1

Finite-Time Current Probabilities in the
Asymmetric Exclusion Process on a Ring

T. C. Dorlas
Dublin Institute for Advanced Studies
School of Theoretical Physics
10 Burlington Road, Dublin 4, Ireland.

V. B. Priezzhev
Joint Institute for Nuclear Research
Laboratory of Theoretical Physics
Dubna, Russian Federation

February 13, 2007

Abstract

We calculate the time-dependent probability distribution of cur-
rent through a selected bond in the totally asymmetric exclusion pro-
cess with periodic boundary conditions. We derive a general formula
for the probability that the integrated current exceeds a given value
N at the moment of time t. The formula is written in a form of a
contour integral of a determinant of a Toeplitz matrix. Transforming
the determinant expression, we obtain a generalization of the known
formula derived by Johansson for the infinite one-dimensional lattice.
To check the general formula, we consider the specific case correspond-
ing to the probability of a minimal non-zero current. For this case we
get an explicit analytical expression and analyze its asymptotics.

Introduction

The study of space-time correlations in stochastic models of interacting par-
ticles is a central subject of the non-equilibrium statistical mechanics [1].
Among a variety of correlations functions, the current characteristics are the
most natural and important ones for physical applications. During the past



decade, there has been considerable progress in the study of current fluc-
tuations in the totally asymmetric exclusion process (TASEP) which is a
paradigm for non-equilibrium many-particle systems [2, 3, 4, 5].

Two main quantities are used for the description of current, depending
on the geometry of system. For the ring geometry and the fully asymmetric
process, an adequate quantity is the total distance Y; covered by all of the
particles between time 0 and ¢ [6, 7, 8]. For the infinite chain, the time-
integrated current can be measured by the number of particles (); which
have crossed a particular bond up to time ¢ [9]. For the finite chain which
is in contact at its ends with two reservoirs, (); is the number of particles
which have moved from the left reservoir into the system during time ¢ [10].

Most of the known results obtained so far concern the limiting case of large
time when the generating functions (e®¥*) and (e®?) increase exponentially
with ,

<€aYt> ~ 6>\(o¢)t

and
<€aQt> ~ et

where A(«) and p(«) are the largest eigenvalues of the properly defined gen-
erator matrices [6].

At the same time, much less is known about the finite-time behavior of Y;
and Q. The first exact result for the probability P(xy, ..., zp;t|as,...,ap;0)
of finding P particles on lattice sites x1, ..., xp at time ¢ given that they were
on sites z7,...,2% at time 0, has been obtained in [11] (see also [12]) for
the TASEP on the infinite chain. Based on this result, it became possible
to find the probability distribution of the current Q¢(x), i.e. the number
of particles that have crossed the lattice bond (x — 1,x) up to time ¢ for a
specific boundary condition of the half filled infinite chain, when the sites
from —oo to 0 are occupied and the right half is empty at ¢ = 0 [14].

The knowledge of P(z1,...,xp;t|ay,...,ap;0) enables calculation of many
other current properties for arbitrary time intervals. However, the infinite
geometry is not sufficient for complete description of the relaxation phenom-
ena because, in the case of an infinite lattice and a finite number of particles,
the stationary state corresponds to zero density, so that the particles are
non-interacting.

The probability P(z1, ..., zp;t|ay, ..., ap;0) for the TASEP with P parti-
cles on a ring has been derived in [15]. This opens the prospect for studies of
finite-time current probabilities during the whole process of relaxation from
an initial configuration to a non-trivial steady state.



At the same time, much less is known about the finite-time behavior of Y;
and @Q;. The first exact result for the probability P(xy,...,zp;t|ay,...,ap;0)
of finding P particles on lattice sites x1, ..., xp at time t given that they were
on sites z7,...,2% at time 0, has been obtained in [11] (see also [12]) for
the TASEP on the infinite chain. Based on this result, it became possible
to find the probability distribution of the current Q4(x), i.e. the number
of particles that have crossed the lattice bond (x — 1,z) up to time t for a
specific boundary condition of the half filled infinite chain, when the sites
from —oo to 0 are occupied and the right half is empty at ¢t = 0 [13], [14].
A remarkable formula for this case had been obtained earlier by Johansson
[16] using a representation in terms of the symmetric group.

The knowledge of P(z1,...,xp;t|ay,...,ap;0) enables calculation of many
other current properties for arbitrary time intervals. However, the infinite
geometry is not sufficient for complete description of the relaxation phenom-
ena because, in the case of an infinite lattice and a finite number of particles,
the stationary state corresponds to zero density, so that the particles are
non-interacting.

The probability P(z1, ..., zp;t|ay,...,ap;0) for the TASEP with P parti-
cles on a ring has been derived in [15]. This opens the prospect for studies of
finite-time current probabilities during the whole process of relaxation from
an initial configuration to a non-trivial steady state.

In this paper, we consider the current ();(0) on the ring of L sites which
is the number of particles that have crossed the bond (L —1,0) up to time ¢.
Our goal will be to compute the probability Prob[@;(0) > N] that at least
N + 1 particles have crossed the bond (L — 1,0) up to time ¢. In Section 2,
we obtain a general expression for this probability assuming arbitrary initial
positions of P particles on the ring. This result still contains a contour
integral of a determinant of P x P matrix. In Section 3 we consider the
particular initial conditions a; = 0,as = 1,...,ap = P — 1 and evaluate
the determinant expression to get Prob[Q:(0) > N] in a form which is close
to Johansson’s formula for the infinite lattice [16]. In Section 4 we consider
the simplest case N = 0 corresponding to the minimal current probability
among all initial conditions. We derive an explicit analytical expression for
Prob[Q:(0) > 0] and compare it with the result obtained by straightforward
probabilistic calculations. Section 5 contains an analysis of the asymptotic
behaviour of the resulting expression.



2 Current probabilities

Let C' be a configuration of P particles on a ring of L sites, where the positions
of particles are 0 < z; < 9 < ... < xp < L. The TASEP is defined
by the master equation for the probability P;(C) of finding the system in
configuration C' at time t,

OP(C) =Y [Mo(C,C") + M;(C,CP(C), (2.1)
{c}
with the initial condition that the system is in configuration Cj at time ¢.

Here M;(C, C") is the probability of going from configuration C’ to C' during
a time interval dt, and My(C, C") is a diagonal matrix with diagonal elements

My(C,C)=—= ) M(C.C). (2.2)
{C'#C}

The matrix elements of M;(C,C") obey the exclusion rule that, during dt,
each particle jumps with probability dt to its right provided that the tar-
get site is empty. Given the initial positions of particles 0 < a; < ay <
. < ap < L at the moment ¢t = 0, P,(C) is the conditional probability
P(zy,...,xp;t|ay,...,ap;0) of finding P particles on the sites 0 < 77 < ... <
zp < L at time t.
The solution of (2.1) is [15]:

P(C) = i i (—1)P=DEZim dot M. (2.3)

np=—0oo np=—oo

Elements of the P x P matrix M are

Mi‘ = Fsij ((Ii, Z; + 7’L1L|t), (24)
where
P
k=1

and F,(a,z|t) are functions introduced by Schiitz [11]:

Fula,zlt) =Y ( botm—1 ) Fola— k, zt), (2.6)

m—1
k=0

if integer m > 0, and

—m

Fu(a,zlt) =Y (~1)F ( _];" ) Fola — k, z|t), (2.7)

k=0
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if integer m < 0. For m =0 and = > a,

_ttK
F()(CL,[E“;) = K’ (28)
where K =2 —a. Form=0and 2z < a
Fo(a,z|t) = 0. (2.9)

The derivation of (2.3) in ref.[15] contains, as an intermediate step, the eval-
uation of probabilities v, (C';t|Cy;0) to reach configuration C' from Cj for
time t after making n visits of the origin 0 = L of the ring by particles in
turn, starting with the last. Thus, the probability P;(C) is the sum

:iwn(c;ﬂco, ZZ 1)P=0" det ML (2.10)
n=0

n=0 {n; }n
where summation over n;,¢ = 1,2,..., P is restricted by the condition n; +
Ny +---+np=n.
To find Prob[Q:(0) > N, we have to take the sum over all final config-

urations C' which can be reached from Cj after at least N + 1 visits of the
origin,

Prob[Q,(0) > N] = Z > n(C3t|Cy; 0) = (2.11)

o0

> > D (=D det M, (2.12)

n=N+10<zr1<zo<---<xp<L {nz}n

or, in the explicit form,

zp—1 r3—1x2—1

Prob[Q:(0) Z Z Z Z Z Z 1)P=1n

n= N+1(Ep P— ILBP 1—P 2 ro=12x1= O{nz}n

Fs (a1, 2y + L) Fs,(a1, 29 + L) -+ Fg (a1, xp+nL)
F, (ag,x1 +nol)  Fy,,(ag, w2 +nol) -+ Fy, (a2, xp +nslL)

. . , (2.13)
Fs, (ap,x1 +npl) Fs,,(ap,xo+npL) --- Fs,(ap,xp+npl)

To evaluate these sums we proceed as in [17]. Using the identity

Z Fi(a,z) = Fyiq1(a,z1) — Fsyq(a,xe + 1), (2.14)

r=x1



the first column of the determinant becomes, after summation over x1,
Fyyi(ar,mL) — Fypya(a, 22 + L)

FS21+1<a27 nQL) - F521+1(CL2, Ta + nQL)

Fypiwa(ap,npl) — Fypa(ap, @2+ npl).
It follows from (2.5) that
sit+1 =5 (2.15)

foralli =1,2,..., P, and we can reduce the first column by adding the second
to it. Continuing this process up to the sum over xp, we get the first P — 1
columns in the form

Fslk+1(a1, k—1 + nlL)
FSQkJrl(CLQ, k —1 + TLQL)

‘ (2.16)
Fypr(ap, k=14 npl)
for k=1,..., P — 1, and only the last column remains nonreduced,
Fsw1(a,P—14+mnL)— Fs +1(a1, L+ n L)
Fopri(ag, P =1+ mnol) — Fy,py1(ag, L +nyL)
(2.17)

FSPP+1<aP7 P-1 + an) — F3pp+1(aP7 L -+ an)

Thus, the resulting determinant splits into two determinants D; and D5 cor-
responding to two summands in the last column (2.17). The first determinant
D1 has a convenient form

F811+1((11, nlL) F312+1(a1, 1 + nlL) e Fslerl(al; P —1 + nlL)
F321+1(a2, TLQL) F322+1(a2, 1 + HQL) e FS2P+1(CL2, P —1 + ngL)
Fopialap,npl) Fopyaap,1+npl) -+ Fopppi(ap, P—1+npl)
(2.18)
Consider the determinant Ds. Using the property
Fu(a,2) =Y Fui(a,z+k) (2.19)

k=0
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we can write the ¢-th element of the first column as
F3i1+1(ai’ n%L) = Fsil (ai’ n1L> + F5i1+1(ai7 1+ nzL) (2'20)

forallv =1,2,..., P. We now prove that the contribution from the first term
of Eq.(2.20) into the sum

i > (=)™ det Dy (2.21)

n=N+1{n;}n

vanishes.

Expanding the determinant in (2.21), we select among terms containing
the first summand in (2.20) those which contain the j-th element of the last
column: Fy, (a;,n:L) x Fy,,y1(a;, L +n;L). Consider the unique "mirror”
terms which coincide with the selected terms except two factors, one from
the j-th element of the first column and the second from the ¢-th element
of the last column: Fsﬂ(aj,n;-L) x F, ,y1(as, L +n;L), where n; = n; — 1
and n; = n; + 1. The indices s;;, = s;,(n) are functions of the vector n =
(n1,ns, ...,np). We denote by n’ the vector obtained from n by replacement
n; and n; by n; and n; Taking into account that

P P
sp(n) =Pn;=Y nm+1—j=Pnj—> m+P—j+1l=s;p(n)+1 (2.22)
k=1 k=1

and

P P
sip(n') = Pn, — z:n;€ +P—i=Pn; — an —i=s;3(n)—1, (2.23)

k=1 k=1

we see that the two selected terms are equal and enter into (2.21) with op-
posite signs because the sum > n;, = > n, and the sign of the permutation
of indices 1 and P is always negative. Thus, the set of terms containing the
first summand in (2.20) splits into two subsets cancelling one another.

As the contribution from the first term of (2.20) vanishes, we obtain
instead of D, a determinant where the first two columns have the same



arguments:

Fovila, 1+nL)  Fypa(a, 1+mnL)
FS21+1(6L2, 1 + TLQL) F822+1<a2, 1 + n2L>

Fopyilap, 1 +npl) Fopya(ap,1+npl)
FSl,P_1+1 (ab P—2+ nlL) F51P+1(a17 L+ nlL)
FS2,P_1+1 (a27 P -2+ nQL) F32p+1(a2, L+ ngL)

FSP,P71+1(CLP7 P—-2+ an) FSPP+1<aP7 L+ an)

(2.24)
Again, using (2.19)
F3i2+1(ai, TLZL) = F‘Si2 (ai, nzL) + Fsi2+1 (CZZ', 1+ nZL) (225)
for all e = 1,2, ..., P, we obtain the sum of determinants
F511+1(a1, 1 + 7’L1L) F812 ((11, 1 + n1L> F813+1(a1, 2 + nlL)
F521+1((12, 1 + ngL) F522 (CLQ, 1 + n2L> F823+1<CL2, 2 + TLQL)
F5P1+1(G’P? 1+ an) FSPz(CLP’ 1+ an) FSP3+1<aPa 2+ an)
(2.26)

and

F811+1(a17 1 +7L1L) FS12+1(a1’2+n1L) F813+1(a172+n1L)
FS21+1(CL2, 1+ n2L) F522+1(a2, 2+ n2L) F523+1 (a’27 2+ n2L)

FSP1+1(aP7 1+ an) FSP2+1(aP> 2+ an) F8P3+1(CLP> 2+ an)
(2.27)

Two columns in the first determinant coincide because s;; + 1 = s;5 for
all i = 1,2,..., P and D, gets reduced to the determinant (2.27) with equal
arguments in the second and third columns. Continuing this procedure, we



obtain finally

F811+1(a1> 1+ nlL)
F521+1(6L2, 1+ n2L)

Fypy1(ap, 1+ nplL)

Fsl(p_l)Jrl(alJP_ 1 +7L1L) F51P+1(CL1,L+77,1L)

FSQ(P_1)+1((12, P—-1+ ngL) F32p+1 (CLQ, L+ TIQL) (2 28)

FSP(P_1)+1(CLP,P — 1 —+ TLPL> FSPP—‘,-I(GP) L -+ an)

We expand the determinant (2.28) by the last column and consider the sum

P

i D (=NEEIRm N ()R (@ (L4 ng) L) Mp,(2:29)

n=N+1{n;}n i=1

where M;p is a minor of the matrix in Eq.(2.28). Given the i-th element
of the sum Eq.(2.29), we introduce a vector n' = (n,n,,...,np) with nj =

/ / ’

iy .oy My = Ni—1,1; = N + 1,n, . = niqq,...,np = np, so that

P P
Zn; = an + 1. (2.30)
i=1 i=1

We have

and

I

Sim(n) = Pnj—z ng+m—j = Pn;—z ny+l+m—j = Sim+1)(m) (2.32)

for j # 4. Then the sum (2.29) becomes

00 P

D2 (DTS ST ()R () (0, () L) My =
n=N+2 =1/
{n;}n
Z (_1)(P71) Z(_l)(Pfl)Z";gx
n=N+2 {n}n



F512+1(a17 I+ n:1L> T FS1P+1(G17 P—1+ n:lL) F811+1(a17 nilL)
F522+1(a2’ 1+ nZL) e F52P+1(a27 P—-1+ TL2L> F821+1(a27 n2L)

F5P2+1(G’P’ 1+ n/PL) T FSPP+1<aP7 P—-1+ anL) F3P1+1(a’P7 n/PL)
(2.33)

Performing a cyclic permutation in Eq.(2.33), we see that the sum (2.33) is

similar to the sum -
> Y (-p*irp,, (2.34)

n=N+1{n;}n

where D; is given by Eq.(2.18). The only difference is in the ranges of
summation over n. Remembering that D; and Dy have opposite signs, we
see that only terms obeying > n; = N + 1 remain and we obtain

F511+1 (ala 7’L1L)
F821 a ,n L
Prob[Q.(0) > N| = Z (_1)(P—1)(N+1) +1<.2 oL)
ni+--+np=N-+1 .
Fypv1(ap,npl)

F512+1(a171+n1L) F51P+1(a17P_ 1+n1L>
F522+1(a27 1 + nZL) e F82P+1(a27 P -1 + TLQL)
Fypyri(ap,1+npL) -+ Fyppi(ap, P —1+mnplL)

(2.35)

where s;; = Pn; — N +j—1—1.
To proceed with (2.35), it is convenient to use the integral representation
of functions F,(a,x) (see, e.g. [11]),

-, ( ) 1 /27rd eiq(ac—a)—sqt (2 36)
mla,r) = — -_— :
or Jy " (1= eiaym

where £, =1 — e and the pole in the integrand is defined by ¢ — ¢ + 0.
We introduce the generating functions

Gij(z,t) = Y Fopa(ai,j+mnl —1)2" (2.37)
and ’
o Sneigln

9(z0) = Y A= )P (2.38)
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Using (2.5),(2.36) and performing independent summations by ny, ..., np,
we can write (2.37) and (2.35) as

1 2 eiq(jfaifl)ef(lfe_iq)t
Gulet) =5 | e (239)

and

1 dz
b _\(P=1)(N+1)
ProblQu(0) > N) = - f (1) det G (2.40)
where G is the matrix with elements (2.39).

For specific but commonly used initial conditions a; = 0,a5 = 1,...,ap =
P—1, matrix G has the Toeplitz form G;; = G(i—j). Using notations w = ¢
and © = 1 — €%, we obtain the elements of the Toeplitz matrix

Gylat) = o f gz, ) exp( Sty ( 2y (2.41)
where . 5
gzw) = Y ()" (2.42)

and the integration contour is a small circle around 0.

The solution (2.40) with (2.41,2.42) has a fairly cumbersome form. To
check it, we consider in Section 4 the simplest case N = 0 which can be com-
puted independently by elementary probabilistic means. However, we first
show that the solution can be brought into a form similar to that obtained
by Johansson [16] ( see also [14] and [13]) for the infinite lattice. In this way,
we obtain a generalization of the known result of [16] to the case of finite
periodic lattice which can be used for evaluation of finite-size effects.

3 Generalization of Johansson’s formula

To obtain a generalization of the formula found by Johansson [16], we recall
the particular case of the TASEP considered there. Consider P particles
initially fixed at sites a; = 0,as = 1,...,ap = P — 1 of the infinite lattice.
The problem is to find the probability P(M, P, t) that the particle initially at
position a; = 0 has moved at least M steps in time ¢. Johansson’s formula
reads [16]:

P

P
B 1 P M-P 7, 2
0120 =g [, #7127 T1 e )

) i=1 1<i<j<P

11



To get P(M, P, t) for the ring from (2.35), we change notations for the initial
coordinates and put a; = —vL,as = —vL + 1,...,ap = —vL + P — 1, so
that the minimal distance travelled by the first particle is M = vL and the
minimal number of particles crossing the bond (L — 1,0) is N +1 = vP.
For the sake of simplicity, we take v integer. For this choice of a;, all n;,
i =1, ..., P are shifted by v, n; — n; + v and formula (2.35) can be written
as

P(M,Pt)= > (=D)PPdet|F, 1i(a,mL+j—-1)  (32)
ni+--+np=0

with s;; = Pn; + j — i or, equivalently,

Fpn1+1(n1L —+ M)

P<M7 P>t> = Z (_1)(P*1)11P P 1+.2( 1 )

ni+--+np=0 ’
Fpn1+p(n1L + M + P — 1)

FPHQ(TLQL+M—1) FPnP_p+2(TLpL+M—P+1)
Fpn2+1(n2L—|—M) Fpnp_p+3(7’LPL+M—P—|—2)

Fppoyp-1(noL + M +P —2) -+ Fpyop(npl+ M)

(3.3)
where we transposed the matrix and put F,(a,z) = F,(x — a).
Using (2.38) we introduce a new function
N 1 2w y plar—eqt

Fo(z) = — (s 3.4
@ =37 | Aot (3.4)

The function F,(z) obeys several useful relations similar to those for F,,(z)

o (alt) = /0 Fovr( — 1|7)dr (3.5)
and 3 . .
Fo(z|t) = Fpa(zlt) — Fgpa(z + 1) (3.6)

or, more generally,

t Tn—1 B
Fo(]t) = / dry ... / dro By (= |7) (3.7)
0 0

12



and

~ " n ~
Fatell) = (1) ( " ) Foven(a + Klt) (3.8)
Performing summation over n; in each column ¢ = 1,2,..., P, we can con-
tinue (3.3) as
1 dz
P(M,P,t) = — ¢ —
(M, P.1) 271 z
F (M) Fo(M — 1]t o Eopp(M = P 1))
Fy(M + 1) Fi(M]t) o Flpa(M — P +2[t) (3.9)
Fp(M+P—1ft) Ep (M4 P—=2lt) ---  F(M]t)

The resulting determinant expression coincides with that in [14] where it is
written for functions F,(z|t). Similarity between properties (3.7), (3.8) of
E,.(z|t) and F,,(z|t) means that P(M, P,t) can be represented in integral
form [13],[14]:

1 dz P
P(M.Pt) = 5 (-1l

f?o(M — 1|’7'1) 1‘?0(M — 2|7'1) e EO(M — P|7‘1)
Fo(M — 1|7 Fo(M — 2|7 - Fy(M — P

o | 172)  Fo( | |72) o | |72) (3.10)
Fo(M —1|mp) Fo(M —2|p) -+ Fy(M — Plrp)

or, after anti-symmetrization of the product 797} ... 757,
1 [de a1
P(M,Pt)=— ¢ — || = d” =T
=1 ’ 1<i <P
.l?o(M — 1|T1> F:b(M — 2|7'1) cee }?Q(M — P‘Tl)
Fo(M — 1|T2> Fo(M — 2’7’2) e Fo(M — P‘Tg)
: . . (3.11)

Fo(M — 1|’7'p) Fo(M — 2|7’p) e FO(M — P|7‘p)

13



Returning back from functions F,(z|t) to F,(z|t) we finally get

P

1 dz 1
P(M,P,t)zz . — dPT H (Ti_Tj>H,—'X
s v [0,t]P 1<i <P paiey (2
o o — .
Z niz<kl-+Pni—1 TiM Pe=mi "
z
Pn; —1 . Y
n;=-—00 ki=0 ¢ (M + Lnl + kz Z)'
T1P_1+k1+Ln1 7_1P—2+k2+Ln2 . T{CPJanP
7.213—1-1-1614-[/711 7.213—2+k2+Ln2 . T§P+LnP
- (3.12)
P—1+ki+Lny P—2+ki+Lns kp+Lnp
Tp p o Tp

where the binomial coefficient is defined by the I'-function. For the infinite
lattice where n; = 0,k; = 0,7 = 1,2,..., P, we obtain Johansson’s formula
(3.1) as the determinant then has the Vandermonde form.

4 Minimal current probability

The probability of the non-zero current through bond (L — 1,0) depends
on the initial configuration of particles. This probability is minimal for the
ordered initial conditions a; = 0,as = 1,...,ap = P — 1 because the particle
at site 0 has a maximal obstacle to clear this site and the first particle which
can cross the bond (L —1,0) has a maximal distance to the target site 0 = L.

In the following, let Et(P) denote the event that before time ¢ at least
one particle crosses the bond (L — 1,0) given the initial conditions a; =
0,a2 =1,...,ap = P—1. In this section we obtain an explicit expression for
Probl&,(P)] = Prob[Q.(0) > 0]. This quantity serves as a testing example
for the general theory because it can be obtained by direct probabilistic
calculations. Indeed, the whole process of the motion from the initial state
to the first crossing of the bond (L — 1,0) can be divided into three stages.

The first stage is the step of P-th particle from the site P — 1 to the site
P with the exponentially distributed time of rest. The second stage is the
motion of P-th particle from the site P to the site L — 1 and the independent
motion of the hole from the site P — 1 to the site 0. If the P-th particle
reaches the site L — 1 first, it waits for the arrival of the hole to the site
0 and, vice versa, if the hole reaches the target site 0 first, it waits for the

14



arrival of the P-th particle. Therefore, the distribution of time of the second
stage is

F(t) = g_pa(t) / gp1(r)dr + gp (1 / Gr_pa(r)dr  (41)

where

gn(t) = me_t = Fyo(n —1,1) (4.2)

is the distribution of the sum of n independent exponentially distributed
times of rest preceding n consecutive steps.

The last stage is simply the step of the P-th particle from the site L — 1
to the empty site 0. The distribution function of the whole process is

t t—t1 t—t1—t2
Prob(E)) = / dty / dts / dtse ™11 f(t,). (4.3)
0 0 0

To simplify notations, we use the fact that functions F,(a,z) depend
only on the difference of their arguments and write F,(a,z) = F,,(x — a).

Below, we obtain Prob(Et(P)) from the general formula (2.35) to see how
the exact P-particle dynamics produces the correct probabilistic distribution.
However, first, let us express the integrals in (4.3) in terms of functions
Fy(x,t) and Fy(z,t). Notice that, since [} Fo(x — 1,¢;)dt; = Fy(z,t) and
gn(t) = Fo(n — 1,t), we have

ft) = Fo(P—-2t)FA\(L—P—1,t)+ Fi(P—1,t)Fo(L — P — 2,t)
d

= %[Fl(P— Lt)F (L —P—1,t). (4.4)
Inserting into (4.3) we get
Proble”] = /t dtie "Fy(P—1,t —t)F{(L— P —1,t — )
/ dt1/ et Fl(P (L - P —1,1)]
= et/o dt1/0 dtye? Fy (P — 1,t5)Fi(L — P — 1,t,)

t t1
= e_t/ dtl/ dtye” Fy (P — 1, 1) Fy(L — P —1,15),  (4.5)
0 0
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where we used integration by parts. Next we use the formula
/etFl(:c —1,t)dt = e'Fi(z—1,t) — /etFo(x —2,t)dt

tx—Q
_ t

tmfl
= e'F(z—1,t)—

to rewrite this as
t
PTOb[Qt(O) > 0] = G_t/ dt1€t1F1<P, tl)Fl(L — P - ]_,tl)
0

t tL—P—l
/ dtlmFl(P, tl)

tLPl
et dt/dt Fo(P—1,t
vt [ [ s P

= /dt1€1F1<P,t1)F1(L P —1,t)
0
tL P

—_t—FPt
=P (P,1)

tLP
/d Fy(P—11)
0

v (2 ) dF(L—1,1)

—~

= / dt1e" Fy(P,t1)Fi(L — P —1,1,)
0

—ﬁ%ﬂ(}% t) + (]LD B D e 'Fy(L,1)
+ (1[; - ?) e Fy(L,t). (4.7)

16



Using (4.6) again, now with x = L — P, we have for the first term:
t
€t/ dtleitlFl(P, tl)Fl(L — P - 1,t1) =
0

t
= Fl(P7 t)Fl(L — P, t) — €t/ dtletlFo(P — 1,t1)F1(L — P, tl)
0

t tP_l
= B(POF(L—Pt)—et | dt,——F(L— Pt
1( 7) 1( ,) € /0 1(P—1)! 1( 71)

tP
= R(POR(L-Pt)—e ' SR(L-P1)

o
+e dtlﬁFO(L — P - 1,t1)
0 .

= F(Pt)F\(L — P,t)— Fo(P,t)Fi (L — P,t) + (L; 1) e "By (L,t).

(4.8)
The final result is thus
Proble”] = F(Pt)F(L - P,t)
—Fy(P,t)Fy(L — P,t) — F\(P,t)Fy(L — P,t)
L L—2
+<P> e "Fy(L,t) + (P B 1) e 'Fy(L,t). (4.9)

Notice that this is manifestly invariant under particle-hole interchange.

To evaluate the same using the general formula (2.35), notice first of all
that only the terms with ny = ny = - =n;_1 =njyqy = -+ = np = 0,
n; =1,7=1,..., P do not vanish in (2.35). Indeed, assume that n; < 0 for
some ¢, 1 <4 < P. Then, the i-th row in (2.35)

F8i1+1(a,~, nlL), .. ,FSZ.PH(ai, P-1 + nzL) (410)
vanishes owing to the condition F_,,(a,z) = 0if x —a < —m, m > 0 and

the inequalities s; + 1 =Pn; +k—i1>nL+k—1—a; and a; > 17— 1.
Inserting the initial conditions a; = 0,as = 1,...,ap = P — 1 and the

17



possible values of ny,...,np in (2.35) we obtain

Prob(&") = zpj(_np—l
#(0) B e Fea(Po1)
Fi(-1) Fy(0) o Fpa(P-2)
. ELHK£—¢+U Fﬁﬂﬂi—i+m ~-.&R4L;P—w)
FonlP4D)  FpaloPt3) A

(4.11)

Using the fact that F_,(—p) = (—1)?F,(0) and performing simple column
operations, we can write this as

P
Prob(&") =" (-1)P AP, (4.12)
=1
where
F1(0) Fy(1)
0 F1(0)
A _ s :
P Fp_iso(L—i+1) Fp_is(L—i+2)
0 0
Fp_1(P—2) Fp (P —1)

Fp_o(P —3) Fp_o(P —2)
Fop_i(L+P—1—1i) Fop_i(L+ P —1)

0 Fy(0)
(4.13)
This can be further simplified to
P-1
Prob(&") = (=) e Y Ar+ A + A (4.14)
i=2

18



where
AV = et Fp (D). (4.15)

We now evaluate the determinant A} using the fact that

tn
Fn+1(n) = m (416)

Writing xy, = Fp_j1r41(L — i+ k) we have

1 g 1 i
1 (1'712)!? z (2‘711)175} ;
0 1 A A
Af=| : : : ) (4.17)
o 0 --- 1 t
r1 Tog - Ti—1 T
Applying row operations this can be reduced to
0 1 -+ 0 LDy
A= : : (4.18)
o 0 - 1 t
1'1 xQ ... xi—l :L"L

Indeed, after the bottom rows from 7 — k+1 down to 7 — 1 have been cleared,

we subtract these rows ¢"/r! times from the (i — k)-throw (r=1,...,k—1)
to get
tk k-1 " (_t)k—r (—t)k
_ — = — 4.19
k!+;r!(k—r)! K (4.19)

in the last column. (The sum is the coefficient of t* in the expansion of efe™!

except for the terms 7 = 0 and r = k.) The determinant now easily evaluates
to

—_

71—

. (—t)"
Al = I Fpy k(L —k). (4.20)
k=0 )
This sums to
P-2 (—t)k

Z AF = (P —2)Fpy (L) + (P =k = 1)Fpa(L— k). (421)

1

e
Il



The determinant AEDP) can be treated similarly. It is given by

P—2
1 t (jjfw prl(P—l)
P : : : :
Ap’ = 0 0 - t F5(2)
0 0 - 1 Fi(1)
F(L—P+1) -+ - Fp(L—1)  Fp(L)

The entries in the last column are given by

n tnfk

Ewmn+1y:§:@4fO%_kﬂ+(—U”“ef

A similar row reduction as for A} now yields

1 0 - 0 Fi(P—1)

AR = 0 0 - 0 —F(2)
0 0 - 1 Fi(1)
Fy(L—P+1) -+« - Fp(L—1) Fp(L)

Indeed, the reduction of the k-th row from the bottom leads to

k-1 tk—r

Fuh) + (1) g Filr) = ~( D" )

<

The result is

!

A@:ﬂ%@y+_14fﬂ%ﬂ%kﬂ@—k)

1

3

Using the relation

P-1

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

S (D (L= k) = (1) F(L = P+ 1) + (=1) ' Fp_ (L =),

k=r+1

this can be written as

AP = (CDP'R(L-P4+1) +
P2

(4.27)

—et S L ()P R = P 1) £ (1) e (L= 1)

r!
r=0

20
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Inserting into (4.14) we obtain the following expression for the probability of
5,5(]3):

Prob(&") = Fy(P = 1)Fy(L — P +1)

HEDPet S (_,f!)k (P — k=) Fp_r(L— k) + Fp_p(L — k).

k=0

(4.29)

Using the properties of functions F,(n) and several combinatoric identities
(see Appendix ), we obtain finally

Prob(E) = F(P-1)F(L—-P+1)

rxale-o() - (o)

T )

A equivalence of (4.30) and (4.9) is not entirely obvious. We elaborate on
this in the following section.

(4.30)

5 Analysis of the minimal current probability

Figure 1 shows a plot of Prob(é’t(P)) for P = 2 and a number of values of
L. It is clear that the probability increases from 0 to 1 as t increases, as it
should.

We can rewrite (4.30) in a more symmetric way as follows:

- (F1(P) + (;P_ll)!et> <F1(L —P) - %et)
I

(P—1) "

k=L—P

—2t

= R(P)R(L-P)+



1.0

0.8 7

0.6

0.4

0.2 r

0.0

Time

Figure 1: The probability of at least one of two particles reach-
ing the end of an interval of length L = 4,6,8,10 and 12, as
a function of time.

Inserting this, we get

Prob(EM)) = (5.3)
— R(P)R\(L—-P)—e? i %
(- Tm) () () (2]
(5.4)

This formula is manifestly symmetric under exchange of particles and holes,
i.e. P+ L — P. As a particular case we have

Prob(EFY) = Prob(eM) = Fy(L). (5.5)
The formula (5.4) also reveals the equivalence with (4.9). Indeed,
et Lt o tF
e tz—( ):e " o= F(POR(L = P, (5.6)

k=L—P

and similarly for the last term in (5.4). The term

e i % (]ﬁ) _ (fj)etm(L,t) (5.7)

r=L
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The remaining two terms can be written as
C tr (L=2\ _
( ) 2tZLr—L+1 (P_l)e 'Fy(L,t). (5.8)
It is clear from (4.30) that Prob(Et(P)) is bounded by 1. In fact,

() () o) () (2o oo

for r > L. This is easily seen by induction, as it is zero for r = L — 1 and
increases in 7. The same relation is also useful to prove that Prob(St(P)) is
increasing. Indeed, the derivative is given by

Fo(P = 1)Fy(L — P) + Fy(P)Fy(L — P —1)

e (pmm) [0 ) - (62— (60)
() ()

i)

)66

+(;>gpr1>+(Lrp)(L;1)}

=

£l

1

=) () e n ()]
+62f% (fj i ?) (5.10)

It is now clear that Prob(é't(P)) must increase from 0 at ¢ = 0 to 1 as
t — o0.

It is natural to scale the time with L. It is not difficult to see that at
constant P, Prob(g )) tends to a step function as L — oco. Indeed, the

23



maximum term in

F(L-P+1,Lt)= >

k=L—P+1

2 (5.11)

is attained for k=L — P+ 1ift <1 and for k ~ Lt for t > 1 so that

{0 if t<1,

lim Fi(L=P+1LL) =3 | & ;o

L—oo

(5.12)

Moreover, Fy(P — 1, Lt) — 1 and the second term tends to zero.

A more interesting limit is the thermodynamic limit, where both ¢ and P
scale with L. This can be analysed roughly as follows. We write t = L7 and
P =pL. Clearly, Fi(P —1) ~ 15, and Fy(L — P+ 1) ~ 1g751-p) 50

Fl(P - ].)Fl(L - P —f- ].) ~ ]-{T>,0V1—p}' (513)

In analysing the second term of (4.30), we may assume L — P > P. We have
seen that the second term is positive and therefore bounded by

=t (r+1 tf th-t =t
—92t —2t
¢ ZF!(P) ~oe (P!+(P—1)! 2
r=L r=L—P

. tP tP_l

if 7 > 1 — p. Otherwise, the convergence is even faster.
The next interesting question is, what happens in the neighbourhood of
7 =1— p (assuming p < %) The correct scaling is then presumably with

VL. The following figure shows graphs of Prob(E(p 1€p) e ﬁr) as a function of

7 for p = 1/3 and a number of values of L.
It suggests that there exists a constant ¢ (depending on p) such that
oL ! —t2/2¢ dt
Prob(g(l—p)L+ﬁT) - /_ooe NerTa (5.15)
Assuming p > 1, we insert ¢ = Lp + VL7 into Fy(P —1)F(L — P +1).
The second factor is very close to 1. The first factor can be approximated as
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Figure 2: The probability Prob(&;) for L = 6 (right-most
curve), 30 (middle curve) and 90 (left-most curve), as a func-
tion of T where t = Lp + /LT and P = L/3.

follows:

Q

Q

Q

Lp

ﬁ ~ e—Lp—\/ZT Z (Lp + \/ET)Lpfn
& n=0 (Lp — n)Lr—re=Letn, /27 (Lp — n)
Lp—n
f: Lp+VIr\ =~ e VEr
n=0 Lp—mn \/FL,O
3 T n 7—2 7’L2 6*”*\@7’
Lp— o

nzﬂ’exp {( o (ﬂ\/f+ oL 2L 2p2L2)] NeZo

1 f: { " n? 7'2}

exp |—— — — —

(5.16)

The second term in (4.30) still does not contribute in this limit, so (5.15)
holds with & = p.
Notice that there is one exception: if p = % the both factors behave like

(5.16), so the result for Prob(c‘:(plL

—p)L+VL7

25

) is the square of the error function.



6 Appendix

Using the general formula

“G

-1
P p—k:—l
n—p k
B n—k—1\t
+(—1)Pe t;( b1 >E’ (6.1)
=0

valid for n > p, we can rewrite the second term in (4.29) in a more convenient
form. We have

P-2 (—t)k
(-t (P =k = DFpa(L — k)
k=0 ’
__P‘Qﬁ(P_k_l)P"“ ) (L—k—1—1
B ! I P—k—1
k=0 =0
P—2 L—P-1
th t(L—k—-1-1
—t
k=0 =0
P rA(P—2)
tr(L—r—1 r
=—) — 1) MP-k-1
Rt AN I SRCVITEV R
r=0 k=0
P L-P-1 L—P-1
tF t(L—k—-1-1 tf t!
—t
ret) P —k=1) 7( Pk )*ﬁ i
k=0 =0 =
(6.2)

if r > 0, and

i(—l)r"“k(l:) = (6.4)
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if r > 1 to write (for P > 2)

E

VD DE= I SR
L—-2 tf
i (P - 1)t P!

T o r\ (L—r—1

oYY @( o
r=0 " k=0V(P+r+1-L)

L—P—1

tk t(L—k—-1-1 t t!
__t — E— —
¢ Z(k—l)! ; z!( P—k >+ 2 g (69

k=1

Rewriting the last but one term as

ft”l M%l) r\(L—r—2 (6.6)
d E)\P—-k —1)’ ’

r=0 ' k'=0V(P+r+1—L)

and using the identity

k:()\/zpi:«n) (Z - l:> (Z) - (Z) (6.7)
we obtain
(~1)P! f (—kt!)’“ (P k- ) Fppis(L— )

0

k=
L—1 L—2 tf
— _(P-1 L
( )( P >+(P—1>t P!
1 p L-P-1

+eti% {(p—n(L;l) —r(]ﬁjﬂ +% 3 ’;—j

r=0 =0

(6.8)

A similar analysis yields
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The complete result for the second term of (4.29) is

, (P = k= D)oo (L — ) + Fpn(L— k)]

k
e () - (e5) - () e )

e () -G-GO

r=0
tP_l L—P tl tP L—P-1 tl
TR T (6.10)
=0 =

Next we expand the e~ term:
L-1 L—-1 L—2 tr1 tr
—_e (P =1 _ _ .
‘ {( )( P ) (P—l) (P—1>t+(P—1)!+P!}
L-1 00
t" t" L—-1 L—-1
o v t B B
- <Zr!Jr r!) [(P 1)( P ) (P—l)]

r=0 r=L
2

<L tr—i—l e tr >
+ -

| —1)!

— 7! TZL (r—1)!

’ r=0 r=L—P
o tP_l L-pP tr o0 tr
—e — — . A1
P 2ot 2 g (6.11)
r=0 r=L—P+1

It is clear that the terms up to order L — 1 cancel the e~ contribution, and

we find

Prob(E"”)) = F(P—1)F(L—P+1)

< xnle-n ()60

r=L

(o) ()

(6.12)
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