of M will further preserve the complex
structure. We will examine these features in more detail in Sect. 6 in the context of
Ward’s metrics relevant to the CP! model.

Finally the existence of Kéhler structures in string theory has recently been
shown [22]. In this work the Kdhler structure is exhibited explicitly on the space of
maps into 26 dimensional Minkowski space. It is not the same as our Kéhler
structure although it may be possible to nontrivially extend our Kéhler structure
to the case of strings in a Kdhler manifold. This is currently under investigation.

6. Ward’s Metrics

As has been mentioned previously it is necessary to impose boundary conditions
on the solutions we consider and thereby restrict the parameter space on which the
metricis defined. In [1] Ward explicitly calculated metrics on the parameter spaces
for holomorphic maps into CP' and we turn to discuss these using the more
general formalism found in Sect. 5. The first point to note is that the formal
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argument presented before in fact breaks down as there exist directions in the
parameter space which require infinite energy for motion to occur; thus we must
fix these particular parameters in order to obtain a well defined metric.

The charge one solution is given by

d=o+Pz+y)"". (6.1

But the energy integral with o, f, y time dependent diverges unless &= f=0. This
fact has interesting physical origins and consequences. Suppose we wish to rotate
our solution. This is effected by phasing y and f by the same angle, but the
divergence of the energy associated with this motion is equivalent to the fact that
the moment of inertia of a charge 1 lump is infinite. Thus we cannot rotate these
solutions. This must be of some relevance to recent discussions of the statistics and
spin of the CP! lump solutions [23].

Then this means we must fix « and . Choosing «=0, f=1 we find that the
metric on the (1 complex dimensional) parameter space is

ds*= [dzdz dydy=2ndydy . (6.2)

(z+7*+1)*

This is clearly a Kdhler metric with respect to the complex structure induced on the
complex submanifold (x=0, f=1) of the 3 complex dimensional parameter space.
Now let us consider the action of isometries on the domain and the target in this
(trivial) case. The isometries of D are

z—ze® and zoz+A. (6.3)

Of these only the translations preserve the restricted form of (6.1) with =0, f=1.
The isometries of the target, CP?, are given by

p—oad+b/(a*—b*p) > +(b]*=1. (6.4)

To preserve our choice of constants a, ff forces b=0, a=1, thus none of the target
isometries preserve our restricted form. This discussion for the charge one sector is
merely to serve as an illustration; the charge two sector is less trivial. Here Ward
restricts himself to a totally geodesic submanifold given by:

d=y(z*+¢)". (6.5)

From our discussion in Sect. 5 we find that the Kahler potential is

K(3.7.6.8)= [ dzdZIn (1 +—w—7> =alylEGlel/l)~4nlel,  (67)

122+ ¢

where E(ix) is the complete elliptic integral
/2
E(io)= [ d0}/1+0sin’0. (6.8)
0

Here the discussion of isometries is more illuminating. Consider first transforma-
tions (6.4). Again we must specialize to b=0. Then we have

y—ety. (6.9)



Sigma Model Solitons 657

Now consider rotations and translations of the domain, the latter do not preserve
the form (6.5) and the former yield

e—e'e. (6.10)

Since they arise from holomorphic isometries on the target or isometries on the
domain they preserve both the metric ¢ and the fundamental two form &. Thus we
have the two commuting holomorphic Killing vectors called d/00 and 0/0¢ by
Ward. A wider class of transformations may be found useful as well. Consider a

homothety of the domain generated by H=H* 6% i.e.

a

&

—h=/Jh 6.11
- (6:11)
with h the domain metric and A a constant. Since this generates conformal
transformations it takes solutions to solutions and (clearly) preserves the form
(6.5). Thus it acts on the parameter space. However it induces the transformations
on g and &

soe¥g,  hoed. (6.12)

Thus we have a holomorphic homothety on the parameter space (in Ward’s

. .. 0 . . . ~
notation this is R ﬁ) This has several interesting consequences. Let H generate
the holomorphic homothety. Then

L
ﬁwzia)—d(z(H)w). (6.13)

Thus since 40 the homology class of @ is trivial. This restricts the complex
submanifolds of the space. For example none have the topology of the two sphere.
In addition we can argue that if (as is most unlikely) our metric were Einstein then it
would immediately be Ricci flat.

It seems unlikely that any further structure can be deduced about these metrics.
The fact that we have to choose submanifolds of the parameter space means that
the type of information we can obtain is severely restricted. At present the
applicability of this method to, in principle, the construction of hyperKahler
manifolds, is unclear.

7. Conclusions

Given that the metrics described above are Kéhler one now appears to have a
paradox. The Kéhler structure means that the low energy quantum mechanics has
an extension with N =2 supersymmetry, i.e. an invariance parametrised by two 2
component Majorana spinors. But the soliton solutions themselves break
supersymmetry partially, and moreover so does the restriction of the functional
form of bosonic fields to that of holomorphic maps. That is if we ask what fermion
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ansitze are possible if we restrict ¢ to be holomorphic, demanding N=2
supersymmetry then leads to a contradiction. Thus it does not seem possible to
derive the Kéhler nature of the moduli space metric from the field theory. The issue
of symmetries of low energy soliton dynamics deserves further clarification.
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