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ABSTRACT: The phase space given by the cotangent bundle of a Lie group appears in the context
of several models for physical systems. A representation for the quantum system in terms of non-
commutative functions on the (dual) Lie algebra, and a generalized notion of (non-commutative)
Fourier transform, different from standard harmonic analysis, has been recently developed, and
found several applications, especially in the quantum gravity literature. We show that this algebra
representation can be defined on the sole basis of a quantization map of the classical Poisson algebra,
and identify the conditions for its existence. In particular, the corresponding non-commutative
star-product carried by this representation is obtained directly from the quantization map via
deformation quantization. We then clarify under which conditions a unitary intertwiner between
such algebra representation and the usual group representation can be constructed giving rise to
the non-commutative plane waves and consequently, the non-commutative Fourier transform. The
compact groups U(1) and SU(2) are considered for different choices of quantization maps, such
as the symmetric and the Duflo map, and we exhibit the corresponding star-products, algebra
representations and non-commutative plane waves.
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1 Introduction

In ordinary quantum mechanics of a point particle on flat space, we can either choose to represent
our wave functions in the position representation, that is, realizing the Hilbert space of the system
as L? functions on the configuration space, or in the momentum representation, given again by
L? functions on the cotangent space. These two realizations can be independently defined, once a
quantization map of the classical Poisson algebra of observables has been chosen. On an Euclidean
space the usual Fourier transform gives a map between both representations, i.e. between the two
L? spaces, relating them self-dually. Explicitly, for ¢ € L2(R?), the Fourier transform is given by

V(p) = /Rd Az e P (F) € LA(RY), (1.1)

where e~ 7% are unitary irreducible representations of the group of translations in R%, and &, 7
vectors in RZ. Thus, in the flat case, points on the cotangent (momentum) space are in one-to-one
correspondence with unitary irreducible representations of the translational symmetry group of the
configuration space.



For a generic curved manifold, a momentum representation in terms of L? functions on its
cotangent space cannot be defined, in absence of symmetries, nor a notion of Fourier transform.
On the other hand, for symmetric spaces and, in particular, for Lie groups the notion of Fourier
transform can be generalized as an expansion in terms of unitary irreducible representations of
the same group, acting transitively on the configuration manifold. More precisely, for any locally
compact group G the Fourier transform is defined as the unitary map between L?(G) and LQ((A?),
where é, the Pontryagin dual of G, denotes the set of equivalence classes of unitary irreducible
representations of . Harmonic analysis is, indeed, a very useful tool in quantum mechanics,
quantum field theory in curved spaces, and quantum gravity.

However, some of the nice features of the usual momentum representation and of the usual
Fourier transform are, inevitably, lost. When considering a physical system whose configuration
space is a general Lie group G (let us say, a particle on a sphere described by SU(2)), the momentum
space coincides with the dual of the Lie algebra g*, which in general differs from G. For example,
for SU(2), SU(2) = Ny/2, while su(2)* ~ R3. That is, the Pontryagin dual is a very different
object from the cotangent space of a configuration space, coinciding only in very special cases, as
G = R above. Therefore, the dual representation obtained from harmonic analysis is not in terms
of (generalized) functions of momenta, i.e. functions on the Lie algebra. This implies that one is
bound to lose contact with the classical theory, at least at the formal level, when working with
quantum observables that are functions of the momenta. Of course, the same physical information
can be recovered in any representation of the quantum system, but one would like to maintain a
closer formal resemblance with the classical quantities, to help maintaining also a closer contact
with the underlying physics. In particular, several quantum gravity approaches, most notably loop
quantum gravity [1-3], spin foam models [4] and group field theories [5-7], work with an underlying
classical phase space based on the cotangent bundle over a Lie group (either SU(2) or the Lorentz
group SL(2,C)). While the group elements encode the degrees of freedom of the gravitational
connection, the elements of the Lie algebra are related directly to the triad field, thus to the metric
itself. A representation which makes directly use of functions of such Lie algebra elements would
then bring the geometric aspects of the theory to the forefront.

Such Lie algebra representation has been proposed in the quantum gravity context (where it
also goes under the name of flux representation) and its development and application is now a
growing area of research [8-18]. However, it has been used, up to now, as a derived product of
the usual group representation, and obtained from a non-commutative Fourier transform whose
mathematical basis has remained only partially explored, and which has still a certain flavour of
arbitrariness in its defining details (e.g. plane waves and star-product).

The goals of this article are the following. First of all, we want to show that the algebra
representation can be defined independently of the group representation, on the sole basis of the
choice of a quantization map of the classical Poisson algebra, and identify more clearly the conditions
for its existence. Second, we want to clarify under which conditions a unitary map between such an
algebra representation (assuming it exists) and the usual group representation can be constructed,
that is, characterize the non-commutative Fourier transform together with the corresponding non-
commutative plane waves. In looking to the above, we try to work with as general a Lie group
G as possible. Third, we want to consider specific and interesting choices of quantization maps
and Lie groups, and exhibit the corresponding star-products, algebra representations and non-
commutative plane waves. On the one hand, we prove with these examples the non-emptiness of
the definitions provided together with the existence of their algebra representation and of their non-
commutative Fourier transforms; on the other hand, the results of specific quantization maps can
find direct applications, as we discuss in the following, to quantum gravity models. In particular,
we identify the non-commutative plane waves and star-product for the Duflo map — a special case
of the Kontsevich star-product —, which has been suggested to be useful in several quantum gravity



contexts [19-22].

The construction we present in this article extends earlier work on the non-commutative Fourier
transform by several authors. The concept arose originally in considerations of the phase space
structure of 3d Euclidean quantum gravity models. The earliest notion (to our knowledge) of a
non-commutative Fourier transform for the group SU(2) appeared in a paper by Schroers [23] (see
also [24] by Schroers & Majid), where the construction is based on the duality structure of the
quantum double DSU(2), which is introduced as a quantization of the classical phase space ISO(3).
Later, more explicit notions of what became to be called ‘group’ Fourier transform were introduced,
first for the group SO(3) by Freidel & Livine in [8], and later extended to SU(2) and related to the
quantum group Fourier transform by Freidel & Majid [9], Joung, Mourad & Noui [10] and Dupuis,
Girelli & Livine [18], each in their own different ways. See also [25, 26]. To a certain extent, our
construction in this paper can be considered as yet another extension of the original concept in [8]
to more general classes of non-commutative structures and Lie groups. However, it derives from
the canonical structures of the classical phase space, the cotangent bundle of G, of the quantization
map applied to it, and of the corresponding quantum observable algebra. Thus, it also provides
a better general understanding of the relation of the non-commutative Fourier transform to these
fundamental underlying structures.

For other directions to Fourier analysis on Lie groups, let us in particular point to the extensive
work on the Kirillov orbit method [27], subsequent (Fourier) analysis based on the decomposition
of G into orbits in g* [28], and the Helgason Fourier transform [29] for further reference.

Let us summarize our results. The starting point is the Poisson algebra associated to the
cotangent bundle of a Lie group G, taken to be Pg = (C*° (G xg*),{-, -}, ) with canonical symplectic
structure {-, -}, and pointwise multiplication -. Canonical quantization of (a suitable subalgebra of)
-algebra 2 endowed with a natural Hopf algebra structure. A
representation of 2 on the Hilbert space L?(G) of square-integrable functions on G (with respect

*

Pc gives an abstract operator

to the Haar measure dg) is straightforwardly available as any set of coordinates on G form (in an
implicit sense given below) a simultaneously diagonizable maximal abelian subalgebra of self-adjoint
operators. This provides the group representation. A definition of a dual algebra representation of
2l in terms of a functional space we denote by L2(g*) is made possible by introducing a star-product
* in the sense of deformation quantization [30], depending only on the chosen quantization map
from Pg to A. In particular, the inner product in this Hilbert space is the L? inner product with
respect to a star-product *, (and the Lebesgue measure d?X on g*), which is the deformation
quantization star-product * amended with a projection that accounts for the compact subgroups
of G; namely, (f,g) = [ (d;T))(d f *p g. We show under which conditions on the star-product, such
algebra representation can be defined. The non-commutative Fourier transform is then shown to
arise as the intertwiner between these two representations. For ¢ € L*(G) and ¢ € L2(g*), the
non-commutative Fourier transform F and its inverse 7! are determined to be

D) = FW)X) = [ dg B, 0ta). (12)
~ d ~
0(o) = FG)0) = | T BlX) ey 0(X). (13
;

where Ey(X), the kernel of the transform, is what we call the non-commutative plane wave. The
explicit form of the non-commutative plane wave, and thus that of the transform, depends again on
the choice of a quantization map or, equivalently, a deformation quantization *-product. In fact,
in terms of the canonical coordinates (of the first kind) k(g) = —iIn(g) € g on G obtained through



the logarithm map, the plane wave is shown to be given by the star-exponential
Ey(X) = M X ) (1.4)

where X € g*.! In case G has compact subgroups, the logarithm is multivalued, and we take
k(g) = —iln(g) to be in the principal branch. The introduced amended star-product %, implements
a projection onto the principal branch for the non-commutative plane waves. The set of plane waves
E,(X) equipped with the *,-product then constitutes a representation of G, since Eg (X )%, Ep(X) =
E4n(X). Hence, a given choice of quantization map uniquely determines the star-product and thus
E,(X), which, in turn, uniquely determines the non-commutative Fourier transform and its inverse.
This result also clarifies the relation with the so-called quantum group Fourier transform, extending
again the work of [9].

Last, we provide explicit examples of the above construction for three interesting choices of
quantization maps: the symmetric map, the Duflo map, and the so-called Freidel-Livine-Majid
map (used in the quantum gravity literature).

The outline of the paper is the following: in the next section 2 we motivate the general con-
struction by working with the simplified case of the Euclidean space, where the guiding ideas are
easy to follow and the complications coming from the general Lie group structure are out of the
way. Sections 3 and 4 constitute the bulk of the article. We start by quantizing a Poisson subalge-
bra of the algebra of smooth functions on T*G as an abstract operator algebra 2, emphasizing its
underlying Hopf algebra structures inherited from the Lie group G and Lie algebra g* structures.
In Subsections 3.1 and 3.2 we define representations of 2 in terms of functions on the group G
and the dual algebra g*, respectively. And finally, in Section 4 we derive the non-commutative
plane wave that gives rise to the intertwiner between the aforementioned representations — the
non-commutative Fourier transform. Explicit examples in two distinctive cases — U(1), SU(2), for
various choices of quantization maps — are worked out in the subsequent section, thus showing the
existence of the algebra representation in some interesting cases. A short conclusion on the results
obtained is given in Section 6.

2 DMotivation: Harmonic analysis on Euclidean space

To motivate the route we will follow next, let us understand the procedure for the simple case of
the Euclidean space, R? (d € N), and see how the usual Fourier transform arises as an intertwiner
between the position and momentum representations.

The classical phase space is given by T*R? = R? x (Lie R?)*, where (Lie R?)* denotes the dual
of the Lie algebra of R¢, which coincides with R itself, (LieR9)* = (R?)* = R?. Let ¥ = (2°) and
7= (pj) (i,j =1,...,d) be canonical coordinates in some basis on R? and (LieR¢)*, respectively,
with Poisson brackets?

{227} =0, {xi,pj}zéj», {pi,p;} =0. (2.1)
The Poisson structure is defined directly on C°°(T*R%) by the canonical symplectic structure of the

phase space and, together with the ordinary pointwise multiplication - on C>(T*R%), gives rise the
the full Poisson algebra Pra = (C°(R29),{-,-},-).> As a physical system, we could think of Pga as

1We will use the physicists’ convention of self-adjoint Lie algebra elements throughout.

2Where appropriate, the equations should be read as holding for all values i,j,k = 1,...,d.

3. is symmetric and associative, and {-,-} is antisymmetric and satisfies the Jacobi identity. Furthermore, note
that both structures are compatible in the sense that, for any f,g,h € C®(T*R?), {f,g-h} = {f, g} -h+g-{f, h},
that is, the Leibniz rule ‘intertwines’ pointwise multiplication and Poisson brackets.



the algebra of classical observables of a point particle moving on the Fuclidean space, with & being
the position, and p the respective canonical conjugate momentum.

We now seek to quantize this algebra Pra, or a subalgebra A thereof, as an abstract operator
*-algebra $. That is, we want a map Q : A — § such that the basic Poisson brackets (2.1) are
mapped to the commutators

(X', X7 =0, [X'P]=is1, [P,P)]=0, (2.2)

where X" = Q(z"), P; = Q(p;) are self-adjoint elements in §). The Lie algebra generated by X,
P;, and 1 is the usual Heisenberg algebra.

A few remarks about the map Q are in order: (1) Q(A) = $ is, at this stage, an abstract

*

operator *-algebra. We may consider a representation of §) as a concrete operator algebra on a
Hilbert space H, which is what we will do in the following. However, due to (2.2) X* and P; are
necessarily unbounded operators and, therefore, their domains of definition have to be restricted to
some dense subspaces of ‘H such that their images under the action of the operators are contained
in #H; or the treatment extended to a rigged Hilbert space [31, 32]. (2) Q is linear and satisfies
Q(1) = 1 and possibly Q(o(f)) = ¢(Q(f)) for any function ¢ : R — R for which Q(o(f)), #(Q(f))
are well defined (von Neumann rule). (3) The need of a subalgebra A C C°°(R2??) comes from
the general obstruction to quantizing consistently the full Poisson algebra Pga, cf. Groenewold-van
Hove’s theorem and generalizations thereof [33]. Even determining the maximal Lie subalgebra of
C>(R24) for which quantization can be carried out is an open problem, and we again refer the
reader to [33] for a detailed analysis of such subtleties. In the following, we shall be content with
assuming the existence of such A, and will require it to be big enough to contain all the relevant
functions of the subsequent analysis (in particular, exponentials). Moreover, it is also important
that A be complete in the sense that it guarantees local separation of points everywhere on the
phase space.

As remarked in (1) above, we now consider representations w of $) as a concrete algebra
of (in general, unbounded) operators on some (dense subspace of a) Hilbert space H. In par-
ticular, 7 : $ — Aut(H) is a linear *-homomorphism between $) and the automorphisms of
H, preserving commutators: (i) m(AA + uB) = Ar(A) + pm(B), (i) 7(AB) = #(A)=x(B), (iii)
m([A, B]) = [n(A),n(B)], (iv) n(A*) = n(A)*, for all A,B € $ and \,u € R.

The commutativity of the X* operators allows to diagonalize all of the them simultaneously.
Accordingly, we have the position representation 7, of the algebra on L?(R? d%z) on the joint
spectrum of X*’s such that*

(7o (X))(@) = 2"9(@). (2.3)

Furthermore, since the operators X constitute a maximal subset of commuting self-adjoint gener-
ators of the algebra §), the description of a state ¢ in L?(R¢,d%z) is complete. To complete the
description of the action of the operators, we note that by setting

(e (P)) (&) =~ () 2.4

we consistently represent the commutator [X*, P;] = 15; 1, and thus this specification is shown to de-
termine a representation of the original abstract operator *-algebra $ on L?(R¢ d%z). Anticipating

4As already noted, the operators X* are unbounded, and therefore their domains must be restricted to a dense
subset D C L?(R%,d%). So, here, ¢ € D.



our later considerations, we should note the important role the Leibniz rule of the partial derivatives
with respect to the pointwise multiplication plays in reproducing the correct commutation relations.
If one further requires irreducibility and regularity, this representation on L?(R¢,d?z) is shown to
be unique up to unitary equivalence due to the Stone-von Neumann theorem [34, 35].

The same reasoning can be applied just as well, and independently, to the P;’s. The diag-
onalization procedure gives another representation 7, of $ on L?(R%, d%p/(27)?), where now the
operators P; act multiplicatively

(mp (1)) (B) = 0 (B) - (2.5)

Analogously, 1/3(13') are said to give a representation in terms of functions of the momenta, and 7, is
thus called a momentum representation. Finally, the action of the operators X? in this basis which
correctly reproduces the commutators [ X, P;] = ié;'-]l is given by

(o (X)D) () = i (7). (2.6)

Opi

We will now see that the usual Fourier transform F is exactly the unique, unitary intertwiner
between these two representations, a property we may write as m,(A)oF = Fom,(A) for all A € 9,
establishing, therefore, their equivalence.

Hence, assuming that the two previous representations of §) are intertwined by an integral
transform F, that is

0P = F@@) = [ e B@R @), v e AR, 2.7

where E(Z,p) denotes the kernel of the transform, the intertwining property turns into properties
for E(#,p). On the one hand,

(o (PIFW)@) = [ a'ep B 7w(@). (2.9

FPyo)) = [ atoB @) (~igmo@) = [ e (inhp@n) o). (29)

where we used integration by parts for the last equality.® Therefore, for all 1) € L*(R%) we have
the differential equation

0
ozt

piE(Z,P) = i—E(Z, 7). (2.10)

On the other hand, from the corresponding requirement for the X? operators we get

Flr(X00)(7) = | d'e B@pa'v@), (21
r(X)F)0 = [ ate (1B ) v(@), (2.12)

which, for all ¢ € L2(R%), gives
T E(Z,p) =i 0 E(Z,p) . (2.13)

Opi

5And by noting that smooth compactly supported functions C2° are dense in L? and, therefore, vanish at infinity.



The unique and common solution to the two differential equations (2.10) and (2.13) is the plane
wave E(Z,p) = ce”P% where ¢ € C is an arbitrary integration constant. Hence, we find

00 = F@)@) = [ dlee (@), (2.14)

For the particular value of ¢ = 1 the transform is found to be unitary, i.e. FoF* =idp2ga) = F oF
(and, in particular, invertible), the adjoint transform being given by

~ d —_—~
FRONE) = [ | 5 BE) 60) = (@), (215)

Therefore, as advertized, m, and m, are unitarily equivalent with the Fourier transform F their
intertwiner.

Let us further note an important property of the translations (Ty)(Z) = ¥(Z + 7).
F(Ty)(p) = ePIF(1)(p), the translations act dually via pointwise multiplication by plane waves,
and, therefore, the plane waves e””? constitute a dual representation of the translation group. In

Since

fact, this follows directly from the form of the representations, since by integrating the action of
partial derivatives we have (% + ¢) = eV Vay(Z) = ﬂm(ew‘ﬁ)w(a—c’), and since F intertwines the
representations, F(m,, (eig'ﬁ)z/})(ﬁ) = (ﬂp(eig‘ﬁ)}'(w))(ﬁ) = eWPi)(f). Notice, in particular, the im-
portant role that the global triviality of the Euclidean space plays here in integrating the action
of the partial derivatives. Later, we will see that extra complications arise, if there are compact
subgroups to the Lie group under consideration. These need to be properly taken care of in order
for the translations to act dually by plane wave multiplication.

This derivation of the ordinary Fourier transform between the position and the momentum
representations for 7*R?% motivates the line of thought that will be used in the next section for the
general case of the cotangent bundle of a Lie group T*G, and whose result, having first defined
the two corresponding representations, will finally lead to the notion of non-commutative Fourier
transform.

3 Quantum representations for general (weakly exponential) Lie groups

We now turn to the case where the configuration space is a Lie group G of the weakly exponential
type, that is, such that the image of the exponential function exp(g) is dense in G. The impor-
tance of this restriction will become clear as we move along and, in particular, in the next section,
where one wants to be able to determine plane waves of the exponential type. Note that compact
connected Lie groups are always exponential.® A thorough summary of the status of the exponen-
tiability of a Lie group and its complexity can be found in [36, 37].

The phase space of the system is given by the cotangent bundle TG = G x g*, which, for Lie
groups @, is always globally trivial, i.e. we may always find a global basis of right (left) invariant
covector fields through the pull-back of the multiplicative action of G on itself Ry, : G — G, g — gh
(Lp : G = G, g — hg), h € G. Cotangent bundles are endowed with a canonical symplectic
structure that, together with ordinary pointwise multiplication - on C*°(T*G), uniquely determines

6The exp function commutes with conjugation and any compact connected Lie group is the union of the conjugates
of a maximal torus which is exponential.



the Poisson algebra Pg = (C*(T*G),{-, },-), and for any functions f,g € C°°(T*G) we obtain”

“i 9x, aX;

{f9} = 55 Lig — L f (3.1)
where £; are Lie derivatives on G with respect to an orthonormal basis of right-invariant vector
fields, X; are Euclidean coordinates on g* ~ R%, d := dim(G), cz-jk the structure constants of the
Lie algebra g (~ g*), i,j,k = 1,...,d, and Einstein summation convention is assumed.

We now seek to quantize this algebra, or at least a mazimal subalgebra A thereof for which this
is consistent, as an abstract operator *-algebra 2[. We define a quantization map Q : A — 2 such

that Q(f) =: f for all f € Ag € C>(@), and Q(X,) =: Xj, satisfying
[fvg] :05 [szf] :Zzz.\fei)’[Gv [XMX]] :chka; vageglca (32)

where we denoted Ag the subalgebra of A C C°°(G x g*) of functions constant in the second
argument, and Ag = Q(Ag), which is a commutative subalgebra of 2. In general, we cannot
introduce differentiable coordinates (* € C*°(G) on G due to a global obstruction, in particular, if
G has compact subgroups. Accordingly, we cannot have operators in 2 corresponding to coordinates
on G. However, such coordinates can be approximated arbitrarily well by elements in C*°(G), and
we may define coordinate operators CAZ not necessarily in 2 corresponding to a set of coordinates
¢*: G — R by imposing f = fc(&), where f¢ o 55 f, for all f € C™(G).
We then have formally the commutators

L] =0, [Xi,d)=ili¢h, [Xi,Xj]=ic,; "Xy (3.3)
Further assuming that (*(e) = 0 and £;(?(e) = 6{, the explicit form of the operator E/l\CJ may be
obtained (in a neighborhood of the identity) from the Taylor series expansion of the Lie derivatives
at the identity in terms of the coordinates

Li¢'(g Z Yrgn 1 G (9) G (g) (3.4)
simply as
o0
Z g1 Gn— 1 an ' (35)
where Cqu qn_, € R are constant coefficients specific to the chosen coordinates. Clearly, we are

always free to change coordinates as 2l is commutative. The same remarks for the quantization
map Q on Pga apply ipsis verbis with R? replaced by G.

We will call the algebra generated by f € Ag and )A(Z-, already denoted by 2, as the quantum
algebra for T*G. Note that it may differ from the Heisenberg algebra $ as now the commutator
[Xi, @ ] does not in general equal a multiple of 1 for any choice of coordinates (7.

The quantum algebra 2 has, in fact, some extra structure inherited from the Lie group and Lie
algebra structures of G and g. On the one hand, notice that the commutation relations for the X;
operators among themselves coincide with the Lie algebra commutation relations for g. Therefore,

"The canonical symplectic 1-form 6 on T*G is obtained via the pull-back 7* : T*G — T*(T*G) of the canonical
bundle projection 7 : T*G — G, w(a) =p € G for all a« € T, G. The symplectic 2-form is then obtained as w = —df.
To any f € C°°(T*G) can then be associated a vector field Xy on T*G via the relation w(Xy,-) = df. The Poisson
bracket for functions f,g € C°°(T*G) is then given canonically by {f, g} := w(Xs, Xg) € C(T*G) [38].



the restriction of Q onto functions Ag« C C™(g*) C C™(G x g*) that are constant in the first
factor maps to the completion of the universal enveloping algebra of g, g~ := Q(Ay-) = U(g) C .
U(g) is endowed with a natural Hopf algebra structure with coproduct Ag-, counit eg-, and

antipode Sy, which extends to a corresponding structure on 24+ given by

Age : Age —> Age @Ay, Age (X)) = X;@1+10 X;, (3.6)
ege : Age — Age g (X;) =0, (3.7)
Sge : Age — Age Sy (X)) = =X (3.8)

On the other hand, the structure maps of G, that is, the group multiplication G x G — G, (g, h) —

gh, the inclusion of the unit {e} < G,e + e, and the inversion map G — G,g — ¢!, induce,

respectively, the following algebra homomorphisms on C*(G),

A:C¥(G) — CF(G xG), A(f)(g,h) = f(gh), (3.9)
€:C°(G) — R, e(f) = fle), (3.10)
5:0%(G) — C(G), S(F)g) = flg™). (3.11)

Equipped with these structure maps, C*°(G) forms nearly a Hopf algebra.® To obtain the cor-
responding Hopf algebra structure in 2 for any exponential Lie group, consider the canonical
coordinates (of the first kind) k : G — g = R% g v+ —iln(g) obtained through the logarithm
map. As these coordinates satisfy k(e) = 0 and k(g~') = —k(g), by correspondence to the above
structure, we may set for the corresponding operators e (k') = 0 and Sq (k') = —k'.

Furthermore, we may write

K(gh) => " > Bhpearak” () EP*(g)k (h) - - k% (h) (3.12)
n=0 k,leN
k+l=n
where B;lmp v g € Roare constant coefficients. This is just the Baker-Campbell-Hausdorff formula

for G, denoted in the following k*(gh) = B(k(g),k(h))'. At first order in |k| we have ki(gh) ~
k%(g) + k'(h), and the higher orders encode the non-linearity of the group manifold. Notice that,
if the logarithm for G is multivalued — which is the case if G has compact subgroups — in general,
the result k(gh) does not lie in the principal branch of the logarithm even if k(g) and k(h) do. We
may then define the coproduct for the corresponding coordinate operators as

Aali) =3 ST Bir ok b @k (3.13)
n=0 k,leN
k+l=n
which reflects the group structure. The coproduct corresponding to that of f € Ag in 2g can then
be formally defined as

Ac(f) = fe(Aa (k) (3.14)

where fr : g =2 R?Y — C is the lift of f : G — C onto the Lie algebra as fi(k) = f(e**). Clearly,
by this definition of the coproduct, the possible multivaluedness of k is taken care of by the corre-
sponding periodicity in fi. The explicit meaning of this rather formal expression can be understood
locally (for analytic functions) by expanding fi as a power series in k°.

8The problem is that the target of the map A is C°° (G x G) and not the algebraic tensor product C*° (G)@C>(G).
We can identify C*°(G)®C°(G) with a subspace of C°°(G x @), but the image of A is not contained in this subspace
unless G is finite. However, each unital subalgebra a C C'°°(G) which satisfies A(a) C a ® a and S(a) C a is a Hopf
algebra with respect to the restriction of the maps A, e and S.



Similarly, we can consider parametrizations ¢ : G — g = R? of G other than the canonical
coordinates. Given ¢} (k(g)), we may write accordingly

Ac(C) = G (Aq(kY) Z 3 Chpegra G @ G (3.15)

n=0 k,leN

k+l=n
where the new coeflicients C’;l peqr-q € Rare obtained from the expression (3.12) for k-coordinates
by expanding (%(g) in k'(g). Notlce that the coefficients Cj, . PRy here are the same as those

= (0 ) = §7. This will be important
in reproducing correctly the commutators in the algebra representation defined below.

appearing in (3.5) for coordinates such that ¢.(0) = 0 and -2

The significance of these Hopf structures cannot be underestimated, in particular, with respect
to the coproducts Ag- and Ag, and how they ensure the correct reproduction of the commutation
relations in the two representations of 2l we now proceed to define.

We now turn to explicit representations 7 of the quantum algebra 2 as a concrete operator
algebra on some Hilbert space H, where, as before, 7 : 2 — Aut(H) is a linear *-homomorphism
preserving commutators.

3.1 Group representation 7

The group representation Tg on L?(G) is defined as the one diagonalizing all the operators f € Ag:

(ma(F)(9) = F(9)v(9), (3.16)

for all f € Ag such that f = Q(f), as before. The resulting function fi¢ will not in general lie in
L2(G) for all 1 € L2(G), but we may restrict the domain of 75 (f) to be the subspace of Ag of
smooth compactly supported functions C°(G) on G — dense in L?(G) —, so that fip € C°(Q) for
all ¢ € C°(G). For the Lie algebra operators X,; we may set

(ma (X)) (g) = iLiv(g), (3.17)

where £; are again the Lie derivatives with respect to an orthonormal basis of right-invariant vector
fields on G, and similar remarks as above hold about the domain of 7g ()A(z) One can easily check
that the commutation relations (3.2) are correctly reproduced, so that the above actions define a
representation of 2. As usual, the inner product is given for ¢, v’ € L?(G) by

(W6, 9')G = /G dg B(9) ¥'(9). (3.18)

where dg is the right-invariant Haar measure on G.

To prove that (3.16), (3.17) give a representation of (3.2) we used, in fact, a fairly innocent
property of the Lie derivative: L, satisfies the wsual Leibniz rule with respect to the pointwise
product of functions, that is, £;(ff") = (L:f)f" + f(Lif"). Even though we know this to be true
by other means, this can be expressed as a compatibility condition between the coproduct Ay« of
g« and the pointwise product meg : f @ f' — f- f' for f, f' € C*°(G), namely,

ma(Xi) o ma = mg o (na @ ma (Ag- (X)), (3.19)

where ¢ ® me denotes the tensor product of the representation wg. More simply, (3.19) amounts
to L£; omg = mg o Ag«(L;), which on a tensor product f ® f’ gives

Li(f-f)=Lioma(f®[f)=magoAg(Li)(f® )
=mg(Lif @ '+ [ Lif")
=(Lif)- f'+ f-(Lif'), (3.20)
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that is, the usual Leibniz rule for the pointwise product.” Essentially, (3.19) can be seen as con-
sistency of the representation of the operator Fg(Xi) and the pointwise multiplication, with the
underlying Hopf algebra structure of 2. Different elements in the given representation will have, in
principle, different multiplications such that the compatibility with the Hopf algebra structure (in

particular, the coproduct) of 2 is satisfied.1?

Since it will be crucial for defining the algebra representation, let us state this requirement more
generally. Let 7 be representation of 2 on a space §,, with m : f ® f' +— f -, f’ the corresponding
multiplication. The compatibility with the coproduct A can be written in an abstract form as the
identity 7(T) o m = m o (x @ 7(A(T))), for T' an operator in 2. That is, the following diagram

7r®7r(A(T))l lw(f) (3.21)

commutes.

It is clear that the diagram does not hold for all products and coproducts. But, given a coprod-
uct, it tells which product makes it commute for the chosen operator T in the given representation
and, therefore, compatible with the Hopf algebra structure in the sense of the diagram. Equiva-
lently, reverting the logic, given a product and a coproduct, (3.21) tells how a certain representation

of an operator T" acts on an m-product of functions, i.e. a generalized Leibniz rule for 7(T).

3.2 Algebra representation mg-

We would now like to have a representation naturally acting on functions of the classical dual space

g
analogous to functions of the classical coordinates on g*.

*

, according to the decomposition of the phase space T*G = G x g*. That is, functions 1/;(X )

However, the route taken to obtain the group representation, based on simultaneous diagonal-
ization of the operators f € (¢ can no longer be used because X; € 2y« are non-commuting. In

other words, since the action (mg-(X;)1)(X) = X)(X) cannot possibly make sense in general,

k
ij o
deforms it, giving the needed freedom to satisfy the commutation relations. We will denote it by a

star-product %, and define for all i = 1,...,d

due to the non-zero Lie algebra structure constants c we introduce an operation that suitably

(g (X)) (X) = X, (X)) (3.22)
Notice that the commutator [X;, X;] = icijkf(k turns into
(Xi*x Xj — Xj % X)) % p(X) = e Xp x P(X), (3.23)
giving a condition on the x-product. In fact, we will impose the stronger condition
(g (F(X))D)(X) = fu(X) % (X)), (3.24)

for all f, € Ag- C C*(g*) such that f(X:) = Q(f)) € Ag+. This guarantees that f, has the
interpretation of the function which upon quantization gives f(X;), and so establishes a connection

9Notice that while the Leibniz rule is a representation-dependent concept, the coproduct is representation-
independent.

10For instance, the analogous expression for (* is 7 (C) o my = my o (mg ® ma(Ag(C?))), which is satisfied for
ms the convolution product.
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between the classical phase space structure and the quantum operators. We then have

(Mg (U QUFNNX) = (g (F (X)) (F (X)) (X) = fu(X) % FLUX) % D(X)

= (mg+ (Qfx * fL)¥)(X) (3.25)

for all fy, fi € Ag+. Therefore, the x-product and the quantization map Q are related by

fex fr= Q_l(Q(f*)Q(fi)), (3.26)

which is the idea of star-products defined in the context of deformation quantization [30].!

In other words, the choice of quantization map (more precisely, of its restriction to functions
on the (dual of the) Lie algebra) determines uniquely the x-product to be used in representing the
quantum algebra in terms of functions on g*.

Notice that in order for g- = Q(Ag-) to be closed under operator product, a *-product of
functions on Ag- must again lie in Ag-. This imposes some natural continuity and convergence
requirements on the x-product, which we assume to be fulfilled in the following.

Before moving on to define the algebra representation, and identifying the properties that
the x-product has to satisfy for this to exist, let us give a few more details on the properties of
quantization maps, and of the resulting x-products.

As remarked before, the image of the quantization map restricted to functions constant in the
first factor, that is, Ag+ = Q(Ag+), amounts to a completion of the universal enveloping algebra
U(g). Of course, Ag« C C*(g*) may be too big a space, and we can make do with the space of
polynomials in g*, Pol(g*), which is known to be (graded) isomorphic to the symmetric algebra
Sym(g) of g. The Poincaré-Birkhoff-Witt theorem then states that the latter is isomorphic to the
universal enveloping algebra U(g) (as a filtered vector space). The important point is that U(g)
can be identified with the algebra of right-invariant differential operators on G, the natural ground
for the algebra of a quantum theory (see Appendix A for more details).!? Further, the quantization
map Q, when restricted to Sym(g), provides an isomorphism and, in particular, encodes the operator
ordering ambiguity coming from the non-commutativity of the elements X; € Ulg).t?

The star-product on Pol(g*) inherits these same properties, as it is constructed from the non-
commutative product of the differential operators exactly in order to mimic their behaviour. More
generally, the star-product can be written as a formal power series with expansion parameter f:

oo
Fox fl= Ffi4 Y R Bi(fu D). (3.27)
k=1
where By, are linear bidifferential operators of degree at most k, making quantization as a deforma-
tion of the commutative pointwise product explicit. In general, this series diverges, and convergence
has to be established for suitable subalgebras.

M Associativity, 1% fx = fx = fa x 1, fu x fL — fix f« = i{f«, fL} are easily verified using the properties of Q.
12Notice, however, for the completion U (g) the one-to-one correspondence with right-invariant differential operators

may be lost. In particular, if exponentials e’* k € g, belong to the completion, and G has compact subgroups, there
are k(e) # 0 in g such that e¥(¢)'£ = 1. These are the branched values of the logarithm k(e) = —iln(e), where
e € G denotes the identity element. The set of elements Z := {e’* € U(g) : k = —iln(e)} forms a multiplicative
normal subgroup of U(g) and it is then natural to consider the elements of W modulo Z to restore the one-to-one
correspondence. This important point will be discussed again in the next section.

BFor example, we could choose standard ordering QXX = XZLXJ’”, or Weyl ordering Q(X]'X") =
S(XZ-"XJ’-”) where S is the total symmetrization map (A.7), or ordering coming from the Duflo map D (A.8)
Q(XZ-"XJ’-”) = D(XZ-"X;-"), all depending on the properties we want to preserve.
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Now, let * be a deformation quantization star-product for U(g), extended to 4, and let (i be
(coordinate) operators corresponding to a specific parametrization of G, as defined in the beginning
of this section. We define the representation of the operators @ and X; acting on the space of
smooth compactly supported functions 1/; € C°(g*) on g* to be

(mg- (X)) (X) = Xy % (X),  (mg- (C))(X) = —id"$(X), (3.28)

where we denote 9% := and by the second equation we explicitly mean

15}
X,
(g (H)D)(X) = fu(—id) (X)), (3.29)

where fi(k) := f(e'*) € C*(g) for all f € C®(G). It is clear from the power series expansion
(3.27) of the x-product that the result of these actions is again compactly supported, and therefore
C2°(g*) is closed under these actions.

Now we proceed to identify the properties that the x-product has to satisfy in order for the
above equations to define a faithful representation of the fundamental quantum algebra 2.

Due to the properties of the deformation quantization x-product, the first equation in (3.28)
guarantees, by construction, that the observables depending only on X; (up to finite order) are
represented through an algebra 1som0rphlsm Similarly, since the partial derivative operators on g*
are commutative, f — g ( f ) fe g+, is clearly a homomorphism. Therefore, in order to show
that we have a representation of the quantum algebra, the only non-trivial part is to show that the
commutator [)A(z, i | is correctly reproduced, namely, due to (3.5) we should find

(mq- ([Xi, 7)) ﬂz S g (g (C1) - g (G2 )1 ) (X)) (3.30)

Now, the left-hand-side reads
o ([Xiy N = [mge (Xi), moe (CN]9 = =i Xy % (079) + 0 (X % 1)) (3.31)

In order to compute the second term, we must know how the partial derivative acts on x-products of
functions. Here, we will again impose the compatibility of the coproduct of the operator algebra and
the algebra multiplication, expressed neatly by the commutative diagram (3.21). In other words,
we require that mg- (C?) 0 Mgs = Mge 0 (Tge @ Tg= (Aq(CH)), where mg. : f @ f — f f. Explicitly,
using the coproduct formula (3.15), imposing this requirement gives

0N r F) =5 S Ol [(007) - (—i07%) flx (i) - (—i0%) ], (332)
n=1 k,leN
k+l=n

and thus we obtain

(X %)) = Xi x CL(9%)) + Z I (=09 - - - (i@ 1)) . (3.33)

Assuming C7 = 821- (,z (0) = 7 at the origin of the coordinates, we have then

—iX, % (D) (X) + i (X, % D) ﬂz 0 (001) o (—i0 ) G), (3.34)

which is exactly the right-hand side of (3.30). Therefore, if the x-product satisfies the property
encoded in the commutative diagram (3.21), then the commutator is correctly reproduced through
the action (3.28) of the operators, and therefore my« defines a representation of 2 in terms of a
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specific choice of coordinates on the group used in defining 2 itself. In fact, the compatibility
condition can also be interpreted as a condition between the choice of quantization map, thus of
*-product, and the choice of coordinates on the group.

Let us recapitulate what we have shown for the algebra representation thus far. Assume that
(1) Ag+ := Q(Ag-) is a subalgebra of the full quantum algebra A, where Ag- C C*(g*), (2) the
coproduct Ag is compatible with the operator product in 2y in the sense of the commutative
diagram (3.21), and (3) coordinates ¢ : G — g =2 R? on G satisfy ¢} (0) = 0 and %QZ(O) = 67 for
alli,j =1,...,d, where (x(k) = ((e’*). Then, the action of the operators in (3.28)

(Mg (X)) (X) = X% (X),  (mg- (())(X) = —i0"(X)

defines a representation of 2 on C2°(g*) 15, which we call the algebra representation mwg-.

We remark once more that we have not provided a constructive definition, and the existence of
the algebra representation for a given quantization map and *-product is not guaranteed. We have
only identified the properties that such x-product has to satisfy for its existence, to be checked for
each given choice of quantization map. It is clear that, in general, that is, for arbitrary quantization
map and *-product, they will not be satisfied and no algebra representation would exist. On the
other hand, we show in the following that these properties are in fact fulfilled for various interesting
choices of quantization maps, so the construction is at the same time non-trivial and non-empty.

Finally, with the above assumption (1) implying that a x-product of functions in C2°(g*) for
the deformation quantization corresponding to Q is again in C2°(g*), we have the sesquilinear form
for 1,y € C°(g*) given by

o d
0= [ G ¢

This form is, in general, degenerate, i.e. the set of functions N := {¢) € C(g*) : (¢, 1h)g = 0}
may be non-empty. To define a proper inner product and the corresponding norm completion,
which would then be our Hilbert space, we should quotient C2°(g*) by the degenerate subspace
N. Furthermore, to be consistent with the action of 2, we should also show that A is invariant

* P )(X). (3.35)

=

under that action. The latter is the non-trivial part, and for the time being, we will simply assume
that this can be done, and denote the completion of C2°(g*)/N in the norm ||| = 1/ (), 1) g

as L2(g*). The existence of a non-commutative Fourier transform between the two representation
spaces L2(G) and L2(g*), to which we now turn, will eventually justify this assumption.

4 The non-commutative Fourier transform

Our next objective is to find the relation between the two representations 7¢ and mg- of 2 defined
above. In correspondence with the Euclidean case presented on the Motivation section 2, we will
assume that there exists an intertwiner F : L?(G) — LZ(g*) between the representations, which
can be expressed as an integral transform. Namely,

I 1= FO)X) = [ dgBlo. X)wlg) € L2(@"). (@.1)
G

where ¢ € L?(G), and we denote by E(g, X) the integral kernel of the transform. Then, the goal

is to identify the defining equations for the kernel E(g, X), using the fact that the intertwined

functional spaces define a representation of the same quantum algebra, and applying the action

of A in the different representations. If a solution exists, we would have thus shown that the
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representations are related through the corresponding integral transform. Omnce more, its actual
existence has to be verified once an explicit choice of quantization map and *-product has been
made.

The intertwining property of F can be expressed generally as F o ng(T) = mg- (T) o F, where
T € 9. For the X; operators we have

Flra(X)0)(X) = /G dg E(g, X) (i) (g) = /G dg (~iL:E)(g. X) (g) (4.2)

where for the last equality we used integration by parts.!* On the other hand,

(g (X0) F(0))(X) = /G dg (X;  E(g, X)) 1(g) (4.3)

and accordingly, for all ¢ € L?*(G) we must require the kernel E(g, X) to satisfy the differential
equation

—iL;E(g,X) = X; x E(g,X). (4.4)

Integrating this action by right-invariant Lie derivatives, we obtain

E(hg, X) = "W EE(g, X) = "N« B(g, X)), (4.5)
where again k(h) = —iln(h) € g, and we introduced the x-exponential notation
foo gL
el 7;0"’ [ f(X). (4.6)
n times

Of course, such an integration of a differential equation is subject to the possible non-trivial global
properties of G. First of all, the assumption that G is exponential guarantees that any group
element h can be integrated to as in (4.5). However, since E(g, X) is to be considered only under
integration, weak exponentiality of G is a sufficient condition for our purposes. On the other hand,
if G has compact subgroups, the logarithm map is multivalued, and therefore the result of the
integration is not unique. In particular, we may choose k(h) = —iln(h) € g from any branch of the
logarithm, each one supplying a solution of the differential equation (4.4).
Consider then the intertwining of the operators éz We have

Flra(@)(X) = | dgBlo.X)C0) (o), (4.7)
and, on the other hand,
(e COF )X = [ dg (-i0'E) (9. X) (o). (4.8)
For all ¢ € L?(G), we must therefore require
(—i0'E)(g,X) = ¢'(9)E(g, X) , (4.9)
which through integration yields
E(g, X +Y)=e"IB(g, X) = @Y E(g, X) . (4.10)

14 And the denseness of C°(G) in L?(G), to guarantee that ¥ — 0 as g — OG.
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Since g = R?, there are no global issues with this integration. Here the multivaluedness comes in
through the possible multivaluedness of the coordinates ¢ : G — g.

From (4.10) we have, in particular, that F(e, X) = F(e,0) =: ¢ is constant in the principal
branch, since (x(0) = 0. We will set ¢ = 1. Combining this with (4.5), we find

E(g, X) = H9X (4.11)

where again k(g) = —iln(g) may a priori be taken from any branch of the logarithm. Thus, given
a suitable deformation quantization x-product, this formula gives the general expression for the
integral kernel E(g, X).

However, we also find from (4.10) another form

E(g,X) = 1(g)e’@X (4.12)

for the kernel. The prefactor n(g) := E(g,0) may be non-trivial depending on the *-product or,
equivalently, the quantization map Q chosen, as we will see in Section 5.

Expressions (4.11) and (4.12) are, in fact, solutions to two distinct differential equations, namely,
(4.4) and (4.9), respectively, and, of course, for consistency, we must require them to define the
same function. Of course, for a given x-product, determining coordinates for which this is satisfied
might be a difficult task to do and, in general, there is no guarantee that such coordinates exist. It
is a consistency requirement for the non-commutative Fourier transform to arise as an intertwiner
between the group representation and the algebra representation. In fact, as we will see in 4.2, the
algebra representation is only guaranteed to exist under the conditions that such coordinates can
be found, tying together the existence of the non-commutative Fourier transform as an intertwiner
with that of the algebra representation, and vice-versa.

Therefore, for given x-product, the last two equations give the explicit form of the plane waves.
They signify two important things. First, the non-commutative plane waves take generically the
form of x-exponentials (with respect to the x-product following from the quantization map Q) in
terms of the k(g) coordinates on the group. That is, they are obtained by the inverse quantization
map Q- applied to e*(@)X ¢ U(g). Second, under the above consistency requirement, that is,
(4.12) defines the same solution as (4.11), there exists a choice of coordinates, (*(g), in which the
same x-exponentials take the form of classical exponentials times a multiplicative factor n(g). Also,
the preferred coordinates on the group and the measure factor that appear in this last expression,
thus, follow uniquely from the choice of quantization map, alongside the x-product.

Let us now note a very important point. From (4.11) we have that Q(E(g, X)) = eik(9)X ¢

Ag« = Ul(g), where k(g) = —iln(g) € g, and the quantization is applied only to the coordinates
X; on g*. Elements of this form in 2y~ constitute a group, since X, obey the Lie algebra com-
mutation relations, and so we have eiF*X et X = ¢iB"hF)-X where B(k, k') is obtained through
Baker-Campbell-Hausdorff formula, and k,k’ € g. Denote them by & := {eik'X t ke gl C Ugs.
However, because of the possible multivaluedness of the logarithm, there is in general no one-to-one
relation between the elements of £ and the group G. The Lie algebra element k(g) may lie in any
branch of the multivalued logarithm, and the Baker-Campbell-Hausdorff formula applied to Lie
algebra elements in one branch need not lie in the same branch. As already noted before, there is,
in particular, a set of elements Z := {eik'X € Ay : el — 1} € &, which correspond to translations
around compact subgroups of G in the group representation. In fact, Z is a normal subgroup of
&, so we may consider the quotient group £/Z, which is then isomorphic to G itself (assuming
again that G is exponential), because the different branches of the logarithm are thus identified.
Therefore, it would be natural to define the non-commutative plane wave as the equivalence class
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of elements E,(X) := {ei*X € C>(g x g*) : k = —iln(g)}, which is the straightforward translation
of the above quotient group to *-exponentials. E,(X) then constitute a representation of G under
*-multiplication. However, for practical purposes, it is more convenient and transparent simply to
introduce a new product ‘x,’ for non-commutative plane waves, which is the deformation quanti-
zation x-product amended by a projection onto the principal branch of the logarithm. In a sense,
this new product sees the global structure of G, whereas the deformation quantization *-product
is a purely local construct arising from the Lie algebra alone. (For the action of the generators
of 2 in the different representations above we considered only infinitesimal translations, which are
unaffected by global properties of G.) Then,

Ey(X) = X (4.13)

where k(g) = —iln(g) is taken in the principal branch, constitute a representation of G with respect
to this x,-product.®

With the remarks from above on the coordinates (?(g), let us then list some important properties
of the non-commutative plane wave E,(X), as they follow from our construction, and that we will
use in the following:

Ey(X) = el n(g)e X (4.14)
Ee(X) =1, (4.15)
Q(E, (X)) = ™)X € Uy (4.16)
By (X) = Eg(X) = Ey(=X), (4.17)
Egn(X) = Eg(X) xp En(X), (4.18)
Ey(X +Y) = E (X)E,(Y) (4.19)

In addition, using E4(X) = n(g)eig(g)'x, n(e) = E.(0) = 1, and the properties of the {-coordinates,
namely, ((e) = 0 and £;¢?(e) = &7, we have

[ B0 = 5 = 00, (120)

where the right-hand side is the Dirac delta distribution with respect to the right-invariant Haar
measure on G.

We have therefore found an integral transform F intertwining the representations 7¢ and mg«:

B(X) = F)(X) = /G dg Ey(X) b(g) = /G dg e X gy (4.21)

where k(g) = —iln(g) is taken in the principal branch. The %,-product of non-commutative plane
waves is extended by linearity to the image of F.

4.1 Properties of the non-commutative Fourier transform

Let us now consider some properties of the transform F and the non-commutative function space
Li(g"):

15For weakly exponential Lie groups a representation is obtained in a weak sense.
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e Group multiplication from the right is dually represented on F(¢)(X) by %,-multiplication
by E,-1(X), ie.

FRa)(X) = [ dhBX)0(ah) = [ dh By (X) () = By (X) s, [ dh EL(X) 00
G G G
= Ey1(X)*p F(¥)(X) (4.22)
using the right-invariance of the Haar measure.

e Consider the L2(g*) inner product of two functions obtained through the transform
T d1X = 7
G0 = [ g D0 0 (X)
o

7| [ d9 By (X)9(9)| %p | [ dhEW(X) ' (h)
. 1/, |
/Gdg/cdhﬁw’(h) Ug %Eglh()()] . (4.23)

Using (4.20), we find

W= [ o

o*

so F is, in fact, an isometry from L?(G) to L2(g*). Therefore, we may identify L2(g*) =
F(L(G)).

1L— L0 (X) = /G APV () = Wb)e,  (4.24)

e Consider the transformation F* : L2(g*) — L?(G) given by

F @0 = [ e B0 % 550, (4:25)

We have
o R0 = [ e [anmum = [an [ [ £ E 000 w0
= [ andta™ o) = vio). (4.26)

That is, F*oF = idLZ(G)-

e For F o F* we find

R d
Fo @)X = [ aB,(x) [ GBI )
-

:/g ((;?)/d {/GdgEg(X—Y)} *p (Y, (4.27)

which shows that the (generalized) function
S (X =Y):= /Gdg Ey(X —Y) € (L3(g")" (4.28)

acts as the integration kernel of the projection operator F o F* onto L2(g*) (with respect to
the *,-product), and accordingly corresponds to the Dirac delta in L?(g*)
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o It is easy to check that the kernel of F o F*, ker(F o F*) = {1/) € L2(g*) : (Fo F*)(¢) = 0}
contains all functions of the form (e?*(¢)'X — Zk (€)XY 4p(X), o € L2(g*), where k(e), k' (e) €
are any two values of —iln(e), and therefore F o F* implements the aforementioned & /I—
equivalence classes in L2(g*).

e We have an expression (or two) for the x,-product under integration in terms of a pseudo-
differential operator o, namely,

/g*ddXJ)(

1;— <—z'5>zz'<x>) Ve L2g),  (429)

0=
J o

where o(¢) = (w({)n (§)|2) for ¢ € g, dg = w(¢(g))d¢(g) for the right-invariant Haar
measure, and 7(¢(g)) = E(g,0). For the proof of this identity refer to the Appendix B.

e Due to (4.29), we may write the inverse transform F~! = F* : L2(g*) — L?(G) from (4.25)
explicitly without a star-product as

~ d ~
F @) (g) = o(g) / EX B X a(X). (4.30)
:

where a(g) := (w(¢(9))In(9)?)

e Finally, due to Eg %, E, = Egp, the x,-product is dual to the convolution product under the
non-commutative Fourier transform, that is,

Vop W =, (4.31)

where the convolution product is defined on the group as usual

P (g) = /G dhp(gh™ )/ (1) (4.32)

Let us emphasize again the difference to standard harmonic analysis on locally compact groups,
where the Peter-Weyl theorem would take us through the expansion of functions on G in terms of
unitary irreducible representations, and the Fourier transform would give us a unitary map from
square-integrable functions L2(G) on the group G to square-integrable functions L2(G) on the
Pontryagin dual G:

da = /G dg(g) pale™). (4.33)
= Z d/\TrWA}/\ pa(9)], (4.34)
el

where py(g) is a unitary irreducible representation of G on a vector space of dimension dy. Note that
in the special case of the Euclidean space, the Pontryagin dual G happens to coincide with the mo-
mentum space g* and, therefore, the non-commutative Fourier transform and the Fourier transform
coming from the Peter-Weyl theorem coincide, as discussed in section 2. Nevertheless, let us also
note, that in the context of locally compact Lie groups we will have both transforms at our disposal.
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4.2 Compatible coordinates and existence of algebra representation

As an aftermath of the derived form and properties of the non-commutative plane wave and the
corresponding interwiner of the representations m¢ and 7y — the non-commutative Fourier trans-
form F —, let us inquire a bit further on the existence of the algebra representation my- for a specific
choice of coordinates on the group G.

Recall the property encoding the compatibility between *-product (quantization map) and
choice of coordinates on the group, following from the coproduct structure of the quantum algebra
of observables to be represented, and needed for the existence of an algebra representation of the
same. This was given in the commutative diagram (3.21).

Given the coordinates ¢ : G — g = R? on @ arising from the star-exponential of the non-

ik(g)-X

commutative plane wave as Eg(X) = e = 1(g)e’ 9 X determined by a suitable x-product

leading to such a form, they compose as

Z > ChpeaaC(@) - CPH(9)C (B) -+ ¢ (R) =: C(C(g), C(h) (4.35)

n=0 k,leN
k+l=n
where Cp1 prai--q € R are constant coefficients. This gives rise to the following coproduct, as in
(3.15),
Ac(C) =C(u)¢o) = Z > GG PR (T (4.36)
n=0 k,leN
k+l=n

where the lower indices (1), (2) refer to the first and the second factor on the tensor product, on
which the coproduct operates. In the algebra representation this yields

g ® T (A () = C(—id(1), —i0(2))" - (4.37)
Now, for a given *-product, we want to check the commutativity of the diagram (3.21), i.e. that
Mg o (mg- @ mg- (AG(("))) = me-((*) 0 mg- (4.38)

is satisfied, where mg- : f @ f — f* f'. It will be enough to do the calculation at the level of
the exponentials, once a Fourier transform is established, since any function can then be written in
terms of them. This can be done by explicit calculation for exponentials. We want to show that

mg- o (mge © g (AG (') (g, (X) @ gy (X)) = mg- (() 0 mg- (Byy (X) © By (X)) (4.39)
The left-hand side of (4.39) reads explicitly
mg- o (Mg @ mg- (Aa () (By, (X) ® Egy (X)) = mg+ (C(=id1), i)' Bgy (X) ® Egy (X))

= mg-(C(¢(91):C(92))" By, (X) ® Eg, (X))
= Ci(gng)Egl.% (X)a (440)

where we used —id'E,(X) = (*(g)E,(X). Similarly, the right-hand side of (4.39) reads:

T+ (C") 0 Mg+ (Ey, (X) ® By, (X)) = *iaiEglw (X)
= Ci(gng)Egl.% (X) ) (441)

thus proving the equality.
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Accordingly, we see that when the x-product is verified to lead to a non-commutative plane wave
of the form E4(X) = n(g)eig(g)‘x, as it happens in all the examples we will consider below, then it
is guaranteed that the (-coordinates in the exponential, along with their coproduct, are compatible
with the x-product in the sense of the commutative diagram (3.21).16

5 Explicit examples

We have seen that the x-product used in defining the algebra representation follows from the choice
of quantization map, by the formula (3.26). Further, the key ingredient needed for the definition of
the non-commutative Fourier transform is the non-commutative plane wave. This can be computed
explicitly as soon as a quantization map (ordering prescription) for the Lie algebra coordinates
(equivalently, a x-product) is chosen, such that it allows for a compatible set of coordinates as
encoded in the diagram (3.21).

We will now provide a few explicit examples of our construction. We start from the rather
trivial, but still interesting, abelian U(1) case (see [39]), and then move on to the non-abelian, but
still compact, SU(2) case. In the latter we consider three quantization maps: the symmetric map
(corresponding to the Weyl ordering), the Duflo map, and the so-called Freidel-Livine-Majid map.
The corresponding *-products and non-commutative plane waves are computed and shown to be of
the form required for the existence of the algebra representation, in particular, E,(X) = n(g)e9)X
as proved above 4.2. Finally, the non-commutative Fourier transforms along with their inverses are
presented.

Before considering each of the following examples let us show how, in practice, one determines
the non-commutative plane wave. Recall that the plane wave is given by

Ey(X) = 0% = 37 Sk(g)" k() Xy e X,

n=0
=3 Dk ko) @ (K - Ki)
n=0
— Q—l(eik(g)x) i (5.1)

Therefore, in order to obtain the explicit form of the plane waves one can either compute the inverse
quantization map for all the monomials,'” or one can guess which function upon quantization gives
e™(9) X that is, the function f(X) such that Q(f(X)) = e*(9) X As we will see, for the examples
we will present, this latter route turns out to be the most straightforward. Besides, once E,(X)
is known, by using the property (4.18), Eq, *, Eg, = Eg4,4,, one can determine the x-product on
monomials as
677,

Ok(g)n -+ Ok(gn)™ |,
= (=i)"Liy - Li, By (X))

o' (eik(gl "'gn)'f()

1;--:9n=¢€

Xiy %% X, = (—i)"

in

(5.2)

g=e’

thus reverting, in some sense, the natural logic of the construction. (Notice that the projection in
*p is of no consequence in this formula, since the derivatives are taken in the neighborhood of the
identity.)

161t is an interesting question, which we will not address here, whether the non-commutative plane wave must be
of the above form in order for a compatible coordinate system to exist, and furthermore, how to characterize the
class of star-products, for which such coordinates can be found.

17 And notice that Q_I(Xil . in) #* Q_l(Xilﬂin) = Xil . ¢

ne
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5.1 Commutative: U(1)

U(1) is given by the set of complex numbers z € C with modulus one |z| = 1. Accordingly, we can
set z = €. The canonical coordinates k(g) = —iln(g) = 6 are restricted to the principal branch of
the logarithm as 6 €] — w, 7r]. The dual of the Lie algebra u(1)* is simply given by the real numbers
X eR.

In this abelian case, and in particular for u(1), which has just one generator, no ordering
ambiguity arises, so that there is no difference between quantization maps in this respect. Therefore,
the star-product always coincides with the pointwise product. However, first of all the group is
compact, and this topological feature already makes things a little more interesting. Second, we
have seen how the quantization map also affects the choice of coordinates appearing in the plane
waves. It is then worth it to consider this simple case in some detail.

For the symmetrization map S (A.7) (and also for the Duflo map D which we will consider
below, as they coincide for abelian groups) we indeed have S(X") = Xn and, therefore,

S(eX) = X, (5.3)

that is, as expected, the plane waves are given by e?X, for § €]—m, 7], X € R, and the corresponding
*-product on monomials is simply the pointwise product

Xx-ox X =X", (5.4)
—_—
n times
Nevertheless, the product X -, i’ X = (i(6+0"(mod 2m)X ¢ plane waves is still non-trivial due

to the compactness of the group, which has to be taken into account by explicit projection, as we
explained above in the general case.
Furthermore, from (4.29) we have that

[ 100, 100 = [ax sor 0, (5.5)

since in this case dg = df = w(#) = 1 and E,(X) = X = n() =1, 50 0 = 1.
The non-commutative Fourier transform is thus given by

- T 40 . .
900 = [ e e, (5.)
while its inverse is
P(e'?) :/dxe—i”&(X). (5.7)
R

Let us now point out one consequence of the existence of normal subgroups corresponding
to the identity element in this simple case. The periodicity of the group is taken care of by the
projection in the product -,, which translates it into the equivalence class of functions on the Lie
algebra ¢(X) = €2™X . 4)(X), n € Z. This is the counterpart, in our setting, of the usual Fourier
transform on the circle, where the restriction X € Z is imposed, and the inverse transform is given

by a sum over the integers.'®

18In fact, it was proved in [39] that this U(1) non-commutative Fourier transform defined for the full R can, in
fact, be determined by its values on the integers; thus, even though the U(1) non-commutative Fourier transform is
defined distinctively from the usual Fourier transform on the circle, they were shown to coincide due to this form of
sampling.
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We have thus seen that the symmetric (and Duflo) map leads to plane waves equivalent to the
usual ones. Still, we have also seen within the general formalism that the choice of quantization
maps affects non-trivially also the coordinates appearing in the plane waves. Vice versa, by choosing
non-linear coordinates on the group, one can end up with non-trivial star-products, despite the
abelianess of the group. Let us say we have Q such that

Qfl(ewf() _ p2isingX (5.8)

¢(#) = 2sin ¢ can be seen as new coordinates on the group valid for 6 €] —, 71]. According to (5.2),
we get for the x-product on monomials already a diverting result at third order

X*X =X?, (5.9)

1
X*X*X:X3+ZX, (5.10)

and, therefore, as remarked before, we see that quantization map, choice of coordinates, and star-
product are related in a highly non-trivial way.

We may give an expression for the corresponding x,-product under integral, from (4.29), as a
(non-trivial) pseudo-diffential operator

2
/dX F(X) % f1(X) = /dX FXOV1+ 3 (%) F(X), (5.11)
(where % may act either left or right) as we now have, in contrast to the previous parametrization,
a non-trivial relation between the Haar measure df and the Lebesgue measure d(, namely, df =
(V1—¢2/4)71d¢, s0 0(¢) = /1 - (?/4.

The non-commutative Fourier transform is thus given by

900 = [ dg X ey, (5.12)
while its inverse is, from (4.30),
_ dx . _
Y(e?) = cos(g)/ — eiQZS‘U%XQ/J(X). (5.13)
R 2T

5.2 Non-commutative compact: SU(2)

We now consider a simple but very important non-abelian example, SU(2), which is particularly
relevant also for quantum gravity applications.

The Lie algebra su(2) has a basis given (in the defining representation) by a set of two-by-two
traceless hermitian matrices {o;};=1 2,3, which read

01 0 —1 10
= = = -14
g1 (1 0) ) 02 ('L 0 ) ) o3 (O _1) ’ (5 )

and satisfy o;0; = d;; + i€;,0%, or rather, the relations [0;, 0] = 2i€;j,0,. Thus, a generic element
k € su(2) can be written as k = k7o, k/ € R, while for any group element g € SU(2) we may write
g=ehoi - SU(2) is an exponential Lie group. Another convenient parametrization of SU(2) can
be written as

g=p1 +ipio;, (po)2 +pipi=1, p'eR. (5.15)
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Here, the p'’s are constrained by the R3 vector norm [p]? < 1. Thus, this last parametrization
naturally identifies SU(2) with the 3-sphere S3. p° > 0 and p° < 0 correspond to the upper and
lower hemispheres of S3, respectively, in turn corresponding to two copies of SO(3). Parametrization
of the group elements in terms of 7 € R? is one-to-one only on either of the two hemispheres, whereas
the canonical coordinates k parametrize the whole group except for —1 € SU(2).

The relation between these two parametrizations is mediated by the following change of coor-
dinates

k, po=coslkl, Kk €R, (5.16)

where |E| € (0,5, or |E| € [%, [ according to p® > 0, p° < 0 respectively, and g € SU(2) assumes
the form

. in |k - o
g:cos|k|]1+iST]_€,|| i 5 = eiFo (5.17)

We call the coordinates introduced the E—parametrization and the p-parametrization, respec-
tively. The Haar measure on the group takes then the form

N
- [ sin |k - -
dg = &%k <#> , keR3 |kl €]o,n], (5.18)
d3p .
dg=——L—, FeR® <1, (5.19)
V1 -7l
where the latter is again applicable only for one of the two hemispheres.
We now consider three choices of quantization maps, and derive the corresponding *-product,
algebra representation and non-commutative plane waves.

5.2.1 Symmetrization map

Given a set of su(2) coordinates Xj,,...,X;, , the symmetrization map S takes the symmetric
ordering of the corresponding coordinate operators X, , ..., X;,,
1 N N

S(Xiy - Xi) = — > X, X, (5.20)

oc€Sn

where S, is the symmetric group of order n.

Thus, for instance, for an exponential of the form e X

, we have

= ) ~2kikj Bkzkjkk
S(eFX) = 1+ ik S(X:) + - S(Xi X)) + ’T

S(XiX; X)) + ...

= iFX (5.21)

which tells that the function e*X gives exactly the x-exponential (plane wave) for symmetric
quantization with the k-parametrization.
The composition of coordinates can be inferred from

eik1-X *s ptk2- X _ S‘l(S(e“;l‘X) .S(eiﬁg‘X)) _ eiB(EhEg)»X, (5.22)
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where B(El, Eg) is the Baker-Campbell-Hausdorff formula (cf. Appendix C for closed formula for
SU(2)), and therefore, the xs-product on *-monomials can be computed according to (5.2):

Xixs Xj = XiX; +ie; ;" Xy, (5.23)

. 2 1 2
Xixs Xjxs X = X Xj Xp + i(€jm Xk + €irmXj + €jom Xi) Xom + §5iji - §5¢ka + §5ink ;
(5.24)

This star-product is referred to as the Gutt (or ‘standard’) x-product [40]. As explained above, for
plane waves we amend this product by a projection, which explicitly gives

otk X *Sp oiR2 X _ iBy(K1,k2)- X (5.25)
where Bp(El, Eg) is the value of the Baker-Campbell-Hausdoff formula projected onto the principal
branch of the logarithm map.

Under integration, using (4.29) and (5.18), the xs,-product acquires the form

X f(X)( 9] ) f(X). (5.26)

sin |9

[ X X s 500 =

a*

Given the plane waves just computed, we may then write the explicit form for the non-
commutative Fourier transform as

- 2
- in |k - .

B(X) = FUN ELILIR IS (5.27)

R2, || €[0,7] ||

with the inverse, from (4.30), being

E O\ oax
(k) = _ / e X (X)) 5.28
) sin |k| g3 (2m)3 <0 ( )

5.2.2 Duflo map
The Duflo map, as defined in more detail in the Appendix A is given by

D=380;52(9), (5.29)

where j is the following function on g

sinh %adx ) ' (5.30)

1
Qadx

§(X) = det (

For X € su(2), j computes to

%) = (sinthl)2 _ (5.31)

x|
The application of the Duflo quantization map to exponentials kX gives
ik-X sin |E| ik X
D™ ) = 7 et (5.32)
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which can be inverted to

o A -
D*l(e’bkuX) — | |_‘ ezk-X = ezk-X (533)

that is, we have found the plane wave E,(X) under D with the E—parametrizationlg.

Once again, we may now use (5.2) to compute the xp-product on monomials:

1
Xixp Xj = XiX; + i€ ;" Xy, — 30 5 (5.34)
. 1 2 1
Xixp Xjxp Xip = Xs XX + i(€ijm Xk + €irem X + €jkmXi) Xom + §5iji - §5ika + §5ink ;
(5.35)

This star-product coincides with the star-product introduced by Kontsevich in [41]. For the non-
commutative plane wave we again have the corresponding projected star-product xp,, which satisfies

|1 kX, |2 eil‘c’g‘X_ 1By (K1, k2)| ez‘Bp(El,Eg)‘X_ (5.36)

= D = ———
sin |1 | ¥ sin || sin | By (k1, k)|

1. Accordingly,

[ X 500w, 1100 = [ @X 10F(X). (5.37)
9" g*
i.e. the Duflo star-product coincides with the pointwise product (only) under integration. In
particular, this implies that the Duflo L? inner product coincides with the usual L? inner product,
and therefore L2(g*) C L?(g*) (as an L? norm-complete vector space) for the Duflo map.

The explicit form of the non-commutative Fourier transform is thus

sin |K|

$(xX)=|[ d3k< d >eiE'X¢(E), (5.38)
Rs,\k\G[O,ﬂ'[

|K|

while the inverse is

- 3 I e ~
(F) = / 3 gj)i, ( il )w’vw(n (5.39)

sin |k|
5.2.3 Freidel-Livine-Majid map

The Freidel-Livine-Majid ordering map Qprm [9], which has found several applications in the quan-
tum gravity literature (cited in the introduction), can be essentially seen as symmetrization map

in conjunction with a change of parametrization for SU(2). In particular, for exponentials of the

form X it is defined as

sin—1 |7

Orrm(ePX) =" 7Y (5.40)

which implies

is‘“"“‘ﬁ»x) X

QrrLm(e ¥l =e" 7, (5.41)

19This result, as other aspects of our construction, extends and confirms from a different perspective, the derivation
in [9].
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that is, with the I;:-pauraurnetrizatiom7 the plane wave is given by eiE‘X = X Accordingly, we
have
N csin K| 77
Qpty (€™ %) =i MY (5.42)
Of course, the transformation %J‘kllg defines the p-parametrization as of (5.16), and therefore we

may simply write eiE'X = ¢(B)X_ However, the coordinates 7 only cover the upper (or lower)
hemisphere SU(2)/Zs = SO(3), and the resulting group Fourier transform is applicable only for
functions on SO(3).

Using the expression (C.7) for the Baker-Campbell-Hausdorff formula for su(2) we have

in—1|p .sin T

- 1= "
X i X 1 X i X 1 jsin Pl - % P2l 5 %
eV wpLm €727 = Qprv(Qrim (e ) - Qrm(e?)) = Qi (6Z Tl PV LT Tl P2

=1 = =1 =
cpp sin” ~ Pa] o sinT ” |Pal o ) % sin=l 151 ®Fol & =
_ Q71 elB< il PL T TRl p2> X _ Q*l 61#;01@?2‘)(
FLM FLM

= ! P1OP) X (5.43)

where

L@ P2 =1 — B2 P+ /1 — P12 o — PL X . (5.44)

Now, since the p-parametrization is applicable only for the upper hemisphere of SU(2), that is SO(3),
instead of restricting the parametrization of the non-commutative plane waves to the principal
branch of the logarithm, we restrict to the upper hemisphere, and introduce the corresponding
projection into the star-product of non-commutative plane waves as

eiﬁl'X *FLMp eiﬁz'X — ei(ﬁi@pﬁz)-X’ (5.45)

where

1 Dp P2 = (P, P2) (\/1 — P2 Py + /1 — [P1? P2 — P X 172) : (5.46)

The factor e(El, Eg) = =1, introduced by the projection, is the sign of \/1 — |ﬁ1|2\/1 — |P2|? = p1 Do,
which is 1 if both p7, p2 are close to zero or one of them is infinitesimal, and —1 when the addition
of two upper hemisphere vectors ends up in the lower hemisphere (thus projecting the result to its
antipode on the upper hemisphere).

The *pr,m-monomials thus read

Xi*xrLm Xj = X X + ieiijka (5.47)
Xi *rim X *rrm X = Xo X Xk + i(€ijm Xk + €ikem X + €kmXi) Xom + 06X — 01X + 04 X,
(5.48)

which coincide with xs to second order, but no further.
As was already shown in [42, 43], but rederivable from the general expression (4.29) and (5.19),
for the Freidel-Livine-Majid star-product we have under integration

/* X f(X) *prp f(X) = / X f(X)V1+V2fI(X). (5.49)

g
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Now, given the plane waves just computed, we may write the explicit form of the non-commutative
Fourier transform as

d3p

R3,[p12<1 /1 — |p]?

P(X) = PN (), (5.50)

as well as the inverse

3 -
0 = VI [ G e G(0). (5.50)

6 Conclusion

We have studied the representations of the quantum algebra 2 obtained by canonically quantizing
the Poisson algebra associated to the cotangent bundle of a Lie group G (with Lie algebra g). In
addition to the usual representation of 21 on the Hilbert space of square-integrable functions L?(G)
on G (with respect to the Haar measure dg), we have shown that a dual algebra representation of
2l in terms of a functional space we denote as L?(g*) can be defined (and identified the conditions
for its existence) by introducing a suitable x-product, in the sense of deformation quantization [30],
depending only on the chosen quantization map between P and 2. This shows that the possibility
of such representation does not require the existence of the group representation, but only a choice
of quantization map. The algebra representation for the quantum system, in other words, can stand
on its own feet. Of course, which representation is more convenient to use depends on the specific
question being tackled, as different representations have different advantages. The non-commutative
Fourier transform is then defined as the intertwining map between these two representations. We
have seen that the explicit form of the non-commutative plane wave, and thus that of the transform,
depends again only on the choice of a quantization map or, equivalently, a deformation quantization
*-product. In fact, in terms of the canonical coordinates (of the first kind) k(g) = —iln(g) € gon G
obtained through the logarithm map, the plane wave is shown to be given by the star-exponential

EQ(X) = eik(g).X ’

where X € g*, which can then be equivalently written as standard exponentials for some (a priori
different) choice of coordinates on the group, also following from the choice of quantization map.
This result offers a new perspective on the non-commutative Fourier transform and some more
insights into the various elements entering in its definition (e.g. the choice of coordinates). Fur-
thermore, it leads to a prescription for how to define plane waves for generic quantization maps.
This result also clarifies the relation with the so-called quantum group Fourier transform of Majid,
extending the work of [9].

In general, that is, for an arbitrary quantization map and corresponding *-product, the nec-
essary conditions for the existence of the algebra representation would not be satisfied. However,
we have provided some explicit and non-trivial examples of the above construction, satisfying the
necessary conditions, in the case G = SU(2), corresponding to three choices of quantization maps:
the symmetric map, the Duflo map, and the so-called Freidel-Livine-Majid map (used in the quan-
tum gravity literature). For these examples, we have provided the corresponding *-product, algebra
representation and non-commutative plane waves explicitly.

Besides clarifying some aspects (and the underlying logic) of the construction of the algebra
representation and of the non-commutative Fourier transform, we expect our results to have also
interesting applications in the study of specific quantum systems arising from the quantization of the
phase space we started from. In particular, we hope to have provided new tools to the development
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of quantum gravity models in the context of loop quantum gravity and group field theory. For
example, a first application of our construction would be to study the flux representation of loop
quantum gravity and the corresponding coherent states for the Duflo map, extending the work of
[15, 39]. In the same direction, the construction of a new 4d gravity model along the same lines as
[13] can now be performed for the algebra representation corresponding, again, to the Duflo map,
and it would be very interesting to identify clearly the consequences for the resulting model of the
nice mathematical properties of such quantization map.
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A Universal enveloping algebras

Let V' be an n-dimensional vector space over K (R or C) with basis {e;}i=1
tensor algebra over V as

n, and define the

.....

T*(V):=@PV*F =Keve(VeV)e(VeVeV)se: -, (A1)
k=0
where multiplication is simply defined by concatenation. A generic element v € T*(V) can be
written as

v:vo+viei+vijei®ej+vijkei®ej®ek+~~, (A.2)

where 00, v*, v 0% . €K, i,j,k,...=1,...,n, with no conditions on the coefficients.
The symmetric algebra of V, Sym(V'), is then defined as the quotient of the tensor algebra
T*(V) by the two-sided ideal generated by the set

T={v@w—-—w®v : v,weV}. (A.3)
In particular, notice that Sym(V') is a commutative algebra, and it is actually isomorphic to the
polynomial algebra Kley,...,e,]. A generic element v € Sym(V) can be written the same way
as in (A.2) but this time the coefficients are completely symmetric, v = (), ik = k)
.., identifying Sym(V') with the algebra of symmetric tensors on V. As a polynomial we would
have p(1,...,2,) = 0 + vl + Uijxiacj + Uijkxixjxk + .-+, with indeterminates x1,...,z, € K,
k... =1,...,n.
In case V = g, the Lie algebra of the Lie group G with Lie bracket [-,-], we can define the

unwversal enveloping algebra of V', U(g), as the quotient of the tensor algebra T°(g) by the two-
sided ideal generated by the set

JV={vew—-—wev—|vw : v,we g}, (A4)

that is, U(g) = T*(g)/J’. Naturally, U(g) is a non-commutative algebra, and can be identified with
the polynomial algebra K[z1,...,z,] with indeterminates z1,...,z, satisfying the commutation
relations [z;,2;] = f;; ¥z, inherited from the Lie algebra structure [e;, e;] = f,;*ex. Note that for
the case of an abelian Lie algebra g, for which the Lie bracket is identically zero, the universal
enveloping algebra U(g) coincides with the symmetric algebra Sym(g). A generic element v € U(g)
can still be written as (A.2), however implementing the ideal 3’ would involve the structure constants
at length. Luckily, the following theorem gives a natural basis for U(g).
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Theorem A.1 (Poincaré-Birkhoft-Witt). Let {e;}i=1,...n be an ordered basis for the Lie algebra g,
the monomials

e, (A.5)
with my, ..., m, positive integers, form a basis for the universal enveloping algebra U (g).
Thus
v = Z M mn el oeiin | gfin ¢ K (A.6)

Mi,...,;mMp >0

The crucial point about U(g) is that this algebra can be naturally identified with the algebra
of right-invariant differential operators (of all orders) on G, making it a natural ground for the
algebra of the quantum theory. The left action of G on itself gives a natural action on functions
(9- f)(h) = f(gh), g,h € G. In turn, for each X € g we have its action on functions as differential
operators (X - f)(g) = %’ ot (e!Xg), thus identifying g with the right-invariant vector fields on
G, or rather the right-invariant differential operators of order one. Extending this inclusion to the
full U(g) gives the desired mapping. Furthermore, the center of U(g), Z(g), consists of the left- and
right- invariant differential operators, of which the Casimir operators are a prime example.

A.1 The Duflo map

We may now define the symmetrization map (or symmetric quantization):
S : Sym(g) — U(g)

1
Xl---Xk%EzS:XUI---XUk, (A7)
oeSE

where S is the symmetric group of order k. On the other hand, the symmetrization map may be
completely characterized by being the identity on g, linear, and satisfying the property S(X™) =
S(X)™ for all X € g, and n > 0. The idea of S is to map as surjectively as possible a commutative
algebra to a non-commutative algebra, and it is obviously not an algebra isomorphism unless g is
abelian (though it can be proved to be a linear isomorphism). More generally, the image of S lies
in the center of U(g).

Invariant polynomials, i.e elements of Sym(g) invariant under the (adjoint) action of G, denoted
Sym(g)?, are particularly important since they map to Casimirs under any quantization scheme.
In fact, we have an algebra isomorphism between the subalgebras Sym(g)? and U(g)?, the latter
corresponding to the G-invariant differential operators on U(g) (which is an alternative definition
for the center of U(g), that is U(g)? = Z(U(g))). The map giving such isomorphism is called the
Duflo map (or Duflo quantization) and is given explicitly by

D=380;52(9), (A.8)
where j is the following function on g2°

sinh%adx) - (A.10)

1
§adx

§(X) = det (

20Tt is curious to note that the function j appears also in other contexts. (1) Changing measure from the Lie group
G to the Lie algebra g: dg = j(X)dX, where g = exp X. (2) Kirillov’s character formula:

1 .
Tray(exp X) = ——— / duo £ (&%) , A9
/\( ) _]1/2(X) O)\+p 1 >\+p( ) ( )

where 7y is the unirrep for \ € é’, p is the half sum of the positive roots, Oy, the orbit passing through the point
E=i"1(A+p) € g%, and dpo, (&) is a G-invariant measure on Ox 4.
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Physically, the Duflo map tells that the centers of the “classical” and “quantum” level are the same.
For semisimple Lie algebras g the Duflo map coincides with the Harish-Chandra isomorphism.

Finally, we notice that the modified Duflo factor j(X) = det (1*;;:1)() also gives the same

algebra isomorphism. The one parameter group of automorphisms of Sym(g) associated with the
series

X +— exp(const - Tr(adx)) (A.11)

preserves the structure of the Poisson algebra on g*, and indeed j(X) = det (e #4x/2) j(X) =
e~Tr(dx)/25(X) = j(X). Tt would, thus, be interesting to investigate further the unicity of the
Duflo map, at least, in the restricted case of semisimple Lie algebras.

B On a property of the x,-product under integration

In this appendix we prove the identity (4.29) stated without proof in the main text.

Let us first note that

3(g™"h) = w(¢(h)~16%(C(g) — C(h)), (B.1)

where the first delta function is the one with respect to the Haar measure on the Lie group G, and
the second one is the delta function with respect to the Lebesgue measure on the Euclidean space
g = R? of the coordinates (. The proportionality is given by the inverse of the measure factor w((),
which gives the Haar measure in terms of the Lebesgue measure as dg = w({(g))d((g), since we
have

flo) = [ an 5n) st~
= /G WA FCR)w(Cr) T 8%Cle) — <) (= FCloD).  (B2)

where f =: fog.
Accordingly, we have

/ d?X E,(X) %, Br(X) = (2m)%5(g~'h)

w(C(h) ™ (2m)?8(C(g) — ¢(R))

= W(é“(h))‘l/ 41X e~ iC(9)X yiC(h)-X
o

W(C(h))_1|77(C(h))|_2/ 49X n(=C(g))e @ X (¢ (h))eM X |
o
(B.3)

where 7(¢(g)) := E(g,0), and in the last equality we used n(—¢) = n(¢) and the fact that the
expression is non-zero only for ((g) = ¢((h). But here the integrand is exactly a product of two
non-commutative plane waves, and the prefactor we may write as a differential operator acting on
one of the plane waves as

w(C(R) " (¢ ()P En(X) = w(=id) ™" n(=id)| * En(X), (B.4)

or

w(C(9)) " (C(9)| T2 Ey(X) = w(id) M n(id)| ~*Ey(X) . (B.5)
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We, therefore, have

/ 47X Ey(X) %p En(X) = -

* X (((wln*)(i) " By(X)) En(X)

*

41X B, (0 (@) (=id)) " En(X)) -

——

Linearity, gives the sought for property (4.29).

C Closed Baker-Campbell-Hausdorff formula for SU(2)

Using the properties of the Pauli matrices o; (i = 1,2, 3) we have the following expansion
ik;-& 7 sin |Ej| o .
g; = €77 =cos|k;j|1y +1i |E | kj-a, (j=1,2)
J

which on multiplying two elements explicitly gives
sin “—ill sin |2 P
(K1 || ez
w Cos|Eglsin|E1|El N cos|Ellsin|E2|E2 B sin|€1|sin|E2|E1 AN
L |2 (K1 || ez
The Baker-Campbell-Hausdorff formula is defined by the product of two exponentials

gi192 = (cos |E1| cos |E2| -

gng — eikl‘deikz'o' — eiB(k1,k2)‘(T

with a series expansion given by
I T Lo
B(k/’l,k/’g):k’l—f—k’g—k’l Xk/’g—f—gkl X (kl Xk2)+"' .
Again by the properties of the Pauli matrices we have an analogous formula

~ = sin|B(ky, k)|, ~ =
g1g2 = COS |B(k1,]€2)|]].2 + ZfB(kl, k2) 0
|B(k1, k2)|

Identifying the appropriate terms in (C.2) and (C.5) we obtain the desired expression
cos™! (cos 1| cos |ky| — Snlkalsinlkel g . Eg)
[y || k2]

sin|El|sin|Eg\E E)
Fillkal 1772

B(k:_ia EQ) = - -
sin cos™! (cos |k1| cos |ka| —

o [ cos |E2£Sin |El|E1 n cos |E1Lsin|gg|g2 _ sin |]_il| sin |Ez|,%’1 < I
A |kl k1| [k

- R
Writing k; as SIDTWﬁj the formula can be expressed as a deformed addition of pj’s
J
L1 L1 - T OBl
sin _, sin - cos @ . .
B (=P Pl ) BORL g,
P4 |D2] sincos™1 /1 — |p1 @ pal?

1= —
sin S5 . o
= M[ﬂ @ p2,
|71 © P2l

where pp @ po is given by

P @ P = /1= o251 + /1 — P12 P — P X P,

and we have used

sincos ™'z = /1 — 22 = cossin ' z.
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