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Abstract

Recently, the efficient numerical solution of Hamiltonian problems has been tackled by
defining the class of energy-conserving Runge-Kutta methods named Hamiltonian Boundary
Value Methods (HBVMs). Their derivation relies on the expansion of the vector field along the
Legendre orthonormal basis. Interestingly, this approach can be extended to cope with other
orthonormal bases and, in particular, we here consider the case of the Chebyshev polynomial
basis. The corresponding Runge-Kutta methods were previously obtained by Costabile and
Napoli [33]. In this paper, the use of a different framework allows us to carry out a novel
analysis of the methods also when they are used as spectral formulae in time, along with some
generalizations of the methods.
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1 Introduction

The numerical solution of Hamiltonian problems has been the subject of many investigations in the
last decades, due to the fact that Hamiltonian problems are not structurally stable against generic
perturbations, like those induced by a general-purpose numerical method used to approximate their
solutions. The main features of a canonical Hamiltonian system are surely the symplecticness of
the map and the conservation of energy, which cannot be simultaneously maintained by any given
Runge-Kutta or B-series method [32]. Consequently, numerical methods have been devised in order
of either defining a symplectic discrete map, giving rise to the class of symplectic methods (see, e.g.,
the monographs [46, 42 [37, 9], and references therein, the review paper [45], and related approaches
[30]), or being able to conserve the energy, resulting in the class of energy-conserving methods (see,

e.g., [44l 39 40, 411, [3T], [19] 20l [36l 18] [43] and the monographs [15]). In particular, Hamiltonian
Boundary Value Methods (HBVMs) [19, 20] [I8 15 22] (as well as their generalizations, see, e.g.

[10, 14, 241 29, [T 02, 28, 26l 6]) form a special class of Runge-Kutta methods with a (generally)
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rank-deficient coefficient matrix. HBVMs, in turn, can be also viewed as the outcome obtained after
a local projection of the vector field onto a finite-dimensional function space: in particular, the set
of polynomials of a given degree. For this purpose, the Legendre orthonormal polynomial basis has
been considered so far [23] (see also [2]), and their use as spectral methods in time has been also
investigated both theoretically and numerically [28 17, 13} Bl 7, 8]. Remarkably, as was already
observed in [23], this idea is even more general and can be adapted to other finite-dimensional
function spaces and/or different bases. Following this route, in this paper we consider a class of
Runge-Kutta methods based on the use of the Chebyshev polynomial basis.

It turns out that, with this choice, our approach finally leads us back to the same formulae
introduced by Costabile and Napoli by considering the classical collocation conditions based on
the Chebyshev abscissae [33]. Exploiting the Routh-Hurwitz criterion, in [34] they derived the
A-stability property of the formule up to order 20 while, more recently, they also extended the
methods to cope with k-th order problems [35].

In this context, we are mainly interested in a spectral-time implementation of these formu-
lae, which means that the given approximation accuracy (usually close to the machine epsilon)
is achieved by increasing the order of the formulae rather than reducing the integration stepsize.
An interesting consequence of such a strategy is that, modulo the effects of round-off errors, the
numerical solution will mimic the exact solution so that, when applied to a Hamiltonian system the
method will inherit both the simplecticity and the conservation properties.

The advantage of using the Chebyshev basis stems from the fact that all the entries in the
Butcher tableau of the corresponding Runge-Kutta methods can be given in closed form, thus
avoiding the introduction of round-off errors when numerically computing them (as is the case with
the Legendre basis, where the Gauss-Legendre nodes need to be numerically computed). In this
respect, not only does the analysis provided within the new framework help in deriving the explicit
expression of the coefficients of the methods for any arbitrary high order, but it is also very useful
to discuss the convergence rate when they are used as spectral methods in time and to derive an
efficient implementation strategy based on the discrete cosine transform: these latter aspects are
new, at the best of our knowledge. Further, also a generalization of the methods is sketched, similar
to that characterizing HBVMs.

With this premise, the structure of the paper is as follows: in Section 2] we provide a brief
introduction to the framework used to derive HBVMSs, relying on the use of the Legendre polynomial
basis; in Section Bl the approach is extended to cope with the Chebyshev polynomial basis; in
Section M a thorough analysis of the resulting methods is given, also when they are used as spectral
methods in time; in Section [l we provide some numerical tests, to assess the theoretical findings;
at last a few conclusions are given in Section

2 Hamiltonian Boundary Value Methods (HBVMs)

In order to introduce HBVMs, let us consider a canonical Hamiltonian problem in the form

. m I
g = JVH(y), y(0) = yo € R*™, J = ( I ) =—JT, (1)



with H : R?™ — R the Hamiltonian function (or energy) of the systemE' As is easily understood
H is a constant of motion, since

d .

3 H W) =VH(y) 'y = VH(y) JVH(y) =0,

being J skew-symmetric. The simple idea, on which HBVMs rely on, is that of reformulating the
previous conservation property in terms of the line integral of VH along the path defined by the
solution y(t):

H(y() = H(yo) + / VH(y(r) T j(r)dr.

Clearly, the integral at the right-hand side of the previous equality vanishes, because the integrand
is identically zero by virtue of (), so that the conservation holds true for all ¢ > 0. The solution
of (@) is the unique function satisfying such a conservation property for all ¢ > 0. However, if we
consider a discrete-time dynamics, ruled by a timestep h, there exist infinitely many paths o such
that:

o(0) = (h) =:y1 = y(h),

Yo, o
0 h / 1 VH(o(ch)) " ¢(ch)de. (2)
0

The path o obviously defines a one-step numerical method that conserves the energy, since

Hy) = Hiyo)+h / VH(o(ch)T6(ch)de = H(yp),

even though now the integrand is no more identically zero. The methods derived in this framework
have been named line integral methods, due to the fact that the path o is defined so that the line
integral in (2]) vanishes. Line integral methods have been thoroughly analyzed in the monograph
[15] (see also the review paper [16]). Clearly, in the practical implementation of the methods, the
integral is replaced by a quadrature of enough high-order, thus providing a fully discrete method,
even though we shall not consider, for the moment, this aspect, for which the reader may refer to
the above mentioned references

Interestingly enough, after some initial attempts to derive methods in this class [39] 40, 4T
[19, 25], a systematic way for their derivation was found in [23], which is based on a local Fourier
expansion of the vector field in (). In fact, by setting

fly) = JVH(y), (3)

and using hereafter, depending on the needs, either one or the other notation, one may rewrite
problem (), on the interval [0, h], as:

glch) =D Pile)yly), €01, y(0)=1yo, (4)
i>0

1In fact, for isolated mechanical systems, H has the physical meaning of the total energy.
2This amounts to study HBVMs as continuous-stage Runge-Kutta methods, as it has been done in [2] [3].



where {P;};>¢ is the Legendre orthonormal polynomial basis on [0, 1],

1
Pi S Hi, / Pi(T)Pj(T)dT = 5ij7 i,j > O, (5)
0

II;, hereafter, denotes the vector space of polynomials of degree at most %, J;; is the Kronecker
symbol, and

() = / Bi(n)f(y(rh)dr, >0, (6)

are the corresponding Fourier coefficients. The solution of the problem is formally obtained, in
terms of the unknown Fourier coefficients, by integrating both sides of Equation (4):

y(ch) —yo—l—hZ/ x)dx v;(y), c € [0,1]. (7)

7>0

A polynomial approximation o € II; can be formally obtained by truncating the previous series to

finite sums:
s—1

o(ch) =) Pi(c)y(0),  c€0,1],  o(0) =up, (8)

Jj=0

and

o(ch) —y0+hZ/ z)dz (o),  cel0,1], (9)

respectively, with ~; (o) defined according to (@), upon replacing y with 0. Whichever the degree
s > 1 of the polynomial approximation, the following result holds true, where the same notation
used above holds.

Theorem 1 H(y1) = H(yo).

Proof In fact, one has:

H(y:) - H(yo) = H(o(h)) — H(o(0)) = h / VH(o(ch)) o (ch)de
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due to the fact that J is skew-symmetric. [J

The next result states that the method has order 2s.

Theorem 2 y; — y(h) = O(h?**T1).



Proof See [23] Theorem 1]. O

It must be emphasized that, when the method is used as a spectral method in time, then
the concept of order does not hold anymore. Instead, the following result can be proved, under
regularity assumptions on f in (3]).

Theorem 3 Let us assume f(o(t)) be analytical in a closed ball of radius r* centered at 0, then
for all h € (0, h*], with h* < r*, there exist M = M(h*) >0 and p > 1, p ~ h™!, such that:ﬁ

lo =yl = max fo(eh) ~ y(ch)| < hALp™. (10)

Proof See [5l Theorem 2]. O

Remark 1 When using HBVMs as spectral methods in time, it is more important considering the
measure of the error (I0), rather than the error at h. In fact, the timestep used, in such a case,
may be large, and even huge, so that the whole approzimation in the interval (0,h) is needed.

Remark 2 As previously stated, an important issue, when using numerical methods as spectral
methods, stems from the fact that one needs the relevant coefficients be computed for very high-
order formulae. When some of such coefficients are evaluated numerically, as is the case for the
abscissae of the Gauss-Legendre formulae, this may introduce errors that, even though small, may
affect the accuracy of the resulting method. It is then useful to have formulae for which all the
inwolved coefficients are known in closed form, and this motivates the present paper.

3 Chebyshev-Runge-Kutta methods

An interesting way to interpret the approximation (8 is that of looking for the coefficients o, . . ., Vs—1,
in the polynomial approximation

o(ch) = in(c)’yj, ce0,1], o(0) =yo € R™, (11)
7=0
toH
y(ch) = f(y(ch)),  c€[0,1],  y(0) =yo €R™, (12)

such that the residual function
r(ch) = G(ch) — flalch),  ce[0,1], (13)

be orthogonal to II;_;. That is,

0 - /OPi(c)r(ch)dc - /OH(C)(d(ch)—f(o(ch)))dc, P=0,.. . s—1.  (14)

3Hereafter, | - | will devote any convenient vector norm.
4For sake of simplicity, hereafter we shall assume f be an analytic function.



By considering the orthogonality relations (@), this amounts to require that

1 s—1 c
%:/ Pi(o)f yo—i—hZ/ P;(x)dzy; | de, i=0,...,5—1, (15)
0 —Jo
7=0
namely (B with o replacing y, and the new approximation given by

s—1 1
y1 = o(h) = yo—i-h;/o Pj(x)dxy;. (16)

Approximating the integrals in (IH]) by a Gauss-Legendre quadrature of order 2k, with k > s, then

provides a HBVM(k, s) method [I5] 16 20, 23].
A generalization of the orthogonality requirement (IH) consists in considering a suitable weight-
ing function

1
w(e) >0, c€0,1], / w(e)de =1, (17)
0
and a polynomial basis orthonormal w.r.t. the induced product,

1
P, Hi, / w(7’)B(7’)Pj(7’)d7’ = 5ij; i,j > 0, (18)
0

then requiring

0 = /0 w(c)Pi(c)r(ch)de /0 w(c)Pi(c) (6(ch) — f(o(ch)))de, i=0,....,s—1. (19)

Consequently, now the coefficients of the polynomial approximation (I turn out to solve the
following set of equations,

1 s—1 c
i = / w(e)Pi(e)f | yo+ hZ/ P;(x)dzy; | de, i=0,...,s—1, (20)
0 =00

in place of (I]H)ﬁ In so doing, we obtain a polynomial approximation formally still given by (@),
with the Fourier coefficients now defined as

1
i = (o) = / (AP f(o(ch))de,  i=0,... 51 (21)
0
Hereafter, we shall consider the weighting function
1
w(c) = ————= ce(0,1), (22)

m/e(1—¢)

which satisfies (I7) and provides the shifted and scaled Chebyshev polynomials of the first kind,
ie.

Py(c) = To(2¢—1) = 1, Pi(c) = V2Tj(2c—1), j>1, celo,1], (23)

5Clearly, (@) is derived by considering the special case w(c) = 1.
6 As is usual, hereafter, Tj(x), j > 0, denote the Chebyshev polynomials of the first kind.



satisfying (IJ]).
For later use, we also report the relations between such polynomials and their integrals:

/C Py(z)dz = (i)
0

L V2
/0 Pi(z)dz = :P2(c)—\/§P0(c)}, (24)
/C Pj(x)dx
0

In particular, for ¢ = 1 one obtains, by considering that Py(1) = 1 and P;(1) = v/2, for all j > 1:

+ PO(C)] :

Piai(0)  Prale)  (~1172V2Py(0) .>2
S FEE U R

== ool NI

L5 =0,
1
0
™, even, j22.

3.1 Discretization

As is clear, the integrals involved in (20)-(2I]) cannot be computed exactly, and need to be approx-
imated by using a numerical method: this latter can be naturally chosen as the Gauss-Chebysvev
interpolatory quadrature formula of order 2s on the interval [0, 1], with nodes

1+ cost; 0 21 —1

™

P = T A 7 5 ':1,...,, 2
c 5 P i s (26)

and weights

We recall that Ps(c;) =0,i=1,...,s, due to fact that (see 23))), 2; = cosf;, i = 1,...,s are the
roots of Ts(z). Consequently, the Fourier coefficients (20)-(2I]) will be approximated as:

s s—1 .

1 €
5 ==Y Pile Yy Py(z)dz A, | de, =0,...,5—1. 27
4 S (cj)f <yo—|— g_o/o v () :vw) c ] s (27)

In so doing, we obtain a new polynomial approximation,
s—1 c
u(ch) =yo+h>» / P;(x)dzy;,  ce0,1], (28)
=070

in place of 0. Setting Y; the argument of f in Equation (27), and taking into account (28), we
arrive at the s-stage Runge-Kutta method with stages

S

s s—1 ¢
Y, = U(Clh) = Yo+ hz (1 Z‘/O Pg(gg)d:CPg(g)) f(YVJ), 1=1,...,s, (29)
(=0

Jj=1

=10Q4j



with the new approximation given by:

s s—1 1
yi = u(h)=yo+h) <§ Z/O Pz(x)dxpe(ci)> f(Yi). (30)
£=0

=1

=: bl

Consequently, the abscissae and weights (¢;,b;), ¢ = 1,...,s, and the entries a5, 7,5 = 1,...,s,
define an s-stage Runge-Kutta method. An explicit expression of the abscissae has been given in
([26). Let us now derive more refined expressions for the weights and the Butcher matrix. For this
purpose, let us define the following matrices:

C; 1
Ps = (ijl(ci)) , Iy = (/ Pj1(x)d17> , Q=-I, € R¥, (31)
i.j=1,...,s 0 ij=1,...,s §

.....

with I, the identity matrix, and

1 V28 a3 o . ol a
V2531 0 =B
B2 0 =B @
X, = Bs 0 —f3 € RS** (32)
0] ﬂ572 0 _ﬂS*Q
ﬁs—l 0
with 1
=g izl = (—1)78V2B;8j—2, j>3. (33)

The following results hold true.

Lemma 1 With reference to [20) and the matrices (31) and (33), one has:
(Po)ij = [V2+8u(1= VD) cosj = )i, ij =1,

T, = Ps X, PP, = I,.
Proof The first statement follows from (23)) and the well-known fact that
Tj_1(cosB;) = cos(j — 1)0;.

The second statement follows from ([24)), by considering that Ps(¢;) =0, i = 1,...,s. Finally, one
has, by setting, hereafter, e; € R® the ith unit vector:

1
el (PJOP)e; = —(Pse;)' (Psey)

_ [V2+0a(1 - v2)] [V2+ (1 - v2)] icos(i — 1)0 - cos(j — 1)

S
k=1

- 51]7



due to the fact that, for all ¢, =1,...,s,

. 0. i#j.
S cos(i— Dby -cos(j — 1) = { s, i=j=1,
k=1 s, i=j>1.0

Consequently, we can now state the following result.
Theorem 4 The Butcher matriz of the Runge-Kutta method (29)-(30) is given by
A = (a) = LP]Q = PXP/Q = P X, P (34)
The corresponding weights are given by:
fs/21-1 .
1 j7r
b= = |1—2 L i=1,...,s. 35
; > | s (35)
Jj=1
Proof From Lemma[I], the last two equalities in ([B4]) easily follow. The first equality in (34)) then
follows from (29), by taking into account (BII):
1 1 [©
aij = e Aej = ] I,P[Qe; = E(eiTIs)(ejT'PS)T =3 Z/ Py(x)dzPy(cy),

which coincides with the formula given in ([29). The formula [B3]) of the weights follows by consid-
ering that from (B0), taking into account (25]) and (28], one has:

s—1 T
b, = EZ/IPg(x)d:rPg(ci) = </1P0(c)dc,...,/1Ps1(c)dc> P Qe;
S=’0 0 0
1
- l<1 0 V2 0 —V?2 0 V2 ) Vacost
S T3 17 74317 763 =17
\/5005(3—1)6‘1»
) [5/21—1cos2j9i [s/21-1 cos 2=l jr
i ; 42 -1 E 1-2 ; 43 1

Moreover, concerning the weights of the method, the following result holds true.

Theorem 5 The weights {b;}i=1,. s defined in [33) are all positive.



Proof In fact, from (BH), having fixed a given value of s > 1, one has:

[s/2]-1 2i—1 : [s/2]-1
1 1 2
o= Lioe st esEwl 1l SN2
s ‘ 452 —1 s ‘ 452 — 1
L J=1 j=1
[s/2]-1
1 1 1 1 1
= ~|1- e 1 I I I
. ; (2j-1 2j+1> s[ T ENES
N

2[s/2]1—1 = s s s%

V)

In conclusion, we have derived the family of s-stage Runge-Kutta method whose Butcher tableau,

with reference to (26)), (33)), and BI)-(B3), is given by:

c|ZP/Q | PXP/O c| P X, Pt
b - b b (36)

having set, as is usual,

c:(clv "'7CS)T7 b:(bb "'abs)T' (37)
In particular, the last form in (36) can be regarded as a kind of W-transformation [38] of the
method.

Remark 3 The Runge-Kutta methods in ([36))-(57) coincide with the Chebyshev Collocation Meth-
ods derived by Costabile and Napoli in [33]. For sake of brevity, we shall refer to the s-stage method
as CCM(s).

3.2 Collocation methods

As anticipated above, CCM(s) methods are collocation methods. In fact, from (21, [29), and (B4,
by setting
u(erh) o
Y = = u(ch), y =
U(Csh) ’?s—l

the vector of the stages and of the Fourier coefficients, respectively, one derives that:
i(ch) =Ps @ Iy, 4 =P]Q® L f(u(ch)).

By combining the last two equations, and taking into account that, by virtue of Lemmal[ll PsP/ Q =
I, one eventually derives that

i(ch) = f(ch),

i.e.,

u(c;h) = f(u(eh)), i=1,...,s.

Further, the collocation polynomial u satisfies w(0) =yo and wu(h) =:y;1, as seen above.

10



3.3 Interesting implementation details

An interesting property of the Butcher matrix in the tableau [B6]) derives from the fact that the
multiplications

\/EPS Q@ImV: —SPS ®Im‘/7 and %
with V,Z € R*™ given vectors, amount to the discrete cosine transform of V', dct(V), and the
inverse discrete cosine transform of Z, idct(Z), respectivelyﬂ Consequently, a fixed-point it-
eration for computing the stages of the CCM(s) method reads, by setting hereafter the vector

e=(1,1,...,1) eRs:

PS ® ImZa

Y“*U::e®y0+himm(xg®1mdcqf04”»), r=0,1,..., (38)

which can be advantageous, for large values of s. In fact, by considering that the matrix X, in (32])
is sparse, the complexity of one iteration amounts to computing the vector field in the stage values,
plus O(mslog(s)) flopsf] whereas the standard implementation would require 2ms? flops.

3.4 Generalizations

We observe that a possible generalizations of the collocation methods described above is that of
using, in the discretization procedure of the integrals involved in (20)-(2I]), a Gauss-Chebysvev
interpolatory quadrature formula of order 2k on the interval [0, 1], with nodes and weights

1 0, 2 — 1 1
q:_i?iﬂ @:Z% T wi==,  di=1,... k, (39)

for a convenient k£ > s. In such a case, for k > s, the methods are no more collocation methods.
This is analogous to what happens for HBVM(k, s) methods [15] that, when k& = s, reduce to the
s-stage Gauss-Legendre collocation methods but, for £ > s, are no more a collocation methods. By
choosing the absissae [39), the matrices (31I)-([B2) respectively become:

1
ERP, Q=L eRVE,

(il
l“l_'
d??‘
N
Il
N
s~
N
L
—
8
S~—
o,
8
~_
(il

g i=1,...,
J ji=1...,
(40)
and (see (32))
% V2B a3 au 51 O
V2B 0 —B1
B2 0 — s (@)
> ﬁ3 0 _63 _ Xs s+1xs
XS_ . .. .. - 07' 705/85 ER '
O 65—2 0 _65—2
ﬁs—l 0
Bs

"Here, we have used the name of the Matlab© functions implementing the two transformations.
8As is usual, 1 flop denotes a basic floating-point operation.

11



This latter matrix is such that, for k > s:
T, = Pey1 X, (41)

where P,y € RFX**1 is defined similarly as in (IIII)E Finally, the corresponding Butcher tableau
become (compare with (B0)-(31)):

c|Z.PIQ c| Pe1 X,PJQ
b T

, c=(c1, ..., )", b=(by,...,bx)",

with the weights given by

[s/2]— 1

1 2l .
bi::— 1-2 E: ’f =1,....k
J 1 4] _1 b 7’ b Y

in place of ([B3)). Nevertheless, provided that k > s holds, the analysis of such methods is similar to
that of CCM(s) methods (all the results in Section Ml continue formally to hold), so that we shall
not consider them further.

4 Analysis of the methods

In this section we carry out the analysis of the CCM(s) method defined by the Butcher tableau
B6)-@B7). In particular, we study:

1. the symmetry of the method;
2. its order of convergence;
3. its linear stability;
4. its accuracy when used as a spectral method in time.
The analysis of items 2 and 3 uses different arguments from those provided in [34], [35], whereas the

analysis related to items 1 and 4 is novel.

4.1 Symmetry

To begin with, let us recall a few symmetry properties of the abscissae (26) and of the polyno-
mials (23]), which we state without proof (they derive from well known properties of Chebyshev
polynomials and abscissae):

ci=1—csit1, i=1,...,s, Pj(1—¢)=(=1)Pj(c), ce€[0,1], i=0,...,s.  (42)

9Clearly, when k = s, @) reduces to Zs = PsXs, according to Lemma [

12



For later use, we also set the vector

o

N
—~
—_
S~—
Il
Il
|
N
—
N
w
~—

S
L
—~
S
N—
o,
IS
[\V)
w
=
L

—
2
20
L
8
S~—
O,
8
I k=
5
V) -

=2}
w|
|

fuy

with the last equality following from (2], such that, according to what seen in the proof of Theo-

rem [}
b’ =7.(1)"Pl. (44)

We also need to define the following matrices:

, D= 1 € R¥*%, (45)

We can now state the following result.
Theorem 6 The method (30)-([37) is symmetric.

Proof Since Pc = ¢, see [@2), it is known that the symmetry of the method [B6)-(B7) is granted,
provided that [37]:
Pb=b, P(LP Q) P=eb —I,P Q. (46)

Let us start proving the first equality which, in turn, amounts to show that, by virtue of ([@d):
b' = Z,(1)'PJQP = b'P.
In fact, by taking into account (31), (42]), and [@3]), one at first derives that:
PJQP = DP]Q. (47)

Moreover, by considering that DZs(1) = Zs(1), since the even entries of Zs(1) are zero (see ([@3))),
one has:
b' = Z,()'P]Q = 7,(1)'DP]Q = TZ,()"P]QP = b"P.

Consequently, the first part of the statement follows. Further, one obtains, by virtue of ([47):

P(Z,PI Q)P = P(Z,D*P] Q)P = (PL,D)(DP] QP) = (PZ,D)P/ .

13



Therefore, from [@4]) it follows that the second statement in (@8] holds true, provided that

1
PI,D =eZ,1)" — I, = (PZD);; = / Pi_1(6)dE, d,j=1,...,s.

i

From (1) and (@A) one obtains, by virtue of ([@2):
. Cs—i+1 1—c¢ .
(PZsD)ij = (—1)]_1/0 Pji(z)dr = /O (=17 Py (2)da

1—c; C; 1
= /0 Piy(l-a)de = — /1 Pii(€)de = / Py (€)de.

7

Consequently, the statement is proved. [J

4.2  Stability

Because of its symmetry, one concludes that for all s > 1 the absolute region of a CCM(s) method
coincides with C~, the negative-real complex plane, provided that all the eigenvalues of X have
positive real part (in fact, X is similar to the Butcher matrix, see ([BGl)). We have numerically
verified that X has all the eigenvalues with positive real part for all s > 1 (actually, we stopped
at s = 1000). We can then conclude that CCM(s) methods are perfectly (or precisely) A-stable for
all s > 1.

4.3 Order of convergence

Let us now study the order of convergence of a CCM(s) method. For this purpose, we need the
following preliminary results.

Lemma 2 The convergence order of a symmetric method is even.

Proof See [37, Theorem 3.2]. O

Lemma 3 Assume that a function G : [0, h] — V, with V' a vector space, admits a Taylor expansion
at 0. Then, with reference to the orthonormal basis (22)-(23), one has:

1
Vi = / w(c)P;(c)G(ch)de = O(h?), j=0,1,....
0
Proof In fact, one has:

1 1 ()]
v, = /Ow(c)Pj(c)G(ch)dc = /Ow(c)Pj(C)ZGﬂ(O)(Ch)edc

>0

) 1 ) 1
= ZG g!(O)he/O w(c)P;(c)ctde = ZG K!(O)hl/o w(c)P;(c)ctde

£>0 2]

O(W). O

14



Lemma 4 With reference to the approzimate Fourier coefficients defined in (27), one has:
4 = O(h?), j=0,...,s—1.

Proof In fact, from the previous Lemma Bl applied to G(ch) = f(u(ch)), we know that (using the

notation (21]))

1
) = [ wOp@fuen)ie = o), (48)

On the other hand, the quadrature error,
Aj(h) = y(u) =4 = O(h*7). (49)

Consequently, )
Vi = () = A;(h) = OW),  j=0,....,s=1.0

Finally, we need to recall some well-known perturbation results for ODE-IVPs. For this purpose,
let us denote y(t,&,n) the solution of the problem (compare with (I2)),

y=1r), t>¢ @ =neR™
Then: 5 5
&y(tagvn) = f(y(tagvn»a 6_§y(t7§, 77) = - (I)(t7§a W)f(ﬁ)v

having set

0
(I)(tvgu 77) = 8_ny(t7§777)7

the solution of the variational problem
ot &m) = fllytEm)REEn),  t>& (& Em) = L.
We can now state the convergence result.

Theorem 7 With reference to the polynomial approximation (28) defined by the CCM(s) method

(30)-[37) to the solution of (I2), one has:
lu =yl = O(R*™), w1 —y(h) = O(h™Y),
with r=s if s is even, or r=s+1, otherwise.

Proof By taking into account the above arguments, and using the notation (48)-(49), one has:
ch d
u(ch) —y(ech) = y(ch,ch,u(ch)) —y(ch,0,u(0)) = / Ey(ch,t,u(t)) dt
0

a(t) de
n=u(t)

ch b b
E=t

15



c 9 o ,
= h/o 6—€y(ch,§,u(7'h))L_Th+ a—ny(ch,Th,n) n:u(Th)U(Th>dT
c i s—1
= —h/ O(ch, 7h,u(rh)) | f(u(rh)) =Y Pi(r)y; | dr
0 I =0
c i s—1
= = [ ot ) | P 0 = S B () = Ay(h) | ar
j=0 7=0
c i s—1
= —h /O ®(ch, 7h,u(th)) | Y Pi(m)v;(w) + > Pi(r)A;(h) | dr
Jj>s j=0

- —h/cfb(ch,Th,u(Th)) [O(h*) + O(h*Th)] dr = O(h*t!).
0

Consequently, the first part of the statement holds. The last part of the statement then follows
from Lemma [2 by taking ¢ = 1. [

4.4 Analysis as spectral method

As was pointed out in the introduction, one main reason for introducing CCMs is their use as
spectral methods in time. This strategy allows for using large (sometimes huge) timesteps h. In
this context, the classical notion of order of convergence, based on the fact that h — 0, does not
apply anymore, so that a different analysis is needed. We shall here follow similar steps as those
described in [5] for spectral HBVMs.

To be% with, we recall that, for the modified Chebysehv basis [22))-(23]) the following properties
hold true

1
Vi>0: ||P] < V2, / w(e)Pi(c)ctde =0, £=0,...,5—1. (50)
0
Moreover, we recall that, with reference to the notation (IZI])
fly(eh)) =Y Pi(o)y(y),  cel0,1]. (51)
Jj=0

We also state the following preliminary result.
Lemma 5 With reference to (23) and to the polynomials (23), let us define, for a given p > 1:
bi(c)

Edc, 5 S CP(O),

a6 = | e

having set C,(0) ={z € C: |z| = p}. Then

p*j
1Qjll, = max [Q;(&)] < V2 . (52)
TP e (p—1)
10The second property has already been used in the proof of Lemma B
11 Also this property has already been used, in the proof of Theorem [T

16



Proof By taking into account (50), for |{| = p > 1 one has:

/1“’()5 =& / e

e [Leor@ Y et = Y [uop e

>0 >3

— 5]125 / ()“‘Jdc

£>0

Q;(&)

Evaluating the norms, one has, again by virtue of (G0):

/0 w(e) Py () Hide

Consequently, one obtains:

<|\PH/ (c)de < V2.

QO] < \/Ep*jflzpff — VBt 1p_1 _ o .

>0 B p—1

Further, by setting hereafter, for » > 0,
B-(0) ={z€C:|z| <1},
we have the following straightforward result.

Lemma 6 Let g(z) be analytical in B,+(0), for a given r* > 0. Then, for all h € (0,h*], with
h* < r*,

gn(§) = g(&h) (53)
is analytical in B,(0), with:
r* r*
= p(h) = — > — =: p* 1 4
p=rph) =5 = =p > (54)

We can now state the following result.
Theorem 8 With reference to ({I3), let assume that the function

9(z) = f(y(2)) (55)

and the timestep h satisfy the hypotheses of Lemmal@ Then there exists k = k(h*) and p > 1,
p~ h~t, such that

W)l < k™, j=0. (56)
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Proof By taking into account ZII), (&1l), and (E3)-(E4), by virtue of Lemma [ one has:

1 1
) = / w(e)Py(e) f(y(ch))de = / w(e)P,(c)gn(c)de
= 1wc »ci (&) c:L 1o.)cpj—(c)c
= [ wtan 2m/cp<o>5—cd4d zm/cp(o)gh@[/o @1 %ad ag
= o [ m©e
T Je,(0)

Consequently (see (52))),

p
@I < 5 llgnllp Qs

From Lemma [l we know that

i
1Qill, < \/iﬁ-

Further,

lgnll, = max|gn(z)] < max [gn(z)] = max [g(2)] = ||g]|.
|=|=p |2|<p* 2] <r>

Consequently, one eventually derives:
=K

—_—
pVllgll 5 p*V2ldll

W)l < 2mr-1" = -1

from which the statement follows by taking into account that (see (B4), p* = r*/h*. O

Finally, we have the following result.

Theorem 9 Let us consider the polynomial approzimation (9) and (22)-(23), with the Fourier
coefficients given by (Z1l). Then, Theorem [3 continues formally to hold.

Proof Following similar steps as in the proof of Theorem [7, one has:

ch d
o(ch) —y(ch) = y(ch,ch,o(ch)) —y(ch,0,0(0)) = /0 ay(ch,t,a(t}) dt

o(t)dt
n=o(t)

ch ) 0
= /0 a—gy(ch,f,U(t))‘ + a_ny(Chatun)
e=t

o(th)dr
n=o(th)

¢ 0 0
_ / a—§y<ch,5,a<fh>>' + 2 y(chrh)

E=Th

s—1

= —h/oc ®(ch,Th,a(Th)) | f(o(Th)) —ZPJ‘(T)’)/]‘(O') dr

Jj=0

18



s—1

= —h/oc O(ch,Th,o(Th)) Z P;(1)y;(0) — ZPj (T)v;(o) | dr

>0 =0

—h /OC O(ch, Th,o(Th)) Z P;(1)v,(o)dr.

Jjzs

Consequently, from ([B0) and Theorem [ also considering (B4]), one derives:

o=yl < hV2s mex [@(ch.hoa(rh)] 3 o~

c,7€[0, =
1
< hv2 O(ch*, 7h*, o(Th*))|————— p~° = hMp~*. O
< ”c,fé?éfl]” (ch*,Th*,o(T ))Ill_(p*)_lp p

=M

Remark 4 When a CCM(s) method is used as a spectral method in time, one obviously assume
that the value of s is large enough so that the quadrature errors falls below the round-off error level.
In other words, the polynomials o and u are undistinguishable, within the round-off error level.

5 Numerical tests

We here report a few numerical tests to assess the theoretical findings. They have been carried out
on a 3 GHz Intel Xeon W10 core computer with 64GB of memory, running Matlab© 2020b. We
consider the Kepler problem,

—qi

C]z:pz, pizia 7;:1527 (57)
(a} +a3)*
that, when considering the trajectory starting at
01(0) = 0.4, g2(0) = p1(0) =0, p2(0) =2, (58)

has a periodic solution of period 27. In Table[[lwe list the numerical results obtained by solving this
problem on one period by means of the CCM(s) method, s = 1,...,4, using timestep h = 27/n,
namely, the errorr err after one period and the corresponding rate of convergence. As one may see,
the listed results agree with what stated in Theorem [1 in particular the fact that the order of the
methods is even, due to their symmetry.

Next, we consider the use of the methods as a spectral methods in time. In Figure [l we plot the
values of ||, 7 = 0, ..., 29, for the CCM(30) method used with timestep h = 27/n, n = 5, 10, 15, 20,
for the first integration step. As one may see, the Fourier coefficients decrease exponentially, with
j, and the basis of the exponential decreases with h (i.e., they decrease as p’, with p ~ h™1).
Moreover, when using h = 7/10 the last Fourier coefficients reach the round-off error level, thus
stagnating.

Now, let us solve problem (B7)-(ES) on ten periods, by using the CCM(50) method with timestep
h=2m/n,n=3,6,9,12,15. The errors (err), at the end of each period, are listed in Table 2 As
one my see, the errors are uniformly small, as is expected from a spectral method.
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Table 1: Numerical results when solving problem (&T)-(G8]) on the interval [0,27] with timestep

h =2n/n.
s=1 s=2 s=3 s=4

n err rate err rate err rate err rate

50 | 2.98e4+0 — 2.24e+0 — 7.36e-03 — | 7.33e-03 —

100 | 1.66e+0 0.8 | 9.45e-01 1.2 | 6.15e-04 3.6 | 4.46e-04 4.0

200 | 5.23e-01 1.7 | 2.53e-01 1.9 | 4.03e-05 3.9 | 2.78e-05 4.0

400 | 1.34e-01 2.0 | 6.34e-02 2.0 | 2.55e-06 4.0 | 1.73e-06 4.0

800 | 3.35e-02 2.0 | 1.58e-02 2.0 | 1.60e-07 4.0 | 1.08e-07 4.0

1600 | 8.38¢-03 2.0 | 3.96e-03 2.0 | 1.00e-08 4.0 | 6.77e-09 4.0

Table 2: Numerical results when solving problem (&1)-(G8) on the interval [0,207] by using the

CCM(50) method with timestep h = 27/n.

n 3 6 9 12 15
period err err err err err
1 5.04e-12 | 9.14e-14 | 7.37e-14 | 1.27e-13 | 7.44e-14
2 9.72e-12 | 7.96e-14 | 1.24e-13 | 3.05e-13 | 5.72e-14
3 1.34e-11 | 3.54e-13 | 2.81e-13 | 7.23e-13 | 5.49e-14
4 1.90e-11 | 3.00e-13 | 7.80e-13 | 1.27e-12 | 1.49e-13
5 2.55e-11 | 4.69e-13 | 1.34e-12 | 2.30e-12 | 2.77e-13
6 3.04e-11 | 5.68e-13 | 1.75e-12 | 3.25e-12 | 3.59e-13
7 3.44e-11 | 2.13e-13 | 1.73e-12 | 4.23e-12 | 2.37e-13
8 3.94e-11 | 2.72e-13 | 1.45e-12 | 5.19e-12 | 2.04e-13
9 4.38e-11 | 6.93e-13 | 1.18e-12 | 6.15e-12 | 3.29e-13
10 4.77e-11 | 1.54e-12 | 8.38e-13 | 7.01e-12 | 5.00e-13

At last, since problem (B7)-(58) is Hamiltonian with Hamiltonian

1o, 1
let us consider the solution of problem (B7)-(ER) on the interval [0,10%] with timestep h = 0.1,
by using the CCM(3) and CCM(30) methods. The former method is only symmetric, whereas
the second one is spectral, for the considered timestep. On the left of Figure [2] is the plot of the
Hamiltonian error for the CCM(3) method: though not energy conserving, the Hamiltonian error
is bounded, since the method is symmetric and the problem reversible. On the right of the same
figure, is the plot of the Hamiltonian error for the CCM(30) method: in this case, the spectral
accuracy reflects on the practical conservation of the Hamiltonian (as well as of the additional
constant of motions, such as the angular momentum and the Lenz vector, not displayed here). It
must be emphasized that the execution times for running the two methods (implemented in the
same code) is almost the same: 2.9 sec vs. 3.7 sec. Considering that a similar behavior is observed
when solving other classes of problems (see also [Bl [I7] for a related analysis on HBVMs), it is then
clear that the use of CCMs as spectral methods can be very effective.
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Figure 1: Plot of |y;|, 7 = 0,...,29, for the CCM(30) method, for the first integration step of
problem (&B1)-(G8) by using the given timestep h.

6 Conclusions

In this paper we have re-derived, in a novel framework, the Chebyshev collocation methods of
Costabile and Napoli [33], thus providing a more comprehensive analysis of the methods, w.r.t.
[33,34], in particular when used as spectral methods in time. The methods, derived by considering
an expansion of the vector field along the Chebyshev orthonormal polynomial basis, turn out to
be symmetric, perfectly A-stable, can have arbitrarily high order, and the entries of their Butcher
tableau can be written in closed form. Their use as spectral methods in time has been also studied.
A few numerical tests confirm the theoretical achievements. As a further direction of investigation,
the efficient implementation of the methods will be considered, as well as their application to
different kinds of differential problems.
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plot).
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