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Abstract

A full proof of Ocneanu’s theorem is given that one can produce a rational
unitary polyhedral 3-dimensional topological quantum field theory of Turaev-Viro
type from a subfactor with finite index and finite depth, and vice versa. The key
argument is an equivalence between flatness of a connection in paragroup theory
and invariance of a state sum under one of the three local moves of tetrahedra.
This was announced by A. Ocneanu and he gave a proof of Frobenius reciprocity
and the pentagon relation, which produces a 3-dimensional TQFT via the Turaev-
Viro machinery, but he has not published a proof of the converse direction of the
equivalence. Details are given here along the lines suggested by him.

Introduction

Ocneanu claimed that a subfactor with finite index and finite depth produces a ra-

tional unitary polyhedral 3-dimensional topological quantum field theory (of Turaev-Viro
type), and that from such a theory one can recover such a subfactor. Unfortunately, his
announcements [29], [30] lack several details of a proof of this striking announcement.
Although he has extensively lectured on his theory, the theory has been inaccessible for
general mathematical community. The aim of this paper is to give a fully detailed proof of
this claim and help a better understanding of the relation between topological invariants
of 3-manifolds, subfactors, rational conformal field theories, and quantum groups.
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The discovery of the celebrated Jones polynomial for links in [20] based on his index
theory for subfactors in von Neumann algebra theory [19] was the starting point of an
exciting new era in 3-dimensional topology. It has turned out that this aspect of the
subfactor theory is deeply related to quantum groups [8], [18] and quantum field theory
[42]. Inspired by the Jones polynomial, several authors have introduced invariants of
closed 3-manifolds [7], [36], [37], [40], [42]. A. Ocneanu then claimed in [29], [30] that the
combinatorial structure appearing in the Turaev-Viro approach to (2 + 1)-dimensional
topological quantum field theories is the same as in the paragroup theory, which he intro-
duced for classification of subfactors as a combinatorial characterization of higher relative
commutants [26], [28], [21], [22].

Following the pioneering work of Jones [19], the classification of subfactors (of the
approximately finite dimensional factor of type II;) is one of the most important and
exciting problems in the theory of operator algebras. A solution to the generating property
of subfactors, the most important problem from the analytic viewpoint, was first claimed
in [26] in the “finite depth” case, which means finiteness of a fusion algebra arising from
the subfactor and is an analogue of rationality of conformal field theory. S. Popa gave a
complete proof in this case, and later proved the ultimate result along this line [33], [34],
[35].

A. Ocneanu also introduced a new combinatorial structure called “paragroup” in [26].
In a sense, this is a quantization of a finite Galois group. Although [26] lacks details of
the paragroup theory, the general theory has been worked out in [21], [22]. Similarity
between paragroup theory and theory of exactly solvable models [2], [4] has also been
exploited [10], [17], [21], [22]. This paragroup structure is one of the main topics of this
paper.

We clarify the relation between axioms of paragroups and axioms of Turaev-Viro
type in rational unitary (2 + 1)-dimensional topological quantum field theories based on
triangulations of 3-manifolds. In the Turaev-Viro approach [37], we assign a complex
number to each labeled tetrahedron appearing in a triangulation of a given 3-manifold.
Then we take a weighted product of the values for all the tetrahedra in the triangulation
and take a sum of the products over all the possible labelings. To prove topological
invariance of this kind of state sums, we need to show that this number does not depend on
the triangulation. For this independence, we need tetrahedral symmetry of the assignment
of the complex numbers and invariance under the three local moves of tetrahedra as in
[37] and [9]. These axioms correspond to the following conditions in paragroup theory and
other theories such as solvable lattice models theory or rational conformal field theories.
Our aim in this paper is to give details on these correspondences. Basic references on
paragroup theory are [26], [28], [21], [22].

(1) Tetrahedral symmetry: We have to prove that we get the same value when we
look at a tetrahedron from a different direction. In the bimodule approach of paragroups,
this comes from Frobenius reciprocity of bimodules. In the string algebra approach
of paragroups, this essentially corresponds to the commuting square condition in [31],
[12]. It can be regarded as a generalization of the crossing symmetry in solvable lattice
model theory [4] and corresponds to the symmetry condition of the braiding matrix in
rational conformal field theory [6].



(2) Invariance under the 2nd and 3rd local moves: First, we prove that the
state sum is invariant under two of the three local moves. In one of the two moves,
two tetrahedra sharing two triangles collapse into two triangles, and in the other, two
tetrahedra sharing three triangles collapse into one triangle. Both of these correspond to
unitarity of a connection in paragroup theory. We have a unitarity condition in all of
the following: the bimodule approach to paragroup theory, the string algebra approach
to paragroup theory, solvable lattice model theory, and rational conformal field theory.

(3) Invariance under the 1st local move: We also have to prove that the state
sum is invariant under the other local move where two tetrahedra sharing one trian-
gle are transformed into three tetrahedra sharing one triangle pairwise. This invariance
corresponds to flatness, the key notion in paragroup theory. In the case of topological in-
variants arising from quantum groups, this condition comes from the pentagon relation.
In solvable lattice models, the flatness condition is closely related to the Yang-Baxter
equation, and in rational conformal field theory, it comes from the braiding-fusion
relations as in [6].

With this general machinery, a topological quantum field theory is obtained from each
subfactor with finite index and finite depth. See [5], [10], [12], [14], [15], [16], [17], [21],
22], [26], [28], [34], [38], [39], [43] for known examples of such subfactors. See [11] for
more relation between subfactors and conformal field theory.

This work began while the first author visited MSRI, Berkeley, and continued while
the second author visited University College of Swansea with the financial support from
MSRI and the British Council respectively. We wish to thank these institutions for their
hospitality, V. F. R. Jones for useful comments on Ocneanu’s announcement, T. Kohno
for useful comments on topological quantum field theory, R. Nest for useful comments on
his work [9], N. Yu. Reshetikhin for his kind explanations on 6j-symbols and topological
invariants, M. Rosso for useful comments on quantum groups and topological invariants,
and F. Xu for helpful discussions on rational conformal field theory.

2 From subfactors to generalized 6j-symbols

Our aim in this section is to produce generalized 6j-symbols from a given subfactor with
finite index and finite depth and show that they satisfy certain axioms. The contents
of this section are already in [29], but for the sake of completeness, we list the basic
definitions and properties. Proofs for all the statements in this section are found in [29]
and obtained by direct computation. (Also see [45] for published proofs.)

We recall basic definitions in the subfactor theory briefly. (See [12] for more details
of the basics.) The operator algebras we will use are called II; factors, which are weakly
closed simple x-algebras, with a functional called a trace, of bounded linear operators on
a Hilbert space. We study a subfactor N C M, which is an inclusion of II; factors. Jones
[19] initiated the study of the index [M : N| which is an analogue of an index of a subgroup
in a group. He also introduced a notion principal graph of a subfactor as a graph invariant
of subfactors. Ocneanu [26] later introduced a notion of finite depth as finiteness of the
principal graph, which has later turned out to be an analogue of rationality of conformal
field theories and ¢ being a root of unity in the quantum group theory.



We fix a subfactor N C M of type II; with finite index and finite depth. Numerical
data will be produced from this subfactor. We do not need hyperfiniteness (approximate
finite dimensionality) of the subfactor to get these data, but if the subfactor is hyperfinite,
this data, with a certain equivalence relation, gives a complete invariant of the subfactor.
(See [21], [22], [26], [28], [33].) We will work on bimodules, that is, Hilbert spaces with left-
sided and right-sided actions of von Neumann algebras. Readers are referred to [26], [28],
[32], [44], [45] for general theory of bimodules. Also recall that bimodules are analogues
in von Neumann algebra theory of representations of Lie groups.

We list the basic properties of bimodules from [29]. (Also see [45].) Let 4Xp be an
A-B bimodule, where A, B are von Neumann algebras. We define an opposite bimodule
X = pX,, which is the conjugate Hilbert space X with the actions b -7 -a = a* - - b*,
where a € A,b € B,z € X. A bimodule 4 Xp is said to be of finite type if dim(4X) < oo,
dim(Xp) < co. We put [X] = [4Xp] = dim(4X) - dim(Xp). Then we have the following
theorem [29].

Theorem 2.1 If the bimodules 4 Xp and AYg are of finite type, then Hom(aXp, aYEB) is
finite dimensional.

Next, let s X, BYc, aZc be irreducible bimodules of finite type, and define the
intertwiner space H%, = Hom(,X ®p Y, 4Zc). For the intertwiner T € H% y, we
define the right hand side Frobenius dual TV € H)Zi v by

TY (2 @5 7) = (dimX )Y (dimZe) Y27, (y)* (T (2)),

where 7, denote the right tensor multiplication. Similarly, we define the left hand side
Frobenius dual *7T' € HY , for T € H% y by

XT(Z @4 2) = (dimpY)Y?(dima Z2) ™V 2m ()" (T(2)).
Then the following result holds.

Theorem 2.2 The Frobenius duality map -¥ : H)Z(’Y — H)Z()_/ 1S a conjugate linear
isomorphism of left A-modules preserving norms.

For T € H)Z(’w we define the conjugate intertwiner T € HZ ¢ by T(y ®p ) =
T(x ®py). With this, the following theorem also holds.

Theorem 2.3 For the action of the symmetric group S3 on the set of von Neumann
algebras {A, B, C'}, the Frobenius duality maps gives an action of Ss by isometric isomor-
phisms among the following spaces:

z Y X Z Y X
HX,Y7 HZ,X’ HY,Z? HY/,)‘O HX,Z’ HZ,Y/'

The odd permutations correspond to conjugate linear isomorphisms.



Now we start from a subfactor N C M. Regard L*(M) as an N-M-bimodule. For
simplicity, we denote this by yMy; = H. Similarly, we have ,;My = H. We take finite
tensor powers --- H® H® H ® H --- and decompose them into irreducible bimodules as
in [26, pp. 122-123] or [28, p. 4]. Note that we have four kinds of bimodules; N-N, N-M,
M-N, M-M bimodules. The finite depth assumption means that we get only finitely
many (equivalence classes of) bimodules in this way. We work on this class of finitely
many bimodules (of four kinds).

Among this class, we have two special bimodules. One is NLQ(N )~ and the other is
ML2(M )ar. We denote them by n*y and % respectively. These are identities for tensor
product operation in the following sense. We have 4 X @y *ny = A Xy, v *QnXa = X4,
aX @ #n = aXor, v * QuXa X yXa, where A € {M, N}.

Take three bimodules XY, Z among this class. Put N )%Y = dlmHXY and suppose
it is not zero. We choose an orthonormal basis {}; for the space H% y consisting of
coisometries with mutually orthogonal supports; &&; = 01z, 32, &6 = 1xgy. When
we refer to “intertwiners” in the remainder of §2 and 83, we always mean intertwiners
appearing in these bases. If X or Y is %, we choose the intertwiner in a trivial way. For
example, the intertwiner from »; X ® ny*x to py Xy sends x®n to x-n, where x € X, n € N.

Choose four algebras P, @, R, S € {M, N}, six bimodules gAg, pBr, oCs, pDs, pXg,
rYs, from the above sets of bimodules, and four intertwiners ¢ € HX 1N € HE R
¢ e HAy, T E HX’C We represent (P,Q, R,S; A, B,C,D,X,Y;&,n,(,7) as an oriented
tetrahedron with vertices P, @, R, S, edges A, B, C, D,X, Y, and faces £,m,(, 7 as in the
following figure.

Then the composition (€ ® 1y )(1x ® ¢)*7* gives an endomorphism of pDg, which is
a scalar by irreducibility. The generalized 6j-symbol is defined by

W(A,B,C,D,X,Y ’ 57777677—) = 77(6 ® 1Y)(1X ® C)*T*



and the normalized 6j-symbol Z by
Z(A7 B? C? D7 X? Y ’ 57 777 C? T) = [B]_1/4[C]_1/4W(A7 B? C? D7 X? Y ’ 57 777 C? T)'

(Ocneanu used slightly different normalizations in [29] and [30]. The above normalization
is used here so that our formula is compatible with the original formula of Turaev-Viro
37].)

By direct computations based on Frobenius reciprocity, the following identities are
obtained.

Z(A7B7 C? D7X7Y ’ 57777 C7T> = Z(A7 é? B7D7Y7X7 ’ 57 7_-7 57 77)7
Z(A7 X7 Y7D7B7C ’ €A7T7 ACaﬁ) = Z(A7B7 C? D7X7Y ’ 57777 C7T>7
Z(B7 A7D7C7 X7Y ’ X€7C7777 XT) = Z(A7B7 C? D7X7Y ’ 57777 C7T>'

The symmetric group S; may be thought of as acting on the tetrahedron in the above
figure. For example, we get the new tetrahedron as in the following figure under one of
these permutations. For this new tetrahedron, we reverse some orientation of edges so
that the orientations become the same as in the original figure, and we change intertwiners
using the Frobenius reciprocity in this procedure as in the next figure.




The above formulae mean that we get the same value of the normalized 6;j-symbol
from this new picture. Furthermore, half of S; act as orientation reversing symmetries,
and we get the complex conjugate as the value of the normalized 6j-symbols in these
cases. Thus the following theorem holds.

Theorem 2.4 (Tetrahedral Symmetry) The normalized 6j-symbols Z are invariant
under the orientation preserving symmetries of the Sy action and are changed into their

complex conjugate by the orientation reversing symmetries of the Sy action.

Because the 6j-symbols here are defined in terms of intertwiners, ordinary unitarity
as in [26] [28] is also valid as follows.

Theorem 2.5 (Unitarity) The 6j-symbols satisfy the following unitarity relations.

Z W(A7 B? C? D7 X7 Y ’ 57 777 C? T>W(A7 Bl? C? D7 X7 Y ’ 5/7 77/7 C? T)
C,T

- 5(B7§777)7(B/7£/777/)7
Z W(A7B7 C? D7X7Y ’ 57777 C7T>W(A7B7 Cl? D7X7Y ’ 57777 C/7T/>
B

= 0(C¢m),(Cetr)-

Another important property is flatness as in [26], [28]. A partition function has the
following interpretation in the bimodule approach, and flatness for 6j-symbols is a gen-
eralization of ordinary flatness for connections [26], [28]. (See [21], [22] for the meaning
of flatness in the string algebra approach.)

Suppose we have a large diagram as follows.



‘®X1 ‘®X2 ‘®Xn

e e —
gn gn—l 51
Al > A2 NG > Bl
Y1®- Tm m
Yy \
D,, B,
Yo®- | Tm—1 72
Y Y
Y ®: T1 m
Yy Y
Dl > CTL > > Cl
Cn Cn—l Cl

That is, each edge on the boundary has an assignment of intertwiners, each vertex on
the boundary has an assignment of bimodules, and each row and column of the diagram
has an assignment of bimodules tensor product from the left and the right respectively.
Then the value assigned to this diagram is defined as the sum over all the configurations
of the products of all the values of 6j-symbols in each configuration. This is a direct
generalization of partition functions for ordinary connections in [21], [22], [26], [27], [28].
Then by induction, we can regard this value as an inner product of two intertwiners; one
is given by the composition of intertwiners at the bottom boundary and those at the left
boundary, and the other is given by the composition of those at the right boundary and
the top boundary.

Then another important property of the 6j-symbols is given as follows.

Theorem 2.6 (Flatness) For the diagram as in the following figure with n*n or prkar
at all the four corners, we get the value ¢, ¢,0n, 1, -



-®X1 -®Xo ®@Xn41

— — —
&1 &2 Ent1
f e Ay Ay e Ay %
Y1®- l Ui m
Y Y
Bl Bl
Yo®- l 12 12
Y Y
BQ BQ
B, B
Ym+l®'l 77m+1l lnm+l
k > Al > A2 o ATL_’- %
& &2 Ent1

For the proof, it is enough because of unitarity to prove that the value is 1 if & = &
and n; = 12. In this case, it is easy to see that the two intertwiners, one from the
intertwiners at the bottom and left boundaries and the other from those at the right and
top boundaries, are the same. So their inner product has value 1.

3 Definition and topological invariance of the state
sum

Using the generalized 6j-symbols obtained in §2, we construct a topological invariant for
oriented compact 3-manifolds without boundary as follows. This construction is similar
to those in [37] and [9], but we give the explicit formula including all the normalizing
constants, which is missing in [29], [30], because some difference arises from the fact that
we have four kinds of bimodules. (We need an orientation of the manifold unlike [37]. See
the last part of [9] for a discussion on orientation.) Here we assume that the manifold
has no boundary for simplicity, because the case with boundary, which produces (2 + 1)-
dimensional topological quantum field theory in the sense of [3], can be handled with a
general method based on trivial cobordism as in [37] and [9].

We fix a subfactor N C M as in §2 and also fix a compact oriented 3-dimensional
manifold P without boundary and triangulation 7. We use four kinds of bimodules
arising from N C M as in §2. (Ocneanu works on a finite system of bimodules in [29],
[30] where there are more than two von Neumann algebras in general, but here we work
on bimodules arising from a subfactor, because it is notationally simpler on one hand and
nothing essential is lost in this limitation on the other.)



We give a label N or M arbitrarily to each vertex of the triangulation 7', and denote
this labeling by L. Next we define a configuration of bimodules on edges and intertwiners
on faces. Choose an oriented triangle with its vertices labeled by algebras @, R, S €
{M, N} as follows.

For the edge connecting the vertices () and R, we assign a pair of bimodules rAg
and gAg. For simplicity, we just say this as an assignment of pAg. Similarly we assign
oBs and rCyg to the other two edges. This is admissible if and only if Nfi g # 0. If
this is the case, we assign a triple of intertwiners £ : A® B — C, (2)¢ : B® C — A,
“(¢B) . C ® A — B. For simplicity again, we just call this assignment of £. (This does
not depend on the way we project the triangle on the paper by Theorem 2.3.) We choose
&’s so that they make an orthonormal basis, so the number of possible {’s is Nfi B

As above, we assign bimodules to edges and intertwiners to faces. For the moment,
fix an admissible assignment. We assign a complex number to each labeled tetrahedron
appearing in the configuration. Suppose we have a tetrahedron like the following picture
and the triangle spanned by edges R, P, S has the counterclockwise orientation.



Then the four faces give the following maps: {: pB®g Ys — pDs, 1: pX ®qg Ap —
pBRr, (: Y ®rAg — sCq, 7: sC ®q Xp — sDp. Next assign the value

Z(A7B7 C? D7X7Y ’ 57777 57 71)
to this tetrahedron. We assign the value
Z(A7 é? B? D7Y7X ’ C7T7 57 77)7

if the tetrahedron has the opposite orientation. By Theorem 2.4, this is the complex
conjugate of the above value. Also by Theorem 2.4, this value does not depend on the
way we project this tetrahedron, so this assignment is well-defined as a function from
labeled tetrahedra to complex numbers.

We then define Z(P,T, L) by

Z(P,T,L) = 3 Wwe IT [ X]"*[] Z(tetrahedron). (1)
configurations bimodules x

Here the first summation is over all the possible configurations of edges and faces for a
given labeling L of vertices, the first product is over all the bimodules appearing on edges,
and the second product is over all the tetrahedra in the triangulation 7. (For faces, we
choose intertwiners from an orthonormal basis as mentioned above.) The numbers W and
a are defined by W = Y« [X] and a = #{vertices appearing in T'}. We get the same
value for the definition of W, when we use one of the other three kinds of bimodules.
Note that our [X]'/2 corresponds to w? in [37] and 1/F; in [9], and W plays the role of
w? in [37] and F in [9)].

The above definition uses a specific triangulation 7" and a specific labeling L of the
vertices. As in [37] and [9], for topological invariance, we have to prove that the above



definition does not depend neither on 7" nor on L. For this purpose, it is sufficient to prove
invariance under the following three types of local moves. (For a proof of this sufficiency,
see [37] which is based on [1], [25]. Also see [13].) Note that we need to take extra care
for independence on L, which was unnecessary in [37], [9].

Move I: We have two tetrahedra sharing one common triangle. Then we can split
these into three tetrahedra sharing one common triangle pairwise.

Move II: We have two tetrahedra sharing two common triangles. Then these collapse
into two triangles.

Move III: We have two tetrahedra sharing three common triangles. Then these
collapse into one triangle.




Proofs of invariance under the second and the third moves are essentially the same
as those in [37], [9], and follow from unitarity so we just sketch them briefly. The key
part of the proof for invariance is that the invariance under the first move follows from
flatness and vice versa. We give a detailed account for this equivalence at the end of §3
and §4. This is the most important point of the entire theory and the direction from the
invariance to flatness is missing in [29], [30] and different from the arguments in [37], [9].

Proof of the invariance under Move II: This is exactly unitarity. We only have to
check the coefficients [B]~'/4[C]~'/* in the definition of Z and the coefficients [X]'/? in
that of Z(P,T, L) cancel out. Q.E.D.

Proof of the invariance under Move I11: This is again by unitarity. The key observation
is that
W = [oZs]7'? > N% yleXr]"*[rYs]"?
XY
for all oZs, where @, R, S € {M,N}. This is proved as in [37, Lemma 1.1.A] and [9,
Lemma 4.2]. Q.E.D.

Note that the labeling of the vertex which disappears in this procedure can be either
N or M. This fact will be used in the proof of the independence on Z(P, T, L) of L.

Now we come to the most important part of this theory. The invariance under Move I
is given by the so-called pentagon relation, and Ocneanu [29] gave a proof of the pentagon
relation. We include a proof here for the sake of completeness and for a related argument
for the converse direction in the next section.

Proof of the invariance under Move I: We label edges and faces as follows. (We omit
labelings for vertices and some faces.)



Then we apply flatness to the following 3 x 3-diagram to get the value 1.

QY -QF ®F
—_ —_— —_—
1 uf 1E
* > Y > [ >k
AR- 1 1
Y Y
A A
X®- 3 13
Y Y
B B
B® By By
Y Y
* > Y > [ >k
1 [LF 1E

Now cut the above diagram into two pieces as follows.



*
».<
».<
&
*

Y VC Cv Y
A C C A
B D—H D—H B
* > Y > [ F — x

For this cutting, we label the path from *x to Y, C, D, H, E,* by p and denote the
values of the above two diagrams by a,, Ep respectively. Then flatness gives 3, apgp =1,
unitarity implies Y-, ]a,|* = 3°,]b,|* = 1, and so by the Cauchy-Schwarz inequality, we
get a, = b,.

In the above figure, look at the square at the upper left corner first. The intertwiner
from A to C must be ( to get a non-zero value, and in this case, we get the value 1.
The square at the lower left corner has a similar property, and in this case, we get the
value [D]Y/4[B]~'/4[Y]~"/ because of renormalization. We can compute the values for the
upper right and lower right squares for the right diagram in the above figure similarly.
By comparing these coefficients and coefficients in the definitions of Z and Z(P,T, L), we
can conclude that the equality a, = b, is exactly the invariance under this Move. Note
that we still have two squares for a, and three squares for b,. Each of these corresponds
to a tetrahedron. Q.E.D.

The above three figures are given in [29], [30].

Finally, we have to prove that Z(M, T, L) does not depend on L. This part is necessary
because we also label vertices unlike [37], [9]. This proof is also missing in [29], [30]. A
key fact is that one can eliminate a vertex in Move III, and thus the labeling for this
vertex can be ignored. It is enough to prove that one can change a labeling of one vertex
without changing Z (M, T, L). First we make a triangulation finer if necessary so that we
may think that a neighbourhood of the vertex is regarded as an Euclidean ball. Then by
repeated use of Move I, we can decrease the number of edges connected the vertex to 3.
Then by Move III, we can eliminate the vertex. So we can conclude that the labeling of
this vertex does not affect the value Z(M, T, L).

In particular, we can use the labeling assigning /N to all the vertices. In this case,
we use only N-N bimodules, and then the machinery of [9] produces the same value.
Similarly, we can use only M-M bimodules. With this, we can prove that the subfactor



R x H C R x G gives the same invariant as the same subfactor R C R x GG, by looking at
only M-M bimodules, if H contains no normal subgroup of G. (Here G is a finite group
acting on a II; factor R outerly and H is a subgroup of G. See [24] for more on this type
of subfactors.) V. F. R. Jones informed us that this was also claimed by A. Ocneanu
without proof.

Thus the following theorem claimed in [29], [30] has been proved.

Theorem 3.1 The formula (1) defines a complex-valued topological invariant for oriented
closed 3-manifolds from a subfactor with finite depth and finite index. If we change the
orientation of the manifold or replace the subfactor by an anti-conjugate one, then the
number becomes the complex conjugate.

A. Ocneanu claimed in several talks that the Turaev-Viro invariant [37] is obtained by
applying his machinery to the Jones subfactors of type A,, but here we give two reasons
why this is not true. One reason is unitarity. In [37, §8], they work in the case of the
Dynkin diagram As. As explained there, their two choices of roots of unity produce two
different invariants. One of them is not unitary and it does not come from subfactors.
Another reason is that we have a Z, grading of vertices. As explained above, we can
compute the invariant by using only even vertices. In the setting of [37], this corresponds
to the case we use only “colors” labeled by integers, while they use all the “colors” labeled
by half-integers. This causes a difference of the resulting invariants. (Note that the set of
colors labeled by integers is closed under the fusion rule.) This second reason was pointed
out to us by T. Kohno.

4 From topological invariants to subfactors

In this section, we prove that if we have a topological invariant of the above type, we
can produce (a family of) subfactors with finite index and finite depth. This construction
is similar to that from rational conformal field theory in [6], which is based on Witten’s
lattice gauge theory [42]. But for flatness, the key property of paragroups, we need a
different argument, which is missing in [29], [30].

In [9], they construct topological invariants from generalized 6j-symbols and they show
that quantum groups at roots of unity produce examples of their general machinery. The
method here produces subfactors from quantum groups via their results, if an additional
unitarity condition is satisfied.

First we have to clarify what we mean by the rational unitary polyhedral (2+1)-
dimensional topological quantum field theories. The exact definition is as follows.

[1] Fusion algebra: We have a fusion algebra A as follows. The associative C-algebra
A is spanned by finitely many X;’s as a C-vector space. Each X; has a left attribution
and a right attribution, and there are two possibilities for attributions, denoted by A and
B. By notation 4 X; 5 we mean that X; has the left attribution A and the right attribution
B. Each X; has its conjugate X; among X;’s, and the conjugate operation interchanges
right and left attributions. We require X; = X;. For X and Y among the X,’s , the
product is given by X - Y =, N )%YZ , Where N )%Y is a non-negative integer and 7 is
among the X;’s. If the right attribution of X and the left attribution of Y are different,



the product is 0. If Z has non-zero N¥ ,, its left attribution is the same as that of X and
its right attribution is the same as that of Y. We also require

Z _NY _NX_ _NZ_ _NY _— NX
Nxy =Nzx=Nyz=Nyx=Nxz=Ngy.

We further require that we have two identities 414 and glg with 414 = 414 and gl =
plp. The identities satisfy 414 - X = X if the left attribution of X is A. Similarly, we get
X aly=X, glp- X =X, and X -glg = X, if X has an appropriate attribution in each
formula. Each X; has an assignment [X] of a positive value. The vector 3, x,  [Xi]'/2X;
is a simultaneous eigenvector for left multiplications by 44X} ,. Similar statements hold
for all types of attributions.

2] Generalized 6j-symbols: Choose X, Y, Z from among the X;’s with N = N¢, #
0. We have a family of symbols &;(X,Y, Z) with j = 1,..., N, and in the case of Y = x,
we simply denote 1x for (X, *, X), where * = 4%4 or x = gxg. For P,Q, R, S € {A, B}
and 6 elements gAgr, pBr, oCs, pDs, pXg, rYs in the fusion algebra and four symbols
E=¢&(X,A,B),n=¢&(B,Y,D), ( =&(AY,C), 7 = &(X,C, D) for some i, j,k, 1, we
assign a complex number W(A, B,C, D, XY | & n,(,7), which is called a generalized
67-symbol. Their normalizations

Z(A7 B? C? D7 X? Y’&-? /,77 C? T) = [B]_1/4[C]_1/4W(A7 B? C? D7 X? Y’£7 /,77 C? T)
satisfy tetrahedral symmetry as in Theorem 2.4. We further assume
Wi(x, A, B,C,A,B| 14, 15,§) = 1.

[3] Topological invariance: The 6j-symbols Z must satisfy topological invariance
if we define the state sum as in (1) for each triangulation. That means that W has to
satisfy unitarity and 3 x 3-flatness as in the proof of invariance under Move I.

The adjective “rational” means the finiteness of X;’s (and N[) in [1], whilst “unitary”
means [X] > 0 and use of [X]'/* > 0. The quantum 6j-symbol for U,(sly) of Kirillov-
Reshetikhin [23] used in [37] is not always unitary in this sense. (Our [X,]'/* corresponds
to their w;, but their w;’s can be non-positive even after some gauge choices.) So their
construction is not always a rational unitary polyhedral topological quantum field theory
in our sense. In [9], their 1/F; corresponds to our [X;]'/?, and they only assume that
F; is real. If these F}’s are chosen to be positive, their data produce a rational unitary
polyhedral topological quantum field theory in our sense. This positivity problem is
related to a problem of gauge choice in rational conformal field theory.

In many cases as in [37] and [9], we do not have 2-sided labeling of attribution as
above. But we can use a trivial modification of our following construction. See Remark
3.2. This will lead us to a self-dual subfactors as in [6].

In [29], [30], Ocneanu handles more general cases where attribution can have more
than two possibilities, but we use the above definition, to avoid non-essential complexity.

Suppose we have a topological quantum field theory as above. We first choose an
element Y from the fusion algebra. (In subfactor setting, this corresponds to a choice of
a minimal projection in a higher relative commutant.) Suppose first that Y has the left
attribution A and the right attribution B.



Define the bipartite graphs G%, G9, H?, HY as follows. Even vertices of GY and G are
given by 4X4’s in the fusion algebra, odd vertices of Q? and H(l) by 4XBg’s, odd vertices of
GY and HY by X 4’s, and even vertices of H) and H3 by s Xp’s. The number of edges for
Gi between 4 X4 and 4Zp is given by N . Similarly, we use the numbers N7 \, N¢ |,
N%y for G, HY, HY respectively. We then look at the connected component containing
a*4, and label the resulting four bipartite graphs as Gy, Go, Hi, H2. Note that H; and

‘Ho always contain g*g. We then define a connection by

&3
AaXi1 i1 X3

gll l €4 = W(X17X27X37X47Y7Y ’ 517527537€4>'

BX2d g, "BX4B

We also define other types of connections using the crossing symmetry:

&3 &3
X — X3 Xs— X,
1/4
1 §1 = <7[X2][X3]> €4 1
[X1][X4]
&3 &2
X, — X5 Xo > Xy
1/4
3 &4 = <%> & 7
[X1][X 4]
X2 &2 Xy Xi &3 X3

In order to prove that this data gives a paragroup, we have to show unitarity and
flatness as in [26], [28], [21], [22]. Unitarity for the connection is an immediate consequence
of the tetrahedral symmetry and unitarity of the generalized 6j-symbols. So our aim is
to prove flatness for the connection from the special type of flatness for 3 x 3-diagrams,
which is equivalent to invariance under Move I.

This can be done by a graphical method as follows. (In the following diagrams, we
omit labeling of edges and vertices for simplicity. Our convention is that parallel edges
from * or to * denote the same choices of intertwiners.) First we split the 3 x 3-diagram
in §3 into two pieces as follows.



Y Y Y Y
A . A
Y Y Y Y
B : B
Y Y Y Y
* Y - F — %

As in §3, we label the cutting path by p and denote the values of the two diagram by
a, and b, respectively. By unitarity, we get 3, ]a,[* < 1 and 3, [b,|*> < 1. With these
and the formula 3° a,b, = 1 expressing 3 x 3-flatness, we get a, = b, for all p. With this
formula, we can shrink the size of a large diagram one step at a time. That is, as in the
following figure, we can prove that the value for a diagram of 3 x n-size is 1.



Y Y
Bl Bl
Y Y
BQ B2
Y Y
* - A, - A, > —A, — %
* - A - A, > >A,_o— *
Y Y
Bl Bl
Y Y
BQ B2
Y Y
* - A - A, > >A, _o— *

Repeating the same kind of argument vertically, we can conclude that a diagram of
any size with *x at the four corners and same configurations on parallel edges has a value
1, which is exactly flatness. (We have two kinds of flatness, one for 4%4 and the other for
p*p. The both are proved in the same way.)

The case where Y has the attribution gY, is handled similarly.

If Y has an attribution 4Y4, then we modify the above construction as follows. For



the four corners of the graphs Gy, Gs, H1, Ha, we now use only 4X4’s. Then all the rest
are the same as above. The case where Y has the attribution Yy is handled similarly.

Furthermore, if the graphs G?, G9, H?, HY are connected for a certain choice of 4Y3
or gYy, then all the elements of the fusion algebra are identified with bimodules arising
from a subfactor. Thus we have proved the following.

Theorem 4.1 A rational unitary polyhedral topological quantum field theory produces a
family of subfactors. If we get connected graphs in the above construction for some choice
in the fusion algebra, the topological quantum field theory arises from a subfactor.

Remark 4.2 Suppose we have no attribution in the fusion algebra as in [9], [37]. Then
we choose a Y from the fusion algebra, and go as in the above case where Y has the same
right and left attributions. Then the same argument works.

5 (Generalized 6j-symbols and connections for sub-
factors obtained by basic construction

In this section we prove that the generalized 6j-symbols correspond to connections ob-
tained from the original subfactor by basic construction of [19] and cutting down by
minimal projections in the relative commutants. Of course, this is what we expect. The
same kind of argument shows that in the construction of paragroups obtained from ra-
tional conformal field theory in [6], their choice of a field corresponds to the choice of a
minimal projection in the higher relative commutants. The contents of this section are
not in [29], [30].

Suppose we have generalized 6j-symbols W which come from a subfactor with finite
index and finite depth. Because we have a connection from the 6j-symbols, we may
regard the subfactor N C M is defined by a double sequence of string algebras { Ay} as
in [28], [21], [22]. Choose an M-N bimodule X, which corresponds to an odd vertex of
the principal graph. Suppose that the vertex has distance n from * and denote a minimal
projection in A, corresponding to this vertex by p. Then we cut A,;’s by p for all [, and
look at the inclusions.

pAoy C pAop C pAre C
N N N
pAnop C pAnip C pAnap C

It is easy to see that this is obtained by another string algebra construction, which pro-
duces a double sequence {By;}. First we prove that the connection for By; is given by
W, X, nMp |-+, -). By the argument in §4, we know that the following diagram
of size (n + 1) x 2l has value 1.



‘QnMy - Qu My

—_— —_—
ES > Al > A2 i > A2l_1 > X
]MM®N'1
\ Y
Bl Bl
NM®]M'1
\ Y
BQ BQ
\ Y
\ Y
B, B,
X®- l
\ Y
* > A1 > A2 > =A2l—1 - Xk

Then we cut this into two pieces, one is of size n x 2[, and the other is of 1 x 2/ and
apply the Cauchy-Schwarz inequality again to prove that the two have the same value.
This proves that the embedding of pAg; into pA, ;p based on the original connection is
same as the embedding based on the connection arising from W (-, -, -, -, X, M | - -, ).
We can also prove that the double sequence By, is flat in the sense that elements in By
and those in By, commute.

We can then define a connection using W(-,-,-,-, X, X | -, -, -, -). With this connection,
we can extend the double sequence to the following.

BOO C B()l C BOQ (@GR

N N N
Bi1 C Big C Bun C By C---
N N N N

By 1 C By C By C By C---

That is, we use the connection arising from W (-,-,-,-, X, X | -, -, -, -) for the embedding

B,_1 C  DBppo
N N
Brii,-1 C Bitio



Then the following diagram has value 1 by the arguments in §4.

Y
Y
Y
*

*
Y
Y
Y
Y
Y
*

This implies another flatness in the sense that elements in Bj; commute with those
in By 1. Thus the higher relative commutants of By, C Bi, which is conjugate to
pN C pMp, is obtained by the connection arising from

W, L XX | o).

References

[1] J. W. Alexander, The combinatorial theory of complexzes, Ann. Math. (2) 31 (1930),
294-322.

2] G. E. Andrews, R. J. Baxter, & P. J. Forrester, Fight vertex SOS model and gener-
alized Rogers-Ramanugjan type identities, J. Stat. Phys. 35 (1984), 193-266.

[3] M. Atiyah, Topological quantum field theories, Publ. Math. IHES 68 (1989), 175-186.

[4] R. J. Baxter, “Exactly solved models in statistical mechanics”, Academic Press, New
York, 1982.

[5] J. Bion-Nadal, Subfactor of the hyperfinite I, factor with Coxeter graph Eg as in-
variant, J. Operator Theory 28 (1992), 27-50.

6] J. de Boer & J. Goeree, Markov traces and I, factors in conformal field theory,
Comm. Math. Phys. 139 (1991), 267-304.

[7] R. Dijkgraaf & E. Witten, Topological gauge theories and group cohomology, Comm.
Math. Phys. 129 (1990), 393-429.



8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

V. G. Drinfel’d, Quantum groups, Proc. ICM-86, Berkeley, 798-820.

B. Durhuus, H. P. Jakobsen, & R. Nest, Topological quantum field theories from
generalized 0j-symbols, Rev. Math. Phys. 5 (1993), 1-67.

D. E. Evans & Y. Kawahigashi, Orbifold subfactors from Hecke algebras, to appear
in Comm. Math. Phys.

D. E. Evans & Y. Kawahigashi, The F; commuting squares produce Dyg as principal
graph, Publ. RIMS. Kyoto Univ. 30 151-166, (1994).

F. Goodman, P. de la Harpe, & V. F. R. Jones, “Coxeter graphs and towers of
algebras”, MSRI publications 14, Springer, 1989.

M. Gross & S. Varsted, Elementary moves and ergodicity in D-dimensional simplicial
quantum gravity, Nucl. Phys. B 378 (1992), 367-380.

U. Haagerup, Principal graphs of subfactors in the index range 4 < [M : N] < 3+2,
to appear in “Subfactors”, World Scientific.

M. Izumi, Application of fusion rules to classification of subfactors, Publ. RIMS
Kyoto Univ. 27 (1991), 953-994.

M. Izumi, On flatness of the Cozeter graph Eg, to appear in Pac. J. Math.

M. Izumi & Y. Kawahigashi, Classification of subfactors with the principal graph
DV, J. Funct. Anal. 112 (1993), 257-286.

M. Jimbo, A g-difference analogue of U(g) and the Yang-Baxter equation, Lett. Math.
Phys. 10 (1985), 63-69.

V. F. R. Jones, Index for subfactors, Invent. Math. 72 (1983), 1-15.

V. F. R. Jones, A polynomial invariant for knots via von Neumann algebras Bull.
Amer. Math. Soc. 12 (1985), 103-112.

Y. Kawahigashi, On flatness of Ocneanu’s connections on the Dynkin diagrams and
classification of subfactors, to appear in J. Funct. Anal.

Y. Kawahigashi, Fxactly solvable orbifold models and subfactors, in “Functional Anal-
ysis and Related Topics”, Lect. Notes in Math. (Springer Verlag) 1540 (1992), 127
147.

A. N. Kirillov & N. Yu. Reshetikhin, Representations of the algebra U,(slz), q-
orthogonal polynomials and invariants for links, in “Infinite dimensional Lie algebras
and groups” (V. G. Kac, ed.), Adv. Ser. in Math. Phys., vol. 7, 1988, pp. 285-339.

H. Kosaki & S. Yamagami, Irreducible bimodules associated with crossed product
algebras, Internat. J. Math. 3 (1992), 661-676.



[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]
[41]

M. H. A. Newman, Combinatorial topology of convex regions, Proc. Nat. Acad. Sci.
U.S.A. 16 (1930), 240-242.

A. Ocneanu, Quantized group string algebras and Galois theory for algebras, in “Op-
erator algebras and applications, Vol. 2 (Warwick, 1987),” London Math. Soc. Lect.
Note Series Vol. 136, Cambridge University Press, 1988, pp. 119-172.

A. Ocneanu, Graph geometry, quantized groups and nonamenable subfactors, Lake
Tahoe Lectures, June—July, 1989.

A. Ocneanu, “Quantum symmetry, differential geometry of finite graphs and classi-
fication of subfactors”, University of Tokyo Seminary Notes 45, (Notes recorded by
Y. Kawahigashi), 1991.

A. Ocneanu, An tnvariant coupling between 3-manifolds and subfactors, with connec-
tions to topological and conformal quantum field theory, preprint, 1991.

A. Ocneanu, Operator algebras, 3-manifolds and quantum field theory, OHP sheets
for the Istanbul talk, July, 1991.

S. Popa, Orthogonal pairs of x-algebras in finite von Neumann algebras, J. Operator
Theory 9 (1983), 253-268.

S. Popa, Correspondences, preprint, 1986.

S. Popa, Classification of subfactors: reduction to commuting squares, Invent. Math.
101 (1990), 19-43.

S. Popa, Sur la classification des sousfacteurs d’indice fini du facteur hyperfini, C.
R. Acad. Sc. Paris. 311 (1990), 95-100.

S. Popa, Classification of amenable subfactors of type II, Acta Math. 172 (1994),
352-445.

N. Yu. Reshetikhin & V. G. Turaev, Invariants of 3-manifolds via link polynomials
and quantum groups, Invent. Math. 103 (1991), 547-597.

V. G. Turaev & O. Y. Viro, State sum invariants of 3-manifolds and quantum 6;-
symbols, Topology, 31 (1992), 865-902.

H. Wenzl, Hecke algebras of type A and subfactors, Invent. Math. 92 (1988), 345-383.

H. Wenzl, Quantum groups and subfactors of type B, C, and D, Comm. Math. Phys.
133 (1990), 383-432.

H. Wenzl, Subfactors and invariants of 3-manifolds, preprint.

E. Witten, Quantum field theory and Jones polynomial, Comm. Math. Phys. 121
(1989), 351-399.



[42] E. Witten, Gauge theories and integrable lattice models, Nucl. Phys. B322 (1989),
629-697.

[43] F. Xu, Orbifold construction in subfactors, preprint 1992.
[44] S. Yamagami, Modular theory for bimodules, preprint, 1992.

[45] S. Yamagami, A note on Ocneanu’s approach to Jones’ index theory, Internat. J.
Math. 4 (1993), 859-871.



