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1 Introduction

The study of the current through a system in contact with two reservoirs at
unequal chemical potentials or at unequal temperatures is one of the most
studied aspects of the theory of non-equilibrium systems [1, 2].

For the last decade, there has been an increasing interest in the study
of the fluctuations of the current of quantum particles (fermions) through a
disordered wire. It is now well established that the quantum statistics of the
particles determines the distribution of the fluctuations of the current, and
that in the metallic regime [3, 4], this distribution [5, 6, 7] is universal. More
recent works have shown that the main property of the quantum nature of
the particles which was responsible for these universal fluctuations is the
Pauli exclusion principle [8, 9, 10, 11, 12].

Here we consider the symmetric simple exclusion process SSEP [13, 14,
15, 16, 17] which is a stochastic model of classical particles with hard core
interactions (and without inertia) which diffuse on a finite chain with open
boundary conditions. The chain is in contact at its two ends with two
reservoirs of particles at unequal densities [18, 19, 20, 21, 22]. The com-
bined effects of the stochastic injection and removal of particles at the two
boundaries and of the diffusive nature of the hard core particles produce a
fluctuating current. We calculate the first four cumulants of the integrated
current. Based on our results for these four cumulants, we give a conjecture
for all the higher cumulants and for the whole distribution of the current
fluctuations.

The fluctuations of the current in exclusion processes is also a subject
with a long history [23, 24, 25, 26, 27]. Most of the known results obtained so
far concern infinite geometries [23, 24, 27] or systems with periodic boundary
conditions [26, 28, 29, 30] (see [31] for the variance of the integrated current
of the asymmetric simple exclusion process with open boundaries).

Our paper is organised as follows: in section 2 we define the model and
we summarize our results. In section 3, we show how the first two cumulants
can be calculated from the steady state properties. In section 4, we write
a hierarchy (see also Appendix C) for the correlation functions on which
our approach is based. In sections 5 and 6 we solve this hierarchy, in a
low density expansion, where at each order the hierarchy can be truncated.
Appendix A gives a derivation of the Gallavotti-Cohen relation [32, 33] for
the SSEP with open boundaries. Appendix B points out the analogy with
multi-particle ruin problems.



2 Definition of the model and main results

2.1 The symmetric exclusion process with open boundaries

In the one dimensional symmetric simple exclusion process, each site ¢ (with
1 < i < N) of a one dimensional lattice of N sites is either occupied by
a single particle or empty. A configuration C at time t is therefore fully
determined by N binary variables 7;(t), the occupation numbers of the N
sites (7;(t) = 1 if site 7 is occupied and 7;(t) = 0 if site ¢ is empty). In the
bulk, each particle independently attempts to jump to its right neighboring
site, and to its left neighboring site, in each case at rate 1. It succeeds if
the target site is empty; otherwise nothing happens (this means that during
time ¢ and time ¢+ dt with 0 < dt < 1, a particle at site ¢ jumps to site i — 1
with probability (1 — 7;_1)dt, to site i + 1 with probability (1 — 7;11)dt and
does not move with probability 1 — (2 —7;_1 — 7;41)dt). At the left boundary
particles are injected at site 1 at rate v and removed from site 1 at rate ~.
Similarly at the right boundary, particles are removed from site N at rate
6 and injected at site N at rate 4.

For general values of a, 3,7,6, a current of particles flows through the
system and we want to study the fluctuations of this current. To do so,
we denote by Q(t) the number of particles which have moved from the left
reservoir into the system during time ¢ (so Q(¢) is the number of particles
which have jumped into the system at site 1 minus the number of particles
which have left the system from site 1). We want to calculate the distribution
of the total charge Q(t) during a long time t.

For finite N the system has 2% internal configurations C (each site can
be either occupied by a particle or empty). Let p;(C) be the probability
of finding the system in configuration C at time ¢. As the dynamics is a
Markov process, the evolution of the probability p;(C) of finding the system
in configuration C at time ¢ can be written as

dpy (C)
dt

=Y _Wi(C,C') + Wo(C.C") + Wi (C.CN)pe(C)  (2.1)
=

where we have decomposed the Markov matrix into three parts, depending
on whether when the system jumps from configuration C’ to configuration C,
Q(t) increases by 1,0 or —1. (the matrix W} contains all the diagonal terms
which are all negative as well as all the non-diagonal elements corresponding
to moves which do not take place at the left boundary, i.e. do not change
Q(t)). One way to determine the distribution of Q(t) is to calculate its



generating function (zQ(®)).
If we define P;(C, Q) the probability that the system is in configuration
C at time t and that Q(t) = @, one has

dPt(di,Q) = ; Wi(C,CHP(C',Q — 1) + Wu(C,CP:(C', Q)

+W_1(C,C"YP(C',Q + 1) (2.2)

Then the generating functions P;(C, z) defined by

PC.2)= Y R(C,Q) =0 (2.3)
Q=—o00
satisfy
% =2 {Z Wi(C,C") + Wo(C,CT) + %Wq(C,C’) PUCz)  (2.4)

C/

If we introduce the matrix M, defined by
1
M, (C,C") =z Wy (C,C") + Wy(C,C") + ;W_l(C,C’) (2.5)

it is clear from (2.4) that in the long time limit

(290 =3 Py(C,z) ~ et (2.6)
C

where p is the largest eigenvalue of the matrix M,. So this largest eigenvalue
p fully determines the distribution of Q(¢) in the long time limit [26].

2.2 Symmetries of u

In principle, u depends on six parameters: the input rates «, 3,7,9 at the
two boundaries, the fugacity z and the number of sites N. There are three
symmetries in the system that leave y unchanged:

1. The left-right symmetry: if we exchange the roles of «,~ and ¢, 0,
this has the effect of exchanging the roles of the left and of the right
boundaries, and so the statistical properties of Q(t) are replaced by
those of —Q(t). Therefore p should satisfy

1
M(aa’Y)(sa/g?ZvN):M((;a/g)aa’Ya;)N) . (27)



2. The particle-hole symmetry: instead of counting the number of par-
ticles Q(t) entering at the left boundary, one can as well count the
number —Q(t) of holes entering at the left boundary. Now the holes
are injected at rate v and removed at rate a at the left boundary and
they are injected at rate 8 and removed at rate § at the right bound-
ary. They also jump with the same exclusion rules as the particles in
the bulk. Therefore, this symmetry implies that

1
M(OL,’)’,(S,/B,Z,N):/.L(’}/,Oé,ﬁ,(s,;,N) . (28)

3. The Gallavotti-Cohen symmetry: the rates a, 3,7, d represent the trans-

fer of particles between the system and reservoirs at densities p, = %ﬂ

and pp, = % at the two boundaries (sites 1 and N). When p, = py,
the system is in equilibrium and the dynamics satisfy detailed balance
with respect to a Bernoulli measure [20] at density p = p, = pp. One
can always think that the case p, # pp represents the effect of an ex-
ternal field which enhances the flux of particles from one reservoir into
the system, a situation for which (as explained in the Appendix A)
the Gallavotti-Cohen relation holds [32, 33]. This implies that

4
N) = = N). 2.
p(e,v,0,8,2,N) u(a,%é,ﬂ,aﬂz, ) (2.9)

2.3 Main results

When N is large, one finds, at least pertubatively in powers of o and ~ (see
sections 5 and 6) that u depends only on the densities p, and py of the left
and right reservoirs

« 1)

- S = 2.10
instead of the four parameters «, G,y and 9.
The three symmetries (2.7)-(2.9) then become
1
M(pavplNZ:N) :/-‘L(pbmoavgaN) (211)
1
M(paapbaZ7N) :ﬂ(l _Paal _pb7;7N) (212)



pb(l — pa) >
H plhpb)'z?N ::U’<pa7pb’4’N 2.13
( ) zpa(l = po) (213)

It is also a fact observed in the perturbation theory to arbitrary order (see

sections 5 and 6) that, for large N, u is proportional to 1/N times a function
of a single variable w defined by

_ (= 1)(Paz = pp = pap(z — 1))

. (2.14)
and the result of our expansion in powers of w of section 6 is that
1 1
W= NR<W) +0 (m) (2.15)
where 8L 4wt
R(w):w—?%—ﬁ—g—l—O(uﬁ) (2.16)

The symmetries (2.11)-(2.13) leave w given by (2.14) unchanged so that p
given by (2.14),(2.15) satisfies automatically these symmetries. From (2.16)
one can easily obtain the large N expression of the first four cumulants of

Q)

Q) _ 1
Jim 22~ pa — py) (2.17)
Q% (1))c 2(p2 + papy + pi)
Jim S o ey — 3 (2.18)
, 3(t 1 16p2 + 28papp + 1697
tim (@ o L oy 1 = 2(pe )+ 10Pa T 28Papn £ 1605 |
t—o00 t N 15
Q). 1 2(7p2 + papy + 7p3)
Jim S ey - 3 (2.20)
+32p2 +8p2p + 8paph + 320y 96p; + 64p] pp — 40p2pj + 64papy + 96p§]
5 35

One can notice that the nth cumulant (at least for n < 4) is a polynomial
of degree n in pg, pp. We will comment on this at the end of section 5.



2.4 Two particular cases

Let us examine these expressions in two particular cases. First when
pa=1 and p,=0 (2.21)

one sees that (2.17)-(2.20) give in the long time limit

L % (2.22)
Qe _ 1 -
Q. 1 -
COV=) .

These numbers coincide with those found for quantum conductors with many
channels in the metallic regime [5] and for quasi-classical conductors anal-
ysed by a Boltzmann-Langevin approach [10].

Another particular case of interest is when the two reservoirs are at the
same density p

Pa=pPb=p . (2.26)
All the odd cumulants vanish and (2.18),(2.20) become
o (@) 1
gim Wk Loy ) (2.27)
(@'M)e 1 2
lim —— ~ —2p(1 — p)(1 —2 2.2
Jim = v 2P(L=p)(1=2p) (2.28)

2.5 Conjecture

We see in (2.28) that the fourth cumulant vanishes when p, = pp = 1/2.
We conjecture that in this particular case, p, = p, = 1/2, all the higher
cumulants vanish (i.e. the distribution is Gaussian) so that p is given in

this case by
1 (log z)? 1
K=N"4 +0 (N2> .

This conjecture (see (2.14),(2.15)) fully determines the function R(w)

R(w) = [log (VI+w+ \/5)}2 (2.29)

7



and therefore i, using (2.15),(2.29) for arbitrary pg, pp and z.

Expression (2.29) needs to be modified when w becomes negative. We
will also conjecture that for w < 0, (2.29) is replaced by its analytic contin-
uation

R(w) =— {sin_1 (\/—_w>]2 . (2.30)

Looking again at the first case we analyzed (2.21), we get that not only
the first four cumulants (2.22)-(2.25) are the same as those of the distribution
first obtained by Lee, Levitov and Yakovets [5], but all the higher cumulants

are the same
(Q(t)°)e -1

N
t 106N
(Q1)°)e 1
—
t 231N
(W7 27
t 5005 N
<Q(t)8>c _ -3 )
t 715N
In the equilibrium case (p, = pp = p) too, this conjecture determines all
the cumulants higher than (2.27),(2.28)

(Q1)°)c
t

— 2p(1 = p)(2p — 1)*(1 = 16p + 16p%)

L(t)g*_@ 1—p)(2p — 1)%(1 — 80p + 656p> — 1152p° + 576"
t p(1 = p)(2p — 1)(1 — 80p + 656 p"+576p7) -

Our conjecture for the distribution of Q(t) for arbitrary p, and py co-
incides with the distribution found in a multi-channel quantum picture [7]
(with a small discrepancy with the distribution proposed in [6]).

2.6 The large deviation function

The knowledge of the large N behaviour of p gives some information on
the large deviation function Fy(gq). This large deviation function Fy(q) is
defined by

t
Probability (@ ~ q) ~ exp [tFn(q)] (2.31)
or for a more mathematical definition
1
tlim : log [Probability (tg < Q(t) < tq+ 1)] = Fn(q) (2.32)

8



If we knew pu(a, 3,90,7, 2, N), one would determine Fy(q) in a parametric
form by varying z

q=z5"

0z
Fn(q) = p—qlogz .
As here we know only u only for large N (see (2.15)), we cannot get the

full large deviation function Fy(q) for arbitrary N but we can say that in
the large N limit,

lim NFy (%) = G(q) (2.33)

where the function G(g) can be constructed from R(w) in a parametric form

by varying z
_(dw\ [(dR(w)
q==z (dz) < I ) (2.34)

G(q) = R(w) — qlogz (2.35)

Figure 1: The rescaled large deviation functions G(q) versus ¢ in the cases
pa = pp = 1/4 (left thick curve) and p, = 1 and p, = 0 (right thick curve).
The thin lines represent for comparison the Gaussians with the same two
moments.



This means that for large N we know Fn(q) only for deviations ¢ of order
1/N. Figure 1 shows G(q) versus ¢ for two choices of p, and p; (the case
pa = 1 and p, = 0 and the case p, = pp = .25).

3 The average current and its variance

In this section we show that the expected value and the variance of the
integrated current Q(t) can be calculated easily by using the conservation
rules.

Let us define Y;(¢) the integrated current between sites i and i+ 1 during
the time interval 0,¢ (so Y;(t) is the total number of particles which have
jumped from 7 to ¢ + 1 minus the number of particles which have jumped
from ¢ 4+ 1 to ¢ during time ¢). Similarly let us define Yj(¢) the integrated
current from the left reservoir to site 1 and Yx(¢) the integrated current
from site N to the right reservoir. Note that Yy(¢) and Q(t) have exactly
the same definition and therefore

Q(t) = Yo(t) -
The conservation of the number of particles implies that
Yi(t) =Yie1(t) + 7:(0) — 7i(t) (3.1)

The difference between Y;(t) and Y;(¢) remains bounded ((3.1) implies that
Yi(t) — Yi—1(t)] < 2 and |Y;(t) — Y;(t)| < 2|j —i| ). Therefore in the long
time limit the cumulants of Y;(¢) do not depend on i.

log(29®)) _ log(zYi®) _ log(zYi®)

lim ——— = lim —— = lim ———~+ . (3.2)
t—o00 t t—o0 t t—o0 t

The very definition of the dynamics in section 2 means that during each
time interval dt < 1,
Yo(t+dt) = Yo(t) with probability 1 — (1 — 7p)dt —ymidt
Yo(t)+1  with probability «(1 — 7p)dt
Yo(t) —1 with probability ~7dt

From this evolution one can deduce the following time evolution for the
moments of Yy(¢):
d(Yo(?))

e (a+7v) (1) (3.3)

10



d(Yo(t)*)
dt
and more generally

d%(fm = o{[(Yo(t) + 1) = Yo(1)*)(1 = 7)) + 7 ([(Yo(t) = 1)* = Yo(t)"]r0)

From (3.3),(3.4) we obtain

=20(Yp(1)) = 2(a + ) (Yo(t)m) + a+ (y—a)(m)  (3.4)

d

Z(M®)?) = (M0)* = =2(a +N[Yo(t)r) — (Vo)) (r)] + e+ (v = ) (m)
(3.5)

Similarly starting from the dynamics of the integrated current Y;(t)
through the bond 4,7 + 1 or of the integrated current Yn(t) between site

N and the right reservoir one can get

WD — ()~ () (3.)
%<5€(t)2)—<yi(t))2 = 2[(Yi(t) (7= 7i41)) — (Yi(0) ) {Ti = Tig 1) ] +(Tit Tip1 —27iTig1)
(3.7)
and
WK _ (54 8)(ry) 5 (3.9
%<YN(t)2>—<YN(t)>2 =2(8+6)[(Yn(O)7wn) — (YN ()N Ta)] + 6+ (B—6)(7n)
(3.9)
3.1 The current
If we define the parameters a, b, pa, pp as in [19, 20] and (2.10)
1 1
a:a—i—’y ; b:m (3.10)
J— a . — 6
Pa = aty Pb = m

one obtains by combining (3.3),(3.6),(3.8) that

d(Yo) = Ay

g T +; dt P

11



We know (3.1,3.2) that in the steady state d(Y;)/dt does not depend on .
Therefore, one obtains that way the steady state current

d<Q> _ d<sz> _ Pa — Pb
dt dt N+a+b-1
which gives (2.17) for large N.

(3.11)

3.2 The variance

Similarly adding (3.5),(3.7),(3.9) and using the fact that in the steady state
d(y?)—(¥i)?

7 does not depend on ¢ one gets

(atb+N—1) WEE =95 (Vim) — (%) (m) — (Yieam) + (Yima){m)
+pa + pb = 20a(T1) — 2pp(Tn) + 220051 (70) — 2320 (T
(3.12)

and using (3.1) one obtains (using that (7;(0)7;(¢)) — (7:(0))(7;) in the long
time limit)

N 2 N n—1
(a+b+N1)d<Y>dt<Y> = PatPo—20a(T1)=2pp(TN)+2 Y _(T:)° =2 {Timis1)
=1 =1
(3.13)

All the steady state correlations can be calculated exactly [34, 20], in par-
ticular

N—i+b (9o )_pa(N+b—i)+pb(z'—1+a)
N+atb—1Pe = N+atb—1

(i) = pp +
and for ¢ < j

(a+i—1)(b+ N —3)
N+a+b—1)2%N+a+b—2)

(rimj) = (i) (i) = = (oo — pa)Q(
so that (3.13) becomes
dl(Q%) —(Q)?] _ d[(Y?) — (¥i)’]

1
= — —_ 2
dt dt ]\[1 (pa + pb papb)

ala—1)(2a—1)+b(b—1)(2b —1) — N1 (N1 — 1)(2N; — 1)
+ 3N3(N; — 1) (Pa — Pb)

2

(3.14)

where Ny = N 4+ a+ b — 1. In the large N limit, one obtains (2.18).

12



4 A hierarchy of equations for the correlation func-
tions

In the long time limit, the vector P;(C, z) in (2.4) becomes an eigenvector
of the matrix M, defined in (2.5).

Pi(C,2) ~ e u(C)

where 1,,(C) satisfies

pbu(C) = ZMz(C,C’)@b#(C’) (4.1)
1%

From (4.1), one can build a hierarchy of equations which, as we shall see
it in the next section 5, can be truncated either when one expands in powers
of z —1 to obtain the first cumulants or when the densities p, and p; in the
reservoirs are small.

Let us define the following correlation functions:

for1<i:< N
T, = 3 ,(0)n(C) (1.2)
C
for1<i<j<N
Ui,j = ZTZJ#(C)Q(C)T](C) (4.3)
C
for1<i<j<k<N
Vigk = D ¥u(C)(C)7;(C)mi(C) (4.4)
C

and so on, with the convention that
> 0u(0) =1 (4.5)
C

Inserting these definitions into (4.1), one obtains a hierarchy of equations
for the one-point functions Tj, the two point functions U; ;, and so on. By
summing (4.1) over all C, one obtains

u:a(z—1)+(’y%—az+a—'y>T1 (4.6)

13



By multiplying (4.1) by 7;(C) and summing over C, one gets
1
WE= (= DT+ (v, —azta—7) U+ Toa 4 T =28 (47)

At the two boundaries (4.7) is modified

plh = oz — (az+)Th +To — Th (4.8)

1
MTN:a(z—l)TN+<7Z—a2+a—’y> UN+TIN-1— A+ F8+0)TIN+9

(4.9)
In fact (4.8) and (4.9) (which are the boundary versions of (4.7)) reduce
to (4.7) provided that we require that Ty, Ty4+1 and Uy; (for non-physical
values of the parameters) satisfy

1
alz—1)T1 + ('y; —az+a— ’y) Uin+To—T = az — (az + )11 (4.10)

0—(B+6)TN=Tns1 — TN (4.11)
Similarly by multiplying by 7;(C)7;(C) one gets
1
pUij = alz =1)Ui; + (’Y; —azta— ’Y) Viij+ Uic1j + Uig
+U; j—1 + Ui jt1 — 4U; (4.12)
the boundary conditions and the case j = ¢+ 1 being automatically satisfied

provided that the extensions of Uy ;, U; 4, U; N+1, V1,1,i to non-physical values
satisfy

1
a(z = 1)Uy, + (’Y; —azt+a— ’Y) Vit +Uoi — Ui = a2l — (az +v)Uy

(4.13)
0 — (B+0)Usn = Uint1 — Uin (4.14)
Ui + Uitr,i1 = 2Ui i1 (4.15)

(Note that definitions such as (4.3) do not tell us what U ; is as U; ; is only
defined for j > ¢. In general the values one has to choose for non-physical
values of the parameters in order to satisfy the boundary conditions (4.13)-
(4.15) are different from what one could obtain by simply putting j = 4
in the definition: in particular U;; # T;. In this whole paper the U;; we

14



calculate are always polynomials in ¢ and j and the unphysical values such
as Uj; are simply obtained by taking j =4 in the polynomial Uj ;).

All the relations for the higher correlation functions can be generated
along the same steps. One way of writing all these relations is to introduce
the generating function

®(ay,...ar;2) = <ZQ(t) exp [Z aiTi(t)] >

(where Q(t), as above, is the total number of particles transferred from the
left reservoir to site 1 during time ¢). For large ¢ one expects that

®(ay,...ar) ~ et ¢(ay,...ar)

where ¢ satisfies

= d 8
— Ai41—Q5 __ -
,U/(b [Z (6 1) (804 8ai8ai+1 )

=1

2
+(€ai—ai+1 _ 1) ( a 8 )

Oa;iy1 0a;00i11

0 e %t 0
a_1y(1- = T
o (ze )( 8a1> +7< z ) Oay

+M&L—n<y—é9>+ﬂ@ab—m a]¢ (4.16)

day, day,

Expanding (4.16) in powers of the a; allows one to recover all the above
relations between the correlation functions (4.6),(4.7) ...., and to generate
the equations satisfied by the higher correlations. The first levels of the
hierarchy are summarized in Appendix C.

5 The low density expansion

When the densities p, and pp of the reservoirs are small the n-point function
is of order n to leading order in p, and p;. To calculate u to order n in p, and
Py, one can truncate the hierarchy by neglecting all the m-point correlation
functions for m > n.

A priori the truncated hierarchy remains a problem hard to solve. How-
ever we noticed that the solutions T;, U; ; ... of the truncated hierarchy are

15



always polynomials in the coordinates i, j.. (see the Appendix B on the anal-
ogy with a multi-particle ruin problem). For example if one tries to expand
to order 3 in p, and p, (or in « and ) one finds that T; is a polynomial of
degree 5 in 4, U; ; of degree 4 in 4,5 and V; ; a polynomial of degree 3 in
i, J, k (in fact V; j  is linear in each of the three coordinates). So to solve the
truncated hierarchy, we introduced arbitrary parameters (the coefficients of
all the polynomials in 4, 4,7, 4,7,k ...) and the equations of the hierarchy
give us a finite set of linear equations to solve for these parameters.

We used Mathematica to solve these linear equations. The expressions
become quickly complicated for general a,b, p,, pp. The general expression
(C.14) of u at order 3 in p, and py is given in the Appendix C. We give here
the result obtained that way for p to order 3 in pg, pp when a =b=1

(== D(paz — m)
zZ(N+1)
(2= 1)*(0f +4papvz + paz> + 2N (0} + pappz + paz”))
622(N +1)2

M:

(5.1)

(2= DPCN + D(paz = po) (305 + 9papsz + 302" + N(4p) + Trapyz + 4ps=?))

4523(N +1)3

For large N the expression (C.14) of p gets much simpler: to leading
order in IV, the results do not depend anymore on the two parameters a and
b and one gets

L[ (paz —pp)(z = 1) (p22% + pappz + pp)(z — 1)

=N z 322

_l’_

2(paz — po)(4022° + Tpapvz + p3) (2 — 1)° "
5 +0 (o) (5.2)
So in this large N regime, p is proportional to 1/N and is a function of three
parameters pg, pp and z. In fact, if one uses the parameter w = (z—1)(pgz —
P — papy(z — 1))/z defined in (2.14), one can easily check that (5.2) can be
rewritten as

1 2 8
R (w L I O(w4)> (5.3)
Up to the factor 1/N, pu depends on the single parameter w, defined by (2.14),

(at least to order 3 in w). The expansion of u in powers of p, and pp to
third order determines exactly the first three cumulants and more generally
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the expansion of p to order n would give the exact expression of the first n
cumulants. This can be understood by noticing the similarity between an
expansion of y in powers of z — 1 and an expansion of u in powers of p, and
py- In both cases, the hierarchy can be truncated and one can neglect all
the correlations higher than the n-point function if one wishes to obtain u
at order n. This is the reason why the exact expression of the nth cumulant
is a polynomial of degree n in p, and p; as noticed at the end of section 2.3.

6 Continuous limit

The expressions of the T;’s, U; ;’s , V; ; 1’s we have obtained by Mathematica
to solve the hierarchy in powers of p, and p, are rather complicated. However
they take a somewhat simpler form in the large N limit. If one considers
the connected correlation functions u; j,v; jj ... defined by (C.15), (C.16),
their expressions become functions of the continuous variables:

x3 = L3 . (6.1)

To leading order in 1/N and to third order in powers of p, and pp, one
obtains that way:

Ti ~ paz [m +(1-1) (1 +s(=14 (1 —7)221/3 — (1 — r)222/6)
+8%(1 4 (=23 + 247 — 9r® 4 8r3)x1 /45 + (29 — 42r 4 27r% — 14r%)2% /90
+(r = 1)%2}/15 — (r = 1)°21/60)) [6.2)

U j %pg;ﬂ {ml(l — x9) (—(1 — )2+ 5(2(4 — 6r + 3r2 —13)/3+
(r— 121 = (r = 1%23/3 4+ 2(r — 1)%25/3 — (r = 1)*3/3)) | (63)

1
vi,j,k ~ mpgzg [—2$1(1 — 21’2)(1 — 1'3)] (64)

where the parameters r and s are defined by

r="1 (6.5)

Pa”
s=palz—1). (6.6)

17



By examining the hierarchy (see Appendix C) for the connected functions
and by assuming that the structure obtained up to third order persists to
higher orders one expects that to leading order in N

T; ~ paz f(z1) (6.7)
2.2
Pz
Ui = = —g(1, 22) (6.8)
3.3
z
Vijik = L]C{,Q h(z1, 22, 23) . (6.9)

With this scaling and as p is of order 1/N, one can neglect the right hand
side of (C.23)-(C.25). One can even show that g(0,z2) = h(0,z2,23) =
(0, x2, x3,x4) = 0 so that (see (C.22))

az

T ~ 1
! az + 7y (6.10)
1
€UL; ™ (1 — Z) (1 + pa(z — 1))(’&171' — UOJ') (6.11)
1
€ 21,5 <1 — ;) (1 4+ pa(z —1))(21,4,5 — 20,i,5) (6.12)

and with these simplifications the hierarchy (C.18)-(C.31) in the large N
regime becomes:
the equation for u

p=s(l+s)f'(0) (6.13)
the bulk equations (C.19-C.21)

2

d
1 - = 14
(1491 g(002) = 2 o) (6.14
d d? d?
s(1+ S)Tmh(o’x2’x3) = (dx% + dw%) g(x2,x3) (6.15)
d? d? d?

+ —5 + —> h(l‘z,l‘g, 33‘4) (6.16)

d
1+ s)—i(0 =(—
S( + 8) Z( 71:27$3’ 334) (dw% dﬂf% dﬂf%

diL'l
the left and right boundary equations

f(0) = s f) =7 (6.17)



9(0,2) = g(x,1) =0 (6.18)
h(0,z,y) = h(xz,y,1) =0 (6.19)

the equations for adjacent particles

(C; - ;32) g(z,z) = — (d‘ég))z (6.20)

(Cii - C;;) h(z,z,y) = —2d‘§z) dgflz’ly) (6.21)

(dim - dixg) hz,y,y) = —2d£g) dgf;;y) (6.22)

(dixl _ di@) i, 2.y, 2) = _2d§g(§) dh(fk;zl/, z) 2dgc(lz,ly) dgc(li,lz) (6.23)
(i~ ) ) = 2 G2 2 BRI G o2
(e Yz = 2SO 02

One can then solve this hierarchy, up to an arbitrary order in s. To find
i at order m in s, one needs to know f at order n — 1, g at order n — 2 and
so on. When we calculated p at order 4 in s, we obtained

1 z1(z1 —2) o1 (323 — 1223 + 28z, — 32)
= )@ -1 |1-
fe) H(r $+1)(x1 )[ YT T 180
_so(5af — 3001 + 1383:50;035%% + 600z, — 576) §6'26)

1\’ 2-3 2_9 2
g(x1,22) = (7" > ry(r2 — 1) {1 —w L1 T~ 2Ty TS

s+1 3
b <:E‘11 2} af(26 — 102 4 523)  @1(3 — 22 + 23) N 56 — 802 + 6023 — 2023 + 5x%>}
24 4 36 3 120
(6.27)
1 \?
h(z1, ze,z3) = (T TS n 1) z1(x3 — 1) [43:2 — 2+

5y — 1523 + bao(2? — 3z1 + 23 — 223 +4) — 323 + 921 — 223 + 423 — 6
w

; }6.28)
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4
i(z1, T2, T3,24) = <r - > 2z1(xg — 1)(152923 — 1022 — 5z +3)  (6.29)

s+1
and
1 w? 8wl 4wt
_ 2 4 = 2 o(JP 6.30
H le s T T3 T <w>] (6.30)

where we give the expressions of f, g, h,i and u (except for a simple factor
r— ﬁ) in powers of w defined by (2.14) instead of s.

In principle all the expressions should depend on the two parameters
s and r, but we observe that they only depend on the single parameter
w. This can be understood by noticing that if f, g, h... solve the hierarchy
(6.13)-(6.25) for a certain choice of 7, s, then Af + B, A%g, A3h ... solve the
same hierarchy for 7/, s’ with the same value of p if 7" and s’ satisfy

1 1

=A B
1+s 1+3+

' = Ar + B
As'(1+8) =s(1+s)
These three relations are compatible only when

S/ — ’I“/S/ — T/S/2 =8—Trs— 7“82

so that when w = s — rs — rs? remains unchanged, one can easily transform
the solution of the hierarchy leaving i unchanged.

7 Conclusion

In this paper we have obtained the first four cumulants (2.17)-(2.20) of the
integrated current for the symmetric simple exclusion process with open
boundaries. To our surprise, the generating function of the integrated cur-
rent (2.6),(2.15) depends on the densities of the reservoirs p, and p, and on
the fugacity z, the parameter conjugated to the integrated current, through
a single parameter w defined in (2.14). It would be interesting to understand
why this is so through a simple physical argument.

When p, = pp = 1/2, the fourth cumulant vanishes and we have conjec-
tured that in this particular case, the distribution of the integrated current
Q(t) is Gaussian (in the range @ ~ +). Based on this conjecture, we can
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predict (2.29),(2.30) the large deviation function of the current for arbitrary
choices of p,, pp. For p, = 1 and p, = 0, the distribution of the integrated
current we obtained is identical to the one known for one dimensional quan-
tum conductors in their metallic regime [5, 4].

The similarity between these results is striking if we consider the drastic
differences in the corresponding formalisms. In the quantum treatment of a
diffusive conductor, the statistics of the time integrated current appears as
the result of a convolution of a large number of independent binomial laws,
one for each conduction channel [5]. In the limit of a large number of such
channels (i.e. when the transverse dimension of the conductor is much larger
than the Fermi wave length) the result of this convolution is governed by the
universal distribution of eigenvalues of the transmission matrix for a single
particle in the presence of quenched disorder. The exclusion effects induced
by the Pauli principle only appear in the selection of the energy window
in which single particle states contribute to the current. By contrast, the
classical model considered here has no transverse degree of freedom, and
the exclusion constraint plays a crucial role. To our knowledge, a complete
understanding of the connection between the two models is still lacking. We
simply conjecture that an intermediate description in terms of a Boltzmann
equation with additional noise terms, as developed for instance in [8, 10]
for the quantum diffusive case, may help to bridge the gap between the two
classes of systems.

The first open question left at the end of the present paper is whether one
could prove or disprove our conjecture for p in section 2.5. It would also be
interesting to see the degree of universality of the results obtained here, i.e.
how much they depend on the precise definition of the model. In particular
it would be nice to see whether a more macroscopic approach could be used
to calculate the fluctuations of the current [21, 22]. Another open question
would be to know how our results would be modified by an asymmetry
[18, 36, 37] in the bulk, in particular in the case of a weak asymmetry [38].
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A The Gallavotti-Cohen relation

In this appendix we rederive, following Lebowitz and Spohn [33], the Gallavotti-
Cohen relation for a system with stochastic dynamics in contact with several
reservoirs of particles.

Let us consider an irreducible Markov process for a system with a finite
number of internal configurations C. We assume that this system is in con-
tact with a reservoir A (or several reservoirs A,B,C) and that during each
infinitesimal time interval d¢, there is a probability W,(C’,C)dt of a jump
from C to C' with ¢ particles transferred from reservoir A to the system
during this jump. As the system is in general in contact with other reser-
voirs, these particles might later on be transferred to other reservoirs, so
that Wy(C’,C) allows jumps where the number of particles in the system is
not conserved.

Imagine that the system is in equilibrium with reservoir A, that is the
jumping rates W, (C’,C) satisty the detailed balance condition

W,(C',C)Pag(C) = W_g(C,C") Pog (C') (A1)

where P.y(C) is the steady state probability of the Markov process.

Clearly the detailed balance condition (A.1) implies that the average
current of particles vanishes and that the probability of seeing any given
jump is equal to the probability of its time reversal as it should for a system
at equilibrium.

Now let us modify the dynamics by introducing a field £ which enhances
the injection of particles into the system so that W, (C’,C) is replaced by

eFaw,(C',C) (A.2)

This field E produces a current which of course fluctuates due to the stochas-
tic nature of the Markov process.

Let us denote by Q(t) the total number of particles transferred from
reservoir A to the system during time ¢ and R(C,Q) the probability of
Q(t), given that the system is in configuration C at time ¢. The evolution of
R:(C, Q) is clearly

d

(C.Q) =323 M [Wy(C,CYRC,Q — q) = Wy(C,C)Ri(C, Q)]
q

If one introduces the generating functions r,(C, A) defined by

r¢(C,\) = Z GAQRt(CJ Q)
Q
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they evolve according to
d
(€, ZZ{ (EEN1p,(C,C (€, N) = ePIW, (€', Chri(C, A) }
This implies that for large t,
(R~ gHAEE

where p(A, E) is the largest eigenvalue of the matrix M) g
=Y eFN W c.c) -5, c)d N ePrw, e (A.3)
q q c

where 0(C,C") = 1if C = C" and 0if C # C’. Therefore to obtain u(A, E), one
has to find either the right eigenvector wR(C) of this matrix which satisfies

p(\ E)pr(C) = eFV W (c, ¢y ZzeEq W,(C',C)yr(C)
v (A4)

or its left eigenvector 1, (C)
n(\, E)r(C ZZ@EH‘?W ,c ZZeEqW (€', C)vr(C)
(A.5)

Now if we use the detailed balance condition (A.1) for the first term in
the r.h.s. of (A.5), we get

O BI(0) = ST B 0,0 G @) S el
eq
(A.6)

This shows that ¢ 1,(C) Peq(C) is the right eigenvector of the matrix M_x_op £
defined in (A.3).

So the matrices My g and M_)_sg g have exactly the same eigenvalues.
In particular this shows that

4\ E) = pu(—\ — 2B, E) (A.7)

which is the Gallavotti-Cohen relation.
In the symmetric exclusion process, as described in section 2.1, we know
[20] that detailed balance is satisfied whenever
« )

oty B+ (A8)
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If we fix § and § and vary o and ~, the detailed balance condition (A.8)
is no longer verified. However, one can always think of the variation of «
and ~ as the effect of an external field F trying to enhance the number of
particles transferred from the left reservoir to site 1. If one writes

a=de? and y=+eF
with
;o ) , ayd
and
op_af

)

=5
one sees that the system satisfies detailed balance for o/,+/, 3,d. Therefore
the Gallavotti-Cohen symmetry implies (2.9) for the SSEP.
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B The analogy with a multi-particle ruin problem

In this appendix, we show the similarity between the equations one has to
solve at each level of the hierarchy and the equations which one can write
in a multi-particle ruin problem.

Consider first a single particle which diffuses on a chain of N sites with
open boundary conditions. If the particle is at site 7 at time ¢, it jumps,
during an infinitesimal time interval dt, to site i + 1 with probability dt (for
1 <i < N—1) and to site i—1 with probability dt (for 2 < i < N). Moreover,
a particle at site 1 is absorbed at the left boundary with probability adt and
a particle at site IV is absorbed at the right boundary with probability Gdt.
In the usual ruin problem [39], one asks the following question: what is
the probability T; that a particle starting at site ¢ will escape at the left
boundary. Clearly T; satisfies for 2 <¢< N —1

Tiva+Ti1 —2T;=0
and at the boundaries
Oé—l—Tg— (1—|—04)T1 =0

ITn-1—(1+8)TIn=0

These are precisely the equations (4.7)-(4.9) we had to solve in section 4, if
one takes ¥ = ¢ = 0 and z = 1 (which implies that u = 0 see (4.6)).
The solution of this ruin problem is of course linear in ¢

1 .
N+B—7f

=— £ B.1
N+i+5-1 (B-1)

i

Let us now generalize the ruin problem to two particles (the generaliza-
tion to more particles is straightforward). Consider two particles initially
at sites ¢ < j which diffuse in the same way as in the one-particle ruin
problem, except that the two particles are not allowed to occupy the same
site. As time goes on, one of the two particles will escape at one of the two
boundaries, then the other particle will diffuse until it also escapes.

Now we want to calculate the probability U; ; that both particles will es-
cape through the left boundary. One can write down the equations satisfied
by Ui;
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Uic1j + Uig1, + Ui j-1 + Ui jp1 —4U; ;=0 (B.2
Uii + Uist1,i+1 = 2U; i1 (B.3

B4+ a)Ui; =aoT; + Ui+ Urit1+ Utz (B.4
B+Uin =Uin-1 + Ui n + Ui N (B.5

and they are identical to (4.12)-(4.15) when v =60 = 0 and z = 1 (implying
that ¢ = 0). It is not obvious a priori that the solution of these equations
is simple. However the solution turns out to be linear in ¢ and j

_ (N+5—1=)(N+%—3) (B.6)
YN+ LDV E+5-2) ‘

We also see in (B.1),(B.6) that the correlation between the two particles is
weak

1
uij =Uij—Til; = O <N)

when ¢ and j are of order N. This weak correlation [34], which are similar
to those seen in (6.8), (6.9), is however responsible for the non-Poissonian
character of the fluctuations of the integrated current.

Another quantity which has a simple expression (i.e. for which the so-
lution is linear in ¢ and j) is the probability U; ; that one particle escapes
at the right and the other particle escapes at the left, without specifying on
which side the first particle to escape leaves (starting with two particles at
positions ¢ and j). In this case the equations to solve are again (B.2),(B.3)
with boundary conditions (B.4),(B.5) replaced by

B4+ a)Ui; =a(l —T;) + Ui+ Uiit1+ Ui (B.7)

B+8Uin =B8T; +Uin—1+Uipan + Uiz N (B.8)
and the solution is
N(i+j)—2ij —2N+2i+ 2N —i—j)+ 5+ -2)+ &
(N-1+L+H(N-2+5+2)

Uij =

If one asks however a slightly more precise question, namely what is
the probability U;; that (starting with a particle at ¢ and a particle at
j), the first particle to escape leaves at the right boundary, and then the
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remaining particle escapes at the left boundary, the equations to solve are
still (B.2),(B.3) but with the boundary conditions (B.4),(B.5) replaced by

B4+ )1, =Usi+Upiv1 +Uii1 (B.9)

B+Uin =BTi +Uin—1 +Uipan + Ui v - (B.10)

These new boundary conditions make the problem much harder and one can
check that the solution is no longer linear (or even polynomial) in ¢ and j.
So the same problem (B.2),(B.3) with the boundary conditions (B.4),(B.5)
or (B.7),(B.8) is easy (the solution is linear in ¢ and j) whereas it is hard
with boundary conditions (B.9),(B.10). The main reason which made pos-
sible the calculation of the cumulants in the present paper is that each time
we had to solve equations of the type (B.2),(B.3), the boundary conditions
were such that the solution was polynomial in the coordinates 7 and j.
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C The hierarchy

C.1 The hierarchy for the correlation functions

The hierarchy of section 4 can be summarized as follows:

The equation for p

(az+7)(z—1)

p=alz—1)— T (C.1)

The bulk equations

az+7y)(z—1)

ul; = a(z —1)T; — ( Ui + T +Tip — 215 (C.2)
(az+7)(z—1)

ALUZ‘,J' = Oé(Z—l)UZ"j— >

V1,ij+Uim1,i+ Ui+ Ui j-1+Ui j11—4U;
(C.3)

az+v)(z—1
( 2( )Wl,i,j,k T Vierjk + Vitrjk

1wVijk =alz = 1)V ik —

The left boundary equations

(a2 +9)(z — 1)

alz— 1T — .

Uin+To—Tr =az— (az+~v)I1  (Ch)

(az+7v)(z—1)

a(z=1)Uy,;— . Viti+Uoi—Uri = azT;— (az+7)Ur,; (C.6)
az + z—1
a(z—l)Vu,j— ( fYZ( )W1,17Z'7j+V(]7i,j—V1,i’j = OéZUz‘,j—(OéZ—F’)/)VLiJ
(C.7)
The right boundary equations
6= (B+0)IN =Tn+1 —Tn (C.8)
0L — (B+)Uin =Uin+1 —Uin (C.9)
Ui j — (B+0)Vijn =Vijns1 — Vijn (C.10)
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The equations for adjacent particles

Uii + Uit1i+1 = 2Ui i (C.11)
Viig + Vitvit1g = 2Viier 5 (C.12)
(C.13)

Vijj +Vij+ij+1 = 2Vijjn
When one solves this hierarchy up to order 3 in p, and pp, one obtains
(paz — po)(z —1) F(z—1) (a —3a% +2a® + b — 3b% + 2b3) (paz — pp)?
ZN1 622N§(N1 - ].)
paz’ + pi p2z% + papvz + pi

. (paz — Pb)2
622N12(N1 - ].) 2Z2N1(N1 - ].) 322(N1 - ].)
a1y (@ — 3a? +2a® + b — 3b% + 2b%)2(paz — pp)*
923N15(N1 - 1)(N1 — 2)
(=7a + 30a? — 50a3 + 45a* — 18a® — 7b + 30b% — 500 + 45b* — 18b°)(paz — pp)?>
4523Ni1(N1 - ].)(Nl — 2)
[(2 + 15a — 45a% + 30a® + 15b — 450 + 306%)(p222 + p?) — 4papvz](paz — po)
(a=3a®+2d° +b =30 +20°)(p32° — p}) + 3(p2z> + p3)(paz — pv)
N T(paz* = p3)  (paz — ) (2227 + 3papyz + 2p7)
92’3N1(N1—1)(N1—2) 323(N1—1)(N1—2)
L 2(paz = o) (4952 + Tpapyz + 4pp) Ny
4523(N1 - 1)(N1 — 2)

(C.14)

where Ny = N+a+b—1, po=af/(a+7), pp =06/(B+96), a=1/(a+7)
and b=1/(6+9).
C.2 The hierarchy for connected correlation functions

If one introduces the connected functions u; ;, v; j ... defined by

Um’ = TzTJ + u; 5 (C.15)
Wi kg = T TT + wi j T+ w 15T + wj T A+ i 15T,
Fuj ) TiT + wi ) TiTy + wi g + wigugg + wigtg gk + vi kTl
(C.17)

0351 + ik T + V0 Ti + Wi j ki
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the hierarchy becomes

The equation for p (obtained by combining (C.1), (C.2) and (C.5))

z—1 z—1

1 {1 - Tl] = (Ty — T»)

The bulk equations

eur; =Ti1+Tip1 — 2T

€ Ui = Ui-1,j + Ui1,j + Ui g1 + Uijp1 — dugj

(C.18)

(C.19)
(C.20)

€ Wi jk = Vi-14k T Vit1jk + Vij—1k T Vij+1k + Vijh—1 + Vijre1r — 60k

where € is defined by
(az+7v)(z—1)
z

The left boundary equations

(az+y) T —az+To—Th =ecurg—pTh
(v +y)urs +uo; — w1 =€ Vi1 — 24 Ut
(a0 +Y)v1i + Vo — Vi = € [W11,5 + uriun ] — 20 vi
The right boundary equations
d—(B+0)Tn=Tn+1 —Tn
—(B+ 0)ui N = ui N+1 — Ui N
—(B+6)vij,N = VijN+1 — VigN
The equations for adjacent particles

2
Ui+ Uir1ir1 — 25541 = —(T; — Tig1)
Vijij T Vit — 2050415 = —2(T; — Tiva) (wij — Uit1,5)
Vijj Vg1t — 205541 = —2(T; — Tjyr) (wij — wijr1)
Wii ik + Wittit1k — 2Wi i1k = —2(T5 — Tit1) (Vi j b — Vit1,5.k)

(C.21)

(C.22)

(C.23)
(C.24)
(C.25)

(C.26)
(C.27)
(C.28)

(C.29)

(C.30)
(C.31)

—2(uij — wig1,5) (uik — uir1,k) (C.32)

etc...

(As already discussed right after (4.15), the (unphysical) values T, u; ;...
are obtained by using the explicit (polynomial) expressions of T, u;; for

i=0,j=1).
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