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Analytical examples of diffusive waves generated by a traveling wave

Harold Moundoyi* Ayman Moussaf Benoit Perthame'* Benoit Sarels*!

November 16, 2016

Abstract

We construct analytical solutions for a system composed of a reaction-diffusion equation coupled
with a purely diffusive equation. The question is to know if the traveling wave solutions of the
reaction-diffusion equation can generate a traveling wave for the diffusion equation. Our motivation
comes from the calcic wave, generated after fertilization within the egg cell endoplasmic reticulum,
and propagating within the egg cell.

We consider both the monostable (Fisher-KPP type) and bistable cases. We use a piecewise
linear reaction term so as to build explicit solutions, which leads us to compute exponential tails
which exponents are roots of second, third or fourth order polynomials. These rise conditions on
the coeflicients for existence of a traveling wave of the diffusion equation. The question of positivity
and monotonicity is only partially answered.

2010 Mathematics Subject Classification. 35C07, 35K57, 35Q92.
Keywords and phrases. Traveling wave; Reaction diffusion; Parabolic systems; Mathematical biology;

1 Motivations and equations

Traveling waves are typically generated by the interaction between two physical phenomena: diffusion,
or random movement, and reaction, or limited growth. They occur for instance in chemical reactions,
ecological invasions, epidemic progressions. In many situations, a traveling wave can interact with
purely diffusive species which do not react. A simple question is therefore to know if the wave will
generate or not a similar wave in the neutral species. The present work is motivated by one such exam-
ple arising in developmental biology and related to membrane calcium waves which are observed, after
fertilization, through many eukaryotic cells [12, 13]. The question which arises, is to know whether
the calcic wave which is generated within the egg cell endoplasmic reticulum, can propagate as a
wave within the cytoplasm? The counter-intuitive phenomena is that diffusion equations do not have
traveling wave solutions and thus it is unclear which phenomena between diffusion induced dispersion
or reaction induced wave formation will win, and if a threshold on the coupling strength is necessary.
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Several studies have been conducted recently about this type of questions when a one dimensional
wave is coupled to a two dimension diffusion phenomena, which is the case of calcic waves mentioned
above. It also occurs that growth occurs in a two dimensional space with diffusion in a one dimensional
(in ecology for instance) [4l, 51 6, [7, 8, [10].

The coupling membrane/volume is also remarkable in the alternative case when traveling waves
do not exist and Turing patterns occur [I4]. Also remarquable is how non-local diffusion coupled to
reaction-diffusion might generate accelerating fronts [1, 2], 15 [16], 17]. Also, notice that the coupling
of two reaction-diffusion equation is also of present interest, see [I1] and the references therein.

A simpler question is to know how, in a simple one dimensional space, exchanges between a reaction-
diffusion equation and a diffusion equation can generate a traveling wave solution thus leading to the

formalism
—cu' —u" = f(u) + av, u(—o0) =1, wu(oo0) =0,

(1)

—cv' — " =bu — (a+ d)v, v(—00) = ﬁ, v(o00) =0,

and, here, the reaction term f(u) represents either a bistable nonlinearity, or a monostable function of
Fisher /KPP type [3, [1§]. The present study proposes a setting where analytical solutions are available
therefore leading to explicit calculations. This approach shows very directly, that the existence and
uniqueness of a wave speed (or a minimal wave speed in the Fisher/KPP case) faces a much complex
algebraic setting that the case of a single equation, which explains the numerous literature on the
subject. Depending on the parameters, one can directly understand why different types of solutions
may occur.

Notice that the formalism at hand can be seen as a simplified geometric setting of the 2D-1D coupling
in case of a band 2 = R x (0,1) coupled to the axis {y = 0}. Indeed, we may depart from the system

—cu' —u" = f(u), u(—o0) =1, wu(o0) =0,
—cw' — vAw = —dw, in €, (2)
—w;(L y =0) = bu(x), w;(x,y =1)=0.
Then, we define )
o) = [ wieapay
and find after y integration (and because the solution w is in fact independent of y here)
—cv' — " = bu — dv, x eR.

This reduces the problem to the system with a = 0.

Our results are organized as follows: we first consider the simple case a = 0 which explains with
very elementary methods how traveling wave solutions arise in the diffusion equation, this is section [2]
We show the surprising result that there are exceptional values of the parameters where the traveling
wave cannot be general in the diffusive component. Then, we consider the fully coupled systems in the
monostable (section |3) and bistable cases (section . The final section presents numerical simulations
for the case of interest where the wave propagation is initiated on a circle and the bulk diffusion occurs
in the ball.



2 The decoupled case

Setting the problem. As we have motivated above, the simplest example of coupling occurs when,
for parameters b > 0, d >0, v > 0 and 0 € (0, 1), we consider

—cu' —u" = f(u), u(—o0) =1, wu(oo) =0,
—cv' — v = bu — dv, v(—o00) =%, w(co) =0.

3)

Here we consider the specific Fisher/KPP type nonlinearity for which analytical calculations are
possible, it is given by

| pyu 0<u<o,
O A S ()
with p+ > 0 and the KPP condition at v = 6 which is that u is below its cord at origin and reads
Hp—i- > (1 - 9)])_, (5)

this condition is necessary to enforce o > 0 in the calculation below.

Obviously the second equation, if uncoupled to u, does not have a solution because the heat equation
does not admit traveling wave. We will show that, for all values of the parameters b, d and v the
traveling wave solution u can induce a traveling wave solution v.

We recall that for all ¢ > ¢* := 2,/py there is a traveling wave u and it is given by (A1 > 0, u+ > 0)
For = <0, u=1-(1-80)eh?, with cA; + A =p_,
For >0, u=afe "%+ (1—a)fe ™% with cur —pui =p,.
The parameter a > 0 is uniquely determined by the continuity of derivatives at 0
(1-0)A =abp_+ (1 —a)fpy.
We are going to establish the

Theorem 2.1 (Fisher-KPP case, weakly coupled) For all ¢ > ¢* := 2,/py there exists a unique
traveling wave solution of except for three possible values c1, c+ of ¢ (depending on b, d, v and
P+, these values may be less than ¢* or even not ezist).

For c large, the solution v is not always positive.

The case ¢ = ¢* requires specific calculations that we do not perform here, but the method can be
applied.

The values ¢; and c4+ can be written explicitly. For instance ¢; is given, under the condition
(1 —v)(vd — p—) > 0 by the relation

(1=v)er =V +4d— /2 +4p_.

Therefore when py and p_ are small enough, we have ¢; > ¢* = 2,/py.
Finally, the positivity of the wave is not easy to analyze away from ¢ = +00. We do not know if an
additional condition occurs then. We also leave open the question monotonicity.

Proof. We decompose the proof of Theorem in several steps.



Solution for v. Now consider the construction of v. We are going to introduce five free parameters
B, B2, 7, v+ and 72

e For x <0,
v = g — B1eMT — Bre?2”
where the 2 term is the free solution (A2 > 0)
Ao + VA3 = d.

The B, term is the particular solution
Bild — chy — A = b(1 — 6). (6)
This rises the first condition on ¢, namely that d — cA\; — vA? # 0, and thus the condition ¢ # ¢; in
the statement of Theorem 2.1
e For x > 0,
v=ry_e H T f ype M 4 e i,

The free solution term yields the value ps

—cpz + viy = d.
The particular solutions gives conditions on the parameters
y_ld+ cp_ —vp?] = aé, (7)
Yeld+ cpy —vpd] = (1 - a)f. (8)

These also impose conditions ¢ # c_ and ¢ # c4..
e For = 0, we have to check that v € C!, this means

b
E—/31—/32=’Y—+’Y++727 (9)
BiA1 + Bare = Y- p— + Y pg + 2112 (10)

Analysis of the algebraic system for the coefficients. Altogether, the conditions @f give
five equations for five unknowns and we can expect there is a unique solution. We check this now.
Except for the values ci, ¢, we can eliminate directly all variables but 82 and 7. Then, these
conditions are reduced to the two conditions

b b(1 —0) ab (1—a)f

- - 7 = +
d d—ch\—uv) b2 d+cp— —vpr  d+cepq —vpd

b(1—6) ab (1—a)d

+ 72,

M—————— + Nfa = p_ .
ld—c)\l—u>€+ 202 = 4 d—I—cu,—l/uz,+M+d+cu+—uui+w“2
These relations are uniquely invertible and give the values v and (2
b b(1—6) (h=+A2)ab  (pg +A2)(1 — )b
Xa— 4+ (A1 — A = A ,
2d+( ! Q)d—c)\l—y)\% d+cu_—1/u2_+ d—l—c,u+—1/,ui + Az +p2)7
b b(1—0) (- —p2)al  (uy — p2)(1 — )b
—p2— + (M 4 p2) —————— + (o + = - :
h2g M 'u2)d—c)\1 2 (A2 + p2) d+cu_ —vp? d+cpy —vpk

In other words, except for the possible bad values ¢, ¢+ of ¢, we have obtained a unique traveling
wave solution as announced.



Positivity for ¢ > 1. We can perform expansions for ¢ > 1 and find

_ d c
Alzp—, Ao % —, ,u_zpi, U+ =2 c, U = —.
c c c v
We may also compute
b(1—0) ab 1 (1-a)f 0(b— ) 1
~—r _ = N - N — =0(—).
Bl d—pi ) Y d+p+’ Y+ C2 1_ v ) 52 d 5 Y2 (62)

Therefore we may analyze what happens for x < 0. We observe that the exponential decay is very

slow and thus ) . 9
o
ve (1-0)b- — —| 4+ —
(1= 0)bly - =1+ 5
which is not necessarily positive since d can be chosen as close as p_ to make the negative term
dominant.

3 Monostable nonlinearity

For a completely coupled system and a monostable term f(u) we look for ¢ > 0 large enough to find
traveling waves that are solutions of

—cu' —u" = f(u) + av, u(—o0) =1, wu(oo) =0,  wu(0)=40 1)
—cv' — " =bu — (a+ d)v, v(—00) = ﬁ, v(o00) =0,
with
ORI (12)
u) =
p_i_(l—u)—aa—_fd 0<u<l,
Here all the numbers a, d, p+ are positive and 6 € (0,1). We assume that it holds:
v <1, (1—-0)pi(a+d) > ab. (13)

For ¢ large enough, we are going to build solutions with the explicit form (here again we implicitly
compute with the conditions A\g > 0, Ay > 0, put > 0).

u=oa_e " 4 ae M 4 ape 0T,
forx >0 N N N
v =BoeNT 4 BT 4 Bre—or,

u=1—ypett? —~_el-7T,
for x <0 b . .
V=g — 0geltT — ettt

Theorem 3.1 (Fisher-KPP case) We make the assumption and that f(-) is of Fisher/KPP
type, that means (5). Traveling waves with the above expressions and speed ¢ exists if the X’s are the
three positive roots of a fourth order polynomial. There is a minimal speed c* such that for ¢ > c*
these three roots exists.

Asymptotically for c large, the component u is always decreasing and thus there is a traveling wave
solution.



The polynomial under consideration only gives a necessary condition for a traveling wave of the
form above. For ¢ not large enough, we do not know if u is monotonic and thus if holds true.
The end of this section is devoted to the proof of Theorem

The exponential form for x > 0. The construction uses that all solutions are linear combinations
of the form
v=cae M ov=pBeMforz>0

satisfies
A=A —p_ :ag,
c)\—l//\2+a+d:b%.

and thus we look for positive solutions of the fourth order polynomial in A
I, (A) = (A=A —p_) (eA—vA? +a+d) =ab. (14)

Notice that, see Fig. |1} for ¢ > 2,/p_, the above fourth order polynomial I, (\) has one negative root
and three positive roots (for ¢ = 2,/p— a double positive root and another) which satisfy, thanks the

assumption v < 1,
c+ /2 +4v(a+d) ct\/c2—4dp_
A = = > A= VE

20

15 4

10

o O.‘S 1‘ 1.‘5 Z‘ 2.‘5 3‘ 3.‘5 4‘ 4.‘5 5‘ S.‘S 6
Figure 1: THE FOURTH ORDER POLYNOMIAL IL; (\) IN RED. THE TWO SECOND ORDER POLYNOMIALS WHICH PRODUCT
GIVES 114 (A) ARE PLOTED IN GREEN (WITH ROOT Ag) AND IN BLUE (WITH ROOTS A+).

We are going to establish the

Lemma 3.2 We assume (13). There is a value ¢*, with 2,/b+ p_ > ¢* > 2,/p_, such that for all
¢ > c*, there are three positive solutions of ordered as

A_(c) < A—(c) < Ai(c) < As(e) < Ap(e) < (o). (15)

Proof. Firstly, for A_ < ¢ < A we have

aacm(A) =A[(A =N =p )+ (cA—vN +a+d)] >0



Secondly, for ¢ > 4(b+ p_), at A = § we have II(A = §) > ab because it is worth

C C2 C2
II(A = 5) = (Z —p_)[z(2—u) +a+d)] > bla+d) > ab

and thus we have two positive solutions of in the interval A_ < ¢ < A4.

Consequently, we depart from ¢ = 2,/p— where there is clearly a single positive solution A\g > Ag of
. When we increase ¢, there is a first value ¢* where maxy_<.<a, II(A) = ab and for ¢ > c¢* there
are two solutions and they are ordered as stated.

We also introduce the notations allowing to recover the 8’s from the a’s (by aP = af3):

Lemma 3.3 The roots built in Lemma[3.3 satisfy
O:A—(c) <0, OcA4(c) >0, OcAo(c) > 0,
and for ¢> 1

X(e) =5 +0(5),  Aile)=c(l =5 +0(x)),

(16)
_ _—a—d a+d+p_)2+4ab
A(e) = 4+ O(h),  po =TGR
0 < Pi(c) :i=cAp — AL —p_ < \/ab, Py(c) :==chg — N2 — p— < —/ab,
(17)

Po() = p-—p-+O(L), Pi(c)=0(L), Pole) ~ -2 + 0(1).
Proof. Monotonicity in the statement . It is a consequence of the equality, obtained differentiating
II; in c along the roots,
Arf(ede = AL —po) + (A —vAL +a+d)] + 92 I, (Ay) = 0.

Indeed, we have II'_ (A_) > 0, IT', (A4) < 0, II', (A\g) > 0 and it remains to distinguish the signs of the
two polynomials which multiplication generates 11, using

A =X —p_>0, Ay — A —p_ >0, cho— N2 —p_ <0.
The limits at +00. We notice that, because v < 1,
A=XN—p_<eA—vN4a+d
Therefore, for A+ where these two quantities are positive, we have
ab=TI(A) > (e = A2 —p_)° = e — A% —p_ < Vab.

And the limits of the \’s follows immediately from this inequality and the explicit roots for equality.
Indeed, we find

c+1/c2 —4(p_ +Vab)
cC= B) <)\+(C) <A+(C)%C.

A similar argument gives the result for Ag.




Precise expansion for Ao in the statement (16). We need however to be more precise and look for the
first correction under the form Ao = cR + 2. We find

(*(R—R*+5 2SR —p_)(R(1 — §)+S—2uSR—a—d) = ab

which leads to the choice R=1, 5= —a—d+ O(c?).
Precise expansion for Ay in the statement . Next, we look for the first correction under the form
Ay =c(l- c% + O(c™*)). To compute R, we insert this form in and find

[P~ ) =201 —200) ~p + 0] [0~ )~ v (1~ 23) +atd +O( )] = ab

[R—p_+0(c)][*(1 —v) + OQ1)] = ab.
Therefore it comes R = p_.

Precise expansion for A_ in the statement (16). We look for an expression A_ = £ + O(C%) We find,

o

(0= p- +0(5)p+a+d+0(5) =abe=s g+ platd—p ) ~p(atd)—ab=0.

Statement . It follows immediately from inserting the asymptotic expansions for the A’s in the
expression for the P’s.

The exponential form for r < 0. We may proceed similarly for z < 0 and the corresponding
formulas are

—cp— i’ +py =al,
—cp—vp* +a+d=>b%.
The possible bounded solutions are given by the two roots 0 < u_(c) < p4(c) of the polynomial
H,(,u)::(—c;z—;ﬂ—i—er)(—c,u—u,uQ—{—a—l—d):ab. (18)

These roots satisfy

—cty/c2+4py  —cty/c2+4v(a+d)
2 ) 2v ) )
—cty/2+4py  —cty/c2+4v(a+d)
2 ) QU )

p— < min(

p4 > max(

and we have
aC,U,, < 07 aC/‘L+ < 07

19)
atdt/(p+—a—d)’ +4ab (
pe(+o0) = B2 L 0(L), Ry = BV mendiadd
Qi(c)i=—cpy —p2 +py <0,  Q_(c) = —cu_ — p® +py >0, "
Q+(+00) = —Ry + py.

Indeed, on the one hand differentiating II_ with respect to ¢ gives
—pa[(—eps — pd +py) + (—cps —vpd +a+d)] 4+ Oeps T (p4) = 0.

8



On the other hand, we have II" (u_) < 0, II'_(u3) > 0 and Q_(c) := —cu_ — p® +py > 0, and

Q+(c) == —cpy — pi +py <0,
The expansions for uy are easily obtained as for the A’s, because, keeping the dominant terms in
the expression y = %, we find

1 1
(—R+p++0(c—2))(—R+a+d+O(c—2)) =ab<= R* - R(py +a+d)+p(a+d) —ab=0.

Compatibility conditions at z = 0. We can now proceed to evaluate the coefficients ag, a4, 5o,
B+, v+ and 0+ related by construction of the exponential forms by

apPy = apbo, at+Pi(c) = afy, Y+Q+ = ad+.

With c¢ a free parameter, these leave us 5 coefficients «g, a+, 7+. For these, we have to write the 5
compatibility conditions at x = 0, that are

u(0T) =0, u(07) =4, W'(07) =4/(0T),
{ v(0T) =v(07), v'(07) =/(07).
They can be rewritten as
oy +a_+ag=10, Yy +y-=1-0, Apog + Ao + Ao = gy + p—y—,
Pray +Poa_ + Pog = 24 — Qv — Q-7 (21)
ApProg + A_P_a_ + XPoao = p Qv+ + p-Q-7-—.

After eliminating the terms «g and 4 using the first two relations, these are

(Mo —Ap)agr + (Ao —A)as — (pg —p—)y— = —p4 (1 —0) + Aob,
(Po = Pp)ay + (Py — P-)a- + (Q1 — Q-)y- = P — 2y + Q4 (1 - 0),
()\QP() — /\.:,.P.;.)Oé.;,_ + ()\OPO — /\_P_)a_ - (M+Q+ — [L_Q_)’)/_ = AP0 — M+Q+(1 — 9)

In order to analyze if the solutions exist and define positives waves, we can reduce the complexity
by considering the large ¢ asymptotic. One can observe a posteriori that the correct expansion is to
set

a4 a_
= 5 _ = 0 -
oy 2 o + c2
The system becomes
AO;)H— ay + )‘0;)‘— a_ — C(p“l* — ,sz)'Y— = —C'LL+(]_ — 9) + C)\,e,
Py—Py Po—P_ _ — P g ab 1—-6
= 04+ — > a-+(Q+ —Q-)y- = P- a+d+Q+( ),

)\OPO;#GJF n ,\oPozaA,Pf a — u+Q+zu—Qf N = %9 _ %(1 —0).

Then, thanks to the expansions , , , , this is also, with coefficients up to O(c%)
according to the expansions at hand

Sray+ ya- —(Re —R-)y- = —Ri(1-6) +p-90,
Hay + 1 a + (Ry = Ro)y- = —(p— —p-)0 — ;%5 + (Ry —p+)(1 - 0),
1-v 1—v

—8 O — 3 0 =



The system is invertible, which justifies a posteriori that we can neglect the terms of order O(%), and
gives (it is simple to argue reversing the order of the equations)

_=—pr(1-0) +p_O+ 2y,
(Ry = R)v- = —(p— —p-)0 + 25 + (R — py)(1 - 0), (22)

a4 = —a—.

Consequently, back to the system , we conclude that ag = 0(c™?).

Notice that we have

Lemma 3.4 We have the signs

b
a— > S 0, v- >0, p—y—+ py+ > 0.
a-+d

Proof. The first inequality follows immediately from .
For the second inequality, we have, using the expressions of p_ and R,

(R —R-)v-
Z%[P—Q—m(l—@)] a+d+a7+d_7 (a+d+p-)?+4dab+ 52\/(p4 —a—d)? + 4ab

> (1-6)-2 > 0.
The third inequality follows from the expression (obtained using and p_ > p_)
—0)—(Ry — R_)y-
+(p-—p )0 — 2 — (R —py)(1-06)
>4 4 pi(1-6)>0

clu—v-+pvs] = Ry(

by assumption (13).

Therefore, we may analyze the monotonicity of u.
e For x > 0, u is positive because it is a convex combination of the value at z > 1 (and dominant
term is u ~ fe~*-7 at infinity) and of its value at = = 0 which is §. To determine if it is decreasing,
we compute the derivative, and for ¢ > 1, we find

Op—
—u'(2) = aproe % + g dpe M fad_e T e T P g=rz 0,
c c

because it is again a convex combination at = 0 and = >> 1, and because —%—1—0’% = p_y—+pyyy >
0 thanks to the lemma [3.4]

e For z < 0 the dominant term at —oo is 1 —y_e#~* < 1 thanks to lemma Also we have

—u(z) = poy- e ettt

and because —u/(x) > 0 for x < —1 and —u/(0) > 0, we have again u/(z) < 0.

10



4 Bistable nonlinearity

We consider now the case of a bistable nonlinearity and thus solutions of

—cu' —u" = f(u) + av, u(—o0) =1, wu(co) =0,  u(0)=4¢ (23)
—cv' =" =u— (a+ d)v, v(—0) = ﬁ, v(o0) =0,
with
_ —b-u 0 <u< ‘91
We assume that all numbers a, b, d, v, p1 are positive, § € (0,1) and that the relations hold
v<l, p—(a+d) > a, py(a+d) > a. (25)

We are going to consider condition so as solutions exists with the explicit form

A_x

u=ape M fa_e N7,
for x > 0 N N
v=Bre T 4 e,

u=1—ypett? —~y_el-7T,
for x <0 {

_ 1 Ui n—zx
V=g —0se do_el=7,

Theorem 4.1 (Bistable case) We make assumption . If a traveling wave of speed c with the
above expressions exists, then Ay(c) and p(c) should satisfy a nonlinear relation.
There is at least one value of c* such that this relation is satisfied.

It is however unclear if the profile of w obtained with our construction is monotonic. Therefore, we
leave as an open problem to check that there are traveling waves associated with these values c¢*. We
also leave open the question of uniqueness of c¢*.

The end of this section is devoted to the proof of Theorem

Step 1. The exponential form for x > 0. The construction uses that all solutions are linear combina-
tions of the form
u=cae ™ ov=peMforz>0
satisfies N 5
cA — p- =ak,
{ cA—vN4a+d= %

This gives the two values 0 < A_(c) < Ay (c), namely the two positive solutions of
Iy(A) == (A= X +p_) (A—vX’+a+d) =a. (26)

Indeed, the fourth order polynomial on the left has two positive roots and two negative roots. The
condition tells us that its value at A = 0 is larger than a. We also mention the properties

ct \/02 +4p_  ct+ \/02 +4v(a+d)
2 ) 2v )’

ct+/c?+4v(a+d)
2v ) ’

A—(c) < min(

2
)\+(C) > max(c+ 02+4p_

)

11



P_(c)i=cho = A2 +p_ >0, Pi(c)i=chy — A2 +p_ <0, (28)
OcA—(c) >0, OcAy(c) >0, At (+00) = 400, Ay (—00) = 0. (29)

To make the asymptotic more precise, for the end of this section we specify v < 1 as announced (in
the case v > 1 the order between A4 and A_ is just reversed),

A(Q)=ct+0(E), A=+ +0(k), fore>1,

P_(c) = O(z), Pi(c) =22 +0(1), fore>1,

Ae(e) = B+ O(),  py = SR EVRER D g o o )
Pi(c) =p- +ps, fore<—1.

Notice that pL < 0.
Proof of the statement . Monotonicity is a consequence of the equality, along the roots,

A =N +p )+ (A—vX+a+d)] +IAIT(N) =0,

and of the fact that I, (A_) < 0, I, (A4+) > 0.

2 2
The limit at +oo follows because we know that min(c+\/02+4p_, aavl ;ﬁlu(cﬁd)

for A = min(1, )c then I (X) > a, therefore min(1, L)c < A_(c).

) > min(1, 1)c and

+\/02+4p7 c+\/c2+41/ a+d))
2

The limit at —oo follows usmg the same type of argument because max( on

max(p_,a —I—Cl)‘c| and for \ = |c| with » > p_ 4+ a + d we have I1;()\) > a for ¢ < —1

Step 2. The exponential form for x < 0. We may proceed similarly for x < 0 and the corresponding
formulas are s

—cp—p? +py = ad,

—cp—vp®+a+d=73.

The possible bounded solutions are given by the two roots 0 < u—(c) < p4(c) of the polynomial

H_(,u)::(—c,u—,u2+p+)(—c,u—z/,u2+a+d):a. (31)

These roots satisfy

—cty/c2+4ps  —cty/c2+4v(a+d)
( 2 ) 2w )7

p— < min (32)
—ct/c2+4 —cty/2+4v(a+d
p > ma (<R SRR
and
Q-(c):=—cu_ —p2 +pp >0,  Qu(c):=—cpuy — i +py <0, (33)
Oepi— <0,  Oepy <0, pa(+00) =0,  px(—00)=+oo. (34)

\/__72
p(c) = R—i +O0(%), Ry = R, = PatotdE (12” ad’He e,

Q+(c) = p+—Ri—|—O(82) fore>1, (35)

p—(c) = —c— Bt + O(%), p(c ):—9—#4—0(0%), for c < —1,

14

Q)= 0(L),  Qule) =~ +0(1) fore< -1

C

Notice that Ry > max(p4,a+ d) and R— < min(p4,a + d).

12



Step 3. Compatibility conditions at x = 0. We can now proceed to evaluate the coefficients a4, 54,
v+ and 04 related by construction of the exponential forms by

a4 Pyi(c) = afy, Y+Q+ = ad+.

These leave us 4 coefficients a_, v+ and c. For these, we have to write the compatibility conditions
at x = 0, that are

w(0T) =0, u(07) =4, w'(07) =/(0T),

v(0F) =0v(07), v'(0F) =0'(07).

They can be rewritten as
arta-=0, y+y-=1-60,  Ajap+Ai-a-=py+po-,
Prap +Poa_ =45 - Qivy — Q-  APray +APoa = py Qe + p-Q-—.
After eliminating the terms o and v_ using the first two relations, these are
A+ = A )ag + A0 = (py — p )y +p—(1—0),
(Py = P_)ay + P00 =45 = (Qy — Q)7+ — Q-(1-90),
APy = AP )ay + AP0 = (1 Q4 — p-Q-)v+ + p-Q—(1 - 0).

We now eliminate v using the first equation and find

{P+—P_ )\+—)\_} g~ Q@-(1-0)—P 0 4 (1-6)—A_0

+ Oé+ = + 9
Qy — Q- py —p— Qs — Q- it — Mo
[)\+P+ —APl A - )\_] W Q1= AP O p(1-0)-)0
paQr — p—Q—  pg — - pQt — p—Q- g —p—

The value c is given by the equality

P —P_ n Ap — A [M,Q,u—e)—A,P,e B M,(1—9)—A,e]
Qi —Q_  py—p_ P+ Q4 —p—Q— H— -

B [/\+P+—)\_P_ - /\+—)\_} [aid—Q—(l—H)—P_HjLu_(l—e)—x_e
o Qy — Q- oy —p Q+ — Q- Pt — H— '

Step 4. Existence of a value c. We re-arrange the above relation as

F(e) = (1= 0)A(e) +0B() = —=— (4 — p-)C(c) = 0. (36)

With the expressions
Cle) = APy = AP ) (g — p=) = (4 Qv — p—Q-)(Ay — A-),

D(c) = (Py — P-)(pg — p—) + (Q+ — Q) (At — A-),
Ae) = [Q—(p+ — p=) = p—(Q+ — Q)] C(c) + p— [Q—(p+ — p—) — (p4+Q+ — p—Q-)] D(c),
and thus
Ale) = [p4Q- — p-Q1] C(c) — p—p+(Q4 — Q-)D(c).

13



B(e) = [P-(pt — ) + A (Q4 = Q)] C(e) + A= [=P-(pg — p-) + (14 Q4 — p-Q-)] D(c).
As general properties, from the signs in the definitions and , we discover that
D(c) <0,  p4Q-—p-Qy >0,  p_pi(Qy —Q-) <0,
Q-(u — p—) — p—(Q+ — Q-) > 0.
A comparison among A(c), B(c) and C(c) gives
A(c) < C(c).

However these properties and monotonicity properties stated earlier do not seem to be enough to
conclude a monotonicity property useful for uniqueness. Therefore, to prove existence of a solution
of (36]), we argue by continuity only and study the expansions for |c| > 1.

Analysis for ¢ > 1. We only compute the dominant terms:

1—v

C(c) =~ —c* 3 (R — R-),
1—v 1—v 1—12
D(e) ~ e[~ (Ry = RO) = (Ry = R) 2] = —¢(Ry — R) =~
1 1—v
Ale) ® —[R+(p+ = B-) = R-(p+ = R)C(c) = —c—5—p+(Ry — R_)?,
1 —
B(c) ~ —¢(R, — R_)C(c) = S(Ry — R_)? VS”
We conclude that .
F(c) = 0c(Ry — R_)? 3 for ¢ > 1.
And because we assume v < 1, we conclude that
F(c) = 400 as ¢ — +00. (37)
Analysis for ¢ < —1.
1—v
Cle) m —c*—=(py = p-),
1—12
D(C) ~ —C(p+ - p*) 2 )
1—v 11—-v 1—v)?
Alec) = —¢* —C+ 04; 2 D = —05(]/3)(P+ - p-),

B(c) =~ O(c?).
We conclude that
5(1-v)?
Flc)~—(1-0)c T(p+ —p-) for c < —1.

And because p4 < p_, we conclude that

F(c) = —o0 as ¢ — —o0. (38)
Conclusion. By continuity and from the behaviour of F at ¢ = 00, we conclude from and
that there is at least one solution to F(c¢*) = 0, and the proof of Theorem is complete.
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Figure 2: THE UNSTRUCTURED TRIANGULAR GRID USED FOR SOLVING THE WAVE PROPAGATION PROBLEM DEPICTED
THE FIGURES BELOW.

u ate-n

Figure 3: THE WAVE INITIATION. LEFT IS THE ‘SURFACE’ COMPONENT u. RIGHT IS THE ‘VOLUME’ COMPONENT v.
SEE Fic. M anDp Fic. [Bl FOR LATER TIMES.

5 Numerical simulations

The coupled systems as and (|11)), are ‘toy models’ for the calcic wave initiated after fertilization
as mentioned in the introduction.

We present numerical solutions for a reaction-diffusion equation of Fisher-KPP type, propagating
on a thin layer around a ball and diffusing within the core of the ball. Except the geometry of the
domain which we have chosen to represent a cell and the coupling of 1D reacting equation to a 2D
diffusion equation arising from the biological problem, this setting is closely related to the problems
initiated by [4, 5] and which has led to a very active field of research (see additional references in the
introduction).

The numerical simulations has been performed using finite elements and the software FreeFEM++
[9] with an unstructured grid presented in Fig.

A wave is initiated (see Fig. |3) at a point located at the right of the computational domain. It
propagates a wave propagating along the surface and diffusing in the ball. The Fig. {4] and Fig.
present the numerical solution at two different times. One can observe the fast wave propagation
compared to the effect of diffusion.

Acknowledgment The authors would like to thank Patrick Cormier for several inspiring discussions
on calcic waves which motivated the present study.
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Figure 4:  As N FiG. [3| AT TIME ¢ = 25. THE COLOR SCALE CHANGES FROM LEFT TO RIGHT AND FROM ONE FIGURE
TO THE OTHER.
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Figure 5: As v FiG. |3| AT TIME ¢t = 50. THE WAVE HAS INVADED THE BOUNDARY (COLOR SCALE FROM 0.867 TO
0.873 WHILE DIFFUSION IS STILL ACTIVE IN THE BALL (COLOR SCALE FROM 1.17 TO 1.61.
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