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ABSTRACT

We study the concept of a Bipartite Graph Planar Algebra (BGPA) corresponding to a uniformly
locally finite bipartite graph with a uniformly bounded spin function as well as the automorphism
group of this planar algebra. This has its origins in [J2] and [B]. We show that this group is
isomorphic to the semidirect product of two special types of subgroups which are easily computable
from the bipartite graph. We are interested in those group actions whose fixed point subalgebras
are Subfactor Planar Algebras (SPAs) because new SPAs will produce new subfactors. Finally we
show that the SPA of a ‘diagonal subfactor without cocycle’ can be obtatined by this fixed point
technique.
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Chapter 1

Introduction

The study of subfactors arose in the seminal work of Jones [JI]. The first isomorphism invariants
of a subfactor which were investigated were its index and principal graph. The more tractable sub-
factors were those with finite depth (equivalently, the principal graph was a finite bipartite graph),
in which case the former being the square of Perron-Frobenius eigenvalue of the latter.

The notion of a planar algebra arose in Jones’ [J1] description of the so-called ‘standard in-
variant of a subfactor’. The initial formulation of a planar algebra restricted itself to those planar
tangles where the ‘distinguished (starred) regions were always unshaded’ - see [J1], [KS1]. It was
soon realised that this ‘parity constraint’ was neither necessary nor desirable. Also, the planar alge-
bras that arose from a subfactor had many more special properties not necessarily seen in the more
general examples that the obvious/natural axiomatisation of a planar algebra demanded. Thus, it
was harder to construct planar algebras which were also ‘subfactor planar algebras’.

In view of the two initial subfactor invariants discussed earlier, it is not surprising that, in his
quest for examples, Jones initiated the study of a class of planar algebras built out of a finite bi-
partite graph (in [J2]). Subsequently, this construction was re-examined by Burstein [B], allowing
infinite bipartite graphs which satisfied mild ‘local finiteness conditions’. His motivation was to
construct a large class of planar algebras which, even if they themselves were not subfactor pla-
nar algebras, often had planar subalgebras which were! This thesis is an attempt to understand
and explain Burstein’s construction of what he calls a BGPA, this being an acronym for ‘bipartite
graph planar algebra’. Further, unlike their finite counterparts, infinite connected graphs do not
possess a unique Perron-Frobenius eigenvalue (up to scaling by a positive constant); so these BG-
PAs have an ‘spin function’ or postive weight function on their vertex sets built into their definition.

Overview of the thesis:

In Chapter 2 we recall the concept of planar algebra with the original definition relaxed so as
to permit starred region to be shaded. In our case each vector space and disk of a planar tangle
will be doubly indexed. We then illustrate some planar tangles which are the building blocks of
the operad of planar tangles and introduce the concept of Subfactor Planar Algebra (SPA).

In Chapter 3 we introduce Bipartite Graph Planar Algebra ( BGPA ) corresponding to a con-
nected locally finite bipartite graph with a locally bounded spin function. We construct a graded
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Hilbert space with the paths of the graph as orthonormal basis and embed the graded vector spaces
of the BGPA inside the set of bounded operators of the graded Hilbert spaces. The above identi-
fication induces topological structures on the graded vector spaces. We then study the action of
some generating planar tangles on this planar algebra and these actions happen to be continuous
in a particular sense. We then try to make the BGPA into a ‘good’ planar algebra by introducing
positive definite forms on the vector spaces and show that the existence of modulus-d for a finite
graph demands the spin function to be the Perron-Frobenius eigenvector ( upto normalization )
and § to be the Perron-Frobenius eigenvalue of the graph.

In Chapter 4 we study automorphisms of BGPA. We introduce two types of automorphisms -
multiplication operator and graph automorphism operator and prove that the group of automor-
phisms is the semidirect product of the group of graph automorphism operators and multiplication
operators.

In Chapter 5 we deduce some sufficient conditions on a planar *-subalgebra of a BGPA to be an
SPA and it becomes an important tool to decide whether the fixed point subalgera corresponding
to a group action on a BGPA is SPA. We then give an example of a fixed point subfactor planar
algebra.
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Chapter 2

Planar algebra

Planar algebras were first introduced by Jones in [J1]. The main motivation was to study the
‘standard invariants’ of certain subfactors. The main bridge between planar algebras and subfac-
tors is Jones’ theorem ([J1]), which imposes planar algebra structute on the ‘standard invariants’ of
subfactors and conversely shows that a planar algebra with some additional properties is the stan-
dard invariant of a subfactor. However, since its introduction, the definition of planar algebras has
undergone some modifications, and for completeness we shall mainly follow [J1], [KS1], [JP],[Pet]
with slight modifications.

2.1 Planar tangles

Planar tangles are essentially the pictorial forms of the elements of a colored planar operad, which is
just a slight modification of operad and can be defined along the lines of [Ma]. Each element of the
colored planar operad, i.e., each planar tangle determines a multilinear operation on the standard
invariant. The definition of a planar tangle here will be a slight modification of the definition given
in [J1].

2.1.1 Definition of a planar tangle

We define a set Col=(NU{0}) x {+, —}, whose members we shall call ‘colors’ and will denote by
ordered pairs (k, €). If a variable € takes a value from {4, —}, then the variable € will take the other
value. If € is +, then €” is defined as + Vn € NU{0}. If € is —, then €” is defined as + if n is even
and — if n is odd. Now we define a planar tangle T as a system with the following data:

1. It has a closed disk Dy(7T') in the complex plane and a finite collection {D;(T")|i = 1,...,b(T)}
of pairwise disjoint disks in the interior of Dy(T),

2. It has a compact one dimensional submanifold 7" of Do (T')\ U?(:? Int(D;(T)) with

(a) O(T) C U?SQ&(DZ-(T)) and all intersections of T' with each 9(D;(T')) are transversal;
(b) |T'NA(D;(T))| = 2k; for some integers k; > 0, for each 0 < i < b(T);
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ur@ L Int(D;(T)) U T> will be called regions. If the

system satisfies the above two conditions the set of regions of T" has a chequerboard shading.
Choose a chequerboard shading of 7.

3. The connected components of Dp\ ((

4. For each disk D;(T) mark one adjacent region as x-region.

We say the color of D;(T) is (k;, €;) if |0(T)NO(D;(T)| = 2k; and the *-region of D;(T) is white
(when €; = +) or black (when ¢; = —).

An example of a tangle T with 3 internal disks is illustrated below - in which the outer disk has
color (3,+) and the internal disks D, Dy and D3 have colors (0,-), (3,4) and (3,+) respectively:

0
\

Figure 2.1: (3,+)-tangle T'

The connected components of T' will be called strings and the local maxima and minima of
the y-coordinate function of each string will be called singular points if they do not occur at the
boundary of the disks.

Two tangles T and S will be called equivalent if b(T) = b(S) and there exists an orientation
preserving diffeomorphism of the complex plane which maps each D;(T) onto D;(S), the subman-
ifold T onto S, and preserves the x-regions of each disk. Finally, an equivalence class under above
equivalence is called a (ko, €g)-tangle.

2.1.2 Composition of two tangles

There is a natural way to ‘compose’ two tangles. Suppose T is a (ko(T), eo(T'))-tangle, with b(T")(>
1) internal disks of colors (k;(T),€;(T)) and S'is a (k;, €;)-tangle for some ¢ € {1,...,b(7T")} with b(.5)
internal disks of colors (k,(S), €,(S), then the compostion of S and T will be obtained by gluing the
boundaries of Dy(S) and D;(T") taking care to match #-regions and colors of the adjacent regions
and matching and smoothing the strings at 9Dy (S) and finally deleting dD(.S); the resulting tangle
Ty will be denoted by T o; S. The numbering of the internal disks of 77 is given by

Dj(T) ifl1<j<i;
Dj(Tl) = Dj—i—i—l(S) ifi<j<i+ b(S) —
Dj_ps)+1(T) if i+ b(S) < j < b(T) +b(S) —
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We illustrate this by the following example in Figure 2.2:

Figure 2.2: Composition of two tangles

2.1.3 Standard form of a planar tangle
Suppose a planar tangle T is arranged so that

1. all the disks are horizontal rectangles with all strings (except loops) emanating from the top
or bottom edge of the rectangles;

2. for each disk the number of strings attached to the top and bottom edge are same;
3. the left edge of each rectangle is adjacent to the x-region of the same;

4. the total number of singular points of the strings is finite;
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5. we can partition the outer disk into a finite number of horizontal strips having the internal
disks and the singular points in different strips.

This is called a “Standard form representative” of a tangle. A standard form representative of
the above tangle T' is shown below:

Figure 2.3: Standard form of the tangle T

Note that there could be several standard forms of a tangle T. However it is a fact from [J1],
[BDGI1] that one standard form of all such T can be transformed into another by a finite sequence
of moves of the following five types:

I. Horizontal sliding of the internal disks:

s N
N /

I1. Vertical sliding of the internal disks:
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III. Vertical Wiggling of the strings:

mH

IV. 360° rotation of an internal disk:

@H*

V. isotopy in a segment of a string such that at each time the curve in the isotopoy does not
have any singular point.

2.1.4 Some important tangles

In this sub-section we define a set of important tangles in the operad of colored tangles. Some
of them form a generating set in the collection of all tangles, i.e., any tangle can be obtained by
composing finitely many tangles from the set of generating tangles.

1. Identity tangles:
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(0,+) (k,+)
T+ Tk
Similarly, I((g ’:)) and I((: ’:)) are defined by reverse shadings respectively.

2. Inclusion tangles:

(a) Right Inclusion tangles:

* K Dy * ok Dy
T, (k+1,+)
RI(O,JF) RI(H)

Similarly, RIEé’:; and RIEQJF_I)’_) are defined by reverse shadings respectively.
b) Left Inclusion tangles:
(

x| % D4 x| * Dy
(1,-) (k+1,—
[,I(O’Jr) [’I(k:,—&-)

Similarly, /JIE(I]’J_F; and EIEZJr_l)’JF) are defined by reverse shadings respectively.

3. Unit tangles:
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1(0,+) 1(k+)
Similarly, 1) and 1) are defined by reverse shadings respectively.

4. Multiplication tangles:

* DQ * D2
* *
2 x| D
Mo, +) Mk, +)

Similarly, Mo, ) and M _y are defined by reverse shadings respectively.

5. Conditional Expectation tangles:

(a) Right Ezxpectation tangles:

* K Dy * ok Dy
(0,+) k,+
R5(1,+) 725(k+1,+)

Similarly, RE 2(1]’:3 and RE EZ’_;)_) are defined by reverse shadings respectively.

(b) Left Expectation tangles:
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(07_) (kv_)
£5(1,+) Eg(k+1,+)
Similarly, £E 83 and LE EZ’:I)_) are defined by reverse shadings respectively.

6. Half rotation tangles:

Similarly, R ]Iz

3 is defined by reverse shading.

—

7. Temperley-Lieb tangles:

N \_/
£ [

TLED(k is even) TLE) (K is odd)

Similarly, 7£% =) is defined by reverse shading. For the notational convenience, 7 £ and
TL£07) will be denoted by TLF and TL™ respectively.

Now we are ready to give the list of generating tangles.

Theorem 2.1.1. [KS1l/Let T be a collection of colored tangles containing
— [0+ - (k%) (k.F) (k,%) (kt)
G = {109, 725, 7L b U{ My, RIGE ) £ZGR) 4 REGE L elt) ik =0}, 21

and suppose T is closed under composition of tangles, whenever it makes sense. Then T contains
all tangles.
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Definition 2.1.2. For any tangle T we define the ‘adjoint’ of T, denoted by T™, as the reflection
of T about any line in the plane such that the shadings and the x-regions are preserved by this
reflection.

2.2 Planar algebras
A planar algebra is a collection of vector spaces P = { Py, ) : (k,¢) € Col} which admits an action

of each tangle, i.e., if T is a (ko, €g)-tangle with b internal disks of colors (k;,¢;) then there is a
linear map (called tangle map)

such that the set of tangle maps satisfy the following conditions:
1. Compatibility with the composition of tangles: Suppose T and S are as in §[2.1.2], then

(i) if b(S) > 0 the following diagram commutes:

i—1 b(S) (b(T)
(®5 21 Py (1),5(1))) @ (€557 Plaep(8),60(8))) © (®;2511 Py (1) 5(1)))

ZYI?OS'
id® ZE @ id '
b
®j(:T1)P(kj(T),ej(T)) P Blio(1),e0(T))
T
(ii) if b(S) = 0 this diagram commutes:
R0 (T),5(T)
ZIZEOZS
i o(T
(51 P, (1),;(1y)) © C ® (®§-:(illp(kj (T),;(T))) BPlio(T),e0(T))
id® ZE ®id
S ZYE

b(T)
®j=1 Flbe; (1),¢5 (1)

2. Independence of the ordering of the internal disks: For a tangle T" with b internal disks of
colors (kj,€;), and for a permutation o € Sy, let us write U, for the map

. ob b
Us : ®j:1P(kZ<j>7€a<j>> - ®Jb'=1p(k
®j=1$0'(j) —> ®j:1$j

3+€5)
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Let us define 0= (7T) to be the tangle which differs from 7 only in the numbering of its
internal disks, this numbering being given by D;(c=}(T)) = Dy (T),1 < i < b. Then
Z7oUs = Z] 1 (-

3. Non-degeneracy Condition: P must satisfy Zz(:’é)) =idp,,, V(k,e) € Col.
Remark 2.2.1. For each (k,€) € Col, Pi.e) s a unital asociative algebra with respect to multipli-
cation given by r1xe := Z]I\}(k,e) (x1 ® x9) for all x1,x4 € Py.e), and multiplicative identity being the
element 1(, o) := le(k,e)(l) € P e-

Definition 2.2.2. Let P = {Py ) : (k,¢) € Col} and Q = {Qxe) : (k,¢) € Col} be two planar
algebras. A planar algebra morphism from P to Q is a collection ¢ = {¢p, o) : (k,¢€) € Col} of linear
maps G(r.e) : Py = Qr,e) which commutes with all the tangle maps, i.e., if T is a (ko, €0)-tangle
with b internal disks of colors (ki,€;), then

Q b : .
T if b= 0.

Further, the morphism ¢ is said to be a planar algebra isomorphism if the maps ¢ are all
linear isomorphisms. By an automorphism of a planar algebra P we shall mean a “*’ preserving

planar isomorphism from P into itself and the set of all automorphisms of a planar algebra P will
be denoted by Aut(P).

Remark 2.2.3. [VP] Let P and Q be planar algebras as above, and let {¢(.¢) : Pii,e) — Q(i,e), (K €)
€ Col} be a collection of linear maps. If T is a the set of those tangles T for which equation
holds, then T is closed under composition of tangles. Thus, by Theorem [2.1.1], in order to verify
whether such a collection is a planar algebra morphism or not, we just need to check equation
for the set of generating tangles.

Definition 2.2.4. Let G be a group and P = {Py, ) : (k,¢) € Col} be a planar algebra. We say G
acts on P if there exists a group homomorphism from G into Aut(P).

Remarks 2.2.5. 1. Suppose ¢ : G — Aut(P) is a group homomorphism and ¢(g) = {d(.¢)(9) :
Piey = Pel(k,e) € Col} Vg € G. Then for notational convenience, we write gz for the
element ¢y, ¢)(9)(x), for all g € G, x € Py, o) and (k,€) € Col. Defining

P(C]j 0= {z € P(k@) cgx =xVg € G}, (k,e) € Col,
we note that P = {P(Ck; €) " (k,e) € Col} is a planar subalgebra of P.

2. When the planar algebra P is clear from the context, the tangle map Z:IFD will be denoted by

Z7 only. Also, deleting the superscript and subscript, we only use Z,7 instead of Z prhre
(kye)
when the domain V) is clear from the context, and we follow the same type of notation for

the right embedding tangles and conditional expectation tangles. The map Z g(ktng OO
(k+n—1,¢)
Z o (kt2.0) © Z . (e+1,6) will be denoted by [Zz]™, where n is odd, and we follow the same type
['Z(k:Jrl,é) ['I(k:,s)
of notation when n is even and for the right embedding tangles and expectation tangles.
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2.3 Subfactor planar algebras

First we define some ‘good’ properties of a planar algebra, and then a planar algebra having those
‘good’ properties is defined as a ‘subfactor planar algebra’.

Some good properties of planar algebras:

1. A planar algebra is said to be connected (respectively, irreducible) if dim P 1) = 1 (respec-
tively, dim P(l,:l:) = 1)

Remark: If P is a connected planar algebra, then there is a unique algebra isomorphism
between Po ) and C. By this isomorphism we identify P 1) with C.

2. A connected planar algebra P is said to have modulus § if there is a scalar § such that
Z%(l(o,i)) = 0105

where the tangles Tf are illustrated below:

T Ty

(a) Remark: A planar algebra P having modulus § is equivalent to saying that a contractible
loop comes out as the constant ¢, i.e., if T is a tangle with a contractible loop and T" is
the same tangle except that loop, then Zjlf, = 5Z:,1?.

(b) Remark: If a planar algebra has non-zero modulus, then inclusion tangles give injective
maps.

3. A planar algebra P is said to be spherical if Zpg(oy,):ZP

(0,4)>
) REG

where Py 1) are identified

with C as above.

Subfactor Planar Algebra (SPA): A planar algebra is said to be a subfactor planar algebra
if

1. P is connected, spherical, has a positive modulus;
2. each P ) is a finite dimensional C*-algebra;
3. for any (ko, €g)-tangle T with b internal disks of colors (k;, €;),
(2 (1@ @m)] = Z(af © - @ af) (2.3)

Va; € Py, ), 1 <i < b ( ‘x property’ of P);
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4. the scalar sesquilinear form on each P .y given by (z,y) = (ZE:)"(y*z), where z,y € Pli,e)
and P is identified with C, is a positive definite form (‘positive definiteness’ of P).

Remark 2.3.1. [DGG] Let P = {Py) : (k,¢) € Col} and Q = {Q,) : (k,e) € Col} be two
planar algebras with non-zero moduli and each of Py, ¢ and Qe is finite dimensional. Also, let
¢ = A{Bk,e) * Plie) = Qi) (k,€) € Col} be a collection of linear maps. Then ¢ is a planar algebra
morphism if it commutes with the actions of the following set of tangles:

(k+1,+) (k+1,+) (k,—) k) .
{ Mooy REGEND, L2G7, G0) ) TL0D k> 0}

The importance of planar algebras in subfactor theory lies in Jones’ theorem. Now we state
Jones’ theorem.

Theorem 2.3.2. [J1] Let N C M be a finite index extremal 11, subfactor with [M : N] = §%/? < co.
Let N(:= M_1) C M(:= My) C M; C® My C --- be its associated tower of basic construction.
Then the ‘standard invariant’ of the subfactor N C M is given by the following grid of relative
commutants:

C = N/mMil(—)N/mMo(—)N/li(—>N/mM2(—)...

J J J

C= MnMy— MnNM “~— MNMy———---

Define Pf := N'N\M,_y and P, := M 0\ M, for alln € NU{0}. Then there is a unique subfactor
planar algebra structure on PNM .= P = {P¢ : (n,€) € Col} satisfying the following properties:

1. Zﬁﬁ(n,+)(1) = d€nt1; Zﬁﬁ(n,,)(l) = depqo for allm > 0;

P
2' ZRI(n+1,+) )

(n,+) (n,—) s
M' N\ Mpyq and M’ N M, < N’ N M, respectively for all n > 0;

zb . and Z¥ are the inclusions N' N\ M,_1 < N' 0 M,,, M' N M, —
RT(H1L-)

caiH)

!
3. Z;;g(n,ﬂ = 5E%:2%271 foralln>1and Z¥ ., = 5E%,2%Z“ for allm > 1;

(n+1,4) (n+1,-)

4. ZF o () = Stragy(x) for allz € N'N My and Z;;g(o,f)(x) = 8trag, (z) for all x € M' N My;

Rg(LH (1,-)
5. 7F = SEN' M for g1l m > 1 and ZF x) = O0trpy, () for all x € N' M.
EgEZ::l)er) M'0\My, f = r E(l):jr;( ) MO( ) f 0

where {e, : n € N} and {E%:Q%Zq’E%:Q%ZH’E%/’%%; :n € N} are the sets of Jones’ projections
and conditional expectations associated to the subfactor N C M respectively.

Conversely, for any subfactor planar algebra P, Jones via Popa [Pol] shows that there exists a
finite index extremal 11 subfactor N C M of which P is the standard invariant.

So, Jones’ theorem not only helps in the classification of subfactors, but also gives a way
to construct new subfactors, and the construction of new subfactors is important in subfactor
theory. The construction of subfactors from SPAs was re-established recently by Guionnet-Jones-
Shlyakhtenko (|GJS]), Jones-Shlyakhtenko-Walker ([JSW]) and Kodiyalam-Sunder ([KS2]).
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Chapter 3

Bipartite Graph Planar Algebra

Bipartite Graph Planar Algebra (BGPA) was first introduced by Jones for finite connected bipartite
graphs in [J2] for constructing new SPAs and Burstein extended this idea for ‘uniformly locally finite
connected bipartite graphs’ in [B]. Also, the recent developments show that BGPA is an important
object in planar algebra. Peters in [Pet] found the planar algebra of the Haagerup subfactor inside
the planar algebra of the bipartite graph of its principal graph, and Bigelow, Morrison, Peters,
and Snyder using this technique gave the first construction of the extended Haagerup subfactor
[BMPS]. Both of these results stemmed from the supposition that a finite depth, subfactor planar
algebra is embedded in the graph planar algebra of its principal graph, which was shown by Jones
and Penneys in [JP]. However, in this chapter we shall mainly follow the formalisms given in [J2],
[VP] and [B].

3.1 Definitions, notations and assumptions

Let I" be a uniformly locally finite connected bipartite graph, i.e., each vertex of I' is an endpoint of
at most IV edges for some N € N. Suppose V', V™ and E be the sets of positive vertices, negative
vertices and edges respectively. Let p be a function from VUV~ to (0, c0) satisfying the following
uniform boundedness condition: there is some M > 0 such that for any two adjacent vertices v and
w, we have p(v)/pu(w) < M. The function p is called a ‘spin function’ on T

For any (k,e) € Col, define [;, as the set of all loops of length 2k starting at a vertex in V*,
pj, as the set of all paths of length k starting at a vertex in V¢ and V| as the vector space of all
bounded functions from [, to C. For any path p in I', s(p) and ¢(p) will denote the starting and
terminal point of p respectively. For any path p and loop L, p and L will denote the reverse of p
and L respectively. Concatenation of two paths p and ¢ with ¢(p) = s(q) will be denoted by ¢(p, q).
If a loop of length 2k is the concatenation of two k-length paths 7 and 5\, we denote the loop by
the ordered pair (7, A).

Let T be a (ko, €9)-tangle with b(T") internal disks {D;|i = 1,...,b(T)} such that (k;,¢;) is the
color of D;.

Definition 3.1.1. A state o of a tangle T is a function

o : {regions of T} U {strings of T} - VT UV~ UE
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such that

1. o({unshaded regions}) C VT, o({shaded regions}) C V~;
2. o({strings}) C E;

3. if a string s lies in the closure of two regions r1 and rq, then o(s) is an edge between the
vertices o(ry) and o(rz).

Remarks 3.1.2. 1. We observe that a state o on a tangle T induces a unique loop at each disk of
T in the following way.

Let D be a disk of T of color (k,e) with x-region 1. We start from a point of (D) N Ry, traverse
along the boundary of D in anticlockwise direction and come back to the starting point. Suppose
the regions and strings we come across while traversing are in the following order:

Tzk B R ’]"k+2
Sok VI
1 Tk+1
’]”‘2 Py 1 Tk

where r; and s; are the adjacent regions and strings respectively. Then the loop induced at D 1is:

U(TQk) Gornnrnnnneaaes O'(T'k+2)
o(sak) wk“)
o(ry) o(Tk11)
U(s\ Ak)
0'(7«2) .................. N O'(T‘k)

and the loop will be denoted by o(D).
2. If T is a (k,e)-tangle and L is a loop of length 2k and based at a vertex in V€ , then the
number of states o on T such that o(D) = L is bounded by NI, where |S(T)| denotes the

number of strings in T .

3. We isotope the tangle T to a standard form representative and for each singular point o of
T we define po := plo(inner region at «)|/ulo(outer region at «)]
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For a given spin function p and a tangle T,

(T, o) = H Loy

singular points o of T

is independent of the standard form representatives of T' because the value of c¢(T, o) is invariant
under each of the five moves discussed in § 2.1.35.

4. Suppose T and S be two tangles as in § 2.1.2. Let o and o' be two states on T and S
respectively such that o(D;(T))=c"(Dy(S)). Then o o; o’ denotes the state on T o; S defined by
glueing o and o’ in natural way. We observe that there is a 1-1 correspondence between

{(0,0")|c and o’ are states on T and S respectively with o(D;(T))=c"(Dy(S))}

and {states on T o; S} by (0,0") — o 0; 0'. We also note that ¢(T 0; S,0 0; ') = ¢(T, 0)c(S,0").

5. For A € V¢, we define | Al = sup{|A(L)| : L € I} }.

3.2 Planar algebra structure on Vr

We take one of the standard form representatives of the tangle T'. Let |a(T")| be the total number
of singular points in that standard form representative of 7" and |S(T")| be the total number of
strings in 7. Now we define the linear map Z¥F as follows:

Casel: Suppose b(T') > 0. We take z; € V7' Vi=1,...,b(T). Then
b(T)
> [ zi(e(D))e(T.0)
states o on T' 5 o(T) = L =1
< MIEMINSDNMaz{ ||z o0 )T,
WL el Therefore, Zy" : @) Vi — VS, given by
[Z7 (@1 @ @z @ @ my(T)))(L)

b(T)
= > 1 zi(a(D))e(T, 0),

states con T 2 o(T) = L =1
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where L € l;?), is defined as the action of T" on Vp. By the fifth remark made in Remarks B.1.2]

we observe that ¢(T,0) is independent of the standard form of T'. Therefore, Z¥F is a well-defined
map.

Case2: Suppose b(T') = 0. Then

Z o(T, o) < NISDIpple@]
statesoconT 5 o(T) =L

VL € ;2. Therefore, Z¥F :C — V), given by

Vi
[Z" (D)) = > oT,0),
statesconT 2 o(T) =L
where L € l;?), is defined as the action of 7" on Vp. By a similar argument like the first case,

Zj‘fr is a well-defined map.
Theorem 3.2.1. {V : (k,e) € Col} forms a planar algebra under above tangle actions.

Proof. The ‘Independence of the ordering of the internal disks’ and ‘Non-degeneracy Condition’
immediately follow from the definition of Z¥F. Now we prove the first condition given in Definition
2.2. Suppose T and S be two tangles as given there. We first consider the case when S has at least
one internal disk. Take x; € V,fj Vi=1,...;i—1land4,....,b(T)and y, € V" Vr=1,...,b(S).
We shall prove that

Vi i — 1% b(S b(T Vi i — b(S b(T
2y (@1 ey © (25 (@0 y)) @00, 2)) = 2 s(@iha; @)y 87D, 2)).

Let L be a loop in l;?)(é;)) Then we have

2 (@i iey @ (287 (@,5)y,) @80 25)(L)
b(T) b(S)
= > [T #(@D;@) I v (c(D(S))e(T o S, o)
J=1;j#i r=1

states con T o; S
el U(Do(T O; S)) =L

b(T) b(S)
S ( I (oD, o>>) ( S s leDaS)es. o’>)
j=1;j#1 r=1
states o on T Y states ¢’ on S
5> o(Do(T)) = L > ' (Do(S)) = o (Di(T))

= 20 (@0 © (28 (@,8)y) @10, 2)(L)
In a similar way we can check the ‘Compatibility with the composition of tangles’ when S has
no internal disks. O

Definition 3.2.2. Define = : Vi — V¢ by A*(L) = A(L) for all A € VS, L € 15. We later prove in
Theorem that Vi has x property.
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3.3 V§ as a von Neumann algebra

Suppose for each (k,e) € Col, H (k,e) is the Hilbert space with an orthonormal basis {z,} labelled
by the paths p € pj.. Let Hé’k 0 be the closed linear span of {x) : s(p) = v} in Hy, o for v € V<, and
H{, be the closed linear span of {zp:s(p) = v,t(p) = w} in Hy forveVeandw e VLUV,

Observe that H, o = EBH(Uk,E) = EBHE};"’E). Let us define two types of projections s, and t,, in
B(H ) for all (k,€) € Col, which we shall often use later. For any two vertices v and w, we define

s, as the projection onto the closed linear span of {x, : p € pf,s(p) = v, (k,e) € Col} and t,, as
the projection onto the closed linear span of {z, : p € p,t(p) = w, (k,€) € Col}.

Now we define ‘concatenation’ and ‘reverse’ operators on {H; ) : (k,€) € Col}.

Definition 3.3.1. For all (k,¢),(k',€') € Col, we define ‘concatenation’ operator c : H, o ®
H ey = Hiynr o) by linearly and continuously extending the following map:

_ xc(p,q) th(p) = S(Q) ;
c(:z:p®xq) { 0 otherwise.

Vpepiqc pg,. We define ‘reverse’ operator rev : HS — HS by continuously and anti-linearly
extending x. — xz Ve € p.

Remark 3.3.2. ¢ : Hy, o) ® Hpr oy = Hpqrr ) i a partial isometry onto H gy o with initial
space as the closed linear span of {x, @ x4 :p € p,q € pg, t(p) = s(q)} and ‘rev’ is an anti-unitary
operator.

Next we prove a lemma related to ‘concatenation’ and ‘reverse’ operators.

Lemma 3.3.3. Suppose v and w are two adjacent vertices in I' with v € V. Let {e; : i =
1,...,n(v,w)} be the set edges between v and w, and {a; : i = 1,...,n(v,w)} be an orthonormal
basis of HZ’lwe). Then

n(v,w) n(v,w)
Z cla; @ rev(a;)) = Z c(Te; ® x4,).
i=1 =1
Proof. First observe that {c(xe, ® z¢;) 14,5 = 1,...,n(v,w)} is an orthonormal basis of C(Hé’lwe) ®
n(v,w)
H z’if’g)). Therefore, it suffices to prove that the inner product of Z c(a;®@rev(a;)) with c(x,, ®$e”j)
i=1

is 5? Vi,j =1,...,n(v,w). Let U = ((u;;)) be the unitary matrix such that a; = Zuijxej) Vi.
J

n(v,w)
Then one simple computation gives that the inner product of Z c(a; ®@rev(a;)) with c(xe, ® x¢;)
i=1
is equal to the inner product of ith column and jth column of U, and which is equal to 47. O
Now we identifty V)¢ with a type I von Neumann subalgebra of B(H(,%E)) in the following
manner: We take A € V¢ and it will correspond to an operator A in B(H,e))- Since HZ’,;”e) is
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finite dimensional for all v € V¢ and w € VUV, the matrix (A(mr, \)) defines a unique operator
vw

on H E’é”) with respect to the basis {x) : A € pi}. Since the dimension of H (eoc) is bounded by

N* for all v € V€ and w € V* UV, the operator norm of A on H{t is bounded by NF||Alloo

Yo € V¢, w € VT U V™. Therefore, A extends to a continuous linear operator on Hj ) with
operator norm || Al < N¥||A| .

Theorem 3.3.4. The map Vii — B(H(;)) defined by A A is a one-one x-algebra morphism
and the image of Vi¢ in B(H ;) is a type I von Neumann algebra.

Proof. Let A, B € V). Consider two basis elements 2, and x of H ). then

(@(:ﬂ)\),azﬂ _ { OAB((W, A)) i(ftligzv;e;s()\) and t(m) = t(\),
Z A((m,0))B((6,N)) if s(m) = s(\) and ¢(m) = t(N),

— depy, 2 s(d)=s(m),
t(6)=t(m)

[an}

otherwise;

(AB(QU\) Tr)
and (A*(z)), 2x) = A*((m,\) = A((\, 7)) = (A(zx), 25) = (A"(22), 20).

Therefore, A — A is a *-algebra morphism. The injectivity of the map directly follows from
definition. Now to prove that the image of V)i in B(H;)) is a von Neumann algebra it suffices to
show that the image is equal to the commutant of {PH(”;QUE) cv € Ve we VT UV} because the

commutant of a *-closed subset of B(H ) is a von Neumann algebra. Clearly fl(H Z’é"’e)) cCH Z’é"’e)
Yoe Ve, we VUV~ and A € V. Therefore, A € {Pryp v eV,wevVhy VoY vV AeVE
Suppose B € {PH&“;) cve VS we VUV Then [(B(xy),zr)| < ||Bllop V @x,zx. Therefore,
for A € V¢ defined by A(L) := (B(x)),2x), where L = (m,\) € [j,, we have A = B. So the image
of Vi is {PHE??;) cveVSweVTUuVTY. Now from the facts that Hy o @H(k ¢ and the

image of V)’ is equal to {PHU&) v eV weVTUV~}Y, we can conclude that the image of V) is
isomorphic to @ B(H;" (k,e) ) which implies that the image of V}{ is a type I von Neumann algebra.

vw

O

Remark 3.3.5. From now onwards, the image of Vi in B(H ), under the map ~ , also will be
denoted by V.

3.4 Actions of some tangles on V1

In this section we study the actions of inclusion tangles, expectation tangles and Temperley-Lieb
tangles on Vr and discuss some properties of them.

1. Actions of LI and RT on Vr: Suppose A € V. Then Z,7(A) € Vk€+1 is given as follows:

28



A((m,A)) if L = (c(e,m), c(e, A)) for some edge e and paths m, A
[Zer(A))(L) = Wlilth s(m) = s(A) =t(e), t(m) = t(N) and s(e) € V*,
0 otherwise;

where L is a loop in l,iH. If we look at Z,;7(A) as an operator on H 41,6, then it is given
by:
[Zez(A)](zp) = > A((m, A))e(ze, 2r), (3.1)

was(m)=s(N),t(m)=t(N)

where e € p§, X € p§, with s(\) = t(e) and p = c(e, \).

Now we observe that H ¢ is the direct sum of subspaces H ((;fg 9 generated by {c(ze,x)) :
A € p,s(N) = t(e) = v}, where v € V€ and e € p§ with t(e) = v. Z,7(A) maps each of these
subspaces into itself and the action of Z,7(A) on H ,gizi) is same as the action of A on H (kse)
after identifying H() ., with H((Zﬁg) by xx = ¢(xe,xy), VA € p, with s(A) = v. Therefore,
1Zez(A)llop = | Allop ¥V A € Vi-

Similarly, Zgz : V)i — V)7, is given by
[Zrz(A)|(zp) = Z A((m, N))e(@r, ze),
m5(m)=s(\),t(1)=t(\)
where A € V¢, eis an edge, A € pj, with t(\) = s(e) and p = ¢(\, e), and || Zrz(A)|lop = || Allop
VA € V. It is clearly seen that both Z,7 and Zrz are injective.

. Actions of LE and RE on Vp: For A € V&, Zpe(A) € V(i_l) is given as follows:

[Zee(A)(L) = > Ale(e,m), e(e,N)) (u(s(e)/nlt(e))?,

e€piat(e)=s(m)=s(N)
where L = (m,\) is a loop in If_,. If we look at Z,e(A) as an operator on H;_; ¢, then it

is given by

Zee(A)(wa) = Y [ Alelesm)ie(esN) (u(s(e)/u(t(€)’] zx,  (3:2)
mas(m)=s(N), eEp|?

t(m)=t(N) t(e)=s(m)=s(A)

where A € pf_,. From the above expression of Z,g(A)(L), we obtain |Zgg(A)(L)| <
NM?||Alloo YL € IS_,. Therefore, ||Zze(A)|lop < N¥M2?||Alle < N*M?||A|l,p VA € V.
Similarly, for A € V¢, Zre(A) as an operator on Hy_, is given by:

Zre(A)(ar) = Y [ D) Alelme),elan, ) (ult(e)/u(s(e)?] @n,
mas(m)=s(N), edge e

t(m)=t(\) s(e)=t(m)=t(\)

where A € p¢, and || Zre(A)||lop < N¥M2||A|l,p VA € VE.
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3. Action of TLS tangles on Vp: Zyre(1) € V5 is given by:

p(t(en)p(t(e2))/1?(s(er)) if L = (c(er, 1), cle2,€)), where er, e
Zrre(1)(L) = are two edges with s(e;) = s(e2) € V¢
0 otherwise.

For each vertex v € V¢, let

Yo = plt())e(es, ) and 6, = > @2 (H(f)/n?(v).

fepias(f)=v fepias(f)=v

Then Z7,<(1) as an operator on H(”2 o) where v € V¢, is given by:

Zree(1)(zy) = { g(t(e))/(,uz(v))yv gtﬁejvégZi é) for some e € p{ with s(e) = v;

Since Zyre(1)(L) = Zye(1)(L) for all L € I5, Z7<(1) is a selfadjoint operator. Observe that

Zree(D)(p) = > wt() Zree (D) ey, 2 5))
fepias(f)=v

= > D))y = by

fepsas(f)=v

If ¢, is independent of v, then the range of Z7,¢(1) is the closed linear span of {y, : v € V¢}
and Z7r<(1) being a self adjoint operator is zero off the closed linear span of {y, : v € V<}.

We now introduce the concept of ‘partition function’ from [J2] and prove a lemma which will
help establish the ‘sphericality’ of a planar subalgebra of Vr.

Lemma 3.4.1. Let I be a finite connected bipartite graph with a spin function u. Define a ‘partition
function’ Z¢ : V§ — C by mapping the indicator function 1, to u*(v) Vv € V. Then

Z+ (o) 'RE(O'Jr) = Z_

© 0,-) -
ah LE

(1,+)

Proof. Let A € V;". Observe that

[Zre(A)(w) = Y Alle; )i’ (t(e)/u*(v)]

e€py rs(e)=v

Yov € VT. So we have

Zre(A) =Y [ D> Allee)’(t(e)/u* ()] Lu,

veEVT ecpfis(e)=v

which implies
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[ZVoZrel(A) = Y Y Alle, o)t (te))n’(v)

veV T eepir as(e)=v

= 3 Ale, )P (t(e)(s(e)-

eEpf

Similarly, we have

Zee()= Y [ D Alle,e)lu?(s(e))/1 ()] Lo,

vEV™ eepfat(e)=v
which implies

[Z70Zeel(A) = Y Y Alle)uP(s(e)n*(v)

veV - eEpIL st(e)=v

= Y Alle. ) He)r’(s(e)

= [Z7 o Zgre](A).
O
Now we discuss a special type of continuity of the tangle-maps which is close to strong continuity.

This concept is relevent in this context because the continuity of Zrc in this sense helps establish
the positive-definiteness of a sesquilinear form on V.

Theorem 3.4.2. Let T be a tangle with b(> 1) internal discs. Suppose Ag SOT, pj Vi=1,...,b

with sup HAfH < 00. Then
i7j

Zr(Alg a2 o A) 20 7y (Ale A% 0 AY).
Moreover, sup |1 Z1 (All RA%...® Ai-’) | < oc.

Proof. From Theorem 2.1.7] we can conclude that Zp can be obtained by composing Z,7, Zrz,
Zrg, LRe, LM (k) and Zrre in the way discussed in ‘Compatibility with the composition of tangles’
in the definition of planar algebra. A little thought gives that it suffices to prove the theorem for
211, ZRT, Ze, Lre and Za, -

Consider V)¢ for some (k,€) € Col. Let A; 59T, A in Vie with sup[[A;[lop < co. Therefore,
Ai(L) — A(L) for all L € Ij. So from the expression in equation (B:EI), we have Zp7(4;)(zp) —
Zrz(A)(xp) for all p € pj,,. Now from Sl;pHAiHop < oo and || Zez(Ai)llop = [|Aillop, We get
sup || Zcz(Ai)|lop < oo. Therefore, Z,z(A;) LK Zrz(A). So the theorem is true for Zpz. In
alsimilar way, from the expression in equation (B.2]), we have Z,g(A;)(zp) — Zre(A)(xp) Vp €

pS_;. Now from sup | Asllop < 00 and || Ze(Ai)llop < N¥M2||Ail|op, we get squZEI(Ai)HOp < 0.
(3 1

Therefore, Zrg(A;) ST, o re(A). So the theorem is true for Z,¢. Similarly, we can prove that the
theorem is true for Zrz and Zpe¢.
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Now consider 4; 225 A and B; 2% B in Ve with sup || 4;]|op < 0o and sup || B;llop < 0o. It
i i

is clear that sup ||A; Billop < 00. Now for £ € H(y (), we have
i

1(AiBi) () — (AB)(E)]| 1(AiBi)(§) — (A:B)(€) + (A:iB)(§) — (AB) (&)

< Al Bi(€) — B + [[(Ai — A)(BE))I,
which implies that A;B; SOT, AB. O
Remark 3.4.3. “’-map is also continuous in the above sense. Consider A; SOT 4 in Vis with
sup [|Aillop < oo. Therefore, A;j(L) — A(L) VL € ly.. A}, which implies A;(L) = Ay(L) — A(L) =
A*(L) VL € lj,. A7. Now from the equation
B (xp) = Z B*((¢:p))xq;

qED;,

2s(q)=s(p),t(¢)=t(p)

VB € V§ and p € pf,, we obtain Al (x,) — A*(xp) Vp € p.. Also, we have sup ||Aj|| < oo. Therefore,
i

SOT

A —— A",

3.5 Some good properties of V1

The BGPAs are almost never of subfactor type, because their vector spaces are too large. In fact,
in most cases Vj is not one dimensional. However, they possess several of the necessary properties
required for SPAs, which are inherited by planar subalgebras. We may therefore try to find SPAs
by looking at small planar subalgebras of BGPAs.

Theorem 3.5.1. For each (k,e) € Col, {,) : V£ x Vi = V§ given by (z,y) = [Zre]*(y*x) Yo,y €
Vis, is a positive definite Vi -valued sesquilinear map on V.

Proof. Clearly (,) is a sesquilinear form on V. Let A € V. We prove that (A4, A) is a positive
operator in Vg. For each v € V€ and w € VT UV ™, let us define A, € VS as the restriction

of A on H{, and zero on [HZ)];"’G)]J-. Then clearly A = ZA”“’ in SOT and (Ayw, Ay) = 0 if

(v,w) # (v',w'). Let for p,q € pj, with s(p) = s(q) = v and t(p) = t(q) = w, £,y denote a rank
one partial isometry which sends the basis element x4 into 2,. We observe that [Zre]*(ELY) = 1,
if p = ¢ and 0 otherwise.

Suppose A = ZA”“’ and A,y = Z Apg Epy as above. Therefore, using Theorem and

U7w p’q
Remark 3.4.3] we have

(A, A4) = Z(AvwaAvw> = Z [ Z p‘fpzu 2] Lo,

v,w v,w p7q98(p)28(q):1),
t(p)=t(q)=w
and hence (A, A) is a positive operator. Also (A4, A) = 0 implies A}’ = 0 Vp,q,v,w, ie, A = 0.
Therefore, (,) is a positive definite sesquilinear form. O
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Theorem 3.5.2. %’ commutes with the tangle maps, i.e., for any (ko, €o)-tangle T with b internal
disks of colors (ki,€;);
(ZV (01 ® - ®@xp)] = 20 (2 ® - - ® ), (3.3)

Vmi € Vkeii,l <1< b;

Proof. First we observe that there is a natural 1-1 correspondence between the states on 7" and T™*
by mapping a state o on T to the state ¢’ on T*, which is the composition of ¢ with the reflection

map from 7 to T'. We also observe that o(D;(T')) = o/(D;(T*)). Therefore, for L € [}? we have

2 (3@ @ w)]" (L)

= > [[2:(e@i(M))e(T, o)
states o on T’ i=1
>o(T)=1L

= 2. [T (0" (DAT))e(T o)
states o/ on T* i=1
>0/ (Di(T)) =L

= [Zf@ie - @x)(L).
O

For a uniformly locally finite connected bipartite graph I with possibly infinite vertices, the
adjacency matrix can be seen as a linear map on C!VI, where |V] is the total number of vertices of
I', by matrix multiplication. We now prove a necessary and sufficient for having modulus § of V¢
in terms of the adjacency matrix of I'.

Theorem 3.5.3. For § > 0 the following are equivalent:

(i) 8, = 6%o e VF LV ;

(i) [Z7ce (V)] = 6Z7.(1);

(7ii) Vr has modulus 0;

(iv) § is an eigenvalue of the adjacency matriz of T with eigenvector (u%(v))yev+uy - -

Proof. (1 = 2) [Z7<(1)]*(ys) = 0*yy = 0Z7,<(1)(yy) and both sides are zero off the closed linear
span of {y, : v € V}.

(2= 1) [Zrec(D)]?(yo) = 6Z72<(1)(yy), for v € V¢, which implies 62y, = 68,y,, which further
implies 6, = 9.

(1 3) [Zre(D)(v) = dyv, for all v € V€. Therefore, Zri(1) =0l & 6, =0Vv e VT UV,

(1 & 4) It follows from the observation that 4, = Z n(v, w)p?(w)/p? (v) Yo. O
wan(v,w)#0

Remark 3.5.4. Suppose the adjacency matriz of a uniformly locally finite bipartite graph I' has
an eigenvector (£(v))pev+uv- € CVTUWVTL where z(v) > 0 Yo, with eigenvalue § > 0. Then
() ?)pev+uv- gives a uniformly bounded spin function on T'. The vector ((z(v))Y?)pey+Lyv-

33



will be called a modulus-§ spin function on I'. For a finite connected bipartite graph I', there is only
one modulus-§ spin function onT' (up to normalization), where ¢ is the Perron-Frobenius eigenvalue
of I' and the entries of the spin function are the square roots of the entries of the Perron-Frobenius
etgen vector. A uniformly locally finite connected bipartite graph may have many modulus-6 spin
functions with many values of 6.
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Chapter 4

Automorphisms of a BGPA

In this chapter we mainly study the automorphism group of a BGPA. We express any automorphism
of a BGPA as the product of two types of automorphisms - ‘graph automorphism operator’ and
‘multiplication operator’. These two types of automorphisms are easily computable from the given
graph. As in Chapter 3, we assume that I' is a uniformly locally finite connected bipartite graph.
We also assume that p is a modulus-6 spin function on I'. We shall use all the notations of Chapter
3 related to the graph I' and planar algebra Vr.

4.1 Operators on H(; . commuting with ‘concatenation’ and ‘re-
verse’ operators

In this section we derive a sufficient condition for an invertible graded linear map of {V)¢ : (k,€) €
Col}, given by {Ad(Uy) : U is unitary in B(H ) and (k,€) € Col}, to be an automorphism of
Vr. In that sufficient condition we demand that the unitaries {Uf : (k,€) € Col} commute with the
‘concatenation’ operator and ‘reverse’ operator. This sufficient condition will help prove that the
‘graph automorphism operators’ and ‘multiplication operators’ are automorphisms of V.

Lemma 4.1.1. Let I' be a bipartite graph as before. Let U = {Uy ) : (k,€) € Col} be a collection
of unitaries in B(H o)) which commute with the ‘concatenation’ operator, i.e., co(Ug, o @Uy o)) =
Ulktir,e) © ¢ for all (k,e), (K',€') € Col. Then the action of U on H 4y and Hy __y is given by a
graph automorphism, i.e., there exrists a graph automorphism r such that the restriction of U 4
on {z, : v € VT} and Ug_y on {z, : v € V™} are given by k. Moreover, Ad(Uy, ))(Vy) C
Ve, V(k,e) € Col.

Proof. Let x, be a standard basis element in H(07+). We know that ¢(z, ® z,) = z,. Therefore,

from co (U 4) ® U 4)) = Ugo4) © ¢ we have c(Ug 1) (zv) @ U4y (20)) = U 4)(70). Now if we

have y = Z ATy in Hg 4y with c(y ® y) = y, then it implies Z Nz, = Z ApZp Which further
veV+ v v

implies A, = 0 or 1. Therefore, U(z,) = Z Ty, for some finite subset S of V. But unitarity of U

weS
implies U(z,) = 2, for some w € V' and therefore the restriction of U on {z, : v € V*} gives a

permutation of {z, : v € VT}. Similarly, the restriction of U on {x, : v € V~} gives a permutation
on {z,:veV }
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Now we prove that the permutation x of V™ LU V™~ coming from the restriction of U ex-
tends to a graph automorphism of I'. It suffices to prove that n(k(v),k(w)) = n(v,w) for all
v € VT w € V7; where for any two vertices v € VT w € V~, n(v,w) denotes the num-
ber of edges between v and w. For any path p with s(p) = v € V€ and t(p) = w, we have
c(U(zy) ® c(U(xp) @ U(xy))) = Ulzp), that means c(z, ) @ c(U(rp) ® Zyw))) = U(zp), which
implies that U(HZ};"’G)) - H&(Z))R(M. Now we prove that U* = {U(*m) : (k,e) € Col} also commutes
with the ‘concatenation’ operator. From the unitarity of U, we have co(U®U)o(U*®@U*) = UU*c,
which implies U oco (U* @ U*) = UU*c because U commutes with ‘concatenation’ operator, which
further implies co (U* ® U*) = U*c. Since U* commutes with ‘concatenation’ operator, applying

the above argument to U™, we have U*(H((:’(S)’H(w))) C Hi'y Therefore, U(HE’;’E)) = ka(’?)”(w),

which implies dim U(HE’I“’H) = dim H((f(fr)g"{(w)), that means n(k(v), k(w)) = n(v,w).

We observe that U(kvg)(svtw)U(*k 0 = Su()bn(w)- Therefore, if A € Vi{ = {spty :v €V and w €
VT UV—YV, then for v € V€ and w € VT UV~ we have

Svtw(U*AU) = U*Sﬁ(v)tﬁ(w)AU = U*ASH(v)tﬁ(w)U = U*AU(Svtw).

Therefore, U*AU € {syty : v € VCand w € VT UV ™} which implies Ad(U o)) (Vi) € ViV(k,€) €
Col. O

Lemma 4.1.2. If w = {wg o |ww,e : Vi = Vi is unital algebra map and (k,e) € Col} commutes
with the tangle maps Zrz, Zrz and fives Zrre(1), then it also commutes with Zre and Zrg.

Proof. We first show that
[Zr2)* M (Zr1e (1) Z2z(A) [ Zrz)F ™ (Zro (1) = [Zr2)* " (ZrLe(1))[Ze2)* (Z2e(A))

for all A € V¢, which follows from the following tangle-equality:

Similarly, we can prove that
[Ze2)* N (Zr1e (1) Zrz (A Zez)* ™ (Zrre (1) = [Ze)* ™ (Zree (1)) [Zr2)* (Zre (A)).
for all A € Vi¢. Now we have
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[ZRe)" " (Zrre(D))[Ze]*(Zee(w(A)))
[Zr1)" (ZTLe(l))ZLI( (A))[Zrz)F N (ZrLe (1))
w([Zrz]*~ (ZTLe(l))ZcI(A)[ZR =1 (ZrLe(1)))
= W([ZRZ] Y Zro-W)[Zez)*(Zre(A)))
[ZR1)"H(Zrre (D)) [Zez]* (w(Zee(A)),

which implies [Zrz]* 1 (ZrLe(1))[Zez)? (Ze(w(A)) — w(Zee(A))) = 0 for all A € ViE. We observe
that Zre ([Zrz)" 1 (Zric(1))[Zc1)*(B)) = Zez(B) for all B € V¢ by an easy tangle-equality.
Therefore, [Zrz)* ' (Zr1-(1))[Z,7]?(B) = 0 implies

Ze1(B) = Zee ([Zra* ™ (Zr1 (1) 22 (B)) = 0,

which further implies B = 0, since Z7 is injective. Therefore, Z,e(w(A) = w(Zee(A)) for all
A € V¢, Similarly, we can prove that Zrgs commutes with w. O

Theorem 4.1.3. Let I' be a uniformly locally finite connected bipartite graph as before with a
modulus-6 spin function p. Let U be a collection of unitary operators as in Lemma [{.1.1] which
commutes with the ‘concatenation’ operator. Assume further that the restriction of U to H(y ¢
commutes with the ‘reverse’ operator, and the vertex permutation k induced by U scales the spin
function, i.e., o(k(v)) = Ao (v) for all vertices v and some scalar A > 0. Then Ad(U) := {Ad(Uj) :
Ve = VE|(k,€) € Col} is an automorphism of Vp.

Proof. From Lemma BLT] we know that Ad(Ugy)) (Vi) € Vi for all (k,e) € Col. Now from
Theorem 2.2.3], Theorem 2.T.T] and Lemma [£.1.2] we conclude that to prove that Ad(U) is a planar
algebra morphism it suffices to prove that Ad(U) commutes with the multiplication tangles, unit
tangles, embedding tangles and Temperley-Lieb tangles. Since Uy, ) is unitary, Ad(U(k,e)) is a
unital x-algebra map.

Let us take A € V¢ and any basis element z, = z.( ) in Hli+1v where e € p{ and \ € P}, with
t(e) = s(\). Then we have

U Zer(AU (o)) = U Zez(A)e(Ulze) © Ulzy)
Urc(U(ze) @ AU(zy))

c(xe @ UAU (zy))

= Zer(U AU (o).

So Ad(U) commutes with left embedding. By a similar argument it commutes with right embed-
ding as well.

Now we prove that Ad(U) commutes with Temperley-Lieb tangles, i.e., it fixes Zpre(1). Let

us define v, = Z c(zy @ rev(xy)), for all adjacent vertices v and w. Then y, =
fepirs(f)=vt(f)=w
Z w(t( f))xc( 1.y as defined earlier, can also be written as y, = Z (W)Y for
fepias(f)=v won(v,w)#0

all v € V. {zy : f € p{,s(f) = v,t(f) = w} is an orthonormal basis of HZ’lwe). Therefore,

{U(zy) : s(f) = v,t(f) = w} is an orthonormal basis of Ha(gn(w). Therefore, by Lemma [3.3.3]

> c(U(zg) @rev(U(zy))) = Yr(v)r(w)-
Fos(h)=ot(f)=w
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Since U commutes with the ‘concatenation’ operator and the ‘reverse’ operator, we have

U(yow) = > c(U(zy) @rev(U(zy))) = Yn(w)n(w)-
f;s(f):v,t(f):w

Therefore, for all v € V¢, we obtain

Ulys) = Z (W)Yo () ()

wan(v,w)#0

= )‘_1[ Z :u'(’%(w))yﬁ(v)w] = )‘_lyn(v)’
wan(k(v),w)#0

Also, for all v € V¢, we have
On(w) = > BN/ (k)

fas(f)=r(v)
= > EAREU))/K (R(v))

frs(f)=v

= D NEAH())/N ()
frs(f)=v

= Y )/ ) = b
frs(f)=v

Therefore, for all v € V¢, we have
U*ZrreU(ys) = U* Zrre (A W) = A 0u0) U Wn(w)) = Ono) Yo = Outo = ZrLe (y0),

and both U*Zpr<U and Zppe are zero off the closed linear span of {y, : v € V¢}. So Ad(U) fixes
Zrre(1).

Let U* = {(Uf)" : (k,€) € Col and Ad(U*) = {Ad((Uf)") : (k,€) € Col}. By a similar argument
given in the proof of Lemma LTIl we can prove that U* commutes with the ‘concatenation’
operator. Now rev o Uf = Uf o rev implies that (U)* orev = revo (Uf)*, i.e., the restriction of U*
to H(j) commutes with the ‘reverse’ operator. Therefore, Ad(U*) is a planar algebra morphism
and Ad(U) is an automorphism of Vp with Ad(U*) as the inverse of Ad(U). O

4.2 Graph automorphism operators and multiplication operators

In this section we define the ‘graph automorphism’ operator and ‘multiplication’ operator and
discuss some properties of these operators.

Definition 4.2.1. Let I' be a bipartite graph as before with a modulus-§ spin function . Let k
be a permutation of the vertices of T' such that n(k(v), k(w)) = n(v,w) for all vertices v and w,
k(v) € V€ forv € VC and u(k(v)) = Au(v) for all v € V€ and for some X > 0. Label each of the m
edges between two adjacent vertices by {1,...,m}. We can extend k to the edges of T' by mapping
the ith edge between (v,w) to the ith edge between (k(v),k(w)). Now extend k to the paths of T’
by sending a path p = c(e1,--- ,ex) of length k to the path k(p) = c(k(e1), - ,k(ex)), where e;’s
are the edges of I', which gives rise to a unitary operator Uy on H ) for all (k,e) € Col. Let
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U = {Uf : (k,e) € Col}. Clearly U satisfies all the hypotheses of Theorem [{.1.3. Therefore, by

Theorem [{.1.5,
Ad(U) == {Ad(Uf) : Vii = V§|(k,€) € Col}

is an automorphism of Vr. Ad(U) is said to be the graph automorphism operator associated to k.
The set of ‘graph automorphism’ operators of Vp will be denoted by Gr.

Definition 4.2.2. Let O" be a unitary operator in V1+. Let O = rev oO% o rev. Let K be the
closed linear span of {®f:1xei ct(e) = s(ep1) fori=1,...;k =1} in (Hy o @ Hug @ Hp o ®
-+ k times). Let c be the ‘concatenation’ operator from (Hy o) ®H( o @H(1 o) ®- - k times) to H, ).
Observe that ¢ is an onto partial isometry with initial subspace K and (O ® O° ® O° - - - k times )
maps the range of ¢* isometrically onto the initial subspace K of c. Therefore, for all (k,e) € Col,

Uf:=co(0°®@0°®0° -k times ) o c*

is an unitary operator on H, o. Let U = {Uy : (k,€)}. Clearly U satisfies all the hypotheses of
Theorem [{.1.3. Therefore, by Theorem [{.1.3,

Ad(U) := {Ad(US) : VE = Vi|(k, €) € Col}

is an automorphism of Vr. Ad(U) is said to be the ‘multiplication’ operator corresponding to the
unitary OT in V1+. If O acts on each basis element by scalar multiplication, then the corresponding
multiplication operator is said to be a ‘scalar multiplication’ operator. The set of ‘multiplication’
operators of Vr will be denoted by Mrp.

We discuss the properties of ‘graph automorphism’ and ‘multiplication’ operators in the follow-
ing lemmas.

Lemma 4.2.3. Gr and Mr are subgroups of Aut(Vr).

Proof. Let o and 8 be two ‘graph automorphism’ operators. Suppose k and 7 are the graph
automophisms associated to « and 8 respectively. Then it is easy to see that « o § is given by the
graph automorphism s o+ and a~! is given by the graph automorphism x~!'. Therefore, Gr is a
subgroup of Aut(Vr).

Now suppose that o and 8 are two ‘multiplication’ operators. Let {a ) : (k,€) € Col} be the
unitary operators associated o and {f) : (k,€) € Col} be the unitary operators associated to 3.
From the definition of ‘multiplication operators’, we have

A(g,e) = CO (a(l,e) ® Q(1¢) & Q1) - k times ) oc*
and Bk,ey = co (Ba,e) @ Bae @ Bre -+ k times ) o c*.

Therefore, a( ¢)B(x,e) is given by the follwing expression:
co ((a@0Ba,0) @ (annbae) ® (0B -k times ) oc”.

Also observe that revo(a(1’+)ﬂ(17+))orev = a(1,-)B(1,—)- Therefore, a3 is a ‘multiplication’ operator
given by the unitary a; 4)8(1,4) in V1+. It is easy to check that o~ is also a ‘multiplication’ operator
given by the unitary (co(; 4+))* in Vit. Therefore, Mt is a subgroup of Aut(Vr).

O
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Lemma 4.2.4. Mr is closed under the conjugation action of the elements of Gr and MrNGr = 1.

Proof. Let {a(kvg) : (k,€) € Col} be the unitary operators associated to a ‘graph automorphism’
operator a and {f(;) : (k,€) € Col} be the unitary operators associated to a ‘multiplication’

operator 3. Therefore, the unitaries associated to o'« are given by {a(_klg)ﬁ(k,e)a(m) i (kye) €
Col}. Observe that
Qk,e) = €O (Q(1,e) ® 1,6) ® (1,¢) - k times ) o ™.

And also by the definition of ‘multiplication’ operator,
B,y = co (Bae) @ B1,e) @ Bre) - - k times ) o c™.

So a(_klg)ﬁ(k,e)oz(k,e) is given by the following expression:

co ((a(_l}ﬁ)ﬂ(lﬁ)a(l,e)) ® (04(_1%5)/8(1,6)@(1,5)) ® (a(_l}e)ﬂ(l,s)a(l,e)) -+ -k times > oc".
We define O := ()é(_11+)5(1,+)04(17+) in V;*. Observe that

-1
aq yBa—aa,-)
= (rev o oz(_11+)
_ -1
= revo (a(1,+) °oBa4)° a(17+)> orev
= revoOtorev.

o 7‘€U> o (rev 9] 5(174_) ®) rev) o (rev o ()é(l,+) ®) rev)

Therefore, a~!Ba is a multiplication operator associated to the unitary O in V1+. Now we prove
that Gr N Mr = 1. Suppose a € Gr N Mr. Let {a) : (k,€) € Col} be the unitary operators
associated to «. Since « is a multiplication operator, a(17+)(HZ)1“”+)) = HZ’ff’+) VoeVtandwe V™.
Therefore, the permuation on the set of vertices induced by « is trivial, which implies oy ) =
IdH(LH, which further implies o = 1.

O

4.3 Aut(Vr) as the semidirect product of M and Gr

In this section we prove the main theorem of the thesis that any automorphism of Vp is the
composition of a ‘graph automorphism operator’ and a ‘multiplication operator’. We prove it in
Theorem [4.3.5] after a couple of lemmas.

Lemma 4.3.1. Let o be an automorphism of Vp. Then there is a graph automorphism operator 3
such that oo and B agree on V.

Proof. For v € V¢, s, is a minimal projection in V;. Since the restriction of a on Vj is an
automorphism of Vj, a(s,) is a minimal projection in Vjf. Now observe that any minimal projection
in V is equal to s, for some w € V¢. Therefore, there is a permutation ~ of the vertices of I
preserving the parity such that «a(s,) = Sk(v) YU € Vtuv-.

Let ve VT and w € V™. Now Zrz1(sy)Zrz(sw) is a projection onto the closed linear span of the
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edges between v and w. Observe that this is either zero or a minimal central projection in V1+.
Since @ commutes with Z,7 and Zzz, we have

a(Zrz(80) Zez(5w)Vi") = ZRT(Sw(v) 2L (Sk(w)) Vi -

The dimension of Zrz(sy)Zrz(sw)V;' is the square of n(v,w). Since a is an automorphism, the
dimension is preserved by «. Therefore, n(v,w) = n(k(v), k(w)).
Now we prove that x scales the spin function. Let v € V€. Then

Ti(so) = D> n(o,w)[p’(v)/p?(w)]s,.
wan(v,w)#0
Since @ commutes with this tangle, we have
S ) (0)/ 2w = (s (o), w) [ (s(0)) /12 ()0
wan(v,w)#£0 wan(k(v),w)#0

which implies p(v)/uw(w) = p(k(w))/p(k(w)) for the adjacent vertices v and w. By induction we
can prove it for any two vertices v and w. Therefore, u(v)/u(k(v)) = p(w)/u(k(w)) for any two
vertices v and w, which means p(k(v)) = Ap(v) V vertices v in I' and for some A > 0. Suppose &
extends to the graph automorphism operator 8. Then a and 3 agree on V. O

Lemma 4.3.2. Consider the map Zr : Vfr — V|~ given by the following tangle T'.

T

Then Zp(A) = rev o A* orev, for all A € V{*. Moreover, we have Zr(AB) = Zrp(B)Zr(A),
Zp(A*) = [Zr(A)]* YA, B € V[T and Zr is invertible with inverse map Z¥El, where T~ is the
tangle T with reverse shading.

Proof. We observe that Z7(A)((e, f)) = A((f,&)), VA € V{7 and L = (e, f) € l; . Therefore,
Zr(A)(zg) = Y A9,

e€py 2s(e)=s(f),
t(e)=t(f)

VA € Vi and f € p;. On the other hand we have

[rev o A* orev|(xf) =revo A*(a:f) = rev Z A*((e, f))ze

eepy as(e)=s(f),
t(e)=t(f)

= Z A((.ﬂé))xm

e€p] »s(e)=s(f),
t(e)=t(f)
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Vf € p;. Therefore, Zp(A) = revo A* orev, for all A € V|'.

Now by the first part of this lemma and the anti-unitarity of ‘rev’, we get Zr(AB) = rev o
(AB)* orev = (revo B*orev) o (revo A* orev) = Zp(B)Zr(A) and [ZT(A)] (revoAorev)* =
revo A* orev = Zp(A¥). O

Lemma 4.3.3. Let a be an automorphism of Vi which acts trivially on Vy. Then there is a
multiplication operator (3 such that o and [ agree on V.

Proof. We know that the center of VT is the o-weak closure of the subspace generated by {Zrz(sy)
Zrz(ty) :v € VT, w e V™ with n(v,w) # 0}. Since « acts trivially on Vf, it fixes all elements of
the form Zrz(sy)Zrz(tw), where v € VT w € V™~ with n(v, w) # 0, which means it fixes the center
V1+ elementwise. Now Vfr being a type I von Neumann algebra, o acts as an inner automorphism
on Vi". Therefore, there exists an unitary OF in V{* such that Zp(A) = (OT)*AOT VA € VT
, where T is the as in Lemma We shall prove that o on V|~ is given by Ad(O~), where
O~ =revoOorev. From Lemma 3.2 we obtain O~ = Z7((O1)*). Now using the properties of
Z7 discussed in Lemma and the fact that o commutes with Zp, we obtain

a(Ad) = alZrZp-(4)]
= Zra[Zp-1(A4)]
= Zr[(0O")*Z 1(A)O+
= Zr(0") A Zr((0))
= [Zr((O"))]" A Zr((0T)")
— (07) 40"

VA € V. Let (8 be the multiplication operator corresponding to the unitary O in V1+. Then «
and 3 agree on V{. O

Lemma 4.3.4. Let a be an automorphism of Vi which acts trivially on V. Then « is a scalar
multiplication operator.

Proof. If p and ¢ are two paths in pj, with same end points, let E},; denote the rank one partial
isometry in V¢ which maps the basis element z, to x,. For a loop | = (p,q), by E; we mean E,.
Let p = c(e1,--- ,ex) € py . We observe that Z7(®F 1 FEe,e;) = Epp, where T is the tangle as given
below:

* x| Dy *| Do K| Dig |-ooeeeeens

Since o commutes with Z7 and acts trivially on V7, it also fixes F,, Vp € p;. Similarly, we can
prove that o fixes Ej,, Vp € p,;. Now consider the rank one partial isometry E,, corresponding to
the loop | = (p,q) € I§,. We have E,,Ep,E4q = Epq, which implies E,,a(Epq)Eqq = a(E,q) because
a fixes Ep, and Ey,. Therefore, a sends E,, to a scalar multiple of itself. Let us denote this scalar
by p(1).

Claim: (i) |p(1)| =1 for all loops [ in T}
(ii) p(I) =1 on the loops of length 2;
(iii) p(I) is independent of the base point of ;
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(iv) p(ly *l2) = p(l1)p(l2), where Iy x lo denotes the concatenation of two loops I; and Iy based at
the same point;

(v) Suppose I’ is a loop in I" that goes first from a vertex vy to v1 by a path p, then across a loop !
based at v1, then back to vy by the same path p. Then p(l) = p(I').

Proof. (i) a(E;) = p(l)E;, where | = (p,q). Since « is a x-algebra morphism and it fixes the
projection E,,, applying o on both sides of the equation E; E,, = E,, we obtain [p(l)| = 1.

(ii) It follows from the fact that o acts trivially on V¢ Ve.

(iii) Let I = (p,q) € If. Also let I’ be the same loop [ with the base point as the next vertex

of the base point of I. Observe that Z (k) (E;) = Ep. Since a commutes with 2 (ke)s WE have
(k,€) (k,€)

p(1) = p(I"). Therefore, p(l) is independent of the base point of .

(iv) Let l; * lo be the concatenation of two loops I; and [y based at the same point and of
lengths 2k; and 2ky respectively. Observe that Zr(E), ® E},) = Ej,«,, where T is the tangle given
as follows:

*x x| Dy| %Dy
2k, 2ko

Since o commutes with a, applying a on both sides of Zr(Ej, ® Ei,) = Ej,4,, we obtain p(l1 xl2) =
p(l1)p(l2).

(v) It easily follows from (ii), (iii) and (iv). O

Let Y be a maximal tree in I'. Fix a vertex vg € VT in the interior of Y. Let S := {e, : a € A}
be the set of edges in I" whose interiors are in I' — Y and whose starting points are in V*. Each
edge e, determines a loop I, in I' that goes first from vy to s(eq) by a path in Y, then across e,,
then back to vy by a path in Y. We know that m1(I") is a free group with basis the classes [l,]
corresponding to the edges e,. Define a unitary operator O in Vfr as follows:

n | plla)ze, ifeq €S,
O (wea) = { Te, otherwise.
Let U = {Uf : (k,e) € Col} be the collection of unitary operators corresponding to O obtained
by the procedure discussed in Definition and Ad(U) = {Ad(Uy) : (k,e) € Col} be the corre-
sponding scalar multiplication operator. Now we shall prove that Ad(U)(E},) = p(la)El, Vo € A.
Let o = (Pas Ga ), Where a € A.

Case 1. Suppose the edge e, is in the path p,. Then U(zp,) = p(la)zp, and U*(z,,) =
Zgq,, which implies U*E; U(z,) = p(la)xq and is zero on the other basis elements. Therefore,

Ad(U)(Er,) = p(la) By, -

Case 2. Suppose the edge e, is in the path ¢o. Then U(zp,) = zp, and U*(¢a) = p(la)qa, which
implies U*E;, U(zp) = p(lo)xq and is zero on the other basis elements. Therefore, Ad(U)(E;,) =
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p(la)Ela N

So from the previous claim and from the fact that Ad(U)(Ey,) = p(la)El, Yo € A, we conclude
that Ad(U)(E;) = a(E;) for all loops [ in T'. Since V¢ is the o-weak closure of {£) : [ € I§ } for all
(k,e) € Col and each automorphism of Vi is o-weakly continuous on V)¢ for all (k,e) € Col, we
have Ad(U) = a.. Therefore, « is a scalar multiplication operator.

U

Theorem 4.3.5. Consider the planar algebra Vpr with I' as before. Let o be an automorphism of
Vr. Then oo = B for some 8 € Gr and v € Mp. Moreover, Aut(Vr) = Mr x Gr.

Proof. From Lemma [£.3.1] we know that there exists 5 € G such that a and  agree on Vj V e.
Therefore, B~ acts trivially on V§ V e. By Lemma [13.3] there exists v; € Mr such that 3~ 'a
and 7y, agree on V| V €. Therefore, v, 13=1a acts trivially on ViV e. So by Lemmald.3.4] v, 1g-1q
is a scalar multiplication operator, say 5. Therefore, a = 512 with 5 € Gr and 172 € Mr.

From Lemma [£.2.4], we know that Mrp is closed under the conjugation action of Gr and Mt N

Gt = 1. Also from the first part of the theorem we obtain GpMp = Aut(Vr). Therefore, Aut(Vp) =
Mr GF. Il
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Chapter 5

Subfactor planar algebras of BGPAs

In this chapter we describe a tool for constructing a wide range of subfactor planar algebras obtained
as fixed point subalgebras of BGPAs under group actions. It happens that the fixed point set of a
BGPA under a group action is a planar x-subalgebra, but it fails to be an SPA in general. So in
the first section we derive some sufficient conditions for a planar x-subalgebra to be an SPA.

5.1 Sufficient conditions for a planar x-subalgebra of a BGPA to
be an SPA

In this section we first derive a sufficient condition for connected finite bipartite graphs, which
just demands that the planar x-subalgebra X has 1-dimensinal intersection with Vj and the spin
function p is a modulus-§ spin function. For a unifomly locally finite connected bipartite graph we
need that the planar *-subalgebra X is spherical, it has 1-dimensional intersection with V;; and the
spin function p is a modulus-§ spin function. In this chapter we follow all the notations used in the
previous chapters.

Theorem 5.1.1. Let Vi be a BGPA corresponding to a connected finite bipartite graph I'. Let p be
a modulus-6 spin function on I'. Suppose X is a planar x-subalgebra of Vr such that dim XNV =1
for all e. Then X is a subfactor planar algebra.

Proof. From Theorem [B.5.1] we know that the scalar sesquilinear form defined by (z,y) = [ZE]"(y*2),
where z,y € Py ), is positive definite, and from Theorem B.5.3] we know that X has * prop-
erty. Since I' is a finite graph, clearly dim X N V)¢ is finite dimensional for all (k,e) € Col. So
it remains only to show that X is spherical. Let A € V1+ N X. Since dim X NV =1 for all e,

Z2(A) =N Z 1, and Zxo(A) = A, Z 1,, for some A, A, € C. So Z~0ZF(A) = N Z p(v)

veV = veVF veV =
and Z1 o ZH(A) = N Z p*(v). By Lemma BAT, Z~ o ZX(A) = Z+ 0 ZX:(A). Therefore,
veV+
A/ A = Z )]/ Z 14 (v)], and which is independent of A. Since p is a modulus-d spin
veV+ veV =
function, if we take B = Z§1,+)(1)7 we have ZX:(B) = 6 Z 1, and Zag(B) =6 Z 1, by the
veEV ™ veVF

following pictures.
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===

LC o 1(LH) RCo1(LH)

Now Z~ 0 Z}e(B) = Z+ 0 Z¢(B) gives [ > p*(v)]/[ Y p*(v)] = 6/6 = 1. Therefore, \; = Ay,
veV+ veV —
that means ZX-(A) = ZX-(A). So X is spherical. O

Theorem 5.1.2. Let Vi be a BGPA, where T is a uniformly locally finite connected bipartite graph.
Let X be a planar *-subalgebra of Vi with dim X N'V§ =1 Ve. Then X NV} is finite dimensional
V(k,e) € Col. Moreover, if we assume that X is spherical and the spin function p is a modulus-0
spin function, then X is a subfactor planar algebra.

Proof. Fix a (k, e) € Col and a vertex v € V¢. Consider the minimal projection s, € Vf. Observe
that y := [RZ]*(s,) is a projection on H(k o Define a map f : X NV¢ — yV by o — yx
Vo € XNV Since Hj, , is finite dimensinal, yV}S is also a finite dimensional subspace of V5. Now
to prove that X NV} 1s ﬁnlte dimensional, it suffices to prove that the linear map f is injective.
Suppose x € X NV} such that yr = 0. Since x fixes the subspace H (k.e) it will commute with

y. Therefore, yz*x = 0, which implies [RE]*(yz*x) = 0. Now observe from the following tangle-
equality that [RE]F(yz) = s,[RE*(2) Vz € V.

Therefore, [RE]*(yz*z) = 0 implies s,[REF(z*x) = 0. Since dim X NV§ = 1, [RE)*(z*z) is a
scalar multiple of identity in V. So s,[REJ*(z*z) = 0 implies (z,z) = [RE]¥(x*x) = 0. Now from
Theorem B.5.1] we know that (,) is a positive definite form. Threfore, = 0, which implies f is
injective. So X N V¢ is finite dimensional V (k,¢) € Col.

Theorem B.5.1] gives that the scalar sesquilinear form defined by (z,y) = [Z5.]"(y*z), where
z,y € Py, ), is positive definite and from Theorem B.5.2] we obtain that X has * property. Now the
assumption that the spin function p is a modulus-§ spin function ensures that Vr has a positive
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modulus (by Theorem B.5.3]). So further assuming the ‘sphericality’ property of X, we have X is a
subfactor planar algebra. O

5.2 Fixed point subfactor planar algebras

Let a group G act on a BGPA Vi by the group homomorphism « : G — Aut(Vr). A little thought
gives that VFG is a planar *-subalgebra of Vp. We take a modulus-6 spin function on I" so that Vr
has a positive modulus. Now VFG will be an SPA if we further assume the ‘connectedness’ of VFG,
when I' is finite, and both the ‘connectedness’ and ‘sphericality’ of VFG7 when I' is infinite. In the
following remarks we describe two sufficient conditions for the ‘connectedness’ and ‘sphericality’ of
VFG which are easy to verify.

Remark 5.2.1. Suppose, for all g € G, a(g) = (9)v(g), where 5(g) is a ‘graph automorphism’
operator and y(g) is a ‘multiplication operator’. Now observe that VFG is connected if and only if
{B(g9) : g € G} acts on VT and V~ transitively.

Remark 5.2.2. If Vr has modulus &, we know that Z ..o.—(1) = 61 and Z_, .0+ (1) = d1. So if
L:S(lﬁr) RE(LH
we have the ‘irreducibility’ of V.&, then VFG automatically becomes spherical.

Now we are ready to give the definition of ‘fixed point subfactor planar algebra’.

Definition 5.2.3. Let Vr be a BGPA and G be a subgroup of Aut(Vr) with VFG an SPA. Then Vi
is said to be a ‘fized point subfactor planar algebra’.

5.3 An Example of Fixed Point SPA

In this section we present a detailed proof of the fact that the SPA of a ‘diagonal subfactor without
cocyle’ can be obtained as a fixed point subfactor planar algebra, what was remarked in [B] as
an example of a fixed point SPA. To do this, we will follow the description of the tower of basic
construction of a ‘diagonal subfactor’ as given in [BDGI].

Let N be a II; factor and G is a finitely generated subgroup of Out(N). Let {g; : i € I}
generate (G, where [ is a finite set. We assume that g1 = 1. Let a : G — Aut(N) be a lift of
G in Aut(N) such that a(1) = 1. Set a; = a(g;) for all i € I. Let M (C) denote the matrix
algebra over C with rows and columns indexed by the elements of I" for all non-negative integers n.
Define M = N ® M;(C). Now define the subfactor N < M by sending z € N to }_,; i(x) ® Ey;
for all z € N. This is called a ‘diagonal subfactor’. If the lift « is a group homomorphism, we
call it a ‘diagonal subfactor without cocyle’. We shall be interested in diagonal subfactors without
cocyle, so from now onwards the lift « is a group homomorphism. For i = (41,49, -+ ,ip) € I", the

automorphism «;, Yoy, - - ag;l)" will be denoted by alt, (7).

Computation of the tower of basic construction of the subfactor N — M:

Now we compute the tower of basic construction of the subfactor N — M from [BDGI] and
[Pi-Po]. Define M,, = N ® Mn+1(C) for all n > —1. Suppose M,,_; = N ® M= (C) is included in
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M, = N ® Mn+1(C) in the following way:

& ELZ — Z Oé](g_l)n (a:) & E(g’,k),(z,k)
kel

where x € N, 4,5 € [ "+l and n > 0. Therefore, N is included in M,, by the following map:

yr Y alt (@i)(y) © By

2‘6[”+1

for all y € N. Let try be the unique normal faithful tracial state on N. Define try;, on M, by

tran, (D iy ®Eiy) =170 > try(wig)

i,jerntl pierntt
where z; ; € N and n > 0. tryy, is the unique faithful normal tracial state on M,,. Observe that

the inclusion maps preserve the traces. Then the unique trace preserving conditional expectation
E%Zq from M,, to M,,_1 is given by

_ —1 n—1
T E(Lle’l) — 5k,l|I| 10[,2 ) () ® E@Z

where £ € N and n > 1. Consider the orthogonal projections

en=II"" Y IN® B mig) € Mn
kelmn—lijel

for all n > 1. We observe the following:

(i) [My : M,_1] = |I)? for all n > 0;

(ii) each M, is a I1; factor;

(iii) [en,y] =0forally € N and n > 1;

(iV) E%:ﬂ(e") = [I|72 1y, for all n > 1.
Therefore, using Proposition 1.2 in [Pi-Po] we have the following Proposition:
Proposition 5.3.1. With the running notations,

N—-M—M —- =M, —.--

1s the Jones tower of 11 factors associated to the subfactor N < M where the Jones projections
and conditional expectations are given by {e, :n > 1} and {E%Z,l :n > 1} respectively.
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Computation of the relative commutants of the subfactor N — M:

We now compute the relative commutants associated to the subfactor N < M. Let Z Tij ®
Lleln+1

E;; € NN M, where n > 0. Then it will commute with Z alt (k) (y) ® Egy for all y € N,
EEI“+1

which implies @; ; (alt;!(j)alta(i)) (y) =y, for all y € N and i,5 € 1", It implies that z;; = 0

if alto (i) # alto(j) and z;j is a scalar if alte(i) = alta(j). So for all n >0, N’ N M, is the span of

{1y ® Eyjli,j € I"" and alty (i) = alta(j)}.

Now for n > 0 identify M,, = N ® Myu+1(C) with (N ® M;(C)) @ M (C) = M & M (C) by

Z T h.d),(1,5) © L), (15) = Z (T (k). (15) ® Ert) ® Eij.
ijelm kel ijeln kel

For all ay, k € I, the automorphism oy, of N induces an automorphism S of M by the following
way:
Br(d_ @i @ Eij) =Y ap'(zi;) @ Eij.
ij€l ijel
Let altg(i) = 51-_1151'2 . "ﬂi(n_l)n, where i = (41,42, ,i,) € I". Now observe that the inclusion
M, _1 — M, is also given by the following map:

_1\yn—1
r@Ej Y BV @) Ei gy, (k)
kel

where x € M, 1,5 € I" 1V and n > 1. Also, e, € M,, is given by

en =171 Y v ® B wig) € Ma
keIn=245€el

for all n > 2 and the conditional expectation EJ\J\/JIZA from M, to M,_; is given by
E.. ) oIt (=" B .
@ Eq gy o~ Okl g () ® By

where x € N, i,j € I" 1 k1 €1 and n > 2. We also observe that the inclusion M < M,, is given
by the following map:
1,
y > alty'(i)(y) @ By

ieln

for all y € M. By a similar argument in the previous paragraph we can prove that M’ N M, is
given by the span of
{1y ® E;ﬂl,l € I" and altg(i) = altg(j)}.

Now observe that 1y; ® Ej j, where i, j € I" and altg(i) = altg(j), can also be written as ), .; In®

BE,i),(k,j)» Where alto((k,1)) = alta((k,7)). Therefore, the inclusion M’ N M,, — N'N M, is given
by: -

Ly ® Eij — Z IN @ Bk, (k,5)
kel
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for all n > 0 and the unique trace preserving conditional expectation E%I,?%[’; from N’ N M, to
M' N M, is given by:
LN ® Eo) 1,9) = Orall |7 1ar @ Eyj.

for all n > 1.

From now onwards we shall look N’ N M,, as a subalgebra of N ® Myn+1(C) for all n > —1 and
M’ N M, as a subalgebra of M ® M (C) for all n > 0. The standard invariant of the subfactor
N — M is given by the following grid of relative commutants:

C = N’mMil(—)N/mMOQ—>N/mM1(—)N/mM2(—>...

J J J

C= MnMy— MnM “— MNMy———---

Now we prove the extremality of this subfactor.
Proposition 5.3.2. With the running notations, N < M 1is an extremal subfactor.

Proof. From [Po2], we observe that N < M is extremal if and only if
[pPMp : Np| = tra(p)*[M : N (5.1)

for all projections p in N’ N M. Now observe that if two projectios p and ¢ are unitarily equivalent
and p satisfies equation (G5.1I), then ¢ also satisfies the equation. Since NN M = {Ily ®z : z €
M;(C)}, any projection in N’ N M is of the form 1y ® p for some projection p in M;(C). But
any projection p in M;(C) is unitarily equivalent to ¢ := 3, E;; for some I’ C I. Therefore, it
suffices to prove equation (5.1) only for 1y ® ¢, but that also holds because [¢Mgq : Nq] = |I'|? and
trae(q) = [I'[/|1]. O

Define Pf = N'NM,,_1 and P, = M'N M, for all n > 0. Therefore, by 2.3.2] there is a unique
subfactor planar algebra structure on PN M := P = {P¢ : (n,¢) € Col} satisfying the following
properties:

1. Zﬁmﬂ(n = |Ileny1, ZIT’E(H,,)@) = |I|epo for all n > 0;

2. Z?iI("“'”’ Z?iI(”“") and Ziz("“’“ are the inclusions N' N M,,_1 — N'0NM,,, M' N M,, —
(n,+) (n,—) (n,—)

M' N Myyq and M' N M, — N’ N M, respectively for all n > 0;

3. 28 . = |I|E%:2%” , forall n > 1 and Zr . = |I|E%:2%"“ for all n > 1;
RE G 1,4) " RE (w1, "
4. ZF (@) = [I|tra(z) for all z € N'N My and ZE_, _ (z) = [I|tray, (z) for all 2 € M'NM;
R8(1,+) R‘g(l’,)
N'NM,
5. ng(n,f) = |[I[Ey/5pp for all n > 1 and Zgg(o,,)(az) = |I|trag (z) for all z € N' N M.

(n+1,+) (1,+)
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Construction of a fixed point SPA VFG:

Now we construct a uniformly locally finite connected bipartite graph I'. Let {U;' : g € G} and {Ug_
g € G} be the set of positive and negative vertices, respectively, corresponding to each element of G.
Two vertces U;' and v, will be connected if and only if there exists ¢ € I such that g = hg; ! Define a

modulus-§ spin function p by giving the weight 1 to each vertex. Let V1 be the BGPA corresponding
to the graph G. Observe that the modulus of V¢ is |I|. Now define a graph automorphism by
hvg := vy, for all g,h € G and € € {+,—}. Observe that the spin function is invariant under this

graph automorphism, so it induces an automorphism of V. Therefore, there is a group action of G

on Vr. Foralli € I", we define alt(g (i) = gz—llgz2 gl(—l)n and alt g, (i) = 92191_21 gl(n_ "

is an immediate observation that alt,(i) = alt.(j) iff alt(g 4)(i) = alt(G +(J) and altg(i) = altp(j)
iff alt(q, (i) = alt(G,—)(j). Now observe that for each positive vertex v/ of T', there is a one-one
correspondence between {(alta(i),alto(j))]i,j € I™ and alts (i) = alt,(j)} and the set of all loops

of length 2n based at v/ by mapping (alta (i), alts(j)) to the loop L( ta.n@altia. ) (D) defined as

below:

n+1 2n

(—pn—1 7 ° )

1 = 'U+
galt(q,y(@alt g ()

vg—>vg,1—>vg,1 — s g -

alt i
o 99;," 9i galt(g,4)(L ) =

v
galt(g )@ g;
Similarly, for each negative vertex v, of I, there is a one-one correspondence between

{(altg(i),altg(j))|i,j € I"™ and altg(i) = altp(j)} and the set of all loops of length 2n based at v,

(alt(c - (@).alt(e,—) (7))

by mapping (alt(i), altg(j)) to the loop L _ defined as below:

1 en n+1 6271
- —)vg“lt(c -H@® vga“(c @ gt T

in

Vg — U g -

=W 1 =
g 991 99i19;,

. —1 .
galt(g,—y(@)alt o (4)

Observe that
Z L, alt(G HDaltc D) (SOT) :4,j € I" and alt(g 4)(1) = altg4)(j)
geG

is a basis of the (n,+) colored vector space of VFG for all n > 0 and

Sor ““<G 2@t D) (GOT) i j € I" and alt (i) = alt ()
geG

is a basis of the (n,—) colored vector space of VFG colored for all n > 0. Now we prove that VFG is
a subfactor planar algebra.

Proposition 5.3.3. With the running notations, VFG is a subfactor planar algebra.

Proof. We observe that Vi has finite dimensinal intersection with V¢ for all (n,€) € Col. Therefore,
it suffices to prove the sphericality of VFG . Observe that

Vi alt(G +(@)salt(q, +)(])) _
Zﬁg(o Z L+ N 1‘/07

(1, +) geG
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for all 4, j € I" with alt(g (i) = alt(g,—)(j) and

Vi alt(G )(Z) alt(G )(])) o
ZRg(O +) Z L i i - 1\/07L
(1,4)
for all 4, j € I" with alt(g 4)(i) = alt(g 4+)(j). Therefore, Vi is a subfactor planar algebra. O

Isomorphism between PN~ and VFG :

Now we are ready to give the isomorphism between the SPA corresponding to a diagonal subfactor
without cocyle and a fixed point SPA.

Theorem 5.3.4. With the running notations, we have the subfactor planar algebra P corresponding
to the diagonal subfactor N < M (without cocycle) is isomorphic to the fized point SPA VFG.

Proof. First define a vector space isomorphism ¢, 1) : Pr — V.t by

(alt(c,+)(@),alt(c,+) (7))
Iy ® Eyj s L o
geG

forall i, j € I"™ with alt,(i) = alt,(j) and n > 0, and a vector space isomorphism ¢, _y : Py — V.~
by

1y ® E’] . ZL (alt(G,—(),alt(c,—)(5))

geG
for all 4,j € I" with altg(i) = altg(j) and n > 0. Now it is easy to check that {qﬁ(n ot (n,€) € Col}

respects the actions of the tangles - 109, M), RIEZJF; ) REEZL TL™) for all (n,€) € Col

and EIEZJr_l)’Jr) LE En +1) 1 for all n > 0. Therefore, by 23] the subfactor planar algebra P is
isomorphic to the fixed point subfactor planar algebra VFG . O
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