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Abstract

In this thesis we study area-dependent quantum field theories. We classify
them in terms of regularized *-Frobenius algebras, which generalize the notion
of x-Frobenius algebras. We then give a way of building examples, the so-called
lattice construction. Finally we describe the example motivating the study of
these theories, the 2d Yang—Mills theory, with our newly developed techniques.
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Introduction

Quantum field theories in general depend on the metric on the manifold they
are defined on, therefore these theories are complicated to describe and an-
alyze mathematically. However one can consider simpler theories, where the
correlation functions depend for example only on the conformal structure of
the manifold, these are called conformal field theories. If the correlation func-
tions do not depend on the metric at all, only on the topology of the manifold,
we call the quantum field theory topological. Both types of theories have been
extensively discussed in the literature and an explicit mathematical description
is available for topological field theories (or TFTs) in any dimensions [1]. The
most widely known TFTs are however in 2 [2] and 3 dimensions [3, 4]. One can
also consider a theory, where the correlation functions depend on the metric
only through the volume of the manifold. Unlike the former two theories, the
latter has not been treated so thoroughly in the literature.

One can find a description of such 2-dimensional theories, called area-de-
pendent quantum field theories (or AQFTSs), in [5, 6] and [7], but none of them
discusses the general theory in detail, they only describe an example. This
example of AQFTs, which motivates the detailed analysis of the general theory,
is the 2-dimensional Yang-Mills theory, explained in e.g. [8]. There the area
works as the regulator: a general correlation function is well-defined only for
non-zero area. While it is a well-known fact that the state spaces of 2d TFTs
are finite dimensional [2], this minor modification of allowing area-dependence
enables one to consider theories with infinite dimensional state spaces. This
can be seen in the Yang—Mills theory, where the state space is the Hilbert space
of square integrable class functions on a compact Lie group.

The thesis is structured as follows. Chapter 1 contains the algebraic tools
needed for the treatment of AQFTs. We start by summarizing the theory of
Frobenius algebras, then introduce the notion of x-categories and *-Frobenius
algebras. Then we give an overview of compact operators focusing on their
spectral theory. We give the definition of regularized #-Frobenius algebras (or
RFAs), generalizing the notion of *-Frobenius algebras and show that they are
governed by a family of compact operators. Then we show how under certain
continuity condition RFAs decompose into a family of x-Frobenius algebras
and that given a family of *-Frobenius algebras obeying certain non-trivial
convergence conditions how we can recover the notion of an RFA. We finally
show that these two constructions are inverse to each other.

In chapter 2 after discussing the category of smooth bordisms and topolog-
ical field theories, we introduce the category of bordisms with areas (which are
strictly positive). Using this notion we define area-dependent quantum field
theories as symmetric monoidal functors from the latter category to the cate-
gory of Hilbert spaces. We introduce the notion of strongly continuous AQFTs,



which are described by strongly continuous RFAs, and which are therefore clas-
sified. Finally we consider AQFTSs, which allow zero areas.

In chapter 3 we introduce a cell decomposition of bordisms, which we use to
describe the lattice construction of TFTs. Then we show how the data needed
for the lattice construction is encoded in a A-separable symmetric Frobenius
algebra, and that the state space of a lattice TFT is the center of this algebra.
We generalize this construction to the area-dependent case, show how a A-
separable symmetric RFA describes the lattice construction of an AQFT and
that its state space is given by a generalized version of the center.

Finally in chapter 4 we describe an example of AQFTs, the 2d Yang—Mills
theory using our new formalism. We show that the Boltzmann weights are well-
defined only for a non-zero area. We compute the state space of the theory
and calculate the RFA, which describes the lattice construction and compute
its center in order to make the connection of the general theory to this example
explicit. Finally we calculate some zero area limits and show explicitly that
the convolution product is an unbounded operator on L?(G).

In appendix A we describe the category of Hilbert spaces and show how one
can endow it with a symmetric monoidal structure, usually discussed only for
the full subcategory of finite dimensional Hilbert spaces.

The following results can to my knowledge not be found in the literature
and are new contributions:

e the definition of regularized Frobenius algebras, in particular the careful
treatment of their analytic properties,

e the classification of strongly continuous regularized *-Frobenius algebras,

e the classification of strongly continuous area-dependent quantum field
theories in terms of regularized Frobenius algebras,

e the lattice construction of area-dependent quantum field theories, how-
ever the general ideas for TFTs are taken from the literature [9],

e the convergence results in the 2d Yang—Mills theory, however the key
estimate is taken from from the literature [10].

This new formalism could allow one to systematically study 1-dimensional
defects in area dependent quantum field theories. We would like to describe
these as “bimodules” over regularized *-Frobenius algebras, which would gen-
eralize the results for TFTs [9]. Then we could apply this formalism to the 2d
Yang-Mills theory and we hope that we can identify Wilson loop observables
as examples of such defects.

Another goal is to fit the so-called g-deformed 2d Yang—Mills theory, which
is a gauge theory based on a quantum group [11], into this framework. Here we
would like to show that the observables - the gauge invariants - correspond to
1d defects. Then we will try to use this theory to calculate different quantities
in some higher dimensional supersymmetric gauge theories [12].

I am indebted to André Henriques for explaining the decomposition of
AQFTs into possibly infinite direct sums of TFTs combined with a simple
area law. This observation was the basis of the classification result of strongly
continuous AQFTs.
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Chapter 1

Algebraic Considerations

1.1 Frobenius Algebras

Let C be a strict monoidal category with tensor product ® and tensor unit I.
An algebra in C is an object A together with morphisms ps : A® A — A,
na: I — A (called product and unit respectively) such that

® pao(ida®pa)=pao (pa®ida) (associativity) and
e a0 (ida®na)=pao(na®ids) =ida (unitality).

A morphisms of algebras A, B € C is a morphism A % Bin C, such that

o dopa=ppo(doo)and $ona =p.

A left module over an algebra A € C (or an A-module in short) is an object
M € C together with a morphism py; : A® M — M in C such that

o upro(ida ® ppr) = s © (pa ®idpr) and
e Lo (Na®idy) =idpy.

One can define right modules analogously. We call a morphism ¢ : M — N in
C between two A-modules an A-module morphism, if ¢popp = py o (ida @ M).

A Frobenius algebra in C is an algebra A in C together with a morphism
€a: A — I, such that the morphism 4 :=ecq0pu4: A® A — I (the pairing)
is non-degenerate. By this we mean that there is a morphism v4 : I - A® A
(the copairing), such that

(ida ® Ba) o (va®ida) = (Ba ®ida) o (ida ®ya) = ida. (1.1)

Note that this equation determines the copairing uniquely. We will not write
the indices of the morphisms, when it is understood, which Frobenius algebra
we are talking about. We have an equivalent definition of Frobenius algebras
in any monoidal category C [2]:

Proposition 1. Let F be an object in C together with morphisms pp : FQF —
F,np:I—>F,Ap:F— FQF andep : F — I (the product, unit, coproduct
and counit respectively), such that the following relations hold:

1. ppo (idp ®nr) = pr o (Nr @ idr) = idp (unitality),

11



2. (idp ®ep)oAp = (e ®idp) o Ap = idp (counitality) and

3. prpoAp = (up®idp)o(idp @ Ap) = (idp Q@ up) o (Arp ®idgr) (Frobenius
relation).

Then F' together with up, np and ep is a Frobenius algebra.
Conversely let F' together with pur, np and ep be a Frobenius algebra in C,
with copairing yp. Set

Ap = (ppQidp)o (idp @yp): F - FQ F. (1.2)
Then pup, np, Ap and ep satisfy the relations 1-3.

The proof is essentially the same when one considers C = Vecty, (defined
below), in which case the proof can be found in [2] section 2.3. Note that the
Frobenius relation can be used to show that associativity holds. Furthermore
it can be used to show coassociativity [2]:

(AF®idF)OAF:(idF®AF)OAF. (13)

There is a useful tool in strict monoidal categories for doing calculations.
We draw string diagrams for morphisms, an example is shown on figure 1.1.
We draw the tensor product of morphisms by placing the two diagrams next
to each other, and we draw the composition of two morphisms by placing the
two diagrams on top of each other. Some examples are given on figure 1.2. For
more details on this graphical calculus see e.g. [13] chapter XIV.1.

F ¥ (3 T F FF

_ - _ 4
L'VL A T«Q [ =4 ><-—/Z~F,F
le. + F i F FFE

Figure 1.1: Graphical notation of the Frobenius algebra maps and the braiding

Al Ay

Figure 1.2: Graphical notation of some relations in a Frobenius algebra

Let Frob(C) C C denote the category of Frobenius algebras in C. Its objects

are Frobenius algebras in C and its morphisms are morphisms A 2 Bin C for
A, B Frobenius algebras, which satisfy,

e popus=ppo(pod), pona=ng,
o (pogd)oAy=Agop,eqs=cpog.

12



There is an interesting feature of Frobenius algebras ([2] lemma 2.4.5).
Proposition 2. Frob(C) is a groupoid.
Proof. Let A % Bhbea morphism in Frob(C) and set

¢ = (epopp®ida)o (idp ® ¢ @ida)o (idg @ Aaona).  (1.4)

Then we have ¢ o ¢ = idp, calculated on figure 1.3 and ¢ o ¢ = id 4, which can
be calculated similarly, so ¢ is an isomorphism. O

oo ! b
(457

4 ILA b
8 B

Figure 1.3: First use that ¢ ous = pp o (¢ o ¢), then that pons = np. In the
last step use the Frobenius relation, then unitality and counitality.

3

B

If C is furthermore endowed with a braiding 7, then we call an algebra
A commutative, if p1a 0 T4 a4 = pa and write cFrob(C) for the subcategory
of commutative Frobenius algebras in C. Note that a Frobenius algebra is
commutative, if and only if it is cocommutative, i.e. 74 4 0 Ay = Ay. Now
recall the definition of the pairing: 4 =4 o ua. We call a Frobenius algebra
A symmetric, if the pairing is symmetric: 54 = S4074,4. Then the uniqueness
of the copairing implies that y4 = 74,4 0 7a.

Let k be a field. We denote by Vecty the category of vector spaces over
k. It has objects vector spaces over k and morphisms k-linear maps. Vecty
becomes a monoidal category via the tensor product of vector spaces (®) and
tensor unit k and the flip map v ® w — w ® v endows it with a symmetric
structure. This is not a strict monoidal category, but as usual’ we will work
with an equivalent strict monoidal category instead and use the same notation.

If C = Vecty with the above braiding then we call (c)Frob(Vecty) the
category of (commutative) Frobenius algebras over k and write (c)Frob, for
simplicity. Since the copairing exists for every A € Froby, A is finite dimen-
sional. For the proof see [2] proposition 2.3.24.

Proposition 3. Let A be an algebra in Vecty.. Then the following are equiv-
alent:

1. A is semi-simple as a left module over itself,
2. every left A-module is semi-simple,

3. every left A-module is projective.

1See e.g. [13] chapter XI.5.
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For the proof see e.g. [14] proposition 13.9 and 17.2. We call an algebra
A semi-simple, if it satisfies the equivalent conditions of proposition 3. We
call a Frobenius algebra semi-simple, if it is semi-simple as an algebra. An
algebra A € Vecty is called separable, if there exists an A-module morphism
t:A— A® A such that yus ot =1ids. A Frobenius algebra A is A-separable,
iquOAA :idA.

Lemma 4. Let A € Vecty be a separable algebra. Then A is semi-simple.

Proof. Let 4 M be a left A-module with action uj; and consider the left A-
module 4 A ® M where A acts only on the A factor. Then 4 A ® M is a free
A-module.

Let

tyr = (ida @ uar) o (tona idps) : aM — 4 AR M.
Since A is separable we have

par ot = par o ((ar o vona) @idyr)) = par o (na @idyr) = ida,

so oM is the direct summand of a free module, therefore it is a projective
module. Therefore A is a semi-simple algebra by proposition 3. O

Corollary 5. If for A € Froby we have
pa oAy =C&idy, (1.5)

with &€ € k\ {0}, then A is semi-simple.

1.2 x-Frobenius Algebras

In order to define *-Frobenius algebras we need two new notions. A #-structure
or (dagger structure) on a category C is a contravariant functor #¢ : C — C,
which is the identity on objects and an involution on morphisms, i.e. *2 = Idc.
We call C a x-category, if it is equipped with a *-structure [15]. If the category
C is monoidal with associator «, left and right unit constraints r and [, then
we require that a* = o~ %, r* = ! and I* = [7!, and furthermore that
(f®g)* = f*®g* for all morphisms f and g. If the category C is braided with
braiding ¢, then we require that ¢* = ¢~ 1.

Let C, D be categories with x-structures *¢ and *p respectively. We call a
functor F': C — D a x-functor, if it commutes with the *-structures, i.e.

FO*c:*DOF. (16)

A natural transformation of x-functors is a natural transformation of the func-
tors. If C and D were additionally monoidal and F' was a monoidal functor with
natural isomorphisms ¢ and ¢q, then we require that ¢35 = ¢ L and o6 = oo 1
Now let us see an example of a *-category.

Definition 6. Let Hilb denote the category of Hilbert spaces, whose
e objects are Hilbert spaces over C,

e morphisms are bounded linear maps between Hilbert spaces.

14



We write B(H,K) for the set of bounded linear maps H — K, for H,
KC Hilbert spaces. Note that Hilb is a symmetric monoidal category with
the completed algebraic tensor product (®), for details see appendix A. A *-
structure on Hilb is to take the adjoint of a bounded linear map. Let us keep
this *-structure on Hilb fixed from now on.

Definition 7. A *-Frobenius algebra is a Frobenius algebra in a monoidal *-
category such that

A =p, e =n. (1.7)
A morphism of x-Frobenius algebras is a morphism of the Frobenius algebras.

Proposition 8. Fvery x-Frobenius algebra in Hilb is semi-simple.

Proof. Let E denote a x-Frobenius algebra in Hilb and let £ := poA = A*o A.
It is a self-adjoint operator, so it can be diagonalized? and E decomposes into
Hilbert spaces as

E=PF., (1.8)

where F, is the eigenspace of ¢ with eigenvalue t,. Without loss of generality
we can assume that

to #tg, if a # . (1.9)

Now we show that this is a direct sum of Frobenius algebras.
From the Frobenius relation and associativity we have

top=po(Aopu)=po(p®id)o (id® A)
=po (id®@p)o (id® A)=po (id®t), (1.10)
i.e. tis a left module map and one similarly shows that it is a right module map

as well. Let @ # 8 and take a € F,, b € Fz. Then t(a) = toa and t(b) = tgb
and we have

t(ab) =at(b) = tgab
=t(a)b = toab (1.11)
using (1.10). Then (1.11) and (1.9) show that ab = 0, so (1.8) is a decomposition
as algebras.

Similarly one shows that equation 1.8 is a decomposition as coalgebras. We
have

Aot=AopoA=(p®id)o (id® A)o A
=(p®id)o (A®id)o A= (t®id)o A

using the Frobenius relation and coassociativity. Omne similarly shows that
Aot = (id®t)oA. Thus we have for Va € F,, using Sweedler notation:

A(t(a)) =t(an)) ® ag@) = a@q) @ t(ae))
=toA(a) = taan) ® ag), (1.12)

21t is also compact as E is finite dimensional, as noted at the end of section 1.1, so
proposition 12 applies.

15



which shows that the comultiplication restricted to F, lands in F, ® F,.

Let Fy denote the kernel of ¢, which is a Frobenius algebra. We have t(x) =
A* o A(x) = 0 for every x € Fy, which is equivalent to 0 = (y, A* o A(z)) =
(A(y), A(x)) for every y € Fy. So in particular (A(x), A(x)) =0, so A(z) =0
for every x € Fjy, which is absurd in a Frobenius algebra, as counitality cannot
be satisfied. Therefore we conclude that ¢ is injective.

Now the only thing left to show is that each summand Fj, is semi-simple
but it follows from corollary 5. O

By the Wedderburn-Artin theorem® every semi-simple algebra over C, in
particular every x-Frobenius algebra, is isomorphic to a direct sum of matrix
algebras over C. Note that there are different Frobenius algebra structures on
Mat,,(C), the standard one is when one takes the trace to be the counit €.

Let us now see an example of *-Frobenius algebras. Let C. denote C with
its standard Hilbert space structure (and with basis vector 1), € a non-zero
complex number, and set

o £(1) :=¢,n(1) := €,
e A(l):=1101, plel):==L.

€
It is not hard to see that the above equations define a *-Frobenius algebra
structure and that C., and C., are isomorphic as Frobenius algebras, if and
only if |e1| = |ea]. The following corollary shows that actually all commutative
x-Frobenius algebras are the sums of such.

Corollary 9. Every commutative x-Frobenius algebra E in Hilb is isomorphic
to

dimFE

P c. (1.13)
i=1

as *-Frobenius algebras for some values of ;.

Proof. We know from proposition 8, that every *-Frobenius algebra is semi-
simple. By the Wedderburn—Artin theorem, every semi-simple algebra is iso-
morphic to a direct sum of matrix algebras over C and a commutative matrix
algebra is 1-dimensional. So

dimFE

Exfc
i=1

as algebras, i.e. E has a basis {ei}?i:nfE7 in which the multiplication is diagonal:

pe(ei®e;) = dijup(ei®e;) o e;.

Define ¢;, such that up(e;®e;) = e;/ef. Note that ¢; cannot be zero, because

then the pairing eg o pg would be degenerate. This basis can also be chosen to

be orthonormal w.r.t the inner product on E and therefore we get an isometry.
The above decomposition is a decomposition of coalgebras:

(eivej, Ap(er)) = (np(ei®e;)), ex) = ?_j<€iaek> =k

3 E’L

where we used that A} = pg. O

3See e.g. [14] theorem 13.7.
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1.3 Compact Operators

It will be useful later on to collect some properties of compact operators. Let
H,K € Hilb. We call T € B(H,K) compact, if there exists a sequence of
finite-rank operators T,, € B(H,K) (n=1,2,...), such that

|T — T, || === 0. (1.14)

In particular, finite-rank operators are compact.

Proposition 10. Let S € B(K,K’) and T € B(K',K"), one of them compact.
Then T o S is compact.

Proof. See [16] theorem VI.12. O
Proposition 11. Let T € B(K,K) be a compact operator on K € Hilb. Then
1. the spectrum of T is at most countably infinite,
2. if A #£ 0 is in the spectrum of T then it is an eigenvalue of T,
3. the eigenspace of T for eigenvalue X\ # 0 is finite dimensional,
4. the only possible accumulation point of the spectrum of T is 0,
5. if K is infinite dimensional then 0 is in the spectrum of T.
Proof. See corollary 6.34. and proposition 6.35 of [17]. O

A resolution of the identity on K € Hilb is a family {R;},.; of orthogonal
projections (R;R; = &; ;R;) on K such that Y, ; Rz = x for every z € K.*

An operator T' € B(K, K) is called diagonalizable, if there exists a resolution
of the identity {R;},.; on K and a bounded family of complex numbers {\; }icr
such that Tx = Az, when z is in the range of R;. The operators X,Y €
B(K,K) are called simultaneously diagonalizable, if there exists a resolution of
the identity on K, which diagonalizes both X and Y.

Proposition 12. A compact operator T € B(K,K) is diagonalizable, if and
only if it is normal (commutes with its adjoint).

Proof. See corollary 6.45. of [17]. O

Lemma 13. Let T € B(K,K) be a compact diagonalizable operator. Then
there exists a family of Hilbert spaces {Ey}, ., such that

o = @ZO:O E,,

e E, is an eigenspace of T.

Proof. Since T is diagonalizable, there exists a resolution of identity {R;},.;
with some index set I. Let us suppose that the eigenvalues corresponding to the
R;’s are distinct. Then since T is compact the number of distinct eigenvalues
are at most countably infinite by proposition 11, so the index set I can actually
be taken to be the natural numbers.

4For details on sums indexed by an uncountable set see [17] section 5.7. Later we will see
that it is sufficient to consider separable Hilbert spaces and sums over countable sets.
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Let E, be the range of R,. Then we have K = EBZO:O FE,, and closure is
necessary, if IC is infinite dimensional and 7" has an infinite number of distinct
eigenspaces. The last point of proposition 11 shows that even an injective
compact operator has 0 in its spectrum and a diagonalizable (hence normal)
operator does not have 0 in its residual spectrum (see corollary 6.18 b) in [17]),
hence 0 has to be in its continuous spectrum. This means that the the image
of T is only dense in H. O

This lemma in particular shows that if ' € B(#H, H) is an injective compact
diagonalizable operator, then # is separable, since H is the completed direct
sum of countably many finite dimensional Hilbert spaces.

Lemma 14. Let T = {T; € B(K,K)},.; be a family of diagonalizable compact
operators, such that either one of the following conditions is satisfied:

1. I is a finite set, or
2. K is finite dimensional.

Then the operators in T are simultaneously diagonalizable, if and only if the
operators are pairwise commuting (T;T; = T;T;)

Proof. We will prove the statement for each case separately.

1. Assume that I is a finite set. Then it is enough to show this for two
operators S and T and then use induction on the number of operators.

It is clear that if they are simultaneously diagonalizable, then they com-
mute. Pick a common eigenvector v, then [S,T]v = 0 and any vector in
KC can be approximated by a linear combination of eigenvectors.

Now suppose that they commute and let 7., E,, = K be the decom-
position of K into eigenspaces of S. Then FE,, is a T invariant subspace,
as STx =TSz = N\, Tz, with x € E, and \, the eigenvalue of S on E,.
Hence T can be diagonalized on E,,, giving the simultaneous diagonal-
ization of S and T.

2. Assume that K is finite dimensional. Then the subspace of B(K,K)
spanned by the operators T; is finite dimensional. It is enough to show
the statement for the basis of this subspace and it is implied by the first
part.

O

Proposition 15. Let {P, € B(H,H),a > 0} denote a semi-group of diagonal-
izable compact operators (P, o P, = Paip). Then there is a family of Hilbert
spaces {Ey},"_ . such that K = @, B, and for every a

n=0’
e Fy=KerP,,
o F,, is an eigenspace of P, and is finite dimensional for every n > 1.

Proof. Let us fix ag and apply lemma 13 on P,,. Then K = 0,7, F,,, where
Fy is the kernel of P,,. Consider F,, for n # 0, it is finite dimensional by
proposition 11, so we can simultaneously diagonalize on F;, the operators P,

18



for every a by lemma 14. Let x € F,, be a common eigenvector for every P,:
P,x = c(a)z, where ¢ : R — C. Then we have

P, o Pyx = c(a)c(b)x = cla+b)x = c(a)c(b) = c(a + b) (1.15)

as P, o P, = P,yp. This equation implies that either ¢(a) = 0 for every a or
c(a) # 0 for every a (for details see [18] page 28). Since c(ag) # 0, none of the
F,, for n > 1 contain 0 eigenvalue eigenspaces of P, for any a. We have just
shown that

KerP, C KerP,, = Fj (1.16)

for every a. So if we exchange the role of a and ag, we get the converse inclusion,
therefore the kernels coincide, so set Ey = Fy. The previous diagonalization
delivers the eigenspaces E, for n > 1. O

1.4 Regularized Frobenius Algebras

Motivated by area-dependent quantum field theories (defined in chapter 2), we
would like to generalize the notion of #-Frobenius algebras, which will allow
infinite dimensional spaces.

Definition 16. A regularized Frobenius algebra F is an object in Hilb together
with families of morphisms

{,ua:]:‘g’2 —>]:}, {na:(C—>.7:},
{aciForer}, e 7o),

where a € Ry, such that the following relations hold. Let a;,b;,c;,d; € Ry
(i =1,2), such that a1 +as = by +bs = ¢1 + o = dy +do = a. Then we require
that

fra, © (idF®na,) = p, © (b, QidF)

= (id}'®5c1) o ACQ = (Sdl®id]:) o Ad2 = Pa, (117)
Aq, 0 pay = (idr@mu, ) o (Ay,®idr) = (pe, @idr) o (idr®A.,), (1.18)
Pal O fay = Ha, Aﬂl OP&Q = Aq, (119)

and that P, is injective. We call F a reqularized x-Frobenius algebra, if fur-
thermore

we =247, and n; = ¢e,. (1.20)

We the abbreviation RFA for regularized *-Frobenius algebras, as these
will appear mostly in this work. Note that equations 1.17 and 1.18 generalize
the properties of a Frobenius algebra, the two equations in (1.20) generalize
x-Frobenius algebras. Injectivity of P, is also required in order to be able to
recover the definition of a Frobenius algebra. Using equations 1.18 and 1.19,
we also have that

fa, © ({dF®P,,) = py, o (P, ®idr) = pa, (1.21)
(idFp®P,,) 0 Agy = (P, ®idF) 0 Ap, = A, (1.22)
Pa, 00y = Na, (1.23)

€p, © Py, = €q, (1.24)

P,,P., = P,, (1.25)
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where a;,b; (¢ = 1,2) and a are as in definition 16. Some of the relations in a
regularized Frobenius algebra are shown on figure 1.4, we write the parameters
of the morphisms next to their diagram.

dy
q"‘g = Q‘_‘:P A =
%2\ Kﬁ‘ N %LHL

Figure 1.4: Some relations in a regularized Frobenius algebra

Proposition 17. In a reqularized x-Frobenius algebra the operators P, are
self-adjoint and of trace class, hence compact.

Proof. To show that P, are self-adjoint, just write using the definition of P, in
equation 1.17 that

P, = (id}_®5a/2) © A(1/2 = Ha/2 © (na/2®id}_)

and use equation 1.20. The proof of P, being of trace-class is as follows: Set
Ba = €ay © tay, and Yo = Ay, 074,. Then by equations 1.18 and 1.17 we have

P, = (Zd]:®ﬁa1) © (r}/az ®Zd.7:) .

Let {¢i};c; be a complete orthonormal set of F, 8,(¢;®¢;) = B and 74(1) =
> jer Vi ¢i¢;. Using these we can calculate

TePo =Y (bis Padhi) = Y (61, (idr@Ba, ) © (Y0, 00:))

iel el

= Z <¢i, (id}'®ﬁa1) (vZ’§¢j®¢k®¢i)>
i,7,k€l

= Y (ke Bl = > BEIyE.
i,5,k€l J.kel

On the other hand we have

Bay © TF,F (’thz(l)) = Z Ba, © TF,F (’Yﬁf%@qf)k) = Z ﬁ(]ff’ygf,

Jkel Jkel

which is a convergent sum as 3., 77 7 and 7, are bounded maps, and, which
equals TrP,.

To see that trace class implies compact, look at problem 5.66 ¢) and d) in
[17]. O

Recall that in definition 16 we required that the operators P, are injec-
tive. Assume for a second that we have the set of data with the properties in
definition 16, including equation 1.20, but the operators P, are not injective.
They form a semigroup of normal compact (and hence diagonalizable) opera-
tors, hence by proposition 15 they have the same kernel, so restricting them to
the closure of their image gives injective operators and by equations 1.19, 1.21
and 1.22 we do not lose anything by restricting to the image of P,.

A regularized Frobenius algebra F is
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e commutative, if p, o TF F = fa,

e symmetric, if €4, © fiq, = €p, © v, O TF F,

A-separable, if fiq, 0 Ao, = Fu,

e strongly continuous, if the map = +— P, is strongly continuous,

for any a = a1 + aa = b1 + by. Note that symmetric implies A,, 0 7y, =
77 7 0 Ap, omp,.° The center of F is the subspace

{c € Flpa(c®z) = po(x®c), for every x € F and a > 0} . (1.26)
Lemma 18. The center of a regularized Frobenius algebra is closed.

Proof. We can alternatively write the center C' as an intersection:

C= ﬂ Kery?,
zeF
a>0
where ¢%(y) = pa(2®y) — pa(y®z). These are clearly bounded linear maps,
hence their kernel is closed. The intersection of closed sets is closed. O

A morphism of regularized Frobenius algebras is a morphism ¢ : F — F’
in Hilb such that

¢ 0 fta = g © (6RP) , ¢ 010 = 15, (1.27)
(68¢) 0 Ay = Ay og, e =¢;00, (1.28)

where the primed morphisms are the morphisms of 7. We have the analogue
of proposition 2.

Proposition 19. Any morphism of reqularized Frobenius algebras is injective.
A morphism of reqularized Frobenius algebras is an isomorphism, if its target
18 finite dimensional.

Proof. Let F 2 F' be a morphism of regularized Frobenius algebras. Set
Gq = (e, 0l ®idr) o (idr @RidF) o (idr @Ay ©Na,) (1.29)

with Z?:l a; = a. Then we have ¢, o ¢ = P,, by a same argument shown on
figure 1.3. So ¢ is injective because P, is injective.

By a similar argument we have ¢op, = P.. If F' is finite dimensional, then
P! is surjective, hence ¢ is surjective. O

Note that the converse of the second statement is not true: the identity on
an infinite dimensional RFA is bijective.

Let RFrob denote the category of regularized *-Frobenius algebras, cRFrob
the category of commutative RFAs and RFrobg. the category of strongly con-
tinuous RFAs. From now on we only treat regularized x-Frobenius algebras.

5 One just needs to use the naturality of the braiding, the definition of P, and equation
1.19.
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1.5 Classification of Strongly Continuous RFAs

In this section we will see how the additional requirement of strong continuity
allows an explicit description of the eigenvalues of P, and the classification of
regularized *-Frobenius algebras.’

Proposition 20. Let F be a strongly continuous RFA, and use the notation
of proposition 15. Then the eigenvalues of P, are of the form e~ for o € R.

Proof. Let f € E,, be a common eigenvector of P,, P, and P,; with eigenval-
ues c¢(a), c¢(b) and c(a + b) respectively, none of which is zero. We have

P,Pyf =cla)e(d)f = Poyof =cla+b)f = c(a)e(d) =c(a+b)  (1.30)
as in proposition 15. Furthermore we have
[Paf = Pofll = llc(a) f — c(b)f]| = [e(a) — c(®)] - [I£1], (1.31)

which, by strong continuity, goes to 0 as a — b, hence the function ¢ : Ry — R
is continuous.
The unique continuous solution of the functional equation 1.30 is

cla) =e" (1.32)
for some o € R, see [18] theorem 3.5. O
Corollary 21. Using the notation of proposition 20 we have

ill)% P, =1idr (1.33)
in the strong operator topology.

Proof. Let f € F and write f =Y.~ f,, where f,, € E,. Notice that

12l =3 e 1l <= |17
n=1

using propostion 20. We can calculate

[(Po = idz) f|* = ((Pa — idp) f, (Pa — idp) f) = (f,(Pa — idF)*f)

oo o0 o0
— 2 — 2 2
=D allP =2 e Il Dl
n=1 n=1 n=1

Each of the three infinite sums individually go to || f||* as a — 0, hence

(P —idz) £1* <= I £17 = 21 £I1* + 1 £II* = 0.
O

Proposition 22. A strongly continuous RFA F decomposes into the direct
sum of a family of x-Frobenius algebras ®r = {(E,‘f,ak)};il, where Ey is an
etgenspace of P, with eigenvalue e~ 7%,

6 The idea of decomposing an area-dependent quantum field theory into the sum of topo-
logical field theories was explained to us by André Henriques, for which I am indebted to him.
This idea is used to decompose regularized Frobenius algebras into direct sums *-Frobenius
algebras, yielding their classification.
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Proof. We know from proposition 15 that F = @20:1 FE,, with FE, the eigen-
space of P, and proposition 20 shows that the corresponding eigenvalue is of
the form e™*°». Let us assume that the o,,’s are pairwise distinct. We need to
show that FE, are x-Frobenius algebras.

Claim: Fix n and write £ = E,,, 0 = 0, and Rg for the projection onto E.
Then E becomes a x-Frobenius algebra via the following maps:

aoc +ao
)

e g =Rgon, e, up = lpop €

e cp=c¢,lp e, Ap=2A, g e
We will show this in the following steps.

e First we need to show that ug, ng, Ag and ep are independent of the
choice of a. This can be done by the following calculation by equation
1.23:

log ao

nEe =Rgo Na - e—l—ao‘ = REPa—a’ O MNa’ * e+a = Pa—a’RE O Na’ - 6+

=e (@) R, Nar - €77 = Rpong - e+a,a,
and similarly for the rest.

o Letve F,, we E,, and let us show the following:

=0, ifn#m,

. (1.34)
ek, ifn=m.

Ma(v®w) {

We can write by equation 1.21 that

Na(U®W) = Hg—qa’ © (Pza’®P(1—r)a/)('U®w)
=Ha—a’ (U®U))e_a/(xa”'+(1_x)am)’
for any 0 < z <1, but on the other hand we have by equation 1.19 that

fa(VOW) = Pyr 0 Mafa’(v®w) = Z Cke_a/gkfk’
k=1

with fig—q (v@W) = 332, ek fi, & € Ex. So for every k and x we have
Ck (e—a/gk. _ e—a/(zan+(l—z)dm,)) — O7

so either ¢, =0 or o, = (o, + (1 — z)oy,). The latter can only happen
if oy, = o, = 0y, for some kg and if this is not the case, then all ¢;; =0,
hence j1,(v&w) = 0.

e Equation 1.34 shows that pp lands in £ and we can use this equation to
calculate

pup o (idp@ng) = pia 0 (idg@na) 15 €977 = Py 1p 9797 = idpg,

by the equations in (1.17), so ng is the unit of pg.
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e Let us show now that the coproduct Ag lands in EQE. We have again
by equation 1.22 for v €

Ap(Pw) = e Ap(v) = (Py®@Pu—ar) (Ap(v)),

which shows by an argument similar to the proof of equation 1.34 that
Ap(v) € EQE. This implies counitality via equation 1.17.

e Finally equation 1.18 provides the Frobenius relation.

O

Corollary 23. A commutative RFA F decomposes into ®x = {(Ce,,04)};— ;-

Proof. Corollary 9 shows that commutative x-Frobenius algebras decompose
into direct sums of C.’s. O]

Corollary 24. The center C of a strongly continuous RFA F decomposes as

C= éZ(En), (1.35)

where Z(E,,) is the center of E,,, using the notation of proposition 22.

Proof. Show C C @,-, Z(E,): Let z € C, then we can write it as z =
S 2z, with 2, € E,. Calculate for y,, € E,

n=1
a(28Yn) = pa(2n@Yn),
by equation 1.34. On the other hand we have
1a(2®Yn) = p1a(Yn®2) = fia(Yn®2n),

because z € C, so z, € Z(Ey).
To show the converse inclusion let = Y | z,, with z,, € Z(E,). Then

o0 o0
pa(@@Y) = Y pa(@n@Ym) = D Ha(Ym®Tn) = pa(y®),
m,n=1 m,n=1
because p, is a bounded linear map, so x € C. O

Now we would like to investigate, under which circumstances can we build
RFAs from *-Frobenius algebras and for this we need a few considerations first.
Note that in a *-Frobenius algebra ||n|| = ||| and ||u]| = ||A].

Proposition 25. Let U = {(Fy,0)}72, be a family of x-Frobenius algebras
and real numbers such that for all a > 0

3 e g |* < oo, (1.36)
k=1
st}ip {e= " ||k} < oo. (1.37)

This data defines a strongly continuous RFA Gy via
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o0
g\ll = @k:l Fk,
— v [ee) — N
=D kmi € e, € =D, e e,
— o0 —
=2 e g, AY =300 e A

Here ny, e, pr and Ay are the unit, counit, product and coproduct of Fy, pre-
and postcomposed with the projections Ry : Gy — Fy and injections F, — Gy
mutatis mutandis.

Proof. We need to show that the above defined maps are bounded, check the
relations in the definition of RFAs and that the assignment a — P, is strongly
continuous and that P, is injective for every a. Write G = Gy, 1, = 1Y,
etc. .. for simplicity.

e Equation 1.36 shows that 7, is bounded:
(o)
S e
k=1

=D ]* < o

2 2
17all” = [I7a (D" =

o0
=3 ek ||, (1)
k=1

e It also implies that ¢, is bounded: Define £/, to be the adjoint of 7,, i.e.
el (f) = (b (f),1) = (fina(1)) for f =3 o fr €G, with fi € Fj. This

is a bounded linear map G — C. Then observe that

&) =(f.maL <ny,ze‘“”“ >>= S e (f me(L)

jk=1
(o] (o] o0
=D e (fryme(1)) = Y e M erlfi) 1) = > e Tren(fi),
k=1 k=1 k=1

as n; = €, s0 &, = €, and in particular 7} = &,.

e Equation 1.37 shows that p, and A, are bounded: Let h = 55"
G®? with hij € F;®F; and calculate

z]l E

2 2
[1a(h TR (h)|| = Z e™ " pugs (hie ) 04,105,k
i,5,k=1
= Z =295 | g () || < Z =295 g | | e )
k=1
2 oo
—aog 2
< (sup{e : k||uk}) S Il
k k=1
IAHIP =D e Ax( = Y e A (fi)d
k=1 i,k=1

8

Z 200 AL ()] <Z 207 | Ak | £l

< (sgp{e—a“k ||Ak||}) A
k=1
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as [lpkll = | Akl-

o It easily follows from the %-Frobenius algebra property of the F}’s that the
relations in (1.17), (1.18) and (1.20) hold. So let us write for a = a1 + as
that

Py = pia, © (idg&na,) = Y e “* Ry. (1.38)
k=1

The last equality immediately shows that the relations in (1.19) hold as
well and that the P, are injective as e”*7% £ 0.

e To show strong continuity calculate
1(Po = Pag) f1I* = ((Pa = Pay) f, (Pa = Pag)f) = (£, (Pa = Pay)* )
= Paa fI* = 2| Pagao FII* + | Paa £II?

a—0

L5 | Poao FII* = 21| Paag £ 1 + 1 Paao 1 = 0
as in the proof of corollary 21.
O

Note that the two conditions of proposition 25 imply that the set {O’k}ZO:O
is bounded from below. This can also be seen from equation 1.38 as P, is the
composition of bounded maps.

Corollary 26. Let ¥ = {(C,,,0:)}32, be a family of commutative *-Frobenius
algebras and real numbers such that for all a > 0

oo
2672‘“”7 €l < oo, (1.39)
i=1

sup {e7"7 |7} < 0. (1.40)

This data defines a commutative RFA Gy wvia proposition 25.

Proof. From corollary 9 have ||n;|| = |e;| and ||| = |e:| =, hence the conditions
of proposition 25 are satisfied. O

Theorem 27. The above two constructions are inverse to each other in the
following sense.

1. Let @ be a family of *-Frobenius algebras and numbers satisfying (1.36)
and (1.37). Then we obtain a strongly continuous RFA G from proposi-
tion 25. We can use proposition 22 to get a family of x-Frobenius algebras
and numbers Yg,. Then we have

Vg, = . (1.41)

2. Let F be an RFA. Then we obtain a family of x-Frobenius algebras and
numbers ® z from proposition 22. Now use proposition 25 to get an RFA
Go,, we have

Gor=F. (1.42)
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Proof. Let us start with proving the second part, write &5 = {(Fx, 0%)}72,
and {Ry},-, for the resolution of identity that diagonalizes P, of F. We need
to reassemble the RFA that we have disassembled:

oo
L= @Fk =F
@]: _ Ze—aok —
<I>]r _Zefaok _
(I)F —Ze Whgp =

Mg

aokRk 0 Nq +aak — (Z Rk) 0 Ng = Na,

€ "7 1y 0 (RR®Ry) - €77 = Z fta © (Re@Ry) = pia,
l,k=1

k

Il
-

Mg

El
I
—

oo
T, 0 Ry et = "e, 0 Ry = &4,

Eﬂ

k=1 k=1
oo o0 oo

A7 = E eTRAY = E e kA, 0 Ry - et = E Ay o R, = A,
k=1 k=1 k=1

where we used equation 1.34. Note that the conditions of proposition 25 hold:
Just calculate the norm of 7, to see that the first condition is satisfied:

2

70l = [|7a(1

Z Ryna(1 an(l)e_‘”’“

oo
= eV e = Z I7e]|* e727% < oo.
k=1

For the second let F € F®F, then we have

[ (F)e™ || = llua(P)]| < liall IIF1I

hence [[el €% < flal.

To prove the first part, let us first write ® = {(Fj,0%)},o;. Then G =
@;’;1 F; and let Ry, denote the projection Go — Fj,. Then we have

P<I’

(S o [ Serrtianny
k=1

j=1

Z ™" g, o (idp, k)0 Z e "F Ry,
J,k=1

from which we can directly read off the diagonalizing resolution of identity
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{Ry}p—, of P?. So we have
oo
Fi* =Ry | EPF, | = Fr,
j=1

oo
Go __ —ao; _
NPt = Rpo Y e in; - et =,
=1

o0
e = ey (RGRY) 77 =
i=1
o0
Eft =) e Vejo Ry et =gy,
i=1
o0
qu’ = Ze““’j AjoRy- etaTk = Ay

<
Il
—_
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Chapter 2

Area-Dependent Quantum
Field Theories

2.1 Topological Field Theories in 2 Dimensions

We start with a short summary of 2-dimensional topological field theories as
the area-dependent theories will heavily rely on notions form topological field
theories. First we need to introduce the notion of smooth surfaces and their
boundaries.

Let S; denote a unit circle on the complex plane C. In order to be able to
speak about smooth manifolds, we need the notion of a collar of S;, which is
a neighborhood of S;. Two collars are equivalent, if they are the same on a
neighborhood of Sy, and we call a germ of collars an equivalence class of collars.
Let U be such a disjoint union of circles with collars and let U;,, C U denote
the disjoint union of points |z| < 1 of each collar and U,,: C U the disjoint
union of points |z| > 1 of each collar.

A bordism M : U — V between circles with collars U and V is a compact
oriented 2-dimensional smooth manifold, whose boundary M is identified by a
boundary parametrization with the circles of —UIIV. A boundary parametriza-
tion is a choice of representatives U’, V' of germs of U and V' and injective
smooth maps fi, : Ul, = M, four : Vi, — M, which preserve orientation
and boundary and the images of the circles in U’ and V' are disjoint and cover
OM. We will refer to U and V for a bordism M : U — V as the ingoing and
outgoing boundary of M. We say that two bordisms are equivalent, if the 2-
manifolds are diffeomorphic, such that the diffeomorphism is compatible with
the boundary parametrization.

We can compose bordisms (0): Just glue two bordisms together along their
boundary parametrizations, i.e. the outgoing boundary of the first bordism to
the ingoing boundary of the second bordism. We can permute the circles with
collars and compose a permutation with a bordism, the result will be a bordism
with permuted boundaries.

Definition 28. Let Cobs denote the category of 2-dimensional cobordisms,
which has

o Objects: Disjoint union of a finite number of unit circles S; in C, each
of them equipped with a germ of collars.

29



o Morphisms: disjoint unions of equivalence classes of bordisms and per-
mutations, which permute circles.

By the latter we mean the following. A morphism X : U — V consists of

e a disjoint decomposition U = BU P and V = B’ U P/, such that P and
P’ have the same number of circles,

e a bordism ¥ : B — B’ and
e a bijection p : mo(P) — mo(P’).

This becomes a monoidal category with the disjoint union (L) as the tensor
product and the permutations endow this category with a symmetric structure.
This is the definition used in [9] section 2.3 without defect conditions and metric
on the surfaces. Note that the cylinders are not the identity morphisms, but
are idempotents.

By abuse of notation we write S for an object in Cobg, which has n
circles and let S, ,, denote the bordism in Cobg, which consists of an n +m
holed sphere (S3) with m ingoing and n outgoing boundaries. We will use this
notation to obtain another description of Cobg. For the details see [2] section
1.4.7

Proposition 29. The bordisms Sy 1, S1,0, S2,1, S1,2 and S1,1 generate Cobs as
a symmetric monoidal category. These generators obey the following relations:

L4 31,1 o 51,1 = 51,1;

o Sip0(S11US1)=8120(S1,0US1,1) =511,

o (S1,1U850,1)0821 = (S0,1US51,1)08521 =511,

® S310812=(S1,1US12)0(S2,1US11)=(S1,2US511)0(S11US21),
and we also have that S1 2 0 T = S12 for T the transposition of two circles.

Let Z denote a symmetric monoidal functor Cobs — Vecty. By propo-
sition 29 the cylinders are not necessarily identities, but are idempotents,
therefore their image under Z will be idempotents, but not necessarily iden-
tities. So we have P? = P with P = Z(S;1). We can write any bordism
M : S§™ — S{™ as M = ST o M o SP7, hence Z(M) will land in the m-
th tensor product of ImP = Z(S;)/KerP. Therefore we can define another
symmetric monoidal functor Z’ by setting Z’(S;) := ImP = Z(S;)/KerP and
Z'(M) = Z(M) Itmz(s,yom- Z'(M) lands in Z(S;)®", because Z(M) sends
any element in Z(S;)®™ to zero, which has a factor in KerP. This new functor
sends cylinders to identities.

Definition 30. A 2-dimensional topological field theory (TFT in short) over
k is a symmetric monoidal functor

Z : Coba — Vecty,

for which Z(S1,1) = idys,).

"Note that [2] uses a different definition of Cobg, but it treats cylinders as real generators
and also gives the relations involving cylinders.
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By proposition 29 it is enough to define a TF'T on the generators of Coba,
and check that the corresponding relations are satisfied. We will refer to the
values of the TFT on the generators as the generators of the TF'T and call Z(S;)
the state-space of the TFT. Denote the category of TFTs over k with TFT},.
It has objects TFTs over k and morphisms monoidal natural transformations.
Note that a natural transformation 6 : Z — Z’ being monoidal means that
On 1= O0z(5,)on = 9?" for every n > 1. We are ready to state the main theorem
of this section, which shows in particular that the state space of a TF'T is finite
dimensional.®

Theorem 31. There is an equivalence of categories TFT) = cFroby.

Proof (sketch). Let Z be a TFT and assign

Z(Sl) — F, Z(T) = TF,F,
Z(Sl,z) = UF, Z(Sl,o) = NF,
Z(Sg,l) — AF, Z(So,l) = cp,

where by abuse of notation 7 denotes the transposition of two circles in Cobag
and 7p r denotes the symmetric braiding on F' ® F' in Vecty. Then by the
relations in proposition 29 F is a commutative Frobenius algebra. A monoidal
natural transformation 6 : Z — Z’ gets mapped to 6z (s,) and naturality implies
that this is a morphism of Frobenius algebras. For the rest of the details see
[2] theorem 3.3.2. O

A x-structure on Cobs is given as follows. Let us use the previous notation
for a morphism X : U — V in Coby. Then X* : V. — U is the morphism,
which consists of

e the same disjoint decomposition of objects as X,

e the bordism X* : B’ — B, which is obtained by changing the orientation
of ¥ and exchanging the roles of the in- and outgoing boundaries,

e the bijection p~! : mo(P") — mo(P).

Let us keep this *-structure on Cobg fixed from now on. We have in particular
S = Sn,m- We can consider TFTs Cobz — Hilb, which are additionally
s-functors. Such TFTs correspond to *-Frobenius algebras and vice versa.
Instead of giving details, let us turn to the main subject of the thesis. In
section 2.4 we will see this statement as a special case of theorem 36.

2.2 Area-Dependent Quantum Field Theories

We introduce the notion of the area of a bordism, which we think of as positive
numbers assigned to connected components of a bordism. A bordism with area
is a bordism M : U — V in Coby together with a map Aps : mo(M) — Ry,
which assigns to each connected component of M a positive real number. A, is
called the area map of M and the number it assigns to a connected component
of M is the area of that connected component. Two bordisms with area are
equivalent, if the bordisms are equivalent and the area maps are the same.

8See page 13.
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We can compose bordisms with areas just as in Cobg, with the area map
of the composition given as follows. It assigns to each of the connected compo-
nents of the composition the sum of the numbers, which were assigned to the
factors of the components previously. An example is given in figure 2.1. The
areas assigned to connected components are written on them and the in- and
outgoing boundaries are marked. We define the composition of a permutation
and a bordism with area to have the same area map as before.

ouT

Figure 2.1: Example for composition in Cobg"¢?

Definition 32. Let Cob3"™? denote the category of 2-dimensional bordisms
with area, whose

e objects are the same as the objects of Cobsg,

e morphisms are disjoint union of permutations as in Cobs or equivalence
classes of bordisms with areas.

This category becomes a symmetric monoidal category with the disjoint
union as tensor product on objects and for morphisms as follows. For bordisms
with areas take the disjoint union on bordisms and let the area map of this
bordism assign the same numbers to each connected component, which they
were assigned before. Again, by a slight abuse of notation, let (S, ., a) denote
the bordism with area in Cobj"™®?, which is the n + m holed sphere with m
ingoing and n outgoing boundaries and has area a = Ag, . (Sn,m)-

Proposition 33. The bordisms with area (So1,a), (S1,0,a), (S2,1,a), (S1,2,a)
and (S1,1,a) generate Cob3™® as a symmetric monoidal category. These gen-
erators obey the following relations:

(S1,1,0a1) 0 (S1,1,a2) = (S1,1,a1 + az), (2.1)
S1,2,a1) o ((S1,1,a2) U (S1,0,0a3))

=(S1,2,b2) 0 ((S1,0,02) U (S1,1,b3)) = (S1,1,0), (2.2)
( ) U (So,1,a2)) 0 (S2,1,a3)

( ) U (S1,1,02)) 0 (S2,1,b3) = (S1,1,a), (2.3)
(S1,1,¢1) U (S1,2,¢2)) o ((S2,1,¢3) U (S1,1,¢4))

( ) U (S1,1,d2)) o ((S1,1,d3) L (S2,1,ds)) = (S2,1,€1) © (S1,2, 62)(,2 "

where Z?:l a; = Zf:l b; =a and Z?:l = Z?Zl d; =e1+ ez and (S1,2,a) 0
T = (S1,2,a), where T denotes the transposition of two circles in Cobgr2.
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Some of these relations are shown on figure 2.2. The proof is essentially the
same as of proposition 29, observe how the addition of areas required by the
composition in Cob3™®? is respected.

To define a *-structure on Cob3"®?, first note that 7o (M) = mo(M*), for M
a bordism in Cobg and where M* is given by the previously fixed *-structure
on Coby. Let (M, Ap) be a bordism with area, then we set (M, Ay )* :=
(M*, Apr). For a permutation P we set P* = P~! as we did in Cobs. Let us
keep this *-structure on Cobg"*?* fixed from now on.

Definition 34. An area-dependent quantum field theory or AQFT in short is
a symmetric monoidal *-functor Z : Cob3™*® — Hilb such that Z(S11,a) is
injective for every a.

The condition that Z(S1,1,a) is injective seems to be a restrictive condi-
tion on Z at this point, however in the following we show that it can always
be achieved using the *-property of the functor. So let Z now denote a sym-
metric monoidal *-functor Cob%"*®* — Hilb and let us introduce the following
notation:

HZZ(S1), . Pa:Z(SM,a), .
Ba = Z(SQ,(),a) € B(H®2,C), Ya = Z(SO,Zaa) € B(CaH®2)7

and call ‘H the state space of Z. The following lemma gives us the core of our
analysis.

Lemma 35. The operators P, are of trace class and hence compact.

Proof. Let (¢;)icr be a complete orthonormal set of H. We need to show that
the sum

TePo =) (6i, Pathi)

i€l
converges absolutely. Write Py¢; = > c; Piig;, va(1) = dijer 79 ¢i®¢; and

Bid = B.(¢;&¢;). Let us cut a cylinder as on figure 2.3. From functoriality we
have

(Pag'®6az)(Pag®Pa3®Pa’l)(7@4(1)®Pa’1’) =P,
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- - 4 .
with a; = a} +af, as = a5 + a5, a1 = a1 + a5 and ), _, a; = a. Use this to
calculate

TtP, = Z (pi, (Pa "®Ba2)( ®Pas®P ")(7a4l¢k®¢l®( a’lqsi»
iklel

= (hir (Pay®Bay) (V5] (Pay k) (Pay 1) & (Pay Py 7))

ik,lel

= Y (61, (idn®Bay) (VE] (Pay $1)B(Pay $1) @ (Ps, 64))
ik lel
_ Z <¢“ ffvsipmlﬂmnpnz¢p>
i,k,l,m,n,pel
_ Z F)psk:,yl}’;:‘l1 a3 anpnlé'zp
i, k,l,m,n,pel
kl pml gmn pnk
= Z 4Pa3 B Pa1 k)
k,l,m,nel

in the last step we used that P is a semigroup homomorphism (P;, 0 P,, = P, ).
Now calculate

Bar © TH,H © ’Ya—a’(l) = Ba, © TH,H © (Pal ®Pa3) © 7a4(1)

=Bay 0 T © (Pa,®Puy) | Y WMl ondoen
ki€l

_ E kl pnk s pml
750‘2 o T’H,H a4Pa1 ¢R®Pa3 ¢m
kl,m,nel
kl pml omn pnk
Z ’yakaaS Pal )
k,l,m,nel
which is a convergent sum since it is a composition of bounded maps and it

is equal to TrP, by the former calculation. To see that trace class implies
compact look at problem 5.66 ¢) and d) in [17]. O

-\

bas &

Qe .

Figure 2.3: Decomposition of a cylinder

The operators P, are self-adjoint:
= Z(S11,a)" = Z(57 1,a) = Z(S1,1,a) = Pa.

They also form a semi-group (P, o P, = P,4y), so by proposition 15 the kernels
of the operators P, coincide. This is the main motivation for including the *-
property in the definition of AQFTs. Thus by the same argumentation that we
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used to arrive at definition 30 we can always build a new symmetric monoidal
x-functor Z’ from Z without losing anything in the following way:

e Set Z'(Sy) := Z(S1)/KerP, = ImP, and
[ ] Z/(M) = Z(M) [Z/(Sl)@m

for any morphism S M, SP™ in Cobj™?2. As before, Z'(M) lands in
Z'(S1)®™ and Z'(Sy1,a) is injective on Z'(S;), hence Z' is an AQFT. It is
also worth noting that the state space of any AQFT is a separable Hilbert
space.”

We would like to have a characterization of AQFTs similar to what is given
in theorem 31 for TFTs. Therefore let us first introduce the category of AQF T,
denoted AQFT. It has objects AQFTs and morphisms monoidal natural trans-
formations.

Theorem 36. There is an equivalence of categories AQFT — cRFrob.

Proof (sketch). Observe that we are in a very similar situation as at theorem
31. The generators of an AQFT Z together with the relations in proposition
33 define the morphisms for an RFA F and give the relations in equations 1.17,
1.18 and 1.19, via the following assignments.

Z(S11,a) = Po, Z(1) = TrF
Z(Sl,2;a/) = Ha, Z(Sl,Ova') = Na,
Z(Sg’l,a) — Aa, Z(So’l,a) = Ea,

where 7 denotes the transposition of two circles in Cob5"** and 7 r denotes
the symmetric braiding on F ® F in Hilb. The equations in (1.20) are satisfied
because Z is a *-functor.

A morphism ® : Z — Z’ in AQFT is a monoidal natural transformation,
and it is determined by ®zs,), this is assigned to a morphism ¢ : 7 — F’ in
cRFrob. Naturality implies the relations in equations 1.27 and 1.28, i.e. it is
a morphism of RFAs.

It is clear that this gives an equivalence the same way as in the case of
theorem 31. O

2.3 Strong Continuity

Theorem 36 tells us that if we want to classify AQFTs, then it is enough to
classify RFAs. In order to be able to use the classification result in theorem 27,
we need to specify the AQFTs we are dealing with. Let K, K’ € Hilb and N be
a positive integer. Then a map Q : (R+)N — B(K,K') is strongly continuous,

if for every (r1,...,7n) € (Ry)" and every 1 <i < N the map
:I:»—)QN(Tl,...7ri,1,x,ri+1,...,rN)

is strongly continuous.

Let now (M, Ajps) denote a bordism with area with n circles on the ingoing
and m circles on the outgoing boundary. Recall that mo(M) is the set of
connected components of M and that Ay is a map mo(M) — Ry.

9See the comment after lemma 13 on page 18.
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Definition 37. We call a functor Z : Cob3™®* — Hilb strongly continuous,
if the map

(R+)><|7T0(M)| —>B(H®n,7'[®m)
(AM(C)>C€71'0(M) = Z(M, Apr) (2.5)

18 strongly continuous for all M.

Lemma 38. A monoidal functor Z : Cob3"** — Hilb is strongly continuous,
if and only if the map a — P, = Z(S11,a) is strongly continuous.

Proof. The direction (=) is of course clear. To show the other direction, first
note that the strong continuity of the map in equation 2.5 for all bordism with
area is equivalent to requiring it for all bordisms with area with one connected
component only. This is clear after establishing the following claim.

Claim: Let A : Ry — B(H,H'), B: Ry — B(K,K’). Then the following
are equivalent:

1. A and B are strongly continuous maps,
2. the map (a,b) — A(a)®B(b) € B(H®K,H'©K') is strongly continuous.
So let us fix by € R;. We need to check that for any 7' € HRK
| A(a)©B(bo)T — A(ag)@B(bo)T|| <=2 0.

Choose a sequence T, —=2 T such that for every n T}, is in the algebraic
tensor product H ® K. We know that if x — x¢ in H and y — yo in K then

T®y — ro®Ryo in HRK. Therefore for every n

| A(a)&B(bo) Ty, — Alao)@B(bo)Tn || <= 0.

Let us write A(ag) = Ag and B(by) = By, then

HA( ®BoT — A0®BOTH = H (A(a) — Ag)®BoT,, + (A(a) — Ag)&By(T — Tn)”
< ||(A(a) = Ao)®BoTy|| + ||[A0®@Bo(T — T,) ||
+ ||A(@)&Bo(T — To) || - (2.6)

Now for every € > 0 we can choose N, such that for every n > N,

3

T-T, —_ .
|| ” < 4HAO®BOH

For such an n the first term in (2.6) can be made smaller than /4 for |a — ag|
sufficiently small. Note that ||A(a)®Bo| = [|A(a)|| | Bo|. By strong continuity
of A, ||A(a)|| can be made smaller than 2 || Ag|| for |a — ag| sufficiently small'®,
so altogether
|A(@)@BoT — Ag@BoT || < |[(A(a) — Ag)@BoTy|| + || A0@Bol| - (T = T5,) |
+ || A(@)&Bo| - ||<T 1)

[|(A(@)& By
141+ ,
4( 4088 ) ~°

10 We have [|A(a)f|| < ||(A(a) — Ao)f|| + || Aof|| and the second term on the right hand
side can be made arbitrarily small for any f € H.
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so we just proved our claim.

Let us consider now connected bordisms. We will consider three cases: when
the bordism with area has one ingoing boundary component, when it has one
outgoing boundary component, and when it has no in or outgoing boundary.
When one has more than one in- and outgoing boundaries the argumentation
is analogous. So fix 0 < € < ag and 0 < x¢ such that € + zg < ag.

Let (M, 1,a) denote a bordism with area a and 1 in- and n outgoing bound-
ary. We can write Z(Mp1,a) = Z(M, 1,a — x) o P, for = > 0 by functoriality.
So calculate for f € H

(Z(Mp,1,a) — Z(Mpn,,a0)) fll = HZ(Mn,lv ao =€) (Pa—agte — P2) |
<N Z(Mp1,a0 = €)|| | (Paagte — P) £l <=0,

because P is strongly continuous.

Now let (M7 1m,a) denote a bordism with area a and m in- and 1 outgoing
boundary. We can write Z(Mj ;n,a) = Py o Z(Mym,a — x) for > 0 by
functoriality. So calculate for g € HEm

a—rag

(Z (M1, a) — Z(Mi,m, a0)) gll = [|(Pa—ag+= — Pe) Z(Mi,m, a0 — €)gl]| —— 0,
because P is strongly continuous.

Now let (N,a) be a bordism with area a and no boundary. We can cut
off a disk, so we have Z(N,a) = Z(So,1,20) © Z(N,a — zp). From the Riesz

representation theorem (see [17] theorem 5.62) we have a unique vector e,, € H,
such that Z(So,1,20)(f) = (ex,, h) for all h € H. So calculate

12(N,0) = (N, a0) | = |( a0 (Z(N,0)(1) = Z(F,a0)(1)) )|

< lleaoll | Z(¥,a)(1) = Z(V, a0) (1)) <222 0,
by Cauchy—Schwarz and the previous argument. O

Definition 39. A strongly continuous AQFT is an AQFT, which is a strongly
continuous functor as well.

Let AQF Ty, denote the category of strongly continuous AQFTs, which is
a full subcategory of AQFT.

Theorem 40. There is an equivalence of categories AQFTs. — cRFrobg.

Proof. The proof is essentially the same as the proof of theorem 36, we need to
check that a strongly continuous AQFT is sent to a strongly continuous RFA.
But this is clear, because Z(S1,1,a) for Z an AQFT is sent to P, of the RFA
Z(Sy), conversely use lemma 38. O

2.4 Zero Area Limits

We can alternatively allow bordisms to have zero areas. That is, we can define
a category Cob3™*° which is given by the same definition as Cob3"®?, except
that we allow the area maps Aj; (M a bordism) to take values in R>g. Note
that Cob3™ C Cob3™**?. We can consider symmetric monoidal *-functors
Cob3™*° — Hilb, which send the cylinders (S;1,a), for a > 0 to injective
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maps. One can then ask the question: When does an AQFT extend to such
a functor? By this we mean the following: Let Z : Cob3"** — Hilb be an
AQFT. Is there a symmetric monoidal *-functor Z : Cob3™**® — Hilb, with
Z(Sm, a) injective, such that

Z |cobgrea= 27 (2.7)

If this is the case, we say that Z has a zero area limit. Observe that restricting Z
to the subcategory of Cob3™*®°, where all bordisms have zero area gives a TFT,
which is a *-functor as well, hence Z (S1) is a commutative x-Frobenius algebra
and in particular it is finite dimensional. Hence restricting Z to Cob3r** gives
an AQFT with finite dimensional state space.

Proposition 41. A AQFT has a zero area limit, if and only if its state space
s finite dimensional.

Proof. Let Z denote an AQFT. The “only if“ direction is clear from the pre-
vious argumentation. For the other direction first use theorem 36 to describe
the AQFT Z as an RFA F, then decompose F into the eigenspaces of P, as in
proposition 22. Now note that we have a finite number of distinct nonzero eigen-
values and corresponding eigenspaces of P,, because of finite dimensionality,
say {En}ﬁle, which are #-Frobenius algebras with maps fi,, 7., An, €,. Note
that we only know that the eigenvalues ¢, (a) of P, obey ¢, (a)c,(b) = c,(a+D),
n=1,...,N. Now the maps

N N
Ho = ZnNzl Hny To = Zy}vzl Mns
Ap = anl Ap, &o:= anl En

are automatically bounded. Observe that F, together with the maps pg, 74,
Ag, €4, for a now non-negative give the generators of the desired functor Z. O

Corollary 42 (to corollary 21). Let Z be a strongly continuous AQFT. Then

lim Z(S1,1,0) = idgs,) (2.8)

in the strong operator topology.

Proof. Theorem 40 defines a strongly continuous RFA structure on Z(S;) with
P, = Z(S11,a). Then one can apply corollary 21. O
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Chapter 3

Lattice Construction

Theorem 27 provides all possible examples of AQFTs. Another way of ob-
taining examples of AQFTs is through the lattice construction familiar from
TFTs.

3.1 Bordisms with Cell Decompositions

We will follow [19] and [9] in order to define a cell decomposition of compact
1- and 2-manifolds into k-cells (k = 0,1,2) called PLCW decomposition. A
k-cell is the homeomorphic image of the interior of the unit ball By, in RF. A
cell decomposition of a compact n-manifold M is the disjoint union of k-cells
(k=0,...,n), such that their union is M and they have the following property.
For any k-cell C there is a homeomorphism ¢ : By, — M such that

e (' is the homeomorphic image if the interior of By,

e Si, the boundary of By, decomposes in a way that this decomposition is
mapped by ¢ to the decomposition of M,

e ¢ restricted to each cell in the above decomposition of Sy is a homeomor-
phism.

Let M now denote a compact 2-manifold. We write C (M) for the cell decom-
position of M, Cy(M) for the set of 2-cells of M and call the 0-, 1- and 2-cells
vertices, edges and faces respectively.

Let Cobg"™ denote the category of bordisms with cell decomposition, which
is Coby with the following extra structure on objects and morphisms. Each
circle of an objects in Cobs is endowed with a decomposition into a single
0- and 1-cell; the bordisms are endowed with a decomposition into 0-, 1- and
2-cells, such that the each circle of the boundary of a bordism is decomposed
into a single 0- and 1-cell.'! Composition of bordisms with cell decomposition
M, N is performed by gluing along the boundary parametrization, which needs
to respect the cell decomposition of the boundaries. The cell decomposition
of the composition C(M o N) is the disjoint union of the cell decompositions
C(M) and C(N), with the one of the two identical 0- and 1 cells for each glued
boundary component removed. Let F': Cobg™ — Cobg denote the forgetful

' Note that this is not the most general cell decomposition (one could allow more cells on
objects), nonetheless we will use it because of its simplicity.
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functor that forgets the cell decomposition. It is surjective and full. Note that
Cobg% is a %-category the same way as Cobg is and F' is a x-functor.

Figure 3.1: Splitting a face by inserting a new edge

Figure 3.2: Splitting an edge by inserting a new vertex

Let M be a bordism with cell decomposition C(M). Then we can refine
the cell decomposition by

e splitting an internal edge by adding a new vertex on it,
e splitting a face by adding a new edge between two of its vertices,

illustrated on figure 3.1 and 3.2. The refinement C’(M) of a cell decomposition
is again a cell decomposition of M. We have the following result, which is
explained in detail in [19].

Proposition 43. Let C and D denote two cell decompositions of M. There
ezists a cell decomposition E of M which is the refinement of both C' and D.

Now we would like to extend this notation to include areas, so let Cob3"*® "

denote the category of bordisms with area and cell decomposition, which has
objects same as Cobg%, and the morphisms are generated from permutations
and bordisms with area and cell decomposition. The latter are pairs (M, Ay)
where M is a bordism with cell decomposition and Ay : Co(M) — Ry is a
map called the area map and the number it assigns to a face is called the area
of the face. The area map of disjoint union and composition of such bordisms
assigns the same numbers as before. This category comes with a forgetful func-
tor F’ : Coby ™ ** " — Cobg™? as well, it forgets the cell decomposition on
objects and bordisms and sends the area map of a bordism with area and cell
decomposition to a map, which assigns to each connected component of the
bordism the sum of the areas of its faces. Similarly, Coby Y is a *-category
the same way as Cob3"®® was and F” is a *-functor, moreover F” is surjective
and full.
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Now we would like to build TFTs the following way. We build a symmetric
monoidal functor Z¢¥ : Cob§" — Vecty, and the show that it is independent
of the details of the cell decomposition i.e. there is a symmetric monoidal
functor Z : Cobs — Vecty, such that Z°“ = Z o F. Since F is surjective
and full, Z is unique. This will be referred to as the lattice construction of Z.
Then we would like to adjust this construction to build a symmetric monoidal
x-functor Cob3" **“" — Hilb and show that it factorizes through F”.

3.2 Data for the Lattice Construction of TFTs

The data needed for the lattice construction is

e a finite dimensional vector space V' € Vecty,

e alinear map B: V ® V — k, called the pairing,

e a family of linear maps W : k — V®" for n > 1, called the weights.
This set of data needs to satisfy the following conditions

1. B =poryy (B is symmetric),

2. mp o W = W for any n > 1, where Tp(V1 @ Quy) = v, U1 @
@,y (W™ is cyclic invariant),

3. (idyem-—1 ® B @idyem 1 )o (WM @ W) = Wntm=2) (gluing prop-
erty),

4. (idy ® B) o (W® @idy) = idy (unitality requirement),
5. (B ®@idyem-2) o WM =W =2 for n, > 3 (self gluing property).

We refer to a set of data satisfying this set of conditions as the data for the
lattice construction. A similar set of data has been given in [20, 9]. We will
see in the following how this data can be encoded in Frobenius algebras. We
introduce a graphical notation for the above maps on figure 3.3 and the show
the conditions 1-5 on figure 3.4. Note that

n
~AA—m—

\.JL“)___ X &: n

Figure 3.3: Graphical notation of the pairing and the weights

e 3 determines W% via (4) uniquely,
e 3 and W determine W) via (5),
e 3 and W® determine W for n > 3 via (3).

So the independent data is 5 and W) but we still keep this formulation as it
provides a better picture. Using the self gluing property (5) and cyclicity (2)
we also have (idyeor ® B ® idysm-r—2)o W™ = W"=2) for any 0 < k < n—2.
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Figure 3.4: Graphical notation of the conditions 1-5

Proposition 44. The data for the lattice construction determines a A-separable
symmetric Frobenius algebra by setting

o 1= W(l),
e:= o (idy @ WD),

p = (idy ® B) o (idys: ® B®idy) o (WP @idye:),
o A= (idye: @ 8) o (WO ®idy).

Proof. We show that the tuple (V,n, u,e, A) is a Frobenius algebra. Calculate:
po (idy ®n) = (idy ® B) o (idye: ® B @idy) o (W<3> WV g z’dv)

= (idy ® B) o (W<2> ® z‘dv> — idy,

by conditions 3 and 4; to show that p o (idy ® n) = idy, condition 2 needs to
be used. So 7 is the unit of . For the counit calculate

(e @idy)o A= (B®idy ®B)o (W(U QWO idv>
= (idy ® B) o (W<2> ® idv) — idy,

by conditions 3 and 4; to show that (idy ® €) o A = idy, condition 2 needs to
be used. So ¢ is the counit of A. Now we need to check the Frobenius relation
Aop=(up®idy)o (idy @ A). The lhs is

lhs = (idye: ® B ® B) o (idyes ® B@idy) o (W<3> eWw® g idv®z)
— (idys2 ® B) o (idyes @ B @ idy) o (W<4> ® idv®2) ,
by using condition 3. The rhs is
rhs = (idy ® B ® idy ® B) o (idys: ® B @ idyes:) o (W<3> Ridy @ W® & idv)
(idy ® B®Ridy ® B) o (idye: ® B®idyes)o (15" @ idyes)
o (W<3> Ridy @ W ® idv)

(idye: @ B) o (idv @ Tv,y ®idy ® ) o (Tv,y ® B ®idy ® Tv,y ®idy)
o (W(?’) QW® idv®2>

= (idysz ® B) o (idyes @ B idy) o (T4 Q idyez2)

o (W<4> ®z’dv®z) — lhs
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by using conditions 2, 3 and the naturality of the braiding. This calculation is
also shown on figure 3.5. One similarly shows Aoy = (idy ® p) o (A @ idy).

ths= Lng) - 1Lg)

- \eo - 4=i0

H\S = T3 ] “ =8

Figure 3.5: Calculation showing that the Frobenius relation holds

il

To show that V' is a symmetric Frobenius algebra calculate

gop=(B®pB)o(idyes ® B @idy) o (W“) W g idv®2)
= Bo(idy ® B®idy)o (W(2> ® idv®2)
= Boidy @ B@idy)o (rvy @idy)o (W @idyes )
= Bo(idy ® B idy)o (WP @y )
=EOoMo TV,V,

by conditions 3, 2 and the naturality of the braiding.
To show that V is A-separable calculate

poA = (idy ® 8® B) o (idye: ® B ® idyas) o (W(S) e W® g idv)
= (idy ® B® B) o (W(4) ® idv)
= (idy ® B) o (W<2> ® idv> = idy,
by using conditions 3, 5 and 4. O

Let now A := (A @ idpem-2 ) with AD) =idp and A = A denote the
n-fold coproduct on a Frobenius algebra F'.

Proposition 45. A A-separable symmetric Frobenius algebra F determines
the data for the lattice construction by setting

e the vector space to be I,

e B:=coyp,

o W .= A oy,
Proof. We need to check if the above defined set of data satisfies the conditions
1-5.
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e Condition 1 follows from F' being symmetric.

e To show condition 2, first note that the cyclic invariance of W) = Aon
also follows from F' being symmetric. We can use this calculate

0 2 AW o = (80D 6 i) 0 Ao
- (A(”‘” ® z'dF) orprolAon=m oW,

by coassociativity and again by the naturality of the braiding.

e To show the gluing property (3) calculate using the Frobenius relation,
unitality and counitality that

(idv®(n—1) RB R idv@(m—l)) (¢} (W(n) X W(m))
= (A("‘l) Re® A<m—1>) o (idp ® p @ idr) o (A® A) o (7®n)
_ (A(”*l) ® A<m*1>) o(u®e@idy)o(n®A®idr)oAon

= (A(n_l) ® A(m_l)) ocAon= W ntm=2)

e To show that the unitality requirement (4) is satisfied use the Frobenius
relation, unitality and counitality:

(idp ® B) o <W(2) ® idp)
=(idp ®¢)o (idp @pu)o (AR idp)o (n®idp)
=(idp ®c)oAopuo(n®idr) =idp.

e For the last condition (5) calculate for £ > 1 that

(B ®idpar) o WHHD) = (g® A(k)) o((uoA)@idr)oAor
- (5®A<k>> oAon=AW op=wHk,

where we used A-separability and counitality of F'.

O
Let us fix a finite dimensional vector space V' and denote the sets
e L := {data for lattice construction on V'},
e F := {A-separable symmetric Frobenius algebra structures on V}.
Proposition 44 and 45 define maps of sets a and w respectively:
L=—F. (3.1)

w
Theorem 46. The maps in (3.1) are inverse to each other.

Proof. First show that w o a = idy,, note that it is enough to show that W),
W®) and 8 get mapped to themselves. Let L € L, i.e. it is a tuple L =
(v, B, W("))7 then a(L) = (V,n, p,e,A) is an FA.
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e It is clear that W) gets mapped to itself.

e W) gets mapped to (A ®idy) o A on, this equals

(idys: @ B®idy @ B) o (W<3) WO g W(l))
= (idye: ® B ® idy) o (W<3> ® W<2>) — W),

by the gluing property.

e [3 gets mapped to € o u, which equals
(B® B)o (idyes ® B&idy) o (W<1> WO z’dv®2)
—Bo (idy @ B®idy) o (®W<2> ® ide) =B,

by the gluing property and the unitality requirement.

An analogous result can be found in [9].
Now show that « ow = idp. Let F € F, i.e. F = (V,n,pu,e,A) and
W(F) = (V.8,W™).

e [t is clear that 7 is mapped to itself.

e 1 is mapped to (idy ® 8) o (idye: ® B®idy) o (W(3) ® idv®z), which
equals

(idy ® (e 1)) o (A® (co ) @ idy) o (A o) @ idys)
=(dy ® (cop))o(A®e®idy)o (Aopu)R®idy) o (n®idye:2)
=(idy ® (o)) o (A®idy) = (idy ®e)oAopu=p,

by using the Frobenius relation, unitality and counitality.

e ¢ is mapped to [ o (idv ® W(l)), which equals € o po (idy ® ) = € by
unitality.

e A is sent to (idye2 ® 8) o (W(?’) ® idv), which equals
(A®(eop))o((Aen) ®idy) =(A®e)oAopo(n®idy) = A,
by the Frobenius relation, unitality and counitality.
O

Note that there is a similar statement in [21] section 4.3, but there trian-
gulations are used instead of an arbitrary cell decomposition.

3.3 Lattice Construction of TFTs

Using the data for the lattice construction we are ready to define a functor
Z° : Cobg¥ — Vecty. Similar constructions has been given in [20, 9], the
main difference here is that the we first assign elements to faces and then
contract along edges. Consider now a bordism with a cell decomposition M
that has V; in- and IV, outgoing boundaries, N, internal edges, Ny faces, let
Ny := N; + N, and follow the next steps.
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. Take the tensor product of W) for each face p with n, edges

Ny Ny
W= QW) k- QVer (3.2)
p=1 p=1

and note that for each internal edge we have two factors of V in the above
tensor product.

. Consider the permutation that brings

e cach pair of V assigned to an internal edge next to each other and
to the left side of the tensor product,

e each copy of V assigned to outgoing boundaries right of the previous
bunch,

e each copy of V assigned to ingoing boundaries to the right side of
the tensor product:

Ny N, N, N;
p: Qe - RV R Ve QR V. (3.3)
p=1 c=1

bo=1 bi=1

where b; and b, run over in- and outgoing boundary edges respectively
and c runs over internal edges.

. Apply B’s on internal edges

C = Ne @idyon, : VOHNe @ VONo g YONi _y y7&No g 7ONi (3 4)

. Let By := idv@(Ni—k)®/6®7:dv®(Ni—k) and BNi = BNiOBN,;—lo' --0By0Bj.
The corresponding graphical notation is shown on figure 3.6.

B /A

Figure 3.6: Graphical notation of B>

. Take the composition of the maps 3.2, 3.3, 3.4 and form the following
(z’dV@)No ® BNi) o((CopoW)@idyen;): VENi 5 VENe  (35)

which we denote Y (M) : VENi — &N,

These steps will be referred to as the lattice construction. Observe that as a
consequence of our implementation of gluing via 8 we have

Y(MoM')=Y(M)oY (M), (3.6)

for M’ another bordism with cell decomposition, i.e. this assignment respects
composition. We now show that Y (M) is independent of the cell decomposition
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Proposition 47. Y (M) does not change if we refine the cell decomposition of
M.

Proof. The key idea is to use the gluing property and the self-gluing property.

Take a face f in the cell decomposition and split it into the faces fi and fs
as seen on figure 3.1. According to the defining steps of Y (M) we will assign
Wni @ W™z to these faces and then apply 3:

(idvnfl—l ®L® idvnfz—l) o(Wnh @ Wniz),

which equals W™/ by the gluing property. This is was originally assigned to
the face f, so Y (M) has not changed.

Instead of showing that Y (M) is not changed by splitting an internal edge,
we show that Y (M) is not changed if we add an edge and a vertex as shown on
figure 3.7. On figure 3.8 it is shown how adding a vertex and an edge together
with the freedom of adding and removing edges can be used to split an edge
by adding a vertex. Conversely we can first add an edge and then split it, so
these two pair of moves are equivalent. For details refer to [9] section 3.6.

> =

Figure 3.7: Adding an edge and a vertex

S YK R <

Figure 3.8: Another way of adding a vertex

W® is assigned to the left hand side of figure 3.7, on the right hand side
we follow the defining steps of Y(M): The assigned morphism is
(idy ® B@idy)o(Ty,y ® BRTyv) 0 (W(3) ® W(S))
(idy ® B@idy) o (tv,y ® Tv,v) o WW
(idv QB R idv) o (TV,V X TV,V) o 7T4_1 o W(4)
=(Boryy @idye:) o WW = (B@idys:) o W = W),

by the gluing property, cyclic invariance and the self-gluing property of the
weights and the symmetry of the pairing. O

Before completing the definition of Z¢?, we need a few more considerations.
We use the result of theorem 46 and write everything in terms of the Frobenius
algebra V. Let us calculate what is assigned to the cylinder S; — S;. Consider
the cylinder decomposed into a single face, one vertex on each boundary and
one edge connecting these vertices as on figure 3.9. The map P assigned to this
cylinder is shown on figure 3.10, which can also be written as on figure 3.11,
the calculation is shown on figure 3.12.
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o

Figure 3.9: Decomposition of Figure 3.10: The map assigned to a cylinder
a cylinder into a single 2-cell

P- @(Z%;‘*Q)Bg‘f‘i

Figure 3.11 Figure 3.12: Calculation of the alternative form of P

Lemma 48. We have P? = P and P projects onto the center of V.

Proof. On one hand, since Y respects composition we have P2 = P, see figure
3.13. On the other hand we would like to illustrate this with a direct calculation,

~Y(a)vla v Bv(a)

Figure 3.13

see figure 3.14.
To see that P indeed projects onto the center of V' we will show that

e the center of V is contained in the image of P, more precisely we show
that z = P(z) for all z in the center, see figure 3.15 for the calculation,

e the image of P is contained in the center of V, i.e. P(x)y = yP(x) for all
xz,y € V, see figure 3.16 for this calculation.

O

Now since Y (M) is independent of the cell decomposition of M, let us
consider another cell decomposition of M, which is obtained by the old cell
decomposition glued together with cylinders on all boundaries. Since Y respects
composition we have Y (M) = P®Ne o Y/(M) o P®Ni_ hence there is no harm
done if we restrict Y(M) to the appropriate tensor power of the image of P
and Y (M) lands in the appropriate tensor power of the image of P.

We define Z¢* to send an object with n circles to the n-th tensor power of
the image of P, bordisms to Y (M) restricted to the appropriate tensor power
of the image of P and permutations to permutations. It is clear from the lattice
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Figure 3.15: Calculation of z = P(z) for z in the center

construction that we obtain a symmetric monoidal functor and that it factorizes
through F, i.e. it is independent of the cell decomposition of bordisms. We
have just shown the following theorem, also to be found in [9].

Theorem 49. The lattice construction using V defines a TFT, whose state
space is the center of V.

3.4 Data for the Lattice Construction of AQFTs

In order to generalize the above construction to build an AQFT, we need a
slightly different set of data as a starting point. We fix the following set of
data:

e a Hilbert space £ € Hilb and
e the pairing 8, € B(L®2,C),

e the weights wi e B(C,£®”) for every n > 1 integer,
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Figure 3.16: Calculation of P(z)y = yP(z)

which are two families of maps, where the parameter a takes positive real
values. This data has to satisfy the following adjusted conditions:

L. Ba=PBaoTcc,
2. m, 0 Wan) = én), where 7, is defined as in condition 2 in the TFT case,

8. (id g @Bag Bid o) (W EWED) = WiTr?)

aptai+taz’
4. (Ba,®idg) o (idg@W,g)) =: P,, +a, is injective,

(ﬁa1®2dﬁ®n) o (EnJr?) W(n)

aitaz’

for any a, ag, a1, as positive and n,m > 1. Note again that [, Wél) and Wég’)
determine all Wé") for n > 1. Furthermore P, is a semigroup: P,, o P,, =
Pa1 +a2;

Py = (idefa,) o (Wide ) (3.7)
(Po, &idpon ) o W =W, . (3.8)

Therefore it is natural to require that
6. Ba, © (Pa2®id£) = Bay+as-

These last two equations show that we can freely distribute the parameter
among the pairing and the weights, whenever they are contracted. So far
these are straightforward generalizations of the data and the conditions for
the lattice construction of TFTs. Let us introduce the following notation:
BF .= (idﬁ@k,l)@ﬂa@idﬁ@kfl)) B” = B;/n o BZ/H o---0B! . In order to

later fit the definition of an AQFT we need to require additionally that
7. ( él)) = ﬂm © (Wé?@ldﬁ), ( 153)> = Bgl o (chf)®idﬁ®3) and
Br=wi.
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A straightforward consequence of the last condition and equation 3.7 is that
P, is self-adjoint. If we want to build an AQFT, which is strongly continuous
we need to additionally require that

8. the assignments a — [, and a — Wé") are strongly continuous.

Proposition 50. The data for the lattice construction of AQFTs on L subject
to conditions 1-7 determines a A-separable symmetric reqularized *-Frobenius
algebra by setting

e

)

o Jig = (id£®égl) o (Wé?@idﬁw), with a1 + as = a,
e co:=0p 0 (Wé?@idg), with by + ba = a,

o A= (idges®B.,) o (WS Gide ), with 1 + ¢ = a.
If we also require condition 8 then this RFA is strongly continuous.

Proof. Then the proof is essentially the same as of proposition 44, we just
need to keep in mind that the parameters need to add up on each side of the
equations.

We need to check the injectivity of P, = Ha, © (na2 ®id¢), so calculate

Py = fia, © (N, ®idz) = (idg@é{fl) o (W[fj)(%Wésl)@idg)
= (idc®B.,) o (WD &ide ) = Pu,
by using the gluing property (a = a1 + az = by + bs + b3 = ¢1 + ¢2), so ﬁa
is clearly injective. This also shows that a — P, is strongly continuous, if
condition 8 holds.
Additionally we need to check if n} = ¢, and p} = A,. The first equation is

automatically satisfied by the definition of ¢, and condition 7. For the second
equation calculate using condition 7 and 4 that

o = (Bl @idges ) o (W Gidges ) o (idpandWPDide ) o (ideW(?)
= (idgas®otn,) o (WD Gide ) = A,

so L is a regularized x-Frobenius algebra.
O

Proposition 51. A A-separable symmetric reqularized %-Frobenius algebra F
determines the data for the lattice construction of AQFTs by setting

e the Hilbert space to be F,
® B4 :=¢a; O lay;
o Wi = Al o,
with a1 + as = a. If F is furthermore strongly continuous, then condition 8

holds.

51



Proof. Proving conditions 1-5 can be done as in the proof of proposition 45,
one just has to keep in mind that the parameters should add up on each side
of the equations.

To show condition 6 calculate

5&1 © (Pag ®Zd£) = €a/ © Hat (Pa2®idﬁ) = &a O Ha+ar = Ba1+a2~
To show that condition 7 is satisfied calculate
6; = (ﬂal o :uaz)* = AU«Q ©&aq = Wa(2)7
(W) = (BarBid) 0 Bay 010)" = 20y © o iy i)

= Eay O Hay © (Jla; ©eqr @idy) o (id QA &idy)
= Eay © Hay © (ide@eay © poy Qidr) 0 (Agyr ®id )
= €a3 © Hay © ('Ld£®€a’1’ © Hay ®’Ldﬁ)
0 (Ap, @eb, 0 py, @ide) © (A, © My Did pa0)
= B2 o (W &idyes ).

To show strong continuity first calculate

P, = (id;®Ba,) o (Wé§)®idﬁ> = (id ®ep, © tv,) © (Apy 0 My, Ridz) = P,

with @ = a1 +as = by + by + b3 + by. Then fix e > 0 such that a —e=a’ >0
and b — e = b > 0 and calculate:

|(Ba = B) ()] = |Be o ((Par = Py)&idc) ()]
< ”Be” H( a’ T Pb/ ®Zd£)

asa—b=a —b and a— P, is strongly continuous. Furthermore

H a~>b

Wi —wri LN

B H((Pa’ — Py)@id ons) (W§"))

Let us fix a Hilbert space £ and denote the sets

o L:= {data for lattice construction for AQFTs on L satisfying conditions

1-7},
g {A-separable symmetric regularized *-Frobenius algebra structures
on L}.
Proposition 50 and 51 define maps of sets A and € respectively:
~ A A
L—F. 3.9
: (39)

Theorem 52. The maps in (3.9) are inverse to each other.

Note that the proof is essentially the same as in the TFT case, the pa-
rameters need to add up on each side of the equations. We see from the
previous arguments that condition 8 being satisfied is equivalent to the RFA
being strongly continuous. Equipped with this data we show how to adjust the
lattice construction of TFTs to produce AQFTs.
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3.5 Lattice Construction of AQFTSs

Consider a bordism with area and cell decomposition M with the notation of
section 3.3. Let n, denote the number of edges of a face p, of which nj, are
internal'? and n/, sit on ingoing boundaries and a,, the area assigned to it. Fix
a small'® a > 0, let a, := ap — (nf/2 + n})a and follow the next steps.

1. Take the tensor product of W&:”) for each face p:
—Ny ) —Nr
_ Np) . ®Rnyp
W= Wi CoQ) L. (3.10)

2. Consider the permutation of step 2 of the lattice construction of TFTs,
which now permutes tensor products of L.

Ny N. N, N;
p: QLo - QLo Q) Le L, (3.11)
p=1 e=1 bo=1 bi=1
3. Apply 5,’s on internal edges
C = BEN®id g, : LONGLENY 5 LEN, (3.12)

4. Take the composition of the maps 3.10, 3.11, 3.12 and form the following

V(M) = (id[:@(No)@BéVi) o ((CopoW)&id,en, ) : LN — LONe
(3.13)

It is not hard to see that Y (M) is independent of the choice of a and the
details of the cell decomposition of M, including the distribution of the total
area among faces. To see how this works, let us denote @, := Y (S1,1,a). We
can calculate this with the cell decomposition on figure 3.9, with a assigned
to the single face. Let now 5':[[‘)111’“2] be a cylinder decomposed into two faces,
with assigned areas a; and ag, as shown on figure 3.17. We can calculate

Y(Ski’az]) as shown of figure 3.18, and see that we can freely distribute the

Glat,az]

area by condition 6 and equation 3.8. To show that Y'(S71"*") = Qa; +a,, Write
everything in terms of the RFA £ and calculate similarly as on figure 3.14. It
is also clear from the construction that Y is functorial in the sense that

o Y((M, An)o (M, Appr)) = Y (M, Apr) o Y (M, Appr),
o Y((M, Ayr) U (M, Appr)) = Y (M, Ap)QY (M, Apr).
Similarly to the TFT case we can write
Qu =Y (S1.1,a) = pa, 0 2.2 © Agy, (3.14)

for a; +as = a, which shows that Q, is self-adjoint.'* Functoriality of Y shows
that we have a semigroup: @, o Q» = Qqtp. Proposition 10 shows that Q,

121f an edge belongs to only this one face then we count it twice.

131t should be sufficiently small for @, to remain positive for each face p.

14Recall that TZﬁ = TZ’ll: = 72, ¢ from the definition of a braided monoidal *-category on
page 14 and because the braiding is symmetric.
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Figure 3.18: An example calculation, which shows independence of dell decom-
position and area distribution. After the second equation we write everything
in terms of the RFA £. We omit the parameters, since this map only depends
on the sum a; + as.

is compact: We have P,, o )y, = @, and F,, is compact by proposition 17.
This last equation also shows that a — @, is strongly continuous, if @ — P, is
strongly continuous.

We just showed that we can apply proposition 15 on the operators @Q,, thus
they have the same kernel K for any a. By the same argument as in the TFT
case,'® we do not lose anything if we restrict Y (M) to the appropriate tensor
power of H = L/K = Im(@), and then Y (M) [, v, will land in HONo,

Now we are ready to define the functor Z¢¥ : Coby **“" — Hilb. It as-
signs the Hilbert space HO" to an object with n circles, the bounded linear
map Y (M) [yen, to a bordism M with area and cell decomposition and per-
mutations to permutations. We still need to check if we defined a *-functor, it
is enough to check this on the generators of Cob5"®?, which we will do in the
following lemma. Altogether we have shown the following theorem.

Theorem 53. The data for the lattice construction on L satisfying conditions
1-7 defines an AQFT. If furthermore condition 8 is satisfied then we obtain a
strongly continuous AQFT.

Lemma 54. We have Y (S19,a)* =Y (So1,a) and Y(S1,2,a)* =Y (S21,0a).

15See page 48.
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Proof. Recall the notation on figure 3.3 and 3.6. We will not mark the param-
eters, but assume that they add up where necessary. Then notice that it is

easy to calculate the adjoint of the weights: MY = Br o (Wég)®idﬁ®n).
The proof is shown on figure 3.19, and we use induction over n > 3. The case
n = 2 is clear by condition 7, the case n = 1 is shown on figure 3.20. This

(- (- ) = L

Figure 3.19: The adjoint of a weight

o) (at)- 4))-&2)-4)

Figure 3.20: Adjoint of Wél)
immediately shows that

Y(S10,a)* = (W;U)* — By, o (Wé?@idﬁ) = Y(So1,a).

Then also note that we can “pull the legs” of (Wén)) to the right as illustrated
on figure 3.21. We define M, := Y (S5, a), see figure 3.22. Use this to define

Figure 3.21

flo ==Y (S1,2,a) and A, = Y (S2,1,a) on figure 3.23. Calculate M} = Bgl o
(Ma2®idﬁ®3) on figure 3.24. Then we have ) = Aa shown on figure 3.25.
O

Proposition 55. The center of the reqularized x-Frobenius algebra L is H.

Proof. The argument is essentially the same as the TFT case, one just has to
keep in mind that the parameters of the maps need to add up. O

By proposition 22 we have that £ = ;- , E, and by corollary 24 we have
that the center of £ is the completed direct sum of the centers of E,,.

Theorem 56. The state space of the AQFT defined in theorem 53 using L is
the center of the RFA L.
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Figure 3.22: Definition of M,
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Figure 3.23: Definition of i and A
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Figure 3.24: The adjoint of M
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Figure 3.25: The adjoint of fi,
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Chapter 4

2-dimensional Yang—Mills
Theory

It is time to see an actual example of an AQFT familiar from physics, called
the two dimensional Yang—Mills theory, described for example in [8]. However
we will follow a different approach and use the techniques developed in chapter
3. Therefore let us fix a compact semi-simple Lie group G.

4.1 Representation Theory of Compact Lie Groups

In this section we summarize some results from the representation theory of
compact Lie groups, which are needed to define the data for the lattice con-
struction.

A finite dimensional complex vector space V is called a G-module, if the
action

GxV =V
(g,v) — gv (4.1)

satisfies g.(h.v) = (gh).v, ev = v for e the unit in G, linear in V and if
it is a smooth map. Alternatively we have a smooth group homomorphism
pv : G = GU(V) with g.v = py(g)(v). We call V simple, if it does not contain
a proper subspace, which is a G-module. Two G-modules are isomorphic, if
there is a vector space isomorphism between them that commutes with the G-
action. Note that being isomorphic is an equivalence relation, so let us denote
the set of equivalence classes of simple G-modules with I5. One could define
infinite dimensional G-modules as well, but we will not as we will not use them
here (as G-modules).

There is a measure on G, called the Haar measure (or the integral), which
assigns to every continuous map f : G — R a real number fG f(z)dz, such
that the assignment is linear, left- and right-translation invariant, | o flx)dr =
Jo f(z71)dz'® and [, 1dx = 1. We can therefore define the integral of any
map G — U where U is a finite dimensional real vector space: pick a basis
and integrate the components independently. Linearity guarantees that this

16This is a consequence of the Haar measure being both left and right invariant, see [22]
for more details.

o7



integral does not depend on the choice of the basis. For details refer to [22]
chapter IV.2. The Haar-measure allows to define a scalar product of continuous
functions f,g9: G — C:

(f.g) = /G F@a(e)de. (4.2)

Proposition 57. On each G-module V' we have a G invariant Hermitian form

(—,—), i.e.

(gv,g.0") = (v,0") = (v, v). (4.3)

For the proof refer to [22] chapter IV. proposition 4.6. From now on always
assume that each G-module is endowed with such a Hermitian form. Let V be
a G-module, u,v € V. We call the functions of the form

G—C
g+ (u,g.v) (4.4)

matrix element functions of the G-module V. Pick an orthonormal basis

Y }f;’l of V, where dy = dim V. Denote the particular matrix element func-
tions in this basis with

r;/j :G—=C
g (vly,g.vj‘»/). (4.5)
Definition 58. The character of the G-module V' is defined as the function

dv
N w

i=1
where Tr is the trace.

In particular the characters are independent of the basis. They also satisfy
xv(x) = xv(z~1). For details refer to [22] chapter IV. equation 4.14.

Proposition 59. Let V, V' be two simple G-modules, u,v € V, u',v' € V.
Then we have

| g gy = "5 o), (@7
G 14
| @i tas = svy, (19)

where Oy, =1 when V is isomorphic to V' and 0 otherwise.
For the proof refer to [22] chapter IV. corollary 4.10 and corollary 4.16.

Lemma 60. Let V be a simple G-module, x,y € G. Then

[ xvtes i s = L),
G v
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Proof. Use the invariance of the integral, rewrite the characters in terms of
scalar products and use the translation invariance and the Hermitian property
of the scalar product on V as follows:

/Xv(xzfl)XV(zy)dz:/Xv(zfl)xV(zzy)dz
G G

dim V' dim V dim V dim V'
:/ Z (es, 27 ey) Z (e, zxy.e;) = Z Z / (s, z.€;)(ej, z2y.€;)
G =1 j=1 i=1 j=1
dim V/ 1 dim V 1
= Z dimv(%@j)(xy-@y’@z Z dlmV( y-€i,€;) = mXV(W/)-
ij=1
by equation 4.7, where {e;} is an orthonormal base of V. O

Let L?(G) denote the square integrable functions on G (with respect to
equation 4.2) and C1?(G) the square integrable class functions, which are the
functions invariant under conjugation (f(gzg~!) = f(z)). Recall the orthogo-
nality relations in equations 4.7 and 4.8.

Theorem 61 (Peter—Weyl).
o The functions e = d1/2 v j form a complete orthonormal set of L3 (@),

e the characters xv form a complete orthonormal set of CI%(G),
where V' denotes simple G-modules and 1,j =1,... dy.

For the proof refer to [23] theorem 6.4.1 and proposition 6.5.3. We can
reformulate this theorem in the following way. Let My denote the vector space
spanned by matrix element functions of the simple G-module V' and Cxy the
vector space spanned by the character xy. Then by theorem 61 we have

= P My, (4.9)

Velag

ClP(G) = P Cxv. (4.10)

Vela

We need one more additional notion before we can give the data for the
lattice construction. Let D : C°(G) — C°°(G) denote the differential opera-
tor, called the Laplacian on G, where C*°(G) denotes the smooth functions on
G. Instead of giving the definition we look at its crucial property, which is the
only thing we need to use. Recall that My C C°°(G). We have for f € My
that Df = —oy f, where oy is the value of the Casimir element on the simple
G-module V. Note that oy is a non-negative real number. Then we have that

P f=e V] (4.11)

For more details see [23] chapter 8.2, especially proposition 8.2.1. The operator
e?P extends to a bounded linear operator on L?(G) for every a > 0: Let
¢ € L*(G) and write ¢ = Y ver, Pv with ¢y € My. Since e 2v < 1, we
have

2

—20 2 2
=D Vv’ < el (4.12)

Vela

§ e—aav

Vela

le*Pell” =
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4.2 The Boltzmann Weights

We set £ := L*(G) to be the Hilbert space of the data for the lattice construc-
tion and we identify £&¥ = L2(G*"), see equation A.10. The weights need a

little bit preparation. Consider the functions

wi (w1, k) = Z e *Vdyxv (- xp),
Vela

fora>0and k=1,2,.... We show that these functions are in L&k,

Lemma 62. For k a positive integer we have

<Xv($1 e '-Tk>7XW(xl : "xlc)> =dvw,

Proof. Calculate using lemma 60:

k) Xw (21 - w))

/ /Xv x1 - xp)xw(Ty - xp)dey .. dxy
:/ ---/Xv(l‘lzl"'xf Yxw(zy--xp)dey ... dxy

=0v,wdy, / /Xv cxy My - xy)day . day,

:6V,Wd\_/ / .. / Xv(e)dﬂﬁg e dl‘k = (SV,Wd;lXV(e) = 6V,W
G G

We can use lemma 62 to calculate the norm of w(k).

2
walk)H = < Z e “Vdyxy(xy - ), Z e~ W dyw xw (21

Velg Wela

Vela Welg
_ —2ao0vy 32
- E € dV;
Velg

so we need to show that this sum is convergent.

Proposition 63. Using the above notation we have

Z dye 217 < oo.

Velg

(4.13)

dooevdy Y e W (xv (@ - wn), xw (@)

(4.16)

(4.17)

Proof. The idea behind the proof of (4.17) is to give some estimates of the
quantities in the summand so that at the end we arrive at a familiar convergent
sum. We will follow the calculation in [10], which uses some results from [24].

e First label the simple modules with dominant weights: V € Ig <> A €

.
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e From [10] equation 3.2 we have that
dx < NIMN™, (4.18)

where N is a constant independent of A\, 2m = dim G — rankG and | - |
is the norm on the weight space, which is a crude estimate of the Weyl
dimension formula [25] corollary 24.3.

e From [10] equation 3.5 we have that
ox > A2 = e < e20M (4.19)
which comes from calculating the value of the Casimir element explicitly.

e There is an r-tuple n € Z" for each A € II" and constants ki, ko inde-
pendent of n and A such that

Fallnll < [A] < kalln] (4.20)
with ||n||? = >°7_, nZ, which is implicit in the proof of lemma 1.3 in [24].

e Finally let b(j) be the number of n € Z" such that |n|? = j. This can
be approximated with the volume of the r-dimensional cube with edge
length 24/7 + 1, i.e.

b(j) < (25 +1)" (4.21)

Then approximate the sum 4.17 according to the above steps:

Z di672aaa — Z d§\672aa)\ SNZ Z |/\‘2me—2a|)\‘2

Velg Aell+ AEIl+
o0
< N’ Z ||n||2me—A||nH2 - N’ Zb(j)jme—Aj
nezr j=0
o0
< NS RG  e, 4.2
j=0
with A, N’ > 0 constants, which is finite by e.g. the integral test. O

The weights for the lattice construction are given by
WP . C — L&
1wk, (4.23)

The functions w!" are called Boltzmann weights in the literature [8] and w

is also the so-called heat kernel of the Lie group G, see e.g. [23] section 12.6,
for the case G = U(n) the unitary group.

4.3 The Pairing

We define the pairing B, : £82 — C on the dense subspace £&2 of £2 as
follows. Let f,g € £ and

Bulfég) = /G Fa 1) (P g) () de. (4.24)
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We can write f = > ;. fv and g = > yc;, 9w, with fv,gv € My. Then
we can write by the linearity of the integral that

Bulfog) = 3 / fr (1) (P ) (z)dz

VWela

/fv _1 —aaw W(ac)da;

V,Welg
=Y e*aUV/ fv (2 Yy (z)dx (4.25)
Velag
so by writing Sy (f®g) : = Jo fv(z7 1) gy (z)dz we have
Ba = Z e By (4.26)
Velg

To check that this defines a bounded operator we will show that
1Bl < D eV 1By < co. (4.27)

Velg

Lemma 64. The dual of By is dyxv(zy) and ||Byv]| = dy.

Proof. From equation 4.7 we have
BV(QX]@%VJ) = ;04,1 (4.28)

Let us denote 8f, = vy and write vy (1) = 4‘;kl:1 %ﬁkl ”® kl. Then
calculate

i /

80 = (1, By (b ? et ) = (v (1), e @eky ’>

dy
ijkl i,9 5 kil 45 s KU ijkl
Z Wy ey ey Qey ) = (W)
i,k 1=1

so v (1)(,y) = S e (0)@e} (v) = dvxv ().
By the Riesz representation theorem (see [17] theorem 5.62) ||8v || = [|vv (1)]|-

Using on the other hand by lemma 62 we have ||yy (1)]|> = dz ||xv (zy)|| = d3,.
O

Proposition 65. The pairing 5, is bounded for every a > 0.

Proof. We can approximate the norm of 5, in equation 4.27:

1Bl < 37 ey < 3 e HYDV R < oo, (4.29)
Velag Velg
by using lemma 64, proposition 63 and that dy > 1. O

Remark 66. The limit lim,_,o 8, does not define a bounded functional.

Proof. Using the notations of lemma 64 we have ||y (1)|| = dy. By equation
4.26 we have

Balyv(1)/dyv) = e *Vdy /GXV(x_lx)dx =dye %V,

Assuming that lim, .o 8, = Bo exists, i.e. it is a bounded linear functional, we
must have By(yy(1)/dy) = dy, which immediately shows that Sy is unbounded,
as the set {dy| V € I} is not bounded. O
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4.4 Conditions on the Pairing and the Weights

Now that we have defined the set of data for the lattice construction, we need
to check that the conditions on this set of data are satisfied.

1. To show that the pairing 3, is symmetric, it is enough to show that
5(1(6},/3@6%) = Ba(eka®€Xj)~
By equation 4.28, both sides are equal e™*7V oy w410,
2. The Boltzmann weights are cyclic invariant, by the property of the trace.

3. To see the gluing property use lemma 60:
(i g BBaeidgocnv) (WDEWM)

/ e MIVeT W dydy yy (1 Tpo127 )P xw (2y2 Y )dz
Gyvwelg

= > /eialaveiawwd‘/dWXV(xl"'$7L—1271)€7GOUWXW(3312"'Z/m)dz
G

V.Wela

= E 67(a0+a1+a2)‘7vdvxv(xl e Tp_1Y2 ym)
V.Wela

_ i (ntm—2)

_Wa0+a1+ag (3:1 o Tp—1Y2 ym)'

4. Let aj,az > 0 and a; + az = a. Calculate Py(f) = (Ba,®idz) o
(Z’dﬁ@ngj)) (f) for f e L:

PAD@) = [ Fre? 3 dven = xy (g
Velg
- Z e (mtaz)ov g /f Yxv (yz)dy
Velg
dw dv
= Z 7(a1+a2 Jov Z Z / ZJ 71 ) l‘ly( )dy
V,Wels =1k =1
dw dy
— Z e —(a1+az)ov Z Z f” lk §VW5Jk52l
VWelag i,j=1k,l=1
dy
=Y ey fled(n),
vela ig=1

where we used f =3 ;. fur and fir = Zg‘j’-zl é{,e%, thus

Pu(f) =Y eV fv, (4.30)

Vela

hence P, is injective.
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5. For the self gluing property calculate:

(ﬂal ®idc®<n72>) © Wé;”

dy

= Z e 920V Z ed(y he Pel(yas - - x,)dy

Gvyvelg ij=1
dv .. .

= [ D ettt 3 ed(y el (yas - wa)dy
Gyelg ij=1

= [ D e mreRvdyyy (yTys - x)dy
GVeIG

:/ Z e (a7 dy vy (@5 - ) dy
GVeIG

= Z e~ (@Fa2)ov gy (25 2,) = Wé?;(i)
Velg

6. It is clear that f§,, o (Pa2®id£) = Bai+ay, a8 P, scales the components
with the right factor, see equation 4.30.

7. To show strong continuity calculate using equation 4.30 and the notation
of part 4 that

2 —ao —boy\2 2
1P = PYSI2 = 3 (e — e )2 Al
Velg

which goes to 0 as @ — b, as it is a convergent sum and the coefficients
vanish.

8. The last thing to show is that 8 = Wéz), which was done in lemma 64
and that (Wég))* = Bal o (W£§)®idﬁ®3), with @ = a; +as. For the latter

calculate:

(W) (e Gebdeir) = (e Gebt depn, Wi (1) )

dv

_ _1/2 I LN 1 XN ki ij oA Kkl A

N aoy J J K2 J mn

< E e dy, E ey ®ey Qey , ey ey, Qey,

Velg i, k=1
dy

_ —1/2
= E e 7Vdy, ' ovv Ov,va v, E 043105 Ok Otk Ot Oy
velg i k=1

—agy. —1/2
Vidy 0y, v, 0v; Vs 0in 0k Otm

=e
using 4.7. On the other hand using S, (ei,jl@)e"“,i) = 6v;,v,0410, we have
B, o (W ()el] Gl deiyy) = ey ov, 1,00, v Bind ki
4.5 The State Space

The last thing we need to do is to calculate what is assigned to the cylinder.
Take the usual cell decomposition of a cylinder as on figure 3.9 and calculate
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the assigned map Q.

//G Y e Vdyxv(wy e y) f(2)dydz

vele
= e *Vdyxv(z) [ xv(z)f(z)dz
V;G o /G v
= > e “Vdyxv(@)(xv, f)- (4.31)
Vele

Proposition 67. The state space of the 2d Yang—Mills theory is CI1*(G).

Proof. Equation 4.31 shows that the image of @, is spanned by characters, so
its closure is C1?(G) by theorem 61. O

We can also calculate what is assigned to (Si2,a). First calculate M,
defined in the proof of lemma 54:

M, (1)(z,y,2 /// Z eV dy v (zu” o lyow ™ zwu)dudvdw
G

Vela

// Ze“w" (uzu™ v yv) v (2)dudv
a

Velg

/GZe wv Xv(uxu )XV(y)XV(z)du

Velag

= > e vy xv(@)xv ()xv (2)- (4.32)

Velag

From this we immediately have for F' € HO2 that

(& _/ /G Z e "V dy xv (@) xv (¥ xv (2 F(y, 2)dydz

Velg

= Z e‘“gvd‘leV(aﬁ)(XV@XV,F). (4.33)
velg

4.6 The RFA Structure on L*(G)

In this section we compute the RFA structure on £ = L?(G) and then the center
of £ in order to illustrate how we can calculate the state space alternatively
as in theorem 56. Let ay,as > 0, a = a1 4+ a9 and f € L with f = ZVGIG fv

with fyy € My and fy = Z” | fJed, furthermore let F € £92 with F =
Yvwers Fvw, Fvw € My &My .

Lemma 68. Using the above notation we have

dy /G v ey ) fw (0)dy = Sy fu (). (4.34)
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Proof. Calculate using equation 4.7:

dy dw

dv [ xvlay iwwidy= [ 373 el e )y
G G i j=1k,i=1
dV .. dv .. ..
= Z e (@) dv,w i 6indii = Svw Z ey (x)fy = dvwfv(x).
ik l=1 ij=1

O

We need to follow proposition 50 in order to calculate the families of mor-
phisms of the RFA L:

o First set n,(1) = w®.

e Calculate e,:

ea(f) = Z e~ Vdyxy(z7t) (e”P f) (z)dx

G Velg

:/ Z e~ "Vdyxy(x)e” W fi(x)dx
Gyvwels

= Z e~V dy (xv, fv) = (w, f).
G Velg

This also shows that e, = 1. Furthermore by lemma 68 we have g,(f) =

ZVGIG e~V fy(e).
e Calculate A,:

Au(f)(@) = /G WO (@, y,2) (P f) da

_/ Z e~V dyxy (zyz e 27V fu (x)dx
Gvwele

= 3 e fy (ay),

Velag
where we used lemma 68.

o We use this to calculate p,:

Ma(F)(x) = (idﬁ®6a1) o (Aa2®id£) (F)($)

= (id2®Ba,) Z e 2% Fyw(zy, 2)
V,Wels

= E e‘“”"e““”w/ Fyw (2™, 2)dz

V.Welg G

= Z e"w‘// Fyy(zz71, 2)dz,
G

Velag

where we used that B.(fv®fiw) = dvwBa(fr®fy) (coming from equa-
tion 4.7). We could also show that A% = i, but we will not do it now.
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e Finally let us calculate P,:

Pul()(@) =tay (e (DEF) () = 3 eV aly /G v (@2 ) fy (2)dz

Velg

by lemma 68, which is what we expected from equation 4.30.

Proposition 69. The RFA structure on L is given by the following families
of maps.

o 7a(1) = wi) = Yvers € “7Vdvxv,

calf) = (W, 1) = Lver, e fule),
Aa(N@y) = Xver, eV fvlay),

o 1a(F)(@) = Yyer, e [o Fyv(wet, 2)dz,
o Pu(f)=2ver e Vv

Now we are ready to calculate the center of L. Let f in the center of L, i.e.
ta(f2g) = pa(gf) for every g € L. We can write this equation as

’““V/fv Ngv(z)dz =Y e /gv 2y~ ) fv(y)dy

Velg Vel

Z /fv L)y (2)dz,

Velg

1

by using the invariance of the integral (substituting z = xy~' at the second

equation). So we have for every V' € I that

[ et = o) gv (i =
G
which implies by equation 4.7 that

fv(:rzfl) = fv(zflx)

for almost all z,z € G. Since fy is continuous this means that this holds for
all z,z € G, hence fy is a class function and hence f is a class function. We
have just shown that the center is contained in C1?(G). The converse inclusion
can be easily calculated: Let f € CI?(G) and g € L, then

o(fog) =Y 67agv/fv Nov(z)dz = Y ﬂw"/fv z)gv (2)dz

Vela Velg
=Y e ““’V/ gv (zy™ ) fv (v)dy = pa(9f),
Vela

again by an appropriate substitution of integration variables.

Proposition 70. The center of the RFA L given in proposition 69 is CI%(Q).
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Remark 71. Let H := CI2(G) as before. Then p, [ y@2= fla from equation
4.33.

Proof. Let H € H®2 and write H = ZV,WGIG Hywdyxyv@xw. Calculate
using lemma 68 that

pa(H) = Z Hywdy pra(xv©xw) Z Hyve *Vxv = [ia(H).
V,\Welg Vela

4.7 Zero Area Limits

We are investigating, if in some cases the a — 0 limit gives bounded maps.
Note that

e lim, ,o P, = id, by corollary 21,

e proposition 63 shows that lim,_¢ Wén) do not exist for any n > 1 and

e remark 66 shows that lim,_.o 8, does not give a bounded functional.
Proposition 72. The limits lim,_,q ptq and lim,_,0 A, are bounded operators.

Proof. Assume that the second limit gives a bounded operator Ag. Then
Ao(f)(z,y) = f(ay). Let us calculate its norm:

1 ()2 /ffcy mydfcdy—/f (2)dedy = | f()]”

by changing variables z = zy, so ||Ag]| = 1.
Now calculate the adjoint of Ay and observe that it coincides with g, hence
Lo is bounded as well.
O
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Appendix A

Hilb as a Symmetric
Monoidal Category

The tensor product of Hilbert spaces is well known and usually in the literature
a simple construction is given (see e.g. [16] section I1.4), which is defined as the
completion of the algebraic tensor product. This is not the most elegant way
of giving the definition and it also does not provide a straightforward method
for showing functoriality. However it is possible to define the tensor product of
Hilbert spaces (®) with a universal property - similarly to the algebraic tensor
product - with just one additional property. Using this universal property
one can give the category of Hilbert spaces equipped with this tensor product
(Hilb,®) a symmetric monoidal structure analogously to the category of vector
spaces. One can also show that the simple construction fits into this definition.
We follow [26] chapter 2.6, for proofs not present here the reader can refer to
this book.

Definition 73. Let H € Hilb. Call the set Y = {y;} C H a Hilbert base of H
if Y is a complete orthonormal set of H.

Definition 74. Let Hq,...,H, € Hilb. We say that the multilinear functional
p:Hy X xXH,y = Cois

e bounded, if 3¢ > 0 such that
@1,z < e izl [zal] (A1)
Va; € Hi and write ||¢|| := inf{such c} for the norm of ¢,
o Hilbert-Schmidt, if it is bounded and

Z Z oy, - yn)|* < 00 (A.2)
Yy1E€YL Yn €Y,

for some Y; a Hilbert base of H,;.

Lemma 75. Let Kq,... Ky, H1,..., H, € Hilb, A; € B(K;, Hi), ¥ : Hix- -+ %
H, — C a bounded multilinear functional and ¢ =1 o (A X --- x A,). Then
for Z; a Hilbert base of IC; and for Y; a Hilbert base of H; we have

S S o) P AR AR S S ez

Yy1€Y1 Yn€Yn 21€21 2n€Zn
(A3)

69



Note that as a special case, this shows that the value of the expression (A.2)
is independent of the choice of the Hilbert bases.

Proposition 76. Let Hq,...,H, € Hilb with Hilbert bases Y ...Y, and con-
sider the set of all Hilbert-Schmidt functionals Hy X -+ X Hp, — C. It becomes
a Hilbert space via

e pointwise addition and multiplication by a complex number,

e inner product given by the formula

<507’¢) >i= Z Z Sﬁ(yla"'7yn)7/}(yla-~~ayn)7

Y1E€YY Yn€Yn

o and norm ||¢||s =< @, >1/?

for o, v Hilbert-Schmidt functionals.

Note that the latter two are independent of choices of Hilbert bases. One
can show that ||| < ||¢]|2 for ¢ a Hilbert-Schmidt functional.

Definition 77. Let Hy,...,Hn,H € Hilb. A multilinear map L : Hi X
. Hp — H is called

e bounded, if dc > 0 such that
1L(z, s wn)ll < e [lza]] [l
Va; € H; and write ||L|| := inf{such c} for the norm of L,
o weak Hilbert-Schmidt, if it is bounded and Yu € H the multilinear func-
tional Ly, : H1 X ... H, = C
Ly(x1,...,20) =<u,L(x1,...,2,) >

is a Hilbert-Schmidt functional. Denote with ||L||a := supuen{||Lu||/|u||}
the Hilbert-Schmidt norm of L.

One can show that ||L|| < ||L||2 for a weak Hilbert-Schmidt map. Note
that a weak Hilbert-Schmidt map L : Hy X ...H,, — C is a Hilbert-Schmidt
functional. To familiarize ourselves with this definition let us look at some
examples.

Example 78. There exists a notion of a Hilbert-Schmidt map: we say that
A H — K is a Hilbert-Schmidt map if >° ||[Ay||> < oo for some Hilbert
base Y C H. It is a stronger condition than A being a weak Hilbert-Schmidt
map:

Dol <Ay u> P <Y || Ay|Pllull® < oo
yey yeY

Yu € H, so Hilbert-Schmidt implies weak Hilbert-Schmidt. The converse is
however not true: consider the identity H — H. It is not a Hilbert-Schmidt
map:

Sl =Y 1= 0,

yey yey
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but

Yo l<yu> ] =|ul]’ < oo,
yey

so it is weak Hilbert-Schmidt. Now consider the map that sends every element
of Y to the same vector. It is clearly bounded, and clearly not weak Hilbert-
Schmidt.

With this definition we are ready to define the tensor product of Hilbert
spaces.

Theorem 79. Let H1,...,H, € Hilb. Then

1. there is H € Hilb and a weak Hilbert-Schmidt map p: Hy X ... H, = H
such that for every K € Hilb and weak Hilbert-Schmidt map L : Hq X
o.My — K there is a unique T € B(H,K) such that L = T op and
IT1| = [IL]l2,

2. if U, W € Hyy we have
<p(vry ..y vn), p(Wi,y ..y wy) >=< v1,wp > < Uy, wy >, (A4)
if Yoo C Hoyn is a Hilbert base then the set

{p(1, - un)lyi €Yi, i=1,...n} (A.5)
is a Hilbert base of H and |[p||2 =1,

3. if both (H,p) and (H',p’) satisfy the conditions set in part 1 then there
is a unique unitary map U : H — H' such that p" = U o p.

Definition 80. We call the pair (H,p) defined by the universal property in
theorem 79.1 the tensor product of the Hilbert spaces Hi,...,H, and write
Hi®...QH, =H and n®...Qv, = p(v1,...,0n), v; € H;. We summarize
this in the commutative diagram in figure A.1.

How X _P® No-8 )
/

/
4\\ o alr
K 54

Figure A.1: Universal property of the tensor product

The tensor product constructed in the proof of theorem 79 is the Hilbert
space of conjugate linear Hilbert-Schmidt functionals on Hy X --- X H,. The
“elementary tensors” of the form v;® ... ®v, generate a dense subspace H =
p(H1,...,Hy) (the algebraic tensor product) of H and the closure of Hg with
respect to the inner product in (A.4) is H. Note that if one of the tensorands
Hi,H2 € Hilb is finite dimensional (consider n = 2 for simplicity) then the
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algebraic tensor product is already closed with respect to (A.4) The universal
property defines the tensor product on objects in Hilb and it would be nice if
we could use it to define the tensor product of morphisms in Hilb. For this we
need to show one additional property of weak Hilbert-Schmidt maps.

Proposition 81. Let A; € B(K;, H;) and L : Hy < ... Hy — H a weak Hilbert-
Schmidt map. Then the map L = Lo (A; X -+ x Ap) 1 Ky x -+ x Ky — H is
weak Hilbert-Schmidt as well with ||L|la < ||L||2||A1]] .- ||An]]-

Proof. L being a weak Hilbert-Schmidt map means that Vu € H the multilinear
functional L, is a Hilbert-Schmidt functional. But by lemma 75 then L, o
(A1 x --- x Ay) is a Hilbert-Schmidt functional with Hilbert-Schmidt norm
[|Lyo(Ay x---x Ap)ll2 < ||Lull2]]A1]] - - - [|An||. Therefore L is a weak Hilbert-
Schmidt map with norm ||L||o < ||L]|2||A1]] ... ||An]|- O

Proposition 82. The tensor product is a functor @ : Hilb x Hilb — Hilb .

Proof. First one has to define what it does on morphisms. Let (A,B) €
B(H1,Ha)xB(K1, K2), we have tensor products (H1 &K1, ®1) and (Ha®Ka, ©2).
Then by proposition 81 the map ®3 o (4 x B) is weak Hilbert-Schmidt, so we
can apply the universal property to the pair (H2®Ks, %9 o (A x B)) to get a
unique morphism denoted by A®B € B(H1®K1, Ha®K>) such that

®90 (A x B) = (A®B) 0 ®;. (A.6)

Note that ||[A®B|| < ||A|| - ||B|| by proposition 81 and one can show that
actually ||[A®B|| = ||A]] - || B]|.

To check that it is compatible with compositions let H; KN N L1

and Ho N <N Lo be composable morphisms in Hilb. By the universal
property, the diagram in figure A.2 commutes.

Ho ¥, &= ¥ oy,

\l A, * Az_ lA|§ A’l
Beabeneh) | KB 2= e, [(B4)8(Bem)
JI 3\ ’BL i 3.537,
®

\’Ll'zl ‘J_‘@LL

Figure A.2: Compatibility with composition

To show that idy®idc = idy o use the diagram in figure A.3 that com-
mutes by the universal property again.
O

Now it is time to give Hilb a monoidal structure, therefore we need the
following lemma.

Lemma 83. Let Hi,...,Hpym € Hilb. Then there is a unique invertible
map U : H1® ... @Hpim — (H1® ... OH)O(Hpni1®@ ... @Hpom) such that
U@1®...0%1m) = (219 ...01,)(r, 1@ ... ®x,, ). Note that this map is
unitary as well.
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He 2 uek

liQ*xWJK L;J“é;ij‘() luk}(ék

Figure A.3: Compatibility with identities

Proposition 84. The category (Hilb, ®, C) with tensor unit C is a monoidal
category.

Proof. First we need to define the associator (a) and the left and right unit
constraints (I,7).

Let H,K, L € Hilb and define the invertible map ay i r : (HOK)QRL —
HRH(KHL) as the composition of the two unique maps in figure A.4 given by
lemma 83. Note that this is the unique map that sends the elementary tensors

Ak, £

(Hekle L —5 Ha(kel)

AN e
He WK L

Figure A.4: Definition of the associator

(h®k)®I +— h(k&l). Now the pentagon axiom follows from the uniqueness of
the map that sends elementary tensors ((h®k)®!)®i — h@(k@(I®1i)), natural-
ity follows from the universal property.

Consider the map C x H — H on the diagram in figure A.5. It is a weak

A
@
(e — Cap
o /
N / JUE
/ C UK
c-h 2
W+
Figure A.5: Definition of the left unit constraint

Hilbert-Schmidt map because

dDol<tyu> P =|ul* <oo
yey
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Yu € ‘H with Y C H a Hilbert base, so by the universal property we get the
left unit constraint l3;. Its naturality comes from the definition. One defines
the right unit constraint analogously. Then the triangle axiom follows easily
from the definition of the associator and the left and right unit constraint.

O

As usual, it will be convenient to work with an equivalent strict monoidal
category instead of Hilb, see [13] theorem XI.5.3; We use the same notation
for this strict monoidal category for simplicity.

Proposition 85. (Hilb, ®, C) is a symmetric monoidal category with braiding

K HOK — K&H (A7)
h&k — k&®h
for H,K € Hilb.

Proof. Clear by using the universal property to & composed with the flip map
HXK—KxH. O

Note that ||7y || = 1.

Corollary 86. For each H € Hilb and n > 1 integer we have an S, action
on H®™ permuting the factors.

Finally we give an example that will be used extensively throughout the
following.

Example 87. Let (1, 11) and (Qq, u2) be measure spaces such that L?(Qq, 1)
and L*(Q, o) are separable. Then there is a unique isometry

L2(Qq, 1) OL*(Q, p2) — L2(Q1 x Qo g1 X pi2), (A.8)

which sends e; ® f; — e; f;, where {e;} and {f;} are complete orthonormal sets
of L?(Q, 1) and L%(Qa, po) respectively and write L?(Qq, p1) QL2 (Qa, pio) =
L2(§21 X Qa, 1 X pa). Note that one could similarly consider more than two
such measure spaces and their tensor product.

Proof. The idea is to show that {e;f;} form a complete orthonormal set in
L2(91 x Qa, 11 X p2). For the details of the proof see [16] theorem 11.10. [

Consider now L2(2*", u*™). S, acts on it by permuting the variables i.e.
for 0 €S, and f(x1,...,2,) € L2(Q*", u*")

(0. ) @1, 20) = f(Xo-101)5 -+ To—1(n))-
Proposition 88. Let L?(Q, 11) be separable n > 1. The isometry
¢ LAQp)®" = L@, 0") (A.9)
coming from example 87 commutes with the S, action.

Proof. Tt is clear that it commutes on the dense subspace generated by elemen-
tary tensors so by continuity it commutes on the whole space. O
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We can directly apply these results to tensor products of L?(G, u), where
w is the Haar measure on G to get

LX(G)®" = L(G*™). (A.10)

In most cases it will be convenient to work with L?(G*™) instead of L*(G)®"
and this isometry allows us to jump back and forth as we wish. Therefore we
will identify L?(G)®™ with L?(G*™) for simplicity.
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