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Chapter 0

Introduction

0.1 Historical Introduction

The study of trigonometric series has started at the beginning of the nineteenth century. Joseph
Fourier made the important observation that every integrable function of a closed interval can be
decomposed into the sum of sine and cosine functions. This technique to develop a function into
a trigonometric series was published for the first time in 1822 by Joseph Fourier in [Fou22]. The
resulting series is nowadays called Fourier series.

Definition 0.1
The real and complex Fourier series of an integrable function f : [a,b] — R are the expressions
F(f) ::504—;@” cos(nwt) +;b sin(nwt) = n_zoocnemwt’ (1)

where w = bg_—”a is the circular frequency and the corresponding real Fourier coefficients are given
by
a, = t) cos(nwt)dt € R, (2)
b
b, = 5 / f(t) sin(nwt)dt € R | 3)
whereas the complex Fourier coefficients are defined as
b .
= He ™dt € C . 4
= / F(t)e ™t € @)

We remark that a finite sum of the form (1) is called a Fourier polynomial. Of course, by definition
we have the relations ¢y = % as well as

(an+1ib,) (n€Zx)

l\’)l»—t

1
cnza(an—ibn) and c_,
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which—solving for a,, and b,,—gives
an=¢p+c_, and b, =1i(c, —c_p) (n€ZLx).

All above formulas are also valid if f : [a,b] — C is a complex function. However if the input
function is real, then we get moreover ¢, = %(an + ib,) = c¢_,, which—solving for a,, and
b,—gives

ap=c¢,+¢, and b, =1i(c, —¢,) (n€Zx).

Under the additional assumption that f is continuous in (a, b), it turns out that pointwise F (f)(t) =
f(t) forall t € (a,b)." As general references for elementary properties of Fourier series see e.g.
[BSM71],[BSMMO98], [Sto99], [CB78] and [Stu74].

Note that we will not study any convergence issue and therefore we mention that the series (1)
is only the series which corresponds to f(¢). The problem of convergence of Fourier series has
been investigated by many authors and one of the first is Lejeune-Dirichlet in [Dir29]. Since we
will need in some of our algorithms to compute successive derivatives, all the functions involved
in this thesis are assumed to be defined and continuous on an interval I = [a, b] and may be at
least NV times continuously differentiable on I for suitable N > 0. Furthermore the considered
function f can be periodically continued to R with period " = b — a. Let’s denote the resulting
periodic function F' : R — R. By definition, the function F' is continuous in R besides the points
a+ kT (k € Z) which are (possible) discontinuities of step size A := f(a) — f(b).

Figure 0.1 Figure 0.2

The sawtooth wave of Figure 0.1 is given by f : [—7, 7] — R, f(¢) = ¢, and yields the Fourier
series

FHE) =) 2(_2#“ sin(nt)

10 Lyt
and the partial sum of order 10 of the Fourier series 2%
n=1

ure 0.2. So we get for the function f(¢) = t the simple formula a,, = 2

sin(nt) is represented by Fig-

(=)

and b, = 0.

n

'One can furthermore prove that at the points of discontinuity one has F(f)(a + kT) = 3(f(a) + f(b)) (k € Z).
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Since Fourier’s time, many different approaches to understand the concept of Fourier series have
been discovered, each of which emphasizes different aspects of the topic. Some of the more pow-
erful and elegant approaches are based on mathematical ideas and tools that were not available at
the time Fourier completed his original work. Although the original motivation was to solve the
heat equation in a metal plate, it later became obvious that the same technique could be applied to
a wide array of mathematical and physical problems and has many applications in electrical engi-
neering, vibration analysis, acoustics, optics, signal treatment, image processing, etc .... Despite
that increasing demand of those series, the method used until now to compute them via computer
algebra systems (CAS) is essentially based on the same principle as Fourier, i.e. using the defini-
tions (2)—(4). Unfortunately this technique is not successful for many functions. Although numeric
values of the Fourier coefficients might be available, symbolic values are often not accessible.

Modern CAS like Maple or Mathematica can compute such integrals in many cases for a given
n € Z. However if one is interested in the Fourier coefficients for all n € Z, then n is considered
as a given symbolic variable and such integrals can be computed only in few cases.

In general the computation process used by those CAS is as follows: First the corresponding
indefinite integral is computed. Secondly, the fundamental theorem of calculus is used to compute
the foresaid definite integral. If the first step is successful, then we get in this way a formula for the
searched Fourier coefficients. However the success of this first step depends on very complicated
algorithms, e.g. the Risch algorithm for elementary integrability [Bro96]. This computation can
sometimes be very time consuming although it happens that no elementary anti-derivative for the
considered function exists. In those cases there is typically no chance to get the result despite
that long computation time. We remark that this case can also happen even if a formula for the
searched Fourier coefficients can be found. Thus this method of computing that definite integral is
not optimal.

0.2 Summary of the Main Results

0.2.1 Computation of Fourier Series

The computation of the Fourier coefficients of a function f using formulas (2)—(4) is in some cases
very complicated, because of the integer parameter n in those formulas. We introduce in this thesis
an algorithmic approach to compute those Fourier coefficients, involving differential equations of
a particular form, and recurrence equations. This approach extrapolates the computation of the
Fourier series for functions whose computation of Fourier coefficients via definitions (2)—(4) is out
of reach for current CAS. Consider for example the function given as

f(t) = cos(5t) In(2 + cos(5t)) .

whose graph is
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Figure 0.3: Composition of logarithm with trigonometric functions
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Using the algorithms presented in this thesis we get that its Fourier series on the interval [ =
2T
[0, 7] are

ft)=2(2—v3)+ (2\/3——+ln(2—|—\/_) ) cos(5t) —1—2 2+ V)" (V3 + 2n) cos(hnt) .

(n+1)(n—1)

Note that this algorithmic approach is applicable to a rich family of functions denoted trigonomet-
ric holonomic functions, which is defined and characterized in the second chapter.

We would also like to mention that most of the expansions in Fourier series provided in [St099]
and [BSMMOg] are also found with the algorithmic method described in this thesis.

0.2.2 Factorization of Holonomic Recurrence Operators

The search for hypergeometric solutions of holonomic recurrence equations is related to the search
of first order right factors of holonomic recurrence operators, more generally to the factorization
of those operators. Marko PetkovSek [Pet92], Mark van Hoeij [Hoe98] and Peter Horn [Hor08]
investigated that issue and brought important contributions to the factorization of such operators.
We give in this thesis another approach to factorize them by searching for a right factor of a given

holonomic recurrence operator, which returns in some cases a lowest order right factor, using this
time Fourier coefficients.

0.3 Outline of the Dissertation

In the first chapter we derive in Theorem 1.1 a connection between the complex Fourier coefficients
of a function f and those of its first derivative. This connection yields in Theorem 1.8 a more gen-
eral statement, this time between the complex Fourier coefficients of f and those of its successive
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derivatives, from which an explicit formula for the complex Fourier coefficients of polynomials
involving successive derivatives is deduced. We give in Theorem 1.7 an explicit formula for the
computation of the real Fourier coefficients of powers. Theorem 1.8 will be also used in the third
chapter in Theorem 3.9 to convert the differential equations obtained in the second chapter into
recurrence equations.

In the second chapter we introduce the set of trigonometric holonomic functions and we give
some of its characteristics and properties. This family contains not only some elementary func-
tions, but also many functions whose Fourier coefficients cannot be successfully computed in the
classical way. We give some example types of trigonometric holonomic functions. Algorithms 2.1,
2.2 and 2.3 for the computation of the trigonometric holonomic differential equations that those
functions satisfy are presented.

In the third chapter we present Algorithm 3.1 (THDEtoRE) and Algorithm 3.8 (ExpTHDEtoRE)
for the conversion of trigonometric holonomic differential equations into holonomic recurrence
equations for their Fourier coefficients. We focus on the rational trigonometric functions, by giv-
ing in Algorithm 3.4 (EfficientPL) a way to detect a recurrence equation of low order satisfied by
the complex Fourier coefficients of the considered function. The rest of the chapter is devoted
to the computation of the complex Fourier coefficients of the foresaid trigonometric holonomic
functions. Algorithms 3.2, 3.3, 3.5 and 3.9 give step by step the way to achieve that purpose.

The fourth chapter is devoted to the factorization of holonomic recurrence operators. We
present Algorithm 4.1 to convert a holonomic recurrence equation into a differential equation with
side conditions. That algorithm will be involved in Algorithm 4.2, which computes a right factor
of a given holonomic recurrence operator.

The use of Parseval’s identity in Fourier series is well-known as an efficient tool for the com-
putation of the sum of numeric series. The Fourier series of f being defined as in formulas 1-4,
we recall that Parseval’s identity is given as

S lel =g [ 1P =l s
n=-—o00 0
or ) -
a, 1
7O =G+ 5 3w ). ©

Generally a finite integral is used to compute a sum. For example if f(¢) = ¢ then we get

-1 27 4 2
a=m, a,=0 b,=— and / tgdt:i.
n 0 3

Using equation (6) one deduces the sum

1 2

—2 = .

—n 6
In the fifth chapter we emphasize on the opposite way, i.e. we use the computation of infinite
sums to deduce the computation of finite integrals. Algorithm 5.1 outlines that technique to com-

pute definite integrals via Parseval’s identity using the algorithmic approach of the computation of
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Fourier series. Section 5.2 focusses on this approach to deduce the solving of boundary value prob-
lems involving initial conditions which are trigonometric holonomic functions and whose Fourier
coefficients can not be successfully computed via the classical way.

The appendix is devoted to the computation of the Fourier series of some specific trigonometric
holonomic functions. The examples are chosen such that one may remark the difficulties which
may be encountered during the computation of Fourier coefficients according to that algorithmic
approach. In some instances one gets an explicit solution for some given input, in other cases
one gets only a recurrence equation and some initial values. In the worst case only the recurrence
equation satisfied by the Fourier coefficients of the given function can be found, whereas the initial
values are not accessible in symbolic form. Nevertheless the latter is an important property of the
Fourier coefficients considered.



Chapter 1

Some Particular Cases

In this chapter we derive an identity for the Fourier coefficients of a differentiable function
f(t) in terms of the Fourier coefficients of its derivative f’(¢). This yields an algorithm to com-
pute the Fourier coefficients of f(¢) whenever the Fourier coefficients of f'(¢) are known, and
vice versa. Furthermore this generates an iterative scheme for N times differentiable functions
complementing the direct computation of Fourier coefficients via the defining integrals which can
be also treated automatically in certain cases, see [Wer98] using Maple [Mon03] and in [Den00]
using Mathematica [Wol99]. As direct consequence of that scheme we deduce an explicit formula
for the computation of the complex Fourier coefficients in the case of polynomials. In the third
chapter we will use that scheme to present an algorithm for the computation of the complex Fourier
coefficients of the set of trigonometric holonomic functions which will be introduced in the second
chapter. We would like to mention that [KNCO06] is a part of this chapter.

1.1 Notation

Let f : [a,b] — R be a continuous function in the interval / = [a,b] which is continuously
differentiable in (a,b). Then f’ is continuous and has a Fourier series itself, for which we use the
following notations

/ 00 00 o
.F(f’)(t) = % + Za; COS(nwt) + Zb:"b sjn(nwt> — Z C;L einwt ’
n=1 n=1

n=—oo

i.e., the Fourier coefficients of the derivative function are denoted by dashes. If f € CV[a, b], then
we can continue taking derivatives, and for the kth derivative (kK < V) we use the notation

(k) e o) o)
F(f® () = % + Zank) cos(nwt) + Zbgf) sin(nwt) = Z k) ginwt

n=1 n=1 n=-—oo
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1.2 An Identity for Fourier Coefficients

Let us recall that the complex Fourier coefficients ¢,, of a continuous function f on an interval [a, 0]
are given by the relation

1 b 2w 1 a+T it
Cp = b—a/a f(t)e Mo-a dtzf/a fe dt ,

where b—a = T = 27 Integrating by parts, using u(t) = f(t),v'(t) = e~ hence v/(t) = f'(t)
and v(t) = ——e""! we get

—inw

—inwtat+T a / —inwt
- {M} 1 / et

—inwT" |, * T 1w
T —inw(a+T) __ —inwa 1 1 a+T '
— f((l + )6 : f(a>e + - _/ f-/(t)efmwtdt
—inwT’ mw \ T/,
_ f(a+T) _f(a)efinwa_ LCI
—2min nw "

Hence we have derived the identity

[ ? »
¢y, +—c = —(f(b) — f(a))e ™. 1.1
= 5 (f) ~ f(@)) (1)
As we shall discuss later, this easy-to-derive relation has interesting applications, and can be used
to compute the Fourier coefficients recursively under certain conditions.
Next, we would like to rewrite the above equation in terms of the real Fourier coefficients a,,
and b,,. Using the relation ¢,, = %(an — ib,), we get from (1.1)
O — b+~ (aly — i) = ~(F () — fa))e
nw n n

™

and separating the real and imaginary parts, we conclude that

ot 8 = L(f0) - fla))sin(nwa)  and
”1‘*’ ”1” (1.2)
—b,, + Ea; = %(f(b) — f(a)) cos(nwa) .

Finally, we summarize the above identities in the following

Theorem 1.1 (Fourier coefficients and derivatives )
Let f : [a,b] — R be continuous in [a, b] and continuously differentiable in (a, b). Then the real
and complex Fourier coefficients of f(¢) and of f'(¢) satisfy the identities

et = 5 (f(0) — fla)e ™ (n € Zn#0)

27
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and ) )
JEE— / — R — 1
an + p—~ b,, 7m(f(b) f(a))sin(nwa) and
1 1
ot —ay, = —(f(b) ~ f(@) cos(nwa) (n € Zz).
respectively. In particular: If a = 0, i.e. if the interval is I = [0, T'], then
T , i
= (T -
ntis = 2 ((T) = £(0)
and T
an + Tb/n =0 and
;Z” . (1.3)
—by, + — = —(f(T
gt = —(f(T) = £(0)).
Furthermore, if the interval is symmetric w.r.t the origin, i.e. if I = [— % %] then
T {
Cn_"lﬁcn 50, (&) = F=5))(=D)"
and T
an + 2—19;1 =0 and
;” 1) (1.4)
— il = Ty _ f(—T
bt o dl, = S (f(5) - F(-T)).

Using these identities, one can easily compute the Fourier coefficients of f’(t), if those of f(t) are known,
and vice versa.

1.3 Iterative Computation of Fourier Coefficients

Theorem 1.1 can be used to compute the Fourier coefficients iteratively. We give some examples
for this approach.

Example 1.2 (Fourier coefficients of powers)

Let f(t) = t™ for some m € Zx>;. First, we consider the case I = [0,7]. For m = 1 and m = 2,
the corresponding periodic functions F' are represented in Figure 1.1. Note that the periodic linear
function is called a sawtooth function.

/|

Figure 1.1: The linear and square functions for 7" = 1

Whereas in these cases, it is easy to compute the Fourier coefficients directly from the defining
formulas, namely for f(¢) = t:



10 Chapter 1. Some Particular Cases

2 [T 2mnt

T/o tcos(?)dtzo,
2 (T 2mnt T

b, = = tsin| — | dt = ——

" T/O Sm( T > ™’

Ap —

and for f(t) = t*:

we would like to use Theorem 1.1 instead. Let f(¢) = t. Then the derivative f'(¢) = 1 obviously has
Fourier coefficients ag = 2 and a], = 0,0}, = 0 (n € Z>,). Therefore we get from (1.3)

T
—b, =0
n + 2 " ’
hence a,, = 0 and
T 1 T
—bp + ——al, = —(f(T) — f(0)) = —
o —an = —(f(T) = f(0) = —,
hence b,, = —%.
In the next step, we set f(t) = t2. Hence f'(t) = 2t with a, = 0 and b}, = —2L by our previous
computation. Therefore, using (1.3), we get
T 2T T?
W)=y — —— o = =0
On + 2mn " " 27non m2n2 ’

2
hence a,, = # and

T
byt ———d, = —b
n+27man " ™

Il

|
=
3

|
[y
S
N~—

I

|

hence b,, = —Z—Z.

Obviously, this strategy can be used iteratively (or recursively) to compute the Fourier co-
efficients of every power f(t) = t™, and by linearity, of every polynomial. This algorithm is
considered in more generality in the next section.

Next, we consider the symmetric case [ = [—%, %] The corresponding functions for m = 1

and m = 2 are drawn in Figure 1.2.

/| 04 ' A1y
| P / Nosgl /\
/ ‘ 0.2 o / \o6 |
> v / o4t [\ / o\
) -1 ‘/{ ‘ // 1 2 ) \/ |/ \_/ \
v -04 | / -2 -1 1 2

Figure 1.2: The symmetric linear and square functions (f(¢) = ¢ and f(t) = 4t*) for T =1
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Again one can compute the Fourier coefficients easily from their definition. For f(¢) = ¢:

T/2 ot
-
T/2
/ L sin (27mt) dt:—(_l) T’
™m

2 —1)nT?
cos( 7TmL)al —L,

HIM

and for f(t) =

m2n2

'ﬂlw

== / i ( = ) dt =0,
T/2
However, these results are contained in Formulas (1.4) and can be also computed iteratively.

Example 1.3 (Fourier coefficients including special functions)
Let f(t) = arctant. Since f(t) is odd, it is clear that a,, = 0. However the coefficients b,, cannot
be easily computed by the defining formula:

2 (T2 ) 2mnt
b, = — arctantsin | —— | dt .
T 7T/2 T

Note that Maple fails to compute b,, even if 7" is given explicitly.

However, we can compute b, in terms of special functions using (1.4). Notice that for f(t) =
arctant, we have f'(t) = 1=, a rational function. For the even function f(t) we get b/, = 0, and
for a!, we derive using Maple

> anprime:=2/T*int (1/(1+t"2) *cos (2+xPi*xnxt/T),t=-T/2..T/2)

nm(T+21) nm(T+21)

o s nm.,
anprime := 2(—2 Si( ) sinh(—- T )cosh( T )+C( ) cosh( T )° 1
1 . nn(T+2I) nm(T'—=21), . n7 nm
5](]1( T) ZSl(T)smh( T ) cosh(— T )
., o no(T—21) nw., 1 .. nn(T-21I)
Ci( T ) cosh( T )1+ 2ICl( T )
(T —21) nw., 1 . nn(T—-21)
C1( T ) cosh( T )1+ 2[01( T )
nm(T+21) T, 1 . nrn(T+2I)
+ Ci( T )cosh(T) I—§IC1(T))/T
where . .
Ci(t):—/ Cosxdx:fy—i—lnt—i-/wdx
t x 0 x

(v denoting the Euler-Mascheroni constant) and
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t .
Si(t) = / sz
0

T

denote the integral cosine and sine functions, respectively.

Since for f(t) = arctant we have f(—T/2) = arctan(—T/2) = — arctan(T/2) = —f(T/2) itis
now clear that we get for b,, by (1.4)

> f:=arctan(t);
f := arctan(t)

> bn:=T/(2%Pi*n)+anprime—-(-1) "n/ (Pi*n) *2+subs (t=T/2, f);

o = (—2si(P T +20), sinh("27) cosh("L7) + Ci(—w) cosh(")2 1

1 ., nn(T+2I) nm(T—21), . n7m nm
~3 ]Cl(—T) —28i(————) smh(7) cosh(?)
_ i nr =20 (TT_ 2D, cosh("Z )2 T + % roi-nrd =20 (TT_ 2D,
_ggrm =20 (TT_ 2[>)Cosh(n%)2 14 gratt e <TT_ 20),

T
n no n 2 (—1)"arctan(—)

+cm%mm<7)21— %101(%))/@@ - — 2

It turns out that for this particular example, the direct computation with Maple is not successful, but
Mathematica computes it and gives the above result directly from the defining integral. However,
our theorem gives an algorithmic approach which will lead to further examples that are out of reach
for Maple or Mathematica. Example 1.11 is an illustration of this.

Let us finish this section with the remark that for rational functions the algorithm described can be
used to lower the degree of powers of the denominator polynomial recursively.

1.4 Iterated Derivatives

In this section, we assume that f € CV[0,7T] for some N € Zz;. Then by Theorem 1.1 we
can write down successive identities for successive derivatives of f. Using (1.1), we get for the
complex Fourier coefficients and forn € Z,n # 0



1.4. Tterated Derivatives 13

. |
etig—c, = 5 (J(T) = J(0))
r .
¢tz —d = S (f(T) = ['(0)
2 .
g —dd = 5 (1)~ f'(0)
vy I _ L0y )
" 2mn " 2mn

In order to manipulate the previous relations easier, let us rewrite them in the following way:

Ch+TC =
a+Td = o
Z 3 _
c, t7¢) =
(N-1) (N)
c,, +Tc, = Qan-1

with the abbreviations T = i1~ and oy, = 5= (f™(T) — f*)(0)).
Then multiplying the kth equatlon by (—1)* 7% and summing up obviously yields a telescoping
sum with the result

en =0 — Ty + T2y — TPag + -+ (DN IV oy 4 (=1)N N

which finally leads to the following theorem

Theorem 1.4 (Fourier coefficients and iterated derivatives)
For f € CN|0,T) the following identity for the complex Fourier coefficients is valid (n € Z,n #

0):
o (0 (Y e = S () Lo o). as)

k=0

As a consequence, since a polynomial f(t) of degree N satisfies fV)(¢) = constant, and therefore
M =0forn e Z,n # 0, Theorem 1.4 implies the following corollary

Corollary 1.5 (Fourier coefficients of polynomials )

Let f : [0,7] — R be a polynomial of degree N. Then the complex Fourier coefficients of f can
be written in the form (n € Z,n # 0)



14 Chapter 1. Some Particular Cases

= Y1 (50 ) 50D - 7900,

Similarly, we can treat the interval I = [—Z, Z]. In this case, a), = 2(27:31 (f*N(T) — f*)(0)),
hence we have

Theorem 1.6 (Fourier coefficients and iterated derivatives in symmetric intervals)
For
fecy [—%, %] the following identity for the complex Fourier coefficients is valid:

Ti — Jeen i (w7 w( T
CH‘”N(%) 2 (- (m) %(f <§>‘f (‘5))' (16

In particular: Let f : [—%, %] — R be a polynomial of degree N. Then the complex Fourier

coefficients of f can be written in the form (n € Z,n # 0)

~ n i (T w (T
=0 (o) o (10 (5) -0 (5)

Note that the computation of the Fourier coefficients of ¢, e.g., using (1.7) is much more
efficient than the computation using the definition. But for polynomials, we can do even more.

1.5 Fourier Coefficients of Polynomials

Although the algorithm of the previous section can be easily used to compute the Fourier coef-
ficients of every polynomial efficiently, in the current section we would like to mention that the
Fourier coefficients of polynomials can be even written down explicitly. By the linearity of the
Fourier coefficients, it is enough to know them for powers f(t) = t™ (m € Zx;). In this case, we
have

Theorem 1.7 (Fourier coefficients of powers)
Let f(t) = t™ (m € Zx1). The Fourier coefficients in the interval / = [—Z, T] are given as
(n € Zz1)

(l) (=1)" Z Qm'( 7)%(—1)271*F if mis even (1.8)

0 otherwise

and
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,_.

m
1

b, = ()" (=) ; it (nm)?(=1) "5 ifmisodd (1.9)

0 otherwise

Proof:  The formulas are obvious consequences of Theorem 1.6.
On the other hand, these formulas can also be obtained more directly from the definition. We would like

to find
/ ™ cos <nt> dt .

To do so it is enough to check the antiderivative

1
/tm cos (nwt) dt = ()it X

-
1+ (—1)m 2 - o M T Sln - 2 nw - o
{ 5 (kzo( t) (%),( 1= t) + kzo t) T ( t)) +
1—(=1)™ m met ml ol |
+(2) k:[)(_l) 5tk ((nwt)% ool cos(nwt) + (nwt)2k+1M31n(nwt))]

of the integrand t" coswt by differentiation. Formula (1.8) then follows by the fundamental theorem of
calculus. In a similar fashion the Fourier coefficient b,, can be treated. O

We would like to mention that similar formulas can be obtained if the interval is given as
I=100,T).

1.6 Efficiency Considerations

Whereas it seems obvious that the formulas (1.8)—(1.9) should yield the fastest computation for
the Fourier coefficients of f(¢) = t™ whereas (1.7) should be weaker, and the direct computation

using the definition
T/2 o
= —/ ™ exp (—znt—) dt (1.10)
T/2 T

should lead to the longest computation times, reality is a little more complicated. Undoubtedly,
the computation via the definition is the weakest method. Whether (1.7) or (1.8)—(1.9) are faster,
depends on implementation details, however, and the above assumption is true only for small
values of m. If (1.7) is programmed directly as sum, then (1.8)—(1.9) are faster since (1.7) needs
the repeated computation of high order derivatives. On the other hand, if (1.7) is programmed by
computing the high order derivatives iteratively, then this is faster than (1.8)—(1.9) for large m.
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The reason is that the calculation of large factorials m! and (2% + 1)! and their gcd computation
in (1.8)—(1.9) is avoided. Detailed timings can be seen in Tables 1.1-1.3." The fastest codes for
large m in Maple and Mathematica, respectively, based on (1.7), are given in the appendix.

m = 100 (1.10) | (1.7) with X | (1.7) iteratively | (1.8)—(1.9)
Maple 4.88 0.015 0.00 0.00
Mathematica | 3.64 0.016 0.015 0.00

Table 1.1: Timings for the computation of ¢, in [—Z, T] for f(t) = ¢! with different algorithms

m = 1.000 | (1.10) | (1.7) with X | (1.7) iteratively | (1.8)—(1.9)
Maple o 0.859 0.203 0.031
Mathematica | 31.80 1.13 0.25 0.06

Table 1.2: Timings for the computation of ¢, for f(t) = ¢1-0%

m = 10.000 | (1.10) | (1.7) with 3 | (1.7) iteratively | (1.8)—(1.9)
Maple o 143.90 33.13 92.09
Mathematica | 157.17 117.02 11.13 39.03

Table 1.3: Timings for the computation of ¢, for f(t) = #10-900
We note that the relations (1.5) and (1.6) can be summarized in the following theorem:

Theorem 1.8 (Fourier coefficients and iterated derivatives on the interval [a,b])
For f € CV[a,b] and w = liia’ the following identity for the complex Fourier coefficients is valid:

. N—-1 .
en = (Ve = > (10 aP (g VIO~ fO@)e ™

Remark 1.9
The complex Fourier coefficients of a function f € C"[a, b] and those of its successive derivatives
satisfy the matrix representation

c® = Mpe, + Bp, P<N (1.12)

"'All timings are in seconds and were done with Maple 12.0 / Mathematica 6.0.3.0 with a PC AMD Athlon(tm) 64
Processor 3200+, 2.21 GHz CPU and 1.00 GB RAM. The iteration is most efficient with Maple using a for loop, and
with Mathematica generating a list tab and using Apply [Plus, tab]. ¢ indicates that the computation was not
successful within one hour.




1.6. Efficiency Considerations 17

where
nw 0 0
0 (inw)> 0
: 0 (inw)®> 0 - - :
Mp = . . 0 -0 - . (1.13)
. . . 0 - 0 .
0 .
0 0 (inw)?
with w = bQ_—”a
Proof:  From the relation (1.11) we deduce that
N-1 .
N) _ (i AN . \N j i Y NG j —inwa
) = (inw)N e, — (inw) JZ:% (=17 (b —af (5~ (f90) = f9(a))e (1.14)

Writing (1.14) successively for /V ranging from 1 to P we get:

¢, = (inw)e, — (inw)L(f(b) — f(a))efinwa

2nm

N (s 2 ; 2 L _ _ _ LZ ! g —inwa
e = (inw)*en + (inw) <2m(f(b) fl@) = (b= a)(5—)*(/'®) f(a)))e
pl , 0 . , .
AP = (i) en = (inw)” S (<17 (b = @) (P (D () = 0 (a) e
m
j=0
which may be brought into the form
Ch nw 0 . - 0 Cn
ch 0 (inw)? 0 .
R . 0 (inw)® 0 -
. = : 0 0 - +
0 - 0
0 -
AP 0 -0 (inw)? Cn

—(inw) g (f(b) — f(a))eine |
(inw)2e, + (inw)? (5= () = 1(a)) — (b— a)(5=)2(f'(b) — f'(a))) e~

(inw)P e, — (inw)? Pi::(_1)j(b — a)i (=)L O () — fU)(a))einwa
=

which finally leads to the result. |

We can immediately see that (1.11) describes for a given function a relation between ¢,, and c,(lN). From

this relation we may also deduce by iteration a more general relation between c%p ) and cq(lq) forp,q < N.
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Remark 1.10

For many functions, the computations of their Fourier coefficients on an interval [a, b] via definitions (2)—(4)
using current CAS is not successful. However one can compute those of one of their successive derivatives.
In those cases Theorem 1.8 outlines the computation of the Fourier coefficients of the foresaid functions.
We summarize that process in the following algorithm:

Algorithm 1.1: Computation of the Fourier coefficients ¢,, of a function from those of one of

its successive derivatives or anti-derivatives cg ), (anromcg ))

input : A function f € C"|[a, b] such that the computation of its Fourier coefficients on an
interval [a, b] also via definitions (2)—(4) using current CAS is not successful, and
however one can compute those of one of its successive derivatives or
anti-derivatives.

output: The complex Fourier coefficients of f on the interval [a, b] or "the complex Fourier
coefficients of f cannot be computed in a reasonable time using this algorithm’.

1 begin

2 m < 1.

3 while m < M do

4 Compute the complex Fourier coefficients of f(™).

5 if the computation is successful then

6 use relation (1.11) to achieve the computation of the Fourier coefficients of f.
7 return the complex Fourier coefficients of f on the interval [a, b].

8

9

end
m < m + 1.
10 end
1 The complex Fourier coefficients of f cannot be computed in a reasonable time using
this algorithm.
12 end

Note that the goal of the appearing M in the algorithm is to stop it after a reasonable run.

Example 1.11
Consider the function defined by

f(t) = arctan(2 + cos(t)e") .

The complex Fourier coefficients of f and those of its successive derivatives cannot be successfully
computed using formulas (2)—(4). However we remark that the first derivative f’ of f belongs to
the set of trigonometric holonomic functions which will be defined in the next chapter. Using Al-
gorithm 3.9 which will be presented in the fourth chapter, we can compute the Fourier coefficients
of f’ and finally using Algorithm 1.1, we deduce those of f and we get:
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(B (V=TI 581)" — (/=5 - 580)")  ¥n > 1
Cn = 1(m — arctan(®)) if n=0

0 otherwise .

Note that Algorithm 1.1 may also be used to give a simpler form of the Fourier coefficients in
certain cases where the computation is successful.
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Chapter 2

Trigonometric Holonomic Functions

For a moment, let’s have a break with the computation of Fourier coefficients. We introduce in
this chapter the set of trigonometric holonomic functions TH for which we will present in the
next chapter algorithms for the computation of their Fourier coefficients. We will present some
particular subsets of TH. Then we will give some algebraic properties of TH, focussing on the
aspects concerning the aims of the dissertation.

2.1 Notations and Recall

Let K denote the field Q, R or C or any subfield or transcendental extension, and K*=K \ {0}.
For simplification purposes we write K[cos(t), sin(¢)] for the set of trigonometric polynomials
instead of K[z, y]/(z* + y* — 1) and analogously in similar cases. We will also understand cos(2t),
e. g., by cos(2t) = cos(t)? — sin(t)? as a member of Q[cos(t),sin(t)]. It is well-known that

every trigonometric polynomial p = i} ioaij cost(t)sin’(t) € K[cos(t),sin(t)] can be written
=0 j=
as a Fourier polynomial in the form i (ag cos(kt) + by sin(kt)) and vice versa via the following
addition theorems =
cos(a + b) = cos(a) cos(b) — sin(a) sin(b) (2.1)
cos(a — b) = cos(a) cos(b) + sin(a) sin(b) (2.2)
sin(a 4+ b) = sin(a) cos(b) + cos(a) sin(b) (2.3)
sin(a — b) = sin(a) cos(b) — cos(a) sin(b) (2.4)
and the substitution rules
cos(a) cos(b) = %cos(a —b) + %COS(CL +0) (2.5)

sin(a) cos(b) = % sin(a — b) + % sin(a + b) (2.6)
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1 1
sin(a) sin(b) = 5 cos(a —b) — 3 sin(a + b) . (2.7)
For more details about this conversion see ([Koe06], Chapter 9).

We recall also that the sum [ = f; + fo + --- 4+ f,, of a finite sequence of periodic functions

{f1, fa, - .., fa} is periodic if and only if their periods T}, 15, .. ., T},, respectively are commensu-

rable.

The commensurability of 71,75, . .., T;,, means that there exist n integers Ny, ..., N, such that
NTy, = Ny Iy =---= N, Tn . (2.8)

It follows from (2.8) that a period of fis T = N1T} = NoTp = --- = N, T.

Example 2.1

a) Consider the three functions g(t) = sin(27t), h(t) = cos(Zt) and r(t) = sin(I=t) of periods
T, =115 = 10 and 13 = %, respectively. Here 207, = 27, = 7713 hence T}, T and T3
are commensurable. Therefore it can be conclued that the sum f(t) = sin(27t) + cos(§t) +
sin(17¢) of the functions g(t), h(t) and r(t) is periodic of period T', where T' = 20T, =
27, =TT5 = 20

b) Let g and h be the functions defined by: g(t) = cos(t), h(t) = sin(v/3t) of period T} = 27
and T, = 2’”[ , respectively. Since T1 — /3 is not a rational number, then 7} and T, are not

commensurable and therefore the sum f(t) = cos(t) + sin(v/3t) of the functions g(¢) and
h(t) is not periodic.

2.2 Definitions

Definition 2.2 ( Trigonometric holonomic functions)
Let w # 0 be a given real number: We call w-trigonometric holonomic functions TH(w) the set of
functions satisfying differential equations of the form

P L
ZZ (aupy cos(lwt) + By sin(lwt)) FP () =0 (2.9)

p=0 1=0

for appropriate integers P > 1 and L > 0, where oy, and 3,; are constants.

A function f is said to be trigonometric holonomic if there exist w € R* such that f € TH(w). We
denote by TH the set of those functions, i.e. | JTH(w) = TH.

Differential equations of the form (2.9) are called trigonometric holonomic differential equations.

Example 2.3
The following differential equation

DE1 : (sin(2v/7t) + 2)F(t) + 5F'(t) + (3 + cos(4v/Tt)) F"(t) = 0
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is a trigonometric holonomic differential equation, since its non-constant coefficients sin(2+/7 t)+2
and 3 + cos(4+/7t) are periodic and of commensurable periods. But

DE2 : (sin(8t)) 4 cos(16t))F(t) + (cos(V/3t) + 3)F'(t) + 5F"(t) = 0

is not a trigonometric holonomic differential equation, since the periods of its non-constant coeffi-
cients sin(8t) + cos(16t) and cos(v/3t) + 3 are not commensurable.

Remark 2.4

If for a given couple of integers (Fy, Lo), a function f satisfies a differential equation of the form
(2.9), then for all L > Ly and for all P > F,, f satisfies other differential equations of the form
(2.9).

Proof:  Deriving equation (2.9) with respect to ¢, a new differential equation of the same form is obtained,
but of higher order. hence for all P > Py f satisfies a differential equation of the form (2.9). The proof for
L > Ly is completed in Section 3.5.2. d

Definition 2.5 (Type)
A function f € TH(w) is said to be of type L € N if L is the smallest positive integer for which it
satisfies a differential equation of the form (2.9).

Definition 2.6 (Degree )
Let f be a function of TH(w). The smallest integer P for which f satisfies a differential equation
of the form (2.9) is called the degree of f in TH(w).

Example 2.7
W.lo.g., set w = 1 and let f be the function defined by
sin(t)
t) = ————.
Jt) cos(t) + 2

f satisfies infinitely many trigonometric holonomic differential equations. Two of them are given
by
DEl: =2 (1 +2 cos(t)) F(t) + (4 sin(¢) +sin (2¢)) F'(t) =0 and
DE2: +4F(t) + (2 — 2 cos (t) — 4 sin (t)) F'(¢)
+ (=3 sin(t) +4+2 cos(t)) F"(t) + (2 + cos (t)) F™"(t) = 0.

1. In the above differential equations, the type of f can be read off from DE2. We get Ly = 1.

2. The smallest integer P for which f satisfies a differential equation of the form (2.9) is also
1, and appears in DE1. Hence f is of degree P, = 1in TH(1).

Theorem 2.8
If a function f € TH(w), then Vn € N*, f € TH(#). Le. TH(nw) € TH(w).

Proof:  The proof is obvious. O
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2.3 Example Types of Trigonometric Holonomic Functions

2.3.1 Polynomials

Theorem 2.9
For all w € R*, the set K[t] of all polynomials is a subset of TH(w) and each polynomial f of
degree N is of type 0 and of degree NV + 1 in TH(w).

Proof:  Let f be a polynomial of degree N. Then its derivative of order N is a constant and therefore
fON+D () = 0. Hence for P = N + 1 and L = 0, f satisfies a differential equation of the form (2.9).
One may not expect to have a trigonometric holonomic differential equation of lower order, otherwise all its
coefficients ayy and (3, will vanish. Since if we assume that f(¢) = IV satisfies a trigonometric holonomic

differential equation of order P < N, then substituting its successive derivatives f () (t) = i N]X !p)!tN P

in (2.9), we obtain an equation analogous to (2.14)—in the proof that % ¢ TH—which leads to vanishing
coefficients. Hence K[t] C TH(w) and f is of type 0 and of degree NV + 1 in TH(w). O

2.3.2 Exp-like Functions

Exp-like functions are those which satisfy differential equations with constant coefficients, see
[Koe92], i.e. differential equations of the form

anF () + apy F V() 4 -+ aoF"(t) + ay F'(t) + aoF(t) = 0, (2.10)

an #0, a;€C VYie{0,...,n}.

Since such differential equations are obtained with L = 0, we deduce that exp-like functions are
trigonometric holonomic functions Vw € R* and of type 0. Searching for solutions of (2.10) of the
form f(t) = e, A € C leads to the characteristic equation

an\" + an_l)\("_l)(t) 4o aNFa N +ay=0. 2.11)

The solutions of (2.10) depend on those of (2.11), whether its roots are all distinct and real, or its
roots are repeated, or some of the roots are complex. Hence the general solution of (2.10) may be
written as linear combination of expressions of the form

M, ePlsin(qt), ePfcos(qt), tleM, tlePlsin(qt), t'ePcos(qt), j€{0,...,m—1},

see [SGO5] where m > 2 refers to the multiplicity of the roots of (2.11), with A\, p and ¢ € R.
Since the hyperbolic cosine and the hyperbolic sine functions may be written in the form

t =t t ot
‘ —|—2€ and sinh(t):e 26 :

cosh(t) =

we deduce, w.l.0.g. the following theorem
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Theorem 2.10
K[t, e~ e, cos(0t), sin(vt), cosh(6t), sinh(ut)] is a subset of TH , a, 3, 0, ¢, § and p € R .
Each of these functions is of type 0.

Example 2.11
Consider the function
f(t) = tcos?(t) sinh(3t)(e")® |

f is solution of the differential equation
DE1 : 75759616 F (t) — 206110720 F" (t) + 258281472F" (t) — 197550080 F" (t)

+102421504F W (t) — 37716480F ) (t) 4+ 10052416 F© (¢) — 1940160F (t)
+267504F® (t) — 25600F (t) 4+ 1612F10 (¢) — 60FIV (¢) + FOD (1) = 0 .

Note that f satisfies also a lower order differential equation, namely
DE?2 : —32(—692 cos(2t) 4+ 359 sin(4¢) + 808 cos(4t) — 3690 + 4522 sin(2t)) F(¢)

(10544 cos(4t) + 19056 sin(4t) — 36832 cos(2t) + 61536 sin(2t) — 45840) F'()
+(5696 cos(2t) — 52 cos(4t) — 4408 sin(4t) + 5748 — 8048 sin(2t)) F" (t)+ (1284 + 16 sin(2t)
+300 cos(4t) + 8sin(4t) + 1584 cos(2t)) F" (t) + (—119 cos(4t) + 32 sin(4t) — 357
—476 cos(2t) + 64 sin(2t))F@ (1) + (32 cos(2t) + 8 cos(4t) + 24)FO (1) = 0 .

But as we will see in the next chapter, for the purpose of the computation of Fourier coefficients
we will prefer DE1 to DE2, because the type of the differential equation is more important than the
order. Hence a trigonometric holonomic differential equation obtained for the smallest possible L
is preferable.

Remark 2.12
Note that K[t, e~ ef cos(0t), sin(1t), cosh(dt), sinh(ut)] € TH(w) for all w € R*, o, S, 6, 10,
dand i € R.

2.3.3 Trigonometric Polynomials

Although trigonometric polynomials are exp-like functions, we would like to emphasize on them
in this section because we would like to characterize them according to their type and degree. One
can directly deduce a differential equation of the form (2.9) they satisty.

Theorem 2.13
For all w € R*, K[cos(wt), sin(wt)] is a subset of TH(w). Each function f of K|[cos(wt), sin(wt)]
is of type 0 and of degree 1 in TH(w) and f satisfies the differential equation

FOF(®) - FOF(E) = 0. (2.12)
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N

Proof:  Consider f € K[cos(wt), sin(wt)] defined by f(t) = > (ax cos(kwt) + by sin(kwt)). Then f is
k=0

exp-like, hence f is of type 0. Since f’(t) € Kcos(wt),sin(wt)] and f'f — ff" = 0, we deduce that f is

solution of the first order differential equation
fOF' () - fO)F () =0

from which it appears that f is of degree 1 in TH(w). O

Example 2.14
Consider the function f(¢) = cos(2t), then (2.12) reads as

2sin(2t)F(t) 4+ cos(2t)F'(t) =0 .
Note that as exp-like function f satisfies also the differential equation

4F(t)+ F"(t) =0.

2.3.4 Rational Trigonometric Functions

Theorem 2.15
For all w € R* the set of rational trigonometric functions K(cos(wt), sin(wt)) is a subset of TH(w)
and each function of K(cos(wt), sin(wt)) is of degree 1 in TH(w).

Proof:  Consider the function f defined by
flt) ="+ with  h(t) #0

where ¢(t) and h(t) € K[cos(wt), sin(wt)]. Then we get:

it = MO IORD s pranee) = g 0n0) - g0/ 0)

Multiplying the left and the right hand side of the last equation by f(¢) = %, we deduce that the function

f is solution of the first order differential equation
(9O F'() = (g'(DA() — g () F(t) = 0 (2.13)

which is of degree 1 in TH(w). o

Note that in contrast to the cases of K[t| and K[cos(wt), sin(wt)] where the type is a priori
known for all functions, in the case of K(cos(wt),sin(wt)) the type depends on each particular
function. In this case an efficient algorithm for the determination of the type for a given rational
trigonometric function will be presented in Section 3.5.2.
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Example 2.16

Let f be the function defined by

sin(t)
)= ——r
/() 2 + cos(2t)

Applying relation (2.13) we get that f is solution of the first order differential equation
(3sin(t) + sin(3t)) F'(t) + (=7 cos(t) + cos(3t))F'(t) =0 .

We may immediately see that the degree of f is 1 in TH(1). Although the type of f cannot be read
off from the previous differential equation, one may compute it via Algorithm (3.4), which will be
presented in the next chapter, and gets two and the corresponding differential equation

(2 — 3cos(2t))F(t) — 4sin(2t)F'(t) + (2 + cos(2t))F"(t) = 0 .

Theorem 2.17
The set of functions of the form ¢(t) - h(t) where g(t) is exp-like and h(t) €
K(cos(wt), sin(wt)) is a subset of TH(w).

Proof:  Since g(t)-h(t) may be read as the product of two w-trigonometric holonomic functions, according

to Theorem 2.37 which will be given in Section 2.6 we deduce that ¢(t) - h(t) € TH(w). O
Example 2.18
W.l.o.g. set w = 1 and consider the function
t cosh(t)e!
f) = 57—~
2 + cos(t)

f satisfies the differential equation
—(4sin(t) + 3cos(t))F(t) + (12 cos(t) — 4sin(t))F'(t) + (8 — 2 cos(t) + 12sin(¢t)) F"(t)

+(—8 — 4 cos(t) — 4sin(t))F"(t) + (2 + cos(t)) FH(t) = 0
from which we deduce that f is of type 1 € TH(1).

2.3.5 Function which is not Trigonometric Holonomic

In this section we give an example of a function which is not trigonometric holonomic. W.l.o.g.
we may assume that w = 1. We will show that the rational function
1
t) ==~
ORE
is not a trigonometric holonomic function.

Proof:  We use a proof by contradiction. Let us assume that f is a trigonometric holonomic function.
Then there exist integers P > 1 and L > 0 and coefficients «,, and 3,; for which f satisfies a differential
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equation of the form (2.9). At least one of oy and 3}, is non-vanishing. The successive derivatives of f are
given by
— |
() _ (—1)Pp!
f (t> - tp+1

The substitution of those derivatives in (2.9) leads to

P L

. —1)Pp!
(o cos(lt) + By sin(lt)) ( th)rlp =0+
p=0 1=0
1 & 1 &
n Z agq cos(It) + By sin(lt)) 2 Z aq cos(lt) 4+ By sin(lt)) +
—1)PPI & ,
+(tp)+1 Z(Odpl cos(lt) + Bprsin(lt)) =0 .

=0
Multiplying the previous equation by t©*! we get

L L
tr Z(aol cos(lt) + Bosin(lt)) — 71 Z(au cos(lt) + Py sin(lt)) + - - - (2.14)
1=0 1=0
L
+(-1)FP! Z(apl cos(lt) + Bprsin(lt)) =
1=0
Collecting the previous equation with respect to the expressions cos(lt),sin(it), [ € {0,..., L}, we get:

(aogtp —aptt Tt (—l)PP!apo) + (ath —aptt 4+ (—1)PP!ap1) cos(t)+
(Bth—BHtP_l +- 4 (—1)PP!ﬂp1) sin(t)+-- -+ (OcOLtP—othP_l + - ~+(—1)PP!apL) cos(Lt)+
(Bort” = prpt” ™t + -+ (-1)P PIBp,) sin(Lt) = 0.

The previous equation is satisfied for every ¢ if and only if all the polynomial coefficients vanish, i.e.
o0 = aip = =apr =P =Po="-=PBpL=0,
which is in contradiction with our initial assumption. |

Up to now we have not seen in a more general setting how to determine a differential equation
satisfied by an w-trigonometric holonomic function. We present in the next section an algorithm
for the determination of a differential equation of the form (2.9).

2.4 Differential Equation for Trigonometric Holonomic Func-
tions

We give in this section an algorithm to determine for each function of the set TH(w) a differential
equation of the form (2.9). We assume that f is defined on the interval [a, b], connected with w in

_ 27
the way w = .
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Algorithm 2.1: Determination of a trigonometric holonomic differential equation for a
trigonometric holonomic function (THDE)

input : A real number w = 2=, a function f € TH(w) such that f € C™[a, b] for N
large enough and an initial positive integer value vs.
output: A differential equation satisfied by f in the form (2.9).

1 begin

2 Loz < 0, Prgz < 0.

3 repeat

4 Lmam — Lma:c + Ui’ Pmax <~ Pmax + vi.

5 for L=0¢to L,,,, do

6 for P = P,,,. — vito P, do

7 search for coefficients o, and 3, such that the equation

i i (i cos(lwt) + By sin(lwt)) £P)(t) = 0 is valid.

8 p=01=0

9 if the search is successful then
10 ‘ return the differential equation of f in the form (2.9).
11 end

12 end

13 end

14 until the search is successful;

15 end

Remark 2.19

Note that if the input function is not trigonometric holonomic, then Algorithm 2.1 does not termi-
nate.

Example 2.20
Consider the function defined on the interval [0, 2*] by

f(t) = cos(5t) In(2 + cos(5t)) .
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Figure 2.1: Composition of logarithm with trigonometric functions

f is periodic of period T' = %’T Setting w = 2% = 5 and applying the previous algorithm, we get
that for L = 1 and P = 7, f satisfies the trigonometric holonomic differential equation

DE := (—500000+843750 cos(5t)) F' (t)+28125 sin(5t) F” (t)+ (54375 cos(5t) —45000) F® () +
+4625 sin(5t) F® () 4-(825 cos(5t)—1200) F®) (t)+120 sin(t) F O (t)+(—4 cos(5t) —8) FD (1) = 0 .

Remark 2.21

The search for a differential equation for functions of TH(w) using Algorithm 2.1 may be time-
consuming in some cases because we don’t know in advance for which choices of P and L a
differential equation of the form (2.9) exists. In Section 3.5.2, for the case of the functions of
R(cos(wt), sin(wt)), we will present an algorithm for the determination of the best possible choices
of P and L, for which we can get directly a differential equation of the form (2.9). Assuming that
the best choice (P, L) is known, then Algorithm 2.1 will be simplified in the following form:

Algorithm 2.2: Determination of a trigonometric holonomic differential equation for a
trigonometric holonomic function knowing the efficient P and L(THDEPL)
input : A real number w = 2=, a function f € TH(w) such that f € C™[a, b] for N
large enough and the numbers P and L.
output: A differential equation of the form (2.9) satisfied by f.

1 begin

2 Look for coefficients «,; and 3,; such that the equation
P L
S5 (e cos(lwt) + By sin(lwt)) fP(t) = 0 is valid.

3 p=01=0
4 end




2.5. Functions Satisfying Differential Equations with Coefficients in K[e®?, e ~%?] 31

2.5 Functions Satisfying Differential Equations with Coefficients
in K[eiwt’ e—iwt]

For a given w € R* one can convert a trigonometric holonomic differential equation (as we have
defined until now) into a differential equation with coefficients in K[e~**, ¢**!] and conversely. In
this section we will emphasize on differential equations whose coefficients are linear polynomials
of either e~ or et exclusively. As we will see in the next chapter, the particular importance of
that type of differential equations is that they lead to first order holonomic recurrence equations for
the Fourier coefficients of the considered function on an interval of length 7', where w is chosen
according the equality w = 2% We remark that such recurrence equations (of first order) do not
result once the coefficients of the considered differential equation are not of the foresaid form.

Theorem 2.22
For a given w € R*, functions satisfying a differential equation of the form

P L
SN (e + Ge™) fP (1) = 0 (2.15)

for appropriate integers P > 1, L > 0, where 7, and ¢,; € C are w-trigonometric holonomic
functions.

Proof:  The proof is obvious. O

2.5.1 Example of Functions Satisfying Differential Equations whose Coeffi-

cients are Linear Polynomials of either e ~*“* or !
Definition 2.23
The set of functions satisfying trigonometric holonomic differential equations leading to first order
recurrence equations for their complex Fourier coefficients are called simple trigonometric holo-
nomic functions (sTH). The coefficients of such trigonometric holonomic differential equations
are all linear polynomials of either ¢! or e~**, but not of both.

Example 2.24
Set w = 1 and consider the function defined by

f satisfies the differential equation
DE :e"F(t)+ F'(t) =0,

from which it follows that f is of degree 1 in TH(1). Since both coefficients of DFE are linear
polynomials of ¢, we deduce that f € sTH. As we will see in the next chapter, choosing an
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interval of length T' = %“ = 2m,e.g. I = [0,27], DE leads to a first order recurrence equation
satisfied by the complex Fourier coefficients of f on /.
Note that the search for a differential equation of the form (2.9) satisfied by f gives, however

DE2: —i(i + isin(t) + cos(t))F(t) + (—i + cos(t) —isin(t))F'(t) =0,

which converts into a second order recurrence equation for the complex Fourier coefficients of f
according to Algorithm 3.1 (THDEtoRE).

We remark also that if we aim now to convert D E?2 into a differential equation of the form (2.15)
via the substitution of cos(t) and sin(¢) in terms of ¢~ * and €%, we get

DE3: (—i+e ™F'(t)—i(i+e")F(t)=0.

The coefficients of D E3 are not linear polynomials of either e~ or e, but simultaneously of both
of them. Hence DE3 ¢ sTH and will lead to a second order recurrence equation this time accord-
ing to Algorithm 3.8. Due to the non uniqueness of the factorization in K[cos(t), sin(t)]/(cos(t)? +
sin(t)?—1), one cannot expect to get a differential equation of the exact form as D E (where the co-
efficients are linear polynomials of either %, or e~*) by the conversion of DE?2 into a differential
equation of the form (2.15).

Example 2.25
Set w = 5 and consider the function defined by

—4at

(1) € TH(5) .

T 24 b

f is solution of the first degree differential equation
DE : (8¢ + 9)F(t) —i(2e ™ + 1)F'(t) = 0.

Since the coefficients of DE are linear polynomials of e>%, then f € sTH.

2.5.2 Some More Example Types of Trigonometric Holonomic Functions

Remark 2.26

Since e = cos(t) +isint and e~ = cos(t) — i sint, we can deduce without proof many theorems
and properties which have been shown previously for the functions with arguments cos(¢) and
sin(t).

From Theorem 2.10 we may deduce the following theorem.

Theorem 2.27
The set K[t, e~ ePt e~ ¢'] where a, 3, 7, § € R is a subset of TH(w) for all w € R*. Each
of its functions is of type 0 in TH(w).
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Example 2.28
Consider the trigonometric holonomic function defined by

f(t) =tsin(t)e* + 3e” cos(t)
f is solution of the following complex differential equation
—64iF'(t) + 96 F" (t) + 520 F" (t) — 12FW(t) —iF®(t) = 0 .
From Theorem 2.15 we may also deduce the following one:

Theorem 2.29
The set K(e™™* ¢™?) is a subset of TH(w) and each function of K(e~™* ¢™?) is of degree 1 in
TH(w).

As we will see in the next chapter, such a trigonometric holonomic differential equation whose co-
efficients have only the argument ¢* for a fixed A € R, leads to a first order holonomic recurrence
equation for the corresponding Fourier coefficients.

Theorem 2.30
K(cos(wt), sin(wt), e~ ¢™“*) is a subset of TH(w).

We deduce from Theorem 2.17 that

Theorem 2.31
Functions of the form g(t) - h(t) where g(t) is exp-like and h(t) € K[e=™ ¢™!] is a subset of
TH(w).

Example 2.32
Set w = 1 and consider the function

te™V3 cos(3t)

p) =

f may be read as te'V3! cos(2t) - 37w where teiV3t cos(3t) is exp-like and 5= € K(e %, e™).

Hence f satisfies the trigonometric holonomic differential equation

2+1

DE : —(—18 — 241e™ + 112V/3e™)F(t) + 16i(6V/3 + 15v/3€™ — 31¢™) F'(t)

+(—312e™ +192V/3e™ — 432) F"(t) — 64i(2V/3 + V3 — ) F"(t) + (16" 4 32) FW () = 0 .
Note that the coefficients of DE are linear polynomials of ¢, i.e. f € sTH.

Remark 2.33

We cannot give a complete list of families of functions satisfying a differential equation either of

the form (2.9) or (2.15). In the following example we list some functions whose form has not been
mentioned previously.
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Example 2.34
1. Consider the function

f(t) = arctan(2 + ¢") € TH(1) .
f is solution of the trigonometric holonomic differential equation
DE : (—e" 4+ 5e ™ F'(t) +i(4 + 5e ™ + ™) F"(t) .
We deduce that f of degree 2 in TH(1).
2. Consider now the function 3
P
ft) = T

f satisfies the trigonometric holonomic differential equation

€ TH(1) .

i(44+e)F(t) + (10 + 127" + 2" F'(t) = 0 .
f is of type 1 and of degree 1 in TH(1).

3. Setw = /7 and consider the function
F(t) = cos(v/7t) In(2 + sin(V7t)) .
f satisfies the trigonometric holonomic differential equation
DE : 98V7F(£)(4 + 3sin(V7t)) + 343 cos(v/Tt) F' () + 7v/7(10 + 3sin(v/7t) ) F"(t)

+21 cos(VTH) " (t) + V7(2 + sin(vTt)) FD (1) = 0
from which we deduce that f € TH(/7).

Analogously to Algorithm 2.1, we present in Algorithm 2.3 the determination of a differential
equation with coefficients in K[e™", ¢e~*] satisfied by a trigonometric holonomic function. In
contrast to that algorithm, it may return in some cases trigonometric holonomic differential equa-
tions whose coefficients are linear polynomials of either ¢! or e~“*, which will lead to first order
holonomic recurrence equations for the complex Fourier coefficients of the considered function on

an interval on length 7' = 2T
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Algorithm 2.3: Determination of a trigonometric holonomic differential equation for a
trigonometric holonomic function satisfying a differential equation with coefficients in
Kle~*! e™!] (ExpTHDE).

input : A real number w = Ii—“a, a function f € TH(w) such that f is continuous in the

interval [a, b] and an initial positive integer value vi.
output: A differential equation satisfies by f in the form (2.15).

1 begin

2 Lopoe < 0, Prae < 0.

3 repeat

4 Lmax — Lmax + 4, Pmax < Pma:c + v;.
5 for L=0¢to L,,,, do

6 for P = P,,,. — v;to P,,,. do

7

Search for coefficients 7,; and ¢,; such that either the equation
P L
(ypi(cos(lwt) — i sin(lwt)) + 8y (cos(lwt) + isin(lwt))) FP)(t) = 0 or

o
3
I
o
=
Il
=)

P L

S (et + Gttt f®(t) =0 is valid.
p=01=0

9 if the search is successful then

10 ‘ return the differential equation of f in the form (2.9).

11 end

12 end

13 end

14 until the search is successful,

15 end

Remark 2.35

Note that if the input function does not satisfy a differential equation of the form (2.9), the previous
algorithm would not terminate.

2.6 Algebraic Properties of Trigonometric Holonomic Functions

Theorem 2.36
If f is a w-trigonometric holonomic function, then its derivative and anti-derivative are also trigono-
metric holonomic functions.

Proof:  Anti-derivative
If f € TH(w), then it satisfies a differential equation of the form

P L
Z Z apy cos(lwt) + By sin(lwt)) fP (1) =0 .

p=0 =0
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Let F' be an anti-derivative of f. Then we get:

P L P L
D> (o cos(lwt) + By sin(lwt)) P (£) =0 <= > > (g cos(lwt) + By sin(lwt)) ()P () = 0
p=0 [=0 p=0 [=0
P L
= Z Z(apl cos(lwt)+ By sin(lwt)) (F)PHD (1) =0
p=0 [=
P+1l LO
= Z Z(apl cos(lwt)+ By sin(lwt)) (F)P) ()=

p=1 =0
which means that the anti-derivative F' of f is also a w-trigonometric holonomic function.

Derivative
Since f € TH(w), then f satisfies a differential equation of the form

P L
Zz Q] cos(lwt) + 5pl sin(lwt)) f(p)( t) =0
p=0 1=0
L L
> (agr cos(lwt) + B sin(lwt)) £(£) + > Y (opr cos(lwt) + By sin(iwt)) fP (1) =0.  (2.16)
1=0 P

Deriving the previous (2.16) we get

M=

L
Z —lag sin(lwt) + 1By cos(lwt)) f(t) +
1=0 !

(agy cos(lwt) + Bor sin(lwt)) f/(t)+

I
o

(2.17)

b
+

1

P L L
ZZ (—lay sin(lwt) + 15, cos(lwt)) fP(t) + Z (apy cos(lwt) 4 By sin(lwt)) fP)(t).
p=1 1= 11=0

3
[

Computing the linear combination
L L
(2.17) - Z (g cos(lwt) + By sin(lwt)) — (2.16) Z (—lag sin(lwt) + 1By cos(lwt))
1=0 1=0

the expressions connected with f(¢) vanish and it remains a differential equation for the derivative f’ of f,
which may be brought into the form (2.9). U

Theorem 2.37
1. TH(w) is closed under addition and multiplication.

2. If f(t) and g(t) are two functions of degree P and Q in TH(w), respectively, then f(t) + g(¢)
is of degree < P + Q in TH(w) and f(t) - g(¢) is of degree < P - () in TH(w).
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Proof:

Addition: We will show in the proof that the sum of two functions of TH(w) is a function of TH(w) ,
compare [Koe06]. W.lo.g. we set w = 1. Let f(¢) be a function of the set TH(1) and let us consider the
vector space V(f) = (f(t), f'(t),...) over the field of rational trigonometric functions K(cos(¢), sin(¢)),
generated by the successive derivatives of f(t). The family {f(t), f'(t),..., f('=D} is a basis of V'(f) of
dimension P, since f satisfies no differential equation of the form (2.9) of order P — 1 and because each
higher derivative of f can be written over the field K(cos(t), sin(¢)) as a linear combination of the functions
f@), £ (@),...,fP=D. In the same way we construct for g(t), a function of degree @ in TH, the vector
space V(g) = (g(t),d'(t), . ..) of dimension @, generated by the successive derivatives of the function g(t).
{g(t),d'(t),...,9@ D} is a basis of V(g).

We deduce that V' (f) + V' (g) is a vector space of dimension < P + (@ and that the functions h = f + g,
W=Ff+g,. . . h0=fk 4 gk arevectors of V(f) + V(g). Le. h satisfies a differential equation
of order < P + () with coefficients in K(cos(t), sin(t)).

Multiplication: The proof consists in showing that the product of two functions of TH(w) is a function of
TH(w). W.Lo.g. we setw = 1. f and g being two functions of TH(1) of degree P and () respectively, we
construct analogously to the case of the addition, the vector spaces V'(f) and V' (g). Letus put h = fg. Using

Leibniz’s product rule, we compute the successive derivatives of h and we get: ' = f'g + f¢', ..., h5) =
K

> ([; ) @ g(K=3) " Due to the substitution rules (2.19), the previous successive derivatives of h can be
=0

z)vritten using only the successive derivatives of f of maximal order P — 1 and of g of maximal order () — 1,

respectively. The set generated by the product of elements of V'(f) by those of V' (g) is also a vector space,

K . .
of dimension < PQ. Le. the successive derivatives h(5) = (fg)(K) = > (Ij.()f(J)g(K_J) are elements

7=0
of that vector space, K running from zero to P(). Hence there exist A; € K(cos(t),sin(t)) such that

K .
> A h() = 0. We deduce that the product h = fg satisfies a differential equation of type (2.9) of degree
=0

PQ. d

J

IN

Remark 2.38

The previous proof does not show directly how to compute the differential equations of the sum or
of the product of two functions, starting from the trigonometric holonomic differential equations
they satisfy, respectively. In the two following sections, we will present algorithms to compute
those differential equations.

2.6.1 Algorithm for the Sum

The following algorithm computes the differential equation of the sum of two functions of TH(w),
from the given trigonometric holonomic differential equations they satisfy.
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Algorithm 2.4: Determination of the trigonometric holonomic differential equation sat-
isfied by the sum of the solutions of two trigonometric holonomic differential equations
(SumTHDE).

input : Two trigonometric holonomic differential equations DE1 and DE2 of degree P
and () respectively, satisfied by the functions f and g of TH(w)
output: The trigonometric holonomic differential equation satisfied by the sum

h=f+g.
1 begin
2 Use DE1 and DE2 to deduce the following equations
P-1 Q-1
f(P) _ Z aif(i) and g(Q) _ ijg(j) (2.18)
i=0 §=0

where ; and b; are rational functions of K (cos(wt), sin(wt)).

3 N + max{P, Q}.

4 Use (2.18) and recursive substitutions to rewrite the higher derivatives of f and those
of g as linear combinations of their respective successive derivatives and obtain
trigonometric holonomic differential equations of the form

P—1 Q-1
fN=>"alfO (N>P) and g™ =>"blg" (N>Q) (219
i=0 Jj=0

5 K+ P+Q+1.
6 for ] = Nto K do

7 Put h = f + g and write the linear combination
I I
S ARE =0 de > A(fP +g%) =0
k=0 k=0
8 Collect with respect to the successive derivatives of f(¢) and g(¢) in order to get
a system of P + @ linear equations (.5), where the unknowns are the A;'s.
9 Solve () .
10 if (S) has non-vanishing solutions then
11 return the differential equation
I
> AH® =0 (2.20)
k=0
satisfied by the sum h = f + g.
12 end
13 end

14 end




2.6. Algebraic Properties of Trigonometric Holonomic Functions 39

Remark 2.39

The previous algorithm terminates: The system (.5) has exactly P + () equations independently
of K. In the worst case for K = P + () + 1, the number of the variables K is greater than the
number equations P + (). Hence the system (.5) is under-determinate, i.e. we will get a non-trivial
solution.

Example 2.40
Consider the following trigonometric holonomic differential equations where w = 1:

DE1 : (cos(t) + 2)F'(t) + sin(¢t)F(t) = 0

DE2 : sin(t)G(t) — 2 cos(t)G'(t) + (=3 —sin(t))G"(t) = 0

from which we deduce that

F/(t> — M and
cos(t) + 2
Gt = sin(t)G(t) — ?COS(t)G (1)
3 + sin(t)
Using both previous relations and the substitution rules (2.19) with K = 3, we get:
F(t) = —sm(t)F(t)7 Pt = —cos(t)F(t)7 P sin(t) F(t) |
cos(t) + 2 cos(t) + 2 cos(t) + 2
Gt = sin(t)G(t) — ?cos(t)G (t) |
3 + sin(t)
G(t) = (—sin(2t)+3 cos(t))G(t)+ (3 cos(t)?+3+9sin(t))G' (1))
B sin(t) + 3 '
We set h = f + ¢ and form now the equations
3 3
S AP =0 i Y AP +4P) =0
k=0 k=0

where the Aj, are unknowns. Collecting with respect to the successive derivatives of f(¢) and g(t),
we get:

Aysin(t)  Agcos(t)  Agsin(?) Ay sin(t) 3A; cos(t) sin(t)
(AO T ocos(t)+2  cos(t)+2  cos(t) + 2> (®) (sin(t) +3 O (sin(t) + 3)2

43 cos(t) G() 343 sin(t) A 242 cos(t) 643 cos(t)? Gty =0
(sin(t) + 3) sin(t) + 3 sin(t) +3  (sin(t) + 3)2

Equating coefficients leads to a system of 3 linearly independent homogeneous equations with 4

unknowns. Solving the system and substituting its solution in (2.20), we obtain the differential

equation satisfied by the sum of the functions h = f + g:
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2(—sin(3t)+3sin(t) + 3)H(t)+ (14 cos(t) + 2 cos(3t)+10 — 2 cos(2t) +3sin(2t)) H'(t)
H—4sin(2t) —2sin(3t) + 18 cos(2t) — 12 — 28 sin(t))H" (t)
+(—20 cos(t) — 12sin(t) + 2 cos(3t) — 15sin(2t) + 2 cos(2t))H" (t) = 0
which corresponds to P = 3 and L = 3.

Due to the non-uniqueness of the factorization in K(cost,sint), the content of that differential
equation (greatest common divisor of its coefficients) is not well defined. Hence one cannot expect
the uniqueness of such a solution, since one cannot divide the coefficients by their content in order
to get the simplest form. We note that the previous differential equation for the sum of the functions
f and g was found without knowing the functions explicitly. One may verify that the functions

F(t) = cos(t) + 2 and g(t):m

are solutions of DE1 and DE2, respectively. Knowing in advance that

h:f—l—g:cos(t)+2—|—Si € TH(1)

t
sin(t) + 3

and computing a differential equation of the form (2.9) satisfied by A directly via Algorithm 2.1,
we get the following differential equation

—6 cos(t)H' (t)+(12—11 sin(t))H" (£)+(15—10 sin(¢)) H® (£)+6 cos(t) H®) (t)+(3+sin(t)) HO (t) = 0
which corresponds this time to P = 6 and L = 1.

Example 2.41
Let us now consider the following trigonometric holonomic differential equations:

DE1 = (4+2cos(t))F'(t) +sin(t)F(t) and DE2= (-2 —sin(t))G'(t) + cos(t)G(t)

satisfied by two functions f and g of TH(1), respectively. Applying Algorithm 2.4 to DE1 and
D E2 we obtain that the differential equation satisfied by the sum f + g is given by

DE = —(cos(6t) — 430 + 63 cos(2t) — 18 cos(4t)) F'(t) + (—4 cos(5t) + 12 cos(3t) — 32 cos(4t)
—T776 cos(t) + 128 cos(2t) 4 36 sin(4t) + 3sin(6t) + 111sin(2t) — 96 — 120 sin(3t)
+24 sin(5¢) + 1776 sin(t)) F' (t) + (—72 sin(3t) 4 8 sin(5t) — 72 cos(3t) + 1584 cos(t) + 24 cos(5t)
+60 cos(4t) + 944 sin(t) + 126 cos(2t) + 580 — 64 sin(2t) + 2 cos(6t) + 32 sin(4¢t))F"(t)
corresponding to P = 2 and L = 6.

2.6.2 Algorithm for the Product

Although for the determination of the trigonometric holonomic differential equation of the product
of two functions of TH(w) we may use a method similar as in Algorithm 2.4, we will use in this
case an approach involving elimination.
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Algorithm 2.5: Determination of the trigonometric holonomic differential equation satis-
fied by the product of the solutions of two trigonometric holonomic differential equations
(ProductTHDE).

input : Two trigonometric holonomic differential equations D E'1 and D E2 satisfied by the

functions f and g of degree P and @) in TH(w) , respectively.

output: The trigonometric holonomic differential equation satisfied by the product h = fg.

1 begin

2

® T W

9
10
11
12
13

Use DE1 and DE?2 to deduce the following equations
P-1 Q-1
f(P) _ Z aif(i) and g(Q) _ Z bjg(j)
i=0 j=0

where a; and b; are rational functions of K (cos(wt), sin(wt)).
N + max{P, Q}.
Build the substitution rules

O

P-1
N — Zalj\ff(i) (K>P) and g™ = e (K> Q) (2.21)
i=0

J

<.
Il
o

Put h(t) = f(t)g(t) and use Leibniz’s product rule to compute the successive derivatives
(fg)¥) and we get

h = fg
o= fg+g'f
. K
pE Z(K) ) g—3)
Jj=0 J

which constitute a system of equations with the P variables () g()
(j=0,....,P=1,1=0,...,Q —1).

K+ PQ + 1.

for k = N to K do

Build the system (.5):

{h=rfg=0,0=(f'g+gf)=0,h"=(f"9+2f'¢+ [g") =
k
0,...,h" — 3 (’;) f@Wg*=1) =0} and eliminate the previous variables in (S) in

=0
order to get a]linear combination of the successive derivatives of h.
if the elimination process is successful then
‘ return the differential equation satisfied by the product h.
end
end

end
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Remark 2.42
In the worst case K = P(), we will have solutions, because in this case we will have PQ + 1
equations in which we want to eliminate P() variables. Hence the algorithm terminates.

Example 2.43
Consider the following trigonometric holonomic differential equations

DE1: (3 + cos(2t))F(t) — 2sin(2t) F'(t) + (1 — cos(2t))F"(t) = 0
DE2 : sin(t)G(t) + (—2 — cos(t))G(t) =0
from which we deduce that

—(3 + cos(2t))F(t) + 2sin(2t) F'(t)

Fi(t) = (1 — cos(21)) and
o sin(t)G(t)
G = G eontt)) -
For K = 2 we get
yon  (cos(t)? 4 2cos(t) + 2sin(t)?)G(t)
Gl = (cos(D) + 2)° '
Let us put h = fg and form the system
: : F(t)sin(t)G(t)
I= {H(t) = FOGE) = 0, H'(1) = FOG() + = 552 =0,
() — (2sin(2t)F'(t) — 3F(t) — cos(2t)F(t))G(t)
—1 4+ cos(2t)
_2sin() F'()G () (cos(t)® +2cos(t) + 2sin(t)*) F(t)G(t) _ 0}
cos(t) + 2 (cos(t) + 2)?

which is composed on the one hand of the 2 products FWGW (5 € {0,1},1 = 0), considered as
variables and on the other hand of H*)(k € {0, 1,2}), taking into consideration the substitution
rules (2.19). The last step is to use linear elimination, to get rid of the previous variables which
leads to the following differential equation

—4(cos(2t) + 3+ 2cos(t))H(t) + (8sin(2t) + 8sin(t))H'(t)

(—4 + cos(3t) — cos(t) + 4 cos(2t))H"(t) =0
corresponding to P = 2 and L = 3.

One may verify that the product of the following functions

1

= tsin(t d = —
f=tsin(t) and ¢ o) 7 2
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is solution of the previous differential equation, although it has been found without any knowledge
of them. Knowing in advance that

. tsin(?)
h=19= cos(t) + 2 € TH(1) ,

the computation of a trigonometric holonomic differential equation of the form (2.9) satisfied by h
using Algorithm 2.1 gives

2F(t) 4 (4 — 4cos(t))H" (t) — 4sin(t)H"(t) + (cos(t) + 2)HW(t) = 0
which corresponds to P =4 and L = 1.

Corollary 2.44
If f is an w-trigonometric holonomic function, then Vn € N, f™ is also an w-trigonometric holo-
nomic function.

Remark 2.45
1. The algorithms considered cannot detect a differential equation of smaller order than the
given ones, even if such a differential equation is valid. A trivial example of this type is:
g=—f,andh=f+g=0.

2. From Theorem 2.37 we may deduce that (TH, +, -) is a commutative unitary ring.
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Chapter 3

Fourier Coefficients of Trigonometric
Holonomic Functions

In the previous chapter we defined the set of trigonometric holonomic functions, and we gave
some of their properties. In this chapter we present a general algorithm for the computation of
the complex Fourier coefficients of trigonometric holonomic functions. Then for the particular
case of rational trigonometric functions, we investigate conditions under which one may get those
coefficients most efficient and we present two algorithms to compute them.

3.1 Hypergeometric Terms and Closed Forms

In the rest of the dissertation we will deal with recurrence equations (for Fourier coefficients), hav-
ing interest in their solutions. The type of solution in which we are interested is the “closed form”.
We will make this notion more precise in a moment. Mark van Hoeij presented in [Hoe98] an algo-
rithm to solve recurrence equations in closed form when such solutions exist. That algorithm is a
reviewed and improved version of PetkovSek’s algorithm [Pet92], see also [CvHO6]. Nevertheless
in the cases where a closed form solution does not exist, we may return that solution in another
form, if possible, rather than not to give any output.

Definition 3.1 (Hypergeometric term)

An expression a,, is called hypergeometric term if the ratio “*** represents a rational function in
n.
Example 3.2
Consider the function
L (kﬁl) (n+ k)!
s NN

We get
any1  (n+k+1)n

PR € K(n) with K=Q(k).
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Definition 3.3 (Closed Form)
A function f,, is said to be of closed form if it is equal to a linear combination of a fixed number
of hypergeometric terms, see also [PWZ96].

Example 3.4
Consider the sum

(5] k
n — 2k —4
w3 ()(F)

see Example 9.8 in [Koe98]. Using Zeilberger’s algorithm ([Ze190],[Zei91b],[Zei91a]) it can be
proved that s,, satisfies the following recurrence equation

RE :9(n+2)sp12 —3(n+4)spt1 —2(n+3)s, =0.
2(3n+4)

Solving it via PetkoVsek’s algorithm [Pct92], we get the following solution 1 (54)" 4+ 252+ (2)",
which is obviously a linear combination of hypergeometric terms. Thus

(5] k n n
n—2k\ [—4 1 /-1 2(3n+4) (2
= (CN(EF) 5 (E) 6
k=0
1s in closed form, i.e. RE has closed form solutions. Each solution of RFE is a linear combination
of the two hypergeometric terms (=1)" and (3n + 4) (2)".

Remark 3.5
Since the complex Fourier coefficients ¢,, of a given function f are searched for all n € Z, in the
successful cases it will be returned in the following form:
Closed form I Vn > N
¢, = { Some initial values M <n < N
Closed form II Vn < M .

where NV and M are some integers related to the order of the recurrence equation satisfied by ¢,, and
also to the zeros of the leading and trailing coefficients of that recurrence equation, see [CvHO6].

3.2 Holonomic Recurrence Equation for Trigonometric Holo-
nomic Functions

Definition 3.6 (Holonomic recurrence equation)
A recurrence equation c,, is holonomic when it is homogeneous and linear, and has polynomial
coefficients € K|[n/|, see [Koe06].
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Remark 3.7

Since an inhomogeneous recurrence equation with polynomial coefficients whose right-hand side
is a hypergeometric term can be converted into a homogeneous recurrence equation with polyno-
mial coefficients, we include in the setting of this thesis these recurrence equations in the class of
holonomic recurrence equations.

Example 3.8
Consider the inhomogeneous recurrence equation

RE1 :nc,1+ ¢y + (n+ 1)y =n2"
Substituting n by n + 1 in RE'1, we get

RE2: (n+1)cy + cpp1 + (n 4 2)cpps = (n+ 1)27

RE2 (n+1)cp+ 1 + (n4+2)cppe  (n+1)2"1 2(n+1)
RE1 Nep_1+cn+ M+ 1Dcppr n2n n '

Clearing denominators leads to the homogeneous recurrence equation

RE3: —2n(n+ 1)c,_1 + (n+1)(n = 2)c, + (=3n — 2n° — 2)cpq +n(n +2)cpa = 0.

3.2.1 Conversion of a Trigonometric Holonomic Differential Equation Into
a Recurrence Equation

We recall that the set of the trigonometric holonomic functions consists of those functions satisfy-
ing relation (2.9), namely

Z (ayy cos(lwt) + By sin(lwt)) FP(t) =0

=0

M~

Il
=)

p

for appropriate integers P > 1, L > 0 and w € R*, where «,, and 3,; € K. This may be written in
the form

P L
Z o fP(t) + Z Z oy cos(lwt) + By sin(lwt)) fP(t) = 0. 3.1

p=0 =1

Theorem 3.9 (DE into RE)
Let f : [a,b] — R satisfy a differential equation of the form (3.1). Then the complex Fourier

coefficients ¢ of the derivatives f®)(t) satisfy the recurrence equation

P L
Zzapoc PSS (g + i) + e (= i) =0 (3.2)
=1

p=0
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After replacing cflpil for p > 0 according to equation (1.14) in terms of c,, this yields a holonomic

recurrence equation for the complex Fourier coefficients ¢, of f(t), given as

2nm \ P p! , g . . .
220@0 (z(T)) Cn—Z(—l)](T)J(i)]-i-l(f(])(b)_f(])(a>)e—lnwa i

- 2nm

7=0
~\ \” = i . . . .
Z Z (o + iﬁpl)(W) Crgl — Z(_l)j(T)j(m)JH(f(y)(b) _ f(J)(a))e—z(nH)wa i
p=0 [=1 =0

. p—1 .
(ozpl — iﬁpl) (2(72;l)m>p Cn_l — Z(—l)j(T)j(m)jH(f(j)(b) _ f(j)(a))e—i(n—l)wa —0.
§j=0

(3.3)

Proof:  Starting from the differential equation (3.1), we will construct two relations which are linear com-
binations of the real Fourier coefficients of the successive derivatives of the function f. Then we will
combine both relations to get a linear combination between the complex Fourier coefficients of the succes-
sive derivatives of f, which will be converted into a recurrence equation for the complex Fourier coefficients
of f itself.

Multiplying (3.1) by 2 - cos(nwt) and integrating over the interval [a, b] we get:

P L
— / Z a0 f P (1) + Z Z apy cos(lwt) + By sin(lwt)) FP @) | cos(nwt)dt = 0

p=0 I=1
— 2/b ZP:a FP)(t) cos(nwt +§P:§L: (v cos(lwt) cos(nwt)+
T Ja p=0 " p=0 I=1 "
By sin(lwt) cos(nwt)) f® (t)} dt =0.
Using the trigonometric addition theorems (2.1)—(2.4) the previous equation becomes:

P L
/ Za of P (t) cos(nwt) + Z Z ( apy (cos((n + lwt) + cos((n — lwt)) +

p=0 [=1

1
5Pt (sin((n + Do) — sin((n — l)wt))) @ (t)] dt =0
which leads to the relation

P 9 b
Z 0 7 / FP)(t) cos(nwt)dt+
p=0 a

EP:EL:{ apz< / FP () cos((n + Dwt)dt + — / f(p)()cos((n—l)wt)dt>+

p=0 =1
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sz< / F®)(t) sin( n+l)wt)dt—% / b @ (1) sin((n—l)wt)dt)] =0

and finally we obtain:

iapoa%”(fwii[ o (aly(f) +al () + ﬁpl(nixf)—b?l(f))]:o. (3.4)
p=0

p=0 [=1

Hence we get an identity between the sine Fourier coefficients b;p)rl( f) and the cosine Fourier coefficients

aflpll( f) of the successive derivatives of a function f.

Starting from the same relation (3.1) and using the same process as previously, but multiplying this time by

#= - sin(nwt) instead of ;2 - cos(nwt) we get:

P L
b E a/ ZO‘ of P (t) + ZZ (o cos(lwt) + By sin(lwt)) P (1) | sin(nwt)dt = 0

a p=0 =1

which leads to the following second relation which is again a linear combination of the sine Fourier co-

(p)

efficients bflpll( f) and the cosine Fourier coefficients a, |,

(f) of the successive derivatives of the function

P P L
> ot (33 [ it (2100 402, + 58 (—a () + a2 (f))} =0. (5
p=0 01l=1

p=
Aiming to find a recurrence equation for the complex Fourier coefficients

1

en(f) = §(an(f) —ibn(f))

of the function f, we put together the relations (3.4)and (3.5) in the way
(3.4) —i(3.5)

which leads after some simplifications to (3.2) and this finishes the first part of the proof.
Let us convert (3.2) into a recurrence equation for the complex Fourier coefficients of f. From (1.14) we
deduce that

i\ P p! S i . . ) .
2= () v = VY o0 = @) e

n—1IU)m

.\ P p—1 i
cs’ll:<2<n;”m) an—;(—l)f'(TV (i) T O 0) = fD @)emirree ) (3.7

The substitution of (3.6) and (3.7) in (3.2) leads to (3.3) which is a holonomic recurrence equation satisfied
by the complex Fourier coefficients of f. O



50 Chapter 3. Fourier Coefficients of Trigonometric Holonomic Functions

Example 3.10

Consider the function defined by
t

t)= — € TH(1) .
f(®) 2 + sin(t) < (1)
f satisfies the trigonometric holonomic differential equation
sin(t)F(t) — 2cos(t)F'(t) + (=2 —sin(¢))F"(t) = 0 . (3.8)

Retrieving the coefficients a,,; and 3, for which DE is of the form (2.9) and substituting them in (3.2), we
get the recurrence equation

—iCp—1 + tCpy1 — 2021_1 — 26;1_’_1 —Adl +id | — icx_,_l =0 3.9

which is a linear combination of the complex Fourier coefficients of the successive derivatives of f. Using
(3.6) and (3.7), we obtain:

. 1 , 1
o1 = Z(n—l)cn_1+§, C;wl:z(n_l)cn—kl‘i‘i
2nt — 1 2n—1)1—1
ar = —n2e¢, + 7%4 , i =—(n—1)ch_1 + (n 4>Z
2ln+1)i—1
i = —(n+1) %1+ ( 4)

Substituting the previous values in (3.9), we deduce that the complex Fourier coefficients of the function f
satisfy the inhomogeneous second order recurrence equation

—inzcn_l + 4n2cn + in20n+1 = 2in .
This is what (3.3) gives in one step.

Remark 3.11

In practice, to convert a differential equation of the form (2.9) into a recurrence equation, we
substitute the coefficients o, and 3, into (3.3) to get the recurrence equation satisfied by the
Fourier coefficients of the considered function directly. We summarize this process in the following
algorithm.
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Algorithm 3.1: Conversion of a trigonometric holonomic differential equation into a recur-
rence equation (THDEtoRE)
27

input : An interval [a, b] with w = ;== a linear differential equation DE with coefficients in
K[cos(wt), sin(wt)] and a function f solution of DE.

output: A recurrence equation for the complex Fourier coefficients of the function f on an
interval of period 7" = 2.

1 begin

2 Retrieve from D E the coefficients «,; and 3,; for which DFE is of the form (2.9).
Substitute those coefficients in (3.3) to get the recurrence equation satisfied by the
complex Fourier coefficients of f.

3 Return the recurrence equation satisfied by the complex Fourier coefficients of f.

4 end

Example 3.12
Consider the differential equation of Example 3.10 (page 50).

DE :=sin(t)F(t) — 2cos(t)F'(t) + (=2 — sin(t))F"(t) = 0,
where w = 1, one of whose solutions is the function defined on the interval [0, 27| by

t

S = 2+ sin(t)

The coefficients o, and 3, for which DE is of the form (2.9) are
ago = 0,001 = 0,10 = 0,011 = =2, 00 = =2, 091 =0
and

Boo = 0,801 = 1,810 =0,511 =0,820 =0, 821 = —1.

Substituting the previous coefficients and f in (3.3) we get the following recurrence equation
2 2 .2 _ o
—in“cp_1 +4n°c, +in“c,q = 2in

again. Unfortunately the previous recurrence equation does not have any solution in closed form
which is proved by the Petkovsek-Van Hoeij algorithm.

Remark 3.13

Depending on the input function and the considered interval, Theorem 3.9 does not always return
a holonomic recurrence equation, namely if the right-hand side is not a hypergeometric term. In
the setting of this thesis we will restrict ourselves to the case of holonomic recurrence equations.
Such recurrence equations are always obtained if the input function is periodic and the length of
the considered interval is one period.
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3.3 Fourier Coefficients of Exp-Like Functions

We devote this section to the computation of the Fourier coefficients of exp-like functions. We have
seen in Section 2.3.2 that those functions satisfy trigonometric holonomic differential equations
with constant coefficients, corresponding to L. = (0. The particularity here is that such differential
equations lead to recurrence equations of order zero. These recurrence equations are obtained by
substituting L by zero in the equation (3.3). Of course the Fourier coefficients of those functions
can also be directly computed via definitions (2)—(4), but we present here an algorithmic approach
of that computation.

Example 3.14
Consider the function defined on the interval [0, 2] by

fit)y=1=1>.
f satisfies the trigonometric holonomic differential equation with constant coefficients.
DE:FW(#)=0.
Using Algorithm 3.1 DE is converted to the following recurrence of order zero
RE : 2n*rtc, — 4i(2n*n? — 3inm — 3)nxl® = 0 .
from wich we deduce that the algorithmic computation of the Fourier coefficients of f are

203 ifn=20
“n =N 4iBrn? 463 an—6il®

(rn)? otherwise .

Example 3.15
Consider now the function defined on the interval [, 7] by:

f(t) = t* cos(t)(e")®
f satisfies the trigonometric holonomic differential equation
DE : 13824F (t) + 17280i ' (t) — 8928 F" (t) — 2440iF" (t) + 372F W () + 30i F®) (1) — FO) (1) = 0 .
Converted into a recurrence equation, DE gives
RE : 4(n —2)*(n — 3)%c, +30(=1)"" + 37(=1)"n + 15(=1)""'n* + 2(=1)"n* = 0

which is an inhomogeneous holonomic recurrence equation of order zero, from which we deduce
that the complex Fourier coefficients of f on the interval [<F, 5| are given as:

2772
24z ifn=2vn=3
o = 1 T .
=
—2(=1)"n45(=1)" -
AnT—40nP+ 14802 —240n+144 otherwise
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3.4 General Algorithm for the Computation of the Fourier Co-
efficients of Trigonometric Holonomic Functions
Although we will emphasize further on the rational trigonometric functions, we give here an algo-

rithm for the computation in the general case of the complex Fourier coefficients of trigonometric
holonomic functions.

Algorithm 3.2: Computation of the Fourier coefficients of a trigonometric holonomic
function (FouCoeffTH)

input : An w-trigonometric holonomic function and an interval I = [a, b] such that

w= 2,
output: Eithgr (tlhe complex Fourier coefficients of f on I, or RE and enough initial
values.
1 begin
2 Apply Algorithm 2.1 to f on [ to get a trigonometric holonomic differential
equation D F satisfied by f.
3 Apply Algorithm 3.1 to DE to convert it into a recurrence equation RE.
4 if RE is not holonomic then
5 ‘ return RE and enough initial values.
6 end
7 Solve RE with appropriate initial values.
8 if solving the previous RE is successful then
9 ‘ return the complex Fourier coefficients of f on I.
10 else
1 ‘ return RE and enough initial values.
12 end
13 end
Remark 3.16

The order N of the recurrence equation (3.3) depends only on L, namely N = 2L. Hence in the
search for a differential equation of the form (2.9), we should keep L as low as possible. In the
next section, we will emphasize on the case of rational trigonometric functions. We will optimize
P and L so that the obtained recurrence equation is of smallest possible order.'

"Because of the non-uniqueness of the factorization in K(cost,sint), the method and therefore the best choice of
L and P depends on the representation of f(t).
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3.5 Rational Trigonometric Functions

3.5.1 First Algorithm for Rational Trigonometric Functions

In this section we present an algorithm for the computation of the complex Fourier coefficients in
the particular case of rational trigonometric functions. This algorithm may get directly a recurrence
equation satisfied by the Fourier coefficients of the input function, without involving differential
equations.

W.l.o.g. we set w = 1 and consider the function

f(t) € K(cos(t),sin(t)) .

We write Z = €. Then f(t) can be rewritten in the form

M
> 2t o(2)
F(Z)=f(t)="F——="" (3.10)
$° g 2" q(Z)
k=0
assuming ged(p, ¢) = 1, via the transformations cos(t) = 3(Z+ 1) and sin(t) = &= (Z — £). Since
: 2 Z 2i Z
Z = €, (3.10) may be written in the form
M .
Z pkezkt
_ _ k=0
P(2) = 1) = 5—
Z qkezkt
k=0
Clearing denominator leads to
N M
FO'S e = 3 pre
k=0 k=0
Multiplying by 5-¢ =™ we get
N 1 M 1
—i(n—k)t _ —i(n—k)t
> qr—e Ft)=> ps—e (3.11)
— 2m — 27
Aiming to get a holonomic recurrence equation for c,, = % 02” f(t)e~™dt, let us integrate (3.11)

over the interval [0, 27| and we have

N 1 2T M 1 27
_ —in=R)t £\ It = _/ —i(n—k)t Jy
k§0 = /O iR f () k§0j 5| me
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which leads to the recurrence equation
N
qucn,k =0 for n<0 or n>M (3.12)
k=0
and
N M
qucn_k = Zpk for 0<n<M. (3.13)
k=0 k=0
We summarize the previous computations in the following algorithm.
Algorithm 3.3: First algorithm for the computation of the Fourier coefficients of rational
trigonometric holonomic functions (1FouCoeffRatTH)
input : A function f € K(cos(t),sin(t))
output: Either the complex Fourier coefficients of f on I, or RE and enough initial values.
1 begin
2 Substitute cos(t) = $(Z + %) and sin(¢) = 5;(Z — %) in f, bring f into rational normal
form (3.10), read off M, N , and the coefficients pg, qz.
3 Deduce the following recurrence equation RE:
N
> qeeng =0 for n<0 or n>M (3.14)
k=0
and
N M
> ko= pr for 0<n<M (3.15)
k=0 k=0

Solve RE with N initial values in the positiv direction and with N initial values in the
negativ direction.

4 if Solving the previous RE is successful then

5 return the complex Fourier coefficients of f on I in the form

Closed form 1 Vn > M
Cp = Some initial values 0<n <M

Closed form 11 Vn < 0.

else
return RE and enough initial values.
end

o N

end

We may deduce from the previous computation the following
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Theorem 3.17

The complex Fourier coefficients of rational trigonometric functions satisfy a linear recurrence
equation with constant coefficients, except for a finite number of initial values 0 < n < M. In
particular these Fourier coefficients are of closed form for all n < 0 and also for all n > M.

Proof:  Algorithm 3.3 produces recurrence equations with constant coefficients. Such recurrence equa-
tions can be always solved in closed form using enough initial values, see e.g. [StaO0] in the chapter on
rational generating functions. u

Remark 3.18
Recurrence equations (3.14) and (3.15) can be brought into a single holonomic recurrence equation
for all n € Z by multiplying (3.14) with n(n — 1) --- (n — M) and we get

N M

(n—4)qrcn—k =0
k=0 i=0

Example 3.19
1. Consider the function defined on the interval [0, 27] by

1

)= 2+ cos(t)

Algorithm 3.3 produces the recurrence equation
RE =cp,_o+4ch_1+c¢,=0.

Solving RE we get the closed form

) :{ B(V3-2)" ifn>0

B (—v/3-2)" ifn<0 .

which are the complex Fourier coefficients of f on the interval [0, 27].

2. Consider now the function )

(2 4 cos(t))20

Using the previous Algorithm 3.3, we get the following recurrence equation of order 40

g(t) =

Cn—a0 + 80c,_39 + 3060¢,_33 + 74480¢,_37 + 1295230¢,,_36 + 17130096¢,,_35

+179072340¢,,—34 + 1518229200¢,,—33 + 10629547245¢,,—32 + 62257759040¢,,_31
+307948690960¢,,_30 + 1295267106240¢,,_29 + 4655673046120c¢,,_28
+14349560273600c¢,_27 + 14349560273600¢,,_27 + 38010466639440c¢,,_26
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+86645955115584¢;, 95 + 170074452183570¢,_24 + 287490594872160¢,,_23
+418426332826200c¢,, 92 + 524194439193120¢,,_91 + 565107853947444¢,, o
+524194439193120¢,,_19 + 418426332826200¢,,_15 + 287490594872160¢,,_17
+170074452183570¢,,—16 + 86645955115584¢,,_15 + 38010466639440¢;, 14+
14349560273600c¢,,—13 + 4655673046120¢,,—12 + 1295267106240c¢,,—11
+307948690960¢,, 10 + 62257759040¢,,—9g + 10629547245¢,,_s + 1518229200¢,,_7
+179072340¢,,—¢ + 17130096¢,,5 4+ 1295230¢,,_4 + 74480c¢,,—3
+3060¢,,—5 + 80¢,,—1 + ¢, =0 .

A high order recurrence equation has a direct consequence on the time consumption of the compu-
tation of initial values. In the next section we will present an algorithm which will search for the
best values of P and L for which we may get the recurrence equation of lowest order for the par-
ticular case of rational trigonometric functions. For the previous example instead of a recurrence
equation of order 40 this algorithm will return the following second order recurrence equation

in+19)c,—1 + dinc, +i(—19+n)cp1 =0,

so that only two initial values are needed.

3.5.2 Efficient Computation of P and L

W.Lo.g. we set w = 1. We deal in this section with functions of K(cos(t),sin(t)), which are
elements of the ring KJcos(t), sin(t)]/(cos(¢)? + sin(¢)* — 1) which is not a unique factorization
domain. Jamie Mulholland and Michael Monagan presented in [MMO1] algorithms for simplifying
ratios of trigonometric polynomials, and algorithms for dividing, factoring and computing common
divisors of trigonometric polynomials. The output of the algorithm we will present in this section
depends on the form in which the input rational trigonometric function is given in K[cos(t), sin(t)],
which in some case is not in the simplest form according to our purpose. Thus it may happen in
some cases that the output is not the optimal one. We assume in this section that a function f(¢) of
K(cost,sint) is given in the following form

e

[A;(cos(t), sin(t))]™

s
~~
~
~—
I
o
Il
o

. Bj(cos(t),sin(t)) #0, (1 =0,...,J).
[B(cos(t), sin(t))]”

<

.
Il
=)

where A;(cos(t),sin(t)) and Bj(cos(t),sin(t)) are trigonometric polynomial functions of degrees
n; and m; respectively.
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It is easy to prove that the p** derivative of the function f may be given by the relation

(»)

=y
O

—

~
N—

|

-
L~

[A;(cos(t),sin(t))]™

e

<
Il
o

_ Cyp(cos(t), sin(t))
[B;(cos(t), sin(t))]”

{1 (5, cos(t).sn )}
where C),(cos(t),sin(t)) € K[cos(t), sin(t)] of degree p i m;

§=0 '
For simplification reasons, we omit the arguments so that we have

p

with  degree(C,
Bj Bj+p
B’ By’

J'EIO ’

E m] E a;ny; .
7=0

Since f is solution of the differential equation (2.9) then

oS

P L

(e cos(lt) + By sin(it)) @) (t)
p=0 [=0

0
I (p)
P L IT Af"
= Z Z ayy cos(It) + By sin(it)) | =2 =0
p=0 1=0 11 ij
=0
P L c
= Z Z (ap cos(lt) + By sin(lt)) —2— =0
p=0 [=0
L

I‘II Bﬂ]+p
> (g cos(lt) + Borsin(lt))
=0

J L d
Co [1 BF + 3 (aqcos(lt) + Busin(lt)) Ch T] B;D_l T
— e -
e
L

+ Z_ZO (g cos(lt) + B sin(lt)) Cy [ B

]:

L

J
-+ > (apycos(lt) + Bpysin(it)) C
0 =0
ﬁ BB]—i-P
<~ )

=0
L J L
Z (g cos(lt) + Borsin(lt)) Co
=0 =0

H Bf + Z (aqg cos(lt) + By sin(lt)) Cy H BP Ty
7=0

7=0
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L L (3.16)
-+ Z ayy cos(lt) + By sin(it)) Ck H BP k -+ Z apcos(lt) + Bpsin(it)) Cp
=0 7=0 =0

Let us investigate an arbitrary term of the relation (3.16), namely the expression

J
(v cos(lt) + Brsin(lt)) C H Bf‘k :

Jj=0

] =

N
I
o

We get:

L J
Z (v cos(lt) + Bry sin(lt) C’kHBP k=
=0 7=0

J J
Oékock H BJP_k + -+ (CYkL COS(Lt) + ﬂkzL sm(Lt)) Ck H Bp_k

J
j=0 7=0

I J J J
Since Cj, is of degree > a;n; + kY m; and [] Bf_k are of degree (P — k) > m,; , then the

=0 j=0 3=0 j=0
J J
expression cos(Lt)Cy [T Bf " and sin(Lt)C}, [] B} ~* can be rewritten in terms of Fourier poly-
j=0 Jj=0
nomial functions of degree
J

1 J 1 J J J
L+> ami+k> mj+(P—Fk)> mj=L+> an+kY mj+P> m;—k> m;=
j=0 j=0 j=0 j=0 j=0

I J
:L+Zami+Pij )
i=0 §=0

Collecting (3.16) with respect to cos(kt), k running from 0 to L, we obtain a maximum of L+
I J

> a;n; + P Y m; + 1 expressions, and doing the same thing with respect to sin(kt), k& running
i=0 =0
I J
from 0 to L, we obtain also a maximum of L+ > a;n; + P ) m; expressions. We get that (3.16)
i=0 =0
gives us a system of maximum

I J I J I J
L+Zami+Pij+L+Zami+Pij—l—l:2L+22aini—l—2Pij+l
i=0 §=0 i=0 §=0 i=0 §=0

equations, while the number of variables remains the same, namely 2(P + 1)(L + 1). To be sure
that the obtained system of equations will get solutions, we should look for conditions on L and P
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such that the number of variables is always greater than the one of equations, assuring by the same
way the non-triviality of the solutions. We get

I J
2L+ 1)(P+1)>2L+2) am;+2PY m;+1

i=0 §=0

1 J
= 2LP+L+P+1)>2L+2> am;+2PY m;+1

i=0 Jj=0
I J
< 2LP>2) am;+2P» m;—2P -1
=0 j=0
and finally
I J
i=0 j=0

L > 3.17
2P 3-17)

Choosing L and P such that (3.17) is satisfied assures the existence of non-vanishing solutions of

the system of equations obtained from (3.16). But our aim is to optimize that choice such that L is
I J
as small as possible. For simplification reasons, let us put N = 2" ,n; and M = > m,;, then

=0 7=0
(3.16) becomes
2P(M —1)+ N -1

L >
2P

o Efficient Choice of P and L

Since we want to keep L as small as possible while P can be as large as necessary, let us now
consider the function A defined by:

2P(M —1)+ N —1

h(P) = 3.18
(P) = (3.18)
J
We have: Plim h(P)=M-1= ij — 1. Since L > h(P) there is no guarantee for (3.16)
—00
j=0
J
to have solutions if L < " m; — 1. Our optimal choice of L such that we can be sure to get a
7=0

J
solution for Pis L = M = Y m; .

=0
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e Optimal Choice of P

We now want to look for the smallest value of P, for which choosing L = M, (3.16) should get a
solution. This is the case when the number of variables is larger than the number of equations in
(3.16), i.e.

I J
2AL+1)(P+1)>2L+2) am;+2PY m;+1

i=0 j=0

= 2M+1)(P+1)>2M+ N+2MP+1

-1 N -1 N+1

— P> — P> +1= T+

I
p> =
- 2
Since P is an entire number, the smallest P corresponding to the optimal L. = M is the entire part
2 ZIZ a;ni;+1 I I

of % ie. P=F [% + ;)a,-nz} =1+ ;)aini. We can summarize the previous result in

the following theorem.

Theorem 3.20
Let f be the rational trigonometric function given in the form:

e

[A;(cos(t), sin(t))]™

~~
—~
~
N~—
I
.
Il
o

. Bj(cos(t),sin(t)) #0, (j=0,...,J).
[Bj(cos(t), sin(t))]”

e

i
o

where A;(cos(t),sin(t)) and B;(cos(t),sin(t)) are trigonometric polynomial functions of degree

n; and m; respectively. The optimal choice of P and L for which the complex Fourier coefficients

of f satisfy a recurrence equation of lowest order (depending on the given representation of f(t)) is
I

J
P =1+ wn;and L = ) m;,i.e. there is no guarantee to obtain a differential equation of the
i=0 =0
J J I
form (2.9)if L < ) m,;, and even when L = ) m; there is also no guarantee if P < 1+ a;n;.
5=0 7=0 i=0

Let us summarize the previous result in the following algorithm:
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Algorithm 3.4: Determination of the efficient P and L (EfficientPL)

1
2

input : A rational trigonometric function in the following form:

[Ai(cos(wt), sin(wt))]™

kh

—

~

S—

Il
-.
Il ~
o

. Bj(cos(wt),sin(wt)) #0, (j=0,...,J).
(B, (cos(wt), sin(wt))]”

=

<
Il
)

where A;(cos(wt), sin(wt)) and B;(cos(wt), sin(wt)) are trigonometric
polynomial functions.
output: The pair (P, L).

begin

Determine /, the degree n; of the numerators A;(cos(wt),sin(wt)), (i =0,...,1)
and their multiplicity «;.

Determine J, the degree m; of the denominators

Bj(cos(wt),sin(wt)), (7 =0,...,J)

Apply Algorithm 3.1 to DE to convert it into a recurrence equation RE.

J I
Deduce the numbers P and L as in the following: L = > m;, P =1+ > a;n,.
=0 i=0

Return the pair (P, L).
end

Example 3.21

1.

Consider the function from Example 3.19 (page 56) defined by:

1
(2 + cos(t))20

We have: I =0,n9g = 0,090 =0,J =0,mg = 1.
J
So we deduce that the best choice for L is L = ) m; = 1 and the best choice of P for this L is
j=0

ft) =

0
P =1+ > a;n; = 1. For those choices we obtain the recurrence equation
i=0

i(n+19)cp—1 + 4incy, +i(—19+n)cp41 =0

Consider now the function defined by

cos(t)(1 + sin?(t))?
(2 + cos2(t))3(3 + sin?(t))2
Inthiscase wehave: I =1,ng =1,a9 = 1,n1 = 2,01 =2 J =1, mg = 2, m; = 2. So we deduce
1

1
that P=1+> amn;=14+1+2-2=6andL =) m; =2+2=4.
i=0 =0

g(t) =
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The corresponding recurrence equation of order 8 is
—(2nt 4 8n3 — 40n? — 960 + 27)(n 4+ 1)%¢p_q + (—232n" — 6580n% — 11160 + 8n°

+72n5 — 331213 + 2052)c,_o + (—11388n? — 39042 + 276n° + 59262n?)c,
+(2052 + 3312n3 — 7205 — 232n* 4 808 + 11160 — 6580n2)c, 10
—(2n* — 8n3 — 4002 + 960 + 27)(n — 1)%cpya = 0.

3.5.3 Second Algorithm for the Rational Trigonometric Functions

The computation of the complex Fourier coefficients in the case of rational trigonometric functions
may be summarized in the following algorithm

Algorithm 3.5: Second algorithm for the computation of the Fourier coefficients of a
rational trigonometric holonomic function (2FouCoeffRatTH)

input : A rational trigonometric function in the following form:

e

[A;(cos(t), sin(t))]™

\
—~
~+
~—
|
~
|
o

. Bj(cos(t),sin(t)) #0, (7 =0,...,J).
[B;(cos(t), sin(t))]”

e

<
Il
o

output: Either the complex Fourier coefficients of f on /, or RE and enough initial
values.

ot

begin

2 Apply Algorithm 3.4 (EfficientPL) to determine the efficient P and L.

3 Apply Algorithm 2.2 (THDEPL) to f, on the interval [0, 27|, for P and L obtained
previously, to get a trigonometric holonomic differential equation DE satisfied by f.
4 Apply Algorithm 3.1 (THDEtoRE) to DE, and f to convert DE into a recurrence
equation RE satisfied by the complex Fourier coefficients of f.

5 if RE is not holonomic then

6 ‘ return RE and enough initial values.

7 end

8 Solve RE with appropriate initial values.

9 if solving the previous RE is successful then

10 ‘ return the complex Fourier coefficients of f on I.
1 else

12 ‘ return RE and enough initial values.

13 end

14 end
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Example 3.22
Let us aim to compute the complex Fourier coefficients of the function
1
) = ——ss
/() (2 4 cos(t))?°

on the interval [0, 27r]. We get from Algorithm 3.4 L = 1 and P = 1 and Algorithm 2.2 gives the

differential equation
DE : (2 + cos(t))F'(t) — 20sin(t)F(t) =0 .

Algorithm 3.1 converts DE into the following recurrence equation RE
RE :i(n+19)¢,—1 + 4dinc, + (=19 +n)cpy =0 (3.19)
Solving RE we get Vn > 0
_ (=2+V3)"
21549064602123362304000
+678681872501747249208n° + 3n'? + 6840007 + 956086266762532871940n2/3
+4189258320n'4v/3 + 2587230n%/3 + 46866909143909352001°v/3 + 115724365700595819470+/3n*
+250708324126012v/3 + 380n'8v/3 + 658724628579160n'0v/3 + 81271048798518540n°v/3
+198221547000n'3 + 77548709950608n 1 + 45298720378942521900n°
—kl139118803030468009750xﬂ§%—13910290044027000n9> .

(2598373260585253340700n+ 2077846080 +1179246535908242448n "

Cn

and Vn < 0

_ (—2+v3)™"
21549064602123362304000

—678681872501747249208n° — 3n'? 4 68400n'7 4+ 956086266762532871940n2/3
+4189258320n4v/3 + 2587230n1%v/3 + 46866909143909352001°v/3 + 115724365700595819470+/3n*
+2507083241260n2v/3 + 380n'%v/3 + 658724628579160n'°v/3 + 81271048798518540n°v/3
—198221547000n'% — 77548709950608n ! — 45298720378942521900n°
-kl139118803030468009750»45—-13910290044027000n9> .

(—2598373260585253340700n — 207784608n'° — 1179246535908242448n"

Cn

Note that the recurrence equation (3.19) has its coefficients in Q. But the solution contains V3,
since the PetkovSek-Van-Hoeij algorithm needed an algebraic field extension to compute this so-
lution.

Conclusion 3.23

For the computation of the complex Fourier coefficients of rational trigonometric functions, if the
degree of the denominator of the input function is 1, then it is preferable to use Algorithm 3.3,
because we get a constant coefficient recurrence equation of second order. However for rational
trigonometric functions whose denominator has degree > 2, Algorithm 3.5 is preferable, because
we may obtain a lower order recurrence equation which needs consequently fewer initial values.
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We summarize the computation of the complex Fourier coefficients of rational trigonometric
holonomic function f in the following algorithm:

Algorithm 3.6: Summarizing algorithm for the computation of the Fourier coefficients
of rational trigonometric functions (FouCoeffRatTH)

input : A given rational trigonometric holonomic function f : I = [a,b] — C where
~ b—a
output: Either the complex Fourier coefficients of f on /, or RE and enough initial
values.

begin
if f has a denominator of degree 1 then
‘ Apply Algorithm 3.3 to f on [.
else
‘ Apply Algorithm 3.5to fon [ .
end
end

RCT™ N7, T TR C RN

Remark 3.24

For a given w one can search if a given function is in TH(w). Conversely one can also be interested
in knowing if for a given function f, ratio of trigonometric polynomials, there exist an w (or how
can w be chosen ) such that f € TH(w). The following algorithm gives a rational trigonometric
membership test, and how w can be chosen in such cases.

Algorithm 3.7: Membership test for rational trigonometric function (RatMembTest)
input : A function f, ratio of trigonometric polynomials.
output: Either w for which f is in K(cos(wt), sin(wt)) or f is not a rational
trigonometric function.

begin

Num < numerator of f.

Den <+ denominator of f.

if the periods of Num and Den, respective are commensurable then
return w, the circular frequency associated to the period of the function
g(t) = (Num, Den).

6 else

7 ‘ return: f is not a rational trigonometric function.

8 end

9 end

N A W N -

Of course w is not unique, Theorem 2.8 implies that nw for each integer n is also a good choice.
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Example 3.25
Consider the function defined by

sin(%t) + cos(%t)
%

ft) = a? + 2 + cos(24%)

Num = sin(%2t) + cos(abt) is of period T} = 27, je. Num € Klcos(%2), sin (6 )]. Similarly we
deduce that Den = a +2+cos(2abt) is of period T = 3 i.e. Den € K[cos(%) sin(242)]. Since
Ty = 3715, then Num and Den are commensurable, 1e f is a rational trigonometric function.
(Num, Den) is of period 227, hence w = 2. Thus f € K(cos(%),sin(2)), ie. f € TH(%L).
Applying Algorithm 3.4 to f, we get P = 4 and L = 4 as the efficient values for which we
get the lowest order recurrence equation satisfied by the complex Fourier coefficients of f. The

trigonometric holonomic differential equation satisfied by f for w = %b, P=4and L =4is

2ab 2ab 2ab
DE : b*a*(6 + 7008(%15) + 3a®)F(t) + 76a°b* sin(—— 3 t)F'(t) + 3b%a*(26 — 83 COS(%t)

2ab 2ab
+130%)F(t) — 288absin(=-1) F" (1) + (216+1O8cos(%t)+1O8a2)F(4)

and the complex Fourier coefficients of f satisfies the following holonomic recurrence equation of
order 8

bta*(n — 2)(n —3)(n + 3)(n + 2)cp_y + 2b*a*(n — 2)(n — 3)(n + 3)(n + 2)(a® + 2)c,
+bta*(n —2)(n —3)(n +3)(n +2)cppa =0 .

Remark 3.26

Until now the smallest order of the recurrence equations obtained using the algorithms presented
is 2 and there is no possibility to get a lower order. However this is possible in the case of some
functions satisfying a differential equation of a particular form. In the next section we will present
an algorithm for the computation of the Fourier coefficients in those cases.

3.6 Fourier Coefficients of Functions Satisfying Differential Equa-
tions with Coefficients in K[e™?, e %]

This section is devoted to the computation of the Fourier coefficients of the trigonometric holo-
nomic functions satisfying differential equations with coefficients in K[e ™" ¢™“!]. As we an-
nounced in Section 2.5, the particularity in such differential equations is that they may lead in
some cases to first order recurrence equations, wich cannot be get neither via Algorithm 3.2 nor
Algorithm 3.6.
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3.6.1 Conversion of Differential Equations with Coefficients in K[e!“!, e ~*!]
into Holonomic Recurrence Equations

Theorem 3.27 (Holonomic Complex Re)
Let f : [a,b] — C satisfy a differential equation of the form (2.15) with w = ;2= Then its complex
Fourier coefficients are given by

= n+1)
(3.20)
Proof:  Starting from the differential equation (2.15), namely
P L
Z Z (,Y e zlwt l ilwt) f(p)(t) =0
p=0 =
and putting ' = b — a and w = =, multiplying (2.15) by e~"“! and integrating over the interval [a, b],

one gets

1 b . . .
T/ ,yple—zlwt + 5plezlwt> f(p) (t)e—znwtdt -0
a

P L b b
2 :2 : 1 —tw(n— 1 —iw(n
< (6plT /a f(p) (t)e ( l)tdt + ’Yplf /a f(]?) (t)@ ( +l)tdt> =0

p=0 [=0

~

which leads to the relation

P L
SO0 (0uel + el ) = 0 (3.21)

p=0 =0

where c( ?) 7, and c(p ) denote the shifted complex Fourier coefficients of the p!* derivative of f, given by
(3.6) and (3.7). Substltutlng them in (3.21), we obtain that the complex Fourier coefficients of the function

f satisfy the recurrence equation (3.20). d

Remark 3.28

In practice for the conversion of a differential equation of the form (2.15) into a recurrence equa-
tion, we will retrieve from the DE the coefficients +,; and d,; for which f DE is of the form (2.15)
and substitute them in (3.20). That process may be summarized in the following algorithm:
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Algorithm 3.8: Conversion of a trigonometric holonomic differential equation with coeffi-
cients in K[e~®* ¢*!] into a holonomic recurrence equation (Exp-THDEtoRE)

input : A number w € R*, a trigonometric holonomic differential equation DE of the form
(2.15) and a function f solution of DE.

output: A recurrence equation for the complex Fourier coefficients of the function f on an
interval of period 1" = 2.

1 begin

2 Retrieve from D E the coefficients v,; and d,, for which DE is of the form (2.15).

3 Substitute those coefficients in (3.20) to get the recurrence equation satisfied by the

complex Fourier coefficients of f.

4 Return the recurrence equation satisfied by the complex Fourier coefficients of f.

5 end
Example 3.29
Consider the function f : [0, 2] — C defined by

f(t) =€
f satisfies the differential equation
fl(t)+e"f(t)=0. (3.22)

The retrieval of the coefficients v,; and d,, from the previous differential equation gives

Y0=0, 7% =0, vo=0, 7 =0

and
(500 = 07 501 == 1) 510 = 17 511 == O .

Substituting the previous ,; and d,; in (3.20) we obtain the following recurrence equation
Cp—1+tnc, =0.

Solving with one initial value we get that the Fourier coefficients of f are given as

o

L Vn>0
mn.
Cp = .

0 otherwise .

Note that if we use Algorithm 3.2 to compute the Fourier coefficients of the previous function, of
course we get the same result, but this time via a second order recurrence equation.
Let us compute it via Algorithm 3.2. f satisfies the differential equation

DE : —i(i +isin(t) + cos(t))F(t) + (—i + cos(t) — isin(t))EF'(t) = 0
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which, converted into a recurrence equation via Algorithm 3.1, gives the second order holonomic
recurrence equation

RE : —2ic,—1 + (2n+2)c, +2i(n+ 1)cpe1 = 0.

Solving RE with two initial values leads again to

i—n, Vn >0

n.

Cn = . )
0 otherwise- .

Note that in this case an application of the PetkovSek-Van-Hoeij algorithm is necessary.

3.6.2 Algorithm for the Computation of the Fourier Coefficients of Func-
tions Satisfying a Differential Equation with Coefficients in K[e®“?, e ~?!]

Algorithm 3.9: Computation of the complex Fourier coefficients of functions satisfying
a differential equation with coefficienrs in K[e =™, ¢™'] (Exp-FouCoeffTH)

input : A function f € C™"[a,b] — C for N large enough satisfying a differential
equation with coefficients in K[e™! e~
output: Either the complex Fourier coefficients of f on /, or RE and enough initial

values.
1 begin
2 Apply Algorithm 2.3 to f on the interval [ to determine a differential equation DE of
the form (2.15) satisfied by f.
3 Apply Algorithm 3.8 to DE and f to convert D F into a recurrence equation RE
satisfied by the complex Fourier coefficients of f.
4 if RE is not holonomic then
5 ‘ return RE and enough initial values.
6 end
7 Solve RE and deduce the complex Fourier coefficients of f.
8 if the solution of the previous RE is successful then
9 ‘ return the complex Fourier coefficients of f on I.
10 else
11 ‘ return RE and enough initial values.
12 end
13 end
Remark 3.30

One may easily remark that a differential equation of the form (2.15) may be converted into a dif-
ferential equation of the form (2.9) and conversely, using Euler’s formula e = cos(t) + i sin(t)
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and Moivre’s formula (cos(t) + isin(¢))™ = cos(nt) + isin(nt). Doing so, the conversion of the
obtained differential equation into the corresponding recurrence equation for the Fourier coeffi-
cients of f may be done using appropriate conversion algorithms which may be either Algorithm
3.8 or Algorithm 3.1.

3.6.3 Fourier Coefficients of Simple Trigonometric Holonomic Functions

Example 3.31

Let f be the function defined on the interval [0, 2”7‘ﬁ | by:

F(t) = VT2 4 VTt

f satisfies the trigonometric holonomic differential equation

—2iVT(4 + 3¢V F(t) + (8 + 4V F'(t) = 0,

where w = /7 and its complex Fourier coefficients satisfy the first order holonomic recurrence
equation
RE = 2iN7(=5 + 2n)cnp_1 + 8iV7(n — 1)¢, =0 .

Solving RE we get the closed form

(=D"2""V2(n—35)!

. = e vzl
0 otherwise .
Example 3.32

Consider the following function defined on the interval [0, 27| by:

o4t

t) = ——.
f®) 2+ et

f is solution of the trigonometric holonomic differential equation
DE := (8 +5¢"F(t) —i(2+ ) F'(t) = 0.
The conversion of DE into a holonomic recurrence equation gives
(842n)c, + (n+4)cp—1 =0

which is of first order and whose solution in closed form is

. %(_71)” Vn > —4
" 0 otherwise .
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Remark 3.33

Note that for some trigonometric holonomic functions in general, we may combine Algorithm
1.1 of the first chapter and Algorithm 3.2 or Algorithm 3.9 to get a closed form of the Fourier
coefficients. For example if for a given trigonometric holonomic function we may not get a closed
form of its Fourier coefficients only because of the lack of the computation of enough initial values,
or the difficulty to solve the obtained recurrence equation, if we may overcome this gap with one
of its successive derivatives, then we use Algorithm 1.1 to achieve the Fourier coefficients of the
foresaid function. Example 1.11 ist also an illustration of this method.

Example 3.34
Consider the function defined by

f(t) = arctan(ie™" + (1 — i)e") .
f is a trigonometric holonomic function, satisfying the differential equation
—i(—=2+ 30+ 3ie " — 6e*")) F'(t) + (die " +8e*" ) F"(t) +i(ie " — 2e* +2 - 3i)F"(t) = 0
and whose Fourier coefficients are solution of the fourth order recurrence equation
—2n—1)(n—=2)(n+1)cp2+ (2—=3i)(n —1)(n+ )nc, +i(n —1)(n +2)(n+ 1)c,p2 = 0.

Unfortunately Maple cannot compute any of its initial values. We remark that the derivative g = f’
of f has an easier form than f, namely

e*’it _|_ (,L + 1)€Zt
1+ (ie=® + (1 —d)e?)?

g =

Applying Algorithm 3.9 to g we get:
DT (1 L5 4" V>0
O (L4 L5 H)" e <0 .

Combining now Algorithm 1.1 and Algorithm 3.9 we deduce that the Fourier coefficients of f on
the interval [0, 27] are given by

/

n

O (- V) ez
Cn = 0 if n=0
D (L LEF 4" vn< .
3.7 Recapitulation of the Algorithms for the Computation of
Fourier Coefficients

In this section we put together all the algorithms we designed to compute the complex Fourier
coefficients for trigonometric holonomic functions.



72

Chapter 3. Fourier Coefficients of Trigonometric Holonomic Functions

Algorithm 3.10: Fourier coefficients in the general case

1
2
3
4
5
6

7

8

9
10
11
12
13
14
15
16
17
18
19
20
21

22
23
24

input : A function f € CN)[a, b] for N large enough, which may be w.l.o.g. I = [0, T].
output: Either the complex Fourier coefficients of f on I, or the recurrence equation

satisfied by the complex Fourier coefficients of f and enough initial values, or
”This algorithm is not appropriate for the computation of the Fourier
coefficients of f”.

begin

Compute the complex Fourier coefficients of f with existing method.
if the computation is successful then
‘ return The complex Fourier coefficients of f on the interval I.
end
Compute the complex Fourier coefficients of one of the successive derivatives of
anti-derivatives of f on .
if the computation is successful then
‘ Apply Algorithm 1.1 to f on the interval /.
end
if f is a trigonometric holonomic function then
if f is a rational trigonometric function then
‘ apply Algorithm 3.6 to f on I.
else
if f is a simple trigonometric holonomic function then
| apply Algorithm 3.9 to f on I.
else
‘ Apply Algorithm 3.2 to f on [.
end
end
if a closed form of the Fourier coefficients of f may not be get then
Apply a combination of Algorithm 1.1 and Algorithm 3.2 or Algorithm 3.9

to fon .
end

end
return this algorithm is not appropriate for the computation of the complex Fourier

coefficients of f.

25 end
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Chapter 4

Factorization of Holonomic Recurrence
Operators

This chapter deals with the factorization of holonomic recurrence operators. An algorithm for
computing a first order right factor of such operators was first given by PetkovSek in [Pet92]. Its
application is limited to the cases in which the product of the leading and trailing coefficients
of the considered operators do not have too many factors, because the algorithm computes more
combinations than necessary. Mark Van Hoeij addressed those problems in [Hoe98] by introducing
the concept of finite singularities. Peter Horn in [HorO8] presented an adapted version of the
Petkovsek algorithm and computes fewer combinations than in [Pet92], particularly for the cases
involving q shift operators. We present in the second section a different method, involving Fourier
series, to compute a right factor of holonomic recurrence operators, which in some cases returns
the smallest order right factor. In the first section we give some resources to achieve that goal.

4.1 Conversion of a Holonomic Recurrence Equation Into a
Trigonometric Holonomic Differential Equation

Chapter three described the conversion of trigonometric holonomic differential equations into re-
currence equations for the Fourier coefficients, which may be homogeneous or not. In this section
we do the reverse of that conversion, focussing on homogeneous recurrence equations. To do so
we look if for a given homogeneous holonomic recurrence equation RE one may find coefficients
oy and 3, (resp. v, and d,,;) such that RE is the conversion of a differential equation of the form
(2.9) (resp. (2.15)) with some initial values. In this case the searched trigonometric holonomic
differential equation will be the one satisfied by a function defined on an interval [a, b] such that
F@(a) = FO(b), (i =0,..., P — 1), see Example 4.2.

Theorem 4.1
2

For a given real number w = ﬁ with a < b, each holonomic recurrence equation can be converted
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into a differential equation with side conditions either of the form

L
Z > (i cos(lwt) + By sin(lwt)) fFP)(t) =0 @.1)

=0 (=0

FO(a) = fOF)  (G=0.....P—1)
for appropriate integers > > 1 and L > 0, where «,; and 3,; are constants, or of the form

P L ,
E:O 3 ( —ilwt | 5plezzwt) f@ ) =0 (4.2)

=01=0

f(”(a):f‘j)(b) (G=0....P~1)
for appropriate integers P > 1, L > 0, where vy,; and ¢,; are constant.

Proof:  We prove only the case of relation (4.2) since the case of relation (4.1) can be shown analogously.
Let RE = ) ajcp+i = 0 with a; € K]n] denote the holonomic recurrence equation to be converted.

=0
According to Theorem 3.27, subtracting RE from the relation (3.20) gives

- 5 2(n — l)mi\? = DTy i LG (p G) —i(n—l)wa
5o fou ) (et = 00 0 - £ e v

Jj=0

—_

2 Dm P . ' . | |
ol ((n+> Cn+tl — :0 ﬁ)”l(f(ﬁ)(b) _ f(])(a))e—z(n+l)wa

.

I
- Z QiCn+4i = 0.
1=0

First case: [ is even.

Choosing L = % and applying an appropriate shift if necessary to the relation (3.20), we can collect the
previous equation in a maximum of L +1 + L + 1 = 2L + 2 terms with respect to ¢, (j = —L,..., L)
or (j =0,...,2L). Setting P, as the maximum of the degree of the coefficients a; of RE, we can collect
each coefficient of ¢, ; of the previous equation in a maximum of P, + 1 terms, this time with respect to
n. Hence we can build from that equation a system of maximum (2L + 2)(P,, + 1) equations where the
unknowns are the 7,;s and the d,;s. On the other hand, the number of unknowns is 2(L + 1)(P + 1). We
get surely a non-vanishing solution when the number of unknowns is greater than the number of equations,
ie.if

2L+ 1)(P+1)>Q2L+2)(Pp+1)< P>P,

Thus taking L = % and P > P,,, the problem is solved. We do similarly for the case where [ is odd, taking
L = I and setting the ;s to zero. U

We summarize this search in the following algorithm:
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Algorithm 4.1: Conversion of a holonomic recurrence equation into differential equation
with side conditions (ReverseTHDEtoRE).

input : A holonomic recurrence equation RE and an interval [a, b].

output: A differential equation with side conditions of the form (4.1) (resp. (4.2)).

1 begin
2 | we E
3 Search for coefficients c,; and 3, (resp. v, and d,;) such that an equation of the
form (3.3) — RE = 0 (resp. (3.20) — RE = 0) is valid.
4 Return a differential equation with side conditions of the form (4.1) (resp. (4.2)).
5 end
Example 4.2

Consider the holonomic recurrence equation
RE := (2n —3)cy,—1 + 8nc, + (34 2n)cye1 =0

1. On the interval [0,27] RE is the conversion into a recurrence equation of the differential
equation with side conditions

| sin(t)F(t) + (44 2cos(t)) F'(t) = 0
| F0)=F(2n).

one of whose solutions is f(t) = /2 + cos(t)

2. Taking now in consideration the symbolic interval [a, b] the previous algorithm returns

One of the solutions of DE11is f(t) = /2 + cos(Z=t).

Consider now the recurrence equation
RE2:10(n—1)(n+1)cp+(n—1)(n+ 1)cppa+ (n —1)(n+1)c,0 =0
On the symbolic interval [a, b] Algorithm 4.1 returns the differential equation with side conditions

Dy | (75 BeosGE)F() + 29) in (A ) F/ (1) — E92(5 4 cos(2=t) F”(t) = 0
FOa) = FD0)  (G=0,1).
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4.2 Holonomic Recurrence Operators

Let K be a field of characteristic zero. We denote by K" the set of all sequences (a,,).-, whose
terms belong to K.

Definition 4.3
The function N : KN — K~ which acts on each a,, in the following way: N(a,) = a1, is
defined as the shift operator.

Note that N is linear, and that the set of all linear operators with addition defined pointwise and
with the functional composition as multiplication is a (non-commutative) ring. N satisfies the
commutation relation Nn = (n + 1)N.

Definition 4.4
Operators of the form

L= Z apN* |
k=0

where a;, € KN and N is the shift operator are called recurrence operators on K", see [PWZ96].
If a, # 0 and ag # 0, then the order of L is r. Equations of the form

L(u,) =0, ie. apUpir+ Gr_1Upirq+ -+ aouy, =0

are called recurrence equations. A recurrence equation is holonomic if a;, € K[n] (0 < k <r).

4.2.1 A New Factorization Method

The idea behind the method described in this study is to consider the holonomic recurrence equa-
tion RE corresponding to a given holonomic recurrence operator as the one satisfied by the Fourier
coefficients of a trigonometric holonomic function on an interval |a, b], which may be w.l.o.g. the
interval [0, 27]. To do so, we compute the differential equation with side conditions correspond-
ing to RE either of the form (4.1) or of the form (4.2). Then we solve it to get possible choices
of the corresponding trigonometric holonomic functions. Applying Algorithm 2.1 or 2.3, a new
trigonometric holonomic differential equation satisfied by f is found, which may lead to a recur-
rence equation of lower order. In the last step, the corresponding holonomic recurrence operator
is deduced from the above obtained lower order recurrence equation. This holonomic recurrence
operator is taken as a right factor of the input holonomic recurrence operator. Algorithm 4.2 below
provides an overview of this.
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Algorithm 4.2: Search for a right factor of a holonomic recurrence operator.
input : A holonomic recurrence operator L.
output: A right factor of L or "a right factor of L cannot be found using this algorithm,
since DE cannot be solved”.

1 begin

2 Convert L into a recurrence equation RF.

3 Use Algorithm 4.1 to convert RE into a differential equation with side conditions
DE.

4 Solve that differential equation with side conditions.

5 if DE cannot be solved then

6 return a right factor of the given operator cannot be found using this algorithm,

since DE cannot be solved

7 else

8 Set f the solution DE.

9 Apply Algorithm 2.1 or Algorithm 2.3 to f to search for a new holonomic

differential equation D E satisfied by f which leads this time to the lowest order
holonomic recurrence equation that can be obtained via Algorithm 3.1 or
Algorithm 3.8.

10 Convert this holonomic recurrence equation into a holonomic recurrence
operator.

11 Return the right factor of the given holonomic recurrence operator.

12 end

13 end

4.2.2 Some Examples of Factorization of Holonomic Recurrence Operators

Example 4.5
Consider the following holonomic recurrence operator, as given in [PWZ96].

L=Mn—-1)N*—n*+3n—2)N+2n(n+1).
The corresponding holonomic recurrence equation with respect to ¢, is
(n —1Dcppo — (M* +3n — 2)cpyy +2n(n+1)e, = 0.
Applying Algorithm 4.1 returns the differential equation with side conditions
(—de™ + 3e 2 F(t) +i(—e " + e 2" + 2)F'(t) — (e7* —2)F"(t) = 0
| { fO0)=f90@r)  (7=0,1).
Solving this D E we get one of the solutions

—it

f(t)y=e""°" €sTH .
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Applying Algorithm 2.3 to f with w = 52" = 1 leads to

2r—0
DE : (=14 e"F(t) —ie"F'(t) = 0.
Now converting D F, considering the interval [0, 27], into a holonomic recurrence equation we get
RE :¢py1 — (n+1)c, =0.

The above RE shows that a first order right factor of the holonomic recurrence operator L is given
by N —n — 1, which exactly corresponds to one of the right factors found in [PWZ96].

Example 4.6
Consider the following holonomic recurrence operator L of order 6

L=N%—5N*+ (14 —n)N? + (—n* —n+2)N? + (n® + 11ln — 14)N + (24 — 12n) .

Its lowest order right factor, which is of order 3, was found by Peter Horn in [Hor0O8]. The following
shows the computation of the same factor with the method of this study. The conversion of L into
a recurrence equation with respect to c¢(n) is

RE : cui6 — 5Cpypa + (14 — n)cpys + (—n® —n+ 2)cppo
+(n® + 11n — 14)cupq + (24 — 12n)c, =0 .
The differential equation with side conditions corresponding to RE is

—(—24 + 24e7% — 17e731 4 Fe~4it — =6 [2(¢)
DE : _Z‘<3672it _ 12 ‘I‘ 9@7“ _ 673it)F/(t) _|_ (_efit ‘I‘ 672it)F//(t) —_ 0

fON0) = fD2m)  (7=0.1).

One of the solutions of this DFE is
f _ 61267;15_%672%

Applying Algorithm 2.3 to f, we get that f satisfies the trigonometric holonomic differential equa-
tion ' .
(14 12e*)F(t) +ie* F'(t) = 0

which leads to the third order holonomic recurrence equation
RE :cpi3+ (—n—1)cpa1 +12¢, = 0.
Converting the above RE in terms of operators leads to
N? 4+ (=n—1)N + 12

which corresponds exactly to the one found in [Hor0O8].
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Remark 4.7

The method presented in this chapter is time efficient. For the particular case described in Example
4.6 the computation time of the right factor is less than 5 seconds and needs much less memory
capacity in comparison to the computation method described in [HorO8], which needs more than
21 hours and utilizes 32 GB memory capacity to get the same result. The timing in [Hor08] is high
because the algorithm first needs to compute a left factor of a recurrence operator of order 20.

Additionally an analogous method via power series can be used to get the previous right factors,
see [Koe09]. This method does not require to solve a differential equation, which in some instances
turns out to be complicated. Unfortunately this method does not always find a right factor even
when one exists. For the following example, a right factor cannot be found using the method
involving power series which shows that this method is quite rigid whereas our approach is more
flexible.

Example 4.8
Consider the following holonomic recurrence operator

L=(-5-n)N*+ (=20 —4n)N> —4N? + (4n + 4)N + (n + 1) .
The corresponding holonomic recurrence equation is
RE :=(n+1)c, + (An+4)cp1 — 4cpgo + (=20 — 4An) s + (=5 — n)Cpa
which converted into a differential equation with side conditions returns

—(=1+4e 2" 4873 4 e F(t) +i(—1 —de ™ + 4e 3 4 e (t) =0 .
F(0) = F(2rm) .
One of the solutions of the above DFE is

ezt o efzt

t:—
f() 621t+4€zt_’_1

whose Fourier coefficients on the interval [0, 27] satisfy the second order holonomic recurrence
equation

REL= (n+1)(n+3)cp2 +4(n+ 1)(n+ 3)cp1 + (n+ 1) (n + 3)cn
from which we deduce the second order right factor

Ll=mn+1)n+3)N*+4(n+1)(n+3)N+(n+3)(n+1).
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Chapter 5

Some Applications of Fourier Series

The classical way of computing the exact value of definite integrals is via the search for an anti-
derivative. However in some cases where integer parameters are involved, one may get those exact
values by solving a recurrence equation satisfied by those integrals. In the first section of this chap-
ter we combine Parseval’s identity and the algorithms developed in chapter 3 for the computation
of the Fourier coefficients, to present an algorithm for the computation of some definite integrals of
trigonometric holonomic functions on an interval [a, b]. Its direct consequence is the computation
of some integrals which are out of reach of existing computer algebra systems. Section 5.2 shows
some examples using those algorithms of how boundary value problems may be solved when the
initial values satisfy certain conditions.

5.1 Applications of Fourier Series in Integral Computation

5.1.1 Recall of Parseval’s Identity

Let f be a continuous function on the interval [0, T']. As also mentioned in the introduction of this
thesis, the Fourier coefficients of f are given as

:—/f cosn—t :—/f smn—t)t, Vn >0

and
]' T —in2T¢
Cp = = ft)e ™" Tdt VYneZ.
T Jo

Then Parseval’s identity tells that

T
Z el = / F@OPdt = £ 5.1)
or ) ~
IF N = % %Z (a2 +b?) . (5.2)
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We would like to mention that the previous identity is also valid for the interval [a,a + T, a € R.

5.1.2 Algorithm for Computing Integrals via Fourier Series

Let g be the function defined by

where f is continuous on I = [0, 7.
The following algorithm deals with the question of how to compute the definite integral

/OTg(t)dt

via a combination of the algorithms described in the third chapter and the Parseval’s identity.

Algorithm 5.1: Computation of a definite integral using Parseval’s identity.
input : A function g(¢) = f(¢)* and an interval I = [0, T'], such that the Fourier
coefficients of f can be explicitly computed via Algorithm 3.2 or Algorithm 3.9
on /.
output: The exact value of the definite integral

T
/ g(t)dt.
0
begin

2 Apply Algorithm 3.2 or Algorithm 3.9 to f on [ to get the explicit expression of the
Fourier coefficients of f on [.

3 Use Parseval’s identity (5.1) or (5.2) to deduce via summation'the searched integral,
namely either as

k=—o00

—

4 (IntCompPars)
5 end

'Summation algorithms can be found e.g. in [Koe98] and [PWZ96].
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Remark 5.1
Algorithm 5.1 is a way of computing integrals without involving the notion of anti-derivative.
Moreover this algorithm is capable of computing, via some special functions, integrals which are

out of reach of current computer algebra systems.

5.1.3 Some Examples of the Computation of Integrals via Fourier Series

Integral Computation in Simple Cases

This section describes the computation of some definite integrals. Although these integrals may be
computed using existing computer algebra systems, we compute them using Algorithm 5.1.

Example 5.2
Let us to compute the integral

cos(3t)

[ () = [ e wan s 00

0.4 | ."IA\'\\ i | '\.I\ i In'llr\..
:, |'I \{ I|I \ I|I \
0.2 N\ [\ [\ |'
| \ [0 [\ |I
| \ 1 ] |
_.___\___ ll . i \ Ty lll i PR e T II ST U
- N 3 | 4 \& | 6
: \ [ ! \ | ! \ I|
02! [ \ L
| b | : \ I| II
| \ I|I ] e ! \'-.. I|I
| I|| 1 \ II|I LY |
-0.4 \ ,a" : \/ ] \_/

Figure 5.1: Graph of f on I = [0, 27]

Applying Algorithm 3.2 to f on the interval [0, 2], we get that the complex Fourier coefficients

of f are given by
{ —Li(2i —ivV3)"nv3 n>0
Cp =

—4iv3(2i +iv3)"n n <0.

3
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Using Parseval’s identity (5.1) we deduce that

T o
/0 Ft)2dt = %nz}mml?
9 -1 \/— o)
21mvV/3

Hence )

We remark that the previous integral may be computed by existing CAS, since the anti-derivative
of the considered function can be computed.

Example 5.3
Consider the function defined by
civV2t
0=5—7
Our purpose is to compute
V2r V2r eiV2t 2 V2m
| otwar= | IR
0 0 0

2 4 eiv2t

The computation of the complex Fourier coefficients of f via Algorithm 3.2 on the interval [0, v/27]
gives
—(=D"
—— n=>1
Cp =
0 otherwise

Parseval’s identity (5.1) applied to f leads to the following integration

V2m V2m 00
/0 g(t) = / FOPd = Vo Y el

n=—oo

= \/57'( (i _(;Ll)n 2)
o
-3

Hence, we deduce that

2
ei\/§t

2 4 eiv2t

V2
3

V2r
J
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Integral Computation in Non-Trivial Cases

In this section we deal with definite integrals which cannot be computed by current computer al-
gebra systems. By applying Algorithm 5.1 we compute these integrals explicitly, via some special
functions.

Example 5.4
Our aim in this example is to compute the integral

A /0 " (sin(t) In(2 + cos()))? dt

We get
A= /0 ’ f(t)?dt with f(t) = sin(t) In(2 + cos(t)) .

075 1\ A A\
05t \ iy o\
f o\ i R
0.25 || | |
| : | \ | \
ol I|r A }\? :' .
25\ B ) 75 128 15 \1%25]
-0.25 | \ I.I'f: \ 72 \
s \ ! Y I \ 1
' II'\, .'"I : \ ,-"I : \'-\ ,"I
-0.75 \J i A \/
Figure 5.2: Graph of f on I = [0, 67]
The Fourier coefficients of f via Algorithm 3.2 are given by:
( iV3(—2+v/3)"(2v/3+3n)
3(n2-1) Vn 22
H=T+4V3+In(7T—4V3) +2In(2)) ifn=
Cp = 0 ifn=
Z(=7+4V3+In(7—4v3) +2In(2)) ifn=-1
iV3(—2+v3) " (2v3-3n)
\ 3(n2-1) Vn < -2
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Since f is odd, the real and the complex Fourier coefficients of f are connected in the following
way: a, = 0 and b, = 2ic, for n > 0. Parseval’s identity (5.2) leads to

/0 0t = (i:: bi)

/0 " (sin() In(2 + cos(£)))? =

and we get:

" 143~ 2In(2 + V3) - 7+ 21n(2) (224 V/3)"(2V3 + 3n)

16 =
- 4(7_—72/_3)(1961 —1132v/3 + (—384 +224/3) In(4v/3 — 6) + (—56 + 32 polylog(2, 7 —4v/3))
2
f—6 ‘4\/5— 2In(2 +v/3) - 7+ 21n(2)‘
Hence
- ﬁ(1961—1132\/§+(—3s4+224\/§) In(4v/3—6)+(—56432 polylog(2, 7—4v/3))

2
16 ‘4\/§—21n(2—|—\/§) —7—1—2111(2)‘ ,

where the polylogarithm (also known as de Jonquire’s function) is a special function denoted
Lig(z) or polylog(s, z) and is defined by

polylog(s, z) Z k_
k=1

Example 5.5
Consider the complex function

f(t) =In(2+ ") .

27 27
A:/|m@+JWﬁ:/ |f(t)2dt
0 0

The Fourier coefficients of f are given by

Our goal is to compute

(7?2?1 Vn>1

co =14 In(2) if ifn=0

0 otherwise .
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According to Parseval’s identity (5.1), we get

27 27 oo
A:/ |1n(2+e“)|2dt:/ FOPRd = 20 S e
0 0

n=—oo

= 2 <|coy2 + Z |cn|2)

ot S ()
= 27 <1n(2)2 + polylog(2, i)) :

Hence

A=2r ((1n(2))2 + polylog(2, i)) :

5.2 Application in the Solution of Boundary Value Problems

5.2.1 Solving the Heat Equation

Joseph Fourier has developed in [Fou22] a method to solve the heat equation. This method has
been extended in a more general setting to solve boundary value problems, see [GD04], [CB78],
[Spi74]. One can obtain symbolic solutions to these problems only when the initial values may be
developed in Fourier series.

Consider the rod to be the segment [0, 27| of the real axis z, and denote by u(x,t) the temperature
of an element of abscise x at the time ¢. Then w satisfies the partial differential equation

du 0*u
E = CL2@ . (53)

where a is a non-zero constant and we impose the following initial condition
u(z,0) = f(z) = sin(2x) In(2 + cos(2z)) (5.4)
and the following boundary conditions
u(0,t) = u(m,t) =0. (5.5)

A family of non-trivial solutions of the system of equation constituted by (5.3)—(5.5) are given by

. —a2n2? 2,2
up(z,t) = sin(nx)e”* ™"  and therefore w,(x,t) E b, sin(nz)e """,
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The last step is to determine b,, and this gives a representation of the solution. For ¢ = 0, we have:

0) = an sin(nz) = f(z) .

Therefore b,, can be considered as the sine Fourier coefficients of the function f, i.e.
2 [T 2 [T
= —/ f(z)sin(nz)dx = —/ sin(2t) In(2 4 cos(2t)) sin(nz)dz .
T Jo T Jo

Since the initial function f is a holonomic trigonometric function, applying Algorithm 3.2 to f we
get the following complex Fourier coefficients:

( —iv3(=2+v3)"(2v/3+3n)
3(n2-1) vn =2
T=T+4V3+ (7 -4v3) +2In(2))  ifn=1
¢, = 0 ifn=20
F(=T+4V3+In(7T-4v/3) +2In(2)) ifn = —1
iV3(—24+v3)""(2v/3—3n)
\ EICrE) Vn < —2.

Since f is odd, only the sine Fourier coefficients are needed here. Therefore we get
a, =0, b, =2ic,

2V/3(=2 + v/3)"(2v/3 + 3n)

—1
bi=—(— 4 In(7—4 21In(2 b, = > 2).
| 2<7+V@+m7 V3) +21n(2)), 3 1) (n>2)
We can now deduce the solution of the system (5.3)-(5.4)-(5.5) and we get:
-1 2 -2 (2
Uy (z,t) = (7(—7+4\/§+ln(7—4\/§)+2ln(2))+ Vi —i?:(;l/f)_ (1)\/5 i Sn)) sin(na)e~ "t

5.2.2 Solving Ordinary Differential Equations in Terms of Fourier Series

Analogous to holonomic differential equations whose solutions may be searched in terms of power
series, we give in this section a generalization for solving a trigonometric holonomic differential
equation, this time in terms of Fourier series. A direct consequence of that algorithmic generaliza-
tion is the solution of differential equations of higher order, which cannot be solved explicitly via
current CAS. Example 5.8 is an illustration of this.

Let us aim to solve the differential equation

o

i i (v cos(lwt) + By sin(lwt)) fP)(t) =0
p=01=
f( = (i=0,...,P—1) (5.6)

)(a
(b: (i=0,...,P—1)

-
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or
L . .
} : (,yplelewt + 6plellwt) f(p) (t) =0

01=0

FO(@) —ai  (i=0,....,P—1) (5.7
f (b):bi (1=0,...,P—1).

We may use Algorithm 3.1(resp. Algorithm 3.8) to convert (5.6) (resp. (5.7)) into a recurrence

equation. In the last step we solve the obtained recurrence equation to deduce the solution of the

given differential equation in terms of a Fourier series. That process can be summarized in the
following algorithm:

A\\Mw

Algorithm 5.2: Solving a trigonometric holonomic differential equation in terms of a
Fourier Series (SolI THDEFou)
input : A differential equation D E of the form (5.6) or (5.7).
output: The solution of the considered differential equation in term of Fourier series or a
recurrence equation satisfied by the Fourier coefficients of the solution of the
considered DE

1 begin

2 Apply Algorithm 3.1 or Algorithm 3.8 to the considered differential equation to
convert it into a recurrence equation.

3 Solve the obtained recurrence equation RE and deduce the solution of the

considered differential equation in terms of a Fourier series.
4 end

Example 5.6
Let us search for a solution in terms of a Fourier series of the differential equation

(—44 cos(4t) — 28)F'(t) — 12F"(t)) sin(4t) + (cos(4t) — 7)(F"(t) + 48 F(t) sin(4t) = 0
DE:§ f(0) = f(r)
J'(0) = f'(x)
The conversion of the previous D E using Algorithm 3.8 leads to the following recurrence equation
RE : —16i(2n + 1)n(2n — 1)cyq1 + 224i(2n 4+ 1)n(2n — 1)¢, — 16i(2n + 1)n(2n — 1)cp—y -

Solving the previous RE considering the initial values ¢y = a and ¢; = b, we get

o = i(7a+4a\/§—b)\/_(7 43"+ < 7a+ 4av/3 + b)V3(T + 4V/3)"

and we deduce that the solution of the previous trigonometric holonomic differential equation in
terms of a Fourier series is given as

flt) = (12(7a+4af b)V3(7 —4V3)" + ( Ta+4aV/3 + b)V3(7 +4v3)") cos(2nt)

n=0
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Note that solving the previous differential equation with existing methods leads to

C1(1 + cos(2t)) + Cysin(2t)
cos(4t) — 7 ’

f(t): Cl,CQGK.

Example 5.7
Consider the differential equation with side conditions

TE(t) + FO)(¢) =0
{e (1) + FO1) 58)

FU(0)=FY2nr), (j=0,...,9).

Note that an explicit solution of (5.8) may not be found. Algorithm 3.8 converts the previous
differential equation into the following recurrence equation

Ye, =0

Cp_1 — 1N
which can be solved using the initial value ¢y = a, to get the closed form

a(—i)"

Ch =
n!%

We deduce that the solution of (5.8) in terms of a Fourier series is given as
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Chapter 6

General Conclusion and Perspectives

We presented in this thesis algorithms for the computation of the Fourier series for a family of
functions satisfying a differential equation of a particular type. These algorithms can be applied to
many functions whose Fourier coefficients cannot be computed via the classical way. In some cases
symbolic expressions of those series could not be obtained because the resulting recurrence equa-
tions could not be solved. However these cases nevertheless provide important informations on the
Fourier coefficients of the considered functions. From these algorithms we deduced an algorithm
for the computation of definite integrals, without involving the knowledge of the anti-derivatives.
This other possibility of computing definite integrals via Fourier series enables the computation
of many definite integrals whose computations were out of reach of current CAS. Another conse-
quence of that algorithm for Fourier series is that it offers the possibility to get an explicit solution
of certain boundary value problems. An algorithm for the factorization of holonomic recurrence
operators via Fourier series is deduced.

We restricted ourselves in this thesis on univariate functions. Multivariate Fourier series (see e.g.
[KKT71], [DM72], [Spi74]) have also many applications, for example in solving partial differen-
tial equations. In particular one notable application of Fourier series on the square is in image
compression. One may be interested to know if similar algorithms can be found for multivariate
Fourier series, just as well as the issue to know if connections exist between the computation of
multiple integrals and multivariate Fourier series.
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Appendix A

A.1 Fourier Series of Some Trigonometric Holonomic Func-

tions

Example A.1
Consider the function defined on the interval I = [0, 27| by:

o - cost 3
)= (2—|—0082t)

Then w = 27%—7:0 = 1 and f satisfies the differential equation

il
(=]
a
~

)
-

)

et

)
S
)
(3

-0.04

Figure A.1: Case of a rational trigonometric function

DE : (11 cost + cos(3t)) F'(t) + 3 (7 sin(t) — sin(3t)) F(t) =0 .
Therefore, its complex Fourier coefficients on [ are solution of the recurrence equation

RE :ncp3+ (32+11n) ¢y +(=32+11n) ¢y 1 +nc, 3=0.
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Using 6 initial values, for n = 0 and 6 initial values, for n < 0, we get finally that those coefficients
are given by'!

H(V3 -V RVan - V3 - sV G-t vz
Cn = 0 if n=0
144(\/_ \/_) (2\/3712 — 4\/3 + 3’”\/5)(1_(_21)7”)(—1) 7n271 Yn < -1.

Since f is even, a, = 2¢,,b, = 0 (n = 0). We deduce that the Fourier series of f on I can be

written as
cost 3
J(t) = (2 + cos? t)
=3 55 VA= Va2V =4y -30vD) () (1’7 et
Example A.2

Consider now the function defined on I = [0, 2] by
f(t) = cos(5t) In(2 + cos(5t)) .

W= 2= 5= = 5. f satisfies the following differential equation DE

5

1.25 |

0.75 ¢ \
05} |

025 |

\.
CAVE

\".
s /%] 2

(4]

CAVE

-0.25 +

Figure A.2: Composition of logarithm with trigonometric functions

DE := (—500000 + 843750 cos(5¢)) F"(t) + 28125 sin(5¢) F" (¢)

which is a linear combination of hypergeometric terms.
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+(54375 cos(5t) — 45000)F® (t) + 4625 sin(5t) F 4 (1) + (825 cos(5t) — 1200)F©®)(¢)
+120sin(t) FO(t) + (=4 cos(5t) — 8)F I (t) =0 .
The conversion of DE into a recurrence equation satisfied by the complex Fourier coefficients ¢,
of f gives

RE :=i(n —1)(n+2)(n+ 1)(n —2)*(2n + 1)%c,_1 + 16i(n — 2)(n + 2)n(n + 1)*(n — 1)%c
+i(n —1)(n —2)(n+1)(n+2)*(2n — 1)%c, 11 = 0.
Solving RE using 2 initial values, we get:

4 (=2+v3)"(v/3+2n)
(n+1)(n—1) Vn > 2
V3-=I+1im@2+v3)—im2) if n=1
Cp = 243 if n=0
V3-I4+1lm@2+v3)—1m?2) if n=-1
(=2+V3)""(v3-2n)
N (D (—n—1) Vn < =2,

Since f is even, b, = 0 and a,, = 2¢,,. Hence the Fourier series of f on [ is given as

f(t)=2(2—V3)+ (2\/_———|—ln(2+\/_) ) cos(5t) +Z 2+ V3)"(V3 +2m) cos(bnt) .

(n+1)(n—1)

Example A.3
We investigate in this example the case of a trigonometric holonomic function satisfying a differ-
ential equation with coefficients in K[e=™* ¢™f]. Consider the complex function defined on the
interval [0, 27| by ' ‘
ft) =In(4+e "+ ") € TH(1)
satisfying the differential equation
DE : AF'(t) + 2i(e" — e ™) F"(t) + (e" + 4+ e ) F"(t) .
The conversion of DE into a recurrence equation for the Fourier coefficients of f using Algorithm
3.8 gives:
RE : —i(n+1)(n—1)%c,_1 —4i(n+ n(n — e, —i(n — 1)(n+1)%cpy1 =0 .
Solving RE with enough initial values leads to the solution
“EHET gy s
ch=o In(1+¥%) if n=0
—(72;\@” Vn <0

and we deduce that the Fourier series of f is given by

f(t)zz:(—_(_z:ﬁ)n)e‘mw 1+\/7§ +Z( 2+\/_)>
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A.2 Some Particular Cases

A.2.1 First Case

In the following examples, for the given function we obtain a recurrence equation with appropriate
initial values, but its solution is rather complicated and involves special functions.

Example A.4
Consider the function defined on [0, 27| by

-5 -25 25 5 7.5 10 12.5

Figure A.3: Case of product of polynomial and rational trigonometric function

With w =1 f satisfies the following differential equation:
DE :=sin(t)F(t) — 3cos(t)F'(t) — 3sin(t) F" (t) + (2 + cos(t))F" (1) ,
and its corresponding inhomogeneous recurrence equation of second order is
RE : —in’c,_ — 4in’c, —in’c,11 = 4n(—i +mn) .
The initial values are given by

4(m? + 3 polylog(2, —2 + v/3)
3 Vi
c = —((12 - 8V3)7® + 6im((3 + 2V/3) In(3 — V/3)

1
9
+ (=3+2V3) ln(3 +6\/§

Co —

)) — 24v/3 polylog(2, —2 + V/3)) .
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The previous recurrence equation does not have any closed form solution, see [Hoe98] and [Pet92].
However Maple finds a huge representation of the solution, constituted of a linear combination of
special functions such as hypergeometric2F1, LerchPhi, and polylog.

Example A.5
Consider now the function
t26it
) = — .
£ = 5

f satisfies with w = 1 the following differential equation:
DE := —=2iF(t) + 6F'(t) + 6iF"(t) + (=2 — " F""(t) = 0
which leads to the first order inhomogeneous recurrence equation
RE = i(n —1)%c,_1 +2i(n — 1)°c, = —2(n — 1)(—7 + n7 — 1)

and initial values

1
co = —2imIn(3)+2irIn(2) — 2polylog(2, —7) ,
2 1
¢ = g +imin(3) —irIn(2) + polylog(2, —3) .
~1 1 1 1 1
co = ?7?2 - 52’7? In(3) + 52’7? In(2) — 3 polylog(2, —5) +air+1.

As in the previous example, a closed form solution does not exist.

A.2.2 Second case

In this case we deal with functions whose Fourier coefficients cannot be brought in an explicit
form, because the obtained recurrence equation and the appropriate initial values cannot be solved.

Example A.6
Consider the function defined on I = [0, 27| by

F(t) = e72es®)
f satisfies the first order differential equation
DE := —2sin(t)F(t) + F'(t) =0 .
for w = 1. The conversion of DF into a recurrence equation for the complex Fourier coefficients
of f gives
—Cp—1 —NCy + 1 =0.
Therefore the Fourier coefficients are given by
—Cp1 —NCp +Cpi1 =0
{ co = Bessell(0,2), ¢ = — Bessell(1,2) .

An explicit solution is not accessible.
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+

1
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| | \
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! 25 5 75 10 125 15 175

Figure A.4: Composition of exponential with trigonometric functions

A.2.3 Third case

Although an explicit form of the Fourier coefficients in Example A.6 was not accessible, we could
at least compute sufficiently many initial values. In the following examples for the considered
functions, we get a recurrence equation for their complex Fourier coefficients, but because of lack
of sufficiently many symbolic initial values, the Fourier coefficients ¢, can not be computed.

Example A.7
Consider the function defined on the interval [0, 27| by

F(t) = cos(t)v/2 + cos(t) .
A differential equation of the form (2.9) with w = 1 satisfied by f is
DE : (—62cos(t) — 52)F'(t) + 48 sin(¢) F" (t) + (—64 — 32 cos(t)) F" (t) + 123 sin(t) F(t) = 0 .
The corresponding recurrence for the complex Fourier coefficients of f is
RE :i(2n — 5)(16n* + 16n + 9)mc,_1 + Simn(16n? — 13)c,
+i(16n* — 16n + 9)(2n + 5)7c =0 .
co = 23—\7{5(— ElliptiCK(%\/é) +2 EllipticE(%\/é)) :

The symbolic computation of ¢; is not successful. The same remark occurs with analogous func-

tions such as In(2 + cos(t))+/2 + cos(t).
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1
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Figure A.5: Composition of square root with trigonometric functions

Example A.8
Consider the function

ft) =In(2+e")V2 +eit

f satisfies the differential equation
DE = —2ie" F(t) + (8¢" 4 32 + 32 ) F'(t) + 8i(e" + 4+ 4e ™) F"(t) = 0.
We deduce from DE that the complex Fourier coefficients of f satisfies the recurrence relation
—2i(—3 +2n)%c,_1 — 32in(n — 1)c, — 32in(n + 1)c 41 = 0.

However there is not possibility to compute the initial values of c,, symbolically.
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