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Exponential decay towards equilibrium and
global classical solutions for nonlinear
reaction-diffusion systems

Klemens Fellner* El-Haj Laamrif

December 16, 2015

Abstract

We consider a system of reaction-diffusion equations describing the
reversible reaction of two species U, V forming a third species W and vice
versa according to mass action law kinetics with arbitrary stochiometric
coefficients (equal or larger than one).

Firstly, we prove existence of global classical solutions via improved
duality estimates under the assumption that one of the diffusion coeffi-
cients of U or V is sufficiently close to the diffusion coefficient of W.

Secondly, we derive an entropy entropy-dissipation estimate, that is a
functional inequality, which applied to global solutions of these reaction-
diffusion system proves exponential convergence to equilibrium with ex-
plicit rates and constants.
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1 Introduction

The aim of this paper is to investigate the following class of systems of three
nonlinear reaction-diffusion equations. For stoichiometric coefficients «, 5,y >
1, we consider the system

O — di Ngu = —a(Lu®v® — kw?), (1)
8tv — d2AxU = —B(f’u,av’g — k:w”), (2)
Orw — dsApw =y (Luv® — kw?), 3)

where the constants £, k > 0 are positive reaction rates and dy, d2, d3 > 0 denote
positive diffusion coefficients. Moreover, we assume that the concentrations u, v
and w satisfy homogeneous Neumann conditions

n(z)-Vyu=0, n(z)-Vyv =0, n(z)-Vyw=0 red, (4

on a bounded domain € with sufficiently smooth boundary 02 and the non-
negative initial condition

u(0,2) = up(x) >0, v(0,z) = vo(z) > 0, w(0,2) = wo(z) >0. (5)

We remark that the reaction dynamics of System (1)—(3) is positivity pre-
serving (see e.g. [15]) and, thus, that non-negative initial data (5) ensures
non-negative solutions u, v, and w, i.e.

(P) w(t,z) >0, o(t,z)>0, w(tz)>0, Vt>0, x €.

Moreover, the System (1)—(3) with homogeneous Neumann boundary con-
ditions (4) satisfies the following two mass conservation laws: By taking the
sums v X (1) + a x (3) and v x (2) + 8 x (3) and by integrating by parts with
non-flux boundary conditions, we obtain the following conservation laws to hold
for solutions of (1) — (5):

/Q(vu(t,x) + aw(t,z)) de = /Q('yuo(x) + awg(x)) de =: My > 0,

/Q (yo(t, ) + Bult, z)) do = /Q (voo(x) + Buwo(x)) dz = My >0, (6)

where we assume strictly positive masses My, My > 0.

We remark that the System (1)—(3) can be further simplified by rescaling
times, space and concentrations. In particular for all stoichiometric coefficients
a + B # 7, the rescaling

kN w1 1 kN o=
t— (Z) -1, x = |QF x, (u, v, w) — (Z) (u, v, w),
allows (without loss of generality) to consider the System (1) — (3) with nor-
malised reaction rates £ = k = 1 on a normalised domain, i.e. we can replace in
all three equations (1) — (3)

(CuvP —k wY) = (u® — w?), Q=1.



In the special cases when o + 8 = =, it is still possible, for instance, to
rescaling (£u®v? —k w?) — (u®v® — w?) in the first two equations (1) and (2),
but the third equation (3) can only be rescaled up to a common factor (%)l/w,

ie.
1

1
a, B ¥ SNV ,eB Y
vl u*v kw)%fy(k) (u*v w?).

For the rest of the article, we shall always consider the complete rescaled
system

ot — di DNpu = —a(u®v? — w?), (7)
v — daNgv = —B(uv”® —w?), (8)
Oyw — dsNgw = V(UO‘UB —w?), (9)

subject to the initial date (5) and the homogeneous Neumann boundary con-
ditions (4). In the spacial cases o + § = v, the additional factor (%)1/7 in (9)
leads to non-essential modifications of the arguments and calculations in this
paper.

The System (7) — (9) with the conservation laws (6) possesses a unique

detailed balance equilibrium state, which are the unique positive constants
(Uoo, Voo, Woo ) balancing the three reversible reactions, i.e.

g V5 = wl
and satisfying the conservation laws (6), i.e.

Yoo + QAW :Mh ’YUOO"FBwoo :MZ

(recall |2] = 1). In fact, the uniqueness of the equilibrium (uuy, Voo, Weo ) follows
from the uniqueness of the solution w, of the transcendental equation

a B
(Ml - “’°0a> (MQ = “’°°5> —wl, (10)
Y Y v Y

where the left-hand-side of (10) is strictly monotone decreasing in we while the
right-hand-side of (10) is strictly monotone increasing in weo.

Finally, the System (7) — (9) features a Boltzmann-type entropy functional
(or physically, a free energy functional)

E(u,v,w)(t) = /Q (u(In(u) — 1) + v(In(v) — 1) + w(ln(w) — 1)) dz, (11)

which dissipates according to the non-negative entropy dissipation functional
D=—-4F:
dt

Y, ul? Y, v|?
D(u,v,w)(t) = dy [ ul” dz + ds [N o dx + ds
Q u Q v Q w
a,UB

+/Q(uav6 fwv)ln(uwn/ )diﬂ >0. (12)

7|wa|2 dx




We remark, that thanks to the properties of the equilibrium (teo, Voo, Woo ), ONE
can rewrite the relative entropy with respect to the equilibrium state in the
following way:

E(u,v,w)(t) — E(toos Voo, Woo) = /Q (uln(ui) — (U — ueo)
+v ln<i> — (v — Vo) erln(i) —(w— woo)) dz, (13)

Voo Weo
Clearly, the relative entropy dissipates according to the same entropy dissipation
functional, i.e.

d (E(u, v,w) — E(too, Voo, Weo ) ) (t) = =D (u, v, w)(t).

L B, v, w) (1) = :

dt
Remark 1.1. We emphasise that the entropy dissipation functional D(u,v,w)
vanishes for all constant states (u,v,w)=(u,v,w), which balance the reactions,
i.e. T’ = wWY. These states, however, form a two parameter family and
one crucially requires the two conservation laws (6) as additional constraints
in order to identify the equilibrium (Uso, Voo, Woo) as the unique state, which
minimises/annihilates the entropy dissipation functional along the flow of mass-
conserving solutions.

The following Theorem is the first main result of this paper. The proof is
based on applying (point-wise in time) a functional inequality between relative
entropy and entropy-dissipation, see Proposition 3.1 below :

Theorem 1.1. Let Q be a connected open set of RN (N > 1) with sufficiently
smooth boundary 02 such that Poincaré’s inequality and the Logarithmic Sobolev
inequality hold. Let dy,ds,ds > 0 be three strictly positive diffusion coefficients
and let o, B,y > 1.

Consider non-negative initial data (ug,vo,wo) with finite mass and finite
entropy E(ug, vy, wo) and assume that (u,v,w) is a non-negative solution (be it
either classical, weak or possibly even renormalised, see Remark 1.2) of System
(7) = (9) on an time interval 0 <t < T for T < 400, which is assumed

i) to satisfy the conservation laws (6) with two positive initial masses My >
0, My >0 (for a.e. 0 <t <T) and

i1) to dissipates the entropy (11) (and thus equally the relative entropy (13))
according to the entropy dissipation functional (12), i.e. satisfies the fol-
lowing entropy dissipation law

t1
E(u,v,w)(h)—l—/ D(u,v,w)(s) < E(u,v,w)(tg), forae 0<ty<t; <
to

(14)
which implies that the entropy E(u,v,w) of the solution remains bounded
and thus (u(t),v(t),w(t)) € ((Llog L)())3 for a.e. t € [0,T).

Then, as long as such a solution (u,v,w) exists (i.e. for allt <T < +00)
and satisfies i) and ii), it also satisfies the following exponential decay toward



equilibrium:

lu(t) = vooll L1 () + Iv(t) = Vool L1() + lw(t) — Wl L1 ()
< C(E(uo,v0, w0) — E(Uoo, Voo, Weo)) €K, a.e. 0<t<T, (15)

for a constant C' and a rate K, which can both be estimated explicitly in terms
of the parameters a,, 8,y > 1, dy,ds,d3 > 0, My, My > 0 and the Poincaré- and
the Logarithmic Sobolev constants P(2) and L(Q2) of the domain 2.

Remark 1.2. The weak entropy dissipation law (14) certainly holds as an equal-
ity for all 0 < tg < t1 < T for any smooth solutions of suitably truncated
approximations of Systems (7) — (9). Thus, the weak entropy dissipation law
(14) also holds as an equality for all classical and weak solutions, which satisfy
(u®v? —w?) € LP for a p > 1, since the terms in the entropy dissipation are
then uniformly integrable, which allows to pass to the limit. The existence of
such weak solutions in LP with p > 1 is a consequence of Proposition 2.1, for
instance, for all N and a+ B,y < 2 (see (19) and it’s discussion in the Proof of
Theorem 1.2) or for all N and general o, 8, provided sufficiently close diffu-
sion coefficients dy,ds, ds, which satisfy (18) for some p’ < 2. For less regular
solutions of (7) — (9), like weak L*-solutions and renormalised solutions (see
e.g. [6, 9]), assuming they allow to pass to the (a.e. pointwise) limit to obtain
the weak entropy dissipation inequality (14) (e.g. by lower-semicontinuity, ...),
Theorem 1.1 still yields exponential convergence to equilibrium in L* (15) (even
if passing to the limit in a suitable truncated version of the entropy dissipation
(12) might not be clear).

Remark 1.3. Note that in cases, where e.g. classical solutions to system (7)
—(9) can be established, exponential convergence towards equilibrium in higher
Lebesgue or Sobolev norms can be proven by an interpolation arqument between
the exponential decay of Theorem 1.1 and polynomially growing H* bounds
(compare [3]). Depending on the nonlinearities and the space dimension, Sobolev
norms of any order may be created even if they do mot initially exist thanks to
the smoothing properties of the heat kernel.

The proof of Theorem 1.1 is based on the so called entropy method, which
aims to quantify the entropy dissipation (12) in terms of the relative entropy
(13). More precisely, we shall prove a functional inequality, a so called entropy
entropy-dissipation estimate (see Proposition 3.1 below) of the form

D(U7an) Z K(E(u,v,w) - E(uooavooawoo))a

where K is an explicitly computable positive constant and (u,v,w) are non-
negative functions, which satisfy the conservation laws (6). The convergence
to equilibrium as stated in the proof of Theorem 1.1 follows then from applying
this entropy entropy-dissipation estimate point-wise in time as long as solutions
dissipate entropy according to (14) (and obey the conservation laws (6)).
Previous results obtained by applying the entropy method to prove explicit
exponential convergence to equilibrium for reaction diffusion systems were ob-
tained in e.g [3, 4, 7] for systems featuring quadratic nonlinear reactions. In this
paper, we present new ideas in proving an entropy entropy-dissipation estimate
for arbitrary (super)-linear, monomial reactions rates, which includes general



nonlinear mass action law models for any reaction ald + SV < v W, see e.g.
[19].

As second main result of the paper, we shall prove the following global exis-
tence Theorem, which partially extends the previously known existence results
of the System (7) — (9), (4) and (5) by applying duality estimates, which were
recently developed in [2]:

Theorem 1.2. Let Q be a sufficiently smooth bounded (0Q € C*** a > 0) and
connected open set of RN (N > 1). Let dy,ds,d3 > 0 be three strictly positive
diffusivity constants and «, 3,y > 1 and (ug,vo, wo) € (L>®(Q))3. Assume that
|dy — d3| (or equivalently |ds — d3|) is sufficiently small (to be specified below).
Then, the System (7) — (9), (4) and (5) has a global classical solution.

Remark 1.4. The result of Theorem 1.2 seems to be new, for instance, in cases
where o+ 3 > v are large and the diffusion coefficients are sufficiently close.

However, up to our knowledge, the problem of global existence still holds
open cases when the diffusion coefficients are too different from each other and
2<vy<a+p.

We have organised this paper in the following manner. In Section 2, we first
recall previously proven existence results and prove then Theorem 1.2, i.e. the
global existence of classical solutions for the System (7) — (9) subject to non-
negative bounded initial data (ug, vg, wg) and homogeneous Neumann boundary
conditions (4) under the assumption that d; (or dz) is sufficiently close to ds.

In Section 3, we establish an entropy entropy-dissipation estimate (Propo-
sition 3.1). Finally in Section 4, we prove a Cziszar-Kullback type inequality
for the relative entropy functional (13) and show, via a Gronwall argument,
the exponential decay in L' towards the equilibrium (s, Voo, Weo) as state in
Theorem 1.1.

2 Existence Theory

In the following, we denote Qp = (0,7 x Q and for p € [1,+00)

1/p T 1/p
utery = ([ ot de) ", Jullrar = ([ [ i) "

()| Lo (0) = esssup |u(t, )], [ull Lo @7y = esssup |u(t, z)].
zeQ (t,x)eQr

For the sake of completeness and for the reader’s convenience, let us recall the
main known results on global existence of solutions to System (7) — (9) subject
to the homogeneous Neumann boundary conditions (4) and non-negative initial

data (5). At first, we shall provide precise definitions of the notions of solutions
see e.g. [11, 15]:

By a classical solution to System (7) — (9), (4) and (5) on Qr = (0,T) x £,
we mean a triple of functions (u, v, w) such that (at least)

i) (u,v,w) € C([0,T); L'(2)*) N L>([0, 7] x Q)*, ¥7 € (0,T),



ii) Vp € [1,400) we have u,v,w € LP(Qr) and Vk,{=1...N
O, Opv, Opw € LP (1),  Opp b, Op, 0, Oy, w € LP(Qr),
aa:kwgu; azk:cgv7a:1:ka:gw S LP(QT)a

iii) the triple (u,v,w) satisfy the equations (7) — (9) and the boundary condi-
tions (4) a.e. (almost everywhere) on Qp and on (0,7") x 98, respectively
in the sense of traces.

By a weak solution to System (7) — (9), (4) and (5) on Qr, we denote solutions
essentially in the sense of distributions or, equivalently here, solutions in the
sense of the variation of constants formula with the corresponding semigroups.
More precisely, we assume that w? — u®v® € L'(Q7) and

<
—~

~+
~

S (D)o + a /O Sas (¢ — 5)(w(s) — u® (s)vP(s)) ds

>4
—~~

~
~

Sa, (t)ve + ﬁ/o Sa, (t — s)(w(s) — ua(s)vﬂ(s)) ds

w(t) = Sg(t)ug + 7/0 Sy (t — 8)(—w(s) +u*(s)v’(s)) ds

where Sy, (.) is the semigroup generated in L'(Q) by —d;A with homogeneous
Neumann boundary condition, 1 <7 < 3.

Provided non-negative initial data ug, vy, wg € L>(2), the local-in-time ex-
istence and uniqueness of non-negative and uniformly bounded solution to (7)
— (9) are known (see e.g. [16]). More precisely, there exists T' > 0 and a unique
classical solution (u,v,w) of (7) — (9), (4) and (5) on Qp. If Tiax denotes the
maximal time of existence, then the solution triple (u,v,w) ceases to remain
bounded in the sense that

(Tnax < to0) = lim ([[u®)lz=(@) + o)z + [wB)llze () = +oo.

Moreover, it is well known that in order to prove global-in-time existence (i.e.
Tinax = +00), it is sufficient to obtain an a-priori estimate of the form

VL€ [0, Tmax)s  [ul®)llzoe ) + ([0l oo @) + lw®) ][~y < H(E),  (16)
where H : [0,+00) — [0, +00) is a non-decreasing and continuous function.

However, an estimate like (16) is far of being obvious for our System except
when the diffusion coefficients dy, ds, d3 are equal, i.e d; = do = d3 = d. In this
very special case, we have indeed that Z = Syu 4+ ayv 4+ 2afw satisfies

Zt - dAZ == 0, (O,Tmax) X Qv
(E) S n(z)V Z =0, (0, Trnax ) X 08,
Z(0,z) = Zp(z), x €,

where Zy(x) = Byuo(x)+ayvo(x)+2afwo(x). We may then deduce by the max-
imum principle for parabolic operators (which doesn’t hold for general parabolic
systems) the following L* a-priori estimate

Vt < Tinax, 1 Z ()] Lo () < 1 Z0]l Loe(0)-



Together with the non-negativity of the solution triple (u,v,w), this implies

[u()l| Lo () + lo@)][ L) + lw®)][L=@) < | ZolL=(0)
< |Byuo + ayv + 20w || Lo (), Vt < Thax,

and u(t), v(t) and w(t) are uniformly bounded in L*°(Q) for all ¢ > 0 and
therefore Tyax = +00.

In general, the diffusion coefficients in System (7)-(9) are different from
each other and the lack of a maximum principle makes the question of global
existence considerably more complicated.

Previously, the following cases have been studied by several authors:

1. Case @ = B = v = 1: In this case, global existence of classical solutions was
first obtained by Rothe [16] for dimensions N < 5. Later, global classical
solutions have first been proved by Pierre [14] for all dimensions N and
then by Morgan [13], Martin and Pierre [12] and Feng [8]. Exponential
decay towards equilibrium has been shown by Desvillettes-Fellner [3] for
bounded solutions. Global existence of weak solutions has been proved by
Laamri [10] for initial data ug, vg and wq only in L*(£).

2. Second case v = 1 and arbitrary a, 8 > 1: In this case, global existence of
classical solutions has been obtained by Feng [8] in all dimensions N and
more general boundary conditions. It is also included in the results of
[13].

3. Third case a+ 8 < 2 or v < 2: In this case, Pierre [15] has proved global
existence of weak solutions for initial data ug, vg and wq in L?(€2).

4. Fourth cases a+ 8 < yor (1 < v < %—ig and for arbitrary «, 8 > 1).

Laamri proved in [11] global existence of classical solutions to System
(7)-(9) , (4) and (5) in the following cases:

(a
(b
(c
(d

at+ <7,
(dy = d3 or da = d3) and for arbitrary «, 8,y > 1,

dy = ds and for any («, 3,7) such that o + 8 # 7,
1

<y < %713 and for arbitrary «, 8 > 1.

)
)
)
)
Theorem 1.2 below proves the existence of global solutions under a different
set of assumptions and thus covers cases, which were open so far. The proof
is based on various duality estimates, in particular on a recent improvement of
certain duality estimates (see [2]), which allow to obtain L? a-priori estimates
(p > 2) in cases where one of the diffusion coefficients d; or dy is sufficiently
close to ds. More precisely, we shall recall the following Proposition from [2]:

Proposition 2.1 (See Proposition 1.1 in [2]).
Let Q be a bounded domain of RN with smooth (e.g. C*t%, a > 0) boundary
N, T >0, and p € (2,+00). We consider a coefficient function M := M(t,x)
satisfying

0<a<M(tz)<b<+oo for(t,z) € Qp,

for some 0 < a < b < 400, and an initial datum ug € LP(§2).



Then, any weak solution u of the parabolic system

Ou — Ay (Mu) =0 on Qr,
(0, z) = up(x) for xeq,
n(xz) - Vyu=0 on [0,T] x 09,

satisfies the estimate (where p' < 2 denotes the Holder conjugate exponent of p)
lullze(@ry < (1 +0Dapyp) T luoll L (), (17)
and where for any a,b >0, ¢ € (1,2)
Cats ,

2
_ b—a’
1 Ca;b’q 5

Dap,q =

provided that the following condition holds

b _
Cluss a

7P 9

<1. (18)

Here, the constant C, 4 > 0 is defined for m > 0, ¢ € (1,2) as the best (that is,
smallest) constant in the parabolic regularity estimate

1Azv]|Lar) < Cmg I fllLa@r),

where v : [0,T] x @ — R is the solution of the backward heat equation with
homogeneous Neumann boundary conditions:

ov+mAv=f on Qr,
v(T,z) =0 for x e,
n(z)-Vyu =0 on [0,T] x 0.

We recall that one has Cy, o < 0o for m >0, ¢ € (1,2] and in particular
Cpm2 < % Note that the constant Cy, ¢ may depend (besides on m and q) also
on the domain Q and the space dimension N, but does not depend on the time
T.

Proposition 2.1 is the basis for the following proof of the existence Theorem
1.2

Proof of Theorem 1.2.

The proof performs a bootstrap based on a-priori estimates derived on various
duality estimates [15, 2]. As a preliminary step, we shall assume without loss
of generality that |d; — d3| < |d2 — d3|. Otherwise, we rename v — v, d; — da
and o — (3 and vice versa.

First, we add the first equation (7) and the third equation (9) to obtain

_ diyu+ dzow

— A (M = h M :
-+ aw) = B, (M(t.a)(ru+ aw)) =0, where M(ta) i= “Io 000

and observe that

0 <a:=min{dy,ds} < M(t,z) <b:=max{d;,ds} < +oo, V(t,z) € Qr.

Nej



Thus, by applying the improved duality estimates derived in [2] and the non-
negativity of the solutions, we have that w,w € LP°(Qdr), where py can be
arbitrarily large provided that b — a = |d; — d3| is assumed sufficiently small
depending on the space dimension N, see (18) above. In particular, since Cy, 2 <
L we estimate for (18) that

CaTHy’z <1 (19)

2 T a+b

for all0 < a < b < oco. Moreover, an interpolation argument between C,, 2 and
Cp,3/2 shows that Cy,  for ¢ € [3/2,2] is bounded by a continuous function in
q and, as a consequence, that there exists always an exponent pg > 2 for any
values of d; and d3, see [2]. Finally, in all space dimensions, by assuming that
|dy —d3] is sufficiently small (depending on the space dimension N), we can find
an exponent

po = po(ld1 — d3|) > min{y, a + 5},

such that at least one of the reaction terms on the right-hand sides of (7)-(9)
is well-defined in L*.
Next, we observe that

B(Oru — d1 Apu) = a0 — do A yv)

and by applying another duality argument [15, Lemma 3.4], we obtain

Cillvll e < ullpr@e +1 < Cs ([vllnr@r) + 1), Vp € (1, +00).
Thus, we have that

u,v,w € L (Qr),  po=po(|di —ds|) > min{y,a + B}. (20)
In the following, we aim at bootstraping (20). We begin by observing that
wl € LPTO(QT), and u*v? € L%(QT),

where the later follows from Young’s inequality, i.e.

o B - aua+ﬂ + ﬁvaJr,B
u v —_—
a+p

Then, parabolic regularity applied to the equations (7), (8) implies that (see
e.g. [5]) . )
B
wove LN Qp), —>L = 21
() @i po N+2 2D

Similarly, equation (9) yields

~ 1
w € L1 (Qr), - > - —. 22
({2r) Q1 Do N +2 (22)

By recalling that

YO — di Dpu) = a(—0w + dsDAyw), v(Ow — dalNgv) = B(—0sw + d3Nzw)

10



and by applying [15, Lemma 3.4], we have due to the first equality
Cillwllzrry < llullrr) +1 < Co (lwllpry +1),  Vp € (1,+00),
and analogous
Cillwllzr @z < I0llLe@r) +1< Co(lwllzr@ry +1),  ¥p € (1, +00).

We are thus able to conclude from (21) and (22) and the above norm equiva-
lencies that

1 min{yatp) 2

u,v,w € LP*(Qr), .
(62r) D1 Po N +2

(23)
and we calculate that p; > pg if and only if

2 (minfy,a+ B} —1).

Po >

In this case, iterating the arguments between (20) and (23) constructs a sequence
DPn+1 > Dn, which leads after finitely many steps to an index p,, such that

min{y,e+p} 2 _,
Pn N+2 ™~

and a final bootstrap step yields p,+1 = oo. Thus, the solutions u,v,w are
bounded in L (27) for any T > 0 and the existence of global classical solutions
follows by standard arguments. O

Remark 2.1. We also remark an alternative approach (with a somewhat dif-
ferent condition) to start the bootstrap in Theorem 1.2, which is based on the
duality estimates of e.g. [15] and was kindly pointed out to us by a reviewer:
By adding the first equation (7) and the third equation (9), we obtain

O(yu + aw) — di1 Dy (yu + oaw) = ads — dr) Dw.

Then, by the duality technique (see e.g. the proof of [15, Lemma 3.4]) it follows
directly for any p € (1,+00) and some C' = C(p,T) that

Iou+ @wllzogar) < C [1+ ldy = dsl[wlioan)]

Thus, with a||w|| rp) < [[yutow| 1y oy, the required estimate for ||wl| Ly (.
holds provided that |d; — ds| is small enough.

3 Entropy entropy-dissipation estimate

In this section, we prove Proposition 3.1, which details an entropy entropy-
dissipation estimate for F(u,v,w), D(u,v,w) defined in (11) and (12). The
proof uses the following technical (but essentially elementary) Lemmata 3.1
and 3.2:

At first, Lemma 3.1 establishes a kind of entropy entropy-dissipation esti-
mate in the special case of spatially-homogeneous non-negative concentrations
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satisfying the conservation laws (6). One could also say that Lemma 3.1 proves,
what would be the key step of proving an entropy entropy-dissipation estimate
for the homogeneous ODE system associated to (7)—(9).

Secondly, Lemma 3.2 generalises the estimate of Lemma 3.1 to spatially-
inhomogeneous concentrations.

Notations: For notational convenience, we introduce capital letters as a short
notation for square roots of lower case concentrations and overline for spatial
averaging (remember that |Q] = 1), i.e.

U=+u, Uso = /oo , ﬁ:/U(t,x)dx,
Q

and analog for V and . Finally, we denote by ||F||3 = [, |F(z)|* dz the square
of the L?(2) norm for a given function F : Q — R.

We begin with:

Lemma 3.1. Let Uy, Vo, W denote the positive square roots of the steady
state Uso, Voo, Weo- Let a, b, c be non-negative constants satisfying the conserva-
tion laws (6), i.e.

va? + ac® = My = yU2 + aW?2 and Vb2 + B = My = V2 + W2,
Then,

(a—Us)? 4+ (b= Voo)> 4 (¢ = Wao)? < C (a® b — )2, (24)
where C = C(a, 8,7, M1, Ms) is an explicitly computable positive constant.

Proof of Lemma 3.1. The proof exploits a change of variables introducing
perturbations g1, e, 3 around the equilibrium values Uy, Vo, W, i.e€.

a=Ux(14+ 1), b=Ve(1l+ p2), ¢ = Woo(l 4 p3). (25)

Since the constants a, b, ¢ are non-negative, the new variable are bounded below,
ie. py, po, uz > —1.

Moreover, the conservation laws (6) rewrite in the new variables into the
relations

'yUgo p1(24+p) = —OéVVOQo 13 (2 + ps), (26)
YV2 12(2 4 p2) = —BW2E p13(2 + p3). (27)

Since the mapping p — p(2 + ) is strictly monotone increasing on [—1, 00), it
is straightforward to show that solving (26) and (27) in terms of u3 defines two
strictly monotone decreasing functions ps — pq(ps) and pus — pa(ps), which
have a unique zero crossing p1(0) = 0 = p2(0) at uz = 0. More precisely,

@ 2

i (ps) = \/1 - 7?5#3(2 +u3)—1, % 0 p3 § 0, p3 € [—1,00),
2

mo(s) = /1- D3 ps(2+ps) =1, 120650, g€ [-1,00).

12



Moreover, the conservation laws (6) or equivalently the relations (26) and
(27) imply that the range of admissible pg is also bounded by above (since
w1 (p3), pa(us) are real and bounded below):

U2 AV2
—1 < 13 < p13.max :=—1+\/1+min{7 ERMALS }

W2, BWZ

Given these properties, we are able to express p; and ps in terms of p3 in the
following way:

aW?
p = —Ri(us)us,  Rilus) = Sp5 i,
W2 .
po = —Ro(ps)us,  Ralps) i= S el

and it is straightforward to check that the functions R;(u3) and Rg(ug) are
strictly monotone increasing and satisfy the following positive lower and upper
bounds:

0< Rl(—l) < oW, = Rl(O) < Rl(ﬂB,mam) < 00,

Uz,

0 < Ra(—1) < L = Ry(0) < Ra(p3,mas) < 00,

oo

Next, we insert the ansatz (25) into (24), use the identity U2 V2 = W7, and
observe that in order to prove Lemma 3.1, we have to show that

U2 2 V2 2 W2 2
> coM1 + o2 + o M3 5 S C, (28)
W (14 ps)Y = (L + pa)*(1 + p2)P)

for a constant C. We remark that for arbitrary perturbation g, o, ug > —1
the fraction on the left-hand side of (28) will not be bounded as there are many
more zeros of the denominator than for the nominator, which vanishes only at
p1 = p2 = pz =0.

However, the conservations laws restrict the admissible perturbations p; =
—R1(ps)ps and po = —Ra(us)us for us € [—1, 13,maz). Thus, we estimate the
numerator of (28)

U2 V2
ULy + Vo +Wius < usW2, (1 + 3 B+ m;§R§> <Cui  (29)

for a constant C = C(a, 8,7, M1, Ms).

The denominator of (28) can be estimated in the following way: We assume
first that pug < 0, which is equivalent to py(u3) > 0, pue(us3) > 0 by the mono-
tonicity properties of 1 (p3) and pa(pg). Thus, we have (1 + ps3)? < (14 ps3)
and (1 4+ p1)® > (1 + 1) and (14 po)? > (14 po). Altogether in this case, we
have

|14 p13)" = (14 p0)* (14 p12)°| > (14 ) (1 + p2) — (1 + paa)
=1+ po + pape — p3 > py —p3 = (Ry + 1) [us]  (30)

since py > —1 implies g + pype > 0.
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In the case pg > 0 and thus p(ps) < 0, pa(ps) < 0, we have (1 + pz)? >
(14 p3) and (1 + p1)® < (14 p1) and (1 + po)? < (14 po) and estimate in a
similar way

(14 p3)7 = (L4 ) (14 p2)?] = (14 p3) = (14 pa) (1 + paa)
=p3 — 1 — p2 — puapie > pz — g1 = (1+ Ry |ps|  (31)

since py > —1 implies —po — pipe > 0.
Altogether, by (30) and (31), we estimate the denominator of (28) by

2
W2 (14 )7 = (14 1) (1 + p2)?)” > W2 i3,
which proves with (29) the statement of the Lemma 3.1. O

The following lemma extends Lemma 3.1 to non-negative functions U, V, W
whose squares U2, V2, W? satisfy the conservation laws (6):

Lemma 3.2. Let (Uy, Voo, W) denotes the positive square roots of the steady
state (Uoo, Voo, Woo) and U, V, W :  — R be measurable, non-negative functions
satisfying the conservation laws (6), i.e.

VU2 4+ aW? = My = yU% + W2, YV2 4+ W2 = My = V2 + W2,
Then, the following estimate holds for any o, 8,v > 1
U = Ussllz + IV = Veo I3 + [IW = W[5 < K1 [W? = UV7|3
+ Ko (|U =T[5+ [V = VI + W -WI3), (32)

for various constants K1 and Ko depending only on o, B,y > 1, dy,ds,ds > 0
and My, My > 0.

Proof of Lemma 3.2.
Step 1 : In order to prove (32), we shall first show that

1/ —a—p)2
W=V = o (W TV
—C(IU-TE+V=VI5+IW-=W|3), (33)

for some constants C. We remark that due to Jensen’s inequality and the
conservations laws (6), we have the following natural bounds for the averages

T<ViZ<coy, V<VVP<oy, WsVIZ<oy,
for a constants Cpr = Cs(av, 8,7y, My, M3). Thus, also the reaction rate
TV’ W < s,
is bounded in terms of the (positive) initial masses M7, My by various constants

Cn = Cum(e, 8,7, My, Mz).
Moreover, we introduce the following deviations with zero mean value:

(51(1‘) = U—U7 (52(‘@) = V—V, (53(1’) = W—W, 51 = 09 = 03 = 0. (34)

14



Step la: We consider for a constant K > 0 the set

The set S constitutes the part of the state space (U, V,W) = (U + 4y,
82, W + 83) which includes the states close to equilibrium at which (U, V, W)
(Uso, Voo, Woo) and (81, 02,03) = 0 holds. Using the bounds —U < §; < K,
—V <6 < K and —W < 63 < K (where to lower bounds are always satisfied

due to definition (34)), we have with «, 8,7 > 1

+

UV = (T + 6)0(V +62)° = TV’ + T1(2) (8, + 62),
w7 = (W—F 53)’y e W’Y + TQ(.’E)537

for bounded remainder terms T; and T, which satisfy |7} (z)| < C(K*TA~1)
and |Ty(x)| < C(KY™1), respectively, for all € S. Thus, we can factorise and
estimate with Young’s inequality

o 7roT7P
[TVE = W25 = [TV = W (s
+2 / (Uavﬂ — Wﬂy)(Tl((h + 52) - T253) dxr
s
+ | T2 (81 + 62) — Tads 172 (s
1 —a—=0B =5
> §||U V2 =W [725) — IT1(01 + 62) — Tads[72 (s
1, —a— .
> §||U°‘v5 — W |2ags) — C(K, My, My) (57 + 53 + 63),
(35)
where we have used that |T1| < C(K), |Ts| < C(K).
Step 1b: It remains to consider the orthogonal set of all points
Sti={zecQ||6]>K, or |6 >K, or |d3>K}.
By Chebyshev’s inequality it follows that
5 3 2> gy < 03
Moreover, we observe that |{|d;] > K}| = [{6? > K?}|. This implies that
|S+| < C(K)(02 + 62 + 02). Therefore, since |U047ﬁ —W'| < Cy is bounded,
we have

{67 > K*}| < {3 > K*}| <

[TV =[50y < O My, M) (57 + 63 + )
and
UV =W 72(52) > 0
> [TV W |20s2) — C(K, My, My) (52 + 53 +63). (36)
Altogether, the estimates (35) and (36) finish the proof of the estimate (33) and
conclude Step 1.
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We remark that estimate (36) could be restricted to the subset
1. L ay/B
Sp, T {IGS ‘ |U Vv _W’Y|S.U’}7

for any p > 0 since the estimate (33) holds naturally at all points x € £ where
WY —U*VAB| > p holds, i.e.

2

. - " TV
s me{WW’l}'U )

Step 2 : Inserting estimate (33) into (32) allows now to apply Lemma 3.1 after
expanding the left hand side of (32) in terms of
() =U-U, 6&x)=V -V, b&x)=W-W,
Moreover, we shall adapt the ansatz used in Lemma 3.1 in the following fashion
Ur=UZ(1+m)*,  V2=VZ(1+p)’,  W2=WI(+pu)?

and —1 < pq, po, p3, which recovers the relations (26) and (27) as well as the
subsequent study of p1(us) = —Ry (3)ps and po(ps) = —Ra(us)pg as functions
of us € [—1, 43 mas] (see Lemma 3.1).

The definitions of (34) imply readily for the right-hand side of (32) that

J— —_— —2 —_—
lU-Ull3=02-0" =6t =|al3, (37)

and analogdézwfv2 and%:WfWQ. Thus, i% — = VU2 —TU and
VU24U

it follows that

1 R
—=——1, (38)
VU2 +U
and analog expressions hold for V and W. Therefore, the first terms on the
left-hand side of (32) expands with (38) to

U=Usx(1+pm)—

U - Ux|3=U%p 5 (39)

2U,

T+ ——="=101
VU2 +U
and analog for |V — V|3 and ||W — W||3. Note that (39) is quadratic in the

perturbation u; and the deviation d;.

We point out that in (39) the expansions in terms of @ is unbounded for
vanishing U2 > T Although such states with U2 ~ 0 or V2 ~ 0 or W2 ~ 0 (in
which the positive initial mass is concentrated in the remaining non-vanishing

concentrations) are highly degenerate states far from equilibrium, we are nev-
ertheless forced to distinguish two cases.

Firstly we consider the

Case U2 > €2, V2> €2, W2 > £2: for a constant £ > 0 to be chosen later in the
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opposite cases for small U2, V2, W2. In this case, the expansion (39) is not
degenerated and we have \/U:12+ﬁ7 \/W:12+W’ \/W:12+W < C(e) and
VIZ+T VW4 W V4w

Moreover, we estimate first by using (38) that

S C(€7a7ﬂ773 M17M2)' (40)

—— 2
TV =T 13 2 W2 [(1+ ) (1 + p2)® — (1 + p2)]
— Cle,a,8,7, M1, My) (R + 8B +33) . (41)

Next, we insert (39) into the left-hand side of (32) (and use (40)) and insert
(33), (37) and (41) into the right-hand side of (32). Thus, in order to finish the
proof of the Lemma, it is sufficient to show that

2
UZpii + Vs +Wips < KaWZ [(1+ p)* (1 + p2)” = (1+ p2)7]
—|—(K2—C(€7Ol7ﬂ7"}/,K,K1,M1,M2)) (E—Fg—"_éig)V (42)

Now, provided that we chose Ky > C(e,a, 8,7, K, K1, M1, M>) sufficiently
large, the inequality (42) follows directly from Lemma 3.1, in particular from
the reformulated estimate (28), which is sufficient to prove estimate (24).

Secondly we treat the

Case U2 <e2or V2 <e2or w2 < €2: In these degenerate cases, the expansion
(38) is not useful. However, since the corresponding states (U, V,W) are far
from equilibrium, the inequality in (32) can be established by direct estimates
(i.e. without Lemma 3.1).

First, we observe that the left-hand side of (32) is bounded in terms of the
conservation laws (6)

IU = Uscll3 + IV = Vil + W = Weo 5 <

/(u+v+w+uoo + Voo + Weo) dx < Cpg (M7, Mo, v, B,7y).  (43)
Q

Next, we consider the case that U < €2, where ¢ is a constant to be specified
below. Rewriting the conservation law YU?2 + aW?2 = M; using U? — Uz = §?
=5 2 _ 53 . T
and W2 — W~ = 62, we estimate with U < £2 that
. M, — __
W224—5§—1(5%+52).
«@ «

Thus, since M; >0
02 0
(W’Y U vﬁ) >W _ oW TV’

M & 7 T T
> <1—5§—75%—”s2) —2W Ve >0 >0,
(0% « (0%
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for a strictly positive constant C' > 0 provided that E + g is sufficiently small
and ¢ is subsequently chosen small enough.
Therefore, there exist two constants K and Ky such that

IU = Usollz + IV = Vooll5 + [W = Weell3 < Cnr
g\ 2 .
<k (W -TV) + 15 (F+8+3). (449

In the opposite case that E + g is not sufficiently small (44) still holds for a
sufficiently large constant Ko. -
The case that V < £2 can be treat analog to the case U < ¢2 above.

Finally, in the case that W < 2, we estimate the conservation laws yU?2 +
aW? = M, and 4V?2 + W?2 = M, like above as
M — M. —
U2>—1—52—9(6§+52), V2>—2—62—é(5§+52),
Y Y Y Y

which yields

e (- ) (a2 (@)
UV >0 >0,

for a strictly positive constant C' > 0 provided that §%, 62, 62 are sufficiently
small and ¢ is subsequently chosen small enough.

Similar to above, this yields (44) and together with (33) finishes the proof
of the Lemma 3.2. O

Next, we recall the Logarithmic Sobolev inequality, which holds on a bounded
domain (without confining potential) as a consequence of the inequalities of
Sobolev and Poincaré:

Lemma 3.3 (Logarithmic Sobolev inequality). Let ¢ : Q@ — R where Q is a
bounded domain in RN such that the Poincaré (-Wirtinger) and Sobolev inequal-
ities hold:

I — ‘Q| fQSDdanz @ = P(Q) [V LPH%Z(Q)v

1120y < CL O I% @l2ai0y + Co(@) 9l s 2 =42,
Then, the logarithmic Sobolev inequality
2 ¢ 2
[ (i) dr < L@.N) Vel (45)
Q ||90||L2 Q)

holds for some constant L(Q2, N) > 0 in any space dimension N.

The proof follows an argument of Strook [18], see [7].
We are now in position to state the entropy entropy-dissipation estimate for
the relative entropy E — Fo, defined in (11) and the entropy dissipation D (12),

which holds for admissible functions regardless if or if not they are solutions (at
a given time t) of the System (7) — (9):
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Proposition 3.1. Let ) be a connected open set of RN (N > 1) with sufficiently
smooth boundary OS2 such that Poincaré’s inequality and the Logarithmic Sobolev
inequality hold.

Let u, v, w be measurable non-negative functions from Q into R such that
Jo(vu+ aw) = My and [, (yv+ fw) = My. Then,

D(u,v,w) > K(E(u,v,w) — E(too, Voo, Weo ))-

for a constant K = K(dy,ds,ds,«, 8,7, My, My, P(Q), L(2)) depending only
on the positive diffusion coefficients dy,ds,ds > 0, the stoichiometric coeffi-
cients «, 8,7y > 1, the positive initial masses My, Ms > 0 and the Poincaré and
Logarithmic-Sobolev constants P(2) and L() of the domain .

Proof of Proposition 3.1.
We begin by rewriting the relative entropy (13) using the following additivity

property

where the integral (46) corresponds to the relative entropy of concentrations
(u, v, w) with respect to their averages (u,v,w) and (47) is the relative entropy
of the averages (4,7, w) with respect to the equilibrium (oo, Voo, Weo)-

The integral (46) can be estimated thanks to the Logarithmic Sobolev in-
equality (45) by

2
/uln(i) dz < L(Q)/ Neul® - 4L(Q)/ %, U dz, (48)
Q u Q u Q
and similar for v and w. Thus, (46) is bounded above by the Fisher information
part of entropy dissipation (12).
On the other hand, the relative entropy (47) can be estimated in the following
way: We define the function

wh(/y) -z -y)
ooy) = = P

which extends continuously to [0,+00) x (0,+00) — R4 and note that thanks
to the conservation laws (6) the expressions

= p(z/y, 1),

@(ﬂ/uwa 1) < CM7 90(6/1}00’ 1) < CMa @(E/wmn 1) < CM7

are bounded by a constant Cps(Mi, Ms) in terms of the initial masses. Thus,
by using as in Step 2 of Lemma 3.2 that vi = VU2 = Uy (1 + p1), we have
mn(ui) — (T — o) < Crt (VI — Viing)? < CrU2 12, (49)

and similar estimates hold for 7 and w.
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Next, we estimate the entropy dissipation (12) below by using the elemen-
tary inequality (u®v® —w?)(In(u®v?) — In(w?)) > 4({U*V? — W")2, Poincaré’s
inequality and the Logarithmic Sobolev inequality and obtain the estimate

D(u,v,w) > 4||[U*VE — W7
—2 =12 —2
+0Cp (HU - UH2 + HV - VH2 + HW - WHQ)

+a(-0)( [ mUP+ [ [mVPds [ nwia). (o)

for a constant Cp = Cp(d1, da,ds, P(Q)) with the Poincaré constant P(Q) and a
constant 6 € (0,1) to be chosen such that the last term on the right-hand side of
(50) controls via the Logarithmic Sobolev inequality (48) the first contribution
to the relative entropy E — E, i.e. the integral (46).

Combining the expressions of the relative entropy (13) and the entropy dis-
sipation (12) with the estimates (49) and (50) and choosing 6 in (50) in order
to control (46) with the last term of (50), it remains to show that

Car (U213 + V23 + W2i2) < K, |[U°Ve — w2
+ 1 (JJU =T+ [V = VIl + W = 73).
which is a consequence of Lemma 3.2 after observing that
U — Usel3 < 1U = T3+ T — Uscl3 = U = T|3 + UZ 123,

and analog for ||V — V.| and ||W — W ||3. This ends the proof of Proposition
3.1. O

4 Estimates of convergence towards equilibrium

In this section, we use the estimates of Section 3 in order to prove Theorem
1.1. We begin with a Cziszar-Kullback type inequality relating convergence in
relative entropy to convergence in L!.

Proposition 4.1. For all (measurable) functions u,v,w :  — (Ry)3, for which
Jo(ru+aw) =M, >0 and [,(yv+Bw) = My > 0 holds, we have the following
Crziszar-Kullback type inequality for the entropy functional E(u,v,w) defined in

(11):
E(u,v,w) — E(too, Voo, Woo )

> C (Jlu = oo 310 + v = vecllfage) + v — wecllfsgey )

for a constant C = C(My, My, o, 8,7) > 0 depending on the masses My, Ms > 0
the stoichiometric coefficients a, B,y > 1.

Proof of Proposition 4.1.
For a constant 2., > 0, we define (the continuous extension of ) the non-negative
relative entropy density function

0<q(z,z0) := xln( x

Loo

) —(z — z0), x € [0, 400),
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and rewrite the relative entropy (13) as (see also (47))

E—FE :/ uln(g) dzx —|—/ vln(g) dzx —|—/ wln(g) dx
Q u Q v Q w
+ q(U o) + (0, ve0)) + ¢(W; weo ). (51)
In order to Taylor-expand the last three terms in (51), we observe first that
¢ (Too, Too) = 0, and  ¢"(2,75) = Too

T

Since the non-negativity of the solutions and the conservation laws imply the
natural a-prior bounds

_ M,y _ M, _ . [ My M,
0<U U < —, 0 < 7,05 < —, 0 < W,we <min{d —, =2}
v v a’ B
Taylor expansion yields the following estimate with 6 € (U, uso)
= 2
uU—u
q(T, o) = (oo, Uso) + ¢ (Uoo, Uoo ) (T — Uss) + ¢ (0, um)%’

UooY (ﬂ - uoo)2
- M; 2 '

Similar estimates hold for ¢(7,vs) and ¢(W, ws) and we obtain

q(U, Uoo) + (U, Vo0) + q(W, W)
> C(a7ﬁ773M17M2) (|ﬂ - uoo|2 + |®— 'Uoo|2 + |@ — woo|2)
for a constant C(a, 3,7, M1, M2) > 0 depending only on «, 3, v, My and Ma.

Secondly, considering the integral terms on the right-hand side of (51), we
estimate with the classical Cziszar-Kullback-Pinsker inequality (Cf. [17])

U 1 2
/Quln(i) dx > ﬁ\lu =710

and analog for v and w, for which we have again w,v,w < C(a, 8,7, My, Ms).
Altogether, after using Young’s inequality to estimate ||u — uool[71 @ <

2||lu — ﬂ”%l(@) + 2| — uso|?, we obtain

E = oo 2 C (JJu = ttoe 310 + 0 = vocll sy + 0 = woclls(ey )

for a constant C = C(«, 3,7, M1, M3). This ends the proof of Proposition
4.1. O

We now are in a position to state the proof of Theorem 1.1.

Proof of Theorem 1.1.

The entropy dissipation law (14) yields for the relative entropy with respect
to the equilibrium, i.e. ¥(t) := E(u,v,w)(t) — E(too, Voo, Weo ), the following
inequality for a.e. 0 <tg <t; <T

ty
P(t1) < P(to) —/t D(s), fora.e. 0 <ty <t; <T,

0
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which rewrites with Proposition 3.1, i.e. D > K (s) into
ty
U(tg) > (t1) + K ¥(s), fora.e. 0 <ty <t; <T. (52)

to

We can now apply a Gronwall argument as stated in [1] (see also [20] for the
generalisation where inequality (52) holds only almost everywhere for an inte-
grable function ¢ € L'([0, 7)) and obtain exponential convergence of the relative
entropy v, i.e.

Y(ty) < ah(t)e K=t forae 0<ty<t; <T. (53)

For the convenience of the reader, we shall recall the proof of (53) in the follow-
ing: First, we perform in (52) the change of variables t = —r and ¢¥/(—r) = ¥ (r)
and obtain

O(rg) > p(t) + K m&@x for ae. —T < —t; <7rg<0.  (54)

_tl

Then, we define ¥(r) = fftl ¥(r) and calculate with ¥(r) = 4(r) > ¥(t1) +
KU (r) the well defined derivative

d

ar (\I’(r)e‘K(T“l)) > (w(tl) + K\I/(r)) e~ K(r+t1) _ K\I,(T)E—K(r+t1)

> ’(/J(tl) e—K(T“"tl).

Then, integration over [—t;, 7] and division by e~ %("0+1) yields
t
\IJ(TO) Z wg(l) <6K(7’0+t1) _ 1) ,
and further with (54) and [ (r) = U(ro)

B(ro) > p(ty) X roth),

Then, return to the original variables to = —7¢ and 1)(—7) = 9 (ro) yields (52)
and thus by setting tg = 0

E(u,v,w) — E(too, Voos Weo) < [E(tg, 0, o) — E(thse, Voo, Weo)] €K1, (55)
Finally, the estimate (15) follows from (55) by applying the Cziszar-Kullback
type inequality in Proposition 4.1. O
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