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Abstract

We give a combinatorial derivation and interpretation of the weights associated
with the stationary distribution of the partially asymmetric exclusion process. We
define a set of weight equations, which the stationary distribution satisfies. These
allow us to find explicit expressions for the stationary distribution and normalisation
using both recurrences and path models. To show that the stationary distribution
satisfies the weight equations, we construct a Markov chain on a larger set of generalised
configurations. A bijection on this new set of configurations allows us to find the
stationary distribution of the new chain. We then show that a subset of the generalised
configurations is equivalent to the original process and that the stationary distribution
on this subset is simply related to that of the original chain. We also provide a direct
proof of the validity of the weight equations.
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1 Introduction

The PASEP (Partially asymmetric exclusion process) is a generalisation of the TASEP. This
model was introduced by physicists [2, 8, 9, 10, 11, 16]. The TASEP consists of (black)
particles entering a row of n cells, each of which is occupied by a particle or vacant. A
particle may enter the system from the left hand side, hop to the right and leave the system
from the right hand side, with the constraint that a cell contains at most one particle. The
particles in the PASEP move in the same way as those in the TASEP, but in addition may
enter the system from the right hand side, hop to the left and leave the system from the left
hand side, as illustrated in Figure 1.

o
hop on ! P hop off
o—CO—CO—0—0
hop off‘/O _/ ‘\Jhop on
Y q )

Figure 1: The PASEP.

From now on we will say that the empty cells are filled with white particles. A basic
configuration is a row of n cells, each containing either a black, e, or a white, o, particle. Let
B,, be the set of basic configurations of n particles. We write these configurations as words
of length n in the language {o, ®}*, so that e* denotes a string of k black particles and AB
denotes the configuration made up of the word A followed by the word B. We denote the
length of the word A by |A|.

The PASEP is a Markov process on the set B,,, with parameters «, 3,7, d,n and ¢, and
transition intensities gxy given by

JoB,eB = O/; (Ae Ao = ﬁ; JAeoB,AceB = 1], (1>

JeB,oB = 7; YJAo,Ae = 57 JAceB,AecB = (,

and gxy = 0 in all other cases. It is common practise to, without loss of generality, set
17 = 1. Unless otherwise indicated, we follow this practise in this paper.

See an example of the state space and transitions for n = 2 in Figure 2.

There are many results for the PASEP. A central question is the computation of the
stationary distribution. This has been most successfully analysed using a matrix product
Ansatz (10, 16].

In this paper we give a combinatorial derivation and interpretation of the stationary
distribution of the PASEP which is independent of the matrix product Ansatz. To our
knowledge the only previous purely combinatorial derivations are for the special case of the
TASEP, for example [8] together with [15] and [12, 13, 14].

Our derivation works by
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Figure 2: The transitions for n = 2.

i] Constructing a larger Markov chain on both basic configurations and marked basic
configurations which we call marked configurations.

[i] Using a bijection between marked configurations to find the stationary distribution of
the larger chain.

iii] Showing that a subset of the configurations is equivalent to the original chain and that
the stationary state on this subset is simply related to that of the original chain.

We note that this is similar to the work done in [12, 13, 14] where the authors studied the
case 0 =y = q = 0. Here we study the stationary distribution of the full model.
We first define a set of weight equations.

Definition 1 (Basic Weight Equations). Let W (X) be a real valued function defined on
UnB,. If W(X) satisfies the set of equations

W(X) =1 if XeB, (2a)
W(X) = aW(oX)—~yW(eX) (2b)
W(X) = pW(Xe)—dW(Xo) (2¢)
W(AoB)+ W(AeB) = niW(AeoB) - qiV(AosB) (20)

we call W(X) a basic weight.

Below we address the issues of existence and uniqueness of solutions to the above equa-
tions by finding explicit examples of basic weights for certain values of the parameters of the
model.

The main result of this paper is to give a combinatorial derivation of the following theo-
rem:

Theorem 1. Given a basic weight W(X), the stationary distribution P (X) is given by
(3)
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where the normalisation Z,, is

= W(X). (4)

XeB,

We may use the basic weight equations to find expressions for Z,,. Unfortunately we have
not yet found a combinatorial derivation of Sasamoto’s full five parameter integral expression
for Z,, [16] (one of the six parameters can be set to one without loss of generality), but we
are able to find many different specialisations. Theorem 1 is a generalisation to arbitrary ¢
of the ¢ = 0 result of [8].

We also find simple expressions for the stationary distribution of certain or all configu-
rations for particular parameter combinations. For example:

(a+B+~+0)(af—9d)
i) G4y then

Proposition 2. Ifg=1—

(8-+7)"(a + 8y~
(a+pB+y+0)"

Poo(X) = : ()

where w is the number of white particles in X. In particular, the number of white particles
at stationarity is Binomially distributed, with parameters n and (84 7)/(a+ B+ v+ 9).
Proposition 3. Ify=0=0and g=a = (=1 then

(n—k+1)*n—k+1)
(n+1)!

Poo(X = ofA) = , (6)

where A is any configuration in B, _j.

Proposition 4. Ify=30d=q=0 and a = = 1/2 then

independent of the configuration X .

We also prove the following proposition, first derived in [16] (via the matrix Ansatz and
Askey-Wilson g-polynomials).

Proposition 5. If n=q =1, then

n—1
Z, = B = 7Mgoz+5+7+5+z’(oz+y)(ﬁ+5)). (8)

For the special case « = f = v = 9§ and ¢ = 0 we have the following conjecture for the
normalisation.
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Conjecture 6. Assumea =03=~v=09 and q=10. To avoid a denominator aff —~6 = 0, we

rescale the weights for configurations of length 1: W (o) = B+~ = 2a and W(e) = a+6 = 2«

(previously W (o) = (B +7)/(aB —~6) and W (e) = (o +0) /(B —76)).
Define an auziliary function Q;; by

475 (5 + (20 — 3))!!

(26 —=1))N@G =11

Then the rescaled normalisation Z! is given by a polynomial in o with coefficients given by
the anti-diagonal terms in Q; ;. Namely,

Qij = 9)

AR alQlyl = 4a, (
Zy = a’(Q12 + aQq,) = 8 + 160, (
Zh =a Q13+ aQop + a’Q31) = a1 (12 + 48a + 640%), (10c
Zy = a2 (Qua+ aQa3 + Q32+ &’Qu1) = a ?(16 4 96cr + 240a” + 2560°),  (

and for general n,

AT M) (= k) ((n+ ke — 1)/2)0
7 =« ;ak Qkns1-k = 4 ; Mk 1)/ . (11)

In section 2 we use the basic weight equations to find recurrences for the normalisations
and in section 3 we describe path model interpretations of the stationary states and normal-
isations. In section 4 proofs of the propositions and theorems stated in the earlier sections
are given. In particular a first proof of theorem 1 is given in section 4.1. In section 5 we
define a larger Markov chain, the M-PASEP, whose stationary distribution is related to that
of the PASEP chain in section 6. The stationary distribution of the M-PASEP is given by
proposition 27 which is proved in section 6 and provides a second proof of theorem 1.

2 Recursions

In this section we study the normalisation using the weight equations (under the assumption
n = 1). By considering the position of first (leftmost) o particle the weight equations may
be used to obtain a recursion to compute Z,, when either v or § are zero. Here we consider
0 = 0, and note that similar results may be obtained for v = 0.

2.1 Recursions for 7,

Let W, . be the sum of the weights of configurations in B, that start with exactly k es and
then at least one o or are all black. Similarly let W, ; ; the sum of the weights of basic
configurations in B, that start with exactly k£ es then a single o and then at least j es.
Finally, let Z, ; be the sum of the weights of basic configurations in B,, that start with at
least k es.
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Proposition 7. If § = 0 then Z, ;, W, and W, 1 ; satisfy the following equations

( (Zn—l,O + VZml)/a if k=0
- Waoip1+ Znap + W1 if ke l,n—1]
Wor =3 w5 if k= n (12a)
L 0 if k>n
( Whk if j =0
o (Zn—l,j + ’}/Zn,j_;_l)/Oé if k=0
Wors = 9 ¢ if k+j>n (12b)
Zn-1grj + Wark—1;+qWhnr-1;41 otherwise

ka + ka-i-l if ke [O, n — 1]
Inp = Win if k=n (12c¢)
0 if k>n

These follow from application of the relations of the weight equations to basic config-
urations where the first eo pair occurs at position k for k € [1,n — 1]. The case k = n
corresponds to an all black particle configuration. Similar recurrence relations to (12) were
obtained in [8] for the special case of ¢ = 0. In the notation of [8] Z, x = Y,.(n — k + 1).

Using these recurrences we can compute Z, = Z, o for any n. Using this data, we were
able to guess the form of Z, for specific a, 3,7, ¢ and once guessed a simple substitution
back into the recurrences (and a check of the initial boundary equations) gives the following
corollaries. (The Z,, result for § = g = 0, @ = 3 = 1 has previously appeared in [8, 10, 4, 12].
In [8] the length generating function for Z, ; was also obtained and later Z, j for arbitrary
a and  was found in [15].)

Corollary 8. I[fy=0=q=0 and a = 3 =1/2, then
Zpy =22 Zpy=2"7N (13)
Corollary 9. If y=0=q=0and a = 3 =1, then
1 [2n+2 kE+22n—k+1
Zn = s Lk = : 14
n—|—2<n+1) * n+2< n—k ) (14)

Note, Z,, is the Catalan number C,,1; and Z,,; is the Ballot number By, 11— +1.

Corollary 10. Ify=0=q=0,a=1 and 5 =1/2, then

2 1 2n — 1
n n—=k

Corollary 11. Ifv=0 =0 and q = 1, then

n

k
Zn:H<é+%+i—1>, vak:<n—k+%) Lot (16)

=1
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Corollary 12. If6 =0 and v=q =1, then
STI(E ot o), zo=(n-kil 'y (17)
- - o /6 ) nk — /6 n—k-

1=1

3 Path models

Another way to compute Z, is to give a bijection between basic configurations counted by
their weights and a family of weighted lattice paths. A similar result was given in [4] for
v=09=¢q=0. In [12] “complete” configurations (these are pairs of basic configurations
with additional constraints) can also be interpreted as paths when v = § = ¢ = 0. Here we
generalise one of the approaches of [4] to get the result for v = § = 0 and ¢ > 0, and give a
similar representation for 7 = ¢ and general «, 3, v and 6.

Definition 2. A Motzkin path, [1], of length n is a sequence of vertices p = (vg, vy, ..., V),
with v; € N? (where N = {0,1,...}), with steps viy1 —v; € {(1,1),(1,-1),(1,0)} and
vo = (0,0) and v, = (n,0). A bicoloured Motzkin path is a Motzkin path in which each east
step is labelled by one of two colours, and generalised bicoloured Motzkin path is a Motzkin
path in which all steps are labelled by one of two colours.

These paths can be mapped to WOI‘dS 111 the language {N N S S E E} by mapping the
dlfferent coloured steps (1,1) to N and N steps (1, —1) to S and S and horizontal steps

to E and E The height of a step v;11 — v; is the y-coordinate of the vertex v;. The heights
and colours of the steps determine the weights of the paths.

3.1 Path models for v =0 = 0.

In this case we will only need colours on the horizontal steps. Therefore we let N = N = N
and S =5 =5, so the language is restricted to {N, S, F, E'}.

Definition 3. Let P,, be the set of bicoloured Motzkin paths of length n. The weight of the
path in Py is 1 and the weight of any other path is the product of the weights of its steps.
The weight w(py) of a step py starting at height h is given by:

L—¢™ ifp=N
R

(1 = quw(pe) = . (18)
14 vg" ifpr =F

1 —uwvg"™' ifp,=S9

whereu:i(l—q)—l,v:%(l—q)—l.
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Figure 3: A path p € Py; (top) corresponding to the word NNESSNESENS, and the
image configuration 6(p) (bottom).

An example of a path in Py; is given in Figure 3.
Define a mapping 6 : P,, — B, where each bicoloured Motzkin path is mapped to a basic

configuration such that each step S or E is mapped to a white particle and each step N or
E is mapped to a black particle. This mapping is many-to-one, and we let §~(X) denote
the set of all paths that map to X.

Theorem 13. When v =0 = 0 the weight of a basic configuration X is given by

and

Z=Y wlp) (20)

pEPn

This theorem gives a combinatorial derivation of the stationary distribution that does
not make use of the matrix product Ansatz which was used to obtain the results in [10, 16].
The proof is given in Section 4.4 and works by showing that the the weight of the paths
obeys the same equations as the weight of the basic configurations.

We may specialise the above result to get the corollary:

Corollary 14. If « = § = 1 the paths P,, correspond to (uncoloured) Motzkin Paths of
length n where the weight of a step starting at height h is 1 +q + ... + q".

x If ¢ =0 then Z, = Cy41, where C, is the n'* Catalan number.
x If g =1 then Z, = (n+ 1)! (see [3, 17]).

This can be linked to well-known results on the g-enumeration of permutations, [6, 7].
Also if « = = 1/2 and ¢ = 0, only the paths that are made of east steps have non zero
weight. Each such path has weight 2". Therefore W(X) = 2" for any X € B, and Z,, = 4™
in that case — this is Proposition 4.

Applying Theorem 1 of [1], we instantly get a generating function for weights. Namely,
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Corollary 15. Let f,,, be the sum of weights of configurations of length n, with exactly w

white particles. Further, define F(t,z) = Zwﬂ Junt®2", and let Ky, = z(wE, + E) and
>\h = Z2thSh. Then

F(t,2) = " . (21)

1—%0—

Lm0
—

3.2 Path models for ¢ =1

Definition 4. Let M,, be the set of generalised bicoloured Motzkin paths of length n. Given
a basic configuration X, let M, (X) be the set of generalised bicoloured Motzkin paths of
length m in which step i have the same colour as the particle at position i in X (see Figure
4)

The weight of the path in Mo(X) is 1 and the weight of any other path is the product of
the weights of its steps.

NN
/N

Figure 4: A generalised bicoloured Motzkin path of length 10 (top), with weight

o [ ) [ ] o

N1SoEgN1N3S1NoS1E 1Sy, and the corresponding basic configuration (bottom).

Theorem 16. If g = 1 there exist weights w(pg) such that the weight of a basic configuration
X is given by

WX =——— 3w, (22)

(@B =0)" o
and ]
Zn = W pezM:n w(p). (23)
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If ¢ =1 and the weight of a step py starting at height h is given by:

if pr = N then w(py) = Jifh =(h+1)y(a+8+v+d+hla+7)(B+9)) (24a)
ifpe=N  then w(py) = Np= (h+Dala+ B8+ +0+h(a+)(B+8) (24b)
ifpr=E then w(py)=En=08+7+(h+1)(af+0+267) (24c)
ifon=FE then w(py) =En=a+08+(h+1)(af+~6 + 2a0) (24d)
ifpr =5 then w(py)=Sh=0 (24e)
ifpe=S then w(py)=8n=3 (24f)

then equations (22) and (23) hold.

The peculiar choice ¢ = 1 — (o + F+ v + 9)(af — v)/(a+6)(8 + ) also allows a
representation like (22), however, the step weights get quite complicated. Fortunately, it is
soon noticed that the configuration weights all have a large common factor, and the alert
reader will have noticed that this value of ¢ is the same as in Proposition 2.

In fact, we have the following result.

Proposition 17. Given that v and ¢ are positive, ¢ =1 and

g=1—(a+B+v+d)(af—~0)/(a+)(5+7)
are the only two values of ¢ which allows a representation like (22).

Disregarding the colours totally, we get a slightly simpler representation of the normali-
sation in the ¢ = 1 case.

Corollary 18. Let M, denote the set of (uncoloured) Motzkin paths of length n. If the
weight of a step pg, starting at level h, is given by

ifpr=N then w(py)=a+B+7y+6+hla+7v)(3+9) (25a)
ifpr=EFE then wpy)=a+B+v+d+2(h+1)(a+7)(5+9) (25Db)
ifpe =5 then w(py) = (h+1)(a+7)(8+0) (25¢)
Then 1
Zy = ng;nw(p) (26)

Just as in the v = 0 = 0 case, we immediately get a generating function for weights.

Corollary 19. Let f,,, be the sum of weights of configurations of length n, with exactly w
white particles. Further, define F(t,z) = Zwm funt®2", and let Ky, = z(wE), + E}) and
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N, = 22(w2]€fh§ + w(]sfhé + ]ifhg) + ](fhé) Then

F(t,z) = ! v : (27)

1—%0— \
-k ———————
1—Kg—---

Remark 1. The normalisation can also be written as the sum over weighted Dyck paths.
See Lemma 20 in Section 4.3.

4 Proofs

4.1 Direct proof of Theorem 1

Let X = z; - - - &, be any configuration of length n. Let X* denote the configuration with po-
sition k removed, i.e. X* =21 - 2p_1Zpp1 - - - T, and X®) the configuration with positions
k and k + 1 interchanged, i.e. X% =z, - T 1Tkt 1Tk T2 " Ty

To show that (3) in Theorem 1 defines a stationary distribution, we will show that
f(X) =0, where

FX) =Y grxP(Y), (28)
Y
where P(X) = W(X)/Z, (note that gx x = — > y_x gx,v)-
Assume that X have the pair oe in positions iy < is < --- < 4, (position k meaning

that x; = o and xx,; = @), and the pair eo in positions j; < jo < -+ < J,. Note that
Il—1<m<Il+1,withl=m—1if and only if x;1 = e and z,, = o and [l = m + 1 if and
only if 1 = o and x,, = . We have four cases, depending on z; and x,,. Assume x; = o and
r, = e, the remaining cases being analogous.

Equation (28) then becomes

l m

F(X) = 7P(eX") + 6P(X"0) + 1y  P(X')+q)  P(X") — (8 +a+lq+mn)P(X)
(29)
Now, by (2b) — (2d),
vP(eX') — aP(X) = — Zn1 P(XY), (30a)
SP(X"0) — BP(X) = —Z;}P()_("), (30b)
nP(X) — ¢P(X) = Zg;l (P(X™)+ P(X™*1)) and (30c)
GP(XU) g P(X) = =22 (P(XH) + P(T). (30d)
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Inserting in (29) gives

fix) = -2t (P(l, n) = > Plixix + 1)+ > Pl i + 1)) (31)

where P(i,j) = P(X') + P(X7). Finally we note that Xt = X! X+l — Xi 1 < k < I,
X = X1+l 1 < k <[ and X"t = X" The first assertion is true since the first ® in X
is in position 7; + 1, so both x; = o and z;, = o and removing them give the same result.
The other assertions are showed similarly. Thus f(X) = 0, and the Theorem is proved. [

4.2 Proof of Proposition 2.

We may introduce a factor C' in the algebra as follows

W(X) = 1 if XeBy (32a)
aW(oX) = CW(X)+~yW(eX) (32Db)
W (Xe) = CW(X)+IW(Xo) (32¢)
nW(AeoB) = C(W(AoB)+W(AeB))+qW(AoceB) (32d)
as this does not alter the ratio between weights for configurations of equal length. Choose
B afl — o
(a+d)(B+7)

andlet p =1and ¢ =1 — (a+ [+ v+ §)C. Straightforward calculations now show that
W(X) = W, where w is the number of white particles in X, satisfies (32a) —

32d), and the Proposition follows. O
(32d), p

4.3 Proof of Proposition 5

A Dyck path may be defined as a Motzkin path without east steps. Let Dy, be the set of
Dyck paths of lenght 2n. The weight of a Dyck path is product of the weight of its steps.
Let the weight of a north-east (south-east) step from level h — 1 to h be N, (Sy), and the
denote the weight of a Dyck path p by v(p).

We will use the following lemma.

Lemma 20. With the weights

v {(h+ D@+ 7)(B+0)/2, if his odd, (332)
a+0+v+d+hla+7)(6+06)/2, if h is even,
Sp =1, (33b)
we have .
Zy = (af = 7o) Z v(p). (34)

p€D2n
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Proof. Define a surjection M : Dy, — M, as follows. For k =1,2,...,n, if steps 2k — 1 and
2k in p € Dy, are:

* Both north-east, let step k in M (p) be north-east.
* Both south-east, let step k in M (p) be south-east.
« Otherwise, let step k in M (p) be east.

Given the weights in Corollary 18 for Motzkin paths and the above weights for Dyck
paths, it is trivial to check that

wig)= Y. v(p). (35)

and the lemma follows. O

Next, we will find a recursion for the sum of weights of Dyck paths which start with d
north-east steps.

Let R% be the set of Dyck paths whose first d steps all are north-east. For a path
p € RY  let wi(p) be the weight of the path without the first d steps. Finally, let

zi=">" v ). (36)

d
p€R2n

Note that Z° = Z, /(a8 —v6)" and that Z¢ = 0 for d < 0 and d > n.
Considering step d + 1 we get the following recursion

Lemma 21.

Zr =1, form=0,1,2,... (37a)
Z% = Ny 20 + Sq 1 2871, (37D)

It is now straightforward to check that the following expression satisfies the above recur-
sion with the weights given in Lemma 20.

Lemma 22.

n—d

g (n—d+|d/2] '
Zn_< /2, )ga+5+7+5+(2+L(d—l)/2j)(a+7)(@+5)_ (38)

Let d = 0, and the proposition follows. O
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4.4 Proof of Theorem 13
Let

QX)= Y wp (39)

ped—1(X)

We will show that Q(X) satisfies the basic weight algebra (2a)—(2d). By definition, (2a) is
fulfilled.

Let X = AB be any configuration, and let p € 671(X), a € 67'(A) and b € 67(B) be
such that p = ab.

We have

w(Ep) = Bgw(p) = w(p)/a, and (40a)
w(pE) = Eqw(p) = w(p)/B. (40b)

Summing over p € §71(X) gives (2b) and (2c).
Next assume that part a ends at level h. Then

w(aﬁéb) = w(aéﬁb) = w(ab)éhéh, (41a)
w(aN Sb) = w(ab) NpSp 41, w(aSNb) = w(ab) Ny_1S, (41Db)
w(aEb) = w(ab)En, and w(aEb) = w(ab)En. (41¢)

One can easily check that

EhEh—l—NhSh+1 = Eh+Eh+q(EhEh+Nh_1Sh). (42)

Thus

o e

w(aEED) + w(aNSb) = w(aEb) + w(aEb) + q(w(aEEb) + w(aSNb)), (43)
and summing over p € 71(X) gives (2d).

4.5 Proof of Theorem 16

We will show that the weights of generalised bicoloured Motzkin paths with weights as given
in the Theorem satisfy the algebra in Definition 1. Then, since it is trivial to check that the
Theorem holds for n = 1, the general case follows.

By definition, (2a) is fulfilled.

For a path p, we have w(ép) = L%Ow(p)/(aﬁ —79) and w(t.?p) = L.?Ow(p)/(aﬁ —79), so

aw(Ep) — yw(Ep) = (a(B+ )w(p) — v+ Ow(p)/ (af —18) = w(p).  (44)

This is (2b); (2¢) is analogous.
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To show (2d), let p be decomposed as ab, with part a ending at level h. Let aoeb (a eob)
denote the set of possible bicoloured Motzkin paths starting with a, then a white (black)
step, then a black (white) step, and ending with b.

Then
w(a e ob) = w(ab)(ExEn + SaNy + N1 Snar)/ (B — 76)2, (452)
w(ao eb) = w(ab)(ExEn + SaNy + N1 Sner)/ (B — 16)2, (45D)
w(aéb) = w(ab)i’?h/(aﬁ —74), and (45c¢)
w(aEb) = w(ab)En/(af — 78). (454)
Basic algebra now shows that
w(a e ob) —w(a o eb) = w(af%b) + w(aéb), (46)
as required. O
4.6 Proof of Proposition 17.
Using the algebra, we get, with S=a+ G+v+40, P=(a+9)(6+7),
W'(0) = (aff — 78)W (o) = B+~ = Eo (47a)
W(e) = (af — 0)W(e) = a + 6 = E, (47b)
W'(00) = (a8 —76)(af — qy8)W (00) = B7S + (B + q7)(8 +7) = EoEo + N1So  (47¢)
W'(ee) = (aff —v6)(aff — q10)W (e8) = adS + (a + gd)(a + 8) = BBy + NSy (47d)
W'(08) = (af — 78)(af — q0)W (08) = 785 + P = EoEo + N1S (47¢)
W'(eo) = (aff — o) (af — qy0)W (e0) = af3S + qP = EOEO + ]iflgo (471)
Thus, it is required that
(W'(00) — EyEg)(W'(s0) — EoFy) = (W'(ow) — EgEq) (W'(s0) — EoEy)
(48a)
<
(=D (S(a(B+7)+Ba+d)+(@—-1)P) = (¢—1)7SP (48Db)

assuming v > 0 and 6 > 0, ¢ =1 and ¢ = 1 — (aff — 79)S/P are the only two solutions to
this equation. 0
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5 Marked configurations and the M-PASEP

In this section we define a larger Markov chain, the M-PASEP, which we use to study the
stationary distribution of the original PASEP. In particular we show that the stationary
distributions of the M-PASEP and the PASEP are simply related.

5.1 Marked configurations

We enlarge the state space of the original chain by adding “marked” configurations (hence
the “M” in M-PASEP).

Definition 5. A marked configuration (X, i, D) of size n consists of a basic configuration
X € B, an integer i € [0,n] and a “direction” D € {L,R,S,N}. The directions are L for
“left”, R for “right”, S for “stable” and N for “nothing”. The possible values of D depend
on the values of X and i. All triples satisfying the following conditions occur:

% for all X and alli € [0,n]: D= N.

x for X =0A andi=0: D € {R,S}.

x for X =eA andi=0: D € {S}.

x for X = Ao and i =n: D € {S}.

x for X = Ae andi=n: D e {L,S}.

x for X = AeoB, |Al € [0,n—2] andi=|A|+1: D e {L,R,S}.
x for X = AoeB, |Al € [0,n—2] andi=|A|+1: D € {S}.

We define a projection U(M) = X from a marked configuration M = (X, i, D) to the
corresponding unmarked configuration, X. We denote the set of all marked configurations of
size n by M.,,.

These are the marked configurations for n = 2:

(007 07 R)’ (007 07 S)’ (OO’ 07 N)’ (OO7 l’N)’ (OO’ 27 S)’ (007 2’ N)’
(ce,0,R), (ce,0,5), (ce,0,N), (ce,1,5), (ce 1,N), (ce,2/L), (08,2 S), (ce 2 N),
(.07 07 S)’ (.07 0’ N)’ (.O’ 17L)7 (.07 1’R)7 (.0’175)7 (.07 1’N)’ (.07 27 S)’ (.07 27 N)?
(00,.0,5), (e, 0,N), (o0, 1,N), (00,2 L) (00,2.S) (o0 2 N)
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5.2 The M-PASEP chain

We define the M-PASEP chain, C', whose state space is the union of the basic and marked
configurations. For any X € B, and M € M, the transition probabilities between states in
the chain are given by

W (M)

if M)=X th = 4
it U(M) then Cx W) (49a)
if U(T(M))=X then Cyy =1 (49b)
otherwise CX,M = CM,X = CX,X = CM,M = O, (49C)

where W (M) is the weight of a marked configuration which we define below and 7" : M,, —
M, is a weight preserving bijection given in Definition 7 below.

Definition 6. The weight of a marked configuration M is defined in terms of the basic
weights of unmarked configurations as follows:

W(cA,0,R) = W(A) (50a)
W(cA,0,5) = W(eA 0,5)=~W(eA) (50Db)
W(Ae,n,L) = W(A) (50¢)
W(Ae,n,S) = W(Ao,n,S)=0W(Ao) (50d)
W(AeoB,i,R) = W(AoB) if AeBi (50e)
W(AeoB i,L) = W(AeB) if AecB;, (50f)
W(AeoB,i,S) = W(AceB,i,S)=qW(AoeB) if A€Bi, (50g)
W(X,i,N) = W(X)- ) W(X,i,D). (50h)

D#N
We will refer to these weights as M-basic weights.

Note that the chain alternates between marked and basic configurations. The state
graph of the chain C for n = 2 is shown in Figure 5. The weights of marked and unmarked
configurations are simply related and from Definitions 1 and 6 we get:

Lemma 23. For all X € B, and i € [0,n]:

> W(X,i,D)=W(X) (51)
and
> W(M) = (n+ )W (X). (52)
M : UM)=

The stationary distribution of the PASEP chain is simply related to that of the new chain
C:

THE ELECTRONIC JOURNAL OF COMBINATORICS 13 (2006), #R108 17



Figure 5: The M-PASEP chain C for n = 2. Each marked state (X, D) is written as the
configuration X with its direction D in position 7. The dashed lines show the action of the
bijection T

Proposition 24. The conditional stationary probability of finding the M-PASEP chain, C,
i a state Y given that it is in an unmarked state is related to the stationary distribution of
PASEP chain by

PL(Y given that Y € B,) = Po(Y). (53)

This proposition relates the stationary distribution of the two chains, but does not tell
us what the distributions are. We prove the above proposition in the next section and also
expand it to give the proof of Theorem 1.

6 The stationary distribution for the M-PASEP and
proof of Theorem 1

To prove stationarity we need two major ingredients. The first is a bijection between states
on the M-PASEP chain and the second is lemma which gives conditions under which a
Markov chain may be altered while leaving its stationary distribution essentially unchanged.
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6.1 The bijection

Definition 7. We define a mapping T : M,, — M,,. Let M = (X,i,D) e M,,. If D =N
we define T(M) = M. Otherwise we define the mapping by the following algorithm:

x if i = 0 then the colour of the first particle is changed and

o if D =S then i and D are unchanged, or
¢ if D = R then “shuffle M right”.
o Note that M = (X,0, L) cannot occur.

x if i € [I,n — 1] then swap the i and i + 1" particles and

o if D =S8 then i and D are unchanged, or
o if D =L then “shuffle M left”.
o if D = R then “shuffle M right”.

x if 1 = n then the colour of the last particle is changed and

o if D =S8 then i and D are unchanged, or
o if D =L then “shuffle M left”.
o Note that M = (X,n, R) cannot occur.

where “shuffle M right” means

* choose the minimal j € (i,n) such that the j* particle is black and the (j+1)" particle
1s white.

x if such a j exists then seti1 =7 and D = R
x otherwise seti=n and D = L.
and “shuffle M left” means

* choose the mazimal j € [0,4) such that the j™ particle is black and the (j+ 1) particle
1s white.

x if such a j exists then seti =7 and D = L
x otherwise set 1 =0 and D = R.

Some examples of this mapping are given below

T(eceece ),S) = (coeece 0 Y5)
T(eceece 4 R) = (ececee ()
T(eceece 4 [) = (ececee 1 L).
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Proposition 25. The mapping T defined in Definition 7 is a bijection from M, to itself
and VM € M,,

either  T(M)=M or T*(M)=M or T"YM)= M. (54)
The mapping is also weight-preserving: W (T'(M)) = W (M).

Proof. 1t follows directly from the definition that if D = N then T(M) = M and if D = §
then T?(M) = M. The weight is invariant in both cases. To show that if D = L, R then
T Y (M) = M, we use a one-to-n+1 weight preserving correspondence between the basic
configurations in B,_; and marked configurations in M,, with D = L, R.

Start with a configuration X in B,,_;. Suppose that the white particles are located at
positions j; < jo < ... < j; and that the black particles are located at positions j; 1o >
Jixs > ... > jn. Now create n 4+ 1 marked configurations My, My, ..., M, as follows :

* M(] = (OX,O,R>.

x M; = (Xi, 51, R) where X is obtained from X by replacing the o located at j; by eo
with 1 <[ <4q.

* Mi—l—l = (X.vnv L)

x M; = (Xi, ji, L) where X is obtained from X by replacing the e located at j; is replaced
by eo with i +2 <1 < n.

One can check that T'(M;) = M;11,0 <i <n—1and T(M,) = My. Moreover, the definition
of the weight of marked configurations implies that W (M;) = W(X) for i = 0...n and so
the weight is invariant under 7. O

6.2 The stationary distribution

In order to show that the stationary state of M-PASEP chain C' is simply related to that of
the PASEP we use the following lemma:

Lemma 26. Consider a Markov chain Cy with a transition from a state a to a state b with

probability r. We replace the arc ab by the subgraph H as shown in Figure 6 to create a new
chain Cy. Let H be the set of vertices in H \ {a,b}. If:

x the weighted sum over all directed spanning trees in H rooted at b is equal to r, and

x the weighted sum over all directed spanning forests of ‘H that contain 2 components
(one rooted at a and one rooted at b) is equal to 1,

then Pr2(x given that v ¢ H) = Pr{}(x), where Pr$i(z) is the stationary state probability
of finding chain C; in state x.
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Figure 6: Replace the arc (with transition probability r) from a to b by a subgraph H (with
r=ri+- 1)

This follows from the Markov-Tree Theorem [5] and can be proved by applying the
Matrix-tree theorem to a transition matrix, (it can also be proved combinatorially).

From the definitions of the M-basic weights it follows directly that the conditions of
Lemma 26 are satisfied (the weights were originally constructed so that the conditions of the
lemma are satisfied) and hence Proposition 24 holds. This shows that the two stationary
distributions are simply related but does not tell us what they are. The following proposition
does this and together with Proposition 24 implies Theorem 1.

Proposition 27. Let Y be a state in the M-PASEP chain C, then:
W)

PL(Y given that Y € B,) - and (55a)
. W(Y)
PS(M M = — 7
(M given that M € M,,) iz (55Db)

where W(Y) is an M-basic weight.

Proof. To prove stationarity we need to show that the above probabilities are unchanged
under the action of the transitions. Denote the probability of finding the chain C' in state Y
at time t by Pr(C(t) =Y).

Now suppose that

Y
Pr(C(t) =Y given that Y € B,,) = VVZ( ), and (56a)
- . (M)
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Then because the chain alternates between basic and marked states we have

Pr(C(t+1)=Y €B,) = > Pr(C(t) = M)
M : U(T(M))=Y
3 1 W(M)

n—+1

Ly
M : UT(M))=Y
Z 1 W(r))
(T(M
(M)=

Yn+1 Zin

S

L U(T(M))=
1 W(M)

n+1 Z,

U Y

==
=

= (57)

Above we have used Lemma 23 and the fact that 7" is a weight preserving bijection (Propo-
sition 25). Similarly we get:

Pr(C(t+1)=Y eM,) = T W) Pr(C(t) = U(Y))
LW wu) W)
n+1)W(U(Y)) Z, (n+1)Z,
This completes the proof. O
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