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Abstract: We study representations of Temperley-Lieb algebras associated with the
transfer matrix formulation of statistical mechanics on arbitrary lattices. We first
discuss a new hyperfinite algebra, the Diagram algebra D (@), which is a quotient
of the Temperley-Lieb algebra appropriate for Potts models in the mean field case,
and in which the algebras appropriate for all transverse lattice shapes GG appear as
subalgebras. We give the complete structure of this subalgebra in the case An (Potts
model on a cylinder). The study of the Full Temperley Lieb algebra of graph G reveals
a vast number of infinite sets of inequivalent irreducible representations characterized
by one or more (complex) parameters associated to topological effects such as links.
We give a complete classification in the fln case where the only such effects are loops
and twists.

1. Introduction

Finding integrable statistical mechanics systems in dimension greater than two is
notably difficult, and very little is known about that question [1]. In two dimensions
there are algebraic structures more general than integrability, whose study nevertheless
provides some physical information [2, 3, 4]. These structures are not all constrained
to two dimensions. For example the Temperley Lieb [5] algebra: consider the complete
unoriented graph of n nodes, here called n, and all those subgraphs G C n obtained
by removing bonds (edges) from the complete graph.

Definition. 1. We define T,(Q), the Full Temperley-Lieb algebra of the graph G [2],
to be the unital algebra over C with generators

(LU, (i=1,2,...,n), U,; = U,; (edge G, ) € G))
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and relations:
=/QU (1)

(any indices)

Uz.Uszz. = Uz. ’ 2
U,0,0;=U,, 3)
[U U ]_[ 1]7Uk1]=[Ui.7Uk;j]:O7 Z#kaj (4)

We note the very useful nested structure of inclusions of these algebras (cf. [6]):
GCG =TeQ) CTe(@)),

where the restriction is achieved by simply omitting the appropriate bond generators.
For example, with G = A,, the n node chain graph, we recover the original
Temperley-Lieb algebra T, (Q). Conversely, it follows from the definition of the
Potts model [7] that T,(Q) is a generalization of the transfer matrix (I'M) algebra
T,,(Q) = T4, (Q) appropriate for building a transfer matrix layer of shape G [2] ~
in other words for overall lattice shape G x Z. This graph G corresponding to the
shape of physical space is not to be confused with the configuration space graphs of
[8,9], which work only for the two dimensional case. For example, G a square lattice
produces a cubic lattice statistical mechanical model.

For every Temperley Lieb based statistical mechanical model which has a suitable
generalization onto a lattice with spacelike layer G, such as the Potts model (defined

by Hamiltonian
FH= Y Biybos, ®)
(i))EGXZ

where ( is essentially an inverse temperature variable) the transfer matrix algebra
provides a representation (abstractly, a quotient) of the Full Temperley Lieb algebra.
The inhomogeneous transfer matrix itself is a representation of the element

Inl (v, +veu,) T1 (1+3%Uij>v (6)

1=1 (ipEG

where v = exp(J) — 1. The Potts representation is given explicitly in [2, 10]. By well
known arguments [2, 11, 12] the irreducible representations of T;(()) which compose
this representation are then the most efficient blocks to use in computing the TM
spectrum. Moreover in two dimensions (G = A,)), the exceptional cases, where the
algebra is not faithfully represented in physical transfer matrices, correspond to models
with “rational” conformal field theory limits. A large amount of information about
this conformal limit can actually be read in the algebraic properties for finite systems
[9, 13]. By establishing the physically correct generic algebra in other dimensions we
develop a procedure for addressing any analogous situation there.

The G = A,, algebra is finite dimensional for finite n, and typically faithfully
represented by the finite dimensional physical transfer matrices. We will show that
for general G the Full algebra is always infinite dimensional unless G = A,,. Since
the physical transfer matrices usually remain finite dimensional in higher dimensions
(for finite systems) one problem is to find explicitly the finite dimensional quotients
of the Full algebra appropriate for these physical systems.

We begin (in the next section) with a discussion of an algebra related to T,
called the partition algebra P,(Q). It corresponds very closely to the diagram algebra
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D,, which is the “mean field limit” of the Potts model. P, (@) also has subalgebras
indexed by a graph, and is one of the easiest cases to analyse, as expected from a
“physical” point of view. The algebra P, (Q) provides an organisational link between
the physical and abstract algebras we have described. We begin analysing 7-(Q)

in Sect.3. We give a complete analysis of the “affine” An case in Sect.4. The
complications that appear here for the Full algebra, compared to the planar case,
may be given a topological interpretation which leads us in Sect. 5 to a topologically
motivated analysis of the general case. The classification scheme of representations
includes all links that can be embedded in G x Z. Sundry additional remarks are
collected in the last section.

2. The Partition Algebra

We now discuss the partition algebra which will play a crucial role in our analysis
[14].

2.1. Partitions of a Set M

First we need to introduce the set S, of partitions of a set M of m distinguished
objects

S, = {((Ml)(M2)...(Mz)...):
M, C M st M #0, ) M, =M, MjﬂMk=®(7'¢k)}.

For example, if M is the set of the first m natural numbers

S, = {((12)), (L 2)},
Sy = {((1234)), (1) (2) (3) 4)), ((123)(4)), ((124)(3)),
((134) (2), ((234) (1)), ((12) (34)), ((13) (24)), ((14)(23)),
((12) (3) (4)), ((13)(2) (4)), ((14)(2) 3)),
((23) (D) @), (2H D 3, (BH M) (2N}
We call the individual equivalenced subsets of the set of objects “parts.” Thus

(M;) = (123) is a part of the partition ((123) (4)), and so on. The set .S,, is finite for
finite m. The total dimension is well known [2, 10, 15]

m|1234567 8 9 10 11 12 13

[S,0,] . 1 25 15 52 203 877 4140 21147 115975 678570 4213597 27644437

A s

We write i ~“ j in case objects i,j are in the same partition in A € S, , so ~
transitive.

We will be mainly interested in the case m = 2n. We will then write our 2n
objects simply as

1,2,3,...,n,1',2",3,...,n.
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2.2. Operations on S,, (m = 2n)
For @ an indeterminate and K the field of rational functions of () we define a product

[2,10]
PS8, xS, —KS,,,

(A, B) — AB = Q4B ¢
/ 1 2 3 4
k { 3 9

-

K-—o .
K

-

Fig. 1. Pictorial realisation of parts as clusters and composition of partitions by juxtaposing clusters.
In this case f((A,B))=0

@)

Where C' € S,,, and f(A, B) € Z-, are defined as follows. Relabel the objects in B
from -

" " " " n n
17727 oon 12" o n

Form a partition of 4n objects from A and B by first taking the parts in A and
including into the part containing ¢’ the part from B containing i”. Then delete all
the 4" and 7" [counting the number f(A, B) of parts which become empty, and are
then discarded, in the process] and finally relabel all the "’ as i’. The partition of 2n
objects obtained is C.

For example,

((1234) (1'3") (2) (4) ((11'2') (233") (44"))
N ((1234) (1/3/1//1//12///2/13//311/21) (4/4//4///))
— ((1234) (17237 (4")) — ((1234) (1'2'3') (4")).
This is illustrated in Fig. 2.2. There are other such illustrations in Sect. 2.5.

Definition 2 (Partition algebra [14]). Considering the vector space over K spanned
by S,,,, the linear extension of the product &° gives us a finite dimensional algebra
over K which we call the partition algebra P, (Q).

Definition 3. The natural inclusion . is defined by

R
n—I1 Pn?

LG ) = (L) (L) (n).

0— P ®)
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Fig. 2. Part of the graph 3 x Z

1 2

Fig. 3. Diagram for the connectivity 1,,U; = ((12)(217)(3) (3’)) which restricts to 1,, for n =2

It is convenient to introduce the following special elements of the partition algebra:

1=((11)22)...(nn")), 9

1, =(1)22)...Gj")...Gi)...(an"), i, j=12,...,n,  (10)
A, = %((11/)(22')‘..(i)(i’)...(nn')), (11)

Ay, = V/QUY Q). (i) ... () . (12)

Proposition 1 (see [14]). These elements generate P, (Q).

Definition. 4. For A € P, let [A] denote the maximum over the .S, components of

A of the number of distinct parts containing both primed and unprimed elements.
For example [1] =n, [A; ] =n — 1. Then

Corollary 1.1. For A, B¢ P,

[AB] < min([A], [B]) .
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Proposition 2. There is a homomorphism from the Full Temperley-Lieb algebra of the
complete graph n to the partition algebra given by

H:T,(Q) — P(Q),
H:1—1,
H:U, — A,,
H:Uj— A .
Proposition 3 (see [2]). The subalgebra of P,(Q) generated by
(LA, (i=1,2,...,n), A;,,, i=1,2,...,n—1))
is isomorphic to Ty (Q).

Definition 5. For given n we define X as the subalgebra of P (()) generated by
(L1,;G,5=12,...,n)

or, where appropriate, as the corresponding symmetric group.

2.3. Full Embedding of P,_, in P,

We will need the following simple but surprisingly powerful theorem:

Theorem 1 (see [14]). For each n, Q # 0 and idempotent e = e, = A, /\/Q there
is an isomorphism of algebras

e Pe 2P

ntn-n n—1-

As a consequence the categories of left P,_, and left P e P, modules are
essentially isomorphic categories (the extend to which they are not isomorphic is,
for our purposes, a technicality — the interested reader should turn to (14, 16, 18] for
details).

Let us denote by F, (M) = e, M the object map from (F,, —mod) to (P,_, —mod)
at level n.

Corollary 1.1 (see [14]). Let f,, be the object map of categories defined by restriction
of left P, modules to left P, _, modules through the inclusion %,
fni(P, —mod) — (P,_, —mod),
foiM —p M.

Then the following diagram of object maps of categories commutes:

Fn
(P,—mod) —— (P, , —mod)

f"J/ J( fa—1 - (13)

Fp_
(Pn—l — mod) ———l> (Pn~2 — mod)
This implies that, up to edge effects caused by the difference between P, and
P_e, P, the Bratteli restriction diagram for the algebras P, (see Sect. 2.6.3 onwards)

n-n ne
has the same structure on each level n. But then
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Proposition 4 (see [14]). The following is a short exact sequence of algebras
0—-PeP, —P —2% —0.

Thus, at least for P, semi-simple, a knowledge of the structure of P, _; essentially
determines for us the structure of P, .

Corollary 4.1. In case P, (Q)) semi-simple the distinct equivalence classes of irre-
ducible representations may be indexed by the list of all standard partitions of every
integer from 0 (understood to have one standard partition) to n.

In fact P,(Q) is semi-simple for () indeterminate and for all () € C except for
the roots of a finite order polynomial in ) for any finite n (see Sect. 6).

24. Diagram Algebra for a Graph G

Let us return to Proposition 3. More generally we have

Definition 6. For graph G the Diagram algebra D ((Q)) is defined as the subalgebra
of the partition algebra generated by

(LA, (i=1,2,...,n), A (i,j € Q).

Note that D, (Q)) C P,(Q), as 1” cannot be built with these generators. However,
under certain conditions it can be substituted, for example,

123A1‘ = Al‘Alez.A23A3.A13A1. : (14)

In fact we are more interested here in D, (Q) than P,(Q)) (compare Proposition 2
with Eq. 6), but P (Q) provides a more versatile general setting. We will see shortly
that it is straightforward to move from one to the other.

The relationship between the algebra types 7', P, and D is summarized by the
commutative diagram

0
H
T D 0
H Hy
N
P

which is exact at D.

Proposition 5. The subalgebra D, (Q) C P,(Q) is invariant under conjugation by
elements of the group X , i.e.

b'D,(@Qb=D,(@Q VbeX,.

Corollary 5.1. Every word in P, (Q) can be written in the form AB where A € X,
and B € D, (Q).
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Clearly we have the rich inclusion structure again
GDG = Da(Q) 2 Dai(Q).

It also follows that D(()), and indeed P, (()), obeys a number of quotient relations
in addition to the Temperley-Lieb relations. For example, with W € D(Q) there
exists X (W) a certain (known) scalar function of ) (see [2]) such that

(ML) (L) on( I )

Specifically, if W € S,, with by, parts
XW)=Qw .

This relation is suitable for at least part of the set appropriate for physical systems,
as it corresponds to the existence of disorder at very high temperatures (there is also
a dual corresponding to order at low temperatures). At the level of the dichromatic
polynomial it corresponds to isolating by, clusters (cf. [7], for example). Several
analogous relations have also been found [2].

2.5. Pictorial Realisation by Connectivities

Definition 7. For a graph G let % be the universal set of the set of bonds of G, i.e.
the set of all (not necessarily proper) subgraphs of G of order |G| nodes (obtained
by omitting bonds).

Note that elements of .%, may not be connected graphs [7, 17].

The partitions A € D_(Q) N S,, may be realised as classes of .7, ,, under a
certain equivalence g. The construction of g is as follows.

Explicitly number the nodes of n at “time” t = 0 from 1,2,...,n. Practically it
will be convenient to restrict attention in .7, , , to the subset of elements which for
sufficiently large ¢ have all time-like bonds present and all space-like bonds absent.
This is a sort of very large time asymptotic smoothness condition. For some such
very large t = T number the nodes of (n,T) from 1’,2’,...,n’. Then introduce the
map

FT:.%’ﬂxZ — P.(Q),

Fr:By— Q"B,

where B € S, such that  ~P j iff 4, j are connected by a path of bonds present in
the subgraph B, and b is the number of isolated connected components in B; not
connected to any point in either of the layers t =0 or t = 7.

The point about the limits ¢ = 0,7 is that for finite n there exists some finite
T beyond which (range F)) N S, does not increase. Thus the asymptotic condition
is not important (just convenient), but ensures that F'» and Fi., | are essentially the
same map.

The equivalence classes of .%, , , are defined so as to make this map an injection
(ie. ByoCyonly if B=C).

The range of F' does not include the whole of S, however large we make T' (see
the remark after Definition 1). We can extend to the whole of S, by, for example,
building our “connectivities” on n + 1 X Z (but only labelling the “first” n nodes).
This complication is connected to the nature of the lattice and the TM formalism;



Algebraic Approach to Higher Dimensional Statistical Mechanics 163

it will be discussed further elsewhere. In general, different choices of G in 4,
realise different sets of connectivities, i.e. different ranges for F';.. This is, in fact, the
essence of the physically important problem of finding irreducible representations of
D (Q) (see later).

We may extend .7, , |, /0 or B, /o to an algebra (over rational functions in Q)
by defining a product—B—OCO. We first build a new graph (BC), by discarding ¢ > T
in By and t < 0 in C,, and the joining B, and C, by identifying the layer t = T'
in By with t = 0 in C,,. Let D € S, have the same connectivities as the graph so
produced has between ¢ = 0 and ¢t = 2T — 1 [i.e. Fyp_(BCO),) = Q%D for some
d]. We then define B,C, = QdDO, where D, € % /p is such that F(D,) = D. The
map F' is then an algebra homomorphism.

The explicit pictorial realization is particularly neat (but sufficiently general) if we
distribute the nodes of n linearly, as in A,,, and only draw the part of the graph not
in the asymptotic region. Then for example with n = 12 the o class of A, , has a
simple representative

A”_H/\/@(—ooooooo:—ocoo.

The p class of A, has representative ‘
]

VA, < T1ITTIIOTTT

The composition rule is to identify the top row of dots in the second diagram with
the bottom row in the first. Clusters then isolated from both top and bottom rows of
the new diagram so formed may be removed, contributing a factor Q.

Finally, then, for example, the TL relation 2

Aii+1Ai.A'i+1 =A

(]
amounts to the statement that the subgraph

L1111 911

has the same list of connections within and between the top and bottom layers as the
o representative of A, , above.

Note that no composition of diagrams increases the number of distinct connected
clusters connecting between the top and bottom layers. This means that the subset
of g cosets with no connections top to bottom form a basis for a P, (@) bimodule.
Furthermore, the subset with < p distinct connections top to bottom also form a basis
for a P, (Q) bimodule.

2 2+1

2.6. Structure and Representation Theory of P, (Q))

This picture is particularly useful for constructing representations. The number of
distinct connections running from ¢ = 0 to ¢ = T is evidently non-increasing in any
composition (it is a measure of the number of distinct bits of information which can
be simultaneously propagated through the bond covering, which cannot exceed the
number propagated across any fixed time slice). So for example, writing simply P or
P, for P (Q), and defining idempotents

HU,)
I — 2.







