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1 Introduction

We are living in an epoch of Duality. Starting at the first half of the last century with Quantum
Mechanics, solid states and condensed matter physics, Duality was recognized at early 70th as
a very useful tool in studying high energy physics of strong interactions. Later on, Duality
was successfully applied for developing non-perturbative methods in QCD. Other interesting
observations on Duality in supergravities and perturbative String theory lent credence to Duality
as a key ingredient of a Unified Theory, whatever it would be.

A most promising way we could follow in our quest for a Unified Theory is the Superstring
theory [52, 66, 90]. However, the initial success in the development of string theory after the
“First Superstring revolution” revealed a drawback, when at the end of 80th it was understood
that the map of perturbative Superstring theory looks like
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Figure 1. Strings’ Theory map before the “Second Superstring Revolution”.
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Clearly, this picture demonstrated a very strange and unexpected feature of the String theory
such as having five consistent ten-dimensional Unified Theories instead of a naively expected
and desirable one Theory of Everything. Many questions were also addressed to the role of
eleven-dimensional supergravity in the picture, since it was hardly related to any Strings, and
its interpretation within Superstring theory was obscured. These and other related problems of
String theory were resolved with discovering different kinds of Dualities between String theories
in weak and strong coupling constant regimes [60]. As a result, the map of String theories was
modified to
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Figure 2. M-theory map.

The heart of the non-perturbative unification of String theories was christened M-theory. During
the last decade M-theory was under the active studying, but one should ascertain that our
knowledge of M-theory structure is still far from complete. Curiously enough, we had more strong
evidence on conjectured time ago quantum symmetries of M-theory such as U-duality [84], having
for the time being no classical M-theory description which would contain classical U-duality as
a symmetry group. We can also discuss a Landscape of all possible vacua of M-theory [98, 44],
bearing in mind at the same time a Landscepticism to this approach [8]. We can find various
scenario of appearing the de Sitter phase in M-theory Cosmology [68], having nowadays no good
mechanism of supersymmetry breaking and a solution to the cosmological constant problem. We
have known the spectrum of free higher-spin fields in String theory, but it is not clear to date
how to extract from M-theory a detailed information on higher-spin fields interactions. One can
continue this list of potential problems of M-theory, and most of these problems are indications
that little is known on a microscopic formulation of M-theory.

The role of eleven-dimensional supergravity [26] in M-theory picture becomes transparent: it
is the low-energy limit of M-theory. In its turn, ten-dimensional supergravities [92] correspond
to the low-energy limits of different superstrings when strings tension goes to infinity. Many
initial conjectures on dualities between string theories and M-theory were successfully proved
for corresponding supergravities. And vice versa, many substantial fragments of Dualities in
supergravities were regained for Strings.

Though Supergravity has been approved as a very useful tool in studying M-theory, such
an approach is apparently restrictive. The field content of (ungauged) D = 10 supergravities
consists only of massless fields which form the bottom of the whole spectrum of superstrings’
excitations. The total number of superstring modes is infinite, and other fields of Superstring
spectrum are massive, with masses of an order of the Plank mass. Clearly, these fields are too
heavy to include it in Supergravity as a low-energy effective theory constructed out of light
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fields. However, in the opposite to the low energy limit the string tension goes to zero, all the
String modes become massless, and we are going to tell on the high energy limit of String theory,
where the full hidden symmetry of String theory is restored. (To make the discussion on various
limits of String theory more transparent to the reader we add the corresponding Appendix.)
An effective field theory which will describe the high energy limit of String theory and will
manifestly be invariant under the full symmetry of String theory has to deal with infinite set of
massless higher-spin fields, and shall be a dual to Supergravity theory [53]. The strong coupling
limit of String theory could be obtained then via the hidden symmetry breaking upon coming
from ultra-high energies to the Plank energy. Hence, figuring out the full hidden symmetry
structure will supply us with an important information on the effective action of String theory
in the strong coupling regime.

So far we did not specify the String theory we will consider in the strong coupling regime.
However, the strong coupling limit of type ITA superstring theory is precisely M-theory [100, 106],
so following the way of the reasoning in the above we have to conclude that a symmetry of
M-theory shall be big enough to accommodate infinite number of fields: it has to be infinite-
dimensional!

An infinite-dimensional algebraic structure is common for Strings. A first quantized (su-
per)string theory is managed by the infinite-dimensional Virasoro algebra [101, 48], which is
a particular example of the Kac—-Moody algebras [65]. The infinite-dimensional structure of an
M-theory symmetry should have an impact on the low-energy effective action. So, we could
pose a natural question: how would we observe fragments of this infinite-dimensional symmetry
inside of D = 11 supergravity?

A way of producing Kac—Moody structures in Supergravities is known: they come from the
toroidal dimensional reduction of D = 10/11 Supergravities. To be precise, the following chain
of E,, groups (E; ~ Rt Es = Ay, E3 = Ay ® Ay, E4 = Ay, E5 = Dj; see e.g. [84])

Ei —E; — E3 — E4 — E5 — E¢ — E7 — Eg
appears under dimensional reduction of D = 11 supergravity on
T1—>T2—>T3—>T4—>T5—>T6—>T7—>Tg

and these global symmetry groups are in general hidden. To recover such a hidden symmetry
structure one should dualize higher-rank fields, with the rank » > (D —n)/2, that appear upon
the reduction on a n-dimensional torus 7, [23, 24, 25].

So far we did not succeed in our quest of a Kac—Moody structure. However, let us take
a conjecture that doing the reduction to D = 2 [62, 63, 80], D = 1 [63, 78] and, finally, to
D = 0 [76] we will further continue the E,-series like

«— B9 — Eq19 — E11.

Once we accept this, we get what we need, because, algebraically, Eg is the (unique possible)
affine extension of Eg, and a non-trivial affine extension of any Lie algebra corresponds to a
Kac—Moody algebra. The structure of E1g, Eq1 is, of course, more complicated, but anyway this
is an extension of the Kac—-Moody structure.

Remarkably, it was proved that the conjecture does work, at least when one reduces D = 11
Supergravity to two and to one dimensions, and indeed, Eg and Ejg global symmetry algebras
appear [80, 74]. Hence, it is very likely that we can expect a still elusive E1; to also appear in
the end.

We have sketched out a scheme of appearance of the Kac-Moody algebras inside of Super-
gravity, but in a reduced theory. It is not a priori obvious that there exists a way to relate
algebraic structures of a reduced theory with that of the unreduced theory. But it turned out
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that it is really possible to identify the global symmetry groups of the dimensionally reduced
on T,, supergravities to the hidden symmetry group of M-theory [41]. Some observations in
favor of such an identification were made in mid 80th [42, 43, 77], and following them it was
demonstrated [67] that the “exceptional geometry” of the D = 3 maximal Supergravity admits
a re-formulation of D = 11 Supergravity in a Eg invariant way. Put it another way, some of the
objects which appear upon the reduction do naturally appear in the unreduced theory.

More evidence in favor of Eq; as a hidden symmetry of M-theory was found in [102, 103, 93,
94, 104]. There it was considered a non-linear realization of gravity and of the bosonic sector
of maximal supergravities which is based on a generalization of Borisov—Ogievetsky formalism
[16, 85]. As well as D = 4 gravity [16, 85], D = 11 supergravity can be realized as to be invariant
under an infinite-dimensional group, which is the closure of a G1; invariance group [102] and the
conformal group SO(2,10). The group Gq; is formed out of the affine group IGL(11) extended
with the subgroup which is generated by antisymmetric type generators with three and six
indices. These new generators correspond to A¢,c,c, gauge field of D = 11 supergravity and to
its dual partner Ac, c,...cs, and form a subalgebra.

Being finite-dimensional, Gy is apparently not a Kac—-Moody algebra, and its coset represen-
tatives (see [102]) are not members of a Borel subgroup of a larger group as it should be for the
coset formulation of the dimensionally reduced D = 11 supergravity [24, 25]. A way to overcome
this obstacle is to invoke more than just antisymmetric gauge fields duality in the picture and to
enlarge Gi; with a generator corresponding to a dual to graviton field [103]. Then it turns out
that simple roots of a Kac-Moody algebra we seek are those of simultaneously sharing SL(11)

10 9 8 7 6 5 4 3 2 1
Figure 3. Dynkin diagram of SL(11).

and Eg subalgebras

7 6 5 4 3 2 1

Figure 4. Dynkin diagram of Eg.

Gluing two Dynkin diagrams together leads to desired Ei; = E§++

10 9 8 7 6 5 4 3 2 1
Figure 5. Dynkin diagram of Eq;.

which is nothing but the extension of the Eg Dynkin diagram with three additional nodes, called
the very-extension of Eg [104, 49].

It has to be emphasized that a dual to graviton field was a missing point which should be
recovered for the following reasons. From the algebraic point of view, having new generator of
the dual to graviton field in a reduced E;; algebra is crucial for recovering the correct algebra for
a non-linear realization of type ITA supergravity [104]. This algebra includes generators of fields
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entering type IIA supergravity multiplet together with generators which correspond to their
Hodge dual partners. Hence, a non-linear realization based on this algebra results in a duality-
symmetric formulation of type ITA supergravity when fields of the supergravity multiplet and
their duals enter the formulation on an equal footing and from the very beginning. In its turn,
the structure of Gi; dictates the duality-symmetric structure of D = 11 supergravity. Such
a duality-symmetric formulation of the antisymmetric gauge field sector was proposed in [5]
to couple a dynamical M5-brane [6, 1] to D = 11 supergravity. However, having just duality-
symmetric structure of the gauge sector in D = 11 is not enough to recover duality-symmetric
structure of type ITA supergravity after reduction [7]. It was straightforward once a dual to
graviton field would be taken into account [82], that we are further going to demonstrate.

Any duality-symmetric formulation double physical, i.e. on-shell, degrees of freedom as com-
pared to a standard approach. This mismatch is removed by imposing relations between dual
partners, the so-called duality relations. A minimal, but not convenient for further possible ap-
plications, way to take duality relations into account is to impose them by hand as an additional
part to equations of motion (see e.g. [13]). Following this way, we have to bear in mind that
further modifications of equations of motion, such as coupling to external sources, introducing
a non-trivial self-interaction of fields, taking into account quantum corrections etc., will require
an appropriate change of the duality relations which would be hard in general to guess. More
conveniently, but technically more complicated, is to figure out a way to derive duality relations
from an action as equations of motion (see [96] for a review). There are many roads to this end;
here we will mainly follow [86, 87, 88], reviewing in brief other approaches.

To summarize our Introduction, let us recall that the duality-symmetric structure of D = 11
supergravity is very natural on the way of dynamical realization of Ei; conjecture, and if we
require the hidden symmetry algebra to be a Kac—Moody-type algebra, we have to figure out
a way of dualization of gravity.

The rest of the paper is organized as follows: in the following section we consider a warm-up
exercise of dualization of three-dimensional gravity with a cosmological constant. Though this
example cannot be considered as a general case, it nevertheless demonstrates some common
features of the dualization which will be helpful in further generalization of the dual description
to higher dimensions. In Section 3 we construct the on-shell dual gravity in the space-time of
dimensions higher than three. Then, in Section 4 we uplift our formulation at the off-shell level.
A brief review of the construction in the linearized approximation is given in Section 5, and
our conclusions are summarized in the last section. Remarks on the construction, discussion
on formulations we use and examples of application are adduced throughout the paper. Our
notation and conventions, as well as an informative summary on different limits of String theory,
are collected in two Appendices.

2 Dualization of D = 3 gravity

We are getting started with the action of D = 3 gravity with a cosmological constant A

S—/d3x\/§(R+)\), (2.1)

and the inclusion of non-zero cosmological constant into the action is important for the sub-
sequent dualization of the model. It will also be convenient for this purpose to present the
originally second order action (2.1) in the form of the Hilbert—Palatini first order action

1
S = /de [emnkeka <2Rmnbceabc> + Adet eﬁl] . (2.2)



6 A.J. Nurmagambetov

In the first order formulation a dreibein e?, and SO(1,2) spin connection w? are supposed

to be independent variables. The curvature tensor depends only on the connection

R, = 28[mw2? + QW%wz?%d = Opw?? — D + (wfncwgb — W ) Neds
where 74 is the Minkowski metric tensor with the mostly minus signature (see Appendix A for
the notation). As a result, the Einstein equation that comes from the first order action (2.2) is
of the first order in the connection. To arrive at the standard second order equation of motion of
a spin two bosonic field, one should violate the initial independence of variables and to resolve an
algebraic relation between the dreibein and the spin connection. This relation follows from (2.2)
when one varies the action over the spin connection as an independent variable. Once the
connection is expressed in terms of the dreibeins the standard second order Einstein equation
is recovered. Therefore, the dreibeins are the true dynamical variables of the theory, while the
spin connection plays the role of an additional but not of a fundamental variable.
However, it is possible to replace vielbeins with other fundamental variables. Let us note to
this end that the form of (2.2) suggests the definition of a new connection
L 4

Agn = §€a

c
Wmbc

with the same as the dreibeins index structure. In terms of the new variables the curvature
tensor acquires the form of a Yang—Mills field strength [89]

Fpy = 200 A%y + € Ay Ane. (2.3)
Then the Hilbert—Palatini action (2.2) becomes

S = /d3x {em"kekaFﬁm + Adet efn} , (2.4)
and it is easy to see that the true equation of motion following from (2.4) upon varying over the
dreibein is

« %+ Xee™ = 0. (2.5)

We have denoted e = dete? in the above and have used the following definition of the dual,
with respect to the curved indices, tensor

ma __ _mnk pa
*F =€ nk*

The other equation which can be read off (2.4) is
Do (€™ ery) = 0. (2.6)

Here Dy, is the covariant with respect to A% derivative, and (2.6) is the algebraic relation which
expresses the initially independent variables A%, through ef,.

As for the standard first order formulation of gravity in (e2,, w?) variables the integrability
condition to equations (2.6), (2.5), viz.

DDy (™ epq) = 0,
Dy (xF™ + Xee™a) =0 (2.7)

results in the first-type (for torsion) and in the second-type (for curvature) Bianchi identities
respectively. We remind that in the former set of variables these Bianchi identities are R,z = 0
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and D[mR“bnk} = 0. Note also that taking into account (2.6) the integrability condition (2.7)
can be rewritten as

Dy (™ Fily) =0, (2.8)

which is nothing but the Bianchi identity for the Yang—Mills field strength (2.3). Strictly spea-
king, the Bianchi identity (2.8) has nothing to do with the integrability condition (2.7), since it
directly follows from the definition (2.3); rather the integrability condition (2.7) is satisfied due
to the zero torsion equation (2.6) and the Bianchi identity (2.8).
So far we considered e}, as the fundamental variables. However, we can also think about A%,
as the other fundamental variables. To go from one to another we shall use equation (2.5).
Taking the determinant of (2.5) leads to

— det(xF™) = \3¢?, (2.9)

after that one can resolve (2.5) as

1
emt = x O (2.10)

=¥
)\\/—/\% det(xFme)

In effect, we have completely determined the dreibein in terms of the dual curvature or, equiv-
alently, in terms of the new connection A% . Substituting this solution to the Lagrangian back
results in

S = F2sign(A) /dgml—}\det(*Fma) (2.11)

that is the action of the model in terms of Af,.

Let us now compare the equation of motion following from (2.11) with equations (2.5)
and (2.6). Varying (2.11) with respect to A% we get the Yang-Mills-type equation of motion
(see [89] for details)

D (VgE]™) =0 (2.12)

on a curved manifold endowed with the metric depending on A%,. As it follows from (2.9)

Va9 = \/—;3 det(xFma).

In addition we have to complete (2.12) with the Bianchi identity (2.8) which follows from the
definition of the new curvature (2.3).

One could note that equation (2.12) is nothing but equation (2.6) written down in terms of
the new variables when (2.5) is taken into account. In its turn the Bianchi identity (2.8) follows
from (2.7) as the integrability condition to the relation (2.5) that is algebraic in this picture.
Put it differently an algebraic relation that comes from the action in standard variables becomes
the equation of motion of the model in new variables. This phenomenon is a remnant of the
dualization, when the Bianchi identities (algebraic relations) of gauge fields become equations
of motion of the dual gauge fields. Hence, one can say that (2.11) is the action for gravity in
dual variables, or, for short, the dual gravity.

What we can learn from this example? We have observed that the problem is completely
resolved in D = 3 case. However, it is only resolved for gravity with a cosmological constant, and
the dual Lagrangian is not well defined in the zero cosmological constant limit. Furthermore,
the case under consideration cannot be treated as a general case, and the above mentioned way
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of the dualization is not a general scheme, since gravity in D = 3 possesses the features which
cannot be encountered for gravitational theory in other space-time dimensions. For instance,
it is the very case where the dualized over SO(1,2) indices connection has the same index
structure as the dreibein, and we have used this fact to completely get rid of the dreibeins as
fundamental dynamical variables in favor of the dual connection. It would be pertinent to note
that using a connection as a fundamental variable is one of the features of the Loop Quantum
Gravity (see [79] for a recent review). Also, D = 3 gravity does not have dynamical degrees of
freedom [34, 35, 36], and is interesting rather as a topological exactly (classically and quantum)
solvable theory [105].

Taking into account the above, perspectives to generalize such a dual description to higher
dimensions do not seem to be so direct. Starting with D = 4 gravity with a cosmological constant
we will not have so simple form of equations of motion that would suggest a way of resolving
vielbeins in terms of the dual curvature/dual connection. For example, applying the determinant
to both sides of the four-dimensional Einstein equation with a cosmological constant does not
lead to the dual theory. It results in the Eddington—Schrédinger formulation of gravity [97, 46]
which is classically equivalent to the Einstein formulation (see [33, 37] for other treatments of
the problem). But even if we were succeed in dualization of higher-dimensional gravity with a
cosmological constant it would not be a resolution to the problem in the M-theory context, since
there is no place for a cosmological constant in D = 11 supergravity [9].

Finally, we have to emphasize an important point: because of the square root the dual
Lagrangian resembles the Nambu—Goto action for strings and branes, it is non-polynomial and
it has infinite number of terms with infinite number of derivatives in the small cosmological
constant limit A — 0 supporting with the weak field approximation. In this limit the gravity can
be approximated with a small perturbation around Minkowski flat space (it does not contradict
the results of [22] since the cosmological constant tends to zero in the limit), and passing to a
new curvature through *F"™® = xF"""e? we get first

det (xF™?%) = det e, det (xF™").
Second, we approximate the new curvature as
« M = Ap™" 4 «R™", (2.13)

where n™" is the inverse to the Minkowski flat metric tensor, and we have fixed for definiteness
A <0, A =|)\. Also we would like to fix the “minus” sign on the r.h.s. of (2.10), so under these
assumptions the Lagrangian for the dual gravity becomes

1
L= 2\/A det e2, det (xF™mn).

Substituting (2.13) into the above, we arrive at

1
L= 2A\/dete,‘%\/det (on + e Rm),

that after taking into account det M = exp (Trln M) results in

1 1
L =+/deted, [2A + «R™,, — 21 (*Rm” * Ry — 2(*Rmm)2> +-- ] )

This reminds the situation which one encounters in non-local theories. However, in our
example this non-polynomiality appeared because of the choice of dual variables and, as in the
case of the Nambu—Goto action, it is harmless. At the same time this observation suggests that
in a general case proper non-locality could appear as a by-product of dualization.
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3 On-shell dual gravity in D > 3: Bianchi vs. Einstein

After an examination of three-dimensional gravity, let us try to figure out a way of proceeding
in D > 3 case. What we shall find first is a convenient representation of the Einstein equation
in a way that allows us to present it as the Bianchi identity for a dual field. It turns out to be
convenient for this purpose to write down the Einstein equation in a form which is similar to
the dynamics of Maxwell theory with a source.

3.1 Maxwell-like representation of the Einstein equation

To arrive at such a representation let us get started with the Hilbert—Palatini action of D-di-
mensional gravity

Syp = /MD Rdl?w A 2@1@2, (3.1)

where

Sab _ g~ab  ~d A ~ch
RY = do™ — 0% ANw

is the curvature two-form expressed via SO(1, D — 1) connection & and

1 N "

Sy, =

is a (D —n)-form constructed out of vielbeins é*. Since we will use in what follows the reduction
of the action to (D — 1)-dimensions, we have reserved hats to distinguish D-dimensional indices
and variables from (D — 1)-dimensional quantities. This notation is generally accepted in the
Kaluza—Klein literature, and we will follow it.

Upon varying with respect to the vielbein and the connection we get the Einstein equation
of motion

~

S ARY =0, (3.2)

abe
and an algebraic relation

S AT =0,

abé

which sets the torsion 2-form T = dé® — &b A L:)i)& to zero. The latter allows expressing the

originally independent connection (b through vielbeins and their derivatives
& efretia el — elreay, el éﬁ@éébaméé}é} . (3.3)

After replacing the connection with (3.3) the Einstein equation is written down in the fol-
lowing form (see [83])

d(idég) = &1V (3.4)

where a one-form JP]

6 18

D(D-5) A[l}

=7

a

+#dSPE, (3.5)
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and
T =4 [ab(e) n Sy + (-)P7 0P () NOT(0) A Sy (3.6)
b

a[D—2] — >@(é A éd) émé;}@[még] (37)

Two remarks are appropriate here.

Remark 1. Equation (3.4) looks like that of the Maxwell electrodynamics with an electric-type
source. This form of the Einstein equation is not a new one; it has been pointed out in literature
for a long time (see e.g. [99, 15]). Since the equation is written in terms of differential forms,
it is manifestly invariant under general coordinate transformations. But its manifest invariance
under local Lorentz rotations is lost. However, the right hand side of (3.4) is a modified Landau—
Lifshitz pseudo-tensor, so the non-covariance on the left hand side is compensated by the pseudo-
tensor-type transformations on the right hand side. Hence, equation (3.4) is covariant under the
general coordinate transformations and the Lorentz rotations in the tangent space.

Remark 2. In the form of (3.4) the Einstein equation is closely related to the so-called “telepa-
rallel” version of General Relativity (see [3] for a review).

As a next step towards realization of our program we have to rewrite the Einstein equa-
tion (3.4) as the Bianchi identity of a dual field. The Poincaré lemma claims that in a trivial

]

space-time topology setting one can present the conserved “current” form JNE as the curl of

a “pre-current” form
2 = 2GR, (3.8)

With account of it, the Einstein equation becomes d(---) = 0 which is the Bianchi identity for
a dual field. That is exactly what we need. Therefore, to make the final step from Einstein to

Bianchi, we have to resolve (3.8) to find ég].
As to the explicit expression of the “current” (cf. equations (3.5), (3.6), (3.7)) it is not so

simple to derive the “pre-current” ég] exactly, and in a local form. Furthermore, there are no

general arguments that ég} has always to be a local expression. So it does not become a surprise
that a general procedure of resolving (3.8) sacrifices locality and leads to local expressions for
“pre-currents” only for “currents” of a special type.

3.2 Resolving via inverse d’Alembertian

To write down equation (3.4) in terms of a (Hodge) dual field one has to introduce the dual
field strength

F, = ideg,
after that the Einstein equation recasts in
dFy = &J1 (3.9)
The general solution to an equation
dK = J,; J # J(K), (3.10)
which is presumably the case under consideration, is as follows

K =017 +dy. (3.11)
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Here 6 = (—)(D_p)p_1 x dx is the D-dimensional co-derivative operator acting on a p-form,
O = dé + dd is the d’Alembertian and x is a differential form of the appropriate rank. To
verify (3.11) one should notice the Hodge identity

do~'6+ 607 'd =1,
which is easy to prove with taking into account
[d,0] =0, [6,0] =0. (3.12)
These relations follow from the d’Alembertian definition. Then, for any form €
Q=1-Q=d(07'6Q) +§(071dQ), (3.13)

and the last term on the r.h.s. of (3.13) vanishes for a closed form. Thus, the solution (3.11)
is the sum of a particular solution to the non-homogeneous differential equation (3.10) and the
general solution to the homogeneous equation dK = 0.

What is a restriction on this approach? If J is a co-closed form, i.e. 7 = 0, or in other
words is a zero mode of the d’Alembertian, the way of the reasoning apparently fails. Hence,
the current form J has not to be co-closed.

But what we have to do if nevertheless the current is a co-closed form? In such a case we
have to apply a regularization. There are many ways to this end, we will treat it as follows.
Recall the following integral representation for a variable p

1 1 > n—1_—t
n—/ dtt" e, n >0, (3.14)
P (n =1 Jo
which follows from the Euler integral for the gamma-function. This representation can be used
to define the inverse d’Alembertian

Ly- /0 " dte0y (3.15)

if a (vector-indices) function ¢ will be regarded as the sum over the complete set of the
d’Alembertian eigenfunctions 1, with coefficients ay,

TP = Z anwn-

By definition

with eigenvalues \,,. Then, (3.15) and (3.16) result in
D_lwn = )\EI@Dm

and we have to complete the definition of the inverse operator to include the d’Alembertian zero
modes. It could for instance be done by replacing the eigenvalues with A\;,"® = A, + ¢(\,n) such
that A, +e(A\,n) # 0 [45], and the regularized d’Alembertian has a well defined inverse operator.

To figure out other features of the method, let us apply the procedure of resolving to a well-
known case borrowed for instance from supergravities. A simplest example is the Bianchi identity
for D = 11 supergravity gauge field [5, 25] in the zero fermion setting

dFD = FOAF@. @ —qA® @ = p(), (3.17)
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The r.h.s. of (3.17) is a current form in our jargon, and it is easy to see that the pre-current form
is GM = ABG) A F®_ Hence the solution to the Bianchi identity is F(7) = dA®) 4 AG) A p4),
Let us now recover this result by use of (3.11). It leads to

FO = ax® 1 o7tg(F@ A W),
Noticing that F() A F(Y) = d(A®) A F®)) we have
07 16d(A® AFW) = 0710 - d8)A®) A FW = AB) A FOW —qo=15(A® A FW).
To get the last expression we have used [O7!, d] = 0, which comes from (3.12) as
[d,0)=0 ~ d=0d0' ~ 0O'd=qd0"
Finally,
F=q (X(6) - D_ld(A(?’) A F(4))> + A®D A FW = gA©® 4 4G A PO,

The final result is a local expression since any trace of non-locality is hidden with introducing
a new field. As a consequence, an appropriate local gauge transformation has to be assigned
to A® rather than to (9.

We would like to point out that one may encounter an opposite situation when an initially
local theory possesses an invariance under special non-local transformations. An example of such
transformations is duality rotations in four-dimensional Maxwell theory [39]. A good choice of
new variables may help to avoid non-locality as we will see under discussing different approaches
to duality-symmetric theories.

3.3 Dual to graviton field and its equation of motion

At this stage we have all necessary tools to accomplish the current task: equation (3.9) is resolved
with

FIP7A = gAP 4 3G = P2 4 4G (3.18)
(cf. equation (3.11)), where
Yo Y

Here we have introduced the inverse to the D-dimensional d’Alembertian [J operator together
with the D-dimensional co-derivative 8. Though the new gauge field AED_?’] is the Hodge dual
to the vielbein we will nevertheless call them “the graviton dual field”.

Equation (3.18) is apparently non-local, but what is more important for us is the locality of

the dual field equation of motion. This equation is
d (idAgD‘?’]) +dG2 =,
and since
dég} = d% (ﬂ_lﬁ%j};]) = d% (ﬂ—l(;ngD—?}) — di (@—1(ﬂ B ds)ggD—m)

a a a

= di8P7Y — s 1d68P 7 = 2SI — i (d [G*ZSS',EDJ]D ,
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we arrive at
d (3 (AP0 - 071887 7) ) = —arslP .

Introducing a new field AEZD_?’]

motion for the dual field

= AED_?’} — ﬁ_lsséD_Q] we finally get the local equation of

d(rahl’™ 4157 <o, (3.19)
The next point we have to check is the number of physical degrees of freedom which is
described by the dual field. Since this field possesses a gauge invariance under
5A[D—3] _ d&LD—4}
fixing the gauge and the on-shell local Lorentz invariance (see a more detailed discussion below)
results in

Dx(D-2) —iDx(D-1)=:Dx(D-3) doi. (3.20)
ol ) A 2

gauge fixing on-shell local Lorentz

which matches precisely the on-shell degrees of freedom of the vielbein éfh.

The equation of motion for the dual field has an odd structure from the point of view of
dynamics of self-interacting fields. But this peculiarity comes directly from the absence of the
true type dual field in our construction. Roughly speaking, if we were deal with the true type
graviton dual field it would be realized in having self-interacting terms of the graviton dual field
in its equation of motion. Moreover, it would also be natural to use another (generalized) Hodge
star operator in the equation like (3.19) that would correspond to a new type metric tensor (or
its generalization) constructed out of the true type dual field. In the approach we follow, we
deal instead with a non-complete dualization when the self-interacting part of the “dual” field
dynamics is replaced with a self-interaction of vielbeins, and the Hodge star operator is defined
in the standard manner. However, it does not mean that equation (3.19) is a free field equation

]

for the graviton dual: the Hodge star clearly indicates that AED_:)’ interacts with gravity.

Remark 3. The situation we encountered here is another side of numerous no-go theorems
on constructing the self-interacting dual models of Yang—Mills theories and General Relativity
[39, 11, 10, 17, 31, 38]. Drawbacks on this way could be recognized just looking at the system
of a Yang—Mills equation of motion and the Bianchi identity

DA*FZO, DAFZO.

Naively, it seems to be a symmetry that would be a generalization of Abelian duality rotations
that change F' with xF" and the equation of motion with the Bianchi identity. In fact, F < F =
*xF' results in

DjsF =0, DyxF=0. (3.21)
But (3.21) is not the set of equations of the true self-interacting dual system
D;F=0, D;+F=0,

where D ; has to be the covariant with respect to the true dual gauge field A derivative, and
the field strength of A is F.
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This example shows that the definition of duality (self-duality)

Fon = SemmpaF™  (F = F)
borrowed from the Maxwell theory does not guarantee the pass to the dual (self-dual) description
and even less meaningful for a Yang—Mills theory.

All these facts are tightly related to a classical result by Wu and Yang [108] which consists
of two statements: the field strength of a non-Abelian field does not determine the gauge field
even locally in any small region, and that the dual of a sourceless non-Abelian gauge field is
not always also a gauge field (see also [40, 32]). Another illustration of this result is absence of
duality rotations in a Yang—Mills theory [39].

4 Duality-symmetric action for General Relativity

After having established the on-shell description of the dual field, the next task is to figure out
an action from which this dynamics follows. As we already discussed, the dual field does interact
with gravity. To produce this interaction we shall take into account the dynamics of gravity.
Then the action we seek should contain at least the Einstein—Hilbert—Palatini Lagrangian to-
gether with terms which manage the dynamics of the dual field AgDiB]. Therefore, we have to
deal with a duality-symmetric formulation which is democratic with respect to the fields. In
presence of dual partners the initial degrees of freedom double, so to reduce it twice we have to
impose the duality relation

tdéy = FIP = fiP~4 4 4G (4.1)

at least by hands. Recall that in (4.1)

FIP= = gAlP= G = P (P e e LY,

a
the forms S{ELDQ] and jg] have been introduced in (3.6), (3.7), and
AD—3] _ AID-3] _ -15o[D-2]
Ay = A, —7as;,” .

It is not so straightforward to realize the explicit form of the Lagrangian for the dual field.
This is mainly due to the vielbeins’ interacting part ,SA”C[LDQ] in (3.19). In principle, it is enough
to get a formulation from which (4.1) will follow as an equation of motion and as a supplement
to the Einstein equation. But it is still difficult to deduce this additional part to the Einstein—

Hilbert—Palatini action from the very beginning. We propose to reach the goal indirectly by use
of the following road map:

~d 54 Aa
egn (em’A’ﬁll..‘mD_g)
KK reduction TKK oxidation
o ¢, Al a (1] ‘4[D—4] 4[D-3]
( m ¢, ) ¢, ALl dualization (€m7 (b’ A ’ A ’ A )

Drawing this picture we have taken into account that a part of the dual to graviton field will
become dual fields to a dilaton and to a Kaluza—Klein vector after reduction of gravity from D
to D — 1 dimensional theory. We are going to use this fact to deduce a reduction ansatz for the
graviton dual field strength which will produce the correct structure of the duality-symmetric
gravity in D — 1 dimensions. After establishing the ansatz we will apply it for the uplifting the
known D — 1 dimensional action to get the action in D dimensions.
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4.1 Dimensional reduction ansatz

To pass through the abovementioned route we shall reduce D-dimensional gravity action first.
Let us split the indices as (a,z) with a = 0,..., D — 2 and choose the standard Kaluza—Klein
ansatz for vielbeins

ealll — adgall] 2l — e (dz + A[ll), (4.2)

where ¢ denotes the dilaton field, AM stands for the Kaluza—Klein vector field and z is the
direction of the reduction. All the fields on the r.h.s. of equation (4.2) are independent on the
reduction coordinate. The parameters o and ( are related to the number of the space-time
dimensions and to each other as [69]

9 1

“ ToD-2)D_3) f=—(D=3)a,

that corresponds to the Einstein frame after reduction.

Using the standard technique of dimensional reduction [69, 91] one can verify that a set of
equations that come from the reduction of D-dimensional Einstein equation (3.2) in a D — 1-
dimensional zero-torsion setting follows from the action

S — [_ R® A+ 1alqs A *dep — L 20200 pl2) 5, pl2 ,
MD—I 2 2

where quantities without hats refer to D — 1 dimensions and F[2 = dAM. These equations are

(;i =0~ d(xdg)+ (D —2)a FPI pe72P72)00 , Fl2 — (4.3)
5C _o(D—20

i =0~ AP0 PR =0, (44)
im0~ NgaTo =0, (45)
oL be D—4 ¢ 7[D—2]

@ = 0 e Eabc AN R — (—) Ma - 0 (46)

The latter equation involves the energy-momentum tensor of the dilaton and of the Kaluza—Klein
vector field which is defined by

5

de

M(ED* 2]

()P <;d¢ A g — %52([’*2)&%[2} A *F@]) :

It is easy to see that the second order equations (4.3) and (4.4) can be recast in the first
order Bianchi identities for (Hodge) dual to ¢ and Al fields, which are defined by the following
duality relations

xdp = —dAP3 4+ (D = 2)a AP~ A Al (4.7)
28—)¢ g 40l — _ g4P—4] (4.8)

To reach a D — 1-dimensional analog of (3.4), one has to resolve the torsion free condition (4.5)
and to substitute the solution into the Einstein equation (4.6). In effect, we get the following
equation of motion for vielbeins

d(sdeg) = — = 3,

(D—1)(D—6)
— 2

3=

JM — xqsP=3l, (4.9)
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and

JL[IH =% (wbc(e) A dXgpe + (—)D74wbd(e) A wdc(e) A Xabe + M£D72]> )

SID=31 — (b A eg) e ey Opmey)-

Hence a D — 1-dimensional analog of (4.1) becomes
sdeq = —(dAP™ 4 x@l2), (4.10)
where

w8 = 015 4 30,

a

Following the same calculations resulted in (3.19) one gets the equation of motion of the dual
field AL~

d(xdAP~4 — xglP=31y —

where A([ZD_4] is the redefined field
ALD—4] — A([J,D_Zq + D_I(SS([ID_S].

In terms of the latter the duality relation (4.10) becomes

(D—1)(D—6)
2

sdeq = — (dAgD—‘” v *csgfl) . ol = (o) 0-1gJ0 — gIP-3l, (4.11)

So, we have derived the duality relations between D — 1-dimensional fields. Let us now turn
to the question what an ansatz for the D-dimensional graviton dual field should be to recover
relations (4.7), (4.8) and (4.11) directly from (4.1)7

By construction the second term entering the r.h.s. of (4.1) is a function of vielbeins, hence
its reduction is completely determined by the standard Kaluza—Klein ansatz. The same is also
true for the L.h.s. of (4.1). To reduce the first term on the r.h.s. of (4.1) we propose the following
ansatz (see [83] for details)

]F*a[D—Z] — eQ(D—3)a¢ *ga[l]

+e (dAa[D_‘ﬂ ++6% £ o x (dop A e?) 4+ e x G“m) A (dz + Am), (4.12)
FelD=2 = P9 (dA[D—?’l — (D —2)a dAP=4 A A[”) _ 2D=3)ad+B8(1 _ ) & dg

+ 2(D=3)ad y o2l 4 =B (dA[D74] + e 2001069 GZ[Q]) A (dz + A[I]). (4.13)
Here we have used the fact that under reduction

G = G 4 gl A (dz + AN,
G2 = G 4 gl A (dz + A,

and AP=3 AP fields come from A*[P—3] component of the field A4P—3]. Tt is easy to check
that the ansatz does lead to the correct duality relation after the reduction of (4.1).

As we have mentioned above, we are going to use the reduction ansatz to construct the action
from which duality relations will follow as equations of motion. To handle this problem let us
discuss first different ways to its possible solution.
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4.2 Non-covariant and covariant approaches to duality-symmetric theories

There are two different ways of describing classical gauge fields. One of them is to describe
a gauge theory in terms of appropriate fields, which are naturally associated with a theory
(antisymmetric tensor gauge fields for a gauge system, spin-2 field for gravity etc.), another
way is to make it in terms of their dual partners, which possess the same number of dynamical
degrees of freedom on-shell.

To construct a formulation where fields and their dual partners would be on an equal footing,
but without spoiling the initial degrees of freedom, one should double the fields with their duals
and to imply duality relations which have to decrease twice the degrees of freedom of a doubled
fields system. Such a formulation is called duality-symmetric. In some cases when a gauge field
satisfies the self-duality condition, the duality-symmetric formulation describes solely a single
chiral (or self-dual) field which has twice less dynamical degrees of freedom in compare with its
non-chiral companion.

Approaches which are used to describe self-dual fields could be generically divided into two
categories: ones which sacrifice covariance in favor of manifest duality, and manifestly covariant
approaches. We will briefly review both of them.

As an example of manifestly dual but non-covariant approach let us consider the duality-
symmetric formulation of D = 4 Maxwell theory [39].

Equations of D = 4 electrodynamics without sources

oFE

— =V x B, v-E =0,
ot
8—B:—VXE, vV-B=0,
ot

are invariant under duality rotations
0FE = aB, 0B = —akF, (4.14)

while the Lagrangian

is apparently not. Since B = V x A is the solution to the Bianchi identity vV - B = 0, rota-
tions (4.14) become spatially non-local in terms of E and A

SE=aVxA §A=a/A Y (VxE).

Here A1 is the inverse to the three-dimensional Laplacian operator.
Turning to the Hamiltonian, one can see that

H:%(EQJFB?) — Ay V- E, (4.15)

and, from the point of view of the Hamiltonian approach, Vv - E = 0 is a constraint which
enters (4.15) via the Lagrange multiplier Ag. One can resolve this constraint as E = V x Z and
substitute this solution to the Hamiltonian back. After that the Hamiltonian transforms into

HZ%((VXZ)z—i-(VXA)Q).

In terms of the new variables A and Z duality rotations are local
0Z =a A, 0A =—a Z, (4.16)

and the Hamiltonian is apparently invariant under (4.16). But what about the Lagrangian?
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To tackle this question, it is convenient to consider the Lagrangian in the first order form
L = pg — H. Then the Lagrangian becomes

. 1
ﬁZAVXZ—Q((VXZ)2+(V><A)2),
or

1 1
L= 5eabzb(v x Z%) = S0u(V x Z)(7 % z°

+ (total time derivative) + (total spatial derivative),

where we have joined two potentials into Z¢ = (Z, A). If we will chose boundary conditions to
be good enough to get rid of total derivatives, then the Lagrangian will also be invariant under
duality rotations (4.16). This form of the non-covariant first-order Lagrangian proposed in [39]
was re-derived later in [95] within the pure Lagrangian framework.

Remark 4. The first duality-symmetric formulation of D = 4 Maxwell theory with two gauge
potentials was proposed in [109]. A benefit of the approaches [109] and [39] is having the
manifest duality symmetry. However, to reach the formulation of [39] constraints have to be
resolved. It is not a problem for an Abelian theory, but it becomes a problem for a non-Abelian
gauge theory as well as for General Relativity.

It is also noteworthy to point out that the formulation of [95] is flexible enough to describe
not only self-dual fields which possess an invariance under duality rotations, but also duality-
symmetric fields, dual to each other in the Hodge sense, and do not possessing an invariance
under duality transformations like (4.14). The formalism of [39] is mostly well-suited to cases
with self-dual fields. Another advantage of [95] is a possibility to covariantize the description as
we will see in a minute.

Progress towards the Lagrangian covariant description of self-dual gauge fields was hampered
by the no-go theorem of [70]. This caused problems with consistent coupling of self-dual fields
to gravity and other fields, which was important in the context of constructing the type IIB
supergravity action with a rank four self-dual field, as well as for searching for effective actions
for super-p-branes with self-dual fields on their worldvolume in a supergravity background.
However, in the end, there were proposed covariant actions for duality-symmetric theories which
overcame the no-go theorem by drawing auxiliary fields into the construction.

Let us demonstrate a way of keeping covariance with the following example of the duality-
symmetric Maxwell theory in D = 3 space-time dimensions. The Maxwell field action

S = / &’z %anan, Frun = 200, Ay

determines the gauge field dynamical equation
O F™ =0, (4.17)

and due to the gauge invariance, A,, contains one degree of freedom. The same number of
degrees of freedom can be associated with a scalar field ¢, which is dual to the original gauge
field. The duality between fields means, in particular, that one can present the equation of
motion (4.17) as the Bianchi identity for the dual field, and this Bianchi identity (as well as the
original gauge field equation of motion) follows from the duality relation

Frn — €mni0™¢ = 0. (4.18)
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Indeed, applying 0™ to (4.18) leads to the equation of motion (4.17) since
O €m0 =0

is the Bianchi identity for the scalar field.
However, the duality relation (4.18) contains also the dynamics of the dual field. One can
present (4.18) in the equivalent form

€™ Fr — 20 = 0,

and acting on the latter with 0i leads now to the equation of motion for the dual field
Omd"p =0

since
€™ Oy Fpe = 0

is the Bianchi identity for the original gauge field.

Hence, one can describe the original system in the duality-symmetric manner doubling the
fields and thus having 1 + 1 = 2 degrees of freedom, that will reduce to one initial degree of
freedom after imposing the duality relation between dual partners. Indeed, the dynamics of the
doubled field system is defined by the following set of equations

Fmn Emnkak@ — O,
Omd™p =0
B F™ = 0, (4.19)

and depending on our purposes we can choose between describing the model in terms of the
vector potential A,,, of the scalar ¢, or in terms of both fields when we describe them in the
duality-symmetric manner.

It is easy to recover the action which generates the dynamics of dual fields in the case,
however we would like to find an action from which it could be possible to derive the duality
relation as well. A simplest way is to incorporate (4.18) into the action with help of a Lagrange
multiplier

1 1
g = / & [4anan + 50mp0™ 0+ Atymn (F™ — €™ 0r0) | (4.20)

but the Lagrange multiplier should not carry new degrees of freedom. In practice we have an
opposite situation: the Lagrange multiplier propagates and there is no additional symmetry
to kill its dynamical degrees of freedom. To observe the Lagrange multiplier propagation it is
enough to take a look at equations of motion that come from (4.20)

Fmno_ Emnkang =0,

amam()o + amemnkA(l)nk =0,
0,

O ™™ + O AR = (4.21)

and to compare this set to that of the duality-symmetric theory (4.19). It is easy to see that (4.21)
recasts in (4.19) iff

ATy =0, O™ Agynp = 0,
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that means in its turn
Aymn = 201 B(1)n)-

Hence A1), corresponds to a propagating field.
We can try to correct such a situation with introducing a new Lagrange multiplier, varying
over which will lead to setting A(q),,, to zero. That is consider the action

S = /d3 |: Fon B + 8m908m90 + A(l)mn (an - Gmnkak(p)
o §A(1)mnA(1)mn + A(Q)mnA(l)mn )

Variation over A gy, results in A(y),,, = 0. But the same analysis as before demonstrates that
the new Lagrange multiplier is dynamical and there is no additional symmetry to get rid of the
new degrees of freedom.

We can continue this process further on, and it never stops. Hence, the action we will get in
the end is

1

- QA(I)mn

—|—/d3(E Z(_)HA(n+l)mnA(n+2)mna
n=0

and this is a manifestly Lorentz covariant action constructed out of an infinite tail of Lagrange
multipliers [73, 107, 71, 12, 14).

However, there is a way [86, 87, 88] to cut the infinite tail at an N + 1-th step replacing the
N-th Lagrange multiplier with 8[na(m)A(0)m]k8ka(x). Then, in the simplest case of N = 1, the
action becomes
1

1)mn
_ *A(l)mnA( )

1 1
S = / B [4anan + 50m @0 + Aymn (F™™ — ek 9pp) 5

—+ /d‘%vA?%L (A(l)mn — A(O)mpﬁpaana) .
One can solve algebraic equations of motion of Lagrange multipliers to finally get

S = / d*x [ Epn ™ + (9m<,08mg0— — O F FpdPal . (4.22)

(3 )?
Here F™ = F™" — ™k, 0 and (4.22) is the action originally proposed in [86, 87, 88]. Note
the appearance of the new field a(x) which ensures the covariance of the model.

Let us compare the equations of motion coming from the PST action (4.22) with that of (4.19).
Varying the action over A,, and ¢ results in

O ™™ — B, ( [mafnlpapa) =0,

1
(0a)?
amam(p + 6mnk8k (

Ga)? af“’”papa> =0. (4.23)
Clearly, if the generalized field strength F,,, were satisfied F,,, = 0 on the mass shell, it would
produce the duality relation (4.18), and the set of equations of motion following from the PST
action would be the same as (4.19). Moreover, it is enough to get solely the duality relation
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from the action since the dynamics of fields is encoded within. Another way to reach the same
conclusion is to take into account the following identity

1
(0a)?

1 1
8WMfMW%a:§fm"—§

5 (6a>28[ma}"”p}8pa, (4.24)

and to write down (4.23) as

&n< L 8mmpm@ﬂ>=0, %m¢%<

0a)? a[ma}“”ﬂapa) = 0. (4.25)

(0a)?

Obviously, Fin, = 0 is at least a particular solution to (4.25), and we can use the duality relation
as a generating dynamical equation.

In fact, one can establish more: the latter system of equations can be exactly reduced to the
duality relation F,, = 0 [86, 87, 88]. This is provided by one of the two special symmetries of
the action (4.22), the so-called PST symmetries, and we will demonstrate it for our model of
the duality-symmetric gravity below in details. The other PST symmetry serves for eliminating
one additional degree of freedom coming with the PST scalar field a(x). It breaks manifest
covariance and establishes the connection to the approach of [95]. Dualization of the PST scalar
field [72] relates the PST approach to that of [109] and in such a way the latter formulation
gets related to [39, 95]. Other features of manifestly covariant duality-symmetric models can be
found in a recent review [96].

So far we outlined various methods of constructing the Lagrangians for duality-symmetric
theories, and we have to figure out the approach which would be more well-suited to the model
we describe. We would like the approach to be independent on space-time dimensions and
manifestly covariant. These requirements select the method of [86, 87, 88] as more economic in
compare with introducing the infinite tail of Lagrange multipliers, so we will follow this way.

4.3 Duality-symmetric action and its symmetries

After having discussed prerequisites let us focus on the construction of the action. This procedure
requires more tuning in comparison to the on-shell description, so we are fixing the space-
time dimensions D to be eleven. After dimensional reduction to ten dimensions we should,
in particular, reproduce from the action the duality relations (4.7), (4.8) which now have the
following form

FIEB — gAll 4 =3¢« Al — o, (4.26)

Fll — (dA[S] _ %dAm A A[H) + xd¢ = 0. (4.27)

Recall that (4.26) and (4.27) are the duality relations between the scalar field ¢ and the Kaluza—
Klein vector field AN and their dual fields AP and A7 In the above we have also fixed the
parameters o and 3 to be

2

B=-=.

1
a=+— 3

12’

The relevant part of the ten-dimensional duality-symmetric action from which these relations
come is (cf. [7])

2
Sas. = % / > <F“0‘”] AFI g, FRO=m Ay A PN gy A PO A ivf[”]> . (4.28)
M10 1
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Our aim is to demonstrate that the action (4.28) follows after dimensional reduction from
the part of the duality-symmetric gravity action

1 o -
SpsT = / —p A Fl A if,]:bp]ndz,, (4.29)
Mll 2
where we have introduced a scalar field a(z) [86, 87, 88] that enters the action in a non-
polynomial way through the one-form v
da(z)
V=0na " d;a’

i€ denotes the contraction of & with a differential form € (see Appendix A), 7.; is the Minkowski
metric tensor and

D=

Fal2 _ gea g (dAam n ;éa@]) 7 (4.30)

Fl9) — g Fal2] (4.31)

Note that though these generalized field strengths are constructed out of non-covariant quanti-
ties, we shall require them to enter (4.30), (4.31) in the covariant combinations.

Remark 5. Let us discuss the covariance of F42 and F%9 in more detail. We are dealing with
objects in the differential forms notation, hence we do not worry about covariance under the
general coordinate transformations. However, we have a Lorentz index which has to be rotated
under the local Lorentz transformations. Vielbeins and a spin connection are transformed as

¢ =eh ew &= RY

GHIRE 1 (A1) AP,

that induces the following transformations of torsion and curvature
T'=TA, R =A"'RA.

They are transformed as true tensors and they are covariant objects.

On the other hand, equation (3.4) has to be covariant under the local Lorentz transformations
since it follows from the Einstein equation, which is constructed out of true tensors. However,
the Lh.s. of (3.4) does not transform as a true tensor; it has an additional part depending on
derivatives of A. But as it was mentioned before, the r.h.s. of the same equation is also not
a true tensor, and the additional non-tensorial part of its transformation has to compensate the
undesirable terms on the L.h.s.

To be precise,

[d(kde) — #J1] = [d(sde) — #J1] - A,
that means
[aFO)" = [dF)] - A, (4.32)

To require the invariance of (4.29) under the local Lorentz transformations, we have to require
the covariance of F19, i.e.

[F9) = [#99] . A. (4.33)
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At a first glance the latter does not seem possible because of an apparent contradiction when
we compare (4.33) with (4.32). But we still have a freedom in assigning a gauge transformation
to ABl. Taking such a transformation in the form

AR = d(AB. R) + a1 [#9)  dA] (4.34)

will formally solve the problem. Here we have introduced the inverse to d operator whose action
on an arbitrary form is defined via Schwingers’ proper-time trick

d~twlP! —/ dre ™ WPl (4.35)
0

or, equivalently, through equation (3.14). Clearly, this operator cannot be determined for exact
forms, since dd~' = d~'d = id and acting on dQ = 0 with d~! results in Q = 0, V Q that
is not true of course. We have emphasized that the inverse to the d’Alembertian operator is
determined on a space of forms modulo the d’Alembertian zero modes. The same is relevant
for (4.35), since exact forms are zero modes of d. However, as in the former case, one can
regularize the external derivative operator to include its zero modes into consideration. It also
has to be emphasized that one shall take care in treating d—!, taking dd~! = d~'d = id first.
For instance, the expression ddd~!--- has to be equal to d--- rather than to zero.

Although the transformation (4.34) is highly non-local, it is reduced on shell to the standard
local Lorentz transformation what we have used in (3.20).

To reduce the action (4.29), we split off the eleventh coordinate z from the ten-dimensional
tangent space indices a = 0,...,9 after that we can rewrite the former action as
1 . . 1 . .
SpsT = / ~o N FUP NG PR — —o A FHI A g PR
Mt 2 2

By use of ansétze (4.12), (4.13) one gets

Falll = e%‘z’[dea + *(dAam + *6‘42})] = en¢ 7ol

Fol — om0 FB A (dz 4 AN), Fl = el

Fo = —e30(FI — FI A (dz + 4lY)),

F72l = e_%¢(.7:[2] — Fll A (dz + A[ll)), FO = 71, Fl8l _ =3¢, F2

where FI8, FI9 were previously defined in (4.26), (4.27) (they are not equal to zero of course;
the latter shall follow from the action). With the following ansatz for v [7]

da(x)
V=0ma g™ Opa’

and using the standard rules of dimensional reduction [69, 91] (see also [7] for details of reduction
within the PST-type approach) one arrives at

D= eé‘bv, iv(dz + A[l]) =0, v = v #v(z),

1
Spst = —5 / v A FUE NG, PRy — o A FOUA G, 7 — o f AV A, 7Y,
MlO

Hence the reduction of the complete duality-symmetric D = 11 gravity action S = Sggp + SpsT
results in

S = —/ (R“b A Sap + 2o A FU8 A z'y}“bmnab)
M 2
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2
1
e [10—n] (] 4 ; Fl10-n] [n] [10-n] A ; 0]
+2/Mlo;:1<F N F"™ 44, F ANvANF™M oA F A iy F ), (4.36)

where to recover this form of the action we have applied identities like (4.24) (see [7]).

In the latter form it is easy to recognize the duality-symmetric structure of D = 10 gravity
action, and the second line of (4.36) is precisely the action (4.28) we are looking for. Therefore, we
have established the relevance of the proposed Spgt term in the action for the duality-symmetric
gravity. R

One may wonder why having a new term entering the action we did not modify Gl
though (4.29) is not a topological term and therefore it should contribute into the energy-
momentum tensor. The reason is the same as for another application of the PST approach.
Additional terms which follow from the PST part of the action do not spoil the dynamics of an
original theory since they enter equations of motion only in combinations of the generalized field
strengths similar to (4.30), (4.31) which are zero on-shell. The latter is guaranteed by one of
the PST symmetries [86, 87, 88]. That is for instance why we do not need to take into account
the contribution of two last terms of (4.36) into &®2.

To give more rigorous arguments in favor of the discussion above, let us consider a variation
of the action

S = Sgup + SpsT

with Sgpp of (3.1) and Spgr of (4.29). The variation of the Einstein—Hilbert—Palatini term
results in

dSEHP = //vtll 564 A dﬁi’[g]n&i). (4.37)

As for the PST term, it is convenient to split its variation into the standard part for such an
approach, where we will effectively treat the vielbeins on the same footing with other gauge
fields completely independent of metric, and the variation over the metric tensor

0Spst = / doLpsT + 0+ LpST-
Mll

The standard variation ends up with

~ Jda o st
— a[s] i Fals] . 5 A g 02
d0SpsT /Mll <5A + 8a)2%]: > ny; N d (v NigF )

5 da ns .2
~a - 742 R ~ A b9
+ /Mu (66 + 7\/Wzvf > nap N d (v N rva )
= / (96254 1 dF) [ GH 5 16 s ) (4.38)
Mll

To deal with the other part of the variation we shall follow the same way as upon deriving
the energy-momentum tensor. In terms of differential forms this general variation is

5, (M Ay = (5,01) A xQI -l A5, (5 QM)
— 1 n n— a1 (y[7] [n]
== m(ka AN ea LA Ae IQGI"'an—lan A #£)
1

b —n b —_n— b rln [n]
b o A A A e,
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so applying it to our case leads to

¢1---CgCg

1 . R s
25 a9, o A §5e¢ (4. F0L2]
+/M11 5 NF e N oe (ZU]: )

C

1 (1, o .
5.Spgr = / ~§ A Ge% <8,é08 Ao et F > ny A g F2
(4.39)

Taking into account (4.37), (4.38), (4.39), one can derive the following sets of the special sym-
metries of the action

Ja(i) =0, 068 =dan@®®  GAUE = gg A AT _ g15 (;éd@l) : (4.40)
Sald) = B(F), 66" = — o, FO,
—(0a)?
ghals — 2, zal
_(aa)Z
- i L oceg v e jé1 2 L. (cera
—d <5(*G )+ et neE A ne 1R - 5 (5e F Pl)é) L (441)

with local gauge parameters $#0, a7 and .

The PST transformations of the “graviton dual” field are non-local, but this non-locality
does not spoil the job of the PST symmetries (4.40), (4.41) to extract the duality relations and
to establish pure auxiliary nature of the PST scalar field.

To demonstrate that, it has to be noticed that the general solution to the equation of motion

of Adl®]
d (@ A iﬁﬁ&m) —0
has the following form [86, 87, 88]
o A FUA = da A dg?l), (4.42)
Upon the action of (4.40) the Lh.s. of the latter expression is transformed as
DA F 5 A FOR 4 da A dp™),
and therefore, setting €40 = @@l one can reduce (4.42) to
ipFill =0 ~  Fill =y

Taking it into account and using the same arguments one can reduce the vielbein equation of
motion to

Fabl = .

The equation of motion of the PST scalar a(#) is identically satisfied as a consequence of the
equations of motion for the other fields. Therefore, the PST scalar equation of motion is the
Noether identity corresponding to an additional symmetry which is nothing but the symmetry
under the first of the transformations (4.41).



26 A.J. Nurmagambetov

4.4 Duality-symmetric action for the bosonic subsector
of D = 11 supergravity

Let us now extend the results to the bosonic sector of D = 11 supergravity. Note first that once
a three-index photon field AP is taken into account equation (3.18) is replaced with

9 AP 1368 = 59 4 60,
where ((:}g} is defined by %ég} = S’éD_Q} + (—)D<D275) ﬂfls%jg] with %jgl = %jéu + Mgo]. Here
as in equation (4.9) we have introduced the ABI energy-momentum form M élo]' In effect, the
reduction ansétze (4.12), (4.13) shall be modified as follows

fald) — (30, gall

+ e 12? <dA“[7] + 262 4 % s (do A e?) + e 12% & @a[21> A(dz+ AW, (4.43)
Fel) 20 (dA[S] N Zp[z%] Al | %Bm AdBle _ iF[G] A A[31>

—e3? (1 + §> * do + 5% « gl

+es? (dAm + A B2 BEI A B2 A gAB] 4 6759 « GZ[Q]) A (dz + AN (4.44)

To arrive at (4.43), (4.44) we have used the reduction rule (:}([12] = G([f] + g([il] A (dz + Al),
+®°2 is an analog of the form defined previously in (4.11) and extended with the appropriate
contribution from the energy-momentum tensor of RR 3-form APl and of NS 2-form B2 The
latter forms come from the reduction of APl Finally, FI6l and F® are the field strengths dual
to FI4 = dABl — aBB A AN and FI2 = Al

FlO = qAP 4 ABY A gB — BRI A qAB

FI = gAlM 4 pl6l A BRI BRI A BRI A g AR
and Bl is the dual to B gauge field.

Let us end up with the action for the complete duality-symmetric bosonic sector of D = 11
supergravity (cf. [5, 7]). The action is as follows

5= [fz&é NS+ SFH AR

A A 1) A pl
Mll

1
3
1 . p R R

-ﬁ&mQPAfWM%fW%VwmfmAmﬂ“, (4.45)

with

ﬁmh:@ﬁ—;@&W+ﬁéWQ,

FAlO) — g il

PU = gAB B = gAS 4 4B A P

FU gl _gpl A o g,

After dimensional reduction with taking into account the ansatze (4.43), (4.44) together with
the Kaluza—Klein decomposition of gauge fields

ABIZ ABI _ BRI A g



Duality-Symmetric Approach to General Relativity and Supergravity 27

A6l = BBl _ APl A gz,
FU = FA 4 aBP A (dz + AW,
FI = qBO)  ABI A gAB — O A AT 4 RIS A (42 4 AT,

the action (4.45) produces the following action of the completely duality-symmetric type ITA
supergravity (cf. equation (69) in [7])

S=— / (R“b A Sap + 2o A FUE A z'q,j-“bmnab)
MIO 2

4
+ 1 / 3 L plo-n)  plinl 4 {100l gy A pl) o 4 pli0nl 5yl
2 Jpmro — 3[“*‘%}

Here we have used the following set of the field strengths

FU—dp, P Al 2 FI8I A Al ¢ % B2 A gplel % Fl8 A 4B,
FE Al FB gl 4 plo A BRI 4 B A BRI A A,

FB Zapl T Z gBlol 4 4B A gAB _ Fl6 A Al

F = gAlBl — pBI A Al FlO = gAPl 4 ABI A FIBI — BRI A g Al

the set of the generalized field strengths

Fal2l — geo 4 *(dAaW] + *Q}aP])’ Fol8l = ypal2l
FUl = pll 4 4l FOI = 4 7,
FBl = FBl 4 =9 4 Fl7. yaU—_— ot

(10—2n)

Flnl — pln] +e 1 ¢ *F[lo_n], n =24,
f[n+5] — F[n+5} 4 e*%d’ * F[5777'}, n = 17 37

and [n + %] denotes the integral part of the number n + i.
This finalizes our proof of (4.45) to be the complete duality-symmetric action of D = 11
supergravity in the zero fermion setting.

5 On-shell dual gravity in linearized approximation

Let us now turn to the discussion on the linearized limit of gravity and dualization of gravity
in this case. Such a limit is interesting for several reasons. For instance, the linearized gravity
can be reformulated in dual variables in the same way as it could be done for an Abelian-like
theory (see e.g. [50, 51, 81, 57, 58, 59, 2, 47] and references therein for various treatments of
the problem). There are also duality-invariant first order Lagrangians of D = 4 linearized
gravity [54] with [64] or without a cosmological constant. The construction of these actions
is based on the approach of [39] which applies to the linearized ADM formulation of General
Relativity [4]. However, the results of [54] as well as other results on the dual description of
gravitation theory, do not go beyond the linearized approximation [38] that does not contradict
the summary made in [39]. Though there is no rigorous proof, the same is expected for D = 4
(a)dS linearized gravity [64], since just introducing a cosmological constant would not improve
the situation. A reason for the “no-go” theorem of [39] is easy to understand: to reach the
manifestly dual formulation in a spirit of [39], the constraints have to be resolved. It is hard to
do for the original ADM constraints with keeping locality in the end, while it turns out to be
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possible after the linearization [54]. The dual description of gravity as a self-interacting theory
is hampered by other “no-go” theorems (see e.g. [10, 11]) which claim that the dual description
of spin-2 self-interacting theory is inaccessible with keeping the locality of the theory. We avoid
these “no-go” theorems by putting non-locality on the scene. In effect, a consistency requirement
for our approach is locality of the dual gravity in the linearized approximation.

To move on such an approximation we have to expand vielbeins near the flat space limit

é4 = dX™ul + £9 (5.1)

where uf}n is a constant matrix. After that we should find a representation for equations of

motion (equation (3.4) in our case) which would be linear in fields. Taking into account (5.1),
one gets

kau% [u?uﬁdﬁ[még] — u?uﬁi’@[m Ag] — uﬁ&uéi’@[ﬁfj@]é] + 0(52),

N |

that means
W= o),
hence it does not enter the linearized equation of motion, and
SéDiQ] = % (dXi“ulA’iC A dX[u[&> ull uga[mé}i] + 0% = SgDiQ] + (’)((‘:’2).
Then, equation of motion (3.4) becomes
d (%dé@ - SEID‘Q]) = 0. (5.2)

A non-locality corresponding to a self-interacting part of the whole action disappears in the
linearized limit. Moreover, we can write down (5.2) in a form which will be manifestly invariant
under the local Lorentz rotations

d (a(Euf) - (SP=20) ) =o.

As a consequence, the Lorentz transformations of the dual field will be free of non-locality.
These observations lend credence to the local formulation of action for the duality-symmetric
linearized gravity. Details on the action we postpone to a forthcoming paper.

6 Summary

We would like to summarize with the following points. The main refrain of this paper is non-
locality which arises upon dualization. We have tried to shed some light on non-locality in duality
rotations, actions and off-shell gauge transformations, and have demonstrated that depending
on the approach we follow it is possible to keep locality upon dualization. However, it is kind
of exceptional, rather than general cases, and we have to conclude that non-locality shall be
expected upon the construction of duality-symmetric theories.

We have reviewed a part of dynamical realization of the Eq; conjecture. There are other
approaches which are tightly related to the conjecture, and which we would like to mention in
brief. Many important observations in favor of E1; were made within the Cosmological Billiards
in String Cosmology [27, 28] (and references therein), as well as within the E;9 approach to
M-theory [29]. Properties of imaginary roots of E1g in correspondence with branes, higher order
corrections to M-theory and orbifolds were studied in [19, 18, 30]. A correspondence between
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M(atrix)-theory and E;; was reviewed in [21], and interesting observations on orbifolding E1;
were made in [75]. It is also worth mentioning the role of Borcherds superalgebras in M-
theory [55, 56] and a Mysterious duality between the U-duality group of (dimensionally reduced)
M-theory and classical symmetries of del Pezzo surfaces [61].

Finally, in D = 4 Yang—Mills theory there exists the true duality-symmetric on-shell formu-
lation, which is based on the loop space approach to the YM and on a generalization of the
Hodge duality to non-Abelian fields [20]. It is a very intriguing problem to realize the same for
General Relativity.

A Notation and conventions

Our notation and conventions which we use throughout the paper are as follows. We reserve the
hat symbol to distinguish D-dimensional quantities from D — 1 dimensional ones. Letters from
the middle of the Latin alphabet are used for the curved indices, while letters from the beginning
stand for the indices in tangent space. We use the same notation for groups and corresponding
algebras.

We choose the mostly minus signature 7, = diag(+ — —--- — —). The antisymmetric D
dimensional Levi-Civita tensor €¢*'%P is defined by

D—-1

01-(D—-1) _ 1, €01.--(D-1) = (_) ’

€
so that
€ We, o0 = (—)PTIDL
In a curved space the latter becomes
€™M MPe ompy = det g DL
An arbitrary n-form has the following representation in holonomic and non-holonomic basis

1 1
winl = Edajm" A Adx™ wﬁlmn = ﬁe“” Ao Ae™t w([:ﬂ..anv
and the exterior derivative acts from the right.
We define the Hodge star as

bn b1y Qn n by--bp
*(6 A“'/\el)—mealj /\“'/\ealfal...aDin 1 y
that in turn implies
k k1 1 T my kykp
*(dm "N ANdr ):7 dr A ANdT ™ ey ey, ",

(D —n)!'y/]g]

The coefficients a,, can be fixed to obey

that provides the universal identity

x2 = 1.
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In odd space-time dimensions all av, are equal to one, while in even dimensions we have a freedom
in fixing their values. In such cases we will consider

a, =1, n < D/2;
an = (=)= PN > D2
o2 =y a=Dj2

Finally, the D-dimensional volume form is as follows

dz™ A - Ada™P = dPg emmo

€A Ne = dPx detee™ oD,
and the contraction of a form with a one-form v is defined by

iyl = v W = ’Umimw[”],

b _— -
(n—1)!
1

me[n] = m dr™ A A dxmlwmml---mn,l-

Tow e TEN AN e Wagyay

B Low-energy, strong coupling and high energy limits
of String theory

In this Appendix we briefly recall why the low-energy limit corresponds to sending the string
tension to infinity, why the strong coupling regime comes once the tension sends to zero, and
what is the difference between the high energy limit and the strong coupling limit.

Let us begin with the latter. In String theory there is a relation between the string tension 7T,
a spin of a strings’ mode s and its mass M:

M?*~T-s. (B.1)

A set of these relations defines the Regge trajectories of particles in the string spectrum.
There are also two different scales: the Plank scale [p and the string scale [ which are related
to each other via a string coupling constant g

The string tension is measured in the string scale units
T~ 2

Then, keeping the Plank scale fixed and sending the tension to zero, it becomes g; — oo that is
the strong coupling limit. In this limit all the string modes become massless due to (B.1).

Let us now turn to the low-energy limit. In this limit g; — 0, hence to keep Ip we have
to send l; — oo that is T' — oo. In such a limit massive states are so heavy that they become
“frozen”, and dynamics is managed by massless states.

Finally, in the high-energy limit of String theory the Plank energy sends to infinity, viz.
lp — 00. Then massive states become ultra-heavy, only light modes are dynamical, hence Iy — 0
and gs; — 00.
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