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Abstract

We construct a new off-shell twisted real form of the hypermultiplet with
a scalar and an anti-self-dual tensor superfields. Using the N = 2 twisted
superspace formalism, we construct a Donaldson-Witten theory coupled to
the real form of the hypermultiplet. We show that this action possesses the
Vafa-Witten type N = 4 twisted supersymmetry at the on-shell level. We
also reconstruct the action using a N = 4 twisted superconnection formalism.
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1 Introduction

One of the important characteristic of a topological twist [1,2] is that the BRST
charge of a quantized topological field theory relates to a supercharge. One can con-
struct a new algebra which is called twisted superalgebra by using the twisting pro-
cedure. These algebras consist of scalar, vector and tensor generators. The twisted
supersymmetry is investigated in various models and various dimensions [3-16]. We
are especially interested in Dirac-Kéhler twist [17] which is connected with lattice
fermion. The advantage of this twist is that ghost fields in the quantized topological
field theory are directly related to the gaugino or matter fields in supersymmetric
theory and that an untwisted theory is easily constructed from the twisted super-
symmetric theory. A twisted superspace formalism are then constructed from the
twisted superalgebra [18,19]. Twisted supersymmetric Yang-Mills theories on the
superspace formulation based on the Dirac-Kahler twist was derived in two and four
dimensions [20,21]. Three dimensional twisted supersymmetric Yang-Mills theory
was investigated in [22]. A recent development of the twisted superspace is that a
path-integral quantization procedure with respect to the subsuperspace which con-
sists of scalar and vector fermionic coordinates is proposed in four dimensional N=2
super Yang-Mills case [23,24].

In previous paper [25] we constructed a N=2 twisted superspace formalism with
a central charge using the Dirac-Kahler twist. Our formulation was based on a
tensor formulation coming from the Dirac-Kéhler twisting procedure. We proposed
a N=2 twisted multiplet with a central charge. This multiplet includes a bosonic
vector field. We then proposed a new off-shell twisted supersymmetric action and
gave a gauge covariant version of this action. It turned out that this action plus
Donaldson-Witten action has the on-shell N=4 TSUSY and the four-dimensional
Dirac-Kéhler twist is equivalent to the Marcus’s twist [26].

In this paper we propose a new N=2 twisted real form of the hypermultiplet with
a central charge [27-29]. This multiplet consist of a bosonic scalar and a bosonic
self-dual antisymmetric tensor fields. In this case a covariantized on-shell action
similarly possesses a N=4 twisted supersymmetry. An algebra of this symmetry
is different from the Marcus’s one. An assignment of ghost number is especially
different in these theories. We insist that this theory is equivalent to the Vafa-
Witten theory [30,31].

Another important motivation of this work comes from the recent study of lattice
SUSY. It is well known that the Dirac-Kahler fermion mechanism is well-defined
on the lattice [32-34]. Supersymmetric models with modified Leibniz rule on the
lattice was studied in [35-38]. The characteristic of these models is that all of
the twisted supersymmetries are exactly defined on the lattice. Other models by
using the Dirac-Kahler fermion without modified Leibniz rule possess the partial
twisted supersymmetries. These models was investigated in [39-49]. In the recent
development of lattice SUSY, there are matrix formulations on which we impose
Zn orbifold conditions [50-66]. These models are constructed under the orbifold
condition coming from some global symmetries of some mother theories. The lattice



SUSY models based on the twisted SUSY may be related to the one based on the
matrix formulation.

This paper is organized as follows. In Sec. 2 we give a brief introduction of
the N=2 twisted superspace formulation with a central charge based on the Dirac-
Kahler twist. In Sec. 3 we propose a twisted real form of the hypermultiplet which
is constructed by the scalar and tensor superfields. we summarize a correspondence
between the theories of the N=2 hypermultiplets and the twisted theories. In Sec.
4 we derive a Donaldson-Witten theory coupling to the hypermultiplet. We show
that the supersymmetries of the theory become the N=4 twisted supersymmetry
which is correspondence with Vafa-Witten type one. In Sec. 5 we reconstruct the
N=4 twisted SYM theory with respect to the N=4 twisted superspace formulation.
We summarize the results in section 5. We provide several appendices to summarize
the notations and show the full transformation of on-shell N=4 TSUSY.

2 N =2 twisted SUSY with central charge

In a previous paper [25] we derived the N=2 twisted SUSY algebra and superspace
formalism with a central charge with respect to the Dirac-Kéhler fermion [67, 68].
This algebra is a twisted version of the ordinary N=2 SUSY algebra with a central
charge [69,70]. N = 2 twisted SUSY generators consist of a scalar, vector, anti-
self-dual tensor and central charge {s™, s}, s}, and Z}. The algebra of the twisted
supercharges are

{sT,s5} =Py, {sh, s} —04 P, {st,si} =0,
{S+> S+} =Z, {S;—rv z—/i_ = 5MVZ {SA>$B} = 5A,BZ> (2.1)

where the others (anti)commute, the capital {A} denotes the second rank tensor
indices pv and 5;“/ oo (52{,3) is defined as 5;;, o = OupOuo — Ouo0up — €upo- Through
this paper we consider the Euclidean flat spacetime.

We now introduce the N = 2 twisted superspace based on the algebras. The
superspace consist of the bosonic coordinates z,, z and fermionic ones 6, 9+ 9:1/,
where z is a bosonic parameter corresponding to the central charge Z and 9+ are
fermionic anti-self-dual tensor parameters with (9 zequ09+ P We deﬁne dif-
ferential operators {Q",9F , O, Z} corresponding Wlth the twisted supercharges

{sT, st sk, Z} as follows:

7/1,7

0 0

+ +p +

Q 89++ 9 O + 0 p
0 0

+ + __+ v +

Q) = 50 T+ 0 s 2%3 +2€“8z
0 . 0

Qo = 90+A 9 5Auu 010" + 0 Apy
0

Z = —j— 2.2
i (2.2)



These differential operators satisfy the following anticommuting relations:

{@", Qi =i0,, {Qy, Q1) =—id},0", {Q",Q4}=0,
{Q+v Q+} =—-Z, {Q:’ Qz—/i_} = —0wZ, {sz QE} = _5X,BZ’ (2.3)

where ae+ so7x05 = 04  and Z commutes all the differential operators. The sign of the
spacetime derivative is reversed with respect to the algebra (2.1). We then intro-
duce differential operators {D*,D;f, D} } which anticommute with the differential
operators {QF, QF, Q1 },

0 9,
pt — 9 _lpmy _tp+r 9
00+ 9 Ou 9 9z’
9, 9,
DF = — —9+8 9+ 0" — 9+
w7 ag 30w T 5%y
0 . 0
Di = st 5; L0t — e; . (2.4)
These operators {D+, D;f, D} satisfy the following relations:
{D+ D+} - IM {DZ’ D:} Zézw/ay {D+7DX} = 07
{D*, D"} = 2, (D). Dy} =02, {D}. Dy} =152, (25

where Z commutes these operators {DF, D, D} }.

3 A new twisted hypermultiplet

In the previous paper we constructed the twisted multiplet introducing the bosonic
superfield with vector index. We now introduce bosonic superfields with a scalar and
an anti-self-dual tensor indices, YV and V respectively. Since a general superfield
has many component fields, we need to eliminate superfluous fields. We then use
the R-symmetry in order to impose a condition on the superfield. We also introduce
R-transformations for the superfield V',V and supercharges:

RV = Vi,

RIVE = 3513 v+—ér;Bc yre

Rist = — 6ATW v

Rist = —%sj,

Risp = %5XB 8+_éFXBC st

Ris) = ——(5jw v (3.6)
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where I'f{ 5 is an anti-symmetric tensor defined in the Appendix. The {D*} oper-
ators transform in the same manner with respect to the supercharges. We can find
the following R-invariant terms,

RI(DfVT+D™V]) =0,
1
Ry (DY + ZD*’BVE) =0,
1
RY(DLHVT =DV + 1—6F§CDD+CV+D) = 0. (3.7)
We may impose the following conditions:
Ry(D™VY) = Ry(D, V") = Ry(DpV") =0,
Ri(D'V;) = RY(DLVE) = RE(DVE) =0, 53
The constraints (3.8) mean that D VT and D; V} should be the R-invariant, where

{Df} = {D", D}, D}}. We can then find the following relations between V* and
V1 by using eqgs. (3.7) and (3.8):
04 WDV DIV =0,
DIVt £ DY =0,
DIV} + DEVE — 265 ,DHV =0,

DiVE — DEVE — iFjBC(YTCVJF — DY) =0. (3.9)
We define the component fields as follows:
Vi =, Vi =vl, ZVt| = K, ZVi| =K},
DiVT| = )7, DY = A, D:V+| =Yy, (3.10)

where | means to take the lowest components of the §’s. Higher components of ’s
in the superfields V* and V) are expressed by the derivative of the fields (3.10).
From egs. (3.9), we show some twisted supertransformations:

stug = QNI =DVl =-\},
1 1
stA = QDY =DtDTVT| = 5ZV+| = 5K. (3.11)

We can also find the other transformation laws of components fields.
N=2 TSUSY with a central charge and R-invariant action is the following form,

1 1
Sy = 5 /d4:1:Tr( — 0", v — Z@“UA(?MUA + 4ipH (O N — 0"\ w)
1
4
This action can be represented by the superfields. We omit the explicit form of the
superfield action because of a complicated one. We will show a covariantized action
with respect to the superfields in the next section.

YK+ K“ﬁ(j). (3.12)
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An untwisted theory of the twisted multiplet corresponds to the real form of the
hypermultiplet [29]. The spacetime tensor fields v/, and K}, in the action (3.12) are
not spacetime tensor in the untwisted theory any more. We will discuss the detail
of the untwist of the theory. We apply the Dirac-Kahler formalism to the super

transformations,

— 7 1
(QP+)ar(PyV) 5 = —§auv75g(P+)1J - g@”ﬁﬁg(%ﬂ)ﬂ
1 1
+§5a5(P+)J[K + g(saﬁ(’}/APJ’,)JIKX’ (313)

1 1
(WP)ar = S{O+ 60" + P25 P ar,
1
(QPo)ar = {(s+ 50" + 7557 Pibar (3.14)

where o, 3, I, J € {1,2,3,4} are still the same spinor indices. In the above transfor-
mation we may ignore I = 3 and I = 4 components because of the projection matrix
P.. The indices I, J € {1,2} are identified with indices of the SU(2); R-symmetry
group of the N=2 supersymmetry. We exchange (v*);; to (I'*);;, where T'* is the
gamma matrix of the internal SO(4) symmetry. In this case the gamma matrices
appears with the projection P, , so that the internal symmetry reduce to the SU(2)
symmetry. The transformation is

Qa \Iljﬂ = —5(5 ﬂgﬁﬁuv — gvgﬁﬁﬂvj(af‘)ﬂ + 5(5 j(sa/gK + géa,gK:X(O'A)iJ, (315)

where i = [ and j = J, {i,j} € {1,2}. In this section ¥V=2_% denotes ¥, without
confusing. Thus the v} and K| are not spacetime tensor fields but spacetime scalar
fields. We redefine the bosonic fields as follows,

W=, (wi?)* = in(UA)ij, (K9) = EKX(UA)H. (3.16)

The w;; satisfies the following relations,
Wij = Wj;, (W) = eikejlwkl (3.17)
where w;; = —ejkwik. The scalar fields w and K are 1 and w;; and K;; are 3 of

SU(2); R-symmetry group, respectively. An action of the untwisted theory is

1 1 . _ ) 1 1. ...
Sw = /d4x(—§8“wauw - Zauw”ﬁuwzj + 22\111’7#8“\112 + §K2 + ZKUKZ‘]’). (318)
This action is known as the real form of the hypermultiplet.
The theory possesses an additional SU(2) symmetry. Redefine the fields we can
see clearly the SU(2) symmetry.

& = wi + 6w, Ki =K+ 6K, (3.19)



where @7 and K/ are 2 ® 2 of SU(2); R-symmetry. One of the SU(2) indices can
be regarded as a independent SU(2) index. For example,

(I)Z'j — (I)ia, Kij — Kia, \Ijai - qjaa (32())

where index a is SU(2)pe which is known as Pauli-Giirsey group. An action and
transformations are

. _ 1~ -
5. — / d'o(— ;050,00 + 2T AP0V + K UK),  (321)

{ 1 -

Qaiﬁaﬂ = _§<’y#)a,@au€ab€ij@jb + §€ab€injb7
Qai@ja _ 4\Ijaa5ji>
Qu'K;* = 4i(7,0"0%),0;". (3.22)

When we take a diagonal subgroup of SU(2); ® SU(2)p¢ in the action (3.21), the
action corresponds to the action (3.18).

We here summarize twisting procedure of this theory. The global symmetry
group is SU(2), ® SU(2)r ® SU(2); ® SU(2)pg, where SU(2), @ SU(2)g is the
rotation group SO(4). Since the theory has two independent automorphism groups,
we can define three different twisted theories. We can identify SU(2); with SU(2)g
and SU(2)pe with SU(2)g, respectively.

1
O = Da° =08 + vt (0")P,

40w
1 1
£t — gaﬁ = §(>‘5aﬁ - 1/\2—”(0—#1’)&5)’
. . 1 .
7= 0™ = S, (3.23)

where U7 = (£,%,977%%), and a twist of K;* is similar to that of @ . The twisted
multiplet consists of the fields {v, v}, K, K}, x, xi and ¢, }. This multiplet is the
twisted version of the real form of the hypermultiplets.

We can identify SU(2); with SU(2)r and SU(2)pe with SU(2), respectively.

Wiq — (Z)ad :Z.Vu(o—u)ozda

Kia - J)ad = _iKp,(O-M)ao'm
1~
éaa - gad = 5@%(0“)0@
—& & L |
T = 0% =5(00% + X, ([@)%). (3.24)

This multiplet consists of the fields {V,,, K,,, 7, x,; and 12“} The twisted multiplet
was derived in [25].

The action (3.21) corresponds to the Fayet-Sohnius hypermultiplet action, when
we adopts the following relations,

~ ; i~ =T
A; = o, AT = 2, v, =1, U,2=-CVU,_,
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K; = K;', K = K2, (3.25)

where ¥, is Dirac spinor. The last twist is given by taking a diagonal subgroup of
SU(2); ® SU(2)g only. This twisted model was given in [19].

4 Connection to the Vafa-Witten theory

We pointed out that the twisted multiplet action coupling to the gauge multiplet
possess the twisted N=4 supersymmetry at on-shell level [25]. We will investigate
the N=4 twisted supersymmetry in this case. We define covariantized operators in
order to introduce the gauge multiplet.

vVt = Dt —il,

+ — + ;
V# = D“ — ZP!“
ng = 'Dj — iFA,
V. = 8,—il,, (4.26)

where {I',T",,I'4} and I';, are fermionic and bosonic connection superfields, respec-
tively. We then use the superconnection formalism [19,71,72]. The supercurvatures
are defined as the following commutation relations,

{(VH, Vi ==V, (VL Vi}= iéj,w,vz, {VH,Vi} =0,
{VJrver} :Z_ifv {Vz7vj} :6#V<Z_iw)7 {vjvvlg} :623(2_@.?)7
{Vw V)= _i}—g,za (4.27)

where F and W are bosonic curvature superfields and appearing in the twisted
vector multiplet and F,, are supercurvatures with the gauge fields. The curvature
superfields F, W and F,,, commute with the central charge Z.

In the covariant case the constraints of the superfield corresponding to the con-
straints (3.9) are

5k VTV VIV =0,
ViVt + VYL =0,
ViVE + VEVE — 261,V =0,

1
ViVE - ViV — ZFXBC(v+Cv+ — VYo =o. (4.28)

We define component fields of superfields which is consistent with Abelian case.

1 12
Fl=oé  VpFl=Cu 00, V"VF = =0k,
W=, VIWI=xh VW] = x,
Vi =, Vil =vl, ZV*t| =K, ZVi = K},



ViVt = Ak, VIV =, VIV =1,
V.| =D, T, = A (4.29)

where D, and A, stand for the usual covariant derivatives and the gauge fields,
respectively. Taking into account the Wess-Zumino gauge, we eliminate the lowest
components of the fermionic superconnections and some fields appearing in higher
components of #'s. For example a nontrivial TSUSY transformation can be derived
in the following manner,

st

Q+V+V+| v+v+v+|
R N
= LAV - LE VY = oK - L[l (4.30)

We can also find the other twisted supertransformations for all the component fields.
We show the N = 2 twisted SUSY transformations of the hypermultiplet in Ap-
pendix A.

These transformations satisfy the following commutation relations,

{s".sTho=Zp —ilo, ¢, {s" syt =—iDup, [s7,Z]p=0,
{ ;H V}@_dle(p MV[¢7 ]7 { MasA}(p /WADV(P7 [ M Z]QO:O,
{SA’ SB}SO - 5 — 1 A,B[gba 90]7 {S ) A}Qp =0, [8A> Z](p =0, (431>

where ¢ = v, v}, A\, A\, ¢, K, K} and D,p = 0,0 — ilw,,¢]. These algebras are
closed at the off-shell level up to the gauge transformation.

A genaral method of the constructing (twisted) supersymmetric actions with a
central charge is unknown unfortunately. Adopting the Sohnius’ method [70], we
can construct a covariantized action of the real form of the hypermultiplet. We
derive the action by taking the lowest components of the #’s. We then obtain the
covariantized action as follows:

1

1
= /d4xTr
2

1 /1
{—( T, VIV (VHZY ) £ VIV (VR 2V, -V 2V))

1 1
+55 (3 4F*A;BCV+AV+B(V+C ZV) = Tl VHVHE (V2140
f 1

i Fchv+V+A(V+BZV+C) QFXBCVJFAVJF (V+BZV+C)>

1
12( VAV V2V + ZV+V+A(v§zw)+1—6v+f‘v+B(v;§zv;)

—Zv“‘v*(vjzvﬂ - ZVWM(Wzv;) -

1
MVMWB(VXZVE))} ,

(4.32)



where we impose the R-symmetry (3.6) on the action to restrict forms of the action.
The invariance of the TSUSY is guaranteed as follows:

Q" Lyl = VLy

= z'aﬂ{Tr(WZv;W - ZVTV iVt
—VELEZVHYT 4 ZVIVVJFVV*)}‘. (4.33)

This implies that the lowest component of Ly transforms as a total divergence
under the s™ transformation. The rest of the TSUSY transformations have the
same character. The action is invariant for all the TSUSY transformations, but the

action cannot be expressed by {s*, 3:[, sk} exact form.

We construct an off-shell Donaldson-Witten theory coupled to the twisted real
form of the hypermultiplet. The off-shell Donaldson-Witten theory are given by
using the twisted superspace formalism [19,21]:

1
SDW = §/d4l'd49 TI"./T2
1 - . v -
= 5 [@iat( = 0006 —iCH D - D) + (P
1 1 1—
+5000 X} + go X} + 50{C". G}
1 2 1 + \2
+310,0 - $(65,)?). (4.34)

We redefine the component fields as

1 1 1 _ _
A — =\, )\jg — 5/\1], Y, — —5@0“, O — —o, (4.35)

in order to adjust coefficients in the action. We then derive the off-shell Donaldson-
Witten theory coupled to the twisted real form of the hypermultiplet as follows:

S = —(Su+Spw)
= —% / d4xTr( — D'yD, — ED”UAD#UA + ¢D"D,d + (F,)?
(DA~ D M) + 61 U — 5B} - A
—iCH(Dyix — D) — 5BLCM Cud + 200+ 5600 xd
Sl AR T g A8 — i (O, )
F{CF 9} — SO A+ T DoAY — i A

9



—_

ol [3.0]] + o[ [0, + 2016, (6,03
o6, 16, vkl + 716, + 56t vk o

1 1
— DOk, o] + KK 4 KRG~ Zw%g). (4.36)

+

0]

+

RN

NN

This action possesses the off-shell N=2 twisted supersymmetry. We then investigate
a symmetry when we eliminate the auxiliary fields K, K} and ¢7. The equations of
motion of the auxiliary fields are

65 =~ Tinclo™P v O il o), K = Kf=0. (4:37)

We find that the Z transformations for the components {v, v}, A\, A%, ¢,} of the
twisted hypermultiplet are equivalent to the on-shell conditions and therefore these
transformations disappear at the on-shell level. The on-shell action is given by the
following form:

Son-shell = _% / d*zTr
X ( — D'Dw — %l'D‘uUA'DuU A+ 0D"D,d+ (Frp)
MDA = D M) + L 0(0 0} — SHAN) - B AT)
—iCH(Dyix — D) — 5BLCM, Cud + 2000 b+ 5600 )
Py B S S o (e o'
FiofOF ) — S0 G A) + Dot AR — i A)

4010, (6,0 + 3006, 6,01 + 50406, B, 03]) + 506,003

2 2 8
1 1
A e B 80 o) (4:38)

We then find that the action (4.38) possesses the following symmetries:

¢ - _57 a - _¢7 v — v? /Uj{_ - _/Uj‘_7

X < A, XX “— /\jg, C,u — )\ﬂ, A” — AM. (4.39)

Applying these discrete symmetries to the twisted SUSY transformations, we obtain
new fermionic symmetries which is shown in Appendix A. We express new scalar,
vector and anti-self-dual tensor supercharges as {57, EZ,EX}. We then find that the
commutation relations of the supercharge form a new N=4 twisted SUSY algebra
and this action possesses the N = 4 twisted supersymmetry. The explicite form of

the N=4 twisted SUSY algebras are given in Appendix A. These algebras closed
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vt Vi vl v Vi v v,
VT | —iF 0 0 —iyt —iV5 —iV, —iF,
Yé —i03sF 0 RO WA 1 V1 A ) WAL R
V, —i8,, F | =iV, i05 ,, i, VT — iV, | —iF,,
v W 0 0 —iF,
Va —i6} pW 0 T,
v'j'_ _ié;u/w _ZIFHZ
Vi "

Table 1: N=4 twisted supercurvatures

at the on-shell level up to the gauge transformations. In this case the ghost num-
bers of twisted scalar supercharges s™ and 57 are +1 and —1, respectively. s% is
BRST charge and s* is anti-BRST charge. We conclude that this N=4 twisted
supersymmetric theory is equivalent to the Vafa-Witten theory.

5 N =4 twisted superconnection formalism

The Marcus type N=4 twisted supersymmetric theory was derived from N=4 twisted
superconnection formalism [73]. We then reconstruct the N = 4 twisted super Yang-
Mills theory (4.38) which is derived from the N=2 superspace formalism by using
N=4 twisted superconnection formalism, similarly. We represent sixteen superco-
variant derivatives as {V*, V:, v;,V*,V:,vj}. We impose special constraints
on general curvature superfields based on the twisted superalgebras in Appendix A,
and construct the N = 4 twisted super Yang-Mills theory directly. We define the
(anti)commutation relations of these supercovariant derivatives in Table 1, where F,
W, V* and V} are bosonic supercurvatures, F, Fay, Fuy, Fu, Fa, and F,, are
fermionic supercurvatures and F,, is a bosonic supercurvature which includes the
ordinary curvature F,,. We can gauge away some superfluous fields in the supercon-
nections by taking Wess-Zumino gauge. From Jacobi identities of the supercovariant
derivatives, we derive the following nontrivial relations:

VF = ViF=V.F=0,

VW = Vw=viw=o, (5.40)
1 1 v [ S AR L=+
FH _ —EV’:F, fA7M _ §5Z7MVV+ f’ ‘F,UZ = —E(Sw,v F"’ EVMVF’
_ Pt — S i i
Fu=—5VuW: Fau= _§5va W, F., = —§5WV+W + §V;VW, (5.41)
1
Fuw = —5VIVLWH IV VILF



- ——v VoL F 4 [v VW, (5.42)

VYt = —%V+.7-", VoVt = lv;f, ViVt = —%v;f,
VYL = —%VZ]—", ViV = —15; WVF,
Vvt = —%V*W, ViVt = —v W, Vvt = —%vgw,
Vvi= %v;w, V. Vi= 51;Wv+”w,

ViVE = —5;Bv F+ 8r I v

Vivi = ——5;Bv+w gervaW

It should be noted that the curvature superfields 7 and W are (anti)chiral superfield
of non-Abelian type from eq. (5.40). F., Fau Fup, ]:w Fa uand F v are expressed
by the superfields F and V. We define the component fields of these superfields F,
W, VT and V} as the following forms:

W|=—-6 VW| =y, VMW| = w,m VaWl=xh,  Vil=vi.  (543)

We can derive N = 4 twisted supertransformations by using the above equations.
The N = 4 twisted supertransformations strictly correspond with the twisted ones
for Donaldson-Witten theory coupled to the real form of the hypermultiplet at on-
shell level in Appendix A.

6 Euclidean N =4 super Yang-Mills Action

We derive an ordinary N = 4 super Yang-Mills theory by untwisting the twisted
N = 4 super Yang-Mills theory of the Vafa-Witten type in this section. We construct
Dirac-Kahler fermions from the tensor fermions {\, A}, 4., x, x}, C..} appearing in
the twisted N = 4 super Yang-Mills theory. We, however, cannot construct one
Dirac-Kahler fermion form these fermion®. The reason is that the Dirac-Kéhler
fermion needs to a self-dual tensor field and a anti-self-dual tensor field but this
action does not contain self-dual one. Thus we define two Dirac-Kéahler fermions
with the chiral projection (P, );; where I, J =1,---  4:

. 1 Ly
UIN=2 = (P gr = —{(/\ + Py, + Z)‘Jm V) Py }ar,

3Tt should be noted that in the case of Marcus type an ordinary Dirac-K&ahler fermion without
projections is constructed by fermions {d)w 1, X 1> X> Xi, C.} in four dimensions [25].
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iN= 1 1 Y
XY= = Xas(Po)ar = SO0+ O+ X %) P Jar (6.44)

I = 3 and I = 4 components are vanished in these fermions because of the chiral
projection P,. It means that these fermions are the N=2 fermions.
The action (4.38) can be represented by the Dirac-Kéhler fermions (6.44).

1
S = —§/d4xTr

1 —
X ( — D"vD,v — ZD“UADMUA +¢D"D,¢ + (F,,)?

_iVNZQ,yuDM\IJiN:Q . Z-YiN=2,yuDMX¢N:2

9% EiN:2P+\IJ¢N:2 + 2 p piN=2
+22¢ YiN:QP-l—XiN:Q _ 21,5 YiN:QP_XiNZQ
—2i0 U TP N2 4 250 T TPy IN=2
— % YiN:2P+\I/iN:2 + 2%v YiN:2P_\I/iN:2

—iN=2
v

1 . iN= R ) 1A . GN= -
—2@(—Z&M,,U+W)WN 2P+X3N_2+2@(—ZJWU+W)”\IJN Py N=?

1 L . 1 o N
+2i(_Z&uVU+#V>ZJYZN_2P+\IJ]N_2 . 2Z~<_Zé_uyv+ul/)z]X1N_2P_\Iij_2

43006, [6, ] + 3006, 6,0 + 50416, 6, 3] + 5076, 0, 03]

2 8
1. - 1 1
016,08 — oS lof, vl o) = <[k, ol o)), (6.45)
4 32 4
where ¢ = %(0“5” —o¥a"), o* = (0}, 0%, 0%, 0%) 0" = (—o!, —0?, —03, o),
ot = ily.s. We furthermore construct a fermion \I/é with the internal SU(4) R-

symmetry from the U¥¥=2 and y!V=? with the internal SU(2) R-symmetry. We
define the fermion ¥! with the SU(4) R-symmetry as follows:

vlo= pin=2 {I=1,2},

vl = V=2 {I =3,4}. (6.46)

We construct fields ¢£] and ¢!’ of a 6 representation with SU(4) symmetry from
the bosonic fields: ¢, ¢, v and v} as follows:

(25 0 U+ iUlg —V13 — ivl4
ol = 0 ¢ Vi3 — W4 U — W12
B U —1v1p V13 iU —¢ 0 ’
—vU13 + iU14 v+ ’iU12 0 —¢
—Qb 0 —U — iUlg V13 + iU14
gZ;IJ _ 0 —qb _U13j’ iU14 —U + Z"Um (6 47>
—v + ’ivlg —V13 — Z"U14 ¢ 0 '
U3 — Wiy —U — V19 0 5
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The ¢!7 and ¢!’ are satisfied with the following relations:

¢}J = —¢u, gﬂj = —d1s, (6.48)

(Co)1, = _%GIJKL<C¢)KL, (6.49)

where ¢, ¢, v and v} are the anti-hermitian. We can interpret the W/ as spinors
in the N = 4 SYM theory since the Lorentz symmetry in twisted theory separate
the Lorentz symmetry into the internal R-symmetry. We reparametrize component
fields as

\I/I N ’i\I]I, (bIJ N _,i(bIJ7 <ZIJ N _Z'(gIJ’ (650)

and we derive a N = 4 super Yang-Mills action as follows:

1- U —T 1
S = — / d4:cTr<§q§”D“Duqﬁﬂ + 5 YD, 4 §(FW)2
— — ~ 1 .~ ~
_’_\I/IP+\I]J¢IJ + \DIP_\PJ¢IJ _ 6_4[¢IJ’¢LM] [(bJIa (bML]) (651)

7 Conclusions and Discussions

We have constructed the Vafa-Witten theory by using N = 2 or N = 4 twisted
superspace formalism based on the Dirac-Kéhler mechanism. We summarize the
Dirac-Kahler mechanism in this paragraph. The Dirac-Kahler mechanism gives the
way to identify the N = 4 extended SUSY suffix {i} as the Lorentz spinor suffix
{a}, i.e. , diagonal subgroup SO(4) ® SO(4); [21]. The N=4 fermions based on
the Dirac-Kéahler mechanism consist of two scalar, two vector, a self-dual tensor and
an anti-self-dual tensor. These fields just correspond to the fields which appear in
the Marcus’s theory. Since Vafa-Witten theory possesses two anti-self-dual fields,
we cannot construct one Dirac-Kéahler fermion. We can, therefore, construct two
Dirac-Kéhler fermion on which is imposed the chiral projection (P );; with respect
to the R-symmetry.

We proposed the N = 2 twisted superspace formalism of the twisted real form
of the hypermultiplet with the central charge based on the Dirac-Kéhler twist. We
then introduced the bosonic superfields with a scalar and an anti-self-dual tensor
indices, V* and V} respectively, while we introduced the bosonic superfields V, with
a vector index in the previous paper. The theory given by using the superfield with
the vector index is as a result Marcus’s theory [25]. In the scalar and the tensor
superfields case we have derived the off-shell action with the auxiliary fields K and
K} by imposing the constraints on the superfields from the R-symmetry. We have
also construct the twisted gauge covariant action with the Wess-Zumino gauge and
have derived the off-shell Donaldson-Witten theory coupled to the covariantized real
form of the hypermultiplet. Integrating out these auxiliary fields K, K} and ¢},
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we then found that the Donaldson-Witten theory coupled to the real form of the
hypermultiplet possessed the discrete symmetries. From these discrete symmetries
we can derive other fermionic symmetries whose generators are {5%,5%,54}. Thus
the symmetries of the theory is enhanced to the N = 4 twisted SUSY without a
central charge. The ghost number of {57, 5}, st} are {—1,+1,—1}, while the ghost
number of {s¥, s/, s4} are {+1, =1, 41}, where two scalar supercharges s* and 5%
are identified with the BRST charge and the anti-BRST charge, respectively. We
claim that this twist is identified with Vafa-Witten twist. We explain this more
precisely. We can immediately represent the Dirac-Kahler fermions by using these

twisted supercharges as follows:

1
o = {(S +tsy +47’“’+)P+} :

1
2 = {(3 +9"5) +47“V+)P+} E (7.52)

where we define {QL,, Q%,} as Q7. We can then represent {i, A} € {1,2} as the
suffixes of the SU(2); and SU(2) 4 group, respectively. In this theory, the internal R-
symmetry group is SU(2); ® SU(2) 4 ~ SO(4);. We have shown that the untwisted
theory possesses N=4 SUSY with SO(4); R-symmetry. As the manner of the twist
are well known in the papers [30,31], the Vafa-Witten’s twist is given by taking the
diagonal sum of SU(2); of the R-symmetry group SU(2);SU(2) 4 and SU(2), of the
rotation group S U2)L® S U(2)g. In two component spinor notation, Q2. is divided

into QAZ and Q where Q is independent of QA’ in Euclidean spacetlme We then

identify internal SU(2) index i with SU(2);, index 8 : Q¥ — Q2 QM — Qaﬁ-
The supercharge Q7 is expressed by the two scalar charges and the two anti-self-

dual charges. On the other hand the supercharge 625 is expressed by two vector
charges. We then found that the Dirac-Kihler twist of Q7% with chiral projection
is equivalent to the Vafa-Witten’s twist after rewriting the tensor representations
with the spinor representations. We found that this action corresponded to the
Vafa-Witten theory because of possessing the same ghost number of charges and
the same algebras. Untwisting the theory, we have immediately derived the N = 4
super Yang-Mills theory by using the Dirac-Kahler mechanism.

One of the main aim is to establish the off-shell theory in the N = 4 twisted
superspace. We have tried to construct the N = 4 twisted superconnection for-
malism of the twisted vector multiplet without a central charge. We then intro-
duced the bosonic curvature superfields {F, W} and {VT, V} corresponding to the
Donaldson-Witten theory and the twisted hypermultiplet, respectively. We have
imposed the special constraints on the anti-commutation relations of the fermionic
supercovariant derivatives {V T, V:, v;,V*,V:,Vj} and constructed the N = 4
twisted super Yang-Mills theory. Unfortunately, we have naturally derived the equa-
tions of motion from the Jacobi identities of the supercovariant derivatives and de-
rived the same twisted supertransformations as the Donaldson-Witten theory cou-
pled to the twisted real form of the hypermultiplet at the on-shell level.
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In N=2 supersymmetric theory the action (3.21) has the internal automorphism
group SU(2); ® SU(2)pg. Thus we can construct three different twisted models:
(i) diagonal subgroup of SU(2); ® SU(2)g and SU(2)pg @ SU(2)g, (ii) diagonal
subgroup of SU(2); ® SU(2)r and SU(2)pe ® SU(2)y, (iii) diagonal subgroup of
SU(2); ® SU(2)g. In this paper we have proposed the type (i) twisted real form of
the hypermultiplet model. The action (3.12) is similar to a vector-tensor multiplet
[74-77]. A difference is that the vector-tensor multiplet is a gauge multiplet with
central charge. One can derive a twisted version of the vector-tensor multiplet by
using the Dirac-Kahler twist.

Some topological twists were classified by the way of taking diagonal sum for
two global symmetries, i.e., the Lorentz symmetry and the internal R-symmetry in
Euclidean flat spacetime [1,26,30,31]. We are particularly interested in the Dirac-
Kahler twist which is one of the representations of the topological twists because the
Dirac-Kahler fermions correspond to the Kogut-Susskind or the staggered fermions
on the lattice. In the recent years the twisted supersymmetric theory is applied
to the lattice theory. We have constructed the Vafa-Witten theory by using the
Dirac-Kéahler mechanism in this paper. We may therefore construct this theory on
the lattice.
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Appendix A

The N=2 twisted SUSY transformations of the real form of the hypermultiplet
coupling to the vector multiplet are given in the following lists.

5T T

S
v A P+
vh —AE ~ 0, 0"
A [¢, v] —%D v+ ZDVU:V
Ab —5 K + 59, vi] 505, D0 + 3D — £ pe,, D0t
wu —;'D,,’U - ‘IDPU—F 15uuK %K:—V - %5uu[¢a U] + %[¢7 U;Tu]
K —1D*p, + [ v] —iDy\ + iD")\:[V + 5(C, v]
+§[><X,UTA] +i[g, Al +5[C%, v ] + (¢, ¥
K} zég DI — LxE.v] + 2[x, vf] iégu DY\ +iD, 5 + iFECWD”)\*C
31 BeplX +0 P — [cb, 5] 505 wlCY, 0] 4+ 5[C, v]

+3 FBC’/U/[OV U+C] 15—5 uy[¢7 1/’”]

S
v Ny
UE 523)‘ + %LFXBCAJFC
A %K:Xr _.%[Qﬁvvﬁ]
/\JEF; %5:{, IFXBCK+C - %52,3[@ v] + ABC[CZ5 vt ]
Y, 43 5AVpDU_%D UA—i—iFZBVDv*B
K | —id} D"y — sho vl + %[Xm ] + 32FABC[X+Ba vt + i, Af]
KE _1523@ Y — iFXBHVD ?/JV [XA7 UB] - ‘[XBa UAﬂ + %5;3[)(7 v]
+é5X,B[ O vE +E FABC[ e, U]__ %FXBC[Xa vt
_H(S A,B [¢> ] ZFXBO [¢’ )‘+C]
Z
v K
vy K
)‘ _Z.,D'udju [ U] + 8[X+A +] + Z[¢7 ]
)‘E 25—5 puDM¢V + %[XE7 ] - _[Xa UB] + 32FBCD[ +07 +D] + 2[57 /\E]
Yy —iD, A +1DPAS, 4 5[Cy, 0] + 5[CP, v} ] + ¢, 1),
K _DMD#U + i{OM7 ¢#}_+ i{x—i_A /\+} + Z{X7 /\} - _[¢+A +]
+ilg, K] + i, K] + 5[0, [, 0] + 5[0, [6, v]]
Kf —D“DWB 0%, {C*, 0+ i AL — 16 A B}
6l bepix ™, S z[ch, v] +i[o, K*]_+ ilg, K3]
+16FBCD[¢+C U+D] [925 [¢ UB]] [¢, 9, UEH
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We show the full list of the on-shell N=4 twisted SUSY transformations and the
R-transformations.

ght st ¢
v 0 %/\ —l
Ug 0 —%)\E 15;“/@/)”
A 1 —i[¢, v] —iDyv + zD”v;ﬁ,
A1 i, v}] 105, D"V + ﬂzuvg — ﬁ_FECWD”v+C
Yy | 1| iDyv+iDlv;, 10, |0, V] + i@, v}F ]
¢ | 2 0 .
¢ || —2 X 0
XE 1|35 I_‘JBgC'D [U+C U+D] _Zég uuDV¢
—Z[UB, v] — 2F4
Cl/ ]- _ZDV¢ = F:Bul/[v-i_AJ U%B] - [U:U7 U]
) +2F—V - %6uu[¢a ¢]
Al, 0 —%O,/ _%(5MVX — X;y)
o 7
Iii- 1o+ 5)1\er c s+ _%'UZJr c
Up 304 A+ 3T apcA™ 50450 — gl hpcv™
Y —i0} plo, ] + T hpeld, v 0
v, || —id} PP+ iD, vk — ﬁFjBVpD%*B 0
¢ 0 0
¢ _XA O
){l- +Z FEBC[ +f vl il j1]+2FAC S+ _%'XJA; c
Xz | ilva, vE] ZFABC[ vt v + 3T g T 504 X — sl apex”
16,9 |
c, us; DR g%, O
A, g%, .Cr 0
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5T

S Su
! 7% 2O
Up §XB_ 5Euuoy
A —310, 9] —iDyu¢
Ab || 5 Boplv™ vt Pl 4 v, o] — 2FF i0 ,, D¢
0 iD,3 AT 0, 0B il o] + 28,
+20,[0, 9]
? A 0
¢ _0 _w,u
X i[¢,v] —iDyv — D"},
X3 i}, v] i(%WD”U —iDvf + iFECWD”vJFC
sz ZD,/U - iIDp'U,j_p 7:(5;11/ {(bv U] + Z[¢7 ,U:u]
A, —5Uy _%(5;“/)‘ — A;;,)
5t R,
’li 15+ %X;E + | o+ %UX + c
Up —3045X — 5T Apex " —50A4,8Y — sl apcv”
A : FXBC[UJFBWJFC] [UA7 o] + 2F+ , _%‘)‘Af
Y @[U:xra vpl + ZFXBC[U+07 _] 1FJA?BCFJFC %52,3)‘ %PXBCA ¢
—3 5:5 B[¢> Q_ﬂ ]
1/}11 _152 Vprgb _%52’””1#1/
10) /\+ 0
6 0 0
X _ [Cb UA] 0
XE '5A 5l v] + ABC[¢ vt ] 0
C, | —id} VPDPU —iD UA + §Thp,, D07 0
A, 5;{ va,b 0

The N=4 twisted supercharge {s™, s’ Sy, S
mutation relations up to the gauge transformation at on-shell level.

+
A

s+ ot
RN

{5 s} = —i(0up + 0g(wn),  {sisile =

3550w = —i(0up + 0gwnp), {51 5ap =
{st,sT}p = dg(—¢)P {s:, sttp =4, 5g(¢
35,5 p= Og (@) P (5..5 o= 6#1/5%( ¢
{5+>§:}<P =0, {s* 3,4}90 = 5 P,
(37,55 p =0, (5T, sate = 5g(v )P
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51} satisfy the following com-

+
zéAW

+
zéAW

(0" 4 dg(—wn)p)
(0" + dg(—wnyp)

{sh, 5510 = 04 pog(—e)®

(540,35 p =0} 5g($)907
{SA7 M}QO =0
{sAv :}()0 =0



~ 1 _
{sX:5pke = 04 pdgw e — ;T hpcdgwo)e, {7,537} = dgwyp,

{s;,?j}g& = _(5;1,1/5g(1))90 + 5g('uffy)907
{s",site=0, {57,354} =0,

where dg () = ile, o] and dg Ay = Dy .

Appendix B

In this appendix we define Euclidean four dimensional y-matrices:

{7#771/} = 26;11/7 fYML = 7M7 (Bl)
where v, satisfies the Clifford algebra. We use the following notations:
1 -
Y = 5[7/”71/}’ Y = VuY5- (B'2)

~v* can be constructed from the 2x2 matrices o* and 6* in the following way:

0 io#
L

where o = (0!, 0% 0%, 0%) and 6" = (=o', —0? —03,0%). o' are Pauli matrices for

i € {1,2,3} and 0% = i1y45. A matrix B and a charge conjugation matrix C' are
defined as follows:
Y =nB"'v;B, BB =el,
Yo = nC’lfy;‘fC, CcT =eC, (B.4)
where (n,€) = (£1, —1).
In a four dimensional Euclidean space Majorana fermions do not exist because

the factor e should be equal to —1 [78]. A Majorana spinor satisfies the following
condition,

V" = By, (B.5)
which leads
W = B*1Y) = B*Bu. (B.6)

Thus the existence of Majorana fermion requires B*B = 1. This condition can not be
taken in four dimensional Euclidean space. We can, however, take a SU(2)~USp(2)
Majorana fermion and a USp(4) Majorana fermion which satisfy the following con-
dition, respectively,

P* = €1ByY, (B.7)
7\pl* — Clmbm’ (BS)
wherei,7 € {1,2}, [,m € {1,2,3,4} and these fermions correspond to the fermions

which appear in N=2 and N=4 supersymmetric theory, respectively. In this paper
we choose (n,¢) = (1,—1) and C = B = —v173.
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Appendix C

In this appendix we explain the N=4 SUSY algebra with USp(4) Majorana condition
in Euclidean spacetime. N=4 SUSY algebra is

{Qar, Q) = 2115(v")apP. (B.9)
We can also represent the four components supercharge as the following form,

Qai ZQaz
a = i —& y BlO
Qar ( Qq ) (B.10)

L= ( 66j 5?3" ) ’ (7")as = ( Z-(gg)aﬁ i(ag)aﬁ ) : (B.11)

The USp(4) Majorana condition (B.8) is the following form,

(Qar)* = CupQssCy1, (B.12)

Q' Qi) Q) (B.13)
1Q Q ; iQai  —Q4'

Using the USp(4) Majorana condition, we define a Q;,, as:
o — oot — [ (@ @@\ (-9 iQu -
Qla (Qal) ( (iQai)* (Q i)* Z’Qm’ _Qai ’ ( ’ )

We can then describe the algebra (B.9) with respect to theses two-component su-
percharges,

{Qaiaadj} = 25ij<o_u)adpu> {Qaiaad]’} = 25ij(o—u)ao'zp;n (B15)

where supercharges with upper and lower indices are related through the e-tensor:
Qa - eaﬂQﬁ7 Qa - _eaﬁQﬁ'

In two component spinor notation, the Dirac-Kéhler twist give the following
relations,

. 1 —i —& — U\
Qal - Qaﬁ = 3+5aﬁ - ZS:V(O—MV)aﬁa Q - Q ’ = 3:(0“) 67
—a —a o 1 _ Na - - _

Q s Q 8 — S 50‘5 - Zspy(aﬂ ) B Qaz - Qa,@ = S,u (O-H)aﬂ.'

On the other hand, Vafa-Witten twist is the following relations,

, 1 =Axi  =Ad4B — NG
QY = QY =510 — Jsuf (@), QAT QT = 5@, (B16)
I It 4 24 24 2 =t ot
where A € {1,2} and {s'", 5,7, 5,5, s*7, 527, 520} = {sT,s7,s7,,57,57,5,,}.

21



Appendix D

In this appendix we give the definition of 5?7 5 and I'% 5. The suffix A is the second

rank tensor which denotes the suffix pv: p,v € {1,--- 4 }. The definition of cﬁ’ B
is

61:!!:,8 = 5i = 5,11/)61/0 - 5u05Vp T+ €uvpos (Dl)

v, po

where 054567, 5 = 0. (Anti-)self-dual tensors = satisfy

1
X = ZfsiA’BXBa (D.2)

where x5 = X5 + X5-
Variants of the definition of I' y g which stand for the third anti-symmetric tensor
for ABC'is

[Eravbey  —  savsBesin 4 SHv 587 5P + SeB sy gpr + SHB svp s
_(5av(5ﬁv5pu + SHv §Bp s + 5B svP sIH + 5uﬁ5w5pa)
:Feuaﬂv(;ﬂv T ehovp §BY 4 cpavy §8p - cnefp svy

—  §ErawpsBy + §EraBygvp _ sEnavy §8p 5iua,ﬂp5w, (D.S)

[ABpo  _ %(5iA,Vp5iBW0_5@4:1’05137;), (D.4)
1 1% (o2
[+ABC  _ Z5iA, p§EB 7 5O (D.5)
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