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Abstract

For a connected real Lie group G we consider the canonical standard-ordered star prod-
uct arising from the canonical global symbol calculus based on the half-commutator
connection of G. This star product trivially converges on polynomial functions on
T*G thanks to its homogeneity. We define a nuclear Fréchet algebra of certain ana-
lytic functions on 7*G, for which the standard-ordered star product is shown to be a
well-defined continuous multiplication, depending holomorphically on the deforma-
tion parameter /. This nuclear Fréchet algebra is realized as the completed (projective)
tensor product of a nuclear Fréchet algebra of entire functions on G with an appropri-
ate nuclear Fréchet algebra of functions on g*. The passage to the Weyl-ordered star
product, i.e. the Gutt star product on T*G, is shown to preserve this function space,
yielding the continuity of the Gutt star product with holomorphic dependence on 7.
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1 Introduction

Formal deformation quantization as introduced in [1] is one of the very successful
quantization schemes for Hamiltonian mechanical systems. The basic idea is to deform
the commutative algebra of smooth functions % °° (M) on a Poisson manifold M into a
noncommutative algebra °°(M)[h] by introducing a formal star product *: this is an
associative product bilinear over the formal power series in 7 such that the zeroth order
in & is the undeformed pointwise product of functions and the first order commutator
equals the Poisson bracket. Additional requirements are that each order of * consists
of bidifferential operators on M.

The existence of such formal star products was first shown on symplectic manifolds
[13, 18] and then by Kontsevich for the general case of Poisson manifolds [30]. While
these results provide spectacular successes with many further developments and appli-
cations, for honest physical applications one has to overcome the formal power series
formulation: the deformation parameter A is to be interpreted as Planck’s constant.
Thus one is interested in strict versions of deformation quantization.

One scenario to obtain reasonable definitions and results for strictness is to use C*-
algebraic deformations instead of formal deformations. This has been introduced by
Rieffel, see in particular [45, 46], and used by many others in the sequel, see e.g. [3-6,
34]. The basic ingredient is to use (oscillatory) integral formulas for the star product,
which then admit good enough estimates to arrive at constructions of C*-norms. While
giving strong results, the main difficulty with these approaches is that unfortunately
there is no general construction of star products via oscillatory integrals available.

Thus a different approach was proposed, namely to use the formal star products and
investigate their convergence directly. It turns out that in various classes of examples
the following strategy is successful: first one needs to understand the example well
enough to find a small subalgebra of functions for which the star product converges
for some trivial reasons. In the examples considered so far, the star products simply
terminate after finitely many terms on e.g. polynomial functions on a vector space.
Here no general results are available and one is restricted to classes of examples.
In a second step one then tries to establish a locally convex topology for the small
subalgebra in such a way that the star product becomes continuous. Again, also in
this step no general results are available, but examples show promising cases. Having
succeeded, a completion of the small subalgebra then gives a hopefully large and
interesting locally convex algebra, typically a Fréchet algebra, which then can be
investigated further.

In finite dimensions this program might not seem more promising than the previous
ones, as it also lacks general existence theorems. However, different types of exam-

@ Springer



Convergent star products on cotangent bundles of Lie groups 153

ples can be covered, yielding e.g. analogs of unbounded operator algebras. Moreover,
infinite-dimensional examples are very well possible, where oscillatory integrals def-
initely are no longer available. Thus this approach can be seen as complementing the
previous strict deformation quantizations by new and different examples. A detailed
overview on these ideas can be found in the review [56], the original results are in [2,
16,17, 32, 47, 48, 51, 55].

Of indisputable interest for geometric mechanics are the cotangent bundles with
their canonical Poisson structure. Their quantization is known to be strongly related
to various symbol calculi for pseudo-differential operators. In fact, the asymptotic
expansion of the corresponding integrals yield star products when interpreted correctly.
Important for us is the other direction: one can directly construct (global) star products
on cotangent bundles 7*Q out of a covariant derivative on the configuration space
0, see e.g. [7-9, 19, 41-43]. One of their crucial features is the homogeneity with
respect to the Euler vector field, which causes the functions Pol(7* Q) polynomial in
the fibers to form a subalgebra, on which the star product trivially converges. Thus we
have found a good starting point for the above program.

A particular case of cotangent bundles is obtained for a Lie group G as con-
figuration space. This highly symmetric situation admits a distinguished covariant
derivative, the half-commutator connection, which is entirely Lie-theoretic. The cor-
responding (standard-ordered) star product xgg has been introduced already in [26]
and was further investigated in [8]. Using a left-invariant volume form on G one
then can pass to a Weyl ordered star product, as well. The left-invariant polynomial
functions Pol®(T*G)® = S*(g) are in linear bijection to the symmetric algebra over
the Lie algebra. The star product *gq restricts and yields the Gutt star product on
S°®(g), thereby quantizing the linear Poisson structure on g*. For this star product, the
above convergence program has been carried through in [17] by establishing a nuclear
locally convex topology on S$%,(g) such that xyq becomes continuous. Here R > 1
is a parameter. The completion is explicitly given by certain real-analytic functions
on the vector space g* with controlled growth at infinity and becomes largest for the
limiting case R’ = 1.

Using the trivialization T*G = G x g* we arrive at the first main result of this
paper: We define a subspace &g (G) of real-analytic functions on a connected Lie
group G together with a suitable nuclear Fréchet topology, depending on a parameter
R > 0 in such a way that &(G) ® S%,(g) becomes a subalgebra of Pol(7*G) for
which the star product *gq is continuous. Here the tensor product is equipped with
the projective topology. The completion Pol r.&'(T*G) is a nuclear Fréchet algebra
with largest completion for R = 0 and R’ = 1. The assumption to have a connected
Lie group is convenient as then real-analytic functions are determined by their Taylor
expansion at the unit element.

While the precise size of &g(G) and Polg z/(T*G) is not easy to grasp, the rep-
resentative functions on G always belong to &g(G) as soon as 0 < R < 1, thus
guaranteeing a nontrivial algebra of functions. Moreover, the continuity properties
of xgq immediately imply the continuity of the standard-ordered quantization. This
results in a symbol calculus for differential operators on G with coefficient functions
in &g (G) acting continuously on &g (G).
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The second result is that the star product of two functions in the completion
Polg g (T*G) depends holomorphically on 2 € C. This way, the star product becomes
a convergent series in /2 as wanted. As a consequence, also the standard-ordered quan-
tization is holomorphic in % and yields not only differential operators but certain
pseudo-differential operators for which the composition is holomorphic in .

Finally, the passage from the standard-ordered star product to the physically more
appealing Weyl-ordered star product is compatible with the above topologies: the
equivalence transformation preserves Polg g/ (T*G), is continuous, and depends holo-
morphically on £ itself. Thus the Weyl-ordered star product inherits all the nice
properties of xgq with the additional feature that the complex conjugation is now
a *-involution and the corresponding Weyl-ordered quantization is a *-representation.

While these results yield another large class of examples for the aforementioned
program to construct convergent star products, we also mention the following list of
further questions and possible continuations:

e Having a *-algebra we can ask for its normalized positive functionals, i.e. its states.
Here one first question is whether each classical state, i.e. a positive Borel measure
on T*G, can be deformed into a state of the Weyl-ordered star product algebra?
Ideally, this can be accomplished in a way with good dependence on 7. Note that,
unlike in [2, 32], such a deformation is expected to be necessary. In the case of
formal star products this is known to be possible in general [10].

e The standard-ordered or Weyl-ordered representation gives now certain pseudo-
differential operators which can be studied by means of the symbols in
Polg g/ (T*G). The strong analytic framework should help to establish functional-
analytic properties like self-adjointness in the same spirit as this was done in [32,
51].

e Since the star product xgg has all needed symmetry properties this raises the
question whether we can construct further classes of examples of convergent star
products by means of phase space reduction starting with T*G. In view of the
examples [32,47] one expects a more complicated dependence on / after reduction
with singularities reflecting the geometry of the reduced phase spaces.

The paper is organized as follows: in Sect. 2 we recall the basic construction of
*std and *wey1 on 7*G and establish formulas which allow for efficient estimations.
Section 3 contains the construction of the topology on S°®(g). We recall some of the
basic properties of the resulting algebra. Section 4 is at the heart of the paper. We
define the entire functions on G by means of their Lie-Taylor coefficients and study
first properties of the resulting space &g (G). In particular, we show that representative
functions belong to &g (G) for 0 < R < 1. In Sect. 5 we combine the entire functions
ér(G) on G with the polynomials S3,(g) to the observable algebra Polg z/(T*G),
whose completion will then be studied in the final Sect. 6. Here the continuity of the
star products is established. In two appendices we recall the general construction of
star products on cotangent bundles and explain some combinatorial aspects of the
Leibniz rule.
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Convergent star products on cotangent bundles of Lie groups 155

2 Star products on T*G

In this section, we specialize the constructions of a global symbol calculus and the
corresponding star products on cotangent bundles [7-9] to the cotangent bundle of a
Lie group G, see also Appendix A for a brief introduction to the general situation.
The main idea is that having a global frame of left invariant vector fields simplifies
many of the formulas and allows us to use previously local formulas now globally.
Essentially, all formulas we present are known from [26] as well as [8], but given in
slightly different form, making it necessary to adapt them to our needs.

2.1 The standard-ordered star product on TG

Let G be an n-dimensional Lie group with Lie algebra g = T.G. We write X¢ €
['*°(T G) for the left invariant vector field with X¢(e) = & and 6% € I'*°(T*G) for
the left invariant one-form with 6% (e) = «, where § € g and o € g*. Then the natural
pairing 0% (X¢) = a(§) € €°°(G) yields a constant function on G.

After once and for all choosing a basis (e, ..., e,) of the Lie algebra g with
corresponding dual basis ', ..., e of g*, we write shorthand

X; =X, and 0 =0 2.1

fori = 1,...,n in the sequel. Following [8], see also Appendix A, to construct a
standard-ordered star product on the cotangent bundle 7*G, we have to specify a
torsion-free covariant derivative on G first. The perhaps first surprising observation
is that the most natural covariant derivative, the half-commutator connection V on
G, is not the Levi-Civita connection for a Riemannian metric in general. It would be
the Levi-Civita connection of a biinvariant pseudo Riemannian metric. However, a
positive definite one might not exist at all. Since we have a trivial tangent bundle, it
suffices to specify V on left invariant vector fields. One sets

1
Vx, Xy = EX[SE’”]’ (2.2)

which is torsion-free, as taking left invariant vector fields is a Lie algebra morphism
by the very definition of the Lie algebra. This then induces covariant derivatives on the
various tensor bundles and their complexifications, as usual. This is the only covariant
derivative we shall use in the sequel, wherefore we stick to the simple notation V.
The covariant derivatives of the global frames X1, ..., X, and o', ..., 0" are thus
given by the structure constants cffj = ek([ei, e;]) of the Lie algebra g, i.e. we have

\% X~—1ckx and V ek——lka/ (2.3)
Xidj = 5Cij 2k X0 = TR0 :

Here and in the following we shall use Einstein’s summation convention. The anti-
symmetry of the structure constants now gives the following result for the powers of
the symmetrized covariant derivative from (A.3):
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Lemma 2.1 Let G be a Lie group.

(i) Leto e TSk TEG). Its symmetrized covariant derivative is given by the global
formula

Da = 6" v (Vy,a), 2.4)

where V' denotes the symmetric tensor product as usual.
(ii) For the kth power of D acting on a function W € €°°(G) we have the global
formula

Dhy = (-i”x,-l -'-i”x,-klﬂ) N L RVINRVY'1 2.5)

Proof We have already noted (i) in (A.5) with the crucial feature that now we have a
global frame. The second statement is a straightforward induction based on (2.4) and
(2.3). O

Since we have a global frame for 7 G, we can use it to identify the invariant polyno-
mial functions on 7*G with the complexified symmetric algebra over the Lie algebra

g
Lemma 2.2 Let G be a Lie group.

(1) We have the canonical isomorphism
*(g) = 1(s27G)" =L Pol*(17G)C (2.6)

between the symmetric algebra of the Lie algebra and the invariant polynomials
on T*G.
(i) We have the isomorphisms

E®(G) ® $*(g) = I'®°(SH(T'G)) = Pol(T*G) .7

of graded algebras induced by the pullback 7t * with the cotangent bundle projection
.

Here J is the canonical algebra isomorphism (A.1). This factorization will be used
extensively in the sequel. Note that we do not have to complexify the symmetric
algebra in (2.7), but doing so would not change the resulting algebra. We will switch
between these points of view, whenever it is convenient to do so in the sequel.

Using this observation and Lemma 2.1, we get the following surprisingly simple
formula for the standard-ordered quantization map:

Proposition 2.3 (Standard-ordered quantization map)
Let G be a Lie group.
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Convergent star products on cotangent bundles of Lie groups 157

(1) The standard-ordered quantization map on invariant polynomial functions is glob-
ally given by

k1
0sta(I(Xgy v --- Vv Xg)) = <_) T Z gxéam ""’gxéa(m 2.8)

l
oSy

foréi, ... & €g.
(ii) It provides an isomorphism

osua: S¥(g) —> DiffOp™® (G)° (2.9)

between the complexification of the symmetric algebra over the Lie algebra and
the invariant differential operators on G, both viewed as filtered vector spaces.
(iii) For ¢ € €*°(G) and &1, ..., & € g one has

ostd (T (PIXey V-V Xg)) = ¢ - 0sa(I(Xey V- -V Xg),  (2.10)
i.e. the smooth function ¢ acts as a multiplication operator.

Proof The first part was obtained in [8, Prop. 11]. For (ii) we note that ogq (J (X, V- - -V
X;,)) is clearly an invariant differential operator. Conversely, if D € DiffOp* (G)¢
is invariant, it has an invariant leading symbol oy (D) € Fw(SéTG)G = S{é(g).
Quantizing this symbol via pgq gives an invariant differential operator with the same
leading symbol, thus D — ggq (0% (D)) is of strictly lower order. A simple induction
on k then proves the isomorphism (2.9), since we already know that pgyq is injective.
The last statement is clear, as pgyq is left 4°°°(G)-linear in general. O

As the standard-ordered quantization map is the quantization map for the standard-
ordered star product % in the sense of (A.9), the strategy is now to use (2.8) to derive
a formula for the standard-ordered star product suitable for estimation.

Thanks to Lemma 2.2, we can compute the star products for €°°(G) ® S°*(g)
directly. The star product of two functions from € °°(G) is the commutative pointwise
product, a feature which holds for all cotangent bundles and not only for 7*G. The
next combination we are interested in are two elements of S (g). Since the covariant
derivative V we use to construct xggq is left invariant, their star product is an invariant
polynomial, i.e. an element of S¢.(g) again. From [8, Lem. 10] we infer that sq
coincides with the Gutt star product [26] on S (g), which is obtained from the linear
Poincaré—Birkhoff—Witt isomorphism

St(9) = Uc(g) 2.11)

to the universal enveloping algebra via symmetrization. Incorporating the correct pow-
ers of the formal parameter into the definition then yields the star product x4 for S (g),
where we follow the sign conventions from [17]. Finally, we have to take care of the
mixed products: the property of a standard ordered star product immediately gives
(P Dkgid (W Q&) = (9py) ® & for all p, Y € €°°(G) and & € S°(g). Thus it is

@ Springer
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the opposite order which needs to be computed. We summarize the result from [8,
Prop. 11] in the following proposition, adapting it to our present notation:

Proposition 2.4 Let G be a Lie group.

(1) Functions act trivially from the left, i.e. we have

(P@)xsu (V&) = -¥)®E (2.12)
forall ¢,y € €°(G) and & € Sg.(g).

(ii) Products of invariant polynomlals are given by the Lie algebra star product xg,
i.e. we have

(1®&)xsua (1® 1) = 1® (E%gn) (2.13)

Jor &, m € S¢.(g).
(iii) The remaining combination of interest is

(I1®& V- V&) (@ ®1)

k A P 1
= Z (7) p! (k- p)! Z ("%X&r(l) ""’%Xég(p) ¢> ®So(pat) VoV Ea ),

p=0 oSk
(2.14)
where &1, ..., & € gand ¢ € €°(G).
(iv) In general, one has
(@®&E V- VE* (Y ® 1)
= (¢ ® Dksid (L @&V -+ VE)*sa (¥ @ Dxgea (1 @ 1) (2.15)
3 (1) S X i ® e VB
(2.16)

forp, v € €°(G), &1, ...,& € gandn € S°(g).

Proof The presented formulae are obtained from [8, Prop. 11] after the suitable iden-
tification of polynomial functions with elements in "*°(G) ® S¢.(g). We list them
here, since directly working with the symmetric algebra will be easier for continuity
estimates down the line. O

2.2 Weyl ordering and the Neumaier operator
This completes our algebraic considerations for the standard-ordered star product.
In a next step, we turn towards other ordering prescriptions. More precisely, we are

going to simplify the general formulas for the Neumaier operator (A.15) by utilizing
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the Lie-theoretic situation. As for the standard-ordered star product, having a global
frame allows us to obtain considerably more explicit formulas, see again [8, Sect. 8].

The main idea is that we use the half-commutator connection to lift the left-invariant
global frame X1, ..., X, to vector fields

Yi = X e T®(T(T*G)) (2.17)
on the cotangent bundle. Together with the vertical lifts of the global frame 6 L. on,
denoted by

Z' = (") e I®(T(T*G)), (2.18)
one thus obtains a global frame Y1, ...,Y,, Z L .. Z" forthe tangent bundle of 7*G.

Having a global frame it is of course advantageous to express differential operators
like the Laplacian Ag from (A.14) of the pseudo Riemannian metric go by iterated
Lie derivatives with respect to the frame vector fields instead of covariant derivatives.

Since we also need the choice of a volume density i on G to construct the Weyl
ordering, we use the left-invariant volume form u = ! A --- A 6". The required
one-form « with Vyu = a(X)u is then given by a(X¢) = —%tr(adg) for & € gand
hence

1 .
o= zc;.kek e I®(T*G). (2.19)

Note that in general o # 0 unless the Lie algebra is unimodular. The vertical lift of
a gives o' = %ci ka. For the operator N we need the combination Ag + Zyver,
wherefore we compute the action of this operator on factorizing tensors explicitly:

Proposition 2.5 For ¢ € €°(G) and &, ..., & € g one has
‘ &
14
(Do + L)@ ®EV - VE) =Y Lay d @&V -V &+ 2.Ler, (2.20)
(=1

where we identify elements of €°°(G) ® S(g) with polynomial functions Pol(T*G) as
before.

Proof In general, the covariant divergence divy : I®(SKT Q) — I'>®*(S¥~ 1T Q) on
an arbitrary manifold Q with covariant derivative V is given by the local formula

divy| = is(e)Ve;, ()
where ey,...,e, € I'*°(TU) is a local frame on an open subset U C M with
corresponding dual frame el,...,e" € I'®(T*U) and is(-) denotes the symmetric

insertion derivation. As one easily verifies, this provides a global definition indepen-
dent of the local frame. Directly from the definition one infers the Leibniz rule

divy (¢ X) = i5(dp) X + pdivy (X) €]
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160 M. Heins et al.

for all ¢ € €>°(Q) and X € I'*(SKT Q). On polynomial functions J(X) €
Pol*(T*Q) with X € I'™(SKT Q) the Lie derivatives with respect to horizontal and
vertical lifts act like

Ly d(X) = J(VyX) and ZLpwerd(X) = I(15(B)X),
where Y € I'®(T Q) and B € I'™®(T*Q). Since J is an algebra homomorphism
this can be easily checked on generators. Using the local expression (A.14) for the

Laplacian with respect to the go as well as the local formulas for the horizontal and
vertical lifts, one verifies

ApoJ =Jodivy,
see also [8, Eq. (111)]. Now we focus on the Lie group case. Here we first notice that
divy (X¢) = —%tr adg for all £ € g. Note that () becomes a global formula once we

use the global frame X1, ..., X;,. From the antisymmetry of the structure constants
we get the divergence of higher polynomials as

divy(Xg, V-V Xg) = —4is(trad)(Xg, V-V Xg).

Together with the Leibniz rule () we arrive at the explicit formula
‘ ¢
din(qﬁXgl V.V ng) = ngsltf) . XEI Voo \/ng — %(/}is(tr ad)(X,,’&1 VeV ng).
=1
Applying the algebra isomorphism J turns the divergence into the Laplacian and the
insertion of the modular one-form into the Lie derivative in direction of the vertical
lift of «, finally proving (2.20). O

From this explicit description of the Laplacian Ag we see that it might be advanta-
geous to focus on the combination

A= Ay — Lyer 2.21)

acting on polynomial functions as

k
AGRE V- VE) =Y Ly d®E VIV E. 2.22)
(=1

The vertical Lie derivative Zver is now easily shown to commute with both oper-
ators Ag and A. Thus the Neumaier operator N, factorizes

N = exp (—ikh(Ag + Lyver)) = exp (—ikhA) o exp QikhLyver) . (2.23)
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As observed in [8, Lem. 11], the second factor exp(2iki.%yver) is an automorphism
of xgq for all k. Thus the simpler operator

N, = exp (—ikhA) (2.24)

with A as in (2.22) is still an equivalence transformation from g to %, for all k € R.
The reason to use N, instead of N, is that the simpler formulas are easier to estimate
later on.

Corollary 2.6 The Laplacian is given by the mixed Poisson bracket, i.e. we have
APpRE V- VE)={1Q& V- V&, ¢ 1} (2.25)

Proof Indeed, the Poisson bracket of a function ¢ € ¢°°(G) with left-invariant vector

fields can be directly obtained from Proposition 2.5 and the first order commutator

of *q as in Proposition 2.4. Note that such a formula is only possible since we can
factorize elements in Pol(7*G) into °°(G) and S*(g). O

Corollary 2.7 Let £ < k. The powers of A act as

(A) @& V- VvE) =

1
* 0 > Lxe,y " Lxey @ B 8o+ Vo Vo)
T oeS;

(2.26)

For € > k the result is zero for degree reasons.
To show the continuity of the x-Neumaier operators later on, we require a more
explicit formula. Remarkably, (2.25) exponentiates very nicely: it turns out that the

square N2 of the Neumaier operator is given by the mixed star product from Theo-
rem 2.4:

Proposition 2.8 Let G be a Lie group. Fork = % the square of the Neumaier operator
N = N% is given by

N @& V- VE) =L®E V- VE) s (® 1) (2.27)
forp € €°(G) and &1, ...,& € g.
Proof Taking another look at (2.14) and (2.26) confirms our claim. O

Notably, incorporating ¥ # 1 is not that easy here. Down the line, the trick will thus
be to absorb it into the / dependence, at which point we can employ Proposition 2.8
again.
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3 The R’-topologies on the symmetric algebra

In view of the factorization Pol(T*G) = €*°(G) ® S*(g), we want to define a suitable
locally convex topology on the symmetric algebra S®(g) in such a way that the star
product *g is continuous. This has been accomplished and studied in detail in [17].
We briefly recall the construction based on the earlier work [55] and recollect some
of the crucial features.

Let V be a locally convex space over K = R or K = C. We fix a parameter R’ € R.
Then for a seminorm p on V and a weight ¢ > 0 one defines the seminorm pp/

o0
Prrc: STV) — Ry, pro=» kIF ckpk, (3.1)
k=0

where p* denotes the k-fold projective tensor power of the seminorm p acting on
SK(V) € T (V). By convention, SOV) = K = T%V) and po is the absolute value
on K.

Let P be a defining system of seminorms for V. The locally convex topology on
S®(V) induced by the set of seminorms (p R/,c)p P, >0 is called the R’-topology. We

write Sp, (V) for S*(V) equipped with the R’-topology. It is independent of the chosen
defining system of seminorms and thus intrinsic to V. However, it depends on R’ in a
very sensitive way. We note the obvious inequalities

Pric <Psc and pr . =<pp g and pp . =g, (3.2)

whenever R” < 8,0 < ¢ < d and p < q. This implies that the inclusion (in fact
equality)

Se(V) S Sp(V) (3.3)

is continuous. Thus it extends to a continuous inclusion for the completions.

In [55], all continuous seminorms were chosen. In this case, there is no need for the
parameter ¢ > 0 as with p also cp is continuous. Nevertheless, a smaller collection is
sometimes convenient: Let V = g be the Lie algebra of a Lie group G. In the sequel
we will always choose a basis of g and equip it with the corresponding £'-topology.
This then induces an R’-topology on S°®(g) via P = {|| - ||1}, i.e. the system consists
of a single norm. Note, however, that the topology for Sg, (g) is not at all normable. In
general, we also note

(D) gr.c = Prise (3.4)

forall c > 0,2 > 0 and R’ € R. Another consequence of having all polynomial
weights at our disposal is that instead of the £!-like seminorms (3.1) we could have
used the £°°-like seminorms

PRcoo: ST(V) —> Ry, Prrcoo = sup k1% ¢k p¥up) (3.5)
keNy
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with ¢ > 0. The mutual estimates between them show that the resulting locally convex
topology stays the same, see [55, Lem. 3.4]. We collect a few less obvious properties
of the R’-topology from [55]:

Proposition 3.1 Ler V be a locally convex vector space with defining system of semi-
norms P and R’ € R.

(1) Let k = 0. The subspace topology induced by the inclusion sk(v)y c S* (V) is

the projective tensor power topology and the inclusion is continuous.

(i1) The R’-topology is coarser than the locally convex direct sum topology.

(iii) The R’-topology is finer than the subspace topology induced by the Cartesian
product topology.

(iv) The locally convex space S, (V') is Hausdorff iff V is Hausdorff.

(v) The locally convex space Sy, (V) is first countable iff V is first countable.

(vi) Let R' > 0. The locally convex space S%,(V) is nuclear iff V is nuclear.

(vii) The completion Se.(V) of Sy, (V) is explicitly given by
o0
p (V) = {v € 1_[ Skv) ‘pR/yc(v) <ooforallc >0andp e Py, (3.6)
k=0

where S (V) denotes the completion of SK(V) with respect to the projective
tensor product topology.

(viii) Let R" > 0 and V be nuclear, Hausdorff as well as first countable. Then the
completion Se,(V) is nuclear Fréchet, Montel, separable, and reflexive.

Proof All statements except for the last one have been obtained in [55]. The earlier parts
of our theorem guarantee that nuclearity, the Hausdorff property and first countability
get inherited by Sy, (V). Moreover, everything passes to the completion é;z,(V), as
well (see [54, (50.3)] for the nuclearity). By [54, Prop. 50.2] every nuclear Fréchet
space is Montel. Nuclear Montel spaces are separable by [29, Section 11.6, Thm. 2]
and by [54, Cor. 36.9] every Montel space is reflexive. O

From [55] we also get the following continuity statements for the symmetric tensor
product:

Proposition 3.2 Let V be a locally convex vector space, ¢ > 0 and R’ € R.

(1) The symmetric tensor product
Vi S (V) x Spi(V) — Sp(V) 3.7
is continuous. More precisely, for R’ > 0 we have
PRV W) S Py (V) Py (W) (3.8)
forallv, w € S*(V) and the seminorms pp: . are submultiplicative for R" < 0.
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(ii) Let R" > 0. For ¢ € V' the evaluation functionals
o0
8y Sp(V) — €, 8,(0) = Yo" (w) (3.9)
k=0

are continuous algebra characters.
(iii) Let R" < 0 and ¢ € V* with continuous 8, as in (3.9). Then we have ¢ = 0.

Proof The only new statement is (iii): let R” < 0 and ¢ € V* with continuous 3y, 1.€.
we find a continuous seminorm p on V and ¢ > 0 such that we have

o0

= |8,(0)] < ppr () =D K%k pFup) (+)
k=0

PR
k=0

for all v € V. Assume that we had ¢ # 0. Then there exists a v € V with ¢(v) # 0.
Consider now v®* € T"(V) for all n € N. Then (*) implies

o
)" =Y ¢* @) < prr (v®") =0 pt (") =t pw)”
k=0
for all n € N. However, this inequality is absurd: factorial growth in n can not be
7(R/—l)
estimated by the fixed base <|C(pp(§)1;)|) to the power of 7. i

4 The R-entire functions

The purpose of this section is to introduce and study Fréchet subalgebras &x(G) C
%¢°°(G) depending on another parameter R € R. These Fréchet algebras will ulti-
mately serve as the other tensor factors in the observable algebra for our strict
deformation. While in the critical borderline case R = 0 the algebra &y(G) can be seen
as a Lie—theoretic descendent of the algebra of all holomorphic entire functions, the
algebras &g (G) for R > 0 share many properties with the classical and well studied
Fréchet algebras of entire holomorphic functions of finite order and minimal type.

In this section G denotes always a real Lie group with corresponding Lie algebra
g of dimension n € N. We furthermore assume that the Lie group G is connected. As
it is standard, we denote for an open set U C C" the set of all holomorphic functions
F: U — Cby H(U).

4.1 Lie-Taylor series of smooth functions on a Lie group
Taking another look at (2.8) and (3.6), we anticipate certain power series of Lie deriva-

tives Ly, for § € g to make an appearance, since the completion §1;, (g) of S, (g)
contains already non-trivial (though not all) entire functions, when interpreting the
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elements of the completion as maps on g*. Thus we need to find a space of functions
on G on which all elements of §};, (g) act and which is preserved by this action.

Formalizing this idea, it turns out that the functions we are looking for are exactly the
“entire vectors” for suitably chosen seminorms on 4°°(G) and the lifted Lie algebra
representation

Z:Uc(g) — End(€%(G)), L& &) = Zx,, S L 4.1)

Here U(g) denotes the universal enveloping algebra of the Lie algebra g, as before.
To make the notion of an “entire vector” precise, we introduce some more notation.

LetN, ={1,...,n}and a = (a1, ...,0) € NI; be an ordered k-tuple. For a fixed
basis B = (eq, ..., ey) of the Lie algebra g, we then write
Zx, = iﬂxul -~-$Xak, 4.2)

where we once again use the convention (2.1). Finally, we also use the shorthand
notation

2, = Za "2y fOr z=1(21,...,20) € C". 4.3)

Definition 4.1 (Lie-Taylor series and majorants)
Let ¢ € €°°(G) be a smooth function and let B = (e, ..., e,;) be a basis of the
Lie algebra g.

(i) We call the formal series

o0

1
Ts: G — Clz], Ty(z: 8) =Zk— (Zx,9)©) -z, 44
k=0

:»

the Lie-Taylor series of ¢ at the point g € G (w.r.t. the basis B).
(ii) Using the coefficients

1
@) =7 2 |(Zx.9)@) (4.5)

aeN],‘l

we define the Lie-Taylor majorant of ¢ (w.r.t. the basis B) as

Fy(2) = ) cx(@) - 2" € C[z]. (4.6)

k=0

Remark 4.2 (Lie-Taylor majorants)
Let ¢ € €°°(G) be a smooth function.
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(i) The Lie-Taylor majorant Fy (]|z[lo0) is a majorant of Ty (z; e), i.e.
|Tg(z; @) < Fy (lzllo) @7

forall z € C". In particular, if Fy € (B, (0)), i.e. Fy is holomorphic on the open
disk B,(0) = {z € C | |z < r}, then Ty(-; e) is holomorphic on the polydisk
B, (0)" C C".

(ii) The coefficients c(¢) and hence Fy4 depend on the choice of the basis B, so one
should tend to write ¢x 5 (¢p) instead. However, if B’ is another basis of g, then it
is easy to see that there is a constant M = M (B, B") > 0 such that

crp (@) < M- cp () (4.8)

forall k € Ny and ¢ € €°°(G). In particular, if Fy € JH(C) w.r.t. some basis of g,
then Fy € H(C) w.r.t. any basis. The upshot is that whenever we are dealing with
entire Lie-Taylor majorants or only care about analyticity with no specific radius
of convergence, we can safely ignore the specific choice of the basis of g.

The following simple observations will prove very useful:

Proposition 4.3 (Leibniz and chain rule)
Let p € €°°(G) and 7 € C.

(1) Let v € €°°(G) be another smooth function. We have the Leibniz inequality

gy ()| < Fy (I2]) - Fy (I2]). “.9)

(ii) Let ®: G —> H be a morphism of Lie groups. Then

ck(P*¢) < (D" - cr(9) (4.10)
and |Fory(2)| < Fg (Dn - |z]), (4.11)

where D is the matrix supnorm of the matrix representation of the tangent map
T, ®: g —> b in the bases used for the construction of the Taylor majorants.

Proof The Leibniz rule (i) is an easy consequence of the noncommutative higher
Leibniz rule (B.1), the Cauchy product formula and the triangle inequality. For (ii)
recall that for £ € g, the left invariant vector fields X gG and X ﬁ o Are D-related.

This implies for the corresponding Lie derivatives

Zxo (D*¢) = " (Lyn  ¢).

Tedk

As in the formulation, we set
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where we take matrix representation (TCQD){ = dij of T.®: g —> b with respect to
the chosen bases. Thus we obtain for k € Ny

1
() = = I [(28 09)@)
’ aeN]fl
1 *
- ]; Z @ (D%Xg@(eul) o .gxsz(mk)(ﬁ) e
aeN’n‘
1 .
—— dst .. d]kg . & ‘
“ ZN:k i (L9
aeN;
(Dn)*
== Y |s)e)|
T peNk
= (Dn)*ci(¢),
where we wrote 8 = (ji, ..., jr). This implies (4.11) at once. O

To understand the representation (4.1) it is essential to estimate the Lie-Taylor
majorant of Lie-derivatives Zx, ¢ in terms of the formal “complex” derivative

[e¢)
Fj(2) = Y (k+ Dergi(@) - 2F (4.12)
k=0
of the Lie-Taylor majorant Fg of ¢. Such an estimate is provided by the following

result. Here and in what follows we slightly abuse notation and denote by |[|£||s the
supnorm of the coordinate vector (£1, ..., &,) € C" of & € g w.r.t. the basis B.

Proposition4.4 Let & € g, k € Ny, ¢ € €°°(G) and z € C. We have the estimates

ck(Lx ) < 1€llo - (k + Dexr1(9) (4.13)

and
Fa 0| < 1l - (121). (4.14)

Proof The estimate (4.13) is just

1
(L) = 17 2 |(L @) @)

aeNk
IIE ||
=3 [(Zx.0)@)] = 1€l - (k+ Derr1 (),
aeNk+l
from which (4.14) follows at once via (4.12). O
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We now shift our focus to the set €“(G) of (real) analytic functions on G. Here we
can say more and warrant our terminology from Definition 4.1. For a more conceptual
understanding, we recall the classical concept of Lie-Taylor series, which can be found
e.g. in the beginning of [27, Sec. 2.1.4] for Lie groups and [21, (1.48)] for arbitrary
analytic manifolds:

Proposition 4.5 (Lie-Taylor)
Let M be an analytic manifold, ¢ € €“(M) and X € T'®(M) an analytic vector
field with corresponding flow ®.

(1) Given p € M, there exists a parameter r > 0 such that the Lie-Taylor formula

P(®(1, p)) = (exp(tLx)¢)(p) (4.15)
holds, whenever |t| < r.
(ii) The series (4.15) is €°° (Br (0))—convergent in the parameter t.
(iii) Given a Lie algebra element & € g, we get a well-defined exponential operator

exp (Zx,): €°(G) — €°(G). (4.16)

Proof We first compute how powers of Ly act on ¢. To this end, we rewrite

Do = %@(s, ) =0 %@(s TLpel = %‘?(q’(n ).
which we can now iterate easily. This yields
K dt
"S’ﬂ"d"m,p) = 572 (® p) @.17)

for all k € Ny. Note that these considerations also work for smooth functions. The
case X (p) = 0 is special, so we deal with it first: then £x¢ = X(p)¢ = 0 and thus
the right hand side of (4.19) reduces to the constant term, which is just ¢ (p). From
the differential equation it is moreover clear that ®(z, p) = p in this case, so the left
hand side matches. Thus the interesting case X (p) # 0 remains. Here we finally use
the analyticity to obtain a chart (U, x) of M centered at p such that the function

Y:x(U) — K, y=¢ox

is given by its power series around O on all of x (U) € K" aswellasx ! (te]) = ®(t, p)
for t with te; € x(U). The latter condition is achievable by [21, Lem. 1.9.2], which
yields an analytic chart if we go through its construction starting with an analytic chart

as well as using an analytic vector field: having a chart with X ‘U = 0 then gives the

differential equation

id>(t )—i@(t )
a T g P
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which applied to a function on U gets solved by ®(z, p) = x~!(re}). Note that the
left hand side acts by pullback here. Thus by uniqueness of solutions our condition
indeed holds. Let now (el, e, e,,) be a basis of K". As x(U) is open, we find an
r > 0 with B, (0) C x(U) for some auxiliary norm on K”". For |t| < r we have the
simple Taylor expansion

o tk

Y (rer) = Zk— ) (0)
= & gk
Z——k x(se,-))‘szo
o0 d

Z__k (S»P))’SZO

t
- Z: Eg)lé(PLD(O,p)
_ Z _aiﬂk

which is exactly (4.15). This calculation gives also the uniform convergence statement:
the kth partial sum on the right hand side of (4.15) exactly corresponds to the kth
partial sum of the classical Taylor series. As the Taylor series is 4’ °°-convergent in the
interior of the polydisk of convergence, so is (4.15) in 7. The statement (iii) follows
immediately from reading (4.15) backwards. O

Taking M = G as a Lie group and X = X¢ as a left invariant vector field for some
& € g gives the flow © (¢, g) = gexp(t£€), which notably also yields a suitable chart
centered at g, as we just used in the proof. The Lie-Taylor series then has the form

(¢ o rexpue)) (8) = ¢ (g exp(r§)) = (exp(tLx,))(g) (4.18)

forall g € G and sufficiently small 7 € R. It moreover coincides with the Taylor series
of ¢ o £, o exp on the ray through 0 in direction of &. Taking now £ = x/¢; as a basis
decomposition yields the following:

Corollary 4.6 (Lie-Taylor series on G) Let ¢ € 6€“(G) and g € G. Then there is a
radius r > 0 such that

¢(gexp(x’e))) = Ty(x; g) (4.19)
forall x = (x',...,x") € R" with ||x|lsc < r. The right hand side of (4.19) is
€ °-convergent, whenever it converges at all. In particular, if the Lie-Taylor majorant
Fy of ¢ is an entire holomorphic function, then

R" — C, x> ¢(gexp(x’e;)) (4.20)
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has a holomorphic extensionto C", which is provided by the Lie-Taylor series Ty (- ; g)
ofp at g.

The next result has a similar flavor as Proposition 4.4 and roughly ensures that
the concept of Lie-Taylor majorants is also compatible with the exponentiated action
(4.16) of G on €*°(G) by pullbacks with right multiplications r, (h) = hg.

Proposition4.7 Let & € g, ¢ € €“(G) and z € C. Then
Fgorepe (D] < Fo (121 + £ loo). @21)
Proof Using (4.18) and applying (4.13) repeatedly yields

(k+ o)
k! ¢!

1

Z! ke @IIE NS

M2
]2

ck(p o rexpe) = ek (exp(Ly,)p) < o (Zx,0) <

14

Il
<)
iy
Il
S

Consequently,
(0.¢]
Fporep: (] < D (¢ o rexpe) - I2I*

e (@) - |2k

i €115 = (k + 0)!

D Fy (12l + 1 ]l0o)s

provided that F (|z] 4 [|€ |loo) < 00. In fact, in this case F is holomorphic on the disk
B+ (0), so we can expand Fy, as a Taylor series around |z| in the disk Byg . (z]),
at least. This proves (x) with ||£]| s replaced by r||£]||o for any O < r < 1. Letting
r — 1 gives (x). If Fy ( lz| + 1€ ||Oo) = 00, then the estimate is certainly true. O

Intuitively, (4.21) lets us estimate Taylor expansions of analytic functions with
perturbed expansion point on the group by perturbing the expansion point on the Lie
algebra.

Lemma 4.8 (Inversion invariance of Lie-Taylor majorants)
Let inv: G —> G denote group inversion on G. Then Fyoiny = Fy for all ¢ €
E>(G).

Proof This is immediate from
L@ oin)| = ¢omv)(e exp(t§)| = ¢>(exp< )| =-Zx|,

for £ € g by definition of the Lie derivative. O
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Corollary 4.9 There is a locally constant function
y: G —> [0, 00)

such that for any ¢ € €“(G) and any z € C" the Lie-Taylor majorant Fy(||z] o0 +
v (g)) is a majorant for the Lie-Taylor series Ty(z; g) of ¢ at g evaluated at z € C"
and hence

Ty (z: )| < Fyp (Ilzllo + v (2))- (4.22)

Proof We denote left multiplication with g by £, as usual. The left invariance of X¢
gives L, o ly = €; o ZLx,. Applying this to a function ¢ and evaluating ate € G
gives

Ty(z; 8) = Tgor, (2; ©). ()

Now ¢ o £, = ¢ oinv or,-1 oinv, so Proposition 4.8 implies

8
Fq&ofg (z2) = Fqﬁoinvorg,l (2)-

We now choose &1, ...,&, € g with [§]lcc < 1 and g_1 = exp(1) - - -exp(&n)-

By openness of the Lie exponential the integer m can be chosen in a locally constant

manner, i.e. there is an open neighbourhood U of g ! s.t.each i € U can be written as

a product of m exponentials. Then applying Proposition 4.7 m-times and once again
Proposition 4.8 yields

[Fpot, ()] = |Fpoinor, 1 (2] = Foine (1] +m) = Fs (12l +m).
Combining this with (%) and (4.7) completes the proof. O

4.2 Entire functionson G

In this subsection we first focus on the case R = 0 and introduce the pendant &y(G)
of the optimal case from the strict deformation [17, Prop. 3.2, (ii)], i.e. Sp,(g) with
R’ = 1. In a second step, we then introduce the algebras &g (G) for R > 0. There are
several reasons for this two—step approach. Firstly, our methods in the case R = 0
seem completely natural and do not call for any specific motivation. Secondly, it
puts us in a position to reintroduce the classical notion of an entire vector for the
lifted Lie algebra representation (4.1). While our approach to this notion is novel, the
locally convex space we are about to consider is not. We will make this and its history
precise in Remark 4.16. Thirdly, the construction for the case R = 0 provides a solid
motivation for the cases R > 0, since it makes clear that we need to identify locally
convex algebras of entire functions with controlled growth, whose topology is finer
than that of locally uniform convergence, but which still are invariant with respect to
differentiation and translation in the argument.
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Definition 4.10 (Entire functions on G) An analytic function ¢ € €“(G) is called an
entire function on G if its Lie-Taylor majorant Fy € 3{(C) is entire. By

&(G) = {¢ € €°(G) | Fy € H(C)} (4.23)

we denote the set of all entire functions on G.

In particular, each element of &y(G) is analytic by definition, so it does have a local
Lie-Taylor series representation by Corollary 4.6. Hence by connectedness of G it
follows that

=0 <= F,=0. (4.24)

Recall that the C-vector space J{(C) carries a canonical topology, namely the
compact-open topology (or topology of locally uniform convergence). This locally
convex topology can be induced by the family of norms

I Fllo,c = max |F(2)|, (4.25)

Iz

and is metrizable in a translation-invariant manner by

o

1 |IF =Gl

d(F,G)=d(F —G,0) = —_—
(F,G) =d( ) 12_1211+||F—G||o,j

for F, G € H(C). It is well-known that (J{(C), d) is then a multiplicatively convex
(commutative) nuclear Fréchet algebra w.r.t. pointwise multiplication. We are thus
naturally led to define a metric dp on the vector space &y(G) by

do(p. ) =d(Fy—y, 0) (4.26)

for ¢, ¥ € &H(G). An associated family of seminorms is given by

90.¢(®) = IFgllo.c = max [F ()] = Fy(e)

oo 00k
=Y a@)d =3 = 2 |(Ze)e) (427)
k=0 ’

k=0 " genk

with ¢ > 0. Note that (4.24) ensures that each g . : 60(G) — Risin fact a norm on
&p(G). By the Leibniz inequality from Proposition 4.3, (i), the norms (4.27) are sub-
multiplicative. In particular, (6)(G), dp) is a locally multiplicatively convex algebra
w.rI.t. to pointwise multiplication.

We now introduce the family of subspaces &g (G), R > 0, of the algebra &y(G) of
all entire functions on G, which will serve as the other tensor factors in the observable
algebra. The idea is to restrict the Lie-Taylor majorants Fy € JH(C) to holomorphic
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entire functions of fixed finite order and minimal type. The intimate reason for this
choice is that these functions and thus their Taylor coefficients do have controlled
growth and they form a particularly well-studied subalgebra of &p(G) with the added
feature of being invariant w.r.t. to differentiation and translation, i.e. both the Lie
algebra and the Lie group representations. This puts us in a position to make use of
Propositions 4.4 and 4.7 and will directly lead us to faithful analogues of those algebras
on the Lie group G. Recall that for any p > 0 a function F € H(C) is said to have
finite order < p and minimal type if

sup|F(z)|exp(—8|z|p) < 00 (4.28)
zeC

for every € > 0. We denote the set of all such functions by J{, (C). Note that for p < 1
we are speaking of entire functions of exponential type zero.

Definition 4.11 (R-entire functions) Let R > 0. A function ¢ € €“(G) is called an
R-entire function if Fy € H(C) has finite order < % and minimal type. We denote
the set of all R-entire functions by &z (G).

Unwrapping the definition, we thus have

€ &G) < Vioo |bllre =sug|F¢<z>|exp(—s|z|”R) < o00. (4.29)
S

Remark 4.12 (i) Clearly, each of the sets &z (G) is a unital subalgebra of &y(G) and
we have the inclusions

&R (G) C &5(G), (4.30)

whenever S < R.

(ii) Let ¢ € &R(G) for some R > 0. Then the Lie-Taylor series Ty (- ; e) of ¢ is an
entire holomorphic function on C" of order < % and minimal type. We denote the
set of such functions by Hj,g(C) and equip it with the family of norms (4.29).
For a general treatment we refer e.g. to the textbook [35].

It is well-known (see e.g. [36, Prop. 4.2]) that H{, (C) equipped with the family of
norms (4.28) is a nuclear Fréchet space. It follows at once from (4.29) that for ¢ > 0

¢ - Vlre < PllRes2 - 1V R.e/25 (4.31)

s0 (8g (G), dg) is alocally convex commutative algebra w.r.t. pointwise multiplication.
Note, however, that &g (G) is not multiplicatively convex as soon as R > 0. In fact, it
can be easily shown that &z (G) has no entire holomorphic functional calculus.

It will turn out convenient to introduce an equivalent family of (semi)norms on
&r(G). As in the classical case of entire holomorphic functions of finite order this is
achieved by relating the order of an analytic function ¢ € €“(G) to the growth of its
Taylor coefficients:
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Definition 4.13 (R-Lie-Taylor majorant) Let R > 0 and ¢ € ¥°°(G). Then we call

Fro@ =Y kRe@) - =) KRN [(Z,0)@)F 432
k=0 k=0

aeN]fl

the R-Lie-Taylor majorant of ¢ and define for any ¢ > 0

Qg (@) =Frop@) =Y k. cr(@) - =) k" (L, 8)@)| .
k=0 k=0 aeNk

(4.33)

The following elementary result tells us that for a function ¢ € € (G) membership
in &g(G) can be checked using the R-Lie-Taylor majorant F¢ 4 and the seminorms

qR,c-
P er(G) <= FrpeHO) <= Vez0qg (@) <00, (434)
and also that
dr(pn, ) > 0 < Fpg,—¢ = 0in H(C). (4.35)

Remark 4.14 It seems (and perhaps is) over the top to introduce two different notions,
the seminorms qg . and the R-Lie-Taylor majorant Fg o, for essentially the same
object, namely Fg 4(c) = qg .(¢). However, it emphasizes that q .(¢) simply is a
holomorphic function of one complex variable ¢, and this point of view brings along
some useful tools such as the Cauchy integral formula.

Proposition 4.15 Let ¢, v € €°°(G). Then
(i) forany R > O and e > 0,

IPllR.e =GR, (re)R (@) (4.36)
@ii) forany R > 0, ¢ > 0 and ¢ > 0 such that c - (%)R <1,
lPllr,e
qr.c (@) < ————%: (4.37)
‘ 1—c- (%R
(iii) forany R > 0andc > 0
qR,c( @ V) = qrarc(P) - qrar. (V). (4.38)

Moreover, naive extension of (4.33) to R < 0 yields submultiplicative seminorms
qR,c:
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(iv) forany R >0, e gandz € C
[FR.goreps (2] < Frig (12] + 1€ l00) (4.39)
and

[Fr 2,60 = Il Fr (12]). (4.40)

Proof The proofs of (i) and (ii) are standard and will not be given here. For (iii) we
recall cx(¢ - ) < cx(¢) - ck(¥) by the Leibniz inequality in Proposition 4.3, (i).
Hence

) k
Aro(@ W) < D KR "ci@)cd crj()c
k=0 j=0
o) k R k ' '
=> ( ) Y itRej@)ed k= pRer iy
=0 j=0

IA

00 k
Y 2R jtRej@)ed (k= ) Re (et
k=0

j=0
=dqgarc(@) - Qg or (V).

using the rather crude estimate (];) < 2k resp. the Cauchy product formula in the last
two steps. Going through our computation for R < 0, one can be even cruder and
estimate the binomial to the power of R by 1. The proof of (iv) is identical to the ones
of Propositions 4.4 and 4.7 and will not be repeated here. The reader will notice that
it does rely on R > 0, though. O

We are thus naturally led to equip the vector space &g (G) with the family of semi-
norms (4.29) and the corresponding metric

1 qR,j(‘P_W)
dr(@. V) =do(Fry—y.0) = ) .
R($.¥) = do(Fr.¢—y.0) 12_221 L +qg.(@—V)

4.41)

Notably, the inclusions (4.30) are then continuous. Before we take a closer look
at the somewhat deeper properties of the locally convex algebras &g (G), we take
a detour to relate our considerations to classical notions from infinite-dimensional
representation theory.

Remark 4.16 (Representation theory)

In the literature, [23, Sec. 2] was the first to consider the Fréchet space of entire
vectors for Lie algebra representations on Banach spaces B induced by strongly con-
tinuous Lie group representations w: G — L(B). Recall that a vector v € B is
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called €*-vector for 7 if the maps
T, G— B, m(g)=mn(gv (4.42)

are ¢*-functions with values in B, where k € Ny U {o0, w}. By sequential com-
pleteness of the Banach space B one can indeed define differentiability by means of
differential quotients. One writes &k (r) € B for the set of all &% -vectors for the
representation ;. The assumed strong continuity of the representation 7 then just
means that () = ¢€°(G) = B. Note that doing things in this pointwise fashion
corresponds to considering all limits in the weak topology of L(B). In this context,
the natural question is about density of the spaces €% (G) as subspaces of € (G). For
a quite nice, albeit dated discussion, we refer to [39]. Some more modern discourses
can be found in the textbooks [49, Chap. 10] and [53, Appendix D].

In fact, it is often necessary to go beyond the Banach space scenario and include
more general locally convex spaces like e.g. Fréchet spaces as representation spaces
as well.

Passing to the infinitesimal situation, we differentiate and obtain a Lie algebra
representation 7' of not necessarily continuous linear operators T &, each defined
on some subspace of the representation space. By the classical [22] they share a
common dense invariant domain, the so-called Garding space ¥ () € ¢°° (). For
Fréchet spaces, the seminal work [14] proved the equality ¢4 () = € ().

Analytic vectors are more complicated. By [40, Sec. 3] a smooth vectorv € € (i)
is analytic if and only if the formal exponential exp(7T7&)v converges for all £ in
some neighbourhood of 0 € g. Reference [23] turned this into a seminorm condition
and obtained families of Fréchet spaces .77/ (;r) this way: demanding convergence
for £ € B,(0) C g prescribes a uniform radius of convergence for exp(7T7&)v. Of
particular interest are then the union over t = % and the intersection over t = n
with n € Z: the former endows the space of analytic vectors with the structure of a
locally convex inductive limit, the latter is Fréchet again as the countable intersection
of Fréchet spaces. For obvious reasons, [23] calls this intersection entire vectors and
so shall we. Note that there is no need to start with a Lie group representation at all: all
notions make sense for Lie algebra representations from the start. The natural question
is then, when such a representation can be integrated. Some answers can be found in
[20, 38] and the much more recent developments [11, 49, 50].

The action we are interested in is the translation action of the group G by means of
pullbacks

e, ri G — L(4(6)) (4.43)

by left and right multiplications, which is surprisingly ill-behaved. Note that the space
of continuous functions € (G) is not Banach with respect to its usual topology of
locally uniform convergence in general, but a Fréchet space. It is straightforward to
generalize the notions of €*-vectors of a group representation into this more general
setting. These more general cases were studied e.g. in [33, 37]. However, most of
the useful techniques break down, unless the set 7 (G) is an equicontinuous family of
operators. Most importantly, the utilization of (Riemann or Bochner) integral methods
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require this assumption. Notably, the translation actions (4.43) are not equicontinuous
at all: there is no compact subset of G that contains all compact subsets, unless the
group is compact itself. Remarkably, we will be able to reproduce most of the pleasant
results for our particular situation regardless.

Our Taylor formula (4.18) implies that each ¢ € &y(G) is an entire vector with
respect to the representation 7). Or differently put, the lifted Lie algebra representation
(4.1) exponentiates to the Lie group representation r}. Our Definition 4.10 is thus the
appropriate infinitesimal version of entire vectors in our locally convex situation.
This matches with a straightforward reformulation of the textbook definitions [49,
Def. 10.3.1 and 10.3.2] in the following sense: We consider the lifted Lie algebra
representation (4.1) and equip €' (G) with the continuous seminorm |§.| given by the
absolute value of the Dirac functional at the group unit

8¢: €(G) — C, be(p) = ¢ (e). (4.44)

While this is not the natural topology of € (G) at all, this is the useful choice for
estimation and to generate examples later on. By the upcoming Theorem 4.17, (vi),
this choice leads to the same locally convex space &y (G) as the natural one a posteriori.
This also identifies &y(G) as the space of entire vectors for the group representations
(4.43) in the sense of [23].

With this incomplete discussion in mind, we can show the following:
Theorem 4.17 (Representation theory) Let G be a connected Lie group and let R > 0.

(1) Group inversion inv: G —> G induces an isometry of (ég(G), dR), that is, ¢ o
inv € 8g(G) and

dr(¢p oinv, ¥ oinv) = dgr(¢, V) (4.45)

Sforall ¢, ¥ € ER(G).
(ii) Pullbacks with left and right translations yield representations

Gri G — L(coﬁl’g(G)) (4.46)
by continuous linear maps.

(iii) The space &g (G) of entire functions is invariant under the lifted Lie algebra rep-
resentation (4.1) by continuous maps. More precisely, we have the estimate

dr.c(Lxe®) < dres1@) - 16l (4.47)

forc>0,& € gand ¢ € & (G).

(iv) The Lie-Taylor series Ty (- ; z) is absolutely convergent in &g (G) for every z € C".
Thus every entire function ¢ € Eg(G) is an entire vector for the translation
representations (4.46), which are in particular strongly continuous.
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(v) The 8g(G)-topology is finer than the € °°-topology. In particular, the evaluation
functionals

8.t GR(G) —> C, 8;(p) = (Lx,9)(2) (4.48)

are continuous linear maps for g € G and o € Nﬁ.
(vi) The alternative seminorms

rR.(@) = Zk'R Zsup|($xa )(2)] (4.49)

eN"

with ¢ > 0 and compact K C G are well-defined on & (G) and constitute a
defining system for the &g-topology. Thus &y(G) is the space of entire vectors for
the representation (4.43) if we equip € (G) with its canonical topology.

Proof The statement (i) is just Lemma 4.8 again. For (ii) we consider g =

exp(&1) ---exp(§y) with &1, ..., &, € gs.t. |§jllc < 1. Applying Proposition 4.15,
(iv), m-times we obtain

|FR,¢org ()| < Frog (Il +m)

for z € C. This proves

qR,c(‘p o rg) = qR,c+m(¢)

for ¢ > 0. The corresponding property of left multiplication by g follows now from (1)
by once again noting that ¢ o {; = ¢ o inv o ry—1 o inv. Thus the translations r, and
£ are continuous selfmaps of & (G). For (iii) the Cauchy integral formula yields

1

(C) o

F
/aBu(qui(:)))z w| <r ' Frglc+r) =r""dgo (@)

for every r > 0. Taking r = 1, Proposition 4.15, (iv), shows that
Ar.c(ZLx.0) = FR,yxélp(C) < l&llco - Fr(©) < lElloo - AR c11(#)-

This completes (iii), wherefore asking for (iv) makes sense at all: each of the Zx ¢ is
an R-entire function itself. The idea is now to choose r; = % in (), which gives due
o [ejlloc =1for N >0

o k

o0 oo
k -
> Y e 20,0 2 Y 1 Yk Gt = e @ Y o 0
aeNK )

el k=N k=N
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Thus the Taylor series T(-, z) is indeed absolutely convergent in &x(G). In other
words, each of the maps

Gagr—>r;¢eé§g(G)

is analytic by (4.18). The statement about left translations follows the usual way. As
analytic maps are continuous, this also gives the strong continuity of (4.46). We now
turn to (v) and notice that it suffices to handle the case R = 0. Let K € G be a compact
set. By a covering argument it is easy to see that there is a positive integer m (depending
only on K) with the property that for any g € K there are £, ..., &, € B{(0)" C g
such that g = exp(&1) - - - exp(&;;). This implies for any ¢ € &p(G)

|¢(g)| = |(¢ ° rg)(e)| = |F¢°Vg (O)| = ‘F‘?orew(él)wexmém)(O) .
Applying Proposition 4.7 m-times we obtain

16 (@)] < |Fg (I€1lloo + - + IEmlloc) | < dom (@) (%)

forall g € K,yielding the claim. Keeping this compact subset K € G, we turn towards
(vi). Note thatro ¢ (e} = qg ., Wherefore the topology induced by the seminorms (4.49)
is certainly finer than the &p-topology. Using () with ry = % again and what we have
just shown gives on the other hand

oo oo

rRe(9) < Y KETHR N " qp L (Lr,d) < Y KFT et max(k, 1) - qg s (@),

k=0 aeNk k=0

wherefore both topologies do indeed coincide. Here we have used qz . < qg 4. O

The following theorem summarizes the main properties of the locally convex alge-
bras (&g (G), dg) and shows that they share many of the pleasant properties of the
Fréchet algebras Hy,z(C) of all entire holomorphic functions (of finite order and
minimal type).

Theorem 4.18 (Properties of &g (G))
Let G be a connected Lie group and let R > 0. Then the locally convex algebra
(¢r(G), dR) is

(1) a Fréchet algebra;

(i1) nuclear;
(iii) a Montel space: Every bounded and closed set in 6y(G) is compact;
(iv) separable and reflexive.

Proof We tackle (i) first. Let (¢;) be a Cauchy sequence in (ég(G), dr). By Theo-
rem 4.17, (v), there is a ¢ € €°°(G) such that ¢; — ¢ converges in T°°(G). We
need to show that ¢ € &g(G), i.e. ¢ is analytic as well as q .(¢) < oo for all ¢ > 0,
and ¢; — ¢ in (g(G), dg). We proceed in several steps.
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(1) For each g € G and each k € Ny the kth order homogeneous Taylor polynomial
of ¢; at g converges to the kth order homogeneous Taylor polynomial of ¢ at g,
that is,

1 j— 00 1
Teg; @8) =5 D (L)@ 2 = 5D (Zro)®) "

O‘ENﬁ aeNﬁ

= Tre(z: 8)

locally uniformly w.r.t. z € C". This follows from ¢; — ¢ in °°(G) by conti-
nuity of the linear operators

GF(G) > ¥ > Ty (-3 8) € H(C).

(2) Fix g € G. Then Ty, (-5 8) — Tg(-; g) locally uniformly on C". In order to
see this, we note that as a Cauchy sequence, (¢;) is in particular bounded in
(&0(G), dp). With other words, (Fp;) < H(C) is locally bounded on C. By Corol-
lary 4.9 we can deduce that (T¢j (+; g)) is locally bounded in H(C"). Since

(0.¢] (0.¢]
T,z 9) =) Trg (o) and Ty(zg) =Y Tig(z: g
k=0 k=0

we see from (1) and a standard Montel-type normal family argument that
Ty, (-5 8) = Ty(-; g) locally uniformly on C".
(3) In view of Corollary 4.6, we also have

Ty, (x; §) = pj(g exp(x‘e)) — d(gexp(x‘er))
locally uniformly for (x!, ..., x") € R". It follows that
Ty (x; ¢) = ¢(g exp(x‘er))

for each g € G and x € R". In particular, ¢ € €“(G), since x — gexp(x‘ey) is
an analytic diffeomorphism around 0 € C".

(4) Next, we show qg .(¢) < oo for all ¢ > 0. By Theorem 4.17, (iii) we have
Lx,¢j — Lx, b for each k-tuple @ € NX. Hence we have convergence of the k-
th Taylor coefficients ¢ (¢;) — cx(¢). Using the local boundedness of (F R.0; )
in H(C) it easily follows that (F R,¢;) converges in H(C) to Fg,¢. In particular,
Fr¢ € H(C),s0qg (¢) = Fr ¢(c) < oo foreach ¢ > 0.

(5) Finally, we prove ¢; — ¢ in (&g(G),dr). An equivalent statement is that
Fr.¢;—¢(c) — 0 foreach ¢ > 0. By

‘FR,qﬁijb(Z)} < Frg; (I2) + Frg (12])
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the sequence (Frg,—¢) < H(C) is locally bounded. Hence the convergence of
each of the k-Taylor coefficients ¢, (¢ j —¢) to 0 and a simple Montel-type argument
imply Fr 4,—¢ — 0 even locally uniformly on C.

For (ii) it is convenient to identify &g (G) with a Kothe space Ag in the following
manner: write N°° =  J?°, NX and define a Kothe matrix by

k

C
age = (kDR - o

fora € Nﬁ, k € Ny and ¢ € N. Note that ay. < aq./, Whenever ¢ < ¢’. We identify
each ¢ € &g (G) with the sequence (¢, ) defined by

bo = (ZLx,0) ().
Note that cx (¢p) = % M wenk |Pe| from (4.5). This yields an injective isometry
6R(G) —> Ag,
as the net (¢ ) contains even more information than just the Lie-Taylor coefficients at
e. We use the Grothendieck—Pietsch Theorem as it can be found in [44, Thm. 6.1.2]
to check nuclearity of Ar. As moreover any subspace of a nuclear space is nuclear,

see [44, Prop. 5.1.1] or [54, (50.3)], the claim will follow. Thus let ¢ € N. We have
to find a ¢’ € N such that the series

00 k S k
Yy Y G-t
Age! k! c'k

@eNg® Y0 k=0 genk T k=0

converges. Taking ¢’ = 2cn does the job. By positivity of all the numbers, all of our
considerations are independent of the enumeration we choose for the index set Nzo,
wherefore we do not make this choice at all. Thus the nuclearity of & (G) follows.
By [54, Prop. 50.2] every nuclear Fréchet space is Montel, which gives (iii). Notably,
this can also be shown directly by using the classical Montel Theorem for the Taylor
majorants. Nuclear Montel spaces are separable by [29, Section 11.6, Thm. 2] and by
[54, Cor. 36.9] every Montel space is reflexive. O

Rounding out this section, we discuss the simple but surprisingly far reaching
example of the circle group S', which is closely related to GL(C) = C* through the
notion of universal complexification:

Example 4.19 (Circle group) Let G = S', which is connected, but not simply con-
nected. Its universal complexification (S(IC, n) in the sense of [28, Def. 15.1.2.] is given
by

St =C* =C\{0} and n:S' — S{, 7 =idcx o (4.50)

@ Springer



182 M. Heins et al.

i.e. we embed S! as the unit circle into C\{0}. This induces a complex structure,
which coincides with the one given by exponential charts due to the local existence
of holomorphic logarithms. Given a morphism of complex Lie groups ®: S! — H,
we set

®c: C — H, Oc(r-e¥™) =r o), (4.51)

which is a holomorphic group morphism and clearly fulfils ® = ®¢ o . Notably,
the universal complexification C* is not compact, even though the circle group S!
was, but their fundamental groups are clearly isomorphic. Analogously, one obtains
the universal complexification for higher tori as products of C*. Notice that the group
morphism given by the reflection on the unit circle

. 1 .
0:C* —C*, ofr- 62”") = — . ¥ (4.52)
r

is antiholomorphic and fixes (S') = S'. Thus o is the unique antiholomorphic
complex conjugation on S(lc, whose existence is guaranteed by [28, Thm. 15.1.4, (iv)].

Let f: C* —> C be holomorphic. As exp(C) = C\{0} = C*, we can form
the composition f o exp: C — C, which is holomorphic as the composition of
holomorphic maps and thus entire in the classical sense. By commutativity of S(IC, the
Lie-Taylor majorant F ¢ is entire if and only if the Taylor series of f o exp converges
absolutely. Thus holomorphic functions on C* are automatically entire in our sense.
Consequently, we have shown

& (SE) NHSE) = H(SE) (4.53)
as locally convex algebras in view of Theorem 4.17, (v): having a convergent Taylor
series gives uniform estimates for the function values at once. Moreover, this restricts
nicely to the real situation, i.e. we have

& (S") = n*&(SE) = n*H(SE). (4.54)
This can be seen as follows: given ¢ € &(S'), the composition ¢ o exp: C — C
is entire and 27 -periodic (as the Lie exponential is exp(z) = e'* here). Applying [52,

Thm. 3.10.1] to a = b = n € N with the obvious rescaling yields a J{-convergent
Laurent expansion

o
$(e2) = g o exp ’m = Y qeit (4.55)
k=—o00

for z € C. This is the holomorphic extension of ¢ to C* we were looking for. Rephras-
ing the convergence of (4.55), we find two entire functions F, G € H(C) with

$(2)=FR@)+ G =F@+G@) (4.56)
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forallz € S'. If now ¢ € & (G) for R > 0, we still get the Laurent expansion (4.55).
It is even convergent in the JH,z-topology, see again Proposition 4.15. Thus (4.56)
yields

&S = n*3H, R (CX) (4.57)

as locally convex algebras for R > 0.

This example suggests to use the universal complexification of G also in general to
understand the algebra &z (G).

Remark 4.20 (Negative R) As already suggested in Proposition 4.15, (iii), one can
in principle consider arbitrary R € R by using the series of seminorms in (4.33).
However, the approach we have taken to deal with R > 0 ceases to work here: the
Lie-Taylor majorants need no longer be entire. This already happens in the abelian
case G = (R, +) = g. Consider the geometric series

1

'R C, = -
g R— g(x) T ix

, (4.58)

whose Taylor series converges if and only if [x| < 1. The underlying problem here is
of course the singularity at x = i, which is hidden in the universal complexification
C of R. Nevertheless, we have

oo
qro(8) =Y kR k< oo (4.59)
k=0

for all c > 0 and R < 0. Consequently, we know at lot less about the nature of such
functions: in fact, all of the upcoming results simply work for arbitrary R € R and
are somewhat algebraic in nature. Nevertheless, we shall admit R < 0 and consider
the R-entire functions &g (G) also in this extended sense in the sequel.

By the already mentioned Proposition 4.15, (iii), the resulting additional vector
spaces are locally multiplicatively convex. Also the continuous inclusions (4.30), the
inversion invariance and the continuity of Lie derivatives from Theorem 4.17, (i) and
(iii) remain correct. Indeed, we have the obvious inequalities

drc <ds. and qg. <dqgg4: (4.60)

whenever —0o < R < § < oo and 0 < ¢ < d. First countability and the Hausdorff
property are also clearly still intact. Beyond these trivial observations, our methods
break down immediately. For instance, we can no longer infer anything from (4.21) if
the right hand side is infinite.

4.3 Representative functions

At this point of our discussion it is not at all clear, whether there are examples of
entire functions on a given Lie group beyond the constant ones. To remedy this, we
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first note the following compatibility of the entire functions with pullbacks by group
morphisms:

Proposition 4.21 Let G and H be Lie groups and R € R. Let ®: G —> H be a Lie
group morphism. The pullback with ® is a morphism of locally convex algebras

d*: &&(H) — & (G). (4.61)
More precisely, we have the estimate

CIR,C((D*(t)) = QR,an(¢) (462)

for ¢ € ER(G) and ¢ > 0, where D is the matrix supnorm of the matrix representa-
tion of the tangent map T,®: g —> b in the bases used for the construction of the
seminorms of &g (G) and &g (H), respectively.

Proof Note that the pullback ®* with ® is an algebra morphism
O*: ¢“(H) — €“(G),

i.e. its restriction to &g (H) is an algebra morphism with values in €“(G). Conse-
quently, this is just a rephrasing of the chain rule Proposition 4.3, (ii). Note that the
additional weight from R # 0 does not interfere with the argument, as it shows up on
both sides of the estimate. O

This way, we obtain a contravariant functor &g ( - ) from the category of connected
real Lie groups to the category of commutative Fréchet algebras. Thus our construction
of the entire functions fits nicely into the otherwise functorial framework of the R’-
topologies and the deformation quantization itself.

Generating examples of entire functions on one group thus lets us transport them to
other groups in a continuous way. Once again, this does not guarantee the existence of
interesting entire functions, yet. The idea is now that group representations on finite
dimensional vector spaces are particularly nice group morphisms, to which we can
associate special functions on G: the representative functions or matrix coefficients,
see e.g. [15, Sect. 4.3]. Recall that a choice of generators is of the form

mij: G — C, mj(g) = 7(8)ij, (4.63)

where 7 ranges over all continuous (and thus automatically analytic) finite dimen-
sional representations of G. We are going to show by direct estimation that every
representative function is R-entire for R < 1. To this end, we recall the following
well-known Lemma:

Lemma4.22 Let G be a Lie group and ¢ € € (G) be a representative function and
write (¢) = {E;‘j¢> € €“(G) | g € G} for the orbit of ¢ under the left action of G on
itself.
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(1) The orbit (@) is finite dimensional and coincides with the orbit of ¢ under right
translation, i.e. we have

(@) ={ri¢ € €“(G) | g € G}. (4.64)

(ii) Let& € g. The Lie derivative L, is contained in the orbit (¢p) of ¢. The same is
true for right invariant vector fields.

Theorem 4.23 (Representative functions) Let G be a Lie group, R < 1 and ¢ €
©“(G) be a representative function. Then ¢ € Eg(G). More precisely, choosing an

auxiliary norm || - || on (¢), we have the estimate
o0
Gro(@) < Aol Y_kE (cwn)t (4.65)
k=0

for ¢ > 0, where \V is the maximum of the operator seminorms

Y I e | D)) (4.60)

of the Lie derivatives in direction of left invariant vector fields on the orbit (¢) of ¢
and A is the operator norm of the Dirac functional at the group unit, i.e.

A= max |[P(e)l. 4.67)
Y €B1(0)!

Proof We equip the, by Lemma 4.22, (i), finite-dimensional orbit (¢) with some auxil-
iary norm || - ||. Part (ii) of the same lemma implies that the “left invariant derivatives”

Zx; (@) — ()

are well-defined and thus continuous as linear maps on a finite-dimensional topological
vector space. Consequently, the maximum of the operator norms

= max max [Zx, v
i=1,...,n y€B(0)!

is finite. For the very same reasons, the Dirac functional §. at the group unit is contin-
uous and thus its operator norm

A= max [¢(e)]
Y€B; (0)¢!

is finite, as well. Putting both observations together, we obtain
4o (@) = |8c 0 Lx,, -+ Lx, b| < A- W9
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for any k-tuple « € {1, ..., n}*. Plugging this into the full seminorms yields finally
o
Aro@) =D KETE N q,(9)
k=0 ae{l,...,n}k
o
<Y KENE N v A el
k=0 ae{l,...,n}k
(0.¢]
= Aol YK (cwn),
k=0
which converges for all ¢ > 0 iff R < 1. O

Notably, choosing a basis of (¢) allows to proceed in the spirit of Proposition 4.21
to derive a similar estimate based on the matrix supnorm of the Lie derivatives in
direction of the left invariant vector fields instead. This is fairly cumbersome in terms of
bookkeeping due to numerous indices, wherefore we chose the more abstract approach.
For R = 0, we recognize the series in the estimate (4.65) as exp(cWn). Note that the
condition R < 1 is sharp:

Example 4.24 (Exponential representation) Consider the representation exp of the
abelian Lie group (R, +) on (R*, -). Indeed, we have

Ciexp| =exp(x +1) = exp(x) - exp (4.68)
t t

for x,t € R, confirming that exp is a representative function with one dimensional
orbit. This matches with Lemma 4.22, (ii), as exp’ = exp. This also implies

o0
qrc(exp) =Y KR K (4.69)
k=0

for R € R and ¢ > 0. The series in (4.69) converges for all ¢ > 0 iff R < 1.

For a compact Lie group, we now know that the span of the matrix coeffi-
cients is already dense in € (G). This is the classical Peter-Weyl Theorem, see [15,
Thm. (4.6.1)]. Thus the same is true for &g (G), whenever R < 1. Here we also use that
pointwise complex conjugation is an isometry of & (G). In the language of represen-
tation theory, see again the lengthy Remark 4.16, this means that the subspace of entire
vectors is dense in the space of continuous vectors for either of the representations
(4.1) or (4.43).
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5 The R, R’-topologies on the observable algebra

Having studied both the R-entire functions & (G) and the symmetric algebra Sy, (g)
with the R’-topology in isolation, we now projectively tensorize them together to the
observable algebra of our strict deformation:

Definition 5.1 ((R, R’)-Topologies) Let G be a Lie group and R, R" € R. We equip
the tensor product

Poly p(T*G) = &(G) ® Si/(g) 5.1

with the projective tensor product topology and call it the (R, R’)-topology.

Due to &x(G) € ¥°°(G) and the decomposition (2.7) we have the inclusion
Pol;‘,’R/(T*G) C Pol(T*G), explaining the notation.

As projective tensor products moreover inherit most of the desirable properties of
their factors, we immediately obtain the following statements for Pol;e’ r(T*G) and
the commutative pointwise multiplication:

Proposition 5.2 Let G be a connected Lie group and R, R' € R.

(1) The projective tensor product topology turns Pol;e’ r(T*G) into a unital Haus-
dorff and first countable locally convex algebra.
(i) Complex conjugation is a continuous involution on POI;{ r(T7G).
(iii) Let R, R’ < 0. Then Pol;e’ g (T*G) is locally multiplicatively convex.
(iv) The completion 1581;3, r(T*G) of Pol;e) r (T G) contains the completion of each
factor and they are dense, i.e.

&k (G) ® Sp.(g) € Poly g (G). (5.2)

(v) The completion I;EI;Q’ r (T*G) is a commutative Fréchet *-algebra.
(vi) Let R < S and R' < S'. We have the continuous inclusions of locally convex
algebras

Pol§ p (T*G) C Poly p(T*G) and Poly g (T*G) C Poly p(T*G). (5.3)

(vii) Let R, R" > 0. The locally convex algebras Pol'R’R/(T*G) and Ifc;l;g’R/(T*G)
are nuclear. e

(viii) Let R, R’ > 0. The locally convex algebra POI;Q’R/(T*G) is Montel, reflexive
and separable.

Proof All statements are standard results about projective tensor products and have
nothing to do with our particular example. For detailed treatments, see e.g. the text-
books [54, Chap. 43, 50], [31, §41] and [29, Chap. 15]. The continuity of the complex
conjugation is clear as all our seminorms are invariant under complex conjugation. O

As a first consequence of the construction, we note that restricting to momentum
zero, which geometrically is the map ¢*, and prolonging constantly in momentum
direction, which is 7*, provide continuous maps:
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Proposition 5.3 Let R, R’ > 0.

(i) The restriction to the zero section yields a continuous map

(*: Poly p (T*G) —> &R(G). (5.4)
(ii) The pullback
7*: & (G) —> Poly p(T*G) C Poly p(T*G) (5.5)

Is continuous.

Proof From the above factorization we have (* = id g, ) ® 8o on the dense subalgebra
Pol$, ./ (T*G) with the §-functional

80: Spi(g) — C.
This is a continuous functional for R* > 0 according to Proposition 3.2, (ii). The

functoriality of the projective tensor product implies the continuity of ¢*, which then
extends to the completion. The pullback is even simpler, we have

g =¢®1,
which is again continuous by general properties of the projective tensor product. O
As tensor products of continuous linear maps are continuous in the projective tensor

product topology, we moreover obtain the following continuity of evaluations and
symmetries:

Proposition5.4 Let R, R’ € R.

(i) Assume R, R’ > 0andletg € G, a € N]:; and n € g*. The tensor product
8g.0 @8y Pol}e’R,(T*G) — C (5.6)
of the evaluation functionals (3.9) and (4.48) is continuous.
(ii) Let ®: G —> H be a covering map of Lie groups. The pullback with the point
transformation
(T ®)*: Pol}e’R,(T*H) —> Pol;e’R,(T*G) 5.7
is well-defined and continuous.

Proof The first part is clear. For the second, recall that the canonical isomorphism
(A.1) fulfils

(T,®)*J(X) = J(&*X)
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for X € I'*°(S*(Tc H)). In our polynomial factorization from (2.7), the point trans-
formation is thus given by

P* @ (Te®) '@ - @ (T.d)™).

With this formula, our claims are clear in view of Proposition 4.21 and the basis
independence of the R’-topology. Note that the invertibility of the tangent map T, ®
is equivalent to the group morphism & being a covering map. O

Recall that we may endow the cotangent bundle 7*G with a natural Lie group
structure by choosing a trivialization. More precisely, this allows for the semidirect
product structure T7*G = G X pg+ g* coming from the coadjoint representation. The
natural question is thus whether this group structure preserves our observable algebra
1551;{ g (T*G) € €°°(T*G). As before, we denote the left and right multiplications
with (g, ) € T*G by £, and r(g ), respectively.

Proposition 5.5 Let R, R’ > 0.
(1) The pullbacks with left multiplications on T*G yield representations

¢*: T*G —> L(Poly p(T*G)) (5.8)

by continuous linear maps and f’.(;l;e’ r(T*G) consists of corresponding entire
vectors.

(i1) Assume furthermore R < 1. The pullbacks with right multiplications on T*G yield
representations

r*: T*G — L(Poly p(T*G)) (5.9)

by continuous linear maps and Pol;g, »(T*G) consists of corresponding entire
vectors.

Proof Let(g,n), (h, x) € Gxg*, ¢ € &p(G)andé&y, ..., & € g. We note the explicit
formulae

* (VY
e (@ ® &1 &) )

= o ® (nED) - n(E) 1+ Adgify Voo v Adg”ék)‘w 2

r(*h,x)(¢ Q& V- VE) e

=g @&V VE| e x(Adnf) e x(Adin &) @ 1]
(&:m (g:m
for the pullbacks. From here, the continuity estimates can be handled by the same

techniques we have employed throughout the paper, see in particular Theorem 4.17
and the upcoming Lemma 6.2. Notice that the maps

D:: G > g x(Adgg) e C
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are nothing but representative functions, which we have studied in Theorem 4.23. This
explains the additional requirement of R < 1 in (ii). O

After these abstract considerations, we derive a more explicit description of
}751;6, g (T*G). A first observation is that for finite dimensional vector spaces V, we
have an analogue of (A.1), implementing the isomorphism S®(V*) = Pol®*(V) of
graded vector spaces. We shall identify both without further comment in the sequel.
This moreover gives pg/ . = qgr . for R € R and ¢ > 0. Here the slightly different
prefactors match, as differentiation produces another factorial. In particular, the sub-
space topology induced by S, (V) € &g (V™) is the Sy,-topology again. The idea is
now that &g (V™) is the completion of Sg, (V):

Lemma 5.6 Let V be a finite dimensional vector space over C and R" > 0. Then we
have

Sp/(V) = Epi(VH) (5.10)

with embedding given by the isomorphism J. For R’ < 0 we have the inclusion
Ep(V*) € S3, (V).

Proof Truncating the Taylor series of an entire function yields the desired polynomial
approximation by elements of Sy, (V) at once. Notably, this still works for negative
R’, but the completeness of &/ (V*) relies on R’ > 0, see again Theorem 4.18, (i). O

Corollary5.7 Let R > 0 and R € R.

(1) Every function x € If(;l;e,R/(T*G) is smooth.
(i1) Let R > 0. The (R, R')-topology is finer than the & *°-topology.

Proof We invoke the triviality of the bundle T*G = G x g once more: every derivative
on ¢°°(T*G) factorizes into derivatives on G and g, which commute with each other.
Using this, (ii) is immediate from Lemma 5.6 and Theorem 4.18, (v). The case R < 0
in (i) is trivial, as &g (G) € €*“(G) by its very definition. O

Using the vector space structure of g, we arrive now at the following explicit descrip-
tion of the completion Pol;g’ r(T*G):

Proposition5.8 Let R c R, R' > 0and x € IT(;I;Q’R,(T*G), viewed as an element of
E°(T*G). Then there is a unique absolutely convergent decomposition

X@m =YY calg)-ny -l (5.11)

k=0 gen

for g € G and n € g*, where each c¢,: G —> C is R-entire and c,, is independent of
the ordering of the entries of « € Nﬁ. Moreover, for every g € G and as a function of
n, (5.11) is an element of &' (g).
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Proof By Corollary 5.7, we know that x € ¢°°(T*G). Invoking [54, Thm. 45.1],
we find a summable sequence (¢x) € &g (G) and another (not necessarily summable)
sequence (V) C &g (g) s.t.

X =Z¢k®1/fk,

k=1

where the series converges absolutely in the projective tensor product topology. Given
a g € G we use the product structure 7*G = G x g* to define

ca(8) = Ly (8. ) = ) _o1(8) ® Ly Ui
k=1

as the a-th Lie-Taylor coefficient of x (g, -): g* — C. Note that this way, the ¢ (g)
do indeed have the claimed symmetry property, as the Lie derivatives on g are just
partial derivatives corresponding to the basis we chose. By summability of (¢x), we
moreover have ¢, € &g(G). Interchanging the series, it is straightforward to check
that the right hand side of (5.11) indeed converges absolutely to the function y we
started with. This also gives the remaining statement, as each ¥ € & (g). O

Corollary5.9 Let R € R and R' > 0. We have the inclusion ﬁal;e’R/(T*G) C
E“(T*G) of algebras.

6 Continuity results

We begin our considerations on continuity by restating [17, Prop. 3.2, (ii), and
Prop. 3.6] on the Lie algebra star product x4. By (2.15) this star product is the restric-
tion of xgq to the second tensor factors, i.e. polynomials in the momenta only. For
convenience, we already specialize to the situation we are interested in, namely finite-

dimensional Lie algebras instead of general asymptotic estimate algebras [17]:

Proposition 6.1 Let g be a finite-dimensional Lie algebraand R' > 1. The Lie algebra
star product

*g: Spi(g) X Sp/(g) — Sp(9) 6.1)
is well-defined and continuous. More precisely, we have the estimate
Pr.c(Exgn) < Pria ) PR (n) (6.2)

for &,m € S%,(9), ¢ > 1 and & = 32(h + 1)c’. In particular, ¢’ is a continuous
function of h. Moreover, the map
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C > h> Exgn € Spi(g) (6.3)

is entire for all €, n € S3,(g).

Another look at (2.15) reveals that there is only one other interesting type of product
to consider: a polynomial in S(g) on the left and a function on G on the right. The
crucial idea is that the mixed product corresponds to a dual pairing in the spirit of
[24, 25], where only the sum R + R’ of the parameters in Pol}e’ R,(T*G) matters
for continuity, but not their individual values. Note, however, that we do more than
just pair: instead of applying the differential operator to the function, we commute
the differential operators with the left multiplication, yielding numerous additional
contributions. Nevertheless, this yields the following continuity result:

Lemma 6.2 Let G be a Lie group and R, R' € R with R + R’ > 1. The restricted
standard-ordered star product

*s1d ¢ (1 ® Sy (9)) X (6k(G) ® 1) —> Poly x (T*G) (6.4)

is well-defined and continuous with respect to the R, R'-topology. More precisely, in
each symmetric degree and for ¢, ¢’ > 1 we have the estimate

(Grc ®Pr.e) (L@ E)kta (9@ 1) <2-ppr () - Gg.oe (@) (6.5)

for ¢ € &(G), & € §;(,/ (9) and d’ = max{2h, c'}, which depends continuously on h.
In particular, the map

C3hi> (1® &)k (¢ ® 1) € Poly o (T*G) (6.6)

is entire for all ¢ € &g(G) and & € g',(g).

Proof Let ¢ € &r(G), k € Ny, (el, R en) be a basis of g corresponding to the
¢'-norm p we chose and 1 < iy, ..., ir < n.Recall that by Proposition 2.4, (iii), we
have the explicit formula

(11 ® €i1 \EERRY eik)*std (¢ ® 1)

B Z <1) m Z Ly LXigy @ @ Ca(pt) V -+ V € (k-

o €Sy
First note
an(gxw'“fxw ) 3 ‘ Ly Ly L, L (e)‘
o ESk oESk
= Z q(ia(l)’“nio(p)sal~,~~va47,)(¢)
oSy

@ Springer



Convergent star products on cotangent bundles of Lie groups 193

fora € {1, ..., n}Z.Inthesequelwewrite o1y, -+ -5 lo(py, @) Or (ig(1y, - - -5 o (p), 1,
..., ap) by slight abuse of notation. Note that we sum over S, but only use the first p
values of the permutation. For the other factor we use [12, Lem. A.1], which essen-
tially says that projective tensor products of £!'-norms yield £'-norms associated to
the product bases. We write p* for the k-th projective tensor power of the £!-norm p.
This gives

pkip(eo'(p_l’_l) \VAERERY] eo'(k)) =1= pk(eil VeV eik).

Here it is important that we use the £ -norm p with respect to the above basis, otherwise
we would only get estimates instead of equalities. This implies

pR,’C,(eU(pH) VeV ea(k)) = (k — p)!R ck=p

k=p\*
= <Tp C/ ppR/,C/(e[l \/-~'\/€ik).

Letnow R, R’ < 1suchthat R+ R’ > 1andc, ¢’ > 1. Due to

Adr’,c’ = AR’ max{c’,2h)

we may assume ¢’ > 2/ without loss of generality. Otherwise we just estimate ¢’ by
a yet another polynomial weight ¢ > 2A in the very first step. With this in mind, we
obtain

(ar.e @ Pre ) (A @ e, VooV ei)ana (9 @ 1)

k B
- Z0 p! (k — p)! ; qR’C<'$X"o(p> ""’g’ﬂxfamd))
p= TESk

“Pr¢f (eo(p+1> VeV eo(k))
k

hP o R
- Z pl (k= p)! Z ZE!R bt Z q“(gxwm "'ina<l>¢)

p=0 oeS; £=0 ae{l,...,n}t
Pre(Coprn Voo Veo)

k ')
hP
D) Jia— T I

Bell,...n}t+p
k=p\* _
. (T ¢ ppR/’C/(eil V~-~Vel~k)

k B kIR

=Prio(en Voo V) 172:(:) pIR (k= p)!'=F e
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m=p Bell,...,.n}mM

k 1-R'
() k 1 h?
SPR’,C’(th'“Veik)Z(p) WC‘TP
p=0 ’

x f:m!R_1 @' Re)" Z q5(9)
m=p

() k(1—R") k hP
= Pre(en Vv )20 YT g oese (@)
p=0

o
SPrl-Ry (ei, VeV eik) . qR’Zl—RC((ﬁ) Z 2°P
p=0

= Pr’.2¢ (eil VoV eik) : qR,Zc(¢) -2,

where we have used R < 1 as well as ¢ > 1in (%), then R’ < 1 in ('), and ¢’ > 2h
in the final estimate. Note again that we can make this assumption on ¢’ without loss
of generality by (3.2). This observation and the analogous statement (4.60) for &g
also gives the worse estimate (6.5) from what we have computed. If we have R’ > 1,
we estimate the binomial coefficient in the step (") by 1 instead, which once again
implies (6.5). In the case that R > 1 we note (m — pIR=L < 1 R=1 yielding

k 1-R' 00
() k 1 A _
Eowctevva) () gEm St 8 aw

p=0 P m=0 Befl,...,n}"
k 1-R
k 1 AP
=prolein Vo Ve) dr(9) - Z ( ) — ()
1o \P pit c'P
k 1-R’
k! 1 kP
=PR’,c'(ei| V"'Veik) 'QR,C(¢) pzzo((k_—p),) ;CTP (€3]

From here, (T) gives the case R’ > 1 and (%) the case R’ < 1 in the same fashion
as before. Note that passing to the series in p makes our estimate independent of
the symmetric order k. Thus we have shown (6.5) on generators. Consider now an
arbitrary function P € é',(g) in the left factor. Expanding P in the induced basis of
S°®(g) corresponding to the basis of g we chose earlier gives

0 n
P = Z Z ai"""ke,-l V.- Ve, € Spi(g).

k=0i1<--<ip=1
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By distributivity of the standard-ordered star product this now implies
(dr.c @ P ) (1@ Prega (@ @ 1)

<2-qpac@® )y, Y

k=0i1<---<ix=1

=2-qg2.(@) - Pr 20 (P),

i
a 1 k

“Pr2¢ (eil VeV eik)

where we once again utilized [12, Lem. A.1] to first infer the “orthogonality”

'tk pk(e,-1 Ve Ve)

i1<ir<...<ig i1<ir<...<ig

within a fixed symmetric degree. Thus we have shown that (6.5) also holds for arbitrary
polynomial functions P. This finally implies the continuity of the standard ordered
star product. For the holomorphy first note that our estimate works for 7 in a locally
uniform and bounded way by continuity of the involved weights with respect to A.
Taking another look at the formula for the star product from (2.14) we see that the
star product is an absolutely convergent power series in 7, i.e. the limit of polynomials
in /1, which are holomorphic. By our estimate the corresponding sequence is Cauchy
with respect to the locally uniform topology, i.e. it converges to some element in the
completion and that element is vector-valued holomorphic, as well. O

We have gathered all the necessary ingredients to prove the continuity of the full
star product. Notably, the sharp condition R’ > 1 from Proposition 6.1 breaks the
symmetry between R and R’ from Lemma 6.2 and reduces the condition R + R’ > 1
to R > 0. Investing moreover the continuity of the pointwise product on &g (G) now
yields our main result:

Theorem 6.3 (Continuity of xgq) Let G be a Lie group, R > 0 and R’ > 1. The full
standard-ordered star product

*sid | Pol;e’R,(T*G) X Pol;e’R,(T*G) — Pol;e’R,(T*G) (6.7)
is well-defined and continuous, extending to a continuous product
*sd 1 Poly o (T*G) x Poly g (T*G) —> Poly p/(T*G). (6.8)

More precisely, for ¢, ¢’ > 1 there is ad > 1, which is continuous with respect to h,
such that

(qre ®Pre)(Prsta @) <2 (qrg @ Prra)(P) - (dra ®Pra)(Q)  (6.9)

holds for P, Q € Poly x/(T*G).
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Proof We first consider factorizing functions. Let ¢, ¥ € &g(G), n € S, (g) as well
as &1, ..., & € g. By Proposition 2.4, (vi), the full star product can be written as

(¢®§1V'~'V§k)*std(1ﬂ®77)

Z ( ) m 2 ey Doigy VB Eoprn) VooV Eo)¥gll

p=0 oeSk
Note that, compared to (2.14), we left multiply with the function ¢ in the first tensor
factor and compose with the Lie algebra star product in the second one. Let ¢, ¢’ > 1

and write ¢ = 16(h + 1)c’. Using (6.2), (6.5) as well as the continuity estimate for
pointwise products from (4.38) gives

(e @ Pre ) (G @1V -V Ewga (¥ @ 1)

k
hP
< Z Py r—— Z qR,c(ab LX) '“fx%(p)lﬁ)PRac/
o (k = p)! ford

(Ea(p+1) VoV Eg (k) %)

hP - qRr,2Rc (@) - Pr, ”’( )
= Z p! (k— p)!

Z QR,ch<~ZXgU(U o 'fx%(mlﬁ)PR/,a (Eo(pin) V- Ve

oSk

Thus what remains to be estimated is

k

hP
Z | (k p)y ZS qR 2R (ZXS (1) ZXSU(,,)I//>pR’ /(Eg(er]) VAR \/Eg(k))
P= €Sk

which is exactly what we obtained by applying the triangle inequality to the mixed
product

(CIR,ch ® pR’,E’)((]l Q& VVEDRud (P @ 1)).

Thus we can utilize our estimate from Lemma 6.2 to obtain (6.9), taking d as the largest
coefficient we obtain upon putting everything together, which is obviously continuous
in i as a pointwise maximum of continuous functions. Then the bilinear version
of the argument as in the end of Lemma 6.2 extends (6.9) to arbitrary polynomial
functions, as all other factors were already in full generality. Finally, the usual infimum
argument (see e.g. [54, Prop. 43.4]) for projective tensor products gives this estimate
also for arbitrary mixed tensors, which implies continuity of the standard-ordered star
product %gq on the entire observable algebra Pol$, %, & (T*G). From here it extends to
the completion by continuity, preserving the estimates (6.9). O
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The second main statement is that the star product we obtained is a holomorphic
deformation in the following sense:

Theorem 6.4 (Holomorphic dependence on 1) Let G be a connected Lie group and
let R > 0and R’ > 1. Then

C2h > Pxgq Q € Poly p(T*G) (6.10)

is entire forall P, Q € If(;l;g,R/(T*G). Its Taylor series in h coincides with the formal
star product in the sense that the h*-term is given by (2.16).

Proof Aslongas P, Q € Pol%, & (T*G), their star product is a polynomial in A, thus
entire. For general elements P and Q in the completion, we can once again estimate
locally uniformly in & and our explicit formula as well as [17, Lem. 2.8 with z = —ih]
then imply that we have polynomial partial sums, i.e. vector-valued holomorphic
functions. Together, this implies vector-valued holomorphy of the full star product for
fixed factors. The second statement is clear for elements P, Q € Polk r(T*G) and
extends to the completion by virtue of Proposition 5.8. O

A first application of this continuity result is the continuity of the standard-ordered
quantization map:

Corollary 6.5 Let G be a Lie group and R > 0 and R’ > 1. The standard-ordered
quantization map Qg4 yields a continuous bilinear map

0sua: Poly g (T*G) x &(G) 3 (f.9) > osa(f)p € &(G).  (6.11)

In particular, every operator ogq(f) with f € 1551;?, r(T*G) is a continuous endo-
morphism of 8g(G).

Proof According to (A.20) we have for f € Pol;e,R,(T*G) and ¢ € & (G)

0std ()P = " (frsa (D)),

which is a composition of the continuous linear maps 7* and ¢*, see Proposition 5.3,
and the continuous bilinear star product. As usual, this extends the completion. O

By invoking the semiclassical limit we immediately obtain the continuity of the
Poisson bracket:

Corollary 6.6 Let G be a Lie group, R > 0 and R’ > 1. The Poisson bracket
{-. - }: Pol} p/(T*G) x Poly p(T*G) —> Pol} p/(T*G) (6.12)

is well-defined and continuous. Moreover, the explicit formula (2.25) extends to the
completion Pol;e’R/(T*G) order by order.
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Of course, both Corollaries 6.5 and 6.6 can be shown by direct estimation and
the explicit formulas (2.25) and (2.8), as well. Notably, this extends the statements
to arbitrary values of R and R’. The underlying reason for this is that each of the
mappings is an honest differential operator, i.e. only finitely many differentiations have
to be estimated at once. Analogously, the same is true for the bidifferential operators
Dy, € DiffOp(T*G) given by

Di(P, Q) = %(P*std o), (6.13)

for P, Q € €°°(T*G) and k € Ny.

After having established the continuity of the structure maps for classical mechanics
and its standard-ordered quantization, we turn towards other ordering prescriptions
obtained by means of the Neumaier operator. Instead of directly deriving continuity
estimates for the considerably more complicated formulas, we show the continuity of
the k-Neumaier operators. From Proposition 2.8 we immediately get the continuity of
N2 and, ultimately, the continuity of N, for all k € R:

Proposition 6.7 Let G be a Lie group, k € Rand R, R ¢ Rwith R + R’ > 1.

(1) The k-Neumaier operator
Ny : Pol}e,R,(T*G) — Pol;e’R/(T*G) (6.14)

is well-defined and continuous.
(i1) The k-Neumaier operator N, extends by continuity to

N¢: Poly o (T*G) —> Poly p/(T*G) (6.15)

and its explicit formula extends to the completion 1551;?‘ r(T*G) order by order.
(iii) Forall P € Poly p(T*G) the map

C3h > Ne(P) € Poly o (T*G) (6.16)

is entire.
(iv) Let now in addition R > 0 and R' > 1. Then the «-ordered star product extends
to a continuous multiplication
x¢ 1 Poly o/ (T*G) x Poly g/ (T*G) —> Poly p/(T*G). (6.17)
(v) For R > 0and R’ > 1 the k-ordered star product yields an entire function

C3h > PxQ € Poly x(T*G) (6.18)

forall P, Q € Pol%y o (T*G).
R,R
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Proof This is a somewhat immediate consequence of (2.27): first we get the continuity
for N> = N, and all 4. Rescaling now % appropriately can be re-interpreted as a
rescaling of ¥ = 2 in the continuity estimates for N,. This gives the continuity for all
k. The second statement is then an immediate consequence of Proposition 5.8. The
entirety of 2 +— N, (P) now follows from the entirety of (6.6) and the formula (2.27).
Next,

Pxe Q = N—K((NK P)*sed (Nie Q)) (%)

for P, Q € Pol;e’ & (T*G) gives continuity of the x-ordered star product %, as a
composition of continuous maps. Being continuous, *, extends to the completion as
usual. Finally, () implies entirety of the x-ordered star products for fixed factors as a
composition of entire functions. O

Corollary 6.8 Let G be a connected Lie group and let R > 0 and R’ > 1. Then the
Weyl star product *wey is a continuous multiplication

*Weyl : Poly p(T*G) x Poly p(T*G) —> Poly p(T*G) (6.19)

with entire dependence on h.

Proposition 6.9 Let ®: G —> H be a covering map of Lie groups. Then pullback
with the point transformation

(T.®)*: Poly p/(T*H) —> Poly /(T*G) (6.20)

is a continuous homomorphism with respect to the k-ordered star products on T*G
and T* H, respectively.

Proof The fact that (7, ®)* is a homomorphism holds in general since ® preserves
the half-commutator connection. The continuity was obtained in Proposition 5.4, (ii).
O
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Appendix A: Star products on cotangent bundles

In this short appendix we recall the basic facts on star products on general cotangent
bundles from [7-9, 41, 42] to put the construction on the cotangent bundle of a Lie
group into the right perspective.

Let O be a smooth manifold, the configuration space, and denote its cotangent
bundle by the projection w: T*Q — (. For the zero section we will write
t: Q —> T*Q. On a cotangent bundle (as on any vector bundle) we have smooth
functions which are polynomial in the fiber directions. They will be denoted by
Pol®(T*Q) C €>°(T*Q), where we write Pol*(T* Q) for those, which are homoge-
neous polynomials of degree k € Ny. Recall that we always consider complex-valued
functions €*°(T*Q).

As any vector bundle, 7* Q has a particular vector field, the Euler vector field & €
(T (T*Q)), whose flow is given by (¢, g) +> €'eg, where t € Rand o € Tq*Q
for ¢ € Q. It can be used to characterize Pol*(T* Q) as the eigenfunctions of the Lie
derivative .Z; to the eigenvalue k € Np and no other eigenvalues occur. Note that
the canonical map J: '**(TcQ) — Pol (T*Q), sending a complex vector field
X e I'°(Tc Q) to the linear function defined by (J(X)) (o) = oy (X(g)), extends to
a graded unital algebra isomorphism

J: QBFOO(S{&TQ) —> Pol*(T*Q), (A1)

k=0

if we set J(u) = w*u foru € €*°(Q) = F‘”(S%TQ). Here SféTQ denotes the k-th
complexified symmetric power of the tangent bundle 7 Q.

To establish a global symbol calculus for the algebra of differential operators
DiffOp(Q) acting on €°°(Q), we choose a torsion-free covariant derivative V on
Q. We use the same symbol for all induced covariant derivatives on the various tensor
bundles. The covariant derivative V induces a symmetrized covariant derivative

D: I®(SET*Q) — T (SEHT*0) (A.2)

in such a way that for functions u € €°°(Q) we have Du = du and for one-forms
a € I'(TE Q) we have

Da)(X,Y) = Vx(a(Y)) + Vy(a(X)) —a(VxY) —a(VyX). (A.3)

Then D is defined on higher symmetric forms by requiring a Leibniz rule with respect
to the symmetric tensor product Vv, i.e. we have D(a vV ) = Da v 8+ « vV DB. In
local coordinates (U, x) of Q this can then be written as

D=dx' VvV, . (A.4)

dxt
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In fact, if ey, ...,e, € I'>(TU) is a local frame of T Q on an open subset U € Q
with dual local frame e!, ..., ¢" € ' (T*U) then we have
D=¢ VvV, (A.5)

for sections on U. This (local) formula will play a crucial role whenever we have a
global frame, i.e. on a parallelizable manifold.

There are now various ways to define the global symbol calculus with respect to
V. Following [8] one defines the standard-ordered quantization map

Ostd : Pol®*(T* Q) — DiffOp(Q) (A.6)

by specifying the differential operators pgq(J(X)) for all X € ' (SKT Q) on func-
tions ¥ € €°°(Q) as

0sa(dC0)¥ = ¢* (50T ), (A7)

where (*: ]_[,fozo FOO(S{&T*Q) —> ¥°°(Q) is the projection onto the symmetric
degree k = 0 and ig(-) denotes the symmetric insertion map, which is defined as
follows: for a vector field X € I'**(T¢ Q) it is the insertion into the first argument as
usual. For higher degrees we require is(X V Y) = i5(X)is(Y) to get the correct pre-
factors. For a function X = u € €°°(Q) we set is(#) = u as multiplication operator.
Finally, the formal exponential series of the iterated symmetrized covariant derivatives
of ¥ is interpreted as element in the Cartesian product over all symmetric degrees.
Since J is an isomorphism, this indeed specifies gsg on all polynomial functions
Pol®*(T* Q) as wanted.

We note that (A.6) is a €°°(Q)-linear isomorphism whenever & # 0, where
Pol*(T*Q) is equipped with the canonical ¢°°(Q)-module structure via 7* and
DiffOp(Q) is considered as left €°°(Q)-module as usual. Moreover, ggq iS com-
patible with the filtrations of the differential operator by the degree of differentiation
and the filtration of Pol®(7* Q) induced by the degree of the polynomials. Taking into
account the h-dependence gives the homogeneity

[ 0sta( )] = 0aa (HS) (A.8)

for all f € Pol®(T*Q) possibly depending on £ as well, where H = h& + Z;. From
a physical point of view this means that gy g is dimensionless.

The bijection (A.6) allows us to pull back the operator product to Pol®(7* Q). This
gives an associative product, the standard-ordered star product *gq, for Pol®(T* Q)
such that

Frsd & = 0 (051 (f)osta(8)) (A.9)

for f, g € Pol®*(T* Q). The homogeneity properties shows that for f, g € Pol®*(T*Q)
the standard-ordered star product fgq g is a polynomial in & of degree at most the
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sum of the degree of f and g. More precisely,

H(f*sa &) = Hf *s1a g + frsa Hg (A.10)

forall f, g € Pol®(T* Q). Hence we have unique bilinear operators C, : Pol®(T* Q) x
Pol*(T*Q) — Pol®*(T*Q) with

frsag =Y W Cr(f. 9. (A.11)

r=0

where each C, changes the polynomial degree by —r. In particular, the sum is always
finite as long as f and g are polynomial functions.

It is a not completely obvious fact that the operators C, in *gq are actually bid-
ifferential operators and thus extend to a formal star product for €°°(T*Q)[A]. In
fact, one way to show this is to identify xgg with the Fedosov star product based
on standard-ordering, see [8]. Note, however, that for functions in Pol®*(T* Q) the
usual convergence problem of formal star products is absent since the series (A.11)
terminates after finitely many contributions.

The standard-ordered symbol calculus has one serious flaw: it lacks compatibility
with the *-involutions. For the differential operators DiffOp(Q) one has no intrinsic
involution. However, fixing a smooth positive density u € I'*°(|A"| T* Q) one induces
an inner product for €;°(Q) by

(@, V) =/Q$w, (A.12)

where ¢, ¥ € 65°(Q). We fix u once and for all to define the adjoint of a differential
operator D € DiffOp(Q) by requiring

(D¢, Y} = (¢, DY) (A.13)

for all ¢, ¥ € 45°(Q). A non-trivial global integration by parts then computes the
adjoint D*, explicitly using the standard-ordered symbol calculus, which we briefly
recall:

Firstly, we define the one-form o € '™ (T*Q) by Vxu = a(X)u, thus measuring
how w is not covariantly constant with respect to the chosen covariant derivative V.
In many cases one can achieve o = 0, say for a Levi-Civita covariant derivative V of
a Riemannian metric g and the corresponding Riemannian volume density (ig.

Secondly, and more importantly, we note that V allows to horizontally lift tangent

hor
q

vectors v, € T, Q to tangent vectors v € Ty, T* Q. Canonically, we can lift

%y

one-forms B, € Tq*Q vertically to tangent vectors S

€ Ty, T* Q. This gives a
Ay

splitting 7, T7*Q = Horg, @ Very, for all oy € T7Q with the additional property,
specific for a cotangent bundle, that the horizontal and the vertical space are equipped
with a natural pairing originating from the pairing of 7;, O and Tq* Q. Thus we obtain
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a pseudo Riemannian metric go on 7*Q of split signature (n, n). This metric has a
Laplace operator Ag € DiffOp?(T* Q) for functions on T*Q, which locally is given
by

82 2

+ pr*(T})

; +n*(r%ﬁ)i (A.14)

AO D 9
Apidp; Y7 op;

- dq'dp;

where (T*U, (q, p)) is a Darboux chart induced by a local chart (U, x) on Q and
where I'}; are the Christoffel symbols of V with respect to the chart (U, x).
Putting things together we can then consider the Neumaier operator

N =exp(— 2(Ag+ . Lper)), (A.15)

which is a well-defined endomorphism of Pol®(T*Q), since both Ay and the Lie
derivative in direction of the vertical lift of o decrease the polynomial degree by one,
thus making the exponential series terminate on polynomial functions. Using N one
can write the integration by parts to compute the adjoint of a differential operator as

05 (f)* = 05a N2 ) (A.16)

for all f € Pol*(T*Q), see [8, 9]. Since (A.6) is an isomorphism, this computes the
adjoint of all differential operators explicitly, once we base their description on the
standard-ordered symbol calculus gggq-.

One can then use N to pass from the standard-ordering to a Weyl ordering and,
more generally, to a k-ordering interpolating between the two. For « € R one defines
a new ordering

0k (f) = 0stdaNi f) where N, = exp(—ifik (Ag + Lyver)) (A.17)

together with a corresponding «-ordered star product
Frcg = N (Ne(Fxaa Ne(8)) (A.18)
for f, g € Pol*(T*Q),see[7,41,42]. The case k = % is then called the Weyl ordering

Oweyl With the corresponding Weyl star product *wey1. For the Weyl star product one
has

oweyl (f)* = oweyi(f) and  frwey18 = Zxweyl [ (A.19)

forall f, g € Pol*(T*Q).
Finally, we note the useful relation

05t ()P = ' (f*sa T*¢) (A.20)

for all f € Pol(T*Q) and ¢ € €°°(Q). This allows to reconstruct the standard-
ordered representation from the standard-ordered star product.
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Appendix B: Noncommutative higher Leibniz rule

The following well-known Leibniz rules are completely algebraic, wherefore we treat
them as such.

Proposition 1 Let R be a (not necessarily associative) ring with@Q C R, Dy, ..., D, €
Der(R) derivations and a, b € R.

(i) We have the higher Leibniz rule

n
Dy---Di@h)y=Y " Y (Dot Doipina)(Dop) - Do(iyh)-
p=00c€Sh(p,n—p)

(B.1)

Here Sh(p, n — p) denotes the set of (p, n — p)-shuffles, i.e. permutations o € S,
such that

oc(l)<o@)<---<o(p) and o(p+1)<o(p+2)<---<on).

(B.2)
(ii) Symmetrizing, it furthermore holds that
Z Dy (ny - -+ Dg(1)(ab)
o€esS,
n
n
= Z( )(Dcf(n)"'Do(p+1>a)(Do<p)"'Dou)b)‘ (B.3)
oeS, p=0 p

Proof Part (i) is a straightforward induction. Use that o € Sh(p,n — p) satisfies
either o(p) = n or o (n) = n by (B.2). The statement (ii) is an easy consequence of
ISh(p.n — p)| = (%). o
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