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Abstract

The aim of this paper is considering the initial value problem for a system of coupled nonlinear sinh-
Gordon equations by the association between two regularization methods: filter and truncation Fourier.
Firstly, we give an example to show that the problem does not satisfy the third property which is called
ill-posed in the sense of Hadamard. Secondly, under some a priori assumptions, we propose the stable
regularization methods to regularize the system, i.e. the corresponding regularized solution converge to
the exact solution in L?-norm. Finally, to illustrate the proposed efficiency in the theoretical part, we
show some numerical tests to check the convergence of the regularized solution and the regularized errors.
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1 Introduction

Let ‘H be a Hilbert space, T be a positive number, denoting 7 := (0,7") and D be an open,
bounded and connected domain in R?, (d > 1) with a smooth boundary dD. We consider the
problem of finding a couple of unknown functions (z1, z2) which is called sought solution of the
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system of coupled sinh-Gordon equations considered as the following form [11]:

821‘1 82$1 .
2 M2 + Bisinh(y1z1 + 0172) + fi(z1,72) + Fi(s,t), (s,t) €D X T,
) ) (1)
0“xo 0“xo .
a2 — 2 ga TP sinh(y2z1 + dax2) + fa(z1, 22) + Fa(s,t), (s,t) €D x T,

where «;, 8;, i, 0; are positive physical constants, the functions f; are globally Lipschitz and F;
are giving functions which are called forcing functions for ¢ € {1,2}. The Problem (1) under the
homogeneous Dirichlet boundary condition as follows

x1(s,t) = x2(s,t) =0 for (s,t) € D x T, (2)

and associated the initial condition which is giving by

0
z1(s,t) = ¢1(s) and axl(s,t) =i(s), (s,t) € D x {0},
(3)
0
xa(s,t) = ¢a(s) and a:ﬂg(s,t) = pa(s), (s,t) € Dx{0}.

The sine-Gordon equation is a type of nonlinear equation with partial derivatives that involves
the d’Alembert operator and the sine of an unknown function as its two variables. It applies to
one spatial and one temporal dimension. This equation was first derived by Bour (1862) for
studying curved surfaces with negative curvature in 3-dimensional space, and later by Frenkel and
Kontorova (1939) for studying how crystals have defects, which is called the Frenkel-Kontorova
model. This equation became very popular in the 1970s because it has soliton solutions, which
are special waves that do not change shape or speed.

Our main purpose in this paper consider the ill-posed problem (in the sense of Hadamard)
for this system [7]. This paper has four main sections. In Section 2, we review some basic
concepts and symbols that we need for the main result [6]. Then, in Section 3, we present our
main results, which include an example of a solution that is not well-defined. We also show
how to make the solution well-defined and how to find it by regularization ideas and iterative
strategies for ill-posed problems [8-10] and related approaches for elliptic Cauchy-type problems
[1, 12, 17]. In the last section, we give a numerical example to show how our method works in
practice [11].

We also refer to further related works on nonlinear elliptic systems and analytical tools such as
maximum principles and qualitative properties [4, 5], as well as studies on regularity /asymptotic
structures in nonlinear PDEs [3] and normalized solutions for nonlinear Schrédinger-type systems
[2]. Finally, recent contributions related to regularization, stability, and fractional/nonlocal
models can be found in [13-16].

2 Some settings and notation

We start by defining the norms of some spaces in the following way. Firstly, let (-,-) 42 be the
scalar product in .£2 for all g, h € £?(D), we have

(f 1) 2y = /D £(5)h(s)ds. (4)

The notation || - || stands for the norm in the Banach space B. Let us define the function
space (L%(D))? := £?(D) x £*(D) with the usual inner product as follows
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We use || - || to mean the norm in the Banach space B. We also define the function space
(ZL%(D))? := L?(D) x £?(D) with the usual inner product as follows

(VW) (22(py)2 = (v1, w1) 2(py + (V2, W2) 22(py, (5)
where V = (v1,v2) and W = (wy, ws) for all vy, vg, w1, ws € £%(D) with the norm
IVl z2py)2 = llv1ll 220y + 02l 22(D)- (6)
Moreover, we denote that (£*([0,T]; £?*(D)))? = £>([0, T); £?*(D)) x £>([0,T); £?(D)).
For v € €([0, T]; £?(D)), let us define

V| . = su v(-,t .
| ||<5([0,T],.$2(D)) ogth”( )HZ?(D)

Next, by denoting (€ ([0, T]; £*(D)))? = €([0, T]; £*(D)) x € ([0, T]; £?(D)), let a be a positive

constant, we define a norm as follows

v

o . = su oT (||l (¢ + ||v2(t , 7
(€([0.T1:22(D)))? 0<th{ (lor @)l 2y + llval )sz(m)} (7)

for any V = (v1,v2) € (¢([0,T]; £%(D)))? and vy, vs € €([0,T]; L%(D)).

Finally, to fulfill this section, we give some assumptions as follows

e Suppose that the forcing terms (F, F») belong to (£*°([0,T]; £?(D)))? and the functions
fi are globally Lipschitz source satisfying

1£i(U) = fi(V)ll 220y < LillU = V|| 22(pyx.z2(p), fori=1,2, (8)

where U = (z1,x2), V = (y1,y2) and L; are constants independent of x1, x2,y1, ya.

e The data Xo = (¢1,¢2), Xo = (¢1,¢2) and F = (F1, F») are noisy and are represented
by the observation data X§P® = (495, ¢3P%), X9 = (908, p9"s) and FOPs = (FPbs, Fgbs)
satisfying

1X0 — X5™ll (222 < & 1 X0 = X§||(z2p))2 < € 9)

IF — FO%|| oo (0.1, 22 (D)) < €, (10)

where ¢ is a noisy level constant which satisfies € — 0.

3 Main result

In this section, we present three results as follows. In first subsection, we show a mild solution of
the Problem (1)-(3) base on some conditions. In second subsection, we give an example to show
that the Problem (1)-(3) does not satisfy the third property of definition of ill-posed problem
which is given in the Hadamard sense. In next two subsections, we show two regularized methods
of Problem (1)-(3).

Before giving the main result, we introduce an orthonormal eigenbasis {&,}pen associated
with the eigenvalue {£,},en in £%(D). Noting that in the system (1), the orthonormal eigenbasis
and eigenvalues will be {&; p}pen and {£; , }pen, for i € {1,2}, respectively.

In addition, we define the following Dirichlet-Laplacian

d
Afi==Af==>" g;’ and D(A) = £*(D) N Hy (D). (11)
n=1 n

Then we have the following lemma.
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Lemma 3.1. There exist the orthonormal eigenbasis {fz’,p}peN € R associated with the eigenvalue
{€; p}pen in L3(D) fori € {1,2} such that

b ‘Aglvp = £i7p§i7p;
° 0<fz‘71 §£i72§ §€l,p§ and lim EZ'J,—)OO.
p—>00

e For f € £?(D), we have
P

f= 7311_{20 > bip) g2 )in

p=1
and for each n,m € N, we obtain
1 ifn=m

(Cims&iom) = {0 if n 4 m.

2
Remark 3.2. In £?(0,7), the orthonormal eigenbasis is giving by &, = \/> sin(ps) and the
T

eigenvalue can be £, =p%, p=1,2, ...

3.1 Mild solution of Problem (1)-(3)

By using the separate variable method and interpretation in a Fourier series form, we obtain the
exact solution of Problem (1) in the following theorem.

Theorem 3.3. Let (¢1,01), (d2,02) € (ZL(D))? and (F1, Fp) € (£>([0,T); £*(D)))?, then
there exists a mild solution (x1,72) € (€([0,T); £?(D)))? which satisfying the integral equations
as follows

(s,t) = hm qup t)&ip(s) = lim Z [COSh< 1/2, 1/2 ) (i(), &ip () 22(p)

p=1

]

2 ,p ,p

t
+ [ alesinh (6770 = 2)) (Brsinias (- 2) + diaa(-.2)

+ 04-1/26-71/2 sinh ( 11/251/2 ) (i(-), fi,p(’»i”z(D)

+ fi(wl(W Z)7 .%'2(-, Z)) + Fi('? Z)? gi,p(V Z)>$2(D)dZ] gi,P(*g) (12)

where ; ,(t) = <xl 1), &ipl- >$2(D stand for its Fourier coefficient for i € {1,2}.
Proof. The proof of Theorem 3.3 is divided into two steps.
i=1,2

peN »
Problem (1) by Fourier series, i.e., z;(s,t) = 7Dh_r)rloo Z;D:l Tip(-, 1) p(s) = Plglgo p—1 Zip(t)ip(S),

Step 1. Since we have the set of eigenbases {&; p } it is capable to present the solution of

we find the Fourier coefficient x; ;. Indeed, by using the separating variables method, we trans-
form the Problem (1) into a couple of differential equation as follows

P
dim 2 (061, = o lim Zel o1 p(t)1p + Jim anp (t, 21,p(t), 22,p()1p,
p=1
P 7>
. . 2 .
73h—r>noo . x/2/,p (t)§2,p = 2 7}1_r)noo Z:l 627p$2,p(t)§2,p + 73h—r>noo z:l R2,p(t7 T1p (t), $2,p(t))§2,pa
p= p= p=
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where for i € {1,2}, we define
Rip(t; w1p(t), 22,p(t))
= </3i sinh(y@1 (-, 1) + diza(+, 1)) + fi(z1(,t), 22(, 1)) + F‘i('at)7§i,17(')>(
Then, for t € T, we have

xlll,p(t) = alg%,pxlyp(t) + Rip(t, 21,p(1), 22,p(¢)),

xg,p(t) = an%,p‘T?yp(t) + Rop(t, 21,p(t), 22,p(1))-

22(D)’

(13)

Step 2. Solving the system (13) to find the solution (z1p,22,). To do this, multiplying the

each equation of (13) to ¢, 1/2 sinh (€1/2(t - z)), respectively, we obtain
z1p(t) = cosh( 12y 1(2 ) (1(+), fl,p(')>f2(p)
+ a2,/ sinh (01 2677) (01(), €10 220
t
+ / 0y 20, sinh (03 (¢ = 2)) Rup(t 21,p(t), w2, (1)dz
0

and

72,(t) = cosh (a3 *65/7t) (62(), €2() 22y
+ay205,/% sinh (032 4/7) (02(), €2()) )
t
+ / ay/*t5 /% sinh (W(t—z)) Rap(t, w1,(t), w2p(t))d2.
0

Combining (14), (15) and the interpretation through Fourier series in form

= hm wa )i p(s)

We get
F 1/2 /1 2
milet) = Jim ) [COSh( P6t) (610,600 220)
p:
+ a%/zgi;/z smh( 1/281/2 ) (01(:); €15 () 22(p)
t
+ / oy/20y, P sinb (3 (¢ = 2)) RLp(t,a;l,,,(t),xlp(t))dz] €1(5)
0
and

P
xa(s,t) = Plgnooz [cosh( 1/2&122 ) (92(:), &2,p(+)) 22(D)

p=1
n 1/262,]13/2 sinh( 1/261/2 ) (02(), &2,p()) 22D

t
+ / oy 265, sinh (65 (t—z))Rg,,,(t,xl,p(t),xg,p(t))dz] E2p(s).
0

The proof of Theorem 3.3 is completed.

(14)

(15)

(17)
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3.2 Ill-posedness of the solution of Problem (1)-(3)

As is known, when we observe the solution (41)-(42) that when p — oo, the rapid escalation of
two items exponential in the functions sinh(x) and cosh(z) lead to the ill-posedness of Problem
(1). For a reason such as a small perturbation in the input data, it shows that a large error in
the output data. To demonstrate this, we give an example as follows.

Example. For any p € N, we choose o; =v; =6; =1, 5; =0 for i € {1,2} and the conditions
as follow

(d1, 1) = (5, 07) = (0,615 %€1,), (18)
(2, 02) = (65, 05) = (0,65 *E2,), (19)
(F1, o) = (FY, F5) = (0,0). (20)

In addition, we choose the following source functions

P (&,1)1/2<<x1,fi,p> + <932,5i,p>)
[ ; = i* 5 =1l
il fitonz2) Pgnoo;; 3Texp(T€%)2)

&ip- (21)

Then we prove that the Problem (1) with the input data (18)-(21) is ill-posed problem in the
sense of Hadamard.

Solving. To prove that the Problem (1) base on the data (18)-(21) is ill-posed problem i.e., it
does not satisfy the third property which were called ill-posed in the sense of Hadamard, we
need to do two tasks as follows.

First task. The existence and uniqueness of the solution of Problem (1).
We recall the solution of Problem (1) according to (41)-(42) and the conditions (18)-(21) which
is given by

P—o0

P
zi(s,t) = lim Y [e;pl/? sinh (e;ft) (0F() () 22 ()

+ /Otfz-‘,;”sinh(ﬂiﬁt—z)) (Ri(@1(,2), 220 2)), €3l 2) ) (D)dz]&,p@). (22)

‘22

Let X = (x1,22) € (€([0,T); £*(D)))? which are satisfy (22). We define the operators U (X)(t)
and V(X)(t) as follows

P
U(X)(t) = Jim Z_;

~1/2 . 1/2,\  «
El,p/ sinh <€17/p t) ©1 (1)

t
+ /0 014/ sinh (z}{j(t—z)) fip(X(z))dz] €1 p- (23)

VX)) = lim
p=1

2,p

62_41)/2 sinh (ﬁ;gt) 05 (t)

t
+ /0 62_721?/2 sinh (E;g(t - z)) f;vp(X(z))dZ] &2.p- (24)
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Then we get

IU(X )()—U( )220
/ lim Ze /2sinh( 2t - 2) (X)) - FYE)6,)

'P—>oo
. 1/2
. -1 - 2 1/2 * * 2
< /0 (gpm;fl,p sinh? (07t = 2)) (FF(X(2) = V()6 (D)> dz. (25)
Using the inequality sinh? (Eifj(t - z)) < exp (251{;@ - z)) < exp (%i/;T) for0<t<z<T,

one has

IUX)(#) = U )(O)l 22(p)

(D)

P

1/2
</O (731520 161 »exp <2g1/2 ><ff(X(z))—f1*( (2)), §1,p>$2 D)) dz.  (26)

Applying (21), we obtain
IU(X)(t) = UY) ()] .22(p)

1/2
t P ),
< / lim ly smh2 <€}/p?(t — z)) 1’p< (=) — /§17p> ds
0 P—)OO —1 ’ 972 GXp(2T£ )

HX )H Z£2%(D X — 2
/ (Z22D)? 4, < I Y\l(%([o,T];XZ(D)))Z/ 37
0

<X -v
3

(€([0,T]:22(D)))2> forallt <T. (27)

By similar approach above, we also obtain
1
V(X)) = V(Y)()l 22p) < gHX = Yl (¢(o,11,22(D)))2, forallt <T. (28)

Next, we define an operator W(X)(t) = (U(X)(t),V(X)(t)) and combining (27) and (28), we
have

IW(X)(t) = W) ()l z2(py)z = IUX) () = UXY) ()|l z2(p) + V(X)) = V) ()] 22(D)
2
< §||X -Y

(©([0,T):.22(D)))?- (29)
It leads to estimate as follows

2
IW(X) = W)l (z(o,11.22D))2 < gHX —Y]

(€(0,T);:22(D)))2+ (30)

Since the estimation (30), we conclude that W is a contraction mapping. Applying the Banach
fixed point theorem, then we obtain that WW(X) = X has a unique solution X € €([0,T]; £?(D)).

Second task. The instability of the solution (22). By using the inequality |la + b||y >
llall% — ||b]l%, we obtain

The instability of the solution of the system (13). By using the inequality |c + d||y >
llellz — ||d]|%, we have

sl = Pl = | [ QU 5)Fofuy (). vy (s))ds] (31)
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It holds

H/Qt—s}"o(uj( E dsH <t/ HQt—s}"ou] H

! sinh (v A, (t —
= t/o nZ::l

s))‘ ( Foluy(s),v(s)), )2 ds

Vn

t 2 2(t—s—T)V/X 9
<7 | > g, |\ () Pt () By | ds

< 2 [ (0l + eI ds
= 8T 0 J H J H

IN

1
3 (HUJ'HQC([O,T];H) + ‘|UjH%’([O,T];H))' (32)

Combining (31), (32) and using the inequality 2(c — d)? > ¢ — 2d?, for any real numbers c, d,
we obtain

; 2
2l (1), > 2(\\P<t>xl,jr = [ au- s>;0<uj<s>,vj<s>>dsHH>

Y

IP®)x141% -2 /Ot Q(t — s)fo(uj(s),vj(s))dsHi
S cosh? (VA5t)

> WD Z(,\ujug([oﬂ;%) + ||Uj||%’([0,T];H))'
J

This impplies that

cosh? (\/>t) e2 \/7

1
2 sup [y (O + 5 (IusllEqory0 + 10312 0z10) = sup
0<t<T

0<t<T A% EPY
Hence |,
2 1 2 2 AV
2llui lEo,mm0 + Z(HUJ'HC([QT];’H) + ”vj”C([O,T};H)> Z—z (33)
J
By a similar way, we also show that
1 2TV
2ol oiryey + 3 (sl aran + IsliEoman) = 55— (34)

This follows from (33) and (34) that

2T Y 2TV
2 32
A j by

2 2 2
i 1E 0,20 T villeqoma 2 5

As j — +00, we see that

X150l + [Ix2.5ll% = 0, llwilleormy + lIvilleqoray — +oo-

Therefore, the problem (1) does not have a well-defined solution in most cases, according to
Hadamard’s definition. O
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4 Some illustrated numerical examples and discussion

In this section, we consider some examples of illustrating the theory given in section 1. Here, we
choose some input data. In order words, we focus on the case one-dimensional space for d = 1.
At the beginning, let T'= 1, we recall the problem to find the solution x = (x1,x3) satisfies the
nonlinear parabolic equation as follows

82{[}1 821’1 .
5 = Q15 + fusinh(yiar + d122) + fi(x1, 22) + Fi(s,t), (s,t) €D X T,
ot 0s
(35)
62$2 821’2 .
= Q9 + Bs Slnh("ygx1 + 523:2) + fg(l’l,l‘g) + FQ(S,t), (S,t) eDxT,

Ot? 0s?

where the domain D = (0,7). Next, we look at some examples for the two cases that we
discussed before. We use Python software on a Windows 10 laptop with an Intel(R) Core(TM)
i7-11370H CPU@3.30GHz, 8GB RAM and a NVIDIA GeForce RTX 3050Ti GPU with 4GB
memory to run the simulations in serial, where CPU times (in seconds) are estimated by Python
Calculate Runtime in library import time and command code

start = time.time(), end = time.time().

Next, we present the results in the following sub-sections.
We test the problem (35) with (s,t) € (0,7) x (0,1). In .£2(0, ), the orthonormal eigenbasis

2
is giving by &, = 4/ —sin(ps) and the eigenvalue can be ¢, = p%, p=1,2,... Then we have the
T

problem
0? 0? )
a:; = al% + 51 smh(lel + (51562) + fl(xlyxZ) + Fl(svt)v (Sa t) € (077T) X (07 1)7
0? 0?
8722 = azaTx; + B9 Sinh(’mm + (52%2) + f2($1,$2) + Fg(S,t), (S,t) € (O,TI’) X (0, 1),
(36)
and associated the initial condition which is giving by
0
z1(s,t) = ¢1(s) and axl(s,t) =i(s), (s,t) € D x {0},
3 (37)
xa(s,t) = ¢Pa(s) and axg(sjt) = a(s), (s,t) € D x{0},
where we suppose that the measurements are described as follows
@™ = ¢1 + "noise”,  ¢3™ = ¢y + "noise”, (38)
and
O™ = ) 4+ 7noise”, Y = g + "noise”. (39)
Next, we choose the input data as follows
fi(@y,w2) = fawr, w2) = xa(s, D)wa(s,t),  (s,t) € (0,m) x (0,1),
Fi(s,t) = (4 — 2t)e"" sinh(21) sinh(222), (s,t) € (0,7) x (0,1), (40)

Fy(s,t) = e’ sinh(z1) sinh(2z2), (s,t) € (0,7) x (0,1).
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The behavior of the input functions and their noise are shown in Figure 1, respectively. Here we
use N(0,1) is function numpy.random.randn(-) in Python software and the Brownian motion ¥
is presented.

The following regularized solution which is given by

P
x1(s,t) = ’Ph—I>I<1>oZ [cosh (a}ﬂf%ft) <¢1(')7§1,p(')>$2(D)

+ay2a1, % sinh (01 26/7) (01(), €15 2

t
+ / oy/201, P sinh (3~ 2)) RLp(t,a;l,p(t),m,p(t))dz] €1(s) (41)
0

and

P—
oo p:l

P
xa(s,t) = lim Z [cosh (Oé;/%;,/zt) <¢2(‘)7f2,p(')>i”2(9)
+ a;/%;;ﬁ sinh (aé/zé,/pzt) (p2(°), 527p(')>5f2(D)

t
+ / o265 Y/2 ginh (egfj(t—z)>Rg,p(t,xl,p(w,xg,p(t))dz] Eap(s). (42)
0

We have the matrix form of the regularized solution as follows

[ av xil},xél},t av xil},:z?},t sl x‘l{l},ngzz},t ]
5 aN (x‘l{Q}, x§1}7 t1> aN x?}’ xéQ}, t . oN $~1{2}, ngocg}7 "
N (NS )\ AN (AN (2N N (ANa) {Ney}
_u (wl , Tg ,t) U (l’l , Tg ,t) U (ml , Lo ,t)_ Noy XN,

where N, and N,, are the partition of spaces.

We present the absolute root mean square errors (erraps) between the exact and approximate
solutions as follow

1/2

o)~ [ 50 (3 (o780 (s 8. )

1=1,n1 j=1,n2

Let the N is a cut-off constants, equal to the greatest integer number less than or equal to

(&%)}
- ] f e {103,10°, 107
Tag + d/2) og (ning) for ni,ne € {10°,10°,10"}

The results of this section are presented in Tables and Figures. For detail, in 1D case, the
input data are given by Figure 1, the graphs of solutions are given in Figure 1 at ¢ € {0.1,0.5,0.9}
and Figure 1 for 3D-graph of the solution. Furthermore, to make it easier to compare the exact
and regular solutions, we present the error in Table 1. Similar simulation for 2D space case in
Figure 1 and Table 1. From these observations, we conclude that the larger n mostly leads to
the better approximation. From the observed data above, we can conclude that the proposed
method is effective and stable. To make a easy comparison, we show the exact and regularized
solutions in Figure 1.
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n=n=10,N=5

€I'Tabs

ni=ny =105, N =2
Time CPU (seconds): 320

ni =ng =10°,N =3
Time CPU (seconds): 455

Time CPU (seconds): 607
5.07467431e-02

erraps(0.1

errabs(0.3

)
)
erraps(0.5)
erraps(0.7)

)

errabs(0.9

2.34665383e-01
4.58432336e-01
3.70542990e-01
3.45661075e-01
7.67975080e-01

1.84868768e-01
1.46894333e-01
3.13578545e-01
2.64328299¢-01
5.39633675e-01

8.35688997e-02
2.56785300e-01
1.02457006e-01
3.47537672e-02

Table 1: The absolute root mean square errors between the

space case
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