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Abstract

Putting a twisted version of A = 4 super-Yang-Mills on a curved four-dimensional manifold generically
breaks all conformal supersymmetries. In the special case where the four-manifold is a cone, we show
that exactly two conformal supercharges remain unbroken. We construct an off-shell formulation of the
theory such that the two unbroken conformal supercharges combine into a family of topological charges
parameterized by CP!. The resulting theory is topological in the sense that it is independent of the metric
on the three-dimensional base of the cone.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Topological quantum field theory (TQFT) provides an intriguing link between physics and
mathematics. The study of TQFT was initiated with [1], wherein a quantum field-theoretical
representation of Donaldson invariants was given. A quantum field theory is called topologi-
cal if all vacuum expectation values (VEVs) of a certain set of operators (‘observables’) are
metric-independent. In particular, TQFTs of cohomological type are constructed as follows. Let
us assume there is a nilpotent symmetry of the action Q, such that Q2 = 0. It follows that, at
least formally, one can deform the Lagrangian by adding an arbitrary Q-exact term without af-
fecting the partition function or the VEVs of observables (which are defined as elements in the
cohomology of Q). Since Q is a symmetry of the action, the Lagrangian can be expressed as
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a sum of a Q-exact and a Q-closed piece. The theory is therefore independent of any coupling
constant in the Q-exact piece. Moreover, if the energy—-momentum tensor is Q-exact all VEVs
of observables are metric-independent and the theory is topological.

One way of constructing TQFTs is by ‘twisting’ theories with extended supersymmetry in
Euclidean space. Roughly-speaking, twisting can be thought of as an embedding of the rotation
group in the global R-symmetry group, thereby changing the spins of the fields in the parent
theory. For the resulting theory to be topological on a general manifold, there should exist at
least one scalar among the twisted supersymmetry generators. The TQFT of [1] was obtained, by
twisting, from A/ = 2 supersymmetric Yang-Mills theory in four dimensions. Similarly, N' =4
SYM in four dimensions can be twisted in three inequivalent ways to obtain a TQFT [2-4]. It
has been subsequently noted that all three twisted theories can be thought of as world-volume
theories on D3-branes wrapping supersymmetric cycles in string-theory compactifications [5].
Two of the twists have been extensively studied in [2], in connection to instanton invariants. The
third twist, which is the focus of the present paper, has been studied in a series of papers [4,6—10],
and has been recently found to be relevant to the geometric Langlands program [11].

Four-dimensional "= 4 SYM in flat space is superconformal: in addition to sixteen ordinary
supercharges it possesses sixteen conformal supercharges. The aim of the present paper is to
explore the effect of the twisting on the conformal supercharges. On a general four-manifold all
conformal supercharges will be broken. However, in the special case where the manifold is a cone
over a three-dimensional base, we find that the twisting leads to exactly two unbroken conformal
supercharges, So, S5. We construct an off-shell formulation of the theory such that the two twisted
conformal supercharges combine into a family of topological charges S; := z1S¢ + 22955, z :=
22/z1, parameterized by CP'. In this formalism the components of the energy—momentum tensor
along the directions of the base of the cone are manifestly S;-exact—since S is nilpotent off-
shell and independent of the metric on the base of the cone. It follows that (at least formally) the
theory is topological in the sense that it is independent of the metric on the base of the cone.

There are two important caveats in this statement. Firstly, as is usually the case in the path-
integral formulation of TQFTSs, we shall assume that the path-integral measure is well defined and
S;-invariant. Secondly, in order to define the functional integration on a cone we have to impose
boundary conditions on the fields. As we explain in more detail in Sections 3.5, 3.6, there is a
certain freedom in the choice of boundary conditions. Generic boundary conditions will break
superconformal invariance. Requiring that the scalar fields vanish at infinity is sufficient for the
superconformal invariance to be preserved.

The aim of this paper is to furnish a new tool for the study of topological properties of three-
manifolds (viewed as bases of four-dimensional cones). We believe that the topological off-
shell theory we construct reveals a rich enough structure to warrant further study. Of course the
construction of the off-shell formalism should be viewed as just the first step; eventually we
would like to identify the set of observables of the theory (for this, a more complete study of
the boundary conditions will be necessary) and their relevance to three-dimensional topological
invariants. We will leave this second nontrivial step for future investigation.

The organization of this paper is as follows. In Section 2 we review some well-known facts
about ten-dimensional SYM and its reduction to A" =4 SYM in four dimensions. In particu-
lar, we point out that in flat space the conformal supersymmetries can be viewed as similarity
transformations of the ordinary supersymmetries, with respect to a certain inversion map.

Section 3 explains the twisting of the A/ = 4 super-Yang-Mills on which we focus in this
paper. We obtain the twisted Lagrangian as well as the ordinary and conformal scalar supersym-
metry transformations. The superconformal algebra of the twisted SYM in flat space contains
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two ordinary scalar supercharges and two conformal scalar supercharges. We show that the con-
formal scalar supersymmetries survive on a curved four-manifold, if and only if the manifold
is (locally) a cone over an arbitrary three-dimensional base. We identify the most general linear
combination of the four scalar supercharges which is nilpotent, and thus can be used to define
a cohomological structure. Some important ‘vanishing theorems’ are presented in Sections 3.5
and 3.6.

In Section 4, we show that there exists an off-shell formulation of the theory such that the two
twisted conformal supercharges combine into a family of nilpotent operators parameterized by
CP'. Moreover we show that (at least formally) the theory is topological in the sense that it is
independent of the metric on the base of the cone.

We conclude with a discussion of open questions in Section 5. Appendices A—C contain some
useful proofs and formulae.

2. Review of super-Yang—Mills

In order to establish our conventions and notation, we now give a brief review of super-Yang—
Mills in ten Euclidean dimensions and its reduction to four-dimensional A/ = 4 super-Yang—
Mills.

By Wick-rotating the ordinary super-Yang—Mills in ten dimensions, one obtains a Euclid-
ean theory which is still formally supersymmetric in that it is invariant under the same set of
fermionic transformations as the original theory. However, the minimal spinor representation in
ten Euclidean dimensions is no longer Majorana, resulting in a complex action. Of course this
phenomenon is not new: it occurs routinely in string theory in a variety of different contexts.

There are essentially two ways to deal with this problem. The point-of-view we take here is
to simply ignore the fact that the action is complex, as for example in [11]. This would naively
seem to double the fermionic degrees of freedom. However, the complex-conjugate fermions
do not appear in the Lagrangian. Therefore in the path-integral one integrates over only half
of the (complexified) fermionic degrees of freedom—resulting in the same counting as for the
Minkowskian theory. Another way to state this is that the action is not required to be real—it is
only required to be holomorphic. The other way to handle the Wick rotation is by imposing reality
conditions on the fields. These reality conditions are sometimes introduced in an ad hoc manner.
A systematic way to derive them is by time-like reduction of a higher-dimensional theory, as
demonstrated in [12].

2.1. Super-Yang—Mills in ten dimensions

Consider the 32 x 32 gamma matrices in ten-dimensional Euclidean space
rrN 4 pNpM=2sMN 1 <M, N < 10. 2.1)
These are Hermitian (I')" = '™ and satisfy
(r™)" =(rMy*=cr¥ct, c=c’=(ch". 2.2)
We define the ten-dimensional chirality operator by
ran . 1210 _ (F(n))T _ (F(ll))*l _ —CT(F(”))TC. (2.3)

The main Fierz identity is
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(CrY Py)ys(CTMPe) o5+ (CTM Pe) 5 (CTy Pi) g + (CTM Pi) 5 (CTy Pi) g = 0,
2.4)

where &, 3 Vs $ are the 32 component spinorial indices, and P+ are the chiral/anti-chiral pro-
jection matrices

By

Py= %(1 +ry, po= %(1 — ). 2.5)
Super-Yang—Mills in ten Euclidean dimensions is given by:

Li0p = trBFMNFMN + %@FMDMW], (2.6)
where the gaugino ¥ is a chiral spinor

riy — 4y, 2.7
and ¥ is defined by!

v .=ylc, grib = _g. (2.8)

In our conventions the gauge field strength and the gauge-covariant derivative read
Fun =0uAN —ONAm — i[Am, AN], Dy¥ =Vy¥ —ilAy,¥], (2.9)

so that gauge transformations are

Ay — gAug ' +igdwe™", Fun— gFung™', W gwg L (2.10)

The sixteen ordinary supersymmetries are given by

i} 1
Ay =¥ Tye, =—E, ¥, 8'1/=§FMNFMN8+, (2.11)

where the supersymmetry parameter £ is a constant Weyl spinor, and the subscript denotes
positive chirality in ten dimensions.

2.2. Dimensional reduction and superconformal symmetry
We now consider the dimensional reduction to four-dimensional N = 4 super-Yang-Mills.
Let us denote the four-dimensional coordinates by x*, u =1,2,3,4. We also set @; := Ay,
5 < I < 10. Four-dimensional A/ = 4 super-Yang—Mills is then given by
1 v 1 1 1 I J
Lip =tr| 2 Fuw " + 5D, @1 DHP" — 711, o,1[¢", 7]
1. B N
+ ElIIF“DMlIJ —zilI/F [D1,¥]]. (2.12)

In addition to the sixteen ordinary supersymmetries (2.11), there are sixteen conformal super-
symmetries

i} 1
SAy =WTyXe_ =—8_XTyY, W = (EFMNFMNX - 2¢>1F’)s, (2.13)

1 Note that although the gaugino is complex in ten Euclidean dimensions, its complex conjugate does not appear in the
Lagrangian.
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where X :=x# I, and the conformal supersymmetry parameter _ is a Weyl spinor of negative
chirality, re —_ 2

Both ordinary and conformal supersymmetries can be collected in terms of a single 32-
component spinor

e=¢ey+¢e_, e4=Pie. (2.14)
All 32 supersymmetries are then given by
SAM =¥ Ty (1+x'Ty)e=—e(14+x"T,)InY,
1
611/=P+[5FMNFMN(1+)C“FM)—2<1>1F1]s, (2.15)
which implies
- 1
Sllfzé[—a(l—i—x“FM)FMNI’MN—Z@IF’}P_. (2.16)
Accordingly, the Lagrangian (2.12) transforms into a total derivative
1-
8L4p =0, tr[F“NBAN - Ewrﬂaw}, (2.17)

leaving the action invariant.
From the corresponding Noether current

JE=tu(UIrHsw) = —u(SUr*vw), (2.18)
we obtain a 32-component supercurrent

1
Q= tr[(i(l +x'0) Fe TRE + 2¢1F’)F“w],

- - 1

ot = tr[WF“(—EFKLFKL(l +x”Fv) +2¢1F1>i| — (QM)TQ (2.19)
where we have set

JH = —QMe = +EQM (2.20)

The chiral and anti-chiral parts P1Q*, P_ Q" correspond to the conformal and ordinary super-
symmetries respectively.
It is worthwhile to note the existence of an inversion map Z defined in flat background [13-15]

NN
x2
A IA/ —16” 2x”va/
p(x) — ﬂ(x)—; w 2 v(x),
T 1 /
q)J(x)—)@](x):;(DJ(x)a
mr
W) D W () =i L (), 2.21)
(x2)?

2 For simplicity the spinors are given in ten-dimensional notation.
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The inversion map is an involution: Z = Z~!. The four-dimensional A" = 4 super-Yang-Mills
action (2.12) is invariant under the action of Z. The ordinary and conformal supersymmetry
transformations, (2.11) and (2.13), are related to each other by the similarity transformation [14]:

conformal supersymmetry = 7 o (ordinary supersymmetry) o Z. (2.22)

The inversion map flips the chirality of the fermion, which is consistent with the fact that the
two supersymmetry parameters ¢ and e_ have opposite chiralities. Note, however, that this
symmetry is broken in a generic curved background.

3. Twisted N = 4 super-Yang-Mills in four dimensions

We now come to the description of the twist. In the following subsections, we also discuss the
unbroken conformal supercharges and derive certain important ‘vanishing theorems’.

3.1. Description of the twist

Under Spin(10) — Spin(2) x Spin(4) x Spin(4), the ten-dimensional gamma matrices can be
decomposed as
r‘=7'g@y*el, =019 yk,
r=deyel, r=ceiey?, 3.

where 7/, i = 1,2, 3, are 2 x 2 Pauli matrices

@ (8 7). -3 8
and y*, u=1,2, 3,4, are four-dimensional gamma-matrices

yly =20t () =y,

(") =cyrc!, c=-cT=(ch),

y@ =yl () =cy®c (3.3)
Taking (2.2) and (2.3) into account, it follows that

c=1'®C®cC, r‘"Y=r3gi1e1, (3.4)

so that the ten-dimensional chirality coincides with the chirality in the Spin(2) part.

The fermions W,g carry three indices for Spin(2) x Spin(4) x Spin(4). The focus of the
present paper is the twist considered in [3,4,6-9,11]: it amounts to replacing the four-dimensional
rotation group by the diagonal subgroup of Spin(4) x Spin(4). Accordingly, the twisted ten-
dimensional chiral fermion (2.7) admits the following expansion

1 1 _
=2 (n Uy + Sy oy + ;y<5>>c L w_=o. 3.5)
It follows that the fermions decompose into a pair of anticommuting scalars 1, ¢, a pair of vectors
Y, oy and a two-form x,, = — xvy. The chiral and anti-chiral supersymmetry parameters .,
&_ in (2.14) admit similar expansions, as we shall see later in (3.20). In particular, there will be
two ordinary scalar and two conformal scalar supercharges.
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For the bosons we set
AL =AuFigy,  ¢ui=Dayy,
@ :=dg+iDq, ¢ :=d9g—iDqg. (3.6)
These obey the following reality conditions:

(AN =4, Go'=¢. @'=0 3.7)

while there is no analogous constraint for fermions.’

3.2. Twisted Lagrangian

Taking (3.1), (3.5), (3.6) into account, it is straightforward to rewrite the A" = 4 super-Yang—
Mills (2.12) in terms of the anticommuting fields 7, ¢, ¥, @, x,» and the bosons At Pu> @, .

The resulting action defines our twisted A/ = 4 super-Yang—Mills in four-dimensions*:

Stwisted = / d*x Liwisteds  Liwisted = »Ctop + \/ng7 (3-8)

where
KAV 1 + -1
Ltopze tr EwKID)L X/Lv_lg‘P{XKA,X/w} )
Lt powv _ 10 wo Yor png o Y- ptng 4 Ly o2
Le=tr ZF“”F _Eh +hD,¢ +ZDM¢D ¢+ ZDMD ¢+§[<p,<p]

+ 0Dy + Do + )DL Y +ipfn. ¢} — i@ Y. a)“}]. (3.9)

In the above, we have introduced an auxiliary bosonic scalar 2. We have coupled the action to
a generic curved background with metric g,w.5 Moreover, €“**V is the totally antisymmetric
tensor density, such that €124 — 1 and €1p34 = g. All derivatives are covariant with respect to
both diffeomorphisms and gauge transformations:

Dyu¢’ =V,d' —i[A 9], Difn=Vun—i[AL.n],
Df% =V — i[A;jL:’ 1//\)]’ D/jL:XM = VuXvi — i[Aljt:’ X")‘]' (3.10)

Note that Ly is manifestly metric-independent, as follows from the fact that the Christoffel
connection is torsion-free.
Moreover, we have defined the field strengths

Fo, =0, A — 0,A5 — i[ A5, A = Fuy +il¢u. dv] £i(Dudpy — Dyy). (3.11)

3 1f we started with super-Yang-Mills in ten-dimensional Minkowski instead of Euclidean spacetime, the fermions
would have to satisfy the Majorana condition. This would result in reality conditions for n, ¢, ¥y, @u, Xpv-

4 N. Nekrasov has pointed out that this action can be obtained by dimensional reduction of five-dimensional twisted
super-Yang—Mills [17].

5 For the coupling of the topological field theory to gravity see e.g. [18].
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Note that the superscript & above does not denote (anti) self-duality. It is also useful to define a
covariant tensor ., by

Hu =V Ay — VAT —i[AF AV, (3.12)
such that
Hyv = Fuv = ilpy, dv] — iDyupy — iDuy = F,f, — 20D ¢y
=F,, —2iD, ¢y, (3.13)
and
1
D, ¢ = EiHM“. (3.14)

The field strengths can be seen to obey the following generalized Bianchi identities

DJFF? + D;H},u - D/:H)“v = 07 D7F+ +’D:H‘))\, - D\TH,LL)L = Os

iy 13Y ATy
cDfFL,+DiFS +DIF =0, Dy F,+D; F, +D;,F,, =0. (3.15)

It is important to note that the identities above are valid on any curved manifold. Moreover,
taking the following identities into account®

[Du» Dv]¢k + Rpk;wd’p + i[F/,Ll)v ¢k] = 0» [D/,Lv :Dv]‘f’U + le(pv + i[F/uu ¢v] = 0,

(3.16)
the bosonic part of the Lagrangian containing F,, and ¢, can be rewritten as
1 _ 1 2
tr(ZF;UF w4 E(D,qu) )
Ly v Iz
=V, tr E(b D ¢v_§¢ Do
1 w1 w1 w 1 v
+ir ZF P 4+ SDug DI — 21 ul[@". 6] + SR " ). (37D

The Ricci term on the right-hand side is necessary to ensure the invariance of the action under
the unbroken scalar supersymmetries.
The equations of motion are

D F " 4+iD "h— i%[gﬁ, DHp] - i%[é, D]
+2i{n, Y} —ie"" Moy, g} =0,
D FH — DYy — ,é[q), D] - i%[q_), Dol +2i{¢, ot} +2i{y, x*'} =0,
DD o+ D, Do +[0.[¢. ¢]] + 4i{vu. 0"} =0,
DD "G +D; DG — . lp. ¢l — 4iln. ¢} +i Le’“’”{xxx, Xuv} =0,

2./¢
h—D,¢" =0,

% In our conventions the Riemann tensor is given by R)‘K,w =0y rh —a Fli‘,( + Fli‘a re. —rk I
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~ _ 1 1
D HyY — DVt — ﬁe‘“’“ (D:wx +ZE[XK)»7 (0]) =0,
D:T) — D_VXMU - i[a)/.L7 @] = 0’

D¢ = ilY, @1+ 5 =€u" Dy ir =0,

\/—
Dyt +ilg, ] =0,
D, " +iln, 9] =0. (3.18)
Finally, the energy—momentum tensor is given by’

THY — i SStwisted

V& 8guv

ny 1 + =KX 1 2 K 1 + —K = | . i =

=g 4FK)\F Eh —¢ D,(h+ZDK(pD ¢+ZDK¢D 17

—[w GF + ¥ Din+ o D¢ + XD +ioln, ¢} —id{ v, @ }}
+ trl:_FJr(lLKF—V)K + 2¢(“DU)h _ §D+(M¢D—v)¢ _ ED_(M(pD_H))(’B
- ZW(MDH)U _ Zw(“D_V)g 4 ZXK(“D_”) Ve
—ZXK(”DK_W’)+2i¢’){w(“,a}”)}}, (3.19)
where the brackets denote symmetrization with weight one.
3.3. Superconformal symmetry
Upon twisting, as in the case of the Yang-Mills gaugino (3.5), the chiral ordinary super-

symmetry and the anti-chiral conformal supersymmetry parameters, 4 and e_ respectively,
decompose as

1 1
er = 5(80 +euy™ + ESWVW +eyty® + 85)/(5))C_1,
1

L. 1. - . _
e = E(SO +Euy" + Es,wy‘“’ + sﬁly“y(s) + 85y(5)>C I (3.20)

The corresponding supercharges Q_, S; have the opposite chiralities from (2.20), (3.4), and
decompose similarly

1 1 - B
Q- = §<Qo +Qur" + S Q™ + Oy + st<5>>c B

1 1 .
5, = 5(50 Sy 3 Su ™+ Sty 4 Ssy(S))C_l- 3.21)

7 In deriving (3.19), one has to take into account the variation of the Christoffel connection in the covariant deriva-
tive V.
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Altogether, there are (1 +4 4+ 6 +4 4 1) x 2 =32 components, all of which are unbroken in a
flat background. In curved backgrounds, however, in order to have unbroken supersymmetries it
is necessary that the corresponding supersymmetry parameters should be covariantly constant.
Generically, this requirement can only be met for the scalar parameters &, €5, £, £€5. Hence, in
a generic curved background all the non-scalar supersymmetries O, Q w> Quvs Su,s S/u Sy are
broken.®

In addition, one has to check that in putting the theory on a curved background the action re-
mains supersymmetric. This is not obvious: in passing from flat to curved background there may
be curvature terms arising from the commutator of two covariant derivatives [V, V, ], spoiling
the invariance. In the case at hand, one can verify that the two ordinary scalar supercharges Qg
and Qs of (3.22) indeed give rise to the two unbroken topological symmetries of the twisted
super-Yang—Mills (3.9), as shown in [3,4,6-9,11]. Explicitly the action of Qg, Qs is given by:

[Qo. 43]=0. [05. 4] =204,

[Qo. A ]=—2v, [05.4,]=0,

[Qo, ¢]1=0, [Qs,9]1=0,

[Qo. ¢]1 =—2¢, [Qs. 9] =—2n,

[Qo. hl=1p. <], [Qs, h]=—[¢,nl,

(Qo, Xy} = F, (05, Xy} = —%ew“m —(+F),
{Qo. ¥} =0, (05, V) = D; 0,

{Qo, 0} =D}l o, {05, wu} =0,

1
{Q01 W}:lh"‘li[(/’a@]’ {Q57 ’7}:07

1
{QO,C}ZO, {Q5,§}=—1h+l§[§0,¢_’],
[Qo. guv] =0, [Os, g;w] =0. (3.22)

In contrast to the above ordinary scalar supercharges, the conformal scalar supercharges Sy and
S5 are not straightforwardly realized in the twisted super-Yang—Mills as Noether symmetries,
because the conformal supersymmetry transformations in flat space involve the space coordinate
x* explicitly, see (2.13). In a curved background, x* should be replaced by a vector field v*
satisfying the following relation®:

V' =3,". (3.23)

Indeed, the condition 9, x" = §," is the only property of x* which is required for the invariance
of the action in a flat background. Moreover, it can be checked explicitly that the condition (3.23)
suffices for the conformal scalar supercharges Sp and S5 to survive as symmetries of the action
in a curved background, provided the vector field v* exists. It is straightforward to see that any
cone

ds? = dr? + r2 ds?, ds? = g;;(ndy'dy’, i,j=1,2,3, (3.24)

8 Manifolds which admit covariantly-constant tensors are restricted to be special-holonomy.
9 See [19] for a different treatment.
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admits such a vector field:

v=r i (3.25)
ar
Conversely, as we show in Appendix A, any manifold admitting such a vector field is a cone,
at least locally. Hence, the conformal supercharges Sy and Ss remain unbroken in a cone back-
ground and, similarly to the case of the ordinary supercharges Q¢ and Qs, they give rise to a
family of TQFTs, as we shall demonstrate explicitly in Section 4.
Using the vector field (3.23), the conformal scalar supersymmetries are given by

[SO,AI] =2x00",

[So, A;] =2nv,,

[So. @] = —2w, 1",

[So, 91 =0,

[So. k] = 2iv*Df n 4 4in + [0, 0", @],
{So0, Xy} = D; ¢,

1
ﬁfuv’d\vk
. 1 o
{So, Y} = V*Ho, +ivh +i S Vule, @1 = 2idy,

(S0, @b = —(xF7),,,v",

[S5. AF] =2z,

[S5. AL ] = =20 00",
[Ss, o] = =2y, 0",
[Ss5,¢]1=0,

[Ss, h] = —2iv"D, ¢ —4i¢

- [Wuvﬂ’ﬁ‘_’]f
{S5, Xuv} = =0 DF @ + v, DS,
{Ss, wu} = _(*F+)p,uvv’
{Ss, wp} = —Huv' —iv,h

+i%vu[<p,¢] +2igy,
{Ss,n} =v"D, ¢ + 29,
{$5,¢1=0,
[Ss, guv]l=0. (3.26)

(3.27)

{So0. n} =0,
{S0, ¢} =v"D;r o+ 29,
[So, g/j,v] =0,
It is worth noting that there exists a discrete symmetry Z given by!°
Ay Ay
- +
Ay Al
@ ¢
7 7
h Z —h
H s
Xuv — () v
Yu Wy
@p, Yu
n
¢

10" Note the similarity with the ‘Hermitian-conjugation’ defined in [4].
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under which the Lagrangian (3.9) is invariant. Furthermore Z acts on the scalar supercharges as
Qo=Z0Qs502Z, So=Z0Ss50Z, Z? = identity. (3.28)

Apart from the four scalar supersymmetries, the discrete symmetry Z and the diffeomorphisms
of the three-dimensional base, there exist another two (bosonic) symmetries of the twisted N' = 4
super-Yang—Mills in a generic cone background. One is the U(1) R-symmetry or the SO(2)
rotation on the (@9, @19) plane

(R Af] =0, [R. 4;]=0.
1

[R,h]=0, [R, X;w]:_li)(uv»

! 1
[R, I/fu]z‘HEI/f/u [R,CUM]Z—HECUV,,

1 1
R7 =—i= ) Rv =—i= ) 32
[R,n] i5n [R,¢] 12§ (3.29)
[R, guv] =0.

The other is a ‘dilatation” symmetry !

[D.Af]=v"ViAl + AT, [D.A]]=v"ViA, + A4,
[D, 9]l =0V, 0, D, 9] =v"V,0 + 20,
[D, h] =v"V,h +2h, [D. Xl = V" Vi 42X
(D, Y] =0 Vavu + V. [9. 0] =v*Viwy + o,
[9’ n]zv#vun"‘zﬂ, [9’ ;]:Uﬂvﬂc—i_zga
D, g;w] =0. (3.30)

Since in flat space the inversion map (2.21) transforms the conformal supersymmetries to the
ordinary supersymmetries and vice versa (2.22), one might wonder whether the theory defined
by the conformal supercharges Sy, Ss is truly inequivalent to the one given by the ordinary
supercharges Qg, QOs. In a flat background, a straightforward computation shows that the con-
formal scalar supercharges are related by the inversion map to the ordinary vector supercharges.
Schematically, '

So~x"Qu,  Ss~x"Q,. (3.32)

Hence the conformal scalar supercharges are not equivalent to the ordinary scalar supercharges.

11 Considering the asymmetric scaling dimensions of ¢ and ¢ in (3.30), one may wish to regard © + R as the dilation
operator instead.
12 More precisely:

[SO—XMquh]:“’i’?» [SO—quuaI//v]:—Zi¢Va [SO—XMQM,C]:Z@,

[S5 —x"Qu, h] = —4it, [S5—x" Qu, wp] = 2idy, [S5—x"Qu,n] =20, (3.31)

with all other commutators identically zero.
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3.4. Superconformal algebra

All scalar supercharges are nilpotent off-shell
03=0, 0%=0, 53 =0, 52 =0. (3.33)

Moreover, among the scalar supercharges there are two pairs which anticommute off-shell:

{Qo. S5} =0, {Qs, So} =0. (3.34)
All other pairs of supercharges only anticommute on-shell. More specifically, up to the equations
of motion (3.18) we have

{QO? QS}E_2£¢5 {S()7S5}52£U2@5

{Qo, So} = —2(D — £.4+), {05, 85} =-2(0 — £y.4-), (3.35)

where £,.4+ denotes infinitesimal gauge transformations generated by v"Aff, while ® corre-
sponds to the dilatation (3.30). In the present paper ‘=’ denotes an on-shell equality, i.e. an
equality up to equations of motion. The dilation operator commutes with all the scalar super-
charges off-shell

[9, Qo] =0, [9, 051=0, [9, Sol =0, [9, §51=0. (3.36)

The U(1) charges of the supercharges can be read off of the following commutation relations

1 1
[R, Qo] = —i Qo, [R, Q5] =—iQs, [R,So]=—i§So, [R,Ss]=—i555-

(3.37)
Finally, the R-symmetry commutes with the dilatation off-shell

[R,D]=0. (3.38)

From the superconformal algebra above, we conclude that the most general linear combination
of the four scalar supercharges which is nilpotent, is parameterized by four complex numbers
subject to one constraint:

w1 Qo+ w205 + w3So + waSs, wiwz + wrwyg =0. (3.39)

In particular, there are four possible pairs of supercharges which are nilpotent:

2100+ 2205, z180+2285, z1S0+2205, 2185 + 22 Q0. (3.40)

In the above, z1 2 are arbitrary complex numbers. As in [11] we note that an overall constant
is unimportant, hence each pair of supercharges corresponds to a family of topological theories
parameterized by CP'. For simplicity, henceforth we work in the patch z; # 0.'3 The first linear
combination in (3.40) was recently investigated by Kapustin and Witten [11] and was shown to
be relevant to the Langlands program. The second linear combination is the main focus of the
present paper. For completeness, in Appendix B we give all the supersymmetric conditions, i.e.
the BPS equations, arising from each linear combination in (3.40).

13 The parameter z := zo/z is related to the parameter ¢ of [11] through it = (1 —z)/(1 + z). In particular |z| = 1
corresponds to ¢ being real.



418 J.-H. Park, D. Tsimpis / Nuclear Physics B 776 [PM] (2007) 405430

3.5. Vanishing theorems—weak version

For the rest of this section we shall focus on the conformal supersymmetry
S, =80+ zSs. (341)
We shall derive certain important ‘vanishing theorems’, which follow from a single algebraic

identity. Let us define

1 . _ -
Vi (2) := ﬁew“vﬂ% ¢ —2(v. Dy ¢ — v D} §),

1 _ .
V(@) = U)LHAM + iv,ﬂ)wﬁ)‘ + izvu[w, ol —2ip, — z(*F+)Wv”,

. 1

VM(Z) = —(*Fi)uvvv — Z(Huvvv + iUH'D)ﬂ)A — iivu[(p, o] — 2i¢M>’

Vi (@) :=2(v"D ¢ +29),

Ve :=v"Dp+2¢. (3.42)

From the on-shell conformal supersymmetry transformations of the fermions (3.26), we see that
an S,-supersymmetric configuration must satisfy, by definition, the following conditions (BPS
equations)

V(@) =Vu(2) = Vu(2) = Vy(2) =V =0. (3.43)

Or, in compact notation, |V (z)) = 0. Disregarding the boundary terms we obtain the following
algebraic identity involving two arbitrary complex numbers z, w:

Yw)|V@) = Ve vw)
/ £tr|: V(@) Vi (w) "+ VAV, (w)'

FVE QD)+ V@V )+ vgv;]

KA v KAT v

(3.44)
Eboson

where L0300 | is the bosonic part of our twisted N = 4 super-Yang-Mills Lagrangian (3.9), after
eliminating all the auxiliary fields:

1
= /d4 (1+zw )ﬁ'fv‘jfﬁgd+/d4x§e"“”tr[zF+ FlL+w*F_ F].

1 1. .
Lovieed = x/_tr[4F,qu "t Q(Dm“) + - D+¢D o+ D 9D + 8[<p,<p]2}
(3.45)
Note that ﬁ{’@f&‘;d is positive semi-definite. Eq. (3.44) is an algebraic identity which holds for

field configurations which are smooth enough at the origin of the cone and fall off fast enough at
spatial infinity, so that we can neglect the boundary terms.
For w = z, the identity (3.44) reduces to

boson _ V@IV (2))
twisted 1+ |Z|2

-7 (2), (3.46)

cone
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where we have set
1 4 A + - -
T@= m/ dhx M w2 FLFS + 2 Fp P

_ tr(zFT A FT)
_Re[/ o ] (3.47)

Note that 7 (z) is real and topological, in that it does not depend on the metric. On the other
hand, the choice w* = z~! gives another identity for the bosonic action:

/ndmm —EOKfAHV@»—%t/HkF+AF++Z%F7AFR} (3.48)

twisted — 2

cone cone

Combining (3.46) and (3.48) one can eliminate the topological quantities to obtain'*

(|z|—|z|—1)2 / £eoon = (V(z) = V(") V) = v(*)). (3.49)

From the positive semi-definite property of LF‘ngOtgd and (V(z)|V(2)), we have the following in-
equalities for any bosonic configuration:

V(@)IV(2))

3.50
T+ P (3.50)

boson
/ ‘thisted > _T(Z) 2 -
cone

Hence, given a complex number z, a supersymmetric configuration (for which |V(z)) = 0)
minimizes the action within a given topological sector. For an arbitrary bosonic configuration,
regarding 7 (z) as a function of z, the minimum and the maximum of 7 (z) are located generi-
cally'> at two antipodal points on the unit circle:

T (Zmin) < 7(2) <7 (Zmax), |Zmin|l = |Zmax| =1,  Zmin + Zmax =0, (3.51)
such that
7 (Zmin) + 7 (Zmax) = 0. (3.52)
At the extremal points, [, ztr(F™ A FT) becomes real. Hence
1 1
T (Zmin) = / 5 Zmin tw(FTAFY) = / Ez;‘nm tr(F~ AF7) <0. (3.53)
cone cone

Since the left-hand side of (3.46) is independent of z, the above analysis implies that, for any
given bosonic configuration, (V(2)|V(z))/(1 + |z|%) is bounded both from above and below:

Lo V@VE) L
E(V(Zmln)h}(zmm))g 1+ 22 < 2<V(Zmax)|v(zmax)>»

<V(Zmax) ‘V(Zmax)> = <V(Zmin)‘v(zmin)> + 47 (Zmax)- (3.54)

In particular, if (V(Zmin)|V (Zmin)) 7 0, (V(2)|V(z)) cannot vanish for all z. As in [11], this leads
to certain vanishing theorems.

1 Note that (V(z1) + V(@) [V(w)) := (V) VW) + (V(z2)[V(w)), etc.
15 Unless fcone tr(FT A Ft) =0, in which case 7 (z) is identically zero.
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e Vanishing theorem for generic configurations:
A configuration is supersymmetric if and only if (V(zmin)|V (Zmin)) = 0.

Furthermore, from the identities (3.44), (3.46) we obtain the following vanishing theorems for
supersymmetric configurations.

o Vanishing theorems for BPS configurations:
(1) The choice w* = —z~! in (3.44) shows that any BPS state, for which |V (z)) = 0, should
satisfy

/ w(F~AFT) = / 2u(FH A FY). (3.55)
cone cone

Hence, by complex conjugation, we obtain

tr(FTAFY) = / t(FTAFT)=0, T(z)=0 if |z # 1,
cone cone
*
T() = / %tr(F+AF+)= / %tr(F_/\F_): real iflzl=1.  (3.56)
cone cone

(2) Conversely, when [tr(F* A FT) %0, the BPS equations |V(z)) = 0 have no solution
for |z] # 1.
(3) A BPS state, for which |V(z)) = 0, saturates the bound in (3.50)

4 boson _
/d X £twisted BPS — _T(Z)

_ { —z [ e u(FLFR) >0 if [zl =1,

0 otherwise.

(3.57)

(4) Any state which satisfies the BPS equations |V (z)) = 0 for some z such that |z| # 1,
satisfies the BPS equations for all z.

(5) Any state which satisfies the BPS equations |V(z)) = 0 for some z such that |z| =1,
satisfies the BPS equations for all z iff 7 (z) = 0.

As a corollary we obtain an alternative criterion for a generic configuration to be supersymmetric.

e Corollary:
A configuration is supersymmetric if and only if |V (z)) = 0 for some |z| = 1.

Using explicitly the cone coordinates (3.24), the BPS equations read for |z| = 1:
+ + 2D+ .2 -0 D 2 —0
Fip+2(+F");, + 2D ¢) +i-¢; =0, r¢+ -9 =0,

D¢y + §¢r _Di‘pi =0, Dip=0,
[¢u. ¢1=0, [p, 9] =0. (3.58)
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In particular if the BPS configuration has a trivial topology 7 (z) = 0 so that | Et’vovf;’tgd =0, it
follows from (3.45) that the supersymmetric configuration satisfies

1
Fi=0.  Du¢"=0.  ¢=0.  Dpu+-¢,=0. [¢.4i]=0. (359

In the special case where the base of the cone is the round sphere, the cone reduces to R4,
From (3.17) it then follows that a BPS configuration with trivial topology satisfies F,, =0,
¢ = ¢, = 0. These conditions are more restrictive than the usual vacuum equations F,, =0,
D,®;=0,[P;,P;] =0, where @; := (¢u, ¢, ). This is due to our requirement that the fields
should decay fast enough at the boundary, and is consistent with the fact that the conformal
symmetry remains unbroken if the VEVs of the scalars vanish.

3.6. Vanishing theorems—strong version

Taking Egs. (3.11), (3.16) and the Bianchi identity for the Riemann tensor into account, we
obtain

) 2
ekhmy tr(F/j;LFJv) e tr(Fiep Fuy) — 46KMWVK tr(¢ADu¢v — i Fyy + §¢A¢u¢u) )

2
M (F L Fr ) = €M tr(Fep Fpuy) — 4640V, tr(qbﬂ)ﬂqbv +igaFpy — —¢A¢M¢v>.

3
(3.60)
This implies that the topological term is real and it reduces to the usual instanton number
/ tr(FTAFY) = / t(F-AFT)= / tr(F A F) € 167°Z, (3.61)
cone cone cone

provided we can neglect the boundary terms in (3.60). This requirement is automatically satisfied
in the case where the VEVs of the scalars vanish at infinity. The latter condition is also sufficient
for the conformal symmetry to be unbroken. !¢

Here, we shall not discuss the issue of the boundary conditions any further; instead we shall
assume that (3.61) holds and examine the consequences. In this case the minimum and maximum
of 7 (z) occur at z = %1, so that

T (Zmin) <7 (2) <7 (Zmax), Zrznin = Zrznax =1, Zmin +Zmax =0,

/ %tr(F/\F)

cone

T (Zmax) = —7 (Zmin) = . (3.62)

Consequently we have the following strong version of the vanishing theorems of the previous
subsections.

o Vanishing theorems—strong version:
(1) A configuration is supersymmetric if and only if [V(z)) =0 forz=+1orz = —1.

16 Also in ordinary (untwisted) super-Yang—Mills in flat space, demanding the action to be finite leads to the condition
that Fyy, Dy @y, [, ;] should vanish fast enough at infinity. On the other hand, in the twisted theory we are consid-
ering, the boundary conditions for a finite action are slightly different from the ones in the untwisted case. Namely, what
should vanish at infinity is F;rv, Dud)“, Difq) rather than Fy,y, Dy @y, [Pf, Py].
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(2) For a generic supersymmetric configuration the action saturates the bound

1
/ d*x L2908 | aps = / 5 tr(F A F)

cone

€ 872N. (3.63)

In particular, in the case where the cone is the flat R*, we see from (3.17), (3.63) that the BPS
state should satisfy D, ®; =0, [@;, ®;] = 0. Thus, the BPS equations (3.58) reduce to the
instanton equations Fj,, = (xF),, =0, ¢, = ¢ =0.

4. Off-shell formulation

The conformal supersymmetry transformations (3.26) given in the previous section have two
unsatisfactory features. Firstly, the anti-commutator relation {Sp, S5} = 221,2@ only holds on-
shell. Secondly, the transformations depend explicitly on the metric on the base of the cone,
2ij (). In this section, we shall construct an off-shell formalism for the superconformal symme-
try which is manifestly independent of the metric on the base. Specifically, we shall introduce
additional auxiliary fields and off-shell superconformal transformations generated by a new con-
formal supercharge S”, such that the following relation holds:

SQESZ:S()-{-ZS& 4.1)

i.e. the supercharge S, reduces on-shell to the supercharge S, defined in (3.41). In addition, S’
will be shown to be nilpotent off-shell. For simplicity of notation, in the following we suppress
the prime in S.

4.1. Off-shell algebra for conformal supersymmetries

In addition to A, let us introduce the following new auxiliary fields
N i i e S e :
hlw, hlw, hlw, hlw, hﬂ, hu' bosonic,
gl &, fermionic, 4.2)

where all tensor fields are anti-symmetric

M= —h = —hy. &5 =8, (4.3)
We require all the auxiliary fields to be orthogonal to the vector v
+ v _ TtV +ou_ + v _
h,v" =0, hp v’ =0, hi vt =0, &0 =0. 4.4
Furthermore, the bosonic auxiliary fields are required to satisfy reality conditions similar to (3.7)
+ - -\T _ 7+ -\t _ - T
() =hyps (b)) =hyy, () =h,, (W' =h 4.5)
We also introduce a second fermionic two form field %, = — X,,.. Under the discrete symmetry
(3.27) we have
+ Z — _+ Z 7 — + Z p—
hw By, hy hyys hy hy

zZ _ Z A
EL <= EL. X < A (4.6)
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Let us also define the projection operator

vhu,

PMV:ZSM\)_ 2
v

Pt =0, P, Pt =P, 4.7)

which projects onto subspaces orthogonal to the vector v.
We are now ready to give the off-shell transformations of all fields:

[S-. AI] =2x0" + 228,

[S-. A;] =20V + 225w’

[Sz, 9] = =2(wy + z)v",

[S:, 9] =0,

{Ses ) =y, — 2(vDF @ — 0, D1 @),

{82, R} =2}, — v Dy ¢ + v, D, @,

(S, W} = VMo +iveh + i%vu[q), @1 —2i¢, — zhy,

{Sz, 0} =—hy, —i—z(—’H,wvv —iv,h + i%vﬂ[w, o]+ 2i¢ﬂ),

{8} =z(v*D, ¢ +29),

{S., ¢} =D g +29,

[S., h]= 2ivﬂ2>+n +4in+ (w0, §] — 2(20v Dy ¢ + 4 + [Yuv". @),
h
Se.

(S hi ] =&,
[Se: ] =&

[S2. ] = =20 [V v + v R v — 00 Ryucv*, 6]
(S0 77, ] = —2iz[v? Xuw + v Xue v — Vo xev®, @]
[

[

{

b‘

Se. bt ] =20V Df R + 480" — 207 P (Dy ¢ — il 61).

Se by | =2 (20D X + A’ — 207 P, (D — iy, 1)),

S, & } 21z[v (p,h*u],

{SZ,‘;W} =2iz[v’@, hy, . (4.8)

The nice feature of the above extended algebra is that S, squares off-shell to a gauge transforma-
tion:

S2=228;. (4.9)

Moreover, S, is manifestly independent of the metric on the base of the cone.
Under the discrete symmetry Z (3.27), (4.6), S, transforms as

zZ
S; —> 281z (4.10)

Note also that S, preserves the anti-symmetric and the orthogonal properties of the auxiliary
fields, (4.3) and (4.4).
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On-shell x,,, and x,, are related by

. 1
— X = )0y = %GMUK)LXK)w 4.11)
and the auxiliary fields reduce to their on-shell values
1 _ 1 _
(h:v)on = ﬁE;LvKAUKDI(p, (hlw)on = EEIW’CAUKDA ®,
- 1 - 1
+ _ A + - - _ —=
(hﬂ-‘))on = ﬁewk v Dy o, (h/w)on = ﬁeu v D, ¢,
(h:)on = (*F+)p,uvv’ (hl:)on = (*F_);wvv’ (4.12)
and
2 T
(E/j_u)on = _ﬁflw’dv/{ (UPD:(‘)P + o)+ ZUpID;fl/f,o +zy —i [(*X))vap, (0]),
_ 2 _ _ .
() oy = ——=€w " v (VD wp + wp + 20° D5 W + 2P — iz[ (k310" 0]), (4.13)

NG
which are consistent with (4.3)—(4.6). Note that there is some ambiguity in the expressions of
the on-shell values of the fermionic auxiliary fields & va in (4.13), due to the equations of motion
for the fermions. However, the precise expressions in (4.13) will turn out to be necessary for the
off-shell construction of the Lagrangian as we shall see below in (4.16).

4.2. Off-shell Lagrangian

Let us define

. NG ! L D g z(ei), | f
Vo= s — e | e e el = g uDig = (k) = il

X R 1 o
+ x‘“{[sz,xw]—z V" ueDf g — (xh )W} +¢18..¢1"

—ey
NE3
_ a)“{[Sz, o]+ (1 — |z|2) (*F_)Wv” +2izvy, (h — DM/))‘)}T

EE

1 T
+ 1//”{[&, Yl — Z—*(l — |2P)(xF ), 0" = 2iv, (h — Dm*)} } (4.14)
Our main formula is then
[ + | S V8
_BGK iy tr[ZFKAF:u + EFK)»FHV] +{S;,V;} = Liwisted T ml‘auxilim‘yv

(4.15)
where Lewisted is the original Lagrangian given in (3.8) and Layxiliary consists of auxiliary terms

1 1 _ _
Lauxiliary = tr|:_§(1 - |Z|2)th - (hz)on ||2 + Z|Z|2Hhuv - (huv)on ”2

1 1 A
= I = 0P+ o+ 65— (6)n)
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1 koo UV ((s— -

- gZ (X +*x) (‘S;:/w - (éu\))on)

+(1- |Z|2)()2 + *X)MPUPAMVUV} + total derivatives. (4.16)

Here (h;:)on, (h,jfv)on, (& ;i)on denote the on-shell expressions of the auxiliary fields given in
(4.12), (4.13), and we have set

1 T
1T spizepn I = 1 T (Trr M")}' (4.17)
We also define
1 T 1 N
Apy :=Dfw, —Dfw, — J_EE””K D, +l§[(x —* v @], (4.18)

which corresponds to the equation of motion for y,,,, (3.18). Thus all the terms in Lauxiliary vanish
on-shell.

The equations of motion for the auxiliary fields &, i, b7, give the on-shell relations (4.11)
and (4.12). In particular, a nice feature is that, due to the orthogonal property (4.4), we need to
integrate out both Eljv and é/j‘) in order to arrive at the on-shell relation X, = —(xx) v (4.11).
This is important for a nontrivial path integral measure for the fermionic auxiliary fields. All other
equations of motion then consist of those coming from the original Lagrangian (3.18) together
with the additional equation

*

+ + Z Ae— -
%-;u) - (Eﬂv)on = 2J§6ﬂVK [gkk - (Ekk)on]’ (419)
which is of course consistent with the on-shell relation (4.13).
From the above construction it follows that the components of the energy—momentum tensor
along the base are manifestly S;-exact. Hence the theory is topological, at least formally, in the
sense that it is independent of the metric on the base.

5. Discussion

In this paper we focused on the twisting of four-dimensional N' =4 SYM studied in [4,6—
9,11]. We have found that putting the theory on a four-dimensional cone leaves two conformal
supercharges unbroken. The resulting theory is topological in that it is independent of the metric
on the base of the cone.

A few questions still remain open. Firstly one would like to identify the set of observables
of the theory, i.e. the set of operators in the cohomology of the topological charge, and their
potential relevance to topological invariants of the three-dimensional base of the cone. The role
of all possible linear combinations of nilpotent scalar supercharges identified in Section 3, also
deserves further study.

The S-duality of A" =4 SYM has significant implications for the twisted version considered
in the present paper, and this played a central role in the recent discussion of [11]. It would
be interesting to examine this issue further. Another possible direction would be to consider
reductions of the theory to lower-dimensional cones. A more thorough discussion of the different
possible boundary conditions is postponed for future work.
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Appendix A. Cone geometry

This section contains, among some other useful facts about cone geometry, a proof of the
statement that the existence of a vector field v satisfying (3.23)

Vv =48,", (A1)
implies that, at least locally, the manifold is a cone:
ds? = dr? 4 r?ds?, ds? = gii(dy'dyl, v #r, (A.2)
and the vector field is given by
0
=r—. A3
v=ro (A.3)

Proof. Let us define coordinates x* = (r, y') such that

R (A4)
Under diffeomorphisms of the form

r—r'=r, iy = 1l y), (A5)
the g,; (x) component of the metric transforms as

gri(xX) = g/;(x) = %gmx/)(arfk(r, N +& &g (), (A.6)

where g is the inverse of &ij gi/gjk = 8!} Given initial conditions £*(0, y) at r = 0, one can
uniquely fix the evolution along the r-direction by demanding

O fXr y) ==& (r, Fr, ) g (r, F(r,y)). (A7)

This determines all the higher-order derivatives of f¥(r, y) with respect to r. Thus, it is possible
to choose a gauge such that [16]

gri =0. (A.8)

Moreover, taking Bﬂ(rz) =3 (v2) = 2v,, into account, we arrive at v, =r, v; = 0. Hence, g, =
g"" =1 and the metric is of the form

ds?> =dr? + r2§,~j dy’dy’. (A9)
Eq. (A.1) now reads
SM"zvuv”:(SMrSr"—i—rF;r. (A.10)
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In particular, by taking the V;v/ component, we see that §; ;j 1s independent of the radial coordi-
nate r. Hence the geometry is a cone and the vector field is given by (A.3). All other components
of (A.10) can also be seen to hold, since:

. 1 . . . 1.; N R o
Flrjz;alj: Iy, = —rgij, F’jk=5811(3j81k+3kgj1—318jk),
I=I,=rI' =0. (A1)

This completes the proof. O

Let us also mention the following useful relations:
Ry =0, R, =Rir =0, Rij = Rij — 2§i;. (A.12)
where Ii’i ; 18 the Ricci curvature of the three-dimensional base manifold. In particular,

v R,y =0. (A.13)
Appendix B. BPS equations

It follows from the superconformal algebra of the twisted N' = 4 super-Yang-Mills (3.33)-
(3.35), that there are four possible pairs of supercharges which are nilpotent, and hence define
four different cohomological structures

Qo+1z20s5, So+2z85, So+z20s5, Ss5+20Qo. (B.1)

Here we give the BPS equations for each case, using the cone coordinates (3.24). The equa-
tions follow directly from (3.22) and (3.26). Demanding that the fields vanish fast enough at the
boundary will generally result in additional constraints, as in (3.59), but we do not consider this
issue here.

B.1. Qo+z0s
(1) Ifz=0:
1 _

F:V =0, Dl‘fgo =0, D" + §[<p, @] =0. (B.2)
2) If z =100

Fh =0 D =0 D, o* 1 »]=0 B.3

uy — Y w? =Y u® —5[%(/)]— . (B.3)
3) If|z|=1:

F/j_v - Z(*F_);w =0, Dugp =0, Dugt =0,

[pn, 91=0, [¢,¢]1=0. (B.4)
4) If |z] #0, 00, 1:

Fl=0, Dup=0 = Dup"=0 [$pu.0]=0, [p.¢]=0. (B.S)
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B.2. Sy + zSs5
(1) Ifz=0:
+ 40t 2 +
Fjr+2lDr ¢j+l;¢] :O, Flj :O’
2 .
Dr(p—i—;(p:O, D=0,
2 1 _
D¢ + ;d)r —Di¢' — 5[‘/’7 vl= 0. (B.6)
2) If z=o0:
+ it 2 +
Fjr+2lDr ¢j+l;(]§j20, Fij =0,
+, 2 -
D,g0+;<p=0, D¢ =0,
2 i1 _
Dr¢r + —r = Dig' + Sl¢. 91 =0. B.7)
3) If|z|=1:

2 2
Fi+ z(*F+)J.r +2iD} ¢ +ig;=0, Dy + ~¢=0,

Doy + ~p — i =0, Dip =0,
r
6y 41=0, [, §1=0. B.5)
4) If |z| #0, 00, I:

2
F;+2mj¢j+i;¢j:o, =0,

2
'Z)rgg_{_;(p:o7 Di(/):O,
2 l -
Dr¢r + ¢y = Dig' =0, lp, p1=0,
(G, 91 =0. (B.9)
B.3. S0+ 205

|
rDio+2°F;, =0,  F;=0, rD;¢+2¢p+ iz*(DMW‘ - 5le, w]) =0,
bt L2 1
F]r+21Dr¢]+l;¢]_Z;DJ(p=0’

2 A i _
D¢+ ~¢, = Di¢' = 3¢ ¢l +2-D,; ¢ =0. (B.10)

If z =0 or z = oo the BPS equations reduce to (B.2) or (B.3), respectively.
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B.4. Ss+4+ 200
_ _ . L
rD; ¢ +2"F;, =0, F;=0, rDfo+2¢—iz* (D,@" +5le, <p]> =0,
2 1,
Fjr —2iD; ¢; —l;¢j —Z;Dj ¢ =0,
2 P _ i .
If z =0 or z = oo the BPS equations reduce to (B.3) or (B.2), respectively.
Note that under the discrete symmetry Z (3.27), Egs. (B.2), (B.6), (B.10) transform to
Egs. (B.3), (B.7), (B.11), respectively.
Appendix C. Useful identities
Any two-form tensors A, By, satisfy
1
A’”vu(*B)Mv)‘ + (*A)MUUUBM)LU)L = Evz(aarA)‘“’B,w, (C.1)
which implies in particular
1
v, w0 = 20 (X, 0w ) (C2)

Some other useful identities are
1

ﬁeuvkkvkvp)()up = _Uz(*X)p,v - U[,LUK e x)vie + UVUK(*X)uKs (C.3)
e tr[vzqﬁuv“Duqﬁ” + vqu“v”DMqSV + v2¢u¢“ + 2vk¢>xv”v”’l)u¢v]
Pr v, | vH (@ v)?
=V,t . C4
2 r|: 2t )2 (C4)
For any two complex numbers, z, w, it follows from (3.46), (4.15) that
V %
/{SZ,VZ}=M+ / tf(ar FPAF +a_F" AF7 )+, (C.5)
1+ |w?
cone cone
where we have set
4 1 *
ay =2 v : o (C.6)

4 202w T AT 242w

and the ellipses denote the fermionic and auxiliary parts; the latter vanishes on-shell, as we can
see from (4.11)—(4.13).
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