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MULTISCALE ANALYSIS AND SIMULATION OF A SIGNALING
PROCESS WITH SURFACE DIFFUSION*
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Abstract. We present and analyze a model for cell signaling processes in biological tissues.
The model includes diffusion and nonlinear reactions on the cell surfaces and both inter- and intra-
cellular signaling. Using techniques from the theory of two-scale convergence as well the unfolding
method, we show convergence of the solutions to the model to solutions of a two-scale macroscopic
problem. We also present a two-scale bulk-surface finite element method for the approximation of
the macroscopic model. We report on some benchmarking results as well as numerical simulations in
a biologically relevant regime that illustrate the influence of cell-scale heterogeneities on macroscopic
concentrations.
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1. Introduction. Interactions between cells and the response of cells to external
stimuli are largely regulated by intracellular signaling processes which are themselves
activated by interactions between cell membrane receptors and signaling molecules
(ligands) diffusing in the extracellular space. Consequently, receptor-ligand interac-
tions and the activation of intracellular signaling pathways are involved in many im-
portant biological processes such as the immune response, cell movement and division,
tissue development, and homeostasis or repair; see e.g., [1, 28, 42]. The complexity of
the biochemistry involved in signaling networks necessitates an integrated approach
combining theoretical and computational studies with experimental and modeling ef-
forts to further our understanding of cell signaling. Motivated by this need, in this
work, we consider the modeling and analysis of signaling processes in biological tis-
sues. Specifically, we are interested in modeling both the cell-scale phenomena of
receptor binding and cell signaling along with the tissue level dynamics of the ligands.

Mathematical modeling and analysis of signaling processes involving receptor-
ligand interactions and GTPase (protein) molecules for a single cell was considered
in a number of recent works, for example, [7, 14, 46]. The majority of modeling
studies to date in the literature focus only on phenomena at the scale of a single cell
or simply naively “average out” the cell-scale dependence for tissue level modeling
[37, 41, 47, 52]. However, the spatial separation between ligands diffusing in the
intercellular space and receptors restricted to the cell membrane could be important
even in tissue level models as shown, for example, in [25, 40] where it is crucial
to ensuring robust branching in models for morphogenesis in organogenesis (e.g., in
the formation of the lungs or the kidney). The heterogeneity in the interactions
between ligands and receptors on the cell membrane given by receptor clustering
on cell membranes [21, 50, 53] and/or lipid rafts [6, 19, 49] is also important for
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intercellular signaling processes. Similarly, in the mathematical and computational
modeling of chemotaxis, cell polarization through the clustering of receptors at the
leading edge and gradients in the macroscopic ligand field generated by the binding of
these receptors appear crucial to successful migration [15, 34, 35]. Thus microscopic
modeling of receptor-ligand-based intercellular signaling processes in which both cell-
and tissue-scale phenomena are accounted for is essential for a better understanding
of biological systems.

In this work we consider the multiscale modeling and analysis of signaling pro-
cesses in biological tissues. Starting from a microscopic description consisting of cou-
pled bulk-surface systems of partial differential equations (PDEs) posed in a domain
consisting of cells and the extracellular space, we will derive a macroscopic two-scale
model as the number of cells tends to infinity. In contrast to previous models for
receptor-based signaling processes in biological tissues [38], we consider diffusion of
membrane resident species on the cell surface and we also extend previous models
by considering interactions between receptors and coreceptors on the cell membrane
leading to activation of intracellular signaling processes. Furthermore, we propose
a robust and efficient numerical method for the approximation of the macroscopic
two-scale problem and apply it in a biologically relevant parameter regime.

The main difficulty in the multiscale analysis of the microscopic problem consid-
ered here is the strong nonlinearity of reaction terms coupled with surface diffusion
and the dependence on a small parameter, corresponding to the size of the microstruc-
ture. This requires a rather delicate analysis and a new approach in the derivation
of a priori estimates. We employ the trace and Gagliardo—Nirenberg inequalities
together with an iteration processes to show the a priori estimates and bounded-
ness of the solutions of the model equations. Similar ideas were used in [7] to show
the well-posedness of a system describing nonlinear ligand-receptor interactions for
a single cell whose shape is evolving in time. However, due to the multiscale nature
and the corresponding scaling in the microscopic equations, the techniques from [7]
cannot be applied directly to obtain uniform a priori estimates for the solutions of our
microscopic model. To overcome this difficulty we use the structure of the nonlinear
reaction terms and the periodic unfolding operator [9, 10, 20].

The bulk-surface coupling in the homogenized model induces some challenges
in the design of a two-scale numerical scheme. For the numerical approximation of
the macroscopic two-scale system we employ a two-scale bulk-surface finite element
method. Bulk-surface finite element methods have been used in a number of recent
studies for the approximation of coupled bulk-surface systems of elliptic and parabolic
equations, including those modeling receptor-ligand interactions [13, 33, 36, 46]; how-
ever, to the best of the authors’ knowledge all such works have focused on interactions
at the scale of a single cell. Coupling the bulk-surface finite element approach with
a two-scale finite element method [43], we are able to treat the approximation of the
full macroscopic two-scale system and hence provide, as far as we are aware, the first
work in which tissue level models for receptor-ligand interaction are simulated where
receptor binding, unbinding, and transport as well as cell signaling are taken into
account at the cell scale. In order to validate the method we perform some bench-
mark tests to investigate the convergence of the method. We then propose and sim-
ulate a macroscopic two-scale cell signaling model in a biologically relevant regime.
Our results illustrate the influence of the cell shape on the transport of macroscopic
species as well as spatial heterogeneities at the cell scale and their influence on tissue
level behavior. We focus on incorporating the single cell model within a generic cell
signaling process outlined in [18] into our multiscale modeling framework. However,
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we note that the majority of signaling pathways that are described in the litera-
ture lie within the general model framework considered in this work, for example,
GTPase (e.g., Rho) and G-protein coupled receptors related signaling pathways [30],
uPAR-mediated signaling processes in human tissue [29], and Brassinosteroid hormone
mediated signaling in plant cells [12].

The remainder of this paper is organized as follows. In section 2 we derive our
microscopic model for cell signaling processes consisting of coupled bulk-surface sys-
tems of PDEs. In section 3 we prove existence and uniqueness results and derive
some a priori estimates for solutions of the microscopic model. Convergence results in
the limit as the number of cells tends to infinity, and the resultant macroscopic two-
scale model equations satisfied by the limiting solutions are presented in section 4. In
section 5 we formulate a numerical scheme for the approximation of the macroscopic
two-scale model. We benchmark the convergence of the scheme in section 6, and in
section 7 we apply the numerical method to the approximation of a biological example
of a GTPase signaling network taking parameter values from previous studies. The
definitions and main properties of two-scale convergence and the unfolding method
as well as some technical calculations used in the proof of boundedness of solutions
of the microscopic model are summarized in the appendix.

2. Microscopic model. In this section we present a derivation of a microscopic
mathematical model for signaling processes in biological tissues. We consider a Lip-
schitz domain Q C R? with d = 2,3 representing a part of a biological tissue and
assume a periodic distribution of cells in the tissue. To describe the microscopic
structure of the tissue, given by extra- and intracellular spaces separated by cell
membranes, we consider a “unit cell” Y = [0,1]¢ and the subdomains Y; C Y and
Y. = Y\ Y}, together with the boundary I' = 9Y;. The domain occupied by the intra-
cellular space is given by Qf = [Jcz. €(Y; + ), where 22 = {{ € 72, e(Y;+¢) C Q},
and the extracellular space is denoted by 2 = Q \ﬁf The surfaces that describe
cell membranes are denoted by I'* = (Jgcz. e(I' + €); see Figure 1 for a sketch of the
geometry.

Fi1G. 1. The left-hand subfigure shows the “unit cell” that describes the microstructure consisting
of a single cell with the intra- and extracellular spaces denoted by Y; and Ye, respectively, and the
cell membrane by T'. The right-hand subfigure is a sketch of the tissue consisting of a periodic
distribution of identically shaped cells surrounded by the extracellular space.
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In modeling intercellular signaling processes, we assume that the signaling mole-
cules (ligands) ¢ diffuse in the extracellular space and interact with cell membrane
receptors. We distinguish between free receptors % (or extracellular domains of the
free receptors) and bound receptors r; (free receptor-ligand complexes). The model
for the evolution of the ligand concentration ¢ in the extracellular space €2 reads

O =V - (DE(z)VeE) = Fo(cs)  inQZ, t>0,

2.1
21 Di(2)Veg - v = —eGe(cg,r5,15)  on €, ¢ > 0.

Here the nonlinear Robin boundary condition Ge(cg, 7%, 77) defined by
Ge(u,v,w) :=aS(x)uv — bi(x)w

describes the binding of ligands to free receptors located on the cell membranes, i.e.,
the creation of receptor-ligand complexes, with binding rate a and spontaneous dis-
sociation of the complexes back into free receptors and ligands, with dissociation rate
be. The function F, models the production and/or decay of ligands in the extracellular
space.

The signal from the extracellular domain is transduced into the cell through
the activation by bound receptors r; of either membrane proteins, as is the case
in signaling processes mediated by G-protein-coupled receptors or the intracellular
domains of enzyme-linked membrane receptors or coreceptors, as observed in plant
hormone signaling processes. Thus we shall distinguish between active p% and inactive
PG proteins (coreceptors) or active and inactive intracellular domains of receptors. We
also consider spontaneous deactivation of proteins (or intracellular domains of recep-
tors) with the deactivation rate b5, as well as natural decay of all molecules with decay
rates dj; for j = f,e,d,a. Hence for the receptors and proteins on the cell membrane
we obtain the following reaction-diffusion equations:

0§ — EQDprrfc = Ff(rfc,ri) — Ge(c, r?,rf) —dsrs onI® ¢t >0,
Oy — e’ DyArrs = Gelcg,r5,m5) — Galry, p3,pg) —dpry,  on ISt >0,
oS, — e2DyArps = Fa(pS) — Ga(rs, p5,05) — da onI'®/t >0,
oS — 2Dy Arps = Ga(rs, p5,p5) — Gi(pS, ¢5) — do 15 on It >0,

(2.2)

where Ar denotes the Laplace-Beltrami operator on the surfaces I'* and the activa-
tion/deactivation reactions are defined by

Ga(u,v,w) = a(z)uv — b5 (x)w
with an activation (binding) rate a$. The function
Gi(w,v) == 7; (z)w — K (x)v

describes the transduction of the signal into the cell interior by activated proteins on
the cell membrane (GTPase molecules) or activated intracellular domains of enzyme-
linked receptors. The functions Fy and Fy model the production of new free receptors
and inactive proteins, respectively.

For the molecules involved in the intracellular part of the signaling pathway, we
consider

O — 2V - (Di(x)Vc5) = Fi(cf) inQZ, t>0,

K2

(23) 2 e € € £ €
e“Di (x)Ves v =eG(p5, ) onTI*® t>0,
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where the function F; models production and/or decay of the intracellular signaling
molecules c.
We complete the microscopic model with the initial conditions

ce(0,2) = ce0(x) for = € ¥,

¢ (0,z) = cio(x), ciolz)=cin(w)ciz(z/e) for = € Qf,
(2.4) E . - i

75(0,2) =715 0(z), 150(x) =7j1(2)r)2(2/€) for x € T,

p(0,2) = pSo(x), pio(x) =psi(@)psal(a/e)  for x€T*,

where j = f,band s = d, a and the boundary condition for ¢ on the external boundary
01 is given by
(2.5) Di(2)VcE

(&)

-v=0 on 09, t>0.

Remark 2.1 (modeling generalizations). For simplicity of presentation we consider
constant diffusion coefficients in the equations on I'®; however, both the mathemat-
ical analysis and the numerical implementation allow for general space dependence
(z and/or z/¢) in the surface diffusion coefficients.

The e-dependent scaling in the microscopic model (2.1)—(2.5) yields nontrivial
equations in the limit and indeed is consistent with biological estimates of the param-
eter values; cf. section 7.

The structure of the space-dependent initial conditions ensures uniform in &
boundedness and the strong two-scale convergence of the initial data ¢ o, 5, and p§
as € — 0, where 7 = f,b and s = d,a. It is possible to consider more general initial
conditions, i.e., ¢f o(z) = cio(w,x/e), 75 o(x) = rj0(x,2/€), and pS () = ps,o(x,x/€)
if one assumes continuity of c; o, rj0, and pso with respect to at least one of the
spatial variables, i.e., macroscopic ( € ) or microscopic (y € Y; or y € T).

Remark 2.2 (binding kinetics). For reasons of clarity of exposition in the micro-
scopic model we consider linear or quadratic reactions for interactions between sig-
naling molecules, receptors, and proteins. Such reactions capture the main features
of biologically relevant interactions. The extension of the analysis and numerical sim-
ulations considered here to more general binding models such as cooperative binding
or Michaelis—-Menten terms and the addition of general Lipschitz functions in the re-
action terms modeling additional phenomena should be a relatively straightforward
task and is not anticipated to induce any major technical complications.

To ease readability, we introduce the following notation for 7 € (0,7] and any
T >0, 0 = (0,7) xQf, for | =e,i, ['7:=(0,7) xI'¢, Qr :=Qx (0,7), I'; :=
I x (0,7):

(¢, ¥)a: ::/0 quﬁwdwdt, for I =e,1, (¢, ¥)re ::/O Fsgbq/)dgadt’

(6, Byixa, = /0 /Q [ ovdydadt, for 1= c.i, (6,90, = /0 /Q 6 dadt,

(9. ¥)rxa, = /OT/Q/F¢1/Jdaydxdt, (¢, ), = /OT/Fqbwdaydt.

By (-,-) we denote the time integral of the dual product in H(5), with | =i, e, or
in H'(T'°) where it is clear from the arguments which of the three is meant.
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3. Well-posedness and a priori estimates for the microscopic model.
In this section, we prove existence and uniqueness of a solution to the microscopic
problem (2.1)—(2.5). We also derive a priori estimates that allow us to pass to the
limit as the number of cells tends to infinity.

We use a Galerkin method together with fixed point arguments to show the
existence of a weak solution of (2.1)—(2.5). The main difficulty in the analysis is
to show a priori estimates for solutions of the microscopic problem, which are global
in time and independent of €. This is technically challenging due to the quadratic
nonlinearities in the reaction terms and the scaling of the diffusion of the microscopic
species. The tools we use to derive the estimates are the periodic unfolding method
and Gagliardo—Nirenberg inequalities, and in the proof of boundedness of the species,
we employ an Alikakos iteration technique [3]. Uniqueness of the solution to (2.1)-
(2.5) follows from the boundedness result and the local Lipschitz continuity of the
nonlinear terms.

We find it convenient to use the periodic unfolding method described in Appendix
B; see also [9, 10]. There are two main advantages in using unfolding methods in
relation to the present study:

e Unfolding operators map functions defined on the oscillating e-dependent
domains to functions defined on fixed domains which now depend on both
macroscopic and microscopic variables; i.e., we can study functions on fixed
domains whose geometry is independent of € but in exchange must double
the spatial dimension.

e The unfolding results in a separation between microscopic and macroscopic
variables in the unfolded functions. This allows us to take advantage of the
fact that under the action of the unfolding operator the differential operator
(the Laplace—Beltrami operator) in the equations defined on the oscillating
surfaces is transformed into a differential operator with respect to the mi-
croscopic variables only. Thus we are able to utilize the higher regularity
with respect to microscopic variables of the species defined on the oscillating
surfaces, and this appears to be crucial in establishing boundedness of the
species uniformly in e.

We make the following biologically reasonable assumptions on the coefficients in
the model equations and on the initial data.

Assumption 3.1 (assumptions on the problem data for (2.1)—(2.5)).

e We assume the usual ellipticity and boundedness conditions on the diffusiv-
ities of the different species, i.e., D, € C(Q2; L>(Y.)) with D¢(x,y) > ae >
0 fora.a.y € Yo and z € Q, D; € L>(Y;) with D;(y) > a; > 0 for a.a. y €
Y;, and D; > 0 for j = f,b,d, a.

e For the reaction kinetic coefficients, for [ = e, i, we assume

ai, by, vi, k; € L(T) and ay, by, 74, k; are nonnegative.
Moreover, we assume for [ = e, 1
aj (z) = a(x/e€),bj (x) = bi(z/e) and ~; (x) = vi(z/¢), &5 (x) = Ki(z/2).
e We assume boundedness of the initial conditions, i.e.,
Ce,05 Ci,1 S LOO(Q) and Ci2 S LOO(Y),

and that for j = f,b and s = a,d,

751, Ps,1 € L(R) and 7j9,ps 2 € L(T).
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e We further assume that the production/decay terms satisfy F; : R — R for
| =e,i,d and Fy : R — R are locally Lipschitz continuous in (—u,oc) and
(—pu, 00)?, respectively, for some u > 0.

Moreover, we assume the following growth bounds for [ = e, 1, d:

Fy(&)¢- < |e-|* and Fy(g,mé- < CE-* + In-*),
for £- = min{¢, 0} and n_ = min{n, 0}, and for | = e,1,d,
[F1(§)] < C(1 4 &) and |[Ff(§,n)| < C(1+& +n) for §;n € Ry
We define D;(x) := [)i(%‘/@ and D:(z) := De(z,z/¢) for € Q5 and = € QF,
respectively, where D; and D, are Y-periodic extensions of D; and of D.(z,-) for
x € €, respectively.

We now introduce our notion of weak solutions of the microscopic problem (2.1)-
(2.5).

DEFINITION 3.2 (weak solution of the microscopic problem). A weak solution of
the microscopic model (2.1)~(2.5) is functions ¢ € L*(0,T; H(Q])) and 75,p5 €
L2(0,T; H'(T¢)) with dyc§ € L*(0,T; H'(Q)') and 9,7, 9,ps € L*(0,T; H' (T)'), for
l=e,i, s=a,d, and j = f,b, satisfying
(3 1) <6tciﬁ ¢> + <DZ(Z‘)VC§, V¢>Q§T = <F€ cz)a ¢>QiT - €<G€(sz T?a Tg)? ¢>F§~7
. (Orci, ) + (€2 D5 (2)Ve§, Vibyas . = (Fi(ci), ¥)as . + (Gilpe, ¢5), d)rs,
and

(05, 0) + <€2DfVFT?,VFSO>F% = (Fp(r§,ry) — Gel(cg, 75, 15) — dsr§, @)rs.
<atrlfa 90> + <52va1‘7'§; VFSD>F€T - <G6(Civ rfﬁ TZE)) - Gd(rgvpfiapi), 50>F§~
(3.2) —(dp 15, )15,
(003, ) + (€2 DaVrp, Vro)rs, = (Fa(py) — Ga(r, p3,0;) — dap, )rs,,
(005, ) + (€°DaVrpl, Vrg)rs, = (Ga(ry,p3.p5) — Gi(p5. ¢§) — dapfy, ©)1s,
for all ¢ € L2(0,T; H (%)), ¢ € L*(0,T; H'(Q5)), and ¢ € L?(0,T; H*(T*)), with
the initial conditions (2.4) satisfied in the L*-sense.

In the subsequent analysis we shall make repeated use of the the following scaled
trace inequality.

Remark 3.3 (scaled trace inequality). Using the assumptions on the microscopic
geometry of QF and applying the standard trace inequality for functions v € H'(Y})
(see, e.g., (A.1)), together with a scaling argument, we obtain the following trace
inequality for the L2-norm on I'¢:

(33) E”’U”%z(ps) < /145”’[}“%2(52[5) +€2(5||V’U||%2(Qla) with [ = e,i,

for any fixed § > 0, where the constant us > 0 depends only on §, Y, Y;, and I'; and is
independent of ¢; see, e.g., [23, 38]. Notice that the natural e-scaling in the L?-norm
on the oscillating boundaries (surfaces of the microstructure) reflects the difference
between volume and surface dimensions.

Remark 3.4 (H! extension). The assumptions on the structure of the micro-
scopic domain Qf ensure that for v € WP(QS) with 1 < p < oo, there exists an
extension v from €2 into 2 such that
(3.4) 10l zr @) < pllvllesy, [VOllr@ < ullVollLr s,

where the constant p is independent of ¢; see, e.g., [2, 11, 23].
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We now state our main result of this section, specifically the existence and unique-
ness of a weak solution of microscopic model (2.1)—(2.5) together with uniform (in €)
estimates.

THEOREM 3.5. Under Assumption 3.1, for every fized € > 0, there exists a unique
nonnegative weak solution of the microscopic problem (2.1)~(2.5), which satisfies the
a priori estimates

llcellLoe(o,7522(02)) + IVeell2 o 1) + VelletllLa sy < G,
(3 5) ||C?||L°0(O,T;L2(Qf)) + HEVC,§||L2(Q?T) —+ \/gHCZE”Lg(F;) S C”
Velr§lizes 0,2 o)) + VeleVrrillz sy < C,

<

VElpSl Loe (0,152 (0e)) + \/gllsvppian(FeT) C,
and forl=-e,i, s =a,d, and j = f,b
(3.6) \|Cf||Loo(o,T;Loo(Qle)) + 751l oo 0,130 (rey) + 1P5] e 0,752 (reyy < C,

where the constant C' is independent of €.

To aid readability, we split the proof of Theorem 3.5 into a series of lemmata.
Namely, in Lemmata 3.6, 3.7, 3.8, 3.9, and 3.10 we show existence, nonnegativity,
the a priori estimates (3.5), boundedness, and uniqueness of solutions to (2.1)—(2.5),
respectively.

LEMMA 3.6. There exists a weak solution to the microscopic problem (2.1)—(2.5).
Proof. Existence of a weak solution to problem (2.1)—(2.5) is demonstrated by
showing the existence of a fixed point of the operator equation K : A — A with

A= {(u,v) € L*(0,T; L*(T¢))?® with > 0and v >0 on (0,T) x T¢},

defined such that for given (¢, h°) € A we consider (r%,r5) = K(g°, h®), where the
functions % and r; are solutions of the following coupled problem:

O = V- (Di(@)Ves) = Fulcs)  in O,

€

Di(x)Vcl - v=—eG.(cf, 9%, h°) on I'z,

(3.7) Di(z)Ve-v=0 on (0Q)r,
Oc; — *V - (D§ (2)Ve§) = Fy(c§)  in QF p,
D3 (x)Ve; - v =eGi(pg, ;) on I';
and

Oy — A (Dprrfc) = Ff(rff,hs) —Ge(cS, g%, r5) — dy T,
Ory — e2Vr - (DpVrrg) = Ge(cS

8ipg — €V - (DaVrpg)
O — £°Vr - (DoVrp;)

(3.8)

together with the initial conditions (2.4).

To prove the nonnegativity of solutions of problem (3.7), (3.8), and (2.4) we start
by taking ¢~ = min{cZ, 0} as a test function in the equation for ¢ in (3.7). Using the
nonnegativity of ¢ and h®, the assumptions on F,, and the structure of function G,
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we obtain that [|cg"™ || Lo (0,7;02(0s)) < 0. Hence ¢~ = 0 a.e. in (0,7) x Qg and ¢ > 0
a.e. in (0,7) x Qf. Then using the nonnegativity of ¢£, g%, and h®, and choosing ¢’ ",
r) ", p9, with I = f,b and s = a,d, as test functions in the equation for ¢ in (3.7)
and in equations in (3.8), respectively, and using the assumptions on the functions
Fy, Fy, F;, G;, and G4 we obtain nonnegativity of c;, r;, and pf, where [ = f,b and
s =a,d.

The existence of a solution of problem (3.7), (3.8), and (2.4) for given (g%, h°) € A
can be shown using a Galerkin method and a priori estimates, equivalent to those
stated in (3.5) (where we now consider estimates for the solutions of problem (3.7),
(3.8), and (2.4)). As is standard the necessary estimates are derived for Galerkin
approximation sequences and passing to the limit yields the estimates for the problem
(3.7), (3.8), and (2.4). We note that the derivation of the estimates (3.5) for solutions
of problem (3.7), (3.8), and (2.4) follows exactly the same argument as in the proof
of Lemma 3.8 with sHhEH%Q(Oqu(FE)) in place of 5||7‘ZH%2(07T;L4(F5)) for ¢ = 2,4.

The a priori estimates in (3.5), together with standard arguments for parabolic
equations, ensure that for any fixed € > 0 we have 9;cf € L*(0,T; H'(QF)’) for | = e, i
and 0,75, d;ps € L*(0,T; HY(I®)') for j = f,b, s = a,d.

Now using the compact embedding of [H'(0,T; H'(I'*)") N L2(0,T; H*(T¢))]? in
L?(0,T; L*(I'¢))? and the fact that A is a convex subset of L%(0,7; L*(I'¥))? and
applying the Schauder fixed-point theorem yields the existence of a weak solution to
the microscopic problem (2.1)—(2.5) for each fixed e. |

To show nonnegativity of solutions, the a priori estimates (3.5), and boundedness
of solutions of the microscopic problem (2.1)—(2.5), we first consider a truncated model
obtained by taking 7% ), instead of r§ in function Ge and rj ,, instead of rj in function
G4 in (2.1)—(2.5), where

75y = min{M, 5} + max{—M,r5} — r§ for j = f,b and some M > 0.

Then we show that all solutions of the truncated model are nonnegative. For non-
negative solutions in Lemmata 3.8 and 3.9 we prove the a priori estimates (3.5) and
boundedness, independent of the truncation constant M. Thus passing to the limit
as M — oo yields the nonnegativity, a priori estimates (3.5), and boundedness of
solutions of the original problem (2.1)—(2.5).

For simplicity of presentation we derive the a priori estimates and boundedness
of nonnegative solutions of original problem (2.1)—(2.5); clearly the same arguments
apply for the corresponding truncated model.

LEMMA 3.7. Under Assumption 3.1 solutions of problem (2.1)—(2.5) are non-
negative.

Proof. We first consider the truncated model with 5 ,, instead of r$ in function

Ge and rf ), instead of 7 in function Gg in (2.1)~(2.5). Then considering ¢;*~, 5",
and p3’~ as test functions in (3.1) and (3.2) with Ge(cg, 75 5, 75) and Ga(r ar, PG, P3)
instead of Ge(cZ, r,75) and Ga(ry, pg, pg,), respectively, using the trace and Gronwall

inequalities we obtain

] Nzeeo,msz2(0)) + 11757 o o, myz2(re)) + 1087 Lo 0,1522(re)) <0

for [ =e,i, j = f,b, and s = a,d, and hence solutions of the truncated problem cf,
75, and pj are nonnegative. Since for nonnegative solutions we have a priori estimates
and boundedness uniformly with respect to M (see Lemmata 3.8 and 3.9), we can pass
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to the limit as M — oo and obtain that solutions of the original problem (2.1)—(2.5)
are nonnegative. 0

Next we derive the a priori estimates (3.5) for solutions of problem (2.1)—(2.5).

LEMMA 3.8. Under Assumption 3.1 nonnegative solutions of the microscopic prob-
lem (2.1)—(2.5) satisfy the a priori estimates (3.5).

Proof. Considering ¢¢ and ¢ as test functions in the weak formulation (3.1) of
the equations for ¢f and ¢ yields

SN Bagag) + el Ve aqar ) < SISO s + (Feled), o
— Gl 75 7E): e

SN Baor) + aille Ve Iaqas ) < 516 O)lan) + (i), o,

+e(Gi(pg, ¢i), ¢i)re

for 7 € (0,T]. Using the structure of G, and G;, the nonnegativity of solutions,
and the assumptions on the coefficients in Assumption 3.1, together with the trace
inequality (3.3), we obtain

oag O IVl ) < (2 elirg sy + lesNEeqas )
Ief ()32 gae) + 1eVeiIRaqar .y < € [1+ellps s + 13 ) -

Taking 7% as a test function in the equation for r%, and using the nonnegativity of cg,
s and rf, the structure of G, and the assumptions on Fy we have

(811)  ellrs(D3are) + elleVersliagsy < C [1+ el IFaqes) + ellr§lidaes) |

for 7 € (0,7]. Considering the equation for the sum of r§ and r§, taking rj + 7%
as a test function, and using the structure of the function Gy, together with the
nonnegativity of 7%, 7, and pg and the estimate (3.11), yields

ellr§(7) + 5 (3 ey + elleVrrs e
(312) S Cu[U+elleVerslags +elrf3aes) + elri I3y + ellpil3ecrs) |
< Co |1t ellrf ey + ellr§Eersy + ellpslaces)

for 7 € (0,T]. In a similar way as for 7%, using the structure of G4, the assumptions
on Fy, and the nonnegativity of 7, p5 and p?, we obtain

(38.13)  ellpy(M) 2oy +elleVrpilliamsy < C [1 +ellpg I 7erey +ellpillzacre)

for 7 € (0,T]. Considering the equation for the sum of p5 and pg and taking pg + pS
as a test function yields

ellpa(m) + pe (D72 rey + eleVrpg 172 e
(3.14) < [1 +elleVrpillza ey + el 172y + ellpillie ey + 5“05”%2(1“;)}

< Co [L ellbhl3aesy + elpilFaqes) + elles N3ars
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for 7 € (0,T]. Combining estimates (3.10)—(3.14) and using the Gronwall inequality
and trace inequality (3.3) imply the a priori estimates stated in (3.5). d

The main technical result of this section is the following uniform boundedness
result. A number of the more laborious calculations are given in the Appendix C in
order to aid readability of the manuscript.

LEMMA 3.9. Under Assumption 3.1 nonnegative solutions of problem (2.1)—(2.5)
are bounded uniformly in e.

Proof. To show boundedness of solutions to the microscopic model (2.1)—(2.5)
we introduce the periodic unfolding operator Ty, : LP(Q] ;) — LP(Qr x V), with
[ = i,e, and the boundary unfolding operator ’7}5 : LP(T%) — LP(Qp x T), where
1 < p < o0; see Appendix B or, e.g., [9, 10] for the definition and properties of the
periodic unfolding operator. For simplification of the presentation we use the same
notation 7¢ for the unfolding operator 7y, for [ = e, and the boundary unfolding
operator 7% as it is clear from the context which operator is applied.

Integrating by parts in time of the terms in (3.1) and (3.2) that involve time deriv-
atives, applying the unfolding operator, and using the nonnegativity of the solutions,
we obtain the following estimates for x € Q, (to aid readability of the manuscript the
details of the derivation of the estimates are given in Appendix C):

(3.15)
1T ey + Ve TP 2w,y + 1T 2wy + Ve T D)2,

< O [LHIT 0D Bace,) + 1T By + 1T G0 Recr, ]
1T () L2y + Ve T DL,y + 1T (L) + Ve, T (001221,
< O [LH T 00 aqes + I OB ace,) + 177 () e )
1T (DN 2wy + IV T (v
< G [L+ T e | + Ca [T ey + 1T G0 Enir, | -
Gronwall’s inequality and a trace estimate for ¢f, similar to (3.3), yields for z € Q,

17Dl Lo o702y + IV T 20y < C - for 1= f,b,
(3.16) 17 Lo 0. 1:L2(r)) + IVry T (05l L2 gy < € for s =d,a,
7= (ci) o052 (v2)) + IV T ()2 (vir) < C-

Applying the Gagliardo—Nirenberg and trace inequalities and using the fact that
dim(T") < 2 we obtain for I = f,b and s = d,a and for x € Q and 7 € (0,77,

€ € 1 2 c
1Tz < CullVr T2 1T GO 02y < C
(3.17) HTE(pZ)”L“ < CQHVF Y E(p )||L2(F )”Ts( )HLoo(o 7 L2(I)) < C
172 z2(r,y < Cs [IVy T (D) z2(vi o) + 1T () 2vi )] < O
\|T€(Cf)||L2(o,T;L4(F)) < Co[IVy T () 2(vi ) T 2 v ] < C,
where the constant C is independent of € and . We also make use of the inequality
1/2 1/2
1725l z2y < il Ve T e 1T )
€(,.€ c/ ex1/2 c
1T sy <l Vry T2 | ot | T o
(1) (™)

for x € Q, t € (0,7T], and a constant > 0 independent of e.

(3.18)
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The a priori estimates (3.5) and the properties of the unfolding operator (see
Appendix B or [9] for more details) imply

IVy T (cll2rxve) = [ET(Ve)llL2@rxy.) < CilleVeg|l 2oz ) < Coe,

(3.19)
IVy T (2o xvi) = [ET(VE) 220 xvi) < CslleVei 2oz ) < Ca.

Using the Sobolev embedding theorem, where dim(Y;) < 3 for [ = e, i, and the trace
inequality, we obtain

1T 2rxry + 1T () 22 @rna )y + 1T () 22 (@324 ()

(3.20) o .
< u[IT(eDllz2@rxvi) + IV THeD) 2200 xvp)] < C

for | = e, i, where the constants ¢ > 0 and C' > 0 are independent of €.

We now use an Alikakos iteration method [3] to prove the boundedness of solutions
0 (2.1)—(2.5). Considering first |’7'€(rfc)|p’1 for p > 4 as a test function in the equation
for T¢(r%) (see (C.2) in Appendix C), using the assumptions on the function Fy, the
nonnegativity of %, rp and ¢Z, and the Gagliardo-Nirenberg inequality we obtain the
following estimate for € Q and 7 € (0,T], (see Appendix C for the details)

1T Oy + IV T2 12y
(3.21)

0,7)

< CUT e,y + Cop* <sup T E Ny + 1>

Then, the Alikakos iteration lemma [3] ensures that for x € Q
(3.22) 1T (r5) |l o 0,30 (ry) < C1 [L+ T arp] < Co.
The definition of the unfolding operator and the fact that Cs is independent of x € Q

yields the boundedness of r§ in (0,7) xI'. Due to the structure of the reaction terms,
in the same way as for 7°(r%) we obtain

(3.23) 175 Lo (0,m5ry) < C1 [1+ T | 2arpy] < Co

for € Q. To show the boundedness of ¢£ we consider |cZ[P~! for p > 4 as a test
function in the first equation of (3.1) and, using the assumptions on F, and the
nonnegativity of r§ and cg, we obtain

et o +4—\\V|c€|z||ms )< O [14 e

) )
(3.24) .
+ CapP e sy + 67N IEE e + / 17205 2. vt

Using the boundedness of 7¢(r%) and taking |7°(ry )|? as a test function in the equa-
tion for 7(r;) (see (C.2) in Appendix C) yields

(3.25) T2 (D llay + Ve T O3 P72,y < C L+ IT(eD)lLecr,)]



MULTISCALE CELL SIGNALING 863

for 7 € (0,T] and = € Q. Combining the estimates (3.24) and (3.25) with a trace
inequality and the Gagliardo-Nirenberg inequality, applied to the extension of ¢ from
Q¢ into 2, (see Appendix C for more details), yields

p p
(326) (M2 Z2(qe) + VI T2 ) < Cop®

ya
sup |[||cg|2 H%l(Qg) +1
0,7

An iteration over p, similar to [3], yields the boundedness of ¢f in Q ;.. Since ¢ €
L?(0,T; HY(QZ)) we also have the boundedness of ¢ on (0,7) x I'¢; see, e.g., [16].

To show boundedness of r§ we consider |7°(r{)[P~! as a test function in the
equation for 7¢(r§) ((C.2) in Appendix C), and using the boundedness of 7°(r%) we
obtain

1= O oy + IV T )1 2o,y < Cup?

1+ sup |||T€(T§)|2llil(r)]

0,7)
+ Co [IT* e,y + TGN aqr |

for € Q and 7 € (0,T]. The iteration over p, boundedness of ¢, and estimate (3.17)
for 7= (pg) ensure boundedness of 7¢(r¢) in Qp x I' and hence the boundedness of 7§
in (0,7) x T*.

Taking | 7°(pS)[P~! as a test function in the equation for 7°(pg) ((C.2) in Appen-
dix C) and using the boundedness of 7°(p$) yield

1T ey + IV | T 022 12,y < Cup®

1+ sup 170552 r)
(0,7)
+Caswp T 1) + SIVUT N E v, + TR e,

for z € Q and 7 € (0,7]. Similarly considering |7¢(c$)|P~! as a test function in the
equation for 7¢(c¢§) ((C.1) in Appendix C) gives

1= (Do vy TNV T () E 22y, < Cop®

14 sup |||TE(C§)3||%1(K)1

0,7)

+ 01V I T () T2y ) + Co sup TP E Ny + 6l Veu T2 @21 2 22,

for x € Q and 7 € (0,7]. Adding the last two inequalities, using the boundedness
of [|[T5(ry)llzer,) < C for x € Q and 7 € (0,77], and iterating over p we obtain the
boundedness of T¢(pg) in Qp x I' and of T°(¢§) in Qp x Y;. This also ensures the
boundedness of pS in (0,7) x I'* and of ¢ in (0,7") x Q5 and (0,7) x I'=. O
LEMMA 3.10. The solution to the microscopic problem (2.1)—(2.5) is unique.
Proof. Uniqueness follows from standard arguments by taking the difference of

two solutions and using the boundedness of solutions, shown in Lemma 3.9, together
with the local Lipschitz continuity of the nonlinear reaction terms. O

4. Convergence results and derivation of macroscopic equations. In this
section, we use the a priori estimates of Theorem 3.5 to deduce the convergence up
to a subsequence of solutions of the microscopic problem (2.1)—(2.5) to solutions of a
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limiting two-scale problem. We make use of the theory of two-scale convergence to
pass to the limit, the necessary definitions and results are stated in Appendix B.

In the convergence results stated below we consider the H'-extension of ¢ from
Q¢ into Q, which is well defined due to the assumptions on the geometry of QZ (see,
e.g., Remark 3.4 or [2, 11]), and we identify ¢ with this extension. By [cZ]™ we
will denote the extension of ¢ by zero from (¥ into €2 and by xy, the characteristic
function of Y.. The space H}. (Y) is defined as the closure of Cp,(Y) with respect

per
to the Hl-norm.

LEMMA 4.1. There exist functions c. € L*(0,T; H*(2)), ¢} € L*(Qp; H) . (Y)),
c; € L2(Qqr; HY(Y;)), and ry,ps € L*(Qr; HY(T)) with | = f,b and s = a,d such that,
up to a subsequence,

& — e weakly in L*(0,T; H(Q)),
Veg — Vee + Vyci two-scale,
(4.1) [€E]™ = cexv., [VEE]™ = (Vee + Vyel)xy, two-scale,
¢ = ¢, eV =~ Vo two-scale,
r; =1, eVrr; = Vrpyr two-scale, 1= f,b,
Ps — Ps, €VIP; — Vr yps two-scale, s =a,d.

Proof. The convergence results in (4.1) follow directly from the a priori estimates
(3.5), the extension of ¢ from Qf into 2, and compactness theorems for the weak
convergence and for the two-scale convergence; see, e.g., [4, 5, 44, 45] and Appendix
B. Notice that since the extension of ¢£ and [¢Z]™ coincide in 22, we obtain the same
function ¢, in the two-scale limit for both sequences {c¢} and {[cZ]™}. d

In order to pass to the limit in nonlinear reaction terms we prove strong conver-
gence up to a subsequence of solutions of the microscopic problem (2.1)—(2.5).

LEMMA 4.2. For a subsequence of a sequence of solutions of microscopic model
(2.1)~(2.5), t.e., {c}, {TE ()}, {T2(r5)}, and {T=(pS)}, wherel = f,b and s = a,d,

we have the following convergence results:

¢ —c. strongly in L*(Qr), elles — ce||2L2(FET) — 0,
Te(cE) — ce  strongly in L*(Qp x Y2) and L*(Qp x T),
(4.2) Te(c5) — ¢;  strongly in L*(Qr x Y;),
Te(rs) = r;  strongly in L*(Qp xT), 1= f,b
Te(pS) — ps  strongly in L*(Qp xT), s=a,d,

as € — 0.

Proof. We first show the equicontinuity of ¢ with respect to the time variable.
The a priori estimates in (3.5) and the boundedness of 75 yield

195¢5 = 3o )_01/ / IV |ds|V (5¢5 — )| dadt
+02/ / (1+ |c€])ds| (95 — c5)|dadt
Z,T t

t+48
+ 603/ / (|cir§»| + |rgl) ds|¥scs — cf|do*dt < C§
< Ji
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for 7 € (0,7 — 6] and 6 > 0, where Jsv(t,x) = v(t +,2) for z € Q and t € [0,T — J].
Then the properties of an extension of ¢ from ) into 2 together with the uniform
in e estimate for Vg and a Kolmogorov compactness result [8] ensure the strong
convergence of ¢£ in L2((0,T) x€2). Applying the Simon compactness theorem [48] and
the compact embedding of H(Q2) into H?() for 1/2 < 8 < 1, together with the trace
inequality and a scaling argument, similar to [38], we also obtain ¢||c — ce||2LQ(FET) =0
as e — 0.
The properties of the unfolding operator (see [9] and Appendix B) imply

1 1 1
1T (cllzz@rxve) S YT lIeclL2s 1) 1T ()2 @rxry < [Y[2e2|eCllL2 ),

and for ¢, € L?(Qr), considered as constant with respect to y € Y, or y € T, respec-
tively, we have T¢(c.) — c. strongly in L?(Qr x Y,) and in L?(Q7 x T') as ¢ — 0.
Then we obtain

[75(ct) = cellLz@rxy.) S NT7(ce) = T (ee)llLz(rxy.) + 1T (ce) = cellz(rxve)
< YI2)es = eellraor ) + 175 (ce) = cellzz@rxva)s
IT°(5) = cellzaarxry < e2[YIZ el = cellzawg) + 1T (ce) = cellzarxry.
Hence the strong convergence of {cZ} in L?(€2r) and the convergence result for
ellcs — CGH%Q(FET) in (4.2) ensure the strong convergence of {7¢(cf)} in L?(Qr x Ye)

and in L?(Qr x T), respectively.

To obtain the strong convergence of 7°(c5), T¢(r7), and 7°(p) with I = f,b and
s = a,d, we show the Cauchy property for the corresponding sequences. Considering
the difference of equations for &,, and ¢j and using the boundedness of ¢z, 7%, and ry
yield

DT (1) = T (O T2 @ury + Ve (T (7)) = T (7 ) 122 (0, w1y

I=f,b

<Ch

|75 (&) = T () 2, wry + D N7 (™) = Tsk(rfk)llizm,xr)]

I=fb

+Cy

DT W) = T 0522, xmyt D N7 () — Tgk(rf,%)lliz(mr)]

j=a,d I=f,b

for 7 € (0,7]. Similarly, the boundedness of p yields

DT @5 (1)) = T 5 ()12 ery + Ve (T (057) = T (05)) 172 (@, xry

j=a,d

<01 Y (1T 05) = T @5 ) e,y + 1T (0505) = T 0580 32 g |

j=a,d
+ Cs [”TET" (r5™) = T () 72 xry + 1T (™) = Tgk(cjk)“%zm,xr)}
For T¢(c§) the trace inequality implies
1T (5 (7)) = T (e (D)1 22 vy + IV (T (657) = T 22 (0, xvi)
< Gsl| T (e57) = TP (M) 1 22, xv) + OV (T (657) = T ()22 (0, xvi)

+Ch [”TEm (pa™) — Tak(PZk)”%Z(Q,xr) + 17 (i) — Tak(ci%)”%z(nxm]
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Using the three estimates above, the strong convergence of the initial conditions, and
the strong convergence of {7¢(c5)} in L?(Qr x I') we obtain the Cauchy property and
hence the strong convergence up to subsequences of {7°(c5)}, {7°(r7)}, and {7T°(p%)}
with [ = f,b and s = a, d. 0

The convergence results in Lemmata 4.1 and 4.2 allow us to derive the corre-
sponding macroscopic equations obtained in the limit as ¢ — 0 from the microscopic
model (2.1)—(2.5).

THEOREM 4.3. A sequence {cZ,cj,r5,75,p5,pg} of solutions of (2.1)~(2.5) con-
verge as ¢ — 0 to functions ¢, € L*(0,T; HY(2)), ¢; € L?(0,T; L*(Q; HY(Y;))) and
r,ps € L2(0,T; L2(2; HY(T))), for I = f,b, s = a,d, that satisfy the following macro-

scopic equations:

1
0.0;ce — V - (Dgom(x)Vce) =0.F.(c.) — m / Ge(Ce,rg,mp)doy  in Q,
r

(4.3) D™ (z)Vee v =10 on 09,
orci = Vy - (Di(y)Vyei) = Fi(e;) in QxY;,
Di(y)Vyci - v = Gi(pa, i) on Q x T,

where 0, = |Ye|/|Y|, and
D) = 7 | Do) + (Dol Vo () J
with the wi’s being solutions of the unit cell problems
divy(De(z,y)(Vyw’ +¢;)) =0 inY, x Q, /Y w? (x,y)dy = 0,

De(z,y)(Vyw’ +e;)-v=0 onT xQ, w(zx,-) Y — periodic,

for x € Q, where {e;};=1,.._a is the standard basis in RY, together with the dynamics
of receptors and proteins on the cell membrane Q x T’

Opry = Vry - (DyVryry) = Fp(rg,m) — Gelce, 7y, 1) = dyry,

Oiry — Vryy - (DyVryry) = Ge(ce, s, 10) — Ga(Ty, Dd, Pa) — dors,

Opa — Vryy - (DaVrypa) = Fi(pa) — Ga(rs, pd, Pa) — dapd,

atpa - vF,y : (Davl‘,ypa) = Gd(rbapdapa) - Gi(paa Ci) - dapa

and initial conditions

ce(0,2) = ceo(x) forzeQ, ¢(0,z,y) =ci1(x)ci2(y) forx e, y ey,
rj(O, x7y) = Tj,l(x)rj72(y)7 p5(07$,y) = sz(x)ps,Q(y) fOT’ HAS Q7 RS r,
where j = f,b and s = a,d.

Proof. To derive the macroscopic problem take ¢°(t,x) = ¢1 (¢, x) +eda(t, x, z/e),
where ¢ € H'(Qr) and ¢2 € CH(Qr; Cper(Y)), and ¢°(t,x) = (¢, z,z/e), with
1 € CH[0,T); CL(Q; HL(Y3))), as test functions in (3.1) and °(t, ) = ¢1(¢, =, x/¢),
with 7 € C1([0,T]; C3(; HL(T))), as a test function in (3.2), respectively, where 9;
and ¢, are Y-periodically extended to R%. Then we obtain

(Orcg, 91 +ed2) + (De(x) Ve, V(gL +eg2) + Vydo)a: .
(46) = <F6(CZ)3 d)l + 6¢2>Qi7T - 6<G€(CZ7 T?a TZ)? ¢1 + €¢2>1—‘§~7
(0uci, ¥1) + (D5 (#) Ve, eVihy + Vytn)as | = (Fi(c}), ¥1)as . + &(Gilpg, ¢;), ¥1)rs,

(4.4)

(4.5)



MULTISCALE CELL SIGNALING 867

and
£(0irG. 1) +(eDfVrry,eVror + Vr ypo1)re,
=e(Fy(ry,ry) — Ge(cZ,r7,m5) — dyry 1)1,
e(Ory, 1) +e(eDpVrry,eVre + Vr yp1)re,
(4.7) = e(Ge(ce, 15, 15) — Ga(ry, g pa) — dvry, P1)15.

e(hpg; p1) +€(eDaVrpg,eVrer + Vr yp1)re.
= e(Fu(pz) — Galrs, g, pa) — dapg, ¢1)rs.,

e(Ohpg; 1) +e(€DaVrpg,eVrer + Vr yo1)re,
= e(Ga(ry, pa, py) — Gi(pg, ¢;) — dapg, P1)15.-

Considering first ¢1 € H'(Qr) with ¢1(0,2) = 0 and ¢1(T,x) = 0 for x € Q and
using integration by parts and the two-scale converge results (see Lemma 4.1) yield

lim (hcg, 91 +e¢2) = — lim(eg, D1 + edido)o: . = —[Y["Hce, Be61)y. x -

Similar calculations ensure convergence of (9,c5, 1), €(0r7, 1), and €(0pS, p1) with
Il = f,band s = a,d. The two-scale convergence results (see Lemma 4.1), directly

imply
lim (DZ (2)Veg, V(1 +e¢2) + Vyda)a:

e—0
1
— m<De(xa y)(VCe + VyCi), V¢1 + vy¢2>Ye><QT,
; 1
glg%%Df(x)ch,avw + vy¢1>nyT = m(Di(y)Vyci, V1) x Qs

ii_r)r%) e(eDyVrry, eVrpr + Vr yp1)rs = ﬁ<vaF,yrf7 Vry@1)rxr
and convergence of the linear term e(dsr§, ¢1)rs, — Y|~ dsrs, 01)rxa. as e — 0.
The convergence of the corresponding terms in equations for rf, pg, and pj is obtained
in the same way.

To pass to the limit in the nonlinear reaction terms we use the strong convergence
results proven in Lemma 4.2. The definition and properties of the unfolding operator
(cf. Appendix B), together with the assumptions on functions F; and G, for [ =
e, i, f,d and j = e,d,i and the boundedness of solutions of the microscopic problem
(2.1)—(2.5), imply

IEUT (D2 @rxvi) S TYIEIE(D) s ) < CL+ lefllz2 0z ,) < Co,
IG(T*(c8), T2 (r3)s T () 12 (@ wry < €2 Y 2| Gelcly 575 220 < C

Here we used the fact that 7°(Fi(cf)) = Fi(T°(cf)) for I = e,i, T*(Ge(cZ, 75, 73)) =
Gel(T# (). T*(r5). T(15)).

Similar estimates hold for Fy, Fy, G4, and G;. Then the strong convergence
of {T%(ci)}, {T°(r5)}, and {T°(p5)} with | = e,4, s = a,d, and j = f,b ensures
the following convergence results: 7°¢(F;(cf)) — Fi(q) in L?*(Qr x Y)) for | = e,i
and T%(Ge(cZ,r5,75)) = Gelce,rr,m), T(Fp(rg,r5)) = Fy(ry,re), T2(Fa(pg)) —
Fd(pd)a TE(Gd(rl§7pflapz€z)) - Gd(rbvpdvpa)v TE(Gi(pfz’c;j)) - Gi(paa Ci) in LQ(QTX F)
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These convergence results together with the properties of the unfolding operator
(cf. Appendix B) imply the convergence of the nonlinear terms in the microscopic
problem.

To complete the proof, we note that standard results for parabolic equations imply

Orce € L0, T; HY(Q)), 0sc; € L*((0,T) x Q; HY(Y;)"),

o1, Opps € L2((0,T) x Q; HY(T')) for I = f,b and s = d, a.
Thus c. € C([0,T]; L*(9)), ¢; € C([0,T]; L*(2x Y;)), and r;, ps € C([0,T]; L*(Q2xT))
for j = f,band s = d, a. Taking ¢4, ¥, and ¢; such that ¢1(T,x) = 0, 1 (T, x,y) =0,

and o1 (T, x,2z) =0forxz € Q,y € Y;, z € T and using the strong two-scale convergence

of cf,o(x) to ¢;1(x)ci2(y), of TJE-’O(:Z?) to rj1(x)r;2(y), and of p?o(x) t0 ps.1(2)ps.2(y)
for j = f,b and s = a,d, we deduce that the initial conditions (4.5) are satisfied. 0O

To design a multiscale numerical scheme for the macroscopic two-scale problem
(4.3)—(4.5) we define our notion of weak solutions to the problem.

DEFINITION 4.4. Weak solutions of the macroscopic problem (4.3)—(4.5) are func-
tions
ce € L*(0,T; H' (Q)) with dyc. € L*(0,T; HY(Q)),
¢ € L* (0,T; L% (Q; H'(Y;))) with dyce € L*(Qr; H (Y3)'),
r € L? (0,T; L% (2 )) with Oyr; € L*(Qp; HY(T)), 1= f,b,
( l

ps € L? (0,75 L* (4 Hl T))) with dyps € L*(Qr; HY(T)'), s =a,d,
such that
(Bedhce, 8) + (DI (@) Ve, V), = (BeFe(ce), Doy
1
(48) - m Ge(Ce, Tfa Tb) daya ¢> 9
r Qr
<6tcia ¢> + <Dz(y)vycl7 Vy¢>yl><QT = <Fl(cl)7 w>YI X Qr + <Gi(pa7 Ci)a w)r‘XQT ’
and
(Oers,x) + (DgVyrrs, VyrX)ra,
= <Ff(rf7 Tb) - Ge(cev Tf, rb) - dfrf7 X>I‘><QT 5
(Oerp, X) + (DoVy,r7: Vyr X ryq,
(4.9) = (Ge(ce,rf,10) — Ga(Ths PasPa) — doTo, X)pyq, »

(Otpa, x) + (DaVy,rpa; Vy,rX)rya,
= (Fua(pa) — Ga(rv,Pa>Pd) — dapd, X)r <y »
(0tpa;s X) + (DaVy,rPas VyrX)ra,
= (Ga(rv,Pa: pa) — Gi(Pa, i) — daPas X) Ty
for all ¢ € L*(0,T; HY(Q)),¢ € L* (Qp; H(Y;)), and x € L? (Qp; HY(T)), where the
initial conditions (4.5) are satisfied in the L?-sense.

Notice that the coupling between macroscopic and microscopic scales is given
through c. in the equations for r¢ and r, and through the reaction term in the equation
for c..
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5. Numerical scheme for the homogenized problem. In this section we
present a robust numerical method for the simulation of the homogenized macroscopic
model of section 4, i.e., (4.3) and (4.4). We employ a tensor product finite element
approach for the discretization of the two-scale systems [39]. For the bulk-surface
systems, we employ a piecewise linear bulk-surface finite element method. The method
is based on the coupled bulk-surface finite element method proposed and analyzed (for
linear elliptic systems) in [13].

We define computational domains Qp, Y} ., Y3, and I'y, by requiring that Q,
Yh.e, and Y}, ; are polyhedral approximations to €, Y, and Y;, respectively, and we set
I'y, = 0Y4 4, i.e., I'y, is the boundary of the polyhedral domain Y}, ;. We assume that
Qp, Y, e, and Y}, ; consist of the union of d dimensional simplices (triangles for d = 2
and tetrahedra for d = 3) and hence the faces of I'j, are d — 1 dimensional simplices.

We define Sy q,Shi, Sh,e to be triangulations of Qy,, Y ;, and Y}, ¢, respectively,
and assume that each consists of closed nondegenerate simplices. We denote by
hq, hy i, hy,e, and hr the maximum diameter of the simplices in Sy o, Sh.i; Sh,e, and
T'y, respectively. Furthermore, we assume the triangulation is such that for every
k € Sh,i, kNI, consists of at most one face of k. We define bulk and surface finite
element spaces as follows:

Vio={®€C(Q): Py eP' forallk € Spa},

Vi ={®€C(Yy,;): @y P forallk €Sy},
Vhe={P€C(Yn.): ®lp P forallk €Sy},

Vi, ={® € H) (Yie) NC(Yie) : @y € P forall k € Sy},

Var ={®e€Cy): @, €P forallr €Sy, withk=rnNTy #0},

where H!, (Y} ) denotes the subspace of Y-periodic functions in H' (Y}, .). For the

per
discretization of the two-scale systems we define the tensor product spaces

Whi =V, ®Vpq,
Whe = Vhe®Vyq,
Wi, =Vi ®Vya,
Wir=Vior®V,a.

The scheme for the solution of the cell problems to obtain the diffusion tensor
Dhomis for j=1,...,n+1, to find W7 € \\,’Vh#e such that

(De(,y)(V, W +¢;),V,®) 0

YiexQn
for all ® € Wy, .

In order to propose a fully discrete scheme, we divide the time interval [0, T] into
N subintervals, 0 = typ < --- < ty = T, and denote by 7 := ¢, — t,_1 the time-
step; for simplicity we assume a uniform time-step. We consistently use the following
shorthand for a function of time: f" := f(t,); we denote by 0, f™ := 7~} (f” — f"‘l) :
We propose an implicit-explicit (IMEX) time-stepping method in which the reactions
are treated explicitly and the diffusive terms implicitly. The fully discrete scheme
may be written as follows: for i =1,..., N, given

ClleVha, C}'eW,, Ry LRyLPIL P eWr,

3
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find

C: GVhJ% C;n Gwh,ia :‘la gvpc?7pgl EW}%F
such that, for all ® € V}, o and ¥ € W, ;,

(0.0,CL, @) + (DR (2)VCL, V)

Q
1
= (0F(C)7Y) = == [ Ge(C2TH RY LRy doy, @)
(5.1) Y1Jr, -
(0:-C W)y o, HDiWVLCT, VT g,

= <Fi(cin_1)’\II>Yh,i><Qh + <Gi(P£71’C?_1)’\II>Fh><Qh ’

and for all = € Wy, r,
(3R} ), 0 + (DI V0. T, Z)
_ n—1 n—1y n—1 n—1 n—1y n =
- <Ff(Rf aRb ) Ge(c@ ’Rf ’Rb ) df f7H>Fh><Qh’

FhXQh

<57-R;,l, E>F;L><Qh + (DyVr, Ry, thE>Fh X8

= (Gu(CET Ry R = Ga(Ry T PR PR — Ry E)

(5.2) TpxQp ’

(0:P§ . E)p, wq, T (DaVr, Py, Ve, E)r, va,

= (Fu(Py™") = Ga(By ™', Py~ Pp7Y) — daPy E)
(0:-Pi E)p q, F (DaVi P Vi, BN, xa

= (Ga(Ry ™', Py~ PP = Gu(Py 1, O = do Py B

TpxQp

>F;,XQ;L :

Remark 5.1 (comments on the implementation). The explicit treatment of the
reaction terms results in fully decoupled systems of linear equations to be solved at
each time-step. Moreover, we use mass lumping for the approximation; this has two
main advantages in the context of the present study. Firstly, lumping is equivalent
to employing a nodal quadrature rule [51]; this allows us to interpret the two-scale
systems as parameterized systems with the macroscopic variable playing the role of a
parameter that may be solved independently and in parallel at each node of the macro-
scopic triangulation Sp, o. Secondly, the use of lumping and the fact that the system
matrices do not change during the time evolution allows an efficient implementation
in which virtually no assembly needs to be carried out on each time-step.

6. Benchmark computations. We now carry out some benchmark simulations
to illustrate the observed convergence rate of the numerical scheme proposed in sec-
tion 5. We set Q = [-0.5,0.5]% and Y; to be a disc of radius 1. For benchmarking we
consider the following system:

Oice — Ace = — / Ge(cearfvpa> de + f1 in Qr,
r
Vee v =0 on (09Q)r,
(6.1) Osci — Ayci = fo in Qpr xY;,
Vyci - v =Gi(pa,ci) on Qp x T,
atrf - AFany = _Ge(cearfapa) + f3 on O X T,

atpa - A1",ypot = Ge(cevrﬁpa) - Gi(paaci) + f4 on Qpr x T’
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TABLE 1
Mesh sizes for the benchmarking study of section 6.

hr 0.765 | 0.390 | 0.196 | 0.098 | 0.049
hy,; | 1.000 | 0.571 | 0.305 | 0.157 | 0.080
hao 1.000 | 0.500 | 0.250 | 0.125 | 0.063

with
Ge(cearﬁpa) = CeTf — Pa and Gi(paaci) = Pa — C;-

The source terms fi(x,t), fo(x,y,t), f3(x, z,t), and fy(z,2,t) for x € Qy € Y,z €T,
and t € [0, T] are determined such that the exact solution to (6.1) is

Ce(x,t) = cos(mf)e_lolg”‘z7 ci(z,y,t) = (1 + |x\2) e W)’ for p e Qy ey,

and
rr(x, 2, t) = pa(x, 2, t) = (5 +5 |x|2> e M=z g 0 e O,zel,

and we set as the end time T = 0.25.

In the numerical method we use the interpolant of the source terms into the
appropriate finite element space. We consider a series of refinements of the meshes
with 7 ~ h2 where h = max{hr, hy;, ho}. In particular we consider a series of
uniform refinements of the bulk and surface meshes with mesh sizes as given in Table 1.

We denote by e, e, , e, and e, the errors in the approximation of c., ¢;, 7y, and
Da, respectively. In order to investigate the behavior of the scheme we report on the
experimental order of convergence (EOC) which provides a numerical measure of the
convergence rate. For a series of uniform refinements of a triangulation {Sy, ; }i=o,....n,
denoting by {h;}i=o0... N, {€i}i=0..., n the corresponding maximum mesh-size and the
corresponding error, respectively, the EOC is given by

EOC;(eiit1, hiyiv1) == In(e;r1/€:)/ In(hip1/hi).

Figure 2 shows the errors and the corresponding EOCs. The convergence rates appear
optimal with first order convergence in the energy norm and second order convergence
(as 7 ~ h?) in the L? norm.

An analysis of the numerical method is beyond the scope of the present work.
We believe that by combining the techniques developed in [13] for the analysis of
finite element schemes for bulk-surface equations, [22] which deals with multiscale
finite element methods, and [27] which proves error bounds for IMEX approximations
of semilinear systems, it should be possible to prove optimal error bounds for our
method that reflect the rates observed numerically in Figure 2.

7. Parameterization and numerical solutions for a biologically relevant
model. We now present and simulate a biologically relevant model; the model con-
sidered in this section is related to the Langmuir-Hinshelwood mechanism for sig-
naling processes at the level of a single cell considered in [18], and in particular
we take the majority of our parameters from said work. We make the assump-
tion that all the parameters are independent of the microscopic variable and state
the parameter values we use in the microscopic model (2.1)—(2.5) along with the
source of the parameter value in Table 2. In order to keep the model as simple as
possible while still illustrating the key phenomena captured by the model, we as-
sume there is no production or linear degradation of any of the species, i.e., we set
Fe(ce) = Fi(c;) = Fy(ry,mp) = Fy(pg) =0 and di, =0 for k =0, f,a,d.



872 MARIYA PTASHNYK AND CHANDRASEKHAR VENKATARAMAN

[lec.| \Lx(o,t,,,:u(n)) ; [lec.| |L2(li.z,,,;H‘) . [lec| \Lx(u.t,,,;Lz(n;LZ(y;))) X llec| |L2(li.tm:H‘)
10 10 10
— /—
. . 107 L 10 2 .
§ .0 & & § e
woo ] ] ]
ﬁ— 102 10°
10 10? 10 107
0 0.05 01 0.15 0.2 025 o 0.05 01 0.15 02 0.25 o 0.05 01 0.15 02 025 o 0.05 01 0.15 02 0.25
Time Time Time Time
EOC EOC EOC EOC
4 2 4 3
. s /_/—— s ,
8] Q O 2 o
02 o 1 o / o1
w w w w
1 05 0 0
o o EY EY
0 005 01 015 02 025 0 005 01 o015 02 025 0 005 o1 015 02 02 0 005 01 o015 02 025
Time Time Time Time
"81“‘L"(OJ,,,:Lz(SZ:Lz(TJ)) HeTHLl(O,z,”:H’) |‘el"|L*(O.L,,,:LE(Q:L)(FJ)) ”ePHL’(OM:H’)
0° 10" 10° 10"
. = 10° //__ = = 10° //__
2 / I e / g
] ] ] I
107 K/’( 107 K/,
10° 102 10 102
0 005 01 015 02 025 0 005 01 o015 02 025 0 005 o1 015 02 02 0 005 o1 o015 02 025
Time Time Time Time
EOC EOC EOC EOC
2 15 3 15
1 1
25
Q Q Q o
o 2 Q o5 [e] O o5
i o o o
2
o 0
4 7
15 0.5 15 0.5
0 0.05 01 0.15 02 025 o 0.05 01 0.15 02 0.25 o 0.05 01 0.15 02 025 o 0.05 01 0.15 02 0.25
Time Time Time Time

FIG. 2. Errors in the L?(H"') and L°>°(L?) norms for a series of mesh refinements (cf. Table
1) with T ~ h? and EOC. The observed convergence rates appear optimal.

TABLE 2
Parameters used for the microscopic model and sources for the parameter estimates.

Parameter Value Source
Qe 103 (mol/m3)~1s~1 [18]
be 5-1073s71 (18]
a; 10~ 2(melecyles) =1 g=1 — 6. 10% (mol/m?) 1 s~* [18]
b; . 1072571 (18]
i 2.1073s7! [18]
Ki 1078 ms! [18]
D. 107 9m?%s~1 [31]
D; 10~ 11 m2s-1 [24]
Dy, k=b,fa,d 1019 m2s-1 [31]

The dependent and independent variables of the microscopic model and their
associated units are as given in Table 3. Finally, in order to ensure there is some
ligand present in the system, we set d€2p to be a Dirichlet boundary such that the
boundary condition (2.5) becomes

C

o M

Ce on dp, t>0,
Di(z)Ve-v=0 on 9N\ dNp, t>0,

where we set ¢, = 10~*mol/m3; cf. [18]. Taking ¢ = 1072 we introduce the charac-
teristic scales
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TABLE 3
Variables of microscopic model and associated units.

x t Ce ci T, Th Pd> Pa

m s mol/m® mol/m® mol/m?® mol/m?

) 1
[=10%s, 2=10"2m, 7= =p, =10,
(7.1) 7 Irnnol
b=t =0 =—=10"—,

EX m’

where | = f,b and k& = a,d, and then the dimensionless parameters are given by

D = D.t/(2)* =102, D} = D;t/(2)* =107°, D} = 10,
e2Df = Dit/(#)* =108, Df =1072, 1= f,b,d,a,

tr t”
(72) b= p,=5.1073, ea’ = "La, =01, b =5, a =100,
N C
f A
ey = TZZ—GW =2-107% erf=—r; =10"% ~F =2 ki=1,
X C; xr

Notice that we also have a} = acét = 100, by = be t =5, and v = it = 2, K, =

’;cl k; = 1, which is consistent with scaling above. Following the derivation of the two-
scale macroscopic model outlined in section 4 we obtain the following dimensionless
homogenized system:

1 * * .
0.0:ce — V - (Dgoche) = m /(be Ty — Gpceryp)doy,  in Q,
r

ce =1 on 0Q2p,
(7.3) DM e, v =0 on 90Q/00p,

Oic; —Vy - (DiVyc;) =0 in Q xY;,

DiVyc;i-v="]ps — K¢ in QxT,

where f, = [Y.|/|Y], and D3P = [V~ [, [D:;; + (DiV,yw!(y))i]dy and w’ are

e,ij
solutions of the unit cell problems

divy(D;f(Vywj +e€;))=0 inY,, / wj(y)dy =0,
(7.4) Y,

Di(Vyuw’ +e;)-v=0 onT, w! Y — periodic,
together with the dynamics of receptors on the cell membrane 2 x I"

Ory —Vry - prrf) —agcery + bl e,

(D
(7.5) Ory — Vi - (DyVry 1) = ascery — bl ry — a; mypa + b pa,
Opa — Vry - (D3Vrypa) = —a; ropa + bipa,
(

atpa - Vr Y D; vl",ypa) = a TvPd — b; i Pa — 'Y;,kpa + R;‘Ci'
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The dimensionless parameter values are

D;=10"%, D;=10, Dj;=D;=Dj=D;=10"7,

a; =100, b; =5, a;j=6-10°, b; =10, ~ =2, k; =1

Scaling the initial conditions appropriately yields the nondimensional initial values

cio(z,y) =1+ cin(w)ci2(y),

77 T0(z,2) = 0.17(L+ 11 (2)r2(2)), pao(w, 2) = 0.065(1 + pa,1(x)pa2(2))

forxz € Q, y € Y;, and z € I, with all the remaining initial conditions taken to be
zero. The functions c}, %0, and py, correspond to scaled, nonnegative perturbations
of the initial conditions

mol

1
(7.8)  co=10""M=10"* 22

_ 11 mol B
F7 TfO:1710 11@, pd0:6510 1

m?’
considered in [18].

7.1. Simulations of macroscopic model in biologically relevant regimes.
We illustrate the influence that the geometry of the periodic cell in which we solve for
the effective homogenized diffusion tensor DP™ as well as the associated geometry
of the (biological) cells Y; and membranes I" have on the macroscopic dynamics of
signaling molecules (ligands). To this end we consider two different geometries for
the microstructure; specifically we let Y = [—2,2]? and consider either elliptical cells
with

Y; = {z € Y|0.2627 + 523 < 1},

i.e., an ellipse centered at (0,0) with major and minor axes of approximate length
1.96 and 0.45, respectively, or cells whose shape is defined by

(7.9) Vi={z€eY|(zx1+02-23)%+23 <1}.

To obtain the homogenized diffusion tensor we solve the cell problems corresponding

o (7.4) on Y, = [-2,2]2\ Y; for the two different cell geometries. For the elliptical
cell geometry we used a mesh with 1039514 DOFs, and for the other cell geometry
we used a mesh with 1008834 DOFs. Figure 3 shows the numerical simulation results
for the solution w? of the “unit cell” problems (7.4) on the two different geometries.
The resulting homogenized diffusion tensor is given by

phom _ 8.167-1073 0
hee ™ 0 1.841-1073
for the case of the ellipse and
phom _ 6.556 - 1073 0
h.e 0 6.149-1073

for the geometry specified in (7.9). As expected due to the large aspect ratio of the
ellipse the resulting homogenized diffusion tensor exhibits stronger anisotropy than
for the other cell shape. For the tissue we set = [0,0.1]? and take

ONp = {x € 0Q| max{z;,z2} <5-1072},
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FIG. 3. Solutions w? of the cell problem (7.4) for the two different Yo domains considered.
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F1G. 4. Results of the simulation of section 7 with the elliptical cell geometry. The insets in
each subfigure show the microscopic solutions at the corresponding macroscopic DOF (grey line).
The macroscopic domain is shaded by Ce while in each inset the cell interior is shaded by C;, and
reading from top to bottom, the membrane is shaded by Ry, Ry, Py, and P,, respectively. For further
details see text.
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modeling a constant source of ligands from the southwest corner of the domain. As
mentioned above on the remainder of the boundary 9€) we consider zero-flux boundary
condition for ¢.. For the initial data we set the perturbations (cf. (7.7)) to be of the
form

¢i,1(2)¢i2(y) = feio(z,y) = 0.95sin (7r (2y1 + %)) sin (57|x]),
rra(@)rs2(y) = frpo(z,y) = 0.95cos (m (y1 + 4y2)) cos (307[z|) ,
Pa.1(X)Pd,2(Y) = fpuo (z,y) = 0.95 cos (7r (2y1 + %)) cos (107|z|)

for x € Q and y € Y. For the approximation we used a triangulation € with 1089
DOFs; the triangulation Y}, ; of the ellipse had 81 DOFs, and the triangulation Y ;
of the domain given by (7.9) had 89 DOF's; the induced surface triangulations I';, had
32 and 33 DOFs, respectively. For the time-step we used a value of 2 - 1073,

Figures 4 and 5 show results of the simulation at ¢ = 10, 100, 200, and 250 with the
elliptical cell geometry while Figure 6 shows results of the simulation at the same times
with the cell geometry given by (7.9). In each figure we also include the microscopic
solutions at the DOFs with macroscopic coordinates (0, 0), (0.05,0.05), and (0.1,0.1)
with the macroscopic DOF associated with each set of microscopic results indicated
by a grey line in the figure to the corresponding point in the macroscopic domain.
Focusing on the differences between the two sets of results, we see that the strongly

¢ ¢ R R P P

ll Iv .03 02 02 008
fos fos |01 [01 [01 tom
b ks kg ' "o foos

7

. =
=
(a) t =200
o <
I 03 02 nz ODB T
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-
-
-
<
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(b) t =250

F1G. 5. Results of the simulation of section 7 with the elliptical cell geometry. The insets in
each subfigure show the microscopic solutions at the corresponding macroscopic DOF (grey line).
The macroscopic domain is shaded by Ce while in each inset the cell interior is shaded by C;, and
reading from top to bottom, the membrane is shaded by Ry, Ry, Py, and Py, respectively. For further
details see text.



c,
1

'05 UB

I0 ‘05

‘05 02 02 Una

[01!0] [DW [007
S

MULTISCALE CELL SIGNALING

877

dd4dd

dd4dd4dd

444 d

C.

R, R,

P,

]

'\

[+
|
'05 lDB

U

.03 02 -02 UDB

!01 tm !Ul IUW

dd4ddd

G
1

05
[ 08

lU |O5

R; R, P,
.03 02 02 UDB

[OW [0] tUW [007
0 5

(b) t = 100

dd4d4dd

1

'05 OS

'0 |05

03 nz 02 nos

tO] [UW [UW [007

(c) t =200

dd4 4«

FiG. 6. Results of the simulation of section T with the cell geometry given by (7.9).
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The insets

in each subfigure show the microscopic solutions at the corresponding macroscopic DOF (grey line).
The macroscopic domain is shaded by Ce while in each inset the cell interior is shaded by C;, and
reading from left to right, the membrane is shaded by Ry, Ry, Pq, and Py, respectively. For further

details see text.

anisotropic homogenized diffusion tensor associated with the elliptical cell geometry
leads to faster transport in the horizontal direction and slower vertical transport. As a
result for ¢ = 200 (see Figure 5(a)), there are very few bound receptors present on the
cell at the macroscopic point (0.1,0.1), and it is only by ¢ = 250 that bound receptors
are clearly visible on this cell. On the other hand the almost isotropic homogenized
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diffusion tensor associated with the cell geometry specified in (7.9) leads to equally
fast vertical and horizontal transport, and by ¢ = 200 there are clearly a large number
of bound receptors present on the cell membrane at the macroscopic point (0.1,0.1);
cf. Figure 6(c). More generally, in both cases we see significant heterogeneity at the
microscopic level in the concentrations of the different membrane resident species at
different times during the simulation motivating the multiscale modeling approach we
employ.

Appendix A. Generalized trace inequality. The trace inequality for v €
Wh4(Y;), with 1 < ¢ < co and [ = e, i, reads

1/7)(1=X) ” ||1/r+/\(1—1/7~)}

(A1) lollerry < p HU”Lq YZ)HUHVW a(y) T ||v||Lq( Wha(y;)

for A = W and p = p(r,q,Y;) > 0; see, e.g., [17].
Appendix B. Two-scale convergence and periodic unfolding operator.
We recall the definition and some properties of two-scale convergence and the
unfolding operator.

DEFINITION B.1 (two-scale convergence [4, 32, 45]). A sequence {u®} in LP(2)
with 1 < p < 00 is two-scale convergent to w € LP(Q xY) if

e—0

lim ua(x)gb(x, x) dr = / u(z,y)d(z,y)dydx
Q € QxY

for any ¢ € LI(Q; Cper(Y)), with 1/p+1/q = 1.

THEOREM B.2 (see [5, 44]). Let {v°} C L*(T°) satisfy EHUEH%Q(FE) < C; then
there exists a two-scale limit v € L*(Q; L?(T)) such that, up to a subsequence, v°
two-scale converge to v in the sense that

tie [ v€<x>¢(x, i)daf — [ ste)oto, )i

for any ¢ € Cp(2; Cper(Y)).

LEMMA B.3 (two-scale compactness [4, 5, 45]).

i. If {uf} is bounded in L*(QY), there exists a subsequence (not relabeled) such
that u® — u two-scale as € — 0 for some function u € L*(Q x Y).

ii. If u® — u weakly in H(Q), then u® — u and Vu® — Vu + V,u; two-scale,
where uy € L*(Q; Hy, (Y)/R).

iii. If [|[u®]| g1 (as) < C and [uf]™ and [Vuf]™ are extensions by zero from €0 into
Q of u® and Vu®, respectively, then, up to a subsequence, [uf]™ and [Vu®]™
converge two-scale to ux and [Vu+ Vyui] x, respectively, where x = x(y) is
the characteristic function of Ye, u € H'(Q) and uy € L*(; H] . (Ye) /R).

iv. Let {w®} C HY(T'®) satisfy

ellwsl|Za ey + eleVrws|[Tare) < C;
then there exists a function w € L*(Q; HY(T')) such that, up to a subsequence,

w® and eVrw® two-scale converge to w and Vr yw, respectively.

To define the unfolding operator, let [z] for any z € R? denote the unique com-
bination Zle kie; with k € Z4 such that z — [2] € Y, where e; is the ith canonical
basis vector of R%.
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DEFINITION B.4 (unfolding operator [9]). Let p € [1,00] and ¢ € LP(QQ). The
unfolding operator T¢ is defined by T¢(¢) € LP(Q x Y'), where

gb(s [Z} +<€y> for a.e. (z,y) € Q° x Y,
0 fora.e. 1€ Q\Q°, yey,

T (@) (x,y) =

with O = Ugez- (Y +€).
For ¢ € LP(Qf) with | = e,i the unfolding operator Ty, is defined by

Ty, (V) (2, y) = w<€[ﬂ +5y) for a.e. (z,y) € Q XYy,
0 fora.e. 1 €Q\QF, yeY,

and Ty (¢) € LP(Q x V7).
For 1 € LP(I'®) the boundary unfolding operator T is defined by

. e
T (@) (@,y) = 1/1(5[5} Jr»sy) for a.e. (z,y) 6{2 x T,
0 for a.e. £ € Q\Q°, yeT,

and TE () € LP(Q x T).

For any function ¢ defined on Qf, for I = e,4, we have T¢ (v) = T*([¢)]™)|axv;,
with [¢)]™ denoting extension of ¢ by zero into 2\ 5, whereas for ¢ defined on €, it
holds that Ty, (¢las) = T°(¢)|axv;-

The following result relates two-scale convergence and weak convergence involving
the unfolding operator.

PROPOSITION B.5 (see [10]). Let {¢)°} be a bounded sequence in LP () for some
1 < p < oo. Then the following assertions are equivalent:
i. {T(¥°)} converges weakly to ¢ in LP(Q2 x Y).
il. {¢°} converges two-scale to ¢, € LP(QAxY).

We have the following properties of the periodic unfolding operator and the
boundary unfolding operator:

v (F(u,v)) = F(Ty, (u), Ty, (v)), Ty, (v(t,z/e)) = v(t,y), € A,y €Yy,
Tr (F(u,v)) = F(T5 (u), Tr (v)), Tr (v(t, x/e)) = v(t,y), = € O,y €'t >0,
Y v, u)qs . = (Ty, (v), Ty, (u))vixar, Y€ (v, u)rs, = (Tr (v), Tr (u))rxor,
(Ty, (), Ty, (u)yexar = 1Y (v, w)az . — [Y](v; u) (g ae) 5

175 (@) | Lrrxyn) < Y17 [l Lrer .
Ty, : LP(0, T; WHP(Q7)) — LP(Qp; WHP(Y))),
T« LP(0, T; WHP(D9)) — LP(Q; WHP(T)),
Ty (Vu) = VT3, (u), |[Y[(e2Vo, Vu)a: . = (V, Ty (v), Vy Ty (0))vixar,
Y|e (€2Vro, Veuyrs, = (VT (0), Vi T (0)) rxar,

175 (D)l e (o) < Ei\YWWHM(F;) < C(”qﬁ”LP(QiT) + eIVl e os )

for u,v € L*(0,T; H'(Qf)), where | = e,i, or u,v € L*(0,T; H'(I'?)), ¢ € LP(Qf 1),
Y € LP(0,T; WHP(5)), and F is any linear or nonlinear function; see, e.g., [9, 10, 20].



880 MARIYA PTASHNYK AND CHANDRASEKHAR VENKATARAMAN

We now collect some results on the convergence of the unfolding of sequences of
functions.

LEMMA B.6 (see [10]). Let 1 < p < oo.
i. If p € LP(Q)), then T¢(p) — ¢ strongly in LP(Q x Y).
ii. Let {4} C LP(Q) with ¥° — 1 strongly in LP(Q); then T¢(Y°) — 9 strongly
in LP(QxY).
THEOREM B.7 (see [9, 20]).
i. Let {4} be a bounded sequence in W1P(QS) for some 1 < p < co. Then
there exist functions 1» € W'P(Q) and ¢y € LP(Q; W) L(Y.)/R) such that as
e — 0, up to a subsequence,

Ty, (%) = ¢ weakly in LP(Q; WHP(Y)),
Ty, (V%) =9 strongly in LY, (Y WhP(Y,)),
Ty, (V) = Vb + Vi weakly in LP(Q x Yy).

ii. Let {¢°} C WLP(QS) for some 1 < p < oo satisfy
9% e (as) + eVl Lras) < C.

Then there exists ¢ € LP(Q;WLP(Y;)) such that as ¢ — 0, up to a subse-
quence,

Ty, (%) = ¢ weakly in LP(Q x Y;),
€Ty, (V¢°) = Vyo weakly in LP(Q x Y;).
ili. Let {w®} C HY(I'?) satisfy
ellw|[Fa(pey + elleVews | o rey < C;
then there exists w € L*(Q; HY(T')) such that as € — 0, up to a subsequence,
T (w') = w weakly in L*($; H'(T)),
T (Vrw®) = Vi yw weakly in L*(Q x T).

Appendix C. Some details on the proof of Lemma 3.9. In the second
equation in (3.1) and in (3.2), integrating by parts with respect to the time variable
in the terms involving time derivatives, applying the periodic unfolding operator and
the boundary unfolding operator, and using the properties of the unfolding operator
(see, e.g., (B.1)) yields for x € Q, 7 € (0, 7]

— (T, 0T (W)yvi . +(Di(y)VyT7(e7), Vy T ()i -
(

(C.1) + (T (7)) T (7)) vy = (T (c50), T° 1/)(0))>Y;
+H(E(T (), T" ()i, +(G i(Ta(C§)7Ta(pi))»TE(l/J»rﬂ
(C.2)
—(T°(r3), 0T ())r, +(DyVryT=(ry), Vi T2 (9))r,
(

Fp(To(r7), T (r3)) = Ge(T7(c), T2 (r3), T (r5)), T (@)1, »
—(T°(r3), 0T (@)r, +{DoVry T (r5), Vi T (#))r,

HA(T(ri (7)), T (())r = (T (r50), T ((0)))r — do (T~ (r5), T*(@))r.

F(Ge(T(c2), T (rg), T (r3)) — Ga(T=(r5), T=(pa), T*(0a)), T=(#))r,»

i )
HA(T(5(), T (@(M))r = (T2 (r5,0), T (p(0))r — dy (T (r7), T (@),
+ (Fy( r
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and

(C.3)
—(T°(05), BT (@), + (DaVr T (p5), Vi T (9))r.
+ (T (0a(7), T (e(T))r = (T (p3,0): T ()(O)r — da({T=(p3), T°(¥))r,
+ (Fa(T=(pa)) — Ga(T=(r5), T°(p3), T=(0)), T ()1,
—(T°(2), % T (#))r, + (DaVry T (p5), VT (9))r,
+ (T (e (7)), T (e(T))r = (T (Pa,0), T ((0)))r — dal(T=(p3), T= ()1
+A{Ga(T=(r5), T (03), T*(p3)) — Gi(T=(p5), T(¢5)), T (@)1,

where ¢ € L*(0,T; H'(Q)) with ¢ € L*(Q% ;) and ¢ € L*(0,T; H'(I?)) with
dyp € L*(T%). Notice that the regularity of solutions of the microscopic problem
implies ¢ € C([0,T]; L*(€)) and 75, p§ € C([0,T]; L*(T)) for j = f,b and s = a, d.

Considering the sum of (C.1)— (C 3) with test functions (¢, ) = 1 in Qf 7 and
o(t,x) = 1 on I'5,, respectively, and using the nonnegativity of solutions, the structure
of the reaction terms, and the assumptions on the initial data yields

(C.4)
175 (my s ey + 1T (7 2, ) ey + 17 03) (7,25 ) e )
+ 2T (pe) (7, 2, )y + 20T () (T2, ) vey < CLUIT (v 0) (25 )l
T (rp.0) (@, My + 1T 0a.0) @, ey + 20T (0e,0) (@)l )
+ Co|| T (c0) (=, HL1<Y +C3<C

for 7 € (0,7] and a.a. z € Q.

The estimates in (3.15) are obtained by considering 7°(c5) as a test function in
(C.1), T=(r%) as a test function in the equation for 7=(r) and T=(r5) + 7°(r}) as
a test function in the sum of equations for 7°(r;) and 7°(r%) in (C.2), T5(p7) as a
test function in the equation for 7=(p5) and T=(p5) + T°(p5) as a test function in
the sum of equations for 7¢(p%) and 7°(p%) in (C.3), and by using the nonnegativity
of solutions of the microscopic problem. To ensure that the time derivative is well-
defined, we consider a standard approximation, using the Steklov average, of 7}, p,
c;,forl = f,band s =d,a,ie.,

v (t,x) = Cth/ v(o, x)dok(s)ds

with k(s) =1 for s € (0,7 — ¢) and k(s) = 0 for s € [-¢,0] U [T — ¢, T], and then
take ¢ — 0; see, e.g., [26] for more details.

To show boundedness of solutions of the microscopic problem we first consider
[T (r%)|P~" for p > 4 as a test function in the first equation in (C.2), and using the
nonnegat1v1ty of ¢¢ and r¢§ 7 and assumptions on the nonlinear function F; we obtain

IT=(r3) (DI p(r)+4 HVF ATEEH)E 12y
(C.5)
< Cip 1+||TE(Tf)||Lp(FT) + Cop(T=(r), IT*(rP)[P~ e,
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Applying the Holder inequality and inequalities in (3.18), the last term in (C.5) is
estimated in the following way:

(C.6)
(T, 1T ()P Ve,
< T B, + Cr 2

—_

1 D P
Ve T2 2@ TP | 2a 0,722 (r))

— 3

1 P
VT T (512l L2, %

b
< ST s,y + Co

hS

NG

x UO IV T2 o 1T ) % 17 )

—_

1 SVRPNEAN | 3
19001705 E N, 0 T2 05 E N

(U’T)

p p P
< 7)) psr, ) O IIVr,yITE( rE e, + Cop® sup 17252 120

€ g p
< -7 (Tb)”ifi(n) + Oy

— 3

hS

for 7 € (0,7] and x € €. Using the Gagliardo-Nirenberg inequality (see (3.18)), we
also obtain

p—l D P
(C.T) NT o,y < pTIIVr,yITE(Ti)IgH%z(rT)+C<sp(80up) T2 1 oy

for 7 € (0,7] and = € Q. Then using estimates (C.6) and (C.7) in (C.5) yields
inequality (3.21).

To show boundedness of ¢5 we consider |cZ[P~! for p > 4 as a test function in the
first equation in (3.1), and, using the assumptions on F, and the nonnegativity of L
and ¢, we obtain

p—l

lee (M1 () +4——IVIEEI> 220y < Cap |1+ [l ogq; .
( ) (

(C.8)
+ Cope (rg, |Ce|p_1>1“f_.

The last term in (C.8) can be estimated in the following way:

e Y] (g, |2l hre = (T (), IT*(D)I" e, xr

co  =f e

3
py 2 e 1
< 7/ |:/ ‘TE 5 |2>3d0'y:| dl‘dt—k;/ ||T6(rl§)”i4(l—.)dxdt
QT

3
} 172 (05 s oy vt

Applying the trace inequality (A.1) to |7¢(cZ)|% and using the properties of the un-
folding operator 7°¢ (see, e.g., (B.1)), the first term on the right-hand side of (C.9) is
estimated as

AL J AR
T2 132, Lorry) < 5||Vy|7' (€122, 1200

0 2
O T E rnsaacray <Y1 [Cop* ey + 2t I01eEL Mo
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3

To estimate || 7°(r5)|| r(p;4(r)) We consider [T (rj)|* as a test function in the second

equation in (C.2) and obtain
T2 (D Ly + IVeal T ORI, < IT 50 L,

(C.10) 3
+ CUT (00, [T () P)r, + Co(T(rH) T (c2). I T=(r)P)r

-

for z € Q and 7 € (0,T]. Applying the Gagliardo—Nirenberg inequality

2/3 1/3
ollzsry < Cull Vol Fatry ol iy

to |7°(r$)|? and using the estimates in (3.16) yield

(T2, IT=(r5)P)r. | < 81V | T (D) PlIZar,y sup 17 ()l ey

0,7
+ ||T€(TZ)||%6(O,T,L2(F)) + O5||T6(p2)”L2(F ) < Cid||Vr, T2 ()P HL2(P y +C2
for 7 € (0,7] and = € Q. The boundedness of T¢(r}) (see (3.22)), ensures

(T T () [T 05)Phe. | < CUTH e ) ITCR)I ooy

P1(r,)
<G [T () e, + ||Tf<rb>||L4(p,)]

for p > 4. Then combining the estimates above and using Gronwall’s inequality in
(C.10) imply

(C.11) T2 (D llzsy + Ve T PN,y < CLll+ 1T () Le(r,)]

for7 € (0,7, z € Q, and p > 4. Hence using (C.11) in (C.9) and applying the relations
between the original and unfolded sequences (see (B.1)), estimate (C.8) yields

\T

2l p—1 2l p—1 2l
eg (M= 11720z A= Vieel® i2: ) <01 IVIcEl= 172 s )
(C.12) p ’

+ COsp (1 1 )) el (1 el e ) .

Notice that the Gagliardo—Nirenberg inequality and the properties of an extension
|22|7 of [cZ]% from QF into Q (see (3.4)), ensure

£ £ £ 4/5 —e 6/5
[ A [ AL P m/ 15 112450y 97122 51152 it

1 _e |2 9 _e |2
(C.13) < ﬁ\\VICiP I32(0,) + Csap? sup 2= 117 o

HVICe\ 1220z ) + Cop? sup [[1cE12 71 s
P (0,7)

Then applying trace inequality (3.3) in the last term in (C.12) and using the estimate
(C.13) yield (3.26).
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