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A REACTION-DIFFUSION SYSTEM MODELLING
ASYMMETRIC STEM-CELL DIVISION: EXISTENCE,
UNIQUENESS, NUMERICAL SIMULATION AND RIGOROUS
QUASI-STEADY-STATE APPROXIMATION

TANG QUOC BAO, KLEMENS FELLNER, STEFAN ROSENBERGER

ABSTRACT. During asymmetric stem cell division so-called cell-fate determi-
nants are localised and become inherited into only one of the two daughter
cells. In Drosophila SOP precursor cells, this biological mechanism is centred
around the phosphorylation of a key protein call Lgl (Lethal giant larvae).

In this paper, we present a surface-volume reaction diffusion system, which
models the localisation of Lgl within the cell cytoplasm and on the cell cor-
tex. We prove well-posedness of global solutions as well as regularity of the
solutions. Moreover, we rigorously perform a fast reaction limit to a reduced
quasi-steady-state approximation system, when phosphorylated Lgl is instan-
taneously expelled from the cortex.

1. INTRODUCTION

In stem cells undergoing asymmetric cell division, particular proteins (so-called
cell-fate determinants) are localised at the cortex of only one of the two daughter
cells during mitosis. These cell-fate determinants trigger in the following the dif-
ferentiation of one daughter cell into specific tissue while the other daughter cell
remains a stem cell.

In Drosophila, SOP stem cells provide a well-studied biological example model
of asymmetric stem cell division, see e.g. [25] 23] [24] and the references therein.
The mechanism of asymmetric cell division in SOP stem cells operates around a
key protein called Lgl (Lethal giant larvae), which exists in two conformational
states: a non-phosphorylated form which regulates the localisation of the cell-fate-
determinants in the membrane of one daughter cell, and a phosphorylated form
which is inactive.

In this paper, we shall present and study a mathematical model system de-
scribing the evolution of Lgl in its non-phosphorylated and phosphorylated con-
formations both in the cytoplasm (i.e. in the cell volume) and at the cortex (i.e.
the surface/membrane of the cell). More precisely, we shall denote by L(¢,z) and
P(t,x) the cytoplasmic concentrations of non-phosphorylated and phosphorylated
Lgl within the bounded cell domain @ C R™, while [(¢,z) and p(¢,z) denote the
cortical concentrations of the non-phosphorylated and phosphorylated Lgl at the
boundary T' := 952, which is assumed sufficiently smooth (e.g. C*** with o > 0).
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The reaction kinetics between the species L, P, [ and p are depicted in Figure
and summarise the following processes: i) a reversible reaction between L and P
with rates « and 8 on the domain €2, ii) a reversible exchange between L and [ at
the boundary I" with rates A and +, iii) an irreversible phosphorylation of I-Lgl into
p-Lgl at the boundary T with rate o and iv) an irreversible release of p-Lgl from
the boundary I" into the domain 2 with rate £&. We emphasise that these processes
jointly conserve the total mass of Lgl (see the conservation law below).
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FIGURE 1. The reaction dynamics of L, P,] and p
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We propose in the following a continuum model of partial differential equations,
which describe the reactions and the diffusion processes of these species both on
the domain 2 and on its surface I'. The choice of a continuum model is based on
the biological observation that protein concentrations in SOP cells are rather large
and that stochastic effects in the concentrations can thus be neglected, see [25].

Moreover in SOP cells, the phosphorylation of Lgl occurs at the boundary T’
by means of an atypical protein kinase aPKC, which is pre-located at a sub-part
I'y € T'. We shall thus assume that I' is the union of two disjoint subsets I' = I';UT's,
in which I'y is connected has a smooth boundary OI's. In case that I'; = ), then
I'y =T is a surface in R™ without boundary.

Altogether we consider the following equations for the volume concentrations L
and P:

L; —d, AL = aP — 8L, reN, t>0,
P, —dpAP = —aP + L, e, t>0, (1.1)
L(0,z) = Lo(z), P(0,z)= Py(z), x e,

where A denotes the Laplacian on the domain €2, dy, dp are positive volume-

diffusion coefficients, «, 8 are positive and constant reaction rates, and Lo(z) and
Py(x) are given initial concentrations.

The volume concentrations L and P are connected to the surface concentrations

I and p in terms of Robin- and Neumann boundary conditions

dr 2k = —\L + 11, rel, t>0, (1.2)

dp%%ZXszp7 zel, t>0, ’

where v(z) denotes the unit normal outward vector at « € T', v, A, and & are positive
and constant reaction rates and xr, denotes the characteristic function localising
the aPKC-active part of the boundary I', i.e. xp,(x) =1if € 'y and xp,(z) =0
otherwise.
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Thirdly, the surface concentrations [ and p satisfy

I — diArl = AL — (7 + oxr,)l, €T, t>0,
pr — dpAr,p = ol — &p, rely, t>0,
o
dpany =Y T € 8F2, (13)
1(0,117) = lo(l’), zel,
p(O,x) :p()(x)v T € FQ,

where Ar and Ar, are Laplace-Beltrami operators (see e.g. [20]) acting on the
surfaces I' and I'y, respectively, d;, d,, are non-negative surface-diffusion coefficients
and ¢ > 0 is the positive and constant phosphorylation rate.

The considered evolution process conserves the total mass of Lgl, which is ex-
pressed in the following conservation law:

/(L(t,x)—i—P(t,x)) da:—l—/l(t,a:) dS—|—/ p(t,z)dS = My > 0, YVt >0 (1.4)
o r r

2

where M is the initial mass, which is assumed to be positive,

My = /Q(Lo(a:)—|—P0(5r3))da:—&—/Flo(ac)dS—F/ngo(x)dS>O.

The aims of this paper are the following: In Section [2] we first study the well-
posedness of system f and the regularity of solutions. The well-posedness
will be shown by splitting the system and applying two nested fixed point argu-
ments, which also entail the non-negativity of the solutions subject to non-negative
initial data.

We remark, that although the system is linear, the existence and uniqueness
of a solution is not trivial due to i) the system character, ii) the mixed boundary
conditions and iii) the presence of surface diffusion. Previous related results can
be found, for instance, in [26], where the authors used the fixed point method to
prove the well-posedness for a linear elliptic volume-surface reaction-diffusion sys-
tem arising in the analysis of finite element methods. In [27], the authors obtained
well-posedness for a simpler parabolic system in a disk using radial symmetric so-
lutions. The well-posedness for a volume-surface reaction-diffusion system of two
equations with arbitrary nonlinear boundary reaction terms was proven in [I] by
constructing solutions via converging sequences of upper and lower solutions.

Next, in Section [3| we present a suitable finite element method (FEM) discreti-
sation of the model system — and discuss some numerical test cases, which
illustrate the system behavior. In this part, we also discuss the relation between
diffusion and reaction terms both in cytoplasm and cell cortex.

The final major part of this paper is done in Section [d] We consider the quasi-
steady-state approximation (QSSA) of the system 7, which occurs when
considering the limit £ — +oo for the expulsion rate of cortical phosphorylated Lgl.
The QSSA thus leads to a reduced system, where the expulsion of Lgl from the cor-
tex is modeled instantaneously and the cortical concentration p of phosphorylated
Lgl no longer needs to be considered. QSSAs of reactive systems occur commonly
in chemical engineering and although applying a QSSA has been routinely done by
chemical engineers since a long time, the mathematical theory is usually missing.
Recent however, a lot of mathematical attention has been paid to rigorously prove
QSSA approximations (see e.g. [3, 4] [5l 6 [8, O] and references therein).
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In this paper, the biological model suggests that the expulsion rate £ from cortical
p-Lgl to cytoplasmic P-Lgl is much faster than the others reaction rates. We
shall thus prove rigorously the QSSA for the system 7 towards a reduced
QSSA system (see Section |4)). The proof is based on a duality argument, which
was already successfully applied to a nonlinear system in [5], yet without surface-
volume coupling. We thus require appropriate a prior: estimates in order to deal
with the volume-surface reactions. We remark that we are currently only able to
prove the QSSA if no surface diffusion terms are present. The QSSA for the system
f with surface diffusion terms poses technique difficulties, which remain
an open problem so far.

2. WELL-POSEDNESS OF THE SYSTEM (|1.1)—(1.3])

In this section, we will first prove existence and uniqueness of weak solutions
to the system 7 via an alternative fixed point argument (or a localised
method).

Roughly speaking, the idea is as follows: In the system 7, we first fix
l=1; and p=p; and f becomes a linear reaction diffusion system on the
domain  with mixed Robin and Neumann boundary conditions. By solving this
system, we get a unique solution (Lj, P;), which is non-negative for non-negative
initial data. Next, by inserting the solution (L1, P;) into (|1.3), we obtain a new pair
of boundary concentrations (2, p2), which we reinsert into l) to get an up-
dated solution (Lo, P»). By iterating this process, we construct a sequence of pairs
of functions {(l1,p1), (I2,p2),...}. By a priori estimates derived in Theorem [2.4
we prove that the sequence converges (I,,,p,) — (I*,p*). Finally, inserting (I*, p*)
into (L.I)—(L.2) yields (L*, P*) and it is then easy to verify that (L*, P*,1*,p*) is
a solution to the system (1.1)—(L.3)), which is in fact unique.

We will then show that the weak solution is actually a strong solution for any
positive time. This is done thanks to the linearity of the system and the smoothing
effects of parabolic equations.

Notations: Throughout the paper, we will denote by (-,-)q and || - ||q the inner
product and its induced norm in L?(2). Analogously, we will denote the inner
products and norms in L?(T"), L?(I';) and L?(T'y) (e.g. the norm in L?(T") is denoted
by || - ||r). The tangent gradients on I" and I's corresponding to the metric induced
from R™ are denoted by Vr and Vr,, respectively.

Moreover, for a function u € C([0,T]; L?(2)), we shall use the notation v > 0 to
denote that u(t,z) > 0 for all ¢t € [0,T] and for a.e. x € .

Definition 2.1 (Weak Solutions).
A weak solution (L, P,1,p) of system (1.1)—(1.3) on (0,T) satisfies

L,P e C([0,T]; L*(Q)) N L*(0,T; H'(2)),
1€ C([0,T]; L*(1)) N L*(0, T; H'(T")),
p € C([0,T); L*(T2)) N L*(0,T; H' (T'3)).
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Moreover, for all test functions p € C*([0,T); H (), ¥ € C*([0,T); HY(T')) and
Wy € CH([0,T]; H'(T'2)) with o(T) = (T) = ¢2(T) = 0, we have

T T T
- / (L. dhp)er dt + di / (VL Vo) di / (1l = AL, @) dt
0 0 0
T
— (Lo, o(0)a + / (aP — BL.g)adr, (2.1)
0

T T T
- / (P, dv)e dit + dp / (VP.Vi)adt - / (P, @)1 dt
0 0 0

T
= (P, p(0)e + / (—aP+ L. dt, (22)

T T
— / (l7at¢)[‘ dt+dl/ (VFZ,VF¢)F dt
0 0

T
= (I, b(O))r + / (AL — (v + oxra)L e dt, (2.3)

T T
- / (p, Oxi2)r, dt + dp/ (Vr,p, Vr,2)r, dt
0 0

T
= (p()v 11)2(0))1‘2 + A (Ul - gpv 1/&)1“2 dt. (24)

Next, we recall a result on the existence of solutions to parabolic equations with
inhomogeneous Robin boundary condition:

Theorem 2.1 (Inhomogeneous Parabolic Robin Problem, [10} 1T} 19]).
Let ce R, d >0 and 8 > 0. Consider the following equation

up(t,x) — dAu(t,x) + cu(t,z) = f(t,z), z€Q, t>0
A2 4 Bu(t,x) = g(t, ), zel, t>0 (2.5)
U(O,l‘) = Uo(l’), HARS Q7

subject to initial data ug € L*(Q) and inhomogeneities f € L*(0,T; L*(Q)) and
g € L?(0,T; L3(T)).

Then, for T > 0 is arbitrary, the problem has a unique weak solution
u € C([0,T]; L2(2)) N L2(0,T; HY(Q)). Moreover, if ug > 0 and f(t) >0, g(t) >0
for allt € 10,71, then u(t) >0 for all t € [0,T].

The following non-negativity Lemma is stated for the convenience of the reader:

Lemma 2.2 (Non-negativity of Fixed Point).
Let A : C(]0,T); LP(Q2)) — C([0,T]; LP(§2)) with p > 1 be a contraction mapping
satisfying Au > 0 whenever u > 0.

Then, the unique fized point u* of A is nonnegative.

Proof. Choose a function u; € C([0,T]; LP(92)) such that u; > 0. Define the
sequence {up}n>1 as Upt1 = Au, for all n > 1. By the assumption on A, we
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have that u, > 0 for all n > 1. Since A is a contraction mapping, by standard
arguments, we have u, — u* in C([0,T]; L”(€2)) and thus,

Up (t, ) = u*(t,x) for all t € [0,7T] and for a.e. z € Q.
Therefore, u* > 0. (|

The following intermediate result proves the existence of a unique weak solution

to the system (|1.1} . ) for given (I, p):
Proposition 2.3 (Existence of the volume sub-system for given surface terms).
Let g, € L*(0,T; L*(T")) and gp € L?(0,T; L*(T3)) be given.

Then, for any (Lo, Py) € L?(2) x L?(Q), the following system

—dLAL:aP—ﬁL, e, t>0,
dpAP = —aP + 3L, xeN, t>0,
dL 4+ AL =g, zel, t>0, (2.6)
dpdf T = XT29P; zel, t>0,
L(0,x) = Lo(x), P(0,z) = Py(x), x €.

has a unique weak solution (L*, P*) € (C([0,T]; L*(Q)) N L?(0,T; HY(R)))? for all
T > 0. Moreover, if g1, gp, Lo, Po > 0, then L(t) > 0 and P(t) > 0 for allt € [0,T].

Proof. Let X = C([0,T]; L*(Q)) be equipped with the supremum norm |ul|x =
sup{||u(t)||q : t € [0,T]}. We introduce S C X as

S ={ue X :u(0) =P e L*Q)},

and observe that S a closed subset of X. For any given P; € S, we first consider
the problem

—d, AL =P, — L, ze, t>0,
dL + AL = gr, zel, t>0, (27)
L(O7x)—Lo( ), xz € Q.

Thanks to Theorem there exists a unique weak solution Ly € X to (2.7). By
applying Theorem [2.1] again, the following equation

—dpAP = —aP + L4, reN, t>0,
dpG = Xra9p, zel, t>0, (2.8)
P(0,2) = Py(z), z e

has a unique weak solution P, € S C X, since obviously P»(0) = Fy.

Next, we define the mapping A : S — S by AP, := P,. We will show that A is a
contraction mapping for sufficiently small 7" > 0. We consider two dlﬁerent 1mageb
P, = AP, and P, = AP, and denote by L; and Ly the solutions of ( with
respect to P, and P, respectively. By denoting W := P, — Py and V := Ll Ly,
we have

—d AV = (P, — P) — BV, zeQ, t>0,
dL8V+>\V—O zel, t>0, (2.9)
V(0,2) =0, x € Q,



A REACTION-DIFFUSION MODEL OF ASYMMETRIC STEM-CELL DIVISION 7

and
—dpAW = —aW + BV, e, t>0,
dpf’W =0, rel, t>0, (2.10)
W(0,z) =0, x € Q.

By multiplying (2.9) with V' and integrating over 2, we obtain

S SIVIE + dr | VVIR + MV = / (P - E)de - BIVIIA

(2.11)
HV”Q + ||P1 Pulf3,
and thus
d a? ~
allVII?z +2d|[VVI[E + 2\ VIE + BIVIE < FIIH — Pl (2.12)
Then, by integration (2.12)) over (0,¢) with V' (0) = 0 yields for all ¢ € [0,T],
5 [ Wl <% / IBG) ~ R ds < STIR - A% (213
Similar, we multlply with W and integrate over L?(f2) to get
GIWIR -+ el TWIE = —al Wi + 8 / WV do
2 dt
(2.14)
< ——|[WE + = |[V]2.
< SwiE+ v
Therefore,
d 2
WG +2dp VWG + ol W < (VIS (2.15)

We integrate (2.15) over (0,¢) with W(0) = 0 and use then (2.13) to find for all
€ (0,T) that

52 t B
W @)5 < ;/0 IV (s)llds < aT||Pr — P1[%. (2.16)

Thus

)

|APy — APy |k = S[up] W ()3 < oT|| Py — Pr|%. (2.17)
te[o0,T

Hence, by choosing 0 < T' < 1/«, the mapping A : S — S is a contraction. By
Banach’s Fixed Point Theorem, there exists a unique fixed point P* € S of A. We
then denote by L* the unique solution of (2.7)) for given P, = P*. The pair (L*, P*)
is then a weak solution to the system To prove the uniqueness, we assume
that (L, P) shall be another solution of the system (2.6). Then, P must be a fixed
point of A. Hence P = P* and thus L = L*.

It remains to show the non-negativity of L* and P*. We shall first show that
P* > 0. Thanks to Lemma it is sufficient to show that if P; > 0 then P, =
APy > 0. Indeed, with P; > 0 and g;, > 0, we can apply Theorem to equation
to have L; > 0 where L; is the solution of with respect to P;. Since
now L; > 0, we conclude from that P, > 0. The non-negativity of L* follows
then immediately from and Theorem O
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The following existence result follows the idea outlined in the beginning of this
Section and proves the local existence of a unique weak solution to the system

(L.1)—(L.3).

Theorem 2.4 (Local Existence and Uniqueness of Weak Solutions).

Consider (Lo, Py, lo,po) € L?(Q) x L?(Q) x L?(T) x L*(T3) and «, B, \,v,0,& > 0.
Then, there exists a T > 0 such that the system (1.1))-(1.3) has a unique weak

solution (L, P,l,p) on [0,T]. Moreover, if Lo, Py,lyp and py is non-negative, then

L(t), P(t),1(t),p(t) are non-negative for all t € [0,T].

Proof. Let T > 0 be chosen later. We denote by X; = C([0,T]; L*(T)), X2 =

C([0,T); L?(T'3)) and X = X; x X, and define

S ={(u,v) € X : u(0) =y and v(0) = po}.

It is obvious that S is a closed subset of X. For any (I1,p1) € S, we consider the
system ([1.1)—(1.2)) with ({1,p1) in place of (g1, gp), that is

Ly —d, AL =aP — BL, reN, t>0,

P, —dpAP = —aP + 8L, reQ, t>0,

drp2E = —AL + 1y, rel, t>0, (2.18)
dp2l = xr,&p1, zel, >0,

L(0,z) = Lo(z), P(0,2) = Py(x), x e Q.

By Proposition there exists a unique solution (L1, P;) to with L, P €
C([0,T); L?(Q)) N L2(0,T; HY(Q)). We remark that L|r € L?(0,7;L?*(T")) and
P|r, € L?(0,T; L*(T3)) due to the Trace Theorem (see e.g. [I8, Theorem 1, page
258]). Inserting L |r into the first two equations in (1.3), we have

(2.19)

Iy — diArl = ALy — (v + x1,0)1, zel, t>0,
1(0,z) = lp(z), zel.

Since I' = 90 is a smooth manifold without boundary, we can apply the theory of
linear parabolic equation on smooth manifold (see e.g. [22, Section 6.1]) to get the
unique weak solution Iy € C([0,T]; L*(T)) N L2(0, T; HY(T)).

Similarly, the same theory in [22] Section 6.1]) applies to the homogeneous
Neumann-problem

Pt — dpAr,p = oly — £p, rxely, t>0,

)
dyp auf,z =0, zedly, t>0, (2.20)
p(O,z) :p()(x)v €T € FQ.

Hence, has a unique weak solution py € C([0,7]; L*(T'2)) N L%(0,T; H(T'2)).
Note that clearly (I3, p2) € S since l3(0,2) = lg(x) for z € T and p2(0, ) = po(x)
for x € I's.

We can therefore define a mapping A : S — S as A(l1,p1) = (l2,p2). In the
following we shall prove that A is a contraction mapping. We consider two images

Al p1) = (l2s p2), and  A(l1,p1) = (l2,p2).
Moreover, we shall denote

=1y — Iy, P = p2 — po, L:=1Ly— Ly, P:=P — P,
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where (L1, P;) and (L1, Py) are the solutions of (2.18) subject to (I3, p1) and (I, p1),
respectively. Then, we obtain the following system for (L, P)

—d,AL = aP - BL, reqQ, t>0,
—dpAP = —aP + BL, e, t>0, (2.21)
L(0,z) =0, P(0,2) =0 z € Q,
with boundary conditions
d M =~(l; — 1 r, t>0
L + ’V( 1 1) rzel, > U, (222)
dP o szf(pl pl)a LS Fa t>0,
and a system for (i, D)
Zt—dZAFZ+(’Y+UXF2)Z: )\I:, rzel, t>0,
— dyAr,p+ &p = al, zely, t>0,
dp;jr =0, redly, t>0, (2.23)
l(O, x) =0, zel,
p(0,2) =0, x €Ty,

Multiplication of the first equation in ([2.23)) with [ yields

. c A2
5 dt\ll\lr +di||VellF + AR + o1, = /\/ LidS <Al + EHLH%- (2.24)

Thus, for all ¢ € [0, 77,

i1 < 55 [ 126z as (225)

thanks to ZA(O,x) = 0. By multiplying the second equation in (2.23) with p and
integrating over L?(I'y), we get

1d R R
3 1, + Vel + oI, = o [ ipas < elal, + TR,

) (2.26)
A2 972
<¢&lplr, + EHZHF'
Integration of (2.26)) over (0,t) yields with (2.25])
) 2252 t ops )
1R, < 705 [ liNRas < 27 [ 1kl aras
0 (2.27)

)\2 2 R )
< 7T L .
< 2ot [k

Given the bounds (2.25)) and (2.27)), we are left to estimate the term f(f | L(s)||2ds.

In order to proceed, we recall the Trace Theorem

/F F2dS < Cpllf I3 = CrUIfIA + IV FI2) for all f € HY(©),

for a constant Cp > 0.
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Then, by testing the two equations in (2.21]) with BL and aP, respectively, and
by integrating and adding the result, we estimate with Young’s inequality

d (B, a g i g
dt<2”L”?2 + ||P||%) +diB|[ VL[ + dpal VPl

—5/ dL dS+a/F (dp‘g)ds /Q(aP—Bi)de

5/ vl — 1) — Ai) dS+oz/F P(f(ﬁl—p1)> ds
2 aCpé®
4dp

<——||L||F+dpa(||P||Q+HVPHQ) + k(I =l + 15 - pilk, ), (228)

Oédp

||P||r

< —*||L||r il ||51 —hllF + 151 — pull?,

where k := max{ 2% 5 ij d”j‘f } and we have used the Trace Theorem. Thus,

d . . .
= (BILIZ + allPIZ) + BAILIE
< 2dpal| PG + 20 (Ilh = b, + 15— pilk,) (229)
By integrating (2.29) over (0,¢), we observe in particular that
t
PO < 267 (11~ 1%, +151 -~ pilR,) +2dpa [ 1PG)IRds. (230
0
Thus, Gronwall’s Lemma implies for all ¢ € [0, T
- 2kT
1P@IE < == (I = ulik, + I = pill%, )" (2:31)
Reinsert (2.31)) into (2.29)) yields
d A . A
= (BILIR +allPIR) + BAILI
< 2k(2dpTetrT 4 1) (Hl} —h|l%, + |5 —le%(Q) . (2.32)
Next, we integrate (2.32)) over (0,¢) and recall L(0) = 0 = P(0) to find
t
o [ L) ds < T @apTe T 1) (1 = 1, + 1oy - pilR,) - (299
0

Altogether from (2.25)), (2.27) and (2.33)), we get now for all ¢ € [0, 7]
R ) )\2 )\2 2
1R + o, < (5 + 52 7) [ bl

A2 \%0? 2kT 2deT ~ 9 B N
<% g - - L@
< (27 e T> ﬁA (2de + 1) (15 = ul, + 15 -pl,). (2349

Thus,

iz = La[1%, + 1172 = p2ll%, = 1%, + 1813, = sup [I®)]F+ sup [B)II7,
te[0,t] t€[0,T]

A2 \%g? 2kT -
<= T 2dpTe?@PT 41 A i —pill%, ). (235
< (5 + 0 T) S CanTe T 1) (16 - 6l + 1 - IR (239
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Hence, by choosing 7" is small enough, we have

A2 \Zp2 2k 2dpT
(27+ e T) T deTetrt 1) <1,
and the mapping A : S — S is a contraction. Hence, there exists a unique fixed
point (I*,p*) of A. By solving system subject to (I*,p*), we obtain a unique
solution (L*, P*). Tt is easy to verify that (L*, P*,1*, p*) is a solution to the system
(TI)-(L.3) on [0,T]. Concerning uniqueness, consider another solution (L, P, [, p)
of the system. Then, (I, p) must be a fixed point of A. Hence, (I,p) = (I*,p*) and
thus (L, P) = (L*, P*).

It remains to prove the non-negativity of the solution (L*, P*,1*,p*). It is ob-
vious to see that Lemma is still true if we replace C([0,T]; LP(2)) by X =
C([0,T); L*(T")) x C ([0, T); L*(T'2)). Thus, it is enough to show that if I; > 0,p; >0
then ly > 0,p2 > 0, where (l2,p2) = A(l1,p1). Now, for I3 > 0,p1 > 0, by using
Proposition we obtain from that Ly > 0 and P, > 0. Then, from we
find that ls > 0 and po > 0. Thus, Lemmaproves that [* > 0 and p* > 0. Since
(L*, P*) is the solution of system 7 subject to (I*,p*), we have L* > 0
and P* > 0. This completes the proof. ([l

From the weak formulation, it follows by a standard argument that the unique
weak solution of system f conserves the total mass as long as the solution
exists, that is, for all ¢ € [0,T)yq4e) Where Tpae < +00 is the maximal time of
existence:

vt € [0, Trnae) : Mo z/(L(t,as)+P(t,a:)) dm+/l(t,x) dS+/ p(t,x)dS
Q r

Ty

- / (Lo(x)+P0(x)> dx + / lo(z) dS + / po(z) dS. (2.36)
Q T 1)
For non-negative solutions, the conservation law (2.36]) implies further that the
L'-norm of the solution is uniformly bounded in time:

Vt €10, Trmaz) : (1L ) + 1POllLr) + 21wy + Ip@) Ly = ?240?;7)

Nevertheless, global existence in L? for the system 7 is not trivial even
though it is linear and global existence is certainly expected. The (technical) diffi-
culties arise from the coupled Robin boundary conditions as well as from the surface
diffusion terms. In the sequel, we will show that the unique local weak solution in
L? can be globally extended and is even uniformly-in-time bounded in L?. In the
proof, we shall need the following Gagliardo-Nirenberg and Trace inequalities:

Lemma 2.5 (Interpolation Inequalities).
Under the assumption on the domain Q, there exists a constant C' > 0 such that

2/(n+2 n/(n+2
lulle < Cllul P2 ull e (2.38)

for all functions u € H ().
Moreover, basing on (2.38]), there exists for any € > 0 a constant C. > 0 such
that

lullg, < ellVullgy, + CellullZi(q), and [lullf < ellVullg + CellulZqy,  (2-39)
for all u € H(Q).
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Proof. The Gagliardo-Nirenberg inequality (2.38) is well known and can be found
e.g. in [2, Theorem 1.3, Page 18] or [20].
Using [2.38] and noting that Hu||§{1(m = |lul|3 + [|[Vu|/3, we have

4/(n+2 n/(n+2)
luld, < Cllul 7255 (lulld + [ Vul3)

< Cellulfne + [ull + 1Vuld) .

— (
e+1
by Young’s inequality and thus

lullé, < Cellulltsqy + el Vallg.

For the second inequality, we use then the modified Trace inequality ([21, Theorem
1.5.1.10]) to estimate

9
el < SIVullé + Cellulley < el Vullg + CellulZs gy
O

Theorem 2.6 (Global Existence and Uniqueness of Weak Solutions).
Consider initial data (Lo, Py, lo, po) € L?(Q) x L2(2) x L?(T") x L?(T'3) and assume
a,B,\,y,0,& > 0. Then, the unique solution to system lb exists globally
mn time.

Assume additionally that the initial data (Lo, Po,lo,po) > 0 are non-negative.
Then, there exists a constant C, which depends only on the domain, the initial
data, the reaction rates and the diffusion rates such that

vte>0:  [IL@)E + IPOIG +ILOIE + @7, < C,
i.e. the global solutions to system (L.1)—(L.3) are bounded uniformly-in-time.

Proof. We shall consider the case of non-negative initial data (and thus solutions)

and prove uniform boundedness in time. The proof the existence of global solutions

to general L? initial data follows by a similar argument when replacing the below

L'-interpolation and L'-bound by analog estimates in L? and a Gronwall

argument, which yields global existence yet without uniform-in-time boundedness.
We consider the functional

#(e) = 5 (ILOIE + 1POIR + o)+ Elp(0)]2)-

By calculating the time derivative of H along solutions of system 7, we
get
P o dLIVLIE - dpl VPIR = BILIE — all PR — MILI
dt
+ (a+ B)(L, P)a + (Ao +7)(L, Dr + E(P,p)r, (2:40)
—yo|lllf = o?||IF, — € lIplIE, + o&(p, Dr,-
By Cauchy’s inequality and , we have the following estimates

a+p
2

dr, dp
T IVLIG + IV PG + CILIL o) + ClIPIL ),

(a+B)(L, P)a < (L& + 1PII)

(2.41)
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and
yo (Ao +7)?
(Ao +)(L, Dr < 7\\”\12“ + THLH%
p v (2.42)
o L
< S IR + —FIVLIE + CILI o),
2 4
and
P < & e P2
(P, p)r. < llplic, +I1PI
) p (2.43)
P
< 2 lple, + = IVPIG + ClIPIL: o),
and
207112 2
o€(p,)r, < o~ |l + - lIplr,- (2.44)
Inserting (2.41)—(2.44) into (2.40) yields
dH dr, dp
N < LV - LIVPIR - SILIE - PR

2
Yo
= 5 lUE = = lIplE, + CULIZ @) + 1Pl (0))-

By defining 7 := min{f, o, 7, %} and by using ||L| 1) < M and ||P|p1q) < M
(thanks to the L'-bound (2.37)), we have

dH o
- . < (C. .
7 +nH + 1 Iplt, <C (2.45)

By Gronwall’s inequality, we obtain in particular
H(t) < e "H(0) + C,
or equivalently,
IL@)IE + PO + oL@ + Ellp@)]IE,
< e " (I Lollé + I Poll?, + o lllolIE + EllpollE,) +
which completes the proof. (Il
To study the regularity of solutions to (1.1)—(1.3)), we need the following Lemma:

Lemma 2.7 (Regularity of Parabolic Equations on Manifolds, [22, Chapter 6]).
Let M be a smooth Riemann manifold, f € L*(0,T; L*(M)), g € L*(0,T; L*(OM))
and ug € L?*(M). Then, any weak solution u to

ur — dyApru = f, reM, t>0,
B(u) =g, re oM, t>0,
u(0) = up,

where B denotes either a Dirichlet, Neumann or Robin boundary operator, satisfies
w € LA(I; H*(M)) N WHHT; L2 (M),
where I = [tg, T] with all 0 <ty < T < +00.
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Theorem 2.8 (Strong Solutions). For any I = [to, T] with 0 < tg < T < +00, the
weak solution (L, P,1,p) to (1.1))—(1.3)) satisfies
L,P e L*(I; H*(Q)) n WhH(I; L2 (Q)),
l € L*(I; H*(I')) n WHH(I; LA(T))
and
p € L*(I; H*(T2)) N WHH(I; L*(Ta)).

Thus, (L, P,1,p) is in fact a strong solution, which satisfies the system (1.1])—(1.3)
in L? for almost every t € I.

Proof. We consider, for example, the equation of L:

Ly —d,AL=—-8L+ aP, e, t>0,
dr,0L/0v = —=AL + ~l, zel, t>0,
L(O,Jj) = Lo.

Then, by applying Lemma with f = —BL + aP € L?(0,T;L*(Q)) and g =
—AL +~l € L?(0,T; L*(T)), we conclude

L € L*(I; H*(Q)) n WhH(T; L*(Q)).

The regularity for P,l and p follows in a similar way. U

3. NUMERICAL DISCRETISATION AND QUALITATIVE DISCUSSIONS

In this section, we first present a basic numerical finite element scheme for system
f. As a prototypical example, we consider the particular case when Q@ C R?
is the unit ball and the active boundary part is located at I'y = {(1,0) : 7 < 0 <
3m/2}.

The test cases discussed in the Section serve to illustrate in particular i) the
role of surface diffusion in the model system f and ii) to investigate the
behaviour of the system subject to changes in the release rate £ of cortical Lgl into

the cytoplasm, i.e. p 5 p.

3.1. Time-discretisation. We apply a first order implicit Euler scheme as time
discretisation, which is well known to be stable for such linear problems (see e.g.
[16]). More precisely, for a given time step h, we shall denote by L, (z) := L(nh,x)
and Ly41(x) := L((n + 1)h,x), respectively and analog for P,! and p. Thus, we
have for n > 0 the following iteration of semi-discretised systems :

—hdy ALpir + (1 4+ hB)Lps1 — haPpiy = Ly, zeqQ,
hdpAPosr + (1 + ha)Payy — hBLyi1 = P, P€0, o)
—hdiArlps1 + (1 + h(y 4+ oxry)lnt1 — RALn g1 = 1y, zel,
—hd,Ar,ppy1 + (1 + hé)pny1 — holyi1 = pa, z € I'g,
with boundary condition
dr,0Lyp11/0v = —ALpy1 + Ylnt1, zel,
dpOPy1/0v = EXT,Pn+1, z €T, (3.2)

dpapn+1/al/1"2 = O, x € 8F2
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3.2. Space-discretisation. We use a standard finite element method for space
discretisation of the cell volume. More precisely, the domain 2 is approximated
by a triangulation mesh 7, where 1 is the maximum diameter of the triangles.
We will use as basis functions the space of continuous, piecewise linear functions
on triangles. Although finite element methods are well known for linear reaction-
diffusion problems on bounded domains, we ought to remark the following three
points specific to this work by addressing surface diffusion as well as the active and
nonactive parts of the boundary:

e The boundary I' is approximated by a polygon 97,. This choice makes the
discretisation procedure easy to implement since we only have to discretise
the domain once. Moreover, such a discretisation was already successfully
applied for a linear elliptic system featuring mixed volume-surface diffusion
in [26], where also an error analysis was carried out.

The triangulation is made such that the boundary OT's, which are just
two points (—1,0) and (0,—1) in the considered case  C R? coincides
with the vertices of one or more triangles. Moreover, since the coefficients
of the equations for P and [ are discontinuous at the boundary points
dT'y, we shall significantly refine the mesh in the proximity of these two
points as can be seen in Figure 2] The refinement was done by an adaptive
strategy implemented in the function ”adaptmesh” in Matlab using two
point sources at (—1,0) and (0, —1). We remark that, for the sake of clarity,
the mesh given in Figure [2] which is obtained after one mesh refinement,
has approximately 4000 elements. Later in this paper, to produce high
resolution pictures, we will use a mesh created by five mesh refinements,
which contains about 65000 elements.
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FIGURE 2. Triangulation mesh and refinement in the proximity of
OI'y, i.e. the points (—1,0) and (0,—1), which are discontinuity
points of the system.

e The Laplace-Beltrami operator Ar and Ar, on the boundary, which repre-
sent the surface diffusion, I can be approximated by the Laplace-Beltrami
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operator on 07,. By choosing a polygon as approximation of the bound-
ary I', the operator Ar can itself be approximated by an operator Aar, ,
see e.g. [26]. Because 07, is a union of disjoint segments, the operator
Ap7, can be split to act on each segment separately. Moreover, since we
use a weak/variational problem formulation, we only have to compute the
tangential gradient of affine basis functions on the approximating segments
and remark that in this case the tangential gradient coincides with the di-
rectional derivative. As illustrating example, consider a segment AB and
the basis function ¢ : AB — [0,1] such that p(A) =1 and ¢(B) = 0 then

1

where V¢ denotes the tangential derivative of ¢ along the direction zﬁ .

Note that in the case of a circle or a sphere, we could alternatively use
spherical coordinates to discretise the Laplace-Beltrami operator (see e.g.
[27]). However, the above discretisation has the advantage to work for any
sufficiently smooth domain €2, which can be well approximated by linear
segments.

3.3. Discussion of the numerical results. The following numerical examples
shall highlight certain qualitative features of the model system 7. Due to
the lack of in-vivo or in-vitro parameters, which are in general unknown for SOP
precursor cells, we shall use what we believe to be generic system parameters i.e.
typical reaction- and diffusion rates, for which the model exhibits the expected
behaviour. Thus, the aim of the following can only be a discussion of interesting
qualitative features and not a quantitative simulation of Lgl localisation in SOP
precursor cell.
As a generic parameters, we use the following reaction rates:

a=1, B =2, v =2, A =4, o =3, (3.3)
the following volume diffusion rates:
dr, =0.01, dp =0.02, (3.4)

and the following constant initial concentrations:
Lo(z,y) = 0.8, Py(z,y) = 0.6, lo(z,y) =0.3, po(x,y) =0.4. (3.5)

The value of £ will be chosen differently during the discussion of the numerical
examples. The same is true for the surface diffusion rates d; and d,,, which shall be
specified later.

3.3.1. The effects of surface diffusion. The first two numerical test examples shall
illustrate the role of surface diffusion by comparing the numerical stationary state
solutions of the system for two cases: i) with surface diffusion rates d; = 0.02,
dp = 0.04 and ii) without surface diffusion, i.e. d; =d, =0.

Figure [3| plots the resulting numerically stationary state concentrations of non-
phosphorylated cortical Lgl [ and phosphorylated cortical Lgl p (for the generic
parameters , and the initial data )

In the case with surface diffusion, Figure [3a] shows a smoothly decaying profile
of | around the boundary points 9’2, i.e. around the points (—1,0) and (0, —1),
where the lower concentration of [ on I's is the result of [ being converted into p.
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FIGURE 3. Comparison of the numerical stationary states of [ and
p with surface diffusion rates d; = 0.02, d, = 0.04 (Figs. (A) and
(C)) and without surface diffusion d; = d, = 0 (Figs. (B) and (D))
for the parameters , and initial data .

The corresponding numerical steady state concentration of p on I's is plotted in
Figure The increase of p towards the points (—1,0) and (0, —1) corresponds to
the increasing values of [ over and beyond these boundary points.

As comparision, the Figures [3b] and [3d| show the numerical stationary state con-
centrations of [ and p without surface diffusion. Due to the absence of surface
diffusion, Figure [3b| depicts a significantly sharper profile of [ around the boundary
points dI's. However, the profile in [ is still smooth and so is the corresponding
profile of the stationary state concentration of p on I's, which is shown in us-
ing a very highly refined mesh to eliminate potential numerical artefacts. In our
understanding, these sharp yet smooth profiles of | and p are the combined effect
of the volume diffusion of I and P and the reversible reactions between L and I,
which transfer a diffusive effect from the volume € onto the boundary I.

Figure [d plots the volume concentrations L and P corresponding to Figure 3] In
the case with surface diffusion, Figure [fa] shows very interestingly and somewhat
surprisingly a "hump” in the numerical stationary state concentration of L near
the active boundary part I's. This "hump” is not visible in Figure [b]in the case
without surface diffusion. The corresponding volume concentrations of P in the
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Figures [i (with diffusion) and [4d] (without diffusion) allow to explain this ”hump”
as the effect of surface diffusion leading to a significant additional transport of I-Lgl
(compared to the case without surface diffusion) along I to the active boundary part
T'5, where [-Lgl becomes phosphorylated into p-Lgl, which is subsequently released
from the cortex and thus results into a much higher concentration of P along I's as
depicted in[dd The "hump” in L is then the consequence of the reversible reaction
between L and P and the volume diffusion of L.

Time = 100 Time = 100

ot 0 " 08 005
S
(A) L-Lgl with surface diffusion (B) L-Lgl without surface diffusion

Time = 100 Time = 100
18
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(¢) P-Lgl with surface diffusion (D) P-Lgl without surface diffusion

FIGURE 4. Concentrations of the numerical stationary state of L
and P with surface diffusion rates d; = 0.02,d, = 0.4 (Figure (A)
and (C)) and without surface diffusion d; = d, = 0 (Figure (B)

and (D)) for the parameters (3.3)), (3.4) and initial data (3.5)).

Remark 3.1. We remark that while Figures[3 and[{] cannot be viewed as simulation
of Lgl localisation in a real SOP cell, the qualitative behaviour may nevertheless
suggest that surface diffusion might play a non-negligible role in real SOP cells and
may help, to explain, in particular, an erperimentally observed gap between aPKC
localisation and the localisation of cell-fate determining proteins, which are derived
from the localisation of Lgl, see [23].

In the following Figure [5] we investigate further the case without surface diffu-
sion by increasing the volume diffusion rate dj ten-folds compare to . More
precisely, we set d; = d, =0, dr, = 0.1 and dp = 0.02.

Figure[5a]shows the effects of the increased volume diffusion dy, = 0.1. It leads to
a certain widening and flatening of the profile of [-Lgl over the boundary points of
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I'5. This profile of [ is less steeper than the profile of [ in Figure 3B without surface
diffusion but still steeper than the profile of [ in Figure |3al with surface diffusion.
Thus, the observed effect is consistent and confirms the above explanation that the
profile of [ and p in cases without surface diffusion are a combined effect of volume
diffusion dy, and the reversible reaction of L = [: An increased volume diffusion dy,
leads thus to an increased diffusive effect at the surface I'.

The corresponding stationary state profile of p-Lgl plotted in Figure [5b] shows
that also the profiles of p-Lgl near the boundary points of I'y are widened, yet still
steeper that the profiles of p in Figure [3¢| with surface diffusion.

The increase of volume diffusion rate d;, does not only affect to profile of p and
[ around I's as discussed above but also changes the absolute value of stationary
states of p and [ on I'y. More precisely, by comparing Figure [5aj and Figure (or
Figure and Figure we see that the absolute value of p and [ on I's in the
case d;, = 0.1 are higher than that in the case d;, = 0.01.

I concentration, Time = 100 p concentralion, Time = 100

(A) I-Lgl without surface diffusion with (B) p-Lgl without surface diffusion with
big volume diffusion rate dr, = 0.1 big volume diffusion rate dr, = 0.1

FicURE 5. Concentrations of the numerical stationary state of
[-Lgl and p-Lgl without surface diffusion with ten-fold volume-
diffusion rate d;, = 0.1, dp = 0.02 and d; = d,, = 0 and initial

data (3.5)).

3.3.2. Asymptotic decay of p for large . In SOP cells, the reaction p 5 P of
cortical Lgl p to cytoplasmic Lgl P is suggested to be significantly faster than the
other reactions. That means that the expulsion rates £ is expected to be much
larger than the generic reaction rates in . We are thus interested to study
the qualitative behaviour for increasing reaction rates £ while keeping the reaction
rates fixed.

Intuitively, one expects that when £ becomes larger and larger, the concentration
of p-Lgl will decay to zero since the p-Lgl is released more and more rapidly to P-
Lgl.

In Figure @, we compare p(t,z) on I'y at an early time ¢ = 0.04 for four different
values of & being 10,20,50 and 100. The numerical results show how a larger
reaction rate £ leads to a decay of p N\, 0 on I's. This happens already at the
very small time ¢ = 0.04 and even more so for larger times (data not shown).
Observing this fact suggests that the system 7 for large & may be well
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Time = 0.04 Time = 0.04

(a) =10 (B) £ =20

Time = 0.04 Time = 0.04

0.5 05
0.4] ! E 04
0.3 03
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0.1 0.1

(c) £€=50 (D) € = 100

FIGURE 6. Comparison of p for £ = 10, 20, 50, 100 at time ¢ = 0.04
and for the generic parameters (3.3), (3.4) and initial data (3.5]).

approximated by a reduced quasi-steady-state approximation (QSSA) without p,
which is formally obtained by letting & — +o0o. This QSSA will be rigorously
performed in the following Section [4]

3.3.3. Initial-boundary layers in P for large {. The following Figures [7] and [§] con-
tinue to numerically investigate the system behaviour for small and large £, i.e. for
slow and fast release of cortical p. Note that, in this part, we consider the case of
no surface diffusion d; = dp, = 0.

Figure [7] compares the cytoplasmic concentration of phosphorylated P-Lgl for
two values £ = 1000 and £ = 1 at the smallish time ¢ = 0.3 and for the specified,
constant initial data (3.5)). In particular, Figure [7a]illustrates that the fast reaction

P 5 P for & = 1000 leads to much larger values of P near the boundary I's as
compare to £ = 1. We thus observe the formation of an initial-boundary layer near
I's in Figure [7a] compared to Figure [7b] which plots P being formed by the slow
reaction with £ = 1.

Finally, Figure [8] plots the numerical steady state concentrations of P for & =
1000 and &£ = 1 at the time ¢ = 100. We observe that the stationary states appear to
be identical and that the boundary layer in Figure [7] is indeed an initial-boundary
layer for large ¢ and no longer present in the stationary states, which features much
lower values of P near the boundary I's. In fact, we will demonstrate in Remark
in Section 4, that the stationary states of system f without boundary
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FI1GURE 7. Initial-boundary layer in P for £ = 1000 and £ =1 at
time ¢ = 0.3 and for the generic parameters (3.3)), (3.4), d; =d, =0

and initial data (3.5)).
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FiGURE 8. Common numerical stationary state concentrations of
P for £ = 1000 and £ =1 at the time ¢ = 100 and for the generic
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diffusion terms do not depend on the rate £ and are unique for fixed total initial
mass in the mass conservation law (2.36). Thus, Figure |8 plots indeed that same

stationary state.

4. QUASI-STEADY-STATE APPROXIMATION

In this section, we study the Quasi-Steady-State Approximation (QSSA) for
the system f as & — +o0o. The limit & — 400 can be interpreted as
the instantaneous release of phosphorylated Lgl from the cell cortex into the cell
cytoplasm. For technical reasons (see Lemma and Remark, we shall restrict
our analysis to the case without boundary diffusion, i.e. d; = 0 = d,. The QSSA
for system 7 with surface diffusion constitutes currently an open problem.



22 T.Q. BAO, K. FELLNER, S. ROSENBERGER

Quasi-Steady-State Approximations for (bio)chemical reaction systems have long
been studied in terms of asymptotic expansions, but it was not until recently that
rigorous results were obtained for the corresponding fast-reaction limits (see e.g.
[3, 4, [ 6, [8, O] and references therein).

8 B p

— P L
15 & — 400 )\H"/
g
p l

FIGURE 9. The original system (left) and the reduced QSSA sys-
tem (right)

>
=

2
q\

The QSSA we shall study in this Section can be illustrated as the passage of the
left reaction diagram towards the right reaction diagram in Figure [0} Without the
surface diffusion terms, the system ([1.1)—(1.3)) rewrites as

Li—d AL = —BL + aP, reQ, t>0,
dr 2k + AL = 1, zel, t>0, (4.1)
L(0,z) = Lo(z), x €,

P, —dpAP = 8L — P, reQ, t>0,

dPaa% = Xszpa US F7 t> 07 (42)
P(0,2) = Py(x), x €,

le = AL — (v + xr,0)l, zel, t>0,

— ol — I t

Y4 g fp, T € ly, > 07 (43)
1(0,2) = lo(z), zel,

p(0,z) = po(x), x €Tls.

Intuitively and according to the numerical example Fig. [0 we expect from the
second equation in that in the limit £ — 400 the concentration p(t,z) of
phosphorylated Lgl on the boundary I's tends to zero for any positive time since
all the p-Lgl on the active part of the cell cortex part is instantaneously released
into the cytoplasm and becomes P-Lgl.

However, if the initial p-Lgl concentration is non-zero, i.e. po(x) # 0, an initial
layer at t = 0 will be forming in the limit £ — 400, which expresses the transfer of
initial mass of py into Py (see also Figure m for a numerical example).

Thus, the expected limiting system has the following form:

Ly —d, AL =—BL + aP, reN, t>0,

d2E = AL +1l, zel, t>0, (4.4)
L(0,z) = Lo(z), x €,

P, —dpAP = BL — aP, zeQ, t>0,

dp2l = xr,0l, zel, t>0, (4.5)

P(0,z) = Py(z) + P*(z), x € Q,
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and
ly = AL — +o0 l el t 0
{ t (’Y XFQ) ) Y ) >0, (]6)

10,z) = lp(z), zel,

where we emphasise that P* is the unique function in L?(Q), which satisfies
/ P*pdr = / popdS, Ve e HY(Q). (4.7)
Q T,

Note that the system (4.4)—(4.6) corresponds to the reaction dynamics represented
by the right diagram in Figure [0

Remark 4.1 (Common Stationary States of Full System and QSSA).
We point out that the system 7 and the QSSA system 7 with con-
dition share the same stationary state (Lo, Poo,loo). This is a consequence of
the fact that the systems 7 and || satisfying the same stationary
state system (see below) and that condition (4.7)) ensure identical initial total
mass.

Indeed, it follows from (4.3) that €pee = 0lee and AL = (Y+0oXxT,)loo- Inserting
these two relations into (4.1)) f yields the stationary state system

—dp ALy = —BLo + aPo, x €1,

—dpAP, = BLs — Py, x €9,

dp %= = -2 Lo, x €Ty, (48)
dr %= =, e\ Ty, ’
dp2f= = 2L, z €Ty,

dp2= =0, €D\ Ty,

which is also the stationary state system of the QSSA system (4.4)—(4.6). In fact,
by solving (4.8) the stationary concentration lo and ps are afterwards calculated

from Lo and P, for both systems (4.1)—(4.3) and (4.4)—(4.6).

Moreover, the stationary state system (4.8) can be solved by observing that

—A(dp Ly +dpPx) =0, x €, (4.9)

2 (dLoe +dpPs) =0, zel. '
Thus, the sum dpLeo + dpPs = C' equals a constant C for all x € Q and the
stationary state concentrations Lo, or Ps, Tespectively are obtained by solving an
inhomogeneous linear elliptic boundary value problem with mized Neumann/Robin
boundary data. For instance, the equilibrium concentration L., satisfies

—dr ALy + (6 + ag—}ﬁ)Loo = a%, x € Q,
dr, ag;x = —%LOO, z €Ty, (4'10)
dr %= =0, z €T\ Ty,

The stationary state Lo, is unique for fized constants C, since the difference Leo
of two such steady state solutions satisfies a homogeneous version of (4.10) with
C = 0, which has only the trivial solution. Indeed, when testing (4.10) for C =0

with Leo, we see that any solution Leo has to satisfy

. A . d .
dL/yVLoo|2dx+a— L2 dS+ (5+aL>/L§de=o,
Q Y+oJr, dp ) Ja
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which implies Lo =0.
Moreover, the constant C' is itself determined by the conserved initial total mass.

As a consequence, since the system (4.1)—(4.3) and its QSSA system(4.4)—(4.6)
with the condition (4.7)) share by construction the same initial total mass, the cor-

responding stationary states are identical.

In the following, we will show that solutions to 7 converge towards
solutions of the QSSA system 7 as & — +00.

We will denote by C' a generic constant, which only depends on the initial data,
all diffusion and reaction rates, yet with the explicit exception of the reaction rate &.
Moreover, Cr is such a constant, which additionally depends on the time interval
size T' > 0. For any given T' > 0 and g > 1, we shall denote

Qr:=[0,T]xQ, Tr:=[0,T]xT, Top:=[0,T]x .

The spaces L1(Qr), LY(T'r) or LI(Ter) will be extensively used with usual norms,

for example,
- 1/2
I fllz2r) = (/0 If(t)|2L2(Q)dt> :

The following Lemma provides some crucial a priori estimates, which will allow
to pass to the limit £ — +o0.

Lemma 4.1 (Uniform in £ Boundedness of Solutions to the Original System).
For any T > 0, the solution (L, P,1,p) to system (4.1))-(4.3)) satisfies the following
estimates:

1Ll 22y + 1Pl 222y + Nl z20r) < Oy (4.11)
and

Il Ll 220,131 (02)) < O (4.12)

Proof. By setting Z =L+ P and W =dpL+dpP, we get from the non-negativity
of L and P that

W
0 < min{dr,dp} < < max{d,dp} < +o0.

It follows from (4.1 - ) that

{Zt—AW:O, reN, t>0,

4.13
GV = —AL 41+ xr,¢p, zel, t>0. (4.13)

We integrate the first equation in (4.13]) over (0,¢) and take then the inner product
with W (t) in L?() to get

/QW(L‘)[Z( Z(0) dm+/VW V/ W (s) dsdx

/ W(t / (=AL + 4l + xr,€p) dsdS.  (4.14)

In order to estimate the right hand side of (4.14] m, we observe from (4.3)) that
= AL+l + xr,€p = — (L + XTuD)e- (4.15)
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Thus, from (4.14) and (4.15)), we have

/Q W[Z(t) — Z(0)] dz + / VW) -V /0 W(s) dsda

/W’ 10)dS — [ W®)p) - p(0)]dS.  (4.16)

e

In the following, we shall denote by ¢(t,z) := fo (s,2)ds, which implies
Orp(t) = W (t). Therefore, we calculate

t 1
/Q VW) -V /0 W(s) dsdz = /Q Voio(t) - Vo(t) do =

As a consequence, integration of (4.16]) in ¢t over (0,T) yields

9 2
5 Vo)l da.

WZdsdx+ | WldsdS+ [ WpdsdS + / IVo(T)|* dx
Qr It Por

= WZ(0) dsdx + WI(0) dsdS + Wp(0)dsdS, (4.17)
Qr I'r Far

where we have uses that fOT Jo 2|Vo(t)|? dadt = Jo|Ve(T | dx since ¢(0) = 0.
Next, by Young’s inequality, we have

/ W (s, x)ds dx < T/ / (s, )| dsdx *T||WHL2(QT)

Considering the right hand side of (4 -, we estimate in the following by Cauchy’s,
Young’s and a Trace inequality that

(D)1 =

W 2(0) dsdi < VTIW 20 |1 2(0) o (1.18)
Qr

and
. Wi(0) dsdS = ($(T),1(0))r < 1(0) [c[¢(T)]|r
< 1O (CIVE(T)lla + 16(T) o) (4.19)
< ZIV(T)IE + Clu0) 2 + VTUO) e [IW | 229
and similarly,

1
Wp(0) dsdS < [[Vo(T)E + Cllp(O)lIE, + VT[[p(0) 0. IW |2 (0 (4.20)

Tor

Hence, by the non-negativity of L, P, 1, p, we obtain from (4.17])—(4.20]

Wstdx+1/yv¢(T)|2dx
Qr 4 Q

<VT(1Z2(0) o + [1O) [ + PO Ie) IW |2 () + CULO)IE + [p(0)]F,)  (421)
It follows then from W < max{dr,dp}Z that

W0y < max{dL,dp}/Q WZdsdr < Crl|Wliaam + Co (4.22)
T
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and the linearity of the right hand side implies by Young’s inequality that
[WllL2@r) < O (4.23)

Therefore, by the non-negativity of L and P and by keeping in mind that W =
dr L + dpP, we conclude that

||L||L2(QT) + ||PHL2(QT) < Cr. (4.24)
Next, by testing (4.1) with L, we estimate

3 ILIB + LIV LI = ~BILIR +o [ LPdz = NLIE +v [ Lids

\ r (4.25)
< C|IP[& + CllElE = SIL1E-

On the other hand, we get from (4.3])

A
||l||r —UIE — ollellE, + /\/ LLdS < C|UIE + SIILIE- (4.26)
2dt - 2
Summing ((4.25]) and ( - yields
a(llLH?y +I[F) +2dL VLG < CIIP[G + ClUIE- (4.27)

Therefore, by ||L||12(0.) + | P|lL2(0r) < Cr, we conclude that
IVLl|z2(07) < Cr

and
1| p2(rey < CreT < Cr. (4.28)
This finishes the proof. O

Remark 4.2. The proof applied in Lemma fails when trying to include one
of the surface diffusion terms Arl or Ar,p because in these cases, the formulation

would have additional terms [ VoW (t) Vfo s)dsdS or [. Vr,W(t) -
Vp2 fo 8)dsdS, for which we do not know a sign or suitable a priori estimates.

The pmblem of the QSSA for system —(1.3)) with surface diffusion remains
open for future work.

From now on, we always denote the solution to (4.1)-([4.3) by (L&, P¢, 15, p%) in
order to emphasise the dependency on the reaction rate &.

In the next Lemma, we will show that the concentration p¢ of the phosphorylated
Lgl on the active boundary T'y tends to zero as £ — +oo in L(T'ar). Since p*(0) =
po € L?(T3), we cannot expect that p¢ — 0 in C([0,7]; L?(T's)). Nevertheless, we
will be able to show that p¢ — 0 in C((0, T]; L*(T'g)).

Lemma 4.2. For any T > 0, we have

pE 00 in L2(Tar) N C((0, T L2(T)).
Proof. By multiplying the equation (.3)) of p¢, i.e. 9;p¢ + &p¢ = ol€ with &p¢ and
integrating over I'y, we estimate

&d

2
= L pliR, + IR, = (01 &), < S IEIR, + S 1CIR,.

o?
2
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Therefore,
d
fallpgll%2 + &R, < IR, < 2E,
and integration over (0,7") yields
1 2 r 2 1 2 o2 [T 2
I+ [ I ds < gl + G [ @R 29

This implies that [|p¢||2, = O({™!) and p* — 0 in L?(Tar) as £ — +oo since
{I}¢>0 is uniformly bounded in L?(I'r) according to Lemma
From (|4.3)), we also have similar

d
SPEIR, + 2605 1B, = 2005 )

Hence, for any fixed 0 < tg <t < T, we have

t
PO, < el + 20e [, p)r,ds
0

T
wawwi+%/(ﬁﬁmw
0

< e polI7, + 20111 2o 1P 2o -

In the limit £ — +o0 and by using [|p*||r,, — 0 and {I*}¢~0 is bounded in L?(I'r),

we have thus p® — 0 in C([to, T]; L?(T')) for all t5 > 0. O
Lemma 4.3. There exists L € L?(Q7) and | € L*>(T'p) such that, when £ — +00
LE 2P L in L3(Qyp) (4.30)
and
1€ 52520 i LA(Tr). (4.31)

Proof. By Lemma we have that {L%}¢~ is bounded in L2(0,T; H(92)). Thus,
by using (&.1)), we have {8;L¢}¢~¢ is bounded in L?(0,7; H~1(Q2)) and the Aubin-
Lions compactness lemma implies that {L¢ }eso is precompact in L?(27). Thus,
LS5 L in L3(Qp)
for some L € L%(Qr) and up to a subsequence. By using that {L¢}¢~¢ is bounded
in L2(0,T; H(Q2)) and by a standard Trace Theorem (see e.g. [20]), we have
{Lf|r}¢=0 is also bounded in L?(0,T; HY/%(T")). Therefore, it follows from
1§ = ALS — (y + oxr,)I*
that {I¢}¢so is bounded in L2(0,T; H'/2(')) and {I{}¢so is bounded in L2(I'z).
Using again the Aubin-Lions compactness lemma, we have
€520 i LA(Ty)
for some [ € L?(T'r) and up to a subsequence. O
By Lemma we have so far established the strong convergence of L¢,[¢ and
p¢ in L2(Q7), L?(I'7) and L?(Ta7), respectively.

The convergence of P¢ constitutes a more difficult problem due to the singularity
of the boundary flux dpdP¢/0v = xr,£pt. As an example to illustrate the, we may
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attempt a similar approach like in Lemma which succeeded in proving the
bound (4.12)): By testing with P*

PS — dpAPS = BLE — aPt,
dPaTlf = X1, 5,

we get after direct computations that
T T
1P +dp [ VPSR ds = 1Pl + [ (5L~ aP€, Po)a ds
0 0

T
+§/O (PS,p%)r, ds. (4.32)

Due to the boundedness of L&, P¢ in L?(Qr), we would need the uniform bounded-

ness of £ fOT(P57 p°)r,ds in order to prove a uniform control of the left hand side of

. A uniform bound on right hand side of seems thus to requires a uni-

form bound of &||p||r2(r,y) or equivalently ||p®||2(r,,) — 0 when € — +o00 with the

rate 1/£. However, Lemma [4.2] implies only the decay rate of ||p*|r,, = O(1/v¥).
However, we notice that (4.3]) implies

T T
95 2 ray = / ep5(t) dSdt = / / (ol — 0% St
0 T 0 Ty

T (4.33)
= lpollr(ra) — 1D (D)l L2 (ry) + U/O 18] 2 (gt

<lpollzr(rs) + Colli* || 2rp) < Cr-

and the uniform L'-bound will be used in Lemma below to obtain the
compactness of {P%}¢so in L1(Q7) and even in L*(0,7; WH1(Q)). The proof of
Lemma is based on Lemma which is similar to results given in [7] and [3],
yet for homogeneous boundary conditions. The proof of Lemma is based on a
duality argument and will given in the Appendix of the sake of completeness.

Remark 4.3. We conjecture that it should actually be possible for solutions of
system ([4.4)~([4.6) to prove the boundedness of P§>0 in L2(0,T; HY(Q)) uniformly
in & and hence the convergence of P¢ in L*(Qr) (thus improving Lemma and
Theorem below). Unfortunately, the singularity of boundary flur xr,p¢ as
& — 400 prevents currently to establish such an L?-control in the same manner as
for LS.

More precisely, eq. (4.32) suggest that it is necessary (or at least sufficient)
to show ||pS|lr,, = O(1/€) as & — +oo. While estimate (4.29) implies at first
only [|p®||r,y = O(1/V€), it also allows to improve this rate for positive times via
an iterative procedure: By considering the time interval (0,1/3), for instance, eq.
implies that exists a time 61 € (0,1/3), such that

Ip*(s)II7, (61) < O(™),  for ar > —L
Otherwise, eq. (4.29) would yield the following contradiction as & — 400
O(&™) < & Mlpollt, + & *Crr, (4.34)
where Cr is given in (4.28).
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Next, by regarding on the time-interval (61,2/3), we obtain similar that
there exists a time 02 < 2/3 such that
I ()1, (02) < O€*2),  for az>ar—1> -2,
and an final iteration on the time-interval (62,1) yields a time 05 < 1 such that
||p£(s)||%2 (03) < O(£%), for az > max{as —1,-2} > —-2.

We are thus only able to prove that ||p£||L2([1,T]><F) = O(&P) for any B > —1, but we

do not recover the critical rate 5 = —1, which would be needed for the boundedness
of P§>o in L2(0,T; H*(2)) uniformly in €.
In fact, we would be able to recover the critical rate 8 = —1 (at least for large

enough times) if we could improve the exponentially growing bound of ||I(t)| r2(r,)
as shown in to a uniform-in-time bound ||I(t) — loo||L2r,y < C. Such a
uniform L%-bound would allow to set o = —2 and still get a contradiction like in
at least after for large enough times T > 0:

TOE™) <0 +¢7°C.

Thus, we emphasise that proving the boundedness of P§>0 in L*(0,T; H*())
uniformly in £ seems to be linked to proving that solutions of 7 converge
to a bounded stationary state in a sufficiently good morm such as e.g. ||i(t) —
loo|l2(rpy < €. However, proving such a convergence to equilibrium (which was
successfully done via entropy methods, for instance, in [12, [13] 14}, [I5] for reaction-
diffusion systems or in [1] for a nonlinear surface-volume reaction-diffusion system
of two equations) is a difficult problem for systems like 7 and currently
under investigation as work in progress.

Lemma 4.4. The mapping T : (wp, O, g) — (w, Vw), where w is the solution of

wy —dpAw = O, ref), t>0,
dpOw/dv = g, xel, t>0, (4.35)
w(0,-) = wo, x € Q,

is compact from L*(Q) x LY(Qr) x LY(T'r) into L*(Qr) x (L (Qr))N.
Applying Lemma tow = P¢, © = BLE — aP¢ and g = xr,£p° leads to

Lemma 4.5. The sequence {P*}¢~q is pre-compact in L*(0,T; WH1(Q)). In other
words, there exists P € L'(0,T; W1(Q)) such that up to a subsequence

ps ot p strongly in  L*(0,T; WH(Q))  and weakly in  L*(Q7),

due to Lemma [{]]

Remark 4.4. The proof of Lemma[{.]] as stated in the Appendiz shows actually
that the mapping < is indeed compact from L*(Q) x LY(Qr) x L* (') into L™ (Qr) x
(L* Q)N for anyr < % and s < %—ﬁ Thus, depending on the space dimension
N, the convergence in Lemma[{.5 could be somewhat improved.

The following Theorem is the main result of this section.

Theorem 4.6 (Convergence of the QSSA).
For any (Lo, Py, lo,po) € L?(Q) x L2(Q) x L?(T") x L*(T'3) and any T > 0, we have

LEE2F2% 1L strongly in L3(Qr)  and weakly in - L*(0,T; H'()),
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ps 2t p strongly in  L*(0,T; WHH(Q))  and weakly in  L*(Q),

Ny strongly in LQ(FT),
and
p§ 200 strongly in L*(T27) N C((0,T); L*(T2)),

up to a subsequence, where (L, P,l) is the unique weak solution to (4.4)—(4.6)).

Remark 4.5. The well-posedness of system (4.4)—(4.6)) can be shown in the same
way as for system (LI)~(L.3) in Section[

Proof. All the limits are already proven in the Lemmata[4.2] £.3|and [£.5] It remains
to show that the limit (L, P,!) in Lemma [4.3]is the unique solution of system (4]
(4.6). Indeed, by testing

—dpALS = —BLS + aPt, z€EN, t>0,
dLaLE = —ALE 448, zeTl, t>0,
L5(0,x) = Lo(z), xeqQ,

with ¢ € C1([0,T]; HY(2)), ©(T) = 0 and by integration over Q7, we have

T T
—/ (L57apt)gds+dL/ (VLE, V)ads
0 0

T T
= (Lo, p(0))a + / (ALE 4+ A1, )r ds + / (—BLE + aP, p)ads. (4.36)

Since L& — L and P¢ — P in L?(Q7) as £ — 400, we have

T
—/ (L ,ot)a ds E_>—+> / ,pt)ads (4.37)
0
and
T . T
/ (—BL* + aP%, p)q ds ——°°>/ (=BL + aP,¢)q ds. (4.38)
0 0

By Lemma {L*}¢~0 is bounded in L?(0,7; H'(2)) and together with (4.30)),
we get

L* —~L in L*0,T;HY(Q)) (4.39)

up to a subsequence. Thus,
T £ too T
dr, / (VLS Vb)ads ——25 dy, / (VL,V)ads. (4.40)
0 0

By using the Trace Theorem and (4.39)), we have
L* —~L in L*Tp).
In combination with (4.31)), this yields

T T
/ (=ALS 4+ 418, p)pds EmasN / (=AL + 91, ¢)rds. (4.41)
0 0
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From (4.37)—(4.41)), we can pass to the limit in (4.36)) as { — +oo and obtain

T T
*/ (L»Sﬁt)ﬁd5+dL/ (VL,Vy)qds
0 0
T T
= (LOM(O))QJF/ (AL +19)r ds+/ (—BL+ aP,)qds (4.42)
0 0

or equivalently that L is a weak solution of

—dp AL = —fL+ aP, zef, t>0,
d2E = AL +1l, zel, t>0, (4.43)
L(0,z) = Lo(z), x € Q.
Next, by taking the inner product of
pi = ol* — &p°

with test-functions ¢ € C*(0,T; L?(T'g)) satisfying ¢ (T") = 0, we get

T T T
- [ @ ds = n v+ [ (@t 0 ds = [ (@ o ds. (141)
0 0 0
In order to pass to the limit & — 400 in (4.44)), we apply Lemma and Lemma
and obtain

T T
lim (§p§7 ¢)F2 ds = (p07 ¢(O))F2 + / (Ula w)l—‘z ds. (445)
0

§—+oo Jo

In the following, we consider equation for P¢ in the weak form, i.e.

T T
_/ (P, 00)a d8+dL/ (VPS,V)qds
0 0

T T
= (P, o(0)e + / (95, 9)ry ds + / (BLE — aPS, )ads  (4.46)

for test-functions ¢ € C1(0,T;C*(Q)) with ¢(T) = 0. The following limits

T
—/ (PS, 1) ds Srtes / L ©t)q ds, (4.47)
0
T
dr, / (VP Vp)ads =2 dp / (VP,V)qds (4.48)
0 0
and
T o400 T
/ (BLS — aP%, p)qds =5 / (BL — aP,¢)q ds (4.49)
0 0

are due to L¢ — L and P¢ — P in L'(0,T; WH1(Q)). Pass to the limit £ — 400
in (#.46), we obtain with (.45), (£.47), (£.48) and (4.49)

T T
*/ (Pa@t)QdSerL/ (VP,Vy)qds
0 0
T

T
— (Pop(0))a + (po, 9(0)r, + / (o, o), ds + / (BL — aP,p)a ds

T T
(P + P 0(0))e + / (ol, @)y ds + / (BL — aP,o)ads, (4.50)
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where we have use (4.7)). This means that P is a weak solution of

P, —d, AP = (8L — aP, ref, t>0,
dr. G = xr,0l, rel, t>0, (4.51)
P(0,z) = Py(z) + P*(x), z€Q.

Finally, by taking test-function ¢ € C1([0,T]; L*(T)) with ¢(T) = 0 for
If = AL — (v + xr,0)15,

we get
T

T T
- / (1€, 9 ds = (o, (0))r + / (ALS, )r ds + / (1, 9)r + (016, )y ds.
0 0 0

(4.52)
We use L& — L and I¢ — [ in L?(T'7) to pass the limit & — +oco in ({#.52) and
obtain
T

T T
7/ (la wt)l‘ ds = (107 ¢(0))F+/ ()‘La 7/})1‘ d5+/ [(’Yl, ¢)F+(Ula IZ})FQ] ds (453)
0 0 0
or equivalently [ is a weak solution of

{zt:AL—(wrma)z, zeT, t>0,

1(0,2) = lp(z), zel. (4.54)

In conclusion, from (4.43), (4.51) and (4.54), (L, P,1) is the unique weak solution
to the system (4.4)—(4.6]), where the well-posedness of weak solutions to (|4.4)—(4.6))

follows in the same way as for the full system (1.1)—(1.3]) as shown in Section O
5. APPENDIX

The proof of Lemma cf. |5, [7].

Proof. The prove of the Lemma is based on a duality argument. We shall denote
by
T (@)o<icn € C5°(Q) x (C5°(r))Y = (2(0), 2, 2lo0)
the adjoint operator T* of ¥, where z is the solution of
—Zt — dPAZ = ‘bo — ZlSiSN awi¢i7
dpdz/0v =0, (5.1)
z(T) = 0.

The adjointness can be checked by integration by parts: For ® = (®;)1<;<n
<T*(<I)07 (I))’ (w07 O, g)> = <(z(0)7 2 Z|F)7 (w07 e, g)>

:/Z(O)wo+/ z@—i—/ zg
Q Qr Tr

= / z(0)wo +/ z(wy — dpAw) —|—/ zg
Q QT T'r
= —/ wzy +dp VwVz
QT QT
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by using (4.35)) and after integration by parts. Further, with 9z/0v = 0, we continue

(T*(@0, D), (wo, O, 9)) = /Q “w(z + dpAz)

:/QT_w(_cpoJrv-q))

:/Q (@ow + BVW) = ((Dy, D), (wp, Vuw))

= ((®o, D), T(wo, O, g)).

It is well-known (see e.g. [I7]) that for p > N/2+1, ¢ > N+2 and X = LP({dp) X
(L1(Q7))N, the solution z to (5.1) satisfies for a small enough o > 0

[zllce@r) < EIl(Po, @)l x,

where £ does not depend on ®j,®. Thus, due to the dense embedding C§° x
(C(Qr))N < LP(Q) x (L1(27))N, we can uniquely extend T* to a continuous
operator from X into C*(2) x C*(Qr) and consequently to a compact operator
from X into L*(Q) x L>(Qp) x L>®(T'r). It implies that T can be defined as a
compact operator from L'(2) x L'(Qr) x LY(T'r) into X’ = L"(Q7) x (L*(Qr))N
for all » < (N +2)/N and s < (N +2)/(N +1). By taking r = s = 1, we can
complete the proof. O
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