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Abstract. In this paper, we investigate a free boundary problem relevant in several
applications, such as tumor growth models. Our problem is expressed as an elliptic
equation involving discontinuous nonlinearities in a specified domain with a mov-
ing boundary. We establish the existence and uniqueness of solutions and provide
a qualitative analysis of the free boundaries generated by the nonlinear term (inner
boundaries). Furthermore, we analyze the dynamics of the outer region boundary.
The final result demonstrates that under certain conditions, our problem is solvable
in the neighborhood of a radial solution.
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1. INTRODUCTION

In various contexts, free boundaries often take the form of curves or surfaces whose
exact positions are initially undetermined, serving as interfaces between regions with
differing properties. An example is found in tumor growth models, where the boundary
of the tumor region (separating it from healthy tissue) is not given a priori and changes
during the process. This lack of knowledge requires a major study of the free boundary.

Over the last decades, several mathematical models have been proposed to de-
scribe the growth of tumor spheroids. The starting point in the study of free bound-
ary problems arising in tumor growth models is due to the pioneering papers of
Greenspan [20, 21]. Later, with a rigorous analysis, Byrne and Chaplain [8, 9] extended
similar results to the case of discontinuous nonlinearity and recently, Friedman and
collaborators in a series of papers [12, 15, 16, 18] develop mathematical techniques
to analyze the existence, uniqueness and bifurcation of solutions. For the historical
development of mathematical cancer modeling, we refer the reader to [2].

Inspired by the previous relevant works, the authors investigate in [1], for € > 0
the following problem:

{Au =Ae+ (1 —e)H(u—p)) inQ(t),

U = U on 00Q(t), (L.1)
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where p is the critical value for which the tumor §2(t) developed a region of slow
growth in its center due to lack of nutrients. Note that the problem (1.1) appears in
other contexts like Budyko climate models. We refer the reader to [4] and [5] for more
details.

Spherical coordinates, which are well suited to represent the spherical configuration
of tumors are useful in analyzing our problem. So, let u := u(r, ¢) be the concentration
nutrient in Q(¢) where r = |z|. The dynamic of the outer tumor radius denoted by R(t)

is governed by
3(¢
dt 47TR // / w)r?sing do de dr

Q(t)

(1.2)

7// / N(u)r®sin6 df d¢ dr,

Q(t)
where S(u) and N(u) are the proliferation and the mortality rate functions.

The purpose of this work is to investigate the following problem:

Au = /\<5H(u —p)+ 1 —e)H(u— ug)) in Q(t),
(1.3)

U = TUeo on 90(t),

where (¢) C R? is the domain at time ¢ > 0 with a moving boundary 9Q(t), € € (0,1),
TUoo, A, i1, M2 are positive parameters such that p; < o < U, and H is the Heaviside

function, i.e.
1, fort>0
HE)y=4" """
0, fort <O.

So, the present paper can be considered as a natural continuation of the previous
paper by the authors [1] in which the same program of research was devoted to the
one discontinuous nonlinearity. Here, we consider the sum of discontinuous nonlineari-
ties, and as we shall see, our discontinuities generate free boundaries which are not
given explicitly like [1] and this requires more attention. The challenge is to develop
mathematical concepts that can handle the complexity of the problem.

In this work, we focus the study on the following multiphase free boundary problem

r2 or 8

u(R(t),t) = too, BT “£(0,t) =0 for ¢ > 0, (1.4)
R2(1) 4B — 1B g(y)p2ar — [FO N (u)r2dr,

R(0) = Ry,

where 1, puo are the critical values for which tumor goes from one phase to another
verifying py < po < e and

S(u) = MeH(u—m) + (1 —e)H(u—p2)),  N(u)=mH(u—p)+nH(m —w),

where 71,12 are positive constants.
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Let us introduce the notations:

Wi (8) = {ul(r,t) < pa}s wp = {ulr) < p}

and

Fui (t) = awui (t)’ Fui = awma

where p; € (0,us) for i = 1,2.

Hence, the discontinuous nonlinearities generate two free boundaries namely T',,, (t)
and I',,, (¢) in addition to the outer boundary 9€Q(t) (moving boundary). This is the
first time that the problem (1.4) is considered. One of the main difficulties in problem
(1.4) is that the free boundaries are not explicitly given (contrary to the paper [1]).

First, for the stationary solution and regarding the position of u with respect to u
and po dealing with the three phases, we give the existence of a stationary solution for
problem (1.4). Moreover, we show the existence of their corresponding free boundaries
given by

U(’/’Z) = M, 1= 172

We further obtain the long time behavior of all transient solutions with the form
(u(r,t), R(t)). Finally, we will assume that Q(t) is a perturbation of the ball B(0, R(t)).
More precisely, we assume what follows:

The boundary 09(t) can be parameterized as R(t)+ 5(6) for ¢ > 0, (©)
where 3 € C%(S), 0 € S and S is the unit sphere.

Using this parametrization of our free boundaries which are the unknowns of our
problem, we reduce the study to the solvability of a nonlinear integral equation and
show the existence of functions namely b; such that

Moreover, this perturbation method gives the existence of exceptional free boundaries
in the case of a stationary solution with the form

u(ri(t) + h(6),0) = iy, 1=1,2,

where h € C(S). This result is far from obvious.

The structure of the rest of this paper is arranged as follows. In Section 2, we study
the stationary solutions when Q = B(0, R(¢)) with different phases. Section 3 is
devoted to establishing the existence of a transient solution and studying its asymptotic
behavior. In Section 4, using perturbation, we reformulate our free boundary problem
and prove the existence of free boundaries through the use of local methods. Finally,
some comments are given.
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2. STATIONARY SOLUTIONS

This section deals with the existence of stationary solutions for the problem (1.4).
Hence, we consider the following problem:

{7}2(5’,.(7"233) =A(cH(u—p)+ (- Hw-p)). 0<r<R (2.1)

R) = use, $4(0) =0,

and the integral equation

% ( /R S(u)rdr — /R N(u)r2dr> 0. (2.2)

We recall that the nonnegative solution of (2.1) is strictly convex function such that

OEITIERU(T) = u(0).
The sets I'),,, I',,, are the free boundaries corresponding to (2.1). So, there are three
cases to be considered: u(0) > g, p1 < u(0) < pg and u(0) < py.
We denote by u} the solution of (2.1) in the case u(0) > po (without a free
boundary), by ., the solution in the case 11 < u(0) < po (with one free boundary)
and by ux ,, . the solution in the case u(0) < p; (with two free boundaries).

Theorem 2.1. For e € (0,1), we have the following result:

(i) If A< A = w, then there exists a unique solution u} of (2.1). Moreover,

uy(0) = %RQ + Uoo > 2,
i.e. the line (\,v*(\)), where u}(0) :=~*(A) = %RQ +uso defines a decreas-
ing part of the bifurcation diagram (see Figure 1).
(ii) There exists A* > 0 such that if X € [A1, \*), then there exists a unique positive
solution wy ,, of (2.1) giving rise to a free boundary given by
3
E—5 1
Ty = ?5(5_21))1?{1 + 2 cos (5 arccos (1 +

27(e = 1)?(3R? — 3("°°/\_“2))) 47r)]

+ JR—
2(e — 2)3R? 3

(iii) If A € [\*,+00), the problem (2.1) has a unique solution uy ., ., with two free
boundaries namely rx u, and r ., satisfying 0 < vy, <7, < R.

Proof. First, to prove (i), we consider the case u(0) > p2 (without a free boundary).
We have the corresponding problem

L2 (r284) =X in (0, R),
u(R) = oo, ¢/ (0) = 0.
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Fig. 1. A qualitative description of the bifurcation curve
So,
* )\ 2 2
uy(r) = E(T - R*) 4 us, re€[0,R]
Since

) 6(Uoo —
uﬁ(o)z?R2+uw>u2<:>)\<%

Secondly, to prove (ii), we assume that p1 < u(0) < ug. In this case, a solution
take the value ps at only one value of r, say ry, i.e. u(ry) = us. Hence, we have the
following problem:

= )\1.

(2.3)

In [1], we have studied the solutions of problem (2.3) for all € > 0. Here, we reduce
the study for € € (0,1). More precisely, we have the following problem in the different
regions (0,7y) and (ry, R).

%8@(7,2%) = \e in (07TA)7
L0 (r20u) = in (rx, R),

u(ry) = po, u'(0) =0, u(R) = teo.

Thus, the following solution is obtained:

Ae (.2 2
28 (92 —72) + po, 0<r<ry,
UA,uz(r) = { 6 ( A)

Uso + 2 (r? — R?) +%(H2—um—%(ri_R2))7 ST R
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Using the transmission condition

OuN gy , — Oux, 1,
s ) = D0

8“%#2 + a“%uz
where =5 (7“,\)7 or

respectively. Thus,

(r;) are the right and the left derivatives at the value r = r},

3(“@@ - U2)
A= = g(rx)-
(e — r3E) 4 T(R2 —3)

Then, for A > ¢g(0) := A1 and € € (0, 1) we obtain the explicit form of ry:

(- 3)
3(e—1)

27(c — 1)*(3R? - 3(““3“2))) +4m)

1
R[l + 2cos (§ arccos (1 + 2(e — %)3R2 3

=
A complete analysis can be found in [1].

Now, to prove (iii) we shall assume that u(0) < py. As in the case (ii), we look for
the free boundaries {(ry ,,,0) : 6 € S}, ¢ = 1,2, with u(rx ;) = pi. So, we consider the
corresponding problems verified by w in the different regions (0,7 ., ), ("apu1, 72 02)
and (rxu,, R). On (0,7, ,,), we have the following problem:

%%(TQ%) =0 in (O’TA,Hl)a
w(rapu,) = p1, w'(0) = 0.
Then,
UN, 1,2 (7“) = M1, 0<r< ISWE
On (72,1, TAus), We get the problem
=5 (")

a -
U(T‘)‘vlLQ) = M2, 871:(70/\,;11) = ar T

and thus,

_Ae AE 4 (1 1

2 2
U iy a2 (1) = 6 (r® = 73u,) 3 M ) + 2, Tau ST ST -

T B X, p2
Finally, we examine the problem
{7}26{1(7'22:) =A in (T)vuzvR)’
— o - _ 0 +
U(R) = Ueo, 371: (T)vltz) - 371: (T>\7M2)'
So,

A
Un, iz (1) = E(TQ - RZ)

AMe—1) Ae 1 1
(T e T e )(f7) e mmr<R
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Our solutions must satisfy the conditions

UN,p1,p2 (T)tm) = M1,
UN, i1,z (T)t,m) = Ha2.

More precisely, we obtain the system

Ae (1.2 2 de .3 1 1 _ .
6 (7“)\7#1 TA,/LQ) + 3 "\ (7"/\#1 r,\,w) = K1 — M2, (2 4)
A2 _p2 Ae=1) .3 _ Ae .3 1 1 _ . :
s(r3 ., — B+ Tz — 3 T J\ &R~ ) = H2 — Yoo

where 0 < 7y, < rapu, < R. The resolution of the system (2.4) gives the existence
of the free boundaries ry ,, and 7y ,, to conclude with the study of solutions of (2.1).
The first equation in the system (2.4) can be regarded as an algebraic equation, where
the unknown variable is ry ,,. We have

6(p2 — 1)

= ) P 215, = 0. (2.5)

3 2
Txpa — (37"*#1 +
Taking ry ,, =7, this implies that

6(p2 — 1) Tx s

€ (Ti,uz -3’ (SW 2773) .

A=

(2.6)

As in [1], we introduce the auxiliary function

6(p2 —p) 7
e(rd =3 n2r+2n3)’

K(r) = r € (n, R).

Hence,
12(pg — 1) (n* = 1%)

K'(r) = 3 2 3)2
€ (TA,;AQ -3 N° T pz + 277 )

<0, re€(nR).

The function K is monotonely decreasing on (1, R). Then if

6(p2 — )R
e(R3 —32R + 2n3)

/\>K(R): = Ao,

the equation (2.6) has one root 7y ,, € (7, R).
So, assuming that A > Ao and using Cardano’s method for the equation (2.5),
we get

4 6 — 3
AQ = (2 7":;’\7“1)2 — E<ST§M + %)

—8(p2 — 1) [, o 2 po — 1 2 2(p2 — p1) 2
ST [2 M (’Wl e ) + (“»m T ) } <0
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Then, the free boundary 7, ,, is given by

1 4
2(p2—p1)\3 + ?
V(2 + 2oy

Now, we look for the unknown variable 7 ,,, in the second equation of the system (2.4).
We get

2 - 1
Taps = 2\/7&;‘1 + ('112)\7;“) cos | 5 arccos —3

_((Buso = p2) Tf,#z—RQ) Ry (6—1> 5 )é
Mopr = (( e + 2 Taus — R + ARy A

Hence, the free boundary 7y ,, satisfies 0 < 7y, < 7ra u,, if and only if the inequality
0 < h(r) < r? has a solution on (0, R), where

= (R 2R R (),

and 3( ) -R R 1
py = B i) TR R ey,
(r) Ae (r—R)? + 2e * c )"
An easy calculation shows that the function A’ is decreasing on (0, R). Then, we dis-
tinguish two cases (see Figures 2 and 3).

(1) If A'(0) <0, i.e. A < Aq, the function h is decreasing and negative on (0, R).
(2) If A'(0) > 0, i.e. A > Ay, the function h has a positive maximum in r* € (0, R).
Moreover, h is monotone increasing on (0, 7*) and monotone decreasing on (r*, R).

-10 h(0) ! —

R

15 2

Fig. 2. The graph of the function h and the square function when A < A\;
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— h(n) n

Fig. 3. The graph of the function h and the square function when A > A1

So, for A > A\, we get that the inequality 0 < h(r) < 72 has at least one solution
on (0, R).

Finally, we assure the existence of A* > max(A1, A2) such that when X\ € [A*, +00),
the free boundaries 7 ,,, and 7 ,, satisfy 0 <7y ,, <74, < R. Thus, by continuity
of the solution with respect to A, there exists A\* such that if A € [Aq, A*[, then there
exists a unique solution wuy ,, such that wuy ,,(ry) = po and when A € [A*, +oo],
we have a unique solution with two free boundaries ry ,, and ry ,,. The proof of
Theorem 2.1 ends. O

Let the pair (u, Rs) denote a solution of the problem (2.1)-(2.2) such that Rs > 0.
Then R; is obtained as a zero of the equation I(R) = 0, where the continuous function
I:]0,00) = R is defined by

R R
I(R) = % )\/f(u)rzdr - / (an(u —p1)+neH(pu — u))rzdr . (2.7)
0 0

According to Theorem 2.1, we see that we have three phases, u(0) > o,
w1 < u(0) < po and u(0) < py.
The tumor remains in phase 1 (without free boundary) until u3(0) = po giving

6(“00 - M2)

R =
A

The tumor now in phase 2 until uy ,,(0) = w1 giving the radius R** and the
tumor moves from phase 2 into phase 3. So, when R < R*, the tumor region
is in phase 1 corresponds to the absence of free boundary (normal growth case).
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When R* < R < R**, the tumor region is in phase 2 with one free boundary (slow
growth case), R > R** the tumor is in phase 3 corresponds to the necrotic core (with
two free boundaries). Then we have the following result:

Theorem 2.2. Assume that
Ae > (2.8)

is satisfied. Then there exists a unique positive value Ry such that I(Rs) = 0.
The proof of Theorem 2.2 is based on the following lemma:
Lemma 2.3. The operator I is continuously differentiable on (0, +00).

Proof. Consider the functions

Fi(z1,z2,y) =
Fy(z1,22,y) =

‘ >

S(af —a3) + 5 2t (5 — o) — e,
(@f o)+ (M5 2d = ¥ a) (5 — ) —pe b

The Jacobian matrix of Fy, Fy with respect to z1,x2 is given by

m\y o

2 3

(-2 (o0t 3)
= ,\3 2 2 3
—/\sx%(i—é) ( Ex +>\(5—1)%2 %z—é

By (2.4), we have
Fy (TA’M EPWIES R) =I5 (r)w/il APWIES R) =0.

Using the fact that 7y ,, <7, < R, we obtain that det J > 0 in the neighborhood

of (7x,11, A us, R). Hence, by the implicit function theorem, in the neighborhood of

(Pap1sTAues ) there are two differentiable functions z1(y) and za(y) satisfy the

system (2.4). So, our free boundaries R — ry ,,, (R), 7., (R) are differentiable on R.
On the other hand, we have

R
13 ()\/ (eH(u—p1) + (1 —e)H(u — po))ridr
0

R
/ mH(u— p1) +noH (1 fu))r dr)
0

T, g R R T, 11

1
= /)\ET‘2d7"+ / \rldr — / mridr — / nor2dr
0

T, X, o X, 11

)\6(71:;)\,#2 B ri,ul) + /\(RS B ri;uz) B nl(RS B Tf)\,lh) B 772T§,u1
R3 '

Then the operator I is differentiable on (0, +00). O
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Lemma 2.4. Assuming that (2.8) holds, then the function I is decreasing and satisfies

A-m (2.10)

v
g
h
@p]
¢}
[l
=
=
o
»
I
=
<
¢}
g
E

I(R) = )\/f(u(R s))s?ds — / (mH(w(R s) — 1) +noH(p1 — u(R s)))s’ds
0 0

where
g(u) = e —m)H(u—p1) + M1 —e)H(u— p2) — moH (1 — u)
-2, u < pi1,

= )‘5_7717 1 < u < pg,
)‘_771, u > 2.

Let U(r, R) = u(r), then U is the solution of the following problem:

AU =Mf(U), 0<r<R,
U.(0,R)=0, U(R,R)=tuc,
where
rﬁﬂ)
or/)’
Thus, Ur = g—% satisfies
AU =22f(U), 0<r<R,
ZUR(0,R) =0, Ur(R,R) = 0.
Using the fact that R — A(R) is decreasing and by maximum principle, we obtain:
R+ U(r, R) is decreasing. The assumption (2.8) implies that the function g is increas-

ing. Hence, we deduce that the function I is decreasing on (0, 400) and satisfies (2.10).
This proves Lemma 2.4. O

Proof of Theorem 2.2. For R < R*, we have

A—m
3

In [1], a simple calculation shows the existence of R such that

I(R) = > 0.

) R R
L(R) = = )\/f(u)r2dr—/771r2dr =0,
0 0
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where
~ e ifr <y,
1, ifr>ry

and ry is given in Theorem 2.1. Hence, L(R) = 0 is equivalent to
A=n)R = —\e - 1)r} (2.11)

So, we distinguish two cases:

(1) if R € (0, R**), then I(R) = L(R)/R and I(R) = 0,
(2) if R € [R**,400), then we have

— 1 /Ae—-1) 4 m—Ae—12 5 A—11=3
IF) = = (5= + g+ 5 R)

using (2.11) and the assumption (2.8) we obtain

— 1 rxe—1 — X —
I(R) = j(%(ri,pa — Ti) + %Tim) < 0

R

So, we conclude with the existence of R, such that I(R,) = 0 and uniqueness follows
from the monotonicity of I proving in Lemma 2.4. O

3. TRANSIENT SOLUTION

In this section, we shall prove the global existence of a solution and the asymptotic
behavior of solutions to the free boundary problem (1.4).

Theorem 3.1. Assuming that (2.8) is satisfied, then for any Ro > 0 and for 0 < e < 1,
the problem (1.4) has a unique global solution (u(r,t), R(t)) for t > 0. Moreover,

tE?oo R(t) = R, til?oo U(’I’, t) = UX,p1,p2s

where (Ux uy pyy Rs) is the stationary solution of the problem (2.1)—(2.2).
To prove theorem 3.1, we use the following lemma:

Lemma 3.2 ([25]). Let consider the problem

Assuming that f is continuously and differentiable decreasing function on (0,+00).
If there exists a unique positive constant x5 such that f(xs) =0, then

tilinoox(t) = x5.
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Proof of Theorem 3.1. We know from Section 2 that problem (1.4) admits a unique
solution u(r, R(t)). So, for ¢t > 0, we determine R(¢) by solving the following problem:

{R’(t) = R(OI(R(Y), t>0,

RO — R (3.1)

where I is given by (2.7). Using Lemmas 2.3 and 2.4, then the problem (3.1) has
a unique global solution satisfying

—n2

Roe (T2t < R(t) < Ree*5™)1, 1> 0.

Now, because I(R) is decreasing function and from theorem 2.2, there exists R, such
that the equation I(Rs) = 0. Then, by Lemma 3.2, we get

lim R(t) = R,.
t—+oo
So, lim w(r,t) = ux u,, u,- This concludes the proof of Theorem 3.1. O

t—+4o00

4. PERTURBATION RESULT

This section is devoted to study the problem (1.3) when Q(t) verifies (C). Let ry, ro
denote the values ry ,, and ry ,, of theorem 2.1. We look for the free boundaries
on the form 71 + b1(0) and 79 + bo(0), where by, by are the perturbations caused by S.
Hence, we consider the following problem:

{Au = MeH(u—m) + (1= ) H(u=p)) inQp,

(4.1)
U= Too on 0f1g,

where Qg = B(0, R+ 3()) C R? and %, is close t0 Uso-
As in [1], we define the set of admissible surfaces in Qg by

Sg={f€C(S) : (f(0),0) € Qs for 6 € S}.
For i = 1,2, we consider the functions 1; € Sz and the sets

wy, ={(r,0) € Qp : r<y;(8)}, i=1,2

In the following proposition, we formulate nonlinear equations for 11, ¥y and prove
that by solving them, we can solve the problem (4.1).

Proposition 4.1. Fore € (0,1), there exists \* > 0 such that if X > \*, the following

problem

{Au = )‘(5X95\wm +(1- 5)XQB\%2) in Qg, (4.2)

U= U on 093

has a unique solution usg € C1*(Qg) with a = 1 — %, p > 3. Moreover, if
ug(¥i(0),0) = p; fori=1,2 and U > po > p1, then ug is a solution of (4.1).
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Proof. We have Xq,\w, € LP(Q3), p > 1,4 =1,2. From [19], there exists a unique
solution ug of (4.2) in W2P(Qg). For p > 3, W2P(Qg) C C1%(Qs,R) with a = 1 — %.

If we prove the existence of functions ; such that ug(v;(0),0) = u,; for i = 1,2,
then ug will be a solution of the following problems:

A 0 i Aug = e In wy, \ Wy, , Aug =X in Qg \ wy,,
ug =0 in wy,,
{ ? awl ug =p1  on Owy,, ug = p2  on dwy,,
ug = on dwy,, _
g o ug = p2  on Owy,, Ug =TUss on 0.

Using the fact that wo, > po > p1 and the maximum principle, we obtain that ug
satisfies

{Auﬁ = M(eH (s — ) + (L= ) H(ug i) in D, .

Ug = Uso on 0€g.

As in [1], the variation of the domain Qg suggests the use of an appropriate
transformation that maps the changing domain {25 to a constant domain:

Tﬂ: Qg — Q= B(O,R),

(r,0) — (7,0) = (r—i—r%ﬂ),

where (r, ) is the coordinates in Qg and (7, 6) the coordinates in €.
For a small 3, the transformation Tj is a diffeomorphism of class C? of the
domain Qg into €y and transforms Sg into Sy, hence

Ty (4i(0),0) = (fi(0),0),

where f; € Sp. So, the mapping T transforms the problem (4.2) and the equation
ug(¥;(0),0) = p; for i = 1,2 to the problem

Au+dpgu = A(s Xo\wy, T (1 =€) Xa\w; ) in Qo,
1 2 (4.3)
U= Ueo on 09
and the equation
where
_B By 0
5= 52+ 7) g
28 0 1 r 08 s 0% 1 08 0 r 0B 0?
+garr 90| a0,; (720 * R(11 2)06,07 ' R 6, 57)

r 0°8 0 r 08 62}

+ - =y £ o 2“

i )[Eaai or

for ai,j,bi S CQ(S), 1,7 =1,2, and f; € Sp.
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Thus, to solve the problem (4.1) it is sufficient to prove the existence of fi, fo
satisfying (4.4). We can proceed as follows.

First, we give the existence of f3(6) for § € S. We denote by us the restriction of
the solution @ in the set Qg \ wy,. So, we have

(4.5)

Aty + 05Tz :)\(64*(1*8) XQU\sz) in Qo,
U2 = Uso on 890

The same technique used in [1] can be applied and the implicit function theorem gives
the existence of f3(#), 8 € S such that

us(f2(0),0) = pe.

Hence, from the construction and uniqueness of the solution we conclude that

u(f2(0),0) = po.

Now, consider the following problem

At + 5[3@1 = Xe XQo\wy, in Qq,
Ul = Uso on 0.

We define the operator J : RT x Sy x Rt x D — C(S,R) by

J(ﬂooaflmuhﬁ) :ﬂl(f1(9)70) — M1,

where D is the neighborhood of zero in C(5).
So, we obtain

R
J(Tso, f1, 11, B) :ﬂoo/P(fl(e),a,a’)de’JrAs/ / G(f1(0),0,7,0")r"%dr' a0’
S S f1(0")

- / 55 (1", 0)G([1(0), 0,17, 0')dr'db’ — s,

Qo

where P is the Poisson kernel and G is the Green function for the Laplacian in ).

By the same argument as in [1] and using the implicit function theorem in the
neighborhood of (us, 71, 141,0), we have the existence of a function f; depending
on Uso, 41, where [ satisfies

J(Hoovfl(ﬁomﬂlyﬁ),,ul,ﬂ) =0.

So, we conclude that

u(f1(0),0) = pa-
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Moreover, in the region wy,, we have the following result:

Lemma 4.2. Let vy be a Jordan curve in {x € Qo : u(x) = p1}, where w is the interior
of v. Then
wC{x e :ulz)=p}
Proof. Suppose that there exists ¢ € w such that w(xg) < p1. Let
wr={z€Q : ulz) < p}
which is an open set (by continuity of @). So, @ verifies

{Au =0 inwy,

uw=p; onodwi.

By the maximum principle we get @ > py which is a contradiction.

So, let u be a solution of the problem (2.1), then the set {x € Q : u(x) = p1}
is a ball of radius m € (0, R).

Moreover, by the above perturbation method, we conclude that wy, is a perturbation
of a ball of radius r1 + f1(0), 8 € S. O

5. FINAL COMMENTS

In this paper, we have studied the existence of stationary solutions for problem
(1.3) when the domain is a ball. After, reducing the free boundary problem (1.3) into
an initial problem of ordinary differential equation, we study the asymptotic behavior of
solutions. Finally, using a rigorous perturbative approach, we derive a characterization
of the free boundary under perturbation of the boundary condition and a smooth
boundary of the domain. However, some open questions related to our problem still
remain. Here, we give some interesting problems:

(1) A more general form of the problem (2.1) can be regarded as

{Au =AY b H(u—ps)  in Q(b),

U= U on 09(t), (5.1)

where ¢; are positive constants for ¢ = 1,...,n. To the best of our knowledge,
no investigation has been devoted to such problem in the literature. Recently,
in [3] the second author studies a similar problem of (5.1) and shows that under
suitable conditions there exists a solution with a convex level set. We refer to [3]
for other results. Moreover, the problem (5.1) can be reformulated as an equivalent
free boundary problem. For ¢ > 0, we have

Au= A3 G XQ(t)\w,, () 0 QAD), (5.2)

U= U on 90(t), '
where x,, denotes the characteristic function of the set w. There is a mathematical
challenge in the study of problem (5.2) and some technical details will be presented
elsewhere.
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(2) Certainly, for other models, we conjecture that the results of our work is still true for
n free boundaries (the nonlinearity f can be written as f(u) = >0 ¢ H(u— p;)).

(3) The obtained bifurcation diagram can be very important to study the question
of the stability of solution of problem (1.1). We recall that the stability results
obtained by the Crandall-Rabinowitz theorem [10] can not be applied in our work.
This question requires more attention.
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