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Abstract. In the present work, the classical nonlinear Kirchhoff string equation is considered.
A three-layer symmetrical semi-discrete scheme with respect to the temporal variable is applied for
finding an approximate solution to the initial-boundary value problem for this equation, in which the
value of the gradient of a non-linear term is taken at the middle point. This approach is essential
because the inversion of the linear operator is sufficient for computations of approximate solutions
for each temporal step. The variation method is applied to the spatial variable. Differences of the
Legendre polynomials are used as coordinate functions. This choice of Legendre polynomials is also
important for numerical realization. This way makes it possible to get a system whose structure
does not essentially differ from the corresponding system of difference equations allowing us to use
the methods developed for solving a system of difference equations. An application of the suggested
variational-difference scheme for the numerical treatment of the stated nonlinear problem gives us
an opportunity to solve the system of linear equations instead of a nonlinear one. It is proved that
a matrix of the system of Galerkin’s linear equations is positively defined and the stability of the
factorization method is established.

The program of the numerical implementation with the corresponding interface is created based
on the suggested algorithm, and numerical computations are carried out for the model problems.
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1 Introduction

For the first time, G. Kirchhoff generalized D’Alembert’s classical linear model with the addition of a
nonlinear term (see [14]). The issues on the existence and uniqueness of local and global solutions of
initial-boundary value problems for the Kirchhoff string equation were first studied by S. Bernstein in
1940 (see [4]). The issues of the solvability of the classical and generalized Kirchhoff equations were
later considered by many authors: Arosio, Panizzi [ll], Arosio and Spagnolo [2]. Berselli, Manfrin [5],
D’Ancona, Spagnolo [[7,8], Manfrin [17], Medeiros [19], Liu, Rincon [15], Matos [L&] and Nishihara [20].
To the approximate solutions of initial-boundary value problems for classical equations the following
works are devoted: Christie, Sanz-Serna [(], Peradze [3,21,22] and Temimi et al. [28]. Construction
of algorithms of finding approximate solutions and their investigations for initial-boundary value
problems of some classes integro-differential equations are considered in the monograph of Jangveladze,
Kiguradze and Neta [[13]. As far as we know, issues on the approximate solution in terms of a part of
numerical realization to the Kirchhoff string equation are less studied.

We consider the nonlinear dynamical Kirchhoff string equation and look for an approximate solu-
tion to a Cauchy problem for this equation using the symmetric three-layer semi-discrete scheme with
respect to the temporal variable. The value of the gradient in the nonlinear term of the equation is
taken at the middle point. This type of semi-discrete schemes for a generalized Kirchhoff equation
have been studied by Rogava and Tsiklauri [24-26]. Inversion of the liner operator makes it possible
to find an approximate solution at each temporal step. The variation method is applied to a spatial
variable. The differences of the Legendre polynomials are used as coordinate functions. An application
of the Legendre polynomials to boundary value problems of equations of the theory of elasticity are
considered in the monograph of Vashakmadze [30]. The Gauss-Legendre quadrature (see [16,R7]) is
applied for numerical integration, where [—1,1] is the domain.

The results of the numerical computations of test problems are presented at the end of the para-
graph. According to the numerical experiments, the order of convergence of the scheme is practically
stated and it is shown that the constructed scheme describes well the behavior of an oscillating solu-
tion.

2 Statement of the problem and discretization
for a temporal variable

Let us consider the equation

Pu(x,t) 0*u(z, )
G ['ae) 550~ pen, @oel-alxirl @)
where a > 0 and 8 > 0; f(z,t) is a continuous function; u(x,t) is an unknown function.

For equation ( @), the followmg initial-boundary conditions

hold, where v (z) and 1 (z) are continuous functions, and, in addition, the compatibility condition
Po(—1) =0, ¢¥o(1) = 0 is fulfilled.
The segment [0, 1] is divided into equal parts with uniform meshes 7, i.e.,

O=to<ti < --- <ty =T,
where

T
ty, =kt (k=0,1,..., M), T=9
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We would like to find an approximate solution of problem (@)7(@) by using the following semi-
discrete scheme:

U1 () — 2up(x) + up—1(x 1 g (z dPuy_q1(x
+1(@) T§ ) (@) 5 o d;( ) de( ))sz(x), k=1,2,...,M—1, (2.4)

where fi(z) = f(z,t), )
e =a+3/(du579530))2dx'
=

As an approximate solution of u(z,t) of problem (@)7(@) at the point ¢, = k7, we declare ug(x),
u(z, ty) ~ ug(x).
From equation (@) we obtain

(2 ~ 701 g Yo () = g (a), (25)

where

d?up_ ()
dz?
The values of the unknown_functions on the zeroth and first layers are described by the initial

conditions (@) and equation (@)7

uo(z) = Yo(x), (2.6)

wa(z) = o(a) + (@) + 5 7(a0 T 4 o). (2.7

gr(z) = 27’2fk(m) + dug(x) + 72qp — 2up_1(x).

Let us rewrite the boundary conditions (E) in the following form:

uk(—l) =0, uk(l) =0. (2.8)

3 A solution of the system of equations with
the Galerkin method using the Legendre polynomials
as coordinate functions

To find approximate solutions of problem (@)f(@) per temporal step we apply the following linear
combination:

N
ak(x) = Z Cicn(pm(x)a (31)
m=1

where the coordinate functions ¢,,(x) represent differences of the Legendre polynomials, i.e.,

Som(x) _ /2m2+ 1 /Pm(s) ds = Am (Pm+1(sc) - Pm_l(z)), Am = Q(Q:-n_i_l) . (32)

For any (k+1)-th layers, the coefficients ¥ (k =1,2,..., M —1) can be found from the following

m

equation:

((21 2 V@) - ), mw) 0. (3:3)

Putting (@) into equation (@), we finally get

<§: Cf—H (2[ —72q j—;)QOi(m)y Sﬁm(z)> = (gk(a?), ‘Pm(x))~ (3.4)

i=1
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The key property of the Legendre polynomials is given (see [H, ]) in the form

2
/Pi(x)Pn(iU) do = GRS Sin, (3.5)

where 9;,, is the Kronecker symbol.
We introduce the notation

Pa) = /2 PG,

It is easy to see that

(@) = Pr(@). (3.6)
If we apply the integration by parts with the boundary conditions (@), we get
[ (o) [ dui(a)
U (T _ Up (T
/ ( I ) dx = / T2 u(z) de. (3.7)
-1 —1
The usage of the integration by parts, due to (@) and (@), yields
[ i)
(z
/ P00 () e = i (3.8)
21

Now, let us rewrite equality (@) in terms of A; and A,,:

1
/ P(2) P () d = 4A; Ay 6. (3.9)

-1

According to (@), we get

1
/Lﬂi(x)@m(x) dr = 4A; A, (Aip1 Amg10it1m1
=

— A1 Ap—16it1m—1 — A1 A 18imtme1 + Aic1Ap—18i—1,m—1).  (3.10)

If we take equalities (@) and (@) into account, we obtain
al 2
g=a+pY (). (3.11)
m=1

From (| ) we get

(11(0) o(@) = Sk [ @ilo)gmle) do

=4(- Ao AL | Apchily + A7 (A2, + A?n+1)0k+1 - AmA$n+1Am+26ﬁ1tL12)a

m
Let us introduce the following notation:

1
By, =4A,, 1A% Ay, B,, = ; 3.12
! i (2m +1)\/2m — 1)(2m + 3) (3.12)

2

2m—1)2m+3)

Co = AA7 (A7 1 + AR ) = 8AL AT L, Cm = (3.13)
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According to () and (), the inner product of (ug+1(x), pm(x)) can be rewritten in the following

form:
(up+1(2), om(2)) = =B 1L 4 Okt — Bm+101:nt_12~ (3.14)
From (@) we conclude that
d*u x
(Fn® o @) = el (3.15)
Finally, if we use () and (), for the calculation of inner product of the left-hand side of equation
(@)7 we get the equality

N
d?
Cerl 2 —7° U 72 )ei(z), Sﬁm(x)) = _2Bmflcfn+12 + (20 + T2qp) et - QBerlentrl? (3.16)

For the right-hand side of equation (@), we have

(Qk(iﬁ)a@m(x)) —2B,,_ 1(20m 2 C:fn__lg)
+ 20 (2ey, — ey ') = TP @k = 200,) = 2By (2¢h, 5 — i), (3.17)

For every k =1,2,..., M — 1, we obtain the following system of linear equations:

— 2B,,— 1ck+1 + (2C,, + T2qi ) — QBchfi;B
= 2B, 1(2¢_, — L)+ 20,2k, — E7h)
— 7 (qeery = 215) = 2Bni1 (2ch, 40 — ). (3.18)

To find coefficients c& (k = 1,2,..., M — 1), we have first to find ¢!, and c!,. To this end, we
calculate the inner products (ug(z), om(2)) and (u1 (), om(2)):

—Bp—1€0, 5+ Crcd, — Bpp1ch, o = 1o, (3.19)
1
3 7%(goct, — I9)). (3.20)

The values of summands with negative indices in (B.1§), () and () we set equal to zeros.

The notation of I¥, I° and I} denote the inner products (fx(z), om(x)), (uo(x), om(z)) and
(u1 (), pm(x)), respectively. We calculate approximately the already-mentioned inner products using
the Gauss—Legendre quadrature rule (see [16,27]), which is exact for polynomials of degree 2N — 1 or
less.

We rewrite the system of linear equations () in a matrix form. Let us introduce the following
notation:

—Bo1€hy o+ Cchy = Byichy o = 10 + 711 —

DF =2C,, + Tq,
FF = 2B, 1(2c8 _, — L)y +2C,,(2¢F, — 1)
-7 (chfn t— QInk@) - 23m+1(2051+2 - CI:n_J,-lQ)'

According to the above-mentioned notation, the system of linear equations has the form

D¥ 0 2B, 0 e 0 k1 FF
0o Dk 0 2By . : st Fy
k: k
—2B, 0 Dk 0 0 A F;
g | = | e |- (3.21)
0 —2B; 0 . —2Bp,_1 4
: S . DE, 0 :
0 e 0 —2B,,_1 0 Dk eyt Fy,

The following statement takes place.
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Theorem 3.1. The matriz of the system of Galerkin’s linear equations () is positively defined.
This theorem is a result of the following

Lemma 3.1. Let us consider a general operator equation in a Hilbert space H,
Au=f, fe€H,
where the operator A is symmetric and satisfies the condition
(Au,u) > a(Bu,u) + v||ul|®, Vue D(A) C D(B), (3.22)

B is also a symmetric operator, besides D(A) C D(B); a and v are the positive constants.
The matriz of the system of linear equations (| ) is positively defined when the basis functions
{oK 32, are B-orthogonal, which means that

(Bok, ¢i) = Oki- (3.23)
Proof. We denote the Galerkin system of equations by Sy. Let us introduce the vector

UvN = (01,027...701\{)—'—.

We can straightforwardly show that

Snon = ((Aun, 1), (Aun, @2), ..., (Auy, @N))T,

where
Uy = chgok. (3.24)
Indeed,
N
(Aun, @) = (ZCkA<Pka<Pz) > (Apk,pier (i=1,2,...,N). (3.25)
k=1
Due to (), we have

(Snown,un) = ci(Aun, ¢1) + c2(Aun, @2) + - - + en(Aun, on)
N

= (Aun, c11) + (Aun, c22) + -+ + (Aun, enpn) = (AUN7 Z Ck‘Pk) = (Aun,un),
k=1
and obtain
(SNUN,UN) = (AUN7’LLN). (326)
From () and (B.26) it follows that
(Snun,vn) = a(Buy,un) + vlux|. (3.27)

Inserting () into inequality () and also taking into account the B-orthogonality (), we get

(Sxuw,vn) > (chBgok,chBgoz)+u||uN||

N

Zazzckci(&ﬂk,% = Z = aljon|*. N

k=11i=1 =1

Remark 3.1. Obviously, for equation (@) we have
(Au,u) = 2|[u)|* + 2qu(Bu, w),

where A =21 + 72, B and B = —4,  D(A) = D(B) = {u(z) € C?([-1,1]) | u(-1) = u(1) = 0}. Tt
is well-known that the operator B is positive (see [23]).
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Remark 3.2. The matrix of system () is diagonally dominant of order O(-15) and the following
inequality holds:

m+4

2m —1)(2m +3)(m — 1)(m + 1) > Bpm—1+ Bmy1 (m=3,4,...,N —2).

Cm +

Proof. We note that for the coefficient B, (m = 2,3,...,N — 1) in () the following double
inequality holds:
(2m)? < (2m —1)(2m +3) < (2m + 1) (3.28)

Due to (), for B,,—1 and By,41, the inequalities

Am—1>% < (2m—=3)2m+1) < (2m —1)? (3.29)
and
4m+1)°% < 2m+1)(2m+5) < (2m + 3)* (3.30)
are fulfilled, respectively.
Let us evaluate the expression By,—1 + Bpmy1 — Cpy (m = 3,4,..., N — 2). Taking into account
(B29) and (B.30) we get
16 m+ 4

< Bp—1+4+ By — C,, <

(2m — 1)%(2m + 3)° 2m—1)2m +3)(m —1)(m + 1)

For the first two and the last two rows of the matrix of system (), we have the following estimations:

7 9
% <O —By < %,
1 11
ﬁ <Cy—B3< m,
2N —9 <C B < 2N — 7
22N —3)2N + (N —2) = N T ENES o T3)2eN 1 1)
2N — 7 2N —5
<Cny—By_1< . O
22N — )N +3)(N—1) N TN 9N TN 1 3)

For the solution of system () we consider the so-called Cholesky decomposition (see [IL0,[11,27,
29))
A=LDL" (3.31)

of a symmetric, positively defined matrix A = (a; ;) > Where L is a lower triangular matrix having
identities of the main diagonal, L' is the transposed matrix of L and D is a diagonal matrix. Applying
the decomposition similar to (@), the system of linear equations

Az =b
can be split into the following sub-systems:

Lz =,
Dy =z,
LTz =uy.

For the system of equations on the layers k =0 and k& = 1, we get

Ac™ =pM | n=0,1, (3.32)
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a solution of system () has the following form (n = 0, 1):

L ) m € {1,2};
(n) (n) Bmfl (n)
2y :bm +d72m72, m€{3,47’N}’
m—2
Z(n)
yn?):di’ me{1,2,...,N};
e =y, m € {N,N -1}
) =y 4 =2 7(;127 me{N—-2,N=3,...,1},
where
dpm = Cp, m € {1,2};
B2
dm— m_mi_lv m6{3’4""’N}'
dm72

Any (k + 1)-th layers, a solution of linear algebraic system of equations AW k1) — p(F) | where
k=1,2,...,M — 1, has the following form:

e me 2}
2Bm71 k+1
27(715+1) :Fr(pf) + =5 7(7%2), m € {3,4,...,N};
) kD) me?
+1) _ Zm )
A =S e 2 N
D) (kD). m e {N,N —1};
(k+1) _ (k1) 2Bm+1 (k+1) e{N-2,N-3 1}
Cm = Ym 4 Cng2 s M J b
where
d% =20, + 2q, m € {1,2};

AB?
d%) = (2C,, + T2q) — d(g—l, m € {3,4,...,N}.

m—2

4 Analysis of the numerical results

Let us consider the initial-boundary value problem (@)7(@) with the constants o = 8 = 1 and
t € [0,1]. For this problem we take two cases of tests, which are also considered in [25].

Test 1:
d)o(l’) = Oa ¢1(1') = m7TSiIl(71'£E)7
f(z,t) = (= m® + (a + Br’sin®(mrt))) sin(mrt) sin(rz).
Test 2:
Yo(x) = sin(mzz), P1(x) = wsin(mnz),
f(z,t) = 7 (1 + m*(a + BmPr2e®™))e™ sin(mmz).

The solutions of and are u(z,t) = sin(mmnt)sin(rz) and u(z,t) = e™ sin(mnz),

respectively.
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Figure 1: Dependence of logarithm of relative error on logarithm of the temporal step.

In , there is a dependence of the logarithm of relative error of the approximated solution of

on the logarithm of the temporal step. On the horizontal axis there is the logarithm of temporal
step, and on the vertical axis there is the logarithm of a relative error of the approximated solution. In
all the four pictures, starting from the certain time step, the curve approaches the line, whose angular
coefficient is —2, which confirms that the approximate solution obtained by the considered scheme is
of the second order accuracy. For this case, eleven (N = 11) coordinate functions are taken and the
errors of each temporal step are calculated with a maximum norm.
In ‘, there are approximate and exact solutions of at the point ¢ = 0.5. The
approximate and exact solutions are shown as dashed and continuous curves, respectively. The errors
between the exact and approximate solutions are calculated by a maximum norm and in each cases
they represent the following values:

|w(z,0.5) — @(x,0.5)]|, ~ 1.00 x 10,

u(z,0.5) — u(x,0.5)||, ~ 4.44 x 1072,
|w(z,0.5) — @(x,0.5)|| ~ 3.43 x 101,
|u(z,0.5) — u(x,0.5)||, ~ 3.31 x 107°

with respect to the cases @, , and . In , B and represent the case m = 3,

and and ((d) represent the case m = 7. In figures (a) and , the value of 7_is the same, but
the amount of the coordinate functions is different. Analogously, figures and m have the same
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u(2,0.5)
u(x,0.5)

—5F ‘ ‘ ‘ ‘\'I ‘ ‘ ‘ \ ‘ ‘ il / | | \ | | | | |
-1 -08 —0.6 -04 —0.2 0 0.2 0.4 0.6 0.8 1 -1 -0.8 —-06 —04 —0.2 0 0.2 0.4 0.6 0.8 1
(a) m = 3,7 = 1/1024, N = 10. (b) m = 3,7 = 1/1024, N = 20.
B ” i m ﬂ ﬂ ﬂ
3t sl
2t N
= 1r = 1
I 0 3 0
1 i -1
9 2
iyl -3
_71 7‘0.8 7‘0.6 7‘0.4 7‘(].2 [‘] U.‘2 U.‘4 U.‘G (].‘8 ‘1 7571 7‘(].8 7‘0.6 7‘0.4 7‘0.2 (; (].‘2 0.‘4 0.‘6 0.‘8 1
(¢) m=7,7=1/4096, N = 30. (d) m=7,7 =1/4096, N = 35.

Figure 2: Exact and approximate solutions at the point of 0.5 with respect to the temporal variable,
which are represented by solid and dashed lines, respectively.

mesh length, however, the number of the coordinate functions is not equal to each others. As the
tests show, increasing of only temporal layers is not enough to reach high order accuracy, we need
to rise the amount of the coordinate functions. Nevertheless, there exists some relationship between
numbers of layers and the coordinate functions.
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