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Abstract

We examine the role of boundaries and the structure of nontrivial duality functions for
three non-conservative interacting particle systems in one dimension that model epidemic
spreading: (i) the diffusive contact process (DCP), (ii) a model that we introduce and call
generalized diffusive contact process (GDCP), both in finite volume in contact with boundary
reservoirs, i.e., with open boundaries, and (iii) the susceptible-infectious-recovered (SIR)
model on Z. We establish duality relations for each system through an analytical approach.
It turns out that with open boundaries self-duality breaks down and qualitatively different
properties compared to closed boundaries (i.e., finite volume without reservoirs) arise: Both
the DCP and GDCP are ergodic but no longer absorbing, while the respective dual processes
are absorbing but not ergodic. We provide expressions for the stationary correlation functions
in terms of the dual absorption probabilities. We perform explicit computations for a small
sized DCP, and for arbitrary size in a particular setting of the GDCP. The duality function is
factorized for the DCP and GDCP, contrary to the SIR model for which the duality relation
is nonlocal and yields an explicit expression of the time evolution of some specific correlation
functions, describing the time decay of the sizes of clusters of susceptible individuals.

1 Introduction

In the context of Markov processes, duality is a remarkable tool to analyze a model of interest
using another model, its dual, via an observable for both models called duality function. For
interacting particle systems, there are various ways of deriving a duality relation : using analyt-
ical tools via computations on generators or intensity matrices, through pathwise methods via a
graphical representation, or by an algebraic approach. A nonexhaustive list of books or surveys
that deal with duality is [30, 29, 20, 40, 45, 7], see also references therein.

In this article, we study three different non-conservative interacting particle systems de-
fined on a one-dimensional lattice, namely (i) the diffusive contact process (see for instance
[25]) on a finite lattice, abbreviated below by DCP, (i) a generalization thereof with a vari-
able death rate, abbreviated below by GDCP which like the DCP is a special case of a broad
class of reaction diffusion systems surveyed with a view on duality in [38, 47, 46|, and (i)
the susceptible-infectious-recovered (SIR) model on Z (as in [41]). All these particle systems,
described informally below and defined formally in terms of their generators in Sections 2—4,



are Markovian models for the spreading of infectious diseases, but with different microscopic
dynamics. For each of these models we prove a duality relation using analytical tools.

Informative duality relations are, in general, rare and exceptional. They occur, for example,
in conservative particle systems in the presence of non-Abelian symmetries of the generator, as
first pointed out in [37] and further developed in [18], or when the time evolution of n-point
correlations is fully determined by k-point correlations of lower or equal order k < n [38, 16].
This is not the case in general for models such as ours, where the total number of particles
is not conserved by the bulk dynamics, and the evolution of correlations involves higher order
correlations.

The main novelty of our discussion of duality in the DCP and the GDCP are open boundaries
that allow for particle exchanges with external reservoirs at the boundary sites of the one-
dimensional finite lattice, much like in the paradigmatic open simple exclusion process [44, 42,
10, 6, 13]. In the papers [38, 47] such reservoirs are not considered and in [46] they are actually
explicitly ruled out as they include spontaneous creation of particles which invalidates the results
obtained in that paper. Reservoirs have been considered in [43], but at generic lattice sites and
for the purpose of establishing ergodic theorems, while we focus on boundary reservoirs and
study their effect on correlations.

Indeed, it turns out that open boundaries lead to qualitatively different properties: For closed
boundaries the empty configuration is an absorbing state, so the invariant measure is unique and
completely explicit. It is the trivial Dirac measure concentrated on the empty configuration.
Moreover, both the closed DCP and closed GDCP are self-dual [25, 46]. In contrast, when
adding reservoirs of particles, which can remove or insert particles into the system at random
times, three new features arise: (i) The empty configuration is no longer an absorbing state,
as the reservoirs maintain the process “alive”. (i) Self-duality is lost. The dual process has
absorbing sinks which are additional sites at the edges of the one-dimensional lattice which
absorb particles without ever releasing them. (4i) The dual process is not ergodic. As time
tends to infinity, the limiting measure depends strongly on the initial configuration.

Despite these differences some features of duality persist in the presence of reservoirs. This
is the factorization of the duality function, meaning that the global duality function is a product
over local duality functions on each lattice site. Such a duality is long-known for the contact
process [29] both on Z and for closed boundaries and appears also in the closed DCP and GDCP
[25, 46]. Here we prove — somewhat unexpectedly — that apart from extra boundary terms the
same factorized duality function can be used also for the open DCP and open GDCP and yields
information about the invariant measure in terms of absorption probabilities of the dual process.
In a special case of the GDCP, it also yields explicit results for the time-dependent one-point
function for arbitrary initial states.

Duality functions that factorize into local duality functions for each lattice site appear also
in the general discussions of duality for reaction-diffusion systems of [38, 47, 16, 46] and thus
factorization appears to be a natural feature of informative dualities [35]. For the SIR model on
Z, the main novelty is the appearance of a non-factorized kind of duality, that we call cluster
duality, since the duality function relates the particle configuration in a cluster of neighboring
sites to the dual process which involves the boundaries of the cluster. This type of non-local
duality function, reminiscent of the so-called empty-interval method used to study correlations
in reaction-diffusion processes [5, 1], appears to be unexplored in the context of duality in
interacting particle systems and may have further applications to other models. Also, note that
although we treat each model separately, we aim, in future work, at a unified treatment of such
models, via an algebraic approach.

We now briefly describe the three models studied in this work, that are one-dimensional
interacting particle systems, either on Z or on Ay := {1,.., N} with N > 1 sites, and the results



we obtain for them through duality. Let us first recall the definition of duality between two
Markov processes.

Definition 1 (Definition 3.1 in Chapter II of [30]). Let X = (X;)i>0 and Y = (Yi)i>0 be two
continuous time Markov processes with state spaces Q and QW respectively. We say that X
and Y are dual with respect to a local duality function D : Q x Qdual 5 R 4f

E.D(Xy,y) = E,D(z,Y)) (1.1)

for all (z,y) € Q x QW and t > 0. In equation (1.1), E, (respectively E,) is the expectation
w.r.t. the law of the process X initialized at x (respectively the process Y initialized at y).

In the diffusive contact process on Ay (DCP), each lattice site can be occupied by at most
one particle. Its dynamics is the superposition of the (basic) contact process (CP) with birth
rate A > 0, with the symmetric simple exclusion process (SSEP), a particle exchange dynamics
parameterized by a diffusion coefficient D > 0. In the CP, a particle on site = on the lattice
“dies” (i.e., disappears from the lattice) with rate 1 and “infects” (i.e. attempts to create another
particle), with rate A > 0, on a neighboring site, provided the latter is empty; otherwise the
creation attempt fails. In the SSEP, particles attempt to jump to nearest neighbor sites, at rate
D > 0, provided the chosen target site is empty; otherwise the jump attempt fails, see [30, 29]
for a precise definition of both the CP and the SSEP.

The goal of using duality for the DCP, is to get a better understanding of its stationary
state, when in contact with boundary reservoirs. In Section 2, we establish in Theorem 1 a
duality result between the DCP with an open boundary, and the DCP with a purely absorbing
boundary. From this duality relation, we provide a new expression for the correlation functions
of the invariant measure in terms of absorption probabilities, and compute them for small sized
systems in appendix A.2. We also comment briefly on the fast stirring limit, in which the process
effectively reduces to a birth-death chain on the integers {0,1,..., N}. Note that fast stirring
limits have been much investigated for infinite volume systems in Z¢, to establish bounds on the
critical value of the contact process, see e.g. [26, 3, 28, 34] and also with a rescaling of time to
study hydrodynamic limits, see e.g. [8, 11].

The generalized diffusive contact process on Ay (GDCP) has the same structure as the
DCP, namely the superposition of a SSEP with diffusion coefficient D, and a generalization of
the contact process, that is, a process with infection rate A > 0, but with death rates depending
on the occupation variables on the neighboring sites, instead of being constant equal to 1. In
Section 3, we derive in Subsection 3.2 a duality relation for the GDCP, and focus on a particular
case that induces a dual process with no birth rate. As an application of the latter dual relation,
we compute in Subsection 3.3 the one-point function in the invariant measure for a general
lattice of IV sites. Moreover, we obtain a system of ordinary differential equations for the
time-dependent one-point function, for arbitrary initial distributions. After some elementary
transformations, this system of ODE’s becomes — again somewhat surprisingly — identical to
that of the SSEP with open boundaries, which has no nonconservative bulk processes.

The one-dimensional susceptible-infectious-recovered (SIR) model, that goes back to the
partial differential-equation model for epidemics introduced in [24], describes the evolution on
the infinite lattice Z (hence without reservoirs), of three species of individuals: susceptible (in
state S), infectious (I), recovered (R). An infectious individual infects a susceptible neighbor
at rate > 0, it recovers and becomes immune (that is, it remains forever in state R) at rate
~ > 0. This process has an interesting feature in common with the classical problem of random
sequential adsorption [12] which is a discrete version of Rényi’s random space filling problem
[36]: an ongoing fragmentation of the state space into independent ergodic components occurs



as the process evolves in time. This is accompanied by a strong dependence of the limiting
measure on the initial configuration.

As in the previous sections, our goal is to compute correlation functions which, like in
random sequential absorption, remains a non-trivial task despite the fragmentation of the state
space. However for the SIR model, this is quite different to the DCP and the GDCP where we
were interested in the invariant measure. Here, the state space is not irreducible and there are
infinitely many invariant measures (that are Dirac measures on blocked states), so the asymptotic
behavior of the system is highly dependent on the initial condition. We are rather interested in
the time evolution of correlation functions according to the initial state of the system. In Section
4, we study the “n-point cluster functions”, named as such in [41], which are quantities written
in terms of higher order correlation functions. Thanks to these cluster functions, we derive in
Subsection 4.1 a duality relation between the SIR model and a two dimensional random walk on
two layers with a trap. From that, using a probabilistic approach, we provide in Subsection 4.2
an explicit expression of the average of these cluster functions at any time. This new treatment
of the model allows us to extend the results for translation invariant initial distributions derived
in [41], to the case of non translation invariant initial distributions.

The paper is organised as follows. In Section 2, we study the DCP, adding in Appendix A.1
computations that do not rely on duality. In Section 3 we study the GDCP, and in Section 4,
we study the SIR model. The proofs for all results are provided at the end of their respective
sections.

2 The diffusive contact process (DCP)

In physical interacting particle systems that at their edges are in contact with external particle
reservoirs, the particle exchange with such reservoirs is commonly modelled by so-called open
boundaries. This means that particles at the edge sites of the lattice on which the particle
system is defined are created and annihilated at certain rates. The reservoirs themselves do not
enter the mathematical description of the process. In this section, we define the DCP with open
boundaries, and establish the duality relation with the DCP with purely absorbing boundaries.
These are edge sites from which particles jump into auxiliary sites that correspond to sinks
from which no particle can escape. In contrast to the reservoirs envisaged in the open boundary
setting, these sinks become part of the dual process by enlarging the dual state space (compared
to the state space of the DCP with open boundaries) to keep track of the number of absorbed
particles.

A duality relation which turns reservoirs into sinks is quite common in interacting particle
systems. We refer to [43] for an early result where absorbing sites in dual processes are discussed
with a view on establishing ergodic theorems. Such a duality also appears in the SSEP on a
discrete segment with two open boundaries, see [44, 6, 13]. However, the analysis of the effect of
reservoirs on the stationary state of the DCP substantially differs from the case of conservative
particle systems such as the SSEP, where the system is driven out of equilibrium due to a
current of particles produced by the effect of reservoirs tuned differently, see [9, 39, 19]. In our
non-conservative setting, the system is constantly out of equilibrium.

2.1 The model

For N > 1, denote by Ay = {1,..., N} the one dimensional finite chain of size N, which we
refer to as the bulk. A site of Ay is either empty (in state 0), or occupied (in state 1). Therefore,
the state of the system is described by an element n = (11, ...,nx5) € Qn := {0,1}* such that



for x € Ay,

(2.1)

B 1 if x is occupied
e = 0 if z is empty.

In the bulk, the dynamics considered is the superposition of a contact process with parameter
A > 0 (CP), with a symmetric simple exclusion process (SSEP). Both these dynamics are of
nearest-neighbor type and are defined as follows. For x,y € Ay, © ~ y means that z and y are
neighboring sites in Ay .

In the CP, a site x € Ay becomes occupied at rate )\Zywx ny if it is empty, and becomes
empty at rate 1 if it is occupied. The generator of this dynamics acts on f : Qny — R as follows,
for n € Qn [29]:

N-1
LY =Y e+ A1 = m2) ee1 + mug1) ] [F(07) — F(0)]
r=2 2.2
+ [m A AL =m)me] [F(n") — f(0)] 22
+ [nv + A1 =) nv—1] [f(0™) = f(n)].
where for z,y € Ay, ‘
My = { 717y_ l;xy ’ :L;f y==x (23)

represents the flip of the occupation variable at site x € An. Notice that this generator can be
re-written as follows:

£ f(n) = 4 [F(n") Z L8 1 f )+ TELF ) = £ ()] (2.4)

with the bond generator

1

37 LF ") = Fm)] + A = ne)naa [f (") = £ ()]
1

+ e [FO) = )] + A = nar)na [f(0™) = f(m)]

‘ng—&—lf( )
(2.5)

In the SSEP, particles jump to one of their neighboring sites, under the exclusion rule, namely
each site can accommodate at most one particle, and the direction of the jump is not biased to
the left or right. The generator of this dynamics acts on f : Qny — R as follows, for n € Qp :

N—-1
LB f(n) =Y LI f(n), (2.6)
rx=1
with
L3EL 1) = 001 = noq) (F ™" = f()) + M1 (1= 02) (F0"TH) — £ (), (2.7)

where for z,y € {1,...,N}, if n,(1 —1n,) =1,

n. itz ¢ {x,y}
Y =q ny—1 itz=u (2.8)
Ny + 1 if z=uy.

and n*¥ = n otherwise.



Figure 1: Contact + exclusion process on Ay with reservoirs.

We study the open boundary version of the DCP, namely we imagine reservoirs of particles
at each edge of the system, which insert or remove a particle on sites 1 and N. These reservoirs
are parameterized by four positive parameters «,y, 3,d. A particle is inserted at site 1, resp.
N, at rate a, resp. J, provided the site is empty. A particle is removed from the system at site
1, resp. N, at rate ~, resp. 3, provided the site is occupied (see Figure 2.1). The associated
generators of these boundary dynamics act on f: Qn — R as follows, for n € Qpn:

L_fm) = a(l—nm)[f") = f)] +ym[f(n") = f(n)] (2.9)
and  Lif(n) = S(1—nn)[fN) = fm)] + Bon[f(n™) = f(n)]. (2.10)

Notice that we do not put an index ‘DCP’ in these generators since they are not specific to our
dynamics.
Finally, the generator for the open DCP is given by

EDCP =L + £CP + DESSEP + £+’ (211)

where D > 0 is the diffusion parameter. Superposing the contact dynamics with the diffusion
dynamics enables us to study the same model as in [33], which is more general than the dynamics
governed by the contact process only. Setting D = 0 would eliminate the contribution of the
diffusion. We are, however, interested in the case when D — +o00, the so called fast stirring
limit studied in subsection 2.3.3. The dynamics of the DCP is irreducible and as the state space
DCP “which depends on «, 8,7, 5, D
and \. When @ = v = 8 = § = 0 we speak of closed boundaries. In this case the empty
configuration is an absorbing state which means that the invariant measure is the trivial Dirac
measure concentrated on the empty configuration. As soon as o # 0 or § # 0, the empty
configuration is no longer an absorbing state and Y cannot be found by direct computations
when N is large.

Qv is finite, the process admits a unique invariant measure v

Matrix formulation

Since the DCP and the GDCP are particle systems on a finite lattice, and therefore with a finite
state space, the duality function can be written as a matrix and the Markov generators of the
processes can be written as intensity matrices [31]. This matrix approach with the choice of



basis (2.13) below is often a convenient tool to treat interacting particle systems with countable
state space [21, 32, 39, 18] and will be used below alongside with the more traditional generator
treatment used above.

Recall that an intensity matrix L is such that

L(xz,y) >0 for xFy and ZL(a:,y) =0.
y

For x # y, L(x,y) represents the rate to go from state z to state y.

Remark 1 (Countable state space). If in Definition 1 both the original process X = (Xt)t>0
and the dual process Y = (Y;)i>0 are Markov processes with a countable state space, the duality
relation can be written in matriz notation as [47]

T
LD=D (Ldual) (2.12)

where L is the intensity matriz corresponding to the Markov generator £ of X, L is the inten-
sity matric corresponding to LI and the superscript T denotes matriz transposition. Equiva-
lently one could choose to adopt the quantum Hamiltonian representation [32, 39] of the intensity
matriz, namely H = —LT, and in this case duality reads HT D = DHI! see [37].

Therefore, as the state space of the DCP is finite, one can encode the dynamics in a finite
sized matrix. To write these matrices in the canonical basis (e;);<;<on, to each vector e;, we
associate the unique configuration n' = (7}, ...,n%) such that

N
i=1+Y 2Nk (2.13)
k=1

For example, for N = 2, the order is

e1 = (1,0,0,0) associated to (0,0), es = (0,1,0,0) associated to (0, 1),
es = (0,0,1,0) associated to (1,0) and e4 = (0,0,0,1) associated to (1,1).

With this ordering of configurations, the bulk dynamics matrix writes

N-1
L 4+ DLSSEP = N "0, + 4 + Ly, (2.14)

=1

where for x = 1,..., N — 1, denoting by ® the Kronecker product and 1 the two-dimensional
unit matrix,
by = ]l@(x—l) RER ]l®(N—1—$)’ (215)

with ¢ corresponding to ESE ot DﬁgiE_i_Plz

0 0 0 0

o |12 —(2+4D 4N D A
1/2 D —(1/24D+XN) A |’
0 1/2 1/2 ~1

and, for x =1 and x = N, ¢y and ¢, n correspond to the first and last terms in the right hand
side of (2.4) with, N B _ -
U =0 120V-1) and Iy = 180N g ¢ (2.16)



where
Z— 0 0
\1/2 —-1/2)°

Regarding the boundary dynamics the matrices ¢; and Ef correspond respectively to £_ in
(2.9) and £ in (2.10), with

=0 ® 18-, and 0= 190V @ o, (2.17)

_ (o « L (=0 0
! _<’V —7)’ ‘ _<6 —ﬁ>'

In total, the intensity matrix of the DCP dynamics is given by

where

N—-1
LPP ="ty + b + Iy + £y + 0. (2.18)

r=1

2.2 Duality for the DCP

The open DCP has a diffusive and contact bulk dynamics with spontaneous creation and an-
nihilation of particles at sites 1 and N due to the presence of two reservoirs in ghost sites 0
and N + 1 which, as discussed above, do not appear in the process. Theorem 1 shows that
the dual DCP preserves the same dynamics in the bulk while the boundary mechanism is quite
different. The dual process is defined on an extended lattice which includes sites 0 and N + 1
where particles are permanently absorbed, thus describing particle sinks. Because of this the
dual state space is different,

Qual = Ny x {0, 1} x Ny, (2.19)

where Ng = {0,1,2,---} is the set of non-negative integers, while N = {1,2,---}.

Theorem 1. The open DCP (n:)i>0 with generator (2.11) is dual to a purely absorbing contact

process (&)e>0 with duality function D : Qn x Q3 — R, given by

&) = (=) B0 (575)" (220)

where the bulk duality function is:

Hn, &)= [[ @-n)= J[ @=n)* . (2.21)

z€A(E) zEAN
with A(§) = {y €e{l,.,N}, &= 1}. The dual generator is given by

EDCP,Dual _ E]Bual +£CP —i—DﬁSSEP _'_EEUFLI’ (222)

CP SSEP
c L

where is the generator of the contact process defined in (2.2) is the generator of the
exclusion process defined in (2.6) and the action at the boundary on function f : Q?\}lal — R s

2fE) = (atalfE) - £ (2.23)
L) = (4 BEn[FE) = F(©)]- (2.24)



Figure 2: Dual diffusive contact process with sinks at sites 0 and N + 1.

As pointed out in the introduction, both the contact and the exclusion processes with closed
boundary conditions are self-dual with duality function (2.21), see in particular [30, Chapter 3,
Section 4] and [25, Chapter 5]. This leads to a self-duality relation for the bulk of the DCP [46],
namely we have that for any n,£ € Qp,

(L7 + L) H(n, ) () = (L7 + LBV H (., &) (m). (2.25)

Remark 2. (a) It was noticed in [40] that for the symmetric simple exclusion process with either
closed or periodic boundary conditions, the function

Hm, &) = [] lar+agn.]™ ™%, a; € R, i€ {1,2,3,4} (2.26)
TEAN
is a self-duality function for any choice of the parameters a;. The case a1 =1, a3 = —1, a3 =0

and aqy = 1 yields H = H, the self-duality function for the contact process.
(b) The bulk duality functions (2.21) and (2.26) have a locally factorized form, namely

G, &) = ]] gtm &)

TEAN

which corresponds to a duality matriz of the form GOV, for a local duality matriz

G:<CCL Z) (2.27)

where for the symmetric simple exclusion process the matrix elements are arbitrary, while for
the contact process we havea=b=c=1,d = 0.

From now on the letter n € Qx will be relative to a DCP and & € Q‘}\}‘al to the dual process
introduced in Theorem 1.



2.3 Correlation functions via duality

In order to provide a better understanding of the invariant measure vPF of the DCP with ab-
sorbing boundaries, we study its correlation functions thanks to the duality relation established
in Theorem 1. The dual process is seemingly simpler, as it almost surely becomes extinct. We
are thus able to express the correlation functions of the original process in terms of absorption
probabilities of the dual process. This allows to get an upper bound for the one-point function,
see subsection 2.3.1. However, the explicit computation of correlation functions relies on solv-
ing large systems of linear equations, see subsection 2.3.2, and it is not clear whether they are
simpler to solve than the ones obtained in Appendix A.1 through a more standard approach.

In the following, the one-point function is the expectation pPCF(y) := E,pce[n,] of the
occupation number 7, w.r.t. the invariant measure of the DCP. For 2 < ¢/ < N, the /-point
correlation function of ¥PCF is the function p?CP defined by

V oz <..<zp€ Ay, pPF(x1,...20) = E,pcp [Ny -z, ] - (2.28)

Introduce the extinction time 7 of the DCP (£(¢)):>0 with purely absorbing boundaries:
TN :=inf {¢t >0, Vz € {1,.., N}, &(t) =0}. (2.29)
Also, introduce the total number of particles absorbed on the left and right hand side boundary:

o(o0) := lim &o(t), and Eny1(00) == lim {4 (t), (2.30)
t—00 t—o00
where the limits are almost sure. As the process almost surely becomes extinct, 7n, {o(c0) and
En+1(00) are almost surely finite and §p(o0) = &o(Ta), En+1(00) = En41(7n) almost surely. To
state and prove the results it is convenient to denote
v g

_ = d == 2.31
T ary M T ery (231)

which are related to the left (resp. right) reservoir densities 1 — c_ (resp. 1 —c4).

2.3.1 Omne-point function

For y € Ay, denote by J, the element of Q?\}lal where there is a particle in site y € Ay and all
other sites x # y are empty.

DCP

Proposition 1. The one-point function of v s given by

V oy e Ay, pPP(y) = 1 — By, [ = 1 _ Ry [V v )] (2.32)

Although the dual process is seemingly simpler than the original one, it remains a non-
conservative process and the total number of particles absorbed by the reservoirs can reach
arbitrary values. Therefore, we are not able to provide an explicit expression of the right hand
side term in (2.32), contrary to the case of conservative particle systems where exact formulas
are available. We refer to section 2.3 of [15] and Theorem 2.2 of [14], where a closed formula for
the n points correlation is found in the non-equilibrium steady state of two models with open
boundary and the same purely absorbing dual.

However, note that the dual process (£(¢))¢>0 either dies out before any particle lying in
the bulk has had time to reach the boundary, or, it dies out and at least one particle has been

absorbed by the boundary reservoirs. Thanks to this observation, the following upper bound
holds:

10



Lemma 1. Fory € Ay, denote by Ay(oco) the following event:
Ayfo0) = (£(0) = 8, SR <),

that is, starting from a single dual particle at site y, at least one particle is absorbed by the

boundary of the system. Then,
prF (y) < Ps, [Ay(c0)]. (2.33)

Remark 3. This inequality is of interest if the upper bound is small, that is, that starting from
a particle at y, it is unlikely that the process reaches the boundary before it becomes extinct.
Heuristically, if the time of extinction T of the process is small, corresponding to a small birth
rate A, then, the particle should not have time to reach the boundary. Precisely, an estimate of
TN is known in the case of a subcritical contact process on Ay (without exclusion), and we refer
to [29, Part 1, Theorem 3.3].

2.3.2 Higher order correlation functions

The idea of relating the ¢-point correlations using the dual absorption probabilities goes back to
[17] for a model of stochastic diffusion of energy. In the same spirit as in Proposition 2 in [17] we
can show the following results for the DCP. Given 2 </ < N and sites 1 <z < ... < xy < N,
denote by 0z, 2,,...2,, the element of Qdual where there is a particle at sites x1, ..., 2y, and none
elsewhere.

Proposition 2. Forany 1 </ < N andany 1<z <..<xp <N,

4
E, pcr {H — Nz, ] = Z Z p?cp(x“, o Ty

j=1 k=0 1<i1<..<ip <t (234)

If we consider a small bulk, we can explicitly compute the above absorption probabilities.
The idea is to perform a conditioning on the first step of the dual dynamics. We leave to
Appendix A.2 the explicit computations for N =1 and N = 2.

For N sites notice that there are
k

k=1

nontrivial initial dual configurations. We define My to be the 2V — 1 square matrix given by
the condition on the first steps starting from the dual initial configuration. Then our goal is to
show that My is invertible so that all the absorption probabilities — and so the corresponding
correlation functions — are determined as solutions of a linear system. For k > 0, denote by
zk = Pei [ﬁo(oo) = k] the absorption probabilities of k dual particles starting from the initial
configuration &%, 1 < i < 2V — 1 that we want to find. The order of these unknown variables
is chosen in an arbitrary way and one option to systematically ordering them is the following,
defined recursively for N sites. There are 2V — 1 total number of non trivial configurations: the
first 2V ~! unknown variables have a particle at site 1 and the rest is completed by a configuration
from the N —1 th ordering. The 2V~ —1 coordinates left are the ones such that site 1 is empty
and the rest is completed by a configuration from the N — 1 th ordering.

11



A particle at site 1 and
the rest completed by a
configuration from the
N-1 th ordering

No particle at site 1 and
the rest completed by a
configuration from the
N-1 th ordering

Figure 3: Ordering of configurations

More explicitly, for N = 2 sites we have ¢! = 01, €2 = 819, €3 = 2 which is the order we
used, see Fig. 3. For N = 3, this rule would give us the ordering ¢! = 41, €2 = 612, €3 = 0123,
{4 = (51,3, §5 = (52, §6 = (5273, 457 = 53 and so on.

Also, for € € Q‘Jj\}lal, introduce A(&) the set of configurations containing at least one particle
and resulting from ¢ after the jump, birth or death of a particle in 7 (but not an absorption
in the left side reservoir). Denote by (p(¢%,&7))1<i j<n the transition probabilities between con-
figurations. Then for any 1 < i < 2V — 1 and for any k > 2, the following recurrence relation
holds:

2N 1 2N 1
k i e\ ok i ey k—1
=Y p N+ D pe b
Jj=1 J=1
ETEA(EY) ETEA N \A(EY)

For k = 0,1 the recurrence relation remains the same modulo some changes on the second sum
in the right hand side. Therefore, denoting C}, the column vector (mf)lgigzzv_l, for any k > 0,
there is a matrix of size 2V — 1 of the form My = I,n_; — P such that

MnCy = Ry,

where Ry is a column vector involving some constant terms for £ = 0,1 and terms from Cjy_4
for k£ > 2, and where

P= (p(ﬁz}€j)]1gjeA(§i))1gi,js2N_1-

By the Perron-Frobenius Theorem, as P is the transition matrix of an irreducible dynamics, one
has that My is invertible and
-1 k
My = E pP".

k>0

12



2.3.3 Fast stirring limit

It is interesting to consider the fast stirring limit, that is, D — oo for the DCP model. Unlike
in hydrodynamics, here, we discuss the setting where time is not rescaled when performing this
limit.

When D — oo, the DCP reduces to a birth-death chain on the lattice {0,1,..., N}. This can be
seen by considering a configuration n(t) with n(¢) particles, where 0 < n(¢) < N, and where the
process n(t) is defined in a way that is analogous to the derivation of the reaction term in the fast
stirring limit of a reaction-diffusion processes, as discussed in [8, 11]. More precisely, between
any attempt to create or annihilate a particle in the bulk or at the boundaries, the process is
just a SSEP with infinite rate, which has the uniform measure as its stationary distribution.
This means that in between any creation/annihilation event of a particle (death, infection,
and reservoir events), any configuration n(t) with n(t) particles, moves uniformly to another
configuration n/(t) with n/(t) particles, so that on the time scale of the creation and annihilation
processes, the following transitions occur: any given configuration with n(¢) particles will turn
uniformly into another one with n(¢) £ 1 particles. The invariant measure of the process in this
limit thus becomes a convex combination of uniform measures on configurations with n particles,
where the weights are given by the stationary weights of the birth-death chain that describes
the transitions between configurations of n and n + 1 particles.

Specifically, the rate at which a particle dies in the closed DCP at a given site (transition
n(t) — n(t) — 1), is n/N (which is the probability of finding an occupied site in the uniform
distribution), and since there are N sites where particles can die, the rate of transition is n.
In the open DCP, particles can also die at the boundary sites with rates 7, and 5 respectively.
Hence the transition rate from a configuration with n(t) particles to a configuration with n(t) —1
particles is n + (8 4+ v)n/N. Likewise, the rate at which a particle is created in the DCP by
infection at a bond, is given by the probability of finding an occupied site with a vacant neighbor
in the uniform distribution (which is n(N —n)/(N(NN — 1)) times the number of bonds (which
is N — 1) times A (since at each bond the infection can occur with rate \/2 from a particle on
the right or on the left site of the bond). In the open DCP particles can also be created at the
boundary sites with rates «, and J respectively. Hence the transition rate from a configuration
with n(t) particles to a configuration with n(t) — 1 particles is An(1—n/N)+ (a+4§)(1 —n/N).
Thus, the DCP degenerates into a birth-death chain n(¢) with the following transition rates:

n—n—1, at rate n[l+ (8+7)/N], n—>n+1, at rate [An+ (a+9)](1 —n/N). (2.35)

Without reservoirs, n = 0 is an absorbing state, but not when « # 0 or é # 0.

Since the arguments that lead to these rates are analogous to those of [8, 11] we refrain
from providing a formal proof. For the stationary probabilities and general properties of this
birth-death chain we refer to [23]. Again, we point to Appendix A.2 where we compute explicitly
the absorption probabilities for N = 2 under the fast stirring limit.

2.4 Proofs for Section 2
2.4.1 Proofs for Section 2.2

First, notice that in our case Definition 1 is equivalent to the following relation involving the
corresponding Markov generators of the processes:

Proposition 3. ([31, Theorem 3.42]) Given X a process with generator L and Y, with generator
L3 then X and Y are dual with local duality function D if

(£D(2)) (y) = (£ D(y, ")) (@) (2.36)
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for all x € Q and y € Qdval,

Proof of Theorem 1. Taking into account Proposition 3, and by equation (2.25), we are left to
show that

(£ +L£4)D()(n) = (L2 4 L2™) D(n, ) (€),

where we recall that £PU! is defined in (2.23), £P%! in (2.24), £_ in (2.9) and L4 in (2.10).
Without loss of generality, we prove the result for the left reservoir, i.e.

L_D(.,&)(n) = LL™D(n, (&),

and the proof that £4D(.,&)(n) = L2 D(n,.)(€) follows the same steps. We have

E—D(7§)(77) = a(l - 771) [D(nlaf) - D(Uvﬁ)] +ym [D(n17§> - D(nag)]

Now,
D(n',&) = & T (1—m)
z€A(E)
= o S IT (O —n)mlicae + Dm,higace.
z€AO\{1}
Therefore,

D(Ulaf) - D(Tlaé.) = D(nlag) - D(n7§)111€14 & — D(T/aé.)]lMZA(f)

— S0 H (I =ne)mUicae) — D, §) e
zeA(\{1}

_ Cé €N+1 (2 — 1) H (1- 773:)]11614(5)'
z€A\{1}

Finally, we are left with

L_D(.,&)(n) = a(l —m)@m — 1) & N producaen oy (1 — ne)Licae)

(2 — 1) & SN [T Q—n)lieae
xeA(g)\{l}

= —aD(n,&)Lieae) +7 & [T -—m)mlicag
zeAO\{1}

—(a+7)D(n,E)Ticae) + (a+7) ¢ St &VH H (1 =) Lieace
z€A(§)\{1}

— (@ +7)a[Dm.€) - D(n,¢)],
which is exactly the dual absorbing generator of the left boundary. O

2.4.2 Proofs for Section 2.3

Proof of Proposition 1. By definition (2.20) of the duality function D given in Theorem 1, if we
choose as dual process &(t) = 6,(t), we have

D(7775y) =1-ny.

The duality relation (2.36) then yields that for any ¢ > 0,
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/En [D(n(1).8,)]vP (dn) = [Es, [D(n, &(t))]vPF (dn). (2.37)

By invariance of vPCP | the left hand side in (2.37) does not depend on t and equals

/En [D(n,6,)]vPF (dn) =1 —E,peen,] (2.38)

while the right hand equals

t—o00

/an (D1, £@)]vPP (dn) — By, [ ¥ 1], (2.39)

since for ¢ — oo all dual particles will eventually be absorbed at the boundary. Collecting (2.38)
and (2.39) yields the result. O
Proof of Lemma 1. We have
B [0 ] = By, [ 4y 00)7] 4 By [0 )
—1-P;, [A (00 )] o [ 50(00) §N+1( )]lAy(oo)]a

therefore,
pll)CP( ) =1—Es, [ o(o0) §N+1( )] <P, [Ay(oo)]

O

Proof of Proposition 2. For simplicity, we consider that only the left reservoir interacts with the
bulk, that is, § = 8 = 0, but the reasoning remains the same if that is not the case. Our goal is
therefore to prove that for any 1 < z; < ... <zy < N,

¢
E,per [H = Mz } = Z Psey gy [50(00) = ]c’i. (2.40)
In this case, it follows that the duality relation (1.1) holds with duality function

D(n,&) = T (1 —na)*. (2.41)

TEAN

In other words, the initial process is dual to a DCP with an absorbing sink with rate a + 7.
Then, proceeding as in the proof of Proposition 1, we consider the duality relation (1.1) under
the invariant measure for the original process and, taking £ = 0z, 4,.... 2,, We have:

Eyocr | (1= 1) (1= Taa) - (1= 1) | = Bs, o, L, [2O7]. (2.42)

Expanding both sides of (2.42), we are left with

l
Z(_l)k Z pECP(‘ril’ ’xlk) = Z]P’(;Il’m2 """ . |:§0(OO) = k] C]i )

k=0 1< <. <0 <L k>0

where Ps, .. ., [ﬁo(oo) = k} is the probability that k& dual particles are absorbed in the sink
when the dual process is initialized with ¢ particles in sites 0 < x1 < ...xy. O
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3 Generalized diffusive contact process (GDCP)

In this section, we introduce a generalized diffusive contact (GDCP) on Ay which also exhibits a
factorized duality property, similar to the one for the DCP. For a specific choice of the parameters
of the GDCP on a finite one-dimensional lattice with reservoirs, one can extract an explicit
expression of the one-point function for its invariant measure. This is in contrast with the
DCP, where we were not able to extract explicit expressions of the correlation functions from
the duality result provided by Theorem 1. For time-dependent correlations, duality leads to
a closed system of first-order ordinary differential equations with constant coefficients. This is
demonstrated in explicit form for the one-point function.

3.1 The model

Here, as for the DCP, particles evolve on the open one-dimensional finite lattice Ay. The
reservoir dynamics is the same as in Section 2, given by the generators £_ and £, defined in
(2.9) and (2.10). The exclusion dynamics is the same as for the DCP, given by the generator
L5SEP defined in (2.6).

What differs is the contact dynamics which is here more general. The birth rate is A > 0,
while the death rates, instead of being 1, depend on the occupation variables in the nearest
neighbor sites: a particle dies with rate 2u1 when both neighbors are empty, with rate pu + po
when one of the two neighbors is empty and the other is occupied, and with rate 2us when both
neighbors are occupied. We refer (3.9) for a description of the rates in a tabular form. The
generator of the generalized diffusive contact processes is given by

£GDCP — L +£GCP +D£SSEP + 'CJr' (31)

Above, L_, resp. L4, is the left, resp. right hand side reservoir generator, and is given by (2.9),
resp. (2.10), with the boundary rates a, gﬁ, § for the GDCP, instead of «, 8,7, d for the DCP.
As before, D > 0 is the diffusion parameter which tunes the exclusion dynamics described by
L55EP in equation (2.6). While £L5CF is the generator of the generalized contact process, whose
action on a given function f : Qny — R, is, for n € Qy

LY f(n) Z Lo f(n) (3:2)

with the bond generator

LEE F ) = ma[penart + (1 = nor)] [f0) = F()] + ML = na)nar1 [f(77) — F ()]
+ Nat1 [z + 1 (1= n) [ [0 = F()] + A1 = ney)ne [f (") = F(n)].

(3.3)
That is,
LYPfm) = [771 (1 + (2 — 1) m2) + ML —n1)me] [£(n*) — f(U)]
N-1
+) [m- (201 + (p2 = 1) (a1 + Ne41) ) + A1 = n2) (21 + m+1)] Lf(™) = f(m)]  (3.4)
=2

+ {mv (11 + (2 — pa) nv—1) + A1 = nn)av—1] [f (™) — f(n)} :

Remark 4. (1) One can recover an open DCP with boundary parameters o, 3,7,9, from an

open GDCP with boundary parameters a, B 5, 5 and death parameters ui, p2, by taking
1 ~ ~ 1

M1:M2:§aa:a7§:7+§a5:57 and62ﬁ+§ (35)
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(2) For us =0, the GDCP reduces to a biased voter model with stirring by symmetric simple
exclusion, and when po = 0 and pu1 = X, this is the usual voter model with stirring, studied
in [2] for asymmetric simple exclusion with step initial condition on Z, and [27] for totally
asymmetric simple exclusion on Ay and open boundaries with v = 6§ = 0.

As for the DCP, since the state space is finite, one can encode the dynamics in a finite sized
matrix. In this setting, the intensity matrix of the GDCP in the bulk writes as the following

2N _sized matrix
N-1
LEP 4 DL =N ", (3.6)
=1
where forz =1,...N —1
ly =180 @ ¢ g 1®N-1-2) (3.7)

with the two-dimensional unit matrix 1, and the local intensity matrix

0 0 0 0
pr —(u1+D+A) D A

. 3.8
m D (DA A (3:8)
0 2 2 —2p

The intensity matrices of the boundary dynamics are the same as for the DCP dynamics, see
(1) in Remark 4.

The bond transition rates for neighboring sites (z,z + 1) can be schematically represented
in tabular form as

Initial Final Rate

01 — 00 1

01 — 10

01 — 11 A

10 — 00 L1 (3.9)
10 — 01

10 — 11 A

11 — 01 2

11 — 10 2

3.2 Duality results for the GDCP

In this section we establish in Theorem 2 a duality relation for the GDCP. A special case, derived
in Corollary 1 will be of interest for applications, as it allows to find a dual process with no
birth rate. This means that the sum in the equation (2.40) for correlations is finite, and can be
explicitly computed for a general bulk of N sites.

Theorem 2. Assume D+ 3y — puo > 0 and A+ pus — 1 > 0. The open GDCP with generator
(3.1) is dual with a purely absorbing GDCP with generator

£GDCP,Dual _ £]3ual + EGCP,Dual +ﬁ£SSEP + ﬁEual’ (3‘10)
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w.r.t. the duality function (2.20) obtained for the open diffusive contact process. We have that
LECPDual s 4he generator (3.4) of the generalized contact process with birth rate A = A+ g — i1
and death rates exchanged, that is,

ﬁGCP,Dualf(g) —
N—-1

[fm (2u2 + (11 — p2) (Cam1 + &og1) ) + A+ p2 — 1) (1= &) (&om1 + ’Sm+1):| [f(fx) - f(§)

2
[51 (2 + (p1 — p2) &2) + (A + p2 — 1) (1 — &1) &) [f(fl) - f(§)}

En (p2 + (1 — p2) En—1) + (A + po — 1) (1 — En)én—1] [f(SN) - f(ﬁ)} ,

(3.11)
D=D+ w1 — po is the diffusion pmgmelier of the exclusion dynamics, and LP"!, EE“al
defined in (2.23), (2.24) with rates &, 8,7,0, in place of o, 8,7, 0.

The proof of Theorem 2 is given in subsection 3.4. A special case of the above setting is
elucidated in the Corollary below.

are

Corollary 1 (Annihilating dual procesi). Under the same hypothesis as before, setting p1 =
A+ po, the dual GDCP has birth rate A = 0, i.e. no particle is ever created. The intensity
matrix associated to the local dual generator is given by

0 0 0 0

Dual __ H2 _(D+)‘+N2) D+ A 0

o= p2 D+ A —(D4+ X+ p2) 0 (3.12)
0 A+ o A+ 2 —2(A + p2)

We remark that no such dual process can be found for the DCP since the condition

p1 = A+ 2

is not satisfied.

3.3 Application of duality: computing correlations

As for the DCP, the dynamics of the GDCP is irreducible and the state space is finite so there is
a unique invariant measure vSPCP for the GDCP, which depends on the birth, death, exchange
and boundary rates. For a particular choice of these rates, the one-point function of yGPCP
can be explicitly computed, see Proposition 5. Furthermore, some information on the time-
dependent one-point function for arbitrary initial distributions can be obtained using duality.
To this end, consider { = 0z, ... ., namely the dual configuration with K particles respectively
onsites 0 < x1 < ... < xzx < N 4+ 1 and none elsewhere, then the duality function reads

K
D1, 0y o) =[] (=) =]~ na), (3.13)
z€A(£) =1
where A(§) = {x1,...,2x}. Then one can write the time-dependent K-points correlations via

duality as

Ey (D 0(t): 60, )) =By | T 1= ne®)| =EBs,, . [EOEO T (1 -na)
z€A(£) z€A(E(t))
M

= ) Y I I = G (0521, 2k 0), (s, yars )

n_=0n4=0(eQn =1
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where pt((O;:nl, .oy Tx; 0), (n,;yl,...,yM;nH) is the probability that, starting with a dual
configuration 6, . .., at time ¢ there are n_ dual particles absorbed in the left sink in site 0,
ny dual particles absorbed in the right sink in site IV + 1, and a dual particle in sites y1,...,yas.

3.3.1 Invariant measure

For 1 < ¢ < N, the (-point correlation function pGPCP of vGPCP s the function p?DCP defined
by

Vo < ... <azp€ Ay, pFPCF(21,...,20) = E cper [Ny - Ny - (3.14)
From now on, we denote by
o= —, and cy := L . (3.15)
a—+y B+

As for the DCP, the dual (£(¢)):>0 of the GDCP (we keep the same notation £ to refer to the dual
process) becomes extinct almost surely and, recall that the total number of particles absorbed
on the left, resp. right hand side boundary is:

&o(00) := tliglofo(t), resp. En41(00) = tli}rgofNH(t), (3.16)

where the limits are almost sure.

Following the same lines as for the proof of Proposition 2, one can prove the following general
formula for the correlation functions of the GDCP:

Proposition 4. Forany 1 </ < N, andany 1 <z < ..<zp <N,

L l
E, cpcp [ (1—na;) } = Z(—l)k Z pPP (s i)
7j=1 k=0 1< <. <ip <t (3.17)
= 7 Poryy, [f0(00) = miE(o0) = m|e e
m,n>0

In the particular setting of Corollary 1, the one-point function can be computed explicitly.

Proposition 5. Consider a GDCP with birth rate A > 0, diffusion coefficient D > 0, boundary
rates a, 3,7, and death rates 1 and uo, with puy = ue + A. Then,

PP (@) = up(1 - E2) + v, (1 - ¢4),

where with the constants

_ a+7 ~ D+ A
a+7+D+X+p’  a+7+D+A+p’ (3.18)
_ B+4 7 D+ A ‘
C:= =——= , ===
B+0+D+ N+ o B40+D+ X+ s
and
1+ 1= A2
A = A, py o LEVIZAT (3.19)
D+ A+ pe A
By = r-(1—br_ )1 —driY) + Nl N ey — 1)(1 - drZh, (3.20)
By = a@N+1-2) +(1-2a)c, (3.21)
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the terms u, and v, are given by, for allx € {1,...,N},

;. ~

%[(1 —dr T 4 (= NNy > 0

U = = (3.22)
\Bcgvu—z%(zv—x)] s =0,
%[(5@ — DN (= br )Yy >0

vy = _ (3.23)
\é;u—a+a@—1ﬂ 1y = 0.

Remark 5. (a) For pg > 0 one finds that the stationary bulk density

Pouli (5) = Jim pi([sN]) (3.24)

vanishes for all s € (0,1). A non-trivial exponentially decaying density profile appears near the
boundaries.

(b) In contrast, for pua =0 a linear bulk density profile emerges,
p&?fp(s):~a~l—s)+~ﬁ~s BT ~a6~_§7~3 (3.25)

a+y B+d aty (a+7)(B+9)

This phenomenon is reminiscent of a superposition of shock measures appearing in the voter
model with totally asymmetric stirring (rather than symmetric stirring as in the present case)
on Ay and open boundaries withy = 6 = 0 [27]. The invariant measure of that model is a convex
combination of shock product measures with marginals u(n;) =1 for 1 <x < xs and p(n,) =0
for zs < x < N and uniform distribution of the microscopic shock position xs € ANy which leads
to a linear stationary density profile and a simple form of the two-point correlation function
computed in [22]. For the present more complicated case of symmetric stirring and arbitrary
boundary parameters we leave a detailed investigation of the two-point correlation function for
future work.

(c) Moreover, computing higher order correlations is in general a complicated task. For these
models, the difficulty lies in the fact that if there are two or more dual particles, the death rates
depend on the configuration. We leave this for future work.

3.3.2 Time-dependence of the one-point function

For the choice 1 = A+ 2 the absence of particle birth or insertion in the dual process guarantees
that the duality function yields a finite inhomogeneous system of ordinary differential equations
(ODE’s) for the one-point function.

Proposition 6. We assume that g = A+ pe. Denoting by 7, := 1, — p1(x) centered variables,
and defining the function

9(w,1) = (7, ), (3.26)
where () means expectation at time t for an arbitrary initial measure v, we have
Solwt) = (DNt 1,0 +gle— 1,0~ 29(w,1), 1<a<N,
%9(17 t) = (P+XN2t) —g(L,1)) = (a+7 = p2)g(1,1), (3.27)
SoNA) = (DN (GN —11) — g(N 1)) — (B 45— pm)g(N,0).
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In the system (3.27), we recognize the ODE’s for the time-dependent centered one- pomt
function of the open SSEP with diffusion coefficient D=D+ A, and reservoir rates @, B 4,4,
satisfying o

at+y=a+5—pu, and +6=08+0 — uo. (3.28)

Following [39], this system can be solved in a closed form by a discrete Fourier transformation
with a reflected wave, in the special cases obtained from the four combinations of reservoir
parameters given by a +73 € {ug, g2 + D+ A} and B+ 6 € {ug, po + D+ A}. We find surprising
that the system of equations (3.27) matches the one for the space time empirical profile of an
open SSEP, see equation (19) and below in [19]. In particular, the choice & + 7 = 5 +6 = 149
corresponds to @ = 8 =7 = § = 0 for the boundary parameters of the SSEP (i.e. x =0 in [19])
and leads to the same system of equations, both for the SSEP with reflecting boundary which
conserves the total number of particles and for our GCDP which does not conserve the total
number of particles due to positive birth and death rates. We believe it would be interesting
to prove the hydrodynamic limit for this non-conservative process with open boundary, in the
same spirit as for the open finite volume SSEP.

3.4 Proofs for Section 3
3.4.1 Proofs for Subsection 3.2

Proof of Theorem 2. In order to show the matrix duality relation of equation (2.12), as the
generator acts on two sites, it is enough to show that

1652 — 92 <£Dual>T7 (3.29)

for G, ¢ defined respectively in (2.27) and (3.8); we have

a? ab ba b

g2 | ac ad bc bd
G = ca cb da db (3.30)
2 cd de d?

For any choice of the parameters a, b, ¢, d, this defines a self-duality function for the SSEP (see
Remark 2), and we only have to take into consideration the action of the GCP. The left hand
side of equation (3.29) becomes

0 0 0 0
zlapy — ] aypuy —dz\ — AD  bruy — ey + AD  y[buy — dA]
zlap — A bxpy —cyh+ AD  ayp —dzh — AD  ylbpy —dA] |’
2capiy (dz + cy)po (dz + cy)po 2dy o

(G®? = (3.31)

where A := ad —bc, z := a—cand y := b—d. For the right hand side of (3.29), we first consider
a local generator ¢Pval wwhich describes a GDCP with possibly different rates: D is the diffusion
coeflicient, A the birth rate while 11 and fo are the death rates. This gives the following dual
local intensity matrix

0 0 0 0
poual _ | A —(D+A+m) D Al (3.32)
iy D D+A+51) A
0 2 fh2 —2p2
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Computing the right hand side of (3.29), we get

o2 (gDual)T _ (3.33)

0 z(afi; — bA) z(afi; — bA) 2ibz

0 awfiy —dzA—AD  czfiy —bwh+ AD  (bw + dz)fia

0 czfit — bwr+ AD  awfiy — dzX — AD (bw +d2)pia |’
0 wlefiy — dA] wlcfiy — d] 2dwiiz

where z = a — b and w = ¢ — d. Since we are aiming to match expressions (3.31) and (3.33), we
first notice that equality in the first column requires x = 0, i.e. a = ¢, while equality in the first

row requires z = 0, i.e. a = b. Thus a = b = ¢ yields A = —a(a — d), and we are left with
0 0 0 0
0 apuy+aD —al—aD ap; —dAr
®2 _ (, H1 M1
(G =la=d) | o _\_aD ap+aD auy — d (3.34)
0 ajio ajio 2dpz
for the left hand side, and
0 0 0 0
T 0 api1 +aD —a\—aD apo
®2 ( pDual _ _ 1 ~ -
¢ (E ) =(a=d) 0 —aX—aD api+aD aps (3.35)
0 app—dX apy—dix  2dps

for the right hand side.

Consider d = 0 in both equations (3.34) and (3.35). Then, the identity holds if we set
fo = p1 and fi; = po, D=D+ 1 — o and A=A+ po — 1. Furthermore, without loss of
generality, choosing a = 1, we are left with the duality matrix

11
G_<1 0), (3.36)
which corresponds to the duality function
Gn.&) = [] @ -m)*. (3.37)
TEAN

Note that G is the same duality function as in (2.21) (see Remark 2). Since the bulk duality
function is the same as the one for the diffusive contact process, we can extend the result to the
GDCP with the corresponding boundary parameters. Hence, the duality function has the same
form as for the diffusive contact process, that is: D : Qn x Q?\}ml — R given by

v \éo ¢ B \én+1
D& =(=—=)" [ a-m*(=)""" (3.38)
a+7y xl‘j\[N B+0
Notice that for py = us = %, we recover Theorem 1. O

The proof of Corollary 1 follows from Theorem 2.
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3.4.2 Proofs for subsection 3.3

Proof of Proposition 4. In this setting, by Corollary 1, the dual process of the GDCP is a GDCP
with no birth rate, diffusion coefficient D+ A, boundary rates 0,a+7,0, 3+ ¢ (purely absorbing
boundaries), and death rates pg and A+ pe. Thus, the generator of the dual process is given by

£GDCP7Dua1 _ E]zual + EGCP,Dual + (D + A)ﬁSSEP + £Eual’

where we recall that £PU! and £PU! are defined in (2.23) (with & +7 instead of .+~ and B+6
instead of 3 + d) and,

=2

£EPOPD f(e) = 3™ [ (2ps + A (€ + &) [£(67) - £(6))

8
|

—

2
+ & (p2 + AR [ (€Y — f(f)}
+ [en (i + v )] [FEY) - £(€)]

By Theorem 2 the duality function D : Qpn X Q‘}\}lal — R is the same as for the DCP, that is, given
by (3.38). The same reasoning as in the proof of Proposition 1 yields that for x € {1,..., N},
E,cpce [1 — 1) = Ps, [€o(00) = 1N En41(00) = 0]
+ ]P)(Sx [60(00) =0nN §N+1(OO) = 1]E+
+ (1= Ps, [60(00) = 1N €n(00) = 0] = Py, [€0(00) = 0 v (o0) = 1])
= Uyl + VCh + (1 — uy — vy).

Therefore,

p?DCP( ) - um(l - E—) + Uz(l - E—f—)

In this case the sum (3.17) is finite due to the fact that the rate of birth is zero, so y(o0) and
En+1(00) can be at most equal to one. O

Proof of Proposition 5. To prove Proposition 5, we are now left to compute (ug)i<y<ny and
(vg)1<z<n. By conditioning on the first possible event (jump, birth, death, or absorption by
a reservoir) of the process starting from a particle at site x, we have the following discrete
equations

e For (ug)i<z<n:
Uq :a+EUQ
A
Up = §(uw,1 +Upy1) Vre{2,...,N-—-1}
uy = duy_1,

with the constants E,g, cz and A defined in (3.18) and (3.19).

e For (vg)1<z<n:

V1 = bugy

A
Vp = 5(%,1 +vgy1) Vre{2,...,N—-1}
UN :E+ JUN_l,

with the constants Z, c, c?, and A defined in (3.18) and (3.19).
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Both recurrence relations are of the form
w; =a +gw2

A

g(wmq +wyt1) Veed{2,...,N -1} (3.39)

wN = ¢+ glva,l

Wy =

with a =@, ¢ =0, for (ug)1<z<n and a =0, ¢ = ¢, for (v3)1<z<n. The properties of the solution
of this recursion depend on po as follows.

Case 1: us >0
To solve the general recurrence relation, notice that the constants defined in (3.19) satisfy A < 1,
r— <1 and r4 > 1. Then, there are p,q € R such that for 2 <z < N —1,

wy = pri 4+ qry, (3.40)

which follows from the bulk part of the recurrence relation (3.39). Furthermore, the recurrence
relation involving sites 1 and 2 yields pr— + qry = a + b[pr2 + qr?], therefore pr_(1 —br_) =
a+ qr(bgry —1). Since 0 < r_ < 1 and b < 1, for both u, and v,, one obtains

. a+q7’+(br+—1)
r_(1—br_)

In a smnlar fashion, the recurrence relation 1nv01v1ng sites N and N — 1 yields pr?¥ + qr Y=

¢+ dpr¥ 1 + qry ™1, therefore pr¥ (1 — dr=t) = c+qr¥ (drJr —1). Since ry > land d < 1,
for both u, and v,, one obtains

c—prN(1 —drZh)

riV(1— dr;l)
Finally, for By defined in (3.20) one finds
1 ~ ~
g = leN[cr,u —br_) +arN(drZt — 1)) (3.41)
1 e~
p = BN[ a(l — dr+ )+ erl Nbry —1)]. (3.42)

This result yields (3.22) and (3.23) for us > 0.
Case 2, uo =0

In this case, A = 1 and the bulk part of the recurrence relation (3.39) can be written Aw, = 0,
where A is the discrete one-dimensional Laplacian. The general solution is the linear function

wy =p +q'x. (3.43)

The boundary condition at site 1 yields p’ + ¢ = a + by + 2q/) and therefore p/(1 — b) =
a+ (2b 1)¢'. Likewise, the boundary condition at site N yields p'+¢'N = c+ d(p +4¢' (N —-1))
and therefore p/(1 — d) = ¢ — ¢'[(1 — d)N — d]. We then discuss the following cases:

(i) b=d=1. In this case, we have closed boundary conditions, and the empty lattice is the
absorbing state, implying without further computation u, = v, = pGDCP( ) = 0 for all
ze{l,...,N}.
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(ii) b= 1, d < 1. This corresponds to a closed left boundary, with @ = 0, but with open right
boundary, leaving the invariant measure non-trivial. The recurrence for w, yields ¢ = 0
and one obtains u; =0, v, =1forall x € {1,...,N}.

(iii) d=1,b< 1. This corresponds to a closed right boundary, with ¢ = 0, but with open left
boundary, leaving the invariant measure non-trivial. The recurrence for w, yields ¢ = 0
and one obtains u, = 1, v, =0 for all x € {1,..., N}.

(iv) d <1, b < 1. The recurrence yields

, _ c(1=b)—a(l—d)
J = B, (3.44)
) a[(1—d)N +d] +¢(2b— 1)

_ 3.45
p B, , (3.45)

for By defined in (3.21).

Hence, observing that for ps = 0, one has 1 = a + b = ¢ + d, we arrive at (3.22) and (3.23) for
p2 = 0, which covers all four cases (i)-(iv). O

Proof of Proposition 6. Assuming puq = A+ us the duality function of the GDCP yields the finite
inhomogeneous system of ordinary differential equations (ODE’s)

Sl) = PANnert) + (1) = 2n) ~ 2ol 1<a <N
Sim) = @4Nm) ~ (m) — G +3+7)m) + @, (3.46)

Com) = @+Nava)—(mx)) — (o + 5 +3)(nw) +5 .

The inhomogeneity arising from the constants a and § can be removed by considering the
centered variables 7, := 7, — p1(7), and by noting that invariance of the measure yields a =
(D+A+p2+a+79)pi(1) = (D+A)p1(2) and § = (D+ A+ pz+B+0)p1(N) — (D+A)pr(N —1).
With the recursion (3.39), which by linearity is also valid for p;(z), we conclude that

d

a<ﬁx> = (D+)‘)(<ﬁx+1>+<ﬁrfl>_2<ﬁ:p>)_2u2<ﬁx>7 1<$<N,
Sy = @)~ (1)~ o+ 3 +7)(7), (3.47)
d

a(ﬁzﬂ = D+N{(An=1) = (n ) — (p2 +§+g)<ﬁN>7

that is (3.27), which is a homogeneous system of first order ordinary differential equations. [

4 The susceptible-infectious-recovered (SIR) model

We now consider another non conservative model, originally introduced in [24], in terms of a
nonlinear system of differential equations for the sizes of populations of three species of individ-
uals which are subject to an infection/recovery mechanism. The susceptible-infectious-recovered
(SIR) model describes propagation of infections in the following sense: a susceptible individual
(characterized by its state S) can become an infectious individual (characterized by its state
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I), according to an infection rate (3, if it is in contact with an infectious individual. An infec-
tious individual recovers (then it is characterized by its state R) with recovery rate 7; once an
individual has recovered it stays immune, that is, it remains in state R forever.

Despite the simplicity of the original mean-field type model, it is known to capture important
features of the temporal dynamics of an infection. However, only limited results are available if
fluctuations (which inevitably occur in a real system) are taken into account. This question was
addressed in the SIR model of [41] where particles evolve on a one dimensional space of sites,
as in the diffusive contact process. However, contrary to the diffusive contact process studied
in Section 2), the model is defined on the infinite translation invariant lattice Z, so that in
particular, there are no reservoirs. Notice that the parameters g8 and  for the SIR model have
nothing to do with the reservoir parameters in the previous sections. The reason for which we
keep this notation is that it is canonically used in the literature on the SIR model.

The stochastic evolution of the collection of particles in the system is governed by a Markov
process denoted by {n;(t),x € Z,t > 0}, with state space

S :={S,I,R}”, (4.1)

so that for x € Z, a € {S,I, R}, n, = a means that x is in state a. Using the notation in [41],
the (translation invariant) transition rates between nearest neighboring sites are given by

Initial Final Rate

IS — 11 B
ST — 11 B
I — R ol
Note that this dynamics is not attractive (the necessary and sufficient conditions required for
attractiveness in [4] are not satisfied), so we cannot rely on monotonicity for this model. In view

of the duality result for the SIR model, see Theorem 3, we give an alternative definition of the
dynamics in terms of its generator £5®. For f: 8§ — R,

L f(m) = B0l 3y [F(Tham) — f)] + Bk niy [F(TEin) — f(n)]

TEZ
+y kL [f(TF) = f()]} (4.3)

where for z,y € Z and a € {S,I, R}
77; = ]l{nm:a}v (44)

and T} is the operator acting on elements of § which flips the state of y into a, that is, for z € Z,

(Tgn). = { ne 27y (4.5)

Y a if z =y.

Our first goal is to find a duality relation for the SIR model with generator (4.3).

4.1 Clusters as duality function

This section is devoted to showing duality for the SIR model, for the purpose of studying the
expected population size, and correlations as a function of time for arbitrary initial distribu-
tions, rather than only for translation invariant ones, as studied in [41]. This is achieved using
a duality relation between cluster functions (defined below) with a bi-layered two-dimensional
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random walk on two copies of the semi-infinite lattice N x Z that we shall label by G and J
respectively. The random walk is asymmetric on each lattice and lattice G is absorbing, i.e.,
once the random walker has left lattice H it cannot return to it. In addition, there is a further
(single) absorbing cemetery state that the random walker can reach from lattice G.

To make this qualitative picture of the dual process precise and obtain information about
the original process, we use the notation (-), := E,[ - | to denote the expectation with respect to
some initial distribution v, e.g. (n%(t)), is the expected state at site  and time ¢ with respect to
v. As already noticed in [41] quantities of interest are written in terms of high order correlation
functions, called n-point cluster functions, for n € N, the set of strictly positive integers:

n—1
G"(r,n,t) = <7h{—1(75) an—i-j(t) 777{+n(t)> (4.6)
=0

v

n—1
HV(T,n,t) = < an—i-j(t) n£+n(t)> I (47)
=0

v

where in what follows, to lighten the notation we do not write the dependence in time explicitly.
Instead of the cluster H, it will be more convenient to define a different cluster which is of
the same size as G. Namely,

n—1
JY(r,n,t) = <775‘_1(t) | ARG nf+n(t)> : (4.8)
7=0

14

Using that for any = € Z, 05 +nf +nl = 1, the relation between these clusters is
JY(r,n,t) = H"(r,n,t) — H'(r — 1,n+1,t) — G"(r,n,t), (4.9)

so that given J”(r,n,t) and G¥(r,n,t), the cluster function H”(r,n,t) can be computed recur-
sively.

In particular, one can gather information about the correlations of the SIR model by choosing
short clusters, see also Remark 7 below. We are now ready to give the duality result for the SIR
model. To this end, denote by

Sl .= (Z x N x {G, J}) U {0}, (4.10)
where 0 will be a trap for the dual evolution.

Theorem 3 (Duality relation for SIR). The SIR model (n:):>0 with generator (4.3) is dual
to a two dimensional biased random walk on two layers (see Figure 4) with duality function
d:8 x 8%l R given by: forn e 8 and &€ € S if ¢ = (r,n,i) € Zx N x {G,J},

d(n, (r,n, 1)) = nl_mf - nd ol Lice 0l ot Lies

nol (4.11)
= [ ica +0f Lz ] [ T2 | s
j=0
and
d(n,0) := 0. (4.12)
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Figure 4: Dual dynamics for the SIR model

The dual generator acts on local functions f : ST — R as follows: for € € 8wl if ¢ =9,
£l r ) =o, (4.13)
while if € = (r,n,i) € Zx N x {G, J},

£l f(r n i) = licq[f(r —1,n+1,i) — f(r,n,i)} + Blf(ry,n+1,4) — f(r,n,i)}

: ) : (4.14)
+ /Y]}-iZJ[f(Ta n, d)(l)) - f(ra n, Z)] + 2’7]]-1':G [f(a) - f(ra n, Z)]a
where we define the flip operator ¢ as
¢ :{G,J} = {G,J}, such that ¢(G)=J and ¢(J)=G . (4.15)

Remark 6. By (4.13), 0 is indeed a trap: once the process reaches 0, it remains there forever.
Furthermore, the generator of the dual dynamics defines a bilayer random walk with the following
transitions on the dual state space, illustrated in Fig. 4:

(ryn,i) — (r,n+ 1,7) at rate B for both layers: i € {G, J} (4.16)
(r,n,G) = (r—1,n+1,G) at rate B only for layer G. (4.17)

It is only possible to go from layer J to layer G, (but not the other way around):
(ryn,J) — (r,n,G) at rate , (4.18)
and absorption in the trap is only possible if the walker is in layer G:
(r,n,G) — 0 at rate 2. (4.19)

Notice the non-translation invariance nature of the dynamics in the second transition (4.17).
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4.2 Applications of the duality relation

Consider a measure v on {S,I, R}” and recall the n-point cluster functions G”(r,n,t) and
JY(r,n,t) defined respectively in (4.6) and (4.8). Note that J¥(r,n,t) is not the same as H(n)
n [41], because of the term 1, _ )—g but we still obtain closed equations for G and J type
chains.

Remark 7 (SIR correlations for small clusters). Choosing n =1 the duality functions can give
information on the three point correlation functions given in terms of the clusters G or J, which
can then be used to get two point correlation functions via the cluster H.

4.2.1 Coupled equations for the cluster functions

In [41] (see equation (20)), two first order differential equations are provided and explicitly
solved for G¥(r,n,t) and H"(r,n,t), provided that the initial measure v is translation invariant.
Therefore, the initial measure and the dynamics (we are on Z), being both translation invariant,
one can drop the dependence on r and write G¥(r,n,t) = G¥(n,t) and H(r,n,t) = H"(n,t).
We first show that one can recover these equations for G¥(n,t) and J”(n,t), by only using the
duality relation of Theorem 3.

Proposition 7. Assume that the initial distribution v is translation invariant. Fix n € N, then

we have
dG¥(n,t
WY — a4 B)G (1) + 2667 (m + 1,1
p JV% 5 (4.20)
T, = _(’7 + B)Jy(n’ t) + BJV(TL + 1) t) + ’)/GV(TL, t) :
The solutions are given by
v - 2Bt ¢ v
GY(n,t) = e 2<v+ﬁ>tz(ﬂ)a (¢ +n,0) (4.21)
>0
v — ﬂt ¢ v
J'(n,t) = e Wﬁ)tz(ﬂ)J (£ +n,0)
>0
¢ AN
+7 / e A=)y " WGW +n, s)ds. (4.22)
0 >0 '
Moreover
JY(n,t) = H"(n,t) — H'(n+ 1,t) — G"(n, t) . (4.23)

4.2.2 Non-translation invariant case

In [41], the cluster correlation functions have not been solved in the case where v is not translation
invariant, because the equations obtained in G and J or H are not closed. Our goal now is to
get an explicit expression of such cluster functions in the non translation invariant case, by using
the dual process.

Denote by ¢ an element of §94!, For any SIR configuration 7, by abuse of notation, we write

G"(r,n,t) =: GO (r,n,t) and J"(r,n,t) =: Jo (r,n,t),

the cluster correlation functions when the system is initially in state . Note that the measure
9y is no longer a translation invariant measure for the SIR process (unless it is a constant
configuration, in which case the system remains unchanged).
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Theorem 4. The G"(r,n,t) cluster is given by:

b b
B b (2t
G'(r,n,t) = e 20 (22( b!) G'(r — a,n + b,0). (4.24)
(a,b)E(N)?

a<b

Theorem 5. The J"(r,n,t) cluster is given by:

e B ko)
JNryn,t) =e 7 Z TJ"

k>0
- (4.25)
+ ’}/6_(7+ﬂ) / —(v+B)(t—s Z Z Qﬁ(tb' S)) G"(r—a,n+k+0b,0)ds.
k>0 a<b '
(a,b)EN2

Theorems 4 and 5 hold for any initial measure v which is not necessarily translation invariant.
We conclude this section showing that under the extra assumption of translation invariance we
can recover the expressions (21) and (22) in [41].

Special case: translation invariance

Let us recover the formulas obtained in [41] in the translation invariant case using ODE’s (here
we have not used such ODE’s), from (4.24) and (4.25). If v is translation invariant, G¥(r,n,0)
and JY(r,n,0) are independent of r, so

G¥(n,t) := G¥(r,n,t) = e 20+H)1 Z (22 (281)" ——G"(r —a,n+10,0)

(a,b)eN?
a<b

— 2B S Z = 2575 n+b,0). (4.26)

b>0 a=0

v —2(y+pB)t (26t)b v
Therefore, G”(n,t) =e 7 Z TG (n+b,0),
>0

which matches (21) in [41]. Now,

v N 77 _ _—(v+pP)t (Bt)k v
JV(n,t) == J"(r,n,t) =e ZTJ (n+ k,0)

k>0
) 2 b
+ e (A / —(v+B)(t— S)Z Z (26(t - 7 5)) G"(n+k+b,0)ds
k>0 a<b '
(a,b)eN2 (427)
- BO"
_ -y k!) J(n + k,0)
k>0
+ e~ (A / —(y+8)(t=s) ZZ 2”8 ti )’ G"(n+k+0b,0)ds.
k>0 5>0
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Performing the change of variable © =t — s, the second integral becomes

— 2
/ Blt — u))* e_(w'ﬁ)“z ( Bu) G"(n+k+b,0)ds
0 k>0 t >0 (4.28)
/ —w)* ————G"(n+k,s)ds,
0 k>0
where we used the expression for G¥(n,t) given by (4.26). Finally, we get
t
JY(n,t) :e—<v+ﬁ>tz (8 ) JV (04n,0) 4+~ / —O+B)(- S)Z G”(£+n s)ds, (4.29)

£>0 : >0
which is exactly the solution given in (4.22), found by solving the ODE for J, in the same spirit
as in [41].
4.3 Proofs for Section 4
4.3.1 Proofs for Subsection 4.1

Proof of Theorem 3. First, note that due to the definitions and conventions (4.10), (4.12), (4.13),
(4.14), we have, for any configuration 7,

L[, 9)(n) = L4d(n, )(9). (4.30)

Then, in order to show the following duality relation for all configuration n and (r,n,i) €
ZxNx{G,J}

‘CSIRd('7 (Tv n, Z))(U) = ‘Cduald(nﬂ ')(Tv n, Z)a (431)
it is convenient to split the SIR generator into three different actions, namely
L3(-, (ryn, ) (n) = Y [Ay + By + Cyld(-, (r,m, 1)) (n), (4.32)
YEZ

where
Ay d(-, (r.n, ) () = By |d(Tam, (i) = d (o, ()|
By d(-, (r,n,1))(n) == By, 1[ (Tyﬁmv (ﬁmi)> —d(n, (r,n,z’))} (4.33)
Cy d(-, (r.n,0))(n) := vy |d( Ty, (r.m,1) ) = d (. (rymsa) |,

for the operators Ty defined in (4.5). To conclude the proof we proceed by direct computations
of each of the three items above:

Lemma 2. [Actions of Ay, By, Cy] The actions of the three operators A,, B, and C, whose
sum over y € 7 defines the SIR generator (4.3) are

S 4, dn, (rni) = Blig [d(n, (r—1,n+1,4) — d(n, (r,n,i))} (4.34)
YEL
Z By d(nv (T, n, Z)) = p [d(% (Ta n+ 1, Z)) - d(nv (T, n, Z))] (435)
YyEZ
Z C d ’I“ n Z)) = li=; [d(n’ (Ta n, QZ)(Z))) - d(777 (na ’L))} - 27]li=Gd(77’ (Tv n, 7’)) (436)
YEL
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Collecting (4.34), (4.35), (4.36) and using that d(n,d) = 0 we get

L5Ra( (r,m,0)) () = Blizg [d(n, (r = L+ 1,0)) = d(, (7, 1))

+ Bld(n, (r,n +1,2)) = d(n, (r,n,1)|

(4.37)
9 Liy [, (0, 6())) = d(n, (r, )]
+ 29156 [d(n, 9) — d(n, (r,n, )] = £2d(n, ) (7., ),
namely, we have recovered the generator £ of equation (4.14). O

Proof of Lemma 2. We proceed by direct computations. Recall the definition of the duality
function in (4.11).

(i) Actionof A, Ify+1¢{r—1,...,r+ n} there is no action. Moreover,

. 0 ify+1e{r,...,r+n}
IS I , ’
d(T, (T 1, =
Wl Wy, (7)) {d(n, (r=1n+1G)) ify+l=r-1
' 0 ifye{r...r-l-n}
IS — ’ ’
nyny+1d(na (’l", nyl)) - {d(n (7" n G)) ify=r—1
and so
Z Ay d(777 (T, n, Z)) - <Ar—2+Ar—1>d(n7 (T7 n, Z)) = /8 [d(n’ (7"—1, n+1’ G))_d(n7 (T7 ™ G)):|
YyEZ

(ii) Actionof B, Ify—1¢ {r—1,...,r+n} there is no action. Moreover,

0 ify—1 —1,... -1
n;vfln;d(TyIflna (Ta n, Z)) = . 1 Y © {T ’ " o }
din,(r,n+1,4) ify—1=r+n
S ld(n, (i) = 0 iftye{r,....,r+n—1}
ym d(n,(r,n,i)) fy=r+n

and so

Z By d(?’/, (T‘, n, Z)) = <Br+n+1 +BT+?’L) d(n? (7", n, 7’)) = B |:d(n7 (Ta n+ ]-’ l)) - d(nv (Tv n, Z))}

YEL

(iii) Action of Cy Ify ¢ {r—1,...,7+ n} there is no action. Moreover,

, 0 ifye{r,...,r+n}
n;d(Tan7 (T,?’L,Z)) = . . o
d(77: (7“,’]7,, G))]IZ:J lfy =r 1
0 ifye{r,...,r+n—1}
myd(n, (r,n,4)) = S d(n, (r,n,G) ify=r—1

d(n, (r,n,i))  ify=r+n



and so

Z Cy d(n, (r,n,i)) = (er + CrJrn) d(n, (r,n,i))

YEZ

= 7 [d(na (Tv n, G))]li:J - d(777 (T7 , G)) - d(777 (T7 n, Z))

4.3.2 Proofs for Subsection 4.2

Proof of Proposition 7. We have

96" 1) = g, [a(. (0, @) (n(e))] = B [£5RaC, (1, @) ()]

dt
= E, |£Pd(n(1), ) (10, G) |
= 8[E, |[d(. (r = Ln+1,G) )] ~ B [d( (rm, ) (1))
+ B[E, [d( (rn+1,0)n(®)] —Eu[d( (@) ()]
— 29E, [d(. (r,n. @) (n(®))|
= 28[G"(n+1,t) — G¥(n,t)] — 29G” (n, 1),

where we used the duality relation in the first line and the fact that G¥ does not depend on r,
by translation invariance, in the last line. In the same way, we get:

&t = B [aC, (rm, H)n(2)] = By [£5%a( (. HD) (1)

dt
= B, [£d((t), ) (r,n, H) |
= B[, [dC, (r,n + 1, ) (n(1)] = B, [d(., (rn, D) (1))
9 [Ey [l (r,n, @) ()] ~ By [dC, (o ) (1)
=B[J"(n+1,t) - J”(n O] +v[G"(n,t) = T (n,1)] .

We have thus derived (4.20). Note that indeed these are the analogous of equation (20) in
[41]. The first equation is exactly the same one as for G in [41] and the solution is given by
(4.21). The second equation can be solved similarly in a recursive way, by treating the terms
JY(n+1,t) and G¥(n,t) as inhomogeneities. The solution is given by (4.22). Then, using that
n?_ 1 +nl_; +nft, =1, and noticing that

HY(n,t) = H"(n+ 1,t) + J"(n,t) + G"(n,t),
the equation for H”, which is the same as the one in [41], is

dHY (n,t) _

7 —(v+ B)H" (n, t)+ﬁ(H”(n—|—1 t) — G”(n,t)),

with solution

HY(n,t) = e~ 0+ Z (i') H(¢{+n,0) B/ ~(#B)(t-9) Z Gl +n,s)ds .
£>0 £>0

Therefore, we can write the solution J” in terms of the H” cluster as (4.23). O
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For the proofs of Theorems 4 and 5, we introduce two auxiliary dynamics. The first dynamics
is defined on Z x N x {G} by the following transition rates

(r,n,G) - (r—1,n+1,G): atrate §, and (r,n,G) — (r,n+1,G): at rate 5.  (4.38)
Denote by IP’(T n,J) 1ESD- E](Druslf); the probability measure, resp. expectation, under this dynam-

ics, when starting from (r,n,G).
The second dynamics is defined on Z x N x {J} by the following transition rates

(rym,J) — (r,n+1): at rate j. (4.39)

Denote by P‘(]T,m J)» Tesp. E{Tm’ 7 the probability measure, resp. expectation, under this dynamics
when starting from (r,n, J).

Proof of Theorem 4. Fix (r,n) € Z?, thanks to duality we can write
G(r,m,t) = TES o [d(n, (r(), (1), G))] (4.40)

Indeed, for the left hand side we have

By [d(n(t), (r,n, G))] = Egiicy [d(n, €(2)]
= Egine [dm,€0) N (€() # 9)]
= EQ% o [d(n, () N (VO < s <, & # 0)]
]au,?lg []1{v0<s<t e.20yd(n, E(1 )]

=P [V0 < s <ty & # BN [d(n,£(1) V0 < s < t, & # 0]
=Pl [V0 <5 <t, & # 0] X Ef,, o [dn, (r(t),n(t),G))] -

Above we used the strong Markov property on the fifth line and the sixth one is due to the fact
that when conditioning on not having reached the trap 0 up to time ¢, the dual process starting
from (r,n,G) has the same dynamics as the one defined in (4.38). Finally, to get the identity
in (4.40) we used the fact that the time of reaching the trap 0 from any (r,n,d), is given by an
exponential clock of parameter 2. Expanding the expectation in the right hand side of (4.40),
we are left with

G'(r,n,t) = e N~ d(n, (7,0)PG,, ) [(r(1),n(t), G) = (7,7, G)]
(7,n)€EZXN

_ o2t Z d(n, (r —a,n + b))IP)(m a) [(r(t),n(t),G) = (r —a,n+b,G)]

(a,b)eN?
a<b

= e 2t Z d(n7 (r—a,n+ b)) —2,Bt( ) (2&)

b !
(a,b)eN? 2 !
a<b

—2(y+B)t ( ) (28t)°
o 3 LB G a0,
(a,b)eN2
a<b
The third line comes from the fact that in order to reach (r — a,n + b) starting from (r,n) and
with the dynamics (4.38), one has to perform (2) steps, where r decreases by 1 and n increases
by 1 and, the rest of the steps where it is only n that increases by 1. The time between two

such jumps is an exponential clock with parameter 2. ]
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The other cluster can be found in a similar fashion.

Proof of Theorem 5. Similarly to the previous computation we have

Jﬁ(r . t) [d(nt, (7‘, n, J))] EI()Tu::IJ [ (77 é‘( ))] Dru;lJ) [d(n,f(t)) N (f(t) 7& a)]
= ERUL [d(n, (r(t),n(t),i(t) N (Y0 < s < t, &(s) # 0)] (4.41)
=B [d(n, (r(t),n(t),G)) N (V0 < s < t, &(s) # 0)] |

+ R [dn, (1), n(t), ) N (W0 < 5 < 1, £(s) # )],

where in the last line, we partitioned according to having or not a jump from J to G before time
t. Defining:

A= (V0<u<s, &u)=J)n Vst <u<t, &) =G)N(Mo<u<t, &(u) #0),

the event that before time ¢, the walk does not reach the trap 0 and at time 0 < s < t, the walk
jumps from lane J to G, we have:

EQly [d(n, (r(t),n(t), G) N (YO < s < t, &(s) # 0)] = / Bt [Ac)ds
0 (4.42)

_ / appu AR [d(n, (r(), (1), 1(8))[ A1)

Using that the law of the jump from state J to G is an exponential law of parameter ~, and
that the rate of jump from state G to the trap 0 is 27, we have

t—s
d]ID]@“:lJ [Aé] = ’ye*'ys(l — /0 276727“du) ds = ye*WSe*QV(t*S)ds = ve DtV ds.

Now, we expand (4.42) by partitioning on the number of increases in n up to time s for the dual
process conditioned on being of type J between times 0 and s, for a certain s € [0, t]:

EQL [dn, (r(2), n(t), i(6))[ AL]

= > ERL [, (1), n(0), (1) 0 (r(s),m(s), () = (rym+ &, )| AL

k>0

= Z ]P){r,n,J) [(T(S)a ?’L(S), J) = (Ta n+k, J)]E(C;:,n+k,G) [d<na (T(t - 3)7 n(t - 3)7 G)}
k>0

—Z s 58 Z dn,(r—a,n+k+bG))
k>0 a<b

(a,b)eN2

P(G1:,n+k,G) [(T(t - 5)7 n(t - 8)7 G) = (T —a,r+k+0, G)]

=> > e_BSer—Qﬁ(t_s)(CLl))(%(t_S>)bG”(r—a,n+k+b,0),

20 b!
k>0 a<b
(a,b)eN2

where we used the strong Markov property in the second line, and expanded the expectation
under the process (4.38) in the third line. Therefore,

Epsel sy [d(n, (r(8), n(t), G)) N (VO <5<t &(s)#£9)] =
zw/ o3 Y =05 (B8)" _ap(t—s) ) () @28(t—5))" G —an+k+b,0)ds.  (443)

26 b!
k>0 a<b
(a,b)EN2
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Finally, the second expectation in the last line in (4.41) is given by:

ER™ ) [d(n, (r(6),n(6), )N (VO < s <1, &(s) #0)] = Y S0 L 1 mtk,0). (444)
k>0

Collecting (4.43) and (4.44) yields:

n — o (v Bt (ﬁt)k n
JNr,n,t) =e ZT‘] (r,n+k,0)

k>0
—Bs\F°2) - S a (2/3(t - 8))
2“/t/ Y Y e ps e (22 —ar G"(r —a,n+k+b,0)ds
k>0 a<b
(u. b)cz2
7+6tz J"rn-f—kO)
k>0 :
_ s (28(t - 5))°
e (v+ﬁ)t/0 ~OB)(-9) 3 Z =G — a,n+ k+b,0)ds.
k>0 a<b
(a,b)eZ2

A The diffusive contact process on small finite sets

A.1 Invariant measure of the DCP on small finite sets

Here, in the same spirit as [25], we compute the stationary distribution of the diffusive contact
process for small N, where we recall that the dynamics is given by the generator £PCP | defined
n (2.11), here we stress the dependence on the lattice size with the subscript N. This approach
is based on the definition of the invariant measure as the probability distribution vPCF satisfying
yPCP £DCP — g ¢f, [30, Chapter 1, Proposition 1.8]). Here, configurations are represented in
their vectorial form, for instance, for N = 1, (0) is the empty configuration and (1) the full one.

We notice that in our case the presence of boundary reservoirs allows to see the effect of the
diffusive coefficient D already when the bulk size is N = 2. This is in contrast to the scenario
studied in Section 6.2 of [25] with boundary conditions 779 = nny+1 = 1 when the results are
equivalent to the case of D = 0.

N =1 site
Let us solve the stationary condition vP“PLPCP = 0. For N = 1, the corresponding intensity

matrix is
pCP _ < —(a+9) (a+9) >
(v+B8+1) —(v+B8+1),

and the stationary condition yields

v+ B8+1

DCP((0)) —
vO) = o ta
a+0

PP((1) =

1+ B8+y+d+a

Notice that for just one bulk site there is no diffusive effect.
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N = 2 sites

This is the first non trivial case where the diffusion parameter D plays a role. In this case the
intensity matrix is

—(a+9) o a 0
oce _ | 148 —(1+B8+D+A+a) D A«
1+~ D —(1+~y+D+X+90) A+4
0 1+~ 1+5 -2+ 8+7)

and the stationary condition yields

c(D)PP((0,0)) =DB+v+2)2%+(a+B+7+5+2+20)(1+ B+~ +B7)
c«(D)WPCP((1,0)) =DR2+B+v)(a+8) +(y+ 1) [Ma+d) +d(a+B+~v+d+2)
c(D)WPCP((0,1)) =D2+B+Y)(a+8) +(B+1) [ Ma+6)+ala+B+v+6+2)]
c(DWPP((1,1)) =D(a+68)(a+d+2\)+as2+a+B+7+96)
+AMa+8)(a+8+A+1)+ AaB +79),
(A1)
where
(D) =D[(a+B+7+35+2)*+2\a+5)] (A.2)

+la+B+y+o+1+(a+y)(B+I)](a+B+y+6+2)
+AMa+8)(a+d+N)+A[(a+5+1)B+7+2)+ (a+7)B+1)+ (B+)(y+1)]

In both cases, setting @« = § = X and v = 8 = 0, our results correspond to the ones in [25],
as expected. This strategy explicitly characterizes the stationary measure but only works when
the size of the system is small.

From (A.1), recalling the notation p = E, pcr [171] =: 2, pP°P(2) = E, per [772] =y
and pYF(1,2) = E,per [mnp] =: 2, we deduce the following:

DCP( )

Q
—~~
3

8

I

(D) ((1,0)) + c(D)PP((1,1))

Da+80)2+B+y+a+d+2\) +(a+0)A+2+a+5+9)A
+af+NVA+B+y+a+d+2)0(y+a+1)

o(D)vPCP((0,1)) + ¢(D)wPCP((1,1))

Da+8)2+B8+7+a+d6+2\)+(a+d0)A+2+a+d5+B)A (A.3)
+HaB+NA+(B+14+0)al24+0+v+ 8+ )

(D) ((1,1))

Da+d6)(a+d+2\)+ad22+a++v+9)
+FAa+0)(a+d+A+1)+ Aaf +v96).

Q
—~~

>
SN—
<

I

o)
—~~
>
S~—
N
I

Remark 8 (Fokker-Planck approach). We could have derived directly x,y,z by solving the
equation [ LPOF fdyPF =0 for f(n) =m, f(n) =2, f(n) = mna.

Then, taking the limit D — oo, the solutions in (A.1) become
c(00)rPP((0,0))(00) = (B+7+2)°
Ao PP((1,0)(00) = (245 +7) (@ +9) "
c(00)rPP((0,1))(00) = (24 B+ 7)( +9)
c(00)VPCP((1,1))(00) = (a+ ) (a+ 8+ 2))



where
c(o0) = (a+B+7+6+2)%+2\a+4d) (A.5)
Due to the infinite diffusion, vPP((1,0))(c0) = vPCP((0,1))(c0), so this quantity only depends
on the total number of particles, regardless of their position.
Finally, taking the limit D — oo, the solutions in (A.3) simplifies to

c(oo)z(oo) =(a+0)24+ B+ +a+d+2))
c(0)y(oo) = (a+0) 2+ B+7y+a+d+ 2N (A.6)
c(00)z(0) = (a+§)(a+ 0+ 2N) .

Notice that, as remarked at the end of Appendix A.2 for the absorption probabilities of one dual
particle starting in site 1 or in site 2, also the corresponding correlations pPCF (1) and pPCP(2)
are the same.

A.2 Absorption probabilities

In this subsection, related to Section 2.3, we explicitly compute the absorption probabilities of
the dual process given in Proposition 2 for N = 1, which is simpler because there is neither
diffusion nor birth effects, then for N = 2. Recall that for the sake of simplicity, we took
8 =0 =0 in Section 2.3, and we will also do this in what follows.

N =1 site

We perform a conditioning on the first step of the dual dynamics. The behavior of the bulk
is conservative as the contact dynamics has no effect here (no possible birth). This provides a
finite sum in the expression of the correlation function (2.40) obtained through duality, allowing
us to compute it conveniently. By (2.32), we have

Epwﬂ—nﬂzl—pgwﬂ):P&@duﬂzoyg+P&@dm)zyﬁa

To compute the absorption probabilities Pgs, (50(00) = 0) and Pj, (50(00) = 1), we perform a
conditioning on the first possible outcome of the process, starting from a particle at site 1:

Py, (€0(00) = 0) = Ps, (€(00) = 0] left jump )Py, (lef jump)

+ Ps, (50(00) =0]it dies)IF’(;l(it dies)

a+ -y 1
a+y+1 a+vy+1
- 1
S at+y+1

while if the particle is absorbed,

o+

Ps, (50(00) = 1) =1-"Ps <§0(00) = 0) T atot1
Therefore,
DCP o

1 -
)= ST

I

38



N = 2 sites

We now explicitly compute the absorption probabilities of the dual process when N = 2, as well
as their fast stirring limits. Notice that, in computing correlations, this is the first non trivial
case. In addition to the dynamics for one bulk site, the effect of the exclusion process (with
rate D) as well as the effect of the contact process (with rate \) are present, therefore we have
an infinite sum in equation (2.40), as expressed below in (A.7). Recall the expressions of the
correlation functions (2.28) provided by the duality relations (2.32), and (2.40):

P?Cp(l) =1- Zkzo Ps, (’50(00) = k)cli
PPV(L,2) =1 =340 Psy 5 (Eo(00) = k)t (A7)
pPCF(2) =1- Zkzo Ps, (fo(oo) = k)cli )

To compute the absorption probabilities appearing in the infinite sums, as in the case N =1,
we condition on the first possible outcome of the process, starting from a particle at site 1, 2 or
at both sites. For k > 0, we define

2k = Py, [go(oo) - k} 5 =Py, [go(oo) - k} and ok := Py, [50(00) - k}

the probabilities that & > 0 dual particles are absorbed in the left reservoir starting from a
particle at site 1 (x%), at site 2 (%) or at both sites (2%). To alleviate notation we do not write
the dependence on the model parameters o, v, A and D on these absorption probabilities. For
k > 0, define the column vector

C%:: $§ . OXB)

e For k£ = 0, the conditioning on the first step leads to the following system:

20 A 29 _ D 20 — 1
17 oty +DFAFL 72 7 atA+DFAFL U3 T afyFD+AFL
-1 .0, .0 1 0_
a2 Y1 TP~ gy 13 =0 (A.9)
-D .0 A 0, ,0_ 1
a1 L1~ pagT L2 T 23 = oo
that is,
1
a7+ DAL
MyCo = 0 : (A.10)
1
D+A+1
where
1 - —D
PNENAE > NI WIS [w I » N Wik |
My = | =5 1 =L (A.11)
2 aty+2 aty+2 : :
—D Y 1
DA+1 DA+1
We have _
d
d:=det My = , A.12
T DA+ D)(a+7+2)D+atr+A+1) (A-12)
where

d:=DA+ (a+)[(a+7+A+2)A+1)+1]+2(A+ 1), (A.13)
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with
A= (a4+7+A+2? - AXA+4) = (a+7+2)* +2\a+7) (A.14)

So det My # 0, and solving (A.10) by inverting My yields

2D+ A+ D)(a+7v+2)
14D+ a+ v+ 2X1 + 2] (A.15)
2D+ a4+ v+ A+ D) (a+v+2).

d
d
d

7y
7
75

e For k£ = 1, the same conditioning leads to

2l A 2l _ D 21— a+y
17 afy+D+AFL P2 7 atq DAL U3 T afytD+AFL
—1 1 1 _ 1 1 _ oty 0
at+vy+2 T+ Zg a+y+2 T3 = aF+2 T3 (Alﬁ)
—-D 1 A 1 1 _
DIArL Y1~ DT T2 T 23 =0,
that is,
a+y
oy +D+A+1
— a+y 0
0

Again, as det Ms # 0, we can invert this and, to lighten the formulas of the solution, we
introduce the notation

¢ =DB+XN+ANa+y+2)+a+vy+1, (A.18)
where
B :=(a+7v+2\+2). (A.19)
We get:
~ [ Ma+v+1)
L=gt 2) [ D+14+ 21—
1 w+vxa+7+)_ MR
+w4@D+A+U@D+a+7+A+n}
- 2D+ A+1  ~
~ I A ~
L=q! 2) | D+ ————+d ]A2D+ A 1)2
| = <a+wm+7+>_ oot (2D + +a+7+)}

e For k = 2, the same conditioning leads to

k A k D k _

L1~ a3y 1Di 1 T2 — adqiDiag1 13 = 0
-1 ok k1 k_ oty k-1

a2 11T 22 T o T3 T a2 T3 (A.21)
Dk A ko ook

DT L1~ pagr T2 t 23 =0
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that is,
0

MyCy = af;b ah~! (A.22)

0

Again, inverting Ma, using the definition of ¢ given in (A.18), and introducing
¥ = Dla+v+2) +A+d Nat+y+2)2D+a+v+A+1)2  (A.23)

we get: N

2=d2Na+7)?@2D + A+ 1)y

23 = d2(a +7)%pv (A.24)
2= d 2N +7)2@2D+ a+7+ A+ 1)

e For k£ = 3, the same reasoning as for the cases above yields

d3X2(a+7)>22D+ A+ 1)2D +a+~+ A+ 1)
d3Ma+7)2@D+a+y+ A+ D (A.25)
d3N2(a+7)>3 2D+ a+v+ A+ 1)%.

OJOJ ww >—'OJ
|| I

e For k > 3, using the same conditioning and reasoning recursively, we find that

o =d A2 (a4 )FRD+ A+ 12D +a+ v+ A+ 1) ey
2k = dFAE) (a4 )P 2D + a4y + A+ 1) 2y (A.26)
2 = d*AE2 (0 +)F2D +a+ v+ A+ D)E gy,

B

We now consider the fast stirring limit of the absorption probabilities just found. For all £ > 0
and 7 = 1, 2,3 we denote

z¥(c0) := lim zF .
D—oo

The solutions obtained in (A.15), (A.20), (A.24), (A.25), (A.26) simplify (recall the definitions
(A.14) of A and (A.19) of B) to

e For k =0,
0 0 —
29(00) = a(00) = 24~ (o + 7+ 2)
{ 19(00) = 441 (A.27)
e For k=1, we get:
21(00) = 2}(00) = A~ Lo+ 7) (@ + 7 +2) [1 + 4471 (8.98)
w3(00) = A7'2(a +7) [L+ A7 B(a+ 7 +2)] '
e For k = 2, we get:
{ xi(oo) 23(c0) = 2A*2)\(a +9)%(a+y+2) [1+4471)] (A.29)
w3(00) = B(2\) " 'at(c0)
e For k£ = 3, the same reasoning as for the cases above yields
73 (00) = 23(00) = 4A‘3)\2(a + )3 +v+2) [1+4A71)] (A.30)
3(00) = B(2\) ™12 (c0) '
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e For k£ > 3, we find that

z = 1;1”“(2/\)’“*23(044—7)'“(04—1—74-2) [1+4A71)] (A31)
3(00) = B(2A) ™ a7 (0)
These formulas induce simple expressions for the values (A.7) when D — oo, where in particular
for all k& > 0, 2¥(00) = x%(c0), that is, the absorption probability to the left reservoirs of one
particle at site 1 is the same as the one of a particle at site 2.
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