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DEFINING THE TWIST FOR THE N=4 THEORY

We begin with the N=4 action

1 1 v Y (v A A haBy
S = 7 / d4xtr{§FWF“ — NG PaphPh —iNEDOIN 5+

1
5
Vs (N ALY ~ VORI, Rap) + 11677, 67 [bap. dcnl)

(Dudap)(D"¢47)

where

S AN = eyi ), 5,98 = eANB

The N=4 theory can be obtained by dimensionally reducing the N=1 d=10 theory. In fact, for maximal supersymmetry

in dimension d with sixteen fermionic degrees of freedom, the spinors are organized as:
d =10 €* =16

1
=2d=8 €% e;=8+8
N=4d=4 €"“eu=42+2)
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It is well known that the 16 supersymmetries as a whole close only up to field equations. In a light-cone superspace
approach, one can manifest 8 off-shell susy, however these eight supersymmetries are selected in a non-lorentz covariant
way. Here we will show that by doing a twist, one can covariantly select 9 susy generators that closes “off-shell”,

namely under these transformations
{9, 5} ~ —2iey!'é0,, — 2069 (eyF A€)
Then we will see how it extends to the case of superconformal susy, with its 32 generators.

Although it is not the subject of this talk, let us mention that the gauge transformation in the right hand side
of the closure relations can be eliminated, provided one introduces new fields called shadow fields. Such fields

also make possible the definition of the action of supersymmetry on the Faddeev Popov ghosts of the gauge symmetry.
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Let us come to the definition of the twist.

In Euclidean space the Lorentz group is SO(4)=SU(2)®SU(2) and the R-symmetry group SO(6). The twist is done
by taking the diagonal of one of the SU(2) subgroup of the R-symmetry group SO(6) and one of the SU(2) of the
Lorentz group. Thus we have the new Lorentz group SO’(4) along with the remaining global SL(2, R) group. That is

lowering symmetry twist operation : SO(4) ® SO(6) = SU(2)r, @ SU(2)r ® SO(6)

— SO(4) ® SL(2, R)

Under the new Lorentz group the susy generators become scalars, vectors and (anti)self-dual tensors. The 16 super-

charges are decomposed as follows

generator twist operation : (Qg, Qaa) = (Qo. Qo, Qus Qs Quu— Qpu-)

We have put in bold the 9 charges that turn out to build an off-shell closed algebra [1].
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The fermions are twisted as follows

fermion twist operation : (AZ» )\ad) - (777 Ut ¢ua @Zua Xpv—> 9_(#1/*)) = (77&, wa’ XIQ)

where o = 1,2 labels the barred and unbarred. So the original 16 = 4 x 4 becomes 16 = (2 + 2 x 4 4+ 2 x 3) after the

twist. Antiselfdual 2-forms have been relabelled as SU(2) C SO'(4), (I=1,2,3), using the 3 Kahler 2-forms J /£V" with

Ja, XM =x!

The 6 components of the SO(6)-valued scalar are twisted as follows

scalar twist operation : ¢ — (@, L, P, hu-) = (¢, hI)
The symmetry with 9 generators can be now closed off-shell, by introducing an auxiliary fields with 7 components. In
this first twist, it is made of a vector and selfdual -form, 7},, H,,,-.

So we must find a way to build the action of the 9 generators on the following representation

A,M? (1)7 (1)7 L? h/u/— l:[]ua \Ij,uv X/J,I/_a X,ul/_a n, 7_7 T,Un H/UJ_
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Some conventional explanation

In the language of supersymmetry, one can understand what is going on by coming back to 10 dimensions. For the
10 dimensional SYM action, a set of 7 non interacting scalar fields G, (a = 1,---7), which count for the 7 missing

bosonic degrees of freedom, was proposed in [2], with

§A, =iel ¥
SU=T"F, e + 4G,
3G, = —ifvafﬂpﬂqf

The corresponding susy transformations depend on the ordinary Majorana-Weyl parameter ¢ and on seven other
spinor parameters v,. The commuting spinor parameters € and v, must be constrained to have off-shell closure and it
was found that the a solution can only be covariant under SO(1,1) x Spin(7) C SO(1,9). The constraints of off-shell
closure between the parameters was shown to impose that one cannot have more than 9 off-shell susy transformations,

but, no solution could be written in terms of covariant entities.
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All this becomes very simple by twist [1], using the intuition from TQFT. In 8 dimensions, the 16 generators can be

decomposed on irreducible representations after twist, as follows

(Qaa Qd) - (Q07 Q,ua Q/u/*)

Then the 9=1+8 generators () and (), can be computed within the methods of TQFT as satisfying the algebra

Q= QuQy +Q,Q, =0, QuQu+QuQ0 =0,

which means off-shell closure, modulo gauge transformations. The non closure relations have been cornered in the
sector of the selfdual generator @,,-. (These properties survive after dimensional reduction.) In D=8, the auxiliary
field is a self-dual 2-form T),,-, which express the 7 components of the 7 auxiliary fields Gy, in a Spin(7)C Spin(8)

invariant decomposition.
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An off-shell closed representation of the N = 2,d = 8 theory is thus

AM,(I),@ Vi, X 1 Ti-
In curved space this formulation requires the existence of a constant spinor, which allows one to map all spinors on
forms, using triality. In fact the existence of such a constant spinor warrantees the existence of a Spin(7)C Spin(8)
invariant tensor, which allows one to split any given 2-form in a selfdual and antiselfdual 2-form, according to the
Spin(7)C Spin(8) invariant decomposition 28 = 21 & 7. So, the 8-dimensional twist only preserves the Spin(7)C
Spin(8) invariance. Then one fermion and its auxiliary form belong the selfdual representation of dimension 7. An

SU(4) invariant decomposition with off-shell closure can be also done, using holomorphic representations of the fields,

One finally arrives by dimensional reduction in 4 dimensions, where the 7 auxiliary field decompose into a vector and a
self-dual tensor (7},, H ' H ) The 9=1+1+44-3 off-shell susy generators in four dimensions are covariantly

expressed in the twisted theory as
(Q07 QO? Q,Un Q,LLV*)

One can show that the twist operation is stable under quantum corrections.
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The 9 parameters of the theory for maximal supersymmetry with off-shell closure are thus

D=8 (€,€u)
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About the third twist

The passage by twist from the superPoincare representation to the firstly twisted representation is a linear mapping
between fields, using ¢ matrices, giving equations that are invariant under a subgroup of the product of Lorentz and

R symmetries, eg SO'(4) x SL(2, R) C SO(4) x SO(6).

However, there is another twisted version in which the N=4 theory can be understood as a sort of complexified N=2
theory. This thirdly twisted theory can be obtained by anoter mapping from the firstly twisted theory, the main

difference being

Xpv— = Xuvt ¢ab ~ ((I)Z7 hI) - (V,ua (I)v (i))

Then the fields can be organized into a twisted N=2 complexified SYM theory with the field content
A, +iV, ®+i®, -

and the transformation laws can be obtained by complexification of those of the N = 2 theory. There are interesting

relationship with the complex Chern Simons theory.

- 10 -
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MORE ON THE N=4 ACTION AND ITS SYMMETRIES

We will elaborate on the existence of an SL(2,R) covariant formulation. To construct the N=4 action, one can

use 6 of its twisted susy generators as follows [1]

Sa — QO . 5(1 _ kluQ,U

QO ku@,u
These 4 odd graded operators satisfy a nilpotent differential algebra

{5,587} = 06 yuge (®7) , {0%,69} = 0" P8 yquge (k7 ®;) , {5%, 07} = €P(Ly + Sgauge(inA))

The coefficients 0i®® are for 2X2 SL(2, R) matrices. L, = ixd + di¢g. Explicit computation shows the existence of
the 4 graded scalar equivariant differential operators s{, and ¢(;. They have equivariant closure relations which
donnot involve equations of motion. In this sense they constitute an interesting subalgebra of the N=4 twisted

conformal supersymmetry.

S 11 -
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The geometrical meaning of the differential operators s and 0% is shown by TQFT equations like :
(s+04+5+80)A+c)+ A+ =F+p+d+gk)n+a)+ 9T RO +x) + 1+ k) (@ + L+ )

that can be used to determine the action of s and ¢, independently of the notion of Poincare supersymmetry.

Remember that the indices a, 3,7 = 1,2 4,5 = 1,2, 3 are for to the fundamental and adjoint representations of an
SL(2, R) symmetry,,which is what is left from the R = SO(6) symmetry, in the first twist. Capital indices for the
fields I = 1,2, 3 are devoted to the adjoint representation of the SU(2) symmetry.

The fields, including the 7 auxiliary fields, are arranged as multiplets of SL(2, R) x SU(2). They are

A= Aydat, U = Uidat, XL, Na, @4, AL, T =T,dz", H'

The field s* and 0 transformations are obtained by imposing the equivariant commutation relations.

The invariant action cab be expressed as a sé-exact term, and the invariance under the reduced symmetry

with 6 parameters is big enough to determine it completely.

The auxiliary fields T and H show up naturally when solving the algebra and building the action.

- 12 -



Caltech, October 28th, 2009

s A =y“
©

e
Sg)\lfg:(ng—Ozﬂ dA(I)Z' Sg)hI:XOéI

1 )
S(Oé)q)i = §Uz‘aﬂ775 S(Océ)Xé = 5%[‘][ + Jlﬁa[q)i, hI]

1 .
@, D] st = [ ]+ 0" (@, )

Swnp = —20" g (©)

1 .
5o T = Sdan® + o' *7[®;, W)

00 A=g(r)n®™ + g(Jrr)x™!
00 W=06%(inF — g(Jis)H') + 0" 3" g(J1k)[®;, hT] — 207 5" g(k)[®;, @]
5% ;= —%aﬂﬁz‘,{\pﬁ

0¢ms=—6%iT +0'5 irda®;

oo T = %dAiﬁ\I’a — g(Jrr) (In® b'] + 0" *P[@y, x b)) + g(k)o" *P[@4,1g) — LT
0% bl = —i y1, 0°
00 x5 =064 (indah! + iy, T) + 05" i j1,da®;
5@ H = %[%\w, W 4 i gredan® 4+ 0 9[04, i1, W] — idax™”

(e)

- 13 -
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The action

The N=4 action is determined from s, ¢ invariance. Moreover, it can be written as

1 2 -1 2 ,
IN_y = msé [g(k)(AdA + §A3) + g(J' k) ersh’ dh™ + §6(§h1 hy — g<1>Z-<1>Z)

where g(k) = guktde” and g(J'k) = J], ktda”.

One has an even more symmetrical expression of the action

1

where the parameter of the J symmetry is the constant x and

1 1 1 | 1 2
g:/ Tr (—59(/{)A(AF—§A3) —5*5[JKhIzJJKdAhK+*s(oé)5(c)a (éhm[ - S 0'P;))
M

- 14 -
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SUPERSYMMETRIC OBSERVABLES

There are supersymmetric loops, which are invariant under part of Poincare susy. This can be seen easily in the third

twist. The thirdly twisted representation can be obtained from the first one by the following mere field

redefinitions
Vi = 6 (hyw- + guL)
Uy = 6 (Y + GyurTl)
Wy = 8 (Xt + G

The parameters x disappears, after doing all changes of variables
The set of fields in the third twist is thus
Ap, @5, WD 0% 0% XY TGl = Ay, Vi, @, @0 Wy, Uy xpwe, 0, i Hye H

It has only an internal U(1) x SO(4) symmetry. One has a () symmetry governed by two parameters u and v that

satisfies the complex equation

(Q+d)(A+iV+e)+(A+iV +¢) = Fariv + (u— iv)(U +i0) + (u? + 03

- 15 -
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By defining
Qx+ = Hi — [c, x4]

one finds that the N = 4 action can be computed as a (Q-exact term

1
I = /dA‘meRe[ X— +ix—)(u+iv)(Fayiv + H-+iHy) + ... ]

The action is independent on u and v. On can set u = ¢v. For this restriction of the parameters, the ()-transformation

for A and V is such that
Q(A+iV)=—Dc

therefore the Wilson loop with argument A + ¢V is Q-invariant
Qexp/dx“(AM +iV,) =0

and defines a (partially) supersymmetric observables.

- 16 -
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These suspersymmetric Wilson loops can be also expressed in the first twist formulation, since it is related to the third

twist by a mere k-dependent change of variables that leave invariant the action. On has thus

Qea:p/ dat (A, +ik" (hyy- + guwl)) =0
r

or
Qexp/ da" (A, + iﬁ”(ijhI +9uwl)) =0
r

Because the action is (Q-exact, the mean value
< ea;‘p/ dz" (A, + i/i”(Jl{VhI + guwl)) >
T
is independent on all possible local deformations, in particular those of the contour I'. It is a sort of link number.

The results of stochastic quantization seem to say that, if the contour is 3d, one can use the 3d action

/ Br(AdA +2/3A3 +* erych! D7RE +* LDAl)

This 3-dimensional action can be interpreted as a complex Chern—Simons action.

- 17 -
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Non renormalisation theorems

One may question finiteness, using Ward identities for the reduced symmetry that determines the action. Thank’s to
the closure and the possibility of getting rid of gauge transformation by using shadow fields, one proves finiteness for the
beta function as well as for the 1/2 BPS operators, using standards arguments of locality and Ward identities.
In fact, the introduction of new fields called shadows, permit the control the possible breaking of supersymmetry that

is induced by the gauge-fixing terms.

~ 18 -
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SHIFTING TO THE SPECIAL SUPERSYMMETRY OF THE CONFORMAL SECTOR

One has for the conformal susy 32 generators, with parameters ¢ and n,

0A, =, (e + 2V v,m)
0 = (e + xtyum)TA
A= (" Fy +iD I o — [p, @]) (€ + 2'yum) + 2ipn

The idea is of replacing k* — ¥, and to see if we can distort the twisted N=4 algebra into another one that involves
4 graded scalar equivariant differential operators for ordinary and special susy s, and 9, which are in involution as
follows

{S(Oé); S?c)} = 20" a%gauge(q)i)

{st) o} = (Lo + dgange(icA) + W) + A(Syi(z,R)

{5(%7 55:)} = 20" aﬁ‘sgaugeﬂx‘zq’i)

Agr2,r) is a SL(2, R) transformation and W a U(1) symmetry.

- 19 -
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1 .
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5% ;= —%aﬂﬂwﬁ
S =—05isT + 0’5" ipda®; + yoi "’ @'
oo T = %dAia:‘IfO‘ — g(J) ([, W] + 0" *P1@4, x[))) + g(x)o" P [@4, mg] — LoV +2655 8"
0% bl = —i 71, 0
02 x5 =6 (izdah’+wh' + i 51, T) + 0" 5% y1,d 4 ®;

1 .
0 H = S0, W 4 i dan® 4 0t P4, 0 71, W] — ipd g Tw/ 1

- 920 -
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The constants w,w’, y, z are to be determined by imposing the anticommutation relations. One gets z = 1,y = 2, w =

1w =2,

The change is by a non homogenous term in x for the ¢ transformations, and the special delta transformations can
be written as

xV

The 0, generator is identical to that of the vector supersymmetry of the superPoincaré algebra, and the operation
(' is the modification brought by the special supersymmetry, as it is implied by the graded commutation relations.
The action of C is only non zero for n%, x'®, T and H!. So it seems that one can capture an interesting part of the
maximal conformal supersymmetry with its 32 generators. However, I have not verified that the N = 4 action can be

written as :

1
Svoi = /M Te FpF + 500, 0%

that is, it is invariant under scalar and special supersymmetry, as a sd-exact term.

- 21 -
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Special observables
Does it help to discuss special supersymmetric observables?

One can define the scalar differential, analogously as in Kapustin—Witten,
Q = uns® + v 0

where the SL(2, R)-valued scalar parameters uq, v, are commuting and parametrize a supersymmetry with four pa-

rameters that is a twisted scalar sector of the conformal supersymmetry.

One has indeed that the following 1-form :

1, z¥
A+ ?(z Jigh! + L) = da" (A, + ﬁ((}p{yhf ++guwl))

which transforms under s+ & simply by a gauge transformation (s + d-invariance is just Q-invariance for the family of

parameters defined by u® = —v®), and therefore the following special Wilson loop is s 4 4 invariant :

(s+5) expi/F(A%—%(iJJmhIwLL)) =0

~ 929
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This to be paralleled to the ordinary Wilson loop that is supersymmetric under a combination of the 2 scalar super-

symmetry of the third twist formulation and can be expressed as follows :

expi/(A + Z'V)
r

Do we have non renormalisation theorems for special observables 77

One may question the finiteness, independence with variations of contours, topological properties, etc.. of special
observables that are supersymmetric, eg invariant under s + 9, and computed by mean of the N = 4 action that we
have shown is s and § invariant and thus s + d-invariant. However, the use of Ward identities is complicated by the
lack of translational invariance, due to the dependance on x of the transformations, so the topological properties are

lost, and the observables probably depend on the detail of the contour.

- 93 -
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