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ELLIPTIC EQUATION RELATIVE TO DOMAIN
EVOLUTION

Abstract

In the paper we consider the Dirichlet problem for the Poisson equation
relative to domain evolution. For studying this problem, at first we introduce a
space of a pair of convenz domains and define a scalar product in this space.
Using this we prove the existence and uniqueness of the stated problem and get
an analogy of the maximum principle.

1. Introduction

A wide class of problems of practice reduces to studying the change of the shape of
the object or body under consideration relative to some parameters [1-3]. Diffusion
processes, the problems on thermal extension and straightening of the body, the
elasticity theory problems, ecological problems, the problem on oil spot distribution
on sea surface, biological processes and etc. are the examples of such problems.

As a rule, by investigating such problems, variations of the points of the body
are studied. However, very often, not the alternation of the points of the body but
variation of its shape represents a great interest.

Study of the problem in such a statement is connected with some mathematical
difficulties [4-6, 10]. This in the first place is connected with definition of rate of
change of domain characterizing the body’s shape [7].

In the present paper, we consider a boundary value problem relative to domain
evalution. As first we study solvability of this problem and then prove the maximum
pronciple for the problem under consideration.

For investigating such problems, we define the rate of change of the shape of do-
main in linear space of a pair of convex sets. Such a definition of domain evolution
enables to investigase a wide class of such practical problems such as optimal control

problems.

2. Space of convex sets
Let M be a totality of convex closed bounded sets in R™. The function

Pp(x)=sup(l,z), x € D, (1)

leD
is said to be a support function of the set D € M, where Pp (z) is continuously con-
vex and positive homogeneous ([8]). The latter means that Pp (Ax) = APp (z), A >

0. Note that Pp (0) = 0. To each convex closed bounded D € M, formula (1) as-
signs a convex, continuous, positive-homogeneous function Pp (x). The inverse is
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also true: for each contiunously-convex, positive-homogeneous function P (z) there
exists a unique closed convex bounded set D € M such that P (x) = Pp (x). The
set D coincides with the subdifferential of the function P (x) at the point 0 € R™
(18))-
Consider the direct product M x M, i.e. the totality of pairs (A, B), where
A, B € M. Define in M x M the operations of addition and multiplication by a real
number:
(A,B)+ (C,D)=(A+C,B+ D)
AA,B)=(AA,AB) if A>0
AA,B)= (A B, |\ A) if A<0
Introduce in M x M the equivalence ratio: the pairs (A, B) and (C,D) are
equivalent if A+ D = B + C. We denote it as (A, B) = (C,D) or (A,B) = (C, D).
In [8] it is shown that the set M x M together with the above defined algebraic
operations is a linear space.
Let a = (A1,A2), b = (B1,B2), A;, Bi € M, i = 1,2, B be a unique ball,
Sp = 0B be a unique sphere. Define the scalar product a e b in M x M as follows

asb= [p@qla)ds (2)

Sp

here P(z) = Pa, (z) — Pay (2), q() = Pp, (v) — P, (x), Pa, (x), Pp, (z) are
support functions of the sets A; and B; i = 1, 2, respectively.

It is shown that a e b satisfies all the axioms of a sclar product.

Denote the space M x M with scalar product (2) by M Ly. The distance in this
space between the sets A € M and B € M is determined as the norm of the element

a=(A4,0)—-(B,0)=(A,B),

1/2

allys, =Vasa=| [ 1Pa) = Pat)as| 3)

SB

Let z = [z1,22, ..., 2n], 2 = [Y1,Y2, ..., Yn] be vectors, where z;,y; € M x M. In
this case, the scalar product and norm are determined in the following way:

zey=zi0y  +220yYs+ ...+ 2, 0Yp,

201 = llzal® + 22+ oo+ 2l

For simplicity, instead of z € M L(Qn) , write z € M Lo.
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3. Derivative domain of the function
Assume that at time ¢ € [0,7] the domain under consideration has the shape
U (t). By changing t the domain U (¢) also changes. The evolution rate of domain
U (t) is characterized by the variable

OPy (x) i FO+80 (z) — Py (@)

ot At—0 At T € 5B )
If there exist the domains Vj (t),Va (t) € M, t € [0,T] such that
OPy ) ()
# = Pvl(t) (.’E) - PVQ(t) (‘T) )

we call the variable v (t) = (Vi (t), V2 (t)) € M x M the rate of evolution of domain
U (t).

Example 1. Let U (t) = B; be a ball of radius ¢ > 0 with the center at the
origin. It is known [9] that in this case Py () =t - [|z| gm. Then v (t) = (B1,0).
If U (t) is a rectangle

Ut)={(x1,22) : =t <1 <2t, t<umg <3t}

then v (t) = (U (1),0).
For any t consider the pair u (t) = (U (t),Usz (t)) € M x M. Writing

u(t) =u (t) —uz (t) = (U1 (£),0) = (U2(t) ,0)

and assuming that u (¢),us (t) € M x M we similarly determine u (t) = uy () —
ug (t) € M x M.
We can show that for any w(t),n(t) € M x M, where Hu(t)” € Lo (to,T),

Hn (t)H € Ly (tog, T) the following relation is valid:

T T
[ty enyat=u@en®)~utt)entta)+ [y enwar  (5)

Now, let the domain U depend on the parameter y € R™. We can similarly determine
the partial derivatives of y1,y2, ..., Yn.

Example 2. Let U (y1,y2) = y3Vi +y3Va, where Vi, V5 are some convex bounded
sets. Then, by checking we can see that if y; > 0, ¢ =1, 2, then

o = (0.
Otherwise
U~ 0.2l ).
y; ’ ’
It is also clear that 217
= (2V;,0).

dy?
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4. Problem statement

Let D C R™ be a given bounded domain with rather smooth boundary S, and
the set U C R™ depend on the parameter y = (y1,%2,....,yn) € D ie. U = U (y).
Write that U € C (D) if the support function Py, (z) of the set U (y) is continuous
with respect to y in D. U € C! (D) is determined in the same way.

Consider the following boundary value problem for the Poisson equation

AU =—F(y), yeD, (6)

U)=G(&), €85 (7)
Let

F(y)=(F1(y), F2(y) e MxM, ye D, G(§)=(G1(§),G2(§)) e MxM, €S

Unlike the traditional boundary value problems, here the solution of problem (6),(7)
istheset U = U (y) € M or the pair of convex sets U (y) = (U; (y) , Uz (y)) € M x M.
Without loss of generality later on we’ll call such type functions the domain of
the function. We’ll understand equation (6) and boundary condition (7) as equality
of a pair of convex sets.
Theorem 1. Let F; € C*(D)NC (D) and G; € C(S), i=1,2. Then there
exists a unique solution of problem (6), (7) U (y) = (U1 (y),U2 (y)) € MxM,y € D.
Proof. For any x € R™ consider the following boundary value problem

AP (y; x) = PF1(y) (:C) - PFg(y) (‘T) , Y€ D, (8)

P (§x) = Pgy () (x) = Paye (2), €S (9)
By L(y,z) denote the Green function of the first boundary value problem (the

Dirichlet problem) for the Laplace operator in domain D. Then for any z € R™ the
solution of problem (6),(7) may be represented by the formula [11].

P@wz/M@”U@@w—%Mumm+

on.,
S

+ [ 102 [Pre (@) = Pr ()] dz (10)
D
Obviously, there exist positive functions L (y, z) , L2 (y, z) such that

0L (y, 2)

8712 = L2 (yvz) _Ll (y7 Z)'

Then we can write (10) in the form

P (yvm) = / [Ll (ya Z) PGl(z) (:E) + Lo (ya Z) PGg(z) (.T)] dSZ+/L (y) Z) PFg(z) (‘T) dz—
S D
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—/ (L1 (y, 2) Pay(z) (2) + Lo (y, 2) Pa, () (x)] dS. —/L(% z) Pp,(z) () dz
5 D

Since the sets Fj(x), G;(x), ¢ = 1,2, are convex, their support functions
Pr, ) (%), Pg,(y) (z) are convex and positive homogeneous in z € R™.
Taking into account that the Green’s function is nonnegative, all subintegrand

functions are convex with respect to x € R™. So,
P(y;z) = Py (y;2) — Pa(y;2)

where P; (y; ), i = 1,2, is convex and positive homogeneous with respect to z € R™.
Then for any y € D there exist unique convex bounded sets Uy (y),Us (y) C R™ that

P; (y;x) = Py, (x), ©€ R™, ye D, i=1,2.
Thus, we get that the function

P (y;2) = Py, (2) — Pryqy) (@)

is the solution of problem (8),(9). And this in its turn shows that
Ul(y)= (Ui (y),Uz(y)) € M x M, y € D is the solution of problem (6),(7) and this
solution is unique.

The theorem is proved.

It is interesting to investigate problem (6),(7) when F' (y),G (§) are convex sets
from the space R™. It turns out to be that in this case the solution of problem
(6),(7) is also a convex set from R™.

Theorem 2. Let for any y € D and £ € S F (y), G (&) be closed convexr bounded
sets, and F € C'(D)NC (D), G € C(S). Then there exists a unique domain of
the function U = U (y) C R™ of the solution of problem (6),(7) and this solution is
a closed, convex, bounded set.

Proof. At first consider the case
AU =0, ye D, (11)

UE)=G(E), £€8. (12)

Show that if G(§) € M, £ € S, the solution of problem (11), (12) also belongs to
M. For any x € R™ consider the following boundary value problem

AP (y;2) =0, y€ D, (13)

P(&§x) = Pge) (z), €8 (14)

It is clear that under the imposed conditions, for any x € R™ there exists a unique so-
lution P (y;x) of problem (13),(14) [11]. Show that P (y; ) is positive-homogeneous
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and convex with respect to z € R™. Taking into account that the support function

of the set G (£) is positive-homogebeous, we have

Prae) (%) = APge) (z) = Pge) (Az), A >0,

Then from (13),(14) we get P (y; Ax) = AP (y; x) i.e. P (y;z) is positive-homogeneous
with respect to x € R™. Now show the convexity of P (y;x) with respect to z € R™.

Take any z1,x2 € R™. It is clear that P (y; 7 ; $2> is the solution of the following

problem
AP <y; 5“”5“) —=0, ye D, (15)
P(f; xl;@) = Pge) <x1—;—x2>7 £es. (16)

From the convexity condition of the set G (§) it follows that Pg¢) (7) is convex with
respect to x € R™ [9,13], i.e.

T+ 1 1
Pee) (53 : 5 2) < 5Fae (@1) + 5 Fo(e) (22) -

Using the maximum principle [11], it is easy to show

T+ T2

Pe (f; 5 >SP(y)- (17)

Here P (y) denotes the solution of the problem

AP(y;2) =0, ye D

— 1 1
P (&) = 5Fae (21) + S Pae (22), €5
It is clear, that
— 1 1
P(y) = §P(y§551) + §P(?/; r3).

Then from (17) we get the convexity of P (y;x). So, P (y; x) is positive homogeneous,
convex and continuous with respect to € R™. Then for any y € D there exists a
unique convex bounded set U = U (y) C R™ such that

P(5:2) = Pugy (@), = € R™
Then from (13),(14) we get
APy () =0, y € D,

Py (x) = Pge (z), €€ 8, € R™.

Taking into account that for convex closed bounded sets the condition Py (z) =
Pp (z) is equivalent on A = B, it follows from the latter that U = U (y) € M is the
solution of problem (11),(12).
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Now come back to problem (6),(7). We look for the solution of problem (6),(7)
in the form

Uly)=V(y)+Wi(y), (18)

where V =V (y) is the solution of problem (11),(13) and W = W (y) is the solution
of the following problem

AW (y) =—-F(y), y€ D, (19)

W) =0, €8 (20)

We showed that for any y € D V =V (y) € M. Show that W (y) € M. Instead of
problem (19),(20) consider the problem

AP (y;z) = —Pr) (z) y €D, (21)

PU(f) (.CL') = 0, f € S, xr € R™. (22)

Denote by L (y; z) the Green function of the first boundary value problem for the
Laplace operator in domain D. Then we can represent the solution of problem
(21),(22) in the form

f)(y;x>::L/"L<y;z>faqz><x>dz. (23)
D

It is clear that P (y;x) is positive-homogeneous with respect to x € R™. Show the
convexity of P (y;x) with respect to x € R™. Taking into account that the Green
function is non-negative [11], from (23) we have

P(y; xl;”) Z/L(y;z)PF(z) <$1—;x2> dz <
D

1
[ 22 Pry ez + 5 [ L(wi2) Prg (22) s =
D D

1
< =
-2

= %P(y;xl) + %P(y;:pz), Vi, zo € R™.
So, P (y;x) is positive-homogeneous convex and continuous with respect to x € R™.
Then for any y € D there exists a unique convex bounded set W = W (y) C R™
such that P (y;x) = Py (y) (v), z € R™ i.e. W = W (y) is the solution of problem
(21),(22). Then from (18) it is clear that the convex closed, bounded, set U = U (y)
is the solution of problem (6),(7). The theorem is proved.

The domain of the function (or of the function of the set) U = U (y) is called
harmonic in domain D C R", if U € C? (D) and at each point y € D satisfies the

Laplace equation
AU (z) =0, z € D.
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Theorem 3. (Maximum principle). Let U = U (y) be a harmonic function
m D, UeC (ﬁ) ,and U (§), £ € S be a convex, closed, bounded set. If there exist
convex sets Gy, G1 C R™ such that

GoCcU(&) Cc Gy, VEES, (24)

then for any y € D
Go C U (y) C Gy.

Proof. By condition of theorem 3, U ({) = G(§) € M, £ € Sie. U=U(y) is
the solution of problem (11),(12). Then by theorem 2, U (y) € M, Yy € D. So, the
support function Py, (z) of the set U (y) is the solution of problem (13),(14). By
condition (24) [8,13]

PO(«T)SPU(g)(ZL‘)Spl(JJ), VIGRm, Ees.

Here Py (x) , P; (x) is a support function of the set Gy, G1 C R™. Using the maximum
principle [11], we see that for any x € R™

Py (z) < Py (x) < Pi(x), yeD.

And this shows that [8,13]
Go C U (y) C Gy.

The theorem is proved.

5. Generalized solution of the first boundary value problem. Now let
FeLy(D), G € Ly(S) and domain F (y), y € D and G (§),£ € S be convex and
bounded. The condition F' € L (D) means that the support function Pp,) (x) of
the set F (y) belongs to Ly (D), i.e. Pr, (z) € L2 (D), Yz € R™.

Theorem 4. Let foranyy € D and £ € S F (y),G (§) be closed convex bounded
sets, R™ and F € Ly (D), G € La(S). Then there exists a unique domain of the
function U € W (D) of solution of problem (6),(7) and almost for all y € D this
solution is a closed convex bounded set.

Proof. As we have noted above, we can write problem (6),(7) in the equivalent
form

AP (y;x) = Pry) (z), y € D, (25)

P () = P () €€5. (26)

It is known that for any x € R™ the solution of problem is (25),(26) P (-;x) €

W} (D). Tt is clear that P (y; z) is positive-homogeneous and continuous with respect

to x € R™. Then we can show that P (y;x) is a convex function with respect to x €

R™. For that it suffices to take the sequence of closed bounded sets F, (y), y € D
and G, (€),& € S satisfying the conditions of theorem 2 such that

max || Pr, () () = Prgy) (2)]] ,p) = 0,
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max | Perne) () — Pee (iL')HL2(S) — 0, as n— o0

Then the solution of problem (6), (7) the sequence of the domain of the function
U, =U, (y), for all y € D is a closed convex bounded set and

Thax [Po. ) (@) = P <'7$)HW21(D) — 0.

Hence it follows that P (y;x) is a convex function with respect to x € R™. Then
for any y € D there exists a unique convex bounded set U = U (y) C R™ such that
Py (2) = P (y;2) € Wy (D), € R™ie. U € Wy (D) is the solution of problem
(6),(7)-

The theorem is proved.
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