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Abstract

This thesis is about a new methd to perform the S-expansion procedure and
studies in extended supergravites.

In the present work, the concept of zero-reduction has been extended repro-
ducing a generalized Inonti-Wigner contraction. This involves an infinite abelian
semigroup S}EOO) and the removal of an ideal subalgebra. We refer about the use
of theorem VIIL.2 of the reference [20] which serves to construct the topological
invariant of a respective S-expanded algebra from another of which the bilinear
form is known, therefore is an extension and generalization of the mentioned
theorem. This procedure allows to develop the dynamics and construct the
Lagrangians of several theories. This work reproduces the results already pre-
sented in the literature, concerning the generalized Inonii-Wigner contraction,
and also gives some new features. Moreover, it gives a connection between the
contraction processes and the expansion methods introduced in [17], which was
an open question already mentioned in [12].

Also is shows one of the interesting applications, which is to obtain a partic-
ular hidden Maxwell superalgebra underlying supergravity in four dimensions.
Thus we have written the hidden Maxwell superalgebra in the Maurer-Cartan
formalism, and then, we have considered the parametrization of the 3-form A
in terms of 1-forms, in order to show the way in which the trivial boundary
contribution in four dimensions, dA®), can be naturally extended by consider-
ing particular contributions to the structure of the extra fermionic generator,
appearing in the hidden Maxwell superalgebra. These extensions contain terms
which involve the cosmological constant. Interestingly, the presence of these
terms depends strictly on the form of the extra fermionic generators appearing
in this hidden extension of D = 4 supergravity.

Besides, we have reviewed some concepts of the S-expansion. We show es-
pecially, how S-expansion procedure affects the geometry of a Lie group: was
found how the magnitude of a vector change and the angle between two vec-
tors. About the kind of algebra, after apply an S-expansion, it is a non-simple
Lie algebra. Then, considering resonance and reduction, we built an analytic
method able to give us the multiplication table(s) of the set(s) involved in an S-
expansion process for reaching a target Lie (super)algebra from a starting one,
after having chosen properly the partitions over subspaces of the considered
(super)algebras.

Furthermore, we study in the context of ungauged supergravities, the symme-
try under the kinetic part in the action and the realization to a global symmetry
group G. Moreover, we show the use of the solution generating technique. As
a first step in the unfinished research we work with the AdS metric with the

ix



global group Gy(g),which it is the global symmetry group of the 3D descrip-
tion of N = 2 supergravity coupled to a vector multiplet [13], where we found
the charges. Considering that a solution with cosmological constant is always
gauged in extended supergravities [36], it is planned to investigate the appli-
cability of the solution generating technique on gauged theories asymptotically
flat, i.e AdS metric.
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Introduction

Figuras grababan en las rocas,

Hacian fuego, jtambién hacian fuego!

Yo soy el Individuo.

Me preguntaron que de donde venia.

Contesté que si, que no tenia planes determinados,
Contesté que no, que de alli en adelante.

a part from Soliloquio del individud®, Poemas y Antipoemas de
Nicanor Parra (1965)

%] saw they made certain things, They asked me where I came from. I answered
yes, that I had no definite plans, I answered no, that from here on out.

Gauge theories and gravity

The Yang Mills theory (YM) is a gauge theory that has provided excellent re-
sults in the unification of three fundamental interactions. With this we refer to
the standard model of particle physics (SM), which is a relativistic field theory
where the three forces are mediated by spin-1 particles which respect invari-
ance under local transformations (i.e. space-time dependent) of some suitable
internal symmetry group. Gauge theories provide a re-normalizable description
of these fields and of their coupling to matter. The Brout-Englert-Higgs mech-
anism (BEH) of spontaneous symmetry breaking then allows the interaction
fields to have an effective mass without spoiling the renormalization property
of the theory.

On the other hand, the theory of general relativity, is the geometric theory
of gravitation published by Albert Einstein which elegantly describes the grav-
itational interaction of massive bodies. Is the fourth force which, unlike the
others, does not constitute a genuine gauge theory, such as the YM does.

In a Yang-Mills theory, where F,*” is the field strength and the metric g,
of the space-time its a non-dynamical background [1],

1
Sym = ~1 /clAla:gWg,,UF“’”Fa’“’7 (0.0.1)

but in the Einstein equations the actions depends of g,, and its derivatives,

Sy = / V—gRd'z, (0.0.2)
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where lies the dynamics. This is an important difference between the two theo-
ries. Einstein’s gravity can be viewed as the gauge theory of the Poincaré group
and the graviton as the gauge boson associated with the local translation gen-
erators P,. That means that while a gauge group in an internal symmetry acts
on internal degrees of freedom, the gauge group in gravity describes external,
i.e. spacetime, symmetries. As long as there is no dynamics along the inter-
nal directions, there is dynamics along the external ones: The dependence of
the fields on the space-time coordinates is not the result of some (unphysical)
gauge transformation, but is dictated by the field equations where torsion vanish
(on-shell invariance).

In order to unify gravity with the other interactions in a unique theory,
it is necessary to put together, the internal symmetries with the space-time
symmetries. A good candidate for this purpose is supersymmetry. The basic
idea is simple. As the color group SU(3) of the standard model reshapes the
color states of a given quark flavor among them and the SU(2) group combines
the fields of the weak doublets, supersymmetry has the ability to interchange
bosons and fermions.

Is it possible to have fermions and bosons in a symmetric theory? The
answer turned out to be negative, for the Coleman-Mandula theorem [2], whose
conclusions were that any group of bosonic symmetries of the S-matrix must
be the direct product of the Poincaré group with an internal symmetry group,
so that, if Poincaré and internal symmetries were to combine, the S-matrices
for all processes would be zero. Or in other words; “there are no generators of
bosonic symmetries that generate symmetry transformations connecting fields
of different spins.” That is, “There are no bosonic generators that generate
supersymmetry”. However, the results of this theorem were related to its strong
assumptions, and one of them was that the considered algebra was a Lie algebra.
In fact, it turns out that generalizing the notion of Lie algebra to a graded Lie
algebra, the theorem could be evaded [3]. A graded Lie Algebra is an algebra
that contains, besides standard bosonic generators b, also fermionic generators
f, which correspond to supersymmetric generators obeying anticommutation
relations. Symbolically

[b,b]ocb, [b,f]ocf, {f f}of.

Its generators comprise Lorentz transformations J,;, space-time translations
P,, generators B, of internal (compact) symmetry group, and also, fermionic
generators .. The @’s generate the so-called superalgebra which involve the
supersymmetry. Supersymmetric theories differ in the amount of supersymme-
try, namely in the number N of the supersymmetry generators @, and in the
field content which should correspond to multiplets of super group (SG). N su-
persymmetry generators define an A-extended supersymmetry, because it has
Q*-generators, where A = 1,..., N where N is the number of supersymmetries
in the theory.
The general transformation laws read:

0b=¢f, 0.f =€ Ob,

where € is the infinitesimal supersymmetry parameter, carrying spinorial indices,
and 0 is for a space-time derivative. Since the commutator of two supersym-
metry transformations amounts to an operator which is proportional to the
space-time derivative



Ocy > 0c,] o (€17"€2) O, b.
1 2 i

Using this result, we can immediately deduce the important fact that a
supersymmetric theory will necessarily be invariant under translations. This
link between supersymmetry and the Lorentz group is recorded in the algebra
in form of the anticommutator of two supersymmetry charges, modulo action
of internal symmetry operators Z, which is expressed schematically ag|

{Q,Q} P+ Z,

which are central charges of the superalgebra.

The corresponding superalgebra of infinitesimal generators is therefore called
super-Poincaré algebra. The fermionic generators @ allow for a non-trivial
interplay between space-time and internal symmetries. Moreover, having a spin
quantum number, the action of @) on a states varies by 1/2 its spin, so that:

Qlf) = [b),  Qb) = |f).

The supersymmetry generators belong to the spin-1/2 representation of the
Lorentz group as well as to a representation of the internal compact group. A
supersymmetry transformation generated by the @Q-generators, sends a bosonic
state into a fermionic one and vice-versa.

This implies that, modulo internal transformations Z and the combination of
two subsequent supersymmetry transformations amounts to a space-time trans-
lation. Moreover () commutes with P, and therefore with the mass operator
m? = P?/c%. As a consequence of this, irreducible representations of SG (su-
permultiplets), comprise one-particle states with the same mass but different
spins. This is certainly a desirable feature if we ultimately aim at unifying all
fundamental forces of nature together with matter. In fact, the gravitational
force is mediated by the spin-2 graviton while the other interactions by spin-1
vector bosons and matter is made of spin-1/2 particles.

However the Poincaré superalgebra is not the only scenario to obtain a theory
of supergravity, as well as AdS or Poincaré is not the only Lie Algebra to generate
a theory of gravity. In the first part of the present thesis we will cover a spectrum
of Lie algebras and superalgebras where gravity and supergravity unfolds. In
the second part we focus on the (super) ungauged gravity and a technique on
it visualizing a possible link with a gauged theory.

Thesis plan

As previously mentioned, throughout this thesis two areas will be approached,
the two with respect to gauge theories involving (super)gravity. In the first part,
in section [I.3] will we study some properties of the S-expansion, and we apply
the knowledge into the technique to control what kind of (super)algebra we
want to obtain, specifically in section when it is show a formal way to find
the connection between different (super)algebras through the determination of a

*We have been omitted the bar on the second generator Q; Q.



(semi)group. The reproduced results in section are known in the literature,
but there are also some new ones.

In chapter [2| we extend the usual S-expansion procedure. Explicitly, we real-
ize the generalization of an Inonii-Wigner contraction as an infinite S-expansion
whit an Ideal-subtraction. Several examples are shown in section [2.6]

In chapter [3| we work in four dimension in the framework of free differential
algebra finding new hidden super-algebras. Thus, we have written the hidden
Maxwell superalgebra in the Maurer-Cartan formalism, and we have then con-
sidered the parametrization of the 3-form A®) in terms of 1-forms, in order to
show the way in which the boundary contribution in four dimensions, dA®), can
be naturally extended by considering particular contributions to the structure
of the extra fermionic generator appearing in the hidden Maxwell superalgebra.
These extensions contain terms which involve the cosmological constant.

In the second part of the thesis, chapters [ and [5} the study carried out on
extended supergravities, studying the scalar manifold where the coset space of
the symmetries lies and application of the solution generating technique, which
is a powerfull method to obtain a lot of information of a ungauged supergrav-
ity. Using dimensional reduction and dualization over the fields in a particular
solution, we can get the charges and when we apply over these a particular
transformation we find another new ones. Examples of application are consid-
ered and the line of research to follow in that area is shown.



Part 1

Applications of S-Expanded
Lie (super)algebras in
(super)gravity






Chapter 1

S-Expansion Process and
its (Geometry

“ I am certain, absolutely certain, that, at some point in the future, these
theories will be recognized as fundamental. If I wish to create such an under-
standing sooner, it’s because, among other things, I could then do ten times
more.”

Sophus Lie, in a letter to Mayer in 1884.

1.1 Motivation

Understanding the importance of searching in various fields of mathematics have
important physical implications, that is why in the first part of this thesis we
focus on the study, analysis and techniques to find Lie algebras from existing
ones. In particular we analyse the S-expansions and contraction.

Its not hard to justified the study of Lie algebras, in the last years there
are more and more applications that everybody can find in the modern physics.
That is why we can analyze different regimes of physics when we work with
two different algebras. Even more, the relation of two given Lie (super)algebras
among themselves, and in particular, the derivation of new (super)algebras from
other ones, is a problem of great interest, in both Mathematics and Physics,
since it involves the problem of mixing (super)algebras, which is a non-trivial
way of enlarging spacetime symmetries. Then, it is justified, the study and the
motivation to devote time and energy in paying attention to the transformations
that allow to find diverse Lie algebras.

A very known method to link two different algebras is the contraction, an idea
presented by Segal in 1951 [4] and Inénii and Wigner in 1953 [6] (see also [7]).
Consist in obtain from a given Lie group a different (non-isomorphic) Lie group
through a group contraction with respect to a continuous subgroup of it. That
amounts to a limiting operation on a parameter of the Lie algebra, altering the
structure constants of this Lie algebra in a nontrivial singular manner, under
suitable circumstances (standard Inoni- Wigner contraction). Then, Weimar-
Woods generalized this procedure using parameters of arbitrary degree, the

7



so-called generalized Inoni-Wigner contraction [8}9]

These contractions are important because explain formally why some theories
arise as a limit regime of more “complete” theories (see [10] and references
therein), and maybe the best known are the passage from the Poincaré algebra
to the Galilei algebra, in the limit where the speed of light approaches infinity
[6]. Similarly, the (Anti-)de Sitter algebra can be contracted to the Poincaré
algebra in the limit where the radius of the universe is large. Other examples
include the s0(3) algebra of rotations on a sphere, which contracts rotations
into translations for small angular displacements, and the dynamical algebra
sp(2n, R) of the harmonic oscillators in n dimensions, which contracts to the
u(n)®hn(2n) algebra, where hn(2n) is the m’th Heisenberg-Weyl algebra, which
describe collective excitations at low energy. From these examples, it can be seen
that the existence of an “effective” theory is often the results of a contraction.

Another method to connect different (super)algebras is the expansion pro-
cedure, introduced for the first time in [16], and subsequently studied under
different scenarios in [17H19]. In 2006, a natural outgrowth of the power series
expansion method was proposed (see Ref.s [20]), which is based on combining
the structure constants of the initial (super)algebra with the inner multiplica-
tion law of a discrete set S with the structure of a semigroup, in order to define
the Lie bracket of a new S-expanded (super)algebra.

An additional advantage of in the work done in [20], and its relation with
the standard In6nii-Wigner contraction process is discussed in chapter one and
two of the present thesis. We will study the S-expansion method to be able to
determine when it is possible to apply it relating two different algebras and we
will analyze also their limitation. This last will serve to extend the process of
S-expansion in such a way that it reproduces the same results of a generalized
known Inonii-Wigner contraction.

On the other side, supergravity theories have, in various spacetime dimen-
sions 4 < D < 11, a field content that generically includes the metric, the
gravitino, a set of 1-form gauge potentials, and (p 4 1)-form gauge potentials of
various p < 9, and they are discussed in the context of Free Differential Alge-
bras (FDAs). In particular, in the framework of FDAs, the structure of D = 11
supergravity, first constructed in [21]; then it was reconsidered in [22], adopt-
ing the superspace geometric approach. In the same paper, the supersymmetric
FDA was also investigated in order to see whether the FDA formulation could be
interpreted in terms of an ordinary Lie superalgebra in its dual Maurer-Cartan
formulation. This was proven to be true, and the existence of a hidden superal-
gebra underlying the theory was presented for the first time. In fact, in [22], the
authors proved that the FDA underlying D = 11 supergravity can be traded
with a Lie superalgebra which contains, besides the Poincaré superalgebra, also
new bosonic 1-forms and a nilpotent fermionic generator @)’s, necessary for the
closure of the superalgebra.

Focused in this context, we obtain a hidden Maxwell superalgebra in four
dimensions by performing an infinite S-expansion with subsequent ideal sub-
traction of the hidden AdS-Lorentz superalgebra underlying D = 4 supergravity.
We also display a map in order to show the way in which the hidden AdS-
Lorentz superalgebra and the Maxwell superalgebra can be obtained. This map
also offers the links, consisting in infinite S-expansion and ideal subtraction,
between other superalgebra in four dimensions.



1.2  Quick review of S-expansion process

In the following, we give a review of the concepts of S-expansion, reduction and
resonance [20423].

The S-expansion procedure consists in combining the structure constants of
a Lie algebra g with the inner multiplication law of a semigroup .S, to define the
Lie bracket of a new S-expanded algebra gs = 5 x g.

Let S = {A\y}, with @ = 1,..., N, be a finite, abelian semigroup with two-
selector K, ;" defined by

Ko {1, when Ao Ag = A,
af T

) (1.2.1)
0, otherwise.

Let g be a Lie algebra with basis {T4} and structure constants C, £, defined
by the commutation relations

[Ta,Tg] = Cuf Te. (1.2.2)

Denote a basis element of the direct product S x g by T(4,.) = AaTa, and
consider the induced commutator

[Tta.): Ti5.3)) = Aads [Ta, T (1.2.3)
It can be showed (see Ref. [20]) that the product
gs=95xg (1.2.4)
corresponds to the Lie algebra given by
[Tia,0), T(8,8)] = Kaﬂ’YCABC T(cy)s (1.2.5)
whose structure constants can be written as
(Cr) _ c
Cla,a)(B.5) V=K, Cugs - (1.2.6)
The product [ -, -] defined in (1.2.5)) is also a Lie product, because it is linear,

antisymmetric, and satisfies the Jacobi identity. This product defines a new
Lie algebra (characterized by (gs, [-,])), which is called S-expanded Lie algebra.
This implies that, for every abelian semigroup S and Lie algebra g, the algebra
gs obtained through the product is also a Lie algebra, with a Lie bracket

given by (L.2.5).

Reduced algebras

The concept of reduction of Lie algebras, and in particular 0g-reduction, was
introduced in [20]. It involves the extraction of a smaller algebra from a S-
expanded Lie algebra gg, when certain conditions are met.

Let us consider a Lie algebra g of the form g = Vy & Vi, where Vj and V
are two subspaces respectively given by Vo = {T,,} and Vi = {T,,}. When
[Vo,V1] C Vi, that is when the commutation relations between generators
present the following form

[Tao-Too] = CopTey + CoyS T, (1.2.7)
[TGO?TbJ = Caobfchl’ (128)
L0, Th] = C, 2 Tey +C, Ty (1.2.9)

9



It can be seen hat the structure constants C’aobso

themselves, and therefore

satisfy the Jacobi identity

COT

co

[Tao ) Tbo} =C

aobo

(1.2.10)

itself corresponds to a Lie algebra, which is called reduced algebra of g[] The
authors also thought to call it: Forced algebra. As we will see later, this name
may be more appropriate.

Let see how a reduced algebra emerge from a particular S-expansion. Let us
consider an abelian semigroup S and the S-expanded (super)algebra gs = S x g.
When the semigroup S has a zero element 0g € S (also denoted with the symbol
Aog = Og in the literature), this element plays a peculiar role in the S-expanded
(super)algebra, as shown in [20]. In fact, we can split the semigroup S into
non-zero elements A;, ¢ = 0, ..., IV, and a zero element A\y41 = 0g = Agg. The
zero element Ao, is defined as one for which

AosAa = Aatos = Aos, (1.2.11)

for each A, € S. Under this assumption, we can write S = {\; }JU{An11 = Aos },
with ¢ = 1,..., N (the Latin index run only on the non-zero elements of the
semigroup). Then, the two-selector satisfies the relations

Ki,N-i—lj = KN+1,ij =0,
Ki,NHNJrl = KN+1,iN+1 =1,
KN+1,N+1j 0,

KN+1,N+1N+1 = 1

from the viewpoint of multiplication rules,

Aviihi = Antt, (1.2.12)
AN+1IANFT = ANs1- (1.2.13)

Therefore, for gg = S x g we can write the commutation relations
[T(AJ)’ T(BJ)] = KijkCABCT(C,k) + Kij N+1CABCT(C,N+1), (1214)
[Tian+1): Ts.)) = Cas Tion+1), (1.2.15)
[T(A,N+1),T(B,N+1)] = CABCT(C,N+1)~ (1.2.16)
If we now compare these commutation relations with (1.2.7)), (1.2.8)), and (1.2.9)),

we see clearly that
[T(A,i)aT(B,j)} = KijkCABCT(C’,k) (1.2.17)

are the commutation relations of a reduced Lie algebra generated by {7(4)},
whose structure constants are K;; *C 5.

The reduction procedure, in this particular case, is equivalent to the impo-
sition of the condition

Tani1 = AosTa = 05Ty =0. (1.2.18)

*Let us observe that, in general, a reduced algebra does not correspond to a subalgebra
(see Ref. [20] for further details).
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We can notice that, in this case, the reduction abelianize large sectors of the
(super)algebra, and that for each j satisfying K N+ — 1 (that is XosAj =
AN+1), we have
[T(a,5),T(8,5] = 0. (1.2.19)
The above considerations led the authors of [20] consider that, whenever we
have an abelian semigroup with a zero element Og € S, and let gg = S x g be
an S-expanded algebra, the algebra obtained by imposing the condition

)\OSTA = OsTA =0 (1.2.20)

on gg (or on a subalgebra of it) generate a Og-reduced algebra of gs (or of
the subalgebra). Futhermore, as we will see next, when a Og-reduced algebra
presents a structure which is resonant with respect to the structure of the semi-
group involved in the S-expansion process, the procedure takes the name of
0g-resonant-reduction.

Resonant subalgebras for a semigroup

Another way to get smaller algebras from S x g, which strongly depends on the
structure of the semigroup involved in the process is through resonance, it will
be described below.
Let g = @pel Vp be a decomposition of g into subspaces V,,, where I is a set
of indices. For each p,q € I it is always possible to define the subsets i(, o) C I,
such that
VoVl © @D Vi (1.2.21)

T€l(p,q)
where the subsets i(, 4) store the information on the subspace structure of g.

Now, let S = |J .;Sp be a subset decomposition of the abelian semigroup
S, such that

pel

Sp-Sec |J S (1.2.22)
T€i(p,q)

where the product S, - Sy is defined as
Sp - Sq={M [ Ay = Ao, Aa,, With Ay, € Sp, Ao, € 54} C S. (1.2.23)

When such subset decomposition S = UpE 1 Sp exists, then, we say that this de-
composition is in resonance with the subspace decomposition of g, g = @pGI Vp.

The resonant subset decomposition is essential in order to extract, systemati-
cally, subalgebras from the S-expanded algebra gg = S x G, as it was enunciated
and proven with the following theorem in Ref. [20] (This theorem corresponds
to Theorem IV.2 of Ref. [20]. Its proof can be found in the same reference [20]):

Theorem 1. Let g = Upel Vp be a subspace decomposition of g, with a struc-

ture described by equation (1.2.21), and let S = Upel Sp be a resonant subset

decomposition of the abelian semigroup S, with the structure given in equation

. Define the subspaces of gs = S x g as
W,=5,&V,, pel (1.2.24)
Then,

gr=EPW, (1.2.25)
pel

18 a subalgebra of gs = S X g, called resonant subalgebra of gs.
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Invariant tensor

Given a Lie Algebra and a discrete abelian semigroup, the method allows us
to construct, directly, new Lie Algebras with their corresponding non-trivial
invariant tensors [20}23}24].

Theorem VII.2 of Ref. [20]: Let S be an abelian semigroup with nonzero
elements A\;,  =0,..., N and Ay41 = 0g. Let g be a Lie (super)algebra of basis
{Ts}, and let (T4, ---T4,) be an invariant tensor for g. The expression

(Tiayiny - Tanin) = K, 0 (Ta,,... Ta,) (1.2.26)

where «; are arbitrary constants, corresponds to an invariant tensor for the
0g-reduced algebra obtained from gg = S x g. Proof: the proof may be found
in section 4.5 of Ref. [20].

1.3 Geometrical aspects of S-expansion Proce-
dure

In order to know certain limits and applicability of the simple S-expansion
process through semigroups (simple means without resonance or reduction) we
will look at their effects at geometric levels, such as the Killing Cartan (KC)
metric and the dimension of a respective algebra.

1.3.1 Visualizing the S-expansion through Killing-Cartan
inner product

The commutator of an arbitrary element Z = 2%T, in some algebra is
[Z,T,] = R(Z) 2Ty (1.3.1)

where R(X) play the role of constant structure and correspond to the adjoint
or regular representation of Z.

Let X be a vector of the vector space g, with generators T, € g,a =1,..., N.
The Killing-Cartan form of a Lie algebra is a symmetric bilinear form given
by [11]:

(X, X) =Tr (R(X)R

(X

=Tr (v*R(Ta)v"R(T}))
=Trv% (R(T VgR(Ty)e )
=Trv® (C,)5 (C ) (1.3.2)

The inner product of Killing-Cartan provides information about the geometry
of the manifold of the group in a neighborhood of identity. The information is
obtained in terms of compactness, not compact or nilpotency of the group. This
information can be extrapolated to the rest of the manifold using the fact that
a Lie group is a “geodesically complete” manifold, i.e., we can reconstruct it
completely through the process of exponentiation of algebra. The vector space
of the Lie algebra can be divided into three subspaces under the Cartan-Killing

)
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inner product. The inner product is positive-definite, negative-definite, and
identically zero. These three subspaces are denoted by

9=V, +V_+ V. (1.3.3)

The subspace V|, is a subalgebra of g. It is the largest nilpotent invariant
subalgebra of g. Under exponentiation, this subspace maps onto the maximal
nilpotent invariant subgroup in the original Lie group.

The subspace V_ is also a subalgebra of g. It consists of compact operators.
That is, the exponential of this subspace is a subset of the original Lie group
that is parameterized by a compact manifold. It also forms a subalgebra in g
(not invariant).

Finally, the subspace V, is not a subalgebra of g. It consists of noncompact
operators. The exponential of this subspace is parameterized by a noncompact
submanifold in the original Lie group.

The decomposition of an algebra g in these subspaces implies that in the
quadratic form (X, X) of the group, there are summands with different signs
representing the spaces denoted as V_, V., and V.

The character of an algebra, denoted with the symbol x, measures the degree
of compactness of the manifold of the group within a limited range of integer
values. The character of an algebra is defined as follows [11]:

Number of Number of
x = | non-compact | — | compact |, (1.3.4)
generators generators

which is the trace of the normalized Cartan-Killing form. In the following we
will analyze the product of KC under the procedure of S-expansion and we will
obtain interesting information.

If X is a vector of the vector space S x g with S-expanded generators T(, q),
then we introduce the inner product as the Killing-Cartan product

(Xs,XS) =tr (R(Xs)R(Xs)) (1.3.5)

where of course R(Xg) is the adjoint representation of Xg, just like in (1.3.2)).
Therefore, we have

(Xs,Xs) =tr (R(X)R(X))
. 5.d e
=p(® )v(ﬂ’b)R(T(ava))E%c))R(T(a’a))Eg’d))
=0l DN KL K(Ca)d(Ch)g

=0 @Dy KS K (T, Th)

where T, € g. Therefore, we see that the product of Killing-Cartan of g under-
goes a change due to the presence of the K-selectors.

Because of the Killing-Cartan product, of the original algebra appears im-
mersed in the Killing-Cartan product of the expanded algebra, the calculations
are simplified. Since a metric is a symmetric bilinear form, we can use the spec-
tral theorem, to obtain the corresponding diagonal metric. This theorem states
that every real symmetric matrix is diagonalizable in R.

13



~T}~liS means that exist a transformation such that X —s X allows to write
(X7X) —0, Ya # b. So that

(XX) = gl@a)(8b) (Xa,f(,,) , (1.3.6)
therefore the Killing-Cartan product of the expanded algebra, takes the form
(XX)S — (58N |3 K (Xa, f(,,) £0, when a=b. (1.3.7)

However not all matrices are diagonalizable. The decomposition of a matrix in
Jordan canonical form is a decomposition that generalizes the notion of diago-
nalization. The interesting thing about this decomposition is that every matrix
can be brought into its canonical form, i.e., any matrix A can be written in the
form A = SJS™!, where J is known as Jordan matrix.

This means that for each value of the index “a”, the values that can take
the pair of indices {«, 5} will play the role of labeling new coordinates unlike
the index set {7, d} whose role is of geometrical nature. For this reason we use
the indices {i,j} to denote {a, 8}. Thus, we have

o dim(g)=N p A ‘ o
(X’ X)s: Z i;éﬁu,a)@(g,a);{g@é (Xa,Xb> (1.3.8)

From now on, we use the Einstein convention of repeated indices to avoid ex-
cessive notation.

Note that although the original metric is diagonal, the expanded metric
doesnt need to be diagonal. This is because the coordinates of the new S x G
vector space, denoted as 7(»% | has indices of the semigroup S. To see this, we
define

Mg = K, KJ;. (1.3.9)

This is a matrix of P x P dimensions which contains, through its entries (3, j),
the multiplication rules of the semigroup (where greek indices run from 0 to P,
representing the semigroup elements). Thus, we have for the KC-form of the
S-expanded algebra:

(Xg,Xg) = (ﬁ(iv“))lx(P.N) (95)ab (ﬁ”’@)(P.N)XI (1.3.10)
where
01 (M) 0
(95)ab = (1.3.11)
0 on (M) (P-N)x(P-N)

is the new metric tensor.

To simplify the notation we can summarize by writing the two Killing-Cartan
form; the first one (we write the diagonal form without lose generality), has the
form

(X, X) = 0%gaad®, (1.3.12)
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where g4 is the metric tensor and the KC-form for the S-expanded algebra has
the form . 4
(X5, Xs) = 0" (gg)ap0 ). (1.3.13)

where (gs)ap is a kind of direct product of the Mg matrix and gu,, because
basically every entry of the original metric tensor is multiplied by the matrix
Mk;
gab — (9s)ab = MK @ gap- (1.3.14)

From here we can take some interesting properties of the subspaces involved in
S-expansion [25]. For example, we can study the change in the signature of the
metric tensor with respect to the signature of the original metric. If we denote
as [ the number of the entries which has positive signature and m which has
negative signature, (+1,+2,...,+;,—1,—2,---,—m) and { +m = N, where is
good remember that N is the dimension of the semigroup (quantity of elements),
we see how the signature can change of the metric tensor with the S-expansion.
There will be a change of sign for each of the NV matrices Mg . This means that
the dimension of the original algebra, as well as the dimension of its subspaces
plays a crucial role in the study of the final signature of the metric. If the
dimension of the metric is N = 2n for some n € N and p € N, then, there will
be, necessarily, an even number of sign changes in the diagonal: Even numbers
form a semigroup under multiplication and similarly for N = 2n + 1.

Before analyzing how subspaces change, we will remember and define certain
quantities that we will need next

Dimension of g =N,
Number of elements of the semigroup S =P,
Number of negative eigenvalues of Mg =Q
Numer of null eigenvalues on M =H.
In the number of diagonal elements of the S-expanded metric tensor (gg)q.p the
zeros that come from the original algebra should be considered, which may have
nilpotent subalgebras or subspaces.

Following the analysis performed in the reference [25], the dimensions of the
new subspaces of S x g are related to (|1.3.3) as

Ran(V_)s =Ran(V_) (P — H — Q) + Ran(V,})Q, (1.3.15)
Ran(Vy)s =Ran(V4) (P — H — Q) + Ran(V_)Q, (1.3.16)
Ran(Vp)s =Ran(Vp) + [Ran(V,) + Ran(V_)] H. (1.3.17)

where (V_)g, (Vi)s and (V)s are the subspaces of gs and V, V_ and V} the
subspaces of g. These are three very simple equations that tell us about some
features that has to have the semigroup to produce the S-expansion between

two algebras of which we know its size and those of its subspaces. These have
implications in the character of the algebra x (see eq. (|1.3.4)):

xs =x(P—-H-2Q). (1.3.18)

Then, the matrix Mg has to have these requirement, and that allows us to
think that maybe it is possible search a good (semi)group to stablish the link
between two algebras, but this can work only in low dimensions matrices Mg
and as we see later, the standard S-expansion is very limited in comparison if
include also resonance and reduction.
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Effects on a vector

An interesting consequence of the above property is that K2 K .5 affects the
measurement of the length of the original basis vectors X, 6 g. Indeed, let
be Xg a basis vector of gg = S x g, where ® = (a,a) are the indices of the
S-expanded algebra

| X =/ (Xa, Xo) = v Tr(R(Xs) R(Xa))
_\/R Xo) R(Xo)s! = \/(C<I>)Q®(C<I’)@Q
B ( s ) ( 7(:)
_\/<C(0¢7‘1))(%C) (C((Y,a))(ﬁ,b’)y
:\/Kgé,ng(; \/Cacbcabc = \/KQVKEJ\/Q:
Ky K || Xq ||

The general case:
| Xa [|= o' K K5 || Xa || - (1.3.19)

This means that the metric tensor components experience a rescaling.
The S-expansion procedure affects the angle between two vectors in the
Vi+V_=(Sxg)/Vo CS x g space. Therefore,

cos fg :7(X¢,Xq>)
| (Xo, Xo) [I?
K K}
= oy A cosf.
VKK s\ J Ko K
In general, we find that
K3 K7
(v(o"“)X(a,a),v(ﬁ7b)X(57b)) = (@) (B:b) il MJ cosf. (1.3.20)
5 K v
VKK K
from we can see that the following conditions:
VIS KK, #0 (1.3.21)

must be fulfilled. These results lead to define a number which depends on
the composition law of the semigroup.

1.3.2 No-simplicity of S-expanded algebra

There are another restrictions that must be satisfied in the process of pure
S-expansion. A simple Lie algebra is one that has no nontrivial ideals and
cannot be expressed as a direct sum of other Lie algebras. This fact leads to
the important result that a Lie algebra obtained by S-expansion of another Lie
algebra cannot be simple.

To see this, we consider a square matrix K«ZB of order and range P, where
P will have nonzero eigenvalues and can be expressed in the diagonal form
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(eigenvalues in the diagonal). This matrix is a faithful 3-dimensional matrix
representation of any abelian, discrete, and finite semigroup. In the other hand,
Adj(g) is the adjoint representation of some algebra. Then, we have that, for
the adjoint representation for gg = S x g we must write

Q0 (K;/ﬁ) 0
K], ©Adj(g) = (1.3.22)
or-1 (K(ZB)
=00 (KJy) @ @op1 (K2,) = Adi(gs) . (13.23)

This means that if Adj(g) is the adjoint representation of an arbitrary Lie alge-
bra g and if K ; is a faithful matrix representation of an abelian, discrete, and
finite semigroup S, then Adj(gs) is the adjoint representation of a non-simple
Lie algebra, given by the direct sum of P Lie algebras g (which can be simple or
not). This will occur when the rank of the matrix Kgﬁ is equal to the number
of elements of the semigroup S.

This result leads to state the following.

Theorem 2. If S is a finite, discrete, and abelian semigroup and if g is an
arbitrary Lie algebra, then the product space S X g is a non-simple Lie algebra
consisting of the direct sum of P original Lie algebras g, where P is the number
of elements of the semigroup S.

Proof. The case in which this is not valid is only if the matrix has a lower rank
than P, then will have two equal or proportional rows or alternatively a third
row that is a linear combination of other linearly independent rows.

But, we see in the next that it is impossible for rows or columns to repeat
themselves. we can write Kgﬂ in the form

(K)o (Ku)g (Ka)o
(Ka) 87 = (Ks)? e (KT (Kyjf‘l (1.3.24)
Ky, o EDp, ()5

We will use the indices 4, j, k,r with j # r (e.g., j < r). The operation between
the ith and jth element of the semigroup, results in the kth element of the
semigroup. The corresponding matrix element is (K;); , which is located in
the jth row and kth column of the matrix. If there is an ith row equal or
proportional to it, then there is also an element of the form C(Kj)}, which is
not in the kth column because if the rows were equal, then the element in the
row belonging to the kth column will have the form (K;)} , for which k # r.
This has the consequence that \;A; = Ay and A\j\; = A with Mg, A, implying
that )\2)\] 7£ )\_])\l

This contradicts the condition of abelian semigroup S. Therefore, the matrix
has no equal (or proportional) rows. Similarly, it is proved that the matrix does
not have equal (or proportional) columns. O
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Figure 1.1: Dynkin diagram in the left correspond to s0(3) and in the right the
50(4). The row means the S-expansion procedure. Source: self made.

Example: s0(3) to so(4)

In the theorem[2] from the point of view of Dynkin diagram [11], the S-expansion
procedure just copy the Dynkin diagram P times. A good interesting example
is s0(3) and s0(4). so(4) is precisely the repetition of s0(3), see Figure

In fact, the repetition of Dynkin diagrams always happens in a S-expansion
procedure. Then, we can reproduce the same result with a general group of P
elements with the simple rule A\;\; = \;, which correspond to have g&® --- @ g
P-times, and the big difference if we use another semigroup in a S-expansion
procedure will be only the change of basis.

Then, we rediscover the (semi)groups which work for the S-expansion be-
tween s0(3) and so(4). We consider first that

Xso(3) = — 3 Xso(4) = — 6
Ran(V_)so3) = — 3 Ran(V_)se(1) = — 6
Ran(Vy)gs0(3) =0 Ran(Vy )so(4) =0
Ran(Vp)so(3) =0 Ran(Vo)sa(ay =0

Then, using equations ([1.3.15)), (1.3.16), (1.3.17) and (1.3.18]) we have
P=2 H=0, Q=0.

Then, we must consider
= (S KLY (o 1
K = a B «a B - d
K53 Ky, K33Ks, ¢
where a,b,c,d = 0,1,2. From the condition (1.3.21))
(a+c)a+c) 0

then a,c # 0. Also the eigenvalues are positives (Q, H = 0), then

1 1
0<p012= §a+§c:|: Va2 — 2ac + 4b% + ¢2,

such that
ac > b2,

Even with these conditionsthere are many matrices. But basically we have two
kinds:

(M), = (g g) . (Mg), = G 1) (1.3.25)
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These matrices are the only matrices that generates two different tables of semi-
group; that is, respect associativity.

We can apply an analitiyc procedure as shown in [25] or, a good alternative,
is to use a computer program to find the matrices that have the specific require-
ment and the respective table of the semigroup. Following [25] we found two
different semigroups which connect s0(3) with so(4). These groups are

Zy and SY. (1.3.26)

The respective semigroups tables are:

A e BRI
YEBYET N A A (1.3.27)
)\2 )\2 )\1 )\2 )\2 )\1

The above outcomes allow to state: The semigroup which leads from a Lie
algebra to another by S-expansion method is not necessarily unique.
The Zy generate the S-expanded algebra with different commutators rules,
but the change of basis between these two sistem is
J'=J,-2P,, P.=P,. (1.3.28)
The Sg)) semigroup is the disjoint semigroup, because follows the same rules of
disjunction.

1.4 Finding the suitable (semi)group for a reso-
nance reduced procedure

In the last section we see how the geometry changes of a S-expanded algebra,
involving a strong restriction about the final algebra is a non-simple algebra (see
Theorem . Neverless, the process to find a new algebra using S-expansion is
more rich if we consider resonance and reduction (see chapter [1)).

In this section we describe an analytic method able to give the multiplication
table(s) of the set(s) involved in an S-expansion process (with either resonance or
0g-resonant-reduction) for reaching a target Lie (super)algebra from a starting
one, after having properly chosen the partitions over subspaces of the considered
(super)algebras. This analytic method gives us a simple set of expressions to
find the subset decomposition of the set(s) involved in the process. Then, we use
the information obtained from both, the initial (super)algebra and the target
one for reaching the multiplication table(s) of the mentioned set(s). Finally, we
check associativity with an auxiliary computational algorithm, in order to un-
derstand whether the obtained set(s) can describe semigroup(s) or just abelian
set(s) connecting two (super)algebras. We also give some interesting examples
of application, which check and corroborate our analytic procedure and also
generalize some result already presented in the literature.

The first step to make this construction is consider a finite Lie (super)algebra
g, which can be decomposed into N subspaces V4, with A =0,1,...,N—1, and
can be written as their direct sum, namely g = @ 4, V4. Then, let us consider
the algebra to which we want to go, the target Lie (super)algebra grr (not
confuse with target manifold) (where the label Sgr stands for “S-expanded, (g-
)resonant-reduced” ), which can analogously be decomposed into N subspaces
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Va, with A =0,1,...,N — 1, and can be written as their direct sum, namely
grRR = DaVa.

We will denote each of this subsets with Sa ,, where the composed index A 4
expresses both, the cardinality (number of elements) of each subsets (capital
Greek index, A), and the subspace associated (capital Latin index, A, B, C, ...).
The association between the subsets and the (super)algebra subspaces is unique
(under the resonance condition), and we will see that, for each value of A, we
will have a unique value for the corresponding index A. This is the reason why
we are using this composite index.

Thus, let us consider the decomposition of the set S in terms of its subsets:

SZUAASAA, (1.4.1)

where with the symbol LI we mean the disjoint union of sets.

We can now use this general decomposition and perform a Og-resonant-
reduced process [*] linking the original Lie (super)algebra G and the target one
Gsy.p- In this way, we get

Gspn =Vo®V1® - @ Vy_1 =

= (SAO ® VO) S ({)‘Os} ® VO) S5
(1.4.2)
@ (Sa, @ V1) @ ({Aos @ V1) @

D---D (SAA_I ® VN71) ® {Mos} ® V1),

Since we can factorize the zero element, the above relation can be simply rewrit-
ten as

Gsun=Vo®Vi® & Vy_1=

= [(Sa, ® Vo) ® (Sa, @ V1) @ -+ D (Say_, ® V—1)] & {hos} ®G).
(1.4.3)
As we have said above, equation (|1.4.3)) comes from the study of a 0g-resonant-
reduced process, which we can be written in a more formal way as

Gspn = Vo@WVI@--0Vy_1= (1.4.4)
= {S’@ (l—lAA¢OSAA S )\Os)} @ W ®
& [56 (UannSar @ ;)| @ Vi@

D@ [5@ (Uaasn_1San @Aos)} @ VN1 =

@ |:’§6 (UAA¢TSAA @ /\05):| ® Vr,

N-1
T=0

*A process which involves only resonance would be a simpler one, and it will be briefly
treated in the following.
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where we have denoted with & and © the direct sum and subtraction over
subsets, respectively.

From expression 7 taking into account the dimensions of the subspaces
involved in the partitions of the considered (super)algebras, the following system
of N 4 1 equations result:

N-1
dim (f/) =dim(V;) [P-1-3 A4, (1.4.5)
Ai
N—-1
P=Y As+1, (1.4.6)
A
where i = 0,...,N — 1 and in the last expression we have P > P (let us

remember that P is the total number of elements of the set S), and the +1
contribution is given by the presence of the zero element Ao, .
We can rewrite the system above in the following simpler form (which comes

directly from relation (1.4.3)):

(1.4.7)

If this system admits a solution (which, if exists, is unique), then we will im-
mediately know, for construction, that it is possible to reach a S-expanded, Og-
resonant-reduced (super)algebra Gg,,,, starting from the initial Lie (super)algebra
G with the considered partition over subspaces, and we will also know the way in
which the elements of S are distributed into different subsets, i.e. the cardinality
of the subsets associated with the subspaces of the initial Lie (super)algebra.
In fact, knowing the dimensions of the partitions of both the initial and
the target (super)algebra, the system can be solved with respect to the
variables
P, Ay, A=0,..,N —1, (1.4.8)

and the solution admits only values in N.

We can observe that the system admits solution if and only if the
dimensions of the subspaces of the target (super)algebra are proportional (mul-
tiples) to the dimensions of the respective subspaces of the initial one, and this
is the reason why, if the system admits a solution, this solution is triv-
ially unique. Furthermore, this system admits solutions only if the number of
subspaces in the partition of the target (super)algebra is equal to the number
of subspaces in the partition of the starting one. These considerations offer a
criterion to properly choose a partition over subspaces for both the initial and
the target Lie (super)algebras, namely:

1. The number of subspaces in the partition of the target (super)algebra
must be equal to that of the starting (super)algebra;

2. The dimensions of the subspaces of the target (super)algebra must be
multiples of the dimensions of the respective subspaces of the initial one.
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Once these two conditions over the partitions are met, one is able to develop our
analytic method and find all the semigroup(s), with respect to the chosen
partitions, linking the considered (super)algebras.

We observe that the system can also be solved when considering
an S-expansion including just a resonant processes, since it also contains the
subsystem 1n which we can clearly see that we are now considering the variable

Z A ' A4 without the +1 contribution, whose presence was due to the
1nclus1on of the zero element Ao,. In this case, the solution to the system is
unique again, and the considerations done for the 0g-resonant-reduced case still
hold.

At this point, we know the cardinality of each of the subsets of the set S
involved in the process. Now we can understand something more about the
multiplication rules of the set S, by studying the adjoint representation of the
initial Lie (super)algebra with respect to the partition over subspaces.

The subspaces of the initial (super)algebra, we can now write, according to
the usual S-expansion procedure (as it was done in [20]), the relations

[(San ®Va) & ({hos} @ Va), (Sap @ Ve) & ({hos} @ VB)] =

(Ac) (1.4.9)
— (KA an (OS5 [(Sac ® Vo) @ ({hos} @ Vo),
where we have also taken into account the presence of the zero element in the
set S, since we have considered a 0g-resonant-reduction process. A process in-
volving only resonance would be a simpler one, and it would require a similar
(but simpler) analysis, since, in that case, one would relax the reduction con-
dition. Here, the composite index A4, Ap, and A¢ label, as said before, the
cardinality of the different subsets (labeled with the capital Greek index A),
uniquely associated with the different subspace partitions (labeled with capital
Latin index).

If the subspaces involving the linear combination of generators were coupled
with different elements of S, we would have

[({)\Q7AA} ® VA) ©® ({/\Os} ® VA) ({)\B AB} X VB) D ({/\OS} ® VB)} —
= (KE29) 4y (©58) [y a0} © V) © (Ao} @ Vo) +

(K850 a0y (©)58) [(Paac} Vo) @ (Das} @ Vo)l +

(K850 50y (OS8) [(Pae} © Vo) ® (Phog} @ Vo)),
(1.4.10)
where with A, A, we denote an arbitrary element A\, contained in the subset
S 4, associated with the subspace V4, with cardinality A, and where

K(’Yl Ac) # "/2 Ac) 7& 7& K (Yns AC)

(,A4)(B,AB) (a,A4)(B,AB) A)(B,AB)" (1411)

Equations (|1.4.10) and (1.4.11) would mean that different two-selectors were
associated with the same resulting element, which would break the uniqueness
of the internal composition law of the set S. Thus, since the composition law
associates each couple of elements in S with a unique element of the set S , We
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can finally say that
[({Aa,aat @ Va) @ ({Aos} @ Va), ({As,051 @ VE) © ({Mos} @ V)] =

= (K02 5.8 (OS5 [(Pract © Vo) @ (o} 0 Vo)
(1.4.12)
It can also be said that, when the commutator of two generators of the original
Lie (super)algebra falls into a linear combination involving more than one gen-
erator, the intersection between the subsets of the set S could be a non-empty
set, which means that the same element(s) will appear in more than one subset
of the set S.
We may observe that equation can be rewritten in a simple form (due
to the fact that the left hand side produces commutation relations that trivially
conduce to the zero element of the set S ), which reads

(S50 ® Vi San ® Vil = (K& 0, (O58) [(Sac ® Vo) © ({hos} @ Vo),
(1.4.13)
so as to highlight the information we need to know about the multiplication
rules between the elements in the set S.

Now, we can proceed with the development of our analytic method. The
relation gives us a first view on the multiplication rules between the
elements of the set S, since it tells us the way in which the different subsets of
S combine among each other, this mean that

(SAA U {)‘Os}) . (SAB U {)‘Os}) - SAC U {)‘05}7 (1'4'14)

where the product “” is the internal product of the set S, and thus between
its subsets. According to the relation in (|1.4.13]), equation (|1.4.14)) can also be
rewritten as

Sa, - Sap CSas U {/\QS}. (1.4.15)

Thus, we have considered all the information coming from the starting (su-
per)algebra g, and we have obtained a first view on the multiplication rules of
the elements of the subsets of S. Now we can exploit the information coming
from the target (super)algebra, in order to fix some detail on the multiplication
rules and to construct the whole multiplication table describing the set S. This
step is based on the following identification criterion.

1.4.1 Identification criterion

It is now necessary to understand the structure of the whole multiplication table
of the set S. For this purpose, the other pieces of information we need to know,
come from the target Lie (super)algebra. In fact, at this point, we already know
the composition laws between the subsets of S, that is why we can write now
the following identification between the S-expanded generators of the initial Lie
(super)algebra and the generators of the target one:

Ta=Tan= T4, (1.4.16)

where T4 are the generators included in the subspace V of the starting (su-
per)algebra and Ty are the generators in the subspace V4 of the target (su-
per)algebra, and where A\, € S is a general element of the set S. But to get the
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rules of multiplication table we use (1.4.16|) with a different notation; For each
element of the set S, associating each element of each subset with the generators
in the subspace related to the considered subset, that is, in our notation,

Ta = NaanTa, (1.4.17)

where A(q,a,) = Ao € Sa,. With the identification , we can link the
commutation relations between the generators of the target (super)algebra with
the commutation relations of the S-expanded ones, and, factorizing the elements
of the set S, we have the chance of fixing the multiplication relations between
these elements. To this aim, we first observe that for the target (super)algebra
we can write the commutation relations

[TA,TB] =0, CTe, (1.4.18)

where TA, TB , and TC are the generators in the subspaces f/A, VB, and f/c
of the partition over the target Lie (super)algebra, respectively (4,B,C €
{0,..., N —1}). Here, with C 45 we denote the structure constants of the target

Lie (super)algebra, that is C, & = Clan) B B)(C’V), in the usual notation. Then,
by following the usual S-expansion procedure (see Ref. [20]), since for the initial
(super)algebra we can write

[Ta,T5) = Cap Tc, (1.4.19)

where we have adopted the same notation used in the case of the target (su-
per)algebra, and where C, X are the structure constants of the initial Lie (su-
per)algebra, we are able to write the relations . We also report them here
for completeness:

[Ta)s Ta.p)] = Kop Cap’ T (1.4.20)

namely
MaTa, AsTs] = K, 3" Cag’ MTe, (1.4.21)

where the two-selector is defined by .

We now write the structure constants of the target (super)algebra in terms
of the two-selector and of the structure constants of the starting one, namely,
reporting equation here for completeness,

. c.
Cai = Clamme ) =K, 5Cus, (1.4.22)

and we exploit the identification (1.4.16] in order to write the commutation
1.4.18

relations of the target (super)algebra ((1.4.18)) in terms of the commutation re-
lations between the S-expanded generators of the starting one, factorizing the
elements of the set S out of the commutators. In this way, we get the following
relations:

MaTa, AsTs] = K3 Capg MTo, — Xadg[Ta, Ts] = K5 Ca M Tc.
(1.4.23)
If we now compare the commutation relations ((1.4.23) with the ones of the
starting (super)algebra in (1.4.19)), we are able to deduce something more about
the multiplication rules between the elements of S, that is:

Aadg = Ay (1.4.24)
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We have to repeat this procedure for all the commutation rules of the target
(super)algebra, in order to sculpt the multiplication rules between the elements
of the set S.

We observe that, during this process, the possible existence of the zero el-
ement in the set S, namely Ao, can play a crucial role, since, in the case in
which the commutation relations of the target (super)algebra read

[TA,TB] —0, (1.4.25)

and at the same time from the initial (super)algebra we have

[T, Tp] # 0, (1.4.26)
putting all together the relations
NaTa, A\sT8] = Mo [Ta, Tg] = C4¥ N\ Tc =0 (1.4.27)
and 7 we can conclude that
AaAg = g (1.4.28)

Thus, at the end of the whole procedure, we are left with the complete
multiplication table(s) describing the set(s) S involved in the S-expansion (with
either resonance or Og-resonant-reduction) process for moving from an initial Lie
(super)algebra to a target one.

The final step consist in checking that S is indeed an abelian semigroup.
This is done by checking the associativity of the multiplication table(s) (one of
the properties required by a set to be defined as a semigroup is, in fact, the
associative property). But as we will see in section this is questionable.

1.5 Examples of application considering geomet-
rical aspects

In this section, we give some example of application of the analytic method
previously developed. We start with a simple example involving the Bianchi
Type I and the Bianchi Type II algebras, and then we move to more complicated
cases. In particular, the last example presented in this section involves the
supersymmetric Lie algebra osp(32/1) and the hidden superalgebra underlying
D = 11 supergravity, largely discussed in [22}26].

1.5.1 From the BTI algebra to the BTII

We apply the method previously explained in order to find the possible semi-
group(s) leading from the non-trivial Bianchi Type I algebra (BTI) to the
Bianchi Type II (BTII) one. To this aim, we first of all analyze the structures
of the initial algebra and of the target one. The only commutator different from
zero for the BTT algebra is

[X1, Xo] = Xy, (1.5.1)
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where X; and X5 are the generators of the BTT algebra. For the BTII algebra,
instead, we have

Y3, Ya] =0, (1.5.2)
[Y1,Y3] =0, (1.5.3)
[Ya, Y3] =Y, (1.5.4)

where Y7, Y5, and Y3 are the generators of the BTII algebra.
Let us consider the following subspaces partition for the BTI algebra:

[Vo, Vo] CVo, (1.5.5)
Vo, 1] cVo & V1, (1.5.6)
Vi, V1] TV, (1.5.7)
where we have set
Vo ={0tu{Xz}, WVi={Xi}. (1.5.8)
Similarly, we can write the subspaces partition for the target BTII algebra:
|:‘~/Oa VO:| CVOv (159)
{f/o, ‘71} Voo W1, (1.5.10)
[\71, f/l} Vo, (1.5.11)

where we have denoted with Vy, A = 0,1, the subspaces related to the target
algebra and where we have defined

o= {0}U{Ys}, Vh={", Yo} (15.12)

Let us observe that, in this way, we have the same partition structure both for
the initial algebra and for the target one.

We now follow the steps described in the analytic procedure of Section[T.4] in
order to obtain the possible abelian set(s) (with respect to the chosen partitions)
leading from the BTT algebra to the BTII one (see appendix. Then, follow-
ing the identification criterion described in subsection [1.4.1] we have obtained
the “strong” multiplication rules

Aeda =N, (1.5.13)
XoAa =Aos- (1.5.14)

Let us notice that these multiplication rules are consistent with those previously
obtained along the procedure, when we have exploited the information coming
from the initial BTT algebra.

We are now able to write the following multiplication tables for the sets S’s
involved in the procedure:

‘ >\a )\b )\c )\OS
Aa | Aaos  Aog Ao Aog
b Aos  Aa0s  Aa0s  Aog (1.5.15)
)\c )\b )\a,Us )\a,Os /\Os
Aos | dos Aos  Aog Aog
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We can now perform the following identification:
Ao =A2, A =2A3, Ae=A1, Aog =\ (1.5.16)

Thus, we can rewrite tables (|1.5.15) as follows (where the elements are written
in the usual order):

Y
M A2a A3 Aa M
Ao A3 /\2)4 )\2’4 A4 (1517)
Az | A2a A2a Aaa Mg
D VR . VIR, VIR VI V1

These are the multiplication tables of the possible sets S’s involved in the S-
expansion,0g-resonant-reduced procedure from the BTT algebra to the BTTI one.
Here we see clearly that the tables described in also include abelian sets
that cannot be defined as semigroup, since they do not possess the associative
property. Fortunately, for both the BTI and BTII algebras, each term of the
Jacobi identity is equal to zero (thus, the Jacobi identity is trivially satisfied),
and thus each possible combination of elements in is valid for describing
an expansion procedure involving both resonance and reduction, without the
necessity of requiring associativity. Thus, the multiplication tables
generalize the result previously obtained in [27].

But, as the S-expansion procedure has the requariment the use of a asso-
ciative set of discrete element, we need to find the table(s) in which
describe semigroup(s) exploiting the required property of associativity and also
fix the degeneracy on it. The calculation is rather tedious to be performed by
hand, and we have done it with a computational algorithm. For completeness,
here we report only the significant relations for checking associativity by hand
and understanding which are the semigroups in :

AcA) X = Ac(AcAs) = Achp = Aog,s (1.5.18)
Aera)da = Ae(Pada) = Aada = Aos, (1.5.19)
()\c)\b))\b = )\c(>\b)\b) = A= )‘OS' (1520)

After having checked associativity, we are thus left with the only degeneracy
>\c>\c = /\a,Os- (1521)
We can now substitute the index a, b, c,0g with numbers. We perform again

the identification (|1.5.16]), and we write the multiplication tables thus obtained
in terms of \;, with ¢ = 1,2,3,4, in the usual order:

Al A2a Az A Mg
M|l A3 M M M (1.5.22)
OY N P VIR VIR VDV
VYR P VIR VIR VIRV

We observe that the abelian, commutative and associative tables (1.5.22)) include
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the multiplication table of the semigroup Sy2 described in [27], namely

M A A5 M
A A2 A3 A Mg
Mol ds A M Ag (1.5.23)
DY PR, VIR VIR Vi
DV [P VD VIR VIR V1

which represents a possible semigroup for moving form a BTT algebra to a BTII
algebra, through a Og-resonant-reduction procedure. The degeneracy appearing
in (namely A; A1 = A2 4) shows us that there are two possible semigroups
able to give the same result (one of them is the same described it [27], Sz, while
the other one is a new result that we have obtained with our analytic procedure).

We have thus given an example in which the method described in Section
[I-4] allows us to find the semigroups for moving from the BTI algebra to a S-
expanded, Og-resonant-reduced one (BTII), once the partitions over subspaces
have been properly chosen.

We can now try to achieve the same result, by considering an S-expansion
with only a resonant structure (relaxing the reduction condition). To this aim,
we study the system , following appendix we can thus conclude that,
in this case, our analytic method shows us the necessity of including a 0Og-
reduction to the resonant process too. Thus, we can reach the following multi-
plication rules:

Aada =Aa;
AcAa =Ap,
Ab,cAbe =Aas
MAa =g, (1.5.24)

and the multiplication table, after having performed the identification

Aa = A2, A =A3, Ac= A1, with the extra zero element \gq = A4,
(1.5.25)
reads
A1 A2 A3 N\
AL A2 A3 A2 Ay
— )\2 )\3 )\2 )\4 )\4 (1.5.26)
A3 | A2 Ap A Ay
D VI V. VIR VD VI V1

Let us finally observe that table (|1.5.26), which is abelian (but not associa-
tive), is included in the multiplication tables (1.5.17]), previously obtained in
the context of 0g-resonant-reduction.

[ A X2 As
At A2 Az Ao
A2 | Az A N\
Az | A2 A Ao

And if we choose another distribution of the subspaces?

The first step to find the corresponding semigroup is defining the subspaces in
the two algebras. Therefore, we will see now what happen if we modify the

equation (1.5.12)) in the form
Vo={0}U{Ys}, Vi={¥, Ys}. (1.5.27)
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We consider now

Ao Xo =5 X1 =Y; (1.5.28)
A X =Y.

The procedure is exactly the same as before with the only modification in
the multiplication table when we use the identification criterion. Once again our
attention lies in the commutators and in this case the most important situation
is present in

[Y2,Y3] = [AaXo, AcX1] = Ao [Xo, X4, (1.5.29)

since the commutator is equal to —X;, and for the same condition we
have the only difference with the table [L.5.15

AaAe = —Ap.

This is clearly outside of the standard definition of (semi) group, but as we shall
see below, we follow the idea suggested in |20] and we use a ring in a expansion
instead of a semigroup, since the ring contemplates two mathematical operations
(4, ). Thus, we could now be in the presence that the method proposed in [28§]
shows the spectrum of possibilities that is needed to expand an algebra through
the direct product of the same with some other mathematical structure.

Let us briefly comment on what happens if we extend S-expansion by con-
sidering a ring instead of a semigroup. Let the next multiplication table with
two binary operations ( - ,+) where we introduce Grassmann variables:

LA A
TS (1.5.30)
Ae | = —As Og
Then, if we have the Heisenberg Algebra h3 whose commutators are
[Ty, T3] = T3, (1.5.31)

and we use resonance in the S-expansion, where Ty — A\, To — M\T5 and
T3 — A3, we obtain
{11, Ta} = Ts. (1.5.32)

That is, one could get a superalgebra from a Lie algebra. I would only analyze
the non-triviality of Bianchi’s identities.

1.5.2 Hidden superalgebra and osp(32/1) D = 11 super-
gravity

With this example, we move to superalgebras, and in particular we concentrate
on the supersymmetric Lie algebra osp(32/1) and on the hidden superalgebra
underlying supergravity in eleven dimensions.

Simple supergravity in D = 11 was first constructed in [21]. The bosonic
field content of D = 11 supergravity is given by the metric g,, and by a 3-
index antisymmetric tensor A,,, (u,v,p,... = 0,1,...,D — 1); The theory also
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presents a single Majorana gravitino ¥, in the fermionic sector. By dimensional
reduction (as it was shown in [32]), the theory yields N/ = 8 supergravity in
four dimensions, which is considered a possibly viable unification theory of all
interactions.

An important task to accomplish was the identification of the supergroup un-
derlying the theory, and allowing the unification of all elementary particles in a
single supermultiplet, since a supergravity theory whose supergroup is unknown
is an incomplete one.

The need for a supergroup was already felt by the inventors of the theory, and
in [21] the authors proposed osp(32/1) as the most likely candidate. However,
the field A,,, of the Cremmer-Julia-Scherk theory is a 3-form rather than a
1-form, and therefore it cannot be interpreted as the potential of a generator in
a supergroup.

The structure of this same theory was then reconsidered in [22}26], in the
Free Differential Algebra (FDA) framework, using the superspace geometric
approach. In [22], the supersymmetric FDA was also analyzed in order to see
whether the FDA formulation could be interpreted in terms of an ordinary Lie
superalgebra (in its dual Maurer-Cartan formulation), introducing the notion
of Cartan integrable systems. This was proven to be true, and the existence
of a hidden superalgebra underlying the theory was presented for the first time
(the authors got a dichotomic solution, consisting in two different supergroups,
whose 1-form potentials can be alternatively used to parametrize the 3-form).

This hidden superalgebra includes, as a subalgebra, the super-Poincaré alge-
bra of the eleven-dimensional theory, but it also involves two extra bosonic gen-
erators Z%, Z4 % (g,b,--- = 0,1,---10), commuting with the 4-momentum
P, and having appropriate commutators with the D = 11 Lorentz generators
Jap. The generators that commute with all the superalgebra but the Lorentz
generators can be named “almost central”.

Furthermore, to close the algebra, an extra nilpotent fermionic generator @’
must be included. In the following, we will replace the notation in [22,26] as
follows

70 _ Zeb, (1.5.33)
Za1..a5 _>Za1,-~7a5’ (1.5.34)
Q/ _>Q/7 (1.5.35)

in order to be able to recognize the generators of the target superalgebra from
the generators of starting one, as we have previously done along the paper.

The bosonic generators Z® and Z % were understood as p-brane charges,
sources of dual potentials [3538]. The role played by the extra fermionic gen-
erator Q' was much less investigated, and the most relevant contributions were
given first in [39], and then in particular in [40], where the results in [22] were
further analyzed and generalized.

In [26], the authors have shown that, as the generators of the hidden su-
per Lie algebra span the tangent space of a supergroup manifold, then, in the
geometrical approach, the fields are naturally defined in an enlarged manifold,
corresponding to the supergroup manifold, where all the invariances of the FDA
are diffeomorphisms, generated by Lie derivatives.

The extra spinor 1-form involved in the construction of the hidden superal-
gebra allows, in a dynamical way, the diffeomorphisms in the directions spanned
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by the almost central charges to be particular gauge transformations, so that
one obtains the ordinary superspace as the quotient of the supergroup over the
fiber subgroup of gauge transformations.

Now we will show that, with the analytic method developed in Section|1.4] we
are able to find the semigroup which is involved in the S-expansion (0g-resonant-
reduction) procedure for moving from the original osp(32/1) Lie algebra to the
hidden superalgebra underlying supergravity in eleven dimensions.

This achievement tell us that the method described in [22//26], which is based
on the development of the FDA in terms of 1-forms (the Maurer-Cartan formu-
lation of the FDA has a dual description in terms of commutation relations of
the considered Lie algebra, as it is shown in |41]), lead to the same result (that is,
to the same hidden superalgebra) that can be found performing a S-expansion
(Og-resonant-reduction) procedure from osp(32/1), with an appropriate semi-
group. We will display the multiplication table of the mentioned semigroup in
the following, and we will see that it is the semigroup 51(53), which satisfies the
multiplication rules

Aot Bs h +8<4,
Aaxﬁz{ atp)  whena+p (1.5.36)

A4, when o + 5 > 4.

The same result was previously achieved in [20], where the authors showed how
to perform a S-expansion from osp(32/1) to a D’Auria-Fré-like superalgebra
(with the same structure of the D’Auria-Fré superalgebra, but with different
details), using Sg’) as semigroup. This analogy confirms and corroborates the
analytic method developed in the present work.

In this example, we also analyze the link between osp(32/1) and another
superalgebra included in the dichotomic solution found in [22,26], in which
the translations and the fermionic generators, respectively denoted by P, and
Q, commute. We will see that the supersymmetric Lie algebra 0sp(32/1) and
this particular hidden superalgebra are linked by a S-expansion (0g-resonant-
reduction) procedure, in which the semigroup involved in the process is the

semigroup Sg), which satisfies the multiplication rules
Aa+ss  when a+ 8 < 3,
Aadg = ¢ oFF b (1.5.37)
A3, when o + 5 > 3.

We now want to find the correct semigroup leading from osp(32/1) to the hid-
den superalgebra underlying D = 11 supergravity through our analytic method.
Let us start from collecting the useful information coming from the starting al-
gebra 0sp(32/1). The generators of osp(32/1) are, with respect to the Lorentz
subgroup SO(1,10) C 0sp(32/1), the following set of tensors (or spinors)

{Panab7Za1...a5;Qo¢}a (1538)

where Jgp, P,, Q. can be respectively interpreted as the Lorentz, translations
and supersymmetry generators, and where Z,, ., is a 5-index skew-symmetric
generator associated with the physical A,,, field appearing in D = 11 super-
gravity.

Now we have to take into account the information coming from the target
superalgebra, that is the hidden superalgebra underlying the eleven-dimensional
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supergravity [22/26]. The generators of the mentioned superalgebra are given
by the set

{Pas Jubs Zat Zay.ca0s Qs Qi } (1.5.39)

where Z,, Zal...a5 are two extra bosonic generators, and where Q' is an extra
fermionic generator that controls the gauge symmetry of the theory and allows
the closure of the algebra.

In the following, we display the detailed calculations for moving from the
supersymmetric Lie algebra osp(32/1) to the hidden superalgebra underlying
D = 11 supergravity, through a O0g-resonant-reduction procedure, and we show
how to find the set(s) involved in the process, once the partitions over subspaces
for both the considered superalgebras have been properly chosen.

The generators of osp(32/1) are

{PaajabaZal...a57Qa}' (1540)
The commutations relation between these generators can be written as
[Pa7 Pb] = Jaba
[J*.P] = o6%pe,
[T Tea] = 024 T,
1 e
[Pa, Zbl"-bs] = —geabl“.bScl.“CSch 5,
1
ab beq e d
[J 7261'“65] = I(sgclemc:‘lzer“ew
[Zalmasvzbl---%] = n[alma5][Cl..V65]€C1~~c5b1---bsepe + 6;(;1%5:‘]% +
1
— T Cer e s dny g Nl Zer e,
1
[PaaQ] = _il—‘aQa
1
[Jabu Q] = _il—‘ava
1
abede = —5labedews
(Zabeades Q) STaedeQ
o ]. a _ g ]. a _ pPo
@@ = g | R G ) g +
1 1 abede —1\P7
3 |3 (F C ) Zabede | (1.5.41)

where C,; is the charge conjugation matrix and I'g, I'ap, Iapede are the Dirac
matrices in eleven dimensions.
Let us perform the following subspaces partition for the osp(32/1) algebra:

Vo,Vo] C© W, (1.5.42)
Vo,Vi] c W, (1.5.43)
[Vo,Vo] C V2, (1.5.44)
Vi,vi] € Voa Vs, (1.5.45)
Vi, Vo] © Wi, (1.5.46)
[V2,Vo] C© Vo@ Ve, (1.5.47)



where we have set Vo = {Jap}, Vi = {Qa}, and Vo = {P,, Z,, .5 }. Thus, the
dimensions of the internal decomposition of osp(32/1) read

dim (Vp) = \5?/, (1.5.48)
Jab

dim (V1) = \32/, (1.5.49)
Qa

dim(V) = 1L+ 462 =473 (1.5.50)

Po  Zaj.ag

The generators of the superalgebra underlying D = 11 supergravity are given
by the set

{panjab;Zab72a1...a57Qa,Q;}~ (1551)
These generators satisfy the following commutation relations:
~ = -~ 1 - ] -
{Q,Qy = — (iFaPa + 5FabZab + ;Fal...aszal___%) , (1.5.52)
{@.Q1 = o,
{Q.Q} = o,
a.r] = —a()ra.
] 0
I:Q7 Zab- — 74FabQ~/ ,
-~ 1 L -
[Q, Z0 ) = —2(5)i (418) oo
N 2
7 Sed| e & d]
[ 297 = —saliz,"
[Jup, 25| = 08l 27
|:jab7 Q = _FabQ7
|:jab7 Q/_ = 7FabQ/ y
|:Pa> Q/_ = |:Zab7 Q,} = {Zal...ag,vc?l] = [I:)aa pb:| = 07
[j“b, B| = o@pe,
[ ) = a2t
[Zaba Zbc_ = |:Zab7 Z~a1..4a5:| = |:Zab; Pc:| = |:pa7 Za144.a5:| = |:Za14..a572b1...b5 = Oa

where the free parameter Eo appearing in Ref. [26] has been consistently fixed
to the value 1 (this is due to the possibility of fixing the normalization of the
differential form associated with the extra fermionic generator Q’ ).

We observe that the above algebra actually describes two superalgebras, due
to the degeneracy appearing in the commutation relation , from which
we see clearly that the generators Q and P, can also commute. In the following,
we will discuss the S-expansion, 0g-resonant-reduced procedure for both these
superalgebras.
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Let us also observe that, in the description of the hidden superalgebra, the
coefficients are written following the notation and conventions presented in Ref.s
[22,/26], while, when considering the supersymmetric osp(32/1) Lie algebra, we
have adopted the notation presented in Ref. [20]. However, the coefficients
appearing in the mentioned algebras are not relevant to our discussion, since
we just need to know the structure of the algebras for applying our analytic

method (see appendix |A.3)).
Then, we have

Ao At A A3 Mg
XA A1 A A3 Mg
AL A A A3 M Mg
A2l A2 A3 A M Mg
DY D TP,V ERD. VIR VIR V]
DV IP.VERD VIR VD VD 1

(1.5.53)

which is the multiplication table describing the semigroup Sg’), that, as it was
also shown in [20], is exactly the semigroup leading, through a S-expansion pro-
cedure (Og-resonant-reduction), from the osp(32/1) algebra to the hidden su-
peralgebra described in [2226]. Thus, we have shown that our analytic method
immediately allows us to discover that these two superalgebras can be linked
through a S-expansion procedure (0g-resonant-reduction), involving the semi-
group 51(53).
We now make some consideration on the case in which

BQ,EE} =0, (1.5.54)

that is one of the commutation relations the other superalgebra presented in [22].
In this case, from the relation

[P0 Q] = PePuAQ) = AN [P @ =0 = Ade=Dos,  (1559)
we observe that we have to fix
A = e, (1.5.56)
and also
Ad = Aog, (1.5.57)

in order to have consistent multiplication rules. Thus, following the usual pro-
cedure, we can build the multiplication table of the set .S, which in this case
reads

[ X0 A X As
YRI5 VRS VIS Ve W
MM A As g (1.5.58)

Aoy )\2 A3 A3 )\3
A3 | Az A3 Az Ag

This is exactly the multiplication table describing the semigroup Sg), which
satisfies the multiplication rules

(1.5.59)

Aat+s, Whena+ 3 <3,
AaAg =
A3, when o + 5 > 3.
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In Ref. [20], the authors showed that 51(32) is the semigroup allowing the S-
expansion from o0sp(32/1) to the M-algebra (the algebra of the M-theory). We
have now shown that the same result is reproduced when we are dealing with a
S-expansion (0g-resonant-reduction) from osp(32/1) to a particular subalgebra
of the hidden superalgebra obtained in [22,/26] (that is, in the case in which Q
and P, commute). However, this particular subalgebra can be obtained with
S-expansion from osp(32/1) only if it coincides with the M-algebra. In fact, in
this case the extra-fermionic generator of the target hidden superalgebra goes
to zero.

Thus, a strong relation between the D’Auria-Fré superalgebra and the M-
algebra is evident. Both of them, as it was shown in |20], can be reached with a

S-expansion from osp(32/1), respectively with the semigroup Sg) and Sg) (and
this fact furnished us another corroboration of the analytic method developed
in Section |1.4]).
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Chapter 2

Generalized Inonu-Wigner
Contraction as S-Expansion
and Ideal Subtraction

“Walking in a straight line one can not get very far.”

The Little Prince - Antoine de Saint-Exupéry.

In the present chapter it shows a new prescription for S-expansion, involving
an infinite abelian semigroup SSO), with subsequent subtraction of a suitable
infinite ideal, in “replacement” of the zero element present in the usual S-
expansion. According to the literature, the S-expansion procedure involving a
finite semigroup can reproduce a standard Inénii-Wigner contraction. This, is
a generalization of the finite S-expansion procedure, and it allows to reproduce
a generalized Inonti-Wigner contraction via infinite S-expansion between two
different algebras, extending the results presented in the literature. With these
tools we can then write the invariant tensors of the target algebras in terms of
those of the starting ones.

2.1 Inoni-Wigner Contraction

Historically, the first extensively studied kind of contractions of Lie algebras,
after Segal introduced the general notion of contractions [4], was the class of
Saletan (linear) contractions [5]. But contractions of Lie algebras became known
as a tool of theoretical physics after Inénii and Wigner [6,/7] on an important
specific subclass of linear contractions, motivated by the fact that classical me-
chanics is a limit of relativistic mechanics, Inénii and Wigner searched the con-
nection between the respective groups. They consider the whole class of linear
contractions but they erroneously claimed in [6] that any linear contraction is
diagonalizable. Even though Inénii and Wigner corrected their considerations
in the next paper [7], they proceeded to exclusively study diagonalizable lin-
ear contractions, which due to their contribution are now called Inonti-Wigner
contractions.
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The aim of the paper [6] was the theorem I, p. 513. But better is the
equivalent definition written in [9]:

Any Inoni-Wigner contraction of a Lie algebra g to a Lie algebra g’ is asso-
ciated with a subalgebra of g, say s, and starting with an arbitrary subalgebra of
the algebra g one can construct an Inoni- Wigner contraction of this algebra. In
the contracted algebra g’ there exists an Abelian ideal T such that the quotient
algebra constructed with g and T is isomorphic to s.

The IW-contraction has a lot of applications in Physics, among which the rel-
evant cases of the Galilei algebra as an Inénii-Wigner contraction of the Poincaré
algebra, and the Poincaré algebra as a contraction of the de Sitter algebra [10].
Both of them, in particular, involve two universal constants: the velocity of light
c and the cosmological constant A, respectively.

Standard Inénii-Wigner contraction
We now consider the so-called standard Inoni- Wigner contraction.

Definition 1. (see Ref. [10]) Let X;,i=1,2,...,n, be a set of basis vectors
for a Lie algebra g. Let a new set of basis vectors Y;, i = 1,2,...,n, be related
to the X;’s by

Y, =U(e),/X;, Ule=1)=6}

J

det[U(s = 0),'] = 0. (2.1.1)

The structure constants of the Lie algebra g with respect to the new basis are
given by

Y., j] = Gy ()Y (2.1.2)
When the limit .
lim Ci;*0)=C"y; (2.1.3)

exists and is well defined, the new structure constants C”ijk characterize a Lie
algebra that is not isomorphic to the original one. This procedure is called

standard Inont- Wigner contraction.

In other words, if we consider the symmetric cosets of simple Lie algebras,
namely g = b @ p, where § closes a subalgebra and p is a complementary sub-
space, with commutation relations of the form

[b.b] C b, (2.1.4)
[b,p] Cp, (2.1.5)
[p.pl CHh@p, (2.1.6)

the Inonii-Wigner contraction of g — g’ involves the matrix U(g):

U@):(Id"g('ﬂ 0 ) (2.1.7)

L dim (p)

where I is the identity matrix, and dim(h) and dim(p) stand for the dimension
of b and p, respectively. We can thus write

b\ _ ( Laim) 0 )(f))
(p,) ( o () (2.1.8)
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Therefore, after having performed the limit ¢ — 0, the contracted algebra
g’ becomes a semidirect product g’ = §’ x p’ = b x p’, and we can write the
following commutation relations:

6,6 C Y, (2.1.9)
b 0] C ¥, (2.1.10)
b, 0] =0, (2.1.11)

from which we can see that p’ is now an abelian sector.

The dimension of g and ¢’ is the same, and that happens in all kind of
contractions. For other side, all contraction processes come down, ultimatly,
to a study of the properties of the Lie bracket under singular transformations.
Also, the original algebra may be simple, semisimple, or nonsemisimple [10].
The contracted algera is necessarily nonsemisimple.

Generalized In6nii-Wigner contraction

The procedure involved in the standard Inénii-Wigner contraction can be ex-
tended to the concept of generalized Inéni-Wigner contraction, in the sense
intended in Ref.s [8,/9,42].

Definition 2. (see Ref.s [8,9,/42]) Let g be a non-simple algebra which can

be written as a sum of n+ 1 subspaces (sets of generators) V;, i =0,1,...,n,
n+1
sg=Pvi=vhene al, (2.1.12)
i=0

such that the following Weimar-Woods conditions [8,9] are satisfied:

Vi Vi € @ Ve, pg=0,1,....n. (2.1.13)
s<pt+q

The conditions in imply that Vy is a subalgebra of g. The contraction of
g can be obtained after having performed a proper rescaling on the generators of
each subspace [8,|9,49], and once a singular limit for the contraction parameter
have been considered, namely by considering

Vi=¢e"V;,, i=0,1,...,n, (2.1.14)

with the choice of the powers a’s providing a finite limit of the contracted algebra
if e — 0. This procedure is called generalized Inénii- Wigner contraction.

We observe that the contracted algebra has the same dimension of the start-
ing one, and that the case n = 1 reproduces the case of the standard Inonii-
Wigner contraction. In Ref. [42], the author analyzed the n > 2 cases.

The authors, in the first paper [8] they put the restriction of n; > 0. But
in [9] they allow the case where U(0) does not exist, then the exponents n; can
become negative. These contractions made a brief appearance in the literature
under the name of p-contractions. They were introduced in [14L|15] specifically
for the (unsuccessful) search for Lie algebras, other than the de Sitter algebras,
which contract into the Poincar é algebra. However the negative exponents did
not play any role, and indeed were incorrectly ignored [9].
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2.2 (Gen.) IW-contraction as S-Expansion case

In the following, we show that a standard Inénii-Wigner contraction can be
reproduced with a S-expansion procedure (with resonance and 0 S -reduction),
and we then explain how to reproduce a generalized Inonii-Wigner contraction
with a S-expansion involving an infinite abelian semigroup ngoo) (infinite S-
expansion) and the subsequent subtraction of an ideal.

2.2.1 Standard Inonii-Wigner contraction as a S-expansion
with reduction
Just as we see in section[I.2] the reduction generates the standard IW-contraction.

Let us consider a symmetric coset g with a subalgebra h and a complementary
subspace p, namely g = h @ p, with commutation relations of the form [10]

[b,h] Cb,
(b, p] Cp, (2.2.1)
[p,p] Ch @ p.

The standard Inénii-Wigner contraction of g — g’ involves the following trans-

formation:
= 2.2.2
(P/ 0 Maim(py ) \P ( )

where I is the identity matrix, and dim(h) and dim(p) stand for the dimension of
b and p, respectively. Here, \ is the contraction parameter (previously denoted
as €). Then, the commutation relations of g’ = b’ x p’ = h x p’ are well defined
for all values of A, including the singular limit A — O:

[h, b] Ch, b'.p']cy,
b, p] Cp, V=h, = A0 0,0 C ¢, (2.2.3)
[p,pl ChDp, ', '] =0.

This particular case of Inonii-Wigner contraction, namely the standard one, can
be reproduced with a S-expansion procedure involving 0g-resonant-reduction,
developed in [20]. We now show that the standard Inénii-Wigner contraction
can be reproduced with a finite S-expansion involving the semigroup SS) =
{A0, A1, A2} (where the zero element of the semigroup is Mg = A2), described
by the multiplication table

[ o M N
2o o M Ao
ol n (2.2.4)

A2 | A2 Az g

In |20], this is done by considering a proper partition over the subspaces of the
starting Lie algebra and by multiplying its generators by the elements of the
semigroup SS). Then, the resonant-reduced, S-expanded Lie algebra gg,, =
b’ @ p’, where ' = XNoh and p’ = Aip, satisfies the following commutation
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relations:

[Aoh, Aob] CAob, (2.2.5)
[Aoh, A1p] CAup, (2.2.6)
[A1p, Aip] =0. (2.2.7)

Here, we see clearly that the role of the zero element Ao = Agg is to turn to
zero each multiplicand (see section . We can easily see that by rewriting
Aob and A1p in terms of ' and p’, we arrive to equation . Thus, we
can conclude that the standard Inéni-Wigner contraction can be seen as a
S-expansion (involving Og-resonant-reduction) performed with the semigroup

s

2.2.2 Extension to the generalized Inonii-Wigner contrac-
tion case

In Ref. [9], the author claimed that any diagonal contraction is equivalent to
a generalized Inonii-Wigner contraction, with integer parameter powers. These
contractions are produced by diagonal matrices of the form U(e);; = €™, n; €

Z. TFollowing Ref. |9], a contraction g Uis, g’ is called generalized Inénii-

Wigner contraction if the matrix U(e) has the form
U((i)ij = 5ij€nj, n; € R, €>0, ¢,j=1,2,...,N, (228)

with respect to a basis of generators {Tg,, Ty, - -, Tay }-

By following Ref. [42], the generalized Inénii-Wigner contraction can be per-
formed when we consider a non-simple algebra g decomposed into n + 1 sets
V() of generators Téi) (i=0,1,...n), namely

g= VOO ag... . V(”)7 (2.2.9)

where the following conditions are satisfied

[V“),VU)} c @ v, (2.2.10)
k<i+j

The generalized Inonii-Wigner contraction of is obtained by properly
rescaling each generator T by a power of the contraction parameter ¢ (see
Ref. [42]), namely

TW e v 5 garl) ¢ /@) (2.2.11)

where the choice of a; provides finite limits of the contracted algebra when
¢ — 0. The choice of the exponent a; is crucial, and in this context a reso-
nant S-expansion would offer suitable choices, by multiplying each generator by
appropriate powers of the parameter ¢, in order to reach a suitable structure
for the resulting algebra. Moreover, an S-expansion procedure involving Og-
resonant-reduction has the property of properly cutting the algebra through the
aforementioned zero element of the semigroup involved in the procedure, repro-
ducing a contraction. However, despite its great potential, a finite S-expansion
procedure cannot reproduce a generalized Inonii-Wigner contraction.
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With this in mind, in our method, we consider an infinite S-expansion pro-
cedure (with resonance and reduction), namely a S-expansion which involves

an infinite semigroup S](EOO) (i.e. with a semigroup with an infinite number of
elements)

Then, instead of multiplying the zero element of a finite semigroup by a single
generator of the starting algebra, we confer the role of “generating zeros” to a
particular set of generators in the initial algebra, associating them with different
elements of the infinite semigroup SEEOO). Thus, this set of generators becomes
an ideal (ideal subalgebra, see Ref. [44]) of the S-expanded algebra reached
by performing the S-expansion with the infinite semigroup Sng), and we can
then subtract this ideal from the S-expanded algebra, in order to reproduce
the same result which would be obtained by having performed a generalized
Inonii-Wigner contraction.

We observe that the algebra we end up after the ideal subtraction, in general,
is not a subalgebra of the starting algebra.

In this context, we are taking into account the following operation on a given

algebra A:
AST = A, (2.2.12)

where Ay generates a coset space, and where Z is an ideal (ideal subalgebra) of
A, namely a subalgebra of A that satisfies the property [A,Z] C Z (see Ref. [44]
for further details); It is an algebra related to a normal subgroup H C G, as we
will shortly explain below.

2.3 Ideal subalgebra

In the following, we extend the concept of normal subgroup of a group to the
concept of ideal subalgebra of an algebra (see Ref. |[44] for the notation adopted
and for further details on the definitions and properties of normal subgroups,
homomorphisms, and ideals).

Definition 3. Let us now consider a Lie group G and a normal subgroup H
of G. Let the Lie algebra A be the algebra associated with the Lie group G (via
exponentiation), and let the subalgebra T of A be the subalgebra associated with
the normal subgroup H. Then, T is an ideal (ideal subalgebra) of A, and we can
write (see Ref. [44)])

[A,Z] C T. (2.3.1)

Let us now consider the homomorphism ¢ : G — G/H, where G is a Lie

group and H a normal subgroup of G. Let A be the Lie algebra associated with
the Lie group G.
By definition (see Ref. [44]), H = kery, and G/H is a Lie group. Let A
be the Lie algebra associated with the Lie group G/H. Then, ¢ induces a
homomorphism ¢ : A —> A between algebras, such that, if a € A, then
o(e®) = e?@). Since, from Definition |3, Va € T we have e® € H, this now
implies p(e*) = ¢’ € G/H < $(a) = 0. Consequently, $(Z) = {0}.

*The semigroup Sgo)

SN — (Ao }NH! endowed with the following multiplication rules: AaAg = Aa g if @+ 8 <

a=0"

N+1,and AagAg = Anp1 ifa+ 8> N+ 1.

is an extension and generalization of the semigroups of the type
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The algebra A s isomorphic to the coset space A © Z, whose elements are
the equivalence classes [a] = {a' € A:d' —a € T}.

Let us now consider a representation p: G — Aut(V) [f] of G, where V is
a vector space. This defines a representation of G/H provided on the vector
space V. It has a trivial action on each vector ¥ € V:

p(H)U = 0. (2.3.2)
Then, by defining, V[g] € G/H,
p(lg]) = p(9), (2.3.3)
p(g - h)¥ =p(g)p(h)¥ (2.3.4)
=p(g)¥, VU €V, (2.3.5)

we can say that p(G/H) = p(G) is the property we need in order to require
p(Z) = 0. (2.3.6)
In this way, p provides a representation of A & Z such that:
p(A) =p(ASI). (2.3.7)

Thus, if we now write
AOST = Ay, (2.3.8)

where Ajg is a coset space, we can say that p(Ag) is homomorphic to p(A), and
we can finally write

p(A)T = p(Ag)T, YT € V. (2.3.9)

2.4 Infinite S-expansion with ideal subtraction

In the following, we explain our method involving an infinite S-expansion with
subsequent ideal subtraction, which offers a new prescription for S-expansion,
allowing it to reproduce a generalized Inonii-Wigner contraction.

We first of all generate an algebra with the structure written in as
a loop-like Lie algebra (see Ref. [45] for further details). We consider the set
(N, +) [f] that presents the same multiplication rules of the general semigroup
S = AN namely Aads = Aarp if @+ B < N+ 1, and Aads = Ay if
a+B>N+1

Now, let {X"}° = {X'}° = {Xo, A1, A2, A3, ...} be the infinite discrete set
of elements of the semigroup SEEOO). With this assumption, the infinite SEEOO)—
expanded algebra can be rewritten as

95 = {/\n}ff:o xg
=Ml Voo {nlg Vi@ @ {An)g Vi, (2.4.1)

*Here, Aut(V') is the group of the automorphisms on the vector space V.

*The loop algebra introduced in Ref. [45] was constructed by considering (Z,+). In our
work we restrict to (N, +), and we leave the extension to (Z,+) to the future.

T Different semigroups of the type S%N) have been used and discussed in several works on
S-expanded algebras, among which [20,47H53|.
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where we have taken into account the decomposition of the algebra g.

At this point, it is possible to separate each subspace appearing in
into two parts, so that a first part belongs to the algebra we want to reach by
reproducing a generalized Inonii-Wigner contraction, while the part which is
left belongs to an infinite ideal subalgebra of the algebra g2°, and can be thus
taken apart.

For reaching this result, we part the infinite semigroup S](EOQ) into the fol-
lowing sets of elements: The sets {\qy, Aay- -, Aa,, }; are finite ones, they are
associated with the subspace V; through the index ¢, and contain certain selected
elements in increasing order ag < a; < ... < a,,; The other sets are infinite ones
and can be written as ({)\bl}fio)i (this sets, a priori, can also include the ele-
ments appearing in the sets {Aq, Aay, - - -5 Aa,, };; Their contents must be chosen
case by case). Then, the resonant multiplication between S;;O) and an arbitrary
subspace V; of g, where ¢ = 0,1,2,...,n (see equation ), can be written
as

[{)\ao,)\al, ces Aap f U ({)\bl}fio)i} x V. (2.4.2)

We now define the spaces W) and WZ() as follows (V i, each W) and WZ(®)
must be in resonance with the subspace V; associated, under resonance condi-
tion):
WD =0, Aars s Aan b X Vi, (2.4.3)
WwZe — ({)‘bz}zﬁo)i x Vi,

such that

[{)‘am )‘a17 RN Aam}i U ({)\b,}loio)l} X V; = W(l) ©® WI(i). (244)
Then, we have

05 =W e @, (2.4.5)

and thus
95 =95 I, (2.4.6)

where 4 .

gs =P W, and 7 = PHw*. (2.4.7)

In this way, we have reproduced the structure displayed in (2.2.12). Thus,
adopting the notation previously presented in Subsection we can write

gs = g¥ o1, (2.4.8)

where gg is the Lie algebra obtained through an infinite S-expansion with sub-
sequent ideal subtraction, which reproduces the structures required by a gen-
eralized Inénii-Wigner contraction process (considering natural powers of the
contraction parameter).

We observe that each particular choice of the elements included into the ideal
can lead to different contracted algebras.

The case of the standard Inénii-Wigner contraction from an algebra g = hdp
to an algebra gg = b/ xp’ = hx p’ (see the structure developed in (2.1.7))) can be
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easily reproduced by performing our infinite S-expansion procedure with ideal
subtraction, with the following choice:

gs = {Aob, A1p},
I= {)‘2p7)‘2b7>‘3p7)‘3b7~-'}~ (249)
Hereafter, the dots “...” appearing into the ideal denote that the same struc-

ture is repeated to infinite, considering all the other elements of the infinite
semigroup.

2.5 Invariant tensor of the contracted algebra

Till now, we have reproduced the process involved in a generalized Inonii-Wigner
contraction through a new prescription for S-expansion, which consists in per-
forming an infinite S-expansion procedure with subsequent ideal subtraction.

We can now consider Theorem VII.1 developed in Ref. [20], which tell us that
the components of the invariant tensor of a target algebra obtained through a
(finite) S-expansion can be written in terms of those of the initial algebra, and
extend it to the case of an infinite S-expansion with ideal subtraction.

In Ref. [45[46], the authors showed how to construct the invariant tensor of
the form (T4, ...Ta,) of aloop algebra, and in Ref. [20] the authors developed
a theorem on invariant tensors in the S-expansion context (Theorem VII.1 of
Ref. [20]), which can be extended to the present work as follows:

Theorem 1. Let (T4, ...Tay) be an invariant tensor of an algebra g, being T a,
the N generators (i =1,2,...,N) of g, and let the algebra ggo) = SEEOO) x g be the
one constructed by infinite S-expansion involving the abelian semigroup S](;O).
Denote the generators of g3 as Ao, Ta, = Tji, a=0,1,2,...00, and define a
particular ideal T of 9. The invariant tensor of the algebra gs = 93 © T can
be then written in the form

(T4 ... TEY) = Y amemtaattov(T, . Ty,), (2.5.1)
m=0

where the a™’s are arbitrary constants and where No,q.. denotes the greatest
index between those of the semigroup elements (namely, A\, . ) whose product
with the generators of g is contained into the algebra gg (and is thus excluded
from the ideal).

The proof of Theorem |[1| can be easily developed by considering Theorem
VIL.2 of Ref. [20] and by applying it to the invariant tensor of a loop algebra
(see Ref. [45/46]). The map between the case of a loop algebra and the case
of an infinite S-expansion with subsequent ideal subtraction is simply given by
the replacement

+00 Nmazx
o=, (2.5.2)
m=—00 m=0

since we have to take into account the ideal subtraction.
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2.6 Examples of application

In the following, we develop some examples of application, in which we replicate
the (generalized) Inénii-Wigner contraction of some (super)algebras presented in
the literature through our infinite S-expansion approach with ideal subtraction.
We also find the invariant tensors of some of the mentioned (super)algebras.

2.6.1 s0(3) — is0(2,1)

We consider g = s0(3) algebra wich the commutators

[LlaLQ] - _L37
[La, L3] = =L,
[L3,L1] = —Lo.

And the semigroup S = {AgA1 A2} with the table

[ o A A
o M do e
M (2.6.1)
A2 | A2 A2 Ag

and Following [20] the resonant S-expanded algebra
0= &8 @ {Vi}
where
St ={Xo; A2}, Vi ={L1, Lo}
Sy ={A1, A2}, Vo ={Ls}.

We see that
[)\ZLA~)\iLB] = )\2LC

where J; is any element of S, so the zero element causes the Ideal Z = {A\aL1, A2 Lo, A2 L3 }.
With the subtraction of this and renamed the generators as A\gLy = Po, A\1Ls =
Py and Ly = L3 we get

[L37P1] == *P27
[L37P2] - Pl)
Ly, Lo] = 0.

In this case its not necesary a infinite semigroup but its not immposible neather,
e.i.

DU IS VIR VS VIR W (2.6.2)
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so the usual contraction is a possible case of a subtraction of a complete infinite
structure

T = {XoL1, \aLo, \oL3, A\sL1, A\sLo, A\aL3, As L1, ...} (2.6.3)

generated by a the infinite semigroup.

2.6.2 (Non)-symmetric cosets and group manifolds

In the literature, the standard Inonii-Wigner contraction has been usually ap-
plied to symmetric cosets of simple Lie algebras[7] i.e. to cosets of Lie algebras
which can be written as g = h @ p, where the following commutation relations
hold:

[b,h] Cb,
b, p] Cp, (2.6.4)
[b,p] Ch.

After having performed a standard Inonii-Wigner contraction (h' = b’, p’ = ep,
and e — 0) on g, we get the contracted commutation relations

[b',6'] b/,
[0, 0] Cp’, (2.6.5)
[p/’ p/] =0.

The standard Inénii-Wigner contraction abelianizes the last commutator ([p’, p’] =

0), and thus produces an algebra that is non-isomorphic to the starting one. In
the case in which

[p.pl =h@p, (2.6.6)

that is, when we are taking into account a non-symmetric coset, the standard
Inonii-Wigner contraction still abelianizes this commutator.

With the method presented in this paper, we can also obtain a particular
group manifold starting from a symmetric coset, after having performed the
infinite S-expansion procedure with ideal subtraction. In fact, if we S-expand

g by using S;EOO), and we then choose the ideal as follows:

T= {)‘2p7)‘3p7)‘3h7"'}5 (267)

while
gs = {thaAlpaA2h}7 (268)

after having properly renamed the generators, we see clearly that we end up
with an algebra gg = g% ©Z which is associated with a group manifold, namely

[b,b] Cb,
b, p] Cp, (2.6.9)
b, p] Cp.

*A symmetric coset in Physics is defined, in general, as a space whose curvature is co-
variantly constant. In particular, the most notable symmetric spaces considered in General
Relativity are the Minkowski space, the de Sitter space, and the anti-de Sitter space. An
introduction to symmetric spaces can be found in Ref.s [54,/55].
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2.6.3 Particular example involving the AdS algebra

We now consider the anti-de Sitter (AdS) algebra in three dimensions, whose
commutation relations read:

0] —eud
[ja, Pb} - (2.6.10)
{15@, Pb} =€apede-

Then, we apply the infinite S-expansion procedure with ideal subtraction de-
scribed in the present work, considering

1= {)\215&’ )\3paa )\3jaba .. } P
gs = {)\Ojaby)\lpay)\Qjab} .

Subsequently, we rename the generators as follows:

Nody =Ja, (2.6.11)
MP, =P,, (2.6.12)
NoJo =Z,. (2.6.13)

We then consider g = h@p = {J, }B{ Py, Zo}, where h = {J,} and p = {P,, Z, },
and we end up with a the following commutation relations:

[b,h] Cb,
[h, p] Cp, (2.6.14)
[, p] Cp.

This algebra respect Bianchi’s identity. Therefore, we have reached a particular
group manifold (in which p is nilpotent and involves a redefinition of the con-
nection) starting from a symmetric coset, by applying our method of infinite
S-expansion with ideal subtraction.

2.6.4 From AdS algebra to all Maxwell algebras type

In the following, we perform an infinite S-expansion with ideal subtraction, in
order to reach different algebras (depending on the choice of the ideal) start-
ing from an AdS algebra, showing that the new prescription developed in the
present work is an extension of the finite S-expansion procedure, and that it
can reproduce the Inonii-Wigner contraction.

The AdS algebra so(D — 1, 2) has the following set of generators: {jab, Pa}

Let us now consider S% = {\,}or, and perform the multiplication:

05 = {Aataso ¥ {jab,ﬁ’a}. (2.6.15)

By following Ref.s [451/46,48] (we also adopt the same notation and subspaces
partition of Ref. [48]), we perform an infinite resonant S-expansion process
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with the infinite semigroup S% = {>\a}20=0~ The new generators are defined
and identified as follows:

J(ab2k) =A2kJab,
Pa2k+1) =Xakt1P, (2.6.16)

where, in our case, k = 0,1,...,00, and satisfy the commutation relations

[J(ab,2k)s J(cd,2k)| =Mbed (ad,ak) — Nacd (bd,ak) — Mod (ac,ak) + TMad (be,4k)s
[Jtab,2k)s Pre,2k41)] =MbePlaak1) — MacPo,ak41)5
[Pa2k+1)> Po.2k+1)] =J(ab2k+2)- (2.6.17)

We can then subtract an ideal Z in order to reach an algebra gg

In the following, we analyze how the choice of different particular ideals leads
to different algebras, starting from the same infinite S-expanded algebra.

Poincaré algebra iso(D —1,1)

The Poincaré algebra iso(D — 1,1) can be obtained as a contraction of the
AdS algebra so(D — 1,2). If we now consider the infinite AdS S-expanded
algebra and perform a particular choice of the ideal, we can reach the
Poincaré algebra, thus reproducing a contraction via an infinite S-expansion
with subsequent ideal subtraction.

Let us thus perform the following choice (we exclude the case k = 0 from

the ideal, see (2.6.16))):
g%o =4gs ®I = {J(ab,O)a P(a,l)} D {J(ab,2)7p(a,3)a J(ab,4)7p(a,5)a . } ) (2619)

where the ideal reads Z = {J(am), Pa.3ys Jabays Pla,5)s - - } Then, after having
subtracted the ideal Z and after having renamed the generators in the following
way: Jab,0) = Jabs Pla,1) = Pa, we obtain the Poincaré algebra iso(D — 1,1),
which can be written in terms of the following commutation relations:

[Jaba ch] :anJad - nachd - ndeac + nadecy
[Jabv Pc] :nbcPa - nacha (2620)
[Py, Py] =0.

We have thus reached a Poincaré algebra from an AdS algebra by performing
an infinite S-expansion with ideal subtraction, reproducing a contraction.

Maxwell-like algebra M;

In Ref.s [47H49], the authors shown that standard odd-dimensional General Rel-
ativity theories can be obtained from Chern-Simons gravity theories invariant
under Maxwell algebras, while standard even-dimensional General Relativity
theories emerge as limits of Born-Infeld theories invariant under certain subal-
gebras of the Maxwell algebras.
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The Maxwell algebras [52], denoted by M,,, can be obtained as a finite
S-expansion (with resonance and reduction) from the anti-de Sitter algebra

s50(D —1,2), using semigroups of the type S](EN) = {)\a}g:017 which are endowed
with the multiplication rules AgAg = Agyg if a+ 8 < N +1, and Ao Ag = An41
fa+8>N+1.

The reduction procedure involved in the construction of the Maxwell alge-
bras takes into account the presence of a zero element in the semigroup. This
zero element is defined as Aoy, = An+1, and depends of the number N in the
semigroup.

We can now reach the Maxwell-like algebra Mjs by performing an ideal

subtraction on the infinite S-expanded AdS algebra (2.6.17). In fact, if we
L6i (

now perform the following choice with respect to ([2.6. adopting the same
notation and subspaces partition of Ref. [52]):

0% =05 DL = {J(ab,0): Pla,1)s J(ab,2)s Pla,3) } © {J(aba)> Plas)> J(ab6)s Platys - »
2.6.21)

where the second set correspond to the ideal Z, then, after having subtracted the
ideal 7 and after having renamed the generators in the following way: J(4p,0) =
Jab, Playy = Pas Jiab2) = Zab, and P, 3y = Z,, we finally end up with the
Maxwell-like algebra M5, endowed with the commutation relations

[Jabs Jed] =nbeTab — Nacbd — MbdJac + NadJbe, (2.6.22)
[Zab, d] =MbeZad — NacZbd — MbdZLac + NadLbe, (2.6.23)
(Za, ]=77 nach, (2.6.24)
[Jabs Zb) =nbeZa — NacZp, (2.6.25)
[Jab, Pe] =nbePa — Nac D, (2.6.26)
[Pas Po] =Za, (2.6.27)
(Zab, Zea) =Za, Zp] = 0. (2.6.28)

We have thus reached the Maxwell-like algebra M by performing an infinite
S-expansion with ideal subtraction on an AdS algebra.

Invariant tensor of the Maxwell-like algebra in D = 3

In the three-dimensional case, considering equation (2.5.1)), the components
of the invariant tensor of the Maxwell-like algebra different from zero are the
following ones:

<Jachd> = aO (nadnbc - nacnbd) 3 <JabP > = aleaba (2629)
<Zab‘]0d> = 052 (Uadnbc - nacnbd) 3 <JabZ > - a €abes (2630)
<Zach> = a3eabc, <Pan> = a MNab (2.6.31)

where the a’s are arbitrary constants.
One could now construct a Lagrangian for a gravitational theory, as it was
done in Ref.s [49//56].
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2.6.5 D=3 algebras: Poincaré, Bargmann and Newton

In the following, we apply our method involving an infinite S-expansion with
subsequent ideal subtraction, in order to relate different algebras in three dimen-
sions, which have been objects of great interest in the literature [57H65], namely
the Poincaré and Galilean algebras, the Bargmann algebra, and Newton-Hooke
algebra in D = 3.

The Bargmann algebra in three dimensions, b(2,1), is the Galilean algebra
[58,64] in D = 3 augmented with a central generator M, and can be obtained
by performing a contraction on iso(2,1) @ gps, where is0(2,1) is the Poincaré
algebra in three dimensions, and where gy, is a commutative subalgebra spanned
by a central generator M (see Ref. [59]).

Some algebras involving the presence of the cosmological constant were
deeply studied in the past years. The most relevant symmetry groups with
the presence of a cosmological constant A are the de Sitter and the anti-de
Sitter groups, that are related to relativistic symmetries which also involved
the velocity of the light in the vacuum, c. In the non-relativistic limit, that is,
when ¢ — oo and A — 0, with ¢?A finite (see Ref. [65]), the de Sitter (dS)
and the anti-de Sitter (AdS) groups become the so-called Newton-Hooke groups
(the analogous of the Galilean groups in the presence of a universal cosmological
repulsion or attraction).

The Newton-Hooke algebra in three dimensions, nh(2, 1), can be obtained as
a contraction of the de Sitter (d.S) or anti-de Sitter (AdS) algebra (see Ref [65]
for further details).

Bargmann algebra

Let us now consider a central extension (with central generator M) of the
Poincaré algebra in D = 3 (this extension of the Poincaré algebra is a com-
mutative algebra gy spanned by the central generator M), in order to apply
our procedure and obtain the Bargmann in three dimensions, b(2,1), by per-
forming an infinite S-expansion with ideal subtraction.

We thus start by defining Jio = —J, J;o = Gy, and Py = H — H+ M. We
then write the following partition over subspaces:

Vo ={J, H}, (2.6.32)
Wi ={P;,G;}, (2.6.33)
Vo =M. (2.6.34)

After that, we perform an infinite S-expansion with Sg)o), and, following the
procedure described in Subsection [2:4] we write

WO =\ {J,H}, WHO = Ao}y x {J, HY, (2.6.35)
W =X {P, G}, WD = Ao }ory x {P;, G}, (2.6.36)
W@ =)\, M, WER) = {2,127, x {M}. (2.6.37)

Then, the target algebra gg, which is, in this case, the Bargmann algebra in
three dimensions, b(2, 1), is given by gg = g3 © Z, being

2
z=hw (2.6.38)
1=0
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the ideal that must be subtracted. R
Thus, after having properly renamed the generator as follows: AoJ = J,
MH=H, \\P,=P;, MG; =G;, and \aM = M, we finally get

[J, J o],
(G By | = = 350,

Gi, J| =€i;G, (2.6.39)
(Gt] = - P

that are the commutation relations of the Bargmann algebra b(2,1).

Newton-Hooke algebra

We now perform an infinite S-expansion with ideal subtraction on the AdS
algebra in D = 3, in order to reach the Newton-Hooke algebra [65] nh(2,1).
In D = 3, being

1

Jy = ieach”c, P = J3, (2.6.40)
we can write the three-dimensional AdS algebra as follows:
[as Jb] =€abe S, [Jas Py| =€apcPC, [Pa, Py] =€apeJC. (2.6.41)
We now consider a new basis:
J=—Jy, K; = —e;jJj, H=-P,. (2.6.42)
In this new basis, we can write:
(K, K] =€, (K5, ] =P, 1, .| =K,
[, Pj] =63, (Pd] =eiPy PR = el (2643)

(Ko, T| =i K,
Following Ref. [65], we now consider two central extensions, namely S and M.
We then write the change of basis
H=H-M, J=J-8, (2.6.44)
and we perform the following subspaces partition:
Vo ={J, H}, Vi ={P;, K}, Vo ={M,S}. (2.6.45)

We can now apply the procedure developed in Subsection [2.4] which leads us
to:

WO =X {J, H}, WO = (Naon )02, x {J, H}, (2.6.46)
W =\ (P, K}, WD = Ngn i1 3oy x {Ps K} (2.6.47)
W® =), {M, S}, WER =, 122, x {M,S}. (2.6.48)
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Then, the commutators of gs = g3° © Z, being

2
7=pw (2.6.49)
i=0
the ideal, can be finally written as follows:
[Kiaf(j} =e€i; 5, [f(i,fjg} =0;; M, [Aiyj} =ei; K
{pi, pj} - — eij§7 |:IjI, pl} :KZ', {Ph j:| :eijpj7 (2650)
[Kia I:I} :pu

where we have defined \oJ = J, N\oH = H, M\ P, = P;, M K; = K;, oM = M,
and \oS = S. These last commutation relations are those of the Newton-Hooke
algebra nh(2,1).

We have thus reached the Newton-Hooke algebra in three dimensions by

performing an infinite S-expansion with subsequent ideal subtraction starting
from the AdS algebra.

2.6.6 Non-standard super-Maxwell in D = 3 from the AdS
algebra osp(2|1) ® sp(2)

The Maxwell superalgebra can be obtained as an Inénii-Wigner contraction of
the AdS-Lorentz superalgebra, which is an S-expansion of the AdS Lie alge-
bra [56]. The non-standard Maxwell algebra introduced in Ref.s [66,[67] can be
recovered by performing a suitable Inonii-Wigner contraction of the supersym-
metric extension of the AdS-Lorentz algebra (see Ref. [42]).

In the following, we reproduce the non-standard Maxwell superalgebra in
three dimensions, by performing an infinite S-expansion with Sg}o) on the AdS
superalgebra, and subsequently removing an ideal. We also write the compo-
nents of the invariant tensor of the target algebra in terms of those of the AdS
superalgebra.

Let us thus consider the AdS superalgebra in three dimensions, 0sp(2[1) ®
sp(2), with N' = 1, generated by Jap, P,, and Q., which satisfy the following
commutation relations:

|:j(lb7 jcd: =nbead = NacTbd — MbdJac + NadJbe; (2.6.51)
[JasPe| =mela = nacP, (2.6.52)
[Pa,ﬁb' =Jup, (2.6.53)
[PG,QQ: :% (rac})a, (2.6.54)

[Jab,c}a: :% (F“Q>a’ (2.6.55)

{Qas@s} =~ % [(T%°C) 5 Jur = 2(T°C) , Pu] - (2.6.56)

After having performed an infinite S-expansion with subsequent ideal subtrac-
tion (see Appendix for further details on this calculation), we reach a new
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superalgebra, [osp(2|1) ® sp(2)] © Z, which corresponds to the non-standard
Maxwell superalgebra described in [42], namely

[Jabs Jed] =NbeJad — NacIbd — MbdJac + NadJbe, (2.6.57)
[Jabs Zed) =NbeZad — NacZbd — Mvd Zac + NadZbes (2.6.58)
(Jab, Pe] =1be nach, (2.6.59)
[P Py) =Zab, (2.6.60)
[Jab, Qa] :% (Tar @), » (2.6.61)
[Pa; Qa] =0, (2.6.62)
(Zab, Zea] =0, (2.6.63)
[Zap, Pe] =0, (2.6.64)
[Zab, Qa] =0, (2.6.65)
{Qa, Qs} = (F“”C) (2.6.66)

We have thus reached the non—standard Maxwell superalgebra described in Ref.
[42], by performing an infinite S-expansion with ideal subtraction on the AdS
superalgebra.

Invariant tensor of the non-standard Maxwell superalgebra in D = 3
We write the components of the invariant tensor of the AdS superalgebra as
follows (according with what was done in Ref. [51]):

(Jabed) =fio (Nadbe — NacToa) » (2.6.67)
(JavPe) =Fir€ape, (2.6.68)
(PaPy) =fioab, (2.6.69)

(QaQs) = (jio — jin) Cap, (2.6.70)

where fip and i1 are arbitrary constants.
If we now use , we see that the non-zero components of the invariant
tensor for the non- standard Maxwell superalgebra can be written as

<Jachd> :a0<jabjcd> = aOﬁO (nadnbc - nacnbd) = do (nadnbc - nacnbd) 3
(2.6.71)

<Jachd> :a2<jabjcd> = 042[‘0 (nadnbc - nacnbd) =a’ (nadnbc - nacnbd) s

)

<Jach> :al <jabjjc> = alljfleabc = dleabca ( )
(PuPy) =a*(Puby) = o fighab = & 1ab, (2.6.74)

<QaQﬁ> :a2ﬂocaﬁ = d2CaBa ( )

where we have defined

a® =a i, (2.6.76)
at =o', (2.6.77)
a* =a’ i, (2.6.78)

and where we have taken into account the ideal subtraction. The «’s are arbi-
trary constants.
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2.6.7 PP-wave (super)algebra in D = 11 from the AdS, x S7
(super)algebra

In Ref. [16], the authors showed that the (super-)PP-wave algebra in eleven
dimensions can be obtained through a generalized Inénii-Wigner contraction of
the AdS, x S7 (super)algebra in D = 11 (Penrose limit, see Ref. [68]).

In the following, we will reach the same result by performing an infinite
S-expansion with ideal subtraction. Indeed, our prescription for an infinite
S-expansion with ideal subtraction is able to reproduce a generalized Inonii-
Wigner contraction.

PP-wave algebra from the AdS,; x S” algebra

The AdSy x S7 algebra in D = 11 can be written in the following traditional
form (see Ref. [16]):

[Pa, Py] =4, [Pur, Py] =4J oy, (2.6.79)
[Jaba Pc} :277bcpaa [Ja’b’ypc/] :277b’c’Pa’a (2680)
[Jab; ch} =4NaqJpe, [Jaba ch] =4NadJpe, (2681)

where the vector index of AdSy isi = 0, 1,2, 3, and that of S”isa’ = 4,5,6,7,8,9, f,
according with the notation adopted in |16].

Following Ref. [16], we define the light cone components of the momenta P’s
and boost generators P*’s as

1
Pr=— (Pt hH), 2.6.82

+ \/g( : £ Fo) ( )
P = (P, Py), (2.6.83)
Py = (P = Jio, P, = Jiry) - (2.6.84)

Thus, we can write the commutation relations of AdS, x S7 as follows:

1
[P;, Py] =2V2P;, [Pir, Py] = — —=P7,
V2
" 1 1
[P}, Py] :*\ﬁpia [P5, Py] = \fpl/’
1
[P, P-] = —2V2P;, [Py, P-] = — —= P},
V2
. 1 . 1
[Pivp—} :ﬁ}%, [Pi/7p_] :EP,L‘/,
. 1 . 1
[P, Py = — Enij (P-—=Py), [Py, Py] = — ﬁni’j’ (P_+Py),
(2.6.85)
[PH } 4JZ]7 [P7 7P ]
[ P pj]:(L [ ]: Jirss,
[Jl]7pk} :2njkjjia [Jz’_]’aPk’] :2 ’k’Pz/a
[lep } :27]jkPi*7 [ i3 ] :2 ’k'PM
[ ’LJ?Jkl} 4772[J]ka [J»L/ Jk/l/] 47]1/1/ Gk
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Before applying the infinite S-expansion method with subsequent ideal subtrac-
tion, we consider the following subspaces partition of the AdSy x S” algebra:

Vo ={P-, Jij, Jirjr} ,
Vi ={P, Py, P}, P}, (2.6.86)
‘/2 :P+.

Following the procedure developed in Subsection [2.4] we now perform an infinite

S-expansion with the semigroup S](;o) on the algebra g = AdS, x S7, considering

a resonant structure between the subsets partition and the following subsets
s : (00),

decomposition of the semigroup Sy :

So ={Xo}U{dan}ny s
Si = AU Danst 12 (2.6.87)
Sy ={Xa} U{dan}nes-

The resonant structure is given by

So x Vo =XoVo ® {Xan}oy x Vo, (2.6.88)
S1x Vi =MVi® {Daps1 o, X VA, (2.6.89)
So x Vo =XoVo@® {Aan }ey X Vo (2.6.90)

Then, the infinite S-expanded (resonant) algebra can be written as
92 = (So x Vo) @ (S1 x V1) @ (S2 x Va). (2.6.91)
We then choose the following infinite ideal:
Z=({Xantnzy x Vo) & ({M2nt1tomy X Vi) ® ({A2n oty x Vo), (2.6.92)

and we perform the ideal subtraction on the infinite S-expanded algebra.
The most relevant step consists in writing the commutation relations

1

P‘lpi*a Alpj] = — ﬁ'fh] (AQP_ - )\2P+) 5 (2693)
1

[>\1P{t, >\1Pj/] =— =Ny ()\2P_ - )\2P+) ; (2694)

V2

where Ay P_ belongs to the ideal, while Ay P does not. This is the reason why
a finite S-expansion in this case would not work.

Thus, after the ideal subtraction, we end up with the algebra gpp (the PP-
wave algebra):

gpp =93 ©T. (2.6.95)
In fact, if we now rename the generators as follows: A\gJ;; = jij, Aodirjr = ji/j/,
MNP_ = P_, \\Pi = P, \\Py = Py, \P} = P, \P} = P}, 2Py = P, we
can finally write the PP-wave algebra (see Ref. [69]) in terms of the commutation
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relations

A N A 1 -
iy 4 — :_2\/5 i*v [ i 7:| =T = i*v
| 7
AL 1 - NS 1 .
;:17 | == —=Pn, |: :w n:|:_7 mnPt
|: 2 \/577 +
[ Am”’ qu_ = 477manpv [jm"v P;} - 277npp;w
[jmna qu = 477manp7 (2696)

where we have adopted the notation of Ref. [69].

We have thus reached the PP-wave algebra in D = 11 with an infinite S-
expansion with ideal subtraction, starting from the AdSy x S” algebra, repro-
ducing, in this way, a generalized Inonii-Wigner contraction.

Super-PP-wave algebra from Super-AdS; x S7

We now extend the previous analysis to the supersymmetric case. We thus
consider the addition of fermionic generators to the AdS; x S7 algebra, and
then perform an infinite S-expansion with consequent ideal subtraction.

Following Ref. [69], the commutators involving the supercharges @’s can be
decomposed in the following way:

R=Q++Q-, Qir=Q+Ps, (2.6.97)
using the light cone projection operators

1
P+ =5l (2.6.98)

1

I, =—
NG

(Ty £ 1), (2.6.99)

where the I'’s are the gamma matrices in eleven dimensions.
Now we add @+ into the subspaces partition, before applying the ideal sub-
traction, and we thus write

Vo ={P-, Jyn,Q-},
Vy =P,.

In this way, after the ideal subtraction (in analogy to what has been done in
the bosonic case, see Appendix for further details on this calculation), we
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finally get

>0, ifc}ﬂ,

P,Q-| = fcz I

7.0 }QJ m;,

Q-] = fQ+F Ty,

[)’;,Qf 2IQ+F ml™, (2.6.101)
o Q] =5Q4T

{
{@+.Q1} =—2ertpy,
{

Q_,Q_} = —2CT~P_ — V2CT~IT J;; + fcr " Jus,

{@4.Q -} =(-2crm Py, —acrT By — 20T B) P,

where we have again adopted the notation defined in [69]. These commutation
relations correspond to those of the super-PP-wave algebra (see Ref. [69] for
further details).

We have thus reached the super-PP-wave algebra in D = 11 with an in-
finite S-expansion with ideal subtraction, starting from the super-AdS, x S7,
reproducing, in this way, a generalized Inéni-Wigner contraction on a super-
symmetric algebra.

2.7 Comments about the requirements on S-expansion

The associativity present in the (semi)group of an S-expansion is a requirement
to maintain the Jacobi identity in the algebra generated. With the associativity
it is possible to factorize the elements from the new structure constants to main-
tain the value of zero through Bianchi identity of the initial algebra. However
there are occasions where Jacobi identity is zero on its own, therefore it is not
necessary to impose this condition of associativity.

As explained in ref. [28] to find the sets of elements that perform a certain
S-expansion we must discard the non-associative sets, work that it is possible
do with a computer program. But doing this we may be excluding some correct
sets, when the Jacobi identity is still zero whitout associativity in the set.

A good example is [[.5.1] explained above. In this example we develop with
the application of our analytic method that, in order to reach the target Bianchi
Type II algebra from the Bianchi Type I algebra, the structure of semigroup is
not necessary. This is due to the fact that, in that case, the Jacobi identities
of both the mentioned algebras are trivially satisfied (each term of the Jacobi
identities is equal to zero).

Curiously, all the examples in what we work with the technique of analytical
analysis has resulted in sets of elements that always generates an algebra that
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respect the identity of Jacobi. This motivates to think that perhaps the exposed
method always leads to obtain a set of elements that meet the requirements to
build an algebra.

Since the found set has a resonance structure with the subspaces of the
initial algebra, it follows the same closure rules between the subspaces of final
algebra. On the other hand the signs of multiplication are exposed when the
expanded generators are written in function of the old ones. This could justify
the phenomenon, but it requires a much more thorough analysis that will not
be analyzed in this thesis. As a conclusion this establishes a generality to the
S-expansion process from the requirement that it be an abelian magma, and
from there, using the exposed method to find the necessary magma, semigroup
or group, all always abelian.

On the other hand, the author in [20] already mentioned that the require-
ment of abelianidad, when relaxing it, it was possible to obtain an super algebra
from an algebra, due to the possibility to transform the commutators into anti-
commutadores using variables of Grassman [23].

Following the work done in 70|, the generalized IW-contraction is reproduced
as a infinite resonant S-expansion using at the same time an ideal-reduction,
which generalizes the Og-reduction and answers some of the open questions
described in [71] . At the same time, in ref. [72] The authors reproduce a gen-
eralized ITW-contraction using Grassman parameters, which leads one to think
of relaxing the abelianity at the level of algebras, not only of super-algebras, is
obviously possible, as we see in the end of example [[.5.1]

Furthermore, even if we consider different kind of structure that multiples an
arbitrary algebra, remains the natural question: What is the meaning of this?.
The most close answer is given by the most known contractions, because in
many example the parameter has a physical meaning. What means that maybe
the knowing parameters has besides a matematical structure. Of course, this
text is only motivational for future research
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Chapter 3

Superalgebras and FDA on
Supergravity

Wisdom is not obvious. You must see the subtle and notice the hidden to be
victorious.

Sun Tzu, The Art of War

3.1 Introduction

Supergravity theories in various spacetime dimensions 4 < D < 11 have a field
content that generically includes the metric, the gravitino, a set of 1-form gauge
potentials, and (p 4+ 1)-form gauge potentials of various p < 9, and they are
discussed in the context of Free Differential Algebras (FDAs).

In particular, in the framework of FDAs [29], the structure of D = 11 su-
pergravity, first constructed in [21], was then reconsidered in [22], adopting the
superspace geometric approach. In the same paper, the supersymmetric FDA
was also investigated in order to see whether the FDA formulation could be
interpreted in terms of an ordinary Lie superalgebra in its dual Maurer-Cartan
formulation [[] This was proven to be true, and the existence of a hidden super-
algebra underlying the theory was presented for the first time. In fact, in [22],
the authors proved that the FDA underlying D = 11 supergravity can be traded
with a Lie superalgebra which contains, besides the Poincaré superalgebra, also
new bosonic 1-forms and a nilpotent fermionic generator @', necessary for the
closure of the superalgebra.

Later, in 73|, the authors wonder whether eleven dimensional supergravity
can be decontracted into a non-abelian (gauged) model. This problem was re-
duced to that of finding an algebra whose contraction yields the D = 11 algebra
of [22]. In the same paper, they also considered the D = 4 case, in order to
explain their approach through a toy-model. However, the four dimensional
gauged case results interesting, since its algebraic form (presented in [73]) cor-
responds to an AdS-Lorentz-like superalgebra, presented and largely discussed

*The supergroup structure allows a deeper understanding of the symmetry and topological
properties of the theory.
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in [74], where the authors explored the supersymmetry invariance of an exten-
sion of minimal D = 4 supergravity in the presence of a non-trivial boundary,
presenting the explicit construction of the N' = 1, D = 4 AdS-Lorentz super-
gravity bulk Lagragian in the rheonomic framework. In particular, they de-
veloped a peculiar way to introduce a generalized supersymmetric cosmological
term to supergravity. Then, by studying the supersymmetry invariance of the
Lagrangian in the presence of a non-trivial boundary, they interestingly found
that the supersymmetric extension of a Gauss-Bonnet like term is required in
order to restore the supersymmetry invariance of the full Lagrangian.

In [26], the authors clarified the role of the nilpotent fermionic generator @’
introduced in 22| by looking at the gauge properties of the theory. They found
that its presence is necessary, in order that the extra 1-forms of the hidden
superalgebra give rise to the correct gauge transformations of the p-forms of
the FDA. In particular, in its absence, the extra bosonic 1-forms do not enjoy
gauge freedom, but generate, together with the supervielbein, new directions
of an enlarged superspace, so that the FDA on ordinary superspace is no more
reproduced.

On the group theoretical side, in [20], the authors developed the so-called
S-expansion procedure, which is based on combining the inner multiplication
law of a discrete set S with the structure of a semigroup, with the structure
constants of a Lie algebra g. The new, larger Lie algebra thus obtained is called
S-expanded algebra, and it is written as gg =S X g.

There are two facets applicable in the S-expansion method, which offer great
manipulation on (super)algebras, i.e. resonance and reduction. The role of
resonance is that of transferring the structure of the semigroup to the target
(super)algebra; Meanwhile, reduction plays a peculiar role in cutting the (su-
per)algebra properly, thanks to the existence of a zero element in the set involved
in the procedure.

From the physical point of view, several (super)gravity theories have been
largely studied using the S-expansion approach, enabling the achievement of
several results over recent years (see Ref.s [27/47-50,52//53)75H93]). Furthermore,
in [28], an analytic method for S-expansion was developed. This method is
able to give the multiplication table(s) of the (abelian) set(s) involved in an
S-expansion process for reaching a target Lie (super)algebra from a starting
one, after having properly chosen the partitions over subspaces of the considered
(super)algebras. A complete review of S-expansion can be found in [20] and [28].

In [70], the authors proposed a new prescription for S-expansion, involving
an infinite abelian semigroup S](;o), with subsequent subtraction of a suitable
infinite ideal. Their approach is a generalization of the finite S-expansion pro-
cedure, and it allows to reproduce a generalized Inonii-Wigner contraction via
infinite S-expansion between two different algebras.

In this work, we obtain a particular hidden Maxwell superalgebra in four di-
mensions by performing an infinite S-expansion with subsequent ideal subtrac-
tion of the hidden AdS-Lorentz superalgebra underlying D = 4 supergravity.
We also display a map in order to show the way in which the hidden AdS-
Lorentz superalgebra and the Maxwell superalgebra can be obtained. This map
also offers the links, consisting in infinite S-expansion and ideal subtraction, be-
tween other superalgebra in four dimensions. We then adopt the Maurer-Cartan
(and FDA) formalism and we consider the paremetrization of the 3-form A()
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whose field strength is a 4-form F® = dA®) + ..., modulo fermionic bilin-
ears, in terms of 1-forms, and we show how the (trivial) boundary contribution
in four dimensions, dA®), can be naturally extended by considering particular
contributions to the structure of the extra fermionic generator appearing in the
hidden Maxwell superalgebra underlying supergravity in four dimensions. This
extension involves the cosmological constant. Interestingly, the presence of these
terms strictly depends on the form of the extra fermionic generator appearing
in the hidden superMaxwell-like extension of D = 4 supergravity.

This chapter is organized as follows: In Section [3.2] we perform the S-
expansion of different superalgebras describing and underlying D = 4 super-
gravity, and we also display a map which links different superalgebras in four
dimensions. In Section we write some of the superalgebras presented in
Section [3.2 in the Maurer-Cartan formalism and, in particular, we consider a
gauged version of D = 4 supergravity, which hidden structure corresponds to
the Maxwell superalgebra. We then write the parametrization of the 3-form
A®) in this context and we show that the (trivial) boundary contribution dA(?)
can be naturally extended with the addition of terms involving the cosmological
constant.

3.2 Infinite S-expansion and ideal subtraction of
superalgebras in four dimensions

It is well known that we can construct several theories in four dimensions by
choosing different amount of physical (and unphysical) fields, invariant under
different superalgebras. One of the simplest case is the Poincaré superalgebra
osp(1|4), which is abelian in the momenta. On the other side, the (Anti-)de Sit-
ter ((A)dS) algebra is characterized by the fact that the translations commute
with Lorentz transformations. In Ref. [94], the authors presented a geomet-
ric formulation involving the AdS structure group (the AdS one), known as
MacDowell-Mansouri action. The generalization of their work consists in con-
sidering the supergroup Osp(N|[4).

In Ref. [22], was presented a particular superalgebra, now known as hidden
superalgebra, which includes, as a subalgebra, the super-Poincaré algebra, and
also involves two extra bosonic generators Z,;, commuting with the generators
P,. Furthermore, an extra nilpotent fermionic generator @/, must be included
(in order to satisfy the closure of the superalgebra). It is then possible to
consider a Hidden AdS-Lorentz superalgebra, when the commutators between
the momenta is equal to a Lorentz-like generator, which will be referred as to
Zap- Finally, we should mentioned that the introduction of a second fermionic
generator has been considered in the literature; This feature lead the authors of
[53] to consider Mazwell superalgebras for constructing actions for supergravity
theories.

We will now consider the same types of superalgebras in four dimensions.
Each of these superalgebras gives rise to the construction of an action for a
supergravity theory. The existence of connections between different physical
theories motivates to look for connections between the superalgebras underlying
these theories. In the following, we present a scheme that displays the various
relations between the mentioned superalgebras, involving infinite S-expansion
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and ideal subtraction. We first consider a “toy model” superalgebra in four
dimensions described in [73], namely the AdS-Lorentz-like superalgebra with
an extra fermionic generator, which is the hidden superalgebra underlying the
AdS supergravity theory in D = 4. This algebra will be named hidden AdS-
Lorentz superalgebra, and can be written as

[ ab7 - nbc ad — nachd - ndeac + nad']bca

[ aba cd| — 77bc ad — nachd - nbdZac + nadecy

cd) =
| =
(Zab, Zed] = MbeZad — NacZbd — MbdZac + Nad Lbes (3.2.1)
[Qas Zab) = = (YabQ)a — (Yab@")ar [Jabs Pe] = MoePa — Nac P,
[Qav } :_Z(’YaQ)a _Z('VaQ) [Paapb] = — Zay,
[Jab, Qa) = = (Vv @), [Jabs Qa) = —(VavQ )as  [Zabs Pe] = moePa — Nac Py,
{QuQs} = i ChasPa — 51" ChasZas, (@@} =0,

where C stands for the charge conjugation matrix and -, and 7, are Dirac ma-
trices in four dimensions. Let us notice that the Lorentz type algebra generated
by {Jap, Zap} is a subalgebra of the above superalgebra. In [74], the authors
explored the supersymmetry invariance of an extension of minimal D = 4 su-
pergravity in the presence of a non-trivial boundary, and they presented the
explicit construction of the A’ = 1, D = 4 AdS-Lorentz supergravity bulk La-
gragian in the rheonomic framework. In particular, they developed a peculiar
way to introduce a generalized supersymmetric cosmological term in supergrav-
ity. The starting algebra they considered was exactly the AdS-Lorentz superal-
gebra , with a consistent truncation of the fermionic generator @/, [l In
other words, the hidden AdS-Lorentz superalgebra can be consistently viewed
as an extension of the AdS-Lorentz algebra described in [74], with the inclusion
of an extra fermionic generator Q..

The extra fermionic generator @/, contained into the hidden AdS-Lorentz su-
peralgebra presents the structure of an abelian ideal: [-,QL] =0— 7 = {Q.}
(see Ref. [70] for further details). A technique proposed by the authors of
[70], which consists in a neW prescription for S-expansion, involving an infi-
nite abelian semigroup S , with subsequent subtraction of a suitable infi-
nite ideal ﬂ allows to obtaln the AdS-Lorentz superalgebra, generated only by
{Jab, Pu, Zav, Qo }, studied in [74] from the hidden AdS-Lorentz superalgebra,
generated by {Jaup, Pa, Zab, Qu, QL }, described in 73], by taking into account the
existence of the ideal structure mentioned above. This is done by subtracting
the ideal, namely

94dS-Lorentz = 9Hidden AdS-Lorentz © Z- (3.2.2)

On the other hand, we can reach a (hidden) Mazwell superalgebra |42,|43] in
four dimensions by starting from the hidden AdS-Lorentz superalgebra (3.2.1)).

*Let us observe that the authors of |74] adopted the Maurer-Cartan formalism in their
work, where the superalgebra generators are properly associated to 1-forms.

TTheir approach is a generalization of the finite S-expansion procedure, and it allows to re-
produce a generalized Inénii-Wigner contraction with an infinite S-expansion with subsequent
ideal subtraction.

64



Thus, following [70], we can perform a S-expansion with the infinite abelian
semigroup S};O), involving a resonant structure:

(00)
Sp X 9Hidden AdS-Lorentz (3.2.3)
The resonance condition can be written as

{/\Qn} =0 xVo = {/\Qn} =0 {Jab}
{>\2’ﬂ+1}n20 XVVl = {>\2n+1}n20 X {Qou Q/a}7 (324>
{>‘2n}20:1 xVo = {)‘2n}:}:1 X {ZabaPa}’

Then, we perform the subtraction of the following particular ideal:

I=pw;. B=01.2, (3.2.5)

WOI = {/\271}20:2 X {Jab}»
le = {)‘2n+1}20:2 X {Qa» Q:x} )
WQI = {/\2n},io:3 X {Zaba Pa} .

After having properly renamed (following the convention of Ref. [70]) the new
generators, we end up with the (hidden) Maxwell superalgebra, which is thus
given by

_ (o)
IMaxwell Superalgebra = (SE X 8Hidden AdS—Lorentz) eZ. (326

We also observe that, analogously to the cases of the hidden AdS-Lorentz
and of the AdS-Lorentz superalgebras in four dimensions, the same procedure
adopted for that cases allows to reproduce the Poincaré superalgebra from the
hidden Poincaré superalgebra introduced and studied in [22,|73] H In fact, by
starting from the hidden Poincaré superalgebra, generated by {Jup, Pa, Zap, Qo QL }
which can be written as

[Jabs Jea] = Mbedad — Nacva — MaJac + Nad e,

[Jabs Zed] = MbeZad — NacZbd — MbdZac + Nad Lbes

[Jabs Pe] = MoePa — Nac Py, [Pa, Py] =0,

[Qav ] = ('YaQ ) [ ab»Qoz] =- ('YabQ)oza
[Qm ] (’YabQ )av [Jaan;x] = (’YabQ/)aa
(QuQa) == i(1"ChagPs — 50" ChasZur (@@} =0, (32

Tt is well known that the Poincaré and the AdS superalgebras are related by Inénii-
Wigner contraction, i.e. by rescaling and consequently considering a particular limit for the
generators, namely P, — 02P,, and Qo — 0Qq, where o is the rescaling parameter. It is
also possible to end up with the non-standard Maxwell superalgebra by starting from the AdS
superalgebra or Maxwell superalgebra (see Ref. |70 for further details). In the same way, by
performing the rescaling Z,, — 6244, Po — 0Pa, Qo — 0Qa, and Qo — 0°Qq, and
a consequent consistent limit (Inénii-Wigner contraction) of the hidden AdS-Lorentz algebra
, we obtain the hidden Poincaré superalgebra.
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Non-standard Maxwell
(857 xg) ez

Maxwell ~_ (S99 xg)oT
ads — Hidden AdS-Lorentz
(S xg) ez

Y go 7
Poincaré

go’l

AdS-Lorentz
(Sg’o) xg)oT

Hidden Poincaré

Figure 3.1: Map between different superalgebras linked through infinite S-
expansion and/or ideal subtraction. Source: self made.

and considering the ideal Z = {Z,;, Q’,}, we can reach the standard Poincaré

superalgebra in four dimensions generated only by {Jup, Pu, Zap, Qq }, namely
9Poincaré superalgebra = hidden Poincaré superalgebra © Z- (3.2.8)

In Figure 3.1} we have collected and summarized the relationships between the

mentioned superalgebras. The link between this superalgebras involve infinite
S-expansion and ideal subtraction ﬂ

3.3 Hidden Maxwell superalgebra in the Maurer-
Cartan formalism

There are two dual ways of describing a (super)algebra: The first one is pro-
vided by the (anti)commutation relations between the generators; The second
one is instead provided by the so-called Maurer-Cartan equations. These two
descriptions are equivalent and dual each other.

The generators T4’s, which form a basis of the tangent space T'(M) of a
manifold M, satisfy the (anti)commutation relations of the (super)algebra and
the (super) Jacobi identity. The same information is enclosed in the Maurer-
Cartan equations, which read

1
do? = —=C%c0P0°, (3.3.1)

where 04 stands for the forms involved into the Maurer-Cartan equations, and
where C“ are the coupling constants.

As we can see, the Maurer-Cartan equations are written in terms of the dual
forms o’s of the generators T4’s, which are related through the expression

o (T) = o4, (3.3.2)

§Let us remind that both the standard and the generalized Inénii-Wigner contractions are
reproducible through S-expansion: The standard Inénii-Wigner contraction can be reproduced
with a finite S-expansion, while the generalized one can be reproduced through an infinite
S-expansions with subsequent ideal subtraction.
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up to normalization factors [f]

We now consider the Maurer-Cartan equations associated with the superalge-
bras in D = 4 presented in |73]. In the case of osp(4|1) (Poincaré superalgebra),
we have

R =0,
Dve :%\Iwaq/, (3.3.3)
DV =0,

where 7%, as said before, are the four-dimensional gamma matrices, and where
D = d + w is the Lorentz covariant exterior derivative. Here we have fixed the
normalization of DV® to %, according to the usual convention. The closure
(d? = 0) of this superalgebra is trivially satisfied.

In the AdS case, instead, we have that the anticommutator of the generators
()’s falls into the Poincaré traslations and the Lorentz rotations, generating non-

vanishing value of the curvature, namely

R™ =ae2V VP + BeWy W,

DV* :%\iww, (3.3.4)

DU :%e%\wa,

where e = 1/2[ corresponds to the inverse of the AdS radius El, and where we
have fixed the normalization of DV to % Here, e and (8 are constants. In order
to fix them, we require the d>-closure of the superalgebra (d? = 0); In this way
we get 8 = Lo and, after having fixed the normalization o = —1, we can thus
write § = —%.

We observe that in the limit e — 0 we correctly get the Maurer-Cartan
equations in the flat (i.e. Minkowski) space.

As shown in [22], with the introduction of a nilpotent fermionic generator @',
which also appears in the supergroup called hidden supergroup, we can write the
hidden Poincaré and the hidden AdS-Lorentz (3.2.1]) (see Ref. [73]) su-
peralgebras in terms of the corresponding respective Maurer-Cartan equations.
For the hidden Poincaré case , we have

R =0, (3.3.5)
Dve :%%axp, (3.3.6)
DU =0, (3.3.7)
DB :%\Iwabxp, (3.3.8)
Dn :%mwva + %%quBab. (3.3.9)

*See the maps between the two formalism presented |26] for further details.
TThe scaling constant e is the charge associated with the cosmological constant switched
on in the AdS curved space.
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Here, § and € are two arbitrary parameters. In fact, requiring the closure of the
superalgebra, and in particular of Dn, we simply get the identity 0 = 0, which
leads the solution to be given in terms of two free parameters, namely § and e.
In particular, for reaching this result we have made use of the following Fierz
identities in four dimensions:

Uy Iy = 0, (3.3.10)

Ty, Uy T = 0. (3.3.11)

In this superalgebra the Lorentz curvature is zero: R* = 0. However, we have
a non-trivial Lorentz-like contribution given by DB = %\if’yab\?.

We observe, as it was done in [73], that in D = 4 we also have a particular
subalgebra of the above hidden Poincaré one, which can be obtained through an
In6i-Wigner contraction on the hidden AdS-Lorentz superalgebra . In
fact, let us remind that, as observed in 73], we do not even need the 1-form Bab
to find an underlying group for the Cartan Integrable System (CIS) in the four
dimensional Minkowski space. Indeed, the general solution contains as special
case the subalgebra whose associated Maurer-Cartan equations can be written
as

R =0, (3.3.12)
Dve :%%“\P, (3.3.13)
DU =0, (3.3.14)
Dn :%%\IJV“, (3.3.15)

which endowed the CIS with a 3-form A®) = —iW,nVe,

As previously shown in Section we can write a (hidden) Maxwell su-
peralgebra in four dimensions, by starting from the hidden AdS-Lorentz one
(3.2.1)). For completeness, in the following we report the Maurer-Cartan equa-
tions associated with the hidden AdS-Lorentz superalgebra (which were
displayed in [73]):

Rab :0’ (3316)
DV :%\I,,ya\l, — eB™V;, (3.3.17)
DY :%e%\IJV‘l + Z%b‘I/Baba (3.3.18)
1.
DBab =§\p7ab\P _ eBaCBCb + 6V‘1Vb’ (3319)
; 1
Dn :%’ya\IJVa + Z’Yab\I/Bab7 (3.3.20)

where the parameters have been fixed by requiring the closure of the superal-
gbera and properly fixing the normalization of the 1-form 7 (see Ref. [73] for
further details) ﬂ

TWe observe, reminding 73|, that in the hidden AdS-Lorentz superalgebra we can write
Dn = %A and DV = A, where A is the 2-form that reads A = %E’Y\pva + %e'yab\I/Bab.
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We now write the Maurer-Cartan equations associated with this Maxwell
superalgebra in D = 4, namely

R =0, 3.3.21
Dve :%%a\p, 3.3.22
DV =0, 3.3.23

1-
DB =50y,
DB =aeWy*n + BeB*B.? + veVV?,

Dn :%mqfva + %s%bwab.
Once again, we must require the closure d? = 0 of the superalgebra. In this way,
from the first Maurer-Cartan equation we get dao = 7, and 5 = —2ae. We now
choose the normalization &« = 1 and § = 1. We can thus write v = 1 and § =
—2¢, being € a free parameter. We observe that the Lorentz curvature is again
zero: R* = 0. In this case, we have two non-trivial Lorentz-like contributions,
namely DB = %\I/’yablll and DB = aeWy®n + BeB*B.b + veVeV?b. Then,
we can finally write

R =0
Dve :%\iwa\p,
DV =0,

1-
DB = Wy,
DB =eW~®y 4 BeB*“B.b 4 eVeV?,

i 1
Dn :%%\wa + 5N VB, (3.3.27)
where 3 = —2e. This superalgebra is the (hidden) Maxwell superalgebra under-
lying supergravity in four dimensions.
We observe that, with the choice 8 = € = 0, we get the following subalgebra:

R =0,
DVe :%xiwa\p,
DU =0,

1.
DB :5\1/7‘11’\1:,
DB =eWyy 4 eV,

Dn :%%\pva. (3.3.28)

Now, one may wonder how to write the parametrization of the 3-form A(®)
in D = 4 supergravity, once the above relations are given. In the following, we
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will write the parametrization of the 3-form A®) in terms of 1-forms (also the
“hidden” ones, namely the 1-forms which do not represent physical fields), both
for the hidden Maxwell superalgebra and for its subalgebra . We
will then study the particular structures of the (trivial) boundary contribution
dA®) in the four-dimensional “gauged” case.

3.3.1 Gauged extensions of dA®

We start our analysis by considering the hidden Maxwell superalgebra in four
dimensions | and its structure . Then, we write the parametrization of
the 3-form A®) in terms of 1-forms, both for the hidden Maxwell superalgebra
and for its particular subalgebra displayed above, and we study the different
structures of the (trivial) boundary contribution dA().

The four-dimensional hidden Maxwell superalgebra is generated by the fol-
lowing set of generators:

{Jabapavzabazavaaana} . (3329)

Let us now consider the (hidden) Maxwell superalgebra valued curvatures, which
are defined by

R® = dw® — wow®, (3.3.30)
R®=DV® — %@7“@, (3.3.31)
F® = DB — %xiwabqf : (3.3.32)
F = DB® — Wy — BeB*“BY — eVV? (3.3.33)
p=DU, (3.3.34)
o=Dn— %7,1\111/“ — %e%b\w“b, (3.3.35)

where D = d + w is the Lorentz covariant exterior derivative. In the four-
dimensional Minkowski space, one can also write

1-
F®) — q4G) _ §\I/r}/ab\IIVaVb7 (3.3.36)

where the 4-form F®) is trivially given in terms of a boundary contribution.
Now, our aim is that of writing the deformation to the 4-form F®) induced
by the presence the cosmological constant in the hidden Maxwell superalgebra
underlying D = 4 supergravity.
We can write the Maurer-Cartan equations in four dimensions for the Maxwell
superalgebra, by setting the curvatures to zero, namely

§That is to say, the superalgebra we have previously obtained through infinite S-expansion
with subsequent ideal subtraction by starting from the hidden AdS-Lorentz superalgebra
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R = dw® — ww® =0, (3.3.37)

R*=DV*“ — %‘IW‘“II =0, (3.3.38)

Fab — ppab _ %\i/,yab\l/ -0,

F® = ppBe — e@’yabn - /J’eB“CBCb —eVovt =0,
p=DU =0,

; 1
o= Dn— %%\pva ~ 3 TB =0,

which simply lead to the expression .

Now, as done in the D = 11 and D = 7 supergravity cases in [22] and [26],
respectively, we can write the parametrization of the 3-form A®) in terms of
1-forms. We first of all observe that, since dA®) is a boundary contribution in
four dimensions, we expect a topological form for the parametrization of A®).
We thus start by writing

1 P
AB®) = ; B®DB,, + g B®DB,;, — 27Dn. (3.3.43)

This particular parametrization will give rise to a “topological” structure for
the boundary contribution dA®). In fact, if we now compute dA®), we simply
get the following expression:

1 1 - -
dA®) = gd(BabDBab) + gd(B“bDBab) — 2d(7Dn) =
1 1= -
=- DB*®DB,, + EDB“bDBab — 2D7Dn, (3.3.44)

which automatically satisfies the closure requirement d? = 0. If we now substi-

tute the Maurer-Cartan equations (3.3.27)) in the expression (3.3.44)), we get

1_ _ _ _ _
dA®) = §qwabxwavb + €Uy TPy + 28eWyaynBBL 4 2eW,,nV eV +
+2B8eB*BLV,V;, — 2ieU, W BV, 4 €2V, Y B BS. (3.3.45)

In the limit e — 0, the expression (3.3.45)) reduces to

1- _ _
dA®) — §\y%bmvavb — 2ieUy, W BV, + 20, VBB, (3.3.46)

We observe that, interestingly, this solution does not reduce to the four-
dimensional Minkowski flat space limit when e — 0. However, if we now consider
the particular solution S = € = 0, which conduces to the subalgebra
of the hidden Maxwell superalgebra in four dimensions (as mentioned in the
previous section), we see clearly that, interestingly, this particular solution leads
to
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dA®) = %\I%b\wavb + U nUyPn + 2e Wy, nV Ve, (3.3.47)

which exactly reproduces the Minkowski FDA with
dA®) = %\I%b\wavb (3.3.48)
in the limit e — 0. Thus, the particular subalgebra of the Maxwell

superalgebra (3.3.27) underlying supergravity in four dimensions can be written
as

Rab _ O,
DV = %\Iwaxp,

1-
DB = iwabmp,
DB = W%y + VoV,

DV =0,
Dn = 27V,
1_ _ _ _
dA®) = §\Pvab\IIV“Vb + eUyun TPy + 20Ty, VeV?e, (3.3.49)

where, by setting 8 = € = 0, we have withdrawn the B%’-contributions in DB
and Dn m

For the sake of completeness, in the following we also report the complete
parametrization of the 3-form A®) written in terms of 1-forms:

1 - _ - - - _ _
A® = 55 VYab W B +UY0p W B +3Bay B B+ Boy VV =iV —eWyapn B,

(3.3.50)
where the topological structure, however, is not evident. We have made it

manifest in (3.3.43) and, subsequently, in (3.3.44). By setting 8 = ¢ = 0 in
(13.3.50)), we obtain

1 - _ ~ ~ _
AB) = ?myabWB“b + Uy UBY® + By VOVt — iy, Ve, (3.3.51)
€

We finally observe that the parametrization (3.3.50) can be rewritten in the
following simple form:

_ . _ _ 1 _
A® = By VeV + By B* B, —iUyanV® +Uyap (2‘1’3‘”’ + B — enBab> :
&
(3.3.52)

9The existence of a subalgebra with Dn = %ﬂya\IlVa was already discussed in the Poincaré
case in Ref. |73] and also mentioned in the present work.
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where we remind that 8 = —2e¢, or in the even simpler one:

- - _ _ 1 -
A®) = By VOVl 4 BBy BBl — iU,V + Uryg {(2\1/ — 677) B® 4+ nB®| |
e

(3.3.53)
which shows us that the parametrization we have considered in the present
work is given in terms of 1-forms structures that are pretty similar to the ones
appearing in the (“standard”) parametrization of A®) adopted in the Minkowski
D =11 case in [22], and later in [73].
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Part 11

Solutions on Extended
Supergravities

(6]






Chapter 4

Extended Supergravities
Ungauged

The steady progress of physics requires for its theoretical formulation a math-
ematics that gets continually more advanced. This is only natural and to be
expected.

P.A.M. Dirac in the famous paper of Quantised Singularities in the
Electromagnetic Field, 1931 [95]

An ungauged theory has a lot of drawbacks but they are really interesting.
First of all they are plagued, at the classical level, by the presence of massless
scalar fields, some of which are related to the moduli of the internal manifold
(M = Mp x My ), which describe fluctuations in its shape and size. Massless
scalars coupled to gravity would produce effects which are not observed in our
universe. Moreover such fields enter interaction terms in the Lagrangian, thus
spoiling the predictiveness of the theory, being their v.e.v. not fixed by any
dynamics [34]. On the other side, the classical theory features no scalar potential
which could fix the values of these scalars on the vacuum. Aside from this serious
shortcoming, ungauged supergravities are interesting. First of all they provide
the general framework from which to construct more realistic models through
the gauging procedure, and secondly these theories feature, at the classical level,
a rich structure of global symmetries which were conjectured [35] to encode the
known string/M-theory dualities.

Here we present the most general bosonic Lagrangian wich describe station-
ary solutions in an extended, ungauged D = 4 supergravity and then we ap-
ply the so-called solution-generating-technique, over stationary solutions, which
only work in ungauged theories. Neverless, an ungauged gravity theory has the
property of only admit a supersimmetric Minkowski vaccum, i.e. asymptotically
flat. Then, a simple case as the AdS metric looks good but it is not possible
since has a vector potencial [36]. However, we perform the mentioned procedure
over the AdS metric to start the research in this context.
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4.1 Ungauged Supergravity

Ungauged supergravity correspond to a supergravity model in which the vector
fields are not monimally coupled to any other field in the theory. Vector fields
transform under an abelian group and there are no charged fields. Moreover, the
only admitted vacuum of the theory is a supersymmetric Minkowski vacuum.
Than means, we can consider any solutions which are (locally) asymptotically
flat.

We will study the bosonic sector of the theory, the total structure being to
a large extent determined by supersymmetry. The bosonic sector consists of
the graviton field, n, vector fields and ng scalar fields. The possible couplings
are constrained by the request of supersymmetry and diffeomorphism invari-
ance. The scalar fields are described by a non-linear o-model, that is they are
coordinates of a non-compact target space .#s.q;, a Riemannian differentiable
manifold. The o-model action turns out to be invariant under the action of
global isometries of the scalar manifold, i.e. the isometry group of the manifold
is a global symmetry.

In the NV = 1 case, which is the minimal supergravity, the scalar manifold
Mscqr scal describes the scalar fields in the chiral multiplets. Strictly speaking
this is a complex manifold of Hodge-Kdhler type, which is a particular kind of
Kéhler manifold [37] in which the K&hler transformations act on the fermion
fields as U(1)-transformations, which are the A’ = 1 U(1) R-symmetry trans-
formations. Consistency of such transformations on the fermion and gravitino
fields (similar to that yielding the Dirac quantization of the electric charge) im-
poses a constraint on the geometry of the Kéhler manifold. The structure of
the bosonic Lagrangian is completely fixed by the following independent data:
the Kéhler potential (z, z) associated with the manifold, a holomorphic super-
potential W (z), andof the matrices Zps, Ras, defining the vector kinetic part
and which are constrained by supersymmetry to be holomorphic functions of
the complex scalar fields: Zyx(z), Rax(z). The o-model action reads [34):

Locar = €Go5(2,2)0,2°0" 2. (4.1.1)

If the theory is gauged, that is a subgroup of the isometry group G of the
scalar manifold is promoted to local internal symmetry, additional terms, as
mentioned above, appear in the supersymmetry transformation laws and in the
Lagrangian, which also affect the scalar potential (through additional D-terms).
For the sake of completeness we write the most general A' = 1 potential [34]:
V(z,2) =e? (Gaﬂ 9490y 3) Ll o (4.1.2)
’ 0z% 9zP 4 ’ o
where &4 = K(z,%) + log(|W (2, 2)|?) and Py (z, z) are real quantities depending
on the choice of the gauged isometries. They are the moment maps associated
with these isometries, in terms of which the holomorphic Killing vectors k% (2)
are expressed as follows: k% (z) = iGaﬂ%PA.

In extended supergravities, i.e. N > 1, multiplets start becoming large
enough as to accommodate both scalar and vector fields. This feature has
important implications on the mathematical structure of the models, since in
addition to put in the same level to different entities on the theory (as super-
symmetry does with bosons and fermions) poses strong constraints on the (non-
minimal) scalar-vector couplings in the Lagrangian. Given the scalar manifold
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Mscqr, Supersymmetry fixes the couplings, up to a choice of the frame related
to the geometric structure of the scalar manifold. Moreover, with each point on
the manifold a symmetric symplectic matrix M(¢) is associated, and with each
isometry transformation on the same manifold is associated a corresponding
constant symplectic matrix S*; (g). Finally, global isometry transformations on
the scalar fields induce, by supersymmetry, global transformations on the vector
fields that act as electricmagnetic transformations on the vector field strengths
and their magnetic duals, defining the on-shell global symmetries of the theory.
This corresponds to the so-called dual symmetry.

4.2 Extended Supergravities

Extended supergravity theories N' > 1 describing the supergravity multiplet,
consisting of the graviton and of N gravitino fields ¥; where i = 1..., N,
coupled to a number of vector and matter multiplets. The consistent definition
of a number A of massless gravitino fields on a curved space-time requires, for
each of them, the decoupling of the spin-1/2 longitudinal modes, which in turn
follows from the invariance of the theory under a transformation of the form

U, — U}, 4 9,€ (4.2.1)

that is under N-independent supersymmetries. Thus a consistent theory con-
taining N massless gravitinos is an N -extended supergravity.

Supersymmetry constrains the form of the Lagrangian, i.e. the structure of
its kinetic terms, mass terms, couplings and scalar potential. The larger the
amount N of supersymmetry, the more stringent these constraints. The theory
is characterized by a bosonic sector and a fermionic one. Once the former is
given, the latter is completely fixed by supersymmetry. Here are some general
common features of the bosonic sector of a supergravity Lagrangian.

We consider the most general Lagrangian for bosonics with

e n, scalar fields ¢°(x),
e n, vector fields Aﬁ (A=1,...,n,)
e and the graviton field V.

Let us consider the simpler case of an ungauged supergravity in four dimensions,
namely of a supergravity model in which the vector fields are not minimally cou-
pled to any other field. The general form of the supergravity action describing
the only bosonic sector is:

1 R 1 T O S 1 A vo 1 vpo A ¥
gﬁ = 5 - §G7’S(¢)6M¢ o (b + ZIAE((ZS)F;LVFM + gRAZ(qb)eu r Fp,VFpU
(4.2.2)
where
€ = €4 = +/Guv
and

Fu = 0,4, — 0,A,.
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The scalar field ¢*(z*) is described by a o-model, with coordinates in the target
space Mscqr With the positive definite metric G,s(¢). This maniforld is non-
compactf] Riemannian, differentiable ns dimensional. The o-model action is
clearly invariant under the action of global space-time independent isometries
of the scalar manifold. Indeed, if G is the isometry group of .#.q;, a generic
element of it will map the scalar fields ¢ = (¢°) in new ones ¢'* = g * ¢* =
#'*(¢'t), wich in general are non-linear functions

8¢/s’z a¢/t’ B

VgeG: —gxp=0¢"(¢): Gou(d'(9))

The group G can be promoted to a on-sheel global symmetry group, that means a
symmetry of the field equations and Bianchi identities, provided its (non-linear)
action on the scalar fields (5.2.3)) is combined with an electric-magnetic duality
transformation on the vector field strengths and their magnetic duals, obtaining
a complete action o-model type on-shell invariant.

4.3 Scalar Manifolds of extended supergravity

For NV = 1 the .#.q describes the scalar fields in the chiral multiplet. Is
a complex manoifolds of Hodge-kihler type. In the case of N' = 2 models
allow for a class of homogeneous scalar manifolds, while in all AV > 2 models
supersymmetry constrains the scalar manifold to be homogeneous symmetric
manifold.

A manifold . is said homogeneous if acts transitively, that means if a point
in space can be achieved by another by the action of a group G} Then, any
point p can be reached from the origin O through a (not necessarily unique)
element of the isometry group G. We define the transitive action to be a left
action]l| denoted by a star:

Vpe #, g, € G| p=gp*xO (4.3.1)

However these parameters are “redundant”, or equivalent, the action of G
on . may not be free, in the sense that the element g, is not unique, because
for any p € .# there may be a subgroup H), of G wich leaves p invariant:

H,*p=p. (4.3.2)

This group is called isotropy group of p, is a subgroup H C G wich when
applied to a point on the variety, it is remains unchanged, for that is called also

* Semisimple if it is a direct sum of simple Lie algebras, i.e., non-abelian Lie algebras
g whose only ideals are {0} and g itself. Equivalent definitions are also: the Killing form,
k(z,y) = tr(ad(z)ad(y)) is non-degenerate, g has no non-zero abelian ideals, g has no non-
zero solvable ideals. The radical (maximal solvable ideal) of g is zero.

Roughly speaking, a compact space is in some sense finite and a noncompact space is not
finite. The sphere is compact because you can covered only with to subcover, but the plane
R? it doesnt because it is not possible covered with a finite gap.

* A good example of this is the sphere, where any point (z,y, z) belonging to the sphere
can be taken to another point (z’,y’, 2’) by the transitive action of an element belonging to
the group SO(3).

"By left action we mean that for any g1g2 € G and p € .#, we have g1 *(g2xp) = (9192) *p
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T %scal ~ G/H

Spacetime

Figure 4.1: The diagram represents the nature of the variety manifold ..y
of scalar fields. The mapping G, generates the tangent space in p where the
vielbein are defined through G(¢) = Grsdo™ @ do™, do™(V;) = V, "(¢). Source:
self made.

stabilizer. Given a point p in .# and an element g, of G mapping O to p, any
other element differing from g, by the right multiplication by an element of H
will still map O to p:

Vg €G; g =gph (heH) : ¢ %0 =(gph)xO =g, x(h*0)=g,*x0 = p.

If we denote by gH = {gh € G|h € H} the left coset of H in G, there is a one-
to-one correspondence between the points of the homogeneous manifold .# and
left cosets gH:

pE M g,HCG. (4.3.3)

Denoting by G/ H the set of all left cosets of H in G, there is therefore a bijection
between .# and G/H. This coset is basically the elements that are not present
in H inside of G, that means the two can be identified:

M~ G/H. (4.3.4)

G/H is called coset manifold. Then, homogeneous spaces can be treated as
coset manifolds, that means, we can compute all geometric quantities of .# like
connection, curvature, geodesics etc... on G/H. Note also that the coset space
G/H is not a group since in general H is not a normal subgroupﬂ

A generic element g of G is defined by a number of continuous parameters
given by dim(G). Through right multiplication by an element of H, we may
fix a number dim(G) of these parameters, so that each left-coset depends on
a minimum number of parameters given by the diferential of two spaces. This
number turns out to be the dimension of .Z:

dim(A) = dim(G) — dim(H).

A normal subgroup is a subgroup which is invariant under conjugation by members of the
group of which it is a part. In other words, a subgroup H of a group G is normal in G if and
only if gH = Hg for all g in Gj i.e., the sets of left and right cosets coincide. We analyze the
definition of an ideal in section
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y y'

Figure 4.2: This diagram shows the relationship between two coordinate rep-
resentations on the same point. Image from the book of Castellani Leonardo,
D’Auria Riccardo. (1991). Supergravity and Superstrings.

Lets denote like ¢° the parameters of .#, wich is a D-plet ¢ = (¢',..., "),
obtained upon fixing the right-action of H. We can choose a representative
group element denoted by L(¢°) € G. Under left multiplication by g € G. We
therefore describe each point of .Z in terms of a coset representative L(¢®):

pe A <+ L(¢°) egHCG. (4.3.5)

They provide a parametrization of .# and depend on how this fixing is per-
formed, namely which representative L(¢°) of each coset g, H is taken to repre-
sent the corresponding point p of .Z.

Let g € G be an isometry of the manifold, p a point of coordinates ¢ = ¢* and
p’ = g p the transformed of p through g, of coordinates ¢* = gx ¢ = ¢'*(¢?).
Now, since both glL(¢) and L(g x ¢) represent the same point p’, they must
belong to the same left-coset (see figure so that we can write:

9L(¢) = L(g x 9)h(6,9). (4.3.6)

The element h(g, ¢) is called compensator and in general depends on g and on
the point p of coordinates ¢.

In general G need not be a semisimple Lie group. Homogeneous manifolds
occurring in supergravity theories are non-compact, simply-connected, negative-
curvature spaces. Let g and h denote the Lie algebras of the groups G and H,
respectively. We can split the former as follows:

g=9Hak (4.3.7)
Where $) is a Subalgebra,
(9, 9] 9, (4.3.8)
(9, 8] ER, (4.3.9)
[R, 8] SHD R, Ifitisonly = 9, its called Symmetric. (4.3.10)

The above adjoint action of $) on K defines a representation of the group H.
Indeed, if { H, } denotes a basis of $ and {K,} a basis of R, the Jacobi identities
give:

(Hy, K| = O, tK, = — (H,) K, (4.3.11)

us Mt s

where the structure constant C,,* = C,,* = (H,)% define an adjoint represen-
tation of H, denoted by Zk of the generators (H,). Considering h € H we
have

W 'Koh =h, Ky, (4.3.12)
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where h§E represent the element h in the (adjoint) representation Zk. & Can
be viewed as tha tangent space to G/H a the origin.

When the space is symmetric (4.3.10)) is defined in general as a space invariant
under parallel translations with curvature covariantly constant. Symmetric,
simply-connected spaces are also homogeneous.

4.3.1 Cartan decomposition

For non-compact, simply-connected symmetric spaces with negative curvature
there exists a transitive semisimple, non-compact isometry group G and H is its
mazximal compact subgroup. In any given matrix representation of G, one can
choose a basis in which H is represented by anti-hermitian matrices and K& by
hermitian ones. This basis is called the Cartan basis.

He$H— H =—H, (4.3.13)
Kef— K =K. (4.3.14)

Properties (4.3.9) and (4.3.10) clearly follow from commutation rules, since the
commutator of an anti-hermitian with a hermitian generator is hermitian, while
that of two hermitian generators is anti-hermitian. In the corresponding basis
Ta = {H,, K} of generators of g, condition reads

(K, K| = C,"H,. (4.3.15)

In this basis a coset representative L(¢) is well defined: if {K} denote a basis
of R of hermitian matrices we can write:

L(¢) = e? K-, (4.3.16)

This parametrization is called Cartan parametrization [55]. It is defined in
terms of the coordinates ¢°, that transform under H (isotropy group of the
origin ¢ = 0) in a linear way, namely in the representation defined by the
adjoint action of H on the space 8. To see this we consider (4.3.6) and use h

instead of g together with equations and (4.3.16),
L(h % ¢) =RL($)h~! = het" Kep—1 = (8" hich ™"
=" (WLK;) = "1,
— ¢ = (hxg)" =g/ (h7")," (4.3.17)

4.3.2 Solvable decomposition

As discussed before, in N = 2 admits non-homogeneous, homogeneous and
homogeneous-symmetric scalar manifolds, while the scalar manifolds of N > 2
supergravities are only of normal type. For this, they admit a transitive solvable
Lie group of isometries who action on . is free.

Locally is described by a solvable algebra .

Gsoiv = exp (¥). (4.3.18)

The definition for a solvable algebra is an algebra .# who D¥.# = 0 for some
k > 0. Where

Dg=lg,g], (4.3.19)
D'g=[D""'g,D" 'g]. (4.3.20)
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In a suitable basis of a given representation, all the elements of a solvable Lie
group or a solvable Lie algebra are described by upper (or lower) triangular
matrices. This is very important as we see in section |5.3|

Since there is a transitive solvable group G g, 0f isometries with a free action
on the homogeneous scalar manifolds ., it is possible to choose a representative
Ls(¢p) in each left coset g,H, by suitably fixing the right-action of H, so that

{Ls(9p)} e = Gs- (4.3.21)

In other words the manifold M is isometric to a solvable Lie group.
M~ Gs. (4.3.22)

once we fix on the tangent space to Ggopy at the origin the metric of .#
on the tangent space at the corresponding point. This description defines a
parametrization called the solvable parametrization of A .

Both the solvable and the Cartan parametrizations for symmetric cosets are
global parametrizations of the scalar manifold. For symmetric manifolds, the
solvable Lie group Gg, is defined by the Twasawa decomposition [55] of the
non-compact semisimple group G, with respect to H, according to which there
is a unique decomposition of a generic element g of G4 as the product of an
element s of Ggy, and an element h of H:

VgeGss =— g=sh|seGs, heH. (4.3.23)

and this defines a unique coset representative LLs for each point of the manifold
M.

The solvable parametrization is useful when the four dimensional super-
gravity is described as resulting from the Kaluza-Klein reduction of a higher
dimensional supergravity on some internal compact manifold. The solvable
coordinates directly describe dimensionally reduced fields and moreover this
parametrization makes the shift symmetries of the metric manifest. The draw-
back of such description is that .’ does not define the carrier of a representation
of 8 as $ does, namely Eq. does not hold for .#:

9,7 ¢ . (4.3.24)

In what follows we shall restrict ourselves to symmetric cosets of which we can
give a description either in terms of Cartan coordinates or of solvable coordi-
nates.

4.4 Vielbein and connection on symmetric cosets

Let us see how vielbein and connection can be defined on a symmetric coset.
Let IL(¢) be a coset representative corresponding to a generic parametrization.
We can construct the left-invariant one form € = L~'dL which is a 1-form on
G/H with value in g. Expanding in the Cartan basis we have

{Ts} = {Pé, Hu}
We consider the invariant 1-form;

Q(¢) = 04 (¢)Ta = L™ (¢)dL(¢) = V() Pstw" (¢) Hy = V() +w(e), (4.4.1)
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where

Q) = Qs(9)de”, V= Vidg®,
V(¢) = V() P, w(¢) = w*(¢)Hy

and we use the underline indices s, ¢, ... as rigid indices to label the basis P, of
the tangent space G/H to the group manifold defining a representation & of
H, just like , and should not be confused with the curved indices s,t, ...
labeling the coordinates ¢, i.e. the labeling fields.

To continue we need to define the 7 automorphism. Let G be a non-compact
real form of some compact Lie group. There is an involutivd’] automorphism
such that

H={heG:7(h)=nh} (4.4.2)

is the maximal compact subgroup of G and the coset space G/H is non-compact
Riemannian symmetric space.
Only in the Cartan parametrization g = $ ® K using (4.4.2) wich has
T(V)=-1V, (4.4.3)
T(w) =w, (4.4.4)

the scalar fields carry rigid indices. We can know who these quantities transform
under G if we look L = gL(¢)h~* (see (4.3.6))

Qg * ¢) =0 (P)L ™ (¢)g~"d (gL(p)h™")
=hLg~"gd (L(¢)h™")

=hIL"Y(¢) (dL(¢)) h~* + hdh™* (4.4.5)
Then,
VE(g* @) Py 4 w(g* d) = bV (#)h ™! + hw(p)h ™" + hdh™* (4.4.6)
Since hdh~! is the invariant one-form of b, it has value in this algebra. Then
V(g*¢) =hV(p)h™!, (4.4.7)
w(g * @) =hw(d)h~ + hdh~". (4.4.8)

w can be interpreted as connection for H whereas V transforms H-covariantly
and both are G-invariant. So it is possible to see the clear analogy to the fielbein
and spin conection.

4.4.1 The metric and current

Given any invariant scalar product ( - - ) on g such that G : T, # x T, #4/ — R
we can define an invariant metric on G/H by

(VV) = G(¢) = ds® = Ggdgp*de’. (4.4.9)

Where G, is the metric of .#. With reference to matrix representation of G
we define k4, as the restriction of the Cartan-Killing metric of g to f:

*That is, 7 # 1 and 72 = 1.
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being k is a representation-dependent normalization constant. Then,

ds® =G g dg*de’,
=VEVEkudg®de',
=kTr (V,.V;) dg*dg’,
=kTr (V?). (4.4.11)
The G-invariance of this metric immediately follows from (4.4.7) since Vg € G :
kTr

ds*(gx¢) =k =kTr ((V(g* ¢))2) = kTr (hV(¢)2h_1) = V2) =ds°.
The o-model Lagrangian density can be written in the following form

Lacat = e T (V,(6)Va(6)) 8,07 06" (4.4.12)

For other side the automorphism 7 (see (4.4.2))) provides us with a canonical
embedding of G/H in G,

L—M=7L"YYL, 7(M)=M"1 (4.4.13)
where M is a H-invariant and transform coraviantly under G
M —1(g)Mg™, geG. (4.4.14)

The current is constructed with this invariant:

J = %M’ld/\/l. (4.4.15)

Then
1
V=L"'DL= 5}L,M*ldML*l =LJL! (4.4.16)

where DL = dLL — wL is the covariant derivative of L.
The line element (4.4.9)) can be writed in terms of M

de'd¢’ Gyj(¢) = i(M‘ldM,M‘ldM% (4.4.17)

and the o-model field equations can be rewritten in the equivalent forms
DV, =0, or V*J, =0, or V(M 19, M) =0,

where D,V3 = VV — [w, V] As the reference [96] says M and P are very close
analogues of the metric and moving frame, the tetrad, in general relativity. Be-
cause M it is enough to formulate the o-model and this remains true if we
include vector fields. Neverthless the “moving frame” P with a “triangular”
gauge choice yields a very convenient and simple parametrization of G/H. The
situation changes if we add fermions fieldsto some models like in ' = 1 super-
gravity, because these fermion fields transform with some representation of H
and not of G. The moving frame P is, therefore, necessary in order to describe
these fermions.
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4.4.2 On-shell Duality

As we shall see below, the G group can be promoted to a global symmetry
group of field equations and Bianchi identities (i.e. global symmetry group on-
shell) provided it has (non-linear ) The action in the scalar fields of the previous
equation is combined with a transformation of duality and magnetic electricity
in the field intensities and their dual magnetic.

Consider an extended ungauged supergravity theory with homogeneous sym-
metric scalar manifold described in terms of the bosonic Lagrangian. Let us
define the dual field strengths

. ( OL4
G;u/ = —€uvpo <8FA ) . (4418)
po
€ 0 —€ 6% Insy (¢) FZH Iz (¢) *FAv
Hvpo 8FA Hvpo 2 MV AY 2 AS

1 1
GMVPU (2 6p60' 60’6P) IAE((b)FE,U«V + §RAE(¢) *FAuy>

~ g (Tan(0)F* + S Ras(0) *F“")
= — Tax(¢) "FM 4+ Ras(¢)FAH (4.4.19)
For Maxwell theory we consider
Tns = —1, Rax =0, G = *Fp,.

The equations of motion for the scalar and vector fields are

D, (0"9%) %Gst [F, 0 zs FP + F)\ 0, Rps *F21] (4.4.20)

V. (TFM) =0; V,(*G*) =0 (4.4.21)
where 9
0s = 96"

. We note that
V()" =0.0)"+1,0)°

is the covariant derivative containing the Levi-Civita conection on space-time,
while Z,, also contains to the Levi-Civita conection I'; ,, on .#cq defined by:

D(0,8°) =V ,u(0,6°) +T5,1,0,0" 0,6,
From (4.4.18]) we have

FA = (27 (RenF™ - Gy)
*Gp =(RIT'R+ I)asnF*¥ — (RI1)ZGs.

Is convenient define a 2ns-dimensional vector F = FM of two forms:

e (5).
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where the dual form is easy to write

F = <g) — _CM($*)F, (4.4.22)

and where M(¢) reads:

M(d) = ((RI(I?E)?;E _((7511)15)FAF> (4.4.24)

resulting in a symmetric, negative-definite matrix, function of the scalar fields.
In matrix notation, the Maxwell equations can then be recast in the following
equivalent forms:

V,(‘F*)=0 < V, (CM(¢)F) =0 < dF =0. (4.4.25)

where we have used the matrix notation and suppressed the indices M, N, .. ..

The field equations depending on the vector field strengths can be rewritten
in terms of this matrix M and of its derivatives. The scalar field equations
(4.4.20) can be rewritten

1
Du(0"9") = GG F L, 0 M(S)F,
The Einstein equations are:
1
Ruv = 50 R = T + 1Y), (4.4.26)

where the energy-momentum tensors for the scalar and vector fields can be cast
in the following general form

1
T;S;s:) :Gst(¢)alt¢Tau¢s - §guuGrs(¢)ap¢rap¢s (4.4.27)
1 loa
Toy) =Fi,IES = S g (Fy, IF™) . (4.4.28)

The vector fields energy-momentum tensors can be expressed en terms of M (o)
andF as

TV) —

i % (Fup)" M(O)F,2. (4.4.29)

Since in (|4.4.26)) we have
R = G40,0°0"¢" (4.4.30)
the Einstein equation can be finally recast in the form:

Ry = Ggi(9)0,0°0"¢". (4.4.31)

Returning to action (4.2.2)), the isometry group G is a global symmetry only of
the scalar kinetic term, since, in general, it alters the action for the vector fields
as a consequence of the scalar field-dependence of the coupling constants Z(¢)
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Figure 4.3: The scalar manifold of a symplectic geometric structure is associate
with each point ¢ on the manifold the symmetric symplectic 2n,, x 2n, matrix
M(@)un, at the same time each isometry transformation g € G on the same
manifold is associated with a 2nv x 2nv matrix S[g] . Source: self made.

and R(¢). For other side, the while the Maxwell equations 7, (*FA*) = 0 are
invariant under linear transformation in IF, G do not, and the equations .

One remarkable feature of extended supergravity theories is the fact that the
global invariance of the scalar kinetic term (described by G) can be extended
to a global symmetry of the full set of equations of motion and Bianchi iden-
tities, though not in general of the whole action |97]. This is possible because,
in extended supergravities, supersymmetry connects scalar with vector fields.
One of the consequences, is that transformations on the scalars imply trans-
formations on the vector field strengths FA and their duals G*: this follows
from the definition on the scalar manifold of a symplectic geometric structure
which associates with each point ¢ on the manifold the symmetric symplectic
2n, X 2n, matrix M(@)prn. At the same time, each isometry transformation
g € G on the same manifold is associated with a constant symplectic 2n,, x 2n,,
matrix S[g] = S[g] M such that:

M(g* ) = Slg] " M(¢)S[g] " (4.4.32)
Recall that a symplectic matrix A is determined by A € Sp(2ny,R), ATCA =
ACAT = C, where
0 1
c=(5 o)
where the symplectic invariant matrix is defined in (4.4.23)). The symmetric
matrix M (¢) plays the role of A and satisfies the properties
M(P)unCPEM(P)y =C = C(¢)™' = —CM(4)C, (4.4.33)

The correspondence between g € G and S[g] defines a symplectic representation
of the group G, that is an embedding S of the group G inside Sp(2n,,R):

G <= Sp(2n,,R) = g€ G — S|g] € Sp(2n,,R) (4.4.34)
with the general properties defining a representation and a symplectic matrix.
M(p) — M'(¢p) = ETM(¢)E. (4.4.35)

This suggests that the definition of the matrix M(¢) sy, is built-in in the math-
ematical structure of the scalar manifold. The matrices Z(¢) and R(¢) entering
the action are then defined in terms of M(¢). The only freedom left consists
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in the choice of the basis of the symplectic representation (symplectic frame),
which amounts to a change in the definition of M(¢) by a constant symplectic
transformation E:

M(¢p) — M'(¢) = ET M(¢)E. (4.4.36)

The form of the action is affected by the above transformation, in particular we
have a change in the coupling of the scalar fields to the vectors. At the ungauged
level, this only amounts to a (non-perturbative) redefinition of the vector field
strengths and their duals, having no physical implication. In the presence of
a gauged theory, where vectors are minimally coupled to the other fields, the
symplectic frame becomes physically relevant and may lead to different vacuum-
structures defined by the scalar potential.

We emphasize here that the existence of this symplectic structure on the
scalar manifold is a general feature of all extended supergravites.

For homogeneous manifolds, the isometry group G has a symplectic, 2n,,-
dimensional representation S and we can express M(¢) in terms of the coset
representative:

M($)un = CarpLT LY Lry <= M(¢) = CS[L(¢)IS[L(¢)]"C,  (4.4.37)

LY are the entries of the symplectic matrix S[L(¢)] associated with L(¢) as an
element of G. Being a representation, S is a homomorphism, and eq. (4.3.6)
can be written in terms of symplectic matrices as:

S[g]S[L(¢)] = S[g » ¢]S[h(g, ¢)]
Using these properties is possible to see that
M(g*¢) = S[g]~ " M(¢)S[g] .

This tells us that M is H-invariant, that means, do not depends of the rep-
resentative coset, but only in the point ¢ of the manifold, as it should be. In
fact:

"_C
=CS

|92}

EFETE

— (M(¢)) () - hIS[h - L(#)]"C,
(#)IS[R]S[R]TS[L(¢)]"
L(¢)IS[hIS[h] " S[L(¢)]"

) (4.4.38)

CS

<
<

namely the matrix M(¢) is H-invariant and depends only on the choice of ¢,
i.e. it is consistently defined on G/H.

We can now study the simultaneous action of G on the scalar fields and on
the field strength vector IF,,:

" = gx¢
eqG: 4.4.39

is a symmetry of the field equations. But it must also leave invariant the trans-
formed fields, to see this we consider

S[g]~" *F" = — CS[g]" M(g * ¢)S[g]S[g] 'F' = —S[g] "'CM(g * ¢)F,
— *F=—CM(g)F. (4.4.40)
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Then, is invariant.
On the other side, the invariance of the scalar and Einstein equations can be
visualized if we can see the invariance in the term that they have in common:

()" M($)F,, =F,TS[g]"S[g] " M(g * )S[g] 'SlglFps,  (4.4.41)
=(Fu)" M()F,,. (4.4.42)

and directly implies the invariance of TS,/) and the covariance of the scalar field
equation. Moreover, the duality invariance of the space-time metric and of the
scalar action under (4.4.39)) imply the same property for the Einstein tensor and

for the scalar energy-momentum tensor T,SVS ).
In summary, the bosonic equations derived in the above discussion can be
written in the manifestly G-invariant form:

Scalar equations: 92, (0"¢°) = éGSth:VBSM(qS)FW (4.4.43)

Einstein equations: R, = G (¢)0,0°0,¢" + %sz/\/l(@lﬁ‘f (4.4.44)

Maxwell equations: dF =0 < *F=-CM(¢*)F (4.4.45)

where we have obviously omitted the fermionic fields.

The action of G on the field strengths and their magnetic duals is defined
by the symplectic embedding S[g], and can be seen as a generalized electric-
magnetic duality transformation (see [98]) which promotes the isometry group
of the scalar manifold to a global symmetry group of the field equations and
Bianchi identities. It is a generalization of the U(1)-duality invariance of the
standard Maxwell theory.

() - () (2 =) (f) o

For this reason G is called the duality group of the classical theory. In our case

F> Slgl FA B AN AAE FA
(gx) —= (%) - (Oé DE) (%) (4.4.47)

We emphasize that these are not a symmetry of the action but on-shell symme-
try, because correspond to a symmetry on field equations and Bianchi identities.

On a charged dyonic solution, we define the electric and magnetic charges
as the integrals:

1 1
= = — | Gpuda" Ada”,
ea 4 S2 gA 8w S2 Apv G *

1 1
mh E—/ FA:—/ FA dat A da”.
47 S2 8 S2 a

we define the symplectic vector

A
r=TM= <’: > = %/ F. (4.4.48)
A T Jg2

These are the quantized charges, namely they satisfy the Dirac-Schwinger-
Zwanziger quantization condition for dyonic particles (see Apendix ) [95,
99,/100):

Fg@f‘l = moeipn — Mmiegp = 2when, n € Z. (4.4.49)
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Fermions

Let us discuss the general features of the fermionic sector, its symmetries and
the couplings of the fermions fields to the bosons. We have seen that the vector
fields and the scalar fields transform under the action of the group G, isometry
group of the scalar manifold. More precisely this group has a global symplectic
(duality) action on the vector of electric field strengths and their magnetic duals,
while it acts on the scalar fields as an isometry group. Just as the fermion
fields (including the graviton), transform covariantly with respect to the isotropy
group of space-time (local Lorentz transformations), they have a well defined
transformation property only with respect to the isotropy group H of the scalar
manifold. In all extended supergravities this group has the following form [101]:

H = Gr x Hpatters (4450)

where G is the automorphism of the supersymmetry algebra (the R-symmetry
group), while H matter is a compact Lie group acting on the matter multiplets.
The coupling of the bosons to the fermionic fields is also fixed by the geometry
of Mscq;. In particular, in the models with an homogeneous scalar manifold,
this coupling is fixed by the coset representative L(¢).
Let us recall that states that the matrix L(¢) is acted to the left by
G and to the right by the compensator element in H

G ~ L(¢) ~ H. (4.4.51)

The matrix L(¢) therefore “mediates” between objects, like the bosonic fields,
transforming directly under G and other objects, like the fermionic fields, trans-
forming only under H.

This means that we can construct G-invariant terms by contracting L to
the left by bosons (scalars, vectors and their derivatives), and to the right by
fermion bilinears

This means that we can construct G-invariant quantities coupling (in suitable
ways) the bosonic fields (including their derivatives) to the fermions through
L(¢), that is, symbolically, considering the contraction

(0b) - L(¢) - £ = d(¢, b) - £. (4.4.52)

This scalar-dependent matrix determines the coupling of bosons and fermions
in the Lagrangian and in the equations of motion. The fermions, in other words,
couple to composite objects - that we denoted d(¢, Ob) - obtained by “dressing”
the derivatives of bosonic fields by scalar fields through the matrix L(¢) [34].
Then, these objects transform only through the corresponding compensating
transformations h(¢, g) € H, as the scalars and vectors transform under G (see
(4.3.6). This tell us that the trasformations of all fermion fields is obtained by
means of h(¢, g), namely we can define the action of G over all the fields of the
theory as:

or — g*o"
geG:{ Fu —  S[g]MyFL, (4.4.53)
f — f=h(g,g)«f
Now one can construct a manifestly H-invariant Lagrangian using the fermion
fields and the composite fields d(¢,db). Moreover, H-covariance of the super-

92



symmetry transformations mentioned in the introduction implies that the su-
persymmetry variations for the fermion fields can be written as:

5. = (¢, Ob)e. (4.4.54)

The fields transforming in representations of G r are therefore either the fermions
or the composite fields d(¢,db), but not the scalar fields ¢* and the vector
fields Af} directly, since the latter are always real fields. The composite objects
d(¢,0b) can be imagined as the actual bosonic fields that can be measured, at
spatial infinity, on a solution.
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Chapter 5

Solution-generating
technique

In every atom of the universe domains there are infinite solar systems.

The adornment of the Great Flower, ancient Buddhist writing

5.1 Introduction

In this section we present the so-called solution-generating techniques [102,{103].
Basically what is done is that solutions in D = 4 supergravity are also solutions
to an EBuclidean theory in three dimensions, formally obtained by a Kaluza-Klein
type compaction of the D = 4 parent model along the time-direction [96] and
dualizing all the vector fields into scalars fields. The resulting D = 3 theory
is a sigma-model coupled to gravity and has the desirable feature of having a
global G(3) symmetry group (duality group) larger than the original G 4y group
of the four-dimensional model, i.e. G4 C G(3). The extra symmetries can
be used to generate new (hidden) four-dimensional solutions from known ones.
These symmetries, for instance, include the Harrison transformations which can
generate electric and magnetic charges when acting on a neutral solution like
the Schwarzschild or the Kerr black hole. The relevant physical properties of
stationary black holes in four dimensions are thus conveniently described by the
orbits of such solutions with respect to the action of the D = 3 global symmetry
group G (3).

5.2 D =4 Stationary Solutions

We shall restrict ourselves to axisymmetric, stationary, asymptotically flat so-
lutions. We consider one example over a black hole solution and we compute
the charge with the mentioned technique.

A stationary solutions in an extended, ungauged D = 4 supergravity, whose
bosonic sector consists in n, scalar fields ¢*(x), n, vector fields Af} (A =
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1,...,n,) and the graviton g,,. The most general Lagrangian has the form

1 R 1
— - _ T AW S
€£4 2 2Grs(¢)8,u¢ a d)
1 1
+ ZIAZ((;s)E{\VFW + gRAE(@eWPUF;\UFP%, (5.2.1)

where e = e4 = /g and F,, = 0,4, — 0, A,.
The four-dimensional scalar fields ¢® s parametrize a homogeneous, symmet-
ric scalar manifold of the form:

Myea) = — (5.2.2)

This makes that the fields are described by a non-linear o-model action, that is
is clearly invariant under the action of global space-time independent isometries
of the scalar manifold. Indeed, if G4 is the semisimple isometry group and
H 4 its maximal compact subgroup of .#Z;.a1, a generic element of it will map
the scalar fields ¢ = (¢*) in new ones, wich in general are non-linear functions

¢/s — ¢/s(¢t).

a¢/s'z a¢/t'

Vg € G(4) P gx o= ¢/(¢) o Gy (¢/(¢)) D5 Ot

=Gu(9). (5.2.3)

The group G(4) can be promoted to a global symmetry group of the field equa-
tions and Bianchi identities, that means an on-shell symmetry, provided its (non-
linear) action on the scalar fields is combined with an electric-magnetic
duality transformation on the vector field strengths and their magnetic duals,
obtaining a complete action o-model type on-shell invariant.

In the case of D = 4, which is what we are interested, we start from a
stationary metric which has the general form:

ds* = —e*U (dt + wg,dga)Q + e 2Yds2, (5.2.4)

where ds3 = gg)dxidxj , the index 7,5 = 1,2, 3 label the spatial coordinates
x; = (r,0,¢) and U, wg, g;; are all functions of the coordinates (r,0). The two
Killing vectors of the above metric are { = 0, and 1 = 0,,.

One can perform a formal reduction to three dimensions along the time
direction and dualize the vector fields of the theory to scalar fields, using the
prescription of the seminal work [96]. Following this procedure, one ends up
with an effective description in an Euclidean D = 3 model describing gravity
coupled to n = 2 + n, + 2n,, scalar fields U1 (r, 6).

We start noting that the 4-dimensional metric can be rewrite as

- 02U €2V, 525
Guv = eQij e’ngE?)+62Uw,;wj ) -

If we want to diagonalize this matrix for do not have cross terms we can put
VO =eVV0 = €Y (dt + w) = eV (dt + wda?)
Vi =e " UVida® = Vi, da®,
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where V0 and V? are the vielbeins, then the metric is diagonal,
ds® = (V0)* — (V) (V*). (5.2.6)

Under these coordinates its easy to see that the theory is invariant under a
coordinate transformation in time, ¢ + £(z*), obviously V" = V* and

VO —_ erO [ V/O

Y (V) = eV (dt + wida®)

eV (d(t + &(2")) + wida®)

eV (dt + 0;¢da’ + wida’ — 9;¢dx?),
V70 =eY (dt 4 w;da?).

To proceed in the dimensional reduction we must write the potential in a dif-
ferent way. Writing
A= A,dz" = Apdt + Aydep.

And we consider the next quantyties

VY =(dt +w), (5.2.7)
A3 :Awd@ — Aow, (528)
A=A)V° + As. (5.2.9)

With the respective strengths tensors in the forms

F =dA = dA)V° + Fs, (5.2.10)
- . 1~ o

F3 =F + AgF° = 5E-jdgc%lgcﬂ, (5.2.11)
F =dAs. (5.2.12)

Then, we have the first kinect term in as
1 A oA 1 A
ZIAEFEVFAW :ZIAEgWgWFﬁVFEM

1 0 1
:ZIAEgzlgijAijFXle + §IAZFAOZ_FEOJQOOQU
1 . . _ ii

:ZIAE62U62Ug(3)zlg(3)le/>jFEllk + 51/\26 2U€2Ug(3) ]F%ZF%]

1 1 ,
:Ze‘lU IAEF/}sz”“ + 5(81»14"0)1,\2(8%5)

And the second kinect term as
1 * 1
ZRAZ Fl}w FEur ZgRAE(@GWPUF;i\quEm

2U

ese 1e2V
= 3 RAE F[}_] <2 - JkaO)
3

2U
+ RAZFOz ijk 1 6 ijF
2 63

1 .
:§64URA26”1€F Fro + 'RAg;ej FOzFJk~
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Also, we can write the curvature in function of 3-dimensional quantities

64U
esRy = e3 <R3 —2(8U)* + 4(F0)> (5.2.13)

being e4 = ese 2V ey = V |9W|a €3 =4/ \91-33-|~

The action (now in three dimension) looks as

g ) e2U .
2” 019" 9" + TFZ.?IAEFU

R3 ; €4U o

6_2U

— TaiAgIAEaZAO + 2636”kF5RA26kA0:| (5214)

We apply the Lagrange multipliers to keep the invariance under duality
1 .. 1 .
é =L3+ ieljk |:_ (8“42\ — GJA?) OLAp + 2FZ%8]€(L:| (5.2.15)

Instead of using the definitions of FZ/J\» and FZJ = (5‘1-A§~\ — 9;A}), we can treat
them as independent fields

0Ls R R
— =0 = Y =— ¥ IAE (8kA — RAzakAo) s (5216)
(SFij €3
5L = oAU
=0 =P = (da+ ZTCynOiZ) . (5.2.17)
¥ 3
defining
Xk =Oka+ ZMCryn0LZY (5.2.18)
i =a— ApAd (5.2.19)
where
zZ= A5 (5.2.20)
AA <N
0 -1
C= (_1 0 ) (5.2.21)
and replacing in the Lagrangian we obtain
1 Rs

. 1 . 1 1
— QU — 2Gps0;"0'¢° — —e V3, ZTMOI*Z — ~e2UxFy,. (5.2.22)
es 2 2 2 4

Then, the Lagrangian is writen in a o-model theory type:

1 1,
3 fts = 5G1,d2' @’ (5.2.23)

1
— L2 =
€3 3 2

where

ie“wx2 + %e_QUdZTMdZ. (5.2.24)
Then, one ends up with an effective description in an Euclidean D = 3 model
(which is related to the D = 4 one by a rescaling) describing gravity coupled to
n = 2+ng, +2n, scalar fields ®/(r,0). After the dualization, all the propagating
degrees of freedom are reduced to scalars by 3D Hodge-dualization, and, in
particular, we have:

1, 1
§g”dq>fc1>J = (dU)* + 50de"de” +
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ns four-dimensional scalars )°,

the warp function U,

2n, scalars ZM = {AA, AA} from the dimensional reduction of the four-
dimensional vectors fields,

the scalar a from the dualization of the Kaluza-Klein vector wyg.

5.3 Sigma-Model for D =3

For a space-like Killing vector the metric on .#.,; is positive definite, while for
a time-like Killing vector which correspond to stationary solutions the metric is
indefinite with 2n, negative terms due to the fields Z originating from the n,,
vector fields in the four-dimensional theory.

Then, if we focus in the stationary the target space //15(3)

o 18 a pseudo-

Riemannian scalar manifold which contain .# 8(221 of the form

con® G

scal — P
Hi,)

//1(4)

scal

(5.3.1)

The isometry group G 3y of the target space is the global symmetry group
of the Lagrangian L3, which is semisimple, non-compact Lie group
while H,, is a non-compact real form of Hs), the semisimple maximal compact
subgroup of G 3).

We shall use for the scalar manifold the solvable Lie algebra parametriza-
tion, identifying the scalar fields ® with parameters of a suitable solvable Lie
algebra [104]. Indeed, the three-dimensional scalars ®! define a local solvable
parametrization of the coset, i.e. the corresponding physical patch % is isomet-
ric to a solvable Lie group generated by a solvable Lie algebra . (see section
(4.3.2)):

M, > U =e” . (5.3.2)

sca

The coset representative is chosen defining the following exponential map:

L(®) = e 0Te V2ZM Trs (&' Ty 2UHo (5.3.3)

where the generators { Hy, Te, T, Tas } are the solvable generators and satisfy the
following commutation relations: respects the following commutation relations

[To, Tn] =%TM> [T,, Te] =T, (5.3.4)
[Tar, T] =ChrunTe [T, T,] =[T.,T,] = 0, (5.3.5)
[T, Tos] = (T,)N, T, [T,,T,] = — (Ts)* Ty (5.3.6)

The solvable Lie algebra .# is defined by the Iwasawa decomposition [55] of
the Lie algebra g3 of G (3), with respect to its maximal compact subalgebra Hj.
The generators Ty transform under the adjoint action of G4) C G(3) in the
symplectic duality representation of the electric-magnetic charges.
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The Lie algebra of H, is denoted by $3 and is a subalgebra of g3, the Lie
algebra of G(3) All the above formulas are referred to a matrix representation in
which 9% and $3 are defined by a pseudo-Cartan involution (see (4.3.1))). This
involutive automorphism ¢, acting on the algebra g3 of G 3), leaves the algebra
$3 invariant. The action of ¢ on a general matrix A is

s(A) = —nAly (5.3.7)

where 7 is a suitable H (*3 -invariant metric, where = ' and 7% = 1.
Analogous to section (4.3.1) The pseudo-Cartan ¢-involution induces a (pseudo)-
Cartan decomposition of g3 of the form

8= 556 %, (5.3.5)
where in this case we have
c: s(H3) =95 <(RY)=-95. (5.3.9)
The spaces follow the structure
(93, 93] €93, (5.3.10)
(93, R3] £R3, (5.3.11)
[R3, R3] £93. (5.3.12)

We see that H (*3 has a linear adjoint action in the space ﬁ’(kg), which is thus the
carrier of an H (*3)—representati0n.

5.4 Conserved currrent for D = 3

The o-model action (4.4.17)) reads

a - —14i
5= —g/dx,/|g<3>|Tr (MTLOMM P M) (5.4.1)
where o = m From the Lagrangian

Lo =ATr (MMM I M), (5.4.2)

From the Euler-Lagrange equations

6 L g(g) r . 1"

(w) = — 24/ g MP MMY; My MTT 5 MTP (5.4.3)
=24 (MTIOMM I MM /g®), (5.4.4)

5(£+/g® _

u =24 (MO MM /g3 (5.4.5)

00; M

0=—24VgOMLOMM TP MM — 240 (\/9(3)./\/18"./\/1/\/1_1)
— 249, (x/g(3)/\/l_18i/\/l) M1
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Figure 5.1: The integration in the boundary in infinity is equivalent to the
integration over the boundary close to the solution. Source: self made.

We find

) (Ji\/g(?’)) -0 (5.4.6)
where .

J'=5 MM, (5.4.7)

For duality we can write this one form like a two form

. 1 . .
Ji= Q) = 9,00 =0 (5.4.8)

Vg®

where .
J? = §J§,§>d:cﬂ'dx’€ — dJ® =0. (5.4.9)

We see that this conserved currrent has the property of

0:/ dJ<2>=/ J® (5.4.10)
Ms OMs

But the boundary is 9M = S? — SZ then
/ J@ = / J@, (5.4.11)
52 52

that means that is independent of the radius and stationary axisymmetric so-
lutions can be described by n functions ®(r, ), solutions to the sigma model

equations, and characterized by a unique “initial point” ®, = @ at radial
infinity
Ty = lim Ui(r,0). (5.4.12)
T—>00

and an “initial velocity” @, at radial infinity, in the tangent space To,(Ascal)-
Considering this, the gs-valued Noether-charge matrix @, in terms of the cur-
rents, reads:

1
Q =~ 1r /32 Jag,d0dep,

Considering J(,(i,) = \/93€00orJ"

1
Q=1 /S Jaspdbde,

1 (
Q-r /S VPP dody (5.4.13)
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From it we may derive the set of Nother currents Ju,, and we can find the
constants of motion as mass m using T4 = Ty, the NUT-charge n,,; associate
to the T4 = T,, the scalar charges X, where T4 = T, and electric-magnetic

charges I' = (;z) when Ty = Ty, are they obtained from the components of

the charges @ of the Noether currents Ja,, [103]:
Jam =kTr (Tjjm) : (5.4.14)
Qi =kTr(QT}) = ﬁ /S ] Vag'm I 2 dody (5.4.15)
where Ty = {T,,Te, Trs, T}, and then we have

IR =S (LM 0,M) = e (90 + 27C0,,2) (5.4.16)
k 1
Jon =5 Tt (TIMT1 0, M) = 0,0 + 5e 2V 2" MOWZ = adum,  (54.17)

1
—e Y MuymnOmZY + V2C2Jup,

T = (1], M9, M) = %
(5.4.18)

2
1

\/ﬁL4S§V4S§/6m¢S” + e 2V ZTT M4y Z — Topan ZM ZN Jup.

(5.4.19)

i =

where Li; is the coset representative of the symmetric scalar manifold in four-
dimensions in the solvable parametrization, as a matrix in the adjoint represen-
tation of the solvable group, Vf; is the vielbein of the same manifold and the
hat denotes rigid indices.

The other conserved quantity characterizing the axisymmetric solution is the
angular momentum M, along the rotation axis. Usually it is derived from the
standard Komar-integral, but it is useful to describe the global rotation of the
solution by means of a new gs-valued matrix @, firstly defined in[ [103]:

oo

Q«p:

. ) 3 [
pii0jyda’ Ada? = - /S | 950 Todbdp. (5.4.20)

47 S2

The conserved quantities are then obtained as the flux of the currents across
the 2-sphere at infinity, according to eq. (5.4.14)) as mentioned before (see figure

5.1):

Pt = — KT (T]Q) Mapu =KTr (T]Q) . = =kTr (T]Q),

Y —VICMN T (T4Q) Jp =kTr (TIQ,) . (5.4.21)

Being G(3) the global symmetry group of the effective three-dimensional
model, a generic element g of it maps a solution ®(r,) into an other solution
U’ (r, 0) according to

Vg € Gzy: My(P!) Lo Ms(U'7) = gM3(¥)g. (5.4.22)
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That means
VgeGa: Q@ =(97)Q¢", Qo QL =(97")1Qug" (54.23)

Equations allow to compute the angular momentum of the transformed
solution without having to explicitly derive the latter from , so that we
can avoid to compute the corresponding Komar integral on it. This is one of the
main advantages of working with QQy. The presence of a non-vanishing Qv is a
characteristic of the G (3)-orbits of rotating solutions and therefore one cannot
generate rotation on a static D = 4 solution using G'3).

We can map point at radial infinity (¥{) into the origin of the manifold by
means of a transformation in G'(3y/Hs). This choice clearly breaks G s to the
isotropy group H(sy and, as a consequence of this, the two matrices @ and Q,
always lie in the coset space R3.

5.5 Kern-Newmann black hole

A 2
g = — 2V = —p—Q, Grr :%, (5.5.1)
Ap?
ge0 :p27 Gop = A (5~5-2)

with the 3-dimensional metric like

2 0
3) Ao
g =0 A o0 (5.5.3)
0 0 Asin®6
and
Ai 2
W= wydp = M sin? Ode. (5.5.4)
Then, we must consider
1
Ag=— P (Qr —aPcosb), (5.5.5)
1
A, = (aQrsin® 60 — (r* + a®)P cos ) (5.5.6)

Following (5.2.8)), (5.2.10)), (5.2.12)) we have

- (Qrasin®0 — AP cos0)

A3 = d(p7 (557)
Fw :a(QaPr cosf — Qgr2 —a%cos?0)) sin 9, (5.5.8)
p*A
. A (2aQr cosf + P (r — a®cos? ) ) sin @
Sy ()i
JZVAN
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Using (9.2.16)), (5.2.17)) and considering Z = —1 with R =0

Op A =— 62Ueg,g%g]“"“’ﬁ’gy,7 (5.5.10)
OpA =e2U63gMg‘p‘pFw (5.5.11)
P <

— A= W +C. (5.5.12)

therefore » )

_ —5 Qr —aPcosf
Zum (,)12 (Pr + aQcosf) + C. (5.5.13)

where C' is a integral constant. To obteind a we use ([5.2.17))
M

a= = cosf + K (5.5.14)

where K is an integral constant.

5.5.1 Coset geometry for KN solution

We consider the scalar manifold .# = SU(2,1)/U(1,1) with n = (—1,1,19. Let
g € U(2,1) a 3 x 3 matrix such that g = a;g; where g are the generators of
SU(2,1), then

g'n+ng=0. (5.5.15)

The scalars &, = {U, a, ¢, 7, Z} correspond to a local solvable parametrization,
i.e. the corresponding patch, to be dubbed physical patch % (see (5.3.2)),
is isometric to a solvable Lie group generated by a solvable Lie algebra (see
(4.3.2)) defined by the Iwasawa decomposition of the Lie algebra of G sy with
respect to its maximal compact subalgebra H. The generators of the solvable
decomposition are

L0001 i 0 i
Hy=3 (0 0 0 T.=[0 0 0
1 00 -5 0 3
0o 1+ 0 ()
1 1 1 1
1 1
0 -1 0 0 -1 0
then we can built the parametrization of SU(2,1)/U(1,1) correspond to the

following exponential map:

L =
LemU (24 2ia + 262V + 27 4 23) 7%(21+i32) 1e7U (-2 -2ia 422V — 22 - 27)
7%6—[&21 — iZ9) 1 \}ﬁe_U(Zl —iZ9)
eV (—2+2ia+2e2U 4 27 4+ 27) 7%(214@22) 1e7U (2 - 2ia 4202V — 27 — 22)
(5.5.17)

With this, following section (5.4) we can obtain the currents J; and the charges.
In the case when we consider J, we have

0 0 2M
Q=1| o0 0 —iV2(P —iQ) (5.5.18)
2M  2(—iP + Q) 0
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5.6 AdS metric

Analogously to the case above we consider the AdS metric
2

1
ds? = — <1 + 7“) dt? + ————dr + r2d#? + r? sin %d¢°. 5.6.1
b2 (14+rb=2) ¢ ( )

where b = \/% . The field strengths are off and only scalars after the reduction

and dualization is

1
U=-Log |1+ — (5.6.2)
2 _3
A
Then, the non-vanish current is
2
Jo=|—"—0]. (5.6.3)
r24 /-3

5.6.1 Coset geometry for AdS solution

We choose the group G'3(2) which has as subspace non-compact Hy, .. = SO(4) ~
SU(2) x SU(2). From equation (4.3.11)) we have basically that h = a’h; where
h; € Hy,. and g = bigz- where g; € g, such that

[h, 9] = (R) .y g (5.6.4)

is a secular equation to obtain an adjoint representation. We find the generators
H, .., noting that they are symmetri{f] and that they commute between them.
The Iwasawa parametrization is the most suitable for the computation of the
metric on Gy)/SO(4). We know that the Cartan subalgebra of is generated
by hy := C11 and hs := Cj5 in [105]. The roots of G5 can thus been computed
by diagonalizing the adjoint action of H;. We obtain

Solv = Hy .o & {Ea}, (5.6.5)

*In the that they are real, if not they are hermetic
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which correspond to the Borel algebra. The respective matrices are

) ) ) \)
© b~ @ S
© © © ©
o) 10 0 B 10
0 0 0 —
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(5.6.10)

o O O o000 Oo
=l -l-R=N=
o O O o000 o
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—8

oo O o o o
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oo ccoco

i

_000000
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Then, as we see in section the only charge different from zero is
2r

Mapy =— ————"F7
r24+/3,/—%

2 1
X [(=94+3r2A)~1 | 9+ 9V3r —97‘4A—|—\/§r6\/—XA2 ¢ cos(0)

\/T

>l

(5.6.12)
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Chapter 6

Conclusion and Comments

To learn is not to know; there are the learners and the learned. Memory makes
the one, philosophy the others.

Alexandre Dumas, The Count of Monte Cristo

First part

In the first part of this thesis, we have presented, using a geometrical formal-
ism, a method to find the semigroups with which it is possible to perform an
S-expansion between two known algebras. In addition, the concept of zero-
reduction towards an ideal-reduction has been extended, reproducing, in this
way, a generalized IW-contraction. Numerous examples are shown to corrob-
orate the method, and, at the same time, an interesting application in super-
gravity to obtain a Hidden Maxwell Superalgebra from an AdS Lorentz algebra
in 4 dimensions.

In chapter [I] we have reviewed some concepts of the theory of Lie algebras
and the main aspects of the S-expansion procedure. Precisely, in section [1.3| we
shown how S-expansion procedure affects the geometry of a Lie group it was
found how the magnitude of a vector and the angle change between two vectors.
Also, it was found that the kind of algebra, after applying N S-Expansion is a
non-simple Lie algebra. Then, in section [I.4] when is considered resonance and
reduction, we developed an analytic method, able to give us the multiplication
table(s) of the set(s) involved in an S-expansion process for reaching a target Lie
(super)algebra from a starting one, after having properly chosen the partitions
over subspaces of the considered (super)algebras.

Furthermore, in our example we have shown in an interesting way that
the particular subalgebra (where P, and @ commute) of the hidden superalge-
bra underlying D = 11 supergravity is linked to osp(32/1) by the semigroup
Sg)7 only if this coincides with the M-algebra described in [20]. We conclude
our observations saying that, previously in [40] and later in |26], the authors
also found a singular solution, which, in our notation, corresponds to consider
the singular limit Q' — 0 in the target superalgebra. In this case, the autho-
morphism group of the FDA is enlarged to Sp(32), and the whole procedure
resembles an Inonii-Wigner contraction. Thus, we can clearly see the existence
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of a strong link between the mentioned superalgebras, given by the S-expansion
(0g-resonant-reduction) and the Inénii-Wigner contraction procedures. How-
ever, we will not treat the case involving the Inonii-Wigner contraction in our
work, and we leave these considerations for the future.

In chapter 2] we have shown how to reproduce a generalized Inonii-Wigner
contraction by considering a new prescription for the S-expansion procedure,
which involves an infinite abelian semigroup S’%OO) and the removal of an ideal
subalgebra. This infinite S-expansion procedure with subsequent ideal subtrac-
tion, represents an extension and generalization of the finite one, allowing a
deeper view on the maps linking different algebras.

With all this “tools” we can use of the main advantage of S-expansion. We
refer to the use of theorem VII.2 of the refence [20] which serves to construct
the topological invariant of a respective S-expanded algebra from another of
which the bilinear form is known, then is an extension and generalization of
the mentioned theorem. This procedure allows to develop the dynamics and
construct the Lagrangians of several theories. In this context, in particular,
the construction of Chern-Simons forms becomes more accessible, and it would
be particularly interesting to develop them in (super)gravity theories in higher
dimensions, by following our approach.

Also, the work reproduces the results already presented in the literature,
concerning to the generalized Inénii-Wigner contraction, and also gives some
new features. Moreover, it gives a connection between the contraction processes
and the expansion methods introduced in [17], which was an open question
already mentioned in [12].

In chapter [3] it is shown one of the interesting applications mentioned above.
We refer to obtain a particular hidden Maxwell superalgebra underlying super-
gravity in four dimensions. Thus, we have written the hidden Maxwell su-
peralgebra in the Maurer-Cartan formalism, and then, we have considered the
parametrization of the 3-form A®) in terms of 1-forms, in order to show the
way in which the trivial boundary contribution in four dimensions, dA®), can
be naturally extended by considering particular contributions to the structure
of the extra fermionic generator, appearing in the hidden Maxwell superalgebra.
These extensions contain terms which involve the cosmological constant. Inter-
estingly, the presence of these terms strictly depends on the form of the extra
fermionic generators, appearing in this hidden extension of D = 4 supergravity.

Future work

A future work of that is discussed in the section [I.4] includes the study of
the particular cases in which the number of subspaces partitions of the target
(super)algebra is different from the number of subspaces partition of the starting
one, and the extension to the case of infinite algebras and semigroups, to made
the connection with the ideal-reduction proposed in chapter

In the generalization of IW-contraction as an infinite S-expansion procedure,
we have restricted to the cases involving an infinite semigroup Sgoo) related to
the set (N, +). We leave a possible extension to the set (Z, +) to future works.
This further analysis would be interesting, since it would produce a S-expansion
involving a complete group, rather than a semigroup. Moreover, if we consider
ti use Grassmann parameters, as we saw in section [1.5.1) we can consider the
relation of this technique with the bosonization [106], which has an exponential
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function in the procedure that gives the possibility of relating the presented
technique due to the use of the group Z.

About the Hidden Maxwell Superalgebra underlying D = 4 supergravity, it
would be interesting to write the Lagrangian in four dimensions and to consider
non-trivial boundary terms, by looking at the new structure of dA®). Another
interesting development of the present work would be the study of Chern-Simons
theories and Lagrangians in even dimensions, such as the Born-Infeld case for
four dimensional case. In particular we would like to see the relation of dA3 and
the generation of a topological invariant, proposed in [107].

Second part

In the second part, we have synthesized the general features of ungauged su-
pergravities, including their global symmetry group G. We have shown two
examples, in extended supergravites, where we use a Lagrangian with an as-
intotic solution, where one of them has a cosmological constant. The solution
generating technique is useful in scenarios where the theory is not-gauged, since
we need solve the Einstein, scalars and vector equations in the same time. With
a gauged theory we need to study how uncoupling the equations to be resolved.
At first we work, in the unfinished research,with the AdS metric with the global
group Gy(), where we found the only charge. Bearing in mind that a solution
with cosmological constant is always gauged for extended supegravities [36], it
is planned to investigate the applicability of the solutions generating technique
on gauged theories at this level.

The gauging procedure consists in promoting a suitable global symmetry
group G of the Lagrangian to a local symmetry group gauged by the vector
fields of the theory. Besides the introduction of minimal couplings, changes
in the Lagrangian and the supersymmetry transformation rules are required
in order to the resulting model has the same supersymmetries as the original
ungauged one.

Future work

The work to be done is to solve the field equations of a Lagrangian with con-
stant potential, to solve the gauged equations, using the solution-generating-
technique. After this, evolve into more complicated potentials.

Another task is to approach the dimensional reduction and dualization to
link higher dimensional theories with complicated topologies and solve them at
the 3-dimensional level.
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Appendix

-Vuoi un caffé?
-Si per favore.
-Andiameo.

A lot of people in the world
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Appendix A

Calculations to found the
semigroup

A.1 Resonance and reduction for moving from
the BTI to the BTII

First of all, we solve the system (1.4.7)), that in this case reads

1:1(A0)7
2=1-(A), (A.1.1)
P=Ag+ A +1,

since

dim(Vp) dim(Vp) = (A.1.2)

=1, 1,
dim(V) =2, dim(V;) =1, (A.1.3)

neglecting the zero element of the subspaces V; and Vj. Here we have denoted,
as usual, with Ay, A = 0,1, the cardinality of the subsets Sa , associated with
the subspace A, i.e. the number of elements in Sa,. Solving the system above,
we get the unique solution

P=4, Ag=1, A =2 (A.1.4)

Now, since S = {S1,} U{S2,} U{Xos}, where Aoy is the zero element of the
set S, we can write the following subset decomposition structure of the set .S:

Slo :{Aa}7
So. =D, Aok (A.1.5)

Here the index a, b, ¢ identify general elements of the set S, and they are not
running index. We do not yet identify them with numbers, because there still
exists the possibility of having the same element in different subsets.

The next step consists in finding the multiplication rules between the ele-

ments of each subset in (A.1.5). We write the relations (1.4.9)), which, in this
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case, read
[(S1, ® Vo) & ({Aos } @ Vo), (S1, @ Vo) & ({hos } ® Vo)] =
= (K% (©)ho) (51 © Vo) & ({0} © 1),
- (K((2211))(10) (C)io) (S2, ® V1) & ({Aos } @ V1), (A.1.6)
[(S2, @ V1) & ({Aos } @ V1), (92, @ V1) & ({Aos } @ V1)] =
= (K((Zlf;(%) (C)(ﬂ) (51, ® Vo) @ ({Aos } @ Vo) .

These relations (which can also be rewritten in a simpler form, such as the one
in (1.4.13)) give us a first view on the possibilities allowed by the multiplication
table of the set S. In fact, we can now write

Slo . Slo CSlO U {)\OS}, (A17)
521 . Slo CSQl U {)\05}7 (AIS)
521 . 521 CSlo @) {)‘Os}v (Alg)

where we have taken into account the presence of the zero element Aog of the
set S. Thus, we are now able to write the possible multiplication rules between
the elements of the set .S, namely

)\a)\a :)\a,OSa (A.l.lO)
)\b,c)\a :)\b,c,Osa (Alll)
)\b,c)\b,c :)\a,Osa (A112)

where we have already taken into account the triviality of the multiplications
rules of Agg.

We have exhausted the information coming from the initial algebra, thus we
now use the information coming from the target one, in order to build up the
complete multiplication table of the set S.

We proceed by writing the relations between the S-expanded generators of
the initial BTT algebra and the generators of the target BTII one, according to
the usual S-expansion procedure described |20]. According to the identification
criterion presented in Subsection we can perform the identification

Ao Xo =Y3 (A.1.13)
X1 =Y, (A.1.14)
AX) =Ys. (A.1.15)

We now write the commutators of the target BTII algebra in terms of the
commutators between the S-expanded, resonant-reduced generators of the BTI
one:

[Ya, Y3] =Y7,
AcX1, A Xo] =M X1,
Aeda [X1, Xa] =Xy X1. (A.1.16)

Since for the BTI algebra we have [X;, Xo] = X;, from equation (A.1.16) we
obtain
Aeda = Ap. (A.1.17)
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This simple analysis can be performed in order to find the correct multiplication
rules between the elements of the set S, thus we proceed in this way, computing
the other commutators and factorizing the product between the elements of S,
in order to end up with the complete multiplication table.

Let us observe that the commutator

[Y1,Y2] =0 (A.1.18)

does not give us any further information about the multiplication rule between
Ay and A, due to the fact that, when we write it in terms of the commuta-
tor between S-expanded generators and we factorize the product between the
elements of S, we are left with Ap). [X1, X1] = 0, which reproduces a trivial
identity, since [X1, X1] = 0 in the BTI algebra. On the other hand, from the
study of the last commutator we have to consider, we get

[Y17Y3] :Oa
Ao X1, A X2] =0,
Aoha [X1, Xs] =0. (A.1.19)
Since, from the initial BTI algebra, we know that [X;, Xa] = X; # 0, from

equation (A.1.19) we see clearly that the the zero element Ao, is naturally
involved in the procedure, and we can finally write

AoAa = Ao, (A.1.20)

A.2 Only resonance for moving from the BTI to
the BTII

If we search for a table in a case of using only resonance, we must to resolve
again the equation (|1.4.7)) which, in this case, is solved by

P=3 Ag=1, A =2 (A.2.1)

Then, performing the usual procedure (see Section [1.4) as before

Slo . Slo CSlOU, (A.2.2>
521 . Slo CSQIU, (A23)
521 . 521 CSlOU, (A24)

where we have not taken into account the presence of the zero element Ag4 of the
set S. Thus, we are now able to write the possible multiplication rules between
the elements of the set S, namely

>\a)\a :)\aa (A25)
)\b,c)\a :)\b,ca (A26)
)\b,c>\b,c :)\aa (A27)

One again, we have exhausted the information coming from the initial algebra,
thus we now use the information coming from the target one, in order to build
up the complete multiplication table of the set S.
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We proceed by writing the relations between the S-expanded generators of
the initial BTT algebra and the generators of the target BTII one, according to
the usual S-expansion procedure described |20]. According to the identification
criterion presented in Subsection we can perform the identification

Ao Xo =V5 (A.2.8)
X1 =Y (A.2.9)
AcX) =Y5. (A.2.10)

we can reach the multiplication rules between the elements of the set S, after
having faced the particular situation in which

[Y1,Y3] =0, (A.2.11)
A X1, \aX3] = 0, (A.2.12)
ApAa [X1, Xo] = 0, (A.2.13)

where [X1, X5] = X7 # 0. As we can see in equation , the generators Yy
and Y3 of the target algebra must commute, while the generators X; and X5 of
the starting algebra do not commute; so, the only way for reaching a consistent
multiplication rule between the elements A\, and )\, consists in adding a zero
element in the set S involved in the process, such that

Ao = Ao, (A.2.14)

The inclusion of the zero element is consistent, since this modification just affects
the variable P in the system l) which increases of +1 (namely, P = 4).

A.3 Detailed calculations for reaching the hid-
den superalgebra underlying D = 11 super-
gravity, starting from the supersymmetric
Lie algebra os p(32/1)

We can thus proceed, giving the internal decomposition of the target superalge-
bra (we first consider the case in which {Q, Pa} # 0). For the target superalgebra

underlying D = 11 supergravity, we can write

I

—_
—
=)

dim (VO> (A.3.1)

dim<f/1) = (A.3.2)
dim(ffg) = JL+ 462 =473 (A.3.3)

b, Zay-ag

where we have clearly set Vo = {0} U {Jap, Zap}, Vi = {Q,Q'}, and V, =
{Pas Za,...a5 }- The subspaces partition for the target superalgebra satisfies the
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following relations

[W¥] < (A3.4)
Vo, i| ¢ Ve, (A.3.5)
Vo Va| ¢ Voo, (A.3.6)
{f/l, f/l] c Voo Vs, (A.3.7)
Vi c Vawn, (A.3.8)
Vo Va| © Voo, (A.3.9)

analogously to what we have done for osp(32/1). We can now move to the study
of the usual system (1.4.7]), which, in this case, reads

110 =55(P — 1 — Ay — Ay),
64=32(P—1—Ag—Ay),

F- 0~ A2) (A.3.10)
473:473(P—1—A0—A1),

P=Ag+A1+As+1,

where Ag, Ay, As respectively denote the cardinality of the subsets related to
the subspaces Vj, V1, and V,. This system admits the unique solution

P=6, Ag=2, A; =2 Ay=1. (A.3.11)

Thus, we are now able to write the following subset decomposition of the set S
involved in the process:

SQO = {)\G7Ab}7 (A312)
521 = {)‘c>>\d}; (A313)
S = [\ (A.3.14)

Thus, one can now write the usual relations (1.4.9) (or their simpler form, given
by (|1.4.13))) for the case under analysis, and find the following product structure
for the subset decomposition of the set S

Say - Say € SayU{Mosls (A.3.15)
Soy+Sa, C o, U{hos)s (A.3.16)
So, S, C Si,U{hosls (A.3.17)
Sp, - Sa, € (Say N S1,)U{Nos}, (A.3.18)
So, S, C Si,U{lo.ls (A.3.19)
S1, S, C (SN S1,)U{Nos}s (A.3.20)
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where we have explicitly taken into account the presence of the zero element
Aog- This allows to reach the multiplication rules

Aaprab = Aab0ss (A.3.21)
Aapred = Acd0ss (A.3.22)
Aapre = Aeos) (A.3.23)
Ae,dAe,d = Aabe,0s: (A.3.24)
Acdde = Aeogs (A.3.25)
Aede = Aabe0ss (A.3.26)

where we have already taken into account the triviality of the multiplications
rules of Agg.

We can now fix the degeneracy appearing in the above multiplication rules,
by analyzing the information coming from the target superalgebra. According
to the usual S-expansion procedure (see Ref. [20]), we have to write the commu-
tation relations between the generators of the target superalgebra in terms of
the commutation relations between the generators of the S-expanded 0sp(32/1).
After having performed the identification (according to the identification crite-
rion presented in Subsection

)\aJab :jaba )\bJab :Zab, )\CQ :Q, (A327)
AaQ =@, APy =Py, AeZayas =Zay...ass (A.3.28)

we are able to write the commutation relations of the superalgebra underlying
D = 11 supergravity in terms of the commutation relations of the S-expanded
generators of 0sp(32/1). In the following, we will just consider the structure of
the commutation relations, since the explicit values of the coefficients are not
relevant to our analysis. For performing this calculation, we consider the case
in which [Q, Pa] £0.

Thus, taking into account the commutation relations for the initial algebra
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0sp(32/1), we have:

{Q, Q'Y ={X\aQ, 2aQ} = Xara{Q, Q} =0, (A.3.29)
— Aadd = Aos,
{Q, Q' ={2Q, 2aQ} = XAa{Q, Q} = 0, (A.3.30)
— Ahd = Ao,
[ﬁa, By| = [\Pu APy = A [Pa, P = 0, (A.3.31)
R S v
[Pas o] = \ePas ATl = Aeda [P, Joc] o< AGE2 P, (A.3.32)
A=A
[jab, Jea| = Padans Aaded] = Mada [Tuvs Jed] X020 e (A.3.33)
S A = A
[Pus @] = Do Pas MaQ) = Aha [P, Q) = 0, (A.3.34)
S = o
[Zam@: = [AoJab, AaQ] = ApAd [Jap, Q) = 0, (A.3.35)
— XA = Aoy,
[P0, Q] =0 Pus AeQ] = AeXe [Pa, Q] x i, (A.3.36)
A=
{Zaba Q = [Aodab, AcQ] = MpAc [Jap, Q] X M@, (A.3.37)
OV W
| Javs Zea| = Poadans Aoeal = oo [, Zea]  Mb20d 2, (A.3.38)
= Ag Ay = Ay,
[Jus @] = Phadas AeQ] = Aae b, Q) 5 AQ, (A.3.39)
A=A
[Jass Q'] = Phaas AaQ] = Aaa [, Q) x MaQ, (A.3.40)
— AaAd = A,
{Zab, ch_ = [AoJaby AvJed] = oAb [Jabs Zed] = 0, (A.3.41)
RV VS v
| Zabs o] = Doan A Pe] = Mo [ans Pe] = 0, (A.3.42)
— ApAe = Aog,

{Q,Q) ={\Q, AQ} = AAAQ, Q} < AP + NoJup + A Zavede, (A.3.43)
— AcAe = A\p, where we have set A\p = A,

and the other commutation relations give us results that agree with the above
ones.
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We observe that, in equation (A.3.43)), we must set
Ab = Ae, (A.3.44)

in order to get consistent relations.

This procedure fixes the degeneracy of the multiplication rules between the
elements of the subsets of S, and we are now able to write the following multi-
plication table

Aa Aa Ab Ac Ad AOS
M| A Aos Ad Aos Aos

A.3.45
SV D VRS VIR VR VO ¥ (4.345)
Ad | A Aog Aos Aos  Aog
Aos | Aos Aog  Aos  Aos  Aog
Then, after having performed the identification
a0, b2, ¢+ 1, d<3, 0g<« 4, (A.3.46)
we can finally rewrite the table above as follows (in the usual order):
Ao Al AQ Ag A4
Ao AO Al AQ Ad A4
S R B (A.3.47)
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Appendix B

Calculations on
Ideal-Subtraction

B.1 Calculations for reaching the non-standard
Maxwell algebra

We consider the abelian semigroup S%oo) and, following the notation adopted
in Ref.s [20,45] and the procedure developed in the present work, we show that
it is possible to obtain an infinite-dimensional superalgebra as a S-expansion of

0sp(2]1) @ sp(2), using 55
We decompose the infinite semigroup SEEOO) as follows:

So ={X0; A2, gy Aa, Mg, -1, (B.1.1)
S1={A1, A2, A3, A4, A5, L) (B.1.2)

allowing resonance between the decomposition of the infinite semigroup SJ(EOO)
and the partition over the subsets of the AdS superalgebra, which reads Vo =
{Jab}7 and V; = {QO&JPQ}'

If we now perform an identification and rename the generators as follows:

J% = XoJap, Mndap = J0 =J0, n#0,2, (B.1.3)
Z2, = Xodap, (B.1.4)
P! =\ P, NP, =P =P% s#1, (B.1.5)
Qb = MQa, AQo = Q5 =Q5, s#1, (B.1.6)

we can then choose the set of generators on the right to belong to an ideal Z.

In order to make this clearer, we write the commutation relations between
the expanded generators and we remark with bold characters those which we
choose to belong to the ideal (those terms must be removed when we perform
the ideal subtraction).
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For the bosonic sector we have:

(T2 I%] =beT 0y — NacToy — MaToe + NaaJpe, (B.1.7)
[J«(z) Z?d] =0beZog — NacZig — MaZee + NadZpes (B.1.8)
[ng ~::1d- =NbeT g — NacTha — Mbadhe + NadThe; (B.1.9)
[i?b, 2| =ioe 2™ — nacTpd™ — e T2 + aaTpim, (B.1.10)
(70, PY] =meP) — nac P, (B.1.11)
[ng P2] =npePS — 7ac P, (B.1.12)
[l‘i‘b, P =npe PRt — PR (B.1.13)
|35, P5] =P — e PR, (B.1.14)
(PP =72, (B.1.15)
[153, Py | =33, (B.1.16)
B3 B =35t (B.1.17)

while for the fermionic sector we have:

[1527 ~Z} =% (FaQS+S)a, (B.1.18)
[1527%} :% (FaQS“)a, (B.1.19)
[Pal@i} =% (FaQs“)a, (B.1.20)
[P0 =5 (ra@?) (B.1.21)
|3, 03 =% (FabQS+n)a7 (B.1.22)
[Joy: Qa] :% @), (B.1.23)
{ ~Z,Q73} :—% {(Fabc)aﬁ 5 - 2(r°0),, 15;+S], (B.1.24)
{ LQ%} :—% [(Pabc)aﬁ it - 2(r°C),, 15;+1], (B.1.25)
{QL. QL) =— % [(Fubc)aﬂ 72, —2(T°C),, 4 Pg} , (B.1.26)
(22, Z24] =nbeTaa — NacTba — MbaTac + NaaThe, (B.1.27)
(22, Q1) = — %(FabQ?’)a, (B.1.28)

where n and s can also assume the same value, but the conditions n # 0,2 and
s # 1 must hold. The subtraction of the ideal correspond to erase the parts in
bold character. After having performed the ideal subtraction, we end up with
the non-standard Maxwell superalgebra described in Subsection [2.6.6]
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B.2 Calculations for reaching the super-PP-wave
algebra

We choose the following ideal:
T= ({)‘271}?;1 X VO) S5 ({)‘2n+1}20=1 X Vl) D ({)‘2n}zo=2 X V2) (B'2~1)

We then subtract this ideal and what finally remains is given by

NP, Q4] =— %ﬁ/\lcgg, (B.2.2)
MoP_, MQ_] = — Q—%AOQ,I (B.2.3)
AP, M@ :\%MQJ*IE, (B.2.4)
AL Pir, AoQ_] :QLﬂleJ*m,, (B.2.5)
APEL AoQ-] :%Althmr*, (B.2.6)
(Ao Trmns AoQ] :%)\OQian, (B.2.7)
IMQi, MQ1} =—2CTT )\ Py, (B.2.8)

1

ﬁcr—m’i’ Xy,

(B.2.9)
Qs Q) = (—QCFMAle _ACITIN P — 2CJF1"A1P;) AoP-—. (B.2.10)

{XMQ_, M0Q_} = — 20T~ N\gP_ — V2CT " ITY N J;; +

Then, we only have to properly rename the generators in order to find (2.6.101]).
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Appendix C

Dirac-Schwinger-Zwanziger
quantization

Electromagnetism without monopoles is 9, *F*” = 0, that means Fur =
OuA, —0yay,, we A, is defined in all the space-time. Also we have the invarianze
A:L =A,+ 0, (C.0.1)

that satisfies Fpuv.
Also, a particle of mass m satisfies the Schrodinger equations which is in-

variant under 1' if o transform as ¢ = e_iqa

n 1p. But if we consider the
existence of magnetic monopoles,

5 9 = = B 3
B ey . B = . 2
m= T = V- B, = g6°(F) (C.0.2)

Since the divergence of B is different from zero we cannot have A regular in
all the space and satisfies the same equations as F. Neverless we can use the
ambiguity of A transformation and we use different potentials in different regions
of the space,

g (1—cosf
Ay =—"F——— .0.
N T sing O (C.0.3)
Ag—_ 9 (dFcosh), (C.0.4)

4mi sinf
Then, we have
V x AS = Bm.
B,, can be describe with Ay or Ag. In every place we must choose a function
YN or ¥g, which differ by a phase. We know that the function have to be
simple-evaluate from quantum mechanichs, but from the transformation of )’
we know that both are simulstanously simple-evaluate if

_ iqah(tb) — iqa(d;:r%f) 7
taking a(¢) = —3=¢ we see that qg = 27nh, n € Z, and if we consider more
than one monopole; ¢;g; = 2mn;;h, ni; € Z. Then, if we consider also dyons
we have

qi9; — 4;9i = 27mijﬁ. (005)

Which is the condition of Dirac-Schiwinger-Zwanzinger.
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