TREND TO EQUILIBRIUM FOR REACTION-DIFFUSION SYSTEMS ARISING
FROM COMPLEX BALANCED CHEMICAL REACTION NETWORKS

LAURENT DESVILLETTES, KLEMENS FELLNER AND BAO QUOC TANG

ABSTRACT. The quantitative convergence to equilibrium for reaction-diffusion systems arising from
complex balanced chemical reaction networks with mass action kinetics is studied by using the so-called
entropy method. In the first part of the paper, by deriving explicitly the entropy dissipation, we show
that for complex balanced systems without boundary equilibria, each trajectory converges exponentially
fast to the unique complex balance equilibrium. Moreover, a constructive proof is proposed to explicitly
estimate the rate of convergence in the special case of a cyclic reaction. In the second part of the paper,
complex balanced systems with boundary equilibria are considered. We focus on a specific case involving
three chemical substances for which the boundary equilibrium is shown to be unstable in some sense,
so that exponential convergence to the unique strictly positive equilibrium is recovered.
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1. INTRODUCTION AND MAIN RESULTS

The foundation of the study of chemical reaction networks goes back to the pioneering works of
F.J.M. Horn, R. Jackson, A.I. Volpert and M. Feinberg, (see e.g. [HJ72, Vol72, FH74, Fei79, Fei87]).
The aim of the theory is to study the behaviour of chemical reaction networks regardless of specific
values of the reaction rate constants, since these rates may be hard to determine in some practical
situations. One of the main questions of the theory is the large time asymptotic behaviour of the
dynamical system corresponding to the reaction network. While the ODE setting of chemical reaction
networks has been extensively studied in the literature, the PDE setting is much less investigated.
This is the main motivation of this work. The ultimate aim of this paper is to investigate the large
time asymptotic behaviour of reaction-diffusion systems arising from chemical reaction networks. More
precisely, by exploiting the so-called entropy method, we look for quantitative estimates of convergence
to equilibrium for a class of chemical reaction networks called complex balanced reaction networks.

Before providing a general notation of chemical reaction networks, we shall consider the example of a

single reaction S7 + So i> S3 where k > 0 is a reaction rate constant. To describe this reaction, we intro-
duce the set of chemical substances S = {51, 52,53}, the set of chemical complezes C = {(1,1,0);(0,0,1)}

corresponding to S7 + Sy and S35 and the set of chemical reactions R = {(1,1,0) LN (0,0,1)}. Now, by
following the notation of e.g. [HJ72], a general chemical reaction network consists of N chemical sub-
stances S = {S1,..., SN}, a finite set C of chemical complexes, which appear on either sides of a chemical
reaction, i.e. C = {y} C NV (This is a slight abuse of notation. We should indeed write {y), .., y(I€D},
but we do not because superscripts with another meaning will be used in the sequel) and the set of
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chemical reactions R = {y, LN Y. yr,y. € C, k. > 0}. We shall only consider chemical reaction
networks which satisfy the following natural assumptions:

Definition 1.1 (Chemical reaction networks).

Let S = {S;}¥,, C={y} c NN and R = {y. LN Yr}r=1,..|r| denote finite sets of species, complexes
and reactions, respectively. The triple {S,C, R} is called a chemical reaction network as long as the
following three natural requirements are met:

1. For each S; € S, there exists at least one complex y € C in which the stoichiometric coefficient
y; of S; is strictly positive (subscripts for y are used both to prescribe stoichiometric coefficients
(usually i is then used) and to prescribe the index of a chemical reaction (usually v is then used);
when both need to be prescribed, we use Yy, ;);

2. There is no trivial reaction y — y € R for any complex y € C;

3. For any y € C, there must exist y' € C such that eithery -y € R ory -y € R.

We assume that the chemical species corresponding to the reaction network {S,C, R} are contained in
a bounded vessel (or reactor)  C R", where ) is a bounded smooth (C?) domain. Moreover, we denote
by c(z,t) = (c1(z,t),...,cn(z, t)) the vector of concentrations, where ¢;(z,t) is the concentration of the
specie S; at time ¢t > 0 and position x € €. Each substance S; is assumed to diffuse in €2 with a strictly
positive diffusion coefficient d; > 0. The corresponding reaction-diffusion system reads as

%c —DAc=R(c) for (z,t)e€Q xRy, (1.1)

where the diffusion matrix D = diag(ds, ..., dy) is positive definite (since d; > 0 for all i = 1,..., N).
Moreover, by applying the law of mass action kinetics, the reaction vector R(c) is modelled as

IR| N
R(c) = Zkrcyr (Yr —yr), with ¢ = H Ci/m" (1.2)
r=1

i=1
where k. > 0 denotes the rate constant of the r-th reaction. Finally, system (1.1) is associated to
nonnegative initial data cg(x) > 0 (by which we mean co(z) := (c1,0(x),..,en,0(x)) and ¢; o(z) > 0 for
it =1,..,N), and homogeneous Neumann boundary condition

c(z,0) =co(z) for €Q, and Ve-v=0 for (z,t) € 90 x R4, (1.3)
where v := v(x) is the outward normal unit vector at point x € 99.
Concerning the set of chemical reactions R, we denote by W the Wegscheider matrix, i.e.
W =1, — )1, r|] € RIRIXN
and m = dim(ker(W)). Then, if m > 0, there exists a (non-unique) matrix Q € R™*¥ such that
rank(Q) = m and QR(c)=0 forall ce Rgo (= (Ry)N), (1.4)

so that the rows of Q form a basis of ker(W). Thus, because of the homogeneous Neumann boundary
condition, the use of the matrix Q leads, at the formal level, to the following mass conservation laws for
the solutions of eq. (1.1):

Qe(t) =Qey =: M/|Q e R™ forall ¢>0,
where € := (¢1,...,2n) and @ := fQ cil%g”‘, and M is called the initial mass vector. By changing the signs

of some rows of Q if necessary, we can always consider (w.l.o.g.) a matrix Q such that the initial mass
vector M is nonnegative, i.e. M € RY,.

To state our results, we require the following definitions concerning equilibria of chemical reaction
networks.

Definition 1.2 (Equilibria).
Consider a chemical reaction network with a reaction vector R defined by (1.2) and a mass vector
M € RY,. Let coo := (C1,005 -5 CN,00) € RJZVO be such that Qe = M. Then,

® Co is called an equilibrium if R(cs) = 0.
® c., is called a detailed balance equilibrium if for each forward reaction y k—f> y' (with ky > 0)

in R, there exists in R also the corresponding backward reaction vy’ LN y (with ky, > 0) and

kfcgo = kbcg;.
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® C., is called a complex balance equilibrium if for any complex y € C, we have

> okeeli= Y ke (1.5)
{r:yr=y} {s:yi=y}
Roughly speaking, a state co is a complex balance equilibrium if and only if the total out- and
inflow at ¢ are equal for every complez y.
e C. is called a boundary detailed/complex balance equilibrium (or shortly a boundary equilib-
rium) if ¢ is a detailed/complex balance equilibrium and co, € ORY,,.

A chemical reaction network is called complex balanced if it possesses a strictly positive (i.-e., not a
boundary) complex balance equilibrium for each strictly positive mass vector M € RZ.

It follows directly from the above definitions that
Coo is a detailed balance equilibrium = ¢, is a complex balance equilibrium = ¢, is an equilibrium,
but the reverse is in general not true.

The principle of detailed balance goes back as far as Boltzmann for modelling collisions in kinetic
gas theory and for proving the H-theorem for Boltzmann’s equation [Bol1896]. It was then applied to
chemical kinetics by Wegscheider [Wegl1901]. The complex balance condition was also considered by
Boltzmann [Bol1887] under the name semi-detailed balance condition or cyclic balance condition, and
was systematically used by Horn, Jackson and Feinberg in the seventies, see e.g. [Hor72, FH74].

It is by now a well-known fact for complex balanced chemical reaction networks that all equilibria (of
such systems) are complex balanced (cf. [Hor72]). Moreover, for each strictly positive initial mass vector
M € R, there exists (for such systems) a unique strictly positive (that is, ceo € RY)) complex balance
equilibrium satisfying the mass conservation laws. One or several boundary equilibria (for such systems)
can nevertheless exist (cf. [HJ72]).

There is also an extensive literature concerning the large time asymptotics of complex balanced systems
in the ODE setting, i.e. by considering ¢ = ¢(t), which satisfies the ODE system

d

P R(c), (1.6)
where R(c) is defined as (1.2). Indeed, it is proven that the unique strictly positive complex balance
equilibrium of an ODE reaction network (of such a system) is locally stable (cf. [HJ72]). Moreover, it is
conjectured that this equilibrium is in fact globally stable, i.e. that it is the unique global attractor for the
dynamical system given by the ODE network (with exception of the boundary equilibria points). This
statement is usually called the Global Attractor Conjecture and has remained one of the most important
open problems in the theory of chemical reaction networks, see e.g. [And11l, CNN13, GMS14, Pan12]
and the references therein. A recently proposed proof of this conjecture in the ODE setting is currently
under verification [Cral.

For the rest of the paper, we shall systematically consider only complex balance systems. We shall
refer to the unique strictly positive complex balance equilibrium (of our systems) as “the” (strictly pos-
itive) complex balance equilibrium, while all the other complex balance equilibria (which are necessarily
boundary equilibria) are simply named boundary equilibria.

The first part of this paper is devoted to the quantitative study of the convergence to equilibrium
for complex balanced systems (1.1) of reaction diffusion PDEs without boundary equilibria, and is based
on the so-called entropy method.

The idea of the entropy method consists in studying the large-time asymptotics of a dissipative PDE
model by looking for a nonnegative (convex) Lyapunov functional £(f) and its nonnegative dissipation

D7(H)) = — £ (1), (17)

along the flow of the PDE model. We shall consider entropy dissipation functionals which are well-
behaved in the sense that firstly, all states satisfying D(f) = 0 (and coherent with the conservation laws
of the PDE) correspond to a unique (entropy-minimising) equilibrium fo, i.e.

D(f) =0 and  coherence with conservation laws — = foo,
and secondly, there exists an entropy entropy-dissipation estimate of the form

D(f) = ®(E(f) = E(fx)); (1.8)

which holds for all f coherent with the conservation laws of the PDE, and for some nonnegative function
® satisfying ®(x) = 0 < « = 0. In this method, if ®'(0) # 0, one gets (at least formally) exponential
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convergence toward f, in relative entropy £(f) —E(fx), with a rate given by some variant of Gronwall’s
lemma.

It is well known in the ODE theory of complex balanced reaction systems (1.6) that the free energy

N
E(clew) = Z (c,» log G ci + ci,oo> , (ODE entropy functional) (1.9)

: 1,00
i=1 )

is decreasing in time along the solutions of the ODE, i.e. 4 E(c(t)|cs) < 0 when ¢ := ¢(t) satisfies eq.
(1.6) (cf. [HI72, Fei79, Gopl3, And14]), and ¢« is the complex balance equilibrium of the network. This
suggests to consider as an entropy functional for the PDE system (1.1) the quantity

N
E(ces) = Z/Q (cz- log C_Cl
i=1 ’

,00

—c+ cmc) dz, (PDE entropy functional).  (1.10)

It is remarkable, however, that the monotonicity of t — E(c|cs) is in general shown indirectly, so that

the explicit form of the entropy dissipation D(c¢) := —%E(dcoo) > 0 is not written down. In this

paper, we therefore compute the explicit form of the entropy dissipation functionals D(¢) = —dE/dt and

D(c) = —d&/dt, which is necessary for applying the entropy-entropy dissipation method. More precisely,
IR

we show that
N /
|Vei|? / cvr cvr
Dl(c) := di/ dxr + kreds | O | —; — | dx 1.11
(c) ; s rz:; o\ (1.11)
satisfies (1.7), where £ is defined by (1.10), when c is a (sufficiently integrable) solution of eq. (1.1). In
(1.11), ¥ : (0, +00) x (0,400) — Ry is defined by
Y(z;y) :=wxlog(z/y) —x+y (=0), (1.12)

and it is easy to check that U(z;y) =0 <= z = y. We refer to Prop. 2.1 below for the verification
that D indeed satisfies (1.7).

Our first main result concerning complex balanced systems of reaction-diffusion PDEs without bound-
ary equilibria is stated in Theorem 1.1 below. We show that all renormalised solutions, which satisfy a
weak entropy entropy-dissipation law, converge exponentially fast to the unique strictly positive complex
balance equilibrium.

Theorem 1.1 (Exponential convergence to equilibrium for complex balanced systems without boundary
equilibria).

Let Q be a bounded smooth (C?) domain of R™. Consider a (positive definite) diffusion matriz D =
diag(dy,...,dn) withd; >0 fori=1,2,...,N. Let R be a reaction term describing a complex balanced
chemical reaction network without boundary equilibria (coming out of the mass action law, cf. (1.2)),
and fix a strictly positive initial mass vector M € RZ,. We recall that such a network possesses a unique
strictly positive equilibrium Coo.

Then, there exists a constant A > 0 such that for all nonnegative measurable functions ¢ = (cq,...,¢N) :
Q— Rf satisfying the mass conservation laws Q€ = M (cf. (1.4) for the definition of Q) and the upper
bound £(€|cx) < K, the following entropy-entropy dissipation inequality holds:

D(ec) > Né(cles), (1.13)
where E(c|cw) and D(c) are defined in (1.10) and (1.11), respectively, and X solely depends on 2, d;,
M, the coefficients appearing in R, and an upper bound K on the relative entropy £(€lcs) of € w.r.t.
Coo-
Moreover, following [Fis15], for any nonnegative initial data with finite initial mass and relative en-
tropy, i.e. cg € (LY(Q))N and E(cples) < +00, the system (1.1)—(1.3) possesses a global renormalised
solution ¢(x,t) = (c1(z,t),...,cen(x,t)) (¢f. Rmk. 1.1 for a precise definition of this solution concept).

Then, each such renormalised solution which moreover satisfies the weak entropy entropy-dissipation
law

£(cles)(®) +/ D(e)(n)dr < E(cles)(s),  aa. t3>s>0, (1.14)

converges in L'-norm exponentially fast to the (unique, strictly positive) complex balance equilibrium.
That is, for a constant C' > 0 depending on the same parameters as A and on ¢y, there holds

N
D llei(t) = civolliiy < Ce™™, vt >0. (1.15)
i=1
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Remark 1.1. The statement of Thm. 1.1 is formulated for renormalised solutions, which is the only
available concept of global solutions for general systems (1.1)~(1.3). We recall here that a vector of
measurable nonnegative components c(x,t) = (c1(x,t),...,cn(x,t)) is said to be a renormalised solution
when ¢; € L{S.(Ry; LY(Q)), /& € L}, (Ry; HY(SY)), and when for any smooth function & : RY — R with

compactly supported derivative VE and every 1 € C°(Q x Ry, the equation
r d
[ stetmyumydn = [ et 0do— [ [ ele) s
Q Q 0 Ja dt

N T
= — Z A /qu&ajf(c)(dZVcl)Vc] dxdt (1.16)

=1
- i d;Ve;)-Vip dxd 9,6(¢)R; dd
;/0 0 f(c)( VC) Vo dx t"‘lz_;/o ; f(c) (c)w rdt

holds for almost every T > 0, with R(c) = (R1(c),...,Rn(c)).

We notice that the assumed weak entropy entropy-dissipation law (1.14), which holds at the formal
level, is in fact not easy to prove in general for renormalised solutions, because of the lacking integrability
of the reaction terms in the entropy dissipation functional (1.11). In Thm. 1.2 below, exponential
equilibration of renormalised solutions (without any extra assumptions) in the case of a cyclic reaction
network is obtained thanks to estimates which are uniform w.r.t. an approximation process.

For classical and sufficiently integrable weak solutions of (1.1)—(1.3), however, the entropy entropy-
dissipation law (1.14) can be verified rigorously (even with an equality sign). This was done, for instance,
in [DFPVO07] for weak (LlogL)?-solutions of a system with quadratic nonlinearities. More recently,
sufficiently integrable weak solutions were shown to exist for some special systems of the form (1.1)—(1.3)
when a (space dimension-dependent) “closeness” assumption on the diffusion coefficients of the system
is made, see e.g. [CDF14, FL16]. Imposing an even stronger “closeness” assumption on the diffusion
coefficients allows in fact to show the existence of classical solutions, see e.g. [FLS16].

Remark 1.2. In the above theorem, the constant C in (1.15) can be explicitly estimated. In fact, one
can take C' = C’E}(P E(cpleso), where Cogp is the constant in a Csiszdr-Kullback-Pinsker inequality (cf.
Lemma 2.6 below).

It is however not possible with our method used in Thm. 1.1 to estimate A in a completely explicit
way. It is nevertheless possible to define the constant \ by a finite-dimensional minimisation problem
(cf. the proof of Thm. 1.1). In particular, one needn’t use any abstract infinite-dimensional compactness
argument.

The proof of Thm. 1.1 exploits an additivity property of the entropy functional, the Logarithmic
Sobolev inequality (allowing to avoid the use of L*°-bounds, which are unavailable for general systems)
and then uses a convexification argument presented in [MHM15], which allows to further reduce the
functional inequality (1.8) into a finite dimensional inequality. The proof of this finite-dimensional
inequality is based on Taylor expansions around the equilibrium (unfortunately not yielding an explicit
bound for A, since the actual value of A > 0 might be obtained at states far from equilibrium).

The second main result on complex balanced systems without boundary equilibria is stated in Theorem
1.2 below. Since the method of convexification used in Theorem 1.1 does not yield explicit estimates for
the convergence rate A\ (at least for general systems), we also propose a constructive method, inspired
by [DF08, FL16, FT], to prove an entropy entropy-dissipation estimate with computable constants.
Another advantage of this method is that it can be applied uniformly w.r.t. the approximating systems
used for constructing renormalised solutions, and thus yields exponential convergence to equilibrium of
renormalised solutions without having to assume the weak entropy entropy-dissipation law (1.14) as in
Thm. 1.1.

The proposed method consists of four steps. The first three are proven for general complex balanced
systems, but the last one, which crucially depends on the structure of the conservation laws, is rather a
proof of concept which can be detailed only once a specific system is given. We demonstrate the details
of this last step for the specific case of cycles of reactions connecting an arbitrary number of chemical
substances:

k k kn-—1 k
a1A1 —1> 042./42 —2> el — aNAN 4N—> a1A1,
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where a; € Ny, and k; > 0 for i =1,2,..., N. The corresponding reaction-diffusion system writes as
Orar — d1Aar = o (—kral* + kyaldy), zeQ, t>0,
Oras — doAas = ag(ka(ISQ + kla‘fl), ref), t>0,
(1.17)
drany —dnAan = an(—knaiy +ky_1ay" '), e, t>0,

together with homogeneous Neumann boundary conditions and initial data (1.3) (with ¢ replaced by

a := (a1, ..,an)). The system (1.17) has one mass conservation law corresponding to Q = (a%, e ﬁ ,

1.e.

N N

1 1

— | ai(z,t)de = M := —/ai z)dr >0 forall ¢>0, 1.18
;ai/n() > o f el (118)

where the initial total mass M is assumed to be strictly positive. As a consequence, the system (1.17)
has a unique strictly positive complex balance equilibrium @o = (a1,00,---,aN,00) (cf. Lemma 2.7).

By denoting a@ = (a1,az,...,an), @ = (1,0, ..,an,0) and by using the periodic notation ayy1 := a1,
AN+1,00 = 01,00 a0d AN4+1,0 1= 61,0, the quantities (1.10) and (1.11) write in this specific case as

N
E(alas) = Z/Q (ai log - a; + ai7m> dx, (1.19)
i=1

A 00
and
N N o it
_ |Va;[? o a;" Gy
D(a) —;di /Q . dx+;kia,.m pr o dz, (1.20)

where we recall that ¥ is defined by (1.12).
We now state the

Theorem 1.2 (Explicit convergence to equilibrium for a cyclic reaction).
Let Q be a bounded smooth (C?) domain of R™, d; >0, a; € Nsg, and k; > 0 for alli=1,2,...,N. We
finally fix a strictly positive initial mass M > 0.

Then, there ezists a constant A > 0 which can be explicitly estimated in terms of Q, d;, M, «; and k;,
such that for any nonnegative measurable functions a; : Q@ — Ry, (i =1,2,...,N) satisfying the mass
conservation law Zi\il a% Jo ai(x)dx = M, we have

D(a) > Aé(alas),

where a, is the unique strictly positive complex balance equilibrium determined by M, and £(ala~) and
D(a) are defined in (1.19) and (1.20), respectively.

As a consequence, for any nonnegative initial data ag with positive mass and finite relative entropy,
i.e. Zf\il ai Joaio(x)de = M > 0 and E(aglas) < 400, the renormalised solutions of system (1.17)
(as constructed in [Fisl5] and defined in the same manner as in (1.16)), (1.3) (with ¢ replaced by a)
converge exponentially fast in L'-norm to the equilibrium @oo:

N
Z lla;(t) — ai,ooHQLl(Q) < Cgpepe ME(aglass)  forall >0,
i=1

where Cogp is defined in Lemma 2.6 below.

The second part of this paper, presented in Section 3, is devoted to the study of complex balanced
systems featuring boundary equilibria. We recall that even in the ODE setting (1.6), the convergence
to the unique strictly positive complex balance equilibrium for general reaction networks with boundary
equilibria involves the study of the Global Attractor Conjecture.

Moreover, we emphasise that due to the presence of boundary equilibria, we cannot expect an entropy
entropy-dissipation estimate of the form (1.13) to hold with the same generality as in Thm. 1.1. In fact,
it is easy to verify (see also Section 3) that the entropy dissipation D(¢) tends to zero for sequences of
constant states, which converge to a boundary equilibrium and satisfy the mass conservation laws, yet
the relative entropy to the positive complex balance equilibrium £(¢|cs,) remains, of course, far from 0
for such states.
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In Section 3, we prove two quite general results concerning the convergence to the unique strictly
positive complex balance equilibrium for the following two reaction-diffusion networks with boundary

equilibria:

k1
A— B+C

ky
24 A+ B and k.;‘ /
k‘z - 2
2B

The first system is described by the following 2 x 2 mass action law reaction-diffusion system

a; — d,Aa = —a® + ab, reQ, t>0,
by — dyAb=a® — ab Q, t>0
t b a aov, HASR YA >0, (121)
Va-v=Vb-v=0, r eI, t>0,

a(:r,()) = aO(x)v b(lL’,O) = bO(w)v x €1,

where we assume normalised reaction rate constants k1 = ko = 1 (without loss of generality since different
rates can be recovered thanks to a suitable scaling).

It is easily checked that the above 2 x 2 system is complex balanced, and even detailed balanced, but
features a boundary equilibrium. We nevertheless are able to prove for this system the

Proposition 1.3 (Convergence to detailed balance equilibrium for a 2 x 2 system with boundary equi-
librium).
Let Q be a bounded smooth (C?) domain of R™ and d,,dy > 0. Assume that the initial data (ag,bo) €
L>(Q) x L*(Q) satisfy 0 < £2 < ag(x),bo(z) < A < +o00 (for a.a. x € Q).

Then, the unique global classical (C? for t > 0) solution (a,b) to (1.21) conserves the total mass

/(a(x,t) +b(x,t))de =M = / (ao(z) + bo(x))dx >0 forall t>0,
Q Q
and converges exponentially fast to the unique strictly positive detailed balance equilibrium (aoo, boo):
(1) = aoollZ2() + 16(+) = booll 720y < €< ([lao — asolF2(q) + 1b0 — booll72())  for all ¢ >0,
where \. is an explicit constant depending only on Q, M, d,,dy and €. Moreover, one can choose \. =
O(e?) ase — 0.
This proposition can be used to get a result in the case when the initial data are not bounded below:

Corollary 1.4. Let Q, d,, dy be as in Prop. 1.3. Assume that the non-negative initial data (ag,bo)
belong to C(Q) x C(Q), and that ag is not the trivial initial state 0.

Then, the unique global classical (C? for t > 0) solution (a,b) to (1.21) conserves the total mass (as
in Prop. 1.83) and converges exponentially fast to the unique strictly positive detailed balance equilibrium,
that is, for some C,\ > 0,

la(,t) = asollZ2 () + Ib(-,1) = bosllf2) < Ce™™" forall  ¢>0.

Note that on the other hand, if ag =0 on Q (so that the initial total mass is concentrated in by ), then
the classical solutions to (1.21) converge exponentially fast to the boundary equilibrium (0, M).

In the proof of Prop. 1.3, the particular structure of system (1.21) allows to show via a comparison
principle argument that solutions propagate the assumed positive lower and upper L°°-bounds of the
initial data. As a consequence, the solutions remain bounded away from the boundary equilibrium. Also
the proof of Cor. 1.4 applies the minimum principle. However, such comparison principle arguments
(like the propagation of lower and upper L*°-bounds) are no longer true for more general systems such
as the second example (described in the following).

Applying the mass action law to the second example leads to the below 3 x 3 reaction-diffusion system

a; — doAa = —kja + ksb?, reQ, t>0,

by — dyAb = kya + kobc — 2k3b?, zef, t>0,

¢t — d.Ac = kia — kabe, z€eQ, t>0, (1.22)
Va-v=Vb-v=Vc-v=0, x e, t>0,

a(z,0) = ap(z), b(z,0) =bo(z), c(z,0)=co(x), x € .
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For system (1.22), we first address the existence of global classical solution. Due to the lack of
comparison principle arguments (which held for the 2 x 2 system), we are able to show the existence
of global classical solutions in dimensions N < 5, or, when N > 6, when the diffusion coefficients are
assumed to be sufficiently close to each other (see Lemma 3.2). The 3 x 3 system (1.22) also features
a boundary equilibrium. Since no uniform-in-time upper or lower positive a priori L°°-bounds can
be obtained for system (1.22), the question of instability of the boundary equilibrium turns out be
significantly more tricky.

We can nevertheless prove the

Theorem 1.5 (Convergence to complex balance equilibrium for a 3 x 3 system with boundary equilib-
rium).
Let Q be a bounded smooth (C?) domain of R™, and dg, dy,d. > 0, k1, ko, ks > 0. Assume that the initial
data (ag,bo,co) € (L>=(Q))® are such that by is a.e. bounded below by a strictly positive constant, i.e.
I35 |2 (@) < oo

Then, there exist explicit constants C' > 0 and A > 0 such that any classical solutions of (1.22)
converge exponentially fast to the unique strictly positive complex balance equilibrium (Aoo,boo, Coo) With
the rate A, that is

la(t) = acellZr (o) + 16(t) = boollZs () + lle(t) — coollfry < Ce™,  forall t>0,

where the constant C' depends only on the initial relative entropy and Coxp, and X depends only on (2,
M; da7 db; dC; kl) k2: kS and ||%||L°°(Q)

In order to prove this result, we first observe that solutions to system (1.22), which initially satisfy
H%”LOO(Q) < 00, obey a specific lower bound of the form ||W1t)||Loo(Q) < C(1+1t). This lower bound
shows that the dissipation of the relative entropy (with respect to the unique strictly positive equilibrium
(G0, boo, Coo)) decays at most like (1 +¢)~! times the relative entropy.

As a consequence, we can show algebraically fast convergence to (a0, boos Coo) via a Gronwall argument.
The essence of this Gronwall argument is illustrated by the following contradiction argument: Suppose
that the relative entropy to (@ec,boos Coo) Would remain bounded below by a strictly positive constant
uniformly-in-time, then the entropy dissipation would also remain bounded below by a positive constant
times (14¢)~!. The function (1+¢)~! is however non-integrable over the interval [0, +00) and thus yields
a contradiction to the fact that the time-integral of the entropy dissipation over [0, 4+00) is bounded by
the initial relative entropy.

Moreover in a second step, the obtained algebraic convergence allows to recover exponential conver-
gence towards the strictly positive complex balance equilibrium (aso, boo, Coo)- In fact, the rate of the
convergence can be estimated explicitly as in Thm. 1.2 (see Rmk. 3.5).

Remark 1.3 (Convergence to boundary equilibria). The condition on by in Thm 1.5 is clearly stronger
than the assumption that the nonnegative initial datum (ag,bo,co) is different from the boundary equi-
librium. In fact, there is a class of initial data (strictly larger than the boundary equilibrium) for which
solutions converge to the boundary equilibrium, see Rmk. 3.4. Such a class of initial data was also pre-
sented in Cor. 1.4 for the 2 x 2 system. Moreover, Cor. 1.4 allowed to precisely classify for continuous
initial data, which solutions converge to the boundary equilibrium and which solutions converge to the
positive complex balance equilibrium.

Remark 1.4. We would like to point out a significant difference between our method here and the
linearisation techniques: when using linearisation, one needs to wait until the trajectory is trapped into
a small enough neighbourhood of co = (Aoosboo, Coo). Our method, however, already allows to use the
standard entropy method (and obtain exponential convergence to ¢ ) as soon as the solution is not close
to the boundary equilibria.

Note also that the arguments used in the 3 x 3 system are different from the ones used in the so-called
“slowly growing a priori bounds” variant of the entropy method (cf. [ToVi], [DF08]).

The main novelties of this work are the following:

(i) Up to our knowledge, this paper seems to be the first quantitative study of convergence to
equilibrium for nonlinear complex balanced reaction-diffusion systems.

Previous related results on the large time behaviour of complex balanced systems in the

ODE setting stated mostly qualitative results, that is convergence to equilibrium, but without
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convergence rates, see e.g. [And11l, CNN13, GMS14, Pan12] and references therein. The only
quantitative results for ODE complex balanced systems known to us was proven by [SJ], in which
the authors obtained convergence rates close to equilibrium via a linearisation technique.

The PDE setting (1.1) for complex balanced systems is even less studied. Concerning the
convergence to equilibrium for detailed balanced systems in the context of semi-conductor mod-
els, we refer to [Gro92, GGH96, GH97|, where convergence rates were proven, but with non-
constructive constants coming out of an abstract compactness argument. In [DF06], the authors
obtained the first results of convergence to equilibrium for nonlinear detailed balance reaction-
diffusion systems with explicit rates and constants. Related results were later derived in e.g.
[DF08, GZ10, DF14, MHM15, FT]. We point out that all these references consider reaction-
diffusion systems which satisfy a detailed balance condition. Finally, a recent result on the
quantitative convergence to equilibrium was proven in [FPT] in the special case of linear com-
plex balanced systems for PDEs (coming out of first order chemical reaction networks).

(ii) Secondly, we study two specific complex balanced systems featuring boundary equilibria.

One of the main difficulties in proving the Global Attractor Conjecture for ODEs is the
appearance of boundary equilibria, leading to the possibility of w-limit sets having nonempty
intersections with the boundary 8R1>VO. Resolving this problem in the PDE setting (1.1) is, up to
the best of our knowledge, completely open. Here, we investigate two particular systems featuring
boundary equilibria and study in which modified sense the GAC could be investigated: First,
we note that in the PDE setting, there exist nontrivial classes of solutions which converge to the
boundary equilibrium. Secondly, we point out the observation that for some specific examples of
complex balanced systems, the nonlinear reaction terms which gives rise to boundary equilibriua,
also lead to specifically decaying a priori lower bounds which (in combination with an entropy
dissipation argument) are sufficient to prove instability of those boundary equilibria.

Outline: The rest of the paper is organised as follows: In Section 2 contains the results concerning
complex balanced systems without boundary equilibria. The two specific systems featuring boundary
equilibria are then analysed in Section 3.

Notations: With a slight abuse of notation, we recall the following convention whenever a single letter
y is used for a complex, then y; (for ¢ =1,..., N) denotes the stoichiometric coefficient of the i-th specie
S; in the complex y. If the complex is written as y,. (or y..), then it denotes the source (or target) complex
of the 7-th reaction, and the i-th stoichiometric coefficient is denoted by y,.; (or y;. ;).

e For ¢,y € RY, we denote

N
. c c1 ¢ c
cy:Hcyl and :<12...N)€]RN.

K3 ) Y )
i1 Y Y1 Y2 YN

The scalar product is denoted by

N
cy= Zciyi-

i=1

e For a function f: R — R and ¢ € RY, we denote

f(C) = (f(cl)vf(CQ)a . '7f(CN)) S RN

e We denote by || - || the usual norm in L?(Q).
e We can assume (w.l.o.g. by rescaling the space variable x) that Q has normalised volume

Q| = 1.

Note that we shall systematically make this assumption in all the following proofs of the theorems
concerning PDEs.

e In Section 2, we shall use the notations ¢, €, ¢, etc. whenever a result is proven for general
complex balanced systems without boundary equilibrium. On the other hand, for results specific
to a cycle of reactions and systems (1.17), we shall use the notations a, @, a, etc. instead. In
this case, it is also convenient to use the periodic notation ayi1 1= a1 or an4+1,00 1= @1,00 €.1.C.
Moreover, we shall introduce capital letters as a short hand notation for square roots of quantities,

e.g. C;:=,/c;, C; = VG, Ci oo i= \/Cioo, Ai i= /0y, etc.
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2. COMPLEX BALANCED SYSTEMS WITHOUT BOUNDARY EQUILIBRIA

Before beginning the proof of Thm. 1.1, we first state and prove a proposition devoted to the study
of ODEs coming out of a chemical reaction netwok, since the tools developed in this proof can then be
used in the study of the PDEs.

2.1. Convergence to equilibrium for ODE systems.
Throughout this paper, we frequently use the two variables function ¥ defined by (1.12), and the ele-

mentary estimate
U(z,y) > (Vo —y)* (2.1)
It is well known for reaction terms R describing complex balanced chemical networks without boundary
equilibrium that solutions ¢ := ¢(t) of the ODE system (1.6) (with nonnegative initial data ¢ > 0
corresponding to a strictly positive mass vector M € RZ) converge towards the unique strictly positive
complex balance equilibrium ¢.,. Moreover, the relative entropy functional

N
ci(t)
E(c(t)|eso) : Z U(ci(t); Cioo) = Z (ci(t) log o c; + ci,oo> (2.2)
=1 ’

is decreasing along solution trajectories (see e.g. [HJ72, Fei79, And14, Gopl3]). The corresponding
entropy dissipation, however, seems not to be written down. We provide the following proposition to
establish the explicit expression of the entropy dissipation:

Proposition 2.1. We consider a reaction rate defined by (1.2) and ¢ a strictly positive complex balance
equilibrium of a chemical reaction network (cf. Defs. 1.1 and 1.2). Then,

‘RI cyT cy’r‘
D(c) := —R(c) log— Zk el v i | 20 (2.3)
C

Moreover D(c.) =0 for some ¢, € RZO if and only if ¢, is a complex balanced equilibrium (that is, (1.5)
holds). Finally, if the chemical reaction network has no boundary equilibria, then ¢, = Cso.

Proof. We compute

R | -
—R(c) - log— (Zk v (yr — )) log— Zk ¢ log

Coo e Yr—Y,.
IR /
cyr cyr CyT Cyr qu , cyr
=S ket (Slrog [ /S0 - kypcVr — kv £ 2.4
[ = <oo g<w/> o +czo>+ oo J >
R w @l [
> etew (S ) + 3 e rer ]
r=1 Coo r=1 Coo
It remains to prove that
IR| el
> [k v — kpcVr > ] =0. (2.5)
r=1 Cog
Indeed, by using the properties of Def. 1.1,
|R‘ , cyv' , cy.s
- B DML
r=1 Coo {r yr=y} {s:yl=y}
z[ Y k-2 Y k] 20
yec {riyr=y} * {siy=y}
S| ¥ b 3 ker|-n
vee © {r:yr=y} {s:yi=y}

where we have used the complex balance condition (1.5) in the last step.
Now assume that D(c.) = 0 for some ¢, € Rgo- Since ¥(x,y) > 0forallxz >0,y > 0 and ¥(z,y) =0
if and only if x = y, it follows from D(c,) = 0 that

’ ’

Yr y, Yy
e ft
Yr — oUr
el =l (2.7

= —~ or equivalently
e cs
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for all r =1,...,|R|. Thus for any y € C, we have

’
Y y v
Cx Cx Cx
Yr Yr _ Ys Ys — Ys
E krelr = — g krell = — E kscY: = E ks o7 Coo = g kscls.
C C CRE

{riyr=y} > {riy,=y} > {siyl=y} {s:yi=y} {s:yi=v}
Therefore, ¢, is a complex balance equilibrium due to (1.5). Furthermore, if the considered chemical
reactions network has no boundary equilibria, then obviously ¢, = c- |

Remark 2.1 (Explicit Entropy-Dissipation).

In the case of linear reaction networks, a recent result [FPT] shows explicitly that the relative entropy be-
tween any two solutions decays. Such a strong results does not seem true for nonlinear reaction networks,
for which we suspect that only the relative entropy (2.2) is a Lyapunov functional in general. For linear
systems, the existence of a dissipative relative entropy between any two solutions is due to a fundamental
property of linear systems, see e.g. [FJ16]. It can also be derived from the General Entropy Principle for
finite Markov chains, see [PMPO06].

Thanks to the explicit expression of the entropy dissipation in Prop. 2.1, we are now in position to
prove the following quantitative result about the decay towards equilibrium of solutions of the ODE
systems (1.6) (for complex balanced chemical reactions networks without boundary equilibria).

Proposition 2.2 (Exponential convergence to equilibrium for ODE systems without boundary equilib-
ria).
We consider a complex balanced chemical reaction network without boundary equilibria, the corresponding
reaction term (1.2) and, for a given mass vector M € RZ,, the unique strictly positive complex balanced
equilibrium ¢, together with the ODE system (1.6).

Then, there exists a strictly positive constant A > 0 depending only on the coefficients appearing in
R, such that any solution ¢ := c(t) to the ODE system (1.6) (with nonzero nonnegative initial data)
satisfies the following exponentially fast decay of the relative entropy:

E(c(t)|ess) < E(egless) e forall ¢ > 0. (2.8)

As a consequence, these solutions ¢ converge exponentially fast to the unique strictly positive complex
balance equilibrium co:

N
Z ci(t) — ciool® < CE(coleas)e™  forall >0, (2.9)

i=1
where C' = (V K 4 max;{,/G.<})? and K is defined as in (2.22).
Proof. We first observe that

d d ¢ c
— —E(clex) = =Y (=i | log—— = —R(c) -log —, 2.10
G Elcle) 2. (dt6> 08 (€) -log — (2.10)
so that thanks to (2.3),
IR| /
d cYyr cYr
_ — — Yr :

th(c|coo) =D(c) = ;:1 kn.clr ¥ (cgg’ cZé) . (2.11)

Thus, if we are able to show the following entropy entropy-dissipation estimate
D(c(t)) > AE(c(t)|es), (2.12)
for some A > 0 and for all ¢ > 0, we see that (2.8) will follow from a Gronwall argument. We consider
Cy={¢eRY:Q¢=M and E({ecx) < E(coless)}. (2.13)

Thanks to (2.11), we see that ¢(t) € €,y for all ¢ > 0. Therefore, we will prove the estimate (2.12) thanks
to the

Lemma 2.3. Let E(-|cx), D(-) and €y be defined in (2.2), (2.3) and (2.13) respectively. Then

s D(¢)
A= Eggw E(Elex) > 0. (2.14)
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Proof. Firstly, since D(§) > 0 and E({|cs) > 0, we see that A > 0. Secondly, it follows from definition
(2.13) of € that the denominator F(€|c) is bounded above. On the other hand, thanks to Prop. 2.1,
D(¢) = 0 if and only if £ = co. Thus, A can approach zero only in cases when £ — ¢, on €,y (where
we recall that ¢ is strictly positive). Therefore, in order to prove (2.14), it is sufficient to show that

1 f —= . 2.1
enmitl ey 0 (2.15)
Thanks to D(ce) =0, VD(cx) = 0, and
[R|

2
Yri— Y
(£ = €o0)"V2D(eoo Zk ( i ”(g—cz-,oo)) :
Z (oo}
which follows from direct computations, we can Taylor expand around ¢, to obtain

IR| iy 2
> (e )
A := liminf &: inf = :

i=1
2.16
Crrztsew B(E|Coe) 6 v % (2.16)
Denoting g = £ — ¢, we see that (2.16) becomes
R| N oy, 2
(2 xu)
A= inf = " (2.17)
ptcoo € Ei:l Ci,;

Since both numerator and denominator of the above fraction are of homogeneity two, it is sufficent to
estimate (2.17) for g in the unit ball, i.e. |u| = 1. By putting n; = =, we have p = diag(c) 9.
Hence, the numerator of (2.17) becomes

|R|
2
> k(e —wi)-m)” (2.18)
r=1
This term can only be zero when 1 € ker(W), where we recall that W is the Wegscheider matrix
W = [(y. — yr)re1,.r|] | € RIFXN. (2.19)

We now consider two cases, related to the number of conservation laws m = dim ker(W):
Case 1. m > 0: Since the rows of Q form a basis of ker(W), there exists @ € R™ such that

n=Q"a. (2.20)
From Qu=Q¢ —Qcoo = M — M =0, we get
Qdiag(cs) Q" a = Qdiag(coo)n = Qu = 0. (2.21)

It follows from rank(Q) = m and ¢; oo > 0 (foralli = 1,2,..., N) that Qdiag(cs,) Q' is a positive
definite m x m matrix. Hence, (2.21) implies a = 0, which shows 1 = 0, and consequently p = 0,
which contradicts the fact that |p| = 1.

Case 2. m = 0: In this case it is obvious that A = 0 if and only if n = 0, since ker(W) = 0.

In conclusion, we have shown that A > 0 and consequently (2.14). |

A direct consequence of Lemma 2.3 is that (2.12) holds and thus (2.8) holds thanks to a classic
Gronwall lemma. From E(c(t)|c) < E(coles) and the inequality ¥(z;y) > (VT — /y)? we get

N 2 1 N N
(ci(t); ciyo0) = ( Ci(t)_\/ci,oo) Zizci(t)—zci,w.

Thusforallz:1,...,Nandallt>0,

c0|coo

|Mz

N
ci(t) <K :=2 <E(cocoo) + Zcm> . (2.22)
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We can therefore show that

>N —\? (ci(t) = ci0)”
Bletilex) 2 32 (Ve - vai) =3 26 oy

N
lei(t) = cioo?
1

1

T (VK +maxi{/a=))? =
and finally get (2.9). |

Y

2.2. Convergence to equilibrium for PDE systems.
We now begin the

Proof of Theorem 1.1. We now consider £(c|es) given by formula (1.10) and D(c) given by (1.11) as

stated in the introduction.

Note that in the PDE setting, the entropy entropy-dissipation estimate (1.13) is a functional inequality
in contrast to the finite dimensional inequality (2.14) in the ODE setting. Thus, the techniques used in
Proposition 2.2 are necessary (since (1.13) includes the ODE case) yet far from sufficient. In order to
prove (1.13), we first rewrite its right hand side by using the additivity property of the relative entropy,
that is (remembering that ¢; = fQ ¢; and ¢, do not depend upon z):

N N
E(cles) = Z/ c;log S dw + Z (q
=179 Ci i=1
In order to treat the first term £(c|€) in the above identity, we apply the Logarithmic Sobolev Inequality
\V4 2
/ 7| fl dr > CLSI/ flog idz
o f Q f

G+ Ci,°°> = &(cle) + &(clex).

to estimate

N
1 1 |Vei|? _
§'D(C) > 5 ;:1 /le- - dx > M E&(cle), (2.23)

with A\ = %CLSI min;{d;}. By denoting

|R\ cr CU,
ey (5%) we FO-n YW @

(o9}

we estimate (using again the Logarithmic Sobolev Inequality and the additivity of the relative entropy)

1 _ _
iD(c) > Mé&(cle) + /Q G(c)dx = /Q [F(c) +(C)v'(c)] dz — F(¢)
=®(c

- / &(c) dz — F(2). (2.25)
Q

Let ® be the convexification of ®, that is, D is the supremum of all affine functions below ®. By noticing
that ® > ® and that ® is convex, we can now use Jensen’s inequality (recall that |Q| = 1, as stated in
the paragraph devoted to notations at the end of the introduction) and get

%D(c) > /QEI;(C) dz — F(€) > ®(¢) — F(c). (2.26)
It remains to show the following finite-dimensional inequality:
B(€) — F(€) > M\ E(€]cos),
for some positive constant Ay > 0. By using Jensen’s inequality, we see that
E(€lexs) < E(€leo) < E(cep|Coo)-
We define, for some given K > 0,
Cy:={6eRY:Q¢=M and €E(¢ec) <K}

Our goal is now to prove the
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Lemma 2.4.

e i 2O -FE)

e T (Elen) > 0. (2.27)

Proof. We first observe that Ao > 0. Indeed, using the inequality f/—i—\g > f—i— g (see e.g. [WCHL96)),
we have

() ~ F(€) > F(§) +G(§) ~ F(§) = G(§) >0,
thanks to the convexity of F' (and the nonnegativity of G). On the other hand, since £(€|cs) is bounded
above in €7, then Ay can be equal to zero only when

(&) — F(&) = 0  or equivalently G(&) — 0.

Now using the fact that (when Q& = M) G(£) = 0 if and only if &€ = cn, it follows that G(&) = 0 if and
only if € = ¢, thanks to the definition of the convexification. Therefore Ay could only vanish for states
€ O € = Coo- In other words, it is sufficient to prove that

lim inf 7&;(5) — F(g)

. 2.2
B el ey (2.28)

We then use the

Lemma 2.5. [MHM15]
Let @ be defined by (2.25) and (2.24).
Then, there exists § > 0 such that for all & € RY; N B(cxs,d) (ball centered at coo with radius §) the

identity (&) = ®(&) holds.

Proof. The proof of this Lemma is given in [MHM15, Lemma 3.4]. For the sake of completeness and the
convenience of the reader, we also provide a proof in the Appendix of this paper.

We point out that all estimates in the proof of Lemma 2.5 are explicit. This means that it is in principle
possible to actually estimate the radius 6 > 0 of the ball B(cs,d), on which ® and its convexification ®
are identical. |

We continue the proof of Lemma 2.4. Thanks to Lemma 2.5 above, we see that d=dina neighbor-
hood of ¢y, Thus, (2.28) is equivalent to

o G(&)
¢}}§ng§1£w £Elon) > 0, (2.29)

which was already proven in Proposition 2.2 (see (2.15) and note that D in (2.15) corresponds to G in
(2.29)), up to a small modification (E(cp|c) is replaced by some arbitrary K > 0). [ |

Therefore, from (2.23), (2.26) and (2.27), we obtain the main estimate (1.13) with A = min{\;, A2}.

We first note that for the renormalised solutions considered in our theorem (that is, satisfying (1.14)),
the entropy inequality £(€(t)|cs) < E(colcso) holds, so that we can use estimate (1.13). We can then
directly apply an integral form of Gronwall’s lemma, see e.g. [Wil] or more specifically [FL16], to finally
ensure that

Ee(t)]eso) < e M E(eoless).

Finally, we conclude the proof of Theorem 1.1 by using the

Lemma 2.6 (Csiszar-Kullback-Pinsker inequality, [AMTUO01]).
Assume that ¢ : Q@ — R4 is nonnegative and measurable and co € RY such that Q€ = Q cx.
Then, there exists a constant Coxp > 0 depending only on Q and Q such that

N
Corp ) llei = cimollinay < Eleles).

=1
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2.3. A constructive entropy method and its application to a cycle of reactions.
Theorem 1.1 shows exponential convergence to equilibrium for the system (1.1), (1.3) when it is complex
balanced and has no boundary equilibria. However, it does not give a quantitative estimate for the con-
vergence rate A\. The reason is that the strictly positive limit in (2.29), which can be computed explicitly,
is not necessary the positive infimum A in (2.27). Though this infimum comes out of an optimisation
problem in finite dimension (and not from an abstract compactness argument in infinite dimension), it
remains not explicitly computable. Therefore, in this subsection, we propose a constructive method to
prove the entropy entropy-dissipation estimate (1.13) and to explicitly estimate the convergence rate .
This method builds on some recent ideas developed in [FT] for nonlinear detailed balance systems.
It consists of four steps. The first three ones can be proven for any general complex balanced systems
without boundary equilibria. The last step, being based on the structure of the mass conservation laws,
is proven only for a specific network consisting of a cycle of reactions with arbitrary number of species,
described in Thm. 1.2.

We begin therefore the

Proof of Thm. 1.2 : Since the three first steps of the proof hold for complex balance general systems
without boundary equilibria, we use the notations ¢, ¢, c¢o,. For step four we change the notation to a,
a, aoo to underline that this step is specific to system (1.17).

Step 1 (Additivity of the relative entropy and Logarithmic Sobolev Inequality)
As in the proof of Thm. 1.1, we use the additivity property (for £ given by formula (1.10)):

E(clex) = E(cle) + £(€les),

and control the term &£(c|€) via the Logarithmic Sobolev Inequality as in (2.23) (with D defined by
formula (1.11)), i.e

1
§D(c) > M\ &(cle),
for an explicit constant A\; > 0. It remains therefore to control £(€|cso).

Step 2 (Upper and lower bounds using quadratic terms of square root concentrations)

We estimate D(c) and £(€|cw) by quadratic terms involving the square roots of concentrations, which
are significantly easier to handle than logarithmic terms. Recalling the short hand notation C; := /c;
and Cj « 1= ,/C;  for square roots of concentrations, we estimate first

cY-
Yr vyl
cy oY

, (2.30)

N R
1 . 1
3D(©) 2 2mind} 3 IVGIP + 5 ) ket

thanks to inequality (2.1). Now, by recalling the conservation of mass (1.18) and the nonnegativity of
the solution, we see that ¢; < M for all i = 1,..., N. Moreover, since ¥(-,y)/(v/- — \/gj)Q is increasing
for each fixed y > 0, the elementary estimate

V(zy) o W(My)
VT =9~ (VM — \/fy)?

holds for all z € (0, M] and y > 0, and we can estimate £(€|cs) as follows:

U (M;c;00) — 2 i —5 ?
E(eles) < Z —my ( Cc? — Ci,oo) < Ks Z ( C? — Ci,oo> ; (2.31)
i=1 AVASRS i=1

where K5 depends only on M and c..

Step 3 (Control of the reaction dissipation term via a reaction dissipation term for spatial averages)
As another step towards exploiting the mass conservation laws, we estimate D(c) further by

;D( )>K1<Z||VC ||2+Z(gZ: gz)2> (2.32)

=1

for an explicit constant K7 > 0. This technical step follows from [FT, Lemma 2.6] with slight modifica-
tions. For the sake of completeness, we recall here the main arguments of the proof. The proof makes
use of a domain decomposition corresponding to the deviation to the averages of C;, i.e. by denoting
§i(z) = Ci(x) — C;, we consider the decomposition

Q=5U9°
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where S = {x € Q: |§;(z)] < Lforalli=1,..., N} with a fixed constant L > 0 (which can be chosen
arbitrarily). On the set S, thanks to a Taylor expansion, we have

N —Yr N

cr 1N T __
@ = Cgé E(Cz+6z> - CT+R(Cla-~7CN7617“76N)i=216i

with |R(C;,8;)| < C(L) thanks to the upper bounds C; < /& < VK (obtained by a computation
similar to (2.22)) and |§;(z)| < L in S. Tt thus follows that
2

12 R —~Yr = N
Cyr Cy"" C Cc’r )
,Zk cv Cig'g s > 51; [ng - C;Zé‘| |S] _ﬁ2;”5i”L2(S) (2.33)

for some constants 31,82 > 0. On the other hand, by using the lower bounds |0;| > L on S¢ for some
1 < i < N, the boundedness of C;, and Poincaré’s inequality, it follows that
2

15°| (2.34)

*mm{d }Z IVCil|* > 532 18:l1Z2() = BsN LS| = ﬂ4z

=1

Cyr Ey;‘
[Cyr Cgé

for constants 83, B4 > 0. Note that all constants 31, 82, 83, 84 are independent of S. Now, a combination
of (2.30), (2.33) and (2.34) leads to, for any 6 € (0, 1),

;12
Dle min,;{d; c cr
;>>mm{d}zuvcu2 ﬁgZHé 12200 + J{ }ZHVC‘ I+5 Z’f c% ~cn
’ 2
N c’" c”r
> min{d;} Y VO + (65—%Zl5|L2<s>+m‘“{"ﬂl7ﬁ4}zlcyr cr|
i=1 i=1 >

where we recall that |S| 4 |S¢| = || = 1. Hence, (2.32) follows by choosing L, 0 < 6 < min{f3343; *, 1}
and Ky = min{6p51, B4, min;{d;}}.

Step 4 (Conservation laws and deviations of averaged concentration around the equilibrium)

Since this step is specific to the cyclic reaction (1.17), we change the notation to a, @, a, 4, etc. in

the remainder of the proof. Moreover, we recall the notations A; = /a;, A cc = /@i 00, and use the
periodic notation any1 := a1 Or AN+1,00 1= 1,00, €tC.

First, we recall that the system (1.17) is indeed a complex balanced system satisfying exactly one
conservation law (corresponding to the conservation of the total mass): > ;" a fQ a; = M. Indeed, the
following lemma holds:

Lemma 2.7. For any strictly positive initial mass M > 0, there exists a unique strictly positive complex
balance equilibrium Goo = (A1,00,02,00, - - - » GN,00) t0 the system (1.17), which solves

FnaSt, = kaad?, = ... =k
hia = Ra0io = - = BNON e (2.35)
e

a1 a2 anN

1/041‘
Proof. Using the first equation of (2.35), we see that a; 0o = (%ai"loo) forall:=2,3,...,N. Hence,

a1,00 SOlves
1/ 1/an
a1 .00 1 k‘l a1 1 ]61 a1
< - (2 e — (L = M.
o + o (kz 1,00 et any \ kn 1,00
Denoting the left hand side of this equation by f(a1 ), we see that z — f(z) is a strictly increasing

function on [0, +00) with f(0) = 0 and lim,_, o f(2) = H+00. Thus, for any M > 0, there exists a unique
solution a1 o to the equation f(z) = M, which completes the proof of the lemma. |

In the case of a cyclic reaction (1.17), the relative entropy is specifically defined by (1.19), while the
corresponding entropy dissipation is given by (1.20).

Moreover, following the above general method, it will be convenient for the readability of the proof
to briefly restate the required key estimates of Steps 1-3: First, we see that Step 1 becomes

&(alas) = E(al@) + £(@las), (2.36)
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and, thanks to the logarithmic Sobolev inequality,

%D(a) > \E(ala). (2.37)

Step 2 shows that D(a) and £(@|a) are controlled by quadratic terms of square roots of concentrations

Aai A{¥7:+1 2
> 2 - .
D(a) 4m1n{d }ZHVA | +Zka i (2.38)
N — 2
E(@las) < K Z( a2 Ai,m) . (2.39)

i=1
In Step 3, we obtain moreover,

A;l1+1 2
>K1<Z|VA ||2+Z<Aal —Aa:i ) ) (2.40)

i+1,00

In order to complete the proof of Thm. 1.2 in the final Step 4, it therefore remains to show that

AO‘L+1 2 N — 2
ZHVA ||2+Z< e ) ngz( AfAi,oo> | (2.41)

z+1,oo i=1

We recall the definition §;(x) = A;(z) — A;, which implies [|6;||* = If - Z? fori=1,...,N. By using
the ansatz

A?=A? (1+p)* with p;€[-1,400) for i=1,...,N, (2.42)
we compute
Ai=Aioo(l+p i ] = Ay oo (14 i) — |0: > R(A) forall i=1,2,...,N,
VA +4;
— _\-!
where we have defined R(A4;) := (\/ A? + A<) . Moreover, thanks to the mass conservation law
>oin 1a Joai(z)de =M = ZZ laawo,weknowthat
N
Z z oo Hi ,Uz + 2) =0. (243)

Next, we can always fix an € > 0 small enough such that

1 M _ 2 O\ Y 2a;
v:= min 2a; ( . /O[z) - 5204- >0, (2.44)
ije(lNy | 2004143\ N -1 AL

and consider two cases.
Case 4.1: If AZ>¢2foralli=1,..., N, then R(4;) <& ' fori=1,2,...,N. Note that
\/ Af'? O[iM

<

—1
Ai,oo o - Ai,oo

pi =—1+

thanks to (2.42) and [|6;] < /A2 < /oM. Moreover, we use the ansatz (2.42) and the Taylor
expansion

4 |5i|2R(Ai)>a‘

Ao <(1 i) = = (L )™ = Ry (i R(A), 183l v, Ai o) 1105
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with a bounded remainder term R; (1, R(A;), ||6il, i, As.00) < C(e) thanks to the bounds on s,
R(A;) and ||d;]|. This yields for a 6 € (0,1) (to be chosen) the lower bound

N N
LHS of (2.41) > > [|[VA;|? +02[( 1+ )™ — Ri|0 ||)
i=1 i=1
" 2
- ((1 + i) — Ri+1|5i+1>}
N 0 N
> 31w+ 53 (@ - ) —oce chs &
=1 =1

P 2
= 9 Z ((1 + i) = (1+ Ni+1)ai“> ;
)

where we have applied the Poincaré’s inequality and chosen 6 small enough in the last step. Moreover,
the right hand side of (2.41) is bounded above by

(2.45)

N
K3 max {AW}Z;@. (2.46)

.....

Thanks to Lemma 2.8 below, we obtain (2.41) from (2.45) and (2.46) by choosing

0
Kz < ’
3=9NN maxi:L.,.,N{A%,oo}

(2.47)

Lemma 2.8. Assume that p; € [—1,4+00) and o; € Nsg, i =1,2,..., N satisfy (for some A; o > 0),

Z A (2 4 2p) = 0. (2.48)
Then,
N
Z((l + Mi)ai - (1 + /’LiJrl)aiJrl) = NN ZMZ : (249)
i=1
Proof. Note that the left hand side of (2.49) can be bounded below by
N 2 2
1 *—(1 Gkt > ! 1 ¥ —(1 & 2.50
Z (L4 pa)™ = (1 + piv) _WZ (I +pa)™ = (1 + py) ; (2.50)
i=1 i#j

thanks to the elementary inequality a® 4+ b? > % (a + b)?. Thanks to the mass conservation (2.48),
there exists ) # Ip C {1,2,..., N} such that pu; >0 for i € Iy and pu; < 0 for j € I§, where also the
complement I§ is not empty. Thus, for i € Iy and j € I§, we have

(I +pa)™ = X+ py)™ = 1+ ps) — (L + p5) = pi — py = 0.
Then
2
((1 + ) = (1+ uj)“f) > (i — p1)* > 1 + 1

for all i € Iy and j € I§. We can thus continue to estimate (2.50)

al o W21 o W2
S (@)™ = =)™ ) 2 e 2o ()™ = ()™
i=1 i#j
7 N (2.51)
1 1 9
> NN Z (,ul + ,LL] > NN Z T
iEIo,jGI i=1
This ends the proof of Lemma 2.8 and Case 4.1 of Thm. 1.2. |

Remark 2.2. The proof of the above Lemma 2.8 used the conservation law (2.48) in a rather weak
way. Indeed, it only uses the fact that not all p; have the same sign. We believe that the ideas used
in the proof of Lemma 2.8 can be generalised to many complex balanced systems, once the structure
of the conservation laws is explicitly given.
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Case 4.2: We now consider cases where there exists (at least) one iy such that A?o < 2. For sufficiently
small €, such cases can only occur away from the unique strictly positive equilibrium state. Hence,
we expect that the entropy dissipation (and its lower bound on the left-hand-side of (2.41)) should
be bounded below by a positive constant, which expresses this distance from the equilibrium state.

At first, however, we note that the right hand side of (2.41) (which is an upper bound of the
relative entropy towards the equilibrium) is bounded above by a constant due to the following
estimate:

N — 2 N N
K3 (\/AZ? - A,»m) <2K3 ) (@ + i) < 2K3 (M max{a;} + ai7w>. (2.52)
=1 =1

i=1

Hence, in order to prove (2.41), it remains to show that the left hand side of (2.41) is bounded below

by a positive constant. To show that, we define

M — €2 /a;
2(N—-1)°

and distinguish two further subcases representing states with large and small spatial variations:

n = min (2.53)

Subcase 1: There exists i, € {1,2,..., N} such that ||6;,]|> > n > 0. Then, we can estimate
directly thanks to (2.52) and Poincaré-Wirtinger’s inequality:

N N — 2
LHS of (2.41) > > Cp||6il]> > Cpn > K3 (\/Af - Am> , (2.54)
=1 =1

by choosing

C
Ks < 2 . (2.55)
2 (M max{o;} + 3 ., Ci,oo)
Subcase 2: For all i = 1,2,..., N, we have ||§;||> < 7. In this case concerning states away from

equilibrium yet with small spatial variation, we expect that the reaction terms represent in
large parts the distance from the equilibrium. This can be quantified from firstly recalling the

: N 172 : .
conservation law Y°;"; =A% = M, and from observing the estimate
- K3

1 — 1 —

§ — A2 =M - —A%2 > M —<?/ay,.
i ! i, ¢
1F£10

Thus, there exists jg # ig such that

— M—¢e?/a;, ~ M —¢€?/a;
2 ) 1o io
A 2% TN T 2T N1
since o, > 1. Hence, by using (2.53),
-2 =5 M — €2 /a; M —¢&%/a;
AT = A2 — |5, P> —"L "0 > =%
Jo Jo || ]0” = N—-1 n= Q(N—l)
Now, with ~ defined in (2.44), by using the triangle inequality and Young’s inequality, we get

N AL At 2 1 A0 A%0 2
LHS of (2.41) > ( i _z_+1> . ( o A )

S\ Al AT T lo—dol + 1\ AT, AR
—2a; —2a; @ )
> i lAjo‘O _ A ” > i ! M —e*/a;, \™° . 2%
— N \2 Az_ajo Agaio - N 2a10+1A?ajo N —1 A?"‘io
Jo,00 10,00 Jo,00 10,00
5 N — 2
> L >K A2 — Ao ), 2.56
>z (VA4 (2:56)
whenever
K3 < i (2.57)

2N (M max{a;} + Zivzl Ci,oo) .

From (2.47), (2.55) and (2.57), we obtain (2.41) with an explicit K3. Then by combining (2.36), (2.37)
and (2.41), we can conclude the desired entropy entropy-dissipation inequality.

The second part of the proof of Thm. 1.2 concerns the exponential convergence of the renormalised
solution towards the strictly positive complex balance equilibrium.
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Firstly, if the solution of the system (1.17) is regular enough in order to rigorously satisfy the weak
entropy entropy-dissipation law (1.14), i.e., for a.a. t > s > 0,

E(alax)(t / D(a)(r)dr < E(alasx)(s),

then exponential convergence to equilibrium in relative entropy €(a|a) follows from a suitable Gronwall
argument, see e.g. [Wil] or more specifically [FL16]. Moreover, the Csiszér-Kullback-Pinsker inequality
yields exponential convergence of solutions to the complex balance equilibrium in L'.

However, for renormalised solution as introduced in [Fis15], it is unclear if the weak entropy entropy-
dissipation law (1.14) holds due to the lacking integrability of the nonlinear reaction terms in the entropy-
dissipation. We will resolve this issue by proving exponential convergence to equilibrium with a uniform
rate for the family of approximating sequences which were used to construct renormalised solutions in
[Fis15).

Since the below estimates actually hold for general systems and not just for the cyclic reaction (1.17),
we revert to the notations for general complex balanced systems (1.1), i.e

Oic —DAc= R(c), Ve-v=0, ¢c(z,0)=co(x).
The corresponding approximating systems used by [Fis15] write as
R(c%)
1+¢|R(c?)|’

where ¢ is a suitable approximation of ¢y as € — 0. It was proven in [Fis15] that (2.58) has a unique
weak solution ¢, with ¢¢ € L*°([0, +oo[; Llog L(?)) and, as € — 0,

Oc® — DAC® = Vef-v=0, c(z,0)=cj(z), (2.58)

¢ — ¢ almost everywhere on Q x [0, +00), (2.59)

where ¢ is the renormalised solution of (1.1). Note that (1.1) and (2.58) share the same complex balance
equilibrium ¢,,. Moreover, we use the same relative entropy for (2.58) as for the limiting system:

£(c]e-0) =i | (< )i

By using Proposition 2.1 and the notation G(¢) in (2.24), we compute the entropy-dissipation for (2.58)

as
Vel |2 G(cf
Ds(cg):——é' cfles) Zd / | ‘ /91—|—5|(R()ca)dx

We can now follow the first part of the proof of Thm. 1.2 to show that

D (c®) > né€(cf|eoo) (2.60)
where 17 > 0 is independent of €. Indeed, in the first step, we write

£(clex) = E(c7[c7) + E(cF|ex),

in which the first term is controlled by D¢(c®) thanks to the Logarithmic Sobolev inequality

1 _
D) 2 M),
where A1 is independent of e. In the second step, we directly estimate D?(c®) below by

H(C*)

D¢ >4 N+ | —m————
(©) > dmin{d;} Y VCE P + R

i=1

IR| N\ 2
S (€O (€
ey _ v | ( _
)= ﬂkrcoo ( cY CVr
Following Step 3 and using the domain decomposition Q = S U 5S¢, we observe first that on S = {z €
Q:|6(x)] < Lforalli =1,...,N}. Secondly, we note that for cyclic reactions satisfying the mass

where

conservation law (1.18), we estimate 0752 < ¢ < a; M thanks to Jensen’s inequality. Therefore, we have
|C¢| < |6;] + C% and thus |R(c®)| < C(L, M) for some constant C'(L, M) depending on L and M (and
the rates appearing in R). Note that for general systems, we can equally apply the upper bounds (2.22)
instead of (1.18) and replace M by K.
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Hence, we obtain for 0 < ¢ < 1 the uniform lower bound
1 S 1
1+¢|R(c?)] = 1+C(L, M)’
As a consequence, with this simple modification, we can show as in the proof of Thm. 1.2 that
2

N N

Fyr Fy;
'DE(CE) ZKl ZHVCZEHQ‘FZ W—W
i=1 i=1 0 0

where K7 > 0 is independent of €. Note that the statement involving S¢ holds without change.
Moreover, we can now repeat all the arguments in Step 4 to finally prove estimate (2.60). Hence, by
applying the Gronwall lemma, we obtain convergence to equilibrium in relative entropy, i.e.

E(c(t)|es) < e7ME(c5|Coo)s (2.61)

for all ¢ > 0 and with a rate n which is independent of . Thanks to the almost everywhere convergence
(2.59) and the convexity of £, we can pass to the limit € — 0 in (2.61), and end up with

E(e(t)]es) < lim iélf E(c*(t)|ex) < e ME(cpleso)s
e—

which, combined with the Csiszar-Kullback-Pinsker inequality, allows us to finish the proof of Thm. 1.2.
|

3. COMPLEX BALANCED SYSTEMS WITH BOUNDARY EQUILIBRIA

In the previous section, we have shown that for a complex balanced reaction-diffusion system without
boundary equilibria, all solution trajectories converge exponentially fast to the unique strictly positive
complex balance equilibrium thanks to a functional entropy entropy-dissipation inequality.

It was also pointed out in the introduction that if a system has boundary equilibria, then such
an entropy entropy-dissipation estimate cannot hold with the same generality. Indeed, if a trajectory
approaches a boundary equilibrium, then the entropy dissipation tends to zero while the relative entropy
functional towards the positive complex balance equilibrium remains strictly positive, see (3.9). The
question of the large time behaviour for general complex balanced reaction-diffusion systems possessing
boundary equilibria is therefore an open problem.

In this section, we give some partial answers. We first consider the two by two model (1.21), and
then the three by three model (1.22). In the two by two model, the boundedness of solutions away from
the boundary equilibrium (0, M) follows from a comparison-principle argument. The instability of the
boundary equilibrium (0,0, M) for the three by three model, however, turns out be tricky and makes
system (1.22) a more interesting example.

In fact, we do not obtain the instability directly. To establish Thm. 1.5, we instead prove that if a
trajectory should approach the boundary equilibrium, then the rate of this convergence process cannot
be faster than 1/(14t¢). That (too) slow convergence is sufficient to apply an entropy entropy-dissipation-
like estimate which yields instead convergence to the unique strictly positive complex balance equilibrium
with an algebraic rate.

In a second step, thanks to this algebraically fast convergence, it follows after some positive time
T > 0 that such trajectories remain outside of a neighbourhood of the boundary equilibrium. Hence,
another entropy entropy-dissipation estimate can be proven, which implies exponential convergence to
the unique strictly positive complex balance equilibrium.

Remark 3.1. It is easy to see that the result of Theorem 1.5 can be extended to the following class of

complex balanced reaction networks:

k1
A—— aB+C

ka] % (3.1)
)B

(a+1
with o € Nsg. All these systems possess the boundary equilibrium (0,0, M).
It is important to notice a substantial difference between the ODE and the PDE settings of (1.21)

and (1.22). In the ODE setting it can be easily verified that any trajectory starting away from the
boundary equilibria (even when starting at the boundary 8]1%3_ or GRi, respectively), will enter the
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interior of the positive quadrant and thus eventually converge to the unique strictly positive complex
balance equilibrium. The PDE setting, however, allows the existence of a non-trivial class of initial data,
for which solutions converge to the boundary equilibrium. We present such an example for system (1.22)
in Rmk. 3.4.

We now start the

Proof of Prop.1.3. We show first the existence of a unique positive equilibrium and a boundary equilib-
rium for (1.21). Indeed, the system (1.21) satisfies the mass conservation

/(a(m,t) +b(z,t))de = M = / (ap(z) + bo(x))dx vt > 0.
Q Q

Thus, an equilibrium of (1.21) solves
ago = CLooboo»
oo +boo = M,
so that there exists a unique strictly positive equilibrium (@, boo) = (M/2, M/2), and there also exists
a boundary equilibrium (a*,b*) = (0, M).
Next, we show the uniform propagation of lower and upper bounds for solutions to (1.21). While
comparison principles cannot be expected to hold for general systems of parabolic equations, the specific

structure of the 2 x 2 system (1.21) allows to prove the following a priori bounds and global existence of
classical solutions:

Lemma 3.1 (Uniform propagation of positive lower and upper bounds and existence of global classical
solutions).

Under the assumption of Prop. 1.3, there exists a unique global classical solution (a,b) to (1.21) satisfying
the same bounds

g2 <a(t,x),b(t,x) <A forall xe€Q, t>0. (3.2)

Proof. The propagation of the claimed strictly positive lower and upper bounds to solutions of system
(3.1) follows, for instance, from comparison principle arguments. Following e.g. [Kir90], one can argue
that if one of the (possibly regularised) solutions a or b should violate these positive lower or upper bounds
at some position xg € 2 for a first time at ¢y > 0, then the right hand side of the corresponding equations
(for the concentration minus the lower/upper bound) has the proper sign to yield a contradiction with
the parabolic minimum/maximum principle for such extremal points.

Alternatively, the following argument (which works for the same structural reasons as the comparison
principle argument) equally allows to prove the propagation of the positive lower and upper bounds
as limits of a hierarchy of corresponding LP-bounds. We formally compute (the formal computation
can easily be made rigorous via approximating systems with strictly positive solutions e.g. by adding
vanishing positive source terms) the quantity leading to the lower bound (the upper bound can be proven
in a similar way):

A1, 1Y,
dt Jo \par " pr ) *

= —/ do(p+1)aP72|Val*dx — / dy(p + )b~ P72|Vb|*dx +/ a(a™P™t =P (a — b)dx < 0.
Q Q Q
Thus,
1 1

1 1 1 1 p—0o
— 4 Vdz\ < —+ = |Jde —— =
ol [ )it < [ G i‘i%’{ @l 1150 }

Finally, due to the uniform-in-time L°°-bounds (3.2), the existence of a unique global classical solution
to (1.21) (which satisfies the positive lower and upper bounds point-wise in z) follows from classical
arguments. [}

1

ao

1

1 PR
t bo

4

X

Lge Lge Lge

Lemma 3.1 implies that initial data (ag,bp), which are a.e. bounded away from the boundary equi-
librium (0, M), yield solutions (a(-,t), b(+,t)), which are uniformly-in-time bounded away from the same
boundary equilibrium.
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Then, direct computations show that

57 (llaC,t) = acoll* + [Ib(-, £) = bsc||?)

—da/ \Va|2dac—db/ |Vb|2dx—/a(a—b)2dx

Q Q Q

—da/ \Va|2dx—db/ |Vb|2dx—52/(a—b)2d:c,
Q Q Q

thanks to Lemma 3.1. Due to the mass conservation @(t) + b(t) = M and previously established entropy
entropy-dissipation estimates for detailed balance reaction-diffusion systems without boundary equilibria
(see e.g. [DF06, DF08, FT]), we obtain, for all ¢ > 0,

A

da/ \Va\Qda:+db/ |Vb\2da:+52/(a—b)2dxz Ae
Q Q Q 2

where \. depends only on €2, M, d,, d, (and €) and moreover \. = O(g?). By inserting the above estimate
into (3.3), exponential convergence to equilibrium follows from a standard Gronwall inequality. [ |

(3.3)

IN

(la(t) = acoll* + [1b(-, 1) — bss|1?) ,

Proof of Cor. 1.4. First, we remark that classical existence results imply for each continuous nonnegative
initial data a unique global classical nonnegative (in the sense that both components are nonnegative)
solution (a,b) to the system (1.21). Moreover, these solutions satisfy an L> upper bound as in the proof
of Prop. 1.3. Thus, we get the estimate

a; — dgAa > —||al|L<a,
ap(x) >0 with [, ao(z)dx > 0.

Hence, the strong minimum principle for the heat-equation with Neumann boundary conditions (see
e.g. [Pao92]) implies for classical solutions that for any 7 > 0 there exists an &,(7) > 0 such that
a(x,7) > £4(7). Otherwise, any point where a(z,7) = 0 (with z € Q) would be a minimum and yield a
contradiction with the minimum principle except if ag(z) = 0 on 2, which we have excluded of the set of
admissible initial data (note that for homogeneous Dirichlet data, we would indeed only have a(z,7) > 0
on Q). The same argument holds for b(x,t) provided that [, bo(x)dz > 0. In the special case when
Jo bo(x) dz = 0, we observe that

i/b(w,t)dm Z/ag(m)dx>0.
dt Q =0 Q

Hence, for any (sufficiently small) 7/2 > 0, we see that [, b(z,7/2) dz > 0 and, via an analog minimum
principle argument, that b(x, 7) > &,(7) for some &,(7) > 0. As a consequence, the statement of Corollary
1.4 follows from applying Proposition 1.3 for t > 7 > 0.

For the second statement of Cor. 1.4, we observe that ag = 0 and (1.21) imply that the solution
a(z,t) = 0 for all times, and thus

b—dyAb=0, z€Q, >0,
bo(z) >0, reQ, [,bo(z)dr= M.

Therefore, by standard results for the heat equation and for all ¢ > 0, we have
Ib(t) — M|[* < =7 ||bg — M]J?,

where Ap is the best constant in Poincaré-Wirtinger’s inequality ||V f||? > Ap||f — f||? on the domain Q.
|

Remark 3.2 (Higher regularity). By using the L> bounds on a and b, we can actually obtain exponential
convergence to equilibrium in any LP-norm with 1 < p < +00 via interpolation. Moreover, following e.g.
[DF08], one can verify that any Sobolev norm of classical solutions to systems (1.21) (which matches
the assumed regularity of the boundary 092) will grow at most polynomially-in-time, so that exponential
convergence to equilibrium in a (slightly lower) Sobolev norm follows again via interpolation with (1.3).

Remark 3.3 (Generalised 2 x 2 systems). The above arguments can be generalised to obtain exponential
convergence to equilibrium for the following class of systems

a; — doAa = —p(a)(r(a) — (), z€Q, t>0,
by — dpAb = @(a)(r(a) —r(b), x€Q, t>0,
subject to homogeneous Neumann boundary condition and initial data satisfying the bounds (3.2), where

¢ 1 [0,400) — [0,+00) is continuously increasing and r : [0,+00) — [0,4+00) and its derivative r' are
continuously increasing.
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As example, we can consider reactions of the form
(n+m)A=nA+mB
with n > 0 and m > 1, which are described by the mass action law systems

a; — dgAa = —ma™(a™ —-b"), x€Q, t>0,
by — dpAb =ma™(a™ — b™), zeQ, t>0,

corresponding to the cases p(z) = mz" and r(z) = 2™,

We now consider the complex-balanced chemical reaction network defined by (1.22). In strict contrast
to the 2 x 2 system (1.21), general reaction-diffusion systems like (1.22) do not allow to show uniform-
in-time propagation of upper and positive lower a priori L°°-estimates.

The existence of global classical solutions to (1.22) in space dimensions N < 5 follows from bootstrap
arguments (in the spirit of e.g. [Rot84]) thanks to the specific structure of (1.22), and since the nonlinear
reaction terms are at most quadratic. In higher space dimensions N > 6, existence of global classical
solutions can be shown under a “closeness” condition on the diffusion coefficients by following e.g.
[CDF14]. The (rather standard) bootstrap argument along with the complete proof of the following
Lemma stating existence of global, classical solutions is given in the Appendix.

Lemma 3.2 (Global classical solutions).
Let Q be a bounded smooth (C?) domain of RN, and dg, dy,d. > 0, ki, ko, ks > 0. Assume nonnegative
initial data ag,bo,co € L (Q), and denote
0 := max{dg, dp,d.} — min{d,, dy, d.}.

Consider either 1 < N <5 or N > 6 and 6 > 0 sufficiently small (depending on N as specified in the
Appendiz).

Then, there exists a unique, nonnegative, global classical solution (a,b,c) to system (1.22), which
satisfies the following L -bound for all T > 0:

llallLe @) + [0l L7y + ez @r) < C(T),

where C(T') grows at most polynomially with respect to T.
Moreover, a,b, c satisfy the conservation of mass

/ (2a(z,t) + b(x,t) + c(z,t)) de = M = / (2ao(x) + bo(z) + co(x))dx  forall t>0. (3.4)
Q Q

Considering system (1.22), we observe that any equilibrium (aec, boo, Coo) solves the stationary state
conditions
—k;laoo + kgbgo = O,
k1aoo + kabooCoo — 2kzb?, = 0,
k1000 — kobooCoo = 0,
and satisfies the mass conservation law

2000 + boo + Coo = M.

Thus, it follows that system (1.22) features two equilibria, first the unique positive complex-balance
equilibrium

—k v ki(k 2ko M
(Goos boos Coo) where ao, = @bio, boo = 1+ 1 (k1 + 2k M) and coo = @boo, (3.5)
kl 2]{72 k2

and secondly the boundary equilibrium
(a*7 b*7 C*) = (0? 07 M)'

For notational convenience, we shall write ¢ = (a,b,¢) and €oo = (G0, boos Co). At some places we
shall also use (coherently with the first sections of this paper) ¢; := a, cg := b and ¢3 := ¢ (and similarly
for ¢; 00 with ¢ =1,2,3).

The relative entropy writes as (cf. (1.10))

3
E(ces) = Z/ <ci log Ccl —c¢ + cmo) dz, (3.6)

=178 6,00
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and its entropy dissipation is given by (cf. Prop. 2.1)

2 2 2
D(c) :da/ @dx—i—db/ ﬂalx—i—alc/ &dx
Q a o b Q ¢C

a be be b2 2 a
kraso¥ | —; kobooCooU | ——; — | + kgb’ U [ —; — | | dz.
Jr/Q[ 1 <aoo’booCOO)+ 2000 <boocoo bgo)+ 3o <bgo a00>} !

The following uniform-in-time a priori estimates for the average ¢;(t) = [, ci(x,t) dz are a natural
consequence of the mass conservation law (3.4) and the nonnegativity of the solutions:

(3.7)

2a(t) + b(t) +¢(t) = M forall t>0. (3.8)

It is easy to see that if ¢, = (ax, bk, cx) is a space homogeneous sequence satisfying (3.8) and converging
to (0,0, M), then

lim D(ex) =0 and  lim &(ck|Coo) = oo + boo + ¥ (M; ) > 0, (3.9
k—o0 k—o0

that means there does not exist any A > 0 such that D(c) > A(c|es) for all ¢ satisfying the mass
conservation (3.8). Hence, the convergence of solutions to (1.22) towards the strictly positive complex
balance equilibrium is not clear. In fact, similarly to the Cor.1.4, the following example shows that
there is a non-trivial class of initial data, for which solutions to (1.22) will converge to the boundary
equilibrium.

Remark 3.4 (Convergence towards boundary equilibrium).
Consider initial data ag = by = 0 and ¢g = M, yet with co Z M (so that the initial data (ag, by, o) is
not the boundary equilibrium (0,0, M) ).

By arguing similarly to the second part of Cor. 1.4, we obtain that a(t) = b(t) = 0 (for allt > 0),
while ¢ := ¢(t) is given by the solution of the homogeneous heat equation (with homogeneous Neumann
boundary conditions), and thus converges exponentially fast to M as

lle(t) = M[* < em%*r*leo — MP?,
where Ap is the constant in Poincaré-Wirtinger’s inequality |V f||? > Ap||f — f|I? on the domain Q.

‘We now start the

Proof of Theorem 1.5. We consider in this proof a classical solution ¢ := ¢(x,t) of system (1.22).
We first use the assumption ||%HLO¢(Q) < 00 to show that

1

+ 2kst’

=g for all ¢>0. (3.10)
HEHLOo

inf b(z, ) > (1) ;

re

Indeed thanks to the continuity of classical solutions, there exists a t* > 0 such that [|b(¢,-) ™| = <
2[|bg ||z for all ¢ € [0,¢*]. Thus, for all ¢ € [0,*], we can compute

1 1 kia  kec |Vb[2
)= o) = o et . — < k.
a (b) dy A <b> Sh7 — o+ 2k = 2dy o < 2

Thus, using the maximum principle, we obtain

+ 2kst, for all ¢ € [0,t], (3.11)
L>(Q)

bo

‘ 1
<

J
b(t) Lo (Q)
which implies the desired estimate for the time-interval [0,¢*]. Furthermore, it is easy to see that this
argument can be iterated in time, and eventually yields the bound (3.11) for all ¢ > 0.

We see therefore that if b decays to zero, then it decays at most with a rate of the form (1+¢)~!. We
will see that this lower bound, in combination with the entropy entropy-dissipation structure, is sufficient
to show that it is impossible for the solution to converge to the boundary equilibrium.

As previously, £ defined by (3.6) satisfies

Elcless) = E(cfe) + E(Tles), (3.12)

and via the Logarithmic Sobolev Inequality, we get

%D(c) > A E(cle). (3.13)
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We denote F(c) = A\ 2?21 U(ei5¢4,00)- By using estimate (3.11) (for all ¢ > 0), the Logarithmic Sobolev
Inequality and the additivity property (3.12), we see that (with h(t) being defined in (3.10))

1
5 Ple) 2 Mi(E(elex) — E(ele))
1 a b c b 9 b2. a
o J ooy (i) v menton (g )+ moow (s )|

connf e o) o0 (i) 4 () -
=0

)

> ah(t) (/Q d(c) dx — F(c))
> ah(t) (B(e) - F(e)),

1

b || o ; ;kgbgo}, ®(c) = F(e) + Q(c) and

a be c b b a

Ooo booCoo
We also recall that ® denotes the convexification of ®. Define
Cy={€=(a,b,c) € R;O :2a+b+c=M and E(€lew) < E(cpleso)?-

the set of all concentrations satisfying the mass conservation (3.4) and suitably bounded relative entropy.
Note that

where oo = H%Hmo min {)\1; %klaoo; %l@cm

Ee€y and Q&) =0 — ¢ =coo,
and

(&) -~ F(€) = F(&) + Q&) — F(€) = Q(¢) > 0.
Hence,
o P(€) —F(§) : o (E) —F(€)
f ————=>>0 if | f ——
516%1\4 €(£|coo) - ! Qtl\/fuaréglcac (‘:(S'Coo)
On the other hand, we can estimate by using Lemma 2.5 and Taylor expansion around ¢, (see Proposition
2.2 or [MHM15, Proposition 3.3])

> 0.

L RO -FE) o Q) Q)
1 f ——=> 1 f =1 f —=>0.
Crntmen  E(Elc)  — Cubte. E(€lew) | embéen E(€]cw)
Finally, we see that
o P(€) —F(§)
f ———=2>p3>0,
& e 2P
and consequently
1
iD(c) > afh(t)€(€lecx), (3.14)
which, combining with (3.13), implies
D(c) > vh(t)€(c|ces) forall ¢t >0, (3.15)
where v = min {aﬁ; A1 % (@) } Then, thanks to Gronwall’s lemma, we see that for all ¢ > 0,

—/2ks
+ 2k3t>

and the relative entropy with respect to the complex balance equilibrium decays therefore to zero with
the algebraic rate «/2ks. Moreover, by using a Csiszér-Kullback-Pinsker inequality (see e.g. Lemma
2.6), we get the estimate

—v/2k3

As a consequence, there exists for any (sufficiently small) e > 0 a time 7. > 0 such that solutions are
bounded away from the boundary equilibrium in the sense of L', i.e. ||a(t)| r1(q) > €2, o)z = g2

E(elt)lexe) < Eleolee) (] bi

L>(Q)

1

(coleso)
la(t) = asel 30 + 1668 = beelFa ey + lllt) = excliFrcey < “5oe || 5

Cckp

Le=(Q)
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and |c(t)|| 1) > €* for all ¢ > T.. These L'-bounds away from the boundary equilibrium allow
to apply a specialised entropy entropy-dissipation estimate proven in Lemma 3.3 below. Finally, via
another Gronwall arguments, we obtain

Ele(t)]|ess) < e E(coleno) forall ¢>1T.
which consequently, together with another use of a Csiszar-Kullback-Pinsker inequality, implies Theorem

1.5. ]

Remark 3.5. We remark that since we prove estimate (3.14) via the convezification technique, we get a
non-explicit constant v in (3.15). In fact, v can be explicitly estimated by using the constructive method
in Subsection 2.3, at the price of a much longer proof.

Lemma 3.3 (Entropy entropy-dissipation estimate). Consider a positive initial mass M > 0.
Then, for any nonnegative, measurable functions a,b,c : Q — Ry satisfying the mass conservation
law

/ (2a(x) + b(x) + c(x)) dx = M,
Q
and the lower bounds ||al|L1(q) > €2, ||bllL1o) = €2 and ||c| 1) > €2, the functional inequality
D(e) > M. E(clexs) (3.16)

holds, for some explicit constant \. > 0, which depends only on the initial mass M, the domain €,
the diffusion coefficients d,, dy, d., the reaction rates ki, ko, k3, and on e. Here £(c|lcs) and D(c) are
defined by (3.6) and (3.7), while coo is defined by (3.5). Moreover, we have

Ae=0(% as e—0.

Proof. We will apply the method described in Subsection 2.3. We already know that (3.13) (that is,
Step 1), holds.

In Step 2, we bound the entropy dissipation D(c¢) below and the relative entropy £(c|c) above by
quadratic terms for the square root concentrations C := (4, B, C):
)

A B B2 _BC
A B B, BxCx

2
oo

2 BC A
BooCow Ay

D(c) = Ko(IVA||2 +IVB]* + | VO|* + ‘

and
eicien) < £ (VAT - Ac) 4 (VB - 5) 4 (VE - cu)).

Step 3 enables to estimate the entropy dissipation D(e) in terms of reaction terms for averaged
quantities:
2 2

A B\ (B  BC \ (BC AV
D(c) > K, ||VA|2+||VB|2+||VC||2+< ) +( ) +( _> ]

A, BZ B2, BaCa BooCoo  An
A4 B\’ B BC \? B A\
2 2 2 o - —_—
HVMI+VBI+-VO-%<A )‘+< )‘*(Bmc Am)

C
B o0
> g (VA - 4x) 4 (VB - Ba) + (VB - ) ). (3an)

It remains to find K3 > 0 such that

We exploit the ansatz
A2= A2 (1+pa)®, B2=BL(1+up)? C*=C2(1+pc)?  with pa,pup,pe € [-1,+00).
Thanks to the natural upper bounds for A2, B2 and C2, we have more precisely

-1 S KA, UB, HC S Hmax < —|—OO,

for some jimax > 0. We again denote d4(z) = A(x) — A, dp(r) = B(x) — B and §¢(z) = C(z) — C, and
recall that

A=Al + pa) — — =t Ao (1 + pa) — R(A)||64].

Similarly,

B = Bo(1+ug)— RB)|0s|> and C = Cux(1+ puc)— R(C)|dc|?.
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Thanks to the assumption A2 > e2, B2 > &2 and c? > 2, we see that

R(A), R(B), R(C) < %
By using computations similar to (2.45), we get
(f;: - 5;)2 = [(14 pa) — R(AAEMP - ((1 + up) — R(BJQEBW)T 2
> % [(1+ pa) = (1 + pp)?)” — 3%1%(14)2 - 34”53”212: ko)’ ppy - 3”‘22'83(3)4
> % (L4 pa) = (14 )] — SIZEJQ |I5§II2 _ 34||5B|2ééo+ pp)* ||5€B2II2 _ 3<15;9§<|)|6 \|5§|\2_

Then, thanks to the boundedness of ||§4| and ||6p|| and 1/e? < 1/&* for ¢ €]0, 1], we can estimate
- =2
A B 1 272 K 2 2
<AooB§o> 25[(1+HA)*(1+#B) ] 7574(||5AH JrH(SBH )7
where K is independent of €. Similarly,
—9 — 2
B BC 1 9 , K 9 9
= __ZZ > 2 _ _ =
(Bzo Bw%) > (Ut i) (s — o) = 25 (18517 + 156 ]?)

and
2

(Bigm B Ai) > 2104 ) (14 pe) — (1 pa)l?

The constant K above may vary but is always independent of €. Therefore, the left hand side of (3.17)
is bounded below by

2
Ka(e) (((1 +pa) = (L4 pp)?)" + (L4 pp)? (u — pe)” + (14 up)(1+ pe) — (1 + NA))2>,
with Ky(g) = O(g*), while the right hand side of (3.17) is bounded above by
Kymax{A%, BX,C2} (0 + uh + ng) -
Therefore, we only have to show for some K5 > 0 (and K5 = O(g?) as € — 0), that

K
= S 18aI + 1851 + e )

(14 ) = (14 1)) ° + (1 + 1p)? (5 — pe)* + (1+ pp) (1 + pe) — (1 + pa))?
> Ks (4% + pg +ug), (3.18)

under the constraint imposed by the mass conservation law

2A% pa(pa+2) + B% ps(us +2) + C% polpe +2) = 0. (3.19)
To prove (3.18), we first use B2 > £2, which leads to (1 + ug)? > Bg—z and
2 2 e 2
(A +pp)~ (kB — he)” 2 55 (kB — He)™ (3.20)

The mass conservation law (3.19) implies then that only the following three cases concerning the signs
of pa, pup and pe can appear:

(I) pa and pp have different signs,
(IT) ppa >0, pp >0 and pc <0,
(III) HA S O, UB S 0 and Hno Z 0.

We will treat each case separately.

Case (I): pa and pp have different signs. In this case, we see that

2
(14 pa) = (1 +pp)*]” > p + (3.21)
Indeed, if 14 > 0 and up <0,
2
(14 pa) — (U4 p8)?)" = (pa — ps — pe(1+pp))* = (na — pp)* > 1 + uh
since g — pp > 0and —pp(l+pupg) > 0. If ua <0 and pp > 0, then

2
[(L+pa) — L+ pp)?]" = (up — pa+pp(l+pp))? > (up — pa)® > wh + 14
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From (3.20) and (3.21), we get

2

€ 1 . g2
LHS of (3.18) > iy + ip + 55~ (np — pe)” = 7 min {32; 1} (4 + g + 1),

and thus obtain (3.18) with
1 . g2
K5 = 4mln{Bgo,1} .

Case (II): pua >0, up > 0 and pe < 0. In this case, we first estimate further (3.20) as

g2 g2
(1+ uB)*(us — pc)? > BT(IJ’B —pe)? > BT(MQB + 1g)- (3.22)

There are two possibilities: p4 > up or ug > pa. If pa > pp, then

[(1+ )X+ pe) = (L4 pa)* = (pa — pp — pe(1+ 1p))? > (pa — ps)*. (3.23)

If up > pra, then

2
(L4 pa) = A+ pup)’]” = (up — pa+ (L +pup))* 2 (us — pa)*. (3.24)
Therefore, thanks to (3.22), (3.23) and (3.24), we can obtain (3.18) in case (IT) with

1 2
K5 = 4min{§2;1}.

Case (II): pa <0, up <0 and pe > 0. This case can be treated in the same way as case (II) by using

2
g
(L4 1p)*(ns = pe)* = 5 (no = pe)* = 25 (& + 1p),

and considering pa > up or ua < pp. We get from this case (3.18), with again
1 2

In conclusion, we have proven (3.18), with

and consequently finished the proof of Lemma 3.3. |

Remark 3.6. Obtaining a general stability statement of the strictly positive complex balance equilib-
rium for general (complex balanced) reaction-diffusion systems featuring boundary equilibria looks quite
involved, and remains open for future investigation. We would just like to point out that the difficulty
appears only when a trajectory t — ¢ (t) gets too close to a boundary equilibrium.

More precisely, let us consider a complex balanced system, and denote

Bg ={c* € 8RZZVO : ¢* is a complex balance equilibrium of (1.1)}
and
N-(Bg) = {¢ e RY; - d(&,Bg) > &}

an e-neighbourhood of Bg, where d is the Euclidean distance in R™. Let us assume that there exists € > 0
such that each trajectory of (1.1) starting outside of Ne(Bg) remains outside N-(Bg) for allt > 0, that
18

c(t) e RY\N(Bg)  forall t>0.

Then one can show that there exists a constant A\ > 0 depending on the domain 2, the diffusion
coefficients D, the stoichiometric coefficients, and additionally the parameter €, such that

D(c(t)) = A E(c(t)]eoo).
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4. APPENDIX

In this Appendix, we prove Lemma 3.2 about the global existence of classical solution to the system
(1.22) and Lemma 2.5. We first need the following classical lemma on the regularity of solutions to the
heat equation.

Lemma 4.1. [see e.g. [CDF14]] Assume that ug € L>=(R), f € LP(Qr), d > 0, and that u is the solution
to

u—dAu=f, x€Q, t>0,

Vu-v =0, red, t>0,

u(z,0) =up(x), €.

Ifl<p< %, then u € L*(Qr) for all1 < s < ]I\)f(i\;té)p Ifp > %, then v € L>(Qr). Moreover,

the corresponding norms grow at most polynomially w.r.t T.

Proof of Lemma 8.2. When 1 < N <2or N > 6 and ¢ is small enough, the results follow from [CDF14].
Here we prove that when 3 < N < 5, the system (1.22) possesses global classical solution without
assumption on the diffusion coefficients. First we observe that

(2a 4+ b+ c¢)y — A(2dya + dpb + dec) =0,
or equivalently
2t — A(MZ) = O,
with z = 2a + b+ ¢, and

2d,a + dpb + d.c

0 < min{d,,dy,dc} < M(x,t) := 2a+b+c

< max{dg,dp, d.} < +00.

It follows from e.g. [Piel0] that z € L?(Qr) for all T > 0 (with norms at most polynomially growing
w.r.t T), which in combination with the nonnegativity of the concentrations leads to a,b,c € L?(Q7).
Secondly, we obtain from (1.22) that

a; — dgAa < ksb?, (4.1a)
by — dpAb < kya + kobc, (4.1b)
¢ —d.Ac < kqa. (4.1c)

The strategy of the proof is the following: By using Lemma 4.1 and the regularity of a, we get from
(4.1c) an improved regularity of ¢. This yields an improved regularity of a + bc and thus from (4.1b) an
improvement of the regularity of b. This information is used in (4.1a) to deduce the improved regularity
of a. Graphically, we have the following bootstrap iteration:

(4.1c) (4.1b)

[a] 0]

Regularity of a Regularity of a 4 bc

(4.1a)

Regularity of b2

This iteration terminates whenever we achieve a, b, ¢ € L (7). In the rest of the proof, we will show how
this iteration works when N = 3,4,5 and also explain why it fails when N > 6. To avoid unnecessary
long explanations, we will present the iterations for each case in a table. We shall use the notation
ferL0if fe LP(Qp) for all p < aand f € L~V if f € LP(Qr) for all p < oo (with norms at most
polynomially growing w.r.t T').

Case N = 3:

a c a+ be b
Step 0| L? I? -
Step 1 L2 L1000 | 15/3-0 ] 150
Step 2 | L®70 [ L*>® 1570 L
Step 3| L= - - -

Case N = 4:
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a c a+be b
Step0| L? | L? - %
Step 1 L2 L6—0 L3 2—-0 L3—O
Step 2 L370 Loof() L370 Loofo
Step3| L® | L™ | L0 | L™

Case N = 5:
a c a+ be b
Step 0| L? L2 _ 72
Step 1 12 LT&73=0 | [7/5—0 | [7/3—0
Step 2 | L2 | L4/3-0 ] [14/9-0 [ [14/5-0
Step 3 | L>~Y JES L 1A75=0 =
Step 4 | L* — — —
Case N = 6:

a c a+bc | b
Step 0 | L2 | L? — L2
Step 1 | L? | LA=0 | L4/3-0 ] L2
Step 2 | L? | L0 | L4/3-0 | L2

In case N = 6 (or similarly N > 6) after Step 1, one cannot further improve the regularity of a, b or ¢,
to continue the bootstrap argument. |

Proof of Lemma 2.5. We recall the definition of the convexification:
®(a) = sup{h(a) : h is an affine function and h < ®}.

Then, ®(a) = ®(a) if we can find an affine function below ® which is equal to ® at point a. In the
following, we will prove that if there exists such an @ € Bs(coo) for ¢ small enough, then the linear
approximation of ® at a, which we denote by L,®, is such an affine function.

It is obvious that ®(a) = Lo ®(a). It remains to show that

®(c) > La®(c) forall ceRY,. (4.2)

In order to do so, recall from (2.25) that ®(c) = F(c) + G(c). We will treat F' and G separately.
First, by using the notations p = |c—al, § = |a— ¢ |, and direct computation of the Taylor expansion,
we have thanks to the convexity of F':

2
vp
F(c) — Lo F(c) >
(€~ LaF(e) 2 {1

)

for some constant v > 0.
Next, thanks to the smoothness of G, and G(cy) = DG(cx) = 0 and D?G(cs) > 0, we get for
a € B., () (with e, small enough)
|G(a)] < M&?, |DG(a)| < M6, D?G(a) > —-Mé, |D*G(a)| < M.
By using Taylor expansion again, we see that locally:
G(c) — LaG(c) > —Mop? — Mp?. (4.3)
When c is far away from a and p is not small, then by using the fact that a is close to co and G(cx) is
zero only at point ¢, we obtain that G(¢) — LoG(c¢) is bounded below. Thus, (4.3) holds also in this
case for some suitable M > 0. On the other hand, we can also estimate
G(c) — LoG(c) > —M§? — Mép. (4.4)
Hence, we obtain from (4.3) and (4.4) the lower bound
4MA/ 6 p?
G(c) — LaG(c) > —M (5 + p) min{4, p°} > —H\[p.
p

Now, by choosing § = min{e,,v?/(4M)?}, we have for all a € Bs(cso),

_ 2
(v —4MV5)p > 0.
I+p a

This proves (4.2) and thus completes the proof of the Lemma. |

®(c) — LaP(c) >
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