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T-Duality and Rotator Franco Pezzella

1. Introduction

T-duality is a peculiar feature of strings, since it is inherently linked to their extended nature
and, therefore, cannot subsist for point particles. It originally emerges out of compactifying the
target space along some directions. Indeed, the one-dimensionality of a string allows it to wrap
around non-contractible cycles, resulting in winding mode contributions to its dynamics in addition
to the ones of momentum modes familiar from particle dynamics, quantized in integer units. T-
duality relates these two kinds of modes. It implies that, in many cases, two different geometries
for the extra dimensions are physically equivalent, i.e. string physics at a very small scale cannot be
distinguished from the one at a large scale, as it is shown in the simplest case of compactification
of a spatial coordinate on a circle of radius R. Here, T-duality is encoded by the simultaneous
transformations of R <> %/ and p, <> w*, where p, is the quantized momentum of the string and w*
is its winding mode. Under such transformations, the string coordinate along a compact dimension
X, sum of the left and right movers, is transformed into the T-dual coordinate X,, defined by
their difference. The winding mode w* plays with respect to X, the same role as p, does with
respect to the coordinate X“. This leads to a duality between two different target spaces with the
string theories defined on them resulting to be equivalent, as can be seen from the mass spectrum
analysis. More generally, T-duality allows to build new string backgrounds which could not be
addressed otherwise and generally go under the name of non-geometric backgrounds (see e.g. [1]
for a recent review on the subject). Furthermore, together with S-duality and U-duality, it lies at the
heart of relating the five different superstring theories that turn out to be seen as low-energy limits
of the so-called M-theory.

On a d-dimensional torus T-duality is described by an O(d,d;Z) transformation that is a sym-
metry of the Hamiltonian but not of the action of the theory. This is actually reminiscent of a more
general symmetry.

Indeed, one can observe that, already at the classical level, the symmetry under the indefinite
orthogonal group O(D,D;R) - in the following we will refer to it as O(D, D) - naturally appears
in the Hamiltonian description of the bosonic string in a D-dimensional pseudo-Riemannian target
space M with constant background (G, B), being G the target space metric and B the Kalb-Ramond
field. Such string is described by the well-known two-dimensional non-linear sigma model action:

1

S[X;G>B] = _47'506/

/deG [h“ﬁaax“8ﬁXbGab+£0"38QX“8BX”BGZ,} E/d‘L'dGL (1.1)
T T

where the two-dimensional world-sheet X (¢, B = 0, 1), with metric 4 = diag(—1, 1) in the confor-
mal gauge, is embedded into M (a,b =0,...,D — 1). The convention ! = —£!® = —1 is adopted
from now on.

The Hamiltonian density H can be derived from the Lagrangian density L in eq. (1.1) by a
Legendre transformation with respect to doX“. The canonical momentum P, is given by:

JL 1
Pa = m = w (Gabg()Xb —i—Bab&le) (12)
with inverse
X4 = 2o (G 1P, — (G 1)*By0, X" (1.3)
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The result is:

H=P dX—L (1.4)

1
= ina (80X X+ X- 81X) |(,90X)(p)

which, by means of eq. (1.3), yields

T
1 ax X
"=t <27toc’P> H#(G.5) <2xa’P> (13)

and the so-called generalized metric

(1.6)

‘%ﬂ(G’B):< ~G'B G!

G-BG™'B BG™ )
has been introduced.

Hence, H in eq. (1.5) is proportional to the squared length of the following 2D-dimensional
generalized vector field A, € TM & T*M:

Ap(X) = 01X90, + 21l PudX* (1.7)

as measured by the generalized metric, i.e. H = Mla, AL 7 Ap.

The Hamiltonian density H in eq. (1.5) results to be invariant under the exchange d\ X «»
2o’ P in eq. (1.5), realized by the transformation

Ap —Ap=nAp (1.8)

01
n=<10> 1.9)

if also the metric and the Kalb-Ramond field are transformed according to the transformation of
J as:

involving the O(D, D)-invariant metric:

H—H =H""=nHn. (1.10)

Actually, it is easy to check that the invariance of H under Ap — 7 Ap holds for any element
T € 0(D,D) provided # is replaced by # — # = (7 1) 7. Let us remind thata D x D
matrix .7 is an element of O(D, D) if and only if:

IT'nT =n, (1.11)

i.e. if it leaves the matrix 1 invariant. This definition implies that the O(D, D) invariant metric by
itself and the generalized metric .77 are elements of O(D, D).

Alternatively, one can get the O(D, D) invariance of H also through the following consider-
ations [2]. In terms of the generalized vector Ap, the constraints coming from the vanishing of
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the two-dimensional energy-momentum tensor 7,5 = 0. i.e. from the equation of motion of the
world-sheet metric &

Gap (00X X" + 0,1 X9, X%) = 0
Gap X X? =0 (1.12)

can be respectively rewritten as:
AL #Ap=0 ; ALnAp=0. (1.13)

The first constraint sets the Hamiltonian density to zero, while the second one completely deter-
mines the string dynamics. All the admissible generalized vectors satisfying the second constraint
are related by an O(D,D) transformation via Ap = FAp. In order to satisfy also the first con-
straint, a compensating O(D, D) transformation .7 ~! : 2# — (.7 ~1)'# .7 ! has to be applied to
the generalized metric .77
In the presence of constant background (G, B) along d directions labelled by a,b = (1,...,d)
or, equivalently, in the presence of d toroidally compactifed dimensions, the equations of motion
for the string coordinates represent a set of conservation laws of currents, locally defined on the
world-sheet [3]:
o JT =0, (1.14)

with
J¢ = h*PGdpX” + P ByopX” . (1.15)

Eq. (1.15) provides the following definition of the dual coordinate of X¢, denoted by X,, :
JE=e"PopX,. (1.16)

By comparing the transformed metric ./ = .#~! with # we may re-interpret its entries in terms
of new fields (G, B) whose expression in terms of the previous ones can be easily read off. Thus,
the initial Polyakov action S defines a dual action § which is a functional of the constant dual
(G, B)-background. The relations:

G=(G-BG'B)"', B=-G'BG (1.17)

are the so called Buscher rules [4, 5]. Since S and S describe the evolution of the same string theory,

(x
X = <X> (1.18)

the equations of motion for X and their dual analogues have been shown in ref.s [6, 7] to be recast

they are dual to each other.
In terms of the generalized vector

into a single O(d,d)-invariant equation:
%”an:nsaﬁBBx (1.19)

involving both the generalized metric 7 and the O(d,d)-invariant metric 1 previously defined.
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In particular, if the closed string coordinates are defined on a d-dimensional torus 7¢, the dual
coordinates will satisfy the same periodicity conditions and then O(d,d) — O(d,d;Z) becomes an
exact symmetry: it constitutes what is called Abelian T-duality [9] [10].

This has suggested since long [6, 7, 11, 12, 13, 16] to look for a manifestly T-dual invariant
formulation of string theory that has to be based on a doubling of the string coordinates in the target
space, since it requires the introduction of both the coordinates X“ and the dual ones X,,. The main
goal of this new action would be to explore more closely aspects of string geometry, hence of string
gravity.

From a manifestly T-dual invariant two-dimensional string world-sheet, Double Field Theory
(DFT) [17] should emerge out as a low-energy limit. DFT developed as a way to encompass the
Abelian T-duality in field theory and Doubled Geometry underlies it. In DFT, diffeomorphisms rely
on an O(d,d) structure defined on the tangent space of a doubled torus .72?. A section condition
has then to be imposed for halving the 2d coordinates. There is a vast literature concerning DFT
[18-33] including topological aspects and its description on group manifolds.

Abelian T-duality requires the two dual target spaces to have Abelian isometry groups, but
starting from the work in ref. [34], it was clear that a non-Abelian generalization is possible, where
one of the two isometry groups is non-Abelian. Recently, a further generalization has attracted
growing interest, which is the so-called Poisson-Lie T-duality [35, 36, 37, 38, 39]. Differently from
the other two types, this latter does not require the presence of isometry groups. There are many
reasons to consider this more general duality: at the classical level, a lot of models are concerned
with T-duality without isometry and at the quantum level there arise possibilities of existence of
non-trivial discrete symmetries relating a weak coupling regime of one quantum field theory to
the strong coupling regime of the dual theory. Last but not least, it has paved the way to new
perspectives in string theory in non-geometric backgrounds [40, 41].

In particular, Poisson-Lie T-duality relies on the concept of Drinfel’d double [42]. As already
remarked, the standard Abelian T-duality refers to the presence of Abelian isometries U (1)¢ in both
the dual sigma models and they can be composed into U (1)?? that provides the simplest example
of a Drinfel’d Double, i.e. a Lie group D whose Lie algebra 0 can be decomposed into a pair of
maximally isotropic subalgebras with respect to a non-degenerate invariant bilinear form on 0. We
review the basic aspects of Drinfel’d doubles and its relation to T-dualities in Sect. 2.

A classification of T-dualities can be given according to the types of underlying Drinfel’d
doubles [35, 36]:

e Abelian doubles correspond to the standard Abelian T-duality. The Drinfel’d double is
Abelian, with Lie algebra given by the direct sum 0 = g & § of the Abelian algebra g and its
dual;

e semi-Abelian doubles (0 = g & § with § Abelian and & indicating the semi-direct sum) corre-
spond to non-Abelian T-duality or, equivalently, they correspond to the standard non-Abelian
T-duality between a o-model with a G-target, isometric with respect to the Lie group G hav-
ing g as its Lie algebra, and a non-isometric c-model with the target § viewed as the Abelian

group;
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e non-Abelian doubles (all the others) correspond to Poisson-Lie T-duality where no isometries
hold for either of the two dual models.

The Double Field Theory framework has also been considered in connection with Generalized
Geometry (GG) [43, 44, 45], which has consequently arisen as a mean to geometrize duality sym-
metries. GG is based on replacing the tangent bundle 7M of a manifold M with a kind of Whitney
sum TM & T*M, a bundle with the same base space but fibers given by the direct sum of tangent
and cotangent spaces, and the Lie brackets on the sections of M by the so-called Courant brack-
ets, involving vector fields and one-forms. The Courant bracket of two sections of TM & T*M is
defined as

1

where X,Y are tangent vectors and &, N cotangent vectors, such that X + & and Y + 1 are elements
of the fibers T & T*. The important point of such bracket is that it commutes with the action of a
closed 2-form B [44]. Furthermore, it is easy to note that both this bracket and the inner product
naturally defined on the generalized bundle (x+ &,X + &) = ix§ are invariant under diffeomor-
phisms of the underlying manifold M. This, together with the fact that a global closed 2-form B
will also preserve both the inner product and Courant bracket, means an overall action of the semi-
direct product of diffeomorphisms and closed 2-forms. This formal setting has attracted interest
in relation to DFT because it takes into account in a unified fashion vector fields, which generate
diffeomorphisms for the G;; field, and one-forms, generating diffeomorphisms for the the B;; field.

Therefore, it seems relevant to analyze more deeply the geometrical structure of (Abelian, non-
Abelian, Poisson-Lie) T-dualities and their relations with Generalized Geometry and/or Doubled
Geometry.

In this work we review the results presented in [46], where a simple mechanical system has
been considered: the three-dimensional isotropic rigid rotator (IRR), thought of as a (0+ 1)-field
theory.

A remarkable property of this model is that its dynamics exhibits Poisson-Lie symmetries
[47, 48] when described in the Hamiltonian approach, by replacing the cotangent space of SU (2)
with the group SL(2,C) which plays the role of the alternative phase space of the model. The result
is consistent with the two spaces, 7*SU(2) and SL(2,C), being symplectomorphic [48]. Let us
remark here that the concept of Poisson-Lie symmetry, which concerns a single dynamical model,
can be stated independently and it is indeed a pre-requisite for Poisson-Lie duality, which requires
instead two dynamical systems with different carrier spaces to be formulated.

With this distinction in mind, in [46] the IRR model was considered under yet another point of
view, the goal being to introduce a model on the dual group of SU(2), with the aim of exhibiting a
Poisson-Lie dual system, according to the definition given above.

It turned out that the model on the dual group doesn’t describe the same dynamics, though paving
the way to a field theory generalization of the whole construction, which describes the Principal
Chiral Model of SU(2) and its dual partner as Poisson-Lie duals [56]. The IRR is thus to be con-
ceived as a toy model, where the key features of Poisson-Lie symmetries and Poisson-Lie duality
can be clearly understood, although it should be stressed that its dynamics is not invariant under
such transformations.
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After defining the dual model, a parent action on the Drinfel’d double of SU(2) is introduced,
containing a number of degrees of freedom which is doubled with respect to the original one and
from which both this latter and its dual can be recovered by a suitable gauging. The geometric
structures that appear can then be understood in terms of Generalized Geometry and/or Doubled
Geometry.

2. Drinfel’d Doubles and Poisson-Lie T-Duality

In this section we shortly review the mathematical setting of Drinfel’d doubles and Poisson-
Lie T-duality, with particular focus on s[(2,C) as a double Lie algebra, which is needed in order to
explore the relation between Drinfel’d doubles, Double Geometry and Generalized Geometry by
introducing a new formulation of the IRR on s[(2, C) with manifest symmetry under duality. More
information on these topics can be found in ref.s [1, 36, 46, 49, 50], which are going to be closely
followed in this section.

2.1 Drinfel’d double structure of s((2,C)

A Drinfel’d double D is an even-dimensional Lie group whose Lie algebra d can be decom-
posed into a pair of maximally isotropic subalgebras, g and §, with respect to a non-degenerate
invariant bilinear form on 9. About the terminology, for a subspace to be isotropic it means that
the bilinear pairing of any two of its elements vanishes, while maximal refers to the fact that such
subspace cannot be enlarged preserving the isotropy condition.

The associated Lie algebra is denoted by ? = g < § emphasizing the symmetric construction,
and Lie brackets are given by

[T, T)) = fi)* T 5 [T, T =g" T" ; [1,T] = fi' T* — g T, (2.1)

being 7; and T/, with i = 1,2,...,d, respectively the generators of g and §, both d-dimensional. Let
us notice that these Lie brackets emerge in the description of the gauge algebra of string compacti-
fication on a Poisson-Lie background [51].

The two Lie subalgebras, when taken together, define a Lie bialgebra (g,§) and generate re-
spectively the two Lie subgroups G and G, such that D = G > G (with an abuse of notation we
use the same symbol for the algebra and group composition). In this picture it is clear what dual
means: G and G are dual Lie groups in the sense that they are dual partners with respect to this
decomposition. Note that since the role of the two subalgebras can be intercharged, (g, g) is a Lie
bialgebra as well. By construction, also 9 is a Lie bialgebra, and in particular (0,5) is called the
double of (g,§) [52].

In general, a particular splitting of the Drinfel’d double in terms of maximally isotropic sub-
spaces is called a polarization, and when the subspaces involved in the polarization close as sub-
algebras, the triple (9,g,§) is called a Manin triple [42, 53, 54]. In this particular case, a natural
O(d,d) structure appears as duality pairing between the two subalgebras. In fact, the duality pair-
ing between g and § with respect to which the isotropy follows is an invariant O(d,d) metric 1
with:

n(7,1;) =0, n(I',177) =0, (2.2)
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and

n(5,77) =8/, n(T'.1) =8 (2.3)

The set of polarizations corresponding to a given Drinfel’d double plays the role of the modular
space of sigma models which, when related to Manin triples, are mutually connected by Poisson-
Lie T-duality. In the Abelian case the Drinfel’d double is U (1)? and its modular space is nothing
but O(d,d,Z). Because of the symmetric construction and the symmetric role of the two subgroups,
the modular space in question has always at least two points, originating from G/G and the quotient
obtained exchanging the groups [36]. Furthermore, it can be shown that a para-Hermitian structure
can be defined on D, induced by the Manin triple polarization d = g < § [46, 49].

For the purpose of this work, we will focus on the Drinfel’d double structure of 0 = s((2,C).

It is known that the Lie algebra s[(2,C) can be regarded as a real form of the complex Lie
algebra s[(2). Indeed, s((2) is defined by the Lie brackets

)=t ; [b,5]=26 ; [B3,1] =21, 2.4

01 00 10
l1=<00>, l‘2=<10>, l3=<0_1> (25)

its generators. However, by taking complex linear combinations of the s[(2) generators given by

being

1 o} i (o) 1 03
el 2(1+2) 5 e 2(2 1) 5 @a=5B= (2.6)
bi=iei, i=1,2,3 @.7)

the real algebra s[(2,C) is recovered with its Lie brackets
[ei,ej] = iSijkek ) [ei,bj] = igijkbk .5 [bi,bj] = —is,-jkek. (28)

From (2.8) it is clear that the ¢;’s are the generators of the su(2) subalgebra.
One can also consider the dual vector space s1(2)* by introducing a basis of vectors {&/} dual
to {e;} in (2.6):
& =38 (bj + 8kj3 €k> . 2.9

This is indeed dual with respect to the natural scalar product (the Killing-Cartan form) defined in
5((2,C) as
(vyw) =2Im[Tr(vw)], Vwv,w, € sl(2,C), (2.10)

as can be easily seen by showing that
(¢ ej) =2Im [Tr(é'e;)| = &;. (2.11)
The dual vector space su(2)* is in turn the Lie algebra sb(2,C), with the following brackets:
', &) = if",é, (2.12)

with 5b(2,C) structure constants £, = g¥/lg;3;.
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Furthermore, the Lie bracket
& e)] = ig’ u&* +if* jex (2.13)

shows that each subalgebra acts on the other one non-trivially, by co-adjoint action.
It is important to note that both su(2) and sb(2,C) are maximally isotropic with respect to the
scalar product (2.10):
(ejej) =0, (&',&)=0, (2.14)

therefore, (s[(2,C),su(2),56(2,C)) is a Manin triple with respect to it, and s[(2,C) can be under-
stood as a Drinfel’d double with polarization s((2,C) = su(2) xsb(2,C). SU(2) and SB(2,C) are
then dual groups, in the sense that they are dual partners with respect to this particular splitting.
Observe that the Lie brackets of (2.8) (for the ¢;), (2.12) and (2.13) have exactly the form as (2.1).
There is also another non-degenerate invariant scalar product which can be defined on s((2,C)

as:
(vy,w) =2Re[Tr(vw)], VYv,wesl(2,C). (2.15)

su(2) and sb(2,C) are no longer isotropic subspaces with respect to this scalar product, in fact, for
the basis elements:
(eiej) = &ij, (bi,bj) =—6j, (eib;)=0. (2.16)

Note that this does not give rise to a positive-definite metric. However, on denoting by C,, C_
respectively the two subspaces spanned by {e;} and {b;}, the splitting s[(2,C) = C; & C_ (which
is not a Manin triple polarization) defines a positive definite metric .7 on sl(2,C) as follows:

H=()c. =G 2.17)

This is a Riemannian metric and we denote it with the symbol ((, )). In particular:

((ei’ej))z(eivej)7 ((bivbj))z_(bivbj)’ ((eivbj))z(ehbj)zo' (2.18)

In Sect. 5 we will see that in doubled notation e; = 3 , with ¢; € 5u(2) and & € s5b(2,C), the
é

scalar product in (2.10) defines precisely the O(d,d) (in this case d = 3) invariant metric while the
Riemannian scalar product in (2.18) defines a pseudo-orthogonal O(d,d) matrix that will corre-
spond to the generalized metric.

As a further interesting remark, the Riemannian structure .7# can be mathematically formal-
ized in a way which clarifies its role in connection with Generalized Geometry [45][55]: it can
be related to the structure of para-Hermitian manifold of SL(2,C) and therefore generalized to
even-dimensional real manifolds which are not Lie groups.

2.2 Poisson-Lie T-duality

As announced in the introduction, in order to formulate the invariance under Poisson-Lie T-
duality as a generalization of Abelian and semi-Abelian T-dualities, we need to state the concept
of Poisson-Lie symmetry.

Definition 1 A coordinate transformation associated to the Lie group G is a symmetry of the
dynamics if it leaves the equations of motion unchanged in form.
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If it is also a symmetry for the auxiliary geometric structures which are relevant to the cho-
sen formulation (symplectic form, Poisson brackets and Hamiltonian in the Hamiltonian approach,
functional action and Lagrangian in the Lagrangian approach), namely an isometry, then the sym-
metry yields constants of motion, which are associated to conserved Nother currents.

Definition 2 If a given symmetry of the dynamics under the Lie group G is not a symmetry
for the auxiliary geometric structures, that is not an isometry, but the violation is governed by the
Maurer-Cartan structure equation of the Drinfel’d dual group G associated to the group G, the
symmetry of the dynamics is a Poisson-Lie symmetry.

Let us be more specific. To be definite, let us choose the Hamiltonian approach. Let us
assume that the dynamics of the system under consideration is invariant with respect the action of a
given Lie group G, namely, Hamilton equations of motion are unchanged. These are, for a certain
observable f(q, p), the following:

f=A(df,dH) (2.19)

with A the Poisson tensor and H the Hamiltonian. They are certainly invariant under a given
Lie group action with infinitesimal generator X, if both A (or the symplectic form ®), and H are
invariant

fXQA = O7 fxﬂ(!) =0; XX{,H =0 (2.20)

or, in other words, we have conserved quantities defined by
ix,w =dh, (2.21)

but this is only a sufficient condition. In order for the dynamics to be invariant we might modify
both the Poisson brackets and the Hamiltonian in such a way that their Lie derivative is non-zero,
but the eq. (2.19) does not change. In terms of the symplectic form this implies that 8¢ = ix @ is
not an exact form anymore, namely d6“ # 0 and it does not define a constant of motion. If 8¢ is
such that

do’ = f% f4.6°nec (2.22)

with f“bc structure constants of a Lie group G, which can be determined algebraically by requiring
the product G 1 G to be the Drinfel’d double of G, the symmetry of the dynamics under the action
of G is a Poisson-Lie symmetry and the one-forms associated to the infinitesimal generators of the
G symmetry through the symplectic form are Maurer-Cartan one-forms of the dual group G.

Once a Poisson-Lie symmetry is found for a given dynamical model, under the action of a Lie
group G, one can construct a model with a different target space, which is acted on by the dual
group G. If this model possesses a Poisson-Lie symmetry as well, namely the one forms associated
to the infinitesimal generators of G through its symplectic form @ are Maurer-Cartan one-forms
for G, the two models are dual to each other and the symmetry under duality is what is called an
invariance under Poisson-Lie duality.

In order to understand this picture on an interesting model, and reconnect to definitions com-
monly used in the literature, which mainly rely on the Lagrangian approach, let us consider the
bosonic string sigma model in a target space M with (G, B) background.

We demand the target space to admit a free action of a Lie group G from the right. The action
of the theory in eq. (1.1) can be rewritten by introducing complex coordinates z and Z on the
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world-sheet, in a convenient form as:

1
4o’

— / dzdZE;j0X' 90X/, (2.23)
with E;; = G;;+ B;; a matrix combining the metric tensor on the target space and the antisymmetric
Kalb-Ramond B field. By varying the action with respect to the coordinates, with X = V‘Z,Ssb ,
V¢ the left-invariant vector fields on M and £’ infinitesimal parameters of the transformation, one
gets the Noether currents:

Jo =V, (E;j0X'dz—E;i0X'dz) . (2.24)

This can be proved performing explicitly the variation of the action, obtaining:
4mal8S = / dzdz %, (Eij)0X 90X e — / dzdz [d(VE;;0X') + d(VIE;;0X7)] €%, (2.25)
where %y, denotes the Lie derivative along the vector field V,, and realizing that
dzdz [0 (VIE;j0X7) + d(VIE;0X')] = d (VIE;;0X/dz — VIE;0X1dz) , (2.26)
so we have
Ao/ 8S = / dzdz %, (Eij)0X 90X e — / dJ, €. (2.27)

In the standard T-duality approach, one would have the current one-forms J, to be closed,
which follows from the requirement that the Lie derivative along V acting on G and B vanishes,
namely, besides an invariance of the dynamics, we have also an invariance of the geometric struc-
tures. Therefore, the left-invariant vector fields V, have to be Killing vectors, and T-duality is along
a direction of isometry. This is the standard picture where isometry is the founding ingredient.
However, if we are in the presence of a symmetry of the dynamics which is not an isometry, but the
currents obey the following on-shell integrability condition (the Maurer-Cartan equation advocated
above)

1.,
dJy=5 flea, NI, =0, (2.28)

with f2¢ structure constants of a certain Lie algebra, the V,’s do not correspond to isometries. This
can also be seen by using both the integrability condition and the fact that on-shell the variation of
the action vanishes:

/ dzdz %y, (Eij)0X X e = / % flea, n €. (2.29)

It is straightforward to obtain
Jy NI, = =2V EpEd X" 0X* dzdz, (2.30)
and putting this in eq.( 2.29), one has:
Ly, Eij = — [ VYV ELE);. (2.31)

If the currents are not closed but satisfy the integrability condition, it turns out that f,”¢ are
the structure constants of the Lie algebra § corresponding to the dual Lie group G (in the sense

10
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of Drinfel’d) and the theory is said to have a Poisson-Lie symmetry. Hence, in order to formu-
late Poisson-Lie T-duality, in contrast to the Abelian and non-Abelian versions, isometries are not
required. It is a more general version since the two latter versions are particular cases. In fact,
if isometries are present, the dual Lie group is Abelian and dJ, = 0, which is a particular case
of (2.28). Therefore, we understand that, formally, (2.28) is the Maurer-Cartan equation for the
current one-forms on the dual group §.

Being V, the left-invariant vector fields on the Lie group G, by using the commutators of the
Lie derivatives along these fields, the Lie algebra g of G can be recovered:

(L L, = Loy, (2.32)

By combining the expression for the variation of E,;, along the left-invariant vector fields (2.31)
with the commutation relations (2.32), a compatibility relation between the structure constants of
the two Lie algebras is obtained:

Fae T+ fae 56— foe £ — foe £, = fun® £, (2.33)

which, considering § as the dual vector space of g, is the Lie bialgebra structure. It is possible
to show that this compatibility relation requires these two algebras to be the maximally isotropic
subalgebras of a Drinfel’d double 0 = g > § with respect to a bilinear invariant pairing such as (2.2),
(2.3). This is the reason why Drinfel’d doubles are the main objects in Poisson-Lie T-dualities.

Following the approach described above, in order to obtain Poisson-Lie T-dual models, one
has to investigate the possibility of building a model on a target space which is acted upon by the
group G and study its symmetries. This is precisely the purpose of studying the IRR model and its
dual partner on the Lie group SB(2C).

3. The Isotropic Rigid Rotator

In this section, following [46], we consider an explicit and simple model: the three-dimensional
isotropic rigid rotator, considered as a (04 1)-dimensional SU(2) valued field theory. The model
is simple but nonetheless it can give precious information, especially in view of its direct true field
theory generalization that is the principal chiral model, analysed in [56] having this simple model
as a guide. This is not the only generalization whose dynamics can be captured by the rotator, such
as the Wess-Zumino-Witten model (whose results are going to be detailed in a forthcoming paper
[57] or (2 + 1)-dimensional gravity in its first order formulation [58] among many others.

A suitable action for the IRR model is the following

_ ‘ 7_1 ‘ x ( —1 *( —1 7_1/ —1.\2
SO—/RdtLO— 4/RTr[(p (g dg)/\*(p (g a’g)] =-7 IR{a’tTr(g g) , 3.

with ¢ : 1t € R — g € SU(2), = the Hodge star operator on R, defined such that xdr = 1 and ¢*
denotes the pull-back map, so that ¢* (gfldg) = g~ 19,gdt defines the pull-back of the Maurer-
Cartan left-invariant one-form g~ 'dg on R.

In particular, being g~ 'dg € Q' ® su(2): g~ 'dg = ia*oy, with o} the Pauli matrices and a* basic
left-invariant one-forms. Here Q! denotes the space of one-forms on the group manifold.

11
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The group manifold SU(2) can be parametrized by the embedding in the ambient space R* as
follows:
g=20"eo+iy'e;), ge€SU(2), (3.2)

with (°)* + 5 (5)* = 1, ¢0 = /2, ¢; = 6;/2.
One has then:

¥ = (eolg) = Tr(geo),y' = (eilg) = —iTr(ge;), i=1,2,3. (3.3)

On SU(2) we have g~ ! = g, so that

g e = 0'I-iv'oy) (I +iy/o;) =y'I+iy’y o — iy'y0o; + y'y 0,07 (3.4)

= i (3 =3+ eL) o+ (5407 (3.5)
where we used the well known relation 0;0; = §;;1 + ig; jk Or. Moreover, the last term appearing in
the above equation is vanishing since (y*y0+y'y') = 14 ((y 0)2 + L (yi)2> =0.

This leads to
g 'g=i (39 - + i) o = 0, (3.6)

defining the left generalized velocities Q' = (yoyi —yy0 + ¢ jkyj yk), which allow us to write the
Lagrangian as Ly = %Q’ Q0’6 ;- This can be seen as follows:

1 L L [oins
Lo=—7Tr(¢7'8)" = —;Tr[(i0'c) (i00))] = ;Tr |00 (8,1 +iefor) |, (3D

using the fact that the o matrices are traceless.
The Euler-Lagrangian equation of motion can be written in its intrinsic formulation [59], es-

pecially relevant for non-invariant Lagrangians !, as:

216 —dLy =0, (3.8)

being £t the Lie derivative along the I' = % vector field and 6, the Lagrangian one-form, which
is given by 6; = ;—QL_,(X/ =10a/8;.
By projecting along the basic left-invariant vector fields X; (dual to the basic left-invariant
one-forms o), one obtains:
ix, (40, —dLy) =0, (3.9)

where iy, is the notation for the interior derivative along the vector field X;. Since .t and iy,

2

commute over the Lagrangian one-form -, one gets:

“ <;Q'jixiocl> 81— LxLo=0, (3.10)

where we have used the fact that ixdf = Zx f for f a function. Since iX,.a’ = 6il and Ly, Lo =
%Q” 01 81-;541(, we are left with the equation of motion

grQ'jgﬁ_ Q’qugl,Ifqu =0, (3.11)

IThis is not the case, but it will be useful for the dual model which we will show to have non-invariant Lagrangian.
2This is general: ix.% = ix (ixd +dix) = ixdix since ix is 2-nilpotent, while Zix = (ixd +dix)ix = ixdix.

12
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but the latter term is vanishing because it is the contraction of a symmetric and of an antisymmetric
tensor, hence

0'=0, i=1,2.3. (3.12)
Left momenta can be calculated as usual as:
dLy ..
I = 900 = §;0’, (3.13)

and cotangent bundle coordinates can then be chosen to be (Q',1;).
The Legendre transform from 7SU (2) to T*SU(2) yields the Hamiltonian function:

. . 1 ... 1 ...
Ho = [1;0' ~ Lo] yi_gi;, = 871l — 55’11j1k6”<5ﬂ = 58"L;. (3.14)
By introducing the dual basis {e"* } in the cotangent space, such that (¢’ |e i) = 6;, one can consider
the form |
1= —Eiliei*. (3.15)

In the first order formulation the action results to be
S:/O—/dtHo, (3.16)

where !
= (llg"'dg) = <—§i1,-ei* 2iokey) = Lok S) (3.17)

is the canonical one-form, and reminding that the generators are defined as ¢; = 0;/2. The sym-
plectic form can then be obtained as

©=d0 =dl; Al + ;8ido! = dlI; A Sia + 1Tl ol Aok, (3.18)

where we also used the Maurer-Cartan equation da* = elj. j(xi Ao/, One can then calculate Poisson
brackets by inverting @. The corresponding bi-vector field A will be written in terms of the basis
vector fields dy;, X respectively spanning the fibers and the base manifold of the cotangent bundle.
Using the fact that X; (o) = &/, 2 1 (dI}) = &7, we have

jd d d
—1 i
0 =A= AXj+bij=+ A5+ X N X 3.19
ai 55 NXit by a1, ¢ .19
By imposing the inverse condition one can easily see that alj = 5 bij=¢ jka and ¢/ = 0, so

that { vyl } =0and {Ii,l ,-} =g jklk. In order to calculate the { yi, 1 j} bracket, one has to use the
expression of the left invariant vector fields in the chosen R* parametrization. To this, by recalling
that o/ = %Trg_ldgcj Ydyl —yidy® + &y yldyk, and using the property X; (ch) 8! we get:

00 40 10
=gy Y g e g (320

implying .
{1} = Aldl,dy™) = =8/ 5. X,(7) = =& 8,07, (3.21)
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but since: 5 5 5
X;(y") = y Tyfym - yiaT/Oym + Espjypaiysym = yoa}n +6;€% ", (3.22)
one gets:
{1y} = =8/ 8{X,;(y") = —8/8 (4057 + 8I"e®, y7) = —y 8" — &™ yP. (3.23)
From the Poisson brackets
My =0 (3.24)
{I.0;} = &Ik (3.25)
{yi,lj} = 5;y0 +£ijkyk <> {g,lj} = 2ige;, (3.26)

the Hamilton equations of motion can be derived:

ji = {It’H} = Oa (327)
¢={gH}=—-8"I;{l; g} =28"Tige;, (3.28)

leading to
g 'g=2il8"e;. (3.29)

These equations show that the fiber coordinates /;, associated to the angular momentum compo-
nents, are constants of motion as expected, while g undergoes a uniform precession. In this case,
since the Lagrangian and the Hamiltonian are invariant under both left and right action of the
SU(2) group, also the right momenta can be seen to be conserved as well, making the model super-
integrable. This will not be the case for the dual model, as we show in Sect. 4.

The fibers of the tangent bundle TSU(2) are, as vector space, su(2) ~ R3, being Q' vector
fields components. The fibers of the cotangent bundle 7*SU(2) are isomorphic to the dual Lie
algebra su(2)*. This, as a vector space, is again R>, but now J; are one-form components.

The carrier space of the Hamiltonian dynamics 7*SU(2) is represented, as a group, by the
semi-direct product of SU(2) and the Abelian group R?, i.e. T*SU(2) ~ SU(2) x R?, with Lie
algebra

[Ll',Lj} = iSijkLk (330)
[1,,Tj] = 0 (3.31)
Li,Tj] = i&;* T, (3.32)

being L; the generators of the SU(2) algebra and T; the generators of R?, which behave as vectors
under SU (2) rotations as can be seen from the last relation. The linearization of the Poisson struc-
ture at the identity of SU (2) provides a Lie algebra structure over the dual algebra su(2)*. Thus, the
brackets {I;,1;} = &;*I; are induced by the coadjoint action of the group SU(2) on its dual algebra,
hence the Poisson brackets governing the dynamics of the IRR are the Kirillov-Souriau-Konstant
(KSK) brackets.

It has been shown in [47] that the carrier space of the dynamics of the IRR can be generalized
to the semisimple Lie group SL(2,C). This can be realized by deforming the Abelian subgroup R?

14
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into the non-Abelian group SB(2,C), which, we recall, is the Borel Lie subgroup of 2 x 2 upper
triangular complex matrices with unit determinant. In particular, SU(2) and SB(2,C) constitute
the pair with respect to which SL(2,C) can be regarded as a Drinfel’d double. This means that the
triple (s[(2,C),su(2),sb(2,C)) is a Manin triple with respect to the scalar product (-, -) in s[(2,C)
defined in (2.10), as we have discussed in Sect. 2. In the next section we discuss a new model,
which will be referred to as dual, in the sense that it is the analogue of the IRR but modeled on the
dual group SB(2,C).

4. The Dual Model

As carrier space for the dynamics of the dual model in the Lagrangian (respectively Hamilto-
nian) formulation one can choose the tangent (respectively cotangent) bundle of the group SB(2,C).
The latter is the dual Lie group of SU(2) because they are dual partners in a particular polarization
realization of SL(2,C) as a Drinfel’d double. A suitable action for the system is the following:

o T 1 ~x [ ~— ~ ~k [ ~— ~ 1 ~—] A\ ~—1 %~
So = / dtLy = —Z/ Tr(@ (g 1dg) A*Q (g 1dg)] = —7/ dt Tr[(g 1g)(g 1g)] 4.1
R R 4 Jr
with ¢ : 1 € R — g € SB(2,C), the group-valued target space coordinates, so that
JO P
g dg=itye 4.2)

is the Maurer-Cartan left invariant one-form on the group manifold, with &, the left-invariant basic
one-forms, * is again the Hodge star operator on the source space R satisfying *dt = 1. The symbol
T ris used here to represent a suitable scalar product in the Lie algebra sb(2,C). In this case the
group is not semi-simple, so there is no scalar product which is both non-degenerate and invariant.
Therefore, one has two possible different choices: the scalar product defined by the real and/or
imaginary part of the trace, given by (2.10) and (2.15) which is SU(2) and SB(2,C) invariant but
degenerate, or one could use the scalar product induced by the Riemannian metric .7, which,
on the algebra sb(2,C) takes the form ((&,&7)) = 8" + &';36'%e/43, positive definite and non-
degenerate. However, this is SU(2) invariant but only invariant under left SB(2,C) action. Indeed,
by observing that the generators & are not Hermitian, (2.18) can be verified to be equivalent to:

((u,v)) =2Re[Tr (uTv)] , (4.3)

sothat ((§7'§,§'4)) =2Re {Tr[(g '§)"g ']} which is not invariant under right SB(2, C) action,
since §~! # g'. We use the latter scalar product: 7 r(ab) = ((a,b)), therefore the Lagrangian is
left/right invariant under SU(2) but only left SB(2,C) invariant, while the original rotator model
was invariant under left/right actions of both groups. Again the group manifold can be embedded in
the R* ambient space and parametrized so that § € SB(2,C) can be written as § = 2 (e + iu;e')
with &° =1/2 and u3 — u3 = 1. The latter condition follows from the det(g) = 1 condition. This is
easily understood from the explicit form of the generators, as written in (2.9):

A= (00, 2= (01), AoL(L0 (4.4)
00 00 2101
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In order to be consistent we have then:

1 ; 1 1

m:f«@?»leﬂ,ngiuﬁf», wziugé». 4.5)

Most of these calculations work in the same way as for the IRR model, with the appropriate dif-
ferences in the parametrizaton of § € SB(2,C) and in the scalar product (this time invariant only
under left SB (2, C) action) which defines the metric A/ = (6’7 + ezl 8”‘), hence we will not go

through details in this section. Since § ! = 2 (& — iu;é") we have

g4§=m<%mfmm+ﬁﬂwm)?:2@g2 (4.6)

where the fi/, = €'/'gj3; are the structure constants of sb(2,C), so that the Lagrangian can be

written as
Ly=h'0,0;, 4.7)
having defined
Qi = uglt; — Ut —}—ﬁjkujuk (4.8)
as left generalized velocities and
W = 8 4 "3 §,,e7m . (4.9)

Following the same approach as with the IRR, the equations of motion of the system can be found
to be
Q" — 010, fil W™ = 0. (4.10)

We can then consider (Q;, Q,) as tangent bundle coordinates, with Q; implicitly defined, similarly
to the rigid rotator case.
The carrier space of the Hamiltonian dynamics is instead 7*SB(2, C), with coordinates (Q;, '),

with I' the conjugate left momenta defined as usual as

5 oL -

F="2=niQ, (4.11)

d0;

To perform the Legendre transform from 7SB(2,C) to T*SB(2,C) we have to invert (4.11), which
results in

0;=1 <5ji— ;gjp38iq35pq> , 4.12)
leading to the Hamiltonian
%_%M4Mﬁ% (4.13)
being
(h);= (5,,. - ;&p%ﬂ%pq) (4.14)

the inverse of the metric 4"/ of (4.9). Similarly to what we have done for the rigid rotator, we can
introduce the linear combination = —il'é} over the dual basis &}, such that (] &) = 51’ Following
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the same steps as in the case of the rigid rotator we can find the symplectic form from the first-order
action functional, and it reads

®=d0 =dl' Ny +T f7*a; A oy (4.15)

By inverting @ we find the Poisson algebra

{ui,uj} =0 (4‘16)
('} = fi,I* 4.17)
{u, '} = & — ff*u, — {§, I/} =2igé, (4.18)

from which the Hamilton equations of motion can be obtained as follows:

I Aoy = AT (kY i, (4.19)
g g =2ie"(h )l (4.20)

The fact that I/ are not conserved is expected and it expresses the non-invariance of the model
under right SB(2, C) action. One can easily check that right momenta, obtained from right-invariant
vector fields which generate left action, would result to be constants of motion.

Analogously to the IRR case, we can remark that the fibers of TSB(2,C) can be identified
with 5b(2,C) ~ R? (as a vector space), as well as the fibers of 7*SB(2,C), identified with the
dual algebra sb(2,C)*, which is also isomorphic, as vector space, to R3, but the elements are
now components of one-forms. The carrier space of the Hamiltonian dynamics for the dual model
T*SB(2,C) is represented, as a group, by the semi-direct product of SB(2, C) and the Abelian group
R3,i.e. T*SB(2,C) ~ SB(2,C) x R3, and the Lie algebra is a semi-direct sum represented by

[Bi,Bj] = ifi*Bx 4.21)
S:,8;] =0 (4.22)
Bi,S;] = ifi;*Sk, (4.23)

being B; the generators of the SB(2,C) algebra and S; the generators of R3. Again, as before for
the IRR, the non-trivial Poisson brackets (4.16) can be understood in terms of the coadjoint action
of SB(2,C) on its dual algebra.

5. The Doubled Action

The two models we described can be obtained from the same parent action defined on the
whole SL(2,C) group by introducing the natural doubling of coordinates of SL(2,C) as a Drinfel’d
double. In this sense they appear as dual.

In this regard, we can introduce the following doubled notation for the s[(2,C) generators:

e,:<fj>, ei€su(2), & €sb(2,C). (5.1)
e
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In this notation, we can rewrite the scalar product of s[(2,C) in (2.10) as

0 &/
<ez,ej>—nu—< ; ) (5.2)
50

This is the O(3,3) invariant metric reproducing the fundamental structure in Doubled Geometry,
i.e. the usual O(d,d) invariant metric.
The Riemannian product defined in (2.18) can be written instead as

. J
((er,ey)) = Ay = ( o & ) , (5.3)

—Eij3 SV + 8i138jk35lk

which satisfies the relation /#7 1.7# = 1, indicating that /7 is a pseudo-orthogonal O(3,3) matrix.
In this way we can clearly see how the metric 1 and the metric .77 naturally emerge out. In fact, 1
corresponds to the O(d,d) invariant metric while # to the so-called generalized metric, with &;;
playing the role of the graviton field G;; and €;;3 playing the role of the Kalb-Ramond field B;;.

5.1 Lagrangian description

In order to introduce the Lagrangian formalism of the doubled model on T'SL(2,C) we de-
scribe it again as a 0 4 1-dimensional group-valued field theory, with dynamical variables ¢ : ¢ €
R — y(r) € SL(2,C). In particular, using the doubled coordinates we introduced before, the left-
invariant Maurer-Cartan one-form on the group manifold is y~!dy € sl(2,C) ® Q!(SL(2,C)) can
be pulled back to R yielding

. (o 1. I
o* (v 'dy) =y 'ydt = Q eydt, (5.4)
being QI the left generalized velocities, which we can decompose as QI = (Ai ,B,-), resulting in
v 'ydt = (A'e;+B;é') dt. (5.5)

Both generalized velocities components are coordinates of the tangent bundle of SL(2,C) but
(Ai ,B,-) could also alternatively be interpreted in terms of Generalized Geometry as fiber coor-
dinates of the generalized bundle 7 & T* with base space SU(2).

The components of the generalized velocity can be obtained by using the scalar product (2.10):

A'=2Im [Tr(y '7¢')]; Bi=2Im[Tr(y 'e;)]. (5.6)

The doubled action on SL(2,C) can be introduced at this point using both the scalar products, as
follows:

1
S=3 /R k1 (0" (v 'dy) =0 (v 'dy)) +ka (0" (v 'dy) ,x0* (v 'dy)))], 57
where k| and k;, are two real parameters. In terms of generalized velocities, since

(9" (YﬁldY) O (YﬁldY» = deIQJ<€1,€J> = deIQJTIIJ (5.8)
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and
(0" (v'dy) ,x0* (v 'dy))) = dt Q'Q’ ((er,e)) = dt Q' Q' 4, (5.9)

we can write the action (up to an overall constant) explicitly in terms of the splitting of sl(2,C) as
a Drinfel’d double su(2) >1sb(2,C):

1 Ny
S = 7/th,,Q’Q’, (5.10)
2 JR

with Ejy = knyy + 547y, and we defined k = % We can observe that the matrix Ej; is non-singular

provided k # 1, which is a condition we assume from now on. Explicitly, in terms of fiber coordi-
nates of TSL(2,C) the Lagrangian gets the form:

L= 3 [&jA’AJ + (kéi] +8i]3>AlBj—|- (k5]l —81j3)B,'AJ _{_ht}Bl_Bj} ' (5.11)
The Lagrangian one-form is
0. ~Eu Qe (5.12)

so that the equations of motion in the intrinsic formulation can be written as
] . P
ZrQE;—Q QQCIPKEQK =0, (5.13)
being C;pX the structure constants of the 5[(2,C) Lie algebra.

5.2 Hamiltonian description
As usual, we can define the left generalized momenta in the doubled description as

JaL

J
I, =—5=E,Q, (5.14)

2Q
so that the Hamiltonian then reads as:

_ 5 _ l -\l
H=[1Q L]‘ Oyt =5 E L (5.15)

with

(E—I)IJ

1 <5ff'+sﬂ361kef'k3 —5p, (efp3+k6fp)> 5.6

1= k2 \ &P (eip3 — k5ip) 5,“

Moreover, we can write the components of I; explicitly in terms of the (A?, B;) components:
I, = (Ii,ii) = (SijAj+ (k(sl-j —|—€ij3> Bj, (k5]l — Eij3)Aj + (Sij + 51k8i13€jk3) Bj) , 5.17)

so that in terms of the components (;, 1) the Hamiltonian can be written as follows:

H = m |:<61]+811361k£]k3> Iilj+6ijlllj_2(8tp3 +k5lp) 5ijiIJi| ‘ (5.18)

We can consider the linear combination I = —%Ilel* = —% (Iiei* —1—125;‘), such that, using also
v 'dy=2iaKex =i(a*e;+ Pré*) we obtain the symplectic form @ on T*SL(2,C):

0=d0=dl; "o +1,C g o A ak, (5.19)
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from which the Poisson brackets for the generalized momenta can be obtained:

{I,1;} = &I (5.20)
(I} = fI.I* (5.21)
(1,7} = /T =1, {I'.I;} = -3l +1f", (5.22)

while those between momenta and configuration space variables are unchanged with respect to
T*SU(2) and T*SB(2,C). We can write these brackets in compact (and doubled) form as

1,1} = C,/"Ix. (5.23)
Finally, the Hamilton equations can be derived as follows:
I ={1,H}=(E Y11}k =(E"Y*C, 1k (5.29)

5.3 Relation with Generalized Geometry and Poisson-Lie symmetries

Since we can consider the isomorphism 7TSL(2,C) ~ SL(2,C) x sl(2,C) with the fiber
s[(2,C) ~su(2) ®sb(2,C) ~TSU(2)dT*SU(2), (5.25)
one can rewrite the Poisson algebra (5.20) as
{U+LJ+T} ={1,J} = {1, I} +{1,]} + {17}, (5.26)

having defined I = il;e’, J = iJie as one-forms and [ = I'é}, J = J'é! as vector fields. Poisson
brackets (5.20) are given by the KSK brackets on the coadjoint orbits of SL(2,C), but in particular,
they are induced by the bialgebra structure of SL(2,C) and according to (5.26) they can be identified
with the C-brackets [60, 61] of Generalized geometry 3 for the generalized bundle 7 & T*, being
{e"} and {&}} bases over T* and over T respectively. Namely, the doubled momenta (7;, I') identify
the fiber coordinates of the generalized bundle 7 & T* of SU(2).

Furthermore, defining Hamiltonian vector fields in terms of Poisson brackets as usual as

Xp={f} (5.27)

and defining in particular X; = {-,I;}, X' = {-,I'}, one can find, because of the non-trivial Poisson
bracket (5.20), and by using Jacobi identity:

X, X)) = {{- L} 1} = {1}, 1) = (AL LY = &%, (5.28)
(XX = {{-. Py 1Y {{-. T} Py = { AT P}} = f7, X5, (5.29)
X, X7] = {00 1y —{{- 1} 7y = {- {1, P}y = — 7% — X'e (5.30)

or, in a unified fashion:

X +X,Y+7]=[X.Y]+ X, 7]+ %V - 4X. (5.31)

3C-brackets are mixed brackets between vector fields and forms. They generalize Courant and Dorfmann brackets
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This shows, remarkably, that the C-brackets can be obtained as derived brackets [62] from the
canonical Poisson brackets of the dynamics.

It is important at this point to summarize and discuss in what sense the two submodels possess
Poisson-Lie symmetries. We have seen in Sect. 2 what Poisson-Lie T-duality means and how it is
related to the concept of Drinfel’d double. Namely, we have seen that under appropriate conditions
the sigma models defined on groups that are dual partners in a Manin triple polarization are indeed
dual, in the sense that they describe the same physics even if there is no such manifest symmetry in
neither of the two dual actions. Indeed, the two models can be seen to be connected by a canonical
transformation on their phase-space variables and classically their dynamics is indistinguishable.
However, a parent model can be formulated on the Drinfel’d double group and at this stage Poisson-
Lie duality becomes a manifest symmetry and the two submodels can be obtained by gauging
conditions. Furthermore, there are two symmetric ways to perform the decomposition: y = gg
or Y= gg. In our simple case, we started from the action of an isotropic rigid rotator on the
group manifold SU(2), and having realized that SL(2,C) can be seen as a Drinfel’d double and
in particular sl(2,C) = su(2) > 5b(2,C) is a Manin triple, we built the dual model on SB(2,C),
they can then be obtained from the generalized action on SL(2,C) under appropriate gauging. In
this sense we can see we have the ingredients under which Poisson-Lie duality relies. It is already
enough in principle to state that the model is a Poisson-Lie model.

However, note that in this case the model is too simple to have Poisson-Lie symmetry, indeed, there
does not exist a canonical transformation, that is due to the fact the model under analysis is not a
genuine field theory. In fact, this can be found instead in the principal chiral model case [56].

5.4 Recovering the dual models

The standard dynamics of the isotropic rigid rotator and its dual model can be recovered from
the doubled Lagrangian we have introduced. In order to get back one of the two models one has to
impose constraints, as is customary in DFT. In particular, one has to gauge either SU(2) or SB(2,C)
and integrate out.

For definiteness, we specify and fix a local Iwasawa decomposition for the elements of SL(2,C)
as Y= gg, with § € SB(2,C) and g € SU(2). From the action in (5.7) and the properties we have
remarked on the two scalar products defined on SL(2,C), it can be seen that the Lagrangian is
manifestly globally invariant under both left and right SU(2) actions but only under left SB(2,C)
action. Therefore, in order to recover the 7SU (2) rotator description this left SB(2,C) invariance
has to be promoted to a gauge symmetry and then gauged appropriately. The left SB(2,C) action
is given by

SB(2,C).:y— hy=hgg, YheSB(2,C). (5.32)

Promoting this global symmetry to a gauge one, we modify the Maurer-Cartan one-form defining
the covariant exterior derivative Dz = d +C, where C is the gauge connection one-form C = G;(¢)é',
so that

0" (v 'dy) = ¢* (v 'Dey) = (v 'v+v 'Cy) dr. (5.33)

We can make explicit the doubled notation by performing the following splitting:

Yy '7+y ICy=Ud + Wi, (5.34)
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whose components can be obtained from
Up=2Im{Tr [(y '7+Cjy '&'y) ei] } (5.35)

and
W' =2Im{Tr [(y '7+Cjy'&y) ]} (5.36)

These can be computed explicitly by means the coadjoint action of g, g on e, &/ represented by the
Lie brackets (2.8) (for the ¢;), (2.12) and (2.13). However, this is not necessary for our purposes
and details can be found in [46]. In terms of these new degrees of freedom we can write down the
doubled Lagrangian with the gauge connection added, so the gauged Lagrangian reads

Le= % {Bi.,-W’Wj +2 (k8! + &) WU+ h"fU,-Uj} 7 (5.37)
since
Le = 5 [ki(9* (v"'Dey) %0" (v~'De)) +ka (9 (v~'Dey) . +9* (v™'Dey)))]  (5:38)
- %E,,éléj, (5.39)
with Q' = (W', U;). Then, performing the transformation
W =W'+ (k6" — &") U, (5.40)

we have |
LC = 5 [6ijWin + (1 —kz) SijUin] . (5.41)

We will use this form for writing the Euclidean partition function of the system
2= / Dy Dy De ¢ (5.42)

and integrate over the gauge connection. In particular, we can trade the integration over C; with an
integration over U;:

7 = / DD det (;351 ) ¢~ 3 Jrdt 5 WW / Pye—? rdi (1-K)80,U; (5.43)
J

It is easy to see that the Jacobian determinant of the C — U transformation is constant since the
matrices involved in the gauge transformations are constant, hence it only results in a regularization
factor. Using the fact that the Gaussian integral over U is also a constant, the partition function can
be finally written in the form

% o / Dy Dge 2 St 8 VW (5.44)

In order to compare with the IRR action (3.1) we can make a step further. It is possible to introduce
the endomorphism E of s1(2,C) = su(2) &sb(2, C) which preserves the Drinfel’d splitting, defined

by the constant matrix
5 T
E = <—(le)ij 5/ ) (5.45)
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such that we can make the following splitting-preserving change of variables on sl(2,C) as a Drin-

fel’d double:
j e
(W)=Y, (5.46)
Uj Uj

In this way, we can write the Maurer-Cartan left-invariant one-forms as
o (¢ 'dg') = Wiewdr, @ (§7'dg) = Oidlan. (5.47)

The endomorphism E induces an exponential map exp(E) : SL(2,C) — SL(2,C) such that y = gg
is mapped into ¥ = g’¢’, so that the integration measure can be transformed into Zy 7z, hence up
to a constant factor (the determinant of exp(E)) the partition function can be written as

L / P / Dye 1 TH@ (¢ d/ ) v (g 1dg)] (5.48)

Clearly the integration over g’ gives another constant, while the other integral is the partition func-
tion of the IRR model.

The dual model with carrier space TSB(2,C) can be recovered following exactly the same
procedure but gauging this time the global right SU(2) action invariance. The main difference with
respect to the previous case is that the gauge connection one-form is now su(2)-valued, and under
the integral it is suitable to be traded for the integration over the dual analogue of W in (5.34). This
case has been carried out in detail in [46].

6. Conclusions

After reviewing some of the fundamental aspects of Drinfel’d double and Poisson-Lie T-
duality, we have considered the dynamics of the three-dimensional isotropic rigid rotator on the
group manifold of SU(2) and its dual model on the group SB(2,C), first introduced in [46], in
the spirit of outlining their connection with Poisson-Lie sigma models. We have analyzed the two
models from the Poisson-Lie duality point of view, building a doubled generalized model with
TSL(2,C) as carrier space. This was done with the purpose of exploring more deeply the relations
between Poisson-Lie symmetries, Double Geometry and Generalized Geometry in a particularly
simple system so that the framework could be more easily and explicitly understood. In fact, we
were able to recover all the mentioned structures in such a simple system; for example, we found
a Poisson realization of the C-brackets for the generalized bundle 7 & T* over SU(2) from the
Poisson algebra of the generalized model. This shows that C-brackets can be obtained as derived
brackets, in analogy with the ideas presented in [60, 61], with the remarkable property that in this
case they are derived from the Poisson brackets of the dynamics.

The two dual models exhibit many characteristics of dual Poisson-Lie sigma models and from
the generalized action both can be recovered by gauging one of its symmetries, as it is customary
in the framework of Double Field Theory. However, the dynamics described by the two models is
not equivalent.

DFT has the purpose of making T-duality manifest in the target space low-energy effective
theory. Many attempts have been done in the direction of generalizing the DFT description to
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Poisson-Lie T-duality, which is a generalization of the standard Abelian and non-Abelian concepts
of T-dualities, see e.g. [50]. However, a manifest implementation of T-duality already at the level
of world-sheet string action has not been yet clearly recovered, which would be of course even
more interesting. The isotropic rigid rotator is a toy model, representing a sigma model in 0+ 1
dimensions. Its true field theory generalization, which is the Principal Chiral Model, is presented
in [56]; the inclusion into the latter of a Wess-Zumino term is currently under investigation [57].
Besides being interesting per se, these models may contribute to a better understanding of the string
world-sheet formulation, with the possibility of writing a manifestly O(d,d) T-duality invariant
doubled action in a more rigorous way and then performing the low energy limit where all the
results obtained in Double Field Theory should be recovered.

Acknowledgments F.P. would like to thank the organizers of the Workshop on Dualities and
Generalized Geometries for the invitation to deliver this talk.

References
[1] Plauschinn E., Non-geometric backgrounds in string theory, Phys. Rept. 798 (2019) 1-122
[arXiv:1811.11203 [hep-th]].

[2] Rennecke F., O(d,d)-Duality in String Theory, JHEP 1410 (2014) 69 [arXiv:1404.0912
[hep-th]].

[3] Mabharana J., The Worldsheet Perspective of T-duality Symmetry in String Theory, Int. J. Mod. Phys.
A28 (2013) 1330011 [arXiv:1302.1719 [hep-th]].

[4] Buscher T. H., A Symmetry of the String Background Field Equations, Phys. Lett. B194 (1987) 59.

[5] Buscher T. H., Path Integral Derivation of Quantum Duality in Nonlinear Sigma Models, Phys. Lett.
B201 (1988) 466-472.

[6] Duff M.J., Duality Rotations in String Theory, Nucl. Phys. B335 (1990) 610.

[7] Hull C.M., A Geometry for Non-Geometric String Backgrounds, JHEP 0510 (2005) 065
[hep-th/0406102].

[8] Hull C.M. and Reid-Edwards R.A., Non-Geometric Backgrounds, Doubled Geometry and
Generalised T-duality, JHEP 0909 (2009) 014 [arXiv:0902.4032 [hep-th]].

[9] Giveon A., Porrati M. and Rabinovici E., Target Space Duality in String Theory, Phys. Rept. 244
(1994) 77 [hep—-th/9401139].

[10] Alvarez E., Alvarez-Gaumé and Lozano Y., An Introduction to T-Duality in String Theory, Nucl.
Phys. Proc. Suppl. 41 (1995) 1 [hep-th/94010237].

[11] Tseytlin A. A., Duality Symmetric Formulation of String World Sheet Dynamics, Phys. Lett. B242
(1990) 163.

[12] Tseytlin A.A., Duality Symmetric Closed String Theory and Interacting Chiral Scalars, Nucl. Phys.
B350 (1991) 395.

[13] Siegel W., Two Vierbein Formalisms for String Inspired Axionic Gravity, Phys. Rev. D47 (1993) 5453
[hep-th/9302036].

[14] Siegel W., Superspace Duality in Low-Energy Superstrings, Phys. Rev. D48 (1993) 2826
[hep—th/9305073].

24



T-Duality and Rotator Franco Pezzella

[15]

[16]

[17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

[33]

Siegel W., Manifest Duality in Low-Energy Superstrings, in International Conference on Strings 93,
Berkley, California, May 24-29, 1993 [hep—-th/9308133].

Lee K. and Park J.-H., Covariant Action for a String in Doubled-yet-Gauged Spacetime, Nucl. Phys.
B880 (2014) 134 [arXiv:1307.8377 [hep-th]]].

Hull C. and Zwiebach B., Double Field Theory, JHEP 0909 (2009) 099 [arXiv:0904.4664
[hep-th]].

Aldazabal G., Marques D. and Nunez C., Double Field Theory: a Pedagogical Review, Class. Quant.
Grav. 30 (2013) 163001 [arXiv:1305.1907 [hep—-th]].

Hohm O., Hull C. and Zwiebach B. (2010), Generalized metric formulation of double field theory,
JHEP 1008 (2010) 008 [arXiv:1006.4823v2 [hep-th]].

Blumenhagen R., Hassler F. and Liist D., Double Field Theory on Group Manifolds, JHEP 1502
(2015) 001 [arXiv:1410.6374 [hep-th]].

Blumenhagen R., du Bosque P., Hassler F. and Liist D., Generalized Metric Formulation of Double
Field Theory on Group Manifolds, JHEP 1508 (2015) 056 [arXiv:1502.02428 [hep-th]].

Hull C. and Zwiebach B. (2009), The gauge algebra of double field theory and Courant brackets,
JHEP 0909 (2009) 090, [arXiv:0908.1792 [hep-th]].

Groot Nibbelink S. and Patalong P., A Lorentz Invariant Doubled World-Sheet Theory, Phys. Rev. D
87 (2013) 041902 [arXiv:1207.6110 [hep-th]].

De Angelis L., Gionti S.J., Marotta R. and Pezzella F., Comparing Double String Theory Action,
JHEP 1404 (2014) 171 [arXiv:1312.7367 [hep-th]].

Copland N.B., A Double c-model for Double Field Theory, JHEP 1204 (2012) 044
[arXiv:1111.1828 [hep-th]].

Park J.H., Comments on Double Field Theory and Diffeomorphisms, JHEP 1306 (2013) 098
[arXiv:1304.5946 [hep-th]].

Berman D. S., Copland N.B. and Thompson D.C., Background Field Equations for the Duality
Symmetric String, Nucl. Phys. B791 (2008) 175 [arXiv:0708.2267 [hep—-th]].

Chen-Te Ma, One-loop B function of the double sigma model with constant background, JHEP 1504
(2015) 026 [arXiv:1412.1919 [hep-th]].

Berman D.S and Thompson D.C., Duality Symmetric String and M-theory, Phys. Rept. 566 (2014)
1-60 [arXiv:1306.2643 [hep-th]].

F. Hassler, The topology of Double Field Theory, JHEP 1804 (2018) 128 [arXiv:1611.07978
[hep-th]].

Pezzella F. (2015), Two Double String Theory Actions: non-covariance vs. covariance, PoS
CORFU2014 (2015) 158 [arXiv:1503.01709v2 [hep-th]].

Pezzella F., Some Aspects of the T-duality Symmetric String 6-model, in Proceedings 14th Marcel

Grossmann Meeting on Recent Developments in Theoretical and Experimental General Relativity,

Astrophysics and Relativistic Field Theories (MG14) (in 4 volumes), Rome, Italy, July 12-18, 2015
vol. 4, pp. 4228-4233 [arXiv:1512.08825 [hep-th]].

Bandos 1., Superstring in Doubled Superspace, Phys. Lett. B751 (2015) 408 [arXiv:1507.07779
[hep-th]].

25



T-Duality and Rotator Franco Pezzella

[34]

[35]

(36]
(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

(48]

[49]

[50]
[51]

[52]

[53]

[54]

de la Ossa X. and Quevedo F., Duality Symmetries from non-Abelian isometries in String Theory,
Nucl. Phys. B403 (1993) 377 [hep-th/9210021].

Klimé&ik C. and Severa P., Poisson-Lie T-Duality and Loop Groups of Drinfel’d Doubles, Phys. Lett.
B372 (1996) 65 [hep-th/9512040].

Klim¢ik C., Poisson-Lie T-Duality, Nucl. Phys. Proc. Suppl. 46 (1996) 116 [hep-th/9509095].

Alekseev A.Yu., Klim¢ik C. and Tseytlin A.A., Quantum Poisson-Lie T-duality and WZNW model,
Nucl. Phys. B458 (1996) 430-444.

Alekseev A., Malkin A., Symplectic Structures Associated to Lie-Poisson Groups, Commun. Math.
Phys. 162 (1994) 147-173.

M. A. Lledé and V. S. Varadarajan, SU (2) Poisson-Lie T-duality, Letters in Mathematical Physics 45
(1998) 247-257 .

Klim&ik C. and Severa P, Open strings and D-branes in WZNW models, Nucl. Phys. B488 (1997)
653-676.

Klimé&ik C. and Severa P., Poisson-Lie T-duality: Open strings and D-branes, Phys. Lett. B376 (1996)
82-89.

Drinfel’d V.G. (1987), Quantum Groups, Proceedings of the International Congress of
Mathematicians (Berkeley, Calif., 1986), American Mathematical Society, Providence USA (1987),
pp. 798-820.

Hitchin N. J. , Generalized Calabi-Yau manifolds, Q. J. Math. 54 (2003) 281-308.
Hitchin N. J. , Lectures on Generalized Geometry, [arXiv:1008.0973 [math.DG]]
Gualtieri M. (2004), Generalized Complex Geometry, PhD Thesis [math/0401221].

Marotta V. E., Pezzella F. and Vitale P., Doubling, T-Duality and Generalized Geometry: a Simple
Model, JHEP 1808 (2018) 185 [arXiv:1804.00744 [hep-th]].

Marmo G., Simoni A., Stern A. (1993), Poisson-Lie group symmetries for the isotropic rotor, Int. J.
Mod. Phys. A 10 (1995) 99 [hep-th/9310145v1]

Marmo G. and Ibort A., A new look at completely integrable systems and double Lie groups,
Contemp. Math. 219 (1998) 159.

Marotta V. E. and Szabo R. J., Para-Hermitian Geometry, Dualities and Generalized Flux
Backgrounds, Fortsch.Phys. 67 (2019) no.3, 1800093 [arXiv:1810.03953 [hep-th]].

Hassler E., Poisson-Lie T-Duality in Double Field Theory, [arXiv:1707.08624 [hep-th]].

Reid-Edwards R.A., Bi-algebras, generalised geometry and T-duality [arXiv:1001.2479
[hep-th]].

M. A. Semenov-Tian-Shansky, Poisson Lie groups, quantum duality principle, and the quantum
double, Theor. Math. Phys. 93 (1992) 1292 [hep-th/9304042].

Drinfel’d V. G. Hamiltonian structures on Lie groups, Lie bialgebras and the geometric meaning of
the classical Yang-Baxter equations, Sov. Math. Dokl. 27 1 (1983) 68-71.

Zhang-Ju Liu, Ping Xu, Weinstein A. (1997), Manin triples for Lie bialgebroids, J. Differential Geom.
45 (1997), no. 3, 547-574 [dg-ga/9508013v3].

26



T-Duality and Rotator Franco Pezzella

[55] Freidel L., Rudolph F.J., Svoboda D., Generalised Kinematics for Double Field Theory, JHEP 1711
(2017) 175 [arXiv:1706.07089 [hep-th]].

[56] V.E. Marotta, F. Pezzella and P. Vitale, T-Dualities and Doubled Geometry of the Principal Chiral
Model [arXiv:1903.01243 [hep-th]].

[57] F. Bascone, F. Pezzella and P. Vitale, work in progress.
[58] Edward Witten, 2+ 1 dimensional gravity as an exactly soluble system, Nucl. Phys. B311 (1988) 46.

[59] Marmo G., Saletan E. J., Simoni A. and Vitale B., Dynamical Systems: A Differential Geometric
Approach to Symmetry and Reduction, John Wiley and Sons Inc. (1985).

[60] Deser A., Stasheff J. (2014), Even symplectic supermanifolds and double field theory, Commun.
Math. Phys. 339 (2015) no.3, 1003-1020 [arXiv:1406.3601 [math-ph]].

[61] Deser A., Saemann C. (2016), Extended Riemannian Geometry I: Local Double Field Theory,
ITP-UH-22-16, EMPG-16-18 [arXiv:1611.02772 [hep-th]].

[62] Deser A., Saemann C. (2018), Derived Brackets and Symmetries in Generalized Geometry and
Double Field Theory, PoS CORFU2017 (2018) 141 [arXiv:1803.01659 [hep-th]].

27



