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CHAPTER 1

Origin in Statistical Mechanics

Lattice models were introduced in statistical mechanics in order to study realistic systems.
Statistical mechanics will not be a focus of this book. Indeed, it turns out that solvable lattice
models have important connections with representation theory, for example of quantum
groups regarding the underlying mechanism, and other areas such as representation theory
of p-adic groups, algebraic combinatorics, algebraic geometry, and conformal field theory.
We will review the statistical mechanical origins of the theory, referring to Baxter 1982 for
much more information, before turning away to other subjects. Section [4| will, however, set
up some notation that will be used throughout the book.

1. Thermodynamics

The purpose of this section is to give a quick account of the origins of our subject in
statistical mechanics. Since we will soon migrate away from this subject, readers can skip
to Section |4 without loss of continuity.

Statistical mechanics is a development from thermodynamics. Thermodynamics was an
empirical discovery which started with the theory of gases, motivated by considerations
related to engines and refrigeration.

Thermodynamics can be aziomatized in the form of several laws, most importantly the
second law of thermodynamics which contains a subtle and important concept, entropy. The
laws of Thermodynamics are sometimes stated thus:

(1) Energy is conserved in a closed system.

(2) Entropy is increasing.

(3) If the temperature is decreased to zero, entropy approaches a fixed value, called the
residual entropy.

The concept of entropy is of great importance, and universal in its surprising applicability
to different areas, such as information theory and black holes. It has important philosophical
implications, since it gives a direction to the arrow of time. This is paradoxical since the
laws of physics are invariant under time reversal (CPT symmetry).

We take for granted the concept of energy, and its conservation. In thermodynamics and
statistical mechanics, it is important to take into account both closed systems, that do not
interact with their environment, and systems that do interact. Thus we imagine that energy
can be put into a system, or extracted from it. Work can be described as energy that is
extracted from a system, for example by operating a piston or generating electricity.

Heat is a form of energy that we now understand to be due to the kinetic energy of
molecules in a substance. Carnot, whose investigations of the steam engine led to the con-
cepts of thermodynamics, thought of heat as a fluid like water, that can flow from higher
levels to lower, and in the process can be made to do work. The first law of thermodynamics

1



2 1. ORIGIN IN STATISTICAL MECHANICS

can be expressed in the formula
dU = dQ + dW,

where U is a variable expressing the total amount of energy in the system, () is the amount
of heat, and W is a variable expressing work, energy that is put into a system, or extracted
from it.

As Carnot realized, certain processes are reversible. We may imagine a perfectly efficient
engine, with frictionless parts, where energy is put in, in the form of fire or electricity, and
mechanical work is extracted. But other processes, such as friction, are irreversible. In
friction, work is transformed into heat, and this is energy that can never be extracted from
the system. A processes involving friction is irreversible.

Again, if a system consists of two bodies of different temperatures, energy can be ex-
tracted as work by a mechanism such as a dipping bird. But if heat flows from one body to
the other, until they reach the same temperature, the energy still exists, but can no longer
be extracted as work. Thus the cooling of a hot object is an irreversible process.

The second law of thermodynamics regulates such irreversible processes. The second law
postulates that there is a quantity S, called entropy, that can only increase. Irreversible
processes are precisely those that increase the entropy. Conversely, a process is reversible if
it does not increase entropy. If a system is at maximal entropy, the entropy can no longer
increase. An example would be a system in thermal equilibrium, where all parts are at the
same temperature.

Also related to the second law is the notion of free energy. This is the amount of energy
that can be extracted from a system as useful work. Thus the entropy of the system is
maximal if the free energy is zero.

2. Statistical mechanics and the partition function

The physical basis for thermodynamics is statistical mechanics. Thus heat is understood
as being the kinetic energy of atoms and molecules, and the laws of thermodynamics can be
derived from statistical considerations.

We will consider a system with many possible states, which is not strictly subject to the
first law, in that not all states have the same energy. The source of this uncertainty is usually
interaction with the environment. For example, one considers a system that is in contact
with a heat bath at a constant temperature. The system itself is assigned a temperature
that may be constant, or could vary within the medium. The system may also depend on
other parameters, such as pressure or the strength of an applied electromagnetic field.

An important question that is investigated in statistical mechanics is the behavior of a
system at a phase transition point. We may consider the melting or boiling of a substance
as an example. In an idealized form, we may imagine the process as follow. In a “frozen”
state, there are correlations between the local structure of the system at locations that are
separated in distance, but in the “melted” form, there are no such correlations. The phase
transition point or critical temperature is the value where the structure changes from frozen
to melted.

A statistical mechanical system & is an ensemble of states. Each state s has an energy
e(s), and there is a probability measure on &, with high energy states being less probable.
The system may depend on some external parameters, notably the temperature of the system.
The probability of the state s with energy E(s) is proportional to 5(s) = e P©/*T where k
is Boltzmann’s constant. Since the sum of the probabilities must be 1, the actual probability
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The quantity S(s) is called the Boltzmann weight of the state, and the quantity Z is called
the partition function. Note that as the temperature increases, energetic states become more
probable.

The partition function is very important in statistical mechanics, since it controls char-
acteristics of the system such as energy and entropy, and how they depend on temperature
and other parameters. For example the mean energy is

(E) = % > " B(s) E(s) = kTQa% log(Z).

The free energy, which we recall is the amount of energy that can be extracted from the
system as work, equals

F = —kT log(2),

and the entropy is
1

+ k:T<E>
If the partition function depends on other parameters such as a magnetic field strength,
differentiating with respect to those will yield other values of significance.

The partition function also occurs in other areas of physics, such as quantum field theory.
For us, the partition function will be a main object of study, even though we will soon leave
its origins in statistical mechanics behind.

S =k log(Z)

3. Ice

We may consider ice (frozen H,0), where the larger oxygen atoms have fixed locations
at the vertices of a grid. In its usual form (called Ice I) these oxygen atoms are arranged
in a three-dimensional hexagonal lattice. We can envision the oxygen atoms as lying on the
vertices of a three-dimensional hexagonal crystal lattice. Each oxygen atom will have four
neighbors, lying at the vertices of a tetrahedron. We may consider the 4-regular graph I’
whose vertices are the oxygen atoms and whose edges are the segments joining them to the
four nearby atoms.

Linus Pauling Pauling (1935 computed the entropy and free energy of ice by means of a
three-dimensional lattice model. Let us describe a grid whose vertices are the oxygen atoms
in a crystal. We consider two oxygen atoms adjacent if they share a hydrogen bond. They
then form a graph I' that is nearly 4-regular in that each oxygen atom, except those at the
boundary of the crystal, have 4 neighbors. (Here we are ignoring a detail about boundary
edges, and we will give a proper discussion of I' below in Section )

Ice has many possible crystalline structures. Under normal conditions, Ice I}, is the usual
one. This crystal occurs in sheets or layers. The graph is bivalent. Each layer is tesselated
by hexagons, with oxygen atoms at their vertices. Furthermore, each atom has a bond with
one in either the layer above or below, depending on its valence.

Here is the hexagonal Ice I, lattice, showing the segments joining a sample oxygen atom
(green) to its four neighbors.
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Here is the graph I' showing two adjacent layers.

While the location of the oxygen atoms is fixed, and forced into a crystalline pattern,
the location of the hydrogen nuclei (protons) is another matter. Due to its position in
the periodic table, oxygen is allowed two covalent bonds. The oxygen atom will therefore
borrow electrons from two hydrogen atoms. This causes the protons to lie on the segments
between two adjacent oxygen atoms, but each proton will be closer to one or the other of the
two oxygen atoms. There are many possible configurations, which are subject to quantum
superposition.
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We may represent this graphically by making the graph I' into a directed graph. We
decorate the edges with arrows, each pointing towards the hydrogen atom on the edge.

Then we obtain the following model: we have a 4-regular graph, based on the three-
dimensional hexagonal lattice. A state of the system is a refinement of the graph to a
directed graph, with every vertex having two incoming and two outgoing arrows.

4. A class of lattice models

4.1. Graphs. We have formalized the ice crystal into a system based on a graph, which
is almost but not the same as a graph in the usual combinatorial definition. Let us define a
graph to be a set of vertices and a set of edges with an incidence relation. This means that
some edges are adjacent to or through certain vertices. We will assume that every edge is
through either exactly two vertices, or a single vertex. The edges that are through a single
vertex will be called boundary edges. The edges that connect two vertices are interior edges.



6 1. ORIGIN IN STATISTICAL MECHANICS

As an example, let us consider this graph:

(©)
@ (1@

(1.1) 0
@ O ©

D

Here we have a graph with three vertices, labeled v, w and r. There are nine edges, labeled
a,b,c,d,e, f and g, h,i. The edges a,b,c,d, e, f are boundary edges. For later reference we
have colored the boundary edges. (See Section [6])

The graph is planar if it can be embedded in the plane. We will consider mainly planar
graphs.

4.2. Spins and edge types. In the class of models we will consider, every edge e will
be assigned a set X called its spinset. Elements of >, will be called spins. We will also
denote by V, the spinspace which is by definition the free vector space on X.. A state of the
model is a function that assigns to every edge e an element of X,.

We will require that the spins of the boundary edges are fixed, and are part of the data
describing the system. On the other hand, the spins of the interior edges are variable. Two
edges e, f may be classified as the same type if the spin sets ¥, and ¥ are equal.

For example, in the Ice model, every edge has two possible configurations, and we can
take the spinsets ¥, = {+, —}. In this example, all edges have the same type.

Two edges on opposite sides of a vertex will (usually) have the same spinset. Thus in a
configuration

6,
Omia0
®

we require X, = X, and Xy = Xj. Thus e and g have the same edge type, and f, h have the
same edge type. Consequently all edges on a single line through the configuration have the
same edge type.

4.3. States. A state of the model is an assignment of an element of its spinset to every
edge of the model. We will assume that the boundary spins have fixed assignments. Indeed,
this will be part of the data describing the model.

Almost always there will be local constraints at each vertex on the possible configurations
of spins adjacent to a particular vertex. We will call a state in which these constraints are
satisfied at every vertex admissible.

For example in the Ice I, model that we have described, the spins are directions or
orientations of the edges, which we can represent by arrows, and the constraint is that there
there are two “in” arrows and two “out” arrows. This means that there are (;l) = 6 possible
configurations of local spins at the vertex.
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4.4. Local Boltzmann weights. Every vertex v is adjacent to four edges, which we
label e, f, g, h. We assume that there is a given map

ﬁv:EefoxngZh—Nj

that assigns to every configuration of spins on these adjacent vertices a value, called the
Boltzmann weight. If (a,b, c,d) € ¥, x X§ X X, x Xj,, we may denote the value of ,(a, b, ¢, d)

as
b

b ¢
(hs) e (e

depending on the orientation of the vertex:

QA D o P
U @ U @
© W O,

In applications to statistical mechanics or probability this would be a nonnegative real
number, but we will not assume this. The local constraints on the spins at the vertex may
be formulated as the assumption that 3,(a,b,c,d) # 0.

4.5. Vertex types. Two vertices v,v" in the same or different systems are equivalent
if there is a bijection between the edges adjacent to v and the edges adjacent to v’ that
transports the local Boltzmann weights at v to the local Boltzmann weights at v'. A vertex
type is an equivalence class of vertices.

4.6. Partition function. Every admissible configuration s is therefore a state of the
system &, which is the ensemble of all states. In such a state, if v is a vertex and e, f, g, h
are the adjacent edges, the state assigns spins in ., ¥¢, 3y, 35, and by abuse of notation we
will denote by (,(s) the Boltzmann weight at v determined by these four spins. Now define

B(s) =1 5.66)-
The state is admissible if 5(s) is nonzero. The partition function is

2(8) =) Bls).

We may sum over all states, or over admissible states.

Remark 1.1. In our pictures, we will often decorate the edges of the graph with a “bubble”
that can contain a symbol. But for narrative flexibility the contents of the bubble will vary
with context. It may be the name of the edge. It may be a symbol denoting an element of
the spinset, for example to specify the boundary conditions. It may also be a vector space,
typically the free vector space on the spinset, or a module of a quantum group. This should
cause no confusion since the meaning of the symbol in the bubble is defined somewhere in
the text.
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5. The six-vertex model

Certain lattice models are called solvable since algebraic methods based on the Yang—
Baxter equation, which will be a major focus of this book, allow the partition function to
be computed exactly. Historically the first example was Onsager’s 1944 study of the 2-
dimensional Ising model. However we will start with an even simpler model, the siz-vertez
model, which is also related to ice.

Solvable lattice models are almost exclusively 2-dimensional. This means that the un-
derlying graph is planar. The Ice I, model that we considered is not solvable as far as we
know, and its graph is not planar.

While Pauling had considered the realistic problem of 3-dimensional Ice and heuristically
computed the number of states, one can also consider 2-dimensional Ice, in which the oxygen
atoms are restricted to a plane, and form a crystal with the oxygen atoms at the vertices of
a square lattice. This was investigated by NagleNagle 1966, after which LiebLieb [1967alblc
and Sutherland Sutherland 1967 found exact solutions for the entropy problem. Baxter
introduced the Yang—Bazter equation and applied it to Ice-type models, as well as the more
difficult eight-vertex model. (See Baxter [1982, Chapter 9.)

For 2-dimensional Ice, Lieb found that the residual entropy was kN log(W) with W =
(4/3)3/2

The mathematical model of 2-dimensional ice is the famous six-vertex model, which is
the archetype of a large class of important solvable lattice models. It is realistic enough
to have a phase transition, which was of great interest to the early investigators. We will
therefore discuss it at length.

The six-vertex model is nearly identical to the I, models we have discussed, except that
the underlying crystal is 2-dimensional, based on a square lattice. We will give two versions
of the Boltzmann weights. Recall that the spinset of an edge is a set of possible states. For
the six-vertex model, the spinset has cardinality two. In one version of the six-vertex model,
the spinset of an edge is an orientation. The Boltzmann weights depend on six parameters,
ai, ag, by, by, ¢; and ¢y, which may depend on the vertex v, so we may write a;(v), etc. We
label the possible states as follows:

ai(v) as(v) by (v) by (v) c1(v) ca(v)
¥ 1T 1T ¥ ¥ 1T
> > < < > > < < < > > <
v (% (% (% (% (%
Y 1~ 1~ Y 1~ Y

On the other hand, it will also be convenient to dispense with the orientation and take
the spinset to be the 2-element set {®, ©}. Then the labeling of the states is as follows:

ai(v) as(v) by (v) by (v) c1(v) ca(v)

Tel oo ofe] oo oFe ok

Although the lattice model will be based on a rectangular grid, we will also encounter
vertices that are in a rotated orientation, and we will use the following labels for these.
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a1(v) 2s(v) by (v) b (v) c1(v) ca(v)
Q. D Q O Q D Q. O Q. D Q O
v v v v v v
D O o O D O o © o O D O
Similar to the six-vertex model, but more difficult, is the eight-vertex model. This adds
two more admissible configurations:

d1 (U) d2('U> d1 (’U) d2 (’U)

S, @ Q D@ O
CancliCan Sl v v
® S O ©O® O

The eight vertex model is more difficult than the six-vertex model, but nevertheless Bax-
ter was able solve it, simultaneously solving a problem in quantum mechanics, the analysis
of the XYZ Hamiltonian. See Baxter |1982, Chapter 10.

6. Boltzmann weights as linear transformations

It will be advantageous later to regard the Boltzmann weights as linear transformations.
We will usually draw the vertices in one of the following orientations:

input?f 0

O—T1 9

J«gutputs

Note that we have classified some of the edges as inputs and some as outputs. We’ve colored
the input edges blue and the output edges red. We shall adopt the following rule: when two
vertices are connected by an edge, input edges are allowed to connect to output edges, but
inputs cannot be connected to inputs, and outputs cannot be connected to outputs. Thus
when an edge connects two vertices v and w, it is an output edge for v if and only if it is an
input edge for w. We will put the label for a vertex between the two output edges.

mputs

Remark 1.2. The division of edges into inputs and outputs extends to boundary edges of
larger graphs. For example in (1.1)) we have chosen to consider the boundary edges a, b and
¢ as inputs, and correspondingly we have colored them blue. The boundary edges d, e and
f are outputs and we have colored them red. On the other hand the interior edges g, h and
1 have ambiguous classification. Indeed ¢ is an output edge for the vertex r» and an input
edge for s, so we do not consider it either input or output for the overall graph.

As explained in Section the edges e and g have the same spinsets, i.e. ¥, = X, and
similarly ¥¢ = ;. Let V be the free vector space on the spinset >, = 3, and let W be
the free vector space on Xy = ¥j,. We think of the spins attached to e and f as “inputs”
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and those attached to g and h as outputs. Then we may define a linear transformation
R, : VW — W ®YV such that 5,(x,y, z,w) is the coefficient of w® z in R,(z ®y), when
T € X,y €Xy, z€X,and w e X,. We may sometimes abuse notation and denote R, as
just v when it simplifies the notation.

We will sometimes use Dirac notation, which we now explain. The vector space V' comes
with a distinguished basis ¥, = ¥, and so the dual V* has the dual basis X}. If z € X,
let * € V* be the corresponding linear functional. Alternatively, we may denote x as |z)
when we want to emphasize that it is in the spinset of an input edge, say ., and we will
then denote z* as (x|, which we regard as an element of the output edge spinset X . If
additionally y € ¥ then we write |z ® y) instead of |z) ® |y). Then with this notation

Bz, y,z,w) = (w z|Ry|zr ® y), z,weV, yze W

Now the output edges g and h are (unless boundary edges) also be input edges for other
vertices in the grid, so the notation |w ® v) also has meaning. We will also write:

Rilz@y) = > Blx,y,2w)we 2).

wWEX
2€¥4

Let us consider six-vertex model. In this case all four edges have the same spinset {®, ©}.
The free vector space V on the spinset {®, ©} may be identified with C2. Let v, and v_ be
the standard basis v, and v_ be the standard basis. We may then use the basis

{U+ ® V4, V- ® Vi, Uy ® vV, V- ® ’U_}

for V ® V, and we find that the six-vertex model vertex v corresponds to the linear trans-
formation

(1.2) R, =

In Dirac notation we have:
a1 (v) = (vy @ vy |Ry|vy @ vy), az(v) = (v- @ v_|R,|v_ @ v_),
bi(v) = (v- ® vy |Ry|vy @ v_), ba(v) = (V4 @ v_|Ry|v- ®vy),
a(v) = (v-@ui|Rfo-®@vy),  by(v) = (vy @v_|Ryfvy @ v).
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Exercises

Exercise 1.1. Check that (L.2)) is the right matrix for the linear transformation of the six-vertex model v.
What is the matrix for the eight-vertex model?

Exercise 1.2. Here are two models based on a 3 x 3 grid.

Model 1 Model 2

(a) For Model 1, prove that this model has 7 states for the six-vertex model, and 16 states for the eight-vertex
model.

(b) For Model 2, prove that this model has 6 states for the six-vertex model, and 16 states for the eight-vertex
model.

(c) Consider a model based on this 3 x 3 grid with an arbitrary distribution of @ and © spins on the 12
boundary edges. Prove that the model has 16 states in the eight-vertex model if the number of boundary &
spins is even, and no states if the number of © spins is odd.



CHAPTER 2

The Yang—Baxter Equation

1. Solvability

Baxter introduced an important method of studying certain vertex models, and he used
it to solve not just the six-vertex model, but the more difficult eight-vertex model, and with
it the XYZ Heisenberg spin chain, a related quantum mechanical problem. This method is
based on the Yang-Bazter equation, so named by Faddeev. The study of the Yang—Baxter
equation leads to interesting mathematics, namely braided categories and quantum groups.
The same technology explains knot invariants such as the Jones polynomial. The six-vertex
model was a key example leading to this mathematics.

We resume the discussion from Section [5]of Chapter [I] We will say that a class of models
is solvable if, when v and w are vertex types that can occur adjacent to each other in the
class, there is another vertex type that we will denote r such that the two following systems
are equivalent.

© ©
& 1@ O D
(2.1) @) @ .
@ O ® @+ ©
D D

This means that for every possible assignment of spins to the six boundary edges a, b, ¢, d,
e, f, the partition functions of the two systems are equivalent. Thus we sum over all possible
assignments of spins to the interior edges, g, h,i on the left-hand side, or j, k,[ on the right-
hand side. If this is so, we say the Yang—Baxter equation is satisfied for these vertices v, w, r.

In (2.1)), one vertex r is “rotated.” We can rotate the other two vertices, and consider
instead the equality of the two following systems:

© @
(2.2) @ @ 0 @ @

We will refer to a vertex in a rotated orientation as an R-verter, and a vertex (such as v and w
in (2.1) aligned parallel to the coordinate axes as a T-vertezr. So the Yang-Baxter equation
in (2.1) contains one R-vertex and two T-vertices. Therefore we refer to this as an RTT

12
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equation. In (2.2), there are three R-vertices, so we will refer to this as an RRR equation.
Mathematically, the RTT and RRR equations are equivalent. But there is a difference in
how the R-vertices and T-vertices are used: typically the T-vertices are assembled into a
grid, and the R-vertices are attached to the grid to obtain information about the partition
function.

One goal of this Chapter is to introduce this subject by showing how, following Bax-
ter Baxter 1982, Yang—Baxter equations can be used to prove global properties of the par-
tition function. An archetypal example that we will discuss is the commutativity of the
row-transfer matrices for a model. We begin by introducing one family of solutions to the
Yang-Baxter equation within the six-vertex model.

1.1. Field-free six-vertex model. The vertex v with Boltzmann weights a;(v), b;(v)
and ¢;(v) is called field-free if, in the notation of Chapter [1} Section 5| we have a;(v) = as(v),
by (v) = ba(v) and cy(v) = co(v). We will suppress the subscript in the field free case and
write just a(v) = a;(v) = as(v), etc.

a(v) a(v) b(v) b(v) c(v) c(v)

S EEEE

Let v be a field-free vertex. If a(v) and b(v) are nonzero, let

a%(v) + b%(v) — c*(v)
2a(v) b(v)

We say that A(v) is defined if a(v) and b(v) are nonzero.

The case A = 0 is called free-fermionic, and we will discuss it later (without the field-free
condition). The cases A = £1 are also special since they are phase transition points (Baxter
1982, Section 8.10). For an interesting and important generalization, see Baxter’s analysis
of the field-free eight-vertex model in Baxter |1982, Section 10.4.

(2.3) A(v) =

Theorem 2.1 (Baxter). Let v and w be field-free vertices such that A(v) and A(w) are both
defined. Suppose that A(v) = A(w). Then there exists a nonzero field-free vertex r such that
the Yang-Baater equation (2.1). If A(r) is defined, then A(r) = A(v) = A(w).

Proof. There are three equations that must be satisfied for the Yang—Baxter equation to
be satisfied. First take (a,b,c,d,e, f) = (+,+, —, +, —,+) in (2.1]). The left-hand side of the
Yang—Baxter equation has one admissible state:
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This has Boltzmann weight b(v)c(w)a(r). On the other hand, there are two admissible states
on the right-hand side:

© ©
S D SO TRSONPCD

© r ® r
@ © ST O
® ®

These have weights c(v)b(w)c(r) and a(v)c(w)b(r). So we obtain the equation

(2.4) b(v)c(w)a(r) = c(v)b(w)c(r) + a(v)c(w)b(r).

<

(
Taking (a,b,c,d,e, f) = (+,+,—, —, +,+) gives
(2.5) c(v)a(w)a ( ) c(v)b(w)b(r) +a(v)e(w)e(r),
and taking (a,b,c,d, e, f) = (+, —,+,+) gives
(2.6) b(v)a(w)c(r) = c(v)c(w)b(r) + a(v)b(w)c(r).

Taking other combinations of a, b, c,d, e, f give a total of 12 equations altogether, but they
turn out to be these same three equations, repeated. So we need to show that we can
construct the vertex r to satisfy (2.4H2.6)).

Since we are assuming that A(v) = A(w) we have

(a(v)* +b(v)* = c(v)*)a(w)b(w) = (a(w)® + b(w)* — c(w)*)a(v)b(v).
Since A(v) and A(w) are defined, both a(w),b(v) # 0 implying
b(v)a(w)b(w) — a(v)b(w)? + a(v)c(w)? B
(

) _
(w)

v)*b(w) + c(v)*b(w)
b(v) ’
and we define this to be a(r). Then we define

b(r) = b(v)a(w) — a(v)b(w), c(r) = c(v)c(w).

Now it may be checked that the identities (2.4)), (2.5)), (2.6 are satisfied. For example, to
prove (2.4, the right-hand side equals

c(w)(a(v)b(v)a(w) — a(v)*b(w) + c(v)*b(w))

and using the second expression for a(r) this equals a(r)c(w)b(v). We leave the other two
cases to the reader. We leave the fact that A(r) = A(v) = A(w) to the reader (Exercise 2.1)).
0

a(v)b(v)a(w) —

We will explain later how this Yang—Baxter equation can be applied to study the partition
functions for the field-free two-dimensional ice models, and what some of the applications
are.



2. COMMUTING TRANSFER MATRICES 15

2. Commuting transfer matrices

We will consider systems & built up from graphs I' as in Chapter [T Recall that a graph
for us consists of vertices and edges, with an incidence relation between them. Every edge is
adjacent to one or two vertices. An edge that is adjacent to two vertices is called interior,
and an edge that is adjacent to only one vertex is called a boundary edge. Every edge £ is
assigned a spinset g of possible states called spins. The spins of boundary edges are fixed,
and are part of the data defining the system. A state of the system consists of an assignment
of spins to the interior edges.

Also required for the specification of the system & is, for every vertex v € I' a rule
that assigns to a state s and a vertex v a weight 3,(s). This should only depend on the spins
of the edges adjacent to v. The Boltzmann weight 5(s) is the product of the §,(s) over all
vertices, and the partition function is

states s

We wish to discuss the concatenation of two systems. To have an example in mind,
consider a system consisting of a single row of vertices:

b

-

? 1 ? .,
o ;

°o ¢ @6
O —=©

Every vertex has the same Boltzmann weight (3, so we give every vertex the same label. We
imagine that one edge wraps around the back, so the system is periodic. We will refer to
this as cyclindric boundary conditions.

For simplicity, assume that every vertical edge here has the same spinset . Let V' be
the spinspace, which we recall is the free vector space on . Let b;, ¢; € X be the boundary
spins. We may collect the data b = (by,...,b,) € ¥" and ¢ = (¢q,...,¢,) € X" into data
representing the boundary spins on the top and bottom edges. The free vector space on X"
is naturally isomorphic to ®"V', so we may also denote b = b; ®- - - ®b,, by abuse of notation.

We have already introduced Dirac notation in Section [6]of Chapter [} Let us see how it is
applicable here. To quickly review, let W be a frame, by which we mean a vector space with
a distinguished basis ®. The dual space W* then contains the dual basis ®*. If g € &, we
sometimes denote [ as |) and the corresponding element of ®* as (4|. Thenif T: W — W
is a linear transformation, and if 3,7 € ®, we may apply T to |3) to obtain T'|5). Then
we may apply the linear functional (7| to this vector to obtain (|7T'|/5). With this notation,
the adjoint operator T* : W* — W* is the map that sends (7| to (y|T. Dirac invented this
notation for Hermitian or self-adjoint operators that are prevalent in quantum mechanics,
where it is natural to use the same symbol T" to denote an operator and its adjoint.
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Applying this with W = ®"V, we may consider the partition function of this one-rowed
system to be the matrix of an operator 7, : W — W and write

Z(6) = (c[T,[b).

We call T, the row transfer matriz. Note that thinking of the partition function as an
operator this way treats the top boundary edges as inputs, and the bottom boundary edges
as outputs.

One of Baxter’s great insights was the use of the Yang—Baxter equation to prove that
under certain conditions, row transfer matrices commute. To see how this works, let w be
another vertex type. Consider a system with two layers:

b

(& 0y (& Gy ()

v (Y (Y (Y (Y

w w

@ @ @ @ @
d

We can express this in terms of the product (d|T,,T,|b) of two row transfer matrices. We
may concatenate the two smaller systems:

=9 99 ¢ .
ST

OO
&0
& B0
&—=—©
&=
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Now the common edges, labeled c in both cases have become interior edges, so by our rules,
we have to sum over the possible states, to obtain:

> (dITule)(elT,|b) = (A|T, T, [b),

C

consistent with the usual rule for matrix multiplication. This explains the term “row transfer
matrix.”

In preparation for applying the Yang—Baxter equation, let a, b, ¢ € C, and let v = v(a, b, ¢)
denote the corresponding vertex type for the field-free six-vertex model. Thus the Boltzmann
weights of this vertex type are such that a;(v) = as(v) = a, bi1(v) = be(v) = b and ¢;(v) =
co(v) = c.

Theorem 2.2 (Baxter). Let A € C*, and let a,b,c,a’, V', be such that

CL2 +b2 _ 02 B (a/)z + (b/>2 _ (C/>2 _A
2ab o 2a'b T

Let v = v(a,b,c) and w = v(d’, b, ) be the two corresponding vertex types. Then the
corresponding row transfer matrices commute:

T,T, =T,T,.
We should think of this in the context of “diagonalizing” the matrix T, for it is often
easier to diagonalize a large family of commuting operators than a single operator.

Proof. To prove this, we will make use of the Yang—Baxter equation, with the R-vertex r
from the last section. This is the vertex v(a”,b”, ¢”) which we draw in a rotated orientation,
thus:

a// a/l b// b// C// C//

o ba't' —a(V')? +a(c)?  aba' — a®b' + AV
B a B b ’

b = ba’ — ab, " =cc.

where

We recall that also
(a//)Q + (b//)2 _ (C//)2
= A.
2a//b//
Then r is invertible in the following sense. As in Section [0]in Chapter [T we may encode the
Boltzmann weights of the vertex r by the linear transformation with matrix

a//

Cl/ b//
bl/ C//



18 2. THE YANG-BAXTER EQUATION

with inverse (as usual matrices):

-1
a a’

C/// b/// c// b//
b/// c/// - b// c//

" "

It may be computed that

1" 1"
" b/// _ —b " C

Then we compute that also

(a///)Q + (b/”)2 _ (C///)2
2a" b =A.

Now we may concatenate the matrices » and ~!, and this is done by matrix multiplica-

tion. In other words, if we compute the partition function of the following system:

we get 1 if a = d and b = ¢ but 0 otherwise. This is because summing over the middle
column (four possibilities) really amounts to just multiplying matrices:

a” a//l

CI/ b// C/// b/l/
b// C// b/// c///

a// a///

So this concatenation of r and r~! is equivalent to:

This is also equivalent to:
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We may insert r and r~! into our system representing (d|T,T,|b) to obtain:

b
U’UU’UU_)
D
v w |Iw o Jww
® ® ©® @©® ©
~
d

Now we use the Yang—Baxter equation to see that this system is equivalent to:

v v v v

w w w w

® ©® © @

We may repeat this process several times to obtain this system:

b
G G G G G
w w w w w
v v v v v
H & @ @ @
N
d

Due to the cylindric boundary conditions, the r and r~! are again adjacent and may be
discarded. But now the system represents (d|T,T,,|b). We have proven that the two row
transfer matrices commute. U

The argument in the last proof, where the R-vertex » moves past two rows of the grid to
interchange two rows, is known as the train argument.

3. Vector Yang—Baxter equation

We will give another notion of the Yang-Baxter equation. Soon we will connect it with
the familiar one that we used in Chapter [I] and earlier in Chapter [2]
Let U,V and W be vector spaces. Suppose that we are given three linear transformations:

r:U@V —VeU, s:UQW — WU, VoW —WeV.
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We will consider two homomorphisms URV QW — W®V QU. The first is the composition

UsVeWw X% vevuew X5 veweU 2% weveU.

We may more compactly denote rio = r® Iy, so3 = Iyy ® s and t15 = t ® [;. In this notation,
r;; means r applied to the ¢ and j components of a tensor. (The subscript notation is popular
in the Hopf algebra and quantum group literature.) The other homomorphism is

IU®T S®IV R®IV

UQVW — UWV — WUV — WeVeU.

We can diagram the homomorphisms graphically as follows.

P12 593 12
UQVOW—VUW—VeWU—WV U

@) entate
1474
Ve U—sU
%) >< 4%
U’ SV—pV
1474

and

l23 S12 723
UQVW—UQWQV—WUQIV—WeVU

Alternative
orlentation:

The equality of these two homomorphisms U @ V@ W — W ® V ® U is the vector Yang—
Bazter equation.

Another useful notation for writing the Yang—Baxter equation involves the Yang—Baxter
commutator

[[T,S,t]] = (t X Iv)(lv X S)(T’ X Iv> - (IV ®T’)(S X Iv)(fv ®t)

in End(V® V ® V). The vector Yang-Baxter equation in this notation is [r, s, t] = 0.

We will now explain how this vector Yang-Baxter equation is related to the Yang-Baxter
equations we have previously described in terms of Boltzmann weights.

By a frame we mean a vector space with a distinguished basis. Thus if 3, is the spinset
of the edge e, and if V, is the spinspace, then (V,, 3.) is a frame. Alternatively, if a € X, we
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will denote by v, the corresponding element of V,. If V = V, we may denote X, as Xy to
avoid needing to mention the edge e.

Example 2.3. In the six-vertex model a € X, = {®, &}. If U, V, W are six-vertex spinspaces,
each has a basis uy,u_ for U, v,,v_ for V or w,, w_ for W.

Let us start with a vertex r with chosen Boltzmann weights a;(r),as(r), etc. As in
Section [6] of Chapter [1}, we may encode these weights in a linear transformation r : U@V —
V ® U by the following rule. If a, b, ¢,d € ¥ then the Boltzmann weight of the state

T
is to be the coefficient of vy ®u, in r(u, ®v,). We will write this coefficient in Dirac notation
as (Vg ® uc|r|u, ® vp), or if we are thinking of it as a Boltzmann weight as

b ¢
o q)

g @ vp) = 1(ug ® vp) Zﬂr ( > |vg ® ue).

So

Lemma 2.4. The partition functions of the systems

equal (wy @ ve ® uglti125237T12|Ua @ vy @ W) and
(W @ ve @ ug|r13523712|Ua @ Vy @ We).

Proof. We've labeled the interior edges for reference in the following calculation.

b
t12S23712|Ug @ Vy ® W) = Z Br < a Z ) t12523| U @ ug ® we)
g,h

_ZZBT(Q h) (g ?)t12|vh®wi®ud>
S Sa (b)) a(h §)meoneu

Therefore

(Wy @ ve ® ugltias237T12|Ua @ Vy @ We) = Zﬁr(z ;ql) 53 ) B (;ll ?) .
g,h,i
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The right hand side is the partition function of the left-side of the Yang-Baxter equation
system. As usual, the boundary spins a,b,c,d, e, f are fixed, and the spins of the interior
edges g, h,7 or j, k, [ are summed over in the partition function. We leave the reader to check
the other side. 0

Therefore:

Theorem 2.5. Let r,s,t be vertex types, and let U, V, W be as above, and define homomor-
phismsr : UV — VU as above. A necessary condition that for all choices of boundary
spins the partition functions of the systems agree is that [r,s,t] = 0 is satisfied.

One may also reorient the edges and work instead with the systems:

©

or

(2.9)

Lemma 2.6. The two Yang-Bazter equations in (@ and are equivalent, to each other
and to the system in Theorem [2.5

Proof. Note that the left-hand system in can be deformed into the left-hand system
in or to the right-hand system of (2.9). Similarly the right-hand system in can be
deformed into the right-hand system in or the left-hand system of (2.9). Both systems
are equivalent to [r, s, t] = 0. O
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4. Parametrized Yang—Baxter equations

Let T be a group, and let V' be a vector space. Let R: I' — GL(V ® V') be a map such
that for every v,d € I', we have a vector Yang—Baxter equation:

VoVeV
W xsw)
VeVeV VeVeV
st(’y@l lRu(vé)
VeeVvVeV VeVeV
m %)
VoveV

Then we say that we have a parametrized Yang—Bazter equation with parameter group I'.
In terms of the Yang—Baxter commutator

HR<’V)7 R(’76>7 R(5)]] =0.

We also require that R(1,) is a scalar matrix, that is, a constant multiple of the identity
matrix, and that furthermore for every v € T' that R(y)R(y™!) is a scalar matrix.

Usually the space V' has a fixed basis X serving as the spinset of edges in the models
where the Boltzmann weights come from the parametrized system. Then as in Section [3| we
get vector Yang-Baxter equations in which R(7) encodes the Boltzmann weights for a vertex
type. By Theorem 2.5 for all a, b, ¢, d, e, f the two following partition functions are equal:

© {d) © @

R(~9) R(v)

(2.10) fs‘liii’CS ® O]
R(5) L(70)

@ 0, O, XD

We could alternatively orient the edges as follows:

(2.11) R(+)
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or equivalently (by Lemma [2.6)):

(2.12)

In all cases, the procedure in Section |3| produces a vector Yang-Baxter equation, with V'
being the free vector space on the spinset X.

Proposition 2.7. The three parametrized Yang-Bazter equations in , and

are equivalent.
Proof. This is a special case of Lemma [2.6] 0

Example 2.8. We will show in the next Chapter that the field-free Yang-Baxter equation
of Section gives an example of a parametrized Yang—Baxter equation.

Example 2.9. Here is a parametrized Yang—Baxter equation in the six-vertex model with
parameter group C*. If z € C*| let R(z) be the vertex with Boltzmann weights:

ajq dg b1 b2 Cq Ca
1-@2[1-¢2[qA—2)[q(1-2)[1-¢[2(1-¢°)

Then (Exercise [2.3])

[R(2), R(zw), R(w)] = 0

Note that this parametrized Yang—Baxter equation is almost field-free since a; = a, and
b; = by, although c; and c, differ. This example can be deduced from Example by
methods explained in Chapter [f]

Example 2.10. Here is another parametrized Yang—Baxter equation in the six-vertex model
with parameter group C*. If z € C*, let R(z) be the vertex with Boltzmann weights

ay as by by Cq Co
= | 1-¢*2q(1—2)[q(0—2) [1-¢* | 2(1 — ¢°)

Then (Exercise 2.3])

[R(2), R(zw), R(w)] = 0.

This example is very similar to Example since only the a; weights differ. Yet the
similarity is misleading, for unlike Example this Yang—Baxter equation is not related
to the field-free Yang—Baxter equation, or to Example by any simple transformation.
This example is free-fermionic, which means that the Boltzmann weights satisfy the identity
ajas; + biby — cycy = 0.
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4.1. Homogeneous parametrized Yang-Baxter Equations. As a variant of the
parametrized Yang-Baxter equation, we will also consider systems in which the edge types
are parametrized by a complex parameter z, and where edges with parameters z; and 2
meet there is an R-matrix R(z1,22) € End(V ® V). We require that the R-matrix will be
linear in both variables and given three parameters z;, 2z, and z3 there is a Yang-Baxter
equation

(2.13) [R(z1, 22), R(z1, 23), R(22, 23)] = 0.

This means the following two systems are equivalent:

Rt VR VA

21,23 22,23 21,22

@\/\/@ 22@/\//\@22

z3 21,23

21 @/L/\)@ 23 21 @—/\—>@ 23

Furthermore, we ask that R(z,z) is a scalar linear transformation. This means that there
exists a constant ¢ such that R(z,z) = czlygy. We also require that R(z,w)R(w, z) is a
scalar linear transformation. If these conditions are satisfied, we call this a homogenous
parametrized Yang-Baxter equation.

Example 2.11. Take the Boltzmann weights from Example and take z = z5/z1, w =
23/29 80 zw = z3/z1. We may adjust the R-matrix R(z1, z2) by multiplying by z;, which does
not affect the validity of the Yang-Baxter equation, since then both sides are multiplied by
the same value z72,. Thus we obtain (2.13)) with the following R-matrix:

ay as by b, Cq Ca
a-—Culn—Cnlqa—2)qdn—2n) | a10-¢)]»0-¢)

Example 2.12. Similarly Example gives another homogeneous parametrized Yang-
Baxter equation with the following weights:

ajq dg bl bg Cy Co
2 — @2 | 21— P | q(z — 20) [ qlz1 — 22) | 21(1 = @) | 22(1 — %)

5. Solvability for parametrized systems

In this section we define solvability and then specialize to the case where the Boltzmann
weights come from a parametrized Yang—Baxter equation. In this special case, we will prove
the equivalence of row and column solvability, and classify the solvable models with some
very simple data.

We consider a grid with n rows and N columns. For every vertex, we assume that there
is given a set of Boltzmann weights so that we have a lattice model.

Definition 2.13. The model is row-solvable if we can use the train argument to interchange
rows. That is, let Ry,..., R, be the rows. If 1 < a,b < n we may consider the two rowed
grid consisting of R, on top of R,. Then there is assumed to be an R-matrix that we may
attach and run the train argument, interchanging the rows.
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Remark 2.14. Note that in this definition the rows R, and R, are not assumed to be
adjacent. Since the train argument moves the rows around, this is needed if the train
argument is to be used more than once.

Column solvability is defined the same way with requiring R-matrices to interchange
columns (not necessarily adjacent). If a system is both row and column solvable we will call
it solvable.

We now specialize to the case where all the Boltzmann weights are assumed to come
from a parametrized Yang—Baxter equation R : G — End(V ® V) for some group G. We
will assume the map R is injective, so if R(y) = R(d) then v = 4.

Let v;; € G be the element describing the Boltzmann weights in the i-th row and j-th
column. As usual, we number the columns in decreasing order.

Theorem 2.15. In this situation, row solvability is equivalent to column solvability.

Proof. One may reduce to the case of a 2 x 2 grid, and we will explain that case. With
only two rows, we attach the R-matrix, called R(p).

© (@)
o R(m2) R(y11) @

e R(722) R(7v21) @
®) Q)
We remind the reader that we label columns in descending order, so ~;; is in the upper

left. Remembering the parametrized Yang-Baxter equation, in G we must have 5 = pyss,
SO p = Y1279 . Now using the Yang Baxter equation, this equals the following partition

function:
© @
: R(m2) R(y) :

Y11

: R(722) R(y21) :
®) O

To use the Yang Baxter equation again, we need R(p)R(721) = R(711), and s0 p = 71174,
Combining this with our previous formula for p we obtain the condition for row-solvability
which is that 112755 = Y1174 . We prefer to take inverses here and write this condition

(2.14) Y22 V1a = T
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Now let us similarly derive a condition for column solvability. We have to attach the vertical
R-matrix R(7) for some 7 € G.

@ R(m2) R(y1) @

@ R(722) R(y21) @
®) O

By Proposition we may use (2.9) here and obtain y15 = ¥117, s0 T = ;7' V12. But at
the next stage of the train argument, we need 7 = 75;' 22, and so we obtain

(2.15) VT Y12 = Va1 Yer-
This is the condition for column solvability. But (2.14]) is equivalent to (2.15) and so row
solvability is equivalent to column solvability. 0

Since row solvability and column solvability are equivalent for the class of models we are
now considering, we will simply call such models solvable.

Corollary 2.16. A necessary and sufficient condition for solvability is that when 1 < a,b < n
and 1 < c,d < N then

(2.16) %w;dl = VoV -

Proof. This generalizes (2.14]). One may apply the argument to the two row grid consisting
of the a and b rows for row solvability as in Definition Column solvability is treated
the same way. The fact that the row and column solvability criteria are equivalent is similar

to the proof of ([2.16)). O

Now we can classify the solutions to to construct solvable models with a parametrized
Yang-Baxter equation. In fact, the following result is a complete classification. See Chapter [4]
Section [@] for an illustration of this result.

Theorem 2.17. Let {¢(a) | 1 < a < n} and {Y(b) | 1 < b < N} be arbitrary sequences in
the parameter group G. Define

(2.17) Yab = P(a)¥(b).
Then is satisfied, so these Boltzmann weights define a solvable lattice model. Con-
versely, if (2.16]) is satisfied, then functions ¢ and v may be found such that the Boltzman

weights are given by (2.17).

Proof. Given ¢ and 1 with 74, as in then
WiVeq = ((0)(d))(G(a)e(d)) ™ = ¢(b)d(a) ™",
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which is independent of d, hence equals Y., , proving (2.16]).
To prove the converse, assume (2.16)) and take a = 1,¢ = 1 to write

Vod = Vo171 Via = D(b)p(d)
where ¢(b) = 31 and ¥(d) = v1;'v14- This proves (2.17)). O

Exercises
The next two exercises are related to Theorem [2.11

Exercise 2.1.

(i) In the proof of Theorem [2.1} we checked that the advertized r satisfies (2.4) but we did not check (2.5)
and (2.6). Check these facts.

(ii) We also did not check that if A(r) is defined, then A(r) = A(v) = A(w). Prove this fact.
(iii) Assume that A(v) = A(w) and that ¢(v) and ¢(w) are nonzero. Prove that r is unique up to constant
multiple.

Exercise 2.2. Suppose that v and w are field-free vertices such that ¢(v) and c(w) are nonzero. If there
exists a nonzero vertex r such that the Yang—Baxter equation (2.1) is satisfied, then A(v) = A(w). Hint:

use the three equations (2.4), (2.5) and (2.6).

Exercise 2.3.
(i) Prove the parametrized Yang—Baxter equation in Example
(ii) Prove the parametrized Yang-Baxter equation in Example

Exercise 2.4. Let R(z) be the R-matrix in either Example or Example Show that R(z)R(1/z)
is the scalar (¢% — 2)(¢? — 1/2),

The goal of the next problem is to prove the relationship between two different forms of the Yang—Baxter
equation.

Exercise 2.5. Let r € End(V ® V). We have already introduced the notation r;; € End(V @ V @ V) where
(i,4) is one of (1,2), (2,3) or (1,3). But to recapitulate, this means that r is applied to the i-th and j-th
component of V@V @V, so ria =7 ® Iy and rog = Iy @ r; and if we expand r as a sum > 7} @ r) with r;
and /' € End(V), then r13 =Y r, ® Iy @ r{'. The same notation applies also map (for example)

r€ Hom(U®V,VeU) to ri2 € Hom(U @V W,V U W).

Let furthermore
s € Hom(U @ W, W @ U), t € Hom(Ve W, W V).

The first form of the Yang—Baxter equation is the identity [r,s,t] = 0 in Hom(U @ V@ W, W @ V @ U).
This can be written
(2.18) 12523712 = T23S12t23.
The other form of the Yang—Baxter equation is, for R € End(U ® V), S € End(U @ W), T € End(V @ W)
the identity
(2.19) T12513R12 = R12513T12

mMEnd(U@VW). Let 7: U®V = VU be the flip map T(u®@v) =v@u. Now let R € End(U @ V)
and define r € Hom(U @ V,V ® U) by r = 7 o R. Similarly, let s =705 and t =7 oT. Then prove that

the identity (2.18)) is equivalent to (2.19)).



CHAPTER 3

The Six-Vertex Model

We introduced the six-vertex model in Chapter [I, Section [5} In this chapter, we will
study this model further. There are actually two representation theoretic aspects to our
study. The first is a global one having to do with the theory in the large, such as information
about the partition function, or about states of the system. In this chapter we show that
the states of the six-vertex model can be parametrized by Gelfand—Tsetlin patterns, which
have meaning in terms of the representation theory of GL(n,C). The local aspect consists of
the properties of Boltzmann weights and the Yang—Baxter equation. We started our study
of the Yang—Baxter equation for the six-vertex model in Chapter [2] and here we continue
that study.

We remind the reader of the basic setup from Chapter [I, Sections [f] and [6] The spinset
for every edge in the six-vertex model is the fixed set {®,6}. Let V be C? with basis vy,
v_, corresponding to @ and &. If v is a vertex with Boltzmann weights a;(v), ax(v), by (v),

ba(v), c1(v), ca(v), labeled as in Section then as explained in Section @, v may be
(1§12

associated with the linear transformation .2)), which is an endomorphism of V ® V.

1. Paths

In many models we may visualize states in terms of paths (or lines) through the lattice.
For the six-vertex model, we interpret a © (resp. @) state as the presence (resp. absence) of
a particle. We visualize the particles as moving from top to bottom, and from left to right.

ay as Cq Cy
D S S, O

D D | C S D D S
D S S D

[ ’
We have drawn the particles in red, then visualized the paths they must take. In the case
of as we have elected not to allow the paths to cross, though in other schemes they might
CTOSS.
The classification of the boundary edges is inputs or outputs (Remark in Chapter |1
works well for the six-vertex model. If we call the top and left boundary edges inputs, and
the right and bottom edges outputs, then every path connects an input to an output. Here

is an example of a state of the six-vertex model with the paths drawn in red. In this example
they start at the top boundary and finish on the right edge. Depending on the boundary

29
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conditions some paths might start at the left boundary, or finish at the bottom.

9876(5)(4)3210
0 Yotololetototototote
CHN-INCENCENCENCRNCINC @
2@ otototeototodoto
@ DO OO0 6O 0 0 0
so-+otototfotodotodetoto
CINCINCENCIN N N RN N R
1otototototo o-rotot0
cRNCINCENCINGENCEN BN CINORNG
so+otototototo o010
NG G AN IR RN CRNG

In Chapter [2] we considered cylindric boundary conditions, wrapping the grid around into
a cylinder. We might also consider toroidal boundary conditions, additionally wrapping the
top to bottom so that there are no boundary edges.

Now, however, we want to do no wrapping, envisioning a rectangular grid with boundary
edges on the left, right, top and bottom. Now let N be the number of columns and n be the
number of rows of a rectangular grid. Let us assume that N > n.

To specify the system, we must specify the boundary spins. These are constrained by
the following fact.

Lemma 3.1. The number of © on the top and left must equal the number of © on the right
and bottom, or else the system has no admissible states.

Proof. Every path must start at the top or left and finish on the right or bottom. This gives
a bijection between the & spins on the top or left and those on the right or bottom. 0

If the grid is square, we may put @ on the left and bottom boundary edges, and & on
the top and right boundary edges.

© 0 0 O

@
®

® @
O O

@
®

® ® ® b
We refer to this specification as domain-wall boundary conditions. The assumption that the
grid is square is needed here, since otherwise Lemma/[3.1]shows that the system has no states.
In this text we will often have more columns than rows. Thus assuming N > n, we may
(as with the domain-wall boundary conditions) put @ on the left and bottom boundary, and
& on the right boundary. But Lemma [3.1] shows that we must then have exactly n spins of
© on the top, and the rest must be &. We will call this arrangement extended wall boundary
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conditions. It looks like this:

6 2 1

7 5 4 3 0
O ® o000 o

1@ S)
(3.2) 2@ S,
3@ ©

1® O
OO NONONONONC

Observe that we have labeled the rows and columns. The columns are numbered starting at
0 in order from right to left.

We will also encounter skew wall boundary conditions which have & spins on the left
boundary, © spins on the right boundary, but generalizing the extended wall conditions
allow & spins on the bottom edge.

2 1

7 6 5 4 3 0
©O ® 000 ® o o

®

1 ®
(3.3) 2@
3@
1@

O O

0

® ® OO0 DO ®B

2. Gelfand—Tsetlin patterns and states

Let A = (Mg, Ag, ..., A\,) be a sequence of nonnegative integers. We say A is a partition if
it is weakly decreasing:

M=z 2 N 20

We identify two partitions if they differ only by some trailing zeros. Thus (3,2) and (3,2, 0, 0)
are equal as partitions. The length of the partition is the number of nonzero parts. Thus a
partition of length < n may be identified with an element of A := Z". We say A is a partition
of k, and write A - k or k = |\ if >_ \; = k. The partition is strict if

AL> XA >o> N\, = 0.

A strict partition is the same as a partition into unequal parts.

More generally, let A = (Aq,...,\,) € A be any sequence of integers such that A\; > -+ >
An. Then we call A a dominant weight of length n. Thus a dominant weight A is a partition
of length < n if and only if A, > 0 (so all entries are nonnegative).

The reason for this terminology comes from Lie theory. Let G = GL(n,C), and let T" be
the subgroup of diagonal matrices. The weight lattice of G is the group X*(T') of rational
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characters of T. By definition, a rational character is an algebraic homomorphism from 7T’
into the multiplicative group. Such a character has the form

t
tth =1, t= :
tn

for some A € A. Thus X*(T') may be identified with A. The weight A is dominant if and
only if \y > --- > \,. We will refer to A as the GL(n) weight lattice.

Let A= (A1,..., ) and g = (pq, . .., ptn—1) be partitions or dominant weights of lengths
< n and n — 1, respectively. We say that A and p interleave if

(3.4) AL Z i Z A2 g 2 2 fin-1 2 Ap.

We make the same definition if A and p are dominant weights, so that their entries are
allowed to be negative.

Gelfand-Tsetlin patterns are triangular arrays of integers satisfying certain inequalities.
Specifically, a Gelfand—Tsetlin pattern of size n is an array

Qp,1

such that the rows are weakly decreasing (so they are dominant weights) that interleave. A
Gelfand—Tsetlin pattern is strict if every row is a strict partition. If A = (Ag, -, \,), let
GTP,, () be the set of Gelfand-Tsetlin patterns of size n with top row A, so a;; = ;.

For example, there are 8 Gelfand—Tsetlin patterns with top row (2,1,0). These are:

2 1 0 2 1 0 2 1 0 2 1 0
10 Y, 10 11 %, 2 0
0 1 1 0
2 1 0 2 1 0 2 1 0 2 1 0
2.0 =, 2 0 2 1 %, 2 1
1 2 1 2

These patterns are all strict, except the third one, which we have marked in red.

2.1. States and strict Gelfand—Tsetlin patterns. We will now show that states of
a model with extended wall boundary conditions are in bijection with strict Gelfand—Tsetlin
patterns of size n, where n is the number of rows of the model. The Gelfand-Tsetlin pattern
of a state s can be read off from the locations of the © spins on the vertical edges. Let us
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illustrate this with the following example:

(3.5)

Note that we have colored every wvertical edge that has a & spin. The column numbers of
these vertical edges can be arranged in an array, thus:

(3.6)

This is a Gelfand-Tsetlin pattern by the following result.

Proposition 3.2. Let s be a state of the siz-vertex model with extended wall boundary
conditions and n rows. Above the i-th row, there are exactly n + 1 — i vertical edges with &
spins. Putting the column numbers of these into the i-th row of an array produces a strict
Gelfand—Tsetlin pattern GTP(s). Conversely, given a strict Gelfand—Tsetlin pattern with
n rows, provided N — 1 is larger than every entry of the pattern, there is a unique state s
corresponding to the pattern in this way.

Proof. First let us show that there are exactly n + 1 — ¢ vertical edges with & spins above
the i-th row. If i = 1, then by Lemma [3.1] the number of © spins on the top boundary
is exactly n, as required. Now we argue by induction. Assuming there are n + 1 — ¢ edges
above the i-th row with © spins, there are that many paths downward paths to the i-th row;
one exits to the right, so n — ¢ paths must exit downward. This means that there are n — 1
vertical edges carrying © spins above the ¢ 4 1-st row.

It must be shown that the rows interleave. Let a; 1, ..., a;n+1-; be the columns of the ©
spins above the i-th row. We must show that

Qjj 2 Qi1 2 Qij1-

The path through the a;; edge (meaning the edge in column j above the i-th row) is also
through the a;, ; edge; since the paths move down and to the right, a; ; > a;41 ;. To prove
that a;11; > a;;+1, note that if this were not true, the path through the a;; edge would
move horizontally on the i-th row past the a; ;1 column. But then it would collide with the
path coming downwards through the a; ;1 edge. So this cannot happen.

We have proved that the array GTP(s) is a Gelfand-Tsetlin pattern. It is obvious that
1t 1s strict.

Conversely, let us suppose that we are given a Gelfand—Tsetlin pattern T" of size n. We
consider a grid with n rows and N columns, where N — 1 is greater than the entries in T'.
Thus N — 1 is the largest column number in the grid. We may construct a state by putting
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© on the vertical edges. The spins on the horizontal edges are then determined by the
condition that every vertex is adjacent to an even number of © edges. We leave the reader
to convince themselves that this procedure always produces a legal state. 0

Definition 3.3. We have already described extended wall boundary conditions on an N xn
grid, but we have not specified precisely the spins on the top boundary. Given a strict
partition A = (A1,...,\,) with Ay < N, let us put & spins on the top boundary vertical
edges in the A\; columns for 1 < i < n, and @ spins in the remaining columns. As before we
put & spins on the left and bottom boundary edges and © spins on the right boundary edges.
We will call these boundary conditions the extended wall boundary conditions of weight X.

Corollary 3.4. Let s be a state of the extended wall boundary conditions of weight A\ on an
n x N grid. Then X is the top row of GTP(s).

Proof. This is clear, since \ describes the location of the & spins above the first row, but
these are the top vertical boundary edges. 0

Example 3.5. The extended wall boundary conditions on a 4 x8 grid of weight A = (7,4, 3,0)

are illustrated in (3.2)), with a typical state in (3.5). Then GTP(s) is given by (3.6 and
indeed, the top row of this Gelfand—Tsetlin pattern is .

2.2. Gelfand—Tsetlin patterns and tableaux. Gelfand-Tsetlin patterns of size n
with top row A are also in bijection with another important class of mathematical objects,
semistandard Young tableauxr (SSYT) in the alphabet {1,2,...,n}.

To define these, recall that the Young diagram YD()) of a partition \ is a collection of
boxes with A; in the first row, Ay in the second row, etc. A semistandard Young tableau T
(SSYT) of shape A in the alphabet {1,2,...,n} is a filling of YD(A) with integers 1,...,n
such that the rows are weakly increasing, and the columns are strictly increasing. The weight
wt(T') is (1, - . ., pn) where p; is the number of i’s in 7. We denote the set of all semistandard
Young tableaux of shape A in the alphabet {1,2,...,n} by SSYT,()).

Example 3.6. Let A = (5,2,2) and n = 5. Then
2125

T —

is a SSYT of shape A. Its weight is (2,4, 1,0, 2).

If YD(u) € YD(X), we call A\/u a skew partition. A skew partition A/ is a horizontal
strip if each column of YD(A/u) := YD(A)\ YD(u) contains at most one cell. The condition
that A/p is a horizontal strip is equivalent to saying that A and p interleave.

We may now explain the bijection between the sets SSYT, (A) and GTP,()\). We may
view a SSYT T as a sequence of partitions

g=)\0c\Oc...c =)
such that A /A=Y is a horizontal strip for 1 < i < n. Namely, A®) /A= contains the

letters ¢+ in T. Generalizing the notion of a semistandard Young tableau, we may also
consider a filling of a skew diagram YD from the alphabet {1,2,...,n} with the rows weakly
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increasing and the columns strictly increasing. We will denote the set of such skew diagrams
SSYT,(A/p). If X = (5,3,1) and p = (2), here is a skew tableau of shape A/p in SSYT3(A/p):

213

2

Example 3.7. The tableau T of Example [3.6] is associated to the sequence of partitions
5 C(2)C(42)C421)C(421)C(52,2).

Now let A be a Gelfand—Tsetlin pattern of size n. Call the rows of A from top to
bottom A A=Y XM Since A® and A~ interleave, A /A=Y forms a horizontal
strip. Hence

=20 c\Dc...cA\m =)

defines a SSY'T.
Example 3.8. For T in Example the Gelfand—Tsetlin pattern is
5 2 2 0 0

The shape of T is the partition (5, 2,2), which we have to pad with zeros since the size n =5
of the Gelfand—Tsetlin pattern is to be the size of the alphabet of T'.

3. Parametrized field-free Yang—Baxter equation

There are two main kinds of parametrized Yang—Baxter equations in the six-vertex model.
As we will explain in later chapters, these correspond to two different quantum groups,
U,(gly) and the supersymmetric U,(gl(1]1)). They are:

e The field-free six-vertex model, and variants. These are related to Uq(EIQ) and will
be treated in this section. R

e The free-fermionic six-vertex model, and variants. These are related to U,(gl(1|1))
and will be treated in the next section.

Let A € C be fixed. Let ¢ be found such that (¢ +¢~) = A. We will use the notation
R(a,b,c) for the vertex with Boltzmann weights a, b, c, as before. Let Ga be the set of
(a,b,c) with a,b # 0 such that

a?+ b —c?
2ab
together with two additional elements (£A, 0, A). Eventually we will give Ga the structure
of a group.

In Chapter (1| we showed that if (ay,b1,c1) and (ag, by, co) are in G, then there exists

a third (ag, by, co) € Ga such that if (in the notation of Chapter (1)) R = v(ag, bo, co), S =
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v(ay, by, ¢1) and T = v(ag, ba, ¢o), then we have a Yang—Baxter equation:

C Cc
b g d b—1% d
(3.7) R R
a o € a—«S e
f f

We note that the Yang-Baxter equation is homogeneous in the sense that if any one of
(a;, bi, ¢;) is multiplied by a nonzero constant then the validity of the equation is unchanged.
So while R is usually determined by S and T, it is only determined up to a constant multiple.

Now we want to start with R and 7" and compute S. This will give us our first example
of a parametrized Yang-Baxter equation. We begin by noting that G can be parametrized
as follows.

Lemma 3.9. Let x € C* and let
(38) (CL, b7 C) - (%(I‘q - (xQ)_l)a %('I - x_l)a %(q - q_1>) .
Then (a,b,c) € Ga.

Proof. This is a straightforward calculation. O

Theorem 3.10. The mapping
Ra: C* — {field-free Boltzmann weights (a,b,c)}

1s a parametrized Yang-Bazter equation with parameter group C*. Here the Boltzmann

weights (a,b,c) of Ra(x) are given by (3.8).

Proof. Let R, S and T be field-free vertices with Boltzmann weights Ra(x), Ra(xy) and
RA(y), respectively. The Boltzmann weights are

al) = (5(6o0) = (20) ) 5l = a7, 50— a7 ) = (0
9a(8) = (aa — (o)) oy = (). 30— a7) ) o= (@0,
al1) = (5000 = 000, 50 - v 50— 7)) = @),

Checking the parametrized Yang-Baxter equation is now a matter of computation. There
are 12 cases of boundary Boltzmann weights that give nontrivial identities, but actually
these are redundant and there are only 3 distinct identities. They are:

cdb" +ba'd" —abld” =0,

acad” — bdb" — ca'd” =0,

c'a’ —ca'b" —bdd" =0.

These are easily checked. U
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Remark 3.11. There are three special cases. If A = 0, then we are in the free-fermionic
case. The parametrized Yang-Baxter equation in Theorem [3.10| can be embedded in a much
larger one with parameter group GL(2,C) x GL(2,C), so in this case Theorem is true
but it is not the whole story.

Remark 3.12. On the other hand, if A = £1 then ¢ = A = +1 is the unique solution to
A= %(q +q71). We see from 1) that ¢ = 0 and @ = +b, so these are very degenerate
systems. The values A = +1 are phase transition points. See Baxter Baxter 1982, Chapter 8.

Remark 3.13. Another interesting case is ¢ = €>™/%. Then we can take z = ¢ = —(2q)!,

and all three Boltzmann weights a, b, ¢ are equal. This fact was exploited by Kuperberg
1996, in proving the Alternating Sign Matrix Conjecture.

4. The free-fermionic six-vertex model

Another case where there is solvability is the free-fermionic case. Here the relevant Yang—
Baxter equation was found (partly) by Korepin around 1981. See Korepin, Bogoliubov, and
[zergin 1993a;, page 126 with references to earlier literature. Later Brubaker, Bump and
Friedberg Brubaker, Bump, and Friedberg 2011a) rediscovered this in a slightly more general
form and gave applications. They were not aware of Korepin’s work until it was called to
their attention (by Reshetikhin), but by that time Brubaker, Bump, and Friedberg [2011a
was already in print, so Korepin was unfortunately not acknowledged in Brubaker, Bump,
and Friedberg 2011a

We call the six-vertex model vertex v free-fermionic if

ai(v)ag(v) + by (v)b2(v) = c1(v)ca(v).
We are dropping the field-free condition.
It turns out that all free-fermionic weights fit into a parametrized Yang—Baxter equation
with parameter group I' = GL(2,C) x GL(1,C). This parametrized Yang—Baxter equa-

tion was discovered by Korepin (see Korepin, Bogoliubov, and Izergin [1993b| page 126, and
rediscovered by Brubaker, Bump and Friedberg Brubaker, Bump, and Friedberg 2011a)). Let

p: GL(2,C) x GL(1,C) — {free-fermionic vertices}

be the map that sends the element

o ap by
()

to the vertex with Boltzmann weights ay, as, by, b, ¢1, ca, where ¢y = (ajas + b1bs)/cy.

Theorem 3.14. The map p is a parametrized Yang-Baxter equation with parameter group

GL(2,C) x GL(L,C).
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The parametrized Yang-Baxter equation can be either of the two forms. We may ask
that for all a,b,c,d, e, f the two following partition functions are equal:

© @ © @
p(79) p(7)
@ © ©
p(8) p(79)
@ O @
Alternatively:
c c
b —d b1 d
(7) p(7)
a e @ —t— e
f f

Proof. Let r = p(v), t = p(J) and s = p(79), where the product vd is just matrix multipli-
cation. Thus

s = (50 ) em). = (G5 wh) ).

Multiplying v and § and remembering that s = p(vd), the s Boltzmann weights are:
(3.10) c1(s) = c1(r)ei(t), ca(8) = co(r)ca(t).

(3.11) ai(s) = ay(r)ay(t) — ba(r)bi (1), as(s) = —by(r)ba(t) + as(r)as(t),

(3.12) bi(s) = bi(r)ay(t) + aa(r)bi(t), ba(s) = a1 (r)ba(t) + ba(r)as(t).
Taking (a,b,c,d,e, f) = (®,0,D, B, O, D) gives one equation which we may write
bi(r)ai(s)ba(t) + ca(r)er(s)ea(t) = cr(r)ea(s)er(t) + bi(r)ai(s)ba(t),

which is addressed by assuming . This also addresses the equation from (a, b, ¢, d, e, f) =
(©,®,5,0,®,0). Substituting the values of ¢;(.S) from throughout, there remain 12
equations, but each is divisible by one or more of ¢;(r), co(r), ¢1(t) or cz(t), and dividing by
these, each equation is repeated and there are only six equations to be satisfied. For example,
taking (a,b,c,d, e, f) = (®,®,0,0,®,P) and using the values gives an equation that
is divisible by both ¢y(r) and co(t), and dividing by these gives a1 (r)a;(t) = ba(r)b1(t)+aq(s),
which is addressed by . After imposing there are only four nonredundant equa-
tions, These simplify a little by using the free-fermionic condition in the form

ca(r) = (ar(r)aa(r) + bi(r)bi(r))/ei(r),
ca(t) = (ar(t)az(t) + bi(t)bi(t))/cr(t),
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and then substituting (3.12)), all equations are satisfied. It may be checked that the vertex
s is also free-fermionic. U

5. A general six-vertex Yang—Baxter equation

This section can be skipped on first reading. But this section provides a satisfactory
answer to when, given six-vertex matrices r and ¢, there exists a solution s to the Yang—
Baxter equation [r, s, t] = 0. Ultimately (Bump and Naprienko [2025)) this leads to a groupoid
parametrized Yang-Baxter equation that accounts for almost all solutions (r,s,t). It is
natural to ask whether this is a special case of a more general phenomenon.

The results in this section are based on Bump and Naprienko [2025; Naprienko 2022,
and also Brubaker, Bump, and Friedberg 2011a. They are closely related to the results in
the last two sections. The main result of Bump and Naprienko 2025| gives a parametrized
Yang-Baxter equation in which the parameter object is not a group, but a groupoid. We
will not explain that result here, however, but we will do some of the groundwork.

Let S be the space of six-vertex vertices  with ¢;(r) and co(r) both nonzero. Furthermore,
let S*® be the subpace where a1(7), as(r), b1(r), ba(r) and ¢;(r), co(r) are all nonzero.

Roughly, we would like to classify all solutions to [r,s,t] = 0 with r,s,¢t € S. This,
however is a more delicate problem than we will consider, so in this section we will just
consider the case where r,t € S® but s is in S. Let us define

(3.13) N(r) = ay(r)ag(r) + by(r)ba(r) — c1(r)ca(r)

and, generalizing Baxter’s A from in the field free case:
_N@) NG

(314) Al(T') = al(’r‘)bl (T)’ AQ( ) az(’r‘>b2(7‘) .

We are omitting the 2 in the denominator of (2.3). Perhaps we should include it for consis-
tency but it would play no role. Note that N is defined on all of S, but A; and A, are only
defined on S°. We also define, for r € S® another element r* € S by

c1(r)ca(r) — b1 (r)ba(r) an(r") = c1(r)ca(r) — by (r)ba(r)

ay(r) as(r)
bi(r*) = =bi(r), ba(r*) = —=ba(r), c1(r*) =co(r), ca(r) =ci(r).

The map r — r* has order 2 in a weak sense. Indeed, there is no guarantee that a;(r*) or
as(r*) is nonzero, but if it is, then both are nonzero and r* € S*. In this case (r*)* = r.

Y

(3.15) ar(r*) =

Lemma 3.15. Suppose r € S°®. Then

(3.16) N(r*) = (7)) N(r),
and if furthermore r* € S°®, then

W@ W)
.17 ML M T oG

Proof. We leave the verification to the reader. OJ
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Remark 3.16. With r € S°, the vertex r* might not be in S*, and a4 (r*) and ay(r*) could
be zero. Hence A;(r*) and Ay(r*) cannot be defined by (3.14). Indeed, if a;(r*) or as(r*)
vanishes, then by (3.15) we have by (r)ba(r) — c1(r)ca(r) = 0, and by we therefore
have N(r*) = 0. So both the numerator and the denominator in for A;(r*) vanish.
However the numerator and denominator of are still nonzero. Therefore A;(r*) can
still be defined by , and so A;(r*) still make sense if only r € S°.

It will be useful to package A; and A, as a single function, so we define A : S* — C? by
A(r) = (Ai(r), Ag(r)).

Theorem 3.17. Let r andt be in S®*. Then a necessary and sufficient condition for there to
exist s € S such that [r, s, t] = 0 is that A(r) = A(t*), where A(t*) is defined even if t* ¢ S*
by Remark [3.16. If this is true, then s is determined up to a constant multiple, and can be
chosen so that

(3.18) c1(s) = er(r)ei(t), ca(s) = c1(r)ca(t).
If s € S* then A(s) = A(t) and A(s*) = A(r*).

Proof. Let us assume that s exists with [r,s,f] = 0. We make use of the Yang—Baxter
equation in the form (2.7). Different choices a,b,c,d e, f € {®,0} of give 14 different
equations.

Taking b = e = © and a = ¢ = d = f = @ gives the equation cy(r)ci(s)ea(t) =
c1(r)ca(s)er(t). The term by (r)ai(s)by(t) also appears, but it is on both sides of the equation
and can be cancelled. The same identity also comes from the choice b = e = @ and
a=c=d= f=6. Since by assumption the ¢;(r), ¢;(t) and ¢;(s) are all to be nonzero, we
can multiply s by a constant to put it in the normalization (3.18)).

Thus we may substitute the values in of ¢1(s) and cz(s). Then the number of
equations is reduced to 12, but actually there are only 6 for the following reason. We find
that each of the 12 equations is divisible by one of ¢;(r), ca(r), c2(t) or ca(t), and dividing
out by these, the equations are now duplicated. To give one example, taking

(a,b,c,d,e, f) = (®,0,0,®,0,8)

gives the equation —c(r)ca(s)by(t) — bi(r)ai(s)ca(t) + a1(r)bi(s)ca(t) = 0 but substitut-
ing the equation is divisible by —cy(t) and we obtain ¢y (r)ca(r)b1(t) + bi(r)ai(s) —
a1(r)bi(s) = 0. But we can obtain the same identity by taking (&, S, ®, ®, @, S) and divid-
ing by ¢;(t). The six equations are:

ai(r)ay(t) — ba(r)bi(t) = ai(s),

az(r)as(t) — bi(r)ba(t) = aa(s),
cr(r)ea(r)bi(t) +b1( Jai(s) —ay(r)bi(s) = 0,
01( Jea(r)ba(t) + ba(r)az(s) — az(r)ba(s) = 0,
ba(r)ei(t)ea(t) — ba(s)ar(t) + ai(s)ba(t) = O,
bi(r)ei(t)ca(t) — bi(s)az(t) + az(s)bi(t) = 0.

We may substitute the values for a;(s) and ay(s) from the first two equations, and then there
are only four equations. Only one term in each depends on s and these may be rearranged

as follows:
ai(r)by(r)ay(t) — by (r)ba(r)bi(t) + c1(r)ea(r)by(t)

ay(r)

bl(S) =

Y
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ar(r)ay(£)ba(t) — ba(r)by (£)ba(t) + ba(r)er(t)ca(t)

51(3) = al(t) ,

_ag(r)ba(r)ag(t) — by(r)ba(r)ba(t) + c1(r)ca(r)ba(t)
ba(s) = () ,
bo(s) = as(r)az(t)by(t) — by (r)by(¢)ba(t) + b1(r)cy (t)cg(t).

ay(t)
So there is a solution if and only if the two expressions for b;(s) are equal, and the two
expressions for by(s) are equal. Equating the two expressions for b;(s) gives and rearranging
gives N(t)ai(r)bi(r) = N(r)az(t)bi(t) which is equivalent to A(r) = Ay (¢*). Similarly the
equality of the two expressions for by(s) is equivalent to Ay(r) = Ay(¢*). This proves that
the existence of a solution s to [[r, s,t] = 0 is equivalent to A(r) = A(t").

We leave it to the reader to show that if a solution s exists then A(s) = A(t) and
A(s*) = A(t). O

Remark 3.18. Generalizing the notion of a group, a groupoid is a set with a partially
defined composition law and an “inverse map.” Bump and Naprienko 2025 prove that there
exists a groupoid & with composition law x and a map 7 : & — S such that if g,h € &
and g x h is defined, then [7(g), 7(gh), 7(h)] = 0, and in some sense accounts for essentially
all solutions to [r,s,t] = 0 in six-vertex matrices r, s,t. This groupoid contains the group
parametrized Yang-Baxter equations in Theorems and as subgroups. It is natural
to ask whether this is a special case of a more general phenomenon.

Exercises

Exercise 3.1. We saw in Section [2| that states of the six-vertex model with extended wall boundary condi-
tions are parametrized by Gelfand—Tsetlin patterns; there we saw that extended wall boundary conditions
for an n x N grid require specification of the boundary spins on the top row of vertical boundary edges,
and these may be encoded in a partition A. For skew wall boundary conditions, we allow © spins on the
bottom row of boundary edges, so we have must have another partition p to describe the bottom boundary
conditions.

(i) Show (using paths) that in order for the system to have states, YD(u) € YD(A), and |\ — |u] = n, so
A/ is a skew partition of size n.

(ii) Assuming that the system has states as in (i), give a bijection between states of the skew wall system
and SSYT y_1(A/p).

Exercise 3.2 (Naprienko). This exercise generalizes Examples and of Chapter [2| Let ¢1,¢2 and 8
be fixed nonzero constants.

(i) Given z1, 29, w € C*| define a six-vertex matrix R = Rgfw%ﬁ (21, 22, w) by:
a1 (R) az(R) b1 (R)
g121 — 4222 q121 — 4222 q1(z1 — 22)8
ba(R) c1(R) c2(R)
(z1—2)87" | 21l — @)w | (g —g)w™!

Let V = C? as usual in the six-vertex model. Prove that RS 1 (C*)? — GL(V ® V) is a parametrized

. . q1,92,8 *
Yang-Baxter equation. This means

[[Rgfﬂh)ﬁ (lell,ZQZé,ww,),R ! (Zi,Zé,w/)]] =0.

(21,22,w),Rf 217112,/3

C
q1,92,8



42 3. THE SIX-VERTEX MODEL

(ii) Given z1, 29, w € C*, define a six-vertex matrix R = Rgthzﬂ(zl, z9,w) by:
a1 (k) as(R?) b1 (R)
q121 — G222 q122 — G221 qi(z1 — 22)B
by (2) c1(R) c2(R)
a1z —22)B7 " [ za(a — @)w | (g —g)w ™!
Prove that
[[Rqﬂl’qmﬁ(zl,22,w)7Rqﬁhqz’ﬁ(zlzi,zgzé,ww'),Rqﬂl’qmﬁ(zi,zé,w’)]] =0.

(iii) Compute A;(R) and Ay(R) if R = Rf}i,qz,ﬁ and if R = R

q1,92,8"

Exercise 3.3. The proof of Theorem is incomplete. Finish it by showing that A(s) = A(r) and
A(s*) = A(r™).

Exercise 3.4. In Theorem there is no guarantee that s € S*®, because a;(s), az(s), b1(s) and ba(s)
could vanish. But assume that N(r) and N(¢) are nonzero. Then prove that aj(s) = 0 if and only if
as(s) = 0, and that by(s) = 0 if and only if ba(s) = 0.

Exercise 3.5. In the notation of Theorem [3.17] let s, € S®. Prove that a necessary and sufficient condition
for there to be r € S such that [r, s, t] = 0 is that A(s) = A(¢).

Exercise 3.6. If r € S® define Ag(r) = A1(r)Aq(r). If r,s,t € S*® satisfy [r,s,t] = 0, prove that Ag(r) =
Ao(s) = Ao(t).

Exercise 3.7. Suppose that r,s,t € S®, and also assume that r*,s*,t* € S°®. If [r,s,t] = 0, prove that
[r*,t,s] =0 and [s,r,t*] = 0. Deduce that [t,r*, s*] = [s*,t*,r] = [¢*, s*,7*] = 0.

Hint: Regard r as an endomorphism of V' ® V' with matrix (L}fL.2)). From the fact that r,r* are both in S*,
deduce that r is invertible, and that r* is a constant multiple of 7~1. Then prove that [r—!,¢,s] = 0.



CHAPTER 4

Tokuyama Models

1. Schur polynomials

Schur polynomials are symmetric polynomials which are very important in representation
theory and combinatorics. Some useful references are Bump 2013; Bump and Schilling
2017; Macdonald [1995; Stanley 1999. They have direct generalizations that are discussed
in Macdonald 1992 and later publications by numerous authors; see Naprienko [2024| for more
references to that literature. The free-fermionic six vertex model is a useful framework for
Schur polynomials and their generalizations. See ABPWDomino; Brubaker, Bump, and
Friedberg 2011a; Hamel and King [2007; Naprienko 2024/ for treatments from this point of
view. This Chapter is based in part on Brubaker, Bump, and Friedberg 2011a.

Let A = (Aq,...,\;) be a partition of length » < n. If r < n we pad A with 0’s so that
A= (A,..., A 0,...,0) has exactly n parts. (This is customary in dealing with partitions.)
We will give two definitions of the Schur polynomial s,. It will not be obvious that the two
definitions are equivalent. We will use a lattice model to prove this.

Let z = (z1,...,2,) be indeterminates.

1.1. First definition: determinants. Define

det (2"
4.1 e 2y) = ———
( ) S)\(Zh y & ) det(z;‘_z)

For example, if n = 3,

A1+2 A1+2 A1+2
i s o
2+ 2+ 2+
21 ) Z3

A3 A3 A3
St 29 22
sx(z1, 22, 23) = 5 2 2
Zi 25 23
21 %2 <3
1 1 1

This definition first appeared in Cauchy Cauchy |1815, who defined Schur functions prior to
Schur. The denominator is the Vandermonde determinant:

det(z]7") = 1_[(2Z — zj).

i<j
It will be useful to introduce the vector p = (n — 1,n — 2,...,0) so that the exponents are
(A + p)i = A\ + p; and write the numerator as det(z§A+p)i).

Lemma 4.1. The function sy is a symmetric polynomial. It is homogeneous of degree
Al =22 A

43
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Proof. The polynomial ring C[z,...,z,] is a unique factorization domain. Let us note
that the numerator is divisible by every factor z; — z; with ¢« < j of the Vandermonde
denominator. Indeed, the numerator vanishes when z; = z; since two columns of the de-
terminant det(z;\ﬁ"*i) are then equal. Thus the numerator is divisible by each factor and
therefore by their product since they are coprime. Therefore s, is a polynomial. It is sym-
metric since interchanging z; and z; multiplies the numerator and the denominator by —1.
The homogeneity is also clear since the numerator and denominator are both homogeneous
polynomials. 0

The partition A may be thought of as a dominant weight for the Lie group GL(n,C).
The definition is essentially the Weyl character formula, which we now recall.

Let G be an arbitrary complex reductive Lie group, which we will soon specialize to
GL(n,C). Let T be a maximal torus. The group A = X*(7T') of rational characters is the
weight lattice. Then A contains a root system ®; let {ay, ..., a,} be the simple positive roots
and s; the corresponding simple reflection in the Weyl group W. By a Weyl vector p € A
we mean a p € A such that s;(p) = p — «; for every positive root.

If A\ € A and z € T, we will denote by z* the application of X to z. If \ is dominant, it
is the highest weight of an irreducible representation, whose character we will denote by ..
The Weyl character formula asserts that

Pwew (=) Wz

(42) X)\(Z): Zwew(_l)ﬁ(w)zw(p) )

Here ¢ is the length function on the Weyl group W.

Now suppose that G = GL(n,C) and T is the diagonal torus, which we identify with
(C*)™ in the obvious way. Then A may be identified with Z" so that z* = [], 2. The
Weyl group W is the symmetric group S,,. For the Weyl vector we may take p = (n —1,n —
2,...,0). A partition A is a dominant weight. The numerator and denominator in can
be compared with the numerator and denominator determinants in , and we see that

Xa(2z) is the Schur polynomial s,(z).

1.2. Second definition: tableaux. Recall from Chapter [3|that SSYT,()) is the set of
semistandard Young Tableaux (SSYT) of shape A with entries in the alphabet {1,2,... n}.

The second definition of the Schur function is due to D.E. Littlewood (1938), given by
the formula:

(4.3) Sxa(21y .0y 2n) = Z PARSER

TESSYTH(N)

where the weight wt(7') of the tableau 7' is defined in Section [2 of Chapter 2]

It is not obvious from the second definition that the Schur polynomial is symmetric,
though that property does follow immediately from the first definition. On the other hand,
it is obvious from this second definition that the coefficients in the Schur polynomial are
nonnegative, a fact is not immediately apparent from the first definition. We will use a
lattice model to show that is symmetric and equivalent to the first definition.
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2. Tokuyama models

There is a formula due to Tokuyama Tokuyama (1988 for the Schur function, or more
precisely for

(4.4) {H(zi—qzj)}s,\(zl,...,zn)

i<j
as a sum over strict Gelfand-Tsetlin patterns. If ¢ = 1, the product is the Vandermonde
determinant in the denominator of the first definition, and Tokuyama’s formula reduces to
the first definition of the Schur polynomial. On the other hand, if ¢ = 0, Tokuyama’s formula
reduces to the combinatorial definition. The special case ¢ = —1 has an interpretation in
terms of Hall-Littlewood polynomials Tokuyama 1988, Section 3.3.

Tokuyama’s original formula can be reformulated as expressing as the partition
function of a solvable lattice model. This was done by Hamel and King Hamel and King
2007, However they did not use the Yang-Baxter equation. The Yang-Baxter equation
was then applied to this problem by Brubaker, Bump and Friedberg Brubaker, Bump, and
Friedberg [2011al

We take the following weights, labeled by a complex number z:

ay a2 by by Cy Co
S S, D D S,
(4.5) Z O+0O | =D SRR, O1D | DO
S S, D S, D
1 z —q z 2(1—q) 1
We also take the following R-matrix, labeled by two complex numbers z, w:
ajq do b1 b2 Cq Co
R D Q 2 S Q. 2 Q. D Q O
(4.6) W W 2w 2w W 2, W
D D o O D O o D o O D D
w—qz z—quw q(z —w) z—w (1—q)z (1 —q)w

Note that this is similar to the R-matrix in Example of Chapter 2] though the T-matrix
(4.5) is different. The R-matrix can be changed into that of Example by the methods
of Chapter [5] replacing ¢ by ¢>.

Theorem 4.2. The Yang-Bazter equation is satisfied in that the following two systems are
equivalent for all choices of a,b,c,d, e, f € {®,0}:

Cc Cc
——— —
b —d b—1 d
7w 7w
a —— € a — €
w z
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Proof. This RTT equation is a special case of the free-fermionic Yang-Baxter equation in
Theorem in Chapter [3| with parameter group GL(2,C) x C*. To check this, we take r
to be the vertex labeled z,w with the Boltzmann weights divided by (1 — ¢)w, which does
not affect the validity of the Yang-Baxter equation. We take ¢ to be the matrix labeled w.
Then ~ and ¢ as in equation of Chapter [3| are the following elements of GL(2,C) x C*:

w— qz Z—w

Geln Boar L2l () en-a).

1-qguw (1-quw

Multiplying these gives
1 =z
(<q Z>72(1_Q)>,

and the statement follows. O

Now let us explain the models we want to use, called “Gamma Ice” in Brubaker, Bump,
and Friedberg 2011a. We will use the extended wall boundary conditions with n rows, and
N > \; columns. We will use the weights with the parameter z = z; in the i-th row.
Thus we have defined a system that we will denote &,(z; q). Let Zx(z1,...,2n;9) = Z\(2;q)
be the corresponding partition function.

Theorem 4.3. The partition function
Z\(z:9) = | [ (2 — 42))5(2)
i<j
where S\(z) = Sx(z1, ..., 2,) is a symmetric polynomial that is independent of q.
We will give part of the proof in the next section using the train argument and the Yang—

Baxter equation. We will then show that it implies the equivalence of the two definitions of
the Schur function.

Remark 4.4. The symmetric polynomial Sy will turn out to be the Schur polynomial s.
Eventually we will prove, by specializing the parameter ¢ to 0 and 1 and carefully analyzing
the partition function that S, satisfies both definitions of the Schur polynomial. To avoid
confusion, we will not use the notation s, until these facts are proved in Theorems 4.12

and [£.18
3. Proof of Theorem [4.3]
Proposition 4.5. The quotient
Zx(259)
Hi<j(zi — q2;)

is symmetric, that is, invariant under permutations of the z;.

(4.7) Sx(z;q) =

Proof. We multiply (4.7) by:

I zi—az).

1<i,5<n

G
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This is a symmetric polynomial of degree n(n —1). It consists of the sn(n — 1) factors in

the denominator of 1' and %n(n — 1) other factors, hence it is enough to show that

Znz9) [[ (2 — 42)

i<j

is symmetric. Let 1 < k < n and let s, be the “simple reflection” in the symmetric group
which interchanges k£ and k + 1. These generate the symmetric group, so it is sufficient to
show that the last expression is invariant under sy.

We can pull one factor out and write this as

@) —ax) | [ (= —az)
1<J
(1) A ek41)

The permutation s; just permutes the %n(n — 1) — 1 factors in brackets. So we may drop
these to see that it is sufficient to show that

(4.8) Zx\(2;q) (2rt1 — qzr) = Za(5k2; Q) (2k — qZk41)-

To see this, let us consider the following system. We attach the R-matrix with coordinates
2k, 2k+1 to the left at the k, k& + 1 rows:

2k 2k 2k @
(49) ksRk+1
Zk+1 Zk+1 o Zk+1®

We note that from the Boltzmann weights if the “input” spins are @, @ there is only one
possibility for the output spins, which must also be @, &®:

spins marked ? can only = & .

The Boltzmann weight of the R-matrix is 211 — g2, and so the partition function of the
system ({4.9)) is the left-hand side of (4.8)). Using the train argument, this equals the partition
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function of

@ Zk+1 Zk+1 T Zk+1

kyRk+1

—t= - -

and by the same reasoning, this equals the right-hand side of (4.8). This proves (4.8) and
the symmetry of S\(z; q) is established. O

Proposition 4.6. S\(z;q) is a polynomial in zy, ..., z, and q.

Proof. Tt is clear that Z,(z; ¢) is a polynomial, since every Boltzmann weight is a polynomial.

Rewrite (4.7)) as

(41()) S)\(Z,q) _ Hi>j(zi - qu)Z,\(Z;q>
[Tz (2 — q2))

Both the numerator and the denominator on the right-hand side here are symmetric. In the
polynomial ring C[zy, . .., z,, ¢], which is a unique factorization domain, the denominator is a
product of coprime polynomials. Hence it is sufficient to show that the numerator is divisible
by each. If ¢ > j then it is obvious that the numerator in is divisible by z; — gz; since
it is included as a factor in the product defining the numerator. Because it is symmetric, it
is divisible by all factors z; — gz; because the symmetric group permutes these transitively.

Thus the quotient S\(z;q) is a polynomial. OJ

Lemma 4.7. Let s be a state of the model. The total number of vertices with spin configu-
rations of types as, by and cy in the state is %n(n —1).

Proof. A configuration is of type as,b; or ¢y if and only if it has a © in the vertical edge
below the vertex. We recall the Gelfand—Tsetlin pattern associated to the state in Lemma 1.3
of Chapter [3] There is a © spin on the vertical edge below the vertex in row ¢ and column
j if and only if j is one of the entries in the (i + 1)-th row of the Gelfand—Tsetlin pattern.
There are thus n — 1 configurations of type as,b; or ¢y in the first row, n — 2 in the second
row, and so forth, and in(n — 1) altogether. O

Proposition 4.8. S\(z;q) is independent of q.

Proof. The numerator and denominator in are both polynomials in z,...,2,,q and
the denominator has degree %n(n — 1) in ¢. We claim that the numerator has the same
degree in ¢q. Reviewing the Boltzmann weights, only configurations of types b; and c; can
contribute a power of ¢. The number of such patterns is at most %n(n — 1) by Lemma

Since the degree in ¢ of the numerator of is at most in(n — 1), the degree of the
denominator is exactly %n(n — 1), and the quotient is known to be a polynomial, it has

degree 0 in ¢q. Hence it is independent of q. 0J
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Since S)(z;q) is independent of ¢, we may suppress ¢ from the notation and write
Sx(z;q) = Sa(z). We have proved that it is a symmetric polynomial. Later we will show
that if ¢ = 0, this agrees with the combinatorial definition of s)(z), and if ¢ = 1, it agrees
with the Jacobi definition.

Proposition 4.9. Let s be a state of the system, and let

a1 12 ce Q1.n
a2 ce a2.n—1

Qp,1

)

be the corresponding strict Gelfand—Tsetlin pattern. Let A; = Zj a; j be the row sums. Then
the Boltzmann weight $(s) equals a polynomial in q times the monomial z* where

n= (Al_A27A2_A37"'7An)'

Proof of Proposition 4.9, To prove the proposition, we note from the Boltzmann weights
that 3(s) is a polynomial in ¢ times a monomial z* for some p. There is a contribution of
z; from every vertex of type as, by or ¢;. These are precisely the vertices with a © spin to
the left of the vertex. Therefore the number of z; in the product of local Boltzmann weights
equals the number pu; of © spins in the ¢-th row, not counting the right boundary edge.

We must show that pu; = A; — A;11 (or just A; if i = n). To count the number of © spins
on the horizontal edges in the i-th row, not counting the right boundary edge, we enumerate
them by the paths. We note that one path enters from the top in the column a;; and exits
at the column a;; ;. There are a; ; — a;11; © spins on this edge.

The argument requires minor modification for the last row, in which the last remaining
path exits the right and contributes a;,+1—;. We do not need to consider this an exception
if we extend the Gelfand-Tsetlin pattern by zero and define a;y1,4+1—; = 0. With this
convention, A, 1 = 0.

Summing the contributions of all paths,

n+1—1

Hi = E @ij — Gip1 = Ai — Aija,

j=1

as required. O

4. Tokuyama Ice: ¢ =1

If either ¢ = 0 or ¢ = 1, one of the six allowed configurations in the Tokuyama model
disappears. In these two cases, there are only five allowed states of spins adjacent to a vertex,
and we will call the resulting models five-vertex models. In the case ¢ = 1, the Boltzmann
weights are:

A a2 by b, Cq1 Ca2

S EEIEIE 3t

1 z -1 z 0 1
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We see that there can no longer be any c; patterns. This has a profound effect on the
paths and on the Gelfand—Tsetlin patterns.

Lemma 4.10. If G is the Gelfand-Tsetlin pattern of a state having no cy patterns, then
every row of the Gelfand-Tsetlin pattern is a subset of the row above, obtained by deleting
one entry.

Proof. If the (i + 1)-st row is not obtained from the i-th row by deleting a single entry,
then there is an element a;;; ; that is not in the i-th row. Since a; ; > a;41,; = @; ;41 by the
definition of a Gelfand-Tsetlin pattern we must have a; ; > @;11; > @;;+1. This implies that
there is a ¢ pattern in the i-th row at column a;;, ;, which is a contradiction. ]

Recall that the “Weyl group” W is the symmetric group S,, and we have p = (n — 1,n —
2,...,1,0).

Proposition 4.11. When g =1, we have

(4.11) Z\(z;1) = Z sgn(w)z? ),
weWw

Proof. There are n! states s that omit c; patterns, namely those in which each row is ob-
tained from the previous one by dropping a single entry. By Proposition [£.9] the Boltzmann
weight G(s) is +z*, where u; = A; — A;y1. By Lemma this value A; — A;4q is some
element of the i-th row, hence of the top row A+ p. (The sign — is the number of by patterns.)
We may therefore write p = w(\ + p) for some permutation w € W, and §(s) = +z** ),
where the sign must be determined.

We have proved in Theorem [4.3] that

Z)\(Z; 1)
[Tic;(zi — 7))

is symmetric. The denominator is alternating, that is, it changes sign when an odd permu-
tation is applied. Therefore the numerator Z,(z; 1) is also alternating. Now there is one
state which has no b; patterns: this is the state in which the entry in the ¢-th row of the
Gelfand-Tsetlin pattern G that is dropped is always the first one. For this state, 3(s) = z**7.
Therefore Zy(z; 1) is of the form Y ;- £2°*+#) is known to be alternating, and one of the
terms is 2. Hence the signs of the other terms are determined. This proves . U

(4.12) Sy(z) =

Theorem 4.12. The symmetric polynomial Sy agrees with the Schur polynomial sy by its
first definition.

Proof. We recognize the numerator and denominator in the ratio (4.12))

Do £z det (27" )

[Tz —2)  det(z)")

using the Vandermonde identity. U

S)\(Z) =
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5. The crystal limit: ¢ =0

Let us begin with an explanation of the importance of the case ¢ = 0. Before the 1980’s,
an analogy between the representation theory of GL(n,C) and the theory of semistandard
Young tableaux (SSYT) emerged in work of Robinson, Littlewood, Schensted, Knuth, Las-
coux and Schiitzenberger. For example, if A is a partition, then A indexes both an irreducible
representation WSL(n) of GL(n,C) and the set B) of semistandard Young tableaux. The car-

dinality of B, equals the dimension of WSL(H), and this is the beginning of a fruitful parallel.
Ultimately Kashiwara Kashiwara 1991, in the theory of crystal bases (crystals) gave an
explanation for this: the representation WSL(H) can be thought of as being in a family of
modules of the quantum groups U,(gl,). These are somewhat complicated objects, but in
the “crystal limit” ¢ — 0 much of the complexity disappears, and the combinatorial theory
remains. The quantum group U,(gl,,) does not, itself, have a limit when ¢ = 0, but some of
its operations do survive, giving B, some extra structure, that of a crystal. We will therefore
refer to the case ¢ — 0 as the “crystal limit.” Crystals are introduced in more depth in
Section

When ¢ = 0, we have the following Boltzmann weights:

a =) by by Cq Ca
S, @D S,

Z SRR, —D OO0 CRRY —O
S, <,
1 z 0 z z 1

Now we see that the pattern b; no longer appears. This means that every path that
comes down to a vertex from the top must bend to the right.

Lemma 4.13. Let s be a state of the system &x(z;q), and let

ay 1 a2 s Q1n
as1 te a2 n—1

an,l

be the corresponding strict Gelfand-Tsetlin pattern. Then a necessary and sufficient condi-
tion that s contains no by patterns is that for every t,j we have a;; > @it1 ;.

Proof. In terms of the paths, one path descends from above to the vertex in the ¢-th row
in column a;; and leaves downwards in the column a;;1 ;. Thus if a;; = a;11 ;, that means
precisely that the vertex in row ¢ and column a; ; produces a b; pattern. 0

We will call a Gelfand-Tsetlin pattern left-strict if its entries satisfy a; ; > @415 = @i j41-
(The second inequality is part of the definition of a Gelfand—Tsetlin pattern, so the significant
assumption is that a; ; > a;41.) We see that the states of the five-vertex model &,(z;0) are
in bijection with the left-strict Gelfand-Tsetlin patterns with top row A 4 p.

Let us denote by py the vector (k— 1,k —2,...,0) in Z*, so that p = p, in our previous
notation. We can make a Gelfand-Tsetlin pattern with rows p,, pn_1, ..., p1 thus:
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n—1 n—2 0
n—2 0
(4.13) P =

0

Lemma 4.14. The map G — G — P 1is a bijection between left-strict Gelfand—Tsetlin
patterns with top row X\ + p and Gelfand—Tsetlin patterns with top row A.

Proof. This is easy to check. OJ

Let A, be two partitions. Recall that if the Young diagram YD(u) is contained in
the Young diagram YD()), then \/p is called a skew shape. Its Young diagram is the set-
theoretic difference YD(A) — YD(u). For example (5,3,2)/(3,2,1) is a skew shape and its

diagram is

L]

Recall the bijection between Gelfand—Tsetlin patterns with top row A and semistandard
Young tableaux of shape A described in Chapter [3, Section [2]

Lemma 4.15. Let G be a Gelfand—Tsetlin patterns with top row A and T the corresponding
semistandard Young tableauzr of shape \. The weight of T is

wit(T) = (A, An1 — Ap, .o, Ao — Az, AL — Ay),

where A; are the row sums of G.

Proof. Let A\(Y) be the partitions in the rows of G. By definition, wt(T) = (1, fto, - . - , fin)
where p; is the number of boxes in T that contain the entry ¢. These comprise the skew

tableau with shape A\("*1=%) /\("+2=9) "and since |\#)| = A;, we obtain the advertised formula
for wt (7). O
Example 4.16. To illustrate Lemma [£.15] suppose n = 3 and
5 3 1 1 2 | 3 ‘
G = 4 1 SO T=[2|3]|3
3 3

The three skew shapes corresponding to 1,2, 3 are

B)/e, 41)/3,  (5,3,1)/(41).
So wt(T') = (3,2,4), which agrees with the formula (3,5 — 3,9 — 5) from Lemma [4.15]

We let wq be the “long element” of the Weyl group W = §,,, which is the permutation that
maps kton+1—kof {1,2,3,....,n}. fz=(z,...,2,) € (C)" and pu = (1, ..., tn) € Z",
then woz = (zn, ..., 21) and wop = (tn, - . ., p1). Obviously z*°* = (wyz)*.

Proposition 4.17. Let s be an admissible state of the system &y(z;0). Since s has no
by patterns, the corresponding Gelfand—Tsetlin pattern G s left-strict. Let G° = G — P,

which 1s a Gelfand-Tsetlin pattern with top row A. Let T be the semistandard Young tableau
associated with G° as in Lemma . Then B(s) = z” - (woz)"* 7).
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Proof. Since the Boltzmann weights of every vertex can only be 1 or z; for some i, it is
obvious that ((s) is a monomial z* and we need to compute p. This is accomplished by
Proposition 4.9 Writing G = P + G° the contribution of P is obviously z*, and we must
discuss the contribution of G° but by Lemma and Proposition , this is zwo V(1) =
(woz) V1), O

Theorem 4.18. The polynomial Sy = s, where sy is the Schur function defined by the
second combinatorial definition.

Proof. To summarize what we have done so far, culminating in Proposition [4.17, we have
seen that every state s of &,(z;0) has no by patterns. Such states are parametrized by left-
strict Gelfand—Tsetlin patterns with top row A + p. Each such pattern G' can be written as
G° + P where G° is a Gelfand—T'setlin pattern with top row A. If T"is tableau corresponding
to G° then B(s) = z* - (woz)"""). Summing over all states and using the combinatorial
definition of the Schur function we obtain

Z)\(2;0) = 2 s\(woz).

On the other hand, we have shown for all ¢ that

Zx\(z;q) = <H(Zi - qzj)) Sx(z).

1<j

n—1_n-2

When ¢ = 0, the product becomes 27" " z5 ~--- = z”. Comparing gives

Sx(z) = sx(woz).

We may replace z by wpz and remember that we proved (using the Yang—Baxter equation)
that Sy is symmetric, so S\ = s). L]

Comparing the evaluations of Sy(z) when ¢ = 1 and ¢ = 0, we have now proved the
equivalence of the two definitions of the Schur function.

6. Column parameters

In this section, we consider models whose partition functions are factorial Schur functions.
The models can be used to develop properties of these, but we only use the models to illustrate
Theorem of Chapter 2]

In the Tokuyama models, the Boltzmann weights depend on the rows but not the columns.
Recall, however, Theorem [2.17] in Chapter [2] which classifies solvable lattice models in which
all the Boltzmann weights are controlled by a single parametrized Yang—Baxter equation. In
this theorem, we see that the Boltzmann weights can depend on two sets of parameters, the
a’s which are row parameters, and the 8’s which are column parameters. Thus we certainly
have the option of introducing column parameters to the Tokuyama models.

Macdonald 1992 pointed out that Schur polynomials have a wide set of generalizations,
and to prove his point, he gave nine variations. As Macdonald shows, these generalizations
exhibit a certain set of properties, such as the Cauchy identity, Jacobi—Trudi identities, both
with dual forms, the Pieri rule and the Giambelli formula. Further such variations were
found by Okounkov and Olshanski [1998; Okunkov and Olghanskif 1997, Okounkov |1998 and
Molev [1998.
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Lattice model approaches to such generalized Schur functions based on the free-fermionic
Yang—Baxter equation were taken by Bump, McNamara, and Nakasuji 2014, Motegi 2017aj,
Aggarwal, Borodin, Petrov, and Wheeler 2023| and Naprienko [2024. The last two refer-
ences both treat (differently) four-parameter families of generalized Schur functions. The
parametrization in Naprienko 2024]is very elegant.

Macdonald’s sixth variation is the factorial Schur functions. These were introduced by
Biedenharn and Louck [1989|and by Chen and Louck 1993. Schur polynomials, of course, are
symmetric functions in a set of variables z = (z1, 2, .. .), and the factorial Schur functions
generalize a second set of parameters @ = (aq,as,...). They arise naturally in algebraic
geometry in the torus equivariant cohomology of Grassmannians. Bump, McNamara, and
Nakasuji 2014 gave lattice model proofs of many of their properties. In these models, the
parameters z; are associated with the rows of the model, and the parameters «; are associated
with the columns.

Let G = GL(2,C) ® C* be the parameter group. By Corollary and Theorem [2.17]
of Chapter [2 if 7;; € GL(2,C) x C* are the elements corresponding to the Boltzmann
weights at each vertex, then v,4v.; depends on a and b but is independent of d. We recall
that the theorem shows that solvability amounts to writing v, ; = ¢(i)y(j) in G, where
¢:{1,...,n} — G is a function of the row, and ¢ is a function of the column.

Now let us consider the Tokuyama model. Let ¢(i) and ¢ (j) € G be as in Theorem [2.17]
so vi; = ¢(1)Y(j) where ¥(j) = lg can be omitted, since the Boltzmann weights do not
depend on the column. Thus 7;; = ¢(i). The Boltzmann weights are given by the following
table:

al(zi) ag(zl-) bl(Zi) bQ(Z/L') Cl(Zi) C2(2i>
1 Zi —q zo |(I—q)z| 1

o= (22 2 ) ) = (4 )-0-0m).

Now we may perturb the Tokuyama model by allowing the column parameter ¥(j) to be
nontrivial. The choice to give factorial Schur polynomials is

w-((" %))

o= = (g 25 )oa-as).

q z+qo;
This leads to the following modification of the Tokuyama weights:

Therefore

Then

a1 (2i, ) | @2(zi, ) | bi(zi, ) | ba(2i, o) | c1(zi, o)) | calziy )
1 zi + qa,; —q zi+a; | (1—q)z 1

As with Tokuyama ice, we use the extended wall boundary conditions with the z; as column
parameters. We use z; in the i-th row, but since our policy is to number the columns
0,1,2,... but the column parameters are ay, s, ..., we put «; in the j — 1 column. Let us
denote the partition function Z,(z, a).

Theorem 4.19 (Bump, McNamara, and Nakasuji 2014). The partition function is
Z\(z,a) = H(Zz — qz;) sa(zlla; q),

1<J
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where s\(z||la; q) is a polynomial that is symmetric in the z; (though not in the «;) that is
independent of q.

Proof. This is left to the reader (Exercise [4.6)). U

The polynomials in Theorem [£.19| are the factorial Schur functions of Macdonald’s sixth
variation in Macdonald (1992, The notation s,(z||e;¢q) is consistent with Macdonald (1992
but differs from other authors, including Naprienko 2024. See Bump, McNamara, and Naka-
suji 2014 for further use of the lattice model representation to develop properties of these
polynomials and Aggarwal, Borodin, Petrov, and Wheeler [2023; Naprienko 2024 for more
general free-fermionic models that generalize Schur functions.

7. Gamma, Delta and hybrid models

In the last section we introduced column parameters to the free-fermionic Tokuyama
models, producing models for factorial Schur functions. We continue to investigate these
models, introducing a new phenomenon. The models that we have considered so far in this
chapter will be called Gamma models; in these the paths move down and to the right. We
now mix these with “dual” models that we call Delta models in which the paths move down
and to the right. We are interested in the relationship between these two types of models,
and hybrid models in which layers of Gamma “ice” are layered with layers of Delta “ice.”
Paths move down and to the right on the Gamma layers, and down and to the left on the
Delta layers. Gamma and delta layers may be interchanged using the Yang-Baxter equation,

Our main result (Theorem is the special case ¢ = 0 of a more general result in
Chapter 19 of Brubaker, Bump, and Friedberg 2011b or the arxiv version of Brubaker,
Bump, and Friedberg |2011a. Other works where layers of Gamma and Delta ice are mixed
together include Brubaker, Buciumas, Bump, and Gustafsson [2020b}; Gray [2017; Gustafsson
and Westerlund 2025} Ivanov 2012; Motegi 2017b; Zhong [2022. We will discuss further
analogs in Section [

To see this phenomenon in the simplest case, we will take Gamma ice to be the ¢ = 0
Tokuyama model. However, we will generalize these slightly by including column parameters,
so these are actually models for factorial Schur functions, as in the last section. Thus, as
in the last section, supplementing the spectral parameters z; for each row, for each column
(numbered j) we pick a complex number «; and we use the following Boltzmann weights.

@%@%%@%%@%

Zi + oy

The Boltzmann weights for the Delta model are given as follows.

@%@%%@%@@%%@

zi +
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Note that instead of c; and cy we have two d; and dy weights. Because of this difference,
for the Gamma weights the paths move down and to the right, but for the Delta weights the
paths move down and to the left. To distinguish these two types of weights we will use a
solid e for Gamma vertices and a white o for Delta vertices.

We fix a partition A = (\q,...,\,) and spectral parameters (zy,...,z2,), and column
parameters «; for j = 0,1,2,.... We have already described the boundary conditions for the
Gamma model: we put a © spin at the top boundary edge in columns \; +n —j and @ spins
in the remaining columns, & spins on the left and bottom boundary edges, and © spins on
the right edges. We use the spectral parameter z; in the i-th row and the parameter «; in
the j-th column.

For the Delta model, there are two modifications to the Gamma R-matrix. We use the
Delta weights, and the top and bottom edge boundary spins are the same as the Gamma
R-matrix, but for the Delta system:

e We put © spins on the left edges and @ spins on the right and bottom edges; and
e We reverse the order of the parameters in the row, putting z; in the n + 1 — i row.

Let &% (z;a) and G5 (z;a) denote the Gamma and Delta systems as described above.
Here a = (ap, a1, aa, . . .) represents the sequence of column parameters.

Example 4.20. Consider A = (2,1,0), so that A + p = (4,2,0). Here are sample states
for the two systems; in the Gamma system we use e to label the vertices. Observe that the
Delta state contains a by vertex in column 0, which is allowed provided ag # 0. If oy = 0,
the Boltzmann weight would be zero. For Gamma weights, b, states are never allowed.

SR
e \._ \__
N\ - \J
22 (P N O
2’3@ \ O
® @ @ D@ @D
o @ j) ¢ o
%3 Q— D
zQG_Z P
4 O— ®

(4.14) ® D @ $ @

Let Z(&Y(z; ) and Z(&% (z; a)) denote the partition functions of the Gamma and Delta
systems. The main result of this section is the following theorem. a more general result in



7. GAMMA, DELTA AND HYBRID MODELS 57

Chapter 19 of Brubaker, Bump, and Friedberg2011b|or the arxiv version of Brubaker, Bump,
and Friedberg 2011a. Other works where layers of Gamma and Delta ice are mixed together
include Brubaker, Buciumas, Bump, and Gustafsson 2020b; Gray [2017; Gustafsson and
Westerlund [2025; Ivanov [2012; Motegi 2017b; Zhong 2022. We will discuss further analogs
in Section

Theorem 4.21. The partition functions are equal:
Z(8)(z;0)) = Z(65 (z; ).

Remark 4.22. If the column parameters o = 0, then by Theorem [4.18]we have Z (&} (z;0)) =
z”s)(z) in terms of the Schur polynomial sy(z). This may also be proved by similar arguments
for Z(&%(z;0)), establishing the theorem when a = 0. We will give a different argument
that is valid for general a below.

Rows of Gamma ice and Delta ice may be freely layered, and Yang-Baxter equations
exist to permute them. Note that we have labeled Gamma ice with a black dot e and Delta
ice with a white dot o. We preserve this notation to indicate the four R-matrices required
for these interchanges.

o
firy

o
N

O
_
~

ay =)

B\ O

5
¥
xS

69|, &e
53
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BB OO 6o oo
P o S o
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o ¢
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o

Zi—Zj
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Zj

Q9
¢ 0
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R
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R

Zj

The R-matrix that we have labeled I'T' can be recognized as (4.6) with ¢ = 0 and z = z;,
w = z;. In general if X,Y € {I', A} then XY represents an R-matrix that interchanges an
X vertex with a Y vertex. For example if XY = T'A, the Yang—Baxter equation looks like

this:

@
\©
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Note that none of these R-matrices depend on «, and this is to be expected in view of the
proof of Theorem in Chapter 2|

Proof of Theorem [4.21] We begin by noting that we can replace the bottom row of
Gamma ice by Delta ice. This entails changing all the © spins of the row to & and vice
versa. To see that this works, we note that in the bottom row only & spins can occur limiting
the possible states to a;, by and ¢y, and for these three spins (which then become by, a; and
d; in the Delta system) this transformation leaves the Boltzmann weights unchanged. This
step in the proof can be done state-by-state giving a bijection between the Gamma system
and a hybrid system that has one row of Delta ice at the bottom. The Gamma state in

Example becomes:

21 @ \. ~ N
29 @ N O
23 Ot < ®

® ® O © ®

Now we wish to move the Delta row with the z, spectral parameter up. To do this, we
attach the 'A R-matrix for and apply the train argument. Attaching the R-matrix at the
left multiplies the partition function by z,_;, while detaching it on the right divides the
partition function by z, 1, so there is non net change. For this step there is no bijection
between states, but here is a typical state for the resulting hybrid system:

e
@

NN GEED
bbb d

We may repeat this process until the A row (carrying the parameter z,) is at the top. Then
we have another I' row, with parameter z, at the bottom. We may again change this into
a row of A ice, and apply the train argument to move it up and to the top. When all rows
have been transformed into A layers, we find that the order of the spectral parameters has
been reversed. O
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8. Crystals

Crystals are combinatorial analogs of representations of Lie groups. Kashiwara 1991
introduced them as certain limits of modules of quantum groups. Independently, Lusztig
1990 studied canonical bases from a geometric perspective.

Let A be the weight lattice of a reductive complex Lie group GG. Thus if T" is a maximal
torus of G we may identify A with the group of rational characters of T. If z € T'and A € A
we denote by z* the application of A to z. Let ® C A be the root system. We will denote
by s; the simple reflections in the Weyl group W, and by «; € ® the corresponding simple
roots for ¢ € I, where [ is the index set of the underlying root system.

Following Kashiwara (1991, we now define crystals. We require a set C with a map
wt : C — A and some other structure. Let 0 be an auxiliary element (not in C). For each
index i € I there will be maps e;, f; : C — C U {0} such that if x,y € C then f;(z) =y
if and only if e;(y) = x, and if this is true then wt(y) = wt(z) — ;. Furthermore there
will be maps €;,¢; : C — 7Z such that ¢;(y) = ¢;(x) — 1 and ¢;(y) = ¢i(z) + 1, and
wi(x) — gi(x) = (o), wt(z)). The crystal is seminormal if €;(x) > 0 is always the largest
integer k such that e¥(z) # 0, and ¢;(x) > 0 is always the largest integer m such that
fi"(x) # 0.

This is not the most general definition, since Kashiwara allows the maps ¢; and ¢; to
take the value —oo but although this is sometimes useful, such crystals will not appear in
this book, so we do not allow it.

If C and D are crystals, a tensor product crystal C ® D is defined. We will follow the
conventions in Bump and Schilling 2017 which differ from the conventions in Kashiwara’s
papers. (See for example Kashiwara |1995| for a useful survey.) The tensor product C ® D
consists of pairs x ® y with x € C and y € D with wt(zx ® y) = wt(z) + wt(y) and

_ [ filx) @y if ¢i(y) <ei),
filx®y) = { r® fily) if iy (),
(v

) > g
A S oealr)@y if gi(y) < ei(w),
e ®y) = { r@ely) if gily) > (o)
pi(z ®y) = max(p;(z), pi(z) + i(y) — &),
gi(r ®y) = max(e;(y), gi(y) + (@) — @i(y))-
The tensor product is associative.
If C is a crystal, we may define its character

Xc(z) = Z AR

zeC
Given a crystal C, the associated crystal graph is the directed labeled graph with vertices C

where there is an edge 2 — y (labeled by the index i € I) if y = f;(x). Note that we always
draw the arrow from z to f;(z). We say C is connected if its crystal graph is connected.
Each connected component is itself a crystal, so C is the disjoint union of its connected
components.

If u € C we call u a highest weight element (or vector) if e;(u) = 0 for all 7 € I. We call
C a highest weight crystal if it is connected and has a unique highest weight element. Let
A = wt(u); we say A is the weight of the highest weight crystal C.

Lemma 4.23. If C is a seminormal highest weight crystal of weight \ then X\ is dominant.
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Proof. We must show that (a), \) > 0 for every simple coroot «;. Indeed this equals
(o, wt(u)) = @i(u) — &i(u) = pi(u) 2 0
by seminormality. 0

Weyl proved that if A is a dominant weight then A is the highest weight of a unique
irreducible representation of G. Let x\(z) be its character for z € T. The characters of
irreducible representations are a basis of the W-invariant functions of z.

Theorem 4.24 (Kashiwara, Lusztig, Littelmann). There is a class of crystals called normal
having the following properties. A crystal is normal if and only if every connected component
1s normal. Every connected normal crystal is a highest weight crystal. For every dominant
weight X\, there is a unique connected normal crystal with highest weight . The character
Xc of a connected normal crystal of highest weight X equals xx. A tensor product of normal
crystals s normal.

Proof. Kashiwara’s construction (see Kashiwara 1991) produces a crystal base for the
corresponding representation of a quantum group, with parallel results in the work of Lusztig
1990. Littelmann’s different approach (see Littelmann 1995b) uses the theory of “Littelmann
paths” in the ambient real vector space of A. For a combinatorial proof see Bump and
Schilling 2017, where the proof over several chapters begins with Theorem 5.20 and ends
with Corollary 13.9. O

8.1. Crystals on tableaux and Gelfand—Tsetlin patterns. Now let us specialize
to the case where G = GL(n) and A = Z". Let A = (A1,...,\,) be a partition. Then A
is a dominant weight, and the unique normal crystal of shape A is the crystal of tableaux
B, defined by Kashiwara and Nakashima 1994. As a set, By is SSYT,()), but we need to
describe the crystal operations. The weight operation is already defined: if T' is a tableau
then wt(7T") = (i1, ..., pn) where p; is the number of entries equal to 7. We must define the
maps e;, f;,€; and ;.

First we consider the case where A = (k) = (k,0,...,0), so By consists of rows of length
k, whose entries are weakly increasing. If R =|ry |--- | ry | € By then we define ¢;(R) to
be the number of i’s among the entries r;, and €;(R) to be the number of i +1’s. If ¢;(R) > 0
then f;(R) is obtained by replacing the rightmost ¢ by i + 1. And if ¢;,(R) > 0, then e;(R) is
obtained by replacing the leftmost 7 4+ 1 by 7. As a special case the crystal Bg) is defined,
with one element having weight 0, and B ® C = C ® By = C for any crystal C.

We have now completely defined the crystal structure for the crystal of rows B(). With
this in mind, we have an embedding of B) into By, ® By, , ® --- ® By, as follows. If T is
a semistandard tableau of shape A, let Ry, ..., R, be the rows of T'; then we map 7T to the
“row reading” RR(T) 2 R, ® - -- ® Ry. (We may omit R; if \; = 0.)

Lemma 4.25. The image of the map RR is a connected component of By, @By, ,®---QB,.

Proof. This follows easily from Proposition 3.1 in Bump and Schilling 2017, U

Now we give B, the unique crystal structure that makes RR the embedding of a subcrystal
in By, By, , ®---®B,,.



8. CRYSTALS 61
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FIGURE 1. The GL(3) crystal B(s,1), and its corresponding crystal of Gelfand-
Tsetlin patterns.

112

2
fo will change one of the 2’s to a 3, but which one is changed depends on a computation,
which we will now perform. (See Bump and Schilling [2017] Section 2.4 for a more systematic
approach.) Using the row reading the tableau is interpreted as

Example 4.26. Let n = 3, and let us compute f5(7") where T' = . If this is nonzero,

Ro® R =2R®y, r=(2y=|1]2

We find that @o(y) = 1, eo(2) = 0, and by the tensor product rule

ﬁav=x®ﬁ@w=; 31

We have seen in Chapter (3| that the set SSYT, (\) of semistandard Young tableaux of
shape A is in bijection with the set GTP,,(\) of Gelfand—Tsetlin patterns of size n with top row
A. To recapitulate, let A) be the sequence of shapes such that the skew shape A/ G~
contains the entries equal to i. Then A, ... A\ are the rows of the Gelfand Tsetlin
pattern. If G € GTP,(\) and T" € SSYT,,(\) we write T = SSYT(G) and G = GTP(T).

Since GTP,,(\) is in bijection with the crystal B, there is a crystal structure on GTP,,(\)
by transportation of structure. See Kirillov and Berenstein 1995/ for much useful information
about these crystals. In particular, their discussion of the Schiitzenberger involution is very
important.
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Example 4.27. Let n = 3 and A = (2,1,0). The crystal graphs for By and GTP,(\) with
corresponding elements drawn in corresponding locations are given in Figure

8.2. Crystals for Tokuyama models. We have seen that for the six-vertex model
with extended wall boundary conditions, the states may be parametrized by Gelfand—Tsetlin
patterns. Then the crystal operators e; and f; become operations on the states. Let us show
how this works for the ¢ = 0 Tokuyama models.

We will make use of the Schiitzenberger involution on By, also called the Lusztig involu-
tion. It inverts the crystal graph, mapping the highest weight to the lowest weight.

Proposition 4.28. There is a unique map Sch : By — By such that wt(Sch(T")) =
wo(wt(T")) for T € By, and such that Schoe; = f,,_; o Sch and Schof; = e,_; o Sch.

Proof. See Bump and Schilling 2017, Exercise 5.2. OJ

Let us first consider the ¢ = 0 Tokuyama models from Section f] We will describe a
specific bijection between the states of this model and B). Let GTP(s) denote the associated
Gelfand—Tsetlin pattern of a state s. By Lemma [4.14] we may subtract the pattern P and
obtain a Gelfand—Tsetlin pattern GTP°(s) := GTP(s) — P. The map GTP? is a bijection
between the states of &,(z;0) and GTP,,(A). Then it is beneficial to apply the Schiitzenberg
involution to the corresponding tableau. Thus we define a map 6 : S,(z;0) — B, by

(4.15) 0(s) = Sch(SSYT(GPT"(s))).
This is a bijection, so &,(z;0) becomes a crystal by transportation of structure.

Example 4.29. Let n = 3 and A = (2,1,0), so A+ p = (4,2,0). We will show how to
calculate 6(s) for the following state:

4 3

L RI02
% GO

z3@ é
@@éé@

We have used the color red to indicate which edges have & spin. We find that

+

_|_

4 2 0 2 1 0
GPT(s) = 2 1 , GPT?(s) = 1 1 ,
1 1
and so
SSYT(GTP(s)) =| L[ 3] o) = L[ 1]
3 3

The crystal structure on &,(z;0) can then be computed from the known crystal B).
Figure [2[ shows the case A = (2,1,0).
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FIGURE 2. The crystal structure on &,(z;0) when A = (2,1) and n = 3.

Remark 4.30. We have chosen to consider the ¢ = 0 models here because this is the
simplest case, and because for the ¢ = 0 models we may use the crystal By. However, it is
also important to consider general g. In (4.15) we defined an embedding of the states of the
g = 0 Tokuyama model into the crystal By. If ¢ # 0, this procedure requires modification,
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because if the state contains by vertices, then GTP(s) is not left strict, and we are not able to
subtract the Gelfand—Tsetlin pattern P in Lemma [4.14] Therefore we modify the procedure
as follows omit this subtraction, replacing (4.15)) by

(4.16) 0(s) = Sch(SSYT(GPT(s))).

Here SSYT(GPT(s)) € Byy,, so Sch is the involution of By;,. The image of the map 6 is
no longer all of the crystal By, since there is a constraint on GPT(s), which is now a strict
Gelfand-Tsetlin pattern. The utility of this embedding, and the use of the Schiitzenberger
involution is seen in Brubaker, Bump, and Friedberg|2011b. Note that By, can be embedded
in By ® B, and Kim and Lee [2011] proposed (in a slightly different context) that it is better
to consider the image of 6(s) in By ® B,.

8.3. Crystals for Delta ice. Let us consider Delta ice introduced in Section [7. We
take the column parameter «; to be zero. This makes b; patterns for Delta ice zero; we will
see momentarily that this allows the states to be embedded in Bj.

As with Gamma ice, the column numbers of the vertical edges that carry the lines can
be arranged in a Gelfand—Tsetlin pattern. Let us denote this, as before, as GTP(s). Now we
need the analog of Lemma|4.13] This is the fact that for Delta ice, a necessary and sufficient
condition for there to be no b; patterns is that the corresponding Gelfand—Tsetlin pattern
is right strict, so that a;; > a;_1 j41. This is proved like Lemma [£.13] remembering that for
Delta ice the paths move down and to the left,

Now since GTP(s) is right strict, with top row A + p, we may subtract

n—1 n—2 o0
(4.17) Q=

n—1

and obtain another Gelfand-Tsetlin pattern, with top row A. Let GTP,(s) denote the
“reduced” pattern GTP(s) — Q. We may now adapt the map € in (4.15)). In this case we
omit the final step of the Schiitzenberger involution which is not needed for Delta ice. We
write

(4.18) Oa(s) = SSYT(GPT.(s)).

Example 4.31. We cannot use the state in (4.14)), since it contains a by pattern. Let us

instead consider
o ja ®
Z3

(4.19) ® D® ® @
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We find that

GTP(s) = 41 . GTP(s) = 2 0 ,

s0 Oa(s) =

The map 04 is a bijection &5 (z;0) — By. One may check that
B(s) = 7Pzt (0(8))

Exercises

Exercise 4.1. Compute the partition function for the six-vertex model with the weights as in Section [2| for
the partition (n — 1,n —2,...,1,0) and show that it is a g-deformation of the Vandermonde determinant.

The next exercise generalizes Theorem It shows that the parameter g can be replaced by a sequence of
parameters t;, so that the Tokuyama model then has two row parameters, z; and t;.

Exercise 4.2 (Brubaker, Bump, and Friedberg|2011a)). For each 1 < i < n let 2; and ¢; be nonzero complex
numbers. In place of the Boltzmann weights (4.5)), use the following weights,

aj ao b1 b2 Cq Ca
1 Z tqj Zi | %4 (1 + fi) 1

and in place of the R-matrix, use the following weights.

ay as by by C1 C2
Zj + thi Zi + tiZj tiZj — tjzl- Zi — Zj (]. + tl)Zz (]. + tj)Zj

Generalize Theorem to prove the Yang-Baxter equation in this generality. Thus we recover Theorem |4.2
by specializing all ¢; to —q.

Exercise 4.3 (Brubaker, Bump, and Friedberg [2011a)). Continuing from the previous exercise, generalize
Theorem by showing that if we use the Boltzmann weights depending on z; and ¢; from the previous
exercise in the i-th row of the grid, the partition function equals

H(Zl +tiz;)sx(2).

1<j

For the next exercises we want to have two types of free-fermionic vertices, which we will call Gamma and
Delta. Gamma ice is the Tokuyama ice with Boltzmann weights 7 and Delta ice is new to these exercises.
They can be used together, and we will distinguish their Boltzmann weights by using a black dot for Gamma
ice, and a white dot for Delta ice as in the following table.

ay ag by by C1 C2
S, S, o S, D .
Gamma | QD o+0O | OO O+0O o+ | &+O
D S, D
(4.20) 1 z —q z z(1—gq) 1
D O O D D O
Delta | @D o+ | &+ SRR o+ | &0
> S o > S >
1 —qz 1 z (1—-q)z 1
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We will also make use of the following R-matrix:
aj as by by Cy Co
N AT AT AT N N
e e e e oo o e
- 1-gz | A-quw

Exercise 4.4 (Brubaker, Bump, and Friedberg [2011a). Prove a Yang—Baxter equation using the Delta
weights in (4.20) and the R-matrix (4.6]).

z— quw w— qz q(z —w)

Exercise 4.5 (Brubaker, Bump, and Friedberg|2011a). Now consider the lattice model with extended wall
boundary conditions, using Delta ice. That is, we use the weight (4.20]) with instead of (4.5)). Evaluate these
partition functions.

Exercise 4.6. Complete the proof of Theorem by imitating the proof of Theorem
Hint: You will need to know that the R-matrix for the factorial models is the same as the R-matrix (4.6]).
Try to deduce this fact without further calculation from the discussion in this section.

Exercise 4.7. Theorem of Chapter [2]implies that the factorial Schur functions satisfy a column Yang—
Baxter equation for some R-matrix. Make this explicit.



CHAPTER 5
Modifying R-matrices

In this chapter, we consider two methods of modifying solutions of the Yang—Baxter
equation to get new solutions. We will consider colored models, in which each spin is assigned
an attribute that we call a color, such as the colored models in Chapters[fland[§] Borodin and
Wheeler Borodin and Wheeler 2022, motivated by probability theory, did much to stimulate
the current interest in colored models.

1. Jimbo’s R-matrix

In order to have an example in mi\nd, let us use the R-matrix introduced by Jimbo [1986),
coming from the quantum group U,(sl,.). (Jimbo also gave R-matrices for standard modules
for the other classical Cartan types.) Let us choose r colors. The edge types depend on a
complex number z, which we call the spectral parameter. For every edge type, the spinsets
are the same, a set C = {c1,...,¢.} of colors. The colors are ordered so that ¢; > -+ > ¢,.
The set C is called the palette.

Let z and w be two spectral parameters. We will consider a vertex with adjacent edges

labeled a, b, c,d as follows:

R o “®
Z,w or z @—z,u,;@ p
@ o v @

Thus z is the vertex type at the vertices labeled a and c, while w is the vertex type at the
vertices labeled b and c. The Boltzmann weights are as follows.

(5.1)

Jimbo’s R-matrix

Type A
w@\&w/@z
@ @

Type B
w@}ﬂ{@z
@ O

Type C
UJ(@\Z’U{QDZ
@ Qv

z—quw

q(z —w) ifa <b,
z—w ifa>b,

(1—¢q)z ifa<b,
(1—qw ifa>b,

Jimbo showed that this R-matrix is associated with the quantum group Uq(gT[n). To be
precise the R-matrix in Jimbo [1986| is not exactly this R-matrix but differs from it by a
Drinfeld twist, since it gives both Type B weights the value ,/q(z —w). But for reference we
describe this as Jimbo’s R-matriz.

We have classified the configurations of spins at a vertex as Type A, Type B or Type C.
This is analogous to the classification of the configurations of the six-vertex model as a, as
(Type A), by, b (Type B) and cy, co (Type C).

67
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Theorem 5.1 (Jimbo |1986). Jimbo’s R-matriz satisfies a parametrized Yang-Bazter equa-
tion. If a, b, ¢, d, e and f are any colors, then the partition functions of the following two
systems are equal:

AV TN Ve

Proof. Note that the R-matrix only depends on the relative order of the colors a and b in
the table . We observe that it is sufficient to prove this when the number of colors is
< 3. Indeed, the colors d, e, f must be a permutation of a, b, ¢, or else the system has no
states. This reduces the number of cases to a reasonably small finite number, which can be
checked using a computer or even by hand. In fact, with at most 3 colors and with d, e and
f a permutation of a, b, ¢ there are at most 6 - 27 = 162 possible boundary conditions. [

Theorem can be written compactly as follows. Let V' be the free vector space on the
set C of colors, and let R(z,w) : V@V — V ® V be the linear R-matrix associated with
this linear transformation as in Section [3in Chapter 2] Then in terms of the Yang-Baxter
commutator:

[[R(Zl, 2’2), R(Zl, 2’3), R(ZQ, Zg)]] = 0

As a notational point, we may denote the vertex (here labeled z,w) alternatively as v,
and the Boltzmann weight as

ﬁv(a, a,a,a) in Type A,
<a7 ) Ay ) in Type B,
Byv(a,b,b,a) in Type C.

Here a and b are distinct colors, indicated by the colors blue and red, respectively.

1.1. Conservation of Color. In this Chapter, we will explain two methods of modify-
ing Yang-Baxter equations to obtain other Yang-Baxter equations, using Jimbo’s R-matrix
as an example. Subject to a requirement that we will explain next, the methods apply to col-
ored models, requiring minor modifications for other vertex types, such as for the T-vertices
in the bosonic models from Chapter [§

What is required is a conservation of color. That is, let us classify two edges as inputs
and two as outputs, thus:

0 e input ‘Q
inputs putputs
(a) (d) utputs

Then the conservation of color requires that the number of inputs of a given color equals
the number of outputs. Note that this is true for the Jimbo R-matrix. If we allow bosonic
vertices, then these numbers must be counted with multiplicity. If the Boltzmann weights
satisfy this conservation of color we will call them wviatic. We may weaken this condition
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slightly to allow @ = b and ¢ = d, in which case we say the Boltzmann weights are planoviatic.
Thus the six-vertex model is viatic, while the eight vertex model is planoviatic but not viatic.

If the Boltzmann weights are viatic then the edges of a single color can be organized
into paths, and if a path enters a vertex through an input vertex, then it must exit through
an output vertex, continuing through the structure, always moving down and to the right.
For planoviatic weights, paths also form but they are not forced to move in any particular
direction, so they may wander around or form loops.

2. Change of basis

This procedure modifies the Boltzmann weights for vertices of Type C. We may turn the
Yang-Baxter equation into a vector Yang-Baxter equation as in Section [3]in Chapter [2] Let
v denote a vertex such as the vertex z,w in , and let a, b, c,d be the adjacent edges,
labeled as in (/5.1]).

The vector space V, associated with an edge type e is then the free vector space on
the spinset .. Thus with vertices labeled as in , the Boltzmann weight becomes the
matrix, with respect to the bases ¥, ® ¥y, and X, ® ¥gq of V, ® V4, and V. ® Vg of a linear
map Vo, ® Vp — V. ® V4. Now if we choose another basis 3, of Ve, we may refer this linear
map to the bases ¥ ® ¥ and 3, ® ¥/, and obtain a new set of Boltzmann weights for a
new Yang-Baxter equation.

A simple way of implementing this is to choose for each vertex map a function f, : ¥¢ —
C*, and to choose ¥, = {2/|z € ¥}, where we define

, 1

oM
Let us use [, for the original Boltzmann weights, and /3, for the modified ones. Let a € X,,
b ey, c€ X and d € Xq. Since the sets Y and X, are in bijection, we write 3. (a, b, ¢, d)
instead of g, (a',¥',c,d’). Then

69 b = e = S b

because the vertex types a and c are the same, as are the vertex types b and d, so f, = fc
and fp, = fq. In Types A and B, a =c and b =d, so

Bi(a,b,c,d) = By(a,b,c,d)
in Types A and B. On the other hand, let us denote f, = fa/fp. In Type C we have a = d
and b = ¢, so
B'(a,b,c,d) = fv(a)fv(b)B(a, b, c,d)

in this case.

3. Drinfeld twisting

Drinfeld twisting refers to an operation on Hopf algebras that modifies the comultiplica-
tion. If the Hopf algebra is quasitriangular, then it is a source of solutions to the Yang—Baxter
equation, and twisting also modifies the R-matrices. In a simple case, we may describe this
directly. We will will consider colored systems such as the Jimbo R-matrix. The scheme we
describe will modify the Boltzmann weights of Type B, leaving the weights of Type A and
Type C unchanged.
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If C is the set of colors, we require a function ¢ : C x C — C*. We require

o(a,b)p(b,a) = 1.

Now for Type C, we multiply the Boltzmann weight 3(a,b,b,a) by ¢(a,b). Thus we obtain
new Boltzmann weights as follows. With a, b distinct colors:

ﬁ(z(aa a,a, (I) = 5V(a7 a,a, a) Type A
By (a,b,a,b) = ¢(a,b)By(a,b,a,b) Type B
pi(a,b,b,a) = By(a,b,b,a) Type C

Proposition 5.2. If the weights (3 satisfy the Yang—Baxter equation, so do the weights 3.

Proof. Recall that the set C of colors is assigned an order. By a colored braid we mean an
Artin braid in which each strand is decorated by a color in C. Let us turn every state s of
the system (either the left-hand side or the right-hand side) into a “colored braid” of three
strands by the following scheme

Type A | Type By | Type By | Type C
0 @ 0 a_o
@ 0 @ o

a<b a>b

Thus we have divided Type B into two cases depending on the order of the color, but the
larger color always goes over the smaller color. Strands of the same color are not allowed to
cross. Let ay, as and ag be the colors on the left (reading from bottom to top) and let by,
by and b3 be the colors on the right. In order for there to exist any states, the b; must be a
permutation of the a;. Thus b; = a,(; for a permutation of 1,2, 3, and the permutation w
is uniquely determined by the requirement that the color a; is connected to the color b; by
a strand. This is because strands of the same color are not allowed to cross, which implies
that w is the smallest permutation (in the Bruhat order) such that b; = a,;). Now if i < j
and w(i) > w(j) then we say that (i,7) is a descent of w. Since strands of the same color
cannot cross, a; # a; if (i,7) is a descent.
Since alterations in the Boltzmann weights occur when strands cross, we obtain

Fls) _
i = 1 daa).

descents (4, j)

This formula is the same on either the right-hand side or the left-hand side of the Yang—
Baxter equation, and so the Yang—Baxter equation for the 5 weights implies the Yang-Baxter
equation for the 3’ weights.

If (¢, 7) is not a descent, it is possible for the a; strand to cross the a; strand twice, but if
this happens, the crossings are in opposite directions and since ¢(a;, a;)¢(a;, a;) = 1, there
is no unwanted contribution.

A couple of examples should clarify this proof. In this example, a; = a3 > as and w is
the permutation (2,3). On the left-hand side there is one state:
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For every one of these states, the blue lines and the red lines cross, so there is a contribution
of ¢(as,asz). This is the same for every state on both sides, so the Yang-Baxter equation is
preserved.

We give one more example to show that two colored lines may cross twice, with the
contributions cancelling. As before we take a; = as, but now we take b; = a; for all 7, so
that the permutation w = 1. On the right-hand side, there are two states. In one, there are
Nno crossings:

In the other, there are two crossings, in opposite directions:
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For this one, there are two crossings, in opposite senses, and the contributions cancel. O

4. The spherical and antispherical R-matrices

Let us expand Jimbo’s R-matrix by adding an additional element & to the spinset. Thus
the spinset of any edge consists of @ and the r colors {c1, ..., ¢ }. The R-matrix is:

Spherical R-matrix

wC_D\z,w@Z
:J Dw

w@ @z

R

z@ @w

w(@\zw@z
:f ©uw

w

zZ,W

z

: Ow

Z—quw

Z— quw

(1-q)z

(1—q)z
(1-quw

ife<d
ife>d

w@zw@z
:J Dw

wqw@z
Nokol

w(@\zw@z
& o

w@zw@z
& @u

q(z —w)

Z—Ww

Z—Ww

ife>d

(1 -qu gz —w) ife<d
We have titled this the spherical R-matriz for future reference. The name is justified
because of its relationship, to be explained later, to Demazure-Lusztig operators which
describe the so-called spherical representation of the affine Hecke algebra.
The spherical R-matrix satisfies the following Yang—Baxter equation. Let V' be the free
vector space on the expanded set of colors C U {@}. Then as in Section , the spherical R-
matrix may be encoded in a linear transformation R,(z,w;q) = Ro(z,w) : VRV - V@ V.

Theorem 5.3. If z1, 20, 23 are any spectral parameters, then
[[Ro(Zl, 22), Ro(zl, 23), RO(ZQ, 23)]] = 0.

We will show by two different methods how this Yang—Baxter equation for the spherical
R-matrix may be deduced from Theorem [5.1l Both proofs start with Jimbo’s R-matrix with
the expanded palette C U {®}. So @ is considered to be one of the colors.

First proof.. In the expanded palette C U {®}, let us take @ to be the smallest color, so
G < ¢ < --- <cp. This gives the right weights for the spherical R-matrix, except for two

that are incorrect: @Zw@ @ZMQ
CRClICRS

(1-quw| (1-q)z
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To fix these, we have to switch these Boltzmann weights. We recall that in Jimbo’s R-matrix,
the edge types depend on a spectral parameter z. Thus we will denote the edge type e(z).
Thus in the notation of Section [2] we have

a=c=e(2), b=d=e(w).

We can take
z ifaelC,
ﬂﬂ@_{1ﬁa=@
Using ((5.3)), this has the effect of interchanging these two cases. O

Second proof.. An alternative approach is to take & to be the largest color, so ¢; < --- <
¢, < @. Again we get the spherical weights, except that two are wrong. But now they are a
different pair:

Q DR ©
CRClICRS

q(z — w)
We can use the method of Drinfeld twisting in Section |3l to move the ¢ to where it should
be in this case of the crossing of a @ line with a colored line. O

Complementary to the spherical R-matrices are another family that we call anti-spherical.
Here are the Boltzmann weights:

Antispherical R-matrix

w(—D\Z’w@z w@@z w@® D= w@@z
@ Du | T v | :E Ou T Ow
(1-q)z ife<d
(1-—qw ife>d

w@w}@z w@@z w@ @z w@@z
S o | For | S on | - 0

Z—w ite>d
gz —w) ife<d

w—qz Z — qw (1—q)z

(I-quw | q(z—w) z—w

Note that this differs from the spherical R-matrix only in the first weight, where all
adjacent spins are @. It also satisfies the same Yang—Baxter equation. However the Yang—
Baxter equation for this R-matrix cannot be deduced from Jimbo’s by change of basis and
Drinfeld twisting. This is an instance of a Perk-Schulize equation Perk and Schultz 1981
equation. Whereas the relevant quantum group for the Spherical R-matrix is U, (gl(r + 1)),

-~

the relevant quantum group for the antispherical R-matrix is the superalgebra U,(gl(r|1)).

Theorem 5.4. Let Ro(z,w;q) = Re(z,w) denote the vector form of the antispherical R-
matrix. If z1, z9, 23 are any spectral parameters, then

[Re(21, 22), Re(21, 23), Re (22, 23)] = 0.
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Proof. Although this cannot be deduced from Jimbo’s Yang-Baxter equation, it can be
proved the same way with a finite amount of computation. That is, since in order for the
system to have any solutions, the spins on the right boundary edges must be a permutation
of the spins on the left boundary edges, at most 3 colors (not counting @) can appear among
the boundary edges. There are therefore at most 6 x 4% = 384 cases to be checked, and this
can easily be done using a computer. 0

5. Relation with the field-free six-vertex model

The parametrized Yang-Baxter equation in Theorem [3.10] can also be related to Jimbo’s
R-matrix. We multiply the parametrized weights by 2, without affecting the Yang-Baxter
equation. The Boltzmann weights for this are:

5 | 523218527

2q—(29)" i - ~ "a—dq!

2q—(2q) | 2—2 | z2—2" | q—q

If R(2) is the corresponding vector R-matrix, then the parametrize Yang—Baxter equation
can be written

(5.4) [R(2), R(zw), R(w)] = 0.

It will be convenient to modify the parameters z,w and ¢ in Jimbo’s R-matrix, replacing
2z — 22w — w? and ¢ — ¢~2. We choose the palette to be {®, 0} with © < @. Then the
R-matrix is:

ai az by by & C2
@ DI O Ol Ol O bl oo D
foq_QwQ Zqu—QwQ 22 2 q_2(227w2) (17(1—2)22 (1fq_2)w2

Now we multiply every weight by the same factor gz='w™!. Then the Boltzmann weights
only depend on the ratio ¢ := z/w. They are:

ai as bl bg C1 Co
g¢— (@)t | ¢¢—(gO)7 | ¢¢=O)™H | ¢ ¢—¢Y | (g=a7 )¢ | (q—gH)¢TE

We can write the corresponding R-matrix as R'({) = R'(z/w). The Yang-Baxter equa-
tion has the form:

[R'(21/22), R (21/23), R (22/23)] = 0.

This is to be compared with (5.4)). Since (21/22)(22/23) = (21/23) it has the right form. The
R-matrix R'(¢) may be transformed into R({) with a Drinfeld twist and a change of basis.
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Exercises

Exercise 5.1. Check the 384 cases in the proof of Theorem via computer.

Exercise 5.2. Check the claim that R-matrix R'(¢) can be transformed into R(¢) with a Drinfeld twist and
a change of basis.



CHAPTER 6

Demazure Operators

In this chapter, we continue the study of colored models and will see many examples
of the following phenomenon. We consider models whose boundary conditions depend on
a permutation w of a set of colors, describing their locations on the boundary. Thus the
partition functions form a family, indexed by w. If w = 1, one finds that the system is
monostatic, meaning that it has only one state, and the partition function is completely
known. Supplementing this information, and coming from the Yang-Baxter equation, there
are recursion relations that allow one to deduce the partition function for more general w.
These recursion formulas are in terms of certain Demazure operators that generate a Hecke
algebra. In this chapter, we introduce these algebraic topics.

To quickly illustrate how Yang—Baxter equations lead to Demazure recursions for parti-
tion functions, we will consider a special case in this chapter, where the R-matrix and the
T-vertices are all drawn from a single homogeneous parametrized Yang—Baxter equation.

1. Some Lie theory

If G is a complex reductive Lie group, we may associate with G a Weyl group W, a
maximal torus T, a root system ® and a weight lattice A. Elements of A are called weights.
The weight lattice A is the group of rational characters of T, and if z € T', A € A, we will
denote by z* the application of A to z. The root system ® is a finite subset of A and the
group W = N(T')/T acts on T by conjugation, hence on A, preserving the root system ®.
Let Ag = R®A be the ambient real vector space of A. It may be endowed with a W-invariant
inner product.

Example 6.1. In the majority of our examples, G will be the general linear group, and
the reader may specialize to this case if they want, with little loss of continuity. So let us
define G,W,T,®, A when G = GL(n,C). In this case, the normalizer N(T') is the group
of monomial matrices, and the Weyl group W = N(T')/T is the symmetric group S,. The
torus 7" is (C*)", which we embed in G via

Z1
z=(21,...,2,) —>
Zn

The weight lattice A can be identified with Z™. Then if z € T and p = (1, ..., 1) € A,

we denote z* = 24" - - - z#». The W-invariant inner product on Ag is then just the usual dot
product on R™ = Ag. Let e; be the standard basis vectors in Z™. Then the root system ®

consists of vectors e; — e; with 1 <4,j < n and 7 # j.

As usual in Lie theory, the root system ® can be partitioned into two parts ® = ®+U®~
called positive and negative roots, respectively. Let ¥ = {ay,...,as} be the set of simple
roots, which are the positive roots that cannot be decomposed into other positive roots.

76
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Then W is generated by the simple reflections s; corresponding to the a;. For GL(n), the
positive roots are e; — e; with 1 <4 < j < n, and the simple roots are a; = e; — e;;.

Let T' be a group with a set I = {sy,...,s¢} of generators. We assume the quadratic
relations
(6.1) s?=1.

Since the s; have order 2, for every pair s;, s; of distinct elements such that the order n; ; of
s;s; is finite, we also have the braid relations

(62) SiSjSi ce = SjSZ‘Sj s

with n; ; factors on both sides. For example, if G = GL(n) the braid relations are s;s;s; =
s;sis; it j=1£1, and s;5; = s;8; if |i — j| > 1.

With these assumptions, the group I' is called a Coxeter group if the quadratic and
braid relations give a presentation of I'. Concretely, this means that if = is any group
containing elements o; that also satisfy the quadratic and braid relations, then there is a
unique homomorphism ¢ : I' — = such that ¢(s;) = o;.

Theorem 6.2. The Weyl group W is a Cozeter group.

Proof. The statement is true for the Weyl group of any Lie group, though we are specializing
to the case of the symmetric group. See Bump [2013, Theorem 25.1 or Humphreys [1990,
Theorem 19.1. [

Lemma 6.3. The reflection s; sends «; to its negative, and permutes other positive roots.
In other words s; maps & — {ay} to itself.

Proof. See Bump [2013, Proposition 20.1 (ii) or Bourbaki 2002, Section IV.1.6 Corollary 1.
O

Definition 6.4. A Weyl vector is a vector p € A such that p — s;(p) = «a; for simple roots
«; and corresponding simple reflections s;.

Example 6.5. The weight %Zw a is a Weyl vector, as follows from Lemma . If Gis
semisimple, this is the unique Weyl vector.

If G is not semisimple, there may be some freedom in choosing the Weyl vector.

Example 6.6. If G = GL(n), so W = S, and A = Z" then a useful choice for the Weyl
vector is

(6.3) p=(Mn—-1,n—-2,...,0).

Defining p to be half the sum of the positive roots would give (%17 ans . 1’7"), and if n
is even, this vector has denominators that we can avoid by the choice ( . Moreover this

choice Works well for applications to lattice models.

A factorization w = s;, - - - 5;, into simple reflections of shortest possible length £ is called
a reduced expression. The Weyl group has a length function ¢ : W — N = {0,1,2,3,...}.
Two possible definitions can be given which are equivalent.
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Definition 6.7. The length ¢(w) is the length k of a reduced expression w = s;, «--s;
Alternatively, ¢(w) is the cardinality of the set

{a e &t |w(a) € d}.

Proposition 6.8. The two definitions of {(w) are equivalent. If w = s; -+ 8;
expression, then

{a €or | w(a) < CI)_} = {aik7 Sik(aik71)7 Siksik—l(aik72)7 . }

P

. 15 a reduced

Proof. See Bump [2013, Propositions 20.5 and 20.10 or Bourbaki [2002, Section IV.1.6
Corollary 2. O

Let A* be the dual lattice Homgz(A,Z). Dual to the root system ® C A, there is a
root system ®Y in A* with a bijection o — " between ® and ®V such that the simple
reflection s; is the map

si(A) =X — (N, o).
Elements of ®Y are called coroots. If we use the W-invariant inner product to identify Ag with
its dual space, then A and A* are both subgroups of Ar and if we make this identification,
we have a¥ = <Ofa>

A weight A € A is called dominant if (), \) is a nonnegative integer. Also, we introduce
a partial order on Agr in which p < A if A — p is a sum of positive roots, if we may write
A—pu = Y n;a; where n; are nonnegative integers. Let (7, V') be an irreducible representation
of G, and let y, be its character. Restricting x, to T, we may write

Yelz) = 3 ma(n) 2,

nEA

and the weight multiplicity function m, is W-invariant. The p such that m, () > 0 are called
the weights of the representation. There is a unique weight A that is maximal with respect
to ¥, called the highest weight of the representation. It is a dominant weight. Conversely,
given any dominant weight there is a unique irreducible representation with highest weight
A, 80 T <> A is a bijection between irreducibles and dominant weights.

The function w + (—1)“*) is a character of W. Denoting x, = x» we have the Weyl
character formula

(6.4) @) = [ -z 3 (-1 @getine,

acdt weWw

The Weyl denominator formula is the identity

(6.5) 20 [ (1—z) =) (-1)z"®.

acdt wew
Both (6.4]) and (6.5]) are true for any choice of Weyl vector p. If G = GL(n, C), then (6.4)) is
equivalent to (44.2).

1.1. Matsumoto’s theorem. An expression w = s;, ---s;, with k& = {(w) is called
reduced. There may be many reduced expressions for w. For example if W = S; and
wo = (1,4)(2,3) is the longest element, there are 16 reduced expressions for wy.

Matsumoto’s theorem was found independently by Matsumoto [1964) and by Tits in the

1960’s. This extremely useful fact says that if /(w) = k and if

W= Siy * " Siy, = Sy 7" Sy
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are two reduced expressions, then the equivalence of the two expressions can be proved using
only the braid relations and not the quadratic relations . To give an example, if
W = 5S4 then wy = s15251538951 and wy = $38953515253 are two reduced expression. The
braid relations are:

515251 = 825152, S253S2 = 535253, 51583 = S351.

Matsumoto’s theorem asserts that we can prove s15951535251 = $35953515283 using the braid
relations and not the quadratic relations. Let us write 121321 instead of s15251535251. Using
the braid relations:

121321 = 212321 = 213231 = 231213 = 232123 = 323123.

To formulate Matsumoto’s theorem rigorously, we introduce the braid group B(W) of a
Coxeter group W. This is the group with generators u; (in bijection with the s;) that satisfy
the braid relations but not the quadratic relations.

Theorem 6.9 (Matsumoto Matsumoto 1964)). If s;, ---s;, and sj, - - - s;, are reduced expres-
sions for the same element of W, then the corresponding elements w;, - - - u;, and uj, - - u;
are equal in the braid group B(W).

k k

Proof. See Bjorner and Brenti 2005, Theorem 3.3.1. For a geometric proof assuming W is
a Weyl group, see Bump 2013, Theorem 25.2. 0

1.2. Hecke algebras. A simple application of Matsumoto’s theorem is the construction
of Hecke algebras, which are deformations of the group algebra of the Weyl group. We pick
a parameter ¢ which may be a complex number or an indeterminate. Now the ring has
generators T; subject to the same braid relations as the simple reflections s; and the new
quadratic relation:

(6.6) T} =(¢-DTi+q

Let H, = H,(W) be the algebra generated by the 7; modulo these relations. This is the
Twahori Hecke algebra of W.

Proposition 6.10. If w = s;, - - - s;, s a reduced expression, define To, = T;, ---T;,. Then
T\ depends only on w, not the reduced expression. The T,, (w € W) are a basis of H,.

Proof. Let w = s;,---s;, and w = sj, ---s;, be reduced expressions. We want to show
T, --- T, =1Tj ---Tj,, and by Matsumoto’s theorem, we are reduced to the case where the
two reduced words differ by a single braid group operation. But the T; satisfy the braid
relation. This proves that T, is well-defined. We omit the verification that they are a vector

space basis of H,. O

1.3. The Bruhat order. Another application of Matsumoto’s concerns the definition
of the Bruhat order, an important partial order on Weyl group elements. Let u,v € W.
Choose a reduced word v = s;, - - - s;,. We write u < v if there is a subsequence (j1, .. ., j¢) of
(i1,...,1%;) such that u = s;, ---s;,. Because of the following property of Coxeter groups, if

such a subsequence exists, it may be arranged so that u = s, - - - s;, is a reduced expression.
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Proposition 6.11. Let w = s;, - - - s, be a product of k simple reflections such that {(w) < k.
Then it is possible to omit two of the factors and get another reduced expression:

w:sil...si “'Sib”'sikﬂ

a

where the “hat” means a factor is omitted, with 1 < a < b < k.
Proof. This is Bump [2013, Proposition 20.4. U

Proposition 6.12. The definition of the Bruhat order does not depend on the reduced ezx-

Pression v = S;, + -+ Sj, .

Proof. Matsumoto’s theorem shows that it suffices to show there exists such an expression
v = sj -+ sy when (iy,...,4) and (ij,...,7;) differ by a braid relation, and this case may
be easily handled. 0

2. Demazure operators

Let G,T,A, W be as in Section [I] Let O(T') be the ring of rational functions on O(T').
This is isomorphic to the group algebra C[A] of the weight lattice; as a ring, it is a Laurent
polynomial ring. Let O(Te) be the ring obtained from O(T') by adjoining the reciprocals
of polynomials 1 — z* with o € ®. Since 1 —z and 1 —z~“ differ by the unit —z=* we need
only adjoin 1 — z* for @ € ®*. The ring O(T,¢,) can be regarded as the ring of functions
that are regular on the set T, of reqular elements of T', defined as those z € T" such that
the functions 1 — z® are all nonvanishing nonvanishing.

For example if G = GL(n,C) and T" = (C*)™ is the diagonal torus, then O(T') is isomor-
phic to the Laurent polynomial ring C[z;, 2%, ..., 2,2, '], and elements are holomorphic
functions of z = (z1,...,2,) € T. The ring T, is the set of z such that the components z;,

z; are distinct. The ring O(Tyeq) is Clzi, 271, (1 — 2:/2) 7Y = Clzi, 27, (20 — 25) 7Y
Definition 6.13. Let R be the ring generated by O(T,,) and W, subject to the relations
wfw ™t ="f,  “f(z) = flwTz), weW, feO(D).

There is a representation R — End(O(T1eg)), in which f € O(T,eq) acts by multiplica-
tion, and an element w € W acts through the usual action of W on O(T}eg). So we will regard
elements of R as operators on O(T"). A priori such an operator takes O(T") into O(T1eg),
since they could introduce denominators of the form (1 —z*)~1, but we will consider certain
divided difference operators that take O(T) into O(T).

Let s; be a simple reflection. We define two elements of R as follows. Let

0= (1 —z %) Y1 -z %s;), 0 = (z% — 1)1 —s).
These are Demazure operators acting on O(T'). Explicitly

oif() = 1B =@ ey

11—z

f(z) — f(SiZ).

zv — 1

The relation
(6.7) 0;=0; +1
is easily checked.

Lemma 6.14. If f € O(T), then 0,f,0;f € O(T).
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Proof. The operators introduce denominators, since (z* — 1)~! is not in O(T'). However
the numerators of both 0; and 97 also vanish when z* = 1. This is because z = s;z, and so
f = si(f). Therefore the quotients are rational functions without poles. O

Proposition 6.15. The operators 07 satisfy the same braid relations as the s;, and the
quadratic relation

(6.8) (8) = &%,

Therefore they generate a ring of operators isomorphic to Hy.

Proof. See Bump 2013, Proposition 25.1 for a proof of the braid relations. (The operators
0¢ are denoted D; there.) We will check as follows.

(07)" = (2™ = )7 (1 = s;)(z™ — 1)7} (1 — s).

We expand the first 1 — s; obtaining two terms. The first is (z* — 1)71(z% — 1)7}(1 — s;)
and the second is

(2 = 1) iz — 1) (1 — ) = —(2% — 1) (2 — 1) (1= sy).

Combining the two terms gives

@17 (et ey ) (s =

zovi —1  z7% -1

. 1 1
since — + —— = —L. 0

Proposition 6.16. The operators 0; also satisfy the same braid relations as the s;, and also
the quadratic relation

(6.9) 9?2 = 0.

We have s;0; = 0;.

Proof. The braid relations are proved in Bump 2013, Proposition 25.3, but note a typo:
the wrong font is used for the operators 0; in the statement of the theorem. The relations
0? = 5;0; = 0; are easily checked along the lines of in Proposition [6.15] O

Both 0; and 0; satisfy the same braid relations as the s;. Let w = s;, - - - s5;, be a reduced
decomposition of w € W. Define

02 =5 -0 O =0y, -+ 0

i (I
Because both 07 and 0; satisfy the same braid relations as the s;, Matsumoto’s theorem
shows that 05 and 0,, are well defined.
Let 2 € R be the operator

(6.10) 0= H (1—2z)"" Z (—1){@)gwe)=p
acdt weW
By the Weyl character formula, if A is a dominant weight
Q(z") = xa(2)

is the character of the irreducible representation with highest weight A, as a function on
T C G. For GL(n), Q(z*) = s, is a Schur polynomial.
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Theorem 6.17 (Demazure). Let wy be the long element of W, and let X be a dominant

weight. Then 0., = ). Therefore

x\(z) = 8w0z)‘.

Proof. See Bump 2013, Theorem 25.3 for a proof. U

2.1. Demazure characters and Demazure crystals. First, in Theorem [6.19| we clar-
ify the relationship between the operators 95, and 9,,. If w € W and if s is a simple reflection,
then either sw > w or sw < w (not both). We say that s is a left ascent (resp. descent) if
sw > w (resp. sw < w).

Proposition 6.18. Let y,w € W and let s be a simple reflection. Assume that w < sw and
y < sy. Then the following are equivalent:

(1) y < w;

(i1) y < sw;

(i) sy < sw.

Proof. See Deodhar 1977, Property Z or Bjorner and Brenti 2005, Theorem 2.2.7. 0

Theorem 6.19. Let w € W. Then
(6.11) 0w =Y 0.

ysw

Proof. If w = 1 this is clear and both sides equal 1. Arguing by induction on ¢(w), we
assume (6.11)) and prove the same identity with w replaced by sw, where s is any left ascent
of w. Using our induction hypothesis

Osw = 0500 = 0,y _ 5.

ysw

Consider a term where sy < y. We will argue that 9,0, = 0. Indeed, 9, = 9705, since

U(y) = {(sy) + 1. Now 9,07 = (14 92)0% = 0 by (6.8)), and the statement follows. So we may
ignore these terms and remembering (6.7)) we have

O = (140> 0= 05+ 3,

ysw ysw y<w
y<sy y<sy y<sy

Now we may apply Proposition [6.18 with y < sy and w < sw. Then y < w if and only if
y < sw if and only if sy < sw, so this equals

D0+ 2%y

Yy<sw sy<sw
y<sy y<sy

In the second term we replace y by sy and obtain

O =Y B+ 0= 0.

y<sw y<sw Y<Ssw
y<sy sy<y
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If w € W then the function
(z;w) = 0,2"
is called a Demazure character or key polynomial. These may be defined for any Cartan
type, and were shown by Demazure [1974] to compute spaces of sections of line bundles on
Schubert varieties. If w = wy then by Theorem this is the character of an irreducible
representation (i.e. a Schur polynomial if G = GL(n)).

Proposition 6.20. Let W) be the stabilizer in W of \. If w,w’ lie in the same coset wW)
then xa(z;w) = xa(z;w'). The coset wWy contains a unique element of shortest length.

Proof. With A = (\y,...,\,) a partition, its stabilizer in S, is the subgroup generated
by s; such that \; = \;11. A subgroup generated by simple reflections is called a Young
or parabolic subgroup of S,, and every coset of a parabolic contains a unique element of
shortest length.

For the first assertion, since W, is parabolic it is sufficient to 0,z* = 02" if W' = ws;
where s;\A = A. Then 0, = 0,,0;, and it follows from the definition of 0; that if s;A = A then
0,z = z”. O

Proposition 6.21. Let W, be the stabilizer in W of X. If w,w' lie in the same coset wWy
then x(z; w) = xa(z;w'). The coset wW) contains a unique element of shortest length.

Proof. With A = (Ay,...,\,) a partition, its stabilizer in S, is the subgroup generated
by s; such that \; = A\;11. A subgroup generated by simple reflections is called a Young
or parabolic subgroup of S,, and every coset of a parabolic contains a unique element of
shortest length.

For the first assertion, since W) is parabolic it is sufficient to 9,z = 0,z" if W' = ws;
where s;\ = A. Then 0, = 0,,0;, and it follows from the definition of 0; that if s;\A = A then
0,z = z”. O

The related polynomials x3(z; w) := 9%z were defined in Lascoux and Schiitzenberger

1990, who called them standard bases. Nowadays following Mason 2009 they are called
Demazure atoms. By Theorem we have

(6.12) a(zw) =D X3z ),
ysw
These facts can be lifted to statements about crystals. Following Kashiwara [1993} Lit-
telmann [1995a, we may lift the definition of the operator 0; to the crystal By of SSYT of
shape A as follows. First note that for any weight p we have s;(u) = p — ka; and where
k= {(a), ), and so
| gesih) Zh 4 Zh Y g R if k>0,
8iz“:ﬁ: 0 lfk':—l,
-z — (gt g0 o gt (R Dasy i b ]

by the geometric series formula. This lifts to the crystal using the operators e; and f;.
Namely, we may define an endomorphism of the free abelian group Z|[B,] by

VR ) TR0,
ov=140 it k =-—1,
—(e;(v) + -+ e;kfl(v)) it k < —1,
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for v € By. Now Kashiwara [1993; Littelmann |1995a/ proved that there exist subsets By (w)
called Demazure crystals such that if w = s;, - -+ s;, is a reduced expression and if 7T} is the
highest weight element of B, then

8i1 &kT,\ = Z T.

TEB/\(’UJ)

k

See also Bump and Schilling [2017| Chapter 13.
Moreover there exist subsets B (w), called crystal Demazure atoms, such that

Baw) = | Bi(w).

y<w

A key tableau is one in which every column (except the first) is a subset of the previous
column. The weight of a key tableau of shape A is w(\) for some w € W. Lascoux and
Schiitzenberger (1990 defined a (right) key map from tableaux to key tableaux. For GL(n)
crystals, the existence of the subsets B (w) is essentially due to Lascoux and Schiitzenberger,
because the subsets B (w) can be characterized as the set of tableaux whose right key has
weight w(\). For other Cartan types, the existence of crystal Demazure atoms is proved in
Kashiwara [2002, Section 9.1.

The subsets BS(w) are disjoint. If A is strongly dominant, they are all nonempty. Oth-
erwise BS(w) is nonempty if and only if w is the shortest element in the coset wWW).

2.2. The nil-Hecke algebra. Demazure operators are also commonly called divided
difference operators. The operators 0, and 0, can be defined for any root system, but here
we will consider operators D,, that are special to G = GL(n) and W = S,,. Define

Di=2340;,  Dif(z) = (2 — z:01) "' (f(2) — f(si2)).
Proposition 6.22.

(i) The functions D; satisfy the same braid relations as s; € S,. Thus D;D;D; =
(i) The operators D; satisfy the quadratic relation D? = 0.

Proof. It is convenient to work in the ring R again, and write D; = (z; — z;1) 11 — s;).
Assume j = i+ 1. Then s; and s; generate a subgroup (s;, s;) isomorphic to S;. Ex-
panding out D;D; .1 D; and rearranging, we find
D;D;D;=c' Y (=1) ",
wWE(si,s5)

where the constant ¢ = (z; — 2;41) (2 — 2i+2)(Zi41 — Zir2). A small amount of algebra is needed
to simplify the coefficients of 1 and s;. But D, 1D;D;,, simplifies to the same expression.
The proof that D;D; = D;D; if |i — j| > 1 is easy. As for the quadratic relation, D? equals

(2 = 2i31) (1 = 83) (20 = 2i31) (1= 80) = (20 = zi11) (1 + ) (1 = s5) = 0.
[

Since the D; satisfy the braid relations, we may define D,, for w € W the same way that
Oy and 0 were defined.
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The algebra generated by the D;, subject to the braid relations and the quadratic relations
D? = 0 is called the nil-Hecke algebra. It can be defined for any Cartan type by these defining
relations, though the particular operators D; are only available in Type A. A more subtle
approach in Kostant and Kumar |1986 realizes the nil-Hecke algebra in terms of Demazure
operators for all Cartan types. The nil-Hecke algebra is important for understanding the
cohomology of flag varieties, and the definition of Schubert polynomials.

2.3. Demazure—Lusztig operators. Let ¢ be a parameter. We define the Demazure—
Lusztig operator

Li=(z% — 1)1 ((1 ~s) —q(1— zo”si)>.

Similarly, we define the Demazure—Whittaker operator
Ti=(z% —1)7! ((1 —5;) —q(1— z_aisi))

Thus if ¢ = 0 both operators specialize to the operator 9;. We will also consider the conju-
gation P7; := z’T;z *. Because s;(p) = p — o; we have

= (01 ).

Theorem 6.23 (Lusztig). Let T; denote either L; or T;, or PT. The operators X; satisfy
the braid and quadratic relations

and hence generate an algebra isomorphic to H(W).

Proof. The quadratic relation may be checked by expanding £? or 72 in the ring R. The
braid relation for £; is harder and is proved in Lusztig |1985. For a proof of the quadratic
relation for 7; based on intertwining operators on Whittaker functions for p-adic represen-
tations, see Brubaker, Bump, and Licata 2015, Theorem 2. The same argument applied to
Iwahori spherical functions would work for £;. See Brubaker, Bump, and Friedberg 2016, [J

Theorem implies that we have two representations o, and o, of H, in which o4(7;) =
L;, and 0,(T;) = T;. But these may be extended to the affine Hecke algebra, as we will now
explain.

The (extended) affine Hecke algebra H, = H,(W) is described as follows. It contains a
copy of H,, and also an abelian algebra 6, spanned as a vector space by elements 6 (A € A).
These satisty 0,0, = 0,,, and the Bernstein relation

9}\ - esi)\

QATi—Ti@si,\Z(q—l)l_e :

The multiplication map 0y x H, — 7:[q induces a vector space isomorphism 0y ® H, = H,.
Now extend o, and o, to 7:[q in which 6, acts as multiplication by z=*. The Bernstein
relation must be checked. The representations o and o, are called (respectively) the spherical
and antispherical representations of the affine Hecke algebra.
We recall the operator €2 defined in . We will work in the ring R, := C(q) ® R,
where we have extended the ground field to contain q. (We recall that ¢ can be either a
complex number or an indeterminate.) Similarly let Oy(Tieg) = C(q) @ O(Treg)-
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Proposition 6.24. We have

(6.13) Y Lu=0][0-¢), D T.=]]0-e0
weW acdt weW acdt

in the ring Ry.

Proof. We note the identities
(614) 1+ 'gz = 81(1 — qz*ai), 1+ (IZ = (1 — qz*"‘i)@-,
which are easily checked in the ring R,.

Let us denote
0=> L, =Q]J[0-q¢™)

weW acdt
We begin by checking that for w € W we have w® = © and w®’' = ©’. It is sufficient to
prove these when w = s; is a simple reflection. We have

O=(1+L) DY Ly=01—qz ) > L,

weW weW
S;w>w S;w>w

so 5,0 = O and 5,0’ = ©' follow from the identities s;0; = 0; and s,;§2 = Q.
Now let © = >° 0 -w and © = > 6., - w for 0,0, € Oy(Treg). Then since

weW “w

wO = O and wO" = O" we have for y € W the identities 0, = y0,, and 0, = yb,. This
means that if we verify 6,, = 6., for any particular w, then © = ©'. We Will show that
Ouwo = 0., .
Let @Bo = s;, - i be a reduced expression for the long element. For any root o define
l1—gq

QD(OC) - 70— 17 ¢(a) -

Then £; = () + ¥(ay)si, so
Ew = <¢<all) + w(ail)sil) e ((b(alzv) + w(aiN)SiN)'

Expanding out this product, there is only one way to get a coefficient of wy which is to take
all the 1 (q;) factors and none of the ¢(c;). Thus

Owo - Wo = (0, )54, (i, )Si, - - ‘Z/J(CYz‘N)Sz‘N-
Moving all the s;, to the right conjugates the 1(«;) to produce
Oy - wo = P (i, )P (Siyig) + P (Siy Siy *+* Sig_y Qiye_y) * iy ** Siy -
Now by Proposition applied with w = wy' = s, -+ 5, the arguments of 1 are all
positive roots, proving
= 11 ¢

aedt

On the other hand from the definition of €2 and ©’,

O, - Wo = H(l—z‘a) Lgwol)=r qp, H 1—qz?).

acdt acdt

1 —qgz®
11—z

Since p — wo(p) is the sum of the positive roots, we see that 0, = 0y,.
We have proved the first identity in (6.13). The second identity can be proved similarly

(see Exercise [6.1). O
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3. Demazure operators and colored models

We have introduced five types 0;, 97, D;, L; and 7T; of divided difference or Demazure
operators in this chapter. We will consider the actions of these on partition functions.
Moreover, if ¥ is one of these operators we may consider the p-conjugated function *%; =
z’%,;z~". Here are these operators and some of their p-conjugates.

0 =01 -zl -z %) 07 = 0;

07 = (z% —1)"'(1—sy) (07)" = —0;

D; = (ZZ - Zz—i—l)_l(l - Sz‘) D? =
Li=("—1)"((1—s)—ql—2z%s)) Li=(q—1)Li+q

—si) =gl —z%s) T7=(¢=1)Ti+q

These operators all satisfy the braid relations, discussed earlier in this chapter. We are
listing the quadratic relations for the unconjugated operators; naturally T; and 7%, satisfy
the same braid and quadratic relations.

Let T; be one of the operators ?0;, ?0;, D;, L; or *7;. For each of the these cases we will
exhibit a family {&,,} of lattice models indexed by w € W satisfying a Demazure recursion
for the partition functions. If s;w > w, then

(6.15) Z(Gy0) = TiZ(6y).

This is complemented by the fact that for a particular value of w (often w = 1) system &,
is monostatic, so that Z(&,,) is known. From these facts all partition functions from the
family can be evaluated.

3.1. Boundary conditions. We consider a class of colored models that gives examples
of all of these operators. In place of the © spin we have a family of n colors cq,...,c,
ordered so that ¢; < g < --- < ¢,. We also have the @ spin connoting the absence of color.
The spinset of all edges in the model have spinset ¥ = {®, ¢y, ..., ¢,}. Although we allow
repetitions among the ¢;, the & spin is not allowed to be one of the ¢; so the cardinality of
Y is at least two. Let V' be the free vector space on Y. For notational reasons, we denote &
as vy if it is considered to be a vector in V.

Let R(z,w) be a homogeneous parametrized Yang-Baxter equation. In the RTT equa-
tions that leads to the Demazure recurrence , this is the R-matrix. The T-matrices
may or may not be drawn from the same homogenous parametrized Yang-Baxter equation.

Now we consider a grid with n rows, and N columns, with row parameters z = (21, ..., 2,).
As in Chapter [3]and Chapter [4] we label the rows 1 to n from top to bottom, and the columns
from 0 to N — 1 right to left. At the vertex in row ¢ and column j, we place a vertex 7}(z;),
whose Boltzmann weights need to be specified. It is required that for every j we have a
Yang-Baxter RTT equation

(6.16) [R(z, w), Ty (=), Ty(w)] = 0

or equivalently, the two following systems must be equivalent. If the T-matrix 7};(z) does not
depend on the column j we just write 7;(2) = T(z). As usual, this RTT equation amounts
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to the equivalence of the two systems:
O O
7(z) DT

R(z,w) R(z,w)

() %ﬁ/ \®
@ ®

The boundary conditions are colored generalizations of the extended wall boundary con-
ditions introduced in Chapter [3} In the examples that we will consider, the Boltzmann
weights will be viatic, that is, they will satisfy the conservation of color (Section . This
means that the edges of a given color can be organized into paths, moving downward and
to the right. We will consider only models with & spins on the left and bottom boundary
edges, so the colored boundary edges are only at the top and right. Thus the colored paths
start at the top and end on the right. We allow uncolored & boundary edges at the top, but
not on the right.

We call these the colored extended wall boundary conditions. If A = 0 and n = N (so
the grid is square) we will call these boundary conditions colored domain wall boundary
conditions.

2

3 1
Q © O © © @
@
\_

—0

C1

\

)
@ ~—0

6.17 © © 0 © O ©

The number N of columns must be at least A\; + n — 1, and the columns are labeled 0 to
N —1 from right to left (as in Chapters[3]and[d). We may fix a partition A = (A1,...,\,) to
describe the locations of colors on the top boundary edges, putting a color in the columns
)\j +n— j

By a banner we mean an n-tuple of colors. (These are sometimes also called flags but to
avoid confusion with flag varieties we will use the term “banner.”) The Weyl group acts on
banners as follows. For w € W let

wd = (dw—l(l), ce ,dw—l(n)).
Remark 6.25. Note that this is a left action. Indeed, if d' = (d},...,d]) := wad, then d; =

» '

dyz1y- So wrd’ = (d;;l(l)"“’d;};l(n)) and d;;l(i) = dy-1ym1() = d(wyws)-1(s)- Therefore
wy(wed) = (wywsy)d. This is basic but a source of possible confusion.
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The boundary colors are described by two banners d = (dy, ... ,d,) and f = (f1,..., fn),
where we put the color f; on the right boundary edge in row 7, and d; on the top boundary
edge in column A; +n — 7. Now, there is a bijection between the top boundary colors at the
top and the right boundary colors, in which corresponding colors are connected by a path.
Thus the top boundary colors duplicate those on the right boundary edge, so no more than
n can occur, either on the boundary or on any edge in any state.

3.2. Demazure opertors for systems with no repeated colors. We wish to pa-
rametrize the system by a Weyl group element w. For simplicity, we will assume in this
section that there are no repeated colors, though else in the text we will not assume this.

Assumption 6.26. The colors ¢; are distinct, so ¢; < --- < ¢,.

We may choose one of two conventions for the Weyl group element w. We consider the
top boundary banner d to be fixed, and suppress it from the notation; we are more interested
in how the system depends on f. Let ¢y = (¢1,...,¢,) be the “standard” banner.

Example 6.27. In the state (6.17), red = ¢3 is the largest color. The boundary flag d is
(c3,ce,c1) = wocp, and the right boundary flag f is (c3, ¢1, c2) = wwpcy, where w = s159 =
(123) in cycle notation.

Convention 6.28. We either let w € W be chosen so that f = wcg, or we choose w so that
f = wwycy. Let &, = &,,(z) be the resulting system.

Lemma 6.29.

(1) With the convention that £ = wcy, we have s;w > w if and only if f; < fi1.
(2) With the convention that f = wwocy, we have s;w > w if and only if f; > fii1.

Proof. In both cases, switching f; and f;1; increases the number of inversions in the
partition w. O

Remark 6.30. We have chosen the number of rows and the number of colors are both the
same number n. This is somewhat arbitrary but taking more colors than rows would not
be helpful. The reason is that since clearly only colors in d can appear on any edge in any
state, no more than n colors can appear in the boundary conditions, so we may limit the
palette to just the n colors in d.

Subject to a mild “orderly” assumption that we will explain presently, in Theorem [6.34]
below we will show that the Demazure recurrence is satisfied for a suitable Demazure
operator ¥;, depending only on R. We will find R producing the five operators tabulated
at the beginning of this subsection. We will also see that the system &,, can be evaluated
explicitly for one particular choice of w, and the combination of and this information
determines Z(&,,) for all w.

We now impose one more assumption. We say that the Boltzmann weights (already
assumed viatic) are orderly if they depend only on the orders of the colors, and we make this
assumption. In other words, denoting by 3, ,, the Boltzmann weights of R(z, w), we assume
that

61 et ($0). v (30).
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only depend on the order ¢ < d or d > ¢. Hence there exist functions ¢*(z,w) and b*(z, w)
such that

. | ct(zw) ife>d, . [ b (zw) ife>d,
(6.19) olz, wic,d) = { ¢ (z,w) ife<d, bz, wie,d) = { b= (z,w) if e <d.

We also denote
- @ D
a(z,w) = B <> )

Assumption 6.31. We assume that the weights are orderly.

Lemma 6.32. Suppose that ¢ and d are distinct colors. Then b(z,w;c,d) is a constant
multiple of z — w. Furthermore

a(z,z) = c(z, z;¢,d).

Proof. As part of the definition of a homogeneous parametrized Yang—-Baxter equation, the
matrix R(z,z) is assumed to be a scalar matrix. Both assertions follow from this fact.

First consider b(z,w;c,d). With respect to the basis of V ® V' consisting of the spinset
CU{@®}, this Boltzmann weight is an off-diagonal entry, so it vanishes when z = w. Because
it is a homogeneous linear polynomial in z and w, it is a multiple of z — w.

Now since R(z,z) is a scalar matrix, write R(z,2) = clygy. Then R(z,z) multiplies
vy @vy € V@V by ¢, where vy denotes the image of the spin @ in V. Thus a(z, z) = ¢,
and similarly c(z, z; ¢, d) is the same constant c. [l

Lemma does not guarantee that b(z,w; ¢, d) is nonzero; indeed, it can vanish. But
define operators T and T; on O(T}eq) by

"Sff(z) _ Ci('zz’-&-l; %) f(z) — a(zig1, z:) f (s5:2)

.2
(6 O) _bi(zz‘ﬂ, Zi)

when the denominator is nonzero.

Proposition 6.33. If both operators TF and X; are defined, they are inverse operators on
O(T).

Proof. See Exercise [6.2] OJ

Theorem 6.34. Assume that the Boltzmann weights are viatic and orderly. Then

2(Ga) = TIZ2(6y) if fi > fix1 and T is defined;
WL T Z(6y)  if fi < fiv1 and F; is defined.

Proof. Let ¢ = ¢,-1(i) and d = ¢,-1(i + 1). These are the right edge boundary colors in
the 4 and i + 1 rows, respectively. Note that ¢ > d if and only if w™'(i) < w™(i + 1), or
equivalently s;w > w. The two cases are similar: we assume that ¢ > d or s;w > w.

The R-matrix for the train argument is R(z;, z;+1). The Boltzmann weights are given in
Chapter [5] Section [4] with z = z1, w = z5. We attach the R-matrix between the i and i + 1
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rows, and a portion of the configuration looks like this:

Here ¢ = w (i) and d = w= (i + 1).
We are summing over the interior vertices a and b. Since the weights are viatic, the
Boltzmann weight of the R-vertex is zero unless a = b = @, so the partition function of this

system is
Q P
B () 2(60(2)) = (e, 5i01) Z(Gn(2)).

Running the train argument produces the system

Zit1

Now there are two possibilities. If b = ¢ and a = d, the contribution is

ﬁzi72i+1 ( ) Z(Sw(siz)) = C(Zia Zi+15C, d)Z<Sw(SzZ))

On the other hand if b = d and a = ¢, then we obtain a contribution

Q®
S Z(Gs,w(z)) = b2, zit1;¢,d) Z(Gs,00(2)).
b () (S4u(2) — b Z2(840(2))

The banner has changed, explaining why w becomes s;w in this term. So
a(zi, ziv1) Z(6w(2)) = (2, ziy1;¢,d) Z(Sy(si2)) + b(2i, zir1; ¢, d) Z(Ss,0(8:i2)).
Now we replace z by s,z (so z; <> z;41) and reorganize to get
c(zig1, zis e, d)Z(zyw) — alzig1, 2i) Z(Gw(si2))
—b(2i11, 25 ¢, d)

Z(Gsu(z)) =
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To summarize, Theorem [6.34] implies that if s;w > w, then we may write
Z2(6su(2) = TZ(6,(2)),
where (see Convention [6.28)):

T { ‘E;L if we use the convention f = wwgcy,
z‘ pu—

%, if we use the convention f = wcy,

provided that the operator is defined. Similarly if s;w < w then
Z(64,u(2)) = TiZ(6u(2)),

where
T %, if we use the convention f = wwycy,
71 ZF if we use the convention f = wcy,

again subject to the assumption that the operator is defined. If both ¥; and ¥, are defined,
they are inverses.

3.3. Examples. The operators ‘If from the last section really only depend on the R-
matrix, not on the T-matrices. We begin by pointing out that if a homogenous parametrized
Yang—Baxter equation is given, there are always models with those R-matrices, and for these
the Demazure recursions of the previous subsection are valid.

To see this, we may draw the T-matrices from the same parametrized Yang-Baxter
equation as the R-matrix. This gives a system with both row and column parameters. We
use X and y when there are both row and column parameters, so in this paragraph z = x.
We may then take 7;(z) = R(z,y;). The following identities hold

[[R(l’i,$i+1),7}($i),7}($i+1) = [[R(xi,miﬂ), R(ajiayj)a R($i+17yj)]] =0,

so we have an RT'T equation, and we can build solvable lattice models. In conclusion, all we
need in order to build solvable lattice models is the homogenous parametrized Yang—Baxter
equation, and these will give examples of the theory in the last subsection.

Example 6.35. Let R = R, be the spherical R-matrix from Section [d] of Chapter [5] the
Boltzmann weights R(z;,y;) at the T-vertex in the i-th row and j-th column are:

] T-vertices for the Spherical Model \

oo Lo 06  OF

® O © ©

o o . (1—q)z; ifc<d

6r0 0L0 Bl ©OF

® o O @

T — Y ifc>d
qz; —y;) ife<d

1—-qy;  qlxi—y;) T — Y

We will show that the operator ¥; in Theorem is the Demazure-Lusztig operator L;.
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In this section, we give five examples of homogeneous parametrized colored Yang—Baxter
equations that are viatic and orderly. For each of these we compute the operators ¥; in
Theorem . For definiteness we use the operators ¥; = T, though if we want T; we
could obtain those also by varying the boundary conditions in Convention [6.28]

Example 6.36. Consider the spherical model, whose T-weights were considered in Exam-
ple m The R-matrix from Chapter [5| gives the following values for ¢t (2,11, 2;), a(®ii1, ;)

and b (x4, x;):
QD
(@) (%) (3

(1= q)zin (Zip1 — q%) Zit1 — i

Now with z% = z;/z;;1 we can multiply the numerator and denominator of 1} by z;rll and
obtain

T ="' -8 —q(l —2"s;)(z,w) = L;.

Example 6.37. Next let R = R, be the antispherical R-matrix from Chapter |5l Here are

the relevant Boltzmann weights:
QD
(8] (3] (38)
(2zi — qzit1) Ritl T Zi

(1 - Q)Zi-i-l

For this example
Ti= (2% — 1)1 —2%s; — q(1 — 53)) =T

Next we come to two R-matrices that are very closely related to each other. These will be
put to use in Section [} We call them the open and closed R-matrices. The open R-matrix
is obtained by specializing ¢ = 0 in the antispherical model. Here is the R-matrix:

Open R-matrix

w@}\zw@z
@ BPuw

quw@z
HOROGL

w(—D\%w@z
2 ©w

w@vw@z
: Ow

w

z

z

z ife<d
w ife>d

wqwgz
:F Dw

w@)w@z
@ Qw

w(@\zw@z
:C Qw

w(dlZ’w@z
& @u

w

0

zZ—Ww

z—w ife>d
0 ife<d

The closed R-matrix is nearly identical but differs only in one case (the last case in the

first row):
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Closed R-matrix

w@)\z’w@z
- af w

w@zw@z
2@ Ow

w(&zw@z
& Ow

w@sz@z
& O

w

z

z

w ife<d
z ife>d

wqw@z
& Dw

w@m}@z
: @ @w

w(@\zw@z
z@ Dw

w@zﬂu@z
.G o

ife>d

Z—w
0 0 ife<d

w Z—Ww

Like the open R-matrix, this is a valid homogeneous parametrized Yang—Baxter equa-
tion. However unlike the open R-matrix, the closed R-matrix is not (as far as we know) a
specialization of a more general R-matrix depending on gq.

Example 6.38. Let us compute the operator for the open model. With ¢ > d we have

b+(2z’+17 Zi)
Zitl — &

C+(Zi+1, fL’z) CL(ZZ'J,-l, Zi)
Zit1 <i

Thus (3.2) gives
Ii = (ZZ — Zi—l—l)_l(zi—i—l — ZiSi) = (Zai — 1)_1(1 — zo‘isi) = pa:.

The operator ¥’ is not defined since ¢ (z;41,2;) = 0, and indeed the operator 0f is not
invertible.

Example 6.39. The operator for the closed model is similar, though we will see in Chapter|[7]
that the subtle difference is important.

b* (2i41, %)
bl T &

c*(zzqu, ZZ) a(Zi—l—la Zz)
Zi Zi

Thus (3.2) gives
Ti= (2 —2ip1) Nz —zs) = (1—2z"*) (1 —s;) = "0,

As with the operator T’ is not defined since ¢~ (z;41, 2;) = 0, and the operator 07 is also not
invertible.

Example 6.40. This model is called the classical pipedream model, and we will make further
use of this homogeneous parametrized Yang-Baxter equation in Chapter [/} For classical
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pipedreams we use the following R-matrix:

Classic Pipedreams R-matrix

w@)\z)w@z
@ w

w@zw@z
HeROGL

w(&zw@z
:J Qw

w@sz@z
T Ow

1
wqw@z
& Dw

1
w@zw@z
@ Ouw

1
w(@\zw@z
& o

1
w@zw@z
& @u

1

0

zZ—Ww

z—w ife>d

0 ife<d

These satisfy a parametrized Yang—Baxter equation (see Exercise [6.3]). For consistency
with Chapter [7], we use x instead of z in this example. Let us compute the corresponding
Demagzure operator. We have

C+($i+1, ;) a(l‘z‘+1, xz) b+(xi+17 l‘z)
1 1 Tit1 — T4

Then
Ti = (i —2ip1) (1 —s) = D,

3.4. Monostatic systems. We recall that a system is called monostatic if it has only
one state. Let d and f be the banners describing the top and right boundary colors.

Proposition 6.41. Ifd = f then the colored extended wall system is monostatic.

Proof. Since d; = f;, the leftmost color on the top row must end up at the right boundary
of the top row, and there is only one path connecting these two boundary edges. With this
path fixed, there is only one possible path for the color dy = f5 and the state looks like this:

5 4 3 2 1 0

Q@@@@@

(6.21) ©® © © © © o
0

Thus with d fixed, we have a family of systems &,, in which one system is monostatic,
and the others are related to it by Demazure recursions. From this information, the partition
functions can be computed. Since f = wcy, the w € W for which &,, is monostatic is the
one for which d = wcy.
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See Blum [2025] for an interesting and more nuanced situation where there are many
monostatic systems, and the partition functions of other systems can be deduced from the
monostatic ones using Demazure-like relations coming from the Yang—Baxter equation.

4. The open and closed models

We will apply these principles to the colored versions of the ¢ = 0 Tokuyama models
called the open and closed models. The partition functions are, respectively, Demazure
atoms and Demazure characters (times z”).

For the open models we use the following Boltzmann weights:

o ofe oo cfe ok o

a=b 0 a>b
0 a<b z a<b

z z

Then the Yang—Baxter equation is satisfied with the R-matrix given in the previous section.
Our convention is that the top boundary banner d = wgcy and that the right boundary
banner is f = wwgcy = wd for w € W. We denote by &5, = &5 ,(z) the system described
by these Boltzmann weights and these boundary conditions.

We note that two paths of distinct colors are only allowed to cross in one direction. That
is, if @ and b are distinct colors, and if paths of the colors a and b meet there, thus:

0
(D—1-©

(6.22) @

If a > b then the paths must cross at the vertex. On the other hand, if a < b they may not
cross and instead the paths touch without crossing.

With this in mind, consider what happens when a pair of paths meet several times. The
boundary conditions, illustrated in (6.17]) guarantee that the first time they meet the color
entering the vertex is the larger color. They must therefore cross the first time they meet.
The second time they meet, however, the color entering the vertex is the smaller color, and
they may not cross. This means that if the two paths meet several times, the first time they
meet they will cross, and never again.

Proposition 6.42. The partition function
(6.23) Z(85.,) =20,z

Proof. We will prove this by induction on the length ¢(w). If w = 1y, then the system is
monostatic; see for the ground state. It is easy to see that there are \; +n — i vertices
that contribute 2; in the i-th row, and thus Z (&3 ;) = z°. Now suppose that is known
for some w, and let s;w > w. By Theorem [6.34] we have

Z( A,8; w) ‘Z—FZ( )
where by Example the operator T, =97 = zf’afz*p. So
Z(83 ,0) = 270002 = 270, 2

A, 8w
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and ((6.24)) follows for s;w. O

Now let us consider the question of embedding &3 ,, into By by adapting . Given
a state s, we construct a Gelfand—Tsetlin pattern GTP(s) whose entries are the columns of
the vertical edges carrying a color. This Gelfand—Tsetlin pattern is left strict, as in the ¢ = 0
Tokuyama model, so we may again subtract P and write GTP°(s) = GTP(s) — P. Then we
may again define a map 6,, by

0,(5) = Sch(SSYT(GTP®(s)))

exactly as in 1} Thus 0,, : &5, — By is defined. It may be checked that (3(s) = z"1(00)),
There is one point that we must consider, which is that GTP°(s) does not record the
color of the edges. Still, we have:

Proposition 6.43. The maps 0, are injective. The crystal By is the disjoint union of the
images of the maps 0,,.

Proof. The open Boltzmann weights are “deterministic” in the following sense. Suppose
that two colored paths meet at a vertex with input colors @ and b as in (6.22)). If a > b,
then the paths must cross at the vertex, meaning that ¢ = a and d = b. This is because
otherwise, the Boltzmann weight is zero, from the table of open weights. With this in mind,
we can reconstruct the colors of all edges from just the information in GTP(s), beginning
at the top left and moving to the right, then downward row by row. When we are finished,
we can read off the banner of right boundary spins, finding that the colored path is is in the
image 0,,(S, ) for a unique w. Both statements are clear from these considerations. O

If &,(z) is the ¢ = 0 Tokuyama model, this implies that
= Z(Sxu(2)

Using Proposition [6.42 and Theorem |4.18] we obtain

z) = Z Xx(z; w).

weWw

This is the special case of (6.12)) where w = wy.
These results can be lifted to the crystal.

Theorem 6.44. The image of 0, is the crystal Demazure atom BS(w).
Proof. Different proofs of this may be found in Brubaker, Buciumas, Bump, and Gustafsson

2021} Yang 2025 U

We now turn to the closed models. The Boltzmann weights are very similar to the open
models with a minor change:

o cle oo ofe ol

z a>b
0 a<b 0 a<b
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The boundary conditions will be the same as the open model, but there are some interesting
differences. We will denote the closed system as &3 .

Proposition 6.45. The partition function

(6.24) 7(6%,,) =205z .

Aw

Proof. The structure of the proof is the same as Proposition [6.42 The R-matrix is given
in Subsection [3.3] and by Theorem [6.34] we have

Z(85 50) = T Z(83,,)

A, 8w

where by Example the operator T = 9; = z°0;z . The remaining details are as in
Proposition [6.42] O

The closed weights are not deterministic in the same sense that the open weights are.
Referring to the configuration , we see that if @ > b then bothc=aandd=borc=1»
and d = a are legal weights. In other words, if two paths meet at a vertex with the larger
color on the left, the paths are free to either cross or not cross.

On the other hand, if a < b then there are no possibilities for ¢ and d. Thus the paths
may not meet with the smaller color on the left.

These observations have the following consequences. Two paths of different colors may
meet several times, and they are not obligated to cross. However if they do cross, the crossing
must be the last time they meet, since if they cross earlier, the next time they meet, the
smaller color will be on the left, and there will be no legal state. Consider the following two
cases.

5 4 3 2 1 0 5 4 3 2 1 0
DO 0 0 © ¢ 0O O 0 O @ ¢
208000, R0QOP
o N o ® 0
T N-o! @ . @)
® © © © O O CECECENCENCENC)

Both are legal states for closed models &3, , ., and &3, , with A = (3,2,0). The red and blue
lines meet twice, and either cross the last time they meet, or do not cross. Note that these
states correspond to the same Gelfand-Tsetlin pattern, showing that the Gelfand-Tsetlin
pattern does not determine the state; this reflects the fact that the weights are not locally
deterministic.

Yet if we fix w in &5, the Gelfand-Tsetlin does determine the state. This does not
contradict the last example, because there the two states correspond to different values of

w. So there is still an injective map 6,, : &3 ,, — Ba.

Theorem 6.46 (Yang). The image 0,,(S3 ) is the Demazure crystal By(w).

Proof. See Yang [2025 for a proof. O
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5. Color merging

Let &,(z) be the ¢ = 0 Tokuyama model. In this section we will reprove ((6.12)) in the

form

(6.25) Z2(6y) = Z(&3.,,).

weW

The proof in this section is based on what we call color merging. It is called color blindness
by Borodin and Wheeler. See Aggarwal, Borodin, and Wheeler [2023a}; Borodin and Wheeler
2022; Brubaker, Buciumas, Bump, and Gustafsson 2019; Bump and Naprienko [2022 for
other examples. Not all Boltzmann weights have this property, but when they do there are
consequences of which is a typical example.

We begin with the observation that both the open and closed models contain the ¢ = 0
Tokuyama weights as special cases. That is, if we fix one color ¢ (say ¢ = ¢;) and restrict
the palette to just P; = {®, ¢1}, we recover the ¢ = 0 Tokuyama weights with ¢ playing the
role of the odd spin ©. With this in mind, the terms on both sides of can be regarded
as partition functions of the open model. (Earlier in this chapter, we did not allow banners
with repeated colors, but in this section we do allow repeated colors on the top and right
boundaries.)

Now we will formulate a more subtle local lifting property of the open weights. This
will allow us to eliminate one color of the palette P, = {®,¢1,..., ¢} from the boundary
conditions, and indeed from all states of the model. Let o : P, — P; be the “retraction”
map defined by o(¢;) = ¢; while (@) = @.

Proposition 6.47 (Local Lifting Property). Let a,b € P, and let o', V', ¢/, d" € Py such that
o(a) =d and o(b) =V. Then using the weights of the open model,
O O
(6.26) Bl @+@|= > 8| ©O+0
c,deEPy,
@ a(c)zc’,eo(d):d’ @

Proof. This can be checked easily by examining the Boltzmann weights. The most inter-
esting case is where a and b are distinct colors, so ' = b = ¢; are not distinct. Now the
Boltzman weights are as follows:

z a>b 0 a>b
0 a<b z a<b

Both sides of the identity (6.26)) equal z in this case, whether a > b or a < b. All other cases
are straightforward. 0

The statement of the local property may seem slightly technical, but it is actually very
natural, and the example in the proof should clarify its meaning. It has a global generaliza-
tion, and its significance is that the local property implies the global one.
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Theorem 6.48 (Global Lifting Property). Let o, 5; € P, and o, B, 7,0, € Py be spins
such that o(ay) = o and o(B;) = 5.. Then
@ e @ @ e @

(6.27) Z{ S Z

@ . ) o(8:)=5 ® . D
O - © S8

where the summation is over 7; and 0; such that o(v;) =~ and o(9;) = 9.

Proof. First we will prove this if n = 1, so there is only one row. If also N = 1 this is
exactly the local lifting property, so assume by induction that N > 1 and that the result
is true for N — 1 columns. Using the definition of the partition function as a sum over the
spins of interior edges, and then using the induction hypothesis, the left-hand side in (6.27))
equals

@
> 2 CD@ @@ il O+ | =
t'ePy @ @

@)
r . r el fo|[ofe
® o

t'ePr t,02, ,0NEPn
o(t)=t',0(8;)=0, @

Now interchanging the order of summation gives:

AN

after using the local lifting property in the form
@ @
slO+=@|= Y. s O+
@ )35 ©)
we may reassemble this to obtain the right-hand side of , which is then proved if the

number of rows is 1.
Now very similar arguments go from one row to n. We leave this step to the reader. [

Remark 6.49. Applying this to the open weights and the colored extended wall boundary

conditions gives (6.25)).
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Exercises

Exercise 6.1. Prove the second identity in (6.13).

Exercise 6.2. The goal of this exercise is to prove Proposition [6.33} As part of the definition of a homoge-
neous parametrized Yang-Baxter equation, it is assumed that R(z;y1, z;)R(z;,2;41) is a constant multiple
of the identity matrix. Show that this implies identities
a(Ti Tit1)a(Tip1, Ti) =
b(@i, wiy1;d, €)b(Tiy1, is ¢, d) + c(Ti, Tiva; ¢, d)e(Titr, Ti5 ¢, d),
c(@i, Tip1;d, €)b(Tig1, w45 ¢, d) + b(zi, Tigr; ¢, d)e(wigr, zi5¢,d) = 0,
and use these to prove that ‘3:;" and T, are inverse operators.

Exercise 6.3. Show that the classic pipedreams R-matrix satisfies a homogeneous parametrized Yang—
Baxter equation.

Hints: Note that including @ as a color smaller than all the other colors the Boltzmann weights remain
orderly, that is, the Boltzmann weights only depend on the order of the colors. Deduce that only three colors
(possibly including @) can occur in any configuration of the Yang-Baxter equation, resulting in a relatively
small number of cases that can be checked by hand or with a computer.



CHAPTER 7

Schubert Polynomials

Schubert polynomials originate in the cohomology of flag varieties. Grothendieck polyno-
mials are generalizations related to K-theory. These geometric polynomials have descriptions
called pipedreams that fit nicely into the theory of solvable lattice models. In this chapter,
we discuss these pipedream models, and related crystal structures on pipedreams.

1. Schubert polynomials: Definition and history

Schubert polynomials constitute a family of multivariate polynomials that represent co-
homology classes of Schubert varieties in the flag manifold, playing a central role in al-
gebraic geometry, combinatorics, and representation theory. Introduced by Lascoux and
Schiitzenberger 1982, they generalize the concept of Schur polynomials (see Chapter [4]) and
provide a combinatorial tool for understanding the geometry of flag varieties. Schubert poly-
nomials are labeled by permutations and encode intersection numbers and degeneracy loci in
terms of polynomial expressions. Their rich algebraic structure connects to symmetric func-
tions, Demazure operators (see Chapter @, and the geometry of Grassmannians, making
them a key object in modern algebraic combinatorics.

1.1. Geometry. A complete flag in V = C" is a sequence of subspaces
{0} =V cVicWVeC---CV, 1 CV,=V,
such that dimV; =i for all i = 0,1,...,n. Let F¢(n) denote the variety of complete flags
in V.

Let G = GL,(C) and B be the Borel subgroup of upper triangular matrices in G. Then
G/ B is the vector space of formal linear combinations of cosets of B with the action of G
given by left multiplication. We can pick the matrices with the following property as the
coset representatives of the cosets in G/B. The rightmost nonzero entry in each row is 1 and

is the first nonzero entry in its column. Let eq,...,e, be the standard basis of C", where e;
has 1 in position ¢ and zeros everywhere else. The Borel subgroup B stabilizes the standard

flag
E.={0}=E,CE,C---CE,=C"), with E; =span{ey,...,e;}.

There is a left action of G on F{(n) given by
gWhcwvc---CcV,)=(@WwcgVhC---CgVy) for all g € G.
Hence F{(n) can be identified with the quotient G/B via
G/B <> Fl(n)
gB < gE,.
Fix a reference flag
FF={0}=FKCcFKC---CF,=V), with dimF;, =i.
102
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For each permutation w € S,,, the corresponding Schubert cell X C Fl(n) is defined as
X = {F. e Fi(n) ) dim(F, N F}) = #{k < i | w(k) < j} for all zj} .

Their Zariski closures are called Schubert varieties, denoted by X,,. Schubert varieties are
intimately related to the Bruhat order introduced in Chapter [6], Section [I.3] In particular,
X, C X, if and only if v < w in Bruhat order and

X, =Jx;
v<w

In the bijection of F¢(n) with G/B, the open Schubert cell X¢ corresponds to the double
coset BwB/B. It is an affine space of complex dimension ¢(w), or real dimension 2¢(w).
This gives a cellular decomposition of F¢(n) showing that the Schubert classes [X,,] are a
basis of the cohomology ring. Since they are algebraic, the cohomology ring coincides with
the Chow ring of algebraic cycles. Because there is cohomology only in even dimensions,
H*(F{(n)) is therefore commutative. See Fulton 1997 and Brion 2005 for further details.

Under the Borel isomorphism (see Borel [1953)) the cohomology of G/ B is identified with
the polynomial ring in n variables

H*(G/B) = Zlxy, ..., x,] /T

modulo the ideal Z° generated by the nonconstant symmetric polynomials. The Schubert
polynomials &, indexed by w € S,, are polynomials in Z[z1, ..., z,| which map to Schubert
classes under the surjective ring homomorphism

Zlzy, ..., x,] - H*(G/B)
Sy — [Xwow]a

where wg =nn—1 ...1 is the long permutation and (wow)(z) = n+1—w(i). The Schubert
polynomials play the analogous role in the cohomology of flag varieties as Schur polynomials
play in the cohomology of the Grassmannian.

1.2. Recursive definition. Recall the divided difference operator D; from Chapter [6]
Section (3| defined on polynomials f(z1,...,2,) € Z[xy,...,x,| as follows. Let s; = (i,i+ 1)
be the adjacent transposition in the symmetric group S,. Then
(7.1) Dif(ar.. 1) = flay, . o xy) — sif(2, ... ,xn)’

Ty — Tig1

where s;f(z1,...,x,) is the polynomial obtained by swapping z; and x;,; in f(xy,...,z,).
The Schubert polynomial &, := &, (21, ..., x,) corresponding to a permutation w € S,
is defined recursively as follows:

(1) For the longest permutation wg =mn(n — 1) --- 1 in one-line notation, define
Gy =X =ty
where p=(n—1,n—2,...,1,0) as in (6.3)).
(2) For any w € S, and s; such that {(ws;) < £(w) (i.e., s; reduces the length), define
(7.2) Gy, = DG

This recursive definition produces a well-defined polynomial &,, for every permutation w €
Sy, by the Matsumoto theorem (see Section since the divided difference operators obey
the same braid relations as the symmetric group.
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Example 7.1. Let S3 denote the symmetric group on 3 elements. The Schubert polynomials
G, for w € S5 are given as follows, where the permutations are given by their reduced
expressions organized in weak order:

wo - mle
— 2
65152 T1T2 3231 = 7
651 =T 632 =T +£l?2
Gid =1

A generalization called double Schubert polynomials were introduced by Macdonald |[1991allb.
Double Schubert polynomials are polynomials in two sets of variables &, (x;y) = S, (%1, T2, . . ., Tp; Y1, Yo, - -
indexed by a permutation w € 5,,, which become the usual Schubert polynomials when all
the variables y; are 0. The double Schubert polynomial can also be defined recursively as
follows:

(1) We have
GMO(X;y) = H (xz - yj)a
i+i<n
where wy is the long element in S5,,.
(2) For any w € S,, and s; such that f(ws;) < ¢(w) (or alternatively w(i) > w(i + 1)),
define
Gwsi — DZGw
where the D; operator acts on the x variables.
This is well-defined by Matsumoto’s theorem since the D; satisfy the braid relation.
There is a formula which expresses the double Schubert polynomials in terms of Schubert
polynomials

(7.3) Gu(xy) = Z G, (x)6,(—y).

t(w)=(u )+€( )
For a proof see Macdonald 19914, equation (6.3).

2. Combinatorics of Schubert polynomials

In the early 1990s, Stanley was the first to conjecture the monomial expansion for the
Schubert polynomial &,, in terms of compatible sequences. Compatible sequences appeared
in his study of the number of reduced expressions for wy in his celebrated paper Stanley (1984,
Billey, Jockusch, and Stanley |1993 proved the monomial formula using recurrences. Fomin
and Stanley [1994] gave a different proof using nil-Coxeter algebras. An analysis in terms
of the Yang—Baxter equation was given by Fomin and Kirillov [1996. Combinatorial models
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using reduced pipedreams was first given by Bergeron and Billey 1993 (though they called
them rc-graphs). The term pipedreams was coined by Knutson and Miller 2005. We will
discuss another more recent model in terms of reduced bumpless pipedreams by Lam, Lee,
and Shimozono 2021] in the next section. For this reason, we use the terminology classical
pipedreams for the pipedreams of Bergeron and Billey 1993 Knutson and Miller 2005

2.1. Classical pipedreams. Classical or classic pipedreams are configurations of lines
called pipes through an n x n grid, that may sometimes cross. In our convention the pipes
connect to the top and left edges of the grid. Pipes move down and to the left from the top.
They may cross or bend around each other. The following configurations are allowed:

Jf_ J f_

These may be thought of as tiles that may be assembled to make the pipedream. The first
tile is called the “crossing” and the second the “bump.” The last three partially empty tiles
are needed because there are regions in the grid that do not contain any pipes. For boundary
conditions, we assume that every top boundary edge is connected to a left boundary edge
by a pipe but that no pipe exits to the right or bottom. These boundary conditions actually
rule out the last tile, which does not occur but which should be allowed for reasons related
to the Yang—Baxter equation.
Here are the possible classic pipedreams for n = 3:
2

12 3 12 3 1 3 1 2 3
EUAVADRRS S DD RIS IVAD USRI v AwAD
2 S oAb 3 I s 4
3 3/ 9 J 9 T3

(7.4)

1 2 3 1 2 3 3 2 3 3 2 3
3 ) 2 3 ) 1=
I 5 4 o 4 o LT ay
9 1~ 1~ 3 T3

We may associate a permutation w(p) with a pipedream p. To define this, we label the
columns 1 to n from left to right; then the pipes carry these numbers to the left boundary,
where we can read off the permutation in one-line notation. In the n = 3 pipedreams, for
example, the permutations in one-line notation are (123) = 1y, (213) = s1, (132) = s9 and
(132) = s for the top row, and (312) = s951, (231) = 51592, (321) = wp and (123) = 1y for
the second row.

A pipe is called reduced if no pair of lines crosses more than once. For w € W let RP(w)
be the set of reduced pipes p with w(p) = w. The last pipedream is nonreduced since the
two red lines cross twice. We are mainly interested in the reduced pipedreams.

If p is a reduced pipedream let x*t®) be the monomial in 1, . .., z, in which the exponent
of x; is the number of crossings in the ¢-th row. In the examples, we have circled the crossings,
from which the weights of the pipedreams can be seen to be 1, x1, 1 and x5 for the first
row, and x3, T179 and ziz, for the first three patterns of the second row. (We are excluding
the nonreduced pattern.)
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Later in this section we will prove that

(7.5) Z X"t = &, (x).

PERP(w)

This can be confirmed for the S3 Weyl group by comparing the values from the pipedreams
with Example

Example 7.2. If w = s; = (132) in one-line notation, then RP(w) consists of the last
two pipedreams in the top row of (7.4). These have weights xs and z;, consistent with
S, = w1 + x5. For Ss, this is the only permutation with more than one reduced pipedream.

Equation ([7.5)) has an easy generalization to double Schubert polynomials. Let us define

(7.6) xy)" P = I (@)

crossing at (4, 7)

Then
(7.7) Y. )" =6u(xy).

PERP(w)
Of course ([7.5)) is the special case y = 0. We will also denote symbolically

(7.8) xly) = ] (@ —w))
i+j<n

Before we prove ([7.7)), let us explain how the addition of color to the pipes makes
pipedreams into solvable lattice models. Thus far we have defined classic reduced pipedreams
as they appear in much of the literature such as Knutson and Miller 2005, but more recently
they have been treated as states of solvable lattice models. For example, the models that
we will discuss in this section are special cases of the colored models in Brubaker, Frechette,
et al. 2023, and the colored lattice model versions of the bumpless pipedreams that we will
consider below in Section [2.4] are special cases of lattice models considered in Buciumas and
Scrimshaw [2022a.

We choose n colors ¢q,...,c, and an “uncolor” @ ordered so that & < ¢ < --- < ¢,.
We now describe a model that resembles those of Chapter [6 though differs from those by a
mirror reflection (left to right) and also in that the Weyl group element w follows a different
convention. We number the rows of the grid 1 to n from top to bottom, and the columns 1
to n from left to right. We have seen before that the lattice model point of view often gives
us the option of introducing column parameters. In this case we will obtain double Schubert
polynomials as the partition functions. So let y = (yi,...,y,) be a second set of parameters.
We make use of the following Boltzmann weights at the i-th row and the j-th column:

Jf— Jf_
1
_Jr_ _J(_

I

(7.9)

We are using red and blue to denote two distinct colors with red(e) > blue(e).
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For boundary conditions, we put color ¢; at the top boundary in column ¢, and with
w € W fixed we put color ¢, at the left boundary in row 4. (In Chapter @, we would put
Cw-1(;) at the right boundary in row 4.) On the right and bottom boundary edges we put @.

With our boundary conditions the first pattern does not appear, since there is no more
than one path of any given color. However we include it since it does appear in the Yang—
Baxter equation.

Remark 7.3. An important point is that two colors may cross in only one orientation. By
this we mean that the smaller color must approach the vertex from above, and the larger
from the right. This is because the third pattern in is given weight zero. A consequence
of this is that two colored paths may not cross twice. We have already seen this phenomenon
with the open and closed models in Chapter [6] If two paths of colors ¢ < ¢; both appear,
since the larger color starts on the top boundary to the right of the smaller, the first crossing
is admissible and contributes a factor if x; — y; to the Boltzmann weight. The second time
they meet, they are in the third case of , with the larger color above the vertex, and
the Boltzmann weight is zero.

Let €,(x;y) denote the colored model that we have described. Denote by Z,(x;y) the
partition function of this model. We call this the colored classical pipedream model. The
terminology is justified by the following observation.

Proposition 7.4. Let w € W. There is a bijection between the states of €, (x;y) and classic
pipedreams p with w(p) = w. We have

Y Xy = Z,(xy).

PERP(w)

Proof. Let us consider a pipedream p € RP(w). We may obtain a state s of the model
¢, (x;y) described above by simply coloring the paths. Conversely, given a state s we may
interpret it as a pipedream. By Remark the state is admissible (i.e. f(s) # 0) if and
only if the corresponding pipedream is reduced. So assume that the pipedream is reduced.
At every crossing, say at a vertex in the i-th row and j-th column, the smaller color will
be above the vertex, so we will be in the second configuration in ([7.9)). The crossing will
produce a factor of x; — y;. Thus

(xly)"® = 5(s)

since both sides are products of terms x; — y; over the crossing points (4, 7). 0

Example 7.5. The partition function of €, (x;y) where w = s;s3 = 2143 € Sy is

(7.10) (1 — Y1) (w1 —y3) + (21 — y1) (T2 — v2) + (21 — Y1) (23 — W1).
The three terms are associated with the three classical pipedreams:

1 2 4 1 2 4 1 2 4
e rj;-i_ DS RS E
1 —J 1 T%jr— i‘—JD[— L2

JT T
] ] JQ .

(1 —y) (@1 —ys) (21 —yi)(x2 — ) (21— y1)(@3 — Y1)
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where
red (e) > blue (o) > green (o) > orange (o).
The expression ([7.10]) equals the double Schubert polynomial &,,.

Theorem 7.6. The partition function Z,(x;y) is the double Schubert polynomial &, (X;y).

Note that Theorem together with Proposition implies which in turn implies
@5).

Before we can prove this, we need a Yang—Baxter equation. The R-matrix is essentially
the parametrized Yang-Baxter equation from Example[6.40] We use the following Boltzmann
weights, where it is understood that red(e) > blue(e). As with the T-vertices discussed
above, we allow the possibility that one color in this chart is the uncolor &, which is ordered
smaller than the other colors. This gives us a parametrized Yang—Baxter equation. It is
related to the Yang—Baxter equation from Example “ by easy transformations (switch
the order of the colors and the signs of z and w)

ma XXXXX

We extend this to all colors, 1nclud1ng @ which (we recall) is the smallest color.

ra XXXXX

The boundary conditions for the plpedream models are similar to the colored domain wall
boundary conditions, which are the special case of the extended wall boundary conditions of
Chapter [6] in which A = 0. But the pipedream models are the mirror images of the colored
domain wall boundary conditions from Chapter [6]

Proof of Theorem [7.6l For w = wy, there is only one configuration for the classical
pipedream model: the largest color goes to row 1, the second largest color goes to row 2 and
so on. Since colors can only cross once, this forces all paths. For n = 3 the configuration
looks as follows:

1 2 3
3 —X3
2 . T2
1 | T

There are crossings at all positions (4, ) in row 7 and column j for j < n —i. Thus

Zuwo(%5Y) = (X|y)? = Guy(x%;y).

This proves the assertion of the theorem when w = wy.
We may now proceed by downward induction. Assume that &, = Z,, for some w and
let ws; < w; we may then prove it for ws; using the Yang—Baxter equation, as follows. This
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argument resembles the proof of Theorem in Chapter [6] Attach the R-matrix (7.11)
with (7, 7) taken to be (i 4+ 1,4) to the right of the grid, run the train argument to obtain

Zw(X;y) = (2 = Tit1) Zws, (5X;y) + Zu(s:Xy).
Replacing x by s;x gives
Zu(8i%,Y) = (Tit1 = i) Zus, (X5Y) + Zu(X3Y),

which yields the recursion
Zys;(x3y) = DiZy(x3y).-

Comparing with ([7.2)) shows that both Z,, and &,, satisfy the same recursion and hence
must be equal. 0

2.2. Compatible sequences. Reduced pipedreams can also be encoded as compatible
sequences Billey, Jockusch, and Stanley [1993. A compatible sequence for a permutation
w € S, is a pair (a,r) of sequences a = (ay,...,ay) and r = (r1,...,7,) such that a is a
reduced word for w and r is a-compatible. A sequence r is a-compatible if

(1) m<ry for1<i<y<d,
(7.13) (2) rp<ap foralll <k <Y,
(3) ap < apyr implies 1 <71y forall 1 <k < L.

The weight of a compatible sequence (a,r) is wt(a,r) = (wty,...,wt, 1), where wt; is the
number of letters ¢ in r. Denote by RC(w) the set of compatible sequences for w.

There is a weight preserving bijection between reduced classical pipedreams and compat-
ible sequences

@: RP(w) — RC(w)

defined as follows. Denote by (i1, j1), . .., (is, jo) the coordinates of the crosses in the reduced
classical pipedream p € RP(w), where i, is the row index and jj is the column index with
rows labeled from top to bottom and columns labeled from left to right. Note that a classical
pipedream is uniquely specified by the position of the crosses. Order these coordinates
according to the following order. We say (i,7) < (¢, 7') if either ¢ < i or i =4’ and j > j'.
Set r = (i1,...,4) and a = (aq,...,a), where a = ix + jp — 1.

Proposition 7.7. The map ¢ is well-defined. That is, for p € RP(w), we have ¢(p) €
RC(w).

Proof. Note that by definition due to the ordering we have r; < r; for ¢ < j which is
condition (1) in . Also rp = ix < ip + Jr — 1 = ag since jp > 1, so that (2) in ([7.13)
holds. Assume 7, = 15 1. Then iy = i1, so that by the ordering we have jp > jrr1. But
this implies that ay = ix + jx — 1 > igy1 + k1 — 1 = ag1. Hence (3) in holds. Finally,
we need to show that a is a reduced word for w. This follows from the fact that the paths
are wavy diagonal lines moving southeast along the trajectories ¢ + j = constant (where 7 is
the row index and j is the column index), which are allowed to cross, but never to recross
since the classical pipedreams are reduced. Hence (a,r) € RC(w). O



110 7. SCHUBERT POLYNOMIALS

Example 7.8. Let w = s1595153 € 9y, so that w = 3241 in one-line notation. The following
is a reduced classical pipedream in RP(w), with the crossings marked:

senas
RUSEN
14 T4

Here
red (e) > blue (o) > green (o) > orange (o).
The ordered list of the coordinates of the crosses is

(1,2),(1,1),(2,1),(3,1)
so that r = (1,1,2,3) and a = (2,1, 2, 3).

We may also interpret a compatible sequence as a decreasing factorization of a reduced
word for w. Recall that a = (ai,...,a¢) is a reduced word for w. By the conditions
in , the values a; > ap.1 are decreasing whenever r, = ;1. Hence viewing all a; with
corresponding r, = 7 as part of the ¢-th decreasing factor of the reduced word for w, we may
interpret (a,r) as a decreasing factorization.

Example 7.9. Continuing Example [7.8 we find that
(a,r) =((2,1,2,3),(1,1,2,3))
corresponds to the decreasing factorization (21)(2)(3).

2.3. Chute moves and crystal operators. Bergeron and Billey [1993| defined chute
moves on classical pipedreams. Recall that a classical pipedream is uniquely specified by the
position of the crosses. A chute move on rows ¢ and 7 + 1 for columns ¢; to ¢y (with ¢ < ¢3)
changes a configuration of crosses as follows

€1 C2 1 Co
(7.14) i S e et
i+l + + + + 4+

Lenart 2004/ considered a subset of these chute moves. Lenart’s chute moves on classical
pipedreams were rediscovered in Gold, Mili¢evi¢, and Sun [2024alb| as Demazure crystal
operators by showing that the weight preserving bijection of Section intertwines the
crystal operators of Assaf and Schilling 2018 on decreasing factorizations with the chute
moves.

To define the crystal chute moves of Gold, Mili¢evi¢, and Sun 2024a,b; Lenart 2004}, we
need to define a pairing process that pairs some of the crosses in row ¢ with some of the
crosses in row ¢ + 1. This pairing process matches crosses in row ¢ one at time, from right to
left.

Definition 7.10. Given a reduced classical pipedream p for a permutation in S,,, we fix a
row index i € [n]. (Since crosses only occur in boxes (i,7) such that i + j < n, p has no
crosses in row n.)



2. COMBINATORICS OF SCHUBERT POLYNOMIALS 111

At the beginning of the algorithm all crosses in rows ¢ and 41 are unpaired. Successively
treat the unpaired crosses in row ¢ from right to left. Suppose the unpaired cross in row ¢
is in position (i,a). Then find b minimal such that a < b and there is an unpaired cross in
position (i 4+ 1,b). If such a b exists, the crosses in positions (i,a) and (i 4+ 1,b) are paired.
Otherwise (i, a) is unpaired. The pairing process is repeated until no further pairings can be
found.

The crystal operators acting on a reduced classical pipedream p depend on the set P, of
coordinates of the crossings in p.

Lemma 7.11. Let p be a reduced classical pipedream. Suppose that there is an unpaired
crossing at (i,cq), and that there exists 1 < ¢1 < co such that (i,¢1) ¢ Pt but all (i, ) with
c1 < j < cg are paired crossings. Then a chute move 15 possible.

Proof. We must show that (i +1,¢3) ¢ PT and (i+1,¢;) ¢ P but that (i +1,5) € P* for
all ¢; < j < cg, so that the configuration of crossings matches the left-hand side of .

To see that (i + 1,c2) ¢ PT note that if (i + 1,ce) € PT then (i, c2) would be paired.
Indeed, at the stage in the pairing process where (i, ¢3) is considered, only crosses (i + 1, b)
with b > ¢, would be paired, so (i + 1, ¢3) would be unpaired, so at this point a pair would
be found for (i, ¢3).

Next we argue that if ¢; < j < ¢p then (i +1,j) € PT and (i, ) is paired with (i + 1, 7).
First suppose that j = ¢ — 1. By assumption (i, j) is paired with (i + 1, k) for some k > j.
If k£ > j, then (i + 1, k) would be unpaired when the pairing process reaches (cs, 1), so (¢, 1)
would be paired which is a contradiction. Therefore k& = j so (i,¢o — 1) is paired with
(1 4+ 1,¢0 — 1), and the process may be repeated.

Finally we must show that (i + 1,¢;) ¢ PT. Indeed if (i + 1,¢;) is a crossing, it is not
hard to see that this would be the second crossing for the pipes that cross at (7, cs), so the
pipedream would not be reduced. U

Definition 7.12. Define (lowering) crystal chute moves
fi: RP(w) - RP(w)U{0}  forwesS,and1<i<n
as follows. Let p € RP(w). Perform the pairing process of Definition on row ¢ of p.
(1) If all crosses in row i are paired, set fip = ().
(2) Otherwise, denote by (i, ) € P the leftmost unpaired cross in row i.
(a) If (i, k) € Py for all 1 <k < j, set fip = 0.
(b) Otherwise, f;p is given by the chute move of with ¢ = j, which is
possible by Lemma More formally, the Lemma asserts that there exists
m € N such that:
(i) (i,j—m),(i+1,j —m) & Py and
(ii) (i, —k),(i+1,j— k)€ Py forall 1 <k <m.
Define a new classical pipedream by

fir =p\A{(, )} U{(i+1,j —m)}.
Example 7.13. Consider the classical pipedream of Example [7.8 For ¢ = 1, the crosses in
positions (1,1) and (2,1) are paired. The cross with coordinates (1,2) is unpaired. We are
in case (ii) (a) of Definition and hence fip = (.
Similarly, let p; and p, be the third and fourth classical pipedreams in , respectively.
Then fip1 = po.
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The operators f; are called lowering operators since they lower the weight of a reduced
classical pipedream by a simple root «;. That is, if fip # () for p € RP(w), then

wt(fip) = wt(p) — ;.

The lowering crystal chute moves have partial inverses called raising crystals chute moves
which we define next.

Definition 7.14. Define (raising) crystal chute moves
e;: RP(w) — RP(w) L {0} forweS,and 1 <i<n
as follows. Let p € RP(w), and perform the pairing process of Definition on row i of p.

(1) If all crosses in row i + 1 are paired, set e;p = ().
(2) Otherwise, let (i + 1,7) € Py be the rightmost most unpaired cross in row i + 1.
Let ¢ > j be minimal such that (i + 1,¢) ¢ P,. Then

(7.15) ep=p\{(i+1,7)}U{(i, 9}
A reduced pipedream p € RP(w) is called highest weight if e;p = for all 1 < i < n.

One of the main results of Assaf and Schilling 2018 (translated to classical pipedreams
in Gold, Mili¢evié¢, and Sun 2024a,b)) is that RP(w) with the crystal chute moves f; and e;
decomposes into a union of Demazure crystals. To state the results, we first need to review
an algorithm to extract a permutation from a highest weight pipedream (see Gold, Mili¢evié,
and Sun 2024b| Algorithm 6.1).

Definition 7.15 (Algorithm 6.1 Gold, Mili¢evié¢, and Sun 2024b)). For w € S,, let p €
RP(w) be a highest weight element. On the set of crosses Py of p perform the following:

(1) Shift all crosses in row ¢ to the right by i — 1.

(2) For each row, beginning in the lowest row, move the leftmost cross say in position
(r,¢) down to position (¢, c¢), so that its row and column index match. Fix these
Crosses.

Set ¢ = 2.

(3) (a) Beginning with the lowest row containing unfixed crosses, consider the leftmost
unfixed cross. Move that cross down to the lowest possible row, remaining in
its current column, such that:

(i) The cross does not move through other crosses;
(ii) The cross is the ¢-th cross from the left in its new row; and
(iii) The cross does not have any previously fixed crosses to its right in the
new row.
(b) Fix this moved cross.
(c) Repeat steps|3ajand [3blonce within each row until all rows with unfixed crosses
have been considered.
(4) Increment ¢ by 1 and repeat step .

Once all crosses in the diagram are fixed, the algorithm terminates. Denote the resulting
diagram by p.
The truncating permutation 7, is the shortest permutation such that wt(p) = m,(wt(p)).
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1

1 1]1
2] : | L
f2 fi
Y Y
1 3\ 2 2 aBEE
2 3
L2 ' L= ]
[ 1 [

FIGURE 1. The classical pipedreams for the permutation w = (1,2,5,4,3) €
S5 arranged as a crystal B;3(2,1), with the crossings marked.

Theorem 7.16 (Assaf and Schilling [2018; Gold, Mili¢evi¢, and Sun 2024alb)). Given w € S,
the operators e; and f; for 1 < 1 < n from Definitions [7.13 and [7.14 define a type A,_;
Demazure crystal on RP(w) as follows:

I

(7.16) RP(w) U B (wt(),

PERP(w)
e p=0,V1<i<n

where the truncating permutation m, is given in Definition [7.1

Example 7.17. Let w = (1,2,5,4,3) € S5. A reduced expression for this permutation is w =
s35483. The Schubert polynomial indexed by w can be computed to be Gy, s, (71, T2, 23) =
5(2,1)(1, 22, 3). The classical pipedreams are arranged as a crystal in Figure .
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The crosses for the highest weight element in Figure [1| are given by

After applying the algorithm of Definition [7.15] we obtain

so that m, = s9535152.

Note that the Schubert polynomial of Example is indeed a symmetric function. It
turns out that this is always the case in the stable limit as we will see in Section [3] The
stable limit of Schubert polynomial &, for w € S, is defined as (see Macdonald [1991a/b))

Z Simxw(T1, T2y oy Tytm)-

m—ro0

Remark 7.18. Note that instead of considering row chute moves, one could have also used
columns chute moves for an analogous column crystal structure.

2.4. Bumpless pipedreams. Lam, Lee, and Shimozono [2021 introduced another com-
binatorial model for (double) Schubert polynomials in terms of bumpless pipedreams. In this
model the following set of tiles is allowed:

(7.17) U )

Note that the bump pattern is excluded. Pipes in the model begin at the top boundary and
end on the right boundary, and are reduced (not allowed to cross twice). The columns are
numbered as before from left to right, but now the rows are numbered from the bottom to
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the top.
1 2 3 1 2 3 1 2 3 1 2 3
T3 C3 L3 N N
zo [ — 2 . 1 ° N3 M- 3}0(29)
z1 \ 1 o Y—2 |\ 1 o “—1
w(p) =123 = 1y 213 = 54 132 = s5 132 = s,
(x|y)t® =1 T — U1 To — Yo T — Y1
1 2 3 1 2 3 1 2 3
> \ 1 \ 1
. 1 0 - 3 o .
olo| ~3 o - 2 olo| =3
312 = 5152 231 = S9251 321 = Wo

(1 — y1)(z1 — y2) (@1 — y1) (22 — 1) (@1 — y1)(z2 — 1) (@1 — )
Here are all the bumpless pipedreams with n = 3. We have circled the empty vertices, which
contribute to the weight. The pipes carry the column numbers to the right edge, where a
permutation w(p) of the pipedream p can be read off, this time reading from top to bottom.
We define x**?) to be the monomial in which the exponent of z; is the number of empty
vertices in the ¢-th row, or more generally

(X|Y)Wt(p) = H(xz - ;)

where the product is over pairs (i, j) where the vertex at the i-th row and j-th column is
empty. Let BP(w) be the set of bumpless pipedreams with w(p) = w.
We will prove the following theorem.

Theorem 7.19 (Lam, Lee, and Shimozono 2021). Let w € W. Then
(7.18) > &y =6, (xy).
pEBP(w)

This can be confirmed for S3 by comparing the above data with Example [7.1]

In this section we will prove Theorem [7.19| using the Yang-Baxter equation. As with the
classic pipedreams, we reinterpret bumpless pipedreams as states of a colored lattice model
with the following Boltzmann weights:

EEEE:

Here the absence of color on an edge means that the edge has spin &. Red and blue are
colors ordered so that

red (e) > blue (o).
In the model, this vertex will be used at the i-th row and the j-th column.

Remark 7.20. Note that the six bumpless pipedream tiles in are in bijection with
the six states of the six-vertex model introduced in Chapter [5 It is thus tempting to think
of bumpless pipedream as states of the six-vertex model. However, from this point of view,
the “reduced” condition that paths cannot cross twice would be a global condition that
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requires some new idea. This is solved here by using colored models. Interestingly, a very
different approach to filtering out the reduced pipedreams, that applies to both the classical
and bumpless models was found by Knutson and Zinn-Justin 2025\

Remark 7.21. Our convention differs from Lam, Lee, and Shimozono 2021|in that rows are
reflected top to bottom. This convention is more suitable for the study of hybrid pipedreams
(see Section {l) with the conventions for classical pipedreams of Section

For our boundary conditions, we put colors cy, ..., ¢, on the top boundary, where ¢; <
+ < ¢y, and the color ¢, ;) on the right boundary in the i-th row, where we recall that rows
in the bumpless scheme are numbered from the bottom. In the i-th row and j-th column,
we use the above Boltzmann weights. We will refer to this system as B(x;y). Let Z57(x;y)
be the partition function.
As in Proposition the states of the colored model 9B, (x;y) are in bijection with
bumpless pipedreams p such that w(p) = w, so the partition function is

Z(xiy) = Y (xjy)"®.
PpEBP(w)

Example 7.22. Let us now compute the double Schubert polynomial &, ,, of Example
using bumpless pipedreams.

1 2 3 4 1 2 3 4 1 2 3 4
Ty— 3 — 3 — 3
T3— 4 = 4 — 4
T 1 > 1 1
T 1—!; 4 2 > 2 —!; 2

($1 - yl)(xl - 3/2) (961 - 3/1)(1’2 - yl) (96’1 - yl)(l’s - y3)
We obtain the value

(7.19) (@1 = y1)(21 = w2) + (21 — ) (22 — y1) + (21 — y2) (23 — ys).
The three terms are different from the three terms in Example [7.5] but their sum is the
same!

Remark 7.23. Comparing, equals , but there is no term-by-term equality. If
we set the y; = 0, there is a term-by-term equality, and indeed Gao and Huang 2023 proved
that there is a bijection between states of the classic and bumpless pipedream models that
preserves weights for the Schubert polynomial &,,, that is, when y = 0. This example shows
that this correspondence cannot be extended to double Schubert polynomials. Yet if we sum
all states the partition functions are the same. We return to this subject in Section [4

For bumpless pipedreams, the R-matrix is given by

XXX X,
XXXX

(7.20)




3. STANLEY SYMMETRIC FUNCTIONS 117

Proof of Theorem [7.19, For w = wy, there is only one configuration for the bumpless
pipedream model, with n — ¢ empty cells in row 7. The case n = 4 is shown below:

1 2 3 4

Ty k 1
T3 —B—I 9
Ta—— P 3
1 ——P—P—= 4

Hence the weight for this configuration is (x|y)?. This shows that &, (x;y) = Zo! (x;y).
Now assume that ws; < w so that w(i) > w(i + 1). (Remember that the rows are
numbered from the bottom to the top.) Using the train argument with R-matrix (7.20]),
one may show that Z5P(x;y) satisfies the same recursion as the Schubert polynomial (see

Exercise
Zol (x;y) = D257 (x;y).

3. Stanley symmetric functions

The Stanley symmetric function F, indexed by a permutation w € S,, was introduced
by Stanley [1984| to enumerate the reduced decompositions of w. The Stanley symmetric
functions are related to Schubert polynomials through a stable limit

F,(x) = Sli_glo S1s e (X),

where 1° X w is the permutation 12...s(w; + s) ... (w, + $) in one-line notation.
Stanley |1984| conjectured that the coefficients ¢, in the Schur expansion of F,

o) = Y6 ()

are nonnegative integers. This was shown by Edelman and Greene [1987| through an insertion
algorithm from reduced words of w to a pair of tableaux now known as the Edelman—Greene
insertion. This algorithm shows that ¢ is equal to the number of increasing tableaux of
shape A\ whose row reading words are reduced words of w™!. See also Fomin and Greene
1998; Lascoux and Schiitzenberger [1985.

The Edelman—Greene coefficients ¢ can also be understood by counting highest weight
elements in a crystal. As mentioned in Section [2.2] reduced classical pipedreams are equiv-
alent to compatible sequences which in turn can be interpreted as decreasing factorizations
of reduced words of w. Denote by W, the set of all decreasing factorizations of w € S,.
More precisely, these are all factorizations w*w*=! ... w! such that w = w*w*=! .. w' with
l(w) = L(wh) + -+ + £(wF) and each w' is decreasing. Then from the results in Section

one can deduce that
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In Morse and Schilling 2016, a crystal structure on W,, was defined (see also Bump and
Schilling 2017, Chapter 10). Through the correspondence between decreasing factorizations
and reduced classical pipedreams, this crystal is related to the crystal of Section

In this section, we define an analogous crystal for Stanley symmetric polynomials in s+ 1
variables on bumpless pipedreams. Lam, Lee, and Shimozono [2021 defined EG-pipedreams
as the bumpless pipedreams, where all the empty boxes are in the southwest corner (in our
convention) and form a partition. The partition is called the shape of the EG-pipedream.

Example 7.24. The first two bumpless pipedreams in Example are EG-pipedreams
with shapes (2) and (1, 1), respectively. The last bumpless pipedream in this example is not
an EG-pipedream since not all empty cells are in the southwest corner.

By Lam, Lee, and Shimozono [2021, Theorem 5.14, the Edelman—Greene coefficient ¢\ is
equal to the number of EG-pipedreams of w of shape A.

The EG-pipedreams correspond to the highest weight elements in the crystal. In general,
a bumpless pipedream for the permutation 1° x w with empty boxes only in the bottom s+ 1
rows can be associated to a semistandard Young tableau T' of shape A as follows. The shape
A is obtained by sliding all empty boxes along their diagonals d = ¢ — r, where r is the row
index (from the bottom) and c¢ is the column index (from the left), towards their southwest
corners. The entries of the semistandard Young tableau 7' on the diagonal d are the row
indices of the empty boxes on diagonal d in the bumpless pipedream.

Example 7.25. Consider the bumpless pipedream
1 2 3 4 5

Ts L 3

Ty 4

3 55

g 2
]

1 L 1

for the permutation (1,2,5,4,3) = 12 x w for w = (3,2,1). It has an empty cell on diagonal
0 and row 1, diagonal 1 and row 2, and diagonal —1 and row 3. This bumpless pipedream
1
3]
entry 2 on diagonal 1, and entry 3 on diagonal —1.

corresponds to the semistandard Young tableau 2 ‘, which has an entry 1 on diagonal 0,

We would like to emphasize that the association of a semistandard Young tableaux to
a bumpless pipedream of 1° x w with empty boxes only in the bottom s + 1 rows is not
a bijection; for example there can be multiple EG-pipedreams of the same shape A, which
would all be associated to the same highest weight semistandard Young tableau of shape .
For a fixed configuration of the strands s+ 1,5+ 2,...,s 4+ n, the map is however bijective.

We have discussed in Chapter |8l how to define crystal operators f; and e; for 1 <7 < s on
semistandard Young tableaux of shape A in the alphabet {1,2,...,s+ 1}. The above map
from certain bumpless pipedreams for 1° X w to semistandard Young tableaux thus induces a
crystal structure on these bumpless pipedreams by keeping the stands s+ 1,...,s+n fixed.
Note that the first s strands for the bumpless pipedreams associated to 1° X w do not cross.
Recall that an f; crystal operator on a semistandard Young tableaux locally changes a letter
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1]1
2]
fi fo
1 2\ 11
12 3]
f2 fi
Y Y
1 3\ 1]2
12 3]
Jo fi
14 ¥
1 3\ 212
13 3]
fi fo
2 3\

FIGURE 2. The crystal Bs3(2,1) on the bumpless pipedreams for w =
(1,2,5,4,3). The corresponding semistandard Young tableaux are also in-
dicated.

1 to a letter ¢ + 1. Hence locally an f; crystal operator on a bumpless pipedreams for 1° x w
acts as a droop move

i+t fi i+ 3

i 1

An example is given in Figure [2|

4. Hybrid pipedreams

Both the classic and bumpless pipedream models represent double Schubert polynomials.
Yet the models seem rather different. Knutson and Udell 2023 observed that one can mix
layers of classic and bumpless pipe freely to obtain interesting hybrid models. These are
analogous to the hybrid models for Gamma and Delta ice that we considered in Chapter [7]
and indeed the structure of the proof of Theorem here is very similar to the proof of
Theorem [4.21]
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In this section we consider the Knutson—Udell hybrid models. A difference is that we will
replace their Theorem 3 by an application of the Yang-Baxter equation.
The version of the Yang—Baxter equation that we require uses the following R-matrix:

\CB/ \CB/ \CB/ \CB/%
/SN 22N 2NN\
N N/ ) Y &
CB CB
7 N /' N\
1 1 1 1

This assumes that red is the larger color. The CB R-matrix depends on two parameters x;
and x; which we suppress from the notation. Its R-matrix resembles bumpless pipedreams
in that if two paths of the same color meet, they must cross, and crossings are only allowed
in one direction.

Because we will be mixing classic and bumpless pipedreams, we will use the following
notation. A vertex of classic pipedream is marked with a white dot o, while a vertex of
bumpless pipedream is marked with a black dot e. We also decorate the vertices with two
parameters, x; and y; for some k. In the applications, the subscript k of ¥, is the column
number. But since the rows move up and down, the parameter ¢ in z; is not necessarily the
row number. As we have already seen, in the pure classic pipedream models, the parameter
in the ¢-th row is z;; in the pure bumpless pipedream models, the parameter in the i-th row
is ,11_;. In the hybrid models, the parameter in the i-th row can be any one of x1,..., z,.

The Yang-Baxter equation then has the following form:

This is valid for any selection of boundary spins (colors or @) a—f. To prove this, at most
3 colors can appear in any legal configuration, so all cases can easily be checked using a
computer program or otherwise.

Proposition 7.26. Let ¢ and d be colors (possibly equal). Then the two following systems
are equivalent for any choice of the boundary spins:

(7.21)
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(7.22)

Proof. We attach the CB R-matrix as follows:

Note that there is only one legal configuration for the R-matrix, so this equals ([7.21]). Now
we may run the train argument and detach the R-matrix to obtain ([7.22]). 0

We may now describe the Knutson-Udell mixed models, which contain the classical
pipedream and bumpless pipedream models as special cases. Columns are labeled 1 to n.
Every row is either a row of a classic or bumpless pipedream. For the boundary conditions,
the top boundary colors are, as with the classic and bumpless pipedream models, ¢4, ..., ¢,
in ascending order from left to right. Each classic row gets one of these colors at its left
boundary, and @ signifying no color at the right; and each bumpless row gets one of these
colors at its right boundary, with & on the left.

The rows and columns are labeled as shown.

1 2 3 4 5
! 1°i *7—0—?7‘2—0 A
Lo N 05
52 T2, Y2 >_O E
53 —O :
e O !
: o b6 & o O ;

The columns are labeled 1-n from left to right. For the rows, the rule is more complicated:
we visit the boundary edges as indicated by the arrow, first labeling the classic rows on the
left edge from top to bottom (but skipping the bumpless rows), then labeling the remaining
bumpless rows from bottom to top.
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We use the row and column parameters z; in the i-th row, labeled this way, and y; in the
j-th column. The Boltzmann weights are then as in Subsection for the classical rows,
and as in Subsection for the bumpless rows. We have shown a sample state that is legal
in both the classic and bumpless rows, and labeled the vertex in row 2 (by the numbering
scheme just described) and column 2.

Let w be the permutation such that c,) is the color of the colored boundary edge in
the i-th row. In this example, the permutation is (12453) in 1-line notation. The model is
determined by the permutation w, with one other piece of information, which is the sequence
of classic and bumpless rows. We can indicate this information in a code, which is a sequence
of n letters B or C' indicating the species of the rows ordered from top to bottom. So for the
above example, the code is C BC'C'B indicating that we have rows of classic, then bumpless
pipes stacked in that order. We may indicate the hybrid model as B, (), where 7 is the
code.

Theorem 7.27 (Knutson-Udell). Let w be a permutation and vy any code. Then the partition
function Z (P (7)) = Gu(x;y).

Proof. If v = C™ or B" this is the classic or bumpless pipedream model, and we have already
shown that the partition function is the double Schubert polynomial. So the essence of the
statement is that the models B, () all have the same partition function, independent of the
code. In this way we also obtain a new proof that the classic and bumpless representations
of &,(x;y) represent the same value.

It follows from Proposition that we may interchange B and C' layers. We need to
supplement this fact with another fact: we may change the bottommost layer from C to B
without changing the partition function. Let us see why this is true. Let v be a code ending
in C, and let 7/ be the code obtained by changing the C' to be B. We will describe a weight
preserving bijection between the states of 3., (v) and B, (7).

Depending on the code +, this row is numbered ¢ for some value, according to the scheme
described above. It carries a unique pipe that descends in some column numbered & for some

| 000600
EEREER

The vertices in this row in columns 1 to k — 1 contribute:
k—1

(7.23) [T — ).

J=1

We may modify this state to obtain a state of B, (7") by reversing the direction of the
path:

Again, the vertices in the bottom row to the left of column k contribute the same factor
(7.23), and these two corresponding states of B, (v) and PP, (7") have the same weight.
Summing over all states, the partition functions are equal.
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Now we may see why all codes v give the same partition function. We are allowed to
do the following operations on the code: either interchange a B and a C, or change the last
letter from C' to B or vice versa. U

5. Grothendieck polynomials and vertex models

Grothendieck polynomials are generalizations of Schubert polynomials also indexed by
permutations. While Schubert polynomials represent classes in the cohomology of flag vari-
eties, Grothendieck polynomials represent classes in K-theory.

[B-double Grothendieck polynomials were introduced by Fomin and Kirillov [1994] using
certain divided difference operators acting on the ring R := Z[S|[x;y] = Z[B][z1, -, Tn; Y1y - - s Yn)-
The symmetric group .S,, acts on R by

w - f(X;Y) - f(mwu s 7an;Y)'
We define the operator m; acting on R by
(1+ Bripa)f — (1 + Bry)s; - f

mi(f) =
l( ) Ty — Tit1
The operators 7; satisfy the same braid and commutation relations as the simple reflections
in S,. Furthermore, 72 = — ;. Also note that at 3 = 0, we have
Tilg=0 = D;,

the operators defined in used to define Schubert polynomials.
The B-double Grothendieck polynomials are defined recursively as follows. For the long
permutation wy, we have
eWxy)= ][] @ou),
1<i+j<n
where z; ® y; = x; + y; + Bz,y;. For w € S, with w; > w;41, we define

Ss®) (x;y) =7 (G,Ef) (x; Y)) :

ws;

In the case w; < w;y1, the polynomials 6,(1,5 ) (x;y) is symmetric in x; and x;4; and
m (6 (xy) = -1 (x;y).

Remark 7.28. Specializing y; = 0 for all 1 <7 < n, gives the S-Grothendieck polynomials.
The double Schubert polynomials are related to the S-double Grothendieck polynomials by
setting 8 = 0 and replacing each y; by —y;, that is

Gu(x;y) = 6D (x; —y).

w

Brubaker, Frechette, et al. 2023 give the analogue of the colored classical pipedream
model, whereas Buciumas and Scrimshaw 2022a, give the analogue of the colored bumpless
pipedream model for Grothendieck polynomials.

Hwang et al. 2024 introduced the refined canonical stable Grothendieck polynomials

(L4ha;)-(148i-12,)
det ( (I1—anz;)-(1—ay, ;) >1<i,j<”

H1<i<y<n(xi =)

GA(Xna a7ﬁ) =
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Exercises

Exercise 7.1. Show that the dimension of the Schubert cell X, is given by

dim X = (Z) — f(w),
where {(w) is the length of the permutation w € S,,.
Exercise 7.2. Prove the formula ([7.3]) for double Schubert polynomials.

Exercise 7.3. Show that with the R-matrix in (7.11] for classical pipedreams, the Yang-Baxter equation
is satisfied.

Exercise 7.4. Show that with the R-matrix in ((7.20) for bumpless pipedreams, the Yang—Baxter equation
is satisfied.

Exercise 7.5. Use the train argument to show that
Z5P (x) = D; 25" (x).



CHAPTER 13

The Fermionic Fock Space

In Chapter [12] we saw that in the field-free six-vertex model there is a Hamiltonian H
and also a commuting family of six-vertex model row transfer matrices Ty acting on a Hilbert
space, which in that case was H = ®"VC?. The main theorem is that H commutes with T},
which was proved by showing that H = (T, 'Tj)|g=, + cl# for a suitable constant c. This
result was proved by Baxter, in the greater generality of the eight-vertex model.

For the free-fermionic six-vertex model, there is a similar result, due to Brubaker and
Schultz Brubaker and Schultz 2018 In the proof we will follow Brubaker, Buciumas, Bump,
and Gustafsson 2020b, where a more general result is proved. (The models in Brubaker,
Buciumas, Bump, and Gustafsson [2020b) may be regarded as generalizations of the result
in Brubaker and Schultz 2018 to a colored model.) In this free-fermionic case there is a
Hamiltonian operator H and a row transfer matrix 7', and the result is now in the form
efl = T. But the conclusion is the same: the Hamiltonian H commutes with the row
transfer matrix 7.

The identity e/ = T can be thought of as an expansion of T in terms of operators .Jj,
which move particles right or left to lower or higher energy levels. If £ > 0, then J; moves
the particle right to a lower energy level, and if £ < 0 it moves the particle to the left. There
are correspondingly two versions of both the Hamiltonian and the row transfer matrix.

1. The fermionic Fock space

The fermionic Fock space was invented by Dirac in the theory of the electron. The
electron is described by the Dirac equation, which we will not discuss, except to mention
that the energy levels are quantized, and there are solutions of arbitrary negative energy.
This seems unphysical, since a particle could radiate an arbitrarily large amount of energy
by falling to lower and lower energy levels.

But Dirac proposed a solution to this. Since the Dirac equation is linear, solutions can
exist in superposition. The electron is a fermion, subject to the Pauli exclusion principle,
meaning that no two electrons can occupy the same state. Dirac’s proposal was that all
sufficiently large negative energy level states are occupied, and all sufficiently large positive
energy levels are unoccupied.

Mathematically, the states are vectors in a Hilbert space that is called the fermionic Fock
space §, which we will now describe. This is based on another Hilbert space that we call V',
with basis vectors u; (i € Z). Each u; represents a particle with a definite energy level equal
to i. Let us fix m € Z and consider a sequence j = (jm, Jm—-1,--.) where jp,, > jp_1 > -
and jp = k for k sufficiently negative. Define the charge m fermionic Fock space, denoted
Sm to be the free vector space on formal symbols

(13'1) |.]> = |J>m = Uj, N Uj, g Nvey .] = (jmvjm—lajm—% . )
176
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The Fock space § resembles the exterior algebra AV, except that the basis vectors are
infinite wedges (called semi-infinite monomials).

We extend the notation &; to sequences j = (jm, jm—1,- - .), where ji = k for k sufficiently
negative, dropping the assumption that the sequence is strictly decreasing, by the usual
rules for A in the exterior algebra. Thus |j) = 0 if jx = j; for any distinct &k, < m. And
interchanging two adjacent indices changes the sign of |j).

We can visualize the vector |j) by a Maya diagram in which sites numbered by integers
are filled with stones. If the site n equals j; for some k, the site is occupied, otherwise it is
unoccupied. We put a black stone at the occupied sites, and a white stone at the unoccupied
sites.

For example, if j = (4,2, —1,—2,—3,—4,...) and hence

) = ua Aug Auy Au_g Au_g Au_y A---
then the Maya diagram looks like this:
6 5 4 3 2 1 o -1 -2 -3 -4

ONON RON NONON I I B RS

The main point is that every sufficiently negative site is occupied, and every sufficiently
positive site is unoccupied. Although Maya diagrams are traditional (originating in soliton
theory with M. Sato and his collaborators), because we want to relate this story to the six-
vertex model as we have been, we prefer to use — and + for the occupied and unoccupied
sites respectively. Hence the Maya diagram looks as follows:

6 D 4 3 2 1 o -1 -2 -3 -4

CNCHONCNONONONONCONONCOIS

For this state the charge is m = 1.
If jx = k for all £ < m, we obtain the charge m vacuum wvector for which we have an
alternative notation
| D) = Uy A Uppq A -+

In general we may define the energy of |j)., to be >, (jx — k). This is a finite sum. The
vacuum is the unique semi-infinite monomial in §,, of energy 0.
2. The row transfer matrix Ta(z;q)

We will describe a version of the free-fermionic six-vertex model that we call Delta ice.
The grid is of infinite width, and the Boltzmann weights in each row depends on a parameter
z e C*.

Remark 13.1. The quantity A here is different from Baxter’s A, which is
(alag + ble — 0102)/2611[)1.
Baxter’s A is zero here, since all weights in this chapter are free-fermionic.

Let i = (im,im-1,---) and j = (Jm, jm—1, - - -) be two sequences such that i, > i, 1 > - -
and j,, > Jm_1 > -+ and i; = ji = k for k sufficiently negative. We define a simple system
consisting of a single row, and either no states or a single state. We consider a grid with
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only one row that is infinite in both directions. As boundary conditions, the spins of the
vertical edges at the top are given by the Maya diagram for &;, and for the vertical edges
at the bottom, by the Maya diagram for &. There is also a “boundary condition” for the
horizontal edges, that there are only finitely many + spins. We use the following Boltzmann
weights:

A-ice

Since as part of the boundary conditions there are only finitely many horizontal edges
with + spins, all but finitely factors in the Boltzmann weight of a state are of type b; (for
vertices far to the left) or of type a; (for vertices far to the right). Therefore the Boltzmann
weight of a state is an infinite product with only finitely many terms not equal to 1, and so
has a well-defined finite value.

Lemma 13.2. The condition for the partition function to have a state (which is therefore
unique) is that

We express the conditions in ((13.2)) by saying that the sequences i and j interleave. We
already encountered interleaving partitions in (3.4) in Chapter [3, Section [2]

Proof. This may be seen by consideration of the paths, which we recall from Chapter 3]
Section [I] are obtained by joining edges with spin —. Because of our boundary condition,
that there are only finitely many horizontal edges with spin —, each path must begin at the
top and exit at the bottom for this system. For example, suppose that m =1 and

i=(4,2,1,-2,-3,-4,...), j=(3,1,—-1,-2,-3,-4,...).

Then we have the following state:

Every path must start in the 4, column and end in the j; column. Call this the k-th path.
We must have i, > ji since the paths move down and to the right. We also need j; > 751
since otherwise two paths will overlap between the 7;_; column and the j; column. O

We quickly review Dirac notation for operators. Let H be a Hilbert space. A vector in
v € H is denoted alternatively as |v), and called a ket. On the other hand, a vector w gives
rise to a linear functional v — (v, w) using the inner product on H, and we denote this linear
functional as (w|, also called bra. The notation works well in quantum mechanics due to the
emphasis on Hermitian (self-adjoint) operators. If 7' is Hermitian, then (Tv,w) = (v, Tw),
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which we denote (w|T'|v). We can either think of this as the linear functional (w| applied to
the vector T'|v), or as the linear functional (w|T applied to the vector v.
As a special case, the partition function of the monostatic system above will be denoted

GITa(z @)l

and we are now thinking of Ta(z; q) as being an operator on H.

Theorem 13.3. The operators Ta(z;q) all commute. That is, if w and v are other param-
eters, we have

Ta(z;¢)Ta(w,v) = Ta(w;v)Ta(2, ).

Proof. We make use of the general free-fermionic Yang-Baxter equation from Chapter [3|
By Theorem of Chapter [3] there exists an R-matrix R depending on z, ¢, w, v such that
we have a Yang—Baxter equation in the form

C C
z,q w,v
b — d b —=< d
R R
a /’7 (& a ——<C - e
f f

It is of course not hard to compute the Boltzmann weights but we do not need them for this
proof. We only need that the as weight of R is nonzero. We fix i and k and will show that

(13.3) (K| Ta(w; 0)Ta(z, @)[i) = (K[Ta(z; ¢)Ta(w, v)[i).

The left-hand side is the partition function of a 2-rowed infinite grid, but we may truncate
this to a finite grid such that all sites of |i) and |k) to the right are occupied, and all sites
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to the left are unoccupied. This partition function looks like this:

All vertices outside this finite grid have type a; or by, and Boltzmann weight 1, so discarding
them does not change the partition function. So the partition function of this system is

(K| Ta(w; v)Ta(2; q)|).

Now we attach the R-matrix, which multiplies the Boltzmann weight by as(R). We apply
the train argument, and discard the R-matrix on the right, which divides the Boltzmann
weight by the same constant as(R). The resulting system has the rows switched, proving
. Since this is true for all i and k, the row transfer matrices are proved to commute. [

We can define TxA(z;q) as an operator on § by

(13.4) Ta(z9)[1) = > (ITa(z:9)[1) 13)-

j
The sum on the right is finite, so this defines an element of §. However Ta(z;q) is not
a bounded operator. That is, if we make § into a Hilbert space where the semi-infinite
monomials |i) are an orthonormal basis, since the number of terms on the right side of
can be arbitrarily large, the map Ta(z;¢) defined on basis elements does extend to an
operator with bounded operator norm.

3. The row transfer matrix 7(z;q)

There is another type of six-vertex model that is in a sense dual to the models in Section 2]
For these we use the following Boltzmann weights:

I-ice
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Remark 13.4. These are the same as the weights Tokuyama models introduced in Chap-
ter 4] Section [2 divided by z. Since every weight is divided by the same constant, we could
use these weights in the Tokuyama model, and the partition functions would be essentially
unchanged, altered only be a constant monomial. However our boundary conditions will be
different from the Tokuyama models.

Now we change the boundary conditions. We require all but finitely many horizontal
spins to be —. This guarantees that the row transfer matrix is essentially a finite product,
since all but finitely many spins will be of type as or bs.

We can define (j|Ta(z;q)|i) as before, but now the condition for this to be nonzero is
changed: we require

Here is a sample state with i = (3,1, —1,-2,-3,...)and j = (4,2,1,—2,—3,...). We modify
the rule for describing the paths: now the paths follow the — spins on vertical edges, and +

spins on the horizontal edges. This means that the paths move down and to the left, so the
row transfer matrix is energy raising, in accordance with (|13.5]).

We can try to define Tr(z; ¢) as an operator,
Tr(z ) = _GITr(z )l 15).
J
However (in contrast with A-ice) the sum on the right-hand side is no longer finite.
4. The Heisenberg Lie algebra

We now come to a representation of the Heisenberg Lie algebra s with generators
{jr | k € Z} and 1,

. k if k= —I,
[jlmjl] :{

0 otherwise.

with 1 central, and

The center of s is spanned by 1 and j,. This representation is at the heart of the boson-
fermion correspondence. This is a relationship between the fermionic Fock space and the
bosonic Fock space which originated in mathematical physics, and has important applica-
tions to representation theory and algebraic combinatorics (Frenkel 1981; Kac, Raina, and
Rozhkovskaya 2013; Lam 2006).

We remind the reader that we have defined

Uy N Uy N

even if we do not have j,, > j;n_1 = ---. It is only necessary that j, = k for k sufficiently
negative. However, this monomial might be zero (if some index is repeated) or the negative
of a basis element if putting the vectors in order produces an odd number of sign changes.
If jpo = jm—1 = -+ we denote this vector as |j). Otherwise we will avoid this notation.
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Let k € Z. For the time being assume that k£ # 0. We define an operator J, on V by
Ji(ty) = tu,_g. Then we transport Ji, to acting on § by the Leibnitz rule, so that

Jild) = (Wt A A ) (g, A g A ) e

In other words, to apply Ji, we pick one occupied location, and move the particle at that
location k steps lower or higher (depending on the sign of k) to an unoccupied location. We
also define .Jy to have eigenvalue m on §,,.

Theorem 13.5. The operators Jy, on §p, satisfy

[ kels, k=,
[, Si} = { 0 otherwise.

Hence j; — J) defines a representation of the Heisenberg Lie algebra.
Proof. Let us first show that
(13.6) T kl3) = J-nJili) = klj)-

We may assume k > 0 since the statements for k and —k are trivially equivalent.

First suppose that |j) = |@),, is the vacuum. Then Ji|@),, = 0. On the other hand,
J_|@) is a sum of k terms, and applying Ji to each of these produces a copy of |@),,. Now
we prove for general j. If |j) = |j)m is not the vacuum may write |j),, = u; A n where
J = Jm and

M= Ujpyy N Uy N
has strictly smaller energy than |j),,. By induction on energy we may assume that is
true for . Now we have J_pn = ujip A+ u; A J_pn and so

JkJ,k|_]>m =UuUj AN+ Ujpp N\ Jn + Uj—f N\ J_pn+ uj /N JpJ_gn.
Similarly
J,kej]{‘_]>m = Uj VAN n + Uj— VAN Jfkn + Uj+k VAN Jk77 + Uy N J,kaT]
Subtracting,
Jed—kli)m = Tk Ikl m = uj A (JuJ—kn — J_gJkn) = uj N kn = k|j)m,

where we have used our induction hypothesis.
We leave it to the reader to show that J, and J; commute unless k = —I. O

5. Row transfer matrices as vertex operators

We emphasize that the J, with £ > 0 all commute, and the J_, with —k < 0 all
commute, so we have two large commuting families of “operators” on § or §,,. The J_j are
not operators in the usual sense, since each turns each basis vector into an infinite sum of
basis vectors, which is not in §. Still, the two-point functions

(i Jkl3)
do make sense for all k, and as long as we couch our results in terms of these, there are no

difficulties.
Now let us introduce two “Hamiltonians”

1 1
Hi(zq)=) - )T Ho(ziq) =) 1= ")z I .

k=1 k=1
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Theorem 13.6 (Brubaker and Schultz 2018)). We have
(137) €H+(Z;q) — TA(Z7 q>, eH—(ZQQ) — TF(Z; q)

The operator H,(z;q) commutes with Ta(w;v) for all w,v, and the operator H_(z;q) com-
mutes with Tr(w;v) for all w,v.

Proof. We will take this up in Section @ For now we point out that the identities im-
ply the commutativity statements, since for example the operators Ta (w;v) and the operator
H.(z;q) are all seen to be expressible in terms of the J; with & > 0, which commute with
each other. We also obtain a new proof of the commutativity statement in Theorem [13.3
from this observation in Section [l O

“Operators” such as ef’+(#9 and ef-#9 particularly in combinations such as:

(13.8) efl-(FD) H(20) — exp (Z %(1 - qk)szk) exp (Z %(1 - qk)szk>
k=1 k=1

are called vertex operators. Here “operators” is in quotation marks since there is a nontrivial
problem in making sense of this. Similar expressions appear in conformal field theory and
in soliton theory. A purely algebraic and rigorous axiomatization of the underlying mathe-
matics may be found in the theory of vertex algebras. In this context, expressions such as
(13.8) appear in lattice vertex algebras (Frenkel and Ben-Zvi 2004| Chapter 5 or Kac |1998
Section 5.4). See also Kac and Leur (1987 and Jimbo and Miwa |1983|

As mentioned above, a proof of Theorem follows by expressing the row transfer
matrix Ta(z; q) as the exponential of the Hamiltonian

1
H (z;q9) = Z %(1 — ") 2" .
k=1

There is a corresponding result for 7r and H, but we will omit that. (It can be deduced
from the T case by taking adjoints, as at the end of Section 4 in Brubaker, Buciumas,
Bump, and Gustafsson 2020b).)

6. Fermionic operators

We introduce fermionic creation operators 1% (n € Z) on § that create particles by

V() = un A .
If n is a basis vector of §,,, say
77 = |j> - uj'm /\ ujmfl /\ )

then 1*(n) = 0 if n is among the indices j,, jm_1, . ... Otherwise, ¥*(n) can be calculated by
moving u, to its proper place among the indices. This can involve interchanging some u;,
which can introduce sign changes and so ¢ (n) is either zero or £|j’), where j’ is obtained
by sorting {7, jm, Jm—1,- ..} into descending order. We see that ¢ : §,, — Smi1-

Dual to the creation operators 1 are their adjoints v, : §m+1 — §m. The operator ¥,
deletes u,, from the semi-infinite monomial if n € {j,,, jm_1,- ..}, which can result in a sign

change. If n & {jm, jm—1, ...}, then ¥,]j) = 0.

Lemma 13.7. We have
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Proof. From the Leibnitz rule, if n € §, then
Jepin = Ji(u; An) = Ji(ug) An+uy A Ji(n) = wj—r An+ 95 (Jkn).

Rearranging,
[, Wi = wjp A =74 (n).

Now let us introduce the fermion field
S
JEL
For our purposes this is just a formal expression that we can use to do a calculation. (The
“field” terminology comes from quantum field theory.)

Proposition 13.8. We have

(13.9) [ (), 0" (2)] = log (1 — g

1—zz
Proof. Note that by Lemma we have
[Ji, Za:] Jr; U Zx] Ji, U Zx]w = 2t (o).
Now the left-hand side of - 13.9) equals
1 1
D= vt (@) = 3 (1= ¢") (@) (2) = —log(1 — x2) + log(1 — gz2)
k

from the identity

—log(l —1t) = Z =

k=1

Lemma 13.9. Suppose that xa — ax = ca, where ¢ € C*. Then

Proof. This is a special case of the Baker—Campbell-Hausdorff formula. We treat this as a
formal identity, disregarding convergence. We need the following identity, for £ > 0:

(13.10) > (k) (—1)2F 7 az? = .

T \J

To avoid some bookkeeping we sum over all j € Z but regard (’;) as zero unless 0 < j < k,
so most terms are zero. Assuming this true for k — 1, we may establish ((13.10)) by induction,
writing (’;) = (’;j) + ("71) The left-hand side equals

v [; (f B i)(—l)jxkljaxj] - l; (’; B D(—Dﬂ'lxwaw] 7



6. FERMIONIC OPERATORS 185

k

F=lz,a] = cfa. This

Both terms in brackets equal ¢*~'a by induction, so we obtain c

proves ([13.10)).

Now expand the exponentials and collect terms of degree k to write

Zk,Z() g = Zk, 0=,

as required. O

Proposition 13.10. Let H = H,(z;q). We have

1—qxz

(13.11) ety (z)e ™ = V*(x).

1—2xzz

Proof. This follows from our Proposition by exponentiating (using Lemma [13.9). O

Now the key point is to show that the row transfer matrices Ta(z;¢q) satisfy the same
identity. Let us introduce the operator pi(2): §m — Fms1 defined by

pie(2) = ¥ — 2.
Lemma 13.11. Granted the invertibility of e, the identity (13.11) is equivalent to
(13.12) e pr(2) = pr(gz)e”.

for k € Z.

Proof. We rewrite (13.11]) in the form
(1 —az)ey*(x) = (1 — qu2)y*(x)e'.
This is a formal identity that can be expanded in powers of . Comparing the coefficient of

x* gives exactly the identity (13.12)). U

Our goal is to show that the row 7' = Ta(z; ¢) satisfies the same identity T'px(2) = pr(q2)T
as efl. Let us represent p;, graphically as a “gate” that can be attached to the lattice model.
Remembering that ¢, creates a particle in the k-th column, and that 4+ denotes the absence
of a particle, — its presence, we see that we have the following Boltzmann weights:

Q Q Q9 S QP

O O O ® O O ® O
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For reference, here are the Delta Boltzmann weights:

A-ice

|

Proposition 13.12. The row transfer matrix
Tpi(z) = pr(qz)T.

Proof. Graphically this means that we must show the equivalence of the two following

partition functions:

D S

Z7q Z?q

OO
OO
OO0
OO0

and

Q

OO
OO
—®
— 0
OO
OO

qz
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We can clip out the middle part and just prove the equivalence of these systems:

ONNO,
o2 %

qz

® ©

This can be thought of as a kind of a Yang—Baxter equation, but of the sort mentioned
in Chapter Section [7} where the R-matrix changes as it moves past the vertices. This
verification is now subject to case by case verification. Let us check just one case. Suppose
that the boundary values are (a,b,¢,d, e, f) = (+,+, +,+, —, +). On the left-hand side there
are two admissible states:
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Their Boltzmann weights are, respectively (1 — ¢)z and —z, for a total of —gz. On the
right-hand side there is only one admissible state:

qz

® O

The Boltzmann weight is —gz. Since (1—¢q)z+ (—2) = —qz, the required identity is satisfied
in this case, and the remaining cases are similar. U

7. Proof of Theorem [13.3

We will only prove that ef+(9 = Tx(z;q). The identity e-*9 = Ti(z;q) can be
deduced using adjointness considerations, as in Brubaker, Buciumas, Bump, and Gustafsson
2020b.

As in the last section, we abbreviate H = H, (z;q) and T = Ta(z;q). We have proved
that both operators e and T both satisfy the same identities

eo(2) = p(g2)e”,  Tor(2) = pilg2)T.

We need to show that there is enough information in this fact to deduce that T|j) = e”|j)
for every semi-infinite monomial |j) € §.

Recall that the energy of |j), with j = (jm, Jm—1,...) € Fm is Y, (jr — k). This is actually
a finite sum. The unique basis vector in §,, of energy 0 is the vacuum

| DY = Uy AN U1 N -+
The identity
€IL(Z;q)|®>m =Ta(2,9)|D)m

is clear since both sides are |&),,.

So assume that |j),, is not the vacuum. Then it has positive energy. This means j,, > m.

We will show
(13.13) D5}, = Ta(2;)|j)m-

We are assuming inductively that the identity is known for states of lower energy.
Let |j') = uj,,_, Atj,,_y A+ € S, 80 |j)m = U5, 1§’ )m—1. We have
(13.14) D = P (D) V1 + 28,

where
£ =uj, 1 Nj).
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Now both terms on the right-hand side of (13.14) have lower energy than |[j),,. It is
possible that £ =0 (if j,,—1 = jm — 1) but if £ # 0 it has lower energy than |j),,. So by our
induction hypothesis

(13.15) MV =T)j)m-1,  eTE=¢
Now we have
Mi)m = € ()i Vm1 + 2e"€ = pj, (q2)e"|J )1 + 2e™€,
T|3)m = Tpj ()i )ym—1 + 2TE = pj, (a2)T|J )im—1 + 2T,
and using (|13.15)) we obtain (13.13)). So the theorem is proved.

Exercises
Exercise 13.1. Prove the claim in Section [3| that for I'-ice with finitely many horizontal spins equal to —,
the row transfer matrix is a finite product.
Exercise 13.2. Show that J; and J; commute for k # —[ in the proof of Theorem
Exercise 13.3. Argue as stated in Section [f] that
(i Jk13)

is well-defined despite the fact that J_; on a basis vector gives an infinite sum of basis vectors.

Exercise 13.4. Prove that
-0 = Tr(2;q)
in Theorem by using adjoints.

Exercise 13.5. Check the remaining cases in the proof of Proposition [13.12
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vertices, [f]
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viatic weights,

weight, [34]
dominant, [31]
weight lattice,

work,

XXZ Hamiltonian, [169]
XYZ Hamiltonian, [I69]

XYZ Heisenberg model, [12]

Yang-Baxter commutator, [20]

Yang-Baxter equation, [12] [67]
free-fermionic,
parametrized, [23]
parametrized field-free,
vector, [I9] [20]

Young diagram,

Young tableau

semistandard, [34]

Zariski closure, [103



