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2 D. MANN

ABSTRACT. This is an honors thesis under the Department of Mathematics.
The purpose of this paper is to outline the primary concepts in deformation
quantization according to [2|, including some advancements in its application
to quantum field theory (QFT). Therefore we emphasize viewpoints in the
“nice” (smooth finite-dimensional manifolds) case of deformation quantization
that somewhat survive the field-theoretic context, such as (Hochschild) coho-
mology and c-equivalence operators. The deformation quantization of fields
remains an active area of research, which is acknowledged by this paper and
therefore only main ideas are outlined here. Many (outlines of) proofs appear-
ing in the literature also appear in this paper, but full details are provided.

1. Introduction

Quantization, roughly, is a recipe for translating the classical description of
a physical system to some corresponding quantum mechanical version. This is
hardly a definition, which is both a blessing and a curse. On one hand, this al-
lows for a variety of rich theories of quantum mechanics, each having their own
unique approaches to formulating such a recipe. Comparing them can help better
our understanding of the physics of our universe and its underlying mathematical
structure. On the other hand, the ambiguity of the nature of quantization makes
this an extremely difficult area of study. One balances the amount of rigor of a
quantum theory in a case-by-case basis. Too little rigor may allow for flexibility in
physical predictions, but will surely be mathematical nightmare. Too much rigor
can result in a beautiful mathematical theory, yet may find itself too unwieldy to
be practically applied.

The purpose of this paper is to study one such approach to quantization: the
deformation approach. The mathematical toolbox for deformation quantization
was slowly assembled overtime until its introduction in the seminal papers of |2} 3]
in the 70s. Here it was suggested that quantization be viewed as a deformation—in
the sense of Gerstenhaber’s deformation theory of associative algebras—of classical
observables. As we will see, the mathematical structures of classical and quantum
theory are somewhat disjoint. This is what makes the deformation approach espe-
cially interesting; given drastically different mathematical structures, there exists
a notion of “perturbing” one theory into the other in such a way that the original
theory may be recovered in some limit.

We organize the paper as follows: in section 1, we discuss the mathematical
theories of classical and quantum mechanics before addressing some quantization
schemes. Section 2 introduces the language of deformation according to Gersten-
haber, which we will use to formulate what we mean by deformation quantization
and give explicit examples. Finally section 3 discusses some directions in quantum
field theory, originating from J. Dito’s star-product approach |10].

We assume knowledge of some differential geometry and elementary Hilbert
space theory.

2. Mathematical Foundations of Physics

In order to make the above ideas precise, we need to work directly with the
mathematical backbones of physics. In both classical and quantum theory, the key
ingredients to physical systems are the phase space and the observables. Elements
of the phase spaces are called pure states.
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A classical phase space is a real ¥°°-manifold W (connected and paracom-
pact) on which there exists a closed nondegenerate 2-form w € Q2?(W) called a
symplectic form. The pair (W,w) is said to be a symplectic manifold. The clas-
sical observables on W are real-valued %°°-functions on W, which form the
commutative R-algebra > (V). This means that the arena of classical mechanics
is symplectic, or more generally as we will soon see, Poisson geometry. On the other
hand, a quantum phase space is a projective (complex) Hilbert space Ps#, in
other words the set of 1-dimensional linear subspaces of 7#. The quantum ob-
servables consist of self-adjoint operators on . Thus quantum mechanics is
governed by Hilbert space theory.

The purpose of this section is not to give a detailed study of Poisson geometry
and Hilbert space theory. Instead, it summarizes some ideas and examples relevant
to deformation quantization. The reader may skip this section entirely to section
2, if the appropositionriate background is already there.

2.1. Classical Mechanics and Poisson Geometry. First we recall the no-
tion of a Poisson algebra. Let o7 be a unital associative algebra over a commutative
ring R. Then « is said to be a Poisson algebra if it admits a Lie bracket {-,-}
satisfying the Leibniz identity, that is {x,-} : & — & is a derivation (with respect
to the product on &) for all € &/. Such a bracket is called a Poisson bracket
on <.

Now let (W,w) be a symplectic manifold of dimension 2n. Since w is non-
degenerate, it induces a bundle isomorphism @ : TW — T*W given by interior
multiplication X — ixw. This allows us to define for each f € (W) a smooth
vector field X¢ on W by X; = @~ !(df), or equivalently by the implicit formula
ix,w = df, called the Hamiltonian vector field associated to f.

PRrROPOSITION 2.1. The symplectic form w induces a Poisson algebra structure
on € (W).

PROOF. Define a bracket on € (W) by
(2.1) {f,9} = w(Xy, Xg) = X (f) = df (Xg)

Obviously {-,-} is R-bilinear and skew-symmetric, so we first verify the Jacobi
identity. Now Cartan’s magic formula implies

Zx,(w) = d(ix,w) +ix,(dw) = d(dg) +ix,(dw) = 0,
since dg and w are closed. Therefore, for any X € X(W) the following holds:
0= (Lx,w)(X5, X) = Xg(w(Xy, X)) —w(Xy, [Xg, X]) — w([Xy, X¢], X)
= X (df (X)) — df ([Xg, X]) — w([Xy, Xy], X)
= XX (f) = XgX(f) = XXy (f) — w([Xy, X¢], X)
= —X({/,9}) —w([Xy, X¢], X)

In particular w(X¢y gy, X) — w([Xf, X4], X) = 0, hence by nondegeneracy we have
the propositionerty Xys g3 = —[Xy, Xy]. This allows us to calculate

{fv {g, h}} = X{gﬁ}(f) = _[ngXh](f) = _Xth(f) + Xth(f)
= _Xg({fv h}) + Xh({fag}) = _{g, {h’f}} - {hv {f?g}}a
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verifying that {-,-} is a Lie bracket on €°°(W). Finally for any f € €>°(W) we
have

{f,gh} = —{gh, f} = =d(gh)(f) = —(hdg + gdh)(f) = {f,9}h + 9{f, h},

which verifies the Leibniz property. This shows that (2.1]) defines a Poisson bracket
on € (W).
O

It is sometimes helpful in differential geometry to work in coordinates. We recall
a theorem by Darboux that guarantees the existence of charts (U, (¢, p:))1<i<n
in which w has the form w = > 1", dg® A dp;. In those Darboux charts, it is a
straightforward computation to show that

_N\~(9f 9 of 0
Xf_z<5pi dgi  Oq’ 8pi>

i=1

which means that the Poisson bracket (2.1)) has the local form

" (0f dg Of B
(2.2) {f79}:Z(a§iayi_8£i@;>'

i=1

If W = R?" with canonical global coordinates (¢‘,p;), the Poisson bracket defined
by (2.2)) is sometimes called the canonical Poisson bracket on Euclidean space.

DEFINITION 2.2. Let M be any € °°-manifold. If €°°(M) admits a Poisson
bracket, then M is said to be a Poisson manifold.

This discussion has shown that every classical phase space is in fact a Poisson
manifold. Thus the study of classical mechanics is most generally rooted in Poisson
geometry. There are, of course, Poisson manifolds which do not admit a symplectic
structure. One asks how to define a Poisson bracket on the algebra of ¥°°-functions
if this is the case. A given Poisson manifold gives rise to a bivector field = €
1"(/\2 TM) defined by w(df,dg) = {f,g}, so one approach to this question is to
consider the other direction: given a bivector field 7 on M, when does it induce a
Poisson bracket on ¢>°(M)?

PROPOSITION 2.3. The bracket {-,-} on €°°(M) defined by
{f, 9} = = (df, dg)

is Poisson if and only if [m,7]s = 0, where [-,-]s is the Schouten—Nijenhuis bracket
1/-

Discussion of the Schouten—Nijenhuis bracket will lead outside the scope of this
paper, so we refer the reader to [5] for more details. For our purposes we mention
that the Jacobi identity holds for {f, g} = w(df,dyg) if and only if [r,7]s = 0, while
the other three properties always hold. Thus we may equivalently specify a Poisson

manifold to be the pair (M, ), where 7 is such a bivector field on M called a
Poisson tensor on M.

DEFINITION 2.4. Let (W,w) be a symplectic manifold together with a dis-
tinguished smooth function H € ¢°°(W). Then the triple (W,w, H) is called a
Hamiltonian system and H is called its Hamiltonian.
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In physics, the Hamiltonian describes the total energy of the Hamiltonian sys-
tem (the sum of kinetic and potential energies). The dynamics are specified by the
integral curves of Xz, which are curves (¢'(t),p;(t)) such that
dq - - OH
— =Xg¢")={¢", H} = .

o = Xmd) =1{d" H} o
dpi 0H

=Xu(pi) ={pi H} = — .
o = ) =1{pi H} = —5 7

The system is called Hamilton’s equations. An observable f € €>° (W) of
a Hamiltonian system (W, w, H) is said to be conserved if {f, H} = 0, the Hamil-
tonian itself being an obvious example (this is how e.g., the law of conservation of
energy is derived, which is a crucial principle in solving physical problems).

We end this section with an important example. Suppose a single classical par-
ticle freely moves in an n-dimensional ¢°>°-manifold M. The coordinates (¢*) on M
describe the position of the particle, hence M is sometimes called a configuration
space. The cotangent bundle 7 : T*M — M carries a natural symplectic structure
as follows: a point in 7 M has the form (g, o) for some ¢ € M and a € T; M. We
define the tautological 1-form 6 € Q(T*M) by 0(q.) = d7;

) (q,@)
chart (U, (¢*,p;)) of (¢, ) in T*M, 6 takes the form

e(q,a) = szdql
=1

Exterior differentiation yields a closed 2-form w = —df € Q*(T*M). Under the
same coordinates, we have w = Z?:l dq® A dp;, hence w defines a symplectic form
on T*M. In other words, (T*M,w) becomes the phase space of the system. The
fibres Ty M physically represent the particle’s momenta conjugate to g. Perhaps
unsurprisingly, cotangent bundles are therefore the most common phase spaces in
classical mechanics.

For more on classical mechanics, see [28] as well as [1].

(2.3)

«. In a canonical

2.2. Quantum Mechanics and Spectral Theory. We recall some notions
from Hilbert space theory for Schrédinger’s quantum mechanics, cf. sections 7-9
in V. Moretti’s book “Spectral Theory and Quantum Mechanics” [21]. Let 2 be
a complex Hilbert space and (£2,.27) a measurable space. Let proj(°) be the set
of projections on s, that is the set of self-adjoint operators A on  such that
A? = A. Recall that a spectral measure E (or a projection-valued measure) on
is a map F : &/ — proj(#¢) that is countably additive such that E(Q2) = 1. For E
to be countably additive means that for each sequence (A,,)52; of pairwise disjoint
sets A,, € & and each v € 7,

E([j An>v = iE(Ak)v = lim z”: E(Ag)v,
n=1 k=0 nee k=0

where the limit is taken with respect to the strong operator topology. This implies
that E is finitely additive also.

Now given a spectral measure E : &/ — proj(.#¢), there is a complex measure
lyw : & — C for every pair v, w € S given by

Lo : A = (v, E(A)w).
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THEOREM 2.5 (Spectral Theorem, cf. Thm 8.56 in Moretti’s book [21] and Thm
13.30 in Rudin’s book [25]). Let A: ©D(A) — S be a self-adjoint operator on some
Hilbert space 5. Then there exists a spectral measure E : B(c(A)) — proj(J€),
where B(o(A)) is the Borel o-algebra on the spectrum o(A) of A, such that for all
weD(A) andv € A

(v, Aw) = /(A) 2z Aty (2).

This result is fundamental in quantum mechanics. Suppose that 77 is the
Hilbert space of some quantum mechanical system prepared in a state ¢ € $52.
Fix some observable A, which gives rise to a spectral measure E as above by the
spectral theorem. Now the measure pa . := ftyy 1S a probability measure (since
E is projection-valued and ¢ is normalized). Physically, the set o(A) consists
of all possible measurements of the observable A, with the probability of some
measurement falling within a Borel set A C o(A) given by

paw(D) = (W, B(A)) = | E(A)p]*.

Principles of quantum mechanics predict that the new state ¢ € $.% the system is
in after such a measurement is given by

b= E(A)Y
IE(A)el
This discussion shows that quantum mechanics is fundamentally probabilistic.
It is therefore useful to introduce the notion of an expected value for the observable
A. The identity 14 on o(A) can be viewed as a random variable (that is a mea-
surable function), hence we define the expectation value of A as (A) = E(1,4), the
expectation value of 14. Explicitly this is given by the formula

(A) = /U(A) zdpay = <¢, </U(A) z dE>¢> = (¥, A¢).

The uncertainty o4 of this measurement is the standard deviation of 14 given

by o4 = 1/(A2) — <A>2. This leads to the uncertainty principle according to
Heisenberg [19], Robertson [24], and Schrodinger [26]:

PROPOSITION 2.6 (Uncertainty Principle). Let A, B be self-adjoint operators

on . Then
2

[ 04.30)

1

o > |3AB) - (B
where {A, B} = AB + BA resp. [A,B] = AB — BA is the anticommutator resp.
commutator of A and B.

Proor. Firstly we have
I(A = (A)YI|* = (Ap, Ap) — 20e( Ay, (A)y) + (A}, (AY))
Since A is self-adjoint and ||¢|| = 1, this becomes
I(A = (AP = (v, A%) = 2Re((A) - (3, Ap)) + (4)" = (A7) — (A).

Therefore, we have the equality 0% = [|[(X — (X))¢[]? for X = A,B. A nice
application of the Cauchy—Schwartz inequality gives

ohoh > (A= (A)v, (B — (B))y).
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We compute the real and imaginary parts of the inner product above. In particular,

(A~ (A, (B~ (BYW) = (1, (A~ (A)(B — (B)¥)
— (AB) — (B)(A) — (A)(B) + (4)(B)
— (AB) - (A)(B).

Similarly we have ((B — (B))y, (A — (A))y) = (BA) — (A)(B). Therefore,

Re((A - (A)y, (B = (B)Y) = % [(AB) — (A)(B) + (BA) — (A)(B)|

54 BY ~ axB)

Im((A — (), (B — (B))) = o- [(AB) — (A)(B) — (BA) + (A)(B)

2
‘1

S{14.B)

)

completing the proof.
O

We end this section with the physics of quantum mechanics. Here the Hilbert
space of states is ## = L?(IR) with respect to the standard Lebesgue measure. We
define the position resp. momentum operators & resp. p as follows:

D(T) > Y — )
p:D(p) szH—ihg—ﬁ

where A is a real number called Planck’s constant and the respective domains
are given by

D(#) = {¢ € I*(R) - /R (@) de < oo}
D(p) = { € L2(R) : 3g € L*(R) st

/ 0(@) % = / o(2)p(x) dz Vo € T2 (R)}.

where 655 (R) are the real-valued ¢ *°-functions on R with compact support. We
mention without proof that & and p are densely-defined, closed, and essentially self-
adjoint operators on J#, since the proof of this is outside the scope of this paper.
We also have the famous canonical commutation relation [, p] = ih, which is
easily computed:

- s o . oY o ,

.00 = a(p0) — (v) = in o + v+ a2 ) = ih1(0),

As in the classical case, there is a distinguished observable H, also called the
Hamiltonian of the system. The pure states 1) € $ evolve via the dynamics
governed by Schrodinger’s equation

dip

W _iHy.
a — Y
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For more on quantum mechanics, consult the notes [23] (for the mathematics
of quantum mechanics) as well as the books [18] and [21].

2.3. Some Words on Quantization. We’ve seen previously that the math-
ematical structures of classical and quantum mechanics contrast each other. This
makes the question of quantization seem hopeless. Indeed, quantization schemes
can be highly nontrivial, and sometimes what it means to be a “quantization” is
not even well-posed. We discuss some of these ideas here, motivating the concept
of deformation quantization that will be introduced in section 3.

One of the first attempts at quantization is due to the physicist P. Dirac, which
we will call Dirac quantization, and is the following procedure: let W be a classical
phase space and # some complex Hilbert space. Let &(5#°) be some set of self-
adjoint operators on .#°. Then &(5#) has a Lie bracket given by i/fi times the
commutator, and we have seen before that €°°(W) has a Lie structure also.

DEFINITION 2.7. Let A C ¥°°(W) be a Poisson subalgebra and B C &() a
Lie subalgebra. A Dirac quantization is a Lie algebra morphism ¢q : A — B, in
particular q satisfies the following:

(1) 1=q(1).
(2) a(falg) —alg)a(f) =:[a(f),a(9)] = —iha({f,g})-

The preservation of Lie brackets is sometimes referred to as the correspondence
principle. Although sufficient for most purposes of physics, this quantization faces
some mathematical problems. A well-known result by Groenewold [15] (and later
Van Hove [30]) prohibits the existence of a map q with Dirac’s desired proposition-
erties. However, by relaxing the correspondence principle to

(2.4) [a(f),a(g9)] = —iha({f,g}) + O(n?)

so that Dirac’s original requirement is recovered asymptotically when i — 0, we can
avoid this no-go theorem. We give an example of such a quantization for classical
polynomial observables due to [4], which uses what Bordemann calls elementary
star-products.

Consider the classical phase space W = T*R = R? with its canonical symplectic
structure w = dg A dp under canonical coordinates (g, p). We choose 7 = L?(R)
of square Lebesgue integrable functions as the quantum phase space of states. Now
the space of classical observables consist of (smooth) real-valued functions, but it
will be convenient to first work with €°°(W, C) of complex-valued functions for
now.

PROPOSITION 2.8. The set Clgq,p] is a Poisson subalgebra of €°°(W,C), i.e.
Clg, p] is closed under the Poisson bracket.

PRrROOF. The Poisson bracket on €>°(W, C) takes the canonical form (2.2)). By
bilinearity, it suffices to prove the claim for monomials f = ¢"p™ and g = ¢"p°.
Indeed,

_ 8f ag af 89 _ n+r—1_m-+s—1
is yet another polynomial. O

Now define an operator-valued map g5 on C|g,p] on generators via qs(1) =
1, qs(q) = ¢ and qs(p) = p. For the mixed monomials ¢"p™, there are various
ways to “order” the corresponding operators ¢ and p. The tempting approach is to
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put qs(¢"p™) = §"p™, which is called standard ordering. Obviously we extend
C-linearly to all of Clg, p].

PROPOSITION 2.9. The map qs is a linear isomorphism onto its image. Fur-
thermore,

qs(Clg, p]) {kajkk fr €Clg],N € Z>0} (Clq) LZJ .

k=0

PrOOF. Obviously f is an injection. Now given some differential operator of
k
the form Zszo fkjfT’“’ we have

N fk . N dk
B kz<<—m>kp ) 2 g
=0 k=0

which completes the proof.
O

This choice of ordering, however, is unsatisfactory in terms of Dirac quanti-
zation. For the operator qs(qp) = §p, one has e.g. for 1, € €5 (R) C L?(R)

cpt
that
N AT » i)
(qu,@—/R( Zﬁqaq)w dq—lh/(qs&) 34 dq

_ _m/Rw<¢+qg ) dg = (. (@6 — ih)g)

In other words, qs(gp) is not even a symmetric operator, hence cannot be self-adjoint

in L?(R). The way around this is to completely symmetrize the polynomials in the

operators ¢ and p. This type of ordering is called the Weyl-Moyal ordering.
Define a linear map T : C[q, p] — Clg, p] by

h h O*f 1 K 0
2. Tf = sl
(2:5) / (21 8q8p) fF=r+ 2i 9qop = 2! (2i)2 Hq20p?

which is well-defined since polynomials have vanishing derivatives for sufficiently
high orders. Put q.,(f) = qs(Tf) for all f € C|g,p], which defines a map q,, :
Clg,p] — &(). Tt turns out that q,, is the total symmetrization we need, for
example we have

A o1 1
9w (qp) = ds (qp+ 22) =qp— §Zh = §(qp+pq)-

Furthermore T is bijective, so that q,, = qs7 is a linear isomorphism onto its image.

Eventually one looks to restrict q,, to R[g, p], the set of real classical polynomial
observables and would like this to be a Dirac quantization of R[g, p]. To verify this,
we check that q, satisfies the weakened correspondence principle . There is
a clever way to do this by working directly within R[g,p] instead of computing

Guw(f)dw(9) — Guw(9)dw(f) for all f,g € Rlg, pl.

)
ProOPOSITION 2.10 (Elementary Star-Product, cf. Prop 1.2 in [4]). Define a
C-bilinear map * : Clq,p] x Clg,p] = Clg, p] by

(

£9) = fxg=a,"(qu(f)duw(9))
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Then x defines a noncommutative associative product on Clq,p]. Furthermore, the
following equality holds:

< (ih/2)" & o om
(2:6) frg=>_ : él) 2 (Z> =) kaqkﬁp”*’“ é)q”*’“gap’“

n=0 : k=0

The idea of x is to pull-back the noncommutative structure of operators on
onto the classical observables. We compute at lowest orders using (2.6))
th(0f 0g Of 0g 9 ih 9
_ el Bt ) OR?) = fg— — O(h*).
Fra=to+ g (G50 SE20) 0w = 9 - Gis.a) + 002)
Therefore, fxg—gxf = —ih{f, g} +O(h?) which holds if and only if [q. (f), 9w (9)] =
—ihqw({f,9}) + O(R?). In other words, q,, defines a quantization on the space of
classical polynomial observables R[g,p| (in fact C|g,p] if complex observables are
to be considered).

REMARK 2.11. In principle, it is possible to extend ¢, to a larger class of
functions, namely the Schwartz class of rapidly decreasing % °°-functions. This
extension is called the Weyl quantization and is given by [29)

7

Al = [ FENE ) exply (o€ + - ),

where Z(f) is the Fourier transform of f, but we only mention this here. The inter-
ested reader may refer to [11] on the Weyl quantization. All of these constructions
may be generalized to R?" analogously.

One of the properties of % is that it coincides with the original (commutative)
pointwise product on €°°(W) if h = 0. As we’ve seen, the linear term in A is
the Poisson bracket on €°°(W). Thus x can be viewed as a deformation of the
original product in the direction of the Poisson bracket. The isomorphism provided
by q., allows one to further “forget” the algebra of quantum observables and work
directly within €"°°(W) under +. This is the motivation of the deformation approach
to quantization. Indeed we will see later that is an elementary example of a
deformation quantization.

3. Quantization as a Theory of Deformation

In the previous section, we described quantization as a process of translating
from a classical system to a quantum mechanical system and introduced some ap-
proaches. We now move to develop the deformation approach a la Bayen, Flato,
Fronsdal, Lichnerowicz, and Sternheimer [2]. In doing so, we introduce some defor-
mation theory of (associative) algebras according to Gerstenhaber [14] and define
deformation quantization in this language.

3.1. Deformations of Associative Algebras. For this section, let (<7, uo)
always be an algebra over a commutative ring R. Here algebra means that <7 is an
R-module with an associative multiplication pg : (a,b) — ab and a unit 1. Recall
that one forms the linear space </ [h] consisting of formal power series

a(h) = i hay,
n=0
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with coefficients a,, € &/, where h is interpreted as a formal parameter. If &7 = R
is a commutative ring, then so is R[A] under the product

h) = i " En: P
n=0 r=0

Motivated by the previous section, one would like a deformation of an algebraic
product pg to be a map of the form p : & — &/[h], where & is now some formal
parameter, such that u = pug when A = 0. One also expects u to uphold certain
properties of g, such as associativity (or some form of it) and preservation of units.
This leads us to the following definition:

DEFINITION 3.1. A (formal associative) deformation of (<7, ug) is a se-
quence (p, )82, of R-bilinear maps p, : & x &/ — / such that for all z,y,z € o,

(1) oo (pr(pr—s(2,y), 2) = pr (@, pr—s(y, 2))) = 0 for all r > 0.
(2) pr(l,2) =0=pp(x,1) for all » > 1.

Note that the zeroth term of the sequence (g, )22 is intended to be the product
to on /. Given a such a deformation, there is an induced R-bilinear map py, :
o x of — /[h] given by the formal series

oo
pn(,y) =Y W (@, y) = 2y + hpa (z,y) + O(h?)

n=0
called the deformed product of (&, ). Thus one is justified to say “let up
be a formal deformation of .&7,” understanding the associated sequence of maps in
Definition Furthermore if the deformation parameter is understood, it may be
omitted from the subscript so that one writes p for p;. We show now that u is the
“expected” definition for a deformation.

PROPOSITION 3.2 (cf. Prop 2.1 in [4]). A deformed product p extends to an
R[A]-bilinear map </ [h] x “[h] — </[h], written by p also, given by

ula(m),b(m) = S0 S p(ab).

n=0 r+s+t=n

Furthermore, p forms </ [h] into an algebra over R[A] with unit 1.

ProoF. It suffices to check that p is associative when restricted to </ thanks
to bilinearity. Indeed,

u(u(a,b),c) = ﬂ(z hnﬂn(aab)> = Z hnu(#n(avb)ac)
Zh”(Zh fim (pin (0, ), ) Zh’” > tm(pm(a,b),c)

m=0 n+m=r

—Zh’“Zumurmab ZhrZumaurmbc))

r=0 m=0 r=0 m=0

—Zh"(thumaunbc ) Zhn (a, pn(b,c))

= p(a, u(b,c))
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where we have used condition (1) of definition Therefore, p is an associative
product on «7[A]. Now condition (2) implies

pu(L,a(h)) =1-a(h) + Y B pa(1,a(h) = a(h)

so that 1 remains a unit in <7[h].
(]

REMARK 3.3. In this language, the product % of proposition [2.10]is a deformed
product of (€°°(W),-) with deformation parameter ifi/2.

Obviously setting p,, = 0 for all n > 1 constitutes a formal deformation of any
algebra, which we will call a trivial formal deformation. This is hardly a defor-
mation at all, so a more interesting question to consider is when an algebra admits a
nontrivial formal deformation. Cohomological methods are used to construct such
maps fn, so the answer to this question lies here.

We recall that an algebra (<7, ) gives rise to the Hochschild cochain com-
plex (C* (<), ), whose n-cochains are the n-multilinear maps @™ — &/ and whose
coboundary map : C*(&/) — C*T1(/) is given by

Bz, .. Tns1) = T10(T2, ..., Tpg1)
n
+ Z(—l)rn(ml, e T 1, BTy e ey Tt 1)
r=1

+ (_1)n+177($17 .. axn)xn—i-ly

for each n € C"(&/), n > 0. The associated cohomology theory, denoted by
HH*(&/), is called the Hochschild cohomology of <.

The Hochschild cochain complex has the structure of a differential graded Lie
algebra (briefly DGLA) [17]. We declare elements of C™ (/) to have degree n — 1,
i.e. if n € C"(&/) then |n| = n — 1. Define the element w — n € Cl*I+M+1(g7) by

lw|+1
W (T, T +1) = Z (=1)*=Dlnl
k=1
w(xy, ..., xp—1,n(xg, ... ’xk-Hﬁ\)’ . ,x‘w‘+|n|+1),

The Gerstenhaber bracket [w,n]c of w and 7 is then the degree |w| + |n| + 1
element given by

w,nle =w—n— (=DM — w,
which is a super Lie bracket on C*(&/). The coboundary map is related to the
Gerstenhaber bracket in the sense that 817 = [uo,n]q, a discussion of which can be
found in [12]. We mention that a bilinear map m € C?(&/) defines an associative

product on & if and only if [m, m|g = 0, which is easily seen by computing:
[m,m]c(z,y,2) = m(m(z,y), 2) — m(z,m(y, 2)) + m(m(z,y), z) — m(z, m(y, z)).
In general, we have the following:
LEMMA 3.4 (cf. Exercise 2.17 in [17]). Let (1n)22 be a deformation of (<, uo).
Then the associativity condition (1) of deﬁm’tion is equivalent to

(3.1) Bur(w,y,2) = > (is(p(,y), 2) — s, iy, 2)),

s+t=r
s,t>0
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for each r > 1 (the sum is interpreted as zero if r =1).

PRrROOF. For any r > 0 we have Su,(z,y, 2) = i (y, 2) — pr(2y, 2)+ pr (2, y2) —
tr(z,y)z. The associativity condition reads du; = 0 and

0= 3 (el - o))

s+t=r

= o) = o) 3 (el el ) )
s

+ for (va Z) — Ty (ya Z)

= _ﬂﬂr(x?yvz) + Z (us(ut(x7y)7z) - Ms(xvﬂt(yvz))v

s+t=r
s,t>0

for r > 1, which proves equation ([3.1)).
O

Lemma [3.4] and the discussion above roughly says that Hochschild cohomology
can be viewed as a measure of how “associative” deformations are. This hints at
how to proceed with the existence of nontrivial deformations. Suppose that pu,
is a given Hochschild 2-cocycle. Then the map pu = pg + Apy defines a formal
deformation up to linear order. We would like to extend p to be a deformation to
second order.

Denote by C,. the 2-cochain on the RHS of Equation . Then Csy(z,y,2) =

1 (a1 (2,9), 2) — (@ 11 (9, 2)) = L[z, o, 9, ), and in particular

Blpa, pile = [po, 11, mlcle = —2[p1, Opa]e =0

by the (super) Jacobi identity. Thus Cy determines an element of H H3(<7). If this
element is zero, then there exists some Hochschild 2-cochain ps with Co = Bus,
which by Lemma turns the extended map u = o + Apy + h?ps into a formal
deformation of order 2. In general, given a formal deformation of order n — 1 one
can show that C, is a 2-cocycle. If C,, = Bu,, is furthermore a coboundary, then the
deformation can be extended to order n |14]. In other words, we have the following:

THEOREM 3.5 (Obstructions to Deformations, cf. Prop 2.2 in [12]). The ob-
structions for formal deformations of an algebra </ lie in HH?(</). In particular,
if HH3(</) = 0, then any formal deformation of any order can be arbitrarily ex-
tended.

Some authors call HH?3(&/) the obstruction space of &/. It is important to
note that theorem is not a necessary condition, i.e. it is possible to extend
deformations when HH?(</) is nontrivial. Nevertheless, Hochschild cohomology
still gives a method of constructing deformations.

Given any two deformations, there is a notion of morphisms between them.

DEFINITION 3.6. Let p and fi be two deformations of an algebra «/. A mor-
phism of formal deformations from p to 4 is a formal power series T =
o2 o AT, of algebra endomorphisms 75, : & — & such that Ty = T2
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If T has a (formal) inverse, then T is said to be an isomorphism of formal
deformations and one says that p and ji are c-equivalent deformations. The “c”
stands for “cohomologically” [2]. The following gives a formula for such an inverse:

PROPOSITION 3.7. Let T = ZZO:O R™T,, be a morphism of deformations p and
fi. If Ty = 1, then T has a formal inverse T—1 = ZZOZO R™T,, where the T, are
recursively determined by the formula

1 if n=0.

j:, _ n
")) T T ifn>0.
s=1
PrOOF. For any x € o/, we compute

r=T"YTzx) = (1 + i th> (x + i hmex> =+ i h" (i TnTx>
n=1 m=1 n=1 s=0

which gives the desired result.
O

This covers the basic elements of Gerstenhaber’s deformation theory of alge-
bras. We refer the reader to [13] for more details not used in this paper.

3.2. Quantization as a Formal Deformation: Star-Products. We pro-
ceed with the plan to describe the quantization of a classical system M as a de-
formation of its associative algebra @°°(M) of classical observables. The following
definition is equivalent to the original one presented in [2]:

DEFINITION 3.8. Let (M, 7) be a Poisson manifold. A deformation quanti-
zation of M is a formal associative deformation (u,,)52, of €°°(M) such that the
1, are bi-differential operators for n > 1 satisfying the so-called classical limit:

pa(f,9) — palg, f) = in(df,dg) for all f,g € €>(M).

The deformed product of a deformation quantization is written x. It is called
a (differential) star-product on M, the “differential” referring to the condition
that the p,, are bi-differential operators. This means that in a chart (U, ") of M,
the u, take the form

pn(u,0)[y = Y D0 (uly)ds(vly)

[T|<Np

[JISNy
for dim M-tuples I and J with D’/ € ¢>°(M). Multi-index notation is used, e.g.
if I = (i1,...,%m) then 9r stands for gfi{;i and [I| =41 + -+ +im-

Previously we mentioned that Hochschild cohomology governs the construction

of arbitrary associative deformations. Here, we are interested in local (differential)
deformations of €>°(M). There exists a subcomplex (C35(€>°(M)),[B) of the
Hochschild complex whose cochains are the n-differential operators on €°(M)
called the differential Hochschild complex. The associated cohomology theory
is called differential Hochschild cohomology, denoted by HH3,;(€°(M)). It
turns out that Theorem [3.5|restricts to the differential complex, i.e. the obstructions
to formal differential deformations of €°°(M) lie in HH3,5(¢>°(M)) [16].
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One can also define a so-called star-commutator by

[f, 9l = %(f*g—g*f).

The classical limit says that the star-commutator is a deformation of the Poisson
bracket [13], analagous to x being a deformation of the pointwise product. Indeed,

n=0

n=0

= % (fg —gf + 1 (f,9) — (g, ) + 0(52)>
={f.g} +O(h).

One can, however, go one step further. It turns out that any star-product is c-

equivalent to one whose linear term defines a Poisson bracket on €*°(M). We
show this now with a series of lemmas.

LEMMA 3.9 (cf. Lemma 1.10 in [12]). Let pu1 € C*(€°°(M)) be a 2-cocycle. If
w1 is skew-symmetric then py satisfies the Leibniz identity.

PROOF. Since /Bﬂl = 07 we have Blu‘l(fa g, h’)iﬂﬂl(g7 h7 f) = 0 and 5#1(h7 f7 g)i
Bui(g, h, f) = 0. If we assume that p; is skew-symmetric, this gives

pi(fg,h) = 2fpi(g, h) — pa(f, 9)h — gua(h, f) — pa(g, hf)
pi(fg,h) =2g9u1(f, h) +hui(f,g) + fui(g, h) — pi(f, gh)
Equivalently, adding the above together,
2p1(fg,h) = 2(ua (f, h)g + frua(g, b)) — fua(h, g) + pa(hf,g) — pa(f, gh) + pa(f, h)g
=2(u(f,h)g + fra(g, k) — Bua(f, b, g)
=2(u(f, h)g + fra(g, h)).

Thus 1 satisfies the Leibniz identity, proving the claim.
O

LEMMA 3.10 (cf. Lemma 1.10 in [12]). Let x =Y 7 h"pu, be any star-product
on M. Then the bracket {f,g} = p1(f,9) — p1(g, f) is a Lie bracket on €°°(M)

-
Proor. Bilinearity and skew-symmetry are immediate. It remains to check
the Jacobi identity. Let

J(f,9,0) = {Fr g5 b+ {{R: 1193 + {{g, b}, 1

Then J(f,g,h) is a sum over cyclic permutations of the expression

{f 9.0} = pa(u(f9),h) — pa (g, f), h) = pa (b w(f, 9)) + pa (b, iy, f)).

By lemma |3.4) one checks that this implies

— (Ou2)(g, f,h) = (Op2)(h, g, f) — (Op2)(f, b, 9)-
A straightforward computation shows that the RHS of the above vanishes.

We can now prove the claim:
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THEOREM 3.11 (cf. Thm 1.6 in [12]). Let x = > 7 A", be a star-product
on M. Then % is c-equivalent to a star-product x =Y "1, with py a Poisson
bracket on €= (M).

PROOF. Firstly, decompose i into its (skew-)symmetric parts

fn(f,9) =iy (f,9) + i (f,9),

where £ (f,g) = (1 (f,9) £ i (g, f)). Now since iif is symmetric (and a cocycle
since fi; is), it determines the same element in HH324(%>°(M)) as 0, hence there
exists some Ty € Che(€°°(M)) such that jij = 9T;. We form a morphism of
star-products 7' = Y h"T,,, where T,, = 1 whenever n # 1. This defines a new
star-product by

frg=T"'((TNHXTg),
where 77! is given by proposition Expanding everything to first-order in £
gives
frg=(1—hT+O(1?)) (f*g + h(f*T1(g) + T1(f)*g) + O(h?))

= fg+h(f(f.9) + Ti(fg9) — fTi(g) — Ta(f)g) + O(K?)

= fg+h(fi (f,9) + i (f,9) = (OTV)(f, 9)) + O(R%)

= fg+ hity (£, 9) + O(R?).
In particular, we have p; = ;. By Lemma and Lemma p1 defines a

Poisson bracket on €°°(M), proving the theorem.
(]

In other words, a star-product x on M can be assumed to have the form fxg =
fg+R{f,g} + O(h?) after an isomorphism of star-products. It has been shown in
[2] that c-equivalence is related to operator ordering in quantum field theory, which
will prove itself useful in section 4. For the time being, we end this section with
some examples.

EXAMPLE 3.12 (Elementary Star-Products.). Recall the product x on Clg, p]
given by (2.6)), which we write below for convenience:

 (ih/2)" & o o ih
praug =30 ST (D) L s e = fat g ) 00,
n=0 ’ k=0

Recall also the quantization map qs on C[g,p] given by standard ordering. If we
put f*s g =d;"(qs(f)ds(g)), we get another star-product on C[g, p] given by [4]

(W) orforg
frsg= T;) nl  Op" Ogn
called the standard ordered star-product. In the language developed, the map

2i 9qOp
the Moyal-Weyl ordered star-products.

T = exp( h_0° ) before defines an isomorphism between the standard ordered and

ExaMPLE 3.13 (Moyal Product). The next stage in simplicity generalizes the
star-product given by Moyal-Weyl ordering [12]. We work in a finite-dimensional
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real vector space V of dimension m. There is a constant Poisson structure on V'
given by any antisymmetric matrix (7%7)1<; j<m, i.e.

1~ .. 0 0
— — ) _
T QZwaxi/\axj’

ij=1

where the () are canonical coordinates on V. Then the Moyal product on V is
given by

f*g=eXp<m7r>(f,g) = fg +

2
S(5) X A0 0,00 050)
n=1

11,in=1
Jis--dn=1

Of course, all the terms are bi-differential operators and « satisfies the classical
limit, hence forms a star-product on V. In the case that m = 2 (or more generally
2k), one may consider the antisymmetric matrix

. 0 1
LY R—
. _(_1 0).

Then the corresponding Moyal product coincides with the elementary Moyal-Weyl
ordered star-product from before.

4. Deformation Quantization of Fields

In this final section we investigate the ongoing research in the application of
deformation quantization to field theory. The purpose of this section is to outline
some key ideas in addition to discussing some challenges. Our focus will be on G.
Dito’s star-quantization appearing in [10].

4.1. Quantum Field Theory (QFT). One of the main challenges in QFT
is in the various approaches, each depending on the physical situation at hand. The
approach most relevant to the deformation programme is perturbative field theory,
which is roughly a functional approach [22|. Typically one considers a space of
fields consisting of solutions to the equation (O + m?)® = 0, where 0 = A — 9}
is the d’Alembertian [9]. Then a phase space .# C E,, := % (R? R) & .Z(R3 R)
of initial data (¢, ), where (z) = ®(z,0) and 7(z) = 22(x,0), is formed. The
analogous space of observables here are then the set of scalar-valued functionals
U : . # — R. Then .# has a Poisson structure given by [27] as

0¥, 6Py 06U 60y
Uy, Wy) = [ (222072 0F1 0T
71'( 1, 2) ///{( 590 S S 5@ )a

where the 0 denotes a functional (Fréchet) derivative.

In a naive application of deformation quantization to fields, one may consider
replacing the family of cochains (j,,)22; in Definition by a family of cochains
on functionals. The hope is then to form the “star-product”

(4.1) Uy x Wy =Wy Wy + Y W (1, Uy)

n=1
as before. The challenge here is giving meaning to this star-product, in particular
having well-defined cochains y,, on a space of functionals [9]. Physicists have learned
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to deal with e.g. divergences through perturbative renormalization methods, and
the approach here is similar, taking advantage of the cohomology in deformation
theory. Writing down formally, one can replace diverging cochains via a c-
equivalence operator T = ZZOZO hT,. This is done in a manner identical to theorem
3.11] in which the linear term cochain was replaced by a Poisson bracket. In fact,
one is justified to call this method cohomological renormalization 7).

Cohomological renormalization is the main idea in G. Dito’s deformation quan-
tization of a free scalar field. Before this investigation, we take an excursion to
spectral theory in the star-product context.

4.2. Star-Exponentials and Spectral Theory. In physical applications,
one looks to find e.g. energy levels of a given quantum mechanical system. This
is straightforward in the standard formulation of quantum mechanics: the energy
levels are given by the spectrum of an operator on a Hilbert space called the Hamil-
tonian. However, in the deformation setting, there may be no Hilbert spaces on
which we can write down a spectral theory. This brings the need for an autonomous
analogue of a spectral theory defined in terms of star-products on classical phase
spaces. Indeed, such a theory is achieved via star-exponentials [3].

DEFINITION 4.1. Fix a star-product x on a classical phase space W and let
f € €°(W) be a classical observable. Let ¢ € R. The star-exponential of f,
denoted by Exp, (ft), is the formal power series

EXP*(ft) = () .y where f** = fx---x f.
nZ:o n! \ ih :

n-times.

The star-exponential can be viewed as a power series in ¢ and, in particular, can
be considered as a distribution on W. In this case one applies a Fourier-Dirichlet
expansion

Exp,(ft) =Y me /™",
Ael

where 7 € €°° (W) with I a sequence of complex numbers. It turns out that in the
case where « is the Moyal product, then I resp. 7y is the spectrum resp. projectors
of the Weyl quantized operator q,(f) [3]. From this notion the general classical
spectral theory is abstracted:

DEFINITION 4.2. Let f € C(W) be such that Exp, (ft) has a well-defined
Fourier—Dirichlet expansion. Then [ is called the spectrum of f, the A € I are
called eigenvalues of f, and the m) is called the projector associated with \.
In this case we say that f has a classical spectral theory.

The following justifies the definition made:

PROPOSITION 4.3 (cf. equations (4-3) and (4-4) in [3]). The star-exponential
satisfies the equation

% Exp, (1) = ih s Exp, (o).

Furthermore, if f has a classical spectral theory then f xm\ = Am\ and there is a
spectral decomposition f =)\ ;AT
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ProOOF. We compute

. d . = 1 1 n—1 gxn
zhﬁExp*(ft) = th E(zh)"t Ly
N A
:an(h) !
B Lt ey
)
= [ Exp,(ft).

Now if f has a classical spectral theory, then this implies

) d ) )
At/ih __ At/ih _ At/ih
fx E mHE —zh—dt g mHe = g ATye ,
Ael el Ael

and in particular f xmy, = Amy for each \ € I.
|

In physical applications, one considers the star-exponential of a classical Hamil-
tonian. The associated spectrum consists of the energy levels after quantization.

4.3. Star-Quantization of a Free Scalar Field. We outline the main ideas
presented in [10], mostly without proof. Some computations will be shown and we
present some commentary here. Star-quantization of fields is still an area of active
research, and we postpone discussion of technical difficulties to the next section in
order to focus on the star-quantization techniques.

Let ® be a classical free massive scalar (real) field with initial conditions (¢, 7)
in Schwartz space .. It is convenient to decompose (¢, 7) into Fourier modes

(a*,a) by
o (£
- (£ )

1/2 [7]. The free scalar Hamiltonian associated to this

where wy, = (||k[|? +m?)
system is given by

(4.2) o= / (wra* (k)a(k)) dk.
We follow the conventions in [10], in particular aq (k) = a(k), az(k) = a*(k) and
"Wy 0"y
0yniy U1,04,..5 WUa) 1= dk,
Ot 0 42) / (Mh(m) - 0ai, (kn) 8(aj,)* (k) - 6<ajn>*<kn>>
where dk represents dk; - - - dk,. If we take as AY the antisymmetric matrix in the
elementary Moyal-Weyl ordered star-product before, that is

g (0 1
K/ —
v=(40)
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then Segal’s [27] Poisson structure is written as

2

(U1, U} = D A9(5,0,,6;,).

i,j=1
One can attempt to define an analogous Moyal product on a certain subspace of
functionals using the same formula:

ih 1 iR\ .
\Ifl*M\IJQ = exp<2A) (‘I’l, \I/Q) = Z E (2> AWIL L Atndn <5i1~-'inqjla (;jl..Ajn\I/Q).
n=0 "

It is known to physicists that Moyal-Weyl ordering is not suitable in field theory
contexts. If one attempts to write down a spectral theory for the free scalar Hamil-
tonian using star-exponential methods, one finds that H x H is already not
well-defined [10]. As we have seen, the Moyal product corresponds to Moyal-Weyl
ordering. Thus this classical fact is reflected here in the star-product context.

In the usual quantum field theory setting, normal ordering removes these di-
vergences. G. Dito’s approach follows this standard one, but uses cohomological
renormalization instead. The “correct” morphism of star-products is given by [10]

r=ov(; | s )

which defines the normal ordered star-product
(4.3) Uy hy Ug =T (TU; xp TV,)

Now there is a unique Gaussian measure p on .’ @ .’ given by the characteristic
function exp(—+ [ a*(k)a(k) dk). The star-product (4.3) has the explicit form [9]:

(W1 xn W2)(a”,a) = / (‘1’1(a*aa +&)Va(a™ + 5*7a)> du(&”,€).

DS’

There is a series expansion ¥ xy Uy = Zfzo(%)nun(\lll, Uy) with the cochains
given by [10]
. o, oW,
44 (U, W) = (—20)" dk
(44 (W, W2) = (=20) /(5a(k1)~-~5a(k:n) 5a*(k1)--~6a*(kn)>

The spectral theory of (4.2]) can be written down using this normal ordered star-
product. To do this, we formally compute H xy ¥ for some functional ¥. We have
wo(H,¥) = HV and

o (H, ) = —2i / (52(]2) Mi‘I(’k)) dk = —2i / (wka*(k)afi)> dk.

Now since u,,(H,-) = 0 for n > 2, the series expansion becomes

(4.5) Hy U =HU+ h/(wka*(k)%> dk

If we denote by & the set of functionals ¥ for which % € " for each
r > 1, then one can show by induction that any n'" star-power of H will be in &
[10]. In other words, Exp, (tH/ih) exists on . and one proceeds using the theory
described in [£2]
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4.4. Closing Remarks on Star-Quantization of Fields. The fundamental
challenge in the application of deformation quantization to fields is the change from
finite-dimensional to infinite-dimensional manifolds. For example, the question of
existence for star-products has been solved in the finite-dimensional case; de Wilde
and Lecomte gave a proof for symplectic manifolds [6], while Kontsevich proved
the (very difficult) case for Poisson manifolds |20]. The existence of star-products
in the infinite-dimensional case, however, faces many challenges. One cannot even
expect a star-product to be defined in general on all smooth functions, just as seen
in the scalar field case. Since G. Dito’s star-product approach to QFT [10], progress
has been made in making sense of deformation quantization on infinite-dimensional
Hilbert spaces: see e.g. [8].

References

[1] R. ABRAHAM and J. E. MARSDEN, Foundations of mechanics, Benjamin/Cummings
Publishing Co., Inc., Advanced Book Program, Reading, Mass., 1978.

[2] F. BAYEN, M. FraTO, C. FRONSDAL, A. LICHNEROWICZ, and D. STERN-
HEIMER, Deformation theory and quantization. I. Deformations of symplectic
structures, Ann. Physics 111.1 (1978), pp. 61-110, por: |10 . 1016 / 0003 -
4916(78)90224-5.

[3] F. BAYEN, M. FrLaTO, C. FRONSDAL, A. LICHNEROWICZ, and D. STERN-
HEIMER, Deformation theory and quantization. II. Physical applications, Ann.
Physics 111.1 (1978), pp. 111-151, DoI: [10.1016/0003-4916 (78) 902257

[4] M. BORDEMANN, Deformation quantization: a survey, Journal of Physics:
Conference Series 103.1 (2008), DOI: 10.1088/1742-6596/103/1/012002.

[6) M. CraINIiC, R. L. FERNANDES, and I. MARCUT, Lectures on Poisson ge-
ometry, vol. 217, Graduate Studies in Mathematics, American Mathematical
Society, Providence, RI, 2021, DOI: [10.1090/gsm/217/.

[6] M. DE WILDE and P. B. A. LECOMTE, Ezistence of star-products and of for-
mal deformations of the Poisson Lie algebra of arbitrary symplectic manifolds,
Lett. Math. Phys. 7.6 (1983), pp. 487-496, DOI: |10. 1007 /BF00402248.

[7] G. Drro, Deformation quantization of covariant fields, in: Deformation quan-
tization (Strasbourg, 2001), vol. 1, IRMA Lect. Math. Theor. Phys. de Gruyter,
Berlin, 2002, pp. 55-66.

[8] G. Dr1T0, Deformation quantization on a Hilbert space, in: Noncommutative
geometry and physics, World Sci. Publ., Hackensack, NJ, 2005, pp. 139-157,
DOI: 10.1142/9789812775061\_0009.

[9] G. D1To and D. STERNHEIMER, Deformation quantization: genesis, develop-
ments and metamorphoses, in: Deformation quantization (Strasbourg, 2001),
vol. 1, IRMA Lect. Math. Theor. Phys. de Gruyter, Berlin, 2002, pp. 9-54.

[10] J. Dr1ro, Star-product approach to quantum field theory: the free scalar field,
Lett. Math. Phys. 20.2 (1990), pp. 125-134, poI: |10.1007/BF00398277.

[11] B. FEDOSOV, Deformation quantization and index theory, vol. 9, Mathemat-
ical Topics, Akademie Verlag, Berlin, 1996, p. 325.

[12] R. L. FERNANDES, Deformation quantization and Poisson geometry, Resen-
has 4.3 (2000), pp. 327-361.


https://doi.org/10.1016/0003-4916(78)90224-5
https://doi.org/10.1016/0003-4916(78)90224-5
https://doi.org/10.1016/0003-4916(78)90225-7
https://doi.org/10.1088/1742-6596/103/1/012002
https://doi.org/10.1090/gsm/217
https://doi.org/10.1007/BF00402248
https://doi.org/10.1142/9789812775061\_0009
https://doi.org/10.1007/BF00398277

22

[13]

REFERENCES

M. FLATO and D. STERNHEIMER, Deformations of Poisson Brackets, Separate
and Joint Analyticity in Group Representations, Nonlinear Group Represen-
tations and Physical Applications, in: Harmonic Analysis and Representations
of Semisimple Lie Groups, ed. by J. WOLF, M. CAHEN, and M. D. WILDE,
Oxford University Press, 1977, chap. 4, pp. 419-428.

M. GERSTENHABER, On the deformation of rings and algebras, Ann. of Math.
(2) 79 (1964), pp. 59-103, DOI: |10.2307/1970484.

H. J. GROENEWOLD, On the principles of elementary quantum mechanics,
Physica 12 (1946), pp. 405-460.

S. GutrT, Deformation Quantization : an introduction, 3rd cycle, Monastir
(Tunsisie), 2005, pp. 60, URL: https://cel.hal.science/cel-00391793.
S. GurT, Deformation quantization and group actions, in: Quantization, ge-
ometry and noncommutative structures in mathematics and physics, Math.
Phys. Stud. Springer, Cham, 2017, pp. 17-73.

B. C. HALL, Quantum theory for mathematicians, vol. 267, Graduate Texts in
Mathematics, Springer, New York, 2013, DOI:/110.1007/978-1-4614-7116-5.
W. HEISENBERG, Uber den anschaulichen Inhalt der quantentheoretischen
Kinematik und Mechanik, Zeitschrift fiir Physik 43 (1927), por: [10. 1007/
BF01397280.

M. KONTSEVICH, Deformation quantization of Poisson manifolds, Lett. Math.
Phys. 66.3 (2003), pp. 157-216, DOI: 10.1023/B: MATH. 0000027508 . 00421 .
bf.

V. MORETTI, Spectral theory and quantum mechanics, vol. 110, Unitext,
Springer, Cham, 2017, DOI: [10.1007/978-3-319-70706-8

N. MOSHAYEDI, Kontsevich’s deformation quantization and quantum field
theory, vol. 2311, Lecture Notes in Mathematics, Springer, Cham, 2022, DoI:
10.1007/978-3-031-05122-7.

M. PFLAUM, Functional Analysis and Non-Commutative Geometry, URL: http:
//1librimath.org/FANCyProject/.

H. ROBERTSON, The Uncertainty Principle, Phys. Rev. 34 (1929), pp. 163
164, poI: 10.1103/PhysRev.34.163,

W. RUDIN, Functional analysis, Second, International Series in Pure and Ap-
plied Mathematics, McGraw-Hill, Inc., New York, 1991.

E. SCHRODINGER, Zum Heisenbergschen Unschirfeprinzip, Sitzungsberichte
der Preussischen Akademie der Wissenschaften, Phys.-math. Klasse (1930).
1. SEGAL, Symplectic structures and the quantization problem for wave equa-
tions, in: Symposia Mathematica, Vol. XIV (Convegno di Geometria Simplet-
tica e Fisica Matematica & Convegno di Teoria Geometrica dell’Integrazione
e Varieta Minimali, INDAM, Rome, 1973), Academic Press, London, 1974,
pp- 99-117.

M. SpPiIVAK, Physics for mathematicians—mechanics I, Publish or Perish, Inc.,
Houston, TX, 2010.

D. STERNHEIMER, A wvery short presentation of deformation quantization,
some of its developments in the past two decades, and conjectural perspec-
tives, in: Travaux mathématiques. Volume XX, vol. 20, Trav. Math. Fac. Sci.
Technol. Commun. Univ. Luxemb., Luxembourg, 2012, pp. 205-228.

L. VAN HOVE, Sur certaines représentations unitaires d’un groupe infini de
transformations, Acad. Roy. Belg. Cl. Sci. Mém. Coll. in 8° 26.6 (1951), p. 102.


https://doi.org/10.2307/1970484
https://cel.hal.science/cel-00391793
https://doi.org/10.1007/978-1-4614-7116-5
https://doi.org/10.1007/BF01397280
https://doi.org/10.1007/BF01397280
https://doi.org/10.1023/B:MATH.0000027508.00421.bf
https://doi.org/10.1023/B:MATH.0000027508.00421.bf
https://doi.org/10.1007/978-3-319-70706-8
https://doi.org/10.1007/978-3-031-05122-7
http://librimath.org/FANCyProject/
http://librimath.org/FANCyProject/
https://doi.org/10.1103/PhysRev.34.163

	1. Introduction
	2. Mathematical Foundations of Physics
	3. Quantization as a Theory of Deformation
	4. Deformation Quantization of Fields
	References

