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N = 2 supersymmetry and U(1)-duality
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Understanding the consequences of the E;») duality on the UV properties of /N = 8 supergravity
requires unravelling when and how duality-covariant actions can be constructed so as to accommodate
duality-invariant counterterms. For nonsupersymmetric Abelian gauge theories exhibiting U(1)-duality,
with and without derivative couplings, it was shown that such a covariant construction is always possible.
In this paper we describe a similar procedure for the construction of covariant nonlinear deformations of
U(1)-duality invariant theories in the presence of rigid N = 2 supersymmetry. This is a concrete step
towards studying the interplay of duality and extended supersymmetry.
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I. INTRODUCTION

When the equations of motion of a classical field theory
are said to respect a duality invariance, they are invariant
under the rotation of an electric field into its magnetic field
or of a field strength into its dual field strength. Among
the theories exhibiting such properties are Maxwell’s the-
ory, whose duality group is U(1), and extended N = 2
supergravity theories, whose duality properties were first
discussed in [1]. Of recent interest is the maximally super-
symmetric supergravity theory [2], N = 8 supergravity,
whose duality group is E;(;). Such dualities could have
rather nontrivial consequences. Indeed, it has been sug-
gested that the UV behavior of N = 8 supergravity,
known through four loops [3], could be explained by the
absence of possible E;(;)-invariant counterterms, as dem-
onstrated through six-loops [4,5].

The requirement that duality invariance be respected is
very constraining, as it relates free and interaction terms.
Perturbatively, the duality symmetry is expected to be
continuous; as such, it has an associated conserved current,
known as the Noether-Guillard-Zumino (NGZ) current [6].
The conservation of the NGZ current leads to nontrivial
constraints on the possible deformations of the theories, as
the addition of duality-invariant terms does not generically
preserve the duality invariance of the equations of motion.
An essential ingredient in these constraints is the fact that
the dual field strengths are determined by the equations of
motion which receive contributions from the deformation
terms and thus modify the NGZ current. In N° = 8 super-
gravity, the relation between E;;) invariants and the con-
servation of the duality current was raised in [7].

A very natural and interesting question is whether and in
what sense classical duality symmetries are preserved at
the quantum level. A direct answer to this question is not
straightforward; for example, it is not clear how duality
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symmetries are generically visible in scattering ampli-
tudes. While multisoft scalar limits can probe [8] the coset
structure of supergravity theories, it is not immediately
clear how to similarly probe the transformation properties
of vector fields. Several indirect approaches are possible.
One could construct the (local part of the) effective action
and see if the equations of motion derived from it obey the
same duality symmetry as at the classical level. Another
approach would be to construct rational functions of
momenta obeying the properties of scattering amplitudes
which also obey the multisoft scalar limit constraints. Both
approaches have been explored in [4,5,7], respectively, for
constraining and constructing possible counterterms of
N = 8 supergravity.

There exist examples of duality transformations which
receive modifications at the quantum level. For two-
dimensional sigma models, T-duality parallels electric/
magnetic duality of four dimensional gauge theories. In
addition to replacing a field by its dual, invariance under
duality transformation also requires changes of the pa-
rameters of the theory (i.e. of the target space supergravity
fields). It was shown in [9] that the T-duality transforma-
tion rules [10] which guarantee the duality invariance of
sigma models at one-loop level should be modified at
higher loops. These higher-loop corrections may also be
reinterpreted as higher-loop corrections to the relation
between the sigma model fields and their duals. It is thus
important to keep in mind the possibility of similar cor-
rections in more general duality-satisfying interacting
quantum field theories.

In order for a theory to preserve, at the quantum level,
the duality of its classical equations of motion, while
admitting a duality-invariant counterterm, it is necessary
that it admits higher-order deformations that maintain the
action’s duality covariance. Recently, Bossard and Nicolai
suggested [11] that there exist algorithms to perturbatively
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deform all duality-satisfying theories in a manner consis-
tent with the classical duality transformations. If true,
besides offering a possibility of constraining the finiteness
of N = 8 supergravity [7,11,12], it suggests the possibil-
ity of constructing nontrivial Born-Infeld-type super-
gravity theories the first of which would be N =2
supergravity, as proposed in [12].

The procedures outlined in [11] involved adding one
nonlinear initial deformation source to the consistency
relations imposed by the tree-level duality transformations
and solving them—resulting in an infinite number of terms
contributing to the effective action. Such consequences are
in line with expectations based on soft scalar limits [5] in
the case of ' = 8 supergravity. The unmodified covariant
procedure of [11], however, does not reproduce known
simpler duality-satisfying effective actions. In [12] three
of the current authors explored the single-deformation-
source approach and found that, in general, an infinite
series of deformations of the consistency relations are
required to reproduce known results. Indeed, obtaining
even the venerable Born-Infeld (BI) model in the absence
of supersymmetry requires an infinite sequence of defor-
mation sources to the consistency relations. A generalized
procedure was therefore proposed and analyzed for bo-
sonic theories with no explicit derivatives. The algorithms
developed in [12] were used in [13] to construct a class of
self-dual models which, in addition to standard BI terms
F", include higher derivatives terms 94" F2"*2,

A necessary step for the extension of this procedure to
supergravity theories (and for showing that it is indeed
possible to preserve the classical duality symmetry in the
presence of quantum corrections) is the construction of
supersymmetric theories of vector multiplets exhibiting
duality symmetries. Such actions have been constructed
previously through different methods: a manifestly super-
symmetric Born-Infeld model was constructed in [14],
nonlinear superfield actions with spontaneously broken
supersymmetry were studied in [15—-17], and models with
manifest supersymmetry and nonlinear electromagnetic
duality were developed in [18-21].

In this paper we describe the application of the con-
structions of [11,12] to theories with rigid N' = 2 super-
symmetry when the duality is of U(1) type. It is important
to stress that this setup is different from the one of super-
gravity theories exhibiting duality symmetries. Indeed,
here the starting action is free and the deformation may
be tuned as desired; if the tree-level action is interacting,
the deformation is generated by quantum corrections
within this theory and cannot be freely adjusted. While
the former setup is far less constraining than the latter, the
construction of deformations of free actions has proved in
the past not to be straightforward.

After setting up a convenient notation, in Sec. Il we
briefly review the generalized procedure of [12], and the
known duality-consistent models in the context of N = 2
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supersymmetry. In Sec. III we describe a new form of the
action in terms of corrections generated by a deformation
source. This allows us to write the action directly in terms
of a recursively solved nonlinear constraint. We provide
examples of specific sources in Sec. IV and discuss how
they can be simply combined to generate a wide variety of
actions, including the BI action found in the literature. We
conclude and comment on the next steps required towards
approaching the construction of a Born-Infeld-type
N =2 supergravity and potential ramifications for
N = 8 supergravity in Sec. V. In Appendix A we provide,
for completeness, information on N =0 and N =1
duality-invariant models. In Appendix B we argue that
under N = 2 supersymmetry, in contrast with N = 1,
the electromagnetic duality models require the presence of
spacetime derivatives acting on superfields. In Appendix C
we provide a summary of our N =2 superspace
conventions.

II. REVIEW

Let us begin by recalling the covariant construction [12]
of duality-satisfying actions in terms of deformation
sources. We will then proceed to summarize the known
N =2 supersymmetric theories whose equations of
motion are duality invariant.

A. Generalized duality-covariant procedure

To efficiently formulate classical duality relations, and
their corrections, it is useful to organize fields F and dual
fields G such that the classical duality transformations act
as simply as possible. For Maxwell’s theory, as well as
supersymmetric versions, this duality transformation can
be expressed as a simple multiplication by a phase B and
the relevant complex field basis is

T=F—iG, T=F+iG (2.1)

or rather their self-dual and anti-self-dual components
T =1(T=* iT) and T* = 1(T =iT) as follows:

8T* =iBT*  &T* = —iBT". 2.2)

Throughout this paper we suppress spacetime indices
whenever possible. However, introducing the tilde opera-
tion, as we do in defining T+, involves normalized con-
traction with the Levi-Civita symbol,

Ary = lerreog (2.3)
A similar organization of fields holds for supergravity
theories; the main difference is the appearance of scalar
field-dependent matrices in the analogs of the expressions
above [6,22]. In terms of these fields, the undeformed
linear duality constraint on the equations of motion of field
strengths T can be given quite simply by a “‘twisted self-
duality” constraint:
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TH=T" =0. 2.4)
In these variables, the constraint [6] that the action be self-
dual is
T Tt =TT =0. (2.5)
The twisted self-duality relation (2.4) may be interpreted as
more fundamental than the action. Indeed, the action can
be determined by its relation to the dual field strength. In
the case of gauge theories this relation is just
oS
G=2 SE"
For supergravity theories the fields ' and G (and thereby T')
acquire further indices, specifying their transformation
under the duality group, e.g. T —> T, etc. In the following
we will not write such indices.

A covariant procedure proposed in [12], generalizing that
of [11], parametrizes the possible deformations of an action
in terms of a function J(T~, T', A) where A is a dimen-
sionful coupling constant. We start with a duality conserv-
ing initial action S;;;., and a duality-invariant counterterm
(or deformation) AS, expressible as a function of the con-
jugate self-dual field strength T*. We wish to arrive at an
action S, that incorporates the counterterm yet still con-
serves the duality current. We proceed as follows [12]:

(1) Take the variation of the counterterm with respect to

the field strength, and express as a function of 77,
and T,

(2.6)

SAS _ SI(T~, T, A)

5T" 5T+ @D

(2) Introduce an ansatz for the deformation source
I(T~,T*, A). In general, this may be taken to de-
pend on all possible duality invariants.

(3) Constrain the self-dual field strength to this variation:

_SI(T, T A)

T+ = 238)

(4) Translate Eq. (2.8) to a differential constraint on
Sfinal-

(5) Introduce an ansatz for Sp,,, Which is analytic
around the origin, in terms of Lorentz invariants
constructed from 7~ and 7. For the case of U(1),
as we will see in Sec. II1, this will be straightforward
for N = 2 Abelian gauge theories. In general this
is unknown and can depend on other fields (e.g.
scalars) in nontrivial ways.

(6) Solve for both the I ansatz parameters, as well as
the final action ansatz parameters, order by order in
the coupling constant, enforcing the consistency of
the relevant NGZ consistency equation and any
additional desired symmetries of the target action,
enlarging the ansatz if one runs into inconsistency.

PHYSICAL REVIEW D 85, 125036 (2012)

The duality conservation relation (2.5) imposes con-
straints on the possible deformation sources. If the defor-
mation source J(7, T, A) is Hermitian, this constraint is
simply that I be invariant under the duality transformation,
Eq. 2.2),

=+ O _ 0 - T+ -
(T ST T 5T’)I(T ,TT, 1) =0. (2.9)
This differential operator ‘“measures” the charge of J
under the U(1) duality transformation (2.2) and thus re-
quires that I is invariant. As discussed in [12], an invariant
deformation source does not imply that the deformation of
the action is also invariant; rather, as discussed in [6], the
complete deformed action should transform nontrivially
under duality transformations.

In Secs. IIT and IV we will see that these steps have
natural counterparts in models with JN* = 2 rigid super-
symmetry; they will allow us to easily superpose arbitrary
U(1)-invariant deformation sources' and will lead to a
straightforward generation of new classes of models—as
well as a systematic reconstruction of known ones.

B. N = 2 supersymmetry and duality

The interplay between supersymmetry and duality in-
variance has been studied at length in the literature. A
derivation and a review of the main results are given by
Kuzenko and Theisen in [19]. While it is known how to
promote essentially every duality-satisfying bosonic model
to an N = 1 supersymmetric one, adding further super-
charges proved to be relatively difficult. N = 2 super-
symmetric extensions of the BI theory have been found
[16,17,19-21]; one of their essential features is the pres-
ence of explicit spacetime superfield derivatives in the
action. We will review here these actions; in Appendix B
we will argue that any such action necessarily contains
spacetime derivatives, in addition to spinorial derivatives
of the superfields.

In the absence of hypermultiplets, the standard N = 2
superspace provides an effective framework for organizing
actions and their deformations. It is parametrized by
four bosonic and eight fermionic coordinates Z4 =
(x4, 0, 6,), with a and « being a vector and Weyl spinor
Lorentz indices and i = 1, 2 being the SU(2) R-symmetry
index. Actions describing the dynamics of N = 2 vector
multiplets are written in terms of the (anti) chiral superfield

strengths W and W which satisfy the Bianchi identities

DiW =DI'W. (2.10)

"Here U(1) invariance refers to invariance under duality trans-
formations which, in terms of the field variables T and T, act
as U(1) transformations. _ ‘

*The derivatives D and D" are defined as D'/ = DD,
and DY = D}, D’“. See also Appendix C.
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For an Abelian gauge symmetry they can be solved by
expressing the superfield strength in terms of an uncon-
strained prepotential V;;:

The overall factors of D* and D* guarantee that W

and W are chiral and antichiral, respectively, since
D" D*U = 0 for any superfield U.

Similarly to the N =0 and N = 1 theories, duality
transformations for N° = 2 theories may be implemented
[19]in the path integral as a Legendre transform. One starts
with the action

S = SIW, W] - % fdszww + % [dszWﬂ,
(2.12)

treating W and W are unconstrained superfields (i.e. not
obeying the Bianchi identity). M and its conjugate are

determined by varying S with respect to W and w

mg_ . O VT
IM = 4WS[W’ W],

—iM = 4LS[W, W (2.13)
SW
Their equations of motion
DiM =D'M (2.14)

have the same functional form as the Bianchi identities
(2.10).

The infinitesimal duality transformations are therefore
very similar to the N' = 0 and N' = 1 ones:

SW = BM, SM = —-BW. (2.15)

The requirement that S;,, in Eq. (2.12) is invariant under
this transformation leads to the JN° =2 analog of the
duality conservation (NGZ) relation (2.5)

/ BZOW? + M) = f FZOW + DD, (2.16)

originally proven in [18], where it was called the “N = 2
self-duality equation”. This is the direct analog of the
N =1 NGZ relation and reduces to it upon truncation
of N = 1 chiral multiplet from the N° = 2 vector multi-
plet and integration over two fermionic coordinates.
One could in fact reconstruct the JN° = 2 constraint by
starting from its N = 1 limit and requiring that it is
manifestly supersymmetric and that it remains bilinear in
superfields [12].

Solutions of this equation have proven fairly elusive.
The free N = 2 supersymmetric Maxwell action

Sfree = % desz + é fdgzwz (217)

PHYSICAL REVIEW D 85, 125036 (2012)

satisfies this constraint. An interacting action

1 1 S=
S=7 [dSZX-i-Z [dSZX, (2.18)
where the chiral superfield X is a functional of "W and w
and is a solution of the constraint

X =XD'X +iw?, (2.19)
was proposed in [16,17]; this action was proven in [18] to
obey the N = 2 self-duality constraint (2.16). This system
may be solved perturbatively in the number of fields
[17,19-21] and leads to an action of the form

Sarey = Spoe + / 22 W W YD W2, D W)

+ 00, W), (2.20)

where VY is a Born-Infeld-type functional. The extra terms
with spacetime derivatives d MW are required for N > 1
actions, see Appendix B. The system (2.18) and (2.19) was
introduced in [16,17] as the IN° = 2 generalization of the
Born-Infeld action.

An action exhibiting D3 brane type shift symmetry,
exposing the spontaneous breaking of translational invari-
ance in the directions transverse to the brane, was proposed
in [19]. It simultaneously solves the N = 2 NGZ con-
straint (2.16).

SBI = Sfree + Sint (221)

Sim=éj‘dlzz{wzwz[/\ +%2(D4W2+§4W2)
+%3((D4W2)2+(@4W2)2+3(D4W2)(@4WZ))]
+%[)‘;W3DW3+§((W3W@4W
+(WOWHD W+ %WW‘*)] +ow)

(2.22)

where we have introduced a dimensionful coupling A,

usually set to unity in the literature. The unique term

with no fermionic or spacetime derivatives, W2W2,
yields the known F* term of the Born-Infeld action,
c.f. Appendix A. The sixth-order terms, apart from the

W3OW’ terms with spacetime derivatives, also corre-
spond to a straightforward generalization of the bosonic BI
model. This action was confirmed? in [20,21]; moreover, it
belongs to the class of actions constructed in [20] which
also exhibit another nonlinearly realized N = 2 super-
symmetry algebra.

3Reference [20] assigns to [ a factor of —% relative to the
convention of [19].
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The construction we will detail in later sections will
allow us to recover the action (2.22) among infinitely
many other actions. While all of these actions are expres-
sible in the form of Eq. (2.18), i.e. given by the sum of a
chiral and antichiral actions, they will not generically
satisfy Eq. (2.19). Relaxing the requirement that the action
has the form (2.19) leads, as we will see, to a variety of
actions with different properties.

III. CONSTRUCTION OF
DUALITY-SATISFYING ACTIONS

An important lesson from the construction of bosonic
gauge theory duality-covariant actions was that the twisted
self-duality constraint can be seen as more fundamental
than the action. Indeed, the twisted self-duality constraint
determines the action through the definition of the dual
field G, see Eq. (2.6). The supersymmetric generalization
of this feature is that an N = 2 twisted self-duality con-
straint should determine the action through the definition
(2.13) of the dual field M. We will discuss the N = 2
case in the same language as the generalized procedure
[12] and so begin by describing the suitable twisted self-
duality constraint and its deformation sources. We will
then proceed, for a generic deformation source J, to con-
struct an action with the desired properties.

A. Twisted self-duality

As we saw in Sec. I B, W and ‘M are interchanged by
infinitesimal duality transformations. Similarly to the
N =0 case, they may be combined into T variables
which are simply rescaled by such transformations: there
are two chiral

TH =W —iM, Tt ="W+iM 3.1D
and two antichiral fields
T-=W-—iM, T = W+iM, (3.2)

each pair having one positive and one negative charge
under the U(1) duality transformation:

()= (0 S6)7)
(g;:):(ig —?B)(;:)

The behavior of these fields are summarized in Table I,
which allows us to identify immediately the kind of super-
space integral that is needed to turn some product of super-
fields into a supersymmetric action as well as identify its
properties under duality transformations. The twisted self-
duality constraint is the same as (2.4)

(3.3)

TH=T" =0, 3.4)

while the supersymmetric NGZ constraint (2.16) becomes
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TABLE I. The four combinations of superfields have * chi-
rality and = duality charge.

Combinations of superfields Chirality Charge
TH=W-—-iM + +
TH=W+iM + -
T~ =W-iM - +
T = W-iM - -
[ BZTH T+ — / B#BZT T-=0, (3.5

whose solutions we would like to construct.

As in the bosonic case, we begin with an “‘initial
source of deformation” I(T~,T") which is a function
of the superfields not set to zero by (3.4). On dimen-
sional grounds, any such I will depend on a dimen-
sionful coupling A. Moreover, since both chiral and
antichiral superfields can appear as arguments, J is
naturally a full superspace integral. We will further
assume that J is Hermitian, which will lead to a simple
characterization of the solutions to (3.5). The deforma-
tion of the linear twisted self-duality constraint (3.4) will
be given by

_S8I(T,TY)
ST

+

. = oI, Tt
, (T+)*:T_:%J (3.6)

where, in the second equality, we used the assumption

that J(T~, ’T+) = (T, ’T+). Any deformation source
yields an action; the NGZ identity (3.5) identifies the
deformation sources leading to actions with duality-
invariant equations of motion. Indeed, by replacing
(3.6) into (3.5) we find a differential equation for I:

0= f BZT 5_% (0 T*)

_ g5 O - Tt

f FZr S 10T G
It is worth noting that, since J is a full superspace
integral, each of the two superficially chiral integrals
above is, in fact, also an integral over the full super-
space. A notable difference from the N° = 0 case is that
the supersymmetric NGZ constraint involves a spacetime
integral, which projects out possible total derivatives in
its integrand. A solution to Eq. (3.7) is that I is invari-
ant under the U(1) duality transformation (3.3). Indeed,
as in the bosonic case, the operator

e )
ST+ 8T~
measures the charge under such transformations. A

slightly more general solution to Eq. (3.7) allows I to
be invariant up to total derivatives.

(3.8)
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The twisted self-duality equations (3.6) can be solved
recursively and yield M as a series in A with coefficients

which are functions of W and W of appropriate degrees
of homogeneity:

M = MO+ 3 MW, W),

n=1

3.9

Taking into account the fact that J is O(A), the recursive
solution for Egs. (3.6) is
o

S [T~ (W, Me=0), T+(W, M" V]

j\/l(") = A*"<
n_l )
-> )MW) with A" — 0,
j=1

(3.10)

with MO being the solution to the linear twisted self-
duality constraint, M© = —;"W.

With a solution in hand, the action may then be found by
integrating Eqs. (2.13). This can be done directly on a case
by case basis. We will show that it is in fact straightforward
to carry out this integration for a general J. The resulting
action has a simple form as demonstrated by the examples
detailed in the next section.

As reviewed in Sec. II B, the NGZ consistency condition
(2.16) and (3.5) is simply the requirement that the right-
hand side of Eq. (2.12)—with "W, M and their conjugates
treated as independent fields—remains invariant under
duality transformations. While in general there exist

many duality invariants, given an action S[ W, W, A],
it is possible to construct a natural duality-invariant
expression4:
d N
Siw=—A—=S[W, W, Al (3.11)
dA
This construction is a particular example of the general fact
(see e.g. [6,19]) that the derivative of a duality-satisfying
action with respect to a duality-invariant parameter is
duality invariant. To see that this is indeed the case let us

carry out an infinitesimal duality transformation of this
relation:

—— i 8 ﬁ 8> _ﬁ)
8Siny Ad/\(fd ZSW5W+[d chw(SW
(3.12)

with 8 W and 6 W given by (2.15). The variation of the

action with respect to W and W can then be expressed,
using (2.13), in terms of M and its conjugate; thus, §S;,,
becomes

o _ipd 8 2 _ 3—2)
5S.., 4B)\d/\([d M fd ZM). (.13)

“The overall sign is chosen for later convenience.
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Since W and W are independent of the coupling constant
A, we may freely add them to the parenthesis above:

1 d 8 5 5
iny = — 7 BA— +
8Siny 1 BA o ([ ABZ(W? + M?)

- f BZW? + W%). (3.14)
This expression vanishes identically for M and M sat-
isfying the NGZ duality constraint (2.16), implying that
(3.11) indeed represents a valid choice of S;,,, though of
course not the only possible one.’

Clearly this choice of S;,, allows us, through Eq. (2.12),
to reconstruct the action in terms of W, M and their
conjugates. It is indeed easy to see that, upon use of
(3.11) and (2.12), becomes a first-order differential equa-

tion for Sf W, W, A]

d _
- )\ES[W, W, A]
— S[W. W, A] - % f BZWMW, W, A]

+ % [d87W MW, W, 2] (3.15)
with the condition that at A = 0 its solution should be the
free action. Its solution provides a form of the reconstruc-
tive identity for the action

S = 5 f dA[ / BZWMW, W, A]

- deZ WMW, W, A]], (3.16)
where M[ W, W, A] and M[ W, W, A] are simulta-
neous solutions of the NGZ duality constraint (2.16) and
of the deformed twisted self-duality equation. The latter
introduces the dependence on the dimensionful coupling A
through the initial deformation source. Given such a solu-
tion (3.9) and (3.10), the action we are looking for is

. DU —
S = lfdszwl;mﬂ( W, W] + He..

(3.17)

One may then check, on a case by case basis, that both the
dual field M and its conjugate [also constructed from this
action as in Eq. (2.13)] reproduce the dual field that was
used to construct the action through Eq. (3.16).

This class of actions encompasses both the free action
(obtained for J = 0) as well as the interacting actions

SFor example, any function of A and dS/d\ will lead to a
possible candidate for the action. It is possible that all such
choices are in fact equivalent through a change of initial defor-
mation source, perhaps through a field redefinition.
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reviewed in the previous section. The relevant X function
is just

X =— /dﬂ/vjvz. (3.18)

2A

This requires a very specific Jg—one that involves a
superposition of an infinite number of initial source terms,
much like the N = 0 Born-Infeld models discussed in
[12,13]. We will present this aggregate deformation source
through order A3 in Sec. IV. It is not difficult to construct

higher-order terms which reproduce the action (2.18) and
(2.19).

B. Covariant construction of N' = 2-supersymmetric
duality-satisfying actions

Let us summarize here the N° = 2 generalization of the
bosonic covariant construction [12,13] reviewed in
Sec. IT A beginning with some initial deformation or coun-
terterm 6S. While some of the steps are very similar,
others depart from the bosonic ones due mainly to the
compact action introduced in Eq. (3.16).

(1) Take the variation of the counterterm with respect to
the field-strength superfield, and express as a func-
tionof 7~ and T,

SAS S8I(T-, T )
8T+ LY.

(3.19)

(2) Introduce an ansatz for the deformation source
I(T~,T*, A). In general, this may be taken to de-
pend on all possible duality invariants.

(3) Constrain the dual field strength to this variation:

_8I(T, T, A)
5T

+

(3.20)

(4) Solve Eq. (3.20) iteratively for the dual field M =

M[W, W, A] and its conjugate while checking
that the NGZ duality constraint is satisfied. Any
U(1)-invariant Hermitian deformation source will
automatically lead to solutions which pass this
test.

(5) Use M and its conjugate found at step 4 to construct
the action

S = ﬁ fdA[fdf‘ZWle[W, W, A]

- [dﬁWW[W, W, A]] (3.21)
while checking for additional desired properties and
enlarging the ansatz for I if necessary.

(6) Verify that M and its conjugate used at step 5 are
reproduced as
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MW, WAl = 4-2 STW. W],
SW

- s ()

—iM[W, W, A]=4—S[W, W]
SW

It is important to point out that the last step above is not a
substitute for any of the earlier steps. For example, it is
possible to construct deformation sources J which, while
not solving the NGZ constraint lead nevertheless through
Eq. (3.20) to dual fields M and an action which reproduces
them.

We will proceed in the next section to apply this con-
struction to recover the actions reviewed in Sec. IIB as
well as duality-covariant actions with manifest N = 2
supersymmetry and quite novel structure.

IV. DUALITY EXAMPLES

In this section we will follow the steps outlined above
and discuss four examples of deformation sources and their
corresponding duality-covariant actions. We present each
source with an arbitrary scalar prefactor (a, b, ¢, d). In each
subsection we will mention the relevant value necessary to
match terms present in the BI action given in Eq. (2.22). At
higher orders in the number of fields, the nested super-
derivatives can become quite lengthy. To shorten the ex-
pressions we introduce the notation

H W = DAW2H"D) .1)

FH =D (W IH0), 4.2)
with H© = DA W?) and H® = D*(W?). This nota-
tion will also eliminate the explicit spacetime derivatives,
unless they appear already in the deformation source.

A, (TXTH)?
The lowest dimension ‘“‘initial source of deformation”

which is manifestly invariant under duality transformations
is

I, =a) f 42 Z(T (T2 43)
it also has a direct counterpart in the bosonic theory. Upon
use of the definition of 7™ and its conjugate in terms of W
and M, Eq. (3.6) can be written as

M = —iW + 2aAi(D* W — iM)(W +iM).
4.4)
This equation, and its conjugate involving M, can be
solved recursively order by order in A. The solution is

relatively compact6 with the coefficients of M =
3 AT M being given by
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MO = —i'W, 4.5)
n—1n—(1+I) e
M|~ = (=2)°""a z Z a(l, g;n)D*
=0 ¢=0
X [W(n*(lwﬂ))ﬂ(q)j\/l(l)] 4.6)
with
alg, lyn) = &(q)é&(D)éEn—1— g — 1). 4.7
E (D)0 = (—2)1/2, (4.8)

PHYSICAL REVIEW D 85, 125036 (2012)
E(X) =0 = 1. 4.9

With the notation introduced in Eq. (4.2), the first few
terms in the expansion of M are

M=—iW + 16aiA WH©
B %(maww«ﬁ@)z F2H )+ @410)

The action is then given directly by Eq. (3.17); since it is
linear in M, that a recursive solution for /M automatically
translates into a recursive expression for the action. Here
we choose to solve the recursion and express it through A*
in the form of a Hermitian action:

Sint = ] d2ZWIW {=2ah + 162 22(H O + H'”) — 128a313(H 02 + 2D + H O + 25

+1024a* M (6(H O HD + FHOFLD) 4+ 4(H @ + FHPy + 3£053 4+ {03
— 819285 A3 (6(H 2 FH % 4 2(H O 3@ + F{ OGPy 4 2412 4 o 3712y

+ 8(HOHO2 + HO + HO? + Y HO) + 3O+ + H) + 0(19)}.

Note that setting @ = —2~* recovers the terms in the BI
action, Eq. (2.22) through A? which do not contain the
spacetime Laplacian, as well as relevant contributions at
higher orders. While some sequences of terms—such as
those depending only on powers of H©—can be re-
summed, it does not appear that this action has a closed-
form expression.

B. (T7)*0(T")?

As reviewed in Sec. I1 B, the term (W3 W”) in the BI
action (2.22) is required if that action is to be interpreted as
the supersymmetric D3-brane action. Such a term will not
appear in an action of the type (3.17) unless we add a term
like (T77)30(T™)? to the initial deformation source. Such

@.11)

|
terms may be obtained from those discussed in [12] by
dressing them with spacetime derivatives. Let us therefore
consider the duality invariant

I,=0bA [ dz(T)’0(T)3. (4.12)

The twisted self-duality equation Eq. (3.6) can be written
as

M = —iW +3ibX2(W + iMAD'O(W — iM)3)
(4.13)

and, together with its conjugate, can be solved for M and
M. The first few terms in their solution are

M= —iW + 25 X 3ib 2 W2A(D'OW?) — 29 X 322 W22 WD O W) + 3D (W D W]
+ 213 X BB AW 12WDHOW DHO(W3)) DHO(W?)) + 9(DHO(W DHO(W?3))?))

+ DHOW D QWD OWH))) + SW2DHO(W))P] + - - -.

(4.14)

Because of the presence of the Laplacian, it is inconvenient to use the notation (4.2) for this deformation; we will instead
express the action in terms of W and its conjugate. Through order A* it is

51t reflects the fact that when the source of deformation is a single quartic term, we have a cubic deformation of the linear constraint,

as was also noticed in the “Model A” explored in [13].
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Sint = f dlzz(—4bA2(w3D(W3) + WO(W?) + 26§b2A4(3W3D(W“D4(D(w3)))

+ W' DOWHDHO(W?)) + 2WDOWHDHOW?)) + 3WOOWD*C(W?)))) + - - ) (4.15)

Here we chose the interaction terms in the action as a full superspace integral, making use of the fact that the nonlinear

1

terms in /M contain the appropriate chiral projector. It is not difficult to see that, by choosing b = — <. = —276372 we

576

recover the [J-dependent term in the A? contribution to the BI action Eq. (2.22) as well as relevant contributions at higher

orders.

C. (T™)*CXTH)*

Invariants of type Eq. (4.3) naturally generalize to higher orders—for example

I,=cx f d22(T~ P TR(T )

(4.16)

With this deformation source, the twisted self-duality equation Eq. (3.6) is

M = —iW + 4ic BW +iMP (DWW —iM)*).

4.17)

As in the previous two cases, this equation and its conjugate can be solved recursively for M and M, leading to
M= =W + i 3 WD (R(WH) - 27i2A WA EDH O W DHTA(WH)) + 3W2DH(WH)?)
+ 2% NP WI L2 W2DH (W) DHOR(W  DHTRA(WH))) + 9DHTR(W DHTA(WH)R))

+ 8D ROW DHR(OWSDH (W) + 6 WD (WH)3) - - -.

(4.18)

Absorbing the overall chiral projector in the nonlinear terms into the integration measure and thus expressing the action as
a Hermitian full superspace integral we find, through O(A°) that

St = f d122<— 16c (W TEWh) + WOE(WH) + 214%c2A6(4W4D(D(W6D4(D(D(W4)))))

F3WD@OWH) DHOO(WH)) + 3 WD@(W™H)DHO@(W™h))

AW DOOWSDHOOWY)))) + - - )

To recover the [1? term in the A® contribution to the BI
action Eq. (2.22), as well as relevant terms at higher orders,
we can set ¢ = —2712372

D. (T)XT*)*DH(T ) DH(T™)?)
Another interesting invariant constructed out of four 7™
and four T* factors and a number of superderivatives is

I,=\d [ A2 Z(T T DT ) DT+ ). (4.20)

The resulting constraint equation is

M= —iW + 2d3(W + iM{D (W - iM)?)
X DH(W = iMPDH((W +iM)?))
+ DHW — iMRDH((W + iM)?
X DH(W — iM)?)). 4.21)

Solving it recursively leads, order by order in A, to the
following interaction terms in the action:

(4.19)

I
Spt= f d2ZWWH=16d 3 (H D + H")
+409642 A (HVH® + HVH?)
+ HO G2 4 3@ +ﬁ(0)ﬁ(1)2 +5T[(4>)
+O(X)} (4.22)

The leading A® term recovers the final A? terms in the BI
action (2.22) with d chosen to be d = 2710,

E. BI action through A3

By suitably combining the deformation sources dis-
cussed above with the mentioned relative coefficients

To=— [ 42 22412 (T+)?
+A22-63-2(T- POT)
+/\32—123—2(T—)4D2(T+)4
— 27T 2T DA(T)H) DT H)?) + O(AY)
4.23)
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and carrying out the procedure of Sec. III B we recover the
Born-Infeld action from the literature given above in
Eq. (2.22). While the solution to the twisted self-duality
constraint is inherently nonlinear in the initial deformation
source, to this order only a small number of cross terms are
actually relevant. At higher orders in A more such terms
will become important together with the appearance of
new invariants that may be added to the initial deformation
source. However, not all cross terms can be modified by
adding higher-order invariants. For example, at A* the only
new source should likely be (77)03(T*)> which clearly
cannot modify the majority of @(A*) terms in the action.

F. More general models

Any U(1) duality-invariant source can be used in this
procedure, and the new form of the action makes it rather
trivial to combine various sources to tailor craft duality-
consistent N = 2 actions incorporating such sources—
such as recovering Eq. (2.22). Consider for example:

I(n,m) _ )t(n,m)(DHT(+)2)Dm(DnT(_)2),

sen A (4.24)

10 = Ny OV DTEOD (O D TOR), (425)

107, = N30T TN (0, T, TC)),
(4.26)
T = X2 (@ TE/O@ TR, @.27)

I0m = (DTN DTN, (428)
D C (b (0 Ay (m LY A

X (OmT2), (4.29)
for n;, m = 0. It is important to note that the A, ,, above
will have different dimensions based upon the value of n;,
m. Each of these is a duality-invariant initial source, and
generates novel duality-covariant actions through the pro-
cedure specified above. It is not difficult to see how these
patterns generalize to an infinite set of other initial sources.

The BI action is nonrenormalizable by power counting.
As a test of the preservation of duality symmetries at the
quantum level one may construct counterterms in the BI
model and check whether they preserve the classical U(1)
duality symmetry as well as whether the higher-order terms
generated by our procedure reproduce those obtained by
direct calculation. Compared to supergravity theories, the
simplicity of the BI model provides a clear advantage as a
testing ground for such questions. One-loop calculations in
the N = 2 BI theory have been already carried out in
[23,24] where it was found that the relevant momentum
space on-shell counterterm is

PHYSICAL REVIEW D 85, 125036 (2012)
I = c(e) | dpidprdpsdps8*( D p;
1 cle p1ap2ap3apy Pi

X [ d80<s2 N ‘g‘ﬂ)W<pl>W<p2>W<p3>W<p4>.
4.30)

Here c(e€) is a divergent coefficient. This counterterm may
be written in position space in several ways, related by use
of on-shell conditions p? = 0. One way, chosen in [24]
places one derivative on each superfield factor:

rdv = c(e)[d4xd89(8“W 3, WarWa, W

4 - N
+ 3 W Wa, W ayw). 4.31)
Using the on-shell conditions, p? = 0, the first term may
also be written as

[ dxaso0(W2(W?), 4.32)

which identifies it as arising from J (gle’r?ll‘ The second term,

which is similar to bosonic terms considered in [13], arises

(0,0)
‘IgenA e

sources make definite predictions about some of the
higher-order terms that should appear in perturbative
higher-loop calculations. In particular, these terms will
necessarily be accompanied by higher powers of the coef-
ficient c(€) in Eq. (4.30) thus implying, apart from the field
dependence, also a definite strength of the corresponding
divergence. It should be interesting to check explicitly
whether these predicted higher-order terms correspond to
the results of multiloop and multileg perturbative calcula-
tions and, if they do not, whether the deformation source
may be suitably modified to accommodate the difference.
New deformation sources will, however, always be neces-
sary at each loop order. Indeed, the nonlinearity of
Eq. (3.20) implies that all higher-order terms which are
generated will contain more fields than the deformation
source. Consequently, new deformation sources will be
required to all orders in perturbation theory at least for
the four-superfield counterterm.

As we explained above, as long as the action depends

from Through our procedure, these deformation

only on a chiral and antichiral superfields W, W and their
spinorial and spacetime derivatives, one is free to make any
choice of JI. When one such choice is made Eq. (3.6)
supplies a recursive procedure for obtaining M. While it
may not always be as simple as the quartic deformation
given in Eq. (4.3) the method described above, generalized
from [12], and as demonstrated also in [13], allows one to
recursively produce the action to any desired level. At each
order the number of invariants that can be used is limited,
given a fixed engineering dimension of the coupling con-
stant. We see, therefore, choices made at lower orders
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typically have definite consequences at higher orders in the
dimensional coupling.

It is in principle possible to impose additional require-
ments of our construction, in particular, the existence of
additional symmetries beyond duality. In general however,
it is not immediately clear how to encode such require-
ments in the choice of initial deformation source. It may be

possible to first identify the properties of M[ W, W, A]
from the action (3.16) and then require that the twisted self-
duality equation is also invariant under the same trans-
formations. This could prove too strong a requirement, as
many algebraic equations can have the same solution.
Alternatively, one may start with the most general defor-
mation source with arbitrary coefficients and determine
them by requiring that the resulting action is invariant
under the desired symmetries. An important example in
this direction is the construction of the action in [19]—
which we have reproduced with our method—where in
addition to duality symmetry the action has to satisfy a
certain constant shift symmetry,” associated with the D3
brane action:

SW =0+ OW, W).

Similarly, in [20] the N = 2 supersymmetric Born-Infeld
action was required, apart from duality invariance, to also
have a partially broken N = 4 supersymmetry. It is,
however, not obvious that the construction of the action
is algorithmic and whether actions of a different structure
may be obtained by relaxing any one of these properties.

Given any self-dual Hermitian function J of W, W and
their derivatives, our construction directly constructs, order
by order, an action which is self-dual and covariant, thus
showing that there exist infinitely many solutions to the
self-duality constraints. Further symmetry requirements
may also be imposed by a suitable choice of deformation
source J.

(4.54)

V. DISCUSSION

In this article we explore the space of U(1)-duality-
invariant actions with rigid N =2 supersymmetry
employing and extending the methods developed and ex-
plored by three of the current authors in the previous
publication [12]. For these models we identify a useful
presentation of the action and the U(1) duality constraint
such that—when the latter is solved perturbatively—the
construction of the former follows immediately. Namely,
when a certain choice of the manifestly duality-invariant
source of the deformation of the linear twisted self-duality
constraint is made, J(7T, T, A), its derivative provides a dual

superfield M = M(W, W, A) as the function of the

"The shift symmetry of this type is reminiscent of the shift
symmetry part of the E;»; in N = 8 supergravity, acting on
scalar fields.
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original superfields W, W and as a power series in the
coupling A, as one can see from Egs. (3.6) and (3.9).
The chiral part of the action is reconstructed by the inte-

gration over A of the product W M(W, W, A), and the
conjugate to it provides the antichiral part of the action, as
shown in Eq. (3.16).

Employing this approach, we have identified several
initial deformations, which, after applying the recursive
method, collectively reproduce the actions found in
[16—-19]. Beyond those, there are further classes of defor-
mations, which lead to a rich variety of duality-invariant
models with N =2 supersymmetry. One important
observation has been described in [12] for the nonsuper-
symmetric and N = 1 supersymmetric theories: when the
initial source of deformation is quartic in F, the deforma-
tion of the linear twisted self-duality condition leads to a
Born-Infeld type action, that is an action containing all
powers of F up to infinity. The higher-order terms are
necessary to maintain the duality invariance of the equa-
tions of motion order by order. Using the corresponding
construction for N = 2 supersymmetric models detailed
in this paper leads to the same conclusion.

The next natural step towards understanding the impli-
cations of Ey(; duality for the UV behavior of N = 8
supergravity is the construction of simpler examples, such
as U(1) duality-consistent deformed N° = 2 supergravity
theories. While the jump from rigid supersymmetry to
supergravity is nontrivial, we expect N' = 2 supergravity
to be an excellent proving ground. It is possible that a
suitable covariantization of the twisted self-duality con-
straint (3.20) coupled with an appropriate choice of defor-
mation source will allow us to construct the analog of the
actions discussed in this paper in the presence of local
N = 2 supersymmetry.

We expect [25] that a suitable covariantization of the
twisted self-duality constraint (3.20) coupled with an
appropriate choice of deformation source will allow us to
construct the analog of the actions discussed in this paper
in the presence of local N' = 2 supersymmetry.

Let us briefly comment on the possible consequences
of such covariant constructions for UV divergences in
N = 8 supergravity. If existent, the first UV divergence
for a four-point amplitude (which is sufficient to consider)
will be the N = 8 supersymmetric completion of a term
of the form f(s, 1, u)R*, which necessarily contains a local
quartic term of the form f(s, t, u)(dF)* in momentum
space. Here f is a polynomial of the usual Mandelstam
variables whose degree depends on the loop order at which
the divergence arises.

Assuming E7»;) symmetry to persist unmodified at the
quantum level, there exist E;(;-invariant counterterms at
sufficiently high loop order, as originally shown in [26]
and more recently reinforced in [5]. The sufficiency of
this reasoning was questioned in [7]: as E() is a continu-
ous global symmetry, it requires the conservation of the
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corresponding NGZ current [6] in addition to the E;g
invariance of the counterterm candidates. It was, however,
subsequently suggested in [11] that there exists a procedure
of perturbative deformation of the linear self-duality con-
straint which always allows the addition to the action of the
candidate counterterm along with all other higher terms
required for the conservation of the NGZ current.

The covariant procedure introduced in [11] required
generalization to recover the venerable bosonic Born-
Infeld action [12]. This class of generalizations has been
applied to consider higher derivative terms [13] and in this
paper we have presented an application to N = 2 global
supersymmetry. Discovering the way to meaningfully ap-
ply such generalizations to N = 8 supergravity could
shed light on the UV-finiteness question. In principle, one
would start from the classical ' = 8 theory, in which the
supersymmetrization of the Ricci scalar contains terms
quadratic in vector fields:

1
Sv—g(8um Fpr -1 K2 = f (R~ FN(IF + ).
5.1

One could imagine that attempting to construct a Born-
Infeld type N = 8 supergravity, by adding suitable
deformation sources and applying the covariant duality
construction, results in two possible scenarios:

(i) construction of an N = 8 Born-Infeld type super-
gravity is possible, either for a general value g of the
four-vector terms

Sg\l[:g(g,u,w F;Lw cees KZ’ g2)
1

- f[sz(R — FN(G)F + )
+ g2 F4fu(s, tu) + - -

+ g2"F"f (s, tbu,...) + ] (5.2)

or only for specific coefficients g, () of the n-vector
terms

S];\I;:S(g,uw F,uw cees sz gz)
([t rvor o9
2K
+ gy (KRVFHfy(s, tu) + - - -

+ g (KDF (s, tbu,..)+ - ] (5.3)

It is however only this second option which has the
possibility of being consistent with perturbation
theory of the undeformed N = 8 supergravity.®

SWhile the « dependence of n-vector couplings is fixed by
dimensional analysis, their precise numerical coefficients may
only be fixed by direct calculations.
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Superficially, the existence of such an action may
suggest that the E;7) duality symmetry is consistent
with the existence of UV divergences in this theory
(5.1). One must however make sure that the higher-
order terms predicted by the covariant duality con-
struction are the same as those obtained from direct
calculations. Not being able to render them consis-
tent (e.g. by adjusting the deformation source) would
imply that some of the assumptions of the construc-
tion (e.g. that the tree-level duality transformations
are unmodified) may need to be relaxed.

(ii) construction of a Born-Infeld type N =38
supergravity is not possible. If it is possible to
simultaneously prove that the classical E5(; trans-
formations do not receive modifications at the quan-
tum level, then E;(7y would predict UV finiteness of
N = 8 supergravity in four dimensions.

Either outcome would expose more of the quantum
properties of N = 8 supergravity and the consequence
classical duality symmetries have on them. Similar scenar-
ios exist in all theories exhibiting duality-invariant equa-
tions of motion. Along the way to N = 8 supergravity,
consideration of such symmetries may lead to the identi-
fication of other supergravity theories with unexpectedly
good ultraviolet properties or may point to a mechanism
that makes duality symmetries consistent with the exis-
tence of counterterms/UV divergences.
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APPENDIX A: REVIEW OF N = 0
AND N =1 DUALITY

A manifestly N = 1 supersymmetric NGZ-type iden-
tity derived by Kuzenko and Theisen in [18], where it was
called “N = 1 self-duality equation,” is
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[ doz(WeW,, + MM ) = f d°zZ(W W4 + M, M%),
(A1)

where the chiral and antichiral " = 1 superfield strengths
are defined as

1 - . 1 -
Wa=—ZD2DaV and W, =-D>D,V  (A2)

N

in terms of a real unconstrained prepotential V. In analogy
to Eq. (2.13) one defines

iM, =2

S[W, W1 e =22 stw, W
’ 5 —1 = = , .
OW.

(o3

ow«
(A3)

N =1 duality-invariant models can be obtained by
considering a general action of the form

1 ] _
=—|df W2+—fd6‘W2
4[ . i
1 8 272 1 2 21_2_2
+1/deW£(§DW,§DW), (A4)

where L(u, 1) is a real analytic function of the complex
variable # = 1 D2W? and its conjugate. With’

68 1 ) —
—— = —W,(1— =D’ [WT )
owe 2 W“( 4 (W]
1 1)
where ' = £ + —DZI:W2 —£:| (A5)
8 ou
one finds with Eq. (A3)
1 -, -
iM, = Wa(l - ZDz[WZF]) (A6)

or, equivalently,
| RN g 1 7]
iM, = Wa{l - —DZ[WZ(L + —D2<W2 9L, &) ”)))]}
4 8 du
(A7)

Plugging Eq. (A7) into the NGZ constraint Eq. (Al)
leads to a functional equation for I

f ABWW2Im[I" — al?] =0, (A8)

where we have used that for any N = 1 superfield Y

W2W2D2[W?Y] = W2W2D* W]y (A9)
because W3 = W, WgW, =0 for the two-component

spinor W,. One can rewrite the above constraint in terms
of L as

“Here, as well as in [19], the 2N = 1 functional superderiva-

tive is defined as ?v“/,i(é/)) =-1 88D258(z — 7).
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f A WAW2Im[0, (uL) — a(0, (uL)?] = 0. (AI0)

This partial differential equation has infinitely many solu-
tions, parametrized e.g. by the coefficients of the terms
(ui)" with n > 2 in the expansion around u = 0 (as well as
the coefficient of uii?), as was shown in [27] in the non-
supersymmetric case.

The relation to the nonsupersymmetric case discussed in
[12] is straightforward: taking the integral over the fermi-
onic superspace coordinates and setting the gauginos and
auxiliary fields to zero, one finds

1
L= —E(u + ) +uaL(un),
1 ) . (AL1)
E—D2 I :>—F2+1FFE .
u=q W2|g=0,0=0,4—0 1 1 w
In the nonsupersymmetric cases the Born-Infeld (BI) and
Bossard-Nicolai (BN) examples are reproduced by func-

tions [12]:
2

8
Ly =
1+1g% (@ + @) + 41 + &0 + &) +1g"(w — &)
(A12)
2 4 6
=L -Lwtra)+ L+ +wa)
8
- ‘f—6((w + @)} +3(0?® + wd?) +... (Al3)

and
2 4 6
Lon =5 -2 (w+a)+E (w+0)?+200)
2 4 8
g8
- E((w + @)} + T + wd?)) + ...
where the first deviation occurs at O(g®).
With the above identifications, the same is true for the

model with N" = 1 supersymmetry. At O(g®) a deviation
between the Born-Infeld-type N =1 model and the

N =1 supersymmetrization of the Bossard-Nicolai
model will occur:
g° g8 o
Lnlos = Letlogs = gwd) = §D2W2D2W2,

(Al4)

Comparing now the O(A3) terms in Eq. (4.15), which
corresponds to the N = 2 supersymmetrization of the
BN-initial deformation, with the corresponding terms in
the Born-Infeld action Eq. (2.22), one finds again the
difference

3 _ 3 [
)‘_23{<0>5{(°) - ;\—ZD4WZD4W2, (A15)

3
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where we have set a = —11—6 in Eq. (4.15) in order to
connect to the BI result as discussed in Sec. IVA.

APPENDIX B: N = 2 SUPERSYMMETRY, U(1)
DUALITY, AND DERIVATIVE REQUIREMENTS

Here we consider a generalization of the N = 0 and
N = 1 actions assuming—as in [18]—dependence on the

N =2 superfields 'W? and W?. While the free action
reads
1 1 =~
Siee =3 /dSsz t3 deZWZ, (B1)

it is obvious to try, whether an ansatz similar'® to the
interaction part of Eq. (A4),

Sin = _211 f d2ZWW? L(D* W2, D*W?)  (B2)

suffices to produce a duality-invariant action. We will show
in the following, that this is not the case: one has to include
new terms depending on spacetime derivatives in order to
satisfy conservation of the NGZ current Eq. (2.16).

Using Eq. (2.13) in the above equation yields

0Sint _ _1 Y4 (W72 _ [ zg]
W 2W2D (W) whereI'=L+D W S5u
(B3)
where here u = D* W?2. In terms of " one finds
iM="W(I-2WD[WT). (B4)

Plugging Eq. (B4) M into the self-duality equation (2.16)
yields

f d2ZWW? Im[T — TD*(W’T)]=0.  (B5)

Rewriting the above equation in terms of £ does not give
the same beautiful result as in the N = 1 situation: there
is no N = 2 analogue to Eq. (A9). As the N = 2 super-
field ‘W is a scalar, terms containing W? will not vanish.
Thus the constraint analogue to Eq. (A10) reads

fdlZZwZW2 Im[d,(uL) — @(9,(uL))> + AL] = 0.
(B6)

The correctional term A £ contains terms like D*[D* W]
which, after carrying out the derivatives, yields terms

proportional to 9 #W which do not cancel. Thus, the
ansatz Eq. (B2) is not sufficient, instead one needs

'The prefactor is chosen to allow for straightforward compari-
son of the resulting differential equation with the N" = 1 model
in the last section. Of course, any prefactor can be absorbed in
the definition of L.
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1 I [
Si=3 [dZWW LD W DW)
+OOW, dW).
Comparing with Eq. (2.20), one finds that those terms do

indeed appear. Already at ((A?) there is a term

%ZW3DW3, which would have vanished in a N =1
supersymmetric theory. At the next order, @(A3), one finds

terms of the form W2 W D W2D*[ W*]], which are
not covered by an ansatz of the form

W2W? L(D* W2, DY W?).

(B7)

APPENDIX C: CONVENTIONS
OF N = 2 SUPERSPACE

Superderivatives are defined as
Dg = ala + iédiaad and @di = —('*)di - 10:"(‘)&&
(ChH

where «, & are usual SU(2) spinor indices and Latin in-
dices are superindices in the range from {l1,...4}.
Anticommutation relations read

{Di, Dy} = —2i6%0 g4 (C2)
Derivatives can be combined into
Dii = DDl and DY =D, DYV (C3)
and finally
D=L DiD, ad D'=LDD, (b
48 Y 48 Y

Chiral and antichiral superfields W(x, 6) and W(x, f) are
defined as

DyW=0 and D,W =0. (C5)
For a full superfield V(x, 6, 6),
[ BZDV = [ BZW = f d?z'v. (C6)

Correspondingly, the functional derivative for chiral and
antichiral superfields are defined via

SW(2Z)  —i s -
W@ _ pegz -z,
SW(Z')

Because of anticommutativity, powers higher than four in
the superderivatives vanish (here we write the chiral part

only, the antichiral is completely equivalent),
"=0 Vn>4 (C8)

which leads to
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D*(D*(x)) =0 and thus
DHXDHY)) = DHX)DHY) (C9)
for arbitrary X and Y. Besides linearity and scaling
DHX +Y) = DYX) + DY) and
DHcX) = cD*X) V scalarc (C10)

(1]
(2]

(3]

(4]

(5]
(6]

(71

(91
(10]
(11]

PHYSICAL REVIEW D 85, 125036 (2012)

the chain rule does not apply trivially due to the product
structure of D*.

For the spacetime d’ Alambert operator appearing in the
examples in Secs. (4.3) and (4.16), the following commu-
tation relation holds:

ODYX) = DO(X). (C11)
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