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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. Finally, in the last section we
present a concerning numerical example and the respective software.
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1. Introduction

In this section we establish a dual formulation for a large class of models in non-convex
optimization.

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 [2,3,15,16] and on a D.C.
optimization approach developed in Toland [17].

About the other references, details on the Sobolev spaces involved are found in [1]. Related results
on convex analysis and duality theory are addressed in [5,7,8,10,14].

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.

Definition 1.1 (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 (-,-)i; : 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

Fu) = (0, € UL M
The norm of f, denoted by || f ||+, is defined as

I fllus = sup{[{w, u*)ul « fullu <1} = [Ju*[|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.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Let Q) C R" be an open, bounded, connected set with a regular (Lipschitzian) boundary denoted
by 0Q.
Consider a functional | : V — R where

I(”) = F(vulr' o /V”N) +G(”1/' o /uN) - <Mj,fj>L2,

and where
V=Au=(uy, - ,un) € WPQRY) : u=uyonaQ},

feL?(RN),and 1 < p < +oo.

We assume there exists « € R such that

=i

Moreover, suppose F and G are 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.

Denoting Vy = WP (RN), Y1 = Y; = [2(Q;RN*"), Y, = Y§ = L2(Q;RN*"), Y3 = Y§ =
L2(Q;RN), at this point we define, F; : VxVy - R, G : V - R, G :V - R,G3: Vy — Rand
Gy:V =R, by

K
F(Vu,V9) = F(Vin+ Yy, -, Vuy+Vn) + 5 /Q Vi, - Vi dx

K
+7 /Q V(P]‘ . V47]' dx 3)
and K
Gl(ul/ . ,Mn) — G(ul/ c /MN) + 71 /Qu]' Uj dx — <ui,fl‘>L2,
_K d
Gz(Vul,- o ,qu) = 7/()Vu] . Vu] X,
K>
Gi(Ver, -, Vy) = Tfﬂwj-wj dx,
and K
1
G4(M1,- . ,MN) = 7 Qu]- Mj dx.

Definenow [ : V x Vj — R,

T, ¢) = F(Vu+ V) + G(u) — (ui, fi) 2.
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Observe that

F(Vu,V¢)+ Gy(u) — Go(Vu) — G3(Vp) — Gy (u)
F(Vu, V) + Gi(u) = (Vu,z1) 12 = (V§,23) 12 — (4, 23) 12

+ sup {(v1,27) 12 — Ga(v1)}
11€Yq

J1(u, ¢)

IN

+ sup {(v2,23)12 — G3(v2)}

€Y,

+ sgg{(u, z3)2 — Ga(u)}

= R(Vu, V) +Gi(u) = (Vu,z7) 12 = (VP 23) 12 — (,23) 12
+G3(21) + G3(22) + Gy (23)
= Jiwez"), @

YueV, eV, z8 = (z,25,23) € Y =Y x Y5 x Y5,
From the general results in [17], we may infer that

inf _ inf . ~
(u,¢)12V><V0 ) (u,¢,2*)g\1/xvoxy* Ji(u,¢,27) (5)

On the other hand

inf > inf .
inf ] (u) > o, Ji(u, )

From these last two results we may obtain

inf J(u) > inf Ji(u, ¢,2%).

ueV (up,z*)eVXVyxY*

Moreover, from standards results on convex analysis, we may have

inf Ji (w,¢,2") = inf{F(Vu, V) +Ga(u)
~(Vu,z) 2 — (V4,232 — (0,25) 2
+G3(25) + G3(23) + Gi (1))

= sup {—F (01 +21, V) = G(v3 +23) = (V§,23)12

(vy,05)eC*
+G;(21) + G3(23) + G4 (z3)}, (6)
where
C'={v" = (v,v3) € Y7 X Y3 : —div(v]);i + (v3); =0,Vi € {1,--- ,N}},
F (01 + 21, V¢) = sup {(o1,2] +v7)12 — Fi(v1, V) },
Z]1€Y1
and
Gi(vy +23) = sup{(u,v3 +23)12 — G1(u) }.
ueVv
Thus, defining

J2(¢,2%,0%) = F (v1 +21, V@) = G{ (v2 + 23) = (V§,23)12 + G3(21) + G3(22) + Gy (23),

we have got
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inf J(u) > inf  J1(u,¢)

uev (u,p)eVxVy

= i i)

(10,9,2*) VX VyxY*

= inf { inf 3(p, 25, 0") ¢ ¢ 7
o {;QVO {;:g higze >}} 7

Finally, observe that

inf J (1)

ueV

> : f s f * , *, *
= {;QVO {;‘;}; bz >}}

> sup {(Z*(Pinf ];(qb,z*,v*)}. ®)

v*eC* )GY* x Vo

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/ 21 dx+2/u dx — (u, )2,

and where
V={uecW4Q) : u(0)=0and u(1) = 1/2}

and f € L?(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 Vj = W3’4(Q), at this point we define, F: V — Rand F; : V x V) — R by

_ %/Q((u')z—l)z dx,

Filng) = 5 [ (' +¢)2 =12 dx

and

Observe that

F(u) > inf F(u,¢), YVu e V.
Vo

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

and define also
F:VxVy—R,
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F3:VXVO—>R

and
G:VxVy—R

by

Ra(ug) =5 [ (0 +¢ 2 =12 dxt 3 [ dx = fra,

E(u,¢) = Fz(u,¢>+§ /Q (u')? dx

Bl ()2 dx )

+20

and
G(u,¢) = g/ﬂ(u')2 dx
Ky "2
5 Q(gb )" dx (10)
Denoting Y = Y* = L?(Q) we also define the polar functional G* : Y* x Y* — R by

G (0% v) =  sup  {(u,0") 2+ (9, 05)12 — G(u, @)}

(u,qb)EVxVo
Observe that
inf > inf *(v*,v5) — N — A F .
)2 (G0 = ) () + Bl )

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

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~ 0.1and K; =120.0and 0 < ¢ < 1.

Choose (u1,¢1) € V x Vp, such that ||u1][1,0 < 1and ||¢;
Setn = 1.

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

100 < 1.

LN NS

OJ; (ttn, P, V35, (V5)n)

ov* =0
and
J5 (tn, Pn, vy, (v5)n) —0
oV ’
that is
0" (03, (05)) _, _

00v*
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wnd 9" (05, (45))
v (g)n)
v}, Pn =0
so that
« _ 9G(un, pn)
On = ou
and 2G( )
%\ % Un,
(e3); = gt

5. Calculate (1,41, ¢+1) by solving the system of equations:

a]f (un+1, ¢n+lr U:;, (06)”)

Ju =0
and . .
a]l (unJrlr ¢n+lrvnr (vo)ﬂ) -0
o
that is
—ZJ;: + W =0
and

OF3(Un11, Pni1)
*
— _— = 0
(UO )71 + a(p
6. If max{|lun — ttyi1llco, |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.

AR AR AAA KA AAA
1. clearall

m8=300;

d=1/mS§;

K=0.1;

K1=120;

for i=1:m8

uo(i,1) = i>xd/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;
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m9=zeros(2,2);

m9(1,1)=1;

i=1;

f1=6x (duo(i,1) +dovo(i,1))> — 2;

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

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

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

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% vo(i, 1)) /d?;

m12 = 2+ m80(:,:,i) — m9 * d;
mb0(:,:,1)=m80(:,:,i)*inv(m12);

2(:4)=inv(m12)*y11(;i)*d?;

for i=2:m8-1

1= 6% (duo(i,1) +dvo(i,1))> - 2;

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

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

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?%;
ml12 =2+ m80(:,:,i) — m9 x d> — m80(:,:,i) * m50(:,:,i — 1);
mb50(:,:,1)=inv(m12)*m80(:,:,i);

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

U(1,m8)=1/2;

U(2,m8)=0.0;

for i=1:m8-1

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

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;
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for i=1:m8
y()=i*d;
end;

plot(y,uo)

B e R R X

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

0.5

031 b

01 F 1

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

0.5

0451 b

0.35 ]

031 b

0.25 ]

02r b

0.15 b

0.05 ]

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

Remark 3.1. 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.
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3.1. A general proposal for relaxation

Let ) 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, fi)r2,

where
V= {u € WIA;RN) : 1 =ugon aQ},

uy € CH(O;RY),

f1 € L2(Q;RN), G : V — Ris 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 e RN ¢ £ (y) <f(]/)} = UL, W,

where foreach j € {1,---,N} W; C RN*" i an open connected set such that dW; is regular. We also

suppose
WiN Wy =Q,Vj # k.
Define

W; = {z;]- € W&A(Q;]RN) ; Voi(x) € Wj, ae. in Q}

and define also

W={v=(v1,---,0g) : v; e WjVje{l,---,N}and supp v; N supp vx = @,Vj #k}.

At this point we define
) f(Vu(x) +Vo;(x)), ifVu(x)e W,
h5(u(x),v(x)) - { f(Vu(x)), / if VM(X) g I/v]hl (11)
and
H(u) = 1€r‘1Af] /Qh5(u,v) dx,
where

W, ={veW : Vu(x)+ Voj(x) € W, if Vu(x) € W;, ae.inQ, Vje {1,--- ,N}}.
Moreover, we propose the relaxed functional
Ji(u) = H(u) + G(u) = (u, fi)2-

Observe that clearly
. < .
inf Jy (u) < inf J(u)
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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 QO = [0,1] C R and consider a functional | : V — R where

J(u) = %/Qmin{(u’ —1)%, (' +1)%} dx+%/0u2 dx — (u, )12,

and where
V={uecW2Q) : u(0) =0and u(1) = 1/2}

and f € L?(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 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 — Rby

F(u) — %/Qmin{(u'—l)z,(u’—i—l)z}dx

_ 1 N2 . '
_ 5/0@1) dx /Q|u|dx+1/2
Fl(u’), (12)

and

G(u) = %/QMZ dx — (u, f) 2.

Denoting Y = Y* = L2(Q)) we also define the polar functional Fj : Y* — Rand G* : Y* — Rby

F(v*) = s:g{(v,v*hz—ﬂ(v)}

_ %/Q(v*)z dx+/0|v*\ dx, (13)
and

G ((v")) = sup{—(,v")2 — G(u)}

ueV
= %/Q((v*)' +f)?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*(—(v*))}.
ueV vreY*
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 uy € V is obtained from the equation
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Finally, the Euler-Lagrange equations for the dual problem stands for
(@) + f/—v" = Slgn( ") = inQ, (15)
(07)"(0) + £(0) =0, (0%)"(1) + f()—1/2,

where sign(v*(x)) = 1if v*(x) > 0, sign(v*(x)) = —1,if v*(x) < 0 and

—1 < sign(v*(x)) <1,

if v*(x) = 0.

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

For the solution u((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.

0.6

051

031

0.1

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

0.6

051

04 r b

0.2 ]

Figure 4. solution u((x) for the case f(x) = sin(7mx)/2.
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Remark 4.1. Observe that such solutions ug 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

{ ()" + ' —v" — sign(v*) =0, inQ, (16)

(0%)'(0) =0, (v*)'(1) =1/2.

Here the concerning software in MATLAB. We emphasize to have used the smooth approximation
0" & \/(0%) +e1,

where a small value for ¢; is specified in the next lines.
B e R

1. clearall
2. mg = 800; (number of nodes)
3. d= 1/m8;
4. e; =0.00001;
5 fori=1:mg
yo(i, 1) = 0.01;
y1(i,1) = sin(+i/mg) /2;
end;
6. fori=1:mg—1
dy1(i,1) = (y1(i+1,1) —y1(i,1))/d;
end;
7. fork =1:3000 (we have fixed the number of iterations)

i=1;

hs = 1/+/vo(i,1)2 + ei;
mip =14 d? % h3 + d?;
mso(i) = 1/myy;

z(i) = mso (i) * (dy1 (i, 1) * d2);
8 fori=2:mg—1

hs =1/y/v0(i,1)? +e1;

mip =2+ hy d? +d*> — m50(i — 1);
m50(i) = 1/myp;

2(i) = mso (i) * (2(i — 1) +dy1 (i, 1)  d%);
end;

9. v(mg,1) = (d/2+z(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;

do0i:10.20944/preprints202302.0051.v31
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11.  v(mg/2,1)
12. vo=v;

end;
13. fori=1:mg—1

u(i,1) = (v(i+1,1) —o0(i,1))/d + y1(i,1);

end;

14. fori=1:mg—1
x(i) =ixd;
end;

plot(x,u(:,1))

B R R R R T S X

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,
[11].

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 (). Also, n is the outward normal to the plate surface.

The displacements will be denoted by

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

g (X1, X2, %3) = g (X1, X2) — X3W (X1, X2) 4

and #13(xq, x2, x3) = w(x1, x7). (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)),

ow
ua:w:a—nzo on o)}
= WP (O R?) x WP (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(w)},

Uy g+ U, Waw,
Yoplu) = —EP4 4 28,

Kap(U) = —W gp.


https://doi.org/10.20944/preprints202302.0051.v31

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2023 do0i:10.20944/preprints202302.0051.v31

14 of 95

The constitutive relations are given by
Nap (1) = Huprpyan (), (18)
Ma/i(u) = hzxﬁ)\yk)\y (u), (19)

where: {Hg,, } and {h,x pAn = %H,X,; A }, are symmetric positive definite fourth order tensors. From

now on, we denote {Hupry} = {Haprn} " and {aprn} = {Hapru}
Furthermore {N,z} denote the membrane force tensor and {M,g} the moment one. The plate
stored energy, represented by (Go A) : U — R is expressed by

(GoA)w) = 5 [ Nupl0)vap) dx+ 5 [ Map(u)eg(u) d 0)
and the external work, represented by F : U — R, is given by
F(u) = (w, P)2 + (ua, Pu) 2, (21)

where P, Py, P, € L?(Q) are external loads in the directions a3, a; and a; 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 K(bw—1/100)

a

In such a case fora = 2.71, K = 185,b = P/|P| in Q) and

U={uecl : ||w|es <0.0land Pw > 0a.e. in O},

we get
s(w) _ 9J(u)  9Js(u)
Jw ow ow
~ a]( ) £ 0(+30), 22)
and
Pla(u) _ *J(w) +3215(u)
w2  ouw? ow?
2
I a] W | o(850). (23)

This new functional J3 has a relevant improvement in the convexity conditions concerning the
previous functional J.

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

9J (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=0(x,y) e WHQXxQ) : ¢ =00nQ x 0},

we define the functional J; : U x V] — R, where

J(u,¢) = Gi(w)+ Gy ({;(ua,ﬁ +upu) + Puyy + ;w,aw,ﬁ}>
7<ZU,P>L2 — <ua,Pa>L2. (24)

where .
G1 (w) = § /Qhﬂé/g)\ﬂw,lxﬁw/)w dx

and,

1 1
Gy ({(ua,ﬁ +upa) + Payy + zw,aw,ﬁ})
1
- 2|Q|/ / Wﬂ( (ta,p + Up) + Pays (X, y) + w,aw,g)
X (2(u/\y+u;\y)+¢;\w(x v)+ wAwy> dx dy

We define also

L({#a}, ) = inf Ji(u,¢),
(@)

we W
and

3({ua}) = ¢ig‘£1 J2({ua}, ).

It is a well known result from the modern Calculus of Variations theory that

inf J(u) = inf Uy t).
nfJ) = ik ()

Now, observe that
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J(u)
= Gl(w) + Gy ({;(ua,ﬁ + Mﬁ,,x) + (Prx,yﬁ + ;w,rxw,ﬁ}>

—(w, P) 2 — (ug, Pu) 12
= Gi(w) — (w,P);2 — (w4, Qu)p2

1 1
+{wa, Qu)p2 + G2 ({ E(u,,élﬁ +ugy) + Pay; + zw,,xw,ﬁ}>
1 1 1 %
_@ /Q /Q <2(ua,5 + u;;,,X) + Py, + zw,aw,;;) ,U,Xﬁ(x,y) dx dy

1 1 1
+@ /Q /Q (2(14“,5 +upgq) + Py + zw,aw,ﬁ> ,v;ﬁ(x,y) dx dy — (g, Py) 12

inf  {~(wa Quiz + Gi(w) — (@, P2}
weWy(Q)

1 "
0 (T o o P e 4 dy + Gal{oup))

0622(0)4
1 1 1
(it o (300 500 + g + 52 5) ) )

A%

+ inf
(v2,{ua }) EL2(QX Q)2 x Wy (QR?)

xVap(x,y) dx dy — (e, Pa>L2}

> —Gl(Q)—m/Q/Q (775) Qu Qp dx dy—m/o/QHanaﬁ% dx dy, (25)

Vue U, Q€ L*(Q;R?) and v = {v,5} € A*, where A* = A} N A} N B,

AT = {{oig} e W QX QGRY) : (vig)y, =0, in O},

1 .
A= {{v;ﬁ} e WR(QxORY) (/Q olp dy>
X

+ P, =0, inQ},
B

and
B — {{Uz;s} e W2 (O x (;RY) - {v;’;ﬁ(x,y)} is positive definite in () x Q} .

(T = {0}

{Haprn} = {Hapan}

Also

and

in an appropriate tensor sense.
Here it is worth highlighting we have denoted,

Gi(Q = sup {{ww Qu)2 — Gi(w) + (w, P)j2}.
weWg?(Q)

Summarizing, defining J* : L2(Q; R?) x A* — R by

Q) = ~GiQ - g [ [, (75) @ Qpdxdy

1 7 * *
_M/Q/QH“M”U“/%DW dx dy, (26)
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we have got

inf J(u) > sup ] (Qv%).
ueld (Qv*)L2(QyR2) x A*

Remark 5.1. 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, [2,3,15].

6. 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 O 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(uy, “y) —u, f)r2,

V =Wy2(Q) and f € L2(Q).
Here we denote Y = Y* = L2(Q)) and Y7 = Y; = L2(Q) x L2(Q).
Defining

Vi={ueV :|u

1,00 < Kl}

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

Yu € V.
Definenow F; : V — Rand F, : V — R by

€ €
Fy(uy,uy) = F(uy, uy) + 3 /Q u2 dx + 3 /Quﬁ dx,

and
e

S
Fy (1t 1ty) = E/Qui dx+§/0u§ dx,

where here we denote dx = dxdx,.
Moreover, we define the respective Legendre transform functionals Fj and F; as

Ff (v") = (v1,07) 12 + (02,03) 12 — F1(v1,v2),

where v1,v, € Y are such that

o — 9F (v1,02)
1 avl !

U* — aPl (vlr 7)2)
2 802 !

and

Fy(v") = (01,01 + fi)12 + (02, 03) 12 — Fa(v1,02),
where v1,v, € Y are such that
0F(v1,v2)

UT + fl - avl
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« OB (v, 1)
vy = —————=.
8‘02
Here f; is any function such that
(fl)x = f, in Q).
Furthermore, we define
@) = —F@)+EkK{@©)
- _F@ )+2f€/0(v1 + )2 dx+2—€/0(vz)2 dx. 27)

Observe that through the target conditions
’U'T + f 1= EUy,

v5 = ey,

we may obtain the compatibility condition
(01 + fi)y = (02)x = 0.
Define now
A" = {v" = (v],v3) € B;(0,0) C Y] : (v] + f1)y — (v3)x =0, inQ},

for some appropriate ¥ > 0 such that J* 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 (0) + (¢, (01 + f)y = (02)x) 12/

where ¢ is an appropriate Lagrange multiplier.
Therefore

R = —F )+ [+ AP dxs o [ (092 dx
e, (07 + )y — (03):)re @

The optimal point in question will be a solution of the corresponding Euler-Lagrange equations
for J;.
From the variation of ] in v] we obtain

_OR(@) vitf 9¢ _
ov} € dy

0. (29)

From the variation of J{ in v; we obtain

L A S

Jv; € ox (30)

From the variation of J{ in ¢ we have
(01 + fly = (v3)x =0.
From this last equation, we may obtain 1 € V such that

vl + f = €uy,
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and
vy = elly.
From this and the previous extremal equations indicated we have
OF} (v*) Ig
- aUT + Uy — @ - O/
and aE* (v") 5
_oh\w 99 _
303 +uy + o 0.
so that aE, )
* _ob(uy — @y, uy + @x
U1 +f - 87)1 ’
and
. O (ux — @y, uy + 9x)
Uz - .
avz
From this and equation (29) and (30) we have
(5D ()
—¢ —¢
a7 /. Jv; y
+(v1 + fi)x + (02)y
= —elyy — ey + (07 )x + (v3)y + f = 0. (31)
Replacing the expressions of v} and v3 into this last equation, we have
oF — @y, oF — @y,
—E€Uyy — EUyy + < 1 aq)y My+(px)> + ( 1 (;Py uer(Px)) +f=0,
U1 x 02 y
so that
(aF(”" — Pyrlty ¥ 4’")) + (aF(“" —Pyty T (P")> L f=0,inQ. (32)
avl ¥ avz v
Observe that if

Vg =

then there exists # such that u and ¢ are also such that

ux_Qy:ﬁx

and
uy + ng = uAy.
The boundary conditions for ¢ must be such that I € W(}’Z.
From this and equation (32) we obtain
oJ(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 J* is convex in an appropriate large ball B, (0,0) for some appropriate
r>0

7. 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).
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Consider the functional | : V — R where
_ . & 2 2
J(u) = 2/0Vu Vudx—kz/ﬂ(u B)- dx
—(u, f)12 (33)
«>0,B>0,7>0,V=W>2Q)and f € L*(Q).
Denoting Y = Y* = L?(Q), definenow J; : V x Y* — Rby
* * _ Y 2 %
Ji(u,v) = —E/QVqu dx — (u”,vg) 2
K
+50 [(—rVPu s 205u— )2 dx o+ (u, £
1 *\2 *
toa /Q(Uo) dx+ﬁ/000 dx, (34)
Define also
AT={uecV :uf>0 ae inQ},
Vo={ueV : |ullo <Kz},
and
Vi=V,NA"
for some appropriate K3 > 0 to be specified.
Moreover define
B ={vg € Y* : [Jogllee < K}
for some appropriate K > 0 to be specified.
Observe that, denoting
¢ = —yV2u+205u — f
we have 2 )
7] (u, v 1 2
T 0] C 44K
C R
82]* u,v* . i
% = yV? — 208 + K (—yV? + 204)?
and 2 )
075 (u, v} .
alTvgo = K1 (29 +2(—yV?u 4 20}u)) — 2u
so that
det{6” ]} (u,v5)}
2
_ i (wvp) Ty (wvp) (07 (w,vp)
9(v)? Ju? ouov§
K= VA 2057 4V 4 205 + dau?
N « o«
—4K2¢? — 8K19p(—yV? + 208 )u + 8Ky gu
+4Ky (—yV?u + 204u)u. (35)

Observe now that a critical point ¢ = 0 and (—V?u + 2vju)u = fu > 0in Q.
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Therefore, for an appropriate large K; > 0, also at a critical point, we have
det{s* [} (u,v5)}
52 _ VZ 20 2
- 4K1fu—#+1<1wﬂ. (36)

Remark 7.1. 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 7.2. Assume Ky > max{1, K, K3} and suppose (ug, 03) € V4 x B* is such that
01 (ug, 0g) = 0.

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

0] (ug) =0,
and
7](”0) = ]1(1’[0/776) - inf ]ik(urvS)'
(u,05)€E*

8. A third primal dual formulation for a related model

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

J(u) = %/QVqudx—i—%/Q(uz—,B)zdx
—(u, f)r2, (37)

«>0,B>0,7>0,V=W>Q)and f € L2(Q).
Denoting Y = Y* = L2(Q)), definenow [} : V x Y* x Y* — Rby

O A : 1/ 2
Ji(u,v5,07) = Z/QVM Vudx—f—z QKu dx
] 1 (07)?
_<u,vl>Lz+§/Q (—206—{—1() dx
1 £ 02 gVy2
F3ae) Jo 8 R = )t (£

—% /Q(US)Z dx—/%/QUS dx, (38)

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

Va={ueV : |ullo <Ks},

and
Vi=VW,nN AT

for some appropriate K3 > 0 to be specified.
Moreover define
B = {oj € Y" : |[oflle < Ku}

do0i:10.20944/preprints202302.0051.v31
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and
D* = {oi € Y" : |lojll < Ks},

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

Remark 8.1. Define now
Hy(u,v)) = —yV? + 20] + dau?

For an appropriate function (or, in a more general fashion, an appropriate bounded operator) M define
By ={vy € B* : 2v05+ M; > €1},

for some small parameter e1 > 0.

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

Since for (u,v) € Vi x Bj we have u f > 0, in Q), so that for uq,uy € Vi we have
sign (uq1) = sign (up) in Q,

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

Vaau| > /|My + V2|

so that
dau® > My +yV?
and
200+ M > &
so that

Hy(u,08) = —yV? + 20) + 4au® > ¢;.

Such a result we will be used many times in the next sections.

Observe that, defining
¢ =~ (s~ p)

we may obtain

azﬁ (u,05,v7) 2 u 2 a
T = —')/V +K+ a+€4u —2¢a+8
%5 (u,v§,05) 1
o012 —2v5+K
and
(w501 _

0udvy


https://doi.org/10.20944/preprints202302.0051.v31

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2023 do0i:10.20944/preprints202302.0051.v31

23 of 95
so that
i (u, v5,0%)
det { 0udv}
2

B 82]1‘(14, vy, 05) azji‘(u,v’l‘,vg) azfi‘(u, vy, 05)
B d(v})? ou? 0udv;
V20 AR - 2 g
- —2v5 + K
= H(u,vp). (39)

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

(Cy ={uevi: (9 <e},
for a small parameter ¢ > 0.
From such results, assuming K > max{K3, K4, K5}, and 0 < ¢ < ¢ < 1, we have that
H(u,v5) >0,

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

Theorem 8.2. Suppose (ug, 07,05) € (E*N (Cl)gs) x D* x Bj is such that
01 (uo, 7, 05) = 0.
Under such hypotheses, we have that

0] (up) =0

and

J(up) = inf J(u)

ue(cl)%
= Ji(uo, 01, %)

— inf { sup Ji(u, vI,vS)}

(w0)€(C1)5 x D" | o5 B

T 2B ety o 1O =
Proof. The proof that
6] (uo) =0
and
J(uo) = Ji (uo, 03, 0p)
may be easily made similarly as in the previous sections.
Moreover, observe that for K > 0 sufficiently large, we have

0%J3 (o, 87, 05)

FICHAE <0, Yo; € B
0
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so that this and the other hypotheses, we have also

* Ak A% * A%
ug, 07,045) = inf u,v3,0
Ji (10,07, 0p) (o) (Cl)*xD*h( ,01,0p)

and
Ji (uo,97,95) = sup Ji (uo, 01, 05)-
vy EB*
From this, from a standard saddle point theorem and the remaining hypotheses, we may infer
that

J(uo) = Ji(uo,97,9)

inf . { sup J;(u, vi‘,vS)}

(w0)€(C1)5 ¥ D" | o5 B

s inf ]*(u,v*,v*) . (41)
vseg* (u,vif)e(cl)%xD* 1 1-90

Moreover, observe that

* A% A% * A%
ug, 07,0 = inf u,vy,9
Ji (0,07, 0p) () (Cl)*xD*h( ,01,0p)

“0

’Y/Vu Vudx+ — /u dx

IN

+m /0(775 —a(u? — B))* dx — (u,f) 2

sup {%/QVL{-VL{ dx + (u?,vf)

vpEY*

2104/(% dx—ﬁ/ vy dx

IN

+_2(oc_1+ &) /0(1’3 —a(u® = p))? dx - <u,f>Lz}
= %/QVu-Vudx—i—%/Q(uz_ﬁ)de
—(u, f)r2, Vu € (C1)gs- 42)

Summarizing, we have got

J(uo) = Ji(uo,07,95) < inf  J(u).
uE(Cl)ZS

do0i:10.20944/preprints202302.0051.v31
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From such results, we may infer that

J(uo) = inf J(u)

”E(Cl);;s
= Ji(uo,97,95)
= inf { sup Ji(u, vi‘,vg)}

(”'Z’T)E(Cl)ga xD* | vreB*

= sup inf Ji(u,07,v5) ¢ - (43)
(u,v5)€

USEB* (Cl):;a x D*
The proof is complete. [

9. 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 [5], Chapter 21.

9.1. Introduction

Consider an elastic solid which the volume corresponds to an open, bounded, connected set,
denoted by (2 C R3 witha regular (Lipschitzian) boundary denoted by 02 = I'y UT't whereI'o N Ty = @.
Consider also the problem of minimizing the functional | : U x B — R where

A 1 1 A
J(u,t) = E(”irfi)ﬁ(o) + §<”i/fi>L2(rt)/

subject to

(Hiju (t)eg (u)) j+ fi =0in Q,
(44)
Hijiy (t)ex (u)n; — f; = 0, on Ty, Vi € {1,2,3}.

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

U = {u=(uy,upu3) € WAHQR3) : u=(0,0,00=00nTp},

B= {t : ) — [0,1] measurable : / H(x) dx = t1|Q|},
Q
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 € L2((};R%) and f € L?(T; R%).

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

0ij(u) = Hija (t)e (1),

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

1 ..
eij(u) = 5 (ui +u;;), Vi,j € {1,2,3}.
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Finally,
{Hiju(t)} = {szijz +(1- t>Hiljkl}r

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

The variable t 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 [2,3]. Similar theoretical
results have been developed in [10], 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 [1]. In addition, the primal
variational development of the topology optimization problem has been described in [10].

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.

9.2. Mathematical formulation of the topology optimization problem

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

Theorem 9.1. Consider the statements and assumptions indicated in the last section, in particular those
refereing to Q) and the functional | : U x B — R.
Define J; : Ux B — Rby

Ji(u,t) = =G(e(u), t) + (ui, fi) 1200 + (i, fi) 12(r,)
where ,
Gle(u),t) = 5 /()Hijkl(t)eij(”)ekl(”) dx,

and where
dx = dx1dxpdxs.

Define also J* : U — R by

J(u) = tiglg{h(u/t)}

= inf{—Gle(u),t) + (ui fi) 2(00) + (i, fi) 12(r,) - (45)
Assume there exists cy,c1 > 0 such that

0
Hijzijzin > co0zijzij

and
Hiljkzzijzkl > c1zijzij, Yz = {zjj} € R3*3, such that z # 0.
Finally, define ] : U x B — R U {+o0} by

J(u,t) = J(u,t) + Ind(u,t),


https://doi.org/10.20944/preprints202302.0051.v31

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2023 do0i:10.20944/preprints202302.0051.v31

27 of 95
where
_Jo if (u,t) € A%,
Ind(u,t) = { +o0o, otherwise, (46)
where A* = A1 N Ay,
Av={(ut) eUxB : (0(u));+ fi =0, inQ, Vi e {1,2,3}}
and
Ay ={(ut) €U x B : oz(u)n; — f; =0, on Ty, Vi € {1,2,3}}.
Under such hypotheses, there exists (g, tg) € U X B such that
,t = inf ,t
J(uo, to) (u,t)lguwﬂu )
= sup (1)
ael
= J"(uo)
J(uo, to)
= inf G*(o,t)
(to)eBxC*
= G"(o(ug), tp), 47)
where
G*(o,t) = sup{(vij,0ij)12(0) — G(v, 1)}
veY
1 [ —
= 5 /Q Hij (t)0ijog dx, (48)

{Hja(t)} = {Hiju(t)} !

and C* = Cy N Cy, where
C = {0’ ey : Uz‘j,j"’fi =0,inQ), Vie {1,2,3}}

and
Co={ceY* : gynj— f; =0, onTy, Vi € {1,2,3}}.
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Proof. Observe that
(u,t)lg{wl(u,t) = inf {;g{ll(u t)}
= inf H;
inf {ueu {ueu{ / ikt (t)eij(u)ex (u) dx
+ (i, (Hijia (e (1)) + fi) 12
— (i, Higia(£)exa () — ﬁmm}}}
= inf {21615 {ueu{ / Hiji (t)eij(u)ex (u) dx
_/ H1]kl eZ] ekl( )d
+( i, fi) 1200y + <ui/fi>L2(rt)}}}
= L}glg {Zgg{ / Hl]kl el] i)ey (1) dx
(i, fid 12y + <ﬁi/ﬁ'>L2(Ft) }}
_ . . * . 49
g {int 670} @)
Also, from this and the min-max theorem, there exist (1, tg) € U x B such that
inf L) = inf o
(u,t)lguXB](u ) inf {ilelg Ji(u )}
= inf t
g (g
= J1(uo, to)
= inf
inf Ji(uo, t)
= J*(uo). (50)
Finally, from the extremal necessary condition
/1 (uo, to) _ 0
ou
we obtain
(Hjji (to)ex (o)) j + fi = 0in Q,
and
Hijua (to)ew (uwo)nj — fi = OonTy, Vi € {1,2,3},
so that

—_

Gle(un)) = 5 (0)ir )20y + 5 ()i iz

Hence (ug, ty) € A* so that Ind(ug, tp) = 0 and o (up) € C*.
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Moreover
J*(uo) = —Gle(uo)) + ((40)i fi) 1210y + ((40)is fi) 2(r,)
= G(e(uo))
G(e(uo)) + Ind(ug, to)
J(uo, to)
= G (c(ug), to)- (51)

This completes the proof. [

About a concerning algorithm and related numerical method

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

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

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

uel
Calculate t,, 11 € B such that
Ji(tin, b)) = I Ji (1, ).

If ||ty41 — 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.

NN ——————
clear all

global Pm8 d w u v Ea Eb Lo d1 z1 m9 dul du2 dv1 dv2 3
m8=27;

m9=24;

¢3=0.95;

d=1.0/ms§;

d1=0.5/m9;

Ea=210 * 10°; (stronger material)

Eb=1000; (softer material simulating voids)
w=0.30;

P=-42000000;

z1=(m8-1)*(m9-1);

A3=zeros(z1,z1);

for i=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;

do0i:10.20944/preprints202302.0051.v31
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for i=1:m9-1

for j=1:m8-1

Lo(i,j)=c3;

end; end;

fori=1:z1

x1(i)=c3*z1;

end;

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

end;

XW=XO0;

xv=Lo;

for k2=1:24

c3=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 > 10749) and (k < 120)
k=k+1;

k2

k3

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

end;

for i=1:m9-1

for j=1:m8-1

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

ey=dv2(i,j);
exy=1/2*(dv1(ij)}+du(i,);
Sx = Elx (ex +wxey)/(1 —w?);
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Sy = Elx (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
£(j+(1-1)*(m8-1))=dc3(i);

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(ij)=X1(+(m8-1)*(-1));

end;

end;

b14=max(max(abs(Lo-xv)))
xv=Lo;

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

end;

b R R R R b R ]

Here the auxiliary Function "funbeam’

function S=funbeam(x)
global Pm8 d w u v Ea Eb Lo d1 m9 dul du2 dv1 dv2
for i=1:m9
for j=1:m8
u(iJ=x(+(m8)*(i-1);
v(1,j)=x(mM8*mI9+(i-1)*m8+j);
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
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for j=1:m8-1
dul(i,j)=(u(ij+D)-u(i})/d;
du2(i,j)=(u(i+1,j)-u(;))/d1;
dv1(i)=(v(ij+1)-v(ij)/d;
dv2(i,j)=(v(i+1)-v(i})/dL;

end;

end;

S=0;

for i=1:m9-1

for j=1:m8-1

E1 = Lo(i,j)® * Ea + (1 — Lo(i,j)®) * Eb;
ex=dul(i;);

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

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

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

b R R R R R R R R R R R R R

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 =
—4 10°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

Figure 5. Density t(x,y) for the Case A.
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Figure 6. Density t(x,y) for the Case B.

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

I(M) = G(vul/' o /qu) - <u/f>L2/

where
V =Wy (;RN)

and
f = (fl/' t /fN) € LZ(Q;]RN)‘
Here we have denoted u = (uy,--- ,uy) € V and

(, f)iz = (ui, fi)rz,

so that we may also denote
J(u) = G(Vu) = (u, f) 2.

Assume

G(Vu) = /Qg(Vu) dx
where ¢ : R3N — R is a differentiable function such that
8(y) — oo
as |y| — co. Moreover, suppose there exists « € R such that

a = inf J(u).

uevV

It is well known that
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« = infJ(u)
-
= Inf{(GoV)™(u) = (u f)r2}. (52)
ucV
Under some mild hypotheses, from convexity, we have that
inf {(Go V)™ (u) = (u, f)12}
uev
= sup {—=(Go V) (—divo’)} = =(Go V)*(f), (53)

vFEA*

where
A*={v* 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;} = {vij}?zl, Vie {1,---,N}, with appropriate boundary conditions, so that with an
appropriate Lagrange multiplier ¢ = {¢;}, we obtain

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

ueV
= sup{(Vu,v*);2 —G(Vu)}
ueV
< inf Ssup{(v,v");2 — G(v) + (¢, curl v) 2
PEY" | veY
= qbig;* G*(v* + curl ¢). (54)

where we have denoted
curl v = {curl v;}

and
curl ¢ = {curl ¢;}.

Joining the pieces, we have got

inf J(u) = inf(G(Vu) — (u, )12}

ueVv
> sup  {-G"(v" +curl¢)}, (55)
(v*,p)eA* xY*

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

11. A note on the Galerkin Functional

Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 9Q).
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Consider the functional | : V — R where
_ , Sl
J(u) = Z/QVM Vudx+4/0u dx
—g/ﬂtﬁ dx — (u, f)2 (56)

Here V = Wy2(Q),y >0, « >0, g > 0.
We denote also
Y =Y* =L%(Q).

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

V2 = {U eV : ||1/l||oo < K3}1
for some appropriate real constant K3 > 0 and
Vi = ATnN Vs.

Observe that
J'(u) = =4Vu+a® —p—f,

so that we define the Galerkin functional J; : V — R by
EYONT R 2 3 2
Rw) = S @I3 = 5 [ (=77 +an’ = pu— )2 dx.
2 2 Ja
From this, we get

9%J1(u)
ou?

(—yVu+au® — Bu — f)éau
+(—y V% +3au® — B)2. (57)

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

V3alu| > \/|My + V2 + B,

By ={ue Vi : V3alu| > /|M; +9V2+ B|}.

Observe that since for u € V; we have u f > 0in Q) so that if 1, up € Vj then

and define

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

we may infer that By is a convex set.

Furthermore, if u € By, then
V3alu| > 4/ |My + V2 + B,

3au? > My +9V2 4B,

so that
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and hence
PJ(u) = —yV24+3au® — B> My > e > 0.

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

and define
B, = {14 eV @ ¢ <g 11’10}

Observe that for « > 0 and B > 0 sufficiently large ¢, is convex in V; (positive definite Hessian)
so that B; is a convex set. Assuming 0 < ¢ < €1 < 1, define B3 = By N By, which is a convex set.
Summarizing, if u € B3, then
8%J1(u) > 0.

With such results in mind, we define the following convex optimization problem for finding a
critical point of J.
Minimize 1 1
Rw) = S @I3 =5 [ (=772 +a’ = pu— )2 dx,
2 2 Ja
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).

UEBs

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

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

= % (—yV2u +au® — Bu — f)? dx
o)

+1/ Vu-Vudx—i—g/ ut dx
2 Ja 4 Jo

—g /Q w2 dx — (u, f) 2, (58)
subject to

u € Bs.

Here K; > 0 is a large real constant.
Such a functional J3 is also convex on B3 so that a critical point ug € B3 of | is also a critical point
of [3, and thus

J3(up) = min J3(u).
UEB3

12. 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 0Q).
Consider the functional | : V — R where

_ 7 , Sl
J(u) = Z/QVu Vudx+4/0u dx

—é/ﬂuz dx — (u, f)2 (59)
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Here V = Wy2(Q),y >0, « >0, g > 0.
We denote also
Y =Y* =L%(Q)
andFi: V=R, FKL:V—=RandF:V — Rby
Fi(u) = 1/ Vu-Vudx
2 Ja !
& 4
Bu) =~
2 (u) 1 /Q u* dx,
B / 2
Fu) =" .
3(u) 2 Jo ¥ dx
Moreover, we define F, F;, F; : Y* — R by
Fi(o1) = sup{(w,01);2 — Fi(u)}
uevV
1 (vi‘)2
= = d
2 Ja —yV2 v (60)
F(v3) = sup{(u,v3);2 — B(u)}
ueV
3 ()P
= Z o a1/3 dx, (61)
F5(v3) = sup{(u,v3);2 — F3(u)}
ueVv
_ 1 *\2
= 3 /Q (03)? dx. 62)

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

n=g, = YV2u,
U; _ angu) 1)(1,[3
% aF3 u
U3 = aft ) - ‘B

From such results, at a critical point, we obtain the following compatibility conditions

pe UL (_)/ 3
—rVvz B B

From such relations we have

91 _ U3
—yVvz o B’
and 3
* U*
i=a(3)
so that
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and 3
U*
i-e(3)
Moreover, we define the functional F; : Y* — R, by
Fy(0%) = sup{{u,v1 + 03 = v3)12 = (u, f)12}-
ueV
Therefore
0 ifo; +05 -0 —f=0,inQ
EX(v*) = 4 1 2 3 4 4 63
i) { 400, otherwise. (63)
Hence, a critical point of | corresponds to the solution of the following system of equations
,U*
= (5).
' p
vk 3
i (3)
and

v} +v;—v3—f=0,inQ.
From this last equation we may obtain
v = —05 405+ f,

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

and

with the boundary conditions
v3
u=-=>=0, ondQ.
p

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

2
J(0*) = 2/()<—vz+v3+f+’y‘33> dx

+%/Q (vﬁ -« (f)?’)z dx. (64)

At this point, defining
(Y
o=oi-a(F)
we obtain
2r)
0(v3)? ’
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Pr() _ Ba(i? (| 9V
dvg00; P B )
From such results we may infer that
ot (P @)Y PP ()
90390}  9(03)? 9(v3)? 0390}
2
2 *)2
_ <_1 - ”YZ+3a (?3) ) +0(p) (65)

Observe that a critical point ¢ = 0 so that 6>J*(v*) > 0 at a neighborhood of any critical point.
At this point we define

AT = {v* = (v5,0%) € [Y']? %f >0, inQ},

D* = {v* = (v3,03) € [Y*]? : ||[v*]|o < K},

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

Ci={v* = (v},v}) €E* : ¢ <e inQ},

for a small real constant ¢ > 0,

* * * % * Vz 03)?
CZI{'() :(Uz,UB)EE : (1,)/ﬁ+30((‘833) ) 281}1

and
C*=CinG;.

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 |,

Minimize [*(v3,v3) subject to v* = (v3,v3) € C*.
We call [* the Legendre-Galerkin functional associated to .

12.1. Numerical examples

We have obtained numerical solutions for two one-dimensional examples.

1. Fory=1.0a=230,8=2300,f=10,inQ = [0,1].

For the respective solution please see Figure 7.
2. Fory=001,a=308=300f=10, inQ = [0,1].

For the respective solution please see Figure 8.


https://doi.org/10.20944/preprints202302.0051.v31

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2023 do0i:10.20944/preprints202302.0051.v31

40 of 95

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) = v}(x)/p for the example 2.
13. A general concave dual variational formulation for global optimization

Let Q 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, f)2, Yu € V.

Here V = W,?(Q), f € L*(Q2) and we also denote Y = Y* = L2(QQ).
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>0VYueV.
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Define now J; : V x Y — R where,
]l(ur 'U) = Gl (u/ U) + F(u)/
where K
Gi(u,v) = G(v) — ; sz dx + o) /Q(v —u)? dx,
and .
F(u) = E/Quz dx — (u, f) ;2.
Moreover, we define the polar functionals G} : Y* x V. — Rand F* : Y* — R, where
Gi(v*,u) = sup{(v,v");2 — G1(u,0v)}
veY
* * K 2
= —Gg (v"+Ku)+ —/ u” dx, (66)
€ 2 [
Gg. (v* 4+ Ku) = sup < (v,0") ;2 — G(v) — K v? dx + i/ v? dx
ke B UGI; S 2 Ja 2 Ja ’
and
F*(—=v*) = sup{—(u,0")2 —F(u)}
ueV
o 1 * 2
= 5% /Q(v )7 dx. (67)

At this point we define the functional J5 : Y* x V — R by

K
J5 (v*,u) = —Gg (v* + Ku) + E/ u? dx — F*(—o*).
€ Q
With such results in mind we define

Vi= {M eV ||u||oo < Kg},

and
D* ={v* € Y" : ||[v"]|o < Ky},

for appropriated real constants K3 > 0 and K4 > 0.
Moreover, we define also the penalized functional J5 : Y* x V — R where

2
B0 u) = (0 0) - 2 Q<”*‘a§iu) ““) e

Finally, we remark that for ¢ > 0 sufficiently small and K; > 0 sufficiently large, J5 is concave in
D* x Vj around a concerning critical point. We recall that a critical point

. 9G(u)
o Ju

+eu =0, in Q.

14. 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.
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Let Q = [0,1] C R. Consider the functional | : V — R where
) = %/min{(u’—i—l)z,(u’—l)z}dx
Q
1
+§/Qu2dxf(u,f)Lz
1 "2 / /
= = dx — dx+1/2
3 [ ax— [ | dx+1/
1
+§/Qu2 dx — (u, ). 68)

Here
V={uecW2Q) : u(0)=0and u(1) = 1/2}.

We also denote V; = Wy?(Q),and Y = Y* = [2(QQ).
Furthermore, we define the functionals Gand F : V x V; — R by

1
G(u’,z/):E/Q(u’ij’)2 dx—/0|u’+v’|dx+1/2,

and 1
F(u,v) = E/Quz dx — (u, f)2.

Moreover we define J; : V x V; — Rby
J1(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

Ta,0,¢) = J1 (1,0) + 2 (¢, (/) — Ka) 2.

2
Observe now that
L2 (o
L(wo,¢) = h(uwo)+5(9? (@) = K)p2
= G )+ 59 () Kby
+F(u,v)
= —( o) — (¢, 03) 12 + G/, )
L2 o
+5(9% ()~ Ka)p2

(', 01) 2 + (), v3) 12 + F(u,0)

inf {—=(v1,v])12 — (v2,03) 12 + G1(v1,v2, P)
(Ul,vz)EYXY

3P (w2~ Ka)r |

+ inf  {(W,0]) 2+ (0, 05) 2 + F(u,0)}
(u,0)eVxVy

= —Gj(v7,v3,¢) = F*(v7,93), V(u,0) € V x V1, (v],03,9) € [Y'F, (69)

%
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where )
Gi(u', v, ¢) = G(u',v") + E((,bz, (v)? — Kp) 2.
Also,
Gi(v],v5,¢) = sup  {(v1,07)2 + (01,07) 2 — G1(v1,02,9) }
(Ul,vz)EYXY
1 *
= 5 @) dx
1 (v* _ U*)Z
| dx + = / o = %)"
+ [ oilax g [ Fy
K5 5
where
l *\/ 2 ok . * /: .
P = { Lol P e siutt, e 20 im0 o
+oo, otherwise.

From this we may infer that v = ¢, in (), for some c € R.
Summarizing, denoting v* = (v, v;) = (vj,c), and

J'(0",¢) = =Gi(v",¢) — F*(v")

we have got

inf Ji(wo)>  sup  J(079).
(up)eA (v*,)EY* X Rx Y*

We have developed numerical results by maximizing the dual functional J* for two examples,
namely.
1. Example A: In this case, we consider f(x) = cos(7x)/2, K, = 107%.
For the optimal
uo = (v3)" + £,
please see Figure 9.
2. Example B: In this case, we consider f(x) = cos(7tx)/2, K = 30.
For the optimal
up = (1) + f,

please see Figure 10.
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0.5
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0.35 ]

031 ]

0.25 ]
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Figure 9. Solution u((x) for the example A.

0.5

041 F 1

0.2 b

-0.3 1 b

0.4 1

05 . . . . . . . . .

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

15. 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

2/ 2_1)2dx+= /u dx — (u, f)r2,

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

I1(1,0,A) = %/Q((u’+v')2—1)2 dx+%/0u2 dx — (u, f) 2 + (A2, ()2 = K) 2.
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where
Vo={veW,*(Q) : (¢v)*)-K<0inQ}.

Observe that

1 1

E/Q((uurz/)z—nz dx+§/0u2 dx — (u, f)2 + (A2, (0/)2 = K) 2
= (o, (W +0)2 1)+ % /Q((u’ + )2 —1)% dx

+(0p, (4 +0')? = 1) 12 + (A2, (0) = K)p2 — (0, 07) 12 — (0, 03) 12

1
+ (', o3y 2 + (0, 05) 2 + E/ﬂuz dx — (u, f) 2

inf {—(vé,w)Lz—l—; [y dx}

weY

inf {(05, (01 +02)* = 1)1z + (A2 (22) = K) 2 — (01,02 — (02,08) 12}
(v1,02)€EY XY

+(u,v)lg\£xvo{<u/'vl>L2+<vl'v2>L2+Z/Qu2 dx — <u,f>Lz}

_ 1 *\2 o *
= 3 Q(vo) dx /Qvo dx

17 (9)? de/ (vf —o3)?
4 /o US 2 Jo 2A?

—% [ (1) + 17 dx—%/QKAZ dx + o3 (1)u(1). 72)

Y

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

1
(05, A) = 7/@5)2(1%/ o5 dx
Q Q
1 @), 1 (o)
4Ja o 2Ja  2AZ

g e 7 g [ A% s ) -

dx

and
1 . 1
Bnv) =5 [ (4002 =12 dx+ 5 [ udx—(u, f)pa,

we have obtained

inf  Jo(u,0)} > sup Ji (@ A).
(,0)eVXVy (v*,A)EA* X [Y*]xRxY*

Finally, for
A" ={vg €Y : vy >ein O}

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

Remark 15.1. 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.
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16. 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 3 C R” be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by 02 =T.

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

J(u) = G(Vu) + F(u) = (u, f) 2,
where

V= {u e WIWP(QRYN) @ u=u onaQ},

up € CH{;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 — Rby

I, @) = G1(Vu+Vyp) + F(u) = (u, f)12,

where
Y, = WHP(Q x O;RN)
and

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

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

Ja(u) = inf Ji(u, @),

PeV

where
Vo= {(p €Y : ¢(x,y) =0, on() x aQ}

Now observe that
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Ji(,¢) = Gi(Vu+Vy)+ F(u) — (u, f)2
- _|(1)| /Q /Q v*(x,y) - (Vu+ Vyp(x,y)) dy dx + G (Vu + Vy¢)

+|10| /Q /Qv*(x,y) -(Vu+Vyp(x,y)) dy dx + F(u) — (u, )2

inf {—Klll/n/ﬂv*(x,y)-v(x,y) dydx—i—Gl(v)}

vEY)

AV

inf {7 ) (Tt V) dy et B ) = G )

(0,9)€V
= —Gi(v)—F (dlvx <|Q|/Qv (x,y) dy) +f>
1 *
+W 20 </Q’U (xry) dy) X nug dl—', (74)

V(u,¢p) € Vx Vy,v* € A*, where
A*={v* eY; : div,o*(x,y) =0, inQ}.

Here we have denoted

Gf(v*):sup{fm/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

14_1:1
P4

Furthermore, for v* € A*, we have

F* (divx (|(12| /Qv*(x,y) d]/> —|—f> - |10| o (/Q v (x,y) d]/> ® nug dT'

1 *
- (v,ngxvo{_lﬂl /Q /Qv (x,y) - (Vu+Vyp(x,y)) dy dx — F(u) + (u, f>L2}, (75)

Therefore, denoting J3 : Y5 — R by

Ed * ) k * : k 1 k
Ja(v*) = =G (v*) — F (lex (/Qv (x,y) dy) —|—f> + 1] Ja (/Qv (x,y) dy) ® nug dr,
we have got
inf Jo(u) > sup J5(0%).
ueVv v EA*
Finally, we highlight such a dual functional J; is convex (in fact concave).
17. A model in superconductivity through an eigenvalue approach

In this section we intend to model superconductivity through a two phase eigenvalue approach.
Let O = [0,5] C R be a straight wire corresponding to a one-dimensional super-conducting
sample.
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Consider the functional ] : V x V x R — R where

_ 1 [ oy w o[
J(u,v,E) = 5 /QVu Vudx + > /Q|u| dx

- (/Q(|u|2+|v|2) dx—mT>. (76)

Here, in atomic units, m7 is the total electronic charge, V = W&’Z(Q) and we set a3 = 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; = ¥, = 1, and initially w = 1.8 which is gradually decreased to w = 1.0.

Furthermore, we define

2 _ |ul?
|¢N| |u|2+|v|2
and
2
2 _ v
|¢S| |u|2_|_ ‘U|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
Ba(r) = 5 [ up 2l oD g,

so that for
rn(x,t) = e’“’tW5(x)

and for a suitable vectorial function ws, we have

T o< E] w?
so that we may model the decreasing of temperature T through the decreasing of w?.

For w = 1.8, for the corresponding normal phase ¢y 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.
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Figure 11. Solution ¢y (x) for the w = 1.8.

% 10—108

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

Figure 14. Solution ¢g(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 QO = [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 ™ 4 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
neutrons and resulting also in one more single energetic neutron. We emphasize the higher kinetics
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neutron energy level has many potential practical applications, including its conversion in electric
energy.

At this point we denote by mp, mr, mg, 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 + my = 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, (mr)r, (mp,)r and (my)r we assume
there is a real constant ¢ > 0 such that

(mp)r = cmp, (mr)r = c my, (my,)T = c my,, (my)r = c my.
With such statements and definitions in mind, we define the following functional J, where
J(¢,1) = ](¢p, o1, PH,, PN, T) = G(VP) + F(¢) + Ec(¢, 1),
where, in a simplified many body context,
1
o (x,y) P = |p (v)[* + |¢£(x,y)lzl¢5(y)|2@,

1
o (x,9) 1> = o) W) P+ (1o, (x, v) > + 1o, (x, 1) ) [y () P —,
mp

(om, (x,) 1 = 1985 (W) > + (Ipne (6, y) 2 + [ 0N (x, )2 955 (}/)|
N = PN (x).

Here x,y € Q C R3 refers to the particle densities.
Furthermore, we assume ’yp >0, 'yp >0, 'yN > 0, ')/Nl >0, '7N2 > 0, ’y > 0, TN, He
’)/Nz >0, yv >0, andap >0, a7 >0, ap, >0, any >0,apT >0, ag, vy >0, sothat

G(Ve) = 5 | (V) (Vo) d

D

+ 22 [ (TR) - (V4R dx dy

{0

= [ (T45)- (V) dy

TN

50 [ (VoK) - (Vo) dx dy
T

+ 22 (V‘PNZ) (Von,) dx dy
Yoy

50 [ (Van) - (Vang) dy
H,

+0 [ (Tglk) - (Vglk) dx dy
2 a Ny Ny
H,

+22 [ (Vlh) - (Vo) dx dy
2 a Ny N

YN

+5 Q(V¢N) (Von) dx, (77)
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and,
Flg) = an \¢D(x—§1/y) 62()§|12,|§213|(§1,§2)| dx dy dg, d&
sz |<PT x—§1,1/ g2(2§|1,’§;)(|§1/g2| dx dy déy 4
ocDT |4’D(x—§1ry) %?l,gﬁﬁlrﬁzﬂ dx dy d; dé
sze |4>He 61,3/) §z<)€|ll|él>21§g|(<§1/52)| dx dy ¢, de
tf/ |pn (x |x_|€||¢N( &) dx de
£y [ s (x%/y éiﬁ')""fv(@)' dx dy g, dé 78)
and the kinetics energy is expressed by
B9 = 1 [ igoP 2200 4y
2/|¢leaaif aﬂd x dy
[ |¢Hﬂagfg-am€ dx dy
w3 [ lowl? B B g ay, @

where we also assume
~ lwt
rp = e“'ws(x,y),

rr ~ e“twe(x,y),

so that considering such a vibrational motion, the temperature T is proportional to w?, that is

T « w?.

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

Summarizing, we have supposed

1 1
Eclg,r)~ 50? [ [¢nP+[¢rf dx i+ 50t [ lgnfdx Cay

so that we represent the increasing in T through an increasing in w?.
Moreover, we denote by m 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.
18R dx = my,

[ 185, Gy dx = my,
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3.

|10k, (o) P dx = m,
4.

[ 108 o) P e = m,
5.

[ 108 o) P e = m,
6.

LR @R dy = 2y cm,,
7.

|85 dy = h em,
8.

85 @)P dy = 2z (2 m),

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

1.

/Q ¢ |* dx dy = A (mp)r,
2.

| el dx dy = M(mo)r,
3.

/Q |pn, * dx dy = Az (mp, )7,
4.

[ e dx dy = Aa(my)r,
5.

AM+Ay =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
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J1(¢,w,E, A)

D
P

= | (VoP)- (VoP) dy

<2

D
+ 28 [ (VgR) - (Vo) dx dy

2()<

+5 | (Veap) - (Vo) dy

+5t (Vo) - (Vi) dx dy
TN

N,
+57 [, (VONS) - (V) dx dy

+ 20 [ (Vgn) - (Vow) dx

o

4D 4 ar 4
+5 /Q|(PD| dx+ /Q|<PT| dx
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X, 4 ’X_N/ 4
2 [ gn x5 [ Jgnl* dx

—? [ (140l + o) dx

—w? /Q 12 dx + Jaux,

(80)
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where the functional [ 4,,, stands for

— [ R0 ([ 108 ey dx = my
~(Ep)a (0P )2 dy — hacm, )
~(enn ([ 19 ay—ascm,
~(Enn (ot o) dy =22 20m,
—Es </Q |¢p|* dx dy — /\l(mD)T>

~ta (| lorl? dx dy = ra(one)r

—E7 (/Q |pr|* dx dy — /\Z(mHg)T>

—Eg (/Q || dx dy — )\Z(mN)T)
—Eo(A + A2 — 1). (81)

Remark 18.1. In order to obtain consistent results it is necessary to set

((XN, "‘Hg) > (D(D,DCT).

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.

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

Here such a set Q) 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.
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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
[op (e y, )1 =19y (v, ) + |9R (x, v, t)lzcl’?(y,t)lznip,
2. For the Tritium field
o (e, = 1¢p (1, O + (9%, (1w, )1+ 198, (2, v, ) ) 195 (v, f)lznip/
3. For the Helium field

1
|om, (x,y, )2 = [y (v, )2 + (1pn: (o y, ) + o (2, v, 8D gy (v, ) P 5—,
p P 2 my

4. For the Neutron field
PN = PN (xr t)/

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

Furthermore, we define also the related densities

op(y,t) = /Q |¢p(x,y,1)[* dx,

pr(y.t) = /Q |7 (x,y, 1) dx,
pr(.8) = [ 10 (x .0 dx,
pn(xt) = [pn(x 1),

pe(y, 1) = /Q e (x,y,)[* dx.

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
wp, 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
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ionized Tritium of (m7)o. 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 {3y C 9() for which is
allowed the entrance and exit of Deuterium and Tritium ionized atoms.

We assume also there is another part 002 C dQ) such that 9021 N dQp = @ 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) = mp, N (1) +/O /802 (o, (x,T) + pn(x,T))u-ndS dr,
2.
my,N(t) = mpg,(t) +my(t),

3.

mp,(t) = /QpHe(x,t) dx,
4.

my(t) = /QpN(x,t) dx,
5.

(g, )7 (£) = /Q pr, (x,8) dx + /0 /a o, P T)u n T,
6.
(mn) () :/QpN(x,t) dx—i—/o /msz(x,r)u-ndrdT,
: (mn)r(t) _ an
(mp,)T(t)  am,’
so that
anmp,)1(t) = ag, (my)r(t),
8.
(o)1) = (mo)o— [ [ (oo, ))u-ndS dr—an(m,n)r(t),
9.
)0 = (o= [ [ (pr(x, 7)) dS de = ar (g )r ),
10. ,
(me) () :me(t)—l-/o /302(pe<x,r))u.nds dr,

11.

me(t) = /Qpe(x,t) dx.
12.

_ D 2 45 Me T 2 4 Me H, 2 5. Me
me(t) = [P GenP vt + [ oG0P a e+ [ 1ofh 0P ax e,

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
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] =G(Vu)+F(¢p) + Ec(¢p,r) + FL + R, + F3,

andwhereweassume’yp > 0, 'yp > 0, 'yN>O 'yN1>O '7N2>0 ’y >0, 7y >0, ’y
0, Y>>0, 7%>0andap >0, ar >0, ag, >0, ay >0,apr >0, ocHEN>O Kee >0, ap,, <Oso
that

D
6(v) = L [7 [ (vop)-(Vop) ayar

D .t
+ 20 [T [ (V9R) - (VgR) dx dy a

T

L[ vap) - (vop) dy
I 1) (Veh) dx dy
”’2 [0 (k) - (VaL,) dx dy a
+7§” / / (VoLl) - (Voil) dy at
+7§Vl / / VoLk) - (Vo) dx dy dt
7NZ/ / VL He) dx dy dt
+I /0 | (Von) - (Vo) d dt

Ye [Uf
+7/0 /O(wg)-(v(pe) dx dy dt, (82)

and

_ _ 2 2
F((P) _ “b s |¢D(x €1|/(Z,y)gi/ 23"1,|§ZD)|(€1/ gZ/ t)| dx dy dél dgz dt

t |47T(x - CKy —)Cif ’E)§|12|g;T)(|§1,§z,t)|2 dx dy dé, d&, dt
szT ff |¢D X — CT{Z ;)(fi/ E)§|12’|’;;T)T§1/52, H? dx dy dg, de, dt
po " / ey o 21061, 82D 4o e ae, at

x,y) — (1,62)|
tf lpn ( x—(ff\ |<PN( )2
/ T dx dg dt
sze |Pr, (x1 — 51, — &2, )P PN (G t)?
+E [ R By 261 Sz oF

“He tf |¢He gl/y CZ/ )|2|¢8(Clr€2/ )|
A 9 - G0t e dy dey dea dt

aee |¢e glzy C2, )| “Pe(élrgb )|2
/ WAl dx dy de, d&, dt 83)
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and the internal kinetics energy is expressed by
b orp Or
Eo(pr) = 2/ / gol? S22 ax dy at

2/ | 1erP xr. o aer x dy dt
2/ /|H6283fe.arHLd x dy dt

tf zaI'N aI'N
2/ Jolow G G
or ar
2 e.J
s / 0 S5 S dx dy at, (84)

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/tchurlA—B II2 dt
1*47_[0 0112 4k,

tf
/ /Emd Kp|4)p |2( > dx dy dt
t
+/f/ Ejna - Kplop |° <u+aaT) dx dy dt
t
+/f/ Eing - Kp|§b < ng) dx d]/ dt

+/ /Emd Ke|pe|? (u+> dx dy dt, (85)

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

rp, rt, r'y,, IN, Ye

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,

Cp [ Cr ['r
Bo= P[] Vo Vayrodrdyat+ S [ [ Ve Ve drdy at
CHe ty N tr
2o [7 ] Vet Ve drdyat+ 0 [ 000 Vo dx dy d

76 /0 /Q V(x/y)re . V(x,y)l'e dx dy dt, (86)

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

1. The momentum conservation equation for the fluid motion

Ju ou ap
P ( atk + ]axk> =pfk— + Tkj,j + (Fg)k + (Fa)is
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Vk € {1,2,3}.
Here p = pp + pr + pH, + PN + pe is the total density and P is the fluid pressure field.
Furthermore,
~(ou;  duj 2 ouy
T”‘"(ax] Tc, 3 ]Zaxk>'
Vi, j€{1,2,3},
Fe = {(Fe)) = (K0P + 10 + lofh?) + K. |l dx ) B
and
Fv = {(Fm)i}
or
- <1<,, Fas <u + af’)
or
T2 T
¢ | (u + 8t>
or
e |2 H,
ot (wr %))
2 ore
+Ke|pe|” [ u+ =) )% B. (87)
2. Mass conservation equation:
9p
T div (pu) =
3. Energy equation
pg + P(divu) = aa—? — div q,
where we assume the Fourier law
q=—KVT,
where T = T(x, t) is the scalar field of temperature.
Also,
o B PD E)rD arD
N TS
PT aI'T arT
2 ot ot
pHe aI‘He . aI‘He
T2 o o
ON al‘N aI'N
T2 ot
peone o
2 0t ot (88)
and
De e de

P=FpT),
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for an appropriate scalar function F;.

5.  Mass relations

(a)

(b)

()

(d)

(e)

(®)

(8)

(h)

where,

(a)

(b)

()

(d)

(e)

(®)

so that

mp)(t)

0= [ eolut
0= [ erut
mye(t) I/QpHe(x,t) dx
t) = /QPN(X t
0= [ et
(mu,)T /PHextdx—I—// o, (x, T)u-ndldt

(myn)T(t) = /QPN<x/t) dx + /Ot /802 on(x,T)u-n dldr,

(mn)r(t) _ an

(mp,)r(t)  an,’

anmy,)r(t) = ap, (my)r(t),

(mp,N)7(t) = mp,N(t) + /Ot o (pm,(x,T))u-ndsS dr,
mp,N(t) = mp,(t) +mn(t),

(mp)o _/ / (x,7))u-ndSdt—ap(mp,N)r(t),
anUaQZ

)0 = Grdo= [ [ (pr(a, 7)) dS dr = ax (g )1 ),

(me)1(t) = me(t) + /Ot AQZ(pT(x,T))u -n dS dr.

/|¢>p xt|2dx—+/ |<ppxt|2dx—+/ |4> xt|2dx—.

mp

6. Other mass constraints

(@)

| 18R Gy b2 dx = my,

do0i:10.20944/preprints202302.0051.v31
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(b)
185, Gy, 2 dx = my,
(c)
185 Gy, O dx =y,
(d)
/ |4JN1 x,y,t)|? dx = my,
(e)
/ |<pNZ X, y,t) = my.
7.  For the induced electric field, we must have
1 A D2 arD
curl E;,,y + - curl (Kp|4>p | ( + at)
. or
T2 T
+KP|¢p | <11 + ai’)
or
012 He
JrKzﬂ|<l> ;| ( +, )
81‘ X, 1,
R [ 0t ‘2< e x>>
10
X (curl A—By) — —= (curl A—By) =0, (89)

c ot

where K, 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 E = 47 (K,,(|¢,?yz + ¢y |+ |¢f;|2) + K, /Q e (x,, )| dx) ,

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

and where generically denoting

= [ f5(9.x,0) dx e,

g { [ 25050 ).

At this point we generically denote

we have also

tf
(h, h) 2 = /0 /th hy dx dy dt.
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Thus, already including the Lagrange multipliers concerning the restrictions indicated, the
extended functional J3 stands for

]3 = ]3(¢/u/r/ PIAIBIEIAI E)
G(V¢)+F(¢)+Ec(p,r) +F+F+F

Ju Ju dP
+ <Ak,p < atk + k) ofk+ Froi (Fe)x — (FM)k>

L2
d
+ <A4’ aft) + div (pu)> 5 + ]Auxl + IAuxz + ]Aux3 + ]Aux4/ (90)
L
where,
_ De 0Q
Jaue, = <A5, T +P(divu) — 5 + div q>L2
+ (A6, P=F(p,T))p2, (91)

Jaux, = <A7,mD(f) _/QPD(xrt) dx>L2
+ <A8,mT(t) — /QpT(x,t) dx>L2
<A9, mpy, () — /QPHe (x,1) dx>
<A10, my (t) — /QPN(xr t) dx>L2
<A111me(t) - /QPe(x/t) dx>L2

/tf Eq2(t)(anmp,) () — ap, (mn)7(t)) dt, (92)

JAuxs / v /

09 (s

/tf/ (EXy )y, t (/ o8, (x,y, )7 dx—mN>

/tf/ (Exy)7(y,t </ pF, (x,y,£)[2 dx — N)

- fettn ([ o i) e
( )

te H
Ee ; / , zd —m
/0 Q (y,t |oN: (%, 1) dx — my

L2

o

|4)ny/ | dx—mN) d]/dt

S
D

D

o

S
D

D

dy dt, (93)
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]Aux4 = <A12/ curl By

1 o 1+D|2 arD
+E curl <Kp|q>p| ( )
5 or
+Rolghl? (u+ 57
ory
|2 ¢
+Kp|¢ ‘| ( at>
N ore(x,y,t)
2 Sl It
& [ oo 0P (utn + 2020 ) )

x (curl A —By) — 1a(curlABO)>

c ot 12

+ <A13, div B>L2

(- divE—ar (K (0F P+ 0]+ 035 Ko [ 0w P dx) ) o9

Here we recall the following definitions and relations:
1. For the Deuterium field
1
¢ (e, y, )2 = 19" (v, ) + |on (v, y, )l (v, )P

2. For the Tritium field
1
oo (x, v, )P = 1y (v, )1> + (N, (X, v, 1) > + |4>z[\)rz(x,y,t)lz)\%?(y,f)Imep,
3. For the Helium field
1
2, 2
|pn, (x,y, ) > = |<P2p W ) + (on: (v, )P + R (x, v, 1)) )I%p (v, 1) Ty’

4.  For the Neutron field
N = PN (xt),

5. For the electronic field resulting from the ionization

Pe = Pe(x,y,t).

1.
o) = [ eo(xy O dx,

2.
r(w.0) = [ grCry P dx
o, (/1) / |pn, (x,y, 1) dx,

on (1) = Ipn(x 1)
= [ Ige(x 0P d
Also,

P = pPp +Pr + PH, T PN + Pe,
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1.
t
(mp,N)T(t) = mp, n(t) +/0 /802 (om, (x,T) + pn(x, T))u-ndS dr,
2.
mu,N(t) = mp, (t) +mn(t),
3.
mi(8) = [ on,(x,1) dx,
4.
() = [ pn(xt) dx
5.
t
(o)1) = (mo)o— [ [~ (po(x1))u-nds dr—an(min)r(t),
6. ,
(o) (®) = (mr)o— [ [ (pr(x)u-ndS dr —ar(m,)r(0)
7.
t
(mp,)r(t) = /OpHe(x,t) dx +/O /602 pr,(x, T)u-ndldr,
8.
t
(myn)T(t) = /QpN(x, f) dx—i—/o /802 pon(x, T)u-n dldr,
9.
(mn)r(t) _ an
(mp,)r(t)  an,’
so that
anmy,)r(t) = ap, (mn)7(t),
10. ,
(meyr(t) = me(t) = [ [ (ool 0)u-nas ar,
11.
f) = /ng(x,t) dx
12.
/ 9 (x,t) |2dx—+/ 9 (x,t) |2dx—+/ |4> ¢(x,t) |2dx—p
Finally,
E = Ejy + Ep,
and where generically denoting
= [ (g2 dx dz,

we have also 35y, 0)
B 5(¢, x,
Fo = {/0 0 f,‘} '
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.
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Let O C R3 be an open, bounded and connected set with a regular (Lipschitzian) boundary
denoted by Q).

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.

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:

1
b (x,y,t,9)2 = |93 (v, t,9) 2 + |9R (x, v, £,5) |97 (v, er)|2mfp1

2. For a single Tritium atom indexed by s:

1
o7 (v, t,5)1% = 19y (v, £,5)1% + (9, (. y,8,5) P + [0k, (2,9, £,5) )y (v, er)Iszp,

3. For a single Helium atom indexed by s:

1
P (2, ,5) = [y (v, )12 + (Lo (6,9, 8,5) P+ Lo (6, y,1,5) )by (v 6 5) P,
p

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

5. For the electronic field resulting from the ionization
478 - (Pe(x/]// t/s)'

Furthermore, we define also the related densities

Np(t) )
PD(]/J)=/O /Q\QDD(x,y,t,S)I dx ds,

Nr(t)

or(y,t) = /0 /O |7 (x,y,t,5)|% dx ds,
NHe(t)

o0, t) = [ [ 1o, Gryito) dx ds,

Nn(t)
on(x,t) = /0 lpn (%, t,8) | ds,
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Ne(t)
pe<y,t)=/0 /Q|47e(x,y,t,s)|2 dx ds.

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 a of neutrons.

Symbolically, this stands for

1=ap+ar=uay, +an.

Concerning the control volume () in question and related surface control (), we assume such
a volume has an initial (fot t = 0) amount of ionized Deuterium of (mp )y and an initial amount of
ionized Tritium of (m7)o. 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 9() 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 0021 N 9 = @ 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. ,
(mpy,,N)T(t) = mp,N(t) +/0 /ao (om, (x,7) + pn(x, T))u-ndS 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)(t) = (mp)o — /0 /anluaoz (pp(x,7))u - n dS dt — ap(mp,N)T(t),
6. ,
(o) (®) = (mr)o— [ [ (pr(x)u-ndS dr—ar(m,)r(0)
7.
(mp,)r(t) = /QpHe(x,t) dx + /Ot /602 o, (x, T)u-ndldr,
8.
(mn) () = /QpN(x,t) dx—i—/ot /ao on(x, T)u-n dldr,
9.
(mn)r(t) _ an
(mu,)T(t)  ap,’
so that
anmmp,)1(t) = ap, (my)7(t),
10.

(me)7(£) = me(t)—l-/ot /aaz(pe(x,r))u-nds dr,
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11.
me(t):/ﬂpe(x,t) dx
12.
Np(t) m Nz (t) m
me(t) = [ / 0F )P ay asie - [ [ oot o) dy ds
+ IS y,tslzdydsf (95)
[ "

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/ E/A/ B/ {ND/ NT/ NHEI NN/ NE})

where

J=G(Vu)+F(¢)+Ec(pr) + L+ FE+F+Fy,

andwhereweassume’yp > 0, 'yp > 0, 'yN>0 7N1>0 7N2>0 'y > 0, 'y > 0, ')/
0, />0, 7o >0and ap >0, ar >0, “He>0 any >0,apr >0, rxHeN>0 Dceg>0 IXH,e<OSO
that

Gve) = 25/ / /W’?) (VD) dy ds dt
oy /(ff [ [ 90R) - (9gR) axay s ar
2L e e avasa

I [ (968 (k) dxdyds a
m 2, tf/ [ (V68 (Tl dx dy as a
I el (v ay s
VNI tf/ e / (Vone) - (Von:) dx dy ds dt
ST (0l (St ey dsa
*7/0 [ /Q<V4>N> (V) dx ds dt

qe flr Ned)
+7/0 /O /Q(vqye)-(v(pe) dx dy ds dt, (96)

and
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F
Og)of / o / |¢Dx_M_|(gaff;s—_<scl1),|;|§)|1)(gl'52't’sl)'Z dx dy dgy dga ds ds, di
A A R AL ACLU LY
g [ [ et
/ /NHE /NHE / |pn, (x — Cl,y C), S(g—llsgllslq)bfqe(gl,gz,t)|2 dx dy d2, g, ds ds, dt
//NN /NN /IrpN é,t,sxS_l)éle|¢N(§rfrsl)|2dxdgdsdsldt
o /NHQ /ND /|¢He cl,y EOPIONGOP | e e

(x,y) — (&1,62)|

e [ R0 |4’HeX—Cw—ézrt,s—sl>|2|¢e<él,a52,t,s1>|2
// L oy~ @0 e dy ey dey ds dsy i

Déee tr pNe(t) pNe(t) |4)g x_gl'y_‘:%tfs_51)|2\¢e(§1,§2,t,51)|2
/ / / / [(x,y) — (61, 2)] dx dy dgy dZ, ds dsy dt (97)

and the internal kinetics energy is expressed by
t¢ rNp(t) 9 )
Ec(p,r) = Z/f/ ’ / l¢p|* ;? rD dx dy ds dt

t Nr(t 2 arT arT
2/ / /| o S ST v dy ds di

b (t zarHe.arHE
AL e e aay

tr (Nn(t) 2 ory aI‘N
2/ / /| W SN dx dy ds dt

te No(H)
b /Ie|zar€~%d x dy ds dt, (98)

Moreover,
F = —/tjr | curl A — By||, dt
1 - ] 0 0 4

tr Np(H)

/ / /Ez‘nd'KpWﬂz( BD) dx dy ds dt
tr Nr(H)

/f/ ' / ind Kp|¢p|2< aT> dx dyds dt

tf NHe

L B Kol (e
by [Ne(t) or

+/0 /0 /QEind.Ke|<pe|2 (u+ a:) dx dy ds dt, (99)

where K;, and K, are appropriate real constants related to the respective charges.

> dx dy ds dt
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Here u = (11, up, u3) is the fluid velocity field and

rp, rt, ry,, IN, Ye

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(®)
b= /o /0 /Q V() ™D  V (xy)tD dx dy ds dt
Cr [tr [Nr(t)
7T /0 /o /Q Va1 * V (gt dx dy ds dt
Ch, [t [Ne()
+% /0 /o /Q V() tH, = V (x,y)tH, dx dy ds dt

C ty Ny (t)
+7N /0 /0 /Q V(x,y)I'N . v(x,y)rN dx dy ds dt

Co [ [N G Y pe dy dy ds di (100)
2 Jo Jo o ¥ (x)Ter V (xy)Te 4X 4y 45 at,
for appropriate real positive constants Cp Cr, Cg,, Cy, Ce.
Finally,
B OND (1) tr (ONp(t)\?
b= 2 ( ) 0 < ot at
aNN() en, (' (ONg, (D)
2 ( o ) a5 T )
€ ff INL(t)\?
+5 ( o dt, (101)

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

auk auk
Y ( ot +u ]ax ) _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.

~ fou; oup 2 ouy
Tij_y(BxJ Tc,-_ ”Zaxk>'

Furthermore,

vi,j € {1,2,3},

Fp = {(Fe)} =

® N (1) Ne(#)
(Kp </0 |<Pp |2 ds+/ |¢;|2 ds+/0 |¢fpe|2 ds) +Ke/0 |¢e|z ds> E
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and

Fv = {(Fm)i}

Np(t) or
- (Kp (/0 o7 <u+a—f) ds
N o ory
‘A |¢p| (u-+-5;) ds
+/O |4> |2< ag’?) ds)
+K, / |4:E|2< ‘Z—t> ds> x B. (102)

2. Mass conservation equation:

5 + div (pu) =

3. Energy equation

p— + P(divu) = aa_(tg — div q,
where we assume the Fourier law

q=—KVT,

where T = T(x, t) is the scalar field of temperature.

Also,

e = Bu u_|_pDarD.arD

2 2 9t ot
pTarT E)rT

2 ot ot

PH, aI'HE ang

2 ot ot
PN OIN 0Ty

2 ot ot

Pe OF, are (103)

2 ot ot

+

+

and
De Oe de

E—E-f—u]‘a—xj.

P=F(p,T),

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

(a)

t):/QpD(x,t) dx
= /QPT(xrt) dx

(b)
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(d)

(e)

where,

(a)

(b)

()

(d)

()

()

(8)

(h)

)
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M (t) = /QpHe(x,t) dx,
mn(t) = /Q on(x,8) dx,

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

(mp,N)T(t) = mp, N(t) + /Ot /aQZ(pHE(x, T))u-ndSdr,
mp, N (t) = mpy, (t) +my(t),

(mp)(t) = (mp)o — /Ot /anluanz(pD(x' 7))u-ndSdt —ap(my,N)7(t),
our)(®) = nrdo = [ [ (st o)) dS dr = an(m ) 2(0),
(my,)r(t) = /QPHe(x,t) dx-l-/ot /aQ ey, (x, T)u-n dldr,

(m)r() = [oxCotydx+ [ [ pn(xouendrar,

(mn)r(t)  an

(mp,)r(t)  ag,’

so that
anmpy,)T(t) = ap, (mn)7(t),

(me)r(t) = me(t)+/0t /(mz(pT(x,T))u-ndS dr.

B Np(t) b ) e Nr(t) T 2 Me
met) = [ [Pt ol dyay s [T [ loTty, e o) dy ds e

Nﬁ(t) He 2 me
+/0 /Q |5y (v, t,8)|” dy dsm—p- (104)

6. Other mass constraints

(a)

(b)

()

[ 18R G t,) P dxr = my,
165, Gy )P dx = m,

1% Gyt )P dx = m,
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(d)
| #3 Geoy, ) dx = my,
(e)
|83 Gyt )P dx = my,
€3]
D 2
’t/ d - 7
[ 8P (et ) dx = m,
(8)
T /tl 2 d - 7
| 195 Gt )P dx = m,
(h)
/ |¢ (x,t,5)[* dx = 2 m,,
7.
mp(t) = my Np(t) +my Np(t)
mr(t) = mp Nr(t) +my Nr(t),
mHE(t) = 2m,, NHe (t) + 2my NHe (f),
mg(t) = M, ND(t) + m, NT(t) +2m, NHg(i’).
8.  For the induced electric field, we must have
1 N ND(t) arD
curl E;,y + - curl (Kp/o |¢;I7?|2 (u + 8t> ds
L Nr(t) or
T2 T
+Kp/ |¢p| <u+ 8t> dS
. or
2 H,
+1<p/ |¢|< at)ds
o [Ne(t) ) or.(x,y,t)
+Ke/0 /Q|(pe(x,y,t,s)\ <u(y,t)+at dx> ds>
x (curl A —By) — %%(curlA—Bo) =0, (105)

where Kp 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) Nr(t) N, ()
divE = 47 (K,, (/0 ¢y | ds +/O EAREE +/0 |3y dS)

Ne(t) )
—i—Ke/ /Q |pe(x,y,t,8)|" dx ds) , (106)
0
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where the total electric field E stands for
E = Eiu + Ey,

and where generically denoting

F(¢) = /Qf5(4>, x,t&,8) dx d¢ ds,

we have also
E, = {/Q 5@ x:t:8,5) 4 ds}.

Bxk

At this point we generically denote

tf
)2 = [ [ i h ddy d.
< 1 2> 12 o Ja 1 12 Yy
Thus, already including the Lagrange multipliers concerning the restrictions indicated, the
extended functional J3 stands for
]3 = ]3(4)1 ur, P/A/ B/ E/A/ E/ {ND/ NT/ NHe/ NN/ NE})

= G(V¢)+F(p)+E(pr)+F+E+F+F

8uk 8uk oP
+ <Ak,p <at + u]-axj> —pfi+ i (F)k — (FM)k>

2
9 .
+ <A4/ £ + div (Pu)> 5 + ]Aux1 + ]Auxz + ]Aux3 + ]AuX4 + ]Auxsz (107)
L
where,
De . 0Q )
]AMX1 - <A5/ pﬁt +P( le u) - g + le q>L2
+ (A6, P—F;(0,T));2, (108)

Jauw, = <A7rmD(t)/QPD(x’t) dX>L2
+ <A8, my(t) — /QpT(x, f) dx>
<A9,mHg(t) —/QpHE(x, f) dx>

<A101mN(t) —/QPN(X,f) dx>L2
<A11/me(f) - /Qpe(x, t) dx>L2

/Otf Epp(t)(anmy,)7(t) — ap, (mn)7(t)) dt, (109)

L2

12
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T = = [ [ (ER)
ARG
ARG
SN
A
e
A
S
(A1p, curl Ey

1 N ND(t
+— curl (Kp/
c 0

]Aux4

N Nr(t)
+Kp/ |(,1>;|2 (u—l—
rcp |2(

+R, /

5(y,t,5) ( PN (x,y,t,5)[* dx—mN) dy dt
EN1 (y,t,5) (/ |qu1 X,Y,t5) |2dx—mN> dy dt
EN2 (y,t,9) (/ |¢’N2xy/t5|2dx* N)
EHe )s(y, t,s) (/ |4>N1 X, Y,t5) |2dx— N) dy dt
EHB (y,t,s) </ |4>N x,y,t,8)|* dx — mN> dy dt,
(£,s) (/ @y (v, t,5) > dy — m,,) ds dt,
Ep)(ts) </ |9 (y,t,9)[* 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)
9P [2 ds + /0

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

]AuX5

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

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

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

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

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

Here we recall the following definitions and relations:

1. For the Deuterium field

[bp(x,y,t,5)* =

1
|6y (v, t5) 2 + [eN (2,9, 5) Py (v, t,S)Iszp,

do0i:10.20944/preprints202302.0051.v31
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(110)

He|2
p| ds)

N, (t)
opPas+ [ 1o

(111)

(112)
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2. For the Tritium field
o1 (e y,t,8)12 = 10y (v, 1,5) P + (9%, (v, v, £,5) P + [0, (x, v, £,5) )¢y (v, t,S)Iznip,
3. For the Helium field
|0r, (%, 1,5 = |05 (. £,5) 17 + (¢ (0,9, £,5) 17 + 190 (2,1, 6,5) ) 9oy (v, t,s>|22,1np,

4.  For the Neutron field
oN = PN (x,t,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
orw )= [ [ lor(ey o) dxas,
NHe(t) 2
o) = [ [ s (xR dx ds,
Nn(t)
pN(x/ t) - /0 |¢N(x/ t,S)|2 dS,
N, (t) 5
pely ) = [ [ ey ) dxds.
Also,
P =pPp +PT + PH, + PN + Pe,
1.
t
(mp,N)T(t) = mpy,N(t) +/0 /ag (om,(x,T) + pn(x,T))u-n dS dr,
2
2.
mp, N () = mp, (£) +my(t),
3.
mi(8) = | on.(x,1) dx,
4.
my(f) = /QpN(x,t) dx,
5.
t
(mp)()) = (mp)o— [ [ (po(x,7))u-ndS dr - ap(myn)r(t),
1 2
6.
t
(o) (®) = (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)wndFdT,
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8. t
(mi)r(®) = [ vt [ ] px(xundrar,

9.

(my)r(t) _ an

(mu,)T(t)  ap,’

so that
an(mp,)1(t) = ap,(my)T(t),
10. t
(me)7(t) = me(t) — /0 /E)Qz(pg(x,r))u -n dT dr,
11.
me(t) = /ng(x,t) dx
12.
ND(t) m NT(t) m
met) = [ [Pt dyay s s [T [ g7 nts) P dy ds
Ny (t)
@5 (y,t,5)|* dy dsf (113)
S RRAC o
Finally,
E = Eind + Ep/

and where generically denoting
= / f5(¢,x,t,8,s) dx d¢ ds,
Q

we have also

g { [ 208 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 . aof s
J(u,v) = 5 /QVu Vudx + > /Qu dx
E/VU-Vvdx—i—g/v‘ldx
2 Ja 2 Ja

—3 sz(uz—l-vz) dx—g (/ﬂ(u2+vz) dx—mT>. (114)

Herey; >0, 72 >0, a1 > 0, ap > 0and V = W2(Q).
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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 zaru aru
EC—Z/Qu 5 o dx.

For a internal vibrational motion, we assume approximately

ry, = ethW5(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 # ~ 0 and v ~ 1.

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

; u MZ Z’Z
and
(P —
u2 + Uz ’

Finally, we have obtained some numerical results for the following parameters:
Q=[01CRy1=7=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.

1rw T T T T T T T IT

0.9 1
0.8 ff
0.7
0.6
0.5
0.4
03
02

0.1

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

0.8

06

0.4

0.2

Figure 16. Solution ¢, (x) for w = 1.

06 ]

0.4 r b

0.2 ]

-0.6 b

-0.8 1 b

Figure 17. Solution ¢, (x) for w = 15.
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0.8

0.7

0.6

0.5

0.4

03

02

0.1

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, (], generically, for a particle pj at the atom Ay
in the molecule M;, we define the following general density:

2w oy, 2 )P0, (0,2, 5P oam, (2, )
mA].kli '

|¢(ijl)T (x,y,2,1)]

Here we have the particle density |¢p,, (x,y,2t) |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 (y,z,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, 1) Plpa, (.2, 1) Plom(z, 1) 2
mAlmM
19 (y 2 t) Ploa, (v, 2, )P |¢m(z t)]?
mAlmM
S Ploa, (v, 2, 1) ¢m(z 1)
mAZmM

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

oy (x,y, 2,02 =

(115)

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:

I 10w,z 0P dx = m,,
3. For the atom Aj:
| 10a vz 0 dy = ma,,

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

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:

[ 10zt 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, ) Pl (v,2,1) Ploma (2, 1)
pj TN — s

mA].mM

2 0y, z )P a; (4,2, 1) Plgm(z, 1)

L Ve {1,2
A je{1,2}

| ()7

we assume () > 0, Ve > 0, Ya; > 0, ym >0, X(pyr > 0, &)y > 0 K(p; )y < 0, Vj, k€ {1,2},
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Yot
G(Vg) = %/Of/n<vqap].)-<vq;pj)dx dy dz dt
Ye; [tf
+7]/0 /Q(V(Pej) (V¢e,) dx dy dz dt
VA

5 o (VO4;) - (V) dy dz dt

™ [
+7/O /Q(quM)-(chM) dz dt (116)

and

F(¢) =
X(pj)r /ff / |9 (x = 81,y — 82,2 = 83, ) Pl (81, 62,3, )
2 Jo Ja [(x,y,2) — (1,62, 63)]
“(e))r /ff / ey (X = C1y — 82,2 = 83, ) Plepe, )1 (81,82, G, 1) P
2 Jo Ja |(x,y,2) — (61,62, 83)|
e /tf / [B(p)r (¥ = &1y — 82,2 = 83, 1) Plbe), (61,62, 83, 1)
2 o Ja [(x,y,2) — (1,62, 85)|

| 2

dx dy dz; A&, d&, A&, dt

+

dx dy dz d¢y d¢p dés dt

dx dy dz d&y A&, dEs dt

Finally,

ty

T ) = [ [ €tz ([ 1050z dx—m, ) dy dz

t
B (0 G20 b2, ) = 2 ) dy

ty

S~ 55

(Ea)j(z1) </Q |@a;(y,2, 1) dy — mA]) dz dt
(Ew)(0) ([ om0 dz =) a17)

ty

S— S— S— S—.

Remark 22.1. We highlight the two electrons which link the atoms are at same level of energy E.. Morever,
each atom has its energy level E o, 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

H,O = 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 23.1. Here we have assumed that a unit mass of HyO reacts into a fractional mass ap 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 (¢1)m(z, 1)
(m)3, (m1)m
|2|(4>fl) AWz )P |(¢1)m(z 1)
() ()
)|z|(<P?)A( .2, ) P (¢1)m(z )7

(m)ﬁ (m1)m

+Ke Z [(¢)e; (x,y,2, t)|2|(¢?)A(y/Z/ HI[(¢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

(118)

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

g2 (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 DP9z DI
(m)4 (m2)m
2
+Ke|<¢?H>ez<x,z,t>|zW

|2|( ¢5)a(y,2, 1) (¢2)m(z 1)

(m)ﬁ (m2)m

AL S A,
e

+Kel (¢3)er (1,2t

+KpZ| ‘Pz (x,y,z,t)

. (119)

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 (., )|2W'
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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 = m, ¥ € 41,2,
2.
1@ (2 02 dx = me, i € 41,2},
3.
1@ v,z 2 dx = my, Vi € {1,8),
4.
@00 Gy z P dx = me, v € (1,8},
5.
L 1@,z 0P dx = my,
6.
L 108 Gz 0P dx = me,
7.
@8 (ey,2, ) dx = me,
8.
/Q [(5)p; (X, y,2,1)|* dx = my, Vj € {1,8},
9.
19906, (x,,2, 02 dx = me, ) € {18,
10.
@502 ) dx = m,
11.
@A, vz 0 dy = mf v € 1,2},
12.
@01 AW 0P dy = mS,
13.
L 1@ at0,2002 dy = n,
14.
L 1609)40,20F dy = mS,
15.
L@tz 0 dy = m,
16.
S U@0MEDE +1@2)mE D + |(¢s)uz D) dz = m,
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
Yr 2ty 0 H
G(V¢) = 2]2/0 /Q V(¢ )pj V($1)p; dx dy dz dt
Ye 2 t H H
+7 Z/ / V(471 )ej'V((m )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 t 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(g7" e V(P77 e, dx dz dt

ﬂzpjé/otf/gv((pg)pj-V(ﬁ)pj dx dy dz dt
+“§]é L7 [ 99,99, dx dy d=
ﬂgﬂi [ [l - V(o) 4, dy =

$220 [0 [ (9000 9094 dy d d

“”/ / (P A - V(ph1) 4 dy dz dt

+ 240 / / (@) 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 Y f g (x =Gy — G2z — 85, 1) P1¢1(81, 62, Ga )P
? 0 /Q |(x,y’z) — (Clr 621 §3)| dx dy dz dX1 dxy dX3 dt
t _ . . 5 )
ay (U [ Iga(x— 81,2 — 83, ) Ples(81, 8, 1)
T T Gt e dde
o 1 ] Syt S DGLESO t  iy a i

where a1 > 0, ap > 0, a3 > 0 and a3 > 0.
Furthermore,

t
R@) = [ [ Veuz (e +1g2R + ¢af?) dx dy dz d, (120)

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(l)E)
= Z/ / E1 y,zt ( (¢ pi(%,Y,2, )2 dx—m;,) dy dz dt

o

L s ([ 6o ) dydea
+Z/tf/ (Ex)p vz 1) (/|4>1 p (6 y,2, 1) dx—m,,) dy dz dt
L e ()

[ [ ([ 108z 0R ax—m, ) dyaz i

2 ot
L R ([ 69 d ) vz

[(7)e; (X, 9,2, 1) 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 (@5 (x,, £)|% dx — mp) dy dt

+:21 [ 0o ([ o0tz dy -t ) dzai

[0 L ESEn ([ 1@030.z08 dy-ng) dz

[ Een ([ defwenf dv-md) aza
7] %0 ([0@8ua 0P ay—n) dz
0 JQ
/0”<E6>2<>(/<|<¢3> (.0 dy =) ds
+ [T E 0 ([ (@0 0P + @l P +1(@5)a(z 0P dz— e ) d
0
+ [0 ([ xcligm(e )~ wnligalu(z, ) =) . a2

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 (y — 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 is rapidly cooled to a temperature 25 C on a
time interval [0, ¢ ¢], 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 Carbon;, 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
1R v-F, 207 2 1
+Z|¢> (o y, 2 P9y " (2 ORI D s
(m)
Tk v—F 2| 47 2 1
+Z|¢ (o y, 2 DP9y " 2 ORI (D s
(my)
1

+ Z [(@7)p; (%, 9,2, 8) PLOT) Ay, 2 D195 (2, )P —c
j=1 (m)

1
+Z| 1)e; (1,2, ) P1(9) 4 (yfzft)lzlcPf(Z,t)lzic)Z
A

(m

+Z| ST IN; (51,2, O (97) 4y, 2, D797 (2, ) (122)

1
(mG)?
Similarly, we define the density function for the Martensite phase, which is denoted by ¢», where:

1
|¢2(x,y,2, )] ZW‘ (2,2, P19) (2 )P 198 (2 )P s
(mA)

+Z|4>"‘ "0y, 2 ) P10 (2, ) Pl (2, 1) e 2

+Z|4>“ oy ) Ple% Fe(yfsz)|2|¢ﬁ‘(zft)\2(m%)z

+Z| ¢70)p; (v, 2 ) P1(97) AW, 2 O 197 (2 ) P —c
(my3)

41 165512 P19 40,2 D105 2, T
A

]':

+Z| 03N, (4,2, 8) Pl(9) (v, 2, ) 195 (2, 1)

123
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,e2,83), : g € {+1, -1}, Vj € {1,2,3}},

and

C’)/ = {(8118210)/ (8110183)/ (0182183)/ : 8]' S {+1/ _1}/ v] € {1/2/3}}/
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we must have

Pl Fe (y, 21 + €10z, 20 + €202, 23 + €30, 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 (]// 21 + E1521 ) + 82521 Z3 + 8352/ t) 4)7 Fe (]// 21 + 51521 ) + g2521 Z3 + €3521 t)/
Ve, & € (Cy)1 and,

(9$) 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,€2,83), 1 gj € {+1, -1}, Vj € {1,2,3}},

(Ctx)l = {(81,82,83), P €1, &2 € {‘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:, 1) = @4 T (y, 21 + 8182, 20 + 8281, 23 + 355, 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) a(y, 21 + E182, 20 + 8202, 23 + 8362, 1),

Ve, & € (Cyu)1 U (Cy)a-
The other constraints for the densities are given by:

1. For the Austenite phase:

(@)

/ 93, (x,y,2 D) dx = my, V) € {1,26},
(b)

/ ’(Pv Fe x ]/,Z/t)|2 dx = m,, V] S {1/26}/
()

/ |¢’Y Fe X %Zrt)|2 dx = MmN, v] < {1’30},
(d)

R
/ o5 (.2, t) | dx = m),

(e)

@0 (2,0 dx = my, ¥ € {16},
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(®)

@0 (2, 0P dx = me, ¥ € {1,6),
(8)

1@, (v, 2, 0 dx = m, Vi € (1,6},
(h)

L1014y 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)

|1 ez 0P dx = s,

(e)

/Q [(95)p;(x,y,2,t)* dx = my, Vj € {1,6},
()

/Q (@5)e; (x,y,2,£)? 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,

1ot 0R dz+ [ 130 dz = (me)r,

4.  For the total Carbon mass

[ 5@ 0P dz+ [ 1950 dz = (mo)r.

At this point we define the functional | which models such a pahse transition in question, where

J(9,E) = G(V$) + F(¢) + Fi(¢) + Jaux (¢, E)

where
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26 ’\'Y Fe ¢
/ 7_Fe ’)/_Pe
G(v¢) = / /QV(PP]' .V(ij dx dy dz dt
j:1
% 47F iy ) ,
+Z 62 / Vol Ve dx dy dzdt
/ Vol T Vey  dx dy dz dt
Aoc Fe b
/ / ‘P“ Fe V(P;]._Fe dx dy dz dt
2% ~a—F
+Z% /f/ Ve, F VQDQTFE dx dy dz dt
30 zx tr
Z Nz / / Ve, " Ve, dx dy dz dt
j=
7 . -
+7/0 /(W’” “(y,z,t) - VoL “(y,2,t)) dy dz dt
-
ﬂ?A/O / (Vs (v, 2,t) - Vs (y,2,1)) dy dz dt
6 75 tr c .
+]212[) /QV((Pl )Pj'v<¢1 )pj dx d]/ dz dt
° 4§ [t c
+.27/0 /QV(‘Pl) V(¢T)e; dx dy dz dt
j=1
S 4% [t c c
+];2/0 /Qv((Pl )Nj'v(‘Pl )Nj dx dy dz dt
+27/0 /Qv(ﬁbz) (fpz)-dXdydzdt
=1
& 45 [t
+27/0 /QV(%) (¢2)e dx dy dz dt
=1
4% [ c .
+ 27/0 /Qv(‘P2)Nj 'v(ﬁbz)Nj dx dy dz dt
j=1
Y9 [ y
+ 2 [V [ (V6614 V95 )dydzdt+ [ (S50 Vg0
o[ 1’ Y tf
+7/0 /Q( ( 1)~V(<p1))dzdt—|— / () V() de di
5 [t
+7/0 /Q(V(%) V(¢S)) dz dt + 1L / / )-V(¢S)) dz dt (124)

Also,
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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 + 90 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
+2/ /E7 Fe(y,z,1) (/ |</)7 Fe(x,y,2,t) 2 dx—mN> dy dz dt
t
! E”‘ Fe ,2Z,b) A= ng Lz, )2 dx —my | dy dz dt
(v 4’ Y p|ay
j=1
26 t
—|—Z/f/ E¢ Fe(y,z,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 Fery, 1) </|4)7 Fe(y,z,t)|2 dy — mA> dz dt

+ /0 | B ( |z P dy - m:’a) dz dt (125)
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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
]:
26 tf )
21/ / ES)N (v, 2,t) </|4>1 IN; (X, Y2, )] dx—mN) dy dz dt
j=
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 ([ 165140 dy =) dz
‘s C c 2 C)
. t 12
[ [ E A ([ 109)at,2 0P dy—n§ ) dzd (126)
and,
T = BP0 ([ 10707+ g3 0P dz = ) ) o
+ [ SO ([ (05GP + 1S ) de = mc)r ) . (127)
]Aux4
T g
= + Z / /E y,zt)(4>A “(y,21 + €102, 20 + €20z, 23 + €30, 1)
¢, E€Cy

— % T (g, 21 + 8102, 22 + 8202, 73 + £302, 1)) dy dz dt
b
Z / / EE S y,Z t)gbA (y,Zl+815z,22+82(5z,23+€3(52, )
g, SE
—¢) " (yle 8102, 20 + 8262, 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 + €202, 23 + £30;, 1)) dy dz dt
+ Z / / EZ (v, 2, 1) (9% T (v, 21 + €162, 20 + €282, 23 + €302, 1)
g, Ee
— (y,Z1 + 818,20 + 8282, 23 + 830, 1)) dy dz d
tf N R N .
+ ) / / Eg (y,z,t)((95)a(y, 21 + €162, 20 + €202, 23 + €30, 1)
£, 86(Cy)1U(Cy)2 70 /O
—(95) (Y, 21 + 8162, 20 + 828, 23 + E35., 1)) dy dz dt. (128)


https://doi.org/10.20944/preprints202302.0051.v31

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2023 do0i:10.20944/preprints202302.0051.v31

94 of 95

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

]Auxs

1 rtr
= E/0 /O(Al(x,t)H}jkleij(u)ekl(u) dx dt—l—Az(z,t)Hl-zjkleij(u)ekl(u)) dx dt

—% /Otf /Qp(x, Bug(x, t) - up(x, t) dz dt
—(ui, fi) 12, (129)

where
eij(u) = % @2 + gz:> ,
o1z ) = [ 161(xy,2 0 dx dy,
p2(z,t) = [ 14a(x,0,2 ) dx dy,
p(z,t) = p1(z,t) + p2(zt),
and

_ p1(zt)
Mz t) = p1(z,t; +p2(z,t)

_ p2(z, )
Malat) = S e

Remark 24.1. The system temperature is suppose to be directly proportional to w(z, t)?, which is in this model
is a known function obtained experimentally.
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