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MEAN FIELD LIMITS OF PARTICLE-BASED STOCHASTIC
REACTION-DRIFT-DIFFUSION MODELS

M. HELDMAN® 2 S. A. ISAACSON?, Q. LIU?, AND K. SPILIOPOULOS?

ABSTRACT. We consider particle-based stochastic reaction-drift-diffusion models where parti-
cles move via diffusion and drift induced by one- and two-body potential interactions. The
dynamics of the particles are formulated as measure-valued stochastic processes (MVSPs),
which describe the evolution of the singular, stochastic concentration fields of each chemical
species. The mean field large population limit of such models is derived and proven, giving
coarse-grained deterministic partial integro-differential equations (PIDEs) for the limiting de-
terministic concentration fields’ dynamics. We generalize previous studies on the mean field
limit of models involving only diffusive motion, with care to formulating the MVSP represen-
tation to ensure detailed balance of reversible reactions in the presence of potentials. Our work
illustrates the more general set of PIDEs that arise in the mean field limit, demonstrating that
the limiting macroscopic reactive interaction terms for reversible reactions obtain additional
nonlinear concentration-dependent coefficients compared to the purely diffusive case. Numer-
ical studies are presented which illustrate that two-body repulsive potential interactions can
have a significant impact on the reaction dynamics, and also demonstrate the empirical numer-
ical convergence of solutions to the PBSRDD model to the derived mean field PIDEs as the
population size increases.

1. INTRODUCTION

We consider particle-based stochastic reaction-drift-diffusion (PBSRDD) models where
particles move via diffusion and drift induced by one- and two-body potential interactions.
We formulate the dynamics of the particles as measure-valued stochastic processes (MVSPs),
which describe the stochastic evolution of the concentration fields of each chemical species
as a sum of d—functions encoding the position and type of each particle. Our goal is to
formulate an appropriate MVSP model for such systems, and then rigorously investigate the
large population limit of the MVSP dynamics, deriving partial-integral differential equations
(PIDESs) that represent the limiting mean-field dynamics.

Particle-based stochastic reaction-diffusion (PBSRD) models have a long history of use
in modeling the diffusion of, and reactions between, individual molecules. PBSRDD models are
more macroscopic descriptions than millisecond-timescale quantum mechanical or molecular
dynamics models of a few molecules [42], but more microscopic descriptions than deterministic
3D reaction-diffusion PDEs for the average concentration field of each chemical species. One
of the most popular PBSRDD models for studying biological processes is the volume reactivity
(VR) model of Doi [9, 10, 47]. In the Doi model, the positions of individual molecules are typ-
ically represented as points undergoing Brownian motion. Bimolecular reactions between two
substrate molecules occur with a probability per unit time based on their current positions [9,
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2 MEAN FIELD LIMIT FOR THE PBSRDD MODEL WITH POTENTIAL INTERACTIONS

10]. Unimolecular reactions are typically assumed to represent internal processes, and as such
are modeled as occurring with exponentially distributed times based on a specified reaction-rate
constant.

In our prior work [28], we investigated the large population limit of PBSRD models (i.e.
in the absence of drift). Allowing drift makes the models more relevant for applications, but
complicates the model formulation and the analysis needed to prove the mean field limit. Many
models of biological systems involve drift induced by background potential fields and/or by
potential interactions. In modeling cellular processes, the former has been used to model how
volume exclusion by DNA fibers impedes protein diffusion in the nucleus [29, 32], and to model
membrane-bound protein motion induced by actin contraction in T cell synapses [43]. Two-body
potential interaction fields have been used to more accurately account for attractive or repulsive
interactions between molecules [23], including to model volume exclusion due to the physical size
of molecules [4, 43]. More generally, such interactions can arise in diverse classes of agent-based
models including models for the spread of infections or innovations within populations [20], or
for interactions between cells. In addition, as our numerical studies in Section 7 demonstrate,
the inclusion of potential interactions can have non-trivial effects on the behavior of the system.
We therefore now investigate the large population limit PBSRDD models where particles move
via diffusion and drift term induced by one-body and two-body potentials.

For simplicity, we will work in free space as in [27, 28|, and as such, we will study the
large population mean field limit via an increasing scaling parameter, v, which can physically
represent Avogadro’s number. The “large system size” limit v — oo is where one typically
obtains more macroscopic coarse-grained partial-integral differential equation (PIDE), PDE,
SPIDE, or SPDE models for biological systems that model diffusion and reaction via the evo-
lution of continuous concentration fields [2, 18, 20, 28, 36, 38, 40]. To determine the limit for
PBSRDD models we adopt the classical Stroock-Varadhan Martingale approach [12, 46] that
previously allowed us to rigorously identify and prove the large population limit of the MVSP
representation for PBSRDD models [28]. We note that this method has been successful in
many instances to study large population dynamics and general interacting particle systems,
see [6-8, 14, 15, 25, 37, 44]. We identify a new macroscopic system of partial integro-differential
equations (PIDEs) whose solution corresponds to the large population limit of the MVSP, and
we rigorously prove the convergence (in a weak sense) of the MVSP to this solution.

We also note here that the bottom-up approach that we take in this paper allows us to
derive the new macroscopic PIDEs corresponding to the true population limit of the underlying
spatial PBSRDD model. This is to be contrasted with the well-known macroscopic reaction-
drift-diffusion PDE models of chemical reactions at a cellular scale, which are often derived
by modifying standard ODE models for non-spatial reaction systems via the addition of drift-
diffusion operators to give a (phenomenological) spatial model. Note, in the absence of potential
interactions (i.e., particles move only via diffusion), in [27] we proved that such models can be
seen as limits of the rigorous mean field limit we derived in [28] when bimolecular reaction
kernels are short-range and averaging.

For our model, consider I'; to be the set of indices of particles of species j. In the
absence of reactions, suppose that the ith particle is of species j and located at position Q¢ at
time £. The ith particle then moves according to

A ) 1 J , 1 ;
4Qi =~ |Ve@)+ 2V 3 S w(lQi - QH) + oV 3wy (1Q; - @) ar

(1) j'=1,j'#j kel kel ki

+V2DidW;.
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Here v;(x) denotes the one-body potential experienced by a particle of type j when at position z,
and u; j(||z—y||) /v the two-body potential between particles at locations x and y of types j and
4’ respectively. N¢(t) denotes the total number of particles at time ¢, and ¢ = (%, n) is a vector
consisting of the mean field limit scaling parameter, -, and a displacement range parameter,
7n. In the large population mean field limit, v plays the role of a system size (e.g., Avogadro’s
number, or in bounded domains the product of Avogadro’s number and the domain volume)[1].
7 represents a regularization parameter we introduce to rigorously handle d-function placement
densities for reaction products, which are commonly used in many PBSRDD models, see Section
5. Finally, D7 represents the diffusion coefficient for a particle of species j, and {W}};en L isa
countable collection of standard independent Brownian motions in R¢.

From (1), we see each particle follows the gradient of a potential landscape, the so-
called suitability landscape, and also experiences an additional force derived from the two-body
potentials. The scaling 1 in front of the pair-wise potentials is the mean field scaling, which,
at least formally, preserves the total strength of the interaction at order one so that we have a
well-defined large population mean field limit in the absence of reactions, see [33].

From a mathematical point of view, adding drift due to potential interactions makes
the rigorous formulation of the particle model more complicated, and gives rise to a number
of new terms that need to be appropriately handled for a coarse-grained mean field limit to
exist. Specifically, in moving from PBSRD (purely-diffusive) to PBSRDD models (drift due to
potential interactions) reactive interaction functions, which determine the probability per time
substrates react and produce products at specified positions, may require modification. Such
modifications ensure detailed balance of reaction fluxes, i.e., the statistical mechanical property
that the pointwise forward and backward reaction fluxes should balance at equilibrium [13,
17, 31]. When formulating PBSRDD reactive interaction terms to be consistent with detailed
balance at equilibrium, the needed modifications result in a dependence on the full potential
of the system (hence adding a dependence on the positions of non-reactant particles). We
specifically formulate these modifications as an extra rejection/acceptance probability appearing
within reactive interaction functions, following the approach proposed in [13], but note our
results should be straightforward to adapt should one instead modify reaction rates or product
placement mechanisms to ensure detailed balance. One of the contributions of this work is that
we make all of these modifications precise in a general fashion via the MVSP formulation. We
illustrate our results for a specific, but important, choice of rejection/acceptance probabilities
based on the functional choices proposed by Frohner and Noé [13]. The modified reactive
interaction functions we employ then give rise to additional nonlinear concentration-dependent
coefficients within the limiting reactive terms of the resulting mean field PIDEs, giving rise to
a new deterministic, macroscopic reaction-drift-diffusion model.

To illustrate the main result of this paper, consider the reversible A + B & C reaction
as an example. Denote the forward A + B — C' reaction by Ry and the backward C' — A+ B
reaction by Ra. Let us represent by A(t) the stochastic process for the number of species A
molecules at time ¢, and label the position of ith molecule of species A at time ¢ by the stochastic
process Q?(t) C R%. The quantity

A(t

)
AV (z,t) = ’17 Z 5(93 — Q?(t))
i=1

corresponds to the stochastic, singular molar concentration field of species A at point x at time ¢.
We define B (z,t) and C7(z, t) in a similar fashion, and let S7(z,t) = (AY(x,t), BY(z,t), C7(x,1)).
For each species we assume a spatially-constant diffusivity, D*, D® and DC, respectively.
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For R4, let K] (z,y) denote the probability per time that one A molecule at z and one B
molecule at y react. The product C' molecule is then placed at z following the probability den-
sity m{(z|z, y), conditioning on substrates at x and y. Here the displacement range parameter 7
represents a mollification parameter for singular J-function placement densities. We further in-
corporate a rejection/acceptance mechanism via an acceptance probability 7 (z|z, y, q), which
indicates the probability that the above reaction is accepted, i.e. alllowed to occur, and gener-
ates a product at z given the positions of the substrates at  and y, and of the non-substrate
and non-product particles molecules at q. We define K (z), mJ(z,y|z) and 7 (z,y|z, q) anal-
ogously for the reverse reaction Ro. Finally, we assume that the acceptance probabilities can
be equivalently rewritten as a function of the substrate positions, product positions, and the
pre-reaction concentration fields, 7] (z|z,y,S7(a/,t)d2’) and 73 (z,y|z,87(2/,t)dz’). In Sec-
tion 6 we illustrate that this assumption holds for the specific choices of rejection/acceptance
probabilities proposed in [13].

Note that K{,m7 and 7] all depend on ¢ = (%,77). In the large population limit that
v — oo and n — 0 jointly, denoted as ( — 0, let Kj,m; and m; denote their respective
(possibly rescaled) limits. We will specify our assumptions on the mean field limits and ¢
scalings of K{,m], n], KJ,mJ and 7, as well as specific functional examples for them, in
Sections 2, 4 and 6.

In this work, we derive the large population (thermodynamic) limit and prove, in a
weak sense, that as ( — 0,

(A7(z, 1), BY(y,1),C7(2,t)) — (A(x,1), B(y,1),C(2,1)),
with S(z,t) = (A(z,t), B(x,t),C(x,t)) representing the limiting deterministic mean-field molar

concentration fields. The latter satisfy the system of reaction-drift-diffusion PIDEs that
O A(x,t) = DANA(w,t) + V- (Vovr () A, 1)
9, (A) [ (Vualle = yDAG) + Turale — v B0 + Tunale - s)Clo.0)dy
- < [ Kiwy) </Rd ma (2|2, y)m (z|:c,y,S(:c’,t)da:/)dz)B(y,t)dy)A(:c,t)
+ y Ks(z) </]Rd ma(z,y|z)m (2, y|z, S(a/, t)d:c')dy) C(z,t)dz
0:B(y,t) = DAy B(y,t) + Vy - (Vyv2(y) B(y, 1))
+ 9, (B<y,t> /R (Vuzaly — 2D AG 1) + Vuzally — 2Bl ) + Vua(ly ~ xn)c(x,t))dw)
- ( [ Ky ( /R (e, ) (z]a:,y,S(a:’,t)dx’)dz)A(a:,t)da:)B(y,t)
+ /R K () (/R ma(z, y|2)ms (:U,y|z,S(x',t)dx')dx> Oz, )z
0C(z,t) = DA, C(2,t) + Vs - (V.v3(2)C(2, 1))
V.. (cw) /R (Vusa(llz — 2l A, 1) + Vus (2 — 2l Bz, ) + Vuga(ll= - x||>c<a:,t>)dx)

+ / K, ('1:7 y)ml (Z|$7 y)ﬂ-l (Z|$7 Y, S($,7 t)dz:/)A(ac, t)B(ya t)dxdy
R xRd

— Ks(z2) (/}Rded ma(z,y|z)me (z,y|z, S(2', t)da') dxdy> C(z,t).
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(2)

The paper is organized as follows. In Section 2, we go over the notation and definitions
that are used throughout this work. We then present the stochastic equation for the PBSRDD
model, which describes the evolution of the empirical measure (MVSP) of the chemical species in
path space, in Section 3. In Section 4, we summarize the basic assumptions we make about the
form of the reaction rate functions, product placement densities, and acceptance probabilities.
In Section 5, we present our main result on the mean field limit, Theorem 5.1, which describes
the evolution equation satisfied by the empirical measures for the molar concentration of each
species in the large population limit for general reaction networks. As illustrative examples,
we also present the mean field limits for specific chemical systems. In Section 6, we discuss a
specific formulation of the acceptance probability in the generalized Frohner-Noé model [13],
and examine its large-population limit. We also examine a number of reversible reactions and
give the corresponding acceptance probabilities. In Section 7, we present numerical studies
illustrating the empirical convergence of numerical solutions to the PBSRDD model to the
derived mean field PIDEs as ( — 0. Our numerical examples also demonstrate that the potential
interactions can have significant impacts on the statistical and dynamical behavior of the system.
Finally, in Section 8, we give the proof of Theorem 5.1. Appendix 9 includes the verification
that the Frohner-Noé type of acceptance probabilities satisfy the relevant assumptions made in
Section 4, and provides the proof of a mollification-type result used in Section 8.

2. NOTATIONS AND PRELIMINARY DEFINITIONS

We consider a collection of particles with J different types, and for the rest of the
paper, we will interchangeably use the terms particle or molecule and type or species. Let
S ={S1, -+, S} denote the set of different possible types, with p; € S the value of the species
of the ith particle. We also assume an underlying probability triple, (2, F,P), on which all
random variables are defined.

In our model, molecules diffuse in space R¢ subject to drift arising from potential in-
teractions, and can undergo L possible types of reactions, denoted as Rqi,---,Rr. We use
non-negative integer stoichiometric coefficients {ovy; }3-7:1 and {fy; }3-7:1 to describe the R,th re-
action, ¢ € {1,...,L}, as

J J
> Sy = > B,
Jj=1 Jj=1

and the multi-index vectors ¥ = (am,a@, e ,aw) and B = (ﬂgl,ﬁm, e ,,BU) to collect
the coefficients of the fth reaction. We denote the substrate and product orders of the reaction
by [a®@] =37 oy <2 and [B0)] = E;le Brj < 2. The implicit assumption that all reactions
are at most second order is justified by the assumption that the probability that three substrates
in a dilute system simultaneously have the proper configuration and energy levels to react is
small. It is further justified since reactions of order three and above are often considered to
be approximations of sequences of bimolecular reactions in biological models. For subsequent
notational purposes, we label the reactions such that the first L reactions correspond to those
that have no products, i.e., annihilation reactions of the form

J
Z Oéngj —0
j=1

for ¢ € {1,...,L}. We assume that the remaining L — L reactions have one or more product
particles.
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Let D label the diffusion coefficient for the ith particle, taking values in {Dy, ..., Ds},
where D; is the diffusion coefficient for species Sj,j = 1,---,J. We assume drift is im-
parted to particles via one- and two-body potentials. Let v;(x) denote a background potential
that imparts drift to a particle of species j located at x. Similarly, we let u;y gz =yll) =
uj j (|| — y||)/y represent a two-body potential experienced between a particle of species j at
x and a particle of species j' at y. Note, the inverse v scaling here is the standard mean field
scaling to keep the total strength of the interaction fixed as more particles are added in the
mean field limit [33]. We denote by Qi € R? the position of the ith particle, i € N, at time
t. In the absence of reactions, the dynamics for Q¢ are governed by (1). A particle’s state can

be represented as a vector in P =R?x S, the combined space encoding particle position and

type. This state vector is subsequently denoted by Q% dof (Q{l, pi).

We now formulate our representation for the (number) concentration, equivalently num-
ber density, fields of each species. Let E be a complete metric space and M (E) the collection
of measures on E. Let M(E) be the subset of M (F) consisting of all finite, non-negative point
measures of the form

N
M(E> = {26Q17N2 17Q17"' 7QN EE}
i=1

For f: E+— R and u € M(E), define

o) e = / _ fan(an),

We will frequently have E = R?, in which case we omit the subscript F and simply write (f, u1).
For each ¢t > 0, we define the concentration (i.e., number density) of particles in the system at
time ¢ by the distribution

NG NW
8) =D 0 =D Sai0n
=1 =1

where borrowing notation from [3], N(t) = (1,14)p represents the stochastic process for the
total number of particles at time ¢t. To investigate the behavior of different types of particles,
we denote the marginal distribution on the jth type, i.e., the concentration field for species 7,
by ‘
v/ () = (- x{S;})

a distribution on R%. N;(¢) = (1,7/) will similarly label the total number of particles of type
S; at time ¢. Note that in the remainder, in any rigorous calculation v; and v will be measures
and treated as such. We will, however, abuse notation and also refer to them as concentration
fields, i.e., number densities. Strictly speaking, the latter should refer to the densities associated
with such measures, but we ignore this distinction in subsequent discussions. For v any fixed
particle distribution of the form (3), we will also use an alternative representation in terms of
the marginal distributions v/ € M(R?) for particles of type j,

J
(4) v=>Y 155 € M(P).
j=1
In considering the mean field large population limit, we will take a simultaneous limit in

which the population scaling parameter v — oo, and the (convenience) displacement range pa-
rameter 7 — 0 (see Section 4 for the definition of the latter). As mentioned in the introduction,
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this dual limit is encoded via the vector limit parameter

1
’Y
In studying this limit we will work with rescaled measures for each species, denoted by

A 1 ..
ug’J = fyf’j, j=1,...,J.

Y
When v corresponds to Avogadro’s number, ,ug’j physically corresponds to the measure for
which the associated density would represent the molar concentration field for species j at time

t (but we will again abuse notation and also refer to uf’j as the molar concentration field). We

similarly let
- Vt Z K o 5Sj ’

and define the vector of the molar Concentratlons for each species by

pg = (gt ).
In the remainder, we will often write N¢(t) = (1, fyut> and N C( t) = (1, ’WC ) to make explicit
that NV and N; depend on (.

In addition to having notations for representing particle concentration fields, we will also
use state vectors to store the positions of particles of a given type. Define the particle index
maps {Uj(k:)}ivi (f), which encode a fixed ordering for the positions of particles of species j,
QM < ... < QW) arising from an (assumed) fixed underlying ordering on R¢. Following
the notation established in [3] (see Section 6.3 therein), we let N* = N\ {0} and let H =
(HY, - H* ) s M(RY) (Rd)N* such that

(5) H(VZ) — ( ;r]-(1)7m 7 ;,]( () 0,0, - )

H (Vg ) represents the position state vector for type j particles. We analogously let H' (l/t] ) € R¢

label the ith entry of the vector H (l/tj ) Note that the zero entries after the Qf i) torm
merely serve as placeholders. As commented in [3], this function H allows us to address a
notational issue. In particular, choosing a particle of a type j uniformly among all particles
in ] € M(RY) amounts to choosing an index uniformly in the set {1,---,(1,7/)}, and then
choosing the individual particle from the arbitrary fixed ordering.

As particles of the same type are assumed indistinguishable, there is no ambiguity in
the value of H (z/f) in the case that two particles of type j have the same position. Using this

notation we will often write the marginal distribution of species j as
NS (t) 1,8

(6) 187 (dz) 15H(W \(dz) Z O i sy (d), G € {1, T}

1

oy —
With the preceding definitions, and analogously to [28], we introduce a system of no-

tation to encode substrate and particle positions and configurations that are needed to later

specify reaction processes.

Definition 2.1. To describe the dynamics of v, we will sample vectors containing the indices
of the specific substrate particles participating in a single £-type reaction from the substrate index
space

10 = (\{op)™”
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For the allowable reactions considered in this work, we label the elements of 1) according to
their species types:
(1) For Ry of the form @ — - -
1) = &.
(2) For R, of the form S; — - -

10 = (i e N\{0}}.
(3) For Ry of the form Sj + Sy — -+ with j <k

10 = {(i",iM) e (\\{o})?).
(4) For Ry of the form 25; — ---

10 = {(6.i") € (N\{0})?}.
We write a particular sampled set of substrate indices © € 10 gs
i= @0, i D D)),

7 gy ’ oy
Definition 2.2. We define the substrate particle position space analogously to I¥ as
(£)
X e (R

with an element & € X represented by x = (:ngl), - ,:USE)I, e ,xg‘]), ‘e ,x&‘?,) For x € X1,
a sampled substrate position configuration for one individual Ry reaction, x&j) then labels the
sampled position for the rth substrate particle of species j involved in the reaction. Let dx =
(/\jzl(/\?fi’l dmﬁj))) be the corresponding volume form on X© which also naturally defines an
associated Lebesgue measure.

Definition 2.3. For reaction Ry with L+1 < ¢ < L, i.e., having at least one product particle,
define the product position space analogously to X,

v e (Rd)lﬁ(z)\’

with an element y € YO written as x = (yg),--- ,ygz, ,yg‘]),--- ,yé‘ﬁ) For y € YW
a sampled product position configuration for one individual Ry reaction, yﬁj) then labels the
sampled position for the rth product particle of species j involved in the reaction. Let dy =

(/\3]:1(/\521 dyfnj))) be the corresponding volume form on Y©, which also naturally defines an

associated Lebesgue measure.

Definition 2.4. Consider a fized reaction Ry, with i € I and v corresponding to a fized
particle distribution given by (3) with representation (4). We define the (th projection mapping
PO M(P) x 10 — XO g5

. -(1) (1) (J) (J)
P(E)(V,'L) — (Hzl (]/1)’ e 7H7’aél (Vl)’ e 7H7’1 (VJ), . ’HZO‘ZJ (VJ))

When substrates with indices © in particle distribution v are chosen to undergo a reaction of
type E,P(g)(y,i) then gives the vector of the corresponding substrate particles’ positions. For
simplicity of notation, in the remainder, we will sometimes evaluate P with inconsistent

particle distributions and index vectors. In all of these cases the inconsistency will occur in
terms that are zero, and hence not matter in any practical way.
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Definition 2.5. Consider a fized reaction Ry, with v a fixed particle distribution given by (3)
with representation (4). Using the notation of Definition 2.1, we define the allowable substrate
index sampling space QO (v) c IO as

@, ’a(€)| =Y,
0y — J =1 IO < {1, @] = ag; = 1.
{i = ( %ewwk%>aﬂm O] = ag; =2,
(i = @9, e 101D < (1,09),i < (1,0M}, @] = 2,05 = ag, = 1,5 < k

Note that in the calculations that follow Q(e)(u) will change over time due to the fact that v = vy
changes over time, but this will not be explicitly denoted for notational convenience.

Definition 2.6. Consider a fized reaction Ry, with v any element of M(P) with the represen-
tation (4). We define the (th substrate measure mapping \O[] : M(P) — M(X®) evaluated

at @ € X via XO](de) = @, (277 (def’))).

Definition 2.7. For reaction Ry, define a subspace XU c X© by removing all particle substrate
position vectors in XU for which two particles of the same species have the same position. That
is

XO = XO\{z € XO)z() = m,(j) for some 1 <j<J1<k#r <}

3. GENERATOR AND PROCESS LEVEL DESCRIPTION

To formulate the process-level model, it is necessary to specify more concretely the
reaction process between individual particles. We make assumptions on K g,mg and 772 that
are analogous to what we assumed in the introduction for the A + B = C reaction.

For reaction Ry, denote by K,/ (x) the rate (i.e., probability per time) that substrate
particles with positions € X react. As described in the next section, we assume this rate
function has a specific scaling dependence on 7. Let m(y|x) be the placement density when
the substrates at € X react and generate products at y € Y). We assume that for each
and fixed n > 0, m}(-|x) is bounded. We let ) (y|x, g) denote the probability that a candidate
reaction between the substrates located at € X, given the non-substrate and non-product
particles at g, is accepted and produces products at y € Y. We assume that this acceptance
probability can equivalently be written in terms of @, y, and the molar concentration of each
species (rather than the specific positions, g, of each non-substrate and non-product particle).
Therefore, we will usually write the acceptance probability as 7/ (y|, ,u,g (dz')). Note that we
assume the acceptance probability may have an explicit dependence on . See Section 6 for
explicit examples that demonstrate this dependence.

To describe a reaction Ry with no products, i.e., 1 < ¢ < L, we associate with it a

Poisson point measure dNy(s,,60) on Ry x I® x R, . Here z € I©) gives the sampled substrate
(7)

configuration, with 4,”’ labeling the rth sampled index of species j. The corresponding intensity
measure of dIN is given by dN(s,i,0) = ds(/\ LAY (Zk>0 Ok (1 m))))d&. Analogously, for

each reaction R, with products, i.e., L +1 < ¢ < L, we associate with it a Poisson point
measure dNy(s,4,y,01,602) on Ry x I x Y x R, x Ry. Here i € 1) gives the sampled
()

substrate configuration, with 4,’’ labeling the rth sampled index of species j. y € Y gives the

()

sampled product configuration, with g’/ labeling the sampled position for the 7th newly created
particle of species j. The corresponding intensity measure is given by dNy(s,4,y,01,02) =

ds (N1 (A2 (Xm0 01(i))) ) dydby by
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The existence of the Poisson point measure follows as the intensity measure is o-finite
(see Theorem 1.8.1 in [24] or Corollary 9.7 in [35]). Let dNy(s,4,y,61,02) = dNy(s,4,y, 61, 62) —
dNy(s,4,y,61,02) be the compensated Poisson measure, for L+1 < ¢ < L. For any measurable
set A € I x YO x R, x Ry such that Ny(-,A) < oo, which is true if for example A is
bounded, Ny(-, A) is a Poisson process and Ng(-,A) is a martingale (see Proposition 9.18 in
[35]). Similarly, we can define dNy(s,i,0) = dNy(s,i,60) — dNy(s,i,0), for 1 < £ < L. In this
case, given any measurable set A € 1) x R, such that Ny(-, A) < 0o, we then have that N(-, A)
is a Poisson process and Ny(-, A) is a martingale.
3.1. Process level description. We now formulate a weak representation for the time evolu-
tion of scaled empirical measures uf J ,j=1,...,J. Denote by {W}'},,en, a countable collection
of standard independent Brownian motions in R%. For a test function f € Cf(Rd) and for each

species j = 1,--- ,J, a weak representation of the dynamics of ug’j are given by (see also (23)),

<faﬂ§7 ) = faﬂo Z/ (i< l/fj }\/QD I—IZ fy,u, )dW’

z>1

/ Z (yan ('yug’j))—%(Hi(wg’j))~ij(Hi(w§’j))>ds

' 1 J ”/(LH Z > ' ' §
- / Z (g (H (yp$?)) - ;VZ Z wjg (I1H (yp&?) — H*(yps? )H))ds
7'=1 k=1

(L)
L [P S (Of (i ey L )
+ — E —(H" I)) - =Vu,4]|0] | ds

a[j

+Z/ /@ /w> /R2 ( M T 1;%25«’)( u<’_j)> B <f’M§J>>

{zeQ“)('m )} {91<KV(73(€)( ’))}de<3ai>01a92)

L t 1 Qg 1 Bej
Cvj Ca]
+ S — = 5 4= 8 ) — (f, us? >
e—zi;A/O /W’ /W) /R3 (<f H= 73 Z:; i () Ty ; ) = i)

T

Lseo® i o <7 (PO GRS )1 1022m7 (5P (i)}

(7) {93§7r2 (y\w,ui, (da[:’))}d]\[g(s7 %y, 01,02, 03).
Formula (7) captures the dynamics of our particle system. Recall that here N¢(s) =
23'1:1 N¢J(s) denotes the total number of particles in the system at time s, with N¢J(s) =

(1, ,ug’] ) the number of particles of type j at time s. D labels the diffusion coefficient for
the ith molecule, taking values in {D,..., D}, where D; is the diffusion coefficient for species
Sj,3=1,---,J. The drift and diffusion of each particle are modeled by the four integrals on the
first four lines of (7). The fifth to sixth lines model reactions with no products, while the seventh
to ninth lines model reactions with products. The integrals involving the Poisson measures Ny
model the different components of the reaction processes, and correspond to sampling the times
at which reactions occur, which substrate particles react, where reaction products are placed,
and whether the proposed reaction is accepted.
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When the ¢th reaction happens for £ = L+1,--- , L (and analogously for £ =1, --- ,IZJ),
with probability per time given by the kernel KZ, the system loses substrate particles and
gains product particles. A sampling of possible reaction occurrences according to KZ ocCcurs
through the indicator functions on the sixth and eighth lines. The corresponding loss and gain
of particles are encoded by the sums of delta functions on the fifth and seventh lines. Product
positions are sampled according to the placement density mg through the indicator function
on the eighth line. For reactions with products, the reaction R, then fires according to the
acceptance probability 7rZ through the indicator function on the ninth line. The indicators over
elements of the sets Q©) ('yugf) ensure that reactions can only occur between particles that
correspond to a possible set of substrates. We access particle positions via the state vector H,
as the particle labeled by 7 in (7) will change dynamically as reactions occur.

For a test function f € Cg(Rd) and for each species j = 1,---,J, let us define the
following generators for the drift-diffusion of particles

(Lif)(x) = DjAsf(x) = Vaf(z) - Vav;(z),
(8) (L )(,y) = =V f(x) - Vujj(l|lz = yl)),
and the corresponding formal adjoint operators,
(E*f)( ) = Dj Azf( Vi (V mvj(:r)f(x)),

(9) (L5 50N)@,y) = Va - (f(@)(Vuyg(lz = yl)).

We will subsequently assume that N¢(s) = (1, u$) is uniformly bounded in time in
Assumption 4.1. The stochastic integral with respect to Brownian motion in (7) is then a
martingale for a fixed {. Taking the expectation, we obtain for the mean that

E[(f, u69)] = E[{f, u§9)] + E[ [ ieint. i (dw»ds]

)+
)

t J ~ 3 ‘
HEUO <;<(ﬁj,j'f)(w,y),u§f (dy)>,u§”(dx)>ds]

+28| / (2L (@) a0l ’J(dx»d]

oQ
i . s
;E[/O /M K o)(3_ faf ](daz)d}
* ZL: E[/ /Z)O‘K v (/W) % Zf mi(ylz)

(=L+1
) (y\w,ug_wx’))dy)xf)[ J(d)ds ]

4. ASSUMPTIONS FOR THE MEAN FIELD LIMIT AND MAIN RESULTS

4.1. Assumptions for the Mean Field Limit. With the introduction of general one and
two-body drift terms, we will constrain our choices of the potential functions, the reaction
kernels, placement densities, and acceptance probabilities through the following assumptions,
along with assuming some basic properties of the underlying reaction network.
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4.1.1. Assumptions on the molar concentration fields.

Assumption 4.1. We assume that the total (molar) population concentration satisfies Z;]:l (1, ,u,f’j)

< O, for all t < o0, i.e., is uniformly in time bounded by some constant Co, < 0.

Assumption 4.2. We assume that for all 1 < j < J, the initial distribution ,ug’j — 58 weakly

as ¢ — 0, where 5(]] is a compactly supported measure with finite mass.
4.1.2. Assumptions on potentials.

Assumption 4.3. For all 1 < j,j' < J and z,y € R?, the one-body potential vj(x) and the
(unscaled) pairwise potential w;j(x,y) = u;j(|lz — yl) have bounded C*(R%) and C'(R*%)
function norms respectively, i.e., there is some constant C' < oo such that for all j and j'

195ll gy = up [0 ()] + sup [0}(x)] + sup |v] (2)] < C < oo
zcR4 zcRd z€R4

[0l e gaay = S0 Jusge( )|+ sup [Dujyp(a,y)] < C < oo.

z,yeR z,ycRd
4.1.3. Assumptions on reaction functions, placement densities and acceptance probabilities.

Assumption 4.4. We assume that for all 1 < ¢ < L, the reaction rate kernel Ky(x) is

uniformly bounded for all x € X©, and denote generic constants dependent upon this bound by
C(K).

Assumption 4.5. The reaction kernel is assumed to have the explicit v dependence that
K} (@) = 571" K (@)
foranyx € X0, 1 <0< L. See [28] for motivation and further details on this choice.

Assumption 4.6. We assume that for any n > 0,L+1<¢< Ly eY® and x € XO, the
placement density m?(y|:n) is uniformly bounded in x and y, and is a probability density in y,
i.e., [y my(yle)dy = 1.

To define placement densities m;/(y|x) in terms of delta-functions in a mathematically

rigorous way, we introduce the displacement (i.e., smoothing) range parameter 7 in order to
mollify the limiting Dirac delta densities my(:|x) in the standard way.

Definition 4.1. For x € RY, let G(x) denote a standard positive mollifier and Gp(z) =
%G (xz/n). That is, G(x) is a smooth function on R satisfying the following four require-
ments

(1) G(z) = 0;

(2) G(x) is compactly supported in B(0,1), the unit ball in RY;

(3) Jpa G(x)dr = 1;

(4) 71}1_1)1% Gy(z) = 7%1_1}1((1) =G (x/n) = do(x), where dy(x) is the Dirac delta function and the

limit is taken in the space of Schwartz distributions.

The allowable forms of the placement density for each possible reaction are summarized
below.
Assumption 4.7. The distributional limit of m}/(y|x) as n — 0 is given by my(y|x), a linear
combination of Dirac delta functions, for any y € Y and € X©.

(1) For a first order reaction Ry of the form S; — S;, we assume that the placement density
my (y|z) takes the mollified form of

my(ylz) = Gy(y — ),
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with the distributional limit as n — O given by

my(y|z) = dz(y)-

(2) For a first-order reaction R, of the form S; — S; + Sy, we assume that the unbinding
displacement density is in the mollified form of

I

i el) = plle =) 3o % G (== (e + (1= ) )
i=1
and the distributional limit as n — 0 is given by

I
e vlz) = e =) S x 82 (s + (1= ) ),

=1

I
with pi, o; € [0,1], fori € {1,--- T} and > p; = 1.
=1

(8) For a second order reaction Ry of the form S; + S, — Sj, we assume that the binding
placement density my(z|z,y) takes the mollified form of

I

ek = 3 i< Go (5 ase+ (1= ) ).
=1
and the distributional limit as n — 0 is given by

me(zlz, y) = ZI:Pz‘ X 5<Z — (e + (1 - ai)y)>7

i=1

I
with p;, o € [0,1], forie {1,--- I} and Zpi =1.
i=1
(4) For a second order reaction Ry of the form S; + Sp — S; + Sk, we assume that the
placement density my(z, w|z,y) takes the mollified form of
my(z,wlz, y) = p x Gy(z — 2) x Gy(y —w) + (1 = p) x Gy(z —w) x Gy(y — 2),
and the distributional limit as n — 0 is given by
me(z 0]z, 5) = p X 8a gy ((2,0)) + (1= p) % 8y (w,2)),
with p € [0,1].
Remark 4.1. We mention here that even though in Assumption 4.7 the placement density mg
1s assumed to depend only on the reqularizing parameter n, it is physically possible that it can
also depend on the scaling parameter v. We will see such an instance in Remark 6.3. It will be

shown there the dependence is typically such that it is inconsequential for the limit as v — oo,
and as such, we have chosen not to explicitly denote it for simplicity of exposition.

Assumption 4.8. For (4.6) to be true, we will need the probability density p to be normalized,
1.€.

[ ptwdu =1
R4
Since p is a probability density, the previous condition implies that the tail probability
/ p(r)yri~tdr < e,
r>R

for any € > 0 when R is chosen sufficiently large.
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Finally, we summarize assumed properties of the pre- and post-limit acceptance proba-
bilities, WZ and 7y respectively. An explicit example of such probabilities is provided in Section 6.
Let Mp(R?) be the space of finite measures endowed with the weak topology and I Mg (r4)[0, ]
be the space of cadlag paths with values in Mz (R?) endowed with Skorokhod topology. As we
will work with subsets of Mp(R?) in which the measure of R? is uniformly bounded, we also let
(10) Mp(R% Co) = {p € Mp(RY) [ (1, 1) < Co}.

Definition 4.2. For a complete measurable space E, we define the variation norm of finite
measures || - ||y (m) on Mp(E) as

1Vl ate () = sup I(f,v)El
feL=(E),|fllpoo<l

One can show via a density argument that an equivalent formulation is (see step 4 of Theorem

3.2 of [34])

V[ pp(E) = sup [(f,v)E|.
JECE(E),|IfllLoo<1

Assumption 4.9. We assume that for any v > 0,L+1<¢<LyeYDaxecX® agnd
€= (61,2, ¢0), € = (£,€2,--- &) both in ®3-7:1MF(]Rd;CO), the acceptance probability
T (y|m,£(d;v’)) is bounded and Lipschitz continuous with Lipschitz constant P, i.e.,

J
(11) sup | m(yle, &(da’)) — me(yla, £(da’))| < PY 1€ = € laryra)-
yeY®) xcX®) i=1

Assumption 4.10. We assume that for any v > 0, L +1 <0< L,y,y’ € YO x € XO and
€= (1,8, ,¢) e ®3]:1MF(]Rd;CO), the acceptance probability wg(y|a3,£(d:1:’)) s bounded
and Lipschitz continuous with Lipschitz constant 15 i.e.,

(12) supl) ’m(ylm,ﬁ(dm')) —me(y'|x, &(da’) ’ < PHy y H

@GX(
£eMp(R%C,)

Assumption 4.11. We assume that for any v > 0,L+1<{¢ < L and & := (€,¢%,... ¢ ¢
L Mp(R%C,), w) (ylo, £(da’)) converges to my(y|x, €(dz’)) uniformly asy — oo with respect
to y e YO & e XO; equivalently,

(13) sup | (ylz, £(da)) — ] (yl, E(dx'))| > 0.
yeY®) zeX©)

5. MEAN FIELD LIMIT AND EXAMPLES.
Denote by
J .= lim p$ = lim = (el 0y = lim ¢
gt 50 My gt 50 M s St (gt ) ) ft ) c50 I‘l‘t
the limiting measures. Our main result is then

Theorem 5.1. (Mean field large population limit) Given Assumptions 4.1-4.11, the sequence of
measure—v-alued processes {Ng}te[o,T} € D@}_]ZIMF(M)([O, T)) is relatively compact in D®.]121MF(W) ([0,77)
for each j = 1,2,---,J. It converges in distribution to {&i}eo,m) € C®}I:1MF(R11)([O,T]) as
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¢ — 0. Fach 5{ 1s respectively the unique solution to
t J

(f,€) =<f,£6>+/0 <(ﬁjf)(x)7§§(dév)>d8+/ (D ALy N.y), & (dy)), €l (dx) )ds

0
L 1 agj |
- — Gy \(0)
;/0 /X(g) a(f)!Ké(m) (; f(zy? )))\ (&5](dx)ds

627 Qg

L
) ()
/ /X(Z Oé([)' (/(Z) Zf (7 ;f(xrj ))mﬁ(y|m)
<yl € () dy ) \O ) s
Remark 5.1. If the limiting measures & = (&} (dz), &2 (dx), -+ ,&/ (dz)) have marginal densi-

ties p(x,t) = (,01 (z,t),... ,pJ(x,t)), then these marginals solve, in a weak sense, the following
reaction-diffusion PIDFEs

8tpj(xvt) = Dij,Oj(CC,t) + Vg (vﬂcvj(x)pj(gca t))

J
Ve (ytant) [ 37 Ve = ylDiy 0. )
i=1

i/ 1 Qyj
—Zaam/ Ka(@)(Q () (e ll (a7, 1) do
/=1
L 1 Bej oy
+ Y i [ e / (3 0:0) = 3l (o' )
ke NG R

< (1% (o), ) o
We now present a few examples to illustrate the limiting PIDEs for basic reaction types:

Example 5.1. Consider a system with three species, A, B, and C that can undergo the re-
versible reaction A+B = C'. Define the measures for A, B, and C particles at time t respectively
as pst, 1S %, and p$? € M(RY).

Let R1 be the forward reaction A+ B — C, with K{(z,y) the probability per unit time
one A particle at position x and one B particle at position y bind. Once reaction R1 fires, we
generate a new particle C' at position z followmg the placement density m](z|x,y). Reaction

R1 is then accepted with probability m (z|x, Y, Wy (d:v )) For R4, the substrates are particles of
species A and B, so a1 = a1z = 1 and aqz3 = 0. The product is one particle C, so f11 = f12 =0
and BIB = 1.

Let Ry be the backward reaction C — A+ B, with K (z) the probability per time one C
particle at position z unbinds. Once reaction Ro fires, we generate a new particle A at position
z and a new particle B at position y following the placement density ma(z,y|z). Reaction R

1s accepted with the acceptance probability o (z]x,y, ,ug(dx’)). For Ro, the substrate is a C
particle, so ag1 = g = 0 and agg = 1. The products are A and B particles, so o1 = Bog = 1
and ﬁ23 =0.

If the limiting spatially distributed measures for species A, B and C have marginal den-
sities (p1 (:U,t),pg(x,t),pg(a:,t)) respectively, they solve the system (2) with the molar concen-
trations (A, B,C) = (p1, p2, p3)-
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Example 5.2. Consider a system with four species, A, B,C and D that can undergo the re-
versible reaction A+ B = C + D. Define the measures for A, B, C, and D particles at time t
respectively as g, g%, g and pgt € M(R?).

Let Ry be the forward reaction A+ B — C + D, with K] (z,y) the probability per
time one A particle at position x and one B particle at position y bind. Once reaction Rq
fires, we generate one new particle C at position w and one new particle D at position z
following the placement density m(w,z|z,y). Reaction Ry is then accepted with probability
T (w, z|lx, y, uf(d:v’)). For R1, the substrates are particles of species A and B, so a1 = a1 =1
and a1z = a4 = 0. The products are one particle C' and one particle D, so 511 = P12 =0 and
p13 = P1a = 1.

Let Ry be the backward reaction C + D — A+ B, with KJ(w,z) the probability per
time one C particle at position w and one D particle at position z bind. Once reaction Ro
fires, we generate a new particle A at position x and a new particle B at position y following
the placement density ma(z,ylw,z). Reaction Ro is accepted with the acceptance probability
Ty (w,z]w,y, ,uf(dx’)). For R, the substrates are one C particle and one D particle, so cgy =
a9 = 0 and asy = asg = 1. The products are one A particle and one B particle, so Po1 =
Bao =1 and Ba3 = B24 = 0.

If the limiting spatially distributed measures for species A, B,C and D have marginal
densities (p1 (z,t), p2(x,t), pg(x,t),p4(m,t)) respectively, they must solve the following reaction-
diffusion equations in a weak sense:

Op1(z,t) = D1Agpr(x,t) + V- (val (m)pl(aj,t))

4
Ve (o) [ 30wl =l (o)

j=1

_ < dKl(:c,y) (/2d my(w, z|z, y)m (w,z|x,y,p(x/,t)da:’)dwdz)pg(y,t)dy)pl(:c,t)
R R
R2d
Op2(y.t) = Dalypa(y,t) + Vy - (Vyva(y)p2(y,t))

4
9y (aant) [ 37 Vg = el )da)

J=1

- < K ( [ mitw.zlem (w,zmy,p(x',t)dw’)dwdz>p1<x,t>dx) oo, 1)
R R

+ KQ(U),Z) (/ mQ(x,y[w,z)m(x,y]w,z,p(a?’,t)dx')dy)pg(w,t)dwp4(z,t)dz
Rd

R2d
Ops3(w,t) = DsAyps(w,t) + Vo, - (vag(w)pg(w,t))

+ K2<w72) (/ mg(x,y[w,z)m(x,y]w,z,p(a:’,t)dx’)dx>p3(w,t)dwp4(z,t)dz
Rd

4
+ V- (patet) [ 37 V(= al)py . 1)da)

j=1

+ [ K < [t 2l w24 p(az’,t)d:c')dz)m(x,t>p2<y,t>dxdy
R R

([ st ([ sl 2wl plal ) sy ) 00 ) o)
Rd ]RQd

Oipa(z,t) = Dal;pa(z,t) + Vs - (Viva(2)pa(z, b))
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4
Ve (oal0) [ 37 V(= alhp (o )de)
j=1

w [ maGa ([ mito sl . le. ol 0 )dw ) ol ey
R R

—< K2<w,z>( / m2<x,y|w,z)m(x,mw,z,p(m’,t)dx’)dxdy)m(w,t)dw)p4<z,t>.
Rd ]R?d

Example 5.3. Consider a system with two species, A and B that can undergo the reversible
dimerization reaction A+ A = B. Define the measures for A and B particles at time t respec-
tively as p$" and u§’2 € M(RY).

Let Ry be the forward reaction A+ A — B, with K] (z,y) the probability per time one
A particle at position x and another A particle at position y bind. Once reaction R1 fires, we
generate a mew particle B at position z following the placement density m](z|x,y). Reaction
R1 is then accepted with probability m; (z|:c, y,,uf(da;’)). For Rq, the substrates are particles of
species A, so 11 = 2 and a1s = 0. The product is one particle B, so f11 = 0 and 12 = 1.

Let Ry be the backward reaction B — A+ A, with KJ(z) the probability per time one
B particle at position z unbinds. Once reaction Ro fires, we generate two new A particles at x
and y following the placement density ma(x,y|z). Reaction Rs is accepted with the acceptance
probability mo (z|:z, v, uf(dx’)). For R4, the substrate is one B particle, so as1 = 0 and age = 1.
The products are two A particles, so 21 = 2 and P9 = 0.

If the limiting spatially distributed measures for species A and B have marginal densities
(pl(x,t),pg(a:,t)) respectively, they must solve the following reaction-diffusion equations in a
weak sense:

p1(z,t) = D1Agpr(z,t) + Va - (Vavi(z)p1(z, 1))

2
+ Vo (i) [ Y Vur(le —yl)ps(y. )dy)
Rd

j=1

([, mten( [ miemm ele. ol 0 iz ) orlo. 1y ) paa.t)
w2 [ Kalo)( [ maloioima (ol ol 0 ) ) (o )

p2(y,t) = Dal\ypa(y,t) + Vy - (Vyva(y)p2(y, 1))

2
9, (2wt) [ S Vs (ly — all)ps (. t)da)
Rd

j=1
1

o [ By el m (<lo.y. e’ )i ) on (o, 9. )y
R4 xR

— K(2) ( /R . m2<x,yrz>m(x,yrz,p<mct>dx')d:cdy) pa(z.1).

6. A SPECIFIC EXAMPLE: FROHNER-NOE MODEL

In this section, we study an example based on the specific acceptance probabilities,
(ylx, ,uf), proposed in Frohner-Noé in [13]. We derive a specific formulation of the accep-
tance probability which preserves the detailed balance condition for general reversible reactions,
present the corresponding acceptance probabilities, and illustrate their large population limit
for general systems involving one- and two-body interactions.
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To illustrate the particular acceptance probability ﬂ'z in the generalized Frohner-Noé
model, consider the R; reaction A4+ B — C, where one A particle at x binds with one B particle
at y to produce one C' particle at z, and the other non-substrate and non-product particles are
located at g. Denote the total potential energy of the system before Ry by ®;"7(z,y,q) and
after R by @T’v(z, q). We assume that the total potential function depends on the system size
parameter v and consists of only one- and two-body potentials. We then represent the total
potential energy in the system prior to Ry by

7 (2,y,q) = 7(q) +vi(x) +v2(y) + uf (5q) + ug(y; ) + uj 5(2,y),
and the total potential energy in the system after R; by
O (2,q) = 97(q) + v3(2) + ud (2 9).

Here, ®7(q) denotes the total potential interactions between the non-substrate and non-product
particles at g; vi(x), va(y) and vs(z) represent all one-body interactions involving the substrates
at = and y and the product at z, respectively; u] (z; q), uj(y; @) and u](z; ) denote all pairwise
interactions between each substrate/product and the non-substrate and non-product particles
at q; finally, ub(w, y) = ui2(x,y)/ represents the specific two-body interaction between the
two substrate particles.

Let ug denote the pre-reaction state of the system, consistent with the state correspond-

ing to having the two substrates at (x,y) and the non-reactant particles at q. The Frohner-Noé
acceptance probability of R; takes the form

w?(zmay,u§<dx®>::Innl{1,e—[ér*«zn>—<¢;ﬂ«uyg>-u12caw)]}.

In the next section we will demonstrate why it is appropriate to treat 7w as a function of z,
x, y, and ug. The acceptance probability 7] always accepts a R; reaction where the potential
energy, excluding the pairwise potential ulQ(aj, y) between the substrates, decreases from pre-
reaction stage to post-reaction stage. On the other hand, if the potential difference is positive,
then the R; reaction is only accepted a fraction of time. In Subsections 6.1 and 6.2 we present
the specifics of these constructions and illustrate them in a number of examples.

6.1. Acceptance probability. In this section we present the functional form of the acceptance
probability in the generalized Frohner-Noé model, illustrate why it can be written as a function
of p) instead of the positions of the non-reactant particles, and discuss its limiting form as
v — oo. The proof that this generalized Frohner-Noé acceptance probability satisfies the
assumptions of this paper is presented in the appendix.

Let V(x) represent the total one-body interactions involving each of the substrates at
x € X, where

J oy
Vi)=Y vi(d).
j=1r=1

Similarly, denote all one-body interactions involving each of the product particles at y € Y
by V(y), where

J Bej
Viy) =YY v
j=1r=1

Recall that we denote one-body potentials by v;(z) for each particle at = of type j and
two-body potentials by ulj,(a:, y) = %umx (z,y) between particles at = of type j and at y of type
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j' for 3,7/ =1,---,J. We slightly abuse notation for the following discussion and use U”(x) to
represent the total pairwise interactions between the substrate particles at € X, where
J oy ey’ ' , r—1 1 ‘ 4
ZZ[ Z Z “M D+ y“j»j(xgj)vx?(“j’))]‘
Jj=1r=1"%=j4+1r'= 1 r'=1

U7(y) is defined analogously to represent the total pairwise interactions between the product
particles at y € Y®, where

J B J o By =1y
D=3 2 3 tusfl)+ X Lusso )]
j=1r=1"j'=j+1r'= 1 'r’:lfy
Here, the first term represents the pairwise potential between substrates/products of different
types, and the second term accounts for the two-body interactions between substrates/products
of the same type. The lower limit of the first summation, j+1, and the upper limit of the second
summation, r — 1, prevent counting the two-body potential between the substrates/products
twice. Note that both U”(x) and U7 (y) converge to 0 as 7 — oo due to the assumed bound-
edness of the two-body potentials.

When the system state is given by ,uf,, for substrates at € X® we denote by

q e R (Ni(s™)—ae;) the position vector for the non-reactant particles of type j. That is,
@’ corresponds to the particle positions within

Oégj

(] ,

! (Wt B> 5Hiﬁ”(w<’j>>
r=1 t

where ¢ € 1) are the subset of particle indices that are represented within . We then have

q= (ql)"' 7qJ)'

With some abuse of notation, we write the sum of all pairwise interactions between the
substrates at € X and the non-substrate and non-product particles at q as U Y(x;q). To
encode information about particle types, we let U}j/(:cj ;qj/) denote all pairwise interactions
(x(j) C))

1 »

between the sampled substrates of type j at &/ = , aca,_,j) and the non-reactant particles

of species j' at ¢, with j, 7/ =1,---,J. Therefore

J J
=22 Ujyla’a’)
j=15'=1
J  oyj gy . | )
_ZZZU i (o @)y (do) = Z;“xw(af&”,wii)) ,
j=1r=1j5=1 v

demonstrating that the two-body interactions between a set of substrates and non-reactant
particles can be written solely in terms of the substrate positions and the components of uf,.

We analogously denote by U” (y; g) the total two-body interactions between the products
at y € YO and the non-substrate and non-product particles at g. To specify particle types, we
let Ujv,j’ (y’; qj/) denote all pairwise interactions between the products of type j sampled from

yl = (y? ), ,yg )) and the non-substrate and non-product particles of species 7' sampled from
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¢’', with j,j' =1,---,J. We then obtain

J J
U'(yiq) = > UlL(w:d")

Jj=1j"=1

L , W ,
=222 [ / ws g (D, )t (dr) = 3 gy (D, 2

=1 r=1j—1 L/R? =

demonstrating we can write these two-body interactions in terms of the substrate positions, the
product positions, and the pre-reaction state measure, ,uf_.
With the preceding definitions, we can represent the total potential for the system before

Ry for € X by

o, (x,q) =27(q) + V(x) + U (w;q) + U'(x)
and the total potential for the system after Ry for y € Y by

©, " (y,q) = 2"(q) + V(y) + U (y;q) + U (y).

Remark 6.1. Ezamining the preceding definitions, we see that we could alternatively write the
potentials as functions of x, y, and uf_, ie., @, (x, uf_) and CI);”Y(y, p,f_;m) respectively. We
will subsequently make use of this representation to extend the pre-limit Frohner-Noé acceptance
probabilities to be functions of general finite measures in the Appendiz. We use the q notation

in this section as it is more consistent with how potentials are written in the modeling literature.

For reversible reactions with differing numbers of substrates and products, for instance
the reversible reactions A+ B = C and A + A &2 B, we denote the acceptance probability for
the binding reaction Ry with € X() and y € YO by

(15) 7 (yle, ¢ (da)) = min {1, el wa- (@1 @) } ,
and for the unbinding reaction Ry with & € X® and y € Y® by
(16) 73 (yle, i (da)) = min {1, (07 wa-v W) -2 wa) } ,

in order to satisfy the detailed balance condition and preserve symmetry for the reversible
reaction [13, 17].

For other allowable reversible reaction types such as the reversible reactions A + B &
C+D and A4+ B = A+ C with products always placed at the positions of the substrates, we do
not subtract the specific pairwise potential term U”(x) between the substrates at « € XM from
the total potential energy ®;"7(x, q) in the system prior to the forward reaction, nor subtract
the specific pairwise potential term U7(y) between the products at y € Y® from the total
potential energy @;’V(y, q) in the system after the backward reaction, for the detailed balance
condition to hold. Instead, we consider the acceptance probability of the form

(7) 7 (yl, 1 (da')) = min {1, (@7 a0 @) } ,

with € X and y € YO, see [13, 17].
When ( goes to zero, the pairwise potentials U7 (x) between substrates at « € X® and
U7(y) between the products at y € Y® both vanish. The total two-body interactions between
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the substrates (products) and the non-reactant particles with 2 € X and y € Y are then

J oy

Ues) = lim U (i q) = ZZZ/ w2, 2)e] (dz),
j=1r=145=1
and
J Beg J
Ul €)= lm U i) =33 3 [ i) (o)
j=1lr=1j45=1

where fg and é’f " denote the corresponding large population limits of uf’j and uf’j/ for 7,7 =
1,---J. Substituting in these formulas, we obtain that the mean field limits of the three forms
of acceptance probabilities coincide. More specifically, the mean field limit of ®,""(x, q) for
x e X0 s

J o J ooy J
) (2, &) ZZUJ —i—ZZZ/ wj jo(z) xft (dx),
j=1r=1 j=lr=145=1

and the mean field limit of @Z’V(y, q) for y € YO is

J By J Bey g
P60 =33 w0+ 3 [ i) 0 )
j=1r=1 j=lr=145=1

As such, the mean field limit of all forms of the acceptance probabilities, 7] (y\w, ,ug, (dz’ )), are
(18) mi(yl, & (dr')) = min {1, e (@ we-e; @*Eﬂ)} ,

with & € X ),y S Y© {}l/t }te [0,1] € D®J MF(]Rd)([O T]) and {Et}tG[O 7] € C®J MF(Rd)([O T])

Remark 6.2. The total potential between the non-substrate and non-product particles ®7(q)
never appears in the formulae (15), (16), and (17) of the acceptance probability, as this term
remains the same before and after the reaction and vanishes in the potential difference.

Previously, the position vectors & and y referred to locations of the substrate and
product particles in the fth reaction. We now directly compare the forward and backward
directions in one reversible reaction cycle where a set of substrates at @ are replaced by a set
of products at y and vice versa, with the non-reactant particles at g. As such, in the forward
reaction R1, the substrates are placed at € X(!) with the products located at y € Y, and in
the backward reaction Ry, the substrates are placed at y € X2 while the products are located
at & € Y®. In this case, we have that

where z € XU = Y@ and y € YO = X?),

Remark 6.3. For such reversible reactions where the number of substrates and products differs,

for example A+ B = C and A+ A 2 B, the placement densities for Ro may be chosen to take
the form of mg(a:]y) = %m?(ylm)e*m(y), which converges to ma(x|y) = Lmi(y|z) in the
mean field limit as ¢ — 0, where Z¢ and Z are the normalizing constants. We provide specific
formulations of the placement densities for the reversible A+ B = C reaction in Example 6.1

below. We again have x € X =Y® and y € YO =X@). See [13] and [17] for more details.
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6.2. Examples.

Example 6.1. Consider a system with three species, A, B, and C that can undergo the re-
versible reaction A+ B = C. Let Ry be the forward reaction A+ B — C, where one A particle
at position x and one B particle at position y bind to generate one C particle at position z.
Assume the non-reactant particles that are unchanged by the reaction are located at q as in the
last section.

We denote the specific two-body interaction between the substrates by

1
U’Y(‘Tvy) = u’1y72(x7y) = ;ULQ(x,y),

and represent the total potential of the system before R1 occurs by
3
- Y / C:J / 1
7 (2,y,q) =7(q) + v1(z) + va2(y) + > g (@2 () = Zua ()
j=1

3
j 1 1
+3 [ g0 — Zuna (0. 9) — uaalon)
=1 /R? Y Y

where ug, represents the system’s state before an Ry reaction at time s (i.e., with an A particle
that will react at x, a B particle that will react at y, and non-reactant particles at q). The total
potential energy of the system after Rq is denoted by

3
| 1 1
CI)T’“’(z, q) =P7(q) + v3(2) + E /d u3 (2, x'),ug’f (dx") — ;ugyl(z,x) — ;u&g(z,y),
j=17%

¢

where we have written the potential in terms of the pre-reaction state, p;_.

probability for Ry is thus

ek, §0) = i {1,67195 7 e-(05 oo

The acceptance

The mean field limit of ®]7(x,y,q) is
3 3
B (0.6 1= 0a(o) + ) + 3 [ @)+ 3 [ e,
j=1 j=1
and the mean field limit of @f’v(z, q) is

3
O (5,6,) == v3(2) + 3 / us (5,2 )E ().
j=1/R?

Note that the pairwise potential term U7 (x,y) = %uljg(x, y) between the substrates converges to

zero as v — oo. Therefore, the mean field limit of the acceptance probability for R1 simplifies
to

™1 (z’xa Y, Es(d.’E,)) = min {1, e (((I>1+ (2’755)—@;(13,34,65)) } .

Let Ro denote the backward reaction C — A + B, where one C particle at position
z unbinds to generate one A particle at position x and one B particle at position y and the
non-reactant particles are again assumed to be at q. Letting ug_ represent the state before the
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Ro reaction, with a substrate C' particle at z and the remaining non-reactant particles at q, the
total potential of the system before Ro is defined to be

3
_ ; 1
D, (z,q) = D7(q) + v3(2) + g /]Rd U37j(z,x’)ugf(dx') — ;U3’3(Z, z),
j=1

and we denote the total potential energy of the system after Ro by
3
; 1
O3 (2,y,q) = ®V(q) + v (x) + va(y) + > /d u (. ) (dy') — Suia(e,2)
j=1"R

3
i 1 1
+ E / u2,5 (y7 fﬁl)ﬂgf (dl‘,) - 7“2,3(3/7 Z) + *u1,2($> y)
=1 /R? v v

The acceptance probability for Rs is thus
™ (2, ylz, Ng(d:r/)) = min {1, e (27 @w.a)—u] y(z0)) ~25 7 (20)] } ,

so that the mean field limit of ®57(z,q) is
3

B (2.6 = va(2) + 3 [ el

j=1
and the mean field limit of @;’W(m,y, q) is

3 3
OF (5, 9,6)) == 01(2) + 0a(y) + 3 / wny(m,9)E (dy) + 3 / wsy(y, )€ (da).
j=17R j=1 /R

As the pairwise potential term U"(x,y) between the products converges to zero as v — o0, the
mean field limit of the acceptance probability for Ro is

ma (2,97 &(dx)) = min {1, e (0 w8107 (2) } .

Finally, for completeness we give specific formulas for the placement densities of the
reversible reaction A+ B = C' that are consistent with detailed balance holding, see [17]. For
simplicity, we let the placement density m](z|z,y) for Ry take the form

m(z|z,y) = Gy <z—(am +(1- a)y)>,

and as 1 — 0,m] (z|z,y) then converges to

mi (2|2, y) = 5<z—(am +(1- a)y)>,

for a € [0,1]. To ensure detailed balance of reaction fluzes at equilibrium, see [17], and also
maintain symmetry for reversible reactions, we then chose

1 —u] (=
mg(ﬂﬁ,y|2') = ZT].BE(O)(x — y)Gn <Z — (Ozx + (1 — a)y))e 1,2( ,y)’
1,2

where

Z, = / 1 (o) (7 —y)Gy <z - (afc +(1- a)y))e“zﬂ(z’y)dmdy.
R2d

)
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¢ S 1 :
ms(z,y|z) then converges as a distribution to ma(x,y|z) = 73 1B.(0) (x — y)mi(z|x,y) in the
mean field limit as ¢ — 0 with

Z12 = B:(0).

Example 6.2. Consider a system with four species, A, B,C and D that can undergo the re-
versible reaction A+ B = C + D. Let Ry be the forward reaction A+ B — C + D, where one
A particle at position x and one B particle at position y react to generate one C particle at
position w and one D particle at position z.

Analogous to the last section, we represent the total potential energy of the system before
R1 by

4
. - 1
77 (2,y,q) =BV (q) + v (x) + v2(y) + > /Rd u i (, )uS? (dy') — Swa (@)
j=1

4
; 1 1
+ Z/ Ug,j(y, x,)ﬂgg (dl'/) - 7”2,1(:1/7 .%') - 7”2,2(3/1 y)v
=1 /Re Y Y

and the total potential energy of the system after R1 by

4
; 1 1

q’f’v(w z,q) = ®7(q) + v3(w) + v4(2) + E /d U3,j(w7$,)#§’3(dx’) - ;u&l(wa T) — 5“3,2(10, Y)

j=1"R

4
; 1 1
+ Z/ u4,j(z,x’)u§f(dw') — —ug1 (2, 2) — —ug2(z,y).
=1 /R4 v Y
The acceptance probability for R is thus
ﬂ-;ly (w7 Z’:I:? y7 Mg(dx/)) = min {1’ 6_ [(I’i‘r"y(w’Z7q)_¢’;y’Y(x’y7q):| } N
The mean field limit of ®]7(x,y,q) is
4 4
— L ) N ¢J / . N ¢J /
(e = o) + ) + 3 [ wte i) + > | wastm e,

and the mean field limit of @f’v(w, z,q) is

4 4
B (02,8 = va(w) + 0s() + 3 [ wnglwa)elda) + 3 [ syl
=1 j=1
Therefore, the mean field limit of the acceptance probability for R1 simplifies to
™ (w, 2|z, y, € (dz')) = min {1, e (@] (w2897 (@p.6.)) } )

Let Ro be the backward reaction C'+ D — A+ B, where one C particle at position w and
one D particle at position z react to generate one A particle at position x and one B particle
at position y. The total potential energy of the system before Ro is defined to be

4
_ ; 1
0,7 (w,2,q) = 7 (q) + v3(w) + va(z) + Y /Rd us j(w, 2 )uS? (da') — ;US,B(U’, w)
=)

4
: 1 1

+ Z/ U4,j(2’$/)ﬂgf(dm/) — —ug3(2,w) — —uga(z, 2),

=1 /R4 g v
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and we denote the total potential energy of the system after Ro by
4
; 1 1
O3 (z,y,q) =07(q) + v1(z) + va(y) + Z /d ul,j(x,y’)uﬁ’f(dy’) - §u1,3($,w) - §u1,4(967 z)
j=1"R

4

; 1 1 1
+ Z/ uzj(y,m’)uﬁf(drc’) — —u23(y, w) — —ug4(y, 2) + —u12(w,y).
=1 /R? v v v

The acceptance probability for Ry is thus
+, -,
73 (2. ylw, =, p (dz')) = min {1, o [0 @va-0; (0] } |

The mean field limit of ®577(z,q) is
4 4
B (w,2,60) = vaw) + 0a(:) + 3 [ wnj(waagl@e) + Y [ wglea el
j=17R j=1 /R
and the mean field limit of 37 (x,y,q) is

4 4
B (0,60 1= 01(o) + ) + 3 [ e )ldn) + 3 [ i),
j=1 j=1
Therefore, the mean field limit of the acceptance probability for Rs is

m(z, y|w, z,€5(dz")) = min {1, e ((2F (v.80) -5 (w,20) } )

Finally, we note that the placement densities, m{(w, z|z,y) and mJ(z,ylw, z), and their

respective mean field limits, mi(w, z|z,y) and ma(x,y|w, z), take the same forms as in Assump-
tion 4.7.

Example 6.3. Consider a system with two species, A and B that can undergo the reversible
reaction A+ A = B. Let Ry be the forward reaction A+ A — B, where two A particles at x
and y bind to generate one B particle at position z.

Denote the specific two-body interaction between the substrates by

1
Ul(x,y) = UY,l(xay) = ;U1,1($,y)~
We represent the total potential energy of the system before R1 by

2
_ ; 1 1

@, (x,y,q) =27 (q) +vi(z) +v1(y) + Z /]Rd ur (@, y )i (dy') — ;U1,1($7«T) - ;Ul,l(xa Y)

=1

2
j 1
+Z/ un(y, @) ps? (da') — —ur(y, ),
j=1 /R4 v
and the total potential energy of the system after R1 by
2
; 1 1
@i‘v“/(z, q) =97(q) + va(z) + Z /]Rd ug (2, x’)ug’f (da') — ;UQJ(Z,H}) — ;uzl(z,y).
j=1

The acceptance probability for Ry is thus

7] (2|2, y, p$(da’)) = min {1, 27720 @yl (@) ] } .
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The mean field limit of ® 7 (x,y,q) is
2 2
Dy (z,9,&s) == v1(z) +vi(y) + .Z;/Rd uj(x,y")El(dy') + Zl/Rd ui,;(y, 2')€l (dx'),
j= j=
and the mean field limit of @f’w(z, q) is
O (2,&5) == va(2) + il /Rd u2,;(2, 2')&l (da).
=

The pairwise potential term U7 (z,y) between the substrates converges to zero asy — oo. There-
fore, the mean field limit of the acceptance probability for R1 simplifies to

™1 (2|2, y, &s(de')) = min {1, e (o] &) -2 (zwe)) } )

Let Ry be the backward reaction B — A+ A, where one B particle at position z unbinds
to generate two A particles at x and y. The total potential energy of the system before Ro is
defined to be

2
_ ; 1
By (2,q) =07(q) +va(2) + Y /Rd up j (2,2 ) (da') — ;um(z, 2),
=1

and we denote the total potential energy of the system after Ra by

2
; 1
O3 (z,y,q) =27(q) + v1(z) + vi(y) + Z /Rd ul,j(:v,y’)ugf(dy’) - ;u1,2(96, z)
=1

2
; 1 1
+ Z/ ul,j(ya afl)ﬂgf (dl’l) - 7“1,2(y7 Z) + *u1,1<$7 y)
=1 /R v v
The acceptance probability for Ra is thus
7-(-; (x’ y’,Z, ug(daj/)) — mln {17 e_ [(q);”y(xvyvq)_ufly,l(xvy)) _q)z_”y(zvq)] } .

The mean field limit of ®577(z,q) is
2

B (.60 = () + Y [ uny(ea)eldo)

j=1
and the mean field limit of 37 (x,y,q) is

2 2
O (0,9,6,) = v1(2) + () + Y / w2,y (dy) + 3 / ur j(y, 2')Ed (da).
j=1/Re j=1 /R

The pairwise potential term U7 (x,y) between the products converges to zero as v — oo. There-
fore, the mean field limit of the acceptance probability for Ry is

72 (2, 9]z, £(da')) = min {1, o (@F@ug) s (6) } .

Finally, we note that the placement densities, m'(z|z,y) and mi(x,y|z), and their re-
spective mean field limits, mi(z|x,y) and mo(x,y|z), take similar forms as in Example 6.1 and
Assumption 4.7.
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7. SIMULATIONS

We numerically solve the A+ B & C reaction for a periodic one-dimensional system to
compare our derived PIDEs and the underlying PBSRDD model. We subsequently call these
PIDEs the mean field model (MFM). The MFM is solved using a Fourier spectral method. We
discretize the PBSRDD model in space to obtain a (convergent) jump process approximation
to the stochastic process associated with the PBSRDD model via the Convergent Reaction
Diffusion Master Equation (CRDME) [26, 30] using the approach developed for systems with
drift due to interaction potentials in [16, 19].

We first present the model problem in Subsection 7.1 and then discuss the discretization
schemes we employed for the MFM and PBSRDD model in the next two subsections. Finally,
we present the numerical results and demonstrate that for the total molar mass (i.e., the integral
or L'-norm of the molar concentration field) of the type C particles, the mean field process gives
an increasingly accurate approximation of the PBSRDD model as v increases. For v = 1000, the
largest value of « that we consider, the means for the two models agree up to statistical error.
We also compare with the purely-diffusive case to demonstrate that including drift induced by
potential interactions affects the behavior of the system in non-trivial ways.

7.1. Description of model problem. Our model follows the general form of Example 6.1,
with some modifications. We restrict the reaction system to the periodic domain ©Q = [0, L]
with L = 2x. As in the example, we prescribe harmonic two-body potentials between each pair
of particles which we choose as
(19) Us 5 (2,Y) = us (| —y|) = kmax {0,3(rs +ry) — |z — y\}2 ,
where s,s" € {A, B,C}. Here and throughout this section, |z —y| denotes the periodic distance
between z,y € €, i.e.,

|z —y| = min{lz —y|, L — [z — y|}.

The parameters r;, which control the interaction distance, and x, which controls the
interaction strength, are chosen large enough to make a clear contrast with the x = 0 (i.e.,
no potentials) case. Note that for simplicity, we do not include single-body potentials in this
model.

The drift-diffusion transport operator for each particle type s € {A, B, C'} is also scaled
by a diffusion constant D;. We emphasize that this diffusion constant plays a slightly different
role than in earlier sections; in particular, it scales both the drift and diffusion terms (see (21)
and (22)), and compare the transport operators in the latter system of PIDEs with, e.g., those
in (2)).

For reactions, we follow Example 6.1 except that we replace the Doi reaction kernel
1. (0)(7 — y) with a normalized Gaussian

1 e_lx;é‘z
K(z,y)= - Norok

with o the kernel width and Z a normalization constant,

le—yl|?
202 dzx.

7 —

1 e
— e
V2no? /0
We also replace the placement density mq(z|x,y) with the combination of §-functions:

1 1
(20) mi(zlz,y) = 55(3:—2)—%55(3/—2),

so that, e.g., in the event of an A 4+ B — C reaction the product C is placed at the location of
the A or the B with equal probability % The backward reaction placement density is likewise
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modified to incorporate our changes to the forward placement density and the reaction kernel,
ie.,

1 _a
ma(z,yl2) = %K(l‘,y)mdzm,y)e ua,B(@Y)

where
2 ~ 0 2 y 0
Zap= | K00 4s@Vde = [ K(0,y)e 40V dy,
0 0
recalling the notation u] ,(z,y) = us%(zy) for s,s" € {A,B,C}. We note that, in the fol-

lowing simulations, we do not regularize this placement density, i.e., in the actual numerical
implementation we work with the § function densities directly.

We choose parameters A and p which control the relative rates at which forward and
backward reactions occur. The rates are chosen so that prior to applying the detailed-balance
enforcing rejection-acceptance mechanism, the forward rate for an A at x € Q anda B at y €
to react is AK (z,y) and the rate for a C' at z to unbind is p in the particle model.

Finally, we specify the values of the various parameters described above: L = 2m,
rqg =rp = 0.05rc =01 Dy = Dp =0.25, Dcg = 0.5, 0 = 0.15,A = 1, and p = 0.05. We
choose the potential strength parameter x = 200, also making qualitative comparisons with the
pure diffusion (k = 0) case. Initial conditions are set proportionally to

A(z,0) = 6—5\x—0.75ﬂ'|2’
B(z,0) = 675\3371.257r|2’
C(z,0) =0,

where again we use periodic distances.

7.2. Discretization of particle models. To solve the particle model, we use the CRDME,
a convergent spatial discretization of the forward Kolmogorov equation associated with the
PBSRDD model [26, 30]. The CRDME corresponds to the forward equation for a system
of continuous-time jump processes on a mesh, and we therefore simulate the particle system
via simulations of these jump processes using optimized versions of the stochastic simulation
algorithm (SSA), also known as Gillespie’s method or Kinetic Monte Carlo [11]. The PBSRDD
particles’ Brownian motions are then approximated by continuous-time random walks on a
grid and their reactive interactions by jump processes that depend on the relative positions of
reactants on the mesh. As discussed in [16, 19, 26, 30], statistics obtained from simulations
of the CRDME should then converge to those of the underlying PBSRDD model as the mesh
spacing is taken to zero.

For these simulations, we use a uniform mesh with nodes {z;}}¥, C Q, where z; =

(i—1h,i=1,..,N, and h = QW” We denote the compartments, or voxels, that particles

hop between by V; = (z; — % mod 27, x; + %) for i = 1,2,...,N. To initialize the particle
positions at the start of each simulation, we first choose the number of A and B particles as 3,
for v € {50,100, 150, 200, 250, 350, 500, 1000} . Then, we sample the position of each individual
particle from the (unnormalized) discrete distributions {A(z;,0)}Y,, {B(z;,0)}Y,. We note
that our choice of initial distribution implies that the initial error between the mean field model
and the mean of the particle model is zero, up to discretization error.

Let & be concentration measures for the nodal locations of the particles of type s €
{4, B,C}, so that if there are s; particles of type s in voxel V;,
N

& = 1 Zs,ﬁ(mi —x).

v =1
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Then, the total potential difference induced by a hop of one particle of type s from voxel V; to
voxel Vj is given by:

j|z = Z (/ us,s’(xja y)gg(dy) - / us,s’(xia y)&Z(dy)> - u?s/,s($ja :El) + u?s/,s (:U’i’ :El')’
se{A,B,c}y VR R

where the latter terms remove self-interactions. The hopping rate for each particle of species
s € {A, B,C} in voxel V; to a neighboring voxel Vj is then given by
Dy A
h2 eAj‘i . 1‘
The above formula can be derived by using a specific combination of quadrature rules on the
transport operator appearing in the forward Kolmogorov equation of the particle model, as
described in [16, 19].

Proposal reaction rates between a molecule of type A in voxel V; and a molecule of type

_ K(zi,y))

B in voxel V; are computed as AK7(z;,y;) = — The resulting C' is placed in voxel V; or

V; with probability % each. We then accept the proposed reaction with probability computed
by the formula given in Example 6.1, where z, y, and z are replaced with the proposed mesh
nodes x;,y;, 2z, and particle positions q are replaced with mesh nodes associated with their
respective voxel sites.

The total rate of proposed unbinding reactions in the CRDME model at each voxel site
Vi is given by the discrete marginal integral of the reaction kernel,

(21)

N N
H —u) plwiz) M —u}y g(2k,y5)
— hK(xz;, z,)e AB = — hK (zp,y;)e AB 7,

We note that for our chosen parameters, the above sum is essentially p (i.e., to numerical
precision). After the unbinding of a C' particle at V}, is proposed, a particle of type A or of type
B is tentatively placed in Vj, with probability % The location of the other product particle is
proposed by sampling the (unnormalized) discrete distributions {K (a:i,zk)efulB (@i,2) =
{K(zk,yj)e_“Z‘vB(Z’“’yj)}jyzl over the voxel sites. Again, after reactions are proposed using the
rates described above, they are accepted or rejected using the mechanism described in Example
6.1, with particle positions localized to mesh nodes.

Specifying the reaction and transport rates as we have just described preserves detailed
balance and convergence of the CRDME to the underlying particle model [16, 19]. We note
that, although in the simulation methodology described here potentials and reaction rates are
always evaluated at mesh nodes, it may improve CRDME convergence in some cases (e.g.,
discontinuous reaction kernels) to employ other discretization strategies (e.g., involving voxel

averages of the reaction kernel as done in [26, 30]).

7.3. Discretization of MFM. Let S(z,t) = (A(z,t), B(x,t),C(x,t)), and define the integral
operator (u * f)(x,t) for a function f(z,t) by

(ws f)(a.1) = /Q u(z ) f(y.1) dy.
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The MFM for the reversible reaction is given by the system of PIDEs

(22)
%(m) = D4V - <VA(az,t) + A, t) Y (Vuas * S)(x,t))
Se{A,B,C}
— %A(a;,t) /]Rd K(z,y) (7r1 (a:\:c,y, S(:c’,t)dac') +m (y|x,y, S(x',t)da:’)) B(y,t)dy
+ 500 [ Ka)m(eyle S 0d')dy
+4 [ Klam(e.sly. 86 0d)Cla. Oy
00 =DV (B0 + B0 X (Vuns )00
Se{A,B,C}
— ;\B(y,t)/ K(z,y) (m1 (z]z,y, S(2', t)da') + 71 (y|z, y, S(2’, t)da'")) A(z, t)dw
R4
+ gC’(y,t) /]Rd K(z,y)m2 (2, yly, S(2', t)da') dx
+ ';L/Rd K(x,y)m (x,y]x, S(a:’,t)d:c’)C’(x,t)dx,
%(z,t) = DcV - <VC(z,t) +C(zt) > (Vugg* 5)(z,t)>

Se{A,B,C}

+ —A(z,t) /Rd K(z,y) (771 (z]z,y,S(x’,t)da:’)) B(y,t)dy

+ —B(z,t) K(z,2)mi(2|z, 2, S(2', t)da') Az, t)dx

Rd

- ';LC’(z,t)/ (K (z,2)m2(2, 2|2, S(2', t)da') + K (z, z)ma (z, 2|2, S(2', t)da)) d
R4

| > N >

where A, B, and C' are the mean field molar concentration fields for the corresponding particle
types. As for the particle model, the acceptance-rejection factors m are as described in Example
6.1.

The above PIDEs are solved using a Fourier collocation method [22] for the spatial
discretization, with collocation points x; = %,i =0,---,N —1. We use a total of N = 2°
basis functions {e?"* 7219:*01 to represent the concentration fields for each of the three species. We
convert between Fourier representations and values at collocation points using the SciPy fast
Fourier transforms functions, and approximate the drift and reaction integral terms using the
trapezoidal rule centered at the collocation points.

For the resulting spatially discretized reaction-drift-diffusion ODEs, the diffusion and
drift terms are stiff whereas the reaction terms are non-stiff. We therefore adopt a one-step
implicit-explicit (IMEX) Euler method to solve the system of ODEs arising from our spatial
discretization, treating the reaction terms explicitly (forward Euler) and the transport operator
implicitly (backward Euler). For the implicit terms, the nonlinear system of equations is solved
at each timestep using the SciPy Newton-Krylov solver. To ensure convergence of the nonlinear
solver, we dynamically reduce our timestep from an empirically chosen (for accuracy) maximum
timestep of 1074,
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7.4. Numerical results. We present the results of our numerical studies in Figure 1. The
first three subfigures (top left, top right, and bottom left) each compare the molar mass for the
C particles in the prelimit and limiting processes, denoted by C(t) for the MFM and C7(t) for
the CRDME model, over the time interval [0,40]. The bottom-right subfigure compares the
corresponding spatial distributions C(z,t) and C7(x,t) at time ¢ = 4.
For the MFM, the molar mass
2
C(t) = C(z,t)dx
0
is approximated from the spatial distribution C(z,t) at a series of discrete times ¢ by applying
the trapezoidal rule to the numerically computed mean field solution. For the CRDME model,
we compute C7(t) by first averaging the number of particles in each voxel over 280,000 sim-
ulations to obtain C}(t), i = 1,..., N, at a series of discrete times ¢. Then, the concentration

fields C7(x,t) shown in the bottom-right panel of Figure 1 can be computed from C(t) as

5
the piecewise-linear interpolant of the grid function C7(x;,t) = C;L—ff) Finally, the molar mass

C7(t) is computed from C7(z,t) as

C7(t) =) hC™(xi,t).

Starting with the top-left panel in Figure 1, we observe that, as expected, the CRDME
molar masses C7(t) converge to the MFM molar masses as v — oo. We have also included for
comparsion the mean-field solution in the no-potentials case (i.e., kK = 0), observing that over
time, the repulsive pair potential force reduces the effective forward reaction rate (relative to
the backward), resulting in a significantly smaller molar mass at the final time.

The top-right and bottom-left panels further compare the molar masses C(t) and C7(t)
for the MFM and CRDME models in the x = 200 case; the top-right panel shows a zoomed-in
version of the top-left panel, with the x = 0 solution removed and the time interval restricted
to [25,40]. We see more clearly the convergence of the CRDME molar masses C”(t) to the
MFM molar masses C(t). Looking directly at the errors in the bottom-left panel, computed as
|C(t) — C7(t)| for each time t, we see that the maximum errors range from ~ .005 (~ 3%) for
v =50 to &~ .00025 (~ .15%) for v = 1000.

Finally, in the bottom right figure, we compare the spatial distribution C7(z,t) for
the CRDME model with the MFM spatial distribution C'(x,t). Although the CRDME spatial
distributions appear significantly noisier than the molar masses due to the relatively small
number of particles in each voxel, we can still see that the MFM gives a good fit for the particle
model, especially for larger values of v. We have also once again included for comparison the
k = 0 MFM spatial distribution.

8. PROOF OF THEOREM 5.1.

Without loss of generality, we assume that L = 0 in this section. The case when L > 0
follows by similar arguments as we now give in the L = 0 case.

To rigorously determine the large population limit of the MVSP, we use the martin-
gale problem approach for studying solutions to stochastic differential equations developed by
Stroock and Varadhan [12, 46]. The proof is divided into four subsections. In Subsection 8.1,
we provide the path level description of uf’] , and we derive equations for its expectation in Sub-
section 8.2. Tightness and identification of the limit are presented in Subsection 8.3. Lastly,
we prove in Subsection 8.4 that the limit equation has a unique solution. Collectively, these
results imply Theorem 5.1, see, for example, the proof of Theorem 5.5 in [28] for details.
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FiGURE 1. Comparison of the CRDME and MFM solutions. The CRDME data
are obtained by averaging the results of 280,000 simulations.

8.1. Path level description. For a test function f € C’g(Rd) and for each species j =1, -+, J,

we obtain the coupled system

. : 1 t of . , )
CJy C,J - v A Uy 6o i
(i) = (o) + > ,/0 Uiy V2P g5 M (yug?)) AW

i>1

_l’_

Y{(1,u87)
]. t = an i y 8
=1

(H'(yig?)) - Vo (H (yag? ))>d8
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V1S
_/ Z ( (H'(g? V Z > wip (IH (vg?) - Hk(wﬁf)ll)>d8
J'=15'#j k=1
Y{(1L,us7)
= Z ( (D) 29 3 gy (I OnED) - gD ) ) s
T kTRt
Qg BZ]

¢Gj _ = C.J
+Z/ /m/(a /R3 < Foas 221 s () Ty Z(S ) = i >>1{"€Q(Z)(W§)}

“Lor<i; (POGuE_ )y Ho2<m] (WP (s i)} {93<wg(y\m,ug,(dz/))}dNﬁ(&i’yv91?92»9?0

i ¢, i
= (f, u§”) Z/ i<y V2D 8@ (H (yps?))dW?

z>1
V(L)
+i/0t ; <JZ;Q(HZ(W M) - gé(HZ(W ))'Wj(Hi(wﬁ’_j))>ds
Li2) A1)
‘/ Z (8@ (H ) iVZ D (I On) - H’wg’_f")n))ds
L)
= Z( nE)) - 2y o0 ) ds

Bej

1 t o
— — O , o () )1,.
+ v ;/0 /]I(f) /Yuz) /Ri <<f’ Z:; Hiw(fmgf) t ; yﬁ-])>> {ic® (’ng)}

T
(23)
8 1{91 <K/ (P(Z) (’Yﬂg, ,’L)) } 1{€2§m?(y|73([) (’Yﬂg_ )} 1{03§7r2Y (y|m,,u§7 (d:r’)) }ng(S, 0,9y, 01,02, 03).
The exchangeability of the sum, the differentiation, and the Lebesgue integral here and in the
next subsection are justified by the fact that for fixed ¢,~(1, u§f> is finite by Assumption (4.1),
and that f and its partial derivatives are uniformly bounded.

8.2. Taking expectations. By taking expectation on (23), we have

Bt = i+ [ [ 1 b ( o) = L0 V() )y )]
=1
gt w(Luj@a s
_E[’Y/O/I‘gd ; 8 (/I:gdﬂyvjlzl g Ujj’ Hx Z/H) Hk,},#7 ( ))

X 5H1(’YHE£) (dm)ds]
V(L

+E[i /O /R d g_: gé;() (iwj,ﬂnon) Hepc )<dx>d]

=1
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SRIE

(Z P (S ))) K (PO (yps 1))
r=1

Q(Z)

x my (y[PO (yus i) 7] (ylee, us- (da'))dy ) ds
Y (€)

U Yo K (PYOu.9)

zem(wf )
ﬁ@]

</w> Zf my (y[PO (vl ,4)) 7] (ylw, p (da’ ))dy)ds}
= E[(f.157)) + EU <D82—f(a:> _ oL ij(x),ug’j(da;))ds]

70Q? oQ
‘s 0 . ¢ ¢
B [ ot g Tl s
| [ (55 @) Vuj,j<r\0||>,u§j<dx>>ds}

Qyj

gz: [/0 ’Y/x(@ Z Zf

QO (yus_) T

Y v ¢ /
- </<e> my (ylz)m) (yle, p,- (dr ))dy> 57><é>(w§_,i)(d93)d8]

Se[[1], ¥ e

i€ ( ’YM )
6@]
</w> Z Fu))me (yl)m (y|m’”§—(dx/))dy> O (34 _ i) (dif)ds}'
Define the operator
ﬁf N Qy .
2 PfGe) = 310 - 3 1)
r=1

and note in the remainder that for any test func‘mons we consider
[T 1f1(@, )| < (Beg + ) 1o

Using the operators (£;f)(z) and (£ f)(x,y) defined in (8) we then obtain

E[(f, ug")] = BI(f, 1§7)) +E[/O <(cjf)(x),ﬂgv_f'(dx)>d5]
t J ~ 3 '
+E[/ <Z<(£j,jff)(m,y),u§f (dy)>7u§f(dx)>ds]

+ 28] [0 w0, 7 @
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+ZE[/ L,z (/Y | T gl )

(25) 72 (gl <dm>)dy)x<f>[ ](dm)d}

For this last equality, we switch integrals of the form [y > (dx) to

€00 Sy OPO (i)
Jxw© a(ﬁ)!' A0 [,us |(dz) using the definitions of 1S (da) and A¢ )[-] (see equation (6) and
Definition 2.6), and removing probability zero sets where two particles with the same type
are simultaneously located at the same spatial location (see Definition 2.7). Note that by
definition indices for particles of the same species are ordered by the allowable substrate index
sampling space Q) (see Definition 2.5). In converting from integrals involving the positions of

individual particles with 0., (i) (dz) to integrals involving product measures A()[u$_](de),

we need to remove the “diagonal” indices by means of integrating on X() (see Definition 2.7)
and normalizing by the total number of index orderings a0,

8.3. Tightness and Identification of the limit. We start by discussing relative compactness
of the sequence {uf’ﬂ}tE[O,T],j =1,2,---,J. Recall that Mzr(R%) denotes the space of finite
measures endowed with the weak topology.

Lemma 8.1. The measure-valued processes {ug’j}te[oﬂ,j =1,2,---,J are relatively compact
on Dy, wa)[0,T], the space of cadlag paths with values in Mp(RY) endowed with Skorokhod

topology. Further, the corresponding weak limit of any convergent subsequence of {Ng}te[o,T} as

Proof. The proof is exactly as in [28] with minor adjustments to account for the presence of
the bounded one-body and two-body potential interactions. We omit the details for the sake
of brevity. O

Given a sequence (; — 0 as k — 0o, by Lemma 8.1 the sequence of marginal distribution
vectors {/J’tk}k’ has a weakly convergent subsequence. Recall that we let & := (ﬁt ,E2, e L&)
be the corresponding limiting marginal distribution vector on R/*¢ and & = Z =1 fi ds; the

corresponding limiting particle distribution on P. We claim that for each 1 < j < J, §t is then

the unique solution to (14), which in the case that L = 0 becomes
(26)
J

(€)= (.6 + /0 (L) (@), € (dr))ds + /0 (ST ULy ) (), €8 (dy), € (dr) Vs

=1

L t
L T 0,5 T m ) T JI/ (g) 2)ds
+;/o /fw) O )</W>F @, yymelylz)me(ylz, & (d >)dy>A &) (dz)d

where T'% is defined in (24). Uniqueness of solutions to this equation is shown in Subsection
8.4. We now identify that the limit g satisfies this equation.

Let S be the collection of elements ® in the space of bounded functionals, B(®J Mp(RY)),
of the form

(27) ®(p) = o({f1, 1), (fos ) - (frrs 1)

for some M € N, some ¢ € C®(R7*M) and (f,,, ) = ((frm, 12, (f1m, 1”)) where each
{fjm} € CE(RY) for j=1,---,Jand m =1,--- , M. Then S separates points in ®3-]:1MF(Rd)



36 MEAN FIELD LIMIT FOR THE PBSRDD MODEL WITH POTENTIAL INTERACTIONS

(see Chapter 3.4 of [12] and Proposition 3.3 of [5]). To identify the limit, it suffices to show
convergence of the martingale problem for functions of the form (27), given the existence and
uniqueness of the limiting process.

For ® € S of the form (27), p := (p*, -+ ,u’) € ®‘J~]:1MF(]R{d) and p = 23'7:1 Wis; €

Mp(P) with each i/ € Mp(R?), the generator A of (26) and of the limiting martingale problem
for 1 < j < J, is defined as

Z Z e, (oo (For ) - fars 2))

m=1 j=1 (m—1)xJ+j

J
x {<(Ejfj,m)(x)7 1 (dz)) + (> (L fim (@ y), 1 (dy)), 1 (dac))

=1

L
1 ) ,
+ ; /X(z) WKE(‘B) </Y<é) L[ f ] (2, y)me(yl2)me (y|2, p(de ))dy) A0 [u](dw)].

Lemma 8.2. (Weak Convergence). For any ® € S and0 <7y <rg---<ry=s<t<T and
{3V, C B(®3-]:1MF(R‘1)), we have that

(28) li | (9(0f) ~ 9(u) - [ awsiar) T s, )| -o.
w=1

Proof. For each j =1,---J, we can rewrite (7) as

(Foug?) = (fou?) + M)+ AL

where
. t . t I .
Af = /O (1) (@), 1 (d))ds + /0 <;<<£j,jff><x,y> ST (dy)), p (d))ds
t i
i /0 <§g;<w>-Vuj,j<r\0||>,u§ﬁ<dx>>ds

L
L K CILf) (e, y)m! (y|e) ) (y|e, ps_(dz’ O[S (dx)ds
30 [0 L e ([, T e e 00y )X

and
Mfd Z/ {i<y(1 MCJ }\/ﬁ (HZ /WLS ))dWZ
z>1
1 t Qe Be,;
+7€:ZI/O /W) /W) /}R3+ (<f7_rzl(5H(J) Yy’ +Z5 () )1%9(@(%5)}

Lioi<izroeus_ )1 0remd P (s 9)y L1037 (wlaps_(aa))y 2V (5,2,y,01,02,05).
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Note that Mtf 7 is a square integrable martingale (see Proposition 2.4 in [24]) with quadratic
variation

a/"s

(1Y, / ( /2D, 85(1{@(7“3 ))>2ds

ﬁlg

+22/ /Y() <§]:fH“ws’] +nyr>

“) (vus_))}
XKZ(P()(Wiai))m?(ylp(@(wg ,0) 7] (ylz, p_(da’))dy ds

The quadratic variation of Mtf 7 is thus uniformly bounded and goes to 0 as { — 0, due to the
uniform boundedness of f and its partial derivatives, and by Assumptions 4.4 and 4.6.
Now define M; 1 = Cf 7+ Df 7 where

chi== Z/ H< (LS }\/2D (HZ u$)) AW

z>1

is the continuous martingale part, and
(29)
aﬁy BZJ

fd _
o Z/ /(“ /W) /R?’ ( i (yu? + 26 & >1{i69“)(w§_)}

r=1
X 1 dN€(87i7y)91762793)7

100<K7 (PO S )1 o <m? (PO (i) 3 {65 <) (wlae.pul_ (da'))}
is the martingale part coming from the stochastic integral with respect to the Poisson point

processes.
Let 6 = (01,0,03). For simplicity of notation, we define

Qyj 52]

G 1
g&f’M(J(Saz:y? ) <<fa :us— ~ Z(SHZ( ) + Z(S (J) f: ,Us >>1{":€Q([)(7M§)}
r=1
Lo<iy (po (wg_,n)} 18<m? (51PO (S _0) ) {057 (wlansS_ (dan)) )
1 Qyj ) ﬁé]
— ’7(_21,][‘ <H7’T P)/,us ) Zf yr >1{i69(2)(’7p'5 )} {91<K"/ ('p(é)(,yu ))}

<1 {O2<m] (yIPO (yu_ 7))}1{03§7r2(ylfmuf,(dw’))}’

which represents the jumps and is uniformly bounded by (’)(;). With some abuse of notation
we shall write g“/+* for the vector (gbfmt ,g€7f’“C’J). Then (29) becomes

' L t . ~
D{J - Z/ / / / g&ﬁugd (s,%,y,0)dN(s,,y,01,02,03).
—1 J0 J1O Jy® JR3
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Applying It6’s formula (see Theorem 5.1 in [24]) to @(uf ) we obtain
t M J

(1) — o)~ [ (A0 uir = | D237 e (U)o ) U i)l

(m—1)xJ+j

2
+1/ ZZaz?({)@((fl’Mﬂ (fo, 1) - -+ (far, pg))d(CTim 7).,

L

t
+Z// / /( i) + g5 (1, ,0), . (ar, i) + g0 (1,,,0))
10 J1e) JR2

(U ), (i) <fM,ur>))dNe<r i..0)

< . < .
+Z/ / / / ( f17l‘l"r‘ gZ7fl7y' (S7Z’y70))"'7<fM7l'l'$>+g[’fM7“ (577'7'!/7 6))
) Jy(®) RZ

— o((f1, 18), (fo, 1S - - (o, 1S))

M J
- J . 0 B .
_ Z Zgg,fj,mvllg (Syz7y7 9)8‘%7((]{17”5% ey <fM7 /~‘l’§>)>ng(S7z’ Y, 9)
m=1j=1 (m—1)J+j
M J L
Oy ;
+m§;;/ G () U ) )

sife@)| [ 01l (il (e, ()

- me<ymm(ym,uﬁ_<dx>))dy] O[S (d)dr

M J ‘ A
e[S T ) ) (i [ iz, Vuj,j<||or>u£ﬁ<dx>)dr

a:C(m 1)xJ+j

where A% (#) represents the xth additive term on the right hand side. We now use the Skorokhod
representation theorem (Theorem 1.8 in [12]) which, for the purposes of identifying the limit and
proving (28), allows us to assume that the aforementioned claimed convergence of utc holds with
probability one in the topology of weak convergence of measures. The Skorokhod representation
theorem involves the introduction of another probability space, but we ignore this distinction
in the notation. To show (28), it is then sufficient to prove that the left-hand side of (30) goes
to zero in probability. With this goal in mind, we proceed to prove convergence in probability
to zero for AS(t) for k =1,--- ,6.

The fact that Aﬁ(t) for k = 1,--- ,4 converge to zero in probability follows from Section
7.3 in [28]. It remains to show that Ag and Ag converge to zero in probability. Note that

M= Y [ G (U o) o) [, sk

(m—=1)J+j
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| [, Tl (2 i (@) = m(ple () myle)

T oyl S (dx)) (m(yle) - W(ym))dy] O[S (d)dr

((f1, 18), (fa, 118) - - (far, i) ‘/Z)az Ky(x)

a:U(m 1)J+j

/Y o T il (@, y)m] (yl2) (77 (), ;- (do)) = me(yle, uﬁ_(dfﬂ)))dy‘

/Y o T i@, y)me(yl, . (do)) (m] (y]) - me(y|$))dyH A [y (da)dr

Oy
s 10T (m—1)74j

(10, i) o) [ it

X sup !w(ylw,uf_(dw))—WZ(ylm,uf_(dw)H/ T4 [f.m) (2, y)|m] (y|z)dy
yeY®) zex®) Y

(31)

+ / Fe’j[fj,m](w,y)m(y!wvuf_(dx))(m?(y!w)—me(ylw))dyHW)[Mf—](dw)d”
Y (8)

We note the following estimate proven in Appendix 9.2.

Lemma 8.3. For any n > 0 small enough, L+1< (< L,y e Y® 2 eXO, and f C2(Y @),
there exists a constant C' such that

/w F@)me(yle, ps_(dz)) (m] (y|@) — mz(y!w))dy‘ < Cllf g voyn-

With the aid of Assumption 4.11, Lemma 8.3, and the assumptions that f and its

partial derivatives are uniformly bounded, we then have %Hn sup E|A<( t)| = 0. Incorporating
—0¢ejo,T)

Assumption (4.3) we obtain

Ofsm |
‘1/ Jim ) (0l ()
R

Co
< 7||fj,m||cg(R)||U||01(R2d)~

v Jre 0Q
We then have that hm sup E]A (t)] = 0. Thus, the left-hand side of (30) goes to zero in
(—=0¢efo, 1)

probability, concluding the proof of the lemma.
O
We have shown that if the weak limit of the marginal distribution (,uf ! ,uf 2. ,,uf 7y
exists and is unique (uniqueness is shown in Subsection 8.4), then as ¢ goes to zero, it will
converge to the limiting particle distribution (&},£2,--- ,¢&/) in distribution with respect to the

topology of weak convergence of measures.

8.4. Uniqueness of the limiting solution. We now show that the solution to (26) is unique
in CMF(Rd)<[O,T]). C' will subsequently denote a generic constant. Suppose, by contradic-
tion, that we have two different solutions to (26), {& = (&,&2,--- ,{;])}te[oﬂ and {&; =
(6,62, --- »f_i])}te[O,T}y with the same initial condition & = &y. Parallel to Eq (26), for a test
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function of the form of ¢y (z) € 05’2(R+ x R%), we get

(32)
¢

(Wi, &) = (wo,£8>+/ (ékws+(ﬁjws)($)7£§(d9€)>d8+/ (D (L), y), € (dy)), &l (dx))ds

0 55

" Z/ /X(Z a(f (/Y(Z) F&j[qﬁs](ma y)mz(yla:)w (y|a:,§s(dg;))dy> )\(6) {fs](dm)ds

recalling (24).

Let Pj+,t > 0, be the semigroup generated by £;, with (£;f)(z) = D;jAyf(x)—Vaf(x)-
Vevj(x) for j = 1,2,---,J. Choose 9s(x;t) = Pji—sf(x), respectively for each 1 < j < J,
where f € CZ(R?) and || ||~ < 1, with s < t. Using the semigroup property, we then have

asws(l‘; t) = as(lpj,tfsf) (:L‘)

— iy Pid=s+nf) (@) = (Pie—sf)(2)

h—0 h
— iy Pk Pig=sf)(@) = (Pie-s f) (@)
h—0 h

= —(£jPje—sf)(x)
= —(Ly¥s)(z;0),
and Eq (32) becomes

(33)
J

. . t - y .
<fa ££> = <Pj,tf7 §6> +/0 <Z<(‘Cj,j’ j,tfsf)(x7y)a£g (dy)>,£g(d$)>d8

v/

Jj'=1

L
i T £,5 . T m )7 x - () o \ds
+;/0 /X(e) ool )(/W)F N[ Pj—s (e, y)ymy(y|z)m (y|e, & (d ))dy))\ [£,)(d)d

We then get

. . t
Kﬁﬁ—ﬂﬂsA

J

(O Ly Pjash) (@ y), (& (dy) — & (dy))), &l (dx) — E)(da))|ds

=1

ds

L Pia—s)(,y), (& (dy) — & (dy))), & (dz))

+/0

<Z<(£~j,j’Pj,t—sf)(x7y)7 ] (dy)), €l(dx) — ] (dz))|ds

m/‘F“vmsﬂ@wwmmmw@mfxmnwﬂ%amm
E) alt Y©

(34)
j[ iJmm/ L89B, (s y)me(yl@)me (yle, & (dz) dyr O [E,) (dz) | ds.
£(0) Y©

a0
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Recall that ¢s(x;t) solves
8s¢s(x;t) + (‘Cﬂ/}s)(l‘; t) =0, se€ [Ovt]
Yi(w;t) = f(x).

By the Bismut-Elworthy formula (see Proposition 9.22 and Corollary 9.23 of [41] or Theorem
3.2.4 of [45]), we have the following estimate for its gradient V,¢s(z)

1

) d
[Vaths(a;t)] < Cm”f”cg(ﬂ@d)a for every z € RY,
for some finite constant C' < oo. Consequently, we obtain
~ 1
(L5 Pji—sf)(x,y) < C HfHCg(R) Hu”cl(Rdw)m

1
<C3———— . for every z,y € R?,
>~ 31 A (t _ 8)1/2 Yy Y

where C3 = C|lul|c1(gax2). Note that C3 < 00 as || fl| « < 1 and ||u[|c1(gax2y is bounded by
Assumption 4.3.

Additionally, since supycio 77 [|Pjt fllLe < C <00 as [|f[| - <1 (see Chapter 4 of [39]),

we get,
L . Be; ay;
5 L i (Zpssn Sy
< mo(yle)me (yle, €,(de) dy (D [€,](de) — XD &) (dw)) |ds
gcmz%”@ / INOLE,] = MOl 10 s,

{=1
and by Assumption 4.9

Bej o
Z/ /X(f) TKZ /(Z) (TZ ’,P]t sf yr ’+Z|Pjt sf ) mz(y’a;)
X <7rg(y|w,§s(da:)) — ﬂg(y|m,§s(dx))>dy‘)\(£) [£,)(d)ds
t J . —
PZ%WJ/ D €k = Ellagp s
i=1

a®!

With M =1V sup (1, &) v |(1,&))| < oo and using the above estimates,
{tG[O,T],j:1,2,-~~ 7‘]}

we can further bound (34) by

1

.6~ 801 o | Y1~ e (0,60 + 200, 80) s

- . _. 1
o [ (Z I8t !~ Ellasp a7 =7

Qy; +ﬁ£ w0 gi o Fi
L 20(K >§j 5+ Pty / | &L (822,61) — &7 (®4E) |y e ds

/=1
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Eag By (PN s
)Py M [0S 16— €l ds
— 0 =1
t I 1
S (3MC3+C(CO)C3)/O ; Hgé _g‘éHMF(Rd)WdS

LBy [ a1 ;i
#20() 32 24T [Far S el = s

/=1

(35) PZ%“% / Znss &l nrp ey s

Summing over all partlcle types, we get

J L L
L i + B
Z 167 — &/ v (rey < Z(BMCS + C(Co)Cs + C(K)P; ;(Z)! *)

1
/ZHfs fs||MF R4) st
L

agj + Bej a®]—1 1
p20() 3y 2P e / MO S ol — 8 TrE

/=1 j=1 i=1
(Oéej + Bej M'a(/”;)la[))
— j

< <3MLC’3 + C(C)Cs + (LJC(K)P 4 2LJC(K)) )
[6 A%

t J
% el 1
x/ ZH&—SSIIMF(W)mdS

1
< ['Y 16 - e YN

=1

St byl xj >

for some unimportant constant C' < oo. The integrable singularity of the kernel, (1At — s)~!
can be handled using either of the weakly singular Gronwall Inequalities Lemma 7.1.1 of [21]
or Theorem 3.2 in [48]. We then obtain that

J

> sup €] = &llrrp(ay) =0,

=1 t€[0,T]

concluding the proof of the uniqueness of the limiting solution.

9. APPENDIX

9.1. Verifications of assumptions for the Frohner-Noé model. We verify here that all
forms of the acceptance probabilities for the generalized Frohner-Noé model, i.e., (15), (16),
and (17), satisfy Assumptions (4.9), (4.10) and (4.11). As such, they satisfy the conditions
under which our main result, Theorem 5.1, holds.

We will prove the next two lemmas for the limit of the acceptance probability given
by (15). Proofs for the other two cases are analogous. Consider 7y = 7 for the following two
proofs, and recall the definition of Mg in (10).
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Lemma 9.1. Consider any v > O,f/+ 1<(<LyecYD xecX® gnd & = (€1,€2,... &%),
€= (4,2, &) both in ®‘]-]:1MF(Rd; Cs). Then the acceptance probability m¢(y|x, &(dx)) =

min{1, 67(q>1+(y,g)7q>;(m,g))} 18 bounded and Lipschitz continuous with Lipschitz constant P, i.e.,

J
(36) sup | m(yle, &(dx)) — me(ylz, £(dx))| < PY 1€ = Ellary(roy-
yeY® zecX®) i=1

Proof. Recalling that the potentials are all assumed to be uniformly bounded, we have

sup | me(yle, €(dx)) — me(yle, £(dx))]|
yeY® zex®

Qpi 1 ﬁ[ j
< sup  |eXin TAwE@) =Tl T e )

B yeY®) zeX©)

o (ezjl S5 (S0 frau; @ 2)e (de) =30, fra ;00 )¢ (dn))

SIS (508 Sy @ 2)& (da) =05, foa u, (y£f>,m>s‘f’<dx>)> ‘

<C sup
yeY®, mEX(‘f)

zz/ 0 ) =3 [ sl 1€ (@)

‘/

J J QApj /Béj

Qyj ﬁ[] ‘

Y Z/ w2, )& (dx) Z/Rd“” y), 2)E” (d))

j=15'=1 r=1

Bej
<C sup ZZ [Z’ ujj gj)a‘)afj/—f_j/> +Z
r=1

yeY®) xeX®) j=1j'=1

(uj oy, ), & — 5@‘]

< CPZ 1E" = &1l vty (r) -

The second inequality stems fromit'he local Lipschitz continuity of exponential functions, the
uniform bound on (1,&7) and (1,£&7), and the boundedness of the potentials implying global
Lipschitz continuity. The last inequality is due to the uniform boundedness of the two-body
potentials and the definition of the variation norm. O
Lemma 9.2. Consider anyy > 0,L+1</(<L,y,y’ € YO & c X® and & = (¢',€2,--. &)

in ®3-]:1MF (R% Cs). Then the acceptance probability m(y|z, Sgdx’)) =min{l,e" ((@j(y{)—@l‘(m,g))}
18 bounded and Lipschitz continuous with Lipschitz constant P, i.e.,

(37) sup |me(yle, &(da’)) — me (3|2, £(da’))| < Plly — /|-
¢e®)_ Mp(RY)
Proof.
sup 7o (yl, £(da’)) — me(y' |2, &(da’))|
ge®]_y Mp(R%Co)
< sup oo S0 (v @)y a0 )l (d)
zeXx®)

g€y Mp(R%Co)
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( — 0 (o VS feawy 0 @)l (d))

o S S0 (o OIS Ly S (0D e (dz)))'

J By J
e s Y (00 - u6i) ¢ Y [ 0.0 - w600, 0)¢ (@) )|
xeX i—1 r= o
§€®]J:1§\;[F(Rd;co) j=tr=d 7=t
J  Bej '
<CY N (Y -
j=1r=1

for some constant C' < co that may be changing from line to line. The second inequality stems
from the local Lipschitz continuity of exponential functions, the uniform bound on (1,&7), and
the boundedness of the potentials implying global Lipschitz continuity. For the third inequality
we used that the one-body potential v; is Lipschitz. We again used the boundedness of <1, §i>
for all 1 < ¢ < J and the assumed global boundedness of the two-body potential w; ; in C! by
Assumption 4.3. O

Lemma 9.3. For any v > 0,L+1 < ¢ < L and €& = (¢',€2,... ¢)) e ®3-]:1MF(]R‘I;CO),
the acceptance probability 7] (y|x, &(dx)) (given by either of (15), (16) and (17)) converges to
T (y|w,£(d:c)) (given by (18)) uniformly as v — co with respect to any y € YO and = € X©),
Equivalently,

(38) sup  |m(ylx, €(dx)) — ) (y|e, &(dx))| —— 0.
yeY(® zex(®) Yoo

Proof. We only demonstrate the proof of convergence of (16) to (18) as the other two cases are
the same. Recall Remark 6.1, justifying why 7, is well-defined as a function of general finite

measures. For & € X1 and y € YV, factoring out the one-body potential terms and using
their uniform boundedness we find

sup | (ylz, €(dx)) — me(yla, §(dw))]
er(l)@:EX(Z)

<0 sup |eDFe S (S Sy o )6 (1) -5 a0 )¢ ()

yeY® xcX®)

B Byt T
><<e S S (S S s )T g 0 99))

— 0.
Y—00

ay .y B aps v
XeZg’le;’/:lZfil(Zr“ﬁ u; L9, x(a ))— Eriﬁi ,(zm x(a, >)) B 1)

The convergence result follows from the uniform boundedness of the two-body potentials and
(1,¢). O
9.2. Proof of Lemma 8.3. For any n > 0 small enough, L+1<(<LyecY® xecXx®,
and f € CZ(Y¥), there exists a constant C' such that

y)me(yle. pué_(da')) (m](y]) - me(y\x))dy‘ < Ollflleg e
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Proof. Case 1: Reaction of the form S; — 5.

[ @relsle i (@) () ole) — ma(ula)) )
— /Rd f(y)me (y|x, p,g_(dx/))Gn(y —z)dy — f(x)my (x|1:,u$_(dx/))‘

| [ (fmetote i @09) = sarmaCole. () )Gty — a1t

<| [ 10 (rete b 029) = (i . 009) ) Gt — )

_.I_

[ melele, (@) (1) = )Gy~ )
< / F )7 (yl, b (da)) — 7o (], pS_(da')) |Gy y — 2)dy
B(z,n)
4 / (e, gl (da)) | £ () — F(2)|Goly — z)dy
B(z,m)

<" [ Wfllgay x Guly - 2)dy + [
B(z,n)

<Clfllcy@ayn,

where Assumption 4.10 was used to derive the second to last inequality.
Case 2: Reaction of the form S; — S; + S.

’/Y(f) f(y)ﬂ'ﬁ(y‘a?, Ng—(dx’)) (mg(y|w) — mz(y‘w))dy‘

: Hf||c,}(Rd)77 x Gyly — z)dy
n

z,

I
> i x [/de Fn.2)p(ln — v2l)me (v, yolo, s (da’)) Gy (2 — (cun + (1 — ) y2) ) dyrdys
i=1

— /de Fyn,92)p(lyr — w2l )me (w1, yola, po_(da)) 6 (z — (auyn + (1 - ai)yz))dmdyz]

1

> pix [/RM Fw + yo, y2)me(w + y2, yolz, pe_(da’)) p(Jw]) Gy (2 — aiw — yo))dwdy,
i=1

- /de Fw + yo, y2)me(w + y2, o), po_(da’)) p(|w])d (2 — ayw — y2))dU)dy2}

;Pi X [/Rd P(’w’)(/Rd(f(w‘i‘y2,y2)7fz(w+y2,y2!367u§—(d33/))

— flw+z— qw,z — qw))m(w+ = — cw, T — wlz, uf,(dm'))Gn(az — aw — yg)dyg)dw} ‘

1
< ;pi X |:/Rd p(lwl) </B(9:—aiw,n) ’f(w + Z/Q,yQ)ﬂ'e(w + y2, y2|z, Ilg_(dl‘,))

— flw+z — qw,z — aquw)me(w+ = — w, r — qwlz, uﬁ_(daz')) |Gz — ciw — yg)dyg)dw]
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< z:[;pi x UR p(jw|) (/B(x_aiwm) (\f(w +yo, 42) (e (w + 2, y2l, ps_ (da’))

— m(w +7T— ow, T — oziw]x,p,gf(dac')))‘ + }f(w +y2,92) — f(w+ 2 — yw,z — aiw)‘

x m(w+ z — cw, T — awlz, uﬁ(dw'))) Gp(r — oyw — yg)dy2> dw]

I
- ;pi : [/JREI el <C,/B(ac—aiw,n) 1o (gaaym > Gnlw = @it = o)dys

oy Ml sy Gl o v o

<C[fllcpayn,
where Assumption 4.10 was used to derive the second to last inequality.
Case 3: Reaction of the form §; + S, — S;.

[ @melsle i (@) () ol2) ~ ma(ula)ay)

I
;pi x |:/Rd (f(y)we(y‘xl’x%“g— (dx/)) - f(Oéi$1 +(1- Oéi)ﬁz) %

x mp(oizy + (1 — ag)wa|z1, 22, uﬁ_(dm’)))Gn(y — (ajz + (1 - ai)xg))dy] ’

<Clflcpwayn-
Case 4: Reaction of the form S; + S, — S; + S;.

[ P . @) (ko) ~ o)) i
Z‘p X [/2d Fyn,y2)me(yn, yolar, wa, ps_(da')) Gy (yr — 21)Gy(y2 — x2)dy1dys
R
- far ey, aafor o0 (02)
+(1 —p) x [/R% Fyr,y2)me(yr, valon, w2, iy (d2')) Gy(yz — 1) Gy (y1 — 22)dy1dys
— f(xo, m1)me (w2, 21|21, 22, Mg_(dﬂﬁ/))] ‘
<p x / \f(y1,y2)ﬂe(y1,y2|x1,x2,u§_(dw'))
B((l“lvl“?)v\/i’?)
— [ (@1, 22) me (21, 22|21, 22, pe_(da')) |Gy (1 — 1) Gy (y2 — 22) dyrdys
+(1—p) x / ‘f(ylayz)We(y17y2|$1,$2aﬂg_(d$/))
B((mg,ml),\/ﬁn)

— f (2, 21) me(wa, 1|21, w2, pe_(d2)) |Gy (y2 — 21) Gy (y1 — x2) dy1dys

SC’px/ / X V2 x Gy (y1 — x1) Gy (y2 — x2) dyr dy
B(($1?$2)7\/§7]) H HC?(RM) 7)( 1 1) 17( ) 2) i
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+C’(1—p)></

(hal X V21 x Gy (y2 — x1) Gy (y1 — 22) dy1dys
B((xz,x1),\/§n) CE(RM) K K

+p X / Hchl(de) x V210 x Gy (y1 — 1) Gy (y2 — x2) dyr1dys
B((xlva)v\/in) b

—|—1—p></ L (meay X V20 X G —x1)G — x9) dy1d
( ) B((aae1) ) Hf”cb(R d) n n(3/2 1) n(yl 2) dy1dyo

SCHf”cl}(RZd)U,

where Assumption 4.10 was used to derive the second to last inequality. ]
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