J Stat Phys (2008) 131: 821-841
DOI 10.1007/s10955-008-9518-y

Vortices in the Two-Dimensional Simple Exclusion
Process

T. Bodineau - B. Derrida - Joel L. Lebowitz

Received: 4 September 2007 / Accepted: 7 March 2008 / Published online: 11 April 2008
© Springer Science+Business Media, LLC 2008

Abstract We show that the fluctuations of the partial current in two dimensional diffusive
systems are dominated by vortices leading to a different scaling from the one predicted
by the hydrodynamic large deviation theory. This is supported by exact computations of
the variance of partial current fluctuations for the symmetric simple exclusion process on
general graphs. On a two-dimensional torus, our exact expressions are compared to the
results of numerical simulations. They confirm the logarithmic dependence on the system
size of the fluctuations of the partial flux. The impact of the vortices on the validity of the
fluctuation relation for partial currents is also discussed in an Appendix.
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theorem - Vortices

1 Introduction

Recently, it has been shown how to compute the large deviation function of the current in
one dimensional diffusive systems [2—7]. The hydrodynamic large deviation theory [2, 11,
18], yields explicit expressions for the large deviation function as well as the cumulants of
the current fluctuations (under some stability condition [5, 7]). The same hydrodynamical
approach applies in principle also to currents in higher dimension. In the present paper
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we show however that this approach does not always catch the correct scaling of the large
deviations or of the cumulants of the current in higher dimensions. This will be made explicit
in the case of the 2 dimensional symmetric simple exclusion process (SSEP).

For a one dimensional diffusive system of length L in contact at its left end with a reser-
voir at density p, and at its right end with a reservoir at density p,, one can consider the
total net number Q(t) of particles leaving the left reservoir during a time interval t. This
number Q(7) fluctuates in time and one expects that in the long time limit

Pr0<Q£T) x> J) ~exp[—1Gr(J; pa, pp)] (1.1

where G (J; pg, pp) is the large deviation function of the flux through the system. In fact
G does not depend on where the flux, i.e. the integrated current, is measured along the one
dimensional system, as long as particles cannot accumulate. For large L and for J of order
%, G satisfies, the following scaling

1
GL(-];pu’pb):ZF(LJ;:Oaa)Ob)- (1.2)
The scaling (1.2) implies that for large L all the cumulants of Q(t) are of order 1/L, i.e.

(0@ 1
lim ———— 2>~ —k, (04, Pp)- (1.3)
T—00 T L
Explicit expressions of the «,(p,, p») have been obtained [5, 7] in terms of the diffusion
constant D(p) and the conductivity o (p) [22]. One can also show that the large deviation
function G, of the current satisfies the fluctuation theorem [2, 5, 7, 12-15, 19-21], i.e.

GL(J; pas Pp) — Gr(=J; pas pp) = J[log z(pp) — log z(04)] (1.4)

where z(p) is the fugacity of a reservoir at density p.

In higher dimension, one can study, as in one dimension, the total current flowing through
the system from one reservoir to the other, but one can also study part of this current. In this
paper, we consider the SSEP on a square lattice of size L, with periodic boundary conditions
in the vertical direction and study the current flowing through a vertical slit of length £ < L
(see Fig. 1). The large deviation function G, ¢(J; p4, p»), defined as in (1.1), depends of
course on the size £ of the slit. One reason for considering the fluctuations of this partial

Fig.1 We are going to consider
the distribution of the current
flowing through the dashed
vertical slit of length £ < L

Reservoir Reservoir

Pa P
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current is that in experiments it is often only possible to measure the fluctuations of local
quantities and not of global quantities [8, 9].

In two dimensions, when £ = L, i.e. when one considers the total current flowing through
the system, the large deviation function derived from the hydrodynamic theory satisfies for
large L and for J of order 1 a scaling similar to the one dimensional case [4]

Gr..(J; pas pp) = F(J; pas pp) (L.5)

(this would become LY~2F(L*~4J; p,, p) for a cube of size L in dimension d and J of
order L9=2). In the present paper we show that G, cannot satisfy the same scaling (1.5) as
G 1 and that for large L, if one keeps the ratio h = £/L fixed, then forall0 </ < 1 and J
of order 1

Gr.in(J; paspp) >0 as L — oo. (1.6)

While, as in (1.3), one expects the cumulants of the total flux Q(z) to have a large L
limit
lim M g Kn(loaa lob) (17)

T—00 T

(which would become 1(Q(t)"). ~ L* %k, (pa, p») in dimension d), we will see by an
explicit calculation of the second cumulant that for £ = Lh,

. (QW(0)).
lim ————
T

T—>00

~logL asL— oo, whenO<h <1, (1.8)

where Q" (1) is the flux of particles through the slit during time .

The fluctuation theorem, which is satisfied as written in (1.4) for the two-dimensional
SSEP when J is the total current through the system (i.e. when £ = L), has in fact no reason
to remain valid for £ < L: in the large L limit, the difference G, ;,(J) — G pn(—J) van-
ishes when 0 < i < 1 so that (1.4) cannot hold and a singular dependence can be expected
in Gy rn(J) when h — 1. In Appendix A, we give a simple example of a two site model
where one can see clearly that the fluctuation theorem is satisfied when one looks at the
total current but is no longer valid when one considers only part of the current (see [1] for a
discussion on the validity of the fluctuation theorem for partial currents).

The rest of the paper is organized as follows. In Sect. 2, we recall the hydrodynamic large
deviation theory [2, 6] and show the asymptotics (1.6). Although the hydrodynamic large
deviation theory does not predict the correct scaling of the current deviation, the analysis
of Sect. 2 suggests that local current fluctuations are dominated by vortices. Restarting at
the microscopic level, the variance of the integrated current is computed for the SSEP on
a general graph (Sect. 3) and explicit expressions are obtained for the current through a
slit for the SSEP on a two-dimensional torus (Sect. 4). Our exact expression leads to the
asymptotics of the form (1.8) and are compared to the results of numerical simulations.
Finally the appendices are devoted to comments on the fluctuation relation (1.4) for partial
currents, and to some technical calculations. We note that Sects. 2, 3 and Appendix A can
be read independently.

2 Vortices and Current Fluctuations

For simplicity, we briefly recall the large deviation hydrodynamic limit theory in the frame-
work of the two-dimensional SSEP on the square lattice in the periodic domain A = {1, L}?.
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824 T. Bodineau et al.

At the microscopic level, each particle jumps randomly with rate 1 to a nearest neighboring
site and the jump is allowed only if the neighboring site is empty. After rescaling space by
1/L and time by 1/L?, the macroscopic density p(x, ) obeys the diffusion equation [17,
22] in the macroscopic domain A= [0, 1]%, (with periodic boundary conditions),

dp(x, 1) =Ap(x, 1), x=(x1,x) € A, @2.1)

where A denotes the Laplacian. One can also define a macroscopic current j(x,t) =
(ji1(x, 1), jo(x, 1)) in the directions &, &, which has to satisfy

dp(x, 1) ==V jx,1).

The rescaled current j is such thatif g ;4z,)(t) is the microscopic integrated current through
the bond (i, i + €,) (with & = 1 or 2) over the microscopic time interval [0, ], then for a

system of size L and times t of order L2, one has g ;1z,)(t) = L fT/L £.0)dt.

Using the hydrodynamic large deviation theory, we are going to show that the scaling of
the large deviations is different for the current flowing through the whole system or through
a slit (as in Fig. 1).

2.1 Total Current Deviations

We denote by Q(7) the integrated total current during the microscopic time interval [0, 7]
through a vertical section of the whole system, say the current flowing through the edges
{(L/2,12), (L/2+1,12)}1<iy<- The corresponding large deviation function G, is defined
by

lim ——logP <£~J>=GL,L(J), 2.2)

T—>00

where Pro(@ A J) denotes the probability of observing a total current J in the ¢, direction
averaged over the microscopic time interval [0, t]. According to the large deviation hydro-
dynamic theory, one expects, in accord with (1.5) that lim; ,, G ;(J) = F(J) where the
function F(J) =limy_, o Fr(J) with

FT(J)—lnf{ —Ir(/j, p)’ and

2 2
1 (7 1 + 0 + (j2 + 0«
Ir(j,p>=—//dtdx U1+ 8np) + (24 0a0)
2Jy Ja 20(1 = p)

(2.3)

The minimum is taken over the macroscopic evolutions {p(x, t), j(x, t)} during the macro-
scopic time interval [0, T'] which satisfy the constraints

1Tt 1
op(x,t)=—V-j(x,t), and J=—// dtdxji| | =, x2 ).t ). 2.4)

Remark 2.1 Note that the mathematical statement from the hydrodynamic limit theory [3]
relies on a more involved asymptotic with a joint space/time scaling: instead of (2.2), the
large deviation function for a total current J over the microscopic time interval [0, L>T] is
given by

li ' oepro( 25D L\ ko
Jim =g logbro\ =m=~J f = Fr (/).
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Vortices in the Two-Dimensional Simple Exclusion Process 825

where Fr has been introduced in (2.3). When writing (2.2), (2.3), we assumed that in the
previous expression the limits L — oo and T — oo can be exchanged.

As we consider in this section a system with periodic boundary conditions and no
sources, the steady state is the equilibrium one in which all configurations with a speci-
fied total of number particles have equal weight. The mean current through the system is
therefore 0 and we are going to show that for any current deviation J # 0

F(J)>0. (2.5)
Expanding Zr in (2.3) and using Jensen’s inequality leads to

T GOP+ G2 (Vo)
IT(””)‘E[) fx‘”d"[ 20— p) +2p(1—p)]+CT

T 1 T 2
z/ /dzdx(jl>2+cTZT(—/ /dtdm> O Q6
o Ji T Jo Ji

where C7 is the contribution of the cross terms in (2.3)

ff JoVe _ /dx{$<p(x,0>>—$<p(x,T>>}
p(l—p) 2z

with S(p) = —[plog(p)+ (1 —p)log(1 —p)]. As itis equivalent to measure the total current
through any section of the system, the constraint (2.4) on the current deviations becomes

1 T
= _/ / dtdxj(x,1). (2.7)
T)y Ji

Thus inf; ,{Z7(j, p)} > TJ? + Cy. As Cr remains bounded in time, (2.5) follows
from (2.3).

2.2 Partial Current Deviations

The functional Z7 defined in (2.3) should in principle provide the large deviations of the cur-
rent through any macroscopic region of the system. We consider now a slit of macroscopic
height & < 1 (the segment [(1/2,0), (1/2, 1)]) and denote by Q' (t) the integrated current
through the slit during the microscopic time interval [0, t], i.e. the current flowing through
the edges {(L/2, i), (L/2+ 1,i2)}1<iy<n- Then, the large deviation function for observing
a current deviation J # 0 is given by

lim —— log Pro

T—>00

(h)
(Q I(T) ~ J) =Gpr.n(J).

One expects from (1.5), that lim; . G 1, (J) = F,(J) with
N )
F,(J) = lim inf{ =Zr(j, p) (2.8)
T—oojp| T

where Zr(j, p) is defined in (2.3) and the macroscopic constraints (2.4) are replaced by

1 T ph 1
dp(x,0)=—V-j(x,1), and J:—// dtdx2j1(<—,x2),t>. 2.9)
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Fig. 2 On the left, two vortices
located at the edges of the dashed
slit are depicted. On the right, a

blow up of one vortex <©> Q"
concentrated on the disk of radius

(r1,r2): the current (2.12), (2.13) ;
is proportional to 1/r for r in '
(r1, r2) and vanishes outside this (@)
annulus

We are going to show that in contrast to (2.5), the large deviation function Fj, in (2.8) van-
ishes for 0 < & < 1 (as claimed in (1.6)).
One can bound (2.8) by

. 1 . =
mf:— Zr (j, ,0)} < F,(J),
iep| T

where the functional F;,(J) is the restriction of Z; to time independent density and current
profiles,

1 TG (Vp)
F"(J)_‘f’pf{zfxdx[ 20(1=p) +2p<1—p>]} e

where the density and current constraints satisfy

h 1
0=V-j=01i(x)+0j2(x), and sz dxzj1<5,X2>~ (2.11)
0

A guess to bound (2.10) is to consider the equilibrium density (uniformly equal to the
constant density p) and a current deviation consisting of two vortices localized at the edges
of the slit (1/2,0) and (1/2, h) (see Fig. 2)

Vxe A, j)=J(@x—(1/2,h)— @ —(1/2,0)), (2.12)
where @ denotes the vector

@ (x) . 1 1[r1 5«/X12+x§§r2
2log(ry/r1) xl2 + x22

)
Vx = (x1, x2), (=x2, x1), (2.13)

with r; < r, < 1. One can check thNat the current defined in (2.12) satisfies the constraint
(2.11). Furthermore, we can bound Fj,(J) by,

T J?
461 — p) log(ra/r1)’

8 1 .

F,(J) < f/ dx[(j)* + ()’ = (2.14)
4p(1—p) J7

Letting 7y, , go to O while ’r—? diverges, we find that Fh (J) =0 so that the large deviation

cost in (2.8) is 0.

Remark 2.2 On a finite lattice of size L, the current has to flow through the bonds and there-
fore the ratio r,/r; is at most L. This imposes a cut-off and the computation (2.14) based
on (2.10) leads to G 1, (J) of order @. This logarithmic dependence will be confirmed
for the SSEP by a direct computation of the current fluctuations in Sects. 3 and 4.
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Vortices in the Two-Dimensional Simple Exclusion Process 827

Expression (2.14) shows that the cost of the fluctuations due to the vortices is low
and one may wonder if the vortices are the optimal minimizers of (2.10) or whether one
should expect a more complex structure. To check this, we first note that the current j in
(2.11) is divergence free, thus it can be represented as the sum of the curl of a vector field
(0,0, ¥(x1, x2)) and a constant vector field (Cy, C;)

J=V x(0,0,¥)+(Cy, Cr) = (¥, —01¥) + (Cy, C2) (2.15)
and the current constraint (2.11) becomes
J=w1/2,h) —¥(1/2,0)+ Ch. (2.16)

Choosing the density equal to p, (2.10) reduces to the variational principle

-~ 1
Fy(J) < ——— inf / dx () ¥)* + (W) + Ci + C3 (2.17)
4p(1 — p) w.cr.on | Jx

where ¥ and C; satisfy the constraint (2.16). The solutions of the above variational problem
will satisfy

AV (x) =a(bx, 172, — 6x,(1/2,0))»

where « is the Lagrange parameter associated to the constraint (2.16). This would lead to
a ¥ which diverges logarithmically at the edges of the slit and therefore cannot satisfy
condition (2.16) for any non-zero «. Nevertheless, using a cut-off similar to ry in (2.13), we
can recover the vortex like structures (2.12).

Remark 2.3 For more general diffusive systems the hydrodynamic large deviations are gov-
erned by functionals of the type (2.3) which depend on diffusion and conductivity matri-
ces [2]. One could extend the previous discussion to these cases and the large deviation
function F},(J) would vanish as soon as & < 1. For open systems, similar computations can
be done as the fluctuations are dominated by vortices localized at the edges of the slit (2.12)
and the reservoirs play a negligible role.

Remark 2.4 We note that in analogy to (2.7) we can consider the partial current specified in
(2.9) as a limiting case of an integrated current in a domain B C A,

1 T
JB=—/ /jl(x,t)dx. (2.18)
T 0 B

Taking B to be a rectangle of height 4 and width w we get that the flux through the line
segment £ is given by w™!Jp, in the limit w — 0. For the large deviation of J one can
repeat the analysis leading to (2.6) yielding
J2
infZr(j,p:B)>T-2 +Cr. (2.19)
Jp |B|

This non-zero lower bound reflects the fact that any vortex flow used to implement the
fluctuation Jp will have to be of a size w or greater.
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828 T. Bodineau et al.

3 Current Fluctuations on a General Graph

In this section, we consider the SSEP on a general connected graph (A, £4) where A is a
finite set of sites and £, the set of edges on which particles jump with rate 1 according to
the exclusion rule. We also suppose that particles are created and annihilated at the sites in
the subset £2 of A (£2 may be empty). For any site i in §2, we suppose that creation and
annihilation occur at rates «; and B; (and for simplicity we choose «; + 8; = 1). In Sect. 4,
we will apply the results obtained for general graphs to the microscopic domain A = {1, L}?
and derive explicit expressions in this case.

If (i, j) is an edge in £, then the number of particle jumps from i to j during the time
interval 7 is denoted by g j(t). The current flowing through (i, j) during time 7 is then
4,/ (T) — q(j.in(v). If creation and annihilation occur, we enlarge the graph (A, £4) by
associating to each site i in £2 a new site /. The site i can be interpreted as a source and we
denote by ¢; ;) () the number of particles created at i and g ;,() the number of particles
annihilated at site i. It is convenient to enlarge the graph £, into £, by adding to the original
graph the new edges (i, Dico and (i, i);co. We denote by £2 the set of the new sites, and by
A the union of A and £2.

For any field {A,}, indexed by the edges and such that for any edge (i, j), A¢ j) =
—Ayj.i» we are going to study the fluctuation of the integrated current defined by

Q') =Y Ayg(v), 3.1)

bGSA

where the sum is over all the oriented edges b. The field .4, can be thought as a test function.
One can define the divergence and the gradient on the graph. For any field {4,}, and any
site i in A
divA@) =Y Adj. (3.2)
j~i

where the sum is over all the edges leaving site i (this includes the edges (i, i) if creation or
annihilation occur at site /). For any function H; in A, the gradient is a function indexed by

the edges b = (i, j) in £,
VyH =H; — H;. (3.3)

In the following, we will consider only functions H in A equal to 0 in £2.
3.1 Gauge Invariance

Before, computing the variance of Q“(z) defined in (3.1), we first show that for large T
similar asymptotics of log(exp(AQ*(7))) can be obtained for different choices of {Ay},.
For any site i in A, one has with notation (3.2)

n@, ) —n(,0) = Z q,H (1) — qa,j(T). 3.4

This implies that for any function H on A (equal to 0 on £2)

Q" (r) = Z VoH qy(7) = ZH (Z q¢.h(t) —qq, /)(T)>

be€ icA /eA
J~i

=Y H(G,v) = nG.,0). (3.5)

ieA

@ Springer



Vortices in the Two-Dimensional Simple Exclusion Process 829

Therefore, QV () remains bounded when the time diverges. As a consequence, for any
L eR, A, and H;

1
rli)ngo - log<exp(A Z Ap qb(r)>>

be€y

1
= lim — log<exp<A Z (Ap + VbH)qb(r))>. 3.6)

T—>00 T o
e

Thus the large deviations of Q“(t) and QA+VH (t) with respect to time are the same.
We are going now to recall how a field .4, in £, can be decomposed as

Ay =V +V,H, 3.7)
where H is a function in A (equal to 0 on £2) and V is divergence free in A
VieA, divV(i)=0.

Note that no conditions are imposed on div V(i) for i in £2, if there are sources (£2 #0). If
there are no sources (£2 = (), then H is defined up to a constant.
For decomposition (3.7) to hold, H has to be the solution of

VieA, divAG)=AH; =) (H;— H). (3.8)
j~i

In the case with sources (§2 # ), the solution of (3.8) can be written in terms of the Green’s
functions, defined for any site k by

VieA, AGY =-5§,;, and Vie2, G"=o0. 3.9)
Thus for j € A
Hj=-Y divAK)GY, (3.10)
keA

and the field V, = A, — V, H is divergence free.
3.2 Variance of the Current

We are going to compute the variance of Q4 (7) = Zbe“ Ap qp(t). From (3.6-3.7), we
know that to compute large time asymptotics it is enough to consider .A which is divergence
free.

One has

3. log(exp(AQ*(1)))

(1 — ) exp(AQ4(1)))

=Y ailexp(tAg,) — 1) (exp(AQA(1)))

ief2
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830 T. Bodineau et al.

(n: exp(AQA(1)))
(exp(AQ4(1)))
(i (1 —n;) exp(AQ*(1)))
(exp(AQ4(7)))

+ Bi(exp(=AAG ;) — D

+ Y (@xpQAi) — 1)

(i.j)e€q

, (3.11)

where the sum is over all the oriented bonds (i, j) and (-) denotes the average over the
random process in the time interval [0, t] and over an initial condition chosen according to
the invariant measure for the SSEP. The procedure to derive (3.11) is similar to what was
done in [10]. One considers all the possible moves occurring during an infinitesimal time
interval dt and their contributions to (exp(AQ*(7))). The first terms in (3.11) correspond
to a jump of a particle from site i to site i (creation) or from site i to site i (annihilation),
whereas the last term corresponds to a jump from site i to j.
Let us denote by (-), the expectation of the tilted measure defined as follows: for any
function f
A
(FOD) = lim (f (n(z)) exp(AQ (f)))_ (3.12)
rooo (exp(AQA(1)))
Using the symmetry A ;) = —A(;) and the relation o;; + B; = 1, we get by expand-
ing (3.11) for small A

lim 9, log(exp(AQ™(1)))

=1 Agpe 1Y divAG© )+ o Z(A(, DH(Bimi + i (1= 1))

e ieA ie2

)\‘2
+5 Z (A ) mi(L=n)) 4+ 0RY). (3.13)
(i,j)e€p
For A small, one expects that

i) = (i) + OQ), (L =n)=m—=n;))+O®R). (3.14)

In principle one would need to know the first order correction to (1;); to obtain (3.11) at the
second order in A.
For A divergence free, the term (1;), disappears and the formula (3.13) simplifies

1 A2
lim Z log(exp(AQA(r))) = AMean + ?Var—l— oY, (3.15)
where
A
Mean = lim ————— (@ (T) ZAO HOi-
T—>00 i
A2
Var — i (@@
T—>00 T
Z (A(i,j))2(77i(1 —nj))+ Z(A(;J))z(m(l —o) to;(1—mn)), (3.16)
(i, J)EEA ie2

where the sum is over all the oriented edges. If there are no sources then the second term
in (3.16) disappears.
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Vortices in the Two-Dimensional Simple Exclusion Process 831

For a general field A, we can use the decomposition (3.7). If £2 # 0, there is a represen-
tation of V in terms of Green functions (3.10): for any (i, j) € A

Vi =Aip+ I divAK) (=GP +GY). (3.17)
keA

Invariance (3.6) implies that the asymptotic formula for (3.17) is given by (3.15) with A
replaced by V

Mean = Z Vindi.
ieR

Var= Y (Vap) (il =n))+ Y (Ve ini(l —a) + (1= n),  (3.18)

(i,j)€€n ief2

where as before the sum is over all the oriented edges.

Further simplifications can be obtained if the system is in equilibrium at density p, i.e. if
the intensities of the sources are such that o; = p, B; =1 — p. In this case, (n;(1 —n;)) =
p(1 — p) and by expanding (3.18) with V, = A4, — V, H, we get

Var = (1 — /3)[ YA, -2 > AipVepH+ Y. (v(,,j)H)z]
(i./)e€a (i./)€€n (i./)€€n
=51 — ,6)[ AL +4) divAG)H; - ZZAH,-H,},
(,))€€A ieA ieA
where the second equation is obtained by summation by parts. From (3.8), one has AH; =
div A(i) so that
Var=5(1—p)| > Afi,j)+22divA(i)Hi]. (3.19)
(i./)€€n iea
Replacing H by (3.10), we finally obtain
Var = p(1 — 5)[ DAL, -2) GPdivA®k divA(i)], (3.20)
(i./)e€n iked

where the sum is over all the oriented edges (i, j).

4 Two Dimensional SSEP

In this section we will apply the general results of Sect. 3 to the SSEP in the periodic square
lattice A = {1, L}? with nearest neighbor jumps and derive explicit expressions in this case.
We consider the integrated current flowing through the edges in I'f = {L/2,L/2 + 1} x
{1, £} given by

Q' M= Y quiten(® — dita.n (@) (4.1)

- 1
(t,l+el)€FL
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|

™

Fig. 3 The dashed lines +
represent the dual lattice and FLZ [4
is depicted by the thick edges.
The function H defined in (4.3)
is equal to 1 in the grey region
and 0 outside

5

A
<

il
e
L
T

48
/

SVETTRETHTE
coeb b
b
EERR R
FEE eI
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|
%
+
+
+
i

Q
S

with é; = (1, 0). The integrated current Q¢ can be rewritten as Q“ defined in (3.1) with

L, ifG ) =G i+é)el],
Vi,jeA, A;=1{-1, if(Q,j)=C(3,i—é)el}, (4.2)

0, otherwise.

The gauge invariance (3.0) is easily illustrated in the two dimensional case. Let er and
z; be the 2 sites of the dual lattice such that I'} is the set of edges intersected by the segment
(zz, z, ) (see Fig. 3). Let y be another path connecting zZ to z, on the dual lattice, then we
can define the current Q7 (z) flowing through the edges intersecting y, where B generalizes
(4.2) for the edges intersecting y. One can check that

A=B+VH, 4.3)

for some H. Therefore, the statistics of the currents Q“(z) and Q®(r) are asymptotically
the same at large times (3.6). This is of course expected as the particles in the grey region of
Fig. 3 cannot accumulate.

4.1 Computation of the Variance

We turn now to the computation of

002
Var = lim 7(Q @) >C,
T—00 T

the asymptotic of the variance of Q°(r) = Q(t) (4.2) for large 7. On the periodic domain,
the variance is given by (3.18) without the source term. As the invariant measure is uniformly
distributed, (;(1 — n;)) depends only on the number N of particles and the size L. Let

Sy = ’LVZ((L;{_A{; = (n;(1 —n;)) for i # j, then the expression (3.19) remains valid
Var = sL,N[ > AL, 2D div A(i)H,-], (4.4)
G, J)€EA ieA
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where H is given by (3.8) which reads now

1, ifiely" ={L/2, s}i<<
VieA, AH =divAGli)=1{-1, ifiel}" ={L/2+&,5} <<t (4.5)

0, otherwise.

Thus H is equal to

Hi=— Y GM, (4.6)

keFf’Jr
where the Green’s function (3.9) is replaced for any sites k, k" in A by
VieA, AGYP =6, -5 4.7)

From (4.4), we finally obtain
Var=28; y|[t— > (GHHFHeD Gfijfe”)]. (4.8)

ikerf™
The Green’s function (4.7) is given for any i = (i1, i) in A by

Z exp(ig - (i —k)) —exp(ig - (i — k')

G(k’k/) = —
i 4 —2cos(g;) —2cos(q2)

2

(4.9)

q1,927(0,0)

where ¢ - j = q1ji + g2 j» stands for the scalar product with ¢, = 27 %%, go = 22 for
1—cos(gpl) __ — ZZ

1—cos(q2) for

my,my in {0, L — 1}. Thus (4.8) becomes with the convention that
g2=0

1 (1 — cos(g1))(1 — cos(¢20)) )
Var =28 {—— . 4.10
N ”( L ql,q;m) (T = cos(@2) 2 — costgn) —cos(@) )

Using the identity

L—-1

Z I —cos(g2t) _ 1 —cos(2me™) N 22 _y
1 —cos(qn) L~ 1 —cos(2r ) oL v
we finally rewrite (4.10) as
22 1 11— 14
Var—ZSLN(L2 +ﬁ Z ; cos(q2?) ) @11
a1oZi0.0) 2 €08(q1) — c0s(g2)

with g; =27 %, gy =21 %* for my, my in {0, L — 1}.
One can show, see Appendix B, that for large L and ¢, expression (4.11) becomes for
h=¢{/L
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28 inh(h 3log?2
Var:ﬂ[IOgL—i-hz-}-]Og(Sln (7 )>+ og +y
/4

b4 2

.2
+Zlog<1+ M)] (4.12)

— sinh?(rm)
where y & 0.577 is the Euler constant.
4.2 Time Dependence

To compare with the results of simulations, it is useful to calculate how the moments of
Q*(t) depend on 7. At finite times 7, the gauge invariance (3.6) is of no use. We focus now
on systems with no sources and study the variance of Q*(t) for a general field A at finite
time t.

Following the same procedure which led to (3.11), (3.13), we get up to the second order
in A,

9 (exp(L.Q™ (1))
=1 Y divAG) (mi () exp(AQ™A (1))
ieA
)»2
Y (ij)zeg (A1) (i (D) (1 = n; (1)) exp(AQ* (1)), 4.13)

where the second sum is over all the oriented edges. We therefore need to determine
(n; (t) exp(AQ(7))) to first order in A. To do so, we can write

3 (mi () exp(rQ* (1))
- Z (expAu ) — D{m (Dm(r)(1 = n;(1) exp(rQ* (1))

(k.)€ 4
k,j#i

+ D exp(hAGi) (nj (1) (1 — i (1) exp(RQ* (1))

j~i
— (i (1)1 — (7)) exp(AQA (1)),

where the first sum is over all the oriented edges (k, j) which do not intersect i, but the
second sum is over the neighbors j of i. As for (3.11), this expression can be derived by
adding the contributions of all the single moves which may occur during the infinitesimal
time interval dt. Expanding to first order in A, we get for a given ©

3 (i () exp(AQ™ (1))
=1 Y AwpmOu—np))+ Y00 exp(.Q4 (1))

(k}(i)_iE_A j~i
— (1:(7) exp(AQA (1)) + AAG.1) (n; (1 — n;)). (4.14)
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In the periodic case, the first term in (4.14) vanishes since (n;(1 — n;)) = S; y, is inde-
pendent of i, j. Hence

0 (i (D expGQA@N) = > (0 (D) exp(QA(D) — {0 (1) exp(AQ(1)))

JiG,j)€€n

+ASLN Z-A(j,i)- (4.15)

j~i
We introduce for any site k in A the time dependent Green’s function, solution of

VieA, .G =AGY +81=) (GY—G¥)+5. (4.16)
j~i

with the initial condition Ggf? = 0. Integrating (4.15), one obtains to first order in A

(i (1) exp(LQA(D)) = (i) + Sz DG Y A

k i~k

= () = ASLy Y G div AK). (4.17)
k
Using (4.17) in (4.13), we get for the second order term in A

8- (exp(AQA(1))) = A28, (% D (A=Y G div A divA(i)), 4.18)

i,j)EE keA
(i, ))EEA kea

where the first sum is over all the oriented edges.
For the periodic square lattice A = {1, L}?, the Green’s function (4.16) is given for any

k= (ki,ky) andi = (i, ip) in A

1— e—(4—2 cos(g1)—2cos(g2))T

1
(k) 2 :
Gr,i = ﬁ |:T +

q1,927#(0,0)

4 —2cos(qy) — 2cos(qa) expliq - (i — k))]’

with g; =27 %, o = 2w %2 for my, m; in {0, L — 1}. Using (4.18), we deduce an exact
expression for the variance of the current Q%(t) through a slit (A is given by (4.2))

(1 _ e—(4—2cos(q|)—ZCos(qz)):)

T 1
(0' (). = 25, /0 ds<z—ﬁ )3

2 —cos(q1) — cos(q2)

q1,927#(0,0)
8 (1 —cos(g))(1 — COS(qu)))
1 — cos(g2) '
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Fig. 4 <Q25—1)2> is measured 16 T T T T T T T T
versus £ in numerical simulations 14
for the SSEP on a square of

80 x 80 sites for times

T =250, 750, 2500 (the results
decrease with ). The continuous
lines represent the theoretical
predictions (4.19) at these times,
as well as the limit T = oo (4.11).
Expression (4.19) fully agrees
with the simulations

0 L L L L L L L L
0 100 20 30 40 50 60 70 80 90
l
We finally get
¢ 2 ¢ S 1— e7(4—2cos(q|)72cos(qz))r
= (rt) ) = Var+ rLL{Z Z ((2—005( ) — cos( ))2)
01,:422(0,0) ¢ 2
1— 1— L
o (1 = cos(g1))(1 — cos(ga )), 4.19)
1 —cos(g2)

where Var, given in (4.10) or (4.11), is related to the large T asymptotics.
4.3 Numerical Simulations

We show now the results of the simulations of the SSEP on a square lattice of size L = 80
with periodic boundary conditions at density p = 1/4 (without reservoirs). The initial condi-
tion is chosen at equilibrium (i.e. the L?p particles are put at random positions on the square
lattice). For each simulation, we measured the flux Q°(t) through a slit of microscopic
length ¢ during time 7 (see Fig. 1 and (4.1)).

In Fig. 4, our data for (in—f)z) are compared with the predictions obtained from (4.19) for
different times T = 250, 750, 2500. The simulations are averaged over 10* realizations. We
see that unless the time is long enough, the results differ significantly from their infinite time
limit (4.11). One can notice that for short times, the variance grows essentially linearly wrt
£ as the current fluctuations are simply the sum of the (almost) independent contributions of
the local current fluctuations along the slit.

In Fig. 5, the theoretical curve Var = lim,_, w computed in (4.11) is shown for
several system sizes L = 40, 80, 160, 320. One can note that the variance of the current
flowing through the whole system (¢ = L) is independent of L.

In Fig. 6, the same data as in Fig. 5 are shown but the horizontal axis is now £/L. One

can see that for large L, Var grows linearly with log L as predicted in (4.12).

5 Conclusion
In this paper, we have computed the variance of the local current for the symmetric simple

exclusion process on general graphs with reservoirs (3.18) or without (3.20). In two dimen-
sions, our exact expression leads to the asymptotics of the variance through a slit (4.12).

@ Springer



Vortices in the Two-Dimensional Simple Exclusion Process 837

Fig. 5 Theoretical prediction 1.2
i T T T T T T
(4.11) of limg— o0 €07
versus £ for L =40, 80, 160, 320 1+ —
(@
T 08 —
0.6 ]
0.4 ]
0.2 —
0 1 1 1 1 1 1
0 50 100 150 200 250 300 350
l
Fig. 6 Theoretical prediction 1.2 T T T T
- (‘@)
(4.11) of limr— 0o =
versus £/L for L =40, 80, 160, 1
2
320 @)
T 08
0.6 -
0.4
0.2
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
I/L

The logarithmic dependence of the variance confirms that vortices dominate the local cur-
rent fluctuations. As a consequence a fluctuation of the partial current, say the current flow-
ing through 99% of the system, does not obey the same scaling as a fluctuation of the total
current. For two dimensional diffusive models, we have also seen that the hydrodynamic
large deviation theory does not catch the correct scaling of the current deviations (1.6). Fi-
nite time corrections to the variance were also computed (4.19) and compared to numerical
data (Fig. 4). Finally the fluctuation relation (1.4) for partial currents is discussed in Appen-
dix A.

It would be interesting to investigate the scaling of partial current deviations in higher di-
mensions. Another challenging issue is the computation of the full large deviation functional
for partial currents.

Acknowledgements The research was supported in part by NSF Grant DMR01-279-26 and AFOSR Grant
AFFA9550-04. T.B. and B.D. acknowledge the support of the ANR LHMSHE.

Appendix A: The Fluctuation Theorem and Partial Currents
For the total current, the fluctuation theorem (1.4) holds (in any dimension)

Gr..(J; Pas pp) — Gr,.(—=J; pa, pp) = J[log z(op) —logz(pa)]. (A1)

@ Springer



838 T. Bodineau et al.

Fig. 7 A reservoir at density pg

(resp pp) is acting on the left o
(resp right) site by creating

particles at rate o (resp 8) and TN
annihilating particles at rate y

(resp B). We consider the large ~
deviations of the current Q, v
flowing through the lower edge

1)
’/\
N~

p

\_/v
Q7

This fluctuation relation is based on a global symmetry: the fluctuation to produce the current
—J is simply the time reversal of the fluctuation to produce the current J. One may wonder
how this generalizes to the function G ;. In this appendix, we show by considering a very
simplified model that the fluctuation relation (A.1) is in general not satisfied for partial
current deviations.

We consider the SSEP with two sites {1, 2} connected to reservoirs. At site 1, creation
(resp annihilation) occurs at rate « (resp y) and at site 2, creation (resp annihilation) occurs
at rate § (resp B) (see Fig. 7). The exchanges between sites {1, 2} obey the usual exclusion
rule, but they can occur through two edges with rate 1. On the one hand the model behaves
like a SSEP with exchange rate 2. Thus the total current flowing from site 1 to site 2 obeys
the fluctuation relation (A.1) (with p, = Q"‘Ty and pp = ﬁ). On the other hand one can
also consider a current deviation J through one of the two edges. Heuristically one can see
that the system is going to use different strategies to produce a current J or —J. Imagine
the extreme case with only creation at site 1 and annihilation at site 2 (y = 0 and § = 0).
For the total current, there is no way of producing a negative flux and the relation (A.1)
is degenerate: logz(p,) — logz(p,) = —o0. On the other hand, a negative current can be
achieved through the lower edge by letting a single particle cross the lower edge from site 2
to site 1 and then use the upper edge to go back to site 2. This latter mechanism mimics the
vortices discussed in Sect. 2. Thus, the fluctuations to produce current deviations J or —J
are not related by time reversal. In general, both mechanisms (total current deviation and
local vortices) combine and there is no reason to expect a symmetry such as (A.1).

We analyze now the toy model analytically. We define Q’, as the integrated current flow-
ing through the lower edge during the time interval [0, 7] (see Fig. 7). Instead of trying to
check an expression like (A.1) for the large deviation function we look for a symmetry at
the level of its Legendre transform. As in [10], one knows that

1
VA, lim —log{exp(AQ.)) = (A,
=00 T

where (1) is the largest eigenvalue of the operator

—o—34§ 1% B 0

L a —y —58-2 14+e? B

T B 1+ ¢ —a—p-2 Y
0 1) o -y -8B

The fluctuation relation (A.1) would say that there exists a constant E such that

Vi, wpu(=A—=2E)=p). (A2)

@ Springer



Vortices in the Two-Dimensional Simple Exclusion Process 839

In order to prove that the previous relation does not hold, we consider for simplicity the
casea =2,y =1 and 6 =1, B = 2. Then the characteristic polynomial of L, is

Pw)=0C4+u)(16 +u(44 +u(13 +u)) — 2(8 4 u) cosh[A] — 6 sinh[A]).

For (A.2) to be satisfied, (1) should be a root of this polynomial and of the polynomial
associated to L_; _,g. This implies that

2(8 4+ w(A)) cosh[A] + 6sinh[A] = 2(8 + (X)) cosh[—A —2E] 4+ 6sinh[—A — 2E]
leading to
Vi, ()= —-3coth[E]—8 or wu()=-3.

As u(A) cannot be independent of A, we obtained a contradiction. Thus the fluctuation
relation (A.2) does not hold in this toy model.
For the total current a similar calculation shows that () is the root of

Qw)=0C+u)20+u(6+ u)(7 + u) —20cosh[r] — 12 sinh[A]).

This is invariant under the symmetry A — —21log?2 — X, implying that (A.2) is satisfied.

Appendix B

In this appendix we derive the large L, ¢ expression (4.12) of the variance (4.11).
Define Iy and Jy by

N N
1 dx
h=Y i w =T

One has for large N

1 1
Iy=1J, : - -— 1
N y+m |:2nbtanh(nb) 2m2h? 271b:| +oth)
=Jy+n° ! _ +o(1) (B.1)
- nblexp2wb) — 1] 272b2 ' '
Recall also that
! dx 1
/ = ) (B.2)
0o 2—B—cosrx) 4/ (1—-—B)3-B)

From (B.1, B.2), one can show, by taking b*> = L?(1 — cos q;)/(27?), that for 0 < ¢, <
2

L—

I
Y - 1
L :02—00542—0052”% (A —=cosqz)(3 —cosqy)

1

1
* sin(2)(exp[2L sin(%)] — 1)

+o(l). (B3
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The main contribution to the difference between the sum in (B.3) and integral (B.2) is given
by the terms with n; close to O or to L. In both cases (1 — cos 2”L”‘ ) can be approximated by
its second order expansion and the last term in (B.3) is obtained thanks to (B.1).

(B.3) can be rewritten as

L—

Z 271111

— COS gy — COS

3—cos
I—=3* 1 1

- tr— o .
VT =cosq)(3—cosqy)  2sin%  sin(%)(exp[2L sin(%)] — 1)

+o(1).

One can then perform the sum over g,. For large L, the first term becomes an integral

Y e Iy |- JTFsig  log2

J[l —cos(2mx)][3 — cos(Rmx)] 27‘[ d)sinqb V1 +sin? ¢ Toom

For large L one can also show that

1 L-1

1 1 2
e iE ~ —|:10gL+10g(—) +yE] +o0(1).
~2sinE o ow b4

For large [ and L withl = Lh

cos(z"”l) 1 1 .
— Z ~ ——log(2 — 2cos(2mh)) = —— log(2sin(h)).
2sin 2% ”” 21 T

There is also the identity

> 2[1— cosQrnh)] _ 1 > sin?(wh)
Z nm (e — 1) 2:1 ( )

— sinh?(zrm)

Putting everything together one gets that

1 Z 1 —cos(qal)
L? 2 —coS¢gs — COS g
ny=0ny=1
1 sin(nh)) 3log2 ( sin® (7 h) )}
~ —|logL +1o + +yve+ ) log(14+———]].
rr[ g g( - 7 tyet ) log sinhZ(rm)

m>1

Note that for 4 small, i.e for 1 < < L, one recovers a well known expression (see [16],
p- 198).
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