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In earlier work, the authors [Tracy, C. A. and Widom, H., “Integral formulas for the
asymmetric simple exclusion process,” Commun. Math. Phys. 279, 815 (2008)]
obtained integral formulas for probabilities for a single particle in the asymmetric
simple exclusion process. Here, formulas are obtained for joint probabilities for
several particles. In the case of a single particle, the derivation here is simpler than
the one in the earlier work for one of its main results. © 2010 American Institute of
Physics. [doi:10.1063/1.3431977]

I. INTRODUCTION

The asymmetric simple exclusion process (ASEP) is a continuous time Markov process of
interacting particles on the integer lattice 7. Each particle waits exponential time; then with
probability p, it jumps one step to the right if the site is unoccupied and otherwise it stays put; with
probability g=1-p, it jumps one step to the left if the site is unoccupied and otherwise it stays put.
We refer the reader to Refs. 15 and 16 for a precise definition of the model.

When particles can jump only to the right or only to the left, the model is referred to as the
totally asymmetric simple exclusion process (TASEP). This process is quite special in that it,
unlike ASEP, is a determinantal process.él’]z’zz’23 For example, in N-particle TASEP the transition
probability from an initial state Y={y,,...,yy} to a state X={x;,...,xy} in time ¢ is given by an
NXN determinant.”> For TASEP with step initial condition (y;,=i), Johansson, in the seminal
paper,]2 proved a limit law for the particle current fluctuations. (The limiting distribution is the
distribution function F, of random matrix theory.)

Subsequently, these particle current limit laws for TASEP were extended to other initial
conditions including periodic initial conditions,’ stationary initial conditions,'’ and the general
two-sided Bernoulli initial condition.'® Much recent work on TASEP has focused on the Jjoint
distributions of the particle current. > 8111317 particular, for step initial condition, the joint
distribution of the associated height function and its KPZ scaling (KPZ refers to Kardar, Parisi,
and ZhangM) to the Airy, process”’18 is now well developed for TASEP." We refer the reader to
Ref. 9 for a recent review of TASEP and closely related random growth models.

For ASEP the results have been restricted to probabilities for a single palrticle.ZA_27 In Refs. 25
and 26, the present authors extended Johansson’s limit law for TASEP to ASEP, thus proving a
stronger form of KPZ universality. Using results from Ref. 25, Sasamoto and Spohnzom’19 and
Amir, Corwin, and Quastel1 obtained explicit formulas for the exact height distribution for the
KPZ equation with narrow wedge initial condition. This height distribution interpolates between a
standard Gaussian distribution for small time and the F, distribution for large time. To extend the
results of Refs. 1, 20, 21, and 19 and show that the Airy, process is the large time limit of KPZ
with narrow wedge initial condition, we would first try to extend the results of Refs. 24 and 25 to
joint distributions of particle positions in ASEP. In this paper, we take a first step in this direction
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in that we derive integral formulas for joint probabilities. Whether these formulas can be used to
study the KPZ scaling limit remains to be seen.

Here is an outline of this paper. We consider an N-particle system with an initial configuration
Y={y,,....yn}, where y; <---<yy, and denote by {x,(7),...,xy(2)} the configuration of the sys-
tem at time ¢. Our starting point is Theorem 2.1 of Ref. 24, a formula for the probability

Py(x; (1) =x,i=1, ...,N) (1)

(the subscript indicating the initial configuration), which is a sum of N! multiple integrals, one for
each permutation in the symmetric group Sy. The integrals are over small circles about the origin.
In Sec. IT we obtain a formula for

Pyidt) =x,, i=1,....m), 2)

the joint probability for the first m particles, by summing (1) over all x; with i >m which satisfy
Xy <Xpp1 <+ <xy<oo. We may do this because the integrals are over small circles. Application
of combinatorial identity (1.6) of Ref. 24 replaces the sum of N! integrals by a sum of
N!/(N-m+1)! integrals. This is Theorem 1.

To obtain from this a formula for arbitrary consecutive particles,

Py(x;(t) =x;, i=n,...,m), (3)

we have to sum over all x; with i<<n, which satisfies —0<x;<---<x,_;<x,, and to do this
requires first replacing integrals over small circles by integrals over large ones. This is accom-
plished with the help of Lemma 3.1 of Ref. 24 and gives Theorem 2. Then summing over the
indicated x; and applying combinatorial identity (1.7) of Ref. 24 give a formula for (3) as a sum
of integrals over large circles. This is Theorem 3.

One could obtain a formula for the general joint probability,

PY(xml(t) = xm17 oo 7xmr(t) =-xmr)7

by taking n=m; and m=m, in Theorem 3 and summing over those x; satisfying xm‘<xi<xmj+l.
These are finite sums and lead to a rather complicated expression which we shall not write down.
There does not seem to be a combinatorial identity that simplifies it.

Finally, we consider the special case Py(x,,(f)=x,,), the probability for a single particle. The
formula for consecutive particles simplifies by using combinatorial identity (1.9) of Ref. 24 and
yields Theorem 4. This is exactly Theorem 5.2 of Ref. 24. The proof here is much simpler than the
one in Ref. 24, although they use the same ingredients. (The theorem was the starting point for
some of the advances mentioned above, and so it is useful to have this more straightforward
proof.) The awkwardness of that proof made it seem unlikely at first that one could find formulas
for joint probabilities without great effort.

Although we assumed that the initial configuration Y was finite, Theorems 2—4 extend to
configurations that are semi-infinite on the right, in particular, to Y=7* (step initial condition).
This is shown in Sec. VI.

Il. THE FIRST m PARTICLES: SMALL CONTOURS
Theorem 2.1 of Ref. 24 is the formula that is valid when p #0,

Pyt =xs i=1,....N)= > f J A T &, TT & e @ ag, - agy, (4
c, c, i i

oeSy

where
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.. o€l
ﬁsgnam, fEE)=p+qét —& e(§=p&'+qé-1. (5)
Hi<jf(§i’ gj)
(In general, the product symbol II refers only to the first term after it.) Here, C, is a circle with
center zero and radius r, which is so small that all nonzero poles of the integrand lie outside C,.
(All contour integrals are to be given a factor 1/27ri.)
To obtain Py(x,(f)=x;, i=1,...,m), we sum over all x,,,;,...,xy such that x,, <x,.. <--*
<xy<e, which we may do when r<'1. The result of the summation is that the product II,§}; in

A

(4) is replaced by

. gN —m

2
. N g(r(m+l)§a-(m+2) T Se(N)
H &) H & .
i<m i=m (1 - gﬂ'(m+1)§0'(m+2) o gU'(N)) o (1 - g"'(N))

We take a fixed ordered (m—1)-tuple A={{,,...,€,_,} with distinct €;<N and consider first
the sum over all permutations o such that

ol)=4€,,....,.cm=1)=4¢,,_,.

[This meaning of A as an (m—1)-tuple will be retained throughout.]
The product Il;,, & 1=, &) becomes

IT & 11 &

i<m jéA

(in the second factor here, and elsewhere below, A is thought of as a set) and the numerator in the
expression for A, may be written as

IT rge. 6 11 me.&)-- 11 e &) T1 Aéonéoy)

Jj# Jj#0 e m=i<j
= 11 &6 T é) T1 fEmméxp)-
ieANjéA i<j m=i<j

As for sgn o, we will consider a new guise for o as its restriction to A°=[1,N]\A. (It may be
associated in an obvious way with a permutation in Sy_,,, 1, a8 A may be associated in an obvious
way with a permutation in S,,_;.) What we now call sgn o will be different from the old sgn o
because the number of inversions in the original o equals the number of inversions of the new
guise o plus the number of inversions in the original o which involve some €;. This number is

> (€;— i) + No. of inversions in A.

i<m

Thus, the original sgn ¢ in (5) is to be replaced by

(- 1)2i<m((i_i)sgn A sgn o,

where now o is in its new guise.
Identity (1.6) of Ref. 24 tells us that, with the new guise o,

2 N—1
ga(m+l)§a—(m+2) o go’(/\;;

% e Umg[< jf(gv(i)’ &ot) (1= &omen o) o)+ (1 =€)

jien( =€)
=p(N—m+1)(N—m)/2(1_ H 5/‘) <jijé ALE; .

jen ) iga(1=§)

Now we sum over all ordered (m—1)-tuples A and obtain the following.
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Theorem 1: We have when p #0,

Py e) =xpi= 1, om) = 3 (= 1) Fsgn A pime v

J J lEA]éAf(gl’gj) Hl<]f(§€ g()
I ;f(&.€)

Micjie (- €)
<(1- I g)= o I e I g lerteeerag - agy.

JEA jen(l=&) i 7 jen i

(From now until Sec. VI, , all indices belong to [1,N], and all sets of indices are subsets of

[1.N])

lll. THE FIRST m PARTICLES: LARGE CONTOURS

Here, we shall find another representation of the same probability in which all contours of
integration are Cg, where R is arbitrarily large. Observe that some factors f(§;, &) in the denomi-
nator in the integrand are canceled by factors in the numerator. We assume at first that p,qg # 0.

Step 1. We show first that we may take all £,-contours with € € A to be Cy. Let us first expand
the &a-contour, where €, ,=max A. There appear to be poles at

p
& =
« 1-4§
coming from the factor f(&a,gj) in the denominator. Since €,=max A, we must have jé& A. But
then this factor is cancelled by the same factor in the numerator. So the only poles when we
expand the §€a-cont0ur are at

which comes from the factor f(§;, fga) in the denominator when i <{,.

We show that the integral with respect to &; of the residue at this pole equals zero. When we
make the substitution §€ —(&-p)/qé&;, we find that (&) +&(& ) becomes analytic at &=0. As for
the first quotient in the 1ntegrand each factor f having §€ as one of its variables is on the order of
§— as &—0. There are N—1 such factors in the numerator and N—2 in the denominator [smce we
do not include the factor f(§;,&, ) that gave rise to the pole]. Thus, this quotient is O(&;'). The
residue of 1/ f(§,,§€ ) at the pole is 1/gé&;, so these combine to give the power §_ As for the
product of powers of the variables at the end of the integrand, when i & A, the product of those
involving & is

(28] e 2] g =g o
q9&; q&;

since x,<x,, and i<{,. Thus, the integrand is analytic inside C, and so its integral is zero. If
i€, then i={ with B> a. [Otherwise, the factor f(§€ & ) in the denominator is cancelled by
the same factor in the numerator.] Then the exponent x,, above is replaced by xz and xg> x,.

We have shown that we may expand the fga-contour to Cg. Next we expand the &, -contour

where €4 is the second-largest element of A. The only difference from what went before is that
there could be a pole at
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_ p
£o1-q&,

coming from the factor f(&, ,&a) in the denominator. However, ffa € Cp, and if R is large enough,
the pole would lie inside C, and so would not be passed in the expansion of the &B-contour. Thus,
we may expand the fgﬁ-contour to Cg

Continuing in this way we see that all the &,-contours with € € A may be taken to be Cg.

Step 2. Next we expand the &;-contours with i & A, and when we do this we encounter poles at
&=1 as well as those coming from the first quotient in the integrand. As above, the latter poles
will not contribute, but those from &;=1 will. An application of Lemma 3.1 of Ref. 24 will tell us
the result.

We restate the lemma to make it compatible with the present notation. Let T be a finite set of
indices and let

&

g=8(&)icr
be a function that is analytic for all & # 0. Assume that for i>k

8le—e-prqe, = O(&) (6)

as &— 0, uniformly when all the §; with j# i,k are bounded and bounded away from zero. For
SC T denote by g the function obtained from g by setting all & with i €S equal to 1. (In particular,
g=gr.) Define

) §-& g9
wo= 1l -

i,jeS

Then when p,q #0,
(5718 gisIisi=172
fT L@l dg= 2 #01 “mmmrs JS 1911 ag;, (7)
c, ieT scr p Cr ies

where R is so large that all the zeros of the denominators lie inside Cz. [When S is empty, the
integral on the right side is interpreted as g(1,...,1).] Here, 7=p/q and

o(S,T) = #{(i,j):i € S,j e T,i = j}.
We apply this with T=A¢ and

g(&)icac= (1 B H fl) H f?m_yi_leg"em e(&r

ieA° i,je A

HiE j »Sj Hi<‘ ) 3
y LA rjen f(&E) Wic; &, 567) 1 5?1 [T & tesensen [T a.

Hi<j,i0rjEA f(gzsgj) i<m ieA ieA

The integral on the left side of (7) is then the integral in Theorem 1. That g is analytic for &
# 0 despite the denominator in the integrand follows from the fact that R may be arbitrarily large.
The argument leading to (6) is like the analogous argument in step 1. There are m— 1 factors on the
order of & " in both the numerator and denominator of the quotient in the integrand, and the
product &' &% becomes

—p\7r!

since i > k.
So the lemma applies. If |S|=k, then the coefficient on the right side of (7) is
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—(N—m+1)(N—m)/27_¢7(S,A(')—k k(k—l)/2. (8)

p q

However, there is another factor arising from

icnjen f(&:€)
1_[i<j, iorjeA f(gi’ g/)

when any &, with k e A°\S is set equal to 1. This factor is

s f(6,1) I AED e
Hk<j,jeA f(l’gj) : 1_[i<k, ieA f(gnl) j>k f(l éj) .
jeA

Hence, the total factor when &, with k € A°\S is set equal to 1 is

(_ T)U(A,SCOAC). (9)

If we use the bilinearity of o(U,V) in its two variables, and the easy fact that

a(U,V) +a(V,U) =|U||[VI +

we see that

a(A,S° N A°) = o(A,A°) — o(A,S) = >, €—mm—-1)2+ o(S,A) — (m—1)k.
Thus (8) times (9) equals
p—(N—m+1)(N—m)/2(_ 1)Ei<m(€,——i)+0'(S,A)—(m—l)k7,Zl»<m(€l-—i)+a'(S)—mqu(k—1)/2’

where we have written o(S) for o(S,A)+0o(S,A%)=0(S,[1,N]).

We replace each integral in the formula of Theorem 1 by the sum over S C A¢ we obtain using
(7). The result is as follows.

Theorem 2: We have when ¢ # 0,

Py(x,-(t) =x,i= 1 ... ’m) — E (_ l)a(S,A)—(m—l)ksgn ATEi<m(€,-—i)+o(S)—mqu(k—1)/2
A
SCAC

f f lEA]ESf gl’gj) Hz<]f(§€7§€)
Cr Cr 1<j f(gz’fj)

X(l—Hé‘}) 1<J tJeS H §€ Hf Hg—yl leEg(gl)tHdg

jes jES (1_§j i<m jes

The summation is over all sets S and (m—1)-tuples A disjoint from S. Here, k=|S| and in the
integrand indices that are not specified belong to SU A.

We assumed at first that p,q # 0 since that was required by Lemma 3.1 of Ref. 25. To obtain
the relation when p=0 by passing to the p — 0 limit, we need to only observe that the power of 7
in the coefficient is non-negative and that the integrand is continuous at p=0 when R>1.

IV. CONSECUTIVE PARTICLES

Here we find a formula for Py(x;(f)=x;, i=n,...,m). If we take the preceding formula and
sum over all x,...,x,_; with —o<x; <---<x,_; <x,, which we may do when R> 1, the partial
product I, &/ is replaced by
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(&e,m & )™
. (10)
(e, = D& &, 1) (&&= 1)
Our (m—1)-tuple A may be written in the obvious way as {A,A,}, where
Al={€1,...,€n_1}, Azz{fn,...,fm_]}. (11)

Until now we did not differentiate in the notation between an ordered set and the correspond-
ing unordered set. Which was meant was always clear from the context. Now we introduce a
notation when we want to distinguish the two: for an ordered set A, we denote by x(A) the
corresponding unordered set.
In the integrand in Theorem 2 the only factor that depends on A and not just on the set y(A)
is
s, &)= 11 féé) 1 féé) T1 f&.&).
i<j i<j<n i<n.jz=n n=i<j

The first factor depends on A, the second depends only on y(A;) and x(A,), while the third
depends on A,.

In Theorem 2 we are to sum over all sets S and all (m—1)-tuples A disjoint from S. Let us fix
S first and sum over all A disjoint from S. This sum over A is the sum over all A; and A, as in
(11). We do this sum by first taking a fixed set S; disjoint from S with |[S;|=n—1 and summing
over all A; with x(A;)=S,. Then we must sum over S; and, of course, A, (which is disjoint from
S, and S) and S. To recapitulate: the summation in the statement of Theorem 2 may be replaced by

>

8,81 AL A,

where S and S, run over all disjoint sets with |S;|=n-1, and A, and A, run over all (n—1)- and
(m—n)-tuples, respectively, satisfying

XA =S, x(A) C(SUS)".
With this notation the coefficient in Theorem 2 may be written as
(_ I)U(SUSI,Az)—(m—l)k(_ l)U(Sl,Az)sgn Al sgn AZTU(SUSIUAZ)—m(m—l)/Z—mqu(k—l)/2.

Notice that A, appears here only in the factor sgn A;. The sum of those terms involving A; as
distinguished from S, is

n—1

(e, &0 )™
A £ 1 .
AEI sgn 1i<111nf(§€i &) (&, = (& &, 1)+ (& &, = 1)

[Recall the factor (10).] Identity (1.7) of Ref. 24 tells us that this sum equals (&1- . -&n_l)"n times

(§-8&)

(n=1)(n=2)/2 i<j,ijeS; _ (_ l)n—lq(n—l)(n—Z)/Z i<j,ijeS; (gj_ fi)

II. . -1 II. . a-¢)

We write the last product here times the analogous product in the integrand in Theorem 2,
where S appears instead of S, as

q

JjeS; JjeS;

Hi<j, i,jeSUS| (fJ -&) (- 1)”(51’5)
I 05, (1-8) Ties,jes(§= &) '
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Putting all these things together and using o(S,S,)+a(S;,S)=(m— 1)k, we obtain the follow-
ing.
Theorem 3: We have when ¢ # 0,

Py =xi=n, .om)= 3 (= DoUSADe]
S50,

X sgn AZTU(SUSI UAz)—m(m—l)/Z—mqu(k—l)/2+(n—1)(n—2)/2

f J I s seson, /&6 Ty oo fEE) TT . A& &)
X cee
e Y I1._ 7€)

(1 H ¢ Hi<j, i,jesusl(fj—fi) 1
( 1) Mesus,(1=§)  Tics jes (§-&)
X H gfn H gzlt H g’;m H fl__yi_lez'is(gi)[ H dgz
ieS) n=i<m jes i i

jes .

The summation is over all disjoint sets S and S, with |S;|=n—1 and (m—n)-tuples A, disjoint from
SUS,. Here, k=|S| and in the integrand indices that are not specified belong to SUS; U A,.

V. ONE PARTICLE
In this case n=m and so A, disappears, the first line of the right side becomes
E (_ l)m—lTo'(SUS1)—m(m—1)/2—mqu(k—1)/2+(m—1)(m—2)/2’
5.5,
and the factor
I & 11 &Il g
ieS; n=i<m jes§
becomes
IT &
ieSUS,|

Now we take a fixed set S; with |S3|=m+k—1 and sum over all partitions S;={S,S,} with
|S|=k, |S,|=m—1. The only part of the sum that depends on S and S, individually is

E HieSl,jeSf(giagj)
A Hiesl,jeS(gj - gz) (
If we observe that S is the complement of S, in S5, we see that we can apply identity (1.9) of Ref.

24 (with S there S| here, with m there m—1 here, and with N there m+k—1 here), which tells us
that the sum equals

1-1'[@3).

jeSsS

q(’”“)"{mk_z}r(l -1 é,-),

m—1 ieS,
where the 7-binomial coefficient [2’]7 is defined by

{N} B (1—7JV)(1_7JV—1)...(1_7N—:1+1)
. U-n0-P) (-1

Hence, after some algebra, our formula becomes

n
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Theorem 4: We have when ¢ # 0,

Py(x,(1) =x,,) = (= 1)1 gnlm=2 3 70(53)-miSs] g153((S51-1)72 [|S3|‘1]
m—1

S3/=m

.. &-& 1-11L§ et S T g
XLR CR,g,f(f,,g,)n(l 511115 H .

where all indices in the integrand run over S;.
This is exactly Theorem 5.2 of Ref. 24.

VI. SEMI-INFINITE CONFIGURATIONS

Here we show that Theorem 2 and, consequently, also Theorems 3 and 4, hold when Y is
semi-infinite on the right, if we take the sums over finite sets S C A°. It follows from the fact that
ASEP is a Feller plrocess]5 that the probability for the semi-infinite initial configuration Y equals
the N — oo limit of the probability for the initial configuration {y,, ...,yx}. Thus, we sum over only
those A C[1,N] and those SC[1,N] in Theorem 2 and then pass to the limit. The limit will be the
sum over all A and (finite) S if the resulting series is absolutely convergent. This we now show
using the fact that R may be taken arbitrarily large.

Consider the integrand first. Each f factor is on the order of R? for large R, while each §, is on
the order of R. Combining the estimates for all factors in the integrand other than I1;£” ! gives,
after a little algebra, O(R™* /2+0(k)) (Recall that m is fixed.) Since each y,=y,+i—1, we have
1,7 = O(R-7AY9+0W)  Thys, the integrand is

o( R—kZ/Z—U(AUS)+O(k)) )

Another factor R comes from the domain of integration, but this does not change the bound.
The coefficient on the right side of Theorem 2 has absolute value at most 77AUS*O®) If we
take R> 7%, as we may, then this combined with the preceding bound gives

O(R_kz/z—a(AUS)/2+0(k)) . (12)

This a bound for the summand in Theorem 2. Now we show that the sum of these over all A
and S is finite. For any s, we have

#{(AS) O'(AUS)—S}<2Ym]

The reason is that if o(AUS)=s, then the largest element in AUS is at most s. So there are at
most 2° choices for S, and having chosen S, there are at most 51 choices for A. It follows that the
sum of (12) over all (A,S) is at most a constant times

E s gm-1 R—k2/2—s/2+0(k)
b
k,s=0

which is finite when R>4.
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