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Abstract. The purpose of this paper is to clarify the geometrical constructions
leading to unconstrained superfields in extended supersymmetry.

1. Introduction

Recently great progress was made in constructing off-shell superfield theories in
the case of extended supersymmetry. Galperin, Ivanov, Kalitzin, Ogievetsky, and
Sokatchev succeeded in finding unconstrained superfield formulations for super-
symmetric N =2 matter, supergravity, and N =2 and 3 Yang-Mills theories [1, 2].
The crucial point that allowed them to overcome the N =3 barrier (for maximum
spin one, and N =2 barrier for maximum spin one half) was the use of special
superspaces with auxiliary variables. These superspaces emerged previously in an
analog of Ward’s twistor construction [3] which was suggested in [4] for the
purpose of solving N =2 and N = 3 superspace constraints. As a matter of fact, the
description of N=2, 3 unconstrained superfields and their relations with
superfields in the usual Minkowski superspace can be made very close to the Ward
construction (as well as to some other twistor constructions based on Ward’s idea;
see [5-7]). The purpose of the present paper is to clarify the geometrical origin of
new unconstrained superfields introduced by Galperin et al. and to show how to
come naturally to the results of [1,2] starting from an analog of Ward
transformation considered in [4]. This study has led us also to the construction of
an unconstrained off-shell formulation for the general N=2 supersymmetric
hyper-Kéhler sigma model, which will be described elsewhere. (Interestingly
enough, the treatment of the hyper-Kéhler manifold proper to N =2 supersymme-
try demonstrates once again a close analogy with twistor constructions — this time
with a description of gravitational instantons due to Penrose [5].)

The key idea of introducing auxiliary dimensions borrowed from twistor
constructions is based on the following simple observation. It turns out that if the
extra dimensions added to some space form a compact complex manifold, then
there is no actual increase of dimension for those fields, which are holomorphic
with respect to these extra variables. This follows from the statement that any
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holomorphic function on a compact complex manifold is contant. (This can be
derived, in turn, from the Liouville theorem which states that any bounded
holomorphic function is constant.) The space P with auxiliary dimensions relevant
to extended supersymmetry will be just an example of that nature. This space was
named by Galperin et al. the harmonic superspace [ 1, 2]. We will not use, however,
the harmonic expansion with respect to extra variables on P (which is still
important if one is to obtain an off-shell component formulation in the usual
Minkowski space® with the group SU(N) realised linearly). Instead, we shall use
geometrical constructions of [4]. Therefore, we prefer here to call the space P the
isotwistor space (for reasons that will be clear later). The superspace P is related to
the ordinary Minkowski superspace M in a way analogous to the relation, for
example, of CP? to the Euclidean space-time S* in the original construction of
Ward. (One is only to consider isospinors instead of spinors.) Note, however, that
we will not be concerned with the questions global in M (in particular, M will not
be compactified). Thus we shall deal with P=M x {compact complex bosonic
manifold} and our considerations will always be local with respect to coordinates
in M. (For an appropriate global description of isotwistor space and its use see
[14].) Nevertheless, it must be stressed that the treatment of auxiliary complex
variables should be global (as is clear from the above remarks).

Let us review briefly the basic points of constructions that will be descirbed in
detail in subsequent sections. Let

V,=Dy+sl,;, Vi=Dj+si (i=1,...,N)

be the gauge covariant derivatives in Minkowski superspace. The first step is to
notice [4] that if we define the operators V,=p'V,;, V,=u;V,’, then the usual N =2
and N =3 constraints [8, 6] on the superfields .«7,,, .«Z,' are equivalent to the
condition?

{Vw Vﬂ}z{Vd’ Vﬁ}={l7a9 Vﬂ}=05 (11)

satisfied for arbitrary given values of complex numbers p', u;, provided p'u;=0.
This suggests, in analogy with Ward construction, to extend the usual Minkowski
superspace M by adding the parameters p' and u; taken (separately) as
homogeneous coordinates. Thus we obtain a superspace P =M x Q (the isotwistor
space) with auxiliary dimensions which correspond to a compact complex
manifold Q. For M =2 we have Q =CP*, while for N =3, Q is a three-dimensional
complex submanifold in €P?xCP? defined by the equation pu;=0. The
operators I, V, defined above can be considered as operators on P. (These
operators act on functions which have definite degree of homogeneity with respect
to homogeneous coordinates in P; they alter the degree of homogeneity of a
function by one.) On this way one obtains a correspondence [4] between the gauge

! Note, that for theories beyond the N=3 (or N=2) barrier the corresponding manifestly
supersymmetric component formulation necessarily involves an infinite number of gauge and/or
auxiliary degrees of freedom; see [1, 2]

? In the complexified Minkowski superspace this condition means that the field strength restricted
to certain (0|4)-dimensional complex submanifolds vanishes. This is analogous to the vanishing of
the self-dual field strength on the so-called a-planes [3]
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fields satisfying the N=2, or N =3, constraints in M and certain geometrical
objects on the isotwistor superspace P. To describe these objects it is convenient to
use the notion of partial gauge field. When one has a usual gauge field, one can
gauge all derivatives, that is all first order differential operators. If instead one
introduces gauging only for a part of differential operators, we will say that the
partial gauge field is defined. In the case considered, one can reformulate the
original constraint equations in M as the condition of vanishing field strengths for
certain partial gauge fields® on P.

Let z° be the auxiliary variables in P=M x Q corresponding to complex
coordinates in Q. (Thus s=1,2,3 for N=3 and s=1 for N=2.) To gauge the
derivatives 9, = 0/0z° means to introduce the corresponding partial gauge field o7,
on P with an obvious transformation law that makes the operators J,+ <7 gauge
covariant. We shall see that the constrained gauge fields in M correspond to partial
gauge fields o7, on P which satisfy a sort of chirality condition (i.e. the superfields
o, do not depend on some fermionic variables) along with the condition of
vanishing field strength. The latter condition means that

Ot — Ol s+ [, 4] =0. (1.2)

To obtain this correspondence, consider partial gauge fields of zero field
strength on P related to gauging of differential operators D,=p'D,;, D, =u;D,’, 0.
From every constrained gauge field .«7,;, ;" on Minkowski superspace one can
construct such a partial gauge field on P by setting V,=D,+.«/,, V,=D,+ <, V,
=0, (that is &7, = p'.ot,;, o, =u,o;, o/,=0). Conversely, if a partial gauge field on
P, V,=D,+4,, Vi=D,+4,;,, V,=0,+./, has vanishing field strength, then
generically it is gauge equivalent to a field with .o/, =0. In this particular gauge, the
condition of vanishing field strength implies that d.o/, = 0.9/, =0. It follows from
the last relations that o/, = p'.oZ,;(x, 0, 0) and .o/, = u,/i(x, 0, f) for some functions
A, o} depending only on x, 0, 0. The remaining equations of vanishing field
strength amount to (1.1). Consequently, the functions .oZ,; 7. correspond to a
gauge field on Minkowski superspace satisfying the usual constraints. On the
other hand, a partial gauge field «7,, o7, o/, having zero field strength in P is gauge
equivalent to a field with «/,=.«/;,=0. In this gauge, we deal with components
o/, which enter covariant derivatives V,=0,+ ./, and satisfy (1.2) and Do/,
=D, o/,=0. The latter equations can be solved in a manner similar to the case
of N =1 chirality constraints.

For N=2, the partial gauge ficld has only one component, because the
complex dimension of Q =CP! equals one. Hence Eq. (1.2) is trivially satisfied in
this case and one gets the unconstrained superfield formulation for N =2 super
Yang-Mills theory [1].

It must be pointed out that the Minkowski superspace constraints [8, 6]
implicit in our discussion above are kinematical only for N =2, while for N=3
they are equivalent to the equation of motion. The crucial observation made by the
authors of [2] is that the N =3 equations of motion rewritten in the form (1.2) can

3 This interpretation of constraints was described in [4] in terms of so-called CR-bundles over P.
In fact, partial gauge field gives us a well-known alternative description of such bundles, as will be
explained in the present paper (see Sect. 10)
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be derived from a Lagrangian. This yields an off-shell formulation of N =3 theory
in terms of superfields on the space P. The action which leads to Egs. (1.2) is as
follows

S= [ d\OBuest tr (o, 0, o, +2 5l A l,)+cC, (1.3)

where d'%8y is an appropriate measure on the (10]12)-dimensional superspace
P =M x Q which does not include integration over 4 of 6’s. Note, however, that the
complex coordinates, z°, used above cannot be introduced globally on the
manifold Q. Thus one has to use either a number of coordinate patches, or the
homogeneous coordinates (p%), (u;) constrained by p'u; =0. The correct meaning of
the measure dp in (1.1) will be explained later in terms of homogeneous coordinates
in Sect. 9. Note, finally, that the manner of how the gauge invariance is realized in
N =3 Lagrangian (super) field theory and the very form of the action (1.2) are
similar to the familiar topological mass (or Chern-Simons) term in three-
dimensional (ordinary) gauge theories [9].

The paper is organised as follows. In Sect. 2, we deal with a geometrical
interpretation of constraints in N =2 super Yang-Mills superfield theory. This
leads us to introduction of auxiliary variables. The basic superspace with auxiliary
variables, in particular, the isotwistor space, relevant to the N=2 case are
described in Sect. 3. In Sect.4, a reformulation of N=2 super Yang-Mills
constraints is constructed in terms of superfields on isotwistor space. The resulting
unconstrained superfield formulation of this theory is described in Sect. 5. In
Sect. 6 we show that the N =2 hypermultiplet can be dealt with in an analogous
manner. Starting from the superfield equations of motion for a hypermultiplet in
Minkowski superspace we construct a formulation of these equations in terms of
superfields on isotwistor space. (Note that for the N =2 hypermultiplet the only
superfields available in Minkowski superspace are on shell.) Then, in Sect. 7, an
off-shell formulation of this theory is discussed following [ 1]. Sections 8 and 9 deal
with the N=3 super Yang-Mills theory in a manner described briefly above.
Section 10 contains some mathematical matter which explains the use of the
language of holomorphic bundles and CR-bundles. (It is this language which is
often used in various twistor constructions [3, 6, 7] as well as considerations of
[4].) After that we will be able to discuss on a more accurate level, in Sect. 11,
certain non-perturbative features of new superfield theories. This discussion
reveals, in particular, that the off-shell superfield formulation of N =3 super Yang-
Mills theory (in contrast to N =2) seems to be not equivalent (even on the mass
shell, but beyond perturbation theory) to the usual Minkowski space formulation.

2. Constraints in N=2 Super Yang-Mills Theory

In the N=2 and N =3 super Yang-Mills theories the following constraints are
used [8, 6]:

{Vai’ ij} + {Vaja Vﬂi} =0,
Wi,V + (v, vy =0, (2.1)

. 1 ..
{Vaiﬁ Vﬂj} - N 5;{ Vak’ Vﬁk} =0.
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Here V=D + o4, V=D, + o/, denote the gauge covariant derivatives with the
gauge field (7,;, 2Z,’). The coordinates in Minkowski superspace will be denoted by
x? 0%, & (where % is complex conjugated to 6% and a=1,...,4; a=1,2;
i=1,...,N). As usual, D, are super covariant derivatives, D, =3/00*
+ia§,;9_3i8/6x“, while D,’ are their conjugates. Our aim is to solve the constraints
(2.1) for N =2. (Note that for N =2 these constraints are kinematical.) At first we

represent these constraints in a different form. Namely, we introduce the operators

VazinaizDa+vQ{aa

Vi=pV/=D;+.A,, 22)
where p' are arbitrary complex numbers, p;=¢;p’, and
D,=p'D,;, D;=pD,, (2.3)
Ay=p'y, Ay=pty 24
It is easy to check that constraints (2.1) are equivalent to the condition
(Ve Vot = Vi Vs = {V Vi =0, 2.5)

satisfied for every (p?, p?). Geometrically the constraint (2.5) means that the field
strength vanishes on the (0|4)-dimensional subspace spanned by the vectors (2.3).
(Such tangent subspaces will be called isosubspaces.) This remark permits us to
give a slightly different interpretation of constraints.

Let us consider the complexified Minkowski superspace M with coordinates
x% 6%, 6%, where x* are now complex, and 6% may be not conjugated to 6. The
following surface of complex dimension (0]4) can be defined in this superspace by
means of the parametric equations,

x4 =y +ie*p'otyn’ —in“oltse’p;,
Gai — ’,Iai + Sapi , (26)
gdi =n%+ Sdpi -

Here &7, &* are independent complex (fermionic) parameters, while y*, n*, n% and p'
are arbitrary complex constants. The surfaces of the form (2.6) will be called
isoplanes. It is easy to see that at every point of the surface (2.6) the tangent
subspace is spanned by the vectors (2.3), i.e. every tangent space is an isosubspace.
This means that the restriction of the field strength of a super gauge field satisfying
(2.1) to the arbitrary isoplane vanishes. Conversely, the vanishing of the field
strength on isoplanes implies the constraints (2.5) and, hence, (2.1).

It follows from (2.5) that for every p!, p? the operators V,, V, can be represented
in the pure gauge form

V,=g 'D,g, Vi=g 'Dyg, (2.7)

where the function g taking values in the gauge group G depends on parameters p*,
p? and variables x, 0, 0. Let us note that when one replaces p' by Ap’, the operators
V,, Vyand D,, D, are multiplied by the same complex number 4. We see that the
transformation p'—Ap' does not violate (2.7) considered as an equation on g.
Therefore the function g can be chosen in such a way that it is invariant under the
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transformations p'— Ap' with 4 # 0. This suggests that it is natural to consider p!, p?
as homogeneous coordinates. In other words, we assume that the coordinates p'
and Ap' represent the same point. (We shall assume throughout that 140 and p?,
p? do not vanish simultaneously.)

The space with homogeneous coordinates p', p? is called the complex
projective line and is denoted by CP?. This space can be interpreted as the plane of
a complex variable z with a point at infinity added to it. In other words, CP* is the
Riemann sphere. (The point with homogeneous coordinates p*, p* corresponds to
the complex number z=p'/p?.)

3. Basic Superspaces

The considerations of the last section explain that it is natural to introduce
superspaces which have the parameters p', p? as additional coordinates. (As it was
mentioned above, these parameters must be considered as homogeneous coordi-
nates.) The most important role for our aims will be played by the space P obtained
from Minkowski superspace M by the addition of homogeneous coordinates p’
to x*, 0%, 8%, In other words, P =M x CP'. As we have seen in Sect. 2, the function
gin(2.7) can be considered as a function on P. Geometrically, the superspace P can
be interpreted as the manifold of all tangent isosubspaces at all points of M. We
call the superspace P the isotwistor space.

It is useful to consider also the superspace # =M x CP'. (To define # we
replace M by its complexification M* in the definition of P.) Finally, we define the
superspace £ as the manifold of all isoplanes [i.e. of all (0[4)-dimensional surfaces
(2.6) in M¢]. To introduce coordinates in # we observe that the equations of
isoplane (2.6) can be rewritten in the following form:

x'=y"+ is"‘o‘gﬁ@ﬁ— i@“agﬁsﬁ ,
pieaiZQaa ﬁieai=|plzga’ (31)
PP=06%  pl=Ipl*,

where y*, @% ©% p' are constants that fix an isoplane uniquely. (Here p, = (p")*, p'
=(p;)* =¢"p;, and |p|* = p'p; +0.) This means that one can consider y*, ©%, 0 p’ as
coordinates in the space of all isoplanes, . One must take into account though
that p’, ©*, ©* multiplied by a common number still correspond to the same
isoplane. Thus one must treat p', ©% ©* as homogeneous coordinates (while y° are
usual coordinates).

Let us point out that there is one and only one isoplane that passes through a
given point in complex Minkowski superspace and which is tangent to a given
isosubspace at that point. This implies that for every point of the space & (which is
the space of all isosubspaces) there is a corresponding point in £. The relation
between the spaces # and Z can be clarified using a coordinate, change in #. Let
us pass from the coordinates x*, 6%, 6%, p'in # = M* x CP* to the following ones:

O*=p*, O'=pl, (3.2a)
O =Ip|2p0%,  O*=|p|*pb",, (3.2b)
V' =x"+i0%%;6° —i6%5¢,0° . (3.2¢)
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Now the projection of & onto £ described above can be given by mapping a point
(%, @% 0% % 6% p')in F to the point with coordinates (y°, @% ©%, p')in 2. [ This
can be checked using (3.1) and (3.2).]

It is obvious from our definitions that the space P can be considered as a
submanifold in #. In coordinates x*, 0%, &%, p’ this submanifold can be singled out
by means of reality conditions: x* = (x%)*, 0% = (6*)*, while in coordinates (3.2) this
can be expressed as

O'=Ip (@M%, O=p| HO*,

¥ = () =2i0%0%0" —2i0%,60° .
On the other hand, the space P can be thought of also as being embedded in 2.
Indeed, every point (x*, 6%, &%, p', p;) of P can be considered as a point in & and,
hence, there is a point in £ corresponding to it with coordinates given by (3.2a, c).
It follows from the relations (3.2a, c) that different points of P are mapped to
different points in 2*, thus giving an embedding of P into 2.

We proceed now to a discussion of various functions and differential operators
on the isotwistor space P that will be of most importance for us. First of all, let us
point out that a function defined on P can be considered in terms of coordinates x*,
0%, 0%, p', p; as a function of these variables subjected to the requirement of
homogeneity of degree zero (i.e. it must remain unchanged when p'— Ap’). It will be
useful also to deal with functions of x*, 6%, &%, p, p;, which are homogeneous of
degree n, that is they satisfy by definition

f(x,0,0,4p, 2p) = 1'f (x,0,0,p, p) .

Such functions will be called homogeneous (of degree n) functions on P°.

Now the differential operators D, and D, introduced earlier [see, (2.3)] can be
considered as acting on functions on P and transforming a homogeneous function
of degree n to a function of degree n+ 1. An important role will be played also by
the operator D, which is defined by the formula,

0
—1p|2p.
D=IpPpi 5 (33)

This operator increases the degree of homogeneity of a function by two. The
operator D is intimately connected with the well known operator ¢, which acts on
differential forms on CP*. [Applied, for example, to a function f(p, p) on CP, it
gives a 1-form which can be expressed in terms of homogeneous coordinates as
follows: Jf =(9f /0p,)dp;=(Df) - @, where o= |p|~*p'dp,=|p|~ *¢"p;dp;.]

In what follows we shall have to deal with (complex) functions on P, subjected
to the following conditions: '

Daq):O’ Dd(P=0- (34)

4 Geometrically, this means that an isoplane of the form (3.1) in M* intersects the real Minkowski
superspace M in at most one point

5 Note that homogeneous functions of two variables p*, p? are in one-to-one correspondence with
certain functions of one variable z=p'/p*: f(p', p% P P2)=PH)"f(pY/P% 1, bi/Ps 1)
=(p?)"y(z, z), where g(z, z) ~ z" as z— o0, and such asymptotic behaviour of g(z, z) defines the class
of functions of one variable that correspond to homogeneous functions of two variables
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Such functions will be called isochiral functions. It is essential that Egs. (3.4) can be
solved explicitly. (The situation is quite familiar from N =1 chiral superfields.) In
order to describe the solution of (3.4) let us continue analytically the function ¢
with respect to the variables corresponding to Minkowski superspace. Then we
obtain a function on (a domain of)® the space & which is holomorphic in the
variables x%, 6%, &%. It can be easily seen that Egs. (3.4) expressed in terms of
coordinates )%, @% @°% @% @% p' on F become
0 0
a@mq)—o, a@dq)_o. (3.5
This means that an isochiral function continued analytically to the space & yields
a function there which is holomorphic in y*, @%, ©%, but does not depend on 6°,
. 1t is seen from the connection between the spaces & and 2 described above,
that the functions on % which do not depend on &% 6% can be considered as
functions defined on 2. We obtain thus a correspondence between isochiral
functions on P and those functions on 2, which are holomorphic in y*, @% @~
Till now we did not consider conditions which might restrict the dependence of
funtions on the complex variable corresponding to homogeneous coordinates p*,
p?. Let us consider the solution of the equation

Dp=0 (3.6)

on the space P. [The operator D was defined in (3.3).] It is easy to see that Eq. (3.6)
amounts to the condition that the function is holomorphic with respect to
homogeneous coordinates p*, p?. It is well known (and can be proved using the
Liouville theorem), that every function defined for all values of the variables p', p2,
except p* =p* =0, and depending on them holomorphically and homogeneously
of degree n is equal to a polynomial of order nin p*, p?, (In particular, there are no
holomorphic functions which are homogeneous of degree n<0.) Thus, for
instance, the solution to (3.6) with n=1 is simply an arbitrary linear function of p?,
p? if it is to be defined for all p!, p?, |p|* 0.

4. Conversion of N=2 Super Yang-Mills Theory to a Theory
in Superspace with Auxiliary Dimensions

We shall show here how to convert the super Yang-Mills theory to a field theory in
the isotwistor space P. For this purpose we need a generalisation of the notion of a
gauge field. Commonly, to introduce a gauge field means to define covariant
derivatives. [ That is to say, one has to define instead of the usual derivatives, say 0,
=0/0x", the covariant ones, V,=0,+/,(x).] One can gauge not only the
derivatives with respect to coordinates, but also any first order differential
operator X =a*(x)d,. (Gauging X gives Vy=a"(x) [0,+./,(x)].) It will be
convenient, for our purposes, to consider a kind of partial gauge field, that is we
shall deal with a situation, when one gauges not all differential operators but only a

6 Qur considerations are always local with respect to coordinates of (possibly complexified)
Minkowski superspace, although this is not always mentioned explicitly
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part of them. In fact, it will be useful to assume that in the space P only the
operators D,, D, and D are gauged. Thus we are to consider a partial gauge field
(o, o, &) in P, which corresponds to introducing gauge covariant operators
V,=D,+ 4, V,=D;+ ., V=D+ /. Asdiscussed in Sect. 3, the operators D,, D,
raise the degree of homogeneity of a function by 1, while D raises it by 2. Hence we
have to assume the functions .«7,, &7, and ./ on P (taking values, as usual, in the Lie
algebra of the gauge group) to be homogeneous of degrees 1, 1 and 2 respectively.

We will say that a partial gauge field has vanishing strength if the covariant
derivatives (anti)commute with each other. Thus the field strength of (<7, <,, /)
vanishes if

{Va’ VB} = {Va‘u Vﬂ} Z{Va’ Vﬂ} =0, (413)
w,vl=wv,v,]=0. (4.1b)

The gauge equivalence of partial gauge fields is defined in the conventional
manner: the field (<7, o7,, o) is called gauge equivalent to (<7, o/, /') if the
corresponding covariant derivatives are connected by

Vi=iT'Ng. VimgTWg. V=4V, (42)

where g denotes the operator of multiplication by a function g taking values in the
gauge group. As a matter of course, a (partial) gauge field which is gauge equivalent
to zero (i.e. a pure gauge) has vanishing strength. In the case of partial gauge fields,
however, the inverse is valid only locally’. We wish to emphasize here that
although our considerations are always local with respect to coordinates
corresponding to Minkowski space, the dependence on (homogeneous) coordi-
nates p', p? corresponding to CP! in P=M x CP' is to be considered globally.

Even in the case of a single operator V' =D+ </, the field strength of which
vanishes identically, it is not always possible to find a gauge function defined
globally with respect to CP!, such that ¥ =4~ 'Dg. For an Abelian gauge group
such a function does, in fact, always exist. But in non-Abelian case, the equation

g 'Dg=sf 4.3)

has a solution not for any given function <. Nevertheless, it is true that generically
this equation still has a solution. That is to say, if Eq. (4.3) is compatible for some
field «, it is also compatible for all fields sufficiently near to /. In particular, Eq.
(4.3)is compatible if .« is sufficiently small. [ This fact, well known in mathematics,
can be proved using power expansions. See Sect. 11 for more details about the
solution of (4.3).]

Let us note, however, that the operators V,=D,+.«,, V,=D,+ o, if they
anticommute, can be gauge transformed to D,, D, [because, in this case, the
variables p!, p? enter only as parameters). The same statement (in terms of
Minkowski superspace) was already pointed out in Sect. 2].

The main conclusion we will reach in this section is that instead of gauge fields
in Minkowski superspace satisfying the constraints (2.1), one can use partial gauge

7 Note that even for ordinary gauge fields on a non-simply connected manifold the vanishing of
the field strength does not also imply that the field is a pure gauge. In what follows we shall be able,
however, not to be concerned with such a situation
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fields (</,, </,, &/) on P, which have vanishing field strength and satisfy the
condition of compatibility of Eq. (4.3). To be more precise, the gauge equivalence
classes of fields on the Minkowski superspace M are in one-to-one correspondence
with gauge equivalence classes of partial gauge fields on P, provided all the above-
mentioned requirements are satisfied.

To prove this, let us note first of all that for every gauge field, (.«7,;, ;') on M,
one can construct a field on P, setting

A= plet, (X, 00,8,
ﬂd = pi&{di(xbs eﬂja G—Bj) s (44)
o =0.

All the (anti)commutators of the covariant derivatives V,, V,, V, corresponding to
(4.4), among themselves vanish if the field (.«,;, .<7,) satisfies on P the constraints of
the super Yang-Mills theory (2.1). [A part of this statement concerning V,, V, was
already discussed in Sect. 2; now one has thus to check only the commutators with
V =D using the definitions (2.2) and (3.3).]

. Conversely, let some field (<7, Z;, /") with vanishing field strength be given in
P satisfying additionally the condition that Eq. (4.3) has a solution. Then we are
able to make a gauge transformation giving a new field («/,, .&/,, &), such that
o/ =0. Thefield strength of the transformed field still vanishes, of course; that is the
operators V,, V,, V=D (anti)commute. From [D, V,]=[D, V;]=0 we find that in
the new gauge D.oZ, = Do/, =0. As discussed in Sect. 3, these equations imply that
the functions .«Z,, .o/, (which by definition are homogeneous of degree one) are
holomorphic in p*, p? and, hence, linear in these variables. Thus they are of the
form (4.4) for some functions .Z,;, .«Z,', which can be considered as fields defined on
Minkowski superspace M. Exploiting further the condition (4.1), we find that, for
the fields (4.4), it follows from (4.1a) (as it was in Sect. 2) that the gauge field (<7,
;) on M satisfies the constraints (2.1). We have thus described how to come back
from the gauge fields on P to the fields on Minkowski superspace.

It remains only to point out the by now obvious fact that when passing from P
to M and from M to P —in both cases — the gauge equivalent fields go into the
gauge equivalent ones.

The arguments used above are complete if the gauge fields considered are
assumed to be complex. If the gauge fields (=7,;, </,) on M satisfy a reality
condition, e.g. o, = —(o/,;)" for SU(n) as the gauge group, then the reality
condition for the corresponding gauge field (<7, <Z,, /) on P is as follows:

Ay(p)=—[L BN, LB)=—L[/(B)]". (4.5)

Here p=(x, 0, 0, p') denotes a point in the space P, while the transformation g acts
on P as p—o(p)=(x,6,0,5"), where according to our conventions p'=g"p;
= Sij(pj)*‘

5. Unconstrained Superfield Formulation

of N=2 Super Yang-Mills Theory

In order to find such a formulation we will use the reduction of the usual
constraints (2.1) to certain conditions on the fields in the space P, as described
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before. According to Sect. 4, from the gauge field subjected to (2.1) on Minkowski
superspace, we can construct on P a partial gauge field (<7, o/,, &), the field
strength of which vanishes, and vice versa. [The extra condition, used in Sect. 4,
that the field .o is representable in the form (4.3) can be neglected here, because it
does not constrain essentially the fields on P; namely, this condition holds for
generic </, as we already mentioned.] Using the vanishing of the field strength of
(o, o;, /) we conclude that this field can be always transformed to a gauge where
of,=s/;=0. (Note that this is the case, because our consideration is local with
respect to coordinates of Minkowski space; note also that the component .o/
cannot be in general gauged away simultaneously with «/,, &7, since we have
required the domains of definition of the functions considered to be global in
homogeneous coordinates p!, p>.) Thus after the gauge transformation we are led
to a field of the form (0, 0, .«/) which still has vanishing strength. The last condition
reduces, in the case of the field (0,0, .«/), merely to

Do =Dt =0 . (5.1)

That is to say, the field ./ must be an isochiral function on P.

Our gauge condition, o, = o/, =0, restricts the group of gauge transformations
(4.2) requiring that the gauge function g must be also an isochiral function.

We have thus constructed a correspondence between the gauge equivalence
classes of gauge fields on M satisfying the kinematical constraints (2.1) and gauge
equivalence classes of homogeneous isochiral fields of degree 2 on P. (Gauge
transformation for the isochiral field .« is of —.&/’ =g~ }(D + .«/)g with g being an
isochiral function on P.) As we have seen, Eq. (5.1) on P can be easily solved using
the space £. (This equation and its solution are perfectly analogous to what is
usually done with N =1 chiral superfields.) This means that the correspondence
described here gives us unconstrained superfields for N=2 super Yang-Mills
theory. To conclude, the Lagrangian for this theory must be described. Unfortu-
nately, there is no simple way known to write down a Lagrangian directly in terms
of the unconstrained superfield 7. On the other hand, an expression for the
Lagrangian in terms of gauge fields .«Z,;, .o, constrained by (2.1)is well-known [8].
Hence, one has to express constrained superfields, .«7,;, .7, in terms of the
unconstrained one, .o7, and substitute into the Lagrangian of [8]. [As one can see
from the consideration of the present section, this procedure involves solving Eq.
(4.3); if a solution g to (4.3) is known, then the fields .«Z,;, ;' can be restored from
Pl =g 'D,g, p;tyi=g *D,g.] The resulting expression for the Lagrangian [1]
looks non-local with respect to the axuiliary variables p*, p.

6. Equations of Motion of the N=2 Hypermultiplet

In this section we consider the so-called hypermultiplet [10], which is an N=2
supermultiplet consisting of one isodoublet scalar and two isosinglet (Weyl)
spinors. Until recently only an on-shell superfield was known for the hypermulti-
plet. This is the isodoublet scalar superfield ¢,(x, 6, 8) satisfying the following
constraints.

Dai‘Pj+Daj<Pi=0a D-aiﬁDj_%‘Sj'D—ak@k:O‘ (6.1)
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Equations (6.1) imply free massless equations of motion for the component fields.
Here we shall first convert the equations of motion (6.1) into equivalent equations
[4] on the isotwistor space P (see Sect.3) and then, in Sect. 7, we shall show
following [1] how to separate the resulting equations on P into kinematical
constraints and Lagrangian equations of motion. It is important to point out that
such unconstrained superspace formulation of the hypermultiplet allows one to
introduce also interaction terms into the Lagrangian [1]. In a forthcoming paper
we shall describe an off-shell formulation that can be constructed on the
superspace P for an arbitrary N =2 supersymmetric hyper-Kahler sigma model.

Let us recast Eqgs. (6.1) into a different form. If we consider the superfield
@ =p'ep;, then the constraints (6.1) on ¢; imply

D,p=0, D;p=0, (6.2)

where the operators D, and D, (depending on p’) are the same as in Sect. 2.
Equations (6.2) satisfied by ¢ = p'ep, for all p* are obviously equivalent to (6.1). The
superfield ¢ =o(x, 6,0, p,p) can be considered as a function homogeneous of
degree one on the superspace P. The condition of linearity in the variables p’ can be
interpreted as the requirement that ¢ is holomorphic with respect to these
variables, that is

Dp=0 (6.3)

(cf. Sect. 3; as we have already said, a holomorphic function homogeneous of
degree one with respect to p' is always linear). Thus we reach the conclusion that
the equations of motion (6.1) of the hypermultiplet are equivalent to the system of
Egs. (6.2), (6.3) on the homogeneous field of degree one on P2,

7. Off-Shell Formulation of the Hypermultiplet

Now it is natural to consider Egs. (6.2) as kinematical constraints, while the
remaining Eq. (6.3) as a true equation of motion to be derived from an action. This
was done in [1]. The relevant expression for the Lagrangian is @D¢, where
() =Lole(@N]* .

(See the definitions at the end of Sect.4.) The two points must be noted in
connection with such a candidate Lagrangian. Firstly, since ¢ satisfies kinematical
constraints (6.2) (that is to say, it is an isochiral function in the terminology of
Sect. 3), so does the conjugated field @ and, hence, the Lagrangian density ¢D¢.
Secondly, the full degree of homogeneity of D¢ is +4. The former remark means
that the action involving the Lagrangian ¢D¢ must be an integral not over the
whole (6]8)-dimensional superspace measure on P, but over some (6|4)-
dimensional measure which implies integration only over the half of fermionic
coordinates. The second remark above means that D¢ must be integrated with a
measure that has the degree of homogeneity equal to minus four to compensate for

8 One can show that such fields on P correspond to fields on the space 2 (see Sect. 3) that are
holomorphic with respect to all the variables in 2 [4, 14]
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the degree of @D¢ (since the integral of a function homogeneous of degree zero
only can be defined unambigously when one deals with integration over CP! in
P=M x CP?).

Now, in coordinates y*, ©%, @%, &% @% p', p, the constraints (6.2) mean merely
that ¢ does not depend on &% and @ (see the discussion in Sect. 3). Consequently,
we are led naturally to the fermionic measure d*® which has the correct degree®
and does not include d6* d@* Thus we arrive at the following expression for the
action for the isochiral field ¢,

S= [ d4yOd2qOd* @ Y+ HDH D+ Vg e (7.1)

where the superscripts in brackets indicate the degrees of homogeneity of the
entries. The symbol d?q in (7.1) stands for integration with respect to auxiliary
variables over the sphere S?~CP'. Here the usual measure on two-dimensional
sphere is understood:

= pdp'pdp; _ dzdz
Ipl* (1+12%?°

where z=p'/p? is an ordinary (i.e. not homogeneous) complex coordinate which
parametrises CP* with one point, p> =0, excluded. As one can check directly, Egs.
(6.3) indeed follow from the action (7.1). (In doing this it is useful to convince
oneself that one can integrate by parts with respect to the “derivative” D.) Thus the
use of isotwistor superspace P allowed one to obtain an off-shell unconstrained
formulation for the N =2 hypermultiplet as well.

8. N=3 Theory

The N =3 super Yang-Mills theory can be dealt with in a manner analogous to
what we discussed in the preceding sections in connection with N =2 theories. A
relevant interpretation of N =3 equations of motion in terms of a superspace with
auxiliary variables was suggested in [4]. Using this interpretation one is able to
find an unconstrained off-shell formulation of N =3 theory. This formulation was
found first in [2]. (The results of [2] will be recapitulated in the next section,
though using a different notation.)
Let us consider, in analogy with the N =2 case, the differential operators

DazpiDai) Dd=ui5dia (8.1)

where D,;, Dy are the usual spinorial derivatives in the N=3 Minkowski
superspace M (soi=1, 2, 3), while p', u; are complex parameters constrained by the
relation

pu;=0. (8.2)

The vectors (8.1) span a (0]|4)-dimensional isosubspace at each point of M. It was
pointed out in [4] that the equations of motion of N = 3 gauge fields («7,;, 2Z;') in M

° The degree of ®* and @* is plus one, while integration with fermionic measure d*®@ means
differentiation with respect to these coordinates. Hence the degree of d*® is minus four, as
required
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are equivalent to the requirement that their field strengths vanish on each
isosubspace. That is to say, if we consider the operators

Vaz:piZzi’ Z‘z:ui[zii’ (83)

constructed from the gauge covariant derivatives V;=D,+.°,;, V'=D;+ .,
then the constraints (2.1) on ¥, V' (which, for N=3, are just the equations of
motion) are equivalent to

oy =% =0 153 =0 (8.4

satisfies for arbitrary values of p', u; subjected to (8.2).

This suggests, just as in the N =2 case, that one is to pass to the space of all
isosubspaces in all points of M, i.c. to the isotwistor space P. Then the operators
(8.3) will define a (partial) gauge field on P. For N =3 we have P=M x Q, where Q
is a compact complex three-dimensional manifold, defined as quadric (8.2) in CP?
x CP?, in terms of homogeneous coordinates (p’) and (u;). The dimension of P
equals, thus, 10|12. The use of isotwistor space allows us to obtain a corre-
spondence between gauge fields in M satisfying the constraints (2.1) and certain
partial gauge fields in P which have zero field strength.

Before proceeding further it will be useful to consider certain convenient
coordinate choices. First of all, in P= M x Q, we have coordinates x*, 0, 0"‘,, P, i
u;, @', where (p’) and (u;) are homogeneous coordinates constramed by p'u;=0,
whlle p:=(p")*, ' = (u;)*. It will be useful to introduce also coordinates for Wthh
the operators D, D, given by (8.1) become partial derivatives with respect to some
variables. For this purpose, it is instructive to consider the manifold of isoplanes.
An isoplane is defined as a (0|4)-dimensional complex submanifold in the
complexified Minkowski superspace M generated by the vector fields (8.1). Such a
submanifold can be given by the following parametric equations:

=) +ie*p'otm’,—in*olselu,,

(8.5)
0=y +ep', =n*+eu;.

Here y*, n*, nd‘i, p', u; are constants, while the independent complex (fermionic)
variables &% &* parametrise this isoplane. The isoplane (8.5) can be fixed
conveniently also by the following equations:

X =y +i60%%;0° —i0°5%,;6° ;
=0, (0,1);
,pl—ZﬁiGGiZ@a’ (—1’0)3
pigdi=@d7 (130)5 (86)
|u| N 2aig&i = @d s (Oa - 1) 5
|u| ™% ijkpiajeak=¢a 1, -1,
lpl ™ 2e7pu0% = 2%, (—1,1);
where |p|?=p'p;+0 and |[u|>=u@'+0, and now )*, O% 0% &*, &*, p', u; are the

constants that define an isoplane uniquely, while 6% 6* are the parameters on it.
Thus y*, ©%, ©% &* &*, p', u; build up a coordinate system in the manifold 2 of all
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isoplanes in M¢. Note, that these coordinates in & have certain degrees of
homogeneity '° indicated in brackets in Egs. (8.6). The space P can be considered
as a submanifold in #. Geometrically, the embedding PCZ can be defined as
follows. As one can see from (8.6), every isoplane in M° intersects the real
submanifold M of M¢ in at most one point. Hence, such an isoplane is defined
uniquely by a tangent isosubspace (at some point) in M. This gives us just an
embedding of P into £. The resulting submanifold P in £ can be defined also by

means of the following equations:
“— ()* =2i0%%,;60 —2i6%,0" ,
V=09 ) . [)_2 - b (8.7a)
= |uf? |p| ~2(9)*,

where
O =lul"2(@%*, O*=|p(6Y)*. (8.7b)
In terms of coordinates y, @, @, o, p, P, u, i, the operators (8.1) become
D,=0/06%, D,=0/06°. (8.8)

Thus, if we consider an N =3 isochiral function on P, that is a function f which

satisfies
D,f=D;f =0,

then these constraints will mean that f does not depend on @. (In other words, an
isochiral function on P can be continued to a function on & holomorphic with
respect to the variables y, @, @.)

Let us consider now the three-dimensional compact complex manifold Q
introduced above. As in the case of the manifold CP* (dealt with in Sect. 3), we may
consider various homogeneous functions on Q. In the present case we have also the
following useful proposition. Every homogeneous holomorphic function of degree
(m,n) on Q is a homogeneous polynomial of m'* order in p’ and of n'* order in u;. Let
us introduce the differential operators

.. 0
X — 2 -2 7 2 _1 .
1 Ipl Iul gukpu aﬁka ( s )s

_ o0

Xo=lpl 6™y, (=1,2); 8.9)
0 .0
_ 2 . _ 2.0 _ .
X3_|p| ulalsi 'ul P (%7" (131)’
which obey the following algebra:

[X1,X2]=X3> [X1,X3]=[X2aX3]=0-

In (8.9) the degrees of homogeneity were indicated in brackets. If z°, s=1, 2, 3, are
some arbitrary complex coordinates defined locally on Q, then one has for a

10 In the present case the degree of homogeneity must be characterized by two integers (m, n)
corresponding to two subsets of homogeneous coordinates, respectively (p) and (u;). The rest is
quite analogous to dealing with homogeneous functions on CP?, as explained in Sect. 3
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(homogeneous of any degree) function f on Q

@’s%dz’sszf-a)s, (8.10)

where () is the following set of three homogeneous 1-forms on Q,
o'= Ipl #48ijkﬁiujd15k 5
o®=u|"*epwdi*, (8.11)
o =u| ™2 |p| " *@dp;= —|ul~2|p|~ *pdit’ .

Thus the requirement that a function f be holomorphic on Q is equivalent to the
equations

X, f=0, s=1,2,3. (8.12)

We shall use also the operators X, on the space P=M x Q. [In terms of
coordinates x*, 0%, 0%, p', p,, u;, @i’ these operators are defined on P by Egs. (8.9).]

We are ready now to reformulate the N =3 equations of motion (2.1) in terms of
the isotwistor space. This reformulation uses the partial gauge field (<7,, .&Z;, <Z)
that gauges the differential operators (8.1), (8.9) on P giving

V=D, +,, Vi=Dit+sty, Vi =X+, (8.13)

As for N=2, we obtain a one-to-one correspondence [4] between (the gauge
equivalence classes of) gauge fields (7,;, «Z;) satisfying Eqgs. (2.1) on M and (the
equivalence classes of) partial gauge fields (<7, &;, o/) on P=M x Q, which have
vanishing field strengths!!. The latter condition means that the operators (8.13)
satisfy the same (anti)commutation relations as do the “flat” operators (8.1), (8.9).
That is to say, the relations (8.4) must hold along with

[V, 1=V, %:1=0, (8.14)

[Vxla VX2]=VX39 [Vxls Vx3}=[‘7x2’ VX3]=0~ (8.15)

There is a convenient gauge choice; namely, o/, = .o/, =0. Then Egs. (8.14) become
Do =D, oA =0, (8.16)

which means merely that, in this gauge, <7, are isochiral functions on P. [ Note also,
that o7, have certain degrees of homogeneity, namely, those of corresponding X,
cf. (8.9).]

It remains to specify the reality conditions on the partial gauge fields on P that
must be imposed if the gauge group G is real. If, for example, G=SU(n), then the
gauge fields on Minkowski superspace M satisfy .«Z;'= —(.o7,;) . The correspond-
ing reality condition on the isotwistor space P turns out to be as follows:

A(p)=—[A(eB)]" (8.17a)

1 1n fact, we should have imposed an additional condition that o/, =g~ *X,g for some gauge
function g on P. As for N=2, this condition can be neglected in perturbation theory. The
difference between the N=3 and N =2 cases beyond perturbation theory will be discussed in
Sect. 11
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and for components <7, s=1,2, 3,
A,(P)=—[Le®N]", A0 =[], (8.17b)

where p denotes a point in P with coordinates (x°, 0%, 6%, p', p;, u;, &) and the
transformation ¢ replaces p’ by &', that is p—o(p) = (x*, 0%, 6%, &, u;, p;, p').

9. N=3 Theory Off-Shell

In the last section we saw that the N =3 equations of motion can be reformulated
as Eqgs. (8.15), (8.16) on the superfields .o/, defined on isotwistor space P. In order to
obtain an off-shell formulation of this theory it remains, as suggested in [2], to find
an action from which Egs. (8.15) can be derived as the Euler-Lagrange equations.
Then the remaining Eqs. (8.16) must be interpreted as kinematical constraints that
are easy to solve, as we have already mentioned. Equations (8.15) can be rewritten
as
Fi,=X oy — X, + [, A]—43=0,

Fi3=X o3 — X3+ [, 93]=0, 0.1

Fy3=X,0/3— X3, +[oA5, 93] =0.
Let us look for an action which satisfies

0S8 = [ due™trF 0.9, +c.c., 9.2)
P

where F, are defined in (9.1), and du is an appropriate measure on the superspace
P. Note, that since .7 has the same degree of homogeneity as that of X, the degree
of the integrand in (9.2) equals the sum of degrees of X, X, and X; [cf. (8.9)].
Thus the degree of ¢F 0.2, equals (2, —1)+(—1,2)+(1, 1)=(2, 2). This implies
that the integration measure dy in (9.2) must be of degree (—2, —2). [Otherwise,
the integral (9.2) over P =M x Q could not be defined unambiguously.] Moreover,
since the superfields 7, (and, hence, F,,) are isochiral, the measure dyu cannot
include d@, as one can see from Egs. (8.16) using (8.8). Thus we are forced to

choose 12

‘ dt°8y=d*yd®qd*@d*d, 9.3)
where we assume the use of coordinates y, @, ®, @, p, p, u, i (defined in Sect. 8). The
symbol d®q in (9.3) stands for integration with respect to auxiliary variables over
the manifold Q of real dimension six. The measure d®q on Q can be defined either
using the embedding Q CCP? x CP?, or, equivalently, as the unique (up to a
constant factor) SU(3) invariant measure on Q. (Note, that Q is isomorphic to
SU3)/[U1) x U(1)]). Let us introduce on Q local complex coordinates z°,
s=1,2,3, by means of relations z! =p*/p3, z2=p?/p>, z>=u,/u,. Then

olo?wldld?o?
_ d3zd3z
- (1+|21|2_'_IZZ|2)4(1+lz3l2+|22_2123|2)2 s

d°q=—pl*luf*e' 0?w’e

12 Note that for any fermionic coordinate, say, @, the degree of homogeneity of d® is minus the
degree of ®
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where the 1-forms w® are defined in (8.11). Now the action obeying (9.2) can be
found and turns out to be as follows:

S=[dutr{—}A3+ Ay (X A, — X, 54,)
P

— o\ Xyl y+ [y, ]} +cc. (9.4)

Remember, that <7 in (9.4) are the components of the partial gauge field
corresponding to differential operators X; see (8.9). Using local coordinates z* one
can rewrite the action (9.4) in terms of components of the partial gauge field
corresponding to differential operators d,= 0/0z° as well. Then the action acquires
a Chern-Simons-like form of Eq. (1.3).

The gauge transformations of superfields o7, which are compatible with
kinematical constraints (8.16) and leave the equations of motion (9.1) invariant are
obviously as follows:

A —~g 'dg+g ' Xy, ©.5)

where the gauge function g on the space P is isochiral, ie. D,g=D,g=0, and
satisfies a reality condition corresponding to (8.17):

Lo@®1 ' =[g(e(®)]" .

The action (9.4) is invariant under gauge transformations (9.5), although the
invariance is non-manifest: the integrand in (9.4) transforms by a total derivative
under (9.5). This property of the action (9.4) is analogous to that of the Chern-
Simons term [9]. It can be shown, however, that in contrast to the Chern-Simons
term the action (9.4) is invariant even under “large” non-Abelian gauge transfor-
matlons 13 Thus there is no topological quantisation of the coefficient in front of
the action (9.4) (as one probably could expect from the analogy with the Chern-
Simons term, which yields the topologically quantised mass to three-dimensional
non-abelian gauge theories [9]).

10. Gauge Superfields as CR-Bundles

As it was already pointed out in Sect. 1, the way of constructing various superfield
theories we dealt with in this paper is based on an idea due to Ward. As a matter of
fact, the original work of Ward [3] establishes a one-to-one correspondence
between self-dual gauge fields and certain holomorphic bundles over a special
space with auxiliary dimensions. (In that case the space with auxiliary dimensions,
namely, the projective twistor space CP3, emerges, when one adds in a definite way
an auxiliary manifold CP! to each point of the sphere §*). Other works exploiting
Ward’s idea in different situations also used the language of holomorphic bundles
(e.g., [6,7]) or CR-bundles'* [4]. There exist various ways well known in
mathematics (e.g. [11]) to give the formal definitions of such bundles. One of these

13 This is due to the fact that the set of homotopy classes of maps of Q into G (the gauge group) is
finite

14 The difference in using holomorphic bundles or CR-bundles is purely technical, as it will be
explained below
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definitions uses just the geometrical objects that were referred to in preceding
sections as partial gauge fields. It is this manner of description of holomorphic
bundles which leads directly to unconstrained superfield formulations of [1, 2], as
we hope we have shown in this paper !>, The present section is intended to explain
the interrelations between various definitions of holomorphic bundles. After that it
will be clear, in particular, that the results of [4] expressed there in terms of CR-
bundles over the isotwistor superspace P imply the formulation of super Yang-
Mills constrains in terms of partial gauge fields on P.

Let us recall [11], that a complex vector bundle over some manifold ./# can be
defined by gluing together (with the help of gauge transformations) the direct
products U; xC". Here U, are open subsets covering .#. If /4 is a complex
manifold, it is natural to consider the case when the transition functions (i.e. gauge
transformations used for gluing) are holomorphic. In that case the vector bundle
under consideration is called holomorphic. To get another useful definition, let us
consider sections of a vector bundle (with C” as a fibre). Locally, a section y can
always be represented by an n-component complex field p*(x), «=1,...,n, and
there is still the possibility to make a gauge transformation *(x)—g5(x)y”(x) with
g5(x) being a function with values in GL(n, €) (or in some subgroup of it). If .4 is a
complex manifold, let z%, s=1,...,m, be some local complex coordinates in it. A
holomorphic function f(z) on (a domain in) ./ satisfies by definition the equation
0,f =0f /0=0. Suppose, one wishes to define the notion of a holomorphic
section. For this definition to be gauge invariant, it has to be of the following form:

Fp=(0,+)p=0, (10.1)

where v is a section, and in every gauge v is represented by some fields y*, while
o/ are represented by nx n matrix valued fields .. The transformation law of
o/, must be obviously

A —glg  +909".

That is to say, the definition of holomorphic sections requires us to introduce a
partial gauge field corresponding to the differential operators d,. We observe
immediately, that the definition of holomorphic sections (10.1) will provide us
with a reasonable set of such sections if

% K1=0 (10.2)

foranys,r=1,...,m. Indeed, Eq. (10.2) is the integrability condition for the system
of partial differential equations (10.1). If it were not imposed, there might be, even
locally, too little (possibly no) holomorphic sections.

The discussion above justifies the following definition. A holomorphic vector
bundle over complex manifold .# is a vector bundle (with C" as a fibre) provided
with a partial gauge field which enters covariant derivatives V, = d,+ .«Z, satisfying
(10.2)1®. (This is equivalent to the definition given above in terms of holomorphic

15 Such treatment of holomorphic bundles was successfully used also previously in twistorial
constructions; see [12]

6 If the vector bundle under consideration is topologically non-trivial, one has to consider, as
usual, a number of local charts related by gauge transformations on the intersections. Being
topologically trivial, a bundle can be still non-trivial holomorphically (see below). In what follows
we shall deal mainly with holomorphic bundles which are topologically trivial
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transition functions, as we shall see shortly.) A holomorphic bundle over ./ is said
to be trivial if the corresponding partial gauge field is a pure gauge; that is

A,=g 104, (10.3)

where g is an n x n matrix function defined globally on the manifold .#. In fact, one
can see that Eq. (10.3) can always be satisfied locally, for the field <7, is assumed to
obey (10.2), the integrability condition for (10.3).

If the field 7 is not a pure gauge globally though, one can still use a number of
open subsets U, covering .#, such that on each of them a solution g; to Eq. (10.3)
does exist. Then the matrix valued functions @;;=g:9; ' defined on the intersec-
tions U;nU; satisfy obviously d,p;;=0 and ¢;;¢ ;= @;. In fact, a set of functions
(called transition functions) satisfying these conditions defines a holomorphic
bundle uniquely. This yields an alternative formal definition of the notion of a
holomorphic bundle formulated in terms of holomorphic transition functions®”.

We observe that locally one can always choose a gauge in which the partial
gauge field defining a holomorphic bundle vanishes; such different gauge choices
are related by holomorphic gauge transformations. A holomorphic section v is
represented then in such a gauge by an n-component holomorphic field y*(z) (i.e.
dw*=0).

The notion of a holomorphic function has a natural generalization. Let us
consider first a real surface Q in a complex manifold .4". The functions on Q that
can be analytically continued to a neighbourhood of Q will be called CR-functions.
Every operator of the form X*(u)d/dz* gives zero on any holomorphic function on
. (Here u denotes a point in 4" with complex coordinates z'.) If, for u in Q, the
vector with components X'(u) is tangent to ©, then the action of the operator
X = X'(u)0/07" is defined also on the space of functions on . This allows us to give
an internal definition of CR-functions, using the fact that these functions satisfy
Xf =0 for any operator X of the type considered. Namely, let us consider a
manifold .# on which a set of complex vector fiels Y, s=1, ..., p, is fixed. (Here we
assume that these vectors span at each point a p-dimensional complex subspace in
the complexified tangent space, and that the conjugated vector Y,, for any s, cannot
be expressed as a complex linear combination of ¥,, =1, ..., p.) In such a case one
says that the manifold .# is provided with a CR-structure (i.e. Cauchy-Riemann
structure). A CR-structure is called integrable if

REP AL (10.4)

17 This definition is parallel to the definition of a topological bundle by means of transition
functions which are required to be continuous. For a given topological (respectively holomorphic)
bundle, one can alter the transition functions by making arbitrary continuous (respectively
holomorphic) gauge transformations on any open subset U;. If by means of these transformations
all the transition functions can be simultaneously set to unity (i.c. constant unit matrix), the bundle
under consideration is trivial. It may happen that the holomorphic transition functions of a given
holomorphic bundle can be gauged away by means of continuous transformations, but cannot by
means of holomorphic ones. This is just the case we have already mentioned, when a bundle is
trivial topologically, but non-trivial holomorphically
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for some function ¢,/ on ./. In this case ./ is called a CR-manifold *8. A function f
on ./ is called a CR-functionif Y, f =0for anys=1, ..., p. Note, that the condition
(10.4) is intended to ensure that on CR-manifolds there exist (locally) sufficiently
many CR-functions. It is worth noticing that a generic real surface Q2 in a complex
space can be considered as a CR-manifold. (One must take a maximal set of
linearly independent vectors X on Q of the form considered above as vectors Y,
defining CR-structure.) In fact, any CR-manifold can be represented in such a way,
provided the vector fields Y, are real-analytic.

On a CR-manifold it is natural to consider CR-bundles, a proper generaliza-
tion of holomorphic bundles over the complex manifold. Namely, one can define
CR-bundles as such that the transition functions are CR-functions. The definition
of holomorphic bundles in terms of partial gauge fields we have discussed above
can also be generalised to the case of CR-bundles. A vector CR-bundle over a CR-
manifold .# is a complex vector bundle for which a partial gauge field 7,
s=1,...,p, corresponding to gauge covariant operators V,=Y,+ o/ is fixed,
provided

[V Vl=cah. (10.5)

We are able to give also the definition of CR-sections of a CR-bundle. These are the
sections, y, which satisfy

K=Y+ L)p=0. (10.6)

This definition is reasonable because of the integrability condition (10.5). Other
properties of CR-bundles as well as the proof of equivalence of two ways of
defining them are straightforward analogs of those for holomorphic bundles. In
particular, one can consider the gauges in which <=0 (locally) and the remaining
gauge freedom is given by CR-functions.

Now it is easy to see that the whole of constructions used to convert the
Minkowski space superfields into superfields on isotwistor space can be translated
in terms of CR-bundles. Let us explain, for simplicity, the case of N =2 super Yang-
Mills theory. First of all, we observe that for N =2 the isotwistor superspace P =M

x CP* (see Sect. 3) has the following CR-structure. This CR-structure is defined by
complex vector fields D,, Dy, D on P (the dimension of the corresponding complex
subspace being, thus, 1]4). Note, that since these vector fields form an algebra
closed under the (anti)commutator, the space P is a CR-manifold. The rest is
straightforward. Namely, the partial gauge fields <7, <7,, & on P, which substitute
the usual superfields on Minkowski superspace M (see, Sect.4), satisfy the
condition of vanishing field strength. That is to say, these partial gauge fields define
a CR-bundle'® over the CR-manifold P. For non-trivial gauge fields the

18 Note that the notion of a CR-structure (respectively integrable CR-structure, respectively CR-
manifold) is a direct analog of the notion of an almost complex structure (respectively complex
structure, respectively complex manifold). Note, also, that one usually assumes that the two sets
of vector fields, say Y, and Y, correspond to the same CR-structure if they generate the same
tangent subspace at each point

19 Since we consider uncompactified Minkowski superspace, the bundles under consideration are
topologically trivial



666 A. A. Rosly and A. S. Schwarz

corresponding CR-bundles are non-trivial over P, but simultaneously they must
be trivial over every submanifold CP* in P= M x CP* corresponding to each fixed
point in M. The latter condition was expressed in Sect. 4 as the requirement that
the component o, which enters =D+ .o/, is a pure gauge (4.3) globally on P.

Let us note, that the resulting interpretation of constrained gauge fields on M
in terms of CR-bundles over P also yields a solution of N=2 kinematical
constraints. Indeed, an arbitrary CR-bunlde over P =M x CP* can be defined by
means of a single transition function (which must be a CR-function). This is related
to the fact that CP* can be viewed as two copies of one dimensional complex space
C! glued. This transition function can be used as an unconstrained superfield of
N =2 super Yang-Mills theory.

Finally, it must be noticed that in general one can consider holomorphic (or
CR) bundles satisfying some reality conditions. In particular, the condition (4.5) for
the partial gauge field defining a CR-bundle on P can be interpreted as a reality
condition on this bundle. [For N =3, an analogous reality condition was given by
Egs. (8.17).]

Let us mention also a proper geometrical setting of isochiral superfields on P
corresponding to the N =2 hypermultiplet. Evidently, since an on-shell superfield
representing the hypermultiplet satisfies Egs. (6.2), (6.3), it is just a CR-field on P.
(An off-shell superfield which satisfies only the isochirality condition (6.2) on P, can
also be viewed as a CR-field, if one uses a CR-structure on P defined by the vector
fields D,, D, only.) It remains to point out that since the superfields in this case have
a non-zero degree of homogeneity, they correspond not to ordinary CR-functions
on P, but to CR-sections of a fixed CR-bundle with one-dimensional fibres over P.

As we have already pointed out a CR-manifold can always be realized as a
surface in certain complex space. Analogously, CR-bundles over this CR-manifold
can be described as restrictions to the corresponding surface of holomorphic
bundles defined over a neighbourhood of this surface in the ambient complex
space. This follows from the fact that CR-functions correspond to holomorphic
functions restricted to a real surface. (To be more accurate, all the statements of
such a kind in general are valid locally and under the assumption of real
analyticity. In case of present interest, it is straightforward to check that the CR-
structure, defined, as above, by the vector fields D,, D,, 9,0n P (for N =2 and N =3)
is equivalent to the CR-structure arising on the real surface in complex manifold 2°
2. Consequently, all the constructions of the present paper (as well as of [4]) can
be reformulated also in terms of holomorphic bundles over £ (see [ 14] for details).

11. Discussion of Equivalence Between Minkowski Space
and Isotwistor Space

Let us consider partial gauge fields J,+ .o, of zero field strength on a complex
manifold. As we have discussed in Sect. 10, the gauge equivalence classes of such
fields are in one-to-one correspondence with holomorphic bundles over .#
considered up to holomorphic equivalence. The fields ./, are assumed to be

20 The supermanifold 2 is a complex supermanifold, for it is defined as the manifold of complex
submanifolds, isoplanes, in complexified Minkowski superspace (cf. Sects. 3 and 8)
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defined in terms of local coordinates z° on .Z. If in a domain of .# there are two
coordinate systems, corresponding fields must be gauge equivalent. If, moreover,
the differential form 7 =.&/d7° remains the same under the changes of local
coordinates, then the corresponding holomorphic bundle is topologically trivial. It
is just the case in those constructions involving partial gauge fields on CP* and Q,
which we discussed in Sects. 4, 5 and 8, 9. The classification of holomorphic
bundles over CP? is well known [11]. Every one-dimensional bundle over CP? is
holomorphically equivalent to a bundle defined by the transition function ¢(z) = z"
for an integer n. [That is to say, this bundle can be built up from two copies of the
direct product C! x C! by identifying (z, u) with (z~ !, z"u).] Every k-dimensional
bundle over CP* is holomorphically equivalent to a direct sum of one-dimensional
bundles. The equivalence class of this bundle is defined by k integers, (ny, ..., n,). A
bundle is topologically trivial if n, + ... +n,=0. It follows that for k> 1 there exist
topologically trivial bundles which are holomorphically non-trivial. This means
that a gauge transformation which sets the given field <7 of Sect. 4 to zero may not
exist for some .. However, the fields, o/, on CP!, for which such gauge
transformations do exist, can be shown to constitute an open dense subset in the
space of all fields.

There is no known classification of holomorphic bundles over the manifold Q
that arises in the case of N =3 gauge theory (Sect. 8), unless the dimension of fibres
equals one. All the one-dimensional topologically trivial bundles over Q are
holomorphically trivial. Indeed, discussion of Sect. 10 implies that such one-
dimensional bundles over any complex manifold .# are in one-to-one corre-
spondence with equivalence classes of 1-forms w=wd7® obeying the condition
0w =0 (here w and w + dg are assumed to be equivalent). The set of equivalence
classes of such 1-forms is denoted in mathematics as H% 1(.#). It can be derived
from some known mathematical facts that H% (Q)=0. In the case of an arbitrary
dimension of fibres, it follows from the theory of deformations of complex bundles
[13] that any holomorphic bundle sufficiently close to a holomorphically trivial
bundle over Q isitself holomorphically trivial. In other words, if a sufficiently small
field o/, on Q has vanishing field strength, then it is gauge equivalent to zero. (One
can prove this by means of a perturbation theory.) Thus the set of partial gauge
fields corresponding to holomorphically trivial bundles over Q is open in the space
of all fields. However, it is not a dense subset in the present case, unlike the case of
the manifold CP* relevant to N = 2 theory. To see this, let us consider the following
partial gauge field, o7, s=1, 2, 3, which defines a holomorphic bundle over Q with
C° as a fibre:

od A=) [pipjﬁ(kﬁ() 5,5, P(i’f-‘j)ﬁ(kuf)]
1B=
pI* o lof* 1o |

R R P R TP T L TR TR
, (11.1)

A= —2 |: + +
25 Ip? |v]? |ul®
Pipjﬁ kUe) U(ipj)ﬁ(kuz) a(ipj)”k”f
Aap=2 ¢ )
= [ FETTE P

Here A=(i,/)=(j,1), B=(k,£)=(¢,k), v'=(5)*=p|*e"puy, [v|>=|ul*/|p|*. The
functions .o, in (11.1) are the matrix elements of the 6 x 6 matrix valued fields .oZ..
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One can verify that the six-dimensional holomorphic bundle corresponding to the
partial gauge field (11.1) is topologically trivial, but non-trivial holomorphically.
Moreover, it can be shown that every bundle sufficiently close to that one is
holomorphically non-trivial as well.

The above discussion seems to imply that beyond perturbation theory the
superfield formulation of N =3 theory on isotwistor space may be not equivalent
to the usual Minkowski space formulation. We hope to return to this issue in a
future publication.
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