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Abstract

The dualization of the scalar fields of a theory into (d — 2)-form potentials pre-
serving all the global symmetries is one of the main problems in the construction
of democratic pseudoactions containing simultaneously all the original fields and
their duals. We study this problem starting with the simplest cases and we show
how it can be solved for scalars parametrizing Riemannian symmetric c-models
as in maximal and half-maximal supergravities. Then, we use this result to write
democratic pseudoactions for theories in which the scalars are non-minimally cou-
pled to (p + 1)-form potentials in any dimension. These results include a pro-
posal of democratic pseudoaction for the generic bosonic sector of 4-dimensional
maximal and half-maximal ungauged supergravities. Furthermore, we propose a
democratic pseudoaction for the bosonic sector of N' = 2B, d = 10 supergravity (the
effective action of the type IIB superstring theory) containing two o-, two 2-, one
4-, two 6- and three 8-forms which is manifestly invariant under global SL(2,R)
transformations.
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Introduction

p-branes naturally (electrically) couple to (p + 1)-form potentials [1-12]." However, the
theories that describe the bulk dynamics of those (p + 1)-form potentials (supergravity
theories, typically) are usually written in terms of the lowest-rank potentials which are
dual to them. Thus, N' = 2A,d = 10 supergravity, the effective fields theory of the
type IIA superstring, is usually written in terms of the metric, dilaton (a scalar), NSNS
2-form, and RR 1- and 3-forms plus a mass parameter (Romans’) while the solitonic 5-
brane couples to the NSNS 6-form dual to the 2-form, and the D4-, D6- and D8-branes
couple to RR 5-, 7- and g9-forms dual, respectively, to the RR 3- and 1-forms and to the
mass parameter.

Defining the higher-rank forms needed to describe the couplings of higher-dimensional
branes is always possible on-shell, providing equations of motion for all of them. It
is always desirable to have an action from which those equations of motion can be
derived.?> However, the field strengths of the higher-rank forms typically contain the
lower-rank ones and, very often, it is not possible to find an action for the higher-rank

More references can be found in the reviews [13, 14].

2There is another reason why one may need the presence of the higher-rank forms in the action:
in flux compactifications, their fluxes make relevant contributions [15]. In particular, in Refs. [16,17] it
is manifestly shown that, under the presence of Dp/Op systems, the modifications of the electric field
strengths (and their Bianchi identities) induced by open string fluxes are read off from the couplings of
the dual potentials to such objects.



forms because it must contain, at the same time, the lower-rank ones, which are related
to the former in a highly non-local way through the duality relations.

The fact that an action for the higher-rank forms must also contain the lower-rank
ones can be turned into an advantage if one manages to give consistence to the simul-
taneous presence of dual fields in the action.3 A solution to this problem is to use ex-
tensions of the Pasti-Sorokin-Tonin formalism [22] which is based on the introduction
of an auxiliary scalar field in the action. This method has been used in Ref. [23,24]* to
construct covariant actions of N' = 2B,d = 10 supergravity containing the 4-form but
also 8-form duals of the scalar fields and also in Refs. [27,28] to construct an action of
D =1,d = 11 supergravity containing the 3-form and its dual 6-form simultaneously.
By dimensional reduction one can obtain an action of N’ = 2B,d = 10 supergravity
containing the fundamental and dual fields [29]. In a slightly different context, it has
been used in Ref. [30] to construct a covariant worldvolume action of the Ms-brane.

An alternative solution, proposed in Ref. [31], consists in including all the fields
and treating them all on an equal footing as independent (making it democratic). This
procedure doubles the degrees of freedom and one has to impose by hand the twisted
duality [32,33] relations between (p +1)- and (d — p — 3)-forms only after the equations
of motion have been derived from the action. Since the duality relations are not derived
from the action, one is actually dealing with a pseudoaction. The pseudoaction intro-
duced in Ref. [34] for N' = 2B,d = 10 supergravity, which includes the 4-form with
selfdual 5-form field strength provides a good example: it contains an unconstrained
(not selfdual) 4-form which describes twice the degrees of freedom of the selfdual one
and the selfduality constraint must be imposed after the equations of motion have been
derived.

Each of these solutions® presents advantages and disadvantages: the PST method
introduces unwanted auxiliary variables but gives a proper action from which all the
equations of motion can be derived while the second method does not introduce un-
wanted auxiliary fields but only gives a pseudoaction. If one is interested in evaluating
the action on-shell (in order to study black-hole thermodynamics, say), it is not clear
whether the PST action gives the same value as the original one. However, the demo-
cratic pseudoaction does, in Euclidean signature, as we are going to discuss.

In this paper we are going to use the second method of dealing simultaneously
with fundamental and dual fields. Thus, our goal will be to construct democratic
pseudoactions containing all the fields and their duals whose equations of motion give
back the original ones upon use of duality constraints. Our main concern will be the
dualization of the scalar fields, which usually couple non-linearly among themselves

3See Ref. [18] for the case of nonlinear electrodynamics and Ref. [19] for the extension to (p + 1)-form
potentials and their duals in arbitrary dimensions. The results of Ref. [19] could be used to formulate
proper actions for the systems described in the current work via pseudoactions. For the free fields, this
approach was introduced in Ref. [20] and discussed in detail for arbitrary (p + 1)-form potentials and
their duals in arbitrary dimensions in Ref. [21].

4See Ref. [25] and, specially, the more recent Ref. [26] for a review

5A more recent and different proposal can be found in Ref. [35] for N' = 24, B, d = 10 supergravities.



and to other fields, into (d — 2)-form potentials.

The standard dualization procedure is only possible when the equation of motion
can be written, on-shell, as a total derivative. This happens to the equation of motion of
a given scalar field when there is a global symmetry of the action acting on it, typically
as a constant shift. The equation of motion, then, is equivalent to the conservation
of the associated Noether current. Even if this is not immediately apparent, in that
case the action can be rewritten in terms of derivatives of the scalar and one can use
the Poincaré dualization method in the action. In absence of this kind of symmetry,
it is not known how to dualize the scalar field, but in supergravity theories, there are
typically many of these symmetries associated to dualities.

When the theory contains several scalar fields which parametrize a non-linear o-
model, things become more complicated. The shift symmetries are isometries of the
c-model metric. One can always use coordinates (scalar fields) adapted to a given
isometry. In those coordinates the scalar field shifted by the isometry does not occur
explicitly in the metric and the action can always be written in terms of its derivatives
only. The equation of motion will be a total derivative. One can only use coordinates
adapted to several isometries for those isometries that generate an Abelian subgroup.
However, even if the isometries do not commute, there are many conserved currents
as isometries and this guarantees that there are as many combinations of the equations
of motion as isometries that can be written as total derivatives. These combinations
can be used to define on-shell duals of scalars. Carrying it out this program in the full
theory can be, in practice, quite complicated. See, for example, Refs. [36—38].

Often (in all 4 = 4 maximal and half-maximal supergravities, for instance), the
target space is a G/H Riemannian symmetric manifold, with more isometries and
conserved Noether currents than scalar fields. One can define a dual (d — 2)-form
potential associated to each of the Noether currents (see, for instance Ref. [24]), but,
then, the number of dual fields, dim G, would be larger than the number of original
scalar fields, dim G—dimH, which is not acceptable. However, since the set of all
dual (d — 2)-forms transform in the adjoint representation of G, removing from the
action any number of them would break the global G-invariance of the theory. This is
one of the problems of the democratic pseudoaction of N = 2B,d = 10 supergravity
proposed in Ref. [31]: only the RR scalar C(?) was dualized into the RR 8-form C(®)
and, therefore, the pseudoaction is not SL(2, R)-invariant as the original theory.

A possible way out is to use a singular, but G-covariant, kinetic matrix in the pseu-
doaction, as suggested in Ref. [39]. In this paper we will identify the additional terms
which are necessary to construct the complete pseudoaction and we will use this result
to construct duality-invariant pseudoactions for several interesting theory, including all
the d = 4 maximal and half-maximal supergravities and N = 2B, d = 10 supergravity.

We are going to consider cases of increasing complexity: in Section 1 we start with
the dualization of a single, massless, real scalar ¢ coupled to gravity in d spacetime
dimensions, to establish the notation and the basic facts. In Section 2 we consider
a generic non-linear o-models with isometries and we will study the dualization of



scalars associated to an Abelian subgroup. This will show us which are the needed
additional terms mentioned above, which are the first interesting results of this paper.
In Section 3, we study the dualization of a Riemannian symmetric c-model and con-
struct, using the additional terms mentioned above and the singular but G-covariant
kinetic matrix suggested in Ref. [39], the democratic pseudoaction that contains the
scalars that parametrize the G/H coset space and the dual (d — 2)-form potentials
while preserving the global G invariance. In Section 4 we apply this result to the case
in which the scalars are coupled to (p + 1)-form potentials, including the particular
case d = 2(p + 2), in which some of the transformations in G are electric-magnetic du-
alities which leave invariant the equations of motion but not the action. This particular
case covers the bosonic sector of all the maximal and half-maximal 4-dimensional su-
pergravities. Finally, in Section 5 we consider the case of N = 2B,d = 10 supergravity,
the effective field theory of the type IIB superstring and propose a pseudoaction that
contains the dilaton and RR o-form and a triplet of 8-forms dual to them, the SL(2,R)
doublet of 2-forms (NSNS and RR) and the dual doublet of 6-forms and a 4-form
which is a SL(2,R) singlet. The equations of all these fields derived from the pseu-
doaction reduce to those of the fundamental fields when the (self-) duality constraints
are imposed on them.
Our conclusions and future directions of research are contained in Section 6.

1 Dualization of a single real scalar

In order to establish the notation and describe what we want to do, it is convenient to
start with the simplest case, namely that of a single, massless, real scalar, ¢, coupled to
gravity, described by the Vielbein e” = ¢,dx", in d spacetime dimensions. The action

that dictates the dynamics of this system is®
S[e”, ] = / (1) (¢ A ) A Ry + 3dip A xdp} (1.1)
In this action x denotes the Hodge dual and, therefore,
*(e" Neb) = 1 Bt A A a2 (1.2)

- _2)!&1...%2

w™ = w,"dx" is the torsionless, metric-compatible, Levi-Civita spin connection” and
R = %Ryvabdx" A dxV is its curvature 2-form

R = dw™ — W A w®. (1.3)

The equations of motion which follow from this action are

®In this paper we are using differential-form language and the conventions of Ref. [14].
71t is antisymmetric 0™ = —w" and satisfies De” = de® — w*, A e’ = 0.



E, =1, % (e Ne?) ARy + # (14dp N\ *dp +dp N1, % dp) , (1.4a)

E=—dxdp. (1.4b)

Locally, the equation of motion of the scalar ¢ can be solved by introducing a
(d — 2)-form C such that

G=dC=xd¢. (1.5)

The equation of motion of the scalar ¢ becomes the Bianchi identity of G (dG = 0) and
the Bianchi identity of the scalar field strength d¢ (d°¢ = 0) becomes the equation of
motion of the dual (d —2)-form C (d * G = 0).

Observe that the field strength G is invariant under gauge transformations

5sC = dx., (1.6)

where ¥ is an arbitrary (d — 3)-form.

It is not difficult in this case to replace in the Einstein equations d¢ by xG® obtaining
the equations of motion of a theory that contains the metric and the (d — 2)-form C
only:

Eu:zu*(eCAed)ARcd+%(zaG/\*G—i—G/\za*G), (1.9a)

E=—-dxG. (1.9b)

We can easily guess the action these equations of motion can be derived from.%
However, there is a more systematic and direct procedure (often called Poincaré duality)
that can be used as long as the action depends only on the field strength d¢ and not

8We have to take into account that, with our conventions, for a (k + 1)-form w(*+1)
*2 w(k+1) — (_1>k(dfl)w(k+l) , (17)

and also that the canonical normalization of the action of a k-form with (k + 1)-form field strength
wk+1) g
ﬁw(kﬂ) A ww®D) (1.8)

9As usual in electric-magnetic duality, it is not possible to replace ¢ by its dual field C directly in
the action since the relation between these variables is non-local, even though the relation between their
field strengths is. Substituting d¢ by xdC directly in the action leads to the wrong sign for the kinetic
term of the dual field C.



on the scalar field ¢."° In these conditions, we can obtain an equivalent action by
replacing the scalar field ¢ by its 1-form field strength, which we provisionally call A,
as independent variable as long as we add a Lagrange-multiplier term enforcing the
Bianchi identity dA = 0. This constraint implies the local existence of ¢ and allows us
to recover the original scalar equation of motion. Calling C this Lagrange multiplier
and defining G = dC, the equivalent action takes the form

Sle”,C, A] = / {(—1)‘1’1 *(e" A e?) ARy + #A A*xA+GA A} . (1.10)
The equation of motion of A is algebraic:

A =x%G, (1.11)

and its solution can be used in the above action to get

Sle?,C] = / {(—1)d_1 *(e" NeP) ARy + #G A *G} , (1.12)

which is the action from which the equations of motion (1.9a) and (1.9b) can be derived.

This action is invariant under the gauge transformations Eq. (1.6). Notice that, by
following this procedure, we have obtained the right sign for the kinetic term of C.

This dual action is not our real goal, though. We are interested in actions in which
the original (“electric”) and the dual (“magnetic”) variables appear simultaneously.
Since this implies a redundancy of degrees of freedom, it is necessary to use the rela-
tion between these variables (Eq. (1.5), in this case) after the equations of motion are
derived from the action. Actions which need to be supplemented by constraints in
order to derive the equations of motion were called pseudoactions in Ref. [34]. Thus,
we are interested in pseudoactions which contain both electric and magnetic variables
and which give equations of motion equivalent to those of the original theory after the
duality relations have been imposed. In the context of V' = 2, A, B,d = 10 supergravity
(the effective field theories of the type IIA and IIB superstrings), this kind of formula-
tions of the theories were called democratic in Ref. [31]. Thus, we are interested in the
democratic formulation of the theory given by the original action Eq. (1.1), which will
be described by a pseudoaction.

In this simple case, it is not difficult to see that the pseudoaction we are after,
containing ¢ and C simultaneously, can be obtained by combining the kinetic terms of
¢ and C multiplied by 1/2,*

Sle”, ¢,C] = / {(—1)‘1_1 * (e" NeP) ARy + Ydp N xd¢ + (74—1)dG A *G} , (1.13)

°Sometimes it is possible to rewrite an action with explicit dependencies on ¢ in such a way that it
only depends on d¢. As a general rule, this happens when the action is invariant under constant shifts
of ¢: ¢ — ¢ + c. We will discuss this point in more detail later.

"In this case, other, less symmetric combinations of coefficients of the kinetic terms of ¢ and C give
the same result.



and that it has to be supplemented by the constraint Eq. (1.5). Indeed, if we use the
duality constraint in the equations of motion

E, = tax (€ Ae?) ARy + (_41)d (12dp N *xdp + dp N1y % d)

+ 1 (taGAXG +G A1, xG) , (1.14a)
Ey = —3dxdg, (1.14b)
Ec = —%d* G, (1.140)

to eliminate C, the energy-momentum (d — 1)-form of C becomes equal to that of ¢ and
one recovers the Einstein equation (1.4a) with the right coefficient and the equation of
motion of C equation is automatically solved and one is left with the scalar equation of
motion with an overall factor of 1/2. If, instead, one uses the constraint to eliminate ¢
one obtains the dual result, i.e. the equations of motion (1.9a) and (1.9b), the later with
an overall factor of 1/2.

Before ending this section, observe that using the duality relation directly in the
democratic pseudoaction does not lead to the original action because the two kinetic
terms simply cancel each other.™ This implies that, if we try to evaluate the action on-
shell, since any solution satisfies the duality constraint, the contributions of the kinetic
terms will also cancel each other. However, usually, it is the Euclidean action that one is
interested in evaluating, not the Lorentzian one. A field and its dual must necessarily
have opposite parities and one of them will by multiplied by i when Wick-rotated, its
kinetic term acquiring an additional minus sign that will transform the cancellation of
the contributions of the dual kinetic terms into its addition.

2 Non-linear c-models with isometries

The basic dualization procedure used in the previous section will fail when the action
cannot be rewritten written in terms of the scalar field strength only. This happens,
generically, when the scalar field interacts with other fields. We will consider the
coupling of scalars to (p + 1)-form potentials in Section 4 and now we will consider
interactions between several scalar fields.

When we have several scalar fields ¢* in our theory (in absence of scalar potential),
the situation becomes more complicated since the scalars can couple non-trivially to
the kinetic terms of other scalars. A convenient way to describe all these possibilities in

?With different coefficients they may not cancel completely, but they will never give the original
action back.



a geometric way is through the non-linear c-model formalism in which the scalar fields
are interpreted as mappings from spacetime to some “target space” in which they play
the role of coordinates. The couplings between scalars and kinetic terms are collected
in the o-model (or target-space) metric gx,(¢). The kinetic term (a combination of the
kinetic terms of all the scalars and their couplings)

38y (@)™ Axdg (2.1)

can then be understood as the pull-back of the line element from the target space to
spacetime. Scalar field redefinitions can be reinterpreted as general coordinate trans-
formations in the target space.

The action of this system coupled to gravity takes the form

S, ¢ = [ {(=0" T x (@A) AR+ 3gy ()9t Axdgt}, (22)

and the equations of motion are

E, = 1a% (e Ae?) ARy + (_g)dgxy (1adp™ N *dpY +dop* N1, xdpY) , (2.3a)
By = —guy [dxdg” + T/ dp™ N xd§™] (2.3b)

where I';,Y are the components of the Christoffel symbols of the target-space metric
gxy- The scalar equation of motion is, then, the pullback of the geodesic equation in
target space.

We would like to dualize the scalars ¢~ into (d — 2)-form fields. In the single scalar
case, we used the fact that the equation of motion d x d$ = 0 could be understood as
a statement on the closedness of certain differential form, xd¢ that we could locally
solve by saying that the differential form is exact xd¢ = dC. In this theory, though, the
equations of motion of the scalars only have that form if the Christoffel symbols take
a very particular form. Since they are not tensors, this depends very strongly on the
coordinates (scalar fields, ¢*) chosen, which complicates the problem of finding out
which scalars can be dualized and when.

There is, however, a coordinate-invariant characterization of the scalars that can be
dualized based on the following observation: scalar equations of motion which are
equivalent to the closedness of a (d — 1)-form can be interpreted as the conservation
law of a (d — 1)-form current ],

d] =0. (2.4)

If the theory is invariant under global symmetries acting on the scalar fields, Noether’s
theorem ensures that there will be as many conserved currents as symmetries. The on-
shell conservation laws of these currents will be combinations of some of the equations
of motion of the scalar fields that can be used to dualize them.



In order to characterize the scalar symmetries of the theory we denote by

5a9" =ka™(¢), (2:5)

their infinitesimal generators. The indices A label the independent symmetries'> and
k4*(¢) are some given (not arbitrary) functions of the scalar fields, as the symmetries
we are considering are global (not local) and take the form

5" = atka (9), (2.6)

for constant, infinitesimal parameters a/.

It is not hard to see that the action Eq. (2.2) is invariant under the transformations
Eq. (2.5) if and only if the k4*(¢) are Killing vectors of the target-space metric, i.e. if

Vixtkaly) =0, (2.7)

where V is the target-space covariant derivative with the connection I'y,* and k4, =
kaYgyx. The associated Noether current (d — 1)-forms are given by

Ja=%ka, (2.8)
where k4 is the pullback of the 1-forms dual to the Killing vectors

ka = ka“gxyde”. (2.9)

Furthermore, it is not difficult to see, using the Killing equation, that

kAxEx = —d]A ’ (2.10)

which establishes the relation between the scalar equations of motion and the on-shell
conservation of the Noether currents we were looking for.

The above conservation laws suggest that we may try to define dual (d — 2)-forms
C4 with field strengths G4 associated the conserved currents via

Ga=dCy=]p. (2.11)

Since the currents 4 only transform under global G transformations, G4 must be
gauge invariant and the (d — 2)-forms only transform under gauge transformations

(52CA = dZA . (2.12)

The currents 4 do not occur explicitly in the action and, therefore, it is not clear
how one can use the Poincaré duality procedure. When the Killing vectors k4* com-
mute, though, it is possible to use coordinates adapted to all the isometries.** In this

3That is: they take values in the adjoint representation of the Lie algebra of the symmetry group G.
4We can also restrict ourselves to an Abelian subgroup of the isometry group of the target space
metric.

10



adapted coordinate system the target-space metric gy, is independent of the scalars
associated to the Killing vectors and they can be Poincaré-dualized in the standard
fashion because those scalars only occur through their field strengths. We are going to
consider this particular case first.

2.1 Non-linear c-models with commuting isometries

In this case we can use the machinery and notation (hats for original fields) of Kaluza-
Klein dimensional reductions for the target space metric. We choose coordinates
adapted to all the commuting isometries (all the Killing vectors k4*) to be consid-
ered splitting the coordinate indices into those related to the isometries, A, and the
rest, m, {x} = {A,m} and using the notation {¢*} = {94, ¢™}. In these coordinates,
the components of the Killing vectors are k4* = d4* (i.e. kaB =048, k4™ =0).

By definition, the target-space metric only depends on the scalar fields ¢ and its
components and those of its inverse can be written in the form

SAB gacAS,
() = C A AB '
8§BcA~m  gmn + A%mA g aB
(2.13)
gAB +AAmABngmn _AApgpn
@n=|" ,
—A pgpm gmn
where
gABch = 5AC/ gm”gnp = 5mp . (2.14)
We stress that all the target-space fields gap, gmn and A4, are independent of the
scalars ¢

In terms of these new variables (actually, combinations of scalar fields), the action
Eq. (2.2) takes the form

Sle*, (pA,(pm] — / {(—1)‘1’1 * (" A eb) ARy + %gABDgoA A *DgoB + %gmndcpm A *d(j)”} ,

(2.15)
where we have defined

Dot = do? + AN ,dg™ . (2.16)

The equations of motion take now the form

E, =15 % (€€ Ae?) ARy + #gAB (zaDq)A AxD¢P + Do A1, *D¢B>

11



+ #gmn (12dp™ N H*dp™ +dPp™ N1, % dp™) , (2.17a)

Es = —d |gan*Do"| , (2.17b)

En = —gun [dx A" + Tpg"dgP N xdf] + %%g;pA;f‘D(PA A *DgP
+gapF und¢" N xDgP + A%y s . (2.17¢)

The equations of motion of the scalars ¢ can be understood as the expression
of the conservation of the Noether currents associated to the invariance of the action
under the constant shifts generated by the Killing vectors because the currents [4 are
given by

Ja=g8ap*DeP, = Es=—dja. (2.18)
Then, we can solve locally the equations of motion of those scalars by introducing the
dual (d —2)-forms Cy:

Ga=dCyp=]p. (2.19)
The field strengths G4 are invariant under gauge transformations of the form

52CA = dZA ’ (2.20)

where the X 4 are (d — 3)-forms.

The duality relation Eq. (2.19) together with the definition of the currents [4 can be
used to express the field strengths of the scalars ¢* in terms of the dual (d — 2)-forms
C4 (and the rest of the scalars)

de? = g"B x Gp — AN, dep™ . (2.21)

Then, the Bianchi identity of these field strengths, d2¢? = 0) gives the equations of
motion of (d — 2)-forms Cy:

d (gAB x GB> _FA=o, (2.22)
where

PA = %PAmnd(Pm A d(Pn , with FAmn = ZB[mAAn] . (2.23)

The scalar fields ¢# can be completely eliminated from the action by standard
Poincaré dualization and the result is an action that contains the field variables C4

12



and ¢ (which we do not know how to dualize) and which is invariant up to a total
derivative under the Jy gauge transformations defined in Eq. (2.20)

S[e“,CA,qu] :/{(—1)d_1*(€aAeb)/\Rab—i—#gABGA/\*GB—FCA/\FA

(2.24)
+%gmnd<pm A *d<p”} )
The equations of motion that follow from this action are
E, = 1, % (¢ Ae?) ARy + %gAB (zaGA A*Gp + (=1)Ga A 1ax GB)
+ —(_g)dgmn(ladgbm A *dg™ + dp™ N1, *de"), (2.25a)
E4 = —d(g"B « Gp) + F4, (2.25b)
(1 9877
B = —gmnld xdg" +Tpg"dgP NxdT] + =3 - Ga NG
- 2(_1)d71GA A FAnmd(Pn ’ (2.250)

are completely equivalent to those of the original fields upon use of the duality relation
Eq. (2.19)."> Furthermore, we can construct a democratic action by simply adding the
original kinetic term of the ¢*!s to this action, changing the normalization of the kinetic
terms to get the right normalization of the energy-momentum tensor in the Einstein
equation (the topological term C4 A F# does not contribute to it):

SIef Car 9%, 9] = / {(=D)" s (& Ne") ARy, + §g45Dp” A +Dg
(2.26)
+ 584G A G + 5Ca A FA + Sgund g A xdg |

The equations of motion that follow from this action are

E, =1, % (€ Ne?) ARy + 1¢48 (zaGA A*Gg+ (=1)Ga A za*GB)

5The Bianchi identity of the target-space 2-form field strengths F4 occur in the equation of motion of
the ¢ and explains why the term C4 A F4 does not contribute to them.
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+ #8mn(lad¢m A *dp" + dP™ N1y % dg™)

+ g a(1Dg" A +DP + Do Nig % DyP), (2.272)
Ex = —1d(gapxDo"), (2.27b)
EA = —1d(g"® « Gp) + 1F4, (2.27¢)
Ey = —gun[d * d@" + T pg"dpP N xd¢T] + i%%;ﬂf Do AxDgP

+ (_zi_l)daaggbf Gyg N*xGp + gABFAmndgb” A *DgoB

— (=1)471Ga A FAdg™ . (2.27d)

This is a simple case in which the scalars ¢* can be completely replaced by its dual
(d —2)-forms C4. Still, we have learned that it is necessary to include the topological
term C4 A F4 in the dual action.

It is not clear at all how to dualize the rest of the scalars, if this is possible at all. On
general grounds we expect the scalars related to symmetries to be “dualizable” because
their equations of motion are related to the conservation of certain Noether currents
and then we can dualize on shell those equations. If there are enough symmetries, we
may be able to dualize all the scalars, at least in the sense of being able to define the
(d — 2)-form potentials dual to them. However, when the isometries do not commute,
we cannot use coordinates adapted to all the isometries and we cannot use the Poincaré
dualization procedure and, any putative action containing the dual fields should also
include the original scalar fields. On the other hand, if we do use all the currents (all
the isometries) the dual (d — 2)-form potentials will not fill a linear representation of
the symmetry group and the invariance of the theory containing the dual fields under
this group will in general be broken.

We do not know how to solve this problem in general. However, in the case in
which the target space is a Riemannian symmetric manifold, inspired by the form of
the action that we have just constructed (the necessity of the topological term C4 A F4),
we have found a way to construct a democratic action which manifestly preserves all
the symmetries of the original one. We describe this construction in the next section.
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3 Dualization of Riemannian symmetric c-models

In this section we are interested in the case in which the target-space metric gy (¢)
of the non-linear o-model action Eq. (2.2) is that of a G/H coset space which is a
Riemannian symmetric space.’® In particular, we are going to assume that gy, (¢) has
been constructed using the restriction of the Killing metric of G, g4, to the horizontal
space,'” gmn and the horizontal components of the Maurer-Cartan 1-form v = v™,d¢*
as Vielbeins:

Sxy = §mn¥" x0"y . (3.1)

Thus, gry admits, at least,’® dim G Killing vectors, k4*, which generate as many global
symmetries of the action Eq. (2.5). Associated to them, there are dim G closed (d —1)-
form currents, |4, of the form Eq. (2.8) and, by construction, there are more conserved
currents (dim G) than physical scalars (dim G-dim H). However, as noticed in Ref. [39],
only if we use all of them will the whole global symmetry group, G, be preserved.
Therefore, we must define dim G (d — 2)-forms C,4 and their respective field strengths
G4, through Eq. (2.11) and we must use all of them in the action, but we must find a
way to make dim H of the (d — 2)-forms C4 non-dynamical.

On the other hand, as we have discussed, it is clear that it is impossible to construct
an equivalent action in which only the dual (d — 2)-forms C,4, and not the scalar fields
¢* occur. The best we can hope for is a democratic pseudoaction.

Taking into account all this and the discussions in Ref. [39], we propose the follow-
ing democratic action for all these fields:

Spem[e”, ¢*, Ca] = / {(—1)51‘1 K (" Ne) A Rap + 18uyd™ A dp?

(3-2)
+—(_41)d9ﬁABGA A *GB — —(_zl)dgABGA A\ I%B} ,
where the dim G xdim G matrix 948 is defined as
mAE = gACgBDkakDygxy , (3-3)

and where the equations of motion are meant to be supplemented by the duality rela-
tions Egs. (2.11).

16Tn this section we are going to use, with minimal changes, the notation and conventions of Refs. [14,
39] to which we refer for further references and details on symmetric c-models.
7This vector space, t is the complement of the Lie subalgebra h of H in g (the Lie algebra of G), that

is, g = h P t. We use indices A,B,--- = 1,...,dimG to label the adjoint representation of G, indices
i,j,... =1,...,dimH to label that of H and m,n,... = 1,...,dim G-dim H to label a basis of t. The
scalars are labeled by x,y,... =1,...,dim G-dim H.

BWe will ignore, for the sake of simplicity, any other Killing vectors of gyy.
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It is not difficult to prove that the matrix 9“8 has dim G-dim H eigenvectors so
that rank 9 = dim G-dim H.""This means that in the above action there are dim H
combinations of the magnetic field strengths G4 which do not occur in the kinetic
term, which is what we need in order not to have too many dynamical fields.

We are going to show that the equations of motion that follow from the above
democratic action are those of the original c-model upon use of the duality relations
Egs. (2.11).

Observe that the original kinetic term for the scalar fields can be rewritten in terms
of the Noether 1-form currents using the matrix 9t as

MAP 5 Ja A Jp = g7 Pk kpYgxykazkpwdp® A Hdp” = grydp* Axd¢¥,  (3.6)
by virtue of the property

gABkAkan — gmn L = gABkAkay — gxy ) (3.7)

Observe that, then,
DjtABkA kay = gABkA kay = &y - (3.8)
The Einstein equations that follow from the democratic action are

E, = tax (e Ae?) ARy + (j)dgxy (12dp™ x dpY + dp™ N1, % dpY)

(3.9)
+ }IQJZAB (ZHGA AN *Gp + (—1)dGAZa * GB) .
It is enough to consider the last term (the energy-momentum (d — 1)-form of the

dual (d — 2)-forms). Using the duality relations Egs. (2.11) and the property Eq. (3.5),
that term takes the form

9The eigenvectors are, precisely, the dim H momentum maps P4 = FAdj(u_l)i A [39]: taking into

account that the Killing vectors are given by k4" = —FAdj(u_l)m A and that the Killing metric is g-
invariant and block-diagonal,

EIRABPBZ' — _gACkagmnrAdj (ufl)nAgBDrAdj (ufl)iA _ _gACkagmngni =0. (3.4)
On the other hand, using the same properties we can show that
mABkBm _ gABkBm- (35)

These results are compatible because in G/H only dim G— dim H vectors are linearly independent at
any given point.
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A A A A _1\d A A A A
LopAB <za*kA Akp+ (—1)d*kAzakB> ED gnAB <kA Atg* kg +zakA*kB>

= #WABI(A kay (d(rbx Nig* d(Py + lgdgbx * dgby)

= E e (AF A tg kA + 14dp"  dgY)

(3.10)
by virtue of Eq. (3.8) and it can be added to the energy-momentum (d — 1)-form of the
scalars to recover the energy-momentum tensor of the scalars in the original theory.

The equations of motion of the scalars are, after use of the Killing equation

Ey = — 39wy {dx d¢p¥ + Too/dg® A xdgp™} + (74_1)daximABGA N*Gp

(3.11)
— 18Pk ,dGp + (—1)"1gAPV ks Gp A dg .
Let us consider the last term first. Using the duality relations Egs. (2.11)

since we are using the target-space Levi-Civita connection. The second term can be
put in the form

DT GACEBDY ko kpYka kg +de? Adg? = S ACY ke yka, xdg? AdgP =0,
(3.13)
for the same reason.
The third (next to last) term in Eq. (3.11) vanishes on account of the Bianchi identity
of G, which is related to the equation of motion of the scalars. Thus, instead of
throwing it away, we are going to use the duality relation and Eq. (2.10) in it

— 164k ,dGp = — L¢Pk, d]p
= —1¢Pk g vkpy {d*dg¥ + TooYdep* A *dp™} (3.14)

= —%gxy {dxd¢¥ + T,V dp* N *dp™} ,

and we recover the original equation of motion of the scalars with identical normaliza-
tion.
Finally, the equations of motion of the (d — 2)-form potentials C4
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E4 = 1d | mAB x Gp — gABIAcB} , (3-15)

ar(?4 séolved automatically by the duality relation upon use of the properties of the matrix
IMAP,

The scalars of all the maximal and half-maximal supergravities parametrize a Rie-
mannian symmetric c-model. However, in all those theories they are also coupled to
other fields. In the next section we consider the coupling to (p + 1)-form potentials
as a toy model since “real” supergravities usually have several of these with different
ranks and with Chern-Simons terms in the action and field strengths.

4 Dualization of Riemannian symmetric c-models cou-
pled to (p + 1)-forms

The next step consists in the coupling of a Riemannian symmetric c-model to a set of
(p + 1)-form potentials (the fields p-branes naturally couple to)

1
At = (p+ 1)!AAu1-~-up+1dxm A Adxfret, (4-1)

with (p + 2)-form field strengths
FA = dA™, (4-2)
invariant under the gauge transformations
S AN = dx?, (4-3)

where each x” is an arbitrary p-form.
In arbitrary dimension d, the action that describes this coupling takes the generic
form

S[e", AN, 9] = / {(=DT s (& N e) A Ry + Jguydp™ A <! — WIAZFAA*FZ} ,

(4.4)
Izs, being a symmetric and negative-definite scalar-dependent matrix.
The equations of motion that follow from this action are
E, = tax (e Ae?) ARy + #gxy (12d™ N\ *d@pY + dp™ N1, % dpY)
+ E (zaPA AKEE 4 (—1)PFIEA A1y % PZ) , (4.52)
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By = —guy [d dg¥ + Topdg® Axdp®] — S0 1o FA A XEFE, (4.5b)

Epn=d (IAQ*FQ> . (4.5¢)

For a non-constant kinetic matrix Ipy the action is invariant under all the trans-
formations of the scalars Eq. (2.5) associated to the symmetries of the c-model, if the
(p + 1)-forms also transform according to

54 AN = Ty s A%, (4.6)
for some matrices T4, and the kinetic matrix I5y, satisfies the property
Salax = —fi,Iax = —2T4% (Alz)n - (4.7)
The Noether current (d — 1)-forms associated to these symmetries are
Ja = xka -+ (—1)PHDAT, AL AT A (IAQ . FQ) . (4.8)

The first term of this current is invariant under the gauge transformations Eq. (4.3)
but the second is not: it transforms into a total derivative on-shell. Thus, if we try to
dualize J4 using its conservation law dJ4 = 0

*]/%A + (—1)(p+1)dTAA2AZ AN <IAQ *FQ> = dCA, (49)

the right definition for a gauge-invariant field strength is

*IA(A = dCA — (—1)(p+1)dTAA2AZ A\ (IAQ *FQ> =Gy, (4.10)

and the total derivative generated by the gauge transformations of the (p + 1)-form po-
tentials A must be absorbed by a gauge transformation of the (d — 2)-form potentials
that we will described shortly.

The Chern-Simons term in the field strength is unusual but can be transformed
using the dual of the (p + 1)-form potentials: their equations of motion E5, = 0 can be
locally solved with the introduction of the dual (f + 1)-forms A, with f =d — p — 4:

Ing*x 2 =dA, = Fy. (4.11)

The field strengths F, are invariant under the dual gauge transformations

57514/\ =dxa - (4.12)

Using this definition, we can write

Gy = dCA - (—1)(p+1)dTAA2AZ AN ﬁA, (4.13)
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and, integrating by parts in order to get a more symmetric expression, we arrive at
the final definition of the (d — 2)-form potentials and their field strengths dual to the
scalars:

—1)(p+1)d ~ - a
GA = dCA — %TA/\Z (AZ VAN FA + (—1)p(d+1)AA A PZ> = *kA . (414)

The gauge invariance of the field strengths G4 implies the following gauge trans-
formations of the (d — 2)-form potentials

0Cp=dX,+ wTAAZ (XZ VAN ﬁA + (—1)p(d+1))€/\ AN FZ> . (4.15)
Observe that in this theory

kAxEx = —d]A + (—1)(p+1)(d+1)TAA2AZ N EA . (416)

Based on our previous experience, we propose the following gauge- and G-invariant
democratic action for this theory:

Speme®, A, Ap, 9%, Cal = / {(_1)d—1 * (e" A eP) A Ryp + Lguyddp™ A dgpY
_ D SPA ASRFE - CUP AR SR (417)

—|‘—(_41)d9ﬁABGA N *GB — —(_Zl)dgABGA A IQB} ,
where

gy =5, (4.18)

where we must use the duality relations
Ina*xFP =y, (4.192)

xka = Ga, (4.19b)

in the equations of motion in order to recover those of the original theory,* as it can
easily be checked.

Coupling the scalars to more potentials of different ranks should only involve more
Chern-Simons terms in the definition of the dual field strengths G4. However, there

2°Those of the (p + 1)-form potentials appear with a factor of 1/2.
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can be additional complications, as we will see in the case of the N' = 2B,d = 10
theory.

On the other hand, when d = 2(p + 2) new couplings between the scalars and (p +
1)-form potentials are possible. This is a specially interesting case because it includes
all the N’ > 3,d = 4 ungauged supergravities and because some of the symmetries of
the theory (electric-magnetic dualities) are realized as symmetries of the equations of
motion only. We consider it next.

4.1 Thed =2(p+2) case and electric-magnetic dualities
4.1.1  The theory and its dualities

When d = 2(p +2) it is possible to add a gauge-invariant topological (metric-independent)
term to the action Eq. (4.4), which takes the generic form

S[e?, AN, ¢¥] = / {— w (" A e?) A Ryp + Lgrydd™ A xdp? — JTp\F= AFA — LRgpF= A PA} ,

(4.20)
where the new matrix Ry also depends on the scalar fields.

While I,y is always symmetric (and, conventionally, negative-definite) the symme-
try properties of Ry s depend on the dimension d:**

R = -FR, &= (-1, (4.22)

The equations of motion that follow from this action are
E. = 1. % (e“ A eb> ARy + %gxy (1cdp™ N *ddp? + dp™ N1+ d¢Y)
— %IZA (chZ A *FN + (;‘ZFE N 1o * FA) , (4.23a)

E. = —guw [dxdp” + T, Y de™ Axdg¥] — 10, IsAF= A *F™ — 19, RepnF= AN FA, (4.23b)

210One should also take into account that, for (p + 2)-forms in d = 2(p + 2) dimensions

*K2FN = Z2FA (4.21a)
FAANFE = —F2FX A FA, (4.21b)
*FM A *FF = —FANFE. (4.210)
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Ex =d (IZA * FA 4 RZAFA> , (4.23¢)

The equations of motion of the (p + 1)-forms A” can be locally solved by introduc-
ing dual (p + 1)-forms A, such that

Isp % F* + RypFY = dAp = Fy, (4.24)

where Fy are the associated (p + 2)-form field strengths. it is, then, natural, to intro-

duce
AN FA
M\ _ M\ _ M\ _

)=(4). )=a)=(5) s
The dual field strengths F5 have been defined in terms of the original ones F/
and the scalars. Therefore, it is not surprising that FM satisfies the so-called twisted

self-duality constraint
* M = 2OMN MypF?, (4.26)

where we have defined

2 2 SN\
QE(QMN)E(gzéAZ 5/\0), QlE<QMN>E<gAZ ¢ %)zézﬂ,

(4.27)
which, for & = —1 is the Sp(2n, R) metric and for &2 = +1 is the off-diagonal O(#, 1)
metric, and the symmetric scalar matrix

Ins — ERArI™ Ry, ERprI™ [-ZRIT'R ERI!
_IAFRFZ IAZ _I—lR I—l
(4.28)
which is symplectic for ¢ = —1 or orthogonal for ¢Z = +1 because
MITom =0, (4.29)

The equations of motion of the (p 4+ 1)-forms E, and the Bianchi identities of their
(p + 2)-form field strengths BA = dF” can be written in a compact way as Bianchi

identities for FM
BA
d (FM> = ( E, > =0. (4.30)

These equations are invariant under GL(2n,R) transformations
M = sMyFN, or F' =SF, (4.31)
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but the twisted self-duality constraint Eq. (4.26) is only invariant if, at the same time,
the scalar matrix M transforms as

M’ = (080—1) MS1. (4.32)

This implies that the scalar fields must transform as well.
Since the energy-momentum tensor of the (p + 1)-form potentials can be written in
the form

TN (zCPZ AKFN 4+ E2FE A g, *FA> = — 1Oyt FMAEN, (4.33)

the Einstein equations will be invariant if

STas=0, = asat=s"1T, (4.34)

ie if S €Sp(2n,R) when 2 = —1 (p even, d = 4n) and S €O(n,n) when ¢ = +1
(p odd, d = 4n + 2). This is a well-known generalization of the Gaillard-Zumino result
for p = 0, presented in Ref. [40]*>.

Then, we conclude that, under symplectic or orthogonal rotations of the potentials,
M must transform as

M =81TTMmST, (4-35)

for the twisted self-duality constraint to be respected. These rotations preserve the
energy-momentum tensor of the potentials. If we rewrite their kinetic term in the
action in the form

~ Tr (d/\/l_1 A *dM) , (4.36)

the invariance of this kinetic term and of the corresponding energy-momentum tensor
is manifest. However, this invariance is only apparent since we have not yet described
the action of these transformations on the scalar fields, which only transform via field
redefinitions or, equivalently, coordinate transformations in the target space, which
take the infinitesimal form

Sup” = ak™(¢), (4.37)

where « is an infinitesimal parameter and k*(¢) is a target space vector field. Since
these transformations must preserve the kinetic term, they must be Killing vectors of
the target space metric gx,(¢). If {ks*} is the set of these Killing vectors, the possible
transformations are

5u™ = aka*(¢), (4-38)

22See Refs. [41,14,39] and references therein.
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where now we have as many independent infinitesimal parameters a? as Killing vec-
tors. These Killing vectors generate an isometry group G which is, in general smaller
than Sp(2n,R) or O(n, n).

These transformations act on the scalar matrix M as

SuM = 0k 450, M, (4.39)

and, according to the previous discussion, they will lead to an invariance of the equa-
tions of motion if they are equivalent to the linear transformations Eq. (4.35). Infinites-
imally

S=1+0a"Ty, (4.40a)

SuM = —a? (TATM + MTA) , (4.40b)

where the matrices T4 generate a representation of the isometry group G through
Sp(2n,R) or O(n, n) matrices.

The condition that the matrix M must satisfy for G to be a symmetry of the equa-
tions of motion and Bianchi identities of the (p + 1)-form potentials and of the Einstein
equations is, therefore,

ka*0xM + Ta" M + MTy = 0. (4-41)

It only remains to show that these conditions are also sufficient for the transforma-
tions to leave invariant the scalar equations of motion. First, we need to rewrite them
in a more symmetric form, using the matrix My and the vector of field strengths

M,
The simplest invariant that we can construct with these elements
— IMuyNFM AREN, (4-42)

vanishes identically when we use the twisted self-duality constraint Eq. (4.26) and the
preservation of (2 by M Eq. (4.29):

—}IMMNPM A*FN = —}IC:ZMMNQNPMPQFM A FQ

(4-43)
= —10MmoFM A FQ,
which vanishes identically because Qpn = F2Qnym while FM A FN = —#2FN A FM,
However,
— 1, M FM AFN = = 1829, Myun QNP MpoFM A FQ, (4.44)

does not vanish because, by taking the derivative of Eq. (4.29), one can easily see that
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T
(aZMQ‘1M> = 2. MO M. (4.45)

A straightforward calculation shows that

— 20 MuNFM AKEN = —19, I \F= A F™ — 19, Ry pnF> AN F2, (4.46)

and we can rewrite the scalar equation of motion Eq. (4.23b) in the form

E; = —gzw [d *dep” + nywd¢x A *d‘l)y} - }IazMMNFM A*EN. (4-47)

Under the infinitesimal transformations

(SA(PX = kAx/ O0aF = TxF, (448)

where F = (FM), the scalar equations of motion (4.47) transform as
5AEZ — azkAvEU

— Zv(z\kA|w) [d * d(Pw + nywdgbx A *d(Py]

(4.49)
— Gz (VaVyk” + k" Roxy®) dgp™ A xd ¥
— }Iaz (kAvavMpQ + MMQTAMP + MPNTANQ> P AxEQ.

The second and third lines vanish when k,* is a Killing vector of the target space
metric, while the fourth vanishes upon use of the condition Eq. (4.41).

4.1.2 Democratic pseudoaction I: the potentials

Using the results of the previous section it is not difficult to make an educated guess
for the democratic pseudoaction that contains the original and dual potentials as inde-
pendent variables:

S[e", AM, ] = / {— * (e" A e?) A Rgp + 2guydd™ A xdd¥ — I MunFM A *FN} . (4.50)

Observe that the last term vanishes automatically when we use the twisted self-
duality constraint. However, we are only going to impose it on the equations of motion,
which are given by

Ec=1.% <e“ A eb) ARy + 3gvy (1cdp™ A *dpY + dp™ N1cx dg¥)
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— }LMMN (ZCPM A*FN 4+ Z2FM Ay, *FN) , (4.51a)
E. = —Guw [d % dp” + Ty Pde™ A xd¢p?] — 10, MynFM AXEN, (4.51b)

Eym = 3d <MMN *FN> : (4.51¢)

Observe that scalar equation of motion has exactly the same form as the one coming
from the original action Eq. (4.47) and this form will not change when we use the
twisted self-duality constraint. Using this constraint in the last equation and using
Eq. (4.29) we see that it takes the form Eq. (4.30). Finally, using the constraint in the
Einstein equations brings the energy-momentum tensor of the potentials to the form
Eq. (4.33). Thus, all the original equations of motion are recovered upon use of the
twisted self-duality constraint.

Let us now consider the dualization of the scalars.

4.1.3 Democratic pseudoaction II: the scalars

Following the general prescription, we start by computing the Noether-Gaillard-Zumino
currents in the democratic theory we have just constructed in which FM = dAM. Hit-

ting the scalar equations of motion with the Killing vectors k4* Eq. (4.51b) and using

the Killing vector equations and the condition Eq. (4.41) we get

ka"E; = —kpq [d*dg™ + T dg™ Axd¢?] — 1k a0, MpynFM A <FN
= —d*i%A + %TAMPFP/\MMQ*FQ

=—d [*IACA - %TAMPAP A\ MMQ*FQ} + (—1)pTAMpAP NEp .

Using the twisted self-duality constraint we get a more conventional form

kAZEZ = —d |:*I/€A - %TAMPQMNAP N FN:| + (—1)pTAMpAP A EM, (452)
which leads to on-shell conserved NGZ currents

Ja = kg — LTaMpQun AT AFY, (4-53)
and to the definition of the dual (d — 2)-forms Cy4

dCy = xka — AT4sMpQunAT NN, (4-54)
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and of their gauge-invariant field strengths G4

Ga =dCa+ TaMpQuNAT AN = xky . (4.55)

The gauge invariance of G4 follows from that of the Killing vector and implies that
the dual (d — 2)-form potentials C4 and the (p + 1)-form potentials AM transform as

INAM = dAM, SACa = dA g — 3TaAMpQunAT AFN, (4.56)

where AM and Ay are arbitrary p- and (d — 3)-forms, respectively.
Based on our previous results, we propose the fully democratic pseudoaction

S[e*, AM,gbx, Cal = / {— * (e A eb) A Rgp + }ngyd(px A *dpY
(4.57)
_}IMMNFM A *EFN + }If)ﬁABGA A *xGp — %gABGA A\ I%B} ,

whose equations of motion have to be supplemented by the twisted self-duality con-
straint Eq. (4.26) and by the duality relation Eq. (4.55).
The equations of motion that follow from the above action are

E. =1, % (e“ A eb> ARy + 2gxy (1cdp™ A*d? + dp* N1cx dgp¥)
— IMon (1M ASFN + 2FPM A1+ )
1
+L—LsmAB (1cGa A*Gp + G Ao Gg) , (4.58a)

E, = —%gzw [d*dqbw + Ty Vdgp™ A *dgby] — }LBZMMNFM A *EN

+30MBG g A #Gp — 4 PG N dg Dk — 3d (g"Caks.) ,  (4.58b)

5G X
Eu = 3 (Man # FY) + 1204 A (42 4 Gy — g7Pks ) , (4.580)
EA = 14 (zmAB % Gp — gABlzB) . (4.58d)

Using the duality constraints and following the same steps as in previous sections
we recover the equations of motion of the original theory.

27



5 A democratic pseudoaction for N' = 2B,d = 10 super-
gravity

The bosonic fields of N' = 2B,d = 10 supergravity are the (Einstein-frame) Zehnbein
1-form e, a SL(2,R) doublet of 2-forms B;, i = 1,2, 4-form D, which is a SL(2,R)
singlet and whose 5-form field strength is self-dual and the complex scalar 7 that
parametrizes a SL(2,R)/SO(2) coset. The relation between these fields and those of
the effective action of the type IIB superstring (string-frame Zehnbein e, NSNS and
RR 2-forms B, C(?), RR 4-form C® and dilaton ¢ and RR o-form C () is [14]?3

e = e 9%l

T = C(O) _|_ ie_(P/

(5.1)

D=CcW _1BAC@,

The self-duality of the 5-form field strength forbids the existence of a covariant
action free of auxiliary fields and one, if one does not want to deal with auxiliary fields,
one must necessarily work with equations of motion. The equations of motion of this
theory were first found in Ref. [43] in the Einstein frame and using a SU(1,1)/U(1)
formulation of the coset space parametrized by the scalar fields. A pseudoaction which
had to be supplemented by the self-duality constraint was first constructed in Ref. [34].
A pseudoaction containing the duals of the 1- and 3-form RR field strengths and some
higher RR field strengths was constructed in Ref. [31]. While this action was “RR-
democratic” it was certainly not “NSNS-democratic”. Furthermore, this incomplete
democratization breaks the manifest SL(2,R) symmetry of the theory. Our goal in this
section is to improve on those results constructing a manifestly SL(2, R)-invariant and
fully democratic pseudoaction using the results of the previous sections.

The transformation of the scalars under SL(2,R) can be conveniently described
through the symmetric SL(2, R) matrix

330bserve that the RR 4-form C® is not an SL(2,IR) and, as a matter of fact, transforms in a com-
plicated way under those transformations. On the other hand, in the rescaling between the string- and
Einstein-frame metrics it is very important to take into account the effect of the constant value of the
dilaton at infinity, in order to preserve the standard normalization of the metric at infinity [42]. The
relation between the string and the so-called modified Einstein frame should, then, be ¢® = e~ (9= #=)/42,
This leads to the occurrence of factors of powers of e?=/# in in different terms of the action that have
to be removed by absorbing them in redefinitions of the rest of the fields. We will not study these
redefinitions here because they are not relevant to the construction of the democratic pseudoaction.
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1 IT|> Ret
(Myj) = Smt , (5-2)

) 1 1 —Ret
() = 5 ] =

—Ret  |7)?

If we act with the SL(2, R) transformation matrix

whose inverse is

—1i \ _ (44
<$1j):(ﬁ g) ab — By = +1, (5.4)
on objects with indices
Bi=BiSY;,  Mj=MySST, MU =S SIMY, (5.5)

then T transforms as

,  aT+p
T = oy (5.6)
The field strength of the doublet of 2-forms is the doublet of 3-forms
Hi=dB;, (5.7)
while the field strength of the 4-form is the SL(2, R)-invariant 5-form
F =dD — %SijBi A H] . (58)

The doublet of 3-form field strengths #; and the 5-form F are invariant under the
gauge transformations

SAB; = dA;, SAD = dA+ 3TN NH;, (5.9)

where A and A; are, respectively, a 4-form and a doublet of 1-forms.
This field strength is constrained to be self-dual®4

F =%F, (5.10)
and this condition relates the Bianchi identity
dF + 3eTH; AN H; =0, (5.11)

to the equation of motion [43]

24This constraint is, actually, the equation of motion, sensu stricto.
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dxF + %eij”;'-[i ANH; =0, (5.12)

Since it also implies that & A xF = 0, this constraint makes it impossible to write a
covariant action for the theory. Ignoring it, one can write a pseudoaction which leads
to the above equation of motion for D (and to the right equations of motion for the rest
of the fields [34]. This pseudoaction can be written in the manifestly SL(2, R)-invariant
form

ATt N *dT ”
5+ 3 MIH; AxH;

a . — o a b
S[e*, 7, B;, D] /{ * (& N ARy + g

(5.13)
—1—}1}"/\*}"— }IsijD AN H,; /\7—[]'} ,

and the equations of motion have to be supplemented by the self-duality constraint
Eq. (5.10).

Our goal is to generalize this pseudoaction to include the 8-form duals of the scalar
fields (a SL(2, R) triplet) as well as the 6-form duals of the 2-form fields (a dual SL(2, R)
doublet). We start by writing all the equations of motion. It is convenient to define the

real scalars {¢*} by T = C(0) +ie=¢ = ¢! + i¢?, so that

AT N\ *dT . 1 10
ﬁ = %gxyd‘l’ A *d¢Y, (&xy) = W ( 0 1 ) . (5-14)

Then, the equations of motion take the form
E, = 1a% (e“ Ae?) ARy + T 9xy (1ad™ A *d¢p¥ + dp™ N 1g % dg¥)

+ %M’j (za’Hi AN*xH;j+HiNig *Hj) + }1 (1 F AXF +F Nigx F), (5.15a)

Ev = —guy [d % dp" + Toudg? A xdg™] + 30 MIH; N4, (5-15)
E— 4 (Mz‘j *’H]-) — Ll N (F +%F) + 1e/B; AE, (5.15¢)
B L {axF e doman) (5159)

The Einstein equations and the equations of motion of the 2-forms and 4-form
simplify when the self-duality constraint is imposed. In particular, since the equation
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of motion of the 4-form becomes the Bianchi identity, it is automatically solved. The
remaining non-trivial equations of motion are

E, = ta% (e Ae?) ARy + 18xy (1adgp™ N Hdgp¥ + dg* A1 % dgpY)

+ IMY (1M1 A*H + Hi Ao+ M) + 3. F AT, (5.16a)
Ex = —guy [d*dg¥ + Too/de* Axd¢p®] + 10 MTH; A xH;, (5.16b)
E' = —d (M xH;) —IH; A F, (5-160)

together with the self-duality constraint Eq. (5.10).

5.1 Dualization of the 2-forms

In order to construct the democratic pseudoaction, we start by considering the dual-
ization of the doublet of 2-forms B; into a doublet of 6-forms that we will denote by
B

The equations of motion of the doublet of 2-forms can be written as a total deriva-
tive:

Bl = —d [MxH; + €8 A (aD — 1B, A 1y)] (5.17)

and, therefore, they can be locally solved by identifying the expression in square brack-
ets with dBB'. Then,

M« My = dB' — eIB; A (dD — LB A Hy ) = 7 (5.18)

where H' is the SL(2,R) doublet of 7-form field strengths, invariant under the gauge
transformations Egs. (5.9) if the 6-forms transform according to

SAB' = dA'+TA; NdD — Lele*B; A By N dA, (5.19)

where A’ is a doublet of 5-forms.
The Bianchi identity of the 3-form field strengths

dH; =0, (5.20)

becomes the equation of motion of the 6-forms upon use of the duality relation

Hi = M * M, (5-21)
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that is

d (Mi]' *Hj> =0. (5.22)

The dual 6-forms that we have just defined can easily be included in a semi-
democratic pseudoaction?>

Ssemipem e, 7, B;, D, B'] = / {5 (e N e) A R+ Sgydp* Axdg? + LMIH; A H,

FIFAKF + SMH AH + LeTD AH; A Hj} :

The equations of motion that follow from this pseudoaction are 52
Eo = 1% (6° A e?) A Rey + 39y (1adp™ A xdp¥ + dp™ N1 x dg¥)
+ %LMU (zaHi/\*Hj +H,; /\za*Hj) + }1 (12 F ANXF +F Nig*x F)
+ I M (Za’Hi AxH +H A1y * Hj) , (5.24a)

Ex = —guy [d* ¥ + T20/dep* A xdp®] + 20 MIH; A xH; + 30 MiH AxH, (5.24b)

B = 3 {d (M« H)) + e Myr HE A F |+ 2 A (5 F = F)

+ %81]8] NE — %Sijskl[)’i A B] N Eg, (5.24¢)
E=-1 {d*}" — e A (Hj - 2Mjk*7¢k) } +€1B; N E, (5.24d)
E = —%d <./\/lij*7-[j) . (5.24€)

Upon use of the duality relations Eq. (5.21) the equations of motion of the 6-forms
E; become the Bianchi identities of the 3-forms and are automatically solved. Further-
more, using the same duality relations plus the self-duality constraint Eq. (5.10) the last
two lines and the third term of the first line of the equations of motion of the 2-forms

25Observe that the sign of the Chern-Simons term has been reversed.
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E' vanish and what remains becomes, up to a factor of 1/2, the original equations of
motion of the 2-forms. The rest of the equations of motion are trivially recovered.

5.2 Dualization of the scalars

The next step towards the construction of the democratic pseudoaction is the dualiza-
tion of the scalars, which in this theory parametrize the symmetric Riemannian mani-
fold SL(2,IR)/SO(2). This means that we can use the general procedure described in
Sections 3 and 4.
Under the three independent infinitesimal SL(2,R) transformations labeled by A,
the fields that we have introduced so far transform according to
Sad™ =ka*(9), 6aB; = =Bj(Ta) i, 0aB" = (Ta)' jB;, (5:25)

while the kinetic matrix M;; and its inverse MY satisfy

ka®0xMij = =2 My (TA)ki) , ka*0: MU =2 (Ts) " MK, (5.26)

Observe that due to the fact that ¢/ and €jj are SL(2, R)-invariant tensors, the ma-
trices T4 satisfy

(Ta)l el = (Ty) i€k = 0. (5.27)

Then, we can obtain the Noether-Gaillard-Zumino g-form currents J4 using the
Killing vector equation, the duality relations and the equations of motion of the 2- and
6-forms and these properties, obtaining

Ka"Bx = —d [xkg — 5 (Ta) 1B; A HE+ 3 (Ta)* B A Hy
(5.28)
4 (Ta) k™ By A Bj A By A Hn} .

This expression vanishes on-shell, and we can solve it locally by introducing a
SL(2,R) triplet of 8-forms C4 whose exterior derivative equals the expression in brack-
ets. Since the Killing vectors are gauge invariant, we can define the following gauge-
invariant triplet of 9-form fields strengths

*IQA =dCy + % (TA)ikBi AHE— % (TA)kiBi AN Hy
— 24 (Ta) k€™ B; A By A By A M,y (5:29)

EGA.
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G4 is invariant under the gauge transformations in Egs. (5.9) and (5.19) if the 8-
forms transform as

0Cp =dAp — % (TA)ik {Ak ANH; — A N H* + }Isklsmnlgi ANBp ANy A Hn} . (5.30)

Having defined the 8-form duals of the scalars and using our previous experience,
we propose the following manifestly gauge- and SL(2,R) fully democratic pseudoac-
tion

SDem[eaI TI Bi/ D/ Bi/ CA] = / {_ * (ea /\ eb) /\ Rab + }ngydcpx /\ *dqby + }IMUHZ /\ *H]
+ IF AT + T MGH A + iMABG 4 A %G

—%gABGA /\*I%B + }18ijp ANH; N 'H]'} .

(5:31)
The explicit form of this action depends on the particular choice of Killing vector basis.
A convenient choice is

k= C%9c —9,, ky = (e72¢ — C92)9c 4+ 2¢0,,, ks = oc. (5.32)

Since, in this basis, k3 generates the constant shifts of the RR o-form C), we can
identify the 8-form Cz with the RR 8-form C ®),
The Lie brackets of these vectors are

[k]./ k3] = _k3 ’ [k2/ k3] = 2k1 ’ [kll kZ] - kz 7 (533)
which leads to the Killing metric K4p
2 00
Kap = facPfep“ =0 0 4] . (5.34)
040

In our conventions the metric g4p used to construct the o-model metric is then
related with the Killing metric by
) : (5:35)

Then the matrix 948 defined in Eq. (3.3) is given by

o o
N O O
SO N O

gap = 3Kap = (
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1+ e29C(0)2 %624@(0) _%c(o) [1 + 6240(;(0)2}

(mAB> _ %6299(:(0) }16240 411 [1 _ezq)c(o)z]

~1c [Hewc«»z] %[1_624)(;(0)2} L2 [1 +ez(pc(0)z]2

(5:36)
We have explicitly checked that it satisfies the essential property Eq. (3.5).
The equations of motion that follow from the democratic pseudoaction Eq. (5.31)

are
Eo = 1% (° A e?) A Rey + 19y (1ad™ A xdp? + dp™ N 1g x dg¥)
+AMYT (1M AxH+ Hi Nax M) + § (0 F AxF +F Agx F)

M <zu”Hi AxH +H A1, Hj) + %fmAB (1aGa A *xGg + Gata x Gp) ,
(5.372)

_|_

N

Ex = —gxy [d % dg¥ + T2/ dg? Axd™] + L0 MIH; AxHj + Lo MiH! AxH/
1,AC BDy. vy —doY
+ 58" 0xkcyGa A [g kp? x Gp — d¢ } , (5.37b)

B = 5 {a (M7 3;) + T Myx HE A F |+ 203, A (6 F = F)

0G A i i
1
B 1{d*]—" 1 iy ( | gk 10Ga AB P
=—3 — 5€ i N H]—2M]k*7-[ +§ﬁ/\[9ﬁ *GB_kB ’
(5.37d)
Ei=—1d (/\/li]-*’H/) + %(S_BI? A {SﬁAB * Gp — kB] e'B; NEj, (5.37¢)
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E4 = —%d [SJTAB *Gp —kg| . (5.37f)

Using the duality relations and the results obtained in the previous sections we
recover the original equations of motion of N' = 2B, d = 10 supergravity.

6 Conclusions

The results obtained in this paper and, in particular, the democratic and manifestly
duality-invariant pseudoactions of d = 4 maximal and half-maximal supergravities
and of ' = 2B, d = 10 supergravity can be used in different ways. For instance

1. They can be used to revisit many of the results on flux compactifications and
gauged supergravities in a duality-invariant form [44, 45].

2. They can be used to study black-hole thermodynamics using Euclidean methods
[46].2°

3. They can be used to improve our understanding of the interplay between T and
S dualities. In particular, one can improve our understanding of the duality
between type IIB 7- and type IIA 8-branes [48, 15, 45].

However, several extensions of the results presented here are still necessary:

1. The supersymmetry transformation rules of all the dual fields we have introduced
should be found.

2. The 10-forms which are known to exist and play an important role in N" = 2B,d =
10 supergravity [49] should be added somehow to the pseudoaction in order to
have a complete picture of the dualities between fields and fluxes.

Work on some of these directions is in progress.
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