<]
TUDelft

Delft University of Technology

Stationary Fluctuations of Run-and-Tumble Particles

Redig, Frank; van Wiechen, Hidde

DOI
10.61102/1024-2953-mprf.2024.30.2.003

Publication date
2024

Document Version
Final published version

Published in
Markov Processes and Related Fields

Citation (APA)
Redig, F., & van Wiechen, H. (2024). Stationary Fluctuations of Run-and-Tumble Particles. Markov
Processes and Related Fields, 30(2), 297-331. https://doi.org/10.61102/1024-2953-mprf.2024.30.2.003

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.61102/1024-2953-mprf.2024.30.2.003
https://doi.org/10.61102/1024-2953-mprf.2024.30.2.003

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Markov Processes Relat. Fields 30, 297-331 (2024)

Markov
Processes
and

Related Fields

Stationary Fluctuations of
Run-and-Tumble Particles

Frank Redig! and Hidde van Wiechen?

I Delft Institute of Applied Mathematics, TU Delft, Delft, The Netherlands.
E-mail: f.h.j.redig@tudelft.nl

2 Delft Institute of Applied Mathematics, TU Delft, Delft, The Netherlands.
E-mail: h.vanwiechen@tudelft.nl

Submitted March 12, 2024, Accepted June 18, 2024

Abstract. We study the stationary fluctuations of independent run-and-tumble
particles. We prove that the joint densities of particles with given internal
state converges to an infinite dimensional Ornstein-Uhlenbeck process. We also
consider an interacting case, where the particles are subjected to exclusion.
We then study the fluctuations of the total density, which is a non-Markovian
Gaussian process, and obtain its covariance in closed form. By considering small
noise limits of this non-Markovian Gaussian process, we obtain in a concrete
example a large deviation rate function containing memory terms.
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1. Introduction

In this paper we consider a system of independent run-and-tumble parti-
cles on Z and study the stationary fluctuations of its empirical distribution.
Because particles have positions and internal states (which determine the direc-
tion in which they move and/or their rate of hopping over lattice edges), the
hydrodynamic limit is a system of linear reaction-diffusion equations, describ-
ing the macroscopic joint evolution of the densities of particles with a given
internal state. In this sense, the paper can be viewed as a study of macroscopic
properties of the multi-layer particle systems which we studied in [12]. The
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study of hydrodynamic limits and fluctuations around the hydrodynamic limit
for particles with internal states, or alternatively, multi-layer systems is quite
recent, and to our knowledge at present only a limited set of results is known:
see [5], [6], [7], [13].

Our interest in multi-layer systems is motivated from the study of active
particles (see e.g. [3]), the study of double diffusivity models (see e.g. [6] and
references therein), and finally the study of particle systems described macro-
scopically by equations containing memory terms. In this paper we consider
multi-layer systems in which duality can be applied. Duality is a powerful tool
which reduces the study of the hydrodynamic limit to the scaling limit of a
single (dual) particle, and as we show in this paper (see Section 3.1 below) also
determines uniquely the covariance of the stationary fluctuations of the empiri-
cal density of particles. Provided one can show that the stationary fluctuations
converge to a Gaussian limiting (distribution-valued) process, this limiting co-
variance uniquely determines the limiting stationary Gaussian process.

In our paper we prove that the fluctuation fields of the densities of particles
with given internal state converge to a system of stochastic partial differential
equations. In these limiting equations, the drift is determined by the hydrody-
namic limit, whereas the noise has both a conservative part coming from the
transport of particles with a given internal state as well as a non-conservative
part coming from the flipping of internal states. We first deal with a system of
independent particles, which has a simple dual consisting of independent par-
ticles with reversed velocities. Next we indicate how to deal with interacting
particles such as layered exclusion processes, where still duality can be used.

One of our motivations of studying fluctuation fields of particles with in-
ternal states is to understand fluctuation properties of the total density, i.e.,
disregarding the internal states of the particles. The configuration which gives
at each site the total number of particles is one of the simplest examples of
a non-Markovian interacting particle system. The study of the hydrodynamic
limit, fluctuations and large deviations around the hydrodynamic limit for non-
Markovian particle systems is largely terra incognita. Therefore, we believe
that simple examples in which one can have some grip on the explicit form of
fluctuations and large deviations are important to obtain.

In our setting, we prove that the fluctuations of the total density of parti-
cles converges to a Gaussian distribution-valued process which satisfies a non-
Markovian SPDE. We provide a concrete example where we can explicitly char-
acterize the large deviations of the limiting SPDE in the small noise limit. These
large deviations give an indication of the large deviations of the total density of
particles. The latter can of course also be obtained via a contraction principle
from the large deviations of the joint densities of particles with a given internal
state. However, the large deviation rate function obtained via this contraction
principle is very implicit, and therefore in this paper we preferred not to follow
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this road in order to obtain an explicit form of the memory terms of the rate
function.

The rest of our paper is organized as follows. In Section 2 we introduce the
run-and-tumble particle model and state preliminary results on ergodic mea-
sures, duality and hydrodynamic limit, the latter of which will be proven in the
appendix A. In Section 3 we state the main result on stationary fluctuations
for independent particles, Theorem 3.1, provide a direct proof of the limiting
covariance in Section 3.1, and consider an interacting case, namely a multi-layer
version of the symmetric exclusion process, in Section 3.2. In Section 4 we study
the hydrodynamic limit and the fluctuations of the total density of particles, and
prove a large deviations result for the limiting fluctuation process in a particular
case. In Section 5 we prove the Theorem 3.1.

2. Basic notations and definitions

In this paper we will look at the run-and-tumble particle process, which is
a process designed to model active particles. Let V :=Z x S, with S C Z a
finite set. The set V is the state space of a single run-and-tumble particle. We
see elements v = (z,0) € V as particles with position 2 € Z and internal state
o € S. The dynamics of a single run-and-tumble particle are now as follows

i. At rate xN? the particle performs a nearest neighbor jump, i.e., (z,0) —
(x+1,0)

ii. At rate AN the particle performs an active jump in the direction of its
internal state, i.e., (z,0) = (x + 0,0).

ili. At rate ¢(o,0’) the particle changes its internal state from o to o', i.e.
(x,0) = (x,0’). Here we assume that the rates {c(o,0’) : 0,0’ € S} are
irreducible and symmetric, i.e., ¢(o,0’) = ¢(o’, o).

The run-and-tumble particle process is the process of configurations consisting
of independent run-and-tumble particles. More precisely it is a Markov process
{ny : t > 0} on the state space  := NY consisting of independent random
walkers on V' where every particle has the dynamics as described above.

From the dynamics we can write down the following generator Ly acting on
local functions, i.e., functions f : 2 — R which only depend on a finite number
of sites in V.

Lyf(n) = kN2 Z n(x,a) (f(n(z,o)—%fc+1,o)) 4 f(n(r,a)—%r—l,a)) _ Qf(n))

(z,0)€V

FAN Y (o) (f(n=2 @) — f)

(z,0)EV
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+ YD @ a)elo.o) (F ) — fm)). (2.1)

(z,0)eV o'€S

Here 7(x, o) denotes the number of particles at site (z,0) € V in the configura-
tion n, and n(z’”)”(y’al) denotes the configuration 1 where a single particle has
moved from (z,0) to (y,o’).

With this choice of scaling, in the macroscopic limit, the densities of particles
with a given internal state satisfy a system of linear reaction-diffusion equations
(see section 4.1 below for the explicit form). Equivalently, one can view the
choice of scaling as a diffusive time scale (t — N?t), a weak asymmetry (active
jumps in the direction of the velocity occur at rate N = N™!N?), and a slow
reaction term (changes of internal state happen at rate 1 = N~2N2. The
scaling is also such that the motion of a single particle converges to a multi-
layer Brownian motion with layer-dependent drift (cf. section 2.1 below).

2.1. Scaling limit of the single particle dynamics

We will denote by Zy the Markov generator of a single run-and-tumble
particle (rescaled in space), more precisely, the generator of the process (%, ot)
where X; denotes the position and o; the internal state of the particle.

This generator acts on a core consisting of test functions on the space R x S,
which we denote by C%, and which is defined via

Cos={¢p:Rx S =R:4(-,0) € CF(R) for all 0 € S}.
The generator £y then reads as follows:

Ing(x,0) = kN ($(x + 5,0) + d(z — §,0) = 2¢(z, 0))
+ AN (¢(x + %, 0) — ¢(x,0))
+ Z 0(07 0’/)(gb($(:, OJ) - ¢('T7 U))

o'eS

Corresponding to this generator we have the corresponding Markov semigroup
which we denote by S}. Via Taylor approximation we obtain that Znx¢ — A¢
uniformly as N — oo, where A is the differential operator given by

Agf)(.%, U) = (gazz + U)\az) ¢($, U) + Z C(O—v UI) ((;5(1’,0’) - ¢(x70—)) (22)

o’'es

Because A generates a Markov semigroup as well, as a consequence of the con-
vergence of the generators we can also obtain SN¢ — e'4¢ uniformly for all
¢ € Co,g, i.e., the functions space consisting of functions ¢ : R x S — R such
that ¢(-,0) € Co(R) for all o € S.
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The operator A above is also an operator on (a subset of) the Hilbert space
L?(dz x | - |g), where | - | is the counting measure over S. The inner product
on this Hilbert space, denoted by ({,-)), is the following

(6, 0) :==>_ [ ¢(x,0)¥(z,0)da. (2.3)
o€eS R

Later on we will need the adjoint of the operator A with respect to this inner
product, which acts on ¢ € CZ% as follows:

A G(2,0) = (5000 — 0AD) b(x,0) + Y c(0,0")(¢(2,0") — d(x,0)). (2.4)
o’esS
2.2. Basic properties of independent run-and-tumble particles
Before we state the theorem of the stationary fluctuations, we first review a
few known results on run-and-tumble particles which we need.
2.2.1. Stationary ergodic product measures

We define the measures 1, with p € [0, 00), as the product Poisson measure
with density p, i.e.

In [12] it is proved that these measures are stationary and ergodic with respect
for run-and-tumble particle process {n; : t > 0}. For this reason, when we study
the stationary fluctuations of the densities of particles with given internal state,
we will start the process {n; : t > 0} from the measure p,.

2.2.2. Duality

Definition 2.1. We say that two Markov processes {n; : ¢t > 0} and {& : ¢ > 0},
on the state spaces Q and €’ respectively, are dual to one another with respect
to a duality function D : Q x Q' — R if

E, [D(&,m)] = E¢ [D(&.m)] < oo, (2.5)

where E, denotes the expectation in {n; : £ > 0} starting from n and I/['ig the
expectation in the dual process {&; : t > 0} starting from ¢&.

In [12] it is proved that the run-and-tumble particle process is dual to its time-
reversed process where the active jumps are in the reverse direction, i.e., the
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process corresponding to the following generator

Entn) =N 3 n(a,o) (F(n@n010) 4 p(eo6-1m) Zaf(p)
(x,0)EV

+AN > (x,0) (f(n(””"’)ﬂ(””"”")) *f(n))

(z,0)€V

+ Y S o)l d) (FEE) — )

(z,0)eV o’€S
The duality function is then given by

= n(@, o)t . z,0 z,0
D(fﬂ?) - H 5(33,0)'(7](33,0) _ §(x,a))' I(f( ) ) S 77( ’ ))a

(z,0)EV

where I denotes the indicator function, and where £ is assumed to be a finite
configuration, i.e.,

Z &(z,0) < o0.

(z,0)

In our paper we will mostly need this duality relation in the form of duality
with a single dual particle, i.e.,

E, [n(x,0)] = E(z0) [0( X, 50)],

where (%, 0¢) is the process corresponding to the (time-reversed) generator .,Qj\v

given by
Ino(@,0) = EN*($(z + %,0) + d(x — %,0) — 20(z,0))
+AN(¢(z — F,0) — ¢(z,0))
+ Z C(Uv J/)(¢($, U/) - ¢($, U))

o'eS

We denote the corresponding Markov semigroup of this process as §tN . By a
Taylor expansion, we obtain that Zn¢ — A*¢, with A* defined as in (2.4),
uniformly in N for all ¢ € CZ%, and therefore we are able to write for all

¢ € Cy,s that §tN¢ — etA g uniformly.

2.3. Hydrodynamic limit

In this section we will briefly mention the hydrodynamic limit of the run-and-
tumble particle process. For the proof, which follows standard methodology, we
refer to the appendix.
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Given a function p : R x S — R such that p(-,0) € CZ(R) for all 0 € S, we
start by defining the product Poisson measures uf)\[ for every N € N as follows

uf)\’ = ® Pois(p(£,0)). (2.6)

(z,0)€V

This is the local equilibrium distribution corresponding to the macroscopic pro-
file p.

Furthermore, for every N € N, the process {n' : t > 0} is the run-and-
tumble particle process started from 7Y ~ ,uf,\' . We can now define the empirical

measures of the process, denoted by 7V = {WtN it > 0}, as follows
1
N._ + N
Ty = N Z un (x70)6(%’0—)7 (27)
(z,0)€V

where ¢ is the dirac measure. We think of 7}V as the macroscopic profile corre-
sponding to the microscopic configuration 7;. In the rhs of (2.7) every particle
of type o contributes a mass 1/N at the “macro spatial location” x/N.

For every t > 0, 7} is a positive measure on R x S such that when paired
with a test function ¢ € C% we obtain

o) = (o) =5 3w @ o)o(E0)

(z,0)eV

By the choice of the initial distribution, we have at time ¢t = 0 zero that

W(J)V(gb) — /p(z,cr)gb(a:,a)d:c.

We then have the following result for the hydrodynamic limit.

Theorem 2.1. For every t > 0, ¢ > 0 and ¢ € C%, we have that

lim IP’<
N—oo

where pi(z,0) solves the PDE p, = A*p, with initial condition po(z,0) =
plx, o).

W) -3 [ ateopiwo] <) <o

This results is actually a corollary of an stronger theorem which shows con-
vergence of the trajectories 77V in the path space D([0,T]; M) equipped with
the Skorokhod topology, where M is the space of Radon measures on R x S.
Let m = {m : t > 0} denote the trajectory of measures on R x S such that for
all t > 0,¢ € CZ% we have that (¢, m) = ((¢, pr)), where p; solves the PDE
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in the above theorem. The trajectory 7 is then the unique continuous path in
D([0,T]); M) such that for all ¢ € CZ%

M (7) = () — mo(6) - / mo(Ad) ds = 0. (2.8)

Theorem 2.2. For any N € N, let PV be the law of the process 7. Then
PN — 6, weakly in D([0,T); M) for any T > 0, with 7 the unique continuous
path solving (2.8).

For the sake of self-containedness, the proof of Theorem 2.2 is provided in the
appendix. The method of proof is standard and it follows Seppélédinen, in [14,
Chapter 8.

2.4. Fluctuation fields
For every N € N, we define the fluctuation field YV := {V}V : ¢t > 0} as

v = \/% Z (nt(xaa) - p)é(iﬂy (2.9)

N
T€EZ

This process takes values in the space of distributions on R x S, denoted by
( SOS)* We expect the fluctuation field YV to converge weakly to a generalized
stationary Ornstein-Uhlenbeck process. Before we can state the result we first
recall some basic definitions of space-time white noise (see e.g. [8] for a detailed
account).

Definition 2.2. A random distribution # is called a white noise on R x S if
{{o,7) : ¢ € C} is jointly centered Gaussian with covariance

E[(¢, 7)) (0, 7)) = {{$,4)) ,

where ((,)) denotes the inner product defined in (2.3). We denote by d#; the
time-differential of space-time white noise. This object is such that when paired
with a test function ¢ € C2% and integrated over time gives a Brownian motion,
ie.,

/0 (6,4%4) = B((6, &) 1),

where B(+) is a standard Brownian motion on R. We denote by dgft the corre-

sponding space-time white noise. This random space-time distribution is such
that for all ¢ : [0,7] x R x S — R, with ¢(¢,-) a test function (¢, d(Z*) is jointly
Gaussian with covariance

B [(0. 20 (0. 2] = [ ottt .
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Remark 2.1. Informally speaking, a white noise on R x S is a Gaussian field
W (x, o) with covariance §(x — y)d, o+, and a space-time white noise on R x S
is a Gaussian field W (¢, z, o) with covariance §(t' — t)d(x — ¥)do.o7-

3. Stationary fluctuations

We are now ready to state our result on stationary fluctuations. We start
with the case of independent particles; in Section 3.2 below we will consider an
interacting case.

Theorem 3.1. Assume that 1 is distributed according to the Poisson product
measure pi,. For every N € N, let QI denote the law of the process YV defined
in (2.9). Then QN — Q weakly in D([0,T]; ( o%)*) for any T' > 0, where Q is
the law of the stationary Gaussian process Y satisfying the following SPDE

AY; = A*Y; dt + \/2kp8, AW + \/2p% d¥. (3.1)

Here d#; and d%,; are two independent space-time white noises on the space
R x S, and ¥ is the operator working on test functions ¢ € C% as

(2¢)(z,0) ==Y _ clo,0)((x,0") — ¢(,0)). (3.2)
o'es

By the assumed symmetry of the rates ¢(o, o), for ¢, ¢ € 2 we have ((¥¢, 1))
= ((¢, X)), and moreover ((X¢, 1)) > 0. Hence the operator is bounded, self-
adjoint and non-negative and therefore its square root /% is well-defined. The
process J,, d%#; is defined as the process of distributions such that for all ¢ € oS

(6,00 AW3) = — (00, AW4) .

The rigorous meaning of the SPDE in (3.1) is defined in terms of a martingale
problem as in [9]. More precisely, the map ¢ — Yi(¢) is the solution of the
following martingale problem: for every ¢ € CZ%, the following two processes

M) = Yi(9) — Yo(d) - /0 Y, (Ad)ds,
M) = ML (Y)? = 2thp (050, 0:0)) — 2tp (9, )

(3.3)

are martingales with respect to the natural filtration .#; = o(Y; : 0 < s <1{).

3.1. Stationary covariance of the fluctuation fields via duality

We will first compare the covariance structure of the limiting process of Y%V
with the covariance structure of the process solving the SPDE in (3.1). This
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covariance uniquely characterizes the process. More precisely, if we can prove
that Y,V — Y; where Y; is a distribution-valued stationary Gaussian process,
then the covariance E(Y;(¢)Yy(v)) uniquely determines this process. In that
sense, the computation of the covariance already determines the only possible
candidate limit Y;. As we show below, the covariance is in turn completely deter-
mined by the scaling limit of a single dual particle. This shows that for systems
with duality, both the hydrodynamic limit and the stationary fluctuations are
uniquely determined by the scaling limit of a single dual particle.

Proposition 3.2. For all ¢,v € C°(R x S)

lim E[V;"(9)Yy" (¥)] = E[Yi(¢)Yo(¥)] = p- (("¢,4)) -

N —o0

Here E denotes the stationary expectation starting from the initial configuration
distributed according to ng ~ fi,.

Proof. 1Y is a solution to the SPDE in (3.1), then we can write
¢
Yilo) = A(Y) +Yo(o) + [ Yi(ad)ds,
0

where ./ (Y) is a martingale with respect to the filtration .Z; = o (Y, :0 < s < t)
such that //lg) (Y) = 0. By the martingale property we have that

E[4 (Y)Yo(¥)] = E[EL4 (Y)Yo ()| Fo]] = E[Yo($)EL4 (V)| F]] =0,

and so

t

E[Yi(¢)Yo(¥)] = E[Yo(¢)Yo(¥)] + | E[Y:(A¢)Yo(¥)] ds.

Therefore, using that E[Y;(¢)Yo(w)] = ((¢,¢)) we obtain that if ¥ is a solution
of (3.1), then we have

E[Y:(8)Yo(¥)] = E[Yo(e"¢)Yo(1h)] = p- (" ¢,)) .

On the other hand, for any N € N we have that
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> Y 60k B |Covi, (n(Xe 80 n(w.0)]

(z,0)€V (y,0’)EV

where we used duality for the second equality and Fubini for the last equality.
Now note that, because p, is a product of Poisson measures, the covariance

term is equal to p if and only if ()?t, 0:) = (y,0') and zero otherwise. Therefore

> $(4.0)E w0 [Covup (n()?tﬁt),n(y,a’))}

(y,0")eV
=0 Y 0B |1 (X8 = (,0)]
(y,0")EV
= - SN 0)%.0). (35)

Here S'\,fv is the semigroup of the Markov process (%,Et
the following uniform convergence SNt — e*4" ¢ (see Section 2.2.2) . By now
combining (3.4) and (3.5), we find that

), for which we have

E YN ()Y ()] = N ST (£.0)(SNe)(E0)

(x, U)EV(% nev
s o (et u)) =0 (o)),

which concludes the proof. O

Remark 3.1. In Proposition 3.2, the only place where the independence of the
particles is manifest is in the pre-factor p which corresponds to the limiting
variance of the fluctuation field at time zero, because 7 is distributed as p,,.
When considering any other system which satisfies duality, when A is the scaling
limit of the single particle generator, and x(p) is the limiting variance of the
fluctuation field at time zero, we find that the limiting covariance is given by

E[Y:(8)Yo(¥)] = x(p) ((e"p10)) .

E.g. for the exclusion process studied in the section below, x(p) = p(a — p).

3.2. Interacting case: the multi-layer SEP

The multi-layer symmetric exclusion process, or multi-layer SEP, is a gen-
eralization of the symmetric exclusion process on Z to the multi-layered setting
on Z x S. For this process we look at configurations n € {0,1,...,a}V with
a € N i.e., there are at most « particles per site v € V. Instead of having
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an active component on every layer o € S like the run-and-tumble particle sys-
tem, multi-layer SEP switches to a different diffusion coéfficient, denoted by &,
between the layers. The generator of this process is then as follows

L3P ()
=N* > ke Y n(@,0)(a—n(y,0)) (f(n“”"’)*(y"’)) —f(n))

(z,0)eV le—y|=1

+ Y Y dod @ o)a—n(e.0) (F(n D) - fm)).

(z,0)eV o’€S

In [12] it is proved that this process is self-dual and has ergodic measures given
by product Binomial measures v, = @), ¢y Bin(a, p) where p € (0, 1) is constant.
The corresponding single-particle generator is then given by

g]gEP¢(x7 0) = OZKJU(((b(l‘ + %7 0) + (]5(1' - %a U) - 2¢(£L’, U))
+ Z C(U, OJ) (¢(‘T7 0/) - ¢($7 J))v
o’eS
and Z{FF ¢ — B¢ uniformly, where

%8”.(?(3:,0) + Z ac(o,0")(¢(z,0") — ¢(x,0)).

2
o'eS

(Bo)(x,0) =

Since we took the rates ¢(o,0’) symmetric, this operator is self-adjoint in the
Hilbert space L2(dx x | - |s).

Using the same line of proof as in Section 5 below, we obtain the following
SPDE for the stationary fluctuation field,

dY; = BY; dt + \/2p(ac — p) K8, d#; + \/2p(a — p)T d¥,. (3.6)

Here K is the operator given by (K¢)(x,0) = ked(z,0). Note in the noise
terms the appearance of the terms p(a — p) instead of p as in (3.1). This comes
from the fact that for (x,0) # (y,0’)

E,, [ns(z,0)(a —ns(y,0"))] = pla = p),

which plays a role in the calculation of the expectation of the Carré du champ
operator.

4. Scaling limits of the total density

If we sum over the layers, i.e., over the o-variables, then the resulting con-
figuration which gives the total number of particles at each site is no longer
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a Markov process. Therefore, both in the hydrodynamic limit as well as in
the fluctuations we expect memory terms to appear in the form of higher or-
der time derivatives in the limiting equations. The stationary fluctuations of
the empirical distribution of the total number of particles will then become a
non-Markovian Gaussian process which we can identify explicitly.

Next, we consider the small-noise limit of these fluctuations. We then obtain
a large deviation principle via large deviations of Schilder’s type for Gaussian
processes (i.e., small variance limit of Gaussian processes, see e.g. [4] p. 88, and
also [10]), and we have memory terms in the corresponding large deviation rate
function. We will make these memory effects explicit in the simplest possible
setting where x = 0 in (2.1). To our knowledge, this is the first example of an
explicit expression for a large deviation rate function of the empirical distribu-
tion of particles in a non-Markovian context. In general such rate functions can
be obtained from the contraction principle of the Markovian multi-layer system,
but this expression in the form of an infimum is implicit, can rarely be made
explicit, and therefore does not make manifest the effect of memory terms.

In the whole of this section, for notational simplicity, we further restrict to
S = {-1,1} (two layers) and put ¢(1,—1) = ¢(—1,1) =: 4. The aim is then
to study the fluctuations of the total density of particles, where we sum up the
particles in both layers. This produces an empirical measure and fluctuation
field on R given by

N __ 1 N
Ct - N Z un (93,0’)5%7 Zt \/* Z 77t €z, U p)a%

(z,0)eV (z,0)eV

4.1. Hydrodynamic equation for the total density

From Theorem 2.1 we can deduce that ¢} converges in probability to o (x)dx,
where the density g;(z) is the sum of the densities on both layers, i.e., o;(x) =
pe(z,1) + pi(x,—1) with p(z,0) the solution to the hydrodynamic equation
pr = A*p. We can rewrite this equation as a coupled system of linear PDE’s
given by

pr(z, 1) =
pr(z, —1)
Summing up both equations gives us a PDE for the total density o;(x). This

PDE also depends on the difference of the densities, which we will denote by
Ai(z) := pe(x, 1) — pe(x, —1), and therefore we get a new system of PDE’s,

éf( ) = Hamcgt(x) - )\aacAt(x)v (4 1)
Ay(z) = 502a D¢ () — N0z 0i(x) — 27A¢ (). '

(ga — A0y )pt(l’,l)+’}/(pt(x,*l> 7pt(xal))7
= (5000 +A02) pe(z, 1) +v(pu(, 1) — pu(, —1)).
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From this system we can actually find a closed equation for g(x). Namely, by
first taking a second derivative in time of the upper equation we find that

bi(x) = gam@t () — A0z A (x) (4.2)

Ko K
= S0nsie() = N, (50neAi(x) = Ms01(2) = 29A(@) )

Now we use that from the first equation in (4.1) we have —\0,A(x) = () —
50z 0¢(x). Substituting this in (4.2), we find the following closed equation for
the total density

2

0 ) erlw).

61(2) = (K00 +27)0(2) = (V2 = 78)000 —

4.2. Fluctuations of the total density

For the analysis of the fluctuation field of the total density we first define the
fluctuation fields of each layer, and then by taking higher order derivatives as
in the previous subsection, we obtain a second order SPDE for the fluctuations
of the total density (cf. (4.7) below). We first set up a framework where we can
rigorously deal with the various distributions coming from the SPDE given in
(3.1) corresponding to both layers. We start by defining a fluctuation field for
each layer individually.

Yt],\[r = % Z(nt(xvo) - p)(S%v oe{-1,1}

TEZ

The relation between these fluctuation fields and Z} is as follows: for every
¢ € C° we have that

(6, Z)) = (0, YNy + (6, Y,V). (4.3)

However, there is also a direct relation between the fluctuation fields on both
layers and the fluctuation field ;Y on R x S defined in (2.9): for every ¢ € oS
the following holds

(0, Y,7) = (6(- 1), Y1) + (6(, =1), Yily) - (4.4)

In this way Y,”V, but more importantly its limiting process Y;, can be interpreted
e T .
as a column vector of distributions, ¥; = (Y;1 Y1), working on a row

vector of functions, ¢ = (qb(-, 1) o, —1)). With this in mind, we can look at
the vector representation of the measure A*Y;. We have that

(9, A™Yy) = (A9, V)
= <(%a:rz + )\81)¢(, 1)7Y;5,1> + <¢(7 1)7’7(}/;5,71 - th,1)>
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+ (5000 = A02)0(-, =1), i 1) + (6(, =1),7(Yeq = Vi -1))
=(¢(-,1), (5000 — AN02) Y21 +7(Yy—1 — Y1)
(0, =1), (5000 + A00) Vi1 + (Y — Yi—1)) -
Therefore A*Y; corresponds to the following vector of distributions

(gawz - A8%)}/:‘,,1 + ’Y(}/t,—l - Yt,l)
A*Y; =
(gamx + )\az))/t.,—l + 'Y(Y;&,l - Y;ﬁ,—l)

In a similar way we can find a vector representation of the noise part in the
SPDE (3.1), namely

g th,l thJ
2600, AWy 4+ \/2p5 AWy = \/2Kkp0, (th’l) +/2p% (th7_1>

V2kp0, AW 1 + /P (th,—1 - dWm)
VEp0, AW,y + /37 (AW — AW,y

)

where all the dW; ;, th,i are independent space-time white noises on R. In this
notation, the SPDE in (3.1) actually gives us a system of SPDE’s given by

AV = [5022Ye1 — A0 Y1 +v (Vi1 — Yiq)] dt
+ V2kp0, AWy 1 + \/’YP(th,fl - th,l)a
AV 1 = [500aYe,—1 + A0 Ye 1 +7 (Vi1 — Vi) dt
+ \/QHpax th,—l + ./’yp(dWm — th7_1).

Now we are able to sum up these equations to get an SPDE for the fluctuation
process of the total density Z;. Just like in the hydrodynamic limit, this will
again depend on the difference of the two processes above, denoted by R; :=
Y;1 — Y;,—1. This gives us the following system of coupled SPDE’s

AdZ; = (50002 — N0 Ry | dt + 2,/Kpd, AW, 7, (4.5)
ARy = [£0,u Ry — N0y Zy — 2yRy] At + 2\ /Rpdy AW, g + 24/27p AW, .
where
1
Wiz = 7 W1 +Wi—1),
1
Wir = 7 (Wi — Wi —1),
. 1 /-~ -
Wo= 5 (Wor = Wi

which are all independent space-time white noises on R.
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4.3. Covariance of the total density

The process Z; introduced as in (4.5) is a (non-Markovian) stationary Gaus-
sian processes. Therefore, we can characterize Z; through its covariances. Using
(4.3) and (4.4), we can actually relate this covariance to the covariance structure
of Y;, which we have already calculated in Proposition 3.2. In order to do so,
for a given ¢,¢ € Cg° we define the functions ¢,¢ € C% via ¢(z,0) = ¢(x)
and ¢ (z,0) = 9(z). The covariance can then be computed as follows

B[, Zi) (1, Zo)]

(¢, Y2, 1> (#,Y:,-1)) (W,YO 1) + (¥, Yo,-1))]

(0(,1), Y1) + (o(-=1),Ye 1)) (((, 1), You) + (¥(, =1), Yo,-1))]
@YQ<¢36>

o ((.5)) (46)

This covariance strongly resembles the covariance of a stationary Ornstein—
Uhlenbeck process, but notice that the semigroup e*4 works on the “extended”
functions ¢, 1), which corresponds to the non-Markovianity of the process {Z;,
t>0}.

Notice that the formula for the covariance obtained in (4.6) is solely based
on duality, and is therefore valid as long as we have duality for the multi-layer
system, i.e., beyond the case of two internal states and including also interacting
cases such as the multi-layer SEP.

)
E((
E[(
E[(

4.4. Closed form equation and large deviations for the case kK = 0

In the case of K = 0 the noise term vanishes in the upper equation of (4.5)
and therefore we we can solve the system explicitly. Namely, we then find that

dZ, = —\0, R, dt,
dR; = — [N0.Zy + 2vR,| dt + 2,/4p dW;.

Just like for the hydrodynamic limit of the total density, by now taking a second
derivative in time in the first equation we find that d?Z;, = —\0, dR,;dt. By
now filling in dR; from the lower equation, we have that

d2Z;

w - = A20,071 — 29A0p Ry + 2\ /70y —— dW

a7,
= N0 Zy + 2y + 2750, It (4.7)

From the expression above we are also able to obtain the rate function for
the large deviations of Zt(s) in the small noise regime, i.e., where we add a factor
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¢ before the noise W; which we will send to zero. Le., we are interested in the
large deviations of Schilder type (see [4], [10]) for the family of Gaussian process
given by

2z L az®
dt? = N0l 2 dt

+ 22, /Tpam%. (4.8)

e /\It /\exp £ It) Hl: )

which has to be interpreted in the sense of the large deviation principle in the
space of space-time distributions. The rate function in the above equation can
be derived from the log-moment-generating function of a space-time white noise
on R, which for a test function ¢ € C$°([0,T] x R) is equal to

1

5 (020, 020) 2R (0,77 -

A(g) = lim e log (E[e= " (#2-5#)]) = 2

The Legendre transform of A then yields the rate function,

* 1
A(T(tz) =  sup {(aﬁ, D) 2 (po,m)xm) — 5 (Ou6 @c@momxm}
$eC([0.TIxR)

17 2
=5 [ IRl

As a consequence, we obtain the large deviation principle for the random space-

time distribution Zt(s), namely from (4.8) it follows that

P(2\ = I(t,x))

_p(0, W 1

=t = QA\/%(f(t,x) —y(t,z) — /\28111“(75,33))) (4.9)

< exp (—6_2 ! /T Hl"(t = 29T(t,-) — A0, T(t )H2 dt)
4N /7p Jo ’ ’ B | V2 '

5. Proof of Theorem 3.1

In this section we prove Theorem 3.1, following the line of proof of Van
Ginkel and Redig in [15]. For the readers convenience we sketch the main steps.
We start by introducing the Dynkin martingales of Y,V(¢). For every ¢ €
C% and N € N, let {7 : t > 0} be the filtration generated by {Y,N : ¢ >
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0}. Because the configuration process {n; : t > 0} is a Markov processes the
following processes

A =YY 0) Y 0) - [ LaYF@)as,
0 (5.1)

t
AVIN) = N [ ) s
0

are .Z}¥-martingales, where I'’YV:? is the so-called Carré du champ operator given
by

PP (YY) = Ly (Y ()?) = 2V () LY (9)- (5.2)
The aim is then to prove that as N — oo, the martingales in (5.1) converge to the
martingales from (3.3). This fact, complemented with a proof of tightness and
the fact that the martingale problem (3.3) has a unique solution, then completes
the proof. In Section 5.1 we prove the convergence of the martingales, in Section
5.2 we prove the tightness, and in Section 5.3 we prove the uniqueness of the
solution of the martingale problem (3.3).

5.1. Substituting the martingales

Our goal for this section is to show that in the limit as N — oo, we can
substitute . (YY) and A, (YN) (with . and 4% defined as in (3.3)) for
ANV NY and ANV ?(YN) respectively. We do so in the Propositions 5.1
and 5.4. We recall the reader that the expectation E stands for the stationary
expectation starting from the initial configuration distributed according to ng ~

Hp-
Proposition 5.1. For all ¢ € C2%g we have

lim E[\//QN’¢(YN) - ///f(YN)F] = 0.

N—oc0

Proof. First of all, note that by definition

B4 N) -t (YN = E U /0 LaY(6)ds - /0 YN (49)ds

21
For a given (z,0) € V we have that

LNU(% U) = ”Nz[ﬁ(x + 170) + 77(1. - 170) - 27]($, U)]
+ AN[”(CE — 0, U) - 77(% J)]

+ Z c(o,0"n(z,0") = n(z,0)],

o’esS
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and so in particular we find that

LNYSN(qb):% > (Ewne(@,0))6(%,0)

(z,0)EV

== ¥ nlno)- (Zed)F0)

(z,0)EV

where we remind the reader that £y is the generator of a single run-and-tumble
particle on the rescaled space %Z x S. Now, using that for any ¢ € C% we

have that
(z,0)eV
we are able to write
1 T
LY@ = o= 3 ((2,0) = p) - (Zwe) (0.
(z,0)eV
Since Ly ¢ — A¢ uniformly, where A is defined in (2.2), we have that
N 1 x
LNYs (¢) = = Z (773(% U) - P) ' (A¢)(ﬁa U) + R1(¢,Na 8), (53)
\/N (z,0)€V

where Ry (¢, N, s) is an error term produced by the Taylor approximations. Since
¢ is compactly supported, if we define quv = {(z,0) € V,¢(5,0) # 0} then
\V¢N | = O(N). Furthermore, the error term is bounded in the following way

|R1(6, N, )| < Do s(@,0) = p) (Bl 0raa oo + A0 [[000 @l [0o)- (5.4)

(m,cr)GVde

1
N3/2
Therefore we find that for every ¢ € C2% and t > 0,

E [Ri(¢, N, s)?]
< wE Y o) - plne) )

(@,0).(y.0") VY

% (5 Drzalloc + 201Dl |oc)?] (5.5)

1

— L Y Cov(nn(e0)me(.0)) Rl 1res o + A% 1Brsl )
(w,o’),(y,o”)EVde

Since we are starting the process 7; from the invariant product measure p,, we
have that

Cov(ns(x,0),ns(y,0")) = p- I((x,0) = (y,0")). (5.6)
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Therefore,
1
E [R1(¢7 N, 8)2] < ﬁ‘vzﬁNM(HHawa:wqéHOO + )‘02||awm¢”00)2 — 0,

where we used the fact that \V¢N | = O(N). Note that the above convergence is
uniform in s, and therefore by dominated convergence we find that

t
Jim B[l N) - a (v )] = lim B[R0, 9] ds =0,

which concludes the proof. ]

The substitution of .4?(YN) is a bit more work and requires a fourth mo-
ment estimate. We start by proving two lemmas. The proof of the substitution
result in Proposition 5.4 immediately follows from these lemmas.

Lemma 5.2. For all ¢ € CZ% we have the following

lim E {(%th¢(YN)2 - %¢(YN)2>2] = 0. (5.7)

k—o0

Proof. We start with the following application of Holder’s inequality
2
E[(%Nﬁ¢(yN)2 N //,5¢(YN)2) }
= B[ (0 0r) =t ()P () i ()] (5.8)
1/2

< (B[40 —a? ()] B[ (0 Ny 4 ()

We will first show that the first expectation in the last line vanishes as N — oo,
and afterwards we will show that the second expectation is uniformly bounded

in N. Note that by (5.3)
(/ [Ri(6, N s)] as) ]

T
<t / E [Ri(¢,N,s)"] ds.
0

B[00 N) - (v )] = E

Using the bound in (5.4) we find that
E [Rl (¢7 N’ 8)4]

1
<w 2 E

(wi,Ui)EVév
1<i<4

4

H(ns(xia Ui) - P)] (’iHasz@ﬁ”oo + >‘02||8r1¢||00)4

=1
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Since we start from the product Poisson measure p,, we only get non-zero
contributions in the expectation on the right-hand side when all (z;,0;) are
equal or when we have two distinct pairs, given by

E [(ns(z,0) = p)'] =30 +p,  E[(ns(x,0) = p)*(ns(y,0") = p)*] = p.
Therefore, it follows that
E [Ri(¢,N,s)"] (5.9)

1
< No (V130 + p) + VST P0°) (Kl Ouwal oo + A?[|0a ]| 0) ",
and so Ry(¢, N, s,0) L.4> 0 uniformly in s. From this we can conclude that
4 t
E {(///tN@(YN) _///j’(YN)) } §t3/ E [Ri(¢,N,s)*] ds — 0.
0

To now show that the second expectation in the last line of (5.8) is uniformly
bounded in N, note that

B[N+ (M) < 8 (B[ (42 0)] + B[ (42 ™)),

(5.10)
and similarly
E[(af(v™)] <27 (IE [V (6)'] +E V5" (9)'] + E < / Y (49) ds) D :
0
(5.11)

Now we need to show that three expectations on the right-hand-side are uni-
formly bounded. For the first expectation, we find that

1
S IIOL I SR S

($1,01)€V¢N (w4,04)€V¢N

4
[Ton(ei o) - ,0)1 9] oc-

i=1
Similarly as in (5.9), we find that
1
E [V (@0)'] < 55 (V160 + ) + VT P0%) |6l = O(1), (5.12)
hence it is uniformly bounded, and similar approaches can be used for E[Y{" (¢)?]

and E [YV(A¢)*]. The fact that the last expectation in (5.11) is uniformly
bounded now follows from an application of Holder’s inequality, namely

(/OtYsN(A(ﬁ)dSyl] < t3/0T]E {(YSN(AQS))LL} .

E
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Therefore we know that E [(///f(YN ))4} is uniformly bounded. The proof for
E [(,//QN’d)(YN))‘l] works the same way if we use that

E[(LxvX(9)'] =8 (B[ (v (49)"| + E[Ri(6. N, 1,0)1])

where by (5.9) we already know that E [R1(¢, N,t,0)*] is uniformly bounded.
Hence we can conclude that (5.7) holds. O

Lemma 5.3. For all ¢ € CZ% we have the following

lim E

N —oc0

( /0 TY2(YN) ds — 2trp (000, 000)) — 2tp (¢, 2¢>>) ] =0,

with 3 defined as in (3.2).

Proof. First we recall that for a Markov process with generator L determined by
the transition rates (1, n’) the carré du champ operator is computed as follows.

LfAm)=2f () - LE) = 3 vn ) (£ )= £2(m) =2(£ () £6)~ £ ()

n'€Q

= > )0 = Fm)’ (5.13)

n’'eQ
Translating this to our setting with L = Ly and f = YV we obtain

VO N) = kN D ne(w, o) (($(5E, 0) = ¢(5%,0)* +($(57E, 0) —d(%,0))°)

(z,0)eV
+ A Z 7’]8(.73‘,0') ((b(%,(f) - ¢(%70’))2
(z,0)€V
1
+ % S o, ns(@, o) (d(z,0') — da,0))?.
(z,0)eV o’€S

Using Taylor expansion with rest term, we can write

D) = 2 S o) (065 0)’
(z,0)EV

1
+N Z Z0(0—70,)718(55’0—)((;5(%,0/)—d)(%’o-)Q
(z,0)EV €S
+ Ra(¢,s,N), (5.14)
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with Ry(¢, s, N) the error term, which is bounded as follows

1 1
a5, M) < w30 ()l Ohabllct s D0 sl 000 e

(a:,a')GV(;V (:c,a)EVde
2

Following the line of thought leading to (5.5), we obtain that Ra(¢, s, N) Lo
Therefore, for the expectation we find that

B[N0 =22 S (@.6(5,0))

(z,0)€V
2
+ 2 Y 0.0 (6(%,0') = $(%.0))* + E[Ra(6,5, V)]
o’esS
5 26p ({92, 0:)) + 2p ({6, 59)) (5.15)
and for the variance
var Vo) <« 990 St Cov(a(e.0).nu(n.0')
(@,0),(y,0") VY (5.16)
C(9,
= SOy,

with C(¢, s) some constant and where we have used (5.6) for the equality. Since
the variance converges to zero, this means that TY:¢(YV) converges to its mean
in L2. Therefore

lim E

N—oc0

( /O LYY N)ds — 2tkp (020, 029)) — 2tp (0, 2¢>>) ]

t
< lim [ E[NOYY) - 260 (0,6, 0,0)) — 20 (6, 20)))" ] ds
—0 Jo
= 0’
where we used dominated convergence for the last equality. |

Proposition 5.4. For all ¢ € CZ

2
lim E “,/VtN’d’(YN) —JVﬁ(YN)\ } ~0.

N—o00

Proof. We have that

B[40 Y) — a2 ()]
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< 2B| (MNP - P (YNP)’]

+|( DY) ds — 2t (926, ,)) — 200((6.56)) ).

0

The proof now follows from Lemma 5.2 and 5.3. O

5.2. Tightness
In this section we will show the tightness of the collection {YV : N € N}.

Proposition 5.5. {Y" : N € N} is tight in D([0,T]; (C%)*).

Proof. Since C% is a nuclear space, by Mitoma [11, Theorem 4.1] it suffices to

prove that for a fixed ¢ € C2% we have that {Y"(¢) : N € N} is tight in the
path space D([0,T]; R). Aldous’ criterion, as stated in [1, Theorem 1], tells us
that it suffices to show the following two things:

A.1 For all t € [0,T] and € > 0 there exists a compact K (t,¢) € R such that

supIP’( N(g) ¢ K(t,e)) <e.

A.2 Foralle >0

lim limsup sup P(|Y{¥(¢) — Y\ 4(8)| > ) =0,
§—0 N—oo T0€<=96T

with Jr the set of all stopping times bounded by 7'

Fix t € [0,T] and ¢ € CZ%. Then, for every o € S we have that

E[YV;N (¢) T Z E [0 (z,0) — pl ¢(%,0) =0,

(T eV
1
Var[Y, Y (¢) \F Z Var [n(z,0) — p] ¢(,0) = ik Z P* (£, 0).
(z,0)€V (z,0)eV

By the central limit theorem, we therefore see that every Y,V (¢) converges
in distribution to the normal distribution A(0,p((¢,¢))). This implies the
tightness of the real-valued random variables {Y;V(¢) : N € N}, and therefore
also A.1.

To prove A.2, we note that for every bounded stopping time T € I we
have that

Y (0) = ) 1Y 0) + [ " LYY (9)ds,
0
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with .ZY?(YN) the Dynkin martingale of YN (¢). Using the Markov inequality,
we can then deduce that

P(¥Y(6) - Va0 > €) < 5 [(v(6) - Vil (6)]
< ;(E[(M’WN) — A

+E (/:+0 LY N () ds) 2 ) (5.17)

For the integral term, note that by the Cauchy—Schwarz inequality and Fu-

bini we have that
T+0 2 T+0 ) 1/2
E < / LNY;,N(qs)dr) <Vo- (]E / (LnYN(9)) dsD
T 0
1/2

V. ( [ s o] ds)

In the proof of Lemma 5.2 we have shown that { Ly YN (¢) : N € N} is uniformly
bounded in L%, hence it is also uniformly bounded in L2, i.e.

(5.18)

C:=supE {(LNYSN(QS))Q} < o0. (5.19)
NeN

Combining (5.18) and (5.19), we find that

2
T+6
lim limsup sup E / LyYXN(¢)dr < lim V6CT = 0. (5.20)
=0 Nooo ey T 6—0

0<6

For the martingale, by the martingale property we have that
E[ a2y ).aig ()] = B[ (o)),
hence we see that
B | (o) - o) | = | (o) - (o)

Since E [///()]V’¢(YN)] = 0, we can use that

B | (4 0)] 2| t rer)| as

0
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because fg I'V-¢(YN)ds is the quadratic variation of the process ., (YN).
Furthermore, E [(Fév’¢(YN))2] is uniformly bounded since I'Y?(Y'™) converges
in L?, hence

sup B | (2 0r) - g |

NeN

T+0
=supE [/ Ve (vN) | ds
T

NeN

<o </T+0 sup E [(Fiv’(z’(YN))ﬂ ds) v < 0,
0

NeN

where we used Cauchy—Schwarz in the second line. From this we can again
conclude that

2
lim limsup sup E {(///TN"”(YN) —///Tlﬁg’(YN)) } =0. (521
=0 N0 T06<35T

Combining (5.20) and (5.21) with (5.17), we indeed find that (A.2) holds. O

5.3. Uniqueness of limits

By the tightness, there exists a subsequence Ny, and a process Y € D([0,T];
(C2%)*) such that YNy - Y in distribution.

Lemma 5.6. For each ¢ € C2% we have that t — Y;(¢) is a.s. continuous.
Proof. We define the following functions

ws(X) = sup |X;— Xsl,

[t—s|<6
ws(X) = inf max sup | Xy — X,
O=to<t1<..<tr=1 1<i<r 4, | <sci<t,
ti—ti_1<8

then we have the following inequality

ws(X) < 2w5(X) + sup | Xy — X4 |. (5.22)
t

From A.2 it follows for all ¢ > 0 and all o € S we have that

lim lim sup P(w} (Y™ (¢)) > ¢) = 0. (5.23)

=0 Nooo
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Now note that

Nip) — YN su b v) — - (v v 1
Slt1p|Yt (¢) — Y2 (o)| < tpm%‘;l(nt( ) = me-(v)9(v)] < \/N|I¢I|oo—>0,
(5.24)

where we used that there can be at most one jump between the times ¢ and ¢~
for the second inequality. Therefore, by combining (5.23) and (5.24) with (5.22)
we can conclude that

lim lim sup P(ws (Y™ (¢)) > ¢) = 0.

=0 Nooo

Therefore we find that t — Yi(¢) is a.s. continuous. a

Finally we show that Y solves the martingale problem in (3.3).

Proposition 5.7. For every ¢ € C2% the processes AMP(Y) and A;P(Y) de-
fined in (3.3) are martingales with respect to the filtration { %; : t > 0} generated
by Y.

Proof. Fix arbitrary n € N, s > 0,0< s1 < ... < s, <8, ¥1,...,%, € gos
and ¥ € Cy(R™), and define the function Z : D([0, T; (C2%)*) — R as

I(X) =v (Xsl (7701)» s aXSn(wn)) .
To show that . (Y) and A4,°(Y) are .Z-martingales, it suffices to show that

lim B[4 (YN)Z(YN)] = EL4?(Y)I(Y)],

k—o0

lim E[A4,"9(Y NIy )] = E[4°(V)Z(Y)],

k—o0

with //ltN’¢ and Ji/tN’¢ the Dynkin martingales defined in (5.1). Namely, by the
martingale property we then have that

k—o0

= lim E[# (Y N)Z(Y )]

k—oo

=E[4?(Y)I(Y)],

and analogous for ;% (Y).

We start by proving ///ﬁ’(Y) is a martingale. First of all, note that from
Proposition 5.1 we can conclude

lim E[#N?(YN)Z(YN)] = lim B[22 (YN)Z(Y V).

k—o0 k—o0
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Furthermore, in Lemma 5.2 we have shown that the process . (YN) is uni-
formly bounded in L*, hence it is also uniformly bounded in L?, therefore

sup E| |4 (v )z M) |*] < 1912 sup DT E[ (4 (r4)?] < oo
keN keN 1%
This implies that we have uniform integrability of .# (Y N*)Z(YNk). It now
suffices to show that . (YN$)Z(YNr) converges to .47 (Y)Z(Y) in distribu-
tion. One usually concludes this using the Portmanteau theorem, but because
the path space D([0,T]; (Cg%)s) is not metrizable, we cannot directly use this.
Instead, using the exact same method as introduced in [15, Proposition 5.2],
one can work around the problem of non-metrizability via the continuity of
£ Yi(9).

The proof that .4 (Y) is a martingale works in the same way. First we note
that by Proposition 5.4 we have that

lim E {%Nk"z’(YNk)I(YNk)} ~ lim E [Jig‘b(YNk)I(YNk)} .

k—o0

Therefore we only need to show that

supE“,/}fi’(YN’“)I(YN’“)ﬂ < 0. (5.25)
keN

Afterwards the convergence of ;% (Y NO)Z(YNk) to A, (Y)Z(Y) in distribution
follows from the same arguments as above.
To see that (5.25) holds, note that

E[(42(Y™))?] < 2B[ (4 (YY) + 8202 (1 (026, 000)) + (6, Z9))°

In the proof of Lemma 5.2, we have already shown that E [(///f(YN))ﬂ is

uniformly bounded in NV, hence the result follows. o

Appendix
A. Hydrodynamic limit

In this section we give the proof of the hydrodynamic limit, i.e., of Theorem
2.2. We follow the standard methodology of [14].

A1l. Preliminary results

Before we start the proof of Theorem 2.2, we first show the following lemma
which, using duality, provides uniform upper bounds for the first and second mo-
ment of the expected particle number when starting from the local equilibrium
distribution (2.6).
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Lemma A.1l. For all N € N, ¢t >0 and (x,0) € V we have that
Euy [0 (z,0)] < llpllo, (A1)
Ex [0 (2,0)*] < lpll3 + llpllo- (A2)

Proof. For the first inequality, note that by duality we have that
By [ (w,0)] = [
= /I@(w) {D(5<gt,at),nN)} dppy (™)

=B [P(%ﬁt)} < lplle-

=

oy [DBwoysmt)] Al (n™)

Similarly for the second inequality, we have that
Euf}’ [va(%ff)z]
= /EnN [D(Q(S(ZL’,O')? Tliv) + D((S(m,a)a Tliv)] deJV(UN)

N / Ee.0).00) [P0 50y H9(50 501" )+ DO 5oy disy (1)

~ O 1 X® (9 O 1
:E(m,o),(m,a) [p(tTvo-zg ))p( 1?/' 70'15 ))+p( ]t\/' 70—§ )):|

<lpl

2+ 1lplloo-

O

Now we will define the processes . (xN) and .#;?(xN) the same way as
in (3.3) and (5.1) respectively. We will again show that we can exchange these
processes in the limit.

Proposition A.2. For allt > 0 and ¢ € C%, we have that

lim E[’///t¢(ﬂN) - //ltN’dj(ﬂ'N)ﬂ =0.

N—oc0

Proof. Through similar calculations as in the proof of Proposition 5.1, we find
that

Lym) (¢) = m) (Ad) + R3(¢, N, s). (A3)

Here R3(¢,N, s) is the error term of the Taylor approximations, which is bounded
as follows

1
|R3(¢’ N’ S)‘ S m Z UéV(SU’U)(’iH%meoo + )‘02||¢ww||00)7 (A4)
(z,0)EVN
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and so by (A1)

Jim B[ () - )|

= lim E[|Rs(¢,N,s)|]ds

N—o0 0
1 )
< I\}E;noo ﬁt‘VNl : ||p||00(“|‘¢www||oo + Ao ||¢wx||00) =0,
which concludes the proof. a

Lastly we will prove that the martingale ///tN’¢(WN ) actually vanishes in the
limit.

Lemma A.3. For any ¢ € CZg we have that

lim IE[ sup |//ltN’¢(7rN)|2} =0.
N—oo  Liclo,1)

Proof. First of all, by Doob’s maximal inequality, we have that

IE[ sup |//ltN’¢(7TN)|2} < 4E{(///1{V’¢(7TN))2]

t€[0,T]

Since e///tN"ﬁ(ﬂN ) is a mean-zero martingale, this expectation is equal to the
expectation of the quadratic variation of .2, (xN)

E {(///ZW(WN))T _E

, i.e.,

T
/ Fév’d)(ﬂ'N)ds]
= [ ByeE]as
0

where I'V:? is as defined in (5.2). By using the same calculations to get (5.14)
we find that

YNy = 26 S Y o) (0u0(%,0))°

(z,0)€V
1 ” N
5 2 2 el (@.0)(6(%.0") = 6(5.0))°
(z,0)eV o’€S
+ Ra(,5, N, 0),
with R4(¢, s, N) bounded as follows

1
|[Ba(¢, 5, N)| < kg > 0¥ (@,0) (Kl ¢wzllo + Aol dxlloo)-
(z,0)EVN
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By dominated convergence and (A1) we can then conclude that
N,¢/ _Ny\2 ’ N N
Jim B )] = g B ds =0

and the result follows. O

A2. Tightness
We now prove the tightness result for the sequence {7V : N € N}.
Proposition A.4. {7V : N € N} is tight in D([0, T]; M).

Proof. In the space D(]0,T); M) we can prove tightness by showing that the
following two assertions hold.

B.1 For all ¢ € [0,T] and € > 0 there exists a compact K (t,€) C M such that

sup P(r) ¢ K(t,e)) <e.
NeN

B.2 Foralle >0
lim limsup]P’(w(n‘N,é) > 6) =0,

6—=0 Nooo

where
w(a,d) = sup{d(as, ar) : s,t € [0,T], [t — s| < &},

and d is the metric on M given by
d(@, ) = 3277 (LA la(@;) = B(9)])
j=1

for some specific choice of test functions ¢; € C2%.

We start by proving B.1. Fix ¢ > 0 and ¢t > 0, and for some C' > 0 let K¢
be the following set

Ko ={peM:p([—k k] x S) < C(2k + 1)k? for all k € N} .

By [14, Proposition A.25], this is a compact set in M, and by Markov’s inequality
we now have that

P(r]N ([~k, k] x S) > C(2k + 1)k?)

1
< Cer st [ (K X 5)

1
2 Z i
C(2k + 1)k N (z,0)€[—kN,kN]x S
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1
< - - .

1
= @IS\ “|lplloo-

Here we have used the inequality in (A1l). Therefore

WK

B(rY ¢ Ko) < 3 B(xl [k, k) > C(2k + 1)k)

k=1
1 =1

§6|S|Hp||oog ﬁ<00~
k=1

By now taking C' big enough, we then have that for all N € N that P(7}Y ¢
K¢) < e, which finishes the proof of B.1.
In order to prove that B.2 holds, note first that

w(a,6) = sup Y 277 (LA|rN(8;) — 7l (¢))])

+€[0,T] 4
s\t—s[\<5]jfl
m .
<2743 sup 277 (LA |rN(y) — 7l (6)]) (A5)
i=1 s,t€[0,T)
[t—s|<d
<2743 sup |mY(g) — 7 (85)]-
j=1 s,t€[0,T)
[t—s|<d

Here we have taken m arbitrarily, so the first term can be made as small as we
want. We now want to show that the expecation of the sum vanishes as we let
N — oo and § | 0. Afterwards, the claim can be shown by using the Markov
inequality.

Note first that we have the following,

E[ sup | (@) w?(@)ﬂ

s,t€[0,T]
[t—s|<d
—E| ///N,zzﬁ Ny _ gNbi Ny _ tL N 'd2
=E| sup [P (@)= a0 ()~ | Lym (o)) dr (46)
s,t€[0,T] s
[t—s|<d
2 t 2
< 4IE[ sup (//tN,cﬁj(ﬂN)) ] +2E{ sup / LNﬂ'fV(@)dr) ]
te[0,T] s,t€[0,T]'J s

|[t—s|<d
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By Lemma A.3, the first term goes to zero as N — oo. For the second term, by
filling in (A3) we find that

2

= </: (7 (Agy) +R3(¢ijﬂ"))d’")2

<2 (/:ﬂ(qu)j)dr)zm </:R3(d>j,N,r,a)d7‘>

By the upper bound on R3(¢;, N,r) in (A4) and by (Al), we can see that the
last term vanishes in expectation when N — oco. For the other term we have
that

t
[ ano)ar

2

(A7)

2

<1tﬂy(A¢j)dT>2—]\]ﬁ /t Z nTN(zvg).(A¢j)(%7o.)dT

S (z,0)€V

Using that |t — s| < § and applying Holder a number of times, we find that

(/ N (4dy) )

Using the inequality in (A2), we find that

t
IE[ sup (/ 7N (Ad;) dr)
s,t€[0,T] s

[t—s|<d

2

1 r 2
<Vl ldelle X[ @) e

(z,a)EVK;\;

2
1
] < 318, POT - 140 llso (ol 12 + llelloo)

= 0(5).

Therefore

lim lim supIE[ sup |7Tiv(¢J) — wiv(qﬁj)f}
00 N—oo s,t€[0,T]
[t—s|<d

. 2
= lim limsupIE{ sup (/ wiv(A(bj)dr) ] =0. (A8)
00 Nooo 5,t€[0,T] s
[t—s|<d

So, by going back to (A5) and using the Markov inequality, we get the following:
1 m
Plote® 92 9 < 2 (27 + 8] swp (10 - (6))]])

3 ; t€[0,T
=1 S, 5
J [t—s|<é
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By now taking m such that 2™ < 2 and using (A8) we see that

lim limsup P(w(7?,8) > ¢) < ¢,
00 Nooo

which ultimately proves the tightness result. O

A3. Proof of hydrodynamic limit
Now we have everything needed to prove the result.

Proof of Theorem 2.2. From the tightness of the sequence {PY : N € N} we
know that there exists a subsequence {P™* : k € N} that converges weakly
in the Skorokhod topology, i.e., PN* = P for some probability measure P on
D([0,T);M). If we can show that every convergent subsequence converges to
the dirac measure P = §, with 7 the unique continuous path solving (2.8), then
the result follows.

First of all, by B.2, we immediately know that P is concentrated on con-
tinuous paths in D([0,77]; M). Now define for ¢ € C2%, € > 0 and T' > 0 the

following set
< 5} .

Analogously as in [14, Lemma 8.7] one can prove that this set is closed in
the Skorokhod topology. Since the set H(¢,e) is closed, we can apply the
Portmanteau Theorem to see that

P(H(¢,e)) > lilzrisup PNx(H(¢,e))

H(p,e) := {a € D([0,T];M) : sup |ag(d) — ap(d) — /O/as(Agb) ds

te[0,T)

t
:1imsup[P’< sup W{V’“(@—ﬂé\f’“(@—/ Wév"'(A@ds <
0

k—o00 t€[0,T]

=limsupP | sup [Z7(x"*)| <
k—o0 te[0,T]

= limsupP | sup [.2"%?(xNr)
k—o00 t€[0,T]

Here we have used Proposition A.2 for the last equality. By Lemma A.3 and
the Markov inequality we then have that
2
— 0,

SO P(H(gf), 5)) = 1. Since we took ¢ > 0 arbitrarily, we indeed find that P = .
O

IP)( sup ‘%Nk,tb(ﬂNk)

t€(0,T

1
> 5) < 5E [ sup ‘///tNk’¢(ka)

€ t€[0,T]
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