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Abstract

Every unitary involutive solution of the quantum Yang-Baxter equation (R-
matrix) defines an extremal character and a representation of the infinite sym-
metric group So,. We give a complete classification of all such Yang-Baxter
characters and determine which extremal characters of S, are of Yang-Baxter
form.

Calling two involutive R-matrices equivalent if they have the same character
and the same dimension, we show that equivalence classes can be parameterized
by pairs of Young diagrams, and construct an explicit normal form R-matrix for
each class. Using operator-algebraic techniques (subfactors), we prove that two
R-matrices are equivalent if and only if they have similar partial traces.

Furthermore, we describe the algebraic structure of the set of equivalence
classes of all involutive R-matrices, and discuss several families of examples.
These include unitary Yang-Baxter representations of the Temperley-Lieb alge-
bra at loop parameter § = 2, which can be completely classified in terms of their
trace and dimension.

Mathematics Subject Classification: 16125, 20C32, 46137

1 Introduction

The Yang-Baxter equation is an algebraic equation that plays a striking role in a
remarkable number of seemingly disparate fields: Statistical mechanics [3], quantum
mechanics [4], braid groups, knot theory [5, 6], integrable quantum field theory [7],
quasitriangular Hopf algebras [8], and von Neumann algebras [9], to name but a few.

In its most basic form, the (quantum) Yang-Baxter equation is an equation for
an endomorphism R € End(V ® V) on the tensor square of a vector space V', namely

(R®idy)(idy ®R)(R ®idy) = (idy ®R)(R @ idy)(idy @R) (1.1)

as an equation in End(V ® V ® V). Several variations of this equation exist (see, for
example, [8, 10, 11]), but we shall only consider the form (1.1).

As a nonlinear system of (dim V)% equations for (dim V')* unknowns, the Yang-
Baxter equation is notoriously hard to solve in general. One rich source of solutions
to (1.1) is the theory of quantum groups, pioneered by Drinfeld [12] and Jimbo [13],
which connects the Yang-Baxter equation to the representation theory of Lie algebras.
A complete understanding or classification of all solutions of the Yang-Baxter equation
has, however, not been reached.



A completely different approach to solving the Yang-Baxter equation has been
put forward by Hietarinta. Emphasizing the point that an interesting structure of
the set of solutions of the Yang-Baxter equation can only be expected after dividing
by an appropriate equivalence relation, he succeeded in finding all solutions of (1.1)
for dim V' = 2 up to a certain equivalence relation, with the help of computer algebra
[14]. But already for dim V' = 3, this program was only partially successful [15].

In this article, we develop a new approach to the Yang-Baxter equation in any
dimension by considering a more natural equivalence relation, based on representation
theory, on its set of solutions. Up to this equivalence, we give a complete classification
of the special class of all unitary involutive R-matrices.

Here and hereafter, we consider (1.1) over a finite dimensional vector space V,
and agree to write d = dim V' throughout!. We fix a scalar product on V' (and hence
its tensor powers), denote the set of all unitary solutions of (1.1) by R(V'), and write
R for the union of R(V') over all finite dimensional vector spaces V. As usual, the
elements of R are referred to as R-matrices. Given some R € R(V'), we refer to
d = dimV as the dimension of R — although R is an endomorphism of a space of
dimension d? — and to V as the base space of R.

As is well known, any R € R(V) generates (unitary) representations pgl), n €
N, of the braid groups B, on V®" by representing the elementary braid? by, k €
{1,...,n—1}, as

"D eR@id " ¢ End VEr. (1.2)

ol (bg) = idy!
We set pg) = idy. The representations (1.2) are used to define our equivalence
relation on R below. This relation is also suggested by applications in integrable
quantum field theory [17]. In a particular context, the same relation was considered
in [1], and a more restrictive version of it was essential in the computation of all
solutions of the Yang-Baxter equation for d = 2 [14].

Definition 1.1. Two R-matrices R, S € R are defined to be equivalent, denoted
R ~ S, if and only if for each n € N, the representations pgl) and pfgn) are equivalent.

It is easy to check that two R-matrices are equivalent if and only if they have the
same dimension and the same normalized character, introduced in Sect. 2. Also note
that R ~ S implies similarity of these endomorphisms, R = S, because pg) (B2) is
generated by R.

Simple examples of equivalent R-matrices can be produced as follows: Let A €
GL(V) be unitary and F' € End(V ®V') be the tensor flip, defined by F(v@w) = w®wv.
Then, for any R € R(V),

R~ (A® A)R(A'®A™Y), R~ FRF. (1.3)

In particular, (A® A)R(A~'® A~1) and FRF are elements of R(V). But in general,
the two transformations (1.3) do not generate the full equivalence class of R.

!The Yang-Baxter equation (1.1) is of course also well defined for infinite dimensional Hilbert
spaces V, and in fact many interesting infinite dimensional solutions exist: In particular, a solution
of the Yang-Baxter equation with spectral parameter can be rewritten as one without, but on an
infinite dimensional base space (see, for example, [16, Lemma 2.2]).

?Recall that a presentation of the braid group B, on n strands is given by B, = (b1,...,bp—1 :
bin_lbi = bi+1bibi+1, blb] = bjbl for |Z —.]‘ > 1>



In this paper, we focus on the important special case in which the representations
pgl) factor through the surjective group homomorphism B,, — .S,, onto the symmetric
group S, of n letters. This happens if and only if R is involutive, R? = 1.

Such involutive R-matrices play a prominent role in various fields, ranging from
symmetries of categories of vector spaces [18] over scattering operators in integrable
quantum field theory (with a spectral parameter) [7] to representations of Thompson’s
group V [19] and recent constructions of non-commutative spaces [20]. They also form
the starting point for investigating g-deformed R-matrices with general quadratic
minimal polynomial.

We write Ro(V) C R(V), Ro C R for the subset of involutive R-matrices.

(2) (2)

In the involutive case, pj;” = pg” is equivalent to R and S having the same
dimension and trace because the only possible eigenvalues are +1. There is an old
conjecture by Gurevich to the effect that equivalence classes of involutive R-matrices
R are even uniquely characterized by these two numbers, the dimension and the trace
of R [1, p. 760]. Gurevich gave a proof of his conjecture in the case that one of the
eigenvalues of R has multiplicity 1.

However, our findings in this article imply that this conjecture is false in general:
The full equivalence R ~ S is a much stronger condition than having the same
dimension and trace, which is reflected in the rich structure of Ro/~ that we find.
We shall prove:

Theorem 1. Ry/~ is in one to one correspondence with pairs of Young diagrams.
Classes of R-matrices of dimension d correspond to pairs of Young diagrams with d
bozes in total.

Our analysis uses the fact that the S,-representations pgg), R € Ry(V), define a
representation pr of the infinite symmetric group S (the group of all bijections of
N that move only finitely many points) inside the infinite (algebraic) tensor product
U,, End(V)®". As any infinite discrete group having no normal abelian subgroup of
finite index, S admits unitary representations which are not of type I [21], meaning
that its irreducible representations are not classifiable in a reasonable manner [22].
However, an explicit parameterization of its (normalized) extremal characters, corre-
sponding to finite factor representations, is known from the work of Thoma [23]. This
parameterization depends on countably many continuous variables 0 < «ay, 5; < 1,
1 € N. These Thoma parameters are subject to two simple conditions defining a sim-
plex T which we recall in Sect. 2. For background information on the representation
theory of S, we refer readers to the recent monograph [24] and the literature cited
therein.

The upshot of our approach is that any involutive R-matrix R € R defines an
extremal character xp of S, and R, S € Ry are equivalent if and only if they have the
same character and the same dimension. Such Yang-Baxter characters (Sect. 2.1) can
therefore be parameterized by a subset Tyg of Thoma’s simplex T, or, equivalently, in
terms of the Hilbert-Poincaré series of pg [25, 2]. By a faithfulness consideration and
a theorem of Wassermann [26], it is straightforward to show that Typ # T (Sect. 2.2).

Despite the finite dimensional appearance of the Yang-Baxter equation, a full
understanding of the subset Tyg C T and the equivalence relation ~ seems to require
tools from infinite dimensional analysis and operator algebras. In Sect. 3, we propose
an approach based on subfactors arising from the subgroup {o € Sy : o(1) =1} C
Seo in Yang-Baxter representations pr. Independent of the Yang-Baxter equation,



similar subfactors have been considered before, by Gohm and Kostler in a setting of
noncommutative probability theory in [27, 28], and by Yamashita in [29].

We will show that any R € Ry, R # *idygy, defines an inclusion of II; fac-
tors. The trace-preserving conditional expectation of this subfactor can be com-
puted, and we show that it is closely related to the partial trace of R, ptrR =
(idgnav ® Try)(R) € End V. The partial trace turns out to be a complete invariant
of ~:

Theorem II. Two R-matrices R, S € Ro are equivalent if and only if they have
similar partial traces, ptr R = ptr S.

Our subfactor approach also completes the characterization of Typ as a subset
of T. Using the standard notation for Thoma parameters (recalled in Thm. 2.3), we
find the following result.

Theorem III. An extremal character of Se is a Yang-Bazter character if and only
if its Thoma parameters {o;}i, {B;}; satisfy

i) Only finitely many o, B; are non-zero.
i) >+ ;B =1
iii) All o, B are rational.
The Thoma parameters of an R-matriz of dimension d satisfy do;,dS; € N.

It is interesting to note that although the Yang-Baxter representations (1.2) have a
quite special form, their Thoma parameters form a dense subset of T. Several different
approaches to characters and representations of Sy, exist in the literature, of which
we mention here in particular the asymptotic character theory of Kerov and Vershik
[30, 31], and the works of Olshanski and Okounkov on spherical representations [32,
33|, partly in parallel with Wassermann [26].

One half of the proof of Thm. III relies on the operator-algebraic techniques
mentioned above, and the other half (showing that any set of Thoma parameters {«; };,
{B;}; satisfying the conditions 7)-iii) is realized by some Yang-Baxter character xp)
is based on a constructive procedure for generating R-matrices which we develop in
Sect. 4.1. The main idea of this construction is to find a good replacement for taking
direct sums of R-matrices/representations which respects the Yang-Baxter equation
(1.1). We define a suitable binary operation B on R which enables us to construct
an explicit normal form R-matrix for each equivalence class in Ry/~. Together with
a suitably defined tensor product of R-matrices and a compatible A-operation, the
quotient Rg/~ has the structure of a A-semi ring.

Because of the rationality and finiteness properties of Typ spelled out in Thm. III,
it is useful to switch to a parameterization in terms of the integer rescaled Thoma
parameters a; := da;, b; == df;. The two integer partitions defined by the a; and
b; lie at the root of our classification result in Thm. I. We also recast this structure
in terms of spectral data, reminiscent of previous work on the representation theory
of Se (see, in particular, Okounkov [33] and Kerov, Olshanski, and Vershik [22]):
The eigenvalues of the partial trace ptr R of R € Ry uniquely determine the rescaled
Thoma parameters (see Thm. 4.8 i) for details).

In addition to these main results summarized in the Theorems I-III, we also inves-
tigate the C*-algebraic and combinatorial properties of Yang-Baxter representations.



In Sect. 5, we use K-theory to characterize the equivalence R ~ S in terms of ap-
proximate unitary equivalence of the homomorphisms pg, ps (Thm. 5.3) and recover
a result of Kerov and Vershik [34] in our Yang-Baxter setting. As Ky(C*Ss) is iso-
morphic to a quotient of the ring of symmetric functions [34], this also enables us
to give an explicit formula for the decomposition of the Yang-Baxter representations
pgg) into irreducibles in terms of symmetric functions (Prop. 5.7), and to compute
the Hilbert-Poincaré series of pp.

Our final Sect. 6 is devoted to a discussion of examples, including in particular
Yang-Baxter representations of the Temperley-Lieb algebra [35] at loop parameter
6 = 2. Our results allow us to classify such representations completely in terms of the
dimension and trace of the underlying R-matrix (Prop. 6.3), thereby complementing
results of Gurevich and Bytsko [2, 48].

While it is clear that Theorems I-I1I do not hold verbatim for general R-matrices
(dropping the involutivity assumption), we do expect that many aspects of our tech-
niques and results can be generalized to other families of R-matrices, such as those
underlying knot polynomials, for which pg factors through a Hecke algebra [5, 6, 36].

2 R-matrices and characters of S

The infinite symmetric group S is the group of all bijections of N that move only
finitely many points, a countable discrete group with infinite (non-trivial) conjugacy
classes. A character of Sy is defined as a positive definite class function y : Soec — C
that is normalized at the identity, x(e) = 1. For example, the trivial representation
has the constant character 1. The characters of S, form a simplex, the extreme
points of which are called extremal characters (or indecomposable characters). An
example of an extremal character is the Plancherel trace x (o) = 6.

Thoma found the following characterization of extremality of characters of S,
often called Thoma multiplicativity. In its formulation, we define the support of
0 € S as the complement of the fixed points of ¢ : N — N.

Theorem 2.1. [23] A character x of Sx is extremal if and only if for any 0,0’ € S
with disjoint supports, it holds that x(oo’) = x(o)x(0o”).

Some elements of S, will appear repeatedly. We write o; ; = (4, j) for two-cycles,
and specifically o}, = o}, x41 for neighboring transpositions, the standard generators
of S. General n-cycles will be denoted ¢, € S». In case a specific choice of n-cycle
is necessary, we choose

Cp = 0p_1"+"0201 = 012013 Oln, (2.1a)

Oly = Op_1:- 020102 Op_1 . (2.1b)

In view of the above theorem and the cycle decomposition of permutations, an ex-
tremal character y of Sy is uniquely determined by its values on m-cycles. For a
general group element o € S, one then has

x(o) = ] xlen),

n>2

where k,, is the number of n-cycles in the decomposition of ¢ into disjoint cycles.



2.1 Extremality and Thoma’s parameterization

We now connect S, to R-matrices by showing that any R-matrix defines an extremal
character and corresponding factor representation of S,,. We will be working with
the infinite tensor product & = ),,~; EndV (defined only algebraically at this
point), with inclusions fixed by tensoring with idy in the last factor. With the group
inclusions S;, C Sp+1 C S defined by letting o € S, act on N by keeping all
j > n fixed, the system of representations ng), R € Ry(V) is coherent and defines a
*-homomorphism ppr : C[Se] — &. The generators oy, i € N, are mapped to

Ri = pr(o;) =1°0"VgRe1®..., (2.2)

where here and hereafter, we write 1 instead of idy when the base space is clear from
the context. Note that R; can be viewed as an element of End V€™ for n > i+ 1, or
of go.

We refrain from viewing pr as a representation on @),,~, V, as the definition of
this space depends on choices. Our Sy.-representations will be defined by composing

pr with the GNS representation of & with respect to its unique normalized trace?,
Trv
T:(g)—:g —C. 2.3
d 0 (2.3)
n>1

Proposition 2.2. Let R € Ro(V). Then
XR =T O pR (2.4)
is an extremal character of Soo. On an n-cycle ¢, n > 2, it evaluates to
Xr(cn) =d™" Tryen(Ry1 -+ Rp—1), d=dimV. (2.5)

Proof. By standard properties of the trace, x g is a normalized positive class function.
To show that xr is also extremal, we have to verify that it factorizes over permutations
0,0 € Sy with disjoint supports (Thm. 2.1).

Let 0,0’ € Sy have disjoint supports. Taking into account that xg is a class
function, we may assume without loss of generality that suppo C {1,...,n} and
suppo’ C {n+1,...,n+m} for some n,m € N.

Setting N := m 4+ m, we then have p%N)(a) = pgf)(a) ® 1™ and pg%N)(a’) =

19" @ pgn) (¢”). Using Trygw (A ® B) = Try (A) Try (B), we arrive at

xr(00') = N Tryex (o (0) © 15™) (19" @ pi” (o))
= d"" Tryen(py) () - d " Tryen (o} (o))
= XR(U>XR<J,) )
and the proof of extremality of yg is finished.

For the second statement, we only need to note that pg (1.2) maps the n-cycle
0109+ 0p_1 to RiRy---R,_1 € End(V)®". O

We will call the characters xr, R € Rg, Yang-Baxter characters of Sy.. As we
just demonstrated, every Yang-Baxter character is extremal. We will see in the next
section that the converse is not true: not every extremal character is Yang-Baxter.

3See Sec. 5.3 for different choices of states on &g.



Using the representation theory of finite groups and the inductive limit definition
of S, it follows from Prop. 2.2 that two R-matrices R, S € Ry are equivalent in the
sense of Def. 1.1 if and only if they have the same character and the same dimension.
(As we work with normalized characters, the dimension is not contained in the char-
acter.) Thus the dimension and the sequence of traces (2.5) (indirectly) characterize
the equivalence classes Rq/~.

Thoma not only found a criterion for characterizing extremal characters, but also
gave a classification in terms of an infinite dimensional simplex.

Theorem 2.3. [23] Let T denote the collection of all sequences {a;}ien, {Bitien of
real numbers such that

i) a; >0 and B; >0,
i) o > o1 and Bi > B,
i) S0+ 5,8 < 1.

The pairs of sequences (o, ) € T are in bijection with extremal characters of Soo. On
an n-cycle, the character x corresponding to («, ) € T takes the value

Xle) = Dol + ()Y 2 (2.6

We will call the parameters (o, 3) € T the Thoma parameters of a character.

As a consequence of these results, any R € R defines a point («, ) € T. In the
following sections, we will be concerned with the problem of identifying the subset of
all Thoma parameters of Yang-Baxter characters inside T.

Another important question is how to extract the Thoma parameters (a, ) from
an involutive R-matrix. In view of (2.5) and (2.6), the parameters («, 3) € T corre-
sponding to R € Rg are uniquely fixed by the system of equations

o+ ()Y B =d T Trpen(Ry - Rosy),  n22 (27)

We will develop tools to compute (o, 8) directly from R in Sections 3 and 4.1.

To conclude this section, let us mention a few simple examples of R-matrices.
Clearly, +1 = +idygy € Ro(V). It is well known and easy to check that also
+F € Rop(V) is an involutive solution of (1.1), where F(v® w) = w ® v is the tensor
flip. The Thoma parameters of these R-matrices are the following.

’ R ‘ non-vanishing Thoma parameters ‘

1 | a1 =1, independent of d
—1 | 1 =1, independent of d

F alz...:ad:d_l
-F 61:...:l3d:d71
Since the R-matrices R = 1 and R = —1 obviously give the trivial and alternating

representation of S, respectively, the first two lines immediately follow from (2.7).
The claimed parameters of +F can be verified by computing Tryen(F} - - F,—1) = d.



2.2 Faithfulness

Given an R-matrix R € Rg of dimension d, the homomorphism pg restricts to a
representation pg) of S, on V®" which has dimension d". This observation expresses
that Yang-Baxter representations are small in comparison to the group algebra C[S,,],

and leads to restrictions on the Thoma parameters of Yang-Baxter characters.
Proposition 2.4. Let R € Ry.

i) As a group homomorphism, pr is injective if and only if R # +1.

it) As an algebra homomorphism, pg : C[Ssx] — & is not injective.

Proof. i) This is a general property of So,. Clearly, if R = 41 then pg is not injective.
Conversely, assume that pg is not injective and o € S, lies in the kernel, then o also
lies in the kernel of prl|g, for n sufficiently large. But for n > 5, the only non-trivial
proper normal subgroup of S, is the alternating group A,,. Thus ker pg|s, contains
at least A,. This implies that the image of pp is either trivial or Z,. In the case at
hand, this means that pg is injective if and only if R # +1.

i1) pg restricts to an algebra homomorphism pg;?’) : C[Sp] — EndV®". As the

dimensions of C[S,] and End(V®") are n! and d?", respectively, and n! > d*" for n

(n)

sufficiently large, it follows that p Jg cannot be injective. O

The second part of this proposition implies that Yang-Baxter characters are never
faithful. This observation allows us to make use of the following theorem due to
Wassermann [26, Thm. II1.6.5].

Theorem 2.5. [26] Let x be an extremal character of So with Thoma parameters
(o, 8) € T. Then x is faithful as a state of the group C*-algebra C*So if and only
if either Y .o+ >, 0 <1, or >, a; + Y . B =1 and infinitely many «; or B; are

non-zero.
In combination with Prop. 2.4 ii), this immediately implies the following result.

Corollary 2.6. Let (o, ) € T be the Thoma parameters of a Yang-Baxter character
Xr- Then Y, a; + >, Bi = 1, and only finitely many o; or B; are non-zero.

We can now give a first example of an extremal non-Yang-Baxter character,
namely the Plancherel trace x(0) = dyc. By (2.6), the Plancherel trace has Thoma
parameters a = = 0 and therefore violates the condition Y ,c; + >, 8 = 1. Its
GNS representation is the left regular representation, which is too large to be of
Yang-Baxter form.

3 Yang-Baxter subfactors

The Thoma parameters of a Yang-Baxter character have further properties, in addi-
tion to the ones spelled out in Cor. 2.6. To extract these properties, and to derive a
characterization of the equivalence relation ~, we now switch to a setting involving
von Neumann algebras. Specifically, we will consider subfactors [9, 37] arising from
the subgroup

SZ C S S ={0 €8y : a(l)=1}. (3.1)



Given an extremal character x of Sy, we may view it as a tracial state on the group
C*-algebra C* Sy (we denote the state and the character by the same symbol).

The GNS data of (C*Su, x) will be denoted (Hy, £, ), and the von Neumann
algebra generated by the representation M, = m,(C*S)”. Since x is extremal,
M, is a (finite) factor — it is trivial for the one-dimensional trivial and alternating
representations, and hyperfinite of type II; in all other cases.

In our situation of Yang-Baxter representations, we have the homomorphism ppg :
ClSeo) = & = U,, End V®™. Proceeding to the GNS representation 7, of & with
respect to the trace 7, we may weakly close & to £ (a hyperfinite II; factor), and
obtain the subfactor

Mp = pr(C[Sx]) C €. (3.2)

Since m, is faithful (in contrast to pr and m,, see Prop. 2.4), we suppress it in
our notation and often write pgr instead of 7, o pr. We can canonically identify
Tr O PR = Ty, S = Oy, M = My, Hyp = MpQ-.

As an aside, let us mention that our equivalence relation R ~ S implies the unitary
equivalence of the representations

R~S8= 7m,0pr =7 0ps. (3.3)

In fact, R ~ S implies xg = x5 and hence ,, = 7, — since m,, can be identified
with the restriction of 7, o pgr to Hyp, (3.3) follows.

The subgroup (3.1) generates the von Neumann algebra
NR = pR(C[Sgo])H C Mp. (3.4)

As SZ = S, this is a (I; or II;) subfactor.

Gohm and Kostler [27] and Yamashita [29] have independently analyzed the sub-
factor Ny, C M, in the setting of general (not necessarily Yang-Baxter) extremal
characters. They found that it is irreducible if and only if the parameters («, §) have
one of the following values:

i) a1 =...=ag=d ! for some d € N,
ii) B1 =...=fg=d ! for some d € N,
iii) a; =0 and g; =0 for all 4.

By comparison with our examples of R-matrices at the end of the preceding section,
we see that the relative commutant N7, N Mg is trivial if and only if R is equivalent to
one of the four R-matrices 1, —1, F, — F, of arbitrary dimension d € N. As we pointed
out earlier, the last possibility iii) is realized by the Plancherel trace, which is not
Yang-Baxter.

To extract information about R from the subfactor (3.4), we consider the unique
T-preserving conditional expectation onto its relative commutant,

Ep: Mg — NN Mg. (3.5)

The inclusion Ng C Mg is replicated on the level of the infinite tensor product &:
Here we consider the inclusion C® EndV @ EndV ® - -- C £, the relative commutant



of which is End V', viewed as a subalgebra of £ via the embedding X — X®1RQ1®---.
The corresponding 7-preserving conditional expectation is the partial trace

E:&—EndV, E=idpgyv®TQ71®- - . (36)
In the following arguments, we will also need the map
m:&E=E, Ma@Rb®@c®...)=717(a)b®c®..., (3.7)

and the canonical shift s : £ — &, s(z) = idy ®z. Clearly 7 0 s = idg.
Another important element are the so-called partial shifts, defined as

V(M) = im Rpy1Roso - Ry M- Ry RppoRus1,  meNg.  (3.8)

These limits exist in the strong operator topology for any M € Mg [27, Prop. 2.13],
and define 7-preserving endomorphisms of Mp. We recall the well-known fact that
on Mp, the endomorphism = coincides with the shift s. Indeed, a straightforward
calculation based on the Yang-Baxter equation shows

Y0(pr(0k)) = pr(0Ok+1) = idv ®pr(0k) = s(pr(0k)),  kEN.
Our following considerations will imply that the diagram

EndV « £ ¢

[ [ (3.9)

NLAMp 25 Mp

is a commuting square. To begin with, we show that we have the inclusion N;NMp C
End V on the left hand side.

Proposition 3.1. N; N Mr CEndV ZEndV@C®C...C¢€.

Proof. We define a linear map I' : £ — £ by I'(X) := 71 (R1 X Ry). For any element
X € & in the algebraic infinite tensor product (only finitely many non-trivial tensor
factors), there exists N € N such that I'(X) € End V for all n > N. To treat general
X € &, we note that I satisfies

ICOT <X Pl < [1 X2 X €€,

where || X||3 = 7(X*X) is the 2-norm defined by 7. The first bound implies that
the sequence (I'),en has pointwise weak limit points I:&-¢ , and the second
bound implies that also the limit point maps I satisfy [|[T'(X)[]2 < || X2, X € €. Any
such limit point I' satisfies f(é‘o) C EndV, and since & C £ is dense in 2-norm, we
conclude T'(€) C End V.

Now let M € N}, N Mpg. Since M € Mg, we have s(M) = ~o(M), and since
M € N}, commutes with Ry, k > 2, we find

s(M) =v(M) = le Ry---R,MR,--- Ry = RiMRy,

and therefore M = 7,(s(M)) = T'(M). We conclude M =I'(M) € End V. O
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The key step of our argument is to show that EFr and E agree on Ry = pr(o1) €
Mp. As in [29], we consider the subgroups T,, = {0 € Sp4+1 : o(1) = 1} C S«
and the von Neumann algebras generated by them, Ng, = pr(T,)"” C Mpg. As
T, C T,41, this yields a descending chain of relative commutants, n € N,

Mg D (Np, " MR) D (Ng 1 N Mr) D (NN Mg),

with corresponding conditional expectations Er, : Mp — N, ;%’n N Mg. Since T, is
finite, ', is simply given by averaging,

Epn(M ZpR )Mpr(c™), MeMg. (3.10)
'UGTn

It is not hard to compute that for M = Ry, one gets [29]

n+1

Ern(R) = %ZIOR(O-I,]')' (3.11)
=2

Lemma 3.2. Eg(R;) = E(Ry).

Proof. By definition of E and Eg, we have E(R;) € EndV and Eg(R1) € NN Mg,

respectively. But according to Prop. 3.1, N, N Mpr C EndV, so Er(R1) € EndV as

well. It is therefore sufficient to show 7(XEr(R;1)) = 7(XE(R;)) for all X € End V.
By the definition of the right partial trace F,

T(XE(R1)) = 17(XRy).

To calculate 7(X Egr(R1)), we use the fact that Er, — Er as n — oo in the 2-norm
given by 7. This implies

n+1
: 1
T(XER(R1)) = lim 7(XEpa(Ry)) = lim — % 7(Xpr(o1)-
j=2

Asoyj=0j_1---020102---0j—1 (2.1b) and X € EndV commutes with Ry, for £ > 1,
this simplifies to

n+1
T(XEr(Ry)) = lim — 2; 7(XRj_1---RaRiRy---Rj 1) = 7(XRy).
J
The proof is finished. ]

With E(R;) = Er(R1), we now have concrete elements of the relative commutant
Nj N Mp at our disposal. For R = 1 or R = +F, these partial traces are trivial,
E(+£1) = £didy, E(+F) = £idy, as can be computed directly or inferred from the
previously quoted result on irreducibility of Nz C Mp.

However, for all R-matrices not equivalent to +1, £F, we get non-trivial partial
traces E(R;). In fact, it was shown in [28, 29] that Er(R;) generates the relative
commutant N, N Mp. This implies that for R 5 +1,+F, the expectation E(R;) is
not a multiple of the identity.

The partial trace E(R;) of the R-matrix turns out to be a complete invariant for
the equivalence relation ~. This is a consequence of the next theorem, which follows
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from the work of Gohm and Késtler, and our Lemma 3.2. These authors prove it in
a setting of noncommutative probability [27], building on their earlier work [38, 39]
(see also [28]). In our situation, only certain aspects of [38, 27, 39, 28] are needed,
and we give a shortened proof for the sake of self-containedness.

This proof makes use of the partial shifts 7, (3.8). By explicit calculation based
on (2.1b) and the Yang-Baxter equation, one shows that [27, Prop. 3.3]

pR(O'l n) n<m-+1
Ym(Pr(O1,0)) = ’ . 3.12
nlPrl1) {pmamm nzmet1 12

As Ry = pr(o1,2), this implies in particular

W(R1) = prlo1pr2), pEN. (3.13)

It follows immediately from the definition (3.8) of v,,, m > 1, that the relative
commutant N, N Mp is contained in the fixed point algebra M}", and consequently
the conditional expectation Ep is invariant, Fro~v,, = Er. Gohm and Kostler proved
that for m = 1, equality holds: M} = N}, N Mp [27, Thm. 3.6 (iii)].

Proposition 3.3. Let ¢, € So be an n-cycle, n > 2. Then
xr(cn) = T(E(Ry)™ ). (3.14)

Proof. For n = 2, the statement is a direct consequence of the definition of E. For
the induction step, we consider the specific cycle ¢,41 = ¢po1 041 (2.12). Writing
Cy, = pr(cn) as a shorthand, we note that v, (C,) = C), for (see (2.1a) and (3.12)).
As Eg is invariant under ,, we obtain

Er(Cny1) = ER('Yn(CnpR(Ul,n+1)) = ERr(Cp - PR(Ul,n+2))-

In the same manner, we can now insert the endomorphism -, 41, which also leaves
C,, invariant, and maps pr(o1n+2) to pr(01n+3). By iteration and (3.13), this gives

Er(Cni1) = Er(Cp pr(01,019p)) = Er(Co 77 2(R1)), p € N.
Averaging over p yields for any N € N

N
1 _
Ep(Cpt1) =Er | Cn - ~ Z’Yf(’ﬁ *(R1))
p=1

We may now use the ergodic theorem [40], stating here that for any M € Mg, the
ergodic averages N1 25:1 77 (M) converge strongly to the conditional expectation
ERr(M) onto the fixed point algebra M} = NN Mpg as N — oo [39, Thm.8.3].
As ’y?_z(Rl) € Mg, and Ep is continuous in the strong operator topology, we have
Er(Cny1) = Er(Cn - ER(Y!%(R1))) = Egr(Cpn) - ER(7} %(R1)). In view of the
y1-invariance of Ep and Lemma 3.2, the last term simplifies to Er(y7 %(R1)) =
Er(Ry) = E(Ry).

We thus have shown Egr(Cpi1) = Egr(Cp) - E(R1), which implies Er(Cy) =
E(R1)" ! by induction. Evaluating in 7 then gives the claimed result. O

These results can be used to show that (3.9) is indeed a commuting square, but
we will not need this fact in the following.
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We have now extracted sufficient information from the subfactor setting, and
return to our analysis of equivalence of R-matrices. At this point, it is better to
switch to the usual partial trace of R, defined as

ptr R = dimV - B(Ry) = (idgaay @ Try)(R) (3.15)

and viewed as an element of End V' rather than £. The key relation (3.14) can then
be rewritten as

xr(cn) = d™™ Try (ptr(R)" ). (3.16)
With this information, we obtain the proof of Thm. II from the Introduction.

Theorem 3.4. Two R-matrices R, S € Ry are equivalent if and only if they have
similar partial traces, ptr R = ptr S.

Proof. If R € Ro(V) and S € Ro(W) have similar partial traces, then clearly
Try (ptr(R)"™ 1) = Try (ptr(S)"~1). As similarity of the partial traces implies in
particular that the dimensions dim V' = dim W coincide, we conclude xp = xg from
(3.16) and Thoma multiplicativity. Thus, ptr(R) = ptr(S) = R ~ S.

Conversely, if R ~ S, then these R-matrices have the same dimension and charac-
ter, and hence Try (ptr(R)"!) = Try (ptr(S)*~ 1), n > 2, from (3.16). This implies
that the selfadjoint endomorphisms ptr(R), ptr(S) have the same characteristic poly-
nomial, and are therefore similar. ]

Elements R € End(V ® V') have two partial traces, the right one introduced above,
and the left partial trace ptr’(R) := (Try ® idgnav ) (R). We note that for R-matrices,
these two partial traces coincide:

ptr(R) = ptr'(R), R € Ry. (3.17)

To prove this claim, we observe ptr’'(R) = ptr(FRF) with F the flip, and recall
FRF ~ R. Then Thm. 3.4 implies the similarity ptr(R) = ptr(FRF') = ptr’(R) and
in particular Tr(ptr'(R)?) = Tr(ptr(R)?). Taking also into account Try (ptr(R)?) =
Tr(R1R2) (3.16) and Try (ptr(R) ptr’'(R)) = Tr(R1R2), we have

Try (| ptr(R) — ptr'(R)|?) = 2 (Try (ptr(R)?) — Try (ptr(R) ptr'(R))) = 0,
which proves (3.17). We may therefore use left and right partial traces of R-matrices

interchangeably in the following.

Thm. 3.4 shows that the eigenvalues of ptr(R) (and their multiplicities) character-
ize the equivalence classes Ry/~. Such spectral characterizations also appear in the
work of Okounkov on Thoma measures and Olshanski pairs [33]. In our Yang-Baxter
setting, the spectrum of ptr(R) has a very specific form, which will be the key to our
classification of R-matrices in the next section.

As a second important consequence of Prop. 3.3, next we demonstrate that Yang-
Baxter characters have rational Thoma parameters after stating a preparatory lemma.

Lemma 3.5.

i) Let {x;}; and {y;}; be two finite sequences of positive real numbers such that

foralln e N,
Z a7 = Z (1 (3.18)
i J

Then the x;,y; are rational.
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2n+1

i) Let {x;}; be a finite sequence of positive rational numbers such that ), x;

N for all n € N. Then the x; are natural numbers.

S

Proof. i) We order the sequences {x;};, {y;}; non-increasingly and define 1 € N as
the multiplicity of the maximal value of the first sequence, i.e. x1 = ... =z, > x,41.
Dividing (3.18) by 2" yields

Z (xi>2n+1 _ i <yj>n
p 1 1 ; J}%
In the limit n — oo, the left hand side converges to p. In this limit, the right hand
side goes to infinity if y1 > 2% and to 0 if y; < 2. As 0 < u < oo, we conclude that
y1 = 22, and define v € N as its multiplicity, 1 = ... = ¥, > y,+1. Then the right

hand side has the limit i as n — 0o, so that x1 = ¥ and y; = x% are rational.
Inserting these values of x; and y; into (3.18), we find

v 2n+1 v 2n
W(B) e (1) e

K 1> >v

and hence (3.18) also holds for the shorter sequences {z;};~, and {y;};>,. The claim
now follows by induction.

it) We first show that ), a:f" € N, that is, with even powers implies* z; € N.
Assume that not all x; are integers. Then there exist ¢, h; € N and a prime p such
that cx; = h;/p and not all h; are divisible by p, that is, we clear all but at most a
single factor of p in the denominators of the x;. Clearly, it is sufficient to consider
only those h; which are not divisible by p. Let {g;}; be the subsequence of {h;}; of
elements not divisible by p and let its length be N. The assumption, ), a:f” e N,
then implies that Y, g?" = 0 mod p?" for every even n € N.

For arbitrary m € N, consider Euler’s totient function o(p™*!) = p™(p — 1)
evaluated at p™*1. Then, since p(p™*1) is even, Sy, :== Y, gfm(pfl) = 0 mod pr"P—1),
and in particular, since p™ > m, S, = 0 mod p™. However, since p does not
divide g¢;, the numbers p™*! and g¢; are coprime, and it follows from the Euler-Fermat
theorem that gfm(p_l) = 1 mod p™*. Thus S,, = ¥, gfm(p_l) = N mod p™tt,
where we recall that N denotes the number of terms in the sum. As S,, = 0 mod p™,
it follows that p™ divides N. Further, as m was arbitrary, this implies N = 0, that
is, all h; are divisible by p contradicting the initial assumption.

We now deduce the claimed statement for odd powers. Let x; = %z with u;, v; € N,
and @; := x; - v;---vny € N, and define a rational sequence y; = ... = yg, = =1,
Yig+1 = - = Yay+iy = T2, etc. Then Zj yy = Do WE} =1 vy, ZL‘;L—H, and by
assumption, Y,z € N for every even n, which in turn implies that > ;Uj € Nfor
all even n. Thus all the y; and x; are natural numbers. O

Definition 3.6. Typ C T is defined as the subset of all (o, 3) € T satisfying:
i) Only finitely many parameters oy, B are non-zero.
i) Y00+ 38 =1
iii) All oy, B are rational.

We can now give one half of the proof of Thm. III from the Introduction.

4GL gratefully acknowledges a helpful discussion with A. Schweizer on this point.
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Theorem 3.7. The Thoma parameters «;, B; of any Yang-Baxter character xr lie
in Tys. If R has dimension d, then do;,dB; € N.

Proof. Due to Cor. 2.6, the only property of Definition 3.6 that remains to be shown
is 7i), the rationality of the parameters. To do so, we express the character on the
left hand side of (3.16) in terms of its Thoma parameters (a, §) (2.6), and the traces
on the right hand side of (3.16) in terms of the non-zero eigenvalues ¢; of ptr R (note
that ptr R is selfadjoint, so the t; are real). This yields, n > 2,

DA+ ()Y g =d Ty (3.19)
7 7 J

Specializing to the case that n = 2m+1 is odd, we are in the situation of the preceding
lemma with {z;}; = {doy,dp;}; and y; = t?, and conclude that the «;, 3; are rational.
To also show dav;, dB; € N, note that > ((da; )" +(dB;)*" 1) = Tryen(Ry - - - Rop)
are values of a non-normalized character of So,41, and therefore integers. Thus
day, dB; € N follows by application of the second statement of the preceding lemma.
O

With a little more work, one can use (3.19) to show that the eigenvalues of ptr(R)
are non-zero integers such that the positive eigenvalues coincide with the rescaled pa-
rameters do; and the negative eigenvalues coincide with the —dg3;, up to multiplicities.
We will prove these facts by a different method in the next section.

4 The structure of Ry/~

4.1 Normal forms of involutive R-matrices

Our next aim is to prove that Typ parameterizes the set of all Yang-Baxter characters,
that is, that every (o, 5) € Typ is realized as the Thoma parameters of some R-matrix.

We will follow a procedure which has some analogy to building general group
representations (of, say, a finite group) as direct sums of irreducibles. Yang-Baxter
representations are reducible, but decomposing them gives representations which are
no longer of Yang-Baxter form. Conversely, taking direct sums of Yang-Baxter rep-
resentations is not compatible with the Yang-Baxter equation either.

To get around these problems, we introduce a binary operation H on R-matrices
that on the level of the base spaces corresponds to taking direct sums, and respects the
Yang-Baxter equation. Under various names, such operations have been considered
in the literature before [18, 2, 15]. We present here the version that is most useful for
the case at hand.

Definition 4.1. Let V,W be finite dimensional Hilbert spaces and let X € End(V ®
V), Y e End(W @ W). We define XBY € End(Ve W) (VaW)) as

XBY =X®OYDF on (4.1)
VoW VeW) )= VeV)e(WeW)e (VeW)s (WeV)).

In other words, XHY actsas X on V®V,asY on W® W, and as the flip on the
mixed tensors involving factors from both, V' and W. Note that the above definition
works in the same way for infinite dimensional Hilbert spaces.
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Before applying this operation to R-matrices, we collect its main properties. In
particular, we note that H behaves well under taking the partial trace

ptr: End(U ® U) — End U, (4.2)
X = (idEndU ®TrU)(X)7 (43)

where U is any finite dimensional vector space.

Lemma 4.2. Let V,W be finite dimensional Hilbert spaces and X € End(V ® V),
Y € End(W @ W).

i) B is commutative and associative up to canonical isomorphism.

it) If X and Y are unitary (respectively selfadjoint, involutive, invertible), then
X BY is unitary (respectively selfadjoint, involutive, invertible).

iii) If X commutes with the flip (on V ® V) and Y commutes with the flip (on
W@ W), then X BY commutes with the flip (on (V& W) (Vo W)).

w) ptr(XBY) = (ptr X) @ (ptrY). In particular, Te(XBY) =Tr X +TrY. The
same formula holds for the right partial trace.

Proof. i) The definition (4.1) is invariant under exchanging (X, V) with (Y, W), that
is XHY = YHX. Associativity follows by repeatedly evaluating the definition. Given
finite dimensional vectors spaces V!,..., V" and X! € End(V' @ V), i = 1,...,n,
one finds

n
Hx'=x'e..ex"oF, (4.4)
=1

where on the right hand side, each X? acts on V! ® V? and F on the orthogonal
complement of @,(V*® V?) in (O, V)®2.

i), 1ii) These statements follow directly from the facts that F' is unitary, self-
adjoint, involutive, invertible, and the flip of (V & W) @ (V @ W) leaves the three
subspaces in the decomposition (4.1) invariant.

iv) Proving the claimed formula amounts to showing that the partial trace of
FQ vanishes, where @ is the orthogonal projection onto (V@ W) & (W ® V). Let
vi,v2 € V, and let {wy} be an orthonormal basis of . Then the right partial trace
satisfies (v, ptr(FQ)ve) = >, (v1 ® wg, F(v2 ® wy)), because () vanishes on V @ V.
But (v; ® wy, F(va ® wg)) = 0 because V and W lie orthogonal to each other. The
argument for the right partial trace is the same. O

We now apply B to R-matrices. The following result is known [18, 2, 15]. But
since no proof seems to be available in the literature, we state it here with a proof.

Proposition 4.3. Let R € R(V), R€ R(V). Then RBRc R(V V).

Proof. Invertibility of R B R follows from the preceding lemma and the invertibility
of R, R. The main point is to check that R := RER solves the Yang-Baxter equation
on (V& V)®3,

This space is the direct sum of eight orthogonal subspaces VieVhels, where
each V; is either V or V. Observe that both of the operators RleRl and R2R1R2
decompose into direct sums of their restrictions to V¥, Vo VeV, (VeVeV)®
VoVeV), VB VeVeVand (VeaVeV)e(VeVael).
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By symmetry in V, V and R, R it suffices to show that R1]:22R1 and R2R1R2
coincide on the first three subspaces in the list. Since R € R(V) this is true for V3.
Insertmg the definition of R one finds that on V@V ® V, RiRyR; acts as iRy FY,
while RQRlRQ acts as FoR1 F». These two operators coincide with the one acting as
R on the first and third tensor factors.

Let W= (VaVeV)a (V ®V ®@ V). The restrictions of both sides of the Yang-
Baxter equation evaluate to R1R2R1|W = (F1FoRy @ R F>Fy)|w and R2R1R2|W =
(RoF1 Fy@®F>F1 Ro)|w. The operator F F, coincides with the tensor flip on (V®V)®V.
This implies Fy FoR; = RoF) F. Likewise FyF) is the tensor flip on V ® (V®V) and
we have FhF1 Ry = R1F5F;. Therefore Rﬂ%ﬂ%llw = RQRlRQ‘W, which finishes the
proof. O

By Lemma 4.2 i7), B preserves involutivity, and thus also induces a binary oper-
ation on Ry C 'R.

It is clear that variants of this operation are possible: A trivial change would be
to use —F instead of F' in the definition of H, but also more substantial variations
exist [15]. However, all these variations lead to R-matrices that are equivalent in the
sense of Def. 1.1.

For characterizing equivalence classes of R-matrices, we next describe how H acts
on the Yang-Baxter characters of S5, and their Thoma parameters.

Proposition 4.4. Let R, R € Ry have dimensions d, d.
i) The characters of R, R, and RB R are related by (¢, an n-cycle, n > 2)

dm d"
Xrmp(cn) = m Xr(cn) + m Xg(cn) - (4.5)

it) Let (o, B) and (d,B) be the Thoma parameters of R and R, respectively. Then
the Thoma parameters of RH R are the non-increasing arrangements of

{aZ}Z_{d-s-dak’der : k,l e N},

(Bi}i = {d+d B, dd B, k1 €N}. (4.6)

Pmof i) We denote the base spaces of R and R by V. and V_, respectively, and write
R=RHBRand V = Vi @ V_. Noting that the dimension of Vs d+d, equation
(4.5) is equivalent to

Tryen (R Ryp—1) = TI'V_;_X)TL (Ry-+ Rp—1) + Trv§>n (Rl e Rn—l) . (4.7)
The trace on the left hand side is taken over V&" = D., ., (Ve®...®0V,), where
the sum runs over ¢; = 4+, i =1,...,n. We claim that

(Rl Ry )Ve, ®@...0Ve, Vo ®@...QVe =e1=...=¢,. (4.8)

Note that (4.8) implies (4.7): If (4.8) holds, then the trace over V®" simplifies to the
sum of the trace over V>" and that over V=", As R acts as R and R on Vy ® V
and V_ ® V_, respectively, (4.7) then follows.

To show (4.8), we consider the position of the image (Rl e }?{n_l)V51 ®...0V,
relative to Vo, ®...®V;, for given €1, ...,6, = £. Assume that ¢,_1 # €,. Then the
rightmost factor Rn_l, acting non-trivially only on V., ®V;, , simplifies to the flip by
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definition of R = RAR. As all other factors Rl e Rn,g act trivially on the last tensor
factor V;, , this implies (Ry --- Ry 1)Ve, ®...@ V., CVO @V, | 1LV, ®...9V,,.
Hence the non-orthogonality assumption in (4.8) implies €,_1 = &,.

We next assume €,_o # €,_1 = €,. In this situation, the rightmost factor Rn_l
maps the product of the last two tensor factors V;, ®V, onto itself, so that we are left
with the same situation as before, but with the number of tensor factors reduced by
one. Inductively, we conclude that the non-orthogonality assumption in (4.8) implies
€1 =...=én.

i1) Define parameters &, Bj by (4.6), ordered non-increasingly. Then 0 < &, ,5’]- <
1, and for any n € N,

S+t g = (1) (Tar ot s

CZ ! ~n _1\n+1 an
+<d+J> zi:%Jr(l) Ej:ﬁj

Since (a, B), (&, ) € T, we have 3, a; + B < land },ai + 37, B; <1, and
therefore >, &; + 3 B] < 1. This shows that (& B) € T. In terms of characters, the
above equation reads, n € N,

N nl n_ n dn (¢
Zi:ai"‘( +ZB d—|—d) (n)—i_(d—l—dN)"XR(n)?

and by part ¢) and the uniqueness of the Thoma parameters of an extremal character,
identifies (&, 3) as the Thoma parameters of x . O

By construction, H maps pairs of parameters in Typ into Typ, preserving the three
properties of Tyg (Def. 3.6). But given d,d > 0, (4.5) also makes sense as an operation
on general extremal characters of S,,. We do not investigate this observation any
further here.

After these preparations, we come to the definition of special normal form R-
matrices as H-sums of identities and negative identities. We will write 1, for the
identity on a vector space of dimension a?, i.e. 1, € Ro(C?).

Definition 4.5. Let n,m € Ny withn+m > 1, d* € N* and d~ € N™. The normal
form R-matriz N with dimensions d*,d~ is

N::1d1+BH...EEIldzEEI(—ld;)EEI...EEI(—ld;L). (4.9)

Any R-matrix of the type (4.9) will be called normal form R-matrix. Note that in

view of Prop. 4.3, N is indeed an involutive R-matrix. We emphasize that N is not
simply a multiple of the identity: For example, 11 H1; = F is the flip of dimension 2.

Lemma 4.6. Let N € Ry be the normal form R-matriz with dimensions d* €
N",d~ € N™. Then N has dimensiond =), d —|—Z] ; » and the Thoma parameters
of xn are

d.
— 2 N —
o=, i=1,...,n, Bj =

dj_ ) =1 4.10
d 77 J=L...,m. ( )
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Proof. Recall that the identity 1 € Ro(V) has a3 = 1 as its only non-vanishing
Thoma parameter, and the negative identity —1 € Ro(V) has 81 = 1 as its only
non-vanishing Thoma parameter, independently of the dimension of V. From this
observation and the fact that B adds dimensions, one can easily compute dimension
and the Thoma parameters of N (4.9) by iterating Prop. 4.4 ii), with the claimed
result for d and o = d*/d and = d~ /d. O

In Thm. 3.7 we had proven that the Thoma parameters of every Yang-Baxter
character lie in Typ. Lemma 4.6 now implies the converse, finishing the proof of
Thm. IIT from the Introduction.

Theorem 4.7. The Yang-Baxter characters of So are in one to one correspondence
with Ty (Def. 3.6) via Thoma’s formula (2.6).

Proof. Let (a, B) € Tyg. All that remains to be shown is that there is an R-matrix
with these Thoma parameters. There exists d € N such that all do;, dB; are integer
because the «;, 3; are rational and finite in number (Def. 3.6). The character of
the normal form R-matrix N with dimensions dj = daoy, dj_ = df; then has Thoma

parameters (a, ) by Lemma 4.6 and the fact that the Thoma parameters sum to 1
(Cor. 2.6). O

This result also justifies the notation Typ as the Yang-Baxter simplex, consisting
of all Thoma parameters of Yang-Baxter characters. Thoma’s simplex T, viewed as
a subset of [0,1]* x [0, 1]*°, where [0, 1]*° is equipped with the product topology, is
a compact metrizable space. It is noteworthy to point out that Tyg C T is a dense
subset, cf. [24, Ch. 3].

At this stage, we know that for every R-matrix R € Ry, there exists a normal
form R-matrix N such that ygp = xn. Furthermore, N can be chosen in such a
way that R ~ N, i.e. such that also the dimensions of R and N coincide. To
see this, we just need to recall that the rescaled Thoma parameters da;, df; of R are
integers summing to d (Thm. 3.7), so that the normal form R-matrix with dimensions
d;r = day, d; = df; has the same character and the same dimension as R.

We briefly mention further properties of normal form R-matrices: Any normal
form R-matrix N commutes with the flip because of Lemma 4.2 iii). Thus any invo-
lutive R-matrix is equivalent to an R-matrix which commutes with the flip, though
this need not be true for an R-matrix not in normal form.

Furthermore, one can check that any normal form R-matrix N satisfies

N1 ®ptrN)N =ptr N @ 1. (4.11)

By Thm. 3.4, a normal form R-matrix N (of dimension d) satisfies, as any involu-
tive R-matrix,

xn(en) =d " Tryen(Ny -+ Ny_1) = d " Try ((ptr N)* 1), (4.12)

where ¢, is an n-cycle, n > 2. With the exchange relation (4.11), it is a matter
of explicit calculation to prove (4.12) directly for normal form R-matrices, without
relying on subfactor theory.
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4.2 Parameterization by pairs of Young diagrams

The correspondence in Thm. 4.7 classifies the family of Yang-Baxter characters, but
it does not classify R/~ because the dimension of the base space is not recorded
in the Thoma parameters. However, it is now easy to incorporate the dimension as
well: Given R € Ry with Thoma parameters («, ) and dimension d, we switch to
the rescaled Thoma parameters

a; ‘= dozi, bl = dﬁl (413)

By Thm. 3.7, the a;,b; are integers summing to d. We can therefore view (a,b) as
an ordered pair of integer partitions, or, equivalently, Young diagrams. Denoting the
set of all Young diagrams (with an arbitrary number of boxes) by Y, we arrive at the
following theorem, which in particular implies Thm. I from the Introduction.

Theorem 4.8.

i) Ro/~ 1is in one to one correspondence with Y x Y\{(0,0)} via mapping [R] to
the pair (a,b) (4.13). Classes of R-matrices of dimension d correspond to pairs
of Young diagrams with d bozes in total.

it) Let R € Ro. The eigenvalues of ptr R lie in {£1,42,...,+d} and for each
eigenvalue X\, there exists ny € N such that its multiplicity is ny - |\|. Define
an integer partition a as the ordered set of positive eigenvalues, in which A is
repeated ny times, and analogously for b and the negative eigenvalues. Then R
corresponds to (a,b) via the bijection in part i).

Proof. i) If R, S € Ry are equivalent, they have the same dimension d and the same
Thoma parameters («, §) and hence the same rescaled parameters (4.13). Conversely,
if R, S € Ry have the same parameters (a,b), they have the same dimension d =
>;(a;+b;) and therefore the same Thoma parameters, i.e. R ~ S. This also shows the
claim about the dimension, and that all pairs of Young diagrams with the exception
of (0,0) occur.

ii) We may switch from R to its normal form N (with dimensions d*), which has
the same partial trace ptr N = ptr R. Repeated application of Lemma 4.2 iv) shows
ptr N = &P, ptr(ldj) o P, ptr(—ld;). But ptr(:l:ldli) = +d5 id; +, where id; & is the
identity matrix on C% . Hence the eigenvalues of ptr R are precisely the numbers
j:dii. The eigenvalue :l:alii has multiplicity n d* -dii, where n d* is the number of times

that d;t occurs in d*.
In view of (4.10) and (4.13), the rescaled Thoma parameters of N are exactly
a; = df, b =d; . As dzi occurs n,+ times in this list, the proof is finished. ]

To illustrate the correspondence with ordered pairs of Young diagrams, let us list
all normal forms of dimension two in terms of box sums and diagrams:
19 -1 1WHB1, | -1yH-1; | 11H-1
@0 | 0o | H9) .5 (mYm)

From left to right, these R-matrices (in End(C*)) are: 1) the identity, 2) the negative
identity, 3) the flip, 4) equivalent to the negative flip, and 5)

1

LHE-1; =
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As a higher dimensional example, consider (E]:D, EB) This R-matrix has dimension 8
(the number of boxes) and Thoma parameters o = (2, 1), 8 = (3, 1)

The rescaled Thoma parameters are also useful for describing the H operation
introduced in Sect. 4.1. We have already seen that H gives Rq the structure of an
abelian semigroup and preserves equivalence, i.e., descends to the quotient Rg/~.
Recalling the effect of B on the level of Thoma parameters (Prop. 4.4 ii)), it becomes
apparent that for the rescaled parameters, we have

(a,b) B (a,V') = (aUd,bUD), (4.14)

where a U a’ denotes the partition whose parts are the union of those of a and d’.

Another operation on R is the tensor product of R-matrices. For R € R(V),
S e R(W), we define RKS € R(V @ W) by

RRS=FK[RSFK: VaWeVeW >VeWeVeWw, (4.15)

where F5 exchanges the second and third tensor factors. It is evident that X preserves
the Yang-Baxter equation and involutivity, i.e. it defines a product on R and Rg.

Lemma 4.9. Let R,R' € Ry have rescaled Thoma parameters (a,b) and (a’,V'),
respectively. Then the rescaled Thoma parameters of R W R’ are the non-increasing
arrangements of

{dij} = {aiagﬁ bib;'}v

{bij} = {aib}, bia}}. (4.16)
Proof. With d,d’ the dimensions of R, R’, we have on an n-cycle, n > 2,
(d-d)"xrar (cn) = Tryegw)en (RRR)1 - (RRR)p-1)

=Tryen(R1-- Rn—1) Tl"wozm(R/l - %71)
= d"xr(cn) - (d)"xR (cn)

(S a oy (zmw <—1>n+1z<b;>n)
7 7 l

k
=3 (aia)" + > 00" + (D)"Y (@)™ + D (biap)" |
ik 7,0 il 7.k
and the claim follows. O

It follows that X defines an associative commutative product on Rg/~ for which
the class [11] = (3,0) (consisting of the identity R-matrix in dimension d = 1) is the
unit, that is, Ro/~ has a second unital abelian semigroup structure.

From the description of X and H in terms of the rescaled Thoma parameters, it
is evident that they satisfy the distributive law

(RIBSHWT] = ((RIR[T) B(SIR[T]),  R,STeRo. (4.17)

These operations give Rg/~ the structure of a semiring, sometimes also referred to
as a rig (ring without negatives). Additionally, the multiplication rules for rescaled

21



Thoma parameters in Lemma 4.9 can be generalized to a A-operation. This A-
operation is most easily described using symmetric polynomials and we therefore
postpone it until Sect. 5.2. The consequences of the ring and A structures of Rg/~
will be an interesting topic of further study. For example, can the A\ operation be
directly interpreted in terms of R and its base space V without reference to rescaled
Thoma parameters?

As yet another operation on R, we briefly mention the cabling procedure known
from the braid groups, applied to the Yang-Baxter equation by Wenzl [41]: Given
any p € N, one can form cabling powers R°®), which lie in R (or Rg) if R does. We
do not give details here because it turns out that R°®) ~ R¥P for all R € Rg, p € N.

5 Yang-Baxter representations

Our basic Def. 1.1 of equivalence of R-matrices refers only to the S,-representations
pg). We have seen already that R ~ S implies unitary equivalence of the GNS
representations 7, o pr = w0 pg (3.3). Now we investigate the implications of R ~ S
for the homomorphisms pg, ps.

5.1 R-matrices and K-theory

In this section we extend the previously defined pr to a *-homomorphism of C*-
algebras, pr: C*Se — £°°, where £ is the C*-algebraic counterpart of the alge-
bra £ from Section 3. On K-theory the map pr will induce a ring homomorphism
pri: Ko(C*Ss) — Z[3] with d = dim(V). The equivalence relation introduced in
Def. 1.1 will then translate into the approximate unitary equivalence of the corre-
sponding *-homomorphisms. In fact, when the invariant pg. is composed with the
canonical inclusion Z[2] C R it is an indecomposable finite trace on Ko(C*Ss) in
the sense of Kerov and Vershik and we recover [34, Thm. 2.3] from the Yang-Baxter
equation. For the basic facts about UHF-algebras that we use we refer the reader to
[42].

Let R € Ro(V), let d = dim(V') and denote the associated unitary representation

of S, by pg). We obtain the following sequence of *-homomorphisms, which we will

continue to denote pgb):

p: S, = C[S,] — End(VE™)

Let £%° be the C*-algebra obtained as the infinite tensor product of the algebras
End(V), i.e. as the C*-algebraic inductive limit

£ = lim End(V®")
w
taken over the maps sending T to T' ® idy. This is an infinite UHF-algebra with
Ko(E>®) = Z[3] and K1(€>°) = 0. The algebra £> has a unique trace that restricts to

the normalized trace on End(V®"). It induces an explicit isomorphism 7, : Ko(E>) —
Z|[%] as follows: Let p,q € My(E>) be projections. Then

Te([p] = la]) = (Trv @7)(p) = (Trv @7)(q)

where Try ®@7: My (E®) = My(C) ® £ — C is induced by the non-normalized
trace Try tensored with 7. This is in fact a ring isomorphism. To understand the
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ring structure on Ko(£°°), note that £ is strongly self-absorbing [43, Ex. 1.14]. In
particular, there is an isomorphism 1 : £X°®E> — £°° and any two such isomorphisms
are homotopic. Let p; € My, (€%°) for i € {1,2} be projections and let [p;] € Ko(E>)
be the corresponding K-theory classes. Let ¢': My, (£°°) ® My, (£%°) — My, n,(E™)
be the isomorphism induced by 1. Then we have [p1] - [p2] = [¢'(p1 @ p2)]. Tt follows
from the uniqueness of the normalized trace on £°° that

(Try, @7) @ (Trn, ®7) = (Tryy N, ®T) 09
which implies 7.([p1] - [p2]) = 7([p1]) - 7([p2])-

Note that £°° C &£ with £ as in Section 3. The inductive limit of the representa-

tions pg): C*S,, — End(V®") provides us with a *-homomorphism

pr: C*Soo — E° . (5.1)

The K-theory of C*S., was studied by Kerov and Vershik in [34]. In particular,
they obtained that Ky(C*Ss) is isomorphic to a quotient of the ring of symmetric
functions. As an abelian group it is therefore spanned by projections py € Ko(C*Sx),
that are labeled by partitions A = [A1,..., Ag] of natural numbers n € N. The map
pr induces a group homomorphism

PRx - K(](C*Soo) — Ko(goo) (5.2)

in K-theory. Using the ring isomorphism induced by the unique trace on £ we
will identify Ko(€>) with Z[1]. The following lemma shows that pp. remembers the
equivalence class of R.

Lemma 5.1. Let A be a partition of n € N. We will identify A with the corresponding
irreducible representation of S,. On the projection py € C*Ss associated to A the
value of prs is given by
1
pre(lpa)) = oA o)
where (A, p) denotes the multiplicity of the irreducible representation \ in the repre-
sentation [.

Proof. We have pr.«([pa]) = 7(pr(py)). Let 7,: End(V®") — C be the normalized
trace. Since py € C*S,, C C*S and the inclusion End(V®") — £ preserves the
normalized trace, we obtain
(or(p2) = 7203 (0)) = = Tryen (o (p2)).
’ d
Let Vg = V®" be the representation space of pg). The decomposition into its irre-
ducible components gives

Ve P homees, (Vi,VR) @V,
pelrrep(Sn)

where the action on the left is via pgl) and on the right acts only on the second tensor

factor V,, via p. Observe that p)V,, is zero for A # p and 1-dimensional for A = p.
Hence,

Tryen(p% (pr)) = dim(p (pa) Vi) = dim(home-s, (Va, Vi) @ pAVa)

= dim(home-g, (Vi, Vi) = (A, p\)) . 0
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From this we obtain two useful additional characterizations of the equivalence
relation from Def. 1.1, one of them K-theoretic, the other one C*-algebraic. For the
second one we need the following equivalence relation [42, Def. 1.1.15]:

Definition 5.2. Let ¢,¢: A — B be *-homomorphisms between separable unital C*-
algebras A and B. We call them approximately unitarily equivalent if there is a
sequence of unitaries u, € B with the property that for all a € A we have

Tim lp(a) — un (a) | = 0.
We denote this by p ==, 1.
Theorem 5.3. Let R, S € Ro(V). The following are equivalent:

i) R~ S,
'L'L) PRx = PSx,
iti) pRr ~u ps.
Proof. The equivalence of i) and ii) is a consequence of Lemma 5.1 and the fact
that p%) and ,o(Sn) are unitarily equivalent if and only if the multiplicities of their
irreducible subrepresentations agree.
To see that i) and iii) are equivalent, note that the C*-algebras C*S,, and £
are both AF-algebras. The statement then follows from [42, Prop. 1.3.4]. O

The K-group Ko(C*Sy) is in fact a ring: Let A be a partition of n € N and
let p be a partition of m € N. Denote by py,p, € C*S the associated projections.
Let tpm: C*S, @ C*S,, — C* Syt be the *~homomorphism induced by the inclusion
Sn XS — Snam, where S, permutes the first n elements and .S,,, the last m elements.
The product [p)] - [p,] is then defined to be the class of the projection iy m(px ®py) €
C*Spim C C*Ss in Kg(C*Sy). With respect to this ring structure we make the
following observation:

Proposition 5.4. Let R € Ro(V). Then the associated K -theory invariant
pre: Ko(C*Sao) = Z[3]
is a Ting homomorphism.

Proof. Let A, be partitions of n,m € N respectively. Let py € C*S,,p, € C*S,,

be the corresponding projections. Since the representations pg) arise from the same

(n+m) (n (m)

R-matrix, we have pp Olpm = ,OR) ® pp '. Hence, we obtain

pre([pa] - [P2]) = [0%T™ © 1 (02 @ p)] = [0 (p2) @ p (p,0)]

and after application of the isomorphism 7,: Ko(E%°) — Z[é] induced by the trace:

Te(pre([pa] - [P2])) = T (05 (02) ® P (D))

= (05 (2) T (05" () = Tu(prs ([0A]) - 7 (s ([P]))

where 7,.: End(V®") — C denotes the (normalized) trace on the matrix algebra and
we used that the inclusion End(V®") C £% is trace preserving. O

Finite traces on Ky(C*Ss) have been studied by Kerov and Vershik in [34] and
PR« can be seen as a refinement of such a trace taking values in Z[é]. In particular,
we recover the multiplicativity proven in [34, Thm. 2.3] in Prop. 5.4. From the point
of view of C*-algebras it is remarkable that we obtain a ring homomorphism on
K-theory that is induced by a *-homomorphism.
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5.2 R-matrices, K-theory and symmetric functions

Before discussing the connections between R-matrices, K-theory and symmetric func-
tions in greater detail, we first collect some facts about symmetric functions to fix
notation. We refer readers unfamiliar with symmetric functions to Macdonald’s book
[44].

The ring of symmetric functions, A, admits numerous free generators. Here, the
most important are:

i) Elementary symmetric functions:

€L = Z Ljy Ly =+ * Ly, kZZ 1.

1< <9<+ <ig
ii) Complete symmetric functions:

hk = Z Ly Lig * ** Ty k > 1.

1<y <ip <<

iii) Power sums:

szzxf-

i>1

The ring of symmetric functions also admits many interesting bases usually indexed
by partitions of integers. For example the above three sets of generators each define
a basis by having the basis vector associated to a partition A = [A1, Aa,...] be f =
Fafog -+, where f is either e, h or p and one defines fy = 1. An additional important
basis is given by Schur functions sy, which in terms of elementary and complete
symmetric functions are given by the following determinantal formulae:

sy = det (h/\ifiJrj)lSi’jgn = det (e)\;fiJrj)lq i<m’

where n > ¢()), A is the partition conjugate to A and m > £()).
The ring of symmetric functions also admits a ring involution w : A — A which
on the generators and bases defined above acts as

wlep) =hg, whp) =ep,  wlpr) = (=) pp,  wlsy) = sy

Finally, we will also make use of the coproduct A : A — A®A which maps a symmetric
function f(x) to the same function f(z,y) but with the alphabet of variables split
into two alphabets.

The images of the sets of generators defined above are then

k
Zeq ek q hk :th hk q )

A(pk) = P (ﬂf) + Pk (y) -

The corresponding formulae for Schur functions are more involved but can be derived
from their determinantal expressions in terms of elementary or complete symmetric
functions.

As mentioned at the end of Sect. 4.2, the elementary symmetric functions and
their coproducts can be used to define a A-operation on rescaled Thoma parameters

25



(a,b). Denote the A" operation on (a,b) by \"*(a,b) = (\"a, \"b), where \"a and \"b
are the non-decreasing arrangements of
A"a = {monomial summands of e, (a,b) with even number of factors from b},

A"b = {monomial summands of e, (a,b) with odd number of factors from b}.
For example if (a,b) = ([a1,a2],[b1]),

ey (a,b) =1, ej(a,b)=a1+as+b1, e2(a,b)=aias+ arb; + asb,
es (a,b) = arasby, e, (a,b) =0, n>4.

Thus,

)‘O(a7 b) = ([1] 7®>a )‘1 (aa b) = ([al, a,g] P [bl]), )\2(0,, b) = ([alag] y [albl, agbl]>,
M(a,b) = (0, [arasb]),  A"(a,b) = (0,0), n > 4.

Lemma 5.5. The operation \" is a A-operation on (Ro/~U{(0,0)}, B, X).

Proof. An alternate appellation for the ring of symmetric functions over the integers is
the free A-ring in one generator, or more precisely, the ring of symmetric functions over
the integers is the ring underlying the free A-ring in one generator. The A-operation
above is essentially that of the ring of symmetric functions. See for example, [45,
Chapt. 1.3]. O

Let I C A be the ideal generated by e; — 1 and let A=A /I. Kerov and Vershik
pointed out that the homomorphism §: A — K(C*S«) fixed by 6(sy) = [pa] is in fact
a ring isomorphism [34]. Using this identification we can now completely determine
the K-theory invariant pgr, in terms of the Thoma parameters of R.

Theorem 5.6. Let R € Ro(V') with Thoma parameters («, 3). Then we have
pr«(0(er)) = [(1 @ w) o Aleg)] (e, B)

Proof. The generating function ggr associated to the trace ¢ = 7, 0 ppy 0 8: A=
Z[%] C R is given by

gr(z) =Y eler)?!
=0

as described in [34, eq. (11)] and is related to the Thoma parameters («, ) as follows
[34, eq. (12)] (note that in the case at hand, v = 0 and N = max{n,m} in the

notation of [34]):
N

14+ ;2
gr(z) =] —
i L P

Hence, the statement follows from the following computation and comparison of co-
efficients with gr(2):

[(1@w)oAle)](e,8) 2" = D > ei(ar,...,an) hj (B,..., Bm) 2
1=0 1=0 i+j=I
= (Zei(al,...,an)zi> Zhj(ﬁl,...,ﬁm)zj
i=0 Jj=0
L i 1 N 1+ oz
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An immediate consequence of the above theorem is that applying pr«(0(—)) to
a power sum py is the same as evaluating the class function xg at a group element
of cycle shape A. Moreover, Lemma 5.1, Theorem 5.6 and the fact that 0(sy) = [pa]
can now be used to easily derive explicit formulae for the multiplicities of irreducible

representations of S, in ps,g).

Proposition 5.7. Let R € Ry with rescaled Thoma parameters (a,b), then the mul-

tiplicity of the S, representation associated to a partition A of n in pgf) 18

M pW) = (L@ w) 0 A(sy)] (a,b). (5.3)

Further let £(a), £(b) be the respective lengths of a and b. Then (A, pgb)) = 0 if and only
if the Young diagram of A contains a rectangle of height {(a) + 1 and width ¢(b) + 1.
If X contains a rectangle of height £(a) and width €(b) (but not of respective height
and width £(a) + 1,¢(b) + 1), then

) £(a) £(b)
o)) =su(@s, (0) TT [T (ai + b)),
i=1j=1

where p,v are the partitions whose parts are p; = \j — £(b), i = 1,...,4(b) and
vi =X, —{l(a), j=1,...,¢(b).

Proof. Let d be the dimension of [R] and let ([a1/d, az/d,...],[bi1/d,ba/d,...]) be the
associated Thoma parameters. The identity (5.3) follows by direct computation:

NPy = dpr(pa]) = d”pre(0(sy))
=d"[(1®w) o Alsy)] (a1/d,az/d, ... b1 /d, ba/d,...)
=[(1®w) o A(sy)] (a,b).

The remainder of the proposition is just Example 23 of Section 3 and Example 23 of
Section 5 in [44]. O

The conditions for the vanishing of (\, ,05?} were previously observed in [26,
Thm. I11.6.5] and in [46, Thm. 6.9]. An example of the multiplicities of irreducible
Sy representations computed using Prop. 5.7 is given in Fig. 1.

We end this section by comparing our classification of Yang-Baxter characters in
terms of Thoma parameters with an alternative approach based on Hilbert-Poincaré
series [2, 25]. Writing [1"] = [1,...,1] and [n] for the partitions indexing the alter-
nating and trivial representation of S, respectively, these series are defined as

Hp(2) =Y (1", 050 2", Hp(z):=> (], o)) 2" (5.4)
n=0 n=0

Using a categorical description of R-matrices, it was shown in [25, Thm. 1] (for the
case of Hecke algebra representations, see [47]) that Hj has to have the form

N

_ 1+ajz

i=1
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Figure 1: The Young lattice for the class of R-matrices associated to the pair (0, H).
Since the length of the first partition is 0 and that of the second is 2, any diagram
containing a rectangle of height 1 and width 3 gives multiplicity 0. The first irreducible
representation whose corresponding partition contains such a rectangle is the trivial
representation of S3. For the remaining diagrams the multiplicities are given in the
first box.

for suitable real positive values a;,b;, i € {1,..., N}, where we allow a; =0 or b, =0

to obtain sequences of equal length. Since S[]_n] = ey, Thm. 5.6 and Prop. 5.7 yield

Hy(2) = S [(1 @ w) o Alen)] (a,0) 2" = gr(d - =) = [ i‘;%z . (56)
n=0 =1 v

Thus, we may pick a] = a; and b, = b; in (5.5). This allows us to extend the statement
of [25, Thm. 1]: Not only is the Hilbert series a rational function, but its parameters
a; and b; are non-negative integers. By a similar argument using the facts s, = hy,
and w(h,) = e, we obtain

+ B > n N 1+ bz
Hj(2) =Y [(1®w)oAle)] (ba) 2" =[] - (5.7)
n=0 i=1 v

The following corollary collects some well-known results [2, 25] about Hilbert-Poincaré
series which in our setting follow as immediate consequences of (5.6), (5.7), Prop. 4.4
and Lemma 4.9.

Corollary 5.8. Let R, S € Ry.
i) Hy(2) Hp(—2) = 1.
i) HEp(2) = Hi (2).
i11) H]%Bas(z) = Hﬁ(z) : H;(z)

5.3 R-matrices and product states

Our Yang-Baxter characters are defined by composing the homomorphism pg : C[Ss] —
& with the unique tracial product state 7 = Q),,+ % of & (2.4). In this section, we
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briefly discuss how this construction extends to a much larger class of extremal char-
acters when we change 7 to a different product state on &: All extremal characters
with Thoma parameters summing to 1 can, together with their GNS representations,
be expressed in terms of R-matrices and product states. The essential difference to
our Yang-Baxter setting is that instead of the canonical trace 7, a different product
state is used.

Let R € Ro(V) and Z € End(V) such that [R,Z ® Z] = 0. We consider the
product state wy = Q),,~1 Trv(Z - ) on &, which is tracial in restriction to pr(C[Sx])-
Composed with pgr, we thus get a character wg = wz o pr of Sy. As in Prop. 2.2,
one shows that wIZ% is extremal.

We want to show that any extremal S-character with Thoma parameters («, [3)
satisfying > (a; + B;) = 1 is of this form. To this end, consider two Hilbert spaces
V1, Vo, such that dim V; and dim V5 equal the number of non-vanishing «o’s and A’s,
respectively (which might be countably infinite). Let us fix orthonormal bases {e;};
and {f;}; of Vi and V3, and trace class operators A € B(V1), B € B(V2) defined by

Aei = i -ej, Bfj =55 fj.

Lemma 5.9. In the notation introduced above, consider the Hilbert space W = V1 ®Vs
and the (now possibly infinite dimensional) R-matric F 8B —F € Ro(W). Then

whes = QTrw(A® B)-)opra r : See = C (5.8)
n>1
is an extremal character of Soo. Its a-parameters are the eigenvalues of A, and its

B-parameters are the eigenvalues of B.

Proof. In view of the simple structure of F'H —F, it is easy to see that this operator
commutes with Z ® Z, where Z := A & B. Thus wi@BF is indeed an extremal
character, and it remains to compute its Thoma parameters. Using the orthogonality
V1 L Vs and the direct sum structure of Z = A @ B, one shows in close analogy to
Prop. 4.4 (see, in particular, (4.7)), that for any n-cycle,

whap (cn) = wh(cn) +wp’ (cn). (5.9)

Furthermore,

o n
wh(en) = E Qg ey, e“®...®ein,ei2®...®ein®ei1>—E o,
7

i1,

WEF(Cn = n+1 Z /le' /Bjn f]l '®fjn7fj2®“'®fjn®fjl>

J15-sdn

_ (_1)n+1 Z Bjn )
J

These two terms sum to the value of the extremal character with Thoma parameters
(a, ). O

We next describe the GNS representation of wiggF , which turns out to be closely

related to R-matrices as well. In the notation introduced above, let V := W @ W and
R=(FH-F)X1eRy(V), (5.10)
where F' € Ro(V1), —F € Ro(V2), and 1 € Ro(W). In V, we fix the unit vector

=N Vaei®ei+Y VBifi®fieWaW =V. (5.11)
j

i
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This vector determines inclusions V& — V®(+1) by tensoring with £ from the right,

and we denote the corresponding inductive limit Hilbert space ®fl>1 V.

Proposition 5.10. Let x be an extremal Soo-character with Thoma parameters («, [3)
satisfying > ;(c;+5;) = 1. Then the GNS data (7, Hy,Qy) can be described in terms
of the previously introduced V, R, and & as

0 =Q¢&  Hy=prCSD, T =pa. (5.12)
n>1
Proof. Observe that for wy, we, ws, ws € W, the R-matrix (5.10) acts according to

R(w; @ wy @ w3 @ wy) = twsg @ wa @ wp @ wy, (5.13)

where the sign is negative if both w; and ws lie in V5, and positive otherwise.
Let wy, ..., Wy, u1,...,u, € W, and o € S,,. Then this action of R implies

n

pr(0) Q) (wk @ ug) = £ K)(w,—1() @ ug), (5.14)
k=1 k=1

with the sign depending on the number of vectors wy lying in Vo. From here one
verifies

Q¢ rr(0) R &) = x(0) (5.15)

n>1 n>1
by following [24, Prop. 10.5, Prop. 10.6]. O

The representation in the above proposition is known (see the original literature
[32, 26] or the monograph [24], where also the relation to spherical representations of
Seo is discussed), but takes a particularly simple form in terms of our operations H
and X.

6 Examples

In this section, we discuss two special classes of involutive R-matrices.

6.1 R-matrices of diagonal type

As a simple class of examples which exist in any dimension, we consider involutive
R-matrices of diagonal type. An R-matrix R € Ry is said to be diagonal if it is of
the form R = DF, with F the flip, and for some orthonormal basis {e;}; of V, the
matrix D € End(V ® V) is diagonal in the corresponding tensor basis, i.e.

D(ei®ej):)\,-je,-®ej, i,j=1,...,d, (6.1)

where \;; € C. It is easy to check that such R solve the Yang-Baxter equation. An
R-matrix is said to be of diagonal type if it is equivalent to a diagonal one.
The R-matrix R = DF, R(e; ® e;) = \j; e; ® e;, is unitary and involutive if and
only if
Nl =1,  Ni=X\i,  di=1,...,d (6.2)

)
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In particular, we have \; = £1 for each i € {1,...,d}, and we introduce the param-
eter £ € {0,...,d} as the number of \;;’s that are equal to +1. This parameter is
uniquely fixed by the rank r of R, which is defined as the multiplicity of the eigenvalue
+1 of R. In fact, the trace of R is

d
20 —d=> Xj=Tr(R)=2r—d* (6.3)
i=1
As ¢ ranges over {0,...,d}, the rank r ranges over
1 1
§d(d -1)<r< §d(d +1). (6.4)

Thus diagonal involutive R-matrices of dimension d and rank r exist if and only if
(6.4) is satisfied.

Proposition 6.1.

i) Let R € Rq be of diagonal type, with dimension d, rankr, and £ = r— %d(d— 1).
Then

Y4 d—~¢
R~HHusHw), (6.5)
i=1 j=1

and the non-vanishing Thoma parameters of R are

041:(12:...:Oég:Bl:...ZBd_g:d_l. (6.6)

it) Any two involutive R-matrices of diagonal type with the same dimension and
rank are equivalent.

Proof. i) In the basis defining D, one has

(ei, ptr(R) ;) = Y (e ® ex, Dep @ e5) = Aij b5,
k

which shows ptr(R) = idge &(—idga—¢). The claim now follows from Thm. 3.4 i7) and
Thm. 4.8 ).

1) The character depends only on d and ¢, and the rank r determines ¢ uniquely.
O

In terms of diagrams, diagonal R-matrices have the form

@ @ , (6.7)

with £ boxes in the left and d—/ boxes in the right column. Yang-Baxter characters of
diagonal R-matrices play a significant role in the analysis of the statistics of superse-
lection sectors in quantum field theory [46, Prop. 6.10]. They also feature prominently
in the context of tensor categories as the skew-invertible unitary R-matrices [18, 2].
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6.2 Temperley-Lieb R-matrices

As a second class of examples, we consider solutions coming from representations of
the Temperley-Lieb algebra [35]. Given an involutive R-matrix R € R, we denote
its spectral projection onto eigenvalue +1 by P, i.e. P = %(R + 1). One computes

1 1 1
3 (R1R2R; — RoR 1 Ry) = <P1P2P1 — 4P1> - <P2P1P2 — 4P2) , (6.8)

and this vanishes by the Yang-Baxter equation. If both terms on the right hand side
vanish individually,

1 1
PPP = ZPl’ PP Py = ZPg, (6.9)

then R is said to be of Temperley-Lieb type. This terminology is justified by the close
relation of (6.9) to the defining relations of the Temperley-Lieb algebra: Recall that
given § > 0, the Temperley-Lieb algebra TL(0) is the unital *-algebra over C with
generators Ty, k € N, and the relations

T2 =0T, Ty =Ty,
ToT =TT, |k —m| > 2
T.T, T = Ty , Ik —m|=1.
Given an orthogonal projection P € End(V ® V') satistying (6.9), setting T} = 2 P,
kE=1,...,n—1, defines a representation of the Temperley-Lieb algebra TL(J) with
d=2.

Our equivalence relation ~ preserves the property of being of Temperley-Lieb
type, as follows from the lemma below.

Lemma 6.2. An R-matriz R € Ry is of Temperley-Lieb type if and only if pg) does
not contain the trivial representation of Ss.

Proof. Let ps € C[S3] be the projection given by the trivial representation of Ss,
represented as

(RiRoR1 + RiRo+ RoRy + Ri+ Ra+ 1) . (6.10)

| =

PR(P3) =
Clearly, pg) does not contain the trivial representation if and only if pr(ps) = 0.
Inserting R = 2P — 1 into (6.10) gives by straightforward calculation

4 1 4 1
=— |\ PPP—-P|==|PPP—-P].
pr(p3) 3<121 41> 3<212 42>

Thus pr(p3) = 0 is equivalent to the Temperley-Lieb relations (6.9). O

The example displayed in Fig. 1 describes a Temperley-Lieb type R-matrix be-

cause the trivial representation of S3 does not appear in pg).

Proposition 6.3.

i) Yang-Baxter representations of the Temperley-Lieb algebra TL(2) with rank r
and dimension d exist if and only if

d? — dr = k* (6.11)

for some k € Ng. Two such representations are equivalent if and only if they
have the same dimension and rank.
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it) Let R € Rq be an involutive R-matrix of Temperley-Lieb type with dimension d
and rank r. Then its non-vanishing Thoma parameters are

1 4r 1 4r
ﬁ1:2<1+ 1_d2>’ ,32:2<1— 1—d2>. (6.12)

Proof. We first show part ii). Let R € Ry have Thoma parameters («, 3). According
to the preceding lemma, the trivial representation of S3, corresponding to the Young
diagram [TT17, does not occur in pg) if and only if R is of Temperley-Lieb type. We can
thus conclude from Prop. 5.7 that (equivalence classes of) Temperley-Lieb R-matrices
are in one to one correspondence with those («, 5) € Typ that have at most 1, 52 as
their only non-vanishing entries.
We have 1 + 82 = 1, and on a two-cycle, we get
_ Trygv(R)  2r—d?

Xr(c2) = =Bi = B3 = — pr (6.13)

Solving the resulting quadratic equation proves (6.12).

i) A Yang-Baxter representation of 7(2) of dimension d and rank r exists if and
only if a Temperley-Lieb R-matrix with the same parameters exists. Since the rescaled
Thoma parameters are integers, we know that k := d(8; — B2) is an integer. In view
of (6.12), k = v/d?> — 4r. This shows that (6.11) is necessary for the existence of a
representation with dimension d and rank 7.

Conversely, if (6.11) holds for some k € Ny, then (6.12) defines a Temperley-Lieb
R-matrix with dimension d and rank r. In terms of diagrams,

R = (0, fFTT). (6.14)

consisting of d boxes distributed over (one or) two rows on the right, with the differ-
ence in row lengths equal to k.

The last statement follows because the Thoma parameters (6.12) depend only on
d and r. O

We conclude this discussion of Temperley-Lieb R-matrices with the following re-
marks.

i) Yang-Baxter representations of the Temperley-Lieb algebra with general loop
parameter d, i.e., representations in which the tensor structure T = 1®¢-1 g
T®1®...is required for the generators of TL(J), have recently been studied
by Bytsko. He found various inequalities between 4, the dimension d, and the
rank r = Try gy (P) that are necessary for such representations to exist [48, 49].

Our results give a necessary and sufficient condition on d and r for Yang-Baxter
representations of TL(2) with these parameters to exist, and classify such rep-
resentations up to equivalence.

ii) In a more general setting of Hecke algebra representations, where the eigenvalues
of R are —1 and A, with A not a non-trivial root of unity, Gurevich gave a
classification of all Temperley-Lieb R-matrices for the special case of rank®
r = 1 [2]. These rank 1 solutions can be used to construct Temperley-Lieb
R-matrices in any dimension, which are, however, typically not normal, that is,
P is not selfadjoint, even in the case of A = 1.

®Note that the term “rank” has a different meaning in [2].
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The subclass of all those Temperley-Lieb R-matrices which are involutive and
unitary, i.e. have eigenvalue A = 1 and selfadjoint spectral projection P, are
precisely those which we consider here. Prop. 6.3 implies in particular that in
this subclass, the assumption r = 1 is very restrictive and only realized by a
single equivalence class given by dimension d = 2 and R ~ —F.

iii) The Temperley-Lieb R-matrices in the above examples have non-vanishing /-

parameters (instead of a’s) because we imposed the Temperley-Lieb relation on
the spectral projection onto eigenvalue +1. If we used the spectral projection
onto eigenvalue —1 instead, o and § would be exchanged.
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