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Abstract

The aim of this paper is to investigate the Legendre spectral method for solving the diffusion equation with a source
term and mixed initial-boundary value problem in a finite rectangle ()5, we use some techniques to convert the problem
to a system of ordinary differential equations and by an analysis matrical we find a general term defines all ordinary
differential equations of this system, we solve this general term we get the desired approximate solution, we also present
the error estimate.
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1 Introduction

The differential equations play a very important role in all fields of science like mathematics and Mathematical
Physics and other Sciences, and a long time ago the scientists and researchers face difficulties in resolving many of these
equations, for this we turned in recent years, especially after the emergence of the computer to search for approximate
solution instead of the exact solution for these problems, these methods gave his fruit.

The main motivation in this paper is the numerical analysis of discretization of the in homogeneous mixed initial-
boundary value problem using spectral element method, this method is associated with quadrature formulas which
allow for a complete discretization of the right-hand side and of the linear form involved in the variational formulation,
see also [4 Bl [8 12 25].

The concerned problem refers to the equation:

Ou — ad?u+cu = f in Q9
u(z,t) =0 on OA x I (1.1)
u(x,0) = up(x) in A

where Q5 is a regular finte rectangle defined by Q2 = Ax I = (—1,1)x(0,T), also a and ¢ are the positive constants,
which u(z,t) represents the temperature at point x and time ¢, the discretization consists therefore the space variable
and the time variable.
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Then the problem (|1.1]) is a problem of one space variable, by using the orthogonal matrix we reduce this problem
to a system of ordinary differential equations.

In this work we construct approximate solution to the boundary value problem (1.1]) in the following form

N
un (@,t) = bn(t)ln (). (1.2)
n=0
Where [,,(7),0 < n < N, are the Lagrangian interpolates at the points z; € A = [-1,1], 0 < i < N, these

interpolates satisfy the property l,,(z;) = dp;,1 < n,j < N — 1, where d,,; is the Kronecker delta and the points
z;,0 < j < N are the collocation points on the Gauss-Lobatto Legendre grid. The grid made by z;,0 < j < N,
is denoted by Sny1. The choice of the form for the approximation solution, added to some techniques give a
linear system which can be written in a matricial form as I'Db — Ab = I'G, where A is a square matrix and T is a
diagonal invertible matrix and the operator D = %. We write b = Pv where P is an orthogonal matrix such that
p-! (I’_lA) P = C is a diagonal matrix, then we obtain a system of NV — 1 ordinary differential equations, we can
use the Lagrange method to solve for each component v;(t) of v, finally we conclude the expression of functions b,,(t)
and for which we obtain the desired approximate solution, see also [T}, 2, [I5] 26} 27].

2 Orthogonal polynomials

We work in the model domain A and we use the Legendre polynomials L,,n > 0 : each polynomial L,, has a
degree n, it is orthogonal to the other ones in

1
L*(A) = {gp A= R, measurable// ©* (z)dx < —|—oo} ) (2.1)
~1

and satisfies the following property

where d,,,,, denotes the Kronecker symbol.

W (z) = —n(n+1) Ly (), hy (z) = (1 —2?) L, (z), n > 0. (2.3)
n(n+1
o) =" 1 @) - L)), (2.0
4[n(n +1))?
o () |32 00 = : 2.
” (x)”L?(A) (4712 _ 1)(2’11 + 3) ( 5)
3 Variational Formulation
3.1 The spaces
The pivot space of the problem is the space L? (A), and the variational space is the Sobolev space
H'"(A)={veL?(A) /dveL*(N)}, (3.1)
and the corresponding norms are defiended respectively as
H’UHiQ(A) = [\Ude, (32)

ol ) = /A (02 + (By0)?)da. (3.3)
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3.2 The continuous problem

To introduce the variational formulation for the continuous problem ( [1.1]), we need the subspace of the variational
space with zero Dirichlet trace

Hy (A) ={veL*(A) /v, € L*(A), v(1) =v(-1) =0} . (3.4)

We introduce the product in L? (A)

(f,v)://\f(x,t)v(x,t)dx. (3.5)

The continuous problem (|1.1)) admits the equivalent variational formulation:
Find v in H} (A), such that,

Vo € Hy (A),0(u,v) = (f,v), (3.6)
where
O(u,v) = / (Oyu — adZu + cu) vd, (3.7
A
integrating by parts leads to,
O(u,v) = / (Opuv + a0z udyv + cuv) dx. (3.8)
A

4 Discrete space and form

Let us denoted by N the parameter of discretization for the problem (|1.1]), in spectral method N represents the
degree of polynomials. The approximate space is essentially generated by the finite dimensional subspace of L? (A),
PY (A) is the approximate space of the space H} (A), where

PJ%(A) = {pn € Py (A) /pn(l) :pn(fl) - 0}’ (41)
where Py (A) is the set of polynomials of degree less than or equal to N. We consider also the exact quadrature
formula and introduce a bilinear form a N with approach to the form a and we approximate the scalar (.,.) for (.,.), .

4.1 The Discrete problem

Firstly we observe that the Lagrange polynomials [,,(z), 0 < n < N , form a basis of P{(A), then the exact solution
u of problem 1) is approached by the solution u}; belonging to Py (A) with (u}\, — uo) € PY(A)

{ find ul; € PY(A), s.t (4.2)
Yun € PR (A), On (uy,vn) = (fn,on) N :
where
N
On(uk,vn) = Z (rupvn + adpunOpvn + cunvn) (Tk, t)pr. (4.3)
k=0

where x, pr, 0 < k < N, are defined in proposition u}v =uyn + uno,Uny € P]%(A), and the problem (4.2) is
equivalent to the following problem: Find u}; in PY(A) with uny = uk; — uno in PY(A) such that, Von € PY(A)

On(un,vn) = An(uno, vn), (4.4)

where
An(uno,vn) = (fv,on) N — O (uno, vn). (4.5)
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4.2 Existence and uniqueness of solution
4.2.1 Quadrature formula

Proposition 4.1. There exists a unique set of N — 1 nodes z;, 1 < j < N —1 in A and with the condition
z9 = —1,zny = 1, there exists N 4 1 positive weights p;,0 < j < N, such that the following exactness property holds:

1

N
Vo€ Py a(d), [ p@)de =3¢ @)p; (46)
1 =0

where z;, 1 < j < N — 1, are the roots of the polynomial L}V. and the weights p; are given by:

Proof . See [5, 6]. O

Definition 4.2. We define the discrete product for all polynomials vy, uy in Py (A) as:

N
(un,vN)N = ZUN(CUk,t)vN(fEk,t)Pk~ (4.8)
k=0

Lemma 4.3. The polynomial hy_; € P{(A) verifies the double inequality:
2 3 2
1hn—1llz2a) < (Av—1,hv-1)y < 5 1hv-1llz2(4) - (4.9)
Proof . See [1]. O
Proposition 4.4. For all polynomial h,, € P?(A) we have

h/

n

n s < | < 30 [[hall 2 ) - (4.10)

L2(A)

Proof . See [1]. O

Also the lagrange’s polynomials [;(z), j =1, N — 1 can be written in the following form

N—-1
(@) =Y i (2), (4.11)
k=0
using (2.3)), then we get
N-1
i) = AjLi (2). (4.12)
k=0

Proposition 4.5. The set of polynomials {L,, ({)},n = 0..N forms a basis to the polynomial space Py(A), then any

N
polynomial ¢n € Py (A) can be written as on(¢) = > anL,(¢) and we have the following inequality:
n=0

c110g(2N +1) < [lpl3(n) < c2log(exp(2)(2N + 1), (413)

where (c1,¢2) = (min(a?) , max(a?)).

Proof . See [1]. O

Proposition 4.6. For a positive integer m the Sobolev space H™ (A) is defined by:

Hm(A):{apeLQ(A):1<k<m,;ikk<p€L2(A)}, (4.14)
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with the norm:

m dk 2
Iellimi = [ X (r9) (@ (4.15)
i) = J 2 g
Proposition 4.7. The bilinear form 6y(.,.) in (4.4] satisfies the following properties of continuity:
3
Vun € Py(A), Yoy € PY(A), [0n(un,vn)| < max(a, 5 e+ Ca)) (HUNHHg(A) : \|UN||H3(A)> ; (4.16)
and ellipticity:
Vun € PR(A), 10x (ux,u)| = min(a, e+ Cs) (Il n)) - (4.17)
Proof . Continuity:
N N N
GN(uNa UN) - Z atuN(wlm t)UN('T/w t)pk +a ZaaiuN(xka t)@va(xk, t)pk? +c ZU’N(ka t)’UN(J?k, t)pk
k=0 k=0 k=0

We consider the solution and its derivatives are bounded then there exists two real positive constants C3 and Cy
such that
Cs lun (x, )] < |Orun (2K, )] < C4 luy (zg, t)] . (4.18)

Using lemmas ((4.3)), the exact quadrature formula and the Schwarz inequality then we obtain the desired results
also and ellipticity:

N N N

On(un,un) = > Oun(Tr, t)un (Tk, t)pr + a Y 0pun (Tr, t)Opun (Tr, t)pr + ¢ Y un (Tr, t)un (Tk, ) -

using the exactingness quadrature formula we can write,

N N

1
On(un,uy) = Z@tuN(xk,t)uN(xk,t)kara/ 8$uN(x,t)0zuN(:c,t)dx+cZuN(xk,t)uN(xk,t)pk, (4.19)
k=0 -1 k=0

then from (4.18)) we can write:

N N
|On (un,un)| > C3 > un(xk, t)un (zk, t) pr + afil Opun (z,t)0zun (z,t)dx + ¢ > un(zk, t)un (g, t) pk.-
k=0 k=0

Using (4.9) we can write:
O (v, ux)| > min(a, e+ Cs) ([funlF ) ) -

then for this inequality yields the desired result. [

Proposition 4.8. (The inequality of stability) For any continuous function g = uy on A, the problem (4.4]) has a
unique solution uy in PY(A), and this solution verifies the inequality of stability:

lun (@, )2 a) <7 (||fN (@, )l 2a) + llgn (33)||L2(A)) . (4.20)

Proof . Using (4.4]) we can write:

On(un,un) = (fn,un)n — On(gn,un) < |(fn,un)n| + 108 (9N, un)l (4.21)

using Schwarz inequality we can write

[(fnsun)N |+ 108 (gns un)] < SN (@) 2y - lun (@8[] 2 a
FallOegn (@, 1)[| 25y - [10zun (2, )]l 24
+5 lgn (@, ) p2gay - lun (@, )l 224y -

the quantities ||0xgn (2,t)[[12(n)» and [[Opun(2,t)[| 125, are bounded then there exists a positive number v such
that,

On(un,un) < |(fn,un)n| + |On(gn, un)| < v (HfN (xvt)HLz(A) + llgn (x)”L?(A)) ||“N(x7t)||Hé(A) ’
using (4.17)), yields the desired result. O
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5 Numerical experiment

At the points g, 1 < k < N — 1 the problem (|1.1)) is equivalent to,

Ngjzn(xk)b;(t) + [cln(zr) — al’, (z1)] ba(t) = Ngj Fa(®l (1) + aull (z1) — cuo(zy) in AN Sy
;Xf (xg,t) =0, - on OAN Sy
un(x,0) = uno(z)

N—1 N—1
f(xvt) = Zlfn(t)ln ((E), fn(t) = Zl fjnlj (t)» fjn = f (mjatn)
n= 1=
Since the functions

cly(z) —all(z), 1<n<N-1

are polynomials with degree N, we multiply both sides by [, (z)px and applying the sum, by using the quadrature
formula, when m varies from 1 to NV — 1, we obtain a linear system, then we can write this system in a matricial form:

IDb— Ab=TF (5.2)

where A is a square symmetric define positive matrix with order N — 1, its elements have the form:

W = (—cln (@)l (z1) — a(lly (xe)l, (25))pr, n=1,N =1}, m=1,N —1
I is a diagonal invertible matrix its elements are defined as:

_ [ pmin=m T
vmn—{& =L N

F' is a known vector where:

Amn = (—Cln(l'k)lm(xk) - a(l:l(xk)l'/m(xk))pka n= 17N - 1 }7m = 17N - 1

and the vector b is an unknown vector where
b(t) = (by(t),ba(t),b3(t), ....., by _2(t), by _1 (1))

the operator,

D=-
dt

multiplying (5.2]) by the invertible matrix I'"! of I" then we find

Db—TtAb=F (5.3)

the matrix I "' A has positive eigenvalues and there exists an orthogonal invertible matrix P such that,
Pl (rtA)P=C
where C' is a diagonal matrix, the elements of the diagonal are the eigenvalues \; = ay;,7 = 1, N — 1 of the matrix

I''A, if we consider the vector v such that
b= Pv

then the system becomes
PDv— (T7'A)Pv=F (5.4)

multiplying multiplying (5.4]) by the matrix P~! we obtain,

Dv—Cv=P'F (5.5)
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The matricial form (5.5)) has N — 1 linear ordinary differential equations defined as

v (1) — Mk (t) = hi(t) (5.6)
N-1
where hy(t) = 2:1)71 (k,7) (f;(t) + aug (zg) — cuo(zg)), 1 <k <N —1 (5.7)

p~1(k,7) are the elements of the inverse matrix P~!. To solve the equations ([5.6]) we use Lagrange’s method [27],
we may write the solution in the closed form:

v (t) = et (/Ot e M5y (s)ds + dk) (5.8)

where dj, is constant to be determined, using the boundary conditions then ([5.8)) may be written in the following

form:
N-1

v (t) = et /0 e M5 hy(s)ds + Zp;jluo(xk) (5.9)

j=1
Finally we obtain the functions,

N-—-1
bn(t) = Z Pnjv;(t) (5.10)

where pp;, 1 <n,j <N —1 are the elements of the matrix P, and the approximation solution is:

N—-1IN-1 N—-1

t
u(z,t) = Z anj /0 e M hy(s)ds + Zp,;jluo(xk) e et (x).
n=1 j=1 j=1

If the time ¢ defined in the interval I = [0,7] , we can consider the solution in the form

N—-1N-1 N-1
w@,t) = > > unjln (2) 1 (1), ba(t) =D unsli(t) (5.11)
n=1 j=1 j=1
using ((5.10]) and (5.11]) then we determine the coefficients
N-1 ¢ N-1
wny = 3oy | [ e m(s)ds + o) | e
j=1 0 j=1

and the approximate solution is

N-1N-1 [N-1 ¢ N-1
un (@) =Y > D pw / e Mo h(s)ds + Y piiuo(zr) | 9| (@)l (1) + @ (2)
n=lm=1 \ j=1 0 j=1
N-1
O (x) = 21 uo(zn )l ()

and using ((5.7]) we get
N-1N—-1 [N-

1 t; N-1
un(@t) = D> D pu /0 e TN T p T (k) (f5(5) + aug () — cuo(ay)) | ds
=1

n=1lm=1 \ j= Jj=1

N-—-1
+ [ S b uolan) | 4| (@)l (8) + @ (2)
j=1
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5.1 Numerical integration

The function
ar(s) = e 6T, (s) (5.12)

is explicit but we can not always calculate its primitive explicitly, in this case we use the polynomial interpolation
and seek numerical approximation of the integral. Then the Lagrange polynomial interpolation is

N
ani(s) =Y a;i(ta)l;(s)
n=0

where t,, defined by t,, = %(xn +1),n=0,N, and x,, 0 <n < N, are the collocation points on the Gauss-Lobatto
Legendre grid, then the approximation of the integral ([5.9))

t N-1
ij(t):/O anj(s)ds + | D pijuolan) | e
j=1

then we obtain

N—-1
bult) = 3 Pyt )ony (1)

where pp;, 1 <n,j < N —1 are the entries of the matrix P, using ([1.2)) we get the approximate solution

N—-1N-1
un (@,t) = > pujon; (D)l (x)
n=1 j=1
5.2 Error estimation

Definition 5.1. The polynomial space Py (A) is dense in the space of continuous functions on A hence in HJ (A)
then any function u € H} (A) admits the expansion

u(z,t) = > alk, ()t (t) (5.13)
k=11=1
We know )
tn(t) = ;((;;:1)) (Pn—1 (t) = pny1 (1)) (5.14)
where 5
Pu(t) :Ln(ft—l)vn >0 (5.15)

and using then
w(et) = SN 10k, Dhs(@)pi(2) (5.16)

k=1l=1

Proposition 5.2. The following estimate holds between the exact solution u in H} (A) and the approximate solution
un € Py (A) verify,

=l agy < 3N (1o = uno)llagay + I1F = Fllgaca ) (5.17)

Proof . Using the ellipticity condition (4.17)) and (4.10]) we can write,

IN

O(u—un,u—uny)=(f— fnv,u—un)n — O(ug — uno,u — uN)

o (|- u-uao

2
N?||lu — UN||L2(A)

IN

+ 16 (uo _UNOaU_UN)|> (5.18)
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<N = Inllpzeay lw —unllp2ga (5.19)

/ (f = fn) (u —un)dz
A

10(uo — uno,u —un)| < +

a/ 0z (up — uno) Oy (u — upn) dx
A

/ O (up — uno) (u — upn) dx
A

+

c/ (up — uno) (u — uy) dx
A

the function ug is independent of the variable ¢ then
/ O (up — uno) (u—uyn)dx =0
A

and

< cl[(uo — uno)ll p2ea) (v — un)ll 24

c/ (up — uno) (u — upn) dx
A

and

a/ 0z (ug — uno) Oz (u —up) dz
A

< a0z (uo — uno)ll L2 (a) 102 (u — un)l 124 (5.20)

using ((5.19), (5.20) and (4.10) we get
N?[lu—un|[Z2(p) < 3CN (H(uo —uno)llp2(ay + IIf = fN||L2(A)) [(w = un)llp2(a)
finally we find the desired results O

5.3 Condition number

Definition 5.3. The condition number of a n X n non-singular matrix A is defined by:

ke (A) = [Allp||A~ (5.21)

1
I
where || A]|p is the spectral norm defined by p = (AtA)% .

Remark 5.4. The condition number of a matrix A gives a measure of how sensitive systems of equations, with
coefficients matrix A, are to small perturbations such as those caused by rounding. Then if the condition number of
a matrix is large, the effect of rounding error in the solution process may be serious [27].

To compute the condition number of different order of these matrix we use the spectral norm, and all operations
are made by the Maple 12 (Maple 2008), using [11] (Richards 2002).

5.4 Figure illustration

We consider the true explicit solution: u(z,t) = exp(—0.057%t) sin(7z), u(x,0) = up(z) = sin(rz) and f(x,t) =
(((=1.05) 72 + 1) sin(7z)) exp(—0.0572t) — (=72 + 1) sin(7z).

The figures 1 and 2 present the behavior of the condition number and the error, N vary from 3 to 12 we plot
(N,log(kp (A))). In Figure 3, we present the behavior of the functions b, (t), when n vary from 3 to 10, and the figures
4 and 5, presents the true and the approximate solutions u and uy respectively, these plots occurs when N = 9.

Remark 5.5. This figure shows that the error decreases rapidly when N increass. Here we plot (N sl —un|| L2( A)) .
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Figure 1: The behavior of the condition number when N vary from 3 to 12

025

015 -

0.10

Figure 2: The behavior of the error when N vary from 3 to 12
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0E+
0.6 4
0.4+
02 _g
0
-02 :f
_0.4__//>
e

T T
0 1 2 3

Figure 3: Plots of the functions by, (t), n vary from 3 to 10

Figure 4: The true solution when N =9
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-1.0

Figure 5: The approximation solution when N =9

6 Conclusion

We know that many ordinary or partial differential equations do not admit exact solution, so we seek the approx-
imate solution, in this article I have described a numerical method converges quickly to the solution of the problem,
this method based on the properties of orthogonal polynomials and matrix analysis.
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