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Abstract

Hopf algebras and Frobenius algebras are two kinds of associative al-
gebras that appear naturally in several fields of mathematics and physics.
While Frobenius algebras tend to encode topological, geometric, and analytic
structure, Hopf algebras can be used to encode combinatorial or algebraic
structure. In this work we pursue one notion of infinite-dimensional Frobe-
nius algebra and define a kind of module structure of Hopf algebras acting
on Frobenius algebras, called Hopf-Frobenius modules.

Hopf-Frobenius modules are shown to provide a framework for unifying
various constructions of quantum field theory, and are also used to prove a
version of the Lie correspondence between Lie groups and Lie algebras.

We define a notion of Hopf-Frobenius quantum field theory locally, and
provide a refinement of algebraic quantum field theory which relies on Hopf
algebras with Laplace pairings.

Keywords: Hopf algebras, Frobenius algebras, quantum field theory,
algebraic quantum field theory.
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Chapter 1

Introduction

1.1 Background

The field of mathematical physics admits a great difficulty in that its
researchers (viz. mathematicians and physicists) typically understand their
field using very different languages, with different motivations, techniques,
conjectures, and conventions. The question repeatedly arises, how should
one engage with the field in order to best play to the strengths of both styles
of researcher?

While mathematicians can construct rigorous frameworks and tools for
studying physics, and can prove results in great generality, this comes with
a serious caveat: once a mathematician has produced a large class of struc-
tures which should mathematically capture certain physical systems, it is
usually very unclear, from a mathematician’s perspective, which of these
mathematically viable options should correspond to physical reality. On
the other hand, physicists can apply intuition and experiment in order to
pinpoint the physically relevant features of mathematical models, but physi-

cists” work can lack mathematical rigour and the techniques and tools they
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have available are limited by the areas of mathematics with which they have
the most dexterity.

In quantum field theory in particular, a wide variety of approaches have
developed for studying field theories. These approaches generally come in

three flavours:

1. Axiomatic approaches to quantum field theory, like those
of Wightman [35] and the work of Osterwalder-Schrader [25] try to set

down what quantum field theory s or should be. They involve lengthy
lists of axioms which, when satisfied, allow one to prove that a given
field theory has certain desirable physical properties. However, find-
ing non-trivial four-dimensional examples which satisfy these axioms

remains an open problem.

2. On the other hand, approaches like those of algebraic quan-
tum field theory (AQFT) [16] and (extended) topological quantum field

theory (TQFT) [5] study physics from the point of view of mathemat-
ics which should somehow capture the minimal amount of structure
necessary to reasonably call something a quantum field theory. This
provides a very flexible and general theory, however finding physi-
cally interesting theories within the huge ocean of viable AQFTs and
TQFTs is tremendously challenging.

3. Areas like the study of vertex operator algebras [15, &]

restrict themselves to considering certain types of field theories (for
example conformal ones) in order to have something concrete to anal-
yse, without having to commit themselves to defining what a quantum

field theory should be in general. Of course, this can often leave the
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question of the relationships between different types of field theories

rather mysterious.

In this thesis our goal is to present a new mathematical structure (Hopf-
Frobenius modules) which cuts to the heart of what a given quantum field
theory does for the physicists who study it, rather than trying to set out
what a quantum field theory s philosophically or mathematically. In other
words, when a physicist writes down a mathematical framework which they
call a ‘quantum field theory’, it is with the goal of computing some pre-
diction about a quantum system, which can then be tested experimentally.
For a physicist then, an ideal mathematical notion of a quantum field the-
ory should be something which has structure meant to capture or produce
measurable features of the universe.

With this in mind, the development of Hopf-Frobenius modules is cen-
tered around the concept of correlation functions or correlators (the
primary experimentally measurable concept in quantum field theory). It is
our hope that by putting measurement at the center of our formalism of
quantum field theory, the mathematics set out in this work can be of use to
physicists who can refine the Hopf-Frobenius set-up to best pertain to their

systems of interest.

1.2 Outline of Contributions

The two algebraic structures of interest in this thesis (Frobenius algebras
and Hopf algebras) have been studied individually at length. However in
this work we introduce generalizations of these algebras in order to capture

structure of physical interest.



Frobenius algebras: | The standard notion of Frobenius algebra assumes

the algebras to be finite-dimensional [32, 20]. With this assumption, Frobe-
nius algebras can be defined equivalently as algebras with a certain kind of
non-degenerate bilinear form, or as algebras which are also coalgebras that
satisfy certain compatibility conditions between the coalgebraic and alge-
braic structure. One approach to discussing infinite-dimensional Frobenius
algebras is to drop the requirement that Frobenius algebras have a counit,
while keeping the comultiplication [, 1]. From our perspective however, the
counit (or more generally the bilinear form) plays the key role of defining
correlators for Frobenius algebras. As such, we pursue a notion of Frobenius

algebra which drops the comultiplication requirement instead.

‘Weak associativity: | This generalized notion of Frobenius algebra also is

given a relaxed associativity condition: instead of the algebra itself being
associative, we only require that it appears associative under the bilinear

form

(zy, 2) = (2,y2) .

If we think of the pairing in physical terms, as something meant to encode
experimentally verifiable information, this says that our Frobenius algebra
only needs to appear associative experimentally — whether the algebra actu-
ally is associative or not isn’t necessarily of concern. This will be a common
theme. For example, in our definition of Hopf-Frobenius module, certain
defining conditions will only be required to be satisfied inside of a particular

bilinear form.

‘Hopf and bialgebras: | Hopf algebras (and their more general relative, bial-

gebras) have long been studied in both finite and infinite dimensions [36, 30,

|. In [13] Fauser showed that Wick’s theorem (a combinatorial result about
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computing correlators in quantum field theory) follows from the structure of
a Laplace pairing on a Hopf or bialgebra. Wick’s theorem as proved in [13]
holds for bosons and fermions. In [9] Brouder likewise restricts to the case of
Wick’s theorem for bosons. We extend these results by defining generalized
bialgebras called ()-bialgebras, whose commutation relations can incorpo-
rate more exotic terms than the +1 of commutators/anticommutators. Our
generalized Wick’s theorem is in Theorem 3.4.6 and Proposition 3.4.13. This
structure is physically motivated by the types of commutation relations that

appear for anyons and the canonical commutation relations.

Creation/annihilation operators: | Joni and Rota introduced a notion of

creation and annihilation operators that can be defined for any coalgebra
[19]. We demonstrate that for an appropriate choice of Hopf algebra and
Laplace pairing, the Joni-Rota version of creation/annihilation operators
matches with that of the standard notion from quantum field theory (see
Example 5.1.3).

‘ Hopf-Frobenius modules: ‘ We introduce the new notion of Hopf-Frobenius

modules (Definition 4.1.1) and show how it captures some of the essential
structure leveraged by physicists working with tools from geometry, algebra,

and analysis.

‘Lie correspondence: ‘ The classical Lie correspondence between Lie groups

and Lie algebras is a deep connection between the differential-geometric con-
cept of Lie groups, and the algebraic structure in Lie algebras. We show how
the classical Lie groups and Lie algebras can be viewed as Hopf-Frobenius
modules, and show that every Hopf-Frobenius module comes with both a
corresponding group and Lie algebra (Lemma 4.3.2 and Proposition 4.3.7).

We then demonstrate that in the case of the classical Lie groups/algebras,
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viewed as Hopf-Frobenius modules, a version of the Lie correspondence can
be proven which associates the appropriate Lie groups and Lie algebras to
each other (Proposition 4.3.5, Proposition 4.3.6, and Proposition 4.3.16).
We also sketch how the correspondence can be proven in the case of the

exceptional Lie groups/algebras (Example 4.4.1).

Hopf quantization: ‘ Deformation quantization is a mathematically rigor-

ous way of expressing the quantization process of quantum physics. We
introduce a notion of quantization for any Hopf-Frobenius module, which
produces a new quantized Hopf algebra, and show how this recovers ordi-
nary deformation quantization for an appropriate choice of Hopf-Frobenius
module (Example 5.2.1).

‘Hopf—Frobenius QFT: ‘ We define Hopf-Frobenius quantum field theories

(Definition 5.3.1), and show how many of the standard examples of field the-
ories can be formulated in this framework(see Section 5.3.4, Section 5.3.5,
and Section 5.4). Additionally, we present a version of the Wightman ax-
ioms which re-expresses the usual axioms in terms of the structure of Hopf-

Frobenius modules (see Section 5.5).

(Pr)operads: | Given any operad O and small category C, we describe an

operad O° whose algebras are the functors from C to the category of O-
algebras, a construction left as an exercise in [11, Chapter 14] (Proposi-
tion 6.3.2). We then prove an analogous theorem for properads (Proposi-
tion 6.4.7). The version of the theorem for the associative operad was used
in the construction of the AQFT operad of Benini, Schenkel, and Woike
[6]. In their version of AQFT, there is no explicit structure which encodes

correlation functions for the theory. We use the properadic version of the



theorem in order to define a properad of ‘Laplace Hopf AQFTSs’, whose al-
gebras are AQFTs in which the algebras of observables are bialgebras with
Laplace pairings (and thus have the structure of correlation functions); see

Proposition 6.5.6.

1.3 Outline of Thesis

In Chapter 2 we adopt a generalization of Frobenius algebras and recall
some basic properties of Frobenius algebras, showing that they hold for this
generalization. We then provide an extensive list of examples of generalized
Frobenius algebras, showing how this notion of Frobenius algebra captures
a particular structure that reappears throughout analysis, geometry, and
algebra.

Chapter 3 investigates Hopf and bialgebras and introduces the general-
ization of )-bialgebras, which allows us to state and prove a more general
version of Wick’s theorem.

In Chapter 4 we bring Hopf and Frobenius algebras together in what we
call Hopf-Frobenius modules. We formulate and prove a version of the Lie
correspondence which holds for Hopf-Frobenius modules.

Chapter 5 is an exploration of how Hopf-Frobenius modules can be used
to describe results and notions from physics.

Chapter 6 studies operads and properads, leading to the construction of

a properad of Hopf-Laplace quantum field theories.
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Chapter 2

Frobenius Algebras

In our formulation of quantum field theory, Frobenius algebras will play
the role of algebras of states and fields, as well as the algebras encoding
the geometry of spacetime. This flexibility to encode both analytic and
geometric structure will provide a powerful framework for unifying seemingly
unrelated structure in physics.

Classically, Frobenius algebras have been explicitly defined to be finite-
dimensional. With the motivation of encoding analytic structure like alge-
bras of functions, we will need a more general notion of Frobenius algebra,

which we define below.
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2.1 Infinite-dimensional Frobenius Algebras

Definition 2.1.1: *-ring

A x-ring is a ring R with an involution % : R — R such that

(z+y) =2"+y"

(vy)* =y'x
17 =1,

for all z,y € R.

Every commutative ring is a x-ring with trivial involution.

| Convention: | In what follows we will consider k to be a -field unless

otherwise specified.

Definition 2.1.2: Graded *-Algebra

A graded x-algebra is a graded k-algebra A with an involution
* : A — A such that

(ax + By)* = a"z* + f*y”

* E N

(zy)" = 2™y,

for all z,y € A and o, 8 € k.

‘ Convention: ‘ The involution in a x-algebra is often required to satisfy
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(xy)* = y*z*. However, in order to treat ordinary algebras (over or-
dinary, non-starred rings) and *-algebras on the same footing, we will

replace this requirement by multiplicativity of the involution.

Every graded algebra A over an ordinary (trivially starred) commu-
tative ring has a trivial involution x* = x for all x € A. Since every
algebra can be given a trivial grading, it follows that every algebra
over a trivially starred ring can be given the structure of a x-algebra

according to our definition.

2.1.1 Topology on Frobenius Algebras

We next introduce a few topological preliminaries. The fact that the
non-degenerate pairing that appears in the definition of Frobenius algebras
induces a topological structure will prove key to encoding geometric struc-

ture.

Definition 2.1.4: Dual Pairing of Vector Spaces

A dual pairing of vector spaces, (V,W,(-,-)), consists of k-vector

spaces V and W, and a non-degenerate bilinear form

() VoW = k. (2.1)

13



Since the bilinear form is non-degenerate, we have injec-
tions V. — W* and W — V* given by v — (v,—) and w — (—, w),
respectively. Because of this, we would like to think of V' as a nice

version of the dual of W (and vice versa).

Definition 2.1.5: Weak Topology

Let (V,W,(,-)) be a dual pairing. The weak topology on V with
respect to the dual pairing is the weakest topology such that

(—w):V—ok

is continuous for all w € W. Similarly, the weak topology on W

with respect to the pairing is the weakest topology such that each
(v,=): W =k

1S continuous.

‘ Convention: ‘ When we have a dual pairing of a space with itself

(,): VeV =k,

we will take the weak topology on V' to mean the weakest topology
such that both

(=), (v,—):V =k

are continuous for all v € V.

14



Lemma 2.1.6

Let V be a vector space, and {(W;, 7;) }ser a family of topological vector
spaces. For any collection of linear maps {f; : V. — W, }ic/, the initial
topology with respect to those maps makes V' into a topological vector
space.

Furthermore, if each {(W;, 7;)}ier is locally convex, then the initial

topology on V' is locally convex as well.

I Proof. See [37, Theorem 1.5] and [37, Example 2.5(b)]. O

‘Underlying field: ‘ In what follows we shall assume our Frobenius algebras

are over the field R or C unless otherwise specified.

Proposition 2.1.7: Weak Topology is Locally Convex

Let (-,-) : V®V — k be a dual pairing of a vector space with itself.
Then the weak topology on V' gives V' the structure of a locally convex

topological vector space.

Definition 2.1.8: Graded Frobenius Algebra

A graded Frobenius *-algebra (F, (-, )), is a graded not-necessarily

associative nor unital algebra F' over a *-ring k, with non-degenerate
bilinear form (-,-) : F' ® F' — k, such that

(zy, 2) = (z,y2) (2.2)

for all z,y, z € F and for all non-zero z € F, there exist some a,b € F
such that ax and xb # 0.

r
\.




Our notion of Frobenius algebra generalizes the standard notion in four
ways, permitting: non-associative algebras, infinite-dimensional alge-

bras, a graded structure, and an involution.

‘Trivial Structure: ‘ In the case of a finite-dimensional algebra concen-

trated in degree zero, with trivial involution, we recover the usual notion

of Frobenius algebra.

‘Non—Associativity: ‘The condition on the pairing, (zy, z) = (z,yz) can

be thought of as a kind of weak associativity condition. We will see that
it is equivalent to the existence of a linear functional € on the algebra

such that e((xy)z) = e(x(yz)) for all x,y,z € F.

| Infinite Dimensions: | In the literature, infinite-dimensional Frobenius

algebras are often defined differently to the definition we take here,
requiring a map A : F' — F® F, called a comultiplication, which has
to satisfy certain compatibility conditions with the multiplication on F.

For more information, see [1, 1].

\ Graded Structure: \From a physics perspective, allowing graded Frobe-

nius algebras will give us the flexibility to describe both bosons (com-
muting elements) and fermions (anticommuting elements), by placing
the fermionic elements in degree 1. This is a common approach in

studying supersymmetry.

Defining Frobenius algebras and involutions in the way we

have will allow us to treat real and sesquilinear pairings as two sides of
the same structure. We make this point more explicitly in Lemma 2.1.9

below.
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In what follows, we will think of the Frobenius form as a

kind of integral: (f,g) ~ [ fg.

Since we would like to think of Frobenius algebras as

something like algebras of integrable functions, we don’t expect them
to arise as unital algebras naturally. The weaker condition that there
are no non-zero xr € F' which behave like zero elements will be sufficient

for our purposes.

Lemma 2.1.9

Let F' be a graded Frobenius x-algebra with bilinear form (-, )p .-

Then there is an associated sesquilinear form (-, -), defined by

<x,y> = <x7y*>Frob (2?))

which satisfies
(zy, 2) = (z,y"2) . (2.4)
Similarly, given a sesequilinear form on F, (-,-), satisfying Equa-

tion (2.4), there is an associated bilinear form (-, )y, that gives F

the structure of a Frobenius algebra, defined by

(@ Yoo, = (2,97) - (2.5)

17



Proof. |1f Bilinear: | Given a Frobenius form (-, )y, We have

The induced pairing is sesquilinear, as

(ax + By, vz + dw) = (ax + By, (V2 + W) g
= {0z + By, 72" + 5 W g
= oY (2, 27 ) pop, + 0" (2, W) g, + 87 (Y 2 ) o + B0 (1 0 )
= o (z,2) + ad” (z,w) + B7" (y, 2) + B0" (y, w) .

If sesquilinear: ‘ A symmetric argument produces a Frobenius form

from a sesquilinear one satisfying Equation (2.4). O

It follows that the structure of a Frobenius algebra can be expressed in
terms of either a bilinear or sesquilinear form, satisfying the appropriate

associativity conditions.
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Definition 2.1.10: Topology on a Frobenius Algebra

Let F' be a graded Frobenius algebra over a field k. We view F' as a
locally convex topological vector space with the weak topology induced

by the form

(- )pop - X F— k.

It is not necessarily the case that the involution on a Frobenius
x-algebra will be continuous in the above topology. Hence it is not

necessarily the case that (z,—) = (z,(—)")p,, Will be a continuous

functional for any fixed x.

Lemma 2.1.11: Frobenius Algebra Topology is Induced from
Vector Space Basis

Let F be a vector space with bilinear form (—, —), and B = {b;} be

Y

any basis and let

XF:{<—,$>,<$,—> |$€F}
Xg ={(—,b;),(bi,—) | b; € B}.

If 77 is the initial topology on F' induced by the maps in Xz and 75
is the initial topology induced by Xpg, then

™B = TF.

19



Proof. Since Xp C Xp, 73 C 7p. For any finite choice of elements

v1,...,0, and r > 0, let
Ur(vg,...,v) ={x € F || {z,v)|,]| (v, x) | <r for all i}.

Then {U,(v1,...,v) | r > 0,t € N,v; € F} forms a neighbourhood

basis of zero in 7p.

e C 7: | For any U, (v, ...,v;) we can express each v; in the basis B.

In particular, we will only need finitely many basis elements to do so,

say {bj,,...b;.}. Write v; = >, a;bj,. Now consider the open set

r

Vo= A{a | [z, b5) [, {bj, 2) | < for all ji}.

m(max; |a|)
Then for any x € V' we have
| {2, 05) | = |ZO‘M <x7bje> |
¢
<> foviel| {2, bj,) |
¢
T‘OCZA
<
Z mang |Oélg|)
<r.

Similarly, | (v, z)| < r for all i. Thus V' C U,.(vy,...,v). It follows
that 7 C 75. O

Let V,W be topological vector spaces. Then a bilinear map (—, —) :

Vi x Vo — W is continuous if and only if it is continuous at (0, 0).

20



Proof. Say (—,—) is continuous at (0,0). Now take an arbitrary point
(z,y) € Vi x V,, and an open neighbourhood U of (z,y) € W. Since
scalar multiplication and translation are homeomorphisms, U — (z, y)
is an open neighbourhood of 0 € W, and there is a balanced open
neighbourhood of 0, B C W such that

B+B+BCU-— (z,y).

Now since (—, —) is continuous at (0,0) and (0,0) = 0 by bilinearity,
we can find a basic open set A; x Ay C Vi x V5 such that

(—,—) (A1 x Ay) C B.

Without loss of generality, since A;, Ay are open sets containing zero,

we can take them to be balanced and absorbing. Hence there are scalars
O<A\pu<l

such that Ax € A; and py € A,. Consider the open neighbourhood of
(z,y)

AL X ANAgy + (z,y) .
Given (a,b) € A} x Ay, we have

(ua + x, Ao +y) = pA(a,b) + A (z,b) + p{a,y) + (x,y)
= pA(a,b) + (Az,b) + (a, py) + (2, y) .

Since 0 < A\, < 1 and B is balanced, we have pA (a,b) C uAB C B.

21



We also have (\z,b) , (a, uy) € B. So

(—, =) (WA X My + (z,y)) € B+ B+ B+ (z,y)
C (U —(z,y)) + (z,9)
=U.

Thus (—,—) is continuous at (x,y), and hence everywhere. The other

direction of the proof is trivial. O

Lemma 2.1.13: Finite-Dimensional Frobenius Algebra Pair-

ings are Jointly Continuous

Let F' be a finite-dimensional Frobenius algebra, viewed as a topo-
logical vector space with topology induced from (, —)mon > (= ¥) Fvon-

Then the pairing

(v )pop - FEXF =k

is jointly continuous. Similarly, if F' is over a trivially-starred field,

and we give F the topology induced by (z,—), (—,y), then
() FxXF =k

is jointly continuous.

Proof. We prove that (-, )., is jointly continuous in the appropriate

topology. The proof for (-, -) is analogous. Let {b;} be a basis of F' and
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consider the following preimages of open balls around zero in k:

Bip(r) = (= bi) ey, Bo(r)
By, (r) = {bi, =) pop Bo(r)-

From Lemma 2.1.11 a neighbourhood basis of zero in F'is given
by {Ni_; B (r) N By(r) | for all r > 0}.

‘ Joint continuity: ‘ From Lemma 2.1.12, it’s enough to prove continuity

at zero. Consider a ball of radius r around zero By(r) in k. We take

the open neighbourhood of (0, 0)

ﬂBL ) N B (r) ﬂBL ) N BL(r)).

Then (-, )pop (V) € Bo(r). Thus the pairing (-, )., is continuous at

(0,0) and hence is jointly continuous. O

‘ Convention: ‘ In what follows, (-,-) will denote the sesquilinear form unless

otherwise specified.

2.1.2 Coalgebras

The standard notion of Frobenius algebra is often expressed in terms of
a compatible algebra/coalgebra structure on a vector space. However, as we

will see, this formulation is unique to finite-dimensional spaces.
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Definition 2.1.14: Coalgebra

A coalgebra is a k-vector space C, along with k-linear mapse : C' — k
and A : C' — C ® C, such that

| Counit Condition: |(e®1)oA(z) = (1®e)oA(z) =z forall z € C.

| Coassociativity Condition: | (A® 1) o A(z) = (1® A) o A(x) for all
xeCC.

‘Terminology: ‘ We call A the comultiplication and ¢ the counit of

the coalgebra.

‘Sweedler Notation: ‘ In what follows, we will often employ Sweedler

notation, denoting the elements A(x) = > 2,1 ® z;2 by

Z (1) @ x(2). (2.6)
Given a linear map ¢ : C' — C, we will often denote the

linear map ¢ ®1: C®RC - C®C,by ¢1,and 1®¢: CRC - CxC,
by 2.

Coalgebras often appear as spaces which become dualized. Linear maps
out of a coalgebra, into an algebra, always have the structure of an algebra,
called a convolution algebra. For proofs of the following three results, see

the references below.
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Lemma 2.1.15: Convolution Algebra

Given any coalgebra C' and algebra A, the set of linear maps Mor(C, A)

has an algebra structure under the convolution product:

¢ x () = p(o @ Y)(Az) (2.7)

where p(a,b) = ab is the multiplication in A.

I Proof. See [32, Chapter VI Lemma 2.1]. O

Proposition 2.1.16

Let F be a finite-dimensional associative algebra over a field, with
multiplication p. Then F' can be given the structure of a Frobenius
algebra if and only if there exist A : F' - F ® F and € : F — k that

make I’ a coalgebra, and

EeDAA) =1 u) (A1) =Apu (2.8)

7

I Proof. See [20, Proposition 2.3.22 and Proposition 2.3.24]. ]

Lemma 2.1.17: e

If F' is both a unital algebra and counital coalgebra, such that the
multiplication and comultiplication u, A satisfy the compatibility con-
dition

(Ee1)1IA) =1 (A1) =Apu, (2.9)

then I is finite-dimensional.




I Proof. See [20, Proposition 2.3.24]. O

2.2 Properties of Frobenius Algebras

Below we catalogue some basic properties of Frobenius algebras which
will be useful later in the work. These results are standard in the case of
ordinary (non-graded, non-star, finite-dimensional, associative) Frobenius

algebras, and can be found in [20, Chapter 2.

Lemma 2.2.1

Let F' be an associative unital graded Frobenius algebra. Then there
is a linear functional € : ' — k whose kernel contains no non-trivial

ideals (left nor right), such that
(x,y) = e(zy"). (2.10)

Conversely, given any non-zero functional € with simple kernel on an

associative algebra, (z,y) = e(xy*) defines a (sesquilinear) Frobenius

form.

Proof. |Given a form: | Since F is unital, we can define a functional
e(y) = (Ly"). Then e(xy”) = (1, (zy")") = (L, 27y) = (z,y). Now
let I be a right ideal in the kernel of € and let x € I. It follows that

xy* € I for all y, so (x,y) = e(xy*) = 0 for all y. Thus z must be zero,
and [ trivial. Similarly, if I is a left ideal, taking y € I would imply

(x,y*) = e(xy) = 0 for all z, and so I must be trivial.
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|Given a functional: |(zy, z) = e(zyz*) = e(x(y*2)*) = (z,y*z). Now if

(z,y) = 0 for all 2, we can take the left ideal generated by y*, I )%, which
will be contained in the kernel of €. Since ¢ is non-zero by assumption,
it follows that IyL* must be trivial, so y* = 0. Using the linearity of the
involution, we conclude y = y* = 0. Similarly, if (z,y) = 0 for all y,

the right ideal generated by x must be trivial, and thus x must be zero.

It follows that the pairing is non-degenerate. O]

Terminology: | We call the linear functional ¢, the counit of the Frobenius

algebra.

Lemma 2.2.2: Tensor Products of Frobenius Algebras

Let A, B be graded (not-necessarily associative) Frobenius algebras.
Then their tensor product as graded algebras A ® B has a Frobenius

algebra structure, with the pairing
(t®y,a®b) = (—1)lall¥ (,a) 4 (y,b) 5 (2.11)

which we extend bilinearly.
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Proof. ‘Associativity Condition: ‘ First note that we can rewrite

(z@y)(u®v),acb
( 1)\y|\u| <(3;u ® yv

( 1)\yI\UI( )|y”Ha| (:L’u, a) (yv, b>
(=)l tloellal (02 0 a) (y, v*b)
=(-1)
= (-1

)
)

,a®b)

1) wllel+ellal(_1)llleal (4 @ 4 y*q @ v*b)
1)llel+yellal+yllwal _pylollel (3 & 4 (u ® v)*(a @ b)) .

Now the exponent of (—1) can be rewritten, noting that the star invo-

lution is a degree 0 map, as
2ly|lul + 2lvlla] + 2]y||al.
It follows that the factor of (—1) disappears, so
(x@y)(u@v),a@b) = (r@y, (1@ v)(a@b)).

For more general tensor elements, we then have

<(Z i &® yj)(z Uk @ W)a Zam ® bn> = Z <xz & Yy, (Uk: ® W>*(am & bn)>
i ke mn

ijklmn
- <sz ® y;, (Zuk ®v4)*2am ®bn> )
i ke mn

Non-degeneracy: | The non-degeneracy of a pairing (-,-) : V@V — k

is equivalent to injections into the dual spaces V' — V* of the form
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v — (v,—) and v — (—, v). Consider the map A ® B — A* @ B* given
by
a®b— {(a,—) @ (b,—). (2.12)

This is the tensor product of injective maps. Since we're working with
vector spaces, which are in particular flat modules, we find that this map
is also injective. Similarly, the map a ® b — (—, a) ® (—, b) is injective.

It follows that composing with the injection A*® B* — (A® B)*, given

by the pointwise product, recovers our pairing and is also injective. [
2.3 Examples of Frobenius Algebras

2.3.1 Examples from Algebra and Geometry

For any vector space, V', pick a basis {e;} and define the multiplication

and counit by

€i€j = 0,56

et (2.13)

If V is finite-dimensional, the comultiplication on this Frobenius alge-

bra is given by

Aei =e; K e;. (214)

29



| Frobenius Form: | If 2 = 3, z;e;, it follows that

(x,y) = e(ay”) = Z vy

is the ordinary inner product in the case that V is a real or complex

vector space.

| Associative: | Note that

(eiej)er = dijeer, = 0;j0ike;
= 5ijkez'
= 040k
= e;(ejex).

It follows that (zy)z = >, vy 2k(eies)er = X xiy;znei(ejer) = x(yz),
so the multiplication is associative.

Definition 2.3.2: Clifford Algebra

Let V be a finite-dimensional vector space over a field k with char k #
2. Let @ : V — k be a quadratic form. The Clifford algebra
associated to (V@) is the quotient algebra

T(V)/ (2* ~ Q()1),

where T'(V) is the tensor algebra on V.
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Below we make use of several results from the theory of Clifford algebras.

For more information, see [21, Chapter V].

Every Clifford algebra comes with a symmetric pairing in-

duced by Q:

(7,9)g = Qz +y) — Qz) — Qy).

For any field k with char k # 2, any symmetric bilinear form admits an
orthogonal basis. Writing Q(z +y)1 = (v +y)? = 2y + yz + 2> + > =
zy +yr + Q(z)1 + Q(y)1, we have

(7,9)o1 = (Qr +y) — Q(z) — Qy))1
=y + yx.

For orthogonal basis elements {e;}, we then have e;e; = —eje;. We also
have (e;, €i>Q = Q(2¢;)—Q(e;)—Qei) = 4Q(e;) —Q(e) —Q(e;) = 2Q(es).
So

(€i,e5) = 20;;Q(e;).
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Let C be a Clifford algebra with non-degenerate quadratic form @,

with associated orthogonal basis {¢;}. Let E be the subspace of mono-

mials in the {e;}:
E = {ZZageil o€}
k>1 G

where i ranges over the multi-indices (i; < ... < i) of length k. Then

C'is a Frobenius algebra with trivial involution and the counit

1
e(x)=0, z€E (215)

|Clifford pairing: | First note that e;e; € £/ unless ¢ = j, in which case,
e? = Q(e;)1. Tt follows that

1
<€i; €j>nob = €(€i€j) = 5ijQ(€i) = 5 <€i7€j>Q-

Now if z,y € V, with x = ), z;e; and y = >, y;e;, we have

(T3 Y) Frob, = E :xzyz €1 €j) Frob = E :xlyl ez,ej

1
- 5 <$ay>Q

In particular, (z,y) = >, z,4:Q(e;).
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‘Non—degenerate: ‘ Consider an arbitrary product of basis elements of

V:oe...e,, with i; < ... < i By definition, e(e;, ...¢€;,) = 0. Now
(i -+ €igs €y - i) ey 7 0 if and only if e;, ... e;, is a permutation of
ej, - ..¢€j, (otherwise the product e;, ...e; € ...e; will be a non-trivial
product €, ...é,,, and hence the counit will send it to zero). We also

have

<6i1 R TR = T eil)Frob = 8(67;1 R TR~ T 6i1)

= Q(eh) S Q(elk)

It follows that given two elements of x,y € C', which we express in the

basis {e;, ...e; }i <. <i,, we have

<:I), y>Frob = E : T7Y5 <€i1 oo Gy Gy e eje>Frob
11 <...<ip
J1<.<Je

= > wwiQen) Qe ) (-1) T
i1<... <ig
where we used the fact that, given a product e;, ...e;,, it takes a total
of (k—1)+(k—2)+...4+1 = Ek(k —1)/2 transpositions to reorder
it into e;, ...e;, (first moving e;, to the left k — 1 places, then e;,_, to
the left k — 2 places, and so on). In particular, note that the pairing is

symmetric:

<[L’, y>Frob = <y7 x>Fr0b :

Now given any non-zero z € (', expressed in the above basis, there is

some non-zero coefficient z; of e;, ...e;,. Then we have (using the fact
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that @ being non-degenerate implies Q(e;) # 0 for all 7)

£0.

£(e—1)
2

(@, €5 ej) = 25Q(e5) - Qleg, ) (=1)

Thus our pairing is non-degenerate, and we have the structure of a

Frobenius algebra.

Consider the real vector space R?", with basis {a;, b;}? ;. We impose

the following multiplication

@his = o
oty = Oalo
il = (3009
bib; = —d,;a;,

take the counit to be e(a;) = 1, £(b;) = 1, and let the star involution

018 @' = Wy, (0 = i

For any fixed 7, we have
(ua; + Bib;)(aza; + Babi) = (uag — BrfB2)a; + (a1 By + Braz)bi,

recovering the complex numbers. The induced Frobenius pairing will

be

(oziai + ﬂzbz, (ajaj + 6jbj)*>Frob = (51“(041'05]' + ﬁlﬁj — Oéiﬂj + ﬁiaj).
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If we view z; = «o4a; + (;b; as an element of C", the above pairing is
the composition of the ordinary pairing on C"” with the R-linear map
7 : C — R that sends 7(1) = 7(i) = 1.

Take the same *-algebra structure on R?*" as in the previous example,

but consider the following counit:

€o(ai)

1
5O(bi) 0.

The Frobenius form in this example is the standard orthogonal form

on R2".

From our previous example, we know that
(ra; + Bibi)(aza; + Babi) = (rag — B1B2)a; + (a1 Bz + Braa)b;.
It follows that E((O&l&i + Blbi)(agai + ﬁgbl)*) = Qg + ﬁlﬁg. Thus

co(xy") = (2,y)0 = Z%‘yi,

yielding the standard inner product.
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If we take the same x-algebra structure on R?" as in the previous two

examples, but select our counit to be

Es(ai)

0
55(()1‘) 1

our Frobenius form becomes the standard symplectic form.

The Frobenius form (z,y) = e(zy*) satisfies

(ai,a;) =0 (ai, bj) = —0y
(bi,bj) =0

giving the standard symplectic pairing.

| Unitary matrices: | The linear maps which simultaneously preserve both of

the above Frobenius structures on R?” can be identified with the unitary
matrices U(n). This result is part of the 2-out-of-3 property (see for
instance [3, Section 41]). This suggests that considering multiple Frobenius
algebra structures on the same underlying algebra can be useful. We pursue

this line of thought in Chapter 4.

Let G be a finite group. The following paring is non-degenerate and

defines a Frobenius algebra structure on the group algebra kG-

(g,R) = 8,-1. (2.16)
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|Non—degeneracy: |Given anon-zerou = » . a,;g; € kG, we have <u, g1_1> =

a1 # 0. Thus the pairing is non-degenerate.

|Associativity Condition: | Let g,h,k € G. Then (gh, k) = dp-14-1; =
Og=1 hk = (g, k).

|Group Characters: | Given a finite group, G, using the isomorphism

noted above, we can view any ¢ : G — k as an element of kG. Applying

the above Frobenius form, we have

(0, 0) =) dlg)(g™) (2.17)

geG

which is the inner product on group characters (up to a normalization

1
of —).
L

A composition algebra is a finite-dimensional vector space V
with not-necessarily associative multiplication, a unit, and a non-

degenerate symmetric bilinear form (-, -), such that

(zy, zy) = (z,2)(y, y). (2.18)

For more information on composition algebras see [33, Chapter 1]

Composition involution: | Every composition algebra has an involution
defined by

zt=2(x, 1)1 — 2. (2.19)
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It turns out that (xy,2) = (z,2y") and (zy)" = y'z!. We can define a

new non-degenerate pairing on any composition algebra by

(& Yo = (. 97), (2.20)

which will satisfy (zy, 2)po, = (T, Y2) prop-

\Frobenius Involution: \ Note that the involution on the composition

algebra is anti-multiplicative: (xy)! = y'2T, but the involution on our
Frobenius algebras are defined to be multiplicative. So we view our un-
derlying ring £ as a *-ring with trivial involution and take our involution

on the Frobenius algebra to be trivial as well.

Complex Numbers: ‘ The complex numbers can be viewed as a real

composition algebra, where

1

(z,y) = Q(ﬂs*y + zy”).

The involution on this algebra is the complex conjugate: z' = z*, and

the Frobenius form we end up with is the real part of the product:

(z, y>Frob = R(zy).

On the other hand, taking the complex numbers as a complex compo-

sition algebra, where

(z,y) =y

and the trivial involution is z7 = x gives
(T, Y) iy, = Y-
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Note in this case, even though the composition algebra involution (—)T
is trivial, on our complex Frobenius algebra we can take the complex

conjugate as our involution, giving

(z,y) = xy",

the ordinary complex inner product. Thus the involutions in the com-

position and Frobenius algebras play different roles in general.

Octonions: | The octonions can be viewed as a real composition algebra

as follows: let {eg,...,e7} be the standard basis of the octonions, and

write each © = ). z;e;. Then

and zf = zpey — ZZ:1 x;e;. We get

7
(T, Y)pvon, = ToYo — Ziﬂzyz
=1

This provides a nice example of a Frobenius algebra which is not asso-

ciative, but still satisfies associativity under the pairing:

(zy, 2) = (2,y2) .

We can think of Frobenius algebras of this type as being weakly asso-

ciative.
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Let M,,(R) be the algebra of n x n matrices. This can be given a

Frobenius algebra structure, with pairing

(A, B)y., = Tr(AB). (2.21)

Complex case: | If we instead take M, (C) n x n complex matrices,

viewed as either a real or complex algebra, we can define an involu-

tion * : A — A by entrywise complex conjugation, which gives A the

structure of a x-Frobenius algebra.
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2.3.2 Examples from Functional Analysis

Let H be a Hilbert space (even one that is non-separable). Pick an
orthonormal basis {e,} and define a multiplication as follows: given

any two elements x = Y %) To,€q,, ¥ = )1 Yp;€5;, let

o0
rY = E :x'ka”Yke’Yk’
k=1

where {e,, }72; = {eq, }52; U {ep, 152, and the coefficients z;, y; have

been reindexed appropriately. With the pairing

<33’ y)Frob = Z Loy Yoy »
k=1

this has the structure of a Frobenius algebra. For more information

on non-separable Hilbert spaces, see [2].

We need to check that the multiplication is well-defined: that it con-
verges and doesn’t depend on how we chose to order the e, in the

suln.
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‘Pythagorean Theorem: ‘ Since {e,} are orthonormal, we have

2

N N N N
Z )\ieai = <Z )\ieai, Z )\ieai> = Z <)\i€a¢7 )\jeaj >H
i=1 =1 =1 H 1,j=1

N
=> I
i=1

Convergence: ‘ First note if z = . ze,,, then (D ;- zieq,)¥-; is a

Cauchy sequence. Considering the differences of the partial sums, we

have

N
E TiCqy

i=M+1

N M
E LiCoy — E Ti€q,
i=1 =1

It follows that the sequence (Zfil T;€,,) is Cauchy if and only if (Zf\il |25 |%)
is Cauchy. Now if x and y are expressed in terms of our orthonormal
basis, we can show that , x,,y,, €, is absolutely convergent: for any
fixed M, N, by the Cauchy-Schwarz inequality,

N N N
Z | Y| < Z |2 2 Z Y |-
k=M k=M =M

Since (30, |24, |2) and (30, |44, |?) are Cauchy by the argument above,
we can make the right hand side of the inequality arbitrarily small by
picking M, N sufficiently large. Thus the series ), |2, 9, | is absolutely
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convergent. In a Hilbert space, absolute convergence implies uncondi-

tional convergence. Thus the series

o
§ : x'Yk y’Yk e'Yk
k=1

is both convergent and independent of how the terms in the sum are

rearranged. So our multiplication is well-defined.

Non-degeneracy: ‘ First note that our pairing

<‘T7 y>Frob = Z I’Yk y”{k

k=1

is well-defined, since the sum on the right is absolutely convergent from
the argument above, and thus converges. Note that the Frobenius pair-
ing matches the inner product on the Hilbert space. Now given any

non-zero x, there is some coefficient x,; # 0. Then

<ZE, eaj> = Zq; 7é 07

and so our pairing is non-degenerate.

Associativity: ‘

(x, yz>Frob = <I7 Z y’Ykz"/ke"/k> = Z L6,Y6,%0,
¢

k

= (Y, 2) o, -

Both pairings are equal to the sum of the product of those coefficients

of x,y, z that are non-zero on the same basis elements.

43



Let C2°(R™) be the algebra of smooth compactly supported functions.
The pairing
(- = | 19 222

gives C°(R™) the structure of a Frobenius algebra.

This example works more generally: Let M be any oriented smooth
manifold equipped with a volume form w € Q"(M). The chosen volume
form gives us a way of defining an integral over the manifold. Taking
the algebra C2°(M) of smooth compactly supported functions, we can

define a Frobenius form by

<f7g>Enb::./i[fga%

giving C'2°(M) the structure of a Frobenius algebra.

Let

S={f e C*[R"C) | Vo, 8, sup |25 ...z (8 ... 8% f)| < o0}

reR™

be the algebra of Schwartz functions. The pairing

(f,9) = / fq (2.23)

gives S the structure of a Frobenius x-algebra.
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2.3.3 Graded Examples

Let F be the exterior algebra A[f,...,0,]. The Berezin integral is a
linear functional defined by

e0rA...AN0,) =1 (2.24)

e(z) =0, if x is missing one of the 6;.
Taking the Berezin integral as our counit gives the exterior algebra
the structure of a graded Frobenius algebra. For more information on

Berezin integrals see [29, Section 9.5].

Alby,...,0,] is viewed as a graded algebra where products

of £ many 6; have degree k.

Let K C R™ be a compact subset and let F' be the graded vector space
Slz1, ..., ] @ Alf1, ..., 604]. Forany f=>" fu1)® f2) we define

e(f) E/Kf(l)?fB(f(z)) :8B(f(2))/Kf(1) (2.25)

where ep is the Berezin integral. This gives F' the structure of a

Frobenius algebra.
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We can similarly replace S[zy, ..., x,] by any algebra of integrable func-

tions, such as C2°(R™).

The structure of this example is the tensor product of the Frobe-
nius algebra structure of S[xy,. .., x,,] given by integrating over K, and

the Frobenius algebra of A[fy, ..., 0,] given by integration with respect

to the Berezin integral.

Let V=V, @ Vi be a graded free module over R or C. Take fixed
bases {e?}, {e}}, for V; and V; respectively. We turn V' into a graded

algebra with the following multiplication:
efel = (—1)lHlielg, e+t (mod D) (2.26)

1
Choosing the counit to be e(ef) =1, e(ek) = §h for some real h, gives

V' the structure of a graded Frobenius algebra.

Associativity: | To show associativity, first we consider products of ba-

sis elements: egi, egj, eg:. Note that this product will be zero, no matter

how parentheses are placed amongst the three terms, unless i1 = iy = is.

So without loss of generality, we can consider i; = i5 = i3 = i. Now we
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have

(cleb)el =

(—1)|]||k|€‘z+k (mod 2)66

%

(_1)|j||’€|(_1)(lj\+|k|)\€|eq‘+k+€ (mod 2)

Similarly,
el (ekef) = (—1) kIl h+t tmod 2)
— (_1)|j|(\k\+|€|)+|k||€|€g+k+€ (mod 2)'
Thus (ele)e! = el(eket) = (—1)llIklHlIEHIRIE I TR+ (med 2) NG oy

arbitrary product will have the form
(wy)z = ng;yg; 2 eliel)el
- Z eyl el (efel)
oty

So our algebra is associative.

Multiplication: ‘ More explicitly, our multiplication will have the form
vy = Zxﬁ ylellel

= sllgzl 491, 72 ]1+]2 (mod 2)
= E (— 1)\ 117 |;1: yi2el
1,J1,J2

= (2l — alyl)ed + (afy! + x)el.

i
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In particular,
R Z((a:?)Q — (21)?)ed + (22} + z}2?)e;.

Note that this product is not graded-commutative since eje! =
—eY # 0. However, we always have zy = yx. It follows that our

pairing (z,y) = ¢(zy) = (y, ) will be symmetric.

1
If we set e(e?) = 1 and g(e}) = 571 for some real number h,

we can view

(2, 2) = Y (@) = (2})) + (2R (2.27)

as a kind of deformation of the Minkowski metric.

‘Non—degeneraey: ‘ Let z =}, 2’el be a non-zero element of V. We

have
(z,el) = Zx 1)lfle (el ) = ade(ef) + (—1)Mzie(el).

In particular, (z,e?) = 29 + xLh and (z,e.) = x9h — x;. Thus

(z, a6} + Bey,) = (a + Bh)ay + (ah — B)xy

Now since = # 0, there is some xfg # 0. We can always choose o and [

above to get a non-zero pairing. If z9 # 0, take 8 = ah, so

(x,ce) + ahey) = a1l + By # 0.

48



Similarly, if x}, # 0, then choosing o = —fh gives
(z,—phey + Bey,) = —B(1+ 1*)xy, # 0.

Thus our pairing is non-degenerate.
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Chapter 3

Hopf Algebras and Laplace Pairings

Hopf algebras (and their slightly weaker notion, bialgebras) will play the
role of algebras of observables in our formulation of quantum field theory.
On their own, these algebras can account for the structure of operators and
their products or compositions. However, it is once we introduce additional
structure onto our bialgebras, in the form of Laplace pairings, that we will

be able to account for measurable features of a QFT (the correlators).

50



3.1 Generalized Bialgebras

Definition 3.1.1: Generalized Bialgebras

Following [23], we define a generalized bialgebra with relations R,
as a tuple (B,u,n,A, e, R), where B is a k-vector space, equipped

with linear maps

p:BB=DB:A
n:k=B:¢

(3.28)

such that (B,pu,n) is a unital k-algebra, (B,A,¢) is a counital k-

coalgebra, and R is a set of relations of the form
§ob=> (i®..®6) 0w o(li®...008), (3.29)
where 6,8 € {A,¢,id}, 0,0" € {n,p,id} and w* : BE™t" — BEmIn

are braiding maps.

The compatibility relations on a generalized bialgebra tell us
how we can rewrite compositions of operations followed by co-operations

as co-operations followed by operations.

(co)Unital: | In [23], Loday considers generalized bialgebras that are

not necessarily unital or counital. Here all of our bialgebras will be

both unital and counital unless otherwise specified.
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In Proposition 2.1.16 we saw that finite-dimensional Frobenius alge-
bras can be characterized as vector spaces that are both algebras and

coalgebras, with the compatibility relations

Alzy) =) zya) @ ye)

(3.30)
Aley) =Y 20 ®z@y.

What is usually called a bialgebra, is a generalized bialgebra with the

compatibility relations

A(zy) = A(z)A(y)

3.31
e(zy) = e(w)e(y) 330

for all x,y € B.

Definition 3.1.4: Hopf Algebras

A Hopf algebra H is a bialgebra with a map S : H — H (called an
antipode) such that

no 8(37) = Z :c(l)S(x(g)) = Z S(x(l))x(g). (3.32)




If S is an involution, we call H an involutive Hopf
algebra. In what follows all of our Hopf algebras will be assumed

involutive unless otherwise specified.

We will begin by studying ordinary bialgebras and Hopf algebras. How-
ever, we will see that certain ideas from quantum physics motivate the study
of more general bialgebras, which can be thought of in some cases as defor-
mations of ordinary bialgebras, or bialgebras encoding particular physical

properties like particle spin.

3.2 Examples of Ordinary Hopf and Bialgebras

Our basic examples of ordinary bialgebras will be divided into two broad
classes: those generated by grouplike elements, and those generated by prim-

itive elements (definitions which we present below).

Definition 3.2.1: Grouplike Elements and Primitive Elements

Let B be a bialgebra. An element g € B is called grouplike if it has

the comultiplication
Ag=g®g, g#0.
An element p € B is called primitive if

Ap=1Q@p+p®1.

We will make use of the following standard results about grouplike and

primitive elements below. For proofs, see the reference below.
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Proposition 3.2.2: Properties of Grouplike and Primitive El-

ements

Let B be a bialgebra.

1. The grouplike elements of B form a monoid. Furthermore, if
B is a Hopf algebra with antipode S, the monoid of grouplike

elements is a group, where the inverse of ¢ is S(g).

2. The primitive elements of B form a Lie algebra under the com-

mutator bracket.

Proof. See [30, Proposition 5.1.15].
]

The following classes of ordinary Hopf and bialgebras will be of two
types: those generated by their grouplike elements and those generated by

their primitive elements.

Example 3.2.3: Ordinary Bialgebras: kM

Let M be a monoid. The monoid algebra kM has the structure of a
bialgebra with

Ar=zQz

o)1 (3.33)

for all z € M.
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In the case that our monoid is a group, G, the group algebra

kG has Hopf algebra structure with the above comultiplication and

counit, and antipode
S(g) =g " (3.34)

It is with this in mind that Hopf algebras are often thought of as gen-

eralizations of groups.

Dimensionality: | Note that, unlike Frobenius algebras, Hopf and bial-

gebras have a compatibility between multiplication and comultiplication
that is well-behaved even for infinite-dimensional groups. Unlike Exam-

ple 2.3.7, the Hopf algebra kG makes no assumptions on the size of G.

Given a graded vector space V', the tensor algebra T'(V) is the free
graded algebra over V. It has the structure of a Hopf algebra, with

Ar=z@1+1Q@x
e(x) =0 (3.35)
S(x) =—=x

for all x € V. We then extend A and ¢ to the rest of 7'(V') multiplica-

tively and S anti-multiplicatively.

If we take V' to sit entirely in degree zero, we recover the usual,

ungraded version of the tensor algebra.
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Given a vector space V, the exterior algebra AV = @, A*V has the
structure of a graded Hopf algebra, where A*V has degree k, and

Ar=rz1+1®x
S(z) = —=.

for all x € V. We then extend A and ¢ to the rest of A(V') multiplica-

tively and S anti-multiplicatively.

Let g be a Lie algebra. The universal enveloping algebra U(g) has the

structure of a Hopf algebra with

Ar=z®1+1®«x
e(x) =0 (3.37)
S(z) = —=x.

for all x € g.




Let S(V') be the symmetric algebra on the vector space V. This is a
Hopf algebra with

Ar=z®1+1®@«x
e(x)=0 (3.38)
S(z) = —=.

The symmetric algebra is a special case of Example 3.2.6, in
which we take the abelian Lie algebra V.

| Combinatorics: |Hopf algebras often arise in combinatorics in the course

of enumeration problems. We shall see that in physics, this comes into
play in the form of Wick’s theorem in perturbative quantum field the-
ory. To give a taste of the combinatorial flavour of Hopf algebras, we

present an example below.

Let P be the infinite-dimensional vector space consisting of

formal linear combinations of the prime numbers over the field k. Using
the fact that prime decompositions are unique, the symmetric algebra
S(P) is isomorphic to kN as an algebra (where N denotes the monoid

of the natural numbers under multiplication). The comultiplication

(67 (07 o Qp n a1 —R1 Qn—Kn
A(pt ... pom) :Z(kll) (k ) fll...pfn ® p;, F R k
k n
(3.39)

is the sum of all the ways of expressing the integer pi*...po" as a

product of two integers, including multiplicity. We can perform a similar
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construction for polynomials.

3.3 Graded Bialgebras

As mentioned in Chapter 2, graded structures allow us to encode cer-
tain spin statistics: even and odd degree elements of a graded algebra
can be thought of physically as bosonic (commuting) and fermionic (anti-
commuting) elements. However, more exotic spin statistics and commu-
tation relations are of interest in physics. Most famously, the canonical
commutation relation

[z, p] = iRl (3.40)

is neither a bosonic nor a femionic condition, and yet we will find that it can
still be put onto the same footing as these spin conditions by considering

the appropriate kind of generalized bialgebra.

Definition 3.3.1: ¢-Binomial Coefficients

Let n, k be integers. The g-binomial coefficient is defined to be

n\ _(1-g)(l—¢")...(1-g )
( )q_ 1—q)...(1— ¢ (3.41)

when £ < n, and 0 otherwise.

‘Combinatorics: ‘ The g-binomial coefficients can be interpreted as the

solution to the following combinatorial problem: given two elements of
an algebra x,y such that xy = qyx, what is the coefficient of the term

aFy"=* in (z + y)" after rearranging every term in the expansion into
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the form z%y*? In other words, the following g-binomial formula holds:

(z+y)" = i (Z)q:vky”k. (3.42)

k=0

In the case that x and y commute, we recover the ordinary binomial
theorem. The ¢-binomial theorem is useful in the quantum setting where
we often deal with more subtle commutation relations. In the case
g = (—1) we recover fermionic (anticommuting) expansions, ¢ = h
appears when dealing with canonical commutation relations, ¢ = €®
appears in the study of anyons, and more general ¢ appear in the study

of quantum groups.

| Generalization: |For what follows we would like a form of the binomial

theorem that allows us to expand (z1 + y1)* ... (Ty + Yn)*".

Lemma 3.3.2: Multivariable g-Binomial Coefficient

Let {z;,y;} be a collection of elements of an algebra such that

TY; = Qijy;T;

kn,,01—Fk1
n

for all 4, j. Then the coefficient of ;1:’1“1 O T ..y Fn in

HZ(.CCl -+ yi)‘”‘i 1S

041,...,04n> _ <a1) ( ) H Q (aig—kiy) H Q(azn in)
<k51, 000y kn Q kl q1 In jo=1 2 =1 o

(3.43)
where ¢; = Q; ;.
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Proof. Each term in the expansion of [[,(z; + ;)™ can be partitioned
into blocks of size a; . We can rearrange each term in the expansion by
rearranging the blocks individually, picking up factors of [, (Z‘?)q‘, and

then passing each of the k; x; to the left, through the y; with i < j,
a;—k;)k; 0

picking up the appropriate factors of QEJ

If we let @;; = 1 when j < and collect the @);; into a matrix

1 Q2 Qiz ... Qun
Q=11 1 Qn ... Qo]
1 1 1 1

our expression takes the simpler form

A, ...,0n o - Q; (i —ki)k;
GD-E@n

ij=1 v

Definition 3.3.3: Braided Tensor Product

Let A, B be algebras with bases {€] }icr, {€} }jes respectively, and let
Qji € k be coefficients for all ¢ € I,j € J. The braided tensor
product A ®g B with respect to ();; is defined by

(ef ®ef)(ex ®ey’) = Quulejer ® ef'ey). (3.45)

We can interpret );; as a kind of deformation or quantization
parameter (when dealing with quantum groups and canonical commuta-
tion relations), or as capturing the spin of a basis element (when dealing

with fermions, bosons, and anyons).
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Generalized Bialgebras: | Building bialgebras out of the braided ten-

sor product gives us one way of talking about deformed bialgebras or

bialgebras with spin. We will call these @Q-bialgebras.

’ Associativity: ‘

Lemma 3.3.4

Let A be a (not necessarily associative) algebra with basis {e; };c; and

structure coefficients given by e;e; = 7, af;ex. Then A is associative

if and only if the structure constants satisfy

m_n o __ n m
E Qi O = E Qi Xk
m m

for all 4,5, k,n € I.

Proof. 1t’s enough to check associativity for the product of basis ele-

ments. Now
m
(eiej)er = E i emer
m
o m_.n
= E ;-
m,n
On the other hand,
m
e;(ejer) = E alpein
m

o m _.n
= E QG Qi -
m,n
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Comparing coefficients, we thus have associativity if and only if

E :Oé”Oémk - E :ajkazm

]

Lemma 3.3.5

Let A be an associative algebra with basis {e;}ie; and structure co-
efficients given by ee; = Zka er. Furthermore, let @Q;; € k be
coefficients for all 7,5 € I. Then the multiplication on A ®¢g A is

associative if and only if

Z ijazkaﬂ@naamaanb Z Qjmazm ]anaakaafb

Proof. A basis for A®¢g A (as a vector space) is given by {e; @ €;}; jer.

By definition, the product of these basis elements takes the form

(ei ®@ej)(er @ er) = Qureier @ ejey
=Y Quajialy(en ©ey).

Thus the structure coefficients of A ®q A are 7%, = Qraraj,. From

Lemma 3.3.4 above, it follows that this product is associative if and

only if

mn Qcd o cd mn
ij,kl-mn,ab — ij,mn/"kl,ab"

mn mn
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In other words, if and only if
m_.n c d c d m .n
E :ijaikajEQnaamaanb = E :Qjmaimaanfaakaaeb-
mn mn

O

Definition 3.3.6: ()-Structure

Let A be an associative algebra with basis {e;}ic; and structure co-
efficients afj. A choice of coefficients @;; for all ¢,7 € I is called a

Q-structure if

m_n c d _ @ d m .n
E : ijaikajéQnaamaanb - § : Qjmaimaanﬂaakaaéb'
mn mn

We don’t impose a corresponding unitality condition, however

some of our examples of Q-structures will have units.

As the defining condition of ()-structures is quite abstruse, it’s not obvi-

ous that any such structures exist. So we begin with a few examples.

Let A be an associative algebra, with basis {e; };c;. If we select Q;; =1

for all 4, then the algebra structure on A ®¢q A reduces to the ordinary

one.

Multiplication: | By definition, our product is given by

(e; @ej)(er ®er) = e;e, ® ejey.
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Associativity: | The necessary condition reduces to

m _n _c d c d m _n
E : aikajﬂamaanb - § : aimajnakaafb?
mn mn
which we can write as
( a™af )( Oén()éd)_( af Oém)( ad Oén)
ik~"ma 75nb) — im*“ka Jn=eb)
m n m n

That this equation is satisfied follows from the fact that A is associa-
tive, and thus Y oRas, = > of oft and similarly Y abad, =

d n
don Qi Qpp-

Let T[X] be the tensor algebra on a set X. For all z,y € X choose

some (g, € k and for any monomials Z = z;...2,, and ¥ = y1 ... Y,
define

Qizj = H Qxiyj .

This defines a @-structure on T'[X].

Associativity: | Since the canonical basis of T[X] consists of the mono-

mials of elements of X, the structure coefficients take the simple form

k

Oéij = Oitj,k>

where 1, j, k refer to some sequence of elements in X, and i + j is the
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concatenation of the sequences given by 7 and j. It follows that

Z QRO 5Qna 0005 = Qi Q4501 a5 42
= QE%Q(EM)&O‘?HE)(—ZO‘%J)E
= Qi QG+0a (074 7rac) (074715.a)-
Similarly,
Z Qiin @ 05 Qa0 0 = Qi) ) i) Qi
= Qjh+a)Qa(Oisk1a,0) (0j1245.d)
It follows that we need
QikQG+0a = Qjk+a)Qia
Using Qzy = [[,; Quiy,, we have Qs =
Qi+oa = | [ Qu+0rae = [ [ @i Qrua
rt rst
= Qja@[a

Thus we have Q;;Q 1 = QjrQjalm = Wj(ira)Wia-
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Definition 3.3.9: ()-Bialgebra

A Q-bialgebra (B, {e;}icr, Q,A,¢) is an associative k-algebra B,
with chosen basis {e;}, and @Q-structure @);;, along with linear maps

A:B — B®g B and ¢ : B — k, such that A is coassociative and

A(zy) = A(z)A(y)
€1A = €2A =1d.

Ordinary bialgebras: | If Qi; = 1 for all 4, j, the product on B ®q B

reduces to the ordinary product, and thus B is a ()-bialgebra if and

only if B is an ordinary bialgebra in the sense of Example 3.1.3.

Let A be a set of elements and @,, be elements of a ring £, for all
xz,y € A. Then the tensor algebra T[A] has the structure of a Q-
bialgebra where Aa = a® 1+ 1®a € T[A] ®q T[A] for all a € A,

and

A(zy) = A(z)A(y) = Z Qv LMY ® T@)Y(2)- (3.46)

|Interpretation: | We can think of this as a tensor bialgebra with a de-

formed comultiplication — the multiplication internal to T'[A] remains
the ordinary multiplication in the tensor algebra, but the comultipli-

cation is deformed by the condition that A must be multiplicative on
T[A] ®q T[A].
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Consider the tensor algebra on two elements {z,y}, and let

Quy=¢% Then Az =1®@r+zr®1and Ay =1Qy+y® 1 are still

primitive elements. However,
Alzy) =2y @1+ 1Quy+zQy+ePy®u (3.47)

is adjusted by the anyonic commutation condition.

In what follows we will consider graded ()-bialgebras. That is, our bial-
gebras will have a grading B = @ B,,, through which we can view our
elements as bosonic or fermionic, and they will also have the freedom to
have some extra non-trivial commutation conditions. This brings up an im-
portant question: which tensor product should we use when dealing with

these graded ()-bialgebras? We will consider the following interpretation:

Interpretation: ‘ The graded tensor product and @-tensor product will cor-

respond to external and internal structure, respectively. The graded tensor
product will appear in our discussion of dual spaces, and we will think of
it as something like the structure that the linear functionals couple to. On
the other hand, the role of the (Q-tensor product is to permit certain defor-
mations internal to the bialgebra. To make this more explicit, consider the

following example:

Example 3.3.11

Take the exterior algebra on two generators Alz, y], viewed as a graded
algebra with «, y in degree 1, and take a non-trivial ), € k. Consider

the dual space Alz, y|*.
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\External structure: \ The convolution product on Afz,y]* is defined

using the graded tensor product, and so has the form

¢ * P(w) = Z(—1)|w(1)|‘¢‘¢(w(1))¢(w(2)),

which couples together the graded structures of Alz,y] and Alx,yl*
in the coefficient (—1)"®¥I¢(w (). However, the internal structure
doesn’t couple to functionals, and instead only appears when we act by

linear functions on products in Afz, y].

\Internal structure: ‘ In other words, the Q-structure appears up due to

the internal coupling of terms inside of Alx,y]. For example

¢ x () = ¢(1)v(z) + (—1)g(2)p(1)

but

(6 ) (wy) = 6(1)eo(xy) + (=1 p(ay)e(1) + (1) ¥o(x)v (y)
+ Quy (=1)"o(y)o ()
= o(1)e(zy) + oy (1) + (=DM (B(2)e(y) + Quy(y)¥ () -
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Proposition 3.3.12: Comultiplication on Primitive Elements

Let B be a graded ()-bialgebra and let P be its set of primitive el-

ements. If {p;} is a collection of primitive elements which satisfy

(1®p)(p; ®1) = Qijp; @ p; for i < j, then

(67 k n a1 — Qn—RKn
Apst...psm) = ) H( ) okhiph | plrgppi TR poeh

kl’ )kn 4J)= 1
1<j

(3.48)
where ¢; = (—1)IPil.

Proof. This is a straightforward consequence of our multivariable ¢-
Binomial coefficient formula. We apply Lemma 3.3.2 to the algebra
B ®q B and the elements 1 ® p; and p; ® 1. O

This gives us an explicit form for the comultiplication of every el-

ement of -bialgebras like T'[X] ®¢ T'[X]| which are generated by products

and linear combinations of primitive elements. In particular, deformations

of symmetric algebras and universal enveloping algebras fall under this um-

brella.

3.4 Dual Hopf and Bialgebras

When working with infinite-dimensional algebras, it is often too unwieldy

to work with the entire algebraic dual space. An easier way of handling duals

in this case is to work with dual pairings:
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Definition 3.4.1: Dual Pairing of Bialgebras

A dual pairing of graded bialgebras (A, B, (-, -)) is a dual pairing of
A and B as graded vector spaces, such that
(m,y2) = Y _(-1)¥F@(z4),y) (z@), 2)
(zy,2) = > (D)0l (2, 24)) (y, 22)) (3.49)
(1,z) = (x,1) = e(x).

‘Terminology: ‘ The above pairing shows up under different names in

the literature. We provide a brief history of terms in Section 3.4.1
below. For our purposes, we shall refer to the above as Laplace pairing
(the motivation of the name being the pairing’s relationship to Laplace
formula for determinants, as mentioned in the history below) and will

focus on instances of self-pairing: (-,-) : A® A — k.

The injection A — B*, x — (x,—), exhibits A as a well-

behaved dual of B. Similarly, B can be seen as a nice dual of A.

‘Hopf Algebras: ‘ If A and B are Hopf algebras, we further require

(Sad,h) = (¢, Sph), (3.50)

where S is the antipode.

‘Dual notion: ‘ The Laplace pairing condition can be written in terms
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of the multiplication and comultiplication as

<'7'> ol®pu= :U’k‘(<'v'> ®

<'7 > op®l= :uk(<'> > ®
(n®l=(,)1®

(Nleeel) (A1)
Nlece)(10l10A) (3.51)

n=ses,

where 0 : A® B — B® A is the swap map o(r ®y) = (—=1)*Wy @
and py is the multiplication on the algebra k. The dual notion to the
Laplace pairing has found great interest. If we dualize the equations

above we find the conditions
l@uoR=(A"®11)(1®c® 1)(R® R)u;
weloR=(1810A) 1800 1) (RS R (3.52)
N"®loR=1®n"ocR=c¢",

where R : k — H ® H, A* is a multiplication map, pu* is a comultipli-

cation, n* is a counit and €* a unit. These conditions define a quasi-

triangular structure. For more information see [30, Chapter 12].

3.4.1 A Brief History

Dual pairings of bialgebras have shown up independently, under various
names and guises, throughout the literature. We provide a brief outline of

some of the terminology used to describe them.
1974: | The Laplace pairing is introduced in [10].
1986: | Drinfel’d’s ICM address considers the dual notion to Hopf algebras

with Laplace pairings, under the name quantum groups [11].

1991: | Majid calls Hopf algebras with Laplace pairings dual quasitrian-

gular Hopf algebras [27].
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Nowadays it is common to hear them referred to as coquasitriangular
Hopf algbras [31].

1991: | Larson uses Laplace pairings to study infinite dimensional quasitri-
angular bialgebras without having to worry about topological completions

of tensor products [22].

1994: | Fischman refers to Laplace pairings as a braiding and calls the
corresponding Hopf algebra a cotriangular Hopf algebra [11].

2001: | Borcherds considers Hopf algebras with Laplace pairing in the guise
of bicharacters on the group algebra kG [7].

2002: | Brouder uses the term Laplace pairing and uses it to derive a

version of Wick’s theorem [9].

3.4.2 Circle Products

Laplace pairings provide a way of deforming the multiplication on bial-
gebras. The new multiplication induced by the Laplace pairing is called a
circle product, and comes in different flavours, depending on how we use the

Laplace pairing to pair together elements:

Definition 3.4.2: Graded Circle Products

Let B be a graded bialgebra with Laplace pairing (-,-). The first
circle product and second circle product on B with respect to

(-,-) are

zory =Y (=)ol (z0) ya)) 20)ye)-

(3.53)
zoyy = Y (=)0 (35 yo)) 2yyq)-
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In the case that B is graded cocommutative oy = oq.

Let B be a bialgebra with Laplace pairing (-, ). Then

(zo1y,2) =(z,y022). (3.54)

Proof.

(wory,z) =Y (=Dl (z0) ya)) (ze)ye), 2)
=Y (Dol ool (26 ya) (2o), 20) (Vo) 20)

@,y 00 2) =) (=10l (ye), 20)) (2, y0)20))
=D (ool (ye), 20)) (za), y0) (2e), 20)

= (zo1y,2). O

Thus the circle products behave something like Frobenius algebra multi-
plications, with respect to the Laplace pairing. In the case that our Hopf or
bialgebra is cocommutative, we will have o; = o,. Standard results for the
circle product on cocommutative bialgebras can be found in [9]. We quote

two such results below.

Lemma 3.4.4

Let B be a cocommutative bialgebra with Laplace pairing (-,-). The
induced circle product is unital with unit 1 (the unit in the bialgebra

under its usual multiplication).
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Lemma 3.4.5

Let B be a cocommutative bialgebra with Laplace pairing (-, -). Then

(z,y) =¢e(roy)

for all z,y.

I Proof. See [9, Lemma 2.6]. O

Primitive and group-like elements are both cocommutative and provide
a entry point into looking at how elements of bialgebras behave with respect
to the circle product. We will next look at how Laplace pairings provide a
way of recovering Wick’s theorem, a standard result in quantum field theory.
The following results can be found for the bosonic case in [9], but we provide

a generalization to the setting of ()-bialgebras.

In the following proofs, the notation ¢ = ¢;...¢, and ¢° =

q1 ©1 ... 01 q, will prove useful in simplifying equations. Similarly, we shall

use
T#i = q1---Gi-1Giv1 - - - Gn
Q% = q101---°1Gi—1°1Git1°1 - --°1 Gn-
If 41,...,4, are multiple terms to be removed from a product, we shall use

Qiy,...in OF G2, When it’s clear that i represents multiple indices.

74



Theorem 3.4.6: Wick’s Theorem

Let B be a graded Q-bialgebra with Laplace pairing (-,-), and let
q1s--+>Gm, D1, - - -, Pp be primitive elements, and ¢;q; = Q;;¢;¢;- Then

(@1 QmsD1---Dn) = Z H H Qo(a),om (= 1)Pilll=®l (g 0 p;)

o€S, i=1 a,b=1
o(a)<o(i)
i<a,b

(3.55)

if m = n, and is zero otherwise.

Proof. First note that (1,p;...p,) = (1,p1)p2...p, = 0 for any p; € P.

(¢,p1...pn) =0: | Let ¢,p1,...,pn € P with n > 2. Applying the

Laplace pairing condition, we have

(@p1- - pa) =D (=Dl gy p1) (g, p2. . )
= (=D (1, p)) (g, pa - pa) + (g, p1) (1, D2+ o)
0.

Similarly

(@1, p) = (1)1 (g1, p) (g2 .. g, 1) + (@1, 1) (G2 - . - Gy D) =

We apply Proposition 3.3.12 to write

= 1 —k;)k; 1 —R1 —
Algram)= > ]I (k> QMg @l gt
(3.56)
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Since each k; is either zero or one, each (klz)Q = 1. Using the defining
property of the Laplace pairing, we can comultiply the first component

n (q,p) to write

<q -qm, P1 - Z H Q )|leq1 k1‘+ |p1||q1 k:m‘

k1,..km 1,5=1
1—Fk1 1—Fkm

< Aqit g p) (T g pa )
Now <qf1 N i p1> will go to zero unless there is precisely one factor
on the left, say g;, in which case every other ¢; will appear on the left

side of the Laplace pairing (q; " ... gl "n

, D2 - .pn>. So we can change
our sum over ki,...,k,, to one over a single variable £ which will pick
out each k; to set to 1. For each such k, the only @);; that will appear is

of the form Q. We can also combine the powers of (—1), noting that

|z1 ... xn| = |21 4+ ... + |zn]. Thus we have
m m
(q1-- - Gmsp1. => T Q=017 (g, p1) (Gersp2 - - pn) -
k=1 i=1

We can apply induction to (gxx,p-1). In particular, we

are non-zero if and only if the length of ¢ and p4; are equal. That is
m —1 =mn—1. So the only non-zero possibility occurs when m = n. So
we’re computing

n

(@1 1 - => T Q=11 (g, p1) (G, p1) -
k=1 1=1
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Next note that the induction hypothesis

t t
<Q1 coelqryP1- -pr> = Z H H Qa(a),a(i)(_1>|pinU(b)‘ <QU(i)7pi>

o€St i=1  ab=1
o(a)<o(i)
i<a,b

uses the terms ¢,...,¢, and py,...,p,, rather than {q,...¢,} 2 or

P2, - .-, Pn. Sowe first define an order-preserving bijection ¢ : {i}7—}' —

{itizi \ {k} by
G2k = 4p(1) - - - Qp(n—1)-

Then

(@k, D21) = Q1) - - - do(n—1

= > I II Qettanseon=0rleco (g g e, pi) -

c€Sh—1j=1 ab=1

o(a)<a(j)
j<a,b
So we have
<Qa]§> = ZHQZk‘(_l)lpl”q;ﬁk‘ <lep1>
k=1 i=1

n—1 n—1
x S UL TI Qatot@n.etoin(=D)Frleecent (g6, pia) -

c€Sn—1 j=1 a,b=1
o(a)<o(j)
j<a,b

‘Simplifying: ‘ To simplify the above formula, first note that ¢ o o ac-

counts for all permutations of {1,...,n} \ {k}. Together with the sum
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over k of {qx, p1), all permutations of {1,...,n} are accounted for. Thus
<Cja ]j> = Z HCY(O‘, Z) <(:ZU(’i)7pi>
oc€S, i=1

where a(o,i) are some coefficients. Next we check these coefficients.

The overall (—1) factor, for a term with fixed k£ and o, will be

n—1 n—1 n
H (_1)|P1H¢?¢k\+|pi+1|lq<¢>(b)\ — H H(_l)lplﬂfh‘\+|pi+1||q¢>(a(b))|_
ib=1 ib=1j=1
i<b i<b Ak

Let o’ be the permutation of S, defined by ¢'(1) = k, 0'(i) = ¢(c(i—1))
for i > 1. Note that j # k above if and only if 7 = ¢(¢) for some
1 < ¢ <n-—1, and hence j = ¢(i — 1) for some 2 < i < n. Since
we pick up all such 7, and multiplication of scalars is commutative, the

permutation o is irrelevant, so we can write

n—1 n
H H(_1)|P1||Qj|+|pi+1||q¢<a(b))\ —

ib=1j=1
i<b j#k

(_l)lpl\\qa/(b)\ H (_l)lpi\b(a(bq)ﬂ

i,b=2
i<b

—_o
Al 3
(ool

(_1)|Pi\|qa/(b)\

Il
=

S o
SIS

<

as required.

Finally we check the () coefficients. The overall () factor
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will be

H H szQqS (a)),0 H H Qz o’ QJ’(a—i—l "(G4+1)»

i=1 a,j=1 i=1 a,j=1
o(a)<o(j) o(a)<o(j)
1<a 1<a

where we used the fact that, by convention @);; = 1 for j < 4. Since ¢
is ordering-preserving, o(a) < o(j) if and only if ¢(o(a)) < ¢(a(7)). In
other words, if and only if o'(a + 1) < ¢'(j + 1). We then have

o' (1)-1
H H Qior(1)Qp(a—1),0(j)-
a,j=2
o’ (a)<a’(j)
i<a

Note that if j = 1, j < a is always satisfied, and o'(a) < o'(1) = k is
satisfied for all a such that i = ¢'(a) < k, which is precisely what we

acquire in our @; ,(1y term. Thus, the above expression is equivalent to

n

II Qoo

a,j=1
o'(a)<o’(4)
i<a

and we acquire Wick’s theorem. O

The above formulation of Wick’s theorem is rather obscure, so

below we consider a few small examples.

Consider a graded @-bialgebra with Laplace pairing. We have

(@102, p1p2) = (1)1l (g1 1) (go, Do) + Qua(=1)P 191! (gy, p1) (g1, po)
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Below we break into cases of each permutation of Sy, applying the

formula

<Q1 ceeln,P1 - pn) = Z H H Qo(a),a(i)(_1)|pi”qa(b)| <QU(i)7pi> .
7S = (oot

i<a,b

(12): | Here o(i) = ¢ for all i, so there are no a,i satisfying i < a,

o(a) < o(i). Hence there are no @) terms. On the other hand, since

1 < 2, we have a factor of (—1)lPillel:

(=1)lerlleel (g py) (ga, pa) -

(21): |We have 1 < 2 and o(1) =2 > ¢(2) = 1, so we pick up a factor

of Q1. And in similar fashion to the previous case, 1 < 2 gives us a

(—1) factor. So we have

Q12(—1)|p1”q1| (g2, p1) (q1,p2) -

Wick’s theorem gives

<C]1(J2Q3,p1p2p3> = (123 <Q1,P1> <Q2>p2> <Q3,p3> + Q132 <Q1,p1> ((13,172)
+ 13 (g2, 1) (q1, P2) (g3, D3) + Q31 (g2, P1) (g3, P2) (q1, D3)
+ 312 (g3, P1) (@1, D2) (q2,P3) + 321 (g3, P1) (G2, D2) (@1, Ds3) -

For the sake of space, we list out the explicit values of the coefficients

below.
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We consider each permutation in turn. In all cases below, we pick up

(—1) factors corresponding to 1 < 2, 1 < 3, and 2 < 3:

(_1)|p1|(\qg<2)|+|q0(3)|)+|p2an<3)|_

(123): |Since o is trivial there is no @ term.

Qo3 = (_1)Ip1|(\qz\+\qs\)+\pzllq3| (ql,p1> <q27p2> <(]3,p3> )

(132): |2 <3 and 0(2) =3 > 0(3) = 2 giving Q3.

30 = Q23(—1)lle‘ng‘qz‘)HpQ”qu (q1, 1) (g3, P2) (q2,P3) -

(213): |o(1) > 0(2) gives Q12:

Q13 = Q12(—1)|p2|(‘q”+‘q‘q")+‘pl||q3| (q2,p1) (q1,p2) (q3,D3) -

(231): |o(1),0(2) > o(3):

Qg3 = Q13Q23(—1)|p2|(‘q3‘+‘q1‘)+‘p3|lql| (q2,p1) (g3, p2) (q1,D3) -

(312): |o(1) > 0(2),0(3):

312 = Q12Q13(—1)|p3|(‘q1‘+‘QQ‘)+‘pl||Q2| <QS7P1> <6117P2> <C]27P3> .

(321): |o(1) > 0(2) > o(3):

0321 = Q12Q13Q23(—1)lp3|(m2‘+‘q1‘)+‘p2l|ql| <Q3>P1> <q2,p2> <Q1»p3> .

81



In the case of trivial grading and @)-structure, there are no () terms

nor factors of (—1). Wick’s theorem takes the simpler form

(@1 Gn,p1-- Pn) = Z H<q:;(i)>pi>-

In other words, Laplace pairings of products of primitive elements can
be computed by taking all possible pairs of the terms in the products. In
quantum field theory, correlation functions are computed on field operators
by taking the vacuum expectation values of time ordered products of fields:
(0] To(xy)...o(xy) | 0). Wick’s theorem in that context is the statement
that such correlation functions can be computed by taking the sum of the
product of all 2-point functions (0 | T¢(x;)p(x;) | 0).

As a corollary, we can immediately characterize all possible Laplace pair-

ings on tensor algebras, exterior algebras and symmetric algebras.
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Proposition 3.4.10: Laplace Pairings on Tensor-Like Algebras

Let H be a symmetric, exterior, or tensor algebra on a vector space of
generators X. Then any bilinear function (-,-) : X X X — k defines a

unique Laplace pairing, whose value on arbitrary elements is given by

(@1 GmsD1 - Pn)

0, if m # n,
a ZO’GSn Hz_ H (a)b< 1( Qa(a ),o () ( )\szqg ® <q (i) p1> ifm=n
i<a,b
for ¢;,p; € X.

Next we look at how the Laplace pairing acts on circle products. It
turns out that circle products of primitive elements have a simple structure,

allowing us to acquire another version of Wick’s theorem.

For the sake of space in what follows, we shall use o to denote the

first circle product, unless otherwise noted.

Lemma 3.4.11: Circle Product of Primitive Elements

Let p1,...,p, be primitive elements in a @)-bialgebra such that (1 ®
pi)(p; ® 1) = Qip; ® p;. Then

(/2]
E E DPcl||Pd
H plt7p]t H Q | H |p;ﬁ,
m=0 11 <...<im t=1 bel,ceJ
qla“jv.]m a,dgéIUJ
14 <Jt,Vt a<b
INJ=g2

where p° = (... (p1opa)o...op,_1)op, and o is the first circle product.
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Proof. Recalling Proposition 3.3.12, we have

1
1 1 n lkk’
Apr--pn) = Y P pfrep ™ HQ( )

k1,....kn=0 i,j=1
1<j

Thus

1

pr ki 1—k;)k;
(propn)oduin =y (=D)PerlTLre TG phe p ) H QM

k1,...,kn=0 3,7=1
1<j

1
+ Z oo oMy P H Q(l “

kl,...,knzo ,j 1
1<j

Using the form of Wick’s theorem for the ordinary product (Theo-
rem 3.4.6), this reduces to

n

(P1---Pn) 0 Ppt1 = Z(—l)m"“‘m#’“p” (Drs Prt1) Dk H Qik + D1 PuPpt1.-
= i<k
We now proceed by induction.

n=2:

p1op: = Z(_1)|p1(2>|\p2<1>\ <p1(1)ap2(1)>p1(2)]92(2)
= (1, 1) pipa + (=1)P2IP (1 po) pr + (1, 1) p2 + (p1,p2) 1

= pip2 + (p1,p2) 1.
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If the result holds for n, we have

[n/2]
Pcl|Pd
("'(plop2)"'opn O Pnt+1 = } § H p’Lt7p]t H Q | I |p7$, O Pn+1
m=0 i1<...<im t=1 bel,ceJ
J1s--5)m a,d%IUJ
14 <Jt,Vt a<b
INJ=go

=3 > TTIT Que(=1) el (i, )

n

X Z (Ps Prs1) P jur(— 1) Prt ez pel H Qik + DijPni

k=1 i=1
ki, i<k
where for each choice of i1,..., 4, and j1, ..., jm, I = {i1,..., i} and

J={Jj1,...,jm}- Expanding the above equation, we have two types of

terms:
n n
Z Z H H Qap(—1)PellPal (p, p.) Z (k> Prs1) Poti ok H Qi (—1) P+l Tz s el
g i<h

+ Z Z H H Qua( lpCdel (Di> Dj) Dt jPrr1-

For the first term, note that (pg, p,41) satisfies the conditions k < n+1,
k¢ I n+1¢J. Thusitis one of the terms that will appear in the

sui

>

11 <...<tm42
J1s-5)m+2
1t <Jt,vt
INJ=g

In fact, sum we sum over k # i, 7, all such terms are accounted for. On
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the other hand, the terms in

Z Z H H Quan( |pCde| (pis D)) DijPn+1

account for all of the terms that arise when we only pair m terms to-
gether in (... (p1op2)...op,) op,i1. Next we check that we obtain the

correct coeflicients.

‘Coefﬁcients: ‘ For those terms which pair only m p’s together, there

is no change to the coefficients, since the coefficients depend only on [

and J. Thus we obtain the correct coefficients in this case from

Z Z H H Quan( lpc vl (Pis D)) DtijPns1-

On the other hand, for those terms which pair together m + 2 p’s, we
need to pick up new coefficients. The ()., terms that appear will be
those with b € I, a ¢ T U J and a < b. Those terms which hadn’t
already been accounted for are those with a ¢ I U J U {k,n + 1} and
b = k, which are precisely the terms picked up by

H sz

z<k

Finally we check the coefficients of the form (—1). The new terms we
need will be (—1)PellPal where c =n + 1 and d ¢ T U J U {k}. Noting
(_1)\pn+1l\m¢mkml _ (_1)\pn+1|2z¢i,j,k Ipel _ H (_1)\pn+1llpe|
i gk
we see that we pick up precisely the necessary terms. Thus by induction,

the result holds. OJ
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(p1 0 p2) 0 p3 = pipaps + (p1, pa) (—1)P2Pslpy + (—1)IP2llPsl () po) py
+ (_1)|p1|(|p2|+|p3|) (p2, 3) P1.

I = J = @. Thus there are no Laplace pairing terms, () terms

or (—1) factors. Thus our term is simply of the form

P1Pp2p3-

We have a single pairing. There are three options, since we
must have 1; < ji:

. |i1:1,j1:2: |We have b = 1, ¢ = 2. We also have a,d €
{1,2,3}\{1,2} with @ < b. Thus d = 3 but there is no appropriate

a index (and thus no @) term). So our term in this case is

<p1,p2> (_1)|p2||173|p3'

o iy =1,71=23: |b=1,c:3, a,d =2, but a £ b, so there is no )

term. Thus we have

<p1,p3> (_1)Ipsllpzlp2_
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0‘i1:2,j1:3: ‘b:2,c:3, a,d = 1. Here a < b, so we have

both a @ term and a (—1) factor:

<p2,p3> Q12(—1)|p3up1|p1

Proposition 3.4.13: Wick’s Theorem for the Circle Product

Let {g:i}i2y, {p;}j=, be primitive elements in a Q-bialgebra, with (1®

%:)(¢; ®1) = Qijg; ® ¢, and (1® p;)(p; ® 1) = Pyp; @ pi- Then
[rq/2] Mq,Mp
- Z Z H <qitq ) qjtq > <pitp ) pjtp >
mq=0 Ig,Ip,Jq,Jp tg,tp=1

1
mp=3 (np—ngq)+myq

+ — —
% H Qaypy Pa p )Iququql [Pep|Pay | (@tia ja, Dio o)

bel,ceJ
a,c(;éIUJ
a<b

where at,dt ¢ -[t U Jt, bt € ]t7ct & Jt, a; < bt with t € {p, Q}

Proof. From Lemma 3.4.11 we have

T'L/2J m
PellP.
E E H pzwp]t H Q b l el dl
m=0 11<...<tm t=1 bel,ceJ
117":7]771 a,dﬁéIUJ
1t <je,Vt a<b
INJ=2
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Thus we need to compute

Lnq/2] [np/2] mq,Mp

<qo7ﬁo>: Z Z Z H <qitq7qjtq><pitp7pjtp>

mq=0 mp=0 Iq,Jq tq,tp=1

Ip,Jp
X T Qagpy oy, (= 1) sl (1) PerlP0 (G o sin o)
bel,cedJ
a,d¢1uJ
a<b

(3.57)

which reduces to the computation of (G ja, p£ir je), for which we apply
Wick’s theorem on the ordinary product, Theorem 3.4.6. In particular,
the pairing is zero unless the length of the two products in the pairing
are equal. The length on the left is n,—2m,, and on the right is n,—2m,,,

SO we require

(q1 0 g2, 1 0 p2) = {q1, @) (P1,p2) + (1)1 {qy 1) (g2, p2)
+ Qua (1)1l gy po) (ga, pi) -
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First we note that in this case

(mq, mp) = (0,0):

The only pairings that appear are those of the form

(q,p). There are two subcases, corresponding to the two ways of order-

ing {q1, 2}

e [(1,2): |Thereareno ¢,r € {1,2} such that ¢ < r and o(r) < o(¥).

Consequently, no ) terms appear. On the other hand, we have a

(—1) factor corresponding to pi, gs(2). Thus our overall term is

(_1)‘171"(12' {q1,p1) <Q2,p2> .

e |(2,1): |Wehave 0(2) =1 < 0(l) =2 and 1 < 2, so we pick up

a copy of Q12. We also have a (—1) factor from £ =1, t = 2:

(mg, mp) = (1, 1):

Qw(_l)‘pluqﬂ (g2, p1) {1, p2) -

We have one pair of the form (g;, ¢;) and one of the

form (p;, p;). Since we require ¢ < j, this must be (g1, ¢2) (p1, p2). Since
{1,2}\ ({ U J) = @, there are no coefficients in this case. So we have

(q1,92) (P1,D2) -

90



(q1,p1 0Py 0 p3) = (—1)IP2IPsl () 1o (g1, ps)
+ ( 1)|p2”p3| (p1,03) (1, P2)
_|_

( 1)|:v3||pllp12 (p2,p3) (q1,p1) -

1
mp = 5(”17 —ng) + My

1
25(3_1)+mq

=1+m,.

(mg,mp) = (0,1): | This is the only possibility for m,, m,, but it breaks

down into three subcases depending on how I, J, are chosen. Each

case will have a single (g1, pr), and thus no coefficients will be produced

corresponding to the (g, p) pairs.

o I, ={m}, Jp ={p2}: |b,=1,¢,=2, a,d, =3 Wehavea £b,

so no P term appears.

(—1)|p2”p3| <p17p2> <Q1,p3> .

o |, ={p},Jy={ps}: | b, = 1, ¢, = 3, ap,d, = 2. We have

a, % by, so our term is

(_1)Ipzllp3| <p17p3> <Q1,p2> .
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o I, ={p2},Jp={ps}: | b, = 2, ¢, = 3, a,,d, = 1. We have

a, < by, so our term is

(—1)|p3”p1|P12 (p2,p3) (q1,p1) -

Since there is only one ¢ term, there are no @);; factors that appear.

In the case of trivial grading and @Q-structure there are no non-trivial

coefficients, so Wick’s theorem for the circle product reduces to the
sum over all ways of pairing up all of the elements in {q1,q2,...,pn}

such that in each pairing (x;, x;), =; appears before z; in the sequence

41,492, - - q9m,P1y - - -, Pn-

Z Z H <Qi> Qj> <pi7pj> <Qi7pj>

\. J

There are a couple differences of note between Wick’s theorem on the

ordinary product and on the circle product:

1. | Types of Pairings: | In contrast to our original version of Wick’s the-

orem, which only has terms of the form (g;,p;), the circle product

version includes terms like (g;, ¢;) and (p;, p;).

2. |Length: | While (g, p) requires |g| = |p| to be non-zero, (¢°, p°) only
needs the sum of the two lengths to be even.

Taken together, these features of Wick’s theorem on the circle product al-

most allow us to conclude that this version of Wick’s theorem is independent
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of which terms appear on which side of the pairing, since all possible pairing
combinations appear. However, the ()., terms prevent this from happening,
since it only depends on the terms on the left of the pairing. However, if
Qo = (—1)"16”‘”', Wick’s theorem only depends on the order of the terms

and we arrive at the following:

Corollary 3.4.17

Let B be an ordinary Laplace graded bialgebra with primitive elements
P. Then

(G1o...0qm,p1o...0py) ={q10...0¢n0p1,P20...0p,) (3.58)

for all ¢;, p; € P.

I Proof. This is a corollary of Proposition 3.4.13. O

’Correlation Functions: ‘ Because the pairing only depends on the order of

the terms appearing in it in this case, we forget the fact that the pairing
has a left and right side, and can reinterpret it as a collection of multilinear

functionals, one on each B™:

(P1,- s pn) =€(pro---0py). (3.59)

In terms of physics, we will think of the pairing on a circle product of n

primitive elements as their n-point correlation function.
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3.5 Examples of Laplace Bialgebras

Let B be a bialgebra. Then the pairing defined by

(z,y) = e(xy) (3.60)

is a Laplace pairing.

We have (z,yz) = e(xyz) = (xy, z). Now using counital-
ity,
D () (2, 2) = Y elzam)e(ze?) = D elra)e(y)e(re)e(z)
= e(y)e(z) Z e(r@)e(z)
= e(y)e(z)e(x).

Similarly, > (z, zq1)) (y, 2()) = e(2)e(y) 3 e(z))e(z2)) = e(@)e(y)e(2).
And (1,2) = (z,1) = e(x).

| Circle product: | The circle product for the trivial pairing recovers the

ordinary product in the Hopf algebra, since

roy= (raym)zeye = ) (rm)eym)r@ye
= (D _elzw)ze) () elym)ye)

= 2y.

This is the type of pairing that we have in Frobenius algebras.
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Thus we see that Laplace bialgebras will in general have a very differ-
ent structure from their Frobenius counterparts; Frobenius-like pairings

on Hopf algebras add nothing new from the perspective of the circle

product.

Laplace pairings on group algebras are bicharacters: group homomor-
phisms Gy, ® G — k™, where G, is the abelianization of G, such
that

for all z,y, 2z € Gu.

On a group Hopf algebra kG, the Laplace pairing condition is

for all z,y,z € G. It follows that
(ry,2) = (2,2) (y,2) = (y,2) (z,2) = (yx, 2) .
Similarly,

(z,y2) = (,2y) .
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Thus (z, —) and (—, z) are trivial on commutators. Then by the univer-
sal property of the abelianization of G, Gy, the maps (z, —), (—, z) :
G — k> correspond to morphisms Gy — k*. By uniqueness of the

universal morphisms, it’s easy to check that these maps are
<[$:|, _> ) <_7 [I’]) : Gab — k’x

where [z] is the projection of x into the abelianization. By the universal
property of the tensor product, it follows that these maps correspond

to a unique bicharacter

Gab &® Gab — k.

|Terminology: | The circle product induced from bicharacters is typi-

cally called the twisted product and kG under the circle product is

called the twisted group algebra.

Consider the universal enveloping algebra Ul[g| of a Lie algebra g. A

Laplace pairing on U|[g] is a bilinear map

o/lg,0] x g/lg, 9] — k.

A Laplace pairing on Ulg| takes the form
Ulg) ® Ulg] — k.

The universal enveloping algebra is generated by all monomials in g.
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Since each element of g is primitive, we can apply Wick’s theorem,
Theorem 3.4.6, to determine the value of the Laplace pairing on any

two elements, once we know its value on g.

Laplace conditions: ‘ The Laplace pairing conditions applied to the

Hopf algebra structure on Ulg] imply

(x, [y, 2]) = (x,y2 — zy) = (w,y2) — (2, 29)
=0

for all z,y,z € g. Similarly ([z,y],2) = 0. Thus any Laplace pairing

induces a bilinear map

o/lg,0] x g/lg, 0] — k.

On the other hand, any such map extends to a pairing g x g — &k by
(x,y) = (z,y), where Z,y are the projections into the quotient. This

pairing then extends to unique Laplace pairing on U[g] through Wick’s

theorem.

Definition 3.5.4: Twisted Group Algebra

Given a group Hopf algebra kG and Laplace pairing (-, -), the group
algebra twisted by (-,-) is the set kG with product

goh={g,h)gh. (3.61)
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Consider the group algebra on CZ?2, with the Laplace pairing
{(a,b), (c,d)) = exp(2mifbc) (3.62)

where 6 is irrational. The induced twisted group algebra is called the

non-commutative torus.

The non-commutative torus appears in non-commutative
geometry as C* algebra meant to model the continuous functions on a

non-commutative space.
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Chapter 4

Hopf-Frobenius Modules

In this chapter we combine the Frobenius and Hopf algebraic structure
we've developed thus far, in the form of Hopf-Frobenius (HF) modules.
These modules allow us to prove a version of the Lie correspondence from
the perspective of Lie algebras and Lie groups as Hopf algebras (the univer-
sal enveloping algebra and group algebra, respectively) acting on Frobenius

algebras.
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4.1 Hopf-Frobenius Modules

Definition 4.1.1: Hopf-Frobenius Module

A left Hopf-Frobenius module is a pair (H, F') where H is a Hopf

algebra, and F'is a Frobenius algebra such that
1. F' has the structure of a left H-module.
2. Y (=1l (gayz, goyy) = enlg) (z,v).
3. (gz,y) = (=119 (2, S(g)y)

for all homogeneous g € H and z,y € F.

| Convention: | One can similarly define right Hopf-Frobenius modules.

However, in what follows, we shall consider all of our Hopf-Frobenius

modules to be left Hopf-Frobenius modules.

The third condition in the definition of Hopf-Frobenius modules will be
useful in proving a version of the Lie group - Lie algebra correspondence for
Hopf-Frobenius modules. However, for grouplike and primitive elements of

the Hopf algebra, it follows from the previous conditions:

Lemma 4.1.2: e

Let H be a Hopf algebra and F' be Frobenius algebras which is also a
left H-module. If H and F' satisfy

> (el (gh)z, g@y) = enlg) (, v)

and ¢ is grouplike or primitive, then (S(g)x,y) = (=1)l9l=l (2 gy).
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Proof. Let p be primitive. The first condition for HF-

modules becomes 3 (—1) P <p(1)x,p(2)y> = (pz,y)+ (=Dl (2 py) =
e(p) (z,y) = 0. So (pz,y) = —(=1)"P (z,py) = (=1)*IP/(z, (=p)y) =
(=)l (2, S(p)y).

Let g be grouplike. Then the first condition becomes

(=1)llldl (g2, gy) = (z,y). Since g~ is also grouplike, we have (g, y) =
(=Dl (g7 g, g7 y) = (=) (z, S(g)y). O

Lemma 4.1.3: e

Let H be a Hopf algebra and F' be a Frobenius algebra that is also a
left H-module. If g, h € H satisfy

Z:(—l)‘m”g(2>| {9z, 92y) = €ul(g) (z,y)

for all x,y € F then so does the product gh. Similarly, if g, h satisfy

(gz,y) = (-1) (z, S(g)y)

for all z,y, then so does gh.

Proof. ’Condition 2: ‘ First note that

A(gh) = A(g)A(h)

= (X9 @90 (3 ha @ he)

=D (=)seltanlgg by @ goyhe.
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Using this, we can write the second Hopf-Frobenius condition in Defi-

nition 4.1.1 applied to the product gh as

Z(_l)\wll(gh)(z>l {(gh) )z, (gh)@yy)

1)Izllg<2>h<2/ yIHlgllhan] {(gmyhan)T, (g he)y)

1)l#ll9e [ Hellh@n g lihan] {gay(hanz), g2y (h@ny))
)

Dl ranstelitent (g (), go) (heyy))

— Z(
=) (-
> (=

= £(9) D (=1l (e, hayy)
= =(g)=(h) (z,y)
—=(gh) (z,).

| Condition 3: | Finally we check the third condition in Definition 4.1.1.
We use the fact that

S(gh) = (=1)9"S(R)S(g).
Then we have

= {9(hz), y)
lgl|hz| (hz, S(9)y)

lallkl+llelHAllel (22 S(R)S(g)y)
lallzl+IRl1zl (. S (gh)y)
=191 (22, S (gh)y) . =

;_x
~— ~— ~—  —

-1
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4.2 Examples of Hopf-Frobenius Modules

Part of the motivation for Hopf-Frobenius modules is their ability to
unify constructions that appear in geometry, algebraic topology, functional
analysis, and algebra. We first introduce some of the main ways that Hopf-
Frobenius modules can arise in nature, before investigating constructions

that can be performed on these modules in more detail.

Let F be any Frobenius algebra and take our Hopf algebra to be the
field k. Then there is a trivial Hopf algebra structure on (k, F') given
by

a-f=af (4.63)

foralla € k, f € F.

Since Aa = al ® 1, the HF conditions reduce to

{ar,y) = a(z,y) = (r,ay).

4.2.1 Examples from Functional Analysis

Let FF = S(R™) be Schwartz space and H = R[0, . .., d,] be a polyno-
mial algebra whose action on F' is given by partial derivatives. Then
(H, F) is a Hopf-Frobenius module.
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Since H is primitively generated, the Hopf-Frobenius conditions reduce

to
(0:f, 9) = —(f,Di9) (4.64)

or in integral notation, [(9;f)g = — [ fd;g. This is precisely the inte-
gration by parts formula for functions (like those in F') which go to zero

on the boundary.

(k[O1, ..., 0n), C*(R™)) is a Hopf-Frobenius module.

Let M be an orientable smooth n-manifold equipped with a volume
form w € Q"(M). Take as Frobenius algebra F' = C°(M) as in
Example 2.3.11. Consider the Lie algebra of derivations Der(C°(M)),
which is isomorphic to the Lie algebra of vector fields X(M), which
acts on C°(M). Let H = U[Der(C2°(M))] be the universal enveloping
algebra on the derivations so that F' is a left H-module. The pair
(H, F) is a Hopf-Frobenius module.
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Proposition 4.2.4

Let G be a locally compact Hausdorff topological group and consider
the group Hopf algebra H = kG. Let F = C.(G) be the algebra of
compactly supported functions on G, and give F' the structure of a
left H-module by C.(G) by g-¢(h) = ¢(hg). Then given any measure

i on G such that the linear functional
= / odu (4.65)

has a simple kernel, (H, F') is a Hopf-Frobenius module if and only if

i is a Haar measure.

Proof. Since we're working with a Hopf algebra generated by grouplike

elements, the Hopf-Frobenius conditions reduce to

(90, g¥) = (&, ) .

In integral notation, this is [ ¢(zg)y(xg)du(x) = [ ¢1p. Since we're
working with compactly supported functions, given any such function,
¢, and a g € (G, take a function 12’5 which is equal to one on at least the

1

support of ¢ and the image of supp ¢ under the action of g7, and goes

to zero outside of them. Then

/gb xg)du(z /qﬁ zg) 1 (zg)du(x /qﬁl /qﬁdu. (4.66)

Thus ¢ is left-invariant with respect to G. This is equivalent to p being
a Haar measure on C.(G). Conversely, if u is a Haar measure, it is

obvious that the condition (g¢, g¢) = (¢, 1) will be satisfied. ]
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4.2.2 Examples from Geometry

Let O(n) be the orthogonal group, and take F' = R"™ with the standard
basis and let H = RO(n) be the group algebra of the orthogonal group.
Letting O(n) act on F' by its standard representation and extending

to H linearly, gives an HF-module.

We're grouplike-generated, so the HF-conditions become

(97, 9y) = (z,y),

which is just the condition that O(n) acts orthogonally on R™.

We can construct HF-modules corresponding to most of the
classical Lie groups: SO(n), U(n), SU(n), Sp(n), O(m,n), SO(m,n),
Spin(n).

The above Lie groups fit very naturally into the Hopf-Frobenius
framework because they preserve certain bilinear forms. In the next
section, we will show how, for these types of form-preserving Lie groups,
some of the main structure of Lie theory can be obtained simply by

working within the Hopf-Frobenius world, without appealing to any

explicit differential geometry.
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Example 4.2.6: HF-Module: Lie Algebras

Let o(n) be the orthogonal Lie algebra and take our Hopf algebra
to be the universal enveloping algebra Ulo(n)]. Let F' = R" with
the standard basis. Let o(n) act on F' by its standard representation
and extend to H by letting products of elements of o(n) act on F by

composition. This has the structure of an HF-module.

Being primitively generated, the HF-conditions are

<¢:z:,y) - - <l’,¢y> :

for ¢ € o(n). This says that elements of o(n) are represented by skew-
symmetric matrices, which is precisely what happens in the standard

representation!

Similarly: | We can construct HF-modules corresponding to Lie alge-

bras for the classical groups mentioned in the previous example.

4.3 The Lie Group-Lie Algebra Correspondence for
Hopf-Frobenius Modules

In this section we recover the Lie group-Lie algebra correspondence for a
certain class of Lie groups and algebras using the structure of Hopf-Frobenius

modules. This allows us to motivate a definition of a Lie group and Lie

algebra associated to a Hopf-Frobenius module.

107



Lemma 4.3.1

Let G be a group and consider the group algebra kG. The vector
subspace of kG generated by

{9—g'1geG} (4.67)

is a Lie algebra under the commutator bracket.

Proof. We check that the subspace is closed under the commutator. We

have

g—g ' h=h=(@—g " )h—n")Y=(h—h ) g—g ")
=gh—g'h—gh™' +g'h'—(hg—h'g—hg " +h g
=(gh—h7'g ")+ (g7 '"h ' —hg)+ (h'g— g 'h) + (hg~" — gh™").

Each of the four bracketed terms is of the form z — x~! with z € G.
0

This Lie algebra that we associate to a group has nothing to do with its
topological structure — it really only sees GG as a discrete group. It is quite
surprising that this construction will yield the appropriate Lie algebra for
all of the Lie groups we consider. Before we show this, however, we note
that this Lie algebra construction can be generalized to apply to any Hopf
algebra.
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Lemma 4.3.2: Lie Algebra of a Hopf Algebra

Let H be an involutive Hopf algebra and consider the vector subspace

generated by
{r—S(z)|x€ H}. (4.68)

This is a Lie algebra under the commutator bracket.

Proof. This is essentially the same proof as Lemma 4.3.1, and follows
from the fact that S(zy) = S(y)S(z) and S?*(z) = = for every element
of a Hopf algebra.

[z = S(x),y = S()] = [z,y] — [z, S(y)] = [S(x),y] + [S(z), S(y)]
= [2,y] — [z, S(y)] = S([S(y),2]) + S([y, z])
= [z,y] = S([z,y]) — ([z, S(y)] — S([z, S(y)])) -

Now the the first pair of terms and the second pair are both of the form
z—S(2). O

In kG we have S(g) = ¢!, and since antipodes are linear, the

linear combinations of all {x — S(z)} will match the vector space generated

by {g — ¢~} used in the previous construction.
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Definition 4.3.3: Lie Algebra of a Hopf Algebra

Let H be a Hopf algebra. The Lie algebra associated to H is the

vector space

Ly = {Z a;(z — S(z)) | z € H,S*(z) = z,04 € k}, (4.69)

with the commutator bracket.

When G is a group and H is the group Hopf algebra kG, we denote £y
as £q, if the field £ is clear.

Proposition 4.3.4

Let £ : GR — L.ALG be the assignment from the category of groups
to the category of Lie algebras which sends G to £ and ¢ : G — H
to the morphism £, defined by

Lo(g—g") =od(g) —dlg)". (4.70)

This is a functor.

Proof. |Well-defined: | Note that in kG the grouplike elements are lin-
early independent [12, Proposition 1.4.14]. It follows that the only
linear dependence between different g — g~ is the relation —(g—g¢~') =
gt — (¢71)7!, which is respected by our definition of £,. So £ is
well-defined.

‘Lie algebra map: ‘ We now check that £, is a Lie algebra morphism.

110



Using the fact that
lg—g h—h""=(gh—h"'g )+ (g7 'h  —hg)+ (K 'g—gh™ ")+ (hg™' — gh™"),
we have

Lollg =g h=h7) = Ly(gh —h7lg™) + ...+ L4(hg™" — gh™")
= (¢(gh) — @(gh) ™) + ...+ (6(hg™) — d(gh™ "))
= (0(g)p(h) = d(R)"'o(g) ™) + ...+ (e(h)d(g™") — d(g)p(R) ™)
= [¢(9) — o(g)~", o(h) — p(h)1].

Let G % H % K. We have that L4Ls(g — g7t =
Lu(d(g) — d(9)™") = ¥((9)) — (d(9) ™" = Lyoslg — g7"). O

We next show that for Lie groups we’re interested in, the above construc-

tion reproduces their standard Lie algebras.

Proposition 4.3.5

Let G be a Lie group over a field k that satisfies the following property:

e There exists a finite collection of non-degenerate bilinear forms
on a vector space V such that G = {g € End(V) | (g9z, 9y), =
(z,y), for all 4}, and the Lie algebra of G, g = {A € End(V) |
(Az,y), = — (z, Ay), for all ¢}.

Then £ = g.
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Proof. Given an element of the Lie group, M, and a bilinear form (, -),

we have

<(M - M71>$,y>i = <Mx7y>i - <M711‘,y>i
= <$a M_ly>i — (z, My),
= —(z, (M - M_l)y>i :

So we have an assignment
£:8c—9 (471)

that sends M — M~' +— M — M~!'. This assignment induces a Lie

algebra isomorphism £4 = g. O

The above class of Lie groups and Lie algebras covers a wide

range, including most of the classical Lie groups/algebras: O(n), U(n),
Sp(2n), O(p,q) (the indefinite orthogonal group), and in particular A =
O(1,3) (the Lorentz group). Several additional Lie groups which don’t sat-

isfy the above condition nevertheless still reproduce the correct Lie algebra.

Proposition 4.3.6

Let G be GL(n) or SL(n) over a field k£ with char(k) # 2, with
corresponding Lie algebra g. Then

Lo = 4d. (472)
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Proof. |GL(n): |Consider the invertible matrices M = I+E;; € GL(n),
i #j. We have M — M~! = 2E,;. Similarly, if M = I + E;; € GL(n),
then M — M~ = gEu Thus £¢ contains all of the generators of gl(n),
so £¢ = gl(n).

SL(n): |We again take M = I+E;; € SL(n) to get the generators 2E;;.

1
Our other generators are obtained from M = I — EE“ + Ej; € SL(n).

3
We have M —M~! = §(Ejj —E;;). This will produce all of the remaining

1
generators (actually, only considering M = [— §E11—|—Ejj will be enough

to produce the generators), and thus we have £4 = sl(n). O

Proposition 4.3.7: The Group Generated by Primitive Ele-

ments

Let H be a Hopf algebra. Let F' be an algebra which is a left H-
module, and let {(,-),};e; be finitely many bilinear forms which each
give F' the structure of a Frobenius algebra and turn (H, F') into a
Hopf-Frobenius module (for the same fixed action by H). Let P be
the primitive elements of H. Let U[P] be the subalgebra generated
by P and consider the induced action of U[P] on F. Then

UlPlr ={g € U/ann F [(gz, gy); = (S(9)z, 5(9)y); = (z.y);
and (S(g)z,y), = (z, gy), for all i}

forms a group, where g~ = S(g).
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Proof. First notice that g € U[P]r if and only if S(g) € U[P]r.

| Closed under Products: | Given g, h € U[P]r, we have (ghx, ghy) =
(hx,hy) = (x,y). Now we use the fact that the antipode is an an-

tihomomorphism [12, Proposition 4.2.6] to write (S(gh)z, S(gh)y) =
(5(h)S(9), 5(h)S(9)y) = (x,y). Similarly, (S(gh)z,y) = (S(h)S(g)x,y) =
(S(g)x, hy) = (x, ghy). Thus U[P]F is closed under multiplication.

Let 1 be the image of the unit of H in U/ann f. It clearly

satisfies the conditions to be in U[P]r and is the unit of the group.

Let g € U[P]p. By assumption (z,y) = (gz, gy) = (S(g)gz, )
for all y. Thus by non-degeneracy of the pairing, (S(g)g—1)z = 0 for all

x. Since we’ve quotiented out the annihilator, this implies S(g)g = 1.

Similarly, (S(g)z,S(9)y) = (x,95(9)y), giving gS(g) = 1. Thus

9 ' =5(g). O

\Convention: \ We will denote Hopf-Frobenius modules of the form that

appears in Proposition 4.3.7 by
(H7 F, {<a >7,}’LEI)

In the case of only a single Frobenius algebra structure on F', this reduces

to the ordinary notion.
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Definition 4.3.8: Lie Group of a Hopf-Frobenius Module

Let (H, F,{(-,-),}icr) be as above and let U be the subalgebra gener-
ated by the primitive elements of H. We denote the group constructed
above by

7 ={geU/an F |(gz,gy), = (S(9)z,S(9)y) = (z,y),
and (S(g)z,y), = (x,gy),, for all i}

and call it the Lie group of (H, F, {(-, ), }icr)-

A Lie group should be more than a discrete group. By [38, Corol-
lary 3.41] we know that topological groups have at most one Lie group
structure up to isomorphism. As such, we can aim to view the Lie group

of a Hopf-Frobenius module just as a topological group. We do such in

the next proposition.

Lemma 4.3.9

Let (H,F,{(-,-),}ict) be a Hopf-Frobenius module. Then
(kGH, F,{(-,"), }ier) is also a Hopf-Frobenius module.

Proof. Since U[P] acts on F and ann F' is an ideal of U[P], F'is a left
GH-module. The Hopf-Frobenius conditions are satisfied by definition,

since for all g € GH and i € [

(97, 9y); = (z,9);
(S(9)r,y); = (v, 9y), - 0
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Lemma 4.3.10

Let (H, F,{(-,-),}ier) be a Hopf-Frobenius module with Lie group G#,
where F' is finite dimensional and over a trivially-starred field, and is
given the topology induced by all (z,—),, (—,y),. Give Gf the initial
topology induced by the maps

Gy = F (4.73)

for all z € F. Then the antipode map S : GZ — G is continuous.

Proof. | Antipode: | From Proposition 4.3.7, the antipode map is the

inverse map on G, and in particular is involutive. Now since the
topology on G is initial, we need to check that the compositions
Gl EN Gga 9, are continuous. These are continuous if and only if the
postcompositions with (a, —), and (—, b), are continuous for all a,b € F.
We have (a, S(g)z); = (5*(9)a, x); = (ga, z); and (S(g)x,b); = (x,gb),.
So we're looking at the following commutative diagram:

(.ﬂ) T<a7'>i

GH S H SN

l<'vb>i
('7x) )

F—

The outer maps are continuous by construction of the topologies on F

and GZ. Thus S is continuous. O
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Proposition 4.3.11: e

Let (H, F,{(-,-),}icr) be a Hopf-Frobenius module where F' is finite-
dimensional and over a trivially-starred field. Then the action of GH

on F'
(,):GEXF S F

is jointly continuous.

Proof. By the characteristic property of the initial topology, the action
is continuous if and only if its post composition with each (x,—), and

(—, ), is continuous. We have

(x, =)o ()Mg, vyl = (2, 9-y); = (S(9) -z, 9); -

Thus the following diagram commutes
GHx F —S g p U4

(7)J/
F
(.Z‘,—>

By the definition of the topology on G¥ | Lemma 2.1.13, and Lemma 4.3.10

FxF
<7)z

> I

(,x), (-,-);, and S, respectively, are continuous, and thus (-,-) o (z, —),
is continuous. Similarly, (g -y, z), = (y, S(g) - z),, so we have the com-

muting diagram
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gngLQ}?XF('@—)X%FxF;)FxF

F > F
<7vm>i

showing that (-,-) o (—,x),. It follows that the action map is jointly

continuous. O

Proposition 4.3.12: The Lie Group of an HF-Module is a
Topological Group

Let (H, F,{(,-),}ic1) be a Hopf-Frobenius module where F is finite-

dimensional and over a trivially-starred field. The initial topology

induced by the maps
25 F (4.74)

for all z € F gives GH the structure of a topological group.

Proof. From Lemma 4.3.10, the inverse (i.e. antipode) is a

continuous map.

‘Multiplication: ‘ By the characteristic property of the weak topology,
p: GHE x GHE — GH is continuous if and only if (-, z)ou: GE xGH — F

is continuous for all x € F. Consider the diagram

o
G x gt —— gl

1><(-,a:)l l(~,z)

This commutes due to the associativity of the Hopf-Frobenius action:

(g,h) — (gh) -x = g - (h-z). The left map of the above diagram
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is continuous by definition, and the bottom map is continuous from

Proposition 4.3.11. It follows that the multiplication p is continuous.
O

Lemma 4.3.13

Let p: A — End(V) be a finite-dimensional faithful irreducible repre-
sentation of a unital associative algebra over a field k such that there

is a filtration of the form
P(Am .. AD)(V) Cp(Apr .. . AD(V) C ... Cp(A)(V)CV

where A; € A and dim p(A,, ... A;)(V) = 1. Then

A= End(V). (4.75)

Proof. ’Transitivity: Note that since our representation is irreducible,

the action of A is transitive on V, since given any non-zero v € V', the

subspace
{Av| A e A}

is invariant under the action of A, and thus must be equal to all of
V. Since we can produce a rank one matrix, p(A4,,...A;), it follows
that all rank one matrices can be obtained in the image of p. Since all
matrices are in the span of rank one matrices, it follows that the map
p is bijective, and thus A = End(V). O
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Lemma 4.3.14

Let G be one of the following Lie groups with its standard represen-

tation:
{O(n),SO(n) | n > 2} U{Sp(n)}.

Then the induced representation of the universal enveloping algebra

Ulg| surjects onto End(V') for the corresponding V.

Proof. For each case, by Lemma 4.3.13, it’s sufficient to find an appro-
priate filtration by images of elements of U[g]. Note that each of the
standard representations of Ulg] is irreducible. In each case that follows
we fix some basis of our vector space and view the representations of

Ulg| as matrix representations.

O(n): | For n > 2, the Lie algebra o(n) in its standard representation
has elements of the form E;; — Ej;, and Ej, — Ej;, with ¢, j, k distinct.
The product

(Eij — Eji)(Eju — Exj) = —Eji

is rank one. The same example holds for so(n), since it’s isomorphic to
o(n).

Sp(n): | The Lie algebra consists of block matrices of the form

A B
C —AT)’

where B and C' are symmetric matrices. In particular, we can take
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B = E;; and every other block to be zero, to get a rank one matrix.
m

Lemma 4.3.15: e

Let G = U(n) with n > 2 and consider the Hopf-Frobenius module
given by RG acting on R*". Then Ulu(n)] surjects onto End(R?").

Proof. The Lie algebra u(n) consists of skew-Hermitian matrices. If

n > 2, we can obtain all off-diagonal entries by using

(iEaa)<Eab - Eba) - iEab
(iEaa>(iEab + 7;E1ba) = _Eab-

All diagonal entries are obtained from ¢FE,, and

(iBe)? = —Fqa. O

Proposition 4.3.16

Let G be one of the Lie groups listed in Lemma 4.3.14 and let p : G —
GL(F) be its standard representation on the corresponding vector
space F' with bilinear forms {(:,-), }ie;. In particular, the action of G

preserves the forms:
(9z,9y);, = (x,y),;, forall g€ G,z,y € Fi € I. (4.76)

If g is the Lie algebra of G and Ulg] is its universal enveloping algebra
then
¢l ~ g (4.77)

as topological groups.
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Proof. First note that in all of the cases in Lemma 4.3.14 our Frobenius

algebra is finite-dimensional and over a trivially-starred field.

‘Hopf—Frobenius module: | The representation p : G — GL(F') induces

a Lie algebra representation
dp:g— gl(F). (4.78)

It is from this representation that we get the structure of a Hopf-
Frobenius module from the universal enveloping algebra of g acting on
F. Note that the primitive elements of the universal enveloping algebra
Ulg| are precisely the elements of g, and these generate Ulg| as an alge-
bra (taking all products and sums). So in this case U[P], where P is the
set of primitive elements of the Hopf algebra, which we use to construct
ggm, is the universal enveloping algebra of g. From Lemma 4.3.14 we

have a surjection
Ulg] — Mat, (k).

Since F' is acted on by gg[g}, and each element of Qg[g] preserves the
pairing, we have a group homomorphism ¢ : Qg[g} — G. Now given
any g € G, we can view it as its matrix representation p(g), which will
correspond to some element in Mat,, (k) which preserves the pairing. It
follows from the above surjection that there is some ¢, € gg[gl, which

is mapped to g, and thus our group homomorphism is an isomorphism.

Continuity: | The standard representation of the group G is continu-

ous, where the topology on matrices is the standard subspace topology

122



induced from k. The topology on gg[g] is homeomorphic to the sub-

space topology of the matrix topology. It follows that our bijection

G — gg[g]

is an isomorphism of topological groups. O

4.4 Exceptional Lie Groups

The above construction also works appropriately for the exceptional Lie

groups. We present one small example below.

The exceptional Lie group F} is the isometry group of the octonions.
We can view the octonions as a non-associative Frobenius algebra over

the real numbers. The above construction will yield

gl =~ F,. (4.79)
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Chapter 5

Hopf-Frobenius Quantum Field
Theory

5.1 Creation/Annihilation Operators

Definition 5.1.1: Bosonic Fock Space

Let V' be a vector space of states (for example a Hilbert space), and
let S[V] be the symmetric algebra on V. We give this algebra the

structure of a comultiplication, defined on powers of elements of V' by

Afr = zk: Vi Tk)!f’“ ® fr* (5.80)

and extended multiplicatively and linearly. We call S[V] with this

comultiplication the bosonic Fock space of V.

Analogously, working with the exterior algebra and graded

commutation rules allows us to define fermions and supersymmetric
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Fock spaces.

f™ is interpreted as n bosons in the state f.

Aff=1@ f"+Vaf@ [ +/nln—Df* @ "+ +Vilfrel
(5.81)

This coalgebra is not co-commutative. This is desirable, be-
cause it gives an interesting multiplicative structure on the convolution
algebras over it. The structure is also not counital, however it is close

— if we define, (1) = 1, and ¢(f™) = 0, we’re counital up to a scalar:

al(Af") ="
5.82
e2(Af™) = Vnlfm. (582
The coalgebra is not coassociative either:
AJA" = n! k! 0 k—¢ n—k
18] _§ n—n\ oo €7@
while
n (Tl — k)' k m n—k—m
A Af Z \/(n_k_m)!f QM f
A Af" —Z AT AT
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Consider the coefficient of f ® f ® "2 in each case:

n n! 2 .-
AAf :\/<n_2>!\/(1)!f®f®f 2y

|
AQAfn:“ﬁfQ?f@fn_Q—l—...

We can view bosonic Fock space as a generalized bialgebra.

Definition 5.1.2: Creation/Annihilation Operators

Let C be a coalgebra with basis {z;}. If Az; = > (i | j,k)z; ® xy,
then the creation and annihilation operators a;, aI with respect

to the basis {z;} are endomorphisms on C' defined by

a}xk = Z(z | 4, k)x;
' (5.83)
a;xy = Z(k? | J, ).

i

Joni and Rota presented this notion of creation/annihilation operators
in [19].
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Applying Joni-Rota’s construction to S[A], we find that a;f™ will be
the term in the expansion of Af" of the form f ® f"~!. Similarly,
a}f” will be the term of the form f ® f* in Af"*. Thus

G,J}fn: /n+1fn+1

(5.84)
apf" = /af' .

This is precisely the behaviour of the ordinary creation/annihilation

operators from quantum theory.

5.2 Hopf Quantization

The circle product of a Laplace Hopf algebra can be interpreted as a
method of quantizing the observables of the original Hopf algebra. We out-
line the general motivation and procedure for Hopf-quantization below, be-

fore moving on to specific examples.

States/Operators: | Our set-up will involve a Frobenius algebra of classi-

cal states F', and a Hopf algebra of classical operators, H., which form a
Hopf-Frobenius module. The quantization procedure will then produce a
new quantized Hopf-Laplace algebra Hg, which has both an ordinary mul-

tiplication and a circle product.

Two multiplications: | The fact that we will end up with a structure that

has two different multiplications (only one of which is compatible with the
comultiplication in general) might seem odd, however it will turn out to

naturally describe the two different roles that operators play: as composable
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maps (the ordinary multiplication) and as an algebra that have their own

internal multiplication (the circle product).

Example 5.2.1: Deformation Quantization

Let M be a symplectic manifold and let p = C*°(M) be the Poisson
algebra of functions over the manifold. If we take our Hopf algebra to
be H. = T[p], the tensor algebra of the underlying Lie algebra of p,
as an ungraded Hopf algebra, there is a quantized Hopf algebra which

corresponds to deformation quantization of the Poisson algebra p.

Motivation: |In classical mechanics, classical observables are viewed as

functions on a symplectic manifold called phase space. These functions
form a Poisson algebra, which we intend to quantize into a space of

quantum observables.

Laplace pairing: | We want to interpret our pairing as an expectation

value with respect to a fixed state. Recall that the Laplace pairing

satisfies

(9,1) = (9).

For all primitive ¢, we have £(¢) = 0, and thus in our interpretation,
the expectation of each classical observable is just zero. For this to
make sense, we interpret ¢ as the expectation value with respect to a
zero state (one with zero energy, zero momentum, located at the origin,
and so on). We next modify our counit to take the expectation value

with respect to other states.
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\Modiﬁed counits: \ Given an element of phase space, f € M, we define

the modified counit

er(o) = o(f)

for all ¢ € p. Intuitively, for classical states without uncertainty, the
expectation value of an observable on a state should be the actual value
of that observed quantity. In order to remain counital, we define new

comultiplications
Ap=10¢+9021—0¢(f)l®1 (5.85)

which we extend multiplicatively.

We now define a pairing that corresponds to the classical

Hopf algebra:
(@, 0); = o(N)(f) (5.86)

‘ Circle product: ‘ The circle product induced by the above pairing gives

gport=(L1) ¢+ (L) ¢ —v(f)(1,1) ¢+ (s, 1) ¥+ (¢, 9) 1
—(f) (0, )1 =o(f) (L, )¢ —o(f) (L) L+ o(f)e(f) (1, 1) 1
= oY +0()o = (f)o+ () + (b, ¢) 1 = (o)1
= o(f) = (N1 + o(f) (1.

Cancelling out the matching terms, we arrive at

popth =+ ((,0), — o(S)Y(f))1. (5.87)
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Thus with the choice (¢, ¢¥) = ¢(f)(f), we recover the ordinary prod-
uct in the tensor algebra. By post-composing this with the map in-
duced by the product p ® p — p, we can interpret the choice of pairing
(9, ) = d(f)(f) as encoding the classical version of p.

| Quantizing operators: | A quantization of our classical Laplace algebra

now corresponds to picking a different Laplace pairing.

|Induced commutator: |If we define [0, w];"> = ¢op1h—1pos ¢, we have

6,917 = [6,0] + ({6, ¥); — (1, 6) 1. (5.88)

We can interpret this as the Moyal bracket of deformation quantiza-
tion, if we take ((¢, ) ;— (1, ) ) to be a formal power series > /7, aihf
(either by changing our definition so that we map into k[[h]] instead of
k, or just fixing a choice of real number #). In this way we can re-
cover the ordinary version of deformation quantization in the language

of Hopf algebras.

Let S[A] be the bosonic Fock space for the algebra A and let H be the
tensor algebra generated by the creation and annihilation operators
{ay, a}}. There is a quantization procedure which yields the normal

ordering on creation/annihilation operators.
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We give the creation and annihilation operators primitive comultiplica-
tion
Adt=1®al +d @1
/ o (5.89)
Aaf:1®af+af®1
and extend multiplicatively. Let (-,-) be our Laplace pairing (to be

specified momentarily).

Circle product: ‘ The circle product

poth= Z (b1, Y)) P ¥ (5.90)

on our bialgebra gives

ago a; =1 <af,ag> 1+ 1{as 1) aj] +ay <1,a;> 14+ay(1,1) az
= <af, a;> 1+ afag.

Similarly,
a} oay = <a}, ag> 1+ a}ag.
If we define our pairing by

(ag,al) = b5,

<a},ag> =0

then following Fauser [13], we can prove that the circle product gives the

(5.91)

normal ordering on all products of creation/annihilation operators.
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The pairings <a}, ag> =0 and <af, a;> = 074 are precisely the
values of the correlation functions of creation/annihilation operators in

quantum mechanics and field theory. We interpret these functions as

vacuum expectation values of the operators.

Time-ordering;: ‘ Time-ordered products are another important prod-

uct of creation/annihilation operators employed by physicists. By defi-

nition, the time-ordered product is
rory=xy—mro0Y,

since x o y is the normal-ordered product.

5.3 Hopf-Frobenius Field Theory

In this section we present our definition of a Hopf-Frobenius field theory.
This notion is intended to cover both classical and quantum systems, with
appropriate choices of Hopf and Frobenius algebras. The main idea behind
our definition will be to have three different Hopf-Frobenius modules, which
encode the spacetime geometry, local states or fields of the system, and the
internal structure of the states and fields (such as spin). The way these
three different HF-modules interact, through morphisms between them, will

relate to physically interesting phenomena.

\Presentation: ‘ To aid in understanding, before presenting the full defini-

tion, we will look at how Hopf-Frobenius modules capture the relevant ge-
ometric, analytic, and algebraic information individually, before describing

how they interact.

Background: | For more information on the concepts from quantum field
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theory which we investigate in this chapter, see [29, Part 1] and [34, Part I].

5.3.1 Spacetime Geometry

The set-up of a quantum or classical field theory involves a spacetime
manifold M, which carries a pseudo-Riemannian metric. This means that
locally the tangent space looks like R™ with a non-degenerate bilinear form.
Choosing a particular point of our manifold, we let our Frobenius algebra
be the tangent space at that point: Fgpr = R™ with the bilinear form given
by the metric.

‘Terminology: ‘ The elements of Fgr are often called 4-vectors in physics.

‘Symmetries: ‘ The isometries of the metric on spacetime are the Poincaré

transformations. The subset of linear transformations are the Lorentz
transformations A(M). We can choose to take as our Hopf algebra of
spacetime symmetries either the Lorentz group or the corresponding Lorentz

Lie algebra, since we're working locally. We take
HS = kA
HgT = U[[]v

where [ is the Lorentz Lie algebra, as our Hopf algebras of spacetime sym-

metries. Both (HSy, Fsr) and (HE,, Fsr) form Hopf-Frobenius modules.

5.3.2 Fields

Fields of a classical field theory are sections of a bundle over our space-
time manifold. On the other hand, quantum fields are meant to be operator-
valued distributions on the spacetime manifold.
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| Local functions: | Since our spacetime manifold looks locally like R”, we

take as our Frobenius algebra of local functions F, the compactly supported
functions C.(R") or the Schwartz functions S(R™). These functions will
not generally be the fields themselves. Instead, they will serve as local
information that we can attach our fields to; in this way, they serve a role

similar to test functions.

\Derivatives: \ A key tool in physics calculations is differential calculus. We

attach this into our field theory by taking the Lie algebra of derivations
on our Frobenius algebra of local functions, Der(F}), and then taking its

universal enveloping algebra, to get a Hopf algebra of local functions:
Hy = U[Der(Fy)]. (5.92)

Together, (Hy, Fy) form a Hopf-Frobenius module, where the action of the
primitive elements of Hy is just the natural action of the derivations, and

the action of products is the composition of derivations.

5.3.3 Internal Symmetries

Thus far, we've described the basic elements of what might be called a
‘bare field theory’ — a field theory without spin, gauge symmetry, or states
in a Hilbert space. In order to introduce these, we create a Hopf-Frobenius

module of what we call internal structure.

Hilbert space: | States of a quantum system are normally described by a

Hilbert space. As we’ve seen in Example 2.3.10, Hilbert spaces can be viewed
as Frobenius algebras once we choose a basis. This choice of basis is essential
from a physics perspective — it corresponds to the fact that in quantum

theory we need to be aware of the order that we measure observables in.
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From our perspective, the choice of basis of our Hilbert space will reflect the
current observable we are trying to measure. For commuting observables,
there exists a simultaneous eigenbasis that we can choose, at which point
the specific basis we're using can be ignored. The key point, however, is
that from the Frobenius algebra perspective, a choice of basis for our Hilbert
space is not optional: it comes from the requirement that we have an algebra,
rather than simply a vector space, with a bilinear form. In this sense, the
potential quantum nature of states is present from the beginning in the

Hopf-Frobenius set-up.

There is nothing a priori that forces us to choose our space of
states to be a Hilbert space. In general, rather than a space of states, we
would like to think about the relevant Frobenius algebra as one of internal
structure — this may be a state structure for things like energy, or spin, or
colour charge, or it could be something more general. For now we will think

of our internal structure space I as some Hilbert space with a fixed basis.

Symmetries: | The symmetries of our internal structure will encode things

like gauge symmetry and symmetry of states under global phase changes.

Our central example that we will keep in mind will be
H; = kG (5.93)

where G is some Lie group of internal symmetries. However, just as in the
case of spacetime symmetries, it will be useful to also have a Lie algebra

version of internal operations

where b is some Lie algebra of skew-Hermitian operators.
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With all of our basic structure in place, we can begin to describe how
morphisms between the three Hopf-Frobenius modules give rise to physical
phenomena. We first consolidate our structure into a very loose definition

of a field theory (to which we will add more structure later).

Definition 5.3.1: Hopf-Frobenius Quantum Field Theory

A Hopf-Frobenius quantum field theory is a collection of three
Hopf-Frobenius modules, (Hy, Ff), (Hsr, Fsr), and (Hy, Fy) which are
meant to model the local functions, spacetime, and internal structure

of the theory, as discussed above.

5.3.4 Fields and Particles

In quantum field theory the structure of fields (even classical ones) can
be very subtle. A field ¢ may be a scalar field, vector field, a kind of spinor
field (Dirac, Weyl, or Majorana), bosonic, fermionic, a singlet, doublet or
triplet, right or left handed, and on and on.’

Below we try to present an approach to understanding how to distinguish
different kinds of fields in terms of the Hopf-Frobenius formalism, which will
hopefully be easily readable by researchers both in and outside of quantum

physics.

In fact some of these categories overlap with each other! We leave the question of
which as an exercise for the reader.
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Definition 5.3.2: Fields

Given three Frobenius algebras (F, Fsr, F7) encoding local fields,
spacetime, and internal structure respectively, a field of the corre-

sponding field theory is an element of the tensor product

p(x) = ¢i(z) ®e; ® b € Fy @ For ® F. (5.94)
ijk

F; ® Fsp: | In physics literature, the elements of Fy ® Fgp are often

collected together and labelled with an index. So we might see a field
written as ¢, where 0 < p < 3. What this would refer to is a field which
has four components. You could express this field as (¢o(z), ..., ¢s3(x)),

or, in our notation,

wo(x) ®eg+ ...+ @3(z) ® es.

Definition 5.3.3: Particle Type of a Field

Given Frobenius algebras (Fy, Fsr, Fy) and corresponding Hopf-
algebras (Hy, Hsr, Hy), the choice of Hopf-Frobenius module struc-
ture on (Hgr, Fsr) will be called the particle type of the fields in
the theory.

In physics, representations of the Lorentz group correspond

to different types of particles. Classic work in the area tells us that the
representations are indexed by numbers which we interpret as the spin

of the particles. The representation of the Lorentz group will be given

137



I by the choice of Hopf-Frobenius module (Hgr, Fsr).

Scalar fields are spin 0 fields, and take the form
¢:RY = k.

where k is a field, normally taken to be C. This corresponds to the

trivial representation of the Lorentz group.

In physics we normally think of a scalar field as just taking a single
value, ¢(z) € C. However, to make things clearer, we will think of a
scalar field as an element of Fy ® Fgp, where Fgrp is four-dimensional,
but all of the components of are forced to be the same. In other words,

our field has the form

6= ¢Rei=02 (> e) (5.95)
We can think of replacing Fgr with the one-dimensional Lorentz-invariant
subspace generated by > e;, say V. Then Fy ®V = FY, so scalar fields

appear as ordinary scalar-valued functions.

Weyl spinors have spin 1/2 and come in two flavours: left-handed Weyl
spinors come from the representation (1/2,0) of the Lorentz group,
while right-handed Weyl spinors correspond to the (0,1/2) represen-

tation.
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For each kind of spinor, we can think of restricting to a two-dimensional
subspace of Fgr, or simply requiring the fields Fy® Fgp to satisfy certain

restrictions on their components.

5.3.5 Connections and Derivatives

The actual fields of our theory will be elements of the tensor prod-

uct
Fy @ Fr.

Consider the case of a real vector bundle B over our spacetime manifold
M. Picking a local trivialization, we can think of sections of the bundle as
maps R" — R™. Taking Fy = C.(R") and F; = R™, elements of the tensor

product are of the form

m

f@) =Y filr) e (5.96)

i=1

We view f;(Z) ® e; as the component of the function f in the direction e;.

Definition 5.3.6: Exterior Derivative

Let f € Fy be a local function with partial derivative actions d; € Hy.
The exterior derivative of f is the map d : Fy — Fy ® F defined
by
dfi=) 0;fi®e;. (5.97)
J
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Our notion of exterior derivative transforms local functions into fields
(sections of a bundle). If we think of the example of the cotangent
bundle, this is the ordinary behaviour of the exterior derivative: it

sends smooth functions to covector fields.

Spacetime Connection: |In Riemannian geometry, curvature of a manifold

can be described by the data of a connection. We introduce the following
notion of a connection on a Frobenius algebra, which we can use to describe
both the Christoffel symbols for spacetime, and the gauge fields of gauge

theories.

Definition 5.3.7: Connection on a Frobenius Algebra

Let F be a fixed Frobenius algebra. Given a Frobenius algebra F5, a
F%-connection on F; is a choice of second Frobenius algebra F; and
linear morphism

V:F—>F®F QF,. (5.98)

When Fy and F; are clear, we will simply refer to V as the connection.

Definition 5.3.8: Covariant Derivative

Let V : F;, — Fr ® F1 ® I, be a connection, and d : Fy — Fy ® F} be

an exterior derivative. The covariant derivative with respect to
V is the map Dy : Fy ® Iy, = Fy @ Fy ® I, defined by

DV(Z fz(l‘) X 9;) = Z dfl(l') X QZ + fz(:v)(VHZ)(l) X (Vei)(g) X (V@i)(g)
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Note the use of Sweedler notation in the above equation. If we pick a

basis {e;} for Fy and {6,} for F,, we can express

VO = Af(x) ® € @ by
ik

The covariant derivative then takes the form
DV(Z filz) ®0;) = Z (0;fi(z) ® e; @ 0; + fz(:c)AZ(x) ® e @ 0) .

It may not be immediately clear how this definition of ‘connection’ is
related to the one from differential geometry. The following two exam-
ples show how connections from general relativity and gauge theory can

be expressed in the above language.

| Directional derivative: | We define the directional derivative V,, for

v € Fy to be the map
vaFf®F2_)Ff®F2

defined by
Vo(f ©0) = (v, Dy(f ®0)),, (5.99)

where (-, ), denotes pairing v with the second tensor factor in each term
in Dv(f ® 9)

Let {e;}ics be a basis for F;. The curvature of a con-

nection V with respect to the basis {e;};es is the map

[VZ-,Vj] : Ff@Fg —>Ff®Fg (5100)
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defined by
Vi, Vil(f @ 0) = Vi(f @ O)V;(f @ 0) = V;(f @ O)Vi(f ®0),

where V. is the directional derivative with respect to e.

A connection on spacetime will be a connection of the form

V:Fsr = Fr® Fsr @ Fgr.

Say that our spacetime Frobenius algebra is R* with a chosen basis
{eo,...,e3}, where ey corresponds to the time direction. Expanding the

connection in the basis, we have

Ve =Y Th(z)®@e @ ey (5.101)
ik

The functions I'};(z) are called the Christoffel symbols.

|Covariant derivative: | Our covariant derivative will take the form

Dyf=df +>_ fi® Ve,
= Zajfz Ke; e+ Z fz(x)]__‘?z(ilf) ® ej & ey

ijk

The directional derivative will be

<U, va>2 = Z vjﬁjfi & €; + Z Ffzvjfz X €Lk, (5102)

ij ijk
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which matches with the usual form of the covariant directional deriva-

tive in differential geometry, in terms of the Christoffel symbols.

A gauge connection is a connection of the form

V:F = F;®Fsr ® Fy.

Let {e;} be a basis for Fsr and {6;} be a basis for Fj.

|Gauge Potential: | If we expand out in a basis, we can write

Y —ZA ) @ e; @ O (5.103)

The terms Afj (x) are referred to in physics as the gauge field of the

gauge connection®.

| Covariant derivative: | Our covariant derivative will take the form

Dyf = Zaf@e]@@ +) fila) Al (z) @ €; @ by

ijk

|Directional derivative: |

(v, Dy f), Zvﬁﬁ@e + Y v fil)Alj(e) @ Oy

ijk

*Strictly speaking, the gauge field is normally taken to be igA¢, (x), where g is

called the coupling parameter.
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5.4 Examples

5.4.1 U(1) Gauge Theory

We now introduce a gauge action to our notion of field theory. The
Hopf-Frobenius formalism of QFTs encodes gauge theory through (Hy, Fy).
We take the gauge group (or gauge Lie algebra) to be H; (more precisely
we take either the group algebra or universal enveloping algebra). Just like
with (Hgr, Fsr), the particular representation we choose will correspond to
different physical phenomena.

For U(1) gauge symmetry, our internal symmetry space F} is one-dimensional.
Say that Fj is spanned by the vector §. Then U(1) acts on the fields as

fRe®0— fRe @™, (5.104)

Using the isomorphism Fy ® Fsr ® F; = Fy® Fsp, we can think of the action
of U(1) as scalar multiplication on Fy ® Fsr by a complex phase.

‘ Physics notation: |In physics notation, the dimensions of Fgr are normally

encoded in a subscript or superscript, so we would write the action of U(1)

as
Gy P,

In the case that ¢ is a scalar field, the index is suppressed, so ¢ — €™ @.

‘Connection: ‘ Our gauge connection will be a map

VIFI—>Ff®FST®F].

Applying our isomorphism F; =2 k, where k is the base field, our connection

can be thought of as a map
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This is the same data as an element of Fy ® Fsp, which we think of as a
vector field. This element (or 4-vector field in the case that Fsr is four-

dimensional) is called the electromagnetic four-potential.

Physics notation: ‘ The electromagnetic four-potential is normally denoted

A,. In components, we have

V=Y Ar)@e,®0.

\Covariant derivative: ‘ The covariant derivative corresponding to A, will
be

Dy = Zaj¢®e]®0+Z¢A ) Qe ® 0.
Using the isomorphism F; = k, we can view the covariant derivative as

Dy¢ =Y 06 @ e + ¢(x)Ai(1) @ €.

Directional derivative: |

/U DV¢ Z/Uz ¢+¢ /Uz z( )
It follows that

Vip = 0i¢ + d(x) Ai(z),

and so

VaVd = 9a0bd + 0a(6(2) Ap(2)) + (9p0) Aa() + ¢(2) Ap(2) Aa(2)

= 8aab¢ + (8a¢)Ab(x) + ¢aaAb + (85@5)/1,1(1') + ¢(x)Ab(x)Aa(x)
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It follows from the above expression for the directional deriva-

tive that
[vm Vb]¢ = (8(1141) - abAa>¢- (5106)

The term (9, A, — 0,A,) is usually denoted Fy;, and called the electromag-

netic tensor:

F,, = 8,4, — 0,A,.

‘Physics notation: ‘ Physicists will denote the directional derivative as D,,,

where p corresponds to our index over the dimensions of spacetime. A ver-
sion of our directional derivative (which is also called the covariant derivative

in physics) which may be more familiar to physicists is
Du¢ = 8,u¢ + ¢<x)Au($)

5.4.2 SU(3) Gauge Theory

The Lie group SU(3) is the gauge group for quantum chromodynamics.

In this case, F} is three-dimensional.

‘Connection: \We have V : F1 — Fy ® Fsr @ Fr. The gauge fields have the

form

VO = Ghi(z)®e; by (5.107)

Physics notation: | The functions ij (x) are called the gluon field, and

physicists will often package together the Gf’j and 0, tensor factors, denoting
the field by

G
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where p runs over the four spacetime dimensions, and in each dimension we
have an eight-dimensional vector field Gy(z). The eight dimensions come
from the two indices i,k taking values in {1,2,3} (we lose one dimension
because of the conditions making the action of SU(3) into an irreducible

representation).

| Covariant derivative: |

Dvgo = Z 83'902' & €; Y 91 + Z gol(:v)ij(x) & € & lgk
ij ijk
Or, expressed in a form more familiar to physicists, we have, in each dimen-

sion e,
Dup =Y 0upi @ 0i+ Y i()Gi,(z) @ 0
i ik
= Oup + Gﬁ “p

where, in the last line we are implicitly considering ¢ to be a three-dimensional

vector.

5.5 Wightman Axioms

The Wightman axioms are a way of axiomatically defining a quantum
field theory. The axioms are numerous and put very stringent requirements
on what is considered a quantum field theory. The benefit is that from these
axioms, one can prove that a Wightman QFT has physically desirable prop-
erties. For example it satisfies CPT symmetry (that is, there is a symmetry
under inverting all three of (1) charge, (2) parity and (3) the flow of time,

at once).
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In this section we will present the Wightman axioms and then show how
they can be reinterpreted as axioms on a system of three Hopf-Frobenius
modules. Following Wightman and Streater’s presentation in [35], we collect

the axioms into several subcategories.

5.5.1 Relativistic Quantum Mechanics Axioms

These axioms assure that a Wightman QFT reproduces ordinary (rela-

tivistic) quantum mechanics.

1. ‘Hilbert Space: ‘ There is a separable Hilbert space X whose rays (el-

ements of the corresponding projective space) are quantum states.

2. There is a continuous unitary representation of SL(2,C)

(which is the double cover of the restricted Lorentz group) on X, which
we denote U(L, a) (using the parametrization where each Lorentz trans-

formation corresponds to a rotation L and a boost a).

3. ‘Spectral Condition: ‘We can write U(1, a) = exp(iP) for some matrix

P. Furthermore, the eigenvalues of P satisfy p3 — Z?Zl p? > 0 and
Po > 0.

4. There is a state of X, denoted |0), which is the unique

state invariant under the action of U(L,a). We call this the vacuum

state of the theory.

5.5.2 Field Axioms

5. \ Dense subset: \There is a fixed dense subspace D C X which contains

the vacuum state, and is taken to itself by U(L, a).
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6. ‘Operator—valued Distributions: ‘ Components ¢; of the quantum field

¢ are operator-valued distributions on a Schwartz space:

In physics we often work with unbounded operators. Given a Hermi-
tian unbounded operator on D, it’s possible for it to have multiple
distinct extensions to Hermitian operators on the whole Hilbert space.

So D has to be large enough to specify an extension uniquely.

5.5.3 Field Transformations

7. | Transformations: | There is an action of SL(2) on the fields, S(L)
such that

U(L,a)¢(x)U(L,a)"" = S(L)(L™" (z — a))

8. ‘Cyclic Vacuum: ‘ The image of polynomials in ¢;(f) on |0) is dense
in X.

5.5.4 Microscopic Causality:

9. If f,g € S have spacelike supports (ie. f(z)g(y) = 0 for

all z,y with d(z,y) > 0) then

[9i(f), ¢i(g)]+(v) =0 for all v € D,

where [—, —|1 means take the commutator or anticommutator, de-
pending on whether ¢;(f), #;(g) are bosonic or fermionic operators,

respectively.
149



5.5.5 Wightman Axioms for Hopf-Frobenius QFT

We now re-express some of the above axioms in terms of the struc-
ture of a Hopf-Frobenius QFT. In what follows we consider a HFQFT
(Ff7FST7FIaHf7HST7HI)'

Axioms:

1. ‘Hilbert space, states, evolution: | Fy is a separable Hilbert space and

there is an action of Hgr on F; which turns (Hgr, F7) into a Hopf-

Frobenius module.

2. There is an element vy € Fj, which is the unique element

preserved by Hgr and satisfies
e(voz) = e(x)

for all x € Fj.

3. |Field Transformations: | There is a Hopf-Frobenius module structure

on (HST,Ff®F[®FST).
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Chapter 6

Operads and Properads

6.1 Introduction

Operads are a way of encoding algebraic structure by organizing op-
erations like addition, Lie brackets, and so forth, into collections of n-ary
operations O(n), which satisfy certain compatibility relations. Algebras over
an operad are something like representations of a group: while a group is
an abstract mathematical structure required to satisfy certain axioms, a
representation of a group realizes the group explicitly as a subgroup of the
general linear group on some vector space. Similarly, operads are abstract
structures which can be realized explicitly in different categories.

It turns out that algebraic quantum field theories (AQFTSs) can be ex-
pressed as algebras over a certain operad. We will show that AQFTs whose
algebras of observables are Laplace Hopf algebras can be expressed as the

algebras over a particular properad.

Compatibility conditions: | The compatibility conditions that operads have

to satisfy (associativity, equivariance, and unitality) are fairly straightfor-

ward to guess, but are quite involved to write down explicitly. We refer the
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reader to [2, Chapter 5] or [11, Chapter 11] for the full description of the

compatibility conditions of operads.

Definition 6.1.1: Non-Symmetric Operad in Sets

A non-symmetric operad in Sets is a collection of sets O =

{O(n)},>0 with a specified element 1 € O(1) and composition maps
Ofny.mgln] - O(k) x O(ng) X ... x O(ng) = O(ng + ... + ny,)
such that
e fo(l,1,...,1) =10 f = fforall feO(n).

L4 f © (gl © (hl,la"'hl,]ﬁ)w--agn © (hn,la-'whn,kn)) = (f ©
(gla--'7gn))O(h1,17-"7hn,kn)~

‘Terminology: ‘ Elements of O(n) are called n-ary operations, and are

interpreted as functions that have n inputs and one output.

Numerous flavours of operad have been introduced through-

out the literature as variations on the above definition. To ease un-

derstanding, we will first consider the above notion of operad before

considering any variations.
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Definition 6.1.2: Morphism of Set Operads

Let O,P be set operads. A morphism of operads ¢ : O — P is a
collection of set functions {¢, : O(n) — P(n)} such that

¢(lo) = 1p
O(fo(g1,---59n) = 0(f) o (¢(91),-- -, B(gn))-

We can think of these conditions as the operadic version of
the conditions on k-algebra homomorphisms: the first condition is the

preservation of the unit, the second is that composition commutes with

the homomorphism.

Definition 6.1.3: Algebra over an Operad

Let O be a set operad. An algebra over O is a set X and set maps
0,: 0O(n) x X" = X (6.108)

which have to satisfy associativity and unitality.

By picking out a particular set and collection of operations 6,,, the

abstract operad O becomes realized as a specific algebraic structure.

The associative operad is the operad whose sets of operations are all

singletons:

A(n) ={u,}, foralln>0. (6.109)
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The main feature of the associative operad is that algebras over it will
be the same thing as monoids. Let X be an algebra over the operad.

We consider the operations on X:

o will become the unit element y(po) : {*} — X.
w1 will become the identity map 61 (p;) : X — X.
2 will become the multiplication 05(pg) : X x X — X.

‘Higher arity: ‘ The fact that we only have a single map in each degree

will force certain compatibility conditions to hold. For example, there
are two ways of composing maps in A in order to produce something
with 3 inputs and one output: ps o (p2,1) and pg o (1, ug). Since A(3)

is a singleton, both compositions must be equal:

p2 0 (p2, 1) = pz o (1, pa). (6.110)

This forces the multiplication on X to be associative. Similarly, the
higher A(n) being singletons forces all possible bracketings of products
in X to be equal. Similarly, one can show that the degree 0 term must
behave as a unit. Thus algebras over the associative operad are precisely

monoids.

Symmetric operad: | We often want our algebraic structure to satisfy cer-

tain compatibility conditions which involve swapping terms around. For

example commutativity says that zy = yx, or xy = xy - 02, where o5 is the

permutation which swaps x and y. Introducing an action of the symmet-

ric group on n elements for each O(n) (and requiring certain equivariance

conditions) produces the notion of a symmetric operad.

Enriched operad: ‘ We could also ask that our O(n) have some additional
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(or alternative) structure to being sets. For example, monoids in vector
spaces are the same thing as k-algebras. So if we define a version of the
associative operad in vector spaces, its algebras will be associative algebras.

These more general operads are called enriched operads.

Coloured operad: | Finally, we might want to allow our operad algebras

to involve a choice of more than one object X. If we index our operad
operations by a set C, we arrive at the notion of a coloured operad.
We allow all three of these extra features in the more general notion of

operad which we now consider.

6.2 More General Operads

Definition 6.2.1: Coloured Symmetric Sequence

Let C be a set and V be a symmetric monoidal category. A symmet-

ric sequence in VYV with colours C is a functor
O:SClxC—=VY (6.111)

where S[C] is the groupoid whose objects are finite sequences in C

and morphisms are permutations.

Given a string «; ... «, in S[C], we will use the shorthand

notation

Qi
Il
2

. Q.
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Interpretation: | A symmetric sequence applied to an element

(@, B) € S[C] x C

corresponds to the object of operations from & to 5: Ola | 5].

Definition 6.2.2: Coloured Operad

Let V be a symmetric monoidal category and C' be a set of colours.
A C-coloured operad in V, O, is a coloured symmetric sequence

O : S[C] x C — V along with composition maps v, and units 1

200(1...0én O(DZ (07 Olw
7: 0 |m®(§> (@1 | ei] = O | B -

1: 1 — O[5 | F]
for each choice of «;, 5,w;, where I is the unit in V. The composi-

tion maps and actions of S,, have to satisfy compatibility relations for

associativity, unitality, and equivariance.

Definition 6.2.3: Algebra over an Operad

Let V be a symmetric monoidal category. An algebra over a V-
operad O (also called an O-algebra) is a set of objects in V indexed
by the colours a € C: {X, | X € Obj(V),a € C} and composition

maps
Oar,.omip : Olan, ... an | Bl ® Xq, ... ® Xa, = X5 (6.113)

which have to satisfy associativity, unitality, and equivariance condi-

tions.
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Given a selection of objects X,, or morphisms f,,, we use

the shorthand

Xo=Xo, ®...0 Xq,
Ja=fa ®...® fa,-

Definition 6.2.4: Morphisms of Operad Algebras

Let O be an operad in the symmetric monoidal category V. A mor-
phism of O-algebras, f : (0,{X.}) — (¢, {Ya}) is a collection of

maps f, : X, — Y, such that the following diagram commutes

O[@lﬂ]@X@ L))(ﬁ

1®fal lfﬁ

Ola | f] ® Ys — Ys.

Generators / Relations: | Like many algebraic structures, operads can be

expressed in terms of presentations of generators and relations. We refer
the reader to [24, Section 5.5] or [11, Part 4] for more details. The main
construction in the next section we will be produced in terms of generators

and relations.

6.3 Operad of Operad Algebras

Even though we would like to consider operads in more general categories
than SET, it is useful to be able to work element-wise when the opportunity
is available. We first demonstrate how we can often perform operadic con-

structions in a SET-like way, by utilizing coproducts of the monoidal unit,
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before applying this idea to construct an operad whose algebras are functors
F:C— O-Alg

between a given small category C and the category of algebras over a given
operad O. For our warm-up example, we will consider the case where O is

the trivial operad.

\ Distributive monoidal: \ In what follows we will need to assume that in our

monoidal category V, the tensor product distributes over finite coproducts.
This is not a substantial limitation. Categories which satisfy this property
include all distributive categories (viewed as cartesian monoidal categories),
abelian groups, R-modules for a commutative ring R, and pointed topolog-
ical spaces with monoidal product the smash product and coproduct the

wedge sum.

Example 6.3.1: Operad Construction: Coproducts of Units

Let V be a monoidal category with all small coproducts, whose tensor
product distributes over finite coproducts, and let D be a small cate-

gory. There is an operad O whose algebras are precisely the functors

F:D— V.

Let Z be the trivial operad: it has a single colour, and Z[1] = [
and Z[n] = & for all n # 1, where [ is the tensor unit in V. Algebras
over this operad are just choices of objects in V, and morphisms of

T-algebras are morphisms in V' between the chosen objects. Thus

TZ-Alg= V.
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So this example is of the desired form.

To construct our desired operad, we take our colours C' to
be the objects of D.

For each pair of colours [A | B], where A, B are objects

in D, we define the objects of our operad to be

OA|Bl= || I

f:A—B

For the sake of readability, we will index the units that appear in the
coproduct by the morphisms that the coproduct is over: Iy, for

f:A— B.

For each colour A, our operad unit is defined to be
14: IidA — O[A | A],

the map into the coproduct corresponding to the identity morphism
idy : A— Ain D.

O-algebras: | Algebras over the operad O will pick out objects F for

each colour A, and maps
0:0[A| B]® Fq — Fp.

Since O[A | B] is a coproduct and the tensor product distributes over

the coproduct by assumption, the map 6 is the same data as maps

(If@FA)gFA—)FB
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for all f: A— B. We will denote these maps by
Ff : FA — FB-

Then the following diagram commutes for all f: A — B

L@ F, 2% 04| Ble A

)| Js

Fy T) Fp.

This is almost enough to reproduce all functors D — V, but we need
to make sure that F' preserves composites and identities. To do so, we

impose certain relations.

If we wish to impose relations on our maps Fy — Fj, it’s

enough to impose them in our operad 0. Consider the associativity

condition on operad algebras:

&1

OlA| Bl® O[X | A]® Fx =% O|X | B ® F

o] Js

O[A| B|® F4 » Fgp.

0

If we add a tensor product of monoidal units to our diagram, we can

draw
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Fy ———— ;®1,® Fx
f®g®1l
O[A| Bl O[X | Al @ Fx % O[X | B]® Fa

0] |

O[A| B|® F4 s F.

0

The path that travels down the left side of the square is

01R0)(fRga )N =0(f© F)
=0(fe1)(1e F)
= Ff (o] Fg

where A is the left unitor. The other path is

Iy )(f@g@DA ! =0((fog) ®1)

Thus every operad algebra will satisfy
Fyoly = Fyog.

To check that F' preserves identities, we use the unitality condition on

O-algebras:

I ® Fy

1A®1l \
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Thus idp, = 0o (14 ® 1) o A~ = Fjy,, and so F preserves identities.

Thus our O-algebras are precisely the functors
F:D—>YV.

Furthermore, it follows that if f o g = h ok, then their corresponding

maps F' will also match:
FfOFg:FhOFk.

Thus relations on the morphisms f in the category V will produce the
same relations on the maps Fy induced by the operad algebras. We will

use this fact in the following proposition.

We will use the above type of construction in the following proof.

Proposition 6.3.2: The Operad of Operad Algebras

Let V be a symmetric monoidal category with all small coproducts,
whose tensor product distributes over finite coproducts, and let O be
a coloured operad in V. For any small category, C, there exists an

operad OF in V whose algebras are the functors

F:C— O-Alg.

Proof. Let Rop be the set of colours of the operad O. The
colours of OF will be the set Obj(C) x R, which we think of as a copy

of the colours of O at each object of C. For the sake of space, we will
denote the colours of O° as A,, where A € Obj(C) and o € Rp. Thus

the coloured symmetric sequence O¢ will act on [Ay 4, .- Ana, | Bs)-
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OF€ algebras: | Once we've constructed our operad, an algebra over it

will assign to each A, an object G(A,) in V. We'll also have operation

maps

0:O0°Arq, ... Ana, | Bs]® Q) G(Aa,) — G(Bg). (6.114)

Inter-object Operations: ‘ Given two distinct objects A, B € Obj(C)

and a colour o € Rp, we define

OgenlAa | Bal

gen

Iy (6.115)
f€Morc(A,B)
where I; are all the monoidal unit in V, but we've indexed them by
morphisms in C as in Example 6.3.1, to keep track of what they each
are meant to encode. Given an algebra over our operad, the operation
maps

6: 0% [Ay | B, @ G(A,) — G(B,)

gen

will correspond to maps
U G(A,) = G(B,),

as in Example 6.3.1 (in which we denoted such maps F).

Copies of O: ‘ At each object of C we need to both reconstruct the

operad O and obtain the endomorphisms in C. We take

O A, - A, | Agl = Olay ... ai, | ] (6.116)

gen
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when n > 2 or n =0, and

O%ulAa | Al =Ola|o]u || Iy (6.117)
f€Morc(A,A)

Compositions: ‘

C

1. For compositions involving only copies of Og,,

[As | Ag] we copy

the composition maps from O.

2. For operations coming from the morphisms in C, following FExam-

ple 6.3.1, it’s enough to impose that

11} © Hy = Hiog

Mig, = 1%
where 1¢ is the identity operation associated to the colour .

3. Finally, we need ensure that all of the maps x§ coming from mor-
phisms in C behave like morphisms of O-algebras. When we take
an algebra over O°, each A, will be associated to an object in

V, say G(A,). Now, the diagram we need to commute, for any

f:A—= BinC, is

OC [As | As] @ G(As) —2— G(Ap)

gen

& a B
e b

OfenlBa | Bs] ® G(Ba) —;— G(Bj),

gen
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where we've identified OS [As | Ag] and OS, [Bs | Bs] with v9,

gen gen

since they are both equal to Oa | 5] by definition. If we expand

out the above diagram in terms of f*, we have

Ogcen[Aa ‘ Aﬁ} ® G(AO?) » I ® Ogen[A@ ‘ Aﬁ] ® G(A@)
fe1
OfenlAa | Ap] @ I © G(Aq) OfenlAs | Bs] ® Ogeu[Aa | As] ® G(Aa)
v, f4ix1 126
O%uBa | Bsl ®; O%enlAa, | Ba,] © G(As) OS.ulAs | Bs] @ G(Ap)
120 6

OC..[Ba | Bs] @ G(Ba)

gen

7 G(Bg)

Now we apply the associativity condition of operad algebras. We
have two compositions of the form 6(1 ® ¢), which we can re-

express as #(y ® 1). This lets us re-write the above diagram as

Ogen[A@ ‘ AB} ® G(‘A@) » I ® O(g:en[A@ ‘ Aﬂ] ® G(‘A@)
l f®1
Ogen[A@ | AB] ®7, Ifai & G(A@) Ogen[Aﬂ | Bﬁ] ® Ogen[A& | Aﬂ] ® G(A@)
v ®; fai@ll 7®1
1
Ogen[B@ ‘ Bﬂ} ®i Ogen[AOti | Bai] ® G(Ali) L} Ogen[A!i ‘ Bﬁ] ® G(A@)
0

G(Bg)
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But now the commutativity condition no longer depends on @,
c

gen

so we can impose it inside of the operad Of_, itself. Forcing the
upper square of this last diagram to commute will thus assure that
all of the f: A — B become morphisms of O-algebras. Imposing

the above requirements produces our desired operad OC.

It follows that algebras over the operad O° will be all of the functors
from C into O-algebras. m

6.4 Properads

The coalgebraic structure of Hopf algebras and Hopf-Frobenius modules
and the way that it interacts with the algebraic structure have played a
crucial role in our formulation of quantum field theory. However operads
on their own do not have the capacity to encode co-operations. Similarly,
co-operads can encode coalgebraic structure, but not algebraic. Properads
are mathematical objects which can encode both algebraic and coalgebraic
operations and compositions between them.

Updating our notions from the operadic to properadic set-up is straight-
forward, and essentially consists of replacing the operation sets Ola | f]

with
Pla| 4],

where now both & and 3 can be strings of length longer than one.
For more information on properads, see [18, Chapter 3|, [17, Section 3],

and [10, Section 2.
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Definition 6.4.1: Coloured Properadic Symmetric Sequence

Let C be a set and V be a symmetric monoidal category. Then a pr-

operadic symmetric sequence in V with colours C is a functor
P:.S[C]lxS[C]—=V (6.118)

where S[C] is the groupoid whose objects are finite sequences in C'

and morphisms are permutations.

~

We interpret P[a | 3] as an object of operations with inputs ay, ..., a,

and outputs Sy, ..., Bx.

Definition 6.4.2: Coloured Properad

Let V be a symmetric monoidal category and C' be a set of colours. A
C-coloured properad in V, P, is a coloured properadic symmetric
sequence P : S[C] x S[C] — V along with composition maps v and

units 1g

el PLUAL - (@) | 5]®(§)P[@i | (@) = Plo] 4] (6.119)

lg: I = P3| B,

which have to satisfy compatibility relations for associativity, unitality,

and equivariance.

-
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Definition 6.4.3: Algebra over a Properad

Let V be a symmetric monoidal category. An algebra in the cate-
gory V over a properad P is a set of objects in D indexed by the

colours o € C'
{X.| X € Obj(D),a € C},
and composition maps
Oz Pla|Bl®Xe, ®.. 0 Xs,, > X5, ®...® Xg,  (6.120)

which have to satisfy certain associativity, unitality, and equivariance

conditions.

\.

Definition 6.4.4: Morphisms of Properad Algebras

Let X = (6,{X.}), Y = (¢, {Ya}) be algebras over the properad P.
Then a morphism f : X — Y is a collection of maps f, : X, — Y,

such that the diagram

Pla| B8] ® X4 LXB

1®fal lfﬁ

,P[d’B]@Yd — Y3

commutes.
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A properad encoding bialgebras can be constructed in a straightfor-

ward manner using generators and relations in the category of vector

spaces.

For more information see [20, Section 5.4] and [27, Section 3.3].

We simply ask for generators {u, A, n,¢) and impose associativity,
unitality, coassociativity, counitality, and the bialgebra compatibility
condition. This compatibility condition is the only relation that distin-
guishes this construction from those of the (co)associative operads, and

it requires the use of the symmetric group Sy action o

Ap~peop)(leel)(A®A).

We can modify the above construction to create an operad whose al-
gebras are bialgebras with Laplace pairings. To do so, we add an extra

generator, L € P(2,0) and impose the relations from Equation (3.51):

Lol®u~LeL1l®c1)(A®R1®1)
Lo(p1)~(L®L)(1®c1)(191Q A)
Lo(n®1l)~Lo(1®n) ~e.

We now sketch the proof of the analogous theorem to Proposition 6.3.2

in the case of properads.

Properad presentations | In order to follow Proposition 6.3.2, we need to
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first show that properads have presentations given by generators and re-
lations. We sketch the following argument graciously provided by Donald
Yau. From [13, Corollary 11.28], for any set of colours C, the category of
C-coloured properads is equivalent to the category of G-PROPs for a par-
ticular pasting scheme GTC. From [13, Theorem 14.1], every pasting scheme
G has a corresponding operad Ug such that the algebras over Ug are pre-
cisely the G-PROPs. It follows that there is an operad U, al, whose algebras
are C-coloured properads. Now the category of O-algebras has free objects,
for any coloured operad O (see [39, Example 4.1.10 (1)]). Relations can be
built from coequalizers. It follows that every properad has a presentation in

terms of generators and relations.

Proposition 6.4.7: Properad of Properad Algebras

Let P be a coloured properad in a symmetric monoidal category V
with all small coproducts, whose tensor product distributes over finite
coproducts. For any small category C, there exists a properad P¢

whose algebras are the functors

F:C — P-Alg. (6.121)

Proof. We sketch the proof below — it essentially follows the structure
of Proposition 6.3.2.

Let Cp be the set of colours of the properad P. The colours
of P¢ will be the set Obj(C) x Cp. As in Proposition 6.3.2, we denote

by A, the colour (A, «) € Obj(C) x Cp.

‘Inter—object Operations: ‘ Given two distinct objects A, B € Obj(C)
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and a colour a € Cp, we choose

Penlda | Bal = || Ir. (6.122)
f:A—B

Copies of P: | At each object of C we need to both reconstruct the

properad P and obtain the endomorphisms in C. We let A5 denote the

string of colours A,, ... A,,. Now take
PenlAa | As) =Pla | B (6.123)
when m # 1 or n # 1, and

Peenlda | Ao] = Plar[a]U | | 1. (6.124)

fA—A

Compositions: ‘

1. For generators of the form P

[Aa | Bal = Us.a,p Iy, we use the

composition from C.

2. For compositions involving only copies of chen [As | Ag] we use the

corresponding composition maps in P.

3. To reproduce P-algebra morphisms, we enforce
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PeenlAa | Agl ® G(Aq) I ® PgulAa | Azl ® G(Aa)
l f®1
Pgen[A& | AB] ®i Ifui ® G(A@) Ogen[AB | BE] ® Pgen[A@ | AB] ® G(A@)
e R, f“i@li Y®1

B, ® G(Ay) — 21— pC

gen

Pgen[B& ’ BB] ®z Pgen [Aa,-

[Aa | BB] ® G(Aa)

6.5 Properad of Laplace Hopf Quantum Field Theo-

ries

‘Big picture: ‘ AQFTs are functors F' : X — A, from a category encoding

spacetime regions to some chosen algebraic category. The functor, or AQFT,
is meant to encode the algebra of observables at each spacetime region.

In the literature, different algebraic categories A have been studied. Tra-
ditional choices for A, like categories of C* algebras or various monoids, don’t
come equipped with any notion of correlation function. Below we first re-
view the standard notion of AQFT before proposing our version of an AQFT

with correlation functions. We follow the description of AQFTs in [12].
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Definition 6.5.1: Orthogonality Relation

Let C be a small category. An orthogonality relation | on C is a
relation on pairs of morphisms f, g in C with the same codomain, such

that the relation satisfies the following:
1. If f L gthen g L f.
2. If g L h then fg L fh for all composable f.

3. If g1 L go then g1h L g9k for all composable h, k.

Definition 6.5.2: Orthogonal Category

An orthogonal category is a small category C with an orthogonality

relation L.

~
\.

Definition 6.5.3: Algebraic Quantum Field Theory

Let (C, L) be an orthogonal category. An algebraic quantum field

theory is a functor
F:C — Mon(M)

to the category of monoids of some monoidal category M, such that

F(4) ® F(BY L2 0) @ F(C) —— F(C) ® F(C)

F(f)oF (g)l lﬂ

F(C)® F(C) , F(C)

m

commutes whenever f: A — C and g : B — C satisfy f L g.
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Causality: | The commutative diagram condition is called the causal-

ity condition and corresponds to the Wightman axiom that space-
like separated quantum fields should commute (or anticommute for

fermions).

In [6] an operad is constructed whose algebras are AQFTs. We can essen-
tially reproduce their construction using Proposition 6.3.2: first note that
monoids in a monoidal category are algebras over the associative operad.
Proposition 6.3.2 then produces an operad whose algebras are functors of

the correct shape,
F:C — Mon(M),

but may not satisfy causality. This auxillary operad A¢ was denoted O¢
in [0, Definition 3.6]. In order to rectify this, the authors of [6] modify the
construction of the operad A¢, by imposing additional relations that force
the causality diagram to commute. This construction essentially relies on the
fact that the category (and orthogonality relation) are fixed, and everything
in the causality condition can be expressed in terms of the elements of the
operad A¢: yu are operations in A, f,g are morphisms in C, and 7 is the

swap map, which corresponds to the action of Sy on the operad.

Since we know that Laplace bialgebras can be encoded as

the algebras over a properad (Example 6.4.6), Proposition 6.4.7 gives us a

properad whose algebras are functors
F:C— LB(V)

where LB(V) is the category of ordinary bialgebras with Laplace pairings in

the symmetric monoidal category V.
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Definition 6.5.4: Cluster Decomposition Condition

Let (C, L) be an orthogonal category and V be a symmetric monoidal
category. Consider the category LB.. of cocommutative Laplace bial-
gebras. A functor F': C — LB..(V) satisfies the cluster decompo-

sition condition if

F(f)®mQF(g9)®"

F(A)®™ @ F(B)®" y F(C)*™ @ F(C)*"
<—,—>m®<—,—>nl l<—,—>m+n
k®k m s k

commutes whenever f : A — C and g : B — C satisfy f L g,

where (—, — is the (m +n)-arity correlation function on F'(C'), as

>m+n
described underneath Corollary 3.4.17.

\

Definition 6.5.5: Laplace Bialgebraic AQFT

Let (C, L) be an orthogonal category and ) be a symmetric monoidal

category. A Laplace bialgebraic quantum field theory is a func-

tor
F:C— LB.(V)

where L£B..(V) is the category of cocommutative Laplace bialgebras
in V, such that the causality and cluster decomposition conditions are
satisfied.

Now, modifying the construction of the properad P¢ to include the

causality and cluster decomposition conditions, we have the following:

175



Proposition 6.5.6: Properad of Laplace Hopf AQFTs

Let (C, L) be an orthogonal category and V be a symmetric monoidal
category whose tensor product distributes over finite coproducts.
There is a properad P whose algebras are the cocommutative Laplace
bialgebraic AQFTs in V.
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