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ABSTRACT. We consider the numerical simulation of coupled volume-surface reaction-diffusion
systems having a detailed balance equilibrium. Based on the conservation of mass, an appro-
priate quadratic entropy functional is identified and an entropy-entropy dissipation inequality
is proven. This allows us to show exponential convergence of solutions to equilibrium by the
entropy method. We then investigate the discretisation of the system by finite element meth-
ods, including the domain approximation by polyhedral meshes, and an implicit time stepping
scheme. Mass conservation and exponential convergence to equilibrium are established also on
the discrete level by using arguments very similar to those on the continuous level. This allows
us to establish convergence estimates for the discretisation error uniformly in time. Numerical
tests are presented to illustrate the theoretical results. The analysis and numerical approxi-
mation are presented in detail for a simple model problem. Our arguments, however, can be
applied also in a more general context. This is demonstrated by investigation of a biological
volume-surface reaction-diffusion system modeling asymmetric stem cell division.

1. INTRODUCTION

Various physical phenomena in biology, material science, or chemical engineering are driven
by reaction-diffusion processes in different compartments and by transfer between them. This
may involve mass transfer between domains and interfaces or the boundary. In cell-biology,
for instance, many phenomena are based on reaction-diffusion processes of proteins within the
cell-body and on the cell cortex, see e.g. [19, 22]. Particular examples are systems modeling cell-
biological signalling processes, see e.g. [21], or models for asymmetric stem cell division, which
describe the localisation of so-called cell-fate determinants during mitosis, see e.g. [23, 25, 24].

As a simple model for a coupled volume-surface reaction-diffusion process, we consider the
System

Ly —dr, AL =0, on €, (1a)
by — dyArf = AL — ~¢, on I (1b)
dr0yL = —A\L + ¢, onT, (1c)

Here I' = 02 is the surface, Ar denotes the Laplace-Beltrami operator, and the parameters
dr,dg, A,y are positive constants. The equations are assumed to hold for all ¢ > 0 and are
complemented by appropriate initial conditions. The system (la)—(1c) describe the diffusion
of a substance with concentration L in the volume and concentration ¢ on the surrounding
surface I', coupled by mass transfer between the two compartments. This problem may serve
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as a starting point for considering more realistic adsorption/desorption processes but also as a
reduced model for volume-surface reaction-diffusion processes arising in cell biology.

Despite its simplicity, the model problem (1la)—(1c) already features some interesting proper-
ties, which will be of main interest for our further considerations:

(i) The system preserves non-negativity of solutions and describes a conservation law,
namely, the conservation of the total mass M = fQ Ldz + fF lds.

(ii) There exists a unique constant positive detailed balance equilibrium, which can be
explicitly parametrised by the total conserved mass and the parameters A and ~.

iii) The solutions are uniformly bounded and converge exponentially fast towards the equi-
librium state with respect to any Lebesgue/Sobolev norm.

The first goal of our paper will be to establish these properties, in particular (iii), for the model
problem (1la)—(1c). The second aim is to investigate the discretisation of the system by finite ele-
ment methods. Our guideline is to preserve the key features of the model utilised for the analysis
on the continuous level also on the discrete level. In particular, we establish the conservation of
mass, the possibility for preserving non-negativity, the existence of a unique equilibrium, and
the exponential convergence to equilibrium on the discrete level. The discretisation process
involves domain approximations by polyhedral meshes, finite element approximation, and time
stepping. The numerical analysis is based on arguments for the discretisation of evolution prob-
lems [16], on general ideas for the analysis of domain approximations [7, 10], and recent results
results from [13], who considered a somewhat simpler elliptic volume-surface reaction-diffusion
problem. A careful use of the entropy estimates and the convergence to equilibrium will allow
us to establish order optimal convergence rates that are uniform in time.

The model problem (1a)—(1c) is simple enough to avoid complicated notation and therefore
allows us to present our basic ideas in the most convenient way to the reader. To illustrate the
application to more general problems, we consider also the following system in Section 7:

Ly —dpAL=—-BL+aP, on (), (2a)

P, —dpAP = BL —aP, on(, (2b)

by — dyApl = —dp0p L + x1,(—0l + kp), onT, (2¢)
pt — dpAr, = ol — kp —dpO, P, on I's. (2d)

As before, I' = 02 denotes the boundary and I's =C T is a proper part of it. The mass transfer
between the domain and the surface is described by

drpOpL = —=AL+~¢, onT, (2e)
dpOpP = xr,(—nP +¢p), onT, (2f)
dpﬁnFQp =0, onJdls. (2g)

The diffusion and reaction parameters are positive constants, and the equations are assumed to
hold for ¢ > 0 and to be complemented by appropriate initial conditions. This coupled volume-
surface reaction-diffusion system models four conformations of the key protein Lgl during the
mitosis of Drosophila SOP precursor stem-cells, see e.g. [23, 25, 8]. In particular, L and ¢ denote
the concentrations of native Lgl within the cell cytoplasm and on the cell cortex, respectively,
while P and p denote the corresponding phosphorylated Lgl conformations.

Let us point out that like the model problem (1a)—(1c), also the system (2a)—(2c) involves fully
reversible reaction and mass transfer processes; see Figure 1 for a schematic sketch. This allows
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FIGURE 1. The mass transfer dynamics for model (1) (left) and model (2) (right).

us to show that the key properties (i)—(iii) also hold for the system (2a)—(2c), i.e. solutions
remain non-negative and the total mass is conserved, there exists a unique positive detailed
balance equilibrium, and the solutions converge exponentially fast to the equilibrium state.
These assertions can be verified by application of the arguments used for the model problem
(la)—(1c) to the more general system (2a)—(2g). As a consequence, also the discretization
method can be extended straight forward yielding approximations of optimal order and uniform
in time.

The remainder of the manuscript is organised as follows: Section 2 is devoted to the analysis
of problem (la)-(1c) on the continuous level. We establish global existence and non-negativity
of solutions and show conservation of mass. The latter allows us to identify a unique constant
equilibrium state and to define a quadratic entropy functional which serves as a Lyapunov func-
tional. We establish entropy-dissipation and prove the essential entropy-entropy dissipation
estimate, from which we directly obtain exponential convergence to equilibrium and uniform
bounds for the solution and its derivatives. The relevant notations for the finite element dis-
cretization are introduced in Section 3, where we also recall some important results about
domain approximations. In Section 4, we formulate the semi-discretization of the model prob-
lem by a finite element method. We establish existence and uniqueness of a discrete solution
and establish the mass conservation. We then identify the discrete equilibrium and provide a
simple error estimate. Based on the discrete equilibrium, we can formulate a discrete entropy
functional and we establish entropy dissipation and the entropy-entropy dissipation inequality
on the discrete level. As a consequence we obtain global in time existence and uniform bounds
for the semi-discrete solution and exponential convergence to the discrete equilibrium. We then
present a complete convergence analysis and establish order optimal convergence orders of the
discretization error uniform in time. Section 5 is concerned with the time discretisation by
the implicit Euler method. All important properties derived for the semi-discretisation can be
preserved also on the fully discrete level and order optimal convergence is obtain with respect
to both, the mesh size and the time step and, in particular, uniform in time. The validity of the
theoretical results is illustrated by some numerical tests in Section 6. We then demonstrate the
applicability of our arguments to more general volume-surface reaction-diffusion problems in
Section 7, where we discuss in more detail the system (2a)—(2g) and show how our analysis and
numerical methods can be extended naturally. The presentation closes with a short summary
of our results and a discussion of open problems.



4 H. EGGER, K. FELLNER, J.-F. PIETSCHMANN, B.Q. TANG

2. ANALYSIS OF THE MODEL PROBLEM

We start by introducing the relevant notation and basic assumptions, and recall the statement
of our model problem. Next, we establish some basic properties, show existence and unique-
ness of solutions, identify the unique equilibrium state and prove exponential convergence to
equilibrium and uniform bounds.

2.1. Preliminaries. Let Q C R™ be a bounded domain with smooth boundary I € C3. We
consider the coupled volume-surface reaction-diffusion system

L;—d,AL =0, zeN, t>0, (3a)
Uy — dyArl = NL — L, zel, t>0, (3b)
subject to the boundary and initial conditions
dropL = ~v0 — AL, zel, t>0, (3¢)
L(0) = Ly, x€9, 00) =4y, xel. (3d)

The diffusion coefficients dr,, dy and the reaction constants A, v are assumed to be positive. We
use standard notation for function spaces [12] and, for brevity, we denote by (-, )q and (-, -)p
the inner products and by || - || and || - |r the induced norms of L?(2) and L?(T'), respectively.

2.2. Existence, uniqueness, and regularity. In this section we will discuss the existence
and uniqueness of weak solutions and their qualitative properties, which we shall need later on.

Definition 1 (Weak form). Let T' € (0,00] be a given constant, the time horizon, and define
a(L,t;v,w) :==dr(VL,Vv)q + de(Vrl, Vrw)r + (AL — ¢, v — w)r, (4)
as well as c¢(L,l;v,w) = (L,v)q + ({,w)r. A pair of functions
(L,0) € C([0,T); L*(Q) x L*(T)) N L*(0,T; H'(Q) x H'(I))
is called weak solution of (3a)—(3d), if L(0) = Lo, ¢(0) = 4y, and the identity
Le(L(t), 0(t);v,w) + a(L(t), £(t);v,w) = 0, (5)
holds for all v € H(Q)) and w € HY(T), and for a.e. t > 0.

The weak form is derived in the usual way by multiplying with appropriate test functions,
integration-by-parts, and utilization of the boundary condition. Problem (5) fits within the
framework of parabolic evolution equations as discussed, for instance, in [12, 17], and can be
analysed with standard arguments. The main ingredient is the following

Lemma 2 (Garding inequality). There exists a constant n > 0 depending only on the parameters
dy, dg, v, A, and on the domain 2, such that

a(v, w;v,w) 2 [[olF g + lwlFp ) = n(lollE + [lwll?)
for all functions v € H(Q) and w € HY(T).
Proof. The result follows from the definition of a and the Cauchy-Schwarz inequality. O

Let us emphasize that the bilinear form a is not elliptic, which can easily be seen by choosing
v and w as appropriate constants.
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Theorem 3 (Existence of weak solutions). For any initial data Lo € L?(2) and ¢y € L*(T),
the problem (3a)-(3d) has a unique weak solution (L,?), and

T
prMmm+W@mﬁ+A(Wﬁﬂ%mﬁwam%wﬁﬁﬁCUWHMM+WMM

te(0,7)
If the initial data are mnon-negative, then the solution remains non-negative for all time.

Proof. Existence and uniqueness of a global weak solution follow by standard results, see e.g.,
[17, Chapter XVIII], and positivity can be established by an iteration argument, see e.g. [8]. O

From the abstract results, we obtain a constant C(T") in the a-priori bound which increases
with 7. We will later show by entropy arguments, that the bounds are actually uniform in 7.
A basic ingredient for our analysis will be the fact, that the total mass is conserved during the
evolution of our system.

Lemma 4 (Mass conservation). Let (L, ) denote a weak solution of (3a)—(3d), and denote by
M(t) = (L(t),1)a + (£(2), )r
the total mass at time t. Then,
M(t) =M(0)=: My forall t>0.
Proof. Testing the weak form (5) with v =1 and w = 1, we get
DM(E) = (L), Do+ $(08), Dr = Se(L(),60);1,1) = —a(L(£), €(#);1,1) = 0,
and the result follows by integration with respect to time. O

2.3. Equilibrium system. A reaction-diffusion system like (3a)—(3c) can be assumed to tend
to a unique positive equilibrium on the long run. For the problem under consideration, the
equilibrium concentrations Lo, ¢ have to satisfy

*dLALOO == 0, in Q, (6a)
dr,0nLoo = Yoo — Ao, onT, (6b)
—dgApfoo = )\LOO - ’yﬁoo, on I (GC)

Because of the mass conservation law, one additionally knows that
(L007 1)Q + (goo; l)F = M07 (Gd)

where My = fQ Lo+ fr Ly is the total initial mass of the system. As we will see in a moment,
this extra condition is also required to ensure the uniqueness of the equilibrium state.

Definition 5. A pair of functions Lo, € H*(Q) and o, € H*(T) is called weak solution of the
equilibrium system (6a)—(6d), if

a’(LOanoo;,U7w) =0, (7)
for all v € HY(Q) and w € HY(T'), and the mass constraint (6d) holds.

For showing well-posedness of the equilibrium problem, we will utilize the following Poincaré-
type inequality, which will also play a crucial role in our subsequent analysis.



6 H. EGGER, K. FELLNER, J.-F. PIETSCHMANN, B.Q. TANG

Lemma 6 (Poincaré-type inequality). There ezists a constant Cp > 0 depending only on the
parameters dy,, dg, \, 7y, and on the domain ), such that

N oy + 20 < Co LIV +2del| Tt + AL - 4£]2) )
for all L € HY(Q) and ¢ € HY(T) satisfying the mass constraint (L,1)q + (¢,1)r = 0.

Proof. The right hand side is zero if and only if L and ¢ are constants, and L = /M. Since
v, A > 0, the mass constraint then yields L = ¢ = 0. Therefore, the term in parenthesis on
the right hand side of (8) defines a norm on H!(Q) x H'(T'). The assertion then is a direct
consequence of the lemma of equivalent norms; see e.g. [18, Ch. 11]. O

The choice of the norm on the right hand side of the Poincaré’s inequality becomes clear from
Lemma 7 (Inf-sup stability). For any v € HY(Q) and w € H (') with (v,1)q + (w,1)r =0

a(v, w; Ao, yw) = A [|[Vol[§ + yde|| Vrwl|r + [|A0 = ywl|E, (9)

Together with the Poincaré-type inequality, this stability condition already suffices to show

the well-posedness of the weak form of the equilibrium problem. Since the right hand side in
the weak formulation (7) is zero, the solution can however even be obtained explicitly here.

Lemma 8 (Equilibrium). The system (6a)—(6d) has a unique weak solution (Lo, ¥s) given by

Mo A
Loo=—7—— and loo = — Lo 10
R ==t 1o
Proof. One easily verifies that (Lo, foo) given by the formulas above is a solution satisfying the
mass constraint. Now assume that L,, ¢, is any other weak solution to (6a)-(6d). Then, the
difference (Loo — Ly, s — ¢x) has zero mass, and

a(Loo — Ly, log — li;v,w) =0 (11)

for all v € HY(Q2) and w € HY(T). By choosing v = A(Leo — Li) and w = (s — £s), We get
ALIV(Loe = LR + 9ol Ve (Coe — )3 + ML — L) = 1l — L)IE =0, (12)
and Lemma 6 immediately implies that Lo, = L. and £y, = /. O

2.4. Convergence to equilibrium. We will now show that the solution (L(t), £(t)) converges
to the equilibrium (L, fs) by using the entropy method. For a given constant equilibrium
state (Loo, oo ), we define the quadratic relative entropy functional

1
E(L,f) =5 (ML = Loolldy +711£ = Lo IF) - (13)

which is just a scaled L2-distance to the equilibrium on the product space L?(Q) x L?(T).

Lemma 9 (Entropy dissipation). Let (L,{) denote a weak solution of (3a)—(3d) with corre-
sponding constant equilibrium (Lo, loo). Then

GEL),£(t)) = =LAV (L(t) = Loo) I, = dev[IVr(£(t) = Loo)II7 (14)
— [IML(t) = Loo) = y(€(t) = Loo) [ =2 =D(L(2), £(t))
for all t > 0. The functional D is called the entropy dissipation.
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Proof. By definition of E and elementary manipulations, we obtain

LR(L(t), €(t)) = A(Le(t), L(t) — Loo)a + (£ (t), £(t) — Loo)r
= —a(L(t) = Loo, £(t) = Loo; A(L(t) = Loo), Y(£(t) = £oo))
= —dLN|V(L — Loo)lfy = dev | V(€ = Loo) [F = ML = Loo) = (€ — €x0)lI7,

which already yields the result. O

From the Poincaré-type inequality established in Lemma 6, we directly deduce

Lemma 10 (Entropy-entropy dissipation inequality). For functions L € H'(Q2) and £ € H'(T)
satisfying (L, 1)q + (¢, 1)r = My, there holds

D(L,¢) > coE(L, ) with ¢ =2/Cp. (15)
A combination of the previous results now yields

Theorem 11 (Exponential convergence to equilibrium). Let (L,¢) denote the weak solution of
the system (3a)—(3c) and (Leo, o) be the corresponding equilibrium. Then,

IL(t) = Loollty + 16() — LoollF < Ce™" (| Lo — Loollt, + 10 — £oolI?:)
for all t > 0 with constants cg, C' > 0 depending only dr, dg, \,7v, and on the domain €.
Proof. As a direct consequence of Lemma 9 and 10, we get
LE(L(t),0(t)) < —coE(L(t),£(t)) forall t>0.
Therefore, the classic Gronwall inequality gives
B(L(1), (1)) < e~ F(Lo, ly).

The desired result then follows from the fact that A, v are positive constants and therefore
E(L,?) is equivalent to the square of the L?-norm distance to equilibrium. O

The dependence of the constant ¢y on the parameters A, 7, dr,, and dy and on certain geometric
constants for the domain can be made more explicit; see [11, 26] for details also on non-linear
problems. For linear problems, ¢y could alternatively be determined by computing a view
eigenvalues of a generalized eigenvalue problem.

Remark 12. As a direct consequence of Theorem 11 we obtain uniform bounds for the solu-
tion in L°°(0, 00; L2(Q2) x L%(T)). Since the problem (3a)-(3c) is linear and all coefficients are
independent of time, one can obtain in the usual way also uniform bounds for (L, /) and time
derivatives (07 L, 9,¢) in LP(0, 00; H(2) x H¥(I")), provided that the usual compatibility condi-
tions hold; for details, see e.g., [12]. Since the growth of these regularity estimates is polynomial
in time, an interpolation argument with the exponential convergence to equilibrium yields that
all Sobolev norms decay in fact exponentially in time, see e.g. [11].
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3. BASIC NOTATION AND DOMAIN APPROXIMATIONS

In this section, we introduce some basic notation needed for the formulation of the finite
element approximation of our problem. In addition, we recall some basic results about domain
approximation by polyhedral meshes from [10, 13]. For ease of presentation, we restrict our
presentation to a two dimensional setting. All arguments however easily generalise to dimension
three.

Let © C R? be a bounded domain with smooth boundary I' € C3. We approximate 2 by a
polygonal domain ©, for which a conforming triangulation 7" = {T} is available. As usual, we
denote by pr and hr the incircle radius and the diameter of the triangle T, respectively, and we
call h = maxr hy the meshsize. We further denote by E”" = {e} the partition of I into edges e
inherited from the triangulation T". Throughout, we make use of the following assumptions.

(A1) T" is y-shape-regular, i.e., there exists a constant v > 0 such that
pr < hr < YpT, forall T € T3,
(A2) There exists a diffeomorphism Gy, : €, — Q such that the estimates
|G — id| Lo (1) < Bhr, |DGh — 1| peo(ry < Bhr,
DG Ml Lo (G (1)) < B ID*Ghll ooy < B, ID*Gy M ey < Bs

hold for all T' € T}, with a constant 3 independent of the meshsize h. Morover, G, (T) = T for
all elements T" with G(T") N 92 = 0.

An explicit construction of an appropriate domain mapping Gj can be found, for instance,
in [13, Section 4.2]; for further details, see also [3, 7]. In order to be able to compare functions
defined on €2 and €2, or the corresponding boundaries, we associate to any function v : Q@ — R
defined on the physical domain €2 a function

u:=uoGp (16)

defined on the discrete approximate domain 25, which we call restriction of u to £2j. Using the
properties of the mapping G}, one easily obtains

el gy < lull e, ory < ¢l e, (17)

for all u € H¥(Gy(T)) and k < 2 with a positive constant ¢ that only depends on 3. By
restriction of G, to the boundary of €2, we may define

gn:Tp = T, gn = Gilr,,- (18)
which is piecewise smooth and invertible with g;l = G}jl\p. As a consequence of the properties
of GG}, we obtain corresponding bounds for the derivatives of g, and ggl. In accordance with the

above notation, we define for any function p : I' — R defined on the boundary I' the restriction
p to the boundary I'y, of the discrete domain €}, by

D:=pogp. (19)
By the chain rule and applications of the previous estimates, we then readily obtain
cllpll ey < pllmeeg, e < € 1Dl e e (20)
for all functions p € H*(e) with e € Ej, and integers k < 2.
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4. SEMI-DISCRETISATION IN SPACE

In this section, we investigate the semi-discretization of problem (3a)—(3c) in space by a finite
element method. To this end, let

Vi =" e () v € P(T) forall T € T"}
be the space of piecewise linear continuous polynomials over 2, and denote by
Wh={w": T}, = R:w" =", forsome v" € V"}

the space of piecewise linear polynomials over the surface I';,. Note that, by construction, W"
is the space of traces of functions in V", which we will use later on.

4.1. Finite element discretisation of the evolution problem. As approximation of the
volume-surface reaction-diffusion system (3a)—(3c), we then consider the following problem.

Problem 1 (Semi-discrete evolution problem). Let us define
an(L,b;v,w) = dr,(VL,Vv)q, + de(Vr, ¢, Vr,w)r, + (AL — v, v —w)r,. (21)
and ¢, (L, b;v,w) = (L,v)q, + (¢{,w)r,. Find (L", ") € HY(0,T;Vh x Wh) such that
(L"0). "0, = (Lo, M), and (" (0),wM)r, = G, u)r,,
for all vh € V', wh € W, and such that
%ch(Lh(t),Eh(t),vh,wh) + ap (LM " 0" W) =0 (22)
holds for all v® € V" and wh € W", and for all0 <t < T.

(
(

This semi-discrete problem has exactly the same structure as the weak form (5) of the con-
tinuous problem, which allows us to utilize similar arguments as in Section 2 for its analysis.
By choice of a basis for the finite dimensional spaces V" and W, Problem 1 can be recast as
a linear system of ordinary differential equations. Existence and uniqueness of a solution then
follow immediately from the Picard-Lindel6f theorem.

Lemma 13. For any Ly € L*(Q) and ¢y € L*(T'), Problem 1 has a unique solution.

As a next step, let us demonstrate that the total mass is conserved also on the discrete level.
By using v" = 1 and w" = 1 as test functions in (22), we readily obtain

Lemma 14 (Mass conservation). Let L", ¢* denote the solution of Problem 1. Then
(Lh(t)? I)Qh + (gh(t)v 1)Fh, = (E()? 1)Qh, + (Z(): 1)Fh, =: M(??
for allt > 0, i.e., the total mass is conserved for all times also on the discrete level.

4.2. The discretisation of the equilibrium problem. For the approximation of the equi-
librium system (6a)—(6d), we consider the following discrete variational problem.

Problem 2 (Discrete equilibrium problem). Find L € V" and (&, € W" satisfying the
conservation law constraint (L, 1), + (€%, 1)r, = ML such that for all (v, wh) € V* x Wh
there holds

an(L, 01 0" w™) = 0. (23)

(o ohihge o)
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In order to ensure the well-posedness of this problem, it suffices to show uniqueness, which
readily follows from the following two results.

Lemma 15 (Discrete inf-sup stability). For any v € H'(Q,) and w € HY(T'?) satisfying the
constraint (v, 1)q, + (w, 1)y, =0, there holds

an(v,w; Ao, yw) = Adi||Volg, +vde]|Vr, wlE, + 12w —ywl]F, . (24)

Note that stability holds for all functions in H*(€2,) x H!(T};) defined on the discrete domain.
The right hand side of (24) defines a norm on the subspace of functions with zero total mass,
which follows by a Poincaré-type inequality. It will be important later on, that the equivalence
constant can be chosen to be independent of the meshsize h.

Lemma 16. For any v € HY(Q,) and w € HY(T},) with (v,1)q, + (w,1)r, = 0 there holds
AL |VLI, + Vel + AL~ > Cp (LB + 1020w, (29)

with a constant Cp that only depends on the parameters dr, dg, A, and vy, on the domain €,
and the constants in the estimates of Gy, but is otherwise independent of the meshsize h.

Proof. The proof follows from the Poincaré-type inequality stated in Lemma 6 by using the
mapping G}, and the stability estimates (17) and (20). O

Since the constant can be chosen independently of the meshsize, we deliberately use the same
symbol Cp as on the continuous level here. By similar arguments as in Lemma 8, we then get

Proposition 17. Problem 2 has a unique solution given by

h
h M ho Arh
oo Mo g =gt 26
Y| + ATk v (26)

Since the equilibrium solutions on the continuous and the discrete level are constants, we can
give a very precise estimate for the discretization error.

Proposition 18. Let (Lo, {s) and (L2, 0% be the solutions of (7) and (23), respectively, and

o0 Yoo

define L= Lo Gy and £ =/l o gy. Then
|Loo — L | + [oo — £ | < CRH2.
with a constant C' independent of the meshsize.

Proof. Using the explicit forms of Lo, and L in (10) and (26) we can write
Mo Mg
AU +A(T AlQn] + (Tl

/de—/ghdx>

The result for the volume term then follows from the properties of GGy, and that for the boundary
component follows in a similar way. O

RyLoo — L] = \

<o (MQHMO — MY+ My
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4.3. Convergence to discrete equilibrium. Following our analysis on the continuous level,
we define the discrete entropy functional

1
EM(Lh, ) = 5 (A" = L, + 716 — e, ) - (27)
With the same arguments as in the proof as on the continuous level, we then obtain

Lemma 19 (Discrete entropy dissipation). Let (L", ") denote the solution of discrete evolution
Problem 1 and (LQO,EZO) be the corresponding discrete equilibrium. Then,
FEMLM), (1) = —dL AV (L"(t) = LE)II, — dev [ Ve(e"(t) — L5117, (28)
— IMEM(t) = L) = 7 (€M (t) = h)IE, = =D"(L (1), £"(¢)).
As a consequence of the discrete Poincaré-type inequality, we further get

Lemma 20 (Entropy-entropy dissipation inequality). For any v € H'(Q,) and w € H*(T})
with (v,1)q, + (w, Dr, = (L%, 1)q, + (¢%, )r, there holds
D"v,w) > coE" (v, w) with ¢y =2/Cp. (29)

Note that ¢y can be chosen independent of h. Using the previous estimates, a Gronwall
inequality, and the fact that the entropy is just a scaled L?-norm distance, we finally obtain

Theorem 21 (Convergence to discrete equilibrium). Let (L", ¢*) denote the solution to Prob-
lem 1 and (LI, %) be defined as in Proposition 17. Then

[L48) = LB, + 1€40) = O, < Ce ' (ITa— LA, + Mo — 4l ) . (30)
where C' > 0 and cg > 0 are independent of t and h.

Let us emphasize that up to perturbations that vanish with h — 0, the constants C and c¢g
are the same as on the continuous level. One can thus expect that the decay to equilibrium
occurs at the same rate as on the continuous level. This is also what we observe in our numerical
tests; see Section 6 for details.

4.4. Geometric errors. In order to be able to compare the continuous and discrete solutions,
which are defined on different domains, we utilize the geometric transformations Gy, : Q — Q
and gp : ', — I' and the restrictions

L=LoG, and [(=/(ogq,

as defined in Section 3. We then proceed with similar arguments as used in [7, 13|, however, we
work most of the time on the discrete domain €2, here, instead of 2. We therefore define the
restriction of the bilinear form a to the discrete domain €2, by

an(L, 0;0,@) := a(L,6;v,w)  forall  (L,0), (v,w) € HY(Q) x HY(T). (31)
Using the transformation formulas for integrals and derivatives, we can express ay directly by
an(L, 6;0,W) = dL(AVL, Vo), + de(BVr, {, Vi, @)r, + (C(AL — 70),7 — ®)r,
with
A= (DG} DGy) ' det(DG}), B = (Dg} Dgp) tdet(Dgp), and C = det(Dgp).
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The bilinear form ay, used to define the finite element approximations can therefore be considered
to be a non-conforming approximation of the true form aj. Similarly, we define

(L, b0, w) = / Lvdet(DGp)dz + [ Cpwdet(Dgp)dS = (L, 6;v,w).
Qp 'y

The weak form (5) of Problem (3a)—(3c) can now be written equivalently as

LE,(L(1), £(t); v,w) + Gn(L(t), €(t);v,w) = 0 (32)
for all (v,w) € H(Q,) x H*(T'},), whereas the discrete variational problem has the form
Lep (LX), 0 (t); 0", wh) + ap (L (1), €' (t); 0", w) = 0 (33)

for all (v, w") € V* x W". The finite element problem, therefore, can be interpreted as a non-
conforming approximation of the continuous problem over the discrete domain. The difference
between the bilinear forms a; and a; as well as ¢, and ¢, are however only due to ”geometric
errors”, which can be quantified as follows.

Lemma 22. For all (L, /), (v,w) € H*(Qy) x H'(T},) there holds

lan (L, 6; v, w) = a(L, v, w)| < ChI[(L, Ol @) s o) | (s W)l @) <, (34)
with constant C' independent of h. If (L,¢) € H*(Q2) x H*(T), then one even has

lan(L, 6 v,w) — (L, b;0,w)| < Ch2[|(L, )| sz (a2 o) | (Vs 0) | 111 (00 x 11 () - (35)

The same estimates hold for the difference in ¢, and ¢, with the reqularity on the right hand
side of the estimates reduced by one order.

Proof. The estimates follow from [13, Lemma 6.2] with minor modifications in the proofs. [

4.5. Error estimate. The derivation of the error estimate now follows with standard argu-
ments, see [16], but taking into account the additional geometric errors. An important step in
our analysis will be the definition of an appropriate Ritz projection. For given functions (L, )
in HY(Q) x H(T"), we define Ry,(L,¢) € V" x Wh by
ah(Rh(zv Z)v vha wh) + nch(Rh(Ea Z), Uha wh) = ah(zv Z Uha wh) + nch(zv Z Uha wh)
for all (v, wh) € V* x W". The following result states the basic properties of this construction.
Lemma 23 (Ritz projection). Let n > 0 be large enough. Then Ry, : HY(Qy) x HY(T},) —
VP x WP is a well-defined bounded linear operator and the following error estimates hold:
(L, €) — B (L, O)|| g pyx it () < CRIL, O 2y xsr2(r)
and
(L, €) = Ru(L, )l 20 x£2ry) < CR2 (L, Ol 20 ¢ 1r2(r)
for all L € H%*(Q) and ¢ € H*(') with a constant C that is independent of the meshsize h.
Moreover, cp,(Rp(L,£);1,1) = cp(L,4;1,1), i.e., Ry is mass preserving.

Proof. Note that for n large enough, the bilinear forms on both sides are elliptic. The Ritz
projection therefore is the finite element approximation of an elliptic volume-surface reaction-
diffusion problem. The error estimates then follow from the results in [13], and mass conservation
follows directly from the definition of the bilinear forms. O
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We are now in the position to prove our first main error estimate.

Theorem 24. Let (A1) and (A2) hold. Moreover, assume that the solution (L,¢) to (3a)—(3d)
is sufficiently smooth. Then for all t > 0 we have the estimate

IZ(t) = L*(O)loy, + I1€() = £*(®)|Ir,, < OB,
with a constant C' that is independent of t and h.

Proof To improve the presentation of the proof, we will use the short-hand notation U = (L, ¢),
U = (L,0), Ur = (L', /"), and ® = (v,w). We further denote by H" = L2(,) x L2(T}) the
tensor product space with inner product (+,*)yr and norm || - [[y». To prove the error estimate,
we decompose the error in the usual manner into

UM (t) = U(t) = [U(t) = RaU ()] + [U™(t) — RuU ()] =: p(t) + 6" ().
Using Lemma 23, we already have the desired estimate for the first component
()| z2(pyx 2y < CRANT )| 2 () x 2 (ry)-
To estimate the second term 6"(t), observe that
ch(Q?;tbh) + ah(ﬁh; (I)h)

= ep(UP; ) — e (RRUy; 1) + a4y (U ®7) — ay (R, U ; @)

= —ch(Rhﬁt, <I>h) — Zih(ﬁ; <I>h) + nch(Rhff — (7, <I>h)

= en(0 = B0 @) + (1, @) = (T, )| + new(RiT — Us @)

< el |9 s + [, (T, ®) — @2 @)+l |19
By using Lemma 22, the properties of the mapping G, the estimate of the Ritz projection in
Lemma 23 and the Cauchy-Schwarz inequality, it follows that
en(00, ") + ) (6; ")
< CR? (Ul g2 (yx mr2(r H‘I)HL2 (@A) F U 2 @ywer2 @) 1@l 111 () x 11 (0)) -
Now recall that 0" (t) = (L"(t) — ( ) h(t) —LRr(1)), where (LR,ZR) := R,U. We then choose

the test function as ®" = (A(L"(t) — Lp(t)),v(£"(t) — Cx(t))), and we use the definition of the
discrete entropy functional and the entropy dissipation in (27) and (28), to get

4 BMO") + D"(O") = cu (0], @) + an(6"; D"
< CI* (|0 g2y x 2@ 10" | 22y < 220y + U a2y 2oy 10" iy i () -
Since the total mass of 8"(t) = U™(t) — R,U(t) is zero, we obtain from Lemma 16
D"(o™) > CHQhH%ﬁ(Qh)le(rh) > /E"0),

which allows us to absorb the terms containing 6" via Young’s inequality by the entropy dissi-
pation, which finally leads to

LEM0) + 1 EM(09) < 'R (10 fr2 e przry + 1020y xr2ry)

The claim now follows by application of Gronwall’s 1nequahty and noting that the initial con-
ditions are approximated with order hZ. O
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5. TIME DISCRETISATION

5.1. Implicit backward Euler scheme. For the time discretization of the semi-discrete prob-
lem, we consider the backward Euler method with a uniform time step. To be more precise,
for a fixed time step 7 > 0, we denote by t, = n7 for n = 0,1,2,..., the time nodes. Given a

sequence {u, : n > 0}, we set as usual
= Up, — Up—
ou,, = =1 (36)
T

The fully discrete approximation for the system (3a)-(3d) then reads
Problem 3 (Time Discretisation). Define (L, €8) € Vi x Wh by

(L(GL?Uh)Qh = (ZOavh)Qh and (E(})L?wh)rh = (Z(bwh)Fh (37)
for all (v*,w") € VI x Wh and forn =1,2,..., find (L, (%) € VP x W" such that
cn(OLE, 90" 0" wp) + ap (LA, €05 0" wh) = 0 (38)

holds for all test functions (v, w") € VI x W,
Note that the problem (38) can be written equivalently as
Loy (Lh, 00" wh) + ap(Lh, 020" W) = Lep (L

n»-n’ n»vno n—1»

o0 ol wh). (39)

n—1»

As a consequence of the discrete inf-sup stability condition (24), the problems for the individual
time-steps are uniquely solvable, and we obtain

Lemma 25. For any time step 7 > 0, Problem 8 admits a unique solution (L, ¢"),>¢.
Further, by testing with v» = 1 and w” = 1, we directly obtain
Proposition 26 (Mass conservation). Let M{" := (Lo, 1)q + (4o, r,. Then,
(LM 1), + (8, 1), = My for alln > 1, (40)
i.e., the total mass is conserved for all time steps.

5.2. Convergence to discrete equilibrium. To study the large time behavior, we again
employ the discrete entropy of Section 4, which was defined as

1
EML,€) = 5 (ML = LB, + 1 = i, ) - (41)
As a replacement for the entropy dissipation stated in Lemma 19, we now have

Lemma 27 (Entropy dissipation). For all n > 1, there holds

OB"(Ly, 1) < =Adr|[V (LY, — LIS, —vdel|Vr (€ — o) IE, (42)
= IM(Ly = L5e) = v(6 = &)lIF = —D"(Ly, £7).
Proof. As one can see by direct computation, we have
OE"(Lyy, 1) < (L3, MLy — LE))a, + (965, 7(6; = €5))r, - (43)

The rest follows along the lines of the proof of Lemma 19. U
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The convergence to equilibrium can now be established in a similar manner as on the
semi-discrete level by using the previous lemma, the entropy-entropy dissipation inequality
of Lemma 20, and a discrete Gronwall inequality. Summarizing, we obtain

Theorem 28 (Convergence to discrete equilibrium). For any 7 > 0 and n > 0, there holds
h b2 b ph |12 - h b2 h _ gh 2
1L = Leolla, + I16n — €llr, < Ce ™ (|| Lg — Laolla, + 140 — £all,) (44)
with the same constants C' and cy as in Theorem 21 independent of h and n.

5.3. Error estimates. For the derivation of error estimates for the full discretization, we again
use standard arguments and appropriately take into account the geometric errors.

Theorem 29 (Convergence rate for time discretisation). Let (A1) and (A2) hold and assume
that the solution (L,?) of (3a)—(3d) is sufficiently smooth. Then, for all n > 0 we have

125 = L(tn) e, + 1167 = £(tn) [, < (B +7)
with a constant C' that is independent of n, T, and h.

Proof. To simplify the presentation, we again introduce the following short-hand notations

Uh = (L!, 1), U = (L,0), and ® = (v,w). As before, we write RyU = (Lg, () for the Ritz

n' n

projection, and denote by H" = LQ(Qh) x L%(T'},) the tensor product space with inner product
(+,)y» and norm || - [[yn. We then decompose the error into

Ur’zl - ﬁ(tn) = [U:ZI - Rhﬁ(tn)] + [Rhﬁ(tn) - ﬁ(tn)] =: 02 + Pn-
Using the Ritz projection, p, has the desired error estimate
onll 22 <2y < CRANU (tn) 20 < 12 (r)- (45)
To estimate the error in the second component, we consider the evolution of the discrete error
ch (008, ®") + an(01; B
= cp (U, ®") — ¢ (ORLU (L), ®") + ap (Ul ") — an(RLU (t,); ")
= cn(0U (tn) — RidU (tn); ") + (0T (tn), ") — cn(0U (tn); 2")
+ nch(ﬁ(tn) - Rhﬁ(tn)§ q>h) + Eh(gﬁ(tn) - ﬁt(tn)§ CDh)
= (1) + (i7) + (i3i) + (iv).
The first three terms can now be estimated as in the proof of Theorem 24, and for the fourth
term, we can use the explicit representation

tn
3U( / / Utt dS dt.
tn—1 Jitn—1

Using a suitable test function ®”, the discrete entropy and entropy dissipation, the Poincaré
inequality, and the estimates for the Ritz projection finally leads to

OE™(08) + c1 E"(6)))
< C’(h4||Ut(tn)Héz(ﬂtz(Q) + h4HU(tn)H12q2(QxH2(Q) + Tzf\Utt(fn)HQLQ ><L2(F))

for some positive constants ¢1,C’ > 0 and appropriate &, € (t,—1,t,). The result then follows
similarly as for the semi-discretization and by a discrete version of the Gronwall lemma. U
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Let us emphasize that our error estimates hold uniform in time. The basic tool that allowed
us to obtain this was the exponential stability provided by the entropy estimates.

6. NUMERICS

For illustration of the theoretical results, we present in this section some numerical tests. For
ease of presentation, we restrict ourselves again to two space dimensions and consider €) to be
the unit circle. In all simulations, we chose the parameters dy = 0.01, dy = 0.02, v = 2, and
A =4, and complement the system (1la)—(1c) with the initial data

1 1
Lo(z,y) = §($2 +y?) and fo(z,y) = 5(1 + ).
We start by investigating the convergence of solutions for a sequence of uniformly refined meshes
starting from an initial triangulation consisting of 258 elements, and we choose T' = 2 as a final
time and a time step of 7 = 0.125. As approximation for the error we use the difference of
solutions obtained on two consecutive refinements, e.g., we use

L(T) = LA(T) ~ LYA(T) — LA(T) = AL
to measure the various errors. In Table 6, we display the L? errors for L and /¢, as well as the

observed convergence rate. In addition, we display the error in the entropy and the errors in
the H'-norm. The results confirm the convergence rates that were predicted by Theorem 29.

elements | [|[AL|z2 | [|Al)|2 | rate | AE(L,€) | (AL, AC) gy
1032 | 5.62¢-03 | 2.45e-03 | - 1.38e-04 1.65e-01
4128 | 1.50e-03 | 6.06e-04 | 1.91 | 9.77e-06 8.22e-02
16512 | 3.86e-04 | 1.51e-04 | 1.96 | 6.41e-07 4.09e-02
66048 | 9.72e-05 | 3.78e-05 | 1.99 | 4.06e-08 2.04e-02
264192 | 2.43e-05 | 9.46e-06 | 2.00 | 2.55e-09 1.02e-02

FiGURE 2. Errors and rates for the numerical experiments depending on the
number of triangles. The rate is calculated from two consecutive runs.

In a second test, we investigate the large time behavior of the system. To this end, we choose
T = 500 and 7 = 0.5. We compute the discrete solutions for a sequence of uniformly refined
meshes and evaluate the entropy, to be more precise, we compute

- 1
E(L"(ty), 0" (tn)) = §(AHLZ — Looll§y, + V1148 = Lsoll),

which measures the distance of the discrete solution to the exact equilibrium state. This allows
us to evaluate at the same time the convergence to equilibrium and the approximation of the
equilibrium state. The corresponding results are displayed in Figure 3. As predicted by our
theoretical results, we observe exponential convergence. The numerical results also allow us to
estimate the constant present in the exponential decay which is approximately cg = 0.045 here.
Furthermore, we can see that for time approximately larger than ¢ = 250, the discretisation
error due to approximation of the equilibrium becomes dominant.
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FIGURE 3. Convergence of modified entropy error E(L"(t,,),"(t,)) for different mesh
sizes. One can clearly see the exponential convergence with a mesh independent rate.
For large time, the discretization error due to the approximation of the equilibrium state
is dominant and leads to a saturation.

7. EXTENSION TO A SYSTEM ARISING IN ASYMMETRIC STEM CELL DIVISION

Let us now illustrate that the analysis and the discretisation presented for the model prob-
lem (3a)—(3c) can be extended more or less straight forward to more general volume-surface
reaction-diffusion systems which have the same key properties: (i) a mass conservation law,
(ii) a constant positive detailed balance equilibrium, and (iii) a quadratic entropy functional
and an appropriate entropy-entropy dissipation estimate which allows to obtain exponential
convergence to equilibrium.

We consider the following four species volume-surface reaction-diffusion system two volume
concentrations L and P and two surface concentrations £ and p as mentioned in the introduction

L; —d, AL = —BL + aP, re, t>0, (46a)

P —dpAP = 8L —aP, z€Q, t>0, (46b)

by — dyArl = —d0n L + xr,(—0l + kp), zel, t>0, (46¢)
pt — dpAr, = ol — kp — dpO, P, rely t>0. (46d)

As before, we assume §2 is a bounded domain in two or three space dimensions with a smooth

boundary I' = 9Q € C3. We further assume that the boundary I' = I'; U Ty divides into two

disjoint subsets I'; and I's where OI'; is again smooth, and we denote by xr, the characteristic

function on I's. The mass transfer between the volume and the surface is governed by the
boundary conditions

drOnL = —AL + 4, zel, t>0, (46e)

dPanP = XP2(_77P + gp)a T € Fa t> 07 (46f)

dpOnr,p =0, e dly, t>0. (46g)
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The system (46a)—(46g) is again complemented by appropriate initial conditions.

This problem represents the mass transfer between the concentrations L, P,¢ and p as vi-
sualised in the right diagram in Figure 1 in Section 1. A variant of system (46), where two
of the reaction/desorption processes were considered irreversible with k = n = 0, was studied
recently in [8] in order to describe the asymmetric localisation of Lgl during the mitosis of SOP
stem cells of Drosophila, [23, 25, 24]. The diffusion and reaction parameters are assumed to be
positive constants and we further assume that the system has a detailed balance equilibrium,
i.e. we require validity of the detailed balance condition

aro§

Brykn
Using this condition, one can show that the system (46a)-(46g) has very similar properties as
the model problem (3a)—(3c), and, therefore, the analysis of the previous sections can be carried
over to the system (46) almost verbatim. Let us sketch the necessary key steps in more detail:

(1) the system (46) has an inherent mass conservation law, i.e. the total mass is conserved
for all time:

M(t) = /Q L(t) + P(t)dx + /F o(t)dsS + /F p(t)dS = M(0)  forallt>0.  (48)

(47)

(2) Together with the detailed balance condition (47), one can show as for the model problem
(3) that for any initial mass My > 0 there exists a unique positive constant detailed balance
equilibrium (Leo, Pso, £oos Poo)- Again, analytic formulas depending only on the initial My and
the parameters «, 8, A, 7, o, and k can be derived.

(3) The system (46) also has a quadratic relative entropy functional, which has the form

1 1 1
B(L.P.Lp)D) = | ( |80 - aPda+ [ 1P - Pafas
1 1
+ [l was+ [ Lipte —poo|2ds). (19)
T EOO Ty P

Let us not that, up to scaling with a constant, also the entropy for the model problem (3a)—(3c)
could be written in this way.
(4) The corresponding entropy dissipation functional reads

4E(L, P, 0, p)(t)
= —E%OIIVL@)H2 - %IIVP(t)IIQ - ﬂnva)h% ” 2| Vr,p(t)|I7,
- BL%OII/J’L(t) —aP(t)| - w (1) — AL(t))? ||r

— o lmp(t) = ol(t) To? — E—|InP(t) — ép(t) |, = —D(L, P,{,p).
(5) Similar to Lemma 6, one can show an entropy-entropy dissipation estimate of the form
D(L, P, {,p) > co E(L, P, {,p) (50)

holds with a constant ¢y only depending on the parameters and the domain. The proof is again
based on a Poincaré-type inequality.

Following the arguments of Section 2—Section 5 one can then establish the following results:
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(i) The convergence to equilibrium for the continuous problem
IL(t) = Loolla + | P(t) = Polle + [16(t) = LooIr + [|p(t) — poollr, < Ce™* for all ¢ > 0.
(ii) The convergence to the discrete equilibrium for semi-discrete solutions
IZ" () = Lo, + 1P (1) = P, + 11€7(2) = €5 lie, + 19" (8) = phollpy < Cem,
as well as for the fully discrete solutions
L8 = Lillo, + 1P = Pl + 16k = i, + 17k = plelley < Cem™,

with constants ¢y, C' independent of the meshsize h > 0 and the time step 7 > 0.
(iii) Error estimates independent of time horizon and order optimal convergence under the
assumption of sufficiently regular solutions, i.e.,

IZ" (1) = L), + 1P*(t) = P()lay, + [1€"(8) = £0) m,, + 19" (8) = B8y < CR
for the semi-deiscretization and
ILE — L(ta)lle, + 1PF = P(ta)lle, + 12 — €(ta)lIr, + [Ip2 — B(tn)lly < C(h* +7)

for the full discretization with a constant C' that is independent of the time horizon, of the
meshsize, and of the time step.

Some snapshot of the concentrations P(t) and L(t) are depicted in Figure 7.

FIGURE 4. Snapshots for L(t) and P(t) at ¢t = 0,0.13,1.56,3.0. A mesh with 4064
triangles and 7 = 0.01 was used. The initial data were Lo(z,y) = zsin(x + 1) +
0.5, Po(z,y) = (2—=x)cos(x +1)+0.5, bo(x,y) = 0.3(2—y) + 1, and po(z,y) = 0.4y + 1.

The evolution is driven by convergence to the constant equilibrium, but also some local effects
due to the mass transfer with the boundary can be seen.
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8. SUMMARY

Volume-surface reaction-diffusion systems arise in many applications in chemistry, fluid dy-
namics, crystal growth, see e.g. [19, 20] and in particular in molecular-biology, where many
current models aim to describe, for instance, signaling pathways, see e.g. [21], or the evolution
of proteins, see e.g. [8].

As realistic models in biology are often large and the mathematical analysis accordingly
cumbersome, our general aims is to develop methods, which are robust in the sense that they
are based on a few fundamental properties, which are shared by many such models: i) conser-
vation of mass and non-negativity of solutions, ii) a positive equilibrium, and ii) exponential
convergence to equilibrium.

In this manuscript, we investigated volume-surface reaction-diffusion systems with a unique
constant detailed balance equilibrium. We identified an appropriate quadratic entropy func-
tional, characterized the entropy dissipation, and established an entropy-entropy dissipation
inequality, which follows by a Poincaré-type inequality. Combining these ingredients allowed us
to establish exponential convergence of solutions to the equilibrium.

For the discretization, we then investigated a finite element method and the implicit Euler
scheme. The fact that the equilibrium was constant enabled us to carry over all arguments
almost verbatim to the discrete level. In particular, exponential convergence to the discrete
equilibrium could be established for the semi-discretization and the fully discrete approxima-
tions. In addition, we conducted a full error analysis, including domain approximations, and
could establish convergence of optimal order uniform in time and with constants independent
of the meshsize and the time step. The theoretical findings were confirmed in numerical tests.

Although we confined ourselves here to simple model problem, our general arguments, in
particular the use of entropy estimates, can be applied to obtain similar results for a wide
class of surface-volume reaction-diffusion problems having a constant equilibrium. Big parts of
our analysis could even be extended to problems with non-constant equilibria. In particular,
quadratic entropy functionals of the form (49) can be constructed for a much wider class of prob-
lems with linear reaction dynamics, but these cannot be applied so easily on the discrete level.
Another possible direction of generalisation would be to consider complex balanced systems,
such as weakly reversible reaction networks. Such systems still feature a positive equilibria and
the entropy structure as well as exponential convergence to equilibrium, as recently established
for general first order reaction-diffusion networks in [26]. The formulation of an appropriate
discrete entropy and entropy dissipation will be direction of future research.
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