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We study the effects of fast spatial movement of molecules on the dy-
namics of chemical species in a spatially heterogeneous chemical reaction
network using a compartment model. The reaction networks we consider are
either single- or multi-scale. When reaction dynamics is on a single-scale,
fast spatial movement has a simple effect of averaging reactions over the dis-
tribution of all the species. When reaction dynamics is on multiple scales, we
show that spatial movement of molecules has different effects depending on
whether the movement of each type of species is faster or slower than the ef-
fective reaction dynamics on this molecular type. We obtain results for both
when the system is without and with conserved quantities, which are linear
combinations of species evolving only on the slower time scale.

1. Introduction. When chemical species react, they are present in some (open
or closed) system with a spatial dimension. Most models of chemical reaction sys-
tems describe the evolution of the concentration of chemical species and ignore
both stochastic and spatial effects inherent in the system. This can be justified by
law of large number results when both: the number of species across all molecu-
lar types is large, and when the movement of molecules within the system is much
faster than the chemical reactions themselves. In applications where these assump-
tions hold, the system is spatially homogeneous, and the use of the deterministic
law of mass action kinetics is approximately appropriate [Kurtz (1970)].

However, in biological cells, low numbers of certain key chemical species in-
volved in the reaction systems result in appreciable noise in gene expression and
many regulatory functions of the cell, and lead to cell—cell variability and different
cell fate decisions [McAdams and Arkin (1997), Elowitz et al. (2002)]. In order
to understand the key effects of intrinsic noise in chemical reaction networks on
the overall dynamics, one needs to derive new approximations of stochastic mod-
els describing the evolution of molecular counts of chemical species. Furthermore,
the cell is not a spatially homogeneous environment, and it has been repeatedly
demonstrated that spatial concentration of certain molecules plays an important
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role in many cellular processes [Howard and Rutenberg (2003), Takahashi, Tanase-
Nicola and Ten Wolde (2010)]. Deterministic spatial models (reaction—diffusion
PDEs) are insufficient for this purpose, since local fluctuations of small molec-
ular counts can have propagative effects, even when the overall total number of
molecules in the cell of the relevant species is high.

Numerical simulations of biochemical reactions are indispensable since the
stochastic spatial dynamics of most systems of interest is analytically intractable.
A number of different simulation methods have been developed for this purpose,
ranging from exact methods (accounting for each stochastic event) to approxi-
mate methods (replacing exact stochastics for some aspects of the system with ap-
proximate statistical distributions); see, for example, Fange et al. (2010), Drawert
et al. (2010), Jeschke, Ewald and Uhrmacher (2011). For effective computations,
a mesoscopic form of the full stochastic spatial reaction model is necessary. These
are compartment models in which a heterogeneous system is divided into homo-
geneous subsystems in each of which a set of chemical reactions are performed.
Molecular species are distributed across compartments and their diffusion is mod-
eled by moves between neighboring compartments [Burrage et al. (2011)].

An important mathematical feature of models of biochemical reactions lies in
the essential multi-scale nature of the reaction processes. In some cases, all chem-
ical species are present in a comparable amount and change their concentrations
on the same temporal scale. We call this a single-scale reaction network. However,
if at least one chemical species changes its abundance (relative to its abundance)
on a much faster time scale, we call this a multi-scale reaction network. The fast
change of the concentrations of some chemical species then has an impact on the
dynamics of the slow species. When one adds spatial movement of species into
the system, then the species with fast movement can have an averaging effect on
the dynamics as well. The overall dynamics depends on how these two averaging
factors interact, and subsequently determines the evolution of the slow species on
the final time scale of interest.

In this paper, we analyze the effects of movement of molecules on the dynamics
of the molecular counts of chemical species. We consider a finite number of com-
partments in which different reactions can happen, with species moving between
compartments, and derive results for the evolution of the sum total of molecules in
all compartments. We consider the following for chemical reactions within com-
partments: (i) single-scale chemical reactions, (ii) multi-scale chemical reactions
without conserved quantities and (iii) multi-scale chemical reactions with con-
served quantities. We focus on the derivation of simplified models obtained as
limits of rescaled versions of the original model [in the spirit of Kang, Kurtz and
Popovic (2014), Ball et al. (2006), Franz, Liebscher and Zeiser (2012)]. We stress
that our results are for mesoscopic models of spatial systems, as opposed to mod-
els in which the number of compartments increases and the size of compartments
shrinks [Blount (1994), Kouritzin and Long (2002), Kotelenez (1988)].
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Our goal is to find reduced models that capture all relevant stochastic features
of the original model, while focusing only on the quantities that are easy to mea-
sure (sum total of molecular numbers for each species) in the system. Our results
for this reduced dynamics make stochastic simulations almost trivial, while at the
same time differentiating (being able to detect) between different cases of system
heterogeneity and between different relative time scales of species movement.

1.1. Outline of results. After introducing a model for chemical reactions in
Section 2.1, we provide results in nonspatial systems which we need later for spa-
tial results: asymptotics for a single-scale reaction network (Lemma 2.4), asymp-
totics for two-scale systems without (Lemma 2.7) and with conserved quantities
on the fast time scale (Lemma 2.12), as well as extensions to three-scale systems
(Lemma 2.10). Examples of each type of system are provided as well (Exam-
ples 2.5, 2.8, 2.13). In Section 3, we give results for spatial compartment models:
for single-scale spatial systems (Theorem 3.7), for two-scale spatial systems (The-
orem 3.13) in the absence of conserved quantities, and in the presence of conserved
quantities (Theorem 3.23). We also place the earlier examples in a spatial setting
(Examples 3.10, 3.19, 3.27). We conclude the paper with a discussion of possible
implications and extensions.

REMARK 1.1 (Notation). For some Polish space E, we denote the set of con-
tinuous (bounded and continuous, continuous with compact support), real-valued
functions by C(E) [Cp(E), C.(E)]. In general, we write x := (xg); for vectors and
X := (xjx)i k for matrices. In addition, x;. is the ith line and x ; is the kth column
of x. We denote by D(I; E) the space of cadlag functions I/ C R — E, which is
equipped, as usual, with the Skorohod topology, metrized by the Skorohod metric,

dsi.Forsets F, F' C E,wewrite F — F' :={f e F:f¢F'}

2. Chemical reactions in a single compartment. Before we present our
main results on spatial systems in the next section, we provide basic results on
reaction networks in a single compartment, which are special cases of theorems
given in Kang and Kurtz (2013). Our results for the spatial case both rely on them
and are proved using similar techniques.

We consider a set Z of different chemical species, involved in K different reac-
tions of the form

2.1 ik)ier = (Vik)iez

with v = (ViK)iez kek, VL = (V})ieT kek € ZE_X’C and v;; = [ if [ molecules of the

chemical species i take part in reaction k and v/, =/ if reaction k produces /
molecules of species i. In the chemical reaction literature, { = v’ — v is called

the stoichiometric matrix of the system, and Y_; 7 vix the order of reaction k. In
addition, we set ¢ | = (¢ik)iez-
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2.1. The Markov chain model and the rescaled system. Denoting by X;(¢)
the number of molecules of species i at time ¢, we assume that (X (¢));>0 with
X(t) = (X;(t))iez is solution of

t
22) X0y = X0 + 3 Y ( fo ASR(X (u)) du),

kekC

where the Y;’s are independent (rate 1) Poisson processes and A%R(X (n)) is the
reaction rate of reaction k at time u, k € K. We will assume throughout the follow-
ing.

ASSUMPTION 2.1 (Dynamics of unscaled single compartment reaction net-
work). The reaction network dynamics satisfies the following conditions:

(i) The reaction rate x AER(@ is a nonnegative locally Lipshitz, locally
bounded function and AER #0,kek.
(i) Given (Yx)kek, the time-change equation (2.2) has a unique solution.

The most important chemical reaction kinetics is given by mass action, that is,

2.3) AR = [Twut ()
i€l Vik
for constants «g. In other words, the rate of reaction k is proportional to the number
of possible combinations of reacting molecules. Solutions to (2.2) can be guaran-
teed by using, for example, Ethier and Kurtz (1986), Theorem 6.2.8; see also their
Remark 6.2.9(b). Note, however, that Assumption 2.1(i) does not suffice to guar-
antee a global solution to (2.2), since it has to be certain—usually by imposing
some growth condition—that the solution does not become infinite in finite time.
Chemical reaction networks in many applications involve chemical species with
vastly differing numbers of molecules and reactions with rate constants that also
vary over several orders of magnitude Ball et al. (2006), Examples. This wide
variation in number and rate yield phenomena that evolve on very different time
scales. Recognizing that the variation in time scales is due both to variation in
species number and to variation in rate constants, we normalize species numbers
and rate constants by powers of a parameter N which we assume to be large, and
consider a sequence of models, parametrized by N € N. Rescaled versions of the
original model, under certain assumptions, have a limit as N — co. We will use
stochastic equations of the form (2.2) driven by independent Poisson processes to
show convergence, exploiting the law of large numbers and martingale properties
of the Poisson processes. We rely heavily on the stochastic averaging methods
that date back to Khasminskii, for which we follow the formalism in terms of
martingale problems from Kurtz (1992).
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We rescale the system as follows: consider the solution (X N@)) >0 of (2.2) with
the chemical reaction rates ACR replaced by ACR N

(2.4) o = (t)iet, B = (Bikek, 14

with o; > 0,1 € Z, we denote the («, B, y)-rescaled system by

. For real-valued

@5) VN0 :=N"xN(N1), 0N @)= NTAATY (V) o).

where (e, B, ) is chosen so that: Vl.N = O(),i € Z, for all time (a.s. does not
go infinity in finite time, but also does not have a.s. zero limit for all time),

and A,SR N — = O(1), k € K (for all values of v when it is not equal to zero). We

will restrict to the case y = 0 which can always be achieved when consider-
ing B; = Br + v,k € K. From (2.2), we see that the («, B, y)-rescaled system
yN .= wN (t))r>0 is a solution to the system of stochastic equations

26 VNO=VNO) + Y Ny (Nﬁk“ /0 t AER’N(sz))du),
kekC

which has a unique solution thanks to Assumption 2.1. In vector notation, we use
the diagonal matrix N ~¢ with ith diagonal entry N ™% and write

Q7 VNe=vNOo)+ > N Yk(NﬁW/ N VN(u))du)
kel

The reaction rates satisfy the following.

ASSUMPTION 2.2 (Dynamics of scaled single compartment reaction network).
There exist locally Lipshitz functions A%R : R£ — Ry, k € K with

(238) NNV (N 07), ) 57 AR )

uniformly on compacts. [Without loss of generality, we will assume that conver-
gence in (2.8) is actually an identity; our results easily generalize by the assumed
uniform convergence on compacts.]

In the special case of mass action kinetics (2.3), if ¢; =1 for all i € Z and
K = kg N~ vi+! with B = 1 and some k; >0 forall k € K, then

—Br CR,N a; N—>oo / Vik
N AN () ) =7 T o™
i€l

The polynomial on the right-hand side is known in the literature for deterministic
chemical reaction systems as the mass action kinetic rate.
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2.2. Single scale systems. For i € Z, the set of reactions which change the
number of species i is

Ki:={k € K: i # 0}

(areaction of the form A + B — A + C does not change the number of species A).
A chemical reaction network is a single scale system if (a, B, y) from (2.4) satisfy

2.9 =, €.

(2.9 max Bty =ci i

For i € Z, let K C K; be the set of reactions such that By + y = «;, and let
K* = U,z K7 . Define ¢* by

Six = Jim N7 NPHY gy

Then ¢* is the matrix whose i € Z, k € K} entries are ¢ anditsi € 7, k € K; — K7

entries are zero. Let Z, be the subset of species with o; = 0, called the discrete
species, and let K} = (J;cz. K7, called the slow reactions. Let Z, be the subset
of species with o; > 0, called the continuous species, and let Kj = U<z, K7,
called the fast reactions. Then K* = K U ;. Note that by definition Z, and
7, are disjoint, and by definition of ¥ (and as reaction rates come with a sin-
gle scaling NAt7), K* and K} are also disjoint. In the limit of the rescaled
system, the species indexed by Z, are Z.-valued (hence the name discrete
species), while the species indexed by Z, are R, -valued (continuous species).
See Table 1 for an overview of these definitions. We next assume the follow-
ing.

TABLE 1
An overview of different sets and possibilities in the case y = 0. The set L is split into discrete (Z,)
and continuous (Ze) chemical species, while the set K* is split into slow (KC%) and fast (KC})
reactions. The gray boxes give the reactions which still appear in the limit dynamics. A special
feature of single-scale systems is that discrete species are exactly changed through slow reactions,
and continuous species are changed by fast reactions. In particular, discrete species are not
changed by fast reactions. This is different in multi-scale networks; see Table 2

Slow reactions Fast reactions
keKk Br=0 kelCi,Br >0
Discrete species, £0 ke ¥
: % , i ek
@ =0,ielo tik{:O, else ik =6 =0
Continuous species, #0, ke k¥,
a;>0,i €, Gik=00rfr +y —a;i <0 %{—o else
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TABLE 2
As in the single-scale case, the set T is split into discrete and continuous chemical species. In
addition, discrete and continuous species are either changed on the fast or slow time scale. (This
means that Ié( , If ,IS, IS are disjoint sets.) The set of reactions is split into several categories,

f

which can overlap. Here, k € IC3 is a reaction which changes a discrete species on the fast time
scale, etc. Note that such a reaction can as well change a continuous species on the slow time scale.
The separation of fast and slow time scales is determined by (2.11) with ¢ = 1. As in Table 1, we
mark the cells which finally determine the dynamics of the limiting object

Fast time scale N dt

Reactions of
discrete species on

Reactions of
continuous species

Other reactions
kex-rd -xf,

fast scale on fast scale
kex!, g =1 kerl, g >1 B =0
Discrete species, 70 rer! ¥ 7
: ’ 79 0=, =0 S =0
@ =0,i :Iof $ik o, olse i Cik =8k Cik
Continuous species, Cik =0or {f £0, ke ’Cif’ Cix=0or
o >0,i=1] P —1<0 S| Do e B -~ 120

Slow time scale dt

Reactions of discrete species on
slow scale k € KC3, B, =0

Reactions of continuous species on
slow scale k € KCS, By > 0

Discrete species, £0, kelks
o; =0,i =Ig g-lsk {:0 else ! Cik :gltyk =0
Continuous species, Cik =0or #0 kek?
. 5 : T
o >0,i=1I¢ Br—a;i <0 gik{zo else
> glsk =0 ’
ASSUMPTION 2.3 (Dynamics of the reaction network). For Poisson processes

(Yk)kercx, the time-change equation

t
vin=vo+ ¥ e [ 48R (v)du)

kelC¥

t
+ 3 & [ AR ) du

keK:

(2.10)

has a unique solution V := (V. (¢))>0.
Actually, the last display is shorthand notation for

! R
v =vio+ 3 cin( [ (z<u>)du), =

kelCk
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Vo =vo+ X g [ AR v@)de et
ke 70

LEMMA 2.4 (Convergence of single-scale reaction networks). Let VN be the
vector process of rescaled species amounts for the reaction network which is the
unique solution to (2.6). Assume («, B, y) from (2.5) satisfy the single scale system
assumptions (2.9), and Assumptions 2.2 and 2.3 for the rescaled reaction network
are satisfied. Then, if VN(0) = V(0), the process of rescaled amounts VN con-
verges weakly to the solution V of (2.10) in the Skorohod topology.

The proof of Lemma 2.4 is an extension of the classical theorem for convergence
of Markov chains to solutions of ODEs; see Kurtz (1970, 1981), or Ethier and
Kurtz (1986). It is essentially shown in Kang and Kurtz (2013), Theorem 4.1. For
other recent related results, see Franz, Liebscher and Zeiser (2012).

EXAMPLE 2.5 (Self-regulating gene). We give a simple example of a single-
scale reaction network which leads to a piecewise deterministic solution [similar
to Franz, Liebscher and Zeiser (2012), Section 5]. Consider a self-regulating gene
modeled by the set of reactions

11 G+PG + P,
2: G/£>G,

30 GG 4P,

4: P—4>@,

where G is the inactivated gene, G’ is the activated gene (hence G, G’ sums to 1
and is conserved by the reactions), and P is the protein expressed by the gene.
Here, 1 describes activation of the gene by the protein, 2 is spontaneous deacti-
vation of the gene, 3 is production of the protein by the activated gene and 4 is
degradation of the protein. Let x = (xg, xg/, xp) = (1 — xg’, xg’, xp) and let the
reaction rates be

AR =rixgxp =y (1 —xgxp,  ASR@) =xpxer,
ASR@ =kjxg, ATR@) =kpap
with scaling g = ag' =0, ap = 1, thatis, Z, = {G, G’} and Z, = { P}, as well as
P =0, B. =0, Bs=1, By=1,

/ —1 / / /
=Nk, K, =Kz, K3=NK3, Ky =Ky
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Then vg =xg =1 —vg, Vg = X5/, Vp = N~1xp, and see (2.8),
CR CR
A () =kivgup = k1 (1 —vg)vp, Ay (V) = Kovgy,
MR =r3vg, AR@) =kqvp.

Here, K = K¢ = Kg = {1, 2} and K} = Kp = {3, 4}. In this example, the matri-
ces ¢ and {* are given by

G /-1 1 0 0
(=t *=G'l1 -1 0 0 ].
- 0 0 1 -1
Moreover, according to Lemma 2.4, the limit (V (¢));>0 of (VN (t))s>0 solves

t
0

t
Vi () = Vor (0) + Y, (Kl f (1- vG/<u))vp(u)du) _ Yz(xz /0 VG/<u>du),
t t
Vp(t) = Vp(0) +/c3/0 Vor(u) du — /c4/0 Vp(u)du.

2.3. Multi-scale systems.

Two-scale systems. We say that the chemical network (2.1) is a two scale sys-
tem if (¢, B, ) from (2.4) are such that: there is a partition of Z into (disjoint) Tt
called the fast species, and Z°, called the slow species, such that, for some & > 0,

max By +y =« + ¢, ieIf,
kGIC,'
(2.11)
=q;, e T°.
kmeélléﬁk—i-y % i

Without loss of generality, we assume that ¥ = 0, and that our choice of N is such
that ¢ = 1 in (2.11), so the relative change of fast species happens at rate O(N)
and the relative change of slow species happens at rate O(1).

We first consider what happens on the faster time scale N dt. For each i € T/,

let IC[f C K; be the set of reactions with 8y = «; + 1. Define
(2.12) K/ =lkeK:3iel/ keK:, pr=a; + 1},

and a matrix § I with |Z/ | rows and |K/| columns defined by
(2.13) g = lim NNy, ieT/ kekd.
N—o0

This matrix identifies a subnetwork of reactions and their effective change on the
faster time scale N dt. Let If C Z/ be the subset of fast species for which o; = 0,
and let ng = Uiezf ICl-f be the subset of reactions changing these fast discrete

species on this time scale. Let 7! C Z/ be the subset of fast species for which o; >
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0, which are continuous species on the fast time scale, and let Kl = U. iez! ICf be

the subset of reactions changing continuous species on this time scale. Since If
and If are dlS]Olnt inZ/ = If U I.f , and since f is unique for each reaction in

K/ = ICC{ U IC. , 1t follows that IC{: and IC{ are disjoint as well.
We next consider what happens on the slower time scale dt. For each i € Z°, let

(2.14) K'={keK:3 el fr =ai},

be the set of reactions such that g = «;, and ¢* = (&} )ieTs keks defined by
(2.15) G = lim N7 NPegy,  ieT’ kek:.
—00

This matrix identifies the subnetwork of reactions and their effective change on
the slower time scale d¢. Let Z € 7° be the subset of (discrete) slow species for
which o; =0, and KF = U;ezs K} the subset of reactions changing discrete species
on this time scale. Let Z] C 7 be the subset of (continuous) slow species for which
a; >0, and kg = Ujez; K the subset of reactions changing continuous species on
this time scale As before, Z$ and Z] being disjoint in Z° = Z] U Z] implies that
IC} and [C} are disjoint in £® = K} U K as well.

Note, however, that there is no reason for % to be disjoint from K/ . In fact,
there may be reactions in ¥ with parameter S that make an effective change on
the time scale dt in a slow species of high enough abundance «; = B, that also
effectively change some fast species on the time scale N dt, that is, for some j €
T/ with By =« j + 1. The important factor for limiting results is that we identify
contributions from reactions on each of the two scales independently, and make
assumptions on their stability.

Our initial division of species into fast and slow may include some conserved
quantities, that is, linear combinations of fast species that remain unchanged on the
faster time scale N dt. Let N'((¢ f ')T) be the null space of (¢ f )T. If its dimension is

>0 it is formed by all the linear combinations of species conserved by the limiting
fast subnetwork, meaning that they see no effective change on the time scale N dt.
In spatial systems, the fast species are counts of species in a single compartment
(which evolves due to both, movement and chemical reactions) while conserved
quantities are the sum total of the coordinates in all compartments (which evolves
only according to chemical reactions). For now—unless stated otherwise—we as-
sume that the basis for the species is such that dim(N (ts f )T)) =0

Define the fast process 17 = (Z]}](f))rzo as K?’ (t)_:= (Vl.N (t));czs and the
slow process VN = (VN(t)),>0 as VN(t) = (VIN(t)),-eIx. We give necessary
assumptions on the dynamics of V% Vi on the time scale N dt conditional on

Zﬁv (t) = v, being constant, on the dynamics of Zﬁv , and on the overall behav-
ior of V" in order to obtain a proper limiting dynamics of slow species, Kﬁv .
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ASSUMPTION 2.6 (Dynamics of a two-scale reaction network). Recall A,SR
from (2.8). The two-scale reaction network (2.11) with effective change ¢ / as

in (2.13) on time scale Ndt and ¢* as in (2.15) on time scale dt satisfies the
following conditions: B

(i) For each vy, € le | there exists a well-defined process V ¢, giving the dy-
namics of the fast species given the vector of slow species, that is, the solution
of

Vi, =V, O+ > ;fyk</ MRV pp, ), v )du>

ke

+ Z;ffACR V i, (), v,) du

kekd

(2.16)

f
with a unique stationary probability measure 11, (dz) on ]le I, such that
2.17) AR (y,) = /Rm ARz )y (d2) <00, keK.
+

(i1) There exists a well-defined process V ¢ that is the solution of

V=V, 0+ Y ¢ Yk(f MRV (u))du)
kel
(2.18)

+ ). /x (V,(u)d

kelCs

with ALR given by (2.17).

(iii)) There exists a locally bounded function :]R‘fl — R, ¢ > 1 such that
Y(x) — 0o as x — 00, and
(iii-a) foreachr >0

t N ] ‘
sxpE[/O Y (VY () du | < oo;
(iii-b) forall k € K

. AR (x)
lim sup =
K—oo x>k W¥(x)

LEMMA 2.7 (Convergence of two-scale reaction networks). Let VN be the
vector process of rescaled species amounts for the reaction network which is the
unique solution to (2.6) [or (2.7)]. Assume that (a, B, y = 0) satisfy the two-scale

system assumptions (2.11) for some I/, T* and ¢ = 1, and the Assumptions 2.6 are
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satisfied. Then, if Zﬁv 0) N£§° V. (0), the process of rescaled amounts of the slow
species Kﬁv (-) converges weakly to the solution V ((-) of (2.18) with rates given by
(2.17) in the Skorokhod topology.

The proof of Lemma 2.7 is given in Kang and Kurtz (2013), Theorem 5.1.

EXAMPLE 2.8 (Production from a fluctuating source). We present here an
example of a reaction network with two time scales with no conserved species
on the fast time scale. In our example, two species A and B react and produce
species C. Source B fluctuates as it is quickly transported into the system and
degrades very fast. We have the set of reactions

Ky K5 ks
1: A+B—C, 2: O—B, 3: B— .

Here, the sum of the numbers of molecules A and C is constant (but both will
turn out to be slow species), so we only need to consider the dynamics of the
A molecules. We denote molecules numbers by x4 and xp, respectively, set x =
(x4, xp) and consider the reaction rates as given by mass action kinetics,

2.19)  ASR@ =xjxaxp,  ASR@ =«  ASR@ =«}xs.

For the scaled system, we use a4 = a¢c = 1, ap = 0. So, setting the rescaled
species counts v4 = N—lx4,vg =xp and

(2.20) B, =0, B, =1, Bs=1,

(2.21) Ky =K, KZ:N_IK;, K3=N_1K;,

we write

222) AR =xvavs, AR =k, AR =xk30s.

Now, the process KN = (V/§v , Vév ) is given by (2.6) as
t
vV =vY0) — N_lYl(N/ Klv}’(u)vév(u)du>,
0

223) vin =vio) -, <N / l i VY vy (u)du) +Y,(Nkyt)
0

— Ys(N/OtKSVéV(u)du)

From this representation, it should be clear that Vp is fast while Vy4 is a slow
species. For y =0, e = 1, we have K* = {1}, K/ = {1, 2, 3} (in particular K* N
K/ # @), Ka =1}, Kg = {1,2,3) and Ty = I} = {B}, Z, = I = {A}. The
matrices describing the reaction dynamics on both scales are

_A(-1 0 0 . .
£—3<_1 1 _1)’ ¢P=B(-1 1 -1), =A4a(-1),
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where the three columns in ¢ and ¢ ! give reactions 1, 2 and 3, and 5‘ isalxl1-

matrix since there is only one reaction where A is involved. Note that N'((¢ My =

{0}, indicating that there are no conserved quantities on the fast time scale. In
order to study the dynamics of the slow species, V := V4, we apply Lemma 2.7
and have to check Assumption 2.6. Here, for Poisson processes Y;, Y, and Y3, and
fixed V, = V4 = vg4, from (2.16),

t
Vijo, (1) — Vo, (0) = —Yl( [ avaVin, <u>du> + Ya(at)

— Y3(/(-)tK3VBUA(u)du>

t
L ¥,0ca0) = Voo [ ava ) Vi, ) e

for some Poisson process Y, 43 which is independent of ¥,. Note that Vg, (-) is a
birth—death process with constant birth rate «, and linear death rates, proportional

to k1v4 + k3. It is well known that in equilibrium, Vg|y, 4 X with

. K2
X~P01(4>,
K3+ K104

which gives the desired u,,(dvp). Hence, (2.17) gives

— v
PRup) = Eliqup X] = —224
K3+ K1vA

Finally, Lemma 2.7 implies that in the limit N — oo, we obtain the dynamics
teyk, Va(u)

t_ CR t
Va) =Va©) = [ ARV, ) du= Va0~ [ e

Three time scales. Chemical reaction networks with more than two time scales
also appear in the literature; see E, Liu and Vanden-Eijnden (2007) for a simulation
algorithm for such systems. One example is the heat shock response in Escherichia
coli, introduced by Srivastava, Peterson and Bentley (2001) and studied in detail by
Kang (2012). Here, we state an extension of Lemma 2.7 to reaction networks with
more than two time scales [see Kang, Kurtz and Popovic (2014)]. Namely, suppose
that for some y € R the parameters ¢, § in (2.5) and (2.8) are such that: there is a

partition of Z into disjoint sets T/, 7™, T* such that, for some & >¢e1 >0,

max fy +y =o; + &2, iez’,
kGIC,'

(2.24) max fy +y =o; + €1, iel™,
kE/C,'

max fx +y = «;, iel’.
kEIC,'
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We will assume, as before, that y = 0, and that our choice of N is such that ¢, =1
in (2.24), so the relative change of fastest species Z/ happens at rate O(N), the
relative change of the middle species 7™ happens at rate O(N®'), 0 < e < 1, and
the relative change of slow species Z° happens at rate O(1).

Again, we need to consider what happens on each single time scale separately.
In addition to earlier definitions, for each i € Z™ we let K}' C K be the set of
reactions with By = a; + &1, K" = U;cz» K}, and a matrix ¢™ with [Z™] rows
and | ™| columns defined by B
(2.25) Gi = Jim NTEEONPG eI ke K

—00

which identifies a subnetwork of reactions and their effective change on the middle
time scale N°! dt, and we let Z!* C Z™ be the subset of middle species for which
a; =0, 77" € 7I™ be the subset of fast species for which ¢; > 0, and finally £ =
Uiezn Ki", and K7 = U ez K. We now need an additional set of assumptions

on the dynamics of Z? on the time scale N dt conditional on (Z,I,Vl (1), Zﬁv (1)) =

(v,,> v,) being constant, and on the dynamics of VY on the time scale N°! dt
conditional on Kﬁv (t) = v, being constant.

ASSUMPTION 2.9 (Dynamics of a three-scale reaction network). The three
time scale reaction network (2.24) with effective change (2.13) on time scale N d¢,
(2.25) on time scale N®'dt and (2.15) on time scale dt satisfies the following
conditions:

. " |+|T°
(i-a) For each (v,,,v;) € RLF I+

the solution of

t
Y 1w @ =Y i@, 0 + Z»QJ/;YkUO AfR(Knym,ys)(”)’Env%)‘“‘)
kekd

there exists a well-defined process that is

t
C
+ Z £f1<_/0 )‘kR(Zfl(ym,ys)(”)’Qm’ys)d”
keICf

1
with a unique stationary probability measure ((y, v,)(dz) on RE |, such that
2.26) iR, v,) = /R‘Zf‘ AER(Z v 0y, 0y (d2) <00, ke K™,
+

(i-b) For each v, € ]lel there exists a well-defined process that is the solution
of

r_
Voo, ) = Vo O + D g’;{n(/o )»ER(Kmms(u),ys)du)

keKm

t~
+ 3 o [ AR Wy, (0. 2,) du,
keKm 0



3176 P. PFAFFELHUBER AND L. POPOVIC

which has a unique stationary probability measure u, (dv,,) on RZ"I, such that

227 iR, = /R o AR @ v, (duy) <00, kEK.
+

(i) There exists a well-defined process that is the solution of (2.18) with XER
given by (2.27).
(iii) see Assumption 2.6(iii).

The extension of Lemma 2.7 then becomes the following.

LEMMA 2.10 (Convergence of three-scale reaction networks). Let VN be the
vector process of rescaled species amounts for the reaction network which is the
unique solution to (2.6) [or (2.7)]. Assume that (&, B, y = 0) satisfy the three time

scale system assumptions (2.24) for some T/, 7m T8 and 0 < &1 < &2 = 1, and the
N— o0

Assumptions 2.9 are satisfied. Then, if VN (0) ==V (0), the process of rescaled
amounts of the slow species Kﬁv converges weakly to the solution V  of (2.18) with
rates given by (2.27) in the Skorokhod topology.

The proof of Lemma 2.10 is along the same lines as the proof of Lemma 2.7,
this time applying the stochastic averaging twice; see Kang (2012) for the same
approach.

Conserved quantities. We turn now to the problem of conserved quantities.
Suppose we have a two-scale reaction network with dim(\ (¢ Ny =nf > 0.

Then there exist linearly independent R-valued vectors 0 = (6, . .., 9|CI" ) i=
1,...,n' such that r —~ (Qci,zﬂys (1)) where Kflys from (2.16) is constant. In
other words, the change of (6, Zy (t)) on the time scale N dt goes to 0. We set

®©7 == (0),_,.. s, thatis,

(2.28) N((gf)T) = span(©/)

and note that the construction implies that 6/ has a unique parameter ¢; associated
with it, which we denote by «,, i =1, ..., |®f| (all the species in the support of
0¢ must have the same scaling parameter o, , as any species with a greater value
of the scaling parameter does not effectively contribute to the conservation law in
the limit).

We assume that the effective changes for these combinations are on the time
scale dr, that 1s, Supycic. (gei ¢ )70 Br < ag;. In other words, we exclude the pos-

sibility that they create a new time scale, or that they effectively remain constant
as then we do not need to worry about their dynamics. This will be all we need
for our main results on the compartment model of multi-scale reaction networks.
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If they change on the time scale dt, we need to consider their behavior together
with that of the slow species.
Welet VN = (VC]Z,V )i=1,....|o/| be the vector of rescaled conserved quantities. For

eachi=1,...,|0f], let Koei be the set of slow reactions such that g = o, and
o f .

6, Qk) # 0, and let K¢ := Ulgll Kgei . Note that N Kf =g by construction.

Let £¢ be the matrix with |©7| rows and |K¢| columns defined by

(229) ¢¢ = lim N~ NPF(g ¢ ) i=1,...,10/,keKks.
=f%k N—oo 2k

Let @{ C ®/ be the subset of conserved quantities for which o, =0, K$ =

Uecie®f Koci. Let ®f C ©F be the subset of conserved quantities for which

. >0, K= UQ%@{ Koei . As before, IS and K are disjoint.

We extend our results, under obvious modifications of our earlier assumptions

below. Note that the dynamics of conserved quantities depends on that of the fast
species in the same way as the dynamics of the slow species does.

o,

4

ASSUMPTION 2.11 (Dynamics of a two-scale reaction network with conserved
quantities). The two-scale reaction network (2.11) with effective change (2.13)
on time scale N dt and (2.15) and (2.29) on time scale dt satisfies the following
conditions:

e/

defined process that is the solution of

s
(i) For each (v ;v,.) € ]le I+ Ve = (V¢;)i=1,. . jof|> there exists a well-

.....

Y rwsiv0 @ =V piwg0,)0)

t
+ > Qiyk(/o AgR(Kﬂ(vs;vC)(”)’Es)d”>

kel

t
CR
2 el [ A g 0 0 d
kek!

which satisfies the constraints

(2.30) 09,V i) = Ve 07 €0,

P
and which has a unique stationary probability measure ((y ;v,)(dz) on RE ' [con-
centrated on the linear subspace such that (2.30) is satisfied], such that

231) AN v) = A;{ 27 M @ Vg VB, (d2) <00, ke K.
+
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(i1) In addition to a well-defined solution of (2.18), there exists a well-defined
process that is the solution of

r_
v =v.0+ ¥ en( [ ARV 0. vow)du)

keK§

(2.32) t

£ Y[R, Vo) du

keke 70
that is,
t _
Ve, (1) = V¢, (0) + Z CgccikYk </ )\ER(ZS(M), Kc(”)) du>
keke 0

(2.33) t

£ Y g [ AR, 0. Vo) d,

kek§

where the rates in both (2.18) and (2.32), (2.33) are given by (2.31).
(iii)) Same as in Assumptions 2.6.

The following Lemma 2.12 is again in Theorem 5.1 of Kang and Kurtz (2013).

LEMMA 2.12 (Convergence of two-scale reaction networks with conserved
fast quantities). Let VN be the process of rescaled species amounts (2.6) for
a two-scale reaction network, with «, B satisfying (2.11), y = 0,e =1, and

with conserved quantities e/ = O)i—; of]| [which is a basis of the null

.....

space of (({ik)iezkaelcf)'r] whose effective change is on time scale dt, with
N—o00

Assumptions 2.11 satisfied. Then, if VN©0) ="V (0), we have joint conver-

gence of the process of rescaled amounts of the slow and conserved quantities
N—o00

VNG, VNO) =V, (), V() in the Skorohod topology, with V ; the solu-
tion of (2.18) and V . the solution of (2.32) with rates given by (2.31).

It is clear that the result on the limiting dynamics of the conserved quantities
which change on the time scale d¢ holds even if we do not have any slow species on
this time scale. We then only have the dynamics of conserved quantities following
(2.33) with the rates X,SR obtained using the stationary probability measure for the
fast species uy, (-) which depends on the conserved quantities only. Analogously,
it is possible that the dynamics of conserved species on time scale dt is trivial in
which case we have the dynamics of slow quantities following (2.18) with V .(u) =
V.., # > 0. Furthermore, if we have a reaction network on three scales, it is obvious
how to write the analogous result for the conserved quantities on whichever slower
time scale their dynamics is. Both of these situations appear in the dynamics of
compartment reaction network models, and the above lemmas provide all the tools
we need for our results on models with movement between compartments.
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EXAMPLE 2.13 (Michaelis—Menten kinetics). One of the simplest multi-scale
reaction systems with conserved quantities on the fast time scale leads to the well-
known Michaelis—Menten kinetics. A substrate S is transformed into a product P
with the help of an enzyme E via a complex E S formed by enzyme and substrate.
The set of reactions is

11 E+S-SES,

(2.34) —1: ESZ3E4s,

2: ES&E—FP.

The sum of numbers of free and bound enzymes E, E S is a constant, which will be
denoted m (also the sum of numbers S, ES, P molecules is a constant but S, P will
be more abundant and they will not effectively contribute to a conserved quantity
on the fast time scale). We denote molecules numbers by xg, xg, xgs and xp, let
x = (xs,xg, XEs, xp) and let the reaction rates be given by mass action kinetics,

CR CR CR
235) ASR@) =wjxsxp,  AR@ =« g5, ASRQ) = )xs.
For the scaled system, we use s = ap = 1,ap = ags = 0. Setting the rescaled
species counts vg = Nlxg, vg =xg, vgs = xgs, vp = N~ lxp, and
ﬁl=07 ﬂ—l=1’ ﬁ2=15

/ -1,/ -1, 7
Ky =Ky, K_i=N""«k_,, kK, =N""k;,

(2.36)

we write

CR
)‘1

CR CR
A (V) =K1VUsVE, (W) =«k_1vEs, A5 (V) = K2VES.

Note that the rescaling gives that VSN + V;)V = 0(1), such that we only need to
describe Vé\' . The process V" = (Vév , Vév , VéVS) is given by

VN =v¥O0) - Ny, (N /Ot Klvgv(u)vg(u)du>
—1 ! N
+ N Y_1<N/O K_lvEs(u)du),
t t
v =vY ) - Yl(N/O Klvsfv(u)v,gv(u)du> + Y_1<N/O K_lVéVS(u)du>
+7Y (N/ZK vy (u)du)
2 0 2VES s
t t
V(1) = VE(0) + ¥, <N /0 K VEwyvy (u)du) — Y_1<N /0 K_lVéVS(u)du>

— Y2<N /Ot szgs(u)du).
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From this, we see Vg, Vggs are fast while Vg, Vp are slow species. For y =0,
e =1, we have K/ = K% = {1, —1, 2}, Ks = {1, -1}, Kg = Kgs = {1, —1, 2},
Kp={2}and Zy :Z} ={E,ES}, Iy =1 ={S, P}. The matrices describing the
reaction dynamics on both scales are

S /-1 1 0

CE -1 1 ;E (-1 1 1
$=esl 1 -1 210 L =es\1 o1 1)
Pp\o o 1

s _S(=1 10
—p\o o0 1)

where the three columns give reactions 1, —1 and 2. Note that A (¢ Nty =

(2.37)

58]

span((1, 1)), indicating that V. := Vg + VEgg is constant (at least on the fast time
scale). In order to study the dynamics of the slow species, V := (Vs, Vp), we have
to check Assumption 2.11 and apply Lemma 2.12. Here, for Poisson processes Y,
and Y_,, and fixed V, = (Vs, Vp) = (vs,vp) = v, and V. = Vg + Vgs =1 m,
from (2.16),

VE|(,,v0) @) — VE|(@,,0.) (0)

t t
:—Yl</0 KlvsVE(u)du)—i-Y_l(/O K_lVES(M)dM)
+ Yz(/othVES(u)du)

t t
4y, ( / Klvst(u)du) + Y1+z< f (ks + Kz)vEsm)du),
0 0

VES|(v,.v0) () — VES|(v,.v0)(0)
t t
=o( [ wavs Ve du )+ Yoria [ s+ Vst du)

for some Poisson process Y_,., which is independent of Y,. Note that
(VE|(v,.v)()» VES|(v,.v) (-)) behaves like an Ehrenfest urn with two compartments,
where each E turns to E S at rate k,vg, and each E S turns to E at rate (k_; + ).

Tt is well known that (Ve|(s, v, VES|w,.00) = (X, m — X) has an equilibrium

X ~ Binom(m, K1tk >,

K—1+ K, + KLU
which gives the desired p(y ,m)(dvE, dvgs) concentrated on Ve = Vg + Vpg =m.

The conserved species V. do not change even on the time scale dt (this will no
longer be the case in a heterogeneous compartment model in the next section).
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Hence, (2.31) gives

m(k—y +K2)
K—l + KZ + Kle ’
MKV

A (vy) = Elxc,vsX] = iy vg

Ao (vg) =E[k_y(m — X)]| =k_,

)
K—l + Kl + Kle
MKLUS

A =E -X)= )
,(vy) = E[k,(m — X)] S —

Lemma 2.12 implies that in the limit N — oo, we obtain the dynamics

t_ r_
Vs(r) = Vs(0) — fo Ao (V) du + /0 Ao (V) du

(2.38)
o mkikaVs(u)

= Vs(0 —/ u,
S( ) 0 K—]_+K2+K1VS(M)

for Vg, which is the classical Michaelis—Menten Kinetics.

3. Chemical reactions in multiple compartments. We now assume that the
chemical system is separated into a set of D compartments, and chemical species
can migrate within these compartments. For species i € Z, movement happens from
compartment d’ to d” at rate A?/Id/’ g

3.1. The Markov chain model. Denoting by X;4(¢) the number of molecules
of species i in compartment d at time #, we assume that (X (¢));>0 with X(7) =
(Xi4(t))iez.aep is solution of

t
Xia() = Xia©) + 3 L Yia ( [ A& gw)du)
3.1) kel [
£ (0@ = 80 @) Vi ( [ AV Xiarrd)

d',d"eD

where 6,4(-) is a Dirac delta function, X ; = (X;4);ez and all the Y.’s are indepen-
dent (rate 1) Poisson processes. We assume the following.

ASSUMPTION 3.1 (Dynamics of un-scaled multi-compartment reaction net-
work). The reaction network dynamics satisfies the following conditions:

(i) Same as Assumption 2.1(i) in each compartment and for all k there is at
least one d with Agf #0.

(1) Given (Yx@)kerx,dep, and (Y; g .q7)iez.a’.d7epD, the time change equa-
tion (3.1) has a unique solution.
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For X (1) = Yyep Xia(®),
XOLX0+ Y g,kYk(/ 3 AKX () du)

ke deD

for some independent (rate 1) Poisson processes (Yi)reic. However, since the rate
> dep AE}}(K,d (s)) depends on all entries in X (s), the process ((X;(1))icz):=0 is
not in general Markov.

3.2. The rescaled system. Consider the solution of (3.1) with the chemical

reaction rates AER and movement rates AM i a.qv replaced by Ag} N and A?/Ijt[ d"

respectively. For real-valued
o = (ai)ie1, B = (Bkek, Y n = Mi)iez,
with o; > 0,1 € Z, we denote the («, B.v, Q)—rescaled system by
VvN@) :=N"%XxN(N"t), ieI,deD,
N @ = NN (N ), ). KEK,
Ai pa d,,(y) = N AM i d,,((N“’ Vi)icz)s ieZ,d,d" eD,

where &, B, v, 1 is chosen so that Vlg’ =0(), ACR N =0(1), kl d, o =0() (re-
actions of the same type and species of the same type are scaled by the same
parameters in each compartment). Again, we will restrict to the case y = 0.

ASSUMPTION 3.2 (Dynamics of scaled multiple compartment reaction net-
work). In addition to Assumption 2.2 within each compartment, there exist
M, i eZ,d, d"eD with

—ni AM,N N—>o©0
(3'2) N nl d/ d// E )\:l d/ d//

Again, we will assume that this convergence is actually an identity.

The (a, B, v, n)-rescaled system V. VN1 = N7%X(N”1) is the unique solution
to the system of stochastic equations

V@O =Vi0)+Y N” “’ékka<Nﬂk+V/ A VN(u))du>
(3.3) kel
bY N ) = s ) (N [T V) ).

d',d"eD
In addition, define

(3.4) SN =(8")ier  with SN ="V,
deD
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then SiN solves

3.5 VO =SSN0+ Y N ¥ Vig (Nﬂ"” / gk (K.]Z(u))du)
kek deD 0

REMARK 3.3 (Heterogeneity of the reaction network). Our set-up does not
preclude the option that different compartments may have different reaction net-
works all together. We contain all possible reactions in the stoichiometric matrix ¢,

then setting individual compartment rates )»,Sg

achieve this.

to zero in desired compartments can

3.3. Spatial single-scale systems. We can now examine the effect of het-
erogeneity on the chemical reaction systems via compartmental models. We as-
sume that (2.9) holds within every compartment. The sets Z, Z,, Z, and K, K¥, ¥
and ¢* are used as in Section 2. We assume that movement of species is fast,

n; > 0,i € T and it has a unique equilibrium.

ASSUMPTION 3.4 (Equilibrium for movement). For each species i € Z, the
movement Markov chain, given through the jump rates AM,, , from d’ to d”, has
a unique stationary probability distribution denoted by (77; (d))geD-

LEMMA 3.5 (Movement equilibrium). Let Assumption 3.4 hold.

(1) Leti € I be such that a; =0 (i.e., i € L,). Consider the Markov chain of
only the movement of molecules of species i, that is, the solution of

t
Vi) = Via@) + Y (8r(d) — 80 () Yiar v ( [ 3 Vi du)
d'.d"eD 0
started with ) cp Via(0) = s;. Then, the unique equilibrium probability distribu-
tion of this Markov chain is given as the multinomial distribution with parameters

(si5 (i (d))dep)-
(2) Leti €T be such that o; > 0 (i.e., i € L,). Consider the limiting determin-
istic process of only the movement of molecules of species i, that is, the solution

of

t
Via(D) = Via©) + 3 fo M Via @) = A Via ) du
d'eD
started with )" cp Via(0) = s;. Then the unique equilibrium of this process is given
by (simi(d))deD-

We denote the equilibrium probability distribution of movement of all species,
started in (s;)iez by Py and by Eg the corresponding expectation operator. From
the above, Py is a product of multinomial and point mass distributions.
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PROOF. In (1), we have an Ehrehfest urn model with |D| boxes; due its re-
versibility it is easy to check we have the correct equilibrium. In (2), we have a
deterministic system of |D| equations whose equilibrium is equally easy to obtain.

g

We start with the simplest results for chemical reaction networks which are on
a single scale, and describe the effect of mixing on the heterogeneous chemical
reaction system.

ASSUMPTION 3.6 (Dynamics of the spatial single-scale reaction network).
The spatial single-scale reaction network on time scale df, where Assumption 3.4
holds, satisfies the following conditions:

(i) Given (Yx)reks, the time change equation

SH=80)+ > ¢* Yk(/ rE S(u))du)

kelCk

+ ). fx (S(u))d

kek¥

(3.6)

has a unique solution S := (S(¢));>0, where

(3.7) IR (5) = [Zx (h)}

deD
(i1) Same as (iii) in Assumption 2.6 for all d € D.

THEOREM 3.7 (Heterogeneous single-scale system). Let lN be the vector
process of rescaled species amounts for the reaction network which is the unique
solution to (3.3). Assume that (a, B, y = 0) satisfy single scale assumption (2.9)
within compartments and n; =n > 0, i € Z. Let SN@) = (Sl.N(t)),-eI be SiN (1) =
D deD Vllj (1), and suppose Assumptions 3.4 and 3.6 for the rescaled network hold.

IfS N(0) N;%O S(0), then the process of rescaled sums S N converges weakly to
the unique solution S(-) of (3.6) in the Skorohod topology.

PROOF. In the heterogeneous reaction network, we have |Z| x |D| species;
one for each type and each compartment, with rescaled amounts Vig’ . Movement
between compartments can be viewed as (at most) |D| x | D] first-order reactions
involving only species of the same type i € Z in different compartments, with net
change in compartment d of (§47(d) —84/(d)) (' ,a"yeDxD at rate {A?,/[d/,d”’ d,d"e
D}. This set of reactions together with the original reactions within each compart-
ment give an overall network in which all the species VII(}] with (i,d) € Z x D are
fast, whose conserved quantities is a vector of sums over all the compartments for
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each species type, which are given by SiN ‘= 4eD Vl.i\i’ ,i€Zl.Sincen; >0,ie’l
the movement reactions change all the species amounts on the time scale N" dr,
and its effective changes on this time scale are still (8,7(d") — 84/(d"))(@.a")yeDxD
while the original within compartment reactions effectively change only the con-
served sum quantities on the time scale dt and its effective changes on this time
scale are given by ¢*.

In order to apply Lemma 2.12, set ¢ := n and we need to check Assump-
tions 2.11. In this special case, there are no slow species only fast species and
conserved quantities. Condition (i) is simply the requirement that—in the limit
N — oo—for fixed given vector of sums of species movement leads to a well-
defined process on the species amounts in different compartments, which for each
value of the vector of sums s has a unique stationary probability measure Py, which
is concentrated on ) _,.p Vig = s;. This is exactly implied by Lemma 3.5 under
Assumption 3.4. Conditions (ii) and (iii) in Assumptions 2.11 is assumed in the
statement of the theorem.

Let us consider the dynamics of the conserved quantities. Here, 0¢ =
(1j=i)jez,dep is the ith conserved quantity. On the time scale dt, the reaction
dynamics of these conserved sums is a Markov chain whose effective change is
given by the matrix ¢ = ¢* with overall rate equal to a sum of the individual
compartment rates.

Since the equilibrium for the movement dynamics Py is given by

Pg(dg) = H (vil ' Si )ni(l)vil _..ni(|D|)vi\D|

.. v'
ieT, iD]

X [ 8z1)s; @vi1) -+ - 8,5, (dviyp)),
€7,

(3.8)

the averaged rates for reaction dynamics in each compartment under the equilib-
rium probability measure as considered in (3.7) are exactly of the form (2.31),

Re = > 3 Y hed Wa)

V12 g V=Sl Vi) 2a VZa=s7| d€D

X 1_[ <vi1 . Si )j‘[,‘(l)vil .. 'ni(|D|)U”DI

ie’, " VilD|
3.9)

x [T 8xtys: vin) -+ 8z, qppsi (Vip))
i€l

= Z EQ[AE;(K{{)]'

deD
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COROLLARY 3.8 (Mass-action Kinetics). Let a, B, v, n be as in Theorem 3.7.
If the reaction rates are given by mass action kinetics for some kg, k € K,d € D

1)
(3.10) Mg W) =kra [ | Vik!< ‘d) l_[ Vi
i€l,

then the limit of S () in the Skorohod topology is the solution of (3.6) with rates
given by

Ris) = Y sy [T vir! ( "k)n @ T (i(d)s:) ™.

deD i€l, Vi i€l

Ifa; =0 for all i € L, the limit process for the sums is a Markov chain model for
reaction networks with mass action kinetics (2.3) whose rate parameters are

(3.11) K=Y kra [ [ mi(d)"*.
deD i€l

If a; > 0 for all i € L, the limit process for the sums is the deterministic solution
to an ordinary differential equation

ds(t) =y ¢* AN (S(n)dt
ke

with mass action kinetics (2.3) whose rate parameters are (3.11).

REMARK 3.9 (Different time scales for the movement). From the point of
view of the limit on time scale d¢, the parameters for time scale of movement of
different species types do not have to all be equal n; = n; as long as n; > 0 for all
i € T, it is easy to show that the limit dynamics of SV (-) is as above.

PROOF OF COROLLARY 3.8.  We plug (3.10) into (3.9). This gives

AR (s) = oo > > kra

X102 g X1d=S1 X7 2q XZja=S|7| d€D
if ¢1=0 if o710

Si X; X;
x [T vi i (D) (|D]) 1P
ieT. © (Vlk)<xil“‘xi|D|) 1) l(l |)

X 1_[ (7‘[,‘ (d)sl')vik

i€z,

“Yu ¥ o ¥

deD x14=0,...,51 X‘I‘dzo ..... S|Z)
if ;=0 if @7=0

<11 ””"( . ) (ii)n (@)% (1 =i ()" - [ (mi(d)si)™

X
ieZ, id ieT,
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Y T EA LT

deD i€eZ, x14=0,...,51 X|Z1¢=0,...,57|
if 1=0 if o7)=0
Si — Vik o Po— i
X 1_[ (x,l B ]z) )ﬂi(d)x’d VIk(l —JT,‘(d)) i—Xid | l_[ (JT,‘(d)S,‘) ik
. id ik .
i€Z, ieT,
S , i
= 3w [T vt () )m(d)””‘ T (i aysi) ™.
deD ieZ, ik ieT,

When «; = 0 for all i € Z only the first sum in (3.6) exists, whereas when «; > 0
for all i € Z only the second sum in (3.6) exists. [J

EXAMPLE 3.10 (Self-regulating gene in multiple compartments). We place
the reaction kinetics from Example 2.5 in a spatial multi-compartment setting.
Let the dynamics initiate with Sg(0) + Sg/(0) = 1 active and inactive genes and
Sp(0) = sp proteins in the whole space. If ng, ng/, np > 0, the movement is faster
than any effective reaction dynamics, and the limiting dynamics of the rescaled
sums in the whole system solves

t
0

56/ = 560 + (& [ (1= S @)seda) = v, % [ o0 du),

t t
Sp(t)=sp(0)+/z3/0 Ser(u) du —;24/0 Sp(u)du,

where iy are given by (3.11) and ng, mg/, mp are the equilibrium distributions
of the movement of G, G’ and P, respectively. Given the values of system sums
Sg/ (1), Sp(t) the molecules of G’, P will then be distributed in compartments ac-
cording to

Vra(t) ~ Multinom(S¢ (1), w6/ (d)), Vpa(t) ~ 8sptyrp(d)-

3.4. Spatial multi-scale systems. We next consider heterogeneous reaction
networks on multiple time scales, with interplay between time scales on which
the reaction network dynamics evolves and time scales on which the species move
between compartments. We give results for chemical reactions on two time scales,
extensions to more are obvious.

We stick to our notation from Section 2.3. In particular, we assume the reaction
dynamics (within each compartment) has a separation of time scales (2.11) with
e=1,y =0. We set K/ and K* as in (2.12) and (2.14), respectively, and 7/
and Z° for the sets of fast and slow species, if only chemical reactions within
compartments are considered. The scaling parameters for movement of all fast
species is n; =ny fori € T/ while for all slow species is n; = ny,i € I°. We
assume both 7 ¢, ng > 0. In order to assess the interplay of dynamics on different
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time scales, we need to consider all possible orderings of ¢ =1, n 7 and n;. In the
sequel, we assume that 1 ¢, ng % 1 for simplicity. Moreover, the cases ny <ny <1
andny <ngy <l,aswellas 1 <ng <nyand 1 < ns < ny lead to the same limiting
behavior, because the movement processes occurring on the time scale N/ dt and
N dt are independent (a movement of one species type on a time scale that is
different from that of reactions depends only on its own molecular counts and is
independent of other species types). Therefore, we are left with the four cases

(D T <mngnyg; 2 ns<1l<nyg
(3.12)

3 nr<l<ns 4 ngons <1

As in the nonspatial situation, we also need to distinguish the cases when (i)
there are no conserved quantities on the time scale of fast species [meaning that
N (¢ Ty is the null space], and (ii) when some quantities are conserved [i.e.,

N((éf)T) = span(@f), where ©f = (0);—1,... nr is alinearly independent fam-

ily of RIZ’ |_valued vectors]. In the latter case, the quantities (0, (Vig’ (Diezs)
also change on the time scale N/ dt for d € D by movement of the fast species,
but (6¢, (Sl.N (-));ezs) 1s constant on the time scale N/ dt. We start with the case
ofN((gf)T) = null space.

No conserved quantities on the fast time scale. We need to consider different
processes of possible effective reaction dynamics for fast species and their sums,
conditional on knowing the values of the slow species. In each of the four cases
above we need to consider different intermediate processes and assumptions on

them. We write here, distinguishing fast and slow species, v = (v " gs) with v =

(id)iezs depr ¥, = Wid)iezs,dep, as well as s = (s, 8), S 7 = (Si)jezs> 85 =
(Si)ieTs-

ASSUMPTION 3.11 (Dynamics of the spatial multi-scale reaction network). In
each case (1)—(4), the spatial two-scale reaction network on time scale N dt, where
Assumption 3.4 holds, satisfies the following conditions:

(1) (1) Given (Yy) ket the time-change equation of the dynamics of S ¥ given
the value of S; = s,

t ~
S =87, O+ X cfn( [ 08, 0.5 du)

kek!
(3.13)

t
T CR(1
+ 3 ef [ AR .5 du
kek!
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has a unique solution, where for all s £ 8

~CR(1 CR
)‘k ( )(if’ s¢) = /R‘If‘xm‘ Z A (Q.d,f, y.d,s)l’(gf,gy)(dgf, dgs)
+

T DdeD
«RIZIXIP

(3.14)
< 00,

where v 4 = = (Vid)iezs+V.g.s = (Vid)iezs, for P(éf 5,) @ product of multinomial
and point mass probability distributions for both v v, and v defined in (3.8). In

addition, S St1s, (+) has a unique stationary probability measure /i, (ds ;) on Rlz |
(2) Given (Y %) the time-change equation of the dynamlcs of § y given the
value of Z =,

kel

S10,0=8, 0+ T ¢4 [R5 0. )

keICo

+ 3 gf/1ACRQ)Sf@JuLdeu

keIC.

(3.15)

has a unique solution, where for all s L
~CR(2
3.16) A Pspv) = / 2 ) 2 Md g L )Py, (L) < 00
R deD T

for Py ; @ product of multinomial and point mass probability distributions as

in (3.8), where Z is replaced by Il s by Sy and v by v . In addition, Efly,(')

=f :
f
has a unique stationary probability measure jy (ds ¢) on le 3
(3) Given (ka)kelc f dep? the time-changg equation of the dynamics of V

=f
given the value of S, = s,

"'~CcrR@3
Ve fis, @ =V 515, O + 3 £ Yid ( /0 hed D W s, (”%is)du)

kekd

5CRG
+Z§ ()Vdf| (u),s;)du
kel

3.17)

has a unique solution, where for all v " S

CR
B18) Ky Wy g8y = fmmm Mt W o 0.a,)Ps (dp) < 00

for P; a product of multinomial and point mass probability distributions as
in (3. 8) where 7 is replaced by Z°, s by s, and v by v..In addition, Vf| ()=
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(Vid, f1s,(-))iezs aep has a unique stationary probability measure pi (dg f) on
1Z/|x|D]

R+ .

(4) Given (ka)kele,deD’
given the value of V. =u

K‘d’f@s (1= Z.d,ﬂy 0)

the time-change equation of the dynamics of V. f

(3.19) + > Cfka</ PR Vdf|v (), vdv)du>
kek!
I Z ¢l / ACR(4) Vd,flgx(”)’y'“)du
keIC.

has a unique solution with unique stationary probability measure w, (dv f) on
=5 =

Zf|x|D
RLF *IPI Here, we set

7CR (4)

(3.20) Mg )L

(i1) There exists a well-defined process S, (-) that is the unique solution of

S, =580+ Y ¢ Vi (/ R O(s (u))du)

kel
(3.21)

+ Y & [ RO (s,0) du

kekCs

where rates (XER(E)) ¢=1.2,3,4 are given from (XER(Z)) ¢=12.3,4 in each case as

RO g,) = /R o ARG s g, (ds )

(3.22)
_c;)//kkd(vdf,vdv)P(b .5 )(dyf dv )[,Ls (de)<OO
R(2)(_~¢)—/R‘IS‘X‘DI A@I” k )(;f,gs)ugs(dgf)Pgs(dgs)
(3.23)
=¥ [[[ 4R @00 P @ iy, (s Py, @) < 00
deD
hDs,) = ) /IIflxlD\ CR(S)(v p 85I, (2 )
deD
(3.24)

= Z//)‘kd W, f> Voa,s)Ps, (du )i (dp ) < 00;

deD
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X]SR(4)(S Z/\IY|X\D|/|IJ|X\D| SR(4) ’gs)ﬂgs(dgf)ng(dgs)
(3.25)
—Z//kkd(vdf,vdy)uv (dv )Ps (dy) < oo.

deD
(iii)) Same as (iii) in Assumption 2.6 in each compartment.

REMARK 3.12 (Equivalent formulation). For the dynamics under the above
assumption, the following is immediate: In each case (1)—(4), the spatial two-scale
reaction network on time scale dt, where Assumption 3.11 holds, satisfies the fol-
lowing condition: given (Yx)reks, the time-change equation (3.21) has a unique
solution, where for all s

(3.26) RO (s,) = E%[Z xg}@d)} <0

deD

and the distribution of (V;4);ez,dep in (3.26) depends on the parameters 1, 1 as
follows:

G2 O=() Py @pdy) = [ b s P, (. dv),
+

(328) (=) Py (v, dv)=P, (dv) /R o1 s, (3P, (A ).

(3.29) OO=0) Py (dy,.dv)=Ps (dy)us dy),
(3.30) ()= Py (dgf, dv ) =P (dv )iy (dgf).

We can now state our results for the limiting behavior of S y = (SiN eIl
and Qﬁv = (SiN, i € Z%) on the time scales N dt and dt.

THEOREM 3.13 (Two-scale system without conserved fast quantities). Let
VN be the vector process of rescaled species amounts for the reaction network
which is the unique solution to (3.3). Assume that (a, B, y = 0) satisfy two-scale

system assumption (2.11) for some T/, T° with ¢ = 1 and N((gf)T) =0 [with
¢ ! from (2.13)] within compartments without conserved quantities on the fast time

scale. In addition, n; =ny¢ > 0 forall i € I/ and n; = ng > 0 for all i € I%, one

N—o00

of the cases (1)—(4) holds, and Assumption 3.11 holds. Then, if SV (0) =" S(0),
the rescaled sums of slow species S ﬁv (+) from (3.4) converges weakly to the unique
solution S, (-) of (3.21) in the Skorohod topology.

REMARK 3.14 (Interpretation). The rates in Theorem 3.13 have an intuitive
interpretation. In order to compute EQ[AE}; (V. 1, we have to know the distribution
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of V given ;. Consider case (1) as an example: since movement of particles are
the fastest reactions in the system, given the value of S s =5 1) ls are distributed
according to Py (d gs) from (3.8), and (ii) S ¥ is distributed according to the prob-
ability measure s (ds ) from Assumption 3.11(i)(1); then, given the value of
S =585 the values of Vv are distributed according to Py p (dv f) from (3.8). In

case (3), fast reactions within compartments intertwine with movement between
them: given the value of S, = s, (i) V are again distributed according to Py
from (3.8), but (ii) V. V are dlstrlbuted accordmg to s (dv )

PROOF OF THEOREM 3.13. The proof relies on use of Lemmas 2.10 and 2.12.
Let us first consider the case (1): n¢, ns; > 1. In this case on the two fastest time
scales N7 dt and N dt, we have movement of fast and slow species, respec-
tively, whose sums are unchanged on any time scale faster than N df. We view
these two fastest time scales as one, since dynamics of movement of fast and slow
species are in this case independent of each other and can be combined. Regarding
all of the movement as a set of first-order reactions as in proof of Theorem 3.7, we
have a three time scale dynamics: movement of all species is the fast process on
time scales N/ dt, N dt, effective change of fast species is the medium process
on time scale N dt, and effective change of slow species is the slow process on the
time scale dt. The fast process of movement of all species has a stationary prob-
ability measure that is a product of multinomial and point mass probability distri-
butions Py £59) from (3.8). Arguments from Lemma 2.12 imply that on the time

scale N dt all rates for the reaction network dynamics A R are sums over com-

partments of rates averaged with respect to Py fu5y) @S in (3.14), and the medium
process of the sums of fast species S has effective change given by ¢ /. Condi-

tion (i)(1) of Assumption 3.11 ensures that on time scale N dt the medium process
S f(-) is well defined and has a unique stationary probability distribution s (ds f).
Condition (ii) of Assumption 3.11 then ensures that, in addition to conditions (i-a)
and (i-b), also condition (ii) in the assumptions for Lemma 2.10 is met, and con-
sequently the limiting dynamics of the slow process S (-) with effective change
given by ¢’ is well defined and given by the solution of (3.21) with rates as in
(3.22).

Next, consider the case (2): n¢ > 1,5, < 1. In this case we have a four time
scale dynamics: movement of fast species is the fast process on time scale N/ dt,
effective change of fast species is the medium-fast process on time scale N dft,
movement of slow species is the medium-slow process on time scale N dt, and
finally effective change of slow species is the slow process on time scale dt. The
fast process on time scale N/ dt of movement of all species has a stationary prob-
ability measure that is Py (3 8) (over i € Z/ only). Lemma 2.12 implies that on

R(2)

the next time scale N dt rates Xk are averaged with respect to Py ;as in (3.16),

and the medium-fast process S ; has an effective change given by ¢ /. We now have
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that this process is well defined and has a unique stationary probability distribution
My, (ds ¢). Furthermore, on the next time scale N dr we only have the movement
of slow species, which has a stationary probability measure that is P from (3.3)
(over i € Z° only). Finally, the limiting dynamics of the slow process S ;() on time
scale dt, by an extension of Lemma 2.10 to four time scales, is well defined and
given by the solution of (3.21) with rates as in (3.23).

Let us next consider the case (3): ny < 1,7, > 1. We again have a four time
scale dynamics: movement of slow species is the fast process on time scale N dr,
effective change of fast species is the medium-fast process on time scale N drt,
movement of fast species is the medium-slow process on time scale N/ dt, and
finally effective change of slow species is the slow process on time scale dt.
Lemma 2.12 implies that on the medium-fast time scale N dt rates ):,S;G) are aver-
aged with respect to Py (3.8) (over i € Z° only) as in (3.18), and the medium-fast

process V . has an effective change given by gf in each compartment d € D.

This process is well defined and has a unique stationary probability distribution
us, (dv f)' On the next time scale N dt we only have the movement of slow

species, which has a stationary probability measure that is Py p (3.8) (overi e I/
only). Finally, on time scale d¢, Lemma 2.10 extended to four time-scales implies
the limiting dynamics of the slow process S, () is well defined and given by the
solution of (3.21) with rates as in (3.24).

Finally, we consider case (4): ny < 1,1y < 1. On the fast time scale N dt in
each compartment d € D, independently we have reaction dynamics of the fast
species, with a unique equilibrium My, (v f) that must be a product distribution

over the different compartments. Similarly, to case (1) when all the movement is
fastest, now all the movement is on the medium time scale, and the movement of
all molecules (fast and slow) is independent and can be viewed as combined on
one time scale with unique stationary probability distribution P £59) (3.8) (over
all i € 7). This implies that on the slow time scale d¢, the effective change of S is

due to reaction dynamics with rates ):g{ 74(9? , gév ) that have been averaged over

P(s,.s,), and is given by ¢*. Lemma 2.10 implies that S,(-) is well defined and
given by the solution of (3.21) with rates as in (3.25). O

If the movement of fast species is slower than fast reactions [i.e., we consider
cases (3) or (4)], the equilibria for reactions is always attained before movement
of fast species can change this equilibrium, as stated in the next corollary.

COROLLARY 3.15 (Irrelevance of movement of fast species). In cases (3)
or (4) of Theorem 3.13, the limiting dynamics of S is independent of Py ;-

PROOF. The assertion can be seen directly from (3.29) and (3.30), since the
right-hand sides do not depend on Py .. [
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If all slow species are continuous, the limiting dynamics for cases (1), (2) and
(3), (4) are equal. The key to this observation is the following lemma.

LEMMA 3.16. In the situation of Theorem 3.13, assume all slow species are
continuous, I} = @, and let s = (i (d)Si)ieTs . deD-
(i) For stationary probability measures s (dsy) of §f\£s from Assump-
tion 3.11(1)(1) and ,u,g‘(dgf) ofﬁf-m_from (1)(2), we have
s, (ds p) = pigs (dsy).

(ii) Likewise, for stationary probability measures g (dv ) of V
and My, (dv ) of V..  from (i)(4), we have

Yo, Sfrom (1)(3)

=/,
e, (V) = igs (o).

PROOF. (i) It suffices to show that j1s 1is a stationary probability measure for

the process S fls, (+) from (3.13), since we assumed that this process has a unique
stationary probability distribution. Note that, by independence of the movement of
fast and slow species, for k € K/,

AR (g s, )—fZAkd W, 2 V.a,)Pis 5, (@2 dV)
deD

= [ Y AR @ va P, @2 P (d,)

deD
_ f A P (s v )P (o))

=i Dlspoms).

Since these rates are equal, the corresponding equilibrium distributions must be
equal as well. In other words, the equilibrium distribution s (ds ) from Assump-
tion 3.11(1)(1) must equal the equilibrium distribution Mas, (ds f) from Assump-

tion 3.11(1)(2). (ii) follows along similar lines. [

COROLLARY 3.17. Suppose in Theorem 3.13 all slow species are continuous,
I5 = @. Then, the dynamics of (3.21) is the same among the first two cases (1)
and (2), and among the last two cases (3) and (4).

PROOF.  Since Py (d gs) is the delta-measure on s, all assertions can be read
directly from (3.27)—(3.30) together with Lemma 3.16. [J

We note that the case (1) (where all species move faster than the fast reactions
occur) plays a special role under mass action Kinetics.
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COROLLARY 3.18 (Homogeneous mass action kinetics). Suppose that in The-
orem 3.13 the reaction rates are given by mass action kinetics with constants sat-
isfying the homogeneity condition

= |Dlkra [ | i (d)"*.
i€l
Then the dynamics of S in case (1) is the same as for the system regarded as a
single compartment.

PROOF. For (1) from (3.14), we only need to calculate the average with respect

to equilibrium of the movement dynamics for both slow and fast species. The same
calculation as for mass action kinetics in Corollary 3.8 we get the first equality in

Rm(sf,s )= f)‘kd (vdf,vds)P(sfs )(dv dv )
deD

= sk [ ] vir! (;;)m(d)”” [T Gritysi)™

deD i€, i€,
Vik
—Kknv,k( )ns,».
ieT, Vik/ jet,

Since the right-hand side gives the reaction rates for mass action kinetics within a
single compartment, as given through V. v from (2.16), the equilibrium w1, (dz)
from Assumption 2.6(i) and u; (ds f) from Assumption 3.11(i)(1) must be the
same and the assertion follows. [

EXAMPLE 3.19 (Production from fluctuating source in multiple compartments).
We consider reaction kinetics from Example 2.8 and extend it to a spatial multi-
compartment setting. Recall that the chemical reaction network is given (within
compartments) by the set of reactions

Kld 39 i
1: A+B—C, 2: Y— B, 3: B—g.
We consider AER(Q as in (2.19) with «;_ replaced by «;,, k € {1, 2, 3}. We have
X = (X.4)deDs X.q = (Xad, XBa), and the dynamics are given by
) =KgXaaxpa,  ASF@ ) =k AS(xg) =K54XBa.

Movement of species is given as in (3.3). Scaling in each compartment is as in the
nonspatial setting (2.20), (2.21) and (2.22), so rescaled species counts are

-1
Vad =N~ Xad, VBd = XBd,
and rates are

CR CR CR
Ayg (V.g) = K1dVAdVBd, Asg W.g) =Kad, A3 (V.g) = K3dVBd-
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The process ZN = (Vﬁl, Vl%) is given as in (2.23) and additional movement
terms. We set 1y = n4 for movement of slow species and 1y = np for movement
of fast species. We assume (as in Assumption 3.4) that movement of species A, B
have stationary probability distributions (w4 (d))sep and (wp(d))iep. We derive
the dynamics of S4 as

r_
SA(t):SA(O)—/O AR(Sa(w)) du

for appropriate A. Since the slow species A are continuous, we are in the regime
of Corollary 3.17 and we distinguish the following two cases:
Dynamics in the cases (1) 4+ (2). We have

SBlsa (1) — SBis, (0)

t
= —Y1</O / > KldvAdedP(sA,sB|sA(u))(dQA,dQB)du>

deD
t
+ YZ(Z chﬂ) - Y3 (/ / Z KadedP(sA,SBhA(u))(dQA» dQB)dM)
deD 0 deD
d t
LV ([ (X ama@ma@sa+ X ksama@) Sy )
0 deD deD
- _\/__/
=ik, =3

+Y2(Z szt).

deD
—_——
=K,

Hence, the equilibrium of the above process is as in Example 2.8 given by

X ~ dsg) =Pois| ———— ).
MSA( 5) </23+/215A>

We can now compute ):SR(IH(Z) from (3.22) as

IR (5) == [ 3 ksama@sams(@spis, dsp)

deD
(3.31) i o
K K1K2SA
==Y kwma(d)samp(d)———— = —— ",
deD K3 +K1SA K3 +K1SA

Dynamics in the cases (3) + (4). We have in each compartment d € D

VBaisa ) — VByis, (0)

t
- —Yl( [ [ xavaavias, e, (dyAd>du) + Ya(kaat)
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t
—v, ( [ [ esaVionps, (dyAdMu)

t
4y, ( fo (kra7 ()54 + K30) Vg5, (10) du) +Ya(et).

Hence, the equilibrium of the above process is

. Kad
X ~ us, (dvp )=P01s( )
SA ¢ K3d + K1ama(d)sa

and for A; CROFS) from (3.24) we have

FROHD (5 == 3 [ ksavaavmaris, (@op,)Pe, (@va,)

d
(3.32) <P

K1dK2ama(d)sa
K3d + krama(d)sa’

deD

Note that we are in the regime of Corollary 3.15, which shows that ACR(3)+(4)

independent of 5.

Comparison of dynamics in cases (1) + (2) and (3) + (4). Let us compare the
case (1) 4+ (2), when the turnover rate of A is given by (3.31), and (3) + (4),
when the rate is given by (3.32). First note that even when the network is spa-
tially homogeneous (the chemical constants satisfy assumption in Corollary 3.18)
there is a marked difference between the dynamics of cases (1) + (2) (as in sin-
gle compartment case) and cases (3) + (4) depending on the movement equilibria
w4 and wp. However, if we additionally suppose the slow species A are equidis-
tributed 4 (d) = 1/|D| then all four cases have the same dynamics.

Conserved quantities on the fast time scale. Now, we include conserved quan-
tities in our two-scale system in multiple compartments, that is, we have a two-

scale reaction network with dim(\N (tq Yy = nf > 0. We will use the same
notation as in Section 2.3. In particular, ®/ := (9¢/) j=1,...,ns are linearly indepen-

dent vectors which span the null space of (¢ T Every ¢/ has a unique parameter

«; associated with it, j =1, ..., |®f| =n'. Here, ®£ is the subset of conserved

quantities for which «.; =0, and @f is the subset of conserved quantities for
which ae; > 0. Conservation means that 7 — (6, S Stls, (¢)) with § fl ¢ from (3.13)

is constant, j =1,...,|0®/|. We let SN 6°i, SN ) and SV = (SN Dizt....j0/| be
the vector of rescaled conserved quantltles Again, ICQ ; 1s the set of reactions such

f
that B = o, and (0, ¢ ) # 0, and let K¢ := U2 Kger, K¢ = U'@ ‘/cej and
KS = Ulo’ ! Koei- We still let g“ be the matrix defined by (2.29).
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Again, we consider the four cases as given in (3.12). In addition, we assume that
(0¢i, SNy changes on the time scale df. We write here, distinguishing fast species,
conserved quantities and slow species, v = (gf, v, gs) with v, = (Vid)iezf deps

= ({09, v.q, f))] 1,...,|0f|,deD>» ¥, = (Vid)iezs.dep, as well as s = (if»ic,is),
i@ and s = (si)iezs.

g? = (51)iezrs Se = (09,5 ) =y

REMARK 3.20 (Conserved quantities as new species). In light of the previ-
ous results, one would guess that conserved quantities on the fast time scale can be
handled as if they are new chemical species, evolving on the slow time scale. How-
ever, an important distinction between slow species and conserved quantities does
exist: movement of conserved quantities occurs on the time scale N/ dt rather
than on the time scale N dt, on which it occurs for the slow species. This implies
an important distinction between slow species and conserved quantities occurs in
cases (2) and (3); the averaging measures over the intermediate time scales treat
conserved and slow species differently.

Although what follows resembles our previous results, in order to be able to use
them, we do have to state the assumptions and results for systems with conserved
species explicitly. We omit all the proofs as they follow analogous steps to those
for systems without conserved species.

ASSUMPTION 3.21 (Dynamics of the spatial multi-scale reaction network with
conserved quantities). In each case (1)—(4), the spatial two-scale reaction net-
work on time scale N dt, where Assumption 3.4 holds, satisfies the following con-
ditions:

(1) (1) Given (Yy) ket the time-change equation of the dynamics of S ¥ given
the values of S, = s, and S, = 5., denoted (Sfl(s s )(t)),>0, given by (3.13)

with S~ replaced by S ), has a unique solution, where Ak (1)(s £255)
is given by (3.14). In addltlon S S f1s,.s. )() has a unique stationary probabil-

ity measure M(gs,gc)(dif) on ]le | with (QCJ,gf) = Scj» H(s,.s.)-almost surely,
j=1,...,107].

(2) Given (Y%) rex!> the time-change equation of the dynamics of S ¥ given
the value of V = and S. = s., denoted (Sf|(v P )(t)),>0, given by (3.15)

with § Si, replaced by § S fiw,.5000 has a unique solution, where A RE )(s L)
is given by (3.16). In addltlon S St s NO has a unique stationary probabll—

ity measure ,u(gs,gc)(dgf) on ]RE | with <ch’if> =S¢ /L(gséc)—almost surely,
j=1,...,1601.

(3) Given (ka)kelC‘of,deD’
given the values of S, = s, and ¥C =2, denoted by (Vﬂ( (t)),zo, given

the time-change equation of the dynamics of V. f
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by (3.17) with V ;4 ¢, replaced by V ; ¢ . v)’ has a unique solution, where

XS;(S)(U s,) is given by (3.18). In addition, V (-) has a unique station-

=f1(ss
ary probability measure (s, v )(dgf) on le 1xI] w1th 0, vf) Vejs M(sgw )
almost surely, j =1,...,|07].
Moreover, given s and s¢, the movement dynamics of V. A5 is a unique

solution Voisos y () = (Vg ¢[(s, 5,))den Of the time-change equauons
<ch s Z’d’f>|(iw£c) (t) - (Qc'i ) K.d,f>|(£w£()(o)

=Y 607 3 (bur(d) = 8a(d))

iez/  d'.d'eD

X Yl d.d" (/ )\l d'd" f Vig! /’L(SJ Yoo, (u))(dgf)du)’

(3.33) e
AR AP TR O R CA R AP TR (U]

= ZQCJ Z// zd'dvzd/— ldd’vld)

IGIf d'eD

X (s, V (u))(dgf) du, 0 € ®f,

"=el(sy
with an equilibrium probability distribution of movement P(ES,QC)(dgC) with
Y deDVd.c = Ses P(iwic)(dgc)—almost surely.

4) Given (Yrq) keict dep’ the time-change equation of the dynamics of l X
given the values of gv = and LC =v. , denoted by (Vf|(v (f))tzo, given
by (3.19) with V_ ;. flo, replaced by V ;. v has a unique solution, where

~CR(4) . " . .

Mg @ " gs) is given by (3.20). In addition, ¥c| w.0) has a unique stationary
probability measure py p )(dv f) with (09,0 ) = v, M, v )-almost surely,
j=1,...,10/.

Moreover, given v and s, the movement dynamics of V.

f)

is a unique
c|(v,.8.)

solution ld(ﬁs»ﬁg) =V, Cl(%’&))dep of the time-change equatlons (3.33) with

replaced by gc with an equilibrium probability distribution of

ld(isvic) |(w,.5.)
movement P s)(dv ) with 3 ycpv 4. =5, P s5,)-almost surely.

(ii) From {):gR(e)}g:Lz,},A, we set in each case

(3.34) XER(”(QS,QC)—/E,«l RO (s o 8015y 50 (s )
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CR(2
(3.35) IR (s, s, >—-/]I”MD‘/]IM RO (5 1, 0 )My 50 (ds )Py, ()
CR(3) CR(3)
(55,5, >——A@Oﬂﬂblﬁgzﬂﬂb‘ (18105, )

x P 5)(d2);

7CR(4) _ 7CR(4)
(8, 80) _/R\I‘\XID\ /R\<~>f|x|D\ /RIIf\XID\ M (gf’gs)“(%’%c)(dgf)
+ + +

x Py s)(dv )Ps (dv).

(3.36)

(3.37)

For j =1,2,3,4, there exists a well-defined process (S,(-), S.(-)) that is the
unique solution of

S, =8,0)+ Y. ¢ Y (/ RO (s (u),i(u))du)
keks
(3.38)

+§j;/ ARO(S (), S.()) du

kelC§
andforj:l,...,|® |,
Se; (1) = S¢; (0)

(3.39) + 3 S o ([ A0S, 0. 5.00)du)
kekS ez f
+3Y Y6 ;lk/ RO (S, ), S, () du
kel ez f

(iii)) Same as (iii) in Assumption 2.6 in each compartment.

REMARK 3.22 (Equivalent formulation). For the dynamics under the above
assumption, the following is immediate: In each case (1)—(4), the spatial two-scale
reaction network on time scale dt, where Assumption 3.21 holds, satisfies the fol-
lowing condition: given (Yi)keisuke, the time change equations (3.38) and (3.39)
have a unique solution, with

(3.40) At (s) =B, ) [ 2 ﬁﬁf@ﬂ} =
deD

The distribution of (V;4)icz,dep in (3.40) depends on the parameters 7,75 as
follows:

(D P(gy,gc) (dgf’ dgs) = Pgs (dgs) A;Efl ng (dgf)//‘(gs,h_vc)(dif)’
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@) Py du) =P @) [ o P @ e s ds))
®) P(Qsﬂﬁc)(dgf’ dv) =P (dv) /Rf)fxm Misgv) (dgf)P(ﬁsﬁc)(dgc)’

@ oy dy) =Py (dv) [ o0 Bt 1) (02 Pa, (2,

THEOREM 3.23 (Heterogeneous two-scale system with conserved fast quan-
tities). Let VN be the vector process of rescaled species amounts for the re-
action network which is the unique solution to (3.3). Assume that (a, 8,y = 0)
satisfy two-scale system assumptions (2.11) for some T, T° with ¢ = 1 and
/\/’((gf)T) = span(@f) [with £f from (2.13) and ef from (2.28)] within compart-
ments with conserved quantities (97);_; |©/| on the fast time scale. In addition,

ni=nr>0,ie 7/, ni =ns >0,i €I one of the cases (1)—(4) holds and As-

N—00

sumption 3.21 holds. Then, if (§§V(O),§év(0)) — (5,(0), $.(0)), we have joint
convergence of the process of rescaled amounts of slow and conserved quantities
(§§V(-), ﬁﬁv(-)) to (S,(-), S.(-)) in the Skorohod topology, with S, the solution of
(3.38) and S, the solution of (3.39) with rates given by (3.34)—(3.37).

Results analogous to Corollary 3.15 stating the irrelevance of the movement of
fast species in cases (3) and (4) does not carry over to the case with conserved
quantities, since on the time scale N/ dt conserved quantities are still preserved
and their movement equilibria affects the end result.

LEMMA 3.24. In the situation of Theorem 3.23, assume I} = &, that is, all
slow species are continuous, and let TS = (i (d)si)iers deD-
(i) For stationary probability measures [L(s,,s)(dS ) of §f|(£5’£0) from As-
sumption 3.21(1)(1) and K ,Qc)(dgf) ofﬁf‘(y ) from (1)(2), we have
M(sg,s.) (dif) = M(gs,gc)(dﬁf)-

(i) Likewise, for stationary probability measures [i(s v )(dV f) of V

=fl(sg.0,)
from (1)(3) and V“(gsg.)(dgf) Oflﬂ(v ; )from (1)(4), we have

s ) (Y ) = Bizs v ) (D ).

COROLLARY 3.25. Suppose in Theorem 3.23 all slow species are continuous,
1} = @. Then dynamics of (3.38) is the same in cases (1), (2) and also in cases (3),

.
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COROLLARY 3.26 (Homogeneous mass action kinetics). Corollary 3.18 car-
ries over to the same situation as in Theorem 3.23.

EXAMPLE 3.27 (Michaelis—Menten kinetics in multiple compartments). We
place Michaelis—Menten reaction kinetics from Example 2.13 in a spatial multi-
compartment setting. The chemical reaction network is given (within compart-
ments) by the set of reactions from (2.34), with «; replaced by «;, in compart-
ment d. We have x = (x ;)aep, X,y = (Xsd4,XEd, XESd, XPa), and the dynamics
in each compartment d is given by rates (2.35) with ;. replaced by «; ;. Move-
ment of species is given as in (3.3). Again, we set s =ap = 1,0 =ags =0,
and ki1g =K.y, K—1d = N_llc/_ld and k,g = N_II{;d as in (2.37) so, setting the
rescaled species counts

~1 ~1
Vsa =N Xxsd, VEd = XEd, VESd = XESd» vpd =N""xpg,
and 8, =1,6_,=1,6,=1asin (2.36). We write

CR CR CR
Ag (W.g) = K1qVSaVEd, AZ1aW.g) =K_14VESd, Asq (V.g) =K2qVESA-

The process VN = (VSAZi, Vévd, Vng, VIIJVd) is given as in Example (2.13) plus ad-
ditional movement terms. We set n; = ns = np for movement of slow species and
nf =ng = ngs for movement of fast species. We assume (as in Assumption 3.4)
that movement of species i has a stationary probability distribution (77; (d))gep-
We have 7/ =7 = {E, ES} and T° = T8 = {S, P} and K/ = K* = {1, —1, 2},
Ks={1,—-1},Kg=Kgs=Kand ¢, {f, ¢’ asin (2.37). For conserved quantities
within compartments, we set Vg := Vg4 + VEsq and note that while movement
changes the values of V¢, the overall sum Sc =} ;cp Vca := m is a conserved
quantity for all times, and thus, the dynamics of Sc is trivial.

We derive the dynamics of Sy (as in Example 2.13, Ss + Sp is a conserved
quantity on the slow time scale). We have from (3.21) that

t -
Ss(t) = Ss(0) — /O AR (S5 (u)) du

for appropriate A. Since all slow species are continuous, we are in the regime of

Corollary 3.25 and we only need to distinguish the following two cases:
Dynamics in cases (1) 4 (2). From (3.13) with S ;| replaced by S ), we

have - o

SE|ss (1) — SE|s55(0)

t
= —Y1</O / > KldedvEdP(sS,SE|5S(u))(dESsdQE)du>

deD

t
+Y 14 (‘/0 / Z (K—1q + sz)UESdP(m—SE‘SS(u)) (dQES) du)

deD



SCALING LIMITS OF SPATIAL COMPARTMENT MODELS 3203

=1 ([ (3 xums(@e (@ )ssSpiss w0 d)

deD

=K1

ey ’(Z (ks + )Es(d) ) (1 = Spisg ) ).

deD

=i_1+K;

Hence, the equilibrium of the above process is as in Example 2.13 given by X ~
K(ss.m)(dsE) where

X ~ Binom(m kit )

/z_l + IE;_ + IzlsS
and Sgs|s¢ has equilibrium m — X. We next compute AR+ from (3.34) as

XCR(1)+(2)(S )= XCR(1)+(2)(S = CR(1)+(2)( S)

=> / K1a70s (d)7E (d)ssSE
deD
— K—1a7ES(d)(m — SE)) h(ss.m) (dSE)
/2 1 + EZ

= Kigts(d)mp(d)ssm
=Y kans(d)mp(d)ss o E L Ess

deD

121SS

— d
K—amps(dm K_y+ Kk, +K1Ss

mElE2SS

/z_l + /22 + ElSS ’

Comparing this with (2.38), we see that in cases (1) 4 (2) Michaelis—Menten ki-
netics in multiple compartments equals the same kinetics in a single compartment,
when k; is exchanged by ki, i = —1, 1, 2; compare also with Corollary 3.25.

Dynamics in cases (3) + (4). For simplicity, we assume that M da = M Edd =
AI‘\E’[S d.d that is, movement of £ and ES is the same, and hence mwg(d) =
nES(d) d € D [we will use this property for deriving P »)(dve) and
P(ys,m)(d vc) below]. We will treat the cases (3) and (4) separately and show the
result of Corollary 3.25 which states that these two cases lead to the same limiting
dynamics.

(3) From Assumption 3.21(i)(3), for v with }_;cp vcqg = m, we have

VEd|(ss,vc) (1) — VEd|(s5,00)(0)

t
= —Y1d</0 /Kla'VEdl(ss,gc)(u)USdPss(ded)du)
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t
+Y(—142)a (/(; (K—1d + k20) (vca — VEd|(ss,u0) (1)) du)
t
=— 1d(/0 k1d VEd|(ss.ve) W)SsTs(d) du)

t
+ Y —142)d (/0 (K—1a + k2a) (vca — VEd|(ss,u0) (1)) du)-

Hence, the equilibrium of Vgg(ss,v.) 18 as in Example 2.13 given by

K_1d + Kz
K—1d + K2d + K1a5s7s(d)

%m

Xda ~ M(vsg,vcq) (dSEq) = Binom (UCd,

and VEsd|(ss.v) has equilibrium veq — X4. We compute AR from (3.36) as
AR (59) = ARD (59) = 25V (s5)

=y ledUEdSSﬂS(d)
deD
—K_1d(Vcd — VEd) M (vsg,vcq) [AVEDP (sg,m) (dvca)

K_1d + K24
=3 [ (uvea M sors(d)

e K—1d + K24 + K1a5575(d)

— K_14VCd kaaSs7s(d) )P (dvca)
e K_1d + Kzq + K1a5s7s(d) Gs.m)

Pss.m)(dvca).

_ Z f VCdK1dK2aSsTs(d)
K

Job! K—1d + Kad + KraSsTs(d)

Consider the equilibrium P ,)(dvcy) of movement dynamics for conserved
species Vcg = VEqg + VEsq. Since we assume the same migration dynamics for
E and ES, the equilibrium P, m)(dvc) 1s given by a multinomial distribution
with parameters m, (g (d))aep and [ vcaPsg.m)(dvca) = mrg(d),d € D.

For (4), the overall rate A°R® from (3.37) has the same form as AR except
that P ) (dvca) is replaced by Py, m)(dvca). We first derive the equilibrium
probability distribution ft(yg,, vc,)(dVE4) as above. Here, we find that sgms(d) is
replaced by vy, leading to

K_1d + Kad
K—1d +K2d + K14VSd

Xd ~ K(vsq,vca) (dUEd) = Bil’lOIl’l(UCd, )(vEd)'

The conserved quantities Vcg(-) follow the same dynamics as in case (3) except
that sg7s(d) is replaced by vgg and, therefore, Py m)(dve) is a multinomial dis-
tribution with parameters m, (g (d))qep as in case (3). Hence, in the equation for
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the rates we have [ vcaP gy m) (dvcq) = mmg(d), d € D, and the limiting dynam-
ics in cases (3) and (4) is given by

FOROIMA) () = 3 mag(d)ky1ak,qssms(d)

Jep K—1d T K2a + k14557 5(d)

Although we have seen that the dynamics for cases (1) +(2), as well as for (3) + (4)
is the same, in general they are quite different from each other, unless some very
special relationships between the chemical constants and movement equilibria in
different compartments are assumed. See the results in Pfaffelhuber and Popovic
(2014) on notions of dynamical homogeneity that allow one to make some inter-
esting conclusions.

4. Discussion. Specific features and extensions of spatial chemical reaction
models.

(a) Heterogeneous reaction and migration rates. The reaction rates Ag}f in gen-
eral depend on the compartment d. For the same reason, the outflow of species i
from compartment d’, > jvep A?’/[d/’ 4 might depend on i and d’. Moreover, it is

possible that AE}} (x.4) is zero for some compartments, that is, our model is flex-
ible enough to restrict some reactions to a subset of compartments. Analogously,
movement of certain species types can be restricted to only a subset of compart-
ments, that is, A?’/[d’ . can also be set to zero for some i, d, d’. The only thing which
is required is that every reaction k happens within at least one compartment.

(b) Geometry of space. The geometry of the spatial system has not been explic-
itly relevant for our results. The reason is that movement dynamics is assumed to
happen at a different time scale (either faster or slower) than the effective reaction
dynamics of either the slow or fast species. This implies that only the equilibrium
of the movement is relevant for any dynamics occurring on the respectively slower
scale.

(c) Chemical conformations. Our model can be extended in order to model
different chemical conformations of chemical species instead of spatial compart-
ments. For this, let D; be the set of possible conformations of species i. Then any
molecule of species i performs a Markov chain on D; due to changes in conforma-
tion. Moreover, in this case for each type of reaction k its reaction rate AEIZ 4
might then depend on all conformations of reacting and produced molecules
d = (d)ier and d’ = (di’ )iez, respectively. For example, our results can be ap-
plied to Michaelis—Menten kinetics with multiple conformations of the enzyme
and of the enzyme-substrate complex [see Kou (2008)].

(d) Other density dependent processes. The model can also be applied to other
density dependent Markov chain models, such as epidemic or ecological models.
Analogous results can also be made for density dependent stochastic differential
models of stochastic population growth in spatially heterogeneous environments
[see Evans et al. (2013)].



3206 P. PFAFFELHUBER AND L. POPOVIC

Conclusions. The main conclusion of our paper is the following algorithm for
determining the dynamics of a spatial chemical reaction network: assume we are
given a network of the form (2.1) in a spatial context, that is, (3.1) holds with
reaction rates as in Assumption 3.1; introduce a (large) scaling constant N and
rewrite the dynamics of all species in the form (3.3) (for some «;’s, n;’s and B’s)
assuming (2.8) and (3.2) hold (admittedly, the choice of N, «;’s and B;’s is rather
an art than a science—for simplicity, we are assuming here that this step has been
done already); in addition, suppose every species moves between compartments as
in Assumption 3.4; the goal is to understand the dynamics of overall normalized
sums of species over compartments as given in (3.5).

There are two cases: either the system is on a single-scale, that is, (2.9) holds, or
the system is two-scale, that is, (2.11) holds. (We do not treat higher order scales
in this paper.)

(i) In the single-scale case Theorem 3.7 applies. Essentially, one has to av-
erage all reaction rates of reactions affecting slow species over the equilibrium
distribution of movement of all species. If reaction rates are given by mass action
kinetics, Corollary 3.8 applies.

(i) The two-scale case is considerably more complicated. Here, every species
is either fast or slow and we have to consider all orders of the time scale of fast
reactions and movement of fast and slow species. We call S the overall sum of
normalized fast species and S; the overall sum of normalized slow species. Con-
sider the submatrices of slow and fast reactions, ;“f and ¢° from (2.13) and (2.15),

respectively. A conserved quantity for the fast reaction subnetwork is a nontrivial
element of the null-space of (¢ HT,

(ii-a) If there is no conserved quantity, we can use Theorem 3.13. Here, there
are up to four time scales to consider, movement of fast and slow species, the time
scale of the fast reactions and the time scale of the slow species. In all cases, in or-
der to determine the effective rate on S; on a slower time scale, one has to average
over the equilibrium of all higher time scales. Interestingly, if all slow species are
continuous (i.e., have a deterministic process as a limit), it only matters if the fast
species move faster or slower than fast reactions. The speed of the movement of
slow species does not matter (see Corollary 3.17).

(ii-b) If there are conserved quantities for the fast reaction subnetwork, these
conserved quantities can still change on a slower time scale. Here, we are assum-
ing that this time scale is the same as the time scale of the slow species. The
main difference from the case without conserved quantities is that on the fast time
scale, the equilibria we need to consider for averaging are concentrated on a fixed
conserved quantity. Then, basically, the conserved quantity can be treated as new
species with its own dynamics (which changes on the timescale of slow species by
assumption). Again, there are four cases to consider; see Theorem 3.23. Also, if
all slow quantities are continuous, it only matters if the fast species move faster or
slower than the fast reactions; see Corollary 3.25.
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