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Abstract

For Markov processes evolving on multiple time-scales a combination of large component scalings and
averaging of rapid fluctuations can lead to useful limits for model approximation. A general approach to
proving a law of large numbers to a deterministic limit and a central limit theorem around it have already
been proven in Kang and Kurtz (2013) and Kang et al. (2014). We present here a general approach to
proving a large deviation principle in path space for such multi-scale Markov processes. Motivated by
models arising in systems biology, we apply these large deviation results to general chemical reaction
systems which exhibit multiple time-scales, and provide explicit calculations for several relevant examples.
Crown Copyright © 2018 Published by Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, continuous-time Markov chain models have found extensive use in systems
biology. The complexity of the models introduced has led to interest in a variety of model
reduction techniques. Some of these techniques result in what are effectively laws of large
numbers giving approximations of the model or subsets of the model by systems of ordinary
differential equations. Corresponding central limit theorems for the deviations of the stochastic
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model from the approximating ordinary differential equation have also been given. In addition
to the laws of large numbers and central limit theorems it is both natural and of some biological
interest to consider the corresponding large deviation behaviour of these models.

Models with what we will refer to as the “classical” scaling fit naturally into classical large
deviation results going back to Wentzell [27], and we will review these briefly; however, our
primary interest is in models with multiple time-scales. These models arise from non-standard
scalings of Markov chains with density-dependent rates. Dependence of the transition rates on all
variables implies a full coupling of, and an interaction between all the components. We consider
arbitrary scalings of Markov chains that lead to dynamics on two dominant time-scales: a fast
one — on which rapid fluctuations for a subset of components leads to geometric ergodicity;
and a slow one — on which the remaining subset of components converge to a solution of a
system of ordinary differential equations.

Perhaps the simplest example in the realm of chemical reactions is a model of enzyme kinetics

K ,
S+E=ES—%P+E, (1.1)
“
where S is the substrate, E the enzyme, E S the enzyme—substrate complex, and P the product.
Under appropriate scaling of the parameters, we can write the model as the solution of the system
(see (5.1) for the generator of the process)

ZV(t) = ZY(0) — N7'Yi(N /Ot K1 ZV()ZY (s)ds) + N~'Yo(N fotxzzgv(s)ds)
ZN (@) = 2V () — Y\ (N /Ol/clzfv(s)Zév(s)ds)—i- Y>(N /OIKQZév(s)ds)

+Y3(N /0 tK3Z§V(S)dS)
Zy(1) = 23 (0) + 1(N /0 02V )20 (5)ds) — TN /0 ' zY(5)ds)

—Y3(N /(;tK3Z§V(s)ds)

ZY (@) = N—‘Y3(N/ K3 ZY (s)ds),
0

where Y, Y,, Y3 are independent unit Poisson processes, and Z N Zév , Zév . Z flv are the scaled
amounts of substrate, free enzyme, enzyme—substrate complex, and product, respectively. Note
that M = Zé\’ ) + Zév (t) is constant in time and we will also assume independent of the
scaling parameter N. The amount of substrate is an order of magnitude larger than the amount of
enzymes, and hence assumed to be proportional to the scaling parameter N. Due to the relatively
small fluctuations of the scaled amount of substrate the process Z{V can be approximated by
a deterministic one. The law of large numbers for this system goes back to Darden [9] and is
derived from the above system of equations in [20]. Specifically, it is shown that as N — oo,
Z {V converges to the solution of

Mik3x(t)
Ky + k3 + K1x(t)’

which, of course, is simply the Michaelis—Menten equation. The corresponding central limit
theorem for the scaled deviations N'/3(ZY — x(1)) is given in [21].

X(t) = — (1.2)
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A less straightforward example is a model of packaged virus particle production

/ /

K 5 K3
stuff -G, G—=>T, T+stuff =T+ S (1.3)

Tg, S2¢, G+T+(©S)2V,

where 7T is the viral template, G the viral genome, S the viral structural protein that uses up
resources from the cell, and V is the pre-packaged material necessary for further proliferation
of the virus in another cell (the structural protein is packaged, but it affects the packaging rate
only in its order of magnitude). Under the appropriate scaling of the component amounts and
chemical rate constants we can write the model as the solution of (see (5.2) for the generator of
the process)

ZV (1) = ZN(0) + Y /0 I N1, 7Y (s)ds) — Yu( /0 I N>,z (s)ds)
- Yﬁ(/ot Nz (s)ZY (s)ds)

ZN(t) = ZY(0)+ N~y ( /0 t N*Biids) — N723vy( /0 I N>, 7Y (s)ds)
- N‘2/3Y6(/Ot Nz (s)ZY (s)ds)

Z¥ () = 2V ) + NlYg(/Ot NP3 ZN(s)ds) — N1Y5(/: NBisZV (s)ds)
—N! Y6(/Of Nz (s)ZY (s)ds)

t
ZN (1) = 2V (0) + N2 vy( / N>z (5)ZY (s)ds),
0

where Y, k = 1,..., 6 are independent unit Poisson processes, and Z{', ZY, Z¥, Z} are the
scaled amounts of template, genome, structural protein, and viral package, respectively. The fast
fluctuating components are essentially evolving as a piecewise deterministic Markov process as
defined by [11] with Z; a discrete component and Z3 continuous. Note that the scaled amount
of template and structural protein have large fluctuations relative to their amounts, while the
fluctuations of the scaled amount of genome are relatively small so the process Z5 can be
approximated by a deterministic one. The law of large numbers, obtained for the above system
of equations by adapting the results in [4], shows that as N — oo, Zév converges to a solution of
X(t) = k1 — rpx(t) — K6K—3L(I)x(t), (1.4)
K5 K4 + Kex (1)
and the scaled deviations N'!/ 3(ZéV — x(t)), as can be shown by adapting the example in [21],
converge to a Gaussian process. In addition to two other examples, we provide large deviations
for the enzyme kinetics and viral production models.

Our results allow a great deal of generality for the original Markov process, requiring
only that it satisfies necessary technical assumptions on: the existence and uniqueness of
limiting processes on both time-scales and some control on their exponential growth; geometric
ergodicity of the occupation measure for the rapidly fluctuating subset of components, and
uniqueness for the limiting exponential operator of the remaining subset of components. They
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are general enough to allow the original Markov process to be a multi-scale jump—diffusion
with density dependent (non-Lévy) jump measure. Earlier results for such processes with a
Lévy measure driving the jump terms were given in [23]. We use the same proof methodology,
which relies on the general method for Markov processes developed in [17] based on non-linear
semigroups and viscosity methods, and a generalization of Barles and Perthame limit arguments
for PDEs given in [18].

Part of the motivation for this work was to develop results that can be useful in the context
of modelling chemical reaction networks. Results on large deviations for such models on a
single time scale can be found in the recent work of [1,2]. An application of the use of large
deviation results within a basic model of enzyme catalysis can be found in [10]. Some results
for Markov chain models of chemical kinetics on two (well-separated) time-scales were recently
proved in [25], using different techniques based on the approximation and change-of-measure
approach. Our results fully cover the extent of their conclusions and further extend them to more
general reaction systems with two time-scale effective dynamics. In particular, our results allow
the effective dynamics of the fast fluctuating component to be a combination of discrete and
continuous variables fully linked by piecewise deterministic Markovian dynamics (PDMP) as
defined in [11]. Most importantly our results do not assume the fast fluctuating component in the
original Markov process to be limited to a finite or bounded state space. This is an assumption
that has so far been assumed for all large deviation results on chemical reaction systems in
the literature. The generality of the exponential weak convergence approach combined with the
power of the viscosity solution technique allows all components to live in a non-compact subset
of R,

Our large deviation principle (LDP) for general multi-scale Markov chains is given in
Theorem 3.6. Our other goal was to verify its conditions for multi-scale chemical reaction
systems. Propositions 4.4 and 4.6 give a way to verify two technically challenging conditions:
exponential compact containment, and existence of a solution to an eigenvalue problem,
respectively. We also illustrate how they apply to give the LDP in the discussed examples of
enzymatic kinetics and viral production, as well as in two others.

Outline. Section 2 contains the terminology for large deviations and the relevant general tools.
Section 3 specifies a sequence of Conditions 3.1-3.4 that need to be verified and the statements of
the large deviation Theorem 3.6 and its Corollary 3.8. Section 4 identifies specific aspects of the
reaction network context that allows one to verify (or relax) the needed conditions for multi-scale
chemical reaction systems. Section 5 provides several examples of biologically relevant reaction
systems and explicitly verifies the conditions and obtains the LDP result. The Appendix contains
proofs of Theorem 3.6, Corollary 3.8, and Lemma 3.7.

2. Large deviations

For details and proofs regarding the following discussion see [17]. Let (S, d) be a metric
space. For N = 1,2,..., let X" be a S-valued random variable. {X"} satisfies the large
deviation principle with rate function I if for each open set A

o1 N .
. > _
l}vrglo%f N log P{X" € A} > ;relf‘ 1(x), 2.1
and for each closed set B
1
limsup — log P{X" € B} < — inf I(x). (2.2)
Nooo N x€B
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Using lower semicontinuous functions /7, that is {x : I(x) < c} is closed Vc € R, this definition
is equal to the requirement that

—I(x)= hmhmlnf—log P{X" € B.(x)} = hmhmsup ﬁ log P{X" € B.(x)}. (2.3)
=0 Nooo

Typically, {x : I(x) < c}is compact Vc € R, and then [ is called a good rate function.
The notion of exponential tightness plays the same role in large deviation theory that tightness
plays in the theory of weak convergence.

Definition 2.1 (Exponential Tightness). A sequence of probability measures {uy} on S is
exponentially tight if for each a > 0, there exists a compact set K, C S such that

1
limsup — log uy(Kf) < —a.
N—o00 N

A sequence {X"} of S-valued random variables is exponentially tight if the corresponding
sequence of distributions is exponentially tight.

The approach we will take to proving our large deviation results is based on the following
theorem of Varadhan and Bryc (see [17] Proposition 3.8 or [12] Theorem 4.3.1 and 4.4.2). Let
C(S) be the space of all continuous bounded functions on S.

Theorem 2.2. Let {X"} be a sequence of S-valued random variables.

(a) (Varadhan Lemma) Suppose that {XN} satisfies the large deviation principle with a good
rate function I. Then for each f € Cp(S),

hm —log E[N X)) = sup{ f(x) — I(x)}. (2.4)

xeS

(b) (Bryc formula) Suppose that the sequence {XN} is exponentially tight and that the limit

L 1 NP
A(f) = Jim. N log E[e 1 (2.5)
exists for each f € Cy(S). Then {XN} satisfies the large deviation principle with good rate
function
I(x)= sup {f(x)— AN} (2.6)

FeCy(S)

We are interested in time-homogeneous Markov processes { X" (t)}+>0 which will have sample
paths in the Skorohod space S = Dg[0, co). Assuming the limit (2.5) exists for sufficiently many
functions f, we can apply Theorem 2.2(b) to

1
A(fx) = lim — log E[eM X O XN () = x], 2.7)

to obtain the large deviation principle for the one dimensional distributions. But if we can show

exponential tightness for the distributions of {X"},~¢ on Dg[0, c0), then the Markov property

gives the large deviation principle for the finite dimensional distributions which in turn gives the

large deviation principle for the processes in Dg[0, 0o), see Chapter 5 of [17] Theorem 4.28.
Suppose XV is a Markov processes with generator A y. Define

Vn(@) f(x) = log E[eN X O xN(0) = x].
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Then by the Markov property, { Vi (#)};>0 is a nonlinear contraction semigroup, that is,
V(@ +$)f(x) = VN@OVN(s)f(x), s,6=0

and
SBP|VN(t)f1(x) — Vn(@) o] < Slip|f1(x) — Ll
and we can define a nonlinear exponential generator by
Hy f (x) = lim %(vN(of(x) ~ f) = %e*’vf W aye (x),

provided e/ is in D(Ay). Since it is Hy that we typically know how to compute explicitly, it
is natural to ask for conditions on the sequence of generators { Hy} that imply convergence of
{Vn}. Observe that (2.7) is just the convergence of the semigroup Vy. We define the “limit” as
N — oo of the sequence Hy to be the set of {(f, g«, &%) € C,(E) x B(E) x B(E)} for which
there exists fy € D(Hy) such that for xy € E satisfying xy — x, fy(xy) — f(x) and

g«(x) < liminf Hy fy(xy) < limsup Hy fy(xyn) < g*(x).
n—00 100

With the two examples from the introduction in mind, let us separate component-wise the
notation for the multi-scale Markov process ZV = (X", Y") so that XV satisfies a law of large
numbers while YV has fast ergodic fluctuations. There are several complications to overcome.
Since it is only {X™(#)};>0 that converges to a deterministic limit, we are really only interested
in the large deviation behaviour for that sequence. Also, since the fluctuations of {YV ®}i>0
average out, the “limit” of the sequence { Hy } y— o Will typically be a multi-valued operator. One
way to deal with identifying this limit is to select the functions fy(x, y) = fo(x) + % filx,y)
in such a way that limy_..oHy fn(x,y) = g(x) for some function g that is independent of
y. For geometrically ergodic processes YV this can typically be accomplished by solving an
eigenvalue problem based on a perturbed operator for Y. However, technical challenges still
remain in order to prove existence and uniqueness of the limiting semi-group by verifying the
“range condition” for the limiting non-linear operator.

For the processes in this paper, the state space of ZV will always be a subset of a Euclidean
space EV C R which converges, in the sense that EN € E = Ex x Ey C R? is asymptotically
dense in R? so that for each compact K C R?,

lim  sup inf  |(x,y)— (xny,yn)| =0.
N—00 (x y)e ENK (xn.yN)EEN

This fact allows us to approach the problem of convergence of generators { Hy } and semi-groups
{Vn} by using the sequence of viscosity solutions of the associated Cauchy problems. Namely,
for each h € Cy(EY), the function

4 1 a N
uy (1, x,y) = Vi (Oh(x) = < log E[™" (XY, ¥)(0) = (x, y)]
satisfies the non-linear partial integro-differential equation

oun(t,x,y) = Hyun(t,x,y), in(0,T] X Ex X Ey; (2.8)
uyn(0,x) = h(x), for (x,y) € Ex x Ey.
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The goal is to show that viscosity solutions of (2.8) converge to a viscosity solution ug(t, x) of
the limiting equation

duo(t, x) = Houo(t, x), in (0, T] x Ex; (2.9)
up(0, x) = h(x), forx € Ey,

where the non-linear operator H| is to be identified from the limit of the non-linear generators
{Hy}. In the viscosity method, existence will follow by construction, while uniqueness will be
obtained via the comparison principle. Thus, to show existence and uniqueness of the semi-
group limit (2.7) using this technique, one only needs to verify the convergence of ufﬁ, to ug for
sufficiently many initial value functions /4, and to check the comparison principle for the limiting
Cauchy problem (2.9).

Convergence of u';v to ug can be proved based on a general construction of subsolutions and
supersolutions to two families of operators: {Hy(-; &)}yea and {H;(:; ®)}qca, Which are meant
to “sandwich” the limiting operator H (see [18]). A comparison principle between viscosity
subsolutions of infyc 4 { Ho(+; o)} and viscosity supersolutions of sup, . 4 {Ho(-; &)} in conjunction
with the “operator inequality” between infye{Ho(-; o)} and sup,. 4{Ho(-; o)} will imply the
desired convergence. The proof of uniqueness of the solution i to the limiting problem then has
to be shown by the weak comparison principle for the Cauchy problem (2.9). Knowledge of the
eigenvalue characterization of H in the limiting problem (2.9) can be used in this process. The
remainder of the proof of the large deviations result comes from showing exponential tightness
of {X"} (Definition 2.1) and using Bryc formula (Theorem 2.2(b)).

3. Markov processes on multiple time-scales

The Markov processes we are interested in have generators of the form

Af@ =) m@(FE+ &) — f@), (3.1
k

with k indexing the different jumps of size ¢; which occur at density-dependent rates Ay (z).
We assume the rates are non-negative, locally Lipschitz and locally bounded. Although, we
could have allowed the jump sizes to be state dependent as well, for simplicity we let ¢, be
constant. We use powers of a parameter N to scale individual component sizes ZiN = N"%Z
and scale density-dependent jump rates Ax(z) = NP LY (zy) leading to generators of the form,
for f € D(Ay) C C(EVN),

Avf@) =Y NP @(f+ N2 — (), (3.2)
k

where N ¢ is the diagonal matrix with entries N ~% . The nonlinear generator has the form, for
eV e D(Ay),

1 —a
Hy f(2) = 1 30 NP @MV D@ ), (33)
k

3.1. Model assumptions

Separating the components into Z¥ = (X", Y") we need to make some assumptions on the
dynamics of the rescaled Markov process on two time-scales. We start with a general look at the
needed conditions.
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Let Ly, L be the linear operators defined on D(Lgy) = Cf(EX), D(Ly) = CCZ(EX x Ey)
respectively, given by

Lof(x) =) ()gS - Vef(x), (3.4)
k
Lif@= ) @& y+3) = fE )+ D M@y -V, flx,y), (3.5)
k:Br=1 k:Br>1

with non-negative, locally LlpSChltZ locally bounded functions Tk and Ak, and with RIEx|_valued
and R!7I-valued vectors Ck and §k respectively. Here Ay, Ak and §k , ;k are determined by the
jump rates AN (z) and sizes {k from (3.2) by the convergence conditions we impose next. Suppose
the rescaled Markov process Z" satisfies the following.

Condition 3.0 (General Conditions). The generator Ay given by (3.2) satisfies
lim sup |Ay f(z) — Lof(2)| =0, Vf e€D(Ly)

T zeEN

Jim Sup|NANf(Z) Lif(2) =0, VfeD(L)

N—>oo EEN
For some generator Hy on CLZ.(E x) the exponential generator Hy given by (3.3) satisfies

lim sup |Hy fn(z) — Hof(2)| =0,

T cEN
Vf € D(Hy) and e"'N € D(Ay) chosen so that limy_ ooSUp,cpn | fn(2) — f(2)] = 0.

The first convergence condition essentially insures that the slow component XV has a
deterministic limit. The second convergence condition insures that the fluctuations of the fast
component Y N on the time-scale N have a limit that is either deterministic, a Markov chain
or a piecewise-deterministic Markov chain. The latter is a Markov process with a discrete and
a continuous component, where the discrete component jumps while the continuous component
follows deterministic dynamics, with the jump rate and the deterministic flow determined from
the value of both the discrete and the continuous component (see [11]). These two convergence
conditions describe a separation of time scales which is a common occurrence in stochastic
models of intracellular dynamics: fast fluctuations on the time scale N are described by a
limiting generator L; and slow fluctuations on the time scale ¢ are described by L in the limit.

We next provide a sequence of explicit conditions for a large class of rescaled Markov chains
with effective dynamics on two time-scales, and show that the above general conditions hold.

Condition 3.1 (Scaling Parameters). Let Ty and Iy denote indices of components belonging to
XN and YV respectively. Recalling the scaling parameters o; of the components ZiN and scaling
parameters By of the jump rates )L,]CV , let B(i) = maxy{B : Ci’,\f # 0} be the maximal jump rate
that affects the component i € Ix U Zy. Then

Viely: a;>1 and B(@) < «;,

Viely: a;j >0 and B(j) <1+a;.

There is at least one i € Iy witha; = 1 and at least one j € Iy with B(j) =1+ «a;.
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The first condition above requires that all the components of X are of size at least N, and
that jumps that change their amounts occur at rate at most N. The second condition insures that
the separation of time-scales between fluctuations of X and Y* is at least of order N. The last
condition implies that our choice of the scaling parameter N reflects both the smallest size of
the slow components and the largest separation to the time-scale of fast fluctuations. Under this
condition on the scaling parameter it is reasonable to consider a large deviations result at “speed”
N.

We can describe the effective dynamics on each time-scale if we consider the effective change
(EX , EY) to each component due to jumps of the process. For each i € Zx let

X =N if po = and G = 0if B < a;, (3.6)
and for each j € Zy let
Zﬁ(:g}‘]’(ifﬁkzl—}—aj andEij=Oif,Bk<l+aj. (3.7

Likewise we let xk(z) = limNﬁooA,]{V (z) denote the effective rates of change, though in many
instances we will simply have o= M Using effective changes and rates we will see that
Conditions 3.1, together with subsequent Conditions 3.3-3.4 on the behaviour of YV, will imply
the convergence of the sequence of generators Ay from (3.2) to the generator L, given in (3.4)
operating on the slow variables only, as well as the convergence of the sequence of scaled
versions of these generators %A N to a generator L, given in (3.5). Stochastic averaging will
provide the averaged effective rates in L to be A;(x) = f xk(z)nx’o(dy), where 7+-0(.) is the
stationary distribution for the process Y**° with generator LT‘O in (3.9).
Standard assumptions on the effective processes on both time-scales are as follows. Let

bo(@) =Y @S, b= Y M@y, c@= )Y Ll
k

k:fe>1 k:Br=1
Condition 3.2 (Lipschitz and Growth). There exists K| > 0 such thatVz,7 € E
1bo(2) — bo(2)] + 1b1(2) = bi1(2)] + le(z) — e(@)] < Kilz = 2],
and there exists K> > 0 such thatVz € E

lbo(2)] + 1b1(2)| < Kalz|, supc(x,y) < o0, Vx € Ey.
y

These conditions insure existence and uniqueness of the deterministic process on time-scale
t given by the differential operator (3.4), and of the piecewise deterministic Markov process
on time-scale Nt given by the mixed operator (3.5). However, if existence and uniqueness of
processes defined by (3.4) and (3.5) can be established by other means, for example by conditions
that control their overall growth, then we can drop the above conditions and assume only that
the drift coefficients by, by are locally Lipschitz and locally bounded (as is implied by same
assumptions on A;). We will provide conditions for dropping the global Lipschitz conditions on
models of chemical reaction systems in the next Section.
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We next consider the form of the exponential generator (3.3) applied to functions of the form
v, y) = fx)+ 38, y)

1 P N—2e Ny
Hy fy(x,y) = — Z Nﬂ"k,iv(z)(eN(fN(‘*N 2eNy— @) _ 1)
N k

—aNy_ ¢ —asNy_
— Z )»,](V(Z)(eN(f(x+N “o )= f)HEEHNT2g )—g@) _ 1)

k:Br=1

+ Y NN V) + Y N NG - V(. y)
k:pr>1 k:Br>1

+ Z Nﬂk—lkly(Z)(6N<f<x+1v—ﬂ;kN>—f<x>>+<g(z+zv—%;,j%—gu»_ NN .V F(x)
k:Br>1

— N9l - Vg(x,y) —1).

Using constraints from Conditions 3.1 we have that the last row above has zero limit since:

Br +1 <2a; foranyi € Ty, and By + 1 = 2¢; holdsonly if o; = B = 1 (as B < o, oy > 1);
B —1 < 2a; forany j € Iy, and By — 1 = 2a; implies a; = 0, B = 1 (as B < «; + 1). In the
limit the effective changes (¢ %, ¢¥) that we defined in (3.6)—(3.7) appear as

~ =X 3 ~ =X 3 - Y -
lim H Jy) = P S VI _ by §E V@) (8 y+E)—8(xy) _
Jim Hy fa(x, ) > (@)(e )+ Y he (e )

k:Br=1 k:Br=1
+ ) @ VIO + Y M@ Ve, ).
kfr>1 k:pr>1
We let
Vi p = Y R@ET 1)+ Y R@EE - p (3.3)
k:Br=1 k:Br>1

denote the (Hamiltonian) “potential” from the effective slow process, and the operator

L7 fey = Y @A Py + 50— faom+ Y M@ -y y) (3.9
k:Br=1 k:Bp>1
denote the “perturbed” version of the effective dynamics of the fast process. Then we can
formulate the limit of the sequence of exponential generators on this type of functions as

JimHy fy(x, y) = Vi x, Vi f(@) + e 80D Ly Y Westen, (3.10)

In order for the limiting operator to be a function of x only, we aim to select g in such a way
that the right-hand side does not depend on y. Let p = V, f(x), and suppose for some positive
function g (representing e$) the limiting operator in (3.10) solves the eigenvalue problem for the
operator V(y; x, p) + L": forallx € Ex,p e R

(V(ysx, p)+ L") 8(x, y) = Ho(x, p)E(x, ¥). (3.11)

Let ﬁ_o(x, p) be the principal (“largest”) eigenvalue for the operator V(y; x, p) + L7”. In that
case Ho(x, p) does not depend on g (it is a function of the dominant term f of fy only) and the
convergence assumption in Condition 3.0 provides a single valued limit

Jim Hy fy(x, y) = Ho(x, Vo f(x)

operating on the slow variables only. We will use a method that relies on solutions of partial
integro-differential equations (PIDEs) to show the sequence of exponential generators Hy when
applied to functions of the form fy converge to H applied to f.
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Having established a candidate for the limiting operator H one further needs to establish
exponential tightness for the slow process {X”} and for the occupation measures of the fast
process {I"V(-, C)}, where

', C) = f 1c(YN(s))ds.
0

The next two conditions insure multiplicative ergodicity of the occupation measures and
exponential stability of the dynamics for the effective fast process perturbed by the directional
changes of the slow process. We will show that exponential tightness will follow when we
combine these conditions with control of the growth of the slow process and with convergence
of the exponential generators.

Condition 3.3 (Transition Density). For each x € Ex, p € R the process Y*'? defined by the
generator (3.9) is Feller continuous with transition probability p; " (y, dy) which att = 1 has a
positive density with respect to some reference measure o(dy) on Ey.

Condition 3.4 (Lyapunov I). There exists a positive function ¢(-) € C'(Ey) with compact level
sets and such that for each compact K C R, 68 € (0,1] and I € R there exists a compact set
Aj9.x C Ey satisfying

{yeEy: =0 Ly"e*(y) — IV(y;x, p)l <1} C Aok, VpeK,VxeEx, (3.12)
and for each x € Ex, p € RIEX! there exists K, , > —oosuchthatVz € E
V(y;x,p) > K, ,, Vy € Ey.

The transition density condition was first given in [14] to insure a large deviation result for
the occupation measures of a Markov process, which we impose on the process Y7 determined
by the generator L}"” from (3.9). Together with the Lyapunov condition it implies that for each
(x, p) there exists a unique stationary distribution for Y7 (see [17] Lemma 11.23, also [22]).
Different versions of such conditions are given in [17] Condition 11.21 (also, see Appendix B
for other related references). We will discuss conditions for piecewise deterministic Markov
processes given by a perturbation of (3.5) which can be used to verify multiplicative ergodicity
and exponential stability in the next Section.

In some cases it will suffice to verify exponential stability of the effective fast process using an
(x, p)-dependent function for the Lyapunov condition. This condition together with a version of a
condition on the transition kernels implies Condition (DV3+) in [22] for verifying multiplicative
ergodicity and establishing a large deviation principle for the occupation measure of single time
scale Markov processes.

Condition 3.5 (Lyapunov II). For each p in a compact set K C R and for each x € Ex there
is a positive function ¢y ,(-) € C Y(Ey) with compact level sets such that there exist ¢ > 1 and
dy,, < 00 satisfying

e e LyPer (y) < —clV(y; x, p)l +dv p,  Vy € Ey. (3.13)
where we assume that |V (y; x, p)| has compact level sets.

Finally, uniqueness of the limiting operator H needs to be either assumed or established. We
will consider the first option in our main (upcoming) Theorem and the second in its Corollary.
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3.2. Large deviation principle for the two time-scale model

We can now present the large deviation result for the Markov process on two time-scales.

Theorem 3.6. Assume Conditions 3.1-3.4 hold as well as the weak comparison principle for the
Cauchy problem:

duo(t, x) = Holx, deuo(t, x)), for(t,x) € (0,T] x Ex (3.14)
up(0,x) = f(x), forx € Ey,

with H defined by (3.10). Then the sequence {X™ (1)} is exponentially tight and satisfies a large
deviation principle with speed N and good rate function I given by the variational principle:

I(x,x0,8) = sup {f(x) —ul(t, x0)}, (3.15)
feCp(Ex)

where u(]; is the unique continuous viscosity solution of (3.14).

The proof of Theorem 3.6 mainly follows the argument in [23]. We show that this argument
can be carried through for processes generated by more general (non-Lévy) jump terms and
without diffusions. Key ingredients in this proof are: (1) multiplicative ergodicity of the effective
fast process (perturbed by the value of the slow process and its drift) which insures exponential
control on the behaviour of its occupation measure; and (2) exponential stability for the dynamics
of the effective fast process (in a potential generated by the slow process) which insures
exponential compact containment and tightness. The proof is given in Appendix A.l in the
Appendix.

Much of the proof concentrates on proving the convergence of solutions to Cauchy problem
(2.8) via a sequence of sub- and super-operators which sandwich the limiting operator H. A part
of this proof can be significantly simplified when we know the principle eigenvalue problem with
H) has a solution and we make use of its associated positive eigenfunction. Being able to solve
the eigenvalue problem explicitly relies on the form of the rates A; as well as on some of the
structural properties of the Markov process itself. For polynomial A, there is a class of models
(see Condition 4.5) for which we can explicitly solve for the eigenvalue and eigenfunction of
(3.11). We will discuss a procedure for solving ‘H, for models of chemical reaction systems in
the next Section.

Having an expression for Ho(x, p) also allows for a relatively easy verification of the
comparison principle for the limiting Cauchy problem (3.14) by using the following result. The
proof of this result is based on the theory of discontinuous viscosity solutions (see either [5]
Chapter V, or [19] Chapter VII) and is contained in Appendix A.3 of the Appendix. For
definitions of lower semicontinuous viscosity sub- and upper semicontinuous super-solutions
for discontinuous functions and of the weak comparison principle we refer to [19] VII Definition
4.2 and VII Definition 7.1.

Lemma 3.7. Suppose u, and u, are, respectively, a bounded upper semicontinuous (USC)
viscosity sub-solution and a bounded lower semicontinuous (LSC) viscosity super-solution of
(3.14) for some T > 0 and Ex C RY. Either of the following conditions are sufficient for the
weak comparison principle for (3.14) to hold:
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(a) Hy is such that for all » > 1, R > 0 and for all |p|, |q| < 1, |x|, |y| < R and for some
continuous non-decreasing functions wg, @1 : Ry — Ry with wg(0) = @1(0) =0

Ho(y, Mx — y) + p) — Ho(x, A(x — y) + ¢) < wr(lx — y| + Alx — y*) + @1(Ip — q);  (3.16)

(b) Hy is such that for all > > 1,R, £ > 0 and for all |p|,|q] < 1, |x|,|y| < R with
Alx — y| < £, and for continuous non-decreasing functions wg ¢, @ : Ry — Ry with
g ¢(0) = @(0) = 0 the inequality (3.16) holds with wg , in place of wg,; and H, satisfies
a coercivity condition in p uniformly for bounded x, i.e. for any R > 0

li‘nfR|ﬁo(x, p)| — oo as|p| — . (3.17)
x| <

If Hy is convex in p and lim,_ o0 | Ho(x, rp)| — oo for each x, p, then (3.17) holds.

We now have a more easily verified large deviation result for multi-scale Markov processes.

Corollary 3.8. Assume Conditions 3.1-3.3 and 3.5 hold, without necessarily a lower bound on
V(y; x, p) but assuming |V (y; x, p)| has compact level sets. Suppose the principal eigenvalue
problem (3.11) for Ho(x, p) can be explicitly solved, and either of the conditions (a) or (b) from
Lemma 3.7 hold. Then the large deviation principle for (XN} as stated in Theorem 3.6 holds.

The proof of Corollary 3.8 is centred on simplifying the construction of the approximating
sequence of operators from the proof of Theorem 3.6. In order to do so it uses the positive
eigenfunction in the principle eigenvalue problem for H. The proof is given in Appendix A.2
in the Appendix. Its practical advantages are that it allows one to use a Lyapunov function
dependent on the variable for the slow process; and it simplifies establishing uniqueness of the
limiting operator H . Note that if the state space for the fast process is compact one can trivially
take ¢ = 0 in either (3.12) or (3.13). Moreover, if the state space is non-compact, the process
of finding the explicit solution for the eigenvalue problem can be adapted to find the Lyapunov
function ¢y , as well. We will discuss finding candidates for the Lyapunov functions in the next
Section.

To extend the above results, from either Theorem 3.6 or Corollary 3.8, from finite dimensional
distributions of {Xy(#)} to pathwise large deviation principle for {X"} can be done by the
argument from Theorem 4.28 of [17]. This will require using a variational representation of
the operator H(x, p) and characterizing an expression for the rate function from its Fenchel—
Legendre transform ([17] Section 8.6.1, [16]). This is the characterization of the rate functions
given in [25].

4. Chemical reaction networks on multiple time-scales

We now apply our large deviation results to models of multi-scale chemical reaction networks.
Continuous-time Markov chains have found an important application for modelling chemical
reactions describing cellular metabolic, gene regulatory and signal transduction processes, since
variability in genetically identical cells was in the past two decades shown to be due to inherent
noise of biochemical reactions within each cell [26,15]. A stochastic model of an intra-cellular
chemical reaction network treats the system as a continuous-time Markov chain with generator
of the form (3.1) whose state Z is a vector giving the number of molecules of different types of
chemical species that are relevant. Each reaction is modelled as a possible transition for the state.
The model for the kth reaction, for each k, is determined by a vector of inputs v specifying the
number of molecules of each chemical species that are consumed in the reaction, and a vector of
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outputs vy specifying the number of molecules of each species that are produced in the reaction.
Transition rate for the kth reaction A.(z) is a function of the state z, and the state change of kth
reaction is given by { = v, — k.

Reaction rates in chemical networks are most commonly modelled by dynamics of mass-
action type: in the stochastic version of the law of mass action, the rate function is proportional
to the number of ways of selecting the molecules that are consumed in the reaction:

@ =g [Tv]] (fk) =i [JziG =D @ — v + D), (4.1)

making A(z) a product of abundances of all the species going into the reaction and of a chemical
reaction constant k'. Physically, |vg| = ;v is usually assumed to be less than or equal to
two, which makes the task of controlling the growth of coordinates much easier. In some models
a few reaction rates can be given in terms of a sigmoid function. This is often the result of
approximating the overall outcome of a subnetwork of reactions through a model reduction
procedure. Nonetheless, in all cases encountered in the literature the jump rates are locally
Lipschitz and locally bounded, though, as is the case in binary reactions, they are not always
globally Lipschitz.

We next discuss satisfying the conditions needed for Theorem 3.6 and for Corollary 3.8 to
apply in models of chemical reaction networks, and specify when they can be relaxed. Multiple
scalings of intra-cellular chemical reaction processes arise naturally due to low copy numbers
of various key chemical species types. In other words, species i can be in abundance of order
N% in the system, where typically N is the order of magnitude of the most abundant species and
«; € [0, 1]. Each species is then represented by a component with its rescaled size Z¥ = N~ Z;.
In addition, varying strengths in chemical bonds formed or broken by different reactions lead to
different orders of magnitude, that can be expressed in terms of N, for the different chemical
reaction constants «;. We combine the scaling of constants «; together with the effect of rescaling
species amounts into a single rescaling of the reaction rates as Ay(z) = NP (zV), where
typically B > 0. The rescaled chemical reaction network then becomes a multi-scale Markov
process on EV C R‘i with generator of the form (3.2).

We are interested in models of intercellular reactions whose dynamics has a multi-scale
behaviour with two separated time-scales as in Conditions 3.1. This means that in the reaction
networks there is a group of discrete species present in small counts O(1) and the rest, continuous
species, are present in larger amounts approximated by O(N). Their intertwined reactions
dynamics consists of fast O(N) fluctuations for the discrete species and slow O(1) changes
of the continuous species. The effective changes Ek are typically the same as the net reaction
changes ¢, except in instances when the order ¢; of some species i with ¢; # 0 is smaller than
the order B; of A, and the effective change Eki = 0 (see, for example, species V in reaction (6)
of the viral production model from the Introduction).

A reaction network often involves a few binary reactions with a quadratic rate, so for the
effective processes to exist and be unique one needs the overall depletion rates for each species
to balance out their overall production rates, insuring that all amounts are globally stable. Many
multi-scale Markov models have global existence and uniqueness with only local Lipschitz and
growth of jump rates: the deterministic dynamics of the effective slow process (governed by
growth of the drift by(z)) may be globally controlled; and the piecewise deterministic Markov
process (which is often simply a Markov chain) may have global stability (determined by the
local drift b,(z) of the continuous part and the overall jump rates c(z) of the discrete part) for
each fixed value of the slow process. In that case Condition 3.2 is not necessary and instead
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Condition 4.1 on the binary rates (discussed in the next subsection) should be verified. We
prove in Proposition 4.4 a truncation argument with which the requirement of globally Lipschitz
coefficients can be relaxed (both the enzyme kinetics and the viral production model have some
binary reaction rates that can be accommodated by this result).

The effective fast process perturbed by the direction of change of the slow process (given by
generator (3.9)) is in general a piecewise deterministic Markov process (though sometimes it is
simply a Markov chain). Exponential stability and positivity of its transition density assumed in
Condition 3.3 can be verified using recent results on piecewise deterministic processes [3] (see
also [7] Ch 4). To summarize the conclusions, suppose the discrete component of this piecewise
deterministic Markovian dynamics (PDMP) has jump rates such that their infimum over the
continuous component yields an irreducible and positive recurrent Markov chain. Moreover,
suppose that for all values of the discrete component the generator of the continuous component
satisfies a drift condition with respect to the same Lyapunov function. Finally, suppose that the
flow satisfies a Hoermander-type bracket (hypoellipticity) condition at a point of the continuous
component. Then, at this point, the process has a positive transition probability with non-trivial
absolutely continuous part with respect to Lebesgue measure. These results are particularly
useful when the state space for the effective fast process is non-compact and having a positive
transition density is non-trivial.

In models where the state space Ey for the fast process is compact verifying the exponential
Lyapunov Condition 3.4 is unnecessary. In the non-compact case we need to look for a candidate
function ¢ based on both the dynamics of perturbed effective fast process with generator L|”,
and on the potential function |V (y; x, p)|. For multi-scale processes for which we can explicitly
solve the eigenvalue problem (3.11) we can relax this condition and instead verify the Lyapunov
Condition 3.5, and look for a candidate function ¢, , dependent on the value and direction of
change of the slow process. Moreover, such a function can be found by a similar procedure
according to which one can find the positive eigenfunction of the EVP (see, for example, the
models of down-regulation and of viral production in Examples section, both of which have
an unbounded fast variable). For practical purposes, with Condition 4.5 and Proposition 4.6 we
provide a procedure for solving the EVP for principal eigenvalue and positive eigenfunction
explicitly.

4.1. Truncating the jump rates

Many chemical reaction networks involve a few binary reactions whose rates have quadratic
growth. Our goal is to truncate these jump rates and prove the large deviation result using
Theorem 3.6 on a process with truncated rates. Let us illustrate this on the examples from the
Introduction. In the model of enzymatic kinetics (1.1) the sum of enzyme and enzyme—substrate
abundances together is conserved by the system, so Z,(t) + Z3(t) = M is constant in time.
Consequently, the rate of enzyme—substrate production S + E — E§ satisfies 1(z) = k12122 <
k1 Mz, and this quadratic rate is in fact at most linear. In the model of viral production (1.3),
there is a quadratic reaction rate A¢(z) = k62122 for the viral packaging G+ T 4 (S) — V. There
is no conservation law in the system, but the viral genome G is slowly varying, its rate of increase
is given only by # — G and is bounded by a constant. This allows us to have exponential control
on how large the factor G can get. As we will see, from the point of view of large deviations, this
quadratic reaction rate can consequently be replaced with versions that are at most linear.

We say that a “general conservation law” holds for a subset of species, if a linear combination
of those species is left unchanged by all the reactions in the network (for example, in the model
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of enzyme kinetics (1.1) the enzyme and the enzyme—substrate are in one such conservation law).
We make the following assumption on the jump rates.

Condition 4.1. Suppose that for each k there are non-negative constants 6y o and 6 = {6} so
that

@) < Oeo+ Y Oiz))_ 2, 4.2)

and for each k we have either:
(i) all species i for which 6 ; > 0 are part of a general conservation law, that is, 6 ; > 0
implies 6; > 0, where 6 = {9 } is such that all net changes satisfy

G-60=0, Vk;

or:
(i) all species i for which 0y ; > 0 are part of the slow process, and rates of all those reactions
with a net increase of species combinations given by 0y satisfy

Z M(z) < C', forsome C' < oo.
k:i-0k,i >0

For rates that are specified in “mass-action” form the Condition (4.2) requires that in all binary
reactions at least one of the reactants S; must satisfy 6 ; > 0. Also, if that reactant is part of the
fast process it must be part of a conservation law (there can be multiple conservation laws in the
system), or if it is part of the slow process it is created only by reactions with bounded rates,
for example, reactions such as § — S; or reactions §; — ; for some species S; of bounded
abundance.

We need to introduce a notion that will describe what happens to the process once we truncate
its jump rates, and justify why it is useful in the context of large deviation results (this is Theorem
4.2.161in [12]).

Definition 4.2 (Exponential Approximation). The sequence {X™-} is an exponentially good
approximation of { X"} if for every € > 0

1
hm limsup — log P{| X" — X¥¥| > ¢} = —o0.
M=o N_oo N

Theorem 4.3. Suppose for each M the sequence {XN'M) satisfies a large deviation principle
with rate function Iy and suppose {XN-M} is an exponentially good approximation of {X"}.
Then

(a) (XN} satisfies a weak large deviation principle (meaning that (2.1) holds for each open
set A while (2.2) only holds for each compact set B) with rate function

I(y) = supliminf inf I (x).

e M—00 z€Be(y)

(b) If 1(-) is a good rate function (sublevel sets are compact) and for each closed set B

1nf I(y) < limsup 1nf Iy (y),

M—o0 Y

then {XN} satisfies the large deviation principle with rate function 1.

The following result is very useful in some models of chemical reaction systems.
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Proposition 4.4. Assume Condition 4.1 holds and that the initial value satisfies P{X"(0) - 6, <
C} =1 for some C < oo and all 6y as in (4.2). Then for all large enough M < oo replacing the
jump rates A (2) of the Markov process X" by Li(z) A (6x.0 + M)(D_,;z;) produces a sequence of
processes { XN M} that is an exponentially good approximation of {XV}, that is

1
lim sup N log P{sup| X" () — XVM(1)| > 0} < c(t) — M.

N—o0 s<t

Proof. In case (i) holds for reaction k the assumptjgn on § implies that 5, = ay,;6,; for some
ai.; > 0. The conservation law implies that X" (¢) - 6 = XV (0) - 6 for t > 0. The assumption on
the initial value implies

1 5 1 ~  MmaXxg; a;
XV(t) - 6, < (max —)XV(t) -6 = (max —)XV(0) -6 < —* i
b A ki ay ming ; ax;

So as soon as M > E?:I’:[’Z:l’ C we have that P{} ;6 ;X" (t) < M} = 1, and we can replace the

rates A(z) by Ax(2) A (B0 + M)(_,z;) without altering the process.
In case (ii) holds we make use of the martingales

exp{ N (XY (1) - 6 = X"(0) - 6 - /0 >ONATLE N ) (e — 1)ds) |
k

to obtain for any M < oo and stopping time ¥V for XV that

1
lim sup — log P{sup X™ (s) - 6 > M}
Nooo N s<t
E[eNXN(mrN)-Ok]
<limsup — log ————~——

N—o0 eNM

Elexp{N(XV©O) - 0 + [3"7 XV () Cpogy 0 N1V 500 — 1)dis))]
eNM

1
< limsup — log
N—o0

~x -
< C 4 Clte™nt a0 % 4 max  TX.60 — M = c(t) — M.
k:Br>1,85-6k >0

In the last inequality we used the assumption P{Zk:{k~9k>0)"k(XN(t)) < ('} =1forVt >0, and
that since & - 6 = £ - 0
li Be—1( ,N' 72000 1y _ TXo =X
LR R D DI RN SR
k:¢y -0 >0 k:Br=1, {-6>0 k:Br>1, §-6>0

Let XV:M be the process with the same chemical reaction network properties (same &, o;, Bi, Yx)
except we replace the rates A,(z) by Ax(2) A (Bk0 + M)(D_;z:). On the event {supsi,XN(s) SO <
M} the processes XV and XM are the same, hence

1
lim sup N log P{sup|XN(s) — XN’M(s)| > 0}

N—o0 s<t

1
< limsup 5 log P{sup XV(s)- 6 > M} < c(t)— M. O

N—oo s<t

4.2. Solving the eigenvalue problem

In order to apply Theorem 3.6 we also need to show the comparison principle for the limiting
Cauchy problem (3.14). It insures that we can identify the limiting semi-group (2.7) in Bryc
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formula from our convergence arguments. Theory for uniqueness of viscosity solutions says
that the comparison principle will hold if the conditions provided by Lemma 3.7 are satisfied.
They are similar to the conditions for proving comparison principle for operator themselves (see
Lemma 9.2 [17] or Proposition 7.7 [8]). There is an advantage in having an operator which is
convex and coercive in p, as then we only need to check these conditions on compact subsets
of Ex x R (see option (b) in Lemma 3.7). This can easily be verified if H, can be explicitly
calculated.

In order to explicitly calculate H, we need to solve the EVP (3.11) for the principal
eigenvalue, finding the positive eigenfunction g = e“!™Y) in the process. Let us illustrate the
conditions we need on the examples from the Introduction. The key feature in both the enzyme
kinetics network (1.1) and in the viral production network (1.3) is that the dynamics of the
effective processes has rates that are linear in the fast variables, and that the effective changes of
the fast process take values in {—1, 0, 1}.

In the model of enzyme kinetics (1.1), the effective dynamics of the fast process is a pure
Markov chain. The fast variables are E and E S, but due to a conservation law between them,
there is effectively only one fast variable, say E, in amount y. Since the rates in the effective
process are linear in y, and since we need a positive eigenfunction g, we can look for an
eigenfunction whose logarithm is linear in it as well. That is, we let g = @) where the
function a(x) of the amount x of the slow variable S is to be determined. We need to insure that
V(y; x, p) + e LT e is a function of x only (see Section 5.1 for the evaluation of this
expression and others in this explanation). Since the rates appearing in V and L} are linear in y,
this function is linear in y as well. After grouping all the terms we set the coefficient of y to zero
in order to determine a(x) From (3.9) we see that a(x) appears in the function e~ L7 ¢y
only in the form of e @) and because the effective changes of the fast process satisfy
ZY € {=1,0,1}, a(x) appears only as {¢“®, ¢, e=%™}. Setting the coefficient next to y equal
to zero for all x leads to a quadratic equation in e, which under appropriate conditions will
have a unique positive solution. Solving for a(x) > 0 consequently provides the eigenfunction
2 = ¢“™ and provides the expression for Hy(x, p) = V(y; x, p) + e 90V L]7 @)y,

In general, for network with multiple fast variables, we can s1m11arly solve the EVP if
we impose some conditions. To illustrate them on the above example consider the amounts
y1, y2 of fast variables E, ES as a process in two variables. Let a(x) = (a;(x), ax(x)),
g = /Y = enitaton and in e WYL Pe"™Y we have a(x) appearing in the forms
{e1®) () 0 g=a1) o=@} Consider the two coefficients in V(y; x, p) + e @Y L7 4
next to the terms y; and y, that are to be set equal to zero and thus determine a;(x), a>(x). When
a term e~“1™) appears it must appear in the coefficient next to y; (since E is a source species for
this reaction), and we require that, in that case, if a term e“2*) also appears in the coefficient next
to y;, we must have y; 4+ y, = const. This is in fact the case in our example of enzyme kinetics
(from E+ S — ES), and it insures that we can isolate a quadratic equation to be solved for a;(x)
from the coefficient next to y;. We make the analogous requirement for coefficient next to y, as
the term e~™ appears in it (from E + S — ES and ES — P + E), in order to allow us to
solve for a,(x). In isolating equations for a;(x) and a,(x), we could have also allowed for a term
" to appear in coefficient next to either y; or y,, from reactions where a fast species produces a
slow one (for example, E — E + S).

We formalize the above requirements and make the following assumptions on the jump rates
in case the effective dynamics of the fast process is a pure Markov chain.
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Condition 4.5. Suppose that E/Zi € {—1,0, 1} Vk,Vi; there are constants 6y o, {6} € {0, 1}
satisfying O.o + > .0k = 1 such that

Mie(x, y) = Ar(x)(6k0 + ZQk,iyi);
and for each speczes j for which 3k, i such that 6, ; = 1 and g‘k = —1 we have that either:
(i) a species j' # j for which 3k’ (possibly k) such that Qk/ ; = 1 and Ck, o # Ois part of
a conservation law together with species j, that is, both 9 > 0and 9 ir >0 where 6 = {9 }is
such that effective net changes for the fast process satisfy

ol -6=0, Vk
or:.

(ii) a species j' # j for which 3k’ (possibly k) such that 6y ; = 1 and Ek’f,j, # 0 is part of the
slow process.

This condition is simplest to explain in case the jump rates on the time scale of the fast
dynamics are given by mass-action functions, that is, a reaction k acting on fast species {S;}:

(slow species) + ZQk,iSi — Z(Q’“i + Eky,i)S,- + (slow species)

has jump rate of the form:

2@ = @] [ y™

Linearity of the jump rates (in the fast variables) is implied by 6;; € {0, 1}, Vk,i. When a
reaction’s jump change for species i is ka, ; = —1 then this is a reaction which is either simply
using up species i or converting species i into some other species j 7 i:

(slow species) + S; — (slow species) + Ck)f j Si,

with Eky ; = 0in the former and EkY ; > 0in the latter case. Since species i goes into this reaction,
it implies that also 6, ; = 1. There may be other reactions £’ with 6/ ; = 1 which only use species
i as a catalyst and then ;k’fl. > 0:

(slow species) + S; — (slow species) + Ek)f!iSi + E,f’ j S;

Our condition says that any species j # i created by such a reaction from i must be either
in a conservation relation with it: ) 9 Y; Ny = > 9 Y; N() for all + > 0, or is a slow
species. For simplicity we assume that if species i is part of a conservation law 8 with §; > 0
then there is a unique species i’ such that 6y > 0 as well, we denote this relationship by
i’ ~ . Lei M; = Q:iI/iN(t) + @;/Yil,v(t), vVt > 0, and in such pairs apply a change of variables
yir = M; /0 — (6;/6;)y;.

We can now solve the eigenvalue problem when the fast process is purely a Markov chain.

Proposition 4.6. Assume the effective dynamics of the fast process is a Markov _chain and
Condition 4.5 holds. Let T = {i : 3k, j Ok; = 1, gkj =—-1}LZ;=1{i : 3k 6; =1, {kj = —1},
and J = {j : 3k Ck = —1}. Let {A;j, B;, Cij} be the functions given in (4.4)-(4.6). If
Vx € E, p € R: (a) for each Jj € J the quadratic equation

3y A, p)+z; Y Byx, p)+ Y Cij(x, p) =0

lEIj IGIj lEIj
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has a unique positive solution z;; and: (b) over the set 1 = {i : Hk, j Ori =1, Ek’fi = —1} the
system of linear equations '

{3 zase.m+ Y By =0}
jege jeJge '€

has a unique positive solution of variables {z;} jcsc over the set J¢ = {j : Pk Ek)jj = —1}. Then,
forany j € J for which ZieI,Aij (x, p) # 0 only (i) in Condition 4.5 is possible. Moreover, the
eigenvalue problem (3.11) has a unique solution given by

— = (FY ~
How,p) = 3 k) (1m0 7eXi R — 1) 41,5 p)

k6 o=1
~ FX a4 (0OEY. ~
Y Mg (M /8) Y Ak(x)(lﬂkzl(efk PR i 1) 4 1515 - p), (4.3)
i kiby =1
gy o : . : :
where e>i®% ki = l_[izik" in the formula is determined by the solutions to the quadratic and

linear equations above, and the associated eigenfunction is given by ¢"*>) = [],z".

Proof. We rewrite (3.11) with A(x, y) = ) _;a;(x)y;
(V(yix, p) + e " LY P D)
Z Ak(z)(eka-p+Zia,~(x>Zk”_,. -+ Z )\k(Z)EkX -p

k:Br=1 k:Br>1
=X, Ca:(x NY_
= Z Me(x)(Ok,0 + Zek,i)’i)(e{k R Z A (x)(Ok0
k:Br=1 i k:B>1

+ ZQk,i)’i)EkX P

X ca; ()Y ~

k6 0=1
X a4 (OFY. ~
2y D, )\k(x)<1ﬂk:1(€§k PRI — 1)+ 1 p)
€T ki =1
=X, a0 ~
+Y o Y )\k(x)(lﬁk=1(e§k PRGOS — 1) 4 100G P>~
i€l k=

In order to get a result which is independent of y we need to set all of the terms next to y; to
zero, which will leave the first row intact, except for adding to it all the M; dependent terms from
the change of variables y;; = M;/6;; — (0;/0;1)y; where i’ ~ i exists

~ =X Ca(0OFY. ~
St/ Y w1 P ) 1 ).
i k6 =1
Using Condition 4.5 we can rewrite the middle row as
Yoy (¢ Ax, p)+ By(x, p)),
ieZc  jeJ¢
and likewise the last row as

D3 Y (T A (x, p) + Bij(x, p) + e IV Cij(x, p)).
ieZT jeJ
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where we used the following functions

. .
A py = 3 Ty i COlgm1eh T = 1 i /Br)
kO =1

.
x Y Ly i h) g€, (4.4)
kit =1

.
Byx.p)= ) Tz a1t = 15i6/6)
k=1

“x
X Z lzk’f/=0)hk(x)1ﬂkzle§k p s
k:ek,i,zl .

+ > M) (Agmt + 1T p) — Lo @/8)
k:6y =1

X Z )Lk(x)(_lﬂk:l + lﬂk>lEkX : P),

O =1

o
Cijx.p) = ) Tor _ ) lgmre®” — 1B /0r)
kb =1

X
DD R VIC PRRE S (4.6)
k:by =1

For each species i from the middle row we get one equation in a system of |Z°| linear equations
in the variables z; = %™ over the set j € J°. For each i from the last row we get a single
quadratic equation in the variables z; = ¢%™), note that Condition 4.5 implies the map i +> j
is unique. The set Z; = {i : 3k 6;; = 1,Ek,j = —1} may not be of size 1, so these quadratic
equations will combine to identify a single solution z; to the quadratic equation

DAY+ B + Y Cij(x)e™ 1™ = 0.

lEI_i lEI_/ lEIj

Note that this equation can in fact have the coefficient ), ez A;; = 0in which case option (ii)
of the Condition 4.5 is possible. However, if the equation has ), ez A;; # 0 then the quadratic
equation has a unique positive solution iff ) _; ez, A;(x)) ", c7.Ci(x) < 0. This implies that only
option (i) of the Condition 4.5 is possible and species j € J has to be in a conservation law with
some other species, as otherwise all of the functions A;;(x, p), C;;j(x, p) are positive and only
B;j(x, p) can be negative. [

Note that |Z| > | J| so |J¢| > |Z°| and in general there may be variables that are not defined
by the system (e.g. ¥ — S with no S — in system). This is the reason we include in out state
space Z only active species in the reaction network which are defined as species that appears as
an input in at least one reaction. An example of an inactive species is the product species P in
the enzymatic kinetics example, or the packaged virus particle species V' in the viral production
example.

We next consider the case when the effective dynamics of the fast process is a piecewise-
deterministic Markov chain and a dynamical system (a PDMP). Recall that the state space of
a PDMP separates into a discrete and a continuous component, where the discrete component
jumps according to a Markov chain and the continuous component performs deterministic
dynamics. In the model of viral production (1.3), the fast variables are T and S, in amounts y; and
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v, respectively. Their effective dynamics are a birth—death Markov chain for y;, and deterministic
dynamics for y, whose gradient depends on the state y;. Since y; is discrete and y; is continuous
from (3 9) we see that now a(x) appears in the function e =Y L1*¢4®) in the forms of el )
and g“ 2 a,(x), that are effectively {e41™) 0 e~} and {a,(x), 0, —a»(x)} (see Section 5.4 for
evaluation of expressions). When a term e~ appears in the coefficient next to y; (which it
does from T — #and G + T + (S) — V), it may happen that the term a,(x) also appears next
to y; (as it does from 7" — T + S§). Then, in order to be able to isolate an equation for a;(x)
from the coefficient next to y;, we require that a,(x) can be solved independently, which means
that in the coefficient next to y, we only allow appearance of ax(x) (from S — ). In general,
we could have had two discrete fast variables in the network, in which case we would need to
impose the same requirements as we had in the pure Markov chain case. The only additional
requirement made in the PDMP case here comes from reactions where a discrete fast species
produces a continuous fast species (for example, T — T + S).

In case the fast process is a PDMP, sufficient conditions for the existence of an explicit
solution to the eigenvalue problem is slightly more difficult to state, but equally straightforward
to solve. No restrictions are necessary on its continuous component, and conditions on its discrete
component are similar to the case when the fast process is just a Markov chain. The only
difference is that, here we have an extra option (iii) in which species created from reactions
using fast discrete species are allowed to be fast continuous species (similarly to the option (ii)
where they are allowed to be slow species, see the explanation after Condition 4.5). We formalize
this as follows.

Condition 4.7. Suppose there are constants 0y o, {0x.;} € {0, 1} satisfying 6x.0+ Y _ 0r; = 1 such
that
Ai(x, y) = A(x)(6k0 + Zek,iyi);

for each i in the discrete component §k1 e {—1, O 1} Vk; and for each j in the discrete
component for which 3k, i such that 6;,; = 1 and é‘k i = = —1 we have that either (i) or (ii)
of Condition 4.5 hold or:

(iii) a species j' # j for which 3k’ (possibly k) such that 6 ; = 1 and é‘k, . # 0is in the
continuous component of the fast process, and is such that: 3i* # i, Ik* £ k' such that O+ i+ = 1
and {k* ., # 0 and also {k* « #Z Qonlyif j*is a slow species.

We note that if (i) holds for species i than the conserved species i’ ~ i must also be in the
discrete component of the fast process.

Corollary 4.8. Assume the effective dynamics of the fast process is a piecewise-deterministic
Markov chain and Condition 4.7 holds. Let L, 1;, J be as in Proposition 4.6. If Vx € E, p € R
for each discrete component species j € Yy N J the quadratic equation

z; Z Ajj(x, p)+z; Z Bij(x, p) + Z Cij(x,p)=0
iGIj iEIj iEIj
has a unique positive solution z j, and over the set L° the system of linear equations

Y LA P+ Y wAGE P+ Y Bij(x,p)=0]

jevgnge jeYe JeVanT Y,

ieZ¢
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has a unique positive solution of variables {zj}jcy,nge, {Uj}jcy., then for any j € Y, N T
for which )", 1 A;j(x, p) # 0 only (i) in Condition 4.1 is possible. Moreover, the eigenvalue
problem (3.11) has a unique solution given by

— ~ i (OFY ~ ~
How,p) = 3 a00)(Lgm (€7 5 — 1) 4 101 G p 43 - atx))
k0 o=1

+ Zlﬂi’wi(Mi/gi’)

7 (OZY ~ ~
x Y h)(Lgm PR 1) £ 1y G p 4T - at)), @47)
kO ;=1

. aeEY . ~ -
where in the above formula the terms ¢k = iy, and ¢ - a(x) = 30y &F ju;(x)
are determined by the solutions to the stated quadratic and linear equations, and the associated
eigenfunction is given by ") = ]_[ieydzgvi ]—Iieyceuf(x)y/.

Proof. The generator of the fast process has an additional term from the continuous component

Ly"f@ = Y M@0y +50) = fe )+ Y m@E - Vy fx. ),

k=1 k=1
so if a(x) = {a;(x)} using h(x, y) = >_.a;(x)y; as before Eq. (3.11) now becomes
(Vi x, p)+e "D Ly P )
X DY ~ ~
= 3 @ (Lgmr @ TR ) 1 @ p 4T o))

kﬁgk,():l
X S a0 ~ ~
+ 300 2 M) (L (€ P ) 1y G p + T ax)
i€Z¢ ki =1

=X, i (0ZY . ~ ~
3w Y (L@ PR ) 1 G p 4T ato),
i€l k=1

where we rewrite the middle row, using Y, and Y, to denote discrete and continuous components
respectively, as

Dovil 2o VA P+ Y @A+ Y By ),
€I jeyunge j€ve JEX NT Y,
and likewise the last row as
Z Vi Z (e Aj(x, p) + Bij(x, p) + e Cij(x, p)).
iel JEY4NT
where the functions A;;(x), B;(x), Ci(x) are the same as in (4.4),(4.5),(4.6), and the only new
contribution is from the function
AP =Y Mg & = Lo @/0) Y g (4.8)
kb i=1 kiby =1
Otherwise the rest of the process of solving for the result is the same. [

The condition precludes systems with reactions that are bi-molecular in fast species, which
is an assumption we made for the sake of simplicity of the proposition. It is in principle clear
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how one can try to extend the above derivation in case of multi-molecular reactions between fast
species to get a solution to the eigenvalue problem.

We will show how the procedure for solving the eigenvalue problem works in a variety of
examples, including the two mentioned in the Introduction.

5. Examples

We assume that reaction rates have mass-action form throughout the following examples, as
in (4.1) although in one of the examples (Section 5.2) we will in addition allow some of the
chemical reaction constants k; to be a function of a specific species of interest in the system. We
consider the LDP on Ex = (0, o0) and Ey is either [0, K] for some K or (0, co) depending on
existence of conservation laws in each example.

5.1. Enzymatic kinetics (MM)

We recall the model for enzyme kinetics (Michaelis—Menten), with an inflow of the substrate

/ ’ /
Ko Ky K3

o 9 - s (1,2 S+E = ES (@3 ES —~ P+H+E.

The scaling of the amounts is implied by the fact that molecular amount of the substrate § is an
order of magnitude greater than the amount of enzyme E and of the enzyme—substrate complex
ES. Let Z, Z», Z3, Z4 represent the amounts of S, E, ES, P molecular species respectively,
the orders of magnitude lead to appropriately scaled species amounts Z{V = Zi/N, Zév =
Z, Zév = Zs, Zjv = Z4/N. The reaction constants k; also have different orders of magnitude,
with those for the dissolution of the enzyme—substrate complex in reactions (2, 3) being an order
of magnitude larger than the forming of the complex. Let kg = /N, k1 = k|, k2 = k}/N, k3 =
k3/N, so the model of the system is

ZV(@t) = ZNO0)+ =NV (Niot) — N~'Y (N /Ot K1 ZV () ZY (5)ds)
+N71Y(N /Ol (M — ZY (s))ds)

Zy(1) = 23 (0) = i(N /0 t K1 Z{ (5)Z) (s)ds) + Ya(N /0 ea(M ZY (s))ds)
LN /0 s — ZY(s)ds)

ZY(t) = ZY(0) + Yi(N /Otle{V(s)ZéV(s)ds)
—Y5(N /0, 2 ZY (s)ds) — Y3(N /0, K323 (s)ds)

ZN(@t) = N7'v3(N /OtK3Z§V(S)ds).

There is a conservation law between E and E S since Zﬁv (1) + Zé\' (t) = M,Vt > 0 hence we
will use a change of variables z3 = M — z,. We also note that P is not an “active” species of the
system, as it does not enter on the left hand side of any reaction.
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This leaves a system with the slow and the fast process X = Z and YV = ZY respectively.
The scaling conditions are clearly satisfied with the time-scale separation between slow X* and
Y™ of order N. The effective dynamics of the slow process is given by the ODE in (1.2) while
the effective dynamics of the fast process is a birth—death Markov chain with death rate «1z,z
and birth rate (kp 4+ k3)(M — z).

The rate of reaction (1) is binary, with A,(z) = kz;22, but since one of the factors, Z,, is part
of a conservation law and hence bounded by the constant M, by Proposition 4.4 the process has
an exponentially good approximation in a sequence of processes, indexed by increasing values
of M’, in which the rate A; is replaced by A|(z) = k1z1(z2 A M) = Ai(z) for M' > M.

The generator for the pair is

Anf(x,y) = Nko(f(x+N7' y) = f(x, )
+ Nikxy(f(x —=N~' y =1 — f(x,y)
+ Nio(M —y)(f(x+ N y+1) = f(x,y)
+ Nis(M — y)(f(x,y+ N~ — f(x,y),

so the exponential generator, acting on fy(x, y) = f(x) + N~'h(x, y), and its limit are

5.1

—1y_ -1 _ s
Hy fy(x,y) = KO(eN(f(erN )= f(X)+h(x+N"",y)—h(x,y) _ 1
3 —1 3 =1 1V h(y v
ley(eN(f(x—N )= f))+h(x—=N"",y=D)—h(x,y) _ 1
—1y_ e _ .
+ 1 (M — y)(eN(f(erN V= fOEN+hG+NT L y+D)—h(x,y) _ 1

+ (M = y)(e" DT — ),
lim Hy fn(x,y) = kel + Klxy(eif/(x)eh(x’y*1)7}'(""") -1
N—oo

+ (e + )M — y)(e! WMt )
= Ho(x, f'(x)),
so that H(x, p) satisfies the EVP equation (3.11) with

V(y;x, p) = koe” +rr1xy(e”” — 1) + k(M — y)(e” — 1),
LT’Peg(x.,y) — leye*p(eg(x,yfl) _ eg(x,y)) + (ky + K3)(M — y)(eg(x,erl) _ eg(x,y)).

Since the perturbed effective fast dynamics is a birth—-death Markov chain with birth rate
(k2 + k3)(M — y) and death rate x;xye™? the density Condition 3.3 is satisfied, and there
is a unique stationary distribution which is a Binomial(M, 7*-?) with size parameter M and
probability parameter %7 = (k; + k3)/(k2 + k3 + k1xe”P). Since the state space for Y7 is
{0, 1, ..., M} both Lyapunov Conditions 3.4 are trivially satisfied.

In order to solve the EVP for Hy(x, p) above let g(x, y) = a(x)y, then

Ho(x, y) = k1xy(e Pe ™ — 1) + (ki + k3)(M — y)(e™® — 1)
=y (/qx(e_”e_“(x) — 1) — ka(ePe™™ — 1) — k3(e®™ — 1))
+M (r2(e”e*™ — 1) + k3(e*™) — 1)) + ko(e? — 1),

which after setting the coefficient of y to zero gives a single quadratic equation

(k2e” 4+ k3)e* ™ + (k1x — k2 — k3)e"™ — kjxe P = 0.
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Since there was a conservation law in the fast variable the quadratic coefficients can satisfy
A(x)C(x) < 0 and produce a unique positive solution

40 _ —(K1Xx — Kk — K3) + \/(le — ko — k3)% + 4(kre? + k3)k 1 xe™ P
- 2(kre? + k3)

’

which by Proposition 4.6 implies

— M
Ho(x, p) = 5 (—Kz — i3 — k1% + /(2 + k3 — K1X)% + 4Ky + K3€_p)K1X)
+ ko(e? — 1).

From the explicit equation it is clear that on (0, co) x R the function ﬁo(x, p) is convex and
coercive in p and it satisfies the condition (3.16).

5.2. Self-regulated gene expression (SRG)

Another common example from systems biology is that of self-regulated gene expression

k(P « « « :
1,2) Gy fo> G (3,49 G =G +R, R2R+P (56 R2¢, P29,

where Go, G are inactive and active molecular conformations of a gene, R is the MRNA,
and P is a protein expressed by this gene. The self-regulation of the gene comes via the protein
it expresses, whose amount affects the rate at which the active conformation becomes an inactive
conformation and vice versa.

We assume there is one copy of the gene, and the amount of MRINA and protein in the long run
is expressed in terms of a scaling parameter N. The two conformations of the gene are rapidly
changing their states, and the active one is rapidly involved in expression, so the rates k7, k5, k}
are assumed to be of order N, while the translation rate and the MRNA and protein degradation
rates «, k5, kg are of order 1. Let Zy, Z,, Z3, Z4 represent the amounts of Go, Gi, R, P
respectively, so their rescaled versions are Z{V = 7, Zév = 7, Zé\’ = Z3/N, Ziv = Z4/N.
Let k1(Z3/N) = k{(Z3)/N, k2(Z3/N) = «5(Z3)/N, k3 = k3 /N and k4 = K}, K5 = K3, Kg = K.
We assume the self-regulating rates «(-), x»(-) are Lipschitz and grow at most linearly, and to
prevent absorption of the system we will assume they are positive.

There is a conservation law between Gy ad G, since Gy(t) + G1(t) = 1,V so we use
72 = 1 — z;. The model of the system is

ZY(t) = ZY(0) — Yi( /0 Nki1(Zy () ZY (t)ds) + Ya( /0 Nio(Zy ()1 — Z7(s))d's)
O N’1Y3(/ Nics(1 — Z{ (s))ds) — N’le(/ NicsZY (s)ds)
0 0

ZY (@) = N—‘Y4(/ N/c4z§’(s)ds)—N—‘Y6(/ Nk ZY (s)ds).
0 0

The slow and fast process are (X N, Xév y=(ZV,z f‘v yand YV = Z{V respectively, with the
time-scale separation of order N, and the generator of the pair is
Ay f(x,y)
= Nk1()y(f(x,y =1 = f(x, 9) + Nio(e2)(1 = )(f (x, y + 1) — f(x, y)
+ Nis(L = Y)(f 1+ N7 xa, y) = fO 9) + Nigxa (f G xo + N7 y) = f(x,y)
+ Nisxi(f (e = N7 xa, y) = f(, ) + Niegxa(f (i, x2 = N7 y) = f(x, ).
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The effective dynamics of the fast process is a Markov chain on {0, 1} with 1 +— 0 rate
k1(x2)y and O — 1 rate k»(x3)(1 — y) and a unique stationary distribution that is Bernoulli with
probability 7% = k2(x2)/(k2(x2) + K1(x2)). This implies that the effective dynamics of the slow
process is given by the system of ODEs

fun) = KO )
K2 (x2()) + K1 (x2(2))
X2(t) = k4x1(t) — Kkex2(2).

The exponential generator acting on fy(x, y) = f(x) + N~ 'g(x, y), and its limit are

Hy fv(x, ¥) = k() y(efy—D=sery _q)
T ia()(1 - (eI )
+ K31 — Y)(EN(f(xﬁN_l'XZ)*f(X))Jrg(XWN“,xz,y)*g(x,y) -1
+ K4x1(€N(ﬂxl’X2+N71)—f(x))+g(x1,x2+N*1,y)—g(X,y) -1

4 kesxy (VU@ =N )= f@)tetei =N ) —gey) _

T kgxp(eNEr R =NTH=Fe)+gt =N y)—gy) _

Jim Hy fiy(x, ) = 100y (@YD — 1) 4 () (1 = y)(ef DT — 1)
—00
+ i3 (1 = )™/ — 1) 4 segxy (7270 — 1)
+ ksxi(e” ™I — 1) 4 iexa(em M2 — 1)
and we can identify V and L} as
V(y:ix, p) = r3(1 = y)e” — 1) +kaxy(e” — 1)+ isxi(e” "' — 1) + xexale™” — 1),
L)lf-Peg(x,y) — KI(XZ)y(eg(x,y—l) _ eg(x,y)) + ko (x)(1 — y)(eg(x,yH) _ eg(X-.v))_

Since the perturbed effective fast dynamics is a simple {0, 1} Markov chain with positive
transition rates (same as in the unperturbed case) the density Condition 3.3 is satisfied, and both
Lyapunov Conditions 3.4 and 3.5 are trivially satisfied.

Letting g(x, y) = a(x)y, implies

Ho(x, p) = ii(x2)y(e™ ™ — 1) + ika(xa)(1 = y)(e™ = 1) 4 se3(1 — y)(e” = 1)
+ Kkgx1(e”? — 1) + ksx1(e™ P — 1) + kgx2(e 72 — 1)
= (k1 ()€™ = 1) = k22 = 1) = ks3(e” — 1)
+ ()™ = 1) + k3" — 1) + kaxi(e?? — 1) + ksxi(e = 1)
+ Kexa(e P2 = 1),
which after setting the coefficient of y to 0 gives the quadratic equation
— ia(x2)e* ™ + (i2(x2) = Kk1(x2) = K3(e”" = 1) + k1 (x2) = 0,

with A(x)C(x) < 0 and one positive solution (regardless of the functions k(-), k2 (-) or the values
of reaction coefficients k;,i = 3,4, 5, 6)

400 — K2(x2) — 1 (¥2) — Kk3(eP' — 1) + v/ (k2 (x2) — K1 (x2) — k3(eP1 — D)2 + ko (x2)1 (x2)
2ic2(x2) '
By Proposition 4.6

Ho(x, p) = —k2(x2) — k1(x2) + v (k2 (x2) — k1(x2) — k3(ePt — 1))2 + dicr (x2)c1 (x2)
+rax1(e”? — 1) + ksxi(e7 7t — 1) + kexa(e P2 — 1).
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Since the rates x| (x), ko(x) are assumed Lipschitz in x, with at most linear growth, Ho(x, p) is
convex and coercive in p and satisfies the condition (3.16) in (0, 0c0) x R for arbitrary € > O.
In [25] authors obtain the same large deviation principle for this example (note that the slow and
fast variables are labelled differently there).

5.3. Down-regulation (DR)

We consider a simple model of a negative self-regulation mechanism

/ / / /
« K 53 “3

o 9 - A 1) A+B —~ ¥ 2 A —~ A+B (3 B = 0,

where A is a species of interest and B is a species used to down-regulate it, namely, A controls
its own molecular amount by producing more of the regulating species B. Suppose the molecular
amounts and rates satisfy

|Al = O(N) — XY = |A|/N, |B| = O(1), «k{,k5~ O), Kk, Kk}, k; ~ O(N).

Let Z,, Z, represent the amounts of A and B molecules respectively, so that the rescaled versions
are Z\' = Z|/N,ZY = Z,. Let«| = k1, k5 = Kk and k3 = k4N, ks = «,N. The model for the
system is

ZN(t) = ZN(0) + N "Yo(kot) — N"Yl(/ N ZV () ZY (5)ds)
0
ZN(t) = Z5(0) — Yy( / Nici ZV (s)ZY (s)ds) + Ya( / Ny ZV (s)ds)
0 0

—Y5( / N3 ZY (s)ds) + Ya( / Niyds).
0 0

The slow and the fast process are X" = Z ,N and YN = Zév respectively, and the generator of the
pair is
Anfx.y) = Nio(f(x + N7 y) = fa, y) + Nipyx(f(x = N7y = 1) = f(x, »)
+ Niax(f(x,y +1) = f(x, ) + Nigy(f(x, y = 1) — f(x,y))
+ NK4(f(x’ y + 1) - f(xv }’))

The effective dynamics of the fast process is a simple birth and death Markov chain on Z,
with birth rate xpx + k4 and death rate k;xy + «3y with a unique stationary distribution that is
Poisson(u*) with parameter u* = (kox + k4)/(k1x + k3). The effective dynamics of the slow
process x is a solution to the ODE

Kox(t) + K4
K1 x (1) + k3

The rate of reaction (1) is binary, A; = xjxy, but one of the factors, x, is the variable for the
slow process which has constant rate of increase. Hence, by Proposition 4.4, this model has an
exponentially good approximation in a sequence of processes, indexed by increasing values of
M’', where only the rate of reaction (1) is replaced by A|(z) = k1y(x A M").

x(t) = kg — k1x(1)
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The exponential generator for fy(x,y) = f(x) + N~ lg(x, y)is

Hy fu(x, y) = ko(eVFE+NTH=f@) _q)
+ Klxy(eN(f()“AF1)—f(X))+g(x—N*1,y—l)_g(x,y) -

+ Kox (e8I ED=8@Y) _ 1y

+ Kk3y(e8C D=8y

+ K4(eg(x,y‘+1)—g(qu) -1,
so that its limit H(x, p) solves the eigenvalue problem (3.11) with

V(y;x, p) = kole” — 1) +rixy(e™” — 1),
L’lf’Peg(x,y) — leyefp(eg(x,yfl) — %)+ sz(eg(x,yﬂ) — %) + K3y(eg(x,y*1) — €%)

+K4(eg(x,)'+1) —€f).
Letting g(x, y) = a(x)y we get
Ho(x, p) = ko€’ — 1) + k1 xy(e P74 — 1) + kox(e®™ — 1) + k39(e ™4™ — 1)
+ k(e = 1)
= y(k1x(e P77 — 1)+ ko(e” — 1) + k3(e™“Y — 1)) + kox (e — 1)
+ k(e = 1).
In order to solve the EVP we set the coefficient of y to 0 which gives the equation

kKixe P+«
e = T17C T 0, wx > 0, Vp,
K1X + K3

and hence
(k2x + k4)(k1xe™” + K3)

Ho(x, p) = ko(e” — 1) + ;
K1X + K3

which is convex and coercive in p and satisfies (3.16) in (0, co) x R. The effect QC the needed
truncation will be the replacement of kx by «;(x A M’) in the above formula for H.
To satisfy Condition 3.5 we note that |V (y; x, p)| — ocoas y — oo. For any ¢ > 1 we let
@x,p = ay py, with a, , to be chosen. Then calculating as above
87¢x.]9(}')LT’pe.W)c.p(}') +c|V(y; x, p)l
=kxye Pe™ P — 1) + kox(e™? — 1) + k3y(e” P — 1) + kq(e®™? — 1)
+ckyxyle™” — 1]

= y((axe ™ +r3)e ™ — 1) + crrxle™” — 1]) + (eax + ka)(e™? — 1),

and choosing a, , which sets the coefficient of y to 0

-p
o — Ki1xe " 4+ k3

Kixe P + k3 —cKkixle? — 1] —
implies ¢, , = ay,,y — 00 as y — oo and
e PP LTP et rO) eV (y; x, p)| = (kax + ka)(e™? — 1), Vy € Ey,

with the right hand side d = (kxx + k4)(e®? — 1) € [0, 0o) being independent of y, as needed
for (3.13).
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5.4. Viral production (VP)

A somewhat more complicated model is one for production of packaged virus particles

1) swff =+ G 2 G 2 7

3 T 2 ris @ T
o) S is\

9 © G+T+(©) 2 v,

where T is the viral template, G the viral genome, S the viral structural protein and V the
packaged virus. The virus has very few templates from which it manages to co-opt the cell’s
MRNA to make a relatively large copy number of its genomes, and an order of magnitude
larger number of viral structural proteins. Letting Z,, Z,, Z3, Z4 denote the amounts of species
T,G, S,V respectively, the appropriate rescaling gives Z = Z,,ZY = Z,/N*3,z) =
Z3/N, Z) = Z4/N?*?. The chemical rates also have a range of orders of magnitude, relative
to species rescaling they are best expressed by k1 = k|, ka = k5 N3, k3 = K}/ N, k4 = K}, ks =
kS, ke = KgN /3. The only reaction that is not in standard mass-action form is (6) where the
effect of viral proteins is felt only in terms of their order of magnitude, and the usual dependence
on the amounts is binary in the amounts of viral templates and genomes A¢(z) = k6z221. The
model for this system is

ZV () = 7 (0) + Y /0 Nz (s)ds) — Vil /0 Nz} (s)ds)
— Ye( /0 t NP ZV (s)ZY (s)ds)

ZN () = 73 (0) + N2/3Y1(/0t N*Bkids) — N2/3Y2(/Ot N>, 7Y (s)ds)
— N‘2/3Y6(/0t NPz (5)ZY (s)ds)

Z¥ (@) = 7 (0) + leg(/ot N3P, 7V (s)ds) — les(/or N5zl (s)ds)
— N—lYé(/Ot NP ZN (5)ZY (s)ds)

ZN (@)= z"(0) + N2/3Y6(/0t Nz (s)ZY (s)ds).

The packaged virus V is the final product but not an “active” species in the system, and can be
tracked from knowledge on the behaviour of Z2'. The slow and fast processes are respectively
XN = Zé\' and YV = (ZV, Zé\' ) and the time-scale separation is now N2>/ which will also give
the scaling for the large deviation asymptotics as N3, rather than N.

This is a modified version of the viral production model considered in [4], where we showed
that the effective dynamics of the fast process YV is a piecewise deterministic Markov process
with discrete component YIN and continuous component Y2N . The discrete component is a birth—
death Markov chain with birth rate x,x and death rate k4 y; + k¢xy;. The continuous component
follows the ODE y,(¢) = k3y; — 5y, which depends on the value y; of the discrete component
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YN. This process has a unique stationary distribution /+*(y, y2) which satisfies

/ [sz (1 +1,y2) — g(y1, ¥2)) + (kay1 + kexy1) (€(y1 — 1, ¥2) — g(y1, ¥2))

+ (k3y1 — K5¥2)0,,8(y1, yz)]ux(yl, y2) =0.

In particular for the discrete component p* has a Poisson(m*) distribution with parameter
m* = kyx/(ks + kex) so Ex[Y1] = V,x[Y1] = m*. Moreover, the mean and variance of
the continuous component satisfy E,x[Y>] = (k3/x5)m”. Using the above results and averaging
techniques it can be shown (in the same way as in [4]) that the effective dynamics of the slow
process is given by the ODE

K3 Kkox(t)

xX(t) = k1 — kpx(t)dt — kg x(t)dt.

K5 k4 + kex(1)

The rate of reaction (6) is binary, Ag = kxy1, but one of the factors is the variable for the slow
process which has a constant rate of increase. By Proposition 4.4, this model has an exponentially
good approximation in a sequence of processes, indexed by increasing values of M’, where only
the rate of reaction (6) is replaced by A¢(z) = key2(x A M"). The effect of the needed truncation

will be the replacement of k¢x by xg(x A M’) in the final formula for H,.
The generator for the triple is

ANfx, v, 32) =
Niy <f(x + NPy ) - f(xayl,Yz)> + N ipx (f(x =Ny + 1) = fx, )’IayZ))
+ Ny (fe v vz + N7H = £y 92) + Ny (F0e = 1y) = £0 31, 32)

+ NBksy, (f(x,yu,yz —N*I)—f(x,yu,yz)) + N igxy, (f(x — N2y — Lyz)—f(x,yl,yz)),

5.2)

so the exponential generator, on functions of the form fy(x, y) = f(x) + N~23g(x, y1, y2) is

Hy fn(x, y1, y2) =
K1 (eN2/3(f(X+N_2/3)*f(X))+g(X+N_2/3»)’1,yz)*g(qul,yz) —1)

+ Kkax (eN2/3(f(x,N2/3)7f(x))+g(X7N—2/3,yl+1,y2)7g(x,y1,yz) _ 1)
+ K3y (eg(x,yu,yz+N")fg(x,y1,yz) _ 1) + K4yl(eg(x,yuflyyz)fg(x,yuy,vz) _ 1)
+ Ksyz(eg(x,m,,vz—N")—g(x,yl,yz) _ 1)
+ KXy (eN2/3(f(x—N2/3>—f(x>>+g<x,y.—l,yz>—g<x,y.,yz> —1),
and its limit is
lim Hy fy(x, y1, y2)
N—oo
= Kk (ef/(x) _ 1) + sz(e—f/(x)+g(x,y1+1,yz)—g(x,y1.,,vz) — 1) + k3710, 8(x, Y1, ¥2)
i —1,y2)—g(x,y1,y
+ deayy (eSENTINDTEONIN) 1) —es5y59, 0(x, 1, 2)
+ KXV (eff/(ng(x,yl*1,>’z)fg(x,y1,>'z) _ 1).

We can identify the potential function V as

V(yi, y2; x, p) = k1(e? = 1) +ix(e™” — 1) + kexyi(e™” — 1),
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and perturbed generator L}’” for effective fast process as

LﬁlfvPeg(x,yl-,vz) — sze—p(eg(x,yl-*-l,yz) _ eg(x,yl,yz)) 4 K4y1(eg(x,y1—l,yz) _ eg(x,yl,yz))
+ (k3y1 — Ksyz)ayzeg(x,yu,yz) + Kéxyle_”(eg(x’y'_l’”) _ eg(x,yl,yz)).

To solve the eigenvalue problem (3.11) with this V and L’f’p, we let g(x, y) = a1(x)y; +ax(x)y
which would imply

Ho(x, p) = ki1(e” — 1)+ r2x(e™” — 1) + kgxyi(e™” — 1)
+ Kaxe P — 1) + kg y1 (€1 — 1) + (k3 y1 — ksy2)a(x)
+ kgxyre P(e ™ — 1),

In the reactions which have linear rates in y;, reactions (4) and (6) have E4Y1 = —1 in the discrete
variable y;, while reaction (3) changes only the continuous variable y,. Hence we get an equation
which is potentially quadratic in ¢®®, and involves a,(x) as well. However, Condition 4.7 is
satisfied since there exist only reaction (5) which has linear rate in y, and it only changes y,.
Thus the equation for a,(x) can be solved independently of e“1*), and the one equation for ¢* )
potentially quadratic in fact has the quadratic coefficient equal to 0. Setting coefficients of y; and
¥ to zero we get

ar(x) = 0, e~ = K4 + KX — K3a2(X) =~ 0V > 0,Vp
K4 + kgxe™ P

— _ Kkexe P
Ho(x, p) = ki€’ — 1) + kax(e™” = D1 + ——),
K4 + KX
which is convex and coercive in p and satisfies (3.16) in (0, 00) x R. Recall that one needs to
replace xgx by ke(x A M) in the above formula for H .
Since the state space for the fast variables in not compact we need to check the Lyapunov
Condition 3.5. Note that |V (y1, y2; x, p)l = 00 as [(y1, y2)| = oo. Let y] be large enough so

that (kexy! +k2x)|e™? —1| > k(e —1). Forany ¢ > 1 welet ¢, , = a, ,yi1,thenVy; > y{, Vy,

e—wx.p(y)L’fJ’e(px.p(y) +c|V(y; x, p)l
=pxe P(e™ P — 1)+ kayi(e” P — 1) + kexyie P (e — 1)
+ c((kexy] +r2x)le™” — 1] — k1(e” — 1)),
and choosing ay , to set the coefficients of y; to 0

o K4 + kex — ckgxle P — 1|
e = <1

K4 + KX
implies ¢, , = ay; — oo as |yi| — 00, and
e W TP elrO) 4|V (y; x, p)| = kaxe P(e™r — 1) + ciax|e™” — 1| — cky(e? — 1),

the right-hand side being independent of (y;, ;) as needed for (3.13).
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Appendix

We adapt the proof of the large deviation principle for the two time-scale jump—diffusions
given in [23] to the context of our multiscale Markov chain Zy. Since the steps of the proof are
the same, we give a fairly terse outline and explain carefully the details only where the proof is
modified.

A.l. Proof of the LDP Theorem 3.6

Proof. Our proof is based on the viscosity solution to the Cauchy problem for each & € C,(E)
oruy = Hyuy, in (0, T] x E;  upn(0,-) =h(-)in E, (A.1)
where the non-linear operator is the exponential generator Hy f = ~e ™ Aye™/ for eM €

D(Ay) given by

1 —u
Hyf@ =+ 3 N )N @),
k

The definition of viscosity solutions for these types of non-local partial integro-differential
equations (PIDEs) and their properties were given in [24], and various results can be found
in [6]. In order to establish the convergence of uy we need to use a family of integro-differential
operators and a sequence of viscosity sub- and super-solutions to associated Cauchy problems.

For 6 € (0,1),& € C!(Ey), using ¢ satisfying (3.12) of the Lyapunov Condition 3.4 we
define two sequences (over N) of functions:

1
Jon(x,y) = folx) + Ngo()’),
20(y) = (1 = 0EW) +09(y), folx) = p(x) + y log(l + x7);
for some y > 0 and ¢ € C!(Ex), and

1
SinG,y) = fikx) + ﬁgl(y)

g1(0) = (1 +0)EY) — 0p(y), fi(x) = ¢(x) — y log(1 + x?)

Then,
Hy fon(x,y)
— Z ,\,iv(z)(ero(HN’gféV )= fo)+Hgo(+N "M —go(») _ 1)
k:Br=1
+ Z NA—I k}i"(Z)(eN(fo(X-%N"’f{kN)—fo(X))+(g0(y+N’g£,fV)—go(y))
k:fr>1

_ NN—Qg-kN . VfO(X) - N_gé'kN . VgO(y) - 1)
+ )0 NN Vo) + Y NN @NT - Veo(y)

k:Br>1 k:pr>1

- Z A,’(V(z)(e(kx'vfo 1)+ Z )LII(V(Z)eCkX-Vfo (ego(.v+§ky)—go(y) —1)
kify=1 k=1

+ Y@ Vi Y W@ Ve + N len(x, )
k:Br>1 k:Br>1
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X ZYN (v ~
Vi Vi 4+ Y @l T (et D00 _ 1) 4 37 N oFT L V()
k:fe=1 kifp>1
+ N en(x, y),

with |e | bounded on compact subsets of Ex x Ey (note sup, |V fo(x)| < 00).
Letting p = V f, we have (by convexity of e)

Hy fon(x,y) 3 . .
<V(y;x,p)+ Z )Llch(Z)eCkX'P ((1 _ 9)(65()%({)*5@) —D+ Q(Ew(er{kY)ﬂp(y) _ 1))
k:fr=1
+ ) @Y (1= 0)VEY) +6Ve(y) + N en(x, y)
k:Br>1

=VO;x, p)+ (1 —0)e L7 (y) +0e L e?(y) + N 'en(x, y),

SO
limsup Hy fon(x,y) < Vyix, p)+ (1 = 0)e S LT ef () +0e Ly e’ (y).
— 00
Similarly
Hy fin(x,y)
=V(@;x,Vfi)+ Z A,I{V(z)eglgf'vfl (egl(.v+§ky)—g1(y) —1)
k:Br=1
+ D W@ - Va) + N en(x, y)
k:Br>1

> V(yix, p)+(L+0)e *L77e5(y) = 0e L7 e (y) + N en(x, ),
where now p = V f] (and we used inequalitiese* — 1 > x > 1 —e™¥). So
liminf Hy fi.v(x, ) = V(i 6, p) + (1 +0)e 5Ly e (y) — e Ly e* (y).
This implies that for any {xy, yx} contained in a compact subset of Ex x Ey with xy — x

limsup Hy fon(xn, yn) < Ho(x, p; &, 60)

N—o0

and
ljvfgio%fHNfl,N(xN, yn) = Hi(x, p; §,0),

where the Lyapunov Condition 3.4 allows us to define two families (over 6 € (0, 1), & € CLl. (Ey))
of operators
Ho(x, p; €,0) == sup {V(y; x, p)+ (1 = 0)e “ L7 (y) + 6 L e ()},
YEEY
Hy(x, pi €,0) = inf {V(y;x, p)+ (1 + 0)e S L7 e (y) — Be ¥ Ly e (y)).
YeLy

It is easily seen (again using Condition 3.4 and the fact that £ € CL! (Ey)) that for ¢ > 0
{Hvofon = —c}N{fon < c}and {Hyofiy < c}N{fi.y = —c} are contained in compact
subsets of Ex x Ey and by construction { fy v} and { f; y} converge uniformly on compact subsets
of Ex x Ey to fy and f respectively.
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This technique of constructing upper and lower limits for " was developed in [17] for
stochastic models with multiple time scales, see Chapter 11 for example of its use in the context
of random evolutions.

The defined sequence of functions thus verifies conditions needed to establish the following
result (Conditions 3.1 and 3.2 for Lemma 6 in [23]): suppose for a sequence of uniformly
bounded (over N) viscosity solutions ufﬁ, of the Cauchy problem (A.1) we construct the upper
semicontinuous regularization #" of the function

u]; == sup{lim sup ufﬁ,(tN, Xy, yn) i (v, xn) — (t, x)}
YN N—oo

and, similarly, we construct the lower semicontinuous regularization u" of the function

uﬁ = inf{liminfu}]v(tN, Xy, yn) - (ty, xy) — (&, x)};
YN N—>o00

then (see Lemma 6 in [23] for details of this conclusion) u" is a sub-solution of o;u < Hyp(x, Vu)
and gh is a super-solution of d,u > Hj(x, Vu) with the same initial conditions u(0, -) = h,
where the two non-linear operators above are defined from the two earlier constructed families
of operators by

Hy(x, p) = ignefHo(x, p;§,0), Hi(x,p) = sEug Hi(x, p; §,0).

By definition of u’; and uﬁ we immediately have ik > gh, so if we establish the reverse

inequality, we will have proved (Lemma 7 [23]) uniform convergence (over compact subsets of
[0,T] x Ex x Ey) of uy to ug the viscosity solution to the Cauchy problem

duo = Houo, in (0, T] x E;  u(0,-) = h(-), in E. (A2)

To establish #" < u" we need to verify that the comparison principle holds between sub-
solutions of B,Eh < Hy(x, Vﬁh) and super-solutions of 9, gh > Hi(x, Vgh), which will follow if
we establish the operator inequality

Hy(x, p) < Ho(x, p) < Hi(x, p), (A.3)
where H(x, p) is defined as the solution to the eigenvalue problem
(V(yix, p) + Ly")e"™ = Ho(x, p)e"™. (A4)

To prove the left-hand side we can use the Donsker—Vardhan (see [13]) variational represen-
tation of the principal eigenvalue H(x, p) in (A.4) which is given by

L)f’pg

Ho(x, p)= sup (/ V(y;x, p)du(y)+  inf / (y)du(y)) (A5)
Ey Ey

neP(Ey) geDTH(LTT)

(with D++(L'f”’ ) C Cp(Ey) denoting functions strictly bounded below by a positive constant).
We then repeat the same argument given in Lemma 11.35 of [17] that proves

Ho(x, p) = inf  sup / (Vi x o)+ (1= 0)e 5 LT Pl () + 070 LY Pe¥ (1)) dpa(y)
§.9 ueP(Ey) JEy
Lx’pg _
< sup (f V(yix,pdu(y)+  inf / ! (y)du«(y))=Ho(x,p)
ueP(Ey) W Ey gDty JEy 8

(note that in [17] operators we denoted as Hy(x, p), Hi(x, p) are indexed by H;(x, p), Hy(x, p),
respectively). The only difference is that we use the density Condition 3.3 and the Lyapunov
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Condition 3.4 on ¢ to replace their analogous Condition 11.21, and to insure the finiteness of the
sum of integrals in the above expression.
To prove the right-hand side we first use Lemma B.10 of [17] which proves the inequality

Hi(x, p) = sup inf {V(y;x, p)+ (1 + 0)e ELT e (y) —0e L e (y)}
£,0 YEEY

> inf liminf - log E4[elf VO Grnps]
HEP(Ey) t—oo

We next use Lemma 8 of [23] which uses the density Condition 3.3 (and the fact that

inf, V(y; x, p) > —00) to insure a uniform (over initial points ¥ (0)) large deviation principle

lower bound for the occupation measure of the effective dynamics of the fast process (Y (s); x, p)

(given by the generator Lf’p ) to prove that for any initial © € P(Ey) for (Y (s); x, p) we have

the inequality

1 , . -
litrgigf; log Eu[e./é VO6rnpis] > Fx, p),

with H(x, p) given by the variational form (A.5) above.

Having proved the Operator Inequality (A.3) the constructed sub- and super-solutions
sandwich the sequence of viscosity solutions u?’v, establishing their convergence to the viscosity
solution ug which is by assumption on the limiting Cauchy problem unique. The next step is
to prove exponential tightness of the sequence {X(#)}. Exponential tightness of paths of {X y}
follows from the convergence of the exponential generators Hy by a standard argument (see
Lemma 2 in [23], or equivalently see Corollary 4.17 and a simple calculation from Lemma 4.22
in [17]). Finally, by Bryc formula (Theorem 2.2) we have established a large deviation principle
for {Xy(¢)} with speed 1/N and good rate function / given by ug(t) in terms of a variational
principle (3.15). O

We now use the solution to the eigenvalue problem (3.11) to simplify the proof of the
above theorem by using the associated eigenfunction in forming the family of operators in the
definitions of Hy and H;. We also replace the Lyapunov Condition 3.4 by the less stringent
Condition 3.5 (sufficient for proving multiplicative ergodicity of Markov processes, [22] of single
scale processes). Since for many chemical reaction models one can explicitly solve for Hy(x, p)
as well as verify (3.13), this result is used in all the examples in this paper.

A.2. Proof of the LDP Corollary 3.8

Proof. Foreach x € Ex, p € K C R let e¥» € D(H) denote the eigenfunction associated
with the eigenvalue problem (3.11), that is,

V(y’ X, p) + e*fx,p(y)L-;‘ngéx,p(y) — ﬁo(x’ p)’ VyEY

For 6 € (0, 1) we let ¢, , be the function satisfying (3.13) of the Lyapunov Condition 3.4, and
define the following two sequences of functions:

1
Jon(x,y) = folx) + ﬁ((l — 0)x (V) + 00 ,(¥)),
fox) = ¢(x) + y log(1 + x?)
for some y > 0 and ¢ € CCI(EX), as well as
1
SinG,y) = fix) + ﬁ((l + & p(¥) — 0px p(¥))
fi(x) = ¢(x) — y log(1 + x?).
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Then, for p = V f, we have (using eigenfunction property of &, , and (3.13) for ¢, )

Hy fon@.y) =Vixp+ Y. ,\Izcv(z)eEkX-p(e«1—e)sx,,,wwx,,,><y+E{)—<<1—9)sx.p+ewx.,,><y> —1)
k:pr=1
+ Y @GV =0 p +09x p)(3) + N 'e(x, y)

k:Br>1

< V(yix, p)+ (1= 0)e Ly efor (y) + 0e™#r L7 e 2 (y) + N~ 'e(x, y)

= (1= 6)Ho(x, p)+ 6V (y; x, p) + e Ly e r(y) + N7 e(x, y)

< (1 =6)Ho(x, p) = 6((c = DV (y; x, p) +d) + N 'e(x, y).

Hence, for ¢’ > 0 we have that {Hy o fo.v > —c'} N {fo,y < ¢’} is contained in compact subset

of Ex x Ey (since V(y; x, p) has compact level sets and H is finite), and for any {xy, yy}ina
compact subset of Ex x Ey with xy — x

limsup Hy fo n(xn. yn) < sup {(1 —0)Ho(x, p) — 0((c — DV (y; x, p) +d)} = Hy(x, p; 0)
N—o00 YEEY

(which by (3.13) is well defined). Similarly, for p = V fi,

Hy fon(x,y) = V(y;x, p)+ (1 +0)e S L7 T (y) — 0e L7 e?(y) + N 'e(x, y)
= (1+0)Ho(x, p) — OV (y; x, p) — B ?L7Pe?(y) + N 'e(x, y)
> (1+60)Ho(x, p)+0((c — DV (y; x, p)+d) + N 'e(x, y),

forc’ > 0 {Hy.1fin <}N{fi.y = —c'}is contained in compact subsets of Ex x Ey, and for
any {xy, yy} in a compact subset of Ex x Ey with xy — x

limsup Hy fi n(xn, yN) = Hi(x, p; 0) = {A+6)Ho(x, p)+6((c — DV (y; x, p)+d)}.

inf
N—o00 YEEY
As all the conditions of Lemma 6 in [23] are met, it insures that the two functions u" and
u" constructed as in the proof of Theorem 3.6 from the sequence of viscosity solutions of
duy = Hyu are, respectively, a sub-solution of d,u = Hy(x, Vu) and a super-solution of
d;,u = Hj(x, Vu) with the same initial condition. By construction > gh and the reverse is
immediate once we notice that in this case the operators Hy(x, p) and H;(x, p) given by
Ho(x, p) = inf sup {(1 —6)Ho(x, p) = 0((c = DV (y: x, p) +d)}

1) yeEy

and

Hi(x, p):= sup inf {(1+6)Ho(x, p)+6((c = DV(y;x, p)+d)}
9e(0,1) YEEY

coincide and are equal to H (see also [17] Appendix B, Lemma 11.4). [

A.3. Proof of the comparison principle Lemma 3.7

Proof. (a) We first prove the comparison principle under the assumptions on H) given in (a).
Let A = supg) g, (1 — uy)*, and suppose for some X and 7, u1(f,X) — u(f,¥) = A +§ (%)
with § > 0. For 8, m,n > 0, N < oo define

N
YN x5 y) = () = (s, ) = 3 [l =y 4 It = 52| = B (800" + g0)™) = 0 + 9.
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where g(x) = v/1 + |x|*>. Now choose B,  such that 28g(X)" + 2nf < % holds for all m < 1.
Then (x) implies

~ o~ - ~ )
sup UNE X, 5, 9) > UNE X LX) =A+8 - 285" — 20T > A+ =, (A.6)
[0,71x Ex x[0,T1x Ex 2

and we show this gives a contradiction.

Since ¥y is USC and tends to —oo as |x|4|y| — oo its maximumin [0, T]x Ex x[0, T]x Ex
is achieved at a point (fy, Xy, Sy, Yy)- By (A.6) NN, XN,Sn,Yy) > A+ % and uy, us
bounded imply B(g(xn)" + g(Vn)") < sup(u; — uz) — A — % =: ¢ > 2B for all N, all

m < 1. Hence, g(Xy), g(¥y) < (%)1/’” and for R = (%‘)1/’" > 0 we have

XNl [Ynl < R, VN < o0. (A7)

Using Yn(En, Xn, In. Xn) + UNGN. Yy, SN, Yn) < 2Un(En, XN, Sy, Yy) We have

Nr_ _ _ _ 9 1 - _ - _
> |:|XN —yyI*+ iy —5n] ] =5 [u1Gn. XN) — u1GN, Ty) + u2(in. XN) — u2Sn, In)] < 2.

. — — - — 2 — — -
where ¢, := sup|u;| + sup|uz|. Therefore, |xy —yy|+ |ty —Sn| < /52, and Xy =Yy, [fn —

sny| — 0as N — 0o. We can also show % [|)_CN — ?NI2 + |ty — Ele] — 0. Let

§ = max [ —u2)) —2g00)" = 2],

then for all N due to (A.7) we have

S= max Yy, x,t,x)< max Yy, x,5¥)=YvEn, XN, SN, Vy)
[x|<R,t<T [x|,[yI<R,t,s<T

<ui(ty, xn) —u2(5n, Yy) — BEEGN)" +8(x)") — ntny +5n) == Sn.

If we show limy_, oSy < S this will imply that limN_mo% [WN — iNI2 + |ty — EN|2] = 0.
Suppose there exists Ny — oo such that limy, .o.Sy, > S. Since |xy|, [yy| < R and
tn, Sy < T we can assume that limy, 0o (X s Vi » Ty, SN) = (x,y,1,5) with [x], [y] < R,
and 7,5 < T;and since [Xy —yy|+ [ty —5n| = O we have x = y and 7 = 5. Since u; — uy is
USC we have
hm lﬁN(;Nkv Y1\7]{7 ENkv yNk) S hm SNk
Ni—o0 Ni—o0
= thoo ul(;Nkv fN/{) - MZ(EN;;’ yNk) - ﬂ(g(ka)m + g(iNk )m) - U(;Nk + ENk)
k‘)
< ui(t, %) —up(t,x) —2Bg(x)" =2t < S
by definition of S, which contradiits the assumption that limy, -, o Sy, > S. o
We next show that for some N < oo we have 7y,5y > 0 for all N > N. Suppose, on
the contrary, there exists Ny — 0 such that either 5, = 0 or sy, = 0 for all k. By the same
arguments as before we can assume that limy, o (X v, , Yy ka, Sy =&, Y, 7,5)wherex =7y
and7 =5 = 0. Then, if 5y, =0,
WN(;Nkv ka’ ENkv yNk) = ul(;Nkv ka) - UZ(O» yNk)7

while if 7, = 0,

UNE N XN Sngs Vi) < u1(0,Xw,) — a5y, Y, )-
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Using the fact that u; — u;, is USC and the definition of A we have

Nlimoo YNNG XN Shgs Yiv) < u1(0,%) — up(0,%) < A,
k—>

which contradicts (x) according to which ¥y (fy, Xy, Sy, Yy) = A + % for all N with § > 0.
We now define two test functions ¢;, ¢, € C'([0, T] x Ex)

- — N - 2 - 12 m = \m i
Pi(t, x) = uz(sN,yN)JrE[lx—le + 1t =58P+ B (8" + g(n)") + n(t +5n),

_ Nr_ _ 5 o m _
oa(s. ) 1= . Fw) = 3 [ B = 37 = [ = | = B (sGEn)" +8()") = n(lw +9).
so that (7, X ) is a point of maximum of u (¢, x) — ¢ (¢, x) and (s, ¥ ) is a point of minimum
of u(s, y) — ¢a(s, y). At the extremum their derivatives in time are
p1(tn, Xn) = Nty —sn) + 1, d¢2(s,y) = Nty —5n) — 1,
and in space are
Dp1(tn,Xy) = Ny —Y§) + YXN, Dyoa(Sn, Yn) = NXn —Ty) — T w,
with y = mBg(xy)" "2, 1 = mﬂg(?N)m’iSince VN > N we have fy, sy € (0, T], and u; and
u, are sub- and super-solutions of d,u9 — Ho(x, D,up) = 0on (0, T] x Ex, we have
dp1(Tn, Xy) — Ho (¥n, Degi (T, Xn)) <0,
9025, Yy) — Ho (Fn» Dye2(5n. Yy)) = 0,
so that
2n = dp1(tn, Xn) — 3:02(5N, V)
< Ho (¥n, NGy = ¥y) +vZn) — Ho (Y, N@v = Vy) = Thy) -
Using (3.16) letting A = N, p = yXy, g = —tyy we get that the right-hand side is bounded
above by

20 = or([Fw = Tyl + NiFx = T l) + &1 (mB [Fng G + Fyg @]

(A.8)

< o1y = Tyl + NIFw = Tyl?) + @i 0mey)

since B(g(xn)" + 8 n)") < c1. For m < min(l, ﬁ) small enough so that @ (mc;) < n, and for
N large enough so that wr(|xy — Yyl + NIXny — Yy 1) < n, we get a contradiction in the above
inequality. This establishes the comparison principle under the conditions given in (a).

(b) We now extend the comparison principle under the more relaxed assumptions on H given
in (b). For many examples the condition (3.16) is too restrictive and needs to be extended to a
more local condition in p. This can be done if (3.14) has a coercive behaviour in p uniformly for
bounded x as we show next. - » -

Let A = supg ., (u1 —u2)*, and X, 7 be such that u; (, X) —ux(f, ¥) = A+8 () with § > 0,
as before. For B,m > 0, N, M < ooand g(x) =1+ |)c|2 now define

M ot
St = s =B ()" +8()") ~ 1

Now chose B so that 28g(X)™ < % and hence (x) implies (A.6) as before.
Let (Fn.a XN.M>SN.M> Yw.m) be the point at which vy y achieves its maximum in [0, T'] x
Ex x [0,T] x Ex. By (A.6) we again get |xy m|, Yy yl < R, VN,M < oo. Also

N
N x5, ) = (6 x) = ua(s,y) = Sl — I -
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from Yy m(tn a0 XN I X o) + YN GV Yo SNt Yn) < 2UNm(En v XN ms
Sn.M> Yy, m) We now get, with ¢ = suplu;| + suplua|,

Xy — Yyl + M| t|<5( Tvm)+ <5+ 0,
—lxN — + —sy — —(s - c -+ <
) N — YN ) N N AT N.M N,.M 2 2 2

hence [Xy,x — Yy yl > Oas N — ooandlsNM—tNM| — 0as M — oo.

Furthermore, the same argument as in (a) shows that 3N, M < oo such that, for all B subject
to our earlier choice, we have that 7y y, 5y y > 0 forall N > N and M = M. We now fix
M=M.

Defining test functions

< = N = 2 M = 2 m - m 8t
o1(t, x) = u2(SN .M, YN, m) + Elx —Yn.ml+ 7|f —svml®+B(gx)" + gy a)") + T’
_ N M _ 8t
©2(s,y) = u1(tn, M, XN, M) — EWN,M —y* - EllN Y (sGEN )™ +8W") — iVTM ,
we now have, with y = mﬂg(fN,M)m’z, T = m,Bg@N,M)’"’Z,
8 _
T + M(nm —Snm) < Ho (X, NGy — Yyo) + YXnm) s (A9)
and
MGy —Sym) = Ho Py NEvo — Ywu) — TVnm) - (A.10)

Ii)r fixed M, B as chosen earlier, (A.9) and (A.10) together with (3.17) coercivity assumption
on Hy in p, imply that
sup NXym — Yypu) = £ <00
N>N
since we already have |yXn yl, [TV y| < mB, VN, M < 0
Subtracting (A.10) from (A.9) we get

) — _ _ _

a7 = <Ho(xn.NGnm —IN)+vInm) — Ho Gy NGvyw — Yvm) — Tnm) . (AdD)
and using (3.16) with wg ¢ in place of wg, with the same choice of A = N, p = yXy,qg = —TYyy
as earlier, gives

7 = ore(Fran = Tl + Nl =Sy ul’)

+ 1 (mB [Frmg @™ + Ty gy 1)
< a)R,z(WN,M —Yyml T NIXNv M — ?N,M|2) + wi(mcy).

For m < min(l, ﬁ) small enough so that w,(mc;) < &/8T, and N large enough so that
or(IXv.m—Ynml+NIXNvm — YN u 1) < 8/8T, we get a contradiction in the above inequality,
thus establishing #; < u; on [0, T] x E¥.

The fact that it suffices to check a non-uniform coercive condition in p for Hy when it is also
convex in p is shown in Lemma 9.16 in [17] (using |H| instead of Hy). O
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