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SECOND CLASS PARTICLE BEHAVIOUR IN BLOCKING ASEP

DANIEL ADAMS, MARTON BALAZS, AND JESSICA JAY

ABSTRACT. We consider any fixed d € Z~o number of second class particles in the asymmetric simple
exclusion process (ASEP), constructed via a basic coupling of two ASEPs. We give the joint distribution
of the positions of the second class particles and also the probability of there being a second class particle
at a given site, under the natural blocking measure for ASEP. In order to find these distributions we use
results about the number of particles in half-infinite and finite site ranges of ASEP. Our investigations
also lead to probabilistic proofs of well-known combinatorial identities; the Durfee rectangles identity,
Euler’s identity, and the g-Binomial Theorem.

1. INTRODUCTION

The Asymmetric Simple Exclusion Process (ASEP) is a classic nearest-neighbour interacting particle
system on Z, introduced in 1970 by Spitzer [28]. In 1976, Liggett [26] showed that ASEP has reversible
stationary measures known as blocking measures. Blocking measures concentrate on a countable set of
states where informally speaking an ASEP state can be split into blocks, an infinite block of empty sites
to the left, an infinite block of full sites to the right and some block in the middle of empty and full sites.
The infinite block of full sites to the right means that any given particle can only drift so far to the right,
i.e. it’s motion is blocked, hence the name blocking measure. The simplest form of blocking measures are
of product structure, however these are not ergodic as they possess a conserved quantity. Conditioning
on this quantity gives rise to ergodic blocking measures.

These measures were further investigated for a family of interacting particle systems by Baldzs and
Bowen in [7]; here we return to ASEP only and extend the work of [7] by considering the distribution of
second class particles. Whilst second class particles have been well studied under non-reversible scenarios,
the blocking case has been investigated much less.

Second class particles are natural coupling objects that arise from attractive interacting particle sys-
tems, like ASEP. The coupled particle systems are referred to as a multi-species particle system. Station-
ary measures of such systems have drawn lots of interest, for examples in the translation invariant case
see Angel [6], Ferrari and Martin [TI9] and also, in terms of last passage percolation, Fan and Seppéldinen
[I7]. In [II], Belitsky and Schiitz constructed stationary measures for the n-species priority ASEP on a
finite integer lattice, they also studied the hydrodynamic limit for this process.

Informally, a two-species ASEP can be described in the following way. Both species of particles attempt
to evolve as the single species ASEP would, i.e. obeying the exclusion rule within their own species. The
two species can interact as follows, a first class particle may jump into the space of a second and hence
swap position with the second class particle. However if a second class particle attempts to jump into
the space of a first class particle the jump is blocked.

In this paper we give explicit formulas for the distribution of a fixed number of second class particles
under both the product and ergodic blocking measures for ASEP. Along the way we identify the distri-
bution for the number of first class particles in finite and semi-infinite intervals in both the product and
ergodic blocking scenarios. The well known particle-hole symmetry of ASEP takes an interesting form in
this context which we also formulate.

A. Bufetov and K. Chen, [12], about the same time as our manuscript, achieved distributional results
on second and higher class particles via arguments involving the Mallows measure. Instead, our second
class particle arguments rely on an interpretation of the two species ASEP as a single species ASEP with
a second ASEP on the particle labels using the first as a dynamic background. It turns out that both
these ASEPs are in their stationary blocking distributions, which allows us to perform calculations. Both
for the distribution of the number of particles and positions of second class particles, we use probabilistic
arguments that lead to various recursions. Finding the solutions of these gives rise to our proofs.

Blocking measures have a special algebraic structure which allowed Baldzs and Bowen [7] to derive
a probabilistic proof of the Jacobi triple product identity. In that paper the authors considered ASEP
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and its equivalent description in terms of the Asymmetric Zero-Range Process. Comparing the blocking
measures for each process led to their result. In 2022, this method was generalised by Balazs, Fretwell and
Jay [8], where new identities of combinatorial significance were proved by considering blocking measures
of more general particle systems. Other combinatorial identities were found by Jay and Lees [25], by
considering a family of inhomogeneous Ising chains and equivalent family of nearest neighbour particle
systems.

As a byproduct of our methods we give purely probabilistic proofs to further well-known and non-
trivial combinatorial identities. The ones we cover are the Durfee rectangles identity, Euler’s identity,
the g-Binomial Theorem and an identity relating to Dyson’s crank, each fundamental to the theory of
integer partitions. Probabilistic methods are certainly not the common way of proving such identities,
which gives a unique perspective to this paper.

1.1. Notation.
Throughout the paper we will use the g-Pochhammer symbol as well as the q Binomial coefficient. For

some a € R and n € Zs, the ¢-Pochhammer symbol is given by (a;q), : = H (1 —aq’). Also we set,
(a;q)o :=1and (a;9)e : = [[ (1 — aq"). The ¢-Binomial coefficient is then,
i=0

m— n ’L

)= s — T =5

=0

Sometimes we will use the shorthand notation (z)* to mean max{z,0}.
1.2. Results.
1.2.1. Distributional results for single species ASEP.

There is a one-parameter (¢ € R) family of stationary reversible measures for ASEP, called blocking
measures. These measures are product measures where the occupation at each site is distributed as an
independent Bernoulli with parameter dependent on the asymmetry parameter ¢ € (0,1) and the site 7.

In particular, the probability a site ¢ is occupied is given by %. We denote these blocking measures

by p€ for any ¢ € R. We also let N£+l (2) denote the number of particles at and to the left of site m in

2
the state z. We will derive the distribution under the blocking measures of a given number of particles
on a half infinite volume, i.e. on the sites (—oo, m| for some m € Z.
Theorem 1.1. For any m € Z, k € Z>o and c € R,
k(k 1)

k((‘ m)4 =2

(q,q)k(—qc ™ )so

AN, () = k) =

It is well known that the following quantity is conserved by ASEP dynamics and is finite p°-a.s.,

N(Z):i]-*zi Zzz
=1 i=—o00

This gives an ergodic decomposition of the state space (into states of a given conserved quantity value),
and we denote the unique ergodic stationary measure on the set of states with conserved quantity n by
v"(-) = p°(-[{N = n}). We will also derive the distribution of the number of particles on a half-infinite
volume under the ergodic measures v™ for any n € Z.

Theorem 1.2.
For any n,m,k € Z, such that k > (m —n)™,

k(nferk)(

nNT oy — oy 490
LN @ =P = (@ D

We also consider the distribution under the measures p¢ and v™ of a given number of particles in a
finite volume, i.e. in the site range [m; 4+ 1, mg — 1] for any m; + 1 < mg € Z.
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Lemma 1.3. For anymj +1<mg € Z,c € R and k € {0,1,...,72} where the := mg —my — 1,

- . qk(0+1—m2)+w mz
c P _ NP _ _
BN o143 (2) = Ny (2) = kD) = (—gemat1;q) [ k L

Mo
Lemma 1.4. For anyn € Z, anymi+1 < mg € Z,c € R and k € {0,1, ..., Mz} where g :== ma—mq—1,
VUNE (D= ND L ()= k)
> Jj(n+1—mo+k+j)+maj

_ k(ntlik—ma) (. My q
=q (@3 @)oo - { ] : > :
<Lk, PP (4 9)(6 Dt 1-mot ks

1.2.2. Distributional results for two species ASEP.

We define an ASEP with some d > 0 second class particles by considering a basic coupling of two
ASEPs, {n,£}. At any time, n and £ differ in exactly d places (at these sites & > n;), these differences
define the d second class particles. In this way we think of the process & as an ASEP with d second class
particles. Using this coupling we can give an alternative proof of Theorem [1.1] (see Section . This
proof follows by studying the stationary distribution of the label process for the d second class particles
(given in Theorem . The label of a particle is defined to be the number of particles to its left, which
by the blocking nature of the process will be finite. In order to compute the stationary distribution of
the label process we use probabilistic and dynamic arguments. First we show that the label process can
be viewed as the positions of particles in an ASEP on Z>( with exactly d particles (meaning closed left
boundary). The dynamics of this ASEP depends on the state of £, jumps are suppressed if the particles
with the corresponding labels in & are not nearest neighbours. We then use the fact that if a Markov chain
has a reversible stationary measure, the cut Markov chain (where some edges in its transition diagram
are removed) is also reversible stationary with respect to that distribution.

Using the basic coupling, we find the probability that a second class particle is at a given site, m.

Theorem 1.5. Assume that the coupled system is stationary and § ~ pc. For a given m € Z, we find a
second class particle at site m with probability,

(1—q%)g™
(T+gmm)(I+getdmm)

P(gm > nm) =

We also give this distribution under the ergodic measure v”.

Proposition 1.6. Assume that the coupled system is stationary and £ ~ v™. For a given m € Z, we find
a second class particle at site m with probability,

o0 (k+1)(n—m+k+1) o0 kD) (nd—m-t k1)

Pg"‘ (fm > nm) = (q; Q)oo Z 1 Z

b1+ (6 Dk(G Dn—m+k+1 b 1Y+

(@ Dr (@ Ontd—m+k+1

We consider the case when there is a single second class particle (d = 1). By conditioning on the
number of particles to the left of the second class particle (i.e. it’s label) we find another formula for the
distribution of the second class particles position under the ergodic measure v™.

Proposition 1.7. Consider the coupling (n,§) when d =1 (i.e. a single second class particle in ASEP).
Assume the coupled system is stationary with § ~ v". Then for any m € Z the probability that the second
particle is at site m is,

e qk(n—m+k+1)+k+(n—m+k+l)
Po(X=m)=(1-q) (G0 D

k=(m—n—1)*

(6 Dr(G On—mtrt1

We also consider the stationary distribution of the d second class particle positions process, for any
d > 0. When the ASEP with d second class particles is stationary under the blocking measure p© we find
the following.
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Theorem 1.8. Assuming that the coupled system is stationary and § ~ pu°, the stationary distribution
of X, the position of d > 0 second class particles, is given by,

d
d . dcf_z mj
Ht-q¢)-q =
P(X =m) = y i=1 ,  forallm; <mg < ..<my€Z.
[T+ getd=d=mi)(1 4 getdti=i=ms)
=1

Of course, when d = 1 Theorems and are the same. In this case, the position of a single second
class particle under u€ is distributed according to —Y where Y is a discrete logistic with parameters ¢
and —c (introduced by Chakraborty and Chakravarty in 2016 [I4]).

In order to prove Theorem we first condition on the label process for the second class particles.
Then we split states up into the sites to the left of site my and for j € {1,...,d — 1} the sites between m;
and m;11. From here we use the distributional results for particles in half infinite and finite volumes to
complete the proof.

By following similar reasoning we also find the joint distribution of the position of any d > 0 given
second class particles in ASEP under the ergodic measures v™ (for any n € Z); that is conditioned on the
of the conserved quantity N(§) = n.

Proposition 1.9. Assume that the coupled system is stationary and £ ~ v". For any m = (my,--- ,ma)
such that my < mo < ---mgq € Z, the probability that the positions of the second class particles, X, is m
s given by,

P (X =m) q* imi(q 0 ﬁ(l qi) Z quﬁ(d_ml)+w+(kd+1)(n+l)
pris = I = = 1q) oo — : .
=1 EGZi: (q’q)"_md+kd+1(qaq)k1
vjie{l,2,-,d},
kj>mj—n—1

d ) R
~ k:(k.,; .
YT (@ 1—5—my)+ 8D
q k b
=2 Jdyq

where mj :=m; —mj_1 — 1 and lch i=kj—kj_1—1 foreach j € {2,--- ,d}.
1.2.3. Combinatorial Identities.

By considering very natural distributional questions for single species ASEP (including those from
Section 7 under its natural blocking measures, we give probabilistic proofs to classical combinatorial
identities (Section . For completeness, we also discuss these identities’ combinatorial meanings in
Section 4

In Section 2.1 we look at the symmetry between particles and holes in ASEP under its blocking
measure. Using this symmetry we prove a well-known combinatorial identity, the Durfee rectangles
identity.

Theorem 1.10. Durfee Rectangles Identity (for example see equation (4) in Gessel [20])
For ¢ € (0,1) and any fized n € Z,
1 e k(n+k)

_ q
.q)oo - Z

b m 0y (@ Dk (4 D

Combinatorially this identity identity says that for a fixed integer n, any integer partition has a maximal
rectangle of side lengths n 4+ k and k (for some k > max{—n,0}) in its Ferrers diagram known as its
Durfee rectangle. When n = 0, this identity is the well-known Durfee square identity (for example see
Andrews and Eriksson [4]).

In Section we give the distribution of a single site under the ergodic measure v" for any n. Using
this distribution we prove the following combinatorial identity that looks similar to the Durfee rectangle
identity.
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Proposition 1.11.
For anyn €Z, q € (0,1) we have that,

> (k+1)(n+k) 0 k(n+k) 1

> @ > o

74_ =
pmmlmoy BOEG D (G DG D1k (60

In combinatorics this identity is an equivalence of generating functions for integer partitions by splitting
them depending on the value of a certain associated quantity called the crank (this is discussed more in
Section [d)).

We also prove the following results.

Theorem 1.12. Euler’s Identity (for example see equation E1 in Andrews [2])

For q € (0,1) and z € Ry,
k(k 1) K

Z 1 (_Z§q)oo

k=0

In combinatorics, this identity gives equivalent ways of writing the generating function for integer parti-
tions into distinct parts. In a general term of the expansion, the power of z gives the number of parts in
the partition.

Theorem 1.13. ¢-Binomial Theorem (Heine [23], also Andrews [3])
For g € (0,1), z € Ryg and any m € Zx>o,

m k(k—1) m
> g > zk[k} = (=% Dm
k=0 q

This identity gives equivalent forms of the generating function for integer partitions into distinct parts
of size at most m. Again here in a general term in the expansion, the power of z is the number of parts
in the partition. Euler’s identity can be thought of as the limiting identity when we take m — oo in the
g-Binomial theorem.

The proofs we give here are purely probabilistic using the blocking measures for ASEP and give natural
probabilistic interpretations to these combinatorial identities. It is the probabilistic nature that gives the
restriction on the values of p and z in the above identities; we note that these can be extended by analytic
continuation.
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2. THE ASYMMETRIC SIMPLE EXCLUSION PROCESS (ASEP)

The Asymmetric Simple Exclusion Process (ASEP) is a well known nearest neighbour particles system,
introduced by Spitzer [28]. In this paper we will consider ASEP on some state space 2 C {0, 1}%.

To define 2 we consider the following functions Nﬂ%—kl’NﬂZ‘Fl :{0,1}2 — Z>o U {oc} for any m € Z
2 2
defined by,

T

(n) Zm and N£+%(Q)Z=Z(1—ni),

.
p
+1
m 5 ]
1=m-+1

that is the number of ‘particles’ to the left and ‘holes’ to right of m + % respectively. When m = 0 we
simplify notation to N P and N". Then Q is given by,

Q:={ne{0,1,}": N”( )<ooandh<oo}
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The process evolves by particles attempting to make nearest neighbour jumps. Below we give the
Markov generator for this process. First we define n(m ) denote the state reached from 71 € Q by a particle
jumping from site ¢ to site j (when this is possible), that is,

me kA
(g(i’j))k —dni—1 ifk=i
n;+1 ifk=j.

Then the generator is of the form,

(Ly) (n) = ti:l {m(l —7iy1) (@(Q(i’”l)) — w(g)) + qnie1 (1 —m;) (so(g(”l’“) — w(ﬂ))}
=/

for some cylinder function ¢ : @ — R and some asymmetry parameter ¢ € (0,1).

ASEP has a one parameter family of reversible stationary measures, known as blocking measures,
which were first found by Liggett in 1976 [26] (Theorem 1.4). The natural product blocking measure for
any ¢ € R is given by,

e —(i—c)m 0 —(i—c)ni 20 (i—c)(1—m:)
o q _ q q
2 (ﬂ) - Z-ZIZ[OO 1+ qf(ifc) 1:1_100 1+ qf(ifc) 14+ q(ifc) .

i=1

The state space is not irreducible but decomposes into irreducible components according to a conserved
quantity. For any m € Z the quantity,

Nosg () 1= Ny () = Ny () = D0 (1=mi) - Z -

1=m-+1 1=—00

is finite by definition and conserved by the dynamics of the process. As before when m = 0 we simplify
notation to N. Then,

0= UQ" where Q" :={necQ:N(n) =n}.
nez

We note that the left shift operator, 7 such that (75); = 7,41, defines a bijection Q" Loant (ie if
n € Q" then, N(tn) =n —1).
We can then find the unique stationary distribution on 0",

neyN . — 4,6, ) = M
v = UNG =m) = Sy

The results of [26] (Theorem 1.4) and [7] (Corollary 6.2 and Equation 6.2) give us that,

n(n+1)
—3  —nc

BN =n}) = 4———, (1)
>

£(041)
g = “fe

l=—o00

and so,

i(£+1) _te

> q 0
(l F)Th (l (')(1 "]1,
I=—00 q
e — I{N () = n}.
v"(n) I ,” T || e {N(n) =n}

Note that this is in fact independent of the parameter c.

It is natural to ask about the distribution of the number of particles or holes in a certain region of
sites under both p¢ and v™. In Section 2.2 we will answer this for any half-infinite or finite range of sites.
Before this we will prove a particle-hole symmetry for ASEP which will allow us to compare the number
of particles to the left of a site with the number of holes to the right (Corollary .
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2.1. Symmetry of ASEP.
The following lemma gives a precise symmetry between the particles and holes in ASEP.

Lemma 2.1. Let n be an ASEP with right drift and blocking measure (for any c € R),

x —i—om

uen) = H T4q o

1=—00

Consider the process given by ) : = 1 —n. This process is an ASEP with left drift on the state space

o] 0
Q::{gE{O,l}Z:Zzi, Z (1—2) < oo}

i=1  i=—o0
and has stationary measure (for any ¢ € R),
= glimon

i@ = 11 1577

i=—00

Let Nz+%(§) := > z. Then for any m € Z, k € Z>p, and c € R,

i=m-+1

EGMLJ@=kD=gqmigg:kn

Proof. By definition of ), particles in /) move like holes in 7. That is, particles jump to the left at rate 1
and to the right at rate ¢, unless the jump is blocked. Thus, the probability there is a particle at site ¢,
is exactly the probability that there isn’t in 7 and similarly for when there isn’t a particle in 7). So we
have that ¢ = @ ¢ given by,
- i€Z
1 qi—c
T4q G 1+4g—c
g (=9 1

/J,Z(O)*,U,z(l) 1_|_q (i—c) = 1+qi—c

fii (1) = i (0) =

is reversible stationary for this ASEP with left drift. Hence if we define, N

L1(2) = 2z, b
T2 1=m-+1

immediately follows that for any m € Z, k € Z>¢, and ¢ € R,
1N 1 (2) =k} = B°({N,, 1 (2) = k}).
|

We will now see that considering particles to the right of say m + % in 7 is similar to considering
particles to the left of m + 1 in 7.

Lemma 2.2. For anym € Z, k € Z>p, and c € R,

BN (2) = k) = g2 (N (2) = k).

Proof. We have that,

BN, 1 (2) =k} = oo I o= > TlarisiGmi)
2e: i=m+1 ze: 1=0
i=m+1 i=m+1
and
REUSER D SIS | WS ED S | (At S}
2€Q: i=—00 ZGQ =0

2 zi=k Z zi=k

i=—o0 i=—00



8 DANIEL ADAMS, MARTON BALAZS, AND JESSICA JAY

We see that for ¢ > 0 the marginals uQmH “and ff, ., agree, for z € {0,1}
omt1—c q—(m—z—(2m+1—c))z q(m+1+i—c)z »
Py~ (2) = 1 + ¢ (m—i—(@m+1-0)) = 1+ gmtiti—c = Mm+1+i(z)~

Thus for any m € Z, k € Z>o and c € R,

BN ()= KD = 2 (N4 () = D).

By combining Lemmas [2.1] and [2:2] we have the following result.
Corollary 2.3. For any m € Z, k € Z>g, and c € R,

WANE, 4 (2) = k) = 2" (N () = KD

2.2. Distributional Results.

The blocking measures for ASEP are a one parameter family with parameter ¢ € R. We will now see
that this parameter is closely linked to shifting states. Firstly if we shift the entire system this corresponds
to an integer shift in the parameter c.

Lemma 2.4. For any c € R and n € §2

pe(rn) = p ().
Proof. Writing the blocking measure compactly we have,
oo (e=i)(Tn) o gle=i)nita ad (e=@G=1))n; o ((e+1)=5)n;
¢ = a 7 — a — @ — qg _ e+l

O

Usmg this fact we see that shifting the site at which we are interested the distribution of the quantities
N.p , N, n any N, also corresponds to a shift in the parameter c.
Corollary 2.5. For any c € R and m,k € Z,
a) p ({Np+1( z) =k}) = C+1({Np+1+ (2) = k})
b) ({Nh 1(2) =k}) = p° ({Nhﬂ+ (2) = k})
) ({Nm+ (2) =k}) = p° ({Nm+1+§(§) =k})

Proof. Firstly we note that for any r € Z,

|2

r r+1
Nriz(m) Z Mit1 = Z = r+1+1(7’)
Niy= 3 Gom)= 3 0w =N,
i=r+1 1=r+2

— —

iy () = Ny () = N2 () = Ny (1) = N2 () = N ()

So we have that,
HEUNE () = k) = gz N2 (772 = k)
= > ww= Y e = e ANE, L, () = kD).

-
—~

E:NE+1+%(E):I€ y:NE+1+%(g):k
Similar arguments hold for ,uc({NTZ+l(§) =k}) and /f({Ner%(g) =k}). g
I z Id

We can also give results where we only change the parameter ¢ and not the quantity we wish to
understand the probability of.
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Lemma 2.6. For any c € R, m,k € Z we have that,

(a) T AND L (2) = kD) = i (N (2) = )

—

(b) p ({Nn 1 (2) = k}) = ql”’"“’c(l +q ) (N (2) = K
(¢) ™ ({ Ny 1 (2) = B}) = "m0 po (N, 1 (2) = k).

Proof.
(a) We have that,

— m (c—1—7)z;
- c— q
N, == 3 = 3 I Atg7
. NP _ NP _, j=—00
z Ner%(z)—k 2t Nm+%(z)_k
- i Zj .
_ Z q J=— ﬁ q(677)27
& (1+qemt=m) o 1+4qc7
z Nj+%(z)—k
q* 5
c p _
e WU, ) = k)
(b) We have that,
N L@ ==Y ae)
E2 N:l+%(§):k
Z H qc 1—-35)z;
- +qc 1 L gc—1—j —J
. Jj=m+1
z: m+2(z) k
_ Z H q1==)G—et1)
G=etD) (1 + go— 1)
q q
z: N " | (2)= kj =mtl
mt g
S (1-2) oo (1-2)(i—e)
— j=m ’ . m+l—c c—m—1 q
= Z gi=mt q (1+gq ) | H —q(jfc)(l =y
= NP (2)=k j=m+l
+3
_ qk+m+1—c(1 + qc—m—l) Hc({Nn}fLJr%(g) = k})
(c) We notice that,
Wy @ =) = X a T (N3 (2) = BN ND, (2) = k) A (N (2) = ko))
k1,k2€7Z
= > PN 1 (2) = kb 0N (2) = ko))
2 2
k1,ko€Z:
ko—ki=k
= Y p TN (@) = k) p T (N L (2) = R,
2 2
k1 ko€Z:
ko—ki=k
Using (a) and (b) we have that,
S WTNT, L (2) = k) a T AN, () = ko))
k}l,kzi
ko—ki=k
—k1 — —
o q c ko+m+1—c c—m—1 c h _
- Z (1 + qc—m—l) el ({N7Z+ ( ) - k1}> : (1 +4q ) H ({Nm+%(§) - k2})

kl,kzl
ko—ki1=k
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=g YT W (ND (@) = k) itV (2) = k)
kl,kzl
ko—ki=k

— P (N (2) = K.
O

Remark 2.7. We note that the proofs given in this section can be easily extended to give similar results
for all processes in the blocking family as defined by Baldzs and Bowen, [7].

Using the above results we will now find explicit formulae for the distribution of N, N any N,
under the natural product blocking measure p°.

Equation gave the distribution under u¢ of the conserved quantity about the site 0, that is,
p¢({N = n}). By considering shifts of ASEP states we can find the distribution of the conserved quantity
about any site m € Z.

Lemma 2.8. For any n,m € Z and c € R,
. q (n+m)(;z+m+1) —(n+m)e
B {Npyy =n}) = ——=
2
{=—0o0
Proof. As we saw in the proof of Corollary Npy1(z) = Ny, 111 (72). Thus we have that, N, 1(2) =
N(7™z). And as we have seen before, a left shift decreases the conserved quantity by 1 and so, N(7™z) =
N(z) —m. Then, by (1)) we have that,

Z(Z;l) y»

(n+mr)(;b+m+1) —(n+m)c

BNy = 1)) = p=(N =n+m}) = L—
>

l=—00

£(041)
gz e

O

We now consider the probability under the blocking measure that there is some k € Zx>( particles to
left of a site m € Z (inclusive).

Theorem 1.1. For anym € Z, k € Z>o and c € R,

c—m)EE=D k(k 1)

CUNT () = k) = 0
ANy (2) = KD = (6 Dr(—0°™; Qoo

Proof. Conditioning on site m we have that (for k > 1),

gqmﬂg@:kn:gﬂwi%@rﬁvm:mmmm+g«Nﬁggrﬁwm:um;@

_ (NP NP _ "
= BNy () = ) e + 0 UNE () = k= 1D
We want to look at N? 41 (2) not NP 1 (2) so we use the result of Corollary
m+3 TrL—l-i—2
WEUND (2= k) = AN () = k).
Hence,
(NP, (2) = k}) = i (NP, (2) = k NP () =k 1)L
HUNT, @) = B)) = (N4 (2) = W) e + 0 Ny (0 = k=
By Lemma 2.6

HANT L () = BY) = (4 AN, () = B)).
And so we have,

HAND 4 (2) = k) = g (NE ) (2) = kDa" + pe(INE ) (2) = k= 1})ge 4L

Giving the recurrence relation,
k—1+c—m

ﬁc({NL%(z) =k =Ly ({N” 1 (2)=k—1})

1—g*
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which we solve by,

HC({NE+%(§) =k}) = (H 1—¢> ﬁc({Ner%(é) =0})

k gi—1te—m m 1
I
gHlemm=D+5ER
(G DR(—0™ @)oo
gFle=m)+H

(G DR(=¢™; @)oo

11

O

Remark 2.9. An alternative proof of this result by considering two coupled ASEPs can be given. We will

see this in Section 3.3l

It is also natural to ask what is the distribution of this quantity given we consider a fixed conserved
quantity n € Z, i.e. under v" the unique distribution on the irreducible component Q". First we give the

distribution of a single site under the conditional measure v™.

Lemma 2.10. For any n,m € Z we have that,
o (k+1)(n—m+k+1)
n q
V' =1 = (@D D
k=(m—n—-1)*
0 k(n—m+k+1)

e =00 = (G0 Y.

k(e (G DG D

Proof. By the product structure of x¢, Corollary [2.3] and Theorem u we have that,
v"({zm =1}) = p°(zm = 1|N(2) = n)

P CR ) S—

_ #{zm = 11NN (2) = 1))
#e({N(z) = n})

. HC({Zm = 1} ﬂ{Nm-i-%(é) =n-—- m})
- (N &) = )

o p ez = L ONT_

Nl=

e (DEUAND 4 (2) = KDt (NE, (2) =n—m+ b+ 1})
2 (N (2) = n))

o (DEeUNE L, (2) = R (NE L (2) = n—m o+ k1)

#e({N(z) = n})

k=(m—n—1)*

1’.(1{;—1)7&:
_ e;zq . ge ™ . i qk(CJrl’m)*% . q(”*m“”l)(m*lfc)*w
¢ ne (L+qom) b —1ye (G OR(=aHTT™ )00 (@ Dn—mti+1 (=™ 7% @)oo
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m(m+1)
me— g

gD (n—metkt1)

o0
et . q
= q 2 . — — .
é (=0 Qoo (—a™ 1% @)oo k_(mz;m (& Dn-mir1(G Ok

Lemma gives us that,

me—m(m-+1)
g 1

(=™ Qoo (=™ 1% Do (=0 % Doo(—0% Do
The Jacobi Triple Product identity states that, for ¢,z € R such that |¢| < 1 and z # 0,

o0
£(e41) _
Y a7 2 = (00)0(—02 Do (271 @)oo

l=—00

Then by setting z : = ¢~ ¢ we have that,

G L4 e —c c
S a7 T = (G000 % Doo(—0% D)oo (2)

l=—0c0

Putting this together we find that,
el q(kJrl)(nferkJrl)

V'{zm =1} = (G0 Y

k=(m—n—1)

(G DG Dt

By similar reasoning we have that,

—

& O UNE () = BN () = n—m k)

viln=on= 2 (NG =)

o5 p O UNE_ Ly (2) = K™ e ((NE (2) = n—m + k})
(NG =)

k=(m—n)*
(et
Zng 35— —tc ) i qk(c+17m)+k(k2_1) q(nim+k)(m+1ic)+(n—'m,+k,)(;1,—m,+k—l)
e (L) o (@ a(—aT T ) (@ Dn-mr (=% q) o0
me— nL(7Y2L+1) oo qk(TL—m+k+1)

Lelltl) 40 q
= q 2 . — — . .
% (=073 @)oo (=™ 174 ) oo k=(§")+ (@ Dk(e Dt

By Lemma and the Jacobi triple product identity, equation 7 we find that,
St qk(n7m+k+1)

V'{zm =0} = (G0 Y

k=(m—n)

UG ) E—
Now we find the distribution of ASEP particles in a half infinite range under v".

Theorem 1.2.

For any n,m,k € Z, such that k > (m —n)™,

") (¢ ) oo
(AR —

V' UNE,,(2) = R)) =
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Proof. By definition (for any ¢ € R),

VUUNT L, (2) = kD) = g (NE, ) (2) = BN (2) = n}) = =
We notice that,
NP, (&) = K} N {N(2) =n} = (N7, (2) = K} N {Nyp () = . —m}
:{N£+%(§) :k}ﬂ{NT’:H_%(g) =n—m+k}.
Since both the number of particles to the left and holes to the right of (m + %) must be positive we see

that g”({N7§+l(g) = k}) is only well defined for k& > max{m — n,0}.
2

Since p is a product measure we have that,

n(NT P AN () = BY) e UNE () = n—m+ k)
Yy B D 2 (N = n))

By Corollary 2.3 that is,
n((NP k HC({NE% (2) = k}) 'HQmH_C({NnZ% (2) =n—m+k})
v ({ m+%(§) = }) = HC({N(é) — n})

Theorem and equation give,

_ > g Tt . gh(n—mak) =D fme
Vn Np zZ) = ]f ) = tez

Now we can use Lemma and find that,

D qwfec - gF(n—mtk)
VNE L (2) = k}) = e - .
mta (4 D@ Dn—m+k (0" 7% @)oo (=% Q) o
Finally the Jacobi triple product identity, equation gives us that,
"R (5 q) o
(6 De(G Dn—msr

v NE, L () = kD) =
(]

We also consider the probability under the blocking measure that there is some k particles in between
two sites.

Lemma 1.3. For anym;+1<mg €Z,c€ R and k € {0,1,..., M2} where thg :=my —my — 1,

- - gFleti=ma)+ 200 rg
c p p — —
BN o143 (2) = Ny (2) = kD) = (—gem2t1g), [ k L

m2

Proof. Firstly, let us consider the cases where k = 0 or k = mg. These cases are directly computable

since there is only 1 state in each case for which N” (2) — N7f7,1+l(§) = k. If k = 0 then the state
2

2—1+3%
is such that all the sites in [m; + 1, mg — 1] are empty and so,
< < 1 1 1
c p p — — — —
BN 14 (2) = Ny 1 (2) =08 = — e (gt )y ®)
[+ Tiasgemr)
i=mi+1 =1

If k = 1o then the state is such that all the sites in [my + 1, mg — 1] are full and so,
mo—1 qC*i qﬁlg(c+17777,2)+m2(122_1)

HC({N22,1+%(§) - Nn;nJr%(é) = ﬁlg}) = H (1 + qc—i) = (_qC—7n2+1; Q)mz : (4)

1=mi+1
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Now, let us consider k € {1,...,7m9 — 1}, we see that
I3 I3 _
HUNE L (@)-NE L () = k)
= (N, 11 (2) = Ny 1 (2) = klzm, 1 = 0}) - g, 1 (0)

FEUNE 2 (@) = NP (2) = Blama oy = 1)) i1 (1)

c — — 1
= (N, o1 (2) =Ny 1 (2) = K)) - T goomatl
; ; qc—mg—i-l
TN, 2@ =Ny @ =k -1 ey (5)

qk(c+177n2)+%’1)

We now show that HC({NEQ_H%@) - N}zﬁ_%(g) =k}) = e e {722] satisfies 1) This
q

Mo
formula is inspired by a combinatorial argument using integer partitions. As additional material this
argument is given in Appendix |B| but those parts are not needed for any of the proofs in this article,
since these are self-contained and purely probabilistic.
Start with the RHS of (),

1 — — _ — —
Tt (AN, oy (2) = N2 @) =) 4@ () ()= N (o) =k = 1))
1 qk(c+2*m2)+4k(kz_l) |:m2 _ 1:| . q(kfl)(c+27m2)+7(k_1)2(k_2> By — 1
- e I
L4 gemmatl \ (=q= ™2 25q), 1 | K, (=g ™2%2q) 1,1 k=11,

Mo —ma) EEED (qk [mz — 1] L [me - 1} )
c—m 1. N — :
T gy kol -1,
Using the g-binomial analogue of Pascal’s identity (Lemma [A.2)) we have that,
g [e — 1] mo — 1]  [rs
i e R
dq q q

. c — « k(c+17m2)+k(k271) m
Thus (5] holds with p ({N:LrH%(é) - N£1+%(§) =k}) = Q(_qkmﬁl;q)m2 { k2
q

To complete the proof we first notice that the boundary conditions given by and conform with
the solution above and show that with the recursion the distribution is completely fixed. To find the
value of HC({N:LTH%@) - Nﬁ;ﬁ%(g) = k}) at a point (7hg, k) the recursion requires values at the

points (M2 — 1,k) and (m2 — 1,k — 1). Using the recursion iteratively we arrive to the boundary points
(z,z) and (,0) for any = € {1,...,k}. The former case is handled by (4) and the latter by (3). O

Remark 2.11. Notice that Theorem can be seen by taking m := my — 1 and the limit as m; — —o0
in Lemma [I.3] This gives it yet another alternative proof.
Again it is natural to ask what is the distribution of this quantity under v"?

Lemma 1.4. For anyn € Z, anymi1+1 < mg € Z,c € R and k € {0,1, ..., M2} where thg :== ma—mq—1,

VUNE (&)= N L (2) = K))

2

e qj(n+1—7n2+k+j)+ﬁl2j

n —m m
= gFnt1th=m) (g oy . [ k2] . Z
q -

j=(ma—1—n—k)+

(40) (@ Q) nt1-mathts

Proof. By definition (for any ¢ € R),

— —

VN, 1 (2) - N,§1+%(z) =k} =p (N, 1, 1(2)— Nfﬁ%(z) =k}{N(z) =n})

AN @) = NP () = KN () = n))
B pe({N(2) = n}) '
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We notice that any state z that satisfies the event,
NP (&)= NP L () =K} 0 (N(2) = n},
is such that for some j,
{th 141 —n+1+k+3—m2}ﬂ{N” L1 (@) - Np 1(2) =K} {ND 1 (2) =5}

Since the number of particles to the left of m; + 3 L and the number of holes to the right of mq — 1 + =

must both be positive we see that if Np 14l (2) — Np (2) =kthen j > (ma—n—1—k)*
Since p€ is a product measure we have that

Z"({Ni_%(z) - N;’fbﬁé(;) — k)
:m > W UNp iy = ki —ma})

j=(ma—n—1—k)*

+1

JEANT (= NE (@) = k)i (N () = 7))
By Corollary 2.3 that is,
Zn({N£2—1+%(§) - N£1+%(§) =k})
1 = 2mo—1—c ; :
- Tt N L, =n+1+k+j—m
FV@ =) 2 TNy )

j=(ma—n—1—k)*
WEUNE @ = NE (@) = kD) i UNE () = D).
Theorem Lemma and equation give,

VUNT (@) - NE L ()= )

L) e
[;Z i q(n+1+k+j—m2)(m2—c)+ (n+1+k+j7'm.22)(n+k+j7'rn2)
g ne ety oy (@ Dnt14k+j—ma (=€ 7% @)oo
qj(cfml)+w qk(c+17m2)+@ {mﬂ
(6:0); (=™ @)oo (=g ™2 ), | K],
k(n+1+k—m2)+(m2—1)c—m2(m271) LD g
q 2 Z%:Zq 2 |:1h2:| i qj(n—m1+k+j)
(= ), (™M oo (02 )0 | K (6 D)5(G Dnt1—matks

9 j=(mas—1-n—k)t
We notice that,

c—mo+1 c—mq c—mo+1,

( q aQ)mz( q ;Q)oo = (_q 7q)oo~

So by Lemma [A7T] with m : = mg — 1 we find that,

VUNE L (2)-NE () = k)

k(n+1+k ma) Z ql/(“'l) —Le

(€. [mz} i g (=)
(=¢'% @)oo (=% Qoo kl, = (@04 Dnt1-matht
j=(mo—1—n—k)*

k(n+1l+k—ms) L) pe
q 2 K%:Zq 2 |:m2:| i qj(n+1—m2+k+j)+Th2j
(4% Qoo (—0% @)oo kl, (0 (@G Dnt1—mathss

9 j=(mas—1-n—k)t
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Finally the Jacobi triple product identity, equation , gives,
S gl —te
LEL
(=04 D)oo (0% 0o

= (¢; Q) oo-

Thus,

— —

VANE (&) - NE () =)
x qj(n+1—nL2+k+j)+m2j

_ k(nldk—ma) oy [Tha|
= ¢*" "2)(q;4)oo {k] >

4 j=(mo—1-n—k)*t

(g Q)j(Q; Q)n+1—m2+k+j '

Remark 2.12. Tt seems that this can not be simplified further. The sum,

0 qj(7z+1—mz +k+j)+1mej

>

j=(ma—1—n—k)*

(:0) (6 Dnt1—mothtj

looks very similar to the sum in the Durfee rectangles identity, in fact if the ¢?2 factor was not there it
could be simplified using the Durfee rectangles identity (see Theorem [1.10)).

2.3. Combinatorial Identities coming from ASEP.

Certain probabilistic questions for blocking family interacting particle systems, such as stationarity
and equivalences between systems, lead to proofs of identities of combinatorial significance. For example,
in 2018 Baldzs and Bowen [7] gave a probabilistic proof of the Jacobi triple product identity using the
Exclusion - Zero-range correspondence. Also, in 2022 Baldzs, Fretwell and Jay [8] found new 3-variable
combinatorial identities as well as known identities by considering the family of 0-1-2 blocking particle
systems and also the k-Exclusion process. Here we see that other well-known combinatorial identities with
interpretations in terms of integer partitions (explained in Section [4)) can be explained probabilistically
by considering certain quantities for ASEP.

By considering the symmetry between particles and holes for the asymmetric simple exclusion process
we can give a probabilistic interpretation to a well-known identity from the theory of integer partitions,
the Durfee rectangles identity.

Theorem 1.10. Durfee Rectangles Identity (for example see equation (4) in Gessel [20])
For q € (0,1) and any fized n € Z,
o0 g

DY

(45 9) oo k=max{—n,0}

(& Dnsr(G O

Proof. Tt is clear by definition of N(-) that,

oo

HANE =n) = Y sUNT () =n+ kD (N (2) = k).

k=max{—n,0}
By (1) as well as Theorem [1.1| and Corollary (for m = 0) we have that,

"("2‘*'1),7“: 0o —(n+k)c+ (n+k)(;+k+l) qk(671)+ k(k‘;l)

L :
&) - _l—c. . __AC- .
S Mo oy (TOT S Doe(G Dnk (0% @)oo (45 D)k
f=—0c0

e q%+k(n+k)—nc

>

k=max{—n,0}

(=0 @)oo (@ Dk (=% Qoo (G D

By using the Jacobi triple product identity, equation [2 we find that,
o0 k(n+k)

1
(@ - Z .

k=max{—n,0} m ’
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Remark 2.13. Notice that if we instead consider HC({Nm+§(§) = n}) for any m € Z we prove the same
identity. This is since m is just a shift for the the state and the factors involving m cancel out. Also

since the particle-hole symmetry was used to find v"({N? +1(2) = k}) in Theorem if we sum this
2

distribution over k£ we again recover the Durfee rectangles identity.
By considering the distribution of a single site under ™ (Lemma [2.10) we find a combinatorial identity
that seems to be related to the Durfee rectangle identity.

Proposition 1.11.
For anyn € Z, q € (0,1) we have that,

> &

k+1)(n+k) o qk(n+k) X
@GOG e
k=max{—n,0} 4;9)k\q; 9)n+k

>

k=max{1—n,0}

(@GOG Dn14k (G D)oo

Proof. Clearly for any n € Z,
v'fa =1 +"({za =0} =1L

By Lemma and rearranging we find that,

Z gEHD (k)

I _|_
k=max{—n,0} (q7 q)kr(Q7 q)nJrk

k(n—+k) 1

>

ooy @GOG D (@5 )os
O

We now demonstrate that two other well-known combinatorial identities (Euler’s identity and the
g-Binomial Theorem) arise as consequences of Theorem [1.1] and Lemma

Theorem 1.12. Euler’s Identity (for example see equation E1 in Andrews [2])
For q € (0,1) and z € Ry,

0o k(k 1) Sk

Z ! = (%0

k=0

Proof. For any m € Z and ¢ € R it is clear that, > ,uc({Nﬂg1 (z) = k}) = 1. By Theorem that is
k=0""

o0 k(k—1)

oty T
= B

¢ (G DR D)oo

If we let z := ¢°~" and rearrange we find FEuler’s identity,

k(k—1)
oo 5 k

Z 1 (_Z;q)oo
k=0

We also see the g-Binomial Theorem:

Theorem 1.13. ¢-Binomial Theorem (Heine [23], also Andrews [3])
For q € (0,1), z € Ryo and any m € Z>o,

AL m
dogr A [k} = (=2 Q)m-
k=0 q

m27m171

Proof. For any my < mg € Z and ¢ € Rt is clear that, > ;L“’({N;f:’rprl (2) —ngﬁl (2) =k}) =1
k=0 2 2
By Lemma [I.3] that is

mo—mi—1 k(ct+1—msy) k(k—1)

" q 2 |:m2_m1_1:| 1
(_qcﬁ_l_mz;Q)mzfnnfl q '

k=0
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Now if we let z := ¢°t1=™2, m := mgy — m; — 1 and rearrange we have the ¢g-binomial theorem,

ks k(k—1) m
g7 A [,J = (=2Q)m-
k=0 q
O

All of these proofs are purely probabilistic. In Appendix [B| we give alternative, combinatorial proofs
to Theorem [I.1] and Lemma [I.3] which shed light on why we should expect combinatorial identities from
these probabilistic questions.

3. THE ASYMMETRIC SIMPLE EXCLUSION PROCESS WITH SECOND CLASS PARTICLES

Now we consider the asymmetric simple exclusion process with 2 species of particles, first and second
class particles. Both species of particles evolve according to ASEP dynamics obeying the exclusion rule
within their own class, with first class particles viewing second class as ‘holes’. That is if,

e a second class particle tries to jump into a space occupied by a first class particle the jump is
blocked and nothing changes

e a first class particle tries to jump into a space occupied by a second class particle it takes that
space and the two particles swap positions.

To construct an ASEP with first class particles and some fixed d > 0 second class particles we use the

basic coupling method. This idea of defining second class particles via a basic coupling is similar to the

work of Ferrari, Kipnis and Saada [I8] and later work of Tracy and Widom [29] as well as Baldzs and

Seppéliinen [9] (also work of Liggett [26] in 1976 considered coupling for simple exclusion processes).
We will study the behaviour of these second class particles under the blocking measure.

3.1. Constructing a Basic Coupling of Two ASEPs.

To construct a basic coupling we start with an ASEP on Z, {£(¢)}, and also a process on the particle
labels. For some given d > 0, this label process is defined by an ASEP on the half infinite line Z>o with
exactly d particles moving with a left drift, {7(¢)}. The dynamics of {7(t)} is restricted by the state of
{€(t)}, such that a particle jump over the edge (4,74 1) in v(¢) can only occur if the particles i and i+ 1 in
&(t) are nearest neighbours. Lastly we construct a second ASEP on Z, {n(¢)}, by at each time removing
the particles corresponding to the label process from £(t). We see that this defines a basic coupling of two
ASEPs with the second class particles being defined as the particles corresponding to the label process.
We make this procedure precise below.

3.1.1. ASEP on Z. .

We consider an asymmetric simple exclusion process on , Q := {z € {0,1}% : N};(n)7 Nh(n) < oo},
under the blocking measure u¢ (as in Section [2) At time ¢ € R>¢ we will denote the state of the process
by &£(t) € Q.

At any time ¢t € R>o we attach to the state £(¢) a labelling of the particles. That is, we enumerate
the particles in &(t) from left to right starting from 0 for the left most particle and increasing as we go
to the right. So a particle’s label is simply the number of particles to its left. When we consider second
class particles we will be interested in the label of only d > 0 certain particles.

3.1.2. ASEP on Zx( with ezactly d particles (Label process).
Alongside the asymmetric simple exclusion process {{(t)}+cr., We also consider an ASEP on the half
infinite integer line, with exactly d > 0 particles moving with a left drift. That is, an interacting particle
A o0
system on the state space Q : = {z € {0,1}?>0 : 3 2; = d}, which evolves according to nearest neighbour

=0

particle jumps with jump rates, (for i > 0)
ﬁ(zi, Zi—i—l) = qH{Zi 7’5 O}H{Zi+1 7’5 1} and cj(zl, Zi+1) = H{Zi_,_l 75 O}H{Zl 75 1}.

Note that by the definition of the state space Q any state has exactly d particles and so there is a closed
boundary to the left of site 0. At time ¢ € R we will denote the state of this process by ~(t).
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Let y(t) = (y1(t),...,ya(t)), with 0 < y1(t) < y2(t) < ... < ya(t), be the vector of sites where the
particles are in y(t), i.e. Vj € {1,..,d},

K3
y;(t)=iif v, =Land Y v =j.
k=0
In fact, we will consider a restriction of the process {7y(¢)}ier., by conditioning on the process
{&(t)}ter~,- We say that a particle jump which is possible over the edge (i, + 1) in the half-infinite
ASEP can only happen if the particles with labels i and i + 1 are nearest neighbours at that time in the
ASEP on . So, we adjust the jump rates p and ¢ to,

P (i (1), vir1 (1) = ql{7:(t) # 0}{vi+1(t) # 1} (ZH{ Z Ei(t }H{&( ) = D& (t) = 1}>

jez \k=—o0

j—1
and, §" (i (t), vi+1(t)) = K{yiga (t) # O}{vi(t) # 1} (ZH{ PIRAUE Z} {&;(t) = 1H{& 41 (t) = 1}) :
JEL k=—o00

For this restricted process, let the vector of sites where particles are in y(¢) be z(t). Once we define a
coupling and thus define d second class particles, {z(t) }+cr., will be process that gives the labels for the
second class particles.

So we have an ASEP {{() }ter., with some label process sitting on top where the d particles of interest
can swap only when they are neighbouring another particle. For example see Figure [I] below (the red
particles in £(t) are those which correspond to the process {z(¢)}icr.,). In this example the particle

jump at sites 2 and 3 is allowed but not the jump at sites 6 and 7 in y(t).

M A
¢ °* & o .. 7(t) and so z(t) = (0,1, 3,5,6)
01 2 3 4 5 6 7 8 9 10
q
N
0® 1@ 20 3@ 19 5@ 6@ 7@ 5@ 9@ 108 §(t)

“10-9 8 7 6 543 2101 2 3 4 5 6 7 8 9 10

FIGURE 1. An example of the pair (£(¢),z(t)) when d = 5. The red arrows correspond

to a possible second class particle label jump.

We will be interested in where the second class particles are at time t. As discussed the red particles
in the above figure for example will eventually be the second class particles. We denote the positions of
the particles in £(¢) corresponding to the label process z(t) by, X (¢) = (X1(t), ..., X4(¢)), i.e. X;(t) is the
position of the particle with label z;(t) in £(t). So for each j € {1,...,d},

X;(t)=iif &(t) =1 and ng

It is clear to see by construction that at any time t > 0 we have that X1 (t) < Xo(t) < ... < X4(t).

3.1.3. Basic Coupling of Two ASEPs.
We now construct another process {n(t)}:er.,, by taking the state of the ASEP at time ¢, {(¢), and
removing the particles which correspond to the label process z(t). That is, at any time ¢ > 0,

n(t) :=¢&(t) Zéx

For example see Figure |2| below.
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Suppose £(t) and z(t) are as follows,

b & ® & . Y(t) and so z(t) = (0,1,3,5,6)
0 1 2 3 4 5 6 7 8 9 10

... ‘e le@ 20 3@ 1@ 5@ 6@ 7@ 3@ 9@ 1m'__§(t)
-10-9 -8 -7-6-5-4-3-2-101 2 3 4 5 6 7 8 9 10

then 7(t) is,

e, 200
—10-9 8765432101 2 3 45 6 7 8 9 10

FIGURE 2. An example of constructing 7(t) from the pair ({(¢),z(t)) (when d = 5).

Lemma 3.1. The process {n(t)}icr., is an ASEP and the pair {n(t),£(t)}ier., is a basic coupling of two
asymmetric simple exclusion processes which only differ at d many sites at any time (i.e. the processes
evolve together with the same Poison clocks describing the particle jumps).

Proof. First we confirm that {n(t)}+cr., is an asymmetric simple exclusion process. Since §(t) takes values

in the state space Q = {z € {0,1}%: N;(n), N"(n) < oo} and by definition n(t) = £(t) — Z?:l Ox; (1) it
is clear that the process {1(t)}+cr-, also has state space Q. Now we will show that the process {n(t) }ser-,
evolves according to ASEP dynamics; that is each particle jumps left with rate ¢ and right with rate 1
unless the jump is blocked. Let us consider the following possible cases for particle jumps in {£(t)}ier.,:

e A particle associated to the label process (red particles in Figure [2) makes a particle jump.
When this happens the particles in £(¢) that are not associated with the label process z(t) are
not affected and so there is no change to 7(t).

e A particle not associated to the label process makes a particle jump. When this jump happens
in £(t) it will happen in 7(t) with the same jump rate (g to the left and 1 to the right).

e Lastly, the label process may evolve resulting in the swapping of neighbouring particles in & (t)
(one associated with the label process and one that is not). N

— Suppose a particle at site ¢ > 0 in ~(¢) jumps right (meaning particle ¢ and ¢ + 1 are
neighbours in £(t) say at sites j and j 4+ 1). Then in £(¢) this results in particle i no longer
being associated with the label process and particle i + 1 becomes associated with the label
process. That is in 7(t) the particle at site j + 1 jumps to the left with rate equal to a right
jump in {y(t)}+er-, so with rate .

— Similarly suppose that the particle at site ¢ > 0 in (¢) jumps left (meaning particle i — 1
and 4 are neighbours in £(¢) say at sites j and j + 1)7. Then in £(¢) this results in particle 4
no longer being associated with the label process and particle i — 1 becomes associated with
the label process. That is in 7)(t) the particle at site j jumps to the right with rate equal to
a left jump in {7(t)}+er., so with rate 1.

Thus {n(t)}+er., evolves according to particle jumps at rates,

p(mi(t),mi+1(t)) = I{&(t) # 0}{&iv1(t) # 1}
+Hy (t) # 0}{vy . (1) # TH{&(t) = 1H{&pa (t) = 1}
T e S -1

j=—o0 j==o0

and,
q(ni(t), ni41(t) = Q(H{§i+1(t) # O}I{&(t) # 1}

+1{y i (t) # O {y s
SN0 >

j=—o0 j=—o0

(1) # L&) = g (t) = 1})

£(t)+1
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or equivalently written only in terms of 7(t),

pi (@), miv1(t)) = mi(t) # O3 {misa(t) # 1} and  q(ni(t),mi41(t)) = ql{ni+1(t) # O}{n;(¢) # 1}.
By construction it is clear that the two processes {n(t) }+er., and {{(t) }+er., evolve together according

to ASEP dynamics and thus the pair gives a basic coupling. ]

This coupling defines the asymmetric exclusion process with d second class particles. Here, x(t) is the
label process for the second class particles and X (¢) gives the positions of the second class particles at
time ¢.

3.2. Distributional results for the basic coupling.
Let us now look at some distributional results for the process with second class particles given we
know the distribution of the ASEP with only first class particles.

Lemma 3.2. With the relation n = § — ) QXJ_, when we reach stationarity for the coupling, we have

that,

§N£n = ﬂwzn+d.

Proof. This is clear by definition of ™ and since,

NE =)D (1-&) - Z &
1

1= 1=—00
o0
=Zl—{n+25x Z{HZJM
=1 1=—00
d
B St
j=1i=—o0
= N(n) —d.
Since v" is the unique stationary distribution for the marginal process conditioned on having conserved
quantity n it holds that £ ~ v" <= n ~ ytd, O
d
Lemma 3.3. With the relation n = £ — Z " when we reach stationarity for the coupling we have
J:

that,

Proof. First let us show that £ ~ u~ d = 1~ puf. Assume § ~ p ¢ and consider,
Pp=z)=P (Q =2, N(n) =N(z)) =N (2)-P(N(n) = N(2)).
Let 7 denote the left shift (7y); = yi4+1, by Lemma [2.4] we have that p¢(7y) = p*(y), and so
P(N(n) = N(z)) =P (N(§) = N(z) —d)

= > W

y:N(y)=N(z)—d

pS({N() = N(2)}) -

Hence, P(n = z) = vVN@(2) - p¢ ({N(n) = N(2)}) = p°(z). By a similar argument we can show that

ne s = Lt O
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3.3. Stationary Distribution for the Label Process.

Let us now look at stationarity for the label process for the second class particles, z(t). By construction,
z(t) gives the positions of the particles in a half infinite ASEP with exactly d particles, v(¢), at time
t. The evolution of this half infinite ASEP depends on the state of the ASEP on Z, £(¢), as previously
described. ;

The stationary distribution for the label process {z(t)}ter., is as given below, where we use the
notation, Zi i={zeZi:0< 2 <my < ... <24}

Theorem 3.4. The process z(t) has reversible stationary distribution m where,

d(d—1)
> T

d
(@) =[[(1-¢) ¢=

=1

d
for any x € Z{.

Proof. (We adapt the proofs of Baldzs and Seppéldinen [9], Lemma 4.1 and also [I0], Proposition 3.1).
First we show that, > x(z)=1.

z€eZ{
d >
. d(d-1) 2o T
o =[[a-d) "7 - > =
z€Zzd i=1 zeZd
d dd—1) 0o 00 0o Xd: o
=1 z1=0x2=21+1 rg=xq-1+1
d iy dld=1) > > e di:2wi+2:vd,1+n
:H(l_q)q 2 Z Z Zqi:l
=1 xz1=0 Tg_1=xq_2+1n=1
d dd—1) 0o (eS) 00
— H(l — ql)q_f . Z qd.'L'1 Z q(d_l)"dfl - Z q”l
i=1 11:0 ’n,d,1:1 n1:1

I
.z&

s
Il
—

1 iy _d(d=1) 1 a1 qi

f— 2 .

(1-4q')q T H T
=1

d—1
_d(d—1) i

=q 2 - qi=1 = 1.

Let’s consider the label process without the restrictions on the evolution given by the underlying
asymmetric exclusion process on Z, {£(¢) }+er.,. That is the process y(¢), which gives the positions of the
particles in an ASEP on Z>( with egactly d particles and closed left boundary, {v(t)}tcr-,. The jump
rates for this process are (for i > 0), B -

P(zi ziv1) = @iz # 0Hl{zipn # 1} and (25, zi1) = Hzip1 # 0}{z # 1}

For j € {1,..,d}, let ¢; be the d long vector such that (e;)x = I{k = j}. When the j* particle jumps
left then its position is decreased by 1, y(t) = y(t) —¢;. Similarly, if the 40 particle jumps right then its
position increases by 1, y(t) = y(t) +¢;-

We now show that,

d
d(d—1)
> g4

d
) =[]0 -4¢") ¢=

=1

for any y € Zi,

is stationary for {y(t)}tcr,.,. To do this we check that detailed balance holds; that is for any y € Z¢
and j € {1,...,d}, we check that,

m(y)ql{zi # O} {zis1 # 1} = m(y + e )I{z00 # 03I # 1),
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where z € 0 is the current state of {7(t)}ter., with the j*™ particle at site i > 0. This trivially holds
when a jump is not possible over the edge (i,7 + 1). Now consider the case when z; =1 and z;41 = 0,

d S5 g Ad=1)
v 2
=[]0 ~d) ¢= q
i=1
PORERRICE

Il
—=
—~
—_
\
Q
S
SN—
2
Il
A
<
+
—_

<
Il
-

d
o d(d—1)
:l(nggj)l 5

|
==
—
—
I
s}
S
~
)
S

s
Il
—

=n(y+e;).

Now we re-introduce the restriction coming from the process {{(¢)}+er.,. Consider an approximating
process 2™ (t) for some m € Zs which has the same initial value, 2 (0) = z(0). The process {2 (t)}ter-,
evolves so that the underlying process {£(¢)}cr., only restricts its motion between states in the range
{z € Z4 : 24 < m}. We couple the processes together so that z(t) = 2™ (¢) until the first time that one
of them exits the range {z € Z¢ : x4 < m}.

Suppose we fix m for now. Let 0 = tg < t; < {2 < ... be a partition of time such that ¢; ,/* co and the
state of the process £(t) on the sites (—oo, j(t;)] (Where j,(t;) is the site of the m'™ particle at time t;)
is constant on each time interval ¢t € [ti,ti+1). Then on each time interval [t;,t;11) the process z™(t) is
a continuous time Markov chain with jump rates, (for k € {1,...,d}) when z + ¢, € Zc'l",

{2y (1) = 1H{ve 41 = 0} (Z H{ jf &e(t) = k} {g;(t) = 1H{&j+1 = 1}> if zp <m

JEL {=—o0
qI{Vey, (t) = 1} {2, +1 = 0} if xx > m,

with this rate being 0 if x + ¢, ¢ Zj; and when z — ¢, € Z;,

plz,z+e,) =

ey, () = 13{yz, -1 = 0} (Z H{ ]f elt) =k — 1} {&;(t) = 1H{&j41 = 1}> if oz <m+1

JEL L=—o0

H{'Vl‘k (t) = 1}]1{%%—1 =0} if zp, > m+1,

plz,z—e,) =

with this rate being 0 when z — ¢, ¢ Z;.
Since in the time intervals [t;, t;+1) the background giving the restriction of {y(t) }1er., to {2 (t) }rers,
is fixed we are in the setting of Proposition 5.10 of Liggett [II.,[27]] and so on each interval t € [t;, i 1)
the measure = is also reversible stationary for z™(¢). Thus z is reversible stationary for {2 (¢) }ier..,-
The coupling between {z™(t)}ter., and {z(t)}ier., gives us that =" (t) — z(t) a.s. , thus the

measure 7 is also reversible stationary for the process {x(t)}ier.,- O

Remark 3.5. From the proof of the above theorem we see that the distribution of the labels of the second
class particles is independent of the distribution of the process {£(¢)}ter-,-

Using the coupling we give an alternative proof of Theorem (the distribution of the number of
particles in a half infinite volume).

Alternative proof of Theorem[I.1, We prove this by considering the coupling for the case of a single
second class particle, n = £ — dx. Under the coupling we see that if there are k£ particles to the left of
site m + 1 in 7 this is the same as one of two possible events in &:

e There are k particles to the left of the site m + 1 and the second class particle is to the right of
site m. In this case the label of the second class particle is at least k.

e There are k + 1 particles to the left of site m + 1 and the second class particle is one of them. In
this case the label of the second class particle is at most k.

Using Lemma [3.3] we then have that,

RN () = B} = (AN (©) = KDP( > k) + g (N2, (©) =k + 1P < k), (6)

where x denotes the label of the second class particle.
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We want the measures above to all have the same parameter so we look to change c—1 to ¢; by Lemma

2.6| we have that,
—k

c—1 T? _ _ q c Z —
Iz (({Nm+%(§) =k}) = [EpT— ({Ner%(é) = k}).
Hence @ becomes,
— —k —
c p _ _ q c p —
M ({Ner%(é) =k}) = Wﬁ (({Ner%(&) =k}) Pz > k)
g+ 5
S c = . < .
gL ({Npy1(2) =k +1}) - Pz < k)
By Theorem [3.4] for d = 1,
[eS) k
Ple>k)=> (1-q)¢'=¢" and P@<k)=) (1-q)' =1-¢""
i=k i=0

thus we have that,

5 HAND L @) = kY gty
HC({N:L+%(§) = k}) = 1 + qcilfm + 1 + qcfl—mﬁc({N:L.F%(g) =k + 1})

Rearranging gives the following recurrence,

— qc—l—m -
HC({N£+%(§) =k+1}) = mﬁc({NniJr%(é) = k}).

We now solve this recurrence,

qk(c—l—m) -
=i p N, 1 (2) =0})
[1 (¢~ =1)
j=0
k(c—1—m) k -
q =D" .
= ro1 o ({N£+1 (z) =0})
(1—g=9)
j=0
We can calculate uc({Nerl(g) = 0}) explicitly to be [] Hq%_] and so we have that,
- 2 i<m
. k(c—=1—m)(_1\k
q (1) 1
PN, (@) =R} = 11 14 ¢
1 (1= g k=) i<m
j=0
_ qk(cflfm)(il)k IO_OI 1
(@Fak  fpl+gtem

qk(c—l—m) (_1)/(7

(RO )
Finally we use the Pochhammer relation of Lemma giving,

(NP, (2) = k}) gHemm-DHEER gh(emm) KD
1% 1 z) = = — — — .
= m (@ O)k(—0 ™ Qoo (@ Q)k(—a°™; @)oo
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3.4. Second Class Particles Positions Distribution under p°.
Now we look to describe the distribution of the positions of the second class particles within the system.
We will consider two questions:
(1) For a given site what is the probability (under the blocking measure p©) that there is a second
class particle there? B
(2) For a given d distinct sites what is the probability (under the blocking measure u¢) that the d
second class particles lie on these exact sites? B

The first question can be easily computed by looking at expectations under the blocking measures for n
and &.

Theorem 1.5. Assume that the coupled system is stationary and § ~ pc. For a given m € Z, we find a
second class particle at site m with probability,

(1—q%)g™
(T+gmm)(1+getdmm)

d
Proof. By the coupling we have that, 7, = & — > (0x,)m. We see that the event {&,, > 1} is exactly

P(§77L > nm) =

i=1
d d
the event that { ) (dx,)m > 0} or equivalently that {) (dy,)m = 1} since we are in the simple exclusion

i=1 i=1
setting. Now if we take expectations over the coupling equation we have that,

d d
Elnm] = Elgm] — E Z(éxgm] = Plm=1)=PE,=1)—P (Z(éxgm = 1) .

i=1 i=1

Recall Lemma and so by the assumption that £ ~ p€, it must be that n ~ Hc+d. Hence,

qcfm chrdfm (1 _ qd)qcfm

P(gm > 77m) = P(Sm = 1) - ]P)(ﬂm = 1) = 1+ ge—m B 1+ qc+d—7n - (1 + qc—m)(l + qc+d—7n)

O

Remark 3.6. We see that this is equal to P(Y = —m) for some Y which is distributed according to the
discrete logistic distribution with parameters (g, —c) (as defined by Chakraborty and Chakravarty in 2016
[14)).

To answer the second question we will make use of the label process for the second class particles.
We then use the product structure of the blocking measure to split the state space up into the piece to
the left of where we want the first second class particle and the pieces between the sites for the other
second class particles. The following Theorem gives the stationary distribution for the positions of all
the d second class particles.

Theorem 1.8. Assuming that the coupled system is stationary and § ~ pu°, the stationary distribution
of X, the position of d > 0 second class particles, is given by,

d . dec— i my
[Ma-q)-q¢ =
P(X =m)= =1 ., forallm; <my < .. <mg€Z.
[ (1-+ gm0 (1 4 gevisi=iom)

j=1

Remark 3.7. Of course when d = 1 the two questions we considered are the same and so Theorems
and [I.§| are equal:

(I—q)g™
(1 + qc—m)(l + qc—i-l—m) :

When d > 1 we see that this distribution is product in the m;’s other than the exclusion phenomenon
represented by the strict ordering of the m;’s.

P(X =m) =
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In order to prove Theorem we first condition on the labels of the second class particles. By the
independence of the label process and { we have that,

m;—1

P(X = (m1,.oma)) = Y mw(k) - pS | Q&€ &m, =1, D & =k forie{l,.,d}

kez$ Jj=—00
Let us focus on the probability under p© in the above.
Lemma 3.8. Form; <mg <..<mgqg €Z and k1 < ks < ... <kq € Z>,

N (k1+1)(6—m1)+w
H" ({5 2m; = 1, Z & =k; forie {17 ’d}}> _4g : (_qc7m(l.q)
I’ oo

e (4 9)x,

kJ(k +1)

q(k +1)(c—mj)+ (q’ q)mj

5 (@3 9k, (@ 9) ;i

—-

J
where kj :=k; —k;j_1 — 1 and 1hj :=m; —mj_1 — 1 for j € {2,...,d}.

Proof. Take some m; < mg < ... < myq € Z and k1 < ko < ... < kq € Z>¢ and define for j € {2,...,d}
/;ij = /{i]‘ — k?j_l — 1, then

m;—1
'uc({g Em, = 1, Z &=k forie {1,..,d}}>

j=—00
mp—1 m;—1
=puc Z:zZm, =1, Zzi:kl, Z zizl%jforje{&..,d}
i=—o00 i=mj_1+1

So the event we are interested in (once we have fixed a value k for the label process) consists of:

e Particles in & at sites my, ..., mgq.
e k1 particles to the left of site m;.
e For each j € {2,..d}, k; particles on the sites in the range [m;_1 + 1,mj4q1 — 1].

Moreover, by the product structure of ;¢ these are independent and so the above is equal to,

d d
P P — 7.
[Tk, - () @ = k) TLaUNE @ = N2 (@) = k). (7)
i=1 j=2
By Theorem [I.I] and Lemma [T.3] we have,
T ghr(emm)+ D d grite— mg)+w(q;(ﬁm
Equation (|7) :H — =T, H Ty ! .
1 gemm (q,Q) (=g g)ee 5 ( @), (6 D7, (G D 1,
Let us consider,
d
(1 + qC*ml)( c+m1+1 H 1+ qc mJ qcfijrl;q)mj
[e%e] ) d Thj*l
— 1_|_qc m1 H 1_|_qc—m1+1+z) . H (1_|_qc—mj) H (1_|_qc—mj+1+z)
=0 Jj=2 1=0
00 d m; oo d —mj_1—1 _
“Tla+a sy T e+ e = T a+a™) - I3 [T @+t
i=0 j=2 | i=0 i=—m j=2 | i=—m;
oo oo
= [I A+t =] +¢ ™) = (=" 9
izfmd i=0

Hence,

kJ(k +1)

m;—1 (k1+1)(0—m1)+w d k i+ (c—mj)+ D
HC <{€ : £mi = 17 Z £J = kl fOI‘ 7 S {17 7d}}) — q - (_q07md'q) H ’ ‘ an Q) 3 ]
) oo j=2

j=—o00 (qv q)kl (q7 q)fg] (qv q)»fnjfkj
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Using Lemma Euler’s Identity and the ¢g-Binomial Theorem we prove Theorem and find the
stationary distribution of the positions of the second-class particles.

Proof of Theorem[1.8

m;—1

PX=m)= > (k) -p°|q€&:&m =1, Y &=k forie{l,.,d}

kezd j=—00

oo ki+141no ka—1+1+ma d d(d—1) m;—1

:Z Z Z Hl—q qili_ 3 e é;gmizl,ij:kiforie{17..,d}

k1=0 ka=k1+1 kqg=kq_1+1 i=1 j=—o0

_ Z Z o % ﬁ(l B qi)qdkl+iz::2(d+17i)ki q(k1+1)(c_m1)+kl(k21+l> H (k +1)(e—mj)+ (q’ q)rh7
k1=0 js,—0 foy=0i=1 (q;q)kl(*qcfmd;q)oo =2 (Qv Q)]}J (Qv Q)mj_]}j

k]u +1)

d
de— > my

d
1) =1 i
[Ma-q¢)-q 7 L(erdermy )4 BLOLED (et 1—j— m7)+kj(k S+

d
_ =1 q 2
T (™) Z Z Z (¢:9) H

m0tso  Famo K i (¢ D, (G D, -1

(@5 9Q)m;

Euler’s identity gives us that,

>, gk (c+d—my)+ 2t

_ +d+1—mq.

= (—¢° 1) oo
= (¢ Dk, ( )
—

For each j € {2,...,d} the ¢-Binomial Theorem gives,

M k;(k 1
m; k (c+d+1 ] m])_ﬁ_M(q q)m
’ J

= (=g ),

(@D, (@ D)y i,

E

Thus,

; dc*im" d+1 < d2—
(1=q)-q 7= (=g M) [T (=g 2770 ),
1 j=2

(=g ™45 q) o

s

7

P(X =m) =

By iteratively applying Lemma [A-4] we have,

dc—i mj d d dto—i
(I=q)-q 7= (=¢"Hmsg)ee [T (=g 277755 q)
P(X =m) = =2
& =m) (=g ™45 q) oo

dcfi m; dtl d—1 dio
(1=q")-q 7 (=¢HHmg)o [T (=g 277 q)m,
i=1 j=2
(1 + qcfmd>(1 + qc+1fmd)(_qc+1—md,1 : q>oo

e

Il
N

’:]&

d ) dcfi my a1 d—2 dboi
[TA—-q¢)-q = (=gt m5q) o [T (=g 2777 q) s,
. i=1 j=2
= (1 ¥ qc—md)(l + qc+1—md>(1 + qC+1*md—1)(1 + qc+27md,1)(_qc+27md,2; Q)oo

d
dcfz m;
(I=g¢")-q = (=qTHmg)

e

i=1

d
H (1 + qc+d7j7mj)(1 + qc+d+17jfmj)(qc+d—l—m1;q)oo
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Lastly we see that,

(=gt =™ g) o 1

(chrdflfml : q)oo (]_ + qc+d717m1)(]_ + qc+d7m1)

and thus,

d
. de— 3 m;
(1—g¢)-q =

P(X=m)= ! .
(1 + chrdfjfmj)(l + qc+d+17jfmj)

=B

I

]

Thus, we have found the distribution under the blocking measure for the positions of any given d
second class particles in ASEP.

3.5. Second Class Particles Positions Distribution under v™.
We will now consider the same questions under the ergodic measure. To recall the questions we consider
are as follows.

(1) For a given site what is the probability (under the ergodic measure v™) that there is a second
class particle there?

(2) For a given d distinct sites what is the probability (under the ergodic measure v™) that the d
second class particles lie on these exact sites?

Just as in Section [3:4] the first question can be easily computed by looking at expectations under the
ergodic measures for i and &.

Proposition 1.6. Assume that the coupled system is stationary and { ~ v™. For a given m € Z, we find
a second class particle at site m with probability,

> (k+1)(n—m+k+1) e (k+1)(n+d—m+k+1)
q q
Pyn(&m > 1m) = (4 @)oo > )

k=(m—-n—1)* k=(m—n—d—1)*

G PR ) P— (4 k(@ Qntdemtkt1

d
Proof. By the coupling we have that, 7, = {m — > (0x,)m. We see that the event {&,, > 1} is exactly
i=1

d d
the event that { ) (dx,)m > 0} or equivalently that {)(dy,)m = 1} since we are in the simple exclusion
i=1 i=1
setting. Recall Lemma and so by the assumption that § ~ v™, it must be that n ~ v" 4. Now if we
take expectations over the coupling equation we have that,

d

d
]E[nm] = E[Sm] -E lZ(§Xi)m] — Pg"*d (nm = 1) = Pﬂ"’ (gm = 1) - IPZ” (Z(éxi)m = 1> .

i=1 i=1

Hence by Lemma [2.10| we have that,

Pyn (Em > Nm) = Pyn (Em=1) = Pynta(nm = 1)

o0 q(k+1)(n—m+k+1) oo q(k+1)(n+d—m+k+1)

= (¢ 9o Z Z

k=(m—n—1)"* k=(m—n—d—1)*t

(6 Dr(G Dn—mtrt1 (6 k(@ Ontd—mtk+1

]

As before the second question we ask is what is the joint distribution of the positions of all d second
class particles. We will first study the case when d = 1, of course this is equivalent to taking d = 1 in
Proposition [I.6l However by conditioning on the label of the second class particle we find an alternative
form for this distribution.
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Proposition 1.7. Consider the coupling (n,&) when d =1 (i.e. a single second class particle in ASEP).
Assume the coupled system is stationary with § ~ v". Then for any m € Z the probability that the second
particle is at site m s,

e k(n—m+k+1)+k+(n—m+k+1)
q
Poo(X =m) = (1-q)(@: @) D

k=(m—n—1)*

G CR) S—

Proof. We begin by conditioning on the label of the second class particle. By the independence of the
label process and £ we have that,

Pyn(X =m) =) m(k) " ({fiﬁm =1, i &= k})
0

k= i=—00

1=—00

. M({g;gngjf gi:k}m{N:n})

. HUNE () =k N {En = 1IN N () =n—m+ k+1})
L, BN =)

HEAND (@) = k) i (1) 2 e (NE () = n—m o+ k4 1))

k=(m—-n—1)* Hc({N = n})
£(e+1)
(I—q)g" > q =2 k(i—1)
_ i i . qk(c+1—m)+ 5 . qc—m
k=(m—n—1)* g e (@ Or(=¢ 17 ) (14¢57™)

q(n—m+k+1)(m+1—c)+ (nf'm+k'+é)(n77n+k)

(6 Dn—mtrt1(—¢" 7% @)

Then by Lemma and the Jacobi triple product identity, (2|), we have that,

oo k(n—m+k+1)+k+(n—m+k+1)
q

k=(m—n—1)*

G CR) S—

Under the ergodic measure v™ (for any n € Z) there is a unique ground state, n" € Q™ given by,

L 1 ifisn
Y0 ifi<n

If the ASEP with a single second class particle is distributed according to the ergodic measure (i.e.
& ~ V") then in the ground state n™ the second class particle is at site n + 1. It is therefore natural to
consider the displacement of the second class particle from its (most probable) position in the ground
state. We will call this displacement D and we notice that, D = X — (n 4 1). Using Proposition we
give the distribution of the displacement of a single second class particle in ASEP.

Corollary 3.9. Consider the coupling (n,§) when d = 1 (i.e. a single second class particle in ASEP).
Assume the coupled system is stationary with §& ~ v™. Then for any { € Z the probability that the
displacement of the second class particle is € is,
00 k(k—£)+k+(k—L)
q
Pyn(D=0)=(1-9)(g:0)00 Y

e (GG De—e

Proof. By definition, D = X — (n + 1) and so,

o k(k—b)+k+(k—0)

Pyn(D=1£) =Py (X =4 n+1) = (1-9)(¢ oo k%+ TR
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O

Remark 8.10. In 2012, Gnedin and Olshanski, [22], defined the two-sided infinite Mallows model for
random permutations of the integers. We will denote the set of all permutations of Z (i.e. bijections
0:7 — Z) by &. Here we will see how the above result links to these random permutations. First we
give a short introduction to Mallows measures (for full details see [22]).

The two sided infinite Mallows measure is a probability distribution on permutations of the integers
that concentrates on,

Ghl:={se6:|{ic Z<o:0(i) € Zso}| <ooand, {j € Zso:0(j) € Z<o}| < o0} .

That is, far to the left (¢ < 0) in the permutation we only see negative numbers and far to right (i > 0)
we only see positive numbers. Note that this is similar to the blocking states in ASEP, where far to the
left there are only holes and far to the right only particles.

As described in [[22], Equation (3)], such a permutation, o, of Z can be given by permutations,
ot and 07, of Zso and Z<( respectively, and an interlacing pattern, given by an integer partition A,
which encodes how to fit the two permutations together. For a given o € &P consider the associated
permutation word,

w= (- woqwowiws -+ ) = (---o(=1)a(0)a(1)o(2) ---).
From this we derive a binary word,
e=(--e_1606160---) € {—1,+1}2,

where,

)+ ifo(i) € Zso
-1 if (i) € Z<o.
The binary word e can be encoded into an integer partition A by splitting Z into the disjoint union of
the set of positions where €; = —1 and the set of positions where € = 1. That is,
Z = O’il(Zgo) U071(2>0) = { < je<ja < jo} U {il <lg < iz < --- }

Then A is given by,
M =4Ll—ip VL>0.

Or equivalently the conjugate partition, X', is given by,

Ny =j g1 +l—1 V>0

With this we can define the permutations o and o~ of Z~¢ and Z<q respectively. We define this via
the associated permutation words,

wh = (0" (1) (2)0"(3) ) = (wi,wi,wi ),
and,
w” = (-0 (=2)07 (1)o7 (0)) = (- wj_,wj_, wjp ).
This gives the triple (w*,w™,¢), or equivalently (w*,w™,\); w can be recovered from the this by
replacing each +1 entry of ¢ from left-to-right by the entries of w™' and similarly the —1 entries of € from
right-to-left with the entries of w™.

Then, as given in [[22], Equation (4)], the two sided infinite Mallows measure of parameter ¢ € (0, 1),
Q, is defined as a product measure,

Q:=0"®Q” ®P,

where QT is the Mallows measure on permutations of Zq, similarly Q~ is the Mallows measure on
permutations of Z<o and P is the natural probability distribution on integer partitions given by,

(Al
P = a for any integer partition .

(45 9)oo
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For a detailed construction of the Mallows measure on Z~o see Gnedin and Olshanski [21] (in particular
Q7" is defined in Definition 4.4). First consider the Mallows measure on permutations of {1,--- ,n} for
any n € Zsg,
@™ (¢ 0)n
o) =Ty

Then as n — oo, Q,, weakly converge to QT [[21], Proposition A.1.]. The Mallows measure, Q~, on Z<
can be similarly defined.

Consider a permutation, o € &. For any integer, j, its displacement is defined to be D; = o(j)—j. We
see that Corollary gives exactly the distribution of displacement for any integer under the two-sided
infinite Mallows measure with parameter ¢ as given in [[22], Theorem 5.1],

qrs+r+s
Po(D =10) = (1-4)(g:9) ———— VIEL
= 22:0 (@39)r(a:9)s
r—s=~{

This is clear since the connection between ASEP under blocking measures and permutations of the
integers distributed according to the Mallows measure has been well studied, for example by Bufetov
and Nejjar [I3]. Indeed, if we let any i € Z~,+1 be equivalent to a first class particle, any j € Z<p41
be equivalent to a hole and n + 1 represent a single second class particle then, any Mallows distributed
permutation of Z gives an ASEP state with a single second class particle distributed according to the
ergodic measure v".

Now we consider the joint distribution of any given d > 0 second class particles in ASEP under the
ergodic measure v" for any n € Z.

Proposition 1.9. Assume that the coupled system is stationary and § ~ v". For any m = (M, ,mgq)
such that my < mo < ---mgq € Z, the probability that the positions of the second class particles, X, is m
is given by,

P (X =m) =¢ 5" () Moo 3 gH R @ m) A Gt D D)
(X =m)=q = q;4) —4q R .
b wezt. (@ Dn—matha+1(G Dy
vie{1,2,,d},
kj>mj—n—1
d o .
I i
. kil ’
j=2 a
where m; :=m; —m,_1 — 1 and I%j i=kj —kj_1—1 for each j € {2,--- ,d}.

Remark 3.11. The proof follows the same reasoning as used in the proofs of Theorem and Proposition
L7

Proof. We first condition on the labels of the d second class particles. Since the label process and the
distribution of  are independent we have that,

PZ”(XZM): Z W(k)'l/n<{€:§mi:17 21_: gj:kZV’LE{].,,d}}>

j=—o0

1=—00 i=mj_1+1
(8)

where lch :=k; —kj_1 —1. We note that for some values of k € Zfﬁ the probability of the quantity under
v™ above will be 0 (we will make this more precise below).
Let’s concentrate on the quantity under ™. For any ¢ € R we have that,

mi—1 m;—1
v”({fzfmlWie{l,o-.,d},Z&kb ) fiifjvje{l“wd}}> )

1=—00 i=mj_1+1

mi—1 m;—1
=Y W(k)'l/”<{£:£mi:1We{1,~~-,d}, o=k, Y G=kVjie{2.d}

)
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=1Vie{l,.-

:u0<{£:fm

JdY, Y L=,

i=—00

m;—1

Z glziﬂjVJE{27

i=mj_1+1

mi—1

e =n>

mi—1 m;—1 .
uc<{g:§mi =1vie{l,,d}, 2 &=k, X LG=hvie {2, ,d}}n{N(g) :n}>

As we have already seen, for any n,m € Z,

{N(z2) = n} < {N,

We also note that,

m1—1

{§:§mi =1vie{l,-.dj, Z & =k,
By definition,
de-‘r%(g)

and so for any n,m € Z and k € Z>o,

(NP, (2) =k}O{N

Putting this together we see that,

my—1

{g:gmi:wze{l,--.

i=mj;_1+1

— NI

m+%(§):n—m}<:>{]\7£+

7d}7 Z 52 = k17

pe({N(2) =n})
m+%(§) =n- m}

mj—l

Z §i=fcj\7j€{2,---7d}}${NEd+;(5):kd+l}-

—

mat+3\&) ~

()—k}ﬁ{N 1(2)=n-—m+k}

mj—1

Y G=kjVie{2 - ,d}}ﬂ{N(z):n}

i=—00 i=m;_1+1
mi—1 mj—1 .
— {g;gmi =1Vie{l,.--,d}, Y &L=k, » &=kVje{2 - ,d}}
1=—00 i=mj_1+1

m{ md+

z)=n—mg+kq+1}.

Using the product structure of ¢ and Corollary we find that,

Equation@

c((NP
’ H ({ZVWLl—l—‘,-l

1 d d
= e =y Lo e

—

g 1+%(§> - f,;,j_ﬁ%(é) = ]Af]})

(2) = ki}) - 1 UND 1 (2) =

1 ¢ d )
= v = 0TIV @ =N @ =D

BEANE () =) g AND L (2) = = ma 1),

By Lemma [3.§] that is, for permissible configurations,

1

Equation (9) = m

q(k1+1)(c_m1)+w d

2md+1 c({Np

md+2(z) =n-

mq+ kg + 1})

kj(k;+1)
q(k +1)(c— mJ)+J7(q;Q)mJ'

(¢ Dy (=457 ™45 ) oo

e

s (@ D, (@ D, i,

g(n—matkat ) (mat1—c) At G R T

qz(z;m _te
_ A4=—c0
qn(n2+1) e

q(kﬁ_l)(c_ml)_;rw d

(¢; On—mygtks+1 (=™ @) 0o

kj(kj+1)
gRsAD(e=m+ =252 (g gy

(@D

(=™ @)oo 1 (605, (6D g, i,
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oo
S et

mg(mg+1) | kg(kg+1)
almatl) | kalhg

+(ka+1)(n+1)

mqc—

(@ Dn-matkat+1 (=™ ) oo

f=—o0
q—ml(kl‘f‘l)"r kl(k1+1) ﬁ q,m] k +1)+M(q; q)m
. J
(@D (=05 @00 5 (@ D; (6D,
where m; :=m; —m;j_1 — 1 for each j € {2,3,--- ,d}.

By Lemma and the Jacobi triple product identity, equation , we have that,

mi—1 mj;—1
”<{§:§mi:1‘v’ie{1, b, Y L=k, Y gizl%jvj'e{z---,d}})

1=—00 1= mj_1+1

2P (k +1)

B (a1 (e 1) —ma (R 1)L g~ ma (ks 1)+

(@ @),
(6 Dn—mathat1(CG Oks

(@ D, (@ Dy, i

Now let’s return to the sum over possible label conﬁgurations of the second class particles as in .
Apriori we have that k € fo_ that is,

0<ki<ka< - <ky = k120, ky>1, -+, kg>d—1. (10)

In order for the calculations above for the quantity under v™ to hold we have to consider extra
conditions on k. In particular, any state, £, must be such that N(£) = n, and so for each j € {1,2,---,d}

N1 1(§) = n —m;. The states we are considering are such that N; (f) = k; + 1 for each j €
{1,2,--- ,d}. Thus by the definition of N, i+ these states are also such that

n .
Nmﬁ%(g):n—mj—i—k:j—&—l Vi e{1,2,---,d}.
Since the number of holes to the right of a site must be non-negative this gives that & must satisfy,
k‘jij—TL—l VjE{l,Z,-”,d}. (11)
Putting and ([L1]) together we find that any possible k is such that,
0<ki <ko<:--<kq andkj >m; —n—1 vy e {1,2,---,d},
or equivalently,
By > max{m; —n—1,j—1} = (m—n—j)" +G-1)  Vje{l,2-dh
Thus we have that,
Pyn (X =m)
m;—1
=> w(k)-u"({g:gmi =1, Y &G=kViefl, - ,d}}>
kezd Jj=—o00
S k=D d . qwﬂ’cﬁl)(nﬂ)fm(k1+1)+ LAGIRESE (@ @)oo —my(k; +1>+M(q; ey
- 2 = 11 (1 7q) (@ Dn—matka+1(TG D)k H 57, (G D g, i
kezd: i=1 4T =k
Vie{l,2 d}
kjzmj—n—1
- Ed: mi( ) ﬁ( ) Z dk1+ Xd: (d+1—j)k; q%«i*l)+(kd+l)(n+l)—m1kl+w ﬁ 77”3’9 +k3(k = (q; q)mj
=q = (9] ]|1-¢ qg =
Pl pezt. (@ Dn-matra+1(G Dry s Dk, (G Dy i,
vije{1,2,--- ,d},
kj>mj—n—1
d d ky(k1+1) kd(kd+l)
— 3 my ; gtk (d—my )+~ 4 (kg +1) (n+1) m, kJ(k 1 s
=0 S wo=J0-a) 34 . . [t ]
(¢ Dn-matrat+1(4 Dy iy

i=1 kezd: J=2

Vi€{1,2,+-,d},
kj>mj;—n—1
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Remark 3.12. It seems we cannot simplify the sum in Proposition further. For example let’s consider
the case where mq —n — 1 < 0, and therefore m; —n —1 < 0 for any j € {1,2,---,d}. In this case
the condition that k; > m; —n — 1 for all j is automatically satisfied and the summation is simply over
any k € Zd So as we did in the proof of T heorem . we can rewrite the summation over k as the
summatlon
1=0f,=0  fq=0

In the proof of Theorem we could proceed to simplify the sum by using identities such as Euler and
the ¢g-Binomial theorem.

However for the distribution given in Proposition [I.9] we cannot use such identities. This is due to the

factor of,
kd(kd+1)
2

q
in the summand. If we write kq as,

d
ka=hki+ Y kj+d-—1,
j=2

kaq(kq+1)

3 gives cross terms such as lAcllch and kll%j. So these identities cannot help us here.

we see that

In Corollary [3.9] we gave the distribution of the displacement of the second class particle from its
ground state position in the case of ASEP with a single second class particle. Now we can give the joint
distribution of displacements of d second class particles from their positions in the ground state. If the
ASEP with d second class particles is distributed according to the ergodic measure (i.e. £ ~ ™) then in
the ground state, " € Q", the second class particles are at sites n 4+ 1,n 4+ 2,--- ,n + d. We will denote
the displacement of the j-th second particle from it’s position in the ground state by D = (Dy,--- , Dg),
and note that D; = X; — (n + j) for each j € {1,--- ,d}. We note that the second class particles stay
ordered which implies that the displacements are non-decreasing, Dy < Dy < --- < Dy.

Corollary 3.13. Assume that the coupled system is stationary and £ ~ v™. For any { € 72, such that
b <ty <--- <Ly, the probability that the displacements of the d second class particles, D, is { is,

d ki(k1+1) kg(kg+1)
B S IRICESS: d , g TR (A==l S g
Pyn(D=10)=q = (@D [[0-d) >
i=1 ezt (@ Drka—ta—d+1(G Dy
vjie{1,2,---,d},
kj>€;+5—1

d
H S(d+1—2j—0;)4 2 B0l — L
k; ’
q

where kj :=kj —k;j_1 — 1 for each j € {2,--- ,d}.
Proof. In the ground state v™ the position of the j-th second class particle is n+j, for each j € {1,--- ,d}.
Thus we have that,
Pyn(D = £) = Py (X = m),
where m; :={; + n+ j for each j € {1,---,d}. The result then follows form Proposition O

Remark 3.14. From our previous discussion (Remark we see that Corollary should be linked

o [[22], Theorem 6.1] the probability of the joint displacement of d integers under the two-sided infinite
Mallows measure on permutations of Z (in the case where D; < --- < Dy). That is for any d > 0 and
integers 1 < Uy < --- < lg,

> (bit+1)(a;+1)
<j<d

d 1<i<5<
Po(D = £) = (1-q)%q~ %™ ( H e —t; 2 (@0 q_< Doa (¢ 0)a

0<ai,-,aq,b1-- ,bg<oo:
VJ€{1 -,d},

Z bk— Z a]—é

o (q7 q)ad '
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As before we can equate a Mallows distributed permutation of Z with an ASEP state with d second
class particles distributed as v™. This is done by setting the integers ¢ < n to be holes, the integers
i > n+d+1 to be first class particles and the integers i € {n+1,--- ,n+d} to be second class particles.

As we have defined the ASEP with d second class particles, the second class particles remain ordered
(i.e. X1 < X5 < --+ < Xg) and so the displacements of them from their position in the ground state are
also ordered (D1 < Dy < --- < Dg). However, with Mallows permutations of Z it is not true that the
displacements of consecutive integers have to be ordered in this way. Thus, we see that Corollary
and [[22], Theorem 6.1] will not match exactly. In fact under the Mallows measure we need to consider
all possible permutations (e.g. if ¢; = ¢; 11 then the permutation that only swaps ¢ and 7 4+ 1 need not be

considered) of the displacements ¢4, --- , 4. That is, for any £ < --- < {4,
Py(D=1£)=Po(D=10)+ > Po(D = a(0)),
o{l, e, d}E5{1, d}:
a(0)#¢L

where the formula of [[22], Theorem 6.1] gives Po(D = £). However as remarked in [22] the general case
can be handled by introducing an additional factor of ¢™V(d1+1,.dat+d) thyg all terms in the above sum
can be found.

4. COMBINATORIAL IDENTITIES AND THEIR MEANING

In Section we gave probabilistic proofs to three classical combinatorial identities. Here we discuss
their combinatorial meaning.

First, by considering the particle-hole symmetry of ASEP (Corollary we proved the Durfee Rect-
angles Identity.

Theorem 1.10. Durfee Rectangles Identity (for example see equation (4) in Gessel [20])
For q € (0,1) and any fivzed n € Z,
oo k(n+k)

—= >

b0y (@ Dot (G Q)

Let us first consider the case when n = 0, then the identity is,
1 LS

- q
(@)oo 2 (93"

k=0

This is a well known identity, namely the identity for Durfee squares of integer partitions (for example
see Chapter 8 in Andrews and Eriksson [4]). For a given integer partition the Durfee square is the largest
square (anchored in the upper left-hand corner) in its Ferrers diagram. Equivalently, a given partition
with £ parts, (A1 > A2 > ... > )\y), has a Durfee square of side length k < £ if A\, > k and A\p1q < k. With
this definition, any integer partition decomposes into 3 pieces: its unique Durfee square of side length k,
a partition into up k parts to its right, and a partition with parts at most size k underneath (for example
see Figure 3| below). We denote this decomposition in the following way,

A= (A1, Aa, oy Ag) = {2, A0 A@D)

where A(") = (A} —k, ..., \, — k) is the partition to the right of the Durfee square and A = (Agy1,..., \¢)
the partition underneath the Durfee square.

From this decomposition we see where the RHS of the identity comes from. Consider one term in the
k2
sum, say (;T)% for some k. This is the generating function for integer partitions whose Durfee square is
)y

of side length k:

° q’€2 corresponds to the Durfee square.

° m is the generating function for partitions into up to k parts (see Section 6.2 in Andrews and
Eriksson [4]) and so corresponds to the partition to the right of the Durfee square.

e By conjugation m is also the generating function for partitions into parts of size at most k
(see Section 6.2 in Andrews and Eriksson [4]) so this corresponds to partition underneath the

Durfee square.
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The sum over all k considers Durfee squares of any size and so we recover all integer partitions, for which

the generating function is ﬁ, hence the identity holds.

— A={32,(5,5,4),(3,2,1,1)}

A=(8,8,7,3,2,1,1)
FI1GURE 3. An example of the Durfee square for an integer partition, A, of 30.

Now let us consider what the identity means combinatorially for any fixed n € Z. The identity now
states that, for n fixed, every integer partition has a unique Durfee rectangle, a generalisation of the
notion of Durfee square (see for example equation (4) in Gessel [20]). For some fixed n we say that a
given partition with ¢ parts, (A1 > Ay > ... > A¢) has a Durfee rectangle of side lengths n + k and k if
Ax > n+kand Agy1 < n+ k. From this definition we see that for fixed n each integer partition has a
unique Durfee rectangle (just as it had a unique Durfee square i.e. the case when n = 0). Now with this
definition, for each fixed n, any integer partition decomposes into 3 pieces: its unique Durfee rectangle
of side lengths k and n + k, a partition into up to k parts to its right, and a partition with parts at most
size n + k underneath. We denote this decomposition in the following way,

A= ()\1,)\2, ...,)\g) = {k * (n —+ k),)\(n,r)’)\(n,d)}

where A(™") = (\; — (n + k), ..., \x — (n + k) is the partition to the right of the Durfee rectangle and
A4 = (X1, ..., \¢) the partition underneath the Durfee rectangle. See Figure 4 below for an example
of the Durfee rectangle inside a given integer partition for different values of n.

Now we can see where the RHS of the identity comes from. Consider one term in the sum, say
%, for some k. This is the generating function for integer partitions with Durfee rectangle of

side lengths k and n + k:

o ¢"(" k) corresponds to the Durfee rectangle.
° ﬁ is the generating function for partitions into up to k parts and so corresponds to the
partition to the right of the Durfee rectangle.

e By conjugation m is the generating function for partitions with parts of size at most n + k
and so corresponds to the partition underneath the Durfee rectangle.

Summing these generating functions for all k from max{—n,0} to co (with n € Z fixed) we get all
integer partitions, and thus the identity holds.

If n =2, then here k =3 If n = —3, then here k =5
A=(8,8,7,3,2,1,1) A=(8,8,7,3,2,1,1)
={3%5,(3,3,2),(3,2,1,1)} ={5%2,(6,6,5,1),(1,1)}

FIGURE 4. An example of the Durfee rectangle for an integer partition, A, of 30 when
n=2and n=—-3.
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By considering the distribution of a site under ™ (Lemma [2.10]) we proved the following identity.
Proposition 1.11.
For anyn € Z, q € (0,1) we have that,
00 (k+1)(n+k) o0 k(n+k) 1

Z q Z q _

- Jr .
by BORG D G (G D(@ D1k (650)o0

Combinatorially this identity arises by considering all integer partitions depending on whether their
crank is greater than or less than n. Crank (or Dyson’s crank) is a quantity of any integer partition that
was first discussed by Dyson in 1944 [I6] and then was formally defined by Andrews and Garvan in 1988,
[5]. Given an integer partition A let /() denote the largest part of A, w(\) denote the number of parts
of size 1 in A, and p(\) denote the number of parts of A that are larger than w(\). The the crank, ¢())
is defined to be

o) = {l(/\) ?fw(/\) =0,
w(A) —w(A)  if w(d) > 0.

Example 4.1.
(a) Consider the partition A\ = (7,5, 5, 2).

We have that,
I(M)=T17, w(A1) =0, and, w(Ay) =4.
Thus the crank of Ay is ¢(\1) = 7.
(b) Consider the partition A\ = (6,4,4,2,1,1).

We have that,
l()\g) = 6, w(/\g) = 27 and, 'LL(AQ) =3.
Thus the crank of Ay is ¢(A\2) = 1.
(c¢) Consider the partition A3 = (5,3,2,1,1,1).

We have that,
I(A3) =5, w(Az) = 3, and, u(rs) = 1.
Thus the crank of A3 is ¢(A\3) = —2.

In [5], Andrews and Garvan give the generating function for integer partitions with a given crank
value say m € Z. In 2022, Hopkins, Sellers and Yee, [[24], Theorem 2.1], gave the generating function
for integer partitions with crank> n > 0, by considering Durfee rectangles. This generating function is
given by,

gk D (k)

2 (45 9)

k>0 k(Q;q)nka.

Also it is well-known that integer partitions with crank< —n are in one to one correspondence with
integer partitions of crank > n (for any positive n) and so they have the same generating functions.
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Consider the identity in Proposition for n =1, that is,
0 Ukt (k+1) o (k+1)k 1

q
kZ:O (4 9)k(4 Qrta +,§ (@GOG Dk (@0

We know that the right hand side is the generating function for all integer partitions. The left hand side
is splitting integer partitions depending on whether they have positive or negative crank. In particular
the first sum is the generating function for partitions with crank> 1 or equivalently < —1 and the second
sum is the generating function for partitions with crank> 0.

The general statement for any n € Z similarly splits integer partitions in terms of whether the crank
is greater than or less than or equal to n.

By considering the distribution of the number number of particles to the left of some given site in
ASEP (Theorem we proved Euler’s identity.

Theorem 1.12. Euler’s Identity (for example see equation E1 in Andrews [2])

For q € (0,1) and z € Ry,
k(=1

Sl = (50

= (@G

Combinatorially this identity gives two ways of writing the 2-variable generating function for integer
partitions into distinct parts. A general term is of the form d,, xg"2* where d,, 1 gives the number of
partitions of n into exactly k distinct parts. The product on the LHS of the identity clearly counts
partitions into distinct parts (with a z in front of ¢ to count the number of non-zero parts). For the sum

E(k+1)

on the RHS, k gives the number of parts and it is well known that % is the generating function
for partitions into exactly k distinct parts (see for example Section 2 of Cimpoeas’s 2022 paper [15]). In
Appendix [B| we give an alternate proof of Theorem by considering particles states with &k particles to
the left of some site m as partitions of some s (left jumps away from a ground state) into up to k parts.
Instead we can think of a state that has k particles to the left of m as a partition of some n where each
particle denotes a part of size how far this particle is from the boundary site m. Since there can only be
one particle per site these distances must be distinct and thus we have a partition into exactly k distinct
parts. This explains why Euler’s identity arises a consequence of Theorem

Similarly, by considering the distribution of the number of particles in between two given sites in ASEP
(Lemma [1.3]) we proved the ¢g-Binomial Theorem.

Theorem 1.13. ¢-Binomial Theorem (Heine [23], also Andrews [3])
For q € (0,1), z € Ryg and any m € Zxo,

m k(k—1) m
g A [,J = (=2 Q)m-
k=0 q

Combinatorially this identity gives two ways of writing the 2-variable generating function for integer
partitions into distinct parts of size at most m. It is known that the one-variable generating function for
partitions into distinct parts is given by ]O_o[ (14 ¢*), clearly if we truncate this product at i = m we have
distinct parts of size a most m (see for e:;mple Equation 5.4 of Andrews and Eriksson [4]). If we then
write ﬁ (1 + 2¢") this is the two-variable generating function for these partitions with the power of z
coun‘cﬁa:g1 the exact number of parts used. Now for the sum on the RHS, as before k gives the number of

parts. It is known that [Zﬂ is the generating function for partitions into up to k part of size up to m —k

(for example see Section 7.2 of Andrews and Eriksson [4]). If we add a triangle of side length k to the
Young diagram of such a partition we now have a partition with distinct parts of size up to m, as desired.
Note that adding this triangle is the same as multiplying the generating function by a factor of qk(k; =

We note that if we take m to infinity in the ¢-Binomial Theorem we get Euler’s Identity. In Appendix
we give an alternative proof of Lemma by considering particle states with 0 < k < mg —m; — 1

particles inside (mq,mg) as partitions of some s (left jumps away from a ground state) into up k parts of
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size up to mo —my — 1 — k. Instead we can think of the states as partitions into exactly k parts with size
up to m : = msy —my — 1 by letting each particle represent a part of size its distance away from the right
boundary site mo. Again we see that these distances must be distinct due to the exclusion rule and so
the parts in the corresponding partition are distinct. This explains why the g-Binomial Theorem arises
as a consequence of Lemma

5. FUTURE DIRECTIONS AND OPEN QUESTIONS

As we saw in Section [2.3] natural questions for the particle system can lead to probabilistic proofs of
well-known combinatorial identities. The authors are exploring further directions.

In the paper of Baldzs, Fretwell and Jay [§], it is shown that states of blocking particle systems
with 0-1-...-k (for k > 2) particles per site correspond to generalised Frobenius partitions (these are a
generalisation of the notion of integer partitions). With this in mind, perhaps by considering the number
of particles to the left of some site or within a finite range or symmetry between holes and particles for
these more general blocking systems we would see GFP versions of the Euler, ¢g-Binomial and Durfee
rectangles identities.

Recently Amir, Bahadoran, Busani and Saada, [1], characterised the blocking measures for asymmetric
simple exclusion on multiple lanes. There they comment that it would be interesting to see what combina-
torial identities can be found by studying equivalences between the multilane exclusion and other particle
systems like in the work of Baldzs and Bowen, [7], and that of Baldzs, Fretwell and Jay, [§]. It is natural
to ask what is the distribution of particles in half infinite and finite ranges in the multilane exclusion
under the natural blocking measure. These distributions should also lead to interesting combinatorial
identities as we have shown here for the single lane ASEP (Section .

Both directions are subjects of upcoming papers.
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APPENDIX A. SIMPLE ¢-POCHHAMMER MANIPULATIONS

Lemma A.1. For any m € Z and c € R,
_7nc(_q1+m—c; q)oo(_qc—m; q)oo _

m(m+1)
2
)oo (=% @) oo

(—a'“q
Proof. Clearly this holds for m = 0, so let’s consider the cases when m > 0 and m < 0 separately.
-1

[T A+q¢7")
m(ﬂ;—l) —mec | i=—m
m

=4q
[1(+q)

i=1

Firstly when m > 0 we have that,

m(m+1)
—a 7mc(_q1+mfc;q)oo(_qcfm;q)oo

(=% @)oo (—¢% @) o

|

|

_ qm(7721+1)_mc ¢=1m —1
IT(1+q¢°)
i=1
Similarly when m < 0. We suppose m = —[ for some [ € Z~( and so,
0 .
IS e [I A+q¢7)
I G L) P G M) P (T TS N A8
(=" @)oo (—0% D)o =] _
T+ ¢+
-1 "
—1—C 1 1TC
=Dt g, il;[[)q ( +4q )
=q 2 . = = 1.
HO(l +q"t°)
O
Lemma A.2. ¢-Binomial analogue of Pascal’s identity (e.g. (7.1) in Andrews and Erikkson [4])
For anym € Zso and k € {0,...,m},
m{  plm-1 m—1
3 P k—1] -
q q q
Proof. Let us consider,
g [m — 1} {m - 1} _ v (@@)ma (4 @)m-1
q + =q +
[ kol k=1, 7 @@ Dm-1-x (G Dr-1(aD)m—r
(@ Dm-1(1 =™ ") | (@ @Dm-1(1— ")
(4 D)@ Dk (4 (@ Dm—r
_ (@ Dma(=q") (@ Dm m]
(GG Dm—r (GG Dm—r  [F],
O
Lemma A.3. For any k € Z>o,
_ _ q;9)k
(" k=(""0 "= ( 2(k+1) .
(=1)kq™=
Proof. We have that,
k—1 A k A
(@ %o =[a-a* ) =T[0-a) =" ¢
3=0 i=1
: i (:0)
Q=g HA-qg?)--(1-¢g"=q = [[¢'-1)= ( )k’ DR
Jj=1 —4i)rq 2
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Lemma A.4. For any d € Zso, any m1 < ma < ... < mg € Z, any ¢ € R, and for each j € {2,..,d},
(=gt =Imms g) g, 1
(—qeFd=I7mi5q)0e (14 qoHd=0=ma) (1 + qetdt=i=mi ) (—gerd=U=D=mi-1: g)

where ™ :=mj —m;_1 — 1

Proof.
m; ‘ |
(—getdt2=i—m;, Q)mJ 11;[1(1 + qc+d+17]7mj+z)
(—qetd=i=m55q) a iii(l + getd—i—ms+i)

l_f (1 + qc+d+1—j—mj+i)
i=1

(1 + qc+d—j—mj)(1 + qc+d+1—j—mj) 10_0[ (1 + qc+d+1—j—mj+i)

=

—

_ 1
- 00
(1 +qc+d7j7m_7~)(1 +qc+d+1fj7mj) H (1 +qc+d+1fjfmj+i)
i:fnj—H
B 1
(1 + chrdfjfmj)(l + qc+d+17j7mj) H (1 + qc+d+17jfmj,1+i)
i=0

1
= (1 +qc+d7j7mj)(1 +qc+d+17jfmj)(_qc+d7(j71)fmj,1;q)oo

APPENDIX B. COMBINATORIAL ARGUMENTS

This section is included for completeness. Notice that no other parts of the paper rely on these
arguments.

Alternative proof of Theorem[1.1]
We notice that, any state z such that N p ( ) = k is some s number of left jumps away from the

state @, which is defined on the sites (—oo m] as

B {1 ifie{m—k+1,..,m}

W; =
' 0 ofw.
We see that a left particle jump changes the probability of a state, under pu¢, by a factor of g,

(l C)Z(77 1)

(JJ 1) a7 T e —(=1=¢) () — . €

Thus we have that,
KN, L (2) = K} = Zq ik, s)

where §(k, s) counts the number of states on (—oo,m] that are s left jumps away from @. A state that
is s left jumps away from w can be viewed as a partition of s where the parts are the number of left
jumps each particle is away from its position in @. So the partitions that these states correspond to are

(o]
partitions of s with up to k parts. Then Z q°g(k, s) is the generating function for such partitions, by

conjugation of partitions we know that Z gk, s) = (for example see Section 6.2 of Andrews and

= @9k q)
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Eriksson [4]). Now we find,

m
c—i
c - T - i:ml——lk-i-lq qk(c_mHk(k;l) qk(c_m)+7k(k{1)
=4 ‘(foo,m](g): H Mi(wi): m T > = (—qc=™;q) :
i=—00 H (]_ + qcfz) H (1 + qcferz) q 5 4)co
i=—00 =0

Putting this together we have that,

qk(c—m)—&-@

(G DR(=¢™; Q)00

HAND L (2) = k)) =

Alternative proof of Lemma 1.5,
For some k € {0, ...,72} define a state w on [m; + 1, mg — 1] such that,

o 1 forie{ms—Fk,..,my—1}
"0 forie {mi+1,..,mo—k—1}.

We see that for any state z defined on [m; 4+ 1, mg — 1] there is some minimal number of right particle
jumps needed to get to w; that is z is some s left jumps away from w. Thus, since a left jump changes
the measure by a factor of ¢,
_ _ k(s —k)
LAND, (@) = NP (@) = K = flmime-n(@) D a*g(k.s)
s=0

where g(k,s) counts the number of states on [m; + 1,mq — 1] that are s jumps away from w. The
probability under 1|, 4+1,m,—1) of the state w is,

mo—1 i k1
. mg—1 ] i:rg—kq qk(c+1—m2)-‘rz:1 i qk(c+lim2)+k(k2—l)
e |[m1+1,m2—1](g) = H i (wz) = mo—1 - ma - (_ c—mo—+1. )A
it I (1+g)  [[4gemry 0 0 0m
i=mi+1 i=1

A state that is s left jumps away from w can be viewed as a partition of s where the parts are the number
of left jumps each particle is away from its position in w. So the partitions which these states correspond
k(o —k)
to are partitions of s with up to k parts of size up to g — k. Hence Y. ¢°g(k, s) is the generating
s=0
function for these such partitions which can be written in the following way (for example see Section 7.2
of Andrews and Eriksson []),

k(1 —k)

Z gk, s) = ﬁ?]q _ (q’q(q,(ﬁmg

pors (5 @)y —k
Putting all this together we find that,

qk(c+1—m2)+ k(k,;l)

(4 Qs
(_qcfm2+1; iy (@G Dk (G @ rna—k

HANE ()= NP (2) = k) =
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