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Abstract

We formulate off-shell invariant two-dimensional N = 2 and four-dimensional N = 4
super Yang-Mills theories with a gauged central charge, and investigate whether constraints
inevitably appear in these theories. We deal with Dirac-Kahler twisted version of super-
symmetry and adopt the superconnection formalism. In the two-dimensional theory, we
show that one can formulate two new models without constraints by introducing two central
charges which are related to each other. This is in contrast with the already known super
Yang-Mills theory with central charges, especially, the off-shell invariant D = N = 4 super
Yang-Mills theory. We then apply this technique of dependent-central-charges to the formu-
lation of the off-shell invariant D = N = 4 super Yang-Mills theory. In this model, there are
four possible central charges. We found that there are no four-dimensional models without
constraints, as far as central charges, which are dependent, are included in the algebra. It is
also shown that a constraint is inevitable if only one of these central charges is included in
the algebra.
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1 Introduction

1.1 Motivations

Supersymmetry (SUSY) is one of the most important guiding principles in contemporary particle
physics. In particular, it has been recognized that D = N = 4 super Yang-Mills (SYM) theory
plays a crucial role in string-motivated gauge theory formulations [1]. It is known that D = N =
4 SYM theory with SU(4) R-symmetry can be formulated only at the on-shell level [2]. That
is why there is a long-standing question as to whether one can find a superspace formulation
for D = N =4 SYM theory to obtain an off-shell invariant formulation. Although many efforts
have been made so far and various formulations, e.g. Harmonic superspace formulation [3], are
proposed and developed, there is no clear success for the problem in the present.

However, it is also known that one can find an off-shell invariant D = N = 4 SYM formulation
by taking USp(4) as the R-symmetry instead of SU(4) and by introducing a central charge [4, 5].
Here we give a summary of this formulation proposed in Ref [5] because we use the method given
there as a crucial reference. This method begins with an on-shell invariant higher dimensional
theory. We now consider on-shell invariant five-dimensional SYM theory. And then dimensional
reduction which uses the idea of Legendre transformation is performed.

First of all, Legendre transformation in the canonical formalism is performed as follows: The
Hamiltonian density H is derived from the Lagrangian density £ as

oL
H=-L — . 1.1
+) 0 5% (1.1)
©
It can be shown from the equations of motion that the Hamiltonian is time-independent

: d
H=— [ dxH=0. 1.2
o [ (12)
Note that H need not be time-independent to make H time-independent. By the fact, one
can obtain four-dimensional SYM theory from five-dimensional SYM theory with the following
identifications:

£—>£5, —7‘[—>[,4, t — x5 (13)

where L5 and L4 are Lagrangian densities in five and four dimension, respectively, and x5 is the
fifth coordinate in five-dimensional spacetime. One can realize that the four-dimensional theory
is in fact “four -dimensional” from (1.1) and (1.2) which are now rewritten as

0Ls
- 1.4
£4 ‘65 . 65808(85%0) ) ( )

di d*zL, =0. (1.5)
For (1.5) to be satisfied, five-dimensional equations of motion are necessary. The derivative of
xs-direction is then regarded as central charge transformation. The five-dimensional canonical
equations of motion thus readily determine the laws of central charge transformations after the
dimensional reduction. The canonical momentum which is conjugate to bosonic fields is defined
as auxiliary fields. Especially, the canonical momentum of gauge field A, is defined as g, which
is originally the curvature Fy,.



In the original on-shell invariant theory in five dimensions, the superalgebra closes in the
following form with the equations of motion:

[0¢, 6y ] ~ Oq + (gauge transformations) + (equations of motion), (1.6)

where ¢ stands for a supertransformation, £ and n are Grassmann parameters, and a runs 0~
3, 5. After the dimensional reduction, (1.6) is altered to

[0, O] ~ Oy + 0. + (gauge transformations), (1.7)

where J, is a central charge transformation and is originally d5. The term of five-dimensional
equations of motion in (1.6) is automatically satisfied due to the definitions of central charge
transformations. The off-shell invariance of the four-dimensional theory is thus concluded from
(1.7).

However, one of the five-dimensional equations of motion remains as a constraint while the
others become the definitions of central charge transformations. The equations of motion for
A, in five dimensions is the form of

DYFEy+---=0. (1.8)
After the dimensional reduction, the equation with a = 5 becomes a relation of the form
D#gu+"’:0a (1.9)

which is regarded as a constraint relation among the component fields. We focus on this kind
of constraint in the thesis.

As can be seen above, the dimensional reduction by Legendre transformation is a method
to obtain an off-shell invariant supersymmetric theory with central charge from higher dimen-
sional on-shell invariant theory. In the case that the method is performed to SYM theory, the
appearance of such a constraint like (1.9) is unavoidable. In the case of an Abelian gauge group,
i.e. free theory, the constraint takes the form of

g, =0, (1.10)

which can be easily solved as
9u = auBuua (1'11)

where B, is an antisymmetric tensor field. It is, however, impossible to solve the constraint
locally in the case of a non-Abelian gauge group. For this reason, the existence of such a
constraint implies some difficulties in the stage of investigating the quantized theory. Calculation
of path integral would demand to solve the constraint and deal with non-locality [6].

Since the theory after the reduction includes central charge as seen above, the R-symmetry
is USp(4) so that the superalgebra is algebraically consistent. Note that the central charge is
not included as a number but a transformation, i.e. central charge transformation. This is a
characteristic feature of the theory.

Such a multiplet of the theory with central charge has been called vector-tensor multiplet and
the properties have been investigated intensively [7]. The superspace formulation of D = N =4
SYM theory with central charge derived in Ref. [5] is also developed in Ref. [8] for the first
time. And the corresponding harmonic superspace formulation is also investigated [9].

One may now ask whether or not such a constraint is unavoidable for off-shell invariant SYM
formulation with central charge. If one can formulate such a theory without any constraints, one



can expect to avoid the difficulty of non-locality. Motivated by the question, we first investigate
a D = N = 2 twisted SYM theory with a central charge for simplicity [10]. Note that we
investigate the A model and the B model ansatz in the two-dimensional theory (see later), and
it is revealed that these models have different property about the constraint as can be seen in
section 2*. We then investigate D = N = 4 off-shell invariant twisted SYM with a central charge
with the results and experiences of two-dimensional cases.

1.2 The Dirac-Kahler twisting procedure

In this thesis, we do not deal with ordinary supersymmetry but Dirac-Kahler twisted supersym-
metry [11]. It has been recognized that the Dirac-Kéhler twisting procedure plays a special role
for D=N=2and D = N =4 SYM formulation because the procedure gives a link between
quantization and supersymmetry [11, 12] and gives an approach for lattice supersymmetry [13].
The origin of difficulties of lattice supersymmetry is the momentum operator P, = —id,, in su-
peralgebra. On a lattice, 9, becomes a difference operator A, and the operator does not satisfy
the Leibniz rule. Generally speaking, validity of Leibniz rule is necessary for an action to be
superinvariant. The twisting procedure make some supercharges be nilpotent, in other words,
P, is not appear in superalgebra of some supercharges, which means that one can realize partial
supersymmetry on a lattice by the twisting procedure. The Dirac-Kahler twisting procedure
and the approach for lattice supersymmetry are intensively studied in [13]. Though, in fact, it
is not necessary for the investigations in this thesis to use the procedure, it should be noted that
the representation of twisted superalgebra give some help for the investigations as can be seen
later.

Although The Dirac-Kéhler procedure has its own feature, the procedure can be regarded
as just a redefinition of supercharges. Thus, as far as flat spacetime is considered, the twisted
supersymmetry is expected to be equivalent to ordinary supersymmetry. In other words, results
from twisted supersymmetric theory can be expected to also hold in the corresponding ordinary
supersymmetric theory. However, one should realize that the property of spinor is different
between each spacetime where twisted and ordinary supersymmetry are considered. As can
be seen later, the twisting procedure is considered in Euclidean spacetime, which results in
the difference of possibilities of Majorana condition and so on which are determined by the
number of dimensions and metric. In two dimensions, the Euclidean spacetime allow only
ordinary Majorana condition while Lorentzian spacetime allow Majorana-Weyl condition. In
four dimensions, the Euclidean spacetime do not allow ordinary Majorana condition but USp(4)-
Majorana condition as we will see later while Lorentzian spacetime allow ordinary Majorana
condition. We expect, however, that such a difference would not yield an essential difference
about the results in the thesis.

The Dirac-Kéhler twisting procedure can be performed independently from the number of
dimensions. On the other hand, it is known that there are three types of twisting procedure in
four dimensions [14, 15, 16]. Among them, the Dirac-Kéhler twisting procedure can be regarded
as Marcus’s type of twisting procedure which first pointed out in [14] and considered in [16]. It
is noted that twisted SYM theory with central charge has not been formulated so farf.

*In the author’s master thesis, the A model formulation is investigated. But the B model is not.
fSome investigations about the theory have ever been done by J. Saito. The author uses the results as a
reference.



1.3 The superconnection formalism

In the thesis, we use the superconnection formalism [8, 17, 18, 19]. This method is based on
a superspace. The usual supercovariant derivative anti-commutes with the supercharge dif-
ferential operator whice defines the supertransformations of component fields, but it is not
gauge covariant. To obtain a gauge covariance with keeping the property of supercovariance
at the same time, the superconnection and the gauge-supercovariant derivative are introduced.
It can be shown that the gauge-supercovariant derivative produces gauge covariant superfield
as the supercurvature. We can restrict the superfield from Jacobi identities among the gauge-
supercovariant derivatives by constraints on the supercurvature. Furthermore, we can reflect the
form of superalgebra on the constraints on the supercurvature. We can then obtain irreducible
supermultiplet based on the desired superalgebra. It is a remarkable feature of the method
that the original structure of superalgebra is manifestly realized. The supertransformation of
component fields can be also calculated by Jacobi identities. However, because it is not obvious
what is an appropriate ansatz for constraints on the supercurvature, we have to investigate and
find the appropriate ansatz for constraints. This point is thus the main problem of the method.
It is noted that, in the case of SYM with central charge, whether a constraint is inevitable is
understood not by calculating Jacobi identities but by the check of closure of superalgebra with
concrete calculation after obtaining the supertransformations of component fields.

This paper is organized as follows: In Section 2, we formulate D = N = 2 twisted SYM
theory with a central charge. At first the most general superalgebra with possible central charges
is derived. Then the Dirac-Kahler twisting procedure is performed. The possible models are
then formulated by the superconnection formalism and we obtain the supermultiplet and the
action of each model. We summarize the results in the section and give some discussions. In
Section 3, we formulate D = N = 4 twisted SYM theory with a central charge in the same
manner as the two-dimensional case after formulating the corresponding model without central
charge. We then summarize the result and give some discussions in the last section.

2 D = N =2 twisted superalgebra with central charge

2.1 Twisted superalgebra with central charge

In this subsection, we introduce central charge to N = 2 superalgebra in two dimensions and
perform the Dirac Kéhler twisting procedure. We concentrate on Euclidean spacetime in this
paper according to the twisting procedure [11]. The reason why this procedure is performed in
Euclidean spacetime is given in the last part in the subsection.

2.1.1 Superalgebra with central charge

In two-dimensional Euclidean spacetime, the y-matrices satisfying {v*,7”} = 2§*” and the
charge conjugation matrix C' can be chosen to satisfy [20]
cyret=~1 ct =c. (2.1)

We can thus choose the representation of these matrices explicitly as

1 0 0 1 0 =1
1 _ 2 _ _ 5 - 1.2

where it is noted that v* and 7° are symmetric and antisymmetric matrices, respectively.



The general extended superalgebra without central charge is given by

{Qai, Qsj} =20ij755Pu »
[Qai, R1] =i5:jQay
[Qais Ro] =5"i5725Q8; »

[Qaivpu] = [R’HPM] :[P;MPV] = [RMR]] :05 (23)
where Qq; is the supercharge and R;, Ry are the generators of the R-symmetry. The Majorana
condition is given by Qn; = Qu:". Here we concentrate on the N = 2 case. The Jacobi identities
w.rt. @, @, Ry and @, Q, Ry lead, respectively, to S;; = —Sj; and S}; = —5;, which means R;

3
and Ry generate U(1) symmetry.
We now introduce possible extra terms as follows:

{Quai Qaj} = 201745 Py + 200pUij + 2705 Vij (2.4)

where U;; = Uj;, Vij = —Vj; to be consistent with simultaneous replacements of o <+ 3 and
i <» j. Note that the right hand side in (2.12) is a form of expansion by the complete set of
~v-matrices, and this is thus the most general form. U;; and V;; get the following restrictions
according to the Jacobi identity w.r.t. @, @, Ri:

Uik Skj — SitUkj =0, VigSpj + SixVi; = 0. (2.5)

We can then solve the constraints up to an overall constant as

10 0 1

On the other hand, the Jacobi identity w.r.t. Q, @, Rs leads to the relation:

UikS;ch + Sz{k;Ukj =0, VikS;gj — S’»kaj =0, (2.7)

]

which can be solved as

u

uoou
Uij ~ < —u’> , Vij =0, (2.8)

where u,u’ are real parameters. The solutions (2.6) and (2.8) are not compatible. In other
words, we cannot keep both of the Ry and Ry symmetries in the cases including central charges.
But in either case, it is concluded that the D = N = 2 theory has two central charges.

In the case where we choose the Rj(= R) symmetry, we obtain the following algebra:

{Qui» Qps} = 26ij7h 5P + 2005000 + 272571 Vs » (2.9)
[Qai, R] = 5i;Qay , (2.10)
[UO,aHY] = [‘/5,3411}’] = 07 (211)

where Uy and Vjy are the central charges. On the other hand, if we choose the Ry symmetry, we
cannot carry out the Dirac-Kéhler twisting procedure. We thus not choose this case.



2.1.2 Twisted superalgebra

One can state that, in a simple term, the Dirac-Kéhler twisting procedure includes two steps:
expansion of the supercharge by the complete set of y-matrices and redefinition of the Lorentz
rotation generator [11, 8, 19].

We identify the representations of R-symmetry as that of spinor, and treat the extended
SUSY suffix and spinor suffix of supercharge @,; in the same manner. We can thus expand the
charge as

Qai = (1s + "5, — 1V°8) ai (2.12)
where s, s, and $ are called twisted supercharges. Note that these supercharges can be expressed
by the original charge Q,; as

1 1 1
s = QtrQ, Sy = itr’y“Q, 5= —§tr75Q, (2.13)

where the traces are calculated on the components of (),; and the y-matrices. The charges may
look strange because s, has, for example, a vector suffix even though it is a fermionic charge.
This feature of the Dirac-Kéhler mechanism can be understood in the next step as following.

In two dimensions, the Lorentz generator is represented by one component generator J
satisfying

[le J} = _iEMVPV s (214)
1
[Qom J} = _5725Q5i . (2.15)

On the other hand, we can rewrite (2.10) in the same form as (2.15) because S;; and 7% are
both antisymmetric and thus can be chosen to be proportional to each other,

1
[Qais Bl = =575 (2.16)
Thus we can define J' = J + R and obtain
[s,J'] =0, [sM,J’] = —i€wsy, |3, J=0, (2.17)

from (2.13), (2.15), and (2.16). These relations mean that twisted supercharges s, s,, and 3§
transform as scalar, vector, and (pseudo-)scalar under J', respectively.

As can be seen above, the equivalence between the Lorentz group and the R-symmetry group
is required to realize the Dirac-Kahler twist. The R-symmetry group is inevitably a compact
group and thus the Lorentz group also needs to be compact. There is a natural reason that
Euclidean spacetime is chosen. This is the Dirac-Kahler twisting procedure. By performing the
procedure, such a fermionic ingredient which is scaler or vector in the twisted space appear.
Similarly, a scaler field in original untwisted spacetime can have a vector suffix in the twisted
spacetime as can be seen later.

The algebra among the twisted supercharges is derived from (2.9) and (2.13) as follows:

{s,s,} =Py, {5 8.} =—€ubP,, {55}=0,
o1
=3 = §(U0 = V&), {susu} =0u(Uo+Vs). (2.18)

This is the N = 2 twisted superalgebra with central charges in two dimensions.
In case where the central charges are not included, s and § become nilpotent and covariant
supercharges. This feature is useful to consider lattice SUSY theory as explained in Section 1.



2.2 Ansatz on supercurvature

In this subsection, we give a explanation of the basic mechanism of so-called superconnection
formalism and find appropriate ansatz on supercurvatures based on the algebra derived in the
previous subsection [8, 19]. The concrete forms of the ingredients are considered in the next
subsection.

We introduce superfields in the superspace parametrized by (z,,64, 2)

‘I)(J)#, 914’ Z) - ¢(xu7 Z) + 0A¢A(xua Z) + %HAQB(ﬁAB(w,u? Z) +- (219>

where 04 represents 0, 6, and 6 which are Grassmann coordinates, and z is a real parameter
associated with a central charge. Using the supercharge differential operator Q4 generating a
parameter shift in the superspace, we define the supertransformations of the component fields
¢, G4, ... as follows:

1
55(13(56, 04, Z) = 5§¢)(x, Z) + 0A5§¢A(l‘, Z) + §9A‘985§¢AB(337 Z) + ... = §BQB¢(:C, 04, Z) , (2.20)

where €4 is a Grassmann parameter. It is well known that the resultant supermultiplet from the
superfield above is reducible. It is thus necessary to reduce the degrees of freedom with gauge
covariance for obtaining an irreducible supermultiplet of SYM theory. To implement that,
one can first find the supercovariant derivative D4 which anticommutes with Q 4, i.e. if ® is a
superfield, D4 ® is also a superfield. And then we introduce the (fermionic) gauge-supercovariant
derivative as

Va=Dy—1il'4, (2.21)

where I'4 is a fermionic superfield called a superconnection.
The bosonic gauge-supercovariant derivatives are also introduced as

Vu=Dy—ily, V.=D,—il., (2.22)

where D, = 9, D, = 0;, and 'y, and I, are bosonic superfields.
The gauge transformation of V; = {Vﬁ, Va,V.} is defined as

/I = EKV[efK, or 0gVy= [V[,K] s (2.23)

where K is an gauge parameter superfield. If ® is a gauge covariant superfield, [V 4, ®] = V4P
is also gauge covariant clearly. Furthermore, V 4® is also a superfield:

5e(V1®) = (8:V 1) + V1(6e®) = (—ideT1)® + V1 (6:)
= —i(§aQal'1)® + (Dr —il'[)(£4 QD)
= —i(£aQ9al )P 4+ £AQADP — iI'[(£4Q4D)
=E8aQ4D P —i£4Qa[l'y, D]
=£a0Q4(V1®). (2.24)

That is why V7 is called gauge-supercovariant derivative.
The zeroth-order terms of I'y, w.r.t. 4 is defined as an usual gauge connection

Tyl = Ay, (2.25)

Ne}



where | represents the zeroth-order term w.r.t. 64. We can thus define the standard gauge-
covariant derivative as

Vil =D, =08, —iA,. (2.26)

In contrast that, we can take the following conditions
4| =T.]=0. (2.27)
These conditions are derived by implementing the following gauge transformation with
K =k(z,2) +04i(C4 — [k(z,2),T4]) + K'(2,2,04), (2.28)

where a summation w.r.t. A is understood, K’ contains no linear and zeroth order terms w.r.t.
0 or 0, and the lowest parameter field k is determined by the following differential equation:

0:k(x,z) = il',| +i[I'4], k(x, 2)] . (2.29)
This equation surely has a solution due to a form of first order equation. In fact,

Iy =Ta| + 6Tl

=T4| +i[Va, K]

=T4|+i[Da—il4, K]|

=Tal = (Ta — [k(z,2),Ta])| + [T, K]|

=0, (2.30)
I =T+ 0xT.|

=T, +i[V., K]|

=T,| +i[0, —il,, K]||

=T, +i0.k(x, 2) + [T.], k(x, 2)]

=0, (2.31)

where the last equality is from (2.29). The special gauge is chosen here and called Wess-Zumino

gauge.
We can then define the supercurvatures by (anti-)commutation relations of all pairs of V.
The supercurvatures transform gauge-covariantly under (2.23) as

V1, Vile =—iF1y,
O Fry =i[0xV1,Vile +i[V, 6k V]t
=4[V, K], V]t +i[V, [V, K]+
=1[[Vr, V], K]
= [F1, K], (2.32)

where |, ]+ represents commutation and anticommutation relation in case of — sign and + sign,

10



v v v, v, | V.
VI X-X 0 —i(V, +iX,) | —iF, | iG
v X - X' |ie,(V,—iX,) | —iF, | iG
vV, Su(X +X') | —iF,, | iG,
v, —iF,, | iG,
V. |0

Table 1: Twisted version of supercurvature ansatz of (2.33). For example, {V,V} = X —
X', [V,V,] = —iF),. The positions of V, reflect those of P, in (2.18).

v \% ' v, | V.
V [ W+ V, 0 —iV, —iF, | iG
\Y —iW + V, i€vpVp —iF, | iG
P +6,,(iW + V) | —iF,, | iG,
\ —iF,, | iG,
V. 0

Table 2: Supercurvature ansatz of the A model. Corresponding to the + sign choice of algebra
{Vu,Vo} =18, (W + V.), we take X =V, for + and X' = -V, for —.

respectively. Furthermore, the supercurvature is a superfield (or supercovariant) as

(55F]] = i[5§V[, VJ]j: + i[V[, (5§VJ]:|:
= [£49Qal [,V ]+ + [V1,£4Q94T j]+
= [64QAT1, Dyt + [D1,64Q4T j]+ — i€4Qa[l'1, T )+
=849ul'1, Dyl+ +£4Qu[Dr, T ]+ —i€aQa[l'y, T ]+
=84Qu[l'1, V4 +i64Qa[Dr, Dy —il'j)+
=&aQ4i[V, V]t
=EaQaF].

Thus one can obtain gauge covariant superfield as the supercurvature.

Once appropriate ansatz are taken on the supercurvature, one can obtain suitable constraints
on the superfield and can obtain irreducible supermultiplet . To find such ansatz, it is useful to
introduce supercurvatures X, X', and X, defined as

{Vai, Vﬁj} = —22‘5¢j’ygﬁvﬁ + 250466in + 2’)/26’}/%)(/ + 2(5045’)/%)(“ y (233)

where V,; are gauge-supercovariant derivative corresponding to Q,; in (2.9). One can re-
strict the form of supercurvature by finding the possible form before the twisting procedure
is performed. The right hand side in (2.33) are the most general terms for consistency with
simultaneous replacement of o <+ 8 and ¢ <> j. As can be seen from (2.9), X and X’ can be
identified as including gauged central charge of Uy and Vs, respectively, i.e. can be identified
as including V, . Table 1 shows the relations between the gauge-supercovariant derivative and
supercurvatures given in (2.33) in the twisted space. It is, in principle, possible to find different
types of supercurvature ansatz.

We eventually find three types of ansatz. The first ansatz is shown in Table 2. Here, one
of X and X' is identified as V,. We name it an A model ansatz when the bosonic scalar

11



V|V v, v, | V.
VI V.| 0] =iV, +F) | —iF, | iG
Y V. | ie,(V, — F,) | —iF, | iG
YV, +5,, V. —iF,y | Gy,
V. —iF,, | iG,
V. 0

Table 3: Naive candidate for B model ansatz.

V|V v, vV, | V. V|V v, vV, | V.
VIiolo| -i(V,+F) | —iF, | iG VIV.] 0] =iV, +F) | —iF, | iG
v 0 | iey(V,—Fy) | —iF, | iG v V. | ie,(V,—Fy) | —iF, | iG
' SV —iF,, | iG,  V, 0 —iF,, | iG,
Vyu ~iF,, | iG,  V, —iF,, | iG,
V. I I (R v 0

Table 4: Supercurvature ansatz of the B (0,0,Z) Table 5: Supercurvature ansatz of the B (Z,Z,0)
model. model.

supercurvature (W in the case) is placed in diagonal positions. It is also possible to include X,
as supercurvatures. In this case, the bosonic vector supercurvatures are placed in off-diagonal
positions, which we call a B model ansatz. One naive candidate for a B model ansatz is given
in Table 3. It is shown that, however, the naive ansatz for a B model does not work as can be
seen later. On the other hand, it is possible to formulate two kinds of B model ansatz for one
central charge by imposing Uy = £V5. In Table 4 and Table 5, we show the two kinds of ansatz
which we name the B (0,0,Z) model ansatz and B (Z,Z,0) model ansatz.

Once suitable ansatz on the supercurvatures are taken, a set of relations between the super-
curvatures can be derived from the Jacobi identities w.r.t. V, by which the degrees of freedom
of the component fields are reduced. We use the notation VW = [V, W]. For example, the
component fields in an irreducible supermultiplet can be defined as

W|=A, VW|=p, ..., if VW0, (2.34)

where W represents a supercurvature while A and p are the bosonic and fermionic component
fields, respectively. One of the remarkable features of superconnection formalism is that the
supertransformations and central charge transformations of component fields are obtained by

sA=s(W|)= QW|=DW|=DW|—i[[,W]| = VW|=p. (2.35)

The third equality holds at the zeroth-order of 8 4 while the fourth equality holds due to the first
relation of (2.27). More-complicated supertransformations can be defined by more sophisticated
Jacobi identities. One thus obtains all supertransformations of each component field in an
irreducible supermultiplet.

Finally, we give the reason why naive ansatz for a B model in Table 3 does not work. The
Jacobi identity w.r.t. V, V, V leads to G = 0. Similarly the Jacobi identities w.r.t. V, V, V
and w.r.t. V,, V,, V, lead to G =0 and G, = 0, respectively. Using these relations, the Jacobi
identities w.r.t. V, V,, V, and w.r.t. V, V,, V, lead to V.F, = iG, and V.F, = —iG,,,
respectively. Eventually the Jacobi identities based on the ansatz lead to a

Ga=G,=V.F,=0. (2.36)
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On the other hand, the component fields of the model can be written in general by
¢»=ViVy---F,, (2.37)

where ¢ represents a component field symbolically. The central charge transformation of ¢ is
then calculated with (2.36) as

Z¢:vZV[VJ"'F'u’ZVIV,ZVJ"'F“’:"'ZVIVJ"'VZFH‘:0. (2.38)

By the facts, it is resulted that the central charge transformations of all component fields are
zero and the ansatz formulates a model without central charge, i.e. not a model which we require
in this paper.

2.3 Supermultiplets and actions

In the previous subsection, we have given the basis of the superconnection formalism and some
appropriate ansatz on the supercurvatures. We formulate models i.e. derive the supermultiplets
and the actions with each ansatz in this subsection. The A model, B (0,0,Z) model and B
(Z,Z,0) model are considered in section 2.3.1, 2.3.2, and 2.3.3, respectively. Note that N = 2
supersymmetric theory in two-dimensional Euclidean spacetime generally has four bosonic and
four fermionic degrees of freedom at the off-shell level.

2.3.1 The A model

We now consider the following algebra:

{s,su} = ua {85, = —ewP, {5,351 =0,

s =3 = Z {sussu} =62, [s1,2]=0. (2.39)

where + represents the case Z = Uy and — represents the case Z = —Vj; of (2.18) in the double

sign.
The corresponding supercharge differential operators for the superspace are given by

Q= 0 + 0 Oy + 08
80 zZ

Q _ 9 08 9 o0, + i9 19)

nT o + €Oy 5 w0z,
0 z' 1~
=— — =0,6,0, + =00, 2.4
Q EY; 2ue#6+28 (2.40)

where P, and Z are represented by —id, and —i0., respectively. The supercovariant derivatives
are then found as

D=_— )
70 29 Oy 98
0
D = 87 *08 + Qﬁm,al, + 0 83,
I S i -
D+ ~Ondy — 200 (2.41)
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5 Sy S Z
¢ p A p D
A, —iAy +i0,p F i€ p —i€ypAp g
Av %(gu - Dv¢) i%(s;wD + %F/.Ll/ _%&lp(gp - Dp¢) —iDyp + i€y, Dpp — Z[¢7 )\u]
P %D _%(gu + Dyud) :Fielelw FiDyuAy + i, p]
p +iemFu teu(gv + Dyo) 3D Fieuw Dy, + (¢, p]
D FiD, A, i€uwDyp —iDyp Fiew Dy, +D,9, F DuDyo
+2i{ Ay, A\u} +i[o, D]
9 | €vpDpp — [P, N €ur€upDpAa —€up(Dpp + [0, Ap]) +D,Fyp — 2€0p{Ap, P}
Fou[d, p] £ €[, p] —2{\v, p} + 1[, Dy ¢)]

Table 6: Supertransformations of the A model

where {Q4,Dp} = 0. It should be noted that D, satisfies the same algebraic relations as
(2.39) with the identification of D4 — s4, while Q4 satisfies the similar relations with the
replacements, Q4 — sa, P, = —P,, and Z — —Z in (2.39).
We now consider the supercurvature ansatz in Table 2. The following relations can be derived
by the Jacobi identities:
V,.VW = ¢,,V,VW ,

Fy=—iV,W, F,=—ie,V,W,
- - 1
Fy = £i0,, VW Fiew VW, Fu = 26 VIW + S€uepoV, VoV,

G=VW, G=VW, G,=-V,W, G,=2iV,VW -V, W. (2.42)

In addition to these, we need to impose the following relation:
~ 1
VVIW = §EMVVMV,/W. (2.43)

This relation is not derived by Jacobi identities but can be imposed consistently. The relation is
interpreted as another constraint on supercurvatures to kill the reducibility of the representation.
The component fields are then defined as

W’ =9, VW‘ =P, ﬁW‘ =p, VMW| = )\,U’ VZW‘ =D, Gﬁ’ =9u, (244)

where ¢, D, and g, are bosonic fields, and p, p, and A\, are fermionic fields. Table 6 shows the
supertransformations of each component field. Note that F,,| = F,, = i[D,, D,] is a curvature
in the usual gauge theory. -

Off-shell closure of the supertransformations up to gauge transformations is shown with the
following constraint on the component fields:

iDygy F 16, D] — Do Mk F {020} F {525} = 0. (2.45)

This constraint relation is not derived Jacobi identities. The concrete calculation for the check
of off-shell closeness of the superalgebra. One can regard this constraint as the same type of
constraint found for D = N =4 SYM case in Ref [5].
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Because of the constraint, the degrees of freedom of g, can be regarded as one. The bosonic
degrees of freedom at the off-shell level is thus four (¢, A,, D, g,). Note that the gauge field
A, has one bosonic degree of freedom at the off-shell level.

For an Abelian gauge group the constraint (2.45) becomes simply

Nugu =0, (2.46)
which can be solved as
Iu = €Oy B. (2.47)
The degrees of freedom is, in fact, one. The explicit form of action which includes field B is
2 2 24 1 2 : ~
S=[d :I:Tr —(0u0)? — 4FW — fD 5(8MB) T 2iAu(Oup — €u0uP)
+ e(§¢e,wF,w +2pp+BD + GHV/\M)\V>> , (2.48)

where e is a parameter with mass dimension 1. In this case, invariance of the action and
closure of the superalgebra are satisfied without constraints. For a non-Abelian gauge group the
constraint cannot be solved locally [6].

Finally, one can find an action for a non-Abelian gauge group as

1 ) -
S = /dngr (D.¢)?* — 4F§V - 7D2 + §g§ F 2i\u(Dpp — € Do)
- ub{p, py =645, B} £ i6{ s Mu}) (2.49)
It is worth mentioning that this action cannot be derived by superspace.

2.3.2 The B (0,0,Z) model
The following algebra is considered:
{s,su} =Py, {5,5.} =—€uwbP,, {55 =0,
$?=8=0, {sy,s}=0uZ, [s51,2]=0, (2.50)

where Z = 2Uy = 2V; in (2.18). The corresponding supercharge differential operators are given
by

-2 ing,
Q, 8; + %ea“ - %éeuyay + %euaz ,
Q= (;95 — %eue,way. (2.51)
And the supercovariant derivatives are found as
D= 869 _ %euau,
D, = a(Zu - %eau + ééeu,,ay - %euaz ,
D= (% + %eueuyay : (2.52)
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The B (0,0,Z) model ansatz is shown in Table 4. The following relations are derived by Jacobi
identities:

VF,=€euVF,, V.F,+V,F,=6,V,F,, G,=0, (2.53)
F, = —iVF,, F,=iVF,, (2.54)

Fuw =~ 50V oFy = G) 4 seulenrV,Fy — G) (2.55)
Fuy =V, VF, = V,VF, +ilF,,F]+ %ewvé, (2.56)
VG =VG=VG+VG=0, (2.57)

V.F, = %(vuc —wV,G), Gy = %(VHG b enV,G). (2.58)

The component fields are defined as
1
Ful=¢u, VEJ[=X,, V.F[= ( Suwp + €wp), VuVF,| =D, (2.59)

where ¢, and D are bosonic fields and p, p, and A, are fermionic fields.

The supertransformations of each component field are derived straightforwardly. In contrast
with the previous model where G 4 is related to W, G and G should satisfy (2.57) and seem to
be independent of F), as far as Jacobi identities are concerned. It is a remarkable feature that
the superalgebra is closed up to gauge transformations without constraints at the off-shell level
as far as (2.57) is satisfied.

To obtain the action, we introduce a linear combination of s,

S+ = 81 :is9, (2.60)
which satisfies
s2 =0, {s;,s_}=27. (2.61)

We define A1+ = A1 £i)\9 similarly, and introduce the notation Vi V% F), and Du =D,to,
for convenience. Then one can derive action by using the nllpotency of s, § and s4+. In fact we
can find S, S2, and S3 satisfying s51 = §51 = 5152 = s_.S3 = 0 where Sy, S, and S3 are not
generally identical. In facts it is shown that

1
Si= [ @oTessip=So+ [ PaTr(= (B + ild 6.)VE] + S(VEPY, (2.62)
So = ;/d2$TrS+S_)\+)\_

1 L . .
— 5o+ / PaTe{— 3 (e Dy My — i(=DF NG +iC)) + £ AV, VE + i AV, VE)
1
— g6 (Fuv = ilou, du) VG| + < (VGD }s (2.63)
S3 = ;/dQZZITI‘S_S+)\_)\+
T P . ;
— 5o+ / PaTe{L (6 Dy Ao + (=D A))(G) —iC) — L(AT,VE] — i)V, VE)

B 6 0)VE + L(vE), (2.69)
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S S S A

o Ay %(5;“//) + Euvf;) —€upAp %(VVG’ - eupva’)

A, —il\y — 58P + 5P —i€yp, LVLG| + €, V,G])
+56,,G| — LG

A 0 A 0 —4(D; G| - €,,DfG))

p i[D+ D;1=D | $(V.G| - €uV.G) €D, D] %(V G| = €0V, Vo Gl)

p | —iepe[DF, DY | 3(V.G|l+€ewV,LG|) | —i[Df,D;]—D L(V.G| + €0V, VoGl)

D —iD}¥ A, %(D+ — €D, p) —i€pe Dy Ay %(D V,G|+ epgD+V G|
—~ (DG — DG i{p, G|} —i—z{p,~G|}

-5({G], G} +{G|.GI})

Table 7: Supertransformations of the B (0,0,Z) model. A,, = 6WD ( wbv + Dy —
S Dpdp) + 5 (Fu — il d0]) -

where

1 1 1 . o _ 1
Sp = / dQ:UTr{§(D#¢l,) - 4F5V - 2D2 ipDf Ny — P, Dy Ay — Z[qﬁ“,@]Q}, (2.65)
which corresponds to the action of the model without central charge and to the twisted versions
of the action in [21]. However, in the case of VG = VG = 0 together with (2.57), we find

S = So, (2.66)
Sy = So+ / PaTr{~ (e Dy Ao — i(~Dy 1)) (G + G} (2.67)
S = So + / deTr{i(e,ﬂ,D;)\,, L i(=DEA)(G] — iG]} (2.68)

Here it is important to recognize that we can find solutions satisfying VG = VG = 0 and (2.57),

G =ae,,V,VFE,, G=-aViVF,, (2.69)

where a is a parameter with mass dimension —1. Moreover the above choice of G and G makes
Sy and Sy identical

Sy =83 =8y —ia! /deTr G|G|. (2.70)

We can then find the following action satisfying sS = 55 = 5,5 = 0, where the supertrans-
formations are given in Table 7,

S =8y —iat /dQ:J:Tr G|G|. (2.71)

In Table 7 the following expressions are used:

G| =aeuwD, N, G|= —aD:)\M,

_ 1 ~ _
VMG| = a(_qu{AV7 /0} =+ 5{)‘#7 G’} + fpaDp AMO’) s
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VGl = (=t Bt = 500 Gl = D A,
Zp= %(VZG\ — €0V, V,G))
= 5(VuC1 M + [Vl M) = 21D, 5] + €y [Apw, Gl
—ieu DD p—iDf D, f— %euVD;D;G\ — %D;D;én ,
Zp— %(vzé\ 60V, V,G)
= 5 (=Yl M + VGl A + 20D, 7] + 6 [ Ay G
D DY p— e D Dy f %D;D+G| feWD+D+G|) , (2.72)
where p= p— 3Gl and p=j — %é|

2.3.3 The B (Z,Z,0) model

We consider the following algebra:

{s,su} =Py, {5,s,} =—€uwbP,, {55 =0,
s?=5=27, {su,s}=0, [51,Z]=0, (2.73)

where Z = 2Uy = —2V5. This model can be constructed similarly to the previous model. We
thus follow the steps of the construction.
In this case, the corresponding supercharge differential operators are given by

0
Q= 5t 3 98#+ 982,
0 i
Q#:@—Fgﬁau—ieqway,
~ 0 1 1~
- = _ 2 L0, + =00, . 2.74
Q 9 2(9“6#8 +293 (2.74)

And the supercovariant derivatives are found as

0 i
D=— 20 29 Ou — 28
0 i i~
D = 89# *98 + QEMV&,,
p-2 i o a—féa (2.75)
= aé u€uvOvy 5% .

The B-(Z,Z,0) supercurvature ansatz is shown in Table 5. With the ansatz, the following
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relations are derived by Jacobi identities:

VE, =euwVFE,, V,F,+V,F,=6,V,F,, G=G=0, (2.76)
F,=—iVF, + %Gu , F,=iVF,+ %ew,G,, : (2.77)

F = —%5“VVpr + %euyepgvag, (2.78)

Fu =V, VE, = V,VE, +i[F,, F,] - ieﬂllepovaa , (2.79)
V.G, +V,G, =0, (2.80)

V= 5(VCu— u¥G,), Cu= L(VCyuteuVG,). (2.81)

The component fields are defined in the same way as the B (0,0,Z) model, i.e. defined as in
(2.59). We show it again:

1 ~
FJl=¢u, VE,=X\,, V.,F|= 5((5uyp+ €wp), V,VF,|=D, (2.82)

where ¢, and D are bosonic fields and p, p, and A, are fermionic fields.

The key relation of the model derived by Jacobi identity is (2.80). Similarly to the previous
model, G, is not directly related to F}, by Jacobi identity, it is then necessary to solve (2.80).
As far as the above relation holds, one can derive the supertransformations of each component
field and show off-shell closure up to gauge transformations without constraints.

To obtain the action, we introduce a linear combination of s and 5 as

s\ =s+is, (2.83)

which satisfies
sSE=0, {s,s}=27. (2.84)

We also define p = p +ip. Then one can derive action by using the nilpotency of s, § and s.
We can find S, S5, and Sy satisfying 5,57 = §/,.55 = 'S5 = 0 where S;, Sz, and S3 are not
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generally identical. In facts it is shown that
S1 = —/d%TrsMs,,)\u)\l,
1 . 1
— S0+ / PaTel g (Fu = il 00V oGl + 55 (6 VGl P} (2.85)

1 .
So = ¥ /d2mTrs+s_pp

1 1 ) 1
=S50 + /d2$Tr{_16v+€uuquu|P + g(F;w + Z[Qbm bu] + ZquuDquV’

- g(DHP— : Glt‘ + Ze/.u/D/Lp— : GV’ + [¢,LL7IO+]GIL’ + ZGMV[¢u7p+]GV’)} ’
(2.86)

Sy = l /d2xTrs_s+ﬁp
81
; 1 1
= S0+ /d%ﬂ{feiv_em,qu,,\er + g B + ilu, du] + 7 VGV Gy
- g(Dup-&- Gul — i€ Dup+ - Gul + [, p-|Gul — i€ [dp, p-1Gu])},
(2.87)

where Sy is defined as in (2.65). In the case of V,G, = 0 together with (2.80), we then find

S1 =25, (2.88)

Sy = Sp + /d2$Tr{_8(DuP : Gu| + i€ Dyp— - Gyl + [¢uap+]Gu| + Z‘fuu[¢uap+}GuD}v
(2.89)

S3 = S0+ /deTr{_S(D,LLP—i- : Gu| - ZEW/D,LLP—F : Gu| + [¢uap—]Gu| - %uu[gbuap—}(}u‘)}-
(2.90)

Furthermore, we can find a solution satisfying V,G, = 0 and (2.80),
a
G, = —Eepo(VBVUFH + [F,, V. F,]). (2.91)

where @ is a parameter with mass dimension —1. The above choice of G, makes S> and S3
identical as

SQ = Sg = S() — ia_l /d2.’BT1“ %GuyG#’GV’ . (2.92)

One can then realize that the following action S has full supersymmetry for the supertransfor-
mations given in Table 8:

1
S =Sy —ia "t /deTr S €mGulGul. (2.93)
In Table 8 the following expressions are used:

a .
Gul = _Z(DMP+GMVD1J/FP)7
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'y

O o

s Sy s A
Av . 3 (5uup + €wP) _EVp)fp %(VGV| - EVPYGPD
—iAy + %Gﬂ %( Suwp + €up) _Z;EVP)‘P + 5€0pG)l %(VG,,| + e,,pVC:*p\)
%(VG,A - EVPVGpD A i(VG |+ € VGL) %VZG,,\ - %EVPVVGA
—iD,,(Z)p 0 5€po|Dp, D ] —iD, Gy
LoD D+] 0 iDyp, — i€y D Gy
—iDF N\, + iD,G,| 5(Dfp— €Dy, p) | —iepe Dy Ao + %epgDPGU] (D VG, + epoD+VG )
_2Z{>‘paG [} +5{Gol. G}

Table 8: Supertransformations of the B (Z,Z,0) model. A, is defined in the same way as that
in Table 8.

a, 1 B . - 1
VGM| = 5(_56,00'Dy [D;ra D;r] - ZﬁuuDijpr - e,ul/DjD - 2{p7 Au} + §€pu{p’ GV|}) >
o _ < 1 -
VG, = ( iD}[D,,D;]+iD, Dy¢, — D™D +2{p,\,} + 5ew{p, G},

1
ZNy = 7V:C0l — e,,pvvc* |

~ - 1 =~ _
f(f[VG | + € VG|, pl — f[VGu| — e VG|, p] + 46W[K, Al

_ 216,“,D D+)\ + QZEWD D[ /\p] + eWD D G ol — epJD D Go|
eWD D, G| - ep0D+D+Gu|) (2.94)
where [, ] denotes the antisymmetrization of suffixes and A\, = A, — 1G,,| .

2.4 Conclusion and discussions

In this section, we have investigated D = N = 2 SYM theory with central charge and have
found one A model and two B model formulations. In the A model, the superalgebra is closed at
the off-shell level up to gauge transformation with an extra constraint (2.45). The model has a
similarity to the already known D=N=4 SYM theory with a central charge with an unavoidable
extra constraint in Ref. [5]. For an Abelian gauge group in the A model, we can explicitly solve
the constraint (2.45), and we can thus construct the supertransformations and action without
any constraints. We cannot, however, solve the constraint for the non-Abelian case in the local
level. Thus the investigation of properties of the model for an non-Abelian gauge group seems
to need a framework of non-local field theory [6].

On the other hand, we have found two types of B model whose superalgebra is closed at the
off-shell level up to gauge transformation without any constraints. The way to formulate the
B models is to include the two central charges Uy and V5 and to relate them in the following
special ways

Up=+Vs5. (2.95)

We have included the dependent-central-charges in the algebra and found the two models without
constraints. We have named the two models the B (0,0,Z) and B (Z,Z,0) model in the case of
Uy = V5 and Uy = —Vj, respectively. It should be noted that (2.95) is naturally found due to the
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twisted form of supersymmetry. There are no certain reason to find (2.95) in case of ordinary
supersymetry.

One of the future works after the success in this section is to investigate the reason why
the models without constraints are allowed. This question may relate whether it is possible to
obtain the models by dimensional reduction from a theory in three or four dimensions. If the B
models in this section is obtained by some sort of dimensional reduction, the meanings of (2.95)
would be naturally understood. In analogy with D = N =4 SYM theory which is obtained by
dimensional reduction from D = 10 N =1 SYM theory [5], D = N = 2 SYM theory is assumed
to be obtained from D = 4 N = 1 SYM theory due to the number of fermionic degrees of freedom.
There are two kinds of dimensional reduction, i.e. ordinary reduction and reduction by Legendre
transformation. The former is independent from whether the theory before reduction is on-shell
or off-shell invariant while the latter is the original theory has to be on-shell. Furthermore, the
former unchanges the features whether central charges are included and whether constraints are
inevitable, and the latter certainly results in a model with a constraint. That is why obtaining
the B models in this section by dimensional reduction from D =4 N =1 SYM theory seems
not to be easy.

Furthermore, as one of the future works, some sort of A model without constraints may
be possible because we have not already investigated all possibilities of ansatz for A model.
Additionally, the spinor representation (not twisted one) of the B model should be constructed.

And another work which should be investigated is to apply the technique of dependent-
central-charges to four dimensional theory. We then deal with it in the next section.

3 D = N =14 twisted superalgebra with central charge

3.1 Twisted superalgebra with central charge

In section 3.1, we introduce central charge to N = 4 superalgebra in four dimensions and perform
the Dirac-Kahler twisting procedure.

3.1.1 Superalgebra with central charge

In four-dimensional Euclidean spacetime, y-matrices satisfying {y*,~v"} = 20" and charge
conjugation matrix C' can be chosen to satisfy [20]

Cy*Tet=~1, O = —C. (3.1)
In this section, we use the following notation:

1 .
V= =S A = (3.2)

We consider the superalgebra

{Qaia Qﬂj} :201';1(7#0)04613/1 s (3'3)
/I; v

[Qais Ryuw] = — iQaj(’Y“ )i » (3.4)

[Quais PM] :[RMW Pp} = [P,ua P, =0, (3.5)

[ij, Rpg] = — 2(5upR,,g — (5,le,p — 5,,/,R,w + 5VJRW,) , (3.6)
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where Qq; is supercharge and Ry, is the generator of SO(4) R-symmetry to be performed the
Dirac-Kéhler twisting procedure. Note that the spinor representation of SO(4) covers that of
SO(5) ~ USp(4), and the symmetry allows to include central charge. The Majorana condition

is given by Q¢, = iglCaﬁQﬁj = Qui-
We now introduce possible extra terms as follows:

{Qai7 Q,Bj} = 201‘;1(7#0)&6}7# + 2CaﬁUij + Q(VSC)a,B‘/;j ) (37)

where U;; = —Uj; and V;; = —Vj; to be consistent with simultaneous replacements of o <+ 8
and ¢ <+ j. U;; and V;; get the following restrictions according to the Jacobi identity w.r.t. @,

Q, R:
Ui (Y kg = Ui (V" ki s Vie(" Iig = VieOF" i - (3.8)

Since U;; is antisymmetric, U;; can be expanded as follows:
Usj = UGyt + Up(C™ 1) + Us(C71°)i (3.9)

In the three terms, it is shown that only the first and third terms satisfy (3.8). One thus obtain
possible form of U;; and similarly V;; as

Uij = UoCy' + Us(C™19%)i5, Vij = Vot + Vs(C719)5, (3.10)
and obtain the following algebra:
{Qai, Qps} =2C;; (' C)apPu + 2Cap(C;; Ug + (C~'75)i;Us)
+2(715C)as(Cy; Vo + (C7175)i; Vs) (3.11)
[Z,any] =0 [Z = Uy, Us, Vo, V5] , (3.12)

where Uy, Us, Vy, and Vj are identified as central charges. It is important to notice that 1}
can be regarded as five-dimensional momentum in the view point of dimensional reduction. The
central charge included in [5] is thus V.

3.1.2 Twisted superalgebra

In four dimensions, one can expand the charge as

V2

where s, s,,, S, 54, and § are N = 4 twisted supercharges in four dimensions. Note that these
supercharges can be expressed by the original charge as

1 . _
Qai (13 + ’Yusy + 5”)/’“/3“1/ + ’Y“SH + 758)04 , (3.13)

tr y 8, = ———=tr # 5 S Vzitr me 9
21/2 @ s 2¢/2 7@y s 2v/2 e

= —=t , = — t . 3.14
G 2\& r’y#Q s 2\/§ o Q ( )

The Lorentz generator J,, is satisfying

S = —

[P/u Jpa] = id/ﬂ/pO'Pl/ y (315)

[Qais J;w] = ('V,uu)aﬁQ,Bi ) (3.16)

i
2
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where 0,50 = 6,000 — OugOup -
We can thus define J;,, = Jy,, + Ry, and obtain

(5, J1] =0, [Su, Jpe] = 10posu
[s,uuv J;a'] = _Z‘(spau)\su)\ + iépauA£,uA7 3
£ Jll,g] = i0uvpoSu, |5, J;/w] =0, (3.17)

from (3.4), (3.14), and (3.16). These relations mean that twisted supercharges s, s,, S,
5., and § transform as scalar, vector, tensor, (pseudo-)vector, and (pseudo-)scalar under J;’“,,
respectively.

The algebra among the twisted supercharges is then derived from (3.11) and (3.14) as follows:

{ss8ut =1{8,8u} = Pus {8us8p0} = —Spvpo Loy {3u:8po} = €uvpo P s
{s,8,) = {8, su} ={s, 50} = {5, 50} =0,
252 = 25% = Up+Vs, {su, 50} = {8,,8,} =60 (Uo —V5), {s,5} =Us+Vp,
{8us 80} = 6w (Us = Vo), {Suws Spo}t = Spvpe(Uo + Vs) — €uupo(Us + Vo), (3.18)

This is the N = 4 twisted superalgebra with central charge in four dimensions.

3.2 Formulation of a model without central charge

In this subsection, before including central charge, we formulate a model without central charge?.
The model is expected to have an on-shell invariance. Here we can thus understand some features
of model with on-shell invariance.

We consider the following algebra:

{s,su} ={5,5,} =P,,
{Sua Spa} = _5,uypaP1/ > {§,LL7 Spcr} = E,uupcrpv )
{others} = 0. (3.19)

And we introduce superfields in the superspace parametrized by (z,,04) where 64 represents
0, 04, 0, é/u and 6. The supercharge differential operator Q4, supercovariant derivative Dy,
superconnection 'y, gauge-supercovariant derivative Vj are introduced similarly to the last
section except for absence of the ingredients due to central charge, for example, V.

Ansatz on supercurvatures in this case is shown in Table 9 [?]. With this ansatz, the following
relations can be derived by the Jacobi identities:

VW =VW =V, W =0, V,F=V,F=0,
— 6, VF =V ,F,+V,F,, 0,VF=V,F,+V,FE,,
ViuFy = €uwpeVpFo
VwFs = 8,000V Fy + €upsVEy
F,=—iVF,, F,=iVF,,

VW =-2VF,, V,W =2VF,,

i ~ - i -
Fu = _5(5HVVF = OupoVols), Fuw = _5(5quF + upe VP Fy)

Fuvp = ~ibupsV Fo — i€1poV Fy . (3.20)

tAbout the model, the author uses K. Nagata’s doctor thesis as a reference [?].
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V| Vv v, v, Voo v,
V [0 =W —i(V,+F) 0 0 —iF,
\Y 0 0 ~i(V, — F,) 0 —iF,
YV, 0 —i8,,F upo(Vy — F)) | —iFy,
Vi 0 —i€upe(Vy + F)) | —iF,,
Vw i€poe W ~iFu,
V. —iF,,

Table 9: Supercurvature ansatz of a model without central charge.

The component fields are then defined as

Fu‘:%, W|=A, F|=B8B,
VFH’:)‘#7 @F#\:XW

~ .1
VuFu| = 6wp+ puw,  VuFy| =6uwp+ o CuvpoPpo s (3.21)

where ¢, A, and B are bosonic fields, and A, 5\“, p, p, and p,, are fermionic fields. Table 10
shows the supertransformations of each component field. The superalgebra is not closed at the
off-shell level but closed at the on-shell level up to gauge transformations as, for example,

. 4 -
{s,su} A = —iDf A, + §(D;r)\p —[4,70]), (3.22)

where Di = D, *+ ¢,. The second term in the right hand side of (3.22) is unnecessary for
the off-shell invariance. After the check of the closeness of superalgebra, it is shown that the
superalgebra is closed with the following equations:

DN —[A,p]=0, D,\,—[Ap =0,

_ < 1
Ditp—D;pu —[B,AJ=0, D, p— 5eW,JC,Djpp(, —[B,\] =0,

_ <1
Suvpo Dy Ao + €uvpe (D A — 3[4:Ppo]) = 0. (3.23)

The action is found so that (3.23) is derived as equations of motion. By the restriction, the
fermionic part of action is found as

) _ < -~ 1
Sp = /d4xTr{ - z)\#(Dl‘fp — D, pu — [B,A\4]) — z)\#(DM p— iew,pngppg)

. )
+ Zp[A, P] - gGMVpUA{pMVJ ppa}} . (3.24)

One can then find the bosonic part of action so that the s transformation of the bosonic part
and that of (3.24) cancel out each other. Eventually we can obtain the following bosonic part
of action which has full supersymmetry with (3.24) as

1

1
_ [ + DHID- D
SB—/d 2 Te{ (D} DJID, . D] + 1

1 1 1
D Dp)? + gDy AD, B + 2D ADIB + o[ A, B} .

(3.25)
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S W o

™ D

Ppo

Table 10: Supertransformations of the model without central charge.
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S s Suv
Ap Ap —Ouvpo Ao + €uvpo Ao
—i)\p ’L)\p _i(suupo)\a - iep,upcr)\cr
0 0 0
-2p 2p —Cuvpa Ppo
0 sD, A —S€upo DF A
iDFA 0 —50upo Dy A
_%(Da(ﬁa"i'%[AaB]) 0 i[D_ D_]
0 %( aPa — l[A BJ) GMVPU[D , D]
—%[Dj, DF] 1€wpol Dy, Dy 50w Opasy [Da D+] 50uwpo(Dada + 3[A, B)
Su Sy
Pp Oup + Pup OupP + l%paﬁ Pap
A, —i0pp ‘i: Pup W0pph — eupaﬁpaﬂ
A -2\, 2,
B 0 0
)‘P %[D:’D;] + %@H’(Daqﬁa + %[A7 B]) iﬁupaﬂ[D;;ng]
5 ~teypo[Da D5 4107 D1+ $aup(Dua — 31, B)
p 0 ~iD;B
p DI B 0
Ppo _%EMVPUD v B %5’“’”" DjB



The action can be rewritten with the bosonic fields explicitly as

S:/d‘ler{i(DugZ)V +ip g D*AD B+ D AD}'B — [¢u,¢y]2+%[A,B]2

8 M
- ZAM(DZp - D;puu - [B75‘N]) - ZS‘M(D;ﬁ - ieuupO'DjppU)
. e )
+ Zp[A, ,0] - *EuupcrA{p,uya ppo}} . (3.26)

8

As can be seen above, the D = N = 4 SYM theory without central charge is an on-shell
invariant theory. The supermultiplet includes no auxiliary field as well as the equations of motion
(3.23) are necessary for the supertransformations to be closed.

3.3 Ansatz on supercurvature for models with central charge

In this subsection, we find appropriate ansatz on supercurvatures for models with central charge
based on the algebra (3.18) derived in section 3.1.

We introduce superﬁelds in the superspace parametrized by (x,,04,2) where 64 represents
0, 04, 0,0, 9/“ and 0. The supercharge differential operator Q4, supercovariant derivative Dy,
superconnectlon I';, gauge-supercovariant derivative V; are introduced similarly to the last
section. To find some kinds of appropriate ansatz, the supercurvatures Xo, X, X5, Xg, X,
and X/ are introduced as

{Vai, Vit = 261 (1"C)ap Py
+ QCaﬁ(nglXO + (C_l’Yu)inu + (0_175)in5)
+2(150)ap(Cy; Xo + (C10)i5 X, + (C7 1)1 X5) (3.27)

where V,; are gauge-supercovariant derivative corresponding to Q4; in (3.11). Right hand side
in (3.27) is the most general terms with consistency of simultaneous replacement of a <+ 5 and
i <> j. As can be seen from (3.11), a part of Xo, X5, X/, and X! can be identified as gauged
central charge of Uy, Us, Vp, and Vj, respectively, i.e. can be identified as including V,. Table
11 shows the relations between the gauge-supercovariant derivative and supercurvatures given
in (3.27) in the twisted space.

At first we show two types of ansatz which correspond to models including either Uy, Us, Vj,
or V5 as a central charge, The first ansatz is shown in Table 12 namely (Vy, Us) model. Here
either X or X5 is identified as V, i.e. either Vj or Us is included as a central charge. The
second ansatz is shown in Table 13 namely (Up, V5) model. Here one of X and X! is identified
as V., i.e. either Uy or V5 is included as a central charge. Totally four models including one
central charge Uy, Us, Vp, or V5 can be formulated by these two types of ansatz.

As can be seen in section 3.3, one can obtain each set of supertransformations and each action
of the two models. One may then ask whether or not these models are different in principle.
The answer is that the two models are theoretically equivalent. There is a set of redefinitions of
the gauge-supercovariant derivative and the supercurvature which interchanges one to the other
model. In Table 11, the following redefinitions make no change of the form:

1

vhew — 7(_7jv + @) , @new _

\/5 (V—ZV),

- Nl

ViV = —(iV,+ V), ViV = f(v +iV,),

1
V2 V2
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v v v, v,
Vo | Xo+ X | X5+ X | —i(V,+1iX),) -X
\Y% Xo + X X! —i(V, —iX,)
Yu Sup(Xo — X5) Opp( X5 — Xo)
Vi Sup(Xo — X5)
\
Vi
Voo V, V.
\Y 0 —iF, iG
\Y 0 —iF, | iG
Vi pvpo (Ve = 1X0) — €uvpe X, —iFy, | Gy
Vi | =i€upe (Vo + X)) = 0o XL, | —iFy, | iG,
le 5quU(X0 + Xé) - EMVPU(X5 + X(/)) _iFqu ZGIW
Vi iF,, | iGy
V. 0

Table 11: Twisted version of supercurvature ansatz of (3.27).
of P, in (3.11).

V|V v, v, Voo v, V.
V [0V, ] -i(V,+F) 0 0 —iF, | iG
\Y 0 0 —i(V, — F) 0 —iF, | iG

Vi 0 5up(¢€z —iW) | i0upo (Ve — F2) —iFy, | Gy

Vi 0 —i€upe(Vy + F,) | —iE,, | iG,

A —~€upo V2 ~iF, | iG
V. iF,, | iG,
V. 0

Table 12: Supercurvature ansatz of (Vp, Us) model. Corresponding to the F sign choice of
algebra {V,,V,} = 0,,(FZ — iW), we take X =V, for — and X5 =V, for +.

v \Y v, v, Vo v, V.
vV |[V.—iw 0 —iV, iF, 0 —iF, | iG
v V.—iW | —iF, | —iV, 0 —iF, | G

Vu +0,, V. 0 10wpo Vy + 1€up0 iFu, | 1Gy
P £6,,Vz | —i€upoVy + iupeFy | —iF,, | iG,

A Swpo (Vs — iW) —iFu, | iG

' —iF,, | iG,

V. 0

Table 13: Supercurvature ansatz of (U, V) model. Corresponding to the + sign choice of
algebra {V,,V,} = £6,,(iW + V), we take X =V, for + and X’

= -V, for —.
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v \Y v, v,
V [ (@a+b)V, —iW | (c+d)V, —iW’ ~i(V, + Fp) 0
\Y (a4 D)V, —iW 0 —i(V, - F,)
Vi Sup((a =)V, —iF) | dp((c — c[)VZ —iF")
Vi dup((a = b)Vz —iF)
A vV, | V.
Y 0 —iF, | iG
v 0 —iF, | G
V. 160 (Vy — F) —iF,, | iG,
Vi ~i€po (Vy + F) —iF,, | iG,
Vi | Suwpo (@ +0)Vs —iW) = €upo (¢ + )V, —iW') | —iF, | iG
V. —iF,, | iG,
V. o

Table 14: Trial 1.

I 1
Vziw = %(*Zv#y - ieuypo'vpa) )
XpoV = —iX), XiV=iX], XPV=—iX}],
X(/)new =—iXp, XLHQW =1X,, Xénew =—1X5. (3.28)

One can thus show that the (Vg, Us) and (Up, V5) models are equivalent in principle. The two
models above, however, need a constraint for the superalgebra to be closed at the off-shell level
as can be seen in section 3.3.

One of the main interests in the thesis is to investigate D = N = 4 models by applying the
technique of dependent-central-charges used in the D = N = 2 B model and answer whether
there are models which do not have any constraints. To find an appropriate ansatz for such a
model, we now consider general form of dependent-central-charges as:

Up=aZ, Us=cZ, Vo=dZ, Vs=0bZ, (3.29)

where a, b, ¢, and d are just parameters, and Z is a central charge. The most general ansatz
with the dependent-central-charges is named Trial 1 ansatz and is shown in Table 14 If both of
X, and X L are included to the ansatz, it is clear that there are too many degrees of freedom,
i.e. more than 16 bosonic and 16 fermionic degrees of freedom. Thus only X, is included and
X L and omitted. How is the ansatz where X L is included and X, is omitted without any other
changes in Trial 1 ansatz ? The answer is understood by (3.28). The transformations switches
X, and X L That is why the ansatz where X }'L is included and X, is omitted without any other
changes is equivalent to Trial 1 ansatz itself, and Trial 1 ansatz is the most general ansatz which
has one central charge.

Here we calculate the Jacobi identities and try to construct models with the Trial 1 ansatz.
First of all, we consider the case except for ¢« = b = 0. The case of a = b = 0 is considered
later as Trial 2 ansatz. If a + b = 0 in Trial 1 ansatz, we can redefine the ingredients and can
obtain Trial 1-1 ansatz shown in Table 15. In this paper, we use the notation of (V;,V;, V)
to represent the Jacobi identity w.r.t. Vi, V, and Vg . From Trial 1-1 ansatz, the Jacobi
identities (V,@u,@y), (@,VM,VZ,) V., V., V,), and (@u,@y,@p) lead to

; (
G=G=G,=G,=0, (3.30)
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\Y \Y v, v,
V | =W [ (c+d)V, —iW' | —i(V, + F)) 0
\Y —iW 0 ~i(V, — Fp)
Vi OupV Sup((c — J)Vz — i)
@u 5upvz
Voo V, | V.
Y 0 —iF, | iG
\Y 0 —iF, | G
V. 1po(Vy — F) —iF,, | iG,
Vi ~i€po (Vy + F) —iF,, | iG,
Vi | =0p0W = €upo (¢ +d)V 5 —iW') | —iFy, | iGu
% iF,, | iG,
V. o
Table 15: Trial 1-1.
a v v, 7
VI V.| (c+dV.—iW' | —i(V,+ F)) 0
\Y \ 0 ~i(V, — F,)
V. 8,up(a'V, —iF) | 8,,((c — d)V, —iF")
@u Sup(a'Vz —iF)
Voo vV, | V.
\Y 0 —iF, | iG
\Y 0 —iF, | iG
v, 6,00 (Vy — F) —iF,, | iG,
P —i€upo(Vy + F) —iF,, | iG,
v/“’ 5HVPUVZ - EIWPU((C + d)vz - iW,) _iFm:p iG,uzx
YV, —iF,, | iG,
V. o

Table 16: Trial 1-2.

and the Jacobi identities (V,, V., V,») and (V,V,,V,) lead to
G =0. (3.31)
Additionally, the Jacobi identities (V,V,, V.) and (@, @uv V) lead to
Gu=V.F,=0. (3.32)
From (3.30), (3.31), and (3.32), the following relation is derived:
Ga=G,=V.F, =0, (3.33)

which is the same as (2.36) in two-dimensional case, and results in a formulation of model
without central charge. If a+b # 0 in Trial 1 ansatz, we can redefine the ingredients and obtain
Trial 1-2 ansatz shown in Table 16. From Trial 1-2 ansatz, the Jacobi identities (V,V,V),
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\Y \Y v, v,
V [ =W [ (c+d)V, —iW' | —i(V, + F,) 0
\Y —iW 0 —i(V, — F)
Vi —i0upF Sup((c— J)Vz — i)
Vi S
A vV, | V.
Y 0 —iF, | iG
\Y 0 —iF, | iG
V. 160 (Vy — F) —iF,, | iG,
Vi ~i€po (Vy + F) —iF,, | iG,
Vi | —i0upeW — €upo((c+ d)V 5 —iW') | —iF, | iGu
V. iF,, | iG,
V. o

Table 17: Trial 2.

(V,V,V), (V,V,V,), (V,V,V,), and (V,V,V,,) lead to
Ga=0, (3.34)
while the Jacobi identities (V,V,,V.) and (V,V,,, V.) lead to

G,=V.F,=0. (3.35)

Thus (3.34) and (3.35) result in (3.33) again. We can then conclude that the Trial 1 ansatz do
not work to formulate a model with a central charge.

Next we try to construct models with the Trial 2 ansatz shown in Table 17, which is the case

a =b =0 in Trial 1 ansatz. From Trial 2 ansatz, the Jacobi identities (V,V,V), (V,V, V),

@,@,VH), (V,V, @“), and (V,V,V,,) readily lead to

VAW =0, (3.36)

which results W = 0 otherwise the component field in the zeroth order of W' clearly does not
satisfy the superalgebra. On the other hand, the Jacobi identities (V,, V., V), (Vy, Vi, V)),
(V,V,,V,), and (V,V,,V,) readily lead to

VF=VF=V,F=V,F =0, (3.37)

which results FF = 0 by the same reason. We can then regard the Trial 2 ansatz as the Trial 2’
ansatz shown in Table 18.

Here we consider the three cases of c+d=0,¢c—d =0, and c+d # 0 and ¢ — d # 0 in the
Trial 2/, namely the Trial 2-1, Trial 2-2, and Trial 2-3 ansatz, respectively. And as can be seen
below, the ansatz also do not work to construct the desired model.

In contrast to the Trial 1 ansatz, the reason that the Trial 2-1 and 2-2 ansatz does not work
is not derivation of (3.33) but too many degrees of freedom in the multiplet, in other words,
not enough constraint on the supercurvatures. The Trial 2-1 ansatz is shown in Table 19. The

31



\Y% v v, v, Vo v, V.
V [0 (c+dV, —iW | —i(V,+F,) 0 0 —iF, | iG
\Y% 0 0 —i(Vy, — F,) 0 —iF, | iG
V. 0 Sup((c—d)V, —iF") S0 (Vy — F) —iF,, | iG,
Vi 0 —i€po (Vy + F) —iF,, | iG,
A —upo((c+ )V, —iW') | —iF,, | iG,
' —iF,, | iG,
V. 0
Table 18: Trial 2'.

V| Vv v, v, Vo P V.

V [0 =W | =i(V,+F,) 0 0 —iF, | iG

\Y 0 0 —i(V, — F,) 0 —iF, | iG

V. 0 6upV 2 Oupo(Vy — F)) | —iF,, | iG,

Vi 0 —i€po (Vo + F,) | —iFy, | iG,

A i€upo W' ~iFp | iG

V. —iF,, | iG,

V. 0

Table 19: Trial 2-1.

Jacobi identities (V 4, Vg, V() finally leads to

VW =VW =V, W =0, V,W=-2VF,, V,W=2VF,,

1- ~ 1 ~ 1 ~
G = QVMFH, G= _§quuv G,=G,=0, Gu = g(eWpUVng + Owpo VpFs)

F

=

= —iVF,, F,=iVF,, Fu, =iV,F, +i6,G, Fu=—iV,F,+i6,G,

Fuvp = =i0u0p0V Fy = i€poVFs , Vi Fp = —0p0psVEFs + €upeVEy . (3.38)
One may expect that one can construct a model with the relations. However, this model has too
many component fields due to lack of constraints. Especially, constraints on V,F, and V,F,
are not enough to obtain a model with the suitable degrees of freedom. The fact results in a
defect of the Trial 2-1 ansatz.

The Trial 2-2 ansatz is shown in Table 20. This ansatz also results in a defect by the same

V|V v, v, Voo v, V.
V [0V, ] =iV, +F) 0 0 —iF, | iG
\Y 0 0 —i(V, — F,) 0 —iF, | iG
V. 0 —i8,,,F" 0p0(Vy — F)) | —iF,, | iG,
M 0 ~i€upoe(Vy + F)) | —iF,, | iG,
A —€ppo V> ~iFup | G
V. iF,, | iG,
V. o0

Table 20: Trial 2-2.
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V|V v, v, Vo v, V.

V [0V, ] -i(V,+F) 0 0 —iF, | iG
\Y 0 0 —i(V, — F,) 0 —iF, | iG
V. 0 0,up(EV s —iF") | 8o (Vy — F,) | —iF,, | iG,
Vi 0 —i€po (Vo + F,) | —iF,, | iG,
Y —~€upo Vo —iFu, | G
' ~iF,, | iG,
V. 0

Table 21: Trial 2-3.

reason as the Trial 2-1 ansatz.
The Trial 2-3 ansatz is shown in Table 21. And the ansatz has a different feature from
the Trial 2-1 and 2-2 ansatz. In fact, the ansatz is similar to the (Vo, Us) model ansatz. The

difference between the two ansatz is the coefficient of V. in {V,, V,}. However, the difference
can be removed by the following redefinitions of V 4 in the Trial 2-3 ansatz:

1 ~ 1~ 1
new __ /= new __ /= new __ /=
VI =caV, VP =caV, V5 =iV,
1 ~ 1 ~
new __ J/—= new __ J/—+
V, =ciVy,, V=71V,

VIV = 2V, FI"V =i F (3.39)
By the facts, it is shown that the Vi model and Us model i.e. the (Vj, Us) model where — sign
is chosen and + sign is chosen in the right hand side of {V,, @V}, respectively, are equivalent
as well as the equivalence between the Trial 2-3 and (V{, Us) model ansatz.

We eventually conclude that there is no off-shell invariant D = N = 4 SYM theory with
central charge without any constraints as far as we consider one central charge, which is in
contrast to our expectation from the results in two dimensions. But it should be noted that all
variations of the model with one central charge are investigated.

We have formulated every model corresponding to each central charge Uy, Us, Vp, and Vs.
And, as can be seen in the next subsection, the models need a constraint. Although the existence
of such a constraint is first understood in the model only with Vj (the central charge treated in
Ref [5] is regarded as 1)), we have shown that the models with one of the four central charges are
theoretically equivalent. In another words, although the central charges except for V cannot be
naively regarded as five-dimensional momentum in the point of view of dimensional reduction
at the algebraic level, the models with one of four central charges are theoretically equivalent.

3.4 Supermultiplets and Actions

We derive the supermultiplets and the actions for each model with supercurvature ansatz found
in section 3.3. The (V, Us) and (Up, V5) model are considered in section 3.4.1 and 3.4.2,
respectively. Note that N = 4 supersymmetric theory in four dimension has generally sixteen
bosonic and sixteen fermionic degrees of freedom at the off-shell level.
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3.4.1 The (Vp, Us) model

We now consider the following superalgebra:

{s, Su} = {5, gu} =P, {Sua Spa} == Ouvpo L, {gm wa} = €upo by,
{s,5,} =15, s} ={s,sw} =1{5, 50} =0,
25> =28 =0, {su,s}={5,581=0, {s3 =2,
{8,350} =FOwZ, {Suw,Spo} = —€uvpa 2, (3.40)
where + represents the case Z = Us and — represents the case Z = V of (3.18) in the double
sign.

We now consider the supercurvature ansatz in Table 12. The following relations can be
derived by the Jacobi identities:

VFy)=0uVW, V(,F,)=—-06,VW,
1o - 1
VE, =4VuW, VE, =F VW, VW = —€upV,Fo,
ViuFy = €uwpeVoFo, ViuF) = €upoVoFs, ViwFp= =00V Fs+ €upsVFEy,
F,=—iVF,, F,=iVF,, F,=-iV,F,, F,=iV,F,,
Fuvp = =i(6u0p0c Vs + €uupoVFy), Fuy =V, VE, +i[F,, F],

G=G=Gu=0, G,=2VF,, G,=-2VF,, G,= %(VGM+€GN),
ZF, = %(VGM —VG,), ZW =2iV,F, +2VVW. (3.41)
The component fields are defined as
Fu=¢., W|=A, VEJ|=X\,, VEJ|=\,,
VB = Gup s VuF = it geupatpe s YIW| = H, Gl =g, VaFal = H,
(3.42)

where ¢,, A, H, g,,, H,,, are bosonic, and p, p, A, S\M, and p,, are fermionic fields. Table 22
shows the supertransformations of each component field. The off-shell closure of supertransfor-

mations up to gauge transformations is shown with the following constraint on the component
fields:

: ~ . 1 i _ 1
iDpgu + [bu, Hul F2{p, 5} + 2{\ 0, \u} F Ze,w,w{p,w,p,,(,} + iDjDuA + 5[A, H]=0. (3.43)

Note that the following formulae are useful to confirm the off-shell closure:
Opvary€popy T OpoarEuvsy = Oap€uvpo ; (3.44)

OuvaryOpopy + €psar€uvBy = 0ap0uvpo - (3.45)

Because of the constraint, the degrees of freedom of g,, can be regarded as three. The bosonic
degrees of freedom at the off-shell level is thus sixteen (¢,, A,, A, H, g,, H,). Note that the
gauge field A, has three bosonic degrees of freedom at the off-shell level.
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s 5 Su Su
Pp Ap Ap Oupp + Pp OupP + 3€upasPas
Ap —iAp ij‘p —i0pP + 1Ppp 0ppp — %eupaﬁpaﬂ
A’ —p p T, + A
Ap 0 9 3Dy D] = bupH' feuasl D3, D4
y ~9 0 —feupasDa, D51 | =5[Dy D]+ 6,0(5[D; , D] + H')
p H’ 0 0 Fgi —iD, A’
5 0 —i[D;,Df|—H' |  +g; +iD} A 0
ppo | —5IDF, D] 1€p0a[Das D51 | €upo(F5 — 1Dy A') Suvpo (L9, + D A')
H' 0 —iD;; Ay —iD}p — L euwpo Dyl ppo
95 | FlhewapDE pag 0 —i0,,Dy Ay + 1D Ay —iD; Ay — i€ppas DI Ag
—iD;p+ i[A, \p))
9, 0 £(iDg ppo i€upap Dy A + 1D\, i6,p D Ny — iD TN,
—iDfp+i[A,Ap])
Suv A
pr _5uupa)\a + G;Wpa/\a Hp
A, —i8mp0 Mo — 1€upo o 9p
Al —3CuvpoPpo %[D;, D;LL] +H
/\p €uvpo9s q:(_iD;ﬁ + %ﬁuupaD+ppU + i[Aa Au})
¥ Surpo F(=iDf p+iDy pu + i[A, Au)
P 5D, D] —iD; A,
p f€upo D, DF] —iDf A,
Ppo 50uvarOpopy[ D D;] + Suvpo H' —t€pvpo Dy Ao — iDj’LS\l,]
H' iD iD;, g + 2i{ s A}
9y Feupo(—iDFp+iDg poa +i[ANe]) | Fi(5Dy DJ Dy + €upo{Avs oo} +2{p, A} + Dy H' + 2[4’ g}])
9o | FOupo(—iD5 p+ 5eoyapDF pas +i[A,N]) | Fi(5Dy DED +2{ A, puw} + 2{5, A} + D H' + 2[4, g,])

Table 22: Supertransformations of the (Vp, Us) model, where g

H/E%H.

ff = L(igy £ H,), A’ = 1A and
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For an Abelian gauge group, the constraint (3.43) becomes simply as
1
Ougu + §8u8MA =0, (3.46)
which can be solved as 1
gu £ 58,“4 =0,Bu, By = €uwpsBys- (3.47)

It is understood that the degrees of freedom of By, is, in fact, three. For a non-Abelian gauge
group, the constraint cannot be solved locally [6].
Finally, one can find the action as

1

1 1 , 1 1
S = /d%Tr(zD“qﬁl,Du(b,, + 4ij + 5(gg + H})+ H(iDy¢y + S 1) - 5(D#%)z

. R - . 1
~2ipDjs Ny — 205Dy M = 20y (D A\ + 5€upr Df M) = 214D A} = 110 ¢>,,]2) .
(3.48)

It is worth mentioning that this action cannot be derived by the superspace.

3.4.2 The (Up, V5) model
We now consider the following superalgebra:
{sv Su} = {5, g,u} = P,u ) {Sua Spo} = 6/u/p0'Pl/ , {guv Spa} = Euupon/ )
{s,5. =15 st =1{s,5m} ={5,5} =0,
252 =28 =27, {sy,s}=1{8,5}=40uZ, {s3}=0,
{8#, 51/} =0, {S,uuv Spa} = 5;wpoZ7 (349)

where + represents the case Z = Uy and — represents the case Z = V5 of (3.18) in the double
sign.

We now consider the supercurvature ansatz in Table 13. The following relations can be
derived by the Jacobi identities:

V. Fy=%6u,VW, V(,F,)=F6,VW,
1- - 1 B
VE, = VuW, VE == VW, VW =3VF,,
VuF = €uwpeVoFo, VuFj = VpFo, ViuwFy=—0upsVFs+ €upsVFE,,

F,=iVF,, F,=-iVF,, F,=-iV,F,, F, =iV,F,,

Fuvp = i(0uvpoV Fs + €uvpoVFs) s Fuy = €uupoV o VEy +i[Fy, )]

G=VW, G=VW, Gu=V,W, G,=G,=0, G,=iV,G,
ZF,=V,G, (3.50)
The component fields are then defined as

F/L‘ :¢,ua W‘ =A, VFM‘ :/\/u @Fu‘ :5‘H7 V[AFV’ :5uuP+P;wa

. 1 .
ViFy = Sup + Seuwpappa s VW =H, Gul=gu, ZF|=H., ZW|=K, (351)
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s 5
bp {p Ap
A, iXp —iA,
A TP +p
Ap H, 9o
A ~g, H),
P —%Dugbu +K’
ﬁ :FK, ) _%D/ﬂbu
Ppo 5poa,8F = 5D1p%0) Foo = 5¢p0apDatp
K +5(Dpdy + (B Au]) F5(Dp — B Aul)
g;, +3 (Dpp epaaﬁDaPaQ :F '(Dpp Doppo + [9ps Pl
—[% pl = [Pos Ppo] £2[A, Ap]) | +3 ﬁpaaﬁ[%ﬂaﬁ} + 2[4, M)
HL ?%(Dpp = Doppo + (D, P +3 5 (Dpp — EpmﬁDopaQ
+%€P00¢5[¢07 paﬁ] + 2[A/7 )‘PD _[¢P7 ] [‘baa ppa] + 2[A,7 A ])
S Su
Pp Oupp + Ppp OupP + 3€upapPas
Ap —10upp + ééupaﬁpaﬁ Wupp = 1Pup
A =y Arp]
%‘P eupaﬁF gt 5MPDV¢V — 3Dy F+ £ 0pp K’ + %eupaﬁDa¢B
Ap _Fup + 5upK/ + eupaﬂDa¢B eupaﬁF + 5HP%DV¢V - %D(u‘bp)
P ‘Duﬁbu :F%gu
p *9u %H#
Ppo ilé/ﬂ/paHl/ T 2 €upody + 2 euwpeHy i(gul/pagu
K’ i%(DuP equo Dyppo — [Pus p] — [‘?w Puv)) :F%(Dup Dy ppv + [u, P + Equa[¢V7 Ppol)
g;; 2(5MP(D1/)\1/ + [¢I/7 V]) - D(u)‘p) _E( 5,up(D Ay [gbw ]) + D(u)‘p)
"’[‘b[w )‘p]] - Euﬂaﬂ(Da%‘B + [fa; )‘B])) +[¢[u> ,0]] + eupaﬁ(D )\,8 [Das )\ﬁ]))
H), —g(é,jp(DVA,, = (¢, A]) + Dy —2(8up(Du Xy + [0y A]) + D[#/\p]
F[D s Ap)] + €upas(Dars — [P, Ag])) [¢>(w Al + €upas(Dars + [a; As])
Suv A4
Pp —Ouvpo Ao + €uvpo Ao H,
A, iéwpgjxg + i€uppo Ao 9p
A $%6ngppg 2K’
{‘p Spvpo Hy + €pvpode Fi(Dpp — Doppo + (90, 7] + 3€p008[¢0; Pas))
Ap 6;111,00’9{7 E/UJ/)UH, F (Dpp epaaﬁDapaﬁ [¢p7 pl = b, Ppo])
p %@wpch D[M% _Z<Dp):p - [¢p> ] —ilA, p])
p Fo+35 2Cuvpo D,¢o —i(Dp)p + [Pp, \p] — [A, ]) 3
Ppo fuvavépqﬁwF 5T 5ch po By oz‘%’ —i(D[#)\,,} + [¢[u7)\u]] + €upo (DpAa
~ 80 Db F Cupr K (65 Mo]) — (A ppu)
K %(D[M A~ 194 Ml + o (Dpda + [brnos A1) | ({0 A} + {3, 2} = Dy + [, Hy] £ [4, K7)
9;; +3 5;uzpa( eavaﬁpraB (P05 P = [Pas Poa] £ [A, As]) :Fi(_%Dana + DpK/ - %[(Zsm Dp¢a] +{p, Ap}
t5€up0(Dop — Dapoa + [bo, ] + emaﬂW'yvpaﬂ] £ 1[4, X)) ﬂ‘{ﬁa Ao} + {)"oyppo} + %epaaﬂ{j‘mpaﬁ}) B
H; j: 6/“’,00( Up Docpaa [QSU; ] + GU’YQIB[(bW?pa ] + [A %‘ ]) :Fi(_%DO'DO'(ZSP + %[(2507 [‘bm ¢aH + [¢p7 K/] + {pv )‘p}
:|:2€MVPU( 260"7045D’YIOC¥6 [¢07 ] [ aapaa] + [A )\a]) _{/57 /\p} - {)‘aappa} + %epoaﬂ{)‘mpaﬁ})

Table 23: Supertransformations of the (Up, V5) model, where g), = %(gu -

i[A

,ou)), A =3A, K'= 1K and F, = 3

D,A), H = %(Hu —

w = 7 (Fuw iz[ﬁbu?@bu})'



where ¢, A, H, g,, H,, and K are bosonic, and p, p, A, /\w and p,,, are fermionic fields. Table
23 shows the supertransformations of each component ﬁeld In the step of calculating the s,
transformations of p and p,,, the following result is derived:

Suv(Opop + Ppo) =V, V p Fy |

= (e (Fas — il6a, 95) = 5 Diut) (352
_%5/)0;)’0’5#1//)’6(170’5 + (o, d5]) + %5pcrp’a’5qu’ﬁD(o’¢ﬁ) (3.53)
£ Bpo H F e (3.54)
which means
Spwp :iewpa(chr —i[dp, bo]) — E‘D[u¢u] ) (3.55)

1
SuvPpo :§5uva7€paﬁv(F ap t i[da, ds]) + 5;wav poBvD(a®p)
1 1

j:§6l“’po—H F ZGNVpUK . (356)

On the other hand, the calculation of s, transformations of p also derives the s, transforma-
tions of p,,, as

Suv(Opop + epaaﬁpaﬂ) vuV@szﬂ
1

:5/)0( 9

1 1 )
+§€Pm5(§5NVa/v€aﬁB’v(Fa’B’ +i[par, d)ﬁ’])

( - [¢#7 ¢V]) euuaﬁDa¢B)

1
—€wapk) . (3.57)

7
+25p,ua véaﬂﬁ’ D(a %" - uuaﬁD7¢7:F (5/,LI/O£6H:F 4

which means
1

Suwp =7

2( - [qﬁu, ¢V]) . euupa p¢a ) (358)

1
SuvPpo :iéuvavfmﬁv(F o+ i[Pas Pp]) + 5uvcw poBrD(aPp)

—i0pvpo Dada F 5#,,ng T ieu,,pgK. (3.59)
From consistency of (3.56) and (3.59), one can results
H =%iD,¢,, (3.60)
which implies ~
VVW = FiV,F,. (3.61)

This relation can be regarded as a more sophisticated relation derived from Jacobi identities
than (3.50).
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The off-shell closure of supertransformations up to gauge transformations is shown with the
following constraint on the component fields:

. . 1
iDugu - [(buaHu] - %DMDHA - %W#? [¢M>A]] + Z[‘LLK]

F{p.p} {0, 0} F %{pw,pﬂy} — A = Al =0. (3.62)

Because of the constraint, the degrees of freedom of g, can be regarded as three. The bosonic
degrees of freedom at the off-shell level is thus sixteen (¢, A,, A, H, g,, H,).
For an Abelian gauge group, the constraint (3.62) becomes

1
Ougu — 56#(%14 =0, (3.63)
which can be solved similarlity to the (Vy, Us) model as
1
9u = 504A =B By = uprBoo (3.64)

For a non-Abelian gauge group, the constraint cannot be solved locally [6].
Finally, one can find an action for the non-Abelian gauge group case as

1 1 1 1 , 1
S = /d4xTr(2Du¢>l,DM¢,, - ZF}%V + 5(9# ~ DA F §(Hu —i[A, ¢u))* — §K2

~2ip(Dud = (b M) = 20p(Dy + (b0 M) = 2ipuar(Dudw + [ B, Av])

—ie,uua[ipuu(DaS‘B - [¢aa )‘B]) + Z'A({)‘ua )‘u} + {S‘/Lv S‘/L}) + i[ﬁbm ¢u]2) : (3-65)

The action cannot be derived by the superspace. In this section, we found two types of D =
N =4 SYM formulation with a central charge with a constraint.

4 Conclusion and discussions

We have constructed off-shell invariant N = 2 twisted SYM theories with a gauged central
charge in two dimensions. Depending on the supercurvature ansatz, we have formulated A and
B models. In the A model, the superalgebra is closed at off-shell level with an extra constraint
(2.45) similarly to D = N =4 USp(4) SYM theory with central charge [5].

On the other hand, we have found two types of B model whose superalgebra is closed at
the off-shell level without any constraints by including dependent-central-charges. This feature
gives a new aspect to SYM theory with gauged central charge and vector-tensor multiplets. In
principle, the Dirac-Kéhler twisting procedure is not necessarily needed for the investigations in
this thesis, and one can expect that the results with twisted SUSY are also valid with ordinary
SUSY. It is noted, however, that the success is done with a help of twisting procedure. With
the twisted form of superalgebra, the technique of dependent-central-charges is naturally found.
In the ordinary representation of superalgebra, this technique is not characteristic.

Consideration of dimensional reduction from four-dimensional N = 1 theory may be helpful
to realize the reason why the models without constraints are allowed. But it is not trivial whether
the B models can be obtained by dimensional reduction of some mother theory as discussed in
Section 2.4, and we need more detailed investigations to answer the question.
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We have then applied the technique of dependent-central-charges to off-shell invariant D =
N =4USp(4) SYM theory with central charge. The ansatz including dependent-central-charges
in the most general form is considered. However, we have eventually concluded that the four-
dimensional theory does not contain such a model without constraints as far as central charge,
which are dependent, are included in the algebra. However the possibility that including more
than one central charge, which is independent, alters the situation remains.

On the other hand, we have also found two kinds of appropriate ansatz including one of
the central charges Uy, Us, Vi, and V5. We have also shown that the two kinds of ansatz
can be interchanged to each other by some redefinitions of gauge-supercovariant derivative in
construction, which means that the two kinds of ansatz are equivalent. We have obtained
the supermultiplets and actions of the two models i.e. the (Vp, Us) model and the (Uy, Vs)
model, which means that we have formulated each model with one central charge Uy, Us, Vj,
or V5. Although only V) can be regarded as five-dimensional momentum from the view point
of dimensional reduction by Legendre transformation as in Ref.[5], any of the models similarly
needs a constraint to be off-shell invariant. In other words, the fact that a constraint is necessary
is independent from which one central charge is included among the four possible central charges.
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