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ABSTRACT. The first aim of this paper is to illustrate numer-
ically that the Dirichlet-to-Neumann semigroup represented
by P. Lax acts as a magnifying glass. In this perspective, we
used the finite element method for the discretization of the
correspondent boundary dynamical system using the implicit
and explicit Euler schemes. We prove by using the Cher-
noff’s Theorem that the implicit and explicit Euler methods
converge to the exact solution and we use the (P1)-finite el-
ements to illustrate this convergence through a FreeFem-++
implementation which provides a movie available online. In
the Dirichlet-to-Neumann semigroup represented by P. Lax
the conductivity v is the identity matrix I,,, but for an other
conductivity «, the authors of [3] supplied an estimation of
the operator norm of the difference between the Dirichlet-to-
Neumann operator A, and A;, when v = I, and § = 1
near the boundary 9 (see Lemma 2.1). We will use this
result to estimate the accuracy between the correspondent
Dirichlet-to-Neumann semigroup and the Lax semigroup, for
f e HY2(0Q).

1. INTRODUCTION.

The semigroup character of a magnifying glass is intuitively quite obvious.
From an optical point of view, the magnifying glass has to leave the viewing
object unchanged if we look at it from a zero distance, while if we look at it from
a distance t, and then from a distance s, it is as if we looked at it from a distance
t + s. That is the semigroup character of a magnifying glass. Surprisingly, in his
book [10, 36.2|, P. Lax constructs an example of a (Cy) semigroup who acts in
the same way. He takes the Banach space X = C(S™!), the space of continuous
functions f on the n—1 dimensional unit sphere or X the Hilbert space L?(S™1).
For each such function f there is a uniquely determined harmonic function wu,
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called the harmonic lifting of f in the n-dimensional unit ball B which satisfies
the following system:

{Au:O, in B, (1.1)

w(w) = f(w), win S"L
The Lax semigroup is defined by
"™ f(w) =u(e™w) forwe S"L (1.2)

In [10, 36.2 Theorem 1] it is shown that e=*t forms a compact (Cj) semigroup
on X. Furthermore if u is the harmonic lifting of f, then

lim [le”™ f — u(0)||x = 0. (1.3)
t—00

In fact for any f € X = C(S™"1), 1.3 is clear, since u is uniformly continuous.
For f € X = L?(S™ '), we can take for simplicity n = 2 and the Fourier series
expansion of f. The unique harmonic lifting of f in S™~! can be expressed as

= 50 + ;rk (ay cos kO + by, sin k6).

By replacing the Fourier coefficients by their integral expressions

1 2 1 2 ‘
= _/ f(¢) coskpdp, b = — / f(¢) sin kpdgp
T Jo T Jo
and using the identity

1—r2

k
1+22r cosk(0 — @) = 1 —2rcos(6 — ¢) + r?

k=1

we get the Poisson integral expression of u

I 1—r?
ulr,9) = o /0 1—2rcos(d — o)+ r2f(¢)d¢'

Since u(0) = = 0 " f(¢)do, we get

o
2 L B 1L P 2e7(cos(f — @) —eh) 2
| ety —uoypan = [ [T RO s

Now, for any € > 0 and any (6, ¢) € [0, 27]?, we can take ¢ large enough such that

2¢ ! (cos(f—¢)—e 1)
1—2e~t cos(0—¢)+e—2t

< e. Consequently, by using the Cauchy-Schwarz inequality,
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one has

21
Je™f — u(0)]% = / (e, 0) — u(0)do
0

c 2m 2m
<o [ (] 1roao)
which proves (1.3).

In each stage of the convergence (1.3), if we take f;(x) = u(e~'z) as a function
on the boundary, then according to the semigroup law e f,(z) = u(e~*+9)x),
this is just like taking a magnifying glass and going to the center of the disc. For
visualization of this phenomena compare the Figures 1, 2 and 3, which present
the Lax semigroup at time t = 0,t = 0.5 and t = 2. At the end of the paper an
internet address supplies the movie of this phenomena.

In [4], the authors showed that the Lax semigroup is in fact the Dirichlet-to-
Neumann (DtN) semigroup, when the domain €2 is the ball B and the conductivity
matrix, which will be defined later, is the identity matrix. To see this let us define
the DtN semigroup in its whole generality as in [7]. We consider a bounded
smooth domain  C R", and 7 an n X n symmetric matrix with smooth (for the
simplicity of the exposition we take v € C*°(Q2)) real elements in 2 which has
uniformly bounded positive eigenvalues, i.e., there exists 0 < ¢; < ¢ such that
for every x € Q2 and £ € R”,

allgl* < €7 (2)¢ < eall€]”.

This matrix is known as the electrical conductivity. Let X := L?(Q) or C(Q) and

let the corresponding boundary space be 90X := C(99Q) or L*(952). We solve the
following Dirichlet problem

2

2T
df < 2me /0 |f(9)Pdg,

{V(wu):o, in Q, 14)

u=f, on 0f2.

For any f € 0X, we write v = L, f. Such a function is called the y-harmonic
lifting of f and L. the y-harmonic lifting operator. The function u represents the
electrical potential where this potential on the surface of the substance is f and
the substance is in electrical equilibrium. Now define the action of the generalized
DtN operator on f as the normal outward derivative of u on the boundary, i.e.,

A = (V) o

In other words, we define A, := v(y) - 7YV L, where v(y) is the unit outer normal
vector at y € 0€2, and A, is called the DtN operator. In the simplest case where
~ is the identity matrix, we denote these operators by Li, the harmonic lifting
operator, and Ay, the corresponding DtN operator.
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We consider A, as an unbounded operator on X with the domain,
D(A,) ={fe€0X A fecoX}.
See |1, 6, 12| for various properties of this domain. The operator —A, generates an
analytic compact semigroup of contractions on these spaces, C(9€) and L*(99).
This semigroup can be identified as the trace of the solution to the following
problem with dynamical boundary conditions:
V- (yVu(t,-)) =0, foreveryte RT, in Q,
ou+v-yVu=0, foreveryte R", on 0f, (1.5)
u(0,-) = f, on OS2
In fact, by taking the trace of this solution (see 1] for uniqueness) and denoting
it by u(t,z we can also define the DtN semigroup as,

e M=tz

o

)‘aﬂ, for every f € 0X.

It is easy to see that the L?(9Q) version of A, is selfadjoint and nonpositive,
and hence A, generates also an analytic semigroup of maximal angle /2. Further
properties such as contraction, compactness, positivity, irreducibility and Markov
character of e=* can be found in [12] and [4]. In |7], J. Escher showed that the
operator A, generates also in C'(02) an analytic semigroup of some positive angle
6.

In the sequel, we are particularly interested in the case where v is the identity
matrix [,,, so u will satisfy the following system.

Au(t,) =0, for every t € RT, in Q,
Ou+v-Vu=0, foreveryte R, on 99, (1.6)
u(0,-) = f, on OS).

In this case K.-J. Engel [6] showed that § = /2 even for the C(2) version of A,.
This proves that for Q = B, we get (1.1) and in this case the DtN semigroup is
the one given by (1.2). The main advantage of the Lax representation is that it
is only necessary to solve the problem (1.1) in order to calculate the action of the
semigroup in all times. In [5], it is shown that the Lax representation is optimal
in the sense that for v = I,,, the domain (2 should be a ball in R".

The first aim of this paper is to illustrate numerically the action of the Lax
semigroup and perhaps this permits to have an overview of the above open ques-
tion. For achieving this, we used the finite element method for the discretization
of (1.5). The program is performed by FreeFem-+ language (see [9]). This
discretization is accomplished by using the implicit Euler scheme for the general
case; i.e. < is not a constant multiple of the identity matrix but a function
times the identity matrix. Thus, we have also to resolve the problem of accuracy.
Since for § = 1 in whole B we have an explicit representation of the semigroup,
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it is convenient to consider a net 3, which converges to 1 as & — 0 and to check
the numerical accuracy.

In [3], it is written that, although the following result may be considered well-
known, due to lack of a suitable reference we present a full proof for the reader’s
convenience. In this result the authors show that if the conductivity v = 1,
with 3 = 1 near the boundary then one can estimate [|Ay — A1l zg1/2(90), 1500
with respect to || — 1||~(q). In the next section we cite again this result and
we use it in order to compare A; with the general Dirichlet-to-Neumann operator
with 8 = 1 near the boundary; this estimation implies a strong estimation in
0X norm for the difference between e~* and e~**t which directly depends on
|8 = 1| (). As a consequence of this result, theoretically, the closer § is to 1,
the closer e 7" is to e7*M. This shows the geometrical effects of the conductivity
on the structure of the Dirichlet-to-Neumann semigroup.

The third section is divided into three parts. The first part is devoted to the
Euler implicit scheme for our problem. To prove the convergence we construct
an approximating family {V () };+>o and we use the Chernoff’s product formula in
order to theoretically prove the convergence in L?(0f2). Contrary to the explicit
formulation (see [5, section 4]), here we do not have an explicit representation of
V(t). So we explicitly construct its left-inverse W (t) and we define V() as the
right-inverse of W (t). After proving the convergence, we use the finite element
method via its variational formulation in order to numerically solve this problem.
The second subsection is devoted to the explicit Euler scheme and we show why
this method cannot be resolved by its variational formulation. Finally, in sec-
tion 3.3, we consider an initial-boundary condition example which has a known
harmonic lifting and we construct via Lax representation the solution at time
t = 0.5. Then we define a conductivity function v, = (.1, such that g, — 1,
when a — 0 and we numerically illustrate that in this case e v — e7tA1,

2. COMPARISON OF THE SEMIGROUPS.

In this section we show that if v = #1I, and § = 1 in a neighborhood of 02,
then for 0 <t < T and any f € H'/?(99Q) we have

le™™ f — e ™ fllr200) < CrllB = 1|10,

where the constant C depends on T', f and the constant C' in (2.1). The proof
of this estimation is a straightforward consequence of the following lemma which
has been proved in [3].

Lemma 2.1. Let f € C®(Q) be a positive conductivity satisfying B = 1 near
0N, then for all s € R, the following estimate holds

Ay = Ml ez o0y, me00) < CIB — 1|L=@), (2.1)
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where the constant C' depends on s, ), the ellipticity constant of v and the support
of B — 1.
Now we are able to prove the main theorem of this section.

Theorem 2.1. For 3 = 1 near 0Q such that 3 € C>®(Q) and f € HY?(0Q),
there exists a constant Cr depending on the ellipticity constant of v, f and T
such that

le™™ f — 7™ fll1200) < Cr|B = 1]l =),
for all t € 0,T].

Proof. One can readily write

d

t
e—tAq,f i e—tAlf — /0 %(e(s—t)Al e_SAVf)ds

t
= / els=OM (A — Aﬁ,)e_SA”fds
0

Since the semigroups e ** and e~* are the analytic and contraction semi-
groups, then for any f € H'/2(0Q) we have e~ f € H'/2(98) and we get

tA

t
He—t/\wf _ e_tA1f||L2(aQ) < / ||(A1 - A“/>e_SAWfHL2(aQ)d8
0
< O7||B = 1|z~

where Cr = C'Mp, with

t
Mr = sup / ||e_SA”f||H1/2(8Q)dS'
tefo,1] Jo

3. NUMERICAL RESULTS

Here we are going to approximate the Dirichlet-to-Neumann semigroup by
means of Chernoft’s Theorem. Let us recall this Theorem which is proved in [2].

Theorem 3.1 (Chernoft’s product formula). Let X be a Banach space and
{V(t) }i>0 be a family of contractions on X with V(0) = I. Suppose that the
derivative V'(0) f exists for all f in a set D and that the closure A of V’(O)}D
generates a (Cy) semigroup S(t) of contractions. Then, for each f € X,

t\"7
lim v(g) f=SWf,

n—o0

uniformly for t in compact subsets of RT,
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This procedure was achieved in [4] by choosing the approximating family
V() f](x) = u(e®®z), where |[#| = 1 and Q = {x € R" : |z| < 1}. In [5]
the approximation family {V(¢)};>0 is chosen for the Euler explicit scheme, with

A= a)u(z) + au(z — a ty(z)v(z)), 0<t < aT,
Vif(z) = {V(aT) (), t>al,

where v = L, f and x € 0. By using Theorem 3.1, it is proved that the following
Euler explicit scheme

(3.1)

div(yVu™) =0 in Q,
(EES) ~7 (umtt —um) + %f: =0 on 09,
ul = f on Of).

converges to the solution of the problem (1.5).

For the Euler implicit scheme one can provide a variational formulation pro-
grammable in finite element method of the problem.

For this purpose we replace the time derivative by

a(mAt, x) é (v (z) —u™(z)), forz€dQ, andm=0,---,[T/At],

where u"(z) = u(mAt, x). So, the Euler implicit scheme for the discrete bound-
ary dynamical system can be written as

div(yVu™ ) =0 in Q,
(EIS) A (umH —um) + 2 — 0 on O,
u = f on Of.

Since any x with |z| = 1 belongs to 0f2, we have

ou™t N (x) — ™ (@ — Awy(x)r)

~ 2
ov, Ax (32)
By replacing (3.2) in (EIS), we get
At m+1 At m+1 _.m
(1 + A_:E) u™ " (x) Al (r — Azy(x)x) = u™(z). (3.3)

Now let 0 < o < 1 be a parameter. Since 3(x) > C~! everywhere x € 09,
there exists 7' > 0 such that for all t < T, we have z — ty(x)v(z) € Q. We may
construct a family of operators in .Z(L*(9€)) as follows. Set

(1+ a)u(z) — au(z — a ty(z)v(x)), 0<t<al,

W(aT)f(x), t > aT, (3:4)

W(t)f(x) = {
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where u is the y-harmonic lifting of f. By taking o = % we can write (3.3) as
W (AH) U™ (x) = u™(x). (3.5)
Now we define the family V' (¢) as the inverse of W (t) in the following sense
WV (@) f(x) = f(x), (3.6)

and we show that V (t) satisfies all the assumptions of Chernoff’s product formula
in X = L?(0) with ||| = ||.|l20)-
(1) V(0)f = f. Since for any x € 02, we have W(0)f(z) = u(x) = f(x),
(3.6) shows

fx) = WO)V(0)f(z) = V(0)f(x).
(2) V'(0)f = —A,f. The derivative of W (t) with respect to ¢ is
W'(t)f = Vu(z — o™ 'ty(x)z)y(x)z
and at point t = 0 we have W/(0) f = A, f. Furthermore, the derivative of
(3.6) gives W/(t)V (t) + W (t)V'(t) = 0 and its evaluation at ¢ = 0, yields
A f+V'(0)f =0.
(3) V() is of contraction. Let us first retrieve a lower bound for W (t) in
L%(09). In fact

W) F2 = /m lu(z) + a (u(@) — ulz — a " ty(2)2) [ do.

Since (u(z) —u(x — a~ty(z)r)) /a~! is an approximation of the normal
derivative Ju/dv.,, so according to Hopf’s Lemma (see [8]), this term is
positive and consequently

/m u(z) + o (u(z) — u(z — o 'ty(z)z)) ‘2 do > /E)Q lu(z)|” do

which implies that ||V (¢) f|| > || f||. This implies that || f|| = |[W &)V (¢)f||
IV f-

So we have proved that V(t) satisfies all the assumptions of Chernoff’s prod-
uct formula and consequently the implicit Euler scheme converges to its exact
solution.

The variational formulation of this problem can be obtained by multiplying
both sides of the dynamic boundary condition by a test function v and by using
the divergence theorem, we get

aum—l—l

/7Vum+1Vvdx —/ Y vdo = 0,
Q N on

/AtnyumHVvd:c—i-/ um“v—/ uvdo = 0, (3.7)
0 B o9

that is

Vv
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which is of the form
a(u™ v) = £(v),
where
a(u™ v) = / AtyVu™ M Vodz + / u"Moudo
Q o9
is the bilinear form with the unknown of the problem ™"

l(v) = / uvdo
o9

is a linear form. This variational formulation can be resolved by finite elements
implemented in FreeFem-++ and the result is illustrated in the following subsec-
tion.

L and

3.1. Numerical illustration. We begin by taking the initial function h(z,y) =
22 + y on the boundary. The Dirichlet problem

Au =0, in §2
u = h, on Of)

admits a unique solution u(z,y) = h(z,y) — g(x,y), where g(z,y) = (2> +y* —
1)/2. Since g = 0 on the boundary of Q, Ah = 2 and Ag = 2. So the solution
will be

w(z,y) = (2 —y*)/2+y+1/2. (3.8)
The peculiarity of this function is that on the straight lines y = —x + 1 for
(r,y) € Ry xRy and y =z + 1 for (z,y) € R_ x Ry one has u =1 (see Figure
1)

Now we include the potential v # 1. Define 7, as

(2.4) = 14+ aexp((—5 + 22 +y*) ™) if 2?+y? < 4,
TolH ¥ 1 if at2+y22%.

We remark that 1 — 4, has its support in the disc D := {z € C : |z| < 3/4},
furthermore |1 — 7a|r(0) = @e™%%, hence in order to justify our Theorem 2.1,
we have to move « towards zero and observe the convergence of the solution to
the exact solution given by (3.8). This is done in the subsequent Figures. Figure
4 to Figure 7 respectively illustrate the solution for e =300, 50, 10 and 0.1.

The calculations are performed via variational formulations described as above.
We take 50 points on the circle 92 and the domain inside is triangulated with
Lagrange P, finite elements. The visualization is drawn indicating the isovalues of
the finite element solution. We note the similarity of the exact solution (Figure
2) with the finite element solution for a = 0.1 (Figure 7). To illustrate this
similarity we have computed at the end the difference between this solution and
the exact solution in Figure 8.
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(x12-y"2)/24y+05

Figure 1. Initial data
u(0,z,y) = (z° = y*) /2 +y +1/2

U_0(05.xy)

Figure 2.  The exact solution at time ¢ =0.5
u(0.5,z,y) = ((exp(—0.5)z)? — ((exp(—0.5)y)?)/2 + exp(—0.5)y + 1/2.

U(20x,y)=0.5*((Xp(-2)"X)"2-(eXp(-2)y)"2)+exp(-2)'y+0.5

|||||||

Figure 3. The exact solution at time ¢t =2
u(2,2,) = ((exp(~2))? — ((exp(~2)y)?)/2 + exp(~2)y + 1/2.

Finally for illustrating the first part of this paper we have performed a movie
with mp4 extension which is available online in
http://www.math.univ-metz.fr /~jmse /Emamirad
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Here we have taken the boundary function f(z,y) = z* + y?sin(27y), and 30
seconds after starting the movie res.mp4, we observe that we make a close-up of
the center and that we approach the values of

1

T or

2
u(0) / (cos 6 + sin® O sin(27 sin ) df = 0.375
0

U_30005x3) U s005xy)

sovae

Figure 4. Solution for o = 300 Figure 5. Solution for a = 50

U_1005xy) U0105xy)

Figure 6. Solution for a =10 Figure 7. Solution for o =0.1

IsoValue

W0.000308637

Figure 8. Error between u.;, and g1
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