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CrossMark
Abstract
In this work we investigate the convergence to equilibrium for mass action reac-
tion—diffusion systems which model irreversible enzyme reactions. Using the
standard entropy method in this situation is not feasible as the irreversibility
of the system implies that the concentrations of the substrate and the complex
decay to zero. The key idea we utilise in this work to circumvent this issue is to
introduce a family of cut-off partial entropy-like functionals which, when com-
bined with the dissipation of a mass like term of the substrate and the complex,
yield an explicit exponential convergence to equilibrium. This method is also
applicable in the case where the enzyme and complex molecules do not diffuse,
corresponding to chemically relevant situation where these molecules are large
in size.
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1. Introduction

The focus of our work will be on the well known irreversible enzyme reaction system

kr
E+SSCSELP (1.1)
ky

where S represents the substrate of the system, E the enzymes, C the intermediate complex
(which we will refer to as the complex for simplicity) and P the product.

1.1. The setting of the problem

Our study will concern itself with the inhomogeneous setting of (1.1) which manifests itself
in the presence of diffusion of (some of) the system’s elements. By applying Fick’s law of
diffusion and the law of mass action we find that the reaction—diffusion system that corresponds
to (1.1) is given by

Oe(x, ) — doAe(x,t) = —kpe(x,0)s(x, 1) + (k. + k)e(x, 1), x€eQt>0,

Ops(x, 1) — dAs(x, 1) = —kyre(x, D)s(x, 1) + k.c(x, 1), x€eQt>0,

Oc(x, ) — deAc(x, 1) = kpe(x, )s(x, t) — (ky + ke)e(x, 1), x€eQt>0,

Op(x, 1) — dp,Ap(x, 1) = kee(x, 1), xe >0, 12
d.0,e(x,t) = d0,s(x,1) = d.Oyc(x,1) = dp0,p(x,1) = 0, x € 00,r>0,
e(x,0) = eo(x), s(x,0) = so(x), c(x,0) = co(x), p(x,0) = po(x),  x €,

where e(x, 1), s(x, 1), c(x, 1), p(x, t) are the concentrations of E, S, C and P, respectively, at x € )
and ¢ > 0. The homogeneous Neumann boundary condition indicates that the system is closed,
and in order that the equations would make chemical sense we also require that the initial
concentrations eg(x), so(x), co(x) and p,(x) are non-negative functions>.

Looking at the system (1.2), one notices immediately that the equation that governs the
concentration of P, p(x, t), is decoupled from the rest of the system and is completely solvable
once c(x, t) has been found. Therefore, our main focus in the majority of this work will be on
the dynamics of the sub-system of (1.2) which includes e, s and ¢ alone.

5 As the Neumann condition is connected to the diffusion of the concentration, we have elected to write it as
d.0,e(x,1) = d,0,5(x,1) = d.0,c(x,t) = d,0,p(x,1) = 0
to indicate that we do not require it when the diffusion coefficient is zero.
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Much like many other reaction—diffusion systems in a bounded domain, one expects that
the combination of the chemical reactions and the diffusion will result in a state of equilibrium
that is composed of constant concentrations. Using the (formal) conservation laws

/(e(x, 1)+ c(x,t))dx = My := / (eo(x) + co(x))dx, Vr=>=0, (1.3)
Q Q

/(S(X, 0+ c(x, 1) + p(x,0)dx = M, := / (s0(x) 4 co(x) + po(x))dx, Vi =0, (1.4)
Q Q

and under the assumption that |2| = 1 for simplicity (which can always be achieved by a
simple rescaling of the spatial variable) we find that if all elements in the system diffuse, i.e. if
d.,ds,d. and d), are strictly positive, then the equations that determine the constant equilibrium
concentrations €, Coo, Soo and p, are

_kfeoosoo + (kr + kc)coo =0,
—kpesSoo + kicoo =0,
kecoo =0

e + Coc = My,

Sco + Coo + Peo =M,
from which we find that
e = My, oo =0, Soo =0, poo:M1~

This equilibrium carries within it the chemical intuition of the process, as was expected: as
time increases, the substrates get completely converted into product, the complex is used up,
and the enzymes ‘gobble up’ whatever left overs remain in the system.

The above, however, is not the true equilibrium when essential parts of the system do not
diffuse. In this case, we cannot a priori guarantee that an equilibrium states for these non-
diffusing concentrations, if such exist, will be constant functions. This situation is chemically
feasible, for instance when the molecules of the complex and the enzymes are large enough
to deter diffusion. In terms of our system (1.2) this situation corresponds to the case where
d, = d. = 0 and d; and d, are strictly positive. The lack of diffusion in the complex ¢ is not very
problematic, yet the lack of diffusion in the enzymes e complicates matter further. However,
in this situation one can find another (formal) conservation law of the form®

e(x,1) + c(x, 1) = eg(x) + co(x), (1.5)

which assists in balancing the system. With this in mind, we see that if an equilibrium of the
form e (x), coo(x) and s, exists’, then it must satisfy

_kfeoo(x)soo + (ky + ko)eoo(x) = 0,
_kfeoo(-x)soo + kycoo(x) = 0,
€o(X) + Coo(x) = eo(x) + co(x),
©In this case we have that 9, (e(x, 1) + c(x, 1)) = 0.
7 The equilibrium for e and ¢ could be a function of x, but s, is still assumed to be constant due to the diffusion in s.
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from which we find that s, = c,(x) = 0 and e (x) = ep(x) + co(x). The fact that c.(x) = 0
would lead us to expect that p(x, f) also converges to a constant p__ and due to (1.4) we conclude
that the suspected equilibrium in this case is given by

exo(X) = eg(x) + co(x) S0 = Coc(x) =0,  poo = M. (1.6)

The main goal of our work is to explicitly and quantitatively explore the rate of convergence
to equilibrium of the solutions to (1.2) in these two cases in the strongest form possible—the
L™ norm.

1.2. Known results

The study of enzyme reactions goes back more than a century to the pioneering works
of Henri [Hen03] and Michaelis and Menten [MM13] which gave rise to the so-called
Michaelis—Menten kinetics—derived as a quasi steady state approximation of the mass action
kinetics. Reaction—diffusion systems modelling enzyme reactions related to (1.1) have been
investigated in many works, see e.g. [BMM93, GCB08, RKL17, TBP02], most of which
revolved around the Michaelis—Menten kinetics. At the level of ODEs, this kinetic can be
derived rigorously from the mass action kinetic. For the PDEs setting, on the other hand, only
asymptotic derivation has been investigated (see e.g. [FLWW18]).

The study of the trend to equilibrium for reversible (bio-)chemical reaction—diffusion sys-
tems, which has witnessed significant progress in the last decades. The first results in this
direction can be attributed to [GGH96, Gro83, Gr692] where the large time behaviour of two
dimensional such systems was studied qualitatively. Quantitative results, i.e. explicit conver-
gence rates and constants, have been provided in [DF06, DF08] for special systems, and have
been extended later in [DFT17, MHM15] to more complicated ones. The most general equi-
libration results, which are currently feasible, are those found in [FT18, Miel7]. Reversible
versions of (1.1) has also been investigated in [Elil18] where the author has managed to prove
exponential convergence to equilibrium.

Despite these developments and advances, the quantitative large time behaviour of reac-
tion—diffusion systems modelling irreversible reactions, of which (1.2) is a special case, to
our knowledge, has not been investigated. The main reason, in our opinion, is the impact the
irreversibility has on the entropy method which is commonly used to investigate quantitative
long time behaviour. We shall address this point shortly, as our work will show how one can
‘modify’ this method to attain our claimed results. We believe that the method proposed in
this work can be applied to more general systems featuring irreversible reactions. It is also
remarked that the qualitative large time behaviour of (1.2) could be inferred from the vast lit-
erature of reaction—diffusion systems. For instance, the results in [PSY19] showed that the
trajectory {(e(t), s(1), c(t)) } >0 is in fact relatively compact in L' (Q).

1.3. Main results

As was indicated in the end of section 1.1, our work is devoted to the investigation of two cases
for the system (1.2). Our main results can be expressed by the following theorems:

Theorem 1.1. Let Q2 C R" be a bounded, open domain with e, ¢ >0, boundary,
0. Assume that d,,d,d. and d, are strictly positive constants and that the initial data
eo(x), so(x), co(x) and py(x) are all bounded non-negative functions. Then there exists a unique
non-negative bounded classical solution to (1.2). Moreover, there exists an explicity > 0 such
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that for any n > O there exists an explicit constant ¢,, depending only on geometric properties
and the initial data which blows up as n goes to zero, such that

oy

Hc(t)HL’O(Q) + ”S(t)HLvo(Q) < Gne ”(H’U),
1 (1.7)

He(t) - eOOHL?O(Q) < Gn e nd+mn

In addition for any € > 0 and 1 > 0 with n (1 + 1) > 4 there exists an explicit constant C,.,
depending only on geometric properties and the initial data which blows up as 1 or € go to
zero, such that

_4 5
nTFD 2 o\ min (=2 ey 2
1) = iy < Cpe <1+t i M)e min (et -t )’ (1.8)

1 xX=y
Oxy =
0  x#y

and Cp is the Poincaré constant associated to the domain €).

where

Theorem 1.2. Let Q C R” be a bounded, open domain with C**¢,¢ > 0 boundary, 05).
Assume that ds and d,, are strictly positive constants while d, = d. = 0. Assume in addition
that the initial data eo(x), so(x), co(x) and p,(x) are all bounded non-negative functions and
that there exists some 3 > 0 such that

eo(x)+co(x) = aex e (1.9)

Then there exists a unique non-negative bounded strong solution to (1.2). Moreover, there
exists an explicit constant -y > 0 such that for any n > 0 there exists an explicit constant C,,
depending only on geometric properties and the initial data which blows up as n goes to zero,
such that

2y
15| o) < €, T,

g 2 ~ mi 2y
leCx, 1) — ecc(X)|| o) + [l < € (1 +t k’+kmn(ll")) o min (b et ) .

In addition for any € > 0 and 1 > 0 with n (1 + 1) > 4 there exists an explicit constant C,.,
depending only on geometric properties and the initial data which blows up as 1 or € go to
zero, such that

_4 5
n(i+m ¢ 2dp l—o)m . 4dp - 2y
[P(1) = Pocllroe(y < Ce (1 +1 B M) o~ min (gt (12 i )1

Remark 1.3. Our notion of strong solutions to (1.2) is as follows: for any p € [1, c0), any
component of the solution belongs to C([0, co); LP(£2)) and is absolutely continuous on (0, o)
with respect to L”7(2). Moreover, the time derivatives and the spatial derivatives up to second
order of any concentration which is diffusing are in L? (7, T); L” (Q2)) forany T > 7 > 0, and
the equations and boundary conditions are satisfied a.e. in 2 x (0,7) and a.e. in 9Q2 x (0, T)
respectively, for any 7 > 0.
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Remark 1.4. During our proofs we will be able to provide an explicit form to - in each of
the theorems. We will show that one can choose

doCust = 6 (U574 + kp) max (e.,20))

7 = min M kQ2ke+ke) \  16Gs+M)
(1 n (log (1 + —1) 4 Mot ) (17];);(2));40)
y Mo k. — K, — ke, |
(1 +k + log (1 - %) + (log (1 + M) + 7"(2’;’;"")) (é,’;;o + 7(1?(12;(*2’%;‘}0))
X d“d‘CLSL e (1.10)
dy+d. (1+ (log (14 1) + it })
with
CLsiMo k. 4 (ke + ky + kyey)
fe kN 0T Mok, O k= k. ’
12 (kc + k, + M()kf) max (1, M()rkf) Ory c
(1.11)

for theorem 1.1, where Cyg; is the log-Sobolev constant that is associated to the domain €2, and

e — kpes
v =min ~ A
ky M k(2k,+k¢) 2k, 16(es+M)
(1 +k+log (1 + kfg.\,) + (k’g (1 + ?1) T ) (kfﬁ + (1—Elog(2)§a))
y d;Crst

M k(ky+ke
1+(log(l+?;)+(T,))
(1.12)
with

- 4kf€s

Seoa ] k
&5 € (0,00) .

(1.13)

for theorem 1.2. These choices are clearly far from optimal. Optimal convergence rate is a
subtle issue and remains open in most chemical reaction—diffusion systems. Some discussion
about this issue in the case where all diffusion coefficients are strictly positive will be given in
section 4.3.

Remark 1.5. In our analysis, the lower bound condition (1.9) is essential to be able to obtain
the explicit exponential convergence to equilibrium. This condition is easily satisfied when we
require that the initial enzyme concentration e is present everywhere in 2. In the case where
(1.9) does not hold, numerical solutions suggest that convergence to equilibrium can still be
expected as is indicated in figure 1 in section 4.4. A rigorous proof, however, remains an open
problem.
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A common method one employs to investigate the quantitative long time behaviour of
chemical reaction—diffusion systems (and many other physically, chemically and biologically
relevant equations) is the so-called entropy method: by considering the connection between a
natural Lyapunov functional of the system, the entropy, and its dissipation, usually via a func-
tional inequality, one recovers an explicit rate of convergence to equilibrium. This convergence
rate can be boosted up to stronger norms in many situations, at least as long as the system has
some smoothing effects.

This method has been extremely successful in dealing with reaction—diffusion systems
which model reversible reactions, see e.g. [DF06, DFT17, FT18, MHM15] and references
therein. A fundamental property of these systems which help facilitate the entropy method
is the existence of a strictly positive equilibrium, which allows the consideration of natural
entropies such as the Boltzmann entropy (to be defined shortly). This property, however, is not
necessarily true in most open or irreversible reaction systems, precluding the consideration of
the aforementioned entropies and, in our opinion, resulting in a relatively sparse study of the
quantitative large time behaviour of such systems. The current work serves, to our knowledge,
as the first study in this direction for the well known enzyme reaction (1.1), and we believe that
the method introduced herein will be applicable to many other open and irreversible systems,

Let us delve deeper into the entropies one encounters in the study of chemical reac-
tion—diffusion systems, the issues of a zero equilibrium, and how we propose to overcome
it in this work.

A natural entropy to consider in many chemical reaction—diffusion systems is generated by
the Boltzmann entropy function

hx) =xlogx—x+1, x>0. (1.14)
In particular, one uses this entropy function to define a relative entropy functional that measures

the ‘entropic distance’ between a solution to an equation, f(x), and its equilibrium f..:

6(ffx) = /Qh (f(O)]f) dx (1.15)

where

h (x[y) = x log <§>—x+y:yh (g) x,y > 0. (1.16)

Both & and & are not well defined when f,, = 0 which is exactly the equilibrium we have
(or suspect) for our substrate and complex concentrations s and c. Similar issues occur when
the equilibrium is spatially inhomogeneous, i.e. fo, = foo(x), with

{x € Q|fs(x) =0} > 0.

This situation can indeed occur, as was shown in [JR11] where one finds that f., can be a sum
of Dirac masses.

The first key idea and strategy that will guide us in showing our main results is to modify
our Boltzmann entropy by defining a new relative entropy-like function that is ‘cut’ when the
concentration becomes ‘small enough’:

h.

€

X
1 - - + 2 ’
(xle) = Og(E) e e (1.17)

0 x <e.
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With this ‘cut-off’ entropy, we will consider a partial entropy-like functional

Heoe,(e,8,0) = /h(e(x)‘eoo)dx'i_/hac(c(x)|50)dx+/hay(s(x)‘gs)dx’
Q Q Q

where ¢, €; are to be chosen in a meaningful way. It is not clear if 57, ., is decreasing along
the evolution of the system. Moreover, as we expect ¢ and s to converge to zero, we expect
I (e, s, c) to eventually become dependent only on e and e, for any fixed ¢, and e,—the
smallness of 7. . (e, s, ¢) can only give us information on the convergence of e to ex..

This is the point where we introduce our second key idea: combine this partial entropy-like
functional with a sum of masses from the substrate and complex which decreases and, together
with the “partial entropy’, will drive these concentration to zero®. This sum of masses will be

of the form
A (s, 0) = / (c(x) + ns(x))dx
Q

with a suitable choice of 1 > 0. The drive of the concentration towards zero by . (s, ¢) is
expressed by the fact that we will find an explicit mass density, 4_(x), such that

iJ/{(s,c) = —/&,;,(x)dx < 0. (1.18)
dr Q

With 2.

EcsEs

(e, s,¢) and .Z (s, ¢) at hand we will define our fotal entropy-like functional to be

Ecpepile, s, 0)= FC: - (e,5,¢) + kA (s,c)

Ceots

for an appropriately chosen constant £ > 0.

Showing the exponential convergence to equilibrium of &. . ; will take lead from ideas
that govern the entropy method. Indeed, while J¢. . (e, s, c) might not be decreasing along
the flow of (1.2), we will show that we could find a ‘partial entropic’ density, d., - (x), such

that

- / (4o () + h(e(O[R) + 0.0(0)) dx  dndlyod, > O,
Q

— & e k(€,8,0) S (1.19)

a [ (a0 + ) d=d. =0,
Q

where e = er(x)dx, and where the appropriate constant may depend on &, £, and k. (1.19),
together with the structure of ¢. . and ¢_,4, will imply that for suitable choices for ¢, €; and k
we will get that

ci€s

_ / (4o ey () + He(O[E) + 4 (X)) dx dndly,d, > 0,
€ 5 _gaﬁv,ax,k(ea S, C),
—/ (&Ec,gx(x) + di‘//;(x)) dx d, =d. =0,
Q

from which the exponential decay of &, . x follows. It is worth mentioning that the above

inequality is a purely functional inequality that may be of interest in other related problems.
At this point it is important to note that while &, . x is motivated from entropic considera-
tions, the fact that it constructed from a truncated entropy density and a combination of mass

8 One can think of this as a hypocoercivity idea.
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terms excludes it from being a ‘true’ entropy in the physical sense. It is, nonetheless, a Lya-
punov functional that is closely connected to using the entropy method. In the coming sections
we shall abuse the notations of ‘entropy’ and ‘entropy density’ to simplify our presentation,
yet we urge the reader to keep the above in mind.

With the decay of this entropy-like at hand, the boundedness of the solution to (1.2) will
imply the desired L™ convergence in the regularising case of full diffusion fairly easily. As
could be expected, the case where d, = d. = 0 is more complicated as it precludes regular-
isation for these concentration. However, as s still enjoys regularisation and its convergence
can be boosted to an L™ one, the ODE nature of the equations for e and ¢ together with the
behaviour of s will give us the desired L™ estimation. As predicted, the explicit convergence
of p to its equilibrium will follow immediately from our conservation law (1.4) and the long
time behaviour of c.

We would like to mention that the idea of using a ‘truncated entropy’ functional has been
used before, see for instance [BRZ20, GV10], yet to our knowledge this is the first time it has
been used to attain quantiative convergence rates to equilibrium.

1.4. The structure of the work

In section 2 we will define our entropy-like functionals and will employ the ideas of the entropy
method to achieve an exponential convergence to equilibrium in both our cases under the
assumption of the existence of strong solutions. In section 3 we shall use the convergence
of this ‘entropy’ and regularising properties of our system to conclude theorems 1.1 and 1.2.
We will conclude with some final thoughts in section 4 which will be followed by an appendix
A where we will consider a few technical lemmas and theorems that have been used along our
work.

2. The modified entropy-like functional

The goal of this section is to define our entropy, which will comprise of ‘cut off” Boltzmann
entropy and a decreasing mass-like term, and to explore its evolution. We remind the reader
that we assume throughout the presented work that 2| = 1. Simple modification can be made
to accommodate the general case.

Definition 2.1. For given non-negative functions e(x), ¢(x) and s(x), strictly positive coeffi-
cients k,, ky and k., strictly positive constants £, and k, and strictly positive functions £.(x) and
ex0(x), we define the partial mass function, .#, the Boltzmann entropy-like function, 57 .,
and the entropy functional &, . x as

M (c,s) = / (c(x) +1 (2"’ i kc) s(x)> dx, 2.1)
o A

Tz, (e,0,5) = / h(e(x)|ex(x))dx + / oo (c(x)|ec(x))dx + / he,(s(x)|e;)dx, (2.2)
Q Q Q

and

eocpile,c,s) = . . (e,c,s) + kA (c,s). (2.3)

The subscripts of F7;_,, €. and &, correspond to the choice of entropic cut off we will
perform. Their choices will be motivated by the reversible chemical reaction that the substrate
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and intermediate compound undergo. The additional parameter for the entropy é., ., «, k, cor-
responds to the ratio of the mass like element that we need to add to drive the convergence to
equilibrium once we have reached our entropic threshold e. and ;.

The main theorem we will show in this section is the following:

Theorem 2.2. Let e(x, 1), c(x, t) and s(x, t) be non-negative bounded strong solutions to the
irreversible enzyme system (1.2) with initial data ey(x), co(x) and so(x). Then
(a) Ifd.,d; and d. are strictly positive constants, and €. and € are constants such that

Ec kf

=7, 2.4
A4b€s kr ( )

then for any ~ such that

d,Crs1 — 6 (% + kf) max (g, e’:‘S))
(1 + (log (1 + A;I—;) 4 k(2k2rk4rrk(-)) (11E(12g(+21;/§11v;0) ’
Me — ke — ky — 2kgey
(1 +k + log (1 + @) + (log (1 + %) + k—(z"z’kfk”)) (ﬁ’;%o + 7(1'5(@?2”)3}0)) ’
d.d;Crs1
dy+de (1+1og (14 M1) 4 b4tk

~v < min

X

X

(2.5)

we have that

d

gy Beeeek(€(D), c(2), S(D) + Y&z, 2 ale(D), (D), 5(1) < O, (2.6)
and consequently

8cp eui(e(), (1), 5(1) < &, k(0. Cos S0)e " (2.7)

(b) Ifd, =d. = 0and d; > 0, and if there exists 5 > 0 such that

eoo(X) = eg(x) + co(x) = 5, a.ex €, 2.8)
then for any strictly positive functions €.(x) and constant €; such that

%&)) - %5 2.9)
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and any ~y such that
kk‘ kff‘:x

ke My khethe) ) 2k 4 160 +M)
(l—i—k—i—log(l—i-kfgx)+(10g(1-|— Ex)—i— %, )( 51 a- 1og(2))13))

d,Crst
M Kk, ko)
I log (1+ M) 4 K2t

v < min

X

(2.10)

we have that (2.6) and (2.7) are valid.

Remark 2.3. Possible choices for ., ¢, and k in (a) that give an explicit positive ~ that
equals the expression in the right-hand side of (2.5) are

d.CrsiMo
&= M()kf
12 (ke + kr 4+ Moky) max( ‘ )
Mok
Ec = ]gr fes
4 (ke + ky + 2kyes)

ke

Similarly, for (b) one can choose

€S e (Oa OO) s
kff-?s fES kff-?s
Ec(x) = = —eno(x) = (eo(x) +co(x)) =2 =——B >0
k, k, k,
4kf€5
k=——o.
ke

Remark 2.4. Condition (2.4) gives us one ingredient of how one chooses the thresholds
for our substrate and intermediate compound. Note that it is strongly related to the reversible
chemical reaction in (1.1), as was eluded before.

Looking at condition (2.9), on the other hand, one might wonder why ¢; is required to remain
a constant while ¢.(x) is allowed to be changed to a function. The fact that some change is
needed is evident from the fact that our equilibrium state for e is no longer constant. However,
when one differentiates the entropy &., ., x With respect to time in the case where d, = d. = 0
the only term that brings out a Laplacian, and as such requires additional integration by parts,
is that which is induced from /4., (s(x)|as). Keeping ¢, constant is a vital simplification to the
estimation of the evolution of this term (as will be shown shortly).

In order to prove theorem 2.2 we will explore the dissipation properties of .# and 7. .,
starting with the simple mass-like term.

Lemma 2.5. Let c(x,t) and s(x,t) be non-negative strong solutions to the irreversible
enzyme system (1.2). Then

d
a///(C(t), s(0) =

ke
Zk e(x Hs(x, Hdx — —/c(x, f)dx. (2.11)
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Proof. As c(x,1) and s(x, ) are strong solutions to our system of equations we find that by
integration by parts® one has that

%/fl(c(t), s(t) = / (chc(x, 1) + kpe(x,)s(x, 1) — (k- + k) c(x, t))
Q

1 [ 2k, + k.
3 ( ]:_ ) (dsAs(x, 1) — kre(x, t)s(x, t) + kyc(x, t))dx
k gk, ke
= — o /Qe(x, tHs(x, Hdx — i/gc(x, t)dx,
giving us the desired result. (]

The investigation of the Boltzmann-like entropy is a bit more involved. To simplify the
computations that will follow we define a few new functions that relate to the generators of
FC.. ., and its dissipation, as well as the generator of the dissipation of .Z. To be able to
do so we introduce another entropically relevant function, which makes its appearance in the
entropic dissipation term:

hx)y=x—logx—1, x>0. (2.12)

Note that much like b, /4 is non-negative and #(x) = 0 if and only if x = 1. We will also need a
geometric constant for our definitions, Cygy, which is the log-Sobolev constant of the domain
(), i.e. the constant for which we have that
Vf)P
o S

for any non-negative f € H' (2) where f = [, f(x)dx. For more information on the above
inequality we refer the reader to [DF14].

dx > Cis [ H(FIF) ax 2.13)

Definition 2.6. For a given non-negative functions e(x), c(x) and s(x), strictly positive con-
stants k., k; and &,, and strictly positive functions e.(x) and e, (x) we define the mass density

dy(x):= %e(x)s(x) + c(x), (2.14)

and the partial entropy production density

e(0500) | e(X)es )] eox)
kfc(x)h( @ | =0 )*k”e(x)h (@ eoo(x>> ceq

+Cusidsh (s(x)[52,) + CLsideh (c(x)|eco)
k.c(x)h (e(x)s(x)) + kec(x)h ( o) )

exo(X)Es €0 (X) x € Qy,
e, (X) 1= +krh (e(x)s(x)]exc(x)es) + Crsidsh (s(x)[5Z,) )
c(x) | ec(x) e(x) | exs(x)
(kr + kc) e(x)h (e(x) eoc(x)> + kre(x)s(x)h (c(x) . (x) ) xe0

+Crsideh (c(x)[Eem)

ksl (e(D]enc()) + (ky + ko) ()i (;%) xeo,

(2.15)

9 More information about it is given in appendix A.
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where
O = {x € Qex) = ec(x), s(x) > &}, D = {x € Qe(x) < ex(x), s(x) > e}, )1
O = {x € Qle(x) > ec(x), s(x) < &}, Q= {x € Qe(x) < e.(x), s(x) < &5}, (2.10)
7= [ max(reo.2)a 2.17)
Q

and h(x|y) = (x — y)log (f) for x,y > 0 with the value of co when y = 0.

Remark 2.7. The appearance of the function ¢._._ and its choice of name will become appar-
ent when we will start differentiating 7. ... We would like to emphasise that its form is not
surprising when considering the domain €2y, {25, (23 and €)4. Indeed, intuitively speaking, in
any domain where ¢ or s are bigger than the threshold e, or ¢, respectively we find the relative
entropy terms that push us towards the threshold, while if ¢ or s are too small these terms are
mostly replaced by linear terms in ¢ or s that are very small.

With this auxiliary functions at hand we can state our first entropy inequality:

Theorem 2.8. Let e(x, 1), c(x, t) and s(x, t) be non-negative bounded strong solutions to the
irreversible enzyme system (1.2). Then

e [f all diffusion coefficients are strictly positive, then assuming that (2.4) is satisfied we
have that

d Kk,
O+ / v+ (e p k= 2k, ) )
dr Q 2

+ (dgCLgl -6 (UCCM;IQ) + k_,r) max (50,53)> h (e(x, t)|@)dx <0, (2.18)
0

where f = [, f(x)dx.
o Ifd, =d. = 0and e, e.(x) and e~ (x) satisfy (2.9) we have that

d kck
— 8o, k(1) + /45(_,5\,()@ ndx + | — — kges /M,(x, dx < 0. (2.19)
dt ’ Q ’ 2 Q

Remark 2.9. When all diffusion coefficients are strictly positive, we find that the suspected
equilibrium of e is a constant e,, which satisfies

o = Mo = / (eo(x) + co(x)) dx = / (e(x,1) 4 c(x, 1) dx.
Q Q

We see that in this case (2.4) is equivalent to

E¢ kf

exts k.’
which we will use in our proof.
One technical lemma we require to prove theorem 2.8 is the following:

Lemma 2.10. Let Q be a bounded domain with C' boundary and let f € H* (Q) be a non-
negative function such that Vf(x) - n(x) = 0, where n(x) is the outer normal to ) at the point
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x € O). Then for any e > 0

- / (f S )) Af()dx > Cus / h (fFE) d., (2.20)
QN{x|f(x)>e} QN{x[f(x)=¢e}

where f. was defined in (2.17) and Cyg; is the log-Sobolev constant of the domain €.

Proof. We start by noticing that

log (@) X{zlf(2)>} (X) = max (10g (f(gx)> ) .

Our next steps will be to assume that there exists n > 0 for which f(x) > 7 in €2, to prove the
result in that case and to conclude from it the more general one. When f has this lower bound

we find that
1og<f( ))’ ‘ ( )‘+f()€L2(Q),
and log (X2 has a weak derivative'® which satisfies

o (g (42))] = 1190 < A9 2,

fx)
Thus log (£2) € H' () and we have that

_/ (f(x)) Af(x)dx = / max (log (f(x)) )
QN{x| flx) e} Q >

fo(x)dx:—/ Vlog
{x[ 0>}

2
x V f(x)dx :/ M

dx
QN{x|f(x)>e} f(X)

(see [LLO1] for instance). Denoting by f.(x) = max (f(x), €) we find (again, as in [LLO1]) that
since f € H' (Q), sois f. and

Vi) f)>e
0 foo<e
As such, the log-Sobolev inequality (2.13) and the above imply that

2
_/ (f(x)) Afode= [ IVEOF
QN f(0>e} o JfA(x)

2 CLSI/Qh (f-(0fz) dx > CLsi

h(f-(0lf
X/m A f>e) (fIF)
= CLSI/ h(f0lf2),

QN{x|f(x)=e}

Vfi(x) = {

10This is immediate from the fact that log(x) is C* on [u, 00) and has bounded derivatives on this interval. See, for
instance, [LLO1],
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which is the desired result.
‘We now turn our attention to the case where f is only non-negative on 2.
For any n € N we define

1
fox) = f) + -,
n

and notice that

-/ (fn< ))Am e~ | log (fn< ))Af( .
QN{x| fa(x)2e} QN {xlfa(x)Ze}

Since

0 1
‘1 og (f( )) X{zlfu@ze} DA f(X)| < / ix” |Af(x)| < %

IAf()| € L' ()

we conclude from the dominated convergence theory that'!

lim (‘/ log (fn(X)> Af"(x)dx>

n—00 QO {x[f(x)>e} <

lim (—/ log (f"( )) Af(x )dx)
00 QN {x| fu(x)=e}

_/ (f(x)) Af(x)dx. (2.21)
QN{x|f(x)ze}

On the other hand, since A(x|y) is a non-negative function and

h (fn(x)|m) X{z\fn(z)>5}(x)n:>ooh (f(x)‘ﬁ) X{z\f(z)}a}(x)

12

pointwise'“, we can use Fatou’s lemma to conclude that

Cust / h (FOIF) dx < liminf Cus; / h (00 T)7) dx
QN{x|f(x)=e} n—00

QN{x|fu(x)>e}

< lim inf (-/ (fn(X)> Afn(X)dx>
n—00 QN {x|fu(x)>e}

:—/ log <f()> Af(x)dx
QN{x|f(nze} €

where we have used (2.20) for {f,},,.y and (2.21). The proof is thus complete. O

'Here we have used the fact that [u(x) = f(x) by definition. Thus, if f(x) > € then so are f,(x) for all n, while if
f(x) < € then we know that for n large enough f,(x) satisfies the same. This shows that

Xelfu e} (%) 2> X2} (X)

pointwise.
12 Here we have also used the fact that (f,). — f. according to the dominated convergence theorem.
n—00
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Proof of theorem 2.8. We shall use the abusive notation &, . (7) for & . (e(r), c(1), s())

in this proof, as well as drop the x variable from e..(x) and e.(x) for most of our estimations

besides those where differences between the full diffusive and partial diffusive cases arise.
From the definition of .. x, lemma 2.5, and the fact that

log (g) xX>e

d
d—hg(x|€) =
* 0 x < €.

we find that

’ t 5 t
9 )= / log (e(x )) Bre(x, 1ydx + / log (c(x )> Bye(x, Hdx
dr Q €xo QN{x|c(x.n)>ec} Ec

+ / log (S(x )> Brs(x, t)dx+k A (1), 5(1)
QN{x|s(x,)>es} €

s

_ / (doAe(x, 1) — kre(x, Ds(x, 1) + (ke + ko) c(x, 1)) log (e(ex’ 0) dx
Q

o0

+ / (dﬂAc(x, 1) + kre(x, t)s(x, 1)
QN{x|c(x,n) e}

— (ky + ko) c(x,1)) log (c(;c 0) dx

C

,1
+ / (dSAs(x, 1) — kpe(x,0)s(x, 1) + kqc(x, t)) log (s(x )> dx
QN{x|s(x,)>es} Es
 kykck /
2k, Ja

/ d,Ae(x, 1) log (e(x 0) dx + / d.Ac(x, 1) log (C(x’ 0) dx
€oo Qn{xle(r.n>ec} Ee

t
+/ d;As(x, 1) log (s(x )> dx,
QN{x|s(x,0)>es} Es

II= / ( kre(x, D)s(x, 1) + (k, + k) c(x, t)) log <€(€x, t)) d

o0

Kk
c(x,ydx = I+ II + III
Q

where

/ kfe(x’ t)S(x, t) - (kr + kc) C(X, [)) log (C(_x, t)) dx
Qn{xlc(x.n>ec} 6

c

/ (—kpe(x, D5(x, 1) + kee(x, 1)) log (s(x’ 0) dx (2.22)
QN{x|s(x,n)>es} €

s

and

= _ ke / D, Kk [ e pydx = g (0)dx. (2.23)
2kr Q 2 Q Q
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As IIT is already a multiple of the integration of ¢_,, we are left with estimating I and II.

To simplify the coming integrals we will drop the 7 variable (even though the division to
domains we will use in the estimation of I will depend on it via c(x, t), s(x, f) and e(x, 7)). Using
lemma 2.10 (whose conditions are satisfied according to the assumptions) when all diffusion
constants are strictly positive (and thus e, and €, are constants) we find that

2
1< g [ Ve

. dx — CLSIdC/ h (c(x)\a) dx
Q €(.X) QN{x|c(x)>ec}

_CLSIds/ h (s(x)[5z;) dx
QN{x|s(x)>es}

from which we attain, using the log-Sobolev inequality on 2 (2.13)
I< —Cug (de / h(e(x)[@)dx + d. / h (c(x)fez;) dx
Q QN{x|c(x)>ec}

+d, / h (s0)f5=,) dx) , (224)
QN{xls)>e)

where e = er(x)dx. In the case d, = d. = 0 the above remains true as in this case

,1
I— / d,As(x, ) log (S(x )> dx,
QN{x[s(x,p)>es} Es

and applying lemma 2.10 yields the desired result. It is important to note that we are allowed
to use this lemma since ¢, is a constant (as was briefly discussed in remark 2.4).

The estimation of II is slightly more complicated and will require us to both divide the
domain 2 into the subdomains €2y, €2, Q3 and €4, defined in (2.16), and consider the two
difference cases for ¢, and e,

s = My €. 1s a constant that satisfies (2.4) d,,d.,d; > 0
€oo(X) = ep(x) + co(x) €. is afunction that satisfies (2.9) d,=d. =0~

Writing Il = [, (x)dx with

() = (—kse(s() + (ky + ko) c(x) log (“”)

€0

+ (kpe()s(x) — (ky + ko) €(2)) X(zieoy e} () log (ci)C))

+ (—kre(x)s(x) + krc(X)) X fefso)ze, 1 (X) log (six )
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we see that:
For x € Q) = {x|c(x) > e, s(x) > &}

() = = (kye(x)s(x) — kye(x)) log (M) ¢ ket log ( (). )

eooEsC(X) €coc(X)

e(x)s(x) c(x)
e(x)s(x €€ o(x e(x
= —kpc(x) ( (c()xg ) - ) log ( eo(cg)x ) kc.c(x)log ( ¢ )>

Ec €0

— _kye(oh (e(x)S(x) eooas) ke <C(x) ) ke 4 ke, E) e(x)
c(x) Ec (%) oo
— —d. (0 + CLaidsh (sCO[5) + Cusideh (c(0)[es)) — kee(x) + koge = o)

where we have used condition (2.4) when all the diffusion coefficients are strictly positive and
condition (2.9) when d, = d. = 0 together with the definition of ¢._., (2.15). The last term
will be estimated for our two distinct cases.

Ecss?

e All diffusion coefficients are strictly positive. In this case we see that by using the inequality
x—1<6(Vx—1)7° vx=2 (2.25)
and the fact that ¢(x) > . on O,

) ke Qe — c(x)) e(x) < 2ex
e(x
_kc ( )+ kc cT <

a c €xo k.e. (_e(x) — 1) e(x) = 2e

€co

kec(x) e(x) < 2eq
6k e,

— (Ve Vew) o) > 2en
Since
e = /Qe(x)dx < /Q(e(x) 4+ c(x))dx = My = e (2.26)
we have that for e(x) > e
(Ve — vex) < (Ve - 7).
Combining the above we see that
() < ooy () + Cusidsh (sOIF5) + Crsideh (c(0)|e2)

koot + Kece (\/(—x ) Vxe

(2.27)
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and as such
/ (dx < / (—dooes () + Crsidsht (sCOFE) + Crsideh (c([e) ) d
Q 9]

& / c(oydx + ese / (\/e(x) _ \/5)2 dx. (2.28)
Q € Q

o0

e d, = d. = 0. In this case we see that as
e(x) < e(x) + c(x) = ep(x) + co(x) = eno(x), (2.29)

(the conservation law (1.5) holds for strong solutions) the fact that c¢(x) > e.(x) on £
implies that

—kec(x) + kcgc(x)% <0

yielding the bound
/ d(x)dx < / (—depey(X) + Crsidsh (s(x)[57,) ) dx. (2.30)
Ql Ql

For x € Q; = {x € Qle(x) < &, s(x) > &}

e(x)s(x)

) + kcc(x) log <@>
€ooEy e

= —ksh (e(x)s(x)\eooes) — kre(x)s(x) + ket
2.31
— ke(oh (e(x)s(x)> + kye(x) (e(x)s(x) - 1) 23D

oEs €0y

— kec(x)h (e(x)) + kec(x) (e(x) _ 1) )
e e

o0 o0

(x) = (—kfe(x)s(x) + k,.c(x)) log (

Thus

{0) = oy e () + Cusidsh (SCOISE) + (ke + k) () (@ - 1)

€0

A

i c(x)e(x) (s(x) B 1) ke <€:>o B e(x)s(x)) .

e o0 65’ 65’

(2.32)

B
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Again, to estimate A and B we will consider our two cases.

e All diffusion coefficients are strictly positive. In this case we see that, much like the
estimation on §2;

(ke + k) c(x) e(x) < 2es

A = (k. + k) c(x) (ﬁ —1

<
1) LEA DD (Ve - vem) e > 2ex

< (ke + k) () + M (\/e<x) - ﬁ)z,

[o¢]

where we have used the fact that ¢(x) < €, on €),. Using this fact again, together with the
fact that s(x) > &, on ), and condition (2.4), we find that

B < ke, (“x) - 1) T ke, (em - <><>)

o0 €S €S

= kyese(x) (Six) _ 1) + kpe, (eoc _ e(x)s(x)) = ke, (e — e(x)) .

s s

Thus

/ Bdx < kfes ((exo — €) + (€ — e(x)))dx
Q Q

= ke, | /c(x)dx + kf/ g (@ —e(x))dx
Q Q
—_—————

from (2.26)

< kfss/ c(x)dx + kf/ gs(@ —e(x))dx + ky
Q QN{x|e(x)<e<L2e(x)}

X / e, (e —e(x))dx
Qon{x[e>2e(x)}

< kfes/ c(x)dx + kf/ ese(x)dx + kyeg
Q Q ﬁ{_x\e(.x)é?éZe(x)}
></ e(x) (e — 1) dx
Qﬂ?{x\%}Z} e(x)

< kaS/ c(x)dx + kf/ e(x)s(x)dx + 6kf€S/ (\/e(x) — \/5)2 dx,
Q Q) Q

where we have used the fact that s(x) > ¢, again, as well as inequality (2.25).
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Combining the estimations on A and B with (2.32) yields

55;)) dx

/ ?(x)dx < (—dep oy (X) + Crsidyh (
o, O,

~+ (ke + ky) c(x)dx + kyeg / c(x)dx + kg / e(x)s(x)dx
Q, Q Q,

+6 (kfss n @) / (\/e(x ) dr.  (233)

e d, = d. = 0. In this case we have that as e(x) < e (x)

— (k + k) c(x) (ee(g) _ 1) <o,

and using condition (2.9) together with the facts that c(x) < e.(x) and s(x) > &; we have
that exactly like in the previous case

B < kyreg (enc(x) — e(x)) = kresc(x),

where we have used (2.29) in the last step. We conclude that in this case
/ (x)dx < ( dep e (X) + Crsidsh (s(x)\g)) dx + kfss/ c(x)dx. (2.34)
Qy Q) 1923

For x € Q3 = {x € Qlc(x) > &, s(x) < &}:

olx) e
o(x) = — (k, + ko) c(x) log ( e(x) ) — kge(x)s(x) log ( ) )

eoc Ec

e hgeon (ch; ) A e — et 239
— kps(x)e(x)h (eEx; e“) = RO o) — ().

Thus

k, + k. _ kps(x)

o0 c

2(x) = —de o, (x) + CLsidch (c(x)[ez,) + ( ) (ece(x) — excc(x)).

(2.36)

D

We will estimate D in our two distinct cases.

o All diffusion coefficients are strictly positive. In this case we see that if €.e(x) — exc(x) <
0 then since s(x) < g5 0on )3

2 () — e < L et — enceto)

c c

= —7 (666()() - eocc(x)) >
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where we have used (2.4). As such

D < ek— (ece(x) — exc(x)) < 0.

[o¢]

If, on the other hand, c.e(x) — es.c(x) > O then

k, + k.
D < 5 (o) — enel)
i.e. forall x € Q3
»+ ke
D < max <k: (ece(x) — exoc(X)), 0) . (2.37)

Using the fact that c¢(x) > €, on 23 we conclude that

Ltk (ece(x) = enoc(x)) < (kr + ko) €c (ee(X) - 1)
(kr + ke) ec e(x) < 26,
<

OB (e - vax) e = 20w

< (ky + ko) e(x) + M(\/@_ \/5)2

o0

where we once again used inequality (2.25) and a similar calculation to that we have
performed when investigating €2;.
From the above, (2.36) and (2.37) we conclude that

2(x) < —de, o,(x) + CLsidch (c(x)ez,)

+ (ke + k) c(x) + M (\/e(x) - \/E)z (2.38)
and as such

/ (0dx < / (—0eoes(0) + Cusideh (c(0)[c2) ) d
Q3 9]

+ e+ k) [ clxdx+ M / (\/e(x) - ﬁ)zdx. (2.39)
19

Q3 00

e d, = d. = 0. In this case we see that since ¢.(x) < c(x) and e(x) < e5(x)
gc(x)e(x) — ex(X)c(x) < 0.

Using condition (2.9) instead of (2.4) and following the same estimation that was shown
in the previous case we find that

ke

D <
€co(X)

(ec(x)e(x) — esoc(x)) < 0.
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We conclude that in this case
/ (x)dx < — / de, e (x)dx. (2.40)
Q3 Q3
Forx € Q4 = {x € Qlc(x) < &, s(x) < &}

o(x) = (—kpe(x)s(x) + (k; + k) c(x)) log (e(X)>

€0

= —kps(x)h (e(x)|ex) — kys(x)e(x) + kpens(x) (2.41)
~ (ky + ko) e (%) + %cu)eu) — (hy + ke) ().
Thus
() = ey () Kp5(0) (e — e(0)) + “‘*Z‘% (e(x) —ex).  (242)

Unsurprisingly, the last term will be estimated for our two distinct cases.

e All diffusion coefficients are strictly positive. In this case we notice that following similar
ideas to those presented in the investigation of €2, and the fact that s(x) < £, on €4 we find
that

/ kps(x) (e — e(x))dx = ky(es — E)/ s(x)dx + kf/ s(x) (e — e(x))dx
Q ——J Q

>0

< kyeg |4 /c(x)dx + kf/ s(x) (e — e(x))dx
Q Q4N{xle(x)<e<L2e(x)}
—_——

from (2.26)

+ky / s(x) (e — e(x))dx
QN {xle=2e(x)}

< kpey / c(x)dx + ks / e(x)s(x)dx + 6k e, / (Ve - \/E)zdx.
Q Q Q

Moreover, much like previous estimations (for instance on {23) we find that as ¢(x) < &,
on Q4

(ky + k) c(x) e(x) < 2ex
K+ ket oy ey«

€ M(m_@)z )= 20
< (ky + ko) e(x) + M(\/@_\/E)Z.
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These inequalities together with (2.42) yield

/ (x)dx < —/ dep e (x)dx + kfas/ c(x)dx + kf/ e(x)s(x)dx
Q4 Q Q4

Qy

ket k) c(x)dx+6<(krtkC)EC +kfss) [ (Vet - ve) ax.
Qq

Qy 00
(2.43)

e d, = d. = 0. In this case, since e(x) < es(x) and s(x) < &; we find that due to (2.29)

(ky + ke) c(x)

krs(x) (eco(x) — e(x)) + ()

(e(x) — exc(x)) < kps(x)c(x) < kpese(x).
We conclude that in this case

/ (x)dx < —/ dew e, (x)dx + kfss/ c(x)dx. (2.44)
Q4 Q4

Qy
Using the fact that 2, €2,, 23 and {24 are mutually disjoint with
4
UQi =Q, QUL ={xs&x)>¢e}, QUQ={xlc(x)>¢e.},

i=1

and the fact that

II:/ z(x)dx+/ z(x)dx+/ z(x)dx—i—/ «(x)dx
Q Q, Q3 Q

we see that (2.28), (2.33), (2.39) and (2.43) imply that when all diffusion constants are strictly
positive

m< - / 0o (dx + Cist / dyh (s(x)
Q QN{x|s(x)>es}

+ CLSI/ d.h (C(X)|€) dx
QN{x|e(x)>ec}

E) dx

(2.45)

+ (kc + k. + Zkfes) /c(x)dx + kf/ e(x)s(x)dx

Q Q
ke + ke -2
+6 (& + kf€s> / (\/e(x) — \/E) dx
€0 [¢)
and (2.30), (2.34), (2.40) and (2.44) imply that whend, = d. =0
II < —/&Ebax(x)dx + CLSI/ dsh (s(x)|E) dx + kfss/ c(x)dx. (2.46)
Q QN{x|s(x)>e5} Q
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Combining (2.45) with (2.23) and (2.24) and the fact that

—& () =1T+11+ 11
& e k(D) +II+

yields the estimation

d _
b < / looo(x.0x — d,Cisy / h (e(x. 1)[e) dx
0

Q
kck kk\ k
+ | ke + ke + 2keg — — /c(x, ndx + |k, — — —f/ e(x, NHs(x, Hdx
2 Q 2 )k Jq

(ke + ko) £, —\’
+6 (T —&—kf&s) /Q<\/e(x,t — e(t)) dx

when all diffusion coefficients are strictly positive which, together with the inequality
(Vx - \/y)z </ (x]y) and the definition of ¢_ (x), shows that

Qi< — / Lo (e — (e g g - 2kfes) / e
dr Q 2 Q
ke + k, _
_ <deCLgl -6 <( + k) + kf> max (sc,ss)> /h (e(x, t)\e(t)) dx,
Q

€0

which is the desired inequality in this case.
Similarly (2.46) will imply that whend, = d,. =0

d kck
— & v,a-,k(t) < _/‘1’5 ,,5.()6, t)dx + kfgs/ c(x)dx - /‘ﬂ//l(x’ t)dx,
dt Cs=s Q Cs=s N Q 2 Q

showing the second desired inequality. The proof is thus complete. (]
‘We now have the tools to show our main theorem for this section.

Proof of theorem 2.2. Following from theorem 2.8 we see that when all diffusion coeffi-
cients are strictly positive (2.6) will follow immediately from (2.18) if

kk.
’765(-,5“/{([) < / (‘gac,ax(x’ t) + ( ) - kc - kr - 2kf€s> &//{()C, t)
Q
ke + k- _
+ (dgCLSI -6 <(M+) + kf> max (e, €s)> h (e(x, t)|e(t))>dx. (2.47)
0
and when d, = d, = 0 (2.6) will follow immediately from (2.19) if

kck
V8erenk () < / Iz, (x, D)dx + (2 - kf&) / dg(x, D)dx. (2.48)
Q Q

To show (2.47) and (2.48) we will use the definition of &, .,
G eccin) = [ hetiedn+ [ bl + [ b eoleods

g 1 (2k +k ¢
+k/ <C(X) + 5 ( ot C) S(X)> dx,
0 2\ &
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and bound each term in the above expression by terms that appear in the right-hand side of
(2.47) or (2.48).

Much like in the proof of theorem 2.8 we shall drop the ¢ variable from our estimations,
showing, as was mentioned in section 1.3, that the connection between the total entropy and
an appropriate production term is of functional nature.

The term h (e(x)|eoc) :

o All diffusion coefficients are strictly positive. In this case e, = M| and using the identity

h(x|y) = h(x|z) + x log (i) +y-z (2.49)

we see that

/h (e(x)\eoo) dx = / (h (e(x)|E) + e(x)log <i> + e — E) dx
Q Q €0
< /h (e(x)\?) dx + (e — ) = /h (e(x)|E) dx + /c(x)dx
Q Q

< [ h (e(x)\?) dx + /d?,//z(x)dx,
Q Q

where we have used the fact thate < e, = ¢ + ch(x)dx.
e d, = d. = 0. In this case since e(x) < e(x) 4 c(x) = ep(x) + co(x) = e (x) we get that

h (e(x)\eoo(x)) = e(x)log (e(x)) —e(x) + e (x) < c(x)
€so(x)
and as such
/h (e(x)|eoc(x)) dx < /c(x)dx < /d?,,/g(x)dx. (2.51)
Q Q Q

The term h., (c(x)|e.):

o All diffusion coefficients are strictly positive. In this case using (2.49) again we find that

/hef (c(x)lec) dx = / h (c(x)le) dx
Q {x|c(x)>ec}

) te _—> dx.
Ec

= / (h (c(o)le=) + c(x) log (
{xlc()=ec}

Since

g < / max (c(x),e.)dx < /c(x)dx +e. < My+e.
Q Q

[

1901



Nonlinearity 35 (2022) 1876 M Braukhoff et al

we see that

M,
/hgc (c(x)|6c) dx < / h (c(x)\a) dx + log (1 + _o) / c(x)dx
Q {x|e(x)>ec} Ec {x|c(x)>ec}

1 My /
< deee(x)dx +log | 1 + — 4z (x)dx.
chLSI/Q o) g( 5c> Q 9

(2.52)
e d, = d. = 0. In this case we notice that as
c(x) < c(x) + e(x) = co(x) + eo(x) = exo(x)
and since (2.9) holds we have that

) _ e _ k
€c(x) b ge(x) B kfes.

Thus

/ e, (c()lec) dx = / (c(x) log ( < ) — o) + eﬂ(x)> dx
Q {xle(0>ec(0} c(x)

c(x) k,
< c(x)lo ( > dx <lo (1 + > /c(x)dx
\/{.xc(x)>5(-(x)} g ge(x) & kf&s Q

< log (1 + kr )/J//;(x)dx. (2.53)
kaS Q

The term A, (s(x)|ss):
Similarly to our previous term we see that using the fact that'3

6 < / max (s(x), &) dx < / SOdx + £, < My + 2,
Q Q

=3z

we get that

/ he, (s(x)|e;) dx < / h (s(x)
Q

{xls(x)>es}

1 M
< / 4. -, (x)dx + log (1 + —1> / s()dx. (2.54)
diCrst Jo Es Q

In order to conclude the above estimation, and estimate the term that is connected to .#(c, s)
in &, x, we will now bound [, s(x)dx.

M
5,) dx + log (1 + E‘) /s(x)dx
Q

s

13 The conservation of mass
/ (s(x, ) + c(x, 1) + p(x, 1))dx = M,
Q
is valid in both cases.
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We start by noticing that if x > 8y then
h(x[y) = x (log(x) — log(y) — ) +y > x.

As such

/ s(x)dx < / h (s(x)|E) dx
{x]s(x)>85z } {x]s(x)>85z }

< / h (s(x)
{x|s(x)>es}

To deal with the case where s(x) < 85, we will need to consider our two cases separately.

E) dx <

< 0., - (0dx. (2.55)
dyCyrs1 /Q

e All diffusion coefficients are strictly positive. In this case we need to consider two options:

* If e(x) < %° then as h(x|y) is decreasing on [0, y) we have that

: y (1 —log(2)y
min ey = h (3] ) = =108y
and as such
165
/ s(x)dx < */ h (e(x)\eoo) dx
{xls0<875 Aer) < 52 } (1 —log(2)) e {xls(0<875 Aer) < 52 }
16 (g5 + M)

< —(1 “Toz2)ex Qh (e(x)|eoo) dx

16 (e, + M) ~
< gayes ([ leomars [eawu)

(2.56)

where we have used (2.50).
* If e(x) > % then

2k /&//;(x)dx.
kfeoc [e)

(2.57)

2
/ s()dx < — /
{xls(0) <852, ne(v)> 5= } €00 J{x|sx) <85z ne(0> = }

e(x)s(x) <

Thus

1 16 (5, + M1) _
/QS(X)dx < d.CLsi /Q‘fac,as(x)dx + m Q/’l (6()6)‘6) dx

Zk" 16(€Y+M1)
i (kfeoo - 10g(2))e00> /Q”A//f(x)dx- (2.58)
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e d, = d. = 0. The same options as in the first case need to be considered. The exact same

calculation, together with condition (2.8) and (2.51), show that'*
16(ss+ M
/ s(x)dx < 166+ M) h (e(x)\eoo(x)) dx
{x\s(.x)<8§/\e(x)<e%m} (1 - IOg(Z)) B Q
] (2.59)
1 (55 + Ml)
< ———F— [ dy(x)dx.
(1 —1log(2)) B Ja
and
2 2k,
/ s(x)dx < = e(x)s(x) < / 4 (x)dx,
{ xls(0) <855 ey > 292 } B {xls)<875 ne)> 5 } ke Jo
(2.60)

from which we find that

1 2k, 16 (g5 + My)
/Qs(x)dx < dsCLSI/ dep e (X)dx + (kfﬁ + 7(1 — 10g(2))5> /Q&//;(x)dx. (2.61)

Combining (2.50), (2.52), (2.54) and (2.58) with the definition of &. . and the facts that
€~ = M when all diffusion coefficients are strictly positive and c(x) < ¢_z(x) we find that

M k 2k, + k. 16 (s + M
fron(@a9s (H (log <1+1> = )> (i —(lgogE))ZJ

X/h (e(x)[e) dx (1 +k +log (1 + ?)
Q C

M\ | kQk ke
+ (tog (14 M) 4 KGR K
Es 2k,

% 16(e, + M)
oMo = 10g(2))M0>> / La(3)dx

Q
L /1 1 M\ kQk + k) /
— =4+ 1+1 1+ — RS T Re) 4o - (x)dx
o S

when all diffusion coefficients are strictly positive, and similarly combining (2.51), (2.53),
(2.54) and (2.61) yields

r M
ek (€,0,8) < <1+k+log<1+ k ) <log<1+—'>
kf&?s £
| kCk + ko) 16 (e, + M)
2k, ) (kfﬂ Ta —log(2))ﬂ>>/ ()
1 M\ | kQk+ k)
1+1 1 ST D e
+dsCLSl< * og( - 5S>+ 2k, )

/ 0o (1)
Q

14 When e(x) < "”‘T“) we have that

2h (e(x)|ex(x)) 2 (e(0)]ex(x))
S (I-log@)ex(x) ~ (1—log(2)p
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whend, =d. = 0.
Thus, (2.47) is satisfied when

(deCist =6 (Ui + k) max (ec. )

s 1 1 1+ M kQky+ke) \ _16(es+M1)
+ (log ({1 + = + o, T leaaite

and

V< Me — ke — ky — 2kge,

= M M Kk, +ke Dk, 16(e5+M1)
(l + k + log (l + E—L") =+ (log (1 + 5—3) 4 MZhthe) 2; )) (kaO + 7(171%,(2))}”0))

and

d.d;Cys1
S ’
ds +d. (1 +log<1+1‘f—;) +%)

which yields the expression (2.5) and (2.48) is satisfied when
7 < Falic
ke M Kk +ke 2k 16(z5+M))
(14 k+1og (14t ) + (log (1 +21) 4 2gtha ) (26 . Joetaty )

and
TS dxflLSI khkytke)
1+10g(1+£—;)+#
which yields the expression (2.10). This completes the proof. ([

With the entropic investigation complete, we can now turn our attention to the L™
convergence.

3. Convergence to equilibrium

In this section we will explore how one can use the properties of our system of equations, (1.2),
to bootstrap the entropic convergence found in theorem 2.2 to a uniform one. To do so we start
with a couple of theorems that guarantee an existence of non-negative bounded solutions to
our system.

Theorem 3.1.  Assume that Q C R" is a bounded, open domain with C***,¢ > 0 boundary
0S). Assume in addition that all the diffusion coefficients, d.,dy, d.,d,, are strictly positive.
Then for any non-negative, bounded initial data ey, so, co and p,, there exists a unique global
non-negative, classical solution to (1.2) which is uniformly bounded in time, i.e. there exists a
constant S > 0 such that

Sgg (”e(t)HLm(Q) + Hc(t)”p%m + ||S(t)||L°G(Q) + ||P(I)HLDO(Q)) <8
12>
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Proof. The theorem follows from [MT20, theorem 1.2]. Indeed, we will check that all
assumptions in [MT20, theorem 1.2] are satisfied. For the system (1.2), assumptions (A1) and
(A2) are immediate, assumption (A3) is fulfilled with

he(e) = e, h(s) = s, he(c) = 2c, hp(p) =P

By using the lower triangle matrix

[l el )
S = O O
- o O O

1
1
1
0

assumption (A4) is valid with a linear intermediate sum condition, i.e. » = 1. Finally,
assumption (A5) is satisfied for © = 2. Since r = 1, condition (8) in [MT20, theorem 1.2]
is satisfied for p = 2 thanks to [CzDF14, estimate (32)]. This guarantees the desired global
result and uniform boundedness. O

Remark 3.2. The global existence of bounded solution to systems with triangular structure,
such as that which is present in (1.2), has been investigated extensively with papers going back
as early as the 80s in e.g. [HMP87, Mor89]. We refer the interested reader to the extensive
review [Pie10] for more details.

Theorem 3.3. Assume that Q C R" is a bounded, open domain with C**¢,¢ > 0 boundary
0. Assume in addition that dy > 0,d, > 0 and d, = d. = 0. Then for any non-negative,
bounded initial data e, sy, co and py, there exists a unique global non-negative, strong solution
to (1.2) which is uniformly bounded in time, i.e. there exists a constant S > 0 such that

Sgg (”e(t)HLDO(Q) + Hc(t)”po(fz) + ||S(t)||L°0(Q) + ||p(t)HLDC(Q)) <8
>
Proof. The proof is a fairly standard fixed point argument. As such, we defer it to appendix

A. |

With these existence theorems at hand, we can now prove our main results: theorems 1.1
and 1.2. Before we do so, however, we shall state the following lemmas, whose proofs we leave
to appendix A.

Lemma 3.4. Assume that Q C R", n > 1, is a bounded, open domain with C“C,( >0,
boundary. Let u(x, t) be a strong solution to the inhomogeneous heat equation with Neumann
conditions

Ou(x, 1) — dAu(x, 1) = f(x,1) xe, t>0

u(x,0) = up(x) x e

Oyu(x,1) =0, x €00, tr>0.
Then, if there exists p > 5 such that

max (”u(t)HU’(Q)’ ||f(f)||zﬁ(9)) <cee ™,

3.1
sup ||“(f)||LOC(Q) <9,
1€[0,1]
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then there exist explicit constant Cy ,,, that depends only on Q), d, n and p such that
()| oy < €° max (8, CCqpyp) e (3.2)

Lemma 3.5. Assume that Q C R", n > 1, is a bounded, open domain with CHC,C > 0,
boundary. Let u(x, t) be a strong solution to the inhomogeneous heat equation with Neumann
conditions

Ou(x, 1) — dAu(x, 1) = f(x,1) xeQ, t>0
u(x, 0) = up(x) xeQ
Oyu(x,1) =0, x €N, tr>0.

Then for any € > 0 we have that

— _2d . o
Ju® = @O0y < " o — Tallizo
~ X a—eyn
Cre 2 (1—¢)s - 2
" T/O e f(9) — F$)[pgyds. (33)

whereg = |, 0&(x)dx and Cp is the Poincaré constant associated to the domain, i.e. the positive
constant for which

1 = Fll 2y < CollV 2 (34)
forany f € H' (Q).

Proof of theorem 1.1. From theorems 3.1 and 2.2 we know that a unique non-negative
bounded classical solution to (1.2) exists and satisfies

& oo kle(D), (D), () < &z, x(e0, Co, S0)e ",

for the parameters indicated in theorem 2.2. As was seen in remark 2.3, we can make the
choices that correspond to (1.10) with (1.11).
Using the Csiszar—Kullback—Pinsker inequality

1f = &l < \/CCPK/Qh (f(0)]g(x0) dx,

where Ccpk is a fixed known constant (see for instance [AMTUO1]), together with the
definition of &, . x we find that

EcsEs

Beces k(€(D), (1), (1) Ecoeik(e, €05 50) oy
e

[e®ll11q) <

k = k ’
2k, &z oy i (e(t), (), 5(1)) _ 2k.E- -, 1(€0,C0s50) _y
t g sEss g Cs=8s ! s
15|13 K 2o 1 k) Kk 1 k)

le(®) — excll iy < \/ Cerx / h (e(x, D]ess) dx < v/Cepréey oy ie(), ), s0))
Q

</ Copkée, oy (€0, €0, S0) e 7. (3.5)
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Since for any p € [1, 00)

1-1 1
H”HU(Q) < H“||Lool(m””“£1(g)

we see that

>

1
1 (&, enleo,cos50)\ P _u
@y < &' (— S ) e

>

1
-1 (2k,& c 1(€0, co,50) \ P (3.6)
sl oy < 77 ( k 2k, + ke) ’

oyt

, -1 21— _
le(t) = eoollnicr) < (5 + M) 7 (Copkée, e, k€0, 0. 50)) 7 € 2,

where § is given in theorem 3.1 and we have used the fact that e, = M.
Denoting by

fe(x, 1) = —kyre(x,1)s(x, t) + (kr + ke )e(x, 1),
fs(x, ) = —kpe(x,D)s(x, 1) + k.c(x, 1),
fe(x,0) = kre(x, Os(x, 1) — (kr + ke)e(x, 1),

we see that the first three equations of (1.2) can be rewritten as

O (e(x, 1) — ex) — d A (e(x, 1) — esr) = Sfe(x, 1) x€Q,t>0,
Ois(x, 1) — d;As(x, 1) = fi(x, 1) xe >0,
Oic(x,t) — d.Ac(x, ) = fo(x, 1) x € t>0,

e(x,0) — exo = eg(x) — exo, S(x,0) = s9(x), c(x,0) = co(x), x e

oye(x, 1) = 0,s(x,1) = 0,¢c(x, 1) =0, x €N, tr>0,

and since (3.6) and theorem 3.1 imply that for any p € [1, 00)

2k,8:..,x(€0, o, S0) ; 1
kk + ko)

_1
e)s ()| iy < 8777 (

we see that for p = @ forany n >0

A+
k

2
WD 2
Ecc.e5.k(€0, C, S0) o
k

o TUE= R
8z,.e5.k (€0, Co, S0) o TR
k

2
__2 (& . x(e0,Co,50) | "TFD __2u
||fe(t)\|Lg<1+n)(Q) < (kps + (ke + ke)) St (— e

__2
£ 30t g, < (kes + k) s "<1+v><

2
||f€(t)HL%“+n)(Q) S (ka + (kr + kc)) CS’I n(1+n) (
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and as such
max (1150, g 1€OI, 50405 WO 3010, 1S 500, )
_2
< max (1, (kS + (kr + ko)) s\ (M) " et
and

max (He(t) - eooHL%(H—r/)(Q)’ HfE(t)”L%(lJr”)(Q)) < max (1, (kys + (ke + ko))

2
-2 Ecpeskl€0,Co,80) \ | TV
(8 + Mp)  "TFD max (\/CCPKgsc,Ex,k(eO,CO,SO), (cf = k’ . e nIFm,

Applying lemma 3.4 we find that we can find explicit constants ¢, Cy,, and C,, depending
only geometric on properties, initial datum and 7, that become unbounded as 7 goes to zero,
such that

oy
HC(f)HLvo(Q) < Cepe M,

2,
15l ooy < Con e wH,

yt

[e(r) = el oy < Coye M0, (3.7)

showing the desired result for c(x, 1), s(x, ¢) and e(x, ). To conclude the proof we consider the
equation for p(x, 1)

Op(x, 1) — dpyAp(x,t) = fp(x, 1) xet>0,
p(x, 0) = po(x), xXeN
O, p(x,t) =0, x €00,t>0,

where f,(x,1) = kcc(x, 1). According to lemma 3.5 we see that for any € > 0

2 R - 2
| p(t) — P(f)HLZ(Q) <e @ llpo — P0HL2(Q)
C —?(lfa)t
pe P

' %(175)5 —_— 2 d
LI 1£5(8) = To9)|[ 7240, ds-

As

K2Sé-, o x(€0s cor50) .,
11Oy < =2 e
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and

kcgababk(eOaCOaSO) 6771

0 < Fp(0) = k2(t) = ke|c®)] 110y < k

we can find an appropriate constant Cy 5, such that

Sdp 1 7 —min( 2 —o 2
126 —ﬁ(I)HLz(Q) < Cyeqy (1 + ¢ ! c),7> e mm(cp(l _)77)1,

where we have used the fact that

) efﬁt _e o
efat/ e(afﬁ)s ds — W (e 7é B, < C, 31‘6”"9 e min(ev, )t (3.8)
0 te_‘ﬁt o= B,
for
1
L a#p
Cuop = ‘a - 5| .
1 o=

We also notice that

[P — PO = ‘Ml - /Qp(x, ndx

= / (c(x, 1) + s(x,1))dx
Q

26, ¢, k(eo, o, S0) -

= [le®llp1q) + 15Ol 1) < A )

from which we see that
fo 6?;—"“—5),% —min(g—l’(pg),%)z
Hp(t) - Poo”LZ(Q) <Cye|1+1°CP e P )

As ||p() = peol| ey < & + M according to Theorem 3.1 and since for any p > 2

1-2 2
0l < Nl f 1l

we can follow the same steps as those in our investigation of c(x, ), s(x, ) and e(x, ) to conclude
that

_4 5
nTFO2p —min( =29 (1) 2
1P(®) = Poclloeiey < Cpare (1 teo @t m) o min (st (-0 )

when 4 (1 4 1) > 2. This completes the proof. O
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Proof of theorem 1.2. Much like the proof of theorem 1.1 we use theorems 3.3 and 2.2 to
show that!?

Ez,eik(€0, €0, 50) o,
2eet k70 20207 ot
k
2k,6z, 2, k€0, €0, S0) e
Kk + k)

Hc(f)HLl(Q) <

sl 110y < (3.9)

Ezek(€0,C0,50) o,
—e 7,

k
with ~y satisfying (2.10). Note that to attain the last inequality we have used the conservation
law (1.5)

leCx, 1) — ecc ()| 1102y = D] 1) <

exo(x) = e(x,1) + c(x, 1) = eg(x) + co(x).

Again, using remark 2.3, we see that we can make the choices that correspond to (1.12) with
(1.13).
Continuing as in the proof of theorem 1.1 we see that for any p > 1 we have that

1
el e <s' Sl o) e
() k
1
_1 (2ke&c, 2 k(€05 O, 80) \ Pt
t <sl» Cets e 7, (3.10)
15Dl ) < ( k 2k, + kc)

1
_1 (&, e k€0, co,80) \ P _
R P e e g

Since s satisfies
Ops(x, 1) — dAs(x, 1) = —kyre(x, D)s(x, 1) + kyc(x, 1)

Js(x0)

and

oyt

=

£l ey < Cs€”

for an appropriate constant, we get from lemma 3.4 that for any 1 > 0 there exists a constant
Cy,, that blows up as 1) goes to zero such that

__Ir
sl oy < Cope 0.
Next we turn our attention to the convergence of c. As c satisfies the equation
Oye(x, 1) = kye(x, s(x, 1) — (k + ke)e(x, 1)

we have that

t
c(x, 1) = e "tk oo (x) 4 kf/ e~ b Hk)=Op(x, £)s(x, )dE.
0

15 Remember that the entropy &. ., x(e, c, s) is defined the same as in the full diffusion case, only with e., and ¢, being
functions that satisfy (2.9).
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Since c is also non-negative we find that

!
le@ |y < e (ool ey + Ky [ e“ X el 1562 d§>
otk ' (krthe— i )€
g e—( ket HC0||L°C(Q)+GX,7]<S’/ e\ np dé’
0
4 y . 2y
g Gc,sl’l (1 T kr+k€.n(l2—+n)> 67 mln(k7+k"’m)f’
where we have used (3.8). Using the conservation law (1.5) again we get that
5 tke, 2 —min(kr—‘,-k( L)t
e(x, 1) — exo(X) || ooy = llcO|| ooy L Cosnp | L2770 FD | e n )"
L) L>(2) 5851)
The proof of the rate of convergence of p(x, f) — p., to zero is identical to that presented in

the proof of theorem 1.1, and as such we conclude the proof of the theorem. (]

With our main investigation complete, we now turn our attention to a few final remarks.

4. Final remarks

While some of the calculations presented in this work are quite technical, the true heart of
proofs—the definition of a ‘cut-off’ entropy-like functional and the study of the interplay
between it and a decreasing mass term—is simple and powerful enough that we believe it
could be widely used in many other open and irreversible systems. We would like to end this
study with a few remarks/observations.

4.1. The functional inequality

As was mentioned in our introduction section 1.3, showing the decay of our new entropy-like
functional, &, ., x, heavily relied on a functional inequality of the form

/ (0enen () + he[D) + 4 () dx  dedsrde > 0,

gsf,ss,k(ea s,¢C) S @ .

/ (“’aa,ax(x) + “’//l(x)) dx d.=d.=0
Q

While this inequality has not been stated explicitly as a lemma, proposition or a theorem, it is
the sole ingredient of the proof of theorem 2.2, and its proof can be found there.

4.2. The case where d, = 0and ds > 0

One can apply our techniques and find explicit exponential convergence to equilibrium for the
L> norms when all diffusion coefficients but d, are strictly positive. In this case the equilibrium
will be the same as that for when all diffusion coefficients were strictly positive. This situation,
however, is not chemically relevant and as such we have elected to not treat it.

4.3. Optimal rate of convergence in the case where all diffusion coefficients are strictly
positive

It is clear that the explicit rate of convergence given in remark 1.4 is not optimal. This stems
from the multiple estimations we have made to achieve our results—estimations that are
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extremely hard to optimise simultaneously. Nevertheless, since we have shown exponential
convergence to equilibrium we know that eventually (which can be expressed explicitly) the
solution will be in a small neighbourhood of the equilibrium. This allows us to consider the
linearised version of our equations and attain the optimal long time behaviour of the solutions,
at least when this linear system indeed approximates the full nonlinear system of equations
with respect to this behaviour.

Denoting by y = y — y., for y which can be e, s, ¢ or p, we find that the linearised system
of equations around the equilibrium (e, Soc, Coo» Pog) 1S given by

Oe(x, ) — doNe(x,t) = —kpesos(x, 1) + (k. + ke)c(x, 1), x€Q,t>0,

O0iS(x, 1) — dyAs(x, 1) = —kresos(x, 1) + kyc(x, 1), x€Qt>0,

4.1)
Orc(x, 1) — d.AC(x, 1) = kpesoS(x, 1) — (ky + ko)c(x, 1), x€Qt>0,
Op(x, 1) — dp,Ap(x, 1) = kec(x, 1), x e, t>0,

with initial data y(x, 0) = yo(x) — Y~ and homogeneous Neumann boundary conditions.
As before, we notice that the equation of p is decoupled from the rest of the equations.
Denoting by

0= <AMi<h<Ms<...—>0

the eigenvalues of —A with homogeneous Neumann boundary condition in €2, and by
{w;} jenufoy the corresponding orthonormal eigenfunctions basis of L* () (see for instance
[Tayl1, section 5.7]), we claim the following.

Proposition 4.1. The solution to the system (4.1) decays to zero in L™ (2)-norm with the
optimal rates

€Dl + SOl ) < Coc e,

>y 6e 4 —min(deAp,ft0
B0 @y < Case (1 gHvsm ) e mdhnd, (42)

Hp(t)HLOQ(Q) < Cpye (1 + 1 dpM,uupt) e mm(dp)\l’/lupt)t’

where'®
1 \/ 2
opt = 3 kreoo 4k + ke — (kfeoc —k, — kc) + 4k kres, | >0, 4.3)
and
1 xX=y
Oxy = .
0  x#y
16 1ndeed

(kpew + K + k)7 = (krem — ke — k.)* — dlksen,

2 (kfeoo +k +k + \/ (ke —kr — k) + 41<,.kfex>

ke (ky + ko) — 4k ke
- s¢ (kr + ko) ad > 0.

2 (kfem ke + ket \/(kfex —k—k) + 4k,kfem>

Hopt =
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Remark 4.2. One notices from (4.2) and (4.3) that the optimal decay rates do not depend
on the diffusion rate of s or c.

Proof. We give a formal proof to this proposition, and will not concern ourselves with
discussing the existence and uniqueness of solutions, or other technical issues. Writing
o0
Foo, 0 = Fiowix), (4.4)
j=0

for y equals s or ¢, we see that the second and third equations of (4.1) (which are decoupled
from the rest) are equivalent to the infinite system of ODEs

d- ~
G0 =4X0. jeNU{0}.

where

~A_ E‘lj o —dx)\j—kfeoo kr
X = (’5,) - A= ( ke —doNj— (ke ko))

The eigenvalues of A; are the solutions to the quadratic equation
7+ [(ds +doAj+kreo + ki + kc] T+ (d\j + kres )deNj + ke + ko) — kikreso =0 (4.5)

and consequently, the maximal eigenvalue, which determine the long time behaviour of the
solution, is given by

(ds +dﬂ)>\1+kfeoc +kr+kL — 4 /A]

Tmax,j — —
/ 2

where
Aj= (A + kpen — (A + ke + k) + 4k kpen, > 0.

Since for any «, 8 € R and v > 0 we have that

‘dx /(ozx+6) + ‘ |O‘||(O‘x+ﬂ)‘ <|Oé|

Viex + B + v

we see that for any § > |

d
a<5x—\/(ax4r5)2+v> 20 —lal>0.

Choosing d =ds +d., o« =ds —d., B =kresc — k. — ke and v = 4k, ke in the above
we conclude

I\ /max,j 0
d)\jT g<
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and since {\ j}jENU (0 is an increasing sequence we find that

SUP Tmax,j = Tmax,0
JjeN

— (kpew +h + k) 4+ 1/ (krew — ky — ko) + 4k kren
ks )+ (ks ) + 4k ks
o 2

= — Hopt-

This implies that's and ¢ decay with an exponential rate of j,,, which is optimal.
Next we turn our attention to e and p. Using the same orthogonal decomposition (4.4) we
find the following infinite set of ODEs:

d_ - - ~
$€j(l‘) = —d.Ajej(t) — kresos (1) + (k. + k) (1),

d_ ~ ~
$pj(l‘) = —dl,>\jpj(l‘) + kCCj(l‘).

(4.6)

We will focus our attention on showing the convergence rate for e. The convergence of p will
be achieved in an identical way (by replacing d, with d,). Equation (4.6) implies that

t
e(t) = e %N'e;(0) + / e N0 (—krenS(E) + (ke + k)THE)) dE. (A7)
0
Thus, using the known optimal decay rate for ¢; and s; we see that
t

[e(0)] < e N e 0)] + ey / e AT e i,
0

where Cy; ., is a constant that depends only on
55(0) = (so,wj),  ¢0) = (co,w))
and k¢, k,, k. and e.. From this and (3.8) we conclude that
G101 < (0] + Cyye,) (14 9 ) e minldedson, 4.8)
Since {A;} .y is an increasing sequence of numbers, we find that for any j > 1
€] < ([0 + Csy.;) (1 - z%wom) e min(deAnion ), 4.9)

The above approach, however, is not useful when j= 0 as in this case A\; =0 and (4.8)
yields only an upper bound. Instead we use the simple conservation law (much like in the
full equation)

/ (Z(x, 1) + ¢(x, t)) dx = / (e(x,t) + c(x,))dx — My =0
Q Q
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and the fact that since wy(x) = 1 we have that

Fo=(7:1) = [ Fooar,

to conclude that

[eo(t)] = [Co(n)] < Cce™ < e, (1 + t(s““”‘ﬂp‘) e min(deXi-puop )t (4.10)

Combining (4.9) and (4.10) gives us the desired L*> bound on ¢(7). The treatment of p is exactly
the same and uses of the second conservation law

So(2) + Co(2) + po(t) = / (s(x, 1) + c(x, 1) + p(x,1))dx — M; = 0.
Q

The proof is thus complete. U

4.4. Convergence to equilibrium without the lower bound condition on ey + Co

As was mentioned in remark 1.5, and is clearer now from the proof of theorem 2.2, the lower
bound (1.9) is essential to show and quantitatively estimate the convergence to equilibrium
of the system (1.2) in the case where d, = d. = 0. Intuitively, however, we can still expect a
strong convergence to equilibrium in situations where (1.9) is not fulfilled. Denoting the set

Qsero = {x € Q 1 ep(x) + co(x) =0} = {x € Q : ep(x) = cp(x) =0}

we see that as the evolution of the concentration s is dominated by diffusion on €2, at short
times, s will diffuse away to Q\,.,, where it will get converted into product and complex
and start a chain reaction that will lead to an eventual convergence to equilibrium. Proving
this intuition rigorously, however, remains an interesting open problem. We would like to
mention, however, that the tools we have developed in this work (mainly theorem 2.8) are
sufficient to show qualitative convergence to equilibrium of the entropy-like functional even
in this ‘degenerate’ case.

We end the main body of our work with figures of a numerical simulation that depict the case
where ¢y = 0, ¢y is not bounded away from zero, and supp ep N supp sop = @. More precisely,
we considered

Q=(0,1), ky = 100, kr=ke =1, d,=d. =0, dy =d,=0.02,

eo(x) = 0.2X(0.4.0.6)(X), s0(x) = 1.5x0.103), and co(x) = po(x) = 0.
Under these assumptions we see that the equilibrium is given by
exo(X) = 0~2X(0.4,0.6)(x)’ Soo = Coc = 0, DPoc = 0.3.

As expected, we see in figure 1(B) that when the substrate s diffuses to the region where
the enzyme concentration is non-zero, it gets converted into the complex which subsequently
produces the product. This procedure continues to dissolve the substrate, as seen in figure 1(C),
and eventually converts it completely to the product while the enzyme returns to its initial
configuration in figure 1(D).
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Time =0 Time = 10
2 T 2 T T
Enzyme Enzyme
Substrate Substrate
15+ Complex | 15 | Complex
Product Product
1 1
0 0
0.5 B 0.5
1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(A) Initial concentrations (B) Concentrations at time ¢ = 10.
Time = 80 Time = 200
2 T T 2 T T
Enzyme Enzyme
Substrate Substrate
15+ Complex | 15 | Complex
Product Product
1 1
05 4 05 |
0 0
-0.5 1 -05
1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(c) Concentrations at time ¢ = 80. (D) Concentrations at time ¢ = 200.

Figure 1. The evolution of enzyme, complex and substrate in the case where (1.9) is not
fulfilled.
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Appendix A. Additional proofs

In this appendix we will show the proofs of several results which we elected to defer in order
to not disrupt the flow of the presented work.
We start with the proof of theorem 3.3, which requires the following lemma:

Lemma A.1. Assume that Q C R", n > 1, is a bounded, open domain with C2+<,§ >0,
boundary. Assume thatd, T > 0,uy € L™ (2) and that the function f belongs to L1(0, T; L? (£2))
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forall g € [2,00). Let

u(x, 1) = e up(x) + / A9 £(x, £)de, (A.1)
0

where e?® is the semigroup generated by the operator d/\ with homogeneous Neumann

boundary conditions on L1(2). Then u(x, t) is a strong solution to

Ou(x, 1) — dAu(x, 1) = f(x,1) xe, te 0,7
u(x,0) = up(x) x e (A2)
Oyu(x, 1) =0, xe N, te0,T).

Proof. Denoting by

(e, 1) = / 120 £ )¢
0

we see, according to [PS16, theorem 6.2.3], that for any g € [2, c0) we have that
uy € LA((0, T); WH(€0) N WH((0, T); L7 ().

In particular, this implies that u, € ([0, T1; L)) and that u, is a strong solution to (A.2)
with Uy = 0.
To consider the general case we notice that we cannot use the same considerations for

ui(x, 1) = e up(x)

as uy does not necessarily belong to the right trace space. However, for every ¢ > 0, we
can use the regularisation properties of the semigroup to conclude that u; belongs to the
space C°([0, T1; L1 (£)) N C' ((0,T1;L7 () and u,(-, 1) € W>4(€2)) for all positive ¢. This
shows that u; is continuous with respect to L () and belongs to LI((r,T); W>4())]) N
Wha((r, T); L1 (Q)) for every 7 > 0 and ¢ € [2, c0). Consequently, we obtain that u; is abso-
lutely continuous as a LY(£2) valued function for positive times and is a strong solution to (A.2)
with f = 0. As u = u; + u, we conclude the desired result. O

Proof of theorem 3.3. The proof is based on a standard fixed point argument. For a fixed
T > 0 we denote by

x = {(e,s,c, p) € (L([0, TI; L™ (2)))*|(e(0), 5(0), ¢(0), p(0)) = (e, S0, o, Po),
and H(E, s, C, P)‘|(Loo([(),T];LDO(Q)))4 < ||(60, 50, €0, PO)”LDO(Q) +1 3:M} s

where

4
H(fl’f2’f3’f4)H(L°°([0,T];L°°(Q)))4 = Ssup Z ”fiHLOC(Q)'
€011
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We define a map & and ¢ on X by

F(e, s, ¢, p)(x, 1) = (eo(x)+ /0 (—kpe(x, )s(x, &) + (ky + ke)e(x, £)) dE,

x e (x) + / DO (_ko(x, £)5(x, €) + hye(r, ) dE,

. 0
xeo(x) + /o (ke ©)5x. &) — (k, + ko)e(x. ) dé,

1
% edpAlpo(x) =+ / edpA(t_é)ch(xa E)d£> ’
0

and
Gle,s,c, p)(x, 1) =F(eq, 54, Cq, p1)(X, 1),

where f := max (f,0).

We will now prove that for 7 small enough, 7 is a contraction mapping from X into x. This
will show the existence of a unique bounded strong solution, at least on (0, 7). Moreover, by
showing that ¢ is also a contraction mapping X into X that admits a fixed point such thate, s, ¢
and p are non-negative, we would be able conclude that this fixed point is in fact a fixed point
for 7, and as such the strong solution we have found is in fact non-negative.

Clearly, F(e, s, ¢, p)(0) = G(e, s, ¢, p)(0) = (e, So, Co, o). Moreover, since

e Fllsiy < 1 f e (A.3)
and

1+ ey < Il (A4
we see that

|5, 5, ¢, Pl weqqo.rizny < |1(€0s S0, cos POy +Co (M> + 1) T
and

Hg(e, s, C, P)||(1;0([0,T];Lv0(g)))4 < ||(30aSO,COaPO)HLOO(Q)'FGO (Mz + 1) T
for some constant €, that is independent of M and 7. Choosing T small enough so that
CoM*+ DT < 1

we conclude that ¥ and ¢ map X into X itself.
Next, using (A.3) again, we find that

Hg(ela S1,C1, Pl) - k7(625 §2,C2, pZ)H(Lvo(lho];Lvo(Q)))A‘

T
< /0 —ks (e1 ()51 (€) — e2.(€) 2 (€))

T
o1 © = 62 @y + /0 I =k (e1(€) 51 (€) — €2(§) 2(£)
+k (c1(€) — 2 (f))HLOO(Q) dg
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T
+/0 [ky (ers1(£) — €2(§) 52 () — (ky + ko) (c1 (§) — €2 ()] 1) dE
T
[ et © = e @
< (M + DT|[(er, 515 ¢1, pr) — (e2,52, €2, P2l oo 1100

and

Hg(eh $1,C1, pl) - 6(62, §2,C2, pZ)H(LOC([O’T];Loo(Q)))4
= ||5r(el+’ S145C14> P14) — Fleay, 524, C2+’P2+)||(L°C([0,T];L°C(Q)))4
< GI(M + 1)T||(€1, S1, Cl,pl) - (62, $2,C2, pz)”(LOC([O,TJ;LOC(Q)))“

for a constant ¢, that is independent of M and 7', where we have used the elementary inequality
lay — byl < la—bl.
Restricting T further so that
e+ 1T < 1
we see that 7 and ¢ are contraction maps from X into X, and therefore they each have a unique

fixed point. We denote by (e, 5, ¢, p) the fixed point of ¢. According to lemma A.1 it is a local
strong solution to the system of equations'”

Oe(x, 1) = —kge (x, )5+ (x, 1) + (kr + ko )Tq(x, 1), xeQ,t>0,

OrS(x, 1) — dAS(x, 1) = —kse4 (x, )5 (x, 1) + kT (x, 1), xeQ,t>0,

Oc(x, 1) = ke (x, )51 (x, 1) — (kr + k)T (x, 1), xet>0,

Op(x. 1) — dyAB(x, 1) = ke (x, 1), xeQr>0, (A2
0,5(x, 1) = 0,p(x, 1) =0, x €00, >0,
e(x,0) = ep(x), 5(x,0) = so(x), c(x,0) = co(x), p(x,0) = po(x),  x €1,

on (0,7), where we have used the fact that ey, 5o, co and p, are non-negative. Let T, be

solution, i.e. T = 400, it is enough to show that

H(E’ 5,¢,D) H(Lvo([o,T];Lvo(Q)))4 < C(T) (A.6)

for some continuous function C(T):[0,00)—[0,00) (see, for instance, [ZheO4,
theorem 2.5.5]). The proof of the existence of such function is intertwined with the
non-negativity property of (e, s, ¢, p), which will also show that (e, 5, ¢, p) is in fact a solution
to (1.2).

17 Note that by the definition of X and F, the function f from (A.1) is in L**([0, 7']; L (2)), and as such the conditions
of the lemma are satisfied.
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Denoting by f= = max (0, —f) = (= f), the so-called negative part of f, we notice that
when f is absolutely continuous with respect to 7 so is f_, and a.e. in ¢

do d _ d
&f,(t) =2f () drf‘(’) ==2f (0 dtf(’)'

As such, if f(x, 1) is a strong solution to

{Btf(x, 1) — dAf(x, 1) = g(t,x) — alx, 1) f1(x,1), xeQ,t>0,
(A.7)

do, f(x,1) =0, xedNt>0

where g(x, 7) and a(x, f) are non-negative functions. By multiplying the above with — f_ (x, 1) <
0 we find that

%at F2000 + dAFx,Df - (x,1) = —g(t, x) f(x,1) < O.

Integrating over Q x (0, 7) gives'®
1 2 ' 2 1 2
EHff([)HLZ(Q) +d 0 ||Vf7(§)||L2(Q) d¢§ < EHff(O)HLZ(Q)’

where we have used the fact that Vf - Vf_ = —|Vf_|>. This implies that if f(0) is non-
negative, i.e. f_(x,0) = 0 then f_(x,) = 0 for any # > 0 for which f is a strong solution to
(A.7). As the equations for e, ¢, 5 and p are of the form (A.7), we conclude the non-negativity
of e, ¢, 5 and p, and as such the fact that it is in fact a solution to (1.2).

Lastly, we shall show that (A.6) is valid for a constant function C(7") which will show both
the global existence and uniform boundedness, concluding the proof.

Indeed, using the definition of strong solution (Duhamel’s formula, as is expressed in the
definition of ¥) and the non-negativity of € and ¢ we see that

max (|E(x, N, |e(x, t)\) = max (e(x, 1), c(x, 1))
<e(x, 1) +c(x,1) < HeOHLOO(Q) + HC0||L30(Q)~
Thus, for any T for which e and ¢ are strong solutions to (1.2) we have that

SEIT) max (Hz(t)||L°0(Q)’ ”E(I)HL”G(Q)) < HeOHLDC(Q) + HCOHLDO(Q)' (A.8)
[AS

It remains to show the boundedness of s and p. Summing 5(¢), ¢(¢), p(t), and integrating over
gives

15 1) + €D 1) + POl 1) = 5ol + leollry + Ipolligy VE=0,  (A9)

18 According to the definition of strong solutions we find that v is absolutely continuous with respect to L2(2)). As
the L*(£2) scalar product is bilinear and continuous, we can apply the product rule to find that

d d
EHU(;)H;(Q) =3 /Q v(x, Hu(x, fdx = 2 /Q Bv(x, H(x, fdx
for almost all ¢ > 0.
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where we have used the non-negativity of the solution again. For any ¢ > 2 we have

d
— |59y, = q/ 5 Y (x, DO,3(x, H)dx
dtll (S 5 ;
< —q(g — d, / 5(x, )72 V5(x, 0)*dx + kg / 5(x, )7 'E(x, H)dx
Q Q

< —q(g — Dd, | 5,072 V5(x, 0)dx + koq||5O)[| 00, €O 0o
4(q — Dd; A _ _
g__i?__jwv@“”ﬂﬂdX+b«q—Db®an+hﬂﬂ&m%
Q
where all the above differentiating and integrations are well defined and allowed due to the fact
that 5 is a strong solution to our equation. Using the uniform bound of ¢ from (A.8) we find
that

4g—Dds|_, 4| _
14~ D 153 e < qCopeo (I3l 0y + 1) - (A.10)

d, _
&HS(t)qu(Q) +

Thanks to the continuous Sobolev embedding H'(€2) — L™ (Q) with

+00 ifn=1,
w=1< ~+00 arbitrary ifn=2,
2n
if n > 3.
p— if n
we find that

5%y 2 ol g, = Gl (A1D)

HI(Q) L"*(Q) L90 ()

where gg = "*Tq > g. Using the interpolation inequality

[% 1-60
1A ey < I LA

where 6 € (0, 1) satisfies é = % + 1%9, together with (A.9) and (A.11) we see that we can find
M,, > 0 such that

_4
2

[E

and consequently (A.10) implies that

q
My [I5| o)

Z
HY()

d _ o _
a”s(t)uzq(ﬂ) + CIHS(I)HIZ(Q) <G (Hs(t)qu(Q) + 1) ’
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for appropriate (dimension and initial datum dependent) constants Cy, C; > 0. Since 6 € (0, 1)
the above implies that when

0
3G\ ™7
5O > max (1, (32) )

d _ _ R
aHS(I)HZq(Q) < 2C2||S(t)||zq(ﬂ) - CIHS(I)HL%(Q)

we have that

(-6
= [5Olfac) <2C2 - C1||§(f)||L7(g> < —GlsO o) < —Co-

This is enough for us to conclude that

sup [|5(0)]| o) < +00 (A.12)
>0

forany 2 < ¢ < +00. Applying a simple variant of lemma 3.4 with § = 0, where the L> bound

is on [0, 7] instead of [0, 1], shows that'’

sup ‘|§(t)||L°“(Q) < +o00.
=0

The uniform bound of p follows in the exact same way. (]
We conclude the appendix with the proofs of lemmas 3.4 and 3.5.

Proof of lemma 3.4. A known estimate on the kernel of the heat equation (see for instance
[Dav90, theorem 3.2.9, page 90]) implies that the solution to the heat equation with homoge-
neous Neumann boundary condition and initial datum in L” (2) satisfies

u(t)]| o2 = ||edAqu||Lx(Q) < Cat 2 |Juol| iy, VO <1<, (A.13)

for some fixed known constant that depends on 2 and the diffusion coefficient d.2° As such, a
solution to the equation

Ou(x, 1) — dAu(x, 1) = f(x,1) xeQ, t>0
u(x,0)=20 x e
Oyu(x,1) =0, x €N, >0,

would satisfy, according to the Duhamel formula,

1
u(x,t+ 1) = e®u(x, t) + / edA(l_“')f(x, t+s)ds, >0
0

19 The appropriate f in this case is f = —kyes + k.c whose L” bound follows from the uniform L> bound on e and
cand (A.12).

20 One can easily extent (A.13) to 0 < ¢ < T for any given T > 0. The constant C, in that case will become dependent
on 7 (and one should denote it by C, 7).
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which, together with (A.13), implies that

|
[t + Dl ey < Ca <|u(l‘)|m§z) +/ (1 +(1 - S)_E) £+ | oy ds) :
0

Using conditions (3.1) we find that

1
|t + D]y < €Ca (1 +/ (1 +(1 - s)‘ﬂ) o 08 ds) et
0

If p > 7 then

| 1
/ (1—s) Ze %ds < / (I —s) 7ds =G, < 00,
0 0

and we conclude that forall r > 1
()| oy < €Ca (24 Cup) e 0.
As for any ¢ € [0, 1] we have that

sup [[u@® |l oy <SS < S ede™
1€[0,1]

due to (3.1), we find that
()] o) < ¢’ max (s,0C4 (2+ Cup)) e
which is the desired result. |

Proof of lemma 3.5. Defining the function v(x, ) = u(x, r) — u(f) we find that v solves the
equation

Ow(x, 1) — dAv(x, 1) = f(x,t) — Ou(r) xeQt>0
u(x,0) = up(x) — ugy x €

Oyu(x,1) =0, x €00.t > 0.

Denoting by ?(x, 1) = f(x,t) — O;u(t) and multiplying the first line of the equation by v(x, f)
and integrating over the domain yields the equality

AHlv |72y = —2d||V(x, |2y + 2 /Q F(x, Ho(x, Hdx.

Thus, using the Poincaré inequality (3.4) and the fact that ©(f) = 0 we find that

2 2d 2 ~
Oz < = & 0Ol0) +2|[F0)] g 10Ol

2

C H t

p||f(D) 2@
2de ’

2d

2
< —a (I-¢) HU(I)HLZ(Q) +
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where we have used the fact that for any 6 > O and a,b > 0

b2
2ab < da* + 5

and chose § = 2%. The result follows from a simple integration and the fact that by integrating
P

our heat equation over {2 we find that

OES /Q flx,pdx = f(0).
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