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The (quantum) Yang-Baxter equation
(0.1) R(2)"R(z + w)¥*R(w)® = R(w)**R(z + w)'*R(2)"?

was introduced in the 1960s in the physics literature in the context of statistical
mechanics, and it was the starting point of several developments in mathematics,
particularly in representation theory and low-dimensional topology, since the 1980s.
The Yang-Baxter equation is an equation for a meromorphic function z — R(z) €
End(V ® V) (called R-matriz) of the spectral parameter z € C with values in the
endomorphisms of V' ® V for some finite-dimensional vector space V. It is an
equality in End(V ® V ® V), and the notation with upper indices indicates the
factors of a tensor products on which an endomorphism acts. For example,

R(2)*? = R(z) ®1d.

A basic example of a solution of the Yang-Baxter equation is
1

(0.2) R(z) =1d + — P, where P(u®v) = v ® u.
z

To make immediate contact with a classical topic the reader might be familiar with,
let us note that an invertible constant solution R of (0.I]) defines a representation
of the braid group B, on the n-fold tensor product V®". This representation
sends the group generator o; that braids the ith strand with the (i 4+ 1)-st strand
to PHT1RHH1 " Indeed the Artin relations o;0; = ojo;, |i — j| > 2 are trivially
satisfied and the relation o;0;110; = 0;410;0;41 follows from the Yang—Baxter
equation.

But before going to the mathematical contexts where this equation appears, let
us spend some words on its origin in statistical mechanics and quantum integrable
systems. The vector space V is the space of states of a quantum mechanical system
at a site of a one-dimensional crystal. The n-fold tensor product V¥ =V®---@V
is the state space of the crystal. Out of a solution of the Yang-Baxter equation one
constructs L(z) = RV 1(2) - R(2)1¥3R(2)'? € End(V ® V®™) obeying

R(2)L(z + w) ¥ L(w)* = L(w)®L(z + w)*R(2)? € End(V @ V @ V&™),

This relation lies at the heart of the gquantum inverse scattering method of the
Leningrad school (see [26]) that led to the notion of quantum group. One feature is
that if R(z) is invertible for generic z, then the partial traces T'(z) = Tr|y (L(2)) €
End(V®") form a family of commuting endomorphisms. The quantum inverse scat-
tering method is a technique to find simultaneous eigenvalues of this family and is a
generalization of the Bethe ansatz, developed by Bethe in the 1930s to determine the
spectrum of the Hamiltonian of the Heisenberg spin chain, which appears as the con-
stant term in T'(2)~'7"(z) as z — 0 for Yang’s solution ([(.2) and two-dimensional
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V. In statistical mechanics one considers the trace of T'(z)"™ € End(V®") which,
once written out as a polynomial in the matrix elements of R in some basis, is rec-
ognized as a partition function, namely the weighted sum over all configurations of
a system on an n x m rectangular grid on a torus where each link between nearest
neighbors can be in dim(V') different states.

A successful approach to finding solutions of the Yang-Baxter equation is to
study the deformation theory of the trivial solution R = Id. Suppose Rj(z) is a
solution depending on a parameter % such that Rp(z) = Id + hr(z) + O(h?). Then
r(z) € End(V ® V') obeys the classical Yang-Bazter equation

[r(2)'2, 7 (2 + w) ] + [r(2) "2, 7 (w)*] + [r(2 + )", r(w) ] = 0.

An important feature of this equation is that it implies that the meromorphic
connection on the trivial vector bundle C* x V&" — C" defined by

n
V=d+k Z (2 — 2j)"(dzi — dz;)
i#j=1
is flat for all k € C. A special case is the Knizhnik—Zamolodchikov [25] connection
Vkz of conformal field theory on genus zero curves; see [27] for a mathematical
introduction. In this case r(z) = t/z, where t € g ® g is an ad-invariant tensor for
a semisimple Lie algebra g and V' is a g-module.

Let us turn to the dynamical Yang-Baxter equation. Let V be a semisimple
finite-dimensional representation of an abelian complex Lie algebra h. Thus V =
®D,.co- V[u] with finitely many nonzero weight spaces V[u]. The dynamical Yang-
Bazter equation is an equation for a meromorphic function R(z,\) € End(V®V) of

the spectral parameter z € C and the dynamical variable A € h*. It is the equation
in End(VeVaeV)

R(z,A =)V R(z +w, \) ] R(w, A — k') = R(w, ) R(z +w, A\ — h*)PR(z, \)'2.

The dynamical notation is adopted, meaning that h? must be replaced by p; when
acting on V{u1] ® V[ue] ® V[us]. This equation appeared in the work of Gervais
and Neveu on Liouville theory (without spectral parameter) [22]. Its version with
spectral parameter was viewed in [I5] [I6] as a genus one theory. The goal was to
extend the R-matrix formalism to interaction-round-a-face models of statistical me-
chanics [2], which involve elliptic functions. The corresponding dynamical classical
Yang-Baxter equation is the flatness condition for Bernard’s extension [3] of the
Knizhnik—Zamolodchikov connection to conformal field theory on genus one curves.
The transfer matrix formalism extends to the dynamical case providing commuting
families of difference operators in the dynamical variables; see [I8]. We discuss
these operators below in the setting of dynamical R-matrices that are constant as
functions of the spectral parameter.

What Etingof and his collaborators recognized is that this theory is interesting
and useful in representation theory even without spectral parameter. This book is
about this version of the dynamical Yang—Baxter equation and its relation with the
representation theory of finite-dimensional Lie algebras and their quantum version.

Let g be a semisimple Lie algebra over C with Cartan subalgebra b and an
invariant bilinear form ( , ) normalized so that short roots have squared length
2. Let us fix a system of simple roots aj,...,«a,, and introduce the root lattice
Q = @B,_, Za; and its positive cone Q1 = @)_, Z>oa;. The universal enveloping
algebra Ug = Ujg of g belongs to a one-parameter family of Hopf algebras, the
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Drinfeld—-Jimbo quantum universal enveloping algebras U,g [0, 24], defined for ¢ =
e/? € C*. The representation theory of U,g is very similar to the representation
theory of Ug if ¢ is not a root of unity. In particular the adjoint action of h on Ug
extends to a weight decomposition U,g = @aeQ Uggla] by the root lattice. To the
Borel subalgebras b4 there correspond Hopf subalgebras U,b4 whose gradings lie
in Q4. There is a category O of finitely generated U,g-modules with a weight
decomposition V' = €P,c,- V[A] and such that Ugbiv is finite dimensional for
each v € V. In particular we can view V € O as a semisimple h-module. To
each A\ € h* there corresponds a one-dimensional representation Cy of U;b, and
a Verma module My = U,g ®u,6, Cx € O with highest weight A generated by a
highest weight vector uy, the image of 1 ® 1. Simple modules in O are isomorphic
to quotients Ly of Verma modules M) by their maximal proper submodules. If ¢
is not a root of unity, all finite-dimensional modules are isomorphic to Ly for some
dominant integral weight A. Since U,g is a Hopf algebra, tensor products and duals
of modules are defined. The R-matrices appear when comparing tensor products
VW and W ® V of representations. The following results are due to Drinfeld;
see [7, [§].

Theorem 0.1. Let ¢ = e//? € C~ {0} be generic. There exist invertible linear
endomorphisms Ryw € Endc(V ® W) for each pair of modules of the category O
such that P- Ryw: V@ W = W ®V is an isomorphism of Uyg modules obeying
the quasi-triangularity property

_ 13 12 _ 13 23
Ry vew = Ryw Ry, Rugv,w = Ryw Ryw,

and the Yang—Baxter equation
(0.3) R1U2VR1U3WR%/3W = R%;’WR%?WR%?W

for any triple of modules in the category O. Moreover, Ryw is the image in
End(V ® W) of a universal R-matrix R of the form R = Roel 2 *i®%i/2 with

Ro=1+ Y Ra€Upb @Uspb_.
a€Q4~{0}

Here (x;) is any orthonormal basis of b, and R, is of weight o in the first fac-
tor. Only finitely many summands in this infinite sum contribute nontrivially when
acting on an element of V@ W.

This result provides constant solutions Ry of the Yang—Baxter equation (0.]),
and transfer matrices are partial traces Ty = tr|y Ryw € End(W) with W =
V ®---®V. The commutativity of the transfer matrices

TyTy =1Tviy

is an easy consequence of (0.3]). Solutions of the Yang—Baxter equation with spec-
tral parameter are obtained from U,g, where g is an affine Kac-Moody algebra,
to which the Drinfeld—Jimbo theory also applies. The technical difficulty is that
finite-dimensional representations of U,g do not belong to the category O in gen-
eral. Still a well-developed theory exists; see [211 [4] 5] 20]. In particular there are
finite-dimensional evaluation modules V (z) associated to finite-dimensional repre-
sentations V of g, and R-matrices Ryv(z—w): V(2)@V (w) = V(2)®@V (w) defined
for generic z — w, so that PRy (z — w) is a morphism of U,g-modules.
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Let us go back to finite-dimensional Lie algebras and explain the appearance of
the dynamical Yang-Baxter equation in representation theory. Let V' be a finite-
dimensional Uyg-module and v € V{u] a vector of weight p. Then for each generic
A € b* there is a unique morphism of modules

®Y: My — My_, @V

sending the highest weight vector uy € My to uy—, ® v. The fusion operator
Jyw(A): VoW — V ®W for finite-dimensional Uy, (g)-modules V, W is induced
by the composition of intertwining operators: if v € V[u| and w € W[v], then

(@5_, @Id)2Y = ®5: My = My, @V W
for some uniquely determined u = J(A\)(v@w) € VR W.

Definition 0.2. Let V,W be U,(g)-modules of the category O. The exchange
operator is

Ryw(A) = (Jvw (V)" Rigy Jwv (V)

The exchange operators relate the composition of intertwining operators to the
composition taken in the opposite order.

Theorem 0.3. Let p € h* be the half-sum of positive roots and denote by A the
image of X € h* by the isomorphism h* — b defined by the bilinear form. Let
O(A\) = A+ p— 5>, 2? where x; is any orthonormal basis of h. Ezchange and
fusion operators obey the ABRR equation

Jvw (N (Id © ¢**N) = Ro(Id @ ¢*°N) Jyw (A)
and the dynamical Yang—Baxter equation
Rlljzv()\ - hg)Rllj?’W()‘)R\Q/BW(/\ - hl) = R%/:iW(/\)R%}W()‘ - hz)Rlljzv()\)~
Moreover, Jyw(\) is the image in End(V ® W) of a universal dynamical twist
J(N) € Uyb_8U, b,

Remark 0.4. The ABRR equation is due to Arnaudon, Buffenoir, Ragoucy, and
Roche [I] who noticed that if R is a universal R-matrix in the sense of Drinfeld
[7], then J(A\)"1R21J(A\)?! obeys the dynamical Yang-Baxter equation provided
J(\) obeys a cocycle condition, which is a dynamical version of Drinfeld’s twist
equation. They showed that the dynamical twist equation is implied by the ABRR
equation that being linear can be solved by an explicit recursive procedure. Explicit
expressions are given in [I] and [23]. The interpretation of the image of J(\) in
End(V ® W) as the fusion operator is due to Etingof and Varchenko [I3] [9].

With this result one can apply the machinery of transfer matrices and construct
families of commuting operators. Let V' be a finite-dimensional U,g-module with
zero weight space V[0]. Then each finite-dimensional module W gives rise to a
difference operator acting on V[0]-valued functions on h*:

Dwf(A\) = TrhwpRwy (== p)f(A+ ).
veh*

The dynamical Yang-Baxter equation implies that Dy Dy = Dy Dy for any W,
U. Common eigenvectors of these difference operators are obtained from traces of
intertwining operators: the trace function 1y : h* x h* — End(V[0]) is

Yy (0 1)z v e Ty, (@5e).
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Etingof and Varchenko showed that a suitably normalized version of the trace func-
tion is a common eigenfunction of the commuting difference operators and has
several additional properties.

Theorem 0.5. Let 5,(A) = I, o(a™ — g~ ™) and Q(n) = 3, S(a:)b;, where
J(p) =3, a; ®b; and S is the antipode of the Hopf algebra Uyg. The normalized
trace function

Fy(A 1) = 8N v (N, —p = p)Q(—p— p)
regarded as a function of \, is an eigenvector of Dy with eigenvalue xw (q~2*) =
> q_2<“’”>dimV[u]. Moreover, if V* denotes the representation dual to V,

Fy«(p, A) = Fy (A, p)".

A consequence is that Fy (\, p) also obeys a dual difference equation with respect
to u.

In the special case of g = sl,, with V' a symmetric power of the vector represen-
tation, the difference operators reduce to the Macdonald difference operators, and
the Macdonald polynomials for sl,, can be constructed out of trace functions [14].

Moreover, as shown in [11]], the normalized trace function obeys several further
identities, including the invariance under the dynamical Weyl group [10], orthogo-
nality relations, and the gKZB heat equation. These identities (and the terminol-
ogy) are degenerate versions of identities proposed in an attempt [19] to develop a
quantum group version of conformal field theory on elliptic curves. Conjecturally,
trace functions 9y (A, u) are degenerate limits of trace functions for quantum uni-
versal enveloping algebras of affine Lie algebras. The classical (¢ = 1) version of the
latter trace functions appears in conformal field theory. They are solutions of the
Knizhnik—Zamolodchikov—Bernard equations [3] and have integral representations
of hypergeometric type [I7]. The corresponding statements for ¢ # 1 are known
only in very special cases, cf. [19].

This book originates from lecture notes of a course given by the first author at
MIT. It contains a hands-on introduction to the representation theory of quantum
groups and develops the theory of intertwining operators and the dynamical Yang—
Baxter equation from scratch, starting from the classical case ¢ = 1. The book is an
excellent and accessible introduction to the subject. It is a good complement to [12],
based on another course of Etingof, where the quantization problem, namely the
construction of R-matrices from solutions of the classical Yang-Baxter equation,
and the geometric interpretations in terms of Poisson—Lie group(oid)s are discussed.
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