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Abstract: We show how combinatorial star products can be used to obtain strict de-
formation quantizations of polynomial Poisson structures on R?, generalizing known
results for constant and linear Poisson structures to polynomial Poisson structures of ar-
bitrary degree. We give several examples of nonlinear Poisson structures and construct
explicit formal star products whose deformation parameter can be evaluated to any real
value of 7, giving strict quantizations on the space of analytic functions on R? with
infinite radius of convergence. We also address further questions such as continuity of
the classical limit i — 0, compatibility with *-involutions, and the existence of positive
linear functionals. The latter can be used to realize the strict quantizations as *-algebras
of operators on a pre-Hilbert space which we demonstrate in a concrete example.
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1. Introduction

The convergence of formal star products is arguably one of the most important out-
standing issues in the deformation quantization programme initiated by Bayen—Flato—
Frgnsdal-Lichnerowicz—Sternheimer [3]. Deformation quantization aims to reverse-
engineer a quantum mechanical observable algebra from the classical observable al-
gebra obtained in the limit 2 — 0. For this process, one starts with a formal star product
fxg=fg+> ,-1t"Bu(f, g, the purported perturbative expansion around / = 0 of
the algebras obtained from a quantum observable algebra by letting 2 — 0, and views it
as a formal deformation of the commutative algebra of classical observables. The formal
deformation parameter ¢ stands in for the (reduced) Planck constant & and the existence
of formal star products was shown for arbitrary Poisson manifolds by M. Kontsevich
[21]. As R is not a formal parameter but a dimensional constant, the physical interpreta-
tion of deformation quantization depends on the existence of a “strict” quantization [38],
which within the deformation quantization programme should be obtained by evaluat-
ing the formal deformation parameter ¢ to the physical value of /. For this evaluation to
make sense, the formal star product should be given by convergent series, but studying
convergence questions for star products is already a nontrivial undertaking for constant
or linear Poisson structures on R [4,13,37]. Notably, the convergence of star products
fails for any nontrivial Poisson structure when considering the space C°°(R?) of all
smooth complex-valued functions on R?.

A general strategy for addressing the problem of convergence in deformation quan-
tization was formulated by S. Beiser and S. Waldmann in [4]. Given a Poisson manifold
X, one considers a suitable subspace of the space of smooth functions on X for which the
star product is well defined for complex values of 4. For example, when X = R carries
a polynomial Poisson structure, one may consider the subspace P(RY) c C®(R?) of
polynomial functions and work with a formal star product which converges on P (R?),
giving rise to an associative product x5 : P(R?) x P(R?) — P(R¢). One then completes
P(R?) with respect to a suitable (locally convex) topology for which , is continuous.
If done right, the completion will contain many more physically interesting functions,
such as exponential functions, say. For constant and linear Poisson structures, one can
work with the Moyal-Weyl and Gutt star products, respectively. In this case, conver-
gence on polynomials is immediate, since for all f, g € P(R?) their formal star product
f % g is a polynomial in the formal parameter which can be evaluated to any value of /.
The continuity of star products, and the properties of the algebra obtained by comple-
tion, was studied successfully for constant and linear Poisson structures [13,37], also
in infinite-dimensional, field-theoretic [33] and “global” settings, such as on coadjoint
orbits of Lie groups [23,30,31] or on cotangent bundles of Lie groups [19] (see [38] for
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a survey). Yet, although constant and linear Poisson structures are important classes of
Poisson structures, one cannot expect them to cover all physically relevant phase spaces.

In this article, we develop an approach to deal with the issue of convergence and
continuity for star products quantizing nonlinear polynomial Poisson structures on R?.
For nonlinear Poisson structures one cannot use the Moyal-Weyl and Gutt star products,
so one needs a formal star product that can be shown to converge on polynomials.
Although Kontsevich’s universal quantization formula [21, §2] can be made very explicit,
it is only a finite sum on polynomials for constant or linear Poisson structures [10,21].
For nonlinear Poisson structures, the asymptotics of the multiple zeta values appearing
as weights of certain graphs in the formula (see [1]) make the convergence properties
of the Kontsevich star product on polynomials difficult to determine and Kontsevich’s
conjecture on the convergence of the Kontsevich star product [22, Conj. 1] is still widely
open (cf. [1, §1.1]).

We work with the combinatorial star products introduced in [2] via natural higher
structures on the Koszul complex, which can be used to produce explicit formulae
for quantizations of polynomial Poisson structures (see Sects. 2.2 and 2.3) for which
convergence on polynomials can be shown directly (see Sect. 2.4). These formulae can
then be used in continuity estimates and the star product can be extended from the space
of polynomial functions to larger function spaces (see Sect. 3). To this end we work
with a range of locally convex topologies on P(R?) which are adapted to the various
Poisson structures at hand, notably the MacGyver topology (Definition 3.11) and the
Tg-topology (Definition 3.4).

For quantizations of polynomial Poisson structures satisfying a certain finiteness
condition on the associated combinatorial star product, we prove the following general
result.

Theorem 1.1. (Theorem 3.14) Let x be a combinatorial star product quantizing a poly-
nomial Poisson structure n on R? and assume:

(a) Forany 1 <1i, j <d we have

Xi*Xj = Z qi,j,KxK (1.2)
KGN‘({

where q; j k € C[t] are power series expansions of holomorphic functions defined
on an open neighbourhood 2 of 0 € C, only finitely of which are non-zero.

(b) There is a constant « (independent of K and L) such that at most o (| K |+ | L |)2 many
reductions are needed to compute x* x x".

(c) There is a constant B (independent of K and L) such that x¥ x x* is a sum of

monomials of order not greater than B(|K| + |L|).

Then evaluating t — hforany h € Q, the resulting product xy, is continuous with respect
to the MacGyver | topology on P(RY) and extends uniquely to a continuous product on
the completion PMG (RY) whose Taylor expansion around h = 0 recovers the formal
combinatorial star product x.

Moreover, (PMG (RY), *p) is a strict deformation quantization of (R?, ).

Theorem 1.1 provides strict deformation quantizations for a large class of polynomial
Poisson structures—in particular for all examples given in this article. However, the
completion PMG (Rd) is not as large as one might hope (cf. Remark 3.18). In concrete
examples much stronger results can be obtained, as summarized in a slightly simplified
form in the following theorem.
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Theorem 1.3. Let n be any of the following nonlinear Poisson structures:

(a) the log-canonical Poisson structure on RY given by {xj,xi}y = xixj for1 <i <
j=d

(b) the exact Poisson structure on R3 associated to the function —xyz — ﬁxl\/ 1 for
any fixed N € Ny

(c) the Poisson structure on R> given by the bivector field n = (yz +xN)% A a%for any
fixed N € Ny

(d) the Poisson structure on R? given by {y, X}y = %()c2 +y2)

(e) the Poisson structure on R* given by {y, x}y = xy +c for any constant ¢ € R.

Then there exists a formal quantization x of n which has the following convergence and
continuity properties:

(i) * converges on the algebra P(R?) of polynomial functions on R¢ when evaluating
the formal deformation parameter t to any h € C.
(ii) Evaluating t — h € [0, 00), the resulting strict star product xy, is continuous with
respect to the Ty-topology on P(RY).
(iii) *p, extends continuously to the completion of P(R?), which coincides with the space
A®RY) of analytic functions with infinite radius of convergence.

Moreover, (ARY), 1) is a strict deformation quantization of (R4, n).

The algebras (A(R?), *5) obtained in Theorem 1.3 contain many well-behaved func-
tions, such as exponential functions, and enjoy many nice properties. For example, for
the log-canonical Poisson structure the algebras are locally multiplicatively convex. In
this regard they are in fact better behaved than the algebras obtained by similar methods
for the Moyal-Weyl or Gutt star products quantizing constant or linear Poisson struc-
tures. A particularly surprising case is the last Poisson structure in Theorem 1.3 which
can be quantized to the quantum Weyl algebra C(x, y)/(yx — e*"xy — if) for A > 0.
This algebra can be completed to a much larger strict quantization than the standard
Weyl algebra which corresponds to the case A = 0 (see Example 3.35).

We also study further properties relevant to the physical interpretation of the con-
vergence and continuity results, namely the compatibility with *-involutions (Sect. 2.3)
and the existence of positive linear functionals (Sect. 3.4) which allow one to represent
strict quantizations as algebras of operators on a (pre)Hilbert space.

2. Star Products

In this section we briefly recall the relevant background for star products in Sect. 2.1
and review the notion of combinatorial star products in Sect. 2.2. In Sect. 2.3 we study
the compatibility of combinatorial star products with *-involutions and in Sect. 2.4 we
prove convergence results for combinatorial star products used for continuity estimates
in Sect. 3.

2.1. Physical background and basic notions.

Observables. Recall that a Poisson manifold (X, 1) is given by a smooth manifold X
and a smooth bivector field n on X whose associated Poisson bracket {—,—}, satisfies
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the Jacobi identity.! The algebra of smooth functions on a Poisson manifold (X, ) can
be viewed as a Poisson algebra of classical observables, where X is the phase space
of a classical mechanical system and the Poisson bracket {—,—}, encodes the time
evolution via Hamilton’s equations of motion. Deformation quantization after Bayen—
Flato—Frgnsdal-Lichnerowicz—Sternheimer [3] aims to produce an associative algebra of
quantum observables from such a Poisson algebra of classical observables by deforming
the usual pointwise commutative product of smooth functions to an associative star
product . The time evolution of quantum observables is governed by Heisenberg’s
equation of motion

d A ! H, A

A= ih[ s A(T)]

where A(7) is a time-dependent quantum observable and H is the Hamiltonian operator.
In the setting of deformation quantization, [—,—] should be interpreted as the commuta-
tor of the formal star product [A, B] = A x B — B x A and the (reduced) Planck constant
f should be replaced by the formal deformation parameter which we usually denote by
t. Actual quantum mechanical observables are typically represented as operators on a
(pre)Hilbert space. (See [36] for more details.)

Involutions. In the classical setting, the observable algebra consists of complex-valued
smooth functions and the physical observables are the real-valued functions, i.e. the
complex-valued functions invariant under complex conjugation, whereas in the quantum
mechanical setting, the physical observables are the self-adjoint operators. Complex
conjugation and taking adjoints are consolidated in the notion of a *-involution. Recall
that a *-algebra A is an algebra over C with a C-antilinear involution *: A — A which
satisfies (ab)* = b*a* foralla,b € A. Anideal I C A is called a *-ideal if I* = I.
Examples of *-algebras are the algebra of complex-valued polynomial functions P (R%)
with complex conjugation as *-involution or the algebra of adjointable operators on a
(pre)Hilbert space.

We will follow the approach of deformation quantization and we thus work with
complex-valued functions. Throughout the article we use the following notation.

Notation 2.1. Consider the following function spaces:
C®(X) =C*®(X,R) ® C smooth complex-valued functions on a real manifold X
ARY) analytic complex-valued functions on R? with infinite radius of convergence

P(Rd) ~ C[xy,...,xq] complex-valued polynomial functions on R
O(M) holomorphic functions on a complex manifold M.

Note that P(R?) ¢ ARY) c C*(R?) and O(CY) ~ A(R?) by restriction. All of these
are infinite-dimensional C-vector spaces which admit a commutative algebra structure
given by the usual pointwise multiplication of functions and a *-involution given by
pointwise complex conjugation, or in case of O(C?) the *-involution induced by the
complex conjugation on A(R?). But by themselves we often refer to them as “function
spaces” to emphasize that we consider them also with other non-commutative multi-
plications obtained as quantizations of various Poisson structures. (In Sect. 3 we also
obtain other function spaces as completions of P(R?) with respect to various locally
convex topologies.)

1 For two smooth functions f, & € C*°(X), the Poisson bracket is given by { f, g}, = (n, df Adg), where
(—,—) is the pairing between bivector fields and 2-forms and d is the exterior derivative.
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Star products. We briefly recall the notion of a formal star product and refer to [8,21,36]
for more background.

Definition 2.2. Let (X, n) be a Poisson manifold. A formal star product (or formal
deformation quantization) for (X, n) is a C[[¢]-bilinear multiplication

*: CCX)[1] x CPX)[t] — C®(X)]f]

given by

frg=fg+Y 1"Bulf.g)

n>1

where B, are C[[¢]-bilinear extensions of C-bilinear maps C*°(X) x C*°(X) — C*(X),
satisfying the following properties:

(1) * is associative
(ii) Bi(f, &) — Bi(g, /) =i{/f. gy
(111) 1*f:f=f*l.

Further, « is a differential star product if the bilinear maps B,, are extensions of bidiffer-
ential operators.

In other words, a formal star product is a formal one-parameter associative defor-
mation (in the sense of Gerstenhaber [15]) of the commutative product on the algebra
C®°(X) of classical observables, where the base of deformation is the complete local
Noetherian algebra C[¢] with maximal ideal (7). The formal deformation parameter ¢
stands in for the (reduced) Planck constant /& and ¢ should be evaluated to this constant
where possible. However, in the generality of Definition 2.2 this is not possible unless
the Poisson structure vanishes identically (see e.g. [36, §6.1.1]) and a large part of this
article is devoted to developing a framework for making sense of the evaluation ¢ +— A,
by working with combinatorial star products.

Fréchet algebras. Recall that a Fréchet space is a Hausdorff locally convex topological
vector space which is complete and whose topology can be induced by a countable
family of seminorms [14]. A Fréchet algebra is an associative algebra (A, x), where A
is a Fréchet space and the multiplication x: A x A — A is jointly continuous, i.e. if
fa — f and g, — g in the Fréchet topology on A, then f,, x g, — f x g.

Fréchet spaces are a natural generalization of the notion of Banach spaces, whose
topology is induced by a single norm. Normed algebras such as Banach algebras cannot
contain elements x, p satisfying the “canonical commutation relations” [x, p] = ih,
which express Heisenberg’s uncertainty principle and are at the heart of quantum me-
chanics. Fréchet algebras provide a natural generalization which do not impose this
restriction.

All the strict deformation quantizations we obtain in this article are Fréchet algebras,
obtained from completing the space P(R?) of polynomial functions, endowed with a
non-commutative associative multiplication %, with respect to certain locally convex
topologies.
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Strict deformation quantization. Just as there are many approaches to quantization, there
are many approaches to strict quantization [6,7,24,27,28,34,37] (see also [18, §2] for
an overview). For the purposes of this article we shall work with the following notion.

Definition 2.3. Let 5 be a Poisson structure on R?. By a strict deformation quantization
of (R4, n) we shall mean a family {Af}5e[0,¢) of Fréchet algebras Ay = (A, p;) defined
on a common underlying Fréchet space A satisfying

i) P(RY) c Ag C C®(R?) as commutative algebras (in particular o is the usual
commutative product of functions)
(ii) the subspace A C C*®(R?) is closed under the Poisson bracket
(iii) for fixed f, g € A, the maps i — f % g are continuous
(iv) for fixed f, g € A, we have that %(f *ng—8g*n f)— {f.glyash— 0.

This definition should be viewed as a working definition geared towards strict quan-
tizations of polynomial Poisson structures on R?, rather than a general notion of strict
(deformation) quantization covering the various notions that appear in the literature. Let
us therefore briefly motivate this definition and put it into context. Firstly, the physical
value of 7 is a positive constant and the quantization should be “well-behaved” in the
limit i — 0, the so-called classical limit. We thus take a strict deformation quantization
to be given by a family indexed by [0, €) and require continuity of & — f *p g with
respect to the Fréchet topology of A. In other contexts one may relax this assumption
and work with a family of algebras indexed by a set of real numbers which is only
assumed to have 0 as an accumulation point (see e.g. [7]). It turns out that our examples
often satisfy an even stronger condition: 7 may be evaluated to any complex value in the
closed upper half-plane {h € C | Im(h) > 0} and for fixed f, g € A, their star product
f *r, g even depends holomorphically on £ in the open upper half-plane with continuity
not only on [0, €) but on the whole real line (see Sect. 2.4).

To ensure that the algebras contain a reasonably large number of functions, we require
that Ao contain the algebra P(R?) of polynomial functions, although here one might
also choose to replace P(R?) by any other preferred class of functions. (Note that on a
general Poisson manifold, there is no reasonable notion of “polynomial functions”, so
in general one indeed has to work with other function classes.)

Remark 2.4. (Strict quantizations in the C*-algebraic setting) Although Definition 2.3
closely parallels other common definitions of strict quantizations, in the C*-algebraic
setting essentially all of the conditions in the definition are altered slightly (see e.g. [28,
Def. 9.2]). Instead of a family of general Fréchet algebras, one considers a (continuous)
“field of C*-algebras” {Bp}nefo0,¢) [11]. The individual algebras Bp, typically arise as
completions of a fixed vector space A with respect to different C*-norms, so that the
completed algebras Bj, usually do not all have the same underlying vector space. Ac-
cordingly, the continuity properties in (iii) and (iv) are then only imposed for elements in
this fixed vector subspace. Lastly, this fixed vector subspace is never the algebra of poly-
nomial functions, as the individual algebras By, contain elements associated to bounded
and continuous (but not necessarily smooth) functions, and polynomial functions are
not bounded.

2.2. Combinatorial star products. Convergence and continuity results used in the con-
struction of strict deformation quantizations usually arise from concrete formulae for
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formal star products. In order to obtain explicit formulae, we work with the combina-
torial star products introduced in [2]. We now give a brief review of these star products
and in Sect. 2.3 also consider variants which are compatible with *-involutions.

The construction of combinatorial star products can be described as follows. Let

A=Clxr, .o xa) /(i — xixDi<i<j<a =~ Clxi, ..., xq] = PR

where C(x, ..., xg) is the free algebra generated by x, ..., xgand (x; x; —X; X} ) 1<i < j<d
denotes the two-sided ideal generated by the commutativity relations. Choose the ba-

. .. . K
sis {xK}KeNg, where we use the multi-index notation xX = lelszz c Xy 4 for K =

(Ki,....,Kq) e Ndand |K| = K; +--- + Kq.

Definition 2.5. ([2, Def.7.18]) Associated to any element ¢ € Hom(C{x;xi}1<i<j<d, A)
®(1) viewed as a formal series ¢ = @17 + @2t% +- - - of C-linear maps, we define a com-
binatorial star product as the C[¢]-bilinear operation

x: Aft] x Aft] — A[f]
where xX x x is the result of recursively reordering the monomial xX x% (viewed as an
element in C(xy, ..., x4)), starting from the right, by replacing each occurrence of x ; x;
fori < jbyxix;+ (Z(x]x,) where the terms appearing in each @, (xjx;) forn > 1 are

. J1 N Ja
expressed in the form x;'x5* ... x;°.
Remark 2.6. This recursive reordering can be formalized and generalized to arbitrary
finitely generated algebras using the notion of a so-called reduction system, used by
G.M. Bergman to prove the Diamond Lemma [5]. In this context, the operation of
replacing xjx; by x;x; + @(x;x;) is called a reduction. Indeed, the deformation theory
of any finitely generated algebra is equivalent to the deformation theory of any suitable
reduction system [2].

For general @, the operation % given in Definition 2.5 need not be associative. However,
@ = @11 +@ot> +- - - can be viewed as a formal power series of degree 2 elements in the
Koszul cochain complex K®* = Hom(K,, A), where

Kin =Clxi, .. XiyXi) <iy < <im<d = cl.

Since K* has trivial differential and computes the Hochschild cohomology of A, its
suspension K**! admits a natural L., algebra structure (K**!, (—,—), (—,—, =), ...)
by viewing it as a minimal model (see e.g. [21, §4.5.1] or [26, §4]) for the Hochschild
cochain complex (Hom(A®**!| A), d, [—,—]) endowed with its DG Lie algebra struc-
ture given by the Hochschild differential and the Gerstenhaber bracket. An explicit L
quasi-isomorphism (K**!, (—,—), (—,—,—),...) = (Hom(A®**! A),d, [—,—]) was
constructed in [2] in a more general context via homotopy transfer. The resulting Lo,
algebra structure on K**! and the associativity of  are related as follows.

Theorem 2.7. [2] Let A = C[xy,...,x4] and @ € K2 ® (t). Then the following are
equivalent:

(i) @ is a Maurer—Cartan element of K**' & (¢).

2 This recursive reordering is well-defined at all orders of ¢ since @(x jX;) is a formal power series starting
in first order in #.
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(ii) = is associative.
(iii) (x> xj) % x; = X x (xj*xx;) forall 1 <i < j <k <d.
(iv) A =Cxi, ..., xq)[t]/(xjxi —xixj — @(xjxi))1<i< j<da is a formal deformation of
A.
Note that if the equivalent conditions in the previous theorem are satisfied, then the
C[t]-linear map
p: Clxy, ..., xq1[t] — A

)CK ?)CK

2.8)

is a vector space isomorphism and p intertwines the combinatorial star product with the
product - of the quotient A, meaning that

frg=p""0(f)p®). (2.9)
Indeed, performing reductions x;x; — x;x; + @(x;x;) corresponds precisely to ex-
pressing the product of the quotient algebra A = C(xy, ..., xg)[t]/(xjx; — xix; —

©(xjX;))1<i<j<a in the basis {x X} KeNd- In particular, it follows that the order of reduc-

tions does not matter.
Given any § = @11 + ¢ot? + - -- € K> ® (1) satisfying the equivalent conditions of
Theorem 2.7, its first-order term ] € K? defines a Poisson structure 1 by

|
{xj, xi}y = T‘Pl(xjxi)

forany 1 <i < j < d, where the Jacobi identity follows from the associativity of x in
order 2. (The factor of 1 /11is a matter of convention and could be omitted, but it naturally
appears when 7 is to be a real Poisson structure which is quantized by the combinatorial
star product x in the sense of Definition 2.2.)
Since K**! is Loo-quasi-isomorphic to Hom(A®**!, A), any star product quantizing
a polynomial Poisson structure 7 is equivalent to a combinatorial star product for some
@ € K? ® (1). Indeed, one may construct such a combinatorial star product by defining
¢ by
Pxjxi) = ifxj, xiJpt +O@?) (2.10)

where the higher-order terms in ¢ are chosen such that » satisfies the associativity con-
dition on linear monomials as in Theorem 2.7 (iii). The choice of higher-order terms is
far from unique—for certain Poisson structures the higher-order terms may be chosen
to be zero, but as we shall see, the choice also affects the convergence and continuity
properties of the resulting star product. In Sect. 2.4 we will illustrate in several examples
how to use the combinatorial star product in practice to obtain explicit formulae for star
products and study their convergence properties.
A first simple example of the condition in Theorem 2.7 (iii) is the following.

Example 2.11. (Quantization of the log-canonical Poisson structure) Let n be the log-

canonical Poisson structure’ on RY, which is determined by {x j» Xi}y = x;ix; for any

1 <i < j < d. Then for any formal power series g = 1 +ir +O(t?) € C[t] we may set
xjx; ifi>j

Xj*xXxi = o .
J gxix; ifi < j.

3 The name “log-canonical” derives from the observation that In xy, ..., In x4 are “canonical” coordinates
in the sense that {Inx;, Inx;} = 1.
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(In the notation of Definition 2.5, x is the combinatorial star product associated to the
element ¢ given by @(x jXxi) = (¢ — )x;x;.) Then « satisfies the condition of Theorem
2.7 (iii) as

3
X x (Xj*Xi) = q X Xjxp = (Xp * Xj) * X;

forany 1 <i < j < k < d, where ¢> appears since exactly three reductions are needed
to bring xix ;x; into standard form (x; needs to move past both x; and x;, and x; past
X;), each reduction contributing a factor of g.

By Theorem 2.7 it follows that * is associative for all polynomials in 77(R?) and thus
quantizes 7. (Indeed, * can be defined on C*(R%)[[¢] as in Definition 2.2, see Remark
2.15 below.) An explicit formula for the star product of arbitrary monomials is

K xxl = q215;<,~5d K.iLixK+L (2.12)

for all multi-indices K, L € N¢, since a straightforward combinatorial argument shows
that ), <i<j<a KjLi many reductions are needed to bring xKxL into standard form.

The combinatorial star product was defined via a recursive reordering reminiscent of
the so-called standard ordering of differential operators. Indeed, consider R>¢ viewed as
the cotangent bundle of R? with its canonical symplectic structure, the first d coordinate
functions corresponding to position and the last d to momentum variables. This symplec-
tic structure defines a constant Poisson structure and setting ¢ (x jXi) = 8i1a,jt, the asso-
ciated combinatorial star product is associative and coincides with the standard-ordered
Weyl product +*9, ordering position operators to the left and momentum operators to
the right.

The standard-ordered Weyl product is a differential star product (cf. Definition 2.2)
which can be given by bidifferential operators associated to graphs. By a careful analysis
of the reductions, one can show that any combinatorial star product can be given by a
graphical formula.

Theorem 2.13. [2] Let x be a combinatorial star product satisfying the equivalent con-
ditions of Theorem 2.7. Then x can be given by the graphical formula

frg=Y_ Y Cr(f9 (2.14)

n>0Te®,

where &, > is a set of admissible graphs for the combinatorial star product and Cr,
associated to an admissible graph T' € &,, 2, is a formal power series of bidifferential
operators starting in order t".

Remark 2.15. The graphical formula in Theorem 2.13 (see [2, §10] for more details)
shows that the combinatorial star product is a differential star product in the sense
of Definition 2.2, since (2.14) can be used to extend it to the algebra of all smooth
functions C>°(R?). By a standard argument such an extension by bidifferential operators
is necessarily unique if it exists: a bidifferential operator is continuous with respect to
the standard locally convex topology of C*°(R?) (locally uniform convergence of all
derivatives), and P(R?) is dense in C*°(R?) with respect to this topology.

The graphical formula for the combinatorial star product is very similar to Kont-
sevich’s universal quantization formula [21, §2]. In fact, the admissible graphs for the
combinatorial star product are precisely the Kontsevich graphs without oriented cycles,
together with a linear order of the incoming edges at each vertex [2, Prop. 10.16]. How-
ever, the formula holds without any weights and thus makes the convergence properties
more accessible.
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Remark 2.16. The Koszul complex K**! is isomorphic to the (shifted) complex of
polyvector fields (with polynomial coefficients) which admits a natural graded Lie al-
gebra structure given by the Schouten—Nijenhuis bracket [—,—]sn, and Maurer—Cartan
elements of (K**!, [—,—]sn) ® (¢) are precisely formal Poisson structures. The bi-
nary bracket (—,—) of the L, algebra structure on K**! coincides with the Schouten—
Nijenhuis bracket [2]. However, when viewed as a minimal model of (Hom (A‘X"Jrl ,A), d,
[—,—1), the Koszul complex K**! carries nontrivial n-ary brackets for all n > 2.

One way of understanding the problem of quantizing a polynomial Poisson structure
is to start with a Poisson structure placed in order 1 in ¢, thus defining a Maurer—Cartan el-
ement of (K**!, [—, —]sn) ® (1), and if necessary add suitable higher-order terms to also
make it a Maurer—Cartan element of the L, algebra (K, (=, =), (=, —,—), ... )@([).
In case higher-order terms are necessary (or useful for continuity estimates), the associa-
tivity of x on linear monomials as in Theorem 2.7 (iii) gives a convenient combinatorial
criterion to establish associativity of the combinatorial star product for all smooth func-
tions.

2.3. Combinatorial star products and *-involutions. In Sect. 2.1 we briefly recalled
the notion of a *-involution which allows one to identify physical observables. Like the
standard-ordered Weyl product, the combinatorial star product « defined in Definition 2.5
is in general not compatible with the natural *-involution given by complex conjugation
of functions. The reason is that the linear extension of P(RY) > xX — xlk L.

xf" € C(x1,...,xg) is not compatible with the *-involutions of P(R?) respectively
C(x1, ..., xq) obtained by extending (x;)* = x; in such a way that (ab)* = b*a* holds.
Indeed, ()clk1 . -xf")* = xfd — -xIK] € C{x, ..., xg) does not agree with the
image of (xK)* =xK e P(RY).

We now present two strategies for remedying this.

2.3.1. Combinatorial star products of Wick type Our first strategy is to redefine the *-
involution by setting (x;)* = xg44+1—;. Of course, the x; will not be real any more (unless
disoddandi = %(a’ + 1)) and should not be thought of as coordinate functions on R4,
which is why we will call them w; from now on. The combinatorial star product of wX
and w’ is then defined just as in Sect. 2.1 by recursively reordering wX w’, starting
from the right, replacing each occurrence of w;w; fori < j by w;w; + (Z(wj w;). Let

J9={zeC?|zi =Zgs1_i foralli =1,...,d} ~R? (2.17)

and w; : J¢ — C, w;(z) = z;. Then we have indeed (w;)* = wg4+1_i, where * is now
the standard complex conjugation.
If d is even, we can identify C¢/? with J¢ via
@1y s 2d2) = @1y oo o5 2d)2, 2dj2s -+ 5 21)

in which case wy, ..., wg/2 become antiholomorphic coordinates and w241, - . ., Wy
holomorphic coordinates. If d is odd, we can identify C@~D/2 @ R with J¢ via

@1, 2@=12: Y) B @1 o Z@d=1)/25 Y 2d—1)/25 -+ - » 21)

sothatwy, ..., wg—1),2 become antiholomorphic coordinates, w—1)/2+2, - . - , wg holo-
morphic coordinates, and w(g—1),2+1 is an additional real coordinate. With this identi-
fication, the combinatorial star product orders antiholomorphic coordinates (“creation
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operators”) to the left and holomorphic coordinates (‘“‘annihilation operators”) to the
right, and we have thus obtained a combinatorial version of so-called star products of
Wick type [20], [36, §5.2.3] (also called normal-ordered star products).

We denote by P(J¢) the unital commutative algebra generated by the functions
wi, ..., wgonJ4.

Proposition 2.18. Let § € K> ® (t) be given by $(w;w;) = i{w;, w;}yt + O(t?) and
assume that @ satisfies the equivalent conditions of Theorem 2.7. If ¢ additionally sat-
isfies

P(wjw)* = P(Wa—i+1Wd—j+1) (2.19)

then 0 is a real Poisson structure on J% and (P(Jd)[[tﬂ, *) with complex conjugation as
*-involution is a *-algebra quantizing .

Proof. The assignment (w;)* = wg41—; naturally extends to *-involutions on ’P(Jd)

and C(wy, ..., wy), and further to *-involutions on P(Jd)[[t]] and C{wy, ..., wg)[]
by requiring that * = ¢. The linear extension of P(J%) 5 wX lel Cee wfd €
C(wy, ..., wy) is compatible with these *-involutions: (lel - wf”’)* = led .

w:f' € C(wy, ..., wg) is the image of (wX)* = wf(" R w:f' e PJ?). It follows

that if the ideal generated by w;w; — w;w; — (Z(iji) forl <i < j <disa*-ideal,
then complex conjugation is a *-involution for (P(Jd)[[t]], x). This is certainly the case
if

(wjwi —wiwj — G(Wjw;))* = Wi—it1 Wd—j41 — Wd— j41Wd—i+1 — P(Wi—isr1 Wa—j+1)

which is satisfied if the condition (2.19) on ¢ holds. In first order in ¢, condition (2.19)
reads

({wj, wi})* = i{wa—is1, wa—jr1}y = i{w], wily
which is precisely the condition that 7 is a real Poisson structure. O
Example 2.20. Consider the Poisson structure on J¢ defined by {w j Wily = iw;wj if
i < j, which is precisely the log-canonical Poisson structure of Example 2.11 with x’s
replaced by w’s and an additional factor of i, introduced to make the Poisson structure
real. One has
Xjxg+1—i fi<d+1—j
{xj,xity =307 +x3) ifi=d+1—
Xgr1—jxi fi>d+1—j

forany 1 <i < j < d, where x; := Re(w;) = %(wj + wj) for1 < j < [d/2] and
xj=Im(w;) = %(wj —w}) for[d/2]+1 < j < d arereal coordinates. Now assume
that « is a combinatorial star product satisfying

wijw; ifi > j

Wi *w; = U
qwiw; ifi < j

where g = 1 — +0O(t?) € C[t]. (Since the Poisson structure contains an extra factor of
i, the condition B1(f, g) — B1(g, f) = i{f, g} is satisfied for this choice of ¢g.) By the
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same reasoning as in Example 2.11, x satisfies the condition of Theorem 2.7 (iii), and
an explicit formula for x is

wK xwk = gXisi<jza Kiliy,K+L (2.21)

If ¢ € R[t], then the assumptions of Proposition 2.18 are satisfied and complex conju-
gation yields a *-involution on (P (J¢)[¢], %). This can also be checked explicitly using
(2.21).

2.3.2. Symmetrized combinatorial star products Our second strategy for obtaining star
products which are compatible with a *-involution is to symmetrize the combinatorial
star product «, similar to the way the standard-ordered Weyl product can be symmetrized
to the Moyal-Weyl product. (Symmetrized combinatorial star products were also con-
sidered by the first-named author in joint work with Zhengfang Wang.) We shall denote
symmetrized star products by a six-pointed star * instead of the five-pointed .

Recall the definition of p from (2.8). We have seen in Sect. 2.2 that the combinatorial
star product can be given by the formula f g = p~!(p(f) - p(g)) when the equivalent
conditions of Theorem 2.7 are satisfied. If this is the case, then not only p, but also the
C[]-linear map

o: Clxy, ..., xg[t] — Clx1, ..., xa)[t]/(xjxi — xixj — @(xjxi))1<i<j<d
1
Xiy - - Xig — E Z x,-sm . .X,’S(k)
seSy (222)
for 1 <iy < ... <i; <d is an isomorphism which can be viewed as a symmetrized

version of p. This symmetrized isomorphism can be used to give the following definition.

Definition 2.23. Let § € K? ® (¢) satisfy the equivalent conditions of Theorem 2.7. De-
fine the symmetrized combinatorial star product *: PR [t] x PRH[t] — PRY)[¢]
by

frg=0""0(f) 0(g).

We now consider C(xy, ..., x4)[¢] with the *-involution obtained by extending x;* =
x; and ¢* = t. Since any symmetric element Y &, Xi,) * Xy, € Clx1, ..., xa)[t]
is fixed by the involution, it follows that o is compatible with the *-involution if the ideal
on the right-hand side of (2.22) is a *-ideal. This proves:

Proposition 2.24. Let § € K> ® (1) satisfy the equivalent conditions of Theorem 2.7 and
assume that the ideal generated by x jx; —x;xj — (xx;) for 1 <i < j <d isa*-ideal
of C(x1, ..., xg)[t]. Then (P(RY)[t], %) with complex conjugation as *-involution is a
*-algebra.

The following proposition shows that the symmetrized combinatorial star product can
be viewed as a generalization of the Moyal-Weyl and Gutt star products to nonlinear
Poisson structures.

Proposition 2.25. Let 1 be a polynomial Poisson structure with only constant and linear
terms and let ¢ € K2 ® (t) be given by (Z(xjx,-) = i{x;, x;},t. Then the equivalent
conditions of Theorem 2.7 are satisfied. Moreover, if n is constant, then the symmetrized
combinatorial star product x coincides with the Moyal-Weyl star product x and if n
is linear, then  coincides with the Gutt star product 6.
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Proof. The first assertion was proved in [2, §10]. The second assertion follows straight-
forwardly from the definition of the Moyal-Weyl and Gutt star products. O

Example 2.26. Let R be endowed with the log-canonical Poisson structure (see Exam-
ple 2.11). Then @(x;x;) = (¢ — Dxjx; for 1 <i < j < d satisfies the equivalent
conditions of Theorem 2.7 for any ¢ = 1 +it + O(¢?) € C[t], and the associated sym-
metrized combinatorial star product * quantizes the log-canonical Poisson structure.
Note that we have (x;x; — gx;x;)* = xixj —q*xjx; = —q* (xjx; — (q*)_lxixj). This
element is in the *-ideal generated by x;x; — gx;x; if g¢* = 1, in which case * is
compatible with the *-involution by Proposition 2.24.

The formulae for the “standard-ordered” combinatorial star product * and the sym-
metrized combinatorial star product * differ as follows:

xix;  ifi<j %x,'xj' ifi <j

. = 1,2 o . R ifi =i
XjkXj = {X; ifi = Xi % Xj = X ifi =j
e 2 e

gxjx; ifi > j %xjxi ifi > j.

(In the formula for x*, the fractions ﬁ and lz;q should be expanded as formal power
series in ¢.) A general formula will be given in Proposition 2.39.

2.4. Convergence of combinatorial star products. For constant and linear Poisson struc-
tures on R?, the Moyal-Weyl and Gutt star products converge on the space of polynomial
functions, since the formal star product of two polynomial functions is a polynomial in
the formal parameter and not a formal power series. We now prove convergence of
combinatorial star products for a range of nonlinear polynomial Poisson structures.

2.4.1. Log-canonical Poisson structure We shall start with a detailed discussion of con-
vergence for the quantization of the log-canonical Poisson structure which also applies
to the convergence results in subsequent sections.

In Example 2.11 we gave an explicit formula for the formal combinatorial star product
*: P(SR") [t] x P@RH[] — PRH)[¢] quantizing the log-canonical Poisson structure
on R¢:

XK wxl = gXasicjza Kili K+L (2.27)

where ¢ = 1 +ir + O(¢%) could be any formal power series in ¢.

Let g be a holomorphic function in # defined on an open set 2 C C containing 0,
with power series expansion around /i = 0 of the form ¢ = 1+ir+O(z?). Forany h € ,
we may consider the strict product

)CK *n xL — q(h)Zlgk_/sd K./LixK+L (2.28)

which defines an associative bilinear map %5 : P(R?) x P(RY) — P(R?). The strict
star product f x g of two polynomials f, g is thus no longer a formal power series in
t, but simply a polynomial in x1, ..., x4.

Since g is holomorphic at 0, ¢ has positive radius of convergence r. Therefore, for
allh e D, = {z € C | |z] < r}, (2.28) can be viewed as the evaluation of (2.27)
for t — h. By the uniqueness of analytic continuation, one can recover (2.28) for all
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h € Q. Generally, for any two polynomials f, g, the coefficient functions of the formal
star product f * g lie in a finite-dimensional subspace of P(R?). Since f * g converges
on D, analytic continuation implies that f x g can be evaluated to f %5 g for any
f, g € P(RY) and any h € 2. Moreover, since evaluation at /i € ID, intertwines » and
*p, and since the formal star product is associative, (f x5 g) *r h and f x; (g x5 h) must
coincide on I, and therefore on all of €2 for any fixed f, g, h € P(R?). This gives an
abstract argument showing the associativity of x; which also applies to the examples in
subsequent sections. '

Some natural choices for § would be G(h) = 1 + ih, e, or ﬁ whose power

series expansions are all of the form ¢ = 1 + ir + O(z%). The formal star product ,
and in particular the Poisson structure it quantizes, can be recovered from the family
of strict star products xp: For fixed f, g € P(R?), the map h +> f 5 g defines a
holomorphic function 2 — P(R?) whose power series expansion around 7 = 0 is the
formal combinatorial star product f » g. (Note that for fixed polynomials f, g, their star
product f % g lies in a finite-dimensional subspace of P(R?), so here the notion of
holomorphy is the standard one.) We shall no longer distinguish a holomorphic function
g and its power series expansion g around & = 0.

In Sect. 3 we show how to extend the strict star products  to larger function spaces
which are obtained as completions with respect to some locally convex topology, where
the details will depend on whether |g(%)| < 1 or not. Note that this final condition is
for example satisfied for ¢ (/i) = €' whenever £ lies in the closed upper half-plane, in
particular for all real values of A.

Remark 2.29. The above discussion on convergence applies mutatis mutandis to the
combinatorial star products of Wick type, in particular to the quantization of the Poisson
structure {w;, w;} = iw;w; where 1 <i < j <don R4 introduced in Example 2.20
whose formula in the w; coordinates is very similar to the formula for the log-canonical
Poisson structure in the x; coordinates, even though it quantizes a different real Poisson
structure. Note, however, that ¢ must now be of the form ¢ = 1 — ¢ + O(z?). Choosing
g(h) = e~" we have that |¢(h)| < 1 whenever £ lies in the closed right half-plane, in
particular for all non-negative real values of h. Like the formal star product , the star
product *j obtained by evaluating ¢ — £ is compatible with the *-involution if g (%) is
real.

2.4.2. Other polynomial Poisson structures We now consider other examples of poly-
nomial Poisson structures which can be of arbitrary polynomial degree and find quanti-
zations using the criterion

(X * Xxj) * xj = X % (Xj * X;) (2.30)

for1 <i < j <k < d given in Theorem 2.7, where * is the combinatorial star product
associated to some element ¢ € K?® ().

Solving (2.30) for the log-canonical Poisson structure was particularly straightfor-
ward (see Example 2.11). One might expect that for more general polynomial Poisson
structures quantizations are very difficult to construct by hand. However, it turns out that
simply choosing

Plxjxi) =ifx;j, xijpt (2.31)

is “often” already enough to satisfy (2.30). (The reader may check that this is true for
about half of the classes of quadratic Poisson structures on R3 in the classification by
J.-P. Dufour and A. Haraki [12].) An example of such a computation is the following.
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Example 2.32. Let N € Ny be fixed and consider the Poisson structure

d ad
N
n=0z+x )az dy

onR3. For N = 2, this is the Poisson structure given by D. Manchon, M. Masmoudi, and
A. Roux [25] as an example of a quadratic Poisson structure that cannot be quantized
via Drinfel’d twists.

Let ¢ be given as in (2.31), i.e. ¥(yx) = @(zx) = 0 and ¢(zy) = i{z, y},t =
(yz + xN)it. The associated combinatorial star product « satisfies (2.30) since

Zx(y*xx) =z*x(xy) = p_l(x~z~y) =xyz(1 +it)+xN+lit
(zxy)*xx = (yz(l +it)+xNit) *x = xyz(l +it)+xN+1it

and thus * quantizes 7.

The next example is a slight modification of Example 2.32 which illustrates that
even when the combinatorial star products associated to the naive choice (2.31) does not
satisfy (2.30), it is often easy enough to find suitable higher correction terms.

Example 2.33. Let N € Ny be fixed and consider the exact Poisson structure on R3

associated to the polynomial function —xyz — ﬁxN 1 ie.
A2 9.2 +(yz+x) O .2
=Xy— A — —x7— A — X)) — A —.
7 yBy ax Zaz dax e dz  dy

Let p,q,r,s € C[t] be formal power series of the form p = 1 +it + O(t?), ¢ =
1+it+0(@?),r = 1 +ir +O(t?), and s = 1 — ir + O(z?) and let & be determined by

@(yx) = (r — Dxy
P(zx) = (s — Dxz

@) =(q—Dyz+(p—DxV

which is essentially (2.31) with general yet-to-be-determined higher-order terms. Com-
puting the associated combinatorial star product one finds
zx (Yxx)=z*(rxy) = ,o_l(rsx -Z2-y)=qrsxyz+(p — 1)rstJrl

(zxy)*x = (qyz+(p — DxV) xx = grsxyz + (p — DxM*!

and comparing the right-hand sides we see that it suffices to set s = ! to satisfy (2.30)
in which case x quantizes 7.

The following proposition gives explicit formulae and convergence results for the star
products in Examples 2.32 and 2.33. For a word w = (wy, ..., wk) € {0, 1}¥in 0’s and

1’s we write |w| == Zf-‘zl w; and wy_; = (wy, ..., w;) € {0, 1}i,wherei el{l,..., k}.
We use the convention that {0, 1}° contains one element, the empty word ¥ with |@| = 0.
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Proposition 2.34. (i) For N € Ny and formal power series p = 1 + itp; + O(t?),
q = l+itq1 +0O(t?), and r = 1 +itr; +O(t?) € C[t], the combinatorial star product
* determined by
g(yx) = (r — Dxy
Pex) = (r~' = Daz
$zy) = (¢ = Dyz+(p — Dx"

is a formal deformation quantization of the Poisson structure with Poisson bivector

a/\a 8A8+( + N)a/\a (2.35)
=1 XxXy— A — —rxi— AN — Z X ) Nqo- :
1 ! yay ax 9z ax ayzTp dz  dy
(ii) For any i, j, k, £, m,n € Ny, one has
Xiyd 2K w by = Z pU—RCHNIL oy i+ N ]y jrm—lu] e —lw]
wef0,1}F
lwl<m

(2.36)

where Ay, () = 1 and Ay (w) = ]_[f:1 r_N“”lwi*l‘im(wl,_li_l, w;) for any w €
{0, 1}*, k € N with

g™l ifs=0

Xm N = m—|w|— i .
W=V - @ s =1

(2.37)

(iii) Let Q C C be an open connected neighbourhood of 0 and p, q and r be power series
expansions of holomorphic functions on 2, without zeros in the case of r. Then x
can be evaluated to an associative product x1,: P(R3) x P(R3) — P(R3) for any
h e Q.

(iv) For any fixed f,g € PR>), the map @ — P[R?), h — f %5 g takes values
in a finite-dimensional subspace V. C PR3) and depends holomorphically on h.
Moreover, %(f *n & — g*n f) = {f, g}y as h — 0 (with respect to the usual
topology on the finite-dimensional space V).

Proof. The same computation as in Example 2.33 shows that ¢ satisfies condition (iii)
in Theorem 2.7 and it is straightforward to verify that the corresponding star product
quantizes the Poisson structure (2.35), thus showing part (i). Part (ii) can be shown by a
computation in the algebra A = C(x, y, 2)[t]/(yx —xy —@(yx), zx —xz —@(2x), 2y —
yz — @(zy)), where we shall omit the product sign - for brevity. By induction over m,
one can easily show that

m—1
" =q"y"z+(p =1 Y (grV) xNym!
Jj=0
holds for all m € Ny. Next, we prove that

Zkym _ Z )\m(U))Xlelymi‘w‘Zkilwl

wel0, 1}, |w|<m
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holds for all k, m € Ny by induction over k: If k = 0, this is clearly true, and if this
holds for some k € Ny, then

Zk+1ym= Z k’n(w)szlw\ymflwlzkflwl

we{0,1}*
[w|<m
— Z )\‘m(w)r—le\qm—\w\xN|w|ym—\w|Zk+1—|w|
we{0, 1)
lwl<m
m—|w|—1
+ Z )\,m(U))V_lel(p _ 1) Z (qu)ij(lw\+l)ym—l—|wlzk—\w\
wel0,1)F Jj=0
[w|<m—1
— Z )\m(w)xN|w|ym—|w|Zk+l—|w| .
we{0, 1)k+1
lw|<m

Using this, we finally obtain

Jj k€. m_n

Xiy ZFxtyms =r(jfk)€xi+€ Jj k. m_n

Yy 'z
— Z r(j—k)Z)“m(w)xl+lijN|w\ym—lwlzk—\wlzn
wel0,1}F
|lw|<m
— Z r(j—k)2+.1N|w|)“m(w)xt+£+N|w|yj+m—|w|Zk+n—\w\.
wel0,1}¢
lwl<m

To show (iii), note that holomorphic functions on 2 are uniquely determined by their
power series expansion around 0, hence * can indeed be evaluated at any / € 2 and is
associative (by analytic continuation as in Sect. 2.4.1). Part (iv) follows easily from the
formula obtained in part (ii). O

Formula (2.37) simplifies if one chooses p, g, and r such that p — 1 is a multiple of
grN —1.1f q; = p; = 1 and r| = 0, then the star product in the previous proposition
quantizes the Poisson structure from Example 2.32, if g1 = p; = r; = 1 then it
quantizes the Poisson structure from Example 2.33.

In Sect. 3.3.3 we obtain continuity estimates for the star products introduced in
Proposition 2.34.

2.4.3. Symmetrized combinatorial star products In order to give an explicit formula
for the symmetrized combinatorial star product quantizing the log-canonical Poisson
structure (see Example 2.26), recall the definition of the g-multinomial coefficients

(|K|) _ UKDy 23%)
K ), [Kilg...[Kalg

where K € Ng is a multi-index, and [—],! are the g-factorials defined by [0],! = 1 and

[kl,! = [klgk — 11, ... [1], with [kl; =1+g+---+g*""
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for any k € N. The g-multinomial coefficients compute a weighted sum of all possible
ways to form words with certain letters. More precisely, (lgl) =Y g™ ™) where the
sum s over all words w with K1 many 1’s, K> many 2’s, and so on, and inv(w) denotes the
minimum number of inversions (exchanging two consecutive letters) needed to change
the word 151 ... d%¢ to w [35, Prop. 1.3.17]. In particular, (‘il)q is a polynomial in ¢
with non-negative integer coefficients and constant term 1.

Proposition 2.39. Let R? be endowed with the log-canonical Poisson structure and
assume that ¢ = 1 + it + O(t?). The symmetrized combinatorial star product from
Example 2.26 is given by the formula

KTy (IL]
(lllgiﬁl) (K)q(L)q q21§i<j§d KjLi_xK+L . (240)

BN UTCIN TS

Proof. We obtain (‘Ilgl)q p(xK) = (‘?)a(xK ) from the combinatorial interpretation of
the g-multinomial coefficients. Consequently,

K s xt =07 Mo (K)o (xh))

K| |L|
_ (), o p(xF)p(xl))

(D)

(IKI)q(Iil)q KjLi g—1 K+L
=~y sz Kitig Tl (p (K +h)
G, (D) vk ke

(KK,

O

Assume that g is the formal power series expansion of a holomorphic function g €
O(2). The g-multinomial coefficients are polynomials in ¢ which can only vanish at
roots of unity (but not at 1). It follows that the coefficients in (2.40) are meromorphic
functions on €2, with poles only at P := {h € Q | g(h) # 1 and g(h)" = 1 for some
n € N}. Thus we can evaluate * to a product sp : P(R?) x P(RY) — P(R?) whenever
h € @\ P. Note that this is different from the situation in the previous sections, where
the star products could be evaluated for all /1 € .

Remark 2.41. The proof of Proposition 2.39 shows that the map T: P(RY) — P(R?),
obtained by extending x¥ > (IX1), (K1)~ linearly, is an equivalence transformation
between the standard and symmetrized combinatorial star products, in the sense that
fxg =T~ (Tf*Tg). Wewill see in Sect. 3 that although the standard and symmetrized
combinatorial star products are equivalent star products quantizing the same Poisson
structure, they have different continuity properties for |¢g(h)| > 1, as the equivalence
transformation 7 fails to be continuous for the relevant topologies on P (R?).
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3. Continuity

In this section we extend the combinatorial star products introduced in Sect. 2 to bigger
function spaces, using the observation that a continuous bilinear map of locally convex
topological vector spaces extends to the completion (see Lemma 3.1). Using convergence
results of combinatorial star products (cf. Sect. 2.4) we may evaluate the combinatorial
star product x to xj for some complex value of / and then proceed to find locally convex
topologies on P(RY) with respect to which *p, is continuous. Then 5, will extend to
the completion, so that the objective is to find topologies for which the completion is as
large as possible.

This approach has been used by S. Waldmann and collaborators in several examples
for Poisson structures which are of constant or linear type and in Sect. 3.1 we review
the definition of the so-called T r-fopology used for this purpose. This topology depends
on a parameter R > 0 and the Moyal-Weyl and Gutt star products, which quantize
constant and linear Poisson structures respectively, are continuous with respect to the
Tg-topology only for certain ranges of R.

The subsequent sections Sects. 3.2-3.4 contain the main results of this article: we
find locally convex topologies for which the combinatorial star products quantizing
nonlinear Poisson structures are continuous. In Sect. 3.4 we also show the existence of
continuous positive linear functionals for the combinatorial star products of Wick type
from Example 2.20, which allows us to represent the strict deformation quantizations
faithfully on a pre-Hilbert space by means of the GNS-construction (Theorem 3.55).

It might be surprising that for nonlinear Poisson structures there are often combina-
torial star products with better continuity properties than the Moyal-Weyl or Gutt star
products, meaning that they extend to larger function spaces. We show the following:

(i) Strict star products +: P(RY) x P(RY) — P(R?) for which the product of two
homogeneous polynomials of degrees d; and d; is a sum of homogeneous polyno-
mials of degrees > d| +d; can be extended to formal power series in the coordinates
(Proposition 3.8). Such products can often be obtained by quantizing polynomial
Poisson structures with vanishing constant and linear components.

(ii) There are combinatorial star products, for example those quantizing homogeneous
quadratic Poisson structures, which are either continuous with respect to the Tg-
topology for all R > 0 or for no R. In the latter case, we need to find finer topologies
with respect to which the combinatorial star product is continuous. One such topology
that works in great generality is introduced in Sect. 3.2. It has, however, a relatively
small completion.

(iii) While the star products in all examples discussed in Sect. 2 can be extended to the
completion in (ii) one can typically extend them to much larger algebras when the
parameters in the construction, like the formal power series ¢, are suitably chosen.
We introduce the corresponding locally convex topologies in Sect. 3.3 and discuss
the examples of Sect. 2 in detail.

Throughout we use the following standard result.
Lemma 3.1. Let U, V, W be locally convex topological vector spaces. A bilinear map

w: U x 'V — W is continuous if and only if for every continuous seminorm ||—|| on
W there are continuous seminorms ||—|lg on U and ||—||,, on V such that

I, V)lla < llullglivlly -

If i is continuous, then w extends to a unique continuous bilinear map [i : UxV—>W,
where U, V, and W denote the completions of U, V, and W, respectively.
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We typically apply this lemma with U = V = W = P(R¢) and u = *p,, where p,
is obtained from some combinatorial star product by evaluating ¢ +— £ as in Sect. 2.4.
We usually abuse notation and write ;& = *p instead of it = *p also for the extended
map.

Convention 3.2. Throughout this section, 2 C C shall denote an open connected neigh-
bourhood of 0 € C and O(£2) the algebra of holomorphic functions on £2. We often tacitly
pass from a holomorphic function ¢ € O(2) depending on a complex variable & € Q
to its power series expansion around & = O (which determines g uniquely) with formal
variable ¢.

For a star product x,: V x V — V quantizing a Poisson structure i, where i ranges
over £2, and fixed f, g € V we define maps uyq, Afg: Q2 — V by

F(f*ng—g*n f) if h#0

3.3
{fag}n 1fh=0( )

mre(h) = f*n g and  Agg(h) = {

Typically V is some completion of P(R?).

Our definition of strict deformation quantization (Definition 2.3) requires these maps
to be continuous. However, we often show that 1t s, and A f o are holomorphic, where
amap f: Q — V into a Fréchet space V is called holomorphic* if ¢ o f: Q@ — Cis
holomorphic for all continuous linear functionals ¢ € V*.

3.1. Continuity of the Moyal-Weyl and Gutt star products. In [13,33,37] continuity
estimates for the Moyal-Weyl and Gutt star products were obtained (see also [38] for a
review). In these articles, the relevant topology is the so-called Tg-topology, because it
depends on a real parameter R and is obtained by viewing P(V) >~ S(V*) C Tr(V*)
as a subspace, where Tr(V*) is a certain locally convex topology on the tensor algebra
T(V*) = @n>O(V*)®" on the dual of a vector space V. We work with the case when
V ~ R is finite-dimensional, in which case the Tg-topology restricts to the usual
Euclidean topology on the tensor powers (V*)®" C T(V*), and the parameter R allows
one to fine-tune the topology on P(R?) according to the Poisson structure at hand.

Definition 3.4. ([37, Def. 3.5]) Let R € [0, co). We write Pr, (R?) for the locally convex
vector space obtained by endowing P(R?) with the Tg-topology, defined by the family
of norms {[|—[| ¥ | C € (0, 00)}, where

1 PR — (0.0, | Y suxt] = T et qzint @)

LeNg LeNg
and we write Pr, (R?) for its completion.

Note that the Tg-topology is coarser than the Tg/-topology whenever R < R’. For
the completions we thus have Pr,, (R ¢ Prx (RY).
The following two theorems summarize the continuity results for the strict standard-

ordered Weyl product *%‘d, the strict Moyal-Weyl star product *gv, and the strict Gutt

star product *g, obtained from respectively +*9 (introduced before Theorem 2.13), %V,
and %U (see Proposition 2.25) by evaluating 7 > % € C.
4 The definition of holomorphy through linear functionals is sometimes referred to as “weak holomorphy”.

For Fréchet spaces, it coincides with the notion of “strong holomorphy” defined through the existence of the
limit of the usual difference quotient.
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Theorem 3.6. [37] Let R > % and h € C. Then the standard-ordered Weyl and the

Moyal-Weyl products *%‘d, *%V: Py (R x Pry (RYy — Py (RYY are continuous and

therefore extend uniquely to continuous products *S}‘{d, *%": 7/5TR RY) x 73TR (R?) —
Pry (RY). Moreover, for all f,g € Pry (RY), the maps g Afpg: C — Pry (RY),
defined as in (3.3), are holomorphic.

Note thatin [33,37] generalizations to the infinite-dimensional setting are also proved,
but the above version of the theorem is sufficient for our purposes and least technical
to state. The following theorem gives an analogous result for linear Poisson structures,
which can also be generalized to infinite dimensions if one imposes a certain technical
condition on the Lie algebra.

Theorem 3.7. [13] Let g be a finite-dimensional Lie algebra, R > 1, and h € C.
Then the Gutt star product *g : Prp(g¥) x PTi(g*) — PIR (g%) is coztinuous and
therefore extends to a continuous product *g 2 Pro(@%) X Prp(g*) — Pry(g%). The
maps |rg, Arg : C — Pry(g*) defined in (3.3) are holomorphic for all f,g €
Pry (g%).

In Theorems 3.6 and 3.7 the resulting algebras are not locally multiplicatively convex.
In the next sections, we will see that certain homogeneous quadratic Poisson structures
can be quantized by locally multiplicatively convex algebras.

3.2. General continuity results for combinatorial star products. In this section we
present two general continuity results for combinatorial star products. Our first gen-
eral result (Proposition 3.8) shows that if the combinatorial star product of any homo-
geneous polynomials of degrees d; and d; is a sum of homogeneous polynomials of
degrees > dj + d», then the product can be extended to all formal power series in the
coordinates x;. Examples are quantizations of homogeneous quadratic Poisson struc-
tures. Our second general result (Theorem 3.14) shows that combinatorial star products
satisfying some bound on the number of reductions are continuous with respect to the
MacGyver topology (Definition 3.11).

3.2.1. Acoarse topology: The adic topology Denote theideal of P(R?) ~ Cl[xy, ..., x4]
that is generated by x, . . ., x4 by m. Recall that the m-adic topology of P(R9) is the one
induced by the metric di (f, g) = 2-0(f=8) where o(f — g) denotes the largest integer
N e Ny such that f — g € m", where by convention 0(0) = oo and dw (f, f) = O.
Note that P(R?) endowed with the m-adic topology is nor a topological vector space
since the scalar multiplication is not continuous. However, its completion as a metric
space is still well-defined and coincides with the space C[xy, ..., x4] of formal power
series, which contains P(R¥) as a dense subset.

Proposition 3.8. Assume that x, : PRY) x P(RY) — P(RY) only increases the degree
in the sense that the star product of a homogeneous polynomial of degree d and a
homogeneous polynomial of degree dy is the sum of homogeneous polynomials of degrees
> di +dp. Then %y, is uniformly continuous with respect to dy, and extends to a uniformly
continuous product xp,: Cx1, ..., x4] x Cx1,...,x4] = C[x1, ..., x4] on formal
power series.
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Proof. For f, g € P(RY) we have o(f xn g) = o(f) +o0(g) since x only increases the
degree, and therefore

de(f %1 [, g *n g) = 270U *n(f'=)=(e=xng")
< max {20 *n(f'=8) p—olle=Fxngh)
< max{2 0ol =&) p—ols=fp—als)y

S max{dm(f/v g/)v dm(fv g)}
<dn((f. [ (8.8

where dX((f, f),(8,8)) = dm(f,g) + du(f', &) is the product metric on
Clx1, - -, xq] x C[x1, ..., x4]. This shows that x5 is uniformly continuous, and such
maps extend uniquely to uniformly continuous maps on the completion. O

Note that the point evaluations P(RY) — C, f — f(y) for y € R? \ {0} are not
continuous with respect to the m-adic topology, and as a consequence the elements of the
completion C[x1, ..., x4] cannot be identified with functions. All topologies on P (R9)
considered in the rest of this article will be locally convex, and allow one to identify the
elements of the completions with functions.

3.2.2. A fine topology: The MacGyver topology A general result for extending 3 to a
space of functions is given in Theorem 3.14 below. We first start with a technical lemma,
which will be used to show that the dependence of x3 on 7 is even better than what is
required in our definition of strict deformation quantization (cf. Definition 2.3).

Lemma 3.9. Let x;,: V x V — V be a bilinear map on a Fréchet space V, depending
on a parameter h ranging over 2. If xy, is locally uniformly continuous in h, in the sense
that for every hy € Q2 and every continuous seminorm ||—||, on V there exists an open
neighbourhood U C Q2 of ho and a continuous seminorm ||—||g on V with

If *n glle < Ifligligllp

forallh € U and f,g € V, then the set {(f,g) e VxV | Q2> ht> f*xrpg €
V is holomorphic} is closed.

Proof. Let ¢ € V* be a continuous linear functional. Then there is a continuous semi-
norm ||—||, on V such that [¢(f)| < || fll¢ holds for all f € V. For any iy € Q we
find an open neighbourhood U C € of Ay and a continuous seminorm || —||g on V such
that || f x5 glle < I fligllgllg holds for all f, g € V and i € U. Consequently, for any
converging sequences f, — fandg, — ginV,

lp(f *n &) = d(fu*n gl = If *n & = fu *h gnlla
= Ifllgllg = gnllg + lignllglf — fullp

holds forall 4 € U.Soif i — [, 1 g, is holomorphic for all n € N, then this shows that
h — ¢ (f % g) is a uniform limit of holomorphic maps on U, hence holomorphic on U,
and in particular in 7. Since g € 2 was arbitrary, i — ¢ (f *p g) is holomorphic on
Q. Thus A — f *p g is holomorphic on €2, and it follows that the setof (f, g) € V x V,
for which h +— f xp, g is holomorphic, is closed. O
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Remark 3.10. Using that (locally) uniform limits of continuous functions are again con-
tinuous, we see that, under the assumptions of Lemma 3.9, the set of (f,g) € V x V
for which Q — V, i — f xp g is continuous is also closed. This even holds when the
domain €2 is an arbitrary subset of C.

Definition 3.11. Let the MacGyver topology on P(R?) be the locally convex topology
given by the family of norms {||—||CG | C € (0, 00)} defined by

-0 PED — 0,00, | X x| = S IAICH . Ga2)

d d
LeNj LeNj

We write Pmg (Rd) for the resulting locally convex vector space and 73MG (Rd) for its
completion.

The MacGyver topology can be viewed a handyperson’s first choice for producing
strict quantizations with particularly nice dependence on A for a large class of Poisson
structures. However, it is finer than the Tg-topology for any R > 0, whence the comple-
tion with respect to this topology is strlctly smaller than the completion with respect to
any of the Tg-topologies. A function f is in the completion Pumc (R?) if and only if it is
analytic and its Taylor coefficients decay fast enough that the sum on the right of (3.12)
codnverges for any C € (0, 00). Any such function extends to a holomorphic function on
Ce.

Recall from Theorem 2.13 the graphical formula for combinatorial star products given
by fxg =2 50 ZFG%,Z Cr(f, g) where f,g € P(R%) and where Cr: P(RY) x

PRY) — P(Rd)[[t]] is a formal series of bidifferential operators, starting with " if
I' € &, . Rearranging the sums in powers of ¢, we can also write

frg=) t"Bi(f. ) (3.13)

n>0

where each B,,: P(R?) x P(RY) — P(R?) is now a bidifferential operator. It is easy
to prove that multiplication and differentiation, and consequently all bidifferential oper-
ators, are continuous with respect to the MacGyver topology Hence B, extends to the
completion and B, (f, g) makes sense for all f, g € PM(;(R ).

We show that the combinatorial star product is continuous on Py (R?) under a mild
finiteness condition:

Theorem 3.14. Let x be a combinatorial star product quantizing a Poisson structure 1
and assume the following:

(a) Forany 1 <1i,j < d we have

Xi*xXj = Z qi,j, Kx (3.15)
KeN“'

with coefficients q; j k € O(R)° and only finitely many coefficients are non-zero.

5 These coefficients are identified with formal power series, as per Convention 3.2.
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(b) There is a constant « (independent of K and L) such that at most o (| K | +| L |)2 many
reductions® are needed to compute x¥ x xt.

(c) There is a constant B (independent of K and L) such that x¥ x x* is a sum of
monomials of order not greater than B(|K| + |L|).

Then we have the following.

(i) For any h € , the product xp, . Puc(RY) x Pug(RY) — Py (RY), obtained from
* by evaluating t +— I, is continuous and extends uniquely to a continuous product

*n: PrMc(RY) x Pug(RY) — Pug(RY).

(ii) For any fixed f, g € ﬁMg(Rd), the maps [Lfg, Afg: 2 — ﬁMg(Rd), defined in
(3.3), are holomorphic.
(iii) If D, C Q2 is a disc around 0 contained in 2, then

() =fxng=>Y H'Bu(f g) (3.16)

n>0

holds for all h € Dy, where the power series on the right-hand side takes values in
the Fréchet space PMG (RY) and converges absolutely and uniformly on all compact
subsets of D).

Proof. Let U := D, (hy) C Q2 be an open disc around some point fig € €2, such that
the closed disc D, (hg) is still contained in Q2. Let Q = N supi,j,K,heU{mi,j,K(h)|}’
where N is the number of non-zero coefficients g; ; x in (3.15). We can assume that
o, B, O > 1, otherwise just replace the respective constants by 1 and the same estimates
remain true. The star product xX x x can be computed by performing reductions, each
of which might increase the number of terms by a factor of N and the coefficients by a
factor of Q/N. Therefore for any C > 1 and any & € U,

2 2 2
”xK . XLHI\C/IG < Qa(lK\+\L|)2C(ﬂ(|K|+\L|))2 < (Qac,sz)(lK\HLl) < (Q“CﬂQ)z‘Kl +2|L| ]

For f =Y, end fxxKandg =Y, end grx’ with only finitely many non-zero coef-
ficients fx respectively g7, we obtain that

2\ 2|K [>+2|L?

1F % 8IS < > I fxllgLl(Quch ) A

K.,LeNd

= 1FIMS o, el

(oecp*2 1o (gach?y2

holds for all C > 1 and & € U, showing that %5 is continuous and extends uniquely to
the completion by Lemma 3.1.

Moreover, for fixed f, g € P(R?) all values of the map fLfg: Q2 — P(RY) are con-
tained in a finite-dimensional subspace of P(R?) and all its “components” are holomor-
phic on €2, 50 i 7, ¢ is holomorphic for fixed f, g € P(R?) with absolutely and uniformly
convergent power series expansion as in (3.16). Since the estimates above are uniform
in h € U, it follows from Lemma 3.9 that u f,, is holomorphic for all f, g € PMG (RY).
As a consequence of Cauchy’s integral formula (see e.g. [29, Thm. 3.31]) the power
series expansion of u r ., around 0, where f, g € PMg(Rd ), is absolutely and uniformly

6 For a linear combination of words in C(x, ..., Xg4), a reduction means to perform the right-most possible
replacement of x j x; by x;x; +(Z(xj x;)if j > i in each word, leaving words of the form xlj1 e xjd unchanged

(cf. Definition 2.5).
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convergent on all compact subsets of any disc D, C 2 around 0, and its n-th coefficient
is

1

n! ah”

f hg‘ _ f*zg
27 oD, Zn+l

where 0 < 7 < r. Hence the coefficients depend continuously on (f, g) € PMG (R?) x
PMG (R?) and must therefore coincide with B, (f, g). Finally, the holomorphy of A f.g
follows from that of i 7, and the fact that By (f, g) — Bi(g, f) =i{f, g}y- O

Remark 3.17. The assumptions of Theorem 3.14 are fulfilled in all the examples of non-
symmetrized combinatorial star products given in Sect. 2, more precisely for the star
products from Examples 2.11, 2.32, and 2.33. Replacing all x’s with w’s in the definition
of the MacGyver topology and Theorem 3.14, the result also holds for the combinatorial
star products of Wick type from Example 2.20. Note that combinatorial star products
with different finiteness conditions, i.e. a different bound such as «(|K| + |L|)> for
the number of reductions or a different bound for the order of xX x x%, are typically
continuous with respect to an adjusted MacGyver topology, where the exponent of C in
(3.12) is changed.

Remark 3.18. The completion 73MG (R9) is not as large as one might hope, as it does
not contain any non-constant bounded functions R? — C. Indeed, if f € Pvmc (RY) is
bounded, its extension to a holomorphic function on C? (which we continue to denote by

f) satisfies | f(z1, 22, ..., 24)] < Ce‘“'l/2 for fixed z7, ..., zg € C and some constant
C > Odepending on z3, . . ., z4, due to the imposed fast decay of the Taylor coefficients.
By the Phragmén—Lindelof Theorem (see e.g. [9, Ch. VI, Cor. 4.2]) this implies that
71 — f(z1,22,...,2q) is bounded, hence constant, for all z5,...,z4 € C. So f is
independent of z1, and we can repeat the argument with the other variables.

3.3. Stronger continuity results in examples. In Sect. 3.2 we saw two topologies which
could be used to extend combinatorial star products from the space of polynomial func-
tions to larger spaces. Due to the generality of these results, the completion is in some
sense either too large, as the elements can no longer be viewed as smooth functions on
R9, or too small, as it contains too few interesting functions (cf. Remark 3.18).

In concrete examples, in particular in all of the examples considered thus far, we
shall obtain far better continuity estimates for certain choices of the parameters entering
the combinatorial star product. These estimates are described in detail in Sect. 3.3.2,
Sect. 3.3.3, and Sect. 3.3.4, after introducing the relevant locally convex topologies in
Sect. 3.3.1. These topologies ensure that the space of polynomial functions is completed
to large spaces of functions, so they combine the advantages of the coarse and fine
topologies of Sects. 3.2.1 and 3.2.2.

3.3.1. Analytic functions We begin by introducing certain spaces of analytic functions
with Taylor series expansion converging on certain products of intervals I,. For two
d-tuples r, ' € (0, oo]?, we define r < r’ and r < r’ componentwise, e.g. r < r’ holds
whenever r; < rjforall1 <i <d.

Letr = (r1,...,rq) € (0, oo]?. Tt is well-known that any holomorphic function f
on the polydisc

D, ={z€C%||z| <rforalll <i<d)
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has a Taylor series ) _, eNd frz which converges absolutely and uniformly to f on all
compact subsets of D,. Hence the right-hand side of

1l =D 1fLle"

LeNg

converges for any d-tuple p € (0, 00)? with p < r and || f|| o 1s well-defined for all
holomorphic functions f on D,. We always consider the space O(D,) of holomorphic
functions on D, with the family of norms {||—1, | o € (0, o), p < r}.

Lemma 3.19. Let r € (0, 00]?. Then the above topology of O(D,) is precisely the
topology of uniform convergence on compact subsets of D,.

Proof. This result is well-known and a proof is only repeated for the convenience of the
reader. We need to show that the families of seminorms {||—|, | p € (0, 00), p < r}
and {sup,cx|—(z)| | K C D,, K compact} on O(D,) are equivalent. Let K C D, be

any compact subset. Then there exists p € (0, 00)?, p < r such that K C D, and we
obtain that

sup|f(2)] < sup SOl e zal™ < D U flet =1 f 1

K
% Lend LeNd

holds for all f = ZLeNg frzt e O(D,). Conversely, let p € (0, 00), p < r and

choose p’ € (0, 00)?, p < p’ < r. Then we know from Cauchy’s integral formula that

/ f@
om,, FH0D)

where 0D, = {z € C? | |zi| = p; forall 1 <i < d}. Consequently,

1)
4=08 o)t

1
[fLl= ;100 f O =

@2m)d

1fll, = 32 Ifelo" < max @) Z( ) = max | @I .

LeNd LeNg ol oy

Since 9D, is compact, this shows that the families of seminorms are indeed equivalent.
0

It follows from standard results in complex analysis that O(ID,) is a Fréchet space and
that the holomorphic polynomials, restricted to D, form a dense subspace. Moreover,
the inclusion ¢: I, — D), of

I, =D, NR? = {x e R | |x;| <r; foralll <i <d} (3.20)

into D, induces an injective map ¢*: O(D,) — C*°(,), f — f o, since any holo-
morphic function is already uniquely determined by its restriction to the reals. Denote
the image of «* by A(I,), and endow it with the locally convex topology that makes
*: O(D,) — A(l,) a homeomorphism.
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Corollary 3.21. Let r € (0, oo]?. Then A(l,) is a Fréchet space. Moreover; the polyno-
mials on R? restricted to I, form a dense subspace, and the topology of A(l,) is induced
by the family of norms {||—ll, | p € (0, 00)?, p < r} defined by

I=llp: AT) = [0,00), Ifllo:= Y Ifelo* (3.22)

d
LeNj
where ) na frxl is the power series expansion of f around 0.
0

Definition 3.23. Let r € (0, 00]?. We write P, (R?) for the locally convex vector space
obtained by endowing P(RY) with the famlly of norms {||—1l, | p € (0, o), p < r)
and set Poo (RY) := Poo,....00) (R%). As usual, 79, (R?) denotes the completion of P, (R?).

,,,,,

Remark 3.24. (Comparison of locally convex topologies) The topologies of Pr, (R)
and Poo (RY) coincide, but generally the topology of Pr, (R¥) is finer than that of P, (R?)
and has a smaller completion. More precisely, for (0,...,0) <r <r' < (o0, ..., 00)
and 0 < R < R’ < o0, the various completions of P(Rd) are related as follows

Pmc@®?) € Pr, R?Y) € Pry(RY) € P, (RY)

= Po(®R?) € P (RY) € P,(RY) C Clx1, ..., x4].

Corollary 3.25. Let r € (0, 00]?. A star product x: Pr(R?) x P.(RY) — P,(R?) is
continuous if and only if for any p € (0, 00)%, p < r there exists a p’ € (0, 00)%, p’ < r
and a constant C,, € R such that

If*gllp = Collfllpligle

holds for all f, g € P(RY). If this is the case, then x extends to a unique continuous
bilinear map A(l,) x A(l,) — A(l,), which we typically denote by the same symbol.

Proof. Follows directly from Lemma 3.1 and Corollary 3.21. O

For some combinatorial star products we can show a stronger statement, namely
that it suffices to take p’ = p and C, = 1 in the previous corollary. In this case, the
resulting algebra (A(,), *) is locally multiplicatively convex, meaning that its topology
is induced by the seminorms ||— ||, satisfying || f * gll, < | fllollgllo-

Remark 3.26. For continuity estimates of combinatorial star products of Wick type, we
replace the real generators x; by w;. To this end, we let J, = D, N J4 (where J¢ was
defined in (2.17)). Note that the inclusion «: J, — C¢ still induces an injective map
k*: OD,) — C*°(J,). Denote the image of «* by A(J,), and endow it with the locally
convex topology that makes «*: O(D,) — A(J,) a homeomorphism. This topology is
induced by the family of norms {||—|l, | p € (0, 00)?, p < r} defined by

I=llp: AT = [0.00), [Ifllp= Y Ifelo" (3.27)

LeNd

where f = >, eNd frw! is the power series expansion of f around 0. Note that

k*o (¥~ A(I,) — A(J,) is a homeomorphism, mapping x; to w;. We write P, (J¢)
for the locally convex vector space obtained by endowing P(J¢) with the family of
norms {||—|l, | p € (0,00), p < r}.
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3.3.2. Log-canonical Poisson structure We saw in Example 2.11 that there are many
different formal star products x that quantize the log-canonical Poisson structure, de-
pending on a choice of formal power series ¢ = 1 + it + O(t?) € C[t]. If this power
series is the formal Taylor expansion of a holomorphic function ¢ € O(£2) around O,
then x can be evaluated to a strict associative product x; for any /& € 2, as discussed
in Sect. 2.4.1. Theorem 3.14 can be used to topologize all these products. However,
if |g(Rh)| < 1 then there are much coarser topologies with respect to which «p, is still
continuous, allowing us to extend % to much larger function spaces.

Theorem 3.28. Let g € O(L) be a holomorphic function whose Taylor expansion
around 0 is of the form 1 + it + O(t?), and let x be the associated combinatorial star
product quantizing the log-canonical Poisson structure 1 on R as in Example 2.11. For
any r € (0, 001 and any h € Q with |q(k)| < 1 we have:

(i) The product xp : P; (Rd) X P, (Rd) — P.(RY), obtained from x by evaluating t — h,
is continuous, so that xp, extends uniquely to a continuous product

*p Al x A(L) — Ad,).

(ii) The resulting algebra (A(l,), xp) is locally multiplicatively convex.

(iii) For any fixed f,g € A(l,), the maps pyq, Asg: Q<1 — A(l,), defined as in
Sformula (3.3), are continuous on Q<1 = {h € Q| |q(h)| < 1} and holomorphic in
the interior (2<1)° ={h € Q| |q(R)| < 1}.

Proof. Let f =) KeNd fxxKandg =3 LeNd gr.xL with only finitely many non-zero
coefficients fx respectively g; . Evaluating the formal deformation parameter ¢ to & (cf.
Sect. 2.4.1), we obtain that

If*nglp = D Ifxllgel|x snx"],

K,LeNg
= 2 fkllgel|qUnZisiermi KtigKeL|
K,LeNd P
< Y IfxligLle®**
K,LeNd
= 1fllollgllo (3.29)

holds for all p € (0, 00)?, p < r. This shows that the statement of Corollary 3.25 holds
with p’ = p and C, = 1, implying the continuity of 5, in (i), but also that the resulting
algebra is locally multiplicatively convex, proving (ii), since all seminorms |—||, are
submultiplicative.

From the explicit formula (2.28) for x5, it is clear that 1t s, and A 7, are continuous
on Q< and holomorphic in (2<1)° whenever f, g € P(RY). Since the estimate (3.29)
is uniform in A, the claimed continuity and holomorphy of 1 ¢, for f, g € A(I,) follow
from Lemma 3.9 and Remark 3.10. Similarly, the claimed continuity and holomorphy
of Ay, for f, g € A(I,) follows at all points except 0.

Since g has Taylor expansion 1 + if + O(#?) around 0, the map h — %(q(h) -1
(extended by 1 for A = 0) is again holomorphic on €2, in particular bounded on a small
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neighbourhood U of 0 by a constant C > 1, say. For any 7 € U N Q2<1, we obtain

‘ (q(h)N—l)‘ ‘ (q(h)—l)Zq(h)f

j=0

<CN.

Consequently, if & € U N Q< \ {0} then

=<

1 Ny K
1Ak (W), = H}_i(q(h)21<i<j<d K;Li _q(h)21§i<j§dLJKl)xK+L
o

)|ZI§i<j§dKjLi7LjKl'| _ 1)xK+L S

o

= Ctx*. 2",
p

Z (KjLi — LjKl')xK+L

I<i<j<d

Since differentiation and therefore also the Poisson bracket {—,—},,: P; R x P, (RY) —
P, (R?) is continuous, there exist C’ > 0 and 0 < p’ < r such that

1Ar Mo < D 1fxllgellAgk Wl <€ Y I fxllgnl [, x| <
K,LeNd K,LeNd
<C" 7 Ifxllgnllx i lx = CIfllyllgly -
K,LeN{

Since this estimate is uniform on U N Q< and since we also have ||A,(0)|, =
||{f gyl < C'll fllliglly, the continuity of A ¢ o in i = 0 follows from Remark 3.10.

Note that for g(h) = el the condition lg(h)| < 1is satisfied whenever £ lies in the
closed upper half-plane, so in particular for &z € R. However, when g (%) = 1 +i#, then O
is the only real number satisfying |¢(/)| < 1, and we do not obtain a strict quantization
in the sense of Definition 2.3 from the previous theorem. This shows that the naive choice
of ¢ is not always the best for continuity estimates. If g(h) = (1 — ih)~', then R \ {0}
is even contained in (£2<1)°, so that the dependence of f x5 g on & is even analytic on
R\ {0}.

Remark 3.30. Considering x as in Theorem 3.28 one can show via more refined argu-
ments that all derivatives of 17, extend continuously from (2<1)° to Q<1, in partic-
ular to & = 0. The coefficients B, in the Taylor expansion Z;.IO:O "B, (f,8) of ye
around 2 = 0 coincide with the bidifferential operators (3.13) defining ». However,
contrary to Theorem 3.14 (iii), the radius of convergence of this Taylor series for general

/g € A(d,) is 0.

Remark 3.31. The previous proof shows that %5 is continuous with respect to any norm
=1, with p € (0, 00)?. Hence it also extends to a continuous product on the Banach
space obtained by completing P (R¢) with respect to || —|| o- However, since the topology
is determined by a single norm, one sees immediately that the Poisson bracket associated
to the log-canonical Poisson structure is not continuous on these spaces.
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3.3.3. Other polynomial Poisson structures In this subsection, we show how to extend
the star products from Examples 2.32 and 2.33 to spaces of analytic functions. These
results are easy consequences of the following theorem:

Theorem 3.32. Let N € Ny, assume that p,q,r € O(2) are holomorphic functions
with p(0) = g(0) = r(0) = 1 and g # r~, and let » be the associated combinatorial
star product introduced in Proposition 2.34 (i), quantizing the Poisson structure (2.35)
on R3. Write

Q= {h eQ ) g <1, [r(h)| =1, qu;—ll has at worst a removable singularity ath} .

(i) For any h € S, the product xi: Poo(R?) X Pso(R3) — Puoo(R?) obtained by
evaluating x for t — h as in Proposition 2.34 (iii) is continuous, so that xp extends
uniquely to a continuous product x: AR?) x AR?) - AR3).

(ii) For any fixed f,g € AR®), the maps Lrq, Afg: @ — AR3), defined as in
formula (3.3), are continuous on Q' and holomorphic on its interior (2')°.

Proof. Fix acompact set K C Q. We claim that there exists a constant C > 1 such that

|Xm(w, s)| < Choldsforallh € K, m € Ny, s € {0, 1} and words w with letters 0 and

1. (Here, A, (w, s) is defined as in (2.37), but with p, g, and r evaluated for t — h.)

Indeed, the fraction on the right-hand side of

m—|w|—1
~ ; h)—1
|xm<w,1)|=‘(p(h)—1) S @™y =‘Wiﬁ‘\(‘l(m’(hw)m7'w'”|
j=0

is by assumption holomorphic on an open set containing €2/, and therefore bounded on
K, and the remaining factor is bounded by 2 on ’. Since |A,; (w, 0)| < 1 on &', the
claim follows. Consequently, |A,, (w)| < C* holds for all k, m € Np, w € {0, 1}]‘, and
h e K.Forany p = (p,...,0) € (0, oo)d with o > 1 we estimate
ij.k L. m_n (j—k)¢+jN|w| i+{+N|w|,, j+m—|w| k+n—|w|
Ix'y K wn x 2 , < D e A (w) [ x y z I,
wel{0, 1}
< Z Ckgi+j+k+l+m+n+(N—2)|w\
wel0, 1}k
< zkcin+j+k+Z+m+n+Nk

< (2CQN+l)i+j+k+Z+m+n
i J ok 14
= [lx' v 2l Ity 2"

where p' = (2CoN*!, ..., 2CoN*"). We used that oV =Wl < pNIwl < oNK jf )
{0, 1}*, and that the set {0, 1} has 2¥ elements. Hence we also have

o0 o0
7 cijux'yiFwn D dpmaxty""

i,j,k=0 €,m,n=0 P
o
i J ok L
< Y lcijklldemnllx’y 2Kl 6y 2
i,j.k,l,m,n=0

00
Z c,-,j,kx‘y"zk
i,j,k=0

00
Z de’m’nxéymzn
£,m,n=0

o o
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Note that any point in €’ has a compact neighbourhood and that the above estimates
are uniform for A in an arbitrary compact subset K C €2, so that the continuity of
Wrgin Q and of Af, in "\ {0}, as well as the holomorphy of 1 f,, in (')° and of
Afgin (2)°\ {0}, follow from Proposition 2.34 (iv), Lemma 3.9, and Remark 3.10.
Continuity respectively holomorphy of A, at h = 0 (if this point is contained in
Q' respectively (2)°) follow similarly from uniform estimates of A, on a small
neighbourhood of 0. These estimates can be obtained as above, after noting that the
summand for w = (0, ..., 0) cancels out in (2.36), and that |%Am(w, 1| < mC for
some constant C independent of » € K, m € Ny, and the word w. m]

Note that the set ' in the previous theorem depends crucially on p, g, and r. It has
empty interior (so that the statement about holomorphy is vacuous) unless r = 1.

Example 3.33. Choosing p(h) = q(h) = e and r(h) = 1 in Theorem 3.32, the family
An = (A(R3), p) defines a strict quantization (in the sense of Definition 2.3) of the
Poisson structure introduced in Example 2.32, where i may assume any value in Q'
which coincides with the closed upper half-plane. Choosing g (h) = l_lﬁ instead, we

even have that ' contains R \ {0} in its interior.

Example 3.34. Choosing p(h) = (N + e V*D2) /(N + 1) and ¢(h) = r(h) = e in
Theorem 3.32, the family Ay, = (A(R?), »p) defines a strict quantization of the Poisson
structure introduced in Example 2.33. In this case, the strict quantization is defined
for b € R. Note that other seemingly natural choices like setting g(h) = 1 +ih and
ph) =r(h) = el or setting g(h) = r(h) = p(h) = 1 +ihlead to ' NR = {0} and
hence do not define strict quantizations in the sense of Definition 2.3.

Another striking special case of Theorem 3.32 is the following.

Example 3.35. (Quantum Weyl algebra) Choosing p(h) = 1 +ih, g(h) = e for any
fixed A € (0, 00), and r(h) = 1 let us apply Theorem 3.32 for N = 0 and consider
the subspace C[y, z] C Clx, y, z] = P(R?) which is closed under the Poisson bracket
7= (Ayz+1)4 A 2 obtained by restricting 7 (2.35) to R,

We obtain a combinatorial star product  on RR? associated to the above choices which
is determined by @(zy) = yz(e* — 1) +it, and hence

(P(Rz)[[tﬂ, *) ~ C(y, 2)[t]/(zy — ei“yz — i)

which becomes precisely the so-called quantum Weyl algebra when evaluating t — .
Recalling that Pog(R?) = Pr, (R?) (Remark 3.24), Theorem 3.32 therefore shows that
the resulting strict star product is continuous with respect to the Tp-topology giving a
strict quantization Ay, = (A(R?), xp).

In particular, this implies continuity with respect to the Tg-topology for all R > 0
since 77 is a (non-homogeneous) quadratic Poisson structure. Yet, the standard-ordered

Weyl product *%‘d obtained for A = 0 is only continuous with respect to the Tg-topology

for R > % (cf. Theorem 3.6). It is quite surprising that in the quantum Weyl algebra,
the extra factor of e*"—which for fixed /i can be chosen arbitrarily close to 1—appears
to give a much larger strict deformation quantization than the standard Weyl algebra. In
fact, this observation can even be generalized to (quantum) Weyl algebras in arbitrary
even dimensions.

Remark 3.36. A similar phenomenon to Example 3.35 can also be observed when per-
turbing the log-canonical Poisson structure by lower orders, i.e. by constant and linear
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terms. Naively, one might expect that the convergence and continuity properties of a

formal quantization of this perturbed Poisson structure should not be better than those

of a constant or linear Poisson structure, since it contains constant and linear terms.

However, it turns out that any such Poisson structure still admits a strict quantization in

the sense of Definition 2.3 with underlying Fréchet space A(RY) = Pr, (R?), contrary

to the continuity results for constant or linear Poisson structures (Theorems 3.6 and 3.7).
To see this, one may consider the Poisson structure 1 determined by

{xa, x1}y =x1xg+c and  {x;,x;}; = x;x;

forl <i < j <d with (i, j) # (1,d) which can be viewed as a d-dimensional gen-
eralization of the log-canonical Poisson structure and the Poisson structure of Example
3.35. This Poisson structure can be quantized by a combinatorial star product %, and
convergence and continuity results on the upper half-plane can be obtained in a similar
way.

Next, let 7: P(RY) — P(RY) be the algebra homomorphism (with respect to the
classical commutative product) determined by 7' (x;) = x; + ¢;, in other words T is the
pull-back with respect to the translation of R4 by (c1,...,cq). It is easy to show that
f* g =T (T~ f«T~'g)isagain a combinatorial star product, namely the one defined
by @' (xjx;) = T(@(x;x;)),and " quantizes the Poisson structure 5" with Poisson bracket
determined by

{xd,xl}nx = X1Xg + CqX1 +C1Xq +C1Cq +C and
{xj,xl-}n/ =XiXj +CjX; +CiXj +CiCj

for1 <i < j <d with (i, j) # (1,d). Since both T and T-! are continuous with
respect to the Typ-topology, evaluating and completing works in just the same way as for
* and we obtain a strict quantization } : AR?) x ARY) — A(RY) of n’, which is
defined for all 7 in the closed upper half-plane.

Finally, checking which restrictions the Jacobi identity imposes on the coefficients
of a Poisson structure with Poisson bracket {x;, x;} = x;x; + lower-order terms for
1 <i < j < d reveals that any such Poisson structure is already of the form above
for certain ¢, ¢j, ...,cq € R4 if d # 3. If d = 3, then {x4, x|} may contain an extra
summand ¢’x; with ¢ € R. However, a strict quantization in this one remaining case
can be constructed by similar methods.

3.3.4. Continuity of symmetrized combinatorial star products We now derive continu-
ity estimates for the symmetrized combinatorial star products introduced in Sect. 2.3.2.
Note that the symmetrized Moyal-Weyl product satisfies the same continuity estimates as
other non-symmetrized star products for constant Poisson structures because the equiva-
lence transformation between those products is continuous, see [37, Prop. 5.9]. However,
the continuity properties of the standard-ordered and the symmetrized combinatorial star
products for the log-canonical Poisson structure are different.

As usual, assume that ¢ € O(R2) and h € Q. If g(h) is not a root of unity (i.e.

k
q(h)* # 1foralln € N), then [k],r) = % and the g-multinomial coefficient can
be rewritten as

K - (A —gmEH1 —gmKi=H ... A -qh)...(d —gm)K)A —gmkeT)...(1—qh)
(3.37)

<IK\) (1 —gW*Ha —g@m'*=hH ... —qh)
q(R)
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If g(h) # 0, we obtain the identity

(\Kl) _ (=DKlg () KHIKI=D+1 () — g(n)=Kh(1 — g(m)~ 1K) . (1 — g~
q(h)

K [Ty (DX g K+ — gy =55y ... (1 — g~
- q(h)%ﬂK‘Z—Klz—"'—Kf)(lK ‘) , (3.38)
K/ qm

Lemma 3.39. Letd € Nbefixed. If |q(h)| < 1, thenthere are constants c4ry, Cqry > 0

Such that
q( )

holds for all K € Ng. If lg(h)| > 1, then

(%)
K/

Proof. Since the g-Pochhammer symbol (a; ¢ (h))oco = ]_[,fio(l —aq(h)*)is convergent
for |g(h)| < 1, it follows from (3.37) that

Cq(h) = = Cym

1 2_g2_..._x2 1 2_g2_..._x2
cymy-tlq ()| 2K =K==k < < Cypy-1lg (w2 0KT K= =KD

holds for all K € N4.

(119D _ ‘(IKI> _ CLlgWDes
(—LilgmDd = I\ K )yl = ilgnd,

The case |¢g(h)| > 1 can be reduced to |g(h)| < 1 by using (3.38). |

We can now estimate the coefficients of the symmetrized combinatorial star product for
the log-canonical Poisson structure on R?. Introduce the abbreviation

(%) (g
An(K, L) = = g (s ol (3.40)
(K+L )q(ﬁ)
|K+L|
so that xX x5 xL' = Ax(K, L) |(,(’f+L|L| xK+L,
(&) (L)

Lemma 3.41. With the notation above assume that |q(h)| # 1. Then there is a constant
Ca (depending on k) such that | A (K, L)| < C holds for all multi-indices K, L € Ng.

Proof. 1f |qg(h)| < 1 the estimate follows immediately from Lemma 3.39.If |¢ ()| > 1,
then the same lemma implies that

|AR(K, L)] < Calg()| 3UKP =Xl KPHLE =Xy LKL (KELD g (y Sai<sza Ko b
= Calg(h)|~ 2=z Kiti

< Cx

where Cp = C;(h),l/cq(h)_l holds for all K, L € N‘é. m|
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Theorem 3.42. Let g € O(RL) be a holomorphic function whose Taylor expansion
around 0 is of the form 1 + it + O(r?), and let * be the symmetrized combinatorial
star product for the log-canonical Poisson structure on R%, introduced in Example 2.26.
Write Q1 ={h e Q| lqg(R)| # 1}.

(i) For any h € Q1 U{0}, the product *p,: Poo(RY) x Poo(RY) — Poo (R, obtained
fromx by evaluating t > h, is continuous, so that xp, extends uniquely to a continuous
product

xn: ARY) x AR — ARY).
(ii) For any fixed f, g € A(RY), the maps pf,g, Afg: Q21 — ARY) are holomorphic.

Proof. Using that (‘Ilgl) < d'Kl holds for all K e Ng, we obtain that

|K+L|
¥ s 2t = |AR(K, L)% 4, < Cad ™K 1t
KJ\L
< Callx® llapllx* lap (3.43)

holds for all p € (0, 00)?. The rest of the proof is similar to the proofs given in the
previous section. O

Remark 3.44. Note that the classical limit & — 0 would require continuity of w7, and
Argath =0,yet 0 & Q. In fact, these functions are in general not continuous on
Q1 U {0}, as the poles of x5 accumulate at 0, so thatif f, g € ARY) then f *p, g may
in general be unbounded on (€221 U {0}) N U for any open neighbourhood U C C of 0.
This can be avoided if one restricts to subsets that “stay far enough away from the poles”.
For example, if g (k) = 1 +ih, then one can show that s, and A f,, are continuous on
R C Q1 U {0}, and we obtain a strict quantization in the sense of Definition 2.3.

3.4. Positive linear functionals for combinatorial star products of Wick type. Lastly we
consider the combinatorial star products of Wick type of Example 2.20. Recall from
Theorem 3.14 that this star product is continuous on Pyig (J¢) (see Definition 3.11). We
prove below that the star product is also continuous on P, (J¢) (cf. Remark 3.26) which
carries a coarser topology and has a larger completlon We then construct an explicit
family of positive linear functionals on P(J¢), which extend continuously to PMg(Jd)
This family is point-separating and can therefore be used to faithfully represent the *-
algebras P(J?) and Puva (J¢) with product %5 and complex conjugation as *-involution
on a pre-Hilbert space through the GNS-construction. As most of the positive functionals
we construct do not extend continuously to 79 (J), it remains unclear whether this larger
algebra admits a faithful representation on some pre-Hilbert space.

The following continuity result for the combinatorial star products of Wick type of
Example 2.20 is proven in the same way as Theorem 3.28, we only have to replace the
generators x; by w;. (Recall that J, and P, (J?) were defined in Remark 3.26.)

Theorem 3.45. Let g € O(RL) be a holomorphic function whose Taylor expansion
around 0 is of the form 1 — t + O(t2), and let x be the associated combinatorial star
product of Wick type introduced in Example 2.20. For any r € (0, co] and any h € Q
such that |q(h)| < 1 we have the following:
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(i) The product 1, : Pr(J¢) x P,(IJ¢) — P.(J?), obtained from * by evaluating t — h,
is continuous, so that xp, extends uniquely to a continuous product

*p AR x A, — A, .

(ii) The resulting algebra (A(J,), xi) is locally multiplicatively convex.

(iii) For any f, g € A(J,), the maps juyq, Afq: Q<1 — A(l},), defined as in formula
(3.3), are continuous on Q<1 = {h € Q | |q(h)| < 1} and holomorphic in the
interior (2<1)° ={h e Q| |g(h)| < 1}.

Convenient choices for g are now ¢(h) = e~", in which case the quantization is

defined if Re(h) > 0, or g(h) = 1 — h, in which case the quantization is defined for
in the closed disc with radius 1 around 1. In both cases, we obtain a strict deformation
quantization Ay = (A(ID,), x5). Note that for both choices all coefficients in the Taylor
expansion of g around i = 0 are real, so that g(h) € R whenever i € R. The strict star
products *f, are therefore compatible with the *-involution given by complex conjugation
(see Remark 2.29) for i € [0, co) and £ € [0, 2], respectively.

In the rest of this section, we study the existence of positive linear functionals aiming
at finding “enough” positive linear functionals to apply the GNS-construction. To this
end we choose g and £ such that ¢ (k) € (0, 00), as there turn out to be too few positive
linear functionals when g (/) < 0. Note that the product x5 depends only on g (), but
not the actual value of 7 itself. Since we are only interested in single values of g (h), we
therefore assume without loss of generality for the rest of this section that

gh)y =e " (3.46)

since this function already attains all values in (0, 00). Denote the *-algebra for this
choice of ¢ by P"(J¢) = (P(J%), x1). The completions .A"(J,) and PlfL,IG(Jd) (with
product and involution extended by continuity) are also *-algebras and we have P"(J¢)

Plod? c AMJ,).

3.4.1. Positivity and continuity of deformed evaluation functionals Recall that a linear
functionalw: A — C,a — (w, a) ona™*-algebra A is said to be positive if (w, a*a) > 0
holds for all a € A.

For z € J¢, let 8. : P(J%) — C denote the evaluation functional at z, i.e. (8., f) =
8.(f) = f(z) for £ € P(J?9). It is immediate that 8, is a positive linear functional for
the commutative polynomial algebra P%(J¢) for all z € J¢, but this is no longer true for
’Ph(Jd) with i > 0 (and therefore also not true for its completions).

Proposition 3.47. Let h > 0. If d is even, then §8.: P"(J%) — C withz € J¢ is a
positive linear functional if and only if z = 0. If d is odd, then §; is positive if and only
ifzj =Oforall j # $(d+1).

Proof. Assume that z € J¢ and that zj #0forsomel < j < L%dj. Then zg41—j =7
and
<3z, (1 — &)* *B (1 — &)) — (51’ Wi Wd+l—j +e—hijd+l_j>

Zj  Zd+l—j ZjZd+1—j
h

=1-1—1+e"

—e " _1<0
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showing that §; is not positive. When d is even, the above condition is satisfied for all
z € J¢\ {0}, showing that &, is not positive for such points. When d is odd, this shows
that §, is not positive whenever z; # 0 for some j # %(d + 1) and it remains to prove

that 8., is positive for z € J¢ with z j = Oforall j # %(d +1). For an arbitrary polynomial
f=Ykend frwX we have

f* *hf=< Z waK>**h Z frwt Z Fr frw® «p wk

KeNg LeNd K,LeNd

— Vr.

K,LeNd

(3.48)

where KV = (K4, ..., K1) and thus

(az’f* * f) — Z foLe hZI<1<1<dK K; K +L Z kafZEZ(d+1)/2

K,LeNg k,£eNg
k * ¢
= ( > kaZ<d+1>/2) ( > ffEZ(d+1>/2) = 0.
keNp £eNg

Here, E € Ng stands for the multi-index thatis 1 in component (d+1)/2 and O otherwise.
O

On the other hand, for & < 0 the situation is different: for d = 2, the evaluation
functionals 8, remain positive for all z € J¢, and for general d they can be deformed to
positive functionals 8?: P(J?) — C, defined by extending

(68, wKy = K™ 3h Tisijamii KiKj (3.49)
linearly, where m;; := min{i — 1, j — 1,d —i,d — j}. (Note that (Szh =4,ifd =2.)
Indeed, we have the following proposition.

Proposition 3.50. Let i < 0. Then the linear functionals 8? : PM(J4) — C are positive
forall z € J9.

Proof. Let f = ZKeNg fxwX e P(J?). Using (3.48), we compute

<8h f* *h f) = Z fo ZK +L hZ]<l<1<d KV FLZI<1 /<dmll(Kv+L) (KV+L)/
7

K,LeNg

Z Vg Mgrvr
K,LeNg
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1
wherev; = frzle 1M Xisijzamilili and My, = e P Ersi<jza K Limh Xcijeamij K Li
We can rewrite the second sum in the exponent of Mg as

> mKjLi= Y K/Li+ Y KL+

1<i,j<d 2<i,j<d-1 2<i,j<d-2
- X K oK
2<j<i<d—1 2<i<j<d—1
+ Y K{Li+ Y KL+
3<j<i<d-2 3<i<j<d-2
whence
\2 A\ \2 \2
S oKLs ¥ omkli= Y Y KL 3% Kl
I<i<j<d 1<i,j<d 1<i<d—-12<j<d 2<i<d-23<j<d-1
= Y Y KLt XX KiLiee
I<i<d-11<j<d-1 2<i<d-22<j<d-2

and therefore
Mg = e " icjca1 KjXicicam1 Lig=h Y ocjca2Kj Yocicaa Li | .
ijh

Note that for every n € Ny the matrix (Vl.’})ofi, j<n =€~ " is a Vandermonde matrix

with determinant det V" = []y; _;,(e™" —e™") > 0 since A < 0. Consequently

(every principal minor of) the infinite matrix (Vi;);, jen, = e il g positive semidefi-

nite. Now M is an entrywise product of infinite matrices, each of which is obtained from
V by duplicating certain rows and columns. Since (all principal minors of) these factors
are positive semidefinite, (every principal minor of) the entrywise product M is posmve
semidefinite. But this means that 8’1 f *xp f) = ZK LeNd vgMgrvr > 0, so 8 isa

positive linear functional. O

The deformed evaluation functionals 6? for h < 0 also give rise to positive linear
functionals for & > 0 by identifying P"(J?) with P~"(J9).

Proposition 3.51. Let I > 0. For every z € J¢, the linear functional 8?: P4y - C
determined by

<5h, wK) = ZKeh215f<.i5d KiK.f+%h21§i,_j5d mijKiK; (3.52)
is positive.
Proof. We claim that the linear map Wy : Ph(Jd ) — P—ﬁ( 74 ) determined by
Wy (wk) = e Lrsicjza KiKj o K

is a *-isomorphism. It is clear that Wy is an isomorphism of vector spaces. Moreover, it
intertwines the products xp and x_p, since

o LK T Y v
\Ilh(wK) *_p \ph(wL) — ehzl§1<]§d(KlKj+LlL])wK *_p wL
ehZlfi<j§d(KfK.f+LiL_/'+K_,'vL,'V)wKV+LV

el Xizicjza(K+L)i(K+L)j=K;Li)  K¥+LY
— \Ijh(eiﬁzlikjid K;L; wK+L)

= \Dh(wK *7 wL)
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and it is straightforward to check that Wy, also intertwines the *-involutions. Therefore,
the pull-back (Sf =4 o W} of the positive linear functional 62_ R P‘h(Jd) — C (see
Proposition 3.50) is positive. O

Proposition 3.51 thus yields a family of positive linear functionals on P (J?). The
next proposition shows continuity results for these positive linear functionals.

Proposition 3.53. Assume that h > 0 and d > 2. Then 8? is continuous on Pyc(J¢)
forall z € J¢ and is continuous on P, (J?%) if and only if z = 0.

Proof. To see that (Sf is continuous on Py (J%), let ¢ = max{1, |z1], ..., |z«|}. Then
we estimate
Ko+l . KK 2
(87, wH)| = |2 & Trsiaya KKt h ooz mirKiKy < (e M) KE = MG,

For an arbitrary polynomial f = ZKeNg fxwX we find I(Sf, Nl < 2K5N3|flf|

K MG MG
MG, = 11£1MS,.

Clearly 881 is continuous on P, (J¢). Assume that 5? were continuous on P, (J%)
for some z € J¢ \ {0}. Then there would be C > 1 and 0 < p < r such that
|(5f, )1 < Cllfll, holds for all f € P(J4). Choose 1 < i < d with z; # 0 and

llw

take k € N, k > 2 large enough such that "2 > Cpipas1—ilzi|~%. Then we have
_ k12 _ - .

|(8%, wfwf)l > Z;‘zfek hi2 > Ckpfpgﬂ_i = Ckllwfwfnp, contradicting the estimate

above and showing that 8? is not continuous on P, (J¢) if z # 0. O

3.4.2. Representation on a pre-Hilbert space In the standard formulation of quantum
mechanics, the quantum observables are adjointable operators on a (pre)Hilbert space.
For a given *-algebra A, the existence of “enough” positive linear functionals gives
rise to a faithful representation of A as such a *-algebra of adjointable operators via
the GNS-construction (see for example [32, §4.4]). More precisely, to apply the GNS-
construction, one needs a point-separating family of positive linear functionals. We may
use the family {5;‘}ZE ja of deformed evaluation functionals which by Proposition 3.53

extend to 73MG (J%) and are still positive. It remains to show that the family {(Szh} ceJd 18
point-separating on Pyg J9.

Lemma 3.54. Let i € R. Then the family of linear functionals {Sf}zejd separates the
points OfﬁMg(Jd), i.e.forany f € ﬁMg(Jd), there exists z € J¢ such that (5?, f) #NO.

Proof. Leth =0, f = Y g fxwX € Pug(J?) and assume that (57, f) = 0 holds
for all z € J¢. Since 5? is continuous on Py (J9),
0= (8?, f) = Z fKZKehZIS’qql KiK.f"'%hZIgi,jgdminin

KeNg

where the power series on the right-hand side converges for all z € J¢. Hence all
coefficients fx with K € Ng must vanish. The argument for 2 < 0 is analogous in

which case one may use the formula (3.49) to compute ((Sf, ). |

The existence of a point-separating family of positive linear functionals on Pumc J%)
allows us to deduce the following result.



1124 S. Barmeier, P. Schmitt

Theorem 3.55. Let ﬁfAG (I4) be the strict deformation quantization given in Theorem

3.45 with g(h) = e~ ". For any fixed h € R there exists a pre-Hilbert space D and an
injective *-homomorphism

P — L£*(D)
where L*(D) denotes the *-algebra of adjointable operators on D.

Proof. The linear functionals 5? separate the points of 751@[6 (J%) by Lemma 3.54, and

are all positive by Propositions 3.50 and 3.51. A faithful representation of 731’?/10 J4) on
a pre-Hilbert space D can now be obtained via the GNS-construction [32, §4.4]. O

Remark 3.56. It would be interesting to determine whether the larger algebras A”(J,)
for A > 0 can also be represented faithfully on a pre-Hilbert space. Since (Szh extends

continuously to A(J,) only if & = 0, it currently remains unclear whether A"(J,) admits
a point-separating family of positive linear functionals.

3.5. Further directions. We close with some remarks on possible directions for extend-
ing our results.

Other Poisson structures In all of our examples, as well as in Theorem 3.14, we looked at
quantizations of polynomial Poisson structures for which only finitely many reductions
are needed for all fixed polynomials f, g. This condition is satisfied for many well-
known classes of polynomial Poisson structures, including constant and linear Poisson
structures, as well as several higher-order Poisson structures, notably the log-canonical
Poisson structures. However, one can also construct examples which do not satisfy this
finiteness condition.

We expect that at least for general quadratic Poisson structures on R¢, the coefficients
which appear in the combinatorial star product xX » x of two general monomials
are rational functions in the parameters q%, where x; x x; = 21 <k<t<d qfkax;g for

1 <i < j < d.In other words, the formula for xX « x* may pick up extra poles,
similarly to what we saw for the symmetrized combinatorial star product (see Sect.
3.3.4). Nevertheless, we expect similar convergence and continuity results to hold for
all & in some dense subset of the domain of definition of the qff’s. We thus expect our
results to generalize to much larger classes of combinatorial star products. Recall that
any polynomial Poisson structure can be quantized via combinatorial star products.

On the other hand, we also saw in Sect. 3.3 that the strongest results could be achieved
for concrete examples. In order to construct strict quantizations which are defined on
large function spaces it thus seems prudent to work directly with particular (classes of)
Poisson structures of interest, as it may be difficult to obtain strong results for general
polynomial Poisson structures.

For example, one might look to construct strict deformation quantizations of certain
classes of log symplectic structures. The Poisson structures associated to the local normal
form of log symplectic structures contain only linear and constant terms [17, Thm. 37]
and can thus readily be quantized by the combinatorial star product (see Proposition
2.25). For degree reasons, the star product converges on polynomials and we expect the
continuity estimates in this case to be similar to those of purely constant or purely linear
Poisson structures (see Sect. 3.1). However, there are also log symplectic structures on
R? which degenerate along a hypersurface of higher degree, for example along a smooth
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real elliptic (i.e. cubic) curve in R? [16, Ex. 1.13]. In case the hypersurface is defined by
polynomial equations, we expect the combinatorial approach described in Sect. 2.2 to
yield formal quantizations. However, higher-degree Poisson structures may not satisfy
the finiteness condition on the number of reductions (cf. the hypotheses of Theorem
3.14), so some further work will be needed to obtain convergence and continuity results
for these examples.

Representation-theoretic aspects of strict deformation quantizations In Theorem 3.55
we obtained a faithful representation of a strict deformation quantization of Wick type on
a pre-Hilbert space through the GNS-construction which allows one to use also operator-
theoretic tools in its study. It would be interesting to see whether this result can also be
generalized to larger *-algebras (cf. Remark 3.56), other combinatorial star products of
Wick type, or whether a similar result can be shown for the symmetrized combinatorial
star products introduced in Sect. 2.3.2.

Comparison with C*-algebraic approach to strict quantization The construction of strict
deformation quantizations can be viewed as a further step towards a concrete compari-
son between deformation quantization and other approaches to strict quantizations such
as C*-algebraic quantizations obtained for example via quantum groups, as initiated
by M.A. Rieffel [28, §12]. In general such a comparison is difficult, because algebraic
constructions of quantizations usually contain only unbounded functions, whereas C*-
algebraic quantizations contain only bounded elements. However, the strict deformation
quantization (A(C), ) constructed in Sect. 3.4 contains on the one hand the “alge-
braic” quantum plane C(x, y)/(yx — g(R)xy) as a subalgebra, and on the other hand

. ) . . . .
bounded functions such as e, say, which should also be contained in C*-algebraic
strict quantizations. This could facilitate and simplify concrete comparisons between
these two approaches to strict quantizations.

Acknowledgement. 1t is a pleasure to thank Jonas Schnitzer for helpful discussions and for making us ac-
quainted in the first place, and Martin Bordemann, Matthias Schotz, Stefan Waldmann and the anonymous
referees for various valuable comments. The first named author also gratefully acknowledges the support
by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) through the DFG Research
Training Group GK1821 “Cohomological Methods in Geometry” at the University of Freiburg.

Funding Open Access funding enabled and organized by Projekt DEAL.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Declarations
Conflict of interest The authors declare that they have no competing interests.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.


http://creativecommons.org/licenses/by/4.0/

1126 S. Barmeier, P. Schmitt

References

Banks, P., Panzer, E., Pym, B.: Multiple zeta values in deformation quantization. Invent. Math. 222,
79-159 (2020)

Barmeier, S., Wang, Z.: Deformations of path algebras of quivers with relations. arXiv:2002.10001v4
(2020)

Bayen, F.,, Flato, M., Fronsdal, C., Lichnerowicz, A., Sternheimer, D.: Deformation theory and quantiza-
tion I: deformations of symplectic structures. Ann. Phys. 111, 61-110 (1978)

Beiser, S., Waldmann, S.: Fréchet algebraic deformation quantization of the Poincaré disk. J. Reine
Angew. Math. 688, 147-207 (2014)

Bergman, G.M.: The Diamond Lemma for ring theory. Adv. Math. 29, 178-218 (1978)

Bieliavsky, P., Gayral, V.: Deformation quantization for actions of Kéhlerian Lie groups. Mem. Am. Math.
Soc. 236(1115), (2015)

Bordemann, M., Meinrenken, E., Schlichenmaier, M.: Toeplitz quantization of Kihler manifolds and
gl(N), N — oo limits. Commun. Math. Phys. 165, 281-296 (1994)

Cattaneo, A.S.: Formality and star products. In: Gutt, S., Rawnsley, J., Sternheimer, D. (eds.) Poisson
Geometry, Deformation Quantisation and Group Representations, pp. 79-144. Cambridge University
Press, Cambridge (2005)

Conway, J.B.: Functions of One Complex Variable I. Springer, New York (1978)

Dito, G.: Kontsevich star product on the dual of a Lie algebra. Lett. Math. Phys. 48, 307-322 (1999)

. Dixmier, J.: C*-algebras. North-Holland Publishing Co., Amsterdam (1977)

Dufour, J.-P., Haraki, A.: Rotationnels et structures de Poisson quadratiques. C. R. Acad. Sci. Paris Sér.
1 Math. 312, 137-140 (1991)

Esposito, C., Stapor, P., Waldmann, S.: Convergence of the Gutt star product. J. Lie Theory 27, 579-622
(2017)

Fragoulopoulou, M.: Topological Algebras with Involution, North-Holland Mathematics Studies 200.
Elsevier Science B.V, Amsterdam (2005)

Gerstenhaber, M.: On the deformation of rings and algebras. Ann. Math. 79, 59-103 (1964)

Gualtieri, M., Li, S.: Symplectic groupoids of log symplectic manifolds. Int. Math. Res. Not. IMRN,
3022-3074 (2014)

Guillemin, V., Miranda, E., Pires, A.R.: Symplectic and Poisson geometry on b-manifolds. Adv. Math.
264, 864-896 (2014)

Hawkins, E.: An obstruction to quantization of the sphere. Commun. Math. Phys. 283, 675-699 (2008)
Heins, M., Roth, O., Waldmann, S.: Convergent star products on cotangent bundles of Lie groups (forth-
coming). Math. Ann. arXiv:2107.14624 (2021)

Karabegov, A.: Deformation quantizations with separation of variables on a Kéhler manifold. Commun.
Math. Phys. 180, 745-755 (1996)

. Kontsevich, M.: Deformation quantization of Poisson manifolds. Lett. Math. Phys. 66, 157-216 (2003)
. Kontsevich, M.: Deformation quantization of algebraic varieties. Lett. Math. Phys. 56, 271-294 (2001)
. Kraus, D., Roth, O., Schétz, M., Waldmann, S.: A convergent star product on the Poincaré disc. J. Funct.

Anal. 277, 2734-2771 (2019)

Landsman, N.P.: Mathematical Topics Between Classical and Quantum Mechanics. Springer Monographs
in Mathematics, Springer-Verlag, New York (1998)

Manchon, D., Masmoudi, M., Roux, A.: On quantization of quadratic Poisson structures. Commun. Math.
Phys. 225, 121-130 (2002)

Manetti, M.: On some formality criteria for DG-Lie algebras. J. Algebra 438, 90-118 (2015)

Natsume, T., Nest, R., Peter, I.: Strict quantizations of symplectic manifolds. Lett. Math. Phys. 66, 73-89
(2003)

. Rieffel, M.A.: Deformation quantization for actions of R?. Mem. Am. Math. Soc. 106(506), (1993)

Rudin, W.: Functional Analysis, 2nd edn. McGraw-Hill, New York (1991)
Schmitt, P.: Strict quantization of coadjoint orbits. J. Noncommut. Geom. 15, 1181-1249 (2021)

. Schmitt, P., Schotz, M.: Wick rotations in deformation quantization. Rev. Math. Phys. 34, 2150035 (2022)

Schmiidgen, K.: An Invitation to Unbounded Representations of x-algebras on Hilbert Space. Springer,
Cham (2020)

. Schotz, M., Waldmann, S.: Convergent star products for projective limits of Hilbert spaces. J. Funct. Anal.

274, 1381-1423 (2018)

Sheu, A.J.-L.: Quantization of the Poisson SU(2) and its Poisson homogeneous space — the 2-sphere,
With an appendix by Jiang-Hua Lu and Alan Weinstein. Commun. Math. Phys. 135, 217-232 (1991)
Stanley, R.P.: Enumerative Combinatorics, vol. I. Cambridge University Press, Cambridge (1997)
Waldmann, S.: Poisson-Geometrie und Deformationsquantisierung. Springer-Verlag, Berlin (2007)
Waldmann, S.: A nuclear Weyl] algebra. J. Geom. Phys. 81, 10-46 (2014)


http://arxiv.org/abs/2002.10001v4
http://arxiv.org/abs/2107.14624

Strict Quantization of Polynomial Poisson Structures 1127

38. Waldmann, S.: Convergence of star products: From examples to a general framework. EMS Surv. Math.
Sci. 6, 1-31 (2019)

Communicated by C. Schweigert



	Strict Quantization of Polynomial Poisson Structures
	Abstract:
	1 Introduction
	2 Star Products
	2.1 Physical background and basic notions
	2.2 Combinatorial star products
	2.3 Combinatorial star products and *-involutions
	2.3.1 Combinatorial star products of Wick type
	2.3.2 Symmetrized combinatorial star products

	2.4 Convergence of combinatorial star products
	2.4.1 Log-canonical Poisson structure
	2.4.2 Other polynomial Poisson structures
	2.4.3 Symmetrized combinatorial star products


	3 Continuity
	3.1 Continuity of the Moyal–Weyl and Gutt star products
	3.2 General continuity results for combinatorial star products
	3.2.1 A coarse topology: The adic topology
	3.2.2 A fine topology: The MacGyver topology

	3.3 Stronger continuity results in examples
	3.3.1 Analytic functions
	3.3.2 Log-canonical Poisson structure
	3.3.3 Other polynomial Poisson structures
	3.3.4 Continuity of symmetrized combinatorial star products

	3.4 Positive linear functionals for combinatorial star products of Wick type
	3.4.1 Positivity and continuity of deformed evaluation functionals
	3.4.2 Representation on a pre-Hilbert space

	3.5 Further directions

	Acknowledgement.
	References




