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Abstract

Combinatorics of the Asymmetric Simple Exclusion Process
by
Olga Mandelshtam
Doctor of Philosophy in Mathematics
University of California, Berkeley

Professor Lauren Williams, Chair

The Asymmetric Simple Exclusion Process (ASEP) is a process from statistical physics
that describes the dynamics of interacting particles hopping right and left on a one-dimensional
finite lattice with open boundaries. The ASEP is a Markov chain on 2" states denoted by
words of length n in particles and holes with three hopping parameters «, 8, and ¢. Particles
may enter at the left with rate «, they may exit at the right with rate £, and in the bulk
particles can hop to an empty location to the right with rate 1 and to the left with rate q.

A main goal in the study of the ASEP is to discover concrete formulae that compute its
steady state probabilities. One can compute these probabilities as sums over combinatorial
objects such as the alternative tableauzr of Figure (a). In Chapter [2| we give a deter-
minantal formula for the weight generating function of these tableaux at ¢ = 0, and thus
explicitly compute the steady state probabilities for the ASEP at ¢ = 0.
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Figure 0.1: (a) an alternative tableau, (b) a rhombic alternative tableau, and (c¢) a 3-rhombic
alternative tableau.

The two-species ASEP is a generalization in which there are two species of particles,
heavy and light. Only the heavy particles are able to enter and exit at the left and right



of the lattice and with rates o and (3, respectively. If particles of two different species are
adjacent, they can swap with rate 1 if the heavier particle is on the left, and rate ¢ if it is on
the right. In Chapter [3, we give a combinatorial formula for the steady state probabilities
of the two-species ASEP at by introducing the rhombic alternative tableaux of Figure |0.1
(b). We show that the weight generating function of these tableaux gives a formula for the
steady state probabilities of the two-species ASEP. We give a second proof of this tableaux
formula by constructing a Markov Chain on the rhombic alternative tableaux that projects
to the two-species ASEP.

In Chapter 4] we introduce a k-species ASEP that generalizes the two-species ASEP. We
prove a Matrix Ansatz that expresses the steady state probabilities of states of this k-species
ASEP as a certain matrix product, which generalizes an analogous result for the two-species
ASEP. In this k-species ASEP, there are k species of particles of varying heaviness. As
with the two-species ASEP, only the heaviest particle is allowed to enter and exit at the
boundaries of the lattice, with the same respective rates o and (. Moreover, adjacent
particles of different species can swap with rate 1 if the heavier particle is on the left, and
rate ¢ if it is on the right. Using the generalized Matrix Ansatz, we introduce tableaux
called the k-rhombic tableaur of Figure (c), which give a combinatorial formula for the
probabilities of the k-species ASEP.
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Chapter 1

Introduction

The asymmetric simple exclusion process (ASEP) is a model from statistical physics in-
troduced in the 1960’s independently by biologists and mathematicians. It describes the
dynamics of particles hopping left and right on a one-dimensional lattice with open bound-
aries. At the boundaries of the lattice, particles can enter on the left with rate o and exit on
the right with rate 5. The lattice has n sites, with at most one particle per site. Moreover,
at most one particle can hop at a time: a particle at location ¢ can hop to the right with
rate 1 if location i 4+ 1 is empty, and to the left with rate ¢ if location i — 1 is empty. An
empty location can also be denoted by a hole, and in this case we describe hopping as a swap
between adjacent particles and holes.

B
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Figure 1.1: ASEP parameters.

A state of the ASEP of size n is denoted by a word of length n in 0’s and 1’s, or
equivalently in O’s and @’s, where a 1 or @ represents a particle and a 0 or O represents a
hole (or absence of a particle). For the remainder of this section we will alternate between
denoting states by X € {0,1}" and X € {O, @}".

The ASEP is a Markov chain on 2" states denoted by words of length n in particles
and holes. A discrete Markov chain is a stochastic model with a set of states and a set
of transition probabilities between the states. Let X and Y be words in {@,0}. Then the
transitions of this process are:

XeO0Y = XO ey

q

OX “eX

xe 2 xo
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where by X = Y we mean that the transition from X to Y has probability 5, n being
the length of X (and also Y). Figure shows the parameters of the ASEP, with «, (3,
and ¢ denoting the rates of the hopping particles. Observe that the ASEP has a certain
particle-hole symmetry: if we were to exchange the roles of the particles and the holes, we
would obtain an equivalent process, but one where movement is directed from right to left.
In this equivalent process, the holes are “entering on the left” with rate 8 and “exiting on
the right” with rate a. Holes can swap with adjacent particles to their left with rate 1 and
they can swap with adjacent particles to their right with rate g. Thus exchanging the roles of
the particles and the holes is equivalent to exchanging o and g, which results in a symmetry
between « and f5.

o
@0
OO 3 i1 @900

{/ \/
3
O @—=
C) 3
Figure 1.2: The transitions for an ASEP of size n = 2.

The ASEP is a non-equilibrium process that exhibits boundary-induced phase transi-
tions (as seen in Figure . Typically such processes are very complex, but the ASEP is
notable due to the existence of exact solutions for its stationary distribution, which makes it
a canonical example of non-equilibrium processes in statistical mechanics. In recent years,
the ASEP and related processes have attracted quite a lot of interest. On the practical side,
the ASEP arises in a variety of contexts, for instance as a model for traffic flow, transla-
tion in protein synthesis, a one-dimensional gas, and more. The popularity of the ASEP
is furthermore attributed to its surprising and rich algebraic and combinatorial structure.
There arise numerous connections of the ASEP with a wide range of areas of mathematics:
orthogonal polynomials, the XXZ model, the formation of shocks, total positivity on the
Grassmanian, and random matrix theory.

A main goal of much work on the ASEP is to understand the stationary distribution
of the ASEP. The steady state probability of a state of a Markov process in general terms
is the probability of encountering that state at time “infinity”, and in our case is given by
the unique left eigenvector of the transition matrix with eigenvalue 1. For example, for the
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Maximal flow
Low-density

High-density

o

Figure 1.3: The phase diagram that represents three different boundary-induced phases of
the ASEP. At a < min(f, %) the low-density phase occurs, at 8 < min(a, %) the high-density
phase occurs, and at «, § > %, the phase of maximal flow occurs.

ASEP of size n = 2 whose states and transitions are shown in Figure [I.2] the transition
matrix Is

o0 ce @0 00

o0 (174 0 50
a+pB+q q B

cef 3§ 1= 5 3

0 0 3 2 0 ’

00 0 0 a 1-¢

and the steady state probabilities are the following:

Prob(e @) = Ziaz Prob(O @) = Ziaﬂ
2 2

Prob(@ 0) = Ziaﬂ(a + 5+ q) Prob(0 0) = Ziﬂz
2 2

where Z, = a? + 2+ aB(a+ B+ q+1).

Surprisingly, the ASEP has rich combinatorial structure, and one can compute the steady
state probabilities for the ASEP as sums over combinatorial objects. Combinatorial ap-
proaches to understanding the ASEP have been studied by many. In 2004, Duchi and
Schaeffer [9] were the first to give a combinatorial formula for the stationary distribution of
TASEP (the specialization of the ASEP at ¢ = 0). In 2006, Corteel and Williams [7] de-
scribed the steady state of ASEP in terms of permutation tableaux, which are certain fillings
of Young diagrams with 1’s and 0’s (such tableaux are in bijection with permutations). In
2008, X. Viennot [22] improved upon the result of Corteel and Williams by reformulating
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their theorem in terms of alternative tableauz, which are certain fillings of Young diagrams
with a’s, (’s, and ¢’s (intended to correspond to the «, 8, and ¢ parameters of the ASEP).
The alternative tableaux are in simple bijection with the permutation tableaux, but have
symmetries that are consistent with the particle-hole symmetry of the ASEP. Finally in
2009, Corteel and Williams [5] generalized the alternative tableaux to staircase tableau,
which give a combinatorial formula for probabilities of a more general 5-parameter ASEP,
the discussion of which we omit in this thesis.

Another reason why the ASEP has attracted significant attention is its strong connec-
tion to orthogonal polynomials, in particular the Askey-Wilson polynomials 5, 20]. The
Askey-Wilson polynomials are important because they are at the top of the hierarchy of
orthogonal polynomials in one variable, specializing to many other well-known classical or-
thogonal polynomials (Hermite, Laguerre, Jacobi, etc.). In 2011, Corteel and Williams found
that the moments of the Askey-Wilson polynomials can be expressed using the partition
function for the 5-parameter ASEP, and thus the staircase tableaux mentioned above give a
combinatorial formula for these moments |5]. The Koornwinder polynomials (also known as
Macdonald polynomials of type BC) are a multi-variate generalization of the Askey-Wilson
polynomials that specialize or limit to many important multi-variate orthogonal polynomials,
of which the Macdonald polynomials (playing an important role in algebraic geometry and
representation theory) are a notable example. In recent work, Corteel and Williams found a
surprising close connection between the Koornwinder polynomials and the two-species ASEP
[6]. This result sparked the original interest of the author in studying the combinatorics of
two-species ASEP, since such combinatorial results would also provide an interpretation for
the moments of Koornwinder polynomials.

A A A
1 } : 5 A //,// . 7
<|-rt74 8| |q]|ale o Sa e ~ “2
| ‘ | 5 5 ‘ 6 q [0 d
( <|--t+4 B |ale b T a/q P q
a ! e C 1
) Tata 7l (b) o (c) a/ /18
! / /Y as
alqle® © alqle =1 m
5 © “ra a“ c
I
A1
e

Figure 1.4: (a) an alternative tableau of type CO @ O O ® ® O O @ O O, (b) a rhombic
alternative tableau of type @ @0 0@ O and (c¢) a 3-thombic alternative tableau of
type asdaieasa;eed.

In Chapter [2, we provide a determinantal formula that explicitly enumerates the alter-
native tableaux corresponding to states of the ASEP at ¢ = 0. An example of an alternative
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tableau is shown in Figure (a), and they are described in detail in Chapter 2] Section [2.1]
The weight of such a tableau is proportional to the product of the symbols in its filling. The
beautiful result of Corteel and Williams, which is central to the work presented in this thesis,
expresses the steady state probabilities of the ASEP as sums of the weights of such tableaux.
Thus our result gives an explicit determinantal formula for the steady state probabilities of
the ASEP at ¢ = 0.

In Chapter [3| we follow the line of research of Corteel and Williams by introducing certain
rhombic alternative tableauzr that generalize the alternative tableaux, as in Figure (b).
We show these tableaux provide an interpretation for the steady state probabilities for a
certain two-species ASEP, as an analogue to the role of the alternative tableaux with respect
to the usual ASEP. In Chapter [4] we introduce an even more general ASEP with k species
of particles and corresponding tableaux called the k-rhombic alternative tableauz, such as in
Figure (c). We summarize these results below.

Chapter [2; A determinantal formula for TASEP probabilities

%Y e o
e _ o6 o o

Figure 1.5: Parameters of the TASEP (ASEP at ¢ = 0).

The totally asymmetric simple exclusion process (TASEP) is the specialization of the
ASEP where ¢ = 0, meaning that particles can only hop to the right, with parameters
shown in Figure Despite its simplicity, the TASEP exhibits boundary induced phase
transitions, and so is still a rather interesting problem.

Our main result for the TASEP is an explicit determinantal formula for the steady state
probabilities of the process. Such an explicit formula is particularly useful for computa-
tions, since determinants are efficient to compute. The strategy for this result was to use
the Lingstrom-Gessel-Viennot determinant by constructing a weight-preserving bijection be-
tween alternative tableaux with ¢ = 0 and non-crossing weighted lattice paths. The following
theorem states the main result (with all necessary definitions provided in Chapter [2)).

Theorem 1.0.1 (M. [11]). Let X be a word in {@®,0}" with k ®’s, representing a state of
the TASEP of length n with exactly k particles. Let N(X) = (A1,..., ) be the partition
associated with the shape of the tableau of type X . Let A;&) = (Ajj)1<ij<k with

Ai— s
_ Aj+1 L Aj ' (I [ (Nt+p—1 L Ajyi+p—1
A”_((j—]z'+1>+3<jj—z‘>)+ 2 (5> ((J j—i )+B<Jy’—z’—1 ))

p=1
The stationary probability of state X is proportional to

Prob(X) = o™ 5™ det Ai‘g().
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Chapter [3; Combinatorics of the two-species ASEP

o 1 q q 1 q 1
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Figure 1.6: Two-species ASEP parameters.

The two-species ASEP is a generalization of the ASEP with two species of particles,
one heavy and one light. (We treat the hole as a third type of particle of weight 0.) In
this model, the heavy particle can enter and exit the lattice with rates o and § as shown
in Figure 1.7 Moreover, the heavy particle can swap places with both the hole and the
light particle when they are adjacent, and the light particle can swap places with the hole
when they are adjacent. Each of these possible swaps occur at rate 1 when the heavier
particle is to the left of the lighter one, and at rate ¢ when the heavier particle is to the
right. This process has also been studied by many for its combinatorial structure |2, |9} 19].
As mentioned above, recent interest in studying this process was sparked by a surprising
connection to Koornwinder polynomials (Macdonald polynomials of type BC).

Our goal for the two-species ASEP was to find combinatorial results for the two-species
process analogous to the combinatorial formulas for the usual one-species ASEP. This work
was based on a Matrix Ansatz of Uchiyama [19] (further discussed in Chapter [3| Section [3.2).
In [13], we obtained a combinatorial formulas in terms of certain tableaux for probabilities
of the two-species ASEP for the case ¢ = 0. In subsequent joint work with X. Viennot, we
improved this result with a tableaux formula for general ¢, using certain tableaux objects
called rhombic alternative tableauz. Specifically, in [15] we obtained the following theorem,
which is the main result of Chapter 3|

Theorem 1.0.2 (M., Viennot, [15]). Let X be a state of the two-species ASEP. Then

Prob(X) = wt(T)

s the unnormalized stationary probability of state X, where the sum is over all rhombic
alternative tableaux T of type X.

A second proof of Theorem is obtained by constructing a Markov chain on the
rhombic alternative tableaux that projects to the two-species ASEP, from [12]. This result
is contained in Chapter [3] Section [3.4]

Theorem 1.0.3 (M., [12]). There is a Markov chain on the rhombic alternative tableaux
that projects to the two-species ASEP. This implies the tableauz formula of Theorem[1.0.3.
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Chapter [4: Combinatorics of the k-species ASEP

A natural extension of the two-species ASEP is a more general k-species ASEP, where instead
of two species of particles, there are now k species of particles of varying heaviness. As before,
the particles are hopping left and right on a one-dimensional lattice on n sites with open
boundaries. Again, only the heaviest particle can enter and exit at the left and right of the
lattice respectively, and just as in the two-species process, a heavier particle can swap places
with an adjacent lighter particle with rates 1 and ¢ if the heavier particle is on the left or
right, respectively.

The Matrix Ansatz is an important algebraic tool for solving for the stationary distri-
bution of systems of interacting particles, and it has been used extensively in studies of the
original ASEP. For the k-species ASEP, we proved a generalization of the Matrix Ansatz of
Derrida, Evans, Hakim, and Pasquier given in Theorem [2.1.1] This k-species Matrix Ansatz
gives a formula in terms of a certain matrix product to compute all steady state probabilities
of the k-species ASEP [12]. In the case that & = 2, our theorem specializes to a theorem of
Uchiyama [19].

Using the k-species Matrix Ansatz, we defined the k-rhombic alternative tableaux that
generalize the rhombic alternative tableaux, and provide a combinatorial interpretation for
the probabilities of the k-species ASEP (see Figure (c)). The following theorem states
the second main result of Chapter [4

Theorem 1.0.4 (M., [12]). Let X be a state of the k-species ASEP. Then

Prob(X) = wt(T)

s the unnormalized stationary probability of state X, where the sum is over all k-rhombic
alternative tableaur T of type X.



Chapter 2

Determinantal formula for the TASEP

N Al
e o¢ o

Figure 2.1: Parameters of the TASEP (ASEP at ¢ = 0).

The totally asymmetric simple exclusion process (TASEP) is the specialization of the
ASEP where ¢ = 0, so particles can only hop to the right, with parameters shown in Figure
2.1l Despite its simplicity, the TASEP exhibits boundary induced phase transitions, and so
is still a rather interesting problem.

Our main result for the TASEP is an explicit determinantal formula for the steady state
probabilities of the process. Such an explicit formula is particularly useful for computa-
tions, since determinants are efficient to compute. The strategy for this result was to use
the Lingstrom-Gessel-Viennot determinant by constructing a weight-preserving bijection be-
tween alternative tableaux with ¢ = 0 and non-crossing weighted lattice paths. The following
Theorem states the main result (with all necessary definitions provided in Chapter 1).

Theorem 2.0.1 (M. [11]). Let X be a word in {@ O} with k ®’s representing a state of
the TASEP of length n with exactly k particles. Let N(X) = (A1,..., ) be the partition
associated with the shape of the tableau of type X. Let Ai&) = (Aij)1<ij<k with

A=A
by 1/ ]ZJ N’ (N1 +p—1 1L/ A1 +p—1
: ((j—@'+1 B\j—i 2 \a j—i AN |

The stationary probability of state X is proportional to

Prob(X) = oM 8" det AT

A(X)
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2.1 Introduction

The TASEP (totally asymmetric exclusion process) is a special case of the ASEP in which
g = 0, meaning that particles only hop to the right. One could think of the TASEP as a
primitive traffic model describing cars on a one-lane street, entering the street with some rate
« and exiting with some rate 3, and moving forward whenever there’s an empty space ahead.
Even in this very simple case of the TASEP, there are boundary induced phase transitions,
which indicate it is still quite an interesting and complex problem.

Derrida, Evans, Hakim, and Pasquier [§] provided a Matrix Ansatz solution for the
stationary distribution of the ASEP, given in Theorem [2.1.1] The Matrix Ansatz is a theorem
that expresses the steady state probabilities of a process in terms of a certain matrix product.

Theorem 2.1.1 (Derrida et. al. [8]). Let X = {Xy,..., X, } with X; € {@.0} for1 <i<n
represent a state of the two-species ASEP of length n. Suppose there are matrices D and E
and vectors (w| and |v) which satisfy the following conditions:

DE =D+ E +¢ED

(wlB = ~{u
1
D|v) = 6|v>

If Z,,, = (w|(D + E)"|v), then the steady state probability of state X is

1 n
Prob(X) = ——(u| [[P1x-0)+E 1x,—0) Iv). (2.1)

n i=1

Note that in Equation ({2.1)), the matrix product that computes the steady state proba-
bility for state X is a product of matrices D and E in order corresponding to X where D is
in the place of each ® and F is in the place of each O.

Example. For X =0 @ O @ O O,

1
Prob(X) = Z—<w|EDEDEE|U>.

n
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The Matrix Ansatz does not imply existence or uniqueness of matrices D and F and
vectors (w| and |v). Derrida et. al. provided matrices corresponding to the ASEP with
the parameters «, 3, and ¢ in the form of infinite matrices whose entries are polynomials in
a, 3, and ¢g. Such matrices are not unique. Furthermore, a very similar Matrix Ansatz holds
even for a more general case of the ASEP with parameters «, (3, 9,~, and ¢ where § and ~
denote the rates of particles entering from the right and exiting from the right, respectively.
However, the matrices D and E that satisfy the conditions of this more general Matrix
Ansatz are extremely complicated.

Even though the Matrix Ansatz does give an exact solution for the probabilities of the
ASEP, this solution is not considered combinatorial. To explore the combinatorics of the
ASEP, we introduce the alternative tableaux, which arose from the work of X. Viennot
building upon the work of Corteel and Williams. The alternative tableaux are a vital object
for this thesis since the rhombic alternative tableaux described in Chapter [3| build upon
them.

First we give a preliminary definition of a Young diagram.

Definition 2.1.2. A Young diagram is a collection of boxes arranged in left-justified rows,
with the row lengths weakly decreasing. The shape of a Young diagram is identified with a
partition A = (A1,..., Ag) with Ay > -+ > Ay > 0 where row ¢ has A; boxes for each 1.

Our convention is to have a Young diagram of k£ rows and shape A = (\y,...,\x) be
contained in the top left corner of a box of size m x k, where m > A\;. We identify the
southeast boundary of the Young diagram with the lattice path that coincides with this
boundary from the top-right corner to the bottom-left corner of the m x k box.

Finally we define the alternative tableaux.

Definition 2.1.3. Let X € {®,0}" be a word denoting a state of the ASEP of size n with
k @'s. We associate to X a Young diagram Y (X) contained in a box of size n — k x k.
An alternative tableau of type X is a filling of Y(X) with ’s, 8’s, and ¢’s according to the
following rules:

i. Every box above and in the same column as an a must be empty.
ii. Every box left and in the same row as a § must be empty.
iii. Every box without an a below it or a § to its right must contain an «, 3, or gq.

Definition 2.1.4. The type of an alternative tableau 7" is the word X in {@,O} that corre-
sponds to the shape of T', and is denoted by type(T"). The notation shape(T") denotes the
partition A\ that describes the shape of the Young diagram associated to T'. If X has length

n and k @’s, we say the size of T is (n, k), denoted by size(T). In some cases, we say simply
size(T') = n.

Note that a tableau of size (n, k) is contained within a box of size n — k x k, and so it
has a total of k rows (some of which may contain 0 boxes).
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Definition 2.1.5. The weight of an alternative tableau T" of size (n, k) is the product of the
symbols contained in its filling times "%, The weight is denoted by wt(T").

Note that for a tableau of size (n, k), the factor a*3"~* is considered the weight of the
boundary. Figure shows an example of an alternative tableau of size (12,4) of type
OO0 0®®OO®O O and weight (af8)a’?32¢".

S
<——:———:—ﬁ : q | o
<__i__+_5 o

I

s q |4

a | q

Figure 2.2: An alternative tableau of type OC @O O @ ® O C @ O O, size (12,4), and weight
(a*B%)a*3%¢*. The red arrows denote boxes that are forced to be empty by an a below, and
the blue arrows denote boxes that are forced to be empty by a 8 to the right. The dotted
lines indicate the dimension of the 8 x 4 box that contains this tableau.

The Theorem below states the beautiful result of Corteel and Williams allows us to
interpret the probabilities of the ASEP in terms of the weight generating function of the
alternative tableaux.

Theorem 2.1.6 (Corteel, Williams [7]). Let X be a state of the ASEP of size n. Let

Zn= Y wi(T)

T: size(T)=n

be the sum of the weights of all tableauz of size n. The steady state probability of state X 1is

Prob(X):Zi S w1,

"o type(T)=X

In this chapter, we work with a specialization of the alternative tableaux where ¢ = 0, that
correspond to the TASEP. Such alternative tableaux have nonzero weight if and only if they
contain 0 ¢’s. These tableaux are sometimes called Catalan tableauzr. This is because there
are C, 41 such tableaux corresponding to states of the TASEP of size n, where C,, = (2:) n%l
denotes the n’th Catalan number due to Steingrimsson and Williams [17].

The main result is an explicit determinantal formula for the steady state probabilities of
the states of the TASEP, which we state in the following Theorem.
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Theorem 2.1.7 (M. [11]). Let X be a word in {@ O} with k ®’s representing a state of
the TASEP of length n with exactly k particles. Let A(X) = (A1,..., \x) be the partition
associated with the shape of the tableau of type X. Let Af\‘g() = (Aij)1<ij<k with

aa= ()2 () (e L e .
! j—i+1 B\J —1 = \a Jj—i B\ j—1—1
(2.2)
Then the stationary probability of state X is proportional to
Prob(X) = o™ 5™ det Ai‘g().

In this chapter, we present a bijective proof for Formula of Theorem using the
Lindstrom-Gessel-Viennot Lemma.

In Section of this chapter, we define the bijection from Catalan tableaux to weighted
paths which is central to our main results. In Section we describe a bijection from
weighted paths on a Young diagram to disjoint weighted paths, which gives the desired
determinantal formula in terms of «, f when combined with the Lindstrom-Gessel-Viennot
Lemma. Finally, Section contains a formula for the number of Catalan tableaux of size
(n, k) for fixed n and k, and the related corollaries.

We obtain the following definition by setting ¢ = 0 in Definition [2.1.3]

Definition 2.1.8. Let X € {®,C}" be a word denoting a state of the TASEP of size n with
k @s. We associate to X a Young diagram Y (X) contained in a box of size n — k x k. A
Catalan tableau of type X is a filling of Y(X) with a’s and §’s according to the following
rules:

i. Every box above and in the same column as an o must be empty.

ii. Every box left and in the same row as a § must be empty.

iii. Every box without an « below it or a § to its right must contain an « or a .
Note that item (iii.) is the only difference from Definition [2.1.3]

Definition 2.1.9. Let T have size (n, k). We associate to T" a lattice path L = L(T') with
steps south and west, which starts at the northeast corner of the n—k x k rectangle containing
T and ends at the southwest corner, and follows the southeast border of shape .

The definitions of size, weight, type, and shape pertaining to a Catalan tableau T are the
same as for the alternative tableaux. Note that the type of T can also be obtained by reading
L from northeast to southwest and assigning a ® to a south-step and a O to a west-step.

Definition 2.1.10. A row of a Catalan tableau is called §-free if it contains no f’s in the
filling of its boxes (or if it contains no boxes). A column of a Catalan tableau is called a-free
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if it contains no «’s in the filling of its boxes (or if it contains no boxes). We can also simply
call such rows and columns free rows and free columns. Conversely, if a row contains a [,
this row is called S-indezed, and if a column contains an «, this column is called a-indexed.

Lemma 2.1.11. The weight of a Catalan tableau T' of size (n, k) is

w(n) =@ (1) (5) (23)

with r the number of B-free rows and ¢ the number of a-free columns in the filling of T.

Proof. According to Definition wt(T) = ¥ 3"+ where j is the number of a’s and
¢ is the number of f’s in the filling of T'. Since each row of T' can contain at most one
in its filling and there are a total of k£ rows, we have k — ¢ is the number of S-free rows.
Similarly, each column of 7" can contain at most one « in its filling and there is a total of
n — k columns, so n — k — j is the number of a-free columns. Consequently, Equation ({2.3))
gives an equivalent definition for the weight of a tableau T as given in Definition 2.1.5. [

Figure 2.3: A Catalan tableau of type O @ O ® ® O O ® ®. The Catalan tableau has size
(9,5), shape shape(T) = (3,2,2,0,0), and weight wt(T') = o®3°. The path outlined in bold
on the Catalan tableau is the lattice path L(T).

We give some intuition for the structure of Catalan tableaux. One way to increase the
size of a Catalan tableau T' from size n to size n + 1 is to add a new edge to the southwest
corner of L(T'). Suppose T is contained in a n — k X k rectangle. If the new edge is a south
edge, then one free row containing 0 boxes is added to the bottom of 7', and there is no
change to the filling of 7. The size of T becomes (n + 1,k + 1) and the size of the rectangle
containing 7" increases to n — k x k + 1. Figure (a) shows the addition of a new free row
to a Catalan tableau.

If the new edge is a west edge, then one column of length k is added to the left of T
The size of T becomes (n + 1,k) and the size of the rectangle containing 7" increases to
n —k+1x k. Suppose T has r free rows. Due to (iii.) of Definition , the only allowed
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empty boxes in the new column are precisely those that lie above an «, left of a 3, or both.
Hence this new column must be, starting from the bottom, a (possibly empty) sequence of
B’s followed by an «, or just a sequence of 3’s, such that every free row is occupied by a 3
until the o is reached. Figure (b) shows two cases for the allowed fillings of a new column
added to a Catalan tableau.

()

Figure 2.4: (a) A south edge is added to the southwest corner of L(T"), which results in the
addition of a new free row to T'. (b) A west edge is added to the southwest corner of L(T),
which results in the addition of a new column to 7'. The new column we add can contain in
its free rows either a (possibly empty) sequence of ’s followed by an «, or a 8 in every free
row.

To connect back to the TASEP, let X be a word of length n in the letters {®, O} rep-
resenting a state of the TASEP. We draw a lattice path L with steps south and west by
reading X from left to right, and by drawing a step south for a @ and a step west for a O.
We obtain a Young diagram Y of shape A whose southeast border coincides with L. The
size of the rectangle containing Y is n — k x k, where k is the number of @’s in X. More
precisely, A = (\q, ..., \;), where \; the number of O’s to the right of the i’th @. Then any
filling with a’s and ’s of Y according to Definition yields a Catalan tableau of type
X, and the steady state probability Prob(X) is proportional to ) wt(7") where the sum is
over all Catalan tableaux T of type X. We can also refer to L, Y, and A by L(X), Y (X),
and \(X).

Remark 2.1.12. Note that when j; of the \;’s of the Catalan tableau T" of type X are equal
to 0, this means that X ends with a a string of j; @’s. Furthermore, when (n — k) — \; = js,
this means that X begins with a string of j, O’s. Thus keeping track of the size of the
rectangle containing the Young diagram associated to T is important for preserving the
weight of the Catalan tableau. We can see an example of this in Figure [2.3] where j; = 2
and jo = 1.

Remark 2.1.13. Catalan tableaux are essentially the alternative tableaux studied by Vi-
ennot in [22]. See also [23] for a closely related object. Viennot |23] states a further char-
acterization of the steady state probabilities that is given by the enumeration of certain
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weighted lattice paths, which we call Catalan paths and define in the following section. A
specialization of this result for the case « = § = 1 is presented in [16].

2.2 From Catalan tableaux to weighted Catalan paths

In this section, we present a canonical bijection from a filling of the Catalan tableau with
associated Young diagram Y to a lattice path on a Young diagram of the same shape.
X. Viennot describes an analogous bijection from Catalan permutation tableaux (which are
in bijection to the Catalan tableaux) to weighted lattice paths in [23]. We reformulate this
bijection for the Catalan tableaux and assign the weights to the resulting lattice path in a
particular way.

Weighted Catalan path

Let Y be a Young diagram contained within a n — k x k rectangle.

Definition 2.2.1. A lattice path constrained by Y is a path that begins in the northeast
corner and ends at the southwest corner of rectangle, and takes the steps south and west in
such a way that it never crosses the southeast boundary of Y.

Definition 2.2.2. A Catalan path C of size (n, k) with associated Young diagram Y is a
lattice path constrained by Y with the following weights on its edges:

e A south edge that coincides with the east border of the rectangle receives a %

e A south edge that does not coincide with the east border of the rectangle receives a 1.

1

o

e A west edge that coincides with the south boundary of Y receives a

o A west edge that does not coincide with the south boundary of Y receives a 1.

Definition 2.2.3. The path weight p wt(C') of the Catalan path C' is the product of the
weights on its edges. We call the total weight of the Catalan path wt(C'), with wt(C) =

(aB)" pwt(C).

The following Lemma describes a natural correspondence between the Catalan tableaux
and the Catalan paths.

Lemma 2.2.4. There is a weight-preserving bijection between the set of Catalan paths of
size (n, k) constrained by the Young diagram Y to the set of Catalan tableauz of size (n, k)
of type X such that N\(X) is the same partition that describes Y .
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Figure 2.5: A Catalan tableau T and its corresponding weighted Catalan path C' on a tableau
of shape A = (8,5,3,3,1,0) and weight wt(T) = a'?3'3. On the left, the 3’s are labeled
such as to generate the partition (7,3,3,0,0,0) where the column containing the ith beta
is the length of the ith row of the partition. This partition is precisely the shape of the

3
path in the figure on the right. The path weight of C' is pwt(C) = <l> (l)4, and so

3 o
wt(0) = (aB)® () (1) = wi(T).

Proof. Let a Catalan path C' of size (n,k) constrained by a Young diagram Y of shape
A= (A1,..., Ax) be described by the partition (C4,. .., Cy) that is weakly smaller than A. In
other words, Cy > Cy--- > C) and 0 < C; < \;, where C; is the position of the south step
of the lattice path that occurs in row ¢ of the n — k x k rectangle.

We map (C1,...,Cy) to a Catalan tableau T as follows. First we label the columns of
the n — k x k rectangle with 1 through n — k from left to right. Then, for ¢ in {1,... k}, if
C; > 0, we place a 3 in column C; of Y such that it is the south-most position possible with
the condition that there is at most one 3 per row. We now place an « in the lowest possible
B-free row of every column. (Consequently, a column does not receive an « if and only if it
has zero [-free rows.) It is easy to check that this construction results in a valid Catalan
tableau.

Conversely, to map a Catalan tableau T to the partition (C1, ..., Cy), we label the §’s in
the filling of Y from left to right and top to bottom with 1, ..., ¢ where £ is the number of 5’s,
and we let C; be the label of the column containing the i’th beta. Welet Cyp,y = --- = C} = 0.
In this construction, the labels on the 3’s decrease as the labels on the columns decrease,
as in the left image of Figure , so C; > Ciyq. The partition (C4, ..., Cy) is then directly
mapped to the Catalan path P.

Now we show the weight wt(C') of the Catalan path C'is the same as the weight wt(7") of
the Catalan tableau T'. Let {C;,,...,C; } be the subset of {C1,...,Cy} that represents the
south steps that touch the south boundary of Y. Then the contribution of the (é) to the

weight of the path is []7", (é)cij_/\ij+1. This is because, for each j, if C;, touches the south
boundary of Y, we know that there are zero S-free rows in the column ¢;. In particular, no
column of the Catalan tableau between A;, ;1 and i; can contain an «, so every west-edge of
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the path in those columns carries a weight of i It follows that both the Catalan tableau
and the Catalan path have the same power of % contributed to their weight.

t
As for the factor of %, by the construction of the path, it must be (%) , where t is the

number of C; that equal 0. But we already know that if C; = 0, it means that row j of

the Catalan tableau is [-free, and so contributes a % to the weight of the tableau. Thus

3 S
wt(C) = wt(T) = (af)" (%) [ (1)01]. M+ where t,i1,...,i, were defined in the above

j=1 \a
paragraphs. O

2.3 Weighted lattice path bijection

In this section we present a bijection from a weighted lattice path on a Young diagram of &
rows to k disjoint weighted paths on a related shape.

Let D be a digraph where we assume finitely many paths between any two vertices. Let
e = (ey,...,ex) and v = (vy,...,v;) be k-tuples of vertices of D. Let every edge of D be
assigned a weight.

Definition 2.3.1. A k-path from e to v is a k-tuple of paths P(e,v) = (P, ..., P;) where
for some fixed m € Sy, P is a path from e; to vg;). The k-path P is disjoint if the paths P
are all vertex disjoint.

Definition 2.3.2. The weight wt(FP;) of a path P, is the product of the weights on its

edges. The weight wt(P) of the k-path P = (Py,..., Py) is the sum of the weights of its
) k

components, in other words wt(P) = "7, wt(F;).

Following the notation from these definitions, we provide the following well-known result
of [10] (see also [18]).

Theorem 2.3.3 (Lindstrom, Gessel-Viennot). Let D be a digraph, and let w = (uq,. .., ug)
and y = (y1,...,yx) be k-tuples of vertices of D. Let P;; be the set of paths from u; to y;.

Define w;j = Zpepij wt(p). Then

Z ZSgn(W) wi(P) = det (wij),<; i< -

weSy P
where P ranges over all disjoint k-paths P(u,w(y)).

In this section, we describe a bijection from a Catalan path on a Young diagram Y to
a disjoint k-path on a corresponding digraph with appropriately assigned weights on the
edges. Ignoring the weights, we obtain the canonical bijection from lattice paths constrained
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by a Young diagram to disjoint k-paths[l] This bijection allows us to enumerate the Catalan
paths as an application of the Lindstrom-Gessel-Viennot Lemma.

Let C be a Catalan path of size (n, k) with associated Young diagram Y of shape A =
(A1, ..., Ak). We label the vertical lines in the n — k X k rectangle from left to right with
{0,1,... n — k}. Let C be described by the partition (Cy,...,C%) where C; is the label of
the south-step of C' in row 7. Since C' consists of only south- and west- steps, we necessarily
have C; > --- > C, > 0.

Now we define a twisted tableau Y from Y as follows: for 1 <1t < k, draw a row of
A; parallelograms consisting of east and southeast edges, and left-justify the rows as in the
middle image of Figure [2.6] In each row, we label the southeast edges of the parallelograms
with 0,1,2,... from left to right. We put weights on the edges of the parallelograms in the
following way:

1

e the edges with label 0 receive a 5

e otherwise if an edge in row i has label ¢ and t > A\, the edge receives a (i)t_/\i“.

Every other edge receives a weight of 1.

We mark the left-most vertices of each row of parallelograms as the k special points
ey, ..., e, from top to bottom. We also mark the right-most vertices of each row of parallel-
ograms as the k special points vy, ..., v,. Finally, we convert Y into a digraph by directing
all its edges from northwest to southeast. We denote by P;; the set of weighted paths from
€; to Vj.

We map the partition (Ci, ..., Cy) on Y to a k-path P(C') = P(e,v) on Y in the following
way. We write P(C) = (p11, ..., prr) where p; € Py;. For each ¢in {1,...,k}, we define p; as
follows: let the single diagonal step in p; be the southeast edge in row ¢ with label C;. The
rest of the edges in p;; must necessarily be the horizontal edges that connect that diagonal
step from e; to v;. From Figure [2.6] it is easy to see this is a one to one correspondence.

Remark 2.3.4. It is important to note that the segment of C' that lies in the columns
{M +1,...,n — k} is ignored in the construction of P(C'). This is permissible since any
Catalan path constrained by A must necessarily have the same such segment. Thus it suffices
to simply adjust the weight of P(C) by the weight contribution of that segment, which is
(l)n—k—>q .

«

Lemma 2.3.5. Based on the construction of the k-path P(C) above, we claim that (i.) P(C)
is disjoint if and only if Cy > --- > Cy and (i.) pwt(C) = (l)n_k_)\1 wt(P(C)).

67

"'We can treat the Catalan path and the Young diagram that contains it simply as nested lattice paths.
The duality of nested lattice paths with disjoint k-paths is known in the literature and is described as the
Kreweras-Narayana determinant. In particular, this duality is described in slides by Viennot [24], and the
case for a = § =1 of our problem is solved therein.
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ot
=

Figure 2.6: A Catalan path represented by partition (7,3, 3,0,0,0) on a Young Diagram with
rows (C1,...,Cs) = (1,...,6) and the corresponding set of paths {p;; }1<;<¢ where p; € Py;
has a single diagonal step at edge labeled C;. This Catalan path is the same one as in Figure

25

Proof. [i.] Tt is easy to see from the construction that C; > C; 4 if and only if the diagonal
edge in row ¢ is strictly to the right of the diagonal edge in row ¢ + 1. That implies p;; is
strictly to the northeast of p;11 ;41. Since the p;’s are nested paths, this implies P(C) is
disjoint.

[i2.] We prove the equality by comparing wt(p;;) to the weight contribution of the segment
of C that is in row ¢ (including the south border of the row), and showing they are equal for
each 1 < <k.

e First, if C; = 0, then wt(p;) = %, and also the weight contribution of row 7 in C is %
See rows 3-6 in the example in Figure [2.6]

e When C; > 0, there is no contribution of % to the segment of C' in row 7 or to p;;, so
we consider only the contribution of é If 0 < C; < A\jy1q, the south-step of C' in row
1 does not touch the south boundary of Y, so there is no contribution of é from that
segment of the path, and hence the total weight contribution is 1. Similarly, p;; does
not contain any edges with non-unit weight and so wt(p;) = 1. See rows 2-3 in the
example in Figure [2.6

o If C; > A1, the south-step of C' in row i touches the south boundary of Y, so that
segment of the path has C; — \;1; west-edges that coincide with the south boundary
of Y and thus carry the weight é Thus the total contribution to the weight of the

1 Ci_>\i+1 )Ci_Ai-ﬁ-l on

segment of C' in row ¢ is (5) . By the construction, p; has weight (é
its diagonal edge, and that also equals wt(p;;). See row 1 in the example in Figure [2.6]

From the above, for each ¢, the contribution of the weight of the segment of C' in row
i equals wt(p;;). By Remark [2.3.4] we have excluded from P(C') the contribution of the
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weight of the segment of C' that lies to the northeast of Y. Consequently, we have pwt(C') =
(l)n_k_/\i wt(P(C)) as desired. .

«

Proof of Theorem 2.1.7

We make the simple observation that a k-path (P, ..., P;) from the e to v is disjoint if and
only if each path P is from e; to v;. As before, let w;; = ZpePij wt(p) for P;; the collection
of paths from e; to v;. Then from the bijection above and from Theorem [2.3.3 we obtain

S pwi(c) - () T = (3) e

where C' ranges over the Catalan tableaux constrained by Y, and P ranges over the disjoint
k-paths from e to v on Y.

It is not difficult to check that w;; for ¢, 7 > 0 equals precisely the entry A;; from Theorem
217 We describe the calculations below.

Consider the paths from e; to v; that have weight generating function w;;. First, if
1 > j + 1, there are zero such paths since all paths can only take east and southeast steps.
Next, if © = j + 1, there is exactly one path, namely the one that takes only horizontal steps
from e;, and so the weight on that path is 1, and thus w;;—; = 1. Finally, assume ¢ < j.
Then any path in P;; takes j — ¢ + 1 southeast steps, of which at most one step could have

a weight of %, and at most one other step could have a weight of (é)g for some ¢ > 0. Thus
we count four cases for paths in P;;:

1. A path has all its steps of weight 1. The path necessarily takes the first step east and
goes to the right-most vertex of parallelogram number ;i in the ith row. This can
happen in (j’i;:l) ways, and every such path has weight 1.

2. A path has one step of weight % and the rest of weight 1. The path necessarily takes
the first step southeast and goes to the right-most vertex of parallelogram number \;;
in the sth row. This can happen in (J’Yj +11) ways, and every such path has weight /‘13

3. A path has one step of weight (é)e and the rest of weight 1. The path necessarily
takes the first step east and goes to the right-most vertex of parallelogram number

Air1 +¢ —1in row ¢ — 1. This can happen in (’\"jﬂjg) ways, and every such path has

weight (i)e, where 1 <0 <\, — A\ji1.

4. A path has one step of weight %, one step of weight (é)e, and the rest of weight 1.
The path necessarily takes the first step southeast and goes to the right-most vertex

of parallelogram number A\;;; + ¢ — 1 in row ¢ — 1. This can happen in (/}ijiljf) ways,

and every such path has weight % (%)e, where 1 <0 < X\ — A\j4q.
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We combine the above to obtain Ay = (wj;),; ;<) as desired.
Finally, if C is the Catalan path corresponding to the Catalan tableau T', since wt(T') =
wt(C) = (aB)" pwt(C) = a1 wt(P(C)), we obtain the desired formula.

Corollary 2.3.6. The un-normalized steady state probability that the TASEP with n sites
has particles in precisely the locations 1 < xq1 < -+ < x < n 18

P [{wb s 7xk}] = det A§757

where Ai"ﬁ is given by

Ay = Bt U ((” —k+j+l- xjﬂ) n 5(“ —k+j+1- xjH))
ij .

J—1 Jj—i+1
Tjp1—x;—1 . .
pr j—i—1 j—i

Proof. We refer to Theorem to connect back to the TASEP from the Catalan tableaux.
A TASEP state of length n with %k particles in locations {x1, ...,z } corresponds to a word
W in {@ 0O}" with the ith @ in location x;. From Definition [2.1.8] this state corresponds
to Catalan tableaux of shape A\(7) = (n —k+1—21,n —k+2—29,...,n —k+ k — xy).
Equivalently, A(W) = (A1,..., Ax) where \; is the number of holes to the right of particle j,
meaning A\; = n — k + j — ;. Thus Theorem implies the desired formula. O

2.4 Enumeration of Catalan tableaux of size (n, k)

In this section, we provide an explicit combinatorial formula for the weight generating func-
tion for Catalan tableaux of size (n,k). Let m = n — k, and define N, x(c, 5) to be the
weight generating function for Catalan tableaux of size (m-+k, k). In other words, the Young
diagrams associated to these tableaux are contained in an m x k rectangle.

Let N}, ..(a,8) be the weight generating function for Catalan tableaux whose Young
diagrams have first row equal to m’ and which have precisely &’ rows. In other words the
Young diagram can be described by the partition X = (A},...,A},) where 1 < )}, <--- <
A1 = m/. The following gives the relation between Ny, x(c, 8) and N, . («, B):

m k
Nos(0,8) = 6™ 30 30— Ny (e B) (2.4)

m’=0 k'=0

Here we multiplied by a factor of o*8™ to account for the weight of the lattice path L(T)
that is associated with a Catalan tableau T" of size (k,k + m).

Enumerating all the Catalan tableaux of size (m + k, k) whose Young diagrams have k
nonzero rows and first row of length m is equivalent to taking the sum

N;n,k(a’ﬁ) = akﬁm Z det A{m,)\27>\3 77777 k)

1<A < <Ae<m
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The above gives rise to the following Lemma.

Lemma 2.4.1. The weight generating function N, ,(«, 8) equals

g (AL =246\ (k+7—2+0n m+l—2+68m\ (k+j—2+
S (M, 2 () ()

/=0 j=0
(2.5)
where 0,5 is the Kronecker §.

Summation of Formula (2.5) of Lemma according to (2.4) yields the proof of the
following Theorem:

Theorem 2.4.2. The weight generating function for Catalan tableaux of size (n,k) with
n=m-+kis

ot =t S-S (1) (7 ) () ()
(2.6)

Proof of Lemma[2.4.1 We prove Formula by induction on m and k. As seen in Figure
2.7 a Young diagram with k nonzero rows and with first row of length m can be formed by
the addition of a k—m hook with a row of length m and column of length k£ to the top and
left edges of a Catalan tableau contained in a m — 1 x & — 1 rectangle.

m

N

+ m—1

-

k—1

\

Figure 2.7: Constructing a Catalan tableau with k& nonzero rows and first row of length m
by adding a k—m hook to a tableau of size (m + k — 2,k —1).

Let H) mk be the sum of the weights of the possible fillings of the k—m hook, when the
inside tableau has p rows that are a-indexed and ¢ columns that are S-indexed. If the inside
tableau has weight o/ 3%, then it must contain ¢ 3’s, and so there are k — 1 — £ rows that are
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a-indexed since there is always at most one 3 per row. By a similar argument, the inside
tableau contains j a’s, and hence then there must be m — 1 — j columns that are S-indexed,
since there is always at most one a per column. Figure shows the cases that result in
the following expression:

k—¢—1 m—j—1 m—j—1k—¢—1
H{™ oy =am™ 0y o of + o' (2.7)
s=0 t=0 t=1 s=1
m—1—1 m—1—1 ¢
~ ~ —
alafafafafafafa] [p]afa]aa]a]a]a] | [8]a]a]a]q]
P O -
T T2 |
T A |
< || B < || B B
— — w
I I 1P
(a) weight am—igk—t-1 (b) weight am—-13k=¢ (c) weight oft13st!

fors=0,1,...and t =0,1,...

Figure 2.8: The weights for the three cases for fillings of a k~m hook with £ —1 —/ free rows
and m — 1 — j free columns added to a Catalan tableau of size (m + j — 2,k — 1) and with ¢
rows that are -indexed and j columns that are a-indexed.

Recall that if f(a, 3) is a polynomial in o and 3, then [a? 8] f (v, B) denotes the coefficient
of a/B% in f(a, B).

Hence for m, k > 2 we obtain the following recursion:

3

—1 k—
1
N}, (e, B) = oFp™ H™ oy 00 85 [ 8] WNm—l,k—l(Oéaﬁ)- (2.8)

i (=0

I
=)

Note that the coefficient of a?B¢ in WNm—Lk—l(a/aﬁ) gives the number of tableaux
contained in an m — 1 x k — 1 rectangle with 7 a-indexed columns and ¢ -indexed rows. By
the induction hypothesis and from (2.4) we know that to be

S I B ey [t
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The recursion is now straightforward to verify. On the right hand side of ({2.8]), we have

S () - ()
()

=0
k—1 m—1 . .

g (mEl=2\(k+7—=2\ (m+l-=2\(k+j—2
S () T))

1=

where we have used that Z (bﬂ) (b+“+1) ( b -
This formula equals ({2 Wthh is the left hand side of ( . ) that we desire.
It remains to check the base cases for N} (a, 3) when m =1 or k = 1. If we plug m = 1

into ([2.5)), we obtain
k—1
N ila, B) = 0¥ <5k + azﬁg) ’
=0

which is the sum of the weights of Catalan tableaux of the shape A = (1,...,1) of k rows.
Similarly, plugging k£ = 1 into ([2.5) yields

m—1
Nppa(a, B) = af™ <am +8) ai) :
1=0

which is the sum of the weights of Catalan tableaux of the shape A = (m), and so the proof
is complete. O

Bijective proof of Theorem [2.4.2

We can also prove Theorem [2.4.2] with a nice bijection. Our bijection is a combination of
the bijection of A. Boussicault [1] from binary trees to polyomino parallelograms and the
bijection of X. Viennot from Catalan tableaux to binary trees [23].

To get a binary tree on n+1 vertices from a Catalan tableau of size n, we do the following:

1. Add an extra row to the top border of the Young shape and put a vertex in every box
whose column does not contain an . Add an extra column to the left border of the
Young shape and put a vertex in every box whose row does not contain a . In the
box in the top left corner of the resulting shape, put a vertex. This will be the root of
the tree.

2. Place a vertex in each box inside the Young shape that contains « or (.

3. Connect all pairs of vertices that are in the same row with horizontal lines and all pairs
of vertices in the same column with vertical lines.
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The resulting object is a binary tree for the following reasons:

e due the structure of the Catalan tableau, the configuration , ¢ is avoided. This is
precisely the property that every vertex has at most one parent

e the vertices placed in the extra row and column above and left of the Young shape
ensure that each non-root vertex has either some vertex to its left in the same row or
some vertex above in the same column, and hence that each vertex has a parent.

e the grid structure is the property that every vertex can have a child to its right, a child
below, neither, or both.

To get a binary tree on n + 1 vertices from a polyomino parallelogram of semi-perimeter
n + 1, we place a vertex in every box that has a west edge or a north edge on the boundary
of the polyomino. Now we connect every pair of vertices in the same row with a horizontal
line, and every pair of vertices in the same column with a vertical line.

ofefe]

[e% @

Figure 2.9: The bijection from Catalan tableaux to binary trees illustrated by an example.
The red vertices are the ones that correspond to the a’s and fA’s.

The statistics on the polyomino of semi-perimeter n+1 that we associate with the Catalan
tableau of size n with k rows, m = n — k columns, and a weight of a7/ in the interior are
the following:

e The number of rows in the polyomino is k + 1,

e The number of columns in the polyomino is m + 1,

e The length of the first horizontal segment on the N border of the polyomino is k — 7,
e The length of the first vertical segment on the W border of the polyomino is m — [.

Therefore, a Catalan tableau with & rows and m columns and weight o/ 3" in its filling is
precisely a polyomino with &+ 1 rows and m + 1 columns whose first horizontal segment on
the north border has length k — j and first vertical segment on the west border has length
m — [. Such a polyomino is defined by two non-crossing lattice paths that start at the end
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*———o

Figure 2.10: The bijection from polyomino parallelograms to binary trees illustrated by an
example.

m+1

k+1

€2

v

Vg

Figure 2.11: A polyomino parallelogram with the desired statistics corresponds to a pair of
non crossing lattice paths from e; to vy and from ey to vs.

of those fixed borders and end at the junction with the last box. In Figure 2.11] those are
the lattice paths joining the points (e, v1) and the points (es, vs).

Let p(e,—sv;) be the total number of lattice paths from e; to v;. Then the number of desired
pairs of non-crossing paths is given by the Lindstrom-Gessel-Viennot formula, which is the

determinant of the matrix
(p(e1—>v1) p(e1—>v2)) .
p(eg—)vl) p(ez—)’vg)

k+j—1 k+j—1
p(61—>’U1) — j+ 1 9 p(e1—>’l}2) — j 9

m+1—1 m+1—1
p(ez—)vl) - l ) p(62—>'v2) = l+ 1 .

Combining all of the above results in the following weight generating function for the Catalan
tableaux:

We have:
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o= S5 () () ()

Enumerative consequences

Definition 2.4.3. Let Z,(o,8) = > y_o Na—k (@, B) be the weight generating function for
the Catalan tableaux of size n, or equivalently, all Catalan tableaux that fit in a rectangle
of semi-perimeter n.

Remark 2.4.4. Derrida provides the following formula in [§]:
“ P 2n —p\a Pt — gr-L
— 2n—p n -1_p-1

This expression normalizes the previously derived stationary probabilities of the TASEP, as
we see below in Corollary [2.4.5]
Derrida’s formula can be derived from ([2.4)) as follows:

n n n—k k
n—t ontt—s n—t on s n— k+]_1 n—k+0—1
"B Y N = D "B Y Y oA ’“(( P )( n—k-1 )
k=0

k=0 7=0 ¢=0

(ki -1\(n—k+l-1
_ a <((k;—|—k(n)k(t)n1>k(n)2+(n+tsn—i—k:)1)
s k-1 n—k—1

B (k—l—(n—:—t)—l) (n—k—i—(n—l—;:z—n—i—k)—l))

_ 2n8— - (2"71_ S). (2.10)

where in the third step the Vandermonde convolution is used.
Since ([2.10)) is independent of ¢, we obtain ([2.9)) by summing over k.

B) = Z Nn—ch = Z 2ns_ . (an_ S) Zan—tﬁnﬂ-t—s
k=0 s=1

t=0

N s (2n—s\ , ,a "t — B!
=2 s
— 2n — s n a~t —p-

Zn(a, B) = " (2.9)

which matches (2.9)), as desired.

Corollary 2.4.5. The stationary probability of a TASEP of length n and containing exactly
k particles is Np_yx(a, 5) of (2.4), normalized by Z,(c, B) from (2.9).
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Chapter 3

Combinatorics of the 2-species ASEP

The ASEP has been generalized to allow multiple “species” of interacting particles. In these
processes, some priority rules permit adjacent particles of different species to swap with
each other. For some of these multi-species processes, interesting combinatorial structures
have been discovered. In this chapter, we consider a simple two-species ASEP with three
parameters «,  and ¢, which are inherited from the ordinary ASEP (see |19, [2, [9]), with
parameters shown in Figure [3.1]

& 1 q q 1 q 1 B
N £ N AN KN Vel
e 6 o o = e 0

Figure 3.1: The parameters «, 3, and ¢ of the two-species ASEP. “Heavy” particles are
denoted by @ and “light” particles are denoted by

The two-species ASEP we study has two species of particles, one heavy and one light,
hopping right and left on a one-dimensional lattice of length n with open boundaries. We
consider the hole to be a third type of “particle” of weight 0. Then the hopping of particles
to adjacent locations is equivalent to swapping two adjacent particles of different species.
We denote the heavy particle by @, the light particle by @, and the hole by O. The heavy
particle can enter the lattice on the left with rate a,and exit the lattice on the right with rate
B. Moreover, the heavy particle can swap places with both the hole and the light particle
when they are adjacent, and similarly the light particle can swap places with the hole when
they are adjacent. Each of these possible swaps occur at rate 1 when the heavier particle is
to the left of the lighter one, and at rate ¢ when the heavier particle is to the right. Since
only the heavy particle can enter or exit the lattice, the number of light particles must stay
fixed. Let r be the parameter representing the number of light particles. Note that when
r = 0, we recover the original ASEP.
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More precisely, the two-species ASEP of size n with r light particles is a Markov chain
on 2" " (:f) states, which are words in {@, @, O} of length n and with exactly r @’s. Let X,Y
be some words in {@, @, O}. The transitions of the two-species ASEP are:

XeoY=X00Y XeoY—=XoeY XecY—XceY

q q q

OX “@X xe 2 xo

where by X = Y we mean that the transition from X to Y has probability 5, n being the
length of X (and also V).

Uchiyama provided an extended Matrix Ansatz to express the stationary probabilities of
the two-species ASEP as certain matrix products. Furthermore, Uchiyama provided matrices
that satisfy the conditions of the Ansatz, thus giving a formula to compute the steady state
probabilities.

Theorem 3.0.1 (Uchiyama [19]). Let W = {W1,..., W, } with W; € {@,0,0} for1 <i<n
represent a state of the two-species ASEP of length n with r ©’s. Suppose there are matrices
D, E, and A and vectors (w| and |v) which satisfy the following conditions:

DE =D+ E+qED DA =A+¢qAD AE = A+ qFA
1 1
E=— Dlv) = =|v).
(w] - (wl v) ﬁ\v>
Then

1 n
Prob(W) = - (W [] D 1w,—@) +A L0y +E Liy,—0) [v)
nr i=1

where Z,, is the coefficient of y" in W

Theorem specializes to Theorem at r = 0.
Inspired by Uchiyama’s Matrix Ansatz, the author of this thesis studied the case of the

two-species ASEP for ¢ = 0 in [13], and introduced an object called the “multi-Catalan
tableaux” that gives an interpretation for the steady state probabilities of the two-species
ASEP at ¢ = 0. In this chapter, which is based on joint work with X. Viennot, the result is
generalized for all ¢ with a new object called the rhombic alternative tableauz (RAT). These
tableaux are defined in Section [3.I} but we state our main theorem below.

Theorem 3.0.2. Let W be a state of the two-species ASEP of size n with exactly r light
particles. Then the stationary probability of state W is

Prob(W) =

> wit(T)
where T' ranges over the rhombic alternative tableauz corresponding to W, wt(T') is the

weight of such a tableau, and Z, , is the weight generating function for the set of rhombic
alternative tableaux corresponding to the state space of W.
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In Section of this chapter, we introduce the rhombic alternative tableaux, and in
Section [3.2] we prove Theorem In Section [3.3] we provide some enumerative results for
the two-species ASEP. Finally, in Section we describe a Markov chain on the rhombic
alternative tableaux that projects to the two-species ASEP, which gives an alternate proof
of Theorem [3.0.2
Acknowledgements. [ am very grateful to Lauren Williams and Sylvie Corteel for their
mentorship, many useful conversations, inspiration, and encouragement. I also thank LIAFA
at Paris Diderot for their hospitality, as well as the Chateaubriand Fellowship awarded by
the Embassy of France in the United States, the Fondation Sciences Mathématiques de Paris,
the France-Berkeley Fund, and the NSF grant DMS-1049513 that supported this work.

3.1 Rhombic alternative tableaux

The rhombic alternative tableaux (RAT) are an analog on a “triangular
lattice” of the alternative tableaux [22| that correspond to the ordinary
ASEP. By triangular lattice, we mean one which has as its vertices the
integer points (7,7), and the possible edges are the south edges with
vertices {(,7), (1,7 — 1)}, west edges with vertices {(4,7), (i—1, )}, and
southwest edges with vertices {(¢, j), (i — 1,7 — 1)} for integers i, 7, as in
the figure on the right.

Definition of the RAT

Definition 3.1.1. Let W be a word in the letters {@,©, O} with k£ @’s, £ O’s, and r ©’s of
total length n := k 4+ ¢ 4+ r. Define P; to be the path obtained by reading W from left to
right and drawing a south edge for a @, a west edge for an O, and a southwest edge for an
From here on, we call any south edge a D-edge, any west edge an E-edge, and any southwest
edge an A-edge. Define P5 to be the path obtained by drawing ¢ west edges followed by
r southwest edges, followed by k south edges. A rhombic diagram T'(W) of type W is a
closed shape on the triangular lattice that is identified with the region obtained by joining
the northeast and southwest endpoints of the paths P, and P, as in Figure (3.2

Definition 3.1.2. A tiling T of a rhombic diagram is a collection of open regions of the
following three parallelogram shapes as seen in Figure [3.3] the closure of which covers the
diagram:

e A parallelogram with south and west edges which we call a DE tile.
e A parallelogram with southwest and west edges which we call an AE tile.

e A parallelogram with south and southwest edges which we call a DA tile.
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Figure 3.2: I'(W) and the two paths P, and P, for W = @ 0000  Owith /=2
r=3,and k = 4.

. &. 47 - D QD éj

Figure 3.3: The tiles DE, DA, and AE.

We define the area of a tiling to be the total number of tiles it contains.

Lemma 3.1.3. For each word W in {@,© 0}, there exists a tiling of T(W).

Proof. We prove the above by induction on the area of I'(WW). Let W be a word with k @’s, ¢
O’s, and r @’s of length n = k+ ¢+ r. First, if W contains no instances of a consecutive pair
®0O, @, or © O, then W = O“"@®. Then the southeast boundary P, of I'(W) is identical
to its northwest boundary P, so the area of the convex region is 0. Thus a tiling trivially
exists.

Now suppose I'(W) has nonzero area m, and we make the hypothesis that any triangular
region with area at most m — 1 has a tiling. By the above, W necessarily contains some
instance of ® O, ® @ or © O. Let X and Y be the {®,¢ O} subwords of W that occur
respectively before and after that instance. In other words, W = X %; %Y for *;*9 equal to
@O, @ or @ O. For each of these cases, we perform the following operation:

Let W = X %1 %Y. Then we place a *;x5 tile adjacent to the x;—k, edges of I'(IW). Since
the numbers of @’s, ©’s, and E’s in the word W’ = X x5, %Y is equal to those of W, the
northwest boundaries Py(W) and Py(W’) of I'(W) and I'(W’) are equal. Thus the region
remaining after placing the tile #;x*, is equivalent to the rhombic diagram T'(X % %;Y"). The
area of I'(X x5 %,Y) is m — 1, and therefore has a tiling by the inductive hypothesis.
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Thus there exists a tiling for any I'(WV). O

By convention, we label the E-edges of the southeast boundary of the rhombic diagram
with 1 through /¢ from right to left, and the D-edges with 1 through k& from top to bottom.

Definition 3.1.4. A north-strip on a rhombic diagram with a tiling is a maximal strip of
adjacent tiles of types DE or AE, where the edge of adjacency is always an E-edge. A west-
strip is a maximal strip of adjacent tiles of types DE or DA, where the edge of adjacency is
always a D-edge. The ¢’th north-strip is the north-strip whose bottom-most edge is the 7’th
(from right to left) E-edge on the boundary of the rhombic diagram. The j’th west-strip is the
west-strip whose right-most edge is the j’th (from top to bottom) D-edge on the boundary
of the rhombic diagram. Figure shows an example of the west- and north-strips.

Note that the number of tiles in the 7’th north-strip is the total number of ®’s and ©’s in
the word W preceding the ¢’th C. Similarly, the number of tiles in the j’th west-strip is the
total number of O’s and @’s in the word W following the j’th @.

Example. For the tableau of type @ ® 0 O®  Oin Figure the @’s (from top to
bottom) have 5, 3, 3, and 2 O’s and ©’s to their right, which corresponds to the west-strips
having lengths 5, 3, 3, and 2 from top to bottom. Similarly, the O’s (from right to left) have
5 and 7 @'s and @’s to their right, which corresponds to the north-strips having lengths 5
and 7 from right to left.

2 1
S S
. S, e
/
7/ 1 1
- - 1 — [ [
/ | |
7
7 7
7 7
/
7/ 1 1
1 S i I I |e
/ | |
7/ 1 1
2 -- 1 - e I I |e
> 5 s
3 - - 1@ I |®
/s ]
7 7
4 ,
v v £
(@] (@)

Figure 3.4: (Left) west-strips and (right) north-strips.

Finally we define the rhombic alternative tableaux, with an example of one shown in
Figure [3.5

Definition 3.1.5. A rhombic alternative tableau (RAT) of type W is a rhombic diagram
['(W) and an arbitrary tiling 7 with DE, DA, and AE tiles, and a filling F' of 7 with a’s
and (’s under the following conditions:
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q
ol q |e
q
Blale
B jo°
q
o)
Figure 3.5: An example of a RAT of size (9, 3,4) with type @ 000 ® O and weight

ab35g2.

i. A DE tile is empty or contains an « or a f3.
ii. A DA tile is empty or contains a (.
iii. An AE tile is empty or contains an a.
iv. Any tile above and in the same north-strip as an o must be empty.
v. Any tile to the left and in the same west-strip as a [ must be empty.

We define fi(IW,T) to be the set of fillings of tiling 7 of the rhombic diagram I'(W). In
other words, F' € fi(W,T) means F is a filling of type W of the tiling 7.

Definition 3.1.6. A north line is a line drawn through each north-strip containing an «,
starting at the tile directly above that a. A west line is a line drawn through each west-strip
containing a (3, starting at the tile directly left of that 5. An example of the RAT with the
north- and west lines is shown in Figure [3.6]

In terms of the north- and west lines, we rewrite the conditions (iv) and (v) of Definition
by (equivalently) requiring that any tile that contains a north line or a west line must
be empty.

Definition 3.1.7. The size of a RAT of type W is (n,r, k), where k is the number of @’s in
W, r is the number of ©@’s in W, and n is the total number of letters in 1. We can also call
this the size of a filling F' of type W. We can also refer to the size of a tableau as simply
(n,r), where we do not keep track of the number of @’s.

Definition 3.1.8. To compute the weight wt(F') of a filling F', first a ¢ is placed in every
empty tile that does not contain a north line or a west line. Next, wt(F') is the product of
all the symbols inside F' times o*3¢, for F a filling of size (k + ¢ + 7,7, k).
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Figure 3.6: A complete representation of a RAT that is equivalent to the example on the
left.

We will prove in Proposition that the sum of the weights of all fillings of I'(WW) does
not depend on the tiling 7.

Independence of tilings and definition of weight(WW)

Proposition 3.1.9. Let W be a word in {®,©,0}. Let Ty and Ty represent two different
tilings of a rhombic diagram U'(W) with DE, DA, and AE tiles. Then

Yooowt(F) = Y wi(F).

Fefi(W,T1) F'efi(W,T2)

Definition 3.1.10. Consider a hexagon with vertices {(4,j), (¢, — 1), (i — 1,5 — 2), (i —
2,j—2),(t—2,7—1),(i —1,7)} for some integers i, j that is tiled with a DE-, a DA-, and
an AE tile. A mazimal hexagon is when the tiles within the hexagon have the configuration
of Figure (left), and a minimal hexagon is when the tiles within the hexagon have the

configuration of Figure ? (right).
Ea Q;
A A

E E

Figure 3.7: A flip from a maximal (left) to a minimal hexagon (right).

Definition 3.1.11. Let W be a word in {®,¢,0}. We define the minimal tiling of T'(W)
to be the tiling that that does not contain an instance of a maximal hexagon, such as the
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example in Figure . We refer to such a tiling by Tpin. (In the remark following the proof
of Lemma , we show that 7, is the unique minimal tiling.) One can construct Tpin
by placing tiles from P; inwards, and always placing an AE tile whenever possible. In other
words, all the west strips of 7,,;, are, from right to left, a strip of adjacent DE boxes followed
by a strip of adjacent DA boxes, as in Figure (left).

Similarly, a maximal tiling is one that that does not contain an instance of a minimal
hexagon, and is referred to by 7. The maximal tiling can be constructed by placing tiles
from P, inwards, and always placing a DA tile whenever possible. In other words, all the
north strips of 7,4 are, from bottom to top, a strip of adjacent DE boxes followed by a
strip of adjacent AE boxes, as in Figure (right).

O o

Figure 3.8: We see the minimal tiling 7, (left) and the maximal tiling 7y, (right) of the
rhombic diagram I'(X) for X = @ 0O @O ® O of Figure 3.2

Definition 3.1.12. A flip is an involution that switches between a maximal hexagon and a
minimal hexagon, and is the particular rotation of tiles that is shown in Figure [3.7]

The lemma below contains a generally known result, notably in the case of a plane
partition.

Lemma 3.1.13. Let I'(W) be a rhombic diagram of type W. For any two tilings T and S
of (W), T can be obtained from S by some series of flips.

Remark 3.1.14. To make the paper self-contained, we will give here a proof that tilings
are in bijection with configurations of non-crossing paths. In particular, our proof defines
a classical construction in the case of a plane partition, where the bijection will give a
configuration of paths related to a binomial determinant (by the Lindstrém-Gessel-Viennot
Lemma). This determinant can be expressed by a simple formula giving the well-known
MacMahon formula for plane partitions (or 3D Ferrers diagrams) within a box of size (a, b, ¢).
We note that the case of a plane partition within a box of size (k,r,¢) is equivalent to the
tilings of T'(W) where W = @*«r0f,
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Definition 3.1.15. A non-crossing configuration {17} = {71, 72,...} is a collection of lattice
paths where no two paths 7;, 7; for i # j share a vertex (and hence are non-crossing).

Proof of Lemma[3.1.13. We prove the lemma by constructing a bijection from certain non-
crossing configurations on I'(W) to tilings of I'(WW). We define a height function height({7})
on the non-crossing configurations. We define the minimal non-crossing configuration {7 },n
to be the one with height 0. We also define a local move called a slide on {7} which we show
corresponds to a flip from a maximal to a minimal hexagon on 7. The reverse operation is
called a reverse slide, and it corresponds to a flip from a minimal to a maximal hexagon.
We show that a slide diminishes the height of a non-crossing configuration by 1, and that
any non-crossing configuration with height greater than 0 admits a slide. Thus it is possible
to obtain {7}, from any {7} by some set of slides, and so it is possible to obtain any {o}
from any {7} by some set of slides and reverse slides. This translates to the desired result
due to the bijection.

s

slide

Figure 3.9: (Left) a tiling 7 with west-strips indicated, bijection to the non-crossing configu-
ration {7} with height({7}) = 2. (Right) a slide performed at the indicated free lattice point
to obtain the non-crossing configuration {7’} with height({7'}) = 1, which is in bijection
with the tiling 77 (which is obtained from 7 by performing a flip at the hexagon that is
shaded grey).

Bijection from tilings on I'(W') to non-crossing configurations on I'(W). Recall that I'(1V)
is on a lattice with integer points {(7,)}, and a tiling on I'(WW) consists of tiles DE, DA,
and AE whose corners are on those lattice points. We define a bijection from a tiling 7 to a
non-crossing configuration {7} on the lattice contained within I'(W). Let {7} = {7, ..., 7%},
where each 7; is a lattice path consisting of west and southwest steps (j,¢) — (j — 1,¢) and
(7,¢) = (7 — 1, — 1) respectively, that starts at e; and ends at v; for some sets {e;} and
{v;}. We let e; be the north endpoint of the i’th D-edge on the southeast boundary of I'(1V)
(from top to bottom), and let v; be the north endpoints of the i’th D-edge on the northwest
boundary of I'(W) (from top to bottom).

To obtain {7} from T, let 7; be the path that coincides with the northwest boundary of
the ¢’th west-strip (from top to bottom). Since the west-strips do not cross each other, it is
clear that {7} is well defined in this way (see Figure [3.9).
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Define a free lattice point to be a lattice point that is not part of any path in {7}, and
does not lie on the southeast boundary of I'(IW). To obtain 7 from {7}, we do the following:
for each 7;, place a DE tile directly below and adjacent to each west step of 7;, and place a
DA tile directly below and adjacent to each southwest step, so that the northwest boundaries
of the DE and DA tiles coincide with the steps of 7;. Thus 7; corresponds to a west-strip.
Now, for every free lattice point that is not on the southeast boundary of I'(IW), place an AE
tile so that its northwest corner coincides with that lattice point. We claim that we obtain in
this way a valid tiling of I'(W). To check this, we must simply verify that the construction
above results in no tiles overlapping, and a complete covering of the shape. This is easily
verified inductively on the number of tiles in T'(T¥) by combining Lemma with this
bijection.

Height of {r}. For each i, define the minimal path m; to be the one starting at e; and
taking a maximal possible number of west steps followed by a maximal possible number of
southwest steps to v;. Define the height of 7; € {7} (i.e. height(7;)) to be the area between
7; and m; (i.e. the number of free lattice points strictly northwest of 7; and weakly southeast
of m;). We define the height of {7} to be

height({7}) = ) _ height(r;).

Te{T}

It is clear that there is a unique {7} of height 0, by letting each 7; be m;. We call this {7, }

A slide on {T}. Let p be a free lattice point (i,j) such that (i + 1,7), (i,7 — 1), and
(t — 1,5 — 1) are all not free lattice points. Then, those lattice points must necessarily
belong to the same path in the non-crossing configuration {7}, say 7,. A slide on {7} at
the location of p means exchanging the steps southwest and west for the steps west and
southwest in 7;, and thereby passing through p and creating a new free lattice point below
7, as in Figure More precisely, the steps (i +1,7) = (4,7 —1) = (i = 1,7 — 1) in 7
are exchanged for (i +1,75) — (4,j) — (i — 1,7 — 1) to make 7/. Clearly 7/ does not cross
{m,...,Ti_1,Tis1, ...}, and so the new collection of paths {7’} formed by replacing 7; with
7/ is also a non-crossing configuration. Furthermore, since height(7/) = height(r;) — 1, we
have height({7'}) = height({7}) — 1.

We have already established that a southwest step of 7; in {7} corresponds to a DA box
in the west-strip 4, and a west step of 7; corresponds to a DE box. A free lattice point
necessarily corresponds to an AE tile, since all DA and DE tiles must be part of some west-
strips. From Figure [3.9| it is easy to see how a slide corresponds to a flip from a maximal
hexagon to a minimal hexagon, and a reverse slide (the inverse operation) corresponds to
the reverse flip.

Notice that if no such free lattice point p exists such that its three neighbors east, south,
and southwest are all not free lattice points, this implies 7; = m; for each i. Then {7} is the
minimal non-crossing configuration, as in Figure Thus {7} admits no slides if and only
if it equals {7 }-
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Now we complete the proof. Let {7} be some non-crossing configuration with height({7}) =
k > 0. Then by the above there is at least one free lattice point that admits a slide. After
performing a slide at that location, we obtain a new non-crossing configuration {7’} with
height({7'}) = height({7}) — 1 . Recursively, this implies that by applying some series of
slides, we can get from {7} to a non-crossing configuration with height 0. However, {7,,:n}
is the unique such non-crossing configuration, so we have shown that we can get from {7} to
{Tmin} with some set of slides. We can now equivalently define height({7}) as the minimal
number of slides required to get from {7} to {7in}-

Let {o} be a different set of non-crossing configurations. There is similarly a set of slides
to get from {o} to {7} Thus we can get from {7} to {o} by a series of slides, by first
applying the slides to get from {7} to {7,.in}, and then by applying slides in reverse to get
from {7} to {o}. Let the tiling 7 correspond to the non-crossing configuration {7}, and
the tiling S to the non-crossing configuration {c}. Since the slides on the paths correspond
to flips on the tilings, we obtain that one can get from 7 to S with a series of flips, as
desired. ]

Remark 3.1.16. By the above lemma, since the minimal tiling 7,,;, of I'(W) is a tiling
that admits zero flips from a maximal hexagon to a minimal hexagon, we see that 7,
corresponds to {7}, which is the non-crossing configuration admitting zero slides and
having height 0, as in Figure [3.10} Since {7} is the unique non-crossing configuration of
height 0, 7., must be the unique minimal tiling according to our definition. (The maximal
tiling 7 ez is also unique by a similar argument.) Furthermore, the minimal number of flips
required to get from 7 to T, is commonly referred to as the height of a tiling 7.
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Figure 3.10: Tpin and {7in }-

For the proof of Proposition [3.1.9] we introduce a more explicit set of tiles, where tiles
can now contain «, (3, ¢, a north line, a west line, or both a north line and a west line, as in
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Figure|3.11] We can now describe a complete covering of S by compatible tiles according to
the following definition.

E E E E E E 7 A 7 E E E

Figure 3.11: A more explicit set of tiles that is in simple correspondence with the RAT
fillings.

Definition 3.1.17. Two adjacent tiles are compatible if:

1. a tile has a north line through it if and only if its south E-edge is adjacent to a tile
containing an « or a north line, and

2. a tile has a west line through it if and only if its east D-edge is adjacent to a tile
containing a 3 or a west line.

Proof of Proposition|[3.1.9. For any rhombic diagram (W), any two tilings 7; and 73 can
be obtained from each other by some series of flips by Lemma [3.1.13] Thus it is sufficient
to show that if 7; and 7, differ by a single flip, then there is a weight-preserving bijection
between fi(W,77) and fi(W,T5). Let this flip occur at a certain “special hexagon” (h; in Ty
and b in T3). Without loss of generality, let h; be of minimal type as on the left of Figure
3.7, and let hy be of maximal type as on the right of Figure [3.7. The rest of the tiles are
identical in 77 and 75.

We define the bijection from F' € fi(W,7;) to some F’ € fi(W,Tz) with an involution ¢.
To begin, ¢ sends every tile including its contents in 77\b; to its identical copy in 75\bs.
Then, ¢ sends the tiles and contents of h; to a rearrangement of those tiles according to
the cases shown in Figure [3.12] It is easy to see that this map preserves the weights of the
fillings, since the quantities of §’s, a’s, and ¢’s are preserved for each case.

We claim that the map ¢ also preserves the compatibility of the tiles, as defined in
Definition [3.1.17, We confirm that in each possible case of by, the tile adjacent to the south
E-edge contains an « or a north line if and only if the tile adjacent to the south E-edge of
¢(h1) contains an « or a north line. Similarly, the tile adjacent to the east D-edge of b
contains a 3 or a west line if and only if the tile adjacent to the east D-edge of ¢(h;) contains
a [ or a west line.

Thus ¢ indeed gives a weight-preserving bijection from fi(W, 7;) to fi(W,73), and so the
proposition follows. []

Thus we are able to make the following definition.
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Definition 3.1.18. Let W be a word in {@,©, 0}, and let T be an arbitrary tiling of T'(W).
Then the weight of a word W is

weight(W) = > wi(F).
Fefi(W,T)

G- G- P G
@ -G P R

%DiD %DiD %DiD Dﬁ D

Figure 3.12: The involution ¢ from each possible filling of a minimal hexagon (left) to a
maximal hexagon (right). The dashed arrows imply compatibility requirements.

In fact, we can define equivalence classes of rhombic alternative tableaux with the fol-
lowing definitions.

Definition 3.1.19. A weight-preserving flip on a RAT with tiling 7 is the transformation
¢ (or the inverse of the ¢) given by Figure on some hexagon h of 7 and the symbols
contained in it, while preserving the filling of 7°\b.

Definition 3.1.20. Let W be a word in {®,¢, 0}, and let T; € fi(W,T;) and T, € fi(W, T3)
be rhombic alternative tableaux of type W for arbitrary tilings 77 and 73 of I'(W). Then T}
and T, are equivalent if and only if T5 can be obtained from 77 by a series of weight-preserving
flips.

3.2 Steady state probabilities of the two-species
ASEP

The main theorem of this chapter is the following.
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Theorem 3.2.1. Let W be a word in {@,© O} that represents a state of the two-species
ASEP with exactly r ©’s. The stationary probability of state W is

Pr(W) =

weight (W), (3.1)

n,r

where weight(W) is defined in Definition|3.1.18

Figure 3.13: All fillings for the minimal tiling of a rhombic diagram of type @ © O.

Example. All seven fillings of the minimal tiling of a rhombic diagram corresponding to the
state @ © O are shown in Figure|3.13] From the sum of the weights of these fillings, we obtain

1
Pr(e O):a(q3+aq2+aq+6q2+5q+aﬁ+a6q).

To facilitate our proof, we provide a more flexible Matrix Ansatz that generalizes Theorem
with the same argument as in an analogous proof for the ordinary ASEP of Corteel and
Williams [5, Theorem 5.2]. For a word W € {@,¢,0}" with r @’s, we define unnormalized
weights f(W) which satisfy

Pr(W) = f(W)/Zn,

for Z,,, = > . f(W') where the sum is over all words W' of length n and with r @’s.

Theorem 3.2.2. Let A\ be a constant. Let (w| and |[v) be row and column vectors with
(w|lv) = 1. Let D, E, and A be matrices such that for any words X andY in {D, A, E}
representing products of the matrices in the corresponding order, the following conditions are
satisfied:

(1) (w|X(DE - gED)Y |v) = Mw|X(D + E)Y|v),
(1) (w|X(DA— gAD)Y|v) = Mw|XAYv),
(I1I) (w|X(AE — gEA)Y |v) = Mw|X AY|v),
(1V) Blw|XDlv) = Muw|X]v),
(V) a(w|EY|o) = Aw|Y]).
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Let W = {Wy,... ., W,} for W; € {@ .0} for 1 < i < n. Then for any state W of the
two-species ASEP of length n with r light particles,

1 n

Proof. The proof of Theorem follows exactly that of |5, Theorem 5.2]. Note that the
above implies that
(w|(D +yA+ E)"[v)

2 =W A

Proof of the main theorem

Proof of [3.2.1. The Matrix Ansatz of Theorem implies that the steady state prob-
abilities for the two-species ASEP satisfy certain recurrences (that in turn determine all
probabilities). The strategy of our proof is to show that the weight generating function for
RAT of fixed type satisfies the same recurrences. Specifically, we use these recurrences with
the constant A = af3, to show by induction that for W a word in {@, @ O} with r @’s,

F(W) = weight(W). (3.2)

We do the induction on the number of tiles M in our tableaux. For the rest of this proof,
we call the number of tiles in a rhombic diagram its area.

Definition 3.2.3. Let (W) be a word in { D, A, E'} representing a matrix product of the ma-
trices D, A, and F, corresponding to the two-species ASEP word W in the letters {@, @, O},
where D, A, and F correspond to @, @ and O respectively.

Ezample. For W = @ O O, we have 2(W) = DEAAE.
According to this definition, for W € {@®,©,0C}" a word with r ©’s we have

1
FOV) = oy (0l OV o)

by Theorem [4.3.1

To start, if the area of I'(W) is 0, then necessarily W = O‘«"@* for some ¢ and k. For
every such case, there is a single tiling of I'(/') and a single RAT on that tiling, and both
of these are trivial (i.e. there are zero tiles to be filled.) We obtain weight(O‘c"@F) = Bfa*.
From Theorem m, it is clear that the base case indeed satisfies Equation (3.1)).

Now suppose that any word W’ such that I'(W’) has area M < m satisfies Equation
(3-1). Let W be a word of length n with r @’s, such that I'(IW) has area m. Outside of the
base case, we assume that at least one of the following must occur:
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1. W contains an instance of @ O.
ii. W contains an instance of @
iii. W contains an instance of @ O.

Based on the occurrence of one of the above, we will express weight(W) in terms of the weight
of some other words whose rhombic diagrams have areas smaller than m. Throughout the
following, we let X and Y represent some arbitrary words in {@, @ O}, and we let T" represent
a RAT of type W.

(i.) W contains an instance of ® O. We write W = X@® OY. We can choose an arbitrary
tiling 7 of I'(W), since any such tiling will contain a DE tile adjacent to the chosen @ O
edges. We call this DE corner tile the chosen corner. Let T' € fi(W,T). The chosen corner
of T must contain either an «, a 3, or a ¢, so we can decompose the possible fillings of T
into three cases.

If the chosen corner contains an «, then all the tiles above it in the same north-strip are
empty, and so its entire north-strip has no effect on the rest of the tableau. Thus such 7" can
be mapped to a filling of a smaller RAT on tiling 7" with that north-strip removed, which
would have type X® Y (similar to the example in Figure [3.14] (a)). It is easy to check that
this operation results in a valid tableau, since any two symbols in the same west-strip of T’
remain in the same relative position in a west-strip of 7”. (And similarly for the north-strips,
save for the one that was removed). This map gives a bijection between tableaux of type
X@®OY on tiling 7 with an « in the chosen DE corner and tableaux of type X@® Y on tiling
7. The removed column with the « in its bottom-most box has total weight a/3/[f]

Similarly, if the chosen corner contains a (3, then the tiles to its left in the same west-strip
must be empty, and so its entire west-strip has no effect on the rest of the tableau. Hence
such T can be mapped to a smaller RAT on tiling 7" with that west-strip removed, which
would have type XO Y as in Figure m (b). This map gives a bijection between tableaux
of type X@ OY on tiling 7 with a £ in the chosen DE corner and tableaux of type XO Y
on tiling 7”. The removed west-strip with the g in its right-most tile also has total weight
af.

Finally, if the chosen corner contains a ¢, then this tile has no effect on the rest of the
tableau. Hence such T' can be mapped to a RAT of area m — 1 on tiling 7" with that DE
corner tile removed, which would have type XO @ Y (similar to the example in Figure [3.14]
(c)). This map gives a bijection between tableaux of type X® O Y on tiling 7 with a ¢ in
the chosen DE corner and tableaux of type XO @ Y on tiling 7"”. The removed tile with
the ¢ has total weight q.

Consequently, we have the sum of the weights of the fillings:

weight( X@® O Y) = weight(X@ Y) - aff 4+ weight(XO Y) - aff + g weight( XO @ V).

'In the total weight of a column, we include the weight of the bottom-most edge, which is a component
of the southeast boundary of 7. When the column removed is an E-column, the weight of the boundary
component is 3, so the total weight of the column with an « at the bottom is . Similar reasoning is used
in the other cases.
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Figure 3.14: (a) X0 OY —» X0 Y, (b) X@OY — X@Y and (¢c) X@© YV —»¢X @Y.

By the induction hypothesis, since the areas of I'(X® Y), I'(XO Y), and ['(XO @ Y') are all
strictly smaller than m, we have weight(X@® Y) = f(X® Y), weight(XO Y) = f(XOY),
and weight(XO @ Y) = f(XO @ Y'). Thus we obtain

f(X@CY) = (af)(w|z(X) (D + E) x(Y)|v) + ¢(w|z(X) ED x(Y)lv)
= (wlz(X) DE z(Y) |v)
= (wlz(W)][v).
Hence by Theorem with A = af, it follows that W satisfies Equation (3.2)).

(ii.) W contains an instance of © C. We write W = X© O Y. We choose tiling 7 of
['(W) such that there is an AE tile adjacent to the chosen © O edges (and we allow the rest of
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the tiling to be arbitrary). We call this AE corner tile the chosen corner. Let T' € i(W,T).
The chosen corner of 7" must contain either an « or a q.

If the chosen corner contains an «, then the tiles above it in the same north-strip must
be empty, and so its entire north-strip has no effect on the rest of the tableau. Hence such T
can be mapped to a smaller RAT on tiling 7’ with that north-strip removed, which would
have type X© Y, as in Figure[3.14] (a). This map gives a bijection between tableaux of type
X© OY on tiling 7 with an « in the chosen AE corner and tableaux of type X© Y on tiling
T’. The removed north-strip with the « in its bottom-most tile has total weight af.

On the other hand, if the chosen corner contains a ¢, then this tile has no effect on the
rest of the tableau. Hence such T' can be mapped to a RAT of area m — 1 on tiling 7" with
that AE corner tile removed, which would have type XC @ Y (similar to the example in
Figure [3.14] (¢)). This map gives a bijection between tableaux of type X© O Y on tiling 7~
with a ¢ in the chosen AE corner and tableaux of type XO @ Y on tiling 7”. The removed
tile with the ¢ has total weight ¢q. Thus we obtain the sum of the weights of the fillings:

weight(X© O Y) = weight(X© Y) - aff + ¢ weight(XO @ Y).

Similar reasoning to the DE case completes the argument.

(iii.) W contains an instance of ® ©. We write W = X@® © Y. We choose tiling T of
['(W) such that there is a DA tile adjacent to the chosen ® © edges (and we allow the rest of
the tiling to be arbitrary). We call this DA corner tile the chosen corner. Let T € i(W,T).
The chosen corner of 7" must contain either a 3 or a q.

If the chosen corner contains a 3, then the tiles to its left in the same west-strip must be
empty, and so its entire west-strip has no effect on the rest of the tableau. Hence such T" can
be mapped to a smaller RAT on tiling 77 with that west-strip removed, which would have
type X© Y (similar to the example in Figure [3.14] (b)). This map gives a bijection between
tableaux of type X@® @ Y on tiling 7 with a 8 in the chosen DA corner and tableaux of type
X© Y on tiling 7'. The removed west-strip with the [ in its right-most tile has total weight
af.

On the other hand, if the chosen corner contains a ¢, then this tile has no effect on the
rest of the tableau. Hence such T' can be mapped to a RAT of area m — 1 on tiling 7" with
that DA corner tile removed, which would have type X© @ Y, as in Figure (c). This
map gives a bijection between tableaux of type X@® @ Y on tiling 7 with a ¢ in the chosen
DA corner and tableaux of type X© @ Y on tiling 7”. The removed tile with the ¢ has total
weight q. Thus we obtain the sum of the weights of the fillings:

weight( X @ © Y) = weight(X© V) - aff + ¢ weight(X© @ Y).

Similar reasoning to the DE case completes the argument.
From the above cases, we obtain that for any M, any word W with I'(W) of area M
satisfies Equation (3.2]), which is the desired result. O

Section features an independent proof of Theorem obtained by constructing a
Markov chain on the rhombic alternative tableaux that projects to the two-species ASEP.
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Complements: the cellular ansatz.

It is possible to give another proof of Theorem in the spirit of the general theory called
cellular ansatz, introduced and developed by X. Viennot in [21].

In the simple case r = 0 of the ASEP, the Matrix Ansatz defines an algebra with genera-
tors D and F, with relation DE = qED + E + D. In this algebra, any word W with letters
D and E can be written in a unique way as a sum of monomials ¢* E*D7.

The proof relies on a planarization of the rewriting rules DE — qED, DE — FE, and
DE +— D (see an example on slides 25-50 of Chapter 3a of [21]). In this context, alternative
tableaux appear naturally. We obtain an identity expressing the word W as > . wt(T),
where the sum is over alternative tableaux T', and wt(T') is a certain monomial of the form
q¢'E'D?, where 4, j, and t are defined from the tableau T (see slide 59 of Chapter 3a of [21]).
By applying the Matrix Ansatz for the ASEP, we get immediately the interpretation of the
stationary probabilities in terms of alternative tableaux (slide 60 of Chapter 3a of [21]).

The general theory of the cellular ansatz works with some family of quadratic algebras
Q, having two families of generators, with some commutations relations. Any word W in
those generators can be expressed as a sum of monomials over generalized tableaux called
complete Q-tableaux, in bijection with Q-tableauz (see Chapter 6a, slides 41-46, 54-56 of
21)).

The Matrix Ansatz for the two-species ASEP defines an algebra with three generators
D, E, A and three commutation relations DE = qED + E + D, DA = gAD + A, and
AFE = qEA + A. This quadratic algebra does not quite fit in the general cellular ansatz
theory of Chapter 6a of [21], but the theory can be extended to such an algebra, by replacing
the quadratic lattice by a tiling 7 of the diagram I'(W). The corresponding Q-tableauz are
the RAT, and in a similar way, one can prove that any word W in letters {D, A, E} can
be expressed in a unique way as a sum of monomials ¢! E*A™D’. Here D, A, and E are
identified with @, @, and O respectively.

More precisely we have the identity

W= Y {EA"D,
Fefi(W,T)
where ¢ is the number of north-strips of F' not containing an «, j is the number of west-
strips of F' not containing a (3, and ¢ is the number of cells weighted ¢ as in the definition of
wt(F) in Section [3.1] Note that the weight wt(£) defined in Definition is equal to the
monomial ¢‘a™"~*3"""~J where n is the length of W and r is the number of @’s it contains.
Applying to the above the two-species Matrix Ansatz, we obtain immediately Theorem

B.21

3.3 Enumeration of the rhombic alternative tableaux

In this section, we compute the partition function at ¢ = 1 for the rhombic alternative
tableaux, and provide some more refined enumeration for the case ¢ = 0.
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Definition 3.3.1. Define the partition function

Zop(o, B,q) = weight(W)
w

for W ranging over all words in {@, @, O}" with r @’s. By convention, let Z, ,(«, 8,q) = 1.
Proposition allows us to make the following definition.

Definition 3.3.2. Let W be a state of the two-species ASEP and 7 and 77 be some tilings
of '(W). A RAT F € i(W,T) is equivalent to a RAT F' € fi(W,T") if F' can be obtained
from F’ by some series of weight-preserving flips.

Let Q2 be the set of states of the two-species ASEP of size n with exactly r light particles.
Let U(,,,) be the set of equivalence classes of RAT whose type belongs to €2'. More precisely,
Y € U, is some set of RAT of a single type such that for any F, F’ € v, F' and F" are
equivalent. Moreover, if F' and F’ are equivalent and F' € ¢ and F’ € ¢/, then ¢) = '

From [15], we also have the following theorem.

Theorem 3.3.3 ([15] Theorem 2.19).

2, (a, B,1) = (7;) ﬁ(a + B +iaf). (3.3)

=7

This implies the following corollary.

nY\ (n+ 1)!
|\I[(n,7’)‘ = (T) (r + 1),
Proof of Theorem|[3.3.3. Let Z,,(a,3,q) be the weight generating function for the RAT

(with the maximal tiling) with exactly k west-strips that do not contain a f.
We also define

Corollary 3.3.4.

Zno(@) = Znyila, B, 1)z* (3.4)

k>0

with Z, ,(a, 8,1) = Z,,-(1). We claim that

Zp (1) = (:f) ﬁ(m + B+ iaf). (3.5)

i=r

We will prove Equation (3.5) and hence Equation (3.3)) by induction on n in terms of the
more refined Z,,, ’s.
First, when n =1, Z19(z) = za+ S and Z;; = 1.
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Figure 3.15: Adding a (a) @, (b) @, or (c) O to the end of W.

Now, we suppose that Equation holds for any N < n and any r < n—1. (Again, by
convention Z,, , = 1 for all n.) We will show that the formula holds as well for N =n + 1,
for all » < n.

We begin by observing that Equation satisfies

Zni1r(x) = (za+ B+raB) Zn.(x+ B) + Zn,—1(x + ). (3.6)

We now construct a recursion for Z,, 11, in terms of the functions {Z,,,» ;s } by keeping track
of the terms after the addition of a @, @, or O to the end of a word W € {@,©,0}". For the
following, we denote by 7" a tableau in fi(W, Trae(W)) (for The. (W) the maximal tiling of
['(W)), and by T a tableau in fi(Wz, T (Wx)) for x € {@,©,0}. We consider all possible
cases for W and corresponding 7" such that the resulting T' € (W z, Tha(Wx)) has size
(n+ 1,7) and exactly k west-strips that do not contain a .

1. We add a @ to the end of ASEP word W of length n with r ©’s. On the tableau
level, this corresponds simply to the addition of a D-edge to the southwest end of each
T" € i(W, Trae(W)) as in Figure (a). Since the filling of T" is the same as that of

T,
Zn+1,r,k = aZn,r,k—L (37)

This contributes to 3 e e 7. @) WHT)|g=1)-

2. We add a © to the end of a ASEP word W of length n with r —1 ©’s. On the tableau
level, this corresponds to the addition of a vertical column of some DA tiles to the left
boundary of 7" to form a tableau with the maximal tiling of I'(W®) as in Figure
(b). Suppose T" has ¢ > k west-strips that do not contain a . Then to obtain T" with
exactly k west-strips that do not contain 3, the £ — k DA tiles that do contain a [ can
be chosen in (f;) ways, with the other k& DA tiles containing ¢q. Therefore, we obtain

Znpron(e, 8,1) =D (i) B (3.8)

>k

This contributes to > reqave 7. (wey WHT)|(g=1)-
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3. We add a O to the end of a ASEP word W of length n with r ©’s. On the tableau
level, this corresponds to the addition of a vertical column of some DE tiles followed
by a strip of r AE tiles to the left boundary of 7" to form a tableau with the maximal
tiling of I'(WO) as in Figure (c). Suppose 17" has ¢ > k west-strips that do not
contain a 5. We have two cases.

(1) For the first case, there is no « in the newly added DE tiles. Then to obtain
T with exactly k& west-strips that do not contain 3, the ¢ — k DE tiles that do
contain a [ can be chosen in (f;) ways, with the other k£ DE tiles containing g.
Following this, the AE tiles can either contain all ¢’s, or some consecutive string
of ¢’s followed by an «.

(2) For the second case, there is an « in the newly added DE tiles, with some ¢ —k <
u < {—1 free DE tiles below it. (Recall that a DE tile is free if there is no £ to its
right in the same west-strip, and no « below it in the same north-strip.) Then,
to obtain T with exactly k west-strips that do not contain (3, the ¢ — k DE tiles
that do contain a (3 can be chosen in (zi‘k) ways, with the other uw — (¢ — k) DE
tiles that lie below the o containing ¢, and the rest of the tiles empty.

Combining the above two cases, we obtain

=
Zpt1n(, 8,1) = B Z (i) B ra 4+ 1) Zpre + Z

>k u=l—k

( , b k) Bt 7,0 (3.9)

This contributes to Y rcqwo 7., (wOy) WHT)|(g=1)-

Combining Equations (4.12)), (4.13)), and (4.14]) and summing over k, we obtain

12 l
ZnJrl,r(x) = Z (van,r,kl + Z (l{i) Bgikxkzn,rfl,f + ﬁ Z (l{i> 5£7kkan,r,€(7ﬁOé + 1)

k>0 1>k 1>k
-1 u
S 5 (11 Jor )
>k u—t—k

= 202 (¥) + Zpyra(x+ B) + Blra+1)Z,.(x + B)

14
ras Y (1) 2
k>0 (>k
=20y, () + Zpra(x+ B) + (raf + B+ za)Z, (v + B) — zox Z$k_1Zn,r,k—1-

k>0

which simplifies to Equation (3.6|). Since Z,, .1, satisfies the desired recursion, we thus obtain
that Equation (|3.5)) indeed holds for N = n + 1, and so our proof is complete. O
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Remark 3.3.5. A recent work by the author of this thesis and X. Viennot features a bijective
proof for Theorem [14]. The rhombic alternative tableaux are enumerated by the Lah
numbers, which also enumerate certain assemblées of permutations. In [14] we describe a
bijection between the rhombic alternative tableaux and these assemblées, and provide an
insertion algorithm that gives a weight generating function for the assembées. Combining
these results, we obtain a bijective proof for the weight generating function for the rhombic
alternative tableaux of Equation (3.3).

Enumeration of rhombic alternative tableau with ¢ =0

Finally, for RAT with ¢ = 0, there are some more refined enumerative results from [13] and
also (2} 9].

Theorem 3.3.6. The weight generating function for RAT at ¢ = 0 of size n and whose type
has r ©’s is

n—rn_r 27“-|—p 27’L—p aipil_ﬁipil
Z,S’T(a,ﬁ,o):(aﬁ) Z2n—p<n+r) a~t—p-t

p=1

)

Theorem 3.3.7. The number of RAT at ¢ = 0 of size n and whose type has r ©’s is

2(r+1) [2n+1
Zg’r(l’l’m:m(n—r)'

Theorem 3.3.8. Let n:=r+k+ /. The number of RAT at ¢ = 0 of size n and whose type

hasr ©’s and k @’s is
r+1/nmn+1\/n+1
n-+1 k ¢ )

3.4 A Markov chain on the RAT

We restate here the definition of a Markov chain that projects to another, and describe
the RAT as a Markov chain that projects to the two-species ASEP. Such results exist for
the alternative tableaux which project to the regular ASEP. Those results were originally
described in terms of permutation tableaux (which are in simple bijection with the alternative
tableaux) in [4]. Our Markov chain has the same flavor as the existing Markov chain defined
by Corteel and Williams. The following definition is from [4, Definition 3.20].

Definition 3.4.1. Let M and N be Markov chains on finite sets X and Y, and let f be a
surjective map from X to Y. We say that M projects to N if the following properties hold:

o If x1,20 € X with Proby(x1 — x3) > 0, then Proby(z1 — z3) = Proby(f(x1) —

f(2)).
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o If y; and yo are in Y and Proby(y; — y2) > 0, then for each z; € X such that
f(z1) = y1, there is a unique xo € X such that f(z3) = yo and Proby(zy — x2) > 0;
moreover, Proby(x; — x2) = Proby(y1 — y2).

Furthermore, we have Proposition below, which implies Corollary

Let Prob,,(zq — x;t) denote the probability that if we start at state zq at time 0, then we
are in state x at time t. From the following proposition of [4], we obtain that if M projects
to N, then a walk on the state diagram of M is indistinguishable from a walk on the state
diagram of N.

Proposition 3.4.2. Suppose that M projects to N. Let xo € X and yo,y1 € Y such that
f(zo) = yo. Then

Proby(yo — y1) = Z Probys(xg — 1)
z1 8.1 f(z1)=m

Corollary 3.4.3. Suppose M projects to N via the map f. Let y € Y and let
X' = {ze X | fx) =y

Then the steady state probability that N is in state y is equal to the steady state probabilities
that M is in any of the states x € X'.

In our case, N is the two-species ASEP (which we call the ASEP chain), and M is the
Markov chain on the RAT (which we call the RAT chain).

Recall that €2 denotes the states of the two-species ASEP of size n with exactly r light
particles. We specify the states of the RAT chain to be ¥, ,), the set of the RAT equivalence
classes of size (n, ), based on the fact that different tilings can be chosen to yield equivalent
tableaux, as mentioned in Remark [3.3.2]

Now, we define the transitions on ¥, ,) in the RAT chain that correspond to transitions
on 2 in the ASEP chain. We introduce the following terminology, as in Figure [3.16]

Definition 3.4.4. A corner is a pair of consecutive D and E, D and A, or A and E-edges on
the boundary of a RAT. If there is a DE tile, a DA tile, or an AE tile (respectively) adjacent
to the corresponding edges of the boundary, we call that tile a corner tile.

An inner corner is a pair of consecutive E and D, A and D, or E and A-edges on the
boundary of a RAT.

An empty E-strip corresponds to an E-edge on the boundary of the RAT that coincides
with its top-most boundary.

An empty D-strip corresponds to a D-edge on the boundary of the RAT that coincides
with its left-most boundary.

Lemma 3.4.5. Let ¢ € Y, ,y be a RAT equivalence class and let ' € v. If F' has a corner
of type DE, DA, or AE, then there exists an equivalent F' € 1 that has, respectively, a DE
tile, a DA tile, or an AFE tile at that corner.
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DE E
empty E-strips

A

AE corner

DA corner

nner corner
E
D’ N\ DE corner

\empty D-strips

Figure 3.16: The features of a tableau.

Figure 3.17: If the boundary of the tableau contains consecutively a D, A, and E-edge, and
there is no DA tile adjacent to the DA corner, then a “stack of boxes” as in (a) must occur in
the tiling, for some value of j. After performing j flips, the configuration in (b) is obtained,
with a DA tile adjacent to the DA corner, as desired.

Proof. First, it is clear that any tiling of a rhombic diagram with a DE corner must have a
DE tile at that corner, so for the DE case the lemma is obvious.

Now, for the DA and the AE cases, it suffices to prove the lemma for only one of them,
since by taking the transpose of a tableau and swapping the roles of o and 3, we end up
exchanging the D-edges with the E-edges’s (and consequently the DA corners with the AE
corners), and so by symmetry, these cases will have the same properties. Thus we will prove
the DA case.

First, if the DA corner already has a DA tile adjacent to it, we are done. Thus we assume
there is not a DA tile, which means the tiling of the rhombic diagram must contain the tiles
shown in Figure m (a). More precisely, as seen in the figure, the tiles must be a row of
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j > 1 DE tiles on top of j AE tiles, with one adjacent DA tile on the left. Now it is easy to
check that with j flips, we end up with the configuration in Figure m (b), and moreover,
there will a 3 in the corner DA tile in the tiling (b) if and only if there is a 3 in the right-most
DE tile in the tiling (a) (and otherwise there will be a ¢). Thus with j flips, we obtain an
equivalent tableau with a DA tile in the DA corner, as desired. n

Based on the above lemma, we make the following definition:

Definition 3.4.6. Let F' be a tableau with a corner. We call that corner a g-corner (or an
a-corner, or a (-corner) if a tableau T' contains a ¢ in the tile adjacent to that corner (or
respectively, an «, or a () for some 7' that is equivalent to F' and has a corner tile adjacent
to the corner.

o O O OTO0

dy o O

T bI(T", Pr) bI(T, P)

Figure 3.18: Let d; and ds be the indicated D- and E-paths on 7. Then 7 is the compression
of bl(7,dy) and bl(T,ds) at the highlighted D- and E-strips, respectively.

Definition 3.4.7. Let T be a tiling of a rhombic diagram F'. A D-path on T is a path from
some point on P;(F) to some point on P(F') consisting of A- and E-edges. An E-path on T
is a path from some point on P;(F') to some point on Py(F') consisting of D- and A-edges.
We introduce the operation of compressing a D-strip in T to obtain a new tiling 77 with
a D-path in place of the D-strip (respectively, E-strip and E-path). We also introduce the
inverse operation of blowing up a D-path in T’ to obtain a new tiling 7" with a D-strip in
place of the D-path (respectively, E-path and E-strip).

Compressing a D-strip means selecting its northern border to be the D-path, and then
gluing together the north and south E-edges and A-edges of each tile in the D-strip, thereby
replacing the D-strip by the D-path. Similarly, compressing an E-strip means selecting its
western border to be the E-path, and then gluing together the west and east D-edges and
A-edges of each tile in the E-strip, thereby replacing the E-strip with the E-path. If s is a D-
or E-strip of 7, then we denote by com(7,s) the new tiling 7’ that results from compressing
at s.

For the inverse, blowing up a D-path means replacing each E-edge of the path with a
DE tile, and each A-edge with a DA tile, to obtain a D-strip from the new tiles. Similarly,
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blowing up an E-path means replacing each D-edge of the path with a DE tile, and each
A-edge with an AE tile, to obtain an E-strip from the new tiles. If p is a D- or E-path of T,
then we denote by bl(7,p) the new tiling 7" that results from blowing up at p. Figure m
illustrates these definitions.

By convention, if p is a path of length 0, then blowing up p results in replacing it by an
empty E-strip or an empty D-strip (depending on whether p coincides with the west boundary
or the north boundary of the rhombic diagram, respectively). Conversely, compression of an
empty E-strip or an empty D-strip results in replacing those strips with a single point.

It is easy to see that compressing is the inverse of blowing up.

Let F be a RAT of size (n,r, k) with tiling 7, and let ©/(F') € ¥, ,) denote the equivalence
class that F' belongs to. Below we describe the RAT chain transitions on F', which are also
transitions on ¢(F).

A e enters from the left.

If F has an empty E-strip e, then there is a transition in the RAT chain from F that
corresponds to a heavy particle entering from the left in the ASEP. Let the type of F' be
eW.

q

q

[} R 15 —

(e[ ] L] L]
B O 6 “6 O (e}
[ « |e
« 5 (] o

o

¢ ° -
(a) heavy particle hops on at the left (b) heavy particle hops off at the right

Figure 3.19: For both examples, let the left tableau have type W and tiling 7, and denote
the indicated empty (E- or D-) strip by ¢ and the marked (E- or D-) path by p. Then (a)
shows the transition O W — @ W and (b) shows the transition W@ — WO. We obtain
a new diagram with tiling bl(com(7,¢),p), and in (a) a S is placed in the resulting D-strip
and in (b) an « is placed in the resulting E-strip.

We define a new RAT T as follows. Let p be the south-most point on P;(F') (the southeast
boundary of F') such that there are exactly n — k — 1 E- and A- edges on P;(F') southwest
of p. Let p be any D-path originating at p. Let 7' = bl(com(T,e),p). It is easy to check
that 77 is a valid tiling of I'(® X') which has size (n,r, k +1).



CHAPTER 3. COMBINATORICS OF THE 2-SPECIES ASEP 55

If n — k—1 >0, the new D-strip of 7' is non-empty, so we place a § in its right-most
tile, which is valid since that tile must be either a DE tile or a DA tile. Furthermore, p was
chosen to be the south-most point such that there are n — k — 1 E- and A-edges southwest of
it, so the right-most tile of the new D-strip is also the bottom-most tile of the A- or E-strip
it lies in, and thus does not interfere with the rest of the filling of the tableau. We define
Probrar(F — T) = 5. The weight of F' with the exception of ¢ equals the weight of T
with the exception of the newly added D-strip. The weight of the new D-strip of T is af3,

and the weight of ¢ is 5. Therefore, wt(7T") = %ﬂ wt(F), and so

wt(T')

Wt(F) PI‘ObRAT(F — T) = N——|—1

For the exceptional case, if n — kK — 1 = 0, then the newly added D-strip of T" is empty,
and thus has total weight . In this case, the ASEP state corresponding to F' is of the form
ed” !, and the ASEP state corresponding to T"is d". Then wt(F) = o™}, wt(T) = o™},
and so in this case we have

wt(F) Probp(F — T) = 54

A e exits from the right.

If F has an empty D-strip e, then there is a transition in the RAT chain from F that
corresponds to a heavy particle exiting from the right in the ASEP. Let the type of F' be
We.

We define a new RAT T as follows. Let p be the east-most point on P;(F') such that
there are exactly r + k — 1 D- and A- edges on P;(F') northeast of p. Let p be any E-path
originating at p. Let 7' = bl(com(T,e¢),p). It is easy to check that T’ is a valid tiling of
['(We) which has size (n,r, k —1).

If r+k—1> 0, the new E-strip of 77 is non-empty, so we place an « in its bottom-most
tile, which is valid since that tile must be either a DE tile or an AE tile. Furthermore, p was
chosen to be the east-most point such that there are r + k — 1 D- and A-edges northeast of
it, so the bottom-most tile of the new E-strip is also the right-most tile of the A- or D-strip
it lies in, and thus does not interfere with the rest of the filling of the tableau. We define
Probgar(F — T) = Niﬂ The weight of F' with the exception of ¢ equals the weight of T’
with the exception of the newly added D-strip. The weight of the new D-strip of T is af3,
and the weight of ¢ is a. Therefore, wt(7") = O‘a—ﬁ wt(F), and so

wt (7))
N+1

Wt(F) PI‘ObRAT(F — T) =

For the exceptional case, if r + k — 1 = 0, then the newly added E-strip of T" is empty,
and thus has total weight 8. In this case, the ASEP state corresponding to F'is of the form
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O" '@, and the ASEP state corresponding to T is O". Then wt(F) = fa"™ !, wt(T) = o™,
and so in this case we have

awt(T)
N+1°

wt(F) Probrar(F — T) =

q q
q q q q
(] L] L] « ‘ o
B — 7B B — 7B 5
« (e « (e « (e L]

3 [e) 5 [e) 3 [e) \ 5 |

8 L[] /8 « (e 3 L] /8 (]

/ [¢) |

(e} « (o3

g o o

(a) a-corner (b) a-corner

q q q q q
q|ale q|ale q|ale q|ale q |« ‘o
5 — B — 5 — (i
B le g le B le B le io
B e° qﬁ 0 f o 3 1e° % e
q ple éq; q
o o o o o
(c) B-corner (d) B-corner

Figure 3.20: (a) A © O — O © transition and a (b) ® O — O @ transition at an a-corner,
and (c) a @ © — © @ transition and (d) a ® O — O @ transition at a [-corner.

A e exchanges with a o.

If F' has a DE corner, then there is a transition in the RAT chain from F' that corresponds
to a @ swapping places with a O in the ASEP. Let the type of F be W@ O Y, and suppose
it has tiling 7. The DE corner necessarily corresponds to a DE tile. This tile contains an
a, a (3, or a q. We describe these three cases below.

The DE corner tile contains a (.

We define a new RAT T as follows. Let the D-strip containing the DE corner tile have length
A. Let p be the south-most point on P;(F) such that there are exactly A — 1 E- and A- edges
on P;(F) southwest of p. Let p be any D-path originating at p. Let 7’ = bl(com(T,e¢),p).
It is easy to check that 77 is a valid tiling of I'(WO @ V), as in Figure [3.20] (d).
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If A\—1 > 0, then we place a 8 in the right-most box of the newly inserted D-strip
s. Such a filling is valid since the right-most box (containing the new () is necessarily the
bottom-most box of the E- (or A-) strip that contains it, and so s does not interfere with
any of the other tiles in . We define Probgar(F — T) = 547. The weight of T" equals the
weight of F'. Therefore,
wt(7)
N+1

If A — 1 =0, then necessarily F corresponds to a ASEP state /W@ O @ for some j, and
T corresponds to the state WO @1, The newly added D-strip is empty, and so wt(F) =
Bwt(T). Therefore,

wt(F) Probrar(F — T) =

Bwi(T)
N+1°

wt(F) Probrar(F — T) =

The DE corner tile contains an «.

We define a new RAT T as follows. Let the E-strip containing the DE corner tile have length
A. Let p be the east-most point on P;(F') such that there are exactly A — 1 D- and A- edges
on P;(F') northeast of p. Let p be any E-path originating at p. Let 7' = bl(com(T,e),p).
It is easy to check that 77 is a valid tiling of I'(WO @ V'), as in Figure [3.20] (b).

If A\—1 > 0, then we place an « in the bottom-most box of the newly inserted E-strip
s. Such a filling is valid since the bottom-most box (containing the new «) is necessarily
the right-most box of the D- (or A-) strip that contains it, and so s does not interfere with
any of the other tiles in . We define Probgar(F — T) = 545. The weight of T" equals the
weight of F'. Therefore,
wt(T')
N+1

If A\ — 1 = 0, then necessarily F' corresponds to a ASEP state O’® O Y for some j, and
T corresponds to the state O’7'@ Y. The newly added D-strip is empty, and so wt(F) =
awt(T'). Therefore,

wt(F') Probrar(F — T) =

awt(T)
N+1°

Wt(F) PI‘ObRAT(F — T) =

The DE corner tile contains a gq.

We define a new RAT T by simply removing the DE corner tile from F. We define
Probrar(F — T) = Since a single tile of weight ¢ was removed, wt(F) = gqwt(7T).
Therefore,

1
N+1°
qwt(T)

Wt(F) PI‘ObRAT(F — T) = N+l .
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A e exchanges with a

If F" has a DA corner, then there is a transition in the RAT chain from F' that corresponds
to a @ swapping places with a © in the ASEP. Let the type of F' be W@ @ Y. By Lemma
3.4.5] we can assume that F' has a DA tile at the DA corner. This tile contains a [ or a q.
We describe these two cases below.

The DA corner tile contains a f.

We perform exactly the same operation as for the DE case containing a 5. Once again, we
define Probgar(F — T) = N+r1 In all but the exceptional case, the weight of T' equals the
weight of F'. Therefore,
wt(T')
N+1

In the special case, if F' corresponds to a ASEP state W@ © @ for some j, and T
corresponds to the state Wo @71 then we have wt(F) = Bwt(T'). Therefore,

Bwt(T)
N+1°

wt(F) Probrar(F — T) =

Wt(F) PI‘ObRAT(F — T) =

The DA corner tile contains a q.

We perform exactly the same operation as for the DE case containing a ¢. Again,

qwit(T)
t(F') Prob F—=1T)= i
w ( ) To RAT( — ) N1

A © exchanges with a o.

If F has an AE corner, then there is a transition in the RAT chain from F' that corresponds
to a © swapping places with a O in the ASEP. Let the type of F' be W& OY. By Lemma
3.4.5] we can assume that F' has an AE tile at the DA corner. This tile contains an « or a
q. We describe these two cases below.

The AE corner tile contains an «.

We perform exactly the same operation as for the DE case containing an «v. Once again, we
define Probgar(F — T) = . In all but the exceptional case, the weight of T' equals the

N+l
weight of F'. Therefore,
wt(7)
N+1
In the special case, if F corresponds to a ASEP state /@ OY for some j, and T corre-
sponds to the state O'F'@ Y then we have wt(F) = awt(T). Therefore,

awt(T)
N+1°

wt(F) Probrar(F — T) =

wt(F) Probrar(F — T) =
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The AE corner tile contains a q.

We perform exactly the same operation as for the DE case containing a ¢. Again,

g wt(T)
N+1°

wt(F) Probrar(F — T) =

A lighter particle type exchanges with a heavier particle type.

We describe only the WO @Y — W@ OY transition, but the same holds true for We @Y —
We oY and WO@ Y — Wae OY if the corresponding letters are used. If F' has an inner ED
corner, then there is a transition in the RAT chain from F' that corresponds to a O swapping
places with a @ in the ASEP. Let the type of F' be WO @ Y. Then to form the tableau 7', we
simply append a DE tile to the outside of F', adjacent to the ED inner corner. We place a ¢
inside the tile, and thus obtain a Valid filling T" of type W@ OY with a ¢ in its DE corner.

We define ProbRAT(F — T) = §%5. Therefore, since gwt(F') = wt(7'), we have

wt(T')
N+1

Wt(F) PI‘ObRAT(F — T) =

The operator PR is clearly a surjective map from the set ¥, ,) to Q. It is easy to see
by our description of the transitions on the RAT chain that it indeed projects to the ASEP
chain. Figure shows a few transitions on some states of RAT of size (4, 1).

a|e a °
% . 3
q |e q o° L / o |e
° ‘\\\//ﬂq\ \ e °
« ° / «a o °
B -~ (B B
4/« g ‘_q el
o o \\\.o P \ 3 e
T / TR
a |e « °
s B/ 5
q ° a
G |e ) /60[ o q |e
o o o o

Figure 3.21: Some of the transitions on some of the states in Qf. All the transitions involving
the circled tableaux are included.
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Stationary probabilities of the RAT chain

We carefully summarize the transitions out of a RAT F' (and consequently from the equiva-
lence class of F'), depending on the chosen corner at which the transition occurs. We will be
referring to these cases further on. First we make the following definitions. Let F' have size
(n,r, k) and let A = (Aq,..., \r) be the partition given by the lengths of the D-strips from
top to bottom. Assume that A has at least one non-zero part.

Definition 3.4.8. We define Ar be the indicator that equals 1 if F' has an empty E-strip,
and 0 otherwise. We define \j, be the indicator that equals 1 if F' has n empty D-strip, and
0 otherwise.

Definition 3.4.9. We call a g-corner a corner that contains a ¢. (Refer to Definition m
for the precise definition.) We call a top-most corner an a- or S-corner such that the length
of the D-strip containing it equals A;. (If the corner in the top-most position contains a g, we
do not call it a top-most corner). We define the indicator 5;; which equals 1 if the top-most
corner contains a 3, and 0 if it contains an a. Analogously, we call a bottom-most corner an
a- or [-corner such that the length of the row containing it equals the length of the smallest
non-zero row of \. (If the corner in the bottom-most position contains a ¢, we do not call it
a bottom-most corner). We define the indicator §% which equals 1 if the bottom-most corner
contains an «, and 0 if it contains a 5. We call a middle corner an a- or S-corner that is
neither a top-most corner or a bottom-most corner (and not a g-corner).

Summary of transitions F' — T

Denote by w(F — T') the rate of transition from tableau F' to T' (where by rate we mean the
unnormalized probability). We obtain the following cases for the transitions from F' to T.

1. For a transition at a middle corner, a top-most corner with 5/1;3 =1, or a bottom-most
corner with % = 1, we have wt(T) = wt(F), and 7(F — F) = 1.

2. For a transition at a top-most corner with 5}} = 0 such that the length of the E-strip
containing it is greater than 1, we have wt(7") = wt(F") and 7(F — T') = 1. Then the
top-most corner of T will be an a-corner.

3. For a transition at a bottom-most corner with §% = 0 such that the length of the row
containing it is greater than 1, we have wt(7") = wt(F) and 7(F — T') = 1. Then the
bottom-most corner of T" will be a 3-corner.

4. For a transition at a top-most corner with 5? = 0 such that the length of the E-strip
containing it is 1, we have wt(7T) = L wt(F) and 7(F — T) = 1.

«

5. For a transition at a bottom-most corner with 6¥ = 0 such that the length of the
D-strip containing it is 1, we have wt(T") = %Wt(F) and 7(F — T) = 1.
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6. For a transition at an empty E-strip, we have wt(7') = awt(F) and 7(F - T) =a. T
will not have an empty E-strip, and it will have a top-most corner that contains a f.

7. For a transition at an empty D-strip, we have wt(7T") = fwt(F) and n(F — T) = f.
T will not have an empty D-strip, and it will have a bottom-most corner that contains
an a.

8. For a transition at an inner corner, we have wt(7') = gwt(F) and 7(F — T) =

9. For a transition at a g-corner, we have wt(7') = %th(F) and 7(F — T) = 1.

Our main theorem is the following.

Theorem 3.4.10. Consider the RAT chain on W, ,, the RAT equivalence classes of size
(n,r). Fiz a RAT F and its equivalence class 1b. Then the steady state probability of state
W is proportional to wt(F).

Proof. To prove the theorem, it suffices to show that for each RAT F, the following detailed
balance condition holds. Let R be the set of RAT such that there exists a transition from
FtoT € R. Let S be the set of equivalence classes of RAT such that for each 1 € S, there
exists some S € 1 such that there is a transition from S to F. Though we actually work
with the equivalence classes, we write for simplicity S € S.

wt(F) Y w(F—=T)=> wt(S)m(S = F). (3.10)

TeR Ses

Let the RAT F have type W. First we treat the transitions going out of F' toT' € R. By
the construction of the RAT chain, it is clear that there is a transition with probability 1 for
every corner (including the top-most-, bottom-most-, middle-, and g-corners), a transition
with probability « for an empty E-strip, a transition with probability £ for an empty D-
strip, and a transition with probability ¢ for every inner corner. These transitions directly
correspond to all the possible transitions out of the two-species ASEP state W. Suppose F
has Cy g-corners, C' a- or [-corners, and [ inner corners. Thus we obtain

Y w(F—T)=C+Co+ql +ady, + Bog. (3.11)

TeR

For the transitions going into F' from some S € S, we observe that any transition from
one tableau to another ends with a g-corner or an a- or [-corner, an empty E-strip, an
empty D-strip, or an inner corner. Thus it is sufficient to examine all such properties of F’
to enumerate all the possibilities for S € §. We examine the pre-image of the cases for the
possible transitions going into F' to obtain the following cases for S.

1. For a middle corner, a top-most corner with 55 = 0, or a bottom-most corner with
6L =0, we have wt(S) = wt(F) and 7(S — F) = 1. This is the inverse of Case |1| of
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Section . This gives a contribution of wt(F)(C' —2 + (1 — 0§) + (1 — 0%)) to the
right hand side (RHS) of the detailed balance equation]

2. For a top-most corner with (5}} = 1 and 0g = 0, we have a transition involving an
empty E-strip of S, so wt(S) = L wt(F) and (S — F) = o. This is the inverse of
Case [2| of Section . This gives a contribution of a+ wt(F)éf(1 — dz) to the RHS of
the detailed balance equation.

3. For a bottom-most corner with §£ = 1 and d; = 0, we have a transition involving an
empty D-strip of S, so wt(S) = %Wt(F) and 7(S — F') = . This is the inverse of
Case [3| of Section . This gives a contribution of B% wt(F)d%(1 — 4;) to the RHS of

the detailed balance equation.

4. For a top-most corner with 5}} = 1 and 6z = 1, there are two possibilities. For the
first, S could fall into Case [2] of Section [3.4] meaning that the top-most corner of
S is a f-corner, which results in the usual transition with wt(S) = wt(F'). For the
second possibility, S could fall into Case [4] of Section [3.4 meaning that the top-most
corner of S is an a-corner and the column containing it has length 1. In that case,
wt(S) = awt(F). In both situations, 7(S — F) = 1. We obtain a contribution of
wt(F)of (0r + a(1 — 0g)) to the RHS of the detailed balance equation.

5. For a bottom-most corner with §% = 1 and J;, = 1, there are two possibilities. For the
first, S could fall into Case [3| of Section [3.4 meaning that the bottom-most corner of
S is an a-corner, which is the usual transition with wt(S) = wt(F'). For the second
possibility, S could fall into Case [5] of Section [3.4] meaning that S has a bottom-
most corner containing a [ and the row containing it has length 1. In that case,
wt(S) = Bwt(F). In both situations, 7(S — F) = 1. We obtain a contribution of
wt(EF)oL (6 + B(1 — 61)) to the RHS of the detailed balance equation.

[0

6. For a g-corner, we have wt(S) = %Wt(F) and 7(S — F) = ¢. This is the inverse of
Case [9] of Section [3.4f We obtain a contribution of wt(F) to the RHS of the detailed

balance equation.

7. For an inner corner, we have wt(S) = ¢wt(F') and 7(S — F') = 1. This is the inverse
of Case [§|of Section We obtain a contribution of ¢ wt(F') to the RHS of the detailed
balance equation.

We sum up the contributions to the RHS of the detailed balance equation to obtain

> wt(S)m(S = F) = wt(F)(C + Co + ql — 6§ — 6% + 6f/(1 — 6r) + 05(1 — 61)
Ses
+ 65 (0r + (1 = 0)) + 65 (6, + B(1 = 61))). (3.12)

2Note that if C < 2, the formulas we give have some degeneracies. However, it is easy to verify that
these do not cause any problems due to cancellation of all the degenerate terms.
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We see that after simplification, Equation equals Equation [3.11] so indeed the desired
Equation holds for “most” F', save for the easily-verified degenerate cases.
m

The proof above circumvents the use of the Matrix Ansatz, and is another way to prove
our main result of Theorem [3.2]
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Chapter 4

Combinatorics of the k-species ASEP

Following the study of the two-species ASEP, it is natural to study generalizations with &
species of particles. We describe one such process in this chapter. In Section we describe
a generalization of the two-species ASEP to a k-species ASEP. In Section [4.2] we generalize
the two-species Matrix Ansatz of Uchiyama to a k-species Matrix Ansatz. In Section[4.3] we
provide a proof for Theorem of the previous chapter by explicitly defining the matrices
that both provide the weight generating function of the rhombic alternative tableaux, and
also satisfy the Matrix Ansatz hypothesis. Our proofs are analogous to the proofs for the
two-species case. In Section [4.4] we define the k-rhombic alternative tableaux, which provide
an interpretation for the stationary probabilities of the k-species ASEP, and show that these
tableaux satisfy the k-species Matrix Ansatz.

Acknowledgements. I gratefully acknowledge Lauren Williams for her mentorship, and
also Sylvie Corteel and Xavier Viennot for many fruitful conversations. Corollary was
a result of a very helpful conversation with Thomas McConville. I also thank the France-
Berkeley Fund and the NSF grant DMS-1049513 that supported this work.

4.1 The k-species ASEP

We now describe a generalization of the two-species ASEP to a k-species ASEP of a similar
flavor. In our new model, we consider k particle species of varying heaviness on a one-
dimensional lattice of size n. We call the heaviest particle a d particle, followed by a; >
as > --- > ap_1. For easier notation, we also introduce another particle which we call an e
particle to represent a hole, and we allow this to be the lightest particle in our set of species.
Thus, in our model, every location on the lattice contains exactly one particle out of the
set of species {d,ay,...,a,_1,€e}. Moreover, the d particle is allowed to “enter” on the left
at location 1 by replacing an e particle at that location (with rate «), and it is allowed to
“exit” on the right at location n by being replaced with an e particle at that location (with
rate ). The particles of type a; are not allowed to enter or exit, so we fix the numbers of
particles of those species to be r; fore=1,...,k — 1.
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For two particle types A and B, we write A > B (respectively, A < B or A = B) to
mean that A is a heavier particle type than B (respectively, A is lighter than B, or they
are equal). The dynamics in the bulk are the following: a heavier particle of species A can
swap with an adjacent lighter particle of species B with rate 1 if A is to the left of B, and
with rate 0 < g4p < 1 if A is to the right of B. This means that heavier particles have a
tendency to move to the right of the lattice. Our notation is shown in the table below:

A B dAB
d € qoco
a; G 1§j<2<kﬁ—1 qij
a; e 1<i1<k—1] o

More precisely, our process is a Markov chain with states represented by words of length
n in the letters {d, ay,...,a;_1,e}. The transitions in the Markov chain are the following,
with X and Y representing arbitrary words in these letters.

XaeY = Xea,Y — XdeY = XedY — XdaY = XadY — Xaa¥ = XazaY
Qioo Q000 q0i 4ij
eX X dx Xd 2 Xe

forl1<i<k—-—land1l<j<i.
where by X = Y we mean that the transition from X to Y has probability
the length of X (and also V).

” .
1o n belng

Definition 4.1.1. For a given k-species ASEP, we fix n to be the size of the lattice and r;

to be the number of particles of species a; for 1 <4 < k — 1. We define (2~ to be the
set of words of length n in the letters {d, ay, ..., ar_1, e} with r; instances of the letter a; for
each 7. We also define
Q" = U Q:}h---ﬂ“k—f
Tl k=1

Remark 4.1.2. In Section 4.2] we will provide a Matrix Ansatz solution for the model
with different parameters ¢; for every type of transition. However, so far we only have nice
combinatorics when all the ¢;’s are set to equal a single constant q. Furthermore, it is easy
to see that if £ = 2, we recover the two-species ASEP that we described in the previous
section, and if kK = 1, we recover the original ASEP.

4.2 The Matrix Ansatz for the k-species ASEP

Building on a Matrix Ansatz solution for the usual ASEP by Derrida at. al. [8] and a
more general solution for the two-species ASEP by Uchiyama in |19], we have the following
generalization for the k-species process.
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Theorem 4.2.1. Let W = Wy ... W,, with W; € {d,aq,...,ax_1,e} for 1 <i <n represent
a state of the k-species ASEP in Q' .~ . Suppose there are matrices D, Ay, ..., A1, and
E and a row vector (w| and a column vector |v) (with (w||v) = 1) which satisfy the following
conditions

DE —qoED = D+ E, DA;—quAiD=A4;, AE—qFA =A4;, AA;j—q;A;A =0,

(4.1)
1 1
E=— D) = — 4.2
WIE =2l Dlu) = 5loh (4.2)
then
1
Pl"Ob(W):mw|HD:ﬂ.W d)“—E]]_ +ZA ]]-W =a;)
where Zp.. v, 18 the coefficient of yi* ... y," 7" in
(W|(D+y1 Ay + -+ yp 1 Ap1 + E)"|v)
<w|Ark LAY w)
Proof. For W a word of length n, we define the weight
k-1
fn(W w|HD]1(W =d) +E1 e)—l—ZA ]1(W =a;) |V >
=1 =1
We show that f, (1) satisfies the detailed balance conditions
FoV) D" Pr(W = V) = > fu(X)Pr(X — W) (4.3)

W—=V X—-W

for each W € Q" where by Pr(W — V) and Pr(X — W) we denote the probabilities of
the transitions W — V and X — W respectively. This would imply that the stationary
probability of state W is proportional to f,, (W), which would complete the proof.

We observe that for fixed W, the only terms f,(X)Pr(X — V) for some X,V € Q"
appearing in (4.3)), are precisely the terms:

1. fn(eW2 ‘e Wn)aa
11 fn(Wl e Wn—ld)ﬁa

iii. and {f,(Wy ... W,.1BCWio... Wy) -1, —f,(Wy ... W;_.1CBW;yo...W,) - qgc} where
W}WiH:BCforB>Cover1gzgn—l.

This is because these terms are precisely the terms out of which possible transitions can
occur to go into or out of W. Moreover, whether the terms of (iii.) appear on the left

hand side of Equation (4.3) or the right hand side is determined by whether W;W,;,; = BC
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or WW;.; = CB for B > C. In other words, the terms in the bulk are given a sign
of (—1)"Wir1>Wa) for each i, and the boundary terms of (i.) and (ii.) are given a sign of
(—=1)tmi=a and (—1)'w=e) for the left and right boundaries, respectively.

Thus Equation can be rewritten as the following:

Lwi—a or o(—1)'Mi=daf, (eWs ... W,)
+ Lwped or e)(—1)' =0 B (Wi ... W,_1d)

n—1

+ Z ﬂ(Wi¢Wi+1)(—1)1<Wi+1>Wi) (fn(Wl . WileiCi‘/I/ZLFQ . Wn)
=1

— g, fn(Wh .. . W1 C;BiWigo . .. Wn)>
(4.4)
where in the above we use B; := max(W;, W; ;1) and C; := min(W;, W;4).

The reduction rules of Equation (4.1] . ) or (| - 4.2)) apply whenever Wy = dore,or W,, = dore,
or whenever W; # W, for 1 <1i < n. We obtain the following.

fa(W'deW") — qooo fo(W'edW") = fro s (WdW") + fra(W'eW"), (4.5)
foW'da;W") — qoi fr W' a;dW") = fr, i (W'a; W), (4.6)
foW'a;eW") = Gioo fn(W'ea;W") = fr,_1(W'a;WW"), (4.7)

LW deW") = q;j fa(W'edW") = 0, (4.8)
afa(eW") = for (W), (4.9)
Bf.(W'd) = fa(W'). (4.10)

For W = Wy ...W,, we introduce the notation f’ (W) = f,_1(W;... Wi .. W,) to be
the weight of the word W with the letter W; cut out. With this notation, using the reduction
rules of Equation (4.5)), Equation (4.4)) becomes the sum ag + a3 + ... + a,—1 + a,, where

(W) Wi=e (W) W,=d
ag = an ==
D) w=d —fia (W) Wy =e
(foaW) + [E(W) i Wiy = de or ed
fril (W) if WiWiiq = da;
and a; = ¢ —fL (W) if WiWi1 = a;d for 1 <i<n-—1. (4.11)
(W) if WiWi = aze
\ ﬁ*l(W> if VViI/VZ'_H = ea;
Notice that for all ¢ > j, the terms f,(Wa,a;W") — ¢; ; fn(W'a;a,W") = 0.
Suppose there are a total of s transitions in the bulk. For j = 1,..., s, label the location

i where the j’th transition occurs (i.e. the j’th ¢ for which W; # Wi,1) by W;,. The strategy
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of our proof is to show that all the f,,_; terms that arise from the transitions at the locations
{t; }1<j<s cancel with other terms Equation (4.11]) with an opposite sign. We describe these
cancellations in the cases that follow.

(a.)

Wy, Wi, 41 = de, so the contribution of terms from this transition is 9 W)+ ).
Then Wi, +1Wtj 141 is necessarily either ed or ea; for some ¢, in which case it contributes
the term — f7* (W). Similarly, Wi, Wi, 41 is necessarily either de or a,e for some
u, in which case it contributes the term f - 1+1( W). However, the former of these
cancels with the term f (W), and the latter cancels with f2*' (W), as desired.

There are two exceptions to the above. First, if j = 1, then there is no ¢;_; term.
However, in this case, W necessarily begins with a d, and so the fij_ (W) term cancels
with the left boundary term —f}  (1W). Second, if j = n, then there is no ¢;,; term.
However, in this case, W necessarily ends with an e, and so the ftj +1(T/V) term cancels
with the right boundary term — f7 , (W).

Wi, Wi, 41 = ed, so the contribution of terms from this transition is — f:LJ;l(W) -

1 +11(W) Then W, _ Wtj +1 1s necessarily either de or a;e for some ¢, in which case
it contributes the term f- 1H(VV) Similarly, W;, .,
da,, for some u, in which case it contributes the term f, J+1(W). However, the former
of these cancels with the term —f (W), and the latter cancels with ftj W), as

desired.

Wi, +1+1 is necessarily either de or

There are two exceptions to the above. First, if j = 1, then there is no ¢;_; term.

However, in this case, W necessarily begins with an a, and so the —f (W) term

cancels with the left boundary term fi_ (WW). Second, if j = n, then there is no ¢4,
term. However, in this case, W necessarily ends with a d, and so the — f:ljjll(W) term
cancels with the right boundary term f;'_,(W).

The rest of the cases are similar. Below, we describe the cancellations that occur for
each transition location.

Wi, Wi, 11 = day, so the contribution of terms from this transition is f (W). This term

cancels with the term f I 1+1( W) since Wi, Wi, 11 must equal ed or a,d for some
u.

Wi, Wi, 41 = aud, so the contribution of terms from this transition is — FEN W), This

n
term cancels with the term f7*! (W) since W,
u.

i1 Wi, 141 must equal de or da, for some

Wi, Wi, 11 = aze, so the contribution of terms from this transition is f:f_ﬁl (W). This term

cancels with the term —f ’*1( ) since W, Wi, +1 must equal ed or ea, for some u.

Jj+1



CHAPTER 4. COMBINATORICS OF THE k-SPECIES ASEP 69

(f.) W, W, 11 = eay, so the contribution of terms from this transition is — f (W). This
term cancels with the term f - 1+ (W) since Wy, _, Wy, 41 must equal de or a,e for some

u.

The cancellations of the boundary terms are treated as the exceptions in cases of (a) and
(b).

It is easy to check from the above that every term cancels with another term in Equation
(4.4), so indeed, it equals zero. Thus the function f,, satisfies the detailed balance in Equation

(4.3), as desired. ]

4.3 Matrix Ansatz proof of Theorem

In this section we return to the two-species ASEP and give a new proof of Theorem [3.2], the
main result of Chapter [3| by explicitly defining matrices D, A, and E and row vector (v|
and column vector |w) that satisfy the hypotheses of a slightly more general Matrix Ansatz,
and also have a combinatorial interpretation in terms of the rhombic alternative tableaux.
This construction will serve as a warm-up for the proof of the more general analogue of the
theorem for the k-species ASEP, which we provide in Section [4.4]

Definition of our matrices

Our matrices are infinite and indexed by a pair of non-negative integers in both row and
Column, so D = [D(i,j)(u,v)]i,j,u,vZOa A= [A(i,j)(um)]i,j,u,vzm and F = [E(i7j)(u7v)]i,j,u,1}20~ Our
vectors are also indexed by a pair of integers, so (v] = [v(i i =0 and [w) = [Wuw) b >0-

We define v ;) = 1 for © = 0,7 = 0, and 0 for all other indices. We define w,,.) =1 for
all indices. Also, let

1
Diyinia = 3 (4.12)
and D(; jyk,e) = 0 for all other indices i, j, k, £. Let
i U QT—U
Afij)(ui+r) = <u)q g (4.13)

for 0 <wu < and Ay, = 0 for all other indices i, j, k, £. Finally, let

Eij)ws) = BO: [(;)q (¢ +alj —|—aZ( _Zl_“;w) WI (4.14)

for 0 <w < and E; jyx = 0 for all other indices ¢, j, k, (. (Here [jl, =¢' '+ ... +1.)
Since (7, j) specify the row of the matrices, and (u, v) specify the columns, multiplication
is defined as

(MN)Gy0) = D Mg ) Ny )

u,v
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Note that in the case of the matrices D, A, and E of Equations (4.12)), (4.13)), and (4.14]), all

products are given by finite sums, since the matrix entries are 0 for u > ¢+ 1 orv > 5+ 1.

To facilitate our proof, we provide a more flexible Matrix Ansatz that generalizes Theorem
with the same argument as in an analogous proof for the ordinary ASEP of Corteel
and Williams [5, Theorem 5.2]. For consistency with the k-species ASEP notation, in this
section we denote @ by a d particle, @ by an a particle, and O by an e particle. For a word
W e {d,a,e}™ with r a’s, as before we define unnormalized weights f(W) which satisfy

Pr(W) = f(W)/Zn,

where Z,, = > f(W') where the sum is over all words W’ € {d,a,e} of length n and
with 7 a’s.

Theorem 4.3.1. Let A be a constant. Let (w| and |[v) be row and column vectors with
(w||[v) = 1. Let D, E, and A be matrices such that for any words X and Y in {D, A, E}
representing a product of those matrices in the corresponding order, the following conditions
are satisfied:

I (w|X(DE — ¢ED)Y|v) = Mw|X (D + E)Y|v),
II. (w|X (DA — qAD)Y |[v) = Mw|X AY |v),
11 (w|X(AE — qEA)Y |[v) = Mw| X AY |v),
IV. B{w|XDlv) = Mw|X|v),
V. a(w|EY|v) = Mw|Y|v).

Let W = Wy ... W, with W; € {d,a,e} for 1 < i < n represent a state of the two-species
ASEP of length n with v a’s. Then

1 N . -
fW) = e (wl | | D Lwizma) +A Lw,=a) +E Lwi=e) [0)-
(w|Arfv) 11

Proof. The proof of Theorem follows exactly that of |5, Theorem 5.2]. Note that the
above implies that 3 o
(w|(D +yA+ E)"v)

2 =W A
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Combinatorial interpretation of the matrices in terms of tableaux

Let W be an arbitrary word in {d, a, e} with rhombic diagram I'(WW') with the maximal tiling
Tmaz, and let weight(W) be the weight generating function for fi(W, Tpaz)-

Definition 4.3.2. We call a D-strip the section of a west-strip to the left of one of the
D-edges in the strip. A free D-strip is a D-strip that does not contain a .

Similarly, we call an F-strip the section of a north-strip to above one of the E-edges in
the strip. A free E-strip is an E-strip that does not contain an «.

A free DA tile is one that is contained in a free D-strip. A free AFE tile is one that is
contained in a free E-strip. A free DE tile is one that is contained in a free D-strip and a
free E-strip.

For a word W € {d,a, e}, we fix the maximal tiling Tpax of I'(W). We will show that
the matrices D, A, and E of Equations , , and represent the addition of
a D-edge, an A-edge, and an E-edge to the bottom of I'(I¥) to form the rhombic diagram
I'(Wd), I'(Wa), and T'(We) respectively. Recall that these matrices have rows indexed by
the pair (7, 7) and columns indexed by the pair (u,v). We let i represent the number of free
D-strips in a tableau F' € i(W, Tpae(W)), and j the number of a’s in W. For the columns,
we let u represent the number of free D-strips in a tableau ' € fi(Wd, T (Wd)) (and
respectively, I'(Wa) and I'(We)), and v the number of a’s in Wd (and respectively, Wa and
We).

Recall from Definition that (W) is a word in {D, A, E'} representing a matrix
product corresponding to the two-species ASEP word W in the letters {d, a, e}, where D,
A, and E correspond to d, a, and e respectively.

Theorem 4.3.3. Let W be a word in {d,a,e}, and let X = x(W). Then:

® X(ij)(uw) @8 the generating function for all ways of adding |W| new edges of type W
to the southwest boundary of a rhombic alternative tableau with i free D-strips and
j A-strips, to obtain a new rhombic alternative tableau with u free D-strips and v
A-strips.

o ((w]| X)) is the generating function for rhombic alternative tableaux of type W, which
have u free D-strips and v A-strips.

o (w|X|v) is the generating function for all rhombic alternative tableaux of type W.

We prove Theorem [4.3.3| with the following lemma, which says that the matrices D, A,
and E of Equations (4.12)), (4.13]), and (4.14) are “transfer matrices” for building rhombic

alternative tableaux with the maximal tiling.

Lemma 4.3.4. For the matrices D, A, and E of Equations (4.12), (4.13), and (4.14),
® D j)up) 1S the generating function that represents the addition of a D-edge,
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Figure 4.1: Adding a (a) d, (b) a, or (c) e to the end of W.

o AGij)uw) 18 the generating function that represents the addition of an A-edge, and
® Eijyuw) 18 the generating function that represents the addition of an E-edge

to the southwest corner of a rhombic alternative tableau with the maximal tiling with © free
D-strips and j A-strips, resulting in a rhombic alternative tableau with the mazximal tiling
with u free D-strips and j A-strips.

Proof. We describe the possible rhombic alternative tableaux that arise from the addition
of a D-edge, an A-edge, and an E-edge respectively to the southwest corner of an existing
RAT of shape W with the maximal tiling, and i free D-strips and j A-strips.

The addition of the D-edge to I'(W) does not affect the interior of the tableau, as in the
example of Figure (a), and the tiling of the new tableau is clearly still a maximal one.
Thus for any F' € fi(W, Trae(W)), we obtain F' € i(Wd, Tha:(Wd)) whose weight simply
increases by «, the weight of the new D-edge. We have thus wt(F’) = awt(F'). Moreover,
the addition of the D-edge adds exactly one free D-strip to F'. Recall

1
D jyi+1,5) = 3

and 0 for all other indices, so we obtain the desired entry in the matrix D.

The addition of the A-edge and a vertical strip of adjacent DA tiles to the left boundary
of Trae(W) results in a maximal tiling of I'(Wa), as in the example of Figure (b). Let
us consider the entry (i, j), (u,j+ 1) of A for 0 < u <i. Each free DA tile contains either a
g or a [ with no restrictions on their positions, for a total of i —u 8’s and u ¢’s. Thus there

are precisely (;) ways to choose such a filling of the new tiles. Every such filling contributes
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a weight of ¢“8°"%. Wa now has j + 1 a’s, and it is clear that all other entries of A are zero.

Recall '
? U QI—Uu
A j)wj+1) = <u)q B

for 0 < wu <4 and 0O for all other indices, so we obtain the desired entry in the matrix A.

The addition of the E-edge and a vertical strip of adjacent DE tiles followed by j adjacent
AE tiles to the left boundary of 7,..(WW) results in a maximal tiling of T'(We), as in the
example of Figure (c). Let us call this strip of new tiles the new E-strip. There are three
possible cases for this new E-strip. For the following, let us consider the entry (1, 5), (u, j) of
Efor0<u<i.

Case 1: the new E-strip does not contain an «. Then each of the j AE tiles must
contain a ¢, and each of the 7 free DE tiles contains either a ¢ or a [, with no restrictions
on their positions, with exactly i —u (’s and u ¢’s. This gives a total weight contribution of

Z 5i—u qu—l-j.

( ) Case 2: the new E-strip contains an « in one of the AE tiles. Then each of the AE tiles
below that a must contain a ¢, and each of the free i DE tiles contains either a ¢ or a f3,
with no restrictions on their positions, with exactly ¢ — u (’s and u ¢’s. This gives a total
weight contribution of (;) aB " 4],

Case 3: the new E-strip contains an « in one of the free DE tiles. Then exactly i — u
of the free DE tiles below the a must contain a §, and u of them contain a ¢. This gives a
total weight contribution of "o 3"} (g,

Recall o )
B U\ wy . ~— [(i—u+w w
Eijwy = ||, )4"(¢ +aljl) +a Z_% o Jd

for 0 < wu <7 and 0 for all other indices, so we obtain the desired entry in the matrix F. [

Proof of [{.3.5. The first point is immediate from Lemma [4.3.4]

The second point is due to the following: (w| is a row vector for which the entry with
index (0,0) is 1, and the rest are 0. By the first point, ({(w|X),0),uw) i, in particular, the
generating function for adding |W| new edges of type W to the southwest boundary of a
trivial RAT of size 0, to result in a RAT of type W with the maximal tiling with u free
D-strips and v A-strips.

The third point is due to the following: |v) is a column vector with every entry equal to
1. By the second point, the generating function for all possible RAT in fi(W, T4 (W)) is
the sum of RAT of type W over all choices for the number of A-strips and free D-strips in
the fillings. In other words, it is the sum over all (u,v) of ((w|X)(0,0),(uw)- It follows that
(w|X|v) is the desired generating function. O
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Combinatorial proof that our matrices satisfy the Matrix Ansatz

Using Theorem [4.3.3] we provide simple combinatorial proofs that our matrices satisfy the
equations of Theorem [4.3.1] Let W be a word in {d,a,e} with ['(W) its rhombic diagram.
In this subsection, when we say “addition of a d (or a or e) to W”, we mean adding a D-edge
(or A- or E-edge) to the southwest point of I'(W), as described in the preceding subsection.

I. For D, E of Equations (4.12)), (4.14)), we have DE — gED = af(D + E).
By our construction, consecutive addition of a d and a e to W results in a DE corner

with a DE corner tile as the bottom-most tile of the E-strip that contains it (as well as the
right-most tile of the D-strip that contains it). This DE corner tile contains an «, 3, or q.

e If the DE corner tile contains an «, then the rest of the E-strip containing this tile
must be empty. Thus the entire E-strip has weight a3, and the rest of the tableau has
the same weight as if the DE were replaced by a D-edge (with the same filling in the
corresponding tiles).

e [f the DE corner tile contains a 3, then the rest of the D-strip containing this tile must
be empty. Thus the entire D-strip has weight o3, and the rest of the tableau has the
same weight as if the DE were replaced by an E-edge (with the same filling in the
corresponding tiles).

e [f the DE corner tile contains a ¢, then this tile has no effect on the rest of the tableau
which has the same weight as if the D- and E-edges were replaced by E- and D-edges
(with the same tiling and filling), and the tile itself has weight g¢.

Combining the above cases, we obtain that DE = qED + af(D + E), as desired.

II. For D, A of Equations (4.12)), (4.13]), we have DA — gAD = afA.

By our construction, consecutive addition of a D-edge and an A-edge results in a DA
corner with a DA corner tile as the right-most tile of the D-strip that contains it. This DE
corner tile contains a [ or q.

e If the DA corner tile contains a 3, then the rest of the D-strip containing this tile must
be empty. Thus the entire D-strip has weight o3, and the rest of the tableau has the
same weight as if the DA were replaced by an A-edge (with the same filling in the
corresponding tiles).

e If the DA corner tile contains a ¢, then this tile has no effect on the rest of the tableau
which has the same weight as if the DA were replaced by an AD (with the same tiling
and filling), and the tile itself has weight g.

Combining the above cases, we obtain that DA = ¢AD + af A, as desired.

II1. For A, E of Equations (4.13)), (4.14)), we have AE — ¢FA = afA.
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Definition 4.3.5. We call an AE strip the region of the rhombic diagram that corresponds
to a maximal A-strip together with an adjacent maximal E-strip. (By maximal A- and
E-strips, we mean A- and E-strips as they would appear in a maximal tiling of a rhombic
diagram, i.e. a strip of adjacent DA tiles for the A-strip as in Figure (b), and a vertical
strip of adjacent DE tiles followed by a strip of adjacent AE tiles for the E-strip as in Figure
(c).) We allow any valid tiling for the AE strip, and we call an AE strip maximal if
it has the maximal tiling, and we call it minimal if it has the minimal tiling. Note that a
minimal AFE strip has an AE corner tile in the AE corner.

By our construction, consecutive addition of an A-edge and an E-edge results in a max-
imal AE strip. For our proof, we consider the corresponding minimal AE strip. We apply
a series of flips to convert the maximal AE strip to a minimal AE strip, and we consider
the contents of its AE corner tile. This AE corner can contain an « or ¢. If the AE corner
tile contains an «, then the rest of the E-strip containing this tile must be empty. Thus
the entire E-strip has weight a3, and the rest of the tableau has the same weight as if the
E-strip were removed entirely. This operation is the same as if in the original tableau, the
AE were replaced by an A-edge (with the same filling in the corresponding tiles).

For the other case, if the AE corner tile contains a ¢, then this tile has no effect on the
rest of the tableau. Thus the weight of the tableau with the exception of the AE corner tile
is the same as the weight of a tableau with the same tiling and filling with the AE replaced
by an EA. Moreover, this new tableau (with the AE corner tile removed from the minimal
AE strip) is in fact the maximal tableau that corresponds to replacing the AE by an EA.
Thus we have as desired, AE = gEA + afA from these two cases.

Remark 4.3.6. It is also possible to directly compute the (7, j), (u,v) entry of each term of
the equations of Theorem [4.3.1 and show that equality holds in each case.

4.4 k-rhombic alternative tableaux

In this section, we introduce a combinatorial object that generalizes the RAT to provide an
interpretation for the probabilities of the k-species ASEP. This object, called the k-rhombic
alternative tableau (or k-RAT) is of the same flavor as the RAT, and is similarly defined as
follows.

Definition of the k-rhombic alternative tableaux

To a word W € Q! ., we associate a k-rhombic diagram I'(W) as follows.

yeees Tl —

Definition 4.4.1. Let W € Q! ., and let ro be the number of e’s and rj the number
of d’s in W. Let an E-edge be a unit edge oriented in the direction —m. Let a D-edge be
a unit edge oriented in the direction —7/2. Let an A;-edge be a unit edge oriented in the

direction —% (see Figure . Define P;(W) to be the lattice path composed of the
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€ ﬁl e o o /al ‘d

Figure 4.2: E-edge, Aj_i-edge, ..., Aj-edge, D-edge

E-, Ay, ..., Ai_1-, and D-edges, placed end to end in the order the corresponding letters
appear in the word W. Define P,(W) to be the path obtained by placing in the following
order: ro E-edges, ry Ai-edges, r9 Ao edges, and so on, up to r,_1 Ap_i-edges, and then
rr D-edges. The k-rhombic diagram I'(WW) is the closed shape that is identified with the
region obtained by joining the northwest and southwest endpoints of P(W) and Py(WV) (see
Figure [4.3)).

Define a lattice path given by W to be composed of the edges in the order they appear
in the word X, and let us associate this lattice path with the southeast boundary of our
rhombic diagram. We complete the path to form the diagram by drawing in the following
order: to connect the top-most corner of the lattice path to its bottom-most corner.

Figure 4.3: T'(asdajeasaieed) defined by southeast boundary P; and northeast boundary P,
with a maximal tiling.

Definition 4.4.2. A DF tile is a rhombus with D and E edges. A DA; tile is a rhombus
with D and A; edges. An A;E tile is a rhombus with A; and £ edges. An A;A; tile is
a rhombus with A; and A; edges for i > j (see Figure . We impose on the tiles the
following partial ordering: A;X < A, X' < DX", and XE < XA; < XA; < XD fori > j
and for any edges X, X', X”. If tile C j tile D according to our ordering, we say D is heavier
than C.

Definition 4.4.3. A maximal tiling on a k-rhombic diagram is one in which tiles are always
placed from southeast to northwest, and priority is always given to the “heaviest” tiles.
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Figure 4.4: A DE-tile, DA,-tile, A;E-tile, and A;Aj-tile (with ¢ < j)
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Figure 4.5: (a) E-strips and (b) D-strips.

Define a mazimal corner to be a corner on P;(W) whose edges A and B are such that for
any other corner on that diagram with edges C'and D, AB > C'D. The canonical way to tile
the rhombic diagram with a maximal tiling would be to pick a maximal corner with some
edges A and B, and place an AB tile adjacent to that corner. The rest of the surface would
then itself be a rhombic diagram with the same P,. We proceed to tile that surface in the
same manner until the untiled region has area zero. It is easy to see that such a construction
results in a maximal rhombic tiling of the k-rhombic diagram. Let us call this tiling 7 ().

Definition 4.4.4. An E-strip is a maximal strip of adjacent tiles whose edge of adjacency
is an E-edge, as in Figure (a). A D-strip is a maximal strip of adjacent tiles whose edge
of adjacency is a D-edge, as in Figure 4.5 (b). (This definition is the same for the k-RAT as
it is for the RAT).

We now define a filling of 7(W) with a’s and ’s as follows.

Definition 4.4.5. A filling of a k-rhombic alternative tableau (k-RAT) is defined by the
following rules.

e A DFE-tile is allowed to be empty or contain « or .
e A DA; tile is allowed to be empty or contain [, for each 1.

e An A;FE tile is allowed to be empty or contain «, for each 1.

An A;A;j tile must be empty, for each i > j.

Any tile in the same E-strip and above an a must be empty.
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e Any tile in the same D-strip and left of a 8 must be empty.

7 Z
- - s

o/ q g q

q q /8 q (051

(§]
/ [¢5)
<4 - —|-- an
e e
d

Figure 4.6: A 3-RAT of type asda,easa;eed of weight a*34¢5.

Denote the set of fillings of 7(W) by fi(WW). We assign weights to a filling F' € fi(lV)
from the rules above by placing a ¢ in each tile that is not forced to be empty by some «
below it in the same E-strip, or some 8 to the right in the same D-strip. Figure [4.6| shows
an example of a 3-rhombic alternative tableaull]

Definition 4.4.6. Let W € Q" and t be the number of d’s and ¢ the number of e’s in W.
For F' € fi(W), define the weight wt(F') to be the product of the symbols in the filling of F
times a3’

Define

Zn,rl,...,rk,l - Z Z Wt(F)

W Fefi(W)
to be the sum of the weights over all k&-RAT corresponding to states in Q7
result for the k-RAT is the following, which we will prove in the next section.

_,- Our main

Theorem 4.4.7. Let fi(W) denote the set of fillings of the rhombic diagram T'(W) with the
mazximal tiling, and let wt(F') denote the weight of a filling in fi(W).Then the stationary
probability of state W of the k-species ASEP is

—Zn,rl,l. Z wt(F).

STh=1 pefi(W)

Corollary 4.4.8. Let T' be any tiling of the rhombic diagram T'(W) associated to a state
W of the k-species ASEP. Let fi(W,T") denote the set of fillings of tiling T'. Then the
stationary probability of state W of the k-species ASEP is

1

Y W
M7y 3Tk —1 Fefi(W,T")

'We allow the parameters gpc that represent swapping rates between B-type and C-type particles to

vary in Section However, to keep the combinatorics “nice”, we fix all these parameters to equal a single
constant gq.
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Remark 4.4.9. For k = 2, the corollary follows from a special case of Proposition of
Chapter

Proof of Corollary[{.4.8. We extend the proof of Proposition for k > 3. Our proof is
structured as follows. Let the notion of a flip on a k-RAT be precisely the same as for a
2-RAT, and let W be a word representing a state of the k-species ASEP. First we show that
if two tilings 7 and T’ of I'(W) differ by a single flip, then

doowt(F)= > wt(F).

Fefi(W,T) Fefi(W,T")

Next, we show that any tiling 7 can be obtained from 7,,,, by some series of flips. The
corollary follows from Theorem |4.4.7|

The proof of the first point is in fact precisely the same as the proof of Lemma [3.1.9 We
define the transformation ¢ on some hexagon h of 7 and the symbols contained in its filling.
There are four cases for ¢ on a k-RAT, depending on the type of h on which the flip occurs.
These cases are:

i. b is composed of a D-edge, an A;-edge, and an F-edge.
ii. b is composed of a D-edge, an A;-edge, and an Aj;-edge with j > i.
iii. b is composed of an A;-edge, an A;-edge, and an E-edge with j > i.
iv. b is composed of an A;-edge, an Aj-edge, and an Ai-edge with k > j > 4.

Case (i.) is a special case of a weight-preserving flip on a 2-RAT of Definition ,
whose construction is also given in Figure m (This applies to our case by replacing the
A-edge in the 2-RAT by the A;-edge.)

In Case (iv.), there is a single filling of b, where each tile must contain a . The flip from
b to ¢(h) preserves this filling, and so is trivially weight-preserving.

Cases (ii.) and (iii.) are symmetric, so we only do the proof for Case (ii.). Since the A;A;
tile must contain a ¢, there are four possible fillings for h: the D-strip is empty since there is
a [ in the same D-strip to the right, the D-strip contains a single 3, the D-strip contains a
q followed by a [, and the D-strip contains two ¢’s. It is easy to check that in each of these
four cases, the involution ¢ is indeed weight-preserving.

Thus for a single flip, ¢ indeed gives a weight-preserving involution on the fillings of a
kE-RAT.

Now we show that any tiling 7 can be obtained by some series of flips from T,,4,. We
obtain this by referring to the classical bijection of rhombic tilings of a convex shape with
permutations of multi-words.

Therefore, for any tiling 7, the weight generating function of the fillings of 7 is well-
defined as weight(W). O
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Matrix Ansatz proof for the k-RAT

We will prove Theorem [4.4.7] using the same strategy as in Section for the RAT.

We provide matrices D, E, Ay, ..., Ai_1 that correspond to the addition of a D-edge, E-
edge, or a;~edge for 1 < i < k — 1 to the bottom of the path corresponding to a word W of
length n to form a new rhombic diagram with a maximal tiling of size n+ 1 that corresponds
to the word Wd (or We, or Wa; for 1 <i < k — 1 respectively). For A = a3, we show that
these matrices satisfy the Matrix Ansatz relations

DE — qED = XD + E),
DA; — qA;D = \A,,
AE — qFEA; = \A;,
A;A; = qAjA; for i > j. (4.15)

The k-species Matrix Ansatz of Theorem [4.2.1] would then imply that the steady state proba-
bility of k-species ASEP state W is proportional to a certain matrix product (w|z(W)|v) with
the matrices {D, E, A, ..., Ay_1}. (As in Section [£.2] we let z(WW) be the word in the matri-
ces {D,E,Ay,...,Ax_1} that corresponds to the word W in the letters {d, e, ay, ... ,ak_l}.)ﬂ
Similarly to Section [£.3] we show that these matrices give a combinatorial interpretation to
the construction of the k-RAT. Therefore, the fillings with o’s, §’s, and ¢’s of the maximal
tilings of the k-rhombic diagrams provide the steady state probabilities for the k-species
ASEP.

In these matrices, the rows are indexed by the tuple (4, ji, ..., jrx_1) where 7 is the number
of free D-strips in a tableau F' of the maximal tiling of I'(1¥) and j; is the number of a;’s
in W. The columns of the matrices are indexed by the pair (¢, ji,...,jx_1), where k is the
number of free D-strips in a tableau F” of the maximal tiling of I'(WWd) (and respectively,
I'(We) and I'(Was) for each s) and j! is the number of a;’s in Wd (and respectively, We
and Wag for each s).

Analogously to the construction of the matrices in the two-species ASEP case, we have
now

D(Ml7~~~,jk71)(i+17j17--~7jk71) -

™|~

and 0 for all other indices.

i k—1
. . . . . . — u QiU Js
A(Z7‘71?"’7]1‘7"'7‘7](:71)(“’]17"'7.7i+1"“’-]k:71) - (u>q ﬂ H q

s=i+1
for 0 < u <4 and 0 for all other indices.

2In Equation ([4.15)), the constant A\ = a3 is used to slightly generalize the Matrix Ansatz of Theorem
in the same manner that Theorem [4.3.1| generalizes Theorem The statement of the theorem and
the proof are very similar to that of Theorem so we do not provide them here.
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g | (i L —utw\
B i g1 ) gt i) = - 1\ ¢"(¢’ + alj +az q

for 0 < u < i and 0 for all other indices, where we define j = 3271 5, and [j], = ¢/ '+.. .+1.
The relations

DE —-qED =D+ FE
are satisfied by the same arguments as in the two-species ASEP case, except with some
additional powers of ¢ in the equations. It remains to show that A; A, = qAzA; for t > s.

First we compute the (4,1, .., Jsy sty s Jo1) (W1, oy ds + 1,0y + 1,000 Jko1)
entry of A;As. (The entries of all other indices are automatically zero).

(AtAs) (it dsromdin i) @t sods b Lot L)

= (A irromrisriridems) Wt sogoredttLron1) (A8) @1 osrdi Lo ot) Ut omdet)

- 7 . k—1 k—1
=y (;)qwﬂi‘“’ IT ¢ (:)quﬁw‘”q I &

r=t+1 r=s+1
i i k—1 k—1
— w+u Ri—u Jr . Ir 416
! ; (w) ! 6 TLJ[rl ! rgrl ! ( )

Similarly for A A;,

(A At morsdtr it 1) (Wt Lot 1)

- : : a]l: 7,787 7.]t7 7]k 1)(w7]1’ 7]S+1» 7]t7 7.]k 1 (At)(w7j17"'7jS+17"'7jt7"'7jk71)(u7j17"'7j5+17"'7jt+17'"7.jk71)
% i k—1 w k—1
_ w QT—wW 7 U QW—U J
=> 8~ I ¢ )a"s* ™ [] ¢
w u
w=u r=s+1 r=t+1
:Z( ) s o I o 0
w=u r=t+1 r=s+1

It is clear that A; A, = qA A, as desired.
Thus we obtain that the k-rhombic alternative tableaux indeed satisfy the k-species ASEP
Matrix Ansatz of Theorem £.2.1]
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4.5 Additional results

We have other work that was done during graduate school that was not included in this
thesis. We give a brief synopsis here.

There is a fascinating connection between the ASEP and orthogonal polynomials. Recall
that the partition function of a Markov chain is the sum of the unnormalized probabilities
over all the states. The moments of orthogonal polynomials are weight functions, which
in one variable are generally integrals of ™ with respect to the measure. For the single-
species ASEP with 5 parameters «, 3,7, 9, ¢, the partition function Z,(«, 3,7, d, q) is closely
connected to the moments of the Askey-Wilson polynomials.

One can generalize the two-species ASEP to a 5-parameter model with «, 3,7,9,q by
allowing the heavy particles to enter and exit on both sides of the lattice, with parameters
as shown in Figure [£.7] This model is significantly more difficult than the v = § = 0 case
— even for the single species process, solutions to the Matrix Ansatz for general v, were
not obtained until 20 years after the original Matrix Ansatz proof [20]. In the multi-variate
case, the Koornwinder moments can be defined as integrals of the homogeneous symmetric
polynomials with respect to the measure. For the two-species process, it turns out that the
partition function Z, ,(a, ,7,d,q) (corresponding to a two-species 5 parameter ASEP of
size n with exactly r light particles) corresponds precisely to these kinds of moments.

1 q ¢ 1 ¢ 1 B
AR YD) 'ARVER) N A /
e o o o \

0

N A

Figure 4.7: Two-species 5-parameter ASEP.

The connection of the single species ASEP to the Askey-Wilson polynomials, and of the
two-species ASEP to Koornwinder polynomials, is only realized when all 5 parameters are
general. This motivates the problem of finding tableaux formulae for probabilities of the
two-species b-parameter ASEP. In recent work with S. Corteel and L. Williams, we have
defined “rhombic staircase tableaux”, which provides a combinatorial interpretation for the
stationary probabilities of the two-species ASEP with the 5 parameters «, 3,7, 9, q. We show
an example of these tableaux in Figure 4.8|

Theorem 4.5.1 (Corteel, M., Williams [3]). Let X be a state of the two-species 5-parameter
ASEP. Then the unnormalized stationary probability of state X is Prob(X) = >, wt(T),
where the sum is over the rhombic staircase tableauz T'.

One can define more general Koornwinder moments K, as integrals of Schur polynomials.
A long-term goal would be to find an explicit combinatorial formula for these K.
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Figure 4.8: An example of a rhombic staircase tableau of type ® © @ O © @.
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