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Abstract

In this paper, the Jacobi spectral method for ordinary differential equations, which is
based on the Jacobi approximation with negative integer, is proposed. This method is
very efficient for the initial value problem of ordinary differential equations. The global
convergence of proposed algorithm is proved. Numerical results demonstrate the
spectral accuracy of this new approach and coincide well with theoretical analysis.
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1 Introduction

Many practical problems arising in science and engineering require us to solve the initial
value problems of first-order ODEs. There have been fruitful results on their numerical
solutions (see, e.g., Butcher [1, 2], Hairer et al. [3], Hairer and Wanner [4], Higham [5] and
Stuart and Humpbhries [6]). For Hamiltonian systems, we refer to the powerful symplectic
difference method of Feng [7], also see [8, 9] and the references therein.

In the past four decades, the spectral-collocation algorithm has been developed rapidly
[10-13]. Compared with the finite-difference method, its merit is high accuracy. But the
main approach used there is the spectral-collocation method which is similar to the finite-
difference approach. It makes use of values of interpolation points to present coefficients
of expanded form of the numerical solution, and as a result its computing scheme is com-
plex and the corresponding error analysis is tedious. However, with a finite-element type
approach, as shown in this paper, it is natural to put the approximation scheme under the
general inner product type framework. We take advantage of the property of orthogo-
nal polynomials sufficiently, and the results are that the computing scheme is simple and
that the relevant convergence theory, as will be seen from Section 3, is cleaner and more
reasonable than the collocation method.

In this paper, a kind of novel algorithm, which is called Jacobi spectral method, is pro-
posed to solve the initial value problem of the equation % = f(u,x), and it differs from the
collocation method and has several advantages. Firstly, although both the spectral method
and the collocation algorithm possess high accuracy, the spectral method is simpler in
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computing scheme and easier to be implemented, especially for nonlinear systems. Sec-
ondly, compared with the difference method, the spectral method possesses high accuracy.
Finally, the numerical solution is represented in the form of continuous function, so it can
more entirely simulate the global property of exact solution and provide more information
about the structures of exact solution than the collocation algorithm. Sometimes, this is
very important in many practical problems. Theoretical analysis of the spectral method is
simpler than that of the collocation method.

The paper is organized as follows. In the next section, we investigate the Jacobi approx-
imation. In Section 3, we propose a kind of new algorithm by using the Jacobi approxima-
tion with negative integer. We present numerical results in Section 4, which demonstrate
the spectral accuracy of the proposed method and coincide well with the theoretical anal-
ysis. The final section is conclusion.

2 Orthogonal approximation

In this section, we investigate some results about the Jacobi approximation. Let A = {x |
—1<x<1}and x“P(x) = (1-x)*(1+x)?, @, B > —1 be a certain weight function. We define
the weighted space

Li(a‘ﬂ)(A) = {V | vis measurable on A and [[V|| ,@s) < oo},

with the following inner product and norm:
1
(V) wp) = fA uv@x “P@dx, IVl e = 09) -
For any integer m > 0, we define the weighted Sobolev space
m dkv 2
H lop (D) = V‘ P €L wp(A)O<k=mg

equipped with the following inner product, semi-norm and norm:

d*u d*v
(8, V), () = Z <Wﬁ> @h)
e

0<k<m
d™y
dx™

1/2
V], () = ’ ; P N U

@b
Foranyr > 0, the space H)’( @p (A) andits norm [|v]],  @p) are defined by space interpolation
as in [14]. In particular, OH)I((M)(A) ={ve H)l((a‘ﬂ)(A) | v(-1) = 0}.

Let x @A) (x) = (1 - x)*(1 + x)#, a, B > —1. The Jacobi polynomials of degree [ are defined
by

(_1)1 dl
211 dxt

(1-2)1+ 2] (x) = (L-2"1+x)"*F), 1=0,1,2,....

They are the eigenfunctions of the Sturm-Liouville problem

4 ((1 — )L+ )P d”—(x)) P — )1+ x)Prx) =0, xeA .1)
dx dx
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with the corresponding eigenvalues Aga’ﬁ "ol v+ B +1). They fulfill the following re-
currence relations:

@l +a+B+2)L-x) P 0) = 200+ o + 1P () - 200+ 175 (), (2.2)
(e, B)

ag; " (x) 1(l+0l . 1)]/“1 B+1) @), (2.3)
dx

) ) F@+p+1) Z @k+a+pr k+a+/3)]k°‘ P (x), (2.4)

I'l+a+pB+1) I'k+pB+1)

@B () = l+a+1) Z )lk(2k+a+,3)1"(k+oz+,3)

(a,8-1)
v Fl+a+pB+1) Tk+a+1) Ji (x). (2.5)

We note that ]laﬂ () = (- DY, 7B (x);: this, together with (2.2), leads to
@l +a+B+2)A+x)] PV =20+ B+ 17 (%) + 20+ 1)1 ). (2.6)

The set of ], l(a’ﬂ (%) is the complete Li(“'ﬁ) (A)-orthogonal system, namely

(o,8)

(.B) 7(a,B) = Vi , b=, 27
(]l iy )X(a'ﬁu\ 0, l#m, 7
where
e 2T DT B D)

i T Qlra+ BT U+a+ B+ D)I(+1)

Thus, for any v € Li(a_ﬁ) (A),

V(X) _ Z Vla ﬂ)](a B)

with the coefficients

N 1
5 = (V’]I )amAr [=0.
v

Now, let N be any positive integer and Py (A) be the set of all algebraic polynomials of
degree at most N. Furthermore, ¢Py(A) = {v € Px(A) | v(-1) = 0}.

In order to describe the approximation results, we introduce the Hilbert space
H}’((w,ﬂ) A(A)' For any nonnegative integer r,

H;(a‘ﬂ)A(A) = {V | vis measurable on A and |||, ,@p) 4 < oo},

where

1

2
+vllzy @ | -
) [2]:X

r-1
(7

VI, epr,a = (
k=0

o %_kdr—k
(1-%%) el




Zhang and Wan Advances in Difference Equations (2015) 2015:237 Page 4 of 15

For any real r > 0, we define the space H;(a,ﬁ) A(A) and its norm by space interpolation as
in [14].
We also define the space OH;(W)A(A) as

0H o 4(A) = {v € HY (o, (A) | ¥(-1) = O}.

o.B) A

For any real y,8 > —1, similar to Li(“'ﬁ) (A), we define the space Liw) (A).
In forthcoming discussions, we will use the following lemma.

Lemma 2.1 If
l<a<y+2, 1<B<6+2,
then for any v € H)l((a_ﬂ) (A)N Li(l"‘” (A),
o < cllvily -
Moreover, for any v € H)l((ayﬁ)(A) N Liw)(A) with v(xg) = 0, %9 € A,
VIl s < clvly,y@p
provided that
a<y+2, B<8+2.
For the proof, see Lemma 3.4 of [15].
Next, we recall the Jacobi orthogonal approximation. The orthogonal projection Py :
Li(“'ﬂ) (A) = Pn(A) is defined by
(PNapV=Vi9),@p =0, Vo€ Pn(A).
We also define the projection oPy s : OL?(W” (A) = oPn(A) as
(0PNa,pV =V, @), @p =0, Vo €oPn(A),
where
0Li(aﬁ)(A) ={vive Li(a’ﬂ)(A) and v(-1) = 0}.
The following results characterize the property of Py s and oPn .-

Lemma 2.2 For any integersr >0, v € H;( (A)N Li(""f‘) (A),

@.p).A
I1PNapV =Vl @) < ENTVIL  @pa-

For the proof, see [16].
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Lemma 2.3 For any integersr>1,v e OH;(M)A(A) N OLi(u,ﬂ) (A),
loPNapV = VI sy < NIV, wp) a-

Proof By the projection theorem,
loPna,pv =Vl ep <@ =V, @, Y EoPn(A).

Take ¢(x) = f_xl Py_14,8V d§ in the above. Clearly, ¢ € ¢Pn(A). According to Lemma 2.1,

we have
P | < p dv dv
V=, @p =< c||PN-1,08— — .
0L'N,a,B X( B) N-l,,8 dx dx X(a,ﬁ)
A combination of Lemma 2.2 and this inequality leads to the desired result. O

Lemma 2.4 For any ¢ € Py(A)N H;(a,ﬁ)(A) N Li(a’m(A), integer r > 0,

2 211 4 112
< .
1612y < ENZ 11
For the proof, see [16].
For numerical solutions of ordinary differential equations, we need other orthogonal
projections. For this purpose, we introduce the space, for » > n,

’ _ .
on(A) = {v | v is measurable on A and ||V||7.[6,n,A < oo},

equipped with the following semi-norm and norm:

dv
dx”

VI3 a) = ‘

X(r,—n+r)

r %
2
) 1% r = Vv .
I ”H()’n(A) (k§_0| |H’6,n(/\>>

Accordingly, we define the space, for r > n,

d'p(-1)
dx!

OHg,n(A)={¢eHg,n(A)( =0,0§l§n—1}.

In this paper, we shall use a specific family of Jacobi polynomials. They are defined by
L) = W+ 200 ), 1= mn=1,

The set of EEO’") (x) is the complete Li (0,-n (A)-orthogonal system, namely

(0,n)
(0,n) N Ym-n > l=m,
(El MCES ))X(O,—n),/\ = {O’ l#m (28)
Let
d'o(-1
i) = fo e Put)| S50 0.0 <12m-1).
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Now we define the projection operator PK}O 20Hb,.(A) = o PR(A) as

Lar(v—Piv) d'g (0)
490 0 g0, v n(A).
/_1 o T dx=0, V¢ ePy(a)

Lemma 2.5 Foranyv € oHj ,(A), integer 0 <k <r <N +1,

dv

k—r
<cN
dx’

(k,—n+k)

k
H & -
X(r,—n+r)

dxk

X

For the proof, see Lemma 2.3 of [17].
Next, we introduce a polynomial

=l 1
_ ngv( 1) (1+x) € PulA),

X (%) = dd 0
=0

which satisfies

"y (1) _d"g(-1)

g g 0O<m<mn-1.
X x

For each function ¢ in Hj ,(A), we define a function ¢, in ¢Hy ,(A) by

On =0 — X, (%).

Page 6 of 15

(2.9)

Following the same idea as in [17], we define the Jacobi quasi-orthogonal projection as

Py ne =Py Gy + x,; ().

Obviously, for any ¢ € H;( ,(A) and integer r > k > 0,

@~ P9 =G~ PG

Using Lemma 2.5 leads to

dk ~ dk 0
- _pr _12 _pg
” dxk ((ﬂ O‘N(p) lonk) ’ dxk (% N %) -
< Nk dy
dx’ X(r,—n+r)

Next, we define P}, as
Pyg = 0Py p1 + p(-1).

By using Lemma 2.3, for any ¢ € H;(a‘ﬂ),A(A) N Li(‘”'ﬁ) (A), we obtain

Bl ~ ~ 1-
lo = Prell wn =161 = 0Prnas@illwm < NIl a-

(2.10)

(2.11)

(2.12)

(2.13)
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3 Jacobi spectral method with negative integer
In this section, we apply Jacobi approximation with negative integer to ordinary differen-
tial equation.

First, we introduce Jacobi polynomials of degree / with negative integer

L) = A+ 2P ), 1=1,2,.... (3.1)
The set of E;O’l)(x) is the complete Li(),—l (A)-orthogonal system, namely

(0.1)

01 1) v, l=m,

(<, Ly )Xo,f1,A— 0, I 4m. (3.2)
Obviously,

oPn(A) = span{ LV, £, LMY, (3.3)

Next, we define the projection TJN,O,,l : OLi(o,—l) (A) = ¢Pn(A) as
(T)N,O,—lu —u,$),01=0, Vo eoPn(A).
About this projection, we have the following theorem.
Theorem 3.1 Ifue L’ ,(A) and 4u ¢ L, (D), integers 0 <r <N +1,

du

dx”

1Pno,-1% = tll yon < cN™"

X(r,—1+r)

The proof is similar to Lemma 2.3 of [17].
Next, we consider the following problem:

L:l_lzf =filw(t),t), 0<t=<T,
w(0) = vp.

For the sake of applying the theory of orthogonal polynomials conveniently, by the linear

transformation,
T(1+x) T(1+x)
t= , v(x)=w )
2 2
then

@ fvx),x), -l<x<l,
V(_]-) =Vo.

Letu=v-vy,

{ = flulx) +vo,x), -l<x<1, (3:4)

u(-1) =0.



Zhang and Wan Advances in Difference Equations (2015) 2015:237 Page 8 of 15

Next, we construct the numerical scheme. To do this, we approximate u(x) by uy(x), where
un(x) € oPn(A).
un(x) can be expanded to

ﬁ[ﬁgo'n.

M=

un(x) =

~
I
—_

By virtue of (2.3), (2.4) and (2.6),

N
(1+x—uN Z(1+xul— 01 Zl+xu1<]“ +(1+x)—]l1 (x ))
I=1
N [+1
=SSm0 S (-0
I=1

N 1+1 [ -1
=Y+ wi (/}"i“ + ( G+ 1)+ 2 D (i 1)15‘”“))
+
=1 i=0

i=0

N I+1 (& !
= Z(l +x)£tl<]l Lt ( m] Z ))
=1 m=1 m=1
N

Z(l + %)y (jz L ZZm OD + (- 1)]1011 )

=1 m=1

N /-1
= Z(Z 2mLY +z£°1> (3.5)

Due to the orthogonality of Ego‘l), we deduce that

d )’(5 )ul: k=1,
((1+x)d—xuN(x),£,(<0'1)> = yOD (ki + 2k YN i), 2<k<N-1,  (3.6)
X N)/( 1)uNr k =
Let
kO, j=k1<k<N,
YT 2k, k+1<j<N,1<k<N,
AN:(ak/)NXN; MN:(I:ll,ﬁz,...,I:lN_l,ﬁN)T,

fi = (f (un(x) + Vo,x),ﬁl((o’l))x(o,o), I?N(uN) = (Fiofor- v fucifu) T
We derive the following spectral scheme for (3.4)
ANyN = N (uN) (3.7)
Obviously, system (3.7) is equivalent to
d d
(E”N(x)’¢)x<o,o) = ((1 + x)%uz\z(x),qﬁ)xo,_l = (@ +2)f (un(x) + v0,%),0) 0.1

= (f (un(x) + v0,%),0) 000 V¢ € oPn(A). (3.8)
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By the definition of T)N,O,—l; we obtain that

1+ x)d%(") =Prno a1+ x)f(un(®) + vo,x), x> -1,
MN(—I) =0.
Remark 3.1 In Section 4, we will see that the global errors decay exponentially as N in

(3.7) increases.

Next, we analyze the numerical error of (3.7). To do this, let Ex = uy —E\,u, We suppose

that Z—z is continuous for x > —1. Let

d ~ ~ du
G = —P! -pL =, 3.9
1 dx N”(x) Ndx (3.9)
Then we have that
(dﬁl ( )¢>) (751 du ¢) +(G1,¢) Vg € oPn(A) (3.10)
—_— u\x), = -, 5 ,0) 5 ,0) .
dx N 00 Ndx 1 x(0,0) 0N % (©0.0)

Subtracting (3.10) from (3.8) yields that

(LEn(®),0) 00 = (G2, )00 — (G1,$) 00, V¢ € ¢Pn(A),
(3.11)
EN(_I) = 0}
where
-~ du
G, =f(uN(x) + V(),x) _PNE and En(x) € ¢Pn(A).
Taking ¢ = 2Ey in (3.11) leads to
d
2| Ex, 5—En =2(G2, En)y 00 — 2(G1, En), 00
dx £00)
:A2 +A1, (3.12)
where
A;=-2(G,Ey) and Ay =2(Gy,Ey).
Since Eyn(—1) = 0, integration by parts yields
d 2
2( Ex, —Ey = [Ex(+D)|". (3.13)
dx x(0.0)

By using the Cauchy inequality, we derive that

1
A1l = 20Gill o0 IEwl 00 < elEx]00 + Z1Gi 00 (3.14)
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Next, we assume that there exists a real number y such that
(f(z1,%) = f(22,%)) (21 — 22) <~y (21 — 22)°, (3.15)
then
A, = 2<f(uN(x) + V0, %) _ﬁ}\[Z_Z’EN>X(0,0)
= 2(f (un + vo, %) —f@}\,u + vo,x),EN)X(oo)

du du
+2 + Vo, +v0,x),E, +2 =— P\ —,E .
(f (P + vo, %) = f (u +vo,2), En) 00) <dx N T >X<00)

According to the above formula, we obtain that

du du
Ay < =2y IEN I 00 + 27 | P = ]| o Il 00 +2Hd -P\— N ” IEnl 00
1|du ~ dul? y
<(-2y +8+5)||EN||?((0,0) + g‘ PP 11\[% 00 || U~ u” ©0,0)+ (3.16)
P
Substituting (3.13), (3.14), (3.16) into (3.12), we assert that
2 2 1 2
|EN(+1)| <(2y+ 38)||EN||X(0,0> + g”GIHX(O,O)
du ~ du 2 YAl 2
—||— =-Py— + = || Pyu — . 3.17
dx " Ndx £ (0.0) s” N M”X(O’o) (3.17)

Then it remains to estimate |G, ||%,

G < AP u—u) || du =, du 2
100 = dx 00) dx Ndx (00)
2
|P}\,u ”| ©0 t du 73}\[@ :
Lx dx dx (00)

With the aid of the above formula, we obtain that

(27 = 36)IEn 12 00 < e [Pt —ul 00 + [Phts — ul; o mal
y -3¢ NI 00 c NU—U|| o0 t | PyU—U 1,(0.0) + dx Ndx 00
s A du)’
=< C<||PNu - I/l”X(o,o) * dx Py dx )
+[Phu _T)(l),Nuﬁ,X(O,O) + [Py~ ”’ix“”‘”)' (3.18)

By virtue of Lemma 2.4, we derive that
[Phu - T)(l),Nuﬁ,X(o,O) < oN*|PRu- T)(l),N””i(o,m
< oN*([[Phu - ””i(om + |u _T)(l),N“”i(om)'

Substituting this formula into (3.18), we obtain the following theorem.
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y(A), then, by (2.11) and

r=147

Theorem 3.2 [fu belongs to H; oY, 4(A) and % belongs to Li(
(2.13),

d*u
dx?

du
dx

d'u

+
dx’

rx (01,4

IEnIl 00 < cNZ_’(’

) +cNY"
rx©OD.A

Remark 3.2 Assume that for a certain real number y; such that

X (r,=1+r)

(f(z1,%) = f(22, %)) (21 = 22) < yi(z1 — 22)° (3.19)

the algorithm is still applicable. In this case, we take « such that 3 —« = —y < 0 and make
the variable transformation

u(x) = e**U(x), F(Ll(x),x) = e‘“"f(e"‘xl,[(x),x) —al(x),

LY - FU@w),), x>-1, (3.20)
U(-1) =0.

We may use (3.7) to resolve (3.20) and obtain the numerical solution Uy (x). Moreover,
condition (3.15) ensures the global accuracy of Uy (x). The numerical solution of (3.4) is

given by uy(x) = e**Un(x).

Remark 3.3 The proposed method is also available for solving systems of first-order
ODEs. In this case, let

i) = (@), u® ), ..., u" (%),

F6,%) = (FO @), P @), ..., " (@, %)).
We consider the system

di) _ 77

_)Z—; _f(u(x),x), x>-1, (3.21)
u(-1) = 0.

We approximate i by #y.We can derive a numerical algorithm which is similar. Further,

let be |v|¢ the Euclidean norm of v. Assume that
(f @) - f (22, %) @1 - 22) < -y |21 - 2ol
Then we can obtain an error estimate similar to Theorem 3.2.

4 Numerical results
In this section, we present some numerical results. We first use scheme (3.7) to solve the

problem

%:_%‘FF(?C)’ x> -1,

o (4.1)
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Figure 1 The L2 error of Example (4.1). -5

Figure 2 The absolute error of Example (4.1). -4 ; : : :
—e—x=-0.5,R-K Method
—6F —e—x=0.8,R-K Method
-o- x=-0.5,R-K Method
-8t -o- x=0.8,R-K Method
-<- x=-0.5,Scheme(3.7)
. —10r -= x=0.8,Scheme(3.7)
5
212 %
(=) ~
o ST D SN
-14 D
o
-16 oo =g —a=0:00800tx=—05
0= =~ ~r=0.0081 ,x=—0¢5 ~ ~0 ~ ~ ~0- ~ -~ 0
-181 * oo :4357)%:@_0.5 ]

25 30 35 ﬁ) 45 50 55

which fulfills condition (3.15) with y = —i. Take the test function u(x) = cos(x)(x + 1)°.
Then a direct computation shows that

F(x) = 5cos(x)(x + 1)* — sin(x)(x + 1)° + i cos(x)(x +1)°.

For description of numerical errors, we introduce the global error Ey ;2 = ||un — u|| % and
the absolute error Err = |ux(x) — u(x)|.

In Figure 1, we plot the global errors log,, of Ey with various values of N. They indicate
that the global errors decay exponentially as N increases. They coincide very well with
theoretical analysis.

In Figure 2, we compare scheme (3.7) with the classical four-stage explicit Runge-Kutta
methods for Example (4.1) with t = 0.0001, = = 0.00001. We find that the method (3.7) is
more accurate than the Runge-Kutta methods for large N.

We next use scheme (3.7) to solve the problem

@ = Texp(cos(v(x)) + F(x), x> -1,
V(_l) ="Vo,

e

which fulfills condition (3.19) with y; = £. In this case, we take o = 3

such that y; —a =
—y = —3 <0 and make the variable transformation

v(x) = e2*u(x), f(u(x),x) = e‘%x<i exp(cos(e%"u(x)))+F(x)) — gu(x),

u(-1) = ez, (42)

{ ) = flu(x),x), x> -1,
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which fulfills condition (3.15) with —y = — 7. Take the test function v(x) = e™(x + 1)>. Then

a direct computation shows that
—x 4 —X 5 1 —X 5
F(x)=5e¥(x+1)*—e*(x+1)° - Zexp(cos(e (x+1)°)).

Obviously, f(u, ) is a nonlinear function for u. Let

~(m) ~(0,1)
w o L,

M=

U (x) =

~
Il
—

then

(L ul (), ) 000 = (F ™) + 2 v0,%),0) 00,
7(0)=0, Vo €oPn(A).

Taking ¢ = EEO’D, 1 <l <N, in the equation, we get a system of equations

dom .y pOD
1 — L
(( +x)dxuN ), L; o

=((+ x)f(ug”_l)(x) +e2 vo,x),ﬁgo’l))xoy_l, [=12,...,N.

We use the nonlinear iteration process to solve this system.

In Figure 3, we plot the global errors log,, of Ey with various values of N. They indicate
that the global errors decay exponentially as N increases. They coincide very well with
theoretical analysis.

In Figure 4, we compare scheme (3.7) with the four-stage implicit Runge-Kutta method
for Example (4.2) with t = 0.1, 7 = 0.01, r = 0.0001, 7 = 0.00005, r = 0.00001, in which we
take N = 55. We find again that the method (3.7) is more accurate than the corresponding
Runge-Kutta methods for large N.

In Table 1, we list the numerical errors at x = —0.5 of the four-stage implicit Runge-Kutta
with 7 = 0.01 and the Jacobi spectral method (J-M) for Example (4.1), and the correspond-
ing CPU elapsed time. Clearly, our methods cost nearly the same computational time for
obtaining higher numerical accuracy.

In Table 2, we list the numerical errors at x = 0.8 of the four-stage implicit Runge-Kutta
with 7 = 0.00001 and the Jacobi spectral method for Example (4.2), and the corresponding

Figure 3 The L2 error of Example (4.2). -6
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Figure 4 The absolute error of Example (4.2). By R
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-5 B e e B ¢ B it

w
S 40 oo d4o - 4=06% - - - -
5

Table 1 Error and CPU elapsed time

Method  Error CPU elapsed time (second)
R-K 2401 x 1079 0,042 x 100
J-M 1284 x 10713 0.30 x 100

Table 2 Error and CPU elapsed time

Method  Error CPU elapsed time (second)
R-K 2220 107> 3.00 x 100
M 1269 x 1071 157 x 100

CPU elapsed time. Obviously, our methods cost less computational time for obtaining

higher numerical accuracy.

5 Concluding remarks
In this paper, we propose a new Jacobi spectral method for the initial problem of first-order
ordinary differential equations, which has fascinating advantages.
+ The computing scheme is simple and the relevant convergence theory is cleaner and
more reasonable than the collocation method.
+ The numerical solution is represented by function form, so it can simulate more
entirely the global property of exact solution.
+ The numerical results demonstrate that the new Jacobi spectral method possesses the
spectral accuracy, which coincides with theoretical analysis very well.
+ In this paper, we also develop a powerful framework for analyzing various spectral
methods of initial value problems of ODEs.
Although we only consider a model problem, the suggested method and technique are
also applicable to many other problems, for example infinite-dimensional nonlinear dy-

namical system.
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