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FOURTH-ORDER CONVERGENCE OF A COMPACT SCHEME FOR THE
ONE-DIMENSIONAL BIHARMONIC EQUATION

D. FISHELOV! M. BEN-ARTZI? J-P. CROISILLE?
TAFEKA - TEL-AVIV ACADEMIC COLLEGE OF ENGINEERING,
EMAIL:DALIAF@QPOST.TAU.AC.IL
2THE HEBREW UNIVERSITY,ISRAEL
3 UNIVERSITY OF PAUL VERLAINE-METZ, FRANCE

Abstract. The convergence of a fourth-order compact scheme to the one-dimensional biharmonic problem is
established in the case of general Dirichlet boundary conditions. The compact scheme invokes value of the unknown
function as well as Pade approximations of its first-order derivative. Using the Pade approximation allows us to
approximate the first-order derivative within fourth-order accuracy. However, although the truncation error of
the discrete biharmonic scheme is of fourth-order at interior point, the truncation error drops to first-order at
near-boundary points. Nonetheless, we prove that the scheme retains its fourth-order (optimal) accuracy. This is
done by a careful inspection of the matrix elements of the discrete biharmonic operator. A number of numerical
examples corroborate this effect.

We also present a study of the eigenvalue problem v, = vu. We compute and display the eigenvalues and the
eigenfunctions related to the continuous and the discrete problems. By the positivity of the eigenvalues, one can
deduce the stability of of the related time-dependent problem u; = —u,.,. In addition, we study the eigenvalue
problem ugz.: = Vvugz:. This is related to the stability of the linear time-dependent equation ugzzr = VUggys. Its
continuous and discrete eigenvalues and eigenfunction (or eigenvectors) are computed and displayed graphically.

1. DERIVATION OF THREE-POINT COMPACT OPERATORS

We consider here the one-dimensional biharmonic equation on the interval [a,b]. For the simplicity of the
presentation, we choose homogeneous boundary conditions. The one-dimensional biharmonic equation is

u®(z) = f(z), a<z<b,
(1) { (@) = 0, u(b) = 0, w'(a) = 0, u'(b) = 0.

We look for a high-order compact approximation to (1). We lay out a uniform grid a = o < 1 < ... < zy-1 <
xy =b. Here x; =th for 0<i < N and h = (b—a)/N.

In what follows, we shall use the notion of grid functions. A grid function is a function defined on the discrete
grid {z;}¥ ;. We denote grid functions with fraktur letters such as u,b. We have

(2) u = (u(xo), u(z1), -, u(@n—1),u(zn)).
In addition, we denote by u* = (u(zp), u(x1), -+ ,u(xn—1),u(zy)) the grid function, which consists of the values
of u(x) at grid points.

We denote by Z,QL the functional space of grid functions. This space is equipped with a scalar product and an
associated norm

N
(3) (o) =Ry u(a)o(z), |uln = (uu)/>
1=0

We also define the sup norm for a grid function u |u|. = maxg<;<n [(x;)]-
We define the difference operators d,, 62 on grid functions by
Uipl — U1 Uip1 — 2u; + U )
(4) 51111:#, 02y = — h; = 1<i<N-1
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In these definitions the boundary values g, uy are assumed to be known.
Suppose that we are given data uj_;, uj, uj,; at the grid points x; 1, 7;,7;11. In addition, we are given some
approximations u, ; 1, u} ;,, for w/'(z;_1),u'(x;41). We seek a polynomial of degree 4

2 3 4
(5) p(x) =ul +a1(x — ;) + a2(x — x;)° + az(x — x;)° + ag(x — x;)%,
which interpolates the data w;_y,w}, uj 1, up; 1,y ;41

The coefficients a1, as, as, ay of the polynomial are

_ 3 1 1
ar = E(ufﬂ —ui_q) — (zuZZ,iH + Zu;,i—l),

a2 = %(“;‘kﬂ +ui g —2u]) — ﬁ(u;,iﬂ - “;,1—1) = 02uf — %(511‘;)2"

as = _4;%(“?“ —ui )+ ﬁ(u;,iﬂ + u;,iq)a

aq = _ﬁ(ufﬂ +ui_y —2uf) + ﬁ(u;,ﬂ-l - “%—1) = ﬁ ((5zu;)z - 53:“:) .

The coefficients above require the data u; and uj ;. In the case where only the values of u; are given, then

{u;l}i\:ll have to be evaluated in terms of {uj‘}fvzo Looking at the first equation in (6), we see that a natural
candidate for u:Z is u;‘“ =a.
This yields

(7) éuw’i + guw,i + 6U$7i+1 = 51”2’ .

This is by definition the Hermitian derivative. If we introduce the three-point operator o, on grid functions by
1 2 1 )

(8) Ox0; = 6%’—1 + gni + 60i+17 1<:<N -1,

can rewrite (7) as

(9) opuy; =0ul, 1<i<N-—1.

x,i

This suggests that §2u} is an approximation to the fourth-order derivative of u at x;, namely,

12
(10) (5;1@ =2 (((5$ug*c)Z — 551&?) .

This approximation, called the discrete biharmonic approximation (see also [3, 5]). Note that, in the non-periodic
setting, boundary values of u, should be given in order to compute §2 at near boundary points x1, Ty _1.
We refer to 6% as the discrete biharmonic operator (DBO). We define

Definition 1 (Discrete biharmonic operator (DBO)). Let u € I3 be a given grid function. The discrete bihar-
monic operator is defined by
L 12 ) .
(11) 6wui = ﬁ(égjuw,i — 6$ui), 1 <1< N — 1.
Here u,, is the Hermitian derivative of u satisfying (9) with given boundary values uy o and gy n.
Using (10) and (7), the solution of (1) may be approximated by the scheme
(a) opui = f(z) 1<i<N-1,

1 2 1
(12) (b) g leni-1 + FUa.i + glaitl = Ozu;, 1<i<N -1,

() u=0, uy =0, 1;0=0, uy x = 0.
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2. OPTIMAL RATE OF CONVERGENCE OF THE ONE-DIMENSIONAL STEPHENSON SCHEME

In order to prove the fourth-order convergence of the scheme, we invoke the matrix representation fo the discrete
biharmonic operator.

In [1] we carried out an error analysis based on the coercivity of 6. The analysis presented there was based on
an energy (I2) method and led to a ”sub-optimal” convergence rate of h%. In [2] we have improved this result by
showing that the convergence rate is almost three (the error is bounded by Ch?log(|h|). Here we prove the optimal
(fourth-order) convergence of the scheme. Let u be the exact solution of (1) and let u be its approximation by
the Stephenson scheme (12). Let u* be the grid function corresponding to u. We consider the error between the
approximated solution u and the collocated exact solution u*,

e=1u—u",
The grid function u* satisfies
(13) Spuy = f* (i) + v, 1<i<N-—1,
where t is by definition the truncation error.
The error ¢ = u — u™* satisfies
Ste; = —v, 1<i<N-1,

(14) e0=0,en =0, ¢z0=0, ex,n =0.

We prove the following error estimate.

Theorem 2. Let u be the exact solution of (1) and assume that u has continuous derivatives up to order eight
on [a,b]. Let u be the approximation to u, given by the Stephenson scheme (12). Let u* be the grid function
corresponding to u. The, the error e = u — u* satisfies

(15) |2|h < Ch4,

where C' depends only on f.

3. EIGENFUNCTIONS AND EIGENVALUES OF FOURTH-ORDER OPERATORS

3.1. Eigenfunction Approach for u,,,, = vu. Consider the eigenvalue problem for the one-dimensional bihar-
monic problem.

(16) oW =2, #(0)=¢'(0) = ¢(1) = ¢'(1) = 0.
It may be easily checked that the eigenfunctions for this problem are

dr(x) = (sinwy, — sinhwy,) (cos(wyp) — cosh(wya))

(17) —(coswy, — coshwk)(sin(wkx) - sinh(wkx)) x €01, k=1,2,..,
and
(18) e =wi, E=1,2,... ,

where wy satisfy

(19) cos(wg)cosh(wg) =1, k=1,2,.., wi>0.

Therefore, the eigenfunction of the continuous problem (16) have the following form

(20) ¢(z) = Acos(wiz) + Bsin(wiz) + C cosh(wax) + Dsinh(waz), =z € [0,1],

where A, B,C, D € R and wy,wy > 0.
We consider now the discrete problem. Let v be the solution of the discrete biharmonic problem.

(21) 530 = Av, U(O) = Um(o) - U(l) = Uz(l) =0,

where v, is the Hermitian derivative of v.



Claim 3. A complete set of (N — 1) linearly independent eigenfunctions (in Z,Ql,o) for problem (21) is given by

t)z(.k) = <sin(w£k)) — Tk sinh(wék))> . (cos(wgk):z:i) - cosh(wék)zi)>

(22)
- <cos(w§k)) — cosh(wék))> (sin(wgk)xi) — Ty sinh(wék)xi)) k=1,.,N—-1,
where
. hg (k)
(23) T = w
sin®(wy" h)
and wgk),wék) satisfy the following set of equations.
.4 w®p . 4 W h
1 h 2
(24) sin® (=5 (2) __ sin (%% (,3) 7
3 — 2sin® (% h) 3+251nh2(w2Th)
(25) QCos(wgk)) Cosh(wgk)) + Ry sin(wgk)) sinh(wék)) =2, Rp=T,— Tik
The eigenvalues Ny, are
WP
48 sin’( =)
(26) Ak:ﬁ T k=1,..,N—1.

(k
3 — 2sin? wlT

3.2. Eigenfunction Approach for u,,: = vug..,. We consider a simple linear one-dimensional model for the
Navier-Stokes equations in streamfunction formulation

(27> Ugxt = VUgzzx,

where u(z,t) is a function defined for (z,t) € [0, 1] x [0, 00). Its steady-state solution satisfies the one-dimensional
biharmonic problem, discussed in this paper. In addition, this equation serves as linear model for the streamfunction
formulation of the Navier-Stokes system (see [1, 4]). If ¢ is the streamfunction, then the Navier-Stokes system in
streamfunction formulation takes the following form.

(28) O (AY) + (V) - V(AY) = vA%p.

It is evident that its restriction to the one-dimensional case with vanishing convective term is Equation (27).
We define an eigenfunction ¢(x) to (27) as a function satisfying, for some p € R (which is the associated
eigenvalue),

(29) e (x) = ¢(x), = €0,1],
along with the boundary conditions
(30) $(0) = ¢'(0) = ¢(1) = ¢'(1) = 0.

Claim 4. A complete set of orthogonal eigenfunctions and their associate eigenvalues is given by the union of the
following two families
gzﬁ,(cl)(x) =1 — cos(2mkx), ,u,(cl) =—27rk)? k=1,2,..,
(31) qﬁ](f) (x) = Tfllk sin(2¢qxmzx) — cos(2qpmx) — 22 + 1, ,u,(f) = —(2mqr)?,
k=23,..,
where (for the second family), qi is the (unique) solution of

1
(32) tan(qrm) = qem,  qr € (k— 1,k — 5)-
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(a) Eigenvalues, N=16 (b) Eigenvalues, N=64

FIGURE 1. Spectral problem (29). Continuous (’x’) versus discrete ('o’) eigenvalues in Log-Log
scale. Left panel: the discrete eigenvalues are computed with N = 16. Right panel: the discrete
eigenvalues are computed with N = 64.

In the discrete problem the second-order and fourth-order spatial derivatives are replaced by their three-point
counterparts, 62 and &4, respectively.

Specializing to the interval [0, 1] we use a uniform grid {z; =ih, i =0,1,...,N}.

Recall that for functions of the type

v(z) = Acos(ax) + Bsin(bx) + Cx+ D, z€][0,1], A,B,C,D,a,beR,

we compute the Hermitian derivative and the action of 2, 62 on v and then we look for the discrete eigenvalues
and eigenfunctions, namely, grid functions satisfying

(33) pdZo = dtv, pER,
subject to the homogeneous boundary conditions
(34) U(ﬂ?o) = Um(xo) = U((EN) = Uz(SUN) = 0.

In the following claim we show that the discrete eigenfunctions span the space 1,21’0. In fact, we give an explicit
basis consisting of a union of two families of eigenfunctions, analogous to the continuous case of Claim 4. The
assumption that N is even is made for notational simplicity.

Claim 5. Suppose that N is even. Then a complete set of (N — 1) linearly independent eigenfunctions (in I3, o) is
given by the union of the following two families

1 .
(35) né )(xi) =1-cos(2mkx;), 0<i<N, k=12 .. %,
U,(f)(xi) = Apsin(2rgma;) — cos(2rgma;) —2x; +1, 0<i< N, k=2 .. %,
where (for the second family), A, vy are uniquely determined by the pair of equations

1 2h 2 4 cos(2rimh) 1
36 — =t , Ap=——-—-—7-—-, ek—-—1,k—-2>).
(36) 7, ), Av= ey TR 5

Figure 1 displays the eigenvalues of Problem (29) versus the discrete spectrum for N = 16 (left panel) and
N = 64 (right panel), using a Log-Log scale. Observe that the continuous spectrum is approximated by the
discrete one from above.
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