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Single-file diffusion refers to the motion of diffusive particles in narrow channels, so that they
cannot bypass each other. This constraint leads to the subdiffusion of a tagged particle, called the
tracer. This anomalous behaviour results from the strong correlations that arise in this geometry
between the tracer and the surrounding bath particles. Despite their importance, these bath-tracer
correlations have long remained elusive, because their determination is a complex many-body problem.
Recently, we have shown that, for several paradigmatic models of single-file diffusion such as the
Simple Exclusion Process, these bath-tracer correlations obey a simple exact closed equation. In this
paper, we provide the full derivation of this equation, as well as an extension to another model of
single-file transport: the double exclusion process. We also make the connection between our results
and the ones obtained very recently by several other groups, and which rely on the exact solution of
different models obtained by the inverse scattering method.
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I. INTRODUCTION

Single-file diffusion refers to the dynamics of diffusive
particles in narrow channels with the constraint that they
cannot bypass each other. It is a fundamental model
for the subdiffusion of a tagged particle, a tracer, in a
confined environment [1, 2]. Indeed, the constraint that
the particles must remain in the same order at all times
leads to a subdiffusive behaviour of the position X; of
the tracer at time ¢, (X7) oc v/Z [3], in contrast with the

normal diffusion of an isolated particle (X?) oc t. This
prediction has been observed experimentally, at different
scales, from the motion of molecules in zeolites to the
dynamics of colloids in narrow trenches [4-6].

A central model in the study of single-file diffusion is
the Symmetric Exclusion Process (SEP). It is a model
of particles on a one-dimensional infinite lattice, which
perform symmetric random walks in continuous time,
with the constraint that each site can host at most one
particle, corresponding to a hard-core repulsion between
the particles. In this article, we will consider that, at
t = 0, each site is filled independently with probability p
(annealed initial condition). Beyond modelling single-file
diffusion, the SEP has become a paradigmatic model of
statistical physics, which has been the focus of numerous
works, both in the physical and mathematical literature
(see for instance Refs. [1, 2, 7, 8]). An important progress
has been achieved a few years ago with the computation
of the large deviation function of the position X; of a
tracer [9, 10], which fully characterises the distribution of
X, in the large time limit. This function gives access to
the large time behaviour of the cumulants of the position
of the tracer, which all display an anomalous behaviour in
Vt[9, 11]. Similarly, the cumulants of an other observable,
the time integrated current through the origin @, have
been computed and all display the same anomalous scaling
in \/t.

These anomalous behaviours in the SEP come from
the strong spatial correlations which arise in the single-
file geometry, due to the constraint that the particles
cannot bypass each other. These correlations are thus
fundamental quantities to analyse single-file diffusion.
Although this fact is well recognised, the determination
of these bath-tracer correlations has long remained an
open question, because they obey an infinite hierarchy
of equations, as usual in many-body problems. These
correlations have first been determined in the high and
low density limits of the SEP [12]. Recently, we have
solved this problem by finding a strikingly simple exact
closed equation satisfied by these bath-tracer correlations,
at any density [13]. We further argued that this equation
plays a central role in single-file diffusion by showing that
it also holds in out-of-equilibrium situations, and applies
to other observables like currents and other models of
single-file systems than the SEP [13].

In this article, we provide the full derivation of this key
equation for the bath-tracer correlation profiles. We also
make the connection between our results and the ones
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FIG. 1. The Symmetric Exclusion Process (SEP) with
a tracer (in blue). Each particle can hop, in either direction,
with rate %, only if the neighbouring site in that direction is
empty. We denote X, the position of the tracer at time ¢, and
1n- = 0 or 1 the occupation of the site r by the bath particles

(in gray).

obtained recently by other groups [14-17], which rely
on a different approach based on the inverse scattering
technique [18], and show, in fact, the very same equation
appears also in these papers, but in a different form.
Finally, we determine the bath-tracer correlations for
another model of single-file diffusion, the double exclusion
process, using a mapping between this model and the
SEP [19], giving an extra example which further confirms
the ubiquity of this equation.

The paper is organised as follows: in Section II we in-
troduce the notations and the observables. In Section ITI
we derive the microscopic equations for the SEP and then
deduce the hydrodynamic version of these equations, valid
in the limit of large time and large distances. We then
discuss limiting cases in Section IV before presenting in
Section V the approach that led us to the closed equation
for the bath-tracer correlations in the SEP, and the com-
putation of these correlations from this equation. We then
discuss extensions of this equation to other observables
and out-of-equilibrium situations in Section VI and to
other models than the SEP in Section VII. We finally
show that the same equation arises in various contexts
studied recently using the inverse scattering method in
Section VIII.

II. DEFINITIONS AND OBSERVABLES

We consider the SEP on a 1D infinite lattice. Initially
each site is filled independently with probability p € [0, 1],
which is the mean density of the system, except the origin
which is always occupied by a particle, which we call the
tracer. We denote X; the position of the tracer at time
t, with Xy = 0. The other particles are described by
a set of occupation numbers {n;(t)}icz, with n;(t) =1
if site 7 is occupied at time ¢t and 0 otherwise. We use
the convention that the tracer is not a bath particle, so
nx,(t) = 0 since the site occupied by the tracer cannot
host a bath particle due to the exclusion rule.

The statistical properties of the position of the tracer
are encoded in the cumulant generating function

P\ 1) =In (M) | (1)



whose expansion in powers of A give the cumulants £, (),

A’IL

YD) =) Ska(t) . (2)
n=1

n!

To quantify the bath-tracer correlations, we consider the
joint cumulant generating function of the position X;
of the tracer and of the the occupation nx,4,(t) of the
site located at a distance r from the tracer. Since the
occupation numbers 7nx,, can only take values 0 and 1,
we can write this joint cumulant generating function as

In <e’\Xf+X"Xt+’”> =Y\t +In(l+ (X — Dw,. (A1),
(3)
where we have introduced

(1,40 () 1)

wy (A1) = X0

(4)
The functions ¢ and w, (A, t) fully characterise the joint
cumulant generating function of (X, nx,4+r(t)). We call
wy.(t) the generalised density profiles generating function,
since its expansion in powers of A yields all the joint
cumulants (X'nx,r(t)), between X; and nx, 4,

oo n

wr(\t) = Z%

(X, (D),

n=0

()

which encode all the bath-tracer correlation functions.
For instance, for n = 1, (X;nx,4,(t)), reads

(6)

which is the covariance between the position of the tracer
and the density of bath particles at a distance r from it.

We will show that, in the large time and large distance
limit, the density profiles w, can be determined from a
simple closed integral equation.

(Xenx,+r) — (Xe) (0x,4+r) = Cov(Xe, mx,44) 5

IIT. HYDRODYNAMIC LIMIT OF THE SEP

FROM THE MASTER EQUATION
A. Microscopic equations

Our starting point to derive the hydrodynamic equa-
tions for the profiles w, in the SEP is the master equa-
tion, which describes the time evolution of the probability
P,(X,n) to observe the configuration {X,n} at time ¢. It
verifies B

1
atPt(Xuﬂ) = 5

>

r£X,X -1
+% Z {(1 —nx)P(X —p,m) — (1 — 77X+#)Pt(Xaﬁ)} ;
p==x1
(7)

where g"* is the configuration 7 in which the occupations
of sites r and r + 1 are exchanged. In (7), the first sum

[P(X. 0™ ") = Pi(X, )]

corresponds to the jumps of the bath particles, while the
second one describes the displacement of the tracer.

From this equation, we compute the time evolution
of any observable expressed in terms of the position X
and the occupations n. For instance, taking the time
derivative of the cumulant generating function (1), we
obtain

% = ﬁ SN M oPi(X,n)
X n
= % (=11 —wi)+ (e = 1) (L —w_y)] . (8)

For the GDP-generating function, we must treat sepa-
rately the cases r = £1 and r # £1 due to the presence
of the tracer on a neighbouring site in the former case.
Combining the definition (4) with the master equation (7),
we obtain for r # 41,

1
oyw, = §Awr

1
*3 Z (€ Chuyrie = Cpyr — (@ = (1 = wp)wy)
p==1
(9)

where we have denoted Au, = u,4+1 — 2u, + u,—1 the
discrete Laplacian and introduced the higher order corre-
lation functions

C _ <77Xt+7“(1 - 77Xt+u)e)\Xf’>
B = <eAX,~,> :

(10)
Similarly, for r = v = £1, we obtain

1
81511},, = Evuwu + e#ACVQU - C—Vﬂ/
— (e =11 —w_)w,, (11)

where we have denoted V,u, = u,4, — u, the discrete
gradients. The equations (9,11) are not closed: they
involve the higher order correlations C, .. In fact, we
are facing an infinite hierarchy of equations. This is
standard for many-body systems, and it constitutes the
main obstacle to get exact analytical results. Before
tackling this issue, let us first rewrite these equations
in a more convenient form. We introduce the “modified
centered correlations”,

if ur >0,
if ur <0,

fu,r()\7t) = Cu,r _ {(1 — w,u)'wr*#‘ (12)

(1 — wy)w,

which allow us to rewrite the equations (9,11) for the time
evolution of the GDP-generating function in the compact
form

1 1
Oyw, = §Awr - B,V_,w, + 5 Z (eu)\fu,r—&-u - fu,r) s
p==x1
(13)



for r # +1, and

1 1
Orwiy = iviwil + Birwyg + 3 (e fa1a0 — fr1,41) -
(14)
We have denoted v the sign of r, and
o0y
By = e uaE (15)

We have introduced the functions f,, because of the
scaling with space and time of this function, discussed
below.
Finally, the GDP-generating function verifies

TEI:EIOO wr - p ’ (16)
because the density of bath particles far away from the
tracer is not affected by the displacement of the tracer.
Having derived the microscopic equations from the master
equation of the SEP, we now turn to the hydrodynamic
description of these quantities.

B. Hydrodynamic limit at large times

At large time ¢, all the cumulants of the tracer present
an anomalous +/ scaling [9, 10], leading us to define

d = tim PG = YA an

where £, is the n'' cumulant of the tracer’s position
(rescaled by v/2t). We also need the large ¢ scaling of the
GDP-generating function (4). Relying on observations
based on numerical simulations (see Fig. 2), we found
that they satisfy a diffusive scaling

w (A1) ~ @ (v - éx) SEICPVEDY @n(v)%.

n>1

(18)

In addition, we will see below that this scaling form

is compatible with the known scaling of the cumulant

generating function (17). Finally, we also need the scaling

of the higher order correlation functions f, , (12) which

appear in the time evolution of the GDP-generating func-

tions (13,14). Relying again on numerical observations,
we infer the scaling form

Fun M 1) = %FH (1} - éx)
+ %GM (v - \/%)\> + O3y, (19)

As we will see below, the leading order F), of these corre-
lations will not be sufficient to write the long-time limit of
the bulk equation (13), we will also need the corrections
G,. In the following, we will drop the dependence on A
of ®, F,, and G, for simplicity.
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FIG. 2. First order in A of w,(\,t) = p+ XA (x4 () Xe) +
O()\?) obtained by numerical simulations of the SEP (see
Appendix B) performed on a lattice with 5000 sites and 2500
particles, at different times ¢ = 30, ¢t = 100, ¢ = 300 and
t = 1000. (a) wr(A,t) represented as a function of r. We
see that the correlations spread with time. (b) w,(A,t) as a
function of the scaling variable r/+/2¢. The collapse of the
curves supports the scaling form (18). The same collapse holds
for higher orders in A of w,, and for the functions f, , (19).

Having written the scalings at large time of all the
functions of interest, we can now turn to the derivation
of the hydrodynamic equations for the SEP. We first
straightforwardly obtain the boundary conditions at +oo
for @ from (16), which read

Ul}rﬂr:loo Dv)=p. (20)
Next, we consider the equation for the cumulant generat-
ing function ¢ (8). Since v has the anomalous scaling (17),
the Lh.s. of Eq. (8) behaves as 1/v/t. This implies that
the r.h.s. must also vanish at order 0 in ¢, yielding

(=11 =d0")+ (e =11 -2(07)) =0, (21)
which we can rewrite as

1-2(07) _
0" =, (22)

This yields a first equation, valid in the hydrodynamic
limit, relating the values of the scaling function ® on both
sides of the tracer. Note that corrections to the r.h.s. of
Eq. (8) must be of order 1/+/t because ¥ o v/t, which is
compatible with the scaling form (18) of w,.

We now examine the bulk equation (13), describing the
time evolution of w,. Considering r of order v/t, we get
for the Lh.s. dyw, = v®(v)/(2t) with v = r/v/2t. On the
other hand, for the r.h.s. we first get a contribution at
order ¢t~1/2 which must therefore vanish, and thus leads
to

(= 1DF )+ *=1)F_ (v)=0. (23)
Writing Eq. (13) at order t—1, we get

" (v) + 2 (v + eyiﬂi 1) '(v)+Cv)=0, (24)

where v = sign(v) and we have defined

C() = (= 1)F{()+ Y (" =1)Gu(v). (25)

p==x1



Let us turn to Eq. (14) for the time evolution of wy;.
Due to the scaling form (18), the L.h.s. behaves as t~3/2.
However, the r.h.s. is of order ¢t=1/2, which yields

Y

eth —1

1
0='(0%)+
(26)
Using the relation between Fy and F_; (23) derived pre-
viously, we get that the last term of the previous equation
vanishes, so that we obtain
2

71@)(0*) =0.

d'(0%) + p= (27)

We stress that, although the microscopic equation (14)
involves the higher order correlations f, ., its hydrody-
namic version (27) is closed: it involves only the functions
1& and ® of interest. Therefore, in this limit, only the bulk
equation (24) is not closed since it involves the unknown
functions F), and G, which describe higher order correla-
tion functions. Our main goal now is to find a closed bulk
equation, that would allow to break the infinite hierarchy
and compute the profile .

IV. LIMITING CASES

In this Section, we consider limiting cases in which
the bulk equation (24) can be closed more easily than in
the general case, and can thus be solved for the scaling
function ® of the GDP-generating function.

The results presented have been previously published
in Ref. [12]. We reproduce them here for completeness,
as they form the starting point of our discussion in Sec-
tion V A, and provide details on their derivation.

A. First order in )\

At lowest order in A, the correlations f, , (12) take the
form
fur = xeer (1=, 1)) — p(1 = ) + O, (28)
where we have used that () = p. Since, at equilibrium,
the occupation numbers of the SEP are independent [20],
we thus have that f, , = O()). In the long time limit, this
implies for the scaling form (19) that F,(v) = O(\) and
G, (v) = O(N). Consequently, we find that the unknown
function C(v) = O(A\?) due to the definition (25). This
implies that the bulk equation for ®; is closed, and can
be written as
Y (v) + 209 (v) = 0. (29)
The solution on the two domains R* is ®;(v) =

ay erfc(+v) for v 2 0, where we have used the condi-
tion ®1(+00) = 0 deduced from (20). We determine the

@(oi)% (eFAFi1(0%) — Fiee (0F)) .

integration constants a4+ by using the boundary condi-
tions (27) at first order in A,
A N
&) (v) + hop=0= ayx zj:%@p. (30)
The second cumulant &9 is determined by writing Eq. (22)

at first order in A, from which we recover the well-known
expression [2]

1-p
Ro = , 31
o=k (31)
and therefore
. 1—p
®(v) = sign(v) 5 erfe(|v]) . (32)

This expression, obtained in [12], gives the large time
behaviour of the correlation function (Xinx,4r) —
(nx,1r) (X¢) = Cov(Xs,mx,4r), With v = 7/4/2t, in the
SEP, at arbitrary density p.

B. Dense limit

We now consider the high density limit p — 1. In this
case, both the cumulants and the shifted GDP-generating
function ®(v) — p scale as 1 — p (see for instance (31)
and (32) for the scaling at lowest order in A). This leads
us to define

o) — 1o 20 =P
@(v)—hmTp.

p—1
The unknown function C'(v) (25) is defined from higher
order correlation functions, which involve product of oc-
cupation numbers at different sites. It is thus of order
(1 — p)? and is subleading in the bulk equation (24) in
this limit, which becomes

(33)

" (v) 4 209’ (v) = 0. (34)
Solving this equation on both domains v > 0 and v <
0, combined with the condition ®(4+00) = 0 deduced
from (20,33), we obtain ®(v) = Ay erfc(+v) for v = 0.
The integration constants Ay are then determined by the
boundary conditions at zero (27) in the limit p — 1,

(U
Y-
= At \/Eei)‘*].

. :F21$
'(0%) = pE (35)
Finally, using the last condition (22), we determine v in

terms of A in the dense limit:

b =2 (3)

which coincides with the result obtained from a different
approach in [21]. Additionally, we get the profile [12]

(36)

—eTA

() = p+ (1 - p) exfe(+v),  (37)



which quantify all correlation functions between the tracer
and the bath of surrounding particles (X{'nx, ) in the
high density regime, for large times.

Note that, in the dense limit, the microscopic equa-
tions (13,14,15) can actually be solved at all times [12].
This leads to an exact time dependent solution for both
the profiles and the generating function [22].

C. Dilute limit

Despite the particle-hole symmetry of the SEP, the low
density and the high density limit are not equivalent, be-
cause we explicitly broke this symmetry by following the
dynamics of a particle (the tracer). In order to properly
define the low density limit, one should rescale the dis-
tances by the mean distance between the particles (1/p)
and the time by the mean time between the interaction
of two particles (1/p?). We thus take p — 0 with z = pr
and 7 = p?t fixed. We still have the same scaling variable
v=r/V2t=2z/V2r.

Since the distances scale as 1/p, A scales as p so that
the product AX; remains of order 1. This implies that
the boundary conditions at zero (27) become

'(0F) + %I)(Oi) =0, (38)

and the cancellation of the velocity (22) yields
P(0T) -0 )=\ (39)

In the dilute limit, the unknown function C(v) which
encodes the higher order correlations is not negligible, and
the bulk equation (24) is therefore not closed. In principle
this requires to determine these higher order correlation
functions in order to obtain C(v). Nevertheless, in [12],
a closure relation was found, which allows to determine
C(v) and thus yields a closed bulk equation,

v

®(v) +2(0 + O (v) =0, £=

(40)
Solving this equation on v > 0 and v < 0 with the
condition ®(+o00) = p, we get ®(v) = p+ Ay erfe(E(v+E))
for v 2 0. The integration constants A4 are determined
by the boundary conditions at zero (38),

Ay o (41)

B j:)\e\_/;j — ¢ erfe(££) -

Combined with the relation (39), this gives an implicit
equation for the cumulant generating function (because

¢ =40,

P exfe(€) py erfe(—¢)
)\e:/;z — qperfe(€) )\% + 1) erfe(—€)

=) (42)

Expanding in powers of A using (17),

) A" d) A"
I =Yk, e= =S Rt @)

n>1 n>0

we obtain from (42) the cumulants (the odd cumulants
vanish by symmetry)

N 1 N 3(4—m)

52—ﬁ7 54—W7 (44)
which coincides with those obtained previously [23]. Fur-
thermore, we obtain the profiles ®,, (18) which encore
the correlations between the displacement of the tracer
and the density of bath particles. The exact expressions
can be obtained by expanding (42) in powers of A and
plugging the result into the solution of (40). For instance
the first profiles are found to be given by [12],

Po(v) =p, (45)
1 (v) = éerfc(v) , (46)
Dy (v) = 2—1perfc(v) - Wipe*“ . (47)

These expressions are more complex than those obtained
in the high density regime, see Eq. (37). Nevertheless
they remain explicit at all orders in terms of the error
function and its derivatives.

V. SEP WITH A TRACER AT ARBITRARY
DENSITY

The main goal of this Section is to derive the closed
equation verified by the profile ® in the SEP, Eq. (86)
below, which we have announced in Ref. [13]. Here we
present details of the approach that led us to obtain
this equation, and discuss its consequences, as well as its
resolution in Fourier space. We additionally provide a
numerical scheme to directly compute this profile in real
space.

A. A closed integral equation

The bulk equation (24), obtained from the microscopic
equation is valid at arbitrary density. But this equation is
not closed: it involves the unknown function C(v) which
contains the higher order correlations. Our aim is to
construct an equation for the profile @ which is closed.

From the closed bulk equations we obtained at high
density (34) and low density (40), we guess that the
general equation at arbitrary density takes the form

" (v) +2(v + )@’ (v) = (), (48)

with @ a right hand side to be determined. For this new

equation to be closed, @ should be expressed in terms of



the function ®(v) only. From our previous results [12] re-
called in Section IV, @ vanishes in both limits p — 0 and
p — 1, as well as at first order in A (because of (29)). For
this latter reason, when expanding this equation in powers
of \, we expect that, at order n, the r.h.s. @ will act as a
source term in the equation for ®,,, by involving only the
profiles ®,,, at lower orders m < n. Furthermore Eq. (48),
combined with the boundary conditions (20,22,27), has
to reproduce the known cumulants of the position of the
tracer [9, 10].

Finally, we have some constraints on how the different
parameters (A, ’(/AJ, ¢ and p) should appear in @:

(C1) X is explicitly involved in the hydrodynamic equa-
tions of Section IIIB only through expressions of
the form e*™ — 1, so we expect that only these
combinations appear.

(C2) In the low density equation (40), ¥ does not appear

explicitly, only its derivative & = % is involved, so

we expect the same to happen at arbitrary density.
Similarly, we do not expect other parameters, such
as the density p, to appear explicitly in the equation.

(C3) The equation we write should have a “proper scaling”
with time. Indeed, the bulk equation (24) (which we
aim to replace) is obtained by expanding at order
1/t the microscopic equation (9), so it should be the
same for this new equation. For instance, the func-
tions @, ' and ®” originate respectively from terms
of orders t°, t=1/2 and and ¢! in the microscopic
equations. Similarly, the scaling variable v = r/v/2t
originates from a t~'/2 term, and the same argu-
ment holds for £&. One can thus check that, with
these scalings, the L.h.s. of Eq. (48) indeed origi-
nates from the scaling 1/¢t. The same should hold

for the r.h.s. @

As a starting point to infer the structure of @, we
compute its lowest order in A\. To this end, we have
computed ® explicitly using the formalism of Macroscopic
Fluctuation Theory (MFT, see Appendix A) up to order 3
in A included. In particular, we recover the first order @1,
given by (32), and the following orders are given by (A47).
Plugging the expression of ® (A47) into the L.h.s. of (48),
we get

©=208 (et e ()

2
—v

, e
— sign(v) yy

>A3 + O\ . (49)

The goal is now to rewrite this expression in terms of
the lowest orders of ®, as guessed above. In particular,
we aim to rewrite the above expression in terms of ®q,
given by (32). This cannot be done straightforwardly,
as the arguments of the error functions do not match

between (49) and (32). We need to find transformation
which, acting on ®; (32), changes the argument of the
error function by v/2. This can be done by using that

/000 dz @) (v + 2)P)(—2) = u\/gef erfc <\U@> ,
(50)

we can rewrite the r.h.s. of (49) as

—%/ dz ®"(=2)®' (v +2) + O(\?) forv >0,
0
@ A > " / 4
_;/o dz ®"(2)®' (v —2) + O(A\*) forv<0.
(51)
The constraint (C2) imposes to rewrite p in terms of ®.
Since ®(v) = p + O(X), we can for instance replace p by
®(0%). This intuition is confirmed by considering the case
an in initial step initial condition (corresponding to an
initial mean density p_ for z < 0 and p4 for z > 0). In
this case, we also derive in Appendix A the profiles at
first orders,

Dy(v) = % erfe(—v — k1) + % erfc(v+ /1), (52)

By (0) = Ra®(v) + ﬁm)%w)u — @y (v))
- m erfe(—v — Rq)
_(P+—/L)2 * dz o FWH2R1+2)* g [v— 2|
%o(0) / o f(ﬂ)

(53)

where 41 and A9 can be determined explicitly, but their
expressions are not required here. Plugging these expres-
sions into the Lh.s. of (48), we obtain,

D) = — sgn() OO

P0(0)

_ (P+—Pf)2£efé(v 261)% orfe M 2
A e e () oo )(54)

Notice that, from the expression of the profile ®y at the
lowest order (52), we have, for v > 0,

/000 dz ®p(v + 2)Py(—2) =

(py —p-)? _wr2m)? ( v )
"¢ 2 erfc| — ), (55
2V/27 V2 (55)

and a similar expression holds for v < 0. This allows us
to rewrite the r.h.s. of (54) as (after integration by parts,



and using that £ = &1 + O(\?)),

@)= —q)o)\(o)/ooo dz " (—2)®' (v + 2)

L OOZ /72' /’U z 2
%(m/o dz @/(=2)@ (v + ) + O(\?), (56)

—2¢
for v > 0. This equation reduces to (51) in the case of
a uniform density p, since in that case £ = O(\) and
D4(0) = p+ O(A). Usmg now the constralnt (C1), we can
rewrite A\/®(0) as (e* —1)/®(07) or (e=* —1)/®(07) at
lowest order in A. Therefore, it leads us to propose an
equation of the form

“X_ 1 oo

" (v)+2(v+&£)P' (v) = W/o dz®" (—2)®' (v+2)
e A—1 [

2 /0 dz B (=)' (v + 2) + OV, (57)

for v > 0. Note that this equation satisfies the con-
straint (C3). Using this equation in the case of the uniform
density, combined with the boundary conditions (22,27),
we can compute the cumulants predicted by this equation.

J

"(v) +2(v + P’ (v) =

- 00
76 71/ dz ®"(—2)

(e* —

(v—|—z)—|—2§ 0 / dz ®'(

+ 0 /dz/ d2' " (—2—2")® (2+v)P'(2)

+2g( / dz/ 42’ &' (—

The first two cumulants K5 and 44 coincide with the ones
computed previously [2, 9, 11], but not the following one
Re. This means that (57) is not the desired equation for
.

Having introduced convolutions when going from order
2 to order 3 in A, we can try to add double convolutions
to go beyond these orders, such as

/OO dz /00 d2' @' (2 + 2" +0)@'(—2)®'(—2"), (58)
0 0

/OO dz /00 d2' ' (z +0)®' (—z — 2")P'(2).  (59)
0 0

Note that these are the only double convolutions that
respect two features found in (57): (i) the sum of the
arguments of the ®’s is v, and (ii) the arguments of @’
do not change sign inside the integration domains. One
could then expect to find different combinations of these
terms, with different prefactors (e — 1)/®(0%). After
trying several of these combinations, we found that the
equation (valid for v > 0)

—2)®' (v + 2)

/ dz/ d2'®" (242" +0v)®' (—2)®' (—2")

NP (2 4+ 0)P ()

_/\_1 ! &/ / N \P (—2 6
25W/0 dz/ 42/ & (4 2+ 0)B (—2) (—2) + O0%),  (60)

properly reproduces all the known cumulant &, for n <
6 [9]. The structure of this equation leads us to introduce
the two functions

Oy (v) = Fo

W’ fOr’UZO,

where we have used the boundary condition (27) in the
last equality. Equation (60) then takes the more compact
form

Y (v) +2w+ 8 (v) = /0OO dz Q" (=2)Q4 (v + 2) +2¢ /000 dz Q_(—2)Q4 (v + 2)
— /0 dz/O d2' (=2 =20 (2 +0)Q () — 25/0 dz/O d2' Q (=2 = 2" (2 + v)Q4 ()

> > I O/ / / > > / / ! 6
,/O dz/o A’ (= + = +v)Q_(—z)Q_(—z)—2§/0 dz/o 42’ Qu (2 4+ 2 + )0 (—2)Q (=) + O(A )((%2)



In order to extend this structure to arbitrary order in A,
it is convenient to introduce a matrix operator .Z, defined
as

Loy Ly
L=\ 2f ) , 63
<$_+ P (63)

where the four blocks are integral operators:

(Zeh) = [ a0 (e, (o
(P == [T @i, (o)
(Zp) == [Ta0@-a56, o
(v / dz Q. (2)f(v— 2) . (64d)

To show that this operator indeed produces the structure
of Eq. (62), let us apply it to the column vector (24 0),

S [wo

—/ dz Q_(v—2)Q4(2)
0

2)Q (v + 2)
(65)

The first component is the second term in the r.h.s of (62).

Applying £ a second time, we get for the first component,

/00 dz /OO dz' Qi (z+ 2 +v)Q_(—=2)Q_(=2)
0 0
+/O dz/o A2 O (=2 — ) (2 + )0, (2), (66)

which corresponds to the last terms in the second and
third line of Eq. (62). The other terms in (62) can also
be expressed similarly using integration by parts. Finally,
using that Q1 (0) = Q_(0) by definition (see Eq. (61)),
we can rewrite (62) as

20004 (v) + (9 + 2€) {(1 +2)7! (%*) (v)} 1
0. (0) [(1 ) (QO+> (0)} =0 (67

We assume that this structure holds true at all orders in
A, which leads us to propose the equation at all orders in
A,

2004 (v) + (9, + 26) {(1 +2)7! (%J”) (v)} 1

+ Q. () {(1 + )t (QO+> (0)} =0 (@)

At this stage, the step from (67) to (68) is a guess. We
will argue below in Section V E that (68) is actually exact
since, as a byproduct of this equation, we recover all

the cumulants that were computed previously in [9, 10].
We will further argue in Section VIII B, that, since the
discovery of this equation in [13], it has been proved
recently in [16], in an equivalent form written below. This
confirms that our guess, in the step from (67) to (68), is
not an approximation and is actually exact. Following
the same procedure for v < 0, we obtain

209 (v) + (9 + 2¢) [(1 +.2)7! <QO_) (v)] )

L0 (v) [(1 ) (Q()) (0)}2 —0. (69)

These equations are closed, and allow for a numerical
determination of Q; and Q_. Nevertheless, they are
rather complicated, and we now look for a simpler version
of these equations. To do so, it is instructive to look for
a perturbative solution again. By definition (61), Q4 is

small when vfz is small. Writing the first orders of the

solution of (68,69) in terms of ¢ instead of A, we find that
the solution can be conveniently expressed as

Qi (v) = (we )Q(l)( )+ (w 652)2955)(’0)
+ (w eEZ)S 0D () + 0w, (70)

where we introduced the parameter w, which is defined
from v by

~ ~ 71'3/ ~ ~
w = 2¢/T +V2mp? + 2T2(9’4\/§’)¢3+0(¢4>' (71)

It takes a simpler form by inverting the series

b Y o (72)
= - w’) .
2y 427 637
In addition,
1
O (0) = —=e~ (9" (73a)
m

QEE) (1)) = _% (’U+2E erfC <:|:’U> ) (73b)

V2T V2
: 1 2
Qg) (v) = me_%(w“%)z erfc (i\/;v>

+erfe <ijé) 4T <\;§\/§>} . (T3¢)

where T is Owen’s T-function defined by [24]

2 2
1 a —h(142?)
/de. (74)

h
T(h,a) = o 1+ 22

From these expressions, we notice that we can express

Q(f) from Q(il) as

D) = — /0 Qw4 200 (2)de. (75)



Similarly, Qf) can be expressed in terms of the previous
orders as

0P (v) = 7/0 0P (v + 2)0W (=2)dz

—/0 Qg_l)(v—kz)ﬂ(f)(—z)dz. (76)
We can thus write from these first orders a compact
equation verified by Q4 (v),

QL (v) + /0 h Oy (v +2)Q_(—2)dz = wet QP (v), (77)

with Q(:)(’U) given by (73a). Proceeding similarly with
Q_(v), we get
w 2 ¢2
e (W) +E

e . (78
N (78)
These two coupled equations can be mapped onto two
independent linear equations, upon analytic continuation

of Q4 tov < 0and Q_ tov >0 [25]. This finally gives
two Wiener-Hopf integral equations,

Q(U)—i—/ooo Q4 (2)Q-(v—2)dz =

0
Q4 (v) + /_ dz K(v—2)Q4(2) = K(v), (79)
Q(v)—l—/ooode(v—z)Q(z):K(v)7 (80)

with the Gaussian kernel

K(v) = —= ¢ (016" (81)

w
NZs
The parameter w is determined by the boundary condition
at the origin, which is a consequence of the definition of

Qq (61), 21(0) = Q_(0) = 24

B. Summary of the equations

We have found that the rescaled derivatives of the
generalised density profiles,

04(0) = 20

forvz0, (82)
obey the simple bilinear equation
Qi (v) + / Qv+ )0 (F2)dz = K(v),  (83)
0

with the kernel

w —(v 2 42
K(U)Eﬁe (048" (84)

where the parameter w is determined from the boundary
condition

Q.(0) = Q_(0) = 20, (85)
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which is a consequence of the definition (82). The bilinear
equation (83) is actually equivalent to the linear one [25]

Qj:(v)+/ﬂH dz K(v—2)Qu(z) = K(v), (86)

upon analytical continuation of Q4 to v < 0 and Q_
to v > 0. This equation is completed by the boundary
relations, derived above from microscopic considerations,

2

d'(0%) + 5 1e1>(oi) =0, (87)
Jim @(v) = p, (88)
iim =et. (89)

Together, these equations fully determine the generalised
density profile ®(v), as we discuss below. But first, let us
make a few comments on these main results.

C. Discussion

First, although Egs. (83,86) have been shown to hold
true up to order 3 in A for the profiles ® (and reproduce
the cumulants up to order 6), we argue below that these
equations are valid at any order in A and are thus actually
exact. In fact, since the publication of [13], this has
been shown by solving the MFT equations in [16] (see
Section VIIIB below).

Second, we would like to stress that Wiener-Hopf equa-
tions arise in various contexts. A first example concerns
the persistence (decay of the survival probability) of dis-
crete time random walks [26]. A second one can be found
in the study of the large deviations of the KPZ equa-
tion [27]. Actually, in this latter case, the Wiener-Hopf
equation was interpreted in terms of the persistence of a
random walk, giving the authors a simple way to prove
the equivalence between two (linear and bilinear) integral
equations. Here, a similar interpretation can be used to
derive the linear equation (86) from the bilinear equa-
tion (83). More precisely, we can write

Qe(v) ==Y (~wet)"p(v) (90)

n>1
where

pz(v) = ]P)(XO =0,X; < 0,...,Xn,1 < O,Xn = 'U) R
(91)
with X,, the position after n step of a random walker,
whose Gaussian stationary increments are given by

. ef(n+§)2
n iid.,, P(n) = 7

Importantly, we stress that this interpretation of (2
provides a clear meaning to the analytic continuation of
Q4 to RT which appear in Eq. (86).

Xpi1— Xn =1, (92)



D. Solving the Wiener-Hopf equations for the
profiles and the cumulants

The solution of the Wiener-Hopf equations (86) can be

expressed in terms of the half Fourier transforms Ql(,i) of
Q4 (and their analytic continuations), defined as

OB (k) = / dvQ,(v)e*, v=x=. (93)
RE

The solution of (86) is given in [28] for the Fourier trans-
(#)

+ of the analytic continuations of Q4 to RT,

forms

O (k) = exp {; In(1 4 K(k))
1 [ In(1+ K(u))

+ u—k

du] —1, (94)

2ir ],
where f denotes a principal value integral, and

R(k) = / K(@)etodo = we3+259°  (g5)

The Fourier transforms Q(f) in the other domain are

deduced by taking the Fourier transform of (86),

OF (k) = K(k) + QT (k)1 + K(k)).  (96)
By using that 1 4+ K = expln(1 4+ K), we obtain
N 1 N
OF (k) = exp [2 In(1 + K(k))
1 uwmd] 1. e
2im | _ o u —

We can rewrite this solution in a more compact form as

OB (k) = exp | F /N Mdu] ~1, (98)

Toir w—kLi0t

— 00

or alternatively

Q;i)(k) = exp [/ d—xei’”/ du e % In(1 4 K(u))] -L
R+ 2

) (99)
With this last form, inserting the expression of K (95)
and expanding in powers of w, we get

dr . o0 ) .
/ Qie’“" / du e In(1 + K (u))
RE 270 —0o0

— -7, (w,f - f) . (100)

(—wes)n

Zy (w,&) = % > ———afc (£vn€) . (101)
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With the definitions (93) of the Fourier transforms, this
explicitly gives

/OO Q. (v)e*dv = exp [—Z+ (w,f - 15)] -1, (102)
0

/_OOO Q_(v)e*dv = exp [—Z <w,g - fﬂ —1. (103)

These expressions are convenient to get perturbative ex-
pansions in powers of A\, as we will see below. For arbitrary
values of A, the expressions (98,99) are more practical.
For instance, setting k = +is in (98) and letting s — oo,
we get

1 o0 -
In(1+ K(u))du,

— 00

(104)
while on the other hand, from the definition (93) we have

OB (4is) ~ L0.(0) = é 2) (105)

s—00 S
where we have used that 4 (0) = 2¢ from the definition
of 24 (82). Combining these two asymptotic results, we
get

) = S /OC In(1+ K (u))du . (106)

i J_

Using the expression of K (95) and expanding in powers
of w, this becomes

(107)

where Li,(z) = ), <, 2"/n” is the polylogarithm func-
tion. This expression is consistent with the first orders
obtained previously (71). It relates the parameter w and
can thus think of Q1 as parametrised by . At this stage,
the function ¥()) is not known. It can be determined in

the following way:

the cumulant generating function 1[) Since & = one

1. The integration of Q4 on R* with the boundary
conditions at infinity (88) gives a relation between
®(0%) and ®'(07), and between ®(0~) and ®'(07).
It can be obtained by setting £ = 0 in (102,103):

/°°Q+:2¢P—‘I’(0+>
0

Fon” = P29l -1, (108)

0 1 @(07) —p
Lo =y

2. Combining these relations with the boundary con-
ditions (87) yield ®(0%) and ®(0~), parametrised

by A and ¢ (via w and &):

=exp[—Z_(w,&)] —1. (109)

et —1

+) —
(b(o >_pe/\ —e*ZJr(wvf) 9 (110)



(111)

3. Using finally the relation (89) which relates ®(0T)
and ®(07), we obtain the cumulant generating func-

tion ().

We now illustrate how this procedure can be applied to

obtain the cumulants and the profiles ®,, at lowest orders
in A

Ry = d-s (12(1 —p)? =73 -3(4—-V2)p+ (8- 3\/§)p2)) :

73/2p3

12
E. Expansions in powers of A\
1. For the cumulants

Inserting the expansion of ¥ in powers of A (17) into
Eq. (107), we obtain the expansion of w in powers of A,

w = VR + YT (g + 3VIRRN -

5 (112)

Note that the odd order cumulants vanish, as expected.
We also have by definition

d A3
PSS Sy AL

Y 6

(113)

Plugging these expansions into the expressions (110,111)
give ®(0%) in terms of the cumulants. Inserting these
results into the last relation (22), we obtain the cumulants

P ) (307r (2 (9[— 20) o+ (60 - 18\/5) p— 15) (1- p)?
. (8 (—17 T 152 — 5\/§) ph+ (480 —300V/2 + 80\/5) o

75/2 5

. 1-
foo = pﬁf, (114)
(115)
+5 (=144 45v2 - 8V3) p? — 45 (V2= 6) p— 45) +1020(1 - p)*) . (116)

These expressions coincide with the cumulants computed
by Bethe ansatz in Ref. [9]. This is expected, since we have
constructed our starting equation (60) to reproduce these
cumulants. We have computed the next cumulants, up to
order 10 (this number is arbitrary, one can go further at
the cost of longer computational time), by implementing
the procedure described above with Mathematica. These
cumulants also coincide with those obtained from Ref. [9].
This provides a strong nontrivial validation of our integral
equations (83,86). We have thus found an alternative
parametrization for the cumulant generating function to
the one obtained in [9]. We will show below that we
can actually recover the exact same parametrization of
Ref. [9], and thus providing automatically the exact same
cumulants as in [9], at arbitrary order.

(

2. For the generalised profiles

Having obtained the cumulant generating function 1/}()\),
we can go further than [9] and obtain the profiles ®,, which
encode the bath-tracer correlations. Indeed, we have the

expression of £ = ‘;;{’ and w in terms of A, via Eq. (107).

We thus have Q4 (v) in terms of A from the solution
of (86). We then obtain ®(v) by integration of Q4 , with
the definition (82):

O(v>0)=p+ ;I;(O_? /OO Q4 (2)dz, (117)
P(v<0)=p+ e(}i(AO:)1 /_v Q_(z)dz, (118)

where we have used the boundary conditions at infin-
ity (88). Note that we have already obtained the expres-
sions of ®(0%), given by (110,111), in the derivation of
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FIG. 3. SEP. Generalised density profiles (GDP) of order (a) n = 1 at density p = 0.5, (b) n = 2 at densities p = 0.25, 0.5 and
0.75, and (c¢) n = 3 at density p = 0.5. The solid lines correspond to simulations of the SEP (see Appendix B), performed at
time ¢ = 3000 on a lattice of 5000 sites. The averaging is performed over 10® realisations. The dashed lines are the theoretical
predictions (120,121,122). (d) GDP-generating function at p = 0.5 and A = 0.57 (actually, in the algorithm we specified £ = 0.4
as input to go beyond the perturbative regime near £ = 0 but keep a reasonable convergence time), obtained from solving
numerically the Wiener-Hopf equation (86) (dashed line, see Section V E 3), compared to the numerical solution (red solid line)
of the MFT equations (see Section VIII below) obtained from the algorithm described in [29].

the cumulants. Therefore, expanding (117), we get the profiles
J

Po(v>0) =p, (119)
Dy(v>0)= L=p erfc(v) (120)
Dy(v > 0) = (1—,0)2(;—2,0) erfc(v) — 72r(1_pp)2 e, (121)

23+ m)p? —(12+7m)p+6+7p(l — p)

O3(v>0)=(1-p) 27 p? erfe(v)
21— pv—va(1=2p) _,» 3(1—p)? v )
+3(1 - p)? 7 e v — v erfc <\ﬁ> , (122)

@4(7) > 0) — (1 _ ,0)(1 _ 2p) 24(1 - P>2 B 7T(3(1 - 2p)2 + 4(1 - p)(l - 2p) + 18p(1 - P) B 4)

erfc(v)

3
41— p)? 3yl —p)(1 —2p)v — 4(1 — p)*(4 +v*) 1272(35(1 —0)(1=2p) +3(1+V2)p(1—p) =2) _.7
+ 12¢§(17:p2p)3e—”22 erfc (\;’5) - 3(1_’));(21_2”) erfc (\%)2 . (123)
By(o > 0) — (L= P (A0 + 4100 = )" + 30m (224;;2(21{ =9 p=WIH6) =3 (L=p))
+ M {4\/7?(1 — p)2 (190 + (4p — 2)v® —11) + 127 <p ((2\/5 - 5) p— 22+ 8) - 2) (1= p)v

—372(1 - 2p) (29 ((V2—3) p = V2+5) = 3) +4(1 — )P (202 + 27) | o™
(1-p)* (V7L =2p) —2(1—pJo) _.2 (L= p)* (7 (20° —4p+1) — 1201 p)) <>
V2

+ e

v
erfc { —= | +
2V/273/2 p3 <\@> 32mp?

_ 4(‘;;7:’; /Um dze~ % [erfc <\/§z> 1 erfe (%) —4T (\53\/3)] , (124)

(

[V

with the Owen-T function defined in (74). The expres-  sions for v < 0 can be deduced by the left/right sym-



metry ®(—v,—A) = ®(v,A) which implies ®,(—v) =
(—1)"®,,(v). The first few profiles ®,, are represented in
Fig. 3, compared to numerical simulations of the SEP.
The small discrepancy in Fig. 3(b) for p = 0.25 is due to
finite size effects in the numerical simulations. This effect
becomes smaller when increasing the system size and the
time of the simulation, which both strongly impact the
computational time.

The first order profile ®;(v) gives the long-time asymp-
totics of the covariance Cov (X, nx, +7), with v = r/v/2t,
see Eq. (6). For v > 0, this covariance is positive, indi-
cating that an increase of X; (displacement towards the
right) is correlated with an increase of the occupation
of the sites in front of the tracer. The profile ®; thus
provides a quantitative measurement of the ”jam” that
forms in front of the tracer when it moves in a given
direction (see Fig. 3(a)).

Similarly, the second order profile ®5(v) is the long time
limit of Cov(X?2,7nx,+.). It measures the correlations be-
tween the amplitude of the fluctuations of the tracer, and
the density around it. This function is negative, meaning
that these two quantities are anti-correlated. This can be
interpreted in the following way: a decrease of the occu-
pation of the sites around the tracer gives more space for
the tracer to fluctuate and thus increases its fluctuations.
Surprisingly, when the mean density of particles becomes
less than 1/2, &5 becomes non-monotonic, indicating that
this anti-correlation effect is stronger at a given distance
(rescaled by /t) from the tracer.

3. Conservation relation and numerical resolution

Using the expressions above for the profiles, one can
check that the conservation relation

/ " (@(v) — p)dv - | @w-pa=p )
0

— 00

holds up to O(A%). We have further checked numerically
that this relation holds non-perturbatively in A.

This relation is particularly useful to implement a nu-
merical computation of the profile ®(v) from the closed
Wiener-Hopf equation (86). Indeed, we have an explicit
analytical solution (102,103) only in Fourier space, and
inverting it to real space can be difficult. Numerically, it
is much more stable and faster to solve directly in real
space by using the following procedure:

1. Select an initial ”guess” for the values of w and &;

2. Discretise the Wiener-Hopf equations (86) and solve
them for Q4 (v);

3. We then need to determine the parameters A and p.
They can be deduced from Q4 (v) from (117,118),
but that introduces two new parameters, ®(0") and
®(07). One relation between them is given by the
cancellation of the velocity (89). In principle, the
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last relation needed is £ = 3%, since P =0,(0)/2is
known. However, this relation is not practical to use
because we cannot easy compute the derivative with
respect to A. This last equation is however conve-
niently replaced by the conservation relation (125),

which can be used straightforwardly;

4. Finally, having determined all the parameters, the
profile ®(v) is obtained from (117,118).

This procedure can be implemented easily thanks to the
conservation relation (125). We have used it to plot
the profile ®(v) for an arbitrary value of A, as shown in
Fig. 3(d).

VI. EXTENSIONS TO OTHER SITUATIONS
AND OBSERVABLES IN THE SEP

Although we have focused on the example of tracer
diffusion in the SEP with a mean density p, our closed
equations (86) can be applied to various other situations
involving single-file diffusion, as we announced in Ref. [13].
Here, we describe explicitly the extension to other situa-
tions and observables within the SEP, give exact expres-
sion for the profiles ® and discuss some of the physical
consequences of these results. We present extensions to
other models than the SEP in the next Section.

A. SEP with an initial step density profile

We consider a SEP with a mean initial step density p4
for v > 0 and p_ for v < 0, which constitutes a paradig-
matic example of a system that remains out-of-equilibrium
at all times. The tracer is initially placed at the origin.
The microscopic equations of Section IIT A are unchanged,
and so is the hydrodynamic limit of Section IIIB. The
boundary relations at the origin (87,89) are unchanged.
Only the boundary condition at infinity (88) is changed
into

lim = py (126)

v—7Fo00

to take into account the imbalance of density.

In this case, we found that the closed equations (86)
still apply. Indeed, by following the procedure described
at the end of Section V D, we obtain the cumulants &,
of the position of the tracer, which coincide with those
computed using Bethe ansatz in Ref. [9]. In this case,
the left/right symmetry is broken by the difference of
density on the two domains x > 0 and < 0, so the
odd cumulants are now nonzero. For instance, the first
cumulant is obtained from the solution of the equation

P— P+

1+ /7 fpefi erfe(—i) 1o /T ket erfe(fy) |
(127)




and the higher order cumulants have explicit expressions
in terms of k1. For instance,

fio = A2 (27792'%?,%1 erfe (\/im) N

47T€2'%§I%1p+ P2 —3p_py +2p_
' <;E o ')

Dy(v) = % erfe(—v — k1) + % erfc(v + A1) ,

_2y/metikip. (1= py) — (p-py)?
2(p- = p4)

Py (v) erfc (k1 +v)
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in agreement with [9].

Our procedure additionally yields the generalised den-
sity profiles, for instance

(129)

e~ (Rat+v)? (4\/7762'%% R ((pf — py)’erfe (V2#1) + 204 (03 +p- (2 - 3p+))) — 2v24% (p- - p+)3)

2(p- —py)’

1 22  R1 4w
+§ﬁe“1m1(p+—p_) <4T<\/§m, 11% )—4T<

1

FIG. 4. SEP with an initial step density. Generalised
density profiles (GDP) of order (a) n =1 and (b) n =2 for a
step of density p— = 0.7 and p4+ = 0.2. Solid lines: result of the
simulations, computed at ¢ = 1500 on a lattice with 2000 sites,
with the averaging performed over 10% realisations. Dashed
lines: analytical predictions obtained from the resolution of
the Wiener-Hopf equation (86). For instance ®i(v) is given
by (130).

for v > 0 and 41 > 0. Similar expressions can be written
for #1 < 0. The values of ®,(v < 0) can be obtained by
the symmetry ®(—v, A, p4,p—) = ®(v, —A, p—, p+). The
first two profiles ®,, for n = 1 and 2 are represented in
Fig. 4.

Unlike the case of the flat initial density, the profiles
®,, are no longer symmetric or anti-symmetric, but their
physical meaning remains the same. ®;(v) again measures
the covariance between X; and 7x, 4, at large times. For
v > 0 and close to 0, it is still positive, indicating that a
displacement of the tracer towards the right leads to an
increase of the density of particles in front of the tracer.
Surprisingly, unlike the case of the flat density, ®1(v > 0)

v
2k e f
/{1+v,2kl+v)+erc

v >—erfc(/%1)>, (130)

(

changes sign at a given distance (rescaled by v/%) from the
tracer. This indicates that for v larger than this critical
value, the effect is inverted: a displacement of the tracer
towards the right is correlated with a decrease of the
density. This unexpected behaviour is fully quantified
by our computation of the generalised profile &, and is
stressed by the inset in Fig. 4(a).

B. Another observable: the integrated current
through the origin

We consider another observable which has been the
focus of many studies in single-file diffusion [8, 29, 30]: the
integrated current @; thought the origin. It corresponds
to the total number of particles that jumped across the
origin from left to right, minus the number from right to
left, up to time ¢. Microscopically, it is defined as

Q= () =i (0)) - (131)

r>1

We are interested in the cumulant generating function of
this observable,
Yo(N) = V2t hg = In (X)) | (132)

and the generalised density profiles for the current, which
we define as

(- *%°)

W (133)

W (t) =



These profiles measure the correlation between the inte-
grated current @; and the density at a distance r from
the origin. At large time, they behave as

r—

(SIS

)\n
Pq(v) = Z (I)Qm(v)ﬁ y U=
n>0 ’

we(t) =~

- )
t—o0

S

~

(134
where the —% has been introduced such that wg;; ()
®(0") while wg.o(t) ~ ®(07) for t — oco.

We again define the functions Q4 (v) by

D)

(135)

We have checked that these two functions still verify the
integral equations (86), but with the kernel (84) with
E=0:

K@) = "% e v’ (136)
This still implies
. 1
Vo = _ﬁm%(_w@) : (137)

The functions Q4 are thus given by the solution (102,103),
with £ = 0.

In order to use this solution to deduce the profiles
D (v), we need the boundary conditions satisfied by @g.
In order to derive them, we follow the same approach
we used for the tracer in Sections IIT A and II1B. First,
we write the time evolution of the cumulant generating
function from the master equation,

Oy In (X9 = % (*—1) <’70(1<;7C721t)>ew‘>
+er-1) <771(1<;got)>ewt> (138)

Similarly, we obtain the microscopic equations for the
generalised profiles, which we write as

Oy In <e>‘Qf> +’LUQ;,1 —wQ,0
e A —1 2 ’
(139)

drwgmo = (e (e —1)wgy0)

Oy In(e*?) wga — wea
er —1 2 !
(140)
Taking the long time limit of these equations, with the
scalings (132,134), we obtain at leading order

Po(0h) (A —Po(07))

dwga = (e — (X = Dwg,)

B0 )1~ bor) <
¥o0) =2 (12 - %) ()
o (01) = —24g (1 _lefk - <1>Q(0+)> ) (143)
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In order to get the cumulants of the current, we follow
the procedure described at the end of Section V D. From
the solution (102,103) of the integral equations (79,80)
with & =0, we get

= _ o P+~ 0o (0F)
J, o=t

= Ttwg—1, (144)

o _oh 2007)—p-
/0 Q_fw@Wﬂ/HwQ—L (145)

Q

Combined with the boundary conditions (142,143), we
obtain

%0 = T <p+ A V”f“) - (u6)
Bo(07) = \/117% <p + 1_67 Kl_?”@> . (147)

Using these expressions into the last boundary condi-
tion (141), we obtain a simple expression for wq,

wg =p-(1=pi)( =1)+ps(1—p-)(e* =1). (148)
Together with (137), this recovers the result of Derrida
and Gerschenfeld [8, 30] for the cumulant generating
function ¢ of the current through the origin. Further-
more, we additionally obtain the profiles (n,(t)Q}).. =

—00

., (v) which measure the correlations between the cur-

rent and the density in the hydrodynamic limit. For
instance,
Do (v) :M erfc(v) , (149a)
Dg.a(v) :w erfc(v) , (149b)
B (v) _pl=p)( 2— 3p +3p°) fe(w)
_ 5P . P oot (%)2 (149¢)

These profiles are shown in Fig. 5, and present similar
features to the ones obtained above for the tracer.

The closed integral equations (86), which we have ob-
tained in the context of the study of a tracer, therefore
still apply for another observable, which is the integrated
current through the origin. It is only required to change
the boundary conditions satisfied by ® at the origin.

C. Another observable: a generalized current

We now consider another observable, which is the gen-
eralised current studied in [9, 10], defined as

Ji(z) = z (Mr+2(t) —1:(0)) -

r>1

(150)
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FIG. 5. Current in the SEP. Generalised density profiles
(GDP) ®q;y (v) describing the correlations between the density
and the current, at orders (a) n = 1 and (b) n = 3, at density
p = 0.5. We do not show the profile n = 2 because it is
zero for this density. Solid lines: GDP computed from the
simulations of the SEP, at time ¢ = 900. The averaging is
performed over 10® realisations. Dashed lines: theoretical
predictions (149a,149c).

It measures the difference between the number of particles
to the right of the position = at time ¢ and the number
of particles initially on the positive axis at ¢t = 0. This
quantity can be used to locate a tracer [9, 10], since
Ji(X:) = 0, which means that the number of particles to
the right of the tracer is conserved.

In order to apply our formalism to this observable,
we consider the time evolution of its cumulant generat-
ing function, 0y In <e”f(””)>. However, when doing so we
encounter one difficulty: for = # 0, Jo(z) # 0 and is ran-
dom. This differs from the case of the integrated current
through the origin @y, for which Q¢ = 0, and the case of
the displacement X; of a tracer, taken by definition to be
Xy = 0. In order to circumvent this problem, we consider
a slightly different observable,

Ji(xy), with = Lf\/ﬂj

the integer part of £v/2t, with a constant & which cor-
responds to the large time limit of z;/ V/2t. Since at
t =0, xg = 0, this new observable vanishes at initial time,
Jo(zo) = 0. We thus consider the cumulant generating
function

(151)

p — AJe(ze)
ds(N) = Jim ——1n <e > (152)
and the generalised profiles
. <77mt+r(t)e)dt(xt)>
s () = S (153

Let us first consider the time evolution of the cumulant
generating function. It is the sum of two contributions:
(i) At times t, = (n/€)?/2, the increment of z,+ =

z,- +1 causes a change of Ji(z¢), depending on the
occupation Ne,— +1 of the site that is "leaving” the

sum (150) at t. Therefore,

<e>“]’*(zt+)> = <e’\‘]t(xt*)7)‘””+1> , fort =t,. (154)
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Taking the logarithm, and using that n, = 0 or 1,
we get

In <e>\Jt(zt)>‘ I <e)\Jf,(It)>‘
t=tf t=tr,

+In(1+ (e = Dwyy). (155)

(ii) Between two increments of x;, the stochastic dy-
namics of the SEP, given by

vy 1 [ior gy (a1 =) 0)
i <e ( 1)> T2 [(e Y (Xm0
Y <77:g+1(]_ — nz)e)\Jt(wt)>
+(e™* = 1) (G0 ., (156)
for t # t,,.

We can combine these two contributions, by writing,

_ nwt+l)e>\Jt(iCt)>
<e/\Jt (zt)>

9, In <e)\.h(act)> _ % [(eA — 1 <77wt(1

<17$t+1 (1 - nlt)eAJt (mt)>
<e)\.]t (mt)>

+3 6t —to) [+ (e = Dwya ()], (157)

+He = 1)

At large times, we can replace the sum over the delta
functions by the continuous density of jumps, which is

¢/V2t:

(2 L (N (1 = g1 )er (7))
9, In <eu,< )> =5 [(eA —1) ey

<T’T+1 (1 - nz)e)\'It(zt)>
<€>‘Jt (‘Lt)>

(e = 1)

¢ _
oyl (e Y= Dwra(t)].

Similarly, we can write the equation satisfied by the time
evolution of the profiles. For instance,

(158)

A (e — Dy
Duwyo = e (E(ix = w0 <5t In <e)\Jt(zt)>

2

S

S e - 1)wJ;1(t)]> =Ll 2I0

g 67)\71)(];1
ety ) (159)

We can now take the hydrodynamic limit, with the scal-
ings

In <e>‘J*(”‘)> ~ V2t DN E) (160)



wy(t) ~ (161)

t—o0

r—1
b, (v = 75 )\)
v
which we will denote by @ ;(v) for simplicity. Note that
we have again shifted the positions by % so that wy.

corresponds to ®;(07) and w1 to <I>J(O‘%). With these
scalings, Eqgs. (158,159) yield
(I)J(0+)(1_(I)J(O ) _ oA
=, (162)
®;(07)(1 = @,(07%))
1
@{](Oi) = F20 <1_ejF>\ - ‘I’J(Oi)> ) (163)
where we have denoted
U =1y —€Em[l+ (e = 1)8,(07)]. (164)

We have noticed that, if we use this new ¥ to define

0 (v) = 20250

7 (0%) " (165)

these functions again verify the closed integral equa-
tions (86), with the same kernel (84). Indeed, the so-
lution (102,103), combined with the boundary conditions
for ®; yield

wyet = p_(1—pi)(e —1)+pr(1—p_)(e*~1), (166)
and thus
Yy = iz (—wy)+{In[1+(e A—1)®,(0%)]. (167)

Q\f

Combining this expression with the value
(e =1)®s(07) = (1+py(e™ -
obtained from (102) at k£ = 0, we finally get

1))eZ+ @8 _1 (168)

hy(X€) = Em[1+ (e7 —1)p4]

_Z “ch (C\/; —gerfc(\/ﬁg)>. (169)

This expression coincides exactly with the result of
Ref. [9, 10]. That supports the exactness of our main
equations (86), nonperturbatively in A.

VII. EXTENSION TO OTHER SINGLE-FILE
SYSTEMS

We now argue that the closed integral equations (86),
which we have derived for the SEP, can be applied to
other models of single-file systems. The applicability of
this equation to the KMP model and the random average
process (see below) was already mentioned in Ref. [13].
Here, we give a detailed analysis of these two models,
including explicit analytical expressions, as well as a new
application to another model of single-file diffusion: the
double exclusion process.
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FIG. 6. The different models of single-file diffusion consid-
ered in this paper. (a) The Kipnis-Marchioro-Presutti
(KMP) model. Each site hosts a continuous variable, which
represents an energy or a mass. At random times, a site can
exchange energy with its neighbour such that the total energy
of the two sites is randomly redistributed between the two.
(b) The random average process (RAP). Particles on a
continuous line can hop, at random times, to a random fraction
of the distance to the next particle (either to the left or to the
right). (¢) The double exclusion process (DEP). Parti-
cles on a lattice can hop, at random times, in either direction,
only if the two nearest neighbouring sites in that direction
are free. It corresponds to an exclusion model in which the
particles have a volume that occupies two sites (illustrated by
the light gray area represented around the particles).

A. Hydrodynamic description of single-file systems
in terms of two transport coefficients

At large time and large distances, a single-file system
can be described within the framework of fluctuating hy-
drodynamics [31]. The basic idea of this approach is to
describe the system by a density p(z,¢) and a current
j(z,t), which are both random due to the underlying
stochastic dynamics of the model (e.g. the random hops
of the particles in the SEP). Then, the current j is ap-
proximated by a stochastic perturbation of the average
current,

J=-=D(p)0zp—+/0o(p)n,

where n(x,t) is a Gaussian white noise, with unit variance,
uncorrelated in space and time. The density then evolves
according to the continuity equation

0zp + mn} :

All the microscopic details of the models are encoded
into two transport coefficients: the diffusion coefficient
D(p) and the mobility o(p). These coefficients can be
conveniently defined for a system of finite size L, placed
between two reservoirs at density p; and ps [32]. We
denote Q¢ the number of particles transferred from left to

(170)

Oup = ~0aj = 2 | D(p) (171)



Model D(p) a(p)
Symmetric exclusion process [33] Do 2Dop(1 — p)
Hard Brownian particles [33] Do 2Dgp
Kipnis-Marchioro-Presutti [34] Do aop2
Random average process [35, 306] ;712 %ﬁ
Double exclusion process [37, 38] a ljop)Q QDOI;(i ; 2r)

TABLE 1. The transport coefficients D(p) and o(p) for the
different models presented in this paper. Dy is the diffusion
coefficient of an individual particle, oo = 2aD¢ with a the lat-
tice constant of the KMP model [34], and p are the moments
of the probability law of the jumps in the RAP [36].

right up to time t. The transport coefficients are defined
from the first two moments of @); as

. ) D

Jim @ = %(m — p2) for p1 — p2 small,  (172)
_(QF) alp

tlgglo % = (L) for p1 = pa = p. (173)

These coefficients have been computed for various models
of single-file systems. We list in Table I their expressions
for the different models we consider in this paper, and
represented in Fig. 6.

We consider a tracer, at position X;, which can be
determined from the density p(x,t) as [11]

Xy s}
[ oo = [ (o) - pl 0o (17)
0 0

This equation expresses that the number of particles to the
right of the tracer is conserved. We define the cumulant
generating function and the generalised profiles

<,0(Xt +r, t)e’\Xt>
CEON

Y(A) =In{e*) | we(\t) =

(175)
We also consider another observable, the integrated
current through the origin

&= [ - peonde. a7

Its cumulant generating function and the corresponding
profiles are given by

<p(r, t)e’\Qt>

Yo(A) = In (@) | . (177)

wQ;T()‘v t) =
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B. Modified equations in the case of constant
diffusion and quadratic mobility

We have obtained a closed equation for the SEP, corre-
sponding to D(p) = 3 and o(p) = p(1 — p). These results
can be extended to any single-file system with D(p) = Dg
constant and o”(p) constant with ¢(0) = 0. A procedure
to deduce this model from the SEP is given in Ref. [19].

Here, we only give the resulting equations.

1. For the position of the tracer

At large times, the cumulant generating function of the
position of the tracer behaves as

D(N)/4ADgt .

The generalised profiles (175) also have a diffusive scaling

Y1) (178)

~
— 00

r
r(ANt) ~ D |v= A 179
w0,y #(v= o). am)
We again define the functions
()

/M Qs (v +2)Q (F2)dz, (181)

equivalent to the linear ones

O_l/ (0)
4Dy

Q4 (v) = K(0) + / Q4 (2) K(v—2)dz, (182)
RF
with the kernel still given by Eq. (84). The profile ® can

then be deduced by integration of {24, with the boundary
conditions

~a”(0 d(0*
¥(O0F) F 0 21() ! cr”gon) =0, (183)
0 ¢Fa0, 1

+0”(0)®(0F)  oVon
20'(0) + o”(0)®(0~)

O(£o0) = ps. (184)

The solution of the integral equations (182) can be
straightforwardly deduced from (102,103), and reads

e . 4D
ikv 0
/0 Q4 (v)e™do = 70) (1—

exp {—Z+ (- ‘Zg;)m - fﬂ ) . (185)




0 o 4D,
\/_Oogi(v)ekdv:g”i(o) ]_—

exp {—Z (— (Z/L()?w,g - fﬂ ) . (186)

with Zy given by Eq. (101). In particular, setting k =
+is and letting s — 400, we obtain the expression of
Q4.(0) = 2¢, thus,

2Dy (o"(0) )
o= i (o)

(187)

2. For the current through the origin

Similarly as we did in Section VIB, we can also obtain
similar equations for the study of the integrated current
through the origin (176). The cumulant generating func-
tion scales as

Yo\ t) =1 () ~ do(N)V4Dot,  (188)
and the profiles (177) as
r
SO~ Do (o= 2] . 189
war 00 Po (v= =) (s9)

Defining Q4 as in (135), these functions again satisfy
the integral equation (182), with a kernel K (v) deduced
from (84) by setting £ = 0 and replacing w by wg:

K(v) = ”7% e (190)
This parameter wg can be related to ’(/AJQ by
A 2D . (d"(0)
= L . 191
(Cl8) o”(O)ﬁ 13 ( 4D, wQ (191)

The profiles can again be deduced by integration of the
solution 4 of (182), with the boundary conditions

, - [ '(0) 1 o (0)
D (0%) = F2Uq ( 2Dy | _+7oa T D, ‘I)Q(Oi)> ,
(192)
©0(07)(20'(0) +0"(0)(07)) _ o (193)
P (07)(20°(0) 4+ 0”(0)2q(0)) '

C. The Kipnis Marchioro Presutti model

As a first application of the generalised equation (182),
we consider the Kipnis Marchioro Presutti (KMP)
model [39, 40]. It is a mass transfer model, which de-
scribes a one dimensional lattice where each site contains
a continuous variable which represents a mass. At ran-
dom times, the total mass of two neighbouring sites is
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randomly redistributed (uniformly) between the two sites.
See Fig. 6(a). This system is described by the transport
coefficients

D(p)=Do, o(p)=a0p®, (194)
with g = 2aDg where a is the lattice spacing [34]. It is
a model with constant diffusion and quadratic mobility,
so it falls into the category studied in Section VIIB and
we can directly apply the results obtained there.

1. Position of a tracer

The KMP model is not a particle model, but one can
still define the position of a tracer using Eq. (174). It
represents a fictitious wall that separates the system into
two regions in which the mass is conserved.

Following the procedure described in Section V D, we
obtain the cumulants of the position of this tracer. For

instance, in the case p; = p_ = p,
. (KMP) 00
= 195
2 2D0ﬁ7 ( )
124 (3v2-8) 7)o
o (KMP) (12+(Bv2-8)m)ai (196)

8D8’ﬂ'3/2

We additionally get the generalised density profiles,

@gKMP)(v) = % erfe(v) , (197)
2 2 2

M) () = PIO (orfe(v) — Ze? 198

PN ) = 28 (i) = 2 ) 1o

3
KMP PO 6 ﬁ— UV 2

+ 3erfe (\”@>z> . (199)

These profiles are represented in Fig. 7.

2. Integrated current through the origin

Following an approach similar to Section VIB, we find
that

22
oop° A
= 2
wa 2Dy '’ (200)

which, combined with (191) yields

2
c®MP) Do oo g0pA
Yo o (A= ﬁUOLI% <(2D0> ) .

(201)
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FIG. 7. KMP. Generalised density profiles @%KMF))(v)/p at orders (a) n =1, (b) n =2 and (c) n = 3 (the density p plays no
role in this model). Solid lines: result of the simulations of the KMP model (see Appendix B) at time ¢ = 900 on 500 sites.
Dashed lines: theoretical predictions (197,198,199). (d) GDP-generating function at p = 1 and A = 0.7, obtained from solving
numerically the Wiener-Hopf equation (182) (dashed line), compared to the numerical solution (red solid line) of the MFT

equations (see Section VIII below).

This expression coincides with the one given in [30]. We
additionally obtain the profiles

2
(KMP), \ _ P 00
o, (v) = 1Dy erfc(v) , (202a)
3.2
KMP p>o
Q(Q;Z )(’U) = 4D§ erfc(v) R (202b)
4 4 9
(KMP) 3po v
P43 (v) = 32D§ <2erfc(v) + erfc (\/5) ) )
(202c)

Note that, for this model, ¢/(0) = 0, so the boundary
condition (192) is ill-defined. We have used the boundary
condition deduced from (192) by taking the limit ¢/(0) —
0,

¥(0) = 200 ( § = T 0 0al0%))

With this relation, the definitions of {21 take the form

(203)

e ) P (v)
0 T T agen . Y

D. The random average process

The random average process (RAP) is a model of parti-
cles on an infinite line, at positions z(t), with an initial
mean density p [35, 41, 42]. Each particle can randomly
jump to a fraction of the distance to the next particle,
either to the left or to the right, with rate 1. See Fig. 6(b).
In the hydrodynamic limit, only the first two moments
w1 and po of the distribution of this random fraction are
relevant, so that the transport coefficients only depend
on these moments [35, 36]:

1 pype
o(p) = ———"—.

M1
D(p) = 2~ —
(p) P 1 — p2

-2 (205)

These coefficients do not fall into the category of Sec-
tion VII B, so we cannot use the integral equation (182)

in this case. However, this model is known to be equiv-
alent to a mass transfer model [35, 41, 43, 44], which,
in the hydrodynamic limit, becomes equivalent to the
KMP model [36], associated with the transport coeffi-
cients (194), with

Dy =t 5= HH2 (206)
M1 — 2

This duality relation that allows to map a model of single-
file system onto another has recently been extended to
any transport coefficients D and o [19]. Here, it allows
us to obtain results on the RAP by studying the KMP
model, which obeys the closed equation (182).

Under this duality, the density field p(RAP) (1) of the
RAP can be expressed in terms of the one of the KMP
pEMP) (k1) as [19]

1

(RAP) (1. (4) ¢) —
p (xk( )v ) p(KMP)(k,t) )

(207)

with xy(¢) the position of the particle with label k at time
t, which can be expressed from the density as

k
e (t) = mo(t) + /0 pIMP) (17 ) 4J7 (208)

with xo the position of the tracer, defined from (174). This
transformation can be inverted, to express the position
xo(t) of the tracer in terms of the density p(®MF) [19, 36]:

o (t) = [ 0 (MDY (K £) — pEMP) (R, 0))dk” . (209)

Thanks to the conservation of the total number of parti-
cles, it can be expressed in terms of the integrated current

iKMP) through the origin in the KMP model,
wo(t) =~ (210)

Therefore, one can easily relate the cumulant generating



functions since

. . 1 N
HRAP)(\) = Jim NI n <e>\ 0(t)>

Do .. 1 AOEMP)

= lim 1 Q:
D(p) 1+ \/ADol (e )
= p oM (=) (211)

Note that, due to the relation (207), and the RAP having

mean density p, the KMP model has mean density 1/p.

The cumulant generating function 1/AJS<MP) must thus be
evaluated at this density. From (201), this gives

plp1 — p2) pi2A ’
= Tounvn L(( ) ) - 212)

The generalised profiles can be also obtained from the
relation (207). Indeed, in the large time limit, the averages
in Egs. (175,177) are dominated by a single realisation of

GRAP () =

the field p(z,t), the typical realisation (see Appendix A).

Since all realisations verify (207), so does the typical one,
which we denote p,. Hence,

r(k
P(RAP) (v = 45)()/))25) e~ AP (z0(8) + v (k). 1)
_ 1
PP (k1)
1
~ , (213)
t=o0 UMY (u = k/\/ADqt)
where we have defined
k) = an®) —ao®) = [ AN, (21
0

which becomes

v(u) = \/ﬁ 1/ Do / oM (u)du' . (215)

Together with (213), expanding this relation in powers of
A, we can compute the profiles of the RAP from the ones
obtained above on the KMP model (202), but evaluated
at the density 1/p. This gives for instance

" () = 2 arfe(v), 216
(RAP) 13 2 2
@ V)= —mmmmm— 7rerfc v — QQ_U
2 () 2mp(p1 — p12)? ®)

_ e—v2 —2¢2
27 (1 +v NG ) erfc(v) + 2e ) , (217)

22
(I)(RAP)(U) _ 3 ¢
’ - Aw? p?(py — pg)?

— 2 (4 + 21)(3\/7;02)6”2) erfe(v)? + 2(47 + /rv)e ™

+ (27?427 (3—2v%)e

<7r2 erfe(v)3+2y/mve 3"

’2”24—277(2112—1—4\/7?1}—3)5”2) erfc(v)

— 427+ ﬁv)e_2”2> . (218)

These profiles are represented in Fig. 8.

E. The double exclusion process

The double exclusion process (DEP) is an exclusion
process in which the particle on site k can jump to site
k + 1 only if sites kK + 1 and k + 2 are empty or to site
k — 1 only if sites k — 1 and k — 2 are empty [45]. It thus
corresponds to an exclusion process with particles that
occupy the volume of two sites. See Fig. 6(c). By imposing
that the n neighbouring sites must be empty, we can also
more generally define a n-exclusion process. These kind
of models have for instance been used to model biological
systems [46]. Here we focus on the double exclusion case,
but the following can be adapted to m-exclusion. We
consider annealed initial conditions for the DEP of mean
density p, namely particles are placed at random among
configurations where there is at least one empty site in
front of each particle (note that necessarily p < 1/2). The
transport coefficients of the DEP are [37, 38]

Dy p(1 —2p)

We can map the SEP to the DEP at the microscopic
level by adding a site in front of every particle. This
mapping can also be performed at the macroscopic level
[19]. Here we summarize the main ideas of the mapping,
which we perform in the reference frame of the tracer
particle.

At the macroscopic level, let us denote, with = r/ Vi,

(219)

(SEP) AX,
nX +r e >
(SEP) < ¢
O 2 T ewy (220)
<77§? e AXt>
(DEP) ;
e ) = A (221)

A relation between these two profiles can be obtained
in the following way. If we look at a position z in the
SEP (in the reference frame of the tracer particle), it will
correspond to a position 4+ n(z) in the DEP, with n(z)
the number of particles in the SEP between the tracer
(at position X;) and the position X; 4+ z, which is thus
the number of sites added to go to the DEP. It can be
written as

n(z) = /O " BOEP) (1) (222)
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FIG. 8. RAP. Generalised density profiles @%RAP)(W),O"_I at orders (a) n =1, (b) n =2 and (c) n = 3 (the density p plays no
role in this model). Solid lines: result of the simulations of the RAP (see Appendix B) at time ¢ = 4000 with 5000 particles.
Dashed lines: theoretical predictions (216,217,218). (d) GDP-generating function at p = 1 and A = 0.33, obtained from solving
numerically the Wiener-Hopf equation (182) and using the mapping (213) (dashed line), compared to the numerical solution

(red solid line) of the MFT equations (see Section VIII below).

Next, we need to relate the density of particles in the SEP
and in the DEP at that position. If the microscopic SEP is
at a local density pspp = 2* (N particles on L sites), then
when we map to the DEP by adding a site in front of each
particle, the density becomes pprp = HLN = 3 ispizp .
Writing this relation for the generalised profiles yields

(I)(SEP) (3;‘)

(I)(DEP)(x +n(z)) = HTEP)(:C) .

(223)

This relation holds because, in the long time limit, the
averages in (220,221) are dominated by a single realisa-
tion of the density for each model, and these densities
verify (223).

We can expand (223) in orders of A to get the general-
ized density profiles for the DEP from those of the SEP
given in Section VE2. At lowest orders, we get

o (x) =p, (224)
D) (2) =2 (1 p)(1 ~ 2p)erfe(v) (225)
PP (1) (1—p4)7(:0—2p) (Qﬁp(l —2p)ve " erfe(v)

—2p(1 = 2p)e™>" —2(1—2p)(2— p)e ™"’
+merfe(v)((2p — 1)perfe(v) —3p+ 1)) ,
(226)

where v = x/4/4D(p) = x(1 — p)/+/4Dy. The profile

@gDEP) can be written similarly, but the expression is
rather cumbersome so we do not reproduce it here. These
profiles are represented in Fig. 9.

VIII. COMPARISON WITH THE RESULTS
OBTAINED BY INVERSE SCATTERING

Since the publication of [13], several works have ob-
tained exact results for the integrated currents in differ-
ent single-file systems [14-16] with a quadratic mobility
o(p). As we show below, these solutions can also be

used to obtain information about the generalised density
profiles, which characterise the correlations between the
current and the density of particles. Importantly, all
these results on single-file diffusion can be recast into
the equation (181). In this Section we demonstrate that
the details of the problem under consideration are only
encoded in the kernel K.

Note that this equation in the Fourier domain also ap-
peared in Ref. [27] in a different context, for the study
of the Kardar-Parisi-Zhang (KPZ) equation (see Sec-
tion VIIIC).

The works [14-17] rely on the formalism of Macro-
scopic fluctuation theory (MFT), which is a deterministic
rewriting of the fluctuating hydrodynamics presented in
Section VII A. In this formalism, all amounts to the reso-
lution of the MFT equations

atq =0, [D(Q)azq] - am[U(Q)am ] )

1
Op = =D(0)0;p = 50'(¢)(@=p)”
where p is a conjugate field introduced to enforce the
continuity relation (171). Actually, the MFT solution at
final time ¢(z,T) coincides with the generalised density
profile (177), as we show in Appendix A,

(227)
(228)

d(v) =gz =V20,t=T).

The knowledge of the MFT solution ¢(x,t) therefore al-
lows the determination of the profile ®(v). Until recently,
the MF'T equations had only been solved for the model of
hard Brownian particles [11] (corresponding to a linear o).
The recent works [14-16] constitute major achievements
in the context of MFT: by applying the inverse scattering
method [18], the authors have solved these equations for
a quadratic o. For a related system of equations, a break-
through had been performed previously in the study of
the weak noise theory of the KPZ equation [27]. Actually,
we show in Section VIII C that the solution obtained in
the recent work [17], which encompass the previous re-
sults both on MFT [14-16] and on the KPZ equation [27],
can also be rewritten in terms of the equation (181). Re-
lated equations also arise in mean field games, see for

(229)
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FIG. 9. Generalised density profiles <I>$LDEP>(U) at orders (a) n = 1, (b) n = 2 and (c¢) n = 3 at density p = 0.25. Solid
lines: result of the simulations of the DEP (see Appendix B) at time ¢ = 3000 on 20000 sites. Dashed lines: theoretical
predictions (225,226). (d) GDP-generating function at p = 0.25 and A = 0.4, obtained from solving numerically the Wiener-Hopf
equation (182) and using the mapping (223) (dashed line), compared to the numerical solution (red solid line) of the MFT

equations (see Section VIII below).

instance [47] in which the conserved quantities of similar
equations are characterised.

A. Comparison with Bettelheim, Smith and
Meerson

In Ref. [14], Bettelheim, Smith and Meerson have solved
the MFT equations (227,228) for the KMP model (see
Section VIIC), corresponding to

a(p) = 2p%, (230)
for a specific initial condition

q(z,0) = Wd(x). (231)
Unlike our study on the SEP, which was performed on a
fluctuating initial condition picked from the equilibrium
distribution (annealed), this is a fixed initial condition
(quenched), which corresponds to having a mass W placed
on site 0 at ¢ = 0.

They have obtained that the Fourier transforms of the
MFT profile at final time T (taken to be T'= 1 without
loss of generality),

Q+(k) = —)\/ q(—z,l)eikzdz

RE

(232)

satisfy the following closed equation [14]

ik(Q4 (k) + Q—(k)) — (ik)2Q+ (k)Q— (k) = —Aike ™" .
(233)
In order to make the link with Eq. (181), we perform an
integration by parts in the definition (232),

ikQ (k) = £Aq(0F, 1)+ (1FAq(07,1))Q (—2k) , (234)
with

Qs (k) = /R 0L (), (235)

where we have used the definition given previously for

Ovq(z = 20,1)

Bl = Ry

(236)

which is identical to our previous definition of Q4 for
the KMP model (204). With the relation (234), the
equation (233) becomes

. o 1
QL (k) + Q_ (k) — Q4 (B)Q (k) = §Aike*k2/4 . (237)
where we have used that

(14 Ag(07,1))(1 = Ag(07,1)) =1, (238)

which is given in the Supplementary Material of Ref. [14]
and is equivalent to (193). Taking the inverse Fourier
transform of (237), we obtain the bilinear equations (181),
with the kernel

(239)

Finally, the work of Bettelheim and collaborators is a
proof that the Eq. (181) also describes the generalised
density profiles for the flux in the KMP model, with the
quenched initial condition (231).

Recently Bettelheim et al have extended their inverse
scattering resolution of the MFT equations to the case of
the generalised current defined in Section VI C. Follow-
ing the same derivation as above, we can show that the
Eq. (181) still holds for this observable, with the kernel

e_(v_f)z

VT
with £ defined in Section VI C. This further extends the
range of applications of Eq. (181).

K(v) = Av = ¢) (240)

B. Comparison with Mallick, Moriya and Sasamoto

Soon after the work of Bettelheim et al, Mallick, Moriya
and Sasamoto have solved the MFT equations for the



SEP [16], corresponding to

a(p) =2p(1 —p),

using the inverse scattering method. As we proceed to
show, they provide a proof that our Eq. (83) for the
integrated current in the SEP is exact, as claimed in
Section VIB.

In [16], an equation is obtained for the derivative of the
MFT profile at final time

D(p)=1, (241)

s (k) = / (e T (e T) x Dua(e. ).

(242)
which reads

dg (k) + i (k) + g (k)a_ (k) = woe T | (243)
with wg given by (148). In fact, it can be shown that

0:q(x,T)

u(z,T) ==+ , forz 20, (244)
== —q(0F,T) =
which corresponds to
(@.T) = ——0 ( i ) (245)
u(z, T) = ——= v=— ),
WT VAT

with the definition of Q4 (135) and the boundary condi-
tions (142,143). In the Fourier domain, this yields

Qi(k) = /}Ri "y (v)dv = i+ (—4\%) . (246)

With these relations, Eq. (243) becomes

QL (k) + Q_(k) + Qp ()Q_ (k) = wge ¥/4 . (247)
Taking the inverse Fourier transform, we get that Q.
satisfy the equations (83), equivalent to (86), with the
kernel K given by (136).

The work of Mallick and collaborators [16] therefore
proves that the closed integral equations (86) which we
have obtained from a guess (see Section V A and Ref. [13]),
are indeed exact.

Interestingly, Mallick et al have also obtained an exact
expression for a different observable: the MFT profile at
initial time ¢ = 0. Indeed, it is not an initial condition
because we consider an annealed situation: the SEP is at
equilibrium at ¢ = 0, so the occupations of the sites 7;(0)
are random. These occupations are also correlated with
the current at time T'. For instance, a fluctuation of the
initial condition that has more particles on the left of 0
than on the right will relax with time, leading to a higher
current than on average. This is what measures the MFT
profile at ¢ = 0. More explicitly, it can be shown (see
Appendix A) that

q(x’tzo):w7 T =

o (248)

T
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Defining similarly

— (.L)Q X
Q) = F—20,q(x,0) forv =20, v=—, (249
with wg given by (148) and
e —1 14 (e** —1)ps
AL = . 2
L =o(o0) T \/ e ()

It can be shown that this function obeys the exact same
equation (83), with the same kernel K (136). This pro-
vides one more observable for which this Wiener-Hopf
equation holds.

C. Comparison with Krajenbrink and Le Doussal

Before the inverse scattering technique was applied to
the MFT equations, Krajenbrink and Le Doussal have
successfully used it to solve the weak noise theory of
the Kardar-Parisi-Zhang (KPZ) equation [27, 48]. More
recently, they have constructed a system of equations
which interpolates between the one of the weak noise
KPZ equation and the MFT equations of the KMP model
(or more generally, models with a quadratic o(p)) [17],

8:Q = 07Q + 280,(Q°R) + 29Q°R,, (251)
OtR = —02R — 230,(QR?) + 29QR?, (252)

with initial and terminal boundary conditions
Q(z,0) =06(z) ,R(x,1) = Ad(x) . (253)

In the MFT context, these conditions arise for any model
with quadratic o(p) for annealed initial conditions around
a step density profile [17]. For 8 = 0 these equations ap-
pear in the weak noise theory of the KPZ equation, solved
in [27], while for ¢ = 0 and 8 = —1, these correspond to
the MFT equations of the KMP model solved in [14].

We now check that the solution obtained in [17] can
be rephrased into the Wiener-Hopf equation (181), with
a kernel written below. In Ref. [17], it is shown that the
half Fourier transforms,

Q(k) = [ Qz,1)e *da, (254)
RE
satisfy the equation
(1-aQ- (k)1 aQs (k) =1 —ac™™,  (25)

with @ = (g + ifk)A. Since the system of equa-
tions (251,252) no longer describes only MFT equations,
we have to extend the definition of €2+ involved in the
desired Wiener-Hopf equation, as

0(v) = ~AM 1 E00E 1)

Qz =2v,1). (256)



Taking the Fourier transform of this definition, it gives
the relation

— £ABQ(0%,1)
— (15 ABQ(0%,1))02x(—2k)
Which, combined with Eq. (255), yields

o)

(258)

Ag +iBk)Q (k)
(257)

Qp (k) +Q_ (k) + Qu (k)Q_ (k) =

where we have used that [17]

(1-BAQ(07,1))(1 + BAQ(07,1)) =1.

Taking the inverse Fourier transform, we obtain that €4
are solution of the bilinear equations (181), with the kernel

(259)

K(v) = =Z=lg = o)

In particular, for 8 = 0, describing the weak noise the-
ory of the KPZ equation, the Wiener-Hopf equations (181)
are also involved, as previously obtained in [27].

(260)

IX. CONCLUSION

In this paper, we have provided details on the derivation
of the Wiener-Hopf equations for the correlation profiles
in the SEP, either in their bilinear form (83) or their
linear form (86), obtained in [13]. We have showed that
this exact same equation applies to other situations and
models of single-file diffusion, such as the KMP model
which is not a model of particles but a mass transfer
model, and the random average process which is a model
of particles hopping on the continuous line. We have
also presented a new application to the double exclusion
process, which is a lattice model in which the particles
have a volume which occupies two sites. The fact that
this equation applies to such a variety of models points
towards its universality.

We have compared our approach with the recent re-
sults obtained by using the inverse scattering method [14—
17, 27], and shown that these results can be rephrased
into the same Wiener-Hopf equation (86), upon modifica~
tion of the kernel K. This further emphasises the wide
range of applications of this equation, and makes it a
new promising tool to investigate further questions in
single-file diffusion and beyond.

Appendix A: Computations at lowest orders from
Macroscopic Fluctuation Theory

Macroscopic Fluctuation Theory [49-53] is a coarsed-
grained description of a single-file system at large time
and large distances. The system is then described by a
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continuous density field p(x,t), which evolves stochasti-
cally in time. All the microscopic details of the model
are encoded in the two transport coefficients D(p) and
o(p) defined in Section VIIA. For the SEP, D(p) = 5
and o(p) = p(1 — p). The probability to evolve from an
initial profile p(z,0) to a final profile p(x,T) at time T
is given by the functional integral over the all the possi-
ble time evolutions, and over a conjugate field H which
enforces the continuity relation between the current and
the density [30]:

P(p(,0) = p(w. 7)) = [ Dlpta,)DIH(z, )] o501,

(A1)

where the action S reads
%) T
Slp, H) = / dx/ dt <H8tp+D(p)8wp8$H
—o00 0
- ”(2’”<8IH>2> - (a2)

The initial condition is also random, and distributed as

Plp(z, 0)] = e FIe0] (A3)
where

oo p(z,0) P
Flotwo)) = [~ as | . 4228 (.0 -2), (A1)

and po(z) is the mean density of the system at position
zatt=0.

This formalism has been used to compute the first cu-
mulants of a tracer in Ref. [11]. The cumulant generating
function can indeed be expressed as

’\XT /D :cO/D (z,1)]

exp [=(S[p, H] + Flp(x,0)] —

where Xr[p| is the position of the tracer at time T', ob-
tained from the density field p(z,t) by imposing conser-
vation of the density to the right of the tracer,

H(z,1)]

AXrlp)],  (A5)

Xr(p] 00
[ setde = [ (o 1)~ pla,0)ds. (a0)
0 0

By rescaling the time ¢t by T and the position = by
VT, one can see that the terms in the exponential in
Eq. (A5) are proportional to v/T. Therefore, for large
T, the functional integrals are dominated by the optimal
realisation (g, p) of the fields (p, H) which minimize the
action S + F — AXp. This yields the equation [11]

Org = 0y [D(Q)an] — Oy [U(Q)awp] ,

~D{@)0p ~ 30" (a)(0up)?.

(A7)



with the condition at ¢t =T for p,

A

p(z,t=T)=BO(z— Xrlq]), B= JVT)

(A9)

and the initial condition for ¢, expressed in terms of
p(x,t =0):

a(z,0)  9p
dr (r)

o(r)

p(x,0) = BO(x) +/ » (A10)
po(T |

27

with po(z) the mean initial profile.

As shown in Ref. [12], the generalised density profiles (4)
can be also be computed using MFT, since

/D[P(%O)]/D[P(ﬂf,t)]D[H(%t)} p(Xr[p] + r,T) e Sl HIHFP0=AXT D
wr (A, T) ~

| Plota0) [ Dt 00

Evaluating again the integrals with a saddle point estimate
for T — oo, we find the same optimal fields (g, p), and
thus

r
wr (A, T) ~q(Xrlg) +7r,T)=2 <v \/ﬁ,)\> . (A12)
The goal is to compute the profile g(z, T') of MFT at lowest
orders in A and deduce the corresponding profiles ®. We
only consider the case of the SEP, which corresponds to
the coefficients D(p) = 1/2 and o(p) = p(1 — p). As in
Ref. [11], we solve perturbatively the MFT equations by
expanding them in powers of the parameter B, defined
in (A9), as

p(z,t) = Z B"pp(x,t), qlx,t) = Z B"qp(z,t) .

(A11)

[H(x,t)] e~ Slo HIFFlp(z,0)]=AXrlp])

(

condition, and we set T' = 1 without loss of generality.

1. Flat initial density

We consider the case of a flat initial mean density
po(x) = p. The solution for the lowest orders has been
computed in [11], and reads

qo(z,t) =p, (A15)

pi(z,t) = %erfc (M) , (A16)

n>1 n>0 B p(l—p) —z B T
1 ] (A13) qi(z,t) = B [erfc < T t)) erfc <\/ﬂ
We also define (A17)
Y = Xrlg] = B"Y, . (A14) 2
,%:1 Ni=4/—(1-p), (A18)
We now distinguish two cases, depending on the initial
|
(x,t) = -1 K(z|]1 —t)+ =2 erfc ° erfe [ ——— Yo=0 (A19)
p2(z, 1 S 2(1715) 2(17t) ) 2 )
(x,t) = Pl = p)(L = 20) erfc (m) + erfc ( i ) erfc z __4h K(z|1—1%) (A20)
q2(, 1 NGT N V20—t) 1-2 ’
2 —
p3(z,t) = (1= 2p) —erf [ 2 ) erfe < _12h K(z|1 —1t)| erfc S
24 2(1 —t) 2(1 —t) 1—-2p 2(1 —t)
1 /Y3
-5 (1 1_2 + (20— 1)Y1> K(z|l —t)+u(z,t), (A21)

)



p(1—p)(1 —2p)? x
q3(x, 1) 15 lerfc (\/T) erfc( =
n p(12 p)YlK(x|1—t)( -
where
K(alt) = = (A23)

is the heat kernel, u(z,t) and h(z,
inhomogeneous heat equations

t) satistfy the following

1
Oyu = —§3§u +q1(0.11)?, (A24)
1

Oh = 535’1 — p(1 = p)d%u + 0.(¢30up1) , (A25)

with the boundary conditions
u(z,1) =0, (A26)

h(z,0) = —————q1(x,0)% + p(1 — p)u(z,0) . (A27

(z,0) %U—p)d )+ p(1 = p)u(z,0) . (A27)
In Ref. [11], these equations were not computed analyti-

cally, but instead studied numerically in order to compute
the fourth cumulant 4. These equations can actually be
studied to obtain the solution u(x,t = 1) at final time,
which is the only time we need to get ®, as shown in
Eq. (A12). We make the transformation

he,t) = — jaa(e. )" 4 p(1 = p)u(a 1)

3p(l—p

+ P2(1 - p)2iL(I,t) ’ (A28)

inspired by the form of the initial condition (A27). By
combining the equations (A24,A25), we obtain an equa-

tion on h only:

= 1 5 1 2
Oth = 551}1 - m‘h (Ozq1 — p(1 = p)Oup1)” ,
(A29)
which explicitly gives
-1 -
L2
e t X T
— —— |erfc | ——| —erfc{ —= , (A30
4t [ ( 2(1—t)> <\/ﬁ> (A30)

with h(z,0) = 0 by construction. The solution can be
written as the sum of two terms h(x,t) = hy(z,t)+he(z,t),

=)

:Yl +(1-2p) — (1 —2p)erfe (\/%)) +hz,t), (A22)
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(

where

/ dy/ dt'K(x —y|t =)

Y
4 7 erfc (M) , (A31)

[e'e] t
hg(x,t):/ dy/ A'K (z — ylt — 1)
—0o0 0

e Y
—— erfi . (A32
gy erc(m> (A32)

Let us first consider the function A;. In order to compute
it, we introduce another function,

Hy(z,t;Y) / dy/ dt'K(x —y|t — t')

e t
Art! rfc(

so that Hi(z,t;0) = hy(z,t). Since we only need to
compute the profile at final time ¢ = 1 thanks to (A12),
we will focus on ﬁl(x,t;Y). Taking a derivative with
respect to Y and performing the Gaussian integrals over
Y, we obtain

y—Y

2(1—t/)> , (A33)

_e—tha?42t’zy4+(2-t)Y?

/ dt’e 4(1—t")
71-3/2 t'(l _ t/)
(A34)

This integral can be evaluated by Mathematica (upon
performing the change of variables ¢’ — 1 —1t'), and reads

—i(e+Y)? -

We can then integrate over Y to obtain

0 e_%(m"‘y)z |3§‘—
—/_OO N erfc(

This last integral can be performed using the using the
tables given in [24], and we obtain, for 2 > 0,

- 2
hi(z,1) = ierfc (\%) - %erfc (g)

(9yH1 (z,,Y) =

8yI:11(:v, 1L,Y)=

ﬁl(x, 1) =

Y') 4y (A36)

(A37)



For hs (A32), we can perform the integral over y using
again [24],

e 21’
o(z, 1) /dt
dm\/t'(2 —t')
t/

erfe (a: Mw) (A38)

We have not been able to evaluate this integral analytically.
However, this representation allows for a very precise
numerical computation, for various values of x. We have
thus used a semi-numerical procedure to evaluate this
integral, which we now discuss. We have computed a
list of values of ha(z,1) for 100 points between 0.1 and 2.
Fitting this list of points with a few functions we expect
to find, such that powers of erfc(%), we obtain

~ X
ha(z,1) ~ 0.16666666666666677 erfc [ —

2
xr
+8.21189 x 10~ erfe ()
V2

3
X
—0.041666666666667136 erfc | — . (A39
' (ﬁ) (A39)

This is a numerical result, which we can consider to yield
an analytical result, since

1
0.16666666666666677 — 5= 111 x 10716 (A40)

1
0.041666666666667136 — 7 = 4.72 x 10716, (A41)

which are of the same order as the precision of the nu-
merical evaluation of the integral (A38). Therefore, we

|
/D xO/D (x,t)]D[H (x,t

)] X1 [p] e (SloHI+ Flo(@.0)]=AXrp])
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consider that

X

ho(z,1) = éerfc <\/§> - ierfc (\%)3 . (A42)

for = > 0 (since the fit is performed on positive values of
x). Combining these expressions with the definition (A28),
we obtain for x > 0,

h(z,1) = % erfc <\2> - %erfc (g)Q (A43)

Using a similar approach for z < 0, we finally find that

)=o) (e (1) - Fere (1))

(A44)
Combined with the expression (A22), this completes the
resolution of the MFT equations (at ¢ = 1) at order 3 in
A
Note that, in this procedure, we have used a fit to deter-
mine an integral, so the result is not fully analytic. This
expression is used to obtain (49) in the main text, from
which is deduced (51). Nevertheless, this last equation
can be obtained fully analytically by considering the case
of a step initial density (see below), from which (56) is
deduced.

The last step is to relate B and A. This cannot be done
from the relation (A9) because ¢(z,T') is discontinuous at
x =Y. In Ref. [11], the relation between these parameters
was obtained by optimising the action with respect to
B. This procedure is rather complex, so here we use a
shortcut. Y = Xr[q] is the position of the tracer in the
optimal configuration ¢q. From the fonctional integral, it
is given by

(Xretr) 4

/D (z,0)] /D x,t)]

which is the derivative of the cumulant generating function
of Xp, computed in [9, 10]. This result directly gives the
expansion of Y = Xr[g] in powers of A, which combined
with (A14) yields

M40,

(A46)
Finally, using the relation (A12) between ¢ and ®, we

A ((@=p? (A-p)(1—-2p)
B_p+( T 603

H(z, £)] e~ (Sl HI+Flo(.0)-AXr ()

= In (e*¥7) | (A45)

(AXr) T dA

(

obtain for the first orders

B(w) = p+ AP erfe(w)
A2 (“ - p)4(; =20) exfe(v) — 1;/)%—”2)
e ((1_,0) 2(3 +m)p? — (121+277:p)5 +6+mp(1—p) exte(v)
+ - pp2s ););3/[(1 =20 -

(1—p)? v ) 4
- erfc(ﬂ) )+(9(A), (A47)



for v > 0. The expression for v < 0 can be deduced by
replacing v — —v and A — —\.

2. Step initial density

We now consider the case of an initial step density

_J py forz>0,
po(l‘)—{p for x < 0.

At lowest order, the MFT equations give

qo(x,t):%erfc (-\%) %erfc (\/%) (A49)

from which we deduce Y| solution of

(A48)

Y() oo
/ do(z, 1)da = / (do(2,1) — qola,0))de . (A50)
0 0
At first order, we get
YQ — X
x,t) = = erfc , A51
Pl t) = ( 2(1—t)> (A51)
while ¢; is solution of
1
vy = =021 — 9x(qo(1 — 40)upr) (A52)

2
with
q1(2,0) = qo(z,0)(1 = go(z, 0))(p1(,0) — ©(x)) . (A53)
We define

Ch(xvt) = QO(‘r»t)(]- - QO(xvt))pl(xvt) + (jl(xat) ) (A54)

which is solution of

- 1, 5.
oG = =0%G1 — (0.q0)*p1 , (A55)

2
with
01(2,0) = —py (1 - p,)B(a)

The equation can be solved by treating Yy, which appears
in pp, as a parameter, and differentiating with respect to
Yo. This gives, for ¢t = 1:

(A56)

. (P+ = P=)° 1wty |z — Yo
Ovpi(w,1) = +4\/7T' e~ 7 (@HY0)" erfe 5
(A5T)

Integrating over Y, and adding the contribution of the
initial condition, we finally get

q(z,t =1) = qo(x,1)(1 - qo(,1))O(z — Yp)
® dz _: 2 |z — z|
(p-i- P ) /Yo 4ﬁ 2

_Merfc (‘m) (A58)
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Since qq is continuous, we can actually use (A9) to deduce
_ A
q0 (YO, 1)

which combined with (A45) yields Y} = v/2&2q0(Yo, 1).
Finally, from (A12) we get

B + 0\, (A59)

Dp(v) = % erfe(—v — k1) + % erfc(v+ #1), (AG6O)

with &; = Y/v/2, and

By (0) = R ®(v) + ﬁ(o)%(v)(l — By (v))
_ p+2(é0_(0l;+) erfc(—v — k1)
_(P+—Pf)2 > dz o 3 H2R1+2)* g v — 2|
%o(0) / o f(ﬂ)

(A61)

where the second cumulant &9 is given in [9, 10], but its
exact value is not required here, since the term involving
Ko will cancel in (56).

Appendix B: Numerical simulations

Here we provide some details on the microscopic sim-
ulations performed for the different systems presented
in the paper. Most of these explanations were already
presented in Refs. [12, 13].

1. Symmetric exclusion process

The SEP simulations are performed on a periodic ring
of size L = 5000 sites, with N = pL particles at average
density p. The particles are initially placed uniformly at
random. The particle jumps are implemented as follows: a
particle is chosen uniformly at random, with one direction
(left and right with equal probabilities). If the chosen
particle has no neighbour in this direction, the jump
is performed, otherwise it is rejected. In both cases,
the simulation time is incremented by a random number
chosen from an exponential distribution of rate N.

We iterate this process until the wanted final time is
reached. We keep track of a particle (the tracer) and calcu-
late the moments of its displacement and the generalized
density profiles.

2. Kipnis-Marchioro-Presutti model

On each site of a periodic lattice of length L = 500, we
place a continuous energy variable €; > 0. The variables
are initialized according to the equilibrium measure, which
is a product of exponential laws of parameter p = 1



(the variables represent energies, so this corresponds to
a Boltzmann distribution). Similarly as in the SEP, we
choose a site n according to the uniform distribution on
integers between 1 and L, then we compute the sum of
energy variables at sites n and n 4+ 1 and we randomly
redistribute it between these sites. The first site receives a
random fraction of the energy sampled from the uniform
distribution on the real interval [0, 1] and the other site
receives the remainder. The simulation time is increment
by a random number following an exponential distribution
of rate L.

Initially we define the position of the tracer to be 0.
We fix a site b = | L/2| and we denote e the sum of the
variables on sites between 0 and b at initial time. At
further times, the position of the tracer is the site x such
that the sum of the variables on sites between x and b
plus the total current (since initial time) between sites
b and b+ 1 is equal to e. If x is greater than b+ 1 we
count the variables negatively. This corresponds to the
definition (A6) in the hydrodynamic description in the
limit of large L. We averaged the observables of interest
over 10° simulations.

3. Random-average process

To simulate the RAP, we place N = 10000 particles
at positions z; on a periodic ring of length L = 10000.
When a particle jumps in a given direction, it travels a
random fraction following the uniform law on [0, 1] of the
distance to the next particle. At equilibrium, the particles
are distributed according to the following law [44], where
we define the gaps ¢; = ;41 — ;.

N 1 N
Pr.({9n}) o< [T NG 4 ( gn — L) : (B1)

n=
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This can be rephrased in terms of variables G,, = /gn-
The vector (G, ...,Gy) is uniformly distributed on the
N-dimensional sphere of radius v/L. To sample this distri-
bution, we simply draw IV independent gaussian variables
X; with zero mean and unit variance and we consider

X2

N .
> X
n=1

9i=Gi=1L (B2)

The data we use in our plots have been averaged from
8 - 10° simulations.

4. The double exclusion process

We simulate a periodic system of L = 2000 sites and N
particles. Initially, the equilibrium measure is sampled the
following way: we place at random N particles on a ring
of L — N sites uniformly among all possible configurations,
then we add a site in front of each particle. The dynamics
is then simulated the same way as the SEP. We chose a
particle according to the uniform law among all particles,
and a direction (left or right with probability 1/2). The
difference compared to the SEP is that here the jump is
performed only if the two neighbouring sites in the chosen
direction are empty, otherwise it is rejected. In both cases
the simulation time is incremented by a random number
sampled from an exponential distribution of rate N.

Initially, one particle is chosen to be the tracer (defin-
ing the position 0 on the ring) and its displacements
are followed during all the dynamics. We perform 10%
simulations.
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