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Abstract: This article develops duality principles and numerical results for a large class of non-convex
variational models. The main results are based on fundamental tools of convex analysis, duality theory
and calculus of variations. More specifically the approach is established for a class of non-convex
functionals similar as those found in some models in phase transition. Moreover, we develop a
general duality principle for quasi-convex relaxed formulations for some models in the vectorial
calculus of variations. Concerning applications of such results are presented for a non-linear model
of plates and for non-linear elasticity. Finally, in some sections we present concerning numerical
examples and the respective softwares.
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1. Introduction

In this section we establish a dual formulation for a large class of models in non-convex
optimization. It is worth highlighting the main duality principle is applied to double well models
similar as those found in the phase transition theory.

Such results are based on the works of ].J. Telega and W.R. Bielski [1-4] and on a D.C. optimization
approach developed in Toland [5]. About the other references, details on the Sobolev spaces involved
are found in [6]. Related results on convex analysis and duality theory are addressed in [7-13].

Similar models on the superconductivity physics may be found in [14-16].

At this point we recall that the duality principles are important since the related dual variational
formulations are either convex (in fact concave) or have a large region of convexity around their critical
points. These features are relevant considering that, from a concerning strict convexity, the standard
Newton, Newton type and similar methods are in general convergent. Moreover, the dual variational
formulations are also relevant since in some situations, it is possible to assure the global optimality of
some critical points which satisfy certain specific constraints theoretically established.

Among the main results here developed, we highlight the duality principles for the quasi-convex
formulations in the context of the vectorial calculus of variations. An important example in non-linear
elasticity is addressed along the text in details.

Also, for the applications in physics in the final sections, we believe to have found a path to
connect the quantum approach with a more classical one in a unified framework.

Indeed, we have presented a path to model a great variety of chemical reactions through such a
connection between the atomic and classical worlds.

Finally, in this text we adopt the standard Einstein convention of summing up repeated indices,
unless otherwise indicated.

In order to clarify the notation, here we introduce the definition of topological dual space.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Definition 1 (Topological dual spaces). Let U be a Banach space. We shall define its dual topological space, as
the set of all linear continuous functionals defined on U. We suppose such a dual space of U, may be represented
by another Banach space U*, through a bilinear form (-, -)y; : U x U* — R (here we are referring to standard
representations of dual spaces of Sobolev and Lebesgue spaces). Thus, given f : U — R linear and continuous,
we assume the existence of a unique u* € U* such that

flu) = (u,u*)y,Vu € U. (1)
The norm of f , denoted by || f ||+, is defined as

[ fllur = sup{|(u, u*)ul : [Jullu <1} = [[u*|u- (2)
uel

At this point we start to describe the primal and dual variational formulations.

2. A General Duality Principle Non-Convex Optimization

In this section we present a duality principle applicable to a model in phase transition.

This case corresponds to the vectorial one in the calculus of variations.

Let () C R” be an open, bounded, connected set with a regular (Lipschitzian) boundary denoted
by 0Q.

Consider a functional | : V — R where

](u) = F(VM1,' o /qu) +G(u1/' t ,MN) - <ui/hi>L2'

and where

F(Vuy, -, Vi) = /Qf(wl,- - Vi) dx

f:RN*" — R s a three times Fréchet differentiable function not necessarily convex. Moreover,
V={u=(uy, - ,un) € WPRN) : u=uyonaoQ},

h = (l’l1,- . /hN) € LZ(Q;RN), and 1 < p < Hoo.
We assume there exists & € R such that

=
Furthermore, suppose G is Fréchet differentiable but not necessarily convex. A global optimum
point may not be attained for | so that the problem of finding a global minimum for | may not be a
solution.
Anyway, one question remains, how the minimizing sequences behave close the infimum of J.
We intend to use duality theory to approximately solve such a global optimization problem.
Define Vy = W&’Z(Q; RN) and

Vo(u) ={p € Vy : supp¢ C B(u)},
where
B(u) = {x € O f*(Vu(x)) < F(Vu(x))}.

Moreover, Y| = Y{ = L2 (Q;RN*"), Y, = Y5 = L2((; RN*"), Y3 = Y5 = L2((; RN), so that at
this point we define, F; : Vx Vg = R, G1: V=R, G : V>R, G3:Vy > Rand G : V = R, by
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F(,¢) = F(Vui+ V-, Viy +Vy) + /Vu] Vu; dx
K>

+2 /Q Vi - Vb dx 3)

and K
Gi(ug, -+ ,un) = G(uy, -+ ,un) + 71/ uj ujdx — (u;, fi)12,

Go(Viuy, -+, Vi) = /Vu VY dx,

Gs(Vg, -+, V) = = / Ve - Vg, dx,
and

K
Ga(uy, -+ ,un) = %/Quj uj dx.
Definenow J; : V x Vj — R,
Ji(u, @) = F(Vu+ V) + G(u) — (ui, hi) 2.

Observe that

J1(u, §) Fi(u,¢) + Gi(u) = Go(Vu) — G3(V¢) — Gy(u)

< R(w¢)+Gi(u) = (Vu,z) 2 — (Ve,23) 12 — (1, 23) 2
+ sup {(v1,27)2 — Ga(v1) }
”(71€Y1
+ sup {(v2,23) 12 — G3(v2)}
€Yy
+sup{(u,z3) ;2 — Ga(u)}
ueV

= F(u,¢)+Gi(u) = (Vu,z1) 12 = (Vo,23) 12 — (1, 23) 2
+G;(21) + G3(23) + G4 (23)
= Ji(uw¢z"), )
VueV, ¢ c Vy(u), 25 = (z],25,23) € Y" =Y x Y5 x Y5,

From the general results in [5], we may infer that

inf J(u,¢) = inf Ji (1, ¢,2"). 5)

(u,9)€VxVy(u) (1,9,2*) €V Vy(u) x Y*

On the other hand

inf[() > inf Ji(ug).

uev (1 p)EVx Vo (u)

From these last two results we may obtain

f inf “(u,d,z%).
L}gv](u) (1) €V x V(1) XY Ji(w¢.2")

Moreover, from standards results on convex analysis, we may have
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inf Ji(u,¢,2%) = L;lg‘f/{Fl(M,@ + G1(u)
—(Vu,zy) 2 = (V§,23) 12 — (1, 23) 2
+G(21) + G3(z3) + Gy (23) }

= sup {—F(v] +21,¢) - Gi(v3 +23) — (V§,2)2
(v,v3)€CH

+G;(z1) + G3(23) + G4 (23) }, (6)
where
C*={v" =(v],v3) €Y7 x Y3 : —div(v]); + (v3); =0,Vi€ {1,--- ,N}},

Fi (o1 +21,¢) = Sug{@t, —div(z1 +071))12 — Fu(w,9)},
ue

and

Gi(v3 +23) = sug{w, 03 +23)p2 — Gi(u)}-
ue

Thus, defining
J2(¢,2%,0") = Fi (v1 +21,9) = G1 (02 +23) = (V,23) 12 + Ga (21) + G3(22) + Gy (23),

we have got

inf J(u) > inf Ji(u,¢)

uev (,9)€VXVy

- inf  Ji(n6,2)

(up,z*) €V X Vo (u)xY*

= inf { inf S,z 0%) b 7
Z&gy*{q}gvo{vggg J2 (9,20 )}} ?)

Finally, observe that

inf J(u)

ueV

> inf inf sup J5(¢,z*,v*
- z*eY* {(pEVg(M) {U*GI(?* ]2 (¢ ) } }

> sup {( o) inf ](cpz v )} (8)

v*eC* GY*XVO

This last variational formulation corresponds to a concave relaxed formulation in v* concerning
the original primal formulation.

3. Another Duality Principle for a Simpler Related Model in Phase Transition with a Respective
Numerical Example

In this section we present another duality principle for a related model in phase transition.
Let Q = [0,1] C R and consider a functional | : V — R where

2/ Z_1)2dx+ 2 /u dx — (u, f) 12,

and where
V={ueW"Q) : u(0) =0and u(1) =1/2}

d0i:10.20944/preprints202302.0051.v88
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and f € L2(Q).
A global optimum point is not attained for | so that the problem of finding a global minimum for
J has no solution.
Anyway, one question remains, how the minimizing sequences behave close the infimum of J.
We intend to use duality theory to approximately solve such a global optimization problem.
Denoting Vo = Wy*(Q), at this point we define, F: V — Rand F; : V x Vj — Rby

F) =5 [ (P =17 ax,
and 1
Fi(n,g) =5 [ (0 +9/)2 1) dx.

Observe that

F > inf F V.
()= inf Fiu9), Vu e

In order to restrict the action of ¢ on the region where the primal functional is non-convex, we
redefine a not relabeled
Vo = {4> eWH(Q) : (¢)2—1<0,in Q}

and define also
F:VxVy— R,

F:VxVy—=R

and
G:VxVy—R
by
1 1
F(u,¢) = 5 /Q((u’ +¢)?—1)%dx + 5 /Q u? dx — (u, f)2,
K N2
F(u,¢) = Fz(u,¢)+§/0(u) dx
+% (9) dx 9)
and
K /
G(u,¢) = E/Q(u)zdx
+% | (9) dx (10)

Denoting Y = Y* = L?(Q) we also define the polar functional G* : Y* x Y* — R by

G (v%v) = sup {(u,0") 2+ (9, 09)12 = G(u, @)}

(M,¢)€VXVO
Observe that
: f > : f G* *’ *\ , * _ , * P , .
L}QU](M) N ((u,tP)z(v*,vS;?EVxVox[Y*]z{ (7 06) = (w0012 = (@reg)iz + Bl 9))

With such results in mind, we define a relaxed primal dual variational formulation for the primal
problem, represented by J; : V x Vj x [Y*]2 — R, where

d0i:10.20944/preprints202302.0051.v88
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Ji(u, ¢, 0%, 05) = G*(v", 09) — (,0%) 12 = (¢, v9) 12 + F3 (1, )

Having defined such a functional, we may obtain numerical results by solving a sequence of
convex auxiliary sub-problems, through the following algorithm (in order to obtain the concerning
critical points, at first we have neglected the constraint (¢')> — 1 < 0 in Q).

Set K~ (0.1 and K1 =120.0and 0 < ¢ < 1.

Choose (u1,¢1) € V x Vp, such that |[u1]]100 < 1and [|¢; 100 < 1.
Setn = 1.

Calculate (v}, (v;)n) solution of the system of equations:

Ll S

a]ik(“nr(l’nr Vp,s (08>n)

Jv* =0
and
a]f(un,gbn,??;;, (Ué)n> —0
v}
that is e
oG* (v, (v5)n) 0y =0
ov*
wnd 9G* (03, (29)n)
Uy, (00)n B _
v} on =0
so that
oF = 9G (t4n, Pn)
n ou
and 3G( )
%\ % u ’
(eg); = g
5. Calculate (1,1, ¢,+1) by solving the system of equations:
O e, 1, ) _
Ju
and
a]f(unJrlranJrlrv;;/ (Ua)n) —0
o
that is OEs( )
% 3\ Un+1, (PnJrl _
v, + — 0
and
OF3 (Ui 1, Pny1)

~(o5)a + T2ist)

6. If max{|lun — ttys1llco, |Pn+1 — Pnlleo} < & then stop, else set n := n + 1 and go to item 4.

At this point, we present the corresponding software in MAT-LAB, in finite differences and based
on the one-dimensional version of the generalized method of lines.
Here the software.

334 3 34 o 3 o 3 3 S 3 S o S o e o e S e S
1. clearall

m8=300;

d=1/mS§;


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

7 of 319

K=0.1;

K1=120;

for i=1:m8

uo(i, 1) = i?+d/2;

vo(i,1)=i*d/10;

yo(i,1)=sin(i*d*pi)/2;

end;

k=1;

b12=1.0;

while (b12 > 107%3) and (k < 230000)

k=k+1;

for i=1:m8-1

duo(i,1)=(uo(i+1,1)-uo(i,1))/d;
dvo(i,1)=(vo(i+1,1)-vo(i,1))/d;

end;

m9=zeros(2,2);

m9(1,1)=1;

i=1;

f1=6x(duo(i,1) +dvo(i,1))> — 2;

m80(1,1,i)=-f1-K;

m80(1,2,i)=-1;

m80(2,1,i)=-1;

m80(2,2,i)=-f1-K1;

y11(1,i) = K* (uo(i +1,1) — 2% uo(i, 1)) /d*> — yo(i,1);
y11(2,i) = K1 % (vo(i + 1,1) — 2 x vo(i, 1)) /d%;

m12 =2+« m80(:,:, 1) — m9 * dz;
m>50(:,:,i)=m80(:,:,i)*inv(m12);

z(:i)=inv(m12)*y11(;,i)*d?;

for i=2:m8-1

f1=6x (duo(i,1) +dvo(i,1))> — 2;

m80(1,1,i)=-f1-K;

m80(1,2,i)=-1;

m80(2,1,i)=-f1;

m80(2,2,i)=-f1-K1;

y11(1,i) = K* (uo(i +1,1) — 2% uo(i, 1) + uo(i — 1,1)) /d*> — yo(i, 1);
y11(2,i) = K1 (vo(i +1,1) — 2% vo(i,1) +vo(i — 1,1))/d%
m12 = 2% m80(:,:,i) — m9 x d> — m80(:,:,i) * m50(:,:,i — 1);
mb0(:,:,i)=inv(m12)*m80(:,:,i);

z(:,1) = ino(m12) x (y11(:,i) * d> +m80(:,:,i) * z(:,i — 1));
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end;

U(1,m8)=1/2;
U(2,m8)=0.0;

for i=1:m8-1
U(:,m8-i)=m50(:,;, m8-1)*U(:,m8-i+1)+z(:,m8-1);
end;

for i=1:m8
u(i,1)=U(1,i);
v(i,1)=U(2,i);

end;
b12=max(abs(u-uo))
uo=u;

VO=V;

u(m8/2,1)

end;

for i=1:m8

y(i)=i*d;

end;

plot(y,uo)

B R S R

For the case in which f(x) = 0, we have obtained numerical results for K = 0.1 and K; = 120. For
such a concerning solution u( obtained, please see Figure 1. For the case in which f(x) = sin(7tx)/2,
we have obtained numerical results also for K = 0.1 and K; = 120. For such a concerning solution ug
obtained, please see Figure 2.

0.5

04r b

031 ]

02 ]

0.1 I I I I I I I I I

Figure 1. solution uy(x) for the case f(x) = 0.
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0.5

045 b

0.35 ]

031 ]

0.25 ]

0.2 ]

0.15 b

04 f 1

0.05 ]

Figure 2. solution ug(x) for the case f(x) = sin(7x)/2.

Remark 1. Observe that the solutions obtained are approximate critical points. They are not, in a classical sense,
the global solutions for the related optimization problems. Indeed, such solutions reflect the average behavior of
weak cluster points for concerning minimizing sequences.

3.1. A general Proposal for Relaxation

Let 3 C R” be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q).
Consider a functional | : V — R where

J(u) = F(Vu) + G(u) = (u, fr)12,

where
V= {u e WHQRY) 1 u=ugon aQ},

up € CH(,;RYN),

f1€ Lz(Q; RN ), G : V — R is convex and Fréchet differentiable, and
F(Viu) = /Q F(Vu) dx,

where f : RN*" — R is also Fréchet differentiable.
Assume there exists N € N such that

W, = {y eRV 4 (y) <f(y)} =uLw

where for each j € {1,--- , N} W; C RN*" i an open connected set such that dW; is regular. We also
suppose
W; N W =Q,Vj # k.

Define
Wi = {v; € WA QURN) ; Vo;(x) € W;, ae.in O}
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and define also

W={vo=(v1,---,vg) : vy e WjVje{L,---,N} and supp vj N supp vx = @,Vj #k}.

At this point we define
) f(Vu(x)+ Voj(x)), if Vu(x) e W,
s (u(x),0(x)) _{ A(Vu), i Vu(x) & Wy, ()
and
H(u) = 161}/5 /0115(u,v) dx,
where

W, ={veW : Vu(x)+ Voj(x) € Wj, if Vu(x) € Wj, ae.inQ, Vje{1,---,N}}.
Moreover, we propose the relaxed functional

Ji(u) = H(u) + G(u) = (u, fi)12.

Observe that clearly
inf J3 (1) < inf J(u).

ueV ueV

4. A Convex Dual Variational Formulation for a Third Similar Model

In this section we present another duality principle for a third related model in phase transition.
Let Q = [0,1] C R and consider a functional | : V — R where

T(u) = %/Qmin{(u'—l)z, (u’—i—l)z}dx—i-%/ﬂuz dx — (u, )12,

and where
V={uecW?Q) : u(0) =0and u(1) = 1/2}

and f € L2(Q).

A global optimum point is not attained for ] so that the problem of finding a global minimum for
] has no solution.

Anyway, one question remains, how the minimizing sequences behave close to the infimum of J.

We intend to use the duality theory to solve such a global optimization problem in an appropriate
sense to be specified.

At this point we define, F: V- Rand G: V — R by

F(u) = %/Qmin{(u’—l)z,(u’+1)2}dx

- %/Q(u’)zdx—/ﬂ|u’|dx+l/2
Fi(u)

(12)

and

G(u) = %/Quz dx — (u, f) 2.

Denoting Y = Y* = L2(Q) we also define the polar functional F} : Y* — Rand G* : Y* — Rby
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F @) = 21615{@,0*&2 - h(0)}
- %/Q(U*)Z dx+/0|v*\ dx, (13)
and
G*((v")) = ilell‘;{—(u/rv*hz—G(u)}
- %/Q((v*)’+f)2 dx—%v*(l). (14)

Observe this is the scalar case of the calculus of variations, so that from the standard results on
convex analysis, we have

inf J(u) = max {~F(v") = G"(~(2")")}.

Indeed, from the direct method of the calculus of variations, the maximum for the dual formulation
is attained at some 9* € Y*.
Moreover, the corresponding solution 1y € V is obtained from the equation

Finally, the Euler-Lagrange equations for the dual problem stands for

{ (0*)" + f' —v* — sign(v") = 0, in 0, (15)

(@)'(0) + £(0) =0, ()" (1) + f(1) = 1/2,
where sign(v*(x)) = 1if v*(x) > 0, sign(v*(x)) = —1,if v*(x) < 0 and
—1 < sign(v*(x)) <1,

ifv*(x) =0.

We have computed the solutions v* and corresponding solutions 1y € V for the cases in which
f(x) =0and f(x) = sin(mx)/2.

For the solution ug(x) for the case in which f(x) = 0, please see Figure 3.

For the solution ug(x) for the case in which f(x) = sin(7tx)/2, please see Figure 4.
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0.6

051

031

0.1

Figure 3. solution ug(x) for the case f(x) = 0.

0.6

051

04r b

02r b

Figure 4. solution u((x) for the case f(x) = sin(mx) /2.

Remark 2. Observe that such solutions uy obtained are not the global solutions for the related primal
optimization problems. Indeed, such solutions reflect the average behavior of weak cluster points for concerning
minimizing sequences.

4.1. The Algorithm through which We Have Obtained the Numerical Results

In this subsection we present the software in MATLAB through which we have obtained the last
numerical results.

This algorithm is for solving the concerning Euler-Lagrange equations for the dual problem, that
is, for solving the equation

(16)

(0*)" + f/ —v* — sign(v*) =0, inQ,
(©9)'(0) =0, (v7)'(1) = 1/2.
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Here the concerning software in MATLAB. We emphasize to have used the smooth approximation

0"~/ (0)2 +en,

where a small value for ¢; is specified in the next lines.
424243434 6 e 3 3 o o o 0 e 2 33 e e A A o e S e e

clear all

mg = 800; (number of nodes)
d=1/ms;

e; = 0.00001;

fori=1:mg

yo(i,1) = 0.01;

y1(i,1) = sin(mwr*i/mg)/2;

AN

end;
6. fori=1:mg—1

dy1(i,1) = (1 (i +1,1) —y1(i,1))/d;

end;
7. for k =1:3000 (we have fixed the number of iterations)

i=1;

hs =1/\/v0(i,1)? +ey;
mip = 14d? x hy + d?;
mso (i) = 1/m1p;

Z(l) = m50(i) * (dyl(i,l) * dz);
8 fori=2:mg—1

s =1/ /a0l 12 T ar
mip =2+ hy *d* +d*> — m50(i — 1);
m50(i) = 1/mqy;

z(i) = mso (i) * (z(i — 1) +dyy (i, 1) * d?);
end;

9. v(mg,1) = (d/2+4z(mg—1))/(1—mso(mg —1));
10. fori=1:mg—1

v(mg —i,1) = msg(mg — i) * v(mg — i + 1) + z(mg — i);

end;
11.  ov(mg/2,1)
12. vo=v;

end;
13.  fori=1:mg—1

u(i, 1) = (v(i+1,1) —0(i,1))/d + y1(i,1);

end;

14. fori=1:mg—1
x(i) =ixd;
end;

plot(x,u(:, 1))

bR R R R R R R R R R R
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5. An Improvement of the Convexity Conditions for a Non-Convex Related Model through an
Approximate Primal Formulation

In this section we develop an approximate primal dual formulation suitable for a large class of
variational models.

Here, the applications are for the Kirchhoff-Love plate model, which may be found in Ciarlet,
[17].

At this point we start to describe the primal variational formulation.

Let O C R? be an open, bounded, connected set which represents the middle surface of a plate
of thickness h. The boundary of (3, which is assumed to be regular (Lipschitzian), is denoted by 9().
The vectorial basis related to the cartesian system {x1, xp, x3} is denoted by (a,, a3), where « = 1,2 (in
general Greek indices stand for 1 or 2), and where a3 is the vector normal to (), whereas a; and a; are
orthogonal vectors parallel to Q). Also, n is the outward normal to the plate surface.

The displacements will be denoted by

a= {ﬁa, 123} = flga, + 1izas.
The Kirchhoff-Love relations are

g (1, %2, x3) = s (X1, X2) — X3W(X1, X2) &

and 123(3(1,3(2, X3) = w(xl,xz). (17)

Here —h/2 < x3 < h/2 so that we have u = (u,, w) € U where

u = {u = (1, w) € WI2((;R?) x W22(Q)),
u“:wz%’:o on o)}

= WA (OR?) x W2(Q).

It is worth emphasizing that the boundary conditions here specified refer to a clamped plate.
We also define the operator A : U — Y x Y, where Y = Y* = LZ(Q,' szz)’ by

Au) = {y(u),x(u)},

Uy + Ug, Waw,
'Yaﬁ(”): aﬁz 'Ba+ az ﬁ/

K“ﬁ(u) = —Wup-
The constitutive relations are given by
Nup(u) = Huprpvau(u), (18)
Ma‘g(u) = h“ﬁ)\ﬂ’()\ﬂ(”)' (19)

where: {H, B ,\y} and {h,x pAn = %H,X BAu }, are symmetric positive definite fourth order tensors. From

now on, we denote {Hygau} = {Hapry} ' and {aprn} = {haprn} -
Furthermore {N,g} denote the membrane force tensor and { M,z } the moment one. The plate
stored energy, represented by (G o A) : U — R is expressed by

(GoA)w) = 5 [ Nupl0)vap) dx+ 5 [ Map()eg(u) d 20)
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and the external work, represented by F : U — R, is given by
F(u) = (w, P>L2 + (U, sz>L2, (21)

where P, P, P, € L?(Q) are external loads in the directions a3, a; and aj respectively. The potential
energy, denoted by | : U — R is expressed by:

J(u) = (GoA)(u) — F(u)
Define now J3 : U — R by
Ja(u) = J(u) + J5(w).

where
Kbw

0 In(a) K3/2
In such a case fora = 2.71, K = 185,b = P/|P| in ) and

—K(bw—1/100)

dx +10 / Y
Q

]S(w) =10 ln(a) K3/2

U={uel : ||w|o<00land Pw > 0ae.in Q},

we get
z(u) 3I(u)+a]5(u)
ow  ow ow
_9J(u)
o + O(£3.0), (22)
and
*(u) 32](”)+32]5(”)
ow? T w2 ow?
%] (u)
s+ O(850). (23)

This new functional 3 has a relevant improvement in the convexity conditions concerning the
previous functional J.

2
Indeed, we have obtained a gain in positiveness for the second variation aa]u% ), which has
increased of order O(700 — 1000).
Moreover the difference between the approximate and exact equation

9] (u)
Jw

=0

is of order O(+£3.0) which corresponds to a small perturbation in the original equation for a load of
P = 1500 N /m?, for example. Summarizing, the exact equation may be approximately solved in an
appropriate sense.

5.1. A Duality Principle for the Concerning Quasi-Convex Envelope

In this section, denoting
Vi={p=¢(xy) e WHQxQGR?) : $=00nQx00},

we define the functional [; : U x V4 — R, where
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1 1
Jiw,¢) = Gi({wap}) + G2 <{§(u,x,5 +upgq) + Payy + Ew,,,‘wlﬁ}>
_<w,P>L2 - <1/l1x,Plx>L2. (24)
where 1
Gr({0ap}) = 5 | Maprutoaptoay d
and,

1 1
1 1 1
= 210 /Q /QHtxﬁAy E(ua,ﬁ +upn) + Puys (X, y) + 5Watp
1 1
X (E(”M‘ ) + Pay, (X y) + Ew,Aw,u) dx dy

We define also

Ja({ua}, ¢) = inf  Ji(u,¢),

weWy=(Q)
and

3({ua}) = ¢ig‘£1 J2({ua}, ¢).

It is a well known result from the modern Calculus of Variations theory (please, see [18] for details)
that

inf J(u) = inf Ja({ua}).
uel {ua}ewé’z(Q;Rz)

At this point we denote
Yy =Y =Y =Y; = L2(Q x O;RY)

and
Yo = Yy = L2(Q x (;R?).
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Observe that

J(u)
1 1
= Gl({w,zxﬁ}) + Gy ({Z(u,x,,g + Ll/gl,x) + (Pa,yﬁ + zw,,xw,ﬁ}>
—(w, P) 2 — (ua, Pa)p2
= Gl({w,txﬂ}) - <w,a/5/ Mtxﬂ>L2 + <w,u¢ﬁ/ szﬁ>L2

1
+@ /Q /Qw,l’é(x)/ th(x;]/) dx dy — (wl P>L2
1 1 )
_@/ / w4 (x), Qa(X,y) dx dy + G ({z(ua,,g + u,;,,x) + ¢a,y5 + Zw,awllg}>
1
lal / / ( (ttap + upa) + Puyy + zw“wﬁ> vap(¥,y) dx dy

1 *
|Q|//< u“5+u/5“)+¢”‘yﬁ+2w"‘wﬁ>'chﬁ(xry)dxdy—<ua,Pp¢>Lz
inf {—((03)ap, Map)12 + G1((v3)ap) }
v3€Y3

v

1
4+ inf {(wraﬁ, M“,g)Lz + @ /Q /Q W (x) Qu(x,y) dx dy — (w, P)Lz}

weWg?(Q)

. 1 .
o L et
1
+ / / ( Uy g+ U + v x,y)(v X, )
(v2, {ua})eszW”QRZ {|Q| wp + tpa) - Puyy ¥ 2( 2e(%,9)(02)p(x.Y)
vl o) dxdy— G, P+ 1 [ [ (00)a(0)Qury) dxdy
> —Gl(M)——ZIQI /Q/Q<v“ﬁ> Qu Qp dx dy——zml /Q/QH"‘ﬁAﬂvaﬁvM dx dy, (25)
VuelU, (M,Q) € C*,v = {v,s} € A" where A* = A7 N A; N B,

A7 = {{oip} €Y7+ (vjp)y, =0, inQ},

* * % 1 *
A} = {{vaﬁ} €Yy : o] (/Q Uap dy)
X

= {{vipt €Y7 : {ois(x,y)} is positive definite in O x O f .

+ P, =0, inQ},
B

and

X

C*:{(M,Q)EY;XYZ* : Maﬁ,zxﬁ* (/QQady) —P=0, inQ}‘

(T} = {0}

{Ha‘[%/\y } = {HIX‘B/\‘M }

Also

and

in an appropriate tensor sense.
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Here it is worth highlighting we have denoted,
Gi(M) = sup {{(v3)ap, Map);2 — G1(v3)}
U3€Y3
1 [ —
= 3 /Q hzxﬁ)\yMa,BM/\y dx, (26)
where we recall that
{haprn} = {haprn}
in an appropriate tensorial sense.
Summarizing, defining J* : C* x A* — Rby
* * * 1 %
F(MQ") = ~GiM) g [ (035) Qo Qpdrdy
1 T * *
7@/0/0[{""%”%!3%” dx dy, (27)

we have got

lnf ](M) Z Sup ]*((M/Q)/U*)
et ((M,Q),0*)eC* x A*

Remark 3. This last dual functional is concave and such a concerning inequality corresponds a duality principle
for the relaxed primal formulation.

We emphasize such results are extensions and in some sense complement the original duality principles in
the works of Telega and Bielski, [1-3].

Moreover, if ((Mo, Qo),v;) € C* x A* is such that

6] ((Mo, Qo), vp) = 0,

it is a well known result from the Legendre transform proprieties that the corresponding (uo, ¢o) € V x Vi such
that

(WO),zxﬁ = EDC,B/\# (MO)/\]U

and

(08)ap = Hapn ((uo)w 72L (10) 0 N (P0) Ay, ;L (90) N ;(UZO)A(UZO)O ,

(US)rxﬁ,yﬁ =0,

is also such that
5]1 (uOI 4)0) =0

and
J1(uo, ¢o) = J* (Mo, Qo), vp)-

From this and

infJ) = inf hwe)> s J(MQ),0),
ueV (u,p)eVxVy ((M,Q),v*)€C* x A*
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we obtain

= i f
J1 (o, o) (u,fp)lngl Ji(u, )

= sup J¥((M,Q),v")

((M,Q),v*)eC*x A*
= J*((Mo, Qo) vg)
= InfJ(u). (28)

Also, from the modern calculus of variations theory, there exists a sequence {u,} C V such that

uy — ug, weakly in'V,

and
J(un) = J1(uo, ¢0) = inf J(u).
ucV
From this and the Ekeland variational principle, there exists {v,} C V such that
[un = onllv < 1/n,
J(vn) < inf J(u) +1/n,
uev
and
6] (vn) |l < 1/n, ¥n €N,
so that
vy — ug, weakly in'V,
and

J(vn) = J1(uo, ¢o) = 32{/](“)-

Assume now we are dealing with a finite dimensional version of such a model, in a finite elements of finite
differences context, for example.
In such a case we have
v, — ug, strongly in RN

for an appropriate N € N.
From continuity we obtain

8] (vn) — 8] (1) = 0,
J(@n) = ] (uo)-

Summarizing, we have got

J(up) = inf J(u),

ueVv
6] (ug) = 0.

Here we highlight such last results are valid just for this finite-dimensional model version.

6. A Duality Principle for a Related Relaxed Formulation Concerning the Vectorial Approach in the
Calculus of Variations

In this section we develop a duality principle for a related vectorial model in the calculus of
variations.

Let O C R” be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q) =T..

d0i:10.20944/preprints202302.0051.v88


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

20 of 319

For 1 < p < 400, consider a functional | : V — R where

J(u) = G(Vu) + F(u) = (u, f)12,

where
V= {u € Wl"’(Q;]RN) U= up onBQ},

ug € CL(Q;RN) and f € L2(Q;RN).
We assume G : Y — Rand F : V — R are Fréchet differentiable and F is also convex.
Also

G(Vu) = /Qg(Vu) dx,

where ¢ : RN*" — R it is supposed to be Fréchet differentiable. Here we have denoted Y =
LP(Q; RN>m),
We define also J; : V x Y7 — R by
I, @) = G1(Vu+ Vy) + F(u) = (u, f)12,

where
Y; = W (Q x O;RY)

and

Gi(Vu+ V) = iy [ [ 8(Tux) + V() dx dy.

Moreover, we define the relaxed functional J : V — R by

Ja(u) = inf J(u,¢),

where
Vo={¢peY: : ¢(x,y) =0, onQ x 9O}

Now observe that

Ji(u,¢) = Gi(Vu+Vyp)+ F(u) — (u, f)2
= —|10|/Q/Qv*(x,y)~(Vu+Vy¢(x,y)) dydx+Gl(vu+vy¢)

+|10|/Q 9 () (Vu+ Vyg(x,)) dy dae+ F(w) = {1, )2

inf {—@/ﬂ/ﬂv*(x,y).v(x,y) dydx—l—Gl(v)}

veY,

T (U,(P)ig‘ngo {|(1)| /Q /Qv*(x,y) ~(Vu+Vyo(x,y)) dy dx + F(u) — (u,f)Lz}
= —Gi(v") —F" (diVx <|10|/Qv*(x,y) dy) +f>

1 x
+@ o (/Qv (x,y) dy) ® nug drI, (29)

v

V(u,¢p) € Vx Vy,v* € A*, where

A" ={v" eY; : div,o*(x,y) =0, inO}.
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Here we have denoted

Gf(v*):sup{|10|/Q/Qv*(x,y)~v(x,y) dydx—Gl(v)},

vEY)
where Y, = LP(Q x O; RN*"), Y5 = L1(Q x (; RN*"), and where
1 1
—+-=1
pq

Furthermore, for v* € A*, we have

F* (divx (|(1)| /Qv*(x,y) d]/> —|—f> - |10| o (/Q v*(x,Y) d]/> ® nug dT'

1 *
T pevay {_IOI /a /o” (x,y) - (Vu+ Vyp(x,y)) dy dx — F(u) + <u,f>Lz} , (30)

Therefore, denoting J5 : Y5 — R by

% k * * * : k 1 %
Ja(v*) = =G (v*) — F <d1vx (/Qv (x,y) dy) +f> + 1] Jaa </Qv (x,y) dy) ®nug dr,
we have got
inf (1) > sup J5(0%).

v*EA*

Finally, we highlight such a dual functional J; is convex (in fact concave).

6.1. An Example in Finite Elasticity

In this section we develop an application of results obtained in the last section to a model in
non-linear elasticity.

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 9Q).

Concerning a standard model in non-linear elasticity, consider a functional | : V' — R where

J(u)
1 uij+uj;i 1 g +uj; 1
= E/QHijkl <l]2]1 + Z”m,i”m,]’) <2]l + Zum,kum,z> dx
—(ui, fi)r2 (31)

where f € L>((;R3) and V = W&’z(Q;R3).

Here {H;jy; } is a fourth-order and positive definite symmetric tensor (in an appropriate standard
sense). Moreover, u = (uq,uy,u3) € V is a field of displacements resulting from the f load field action
on the volume comprised by ().

At this point, we define the functional J; : V x V; — R, where

Ji(u, )
1 uijtuj; Pyt Py 1
= 3q /Q /Q Hiju ( >t 5 i(um,i + Pmy;) (Um,j + Pmyy;)

ugi +uk | Pry T 1
X < 2 + A 2 %4 E(“m,k + Puy) () + Pmy,) | dx dy

—(ui, fi) 2, (2)
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where
Vi={pcW2Qx %R : ¢ =00nQ xo0}.

We define also the quasi-convex envelop of |, denoted by Q; : V — R, as
= inf ,P).
Q) = inf i(u¢)
It is a well known result from the modern calculus of variations theory (please see [18] for details),

that
inf J(u) = inf Qj(u).

ueV ueV

Observe now that, denoting Y1 = Y; = L2(Q x O;R%), Yo = Y5 = L?(Q x (;R3), and

uii+ui; Py Py 1
G1< - 2 ot ]2 +z(u'”fi+4’m'yi>(um'f+¢m’yj)>

1 uij+upi Pyt Py 1
= Hip (2~ (i Y (it .

ugg + e | Pry Py 1
x( o I S (et Py (g + Py, ) ) dx dy (33)

we have that

Ji(u, )

uijtui Py TPy 1
= G < ki > Iy > + Z(Mm,i+¢m,yi)(“m,j+¢m/y/)> — (ui, fi)2

1 uiit+up; Py TPy 1
— _|Q|/Q/Q( ”2 L 12 +z(um,i+¢m,yi)(um,j+¢mr]/j))Uijdxdy

uiit+up; Py TPy 1
+G1 ( L] 5 ]t + ] 5 + §<um’i +(Pm,yi)(um’]' +4)m,y]))

1 uii+up; Py TPy 1
+@ /Q/Q ( & 5 e 5 + §<”m,i + Py, ) (i j +4’m,yj)) oy dx dy — (u;, fi) 2

. 1
> Ulgl {_|Q| /Q /Qvijaij dx dy — G ({vij})}
+U;I€1£1 _@/0/0(02)ij Qjj dx dy+@/0/0 Tij E((UZ)mi(UZ)mj) dx dy
i ! oy (M T Py T P .
+ (u,¢)12‘£XVl {|()| ‘/Q /()(UZ] + Ql]) < 5 + 5 dx dy <ul/fl>L2
1 _
> _m /Q /Q Hijkl 0'1‘]‘ Okl dx dy
1 _
20 /Q /Q 0ij Qmi Qumk dx dy, (34)

V(u,¢p) € VxVy,(0,Q) € A*, where A* = ATNA;N A},

AT ={(0,Q) e i X Y] : 0yy, + Qijy; =0, in QA x O}

a3 - {w,Q)erfo i (L) + i (L) =0 ina},

]

d0i:10.20944/preprints202302.0051.v88
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A3 ={(0,Q) € Y] x Y] : {0y} is positive definite in O x Q}.

Hence, denoting

* 1 + 1 _
I(U,Q)Z*m/n/ﬂHijkl Tij O dXdy*m/Q/QUij Qmi Qui dx dy,

we have obtained

inf J(u) > sup J(c,Q).
ueV (U’,Q)GA*

Remark 4. This last dual functional is concave and such a concerning inequality corresponds a duality principle
for the relaxed primal formulation.

We emphasize again such results are also extensions and in some sense complement the original duality
principles in the works of Telega and Bielski, [1-3].

Moreover, if (09, Qo) € A* is such that

0J* (00, Qo) =0,

it is a well known result from the Legendre transform proprieties that the corresponding (ug, ¢o) € V x Vi such

that

ugr +upe Py, P, 1
(00)ij = Hiju ( > + =4 5 e+ E(”m,k + Py ) (U ) + Py,

and
(Q0)ij = (00)im(v2y)mjs
is also such that
6J1(uo,¢0) =0

and
J1 (o, o) = T* (00, Qo)-
From this and
inf J(u) = inf u,¢) > *(o,Q),
l}lélV]( ) (u,(p)lngVl I ) 2 (;;54*] (@Q)
we obtain
, = inf u,
J1(uo, ¢o) (u,gb)lngVl J1(u, ¢)
= sup J'(0,Q)
(0,Q)eA*
= J"(00,Qo)
= Infj(u). (35)
Also, from the modern calculus of variations theory, there exists a sequence {u,} C V such that
Uy — ug, weakly in 'V,
and

J(un) = Ji(uo, o) = inf J(u).
ueVv
From this and the Ekeland variational principle, there exists {v,} C V such that

|un —vully < 1/n,

d0i:10.20944/preprints202302.0051.v88
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J(on) < inf J()+1/n,

and
6] (vn)|lve <1/n, Vn €N,
so that
vy — ug, weakly in 'V,
and

J(0n) = Ji(uo, ¢o) = L}Iel‘f/](”)-

Assume now we are dealing with a finite dimensional version of such a model, in a finite elements of finite
differences context, for example.
In such a case we have
v, — g, strongly in RN

for an appropriate N € N.
From continuity we obtain

6](0n) — 6] (uo) = 0,
J(@n) = ] (uo)-
Summarizing, we have got

J(uo) = inf J(u),

ueV
5](1/1()) =0.

Here we highlight such last results are valid just for this finite-dimensional model version.

7. An Exact Convex Dual Variational Formulation for a Non-Convex Primal One

In this section we develop a convex dual variational formulation suitable to compute a critical
point for the corresponding primal one.

Let Q C R? be an open, bounded, connected set with a regular (Lipschitzian) boundary denoted
by 0Q).
Consider a functional | : V — R where

J(u) = F(ux,uy) = (u, f)r2,

V =W,?(Q) and f € L2(Q).
Here we denote Y = Y* = L2(Q) and Y; = Y; = L2(Q) x L?(Q)).
Defining
Vi={ueV : fulie < K}

for some appropriate K; > 0, suppose also F is twice Fréchet differentiable and

Yu € Vj.
Definenow F; : V = Rand F, : V — Rby

— € 2 € 2
Fy(uy,uy) = F(uy,uy) + 5 /Q us dx + 5 /Quy dx,

and . .
By (uy,uy) = 2 /Qui dx + 2 /Quﬁ dax,
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where here we denote dx = dxdx,.
Moreover, we define the respective Legendre transform functionals Fj and F; as
F (0") = (01,07) 2 + (v2,03) 12 — F1(v1,02),
where v1,v, € Y are such that
o — 9fi(01,02)
1 avl !
x 8P1 ('01, "02)
27 75 ’
2
and
F;(0") = (01,01 + fi)2 + (v2,03) 12 — F2(v1,02),
where v1,v, € Y are such that
0F(v1,02)
* —
Ul +f1 - 801 s
of = aPz(Zil, ”02)
2 avz ’
Here f; is any function such that
(fl)x = f, in Q.
Furthermore, we define
J'(0") = —F{@©")+F(@")
1 2 1 2
_ _p;(m)Jri/Q(val) dx+£/0(v§) dx. (36)

Observe that through the target conditions
vl + f1 = ey,

vy = ey,

we may obtain the compatibility condition

(01 + fi)y — (v2)x = 0.

Define now
A* = {v* = (v],v3) € B,(0,0) C Y] : (v] +f1)y —(v3)x =0, in Q},

for some appropriate r > 0 such that [* is convex in B, (0, 0).

Consider the problem of minimizing J* subject to v* € A*.

Assuming r > 0 is large enough so that the restriction in r is not active, at this point we define the
associated Lagrangian

Ji(@ @) =T (") + (¢, (01 + fly — (02)x)12,

where ¢ is an appropriate Lagrange multiplier.
Therefore

R = ~FE)+ o [ @+ AP dxs o [ (02 ax
e, (05 + 1)y - @) @)
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The optimal point in question will be a solution of the corresponding Euler-Lagrange equations
for J;.
From the variation of J{ in v] we obtain

COR) vitf dp

v} € ay (38)
From the variation of ] in v; we obtain
oF (v* 5 0
L G S (39)
vy e Ox
From the variation of ] in ¢ we have
(01 + f)y — (v2)x = 0.
From this last equation, we may obtain u € V such that
vl + f = euy,
and
vy = Elly.
From this and the previous extremal equations indicated we have
aF* *
_ 71 (U ) Uy — 874) = O,
v} ay
and oF; (v) 2
_9nt 9% _
303 Uy + o 0.
so that oF, )
* o Uy — @y, Uy + Px
U1 +f - avl ’
and
. OB (ux — @y uy + 9x)
Uy = .
avz
From this and equation (38) and (39) we have
(aa*@*)) (aa*(v*))
—€ * —¢€ *
9v] N vy y
+(UT +f1)x + (Uﬁ)y
= —€lUyy — €Uy + (0] )x + (v3)y + f = 0. (40)
Replacing the expressions of v} and v3 into this last equation, we have
aFl(ux - Goy,uy‘f‘(/)x) aFl(”x _(I’y/uy+(Px)
_suxx_su]/]/+ < avl >x+ ( avZ )y+f_0’
so that
(aF(”" —Putty ¥ (P")> + (aF(”" — Pty © m) +f=0,inQ. (41)
01 X 00, y

Observe that if
Vip=0
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then there exists # such that u and ¢ are also such that

ux_(l)y:ﬁx

and
uy + ng = uAy.
The boundary conditions for ¢ must be such that 7 € W&’z.
From this and equation (41) we obtain
o] (i) = 0.

Summarizing, we may obtain a solution 7 € W&’z of equation 6] (1) = 0 by minimizing J* on A*.

Finally, observe that clearly [* is convex in an appropriate large ball B, (0,0) for some appropriate
r>0

8. Another Primal Dual Formulation for a Related Model

Let O C R® be an open, bounded and connected set with a regular boundary denoted by 9Q).
Consider the functional | : V — R where

J(u) = %/QVu-Vudx+%/Q(u2—,B)2dx
—(u, )12, (42)

x>0, >0 v9>0,V=Wy*Q)and f € L*(Q).
Denoting Y = Y* = L2(Q)), definenow J; : V x Y* — Rby

Ji(u,05) = —%/QVLL-VL[ dx — (u?,08) 2
K
#50 [(—rVPu205u— )2 dx o+ (u, £
1 *\2 *
tor /Q(vo) dx+,B/Qvo dx, (43)

Define also
At={ueV :uf>0 ae inQ},

Vo={ueV : |ul|o <Kz},

and
Vi=V,NA"

for some appropriate K3 > 0 to be specified.
Moreover define
B*={v €Y : |55l < K}

for some appropriate K > 0 to be specified.
Observe that, denoting
¢ = —yV2u+205u — f
we have 2 )
9”7 (u, v 1 2
———= = —+4K
a2 a

52 = yV? =20} + K (—yV? + 20%)?
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and
I (u,v5)

_ 72 * _
230, =Ki1(2¢ 4+ 2(—yV u +2v5u)) — 2u

so that

det{6?J} (u,v5)}
i op) 25 (u,05) <32]{(u,vg)>z

9(v5)? ou? U}

Ki(—=yV2+205)% V2 4 205 + dau?
o B ®
—4K2p? — 8Ky p(—yV? + 208)u + 8Ky gu
+4Ky (—yV?u + 204u)u. (44)

Observe now that a critical point ¢ = 0 and (—yV?u + 205u)u = fu > 0in Q.
Therefore, for an appropriate large K; > 0, also at a critical point, we have

det{0?J; (u, %)}
62] (u) LK (—yV? +205)?
44 14

= 4Ky fu-— > 0. (45)

Remark 5. From this last equation we may observe that | has a large region of convexity about any critical
point (ug, 0), that is, there exists a large r > 0 such that | is convex on B, (ug, 03).

With such results in mind, we may easily prove the following theorem.
Theorem 1. Assume Ky > max{1, K, K3} and suppose (ug,95) € Vi x B* is such that
0J7 (ug, 05) = 0.

Under such hypotheses, there exists r > 0 such that ] is convex in E* = B(uo,9;) N (V4 x B¥),

6] (ug) =0,
and
—J(uo) = Ji(uo, 09) = inf  Ji(u,vp).
(u,0f)E€E*

9. A Third Primal Dual Formulation for a Related Model

Let QO C R3 be an open, bounded and connected set with a regular boundary denoted by 9.
Consider the functional | : V — R where

J(u) = %/QVu-VudJH—%/Q(uZ—,B)zdx
—(u, 2, (46)

€>0,8>0v>0,V=W*Q)and f € L>(Q).

d0i:10.20944/preprints202302.0051.v88
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Denoting Y = Y* = L?(Q), definenow J; : V x Y* x Y* — Rby

* x % _ z . 1 2
Ji(u,v5,07) = Z/QVu Vudx—I—Z/QKu dx
S (01)?
_<M101>L2+§A) (_208+K) dx
1 02 a2
e Jo@ a2 =) dxt

—% /0(276)2 dx—ﬁ/ﬂvé dx, (47)

where ¢ > 0 is a small real constant.
Define also
AT={ueV :uf>0 ae inQ},

Vo={ueV : ||ulls <Kz},

and
Vi=WmnNnAT

for some appropriate K3 > 0 to be specified.
Moreover define
B' = {05 € Y* ¢ [0}l < Ku}

and
D* ={v] € Y" : [jo]| < K5},

for some appropriate real constants K4, K5 > 0 to be specified.

Remark 6. Define now
Hy(u,08) = —yV? + 204 + 4au®

For an appropriate function (or, in a more general fashion, an appropriate bounded operator) M, define
Bf ={vy € B" : 2v5+ M > €1},

for some small parameter g1 > 0.

Moreover, define
E*={ueVy : Via|u| > /|My +yV?2|.

Since for (u, US) € Vi x Bf we have u f > 0, in (), so that for uy, up € Vi we have
sign (uy) = sign (up) in Q,

we may infer that E* is a convex set.
Moreover if (u,v§) € E* x B}, then

Vaalu| > /My + V2|

dau? > My + 'yVZ

so that

and
205+ M1 > &
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so that
Hy(u,08) = —yV? +20) + 4au® > e;.
Such a result we will be used many times in the next sections.
Observe that, defining
¢ = v; —a(u® —p)
we may obtain
9%J; (u, v, v5) « «
S0 A2 K ——— 4?2
du? Ve +1x—|—su Pate
Pliwoon) 1
9(vr)2 205 +K
and )
i (0,05,0) _
0udv}
so that
O3 (u,05,0})
det { 0udv}
2
_ asz(u, v3,05) azji‘(u,v{,vg) B asz(u, v3,05)
o(v])? ou? oudv]
_ DOV 20p A - 2t
N —2v5 + K
= H(u,vp). (48)

However, at a critical point, we have ¢ = 0 so that, for a fixed vj € B* we define the non-active
but convex restriction

(C)yy ={ueVi: (9 <e},

for a small parameter ¢ > 0.
From such results, assuming K >> max{K3, K4, K5}, and 0 < ¢ < &1 < 1, we have that

H(u,vy) >0,

forvj € B andu € E* N (Cl)ZS'
With such results in mind, we may easily prove the following theorem.

Theorem 2. Suppose (ug,97,95) € (E* N (Cl):gg) x D* x B is such that
05 (uo,93,05) = 0.

Under such hypotheses, we have that
6] (ug) =0

and
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uy) = inf u
J(uo) ue(Cl);z;]( )
= Ji(uo, 01,%)
= inf sup Ji(u,07,05)
(um;)e(cl);éw*{vgeg* s 0}
= sup inf Ji(u,07,v5) p - (49)

USGB* (u,UT)G(Cl);a x D*

Proof. The proof that
6] (ug) =0
and
J(uo) = Ji (10,91, )
may be easily made similarly as in the previous sections.
Moreover, observe that for K > 0 sufficiently large, we have
aZ * , A*, *
)i (uo. 01, %) _ 0, Voj € B*
9(v5)?

so that this and the other hypotheses, we have also

“(ug,07,05) = inf “(u, 05,04
Ji (uo, 97, 9p) (u,vf)e(cl);*xD*h( /01, 0p)
0

and
Ji (uo, 97,99) = sup Ji (o, 07, p)-
vy EB*
From this, from a standard saddle point theorem and the remaining hypotheses, we may infer
that

J(uo) = Ji(uo,07,9p)

inf { sup Ji(u, vi‘,vS)}

(u,07)e (Cl);8 x D* 5B

= su inf (0%, 08) b 50)
vseg* (u,zq)e(cl);;éxD* 1 1-90
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Moreover, observe that
Ji (1o, 97,05) = inf Ji (u,07,05)
1 AR (u,v{)e(Cl);;SxD* 171770

I/ Vu-Vudxﬂ—E/ u? dx

IN

R /Qws ~ (i - B)? dx — (u, iy

sup {IZY/QVu-Vu dx + (u?,vf)

vpEY*

2104/(% dx—ﬁ/ vy dx

+2(a1+€) /Q(vé —a(u® —p))* dx — (u,f}Lz}

= %/QVu-Vudx%—%/Q(uz—ﬁfdx
—(u, f)r2, Vu € (C1)gs- (51)

IN

Summarizing, we have got

J(uo) = Ji(uo,07,05) < inf  J(u).
uE(Cl)ZS

From such results, we may infer that

J(uo) = ue%fcllf)% J(u)

= Ji(uo, 01, %)
= inf { sup ]f(u,vi‘,vs)}

(wop)e(C)g xD* | ggen:

= sup{ in H(u,viﬁvé)}. 52)

o} €B* (u,vi‘)E(Cl);;3 x D*

The proof is complete. [

10. An Algorithm for a Related Model in Shape Optimization

The next two subsections have been previously published by Fabio Silva Botelho and Alexandre
Molter in [8], Chapter 21.

10.1. Introduction

Consider an elastic solid which the volume corresponds to an open, bounded, connected set,
denoted by Q C R3 with a regular (Lipschitzian) boundary denoted by 0Q = Ty UT; where [y N T; = @.
Consider also the problem of minimizing the functional | : U x B — R where

X 1 1 A
J(u,t) = §<”irfi>L2(0) + §<“irfi>L2(r,)r
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subject to
(Hijp (t)ew (1)) + fi = 0in Q,
(53)
Hijkl(t)ekl(u)nj - fl = 0/ on rt: Vi e {1/ 2/3}

Here n = (19,12, n3) denotes the outward normal to 0Q) and

U = {u=(uy,upuz) € WAHQR3) : u=(0,0,00=00nTp},

B= {t : ) — [0,1] measurable : / tHx) dx = t1|Q|},
o)

where
0<th <1

and |Q)| denotes the Lebesgue measure of Q.

Moreover u = (uy,up, u3) € W 2(Q; R3) is the field of displacements relating the cartesian system
(0, x1, x2, x3), resulting from the action of the external loads f € L?((Q); R3) and f € L2(T;R3).

We also define the stress tensor {0j;} € Y* =Y = L?((; R¥*3), by

0ij(u) = Hija (t)e (u),

and the strain tensor e : U — L2(Q; R3*3) by

1 .
eij(u) = 5 (wij+uj), Vi j €{1,2,3}.

Finally,
{Hiju(t)} = {tHj, + (1 = ) Hj},

where H corresponds to a strong material and H' to a very soft material, intending to simulate voids
along the solid structure.

The variable ¢ is the design one, which the optimal distribution values along the structure are
intended to minimize its inner work with a volume restriction indicated through the set B.

The duality principle obtained is developed inspired by the works in [1,2]. Similar theoretical
results have been developed in [7], however we believe the proof here presented, which is based on
the min-max theorem is easier to follow (indeed we thank an anonymous referee for his suggestion
about applying the min-max theorem to complete the proof). We highlight throughout this text we
have used the standard Einstein sum convention of repeated indices.

Moreover, details on the Sobolev spaces addressed may be found in [6]. In addition, the primal
variational development of the topology optimization problem has been described in [7].

The main contributions of this work are to present the detailed development, through duality
theory, for such a kind of optimization problems. We emphasize that to avoid the check-board standard
and obtain appropriate robust optimized structures without the use of filters, it is necessary to discretize
more in the load direction, in which the displacements are much larger.

10.2. Mathematical Formulation of the Topology Optimization Problem

Our mathematical topology optimization problem is summarized by the following theorem.

Theorem 3. Consider the statements and assumptions indicated in the last section, in particular those refereing
to Q) and the functional | : U x B — R.
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Define J; : Ux B — Rby
Jo(u, t) = =Gle(u), t) + (i, fi) 12(00) + (ir fi) 121
where ,
Gle(u),t) = 5 /QHijkl(f)eij(”)ekl(u) dx,
and where
dx = dx1dxpdxs.
Define also J* : U — R by
* _ .
Jw) = inf{n 0}
= Inf{—G(e(u),t) + (ui, fi)12() + (i, fi) 12y - (54)
Assume there exists cy,cq > 0 such that
H?jklz,-jzk, > C0ZijZjj
and
Hiljkzzz‘jzkl > c1zijzij, Yz = {zjj} € R3*3, such that z # 0.
Finally, define | : U x B — R U {+oo} by
J(u,t) = J(u,t) + Ind(u,t),
where
] 0, if (u,t) € A%,
Ind(u,t) = { +o00, otherwise, (55)

where A* = A1 N Ay,
A = {(u,t) eUXB : (O'ij(u))lj +fi =0,inQ), Vie {1,2,3}}

and
Ay ={(u,t) €U x B : oj(u)n; — f; =0, on Ty, Vi € {1,2,3}}.

Under such hypotheses, there exists (g, tg) € U X B such that

J(ug, to) = (ult)lg{wl(u,t)

= sup ()

ned
= J"(uo)
= f(uO/ tO)

= inf  G*(o1)
o)EBXC*

(t,
= G*(U(uo),to), (56)
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where
G*(o,t) = sup{(vlj,al]>Lz( o) —G(ot)}
veY
= E/Qﬁijkl(f)gijtsz dx, (57)
{Hiju(t)} = {Hyju(t)} !
and C* = Cy N Cy, where
= {0’ cY* . Ji]',j"’fi =0,inQ), Vi € {1,2,3}}
and
Co={ceY* : gynj— f; =0, onT}, Vi € {1,2,3}}.
Proof. Observe that
inf ,t) = inf f t
(u,t)lgLIxB](u ) %QB{IH ](u )}
= inf {itelg {ueu{ / Hijp (t)eij(u)ex (u) dx
+ (i, (Hijia (F)ex (1)) j + fi) 12
—(fi, Hijra () ex (u)n; — fi>L2(l"t)}}}
= inf {sup { inf { / Hijg (t)eij(u)ex (u) dx
teB | aeu
/ Hijp (t)eij () ex (u) dx
+ (i, fi)12(q) + (W»ﬁ‘h%m}}}
= inf {sup{ / Hl]kl t)el] )ek,( )dx
teB | neu
(i, fi) 12y + <ﬁirfi>L2(r,)}}
= inf{ inf G*(o,t) }. 58
ot {ng o0} ©9
Also, from this and the min-max theorem, there exist (1, fp) € U x B such that
inf ,t) = inf ,t
it ) :&;{ggghw >}
= sup{isphcen)
= J1(uo, to)
= gg]l(u(]/ t)
= J*(uo)- (59)
Finally, from the extremal necessary condition
/1 (uo, to) _ 0

u


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

36 of 319
we obtain
(Hijri (to)exi (uo)) j + fi =0in Q,
and X
Hijp (to)exi (uo)nj — fi = 0onTy, Vi€ {1,2,3},
so that
Gle(uo)) = o (o), F) 2y + 50N fhiz(ry-
Hence (ug, ty) € A* so that Ind(ug, tp) = 0 and o (ug) € C*.
Moreover
J*(wo) = —Gle(uo)) + {(u0)i fi)2() + ((40)i fi) 12(r,)
= G(e(uo))
= G(e(uo)) + Ind(uo, to)
= J(uo, to)
= G*(0(uo), to)- (60)

This completes the proof. [

10.3. About a Concerning Algorithm and Related Numerical Method

For numerically solve this optimization problem in question, we present the following algorithm

—_

Settj =05inQandn = 1.
2. Calculate u,, € U such that

J1(un, tn) = sup J1(u, ty).

uel
3. Calculate t,, 1 € B such that
Ji(un, tny1) = tlglg J1(un, t).

4. If ||tys1 — tnlle < 107* or n > 100 then stop, else set n := n + 1 and go to item 2.

We have developed a software in finite differences for solving such a problem.

Here the software.
3363 3 36 3 5 3 36 3 5 3 36 3 5 3 3 3 5 3 36 3 5 3 3 3 5 3 3 S N SN

1. clearall
global Pm8 d w u v Ea Eb Lo d1 z1 m9 dul du2 dv1 dv2 c3
m8=27;
m9=24;
¢3=0.95;
d=1.0/mS;
d1=0.5/m9;
Ea=210 x 10°; (stronger material)
Eb=1000; (softer material simulating voids)
w=0.30;
P=-42000000;
z1=(m8-1)*(m9-1);
A3=zeros(z1,z1);
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fori=1:z1

A3(1,i)=1.0;

end;

b=zeros(z1,1);
10=0.000001*ones(z1,1);
ul=ones(z1,1);
b(1,1)=c3%*z1;

for i=1:m9-1

for j=1:m8-1

Lo(i,j)=c3;

end; end;

fori=1:z1

x1(1)=c3*z1;

end;

for i=1:2*m8*m9
x0(i)=0.000;

end;

XW=XO;

xv=Lo;

for k2=1:24

€3=0.98%c3;
b(1,1)=c3*z1;

k2

b14=1.0;

k3=0;

while (b14 > 1073%) and (k3 < 5)
k3=k3+1;

b12=1.0;

k=0;

while (b12 > 10740) and (k < 120)
k=k+1;

k2

k3

k
X=fminunc(’funbeam’,xo);
x0=X;
b12=max(abs(xw-x0));
Xw=X;

end;
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for i=1:m9-1

for j=1:m8-1

E1 = Lo(i,j)? * (Ea — Eb);
ex=dul(ij);

ey=dv2(i});
exy=1/2*(dv1(ij)+du2(i;));

Sx = Elx (ex +wxey)/(1 —w?);
Sy =FElx (wxex+ey)/(1—w?);
Sxy=E1/(2*(1+w))*exy;
dc3(i,j)=-(Sx*ex+Sy*ey+2*Sxy*exy);

end;

end;

for i=1:m9-1

for j=1:m8-1
f(j+(i-1)*(m8-1))=dc3(ij);
end;

end;

for k1=1:1

k1

X1=linprog(f,[ ],[ ],A3,b,uo,ul,x1);
x1=X1;

end;

for i=1:m9-1

for j=1:m8-1
Lo(i,j)=X1(j+(m8-1)*(-1);
end;

end;

bl4=max(max(abs(Lo-xv)))

xv=Lo;

colormap(gray); imagesc(-Lo); axis equal; axis tight; axis off;pause(le-6)
end;

end;

A3 o2 e o e 3 oA oA A A A A A KA A A A KA A AN A NN

Here the auxiliary Function "funbeam’

function S=funbeam(x)
global P m8 d w u v Ea Eb Lo d1 m9 dul du2 dv1 dv2
for i=1:m9
forj=1:m8
u(i,)=x(+m8)*(i-1);
v(i,j)=x(M8*m9+(i-1)*m8+j);
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end;

end;

for i=1:m9

end;

u(m9-1,1)=0;

v(m9-1,1)=0;

u(m9-1,m8-1)=0;

v(m9-1,m8-1)=0;

for i=1:m9-1

for j=1:m8-1
dul(ij)=(u(ij+1)-u(i,})/d;
du2(i,j)=(u(i+1,)-u(i)) /dL;
Av1(ij)=(v(ij+1)-v(i))/d;
dv2(i))=(v(i+1,))-v(i,j)/d1;

end;

end;

S=0;

for i=1:m9-1

for j=1:m8-1

El = Lo(i,j)® * Ea+ (1 — Lo(i,)3) = Eb;
ex=dul(ij);

ey=dv2(i,j);
exy=1/2*(dv1(i,j)+du2(i;));

Sx =Elx (ex +wxey)/(1—w?);
Sy = Elx (w*ex +ey)/(1 —w?);
Sxy=E1/(2*(1+w))*exy;
5=5+1/2*(Sx*ex+Sy*ey+2*Sxy*exy);
end;

end;
S=S5*d*d1-P*v(2,(m8)/3)*d*d1;

33 o e 4 S8 3836 3636 36 3 3 3 o o S8 3636 36 36 36 3 3 3 o o S 3836 36 36 3 3 3 3 o o S S S e e e

For a two dimensional beam of dimensions 1m x 0.5m and f; = 0.63 we have obtained the
following results:

1. Case A: For the optimal shape for a clamped beam at left (cantilever) and load P = —4 10°Nj at
(x,y) = (1,0.25), please Figure 5.

2. Case B :For the optimal shape for a simply supported beam at (0,0) and (1,0) and load P =
—410°Nj at (x,y) = (1/3,0.5), please Figure 6.

In the first case the mesh was 28 x 24. In the second one the mesh was 27 x 24
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Figure 5. Density t(x,y) for the Case A.

Figure 6. Density #(x,y) for the Case B.

11. A Duality Principle for a General Vectorial Case in the Calculus of Variations

In this section we develop a duality principle for a general vectorial case in variational
optimization.

Let QO C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by dQ). Let | : V — R be a functional where

J(u) = G(Vuy, - -+, Vuy) = (u, )2,

where
V =Wy (O;RN)

and
f=(fr,-, fn) € L2(OGRN).
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Here we have denoted u = (uq,--- ,uy) € V and
(u, )12 = (ui, fi)r2,
so that we may also denote
J(u) = G(Vu) = {u, )2
Assume
G(Vu) = /Qg(Vu) dx
where g : R3N — R is a differentiable function such that
8(y) = +oo
as |y| — oo. Moreover, suppose there exists « € R such that
=i
It is well known that
© =W
o
= Inf{(Go V)™ (u) = (u f)r2}. (61)
ueV
Under some mild hypotheses, from convexity, we have that
inf {(G o V)™ (u) = (u )12}
uev
= sup {—(GoV)"(—divov")} = —(GoV)"(f), (62)

vFEA*

where
A*={v* e Y =Y" = 2(;RN) : divo* + f = 0}.

Now observe that the restriction v = Vu for some u € V is equivalent to the restriction
curlv; =0, in Q)

where v = {v;} = {vi]'}?zl, Vi e {1,---,N}, with appropriate boundary conditions, so that with an
appropriate Lagrange multiplier ¢ = {¢;}, we obtain

(GoV)*(—divv*) = sup{(u,—divo*); —G(Vu)}

ueV
= sup{(Vu,v*);» —G(Vu)}
ueV
< inf <sup{(v,v");2 — G(v) + (¢, curl v) 2
PEY* | ey
= 4,?};* G*(v* + curl ¢). (63)

where we have denoted
curl v = {curl v;}
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and
curl ¢ = {curl ¢;}.
Joining the pieces, we have got
inf J(u) = inf{G(Vu) —{u, f)r2}
> sup  {=G*(v" +curl )}, (64)

(0% ) €A X Y*

where we recall that Y = Y* = L2((); R3N).
We emphasize such a dual formulation in (v*, ¢) is convex (in fact concave).

12. A Note on the Galerkin Functional

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary

denoted by o).
Consider the functional | : V — R where
_ , Sl
J(u) = Z/QVu Vudx+4/0u dx
_g [ v ()0 (65)

Here V = Wy2(Q), v >0, « >0, § > 0.

We denote also
Y =Y* =L2(Q).

At this point we define
AT={ueV :uf>0inQ}

Va={ueV : |ullo <Ksj,
for some appropriate real constant K3 > 0 and

Vi = At NV

Observe that
J'(u) = =yV?u+au’ —p—f,

so that we define the Galerkin functional J; : V — R by
Loz o 1 2 3 2
R = SII @I = 5 [ (~7V2u+au® = pu— f)? dx.
2 2 /o
From this, we get

2
% = (—yVu+au® - pu— f)6au
+(—yV? + 3au® — p)%. (66)
Define now
@2 = (—yV2u+au® — pu— f)2
At this point, for an appropriate small real constant £; > 0 and bounded constant operator

M; > €1, we set the intended non-active restriction

Va3alu| > \/|My +9V2+ B,
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and define

Bi={ueVv : @|u| >\ /|My 4+ V2 + B}

Observe that since for u € V; we have u f > 0in Q) so that if 3, up € Vj then

sign(uq) = sign(up),in O,

we may infer that B; is a convex set.

Furthermore, if u € By, then
V3alu| > \/|M1 +yVZ2+ B,

3au® > My + V2 + B,

so that

and hence
PJ(u) = —y V24 3au® — B> My > e > 0.

For a small parameter ¢ > 0 we define the intended non-active restriction
@2 <¢g in (),

and define
By, = {u eV (0] <eg, inQ}.

Observe that for « > 0 and B > 0 sufficiently large ¢ is convex in V; (positive definite Hessian)
so that By is a convex set. Assuming 0 < ¢ < ¢ < 1, define B3 = By N By, which is a convex set.
Summarizing, if u € B3, then
8?1 (u) > 0.

With such results in mind, we define the following convex optimization problem for finding a
critical point of J.
Minimize 1 1
R) = S @B = 5 [ (~7V2u+au’ = pu— ) dz,
Q
subject to
u € Bs.

Observe that a critical point uy € B3 of J1, from such a concerning convexity of [; on the convex
set By, is also such that

J(1p) = min J1(u).

UEB;

Finally, we may also define the convex optimization problem of minimizing

Ja(u) = KiJi(u)+J(u)

= % (—yV2u +au® — Bu — f)? dx
0

+1/ Vu‘Vudx—i—E/ ut dx
2 Ja 4 Jo
—g/nuz dx — (u, f) 2, (67)

subject to
u € Bs.

Here K; > 0 is a large real constant.
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Such a functional [ is also convex on Bs so that a critical point ug € B of | is also a critical point
of J3, and thus

J3(ug) = min J3(u).

ueB3

13. A Note on the Legendre-Galerkin Functional

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 9Q).
Consider the functional | : V — R where

J(u) = %/QVu-Vudx—kg/Qu‘ldx
—g /Q w2 dx — (u, f) 2 (68)

Here V = Wy2(Q), 7 >0, a >0, § > 0.
We denote also
Y =Y* =L1%(Q)

and Fi: V=R, F:V—-RandF;:V — Rby

Fi(u)= %/QVu -Vu dx,

F(u) = %/ﬂu4 dx,

F(u) = g/ouz dx.

Moreover, we define F, F;, F; : Y* — R by

F(vi) = sup{(u,v7);2 — F(u)}
ueVv
1 ()
= 3 0 =2 dx, (69)

F(v3) = sup{(w,v3);2 — Fa(u)}
uev
3 ()R
Y R v dx, (70)

Fy(v3) = sgg{w,véhz—Fs(u)}

- zlﬁ [ (@32 dx. (71)

Observe now that these three last suprema are attained through the equations,

d0i:10.20944/preprints202302.0051.v88
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From such results, at a critical point, we obtain the following compatibility conditions
o* x\ 1/3 *
-V p p
From such relations we have
v} 2
1 _ 9
—V2 B’
and 3
v3
swa(3))
p
so that
* 2 U;
Z)l = —’)/V F ’
and 3
U*
vy =« ([;) .
Moreover, we define the functional F; : Y* — R, by
Fy(0%) = sup{{u, v + 03 = v3)12 = (u, f)12}-
ueV
Therefore
0 ifo] +0v5 -0 —f=0,inQ
EX(v*) = 4 1 2 3 4 4 72
i () { 400, otherwise. (72)
Hence, a critical point of | corresponds to the solution of the following system of equations
2 (V3
i=v (%)
vk 3
3
= (3))
P
and

v +v5—0v3—f=0,inQ.

From this last equation we may obtain
v =003+ f,

so that the final equations to be solved are
v}
—v3 + 05 + f+V? (5) =0

and

with the boundary conditions


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

46 of 319

With such results in mind, we define the Legendre-Galerkin functional J* : [Y*]?> — R, where

2
o 1 . . VZU*
I (v*) = 2/()<—U2+U3+f+’)//3 3) dx

A (e (3)) w )

At this point, defining
reiee(3)
2 ﬁ ’
we obtain
aZI* (’0*) .
Avz)> 7
P () ( vv32 90 (03)*
— = (-1- + +0(9),
(03 2 B R
Cal MG B S R A
dvg00; P B )

From such results we may infer that

der (SLE)) = yﬁ@ﬂaﬁﬂﬁ)_<¥ﬁwg)2

0v;0v} 0(v5)?  9(v3)? 0v50v}
2
vZ vk 2
= —1—L+3a( 33) +O(p) (74)
p p
Observe that a critical point ¢ = 0 so that 6>]*(v*) > 0 at a neighborhood of any critical point.
At this point we define
AT = {v* = (v5,0%) € [Y*]? %f >0, mn},

D* = {v* = (v3,05) € [Y']? : [[v" ]l < K},

for an appropriate real constant K > 0.
Define now E* = AT N D*,

Ci = {v* = (v3,v3) €E* : ¢*<¢ inQ},
for a small real constant ¢ > 0,

sz{v = (v3,v3) €E* : (—1—75 +30c(ﬁ33) ) 281},

and
C*=CinC;.

Similarly as done in the previous section, we may prove that C* is a convex set.

Furthermore, for 0 < ¢ < ¢; < 1, we have that J* is convex on C*.

Summarizing, we may define the following convex optimization problem to obtain a critical point
of the primal functional J,
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Minimize [*(v3,v3) subject to v* = (v3,v3) € C*.
We call [* the Legendre-Galerkin functional associated to .
13.1. Numerical Examples
We have obtained numerical solutions for two one-dimensional examples.

1. Fory=10,a=30,p=2300,f=10,inQ=[0,1].

For the respective solution please see Figure 7.
2. Fory=0.01,a=230,8=2300f=10, inQ = [0,1].

For the respective solution please see Figure 8.

3.5

251 b

Figure 7. Solution u(x) = v§(x)/p for the example 1.

3.5

251 b

Figure 8. Solution u(x) = v3(x)/p for the example 2.
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14. A general Concave Dual Variational Formulation for Global Optimization

Let O C R3 be an open, bounded and connected set a regular (Lipschitzian) boundary denoted
by 0Q.
Consider a functional | : V — R where

J(u) = G(u) — (u, )2, Vu e V.

Here V = Wy2(Q), f € L*(Q) and we also denote Y = Y* = L2(Q).
Assume there exists « € R such that

a = inf J(u).

uev

Furthermore, suppose G is three times Fréchet differentiable and there exists K > 0 such that

9°G(u)
ou?

+K>0,VueV.
Define now J; : V x Y — R where,

Ji(u,v) = G1(u,v) + F(u),

where

and

Moreover, we define the polar functionals G; : Y* x V. — Rand F* : Y* — R, where

Gi(v*,u) = sup{(v,v");2 — G1(u,0)}
veY
* * K 2
= —Gg (v +Ku)+§/0u dx, (75)

G}Qg(v*—i—Ku)—sup{(v,n*)Lz—G(v)—I;/sz ¢Jlx+§/ﬂv2 dx},

veY

and

F(=v") = Slell‘;{—wfv*hz—F(u)}

_ 1 * 2
= 5 /Q(U )7 dx. (76)
At this point we define the functional J5 : Y* x V — R by
k[, % * * K 2 * *
J; (0%, u) = =Gy (v +I<u)+§/0u dx — F*(—v").
With such results in mind we define
Vi={ueV : |ul|o <Kz},

and
D*={v"€Y" : ||[v"]|o < Ky},
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for appropriated real constants K3 > 0 and K4 > 0.
Moreover, we define also the penalized functional J3 : Y* X V — R where

2
Ti (0%, u) = Ji (0", u) — % A <v* - agi”) +£u> dx.

Finally, we remark that for ¢ > 0 sufficiently small and K; > 0 sufficiently large, ] is concave in
D* x V; around a concerning critical point. We recall that a critical point

v*—M+£u:0, in Q.
Ju

15. A Related Restricted Problem in Phase Transition

In this section we develop a convex (in fact concave) dual variational for a model similar to those
found in phase transition problems.
Let QO = [0,1] C R. Consider the functional ] : V — R where

) = %/ﬂmm{(u'ﬂ)z,(u'—nz}dx
—i—%/ﬂuzdx—(u,f)Lz
- %/Q(u’)z dx—/ﬂ|u’|dx+1/2
+%/ﬂu2 dx — (u, f) . (77)

Here
V={ueW2QQ) : u0)=0and u(1) = 1/2}.

We also denote V; = W&’z(Q), and Y = Y* = L2(Q).
Furthermore, we define the functionals Gand F : V x V; — R by

1
Glllzi/ /+/2d_/ 40| dx+1/2,
(u',v") 2Q(u v')" dx Q|u v dx+1/

and 1
F(u,v) = E/Quz dx — (u, f)2.

Moreover we define J; : V x V; — Rby
Ji(u,0) = G(u',v') + F(u,v),
and consider the problem of minimizing J; on the set
A={(u,0) e VxV : (v)? <Ky inQ}.

Already including the Lagrange multiplier ¢ concerning such restrictions, we define

it,0,60) = i(1,0) + 3 (9%, (o)? — Koy
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Observe now that

—_

]2(“/ U/(P) = ]1(“/ ?J) + 7(4)2/ (UI)Z - K2>L2
= G, 7))+ 1(4)2, (V') = Ka)p2

N

+F(u,0)
= ( 01 ) 2 — (0, 03) 2+ G, 7))
(2,( "V —Kp)pe

<“ 01 ) 2 + (0, 03) 12 4+ F(u,0)

> inf  {—(v1,07)12 — (v2,03) 12 + G1 (01,02, )
(v1,02)€EY XY
1
S S
+ inf  {(,0]) 2+ (0, 05) 2 + F(u,0)}
(u,0)eVxVy
= —Gi(v},05,¢) — F*(0},03), V(u,0) € V x V4, (0,03, ¢) € [Y*]?,
where .
Gi(w', v, 9) = G, o) + 5 (¢, (/)" = Ka)yz
Also,
Gi(v1,v3,¢) = sup  {(v1,07)12 + (01,07) 12 — G1(v1,02,9) }
Zi] Uz)GYXY
- 2/ Ul x
_ 02
+/ |o7| dx + 2/
+? /Q(P dx,
where

ooy = {2 Jal(e]) + )P dx—of(Du(), if (03) =0, in ),
400, otherwise.

From this we may infer that v; = ¢, in ), for some c € R.
Summarizing, denoting v* = (v, v;) = (vj,c), and
J*(0%,¢) = =G (v, ¢) — F*(v")

we have got

inf Jy(u,0) > sup J* (v*¢).
(up)eA (v*,p)EY* xRxY*
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(78)

(79)

(80)

We have developed numerical results by maximizing the dual functional [* for two examples,

namely.

1. Example A: In this case, we consider f(x) = cos(rtx)/2, K, = 10~%.

For the optimal
ug = (v7)' + f,
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please see Figure 9.

2. Example B: In this case, we consider f(x) = cos(mx)/2, K = 30.

For the optimal

please see Figure 10.
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ug = (07)' + f,
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0.1 02 03 04 05 06 07 08 09

Figure 9. Solution u((x) for the example A.

0.1 02 03 04 05 06 07 08 09

Figure 10. Solution ug(x) for the example B.

16. One More Dual Variational Formulation

In this section we develop one more dual variational formulation for a related model.
Let Q = [0,1] C R and consider the functional ] : V — R defined by

](u)z%/ﬂ((u’)Z—l)zdx-i-%/Quz dx — (u, )2,
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where
V={ucW4Q) : u(0) =0and u(1) = 1/2}.

We define also the relaxed functional J; : V x Vj — R, already including a concerning restriction
and corresponding non-negative Lagrange multiplier A2, where

J1(u,0,A) = %/ﬂ((u’—l—v')z—l)2 dx—l—%/nuz dx — (u, f) 2 + (A%, (v/)* = K) 2.

where
Vo={veW;*Q) : (¢/)>-K<0inQ}.

Observe that
1 1
3 (O P12 x5 [ dx— (u, fpa + (A% (0~ Ky
1
= (o, (W +9)2 1)+ 2 /Q((u’ + )2 —1)% dx
+(og, (' +0')? = 1) 2 + (A%, (v/)* = K)p2 — (u,03) 12 — (0, 03) 2

1
o)+ (0 03)a + 5 [P dx—(uf) e

. . 1 2
u1]r€1£{—<vo,w)Lz+ 2/Q(w) dx}

inf {(05, (01 +02)2 = 1)1z + (A2 (22) = K) 2 — (01,012 — (02,08) 12}
('01,'()2)€Y><Y

1
+  inf {(u’,vT)Lz—k(v’,v;)szL2/0142 dx_<“/f>L2}

(u,0)eVXVy

v

_ _% (v )dx—/vodx

4/ (Ul 2/ (Ul_vz dx

2/ ) 4 FRdx— = /KA2 dx + ot (1)u(1). (81)

Here, we highlight v5 = c € R in (), for some real constant c.
Hence, denoting

1
* *,A - _ = * 2d _/ * d
REA) = 3 @2 [ ofax
1P, 1 R
4 Ja v 2 Ja 2A2
_1 *\/ 2 _1 2 *
5 | (1) + ) dx Z/QKA dx + ot (1)u(1) (82)

and

B(w,0) = 3 [ (G 4+ =12+ 3 [ v, e,

we have obtained

inf  Jp(u,0)} > sup Ji (0%, A).
(u,v)EVxVO (U*,A)EA*X[Y*]XRXY*

Finally, for
A*={vy €Y* : v5 > ein O}

we emphasize J{ is concave on A* x [Y*] x R x Y*.
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Here £ > 0 is a small regularizing real constant.

Remark 7. The constraint (v')? — K < 0, in Q is included to restrict the action of v on the region where the
primal functional is non-convex, through an appropriate constant K > 0.

17. A Model in Superconductivity through an Eigenvalue Approach

In this section we intend to model superconductivity through a two phase eigenvalue approach.

Let QO = [0,5] C R be a straight wire corresponding to a one-dimensional super-conducting
sample.

Consider the functional ] : V x V x R — R where

_m . G o[
J(u,v,E) = 5 /QVu Vudx + > /Q|u| dx

2
—%/Q lu|? dx

+E/V0'Vvdx+g/|v|4dx
2 Ja 2 Jo

2
—w—lz/ lo|? dx
2K5 Jo
=5 (] w2+ 1) dx = mr). )
2 \Ja

Here, in atomic units, mr is the total electronic charge, V = W&'Z(Q) and we set a; = 10*
corresponding to higher self-interacting energy which is related to a normal phase. We also set
ay = 107! corresponding to a lower self-interacting energy which is related to a super-conducting
phase and respective super-currents.

Moreover, we set y; = 72 = 1, and initially w = 1.8 which is gradually decreased to w = 1.0.

Furthermore, we define

2
2 _ |ul
|¢’N| |u|2+ |ZJ|2
and
2
2 _ v
|¢S| |u|2+ ‘Z)|2

where ¢y corresponds to a normal phase and ¢s to a super-conducting one.

At this point we observe that the temperature T = T(x, t) is proportional the frequency w/ (27)
of vibration for the normal phase.

We start the process with w = 1.8 which in atomic units corresponds to a higher temperature and
gradually decreases it to the value w = 1.0

Between w = 1.2 and w = 1.0 the system changes from an almost total normal phase to an almost
total super-conducting phase, as expected.

We highlight that the temperature is proportional to the vibrational kinetics energy

1 ory(x,t) oryn(x,t
El(t>:§/0|u|2 Ngt ). Na(t )dx

so that for
ry(x,t) = e“'ws(x)

and for a suitable vectorial function ws, we have

T0<E10<(/J2
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so that we may model the decreasing of temperature T through the decreasing of w?.

For w = 1.8, for the corresponding normal phase ¢ and super-conducting phase ¢g, please se
figures 11 and 12, respectively.

For w = 1.0, for the corresponding normal phase ¢ and super-conducting phase ¢g, please se
figures 13 and 14, respectively.

Figure 11. Solution ¢y (x) for the w = 1.8.

« 1071 08

Figure 12. Solution ¢s(x) for the w = 1.8.
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Figure 13. Solution ¢y (x) for the w = 1.0.

Figure 14. Solution ¢s(x) for the w = 1.0.

Finally, we have set w; /K3 ~ 1 which for large w; corresponds to the super-currents.

18. A Simplified Qualitative Many Body Model for the Hydrogen Nuclear Fusion

In this section we develop a qualitative simple model for the hydrogen nuclear fusion.

Let Q = [0,L]® C R3 be a box in which is confined a gas comprised by an amount of ionized
deuterium and tritium isotopes of hydrogen.

Though a suitable increasing in temperature, we intend to develop the following nuclear reaction

Deuterium™®™ + Tritium™ — Helium™" + Neutron (energetic).

We recall that the ionized Deuterium atom comprises a proton and a neutron and the ionized
Tritium atom comprises a proton and two neutrons.

Under certain conditions and at a suitable high temperature the ionized Deuterium and Tritium
atoms react chemically resulting in an ionized Helium atom, comprised by two protons and two
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neutrons and resulting also in one more single energetic neutron. We emphasize the higher kinetics
neutron energy level has many potential practical applications, including its conversion in electric
energy.

At this point we denote by mp, mr, mp, and my the masses of the ionized Deuterium, Tritium
and Helium atoms, and the single neutron, respectively.

Therefore, we have the following mass relation

mp +mr = my, + my.

To simplify our analysis, in such a chemical reaction, denoting the total masses of ionized
Deuterium, Tritium, Helium and single Neutrons by (mp)r, (m7)r, (mg,)r and (my)r we assume
there is a real constant ¢ > 0 such that

(mp)r = c¢mp, (mr)r =cmr, (my,)r =cmy,, (MN)T = my.

With such statements and definitions in mind, we define the following functional J, where

(¢, x) = ](¢D, ¢1, ¢r. N, ¥) = G(VP) + F(¢) + Ec(¢, 1),
where, in a simplified many body context,

1
6o (x, )2 = [y (1)I* + |¢5(x,y)|2|¢5(y)l2m7

1
o (2, y)I = 1y (1) + (g, (x, )2 + |¢§2(x,y)!2)|¢§(y)\2@/

1

[br, ()17 = 1035 )17 + (e () P + |¢ﬁ§(x/y)|2)!¢fﬁ(y)lzm/

N = Pn(x).

Here x,y € Q) C R3 refers to the particle densities.
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Furthermore, weassume'yp >0, 'yp > 0, 7N>0 'le > 0, 'yNz > 0, 'y > 0, TN, He > 0,
’)/N2>O yN >0, andap >0, a7 > 0, &, >0, any >0,apTr >0, ag, v >0, sothat

D
G(vVg) = L

'YzN [ (VoR) - (VoR) dx dy

Vey) - (V) dy

A

T [ (Ve - (VD) dy

,),T

5t (VR (Vel,) dx dy
T

+ 202 [ (k) (Vok,) dx dy
2 Q 2 2

Yoy

5 | (Vo) - (V) dy
H,

i

+5t | (Vo) (VoRi) dx dy
H,

v

+52 | (VoR:) - (Vore) dx dy

+ 20 [ (Vgn) - (Vgn) dx, (84

and,

DéD \4’D(x—§1,y &) *l¢p (81, 82)[?

F(¢) = R dx dy d¢y déo
le |<PT X — 61,y Cz()€|1/|g’2T)(|§1'§2)|2 dx dy d&y d&
txDT |<PD(X - ley %2?5?&,@)' dx dy d; dé,
L, / |¢pn, (x va) §2<3:|1’|§21§|(§1,§2)\ dx dy 4, de

/tf/ | (x K _|2||<PN( )1 dx de

+ZIXH9N/ |pm, (x1 — &1,y — G2) Plon ()12

dxdy dé, d
(x,y) — (61, &) x dy déy dé (85)

and the kinetics energy is expressed by

R = 5 [ looP D220 av gy
2/ ¢ F%T aﬂd x dy
o3 Lo 7
b [ lonl? S g gy, 86)
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where we also assume
iwt
rp =~ e“'ws(x,y),
~ plwt
rr = e 'we(x,y),
so that considering such a vibrational motion, the temperature T is proportional to w?, that is

T « 2.

Therefore, an increasing in T corresponds to a proportional increasing in w?.

Summarizing, we have supposed

15 2 2 L5 2
Ec(p, 1) ~ —w dx C1+ =w / dx Cy,
(@)~ 5@ [ 1goP +lgrP dx €+ 50t [ pnlax G
so that we represent the increasing in T through an increasing in w?.
Moreover, we denote by my the mass of a single neutron and by m,, the mass of a single proton.
Thus, denoting also by A1, A; the proportion of non-reacted and reacted masses respectively, we
have the following constraints.

1.

[ 18Ry dx = my,
2.

[ 108, (o) P dx = m,
3.

[ 185 Gy dx = my,
4.

/ |4’N1 x, )| dx = my,
5.

/ |‘PN2 x,y)|? dx = my,
6.

P @) dy = vy cmy,
7.

185w dy = Ay cm,,
8.

L1685 dy = Az (20 my),

Similar constraints are valid corresponding to the charge of a single proton.
We have also the following complementing constraints,

1,
| el dx dy = A (mp)r,
2.
/Q pr|* dx dy = Ay (m7)7,
3.
/Q |, |* dx dy = Ay (mp,)T,
4.

/Q [pn|* dx dy = Az (mn)T,
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M+ =1

With such results and statements in mind and simplifying the interacting terms, we re-define the

functional | now denoting it by J;, here already including the Lagrange multipliers concerning the
constraints, where

D
g, EX) = - [ (VD) (VD) dy

2

D
W (VoR) - (V9R) dx dy

+

+50 (VR - (Von, ) dx dy
T
w8 [ (Tok,)- (Vol,) dx dy

5 [, (V95 (V3y) dy

2 | (VN - (Vo) dx dy

2 [ (Tl - (Tolk) dx dy

+ 20 [ (Von)- (Vou) dx

+2 [ 1gol* dx+ L [ lorf* ax
2 [+ 2 [ g dx
—? [ (140l + o) dx

_w% /Q |¢N|2 dx + J Aux, (87)
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where the functional [ 4, stands for
Jaus = ( loR () dx—mN) dy
S ERst) (108 o = ) dy
EN2 (/ o, (x, y)|? dx —m N) dy
5 (It dx = my ) dy
o(6) (ot o P =y ) dy
~(Eo): ( /Q 9Py~ hien, )
=& ( [ 1032 dy ~ daem, )
~(En)s (ot dy = 2z 20m,
<5 (ol dx dy — 2a(onp) )
—Es (/Q |pr | dx dy — Al(mT)T>
<7 (ol dy — dalmi ) )
s (| lowP dx dy  daGmn)s
—Eo(Aq + Ay — 1). (88)

Remark 8. In order to obtain consistent results it is necessary to set

((XN, "‘Hg) > (B(D,IXT).

In such a case, a higher temperature corresponding to a large w?, though such a nuclear reaction, will result
in a small Ay and a higher kinetics energy for the neutron field, corresponding to a large w? and A, closer to 1.

19. A More Detailed Mathematical Description of the Hydrogen Nuclear Fusion

In this section we develop in more details another model for the hydrogen nuclear fusion.

Remark 9. Denoting by i € C the imaginary unit, in this and in the subsequent sections, for the time-dependent
case we generically define the gradient of a scalar function u(x, t) with domain in R*, denoted by Vu(x,t), as

Vu(x, t) = (iug(x, 1),y (X, 1), Uz, (X, 1), they (X, 1)),

so that ;
Vu-Vu=—u?+ Zui},.
=1

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q).
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Here such a set () stands for a control volume in which an ionized gas (plasma) flows. Such a gas
comprises ionized Deuterium and Tritium atoms intended, through a suitable higher temperature, to
chemically react resulting in atoms of Hellion and a field of single energetic Neutrons.

Symbolically such a reaction stands for

Deuterium®™ + Tritium® — Helium*™ + Neutron (energetic).

We recall that the ionized Deuterium atom is comprised by a proton and a neutron and the ionized
Tritium atom is comprised by a proton and two neutrons.

Moreover, the ionized Helium atom is comprised by two protons and two neutrons.

As previously mentioned, resulting from such a chemical reaction up surges also an energetic
neutron which the higher kinetics energy has a great variety of applications, including its conversion
in electric energy.

We highlight the model here presented includes electric and magnetic fields and the corresponding
potential ones.

Denoting by t the time on the interval [0, ], at this point we define the following density functions:

1. For the Deuterium field
1
oo (x, v, )7 = 1y (v, )]> + 19N (x, v, t)|2\¢5(y/f)lszp,
2. For the Tritium field

1
o (x,y, ) = Iy (v, OF + (1o, (x,y, O + [, (2,9, 1) [y (v, f)Iszp,

3.  For the Helium field

1
|pme (x,y, )2 = 13 (v, )2 + (Ipne (6 y, )P + Lo (5,3, )12 |5 (v, ) P5—,
p P 2 mp

4. For the Neutron field
N = Pn(x,t),

5. For the electronic field resulting from the ionization
Pe = Pe(x,y,1).

Furthermore, we define also the related densities

poyt) = [ on(xy O dx,

pr(v,t) = [ gr(ry,pl ax,
om, (¥, 1) = /Q |pn, (x,y, 1) dx,
ox(x8) = Ipn(x 1)1

pe(y,t) = /Q e (x,y,1)|? dux.
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For the chemical reaction in question we consider that one unit of mass of fractional proportion
«p of ionized Deuterium and a7 of ionized Tritium results in one unit of mass of fractional proportion
ap, of ionized Helium and ay of neutrons.

Symbolic, this stands for

1:06D+IXT:1XH8+IXN.

Concerning the control volume () in question and related surface control d(), we assume such
a volume has an initial (fot t = 0) amount of ionized Deuterium of (mp ) and an initial amount of
ionized Tritium of (mr)g. The initial amount of ionized Helium and single neutrons are supposed to
be zero.

On the other hand, about the surface control d(), we assume there is a part )y C 9Q) for which is
allowed the entrance and exit of Deuterium and Tritium ionized atoms.

We assume also there is another part d(); C dQ) such that 9021 N 92y = @ for which is allowed
only the exit of ionized Helium atoms and neutrons, but not their entrance.

In 00, is allowed the exit only (not the entrance) of ionized Deuterium and Tritium atoms.

Indeed, we assume the following relations for the masses:

1. ,
(mp,N)T(t) = mpy,N(t) +/O /an (on,(x,T) + pn(x,T))u - n dS dr,
2.
mp, N(t) = mp,(t) +mn(t),
3.
mpy, (t) = /QpHE(x,t) dx,
4,
my(f) = /QpN(x,t) dx,
5.
(mp,)r(t) = /QpHe(x,t) dx+/0t /an o, (x, T)u-ndldr,
6.
(mn)r(t) = /QPN(X, t) dx + /Ot /BQ pon(x, T)u-n dldr,
: (mn)r(t) _ an
(mp,)r(t)  ap,’
so that
anmpy,)7(t) = ap, (my)r(t),
8.
(mp)(t) = (mp)o — /Ot /80an02 (ep(x,7))u-ndS dt — ap(mp,N)7(t),
9.
)0 = nrdo = [ [ (st o))uen dS dr = ar(mn)2(0),
10. ,
(me)r(t) = me(t) +/O /(_mz(pe(x,”r))u “n dS dt,
11.

me(t) = /Qpe(x,t) dx.
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12.
/prﬂww—+/wwxﬂwm—+/w &tFM—a

mp

Here n denotes the outward normal vectorial fields to the concerning surfaces.
Having clarified such masses relations, we define the functional

J(¢,p,r,u,E A,B)
where

] = G(Vu) +F(¢) + Ec(¢,x) + F + F, + F3,

andwhereweassumeyp > 0, 'yp > 0, 'yN>0 'yN1>0 'yN2>0 7 > 0, 7 > 0, ’y§;>
0, yv >0, 'ye>0andocD>O at >0, ‘XHE>O any >0,apr >0, DCH8N>0 IXg,g>0 IXHE,E<OSO

that
D
c(vg) = = [7 [ (VgP)- (Vop) dyar
Dt
BT [ (TR - (VeR) dx dy a
T

7 [ voh) - (Vgh) dy ar

S 2 [ vk - (Vak,) dx ay a
m 2 [0 [ (Vok) - (Vo) dxdy ai
72” / / (Vplt ) dy dt
7Nl/tf/ Vo) - (VR dx dy dt
7N2 / v / Vo) - (Vo) dx dy dt
T /ngvN»(wN) d dt

Ye ['F
+7/0 /Q(VG”L’) (Vepe) dx dy dt, (#9)

and
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ff/ . x‘%az ;f” é'i'?sﬁw'z et
DéDT ff/ |¢p(x Clrz y)@'(é'i'gf)fl’gz’ OF 4y dy dgy dcy dt
Lo [ [ ety )ém%}?gfﬁvg& I v dy azy azy a
ff \4>N x—|xC_t€ t||‘PN( OF 4y az ar
+szH,3 / / |9, (1 — Cl,y) izél’)ézg‘l’”\’(g]’ s dx dy dgy dg dt

and the internal kinetics energy is expressed by
b orp Or
E(gr) = 2/ [ 160l SP - 5P dxy d

A g

L Lo e

L

2/ /|¢e|2 a(.;t"-%d x dy dt, 1)

Here it is worth highlighting we have approximated the initially discrete set of indices s of
particles as a continuous positive real variable s.
Moreover,

F —i/tfﬂcurlA—B |I2 dt
1*47_[0 0112 ’

ty
/ /Emd Kp|¢p |2( ) dxdydt
4 [ Eua- Kplo] dx dy d
+ ind ° Pl‘l’p' xay t
t
+/f/ - Kpl0% ( ) dx dy dt

+/ /Emd Ke|pe|? (u+> dx dy dt, (92)

where K, and K, are appropriate real constants related to the respective charges.
Here u = (u1, up, u3) is the fluid velocity field and

rp, rr, 'y, IN, Ye
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are fields of displacements for the corresponding atom fields.

Also A denotes the magnetic potential, By an external magnetic field and B is the total magnetic
field.

Moreover, E;;,; is an induced electric field.

Finally,

C tr C ty
Bo= 3] Ve Vi dxdydt+ l/ S V-V g er ey i

CHg tf

/v ¥+ V(g T, dx dy dt + / [ Vot Vgt dx dy dt

/ / Fo- V(g Te dx dy dt, (93)

for appropriate real positive constants Cp Cr, Cp,, Cy, C..
Such a functional | is subject to the following constraints:

1. The momentum conservation equation for the fluid motion

ou ou ap
P ( atk —+ ]axk> = pfk +Tk]’] + (FE)k + (PM)k/

Vk € {1,2,3}.
Here p = pp + p1 + pH, + PN + pe is the total density and P is the fluid pressure field.

Furthermore,

aul au]
K <8x ox; 3 i Z axk>

Vi, j€{1,2,3},

Fe = {(Fele) = (Ko(IgPR + 107+ 104) + Ke [ I dx ) B

and
Fy = {(Fm)i}
By
b (w+ 57)
ot (w25 ) )

0
+Ke|gel? <u + ar;)) x B. (94)
2. Mass conservation equation:
9%
oy + div (pu) =
3. Energy equation
De - - aQ

du;
+ V(B - ut B+ P(dive) = 5= — div q + =

PD7t axk'

d0i:10.20944/preprints202302.0051.v88
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where we assume the Fourier law
q=—KVT,

where T = T(x,t) is the scalar field of temperature and Q is a standard heat function.

Also,
~ Pu.uq4PpoD 91D
L N TR
pr orT OrT

2 ot ot
PH, 9tH, OrH,
2 ot ot
ON al‘N aI'N
2 ot ot
Qe OT,  OFe

2ot ot (95)

+

_|_

where the densities £; and E, are defined through the expressions of F(¢) and F, so that

F(cp):/otf/gﬁl dx dt

oo
FE = / / E, dx dt.
0 Q

Here we recall that since rp is highly oscillating in t we approximately have

and

u-rp~0

in a weak or measure sense. The same remark is valid for the other internal velocity fields.

Moreover,
De  oe de

Finally, for a calorically perfect gas we may assume

e=CT
where R
Co = ﬁ/
for appropriate constants R > 0, vy > 1.
4.
P=F (pr T)

for an appropriate scalar function F;.
5. Mass relations

(@)

mp(t) = /QpD(x,t) dx,
(b)

mr(t) = /QpT(x,t) dx,
()

mie(t) = [ pu. (1) dx,
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(d)
0= [ pntxt
(e)
:/Qpe(xrt
€3] t
(ma)r(®) = [ om0t [ [ pnxmu-ndrar,
(8 t
(mn)r(t) =/QPN(x,t) dx+/0 /aosz(x,T)u-ndFdT,
(h)
(mn)r(t) _ an
(mp,)T(t) g,
so that
anmy,)r(t) = ag, (my)r(t)
where,
(a) t
(my,N)r(t) = mpy,N(t) +/0 0, (pn,(x,7))u-ndS dr,
(b)
mp, N(t) = mpg,(t) +my(t),
(c)
t
(mo) (1) = (mo)o — [ [ (po(e,))u-ndS dr—an(m,n)r (D),
(d)
t
(o) (®) = (mr)o— [ [ (pr(x)u-ndS d—ar(mx)r(0),
(e) t
(me)7(t) = me(t) —i—/o /302 (or(x,7))u-ndSdr.
)
/ |9y (x,1) I2dx—+/ |9y (x, 1) |2dx—+/ o (x, t |2dx —

6. Other mass constraints

(@)

S 1R Gy, O dx = my,
(b)

[ 185, Gy, 2 dx = my,
()

[ 185 Gy, )2 dx = my,
(d)

/ |(PN1 X, y’ dx = mn,
©

| ok ey D dx = my.
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7.  For the induced electric field, we must have
1 ’ D2 arD
curl E;,,; + - curl (Kp|4)p | <u + Bt)
. or
T2 T
+Kp |(lbp ’ <ll + 8t>
. or
H. |2 H,
+Kplgoy | (u—i— 5 )
N are(x,y,t
R ot 0P () + 252D ) )
QO t
10
><(curlA—BO)—Eg(curlA—Bo):O, (96)

where Kp and K, are appropriate real constants related to the respective charges.
8. A Maxwell equation:

divB =0,

where
B = By — curl A.

9. Another Maxwell equation:

div B = 47t (K05 P+ g+ Itk )+ K. [ Gy P d )
where the total electric field E stands for
E=E; s+ Ep,

and where generically denoting

t
F(¢) :/Of/Qfs,w,x,g,t) dx dE dt,

p - { [ 28050 ).

axk

we have also

At this point we generically denote

t
hih :/‘/hhwdﬂ.
(h1,h2) 12 ke dxdy

Thus, already including the Lagrange multipliers concerning the restrictions indicated, the
extended functional J3 stands for

Js = J3(¢,u,r,P,A,B,E AE)
= G(V¢)+F(p)+Ec(pr)+F+F+F
auk 4auk aP o _
+<Ak/p (ai’+u]> _Pfk+8736k Thj,j (Fg)k (FM)k>

8x]- 12

d .
+ <A4/ £ + div (pu)> ) + ]Amq + ]Auxz + ]Aux3 + ]Aux4r (97)
L

d0i:10.20944/preprints202302.0051.v88
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where,
]Aux]
= <A5, th + Vi(Ey) -u+ Ey + +P(divu) — ETR d1vq—TJkan>L2
Jauwy, = <A7rmD(t)_/ pp(x,t) dx>
Q 12
+ <A8,mT(t) —/ or(x,t) dx>
@) 12
<A9’ mHe (t> _/ pHe (x’ t) dx>
Q 12
<A10,mN(t) —/ on(x,t) dx>
Q 12
<A111m3(t) _/ pE(x/ t) d'x>
Q 12
ty
/O Ex2(t) (anmp, )7 (t) — gy, (m)r(1)) dt, (99)
Jausy, = _/tf/ < "PN x,y,t | dx—mN> dy dt
3 0 Q
tf 2
-/, /QEN1)6 y,t (/ |<]>N1 x,y,t)] dx—mN> dy dt
tf 2
*/0 /Q EX)7(y,t </ o, (x,y, 1) dx - N> dy dt
t
—/ / (EN sy, t </ N (%, 1) dx — N) dy dt
0o Ja
t
— [ ] st ( PRGN dx—nm) dy dt, (100)
0
]AMX4 = <A12/ curl E;,y

1 o 1.D|2 Jrp
+C curl (Kp|<pp| ( +78t )

5 Jr
it (o 57

.12 arHe

+KP|4’ 7wt 5

7 a ’ /t
+Ke /Q |ge(x,y,1) (u(y,t) + % dx))

X (curl A —Bg) — iaat(curlA—Bo)>

L2
—+ <A13, div B>L2

+ <A14, div E — 47 (K,,(|4>,?|2 + ¢y [+ |4>§;|2) + K, /Q e (x,,1)]? dx) >L2 .(101)

Here we recall the following definitions and relations:
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1.  For the Deuterium field
9031 = 199 .0 + R (e PP (0
2. For the Tritium field
op (v, O = 19 (v, ) + (19K, (x5, + |9, (x, v, t)|2)¢5(y,t)l2mipr
3. For the Helium field

1
(pr, (%, O = |9o (v, P + (1on: (%1, + |9 (e w, B |9 (4, t)lzm,
4.  For the Neutron field
oN = PN (x, 1),

5. For the electronic field resulting from the ionization

Pe = Pe(x,y, ).

1.
ooy 1) = [ oy 0l dx,
2.
pr(v,t) = [ grCry, P dx,
pu ) = [ |w (o0, D
pn(xt) = [pn(x 1),
pe(y,t) = /Q e (x,, ) |* dx.
Also,
0 = pPp +PT + PH, + PN + Pe,
1.
t
(mp,N)T(t) = mpy,N(t) +/0 /an (om, (x,T) + pn(x, T))u-n dS dt,
2.
mp,N(t) = mp,(t) +my(t),
3.
m, (t) =/QPH6(x,f) dx,
4.
my(t) = /QpN(x,t) dx,
5.
t
(o)1) = (mo)o— [ [ (po(x1)u-nds dr—ap(min)r(t),
6.

onr)(0) = (o= [ [ (pr(x, 7)) dS de = ax (g )1 0),
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7.
t
om)2() = [ pu(x,0) s+ [ [ pu (5, 1w mra,
8.
t
(mn)r(t) I/QPN(x,t) dx+/0 /(_msz(x,T)u-ndFdr,
9.
(my)r(t) _ an
(mp,)r(t)  ap,’
so that
anmp,)T(t) = ap, (mn)7r(t),
10. t
(me)7(t) = me(t) —/0 /302(pe(x, T))u-n dS dr,
11.
me(t) = /Opg(x,t) dx.
12. . . .
_ D 2 o Me T 2, Me H, 2, M
me(t) = [ 195 (x,1) i+ | 185t e+ | 1k e
Finally,

E=E; ;+ Ep,

and where generically denoting

F(g) = [ fslgx,0) dx dz,

g, - { [ 25050 ).

we have also

and,

B = By — curl A.

20. A Final Mathematical Description of the Hydrogen Nuclear Fusion

In this section we develop in even more details another model for the hydrogen nuclear fusion.

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by o).

Here such a set () stands for a control volume in which an ionized gas (plasma) flows. Such a gas
comprises ionized Deuterium and Tritium atoms intended, through a suitable higher temperature, to
chemically react resulting in atoms of Helium and a field of single energetic Neutrons.

Symbolically such a reaction stands for

Deuterium™® 4 Tritium™ — Helium™ + Neutron (energetic).

We recall that the ionized Deuterium atom is comprised by a proton and a neutron and the ionized
Tritium atom is comprised by a proton and two neutrons.

Moreover, the ionized Helium atom is comprised by two protons and two neutrons.

As previously mentioned, resulting from such a chemical reaction up surges also an energetic
neutron which the higher kinetics energy has a great variety of applications, including its conversion
in electric energy.

We highlight the model here presented includes electric and magnetic fields and the corresponding
potential ones.
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Denoting by t the time on the interval [0, ], at this point we define the following density functions:

1.  For a single Deuterium atom indexed by s:
(¢ (x,y,t,5) > = oy (v, t,5) + oK (x, v, £,5) P19y (v, f,S)Izn;r
2. For a single Tritium atom indexed by s:
[pr(xy,t,5)17 = 10y (v, t,5)1* + (198, (5,0, £,5) [ + 98, (5,1, £,5) ) |9 (v, t,S)Iznip,
3.  For a single Helium atom indexed by s:
|0m, (%, 1,5 P = |05 (v, £,5) 17 + (I (2,9, 6,5) 17 + 190 (2,1, £5) ) 9oy (v, t,s)lzz,lﬂp,

4. For the Neutron field:
on = Pn(x,t,s),

5. For the electronic field resulting from the ionization
(PE = (Pe(x/]// t,S).

Furthermore, we define also the related densities

Np(t)
ep(y,t) = /0 /Q \¢D(X,y,t,s)|2 dx ds,

Nr(t) 2
pr(y,t) =/ / |1 (x,y,t,5)|" dx ds,
0 Q
NHe(t) 2
oy t) = [ [ lgn (o) P dx ds,
0 [@)
Nn(t) 9
on(et) = [ lon(xts) P ds,

Ne(t)
pe(y t) = /0 /Q |pe(x,y,t,5)|* dx ds.

For the chemical reaction in question we consider that one unit of mass of fractional proportion
ap of ionized Deuterium and a7 of ionized Tritium results in one unit of mass of fractional proportion
ap, of ionized Helium and ay of neutrons.

Symbolically, this stands for

l=ap+ar =ay, +ay.

Concerning the control volume () in question and related surface control 9}, we assume such
a volume has an initial (fot t = 0) amount of ionized Deuterium of (mp ) and an initial amount of
ionized Tritium of (mr)g. The initial amount of ionized Helium and single neutrons are supposed to
be zero.

On the other hand, about the surface control 9Q), we assume there is a part (2; C 0Q2 for which is
allowed the entrance and exit of Deuterium and Tritium ionized atoms.
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We assume also there is another part 9}, C dQ) such that 021 N9y = @ for which is allowed
only the exit of ionized Helium atoms and neutrons, but not their entrance.

In 9(); is allowed the exit only (not the entrance) of ionized Deuterium and Tritium atoms.

Indeed, we assume the following relations for the masses:

1.
(mp,N)T(t) = mpy,N(t) +/0 /an (o, (x,T) 4+ pn(x,T))u - n dS d,
2.
my,N(t) = mpg,(t) +my(t),
3.
mpy, (t) = /QpHe(x,t) dx,
4.
my(f) = /QpN(x,t) dx,
5.
(mp)(t) = (mp)o — /Ot /80an02 (op(x,7))u-ndS dt —ap(my,N)T(t),
6.
(o) (®) = (o= [ [ (pr(x0)u-ndS dr—ar(ma,n)r (),
7.
(my,)r(t) = /QPHe(x,t) dx_|-/0t /ao ey, (x, T)u-n dldr,
8.
() () :/QpN(x,t) dx—i—/o /aosz(x,T)u~ndl"dT,
” (mn)r(t) _ an
(mp,)r(t)  an,’
so that
anmp,)1(t) = ay, (my)r(t),
10. ,
(me)(£) = me(#) +/0 /802 (0e(x,7))u - n dS d,
11.
me(t) = /ng(x,t) dx.
12.

ND(t) D 2 me NT(t) T 2 me
_ Me t,s)|2 dy ds—
met) = [ [P ol dyasie+ [T gt dy ds

Np(#) e
[ [ et dy ds e, 102
A 1925 (v, 1,5) 1 dy i, (102)
Here n denotes the outward normal vectorial fields to the concerning surfaces.

Having clarified such masses relations, denoting by Np(t) Nr(t), Ng,(t), Nn(t), N.(t) the
respective indexed number of particles at time ¢, we define the functional

]((P/P/ r,u, EIAI B/ {ND/ NT/ NHQINN/ NE})

where
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J=G(Vu)+F(¢)+ Ec(p,x) + Fi+ B+ F3+ Fy,

H, H,
and where we assume 75 > 0, ’yg > 0, '71131 > 0, 7{,1 > 0, 71{12 > 0, Vop > 0, N, > 0, TNy >
0, Y>>0, ve>0andap >0, ar >0, ag, >0, ay >0,apr >0, ag, n >0, aee >0, ay,, <0so0
that

Cve) = 25/ / / (VgD) - (VD) dy ds dt

+7N/Otf /OND(t /Q(V%]\Jf) (V¢R) dx dy ds dt

U [ [ vty vgp dy as
LITVI / ’ / e / (Vok,) - (Vi) dx dy ds dt
'VNz /tf /NT / (VoL,) - (Vor,) dx dy ds dt
fyzp /tf/ " / (Vo) - (Vee) dy ds dt
WNI ’ / o / (Vore) - (Vore) dx dy ds dt
% /Otf /ONHEU /Q(Wﬁ;)-(wﬁ;)dx dy ds dt
o Otf /ONN(t) /Q(quN) (Vo) dx ds dt

ve [t [Ne(t)
2 [T ] (990 (Vgo) dx dy ds at (103)

and

) =
ap No(t) r |¢pp(x — &,y — &, t,5 —51) 2| ¢p (&1, Et,51))2
/ / [(x,y) — (61,82 dx dy d&y d&p ds dsp dt

T _ _ _ 2 2
Lo /tf Nr( /N t)/ lpr(x —C1,y |(’§;f;)5_ (5611)|§2|<)P|T(§1,§z,f,51) dx dy d&y dE, ds dsy dt

£ [No(®) pNr(t lpp(x — &1,y — &2, 1,5 — 51)|?|pr(E1, Ea, b, 51)
S A Coy) — @1 &) o dy A dea dt

N () (Nu(t) 1 |pp, (x — CLy &, t,5 — 1) ¢, (€1, 82, 1)
/ / / x,y) — (81,62,51)] dx dy dgq dy ds dsq dt

I8
/ /NN /NN /|¢N x—Cf,5—31)|2|¢N(‘:'t’51)|2 dx d¢ ds dsy dt
192

D‘He

\x - ¢l
tr (Nu () (No(t)  |¢pg,(x Cl,y & 1) Pl (8, 1) 2
/ / / / (x,y) — (61, 62)| dx dy d¢y dy ds dsq dt

NHc Ng — — — 2 e 62,4, 2
H;f/”‘/ [ B B s

L oo tr Ne(t) (Ne(t) (o (x — &,y — Ep, t,5 — 51)|2|Pe(E1, E2, t51) |2
/ / / / [(x,y) = (81,62)] dx dy dg, dgy ds ds; df(104)

MN N‘Z N
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and the internal kinetics energy is expressed by

tr Np(t)
Ec(¢p,r) = Z/f/ ’ /\ pl? 8;;3 Jtp dx dy ds dt
t Nr(
2/f/ i /| P T arT aerxdydsdt
2/ /HE /|¢He|2 agfe-arHe dx dy ds dt
dry Or
2 N N
2/ / /|¢>N| SN SN g dy ds di

tr 2 Ore are
2/ / /|¢e| 5 5 dx dydsdt, (105)

F —i/tfncuﬂA—B I, dt
1_47T 0 0|2 4L,

Moreover,

/tf /No(t)/ Eong - KplgD (u+arD) dx dy ds dt
/tf/ /Emd Kp|4’p|2( ETT
AL e (o
P i (o) s

where K, and K, are appropriate real constants related to the respective charges.
Here u = (11, up, u3) is the fluid velocity field and

> dx dy ds dt

) dx dy ds dt

rp, r7, r'y,, IN, Te
are fields of displacements for the corresponding particle fields.
Also A denotes the magnetic potential, By an external magnetic field and B is the total magnetic
field.

Moreover, E;;,; is an induced electric field.
Also,

Cp [t [No(D)
b= 0 /0 /Q V(ay)ID * V (xy)TD dX dy ds dt
] tf/NT(t)/V \Y% dx dy ds dt
o Jo Q (xy)IT "V (xy)IT X dY as
Ch, [t [Nre()
JFT/o /o /Q V() TH, * V (x,y)TH, dx dy ds dt

Cn [t [NN(D)
Jr7/0 /0 /Qv(x,y)rN‘V(x,y)rN dx dy ds dt

e dx dy ds d 107
2 Jo /o /Qv(x,y)r@'v(x,y)re x dy ds dt, (107)

for appropriate real positive constants Cp Cr, Cg,, Cy, Ce.
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Finally,
aND(t)) e (BND(t)>2
F, = < dt
2 0 ot
y 2
aNN( ) dt 4+ ey, ['f aNHE(t) gt
2 ot 2 Jo ot
ff IN(t)\?
5 ( = > dt, (108)

where ep, €1, €N, €H,, € are small real positive constants.
Such a functional | is subject to the following constraints:

1. The momentum conservation equation for the fluid motion

ou ou
Y ( atk +u ]axk> = pfk +Tk]] (FE)k—|— (FM>k/

vk € {1,2,3}.
Here p = pp + p1 + pH, + PN + pe is the total density and P is the fluid pressure field.

[ oy 314] 2 ouy
T”_y<8x] i §]Zaxk'

Furthermore,

Vi, j€{1,2,3},

Fp={(Fe)} =

®) Np, (t)
(o ([ toprass [ s [T ot as) ek [* o s )

and

Fyoo= {(Fmi}

Np(t) or
- (Kp (/0 o7 <u+af) ds
M) 1o ory
/0 |¢p| (u—i—at) ds
+/O |4> |2< ag?) ds)
+K / |¢E|2< ‘Zt) ds> « B. (109)

2. Mass conservation equation:

9p
py + div (pu) =
3. Energy equation
%—l-v (E)) - u+E +P(divu) = = — divq + T o
Ppr ™ VA 2 T ot 4T Tk g
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where we assume the Fourier law
q=—KVT,

where T = T(x,t) is the scalar field of temperature and Q is a standard heat function.

Also,

Y pDE)rD aI‘D
L T T
pTarT arT
2 9t ot
pHearHe arHe
2 ot ot
pNarN al‘N
2 ot ot
Pe OT,  OFe
29t ot

+

+

(110)

where the densities £1 and E; are defined through the expressions of F(¢) and F, so that

F(<p):/0tf/01f:1 dx dt

tf N
E = / / E> dx dt.
0 Q

Here we recall that since rp is highly oscillating in t we approximately have

and

u-rp~0

in a weak or measure sense. The same remark is valid for the other internal velocity fields.

Moreover,
De  oe de

P=F(p,T),

for an appropriate scalar function F;.
Mass relations

(a)

mo(t) = [ po(xt) dx,
(b)

mr(t) :/QPT(x/t) dx,
()

mye(t) = /QpHe(x,t) dx,
(d)

my(t) = /Q on(x,8) dx,
(e)

me(t) = /Qpe(x,t) dx,

d0i:10.20944/preprints202302.0051.v88
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where,
(a) t
(mp,N)7(t) = mp,N(t) +/0 802(pHe(x, T))u-ndS dr,
(b)
my,N(t) = mp, (t) +mn(t),
(©) t
(mo)(1) = (mo)o— [ | (po(x1)u-nds dv—ap(mx)r(1),
(d) t
(mr)(t) = (mr)o — /0 /a o, (PO T) 0 S AT — (g )7 (1),
(e) t
(mp,)r(t) = /QPHg (x,t) dx +/0 /602 pm, (¥, T)u - n dldr,
() t
(mn)r(t) = /QPN(x,t) dx +/0 0, pn(x,T)u-n dldr,
(8
(mn)r(t) _ an
(mp,)T(t)  ap,’
so that
anmp,)1(t) = ap, (my)T(t),
(h)
(me)7(t) = me(t / /a 0 (pr(x,7))u-n dS dr.
@)

ND(t) m NT(t) e
me(t) = [ / 0 .t ) dy dy s e [T [ o, 9) dy ds e

+/ / |¢2p v, t,8)|* dy ds— (111)
mp
6. Other mass constraints
(a)
[ 18R G t,) P dx = m,
(b)
[ 18K, Gyt )P dx = m,
()
|18, Gyt )P dx = my,
(d)
/ |4>N1 x,y,t,8) > dx = my,
(e)
/Q |¢ﬁ; (x,y,t,8) > dx = my,
)

/Q |¢5(x, t,s)[* dx = m,,
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()
T 2
x,t,8)|° dx = m,,
[ 185 ets) .
(h)
/ |4) (x,t,5)]7 dx =2 mp,
7.
mp(t) = mp Np(t) +my Np(t)
mT(t) = myp NT(t) +my NT(t),
mHe(t) = Zmp NHE (t) + 2my NHe(t)/
me(t) = me Np(t) + me Nr(t) +2 m, Np, ().
8.  For the induced electric field, we must have
1 A ND(t) D2 arD
curl ;g + - curl (K,,/O ¢y | (u —+ at) ds
. (Nr(t) or
T2 T
Kp/ |4>p| <u+at) ds
’ arH
K 2 4
+ p/ |<P ;| ( 5 ) ds
N e( ore(x,y,t)
2 e\Ar Y,
+ KE/O /Q |pe(x,y,t,5)| (u(y,t) 5 dx | ds
10
x (curl A —By) — Eg(curlA—Bg) =0, (112)
where K, and K, are appropriate real constants related to the respective charges.
9. A Maxwell equation:
divB =0,
where
B = By — curl A.
10.  Another Maxwell equation:
Np(t) Nz (t) N (1)
divE = 4 (K,, (/0 ’ 9y |7 ds—l—/o ! 9 I ds—l—/o " |¢f;|2 ds)
Ne(t)
—i—Kg/ /Q pe(x,y,t,5)|* dx ds) , (113)
0

where the total electric field E stands for
E = E;uq + Ep,

and where generically denoting

t
:/Of/of5(4>,x,t§,s) dx dg ds dt,

we have also

E, = {/Qaff’(q”x’t’g’s) 4z ds}.

8xk
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At this point we generically denote

y
)z = [ [ h ddy d.
(h1,ha2) 12 o Jo 2 y
Thus, already including the Lagrange multipliers concerning the restrictions indicated, the

extended functional J3 stands for

]3 = ]3(4)/ ur, PIAI B/ E/A/ E/ {ND/ NT/ NHe/ NN/ NE})
= G(V¢)+F(@)+E(pr)+h+h+EB+E

Jou ou oP
+ <Ak,p (a_tk + u]-—k> —pfk+ i (Fe)k — (FM)k>

ax]‘ 12
9 .
+ <A4/ a_i: + div (Pu)> ) + ]Aux1 + ]Auxz + ]Aux3 + ]Aux4 + ]Auxy (114)
L
where,
De A ) 20Q i ou;
Jaux, = <A5, ot Vx(E1) -u+P(divu) — a5 T divq— Tjka_xk>L2
+(Ae, P—=F(p,T))12, (115)

awn = {A7mo()= [ polx ) dx)
—I—<Ag,mT(t)— /Q or(x, 1) dx>
<A9,mHe(t) —/QpHe(x, t) dx>

</\10, my(t) — /QPN(x,t) dx>L2
<A11,me(t) — /Qpe(x, f) dx>L2

/Otf Epp(t)(anmy,)7(t) — ap, (mn)1(t)) dt, (116)

12

12
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T = = [ [ (ER)
ARG
ARG
A
A
AL
A
S
(A1p, curl By

1 N ND(t
+— curl (Kp/
c 0

]Aux4

L Nr(t)
+Kp/ |(,1>;|2 (u +
g F(

+R, /

5(y,t,5) ( N (xy,t,9)[? dx—mN> dy dt
EN1 (y,t,5) (/ |qu1 X,Y,t,5) |2dx—mN> dy dt
EN2 (y,t,9) (/ |¢’N2xy/t5|2dx* N)
EHe )s(y, t,s) (/ |4>N1 x,y,t,8)|% dx — N) dy dt
EH'3 y,ts)(/ |4> (x,y,t,8)|* dx — )
),5) (0Pt )P dy—m, ) ds s,
ET)ts </ |q>p (y,t,8) > dy — m,,) ds dt,
(/ |<Pzp (y,t,8)* dy — Zm,,) ds dt,

EH@ (t,9)

)
917 <u+ aarf) ds

al‘T
E)t) ds

al‘He ) ds

ot

L Ne(t) ) ore(x,y,t,s)
+Ke/0 /Q|gbe(x,y,t,s)| <u(y,t)+at dx) ds)

x(curlA—Bo)—iaat(curlA—Bo)>

+ <A13, div B>L2

Np(t)
+ <A14, divE —4r (KI[J </0

L2

Nr(t)
9D [2 ds + /0

2
Ke/0|cpe| dx ds)>L2

]AuX5

(A15, mp(t) —
+{A16, mr(t) —
+{A17, mp,(t) —
+(A1g, me(t) —

(mp Np(t) +my Np(t)))2

(mp Nr(t) +mn Nr(t))) 2

(2mp Np,(t) +2my Np,(t))) 12

(me Np(t) +me Nr(t) +2 me N, (t))) 2.

Here we recall the following definitions and relations:

1. For the Deuterium field

[¢p(x,y,t,5)* =

1
|6y (v t) 2 + [eN (2,9, 5) Py (v, t,S)Iszp,

d0i:10.20944/preprints202302.0051.v88
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(117)

H,|2
p| ds)

N, (t)
opP s+ [ 1o

(118)

(119)
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2. For the Tritium field
o1 (e y,t,8)12 = 10y (v, 1,5) P + (9%, (1, v, £, 5) P + 198, (v, £,5) )¢y (v, t,S)Izmip,
3. For the Helium field
|0r, (.9, 6,9) 17 = |95 (. £,9) 7 + (10N (%, 1, 6,5) >+ [ (9,15 ) [ (v, t,s>|2217p,

4.  For the Neutron field
N = Pn(x,1,5),

5. For the electronic field resulting from the ionization

Pe = ¢e(x,y,1,5).

1.
Np(t) )
oo )= [ [ 9o ts) dxds
2. -
T
— 2
orv )= [ [ lor(ey o) dx s,
NHe(t) 2
o) = [ [ s (xR dx ds,
Nn(t)
pN(x/ t) = /0 |¢N(xr tls)|2 ds,
N, (t) 5
pelw, )= [ [ ey ) P s
Also,
P = PD +PT +PH, PN + Pe,
1.
t
(mp,N)T(t) = mpy,N(t) +/0 /an (om,(x,T) + on(x,T))u-n dS dr,
2
2.
mp,N(t) = mp, (£) +mn(t),
3.
mi(8) = [ pr.(xt) dx,
4.
my(f) = /QpN(x,t) dx,
5.
t
(mo)(1) = (mo)o— [ | (po(x1))u-nds dr—an(mn)r(t),
1
6.
t
(mo)(®) = (mr)o = [ [ (pr(x0)u-ndS dr —ar(ma,n)r(t),
1
7.

t
(mp,)T(t) :/QPHg(x/t) dx+/0 /aQZpHe(x,T)u~ndI“dr,
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8. t
(mi)r(®) = [ vt [ ] px(x - ndrar,
9.
(my)r(t) _ an
(mp,)r(t)  an,’
so that
an(mp,)7(t) = ap,(my)T(t),
10. t
(me)7(t) = me(t) —/0 /BQZ(pe(x,T))u-ndF d,
11.
et = e ,t d .
me(t) = [ polx 1) d
12.
0 /ND(t)/|D( ; )|2dddme+/NT(t)/|T( . )|2ddme
m = 4 ’S 5— 7 /S S§—
e A Y yayas, tly Jo Pl v
Np(t) H, 2 Me
+/0 /Ql%p (v, t,8)|" dy dsmfp- (120)
Finally,
E=E;;+Ep,

and where generically denoting

t
F(¢) :/Of/QfS((P,x/t,C,S) dx d¢ ds,

we have also

g { [ 202 g )

axk

and,
B = By — curl A.

21. A Qualitative Modeling for a General Phase Transition Process

In this section we develop a general qualitative modeling for a phase transition process.

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by o).

Such a set () is supposed to a be a fixed volume in which an amount of mass of a substance A
with a density function u will develop phase a transition for another phase with corresponding density
function v. The total mass m7 is suppose to be kept constant throughout such a process.

We model such transition in phase through a functional | : V x V — R where

- n . a [
J(u,v) = 7 /QVu Vudx + > /Qu dx
ﬁ/VU-Vvdx—kg/v‘ldx
2 Ja 2 Jo

_%/ﬂwz(uz—i—v2) dx — g (/ﬂ(u2+?’2) dx—mT> : (121)
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Here y; >0, 92 >0, a1 >0, ap > 0and V = W2(Q).

The phases corresponding to u and v are connected through a Lagrange multiplier E, which
represents the chemical potential of the chemical process in question.

We assume the temperature is directly proportional to the internal kinetics E¢ energy where

1 201, Ory
EC—§/Q” P T

For a internal vibrational motion, we assume approximately

r, = eiwtw5(x)’
for an appropriate frequency w and vectorial function ws.

Thus, the temperature T = T(x, t) is indeed proportional to w?, that is, symbolically, we may
write

To<Elo<w2.

Therefore, we start with the system with a phase corresponding tou ~ land v ~ 0 at w = 1.
Gradually increasing the temperature to a corresponding w = 15, we obtain a transition to a phase
corresponding to u ~ 0 and v ~ 1.

At this point, we also define the index normalized corresponding densities

i uz 02
and
] v uZ UZ :

Finally, we have obtained some numerical results for the following parameters:
Q=[0,1CR,y1=9=1a=01,a =103
1. We start with w = 1 corresponding to ¢, ~ 1 and ¢, ~ 0in Q.

For the corresponding solutions ¢, and ¢, please see figures 15 and 16, respectively.
2. We end the process with w = 15 corresponding to ¢, ~ 0 and ¢, ~ 1in Q).

For the corresponding solutions ¢, and ¢, please see figures 17 and 18, respectively.

1 F T T T T T T T T T T

0.9
0.8
0.7
0.6
0.5
0.4
03
0.2

0.1

Figure 15. Solution ¢ (x) for w = 1.
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x10

0.8

06

0.4

021 1

Figure 16. Solution ¢, (x) for w = 1.

0.8 ]

0.6 7

02r 7

021 7

-0.6 7

-0.8 1 7

Figure 17. Solution ¢, (x) for w = 15.
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Figure 18. Solution ¢ (x) for w = 15.

22. A Mathematical Description of a Hydrogen Molecule in a Quantum Mechanics Context

In this section we develop a mathematical description for a hydrogen molecule.

Let QO C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q2.

Observe that a single hydrogen molecule comprises two hydrogen atoms physically linked
through their electrons.

We recall that each hydrogen atom comprises one proton, one neutron and one electron.

Since the electric charge interaction effects are much higher than those related to the respective
masses, in a first analysis we neglect the single neutron densities.

Denoting (x,y,z) € Q x Q x Q and time t € [0, 5], generically, for a particle pj at the atom Ay
in the molecule M;, we define the following general density:

2w (6w, 2 )P0, (0,2, )Pl oam, (2, )
mA].kli '

|¢(ijl)T (x,y,2,1)]

Here we have the particle density |¢p,, (x,y,zt) |2 in the atom Ay, with density [, (v,z,t)|? at
the molecule M; with a global density |¢a, (z, £)[?.

Here we have also denoted, Mp the particle mass, m 4,, the mass of atom Ay, and my,, the mass
of molecule M;, so that we set the following constraints:

1.
/Q |¢ij1 (x,y,z,t)|2 dx = M0
2.
/Q P4y (.2, t)* dy = MAy,
3.

/Q g, (2, 8)[2 dz = ma,.

At this point we denote for the atoms A e A; of a hydrogen molecule:

1. me; = m,: mass of electron ¢; in the atom A;, where j € {1,2}.

2. mp; = mp : mass of proton p; in the atom A;, where j € {1,2}.
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Therefore, considering the respective indexed densities for the particles in question, we define the
total hydrogen molecule density, denoted by |¢p, (x, v,z t)|* as

|9, (2,2, 8) Plpa, (.2, 1) Plom(z, 1) 2
mAlmM
19 (y 2 t) Ploa, (v, 2, )P |¢m(z t)]?
mAlmM
S Ploa, (2, ) ¢m(z 1)
mAZmM

96y 2 B2, v,z 1) Plem(z t)
mAZmM

lom, (x,y, 2,02 =

(122)

Such system is subject to the following constraints:

1.  From the proton p; in the atom A;:

/Q |¢P1 (xry,Z, t)|2 dx = My,

2. For the proton p; in the atom Aj:

[ 0w,z 0P dx = m,,
3. For the atom Aj:
104wz 0 dy = ma,,

4.  For the atom Aj:
a2 0 dy = m,

5. For the electrons e; and ey, concerning the physical electronic link between the atoms:

/Q |pe, (x,y,z,t)|2 dx + /Q |c[)eZ(x,]/,z,t)|2 dx = 2m,.

6. For the total molecular density:

[ 10z ) dz = mag

Therefore, already including the Lagrange multipliers, the corresponding variational formulation
for such a system stands for | : V — R, where

](4)’E) = G(ng) + F(¢) +]Aux(¢/E)‘

Here we denote

(@0 )r2 = |99, (2, y,2, ) P, (v, 2,t) Ploma(z, 1)
pj TN — s

mA].mM

2 00y, z )P a; (4,2, ) Plgm(z, 1)

Ve {1,2
A je{1,2}

| (¢e)7

we assume () > 0, Ve > 0, Ya; > 0, ym >0, X(p)r > 0, &)y > 0 K(p; e)r < 0, Vj, k€ {1,2},
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v

G(Ve) = ”f/ / Vey,) - (Voy,) dx dy dz dt
t

4/0 /Q(nggj)-(V%j)dx dy dz dt

¥

(V9 - (Tea) dy dz dt

™
#2007 (V) - (V) d= (123)

and

(pj)r /ff / |07 (x =81y — 82,2 = 83, ) PI(p), (61, 82,83, 1)
[(x,y,2) — (1,62, 63)|
D)y (x = &1,y = 82,2 = 83, 1) Pl o)), (81, €2, 83, 1)
|(x,y,2) — (61,62, 83)|
Xpj et /tf / ’(p(Pj)T(x =81y =Gz — 53/t)|2|4’(ek)T(‘:1/C2/ &3, 1)
2 [(x,y,2) — (1,62, 63)|

dx dy dz; A&, d&, dEs dt

ty

dx dy dz d¢y d¢p dcs dt

dx dy dz d&y A&, dEs dt

Finally,

t
JAux (¢, E) /Of 0 )i, z,t) </ |Pp; (x,y,z,t)? dx—mp> dy dz dt

t
s / (Ee) 02,0) ([ (00 o920 W 9,2, ) = 2mc ) dy i

Q

/ /EA (z,t) </ |a; (y,z,1))* dy — mA>dzdt

/O (Ea) () ( /Q oz, 1)[2 dz—mM> dt. (124)

Remark 10. We highlight the two electrons which link the atoms are at same level of energy E.. Morever, each
atom has its energy level E 4; and the molecule as a whole has also its energy level Epy.

23. A Mathematical Model for the Water Hydrolysis

In this section we develop a modeling for a chemical reaction known as the water hydrolysis.

Let QO C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q).

In such a volume () containing a total mass mr of water initially at the temperature 25 C with
pressure 1 atm, we intend to model the following reaction

HO=OH +H"

which as previously mentioned is the well known water hydrolysis.

We highlight H,O stand for a water molecule which subject to an appropriate electric potential is
decomposed into a ionized OH ™~ molecule and ionized H™ atom.

It is also well known that the water symbol H,O corresponds to a molecule with two hydrogen
(H) atoms and one oxygen (O) atom.
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Moreover, the oxygen atom O has 8 protons, 8 neutrons and 8 electrons whereas the hydrogen
atom H has one proton, one neutron and one electron.

Remark 11. Here we have assumed that a unit mass of HyO reacts into a fractional mass ag of OH™ and a
fractional mass ac of H .
Symbolically, we have:

1=« Bt &c.
To clarify the notation we set the conventions:
1. H>O molecule generically corresponds to wave function ¢;.

OH™ molecule corresponds to wave function ¢,.
3. H™ hydrogen atom corresponds to wave function ¢s.

N

At this point we define the following densities:

1. For the H,O water density (for charges), denoted by |¢; |2, we have

|2|(4> )a; (W, 2 )P (g1 m(z, 1)
(m)3, (m1)m
|2|(4>fl) AWz )P |(¢1)m(z 1)
() ()
)|z|(<P?)A( .2, Pl (¢1)m(z, )7

(m)ﬁ (m1)m

+Ke Z [(¢)e; (%, y,2, t)’2|(¢?)A(y/Z/ H[(¢1)m(z 1)

=1 (m)g (m1)m

2
o1y z ) = Kp Yo (@) (2, 2,1)
=

+KEZ| ‘Pl (x,y,2,t)

+Kp2|4>1 (x,y,2,t

(125)

where (1) is the mass of a single water molecule and generically | (¢1 )y (%Y, 2,1) |? refers to
the hydrogen proton p; at the hydrogen atom A; concerning the HO molecular density and so
on.

2. For the OH~ density, denoted by |¢|?, we have

lp2(x,y,2,8) > = KP‘(‘Pé{)p(x/y,Z,t)IZ|(¢?)A(y’2';)|2|(¢z)M(z,t)|2
(m)y (m2)m
@) a2 0Pl 92z DI
(m)4 (m2)m
2
+Ke|<¢?H>ez<x,z,t>|zW

|2|( $5)a Y,z 1) (¢2)m(z 1)

(m)ﬁ (m2)m

AL S A,
e A

+Kel (¢3)er (1,2t

+KpZ| ‘Pz (x,y,21)

. (126)

where (m1,) ) is the mass of a single molecule of OH ™.
3. For the ionized hydrogen atom have

2
b3 (x, v, )2 = Kpl (¢5)p (x,, )|2|<¢3(7)713()A)|'
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where we have denoted (m3) 4 is the mass of a single atom of H.

Here K, > 0 and K, < 0 are appropriate real constants concerning a proton and an electron
charge, respectively.

The system is subject to the following constraints:

1.
1010 w2 0P dx = my, ¥ € 41,2,
2.
1@ (2 02 dx = me, i € 41,2},
3.
/Q [(@D)p; (x,,2,£)* dx = my, Vj € {1,8},
4.
@) ez P dx = me, v € (1,8},
5.
L 1@,z )R dx = my,
6.
L 108 Gz 0P dx = me,
7.
@8 (ey,2, ) dx = me,
8.
/Q [(5)p; (X, y,2,)|* dx = my, Vj € {1,8},
9.
[ 19906, (x,,2, 02 dx = me, ) € {18,
10.
@502 ) dx = m,
11.
1@ a2 0 dy = mf v € 1,2},
12.
@01 aw 0P dy = mS,
13.
L 16840200 dy = n,
14.
160914020 dy = mS,
15.
L@tz 0 dy = m,
16.
S U@0MEDE +1@2)mE D + |(¢s)uz D) dz = me,
17.

/Q(‘%c|(<l>2)M(Z,f)|2 —ap|(¢3)m(z t)?) dz =0,
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Already including the Lagrange multipliers for the constraints, the variational formulation for
such system. denoted by the functional J(¢, E) stands for

](¢/E) = G(V(])) + F((P) + Fl(()b) - ]Aux(()brE)/

where
Yp 2ty 0 H
G(V¢) = 2]2/0 /Q V(¢ )pj V($1)p; dx dy dz dt
Ye 2 tf H H
+7 Z/ / V(471 )Ej'v(()bl )e]- dx dy dz dt
j=1 0 @)
Tp 2ty 0 0
+7 Z/ / V(gbl)pj-V((pl )Pj dx dy dz dt
j=8 0 Q
Ye 2 tr 0 0
+?2/0 /QV(¢1 Je; - V(T )e; dx dy dz dt
=1

+ﬁ/tf/ V(@) - V(g4 dx dy dz dt
/ / (5o, - V (¢, dx dy dz dt

’YE OH™ OH—

+2]§/0 /Q V(g3 e V(P77 e, dx dz dt

ﬂzpjé/otf/gv((pg)pj-V(ﬁ)pj dx dy dz dt
+“§]é 7[99, 9)., dx dy d=
ﬂgﬂi [ [l - V(o) 4, dy =

$220 [0 [ (9000 9094 dy d di

“”/ / (P A - V(ph1) 4 dy dz dt

+ 240 / / (¢9)a -V (¢9) 4 dy dz dt
+M/tf/ V(1) - V(1) dz dt

WMZ// (¢2)m - V(o) dz dt

14 /tf/ (¢3)a - V(gs)a dy dt.

Here v, >0, 7. > 0,7 > 0,799 >0,vm, >0, 7, >0, 74, > 0.
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Moreover,

F(9)
ay [ f i (x =Gy — G2z — 85, 1) P1¢1(1,62,Ga )P
? 0 /Q |(x,y,z) — (Clr 621 §3)| dx dy dz dX1 dxy dX3 dt
t _ . . 5 )
a3 (U [ Iga(x— 81,2 — 83, D) Ples(81, 8, 1)
T T G e dde
P 1 ] =Syt S DGLESO iy a i

where a1 > 0, ap > 0, a3 > 0 and a3 > 0.
Furthermore,

t
A@) = [ [ Veuz (e +1g2R + ¢af?) dx dy dz d, (127)

where V = V(x,y,z,t) is an electric potential originated from an external electric field E applied on Q.
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Finally,
]Aux 4) E)
= Z/ / E1 y,zt ( (o) pi(%,Y,2, )2 dx—m;,) dy dz dt

!

L s ([ 6o ) dydea
+Z/tf/ (Ex)p vz 1) (/I4>1 p (0 y,2, ) dx—m,,) dy dz dt
L e ()

[ [ ([ 108z 0R ax=m, ) dyaz i

2t
o R U e S T

(¢7) e (X,Y,2, 1|2 dx—me> dy dz dt

2 ty
+];3/0 /Q(Ez)g(y,z, t) (/Q |(¢§))ej(x,y,z, )| dx — me> dy dz dt

+ /Otf /Q(E3>ff (v, 1) ( /Q (@4 (x,y, 8)|% dx — mp) dy dt

+:21 L o ([t oz 0P dy—nll) dzai

[0 @S ([ @030.z0R dy-ng) dz
[ Een ([ defwenf dv-md) aa

7 @960 ([ (0230207 dy—nS) dzd
0 JQ
/0”<E6>2<>(/<|<¢3> (.0 dy =) ds
+ [ E0 ([ (@00 + 1)+ | @) dz = mr )
+ [0 ([ (xcllgm(e )~ anligalu(z 0P =) . 129)

24. A Mathematical Model for the Austenite and Martensite Phase Transition

In this section we consider a phase transition of a solid solution of y — Fe (v — iron) and carbon
with a 0.75/100 proportion of carbon, known as austenite, initially at a temperature above and close
to 723 C and rapidly cooled to a temperature of about 25 C, developing a phase transition which
generates a solid solution of « — Fe (« — iron) and carbon known as martensite.

Let QO C R3 be an open, bounded and connected set with a regular boundary denoted by 9Q
which contains an amount of austenite at 723 C and which, as previously mentioned, is rapidly cooled
to a temperature 25 C on a time interval [0, 7], resulting a phase known as martensite.

We recall the v — Fe of austenite phase presents a multi-faced cubic crystalline structure in a
micro-structure with carbon atoms.

On the other hand, & — F, structure of the martensite phase has a CCC cubic centralized crystalline
structure in a micro-structure with carbon atoms.
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At this point, we also recall that the F, (iron) atom has 26 protons, 26 electrons and 30 neutrons.
On the other hand a Carbonj, atom has 6 protons and this same number of electrons and neutrons.
Here we define the density function ¢, representing the Austenite phase, where:

1
9106, y,2,8)] 2 03 oy 2 OP0R ™ 2 DI 0P s
A
1 7-F, 207 2 1
+Z|¢> (oy 2O Pl9) " (0,2 ORI D s
(m})
1k v—F 2| 47 2 1
+Z|¢ (o y 2O Pl9) " 2 ORI (D s
(m)
1

+ Z 1(@7)p; (%, 1,2, 8) PLOT) Ay, 2 D195 (2P —c
j=1 (m)

1
+Z| 0)e; (%, 1,2, ) P1(91) 4 (yfzft)lzlcPf(Z,t)lzic)Z
A

(m

+Z| $TIN; (% v, 2 O (97) 4y, 2, D797 (2, ) (129)

1
(mG)?
Similarly, we define the density function for the Martensite phase, which is denoted by ¢», where:

1
|¢2(x,y,2,t)[* ZW‘ (2,2, P19) (2 )P 198 (2 )P s
(mA)

+Z|4>"‘ "0y, 2 ) P105 (2, ) Pl (2, 1) 2

+Z|4>“ oy ) Ple% Fe(yfsz)|2|¢ﬁ‘(sz)\2(m%)z

+Z| ¢0)p; (v, 2 ) P1(97) AW, 2 O 197 (2 ) P —c
(my3)

1 165512 P19 40,2 D105 2, T
A

]':

+Z| 03N, (0, 9,2, ) P(95) (v, 2, ) 195 (2, 1)

130
T

For the CFC y — F, (y — iron) corresponding to the Austenite phase, such density functions are
subject to the following constraints:
Defining

Cy = {(£1,0,0), (0,€2,0), (0,0,¢e3), : ¢; € {+1,—1}, Vj € {1,2,3}},

(Cy)1 =A{(e1,e2,3), : g € {+1, -1}, Vj € {1,2,3}},

and

(C7)2 = {(81182/0)/ (81/0183)/ (0182183)/ : g]' S {+11_1}/ v] S {1/2/3}}/
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we must have

oL Fe (y, 21 + €102, 20 + €202, 23 + €305, 1) = ¢ Fe (y,21 + &10;,20 + 205,23 + €305, 1),

Ve, & € Cy, where J; € R™ is a small real parameter related to v — F, crystalline structure dimensions.
We must have also,

(P’Y ke (]// Z1 + E1521 ) + 82521 Z3 + 8352/ t) 4)7 Fe (]// 21 + 51521 ) + g2521 Z3 + €3521 t)/
Ve, & € (Cy)1 and,

(P$) 4y, 21 + €102, 22 + €202, 23 + €302, 1) = () Ay, 21 + E102, 20 + E202, 23 + 8302, 1),

Ve, & € (Cry)z.
For the CCC « — F, (& — iron) corresponding to the Austenite phase, such density functions are
subject to the following constraints:
Defining
Co = {(e1,82,83), : gj € {+1, -1}, Vj € {1,2,3}},

(Ctx)l = {(81,82,83), P €1, & € {‘I»l,*l} and g3 = 0},

(Cu)2 ={(e1,€2,€3), : &1 =€ =0and e3 € {+1,—1}},
we must have

¢% e (y, 21 + 6182, 20 + 262,23+ €36:,t) = @Y T (y, 21 + 8182, 20 + 8285, 23 + 365, 1),

Ve, € € Cy, where 52 € RT is a small real parameter related to @ — F, crystalline structure dimensions.
We must have also,

(0S)a(y, 21 + €162, 22 + €282, 23 + €362, 1) = (¢5) Ay, 21 + E182, 20 + 8202, 23 + 8362, 1),

Ve, & € (Cy)1 U (Cy)a-
The other constraints for the densities are given by:

1. For the Austenite phase:

(@)

/ 95, (69,2 D) dx = my, V) € {1,26},
(b)

/ ’(P'y Fe x ]//Z/t)|2 dx = M, VJ S {1/26}/
()

/ |¢’Y Fe X %Zrt)|2 dx = MmN, v] < {1’30},
(d)

R
/ % (.2, t) | dx = m),

(e)

@0 (2,0 dx = my, ¥ € {16},
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(®)

@5 (2 P dx = me, ¥ € {1,6),
(®)

1@ (v, 2, 0 dx = m, Vi € (1,6},
(h)

L1051 4Gy 2 0P dx = mS,
2. For the Martensite phase:

(a)

[ 1857 Gy z 0P dx = my, ) € {1,26),
(b)

/Q |95 e (x,y,2,t) | dx = me, Vj € {1,26},
(©

/Q |4’a Fe(x,y,2, ) dx = my, Vj € {1,30},
(d)

|10 ez P dx =,

(e)

/Q [(95)p;(x,y,2,t) > dx = my, Vj € {1,6},
()

/Q [(@5)e, (x,y,2,t)* dx = m,, Vj € {1,6},
(8)

/ (95, (%, y, 2, 1) > dx = my, Vj € {1,6},
(h)

/Q 165) 4 (x,9,2, DI dx = m.

3.  For the total F, (iron) mass,

11 0R dz+ [ 193G 0 dz = (me)r,

4.  For the total Carbon mass

|50 dz+ [ 195G 0 dz = (mo)r.

At this point we define the functional | which models such a pahse transition in question, where

J(@,E) = G(V$) + F(¢) + Fi(¢) + Jaux (¢, E)

where
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26 AW F
G(Ve) = T[T vl dx dy dz dt
j:l Q ] ]
26 ~7—Fe t
+Z%2 f/ Vol el dx dy dz at
30 "'Y F 4
f/ Vol Vel dx dy dz
Aoc F,

t
/ ! / Vs Vs F dx dy dz di

26 ~a—F, t
+Z% / ! / Vs F Vgl T dx dy dz dt
?\] tf x—F, x—F,
: / / Vi Vg dv dy dz dt

(V(,bny Fe (y,z,1) -chsze (y,z,1)) dy dz dt

(Voo T (y,2,t) - Vol T (y,2,1)) dy dz dt

/Ot

+

t
L7 L V@), @6y, dx dy dz at

+

+
Do DR ‘M“’
S
\ \

.
o

+]§7;/0f/0v<¢1> V() dx dy dz dt
+§7§/Otf/()V(¢f)Nj-V(¢$>Nj dx dy dz dt
+]ézg/0tf/0w¢z) V(9S)p, dx dy dz dt
+§;172€C/;f/0v<¢2> V(95 ) dx dy dz dt
ﬂi? [ [ 9 @, dx dy e

S (9014 T ) )dydzdt+ Rt
+“?2¥/0tf/0( (17)~V(<p17))dzdt+ tf/ V(ef) -
S o) g dzas T (v

Also,

97 of 319
4)2 )A) dy dz dt
V(¢1)) dz dt
V(4>2 )) dz dt (131)
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F(¢)
tf/ hlx gl,yl(x%i) _5£)|€2||2)<|<;‘1,§2,g3,t>| dx dy dz d&y d dEs dt
tf/ — é51'}/|(x§§f) —gié?lc!'g)(fllgz'@'t” dx dy dz dgy dgy dgs dt,

B =- [ [ @E00nE0R + g0 dz

Finally, Jaux = ]Auxl + ]Auxz + ]Auxg, + ]AuX4 + ]Aux5/ where

26 t
Jauy, = Z/f/ E'Y Fery,z,1) (/ |¢'Y Fe( xy,z,t)|2dx—mp) dy dz dt
j=1
26 t
—|—Z/f/ E7 F"’ (y,z,t) </ |<p7 F"’ xy,z,t)|2dx—me> dy dz dt
+Z/ /E7 Fe(y,z,1) (/ |</)7 Fe(x,y,2,) 2 dx—mN> dy dz dt
t
d E”‘ Fe ,Z,b) A= ng Lz, )2 dx —my | dy dz dt
(v 4’ Y p| ay
j=1
26 t
—|—Z/f/ E¢. Fe(y,z2,1) (/ [ Fe( xy,z,t)|2dx—me> dy dz dt
j=1
+§ ’ N R ( 2 dx —
(y,z,t) |¢ (x,y,z,t)|" dx —my | dydzdt

t
—|—/f/E7 By, 1) </|¢7 Fe(y,z,t)|2 dy — mA> dz dt

+ /0 | B ( | w0 P dy - m:’a) dz dt (132)
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26 tf C
Jau, = Z/ / (E7)p; (v, 2, t)( |(¢%) p (X, 1,2, t)[? dxm,,) dy dz dt
j=1
26 tf )
21/ / ED)e; (v,2,) < (@7 )e; (x,,2, )] dx—me> dy dz dt
j=
26 tf )
21/ / ES)N (v, 2,t) </|4>1 IN; (X, Y2, )] dx—mN) dy dz dt
]:
26 tf
Z‘;/ / ES) p;(v,2,1) < |(45) pi (%, Y,2,t) ) dx—mp> dy dz dt
]:
26 te )
Z;/ / (ES) e (v,2,1) < [(#5) ¢ (x,y,2,1)] dx—me> dy dz dt
]:
26 tf
];/ / (E5)N; (v, 2,1) </|<p2 )N (%, y,2,1) dx—mN> dy dz dt
by
L7 a0 ([ 165407 dy =) dz
‘s C c 2 C)
. t 1
[ E A ([ 169)at,2 0P dy—n§ ) dzd 133)
and,
T, = BP0 ([ 10707+ g3 0P dz = e ) o
+ [ SO ([ (05 ER + 1S o 0R) de = mc)r ) . (134)
IAux4
T g
= + Z / /E (v, z, t)(¢A “(y,21 + €102, 20 + €20z, 23 + €30, 1)
¢, EeCy

— % T (g, 21 + 8102, 20 + 8202, 73 + £302, 1)) dy dz dt
b
Z / / E)E S y,Z t)gbA (y,Zl+815z,22+82(5z,23+€3(52, )
g, SE
—¢) " (yle 8102, 20 + 802,23 + £36, 1)) dy dz dt
b
+ Z / / ES (v, 2,t)(§5) a(y, 21 + €102, 20 + €202, 23 + €302, 1)
g, Ee
—(¢7)a (y, 21 + €10z, 22 + €20z, 23 + E30;, 1)) dy dz dt
+ Z / / EZ (v, 2, 1) (9% " (v, 21 + €162, 20 + €202, 23 + €302, 1)
g, Ee
— (y,Z1 + 818,20 + 8282, 23 + 830, 1)) dy dz dt
tf N R . .
+ ) / / Eg (v, z,t)((95)a(y, 21 + €162, 20 + €202, 23 + €30, t)
£, 86(Cy)1U(Cy)2 70 /O
—(95) Ay, 21 + E162, 20 + €282, 23 + 8302, 1)) dy dz dt. (135)
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Finally, for a field of displacements u = (u1, 1, u3) resulting from the action of a external load
field f = (f1, f2, f3) and temperature variations, we define

]Aux5
- % /otf /0 (A, £) H (esy(0) — ely(a0)) e () — ey ()
+ Ao (z, t)Hizjkl((Eij(u) — eizj(w))(ekl(u) — e%l(w)))) dx dt

_%/Off /Qp(x/t)”f(x/t)-ut(x,t) dx dt
—(ui, fi) 2, w6

where
eij(u) = % <gz]l + E;Z) ,
pr(zt) = [ 101(xy,2 0 dx dy,
pa(z,t) = [ 142,02 0) dx dy,
p(z,t) = p1(zt) + p2(2,1),
and

_ p1(zt)
Azt = p1(Z,f; +p2(z,t)’

__ pa(zt)
M) = e )

Remark 12. The system temperature is supposed to be directly proportional to w(z, )2, which in this model is a
known function obtained experimentally. Finally, the strain tensors {e}](w)} and {ef](w)} refer to austenite
and martensite phases, respectively. Such tensors also depend on the temperature and must be also obtained
experimentally.

25. A Note on Classical Free Fields through a Variational Perspective

This section is strongly based on the first chapter of the book [20], by N.N. Bogoliubov and D.V.
Shirkov.

Therefore, the credit for this section is of these mentioned authors. This section is a kind of review
of such a book chapter indicated. In fact, what we have done is simply to open more and clarify
some calculations, specially about the first variation of the functional L, in order to improve their
understanding.

Let O = Q) x [0, T] C R* where O C R3 is a bounded, open and connected set with a regular
boundary denoted by Q).

Consider the Lagrangian density L : RN x RN*" — R and an action A : V — R where

Au) = /QL(u,Vu) dx,

V = Wy (Q;RN).
We denote
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and 3
U
ax; (ui)X]
Assume u € V is such that
OL(u,Vu) =0,
so that ( ) . aL( )
oL(u,Vu d ( L(u,Vu > . .
—_— = — | —=—————2%1=0,inQ, Vie {1,--- ,N}L
aui kgl dxk a(ui)xk { }
We define a change of variables
(X = x + Oxy,
where x; = (xg, X1, X2, x3) and xg = f (here { denotes time).
Also
gk =0,ifj#k goo=—1and g1 = g0 = g33 = 1, {¢"} = {gu} "
Oxp = Z X ew,
where |¢| < 1 denotes a small real parameter.
We define also
ui(x') = ui(x) + ou;(x)
where
N
Z l/)l-js w’
j=1
and
5y = u)(x) — ()
Observe that
oui(x) = wui(x) —u;(x)
= wi(x') — wi(x) + uj(x) — wi(x), (137)
so that
sui(x) = uj(x) —ui(x)
= ui(x) — (uj(x') — uj(x))
N ) o9y =i
Y. pyewl - 3 2,
j=1 k=1
= thu J—Z d W) 5, + O(&). (138)

Summarizing, we have got
FITINY - K 2
Sui(x) =¢( ) gbl]w - E dxk X] wl | | +O(2).
j=1

Define now

A(u, o1, @2, ) = /Q Llu(x +e@a(x)) + ep1(x)] det J(x) dx
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where we have generically denoted
L{u] = L(u, Vu),

Liu(x +e@pa(x)) +ep1(x)] = L(u(x + epa(x)) + €1 (x), Vu(x + e@a(x)) + eVei(x)),

ox’
o - ()
+

and

~

(139)

From such a last definition we have

-1 9%

so that
adet](x)| _ i ((pz)k(x)
de &= = o
At this point we define
d -
(SA(MI P1, 4’2) = % (A(u/ ?1, 4)2/8)) |€=0/

so that

0A(u, @1,¢92) = /Q (Z (aL = qu) (@1)i

N
1

1 (8Lu Vu
oL

+) 5 )
ul ou; ) é #2)s ) dx. (140)

k=1

n

k=1 ul Bxk axk
From this and

oL(u,Vu) d (BL(u ,Vu)

= in O ] 1,---
aui dxk auxk > 0, in €3, vie { ’ IN}I

we obtain

SA(u, @1, 2) = ii </Q ddxk (aa(%i((m)k» o
N i/ﬂw dx. (141)

In particular, for
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and

we obtain

so that _
d(6fw’)

dxk

N n
oA prgn) = [ 12

j=1k=1

V{w'} € C(O;RN).
In particular, for

Pij =0

and
k_ <k
XJ' _‘51

we obtain the Energy-Momentum tensor T]Z, where

==Lk () -

xk axl

25.1. The Angular-Momentum Tensor
In this subsection we define the following change of variables
X=xp+ Y M xme Wk,
m#k

where

With such relations in mind, we set

Sxp = xp— X
n

= e ) Y w(g"xgh — ¢ xmgl).

I=1m<I

d0i:10.20944/preprints202302.0051.v88
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(142)

(143)
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We define also,

where
Moreover, we define

where ' ‘ ‘
] _ ] Is]
Aitpry = 8ip%1 — 8ip-
Hence,

n .
Vitmn) = 3 Al 45(X) = Gintim (X) — gjmthn(x).
= (mn)
For the general variation, we define again

Al 91, 92,¢) = [ Llu(x+epa(x) +eg1(x)] det ] (x) dx.

where we have generically denoted
Llu] = L(u, Vu),

Llu(x +epa(x)) +e@1(x)] = L(u(x + epa(x)) + ep1(x), Vu(x + epa(x)) + eVer(x)),
ox!
o= )
o))

{5]']( +e 9y

~

(144)

and
SA(u, @1, 02) =

& =~

(A(u, 91, 92,€)) le=o0

Moreover, we set
(p2)it" = w™ (g"x185 — g"" xm0}),

and
3y = u}(x) — ().

Thus,

= ui(x") —ul(x) +ul(x) — ui(x), (145)
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so that
i ) = 1 (x) — ()
= oui(x) — (uj(x') — uj(x))
n .
Su;(x) — 0uilx) 5+ O(&)
=1 %
n n
du:
- ) -Y LY L;*’” ew™ (10, — ™ xdf) + O(&)
ISim<ik=1 9%k
1 ou; (x
= (Z Z Al(kz uj(x E Z %wml(g”xlfsfn —gmmxm5;()> +0(e),
1jk<I I=1m<lk=1 k
With such results in mind, we define
(g0 = ) Al ik "
jk<l
- Z ( ml (gl x5k, gmmxméf)> . (146)
Similarly as in the previous section, we may obtain
SA(u, 91, 92)
_ dA(y, §01/(PZ/€)|
de =
U N d ( OL[u]
= — (A ui(x) + =" x0F Lollx ép)wml> dx
Z—Z;]mzdk—Z:ll—l/dek O(ui)x, imy™ "9 p "
n o n N
d
2V XY [ o (Lul(g sk — g o)) dx (147)
F=11=1 jmer i1/ A% ( " )
Thus,
n
d
(1, @1, 92) kz Zl/ﬂdxk ( lfnzwml) dx,
1m<
where
N oL[u]
k _ ] 1
M = L., (A”muf_algmm " S x)
+L[u)(g" %185, + " X6} ), (148)
so that
M, = (g’”'”mezk *g”XzT")
Yy uj(x)
= 1]<la z(lm Uj
= ml + Sml’ (149)
where

Liy = (8" xnTf — g% T
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and
Z Z 4 (x)
i=1j<I 9(u; )xk
The tensor {L¥ /} is said to be the Orbital angular momentum tensor and {S* ;} is said to be Spin
one.

25.2. A Note on the Solution of the Klein-Gordon Equation

For O = RY, O; = R3 and denoting as usual by i € C the imaginary unit, consider the
Klein-Gordon equation in distributional sense

3
= Z—z—mu—o inQ,
at & s

where u € V = W2(Q).
Defining the Fourier transform of u, by

1 —ip-x
¢(p) = W/Qe P*u(x) dx,

in the momenta space, the last equation is equivalent to

3
(p% ) pi- m2> ¢(p) =0, inQ,
=1

where we have denoted p = (po, p1, P2, p3) € R*, and x = (xo, x1, %2, x3) € R4
Observe that a general solution for this last equation is given by the wave function

3
$(p) = <P(2) - 21 P - m2> ¢(p),
£

where ¢ € W12(Q).
Indeed,

3 3
(p% - ;P]Z - m2> d(p) = (P% - ;p? - m2> s (P% - ;P? - m2> ¢ (p)
= = =
= 0,inQ. (150)

Here, we recall that generically for the Dirac delta function §(t), we have

_Jo, ift#o,
5(t)—{ teo, ff—0. (151)

Observe that, for the scalar case in the previous section, we have

2
3
27 =} (;”) + m?u.

j=0 \ 9%

Also, from
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we get
o _ 9 2
/Q( ) Z/(E)x]> dx m/ﬂudx 0,
so that 2
ou\ > 3 ou
Y dx = / R B 2/ 2 4y
/Q(Bt) x ];1 Q<8x]> x+m Qu x
From such results, we may infer that
ou\?
00 o ou
/QT dx = /Q(Bt) dx
T
ot
3 P 2
= Z/ <u> dx+m2/ u? dx. (152)
j=1 0x; 0
On the other hand,
2/ — dx
j=1 Q aX]
: i TV .1 ,
P MAVARTE elp'xd”) (vt e ap') ax
_ 1 i// ( P (ﬁ(p/) / ei(p+p/).x dX) dP dp/
27'()3]:1 PiPj o
1 ~
T @ Z// —pi P @(p) §() 0(p+ 1)) dp dpf
1 / ) s R
G L, () d(=p) ap )
(zn)a/z]; Q(P;‘PP ¢ P) p

Thus, denoting p = (p1, p2, p3), dp = dp1 dpa dps, and

po(p) = \lﬁ

we may infer that

/QTOde = (27:)3/2/0<

= 7 o, (P2 6(00(0). ) 0(—rolp),—)) ap. (150
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Summarizing we have got
L = o [ (02 opol0). ) #(—po(p),—p)) dp
Q (27)3/2 Joy,
ou ||
- 15l (155)
so that )
/TOO dx = a—u
(9] at L2

may be expressed as a kind of average expectance of pj related to the function ¢(p).
25.3. A Note on the Dirac Equation

In this subsection we denote

3
) N
A* =) ¢ L,
j=0
where 3
=il i 31,
Li=ig ax]-' Vj€{0,1,2,3}
We recall that the relativistic Klein-Gordon equation may be written as

(A2 —m?)u =0, inQ =R~

Moreover, for 4 x 4 matrices 7* indicated in the subsequent lines, we may obtain

3 . d 3 P}
=0 %% =0 9%

u,

where
Dii = Az — Ti’lz
and
D;; =0, ifi #j, vi,j€{0,1,2,3}.
Here
u = (ug,uy, up, uz)T € V=W2Q;CH).

In such a case the fundamental Dirac equation stands for

3 .
li <];)’Y]Eij> —m] u=0ecR} inQ.

Summarizing, if (1o, uy, uz, ug)T € V is a solution of this last Dirac equation, then ug, u1, up, u3
are four solutions of the Klein-Gordon equation.

In the momentum configuration space, through the Fourier transform proprieties, the Dirac
equation stands for

(p+m)a(p) =0, inR?,
where

3 .. .
p=23.8"p.
=0

d0i:10.20944/preprints202302.0051.v88
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Observe that
i(p) = 6(p + mu(p)

corresponds to a general solution of the Dirac equation.
Indeed,

(p+m)ia(p) = (p+m)s(p+m)u(p) =0 € R, inQ.
On the other hand

3
a(p) =9 (P% - 21 - mz) u(p)
f=

correspond to four solutions of the Klein-Gordon equation.

At this point, we assume such a iI(p) corresponds to a solution of the Dirac equation as well.

Furthermore, here we recall that (please see the first chapter of the book [20], by N.N. Bogoliubov
and D.V. Shirkov for details):

10 0 0
01 0 0
0
p— 1
7 00 -1 0 [ (156)
00 0 -1
0 0 0 1
0 0 10
1
_ 157
v 0o -10 0 ( (157)
1 0 00
0 00 —i
0 0 i 0
2
P— 1
Y 0 i o0 o ( (158)
i 00 0
0 01 0
0 00 -1
3
= 159
U 100 0 (159)
0 10 0
and
0 0 —i 0
0 0 0 —i
5
_ 160
v i 0 0 0 (160)
0 —i 0 0

where we also denote
w; =%y, Vj € {1,2,3},
oj = in"y", vj € {1,2,3},
and
p=1"

On the other hand, a variational formulation for the Dirac equation corresponds to the functional
A :V — Rwhere

Au) = %/QL(u,Vu) dx,
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where

Ju ou*
u, VH — 2 1 j Jq ”12 *
( l] —0 ( v ax] aX] Y > ’

where here
= (up, uy, us, ng)T € W1'2(Q;(C4).

From such statements and definitions, similarly as in the previous sections (please see [20] for
details), we may obtain

ko Lo e g 0u out g
=38 ( Tox axl“‘)’

and
ghim — _ (OLOLNU) jupmy e gt i OL (1, V1)
Oty Olly, ’
where ‘
Au,lm — %U'ml,
Au*,lm — %O,Im,
and where .
O.Im Ty ;’Y Y ,
so that
ghim _ 2, (,Yk Im lm,.yk>
Thus,
/Sk'lm dx
Q
1
— Z Q( (,Ykglm olm k) )dx
= i 27.5)3/ (/ / ZPX k lm*O'lm’yk)ﬁ(p/)eipl'x> dp dp/> dx
1
= i 27-[)3/2/ | (ap)(ate™ =y Rye(p + p)i(p)) dp ap’
1 A
= ZW/ (u(p)(’yk olm _ lm'yk)u(—p)) dp
1 1 k _Im Im, k 2 3 2 2
B EW/Q u(p) (v’ = a8 | py— ) py —m* Ju(=p) | dp
j=1
1 1 o A A A
= 4(2n)3/2/ (u(po(p), ) (v ™™ = " Yu(—po (), ) ) dp, (161)
where
po(p) = Zp] + m?2.

=

Summarizing, we have got

[ s dx—4(27_1[)3/2 S (po(p), Y o™ — 0" Yu(—pop), ) .

where Ql = ]R3, ﬁ = (pl, pz, p3) and dﬁ = dpl dpz dpg,
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26. A Note on Quantum Field Operators

This section is strongly based on the chapter 3, page 53 of the book [21], by G.B. Folland.

Therefore, here we have done a kind of review of these pages of such a book chapter indicated.
In fact, we have simply opened more and clarified some calculations, in order to improve their
understanding.

Let O = Q) x [0, T] C R* where O C R3 is a open, bounded and connected set with a regular
boundary denoted 90).

Define V = W'2(Q) and

Vo = Wy (Q).

Consider an operator H : V; = Vo N W??(Q) — Y where in a distributional sense,

o%u 5 5
H(u) :—W—i-v u—m-u,
and where
Y =Y*=L*Q).

Suppose there exists operators By : Y — Y and B, : Y — Y such that

1
B1By(u) = H(u) + i
and 1
BzBl(u) = H(M) — Eu, Yu € Vj.
Assume also ¢y € V; is such that
goll2 =1,
and B¢y = 0.

Now define

BS (o)
= , Vk € N.
Pk T
Observe that
[Ble] = B1B, — ByB1 = 1.

We shall prove by induction that
[By, B§] = kB5~1, vk € N. (162)

Indeed, fork =1
[By,By] = I; = 1BY,

so that (162) holds for k = 1.
Suppose now (162) holds for k € N, so that

[By, B] = kB5 1.

In order to complete the induction, it suffices to prove that (162) holds for k 4 1.
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Observe that

(B, BS™] = (BBS™! — By™By)
= (ByB5)B, - B5'1B;
(B5By + kBS~1)B, — BXt1B,
B5(ByB,) + kBs — BS™1B;
BS(ByBy + I3) + kB, — BB,
= BY*By + BS +kBS — B5t1B;
= (k+1)B. (163)

Thus, the induction is complete, so that
[By, B§] = kB5™!, vk € .

Moreover, we recall that
Bigo =0,

k
Bi¢y = By (%)

(BKBy + kB~ 1)y
V!
kpr—1+/(k—1)!
NG
/S
vk
= V1, VkeN. (164)

so that

Summarizing, we have got

Bigy = \/%(Pk_l, vk € N.

Now, we shall prove that

BZ(Pk =Vk+ 1¢k+1/ Vk € N.

Observe that

BS g Pre1(y/ (k+1)!

= By(Bi¢o)
(Bagr) VL. (165)

Summarizing, we have got

(Bagr) VE! = i1 (y/ (k+ 1)1,

so that

(B2gx) = Vk+1¢pt1, Vk € N.
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Finally, from such results, we may infer that

Bi (VK + 1¢p11)

= Vk+1Bi¢pi

MM¢k

= (k+1)¢y VkeN. (166)

B1Bagpy

Similarly,

BBipy = Ba(Vkgr1)
VkBagy_1
VkVigi
= k. (167)

Therefore we have got

1 1 1
H ¢ = BiBogpy — S¢ = (k+ 1)y — 5 = <k+ 2) P
that is .
Hey = (k—l— 2) ¢, Vk € N.
Thus, for each k € N, k + % is an eigenvalue of H with corresponding eigenvector ¢.

26.1. An Application Concerning the Harmonic Oscillator Operator in Quantum Mechanics

In this section we have the aim of representing the relativistic Klein-Gordon equation through the
creation and annihilation operations related to the harmonic oscillator in quantum mechanics.
Consider first the one-dimensional Hamiltonian, corresponding to the harmonic oscillator, namely

hod? x2
H=—-— +K—
Zmdxz+ 27

which through an appropriate re-scale results into the following related Hamiltonian Hy, where

1 a2,
H0—2<—dxz+x>.

Define now the operators

and

Clearly,

I 1
H0=Ble—Ed =BzB1+Ed,

so that
[A,A*] = [By,By] = B1By — BBy = ;.

Similarly, as in the previous sections, by induction, we may obtain

[By, B§) = kB5™!, vk € .
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For R
Po = Ve,
we define 1
= =By, Vk € N.
47]( \/l; 2(P0
Also from the previous section, we may obtain
By = A" = Vk + 111,
Bigy = Ay = \/I;(Pk,p vk € N.
ByBy = A" Apy = k¢,
and
B1Bapp = AA P = (k+ 1)y, Vk € NU{0}.
so that
Hopy = (k + 1/2)47](, Vk € N.
Here we recall that
Bigg = Apg =0,
and
[poll 2 = 1.
In reference [21], page 54 it is proven that such a sequence {¢y} is an ortho-normal basis for
L2(R).
Finally, observe that for R* we may define
1 0
— A= —
(Bl)] ] 5 (ax] +x]>r
and
(B)-—A"‘—L —i—l—x- vje {0,1,2,3}
2 ] ] - \/i ax] 7] ] rLr &y .
Here generically,
x = (x0, x1,%2,x3) € R%.
Observe that clearly
o V2 .
ax ~ 2 A
and
V2

led = T(A] + A;k), vj e {0,1,2,3}.
Denoting xo = t where t stands for time, consider the relativistic Klein-Gordon equation,

2 3 2
_a¢+267¢
]

2
29 —m2p =0,
A

From the previous results, we may represent such an equation by
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1 2, el ;
(‘2(1‘\0 —AGP+ Y 5 (A4~ AT)? - m21d> ¢ =0.
=1

We highlight from the previous results we know the action of Aj and A on an appropriate basis

of L2(R*) obtained though an appropriate tensorial product of the bases

{{¢x(xj)}, forje{0,1,2,3}}.

We shall call the operators A}k and A; as the creation and annihilation operators concerning the
original harmonic operator in quantum mechanics.
{ To j;:stify such a nomenclature, we recall that A]’-‘cpo(x]-) = ¢1(x;) and A;po(xj) = 0, Vj €
0,1,2,3}.

27. A Dual Variational Formulation for a Related Model

In this section we develop a concave dual variational formulation for a Ginzburg-Landau type
equation.

Let QO C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q2.

Consider a functional | : V — R defined by

J(u) = %/QVu-Vudx
+5 /Q (2 — B)2 dx — (u, )2, (168)
wherey > 0,2 > 0,8 >0, f € L>(Q), and
V =WA(Q).

We also denote Y = Y* = L2(Q)).
Define now
Vl = {M eV : ||u||°o < Kg},

for some appropriate K3 > 0and, J; : VxY — Rby

Jula, o) = J(u) + 5 [ (=990 + 205u— 2 dx,

where
1

K= ——>—
T 4ak2 4

for some small parameter 0 < ¢ < 1.
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Observe that
J(u,v5) = %/QVu-Vu dx + (u?,v§) 2
K
+71 /Q(—qu +205u — £)?dx — (u, f);2
. x
—(uz,v())Lz + 5 /Q(u2 - ,8)2 dx
: Y 2 %
> x .
> u1é1‘2{2 /QVu Vu dx + (u”,vg) 12
K
+71 /Q(—qu + 2v5u —f)2 dx — <u,f)Lz}
+inf < —(v,v5) 2 + ﬁ/ (v—B)? dx
veyY 702D g
= —F(vp) — G*(v5)
= J'(v5),YueVy, vy €Y, (169)
where we have denoted
F*(05) = sup{—(u®,v}) 2 — F(u,05)},
uevy
. v Kq 2 # 2
F(u,vp) = —/ Vu-Vudx + —/ (=yVu+2v5u — ) dx — (u, )2,
2 Ja 2 Jo
and N
_w a2
Go) =5 [ (0—pdx,
G*(vg) = sup{(v,v9);2 —G(v)}
veY
_ 1 *\2 *
= ﬂ‘/ﬂ(vo) dx+‘8‘/0'00 dx. (170)
Observe that SF .
g‘#vo) = — V2 +20% + K1 (= V2 +20)2,

so that we define
B* = {v} € Y* : —yV? 420} + K1 (—V? 4 205)? > 0}.

With such assumptions and definitions in mind, we may prove the following theorem:
Theorem 4. For [*(v;) = —F*(v§) — G*(v), suppose 0 € B* is such that
51" (65) = 0.

Let uy € Y be such that

aH(MOI UAS)
0 —,
ou
where
H(u,v5) = F(u,05) + (4%, 05) 2
Suppose
up € V1.
Under such hypotheses,

F*(0p) = H(uo, %),
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6] (ug) =0,
and
J(uo) = Ji(uo,%p)
= inf 00
ulélVl ]1(14 UO)
= sup J*(v)
vhEY*
= @) a7
Proof. The proof that
F (%) = H(uo, %),
is immediate from 9y € B*.
Moreover, the proof that
6] (ug) =0,
and
J(uo) = J1(uo, 05) = J*(0g)
may be done similarly as in the previous sections.
Observe that
J"(w5) = —F(vg) = G*(w) = inf {H(u,75) = G*(v)},
so that J* is concave in v as the infimum of a family of concave functionals in vj.
From this and 6]*(3;) = 0 we get
J*(%9) = sup J"(vg)-
vpEY*
Furthermore observe that
J(uo) = Ji(uo, %)
< Ji(w, o
= F(u,85) + (u,95) 12 — G* (%)
< F(u,05)+ sup { (12,052 — G (%) |
vpEY*
— F(u,05) + G(?)
= N (u, ZAJS), Yu e Vj. (172)
Hence
J(uo) = J1(uo, %) = inf Jy(u,0p).
ueVy
Joining the pieces, we have got
J(uo) = Ji(uo,Bp)
— 1 f 5k
ulgvl ]1 (u/ UO)
= sup J*(2p)
vpEY*
= J*(%)- (173)

The proof is complete. [

d0i:10.20944/preprints202302.0051.v88
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28. The Generalized Method of Lines Applied to Fourth Order Differential Equations

In this sections we develop an application of the generalized method of lines to a fourth order
equation.
We start by addressing the following ordinary differential equation (ode):

€d4u(x)
dx?*

—f=0,in[0,1],

with the boundary conditions

u(0) =u'(0) =0
and

u(l) =u'(1) =0.

In terms of linear elasticity, such a boundary conditions corresponds to a bi-clamped beam.
In a finite difference context, this last equation corresponds to

J4
where N is the number of nodes and d = 1/N.
Considering that, from the boundary conditions, u_; = uy = 0, for n = 1 we get

. (un+2 —4uy 1+ 6uy —4u, +un2> —fu=0,VYne{l,---N-2},

d4
6uy —4uy +uz = flT,
so that
U1 = ajupy + bqus +cq,
where .
d
a1 =2/3, by—1/6and c; = %
Similarly, for n = 2, we obtain
fod?

_41/[1 + 6u2 - 41/[3 + M4 - T

Hence, replacing the value of 11 previously obtained in this last equation, we have

44
_4(611112 ~+ byus + Cl) + 61y — duz + uy = f27’

so that
Uy = apuz + bouy + Co,

where defining mq; = (6 — 4a1), we have also

L Abi+4

2 = m12 7

1

by =———r)

2 mip

1 d

o= L (f2+4cl).

mqp €

Now reasoning inductively, for n, having

Up—1 = Ay—1Un + bnflunJrl +cn-1,
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and
Upy_p = Ay_pUy_1 + by_oly +cyp_p
we obtain
Uy = Ao (Ap_1tn + by_1Uyi1 +Cy1) + by_oty + cu2,
so that from this and
fud?
Upip — 4y +6uy —4uy 1+ Uy = -
we obtain
an—2 (an—lun +by 11+ Cn—l) + by oty +cp2
d4
—4(ay_qun +by_qUpy1 +Ccyq) + 06Uy — 4y + Uy = fng , (174)
so that

Uy = Aplyg1 + buliy 1 + cn

where defining
myp = (ay—2(ay-1) + b2 —4a,_1 +6)

we obtain .
=——(a,_7b,_1—4b,_1—4
an S— (an 20n-1 n—1 )
1
by=——,
mip
and .
1 d
Cp = m_lz <an—2Cn1 +eopo—4cy1— fng > .

Summarizing, we have got
Up = Aplly i1 + byl o +cp,Vn € {1,-N —2}.
Observe now that from the boundary conditions,
uy_1 =un = 0.
From these last two equations, we may obtain
UN-2 = CNy,

and
UN_3 = aN—3UN—2 +bn_3un—_1 +CN=3,

and so on up to obtaining
U1 = a1uy + b1M3 +c1.

The problem is then solved.

28.1. A numerical example

We develop a numerical example considering

e=1,
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and
f=1,in[0,1].
Thus, we have solved the equation
d*u(x) .
g i —f=0,in[0,1],

with the boundary conditions

and

In a finite differences context, we have used N = 100 nodes and d = 1/N.
For a solution u(x), please see Figure 19.

x10°

251 b

Figure 19. Solution u(x) for the example B.

In the next lines, we present the concerning software in MAT-LAB
1. clearall

m8=100;

d=1/mS§;

el=1.0;

for i=1:m8

(1,1)=1.0;

end;

a(1)=2/3;

b(1)=-1/6;

c(1)=£(1,1)*d*/ (6e1);

m12=(6-4*a(1));

a(2)=(4*b(1)+4)/m12;
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b(2)=-1/m12;

c(2)=1/m12*(4*c(1)+£(2,1)*d* /el);

for i=3:m8-2

m12=(a(i-2)*a(i-1)+b(i-2)-4*a(i-1)+6);
a(i)=-1/m12*(a(i-2)*b(i-1)-4*b(i-1)-4);

b(i)=-1/m12;

c(i)=1/m12*(f(i,1)*d* /el-c(i-2)-a(i-2)*c(i-1)+4*c(i-1));
end;

u(ms8,1)=0;

u(m8-1,1)=0;

for i=2:m8-1;
u(m8-i,1)=a(m8-i)*u(m8-i+1,1)+b(m8-i)*u(m8-i+2,1)+c(m8-i);
end;

for i=1:m8

x(i)=i*d;

end;

plot(x,u)

EE R R R R T ]

29. A Note on Hyper-Finite Differences for the Generalized Method of Lines

In this section we develop an application of the hyper finite differences method through an
approximation of the generalized method of lines.
Consider the equation

(175)

{ —eu(x) +au® —Bu—f=0, inQ=][0,1],
u(0) =0, u(1) =0

As e > 0is small, in order to decrease the error concerning the approximations used we propose
to divide the domain Q) = [0, 1] into N7 sub-intervals of same measure. Thus we define

k
=—,Vke{0,1,---,Ny}.
%= N { 1}
For each sub-interval Iy = [x;_1, x;] we are going to obtain an approximate solution of the

equation in question with the general boundary conditions

u((k=1)/Nqy) = Ulk—1],

and
u(k/Ny) = U[k].
Denoting such a solution by
{uli k]}
where
k-1 .
X; = +id,
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and
1
~ mg Ny’
where myg is the fixed number of nodes in each interval Ij.
Observe that in a finite differences context, linearizing it about a initial solution {ug[i, k] }, the
equation in question stands for:

_lulit LK - 2”;2' KL uli = VKD | syl K2l K] — 20ufi, K

—Buli, k] — f[i,k] =0, Vi € {1,--- ,mg —1}. (176)

In particular, for i = 1, we obtain

(u[2, k] — 2u[1, K] + u[0, k)

—¢ 7 + Baug[1, k)?u[1, k] — 2aug[1, k)3
—Bu[l,k] — f[1,k] =0, (177)
so that
ull k] = a[l,kjul2,k]+b[1,k]u[0,k] + c[1,k]T[1, k]
te[L, K] + E[1,K], (178)
where
all,k] =1/2,
b[1,k] =1/2,
c[Lk] =1/2,
dZ
e[l,k] = f[1,k] 5e’
d2
T[1,k] = (—3aug[1,k*uli, k] 4 2auo[1, k> — pull, k])?,
and
E.[1,k] =0.
Now reasoning inductively, having
uli—1,k] = ali—1,kluli, k] + b[i — 1, k]Ju[0,k] +c[i — 1,k|T[i — 1,k]
+eli —1,k] + E,[i — 1,k], (179)
and
_luli A LA = 2”6[;2' KAl = VKD | ool k2, K] — 2000, K2
—Buli,k| - fli,] = 0, (180)
so that ,
(ufi +1,K] — 2uli, k] + ufi — 1,K]) + T[i, K] +f[i,k]% —0,
where,

2

Tli, k] = (—3auoli, K2uli, K] + 20toi, kI* + Buli, k])%,
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we obtain
uli,k] = ali kluli, k] + bli, kJu[0, k] + c[i, k] T[i, k]

+eli, k| + E/[i, k], (181)
where,

ali, k| = 2 —ali— 1,k 7Y,

bli, k] = ali, k]b[i —1,k],
cli,k] = ali, k](c[i — 1,k] + 1),
i 2
eli, k] = ali, k] (e[i -1,k + f['f]d) ,

and

E,[i, k] = ali, k] (E-[i — 1,K]) + c[i, K] (T[i — 1,K] — T[i, k]).

Observe that in particular for i = mg — 1, we have u[m8, k| = U[k] and u[0, k] = U[k — 1], so that
from above, neglecting E,[1, k|, we also obtain

ulmg — 1,k] = a[mg — 1u[mg, k] + b[mg — 1, k]ul0, k]
+c[mg — 1,k|T[m8 — 1, k| (u[mg, k], u[0,k]) + e[mg — 1, k]
= ng—l(u[k]l U[k - 1]) (182)

Similarly, for i = m8 — 2 we may obtain

ulmg — 2,k] = almg — 2Ju[mg — 1,k] + b[mg — 2, kJu[0, k]
+c|mg — 2,k]T[m8 — 2, k] (u[mg — 1,k|, u[0,k]) + e[mg — 2, k]
— Hyy2(UK, UK~ 1)), (183)

and so on, up to finding
ull,k] = Hi(U[k],U[k —1]), Vk € {1,--- N1 }.
At this point we connect the sub-intervals by setting
U] =U[N;] =0
and obtaining {U[1],- - - , U[N;j — 1]}, by solving the equations
—¢ (ulms — 1,k — 2;[k] +ull k+1)) + 3aug[m8, k|2U k] — 200 [m8, k]
—BU[k] — f[ms, k] =0, Vk € {1,--- ,N; — 1}. (184)

Having obtained {U[k|], Yk € {1,---,N; —1}} we may obtain the solution {u[i,k]} where
i€{0,---,mg}andk e {1,---,Ni}.

The next step is to replace {ug[i, k] } by {u[i, k]} and then to repeat the process until an appropriate
convergence criterion is satisfied.

The problem is then approximately solved.

We have obtained numerical results for e = 0.001, f =1,on (), Ny = 10, mg =100 and « = g = 1.

For the related software in MATHEMATICA we have obtained U[1],---,U[9],

Here the software and results:
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1. Clear[u, U, z, N1];
m8 = 100;
N1 =10;
d=1/m8/N1;
el =0.001;
For[k =1,k < N1+ 1, k++,
For[i=0,i <m8 + 1, i++,
uoli, k] = 1.01]];
A=10;
B=1.0;
a[1]=1.0/2;
b[1]=1.0/2;
c[1]1=1/2.0;
e[1]=d?%/el/2.0;
For[i=2,i < m8, i++,
ali]=1/(.0-a[i-1]);
b[i] = b[i - 1]*a[il;
cli] = a[i]*(c[i- 1] + 1.0);
eli] = a[i] * (e[i — 1] +d?/el);
I;
For[kl =1, k1 < 10, k1++,
Print[k1];
Clear[U, z];
For[k =1,k < N1+ 1, k++,
ul[0, k] = U[k - 1];
u[m$, k] = U[k];
For[i=1,i < m8, i++,
z = a[m8 - i[*u[m8 -i + 1, k] + b[m8 - i]*u[0, k] +
c[m8 - i[*(-3*A*uo[m8 -i + 1, k]**u[m8 -i + 1, k] +
2*A*uo[m8 -i+ 1, k] + B*u[m8 - i + 1, k])*d% /el +
e[m8 -i];
u[mS8 - i, k] = Expand[z]]];
U[0] = 0.0;
U[N1] =0.0;
S=0;
For[k =1,k < N1, k++,
S=S+ (el*(-u[m8 - 1, k] + 2*U[K] - u[1, k + 1])/d? +
3*A*U[k]*uo[mS8, k]? - 2*A*uo[mS8, k]? - B¥U[K] - 1)];
Sol = NMinimize[S, U[1], U[2], U[3], U[4], U[5], U[6], U[7], U[8], U[9]];
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For[k =1, k < N1, k++,
wi[k] = U[K] Sol[[2, K]]I;
For[k =1,k < N1, k++,
ULk] = w4[k]];

For[k =1,k < N1+ 1, k++,
For[i=0,i <m8 + 1, i++,
uoli, k] = uli, k]]I;
Print[U[5]]];

For[k =0,k < N1+ 1, k++,
Print["U[", k, "]=", U[K]]]
U[0]=0.

U[1]=1.27567
U[2]=1.32297
U[3]=1.32466
U[4]=1.32472
U[5]=1.32472
Ul6]=1.32472
U[7]=1.32472
U[8]=1.32472
U[9]=1.32471
U[10]=0.

Remark 13. Observe that along the domain we have obtained approximately the constant value u = 1.32472.
This is expected since ¢ = 0.001 is small and such a value u is approximately the solution of equation

au —Bu—1=0.

30. Applications to the Optimal Shape Design for a Beam Model

In this section, we present a numerical procedure for the shape optimization concerning the
Bernoulli beam model.

Let Q) = [0,1] C R corresponds to the horizontal axis of a straight beam with rectangular cross
section b x h(x), that is, the beam has a variable thickness h(x) distributed along such a horizontal
axis x, where x € [0,1].

Define now

V ={we W>(Q) : w(0)=w(1) =0},

which corresponds to a simply supported beam.
Consider the problem of minimizing in V x B the functional

J(w, ) = % /Q H(x)wee ()2 dx

subject to
(H(x)wxx(x))xx — P(x) =0, in O,
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where

h(x) is variable beam thickness, A(x) = bh(x) corresponds to a rectangular cross section perpendicular
to the x axis, and E is the young elasticity model.
Also, we define

1
B = {h: [0,1] — R measurable : h,,;;, < h(x) < hyax and /o h(x) < cohmax} ,

where 0 < ¢y < 1and

C'={weV : (Hx)w(x))xx — P(x) =0, in Q}.

Observe that
(w’h)ig(fj*XB](w,h)
- i { o}
= inf {Zlé}; {ui}el{/ {; /Q H(x)wxx (x)? dx — (@, (H(x)wxx (x))xx — P(%)) 12 } }}
= inf {;25 {_; /Q H(x)@2, dx + <w,p>L2}}
= (e {2 Lo o)) )
where

D*={M€EY" : My —P=0,inQ, and M(0) = M(1) = 0}.

Summarizing, we have got

: . 1/ M
inf  J(w,h) = inf = / ——dx .
(w,h)eC*x B (Mh)eD*xB | 2 Ja H(x)
In order to obtain numerical results, we suggest the following primal dual procedure:

1. Setn=1and
hn(x) = Cohmax.

2. Calculate w;, € V solution of equation

(Hn(X) (wn)xx)xx = P(x)/

where

3. Calculate h, 11(x) € B such that
J*(My, hyyq) = inf J*(My, h),
heB

where
M, = Hn(wn)xx/
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. 1 M

4.  Setn:=mn+1and go to step 2 until an appropriate convergence criterion is satisfied.

We have developed numerical results for ¢y = 0.65, E = 210 107, b = 0.1 m, P(x) = 36 10> N,
hmin — 0.072 m al’ld hmux - 0.18 m.
We have also defined

h(x) = £(x)hmax,

where
04 <t(x) <1, ae inQ.

For the optimal solution w = w(x), please see Figure 20.
For a corresponding optimal solution t = ¢(x), please see Figure 21.

%1078

0.8 ]

06 ]

0.2 ]

Figure 20. Optimal solution w(x) for a simply supported beam.
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Figure 21. Optimal shape solution ¢(x) for a simply supported beam.
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Remark 14. For such a simply-supported beam model, for the numerical solution of equation
(H(x>wxx)xx =P,
with the boundary conditions
w(0) =w(1) =w"(0) =w"(1) =0

firstly we have solved the equation

with the boundary conditions

Subsequently, we have solved the equation
H(x)wyy = v
with the boundary conditions
w(0) =w(1) =0.
Here we present the software developed in MAT-LAB.

3 o 438 38 38 36 36 3 3 3 S S S S

1. clearall
global m8 d d2wo H el ho h1 xo b5
m8=100;
d=1.0/m8;
b5=0.1;
e1=210*107;
ho=0.18;
A=zeros(m8-1,m8-1);
for i=1:m8-1
A(1,)=1.0;
x0(i,1)=0.55;
x3(i,1)=0.55;
end;
Ib=0.4*ones(m8-1,1);
ub=ones(m8-1,1);
b=zeros(m8-1,1);
b(1,1)=0.65*(m8-1);
for i=1:m8
f(i,1)=1.0;
LG4,1)=1/2;
P(i,1)=36.0*10%;
end;

i=1;
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m12=2;

m50(i)=1/m12;
z(i)=1/m503G)*(-P(i,1)*d?);

for i=2:m8-1

m12=2-m50(i-1);

mb50(i)=1/m12;
2(1)=m50(1)*(-P(i,1)*d?+z(i-1));
end;

v(mS8,1)=0;

for i=1:m8-1
v(m8-i,1)=m50(m8-i)*v(m8-i+1,1)+z(m8-i);
end;

k=1;

b12=1.0;

while (b12 >107%) and (k < 10)
k

k=k+1;

for i=1:m8-1

H(i,1)=b5*L(i, 1) * ho® /12%e];
f1(,1)=v(i,1)/HG,1);

end;

i=1;

ml12=2;

m70(i)=1/m12;
z1(i)=m70(i)*(-f1(i,1)*d?);

for i=2:m8-1

m12=2-m70(i-1);

m70(i)=1/m12;
z1(1)=m70(i)*(-f1(i,1)*d>+z1(i-1));
end;

w(m8,1)=0;

for i=1:m8-1
w(m8-i,1)=m70(m8-i)*w(m8-i+1,1)+z1(m8-i);
end;
d2wo(1,1)=(-2*w(1,1)+w(2,1))/d?;
for i=2:m8-1
d2wo(i,1)=(w(i+1,1)-2*w(i,1)+w(i-1,1)) /d?%;
end;

ko=1;
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b14=1.0;

while (b14 > 10~%) and (k9 < 120)
k9

k9=k9+1;
X=fmincon(’beamNov2023’,x0,A,b,[ ], [ ]Ib,ub);
bl4=max(abs(xo-X))

x0=X;

end;

b12=max(abs(x0-x3))

x3=x0;

for i=1:m8-1

L(i,1)=xo(i,1);

end;

end;

S 4 K KKK

With the auxiliary function "beamNov2023":

S 34 4 4 3K A XN

1. function S=beamNov2023(x)
global m8 d d2wo H el ho h1 xo b5
S=0;
for i=1:m8-1
S=S+1/(x(i,1)%)/ho3/b5/e1*(H(i,1)*d2wo (i, 1))?*12;

end;

We develop numerical results also for
V = W;*(Q) = {w € W*?(Q) such that w(0) = w(1) = w'(0) = w'(1) = 0}.

Such boundary conditions corresponds to bi-clamped beam. The remaining data is equal to the
previous example

For the optimal solution w = w(x), please see Figure 22.

For a corresponding optimal solution t = ¢(x), please see Figure 23.
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Figure 22. Optimal solution w(x) for a bi-clamped beam.
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Figure 23. Optimal shape solution ¢(x) for a bi-clamped beam.

Remark 15. For such a bi-clamped beam model, for the numerical solution of equation
(H(x)wxx)xx =P,

with the boundary conditions

firstly we have solved the equation

with the boundary conditions

Subsequently, we solved the equation

H(x)wxx =v+ax+b
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with the boundary conditions

obtaining a,b € R such that the boundary conditions
w'(0)=w'(1)=0

are also satisfied.
Here we present the software developed in MAT-LAB.

bR R R R

1. clearall
global m8 d d2wo H el ho hl xo b5
m8=100;
d=1.0/ms§;
b5=0.1;
e1=210*107;
ho=0.18;
A=zeros(m8-1,m8-1);
for i=1:m8-1
A(1,)=1.0;
x0(i,1)=0.55;
x3(i,1)=0.55;
end;
Ib=0.4*ones(m8-1,1);
ub=ones(m8-1,1);
b=zeros(m8-1,1);
b(1,1)=0.65*(m8-1);
for i=1:m8
£(i,1)=1.0;
L34,1)=1/2;
P(i,1)=36.0*10%;
end;
i=1;
ml12=2;
mb50(i)=1/m12;
z(1)=1/m50(1)*(-P(i,1)*d?);
for i=2:m8-1
m12=2-m50(i-1);
m50(i)=1/m12;
2(1)=m50(i)*(-P(1,1)*d?+z(i-1));

end;
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v(m8,1)=0;

for i=1:m8-1
v(m8-i,1)=m50(m8-i)*v(m8-i+1,1)+z(m8-i);
end;

k=1;

b12=1.0;

while (12 > 107*) and (k < 10)

k

k=k+1;

for i=1:m8-1

H(i,1)=b5*L(i, 1) * ho3/12%¢];
£1(,1)=v(i,1)/HG,1);

f2(1,1)=i*d/H(i,1);

f3(i,1)=1/H(,1);

end;

i=1;

m12=2;

m70(i)=1/m12;

z1(i)=m70(i)*(-f1(i,1)*d?);
22(1)=m70()*(-f2(i,1)*d?);
23(1)=m70(i)*(-f3(1,1)*d?);

for i=2:m8-1

m12=2-m70(i-1);

m70(i)=1/m12;
z1(1)=m70(i)*(-f1(i,1)*d>+z1(i-1));
22(i)=m70(i)*(-f2(i,1)*d>+z2(i-1));
23(i)=m70(i)*(-f3(i,1)*d>+z3(i-1));

end;

w1(ms8,1)=0;

w2(m8,1)=0;

w3(m8,1)=0;

for i=1:m8-1
w1(m8-i,1)=m70(m8-i)*w1(m8-i+1,1)+z1(m8-i);
w2(m8-i,1)=m70(m8-i)*w2(m8-i+1,1)+z2(m8-i);
w3(m8-i,1)=m70(m8-i)*w3(m8-i+1,1)+z3(m8-i);
end;

m3(1,1)=w2(1,1);

m3(1,2)=w3(1,1);

m3(2,1)=w2(m8-1,1);
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m3(2,2)=w3(m8-1,1);

h3(1,1)=-w1(1,1);

h3(2,1)=-w1l(m8-1,1);

h5(:,1)=inv(m3)*h3;

for i=1:m8
wo(i,1)=w1(i,1)+h5(1,1)*w2(i,1)+h5(2,1)*w3(i,1);
end;

d2wo(1,1)=(-2*wo(1,1)+wo(2,1))/d?;

for i=2:m8-1
d2wo(i,1)=(wo(i+1,1)-2*wo(i,1)+wo(i-1,1)) /d?;
end;

ko=1;

b14=1.0;

while (b14 > 107*) and (k9 < 120)

k9

k9=k9+1;
X=fmincon(’beamNov2023’,x0,A,b,[ |, [ ],1b,ub);
bl4=max(abs(xo-X))

x0=X;

end;

b12=max(abs(x0-x3))

x3=x0;

for i=1:m8-1

L(@i,1)=x0(i,1);

end;

end;

B R R R R R X

Remark 16. About the numerical results obtained for these two beam models, a final word of caution is
necessary.

Indeed, the full convergence in such cases is hard to obtain so that we have obtained just approximations of
critical points with the functionals close to their optimal values. It is also worth emphasizing we have fixed the
number of iterations so that the solutions and shapes obtained are just approximate ones.

31. Applications to the Optimal Shape Design for a Plate Model

In this section, we present a numerical procedure for the shape optimization concerning a thin

plate model.
Let QO = [0,1] x [0,1] C R? corresponds to the middle surface of a thin plate with a variable
thickness h(x, y).

Define now
V={weW>»?Q) : w=00ndQ},

which corresponds to a simply supported plate.
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Consider the problem of minimizing in V' x B the functional

Jawh) =5 [ Gy (Vo) da

subject to
V2[(H(x,y)V?w(x,y))] - P(x,y) =0, in O,
where

3
Heny) = " e - ud),

h = h(x,y) is variable plate thickness, E is the young elasticity model and ws = 0.3.
Also, we define

B = {h : Q) — Rmeasurable : hy;, < h(x,y) < hyqy and /Qh(x,y) < cohmﬂx} ,

where 0 < ¢y < 1and
C*={weV : V*H(x,y)V?w(x,y))] — P(x,y) =0, in Q}.
Observe that

inf h
(w,h)lgc*xsj(w' )

- i {amwn}

sup { inf {5 [ HGo 72 (e )l dx — (0, V2{H () V()] - P(x,y>>Lz}}}

{wev wev (2 Ja
= inf {sup {—; /Q H(x,y)[V?®(x,y))? dx + (@, P>L2}}
{Mi?zfy {;AH?;Z) d"}}' (186)

D*={MecY* VPM—P=0,inQ, and M =0, on Q}.

= inf
heB

where

Summarizing, we have got

inf  J(wh) = _ inf {1/de}
(whyec*xB” " (mnepxB | 2Ja H(x,y) '

In order to obtain numerical results, we suggest the following primal dual procedure:

1. Setn=1and
By (x) = cohmax-

2. Calculate w;, € V solution of equation
V2 (Ha(x,y)Vwa(x,y)) = P(x,y),
where

3
Hx) = s,
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3. Calculate /1,11 € B such that
J*(My, hyy1) = inf J*(My, h),
heB

where
M, = Hn(x,y)V2 Wy,
- 1 M?
W) =5 [ e
4. Setn:=n+1and go to step 2 until an appropriate convergence criterion is satisfied.

We have developed numerical results for co = 0.75, E = 200 10°, P(x,y) = 2 10> N, hy, =
0.45 % (0.12) m and Jtyax = 0.12 m.
We have also defined

h(x,y) = t(x,y)hmax,

where
045 < t(x,y) <1, ae. in Q.

For the optimal solution w = w(x,y), please see Figure 24.
For a corresponding optimal solution t = f(x, y), please see Figure 25.

%107

Figure 24. Optimal solution w(x, y) for a simply supported plate.
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09
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Figure 25. Optimal shape solution ¢(x, y) for a simply supported plate.

Remark 17. For such a simply-supported plate model, for the numerical solution of equation
V2[H(x,y)V? w(x,y)] = P,

with the boundary conditions

w = 0ondQ),
firstly we have solved the equation

Vi —P=0
with the boundary conditions

v = 0on Q).

Subsequently, we have solved the equation
H(x,y)V?w(x,y) = o(x,y)

with the boundary conditions
w = 0on o0

Here we present the software developed in MAT-LAB.

e e 38 38 36 36 3 3 3 3 o K KK

1. clearall
global m8 d d2xwo d2ywo H el ho xo b5
m8=40;
d=1.0/m§;
wb=0.3;
e1=200%10°/(1 — w5?);
ho=0.12;
A=zeros((m8 —1)2, (m8 — 1)?);
for i=1:(m8 — 1)?
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A(1,)=1.0;

x0(i,1)=0.55;

x3(i,1)=0.55;

end;

1b=0.45*ones((m8 — 1)2,1);
ub=ones((m8 — 1)2,1);
b=zeros((m8 — 1)2,1);
b(1,1)=0.75*(m8 — 1)?;

for i=1:(m8-1)

for j=1:m8-1

£(1,j,1)=1.0;

L(ij1)=1/2;

P(i,j,1)=2*10%; end;

end;

for i=1:m8
wo(:,1)=0.001*ones(m8-1,1);

end;

m2=zeros(m8-1,m8-1);

for i=2:m8§-2

m2(i,i)=-2.0;

m2(i,i-1)=1.0;

m2(i,i+1)=1.0;

end;

m2(1,1)=-2.0;

m2(1,2)=1.0;
m2(m8-1,m8-1)=-2.0;
m2(m8-1,m8-2)=1.0;
Id=eye(m8-1);

i=1;

m12=2*Id-m2*d? /d?; m50(:,:,i)=inv(m12);
2(:,1)=m50(:,:,i)*(-P(;,i,1)*d?);

for i=2:m8-1

m12=2*Id-m2*d? /d2-m50(:,:,i-1);
mb50(;,:,i)=inv(m12);
2(:,)=m50(:,:,i)*(-P(:,i,1)*d?+z(:,i-1));
end; v(:,m8)=zeros(m8-1,1);

for i=1:m8-1
v(:,m8-1)=m>50(:,:;, m8-1)*v(:, m8-i+1)+z(:, m8-i);

end;
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k=1;

b12=1.0;

while (b12 > 107%) and (k < 12)

k

k=k+1;

for i=1:m8-1

for j=1:m8-1

H(,i,1)=L(j,i,1) * ho3/12%e1;
£1G,1,1)=v(j,1) /H(ji,1);

end;

end;

i=1;

m12=2*Id-m2*d? / d%;
m70(:,;,1)=inv(m12);

21(:4)=m70(:,: i)*(-f1(:,i,1)*d?);

for i=2:m8-1

m12=2*Id-m2*d? /d*>-m70(:,:,i-1);
m70(:,:,i)=inv(m12);
Zl(:,i):m70(:,:,i)*(—f1(:,i,l)*d2+zl(:,i—1)),'
end;

w(:,m8)=zeros(m8-1,1);

for i=1:m8-1

w(:,m8-1)=m70(:,:; m8-i)*w(:,;m8-i+1)+z1(:,m8-i);
end;
d2xwo(;,1)=(-2*w(:,1)+w(:,2))/d?;

for i=2:m8-1

d2xwo(: i) =(w(:,i+1)-2*w(: i) +w(:,i-1)) /d?;
end;

for i=1:m8-1

d2ywo(:,i)=m2*w(:,i)/d?;

end;

k9=1; b14=1.0;

while (b14 > 10~%) and (k9 < 30)

k9

k9=k9+1;
X=fmincon(’beamNov2023A3’,x0,Ab,[ ], [ ] Ib,ub);
bl4=max(abs(xo-X))

x0=X;

end;
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b12=max(max(abs(w-w0)))
wo=w;

x3=x0;

for i=1:m8-1

for j=1:m8-1
L(j,i,1)=xo((i-1)*(m8-1)+j,1);
end;

end;

end;

for i=1:m8-1

x8(i,1)=i*d;

end;

mesh(x8,x8,L);

S o 34 4 4 3 36 3 A X

With the auxiliary function "beamNov2023A3’, where

3 o 36 8 36 36 36 36 3 3 3 o A 36 38 e K KA AN K

1. function S=beamNov2023A3(x)
global m8 d d2xwo d2ywo H el ho xo b5
S=0;
for i=1:m8-1
for j=1:m8-1
X1, i)=x((m8-1Y*(i-1)+,1);
end;
end;
for i=1:m8-1
for j=1:m8-1
S=S+1/((x1(j,1))3)/ho/el * (H(j,i,1))? * (d2xwo(j, i) + d2ywo(j,i))? * 12;
end;

end;

B R S S R SR S

Remark 18. About the numerical results obtained for this plate model, a final word of caution is necessary.

Indeed, the full convergence in such a case is hard to obtain so that we have obtained just approximations
of critical points with the functional close to its optimal value. It is also worth emphasizing we have fixed the
number of iterations so that the solution and shape obtained are just approximate ones.
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32. A Note on the First Maxwell Equation of Electromagnetism

Let Q; C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 90;.

Suppose E : Q; — R3 is an electric field of C! class in Q.

Let () C ) be also an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by S = 9Q).

Observe that there exists a scalar field V : (3 — R such that

V2V = divE, in Q,

and
VV-n=0,onS =090.
Here n denotes the normal outward field to S.
Observe also that
V2V = divVV = div E,
so that defining
h=VV —E,
we have that
divh =0, in Q.

Hence, from such results and the divergence Theorem, we get

/E-ndS - /(VV)-ndS—/h-ndS
S S S

— / div h dV = 0. (187)
Q
Summarizing, we have got
[E-nds=o.
S
Consider now a charge g localized at the center of a sphere (), of radius R > 0 and boundary

Sy = 0.
The electric field on the sphere surface generated by g is given by

27 4meg R

where nj is the normal outward field to S5.
Clearly

1 qo 2 90
E, - dSy = —— = (47R*) = —.
/Sz 2712 452 47te RZ( & ) €0

Consider again the set (2 but now with a charge g localized at a point x inside the interior of (),
which is denoted by Q°.

At first the electric field E generated by gq is not of C! class on Q.

However, there exists R > 0 such that

Br(x) c 0 =0Q°

Define Q3 = Q \ Br(x).
Therefore, E is of C! class on Q3.
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Denoting the boundary of ()3 by S3, from the previous results, we may infer that

E'I‘lngIO,
S3

so that

S3

= /E-ndS—q—O
S €0
0.

Therefore, we have got

/E-ndS:q—O.
S )

Assume now on () we have a density of charges p(x).

For a small volume AV consider a punctual charge g¢ localized in x € () such that

7o~ p(x)AV.

E-ndS; = /E~nd5—/ E-nds,
S E)BR(x)

d0i:10.20944/preprints202302.0051.v88
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(188)

Denoting by AE the electric field generated by g, from the previous results we may infer that

/AE-nds _ o, p)AV
S €0 €0

Such an equation in its differential form, stands for:

/dE-nds:p(x)dV.
S €0

Integrating in () we may obtain

/E-ndS - //dE-ndVdS
S SJO

o) gy,
Q €

so that

/E~ndS: PO v
S Q €

From this and the Divergence Theorem, we have

/E~ndS:/ divEdV:/ e v
S Q Q €

Summarizing, we have got

/ divEdV:/ P v
(@) QO &

This is the integral form of the first Maxwell equation of electromagnetism.

(189)

For this last equation, the set () C () is rather arbitrary so that for () as a ball of small radius
r > 0 with center at a point x € ()1, from the Mean Value Theorem fot integrals and letting r — 0", we

obtain
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divE= Y, in0y.
€0

This last equation stands for the differential form of the first Maxwell equation of
electromagnetism.

Remark 19. Summarizing, in this section we have formally obtained a mathematical deduction of the first
Maxwell equation of electromagnetism.

33. A Note on Relaxation for a General Model in the Vectorial Calculus of Variations

Let 3 C R” be an open, bounded and connected set with a regular (Lipschitzian) boundary

denoted by 0Q).
Consider a function g : RN*" — R twice differentiable and such that

<(y) — +oo, as |y| — +oo.

Define a functional G : V — R by

1
G(Vu) = 5 /Qg(Vu) dx,
where
V= {W"2(;RN) : u=uyonoQ}.

Moreover, for f € L?(Q; RN), define also

We assume there exists & € R such that

&= inf J(u).

Observe that from the convex analysis basic theory, we have that

a = inf J(u)
ue’

= infJ"(w)

= inf{(Go V)" (u)— (u, f)2}. (190)

ueV

On the other hand

(GoV)™(u) H(u)

(AG(Vw) + (1—A)G(Vo)}

inf
(A, (v,w))€[0,1] xB(u,A)
< G(Vu), (191)

where
B(u,A) ={(v,w) €V : Aw+ (1 —A)v =u}.

From such results, we may infer that

inf ] () = inf (H(u) — (u, )2} = inf J(u).
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Furthermore, observe that
AVw+ (1-A)Vo = Vu,

so that

Vo = Vu+A(Vo—Vw)
= Vu+AVyg, (192)

wherep =v—w € W&'Z(Q; RN) so that

V¢ =Vov—-Vu,
and

Vw = Vv - Vé.

Therefore,
Vw=Vo—-V¢=Vu+AVp—-V¢=Vu—(1-A)Ve.

Replacing such results into the expression of H, we have
H(u) = inf {AG(Vu—-(1-A)V¢)+ (1-A)G(Vu+AVe)},
(AL¢)el01]xVy
where

= Wy (RN,

Joining the pieces, we have got

inf J(u) = inf J"*(u)

ueV ueVv
= Jg‘f/{H(u) —(u, )2}

N ()\/¢,u)€i[3{]xVoxV{AG(vu —(1=M)Ve)+ (A =NG(Vu+AVe) = (u, f)12}.

This last functional corresponds to a relaxation for the original non-convex functional.
The note is complete.

33.1. Some Related Numerical Results

In this subsection we present numerical results for an one-dimensional model and related relaxed
formulation.
For Q) = [0,1] C R, consider the functional | : V — R where

=5 [ =12 dxs 3 [ e 2 ax

V={ucW?Q) : u(0)=0and u(1) = 1/2},

fey=Y"=12Q).
Based on the results of the previous section, denoting V) = W&'Z(Q), we define the following
relaxed functional [; : [0,1] x V x Vj — R, where

(A u,¢) = 2/ u —(1-A)¢')? — )dx+7/ (u' +A¢')? — )zdx+%/0(u—f)2dx.


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

145 of 319

Indeed, we have developed an algorithm for minimizing the following regularized functional
J:[0,1] x V x Vj — R, where

B(Au,¢) = hdug)+3 [ @) dx,

for a small parameter e3 > 0.
For the case in which f(x) = sin(7tx) /2, for the optimal solution u, please see Figure 26.
For the case in which f(x) = cos(7tx)/2, for the optimal solution u, please see Figure 27.
For the case in which f(x) = 0, for the optimal solution u, please see Figure 28.

0.5

0.45 b

04r b

0.35 ]

0.25 ]

0.15 b

0.1 F 1

0.05 ]

Figure 26. Optimal solution u(x) for the case f(x) = sin(7x)/2.
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Figure 27. Optimal solution u(x) for the case f(x) = cos(mx)/2.
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Figure 28. Optimal solution u(x) for the case f(x) = 0.

We highlight to obtain the solution for this last case which f = 0 is harder. A good solution was
possible only using
Xp = 0

as the initial solution concerning the iterative process.
Here we present the software in MAT-LAB developed.

P EEEER——
1. clearall

global m8 d u e3

m8=100;

d=1/mS§;

€3=0.0005;

for i=1:2*m8+1

x0(i,1)=0.36;

end;

b12=1.0;

k=1;

while (b12 > 1077) and (k < 60)

k

k=k+1;

X=fminunc(’funDecember2023’,x0);

b12=max(abs(x0-X))

x0=X;

u(m8/2)

end;

for i=1:m8

x(i,1)=i*d;
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end;

plot(x,u);

With the main function "funDecember2023"
33 o 34 3 3 o 34 3 3 o 3 e S S N K

1. function S=funDecember2023(x)
global m8 d u e3
for i=1:m8
u(i,1)=x(i,1);
v(i,1)=x(i+m8§,1);
yo(i,1)=sin(pi*i*d)/2;
end;
L=(1+sin(x(2*m8+1,1)))/2;
u(ms,1)=1/2;
v(m8,1)=0.0;
du(1,1)=u(1,1)/d;
dv(1,1)=v(1,1)/d;
for i=2:m8
du(i,1)=(u(i,1)-u(-1,1))/d;
dv(i,1)=(v(i,1)-v(i-1,1))/d;
end;
d2u(1,1)=(-2*u(1,1)+u(2,1))/d%
for i=2:m8-1
d2u(i,1)=(u(i-1,1)-2*u(i,1)+u(i+1,1)) /d?;
end;
S=0;
for i=1:m8
S=S+1/2* L ((du(i,1) — (1 — L) xdv(i,1))?> — 1)%;
S=S+1/2 (1 — L) * ((du(i,1) + L+ dov(i,1))* — 1)?;
S=S+(u(i,1) —yo(i, 1))
end;
for i=1:m8-1
S=S+e3*d2u(i,1)%;
end;

R R SR T
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33.2. A Related Duality Principle and Concerning Convex Dual Formulation

With the notation and statements of the previous sections in mind, consider the functionals
J:V—=Rand J3:[0,1] X V x Vj — R where

J0) = G(Va) + 5 [ wdy— (u, )2
and
A ¢) = AG(Vi—(1—A)Ve) + (1—A)G(Vu+AVe)

+5 [ == 209) - (u— (1= \)g) d

+(1 2/\) /Q(u—k)\gb)-(u—i—/\(p) dx

Au— (1=, f2— (1 —=A)(u+Ag, f)2. (193)

Here we have denoted
V={ueW2RN) : u=uyonoQ =S},
Vo = Wy (O RN),
Y =Y* = LA(O;RN*)

and
Y, = Y{ = L2(Q;RN).
Observe that
] (u) < L (A, u, ).
Moreover,

BAug) = —(Vu—(1=A)V4,0}) +AC(Vu— (1= A)V¢)
—(Vi— (1= A)V,v5) 2+ (1 — A)G(Vu+ AVe)
(= (=N os)+ 5 [ (= (1= 2)9) - (4= (1= A)p) dx

—(u+ A, v} 2 + (1;A)/()(u+)»¢)~(u+)\¢) dx

+(Vu—(1-2A)Vp,v])2+ (Vu—(1—-A)Ve,v]) 2
+u—(1—=AN)p,v3)12+ (u+Ap,v1)12
—Mu— (1=, flrz = (L=A)(u+Ag, f)2. (194)
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Therefore,

Js(A\u,9) > vilréfy{—@lrvﬁp +AG(v1)}
+Uizfé§({—<vzl v3) 2+ (1=2A)G(v2)}

+‘03h;;f(1 {—(03, v3)2 + % /0(713) - (v3) dx}
Tl {_@M)DLZ * (1;/\) /0(04) *(04) dx}

v4€Y]

+oinf {(Vu—(1- M)V, 050 + (Vi — (1— A)Ve,0})
(u,¢)EV><V0

+u—(1—=AN)p,v3)12+ (u+Ap,v1) 12
—AMu—1=2A)¢, f2— (1 —=A)(u+Ag, f)2}
= e (F)-0-ve ()
—F3(v3,A) — Fi (v, A)
+/S(Uf)ijnj(uo)i d5+/5(7)§)ijnj(uo)i ds,
VA e (0,1),ucV, ¢ € Vo 0" € A%, (195)

where

G*(v%) = Slelg{@, vz = G(v)},

A
Ff(v3,A) = sup {(vg,,v;)Lz—E/Qvg,.vg, dx}

v3€Y]

1 * *
= > /Q % -0} dx, (196)

1-A
Fi(v3,A) = sup {(v4,vZ>Lz—< 5 )/004-04dx}

v €Y1

1

= m \/Q Uy Uy dx. (197)

Furthermore, A* = A} N A5 where
A = {v* = (v],05,03,03) € [P x [Y{]* : —div (0]); — div (03); + (03); + (v})i — fi = 0, in Q},
and

A; = {v" = (v],05,05,05) € YT x [Yi]?

—(=14+A)div (0]); — Adiv (03); + (=1 +A)(03); + A(0}); =0, in Q}.  (198)

Summarizing, we have got
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inf Au,
(/\,ugb)e(lg,ll)xVxVOk)( ! (P)
> sup { inf {—)\G* (Uik> —(1—A)G*( o )
T vrear (A€(01) A (1-4)
—F3(v3,A) — Fy (03, A) + /aQ(UT)ijnj(uo)i ds + /aO(U;)ij”j(”O)i ds}}- (199)

Remark 20. We highlight this last dual function in v* is convex (in fact concave) on the convex set A*.

33.3. A Numerical Example

For Q) = [0,1] C R consider a functional | : V — R where

) = g fmin{( ()~ 172 ) + 12 dat 5 [ (w2 dx
= %/Q(u’)2 dx—/0|u’|dx+%/0(u—f)2 dx, (200)

where
V={uecW2?Q) : u(0)=0and u(1) = 1/2},

Y=Y"=12(Q)and f €Y.
DefineG:Y = Rand F: V — Rby

G(u") :%/ﬂ(u’)z dx—/Q|u’| dx,
and 1
_ 1 2
F(u) = Z/QM dx,

respectively.
Denoting Vp = W&’z(Q), define also J1 : V x Vp x (0,1) — Rby

h(u,¢,A) = AGW —(1-=2A)¢") +(1-21)G(u' +A¢')
FAF(u— (1= A)g) + (1 — A)F(u+ Agp)

—<u,f>L2. (201)
Observe that
(AG)*(v]) = SUEI;{@LUTMZ—)\G(W)}
* v*
- (3)
- %/Q(vi‘)z te+ [ il dx, (202)
(1-=2)G)*(v3) = SLE;{<UZ/U;>L2_(1_)\)(}(02)}
* v*

- 108 (52y)

_ 1 *\2 *
= 2(17/\)/0(02) dx—i—/0|vz|dx, (203)
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(AF)*(v3) = sup{(v3,v3);2 — AF(v3)}

vzeY

= = Q(v§)2 dx, (204)

and

(T=A)F)*(vz) = sup{(vg,vy)p2 — (1 - A)F(vy4)}

vseY
= e ()

1 *
= D /Q (0)? dx. (205)

Denoting v* = (v, ,v}) € [Y*]4, define J* : [Y*]* x (0,1) = Rby

O (71) —1=NE (uzi;m)

+07 (1)u(1) + v3(1)u(l). (206)

Similarly as in the previous section, we may obtain
inf J(u) > inf sup J*(v*,A) p,
ueVI( = A€(0,1) {U*GE*] ( >}
where A* = A] N A3,

Al ={v" €Y" : (0])'+(v3)' =05 —vj+f=0,inQ},

and
Ay ={(0",A) € [Y)'%x(0,1) : —(1—A)(v]) +A(03) + (1 —A)v} — Avj =0, inQ}.
From such expressions of A] and A5 we may obtain
v5 = (v])" + Af,
and

vy = (03) + (1= A)f.
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Replacing such expressions for v and v} into the expression of [*, and from now and on denoting
v* = (v},v3) € [Y*]%, we may obtain J} : [Y*]? x (0,1] — R where

k(% 1 *
@0 = =55 @2 dr— [ foi] dx

—2(11_/\)/0(v§)2dx—/0|v§|dx
—or (@) AP

57 (@) + (=02 ax

+o7 (1)u(1) + 05 (1)u(1). (207)

Consequently, we have got

inf J(u) > sup { inf ]i"(v*,}\)}.

ueV U*G[Y*]Z /\6(0,1)

In order to obtain numerical results we have designed the following algorithm:

—_

Setn=1land A, =1/2.
2. Calculate (v*), € [Y*]? such that

Ji (0" )n, An) = sup Ji (0%, An).

U*e[y*]z

3. Calculate A, 1 € (0,1) such that

(@A) = inf (@),

4. Setn:=n+1and go to item (2) until the satisfaction of an appropriate convergence criterion.

We have developed numerical results for the following cases

1.

f(x) = sin(mx) /2,
2.

f(x) = cos(mx)/2,
3.

flx) =0
Observe that for the optimal point we have
v3=u—(1-A7A)¢,

and

vy = U+ A,
so that

u=Avy+(1-A)vy.

For the optimal solution u((x) found for the cases (1), (2) and (3), please see the figures 29, 30 and
31, respectively.
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Figure 29. Optimal solution ug(x) for the case f(x) = sin(7mx)/2.
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Figure 30. Optimal solution ug(x) for the case f(x) = cos(7tx)/2.
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Figure 31. Optimal solution ug(x) for the case f(x) = 0.

Here we present the concerning software in MAT-LAB.

B R R

clear all

global m8 d L v1 v2 v3 v4 yo dvl dv2 el

m8=140;

d=1/mS§;

€1=0.0001;

L=1/2;

for i=1:2*m8

x0(i,1)=0.01;

end;

for i=1:m8
yo(i,1)=sin(pi*i*d)/2;

end;

x1=1/2;

k=1;

b12=1;

while (12 > 107*) and (k < 100)
k

k=k+1;
X1=fminunc(’funFeb24’,x0);
b12=max(abs(X1-x0))
x0=X1;
X2=fminunc(’funFeb24 A’,x1);
x1=X2;
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L=(sin(x1)+1)/2;
L
end;
u(ms8,1)=1/2;
for i=1:m8-1
u(i,1)=L*v3(i,1)+(1-L)*v4(i,1);
end;
for i=1:m8
x(i,1)=i*d;
end;
plot(x,u);
P E R RN ———————
Here the auxiliary function "funFeb24"
AR AAA A AAA AR AR AAA A
1. function S=funFeb24(x)
global m8 d L v1 v2 v3 v4 yo dvl dv2 el
for i=1:m8
v1(i,1)=x(1,1);
v2(i,1)=x(m8+i,1);
end;
for i=1:m8-1
dvi1(i,1)=(v13i+1,1)-v1(i,1))/d;
dv2(i,1)=(v2(i+1,1)-v2(i,1))/d;
end;
S=0;
for i=1:m8
S=S+1/2/sqrt(L? +el) * v1(i,1)% + sqrt(v1(i,1)% +el);
S=S+1/2/sqrt((1 — L)? +el) * v2(i,1)% + sqrt(v2(i,1)* +el);
end;
for i=1:m8-1
v3(i,1)=dv1(i,1)+L*yo(i,1);
v4(i,1)=dv2(i,1)-(L-1)*yo(i,1);
S=S+1/2/sqrt(L? + el) x v3(i,1)% +1/2/sqrt((1 — L)% + el) x v4(i,1)%;
end;
S=S-(v1(m8,1)+v2(mS8,1))/d/2;

Finally, the auxiliary function "funFeb24A"

B R R R R R R R R T R T b 2
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1. function S1=funFeb24A(y)
globalm8 d L vl v2 v3 v4 yo el
L=(sin(y)+1)/2;
for i=1:m8-1
dvi1(i,1)=(v1(i+1,1)-v1(,1))/d;
dv2(i,1)=(v2(i+1,1)-v2(i,1))/d;
end;
S=0;
for i=1:m8
S=S+1/2/sqrt(L? +el) * v1(i,1)? + sqrt(v1(i,1)? +el);
S=S+1/2/sqrt((1 — L)? +el) x v2(i,1)% + sqrt(v2(i,1)? +el);
end;
for i=1:m8-1
v3(i,1)=dv1(i,1)+L*yo(i,1);
v4(i,1)=dv2(i,1)-(L-1)*yo(i,1);
S=S+1/2/sqrt(L? + el) x v3(i,1)% +1/2/sqrt((1 — L) + el) x v4(i,1);
end;
S=5-(v1(m8,1)+v2(m8,1))/d/2;
S1=-S;

R R R R

34. One More Note on Relaxation for a General Model in the Vectorial Calculus of Variations

Let 3 C R” be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q).
Consider a function g : RN*" — R twice differentiable and such that

g(y) = o0, as |y| = +o0.

Define a functional G : V — R by

where
V = {W"2(;RN) : u=uyonoQ}.

Moreover, for f € L?(Q; RN), define also

We assume there exists & € R such that

a = inf J(u).

ueVv
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Observe that from the convex analysis basic theory, we have that
a« = inf J(u
in J(u)
— : f kk
inf J** (u)
= inf{(GoV)™(u)—(u,f)2}. (208)
uev
On the other hand
(GoV)™(u) < H(u)
m
= inf AG(Vo;
(A (01, om)) EBX By (u,A) {]; = ])}
< G(Vu), (209)
where
m
B = {A: (A, Am) €R™ A >0, Vje {1,---,m}, and 2/\]-:1},
j=1
and
m
Bi(u,A) =S v=(v1,---,om) € [V]" : Y Ajpj=u;.
j=1
From such results, we may infer that
inf J**(u) = inf {H(u) = (u, f)2} = inf J(u).
Furthermore, observe that
m
EA]V'U] = VM,
j=1
and
m—1
=1
so that
m—1
Vo, = Vu-— Z )\j(VUj — Vo)
j=1
m—1
= Vu+ ) AVe;, (210)
j=1

where ¢; = —v; + vy € W, % (Q; RN) so that
V(P] = —VU]' + Vou,

and
Vo = Vo + Ve, Vje {1, ,m}.

Therefore,
m—1
VZJ]‘ = Vo, — V4)] =Vu+ kz MV — V(])]
=1
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Replacing such results into the expression of H, we have

(Ag)eBx (Vo)1

m—1 m—1 m—1
H(u) = inf { Z AjG (Vu + Z Vo, — V(l)]) + AmG (Vu + Z Angbk) },
j=1 k=1 k=1

where we recall that
Vo = Wy (O, RN).

Joining the pieces, we have got

ueV ueV
= inf{H(u) —(u f)12}

m—1 m—1
= inf { Z /\jG (Vu + Z AV — V(P]>

(u/Ar¢)€VXBX(VO)M71 j:l k=1

inf J(u) = inf J"(u)
)

+AnG (Vu + i AkV¢k>
k=1
—(u, f)2}-

This last functional corresponds to a relaxation for the original non-convex functional.

The note is complete.

34.1. A Related Duality Principle and Concerning Convex Dual Formulation

With the notation and statements of the previous sections in mind, consider the functionals
J:V—=Rand J3:BxV x [ph]" — R where

J(u) = G(Vu) —|—%/()u-u dx —(u, f)2,
and

(A u,¢) = (Vu + Z M — V¢]>

TMS

+AnG ( u—+ Z Angbk)
— m—1
2 ?]/ <u + Z /\k¢k — V(P]> . <M + Z /\k(l)k — V(I)]> dx
k=1
(Am) m—1 m—1
+= u+2/\k¢k Aut Y Mg | dx
k=1 k=1

2
m—1 m—1
S5 <u+ a1
j=1 k=1 12
m—1
—(Am) <u + Y Ak¢k,f> ) (211)
k=1 12
Here we have denoted

V={uecW2RY) : u=ugondQ =S},
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Vo = WoA (O, RN),
Y =Y* = LA(O;RN*)
and
Y, = Yy = L2(O;RN).
Observe that
*(u) < min Au, ).
J7 () < R F J3(A, u, )
Moreover,
Js(Au,¢) = Z

-.
Il
A

3

—_

<Vu + Z MV =V, (UT)]‘>

L2
(Vu + 2 MV — qu])

||m

m—1
Z kV(Pk, U] > + AnG (Vu+ Z )‘kV(Pk)
k=1 12 k=1
m—1 m—
<u + 2 Axr — (P]/ (Z);)]>
1

12
—1
+ )
j=

/\]- m—1 m—1
17/0 u+¥)\k¢k—¢j - u-|—kzzl)\k¢k—¢j dx

<”+ Z M, 03)m>

L2
Am
+=

m—1
5, <u+ Z )‘k¢k> <”+ )y /\k‘Pk) dx
k=1
m—1 —
4 Z <Vu + Z AkV(Pk — V¢]r (vik)]>
j=1 k=1 L2
m—1
+ <Vu + ) MV, (Uf)m>
k L2

~.
Il

3

=1

m—1 m—1
+ Y <u+ Y At — ¢, (7’;)]‘>
j=1 k=1 L2
m—1
+ <u+ Y M (Uﬁ)m> —(u f)r2
k=1 12

(212)
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Therefore,

m—1
BAw ) = 1inf { (—<(v1)j,(vi‘)j>Lz+A1G((v1)j))}
(Ul.l)l;lner{i«vl)ml (UT)m>L2 + )\mG((vl)m)}

m—1

+ inf Y (—((03)j, (v§)j)Lz+);j/Q(03)j-(vs)j dx)}

vzelYp]m-1 j=1

+ inf {—<(v3)m, (03)m) 12 +A7m/0(7’3)j‘(7’3)f d"}

(03)m€Y1

m—1 m—1
(1,p)EV x (V)1 {Jg < k; KV — 9, ( 1)]>L2

m—1
+ <Vu + Y AV, (v{)m>
L2

k=1

m—1 m—1
+ ) <u+ ) V¢k—¢j,v§>
j=1 k=1

L2

m—1
+<u+ Y Ak (Ué)m> —(u, >L2}
L2

k=1

- —ZAG*< *)> /\mc*<(z;2’”>

- Z F3); ((03)j, A7) = (F3)m ((v3)m, Am)

+ Z/((Uf)k)ijnj(uo)i ds,
k=175
VAeBucV, ¢pc (Vo) Lo c A, (213)
where

G*(v%) = sup{(v,0%)12 = G(0)},

veY

(Pg);"((vﬁ)],/\]) = Slél};() {<(U3)]‘, (U;)]‘>L2 - %/0(03)] . (‘03)]' dX}

1 .
= %A)(v3)f-(vg)f dx, Vi€ {1, m}. (214)

Furthermore, A* = A} N A%(A) where

A7 = {v* = (v7,03) € )" < 7"

Bt

(div ((v7);)i + ((03)j)i) = fi = 0, in Q}

and

AN = {o" = (o1,03) € V)" < [¥q]"

MY div (o)) — div (01 — A L((03)) + (@3 =0,

j=1 j=1
inQ, Vke{1,---,m—1}, Vie {1,---,N}}. (215)
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Summarizing, we have got

inf )Lr ’
(/\,uqb)eBg%/x(Vo)m*l Ja(A,u,9)

. noo [ (01);
b ;gg*{—gAjG ( ¥ )
=Y F;)i((03);,A5) + Z/ (07)k)ijnj(uo)i dS}} (216)

j=1

v

Remark 21. We highlight this last dual function in v* is convex (in fact concave) on the convex set A*.

35. A General Convex Primal Dual Formulation with a Restriction for an Originally Non-Convex
Primal One

Let QO C R3 be an open bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q).
Consider the functional | : V — R where

J(u) = %/QVu-Vudx+%/Q(u2—,B)2dx
—(u, )12, (217)

wherea >0,6> 0,7 >0,V = WS'Z(Q) and Y = Y* = L?(Q).
Define F; : V - Rand K, : V x Y* — Rby

_7 . Rz ax -
Fi(u) = Z/QVu Vudx+2/0u dx — (u, )2,
and
Bu,vy) = —W?v) z—l—g/ u? dx
0o 002y )
1 *\2 *
+ﬂ /Q(vo) dx+‘B/QUO dx. (218)

Define also Ff : Y* — Rand F; : Y* x Y* — R by

F*(v]) = sup{(w,v]);2—Fi(u)}
ueV
_ z’1‘*‘]“
and
Fy(v1,v5) = sup{—(u,v])2 — F2(u,v5)}
ueV
_ 1 (v7)?
= “2Jazy k™
1 2
2 (o) dx - / £ dx. 220
- @32 dx—p [ o dx (220)

if vy € B*, where
B = {oj € Y* : [loflle < K/2},
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for some appropriate K > 0 to be specified.
At this point we define
Vo={ueV : |ulo <Kz},

At={ueV :uf>0inQ},
V1:V2QA+,
D* ={v] € Y : ||v]]|e < 5/4K},

for appropriate K3 > 0 to be specified, and J{ : D* x B* — R by
Ji (v1,0) = —F (v7) + Fx (07, 99)-

Moreover, we define J; : V1 x D* x B* — Rby

K
J2(u,01,05) = Ji(o1,05) + jll\vi‘ — (=yV2+K)ul3
1

+——|lo¥ — (=20% + K)ul|?
100(1(%” 1= (=205 + K)ull3

Observe that 5 ( )
0- 5 (u, v, v 1 1 1
Za(*lzo =TT K K+K1+72,
vy) V2 + vp — 5aK35
3215(” 01, 75) 2 2 1
—2r 7 1P k(= K — (—2vf + K)?
u2 1( ’VV + ) +50€K?2)( Z)0<F )r
and ) ( )
0°J5(u,v7,05) 5 1 .
Now we set Ky, K, K3 such that
Ki > max{K,K3,1,a,8,v,1/a,1/v,1/B},
K> max{Ks,1,a,8,v,1/a,1/v,1/B},
and K3 =~ 3.

From such results and constant choices, we may obtain

2

3 (u,01,05) 3 (w,01,05) (T3 (w01, 0)

2 * Xk _ 2\" %1, %0 2\ 717707 237 7170

det{éulviffz(u, v, v)} = (vr)? ou? ouov}
Ki (V2 +205)* 2 (

- o 2K (—V?* + 2v5 o

( e +2K1 (=yV*=+205) | +

in V; x D* x B*.
Define now
* * * (_lyvz + 208)2 2 co
C* = {Uo cY" . T +2(_’7v +ZUS) = fId !

).
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(221)

(222)
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where we assume that ¢y > 0 is such that if vj € C*, then
det{aglvf J5 (u,05,05)} >0, in B* N C*.

Finally, we also suppose the concerning constants are such that B* N C* is convex.
With such statements, definitions and results in mind, we may prove the following theorem.

Theorem 5. Let (ug, 07,95) € Vi x D* x (B* N C*) be such that
05 (uo,93,95) = 0.
Under such hypotheses,

0] (ug) =0,

and
_ Ky 2 " 2
J(uo) = ](“0)+7|| — yV7ug + 205ug — f|I2

K
— inf {](u) + 2L = yV2u + 205u —fl%}
ueVp 2

= sup{ inf ]é‘(u,vi‘,vé)}

;B (u,05)eVy xD*
= J5(uo, 97,95)- (223)
Proof. The proof that
8] (ug) = —yV2ug +20%ug — f =0
and
J(uo) = J5 (10,97, 05),

may be done similarly as in the previous sections and will not be repeated.
Furthermore, since
5]; (1/{0, ﬁiﬁ/ UAS) =0,
vy € B* x C* and J; is concave in v on V; x D* x B*, we have
J2(uo,07,%5) =~ inf  Jy(u,07,%),
(u,v5)€Vy xD*
and
% L N 3 ol Ak *
J3 (10,07, 09) = sup J;(uo, 7, 0p).
vy €B*

From such results and the Saddle Point Theorem we may infer that
_ Kl 2 ok 2
J(uo) = J(uo) + 5|l = vVuo + 20510 — f|2

. % * *
sup _inf L (u,01,0p)
v} €B* (u,vl)eleD

= Ja(uo, 07, 9). (224)

Finally, from evident convexity,
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_ Ky 2 P 2
J(uo) = J(uo) + = Il = vV7uo + 20510 — fl2
. K -
= inf {10+ = rv2u 205113} (225)
ueVy 2
Joining the pieces, we have got
_ Kq 2 s 2
J(uo) = J(uo) + 5| = vV7uo + 20510 — fl2
o Ky 2 sk ]2
= int {10+ 51— 9wk 20 113}
= su inf T35 (u, 05, v
USEIB)* {(M,UT)EVlXD* 2( 1 0)}
= J5(up,07,05). (226)

The proof is complete.
O

36. A General Convex Dual Formulation for an Originally Non-Convex Primal One

In this section we develop a convex dual formulation for an originally non-convex primal

formulation.
Let O C R3 be an open bounded and connected set with a regular (Lipschitzian) boundary
denoted by 9Q).
Consider the functional | : V — R where
J(u) = %/{)Vu-Vudx—i—%/Q(uz—/S)zdx
—(u, f)r2, (227)

wherea > 0,8 > 0,7 >0,V = W,*(Q) and Y = Y* = [2(Q).
At the moment, fix a matrix K; > 0 and K > 0 to be specified.
DefineF; :V =+ R, K :V = Rand F3: V xY* = R, by

Fi(u) = %/()Vu-Vudx—l—g/Quzdx
—(u, )12, (228)
i K 2

F(u) = Z/QVqudx—i—E/Qu dx, (229)

1
Fa(u,05) = —(%,05) 12+ K [ 0¥ d+ o [ (05)2 d+B [ of o+ (u, )2

Definealso Fj : Y* — Rand F5 : Y* — R,

Fi(v1) = sup{(w,v])2—Fi(u)}
ueVv
_ (U1
- 2/ “IVI+K az, (230)
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Fy(vz) = sup{(u,03);2 — Fa(u)}
ueV
1 ()
= - | —=——dx, 231
2 /g -3V2+K @1
At this point we also define
B' = {05 € Y* ¢ [lojlle < K/2},
Vo={ueV : |ul|lo <Kz},
At={ueV :uf>0inQ},
Vi=WnN AT,
D*={v" € Y" : ||v"]e < 5/4K},
for an appropriate K3 > 0 to be specified.
Furthermore, we define F; : D* x D* x B* — R by
F5(v1,03,09) = sup{—(u, 01 +03)12 = F3(u,0)}
ucV
* ¥ £\2
= _1 m dx
2Ja  2v5-2K
1 *\2 *
—— - . 232
o J (@) dx—p [ o dx (232)
Moreover, we define J; : D* x D* x B* — R by
Ji (w01, 05) = —Fy (v1) = Fa(03) + F5 (v, 03, 05)
and J; : D* x D* x B* — R by
J2(v1,03,09) = Ji(o7,02,0)
Ky
to Q(v{ —03)? dx
2
K2 ! vito—f
= - dx. 233
2 Q<—“21v2+1< 20542k ) 7 (233)
Now observe that
82 k(oK ok ook
I3 (03,03, 05) _ 1 LK K 1 B 1 B 1 ,
9(vy)? —-IV2+K ~IV2+K  2K-20} —2K + 20}
and
82];(01‘,0303) _ 1 LK K2 B 1
3(v3)? —IV2+K T (F2Kt 2052 2K+ 205
and
1 | )2
0%J; (v3,v5,03) ) (_%v2+1< 2K—20; 1
———=—"=-K; - K

v} 9v; 2K — 20 - 2K +205
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We set K1 > K,
K> Kj,

and K3 &~ v/3. Moreover, after a re-scale if necessary, we assume « = 0.15.
From such results and constant choices, with the help of the software MATHEMATICA, we may

obtain
2
. e 62]*(0*,0*,0*)82]*(0*,7)*,17*) 62]*(0*,0*,0*)
det{(szzi’l‘,z;;]Z(vlrva/vO)} = 28(;?[)% : 2 alu22 -~ zaulavg :
= (’)<2K1((—7V2+20§)2—|—4(—7V2+203))). (234)

Define now
H(v}) = 2((—yV? 4 205) + 4(—yV? +203)),

Observe that we may obtain ¢y > 0 such that if v§ € (C* x B*), then
det{s2, ,.J3 (05,03, 95)} > 0,

where
C*={v5€Y" : H(vy) > coly}.

Furthermore, we assume K > 0 and ¢y > 0 are such that C* N B* is convex.
With such statements, definitions and results in mind, we may prove the following theorem.

Theorem 6. Let (97,95,70;) € D* x D* x (B* N C*) be such that

513 (6%, 95,05) = 0.

Under such hypotheses,
5](110) =0,
and
J (uo)
= su inf J5(v5,035,05)
03611:3)* {(vf,vz)eD*xD* 2371772770 }
= J5(97,03,05). (235)
Proof. The proof that
J(uo) =0,

—yV2uy +205ug — f =0,
and
J(uo) = J (91,93, %),
may be done similarly as in the previous sections and will not be repeated.

Furthermore, since
k fak aAx Ak
6]3(01,02,95) = 0,

vy € B*NC* and J; is concave in vj on D x D* x B*, we have
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B 0505 = inf (05, 5),
1772

and
J2(07,03,05) = sup J5(97,05,0p).
USEB*

From such results and the Saddle Point Theorem we may infer that

A% AKX AKX

J(uo) = J5(81,05,9)

sup { inf J5 (v1,05,v0) }

v €B* (vi,v3)ED* xD*

The proof is complete.
O

37. A Note on the Special Relativistic Physics

Consider in R? two observers O and O’ and related referential Cartesian frames O(x,y,z) and
O'(x,y,2") respectively.
Suppose a particle moves from a point (xg, Yo, zo) to a point (xg + Ax, yo + Ay, zo + Az) related to
O(x,y,z) on a time interval At.
Denote
I = A% + Ay* + A2,

and I, = At.
In a Newtonian physics context, we have

I = Ax% + Ay? 4+ A2 = Ax? + Ay + A2,

and
I, = At =AY,

that is, I and I, remain invariant.

However, through experiments in higher energy physics, it was discovered that in fact is I3 which
remains invariant (this had been previously proposed in the Einstein special relativity theory in 1905),
where

I = —2A2 4+ Ax? 4 Ay? + AZ?,

so that

—CA + AX? +Ay2 + A2 = —CZAtlz +Ax/2 +Ay/2 +Az’2 — I,

for any pair of observers O and O’. Here ¢ denotes the speed of light, and in the case in which v,v' < ¢
we have the Newtonian approximation
At~ At.

From the expression of I3 we obtain

2 At'? N Ax"? N Ay N AZ?
A2 A2 A2 AR
CoAP A AP AZ

“A2 T AR T AR T AR

(237)


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

168 of 319
Thus,
AP (AX? Ay? A2 AP
—c? + + -5
AP A2 AP AK? ) AR
AxZ Ayr AZ2
_ 2 Y
so that

2 (Ax2 Ay A2

(At’)z_ ¢ (At2+ A7 T Az

At o 12 A 12 12 )
2 Ax Yy Az

“ - <At’2 T A T A

WY _ 1o
ot 1_(”')2.

2

Letting At, At' — 0, we obtain

In particular for constant v and v = 0 we have

AYN? v?

(m) =l-=
2

A =1 Tt
C

Consider now that O is at rest and O’ has a constant velocity

so that

ve

where {e1, e, €3} is the canonical basis for R3 related to O.

Consider O(x,y,z) and O'(x, v, z) such that the axis x’ coincide with the axis x, axis i’ is parallel
to axis y and axis z’ is parallel to z.

Since v is constant, we have

_ Ax
At
and
=0
Assuming x(0) = 0, and the initial time t = 0, we have Ax = x, and At = t so that
2
r v
t 1-— sz t,
so that
o _ Lvt)
¢ — 1_722 t= <t 622 ,
-5 iz
and thus
(-%)
t = vy
2
-z

On the other hand we have v/ = 0.


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024

d0i:10.20944/preprints202302.0051.v88

We may easily check that the solution

lead us to v/ = 0.

Indeed,
AX'\[1-% Ay

At At

so that, considering that v is constant, we obtain

e el Sk B
that is,
dx' 0
at
Thus,
d (x’ - Z—;)
dr v
so that
2
v
x4/1— Z2=a
for some constant ¢; € R so that
/
X =,
for some ¢, € R.
Therefore
, dx 0
U = W = u.

Summarizing, for the Newton mechanics we have

t =t
X =x—ut,
/
y =y
and
7=z

169 of 319

On the other hand, for the special relativity context, we have the following Lorentz relations

t—%)

/_( c

t_—ﬁ'
T2

x — ot
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and
Z =z
37.1. The Kinetics Energy for the Special Relativity Context
Consider the motion of a particle system described by the position field
r:Qx[0,T] — RY,
where Q C R3, [0, T] is a time interval and
r(x,y,z,t) = (ct, X1(x,y,2,t), Xa(x,y,2,1), X3(x,,2,1)).
In my understanding, this is the special relativity theory context.
The related density field is denoted by
p:Qx[0,T] = RY,
where
p(x,y,2,t) = molp(x,y,z )%,
my is total system mass at rest, and ¢ : Q) x [0, T] — C is a wave function such that
/Q 0(x,y,2,1)[2 dx = 1, Vt € [0, T.
The Kinetics energy differential is given by
or or
dE; = —dm — - —
‘ "ot or
where
o dr (0% 0% X\ (L 0Xi 9% X
ot ot  \" ot ot ot "ot ot ot
9X1\? | (9%2)? | (9X3)°
— 24 (%t 722 buiac)
= (@) ) (%)
= 247 (239)
where ) ) )
2o (X (%), (9%
ot ot ot )~
Moreover, "
dm = 7O|¢(x,y, z,t)|? dxdydz,
/1— 22
2
so that
dE, = &2(8 — o)) |p(x,y,z,t) > dxdydz
Vi-s
= mocy/ 2 — v2|¢|? dxdydz. (240)
Thus,

E.(t) = /QdEC = /Qmocx/ 2 — v2|p|* dxdydz.
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In particular for a constant v (not varying in (x, y, z, t)), we obtain

Ec(t) = mgcV/ ¢ — 02.

Hence if v < ¢, we have
Ec(t) = mq c?.

This is the most famous Einstein equation previously published in his article of 1905.

37.2. The Kinetics Energy for the General Relativity Context

In a general relativity theory context, the motion of a particle system will be specified by a field
(ron) : Q) x [0,T] - R*

where
(rod)(x,t) = (ct, X1 (A(x, ), Xo((x, 1)), X3(d(x,1))),

where
a(x,t) = (uo(t), ur(x, t), uz(x, ), us(x, 1)),
Mo(f) =1,
x = (x1,x2,x3) €EQC R3,

and t € [0, T], where [0, T] is a time interval.
The corresponding density is represented by

(poi): QA x[0,T] - RT,

where
(p o) (x,t) = mo|p(a(x,£))[>,

my is total system mass at rest and ¢ : Q) x [0, T] — C is a complex wave function such that

[ @i, )P/ =gl det{#(x, )} dx = 1, vt € [0,T]

where
dx = dxq dx; dxs,
or
8 = 87]

Sik =8 8 Vi k€ {0,1,2,3}.

and g = det{gj}.
Now observe that

or d9r _ Or Juj Or Jduy

ot ot Ouj ot Ouy Ot

or  Or Ouj duy

ouj Juy ot ot

ou; du
— o 1%k
— Sk ot (241)
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Observe that % .
or or _ Mok 2 2
ot ot Sk ar - C T
Moreover, the Kinetics energy differential is given by
Jdr Or
dEC = —dm g . §,
where o
dmzi a(x,t))[*y/—g| det{n (x,t)}| dx,
Vi—-a
C
so that the total Kinetics energy is expressed by
T
Eo= [ [ decat,
0 JO
that is,
E = / / (2 — o) |p(a(x, 1) 2 /—g| det{d’ (x,)}| dxdt
\/ CZ
= / /mocx/cz—vz|4>( a(x,t))[>\/—g| det{n (x,t)}| dxdt
0 JO
ou;j
_ / / moc\| gk at] aa”;" (x, 1)) 2/—g| det{i (x,t)}| dxdt. (242)

Summarizing, for the general relativity theory context

T du a”k N 2 N
EC—/O /Qmoc —8jk=, at F |p(d(x,t))|°\/—g| det{n’ (x, ) }| dxdt.

38. About an Energy Term Related to the Manifold Curvature Variation

In this section we consider a particle system motion represented by a field
r:Q— R4

of C? class where here QO = Q) x [0, T], ) € R®is an open, bounded and connected set, and [0, T] is a
time interval.
More specifically, point-wise we denote

r(u) = (c t, X1 (u), X2(u), X3(u)),

where ug = t, and u = (ug, ug, up, uz) € Q.
Now, define
_ar(w)
g] o au] !

and
Sik = 8 8 Vi k€{0,1,2,3}.

Moreover

{g"} = {8jk}71/
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and

g = det{gj}.

or(u) .
{ 3 forje {0,1,2,3}}

]

We assume

is a basis for R*, Vu € Q.
At this point we define the Christofel symbols, denoted by l"j.k, by

1 9Qkp | 98jp  IQjk .
I _ Z2,lp ) 2ok “8)p _ 73]
F]k 2g { au; + du, , Vi, k,1€{0,1,2,3}.

Theorem 7. Considering these last previous statements and definitions, we have that

*r(u) ! or(u)
aujauk Tk aul

, Vj,k € {0,1,2,3}, Vu € Q.

Proof. Fixu € Qand j, k,m € {0,1,2,3}.
Observe that

ou; dup  duy

_ 1 98k 98 98k
= Zeb ot Top ok
2 ou; dup  duy

1 9kp . 98jp ISk
Iﬂ;‘kglm = zgmlglp{p * :

_ 1) 98w, 9gim _ 8jk
2| duyj oup  Jduy

_ 1{6<8r(u)'8r(u)>+8<ar(u).8r(u)>_8(E)r(u).ar(u))}
2 auj ouy iy duy au]- duy, gy, 8u]- duy

_ 1 {82r(u) or(u) n 0°r(u) or(u)
2 aukau]- oy, E)umauj duy

0%r(u) 0r(u) 0%r(u) or(u)
oujoug upmduy  Juj

B 0%r(u) or(u) 0°r(u) ' ar(u)}

umdu;  Juy oumduy  ou;

2 oujouy oujouy

’r(u) or(u)
- Bujauk. oy (243)

1 {BZr(u) or(uw) n 0%r(u) or(u) }

Summarizing, we have got

! or(u) Jr(u) _r _ 0’r(u) or(u)
K 9u;  Ouy, 8 1m oujdu, Oy

Since

or(u) .
{ 5 forj e {0,1,2,3}},

]
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is a basis for R*, we may infer that
O’r(w) _ oy dr(u)
9u;0u =T Ko , Vj,ke€{0,1,2,3}, Vu e Q.
The proof is complete.
O
38.1. The Energy Term Related to Curvature Variation
We define such an energy term, denoted by Eq, as
1 ; ad or(u) d or(u)
- = jkolp 2 e 2L /—
Eq(91) 2 /Qg J ou; (¢ duly ) ou; (4) oty g du,
where du = duyduyduzdug.
Here ¢ : 3 — Cis a complex wave function representing the scalar density field.
Now observe that
9 ([ or(w)\ 9 [, dr(u)
Ju; ¢ ouy ou; ¢ duy
_ [ 9¢ or(u) 0%r(u) (99" 0r(u) . 0%r(u)
— \ Qu; duy au]-auk ou; Oup ou;duy
_ 9999”2 “r(u)  Pr(u)
du; au ou;jouy  dujduyp
9¢* 9%r(u) or(u)
4)8141 oujouy  duyp
. 0¢ Pr(u) 9r(u)
" ou; aulau,, ouy
9¢ 9¢* 2
= u; ou; Skp + 11T, gmo
05 T gt 97 5L T}, g (244)

From such results, we may infer that

1 i« 0¢ 0¢*
Eq(¢p,r) = E/()g]kiiﬁdu

au]- auk
1 .
+7/ g g T T, grs 91> /—g du
ik
/g r! ( P+ Bul> /g du. (245)

39. A Note on the Definition of Temperature

The main results in this section may be found in similar form in the book [16], page 261.
Consider a system with N = Z]N:Ol N; and suppose each set of N; particles has a set of C; possible

states.
Therefore, the number of states of such Nj particles is given by
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where we have considered simple permutations as equivalent states.
Define

S] = ln(AF]-),

and define the system entropy, denoted by S, as

where A > 0 is a normalizing constant.

Thus,
Ny cHN
s—AZm<(I\’]), )

j=1

so that

No
S=A (Z (NjIn(Cj) — ln(Nj!))> :

j=1

If N is large enough, we have the following approximation
In particular for C; = 1, Vj € {1,---, Np} we obtain

No No
S=A (Z 5]‘) P-A (Z Nj ln(Nf)> '
j=1 =

J

At this point we define the following local density Nj where

. 2
S - BEDE

p(x, )]>

where

No
()P =Y 19j(x, 1) %
j=1

Here, ¢; : ) — C denotes the wave function of the particles corresponding to the system part N;.
The final definition of Entropy is given by

No
S(x,t)=A (Zi Sj(x,t)>
j=

where

S]-(x, t) —Nj(x,t) ln(Nj(x,t))

i)l | (x, )2
= P Nin ( oo ) (246)

Here we highlight the position field for each particle system part N; is given by

ti(x,t) = x+1i(x, 1),
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where 1; is related to the internal energy, that is, related to the atomic/electronic vibrational motion
linked with the concept of temperature, as specified in the next lines.
The total kinetics energy is given by

1 Mo ori(x,t) ori(x,t)
E(x,t)=—2) m ,|¢‘(x,t)|2 ] Bl .
2]; Pil™ ot ot

At this point, we define the scalar field of temperature, denoted by T(x, t), such as symbolically

s 1
0E  T(x,t)
More specifically, we define
No %
T(x,t) = TS]’
=1 9¢;

so that

1 NO ) E)r]-(x,t) ar]-(x,t)
e L e

T(x,t) =
o A% 9PN +1
o2 lpf*

39.1. A Note on Basic Thermodynamics

Consider a solid Q) C R3 where such a Q) is an open, bounded and connected set with a regular
(Lipschitzian) boundary denoted by 0().

Denoting by [0, T] a time interval, consider a particle system where the field of displacements is
given by

rj(x,t) = r(x,t) +u(x,t) + (r3);(x, 1),

where r : Q) x [0,T] — R is a macroscopic displacement field, u : QO x [0,T] — R is the elastic
displacement field and (r3); : Q x [0, T] — R denotes the displacement field related to the atomic and
electronic vibration motion concerning the concept of temperature, as specified in the previous section.
In particular for the case in which
r(x, f) =x,

we define the heat functional, denoted by W, as

1T ou(x,t) du(x,t)
W = 5/0 /Qp(x,t) 5 o dx dt

T
—/ /F'udxdt
0 Jo

1 /T
+§/0 /Q Hijkleij(u)ekl(u) dx dt

1M T ,0(r3)(x, 1) A(x3)j(x, 1)
+2];/0 /Qmpjlsbj(x,t)l o g dxdt, (247)

where

No
o(x,8) =Y my |gj(x, 1)
=1
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is the point wise total density,
1 /T
2 /o /Q Hjjrreij(u)ey (u) dx dt

is a standard elastic inner energy for small displacements u, F(x, t) is the resulting field of external
forces acting point wise on (), and for the term

1Y T ,0(r3);(x, 1) 9(r3);(x,t)
221/0 [ ooy e PSR SRS v ar

we are refereing to the definitions and notations of the previous section.
At this point we denote

1M T ,0(r3)(x, 1) A(13)j(x, 1)

and

1T du(x,t) du(x,t)
Er = E/o /Qp(x,t) ST dx dt

ot
T
—/ /F u dx dt
0 O

1 /T
+§ A /Q Hi]'klez-j (u)eg(u) dx dt. (248)
Hence W = E7 + E;;, and from the previous section we may generically denote
0 Eiy =TS,

Therefore
OW = SEr + 0E;;, = 6ET + T 6S.

For a standard reversible process we must have § Er = 0.
so that
O0W =TéS.

For a general case in which other types of internal energy (such as E; indicated in the previous
sections and even E;;,) are partially and irreversibly converted into a ET type of energy, in which

dEr #0,

we may have
0 W < TéS.

Remark 22. Indeed, in general the vibrational motion related to E;, is of relativistic nature so that in fact we
would need to consider

1 T 2 |, 9m)i(x,t) 9(r3);(x,t)
Ezn_z];/o /()mpj0|¢](x,t)| \/c - —gj dx dt.

40. A Formal Proof of Castigliano Theorem

In this section we present the mathematical formalism of a result in elasticity theory known as the
Castigliano’s Theorem.
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Let QO C R3 be an open, bounded and connected set with a regular (Lipischitzian) boundary
denoted by Q).
In a context of linear elasticity, consider the functional | : V' — R where

](u) = Eip — uzrfz Zu 1]/

u = (uy,uz,u3) € We?(GR3) =V, f = (f1, fo, f5) € LA((GR?), Y = Y* = [2((;R?), and
PjeR, Vie{1,2,3}, je{1,--- ,N}

for some N € N.
Here we have denoted

1
Ein =5 /()Hijkleij(u)ekl(u) dx,

aul aM]

Moreover H;jy is a fourth order positive definite and constant tensor.
Observe that the variation of | in u; give us the following Euler-Lagrange equation

(Hl]klekl Z x] —0 in Q. (249)

Symbolically such a system stands for

9] (u)
aui

=0,i € {1,2,3},

so that N
O(Ein — (ui fi) 12 — Ljtq ui(x)) Pyj)
aui
We denote u € V solution of (249) by u = u(f, P), so that multiplying the concerning extremal
equation by u; and integrating by parts, we get

=0, Vie{1,2,3}. (250)

Hy(u(f,P), f,P) = 2Ein(u(f,P)) = (ui(f, P), fi) 12 Zu xj, f, P)Pj

= 0,Vfey* PeRN, (251)
Therefore .
7p; (i(u(fP). £, P)) =
so that
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that is
dE;, n I(Ein — (ui, fi)12 — Zjlil ui(x;)Pij) duy
dpi]' auk ! aPZ-]- 2
) N
— oo | (i, fi) 2 + ). ui(x;) Py
oP; pct
= 0. (252)
From this and (249) we obtain
dE;, B
dP;j uilxj) =0,
so that
_dE;, 4 (1
) = ot = a5 (5 [, HawestulF, Petut s P) ),
Vie {1,2,3},Vje{1,---,N}.
With such results in mind, we have proven the following theorem.
Theorem 8 (Castigliano). Considering the notations and definitions in this section, we have
dE; d (1
) = 5t = a5 (3, Howestw(F Peututf, P) ),
Vie {1,2,3},Vje{1,---,N}.
40.1. A Generalization of Castigliano Theorem
In this subsection we present a more general version of the Castigliano theorem.
Considering the context of last section, we recall that
N
Hi(u(f,P),f,P) = 2Ei(u(f,P)) = (ui(f,P), fi)12 — Y ui(xj, f, P)P;
j=1
= 0,VfeY", PecR¥W, (253)
Therefore, for x; € Q) such that
xp #x;, Vje{l,---,N},
we have p
(7 (Hr,2),£,P),600)) =0,
dfl LZ
so that
d
2( 47, (Eanulf,P).00x0) )
1
d N
~\ a7 (ui(f,P), fiyr2 + Y ui(xj, f,p)Pij) 12 | .6 (xk)
j=1 L2

— o, (254)
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that is
d
(77 Bl ), 0(0) )
d N du
i <duk (Ei"(”(f’P)) —{wilf,P), fidi2 = Z%ui(xj,f,P)Pij> 70 )>
1= 2
9 N g
"\ of <ui(f/P)/fi>L2 - Z ”i(xj/f,P)Pi]‘ ,5x(xk)
of; » §
-0 (255)

From such results, we may obtain

(37 Enu(F D) 00) ) = (1), 85012 = O

so that

that is

) = ( 7 (a7, P)) 005))

Vi€ {1,2,3}, Vx; € Qsuch that x; # xj, Vj € {1,--- ,N}.
With such results in mind, we have proven the following theorem.

Theorem 9 (The Generalized Castigliano Theorem). Considering the notations and definitions in this
section, we have

w(se) = (7 Enu(fP),0(x))
Vi€ {1,2,3}, Vxi € Qsuch that x; # xj, Vj € {1,--- ,N}.

40.2. The Virtual Work Principle

Considering the definitions, results and statements of the previous section and subsection, we
may easily prove the following theorem.

Theorem 10 (The virtual work principle). Let x; € Q) such that x; # x;,Vj € {1,--- ,N}.
For a virtual constant load Py, € R on x; at the direction of uy(x;), define now J : V.— R where
N
J(u) = Ein — (uj, fi) 2 — Y, i (x) Pyj — Pyeuge(x7).

j=1

Under such hypotheses,

d Ein(u(f, P, Pi))
uk(xl):( Py lk >Plk K

Vk € {1,2,3}, Vx; € Q) such that x; # xj, Vj € {1,---,N}.

Proof. The proof is exactly the same as in the Castigliano Theorem in the previous section except by
setting the virtual load Pj; = 0 in the end of this calculation and will not be repeated. O
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41. Duality for a General Relaxed Primal Variational Formulation

Let Q C R3 be an open, bounded and connected set with a regular boundary denoted by 9.
Consider a functional | : V — R where

](u):%/QVqudx—i—g/O(uz—ﬁ)z dx — (u, f) 2,

where V = Wy?(Q), 7 >0,a >0,>0,Y =Y*=L12(Q),Y; = Y; = L2((;R?),and f € [2(Q).
We define the associated relaxed functional J; : V x V x (0,1), by

Rg ) = 5[ (Tu— (1= N)¥9)- (Vu—(1-\)Vg) dx

@ /Q (Vu+AV@) - (Vu+AV§) dx

P [ (= -2 - et TS [ (G ag2 — 2 ax

M= (L= N, fyp — (1= A) 1+ Ag, f) 2. (256)

Moreover, we define, F; : Vx Vx (0,1) 2 R, K:VxVx(0,1) 2R, F:VxVx(0,1) =R,
F:VxVx(01) =R FE:VxVx(0,1 -Rand F:V xV x(0,1) = R, by

_|_

Filug,A) = 5 [ (Vu—(1-2)V4) - (Tu—(1- 1)) dx

(1

Ba(it, ¢, A) = _77 /Q (Vi + AV@) - (Vi + AV§) dx

Rlug ) = 5 [ (= (1= 29— )2 ax

FGug ) = S [ (ot ag)? = )
Es(u,p,A) = —Au— (1=A)p, f) 2,
Fo(u, ¢, A) = —=(1 = A){u+A¢, )12,

respectively.
Observe that
]1(ul¢!u) = Fl(u,47,)\)+F2(1/l,(P,/\)
P3(ul¢l)\‘) + F4(M,(P,/\)
Thus,

i, ¢,u) = F(u,¢,A)+ E(u,¢,7)
+((u— (1= A)$)* = B,03) 12
+((u+Ap)> — B,v}) 2
F5(u, ¢, A) + Fe(u, ¢, A)
F3(u, ¢, A) + Fa(u, ¢, A)
+ vlgéfy{—(vs/ 03)12 + B3(v3,A)}

+ inf {—(v4,0}) 2 + F4(vg, A) } (258)
U4€Y
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where A
B(v3,A) = _uc/ 03 dx,
0

N (1-A)a
Fy(vg,A) = — /Qvﬁ dx,
Therefore, defining £ : Y* x (0,1) - Rand Fj : Y* x (0,1) — Rby

Fi(v3,A) = sup{(03.03).> — F3(v3, A)
v3€Y

1 *\2
T 2aM /Q(US) o )
and

FE(UZM\) = sup{(vs.v5)12 — Fs(vg, A)
v€Y

_ 1 *\2
= ai—n /0(04) dx, (260)
we may also infer that
Ji(u ¢,A) = inf {<01,01>L2 +F(o1,A)}

1€

+ 1r1f {{(v2,03) 12+ B2 (v, A) }
v €Y]

+ inf { (vs, div v} Lz-l-/ —B)vz dx — A <U5,f)L2}

vs€Y

+ inf { (v6, div 05) 2 + / — B)o} dx — (1 A) (s, f>L2}

v6E€EY

—F5(03,A) = F{ (v}, A)

;A) — Ff (03, A), (261)
ifv* = (v],---,0;) € A" where,
A* = {o* € [Y{]* x [Y*]*> : v§ > 0and v} >0, in Q},
1(v1, A :—/01 v1 dx,
2(v2, A =—/vz vy dx,
Fs(05,03,4) = | (0 ~ B)os dx — A(os, f)12,

Fo(os,03,4) = [ (08 = Boj dx = (1 = A) (w6, )12,

and

Fi(v1,A) = sup {{oy,0])2 — Fi(01,A)}

1€Y1

1 * *
= 27—)\/001 -07 dx, (262)
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Fi(o3,0) — sup {{o2,03)2 — Fa(oa 1)}
Z)zGYl
= ¥/ vs - 05 dx (263)
T o2(1-A)Ja 2 P
E5(v1,v35,A) = sup{(vs,01)> — F5(v5,03,4)}
vs€Y
(div (div o] +Af)° Af)?
= 2/ 4! dx+ﬁ/ v3 dx, (264)
and
Fg(v3,v3,A) = sup{(v,01)12 — Fe(vs, 03, A)}
v6EY
1 (diVU;+(1—/\)f)2 .
= 3 /Q o dx + B /Q o dx. (265)
Denoting, as above indicated, v* = (v}, v5,v5,0;) € [Y{]? x [Y*]?, we define J* : [Y]]% x [Y*]?
(0,1) = Rby
@A) = —F (@A) - F(03,A)
—F5 (01,03, A) = Fg (03,03, A)
—F(03,4) - Fi (03, ), (266)

Observe that we have got

f > inf LA

N, s N P o
>  inf sup J*(v*,A) ». (267)

)LG(O,l) {U*EE* ( )}

41.1. A Numerical Example

We have obtained numerical results for v = 0.1, « = 3.0, = 5.0 and f = 10, in (), for the special
case in which QO = [0,1] C R.
Such results have been performed through the following algorithm:

1. Setn=1and A, =1/2.
2. Calculate v}, € A* such that

J*(p, Au) = sup J*(v", An),

v*EA*

3. Calculate A, ;1 € (0,1) such that
' ©hAsn) = inf (@3, 0),

4.  Setn :=n+1and go to step 2 until the satisfaction of an appropriate convergence criterion.

Here, we recall that for the optimal points

divoy +Af
T =u—(1-2)¢,
and

diveoy +(1-A) f

*
2v;

=u+Ap,
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so that

u:A(m>+(1_A)(di"véﬂL(l_)L)f)‘

* *
203 20}

For such a corresponding optimal ug please see Figure 32.
For the solution u; of the primal problem obtained through the generalized method of lines,
please see Figure 33.

25

051 ]

Figure 32. Optimal solution u(x) through the concerning dual formulation.

25

051 b

Figure 33. Optimal solution u; (x) through the concerning primal formulation.

We may observe the solutions 1y and u; are qualitatively similar, as expected.
Here we present the software developed to perform such numerical results.

R R R R R R S X

1. clearall
globalm8dL A3 AByouveldvldv2dv3v5v6ov3v4avlv2K5e5L112L3
m8=100;
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d=1/mS;

€1=0.00001;

e5=0.001;

K5=10000.0;

A3=0.1;

A=3.0;

B=5.0;

for i=1:m8

uo(i,1)=5;

yo(i,1)=10.0;

end;

L=1/2;

for k=1:50

k

i=1;

m12=2 + 6 x Axuo(i,1)>*d*/A3 —2x Ax B/ A3 xd?;
m50(i)=1/m12;

2(i)=m50(i) * (yo(i,1) * d*/ A3 + 4 x A x uo(i,1)® x d>/ A3);
for i=2:m8-1

m12=2+ 6% A xuo(i,1)?> xd>/ A3 — 2% Ax B/ A3 xd> — m50(i — 1);
mb50(i)=1/m12;

2(1)=m50(i) * (yo(i,1) x d*/ A3 + 4% Axuo(i,1)3 xd>/ A3+ z(i — 1));
end;

w(m8,1)=0;

for i=1:m8-1
w(m8-i,1)=m50(m8-i)*w(m8-i+1)+z(m8-i);

end;

uo=w;

uo(m8/2,1)

end;

for i=1:4*m8

x0(i,1)=3.0;

end;

for i=1:1

x1(1,1)=1/2;

end;

for k1=1:10

k1

k=1;
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b12=1.0;
while (b12 > 107%) && (k < 50)
k
k=k+1;
X=fminunc(’funFeb30LG’,x0);
b12=max(abs(xo-X))
x0=X;
end;
X1=fminunc('funFeb31LG’,x1);
x1=X1;
end;
u(m§,1)=0;
for i=1:m8
x(i,1)=i*d;
end;
plot(x,u);
PP E R ———
With the auxiliary function "funFeb30LG", where
1. function S=funFeb30LG(x)
globalm8d L A3 AByouveldv2dvldv3v3v4vbvevlv2K5e5L112L3
for i=1:m8
v1(3i,1)=x(,1);
v2(i,1)=x(m8+i,1);
v3(1,1)=x(2*m8+i,1);
v4(i,1)=x(3*m8+i,1);
end; for i=1:m8-1
dv1(i,1)=(v13i+1,1)-v1(i,1))/d;
dv2(i,1)=(v2(i+1,1)-v2(i,1))/d;
end;
S=0;
for i=1:m8-1
S=S+(yo(i,1)? x L2 + 2% yo(i,1) * L xdol1(i,1) + dvl(i,1)® + 4 x B« v3(i, 1)*) / (4 x v3(i, 1)?);

S=S+(yo(i,1)> (1 — L) + 2% yo(i,1) * (1 — L) * dv2(i,1) + dv2(i,1)> + 4 * B * v4(i,1)*)/ (4 *
v4(i,1)?);

S=S+v1(i,1)?/sqrt(L? +e1)/2/ A3+ v2(i,1)?/sqrt((1 — L)% + 1) /2/ A3;
S=S+v3(i,1)*/2/sqrt(L? +el)/ A+ v4(i, 1)*/2/sqrt((1 — L)?> +el) / A;
end;

for i=1:m8-1

u(i,1)=L * (yo(i,1) * L + do1(i, 1))/ (v3(i,1)?) /2;
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u(i,=u(i,)+(1 — L) * ((1 = L) *yo(i, 1) + dv2(i, 1)) /2/ (v4(i, 1)?);
end;

Finally, we present the auxiliary function "funFeb31LG"
36 36 3 38 36 3 5 38 36 3 5 3 36 3 5 3 36 3 5 3 3 3 3 3 3 3 o 3 3 3 3 3 3 3 o 3 S NN

1. function S1=funFeb31LG(x)
globalm8dLL1L2L3 A3 AByouvel dv2dvldv3v5v6v3vdvlv2K5ed5
L=(sin(x(1,1))+1)/2;
for i=1:m8-1
dvi1(i,1)=(v13i+1,1)-v1(i,1))/d;
dv2(i,1)=(v2(i+1,1)-v2(i,1))/d;
end;
S=0;
for i=1:m8-1
S=S+(yo(i,1)? x L2 + 2% yo(i,1) * L xdol1(i,1) + dvl(i,1)® + 4 x Bx v3(i, 1)*) / (4 x v3(i, 1)?);
S=S+(yo(i,1)% % (1 — L) + 2% yo(i,1) * (1 — L) * dv2(i,1) + dv2(i,1)? + 4 = B x v4(i,1)*) / (4 *
v4(i,1)?);
S=S+v1(i,1)?/sqrt(L* +e1)/2/ A3+ v2(i,1)?/sqrt((1 — L)% + el) /2/ A3;
S=S+v3(i,1)*/2/sqrt(L?> +el)/ A + v4(i,1)*/2/sqrt((1 — L)? + el)/ A;
end;
S1=-S;

33 o 8 8 38 36 36 36 36 3 3 3 3 o 8 38 36 36 36 36 3 3 3 S o 3K 4 K KKK

Remark 23. Observe that the functional [* is convex in A* however, the restrictions vy > 0and vy > 0 in
Q) may cause a difference between the solution obtained through J* and the solution got through the primal
formulation |, a so-called duality gap.

Anyway, through such a relaxation process, utilizing the dual functional [* we may still obtain a good
qualitative approximation of the global optimal point for the primal formulation ].

Indeed, such a global solution obtained through the dual functional |* may be an excellent initial solution
for obtaining a more accurate one through the standard Newton Method, for example.

42. A Global Existence Result for a Model in Non-Linear Elasticity

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q2 = S.
Define a functional | : V — R by

J) =5 | Hry ) dx = Gus, ),

where n ;
Wi
'Yij(u) = % + Eum,ium,jr

V={ueW?R? : u=1donS CoOl
We also denote Y = Y* = L2((;R3), so that f = (f1, fo, f3) € Y.

Here {Hijkl} is a fourth order constant, positive definite and symmetric tensor.
With such assumptions and statements in mind, we may prove the following theorem.

d0i:10.20944/preprints202302.0051.v88
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Theorem 11. Assume {Hjjy } is such that

J(u) = +oo.

l[ufly—o0

Under such hypothesis, there exists ug € V such that

J(1p) = min J(u).

ueVv

Proof. From the hypotheses, there exists « € R such that

a = inf J(u).

ueV

Let {u,} C V be a sequence such that

1
a < J(uy) <a+E,Vn cN.
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Suppose, to obtain contradiction, there exists a subsequence {n;} C N, such that

[t v = co.
From the hypotheses, we have
J(uy,) = +oo, as k — co.

This contradicts

kh_{](r)lo (tn,) = € R.

From such results we may infer that there exists K > 0 such that

Hun”V S Kr Vn S N

Consequently, from this, the Sobolev Embedding and Rellich Kondrashov theorems, there exists
uy € VN L®(Q;R3) for which, up to a not relabelled subsequence, we have

uy — g, weakly in W1'4(Q; R3),

Uy — 1y, strongly in L*(QQ),

un — up, strongly in L*(Q); R3).

Let ¢ € C(Q)).
Thus,

AN
=
=

=
=
|
—~
=
(=]
=
8_

— 0, asn — oo.

(268)
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Since ¢ € C®(Q) is arbitrary and C(Q) is dense in L*(Q) we may infer that
O(un)i _ 9(uo)i "
- Kly in L*(Q)
ax]' ax]' , weakly in L*(Q2),
Vi,j e {1,2,3}.
Define W = L*(Q) with the norm
[ollw = sup{(v, ¢)r2, ¢ € CZ(Q), [ pll12 < 1}
We may easily verify that
(un)i _, (o) :
ax; — ax; strongly in W,
vi,j e {1,2,3}.
Thus,
{ 9(un);i }
ax]'
is a Cauchy sequence in W.
Hence, for each n € N there exists n;, € N such that m,[ > ny, then
O(um)i  9(up)i 1
dx ox; k2"
where 11, may be taken as an increasing subsequence in N.
In particular, we have got
a(unk+1)i _ a(”nk)i l
ax]' ax] K2
W
Define now
8 = 'a(um)i = a(u”k+1)i . a(u”k)i
ax]' =1 ax] ax]
and
- |a<un1)i 430 [P B
ax]' =1 ax] ax]
Observe that
9(un, )i | Ouny )i 9(uny)i
Iglw < H S+ ) - :
ax]- w k=1 ax] ax] W
A(Un,); 21
< (D M=)
ax]- w k=1 k2
< oo (269)

From such results we may infer that g(x) € R, a.e. in Q.
Moreover, since an absolutely convergent series is also convergent, we may infer that

a(”n,)i _ a(unl)i + lil (a(unk+1)i o a(”m)i) N hij, a.e. an,

ax] ax] =1 ax] ax]

for some h;; € L*(Q), Vi,j € {1,2,3}.
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From such results, we have
9t )i — hjj, a.e.in Q)
ax]‘
e ) dlu)
Up )i 9\Uo)i T4
ax; ax; weakly in L*(Q)),
so that 5
M = hjj, a.e. in Q.
ax]-
Consequently, we have got
9tn)i — a(uo)i, a.e. in Q.
an ax]-
Now fix i,j,m € {1,2,3}.
Observe that from the Cauchy-Schwarz inequality, we have
2
/ 9(tp )m O(tn,)m p
x
O ax] E)x]
2
31ty ) ||| @t )
- ox; 4 ax]
< K, VIeN (270)

for some appropriate real constant K; > 0.
Therefore, up to a not relabeled subsequence there exists vy € L?(Q) such that

Ot )m O(ttm )m vy, weakly in L2(Q),

axl’ ax]’
Since
Oty )i Oty )m N 9(10)m a(MO)m, a.e. in ),
axi ax]- axi axf
we obtain 3(140)m 9(uo)
o HO m MO m :
v = E ax, , a.e in (),
so that

O )m O(n )m (1) m 9(tho)m

axi ax] axi ax]

, weakly in L2(Q2),

Vi, j,m e {1,2,3}.
Therefore, from such results we may infer that

Yij(un,) = 7ij(uo), weakly in L*(Q),Vi,j € {1,2,3}.
Moreover, since ] is convex in {7;;} we finally obtain
a = liminf J(u,,) > J(ug),
l—00

so that
J(up) = min J(u).

ueV
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The proof is complete.
O

43. A Note on a General Relaxation Procedure for the Vectorial Case in the Calculus of Variation

Let 3 C R” be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by dQ2. Consider a continuous and bounded below functional F : V. — R where

V={ueW2O;RY) : u=uyonaQ}.
Define H; : V — R by
Hi(u) =inf{A1F(v1) + (1 = A)F(w1) ; 0< Ay <1, vy,wy €V, Mog+ (1 —A)wy = u}.
Observe that as it has been shown in a previous section, we have
F**(u) < Hy(u) < F(u), Vu e V.
Moreover, also as indicated in a previous section, we may obtain

H1 (1/[) = (¢1,Al)ig5ox[0,1] {/\11:(1/! — (1 — )\1)4)1) + (1 — )\1)1:(1/[ + A14)1)},

where V) = W&’Z(Q; RN).
Reasoning inductively, having Hy : V — R, define Hy; : V — R by

Hypq(u) = inf{Aryp1He(vrg1) + (1 = Aggr) Hie(wri)
0 < Myt <L O, Wiyt €V, A1kt + (1 — Agg1) Wiy = utb (271)
Thus
Hyq(u) = inf | Mt He(u = (1= Agp)Prgr) + (1 — Aggr ) Hie(u + Aggarern) -

(Prs1.M41)€V0X[0,1

Observe that
F*™(u) < Hgyq(u) < Hg(u) < F(u), Vk € N.

Define Hy : V — R by

Ho(u) = lim Hi(u) = kig{]Hk(u), VueV.

k—+o0

Suppose, to obtain contradiction, that Hy is not convex.
Hence, there exists iI € V such that

(Ho)1(#) < Ho(#),
where
(Ho)l(u> = inf{)leo(Ul) + (1 — /\1)H0(w1) ;0< A <1, 0,w €V, M + (1 — Al)wl = u}.

This contradicts

Hy(u) = kEToo Hi(u) = I:g{} Hy(u), Vu e V.
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Therefore Hj is convex on V so that from this and
F**(u) < Ho(u) < F(u), Vvu e V

we may infer that
Ho(u) = F™(u), Yvu € V.

44. A Note on Another General Relaxation Procedure for the Vectorial Case in the Calculus of
Variation

Let 3 C R” be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by dQ). Consider a continuous and bounded below functional F : V — R where

V={ucW2RY) : u=uyonoQ}.

Fix k € N.
Define (Hp)x : V — Rby

k
— A]-P(vj) :0<A;<landv; €V, Vied{l,--- ,k},
i=1

]

(H)i(u) = inf{

k k
Aj=1land ) Ajvj= u} : (272)
j=1 j=1

Observe that
P**(u) < (Hy)iy () < (Hy)i(u) < F(u), Yu € V.

Define Hp : V. — R by
Hz(u) = lim (H1)k(u) = inf{(Hl)k(u)},Vu evV.
k—o0 keN

Reasoning inductively, having Hy, : V — R, we may obtain (Hp ), : V — R by

k
(Hm)k(u) = 1nf{ZA]Hm(v]) :0< )L] <1and 4] eV, V] € {1, . ,k},
j=1
k k
2/\] =1land 2/\]"0] =Uu,. (273)
=1 =1
Observe that

F*™*(u) < (Hm)kr1(u) < (Hm)i(u) < F(u), Vu € V.
Now we define
Hy1 (1) = lim (Hin)ie(u) = inf {(Hun)x(u)}, Vu €V,

Vm € N.
Therefore, we have obtained a sequence { Hy, : V — R} such that

F*™(u) < Hy41(u) < Hy(u) < F(u), Yu € V.
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Thus, we may define H : V — R by

H(u) = lim Hy(u) = iirglf\l{Hm(u)}, Vu e V.

m—00

Suppose, to obtain contradiction, that H* : V — R is not convex on V.
Hence, there exists il € V such that

(H%)1 (1) < H(2),
where
(H)1(u) = inf{A1H%(v1) + (1 — A))H(w1) : 0 < Ay <1, 0,01 € V, Aoy + (1 — Ay)wy = u},

YuelV.
This contradicts
H(u) = lim Hy(u) = inlfN{Hm(u)}, YucV.
me

m—o0

Therefore, H? is convex on V so that from this and
F*(u) < H(u) < F(u), Yu €'V,
we may infer that
H®(u) = F*(u), Yu € V.

45. A Proximal Relaxed General Approach also Suitable for the Vectorial Case in the Calculus of
Variations

Let O = [0,1] C R and consider a proximal relaxed functional J; : V x V5 x [0,1] x Y* — R
where

(¢, Az") = 2/ N —1)2d
J/((u g2 —1)2 dx

Z/u— dx+2/u—

. _ . *)2
/ (u dx+2K (z)* dx, (274)

where
V={uecW?Q) : u0)=0and u(1) =1/2},

Vo = Wy2(Q), and Y = Y* = [2(Q).
In order to obtain a critical point of such a proximal relaxed primal formulation, we propose the
following algorithm:

1. Setn=1,e=10"*and z; =0.
2. Calculate (uy, pn, An) € V x Vj x [0,1] such that

7 /)\ 7 ") = i f 7 /A/ . .
Ji(tty P, A ) (u,4>,)\)61\§1><V0><[0,1]h(u e

3. Calculate z; 1 € Y* such that

]l (ui’ll 4’1’1/)\1’1/2:1_},_1) = inf* ]1 (ui’l/ (Pn/ AnIZ*)I

z*eY
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so that indeed,
Zpy1 = K(un — f).

4. If|z; 4 — z3lle < e then stop. Otherwise set n := 1 + 1 and go to item 2.

We have obtained numerical results for K = 100 and
f(x) = sin(mx) /2.

For the optimal solution u(x) obtained, please see Figure 34.

0.6

Figure 34. Optimal solution u(x) for the case f(x) = sin(7mx)/2.

At this point we present the software in MAT-LAB we have developed to obtain such numerical
results.

AR A AAAAAAA A
1. clearall
globalm8duvyoel Kz
m8=100;
d=1/mS§;
e1=0.0005;
K=100.0;
for i=1:m8
yo(i,1)=sin(pi*i*d)/2;
z(1,1)=0;
end;
for i=1:2*m8+1
x0(1,1)=0.3;
x1(1,1)=0.3;
end;

kl1=1;
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b14=1.0;

while (b14 > 107%) && (k1 < 11)
k1

k1=k1+1;

k=1;

b12=1.0;

while (12 > 107%) && (k < 16)
k

k=k+1;
X=fminunc(’funMarch24PhaseT’, x0);
b12=max(abs(X-x0))

x0=X;

u(m8/2,1)

end;

bl4=max(abs(x1-x0));
z=K*(u-yo);

x1=xo0;

u(m8/2,1)

end;

for i=1:m8

x(i,1)=i*d;

end;

plot(x,u)

R ——————

Here the auxiliary function "funMarch24PhaseT"

function S=funMarch24PhaseT(x)
globalm8duvLyoel Kz
for i=1:m8

u(i,1)=x(i,1);
v(i,1)=x(i+m8,1);

end;
L=(sin(x(2*m8+1,1))+1)/2;
u(m8,1)=1/2;

v(m8,1)=0.0;
du(1,1)=u(1,1)/d;
dv(1,1)=v(1,1)/d;

for i=2:m8
du(i,1)=(u(i,1)-u(-1,1))/d;

d0i:10.20944/preprints202302.0051.v88
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dv(i,1)=(v(i,1)-v(i-1,1))/d;

end;

d2u(1,1)=(—2*u(1,1) + u(2,1))/d%

for i=2:m8-1

d2u(i,)=(u(i +1,1) — 2% u(i, 1) + u(i —1,1)) /d>%;
end;

S=0;

for i=1:m8

S=S+L* ((du(i,1) — (1 — L) xdo(i,1))> - 1)?/2;
S=S+(1— L) * ((du(i,1) + L xdo(i,1))> — 1)?/2;
S=S+(u(i,1) — yo(i,1))?/2;

S=S+K x (u(i,1) —yo(i,1))2/2 — z(i, 1) * (u(i, 1) — yo(i, 1));
end;

for i=1:m8-1

S=S+el * d2u(i, 1)?;

end;

3 o 38 38 38 3636 36 3 3 3 o o S8 38 36 e S S

46. Another Proximal Relaxed General Approach also Suitable for the Vectorial Case in the
Calculus of Variations

Let O = [0,1] C R and consider a proximal relaxed functional J; : V x [Vg]® x B x Y* — R where

i A
WA, z) = S | (4 4 Aagh + Aagh + Aagh — 91)? = 1)? dx

+%ANW+M%+M%+M%—%V—DMx
+% /Q((“/ + A1+ Aoy + Ass — ¢5)? — 1)% dx
*%lﬂ”+h%+h%+m%ffnwx
+%/Q(u—f)2 dx+§/ﬂ(u—f)2dx

% 1 *\2
_/QZ (1= f) dx+ Q(z) dx, (275)

where
V={ucW?Q) : u(0)=0and u(1) = 1/2},

Vo = WiA(Q), Y = Y* = [3(Q), f € L*(Q) and
4
B= {/\:(Al,---,/\4) eR*: A >0,Vje{l,- -, 4} and ZA]:1}.
j=1

In order to obtain a critical point of such a proximal relaxed primal formulation, we propose the
following algorithm:

1. Setn=1,e=10"*and z; =0.
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2. Calculate (uy, ¢n, Ay) € V x [Vo]? x B such that

Un, On, Ap,z0) = inf u, P, A\, z5).
JiCotns s AniZ) (u,¢,A)El\/x[Vg]3><B]1( A zn)

3. Calculate z, 1€ Y* such that

]1 (uﬂ/ 4)1’!1 Arl/ Z;;_t,_l) = Z*igli;* ]1 (uﬂ/ 4)71/ )\n/ Z*)/

so that indeed,
Zpq = K(uy = f).
4. If[|z; 1 — z; ]l < g then stop. Otherwise set n := 1 + 1 and go to item 2.

We have obtained numerical results for K = 100 and

f(x)=0.0.

For the optimal solution u(x) obtained, please see Figure 35.

0.5

04r b

02r b

0.1 . . . . . . . . .

Figure 35. Optimal solution u(x) for the case f(x) = 0.

At this point we present the software in MAT-LAB we have developed to obtain such numerical
results.

I ——
1. clearall
globalm8 duvyoel Kz
m8=100;
d=1/mS§;
€1=0.0007;
K=100.0;
for i=1:m8
yo(i,1)=0.0*sin(pi*i*d)/2;
z(i,1)=0;
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end;

for i=1:4*m8+3

x0(i,1)=0.3;

x1(1,1)=0.3;

end;

kl=1;

b14=1.0;

while (b14 > 107%) && (k1 < 11)
k1

k1=k1+1;

k=1;

b12=1.0;

while (b12 > 107%) && (k < 16)
k

k=k+1;
X=fminunc(’funMarch24PhaseTC’,x0);
b12=max(abs(X-x0))

x0=X;

u(m8/2,1)

end;

bl4=max(abs(x1-x0));
z=K*(u-yo);

x1=xo;

u(m8/2,1)

end;

for i=1:m8

x(i,1)=i*d;

end;

plot(x,u)

With the auxiliary function "funMarch24PhaseTC"
T T ——
1. function S=funMarch24PhaseTC(x)
globalm8duvLyoel Kz
for i=1:m8
u(i,1)=x(,1);
v(i,1)=x(i+m8,1);
v1(i,1)=x(i+2*ms8,1);
v2(i,1)=x(i+3*ms8,1);
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end;

L1=(sin(x(4*m8+1,1))+1)/2;
L2=min((sin(x(4*m8+2,1))+1)/2,1-L1);
L3=min((sin(x(4*m8+3,1))+1)/2,1-L1-L2);
L4=1-L1-12-1L3;

u(m8§,1)=1/2;

v(m8,1)=0.0;

v1(m§,1)=0.0;

v2(m8,1)=0.0;

du(1,1)=u(1,1)/d;

dv(1,1)=v(1,1)/d;

dv1(1,1)=v1(1,1)/d;
dv2(1,1)=v2(1,1)/d;

for i=2:m8

du(i,1)=(u(i,1)-u(i-1,1))/d;
dv(i,1)=(v(i,1)-v(i-1,1))/d;
dv1(@i,1)=(v1(,1)-v1(-1,1))/d;
dv2(i,1)=(v2(i,1)-v23i-1,1)) /d;

end;

d2u(1,1)=(=2 % u(1,1) + u(2,1))/d%

for i=2:m8-1

d2u(i,1)=(u(i+1,1) —2*u(i,1) +u(i—1,1))/d%

end;

S=0;

for i=1:m8

S=S+L1 % ((du(i,1) + L1 *do(i,1) + L2 % dv1(i, 1) + L3 * dv2(i,
S=S+L2* ((du(i,1) + L1 *do(i,1) + L2 x dvl(i, 1) + L3 x dv2(i,
S=S+L3x ((du(i, 1) + L1 % dov(i, 1) + L2 x dv1(i, 1) 4+ L3 * dv2
S=S+L4* ((du(i,1) + L1 *do(i,1) + L2 x dvl(i, 1) + L3 x dv2(i,
S=S+(u(i,1) — yo(i,1))?/2;

S=S+K x (u(i,1) —yo(i,1))2/2 — z(i, 1) * (u(i, 1) — yo(i, 1));
end;

for i=1:m8-1

S=S+el x d2u(i, 1)?;
end;

3 o e 3438 36 3636 3 3 3 3 o o 8 38 38 36 36 3 3 S S o S

O Y = Gt
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dv(i,1))? —1)2/2;
dol(i,

1))2—1)2/2;
1

1
dv2(i,1))> —1)%/2;
) -1)?%/2
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47. A Dual Variational Formulation for a Non-Convex Primal One

Let Q C R3 be an open, bounded and connected set with a regular boundary denoted by 9.
Consider the functional | : V — R where

J(u) = %/()Vu-Vudx
+5 02— B dx = (u, ). 276)

Here V = Wy?(Q),a >0,8>0,9 >0,and f € [2(Q) =Y = Y*.
Denoting Y1 = Y = L2((};R%), define F; : Y > R, K:VxY —+RandF:Y — Rby

F(Vu) = 7/ Vu-Vudx,

Ra(uo) =5 [ 2 pRav+ o [ dv—(u )

K 2
—E/Qu dx.

Define also, F; : Y] — R, E: Y xY*xY" - Rand F3: Y* — R, by

and

F{(v1) = sup{{vy,07);2 — Fi(01)}
1€Y1
_ i/ 07| dx (277)
2y Jo 1 !
B0, =  sup {—(Vuoi)p+ (w2
(nv)eVxY

+(v,v9)12 — FBa(w,0)}

_ 1 (divo]+2* + f)? 1 2
= E/Q 20 + K dx—i—ﬂ/g(vo) dx

+p /Q v dx, (278)

if vj € B*, where
B* ={vj € Y" : ||20§]|e < K/2}.

Moreover,

Fi(z") = s:g{(u,z*)Lz—Fg(u)}

- % @) ax. (279)

At this point we define J* : Y x B* x Y* — R by
Ji (01, 05,2") = —F (v7) — B (0], v5,27) + 3 (7).
Assume (97,9;,2%) € Y{ x B* x Y* is such that

o (31,2,2') = 0.
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Observe that
J'(01,95,£") = —F(v1) = F5(v1,05,2") + F5 (2")
< _<vu/ﬁT>L2 +F1(Vu)
ok 2 K 2
+(Vu, 7)) 2 + (u”,09) 12 + > /Qu dx
1 Ak Ak
—Z/QUde ,B/Qvodx
2k 1 2%k
—(u, f)ra — (u,2%) 2 +ﬁ Q(z )2 dx
1
< F(Vu)+ sup {<u2,0*> 2——/ v dx—,B/ 05 dx}
ey 0/12 = 5, /50 0 %0
—(u, f) +5/ u? dx — (u,2*) z—l—i/(ﬁ*)zdx
7 L2 2 a 7 L 2K 0
o
= B(Vu)+ [ —pPdx—(uf)
K 24\
+EL <1/l — f) dx
K 2\?

= J(u)+ 5 /Q <u — f) dx, Yu e V. (280)

Define now ug € V by

up =

~| v

From this and (280) we have

K
*A*’A*l/\* < inf _/ _ Zd )
(01,85,2) < inf {100+ 5 [ (0= m)? dx
Furthermore, from the variation of J* in v} we obtain

o div 0} +2* + f
-1 — 1 = J )=y,
+v< 205 +K

so that

D

div oF +2° + f
* 1
1_W< 205+ K >

From the variation of [* in z*, we get

2* div o] +2° + f _o
K 205+ K -
so that

z* (divﬁ’{—l—ﬁ*—i—f)
uy=—=———1.

K 205+ K
From the variation of [* in v;, we obtain

o div F + 2 + £\ 2
o_( 1 f) =0

« 205+ K

so that
0 = a(ug — B)-
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Joining the pieces, we have also
01 = vV,
Z= Kuo,
so that from this and
div 9] + 2" + f = (205 + K)uy,
we obtain
YV2uy + Kug + f = oc(u% — B)2ug + Kuy,
so that
—7V2ug + a(uf — B)2ug — f =0,
that is,
5](1/!()) =0.
Finally, from the Legendre transform proprieties, we also obtain
Fy(01) = (Vuo, 97)12 — Fi(Viuo),
B(01,95,2") = —(Vuo,07)12 + (1o, 2%) 12
-+(0, UAS>L2 - Fz(uo,O) (281)
and
F; (Z*) = <1/l0, 2*>L2 - Fg(uo).
Therefore
J(07,95,2%) = —F(0]) - F5 (01,05, 27) + E(27)
= F(Vug) + F2(uo,0) — F5(uo)
= J(uo). (282)
Observe now that from 6] (ug) = 0, for K > 0 sufficiently large, we have
J(ug) = inf ](u)—l—E/ (u — ug)? dx
0 yev 2 Jao 0 '
Joining the pieces we have got
J(ug) = inf ](u)—l—g/ (u — ug)? dx
0 a ueVv 2 (@) 0
= J(97,00,2). (283)

We have obtained numerical results for the case A, where y = 0.1, « = 3.0, =5.0, f (x) =10.0
and K = 120.
For the optimal solution u(x), where

(%) 2+ f
N PN S

please see Figure 36.
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25

051

Figure 36. Optimal solution u(x) for the case A.

Here we present the software in MATLAB through which we have obtained such results.

I ———
1. clearall

globalm8 dyozl Kel dvldv2v3v4vliv2AA3BLu

m8=100;

d=1/mS§;

A3=0.1;

A=3.0;

B=5.0;

K=120;

e1=0.0007;

for i=1:m8

yo(i,1)=10.0;

z1(1,1)=0.0;

end;

L=1/2;

for i=1:2*m8

x0(i,1)=3.0;

end;

for k1=1:30

k1

k=1;

b12=1.0;

while (b12 > 107%) && (k < 15)

k
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k=k+1;
X=fminunc(’funMarch24L.GA7’,x0);
b12=max(abs(X-x0))

x0=X;

u(m8/2,1)

end;

for i=1:m8-1
z1(i,1)=K*(dv1(i,1)+z1(1,1)+yo(i, 1))/ (2*v2(i,1)+K);
end;

end;

for i=1:m8

x(i,1)=i*d;

end;

plot(x,u);

PR ————

With the auxiliary function "funMarch24LGA7"
1. function S=funMarch24L.GA7(x)
globalm8dyozl z2Keldvldv2v3v4vliv2AA3BLu
for i=1:m8
v1(i,1)=x(1,1);
v2(i,1)=x(i+m8,1);
end;
for i=1:m8-1
dvi1(i,1)=(v13i+1,1)-v1(i,1))/d;
end;
S=0;
for i=1:m8-1
S=S+v1(i,1)?/2/ A3 +1/2 (dv1(i,1) + z1(i,1) + yo(i,1))?/ (2 v2(i, 1) + K);
S=S+v2(i, 1) * B+ 0v2(i,1)2/2/ A;
end;
for i=1:m8-1
u(i,1)=(dv1(i,1)+z1(i,1)+yo(i 1))/ (2*v2(i,1)+K);
end;

u(ms,1)=0;

bR R R R R R R
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48. A Convex dual Variational Formulation for a Relaxed Non-Convex Primal One
Let Q = [0,1] C R and consider a functional | : V — R where
_ 1/ ((u')z—l)zdx+1/ (1 — f)? dx
2 Ja 2 Ja
where
V={ueW?Q) : u0)=0and u(1) = 1/2}.
Denoting Vj = W&’z(Q), we define J1 : V x V x [0,1] — R where
h(wg.0) = 2/ W = (1= )¢~ 1) dx
L A)/((u'+A4>) 12 dx+1/ (u— f)? dx. (284)
2 Q 2 Ja
Observe that
A
g, A) = —((u' = (1 =A)¢')* —1,05) 2+ > /Q((u’ — (1—-M)¢')* —1)% dx
1-A
—((u 4+ A% =1, ?)4>L2+( 5 )/Q((u’+A4>’)2—1)2 dx
(W = (1=N)¢")? = 1,05) 2 — (' = (1= A)¢, 07) 2
H((' + AP = 1,05) 12 — (U +A¢,03) 2
+(' = (1 =A)¢),01) 2 + (W +A¢,03)
1
+5 /Q (u— f)? dx. (285)
Therefore

]1(1/!,47,/\) > inf {_<U3’U§>L2+§/(_2(U3)2 dx}

v3eY

+ inf {—(04,UZ>L2+ (1;“ [ @ dx}

vg€Y

+ _inf {—(53,0}) 12 + (73 — 1,03) 12
+ inf { (04,07) 12 + <Z7Z —1,03)2
'046

+ inf o {—(u— (1= A)¢, (0])") 2 — (u+ A, (03)) 12

(ugp)eVxV

2/ 0 f dx+v’{(1)u(l)+v§(1)u(l)}

_ 2/\ K ;)zdx—z(ll_M/()(vZ)zdx
—/()z%dx—/ﬂvidx
R e
— (@ +anRax—3 [ (@) + (-0 dx
J*(v1,03,03,05,A), (286)
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V(u,¢,A) € V x Vo x [0,1], V(v],03,05,0;) € [Y*]> x B*, where
B* = {(v3,v;) € Y*xY* : v3>0andv; >0, inQ},
and
J (03,035,035, 05, A) = —l/ (v%)? dx——1 /(v*)2 dx
1, Y2,Y3,V4, A 0 3 2<1_)\) 0 4
—/Qvﬁdx—/Qdex
—/ —(UQZ dx—/ —<U;22 dx
o 4o a 4v}
1 N 1 .
=5 L@ +apar—3 (@) +a-nprax @)

From such results, we may infer that

inf Ji(u,¢,A) > inf sup J*(v3,v5,0v3,03,A)
(u,p,A)EVXVyx[0,1] A€[0,1] (UT,UJZF,U;UZ)E[Y*] « B*

We have developed numerical results for the cases f(x) = sin(7x)/2 and f(x) =0
For the corresponding optimal solution u(x) for the case f(x) = sin(7tx)/2, please see Figure 37.
For the corresponding optimal solution u(x) for the case f(x) = 0, please see Figure 38.

0.6

Figure 37. Optimal solution u(x) for the case f(x) = sin(mx)/2.
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Figure 38. Optimal solution u(x) for the case f(x) = 0.

Here we present the software in MATLAB through which we have obtained such numerical
results.

1. clearall
globalm8 dyou L vl v2v3v4dvl dv2Kdzl zl el
m8=100;
d=1/mS§;
K=1.0;
e1=0.0007;
L=1/2;
for i=1:m8
yo(i,1)=0.0*sin(pi*i*d) /2;
end;
for i=1:4*m8
x0(i,1)=0.8;
end;
x1(1,1)=1/2;
for k1=1:12
k1
k=1;
b12=1.0;
while (b12 > 107%) && (k < 15)
k
k=k+1;
X=fminunc(’funMarch24A18’,x0);
b12=max(abs(X-x0))


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

208 of 319

u(m8/2,1)

x0=X;

end;

X1=fminunc(’funMarch24A19’,x1);

x1=X1;

u(m8/2,1)

end;

for i=1:m8

x(i,1)=i*d;

end;

plot(x,u);
R ————

With the auxiliary functions "funMarch24A18" and "funMarch24A19":
1. function S=funMarch24A18(x)

globalm8dyouel viv2v3v4ddvldv2L

for i=1:m8

v1(i,1)=x(1,1);

v2(i,1)=x(i+m8,1);

v3(i,1)=x(i+2*m§,1);

v4(i,1)=x(i+3*m§,1);

end;

for i=1:m8-1

dv1(i,1)=(v1(i+1,1)-v1(,1))/d;

dv2(i,1)=(v2(i+1,1)-v2(i,1))/d;

end;

S=0;

for i=1:m8-1

S=S+(v1(i,1))?/ (2% v3(i,1)2) /2 +03(i,1)*/2/ (L +el) + v3(i, 1)® + (dv1(i, 1) + L xyo(i,1))? /2 +

v1(i,1)2/2/(L + el);

S=S+(v2(i,1))2/ (2 * v4(i,1)2) /2 + v4(i,1)*/2/((1 — L) +el) + v4(i, 1)?;

S=S+(dv2(i,1) + (1 — L) xyo(i,1))2/2 + v2(i,1)2/2/((1 — L) +el);

end;

S=S-v1(m8,1)/2/d-v2(m8,1)/2/d;

for i=1:m8-1

u(i,1)=L*(dv1(i,1)+L*yo(i,1))+(1-L)*(dv2(i,1)+(1-L)*yo(i,1));

end;

u(ms8,1)=1/2;

B R S R R R R X

B R R R R R R R R R R R R R 2 2
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1. function S1=funMarch24A19(x)
globalm8dyoel vliv2v3vddvldv2Lu
L=(sin(x(1,1))+1)/2;
S=0;
for i=1:m8-1
S=S+(v1(i,1))?/ (2% v3(i,1)2) /2 +03(i,1)*/2/ (L +el) + v3(i, 1)® + (dv1(i, 1) + L xyo(i,1))? /2 +
v1(i,1)2/2/(L +el);
S=S+(v2(i,1))2/ (2 % v4(i,1)2) /2 + v4(i,1)*/2/((1 — L) +el) + v4(i,1)?
S=S+ (dv2(i, 1) + (1 — L) * yo(i,1))?/2 + v2(i,1)2/2/((1 — L) +el);
end;
S=S-v1(m8,1)/2/d-v2(m8,1)/2/d;
S1=-S;

49. A Dual Variational Formulation for the Shape Optimization of a Beam Model

Let Q) C [0,1] C R be the horizontal axis of a straight beam with a variable thickness H(x).
Consider the problem of minimizing a relaxed functional J : V x [0,1] x B — R, where

oA L L) = 22 [ (L) — (1= A (1) d
+(1fzﬁ /Q %(H(Ll) + AHi(Ly))%w?2, dx, (288)
subject to
(AEolbz(H(Ll) -(1- A)Hl(Lz))3wxx>xx
+ (=M (1) + A (1) P ) =P
=0, in Q. (289)
Here

H(x) = Ly(x)ho,
Hi(x) = La(x)ho,

hg = 0.2m, b = 0.15m, Eg = 107 Pa, P = 400N.
Also, for a simply supported beam,

V ={we W>(Q) : w(0) = w(0) = w(1) = wye(1) =0},

B = {(L1,L2) : ) — R? measurable : 03 <L; <1,

07<1,<07,inQ, / Ly(x) dx = 0.61 and / Lo(x) dx = o} . (290)
Q Q
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Moreover, we define Y = Y* = L?(Q), and
A = {(wAL,L)€Vx[0,1]xB :
b
(/\EOlZ(H(Ll) —(1- A)Hl(Lz))3wxx>

XX

b
+ (= B (H(L) + ML) P )~
XX
=0, inQ}. (291)
Observe that

inf ](w, A, Ll/ Lz)
(w,/\,Ll,Lz)GA

£ {J(w, A, Ly, L
(ALle?e[ouxB{fo‘év{m Ut A Ly L)

_ <w (AEolbz(H(Ll) - (1= /\)Hl(LZ))%M) xx

+ ((1 _ A)Eo%(H(Ll) + )\Hl(LZ))3wxx>xx - P>L2}}}

_ inf {sup{inf{Afo A 1b2(H(L1) (1= A)VHy (L) P2, dx

(ALyL2)€E01]xB | ey (wEV

(1—A)Ey [ b
T /12

_ <w (AEolbz(H(Ll) - (1= /\)Hl(LZ))swxx) xx

+ ((1 _ A)Eo%(H(Ll) + )LHl(LZ))3wxx>xx - P>L2}}}

) AEy b 3.2
- f _ / H(Ly) — (1— AVH; (L d
o o {21213{ — |, 1z H(L1) = (1= A)Hi(L2)) Wy dx

(1—A)E b
2 0/12(

(H(L1) + AH; (L)) w?,

H(Ly) + AH (L)) 2, dx + (@ P>Lz}}

= inf { inf { / (Ml)Z
(ML Ly)ef01]xB | (My,My)ect | 2AEgb/12 Ja (H(L1) — (1 — A)Hy(Ly))3

1 (M;)?
+ (17 Eob/12/ Ll +)\H1(L2)) dx}}' (292)

dx

where
C'={(My,M3) €EY*" X Y* : (My)xx+ (Mp)yx +P =0, in Q}.

We have obtained numerical results through the following algorithm. It is worth highlighting the
convergence criterion in this software slightly differs from the one in the algorithm.

1. Setn=1,e=10"*and (L), =1/2, (L), =0.1, A, = 1/2.
2. Calculate w, € V such that
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(2ator; 3
Aoy (H((10)0) = (1= D H((L2)o)) o))
N ((1 — A)Eo (H((L1)) +AH1<<L2>H>>3<wn>xx) P
=0, inQ, (293)

3. Calculate A, 41 € [0,1] such that

J(wn, Apy1, (L1)n, (L2)n) = /\g[lof,l] J((wn, A, (L1)u, (L2)n)-

4. Calculate ((L1)y41, (L2)n+1) € Bsuch that

]*((Ml)n/(M2)n/)\n+1r(Ll)n+1r(L2)n+1): inf ]*((Ml)nr(MZ)nr/\nJrlrLl/LZ)r

(Ly,Ly)€B
where .
(Ml)n = _An+1E0ﬁ(H((Ll)n) - (1 - /\n+1)(L2)n)3<wn>xxr
(MZ)n = _(1 - An+1)EO%(H((L1)H) + /\n+1(L2)n)3(wn)xx/
and
. 1 (M;)?
J (M, My) 2AEob/12 /n (H(L) - (1 - VL)) ™
1 (Ma)?
ST AVE /T3 Jo (L) T AT (294)
5 If

(L)1, (L2)uga) = (L), (L2)nlleo <&,

then stop, otherwise n := n + 1 and go to item 2.

We have obtained numerical results for a case A with the constant values above specified.
For the optimal solution L;(x), please see Figure 39.

0.8
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Figure 39. Optimal solution L (x) for the case A.
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Here we present the software in MATLAB through which we have obtained such results.
42404 4 4 6 6 66 3 3 5 5 o o e 4 6 6 e e S S SO 2 4

1. clearall
global m8 d you L1 L2 ho Eo BL H H1 Ho Hol
m8=100;
d=1/m§;
P=400;
Eo=107;
for i=1:m8 yo(i,1)=P; end;
ho=0.20;
B=0.15;
for i=1:m8
L1G,1)=1/2;
L.2(,1)=0.3;
uo(i,1)=0.1;
Ho(i,1)=L1(j,1)*ho;
Ho1(i,1)=0.1*L2(i,1)*ho;
end;
L=1/2;
for i=1:m8
H(i,1)=L13,1)*ho;
H1(i,1)=L2(,1)*ho;
end;
for i=1:2*m8
x0(i,1)=0.3;
end;
x1(1,1)=1/2;
A=zeros(2*m8,2*m8);
for i=1:m8
A(1,i)=1.0;
A(2,i+m8)=1.0;
end;
b=zeros(2*m8§,1);
b(1,1)=m8*0.61;
for i=1:m8
Ib(i,1)=0.3;
Ib(i+m8,1)=-0.7;
end;

for i=1:m8
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ub(i,1)=1;

ub(i+m8,1)=0.7;

end;

i=1;

ml12=2;

mb50(i)=1/m12;

2(i)=m50(i) * (—yo(i, 1) * d?);

for i=2:m8-1

m12=2-m50(i-1);

m50(i)=1/m12;

2(1)=m50(i) * (—yo(i, 1) * d*> + z(i — 1));
end;

v(m8,1)=0;

for i=1:m8-1
v(m8-i,1)=m50(m8-i)*v(m8-i+1,1)+z(m8-i);
end;

kl1=1;

b14=1.0;

while (b14 > 107%) && (k1 < 15)
k1

k1=k1+1;

for i=1:m8

y1G,1)=0v(i,1)/(Eo * L * B/12% (H(i,1) — (1 — L) * H1(i,1))3 + Eo * (1 — L) * B/12 % (H(i,1) +
L+ H1(i,1))3);

end;

i=1;

ml12=2;

m60(i)=1/m12;

z1()=m60(i) * (—y1(i, 1) * d?);

for i=2:m8-1

m12=2-m60(i-1);

m60(i)=1/m12;

z1(1)=m60(i) * (—y1(i,1) x d> + z1(i — 1));
end;

u(ms,1)=0;

for i=1:m8-1
u(m8-i,1)=m60(m8-i)*u(m8-i+1)+z1(m8-i);
end;

k=1;
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b12=1.0;

while (b12 > 107%) && (k < 100)

k

k=k+1;
X=fmincon(’'funMarch2024Beam1’,xo,[ ],[ ],A,b,Ib,ub);
b12=abs(max(xo-X))

x0=X;

L1(m8/2,1)

end;

Ho=H;

Hol=H1;
X1=fminunc(’funMarch2024Beam?2’,x1);
x1=X1;

bl4=max(abs(u-uo))

uo=u;

end;

for i=1:m8

x(i,1)=i*d;

end;

plot(x,L1);

33 o o 8 8 3% 38 38 36 36 3 3 3 o o o 4 % K

With the auxiliary function "funMarch2024Beam1"
AR A AAAA A

function S1=funMarch2024Beam1(x)

global m8 d you L1 L2 ho Eo B L Ho Hol

for i=1:m8

L13,1)=x(,1);

L2(i,1)=x(i+m8,1);

end;

d2u(1,1)=(-2*u(1,1) +u(2,1))/d%

for i=2:m8-1

d2u(@,1)=(u(i +1,1) = 2% u(i,1) +u(i —1,1))/d>
end;

for i=1:m8

H(i,1)=L1(3,1)*ho;

H1(i,1)=L2(i,1)*ho;

end;

S=0;

for i=1:m8-1

d0i:10.20944/preprints202302.0051.v88
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S=S+L * (Eox B/12 % (Ho(i,1) — (1 — L) * Ho1(i,1))% x d2u(i,1))?/(Eo * B/12* (H(i,1) — (1 —
L) x H1(i,1))3);

S=S+(1 — L) * (Eo * B/12 % (Ho(i,1) + L * Ho1(i,1))3 * d2u(i,1))?/(Eo * B/12 % (H(i,1) + L *
H1(i,1))3);

end;

S1=S;

B R R R R R R R R S T

And the auxiliary function "funMarch2024Beam?2"
T T ST
1. function S=funMarch2024Beam?2(x)
global m8 d you L1 L2 ho Eo B L Ho Hol
L=(sin(x(1,1))+1)/2;
d2u(1,1)=(—2*u(1,1) +u(2,1))/d?
for i=2:m8-1
d2u@,D)=(u(i+1,1) — 2% u(i, 1) + u(i —1,1))/d%
end; for i=1:m8
H(i,1)=L1@,1)*ho;
H1(i,1)=L2(i,1)*ho;
end;
S=0;
for i=1:m8-1
S=S+L % Eo* B/12% (H(i,1) — (1 — L) * H1(i,1))3 * d2u(i,1)%;
S=S+(1—L)*EoxB/12% (H(i,1) + L+ H1(i,1))% x d2u(i,1)%
end;

B R R R R R R R R

50. A Dual Variational Formulation for a Relaxed Primal Formulation Related to a Shape
Optimization Model in Elasticity

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 9Q).
Consider the problem of minimizing a relaxed functional J : V x [0,1] x B — R where

J(u, A, A, Ag) = %/QHijkl(7\,Al(x)r/\z(x))eij(u)ekz(“) dx,

subject to
(Hijkl(/\/ Al(x),)xz(x))ekl(u)),j +f1' = O, in Q, Vi{1,2,3}.

Here for simplicity V = W&’z(Q;R3), Y = Y = [2(;R3), Y, = Y = L2((;R¥3), and
f € L2((;R3).
Also, u = (u1,up,u3) € V denotes the field of displacements resulting from the action of f,

{eij(w)} = {;(”i,j + u]-,z-)} , Vi j € {1,2,3},

and E; < E(A, A1, A2) < Eg, E; > Ej > 0, where Aq(x) = 1 corresponds to the presence of a stronger
material with Young modulus E, at the point x € (). Moreover, A (x) = 0 corresponds to the presence
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of a much weaker material with elasticity model E;, simulating a void space at the point x € . On
the other hand, A and A;(x) are a real parameter and a function related to the relaxation process for
the minimization of | in A;.

Furthermore,

E(AA1(x),A2(x)) = Al(A1(x) = (1= A)A2(x))°Eq + (1 = (A1 (x) — (1 = A)A2(x)))>Ep]
(1= )[(A(x) + A2 (x))°Ea + (1 = (A1(x) + A2 (x)))°E],  (295)

Hiji (A, M (x), A2(x)) = E(A, A (x), Aa(x)) Ajjra,

where
Aijkr = Adijor + fi(0ixdji + 0idjr.),

Vi, j k1€ {1,2,3}.
Here {0;;} is the Kronecker delta and A >0, i > 0 are appropriate real constants.
At this point we define

B = {(/\1,)\2) : Q) — R? measurable : 0 < Aq(x) <1,

0.8 < Ax(x) <08, inQ, /Q M (x) dx = Vol (Q), /Q Aa(x) dx = o}, (296)

and

A = {(u,)\,)t1,)\2) eV x [0,1] X B :
(Hijkl()L/ Alr /\Z)ekl(u)),j +fl = Or in Q/ Vi e {1/ 2/3}} (297)

Observe that

inf A Ap A
(u,A,/\lf})xz)GA ](u ! 2)

sup { inf {](u, A, A1 A2) + (i, (Hir (A, M, A2)e (w))j + fi) 12 } } }

inf
(AALA)E01]xB | gey LueV

1
inf 'ff/H-- A A1 Ay)e d
o2 L {2 o vt o

+ (@, (Hijia (A, A1, A2)ex () + fi) 2 } }}

1 N N R
sup {—2 /QHijkz(A,M,?\z)eij(u)ekl(u) dx + <”i/fi>L2}}

inf {
(AA1,A2)€[01]XB | e

. . 1 I
B (A,AI,ASIef [01]xB {olené* {2 /Q Hijui (A, M1, A2) 3o dx } } / (298)

where -
{Hiju (A, A1, A2) } = {Hiju (A, A, )}t

in an appropriate tensor sense and
C* = {(T = {(Tl']'} S Yl* tOijj +fi =0,inQ), Vi € {1,2,3}}.

We have obtained numerical results concerning the optimal shape of a two-dimensional beam
though the following algorithm:

1. Setn=1,e=10"% A, = 1/2, (M)n(x) =1/2, (A2)n(x) = 0.
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2. Calculate u, € V such that

(Hijet(An, (A1)n, (A2)n e (wn)) j + fi = 0, in Q, Vi € {1,2,3}.
3. Calculate A,41 € [0,1] such that

I(un/ )\n+1/ (/\1)71/ 0) = Aé%fll]{](ul’lr /\1 ()Ll)nro)}

4. Calculate ((A1)y+1, (A2)y+1) € B such that

—J(un, Ayg1, (AM)ng1, (A2)ng2) = inf {—J(up, Ayy1, A1, A2) )
(A,A2)€B

5. Set (A2),41 =0.
6. If[[(AM)n+1 — (AM)nlleo < & then stop. Otherwise n := n + 1 and go to item 2.

We developed numerical results for a two-dimensional beam, in a two-dimensional elasticity
context for two cases, namely, case A and case B.

For the case A we consider a two-dimensional beam of dimensions 1m x 0.5m, clamped at x =0
and with a vertical load of P = —42000000 (4) 500j applied to the point (xg, yo) = (1, 0.25).

For the case B, we consider a a two-dimensional beam of dimensions 1m x 0.5m, simply supported
at (x,y) = (0,0) and (x,y) = (1,0), with a vertical load P = —42000000 500j applied to the point
(xo,yo) = (1/3, 05)

Denoting u = (u,v), for both cases we define the strain tensor as
e(u) = (ex(u),ey(u), exy(u))T,
where ey (u) = uy, ey(u) = vy, and
1

We also set E; = 205 10° P, and E, = 300 P,, v = 0.33 and ¢y = 0.6091 for both the cases.
Moreover the stress tensor ¢ is given by

o= H(e(u)),
where
1 v 0
H:E(A’All(x)’;”(x)) v10 . (299)
Y 00 la-v

For the optimal shape obtained through A; for the case A, please see Figure 40.
For the optimal shape obtained through A; for the case B, please see Figure 41.
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Figure 40. Optimal shape A1(x, y) for the beam of case A.

Figure 41. Optimal shape A1 (x,y) for the beam of case B.

Here we present the software through which we have obtained such results, in a finite differences
context for the case B.

We highlight the convergence criterion in the software is a little different from the one in the
algorithm above described.

3 o 8 8 36 36 36 36 3 3 3 3 o o 3% % e K

1. clearall
global Pm8 d w Ea Eb Lo d1 z1 m9 dul du2dvldv2c3LolLuv
m8=24;
m9=22;
c3=0.95;
d=1.0/mS;
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d1=0.50/m9;
Ea=410 % 10° % 500;
Eb=300;

w=0.30;
P=-42000000*500;
z1=(m8-1)*(m9-1);
A3=zeros(2*z1,2*z1);
for i=1:z1
A3(1,i)=1.0;
A3(2,i+z1)=1.0;
end;

L=1/2;
b=zeros(2*z1,1);
b(1,1)=c3%*z1;

for i=1:z1
uo(i,1)=0.0;
uo(i+z1,1)=-0.80;
end;

fori=1:z1
ul(i,1)=1.0;
ul(i+z1,1)=0.80;
end;

for i=1:m9-1

for j=1:m8-1
Lo(i,j)=c3;
Lol1(i,j)=0.1*c3;
end;

end;

fori=1:z1*2
x1(i,1)=c3%*z1;
end;

x3(1,1)=1/2;

for i=1:4*m8*m9
x0(i,1)=0.000;
end;

XW=XO0;

xv=Lo;

for k2=1:22
¢3=0.98*c3;
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b(1,1)=c3*z1;

k2

b14=1.0;

k3=0;

while (b14 > 1073%) && (k3 < 5)
k3=k3+1;

b12=1.0;

k=0;

while (b12 > 10749) && (k < 120)
k=k+1;

k2

k3

k

X=fminunc(’funbeamMarch24’,xo0); xo=X;
b12=max(abs(xw-x0))

Xw=X;

end;
X1=fminunc(’funbeamMarch24A1’,x3);
x3=X1;

for i=1:m9-1

for j=1:m8-1

E1=3x% L ((Lo(i,j) — (1 — L) x Lo1(i,j))?>* Ea — (1 — (Lo(i,j) — (1 — L) * Lo1(i,j)))? * Eb);
E1=E1+3 % (1 — L) * ((Lo(i,j) + L * Lo1(i,j))** Ea — (1 — (Lo(i,j) + L * Lo1(i, j)))? * Eb);

E2=3% L+ (Lo(i,j) — (1— L) * Lo1(i, j))? % Ea* (—(1 — L)) — (1 — (Lo(i, j) — (1 — L) % Lo1(i, j)))? *
Ebx(—(1—1L1));

E2=E2+3 % (1 — L) * ((Lo(i,j) + L * Lo1(i,j))** Eax L — (1 — (Lo(i,j) + L * Lo1(i,j)))?> * Eb x L);
ex=dul(ij);

ey=dv2(i);

exy=1/2*(dv1(ij)+du2(ij));

Sx1=E1* (ex + wxey) /(1 — w?);
Syl=E1 * (w * ex +ey)/ (1 — w?);
Sxy1=E1/ (2 (1 +w)) x exy;

Sx2=E2 x (ex + w* ey) /(1 — w?);
Sy2=E2 % (w*ex +ey) /(1 —w?);
Sxy2=E2/(2 % (14 w)) x exy;
dc31(i,j)=-(Sx1*ex+Syl*ey+2*Sxyl*exy);
dc32(i,j)=-(5x2*ex+Sy2*ey+2*Sxy2*exy);
end;

end;
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for i=1:m9-1

for j=1:m8-1

£(j+(3i-1)*(m8-1))=dc31(i,j);

f((M9-1)*(m8-1)+j+(i-1)*(m8-1))=dc32(i,j);

end;

end;

for k1=1:1

k1

X1=linprog(f,[ 1[ ,A3,b,uo,ul,x1);

x1=X1;

end;

fori=1:z1

x1(i+z1,1)=0;

end;

for i=1:m9-1

for j=1:m8-1

Lo(i,j)=X1(j+(m8-1)*(-1);

Lol1(i,j)=X1((m8-1)*(m9-1)+j+(m8-1)*(i-1))*0.0;

end;

end;

bl4=max(max(abs(Lo-xv)))

xv=Lo;

colormap(gray); imagesc(-Lo); axis equal; axis tight; axis off;pause(le-6)

end;

end;

With the auxiliary function "funbeamMarch24"
1.  function S=funbeamMarch24(x)

global Pm8 d w uv Ea Eb Lo d1 m9 dul du2 dvldv2 Lol L

for i=1:m9

for j=1:m8

u(i)=x(j+(m8)*(i-1));

v(i,j)=x(M8*m9+(i-1)*m8+j);

end;

end;

u(m9-1,1)=0; v(m9-1,1)=0; u(m9-1,m8-1)=0; v(m9-1,m8-1)=0;

for i=1:m9-1

for j=1:m8-1
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dul(ij)=(u(ij+1)-u(ij))/d;
du2(ij)=(u(i+1,)-u(ij))/d1;
dv1(ij)=(v(ij+1)-v(ij)/d;
dv2(i)=(v(i+1))-v(i ) /dL;
end;

end;

S=0;

for i=1:m9-1

for j=1:m8-1

222 of 319

El=Lx* ((Lo(i,j) — (1 — L) * Lo1(i,§))® * Ea + (1 — (Lo(i,j) — (1 — L) * Lo1(i, })))3 * Eb);
E2=(1— L) * ((Lo(i,j) + L * Lo1(i,))® * Ea + (1 — (Lo(i,j) + L * Lo1(i,})))® * Eb);

ex=dul(ij);

ey=dv2(ij);

exy=1/2*(dv1(ij)+du2(i;));

Sx=(E1+ E2) * (ex +w*ey) /(1 — w?);
Sy=(E1+ E2) * (w * ex +ey) /(1 — w?);
Sxy=(E1+ E2)/ (2% (1 +w)) * exy;
S=5+1/2*(Sx*ex+Sy*ey+2*Sxy*exy);
end;

end;

S=S*d*d1-P*v(2,(m8)/3)*d*d1;

And the auxiliary function "funbeamMarch24A1"

R R R R R R R R R R R X R R S R R

1.

function S1=funbeamMarch24A1(x)
global Pm8 d w u v Ea Eb Lo d1 m9 dul du2 dvl dv2 L Lol
L=(sin(x(1,1))+1)/2;

for i=1:m9-1

for j=1:m8-1
dul(ij)=(u(ij+1)-u(ij))/d;
du2(ij)=(u(i+1,j)-u(ij))/d1;
dv1(ij)=(v(ij+1)-v(ij))/d;
dv2(i))=(v(i+1)-v(i)))/d1;

end;

end;

S=0;

for i=1:m9-1

for j=1:m8-1

El=L* ((Lo(i,j) — (1 = L) * Lo1(i,j))® * Ea + (1 — (Lo(i,j) — (1 — L) * Lo1(i, j)))® * Eb);
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E2=(1—L) * ((Lo(i,j) + L * Lo1(i,j))®> * Ea + (1 — (Lo(i,j) + L * Lo1(i,)))® * Eb);
ex=dul(ij);

ey=dv2(ij);

exy=1/2*(dv1(i,j)+du2(ij));

Sx=(E1+ E2) * (ex + wxey) /(1 — w?);
Sy=(E1+ E2) * (w * ex +ey) /(1 — w?);
Sxy=(E1+ E2)/ (2% (1 +w)) * exy;
5=5+1/2*(Sx*ex+Sy*ey+2*Sxy*exy);
end;

end;

S1=S;

bR R R R R R R R R R R ]

51. An Existence Result for a General Parabolic Non-Linear Equation

Let 3 C R™ be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q).
Consider the parabolic non-linear equation

%= eV2u+g(u) + O (W) +f, nQx(0,T),
u(x,0) = flg, in Q, (300)
u =20, onoQ) x [0, T].

Heree > 0, f € L2([0, T], W2(Q)) N L*(Q x [0, T]), flg € H}(Q) N L®(QY), where t denotes time
and [0, T] is a time interval.

Also g : R — Rand gj : R — R are continuous functions neither necessarily linear nor
convex, Vj € {1,--- ,m}.

We assume there exist K33 > 0 and K; > 0 such that

K33
o < ———,
sl < i

Ky

Ijllo < -1,

Vie{l,---,n}.
At this point, we recall that fixing v > 0,

(Ia =7V 7H L2(Q) = Hy(Q)
is a bounded and linear operator, so that for each i € L?(Q) there exists a unique u € H}(Q) such that
(L —yV*)u = h.

In such a case we denote
u=(I; —yV?)h,

so that
120 < [[(I —yVH) |k

[

0,2,Q2-
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Moreover, fixing N € N and defining

T
Aty = —,
NTN

in a partial finite differences context, discretizing in ¢ consider the approximate equation system
m

= eV2u, 1 4 g(un) + Zg]-(un)(un)xj + fu, inQ),
j=1

Up+1 — Un
Aty

vne{0,1,--- ,N—1}.

From such a system, for n = 0, we obtain

m
uy — g = eV2(ur) Aty + (o) Aty + Y gj(#0) (0)x; At + fotn.

=1
Hence
2 1 .
uy = (I —e(Vo)AtN) ™ | do + g(ﬁo)AtN + Z g]'(ﬁo)(ﬁo)xjAtN + folAtn |,
j=1
so that

(|1 Hl,z,Q
< (I —e(V2)at) !

m
X <||ﬁ0||0,2,0 + lg(fo)llo2,00tN + Y 187 (o) (fl0)x; lo2,0 Atn + ||f0||0,2,QAtN> . (301)
i=1

Observe that there exists Ko > 0 such that || f|| 0 x[0,7] < K2 so that

1

for some appropriate Kzg > 0.
From such results and the hypotheses, we may infer that

1,2,Q < K361 Vn € {Orlr' o rN* 1}1

[urll12.0 < I1(Is — e(V2)Atn) "I ([[70]l1,2,0 + KasAty + Kil[doll12,08tn + KasAty)

< (10l = e(V2)atn) (0]l 2.0 + Killdoll1 2,088y + Ksbty), (302)
where
K3 = Ka3 + K3,
so that
lutlliz0 < @1llidoll12,0 + a2,
where
ay = [[(I; — e(V*)Atn) 1 (1 + KiAty),
and

w0 = [[(Is — (V) Aty) V| KaAty.

In fact, generically we may similarly obtain

lunt1lli20 < aillunli20 + a2,

vne{0,1,--- ,N—1}.
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From such a result, inductively we may obtain
, i1
lujllz0 < (@1)[[oll120 + Y afas.
k=0
In particular for j = N, we get
lunll120
N RS
< (@)Vaolipa+ ) afas
k=0
1—al
— N4 1
= (a1)" o100 + T
, ~1||N T\N
= H(Id—s(v )N> <1+K1N) ||1/l0 12,0
1—al
T (303)
Observe that
N
T\ ! T\N
I —e(V?)— 1+ K
‘(d () | (1+xg)
T N
< (1+K—
< + 1N>
— KT as N = . (304)

Also,
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o
‘1—&1
e o
- 11— ]
K3
1y
’ H(Id—s(v2)§)1H (1+1<1N)‘
Y|l (u—ev2F) (1+1<1N)‘
= Ks
%—( (d—s(Vz) )71 —1+1) (¥+K1)
#-( (Id—e(v2)§)_l —1) (¥+K1)———K1

Lt (v 1)

ki

<
< j -1
K+ ||1d||—\z, (o9 F) —1) y) +(H (-evg) | -1) %
<
1<1+<||1d||— < oo 5] —1>( )+ <H(1d_gvz 1) H_1>1<1
< ; 5 —
(z] e E| ) (%) + (”(Id—e(v2)§) —1> K
< 5
2
Kl—%ﬁ—(H Id—sz) ) H_1>Kl
K3
- ——————5, as N — oo. (305)
K1 = [[e(V2)]]]
From such results we may infer that
(1—af)ar a2
Sl Wil I
1—m _(l+a1) 1—ua
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so that

(1+eKTYKy
~ K = eVl

From these results, denoting now more generically u, = u}) joining the pieces, we have got

. . (1 +€K1T)K3
limsup [|u} 120 < T doll120 + T2y -
Nowo N |Ky — [leV2|]

Consequently, we may infer that there exists K4 > 0 such that

ulN|l120 <Ky Vj€{0,1,---,N},VN € N.
] 14y ]

Define now

u (x, 1) = u (x )(n+1—Ai> +ul () (A:N—n),

ift € [nAty, (n+1)Aty], V(x,t) € Q x [0, T].
Observe that
ull (x,t) = ul} (x), if t = nAty, ¥Vn € {0,1,--- ,N},

and
oul (x,1) ullo; —ul)
ot o Aty
= eVaull Up1 T80y ) + Z g] xt+ fns (306)

ift € [nAty, (n+1)Aty], Y(x,t) € Q x [0, T].
Fix ¢ € C(Q)).
Thus, fixing t € [nAty, (n + 1)Aty], we have

auo
L2

< el (V' Vo) 2| + g (), @) 12

() dx + (@, fu) 12|

eHu
Ks||@ll12,0, Ve € CZ(Q), (307)

<
<

for some appropriate K5 > 0.
Since ¢ € C(Q) is arbitrary, we may conclude that

uniformly in t on [0, T}, for some appropriate constant Ks > 0.
Also, from the definition of ué\] we have that there exists Ky > 0 such that

N
duy

< Ks, VN €N,
ot < Ke, VN €

H1(Q)

””(I)\]”LZ,Q <Kz, VNeN

also uniformly in t on [0, T].
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From such results, there exist 1y € L?([0, T], H}(Q2)) and v € L?([0, T]; H1(Q)) such that

udl — up, weakly in L2((0, T); W*(QQ)),

and
uy 72 -1
TR weakly-star in L([0, T], H " (Q})),
so that we may easily obtain
L
07 ot

in a distributional sense.
At this point, we provide more details about this last result.
Fixt € (0,T). Thus, there exists n € {0,1,--- ,N — 1} such that t € [nAty, (n + 1)Aty].
Letp € CX(QAx (0,T)).
From this, we may infer that

oul)
/Q 74}(::, ) dx
N N

= /Q%go(x,t) dx
< e[ Vil Vgl ax
m
+/Q 8(uy) @(x, )] dx+/0 ]_Zigj(uiz\l)(”nN)W" dx
+ /Q | ful dx
< (Ksllu) 120 + Kao) @Il 20
< Kollglhizo, (308)

for some appropriate constants Kg > 0, Kg > 0, Ky > 0.

Hence,
T aué\’
/o /glﬁ(p(x,t) dx dx

K / dt
9/ loll1,2,0
Kigllg

IN

IN

1,2,0%(0,T) (309)

for some appropriate K19 > 0.
Since such a ¢ € CX(Q) x (0, T)) is arbitrary, we may infer that

for N € N, for some Kj5 > 0.
From such a result and from the Banach-Alaoglu Theorem, there exists vg € H~1(Q x (0, T))
such that, up to a not relabeled subsequence

N
du

< Ky,
ot =15

H-1(Qx(0,T))

N
du

5 o weakly-star in H1(Q x (0,T)).
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Therefore,

T g ' dx d
/O/QTgoxt%/O/Qvoq)xt,

as N — o0, Vo € H{(Q x (0,T)).
On the other hand
g

02,0x(0,T) < Kie,

VN € N, for some Ky > 0.
From this and the Kakutani Theorem, there exists ug € L2(Q x (0, T)) such that, up to a not
relabeled subsequence,
ud) — up, weakly in L2(Q x (0, T)).

Now fix again ¢ € C(Q x (0, T)).
Observe that

T T
/O/Quo(;?thdf = J\E:}m/o /Quf)\](ptdxdt
. T aué\’
o —1\%1_1;1’100/0 /Q ot q)dth
T
~ [ [ opaxat, (310)
0 Ja

Since such a ¢ € C°(Q) x (0, T)) is arbitrary, we may infer that

ou
%= 5P

in a distributional sense.
Moreover, from such results we may also obtain, again up to a subsequence,

oul o
lim [ S0gax= [ S0qar,
Nliréo/g ot P Jaar P
Vo € HY(Q).
Observe also that, as a consequence of the Rellich-Kondrashov theorem, through appropriate
subsequences, we have
ué\lk(t) — up(x, t), strongly in L?(Q)), for almost all ¢ € [0, T].

so that, up to subsequences,

ué\l"(t)(x, t) — ug(x, t), a.e. in Q, for almost all t € [0, T].

Here we emphasise the sequence {Ni(t)} C N may depends on t.
Since g is continuous we have that

g (x,1)) = g(ug(x,1)), a.e. in O, for almostall t € [0, T].

Fix t € (0, T).
Let ¢ > 0. From the Egorov Theorem, there exists a closed set F such that m(Q \ F) < € and
ko € N such that if k > kg, then

1) (x,£)) — g(uo(x,£))| < ¢, for almost all x € F.
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Let ¢ € CX(Q)). Observe now that

(g(ué“( (x,0)) = guolx, 1)) dx
< [ 1g0n' — gluo(x, )| o] dx
= [ I8g" ) ~ glunbo ol dxt [ 1805 (x,0) = gluo(x )] gl dx

/Fen(pnw ax+ [ s uo (x,1) = g uo(x,0)] gl dx

el plleom () + (IIg( )Hozn + [18(uo) lo2.0) Pllosollxavellosn
ell@lleom(Q) + Kanllpllo,a.0m (2 \ F)'/*
£ || @llo m(Q) + Kot || @lloan /%, Vk > ko, (311)

IN

IN

<
<

for some appropriate constant Kp; > 0 which does not depend on ¢.
Since such a & > 0 is arbitrary, we may infer that

/ g(ué\]"(t))q) dx — / g(uo)@ dx, ask — oo,
Q Q

Vo € CX(Q).
Similarly, fixing j € {1,---,n}, since g; is continuous we have that

g]'(ué\]k(t)(x, t)) — gj(uo(x,t)), a.e. in Q, for almost all ¢ € [0, T].
Fix againt € (0,T)
Let ¢ > 0 (a new value). From the Egorov Theorem, there exists a closed set F; such that
m(Q\ F1) < eand ko € N such that if k > ko, then
181 (uh ) (x,£)) — gj(uo(x,1))| < ¢, for almost all x € F,.

Observe now that

/. Isi k”xt) i(uo(x, 1) dx

< ey o) — gyl )P+ [ gl (x1) — gyual ) P

< [ @t [ 100" (x0n)  g(u0(x ) Pras dx

< m(Q) +2K? /QXQ\Pl dx

< €m(Q) 4 2K3e, Vk > ko. (312)

Since such a € > 0 is arbitrary, we may infer that
/ |gj(”f)\]k(t)) —gj(uo)> dx — 0, ask — oo,
Q

vie{l,---,n}.
Select again ¢ € C°(Q2). Since

ng( )‘8;(“0)||020—>0 ask — oo
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and
Vuh — Vi, weakly in L2(Q; R™),

we obtain,

1/&% O g [ )0 g
t N()
/g](u )x]q)dx /g] uo) (g™ )x; ¢ dx
/g] up)( (PdX—/g] up) uo) @ dx

Ig; (g )—gj(“0)||020K7||(P||oo

/g] ug)( godx—/ g] 1) Mo)x] ¢ dx
— 0, ask — oo, (313)

IN

vie{l, - ,n}

From such results, we have

auNk()
0 = klim /Q o (pdx—i—e/ Vuo qudx
— 00

/g(uo )(pdx— /g](uo )(ué\’k(t))qupdx
f/ ka(f)¢ dx)
= /a;toqux+s/ Vuy -V dx
m
,/Qg(uo)(p dx];/ﬂgj(uo)(uo)xj(p dx

- /Q fodx. (314)

so that, from this and by the density of C°(Q2) in H}(Q2), we have got

auo
/Qiat (pdx—i—s/QVuQ-V(pdx
- /Qg(uo)q) dx -} /ng(uo)(uo)xﬂ) dx
j=1

- /Q fodx =0, Yo € HY(Q), (315)

a.e. on [0, T1.
Observe now that
(O x(0,T)) = (0Q2 x [0, T]) U (8[0, T] x ﬁ) .

Let o € C®(Q2 x (0,T)).

Hence
ym [ S paxa= [ [ S0q axan
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From this, since C°(Q x (0,T)) is dense L2(Q) x (0, T)) we may infer that
auo
gm [ areaa= [ Grodar
Vo € L2(Q x (0,T)).
Let ¢ € C*(Q) x [0, T]) such that
¢(x,T) =0, in QL
From such results, we may obtain
, T r oul
[ B
= lim / / ul) a(P dx dt — / ubdl (x,0)9(x,0) dx
N—c0 0 0
= —/ / o, P dx dt — /Q up(x,0)¢@(x,0) dx. (316)
However, since u}’ — uj, weakly in L>(Q x (0,T)), we obtain
lim / / u a“” dx dt = / / o (” dx dt.
N—co
From these last results, we may infer that
A _ . N
/Quo ¢p(x,0)dx = 1\%1310 1o (x,0)¢(x,0) dx
_ / 1o (,0) @(x,0) dx, (317)
o)

so that

/Qﬁo(x)go(x,O) dx = /Quo(x,O)qo(x,O) dx,

Vo € C®(Q x [0, T]) such that ¢(x, T) =0, in Q.
Therefore, we may infer that ug(x,0) = ilp(x) in this specified weak sense.
Similarly, it may be proven that

uy =0, on Q) x [0, T],

in an appropriate weak sense.
Hence, we have obtained that u is a solution, in a weak sense, of the parabolic non-linear equation

in question.

52. An Existence Result for a General Hyperbolic Non-Linear Equation

Let 3 C R™ be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q).
Consider the hyperbolic non-linear equation

at2 =eV2u+g(u)+f, inQx(0,T),

u(x,0) =y, in Q, (318)
u(x,T) = us, in Q),
u=0, onoQ) x [0, T].
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Here e > 0, f € L*([0, T], W'2(Q)) N L*(Q x [0, T]), flo, uy € Hj(Q2) N L*(QY), where t denotes
time and [0, T] is a time interval.

Also g : R — R is a continuous function neither necessarily linear nor convex.

We assume there exists K33 > 0 such that

K33
o < /
Igllo < i
Fixing N € N and defining
Aty = &
N — Nr

in a partial finite differences context, discretizing in ¢ consider the approximate equation system

Up1 — 2Up + Uy
2
A2,

= eVu, + (uy) + fu, inQ),

Vne{l,---,N—1}.
From such a system, for n = 1, we obtain

Up —2uq +ly = sz(uﬂAt%\[ + g(u1)At%\, +f1At%\,.

Hence
(2l + VAR 1 = (ua+ o — g(u1) AR, — iy ),

so that

[|u1 ”1,2,0
<@L +e(VA)ag) |

x (I 020+ 118081 o208 + 11

0,2,0At%\[) . (319)

02,0+ [0
Observe that there exists K» > 0 such that || f || 0 x[o,7] < K2 so that

1,2,Q) S K3/ Vn S {0/1/ /N_l}/

[

for some appropriate K3 > 0.
From such results and the hypotheses, we may infer that

lurll120 < 121 +e(V2) M%) M (lu2ll12,0 + KssAty, + [[o]l12,0 + K3AtR)
< 2L +e(VHAR) T (lu2lliza + ldoll12,0 + KssAtR), (320)

where Kgs = Ks3 + K3.
On the other hand, through a symbolic auxiliary notation, we have

1
(ZId + 8(V2)Af%\])
1
2(1; +e(V2)At,/2)
1 e(V2)At%,/2

T2 <d_ Id—f—e(VZ)At%\]/Z)'

(2L; +e(V*)Aaty) ™t =

(321)

so that
e(V2)AR, /4

(11 +&(V2)At3,/2)

1
120z + (V) Atn) 7| < 5t
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Now denote

Oy = ) .
(11 +&(V2)At%,/2)
Thus,
1 ONAE
2L+ e(V2)am) M < 5+ =,
so that

12,0 + KssAR)).

|11 12,0 + |70

1 ONAR
12,0 < <2+ 1 N) ([[uz

Consequently, from such results, we may infer that

1
1 ONAE, . 2
st luilliza < (lluzlli20 + lldoll12,0 + KesAty),

so that

OnALS /2
21— ——"—N 2 )y < (lu +||a + KgsAt%)).
( 1+ 0502, /2) lluillizo < (luzlli20 + lldolli20 85AtYy)
Therefore,

12,0 1 K35At%\]).

QNAtZ
2 ———B N ullip0 < (Juzllipn + i
( (1+9NAt%\,/2)> 14, 14

Let €1 € R be such that
0 < &1 < max{e, 1}.

Define & = ¢||V?|| and observe that

_ O
(14 6NAL%,/2)

Hence, there exists Ny € N such thatif N > Nj, then

— &, as N — oo.

(1+ 6548, /2) v
From these results, if N > Nj, we have
2 OnALy > (2— (& + €)A) >0
-2 1 >2—(& 1 .
(1+0nAL,/2) N
Therefore, defining &« = & + €1, we have got,
(2 - “Atzz\f> [u1]l12,0 < (Ju2lli2,0 + [ldoll12,0 + KssAty).-

so that

luilli2,0 < atlluzlli2,0 + Billdolliz0 + 71,

where

w = (2 —antd) L,
p1 =

and 7 = D(1K85At%\].


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

235 of 319
Reasoning inductively, for n > 2 having
lun-1ll120 < an-1llunlliza + Bu-1lldolliz0 + vn-1,
we are going to obtain &, B, and vy.
Similarly as above, we may obtain
(2 — aAy) unll 20
< Nlungallizo + lun-1lliz0 + KesAt,
< unsallizo + an-1llunllizo + Ba-tllfollizo + va-1 + KesAts. (322)
Thus,
(2 — aAyy — ay1) [ #n 120
< Nunsallizo + Bu-tlliollio0 + vn-1 + KssAty. (323)
Consequently,
[unll12,0 < anllunalliza + Bulldolliza + vn
where
- 1
" Z—aAt%\, — 0,
,Bn = an,anll
and

Tn = “n(')’n—l + K85At%\])‘

We recall that & = ¢|| V2|| + &;. Here we assume T > 1 and

1
T? < .
=2
Consider the sequence {b, } C R such that
b =1/2,

and

1
bn+1 = m, Vn € N.

We may easily obtain by induction that

n
b, = .
" n+1
Define .
an:bn_lzn_ ,Vn > 2.
n
Observe that
. 2aT? < N—1+21xT2
""" N - N N
N—1+1
N N

- 1, Vne{l,---,N-1}. (324)
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Observe that

1

T2
ANz

+< !
— -
2—&%

«T?
N2
aT n aT?
N NZ°

N —
~__—

2
1
2
1
<
- 2

< a4+ (325)

At this point we shall prove by induction that

aT aT?
oy < ay+— +

N nv, V?IE{l,,N—l}

For n = 1 we have already proved it above.
Suppose now that for n > 1, we have

aT  aT?
ap < ap+ W +1’lv-

Observe that
1

Xn+1 =
Z—m%z—ocn_l

_1 1 1
2 —ay 2_0615_22_%_1 2 —ay

s 1 B
n+1 z_aT_Z_an 2_ﬂn

N2

IN

TZ
Apy1 + <—11n +ay + Oém)

aT  aT? T?
ﬂn+1+w+nv+ﬂm

aT aT?

IN

= ai’l+1 + (326)

The induction is complete, indeed we have proven that

«T aT?
Xy San+w+nv, Vne{l,---,N—-1}.

Thus, we have obtained

«T aT?
R NI ol
aT?2  aT?
< patal
< a,+ N + N
2aT?
< ay+ N
< 1,vne{l,---N-1}. (327)
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Summarizing,
0<a,<1,Vne{l,---,N-—1}.

Now denoting more generically aY = «, we may infer that
0<al <1,vne{l,---,N-1}, VN > N,.
From such results we may also obtain that there exist Kj5 > 0 and Ky > 0 such that

1BN| < Kis,

and
I7N] < K,

Vne{l,---N—-1}, YN > Np.
We recall that
M?]] = uf,
so that since
12,0+ 7%_1,

12,0+ BN_1 o

120 < 0‘%—1 llun

||“%—1

from this and these last results we may infer that

ez’

12,0 < Kig,

Vn e {0,---,N—1}, VN > Ny, for some appropriate real constant K5 > 0.
Define now

Af3,
if (x,t) € Q x (nAty, (n +1)Aty], V(x,t) € Q x [0, T], and
t T
ull (x, 1) = dp(x) + (1) (x) t—i—/o /0 WN(x, 1) dr dr,
where (u})(x) is such that
udl (x,T) = ug(x).
Here we highlight that

o%ul (x,t)

ot2 = Wi(x1)

N N N
Upq — 2uy +u, 4
2
Aty

, (328)

if (x,t) € Q x (nAty, (n+1)Aty], V(x,t) € Q x [0, T].
Observe that

Oup (x, 1) ey = 2uy +uply
ot? A3,
= V2l +g(ul) + fu, (329)

ift € (nAty, (n+1)Aty], Y(x,t) € Q x [0, T].
Fix ¢ € C(Q)).
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Thus, fixing t € (nAty, (n + 1)Aty], we have

azuév
o2 ¢
L2

< (Vi Vo) 2|+ 1(g(uy), ¢) 2]

+ (@, fu) 12|

< elluhpolleliza + Kiollul l120llell20
+Kosl¢ll12,0

< Kxllelli20 Ve € CZ(QY),

for some appropriate Ky > 0.
Since ¢ € C(Q) is arbitrary, we may conclude that

uniformly in ¢ on [0, T], for some appropriate constant Ks > 0.
Also, from the definition of ué\] we have that there exists K7 > 0 such that

2. N
0 ug
ot2

< K, VN > Ny,
H1(0)

ud' 12,0 < K7, VN > Ny

also uniformly in t on [0, T].
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(330)

From such results, there exist 1y € L%([0, T], H}(Q2)) and vy € L%([0, T}; H~1(Q)) such that

ud — ug, weakly in L2((0, T); W*(QQ)),

and
o?ulY
atzo — vy, weakly-star in L2([0, T], H 1 (Q)),
so that we may easily obtain
- 82 Uugp
T2

in a distributional sense.
At this point, we provide more details about this last result.

Fix t € (0, T). Thus, there exists n € {0,1,--- ,N — 1} such that t € (nAty, (n+ 1)Aty].

Letp € CX(QAx (0,T)).
From this, we may infer that

0?ul)
/O 8t20 ¢(x,t) dx

N N N
Wpp1 — 2uy + 1y
= x,t) dx
/Q< ) o(x,1)

2
AR,

IN
5~
<
s
Sz
<
s
N
=

+ [ 180y g, )] dx

we| d
+ [ Ufugl dx

(Ks(lul 12,0 + K20)l@ll1,2,00
Kollg

IN A

1,2,0

(331)
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for some appropriate constants Kg > 0, Kg > 0, K9 > 0.
Hence,
T aZuN
0
/0 /Q qu(x,t) dx dx
< Ky /Q l¢ll20 dt

< Kpllollzaxom); (332)

for some appropriate Ki9 > 0.
Since such a ¢ € C(Q) x (0, T)) is arbitrary, we may infer that

2. N
0”1,

< Kis,

H-1(Qx(0,T))

for N > N, for some Ky5 > 0.
From such a result and from the Banach-Alaoglu Theorem, there exists vg € H~(Q x (0, T))
such that, up to a not relabeled subsequence

2. N
0”1,
ot2

i ' dx d
t t
/0 /Q at2 qD X —>/0 /(_)'qu) X ,

as N — o0, Vo € H (O x (0,T)).
On the other hand

— vy, weakly-star in H~1(Q x (0, T)).

Therefore,

149’ llo2,0x(01) < Kies

VN > N, for some K4 > 0.
From this and the Kakutani Theorem, there exists g € L*(Q x (0,T)) such that, up to a not
relabeled subsequence,
udl — up, weakly in L2(Q) x (0, T)).

Now fix again ¢ € C*(Q x (0, T)).
Observe that

T T
dedt = 1 //N dx dt
/0 /Q“OCPtt X ngloo ) 0”0 Pt AX

, T r ?ul

-t [, e
T

_ / /Wp dx dt, (333)
0 Q

Since such a ¢ € C(Q) x (0, T)) is arbitrary, we may infer that

82u0

%= 3

in a distributional sense.
Moreover, from such results we may also obtain, again up to a subsequence,

. o2uly 0%ug
z\lrlglo/g o P4x= /Q o 9%
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Vo € H}(Q).
Observe also that, as a consequence of the Rellich-Kondrashov theorem, through appropriate
subsequences, we have

ué\lk(t) — up(x, t), strongly in L*(Q)), for almost all t € [0, T].
so that, up to subsequences,
ué\]k(t)(x, t) — ug(x,t), a.e. in Q, for almostall t € [0, T].

Here we emphasise the sequence {Ni(f)} C N may depends on ¢.
Since g is continuous we have that

g(u glk( (x,t)) — g(up(x,t)), a.e. in Q), for almostall t € [0, T].
Fixt € (0,T).
Let ¢ > 0. From the Egorov Theorem, there exists a closed set F such that m(Q \ F) < ¢ and
ko € N such that if k > kg, then
|g(uO (x t)) — g(uo(x,t))| < e, for almostall x € F.

Let ¢ € CX(Q)). Observe now that

(g(uffk( J(x,1)) = gluo(x, 1)) dx

< [ lg* " (1) = gluo(x, 1)) Il d

= [ I8g" ) — glunCo ol dxt [ 1805 (6,0) = gluo(x )] ] dx

< [ ellgle dr+ [ 190" (x,) = 8ol )] gl dx

< ellpllom(©@) + (180" oz + g (w0} loz.)llellos.all X loan

< ellpllom(Q) + Ka | @lloaam(Q\ F)/*

< ellglleo m(Q) + Kanllglloa €/, 7k > ko, (334)

for some appropriate constant K»; > 0 which does not depend on ¢.
Since such a & > 0 is arbitrary, we may infer that

/ g(ug]k(t))q) dx — / g(up)@ dx, ask — oo,
Q Q
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V¢ € CX(Q). From such results, we have
. uy N
0 = kh_r}]r;)(/Q Y (pdx—i—s/QVuO -V dx
N
_ /Qg(uok(f))q) dx
_ /()ka(t)q) dx)
azuo
= /QW qodx—ks/QVuO-Vgodx
iy
- /Q fo dx. (335)
so that, from this and by the density of C°(Q2) in H}(Q2), we have got
2
/Q% <pdx+£/QVu0~V(pdx
— d
/Qg(uo)(/) x
- /Q Fodx =0, Yo € HY(Q), (336)

a.e. on [0, T.
Hence, we have obtained that ug is a solution, in a weak sense, of the hyperbolic non-linear
equation in question.

53. A Numerical Procedure Combining the Euler Method and the Hyper-Finite Differences
Approach

Let QO = [0,1] C R and consider the equation

{ e’ (x) — Aw(x) + Bu(x) +1=0, in0Q, (337)

u(0) =0, u(1) =0.

Here A > 0, B > 0and u € Wy (Q).
We may represent such an equation, as a first order system

v — Au®/e+Bu)/e+1/e =0, inQ,
=0, inQ, (338)
u(0) =0, u(1) =0.

Consider now such a system with generical unknown boundary conditions iy and 9y, that is,

v —Aud/e+Bu/e+1/e=0, inQ,
W =0, inQ, (339)
u(O) = ﬁo, '0(0) = Z)Ao.

Defining d = 1/mg, where mg is total number of nodes, in finite differences we have
Wil — Aud_ /e+ Buy_1/e+1/e=0,

% = 0,1 (340)
up = ﬁo, [ 230.


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

242 of 319

This is simply the explicit Euler method. We may symbolically obtain {u, } and {v,} as functions
of 1ip and 9y (by using the MATHEMATICA or MAPLE software and by truncating the concerning
polynomial solutions), through the iterations

d
Up = Uy_1+ A”iflg — Bu,_1¢ -2

Uy = Up_1+0y_1d (341)
Ugp = ﬁ(), g = 730.
However, it is well known the error in this process could be big. In order to minimize such an error,
we use the hyper-finite differences approach for the one-dimensional analogous of the generalized

method of lines. More specifically, we will subdivide the interval [0.1] into N; sub-interval of same
measure, and redefine a not relabeled d as

1
mgNy’

Hence, on each sub-interval [kN;ll, NLJ , using the MATHEMATICA or MAPLE software we may
obtain an approximate solution

{uir, vix}
as functions of the initial conditions
{uok vox}
wherei € {0,---,mg}, Vke {1---,Nq}.
In order to obtain such a solution,
{uix, vik}

we use following interactions

_ 3 d d_d
Unk = Un—1k + Ay — Buy_155 — %
Upk = Un—1k + Un—l,kd (342)
Uk = ok, Vox = Ook-

Observe that for obtaining an approximate solution for the original equation in question, we must
calculate {#gx, 9o} though the solution of the system:
For the boundary conditions:
Up1 = 0, Umg, Ny = 0.

For the solution and its derivative continuity on the nodes related to the N; sub-intervals,
Umgk = Uok+1, Vmsk = Vok+1, Vk € {1,---Ni}.

Having obtained {1, 99k}, Vk € {1,---, N1} we may obtain
{upp,vni} Vn € {0,--- ,mg}, Vk € {1,--- Ny}

Here we present the software in Mathematica through which we have obtained the numerical
results, for the case ¢ = 0.01, A = B = 1 and N; = 16 subintervals.

S 3 3 o 3 o 3 o 3 S 3 S S S S e S
1. m8=100;

N1 =16;

d=1.0/m8/N1;

el =0.01;
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A=10;

B=1.0;

For[k =1,k < N1+ 1, k++,

Print[k];

u[0, k] = uo[k];

v[0, k] = vo[k];

For[i=1,i <m8 + 1, i++,

z1=(v[i —1,k|+ Axd/el xu[i — 1,k]> = Bxuli — 1,k] xd/el — 1.0 xd/el);

z2=uli-1,k]+v[i-1,k]*d;

z1 = Series[z1, { uo[k], 0, 8}, { vo[k], 0, 8 }];

z2 = Series[z2, { uo[k], 0,8 }, {vo[k], 0, 8 }];

z1 = Normal[z1];

z2 = Normal[z2];

v[i, k] = Expand[z1];

u[i, k] = Expand[z2]]];

S =ul0,1)* + u[m8, N1)%;

For[k =1, k < N1, k++,

S=S+ (u[m8,k| —ul0,k+1])%

S=S+ (v[m8,k] —v[0,k +1])%];

sol = FindMinimum][

S, {uo[1], uo[2], uo[3], uo[4], uo[5], uo[6], uo[7], uo[8], uo[9],

uo[10], uo[11], uo[12], uo[13], uo[14], uo[15], uo[16], vo[1],

vo[2], vo[3], vo[4], vo[5], vo[6], vo[7], vo[8], vo[9], vo[10],

vo[11], vo[12], vo[13], vo[14], vo[15], vo[16]}]

Clear[U];

For[k=1,k <N1+1, k++,

wlk] = uo[k] /. sol[[2, k]]]

For[i=1,i < N1+1,i++,

Uli- 1] =wli]]

U[N1] = u[m8,N1];

For[i=0,i < N1 +1,i++,

Print["uo[", i+ 1, "]=", U[i]]]

uo[1]=1.14453*10"2, in fact u(0) =0

uo[2]=0.817448

uo[3]=1.17018

uo[4]=1.28552

uo[5]=1.32107
1=1.33205
1=1.33546

uo[6
uo[7
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uo[8]=1.3365
uo[9]=1.33677
uo[10]=1.33667
uo[11]=1.33596
uo[12]=1.33331
uo[13]=1.32382
uo[14]=1.2902
uo[15]=1.175
uo[16]=0.820243
uo[17]=0, in fact u(1) = 0.

bR R R R R R R

Remark 24. Observe that along the domain the solution is approximately 1.33 which is close to 1.3247, which is

an approximate solution of equation u> — u — 1 = 0. This is expected since e = 0.01 is a relatively small value.

54. A Proximal Numerical Procedure Combined with the Euler Method

Let Q = [0,1] C R and consider the Ginzburg-Landau type equation
(343)

Here A>0,B>0and u € W&’Z(Q).
We may represent such an equation, as a first order system

v —Aud/e+Bu/e+1/e=0, inQ,
W =0, inQ, (344)
u(0) =0, u(1) =0.

Consider now such a system with generical unknown boundary conditions iy and 9y, that is,

v/ — Aul/e+Bu/e+1/¢=0, inQ,
u'=v, inQ, (345)
u(O) = ﬁ(), ZJ(O) = Z)A().

Defining d = 1/mg, where mg is total number of nodes, in finite differences we have

Il — Aud_ /e+ Buy_1/e+1/e=0,
e = 0y (346)
up = ﬁo, 0y = UA().

This is simply the explicit Euler method. Setting 1y = 0, we may symbolically obtain {u, } and
{vn} as functions of vy = 9y (by using the MATHEMATICA or MAPLE software and by truncating the
concerning polynomial solutions), through the following iterations, which already include a proximal
formulation about an initial fixed solution {(Ujp), }.

3 d_py d_d

Un = U1+ Al e e’
Un = Up—1+ 0p1d — K (uy — (Up)n)d (347)

Up =0, g = UAo.

d0i:10.20944/preprints202302.0051.v88
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Vne{l,---,mg}.
Indeed, in such a case we have

Op = 0y_1+ Aud 2 —Bu, 121,
Uy = (unfl +ou,1d+ KTd<uO)n) / (1 + K7‘1) (348)

ug =0, ’00:’('30.

Vned{l,---,mg}.

We emphasize such a procedure may make the error in the explicit Euler method very small, in
fact proportional to %.

Thus, having obtained u,, = u,(vy), we may obtain v, through the boundary condition u(1) =0,
that is, through a solution of equation u,,3(vg) = 0.

With such an vy calculated, we may obtain explicitly u, = u,(vg), Vn € {1, ---mg}. The next step
is to replace { (Up)» } by {u,} and then to repeat the process until an appropriate convergence criterion
is satisfied.

We have obtained numerical results for e = 0.01, A = B =1, m8 = 100 and K = 10.

Here we present the software through which we have obtained such results.

We highlight in this software we have fixed a total number of 800 iterations.

S 3434 4 A A A K KKK

1. m8=100;
Clear[z1, z2, u, v, vo];
d=1.0/m8;
el =0.01;
A=10;
B=1.0;
K =10.0;

For[i=0,i < m8 + 1, i++,

uo[i] = 0.01];

For[k =1, k < 800, k++, (here we have fixed the number of iterations)
Print[k];

Clear[vo];

u[0] = 0.0;

v[0] = vo;

For[i=1,i <m8 + 1, i++,

z1 = (v[i- 1] + A*d/el*uli — 1] - B*u[i - 1]*d /el - 1.0*d/el);
z2 = (u[i- 1] + v[i- 1]*d + K*uol[i]*d/el)/(K*d /el + 1.0);

z1 = Series[z1, {vo, 0, 9}];

z2 = Series[z2, {vo, 0, 9}];

z1 = Normal[z1];

z2 = Normal[z2];

v[i] = Expand[z1];

u[i] = Expand|[z2]];
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S = (u[m8])?;

sol = FindMinimum([S, vo];
w =vo /.sol[[2, 1]];

VO =W;

For[i=0,i <m8 + 1, i++,
uoli] = ufill;
Print[u[m8/2]]];

For[i=0,i <m8/10 + 1, i++,
Print["u[", 10*i, "]=", u[10*i]]]

u[0]=0.
u[10]=1.09119
u[20]=1.29955
u[30]=1.32239
u[40]=1.32427
u[50]=1.3245
u[60]=1.32386
u[70]=1.31754
u[80]=1.27924
u[90]=1.04636
u[100]=7.31252 %« 10~18

B R S R X R X

Remark 25. Observe that along the domain the solution is close to 1.3247, which is an approximate solution of
equation u® — u — 1 = 0. This is expected since ¢ = 0.01 is a relatively small value.

55. A Proximal Numerical Procedure Combined with the Euler Method for Solving Partial
Differential Equations

Let QO = [0,1] x [0,1] C R and consider the Ginzburg-Landau type equation

2. 4.3 _ .
{sVu Auw>+Bu+f =0, inQ, (349)

u =20, onodQ.

Here A>0,B>0,f € L>(Q)and u € W&'2(Q).
We may represent such an equation, as a partially first order system

Ox + 1y — Aud/e+ Bu/e+ f/e =0, inQ,
Uy =0, inQ), (350)
u=20, onodQ)
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Defining d = 1/mg, d; = 1/mg and denoting
[ -2 1 0 0 7
1 -2 1 0 0
1 -2 1 - 0
my=1| . . . . o (351)
0 0 1 -2 1
| 0 0 1 -2 |

where mg is total number of nodes in x, and myg is the number of nodes in y, in a finite differences
context, we may have

) ’{%un_l —Aud_/e+Buy_1/e+ fu/e =0,
% =0, (352)
Up = 0, g = 230.

This is simply an adaptation of the explicit Euler method. Observe that we may obtain {u,}
and {v, } as functions of vy = 9 through the following iterations, which already include a proximal
formulation about an initial fixed solution {(Ujp), }.

Up = V1 — %un_ld + A”iq% - Bun_lg — @,
Uy = Uy 1+ 0, 1d — %(un - (Uo)n)d (353)
upg = 0, Uy = '(30.

vne{l, --,mg}.
Indeed, in such a case we have, through a concerning linearization,

_ m 2 d d d d
Un = Vp1 — Fup-1+3 A (o), _qun15 -2 A (u9)3 12— Buy_12— f"g ,

1
ttn = (tty1 + 00 1d + KL(Ug), ) / (14 £9) (354)
Uupg = 0, [ 7.'30.

Vne{l,---,mg}.

We emphasize such a procedure may make the error in the explicit Euler method very small, in
fact proportional to &.

Observe now that in particular for n = 1, we have

U1 = o _flg
= (Mi)ivo+ (y1)1, (355)
where
(M1); = 1, identity matrix (mg — 1) x (mg — 1),
and
(1)1 = —flg.
Also,

U = (vo d—i—K(uO)l‘Z) / (1+Ki>
= (M2)1vo+ (y2)1, (356)


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024

d0i:10.20944/preprints202302.0051.v88

248 of 319
where I d
(MZ)I = d N’
(1+k4)
and K(tg), d p
u
(y2)1 = (—0 L ) / <1+K—> .
3 I3
Reasoning inductively, having
Up—1 = (M1)n-190 + (Y1)n-1,
and
Up—1 = (M2)n-190 + (¥2)n-1,
and replacing such relations into the concerning system (364), we obtain
my
on = (Mi)p-1+ Y1)n-1— ?((MZ)H—l + (Y2)n-1)d
1
2 d 3 d
+3 Ao )1 (M2)n—1 + (y2)n—1) 7 — 2A(u0)y 1 7
d d
_B((MZ)n—l + (yZ)n—l)E _fnz
= (Mi)n+ (¥1)n, (357)
where
(Mi1)n = (M1)n-1 — ﬁ((MZ)nfl)d +3 A(“D)nfl((MZ)nfl)g - B((Mz)nfl)z,
1
and
™m d
Wi)n = W1)n—1— d_zz((yZ)n—l)d +3 A(”o)i_l((}/z)n—l)g
1
d d d
—2A(uo)5-1 7 = B(W2)w-1)5 — fur- (358)
Moreover,
d d
= (M2)n-190 + (Y2)n-1 + (Mi)n-190d + (y1)n—1d + K(uo)u—1_ ) / {1+ K
= (M2)nvo + (y2)n, (359)
where M M p
n— + n—
(My), = (M2)n—1 (dl) 1
(1 + K;)
and

(y2)n = ((yz)n_l + (y1)n—1d + K(uo)n_1§> / (1 + K%) .

Summarizing, we have obtained

On = (Ml)nvo + (y1)n,

and
Uy = (MZ)HUO + (]/2);1/
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Vne{l,---,mg}.
Consequently, from this and the boundary condition u,,;, = 0, we may have

tmg = 0= (M2)mg00 + (Y2)mg

so that
00 = —[(M2)ms) ™" (y2)ms

From such results we have obtained {u, } and {v,}, Vn € {1,--- ,mg}.

The next step is to replace {(up),} by {u,} and then to repeat the process until an appropriate
convergence criterion is satisfied.

We have obtained numerical results fore = 0.01, A=B =1, f =1, in ), m8 = 100 and K = 100.

For the solution u = u(x, y) obtained, please see Figure 42.

15
4
05
A
m,.‘.'ﬁ.;m‘g'.‘\“n'p‘;“,u"ﬁ‘?.,‘.'u.'\.'u.'ﬁ.“’.?,.
0.l mTl H.wu"\.u.‘mwm"‘r‘ﬁm"“u'w‘u'wu'
1 S
NI

Figure 42. Solution u(x,y) for ¢ = 0.01

Here we present the software in MAT-LAB through which we have obtained such results.

T T —
1. clearall

m8=100;

m9=100;

d=1/mS§;

dl=1/m9;

e1=0.01;

A=1;

B=1;

K=100;

f=ones(m9-1,1);

for i=1:m8

uo(:,i)=1.4*ones(m9-1,1);

Yo(:,i)=f;
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end;

m2=zeros(m9-1,m9-1);

for i=2:m9-2

m2(i,i)=-2.0;

m2(i,i+1)=1.0;

m2(i,i-1)=1.0;

end;

m2(1,1)=-2.0;

m2(1,2)=1.0;

m2(m9-1,m9-1)=-2.0;

m2(m9-1,m9-2)=1.0;

Id=eye(m9-1);

b12=1.0;

k=1;

while (12 > 10710) && (k < 9010)

k

k=k+1;

M1(:,:,1)=Id;

y1(;,1)=-Yo(;,1)*d/el;

M2(:,;,1)=Id*d/(K*d /el+1);

y2(;,1)=K*uo(;,1)*(d/el)/ (K*d/el+1);

for i=2:m8
Ml(:,:,i)=M1(:,:,i—1)—m2/d12*d*M2(:,:,i—1)+3*A*diag(uo(:,i—1).*uo(:,i—1))*M2(:,:,i—1)*d/e1;
MI1(,:i)=M1(:,:,1)-B*M2(:,;,i-1)*d /el;
yl(:,i)=y1(:,i—l)—mZ/dlz*d*yZ(:,i-l)+3*A*(uo(:,i—1).*uo(:,i—l)).*y2(:,i—1)*d/e1;
y1(,1)=y1(:,i)-2*A*(uo(:,i-1).*uo(:,i-1).*uo(:,i-1))*d /el-B*y2(:,i-1)*d /el-Yo(:,i-1)*d /el;
M2(:,:,1)=(M2(:,;,i-1)+d*M1(:,:,i-1)) / (K*d /el+1);
yv2(:,1)=(y2(:,i-1)+d*y1(:,i-1)+K*uo(:,i)*d /el) / (K*d /el+1);
end;

vo(:,1)=-inv(M2(:,:, m8))*y2(:,m8);

for i=1:m8

u(:,1)=M2(:,:,i)*vo(;,1)+y2(:,i);

end;

u(m9/2,m8/2)

b12=max(max(abs(u-uo)));

uo=u;

end;

for i=1:m8

x1(31,1)=i*d;
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end;
for j=1:m9-1
y3(j,1)=j*d1;
end;

mesh(x1,y3,u)

B R R R R R R 2 R R R R 2

Remark 26. Observe that along the domain the solution is close to 1.3247, which is an approximate solution of
equation u3 — u — 1 = 0. This is expected since ¢ = 0.01 is a relatively small value.

56. A Proximal Numerical Procedure Combined with the Euler Method for First Order Systems
Applied to a Flight Mechanics Model

Let Q) = [0, t] be a time interval.
Consider the first order system of ordinary differential equations given by

T=F{m}), on [0k, Vi€ {1, 4}, (360)
ul(O) =0, uz(O) =0.12, u4(0) =0, ul(tf) = 11000.

Here f] : Dj C R* — R is a smooth function on its domain Dj, Vied{l,---, 4}
In finite differences, such a system stands for

{ % = fil{un—1}), Vi€ {1, 4}, (361)
(u1)o =0, (u2)o = 0.12, (ug)o =0, (M1)m8 = 11000.

Vn € {1,---,mg}, where mg is number of nodes and d = ¢ ¥ /mg. This is just the explicit Euler method.
It is well known, at first the error in this procedure may be big.

However, such an error may be made very small by introducing a proximal formulation and
related linearization about a fixed initial solution { (1), }, in a Newton type approach context.

In such a case the approximate system stands for

W# f{(uo)n-1})
+ oty G ) (), g — (g, )n-1) — Ks((u1)n — ((t10,)n),

Gt = fi({ (o)1 1) + Ty LG (), 1 — (0 )n ), (362)
Vj e {2,3,4},

(u1)0 =0, (u2)o = 0.12, (ug)o =0, (u1)ms = 11000.
Indeed, setting the boundary conditions
(u1)0 =0, (uz)o =0.12, (ug)o = 0o, (u4)0 =0

we will calculate

{(uj)u(vo)}

through the following iterations
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(u1)n = ((1)n—1+ AA({(10)n—1})d+
rfy AUl (uy), - — (g )u1)d +Ks d ((u0,)a)) / (1+ K5 ),
()n = ()1 + fi({ (0)n1 )+ Sty L (), 5 — (g, )0 1)d, (363)
Vi e {234},
(u1)o =0, (u2)o = 0.12, (u3)o = vo, (ug)o = 0.

Observe that the boundary condition u1(ff) = 11000 corresponds to (1)mg(vo) = 11000 so
that, through this last equation we may obtain vy. Having obtained vy, we may obtain {(u;)n} =
[()a(o0) 1 € {1, g}, ¥j € {1, 4.

The next step is to replace {(uo,)n}) by {(14)x} and then to repeat the process until an appropriate
convergence criterion is satisfied.

We have obtained numerical results for a model in flight mechanics.

More specifically, we model an in-plan climbing motion of an airplane AIR BUS 320, through the
variables 1, y, V, x where h denotes the airplane altitude, vy is the angle between its velocity and the
axis x, V is the airplane speed and x corresponds to its horizontal coordinate.

The concerning system of equations is given by

h = Vsin(y)
= ﬁ(l—"sin(a +ap)+ L) — & cos(y)

V= mif(Fcos(a +ap) — D) — gsin(vy) (364)

% = Vcos(v), on [0, ],

1(0) = 0, ¥(0) = 0.12, x(0) =0, h(tf) = 11000.

Here t; = 515s, F = 240000N, ¢ = 120000Kg, Sy = 260 m?, a = 0.138, g = 9.8m/s?,

0.0065 1\ +*

ap = 0.0175, (C1)o = 0, (CL)a = 5.0, (Cp)o = 0.0175, K; = 0, K» = 0.06,
CL= (CL)O + (CL)a a,
Cp = (Cp)o + KiCr + KaCF,
1
L= Ep(h)vchsf,

1 2

For numerical purposes, we define
uy=h, upy=7v(=0b), u3 ="V, uy = x.

Here we present the software in MATHEMATICA through which we have obtained the numerical
results.


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

253 of 319

34 434 34 34 3 S S S S A A 343 AN

1.  m8=20000;
tf = 515.0;
d =tf/m§;
K5=10.0/d;
h1 =11000.0;
Clear[h, b, V, x, u, a, c];
h=ull];
b =u[2];
V=u[3];
x =ul[4];
mf = 120000.0;
g=98;
Sf =260.0;
a=0.138;
af = 0.0175;
CLo =0.0;
CLa=5.0;
CDo =0.0175;
K1=0.0;
K2 =0.06;
CL =CLo + CLa%*a;
CD = CDo + K1*CL + K2*CL?;
F =240000.0;
r=1.225 % (1.0 — 0.0065 * 11/288.15)4225;
L=1/2%r% V2% CLx*Sf;
D1=1/2%r% V%% CD*Sf;
f[1] = V*Sin[b];
f[2] = 1/mf/V*(F*Sin[a + af] + L) - g/ V*Cos[b];
f[3] = 1/mf*(F*Cos|a + af] - D1) - g*Sin[b];
f[4] = V*Cos|b];
For[i=0,i < m8 + 1, i++,
uoli, 1] = 11000*i/m8;
uol[i, 2] =0.15;
uoli, 3] = 120;
uoli, 4] = 50000*i/mS8];
Clear[u];
For[i=1,i <5, i++,

For[j=1,j <5,j++,
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cli, i1 = DIfLil, u[lll;
uol0, 1] = 0.0;

uol0, 2] =0.12;

uol0, 3] = 120;

uol0, 4] = 0.0;

For[k3 =1, k3 < 30, k3++, (Here we have fixed a total of 30 iterations)
Print[k3];

Clear[vo, UJ;

uU[0, 1] =0.0;

U[0, 2] =0.12;

UJ0, 3] = vo;

U[o0, 4] = 0.0;

For[i=1,i <m8 + 1, i++,

Clear[u];

u[l]=uoli-1,1];

u[2] =uoli-1,2];

u[3] =uoli-1, 3];

u[4] =uoli-1,4];

z1 = Expand[Ul[i - 1, 1] + K5*(uoli, 1])*d + f[1]*d];

z2 = Expand[U[i - 1, 2] + 0.0*K5*(uol[i, 2])*d + f[2]*d];
z3 = Expand[U[i - 1, 3] + 0.0*K5*(uol[i, 3])*d + {[3]*d];
z4 = Expand[U[i - 1, 4] + 0.0*K5*(uo[i, 4])*d + f[4]*d];
For[k =1,k <5, k++,

z1=2z1+c[1,k]*(U[i-1, k] -uoli- 1, k])*d;

z2 =72+ c[2, k]*(U[i- 1, k] - uo[i - 1, k])*d;

z3 =23+ c[3, k]*(U[i- 1, k] - uo[i - 1, k])*d;

z4 =74 + c[4, k[*(U[i - 1, k] - uoli - 1, k])*d;];

Uli, 1] = Expand[z1/(1.0 + K5*d)];

Uli, 2] = Expand[z2/(1.0 + 0.0*K5*d)];

Uli, 3] = Expand[z3/(1.0 + 0.0*K5*d)];

Uli, 4] = Expand[z4/(1.0 + 0.0*K5*d)]];

Print[U[mS, 1]];

S = (U[mS, 1] - hl);

sol = NSolve[S == 0, vo];

vo=vo /. sol[[1, 1]];

Print[vo];

Print[U[mS, 2]];

Print[U[mS, 3]];

Print[U[mS8, 4]];


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

255 of 319

For[i=0,i <m8 + 1, i++,
For[k =1,k <5, k++,
uoli, k] = U[i, k]]I;
Print[U[m8/2, 1]]];

B R S R R R R R X

1. For[i=1,i<11,i++,
Print["h(", 2000*i*d, "s)=U[", 2000*1, ",1]=", U[2000%*, 1]]]

h(51.55)=U[2000,1]=1099.37
h(103.5)=U[4000,1]=2199.41
h(154.55)=U[6000,1]=3299.45
h(206.5)=U[8000,1]=4399.5
h(257.5s)=U[10000,1]=5499.6
h(309.5)=U[12000,1]=6599.74
h(360.5s)=U[14000,1]=7699.8
h(412.5)=U[16000,1]=8799.76
h(463.5s)=U[18000,1]=9899.89
h(515.5)=U[20000,1]=11000.

2. For[i=1,i <11, i++,
Print{"gamma(", 2000%i*d, "s)=U[", 2000%, ", 2]=", U[2000%, 2]]]

gamma(51.55)=U[2000,2]=0.120754
gamma(103.s)=U[4000,2]=0.120085
gamma(154.5s)=U[6000,2]=0.117905
gamma(206.s)=U[8000,2]=0.116329
gamma(257.5s)=U[10000,2]=0.119054
gamma(309.s)=U[12000,2]=0.125181
gamma(360.5s5)=U[14000,2]=0.122861
gamma(412.s)=U[16000,2]=0.111435
gamma(463.5s)=U[18000,2]=0.115118
gamma(515.s)=U[20000,2]=0.115257

3. For[i=1,i<11,i++,
Print["V(", 2000*i*d, "s)=U[", 2000%, ",3]=", U[2000*1, 3]]]

V(51.55)=U[2000,3]=107.325
V(103.5)=U[4000,3]=113.338
V(154.55)=U[6000,3]=119.7

V(206.5)=U[8000,3]=126.381
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V(257.5s)=U[10000,3]=133.568
V(309.5)=U[12000,3]=142.044
V(360.5s)=U[14000,3]=152.19
V(412.5)=U[16000,3]=162.209
V(463.5s)=U[18000,3]=172.269
V(515.5)=U[20000,3]=185.79

Fori=1,i < 11, i++,
Print["x(", 2000%i*d, "s)=U[", 2000*;, ",4]=", U[2000*}, 4]]]

x(51.55)=U[2000,4]=5318.63
x(103.5)=U[4000,4]=10930.8
x(154.55)=U[6000,4]=16860.9
x(206.5)=U[8000,4]=23137.6
x(257.55)=U[10000,4]=29795.8
x(309.5)=U[12000,4]=36872.5
x(360.55)=U[14000,4]=44395.
x(412.5)=U[16000,4]=52396.6
x(463.55)=U[18000,4]=60960.3
x(515.5)=U[20000,4]=70129.5

B R
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57. A Review of the Convergence of Newton’s Method Combined with a Proximal Approach

Firstly we highlight similar results to those presented in this section have been presented in my

book entitled "Functional Analysis, Calculus of Variations and Numerical Methods for Models in
Physics and Engineering", reference [8], in Chapter 25, page 488.

Let f : R" — R be a C? class function and consider the problem of finding a critical point of f,

there is, to find a point £p € R” such that

f'(%0) =0
Fix k € Nand let x;, € R".
Define F : R" x R" — R by
1
Flx,xe) = fl) + f(x) - (x = x0) + [ (xi) (x = )] - (x = %)
K
5 [l = (365)

for some K > 0 to be specified.

Let x4.1 € R” be such that

{BF(x, xk)} “ o
9x X=Xk+1 ,

so that
f (i) + £ () (X1 — xx) + K (21 — x%) =0,
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that is
X1 = X — (" (x) + KIp) 7 ' (xp).

Now, assume xy € R" is such that
I/ (x)]l < Ky, ¥x € By(x0)

for some r > 0.
Assume K; > 0 is such that
K — Kl > 0.

Suppose also 0 < a1 < 1is such that
f(x) = a1 (R + K)I
and N .
(1= ) la < (") +KI) () + Kl) = H(x,y) < (14 ) L

Vx,y € By(xp).
We recall that
()l <Ky,

so that
(K—Ky)I; <Kl + f"(x),

and therefore

Vx € By(xp).
Suppose also

f'(x) = f'(y) = Hs(x,y) - (x —y),

where Hs(x,y) is a symmetric matrix such that

Hs(x,y) 3!
< T2 T2 L =
0 Al (1 > ) Iy,

and
H5(x,y) Z IXl(K + K1)Id,

Vx,y € Br(x0).
Assume also K > 0 is such that
X1 € By(1-4g) (%0),

ny = (1— Zl)q) .

X0, X1, ka+1 € Br(xo).

where

Reasoning inductively, suppose

Observe that
X2 — Xp1 = — (F" (1) + KI) 7 (1),

and
X1 — Xk = —(f" (x) + KIg) 7 f (xe),
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so that
(f" (xk41) + KIg) (X2 — xp1) = —f' (X1,
and
(f" (k) + Klg) (g1 — x5) = —f" (x5).
Hence,
(f" (k1) + Klg) (2 — xpe1) = (F" (1) + KIg) (1 — x6) — f/ (1) + £ (),
so that
(tk2 = xe1) = (f" (oern) + KL) T (" (xigr) + KIg) (xier — x0) = f/(xis1) + f(x)]
= (f"(xk1) + KIg) (" (xgr) + KL (X1 — x0)
—Hs (Xp41, %) (Xpp1 — Xk)]
= (f"(x%41) + KIg) T {(F" (rir) + KL) (1 — %)
—(f" (xkt1) + Klg) " Hs (41, %) (xpp1 — Xk)
= [H(xer1,x%) — (f" (xer) + KLp) 7 Hs (g1, x0)] (X1 — %) (366)
Observe that
Hs(xi1, ) > aq(Ky+K)y
> ag(f" (xp41) + K1), (367)
so that
(f" (xks1) + K1) " Hs (i1, ) > g Iy
Consequently, from such results we may infer that
3
Id (1 — 10(1)
_ a1y
= I (1 + 1 ) w1y
> H(xppr, %) — (F (X1) + Klg) P Hs (xi41, X))
> ( Zl) (K —Ry) Iz Hs(xp 1, xk)
a1
> 1 _4
> L(1-7)-u(1-3)
_ L
4
> 0 (368)

from such results we may infer that

- 3
It 38) = (7 ) + KL Histen, 00l < (1352 )

Defining

we have got
%42 = xj41ll < wollxjr1 —xjll, Vj€{1,--- k}.

d0i:10.20944/preprints202302.0051.v88
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Therefore
%2 —xjall < aollxjrr — x|
< agllxp— x|
i1
< a)lx = xol- (369)
Thus,
k2 —x1ll = [[¥pg2 = X1 + X1 — - — X2+ x2 — 11|
< kg2 = Xt |+ loeegen = 2l + -+ 2 — x|
K+l
< Y aflxr — xo
=1
0 .
< ) a6||x1 —xo|
=1
= 2 x — xl. (370)
1-— %)
Therefore
[Xks2 —x0ll < [Jxkg2 — %1+ x1 — x0]|
< g2 — x| + [lx1 — xo|
< 20— xofl + %1 — xol
- 1—a
1
= [l 1 — xo|
1-— 2 %]
< 1-—
< 7T ao( &o)r
- (371)
Summarizing,
X2 — X0 <7,
so that

Xk42 € B, (XO).

The induction is complete, so that
X; € By(x0), Vk € N.
From such results we have also obtained
%2 = X[ < wollxes1 — xill, VE €N
Thus, from these results and the Banach fixed point theorem, there exists £y € By (xp) such that
kh_rggo X = Xg.

Hence,
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0 = lim xp . —xg
k—o0
= Jlim (= f"(x) + KIg) ' f (x)
—00
= —(f"(20) +KIa) "' f'(%0). (372)
Since det(f"(£9) + KI;)~! # 0, from this last equation we obtain
f'(%) =0
The objective of this section is complete.
57.1. Applications to a Ginzburg-Landau Type Equation
Let Q = [0,1]2 C R3 and consider a functional F : V — R where
_ . -
F(u) = Z/QVu Vudx+4/0u dx
P
-2 /Q W2 dx — (u, f) 2, (373)

where V = H}(Q), f € L2(Q),a >0, > 0and y > 0.
Let u € H}(Q) and ¢ € H}(Q).
Observe that

OF(u; ) = 'y/QVu-V(pdx

a/ﬂu3godx—,8/0uq)dx
(¢, f)12: (374)

Consider the problem of finding 1y € H}(Q) such that
0F(ug; ¢) =0, Yo € HA(Q).

Fixing N € N, consider now a mesh in finite differences for (), where we define d = 1/N and the
related grid
On = {(j/N,k/N) ¥j,k € {0,1,--- ,N}.

Denoting by Vy the finite-dimensional space in a finite diferences context corresponding to V'
and considering the functional F, we assume there exist 19 € V, the corresponding u}’ € Vyand r > 0
such that the hypotheses indicated in the last section also for the corresponding function Fy : Vy — R
are satisfied so that, as developed in such a previous section, we may obtain a solution uy : QO — R
such that

Fy(un) =0
that is,
—yV3un +aud; — Bun — fn =0,

where V3, is the finite dimensional operator corresponding to the Laplace operator V2.
Also,
Fi(u) = —yV3 + 3a diag (u?) — Bly,
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so that
Fy(uwy) = Fy(ua) = —yViuy +auf — puy — fy
( 'yVNuz + zxu2 By —fN)
= —yVi(ug —u2) +a(uf — u3) — B(ug — uz)
= —'yV%\,(ul —up) + 3a (ﬁz) (up —uy) — B(ug — up)
= (—’yv%\, + 3a diag 7% — ﬁld) (up —uq)
= Fn(a)(uz —uy) (375)
where (u1); < @; < (u2)j, Vuy, uz € By(up).
From such results, concerning the notation of the last section, we may infer that
Hs(uy,up) = Fy(i(ug,u2))
= V% +3a diag {[()(u1, u2))?} — Bl,. (376)
Now fix M, N € N.
Observe that
—'yV%\]uN + au?\] —Bun — fn =0,
and
—'yV%AuM + ocu“;’\,l — Bup — fm =0.
At this point, denoting uN = {u%}, we define
g [ (y) € (G- 1) d,jd) x ((k— 1) dkd],
iy (x,y) = ¥ (377)
j,ke{l,---,N}
We also denote for a not relabeled operator V%,
uﬁl/k—Zuﬁ(-i-u]I.\iLk ”]I'\],k+1_2”11‘jlk+”%<4
2 ~N dz _'_ d2 7
V(g (v y) = if (xy) € (((—1) d,jd] x ((k—1) d,kd], (378)

Vike{l,---,N}.

and

V(@ (x,y)) = V23| (x —d,y —d), if x € (1 —d,1Jory € (1—4d,1].
Moreover, we define
up (x,y) = (V)" H(VR(# (x,))), in Q.

Observe that

oV = Vi
= —a(iy )+ pay + fn
= —a(u))?+ puy + fn
—a[(@))? — (u))’] + iy —ug)), (379)
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Similarly, we may obtain
VY = i
= —a(ug")’ + puf + fu
—al(@g")* = (ug")*] + B(ag" — ug"). (380)
Consequently, from such results, we have
uy — g’
= (=7V2+3a(@™M)? — Iy~
x [ fn = fan = 3u(@N )2 () — ) + 3a (@) (ul! — )
+B(ud) — 1) — plud! — "] (381)

where 2V

is on the line connecting 1Y, i1} and 1M is on the line connecting u}! and #}! and 2N is on
the line connecting u}} and u}!.

From these results, we obtain

[ug’ — up' 20
= [|(=y V2 +3a(aNM)* — BI;) |

% I1fn = fullozo +3all (M) 3 4l = 7Y lo2.0 + 3all (2M) 34,01 (43" = 7 0.0
+Bll ) = 1) a0 + Bl (" — @1 llo2.0]
< [Ksllfy = futllopo + Koll (' = )l + Koll (! = ) 02,0 (382)

for some appropriate constants Kg > 0, K9 > 0.
Lete > 0.
Observe that there exists Ny € N such thatif M, N > N, then

IfN— fm

€
< 53 7
0,2,Q2 3 K8

N _ =N < &
[ (ug” — iy o0 < 3Ky’

and

M _ =M < &
| (ug” — 9 )llo20 < 3Ky’

so that,
luy) = ug 100 <&

Therefore, {u))'} is a Cauchy sequence in H} (Q) so that there exists iy € H}(Q) such that
ull — 1y, strongly in H} (Q).

Let ¢ € H}(Q).
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From such results and from the Sobolev Imbedding theorem, we may infer that
0 = lim (v(Vud, Vo)
+a{(ug), @) 2 — Blug, ¢) 12
—(fN, (P>L2)
= (1{Vio, V)2

+a{ig, ¢) 2 — Blio, 9) 12

—(fr9)12)- (383)
Thus,

Y(Vito, Vo) 2 +alily, )12 — Blflo, 912 = (f, @)12 = 0,
Vo € H}(Q).

From this result we may infer that il is a weak solution of equation F/(ily) = 0.

58. On the Convergence of the Newton’s Method Combined with a Proximal Formulation for a
General Parabolic Equation

Let 3 C R™ be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q).

Consider the parabolic non-linear equation

W= eV2u+gu)+f, inQx(0,7T),
u(x,0) = iy, in Q), (384)
u=0, onoQ) x [0, T].

Heree > 0, f € L2([0, T], W2(Q)) N L*(Q x [0, T]), flg € H}(Q) N L®(QY), where t denotes time
and [0, T] is a time interval.

Also g : R = R s a continuous function neither necessarily linear nor convex.

We assume there exists » > 0 such that

I8’ (u)[lo < Kz,
and
llg(u)llo < K7

Yu € B, (i), for some K, > 0 and K7 > 0.
Here
B, (fg) = {u € H{(QY) : |lu—

12,0 < 1’}.

We assume also there exists K; > 0 such that

—K1Id < —8v2 —g’(u) < Klldr Yu € Br(ﬁo)
Moreover, fixing N € N and defining

T
Aty = —,
NTN

in a partial finite differences context, discretizing in ¢ consider the approximate equation system

Up+1 — Un

A = &Vt 8(n) + fu, i O,
IN

vne{0,1,--- ,N—1}.
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Fix M € N. In a finite elements context for the variable x € R", denoting hy; = Lo/ M, for an
appropriate fixed Ly > 0 consider a mesh with a concerning thickness /1, and a related solution u}! of
the following system

M unM

Uy —

AtN = Ev%wu%‘,l +g(1/l%‘,l) +f;{lw, in Q,

vne{0,1,---,N—1}.
Here V3, is the operator in a finite elements context corresponding to the Laplace operator V2.
We highlight in the next lines, as the meaning is clear, we may denote simply VZ, = V2.
Observe that there exists a not relabeled r > 0, K; > 0 and K, > 0 such that

8" (™) < Ko,
and
*Klld < feV%,I —g’(uM) < Klld,

vuM € B.(ad"), vM € N.
Observe also that there exists Ny € N such that if N > N, then

K+ 2K)Aty

0 - e v
S KT1-Khty

<L

Indeed, we may find &g € R such that

K+ 2K)AtN

0 L S S,
< K+1- KAty

<wap <1, VN > Nj.

Let My C N be a sequence such that My < My41, YN € N.

Fix N > Nj.

For n = 0, we are going to calculate u; = uiw"’N though the following iterations, which already
include a proximal formulation and concerning linearization.

Having u£, let u* ™ be such that
uk Ty = eV2ukT ALy + g(uh)) Aty
+¢' (u}) (W™ — ) Aty + filty — K(u™ —uf), (385)
Here we suppose K = K > 0 is large enough so that
u% € Br(lﬂxo) (uo).
N
Reasoning inductively, suppose u(l], u%, cee, u]lchl €B L (up), and observe that

ub Tt — g — eVEET ALy — g(uf)) Aty
—&'(u}) (i Tt — ) Aty — ity + Ky T - u)
= 0, (386)
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and
k+2 — 1y — szulchrZAtN _ g(ulchrl))AtN
-9 (u’f"’l)(u’f‘Ir2 - u’fH)AtN — ity + K(u’lcJrz - u’{“)
=0, (387)
oo ok
so that for an appropriate 7,
(1a = eVtn — g/ (1) Aty + K1y ) (uh+2 — k)
= (=g (@) +g () Aty + K1y) (7 = uf). (388)
Hence,
||u11<+2 _ ullc-‘rl ”
-1
< H Iy — eV Aty — ¢ (W) Aty + KId> ((—g’(a’{) + ¢ (W) Aty + Kld) ‘
o
— K+1-KAty I 1
< o[kt (389)
Thus, we have got
i+2 i+l ‘ -
I} = ] < wollh ™ —wlll, Vi€ {1, k).
Therefore
i+2 j+1 j+1 j
I a1 < ol =
‘ ]
< agfuy —uy |
< " fluf — (390)
Thus,

k+2 _ k+1+uk+1 R —

[ 2 —ul] = |
k k k
< 2=l b = - g
k+1
< ZaoHul—ulII

j=
< Zw]ollu% —uf
j=1

&0 1 0
= 1—040””1_”1”' (391)
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Therefore
k2l <l ud - )
< U2 = bl — )
X0 1 0 1 0
< 1 7060H“1 —uy ||+ flug — uy]
1 1 0
= m\lul —u|
1 r
< 1—ag)—
T (XO( ) 5
r
= —. 392
. (392)
Summarizing,
’
a2 ] <
so that

The induction is complete, so that
e Br(u)), Vk e N
uj € ﬁ(”o)/ Vk € N.
From such results we have also obtained
k+2 k+1 k+1 k
Jug ™ —uy 7| < wolluy™ —ugl], Vk € N.

Thus, from these results and the Banach fixed point theorem, there exists 17 = uiw"’ N e By (ud)
such that
klim uk =up = uiVIN’N.
— 00

k+1 A
uyq — Uy

0 = 1
Jim (
—eV2E Aty — g(uf)) Aty
—g/ () (5! — ) Aty — frdty + KA —uf) )

= u; —1y— £v2u1AtN — g(u1)AtN — filtn, (393)

so that .
ui — Ug
Aty

= 8V2u1 +g(u1) + f1, in Q),

Reasoning inductively again having u1 € B, (o) and u; € By (uj_1), Vj € {2,--- ,n} similarly
as we have obtained u; in the last lines, we may obtain

My, N
Upy1 =u, N € Bﬁ(un),

such that
Upy1 — Un

Al = €V2un+1 +g(un+1) + fu, in Q).
N

The induction on 7 is also complete.
Fixne {1,--- ,N—1}.
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Observe that
[un —doll = lun —thy—1+tp—1 — -2+ —ug+uy —up|
< lun =gl + - A+ [lug — o]
n

< —

= N”

< r (394)

Summarizing u, € B,(dy), Vn € {0,1,--- ,N —1}.
From these results, denoting now more generically u, = ulytnvN — ul), we may infer that there
exists K4 > 0 such that

[uN|| <Ky, Vj€{0,1,--- ,N},VN € N.

With a completely analogous reasoning, we may obtain that

||M]I\] 1,2,Q0 S K4/ v] € {0/1/ IN}IVN S N/

for some K4 > 0.
Define now

u (x, 1) = ul (x) (n+1 - A;q) (%) (t —n),

ift € [nAty, (n+1)Aty], Y(x,t) € Q x [0, T].
Observe that
ué\](x,t) = u,I;](x), if t = nAty, Yvn € {0,1,---,N},

and
aué\’(x,t) . ”nN+1 —uly
ot - Aty
= eV +8(uy ) + fu, (395)

ift € [nAty, (n+1)Aty], Y(x,t) € Q x [0, T].
Fix ¢ € CZ(Q).
Thus, fixing t € [nAty, (n + 1)Aty], we have

aué\f
L2

< el(Vig' o, Vo) | + (g ('41), 9) 2]

+(@, fn) 12|
5||”nN+1

Ks|o

1,2,Q |§0 12,0 T K18||MnN+1 12,0 |(P 12,0+ K3||(P 1,2,Q
12,0, 79 € CZ(Q), (396)

IN A

for some appropriate K5 > 0.
Since ¢ € C(Q) is arbitrary, we may conclude that

uniformly in ¢ on [0, T], for some appropriate constant Ks > 0.
Also, from the definition of ué\] we have that there exists K7y > 0 such that

N
duy

< Ke, VN > N,
ot = Re, VN > No

H-1(Q)

||U6V||1,2,Q <Ky, VN eN
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also uniformly in t on [0, T].
From such results, there exist 1y € L%([0, T], H}(Q2)) and vy € L?([0, T}; H~1(Q)) such that

ud — up, weakly in L2((0, T); W% (QQ)),

and
Jug 72 -1
5 o weakly-star in L([0, T], H " (Q))),
so that we may easily obtain
vy = 20
07 ot

in a distributional sense.
At this point, we provide more details about this last result.
Fixt € (0,T). Thus, there exists n € {0,1,--- ,N — 1} such that t € [nAty, (n +1)Aty].
Let 9 € CX(Q2x (0,T)).
From this, we may infer that

/ at‘”t

_ n+1 un
— /07&}1\] ¢(x,t) dx

< e [ Vil Vol dx
+ [ 180u0) o(x )] dx+ [ Ifug] dx
< (Kglluly
< Kolllliz0, (397)

for some appropriate constants Kg > 0, Kg > 0, Ky > 0.

Hence,
0
// uo ) dx dx

K9/Q||§0H1,2,Q dt
T (398)

IN

for some appropriate K9 > 0.
Since such a ¢ € CX(Q) x (0, T)) is arbitrary, we may infer that

for N € N, for some Kj5 > 0.
From such a result and from the Banach-Alaoglu Theorem, there exists vg € H~1(Q x (0, T))
such that, up to a not relabeled subsequence

N
dug

< Ky,
ot =15

H-1(Qx(0,T))

aué‘]
ot

// godxdt—>//voq)dxdt

— vy, weakly-star in H~1(Q x (0, T)).

Therefore,
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as N — oo, Vo € H{(Q x (0,T)).
On the other hand
149’ llo2,0x(01) < Kies

VN € N, for some Ki¢ > 0.
From this and the Kakutani Theorem, there exists g € L?*(Q x (0,T)) such that, up to a not
relabeled subsequence,
ull — up, weakly in L2(Q) x (0, T)).

Now fix again ¢ € CZ(Q x (0,T)).
Observe that

T T
dxdt = i // N, dx dt
) T Bué\’
= _Z%ILI}»/() /Q—at godxdt
T
= —/ /vofpdxdt, (399)
0 Jao

Since such a ¢ € CX(Q) x (0, T)) is arbitrary, we may infer that

ou
W=

in a distributional sense.
Moreover, from such results we may also obtain, again up to a subsequence,

aN
lim /Q%godx:/ﬂaait%pdx,

N—oo

Vo € H}(Q).
Observe also that, as a consequence of the Rellich-Kondrashov theorem, through appropriate
subsequences, we have

ué\lk(t) — ug(x, t), strongly in L*(Q)), for almost all ¢ € [0, T].

so that, up to subsequences,
uévk(t)(x, t) — up(x,t), a.e. in Q, for almostall t € [0, T].

Here we emphasise the sequence {Ni(f)} C N may depends on ¢.
Since g is continuous we have that

g(ué\lk(t)(x, t)) — g(up(x,t)), a.e. in Q, for almostall t € [0, T].
Fix t € (0,T).
Let ¢ > 0. From the Egorov Theorem, there exists a closed set F such that m(Q\ F) < € and

ko € N such that if k > kg, then

18(ud* ) (x, £)) — g(uo(x,£))| < ¢, for almost all x € F.
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Let ¢ € CX(Q)). Observe now that

[ 80550, 1)) = gwo(x 1)) g dx

< [ 180" (x,1) = gluo, )] o] dx

= /F|g(u(]]\]k(t)(x,t>) —g(uo(x, t))l |q)| dx + /Q\F |g(u(1)\]k(t)<x’ t)) _g(uo(x, t))| |q)’ dx

< [ellollo dxt [ 106" (5 1) = guo(x, )] Iolxone

< ellpllem(@) + (1™ oz + lgwo)loz0)llellosallxalosn

< ellglom(0) + Kot gllosam(0\ B)1/*

< e @l m(Q) + Kallglloan €'/*, vk > ko, (400)

for some appropriate constant Kp; > 0 which does not depend on ¢.
Since such a & > 0 is arbitrary, we may infer that

/ g(ué\]"(t))q) dx — / g(uo)@ dx, ask — oo,
Q Q

Vo € CX(Q).
From such results, we have
(I)\Ik(t) Ne(6)
_ : k(t)
0 = 135?0(/0 o (pdx—i—s/QVuO Ve dx
B NiH)y,, 4 _/ Ni(t) d)
/Qg(uo Jpdx— | fg dx
o auo
= Qjcpdx%—s/QVuo-V(pdx
- d —/ dx. 401
/Qg(uo)(p x— | fodx (401)

so that, from this and by the density of C°(Q2) in H}(Q2), we have got

auo
/QW qodx+£/QVu0-V(pdx
- /Qg(uo)(p dx — /Qf(p dx =0, Vo € H}(Q), (402)
a.e. on [0, T1.

Observe now that
(O x (0,T)) = (02 x [0, T]) U (8[0, T] x ﬁ) .

Let 9 € C2(Q % (0, T)).

Hence ; N ;
. du dug
1\111310/0 /()7¢dxdt—/() /Qﬁgodx dt.

From this, since C2°(Q x (0,T)) is dense L?(Q) x (0, T)) we may infer that

. T 1 oul T 1 dug
dim [0 Gredvai= [ [ e,

Vo € L2(Q x (0,T)).
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Let ¢ € C*(Q) x [0, T]) such that
¢(x,T) =0, in Q.

From such results, we may obtain

N—>00/ / ot (de at
= 1\111_13100( / /uo (de dt—/ﬂuf)\'(x,O)go(x,O) dx>
- - / / no L ‘P dx df — / uo(x,0)¢(x,0) dx. (403)

However, since u}Y — 1, weakly in L>(Q x (0,T)), we obtain

lim/ /uo (dedt //uo (dedt
N—o00

From these last results, we may infer that

R L N
/Q”o ¢(x,0)dx = lim | uy(x,0)¢(x,0)dx

_ /Q 1o(x,0) ¢(x,0) dx, (404)

so that

/Qﬁo(x)cp(x,O) dx = /Quo(x,O)qo(x,O) dx,

Vo € C*(Q x [0, T]) such that ¢(x,T) =0, in Q.
Therefore, we may infer that 1 (x,0) = p(x) in this specified weak sense.
Similarly, it may be proven that

ug =0, onaQ) x [0, T],

in an appropriate weak sense.
Hence, we have obtained that u is a solution, in a weak sense, of the parabolic non-linear equation
in question.

59. On the Convergence of Newton’s Method Combined with a Proximal Approach for an
Eigenvalue Problem

Let O C R3 be an open, bounded and connected set a regular (Lipschitzian) boundary denoted
by 0Q).
Consider the eigenvalue problem of finding u € V and A € R such that

—eV2u+g(u) —Au=0, inQ,
u =0, ond(), (405)

Ja u? dx = Hu||(2),2,Q =1.

Heree >0,V = Hé (Q),andg:R — Risa C! class function, such that either g is linear or such
that
g(tu) =tg(u),vt >0, Vu e R
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In a finite differences or finite elements context, already including a proximal formulation, we
shall look for a sequence {u,} C RN for an appropriate N € N such that

u
—eVuy 1+ 8(tng1) — m + K(up1 — un) =0,

Vn € NU{0}.
Now considering a concerning linearization of g, such an equation approximately stands for

u
—eV2uyg1 + §(un) + &' (un) (tys1 — un) — m + K(upp1 —uy) =0,

Vn € NU{0}.
Assume 1y € RY is such that there exists r > 0 such that

Klld S g’(u) S KZId/

Vu € B, (uy), for some K, Kp > 0.
Suppose there exists a symmetric matrix Hg (1, v) such that

u
u

S|

and
—K3l; < He(u,v) < Kzly,

Yu,v € B,(ug), for some K3 > 0
And also there exists a symmetric matrix Hs(u, v) such that

8(u) —g(v) = Hs(u,v)(u —0),

and
Kyl; < Hs(u,v) < Ksly,

Yu,v € By(up), for some Ky, K5 > 0. Moreover, we assume that these last constants, K > 0 and
0 < a7 < 1 are such that

(1—a1)(—eV* + K1) + Kyly — K3y — Kply) > aqKly = K I — (1 — a1)K I,
so that
(—€V2 + Kl + Kld)_l(—K4Id + Kol; + K3l; + KId) < (1 — D(l)Id.

Observe that
eV2 4+ (u)+KI; > —eV2+ K I;+KI; >0
and

0 < —Hs(u,v) + He(u,0) + g'(v) + K Iy < —KyIg + Kp1y + K31; + Ky,
Yu,v € Br(up) so that
(eV2+g'(u) + K Ig) ' (= Hs(,v) + He (u,0) + &' (v) + K 1)

(—eV? + Ky Ig + KIg) 7 (= Kyl + Koy + Kz 1y + K1)
(1 — (X])Id, (406)

IN A

Yu,v € By(up).
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Summarizing, defining oy = 1 — a3 we have got
1(eV2 + g/ (1) + K 1) ™ (— Hs(u,0) + Hs(u,0) + g/ (0) + K L) < g < 1,
Yu,v € By(up).
Suppose K > 0 and a; > 0 are such that uy € By(1_g)(u0)-
Reasoning inductively, suppose also
Ug, U1, , Up+1 S BT’(MO)‘
From the results above we have
2 / Upt1
—eVoupio + §(tny1) + 8 (Unt1) (Uns2 — Uns1) — Ttmall + K(tpgp — tiyp1) =0,
n+
and u
—fvzunﬂ + g(un) +gl(”n)(”n+1 —Up) — m + K(tpq1 —uy) =0,
n
so that
—&(VZuni2 — Vi) + 8 (ng1) (ngo — 1) + K(tpgo — 1)
u u
= —gluns1) + gtn) + e — = 8 () (1 — 1) + K(tg1 — )
lunsall [lunl]
= (—Hs5(ups1,un) + Ho(upy1,tn) + & (un) + Klg) (i1 — ). (407)
Therefore
Up42 — Up41
= ((—=eV? 4§ (uny1) + Klg) " (—Hs(p 41, ) + Ho (41, ) + 8’ (1) + K1)
X (un+1 - ”n), (408)
so that
||un+2 — Up41 H
< ((=eV? + & (ung1) + Klg) ™ (= Hs (1, 1un) + Ho (g1, 1n) + & (1n) + K1) |
X[t +1 — un|
< wol|upgr — unl|. (409)

Summarizing, we have got

tjr2 — ujpall < aollujrr —ujll, Vi€ {1,---,n}.

Therefore
lujro —ujall < aollujrr —ujll
< aglluj—uj||
i+1
<) uy — uoll. (410)
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Thus,
luns2 —wall = |tny2 = tpg1 +tpyr — - —up +up —uq |
< lunt2 = wpgr || + ungr = unll + -+ [Jug — uq |
n+1
< Z "‘6””1 — up|
j=1
0 .
< Y afllug — ug
j=1
&0
= 7=l —uoll. (411)
— g
Therefore
luni2 —uoll < |ltny2 —ug +ug — ugl|
< g2 — ] 4 [Jug — uol|
X0
< 1z o [ — uoll + flur — uo|
= 1_“0”1’[1_“0”
< ! (1—ag)r
1 — 0
= r (412)
Summarizing,
lung2 — uoll <1,
so that

Upt2 € Br(up).

The induction is complete, so that
Uy € Br(up), ¥n € N.
From such results we have also obtained
[tn2 = tniall < aollunis — unll, ¥n € N.
Thus, from these results and the Banach fixed point theorem, there exists iy € B, (1) such that
nh_r)rolo U, = tp.

From such results we obtain

0 = lim (—eV2uup1 + ) + & () (ns1 — 1)
Un
—— + K(upyp1 —u
”un” ( n+1 ﬂ))
R R i
= —eV2i + () — — (413)
1]
Summarizing, we have got
—€V2ﬁ0 +g(ﬁ0) _ ko _ 0.
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Consequently, defining
_ o
liollo2,0”

and recalling that

we have obtained

and

ld0]l02,0 = 1.

The objective of this section is complete.

Remark 27. For the general case we may drop the hypotheses of g being linear or g(tu) = tg(u), Vt >
0, Yu € R, by defining the following iterations:

u u
—eV2u, 1+ |luall g <||MZ||) - m + K(upy1 —un) =0, ¥n € NU{0}.

However in such a case some changes on the hypotheses are necessary in order to obtain the related theoretical
results.

59.1. A Numerical Example
For ) = [0,1] C R, we have obtained numerical results for the following eigenvalue equation
—eu! + Aud — Au =0, in Q,

u =0, ond), (414)
Ja u? dx = ||u||%,2,Q =1,

where e = 0.01,and A = 1.0
Observe that for a fixed K > 0 we may obtain for this last equation

—en" + A+ Ku—Ku—Au=0,inQ,

so that
—eu" + Al +Ku—Mu=0,inQ,

where A; = K+ A. In this example we have fixed K = 500.
In order to obtain such numerical results we have used the following algorithm:

1. Choose u; € Wy?, setn =1, by = 10~ and #1ax = 100.
2. Calculate u,1q € W&’z solution of equation

eu’  + A i +Ku Un 0, in Q)
_ o Up - _
" 35 0 " Tulloza

3. If [uy41 — tnlleo < b1p OF 1 > Nyay, then stop. Otherwise n := n + 1 and go to item 2.

For the optimal solution u obtained, please see Figure 43.
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Figure 43. Solution u(x) for e = 0.01

0.9

Here we present the software in MAT-LAB through which we have obtained such numerical

results.
33 5 5 36 36 3 38 3 3 o 5 3 3 o S 3 o %

clear all
m8=100;
d=1/mS§;
K=500;
A=1;
el1=0.01;
for i=1:m8
uo(i,1)=0.1;
end;
b12=1.0;
k=1;

while (b12 > 1074) && (k < 100)

k
k=k+1;
S=0;

for i=1:m8-1

S=S+uo(i,1)* * d;

end;

S=sqrt(S);
m12=2+K*d?;
mb50(1)=1/m12;

z(1)=m50(1)*(uo(i,1)/S * d>-A*uo(i,1)3/S? x d*/ el);

for i=2:m8-1
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m12=2+Kxd%-m50(i-1);

m50(i)=1/m12;

z(1)=m50(i)*(uo(i,1)/S * d*> — A xuo(i,1)3/S? xd* /el +z(i — 1));
end;

u(ms,1)=0;

for i=1:m8-1
u(m8-i,1)=m50(m8-i)*u(m8-i+1)+z(m8-i);
end;

b12=max(abs(uo-u));

uo=u;

end;

for i=1:m8

x(i,1)=i*d;

end;

plot(x,uo/S)

B R R S
Remark 28. With the high value K = 500 we have obtained the following eigenvalue for this problem:
1
A= (S - K) e = 133.8090 ¢ = 1.338.

60. On the Convergence of Newton’s Method Combined with a Proximal Approach for a General
Parabolic Non-Linear System

Let O3 C R™ be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q.
Consider the parabolic non-linear system

0 .

a”t] =¢ Vzuj +gj(u) + Tho1 Xy gjkl(“)% +fi, inQx(0,T),

uj(x,0) = (i), in Q, (415)
uj=0,0n0Q x [0,T], Vj € {1,---,r}.

Here
u=(uy,--,ur) = {u;} € Hy(,R),

ei > 0, f = {fj} € L2([0, T], W2(L;R")) NL2(Q x [0, T;R"), dg = {(%0);} € HJ(BLR)N
L*(();R"), where t denotes time and [0, T is a time interval.

Also gj : R = Rand gy : R — R are C! class functions neither necessarily linear nor
convex, Vj, ke {1,---,r}, 1 €{1,--- ,m}.

We define
8

T m
u
Fi(u) = &;V2u; + g;(u Zzgﬂd k+f],

Vj e {1,---,r}, so that the system in question stands for

ou;
] _ . i
g7 —F](u), Vied{l,---,r}.

d0i:10.20944/preprints202302.0051.v88
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Fixing N € N and defining Aty = T/ N, in a finite differences context we may define the following
approximate system

Upy1 — U .
”TN" = Fi(up1), Vje{1l,---,r}, ¥vne{0,--- ,N—1}.

Fix n = 0. In a Newton’s method context combined with a proximal approach, we shall obtain 4
through the following iterations,

Define u{ = 1y and having u* let ulﬁl be such that

10 — Bk aFj(”If) k+1 ok k+1 .k
up —uy = ]-(ul)AtN—i-AtN 3, (uy™ —uy) — K(uy™" —uy).

At this point we assume there exist ¥ > 0 and K; > 0, such that

—-Kil; < { } < Kijl,

Yu € B, (120)
Moreover, generically denoting F(u) = {F;(u) }, we assume there exists a matrix operator Hs(u, v),
such that
F(u) — F(v) = H5(u,v)(u — v),

and
—K3l; < Hs(u,v) < Kzly,

Yu,v € B,(1ly), for some appropriate real constant K3 > 0.
Now suppose K > 0 and 0 < a1 < 1 are such that there exists Ny € N such thatif N > Nj, then

(1 —ay)(lqg — KilyAty) — Ky IgAty — KalgAty) > oK Iy = K Iy — (1 —ap)K I,

so that
(Id — Ky LAty + Kld)_l(KlldAtN + K3l;Aty + K Id) < (1 - al)K I;.

Observe that such an Ny may be such that

JoF;(u
I — { ajb(l )}AtN—i—KId > Iy — KiIjAty + KI; > 0 1,
1

and
81—"]- (ZJ)
Bul

0< H5(1/l, ’U)AtN — { } Aty + Kl < KiAty 4+ Ksl;Aty + K 1,

so that

(Id - {31;]'151”) } Aty + K1d> B <H5(u, o)Aty — {81;5:;) } Aty + K1d>

(I; — Ky IjAty + KI;) YKy I Aty 4+ K3 I Aty + K 1)

<
< (1-m)l, (416)

Yu,v € Br(ﬁo), VN > Np.
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Hence, denoting &g = (1 — «1), we have got
= LB k) (s oy — {25 any vk
i N+ Ky 5(u,0) Aty — 2 N+ Ky
< H (I — Ky LyAty + KIp) "L (Ky LAty + K3LyAty + K 1) H
< . (417)
Yu,v € Br(ﬁo), VN > No.
Fix now anew N > Nj.
Suppose now K = KN > 0and 0 < a; = (a1)) < 1 are such that
Ui € By (1-np) (il0)-
Reasoning inductively, suppose u{, u}, - - k“ €Br ( 0), and observe that
OF; (uX)
T = )ty + Oty { OB 1 ) — ka1 ).
and
k2 _ 1 k+1 OF(i™) | r g k42 _ k1
uy T —uy = 1—“]-(u1 JAfN + Aty 37”1 (ug™ —uy ) = K(uy™ —uy™),
so that
oF: uk-i—l
(Id - {’( 1) Aty + Ky | (uk T2 —
au,
oF; (uk)
= ((F(u’{“) — F(ub)) Aty — { o Aty + Ky | (ub T —uk)
k1 k (1) k+1
= | Hs(uy™, uf)At ~5ur Aty + Ky | (uf —uf). (418)
Thus,
U2 _ ke

OF (k1 ! OF; (uk
= (Id — {(al)} Aty + K1d> H5( k+1 ullc)AtN — (195«11” Atn + K1,
u

).

Summarizing, we have got

k+1
X(up"™ —

k2 k+1
o = |

(419)

OF (uk 1 - JF; (uk
- <1d {él)}AtN—i-KId) Hs(uk L, u) Aty — églll) Aty +KIy

[yt —

ao| ”IIH

IN

k
—uy].

(420)
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Thus, we have got
j-+2 i+1 i+1 ‘ )
[ ™ —ul T < wolluh —wh|l, Vi€ {1, K}
Therefore
j+2 i+1 j+1 j
[ —ul " < aolluf —u
‘ i—1
< agluy —u |
i+1
< ap”ug —ud). (421)
Thus,
32 =il = ™ =y T = ] — |
k k k k
< g2 = T = e
k+1 . 1 0
< Y apllug —ud|]
j=1
i 0
<Y apllug — )|
j=1
X0 1 0
= m||“1—”1||~ (422)
Therefore
k k
Hu1+2—u(1)|| < ||”1+2_”%+”%_”(1]||
<l =l - )
X0 1 0 1 0
< _ _
< o ud — gl + ] —
_ 1 1 0
e Rt
1 r
< 1—wag)—
l_ao( &) 57
r
= 423
N (423)
Summarizing,
r
a2 — ) < £
so that

k+2 1
uy - € By (u).
The induction is complete, so that
uk e Bﬁ(u(l)), Vk € N.
From such results we have also obtained

[uf*2 — WS < b ™ —uf, ke N
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Thus, from these results and the Banach fixed point theorem, there exists 1 € B (u}) such that

lim uf = u;.
k—o0

0 = lim (11—
k— 00 1

oF; (uk)
_F(u’{)AtN — Aty {éull} (ullwl _ u’{)

+K(uf ! — u'{))
= U — ﬁo - F(u1>AtN (424)

so that .
U —up

Aty

F(u1) in O,

Reasoning inductively again having uy € B (ilg) and uj € B (uj-1), Vj € {2,--- ,n} similarly
as we have obtained u; in the last lines, we may obtain

Upt1 S B% (ul’l)r

such that e
%}\]n - F(un+1), 11’1 Q
The induction on 7 is also complete.
Fixne {1,--- ,N—1}.

Observe that
”un - MOH = ||un — Uy +Uy_1—Up 2+ - — U+ U — uO”
< ug = upq || - [Jug — uol|
n
< -
= NT’
< (425)

Summarizing u, € B,(1y), Vn € {0,1,--- ,N —1}.
From these results, denoting now more generically u,, = ulY, we may infer that there exists Ky > 0
such that
N
[Ju j

1,2,Q0 S K4/ v] € {0/1/' c /N}/VN S N
Define now

t t
ué\](x,t) = unN(x) (n+1 — AtN> +unN+1(x) (AtN —n) ,

ift € [nAty, (n+1)Aty], Y(x,t) € Q x [0, T].

Observe that
ué\](x, t) = u,ﬂ\](x), if t =nAty, Yn € {0,1,---,N},
and
au{)‘](x,t) 7 unNJrl —ul¥
ot B Aty
= F(u)y), (426)

ift € [nAty, (n+1)Aty], Y(x,t) € Q x [0, T].
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Fix ¢ € C(Q; R").
Thus, fixing t € [nAty, (n + 1)Aty], we have
ou
'< 81? /(P> < ‘(F(”nN+1)/ P12
L2
< Vg € CO(ORY), (427)

for some appropriate K5 > 0.
Since ¢ € C®(Q;R") is arbitrary, we may conclude that

uniformly in ¢ on [0, T], for some appropriate constant Ks > 0.
Also, from the definition of ué\] we have that there exists K7 > 0 such that

N
duy

< Ke, VN > Ny,
ot = Re, VN > No

“1(;R)

H”é\IHl,Z,Q <Kz, VN eN

also uniformly in t on [0, T].
From such results, there exist ug € L*([0, T], H} ((;R")) and vy € L2([0, T]; H"}(Q;R")) such

that
ull — up, weakly in L2((0, T); W (Q; R")),

and N

)

% — v, weakly-star in L2([0, T], H 1 ((; R")),
so that we may easily obtain

vy = 240
07 ot

in a distributional sense. At this point, we provide more details about this last result.
Fix t € (0, T). Thus, there exists n € {0,1,--- ,N — 1} such that ¢ € [nAty, (n + 1)Aty].
Let ¢ € CX(Q x (0,T);R").
From this, we may infer that

n+1 — Uy
= _— /t d
/Q qo(x ) *

<F(“2]+1)/€0>L2
Kolloll1,2,0, (428)

IN A

for some appropriate constant K9 > 0.
Hence,

T 1 oul
/0 5 7(;}(3@1‘) dx dt

K9/Q||(PH1,2,Q dt
(0,T) (429)

IN

IN

for some appropriate Ki9 > 0.
Since such a ¢ € C(Q) x (0, T);R") is arbitrary, we may infer that
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N
du

-0 < Kis,
ot =15

H-1(Qx(0,T);R")

for N € N, for some Kj5 > 0.
From such a result and from the Banach-Alaoglu Theorem, there exists vy € H~(Q x (0, T); R")
such that, up to a not relabeled subsequence

8146‘]
ot

// qodxdt—)//voqodxdt

as N — o0, Vo € H}(Q x (0, T); R").
On the other hand

— g, weakly-star in Hil(Q x (0,T);R").

Therefore,

149’ llo2,0x(01) < Kies

VN > Ny, for some K4 > 0.
From this and the Kakutani Theorem, there exists uy € L?(Q x (0, T); R") such that, up to a not
relabeled subsequence,
udl — up, weakly in L2(Q x (0, T); R").

Now fix again ¢ € CX(Q x (0,T);R").

Observe that
! dx d 1 TN dx d
Fo= 1 t
Jy fyroedx Jm [ ) e dx

) T aué\]
- _z\%linoo/o /Q ot ¢ dxdt
T
— / / oo dx dt, (430)
0 Q

Since such a ¢ € C°(Q x (0, T); R") is arbitrary, we may infer that

ou
%= 5P

in a distributional sense.
Moreover, from such results we may also obtain, again up to a subsequence,

oul dug
lim [ 240 54y = / %0, gy,
Nlirlo/g ot P T g o P4
Vo € HY (4 R").
Observe also that, as a consequence of the Rellich-Kondrashov theorem, through appropriate

subsequences, we have

ué\lk(t) — up(x,t), strongly in LZ(Q; R"), for almost all t € [0, T].

so that, up to subsequences,
ué\]"(t)(x, £) = ug(x, ), a.e. in Q, for almostall t € [0, T).

Here we emphasise the sequence {Ni(t)} C N may depends on t.
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Fixje{l,---,r}.
Since g; is continuous we have that

gi(up™ ™ (x,1)) = gi(uo(x,1)), ace. in Q, for almost all £ € [0, T].
Fixt € (0,T).
Let ¢ > 0. From the Egorov Theorem, there exists a closed set F such that m(Q \ F) < € and
ko € N such that if k > kg, then
187 (b (x,£)) — gj(uo(x,1))| < ¢, for almost all x € F.

Let ¢ € CX(Q)). Observe now that

00 gy, )
< /|g,-uk (x,8)) = g (o (x,1)] o] dx

= 10" (et) ~ gi(uoe ) ol dx-+ [ g™ (x,1)) ~ giuol 1)) gl v

< /Fe||¢||oodx+ [ 18550 (5,9) = gm0, ) el ax

< eflglleom(Q) + (IIg;(ug" )||020+||g](”0)||020)||§0||040HXQ\F||04Q

< €]l @llwm(Q) + Kall@llosam(Q\ F)'/*

< elglle m(Q) + Kot |l @lloan €4, Vk > ko, (431)

for some appropriate constant K»; > 0 which does not depend on ¢.
Since such a € > 0 is arbitrary, we may infer that

/g] q)dx%/g] up)p dx, ask — oo,

Vo € C2(Q),Vje{l, - ,r}
Similarly, fixing j,p € {1,--- ,n},and [ € {1,--- ,m}, since gjp1 is continuous we have that

g]-pl(ué\]k(t)(x,t)) — &ipi(uo(x, 1)), a.e. in Q, for almostall ¢ € [0, T].
Fix againt € (0, T)
Let ¢ > 0 (a new value). From the Egorov Theorem, there exists a closed set F; such that
m(Q\ F) < eand ko € N such that if k > ko, then
it (10" (x,£)) — g1 (110(x,1))| < &, for almost all x € Fy.
Observe now that
Ne(t
[ 18065 (5, ) = (o, 1)) 2
N N
(" 1)) = g o NP [ g (g™ (1)) = (o, ) dx

[ axt [ 1 (6, 6) = gjun(uo(x, 1) P, dx
A 0

IA
e
o9
=

IN

A\
©)
+
N
=
BN
5
=
=
;!
[
=

< &m(Q) 4 2K2e, Vk > ko. (432)
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Since such a ¢ > 0 is arbitrary, we may infer that
/ |g]pl g]pl(uo)| dx — 0, ask — oo,
Viped{l,---,r},1e{1,---,m}.
Select again ¢ € C°(Q2). Since
I8j01(10" ") = gjp (w0 loa2 = 0, ask — oo
and
VuON"(t) — Vug, weakly in L2(Q; R"™*"™),
we obtain,
N N
‘/ gjpl(”ok(t)> 0) ())xz ¢ dx — / g]pl ug)((uo)p)x, ¢ dx
< e (£) d Ni(t) d
> g]pl ) )x, @ dx — g]pl uO)((”O) )x, ¢ dx
| gjonmo) (o) )y @ v = [ gip0(u0) (u0))s, ¢ v
< g (") = g (w0) o2kl e
Ne
| [ i) () )y ¢ dx = [ gpa(uo) (o)),
— 0, ask — oo, (433)
Viped{l,---,r}, 1e{1,---,m}.
From such results, for an arbitrary ¢ € C°((};R"), we have
3(1ug) M
- i J e Ni(t)
0 = ,}g\o(/o o ¢idx = (Eug"), 9j)p2
d(uo);
= /Q o Lgjdx+ej(V(uo);, V)2 — (g(uo), ¢j) 12
-y Z (8jp1 (1) ((10)p)xyy @12 — {fy @)12 (434)
p=11=
so that, from this and by the density of C((Q2;;R") in H} (Q; R"), we have got
d(up);
/Q ar i
= < (uO)]IV§0]>L2 + (gJ(UO) ‘P]>
r m
2 2 8ipt (10) ((40)p)x, @) 12 + (fjr @) 12/ (435)

Vie{l,---,r}, Vo € H(;R"), ae.onl0,T],
Observe now that
(O x (0,T)) = (0Q2 x [0, T]) U (3[0, T] x Q).

Let ¢ € CX(Q x (0,T);R").
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Hence . N .
. du dug
leilg}ao/o /ngodxdt—/o /Qﬁqodxdt.
From this, since CZ°(Q x (0, T);R") is dense L?(Q x (0, T); R") we may infer that
lim/ / O ) dt = / /8”0 dx dt,
N—oo
Vo € L2(Q x (0,T);R").
Let ¢ € C*(Q x [0, T]; R") such that
¢(x,T) =0, in Q.
From such results, we may obtain
) T aué‘]
dm [, fredsd
= lim —/T/ uN8£ dxdt—/ u (x,0)p(x,0) dx
N—o0 0 O 0 ! !
= —/ / oS, (P dx dt — /Q up(x,0)@(x,0) dx. (436)
However, since u}Y — ug, weakly in L2(Q x (0, T);R"), we obtain
T
lim/ /”0 aq)dxdt / /uoa—q)dxdt.
N—o0 O ot
From these last results, we may infer that
. o N
/Quo p(x,0)dx = Alrlglo 1o (x,0)¢(x,0) dx
= /Q up(x,0) ¢(x,0) dx, (437)

so that

/Qﬁo(x)(p(x,o) dx = /Quo(x,O)(p(x,O) dx,

Vo € C*®(Q2 x [0, T];R") such that ¢(x,T) = 0, in Q.
Therefore, we may infer that 1 (x,0) = lp(x) in this specified weak sense.
Similarly, it may be proven that

up =0, onoQ) x [0, T],

in an appropriate weak sense.
Hence, we have obtained that ug is a solution, in a weak sense, of the parabolic non-linear system
in question.

61. A Note on the Convergence of the Finite Elements Method

In this section we develop some remarks on the convergence of the finite elements method.
This section is based on reference [18], Chapter 7.

For the proofs not presented here and for more details please see reference [18], Chapter 7.
We start by recalling the following classical result.
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Theorem 12 (Lax-Milgram). Let V be a separable Hilbert space with a inner product
(,):VxV =R,

and related norm
l-:V— RT

llu|| = \/(w,u), Vu e V.

Leta:V x V — R be a bilinear form such that

where

1.  ais continuous, that is, there exists M > 0 such that
la(u,0)| < Ml[ul| ||lo||, Yu,v €V,
2. ais coercive, that is, there exists « > 0 such that

a(v,0) > a||v|?, Yu € V.

Moreover, let L : V — R be a linear and continuous functional.
Under such hypotheses, there exists a unique u € V such that

a(u,v) = L(v), Yo € V.

Definition 2. Let V be a Banach space. We say that a sequence {V,, } of finite dimensional subspaces of V is a
Galerkin scheme for V if for each v € V, there exists a sequence {vy} C US>, V,, where vy, € Vi, Vk € N, such
that

vy — v, strongly in norm, as k — oo.

Remark 29. Let O C R? be a polygonal set. A triangulation T of Q) is a finite union of subsets of Q, such that
1.

Q= UkeTK,
2. Eachset K € T is a triangle,

3. Foreach pair K1, Ky € T, such sets are quasi-disjoints, that is, their interiors are disjoint.

We define
h(T) = ?g%(dzam(K) =h,
where
diam(K) = sup{|x,y| : x,y € K}.

In such a case we also denote T = T,.
Moreover, we define

Vi, ={v e C(Q) : visaffineon each K € Ty, and v = 0, on 902 }.
We denote by a i the vertices in the triangulation Ty, where
jed{l,---,I(h)}.

Let {(pj} C V), be such that
piax) = 6, V1 < j,k < I(h).
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Here
1, ifj=k,
S = (438)
Observe that {@1,- - , @y } is a basis for V.
At this point we define
I(h)
Py(v) =) v(aj)gj, Yo e V.
j=1
Here we assume {Tj, };,~q be a reqular family of triangulations of Q).
Let {h,} C R* be a sequence such that
0<hyy1 <hy VneN,
and
lim h, = 0.
n—oo
We denote V, = V), and P, = P, , Vn € N.
Consider the Ginzburg-Landau type equation
—yV2u+aud —pu—f=0, inQ,
(439)
u =20, on .
Herey > 0,0 >0, > 0and f € L?(Q).
Assume u, € V), is a weak solution of this last equation, in the following sense,
V(Vitn, V) 2 + a(uy, ) 12
—Bun, @)1z = {f, )12,
= 0, VeV, (440)
We assume there exist uy € Hé N W1'°°(Q), r>0,a1 > 0and M > 0 such that
wrllu — UH%,Z,Q
< V(1 =0), V(1= 0))p + a3 (u,0)(u—0), (4= 0))2 = p{(1 — ), (1 = 0)) 2,
and

[7(V (= 0), V(1 = )}z + (381, 0) (1 — 0), (1 = w)) 12 = B{(4 = 0), (1 — )2
< Mlu—ovl1p0llu—wliza (441)

Yu,v,w € By(ug).
Here 1i(u,v) is on the line connecting u and v so that

u® — 0% =3 (u —v).

Similarly as we have done in previous sections, we assume ug and v > 0 are such that we may obtain
uy € Br(up), Vn € N.

Also similarly as in the previous section, we may consider such a ball either related to the H} (Q) norm or
the W (Q) one.

d0i:10.20944/preprints202302.0051.v88
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Let m,n € N be such that m > n.
Observe that u,, uy, € Vy, so that

Y (Vtm, V (s — ) 2 + (it (1 — ) 12

—Bum, (un — um)) 12 — (f, (un — tim)) 2
- 0 (442)

so that, for ¢ € V,,, we obtain
YV (= ), V (s — 1)) 12 + (1t — 13,), (ttn — 1)) 2

= Y(Vn = 1um), V (n = @)z + a{(uy = 103,), (un = 9)) 12

NV = um)) 2+ (g = 3), (@ — un)) 2
(= ttm), (@ = thm)) 12
= Y(Vun = 1um), V(9 = )2 + {05 = 103,), (9 — ttm)) 2
—B{(un = um), (@ = ttm)) 2- (443)

Summarizing, we have got

VIV (thy — i), V (thy — ) )2+ & (312 (1 — ), (g — 1)) 2
—B{(tn — tm), (tn — tim)) 2
= YV (= tm), V(@ — ) 12 + a(3ily (un — tm), (¢ — tm)) 12
—B((un — um), (¢ — um)) 2 (444)

Vo € Vy, where il is on the line connecting uy, and uy.
Here we recall that aq > 0 and M > 0 are such that

YV (un — ), V (U — tim)) 2 + “<3ﬁ%(”n —tm), (Un — Um)) 2

*ﬁ<(”n — Un), (Un — ”m)>L2
> wllun — umllisq (445)

and

YV (= 1), V(@ — )Y 2 + (3115 (tn — ), (@ — )2
—B{(un — um), (un — @)) 12
< Mlum —unlli20lle = umlli20, (446)

where ay and M does not depend on m, n.
From such results, we may infer that

M
[um — unll120 < acTHum —¢llip0 Yo Vy

so that M
l|ttm — ”n||1,2,0 < 071””"1 - Pn(”m)Hl,z,Q, Ym > n.
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Moreover, since u,, € H}(Q), there exists a sequence {v, = v{'} C C&(Q) such that

[0k — ttm

12,0 — 0, ask — oo.
From such results, for a not relabeled subsequence we have
vy = Uy, ae. in Q,

Vot = Vuy, ae. in Q.

Lete > 0.
From the Egorov theorem, for each m € N there exists a closed set F,, C Q) such that m(F,,) < ¢/2™ and

vy — Uy, uniformly in Q\ Fy,

Vot = Vuy, uniformly in Q \ Fy,.
Define F = U5, _, Fy, so that

m(F) < i (Fn) < i e/2" <.
m=1 m=1

Observe that there exists kg = k' € N such that if k > ko = kg, then

o —umlli20 <e&
and
K" — tmlleo,\Fp < &
and
IVoR' — Vi 0\, <&

Fixing m € N we may find jo € N (which does not depend on m) and I,, € N

!
1P (vy) = Pi(u) lo2,00F < Kig,

and
IVPi(v}) = VPi(up) logans < Kse, Vi > jo, VI > I € N, Vk > ky,

for some appropriate real constants Ky > 0, Ks > 0.
At this point we highlight that concerning the finite elements method ||u,,||1,c0 is uniformly bounded in m
so that
{10 1 k> K, m € N}

is also uniformly bounded in m and k > kj}'.
With such results in mind, fix n > jo and select m, > max{n,kg, In} so that for Ym > my, and k > k!,
we have

|Vt — VP (o)

02,Q/Fy,

< |Vum = Vog' + Voi' = VP (') lo2,0/F,
< [ Vum = Voillloza + I VOF = VPu(v) [loz,0/E,
< e¢+Ky/n, (447)

for some appropriate K7 > 0.
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From such results, we may infer that
| ttm = Pa(um))ll12,0
< lwm = Pu(og") + Pa(vf') = Pu(um))) 1,20
< lum = Pa(@f) 120 + [1Pa (@) = Pu(um) 12,078, + 1P (0") = Pa(ttm) 1,2,
< Ko(e+Ky/n+e’?), (448)
for some appropriate K9 > 0, so that
M
[tm —unll1p0 < a—l||”m = Pu(um) 12,0
< Kyle+Ky/n+€?), Ym > my, (449)
where M
K10 = Kg—.
a1
Therefore, if p,1 > my, then
M
[ur —unllip0 < 06—1Hul = Pu(u) 1,20
< Kiole+K7/n+e'’?) (450)
and
M
lup —unl120 < ’X—1||up = Pu(up)lho0
< Ky(e+Ky/n+e'/?), (451)
so that
| — Upll1i2,0 = luy — n + up — Up|l1,2,0
< lw = unllizo+ lup —unlli20
< 2K10(€+K7/ﬂ+81/2). (452)

Consequently, from such results we may infer that {u,} is a Cauchy sequence in H}(QY) so that there
exists ug € H(Q) such that
Uy — tg, strongly in H}(Q).

Let q) S Ul’lGNVn‘
Indeed, we have got

0 = lim (y(Vits, Vo) +a(u, ¢)y2
—Bun, €”>L2 —{f, @)12)
= 1 (Vuo, V)2 +alul, ¢) 2
—B{un, @) 12 — (f, ¢)12- (453)
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Summarizing, we may infer that
1(Vio, V) 12+ a(ug, ¢)p2
—Blun, @)1z = (f, 9)12
= 0, Yo € HY(Q). (454)

Therefore g € HJ(QY) is a weak solution of the equation in question so that, under the indicated hypotheses,
the finite element method is convergent.

62. A Dual Functional for a General Weak Primal Variational Formulation Combined with the
Newton’s Method

Let O = [0,1] C R and consider a weak variational formulation for a Ginzburg-Landau type
equation corresponding to a functional | : V x V — R, where

J(u,v}) :/ vl (—eu” + Au® — B u — f) dx,
)

wheree >0,A>0,B>0and f € Y = Y* = L?(Q).
Moreover u € V = WS’Z(Q).
Observe that the variation in v} of ], which stands for

9J(u,vy) B

v}
corresponds to the following Ginzburg-Landau type equation
—eu + Aud —Bu—f=0,inQ.
In a Newton type approach context, we linearize such an equation about a initial solution ug € V,

obtaining,
—eu” +3Audu —2Au} —Bu—f=0,inQ.

With such results in mind, we define the functional J; : [V]?> — R, where
J1(u, ug, %) = / vf (—eu” +3Audu —2Aul — Bu — f) dx.
0
We also define the functionals F : [V]> — Rand F, : V — R, where

K
Fl(u/uO/vT) :]](M,MO,UT)_FE/ uz dx/
Q

and K

_ &8 2

F(u) = 5 /Qu dx.
Moreover, we define the polar functionals F; : [V]?> x Y* — Rand F; : Y* — Raas
Fy (uo,v1,2") = sup{(u,z%) 12 — Fi(u,u0, 1)},
ueV
and
F(z") = sup{(v,z%)12 — F2(0)}
veY

_ % /Q (2*)? dx. (455)
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Finally, we define the dual functional J* : [V]? x Y* — R by
J*(uo, 01,2%) = —Fi (uo, 0, 2%) + 5 (27).
Remark 30. Observe that
F'(ug,v3,z") = sup{(u,z") 2 — F1 (1, u9,v7) },
ueV
and such a supremum is attained through the equation
d * *\)
30 ((u,z") 12 — Fi(u,up,v7)) =0,
which stands for
7" — (—e(v})" + 3Audv; — Bu}) — Ku =0,
so that
_ &(v})" — 3Audv; 4 Bu; + z*
u= X .
Consequently, we may obtain
1
Ff (ug,v7,2%) = oTe /Q(e(v’{)” — 3Auv} + Bo} +z*)? dx
v /Q (A3 + f)ot dx. (456)

Hence, the variation in v} of [*,
aJ* _ 9F(v])
v ov}

=0,

stands for
—eu” +3Auju —2Aul —Bu—f =0, inQ,
where, as above indicated,
e(v})" — 3Au3v; + Boj + z*
U= K .

We have obtained a critical of J* through the following algorithm.

—_

Setn =1, byp = 10™%, nyey = 100, 2§ = 0 and choose (up)1 € V.
2. Calculate (v]), € V such that
I ((40)n, (v1)n, z1)

=0,
Jv}
3. Calculate u, € V such that
aH(un/ (uO)n/ (’U’T)I’l/z;kl)
p— O,

Ju

where
H(u’ (U[)), U‘T’Z*) = <u/Z*> - Fl (ur uOr UT)/

so that

e(v])y —3A(uo)7(v])n + B(0})n + 2,
< :

Uy =

4. Set (ug)ny1 = upand z; | = Kuy.
5. If [ (u0)ns1 — (40)nlleo < b12 OF 11 > Myyay, then stop. Otherwise, n := n + 1, and go to item 2.


https://doi.org/10.20944/preprints202302.0051.v88

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2024 d0i:10.20944/preprints202302.0051.v88

294 of 319

Here we highlight that if il = limy, . u; with corresponding limits 9] and 2* = Kily, the solution
of equation indicated in the item 2, given by

aJ* (1, 07,£%)

ov} =0

will stand for
—edf + Ay — Biig — f =0, in Q.

We have obtained numerical results fore =01, A=B=1and f =1, in Q.
For such an optimal solution #y obtained please see Figure 44.

0.8 ]

04r b

Figure 44. Solution il (x) through the dual functional for ¢ = 0.1.

Here we present the software in MAT-LAB through which we have obtained such numerical
results.

1. clearall
globalm8d yoKuouzABelvl
m8=100;
d=1/mS§;
K=10;
A=1;
B=1;
el=0.1;
z(:,1)=0.1*ones(m8,1);
yo(:,1)=ones(mS8,1);
uo(:,1)=1.2*ones(m8,1);
for i=1:m8
xo(i,1)=1.2;
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end

b12=1.0;

k=1;

while (12 > 107%) && (k < 100)
k

k=k+1;

b14=1.0;

kl1=1;

while (b14 > 107%) && (k1 < 35)
k1

k1=k1+1;
X=fminunc(’funJune2024C10’,xo0);
bl4=max(abs(X-x0));

x0=X;

u(m8/2,1)

end;

b12=max(abs(u-uo));

uo=u;

z=K*u;

end;

for i=1:m8

x(i,1)=i*d;

end;

plot(x,u);

b b R R R

3 o 4 8 36 36 36 36 3 3 3 3 o 436 36 3 3 3 3 A A S KX K

function S=funJune2024C10(x)
globalm8 dyoKuouzABelvl
for i=1:m8

v1(3i,1)=x(,1);

end;

v1(m8,1)=0;
d2vi1(1,1)=(-2*v1(1,1)+v1(2,1))/d?;
for i=2:m8-1

d2v1(i,1)=(v1(i+1,1)-2*v1(i,1)+v1(-1,1)) /d3;

end;
for i=1:m8-1

: 1 July 2024

With the auxiliary function "funJune2024C10", where
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u(i,1)=(el * d201(i,1) + z(i,1) — 3% A x uo(i,1)?> x v1(i,1) + Bx v1(i, 1)) /K;

end;

u(m8,1)=0;

S=0;

for i=1:m8-1

S=S+(—el *d201(i, 1) * u(i, 1)) + v1(i,1) * 3% A xuo(i,1)® x u(i,1)

—Bx0l1(i, 1) *u(i,1) + K*u(i,1)2/2 — yo(i,1) * v1(i,1) — 2% A x uo(i,1)3 x v1(i, 1);
S=S —z(i,1) * u(i,1) — v1(i,1)2/2;

end;

S=-S;

B R R R R R R R X R R R S R R

63. A Dual Variational Formulation for a General Non-Convex Primal One

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 0Q).
Consider a functional | : V — R where

-7 .
J(u) = > /QVu Vu dx
+5 [0 = P dx = (w, f)rz, (457)
2 Ja
where v > 0,4 > 0,8 > 0and f € L?(Q).
Hereu eV = W&’Z(Q) and we denote Y = Y* = L?(Q).

At this point, we define the functionals F; : V =R, F : VXY — Rand F3 : V — R, where

Fi(u) = —%/QVu-Vu dx,

F(u,v) = — g Q(u —B+0v)rdx+= /u dx — (u, f)2;

K
=5 /Q u? dx,
for some constant K > 0.
Moreover, we define the following polar functionals

and

Fi(v1) = sup{(u,07);2 + F(u)}
ucV
- 2/ W2 (458)
Fy(v],v5) = sup{mf{( v{+z*>Lz+(v,vé>LzFz(u,v)}}
ueV
_ 1 (—vi‘+z*+f)2 i
2 205 —K

lex / (05)2 dx — B / o5 dx, (459)
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if vj € B*, where
“={vp €Y : |205]l0 < VK}

and,

F5(z") = sup{{v,z%)p2 — K(v)}

veY

_ 1 *\2
= ﬁ/n(z)dx

D* = {v{ eEY* o]l <

Finally, denoting

W~ 1

we also define J* : D* x B* x Y* — Rby

I (v1,v,2%) = F(v) —F(o1,00,2°) + F5(27)
K -] +z"+ f 0] 2 B —vi‘—f—z*—i—f_'_iz
2o -k T v, 205K K|y,
Observe that
K
JO1o5,2) = K] = B(0f 05,2 + 02— 5 [ 0 dx
Py A 2 —vi‘+z*+f+z*2
—K S| s B e A
205 — K V21,5 205 — K Kllys

so that

K
sup  J*(v1,05,2") = Fi(v]) — By (01),05,27) + (,27) 12 — —/ u? dx
(v7,2%)EY*xY* 2 Ja

Let ] € Y* be such that
G+ A f T

=0.
205 — K + —yV2
Let us now denote 5 42t 4 f .
o _ Ttz _ Y91
i =1i(z"v)) = 20; —K =T ove

Consequently
sup [ (vi,0h2") = —F [ Vi-Vidx

(v5,2*)EY* xY*
~20 % K ~2
+ (i IUO>L2+E/ i dx

—(#,2%) 12 + (1, f) 12

(u,z )z——/udx

]' * * * *
+2—/(vo) dx+,B/Qvodx, vzt e Y.
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Considering that z* is arbitrary, in particular for 7 = ii(z*, US) = u, we obtain
sup  J(01,05,2") =~ [ Vu-Vudx
(v5,2*)EY* XY™ 2 Ja
+(u?, v} 2 + 5/ u? dx — (u,z") 2
2 Ja
K
+(u,z*) 2 — —/ u? dx
1
ton / (v5)? dx+[5/ v dx
> inf {—/ Vu-Vudx+(u,f)
vFEY* 2
(12, 08) 12 + o / dx+/3/ o) dx} (465)
From such results, we may infer that
KoKk Y & 2 2
sup  J*(v],v5,2") > —= | Vu-Vudx— < | (u”—p) dx+ (u, f)p
(v5,2%)EY* XY™ 2 Ja 2 Ja
= —J(u),VueV, vyeY" (466)
Therefore,
stagscy+ sup J*(v1,v5,2%) p > sup{—J(u)},
(vT,z*)eY*xY* ueV
where the notation sta,scy+ refers to a stationary point of the functional in question.
Now let (97,9, 2 A*) € D* x B* x Y* be such that
O] (07,05,2°) =0
Let ug € V be such that
2%
u() — f
Similarly as in the previous sections, we may prove that
6] (uo) =0,
and
J(uo) = J* (01,95, 27),
so that for K; > 0 large enough, we have
—J(uo) = sup{—J(u)}
ueV
= (65,2
= sup  J*(v1,9p,2"). (467)

(z*07) Y xY*
The objective of this section is complete.

64. A New Convex Dual Variational Formulation for a Galerkin Type Non-Convex Primal One

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by o).
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Consider a functional ] : V x [Y]?> — R where
1 u? 2\
J(u,v9,v1) = E/Q —eV2u +vou — f + 01 +K7+K70 dx
2

1 T o

z K— + K2
+2/Q<01+ 2—1— 2) dx
+% /Q(vo ~A(? —B))? dx. (468)

Heree >0, A>0, B>0, K>0,f € [2(Q)NL2°(Q),u € V=Wy?(Q), 05,01 €Y = Y* =
L2(Q).
Observe that the minimization of | corresponds to the solution of the following system of

equations:
12 2
—eV2u +ogu — f + 0y —i—K? —|—KEO =0, inQ,
2 2
o1 +1<”7 +K% —0,in0,
and

vy — A(u* — B) =0, in Q.

From such a solution we may obtain the solution of the following Ginzburg-Landau type equation:
—eViu+AW? —B)u—f=0,inQ,

which is our final objective in this section.
Define the approximate relaxed functional J1 : V x [Y]?> — R where

€
J1(u,vo,v1) =I(uo,vo,vl)+§/nv% dx,

where €1 > 0 is a small real constant.
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Observe that

Ji(u,v9,v7) = —<—8V2u+vou—f+vl+K -I—K— vl>

2
2/ (—8V2u+vou—f+v1+l< +K=2 ) dx

2 2
<01+K —I—K—,vz>
02
2/ 01+K2+K2 dx
1
A2 * 1 CA(12 _ R))2
<vo Au B),03>L2+2/Q(vo A(u®— B))" dx
u? v3
+ —8V2u+vou—f+v1~l—1<7+1<70,v{
L2
) 2
+<01+K +1<30 >
-|-<Z)0—A(u2 t> / v? dx
Jify{_<wl’UT>L2+§/()w% dx}
. , 1
+u}zrlefy{—<w2,02)Lz+§/()w% dx}
. * 1 2
+wl3réfy{—<w3,v3>Lz+§/Qw3 dx}

2 UZ
+ inf —sVzu—HJou—f—i—vl +Ku— +K—O,UT
(u,09,01)EV X Y2 2 2 12

b
K— + K-, v;
+ {01+ 2+ 57
+<vo— (u®> - B), 2/vldx}

= - (Ul)zdx——/g(vz) dr— 3 [ (@7 dx

—F*(v],v3,v3), Yo' = (v],03,03) € A%, (469)

Y

where
A* ={v* € [Y*]® : vj+v5 >0and v} <0, inQ, v} =0, ondQ}.

Also
F*(v*) = F*(v],03,03)

02 2
= sup {—<—8V2u+vou—f+vl+1< -I-K?O *>
2

(1,09,01)EV x Y2

2 2
—(n +KL —I—K@,v;
2 "2

. €
_<vo—A(u2_B),v3>L2 — %/QU% dx}. (470)
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Hence, defining J; : A* — R by

**—_1 *)2 _1 *\2 _1 *\2 k(%
Ji@) = =5 [ dr—5 [ @dx—3 [ (©)?dr—F@),
we have obtained

inf J1(u,v9,0v1) > sup J;(v").

(u,‘UO,‘(Jl)EVX[Y]Z v*EA*

Remark 31. We highlight that for K > 0 sufficiently large, |{ is concave on the convex set A*. Moreover, this
last inequality is in fact an equality so that there is no duality gap between such approximate primal and dual
formulations.

64.1. A Numerical Example for a Related Similar Functional

In order to obtain numerical results we proceed in following fashion.
Firstly we define QO = [0,1] C R and in a Newton’s method context, we linearize the
Ginzburg-Landau equation in question namely,

—eu’ + Au® —Bu—f =0, inQ
about an initial solution ug, obtaining the following approximate equation
—eu” +3Auju — 2Aul — Bu— f =0, in Q.

Now we define the functional J; : [V]? x [Y*]> — R, where
* ® ok _ o 2. 3 _ _ E 2 %
Ji (u,up, wy,07,v3) = eu" +3Auju —2Auy — Bu — f +wq + !
L2
K 2 % 1 *\2 1/ *\2
= — - - - . 471
+<w1+ U ,02>L2 2/0(01) dx 7 Q(vz) dx (471)

Again, similarly as in the Newton’s method approach, we obtain a quadratic approximation for
the non-quadratic terms

Euz(vi‘ +v3),
2
expressed by

* * K * *
Ku?((v3)o + (v3)0) — Eu%(?h +03).

With replacements in mind, we define the functional J; : [V]? x [Y*]> — R, where
5 (u, ug, wy, 07,05, (v7)o, (v3)0) = <—£u" +3Audu —2Au3 — Bu — f, UT>L2
K
2 2
(K, (0)o + (03)0) , — <2u0,v’{ + v;>

+<ZU1,'01 +02>L2_§,/Q(vl)2 dx_i,/()(UZ)Zd

L2

=

(472)

Let i € V be such that

9J; (u, ug, w1, 07,93, (07 )o, (03)o)
u

=0,

u=il

so that we define the functional J; : V x [Y*]> — R by

J5 (1o, w1, 01,03, (07)o, (v2)0) = J5 (&, uo, w1, 01,03, (7)o, (92)o)-
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The variation in o7 of J3 stands for
9J3 (1o, w1, 01,95, (01)o, (v3)0) 95 (&, uo, w1, 07,93, (v1)o, (v5)o) Ot
Jv} ou Jv}
a]; (ﬁ/ Uup, w1, v{/ U;, (UT)O/ (U;)O)
+ x
v}
_ 3 (0m0,w1,97,93, (0o, (03)0) W)
v} )
Similarly, the variation of ] in v3, stands for
93 (uo, w1, 01,03, (07)o, (v3)0) _ 9J3 (& up, w1, v7, 3, (vF)o, (v3)0) O
Jv; ou Jv;
93 (@, uo, w1, 01,93, (0o, (93)o)
Jv;
_ 9J5(#, ug, w1, 97,93, (v1)o, (v5)o) (474)
v} '

Summarizing, a critical point of J; must satisfy the following equations:

oJ5 (1, up, wq, v3, 0%, (v5)o, (V5)0)

ou =0

which stands for
—&(v})" + 3Audv} — Bo} 4+ 2Ku((v})o + (v3)0) = 0,

9] (@, o, w1, 01,3, (v1)o, (03 )o)

ov} =0

which stands for

K
—eu’ +3Audu — 2Aud — Bu — f +w; — Eu% -0 =0,

9] (i, uo, w1, 01,3, (v1)o, (03 )o)

v} =0
which stands for
2 *
w) — Uy —uy; =0,
1 2 0 2
and * (A * * * *
93 (1, ug, w1, 07,95, (0o, (03)0) _
8w1 !
which stands for
vi +v5, =0.

It is worth highlighting such a system is linear in (u, wq, v}, v; ) so that we have obtained numerical
results, in a Newton’s method context, through the following algorithm.

1. Setn =1,byp =104, nyax = 100, (v3)o =04, (v3)o =04 and () = 1.2.
2. Calculate (uy, (w1)n, (v5)n, (v3)n) such that the following linear system of equations is satisfied

(a)
9J3 (ttn, (10)n, (@1)n, (03)n, (¥3)n, ((¥1)0)m, ((©3)0)n) _
ou !
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(b)
9J5 (tn, (40)n, (w1)n, (07 )n, (03 )n, (07 )0)n, ((v5)0)n) —0
ov] !

(c)
9J3 (4, (tt0)n, (w1)n, (03)n, (v3)n, ((01)0)n, ((©3)0)n) _
ov} g

(d)
9J3 (ttn, (10)n, (@1)n, (03)n, (03)n, ((¥1)0)m, ((©3)0)n) _ o

8w1

3. Set (”0)n+1 = Uy, ((UT)O)n—H = (UT)n/ and ((Ué)O)n—H = (Uz)n-
4. If |[(10)n+1 — (H0)nlleo < b12 OF 11 > Mypyy, then stop.

Otherwise n := n + 1 and go to item 2.

We have obtained numerical results fore = 0.01, A=B=1and f =1, in Q.
For such an optimal solution 7l obtained please see Figure 45.

081 b

0.6 b

Figure 45. Solution il (x) through the dual functional for ¢ = 0.01.

Here we present the software in MAT-LAB through which we have obtained such numerical
results.

N —
1. clearall

global m8 d you Kel A B vl v2 uo vol vo2 K1

m8=200;

d=1/mS;

K=10;

K1=38;

el1=0.01;

A=1;

B=1;

uo(:,1)=1.2*ones(m8,1);
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yo(:,1)=ones(ms8,1);
vol(:,1)=0.4*ones(m8,1);
vo2(:,1)=0.4*ones(ms,1);
x0=1.2*ones(4*m8§,1);

bl14=1;

kl=1;

while (b14 > 107%) && (k1 < 100)
k1

k1=k1+1;

b12=1;

k=1;

while (b12 > 107%) && (k < 25)
k

k=k+1;
X=Isqnonlin(’funJune2024DC25’,x0);
b12=max(abs(X-x0));

x0=X;

u(m8/2,1)

end;

bl4=max(abs(u-uo));

uo=u;

vol=vl;

vo2=v2;

end;

for i=1:m8

x(i,1)=i*d;

end;

plot(x,u);

Bttt R S R
With the auxiliary function "funJune2024DC25",

3 o e 4 38 38 36 36 3 3 3 3 o o 38 3% 6 e eSS

1. function W=funJune2024DC25(x)
global m8 d youKel ABvlv2vol vo2 uo
for i=1:m8
u(i,1)=x(@,1);
v1(i,1)=x(i+m8,1);
v2(i,1)=x(i+2*m8,1);
w(i,1)=x(i+3*m8,1);
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end;

v1(m8,1)=0;

u(m8,1)=0;

d2v(1,1)=(-2x01(1,1) +01(2,1))/d>;
d2u(1,1)=(—2*u(1,1) +u(2,1))/d?

for i=2:m8-1

d2v1(,1)=(v1(i +1,1) — 2% 01(i,1) + v1(i — 1,1))/d%
d2u(i,V)=(u(i +1,1) — 2% u(i, 1) + u(i—1,1))/d>%;
end;

for i=1:m8-1

W(i,1) = —el xd20v1(i,1) +3 % A*uo(i,1)?> * v1(i,1) — B*v1(i,1) + 2 * K+ vol(i,1) * u(i,1) +
2% K*002(i,1) %« u(i,1);

W(i+m8,1) = —el xd2u(i,1) +3% Axuo(i,1)>*u(i,1) —2*uo(i,1)>x A — B*u(i,1) —yo(i,1) +
w(i, 1) — Kxuo(i,1)?/2 — v1(i,1);

W(i+2xm8,1) =w(i,1) —Kx*uo(i,1)2/2 — v2(i,1);
W(i+3%m8,1) =0vl(i,1) +v2(i,1);
end;

34 4 4 36 3 3 3 3 3 S S 34 34 3 NN

65. A Convex Dual Variational Formulation for a Burger’s Type Equation

LetQ =[0,1] C R.
Consider the Burger’s type equation

(475)

Viuyy — U Uy =0, inQ),
u(0) =1, u(1) =0.

Here v > 0 is a real constant.
Define the Galerkin type functional | : V — R where

J(u) = %/Q(vuxx —u ux)2 dx,

and
V={uecW?Q) : u0)=1, and u(1) = 0}.
Denoting Y = Y* = [2(Q)), define F; : Vx Y* - Rand F, : V x Y* — Rby
Fi(u,v]) = % / (Viyy — 1ty + 0} 4+ Ku? + Ku?)? dx,
Q
and

1
Fy(u,v7) = 3 /Q(vi‘ + Ku? + Ku?)? dx,

respectively. Here K > 0 is an appropriate large real constant.
Define also J; : V x Y* — R by

J1(u,07) = F(u,07) + Fa(u,07}),
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Observe that
]1(M,UT) = Fl(“ﬂﬁ) +F2(u 01)
= —(v] +Vixy, Uy) 12 — (4, 03) 12 — (1, 03) 12 + Fi (1, 07)
—(07,07) 12 — (4, 05) 12 — (U, V) 12 + F2(u,07)
+ (V] 4+ Vityy, ) ) 12 + (U, 05) 12 + {1y, 03) 12
+(01,07) 12 + (4, 05) 12 + (U, V5 ) 2
> in {—(v1,93)12 — (v2,03) 12 — (v3,05) 12 + Fi(v1,02,03) }
(v1,02,03)€[Y]3
+ inf  {—(v1,05) 2 — (02, 05) 2 — (03,05) 12 + Fa(v1,02,03) }
(v1,02,03)€[Y]?
+ inf {{v] 4+ Vityx, ) ) 12 + (U, 05) 12 + {1y, 03) 2
(u07)EVXY*
+(01,07) 12 + (U, v5) 12 + (ux, vg) 2}
— —F (0}, 03,0%) — B3 (05,4, )
+v(v1)x(0)up(0),¥(u,v]) € Vx Y*, Yo* € A*N B, (476)
where
A" ={v* = (v},v3,03,05,05,07) € [Y"]6 s v(v))xx + 05 — (03)x =0, inQ},
B* = {v* € [Y*]° : v >0, 0, >0, v; +v; =0, in Qand v;(0) = v;(1) = 0}.
Moreover, denoting
- 1
Fi(v1,vp,v3) = 5 /Q(Ul — 003 + Ko} + Ko)? dx,
and .
Fi(v1,03,03) = E/ (v1 4 Kv3 + Kov3)? dx,
Q
for v* € B*, we have
Fi (v},03,03)
= sup {<01/UZ>L7- + (v2,03) 12 + (v3,03) 12 — Fi(v1, 0, 03)}
(01,02,03)€[Y]?
1 (20503 + 2K((v5)* + (v5)?)) 1 2
- dx + = / 92 gy, 477
2(I<2—1)/ v XH 3 Jo0h)dx 477
E; (07,03, 5)
= sup  {(01,07) 2 + (v2,05) 12 + (03,08) 12 — F2(v1,02,03) }
(v1,02,03)€[Y]3
1 (0%)? 1 (vg)?
- = dx + — / 1. 478
Ko o5 T oz T2 o)’ (478)

Here we define J* : [Y*]® — R by
J*(0") = =F (v}, 03,03) — F5 (07,05, 0) + v(01)x(0)uo(0).
It is worth highlighting we have got

inf  Ji(u,0}) > sup J'(v").
(u,v]*)EVxY* v*EA*NB*
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Finally, we also emphasize that J* is convex (in fact concave) in the convex set A* N B* so that we
have obtained a convex dual formulation for an originally non-convex primal dual one.

Remark 32. The conditions which define B* must be replaced by those concerning the reqularized set
Bl = {v* € [Y]° : v >¢ 05 >¢ v} 405 =3¢ in Qand v} (0) = vj(1) = ¢}

for an appropriate real constant 0 < e < 1. Therefore, through B, we may define an approximate dual
formulation so that will be particularly interested in the system behaviour as

e— 0.

66. A Convex Dual Variational Formulation for an Approximate Navier-Stokes System

Let QO C R? be an open, bounded and connected set with a regular (Lipschitzian) boundary

denoted by Q2 = S.
Consider the approximate incompressible and time independent Navier-Stokes system, where

szu—uux—vuy—szo,

szv—uvx—vvy—Pyzo,

47
V2P+u§+v§+2uyvx =0, in ), (479)
u=uy, v=1uvy P=DP, ono() = S.

Here v > 0 is a real constant. Moreover, n denotes the outward normal field to Q) = S.
Define the Galerkin type functional | : V — R, where

J(u,0,P) = %/ (szu — Uy — 0 Uy — Px)2 dx
Q
1
+§/ (vV?v —u vy —v vy — Py)? dx
o)
1
t5 /Q(VZP +u? + 05 + 2uyvy)? dx, (480)

and
V={u=(u,0,P) e W2,R? : u=up, v=u0vyand P = PyondO}.

Denoting Y = Y* = [?(Q), define F; : VxY* = R K :VxY" - R F:VxY" — R,
F:VxY" 2R E:VxY" wRand F: VxY* = Rby

Fi(u,05) = % /Q(Nzu — 1 1ty — v uy — Pe+ Ku? + Ku? + Ko? + Ku? + v39)? dx,
F3(u,v5) = % /Q(V2P + 1y + 0y + 2uy vy + Kuj + Koy + Ko} + Kuj + 03)? dx,
Fy(u,v59) = % /Q(Ku2 + Ku2 + Ko? + Ku? + vi)? dx,

1
Fs(u,v5) = 5 /Q (Ku® 4 Kv} 4 Ko* + Koj + vg)? dx,

and
1
Fo(u,070) = 5 /Q(Kui + Ko, + Koy + Kujy, + v3)? dx,

respectively. Here K > 0 is an appropriate large real constant.
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Define also J1 : V x [Y*]> — R by
J1(w,v50,v50,079) = Fi(u,v5)) + Fa(u, vgp)
+F3(u,v79) + Fy(u, v5)
+F5(u,vg0) + Fs(u,079)- (481)
Observe that
J1(u,v50,vg0,970) = Fi(u,v5) + F2(u,vgp)

+F3(u,v79) + Fa(u, v59)
+F5(w,vg9) + Fo (u, 070)
= —(v5+ vV — Py, 01) 12 — (1,03) 12 — (Ux, v3) 12
0,v3) 2 — (uy, v5) 2 + Fi(u,050)
Vg + V20 — Py, 0g) 12 — (,05) 12 — (02, 08) 12
0,v9) 12 — (vy, V1p) 12 + F2(w, v50)
50 + V2P, 05y )12 — (i, 03) 12 — (0, 033) 12
0x, 01g) 12 — (Uy, V15) 12 + F3(w, 07)
V50, Vi6) 12 — (U, Vi7) 2 — (U, Vig) 12
0,019) 12 — (uy, 30) 12 + Fa(u, v59)
60, 021) 12 — (U, U32) 12 — (U, U33) 12
s Vaa) 12 — vy, U35) 12 + F5(u, vgp)

o

V70, U36) 12 — (U, V37) 12 — (Vy, V3g) 12
Ux, U39) 12 — Uy, 30) 12 + F(u, 07)

—(
—(
—(
—(
—(
—(
—(
—(
—(
—(
—(
(030 + vV2u — Py, 07) 12 + (,05) 12 + (uz, 03) 12
(
(
(
(
(
(
(
(
(
(
(

t 4

0,03) 12 + Uy, v5) 2

+{vgo + V0 — Py, 02} 2 + (1, 05) 12 + (02, 05) 12

+

v,0g) 12 + (vy, Vo) 12

50 + V2P, viy) 12 — (tx, 03) 12 — (0, 033) 12

Ox, Vi) 2 + (Uy, 015) 12

V50, V16) 12 + (4, 077) 12 + (U, V1g) 2

0,019) 12 + (uty, V30) 12

Vg0, V1) 12 + (1, 032) 12 + (0x, 33) 12

+(0,v34) 12 + vy, U35) 12

+(v70, V36) 12 + (tx, V37) 12 + (Vy, V2g) 12

+(0x,29) 12 + {1y, 030) 12- (482)

+ + + +
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From such a result, we obtain
J1(u, 03, v50, v79)
> inf ~ {—(01,07)12 — (v2,v3) 2 — (v3,03) 12
(v, v5)€[Y]5
—(04,93) 12 — (vs,03) 12 + Fi(v1, -+, vs)}
inf  {—(ve,vg) 12 — (v7,07) 12 — (08, 08) 2
(06, v10)€[Y]®
—(v9,03) 12 — (010, V1g) 12 + Fa(v6, - - -, 010)}
in {=(v11,071) 12 — (v12, 012) 12 — (v13, 013) 12
(011, v15) €[Y]?
—(014,v14) 12 — (015, V35) 12 + F3(011, - -, v15) }
in {—(v16,vi6) 12 — (v17,017) 12 — (v18, Vig) 12
(016, v20) €[Y]?
—(019,v19) 12 — (020,v39) 12 + Fa(v16, - - ,v20) }
(021,--311;1;)6[)(]5{_(021,v§1>L2 — (022, 032) 12 — (v23,V23) 2
—(024,034) 12 — (025,035) 12 + F5(v21, -+, v25) }
i {— (26, v36) 12 — (v27,037) 12 — (v28, U38) 12
(v26,+ v30) €[Y]?
— (029, 030) 12 — (030, v50) 12 + Fo(v26, -+, v30) }
+ inf {0 + vV?u — Py, 0}) 12 + (,05) 2 + (ux, 03) 2
(w,030,080,079) €V X [Y]?
+(v,v3) 12 + (uy, v5) 12
— {0ty +vV20 — Py, vg) 2+ (u,05) 12 4 (vx, v8) 12
+(v,v5) 12 + (vy, 07p) 12
+(v50 + V2P, 051 )2 + (1x, 03) 12 + (0, 073) 12
+(0x, i4) 12 + (y, 015) 12
+(050, V16) 12 + (4, V17) 12 + Uz, V1g) 12
+(v, 079) 12 + (uy, 030) 12
+(060, V31) 12 + (U, V3) 12 + (0, U33) 12
+(0,034) 12 + vy, U35) 12
+(070, V26) 12 + (Ux, Va7) 12 + (0y, V2g) 12
+(vx, 039) 2 + {1y, 030) 2}
= —F(v], - ,05) = F(vg, - ,v5p) — B (011, -+, vi5)
—Fj (vig, -+, 050) — F5 (031, -+ ,035) — Fg (v36, -+, 050)
+ /m (Vi -n) dS + v /aQ 00(VoE - n) dS + /aQ Py(Vol - n) dS, (483)

if v* = (vj,---,05) € A" NB*, where A* = A} N A; N A3,

A} = {o* e Y vV + o) — (v5)x — (03),
07 — (v12)x — (V14)y + 017
—(vig)x — (v30)y — V3 — (v39)y =0, in Q}, (484)
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* * *130 .k 2% (%) %
A = {o" e [Y']” : vp+vViug — (vg)x — V5
—(v10)y — (v15)x + V19 — (033)x
+034 — (v35)y — (v28)y — (v39)x =0, in Q}, (485)
Ay = {0 e Y 1 (v])x+ (08)y + Vi =0, inQ}, (486)
B* = {v'e [Y*]30 1 0]+ 0] =0, vg +v5 =0, v]; +05 =0,
UT 20; 02201 viklzor
vl >0, v37 >0, v3g >0, in O,
v] =vg =v}; =0, on o0} (487)

Moreover, denoting

- 1
Fi(oy,--- ,0s) = 5 /Q(vl — 003 — V405 + K0} + Ko} + Kof + Ko?)? dx,

- 1
B(vs, - ,v10) = 2 /0(06 — UyUg — U9U1( + Kv% + Kv§ + Kv% + KU%O)Z dx,

N 1
F3 (011, s, 015) = E /Q(Ull + U%Z + U%g + 20147]15 + KU%Z + KU%::, + KU%4 + KU%S)Z dx,

- 1
Fy(v16,- -+ ,v20) = 5 /0(016 + Koi; + Kuig + Kvjg + Kvgy)? dx,
- 1
F5(va1,- -+ ,v25) = 2 /Q(Uzl + Kv3, + Kvgs + Kuj, + Kvgs)® dx,

- 1
Fo(va6, -+ ,v30) = 5 /0(7726 + Kuva, + Kudg + Kvdg + Kvgy)? dx,

we have

F (0, ,035)
= sup  {(v1,01) 12 + (02,03) 2 + (03,03) 2
(v1,v5)€[Y]5
(v4,93) 12 + (v5,05) 12 — F1(v1, -+, 05)}
1 / 20505 + 2050% + 2K((05)% + (05)? + (v])% + (0v%)?) i
2(4K2—1) Ja ;

)
1 *\2
+5 /Q (05)? dx, (488)
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5 (vg, -+, v1p)
= sup {(vs,v5) 12 + (v7,07) 12 + (v8,08) 2
(-06/"'f7110)€[y]5
(v9,v5) 12 + (v10, V10) 12 — 15“2(06, e, 010) )
B 1 / 20508 + 20505, + 21(((0?)2 + (v§)2 + (03)2 + (0{0)2) "
- 2(4K2—-1) Jo v}
1
+3 /Q(vé)2 dx, (489)
F?T(Uflf' “+,U]s5)
= sup {(v11,011) 12 + (v12,01) 12 + (V13,013) 12
(v11,+ v15) €[Y]S
<Ul4/ UT4>L2 + <Ul5/ UTS>L2 - F3<'011, e ,U]5>}
_ 1 / (—1+K)((v5,)? + (v53)%) + K(v54)? — 205,035 4 K(v5)? dx
 4(K2-1) Ja v},
1
+3 /Q(v’{l)2 dx, (490)
FI(UT@' “,U30)
= sup {(v16,v16) 12 + (v17,017) 12 + (v18, Vg) 12
(-016/' o /UZO)E [Y]S
(Ul9/ UT9>L2 + <020/ Z);0>L2 - ?2(015/ e 1020)}
_ 1 / ((v3)* + (v1)* + (©59)? + (050))
4K Jo 01‘6
1
+5 [ @i dx, (491)
ﬁs*(vﬁv‘ “,U35)
= sup  {(v21,031)12 + (v22,05p) 12 + (023, V33) 12
(021, v25)EY]?
(v24,054) 12 + (025, 035) 12 — F5 (021, - -+, v25) }
_ i/ ((v3)* + (035)* + (v3)* + (v35)%) dx
4K Jo vjl
41 / (v%)? dx (492)
2 Q 21 4

ﬁék(v%r“' ,V30)

= sup  {(v26,036) 12 + (027, V37) 12 + (V28, V3g) 12
(026, v30) €[Y]®

(v29,v39) 12 + (v30,030) 12 — F6 (025, -, v30) }
_ i/ ((v37) + (035)* + (v39) + (v39)%) dx
4K Jo U3

1 «
+§ /0(026)2 dx. (493)
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Here we define J* : [Y*]*Y — R by

(") = —F (v, ,05) = F (v, ,v5p) — F5 (071, - ,vi5)
—FI(UT(,/' "+, U3) —Fg(vélz' "+, U35) —Fé*(?’;s/‘ “+,030)

Voin)ds+v [ oo(Vogn)dS+ [ Ry(Vein)ds, (49
—H//aQuo( vi-n)dS+v ano( ve -n) dS+ o 0(Vvi; - n) (494)
It is worth highlighting we have got

inf J1(uw,v50,v0,v70) = sup J*(0%).
(u/v;()/vg(]/v;())evx [YP v*e A*NB*
Finally, we also emphasize that J* is convex (in fact concave) in the convex set A* N B* so that we
have obtained a convex dual formulation for an originally non-convex primal dual one.

Remark 33. Here we highlight the conditions which define B* must be appropriately regularized through a
small parameter
0<ex,

similarly as we have done in the previous section.

67. A D.C. Type Dual Variational Formulation for a Burger’s Type Equation

In this section we shall write a primal Galerkin type variational formulation for a Burger’s type
equation as a difference of two convex functionals (the so called D.C. approach) and establish a related
convex dual variational formulation.

LetQ =101 CR.

Consider the Burger’s type equation

Vilyy —U Uy =0, in(),
{ u(0) =1, u(l) =0. (495)

Here v > 0 is a real constant.
Define a Galerkin type functional | : V — R, where

J(u) = %/Q(vuxx —uuy)? dx,

and
V={ueW?Q) : u0)=1, and u(1) = 0}.
Denoting Y = Y* = L%(Q), define F;, F, : V x Y* — Rand F3,F; : V — Rby
x 1 x 2 212 Ky 2
F1(u,1)50):5/(vuxx—uux+v50+1<u + Kuy)” dx + — > / dx+—/ u2 dx,
0
* 1 x 2 2\2 K[
Fz(u,vSO):E/(050+Ku + Kug)” dx + — 5 / dx+—/ u dx,
0
R =5 [ v+ B[k an
and

u):%/u dx+—/u dx,

respectively.
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Here K, K; > 0 are appropriate large real constants such that
Ki > K.

Definealso J; : V x Y* — R by

J1(u,050) = Fi(u,v50) + F2(u,v50) — F3(u) — Fa(u),

Observe that

inf J1(u,v%)) =0,
(u,v5,)EV XY™ ( 50)

so that, denoting

- 1
F1(7J1,02,U3) = 5/(1(01—0203—1-1(0%4-1(0%)2 dx+—/ 02 dx—i——/ U3 dx,

E>(vg,v5,06) = 2/ (v + Kvg + Kov2)? dx—l——/ v4) dx—i——/ v5)? dx,

- K K
Bz =5 [@Par+ 3 [ @)

we have

0<i(u,v5) = F(u,05)+ F2(u,05) — F3(u) — F(u)
= - uIZT'>L — (ux, 23) 12 + Fi (1, v50)
”x/ZDLZ +F2(” 50)
u)
u)
1, 50)
1, 50)

+ sup {(z1,2])p2 + (22,25) 2 — B3(z1,22) }
(z1.22)€Y

sup {(z3,23)12 + (24,21) 12 — ﬁ4(z3,Z4)}
(Z3,Z4)€Y

= {7 )2 — (ux23)12 + Fi (1, 05)
—(u,23) 12 = (1, 23) 12 + Fa(u, 050)
VB (z1,25) + B (z5,23), Yu eV, (- ,2;) € [V~ (496)

Uyx,2y

—{
+ (ux,22) 12

12+ (ux, 23) 12 P4
— (ux,23)

IN
|

Ux,Z5)12 +F

/\/\/-\/-\

—(u,z3) 2 — (ux,z3) 2 + B2

From such results, similarly as obtained in [5], we may infer that
0= inf u,vs
(u,vgo)GVth( 50)

inf  {—(u,z7,) 12 — (ux,23) 12 + Fi (1, 05)
(u,v8,)EVXY

—(u,z3) 12 — (Ux, 23) 2 + Fa(u,050) }
+E5(23,25) + Ff(23,23), V25 = (zf,- -+ ,z}) € [Y*]4. (497)

IN
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On the other hand, observe that
—(u, 27, )12 — (Ux, 23) 2
— (Ve + 050,07 ) 12 — (4, 03) 12 — (Ux, 03) 12 + F1 (4, 05))
—(u,z3) 12 — (Ux, 21) 12
— (050, V) 12 — (U, V) 12 — (U, U5) 12 + F2 (1, 050)
+(Vitxx + U509, 07 ) 12 + (U, 03) 2 + (Ux, 03) 2
+(v50, V) 12 + (4,01 ) 2 + (U, U5) 2
> inf —{1vy,2 —(v3,z
>t ({5
—(v1,07) 12 — (02,03)12 — (v3,03) 2 + Fi(v1,02,03) }
+ inf —(v4,2 —{vs, 2,
P (o E) e (o 2
_<v6r Ug) 2 — (va,03) 12 — (U5,05) 12 + Fy(v4,v5,06) }
inf  {(vixx + 050, v7) 2 + (0, 03) 12 + (U, 03) 2
(u Vi) EV XY
+(v50,vg) 12 + (4,01 ) 12 + (Ux, U5) 2}
= —F(v],05,03,2,25) — F5 (0,03, 0§, 23, 23) — v(07)x(0)u(0), (498)
if v* = (vj,---,v) € A* N B*, where
A* = AT N A3
A7 ={v" € [Y*]° ¢ v(0])ax + 05 — (03)x +0; — (03)y =0, inQ},
={v* € [Y*]® : vi +vi =0, v} >0, v; >0, inQ},
and
B* = {v* € [Y*]® : v} (0) = vi(1) = 0}.
At this point we recall that
Fi (v7,v3,93,27,23)
= sup {{v2,2]) 12 + (v3,23) 12
(01,02,03)€[Y]?
+(01,97) 12 + (02, 93) 12 + (v3,05) 12 — F1 (01,02, 03) }
Ky [ (v5+z])%+ (v5+25)2
= — dx
2 Ja (2Kvj +K7)? — (v])?
+/ (01)?((v3 4+ 27)(v5 + 2z3) + K(v3 + 27)? + K(v3 + 23)?) "
(2Kvt + Kq)? — (v5)?
1 2
+5 /Q (0})? dx, (499)

5 (v},03,0¢,23,24)
= sup  {(vs,23)2 + (v5,23) 12
(04,05,06)€[Y]3
+(ve, Vg2 + (04, v3) 12 + (vs,08) 12 — Fa(vs,05,06) }

_ (v} +23)° + (vi +23)* 1/ )2
- 2/ tEe dx+ 5 | (04) dx, (500)
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Fi(z1,z5) =  sup {(z1,2])p2 +(z1,2]) 12 — F3(21,22) }
(z1,22)€[Y]?
— L/(Z*)Z dx 4 (23)? dx (501)
2K1 O 1 2K1 0O 2 ’
and
Fi(z3,2z3) =  sup {(z3,23)12 + (za,2}) 2 — Falzs,24)}
(Z3,Z4)E[Y]2
- | @7 dx + — JRERE (502)
T 2Ky Ja'? 2K Ja'\ 4 :

Moreover, for K; > 0 sufficiently large, up to a restriction for the dual variables related to a ball of
radius proportional to Kj, from the standard results on convex analysis and duality theory, we have

(u,vgglerxY{7<u’ZT’>L2 — (ux,23) 2
—(Vitxx + 050,07 )12 — (4,03, ) 12 — (tx, 03) 12 + F1 (1, 059)
—(u,z3) 12 — (ux,23) 2
—(v50, V)12 — (1,03, )12 — (tx, 05) 12 + F2 (1, 050) }
= sup {-F(0],v3,93,2],2) — F; (0,05, 05,25, 23) — v(07)x(0)u(0)}. (503)
v*€A*NB*

Consequently, from such results and (497) we have got

0= inf , 08
(u,vgglGVth(u 050)

< inf { sup {—F(07,03,05,2,23) - F (0,08, 05,35, 23) — v(of)x (0)u(0)}
ZeY” (vreasnp
1 (2h3) + F (5,2} (504

Therefore, defining J* : [Y*]1* — R by

J'(@",2") = —F'(v],03,03,2],23) — F*(v},05,05,25,2;) — v(v])x(0)u(0)

+E(21,23) + Fi (%3, %), (505)
we have got

0= inf Ji(u,05) < inf sup J*(v*,z") ;.
(u,03))EV XY ze[Y** | preA*nB*
Finally, we also emphasize that J* is concave in v* on the convex set A* N B* and convex in z*, so
that, after the supremum evaluation in v*, we have obtained a final convex dual formulation in z* for
an originally non-convex primal dual one.

68. A Convex Dual Formulation for the Rank-One Approximation of a Non-Convex Primal One

In this section, we develop a convex dual formulation for an approximate rank-one primal
formulation found in some vectorial phase transition models.

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 9Q).

Define a functional | : V — R by
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2
J(u) = %/Q <“z’jkl <gz; —ﬁz’j) <?;:; - ,Bkl>> dx — (u;, fi) 12,

where {a;j; } is a a fourth order constant positive definite and symmetric tensor, {B;;} € R3N, f =
(fu fa f3) € L2(Q;RN) and
V =W, (;RN).

From now and on we denote Y = Y* = L2(Q) and

Yl — Yl* _ [Y]3N+N+3+1.

Definealso F; : Y] = R, K : Y| — Rand F3 : [Y]N*3+1 - Rby

Fl (ZU, 6/17/’050)
1 2 2 2
= 3 /Q (“ijkl(wij — Bij) (wi — Brr) + K|E|= + Kly| +v50) dx, (506)
N 3 K 2
Fy(w,&,1,050) = Y Y 71 /Q (wij — &inj + KIG1* + Ky > + 050) dx,
i=1j=1
and X )
_K 2 2
B m,0s0) = 5 [ (KIZ2 +KIgP +o) " dx,
respectively.
Here K, Ky > 0 are real constants such that K1 > K > 1.
Moreover, define
Ji(w,w,&,1,vs0)
= —(Cinj, (v1)ij) 2 + Fi(w, &, 1, 0s0)
+F(w, &, 1,vs0) + F3(¢, 17, v50)
ou; , ,
+{ == (@) ) — (i fi)p2- (507)
ox; 2
Observe that
Ji(u,w,&,n,0s50)
> inf —{&mi, (v7)ii) 2 + Fy(w, &, n,v
2 (c,rz)e[YP*N{ (€imj, (01)ij) 12 + F1(w, &, 17,050)
+F(w, ¢, 1,0s0) + F3(&, 77, 050) }
. ou; ,
+,}2\f/ { <ax]z/ (Ul)ij>L2 - <”i/fi>L2}
= —F507), Vo € Af, (508)
where
Fy(1) = sup  {(Znj, (v1)ij) 2 — Fi(w,&,1,vs50) — Fa(w, &, 17, 050) — F3(&, 17, 0s0) }
(Eme[YPHN
and

At ={v; € Y'PN ¢ (v]);;+ fi=0,Vie{l,---,N}, inQ}.
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On the other hand

W
= —(Ginj, (v7)ij) 2 + Fi(w, &, 1,0s0)
+F(w, ¢, 1,0s0) + F3(&, 17, 050)
= —(Cmj, (UT)ij>L2 — (wij, (w7)ij) 2 — (Cir (03)i) 12
—(nj, (v3)j) 12 — (vso, vy) 2 + Fi(w, &, 7, vs0)
—(wij, (w3)ij) 12 — (Gir (v5)i) 12
—(11j, (v6)j) 12 — (vs0,v7) 12 + F2(w, &, 17, 050)
—(Gi, (vg)i) 12 — (1j, (v9)) 2
—(vso, Ulo>L2 + Fs(w, &, 1, vs0)
(w; l]>L2 +(Gi, (v2)i) 12
(nj, )2 + (vs0,01) 2
(w; 1]>L2 +(Gi, (05)i) 12
(n; )12 + (vs0,07) 12
(Ci )2 + (1, (v3)) 12 + (vs0, V1p) 2 (509)

S

=

~

—~

g

N %
\/\/\/\/\/

Thus,

1%
> (wCryirvl5fo)€Y1{_<§ﬂ7jl (Ui)i]’ — <ZUZ‘]‘, (wf)i])Lz — <€i/ (U;>i>L2
—(nj, (v3)j) 12 — (vs0,v3) 12 + Fi(w, &, 1,050) }

f —{w:: N (E .
+(w,r;",171,1;}50)eY1{ <w11r(w2)1]>L2 (Cis (03)i) 12

=1}, (v6)j)12 = (vs0,07) 12 + Fa(w, ¢, 77, 050) }
+ inf A= (v8)i) 12 — (1, (v5) )12

(&m,0s0)€[Y]PHNH
- <050/ Z)1<0> L2 + F3 (wr C! 77/ Z)50)}

+ inf {<wij/ (w7)ij) 12 + (Gi, (03)i) 2
w,¢,1,050) €Y

_|_

(
(mj, (v3); >L2 + (vs0, 03 )12
<w1]/ (w2)1]>L2 +(Gi, (05)i) 12
(mj, (v6);)

<

+ +

1j, (v6)j) 12 + (vs0,07) 12
Gir (08)i) 12 + (1), (v9) ) 12 + (vs0, V1g) 2 }
= Ff (wy,v1,05.03,v}) — F5 (w3, v3, 05, 07) — F5 (v§, 05, v5),
V(w*,v*) € A, (510)

_.|_

where w* = (w},w}) € [Y]*N =3,

12N+9 _
v* = (v}, 03,03,04,05,0¢,07,05,05,07p) € Y] =5,

Ay = {(w",0") €Yy x Y5 ¢ (w])ij+ (w3);;=0,Vie{l, - ,N}, Vj€{1,2,3},inQ,
(v3)i+ (v3)i+ (vg); =0, Vie {1,--- ,N}, inQ),
(03);+ (v5); + (v5); =0, Vj € {1,2,3}, in Q,
v + v+ 0], =0, inQ}, (511)
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A = {(w',0") €Y} x Y] : v} € A}},

and
A* = A5 N A;.

Furthermore,

F (w}, 01,03, 03,0})
= sup  {(Ginj, (01)ij) 2 + (wij, (w7 )ij) 12 + (Giv (03)i) 12
(wrélq/USO)Eyl
+<i7j, (Ué)jhz + (vs0,01) 2 — F1(w, &, 1,050) }, (512)

E; (wy, 03,05, v7)
= sup  {{(wij, (w3)ij) 2 + (G, (v5)i) 12
(w,gn,050) €Y1
+(11j, (v6)j) 12 + (vs0,v7) 12 — F2(w, ¢, 17, 050) }, (513)

F; (0§, v5,07p)
= sup (G, (v8)i) 12 + (1, (v3) )12
(E,050)€[Y]PHNHT
+(vs0, v10) 12 — F3(&, 17, v50) }- (514)

Denoting
J*(w*,0%) = —F (w], 01,03, 03,0}) — 5 (w], 03, 05, v7) — 3 (05, 5, 0p),

we have got

i f > i f 7 7 7 7
1}2‘/ ](u) - (u,w,@‘,ﬂ,ler;o)EVxYl h (u w6 T 050)

> sup J*(w*,v"). (515)
(w*,v*)eA*

Finally, we emphasize [* is a convex (in fact concave) functional.

69. Conclusion

In the first part of this article we have developed a relaxation proposal and duality principles
suitable for a large class of models in physics and engineering.

In a second part we develop duality principles for the quasi-convex envelop of some vectorial
models in the calculus of variations.

We highlight such dual variational formulations established are in general convex (in fact concave).

Finally, in the last sections, we develop mathematical models for some types of chemical reactions,
including the hydrogen nuclear fusion and the water hydrolysis. Among such results, we highlight our
proposal of modeling the Ginzburg-Landau theory in super-conductivity as a two-phase eigenvalue
approach.

Data Availability Statement: Details on the software for numerical results avaialable upon request.

Conflicts of Interest: The author declares no conflict of interest concerning this article.
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