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CRITICAL POINTS FOR REACTION-DIFFUSION SYSTEM
WITH ONE AND TWO UNILATERAL CONDITIONS

JAN EISNER AND JAN ZILAVY

ABSTRACT. We show the location of so called critical points, i.e., couples of dif-
fusion coefficients for which a non-trivial solution of a linear reaction-diffusion
system of activator-inhibitor type on an interval with Neumann boundary
conditions and with additional non-linear unilateral condition at one or two
points on the boundary and/or in the interior exists. Simultaneously, we show
the profile of such solutions.

1. INTRODUCTION

Let us consider a reaction-diffusion system
(1.1) up = ditge + f(u,v), v = dovge + g(u,v) in (0,)
with Neumann boundary conditions for u
(1.2) Uz (0) = u, (£) =0
and at first with Neumann boundary conditions also for v
(1.3) v, (0) = v, () =0.
Let us assume there is (U,, V..) a stationary and spatially constant solution to ((1.1)
with (1.2)), (1.3), in particular f(U.,V.) = g(U., Vo) = 0. We can assume without
loss of generality that the trivial solution (U.,V,) = (0,0) but keep in mind that in
application where u and v represent e.g. concentrations of two chemicals or of two

population species they are assumed to be positive.
We will allways assume the Jacobi matrix B = (b;;) of (f,g) at (U, V,) satisfies

(1.4) TrB<0 and detB>0.

Then it follows from Hurwitz criteria that the trivial solution (Ue, V.) is stable as
a solution to the corresponding ODE system without diffusion, i.e., for d; = dy = 0.
Finally, we will assume that

(1.5) b11 >0, biaba1 <0, by <O0.
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Then the RD-system is of an activator-inhibitor or a depletion-substrate type
if b12 > 0 or bg; > 0, respectively. It is well known [7] that under an effect
of Turing instability appears: Only for some diffusion coefficients (dy,ds) € Ri the
trivial solution (U,, V.) remains stable but becomes unstable for the rest of positive
diffusion coefficients. More precisely, there is a system of hyperbolas

(1.6) H, = {(d,d3) € R} : dy = (det B — k,d1ba)/(ba1in — d1K2)},
where k, > 0 is a sequence of positive eigenvalues to Neumann BVP
Uge + k=0 on (0,£)

with . Let us remark that there is no Hy for kg = 0. Now, the domain of
stability Dg of the trivial solution is the set of couples (dy, ds) lying to the right
from all hyperbolas H,, and the domain of instability Dy is the set of (dy,ds) lying
to the left from at least one hyperbola.

In the rest of this paper we will study only stationary solutions of and
consider only a linear ODE system

(17) dlu” + b11u+biov =0, dg’l}// + baru + bogv =0 in (0, é)

where the prime denotes the derivative w.r.t. to the variable x € (0, ¢). We will still
refer to and/or where u, =« and v, = 0v'.

It is easy to see that for any (di,ds) € R2 the pair (0,0) is a solution to (L.7)
with , . Critical points of a given boundary value problem will be the set
of diffusion coefficients (d1, d2) € R for which a nontrivial (spatially nonconstant)
solution exists. It follows from [5] (cf. also Lemma [2.2] below) that the set of critical
points of the Neumann BVP , , is just the system of hyperbolas .

We will describe and locate the set of critical points if we prescribe, in addition to
Neumann BCs, some unilateral condition(s) for the inhibitor v. More precisely, we
will describe in the following sections the sets of critical points for the BVPs
with Neumann boudary conditions for activator w and with several types of
unilateral conditions for v. Let us remark that we choose the simplest examples
in order to be at least partially analytically and numerically tractable. This is
the reason to consider only one dimensional space domain and only point-wise
unilateral obstacles. This method could be applied for the higher dimensional
domain only of a very special form (e.g. a rectangle with unilateral conditions on
(a part of) one edge) but we could obtain only a subset of possible critial points
only because we can not analytically express all non-trivial solutions of a given
unilateral BVP.

Let us finally remark that even the system is linear, the unilateral condi-
tions break the linearity, the BVP remains only positively homogeneous: only
a non-negative multiple of a solution is also a solution.

2. A UNILATERAL OBSTACLE FOR INHIBITOR

We will start with one point-wise unilateral (one-sided) obstacle.
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2.1. A unilateral obstacle on the boundary. The simplest unilateral obstacle
is given by a Signorini condition prescribed at one boundary point, without loss of
generality at z = ¢

(2.1) v'(0) =0, v(0) >0, V' ()>0, v)'(¥)=0.

The last three conditions allow v(¢) to be non-negative with a non-negative de-
rivative v’(£), but only one of them can be positive. If the value is positive, zero
Neumann condition must be fulfilled. This BC can be considered as a certain
regulation allowing the concentration to be above a prescribed value (here V, = 0)
and then the boundary is closed, there is no flux through this part of the boundary.
But if v(¢) decreases below this value, the boudary opens and the inhibitor income
from outside is large enough to stop the decrease of v(¢) below V. (v satisfies
Dirichlet BC in that case). In other words, the simple point of view is that v satifies
Signorini BC at x = ¢ if and only if it satisfies either Neumann BC with a proper
(non-negative) sign of v(¢) or Dirichlet BC with a proper (non-negative) sign of
v'(€). Of course, it can exceptionally happen that both v(¢) = v'(¢) = 0.

Looking for critical points of the BVP with , 7 these considerations
allow us to decompose this unilateral and hence non-linear Neumann-Signorini
BVP onto two problems: on purely Neumann BVP , , with a proper
sign of v(¢) and on Neumann-Dirichlet BVP (L.7)), (1.2),

(2.2) V(0)=0, wv()=0
with a proper sign of v'(¥).
Lemma 2 1 Let (u,v) be a solutwn to one of linear BVPs (L7), (1.2), (L3

‘ Then (u,v) or (—u,—v) is a solution of the umlateml
P |- 1- (2.1

Proof. If (u,v) is a solution to a linear BVP then also (—u, —v) is a solution. Now
it is necessary to realize that in both BVPs we need to control a sign only of one
object. O

Lemma 2.2. The set of critical points K to the BVP (1.7), (1.2), (1.3) are just
the hyperbolas H,, from (1.6)),

o0
KN:UHn.

n=1
The profiles of the corresponding non-trivial solutions for (di,ds) € H,, are

un(x) = A(dglin — b22) COS(TLI)/le y

(2:3) vp () = Acos(nx)
with arbitrary A € R.

Proof. The assertion follows e.g. from [5]. O

Characteristic equation corresponding to the system (|1.7)) is biquadratic
d1d2T4 + (d2b11 + dlbgg)’l"2 +detB=0
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and has the (possibly complex) roots +r; and +rs. We obtain for any (dy,ds) € R?s-
with the exception of two half-lines
(blldg + b22d1)2 - 4d1d2 det B=0

(where the upper one is a joint tangent to all hyperbolas H,,) a general solution
u(x) = Ae™® + Be "% 4 Ce™* + De™ 2%
v(z) = —(diu”(x) + br1u(x)) /b2
with arbitrary A, B, C, D € R.

Let us define on (0, ) some auxiliary functions

(2.4)

Ci(z) ==en* e M7, Sp(x) :=eM* —e 1T
Cy(x) := e 4 e "2 So(x) := em2® — e "2
and denote b b
Ry =r24+ 2L , Ry:=r12 4
PETE G eEm

Lemma 2.3. The set of critical points Kp to the BVP (1.7), (1.2)), (2.2]) are the
positive Toots of the complez-valued function

FD(dl, dg) = d1r1R251 (6)02(6) — dlrgRng(ﬁ)Cl (f) .
The profiles of the corresponding non-trivial solutions for d = (di,ds) € Kp are
u(z) = A(Cy(z) — Ca(x)B(d)) ,
v(@) = —A(di(r{C1(x) — r3Ca(2)B(d)) + b11(C1(2) — Co(2)B(d))) /b2
with arbitrary A € R and B(d) = r252(¢)/(r151(¢)).
Proof. The function F)p corresponds to the determinant of the linear system of 4
equations for coefficients A, B, C, D from ([2.4]) derived by using BCs , .
Since these conditions are linear, a nontrivial quadruplet exists if and only if this

determinant is zero. The form (2.5)) then follows from (2.4). See e.g. [3] or [6] for
details. g

(2.5)

Remark 2.4. Let us emphasize that the coefficients 1, ro and therefore also the
functions C;(z) and S;(x), ¢ = 1,2, and the numbers Ry, Ry and [ are in general
complex and depend on diffusion parameters (dy,ds) € Ra_. The form and
hence also are written in a complex form, nevertheless one can rewrite them
to obtain a couple (u,v) of non-trivial real solutions to the corresponding BVP.

Theorem 2.5. The set of critical points Kg to the unilateral BVP (L.7), (L.2),
(2.1) is given by

oo
K¢=KyUKp =] H,U{(d1,ds) € R} : Fp(dy,dp) =0}.

n=1
The profiles of the corresponding non-trivial solutions for (dy,ds) lying on some
H, or in Kp are given by (2.3) or (2.5) with any A € R having the proper sign,
i.e. such that v(€) >0 or v'(£) > 0, respectively.
Proof. The assertion follows from Lemmas and and considerations
above. O
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2.2. A unilateral obstacle in the interior of the domain. Let us consider
our system (1.7) with (1.2), (1.3) and let us add for v a one-sided obstacle given
by a unilateral condition at z = x; € (0,¢) of the form

(2.6) v(z) >0, v(r1—) >0 (x1+), v(xy) (@W'(z1—) =" (z14)) =0.

It is clear that if (u,v) is a non-trivial solution to (1.7), (1.2), (1.3)) then (u,v) or
(—u, —v) (or exceptionally both) satisfies also (2.6]). Such pairs are the C2-smooth
solutions to the unilateral problem (1.7)), (1.2]), (1.3)), (2.6) and hence Ky is one

part of the set of corresponding critical points.

The other type of solutions are those, for which the obstacle is ‘active’ and they
are broken in the derivative of v (we write one-sided derivatives in (2.6)). The
smoothness of activator u remains ‘full’, i.e. u € C[0,£] N C?(0,¢) but

v e C[0,4] N C?%(0,21) N C?*(x1,0)
and separates to two systems, on (0,21) and on (x1,¥), and four conditions
connecting the left (ur,vr) and right (ug,vg) solutions appear from
(2.7)  wup(xy) =ug(r), up(z1—)=uRr(x1+), vr(z1)=0, wvg(z)=0,
together with the proper sign of the jump of derivatives
(2.8) V' (x1—) >0 (z14) .

Expressing general solution on (0, 1) and on (z1,£) and using BCs , and
conditions we obtain a linear system for 8 coefficients Ay, B, Cr, Dy, and
AR, Br,Cgr, Dr. Determinant of the matrix corresponding to this linear system
is the desired function Fy,(di,ds), positive roots of which are critical points
corresponding to solutions satisfying v(z1) = 0 (they touch the obstacle) and
which can be (obstacle is not active) or are not (obstacle is active and breaks v)
Cl-smooth on the whole domain (0, £).

Lemma 2.6 ([3]). The set of critical points K,, to the BVP on (0,z1) and
on (x1,0) with (L.2)), (1.3), are the roots of the complex-valued function

r Cqi(z So(b—x Ss(x
Fy, (di,d2) = 72 (Sl(wl) + 51 (¢ — fl)cl(lz(fi)l)) — #Ci(an) (ci%elel)) + ciixii) :

2

The profiles of the corresponding non-trivial solutions for (dyi,ds) € K, are

ur(z) = AL(C1(z) — B1(d)C2(x)) ,
(2.9) op(2) = a4, ALECE A DECUD) s (€10 pr( @)t

bi2

on (0,2z1) and

ur(z) = ApB3(d)(C1(€ — x) — B2(d)C2(f — 2)),

(2'10) d1 T?Cl l*ib — P2 d T‘SCQ x bll C1 l—x)— 2 d Cg efdf
vr(z) = —ApBs(d) ( (£—x)—P2(d) ()21+2 (C1(€—2)—PB2(d)C2(L—x))
on (z1,0) with arbitrary A, € R and
RlCl(xl) RlCl(Ef:rl) 01(1171)
dy =0T g gy = AT T gy = LT
61( ) R202(371) ﬂQ( ) R2C2(£_$1) 53( ) 01(5—331)

Proof. The expressions follow from [3| Section 5.5]. O
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Theorem 2.7. The set of critical points Uy, to the unilateral BVP (|L.7)), ,

(1.3) and (2.6) is given by

le =Ky UKml = U H,U {(dl,dg) S Ri : le(dl,dg) = O}
n=1
The profiles of the corresponding non-trivial solutions for (di,ds) lying on H,, or
in K., are given by (2.3) or by (2.9), -, with any A or Ay, having the proper
sign, i.e. such that v(ml) >0 or (2.8) holds, respectively.

Proof. The assertion follows from the analogy of Lemma [2.1] together with Lem-
mas and O

3. TWO UNILATERAL OBSTACLES FOR INHIBITOR

3.1. Two obstacles from below. Let us focus now on the example of two
one-sided obstacles at x = xl and at v = /( (both acting from below) for v,
i.e., we will consider the BVP . 2.1) and (2.6]). Two obstacles mean that
there is no analogy of Lemma We can stlll decompose the task: the critical
points are such pairs (dy,ds) for Wthh the corresponding solutions have no active
contact with obstacles or for which only one or even both obstacles are active. In
the last cas we have

Lemma 3.1. The set of critical points K¢ to the BVP (1.7) on (0,21) U (z1,£)
with (1.2)), (2.2), (2.7) are positive pairs (di,ds) for which the algebraic linear

system

r1(Ar — Br) +12(Cr — Dg) =0,
Ri1(Ar + Br) + R2(Cr + Dg) =0,
Ry (AR€T1:C1 + BRe—ﬁﬂm) + RQ(CRe”’“ + DRe_rle) =0,

Age™® + Bre™ " + Cre™™ + Dre™ ™" = A[Cy(x1) ( B %) ;
%(ARGTI‘TI —BReirlwl) + Cgre™™ — Dre 271 = ALC1(£L’1) (ﬂ — &) ,

(3.1)

T2 Ro

has a non-trivial solution (AL, Ar, Br,Cr, Dr). Then the nontrivial left and right
solutions (ur,vy) and (ur,vr) of our BVP are given by (2.9) and (2.4]) with this
Ar and (AR,BR,CR,DR) respectively.

Proof. We obtain by using boundary and inner conditions (L.2)), (2-2), .
for general solutlon considered on (0,z) and on (z1,£).

Theorem 3.2. The set of critical points Uy, to the unilateral BVP (L.7), (1.2),
£1) and [£:6) is given by

(3.2) Upe C(KNUK,, UKp UK, )

such that the profiles of the corresponding non-trivial solutions satisfy both (2.1)

and .

Remark 3.3. Nodal properties of the v-part of corresponding non-trivial solutions
are preserved along the individual branches of critical points only to purely Neumann
BVP (i.e. only along hyperbolas H,,). This is not true in general for the unilateral
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Fig. 1: Critical points Kg (Hy for n = 1,2,3,4, and violet Kp) for BVP (1.7), (1.2),
(2.1). Profile of solution (u,v) for (di,d2) = (0.913,2) € Kp on the horizontal branch
and for (di,d2) = (0.407,10) € Kp on the second violet branch.

BVPs. Therefore, it strongly depends on the location of z; € (0,¢) which parts
of these branches are simultaneously critical points also for the 2-obstacles BVP.
Hence we can not characterize explicitely U,,, by the equality in (3.2).

Remark 3.4. Numerically it seems that the nodal properties of v are preserved
along a large part of the right-most branches (going to the right which seems to
be bounded in ds) of Kp, K,, as well as of K,,;. This boundedness perfectly fits
with the theoretical results for BVPs with unilateral conditions prescribed on the
boundary, see [1,2L|4]. As far as (more precisely, as close as to the origin) we can
go with d = (dy,ds2) along the right-most branches while the profile of v satisfies
simultaneously sharp inequality in and v(¢) > 0, such d belongs also to Uy, .

3.2. Two obstacles from opposite sides. Let us consider the similar BVP but
with obstacles acting from the opposite sides and without loss of generality take

(3.3) v(r1) <0, V(z1—) <V(214),  v(z) (@ (21-) =V (21+)) =0
instead of (2.6). We obtain an analogue of Theorem with different subset U__,
of Ky UK,, UKpU K, . Irrespectively to Remark ifde Kp ord € K, lies

on the righ-most branch and close enough to the origin, v with proper sign of A or
AL, resp., satisfies both (3.3) and v(¢) > 0, hence such d € U, ,.

Remark 3.5. The second right-most branch of K, , lies completely to the right
from all H,, i.e., in the domain of stability Dg of the trivial solution.
Let d € le ¢ be from the second right-most branch. Let the corresponding v
satisfy ([2.8). Then numerically we observe that this inequality is sharp Moreover,
V() >0 (hence d € Ug,y) or v'(¢) <0 (hence (—u, —v) satisfies (2.1)) and (3.3)), so
deU, ;) for d being sufficiently close to or far from, respectlvely7 the origin.

4. EXAMPLES AND NUMERICAL RESULTS FOR GIVEN OBSTACLES

. . . . 1 -2
Let us consider unilateral BVP ([1.7] 7 2.1)) with a matrix B = 9 _9

The set of critical points Kg from Lemma [2.3] and Theorem [2.5]is visible on Fig. 1.

One can observe just one branch going to the right and being bounded in dy. This

branch are the only critical points from Kp and hence from Kg lying in Dg, i.e.

to the right from all hyperbolas H,,. The other branches belong to Dy .
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Fig. 2: Critical points K, (in violet) for BVP (1.7), (1.2)), (1.3)), (2.6) with z1 = 0.67.
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Fig. 3: Critical points K, for B
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Profile of solution u in red and v in green for (di,d2) = (0.6,0.944) € K, on the
horizontal branch and for (d;,d2) = (0.218,3.52) € K,, on the second violet branch.
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VP (7)), (T2), @1), @-6) with 1 = 0.67.
Profile of solution « in red and v in green for (di,d2) = (0.4,0.286) € K, ¢ on the
horizontal branch and for (d;,d2) = (0.251,2.7) € K, on the second violet branch.
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