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Abstract

The large-time asymptotics of weak solutions to Maxwell-Stefan diffusion
systems for chemically reacting fluids with different molar masses and reversible
reactions are investigated. The diffusion matrix of the system is generally neither
symmetric nor positive definite, but the equations admit a formal gradient-flow
structure which provides entropy (free energy) estimates. The main result is the
exponential decay to the unique equilibrium with a rate that is constructive up to a
finite-dimensional inequality. The key elements of the proof are the existence of a
unique detailed-balance equilibrium and the derivation of an inequality relating the
entropy and the entropy production. The main difficulty comes from the fact that the
reactions are represented by molar fractions while the conservation laws hold for the
concentrations. The idea is to enlarge the space of n partial concentrations by adding
the total concentration, viewed as an independent variable, thus working with n + 1
variables. Further results concern the existence of global bounded weak solutions
to the parabolic system and an extension of the results to complex-balance systems.

Contents
1. Introduction . . . . . . . . .. e 1060
1.1. Model Equations . . . . . . . . . .. ... 1060
1.2. State of the Art . . . . . . . . . . 1062

We would like to thank the referees for helpful comments and suggestions, which help
to improve the presentation of this paper. The first and second authors acknowledge partial
support from the Austrian Science Fund (FWF), Grants P27352, P30000, F65, and W1245.
The last author was partially supported by the International Research Training Group IGDK
1754 and NAWI Graz. This work was carried out during the visit of the first author to the
University of Graz and of the third author to the Vienna University of Technology. The
hospitality of the universities is greatly acknowledged.


http://crossmark.crossref.org/dialog/?doi=10.1007/s00205-019-01439-9&domain=pdf
http://orcid.org/0000-0003-0633-8929

1060 ESTHER S. DAUS, ANSGAR JUNGEL & BAao Quoc TANG

1.3. KeylIdeas . . . . . . . . . . . e 1063
1.4. MainResults . . . ... ... .. . L 1065
1.5. Notation . . . . . . ... ... ... 1068
2. Global Existence of Weak Solutions . . . . . ... ... ............. 1068
2.1. Preliminary Results . . . . . ... ... ... .. ... . ... 1069
2.2. Solution to an Approximate Problem . . . . . . ... ... ... 1070
2.3. Uniform Estimates . . . . .. ... ... ... .. ............. 1070
3. Convergence to Equilibrium Under Detailed Balance . . . . . . . ... ... .. 1072
3.1. Conservation Laws . . . . . . .. .. .. 1072
3.2. Detailed-Balance Condition . . . . . . . ... ... ... .......... 1073
3.3. Preliminary Estimates for the Entropy and Entropy Production . . . . . .. 1078
3.4. The Case of Equal Homogeneities . . . . ... .. ... .......... 1081
3.5. The Case of Unequal Homogeneities . . . . .. ... ... ......... 1083
3.6. Proof of Theorem 1 . . . . . . . ... ... ... ... 1089
4. Example: A SpecificReaction . . . . . .. ... ... oL 1090
5. Convergence to Equilibrium for Complex-Balance Systems . . . . . . ... .. 1093
Appendix A. Proof of Lemma 21 . . . . . ... ... ... . 1098
References . . . . . . . . . . e 1101

1. Introduction

The analysis of the large-time behavior of dynamical networks is important to
the understanding of their stability properties. Of particular interest are reversible
chemical reactions interacting with diffusion. While there is a vast literature on
the large-time asymptotics of reaction—diffusion systems, much less is available
for reaction systems with cross-diffusion terms. Such systems arise naturally in
multicomponent fluid modeling and population dynamics [38]. In this paper, we
prove the exponential decay of solutions to reaction-cross-diffusion systems of
Maxwell-Stefan form by combining recent techniques for cross-diffusion systems
[37] and reaction—diffusion equations [25]. The main feature of our result is that the
decay rate is constructive up to a finite-dimensional inequality and that the result
holds for detailed-balance or complex-balance systems.

1.1. Model Equations

We consider a fluid consisting of n constituents A; with mass densities p; (z, t)
and molar masses M;, which are diffusing according to the diffusive fluxes j,;(z, t)
and reacting in the following reversible reactions:

oA+ +anAy = BYAL+- -+ B A, fora=1,...,N,

where ' and B are the stoichiometric coefficients. The evolution of the fluid is
assumed to be governed by partial mass balances with Maxwell-Stefan relations
for the diffusive fluxes

n

dpi +div j; = ri(x), Voi=—)_

Jj=1

PjJi—PiJ;

—_— i=1,...,n, 1
CzMiMjDij ()
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Table 1. Overview of the physical quantities

Di : partial mass density of the ith species
p=2" P : total mass density

Ji : partial particle flux of the ith species
M; : molar mass of the ith species

¢ = pi/M; : partial concentration of the ith species
c=>" ¢ : total concentration

Xxj =cj/c : molar fraction

where x; = ¢;/c are the molar fractions, ¢; = p; /M; the partial concentrations, M;
the molar masses, ¢ = Z?:l ¢; the total concentration, and D;; = Dj; > 0 are the
diffusivities. The physical quantities are summarized in Table 1. The reactions are
described by the mass production terms r; depending on x = (xq, ..., x,) using
mass-action Kinetics:

N n
() = M; Y (B — ey (k4x —kgxF) wihx* =T+, @

a=1 i=1

where k? > (0 and kz > 0 are the forward and backward reaction rate constants,
respectively, and e = (af, ..., ) and B = (B{, ..., B;) withaf, B € {0} U
[1, 00) are the vectors of the stoichiometric coefficients.

Equations (1) are solved in the bounded domain  C R¥ (d > 1) subject to the
no-flux boundary and initial conditions

Jjiov=00n93Q, p(,0)0=p" inQ,i=1...,n (3)

To simplify, we assume that 2 has unit measure, i.e. |2| = 1.

System (1)—(2) models a multicomponent fluid in an isothermal regime with
vanishing barycentric velocity. The Maxwell-Stefan diffusion system models dif-
fusive transport of multicomponent diffusion and was first introduced by MAXWELL
[42] and STEFAN [52]. Since then, the range of applications goes from respiratory
airways [8] to dialysis, electrolysis, sedimentation, ion exchange or ultrafiltration
[54,57]. Equation (1) for Vx; can be derived from the Boltzmann equations for
mixtures in the diffusive limit and with well-prepared initial conditions [9,35,36]
or from the reduced force balances with the partial momentum productions being
proportional to the partial velocity differences [6, Section 14]. It can also be de-
rived from a kinetic model of a reacting sphere system [3] or by careful exploitation
of the entropy principle [6, Sections 7-8]. Concerning the isothermal regime, we
remark that, even though the chemical reactions usually modify the temperature of
the system, there exist situations in which a heat bath is sufficiently efficient for
keeping the whole system at the same temperature. For more details, we refer the
interested reader to, e.g., the invention [56], which designs an engine for compress-
ing gaseous fluids isothermally. Moreover, our analysis of the isothermal case can
be used as a starting point in investigating more complex, non-isothermal systems.
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We assume that the total mass is conserved and that the mixture is at rest, i.e.,
Y pi=1land > !, j; = 0. This implies that

n
D ri(x) =0 forallx = (xi,....x,) € RY, 4)

i=1

where R, = (0, o). Furthermore, we assume that the system of reactions satisfies
a detailed-balance condition, meaning that there exists a positive homogeneous
equilibrium x, € R’} such that

Kix% = kixb, foralla=1,....N. (5)

Roughly speaking, a system is under detailed balance if any forward reaction is
balanced by the corresponding backward reaction at equilibrium. Condition (5)
does not give a unique but instead a manifold of detailed-balance equilibria,

oo

E={x0eR: “x““:kgxg;’ foralla=1,..., N}. (6)

To uniquely identify the detailed-balance equilibrium, we need to take into account
the conservation laws (meaning that certain linear combinations of the concentra-
tions are constant in time). This is discussed in detail below. We are also able to
consider complex-balance systems; see Section 5.

The aim of this paper is to prove that under these conditions, there exists a unique
positive detailed-balance (or complex-balance) equilibrium x oo = (X100, - - - s Xnoo) €
R such that

n
D xi(0) = xiollLr@) < C% xo)e /PP 1> 0, p>1,

i=1

where x? = x(0) and the constant A > 0 is constructive up to a finite-dimensional

inequality. Before we make this result precise, we review the state of the art and
explain the main difficulties and key ideas.

1.2. State of the Art

The research of the large-time asymptotics of general reaction—diffusion sys-
tems with diagonal diffusion, modeling chemical reactions has experienced dra-
matic scientific progress in recent years. One reason for this progress is due to new
developments of so-called entropy methods. Classical methods include linearized
stability techniques, spectral theory, invariant region arguments, and Lyapunov sta-
bility; see, e.g., [15,26]. The entropy method is a genuinely nonlinear approach
without using any kind of linearization; it is rather robust against model variations,
and it is able to provide explicitly computable decay rates. The first related works
date back to the 1980s [29,30]. The obtained results are restricted to two space
dimensions and do not provide explicit estimates, since the proofs are based on
contradiction arguments. First applications of the entropy method that provide ex-
plicit rates and constants were concerned with particular cases, like two-component
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systems [17], four-component systems [ 19], or multicomponent linear systems [20].
Later, nonlinear reaction networks with an arbitrary number of chemical substances
were considered [24,43]. Exponential convergence of close-to-equilibrium solu-
tions to quadratic reaction—diffusion systems with detailed balance was shown in
[10]. reaction—diffusion systems without detailed balance [23] and with complex
balance [18,44,53] were also thoroughly investigated. The convergence to equilib-
rium was proven for rather general solution concepts, like very weak solutions [46]
and renormalized solutions [25].

The large-time behavior of solutions to cross-diffusion systems is less studied.
The convergence to equilibrium was shown for the Shigesada—Kawasaki—Teramoto
population model with Lotka—Volterra terms in [50,55] without any rate and in
[11] without reaction terms. The exponential decay of solutions to volume-filling
population systems, again without reaction terms, was proved in [58].

A number of articles are concerned with the large-time asymptotics in Maxwell—
Stefan systems. For global existence results on these systems, we refer to [31,
40,41]. In [40], the exponential decay to the homogeneous state is shown with
vanishing reaction rates and same molar masses. The result was generalized to
different molar masses in [12], but still without reaction terms. The convergence
to equilibrium was proved in [27, Theorem 9.7.4] and [31, Theorem 4.3] under the
condition that the initial datum is close to the equilibrium state. The work [31] also
addresses the exponential convergence to a homogeneous equilibrium assuming (i)
global existence of strong solutions and (ii) uniform-in-time strict positivity of the
solutions (see Prop. 4.4 therein). A similar result, but for two-phase systems, was
proved in [7]. The novelty in our paper is that we also provide a global existence
proof (which avoids assumption (i)) and that we replace the strong assumption (ii)
by a natural condition on the reactions, namely that there exist no equilibria on
0’ . We note that there exists a large class of chemical reaction networks, called
concordant networks, which possess no boundary equilibria [51, Theorem 2.8(ii)].

We finally remark that the mathematical study of the Maxwell-Stefan dif-
fusion system is a dynamic field, and many works have been carried out after
the submission of our paper. We refer the interested reader to the incomplete list
[2,3,14,34,39,47,48] of recent works.

1.3. Key Ideas

The analysis of the Maxwell-Stefan equations (1) is rather delicate. The first
difficulty is that the fluxes are not given as linear combinations of the gradients of
the mass fractions, which makes it necessary to invert the flux-gradient relations in

(1). However, summing the equations for Vx; in (1) fori = 1, ..., n, we see that
the Maxwell-Stefan equations are linear dependent, and we need to invert them on
a subspace [5]. The idea is to work with the n — 1 variables p’ = (p1, ..., ,0,1_1)—'—

by setting p, = 1 — 27;11 pi, 1.e., the mass density of the last component (often the
solvent) is computed from the other mass densities. Then there exists a diffusion
matrix A(p’) € R#~D*@=1 guch that system (1) can be written as

dp' —div(A(pHVx') = r'(x), )
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where x’ = (x1,...,x,—1) andr’ = (r1, ..., rn—1) . The matrix A(p’) is gener-
ally neither symmetric nor positive definite. However, equations (7) exhibit a formal
gradient-flow structure [40]. This means that we introduce the so-called (relative)
entropy density

n n—1
Xi
h(p)=c Y xiln——, wherep, =1—Y pi, (8)
and the entropy variable w = (wy, ..., Wp—1) | with w; = 0h/dp;. Here, x» € £

is an arbitrary detailed-balance equilibrium. We associate to the entropy density
the relative entropy (or free energy)

’ - Xi
E[x|Xoo] =/ h(p')dz = Z/ cxi In ——dz. )
Q o /e Xioo

Denoting by h”(p’) the Hessian of i with respect to p’, equation (7) is equivalent
to

3,0 —divB(w)Vw) = r'(x), (10)

where B(w) = A(p")h"(p’)~! is symmetric and positive definite [12, Lemma 10
(iv)] and p’ and x are functions of w. The elliptic operator can be formulated as
K grad h(p’), where K& = div(BV£) is the Onsager operator and grad is the func-
tional derivative. This formulation motivates the notion “gradient-flow structure”.

The second difficulty comes from the fact that the cross-diffusion coupling
prevents the use of standard tools like maximum principles and regularity theory.
In particular, it is not clear how to prove lower and upper bounds for the mass
densities or molar fractions. Surprisingly, this problem can be also solved by the
transformation to entropy variables. Indeed, the mapping (0, 1)"~! — R"~!, o/ >
w, can be inverted, and the image p’ (w) lies in (0, 1)"~! and satisfies 1 —Z;’;ll pi <
1. If all molar masses are equal, M = M;, the inverse function can be written
explicitly as p; (w) = exp(Mw;)(1 + Z;’;% exp(ij))_l; for the general case,
see Lemma 5 below. This yields the positivity and L° bounds for p; without the
use of a maximum principle. To make this argument rigorous, we first need to solve
(10) for w and then to conclude that p’ = p’(w) solves (1).

Summarizing, the entropy helps us to “symmetrize” system (1) and to derive
L bounds. There is a further benefit: the entropy is a Lyapunov functional along
solutions to the detailed-balance system (1). Indeed, a formal computation shows
the following relation (a weaker discrete version is made rigorous in the proof of
Theorem 4):

d
EE[x|xoo]+D[x]=0, 1 >0, (1D
where the entropy production
a .ot

n—1 N kex
_ » . . 4 _pa B f
Dix]= ) /QB,.,(w)Vw,~Vw.,dz+‘;/9(k‘}x“ kéxB")n L dz (12)

i,j=1
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is nonnegative (due to Lemmas 6 and 7). Here, B;; are the coefficients of the matrix
B. Exponential decay follows if the entropy entropy-production inequality

D[x] > LE[x|X 0] (13)

holds for all suitable functions x and for some A > 0. Note that this functional
inequality does not hold for all detailed-balance equilibria, but only for those who
satisfy certain conservation laws. The existence and uniqueness of such equilibria
is proved in Theorem 11. Inserting inequality (13) into (11) yields

d
EE[xono] +AE[x|x00] <0, >0,

and Gronwall’s inequality allows us to conclude that
E[x()|xc] < E[x(0)|xocle™, 1> 0.

By a variant of the Csiszar—Kullback—Pinsker inequality (Lemma 18), this gives
exponential decay in the L! norm with rate /2 and, by interpolation, in the L?”
norm with rate A/(2p) for all 1 < p < oo. An important feature of this result is
that the constant X is constructive up to a finite-dimensional inequality.

The cornerstone of the convergence to equilibrium is to prove inequality (13).
In comparison to previous results for reaction—diffusion systems, e.g. [24,43], the
difference here is that the reactions are defined in terms of molar fractions, while
the conservation laws are written in terms of concentrations. This difference causes
the main difficulty in proving (13), except in very special cases, e.g., when all
molar masses are equal (in this case, the molar fraction and concentration are
proportional) or in case of equal homogeneities (see Section 3.4). Naturally, one
could express the molar fractions by the concentrations, i.e. x; = ¢;/ (Zl'.': 1 Ci), but
this extremely complicates the formulation of the entropy production D[x], which
in turn makes the analysis of (13) inaccessible. The key idea here is to introduce
the total concentration ¢ = Z?:] ¢; as an independent variable and to rewrite D[x]
in terms of x; = ¢;/c. This, in combination with an estimate for E[x|x ] in terms
of ¢; and c, allows us to adapt the ideas from previous works on reaction—diffusion
systems to finally obtain the desired inequality (13).

1.4. Main Results

Our main result is the exponential convergence to equilibrium. For this, we
need to show some intermediate results. The existence of solutions to (1), (3) was
shown in [12] without reaction terms. Therefore, we prove the global existence of
bounded weak solutions to (1), (3) with reaction terms (2). The proof follows that
one in [12] but the estimates related to the reaction terms are different. A key step
is the proof of the monotonicity of w +— Zl'-’z_]l ri(x); see Lemma 7.

Second, we derive the conservation laws satisfied by the solutions to (1) (Lemma 9)
and prove the existence of a positive detailed-balance equilibrium x », satisfying
(5) and the conservation laws (Theorem 11). The existence of unique equilibrium
states for chemical reaction networks is well studied in the literature (see, e.g.,
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[21]), but not in the present framework. One difficulty is the additional constraint
> ' , xi = 1, which significantly complicates the analysis. The key idea for the
existence of a unique detailed-balance equilibrium is to analyze systems in the
partial concentrations cy, ..., ¢, and the total concentration ¢, considered as an
independent variable. The increase of the dimension of the system from n ton + 1
allows us to apply geometric arguments and a result of FEINBERG [21] to achieve
the claim.

Third, we prove the entropy entropy-production inequality (13) (Prop. 19 and 26).
The proof follows basically from [25, Lemma 2.7] when the stoichiometric coeffi-
cients satisfy Y 7 of = >/ p{ foralla = 1,..., N, since this property allows
us to replace the molar fractions x; by the concentrations c;. If the property is not
fulfilled, we work again in the augmented space of concentrations (cy, ..., ¢;, C).
One step of the proof (Lemma 22) requires the proof of an inequality whose con-
stant is constructive only up to a finite-dimensional inequality. We believe that for
concrete systems, this constant can be computed in a constructive way. We present
such an example in Section 4.

Before stating the main theorem, we need some notation. Let

W= (" —a“)gz1,..n € RN,

be the Wegscheider matrix (or stoichiometric coefficients matrix) and set m =
dimker(WT) > 0. We choose a matrix Q € R”*" whose rows form a basis of
ker(WT). Let M° € R” be the initial mass vector, which depends on ¢? (see
Lemma 9) and let £ € R"*™ be a row vector satisfying {Q = (M1, ..., M) and
¢M° = 1. We show in Lemma 10 that such a vector ¢ always exists. Its appearance
comes from the constraint ) ;_, x; = 1; such a vector is not needed in reaction—
diffusion systems like in [25]. Given MO e R such that ;‘MO = 1, we prove in
Section 3.2 that there exists a unique positive detailed-balance equilibrium x oo € €
satisfying

n
Qeoo=M", Y Xino=1, (14)
i=1
where the components of ¢« are given by cico = Xioo/ > i1 MiXico. The first ex-
pression in (14) are the conservation laws, while the second one is the normalization
condition.

Note that besides the unique positive detailed-balance equilibrium (for a fixed
initial mass vector), there could exist possibly infinitely many boundary equilibria,
i.e. x* € 0& such that x* solves (14). We need to exclude such equilibria. For a
discussion of boundary equilibria and the Global Attractor Conjecture, we refer to
Remark 15.

(Al) Data: Q C R with d > 1 is a bounded domain with Lipschitz boundary,
T >0,and D;j = Dj; >0fori, j=1,...,n,i # j.

(A2) Detailed-balance condition: £ # @, where £ is defined in (6).

(A3) Tnitial condition: p° € L'(£2; R") with p? > 0,37, p? = 1, and the initial
entropy is finite, fQ h(po/)dz < 00, where & is defined in (8) with some
X €€E.
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The main result is as follows:

Theorem 1. (Convergence to equilibrium) Let Assumptions (Al1)—(A3) hold. Let
MO e RY be a positive initial mass vector satisfying ¢ M 0= 1. Then

(1) There exists a global bounded weak solution p = (p1, ..., ,on)T to (1)-(2) in
the sense of Theorem 4 below;

(i) There exists a unique X, € & satisfying (14), where the set of equilibria £ is
defined in (6);

(iii) Assume in addition that the system (1)—(2) has no boundary equilibria. Then
there exist constants C > 0 and A > 0, which are constructive up to a finite-
dimensional inequality, such that, if p° satisfies additionally Q fQ Adz = M°,
the following exponential convergence to equilibrium holds:

n
3 lxi(0) = xissllzriey < Ce P (Elxxsel) /), 1> 0,

i=1

where 1 < p < 0o, x; = p;i/(cM;) with ¢ = Z?:l pi/M;, E[x|x~] is the
relative entropy defined in (9), p is the solution constructed in (i), and X ~ is
constructed in (ii).

Remark 2. (Classical and weak solustions) Theorem 1(i) provides the global ex-
istence of a weak solution with physical initial data, while the local existence of a
classical solution, with more regular initial data, was already proved in [5], based
on general results on normally elliptic operators. Both the global existence of a
classical solution as well as the uniqueness of weak solutions for Maxwell-Stefan
reaction-cross-diffusion systems are extremely difficult to prove. On the other hand,
a weak-strong uniqueness result might be achievable; see [13] for such a result for
a different class of reaction-cross-diffusion systems. We leave this interesting open
question to future investigations.

Remark 3. (Complex balance)] We show in Theorem 11 that system (1) with the
reaction terms (2) possesses a unique positive detailed-balance equilibrium. This
means that we have assumed the reversibility of the reaction system. This assump-
tion is rather strong, and it is well known in chemical reaction network theory that
it can be significantly generalized to complex-balance systems. Here, the balance is
not assumed to hold for any elementary reaction step but only for the total in-flow
and total out-flow of each chemical complex. We are able to extend our results
to this situation as well, considering the reaction terms (54); see Theorem 33 in
Section 5.

Clearly, any detailed-balance equilibrium is also a complex-balance equilib-
rium, and Theorem 1 is included in Theorem 33. However, to make the proofs as
accessible as possible, we prefer to present the detailed-balance case in full detail
and sketch the extension to complex-balance systems. O

The paper is organized as follows: Part (i) of Theorem 1 is proved in Section 2.
In Section 3, the conservation laws are derived, the existence of a detailed-balance
equilibrium and the entropy entropy-production inequality (13) are proved, and
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the convergence result is shown. Section 4 is concerned with a specific example
for which the constant in the entropy entropy-production inequality can be com-
puted explicitly. The results are extended to complex-balance systems in Section 5.
Finally, we prove the technical Lemma 21 in the appendix.

1.5. Notation

We use the following notation:

e Bold letters indicate vectors in R” (e.g. ¢ = (c1,...,¢cn) ).

e Normal letters denote the sum of all the components of the corresponding letter
in bold font (e.g. ¢ = Y 7 ¢i).

e Primed bold letters signify that the last component is removed from the original
vector (e.g. ¢/ = (c1,...,cn_1)").

e Overlined letters usually denote integration over 2 (e.g. ¢ = fQ cdz or¢; =
fQ CidZ).

e If f: R — Ris a function and ¢ € R" a vector, the expression f(c) denotes
the vector (f(c1), ..., f(ca))'.

e Letx, o € (0, 00)". The expression x* equals the product []7_; x;".

e Matrices are generally denoted by double-barred capital letters (e.g. A € R"*").

The inner product in R” is denoted by (-, -), |€2| is the measure of 2, and we
set Ry = (0, 00). In the estimates, C > 0 denotes a generic constant with values
changing from line to line.

2. Global Existence of Weak Solutions

We prove part (i) of Theorem 1. Throughout this section, we fix an arbitrary
detailed-balance equilibrium x o, € £. Due to (A2), such a vector x o, always exists.
The existence result is stated more precisely in the following theorem:

Theorem 4. (Global existence) Let Assumptions (A1)—(A3) hold. Then there ex-
ists a bounded weak solution p = (p1, ..., pp)" to (1)~(3) satisfying p; > 0,
Y pi=1inQx(0,T)and

pi € L0, T; H'(Q)), 8;p: € L0, T; H'(Q)), i=1,....n,

ie,forallqy,...,qn—1 € LZ(O, T; Hl(Q)),
n—1 .7 n—1 T n—1 ,.r
3 / Bpi, gi)dr+ Y / / Aij(0)Vxi-Vgjdzdt = 3 / f i () grdadt,
1 JO S JO Q 1 J0 Q
i=1 i,j=1 i=1

(15)
wherex = (x1,...,x,) |, xi = pi/(cMi)fori =1,....,n—1,x, = I—Zl'-:ll Xi,

c= Z?:l pi/M;, and A = (A;;) is the diffusion matrix in (7).

The proof is similar to the one given in [12]. Since in that paper no reaction
terms have been considered, we need to show how these terms can be controlled.
First, we collect some results.



Exponential Time Decay of Solutions to Reaction-Cross-Diffusion Systems 1069

2.1. Preliminary Results

A straightforward computation (see [12, Lemma 5]) shows that the entropy
variables are given by

oh 1 X; 1 Xn .
wi=—=—In———1In , i=1,...,n—1, (16)
00; M;  Xieo M, Xix
recalling & defined in (8). Given p’ = (o1, ..., pn,])T,this formula and the relation
x; = pi/(cM;) allow us to compute w = (w1, ..., wp—1) . The following lemma

states that the mapping p’ — w can be inverted:

Lemma5s. Letw = (wy, ..., wy—1) | € R" ! pe given. Then there exists a unique
vector p' = (p1,..., pn_1)' € (0, D)"! satisfying Zl'-'z_]l pi < 1 such that
(16) holds with p, = 1 — Z:’z_ll pi >0, x; = pi/(cM;) and c = Y}, pi/M;.
Moreover; the function p' : R*™™1 — (0, D", (wi, ..., wo)T — p/(w) =
(P1s .- pn_l)T is bounded.

Proof. First, we show that there exists a unique vector (xp, ..., X,— 1)T € (0, l)"’1
satisfying (16) with x, = 1 — Y""/ x; > 0 (see [12, Lemma 6]). Let z; :=
M;/M

Xioo/Xnoo . The function

n—1
fG) = zi(1 = )M/M exp(Miw;)

i=1

is strictly decreasingin [0, 1]and0 = f (1) < f(s) < f(0) = Zl'-':_ll exp(M;w;)z;.
Thus, there exists a unique fixed point so € (0, 1) such that f(sg) = so. Defining

xi = zi(1 — so)M"/M" exp(Mjw;) fori = 1,...,n — 1, we infer that x; > 0,
S xi = f(s0) = so < 1, and (16) holds with x,, := 1 — so.
Next, let (x1, ..., X,—1)" € (0, )" landx, := 1—2;1;11 x; > 0be given and

define p; = cM;x;, wherec = 1/(3_"_; M;x;). Then (p1, ..., pp—1)" € (0, )"~
is the unique vector satisfying p, = 1 — Zl’-’;l oi > 0,x; = pi/(cM;) fori =
1,...,n—1,and ¢ = Z?:l pi/M; [12, Lemma 7]. Finally, the result follows by
combining the previous steps. 0O

Lemma 6. Let w € H 1(Q; R”’l). Then there exists a constant Cg > 0, which
only depends on D;j and M;, such that

n
/ Vw : B(w)Vwdz > Cp Z/ |in1/2|2dz,
Q i=1 Y%

@,

where “:” means summation over both matrix indices.

We recall that B(w) = A(p’)h”(p’)~! and h” is the Hessian of the entropy &
defined in (8). Lemma 6 is proved in [12, Lemma 12]. It is shown in [12, Lemma
9] that B is symmetric and positive definite.
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2.2. Solution to an Approximate Problem

LetT >0,M eN,t=T/M,ke{l,...,M},e > 0,and! € Nwith! > d/2.
Then the embedding H! () < L() is compact. Given w*~! € L®(Q; R 1),
we wish to find wf € HI(Q; R"~1) such that

l/(p/(w")—,o/(wk—l)) ~qdz+/ Vq : B(w*)Vw*dz
TJo Q

—i—s/ <ZD°‘ k. D% + wk- q)dz—fr’(xk)~qdz 17
Q

|ee|=I
forallg € H/(Q;R* 1), where r’ = (r1,...,rn—1) ", x¥ = pi(w*)/(cM;), and
o' (w¥) is defined in Lemma 5. Moreover, & = (al, e ad) € NO is a multi-
index of order |a| = aj + -+ +ag = [ and D* = 3l*l/(@z" - 3z7) isa

partial derivative of order /. The regularization with the /th-order derivative terms
is needed since the matrix B is not uniformly positive definite. As p’ is a bounded
function of w, we can apply the boundedness-by-entropy method of [37] or [12,
Section 3.1] to deduce the existence of a weak solution w* € H'(Q; R*~1) to (17).

2.3. Uniform Estimates

The crucial step is to derive some a priori estimates. The idea is to employ the
test function ¢ = w¥ in (17) and to proceed as in the proof of Lemma 14 of [12].
The reaction terms have no influence, as the following lemma shows:

Lemma 7. It holds that
n—1
Pty wh =) e <o
i=1

Proof. Let x = x¥ and w = w* to simplify. We deduce from (16) and total mass
conservation (4) that Zl 1 ti(x) = —ry(x) and

i Z (x) = Zr,(x) X (as)

Xioo M, xzoo
i=1

In view of definition (2) of r; and x o, € &, the last expression becomes

n N
rE)w=Y S (B - e (k4x — kixf)In -

X
i=1 a=1 1o0
ﬁf’ of

n N X
=YY e

i=1a=1

i ioo
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N B ot
= Y k4 — kgxPy I T
— xo xP
a=1 00

“ o kixP
kex — kixP"yIn 25 <0,

a.ed
1 kfx

Il
M=

a

because of the monotonicity of the logarithm. O

Taking into account Lemma 7, the estimations of Section 3.2 in [12] lead to the
discrete entropy inequality

k n k n
fQ h((0))dz +CT Y D IVED Pl +T Y fQ (—ri(x/) - w/)dz

j=1i=1 j=1i=1
k n—1 ) )
+ et ZZ/Q ( > (D*w)* + (w{)2>dz < /Qh((p/)g)dz,
j=1i=1 lor| =1

19)

where (p’ )2 is the vector of strictly positive approximations of the initial vector

(po)’ = (,o?, e, ,0271)T and C > 0 is a generic constant independent of t and ¢.
This shows that

k n
} : J2 } : J2 P

T ”xi ”Hl(Q) +8T ”wl ”HI(Q) < Cv 1= 11 B (B
j=1 j=1

where C > 0 is independent of ¢ and t. From these estimates and the boundedness
of the reaction terms, we infer a uniform bound for the discrete time derivative:

M n—1

T ZZ HT_I(pzk - pffl)Hiﬂ(sz)/ <C

k=1 i=1

These estimates are sufficient to perform the limit ¢ — 0 and t — 0 in (17) as
in Section 3.3 of [12] showing that the limit satisfies (15) and therefore is a global
weak solution to (1)—(2).

Remark 8. (Discrete entropy inequality) Before summing from j =1, ..., k, we
can formulate the discrete entropy inequality (19) as

n—1
Elx*[xoo] + D] + Cet Y wf 12 ) < Elx* ' xocl.

i=1

This estimate is the discrete analogue of (11) and it will be needed in the proof of
part (iii) of Theorem 1; see Section 3.6. O
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3. Convergence to Equilibrium Under Detailed Balance

In this section, we prove parts (ii) and (iii) of Theorem 1. First, we discuss the
conservation laws and the existence of an equilibrium state.

3.1. Conservation Laws

WesetR; =r;/M;, J; = j;/MiandR = (Ry,...,R) ", J=(J1,....d0) 7",
c=(cy,..., cn)T, where we recall that ¢; = p; /M;. Dividing the ith-equation of
(1) by M;, we can reformulate them in vector form as

dc+div] =R. (20)

LetW = (Bf —af) € RN be the Wegscheider matrix and let m = dim ker(W ).
Note that m > 1 since it follows from the conservation of total mass, Z?:l ri(x) =
0, that MTW = 0, i.e., the vector M = (Mq, ..., M,,)T belongs to ker(WT). Let
the row vectors ¢, ...,q,, € R!*" be a basis of the left null space of W, i.e.
q; W =_0fori =1,...,m. Inparticular, qiT S ker(WT). Finally, let Q = (Q;;) €
R™*" be the matrix with rows ¢ ;.

We claim that system (20) (with no-flux boundary conditions) possesses pre-
cisely m linear independent conservation laws.

Lemma 9. (Conservation laws) Let p be a weak solution to (1)—(2) in the sense of
Theorem 4. Then the following conservation laws hold:

Qe(r) =M°, >0,
where MY = QEO is called the initial mass vector and cl(.) = ,olo/Mi, i=1,...,n.

Note that, by changing the sign of the rows of Q if necessary, we can always
choose Q such that M? is positive componentwise.

Proof. We observe that the definitions of Q and r;(x) = M;R;(x) in (2) imply
that QR = 0. Choosing q; = (Qj1,..., Qjn) as a test function in the weak
formulation of (20) and observing that Vg ; = 0, we find that

t n t n t
0;(Qc) jdzds = / / 0rc; Qiidzds = / f R; Q ;;dzds
‘/(; /;2 t J ; 0 o 1t Ji ; 0 o 1 J

t
=/ /(QR)jdzds 0.
0 JQ

/@C(I)dZZ/ Qc%dz, >0,
Q Q

or Q¢(r) = Qe =: M°, where le = ,0? /M; is the initial concentration. 0O

This shows that
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Lemma 10. There exists a row vector £ € RV such that {Q = M " and ¢ M° =
1.

Proof. Since M lies in the kernel of W and the rows of Q form a basis of this
space, we have M € ker(WT) = ran(QT). We infer that there exists a row vector
e R suchthat Q"¢ = M or ¢Q = M. Moreover, by recalling || = 1
and > 1, ,0? = 1in Q,

n n n
1=/ZM&=ZW=ZM#=MW=m?ﬂM%
@izl i=1 i=1
using the definition of M? in Lemma 9. O

3.2. Detailed-Balance Condition

The relative entropy (9) is formally a Lyapunov functional along the trajectories
of (1)-(2) for xoo € £. Note that £ generally is a manifold of detailed-balance
equilibria. To identify uniquely the detailed-balance equilibrium, we need to take
into account the conservation laws. This subsection is concerned with the existence
of a unique positive detailed-balance equilibrium satisfying the conservation laws.

For chemical reaction networks in the context of ordinary differential equations
(ODE), the existence of a unique equilibrium state was proved by HORN AND JACK-
SON [33]; also see [21]. The difficulty in this work lies in the fact that the reactions
are modeled by molar fractions x, while the conservation laws are presented by
concentrations c. Our idea is to enlarge the space R’jr of concentrations (cy, ..., ;)
by adding the total concentration ¢ = >/, ¢; € Ry, which is considered to be
an independent variable, and then to employ the ideas by FEINBERG [21] to the
augmented space R'}f] . To this end, let

®=(w1,...,w541) = (C1,...,Cy, 0), (21

and define the vectors in R"*!

n +
o= (oo (X o) ),
i=1

(22)
n +
W=@ﬂww<2@uwﬁ>
i=1
where y* = max{0, y}. Finally, we write 1, = (1, ..., DT e R"and 1,4, =

(1,...,1)T € R, The main result of this subsection is the following:

Theorem 11. (Existence of aunique detailed-balance equilibrium) Assume that (A2)
holds and let M° e R™Y be an initial mass vector and § € R>™ be a row vector

such that t M® = 1. Then there exists a unique positive detailed-balance equilib-

rium X0 € & satisfying the conservation laws and the normalization condition

(14).
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To prove Theorem 11 we first show the existence of an “equilibrium” in the
augmented space.

Proposition 12. Suppose the assumptions of Theorem 11 hold. Then there exists a
unique @ € ]R’f'l satisfying

‘o =kie", a=1....N, Qu=M" (23)
where @ and M° are defined by

0O — Qo (m+1)x (n+1) 70 _ M° n+l
Q_<1;_1 eR ., M = 0 e R,

Before proving this result, we first show that Theorem 11 follows from Propo-
sition 12.

Proof of Theorem 11. Let @ = (Cicos - - - » Cnoo, Coo) be the equilibrium in the
augmented space constructed in Proposition 12. Define Xjoo = Cico/Coo. We will
prove that x o, is an element of £ and satisfies (14). Indeed, foranya =1, ..., N,
let y@ := Y7 (e — Bf) and assume first that y* > 0. Then

n n

af a a a a

kG | | Cioo = kj0 =k =kj | | cﬁ;ocgo
i=1

i=1

is equivalent to

n
H & Yicief W TTH o DIy B*

b oo~ :k‘blxoo.

The case y* < 0 can be treated in an analogous way. Thus, x» € . It follows
immediately from Qu = 1\70 that Qcoe = MY and Y1 Cico = Coo. The latter
identity implies that Z?:l Xico = 1 due to xjoo = Cico/Coo- Therefore x o, satisfies
(14). O

The aim now is to prove Proposition 12. For this, we introduce the following
definitions:

X = {w ER’_:_-H : k‘;cw"‘(Z =cho”(Z fora = 1,...,N},
X, = {w € R’:rl . Qo = MO}.

We argue that X; and X» are not empty. Indeed, due to (A2), there exists X, € £.

Fix any wp+1,00 € (0, 00) and define wjso = XicoWn+1,00 foralli =1,...,n. We
obtain immediately oo = (Wicos - - - » Wn+1,00) € X1. Concerning X», we see that
there exists @’ = (w1, ..., w,) € R} such that Q@' = M since rank (Q) = m <

n. By defining w,+1 = Y /_, w;, we infer that ® = (&', wy+1) € X2.
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Lemma 13. Let M° € R" and ¢ € R™" with ¢ M° = 1, let oo € X1 and
p € Xy. Then the following statements are equivalent:

o There exists a unique vector w € X1 N X.
e There exists a unique vector ¢* € span{qlT, cees ql} (q; is the ith row of Q)
and a unique number 7,41 € R such that

w’ooe“’* — e+l p’ e ker Q, (e“’*wgo, 1,) = Wnt1.00- (24)
Here, we denote p’ = (py, ..., p,) and wgoe“’* equals the vector with compo-
nents w;o0e¥ ,i =1, ..., n. Observe that span{qlT, R q;,';} = ran(QT).

Proof. We first claim that

re*
X| = {w eRY: 37,11 €R, ¢* eran(Q) such that @ = e+ <w°°e ) }
Wn+1,00

Indeed, w € X holds if and only if w;Z"‘“ = k‘}/kz = "'~ Taking the
logarithm componentwise, this becomes

(log wso, v — u?) = (logw, v — %), a=1,...,N.

This means that ¢ := log(®w/®w~) = logw — logws, € ker{v? — pu},—;
definition of u* and v, we know that

ker{(v* — u“}az1,..v =span{(q{. 0", ..., (g,. 0", L1}

Thus, there exist numbers zy, ..., Z;+1 € R such that
m T *
_ (4 1 _ (9 + Zm+11y
¢—;Zz (0>+zm+1 n+1 ( Zmil ,
1=

where ¢* = 3" | z;q, € ran(Q"). It follows from the definition of ¢ that

O —exp ((0* + zm+11n> _ gimt (e“’ ) _
Woo Im+1 1

We conclude that ® € X if and only if

@ "
© = WopemH! ¢ — oimtl [ @Poo® ’
1 Wp+1,00

and this proves the claim.
Next, fixing p € X», it holds that ® € X if and only if

5 _(Q o @ —p'
Qeo-p = (LT —1) (wn+1 - Pn+1>

< Q@' - p) >
(1,,0" = p') — (Wnt1 — Pus1) )

0
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Consequently, in view of the preceding claim, we have w € X| N X3 if and only if

Q(eZerlw/ooe‘P* —p) >

*
(1,, eZerlw:)oe(P - P,) - (eZmHa)n-',-l,oo - pn+l)

0=@(w—p)=<

The first n rows mean that @/ e?* — e~ “+1 p’ € ker Q. Since p € X, and conse-
quently p,+1 = Y1, pi = (1,, p’), the last row simplifies to

*
0 = el (<e¢ (x):x), 1n> — a)nH,oo).

This shows (24) and ends the proof. O

We need one more lemma.

Lemma 14. [21, Proposition B.1] Let U be a linear subspace of R" and a =
(ai,...,an), b= (b1, ..., by) € R There exists a unique element . = (uy, . . .,
Un) € U~ such that

ae —b e U,
where ae* = (a1e!, ..., a,etn).

Proof of Proposition 12. Step I: Existence. First, fixing @ € X1 and p € X3,
we claim that there exist z,4+1 € R and ¢* € ran(Q") such that (24) holds. We
apply Lemma 14 with U = kerQ, a = w/,, and b = e *n+l p/, yielding the
existence of a unique vector ¢*(z,41) € U 1= ran(QT) such that

wgoefl’*(zmﬂ) — et p’ e ker Q. (25)

It remains to show the sei:or*ld equation in (24), i.e. to show that there exists a number
241 € R such that (e? (Zm+1)a)go, 1,) = @y+1,00- Then we set 9* 1= @* (25, ),
and (25) yields the first equation in (24).

We know that M € span{qi'—, cey q;}. Then (25) implies that
<w/ e? @m+1) _ e~ pl, M> -0 or (w/ooe‘ﬂ*(lmﬂ)’ M) =e "t (p', M) > 0.

oo

‘We deduce that
lim (@ e? @) My =0, lim (@ e? @) M) = oco.
Zm+l‘>+00( > ) Zm+1*>*00< o )

Moreover, since

1

(@ ew*(1m+l)’ M) < (@ e‘/’*(zm+l)’ 1,) < (@' ¢*(Zm+l), M),

e
Mmax o o Mmin o
it holds that
lim (@ e? Gm+D) 1,) =0, lim (@ e? @D 1) = co.
Zm+l—>+00( o ) an+]—>_00< ° ")

By continuity, there exists zj, | € R such that <e‘/’*<zf2+1>wgo, 1,) = ®pt1.00-
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Step 2: Uniqueness. Assume that there exist (¢,7) and (@, Z7) with @, ¢ €
ran(QT7) and Z, 7 € R such that

we? —e 7 p', we? —e T p ekerQ, (26)
(@We?, 1) = Ontl1.00 = (@i e?, 1,,). 27
From (26) it follows that
Fwle? — ol e? ckerQ.
We infer from @ — @ € ran(Q") = span{q/, ..., ¢q,,} that
0=(cfw, e? —efwye?, 9 — (ﬁ)
= Wi (e? =€), @ — @) + (€ — ) we. o — @) = | + .

Hence, we have I, = —1I; and because of

n
I=¢") " wioo(e? — %)@ — i) =0,
i=1
it holds that I, = —1I; < 0.
Now, if 7 = Z, Lemma 14 shows that ¢ = @, and the proof is finished. Thus,
let us assume, without loss of generality, that 7 > Z. Then the definition and
nonpositivity of I imply that

(©e?. 8 —§) < 0. (28)

Consider the function f : R" — R, f(@) = Y "'_, wicce?. Then D f (¢) = w/ e?
and D? f (@) = diag(w;jeoe?)i=1....n and so, f is strictly convex. Hence, by (27),

.....

(0?9 —0)=(Df@).9—0) > f@) — (9

= (wéoea, 1,) - <w£>oe¢, 1,) =0.

We deduce from this identity and (28) that (wgoea, @ — @) = 0 and consequently,
I, = 0and I} = —I; = 0. By the monotonicity of the exponential function, we
infer that ¢ = @. Then, taking the difference of the two vectors in (26), we have
(e % — e‘z)p’ € ker Q. Since 7 # Z, this shows that p’ € ker Q and therefore
Qp’ = 0 contradicting the fact that p € X, and in particular Qp’ = M° # 0.

Thus, Z and Z must coincide, and uniqueness holds. O

Remark 15. (Boundary equilibria and Global Attractor Conjecture) Besides the
unique positive detailed-balance equilibrium obtained in Theorem 11, there might
exist (possibly infinitely many) boundary equilibria x* € 9€. The convergence of
solutions to reaction systems towards the positive equilibrium under the presence of
boundary equilibria is a subtle problem, even in the ODE setting. The main reason
for there is that if a trajectory converges to a boundary equilibrium, the entropy
production D[x] vanishes while the relative entropy E[x|x..] remains positive,
which means that the entropy-production inequality (13) is not true in general.



1078 ESTHER S. DAUS, ANSGAR JUNGEL & BAao Quoc TANG

However, it is conjectured, still in the ODE setting, that the positive detailed-balance
equilibrium is the only attracting point despite the presence of boundary equilibria.
This is called the Global Attractor Conjecture, and it is considered as one of the
most important problems in chemical reaction network theory; see, e.g., [1,28] for
partial answers. Recently, a full proof of this conjecture in the ODE setting has
been proposed in [16], but the result is still under verification; see also [18,25] for
reaction—diffusion systems possessing boundary equilibria. O

3.3. Preliminary Estimates for the Entropy and Entropy Production

We derive some estimates for the relative entropy (9) and the entropy production
(12) from below and above. In what follows, let p1,..., 0, : 2 — [0, 00) be
integrable functions such that Z?zl pi =linQandsetc; = p;j/M; andx; = c;/c
fori =1, ..., n. We assume that the functions have the same regularity as the weak
solutions from Theorem 4. For later reference, we note the following inequalities,
which give bounds on the total concentration only depending on the molar masses:

C—Z Pi

max mm

in Q, (29)

where Mpax = max;=1, ., M; and My, = min;=,__, M;. Moreover, given the
unique equilibrium x , according to Theorem 11, we observe that Z?:l Pico/Mi =
Y| Cico = Coo 2 r—1 Xioo = Coo, and consequently,

1 1

X Coo X

Minax Miin

(30)

Lemma 16. There exists a constant C > 0, only depending on Mpin, Mmax, and
X 0o, Such that

Elx|xec] < Z(/ (7 _) dz + ("2 - 12)? )

Proof. Weuse )/, xi = Y | Xico = 1 to reformulate the relative entropy

n
E[x|Xs0] :Z/ c(x,- lnxx—l — X; —{—xioo)dz
= /e i

100

—Z/cx,oo —l ———+1 dz.
Xioo Xioo

The function ®(y) = (yIny—y+1)/(y'/> —1)? is continuous and nondecreasing
on R . Therefore, using (29),
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X )2 2
E[x|X0o] = Z/cxlm¢(xloo)<<x1w) —1) dz

1 n
S — xing)2dz < C d
Min ; (xloo)xzoo / (x; Xzoo) Z < Z/(xz xlOO) 4

€1y

for some constant C > 0 only depending on M, and X .

It remains to formulate the square on the right-hand side in terms of the partial
concentrations. To this end, we set fi(c) = ¢;/c for ¢ = (c1,...,¢p) and ¢ =
Z?: | ¢j- By definition of the molar fractions x; and x;~, we have x; = fi(c) and
Xico = fi(€xo). The estimates

‘ dfi dfi

( )‘ MmaXa ’acj

1
( oo)‘ - g Mmax
Coo

imply that, for some & on the line between ¢ and ¢,

o
/ (5t — Xino)dz = / (fi(€) — filea) dz—Z / (i@)) (cj — ¢joo)dz
maxZ/ 1/2 1/2 (C;'/z _C;g)zdz

12 12
max< 1/2) Z/ / / dz

mm i=1

CZ/ 12 _ 1/2 dz.

and C > 0 depends only on Mpin, Mmax, and Xo. Combining this estimate with
(31) leads to (here, we use that || = 1)

Elx|xo0] < CZ/ (e} = i)z
<23 ( [ (Yo (7 k2

<2CZ</ ( 2 )dz+2( 12 ‘/2) 2 - 1£)2>. (32)

We wish to estimate the second term. The Cauchy—Schwarz inequality gives that

1/ 2 1 , and hence

— 2 —7\ 2 -7
(C;/z _ C—il/z) — (cil/2> to— zcl}/zc_il/z

2 — —5\2
(cl.l 2) +ci — 2ctl l/ / (cl.l/2 — cl.l/z) dz.
Q

N
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Putting this into (32), it follows that

E[x|x0] < 2CZ< /(1/2 -1/2)2dz+2(7,~1/2 ll£)>7

and we conclude the proof. 0O

Lemma 17. There exists a constant C > 0, only depending on Muin and Mpax,
such that

ey
[Z/|Vc1/22dz+f|Vc1/22dz+Z/ (k42— kgxP") In kf; ﬂad:|.

Proof. Lemma 6 shows that the first term in D[x] can be estimated from below:

n
/ Vw : B(w)Vwdz > Cp Z/ |Vx,~l/2|2d2'
Q =17

We claim that we can relate Z?:l |Vx,.1/2|2 and |Vc!/2|%. For this, we proceed
as in [12, p. 494]. We infer from the definition x; = c¢;/c that ¢ Z:‘l:l Mix; =
Yo'y Mici = Y_!_, pi = 1. Therefore, inserting ¢ = 1/ Y_"_; M;x; and using the
Cauchy—-Schwarz inequality,

1 1=, MV, |? 2
Vel 2P = Ve = — 2;11_1 VX ix_l/2vx_1/2
4¢ de| Q0 Mix;)? ! !
nC3ZM2xl|V 1/2 \ max Z'V 1/2 (33)
i=1 mm i=1
where we used ¢ < 1/ M (see (29)). Similarly, employing (33),
n n
Ve PR =Y Ve <2Zx |Vel/2)2 +22c|w‘/2|
i=1 i=1 i=1 i=1
n n
=2/Ve 22+ 2¢ 3 (v PR <0 v PP (34)
i=1 i=1

where C > 0depends only on My and Mp,x. Adding (33) and (34) and integrating
over 2 then shows that, for another constant C > 0,

n n
Z/ V! 2 > C<Z/ |vc}/2|2dz+/ |Vc‘/2|2dz>.
i=1 Y% i=1 Y8 £

The lemma then follows from definition (12) of D[x]. O

Lemma 18. There exists a constant Ccgp > 0, only depending on My, such that

n
Elx|xo0] > Coxp ) % = Xiooll} 1 -
i=1
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Proof. The estimate is a consequence of the Csiszar—Kullback—Pinsker inequality.
Since we are interested in the constant, we provide the (short) proof. We recall that
1/Mpnax < ¢ < 1/Mpiy. Arguing as in (31) and using ®(y) > 1 fory € R, we
obtain

Xioo Xioco

o\ 12 2
—Z/ ono(52 )((r’) 1)
3 [ e

Then, by the Cauchy—Schwarz inequality and the bounds x; < 1, xjs0 < 1,

1/2 2
(i)
_ 1 </ |xi — xm|dz)2

Minax i Q x.l/2 + x1/2

> dz ) .
4Mmax i=1 (/ |xl xIOO| Z)

This finishes the proof. O

Elx|x00] = Z/cx,oo<—l ———+1>dz

E[x|xx] =

3.4. The Case of Equal Homogeneities

The aim of this and the following subsection is the proof of the functional
inequality D[x] > AE[x|x] for some A > 0. For this, we will distinguish two
cases, the case which we call equal homogeneities,

n n
Z%‘:Zﬂf foralla=1,..., N, (35
i= i=1

and the case of unequal homogeneities, for which exists a € {1, ..., N} such that

n n
Do # ) B (36)
i=1 i=1
This subsection is concerned with the first case.

Proposition 19. (Entropy entropy-production inequality; case of equal homogeneities)
Fix M° € R such that EMO = 1. Let x o be the equilibrium constructed in The-
orem 11. Assume that (35) holds and system (1)—(2) has no boundary equilibria.
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Then there exists a constant ). > 0, which is constructive up to a finite-dimensional
inequality, such that

D[x] = AE[x|x ]

for all functions x : Q — R having the same regularity as the corresponding
solutions in Theorem 4, and satisfying Q¢ = M°.

Proof. We use Lemma 16 and the Poincaré inequality to obtain
12 12)\? — 1/2\2
sttt < €3 ( f (o -7 o @2 i)

| e (2)" )

Next, we take into account estimate [25, formula (11)] and [25, Lemma 2.7]:

. 12,2 c e\ ¢ \/?
E[x|xOo]<C;/Q|Vci |dz+E;{< _> _( _> }

Coo Coo

a .o

n N
a a k c
SCE:/Q|VCZ.]/2|2dz+C§ (k9™ —kgcP )mkaf—cﬂa, (37)
i=1 a=1 b

where H; > 0 is the constant in the finite-dimensional inequality (11) of [25].
Observe that we can apply the results [25] since Q¢ = M is satisfied; see Lemma 9.

We claim that the last term is smaller or equal D[x]. Indeed, inserting the
expression x; = ¢;/c in the last term of the entropy production (12) and employing
assumption (35), it follows that

ZN g Z b 5
a a
1/Q(kfx kbx )ln ﬂ“ dz = / o e — kfc —kbc )In chﬂa
a=

k c"‘a
a

CZ/M“ kﬂm o5

dz

(38)

where we used in the last step Mpyin < 1/¢ < Mmax. By Lemma 17, this shows
that

a ot

n N k c
Dlx] >CZ/ |Vci1/2|2dz+c2f(k;.c —kfeP'yIn a ﬂad :
i=17% a=1"%

and combining this estimate with (37) concludes the proof. O
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3.5. The Case of Unequal Homogeneities

In this subsection, we consider the case (36) of unequal homogeneities. Since
we cannot replace x easily by c as in (38), the estimates are much more involved
than in the case of equal homogeneities. Similar as to Section 3.2, our idea is to
introduce ¢ as a new variable and to lift the problem from the n variables cy, .. ., ¢,
to the n + 1 variables ¢y, ..., ¢;, c. Then D[x] is represented by n + 1 variables
€1, ..., cn, c under the conservation laws Q¢ = MY and the additional constraint
c=>1,ci andthusc =Y ", ¢;. We employ the notation (21) and (22).

First, let y¢ := Y7 (e — B¢) and assume that y* > 0. With the definitions

xi =cifc,w; =cifori =1,...,n,and w,4] = ¢, we compute
N kaxcc“
a ot ﬂ
§_ /Q(kfx yin ﬂad

N n ) alf’ n ) ﬂl“ k¢ 1_[" (C'/C)al"l
_ Ci Ci f =1\t
—zﬁj;n(ﬁ 1) e,
a=1 i=1 i=1

ki Tl (i /o)
N a 1N
1 kG Lz ¢
=Z/—77(IP-%MITQ AT,
— /@ e i=1 kper' Ty el

kLot

f
_Z/ S w”’ — k" )ln kngadz

e k?w”a
>C/ (k9 G —kpo' )ln Ko dz,

where C > 0 depends on Mp,«. In the case y* < 0, we argue in the same way,
leading to

N a
Z/Q(kf;x“ — kixP )ln
a=1

k?w"a

(K4o"" — k") In d
Z ch 1ﬁa f be") kl‘;w"a

a,  p? a, v kﬂ}wﬂ
>C ko —ki@" )In —1+rd
./Q ( f he") kgw"“ ¢

Consequently, taking into account Lemma 17, we find that

n+1 12s k? wu“
Dlx] > Dlw] := czf Vo, | dz+CZ/ (k9" — k") In N i &
i=1
(39)
We need to determine the conservation laws for @. We write1 = (1,...,1)" €
Rn+l.
Lemma 20. Assume that Qc = M 0 Then® = (c1, ..., cn, C) satisfies the conser-

vation laws

MO

Q® =
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where @ and M° are defined by

. N 0
Q — (% _01> c R(m+l)><(n+l)’ MO — (Z‘g ) c Rn-’rl‘ (40)
Proof. The result follows from a direct computation:
w1
W= (1) o |~ (0= (V)
W = . = . | = N

Q <1 —1 o Yl ¢—c 0

Wn+1

since it holds thatc = Y ', ¢. O

Lemma 21. There exists a constant C > 0, depending on , n, N, k%, kj} (a =
1,...,N), and M; (i =1, ...,n), such that ‘

N
Blol> ¢y (&'Va" — ' va" )’

a=1

or all measurable functions @ : 2 — R ! such that DI(!) is nite, with DI(!)
+

A similar but slightly simpler result for reaction—diffusion systems is proved
in [25, Lemma 2.7]. The proof of this lemma is lengthy and therefore shifted to 6.
We remark that the validity of this lemma applies to all measurable functions with
Dlw] < +00.

Lemma 22. Assume that (1)—(2) possesses no boundary equilibria. Fix M 0¢ R%
such that ¢ M® = 1. Then there exists a nonconstructive constant C > 0 such that
forall w € Rff“] satisfying Qw = M’ it holds that

N ) )
Z ((k?)l/z\/ﬁ" - (k;;)l/z\/%v )2 S Z (671_1/2 B w1/2)2’ @)

ioco
a=1 i=1

where w is constructed in Proposition 12.

Remark 23. We mark that this lemma is proved for any vector ® € R'J’FH satisfying
the conservation laws. It does not use any analytical properties of solutions to (1)—
(2). The notation @ is a bit abusive, since we later apply this lemma to the average
®, where w is constructed from solutions to (1)-(2).

Remark 24. While all the constants before and after this lemma are constructive,
this is not the case for the constant in Lemma 22, since the lemma is proved by using
a contradiction argument. Still, inequality (41) is finite-dimensional. Therefore,
in the general case, the rate of convergence to equilibrium to system (1)—(2) is
constructive up to the finite-dimensional inequality (41). We present in Section 4 an
example for which (41) can be proved with a constructive (even explicit) constant,
which consequently leads to a constructive rate of convergence to equilibrium
for (1)-(2). O
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Proof of Lemma 22. We first show that @ is bounded. Indeed, we infer from @5 =
M° that Q@' = M°. Thus, 1 = ¢M° = ¢Q® = Y/, M;w;. Hence, @7 < 1/Min
and consequently w, 11 = Y 1 @; < 1n/Mpin.

We will now prove that

’ Zzl/zv:l ((k?)lﬂﬁﬂ‘a 3 (kz)l/zﬁwz)z
A= inf > 0.

— +1.5—_ 130 n+l —172 1/2\2
weRT:Qu=M Zi:l (a)l / wioo)

It is obvious that A > 0. Since the denominator is bounded from above, A = 0
can occur only if the nominator approaches zero. In view of Proposition 12 and
the fact that the system is assumed to have no boundary equilibria, the nominator
can converge to zero only when @ — . Therefore, A = 0 is only possible if
8 = 0, where 4 is the linearized version of A defined in Lemma 25 below. Setting
Ni = W; — Wjc0, Lemma 25 shows that § = 0 if and only if

1 2
0= liminf Sl Koo { i (uf = vimio L)

~ ~0 _ n+l1 2 —1
Qw=M", o> wx Zl 11 @i

Since the nominator and denominator have the same homogeneity, the limit inferior
remains unchanged if = (11, ..., 7y+1) has unit length, ||5||g.+1 = 1 (using the
Euclidean norm). We infer from @6 =M 0 _ @woo that @n = 0. Hence, we
have § = 0 if and only if there exists a vector 5 € R+ satisfying I lgn+1 = 1,
Qn =0, and

n+1
Z(Mz —v“)——O foralla=1,...,N.
The last identity implies that the vector §/@e0 = (11/®100s - - - r)n+1/a),,+1,oo)T

belongs to the kernel of PT, where
B (o =)L,y RO,

Since the rows of Q form a basis of the Wegscheider matrix W = (8¢ —a%) =1,
and taking into account definition (22) of u% and v“, we see that the columns of

the matrix
T
* L Q ln
o= (5 7)

form a basis of ker(PT). We deduce that there exists p € R"*! such that §/@s =
Q*p or, equivalently, n = DQ*p, where D = diag(wico, - - -, Wn+1,00). Hence,
because of @n = 0, we obtain @ID)Q* p = 0. The idea is now to prove that p = 0,
which implies that n = DQ*p = 0, contradicting ||p[lgs+1 = 1.
We claim that the matrix QDQ* is invertible. Indeed, setting A, = diag(w]co,
., Wnoo), WE compute

«_(Q 0 0 Q' 1) _ (QALQT QA1
e = < —1) < 0 w,,Hm) < 0 1) - (ITAOOQT 1TAL1 —wn+1,oo)'
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Since 1T Axo1 = Z?:l Wico = Wp+1,00 (see Proposition 12), it follows that

~ AsQT QA1
apQ =(??AOO%TQO )

We claim that the matrix QA,,Q " is regular. Since Q has full rank, so is Q ', and
we infer for all £ € R that

(£, QAQTE) = (£, QALPAL QTE) = (ALQTE, ALPQTE) > 0

with equality if and only if & = 0. Hence, QA,,Q" is regular. Together with the
rule on the determinant of block matrices, this shows that

det(QDQ*) = det(QAxQ ") det [0 — (1T AQ ) (QAQ ") QA D]

As we already know that det(QA,QT") # 0, it remains to verify that the second
factor does not vanish. As the expression in the brackets [- - - ] is a number, we need
to show that

(1TAQ N (QALQT) ' (QAxD) #0. (42)

The diagonal matrix A, € R"*" has strictly positive diagonal elements. Therefore,
(42) is equivalent to

ATALAH W (@aYH AL QN) T @adhHaTalhT #o.

We abbreviate the left-hand side by introducing z = 1TAY? € RI*" and X =
Aléz(@—r € R"™ ™ Then (42) becomes
XXX £0.

Since X is not a square matrix, we cannot invert it, but we may consider its Moore-
Penrose generalized inverse XT; see [45] or [49, Section 11.5] for a definition and
properties. We compute

XEXTXTIXTT = 2XXTX)TX Tz [49, page 218]
=zXX'(XT)XTz"  [45, Lemma 1.5]
=XXTXNHTXTz"T  [49, Prop. 11.5]
=zxxHxxhHTzT  [45, Lemma 1.5]
= 1XXH) T2 7[R

Consequently, (42) holds if and only if (XX")TzT # 0orz” ¢ ker(XXH)T).
Now, it holds that

ker (XXM T) = ker (X)) TXT) = ker (X)TXT) = ker(X"),

where the last step follows from [49, page 219]. We infer that z' ¢ ker((XXH)T)
if and only if Alézl =z ¢ker(X") = ker(QAcl,éz), which is equivalent to

0 # QALY (AY1) = QAnl = Qul,,
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and this property holds true since Qw,, = M 0 £ 0. This proves that (42) holds.
As mentioned before, this implies that p = 0 and consequently n = 0, which
contradicts the fact that  has unit length. We conclude that § > 0 (defined in
Lemma 25) and 1 > 0, finishing the proof. O

We now provide the technical computations needed in Lemma 22.

Lemma 25. Let ws, be a positive detailed-balance equilibrium constructed in
Proposition 12. It holds that

R [ N

8= lim inf
@5=1\70,6—>w9@ Z;H_ll (_‘1/2 — a)-l/z)2
2
1 . Z k?‘ {Zn—H(/L, - "'a)(a)l - wzoo)w,oo}
= - lim inf — .
2 @a:ﬁo,a»ww Z (wz - wzoo)2

Proof. We denote by

D\(@) = Z((ka 1/2fﬂ (k%) 12./5" )

a=1
n+l1

D@ =Y (@' - L)

i=1

the nominator and denominator of the definition of &, respectively. We linearize
both expressions around @, as follows:

D;(®w) = Di(wx) + VD (W) - (@ — Woo)

43
+ %(a — 000) " V2D (000) (@ — 000) + 0(|® — 0o ). )

Since @, is a detailed-balance equilibrium, it holds that (k?)l/ 24/(0001” =

(k)12 Joo” foralla = 1, ..., N,implying that D (o) = 0 and VD (@eo) =
0.Let §; = 3/dw;. Then

3;9; D1 (@)

N . . ) a
=Z{3j3i((k7«)”2¢5" — )2V )((k;.)l/Z@ﬂ _(kz)l/zﬁv)
=1

+8i((k(}')1/2\/5ﬂ — (k) 1/2«/_) ((k“ )12y (kg)1/2\/5“”>}.
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The first term vanishes for ® = wo, and for the second term we compute

o (kNG — 4 VG

n+1 n+1
= (k?)mai Hw—kuZ/Z — (k)2 Hw_k”’?/z
k=1 k=1
+1 +1
_ a2 ] 1 —ul/2 _ a 1/2 Vi
= (k%) 5o L@k k (kp) 1_[

L k=1 =1

| e —
=%((k;)1/2p,?\/5" O RAN )
1

Evaluating this expression at@ = woc and using (k%) 12 Jo ™ = (SORENI v
it follows that

a a 1
o (W) 2VE" - AVE )| MLV Gy k.
W=Woo 2 [15%)

Consequently,

N a a

1 a 4 — v ps =g

3'3‘D1(w )=_§ :ka ne i Vi J /’
I o 4a1 Wijoo Wijoo

and the quadratic term in the Taylor expansion becomes at the point @,

1 1 nt! ué —é 2
5@ = 000) V2 Di(000) @ — 0o0) = g ) Kol (Z el (T wl-oo)> :
a=1

i
i=1 o0

Similarly, D2 (@o0) = 0, VD2 (wx) = 0, and

L@ - 000) V2 Da(000) @ — @ )—-ri—(w’ Gico)”
2 oo 2\(Woo [e¢] 4 v Do .

We insert these expressions into (43) and compute D (®)/D>(®). The limit @ —
®co such that @5 — M" then gives the conclusion. O

We are ready to prove the main result of this subsection.

Proposition 26. (Entropy entropy-production inequality; unequal homogeneities)
Fix M° ¢ RY such that EM° = 1. Let xo be the equilibrium constructed in
Theorem 11. Assume that (36) holds and system (1)—(2) has no boundary equilibria.
Then there exists a constant ). > 0, which is constructive up to a finite-dimensional
inequality (in the sense of Remark 24), such that

D[x] > AE[x|x ]

for all functions x : Q — R\ having the same regularity as the corresponding
solutions in Theorem 4 and satisfying Q¢ = M°.
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Proof. Lemma 16 shows that

Elx|xs0] < C2</<1/2 1/2)d1+(_1/2 iff)z)' 49

The first sum is controlled by D[x] using Lemma 17 and the Poincaré inequality
(with constant Cp > 0):

n n _
pix1> 3 [ 1vel > €3 [ (el - e
i=1 i=1

The second sum on the right-hand side is estimated by combining estimate (39),
Lemmas 21, and 22:

n+1

Dlx] > C Z (a)—il/Z 1/2 CZ &2 1/2
i=1

Adding the previous two inequalities and using (44) then concludes the proof. 0O

3.6. Proof of Theorem 1

The starting point is the discrete entropy inequality (see Remark 8):

n—1
Elx"|xoc] + T + Cet Y w7 q) < El¥*xacl.
i=1

Using the entropy-production inequality from Propositions 19 or 26, this becomes
Elx*xc] < (1 4+20) T Elx*xoc]
and, by induction,
ElxFx00] < A+ A1) FE 1x00] = (1 + 20 TTE[x x50 ].
Performing the limit t — O or, equivalently, k — 0o, we find that
ELx(T)|xoo] < liminf Elx*x00] < e T E[x%x 5o .

Clearly, this inequality also holds for ¢ € (0, T') instead of 7. Then, by the Csiszar—
Kullback—Pinsker inequality in Lemma 18, with constant Ccgp > 0,

—At

3 o) - N /Q h(p'(0))dz.

i=1

As x; is bounded in L*°(0, oo; L*(£2)), we derive the convergence in L” for
1 < p < oo from an interpolation argument

n n
1-1 1
Y1) = Xicollr@) < Y I () = Fiooll (e 10 () = Xioo

< CeMC@P 45,

which concludes the proof.
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4. Example: A Specific Reaction

As mentioned in Remark 24, the rate of convergence to equilibrium is generally
not constructive since the finite-dimensional inequality (41) is proved by a noncon-
structive contradiction argument. The derivation of a constructive constant for this
inequality seems to be a challenging problem, which goes beyond the scope of this
paper. In this section, we show that, potentially in any specific system, the finite-
dimensional inequality (41) can be proved in a constructive way and thus gives the
exponential decay with constructive constant. More specifically, we consider the
single reversible reaction

AL+ Ay = Aj.
We assume for simplicity that the forward and backward reaction constants equal
one. Furthermore, |2| = 1. The corresponding system reads as
dp1 +div j =ri(x) = —Mi(xix2 — x3),
0rp2 +div jo, = ra(x) = —Ma(x1x2 — x3),
0 p3 +div j3 = r3(x) = +Mz(x1x2 — x3). (45)

‘We conclude from total mass conservation r; + ro +r3 = 0, that M; + My = M3.
There are two (formal) conservation laws. The first one follows from

d ! pir(t)  p3@)\
E/S;(Cl(t)‘f‘c?:(t))dZ— m Q( M + M )dZ—O,

leading to
) + () = Miz == ¢ + ¢,
where ? = p_?/ M; = fQ p?dz/ M;. The second conservation law reads as

(1) +T3(t) = Moz i= ) + 3.

101
Q=<011>’

and we can choose { = (Mj, M>) since the conservation of total mass, M +
M, = Ms, gives ¢Q = (M, My, M3) = M. The initial mass vector M? =
(M3, M23)T satisfies ;Mo = M| M3 + M>M>3 = 1. It is not difficult to check
that the system is detailed balanced and possesses no boundary equilibria, and thus,
for any fixed masses M3 > 0, M»3 > 0, there exists a unique positive detailed-
balance equilibrium X oo = (X100, X200, X300) | € (0, 1)3 satisfying

The matrix QQ in this case is

XlooX200 = X300s  Xloo + X200 + X300 = 1, (46)
Cloo + C3c0 = M13, €200 + C300 = M>3,

where Cioo = CooXico and coo = (M X100 + MpX200 + M3x300)’1. ‘We claim that
we can prove Lemma 22 with a constructive constant. More precisely, we show the
following result:
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Lemma 27. There exists a constructive constant Cy > 0, only depending on cjx
and the upper bounds of ¢; (i = 1,2, 3), such that

(Varvea - Vave) = i — Veino) @7)

for all nonnegative numbers ¢; and ¢ satisfying

Cl+¢3=M3=Cleo t+ 30>
2+ 63 = M3 = €200 t+ C300s
cl+c+c=c. (48)
Proof. We introduce new variables w1, ua, u3, n € [—1, 00) by
T = cioo(1 + pi)? fori=1,2,3, ¢=co(l+n)

recalling that coo = €100 + €200 + C300- The uniform bounds for ¢; show that there
exists a constant ;tmax > Osuchthat |i;| < max fori = 1, 2, 3. Then the left-hand
side of (47) can be formulated as

(VavE = Vave) = (ef2ei20 + 0 + p2) — LA+ ua 1 + )’
= 1000200 (1 + ) (1 + p12) = (14 p3) (1 + )7,

where we have used ¢jooC200 = xlooxzoocgo = )C3oocgQ = (300Co0, Which follows
from Xjoo = Cico/Coo and the first equation in (46). Furthermore, the right-hand
side of (47) is estimated from above by

3
3 (VE - vas) Zcmu, <, max. C,OOZM,.

i=1

Therefore, it remains to prove the inequality

(14 p) 1+ @) — A+ +m)° =Y u? (49)

for some constructive constant C* > 0.
In terms of the new variables u;, the conservation laws in (48) can be written

as
Cloo(i] + 211) + C300(13 +213) =0, 50)
Co00 (145 + 2142) + €300 (13 + 2013) = 0.
Together with the last equation in (48), we obtain
Cloo(M] +21) = €200 (13 +202) = oo +21). (51)

Since u; > —1 and n > —1, we deduce from (50) and (51) that @, w2, and n
always have the same sign and w3 has the opposite sign. We consider therefore two
cases.



1092 ESTHER S. DAUS, ANSGAR JUNGEL & BAao Quoc TANG

Case 1: 1, 2, n = 0and puz < 0. Since r)2+217 > 0and coo = Cloo + €200 +
C300, 1t follows from (51) that

Cloo(1t3 4 201) = coo(* +21) = cloo(n® + 21)

and hence u; > n (as z —~ 22 +2z1s increasing on [—1, 00)). Similarly, we find
that up > n. Therefore,

A+ pD+p2) = A+ p3)A+n) = (1 —n) + p2 + pipz + (—u3) + (—p3)n > 0.
Taking the square of this equation, it follows that

(14 1)+ ) — A+ )4+ 1) = (1 — ) + 2 + (—p3))
(

>
> (w1 — 02+ 13+ (—p3)? =k +

Exchanging the roles of 11 and w7, we find that
2
(A4 D+ p2) = A+ p3) A+ 1) > i + pi.

Adding these inequalities, we have proved (49) with C* = %
Case 2: 1, n2, n < 0 and uz > 0. Because of n2 + 2n < 0, we have

Cloo(i] + 211) = coo(n” + 21) < Cloo(7” + 21),
which yields p; < 5. Similarly, uy < 7. A similar argument as in case 1 leads to
I+ wp3)d+n) — A+ p)d+p2) =pu3(l+n) + (0 — w) + (—p2)d + @) 2 0.
Hence, taking the square,

(131 +) + (7 — 1) + (=) (1 + 1))’
131+ (52)

((1+ 1)+ p2) = (4 u3) (1 +m)°

AVARR\Y

We deduce from (51) that

Coo(1 +1)? = oo + Coo(n? +21)) = Coo + Cloo(it] + 2711)
= Ca00 + C300 + Cloo(1 + 11)2.

Consequently, (1 + 17)? > (200 + €300)/Coo and (52) becomes

(14 (14 p2) — (14 )1+ ) > %"Cﬂué (53)

o]

We infer from c¢300 (/L% +2u3) = —cloo(u% + 2u1) (see (50)) that

Cloo(1 +2) 1

= () = ————(—p1) =0,
C300(3 +2) C300 (Mmax + 2)

where (max = max;=1,2,3 i;. Taking the square gives

2 C% 2
o0

U3 = U],

3o (Wmax +2)2
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and similarly,

2 C%
U3 > e, R
3o (Wmax +2)2

We employ these bounds in (53) to obtain

2
MUy

(4 1)+ 12) = (L4 u3)(L+0)° = C* 3 + 13 + 13),

where
I . |cao+ 300 C% C% 2
C* = —min . x 53 x SH (-
3 Coo 300 (Mmax +2)* €35 (Umax + 2)

This proves (49) and completes the proof. O

5. Convergence to Equilibrium for Complex-Balance Systems

One of the main assumptions of this paper is the detailed-balance condition
(5). This condition was used extensively in the thermodynamic community and it
leads to a natural entropy functional that is the core tool for the global existence
analysis and the large-time asymptotics. However, the detailed-balance condition
requires that the reaction system is reversible which is quite restrictive. In chemical
reaction network theory, it is well known that there exists a much larger class of
reaction systems, namely so-called complex-balance systems which also exhibits
an entropy structure; see, e.g., [18,23,25] for reaction—diffusion systems. In this
section, we show that the global existence and large-time behavior results can be
extended to systems satisfying the complex-balance condition. We only highlight
the differences of the proofs and present full proofs only when necessary:

Consider n constituents A; reacting in the following N reactions,

ka
YiaA1+ -+ YnaAn — yi’aAl +"'+y;/z,aAn fora=1,..., N,

where k* > 0 is the reaction rate constant and y; 4, yi’ﬂ € {0} U[1, oco) are the sto-
ichiometric coefficients. We set y, = (Y1,4, - .-, Yn,q) and y, = (y;’a, s Yna)-
We denote by C = {y,, ¥, }a=1....~ the set of all complexes. We use as in [18]
the convention that the primed complexes y/, € C denote the product of the ath
reaction, and the unprimed complexes y, € C denote the reactant. Note that it may
happen that y, = y; for some a, b € {1, ..., N}. This means that a complex can
be a reactant for one reaction and a product for another reaction.
The Maxwell-Stefan diffusion system consists of equations (1), (3), and

N n
ri(x) = M; Zk“ (Vf.a = Yia)xe with x¥e = Hxiyi’”. (54)

a=1 i=1

We assume again the conservation of total mass, expressed as

> ri(x) =0.

i=1
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Definition 1. (Complex-balance condition) A homogeneous equilibrium state x o
is called a complex-balance equilibrium if for any y € C, it holds that

> Kexle = > kPx2b. (55)

ae{l,...N}:y,=y be{l,....N}:y,=y

Roughly speaking, x~, is a complex-balance equilibrium if for any complex
y € C the total input into each complex balances the total flow out of the complex.
The condition is weaker than detailed balance since it does not require each step in
the forward reaction to be balanced by a reverse reaction. We say that system (1),
(3), and (54) is a complex-balance system if it admits a positive complex-balance
equilibrium. Already Boltzmann studied complex-balance systems in the context of
kinetic theory, under the name of semi-detailed balance [4]. For chemical reaction
systems, this condition was systematically studied in [22,32].

The existence of global weak solutions to (1), (3), and (54) follows as in Sec-
tion 2. We just have to verify that Lemma 7 also holds in the case of the reaction
terms (54).

Lemma 28. Let x o be a positive complex-balance equilibrium and let the entropy
variable w € R"~" be defined by w; = dh/dpi, i = 1,...,n—1, where h is given
by (8). Then for all x € R", considered as a function of w,

n—1

Zri(x)wi <0.

i=1
Proof. By (18) and definition (54) of r;, we compute

n—1

Zri(x)wi :Zrl(x)l __sza(yza Yla)xy” ln_

i=1 i=1 i=1 a=1

—Zk“xyaln
xoo
y y Yy y .
_ kaxya o (X JE\ _xd x%
- )y “Ya y Ya Y
— X0 XYool x5 XYoo X358
y Y.
x a x a
Zka ya( 7)
b 383

The expression in the curly brackets {---} equals W (x7« /x , xYa /x ) where
W (x,y) = xIn(x/y) —x + y is a nonnegative function. Hence, the first expression
on the right-hand side is nonpositive. We claim that the second expression vanishes.
Then Zl'-’;ll ri(x)w; < 0. Indeed, by the complex-balance condition (55),

xya y
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Zka (xya xy> Z(Zk“xya—Zkb />

Y
x5 xeC ~ay,=y b:y,=y
“S (v X eI Y w)
yeC ay,=y C><Jb:yé:y
Yy
X
S IE (DD SR L] B
yeC oo azyq,=y by, =y

This shows the claim and ends the proof. O

Next, we show the existence of a unique complex-balance equilibrium. For this,
we denote as before by W = (¥, — y,)a=1...N € R"*N the Wegscheider matrix,
set m = dim(ker W) > 0, and denote by Q € R"*" the matrix whose rows form
a basis of ker(WT). As in Section 3.1, the conservation laws are given by

Qe(t) = M° :=Qc, 1 >0,
and there exists £ € R such that {Q = M " and ¢ M° = 1

Proposition 29. (Existence of a complex-balance equilibrium) Let M° RY be
an initial mass vector satisfying tM® = 1. Then there exists a unique positive
complex-balance equilibrium x o, € R} satisfying (55) and

=M° ZMx,oo, Zx,oo =1. (56)

i=1

The proof follows from the case of detailed balance with the help of the fol-
lowing lemma:

Lemma 30. Let x «, be a positive complex-balance equilibrium. Then the following
two statements are equivalent:

(i) The vector x, € R"} is a complex-balance equilibrium.
(ii) It holds for alla =1, ..., N that

xia .Vu
7 =
xi“ x({g
Proof. Let (ii) hold. We compute
Ya y
X b'e
PO DO R O
a
ay,=y ay,=y Xoo Yoo aiy,=y
/
y Yb
X x
S Iy pee et

X b
by, =y by, =y X oo
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Taking into account (ii), it follows that
a _ b..Yb X% b
e
aya= biy,=y YO hyy=

i.e., X, 1s a complex-balance equilibrium.
To show that (i) implies (ii), let x, be a complex-balance equilibrium. Then

ri(x,) =0foralli =1,...,n, and the proof of Lemma 28 shows that
n N y y,
ri(Xy) | Xis ¥ (x*" x*”>
0= ——In— = — ki xzaw ,
2o M T R

where we recall that ¥(x,y) = xIn(x/y) —x +y > 0 and \Il(x y) = 0if

and only if x = y. The last property implies that xJ /xOo = x*“ /x , which
is(i). O

We prove a result similar to that one stated in Lemma 20.

Lemma 31. The vector @ = (cy,...,Cn,C) € R’fl satisfies
— ’L(l — vﬂ
® 7] ~ —~
[ =2 = |2 foralla=1,...,N, Qo=M", (57)
®oo @oo
ifand only if ® = ®@oo = (Cloo, - - - » Cnoos Coo) ANd X oo = (Cloo/Coos - - - » Cnooécoo)
is a complex-balance equilibrium. Here, coo = Y i, Cicoc and Q and M" are
defined in (40).
Proof. Setx; =c¢;/cfori =1, ..., n. Then the first equation in (57) implies that,
using definition (22) of u“ and v¢,
n o —y. n —y _,a n
C.)l,a C‘yi‘a c)/
e e ST
i=1 Cico =1 ;57 Coo i=1
This is equivalent to
xYa  xYa
xle T Y

We conclude from Lemma 30 that x is a complex-balance equilibrium. Furthermore,
we have

i=1 i=1

. ~__ =0
Thus, we deduce from the conservation law Qw = M that

Qx = —M0 MOZMx,
i=l1

At this point, we can apply Proposition 29 to infer the existence of a unique vector
X = Xoo Which implies that ® = ws,. O
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Finally, we show an inequality which is related to that one in Lemma 22.

Lemma 32. There exists a nonconstructive constant C > 0 such that

n+1
_1 2 1/2
> ) @ - ol2)
a= ]

forallw € R"+1 satisfying Q@ =

Proof. We proceed similarly as in the proofs of Lemmas 25 and 22. We need to
show that

= “ = a2
wer" - Qo=1" Z?:ll (aTil 12 _ ! /2)2

100

> 0.

In view of Lemma 31 and the absence of boundary equilibria, it holds A > 0 if and
only if § > 0, where

YN (Varo" - Jajex )

§ = lim inf
I —_ 1/2\2
e T @)
__ 122
230 (X Gia — ¥ ) @7 — wioo)w,-ol)
= lm(} inf P .
Qw M, ®—wso Z (wz _wlOO) a)

This follows from a Taylor expansion as in the proof of Lemma 25. Now, we can
follow exactly the arguments in the proof of Lemma 22 to infer that § > 0 and
consequently A > 0, finishing the proof. O

The results in this subsection are sufficient to apply the proof of Theorem 1,
thus leading to the following main theorem.

Theorem 33. (Convergence to equilibrium for complex-balance systems)
Let Assumptions (A1) and (A3) hold and let system (1), (54) be complex bal-
anced. Fix an initial mass vector M° € RY satisfying ¢ M 0= 1. Then

(i) There exists a global bounded weak solution p = (p1, ..., ps) " to (1), (3)
with reaction terms (54) in the sense of Theorem 4;

(ii) There exists a unique positive complex-balance equilibrium x, € R’ satis-
Sfying (55) and (56);

(iii) Assume in addition that system (1), (54) has no boundary equilibria. Then
there exist constants C > 0 and A > 0, which are constructive up to a finite-
dimensional inequality, such that if p° satisfies additionally Q fQ ddz = M°,
the following exponential convergence to equilibrium holds:

n
Z I (1) — XisollLr(@) < Ce /PP E[x x]/?P) | 1 >0,
i=1
where 1 < p < 00, xj = p;i/(cM;) withc = Z?:l pi/M;, and E[x|x ] is
the relative entropy defined in (9), p is the solution constructed in (1), and x 5
is constructed in (ii).
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Appendix A. Proof of Lemma 21

The proof of Lemma 21 is partially inspired by the proof of Lemma 2.7 in [25]. We divide
the proof into two steps, which are presented in Lemmas 34 and 35. For convenience, we

set W; := a)l.l/2 fori = 1,...,n+ 1 and use the notation

W=Wi,...,Wyr1), W=Wi,...,W,q1).

Moreover, we define
i (x)=W;(x) =W, = W,-(x)—/ Widz, xeQ,i=1,...,n+1.
Q
Lemma 34. There exists a constant C > 0dependingon 2, n, N, k”}, andkg (a=1,...,N)
such that

N
Blol > ¢ Y (' 2W" — o)W )2, (58)
a=1

where D is defined in (39).

Proof. We use the elementary inequality (x — y) In(x/y) > 4(/x — ﬁ)z to obtain

ka'wﬂa a a
/(fw" — kjo” )1n]%7dz>4/9((k?)1/2wﬂ — (' PW ) dz.

This gives

n+1 n+1
Blol > Y IVWillZy g, +4 D [ 2Wr — ) 2w |15 g
i=1 i=1

The Poincaré inequality

IVWill}2q) = CPISilI72 g

then shows that

n+1 n+1

~ a a 2

Dlwl > Cp Y I8il72gy +4 D [P PWE — ) PW o) (59)
i=1 i=1

Let L > 0. We split 2 into the two domains

Qr={reQ:|5x)|<Lfori=1,....n+1}, Qf =Q\Q.
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By Taylor expansion, we may write Wiﬂi =W, + 81-)“? =W + R (W;, 8;)8;, where
R;" depends continuously on W; and 8;. Therefore,

&t 2we = a2 W |

n+1 n+1 2
2/9 k)2 T W, + 60" = )2 T Wi + 8"
L i=1 i=1
n+1 . n+1 . 2
2/9 EDYETT (W + Rf) — kid' 2 TT (W + REsi)| dz
L i=1 i=1
+1 2
_ a~1257" _ pan1/235Y" *n )
= | J&DVPWE —GDIPWT 40" Y 5| dz,
QL i=1
where Q* depends continously on RT, .o Ry and 8y, ..., 841 With the inequalities
x+y)2> 2(x —y2) and (Z”jl] )<+ Z"jll X7, we estimate
1/2 a 1/2 a2
[ W = YW 2 g
1 ar1/2v ay1/2yy jas
>§|QL|((kf) W — (k) W (Q ) (’1+1)Z|3| dz
i=1
n+1

1 172551 12557
> s12I(®H 2 W — ) W) —CWE DY 151220,

i=1

where we used the bounds |8;| < L in Q7 and W; < C in Q to estimate Q*. Summing over
a=1,..., N, this gives

N
a a o 2
Z ”(k?‘)l/zwﬂ — kH 2w “LZ(Q) |QL| Z ((k“ Y12t — k' 2W )
=l a=1
n+1
—C(L)N(n + 1)2 181172 g (60)

In Qi, we wish to estimate ||5; ||L2(Q) from below. For this, we observe that

N
3 ((k“ 2w (kg)l/zW”a)z <C.

a=1
Then, since Zl [8;] = L on Q¢

n+1 n+1

| n+l1 2
2
Zna 1720 = 2/ iz > = | (an) dz

i=1

g L9 | N2
S Z 2w _ a1 2w\
n+1 = (n+1)C Pt <(k ) - &) ) 61)
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Inserting (60) and (61) into (59), it follows for any 8 € (0, 1) that

n+1 n+1
~ a a2
Dlo] > Cp Y 1ill72 gy +40 Y | (kD 2WE — i)' PW™ | 1 o
i=1 i=1
n+1 21¢ N
Cp L2 —pd —pa\2
LS (oW — )

a=1

Cp S a2
> . -
= 2 — “81”L2(Q)+ 2 (n+1)C

n+l1

N
Y —_pa\2
+29|QL|Z((/<31)1/2W" _(kg)‘/2w"> —40C L)+ 1)) 18ill7 g
i=1

a=1

N
> 030 (0 W — gy WY
a=1

where we have chosen 6 > 0 sufficiently small in the last step. This finishes the proof. O
Lemma 35. There exists a constant C > Odepending on Q, n, N, k‘}, ande (a=1,...,N)
such that
n+1 12 N o a2
DIV PRz Y (KW — ) 2w
o=t (62)

i=1
N a a
> (WA — a2V )2.

a=1

Proof. It follows from

18:13 2 ) = Wi = Will2 oy =7 = Wi = (Vo — Wo) (V@i + W)

that

__ ||8i||L2(Q)
Wi =voi — Zilldill;2¢0, Where Z; = ———= >
i i 9 L2 () i \/w:i‘f' Wi
Since
12 =2 _
15:117 2 ) o =W voi—Wi

72 = ) AL
L Wai W2 (Ve + W2 Vo + W

we infer that 0 < Z; < 1.
We continue by performing a Taylor expansion:

n+1 n+1

7”'(1 — a 7'11;1
W =[] Ve — Zilsil )" =[] Ve + RISl 2q))
i=1 i=1
where R;" depends continuously on Z; and ||5; || L2(9Q) Therefore, with another function S*
depending continuously on Z; and ||5; || L2(Q)

n+1
) 7”“0
W =Ve + 5% 182 q)-

i=1
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This shows that
N a a2
a7 TV
> (KW — ) W)

a=l1

N n+l 2
—n
— Z <<kl;)l/2\/a (ka l/2\/> + ((ka 1/2 (kb 1/2 S* Z ||8 ”L’(Q))

a=1 i=1
1 N —un? v ntl
N (NG IUENC e WG 3 Wil
a=1
Then, by the Poincaré inequality with constant C p, for some 6 € (0, 1),

n+1
Z |Vw1/2 24, 4+ Z ((ka Y2 (kZ)l/Zan)z
i=1

n+1 N
[L — 2
>Cp Y I8il1220g) + Z (®kD12VE" — ) 2Va")
i=1 a=1
n+1 9 N " )
>Cp Y Wil g2 + 5 Z (kD12VE" — ap)'2Va")
i=1 a=1
n+l

—0Cm, NS Y 18il175 g
i=1

N a a
3 <(k?)1/2«/5” TN )2'

a=1

9
2

The last step follows after choosing 6 > 0 sufficiently small. This is possible since S* is
bounded. The proof is complete. O

Proof of Lemma 21. Applying first (58) and then (62) leads to
n+l

Dlw] > Z/ Vol dz

n+l1 1/2 k‘}w”’a
<Z[ Vo, 2dz+2/ k“wﬂ — k") In o dz)
n+1

Z/ IVw1/2 2dz+CZ((k“ ‘/ZW" (ka)l/ZW )

a a2
>cC Z (®kD2Va" — ! 2Va" ).
a=1 A
The proof is finished.
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