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Expansion
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Abstract

Fourier series for functions defined on general interval [a, b] are discussed. Polynomial expansions to larger
domain are introduced that can achieve the desired smoothness and improve the convergence rate.
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1. Introduction

Fourier series are extensively discussed for periodic functions defined on intervals [—gg] or [0,T], where T

is the period. For aperiodic functions defined on limited intervals, they are usually expanded to a periodic function
within the same domain. Half-range sine or cosine expansions are commonly used to expand the function to a larger
domain [6, 2, 4]. However, half-range sine or cosine expansions may lead to discontinuous or non-differentiable
periodic functions and the corresponding Fourier series converges slowly.

Polynomial interpolation methods have been developed to accelerate the convergence of the Fourier series [3,
1]. The original function is modified by a system of Lanczos polynomials to achieve a desired smoothness. Alternative
forms of Fourier series are developed in [5] to accelerate the convergence by adding extra sine or cosine terms to the
Fourier series and then determine the extra terms according to the desired smoothness.

In this paper, we first consider Fourier series expansion of a function defined on a general interval[a, b].
Then we introduce polynomial expansions for the function to a larger domain to achieve desired smoothness.

2. Fourier series expansion

We discuss different Fourier series expansions of f(x) defined on arbitrary interval[a, b]. Without loss of
generality, we assume £ (x) is smooth on (a, b), that is, it has continuous derivatives up to any order.

2.1 Expansion to periodic function with period T =b — a

A common approach is to expand f(x) itself to a periodic function within the domain, that is, with period
T=b—a. LetL = g and ¢ = a;’—b. Denote the extended function as F (x), that is,

F(x) =f(x)fora <x <b, F(x +2L) = F(x). 1)
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Change the variable x € [a,b] to t € [—m, 7] as

t=%(x—c),0rx=§(t+c%), )

and denote

v(©):= F(x) = F (i(t + c§)). ©3)

Then we have

Y(t +2m) =F<%(t+2n+cg)> =F(§(t+c%)+2L> =F(x+2L) =F(x) =Y().

©
Therefore, Y (t) is a periodic function with period 27, and its Fourier series is given by
V(1) = 5 ap + Ty @n cOS(nE) + T2 by sin(ne), (5)
where
a=2[" Y (t)dt==[]F (x)Tdx =1 [} F (x)dx, 6)

T b b
a, = % J Y (t)cos(nt)dt = % J F (x)cos ("L—" (- c))%dx - % L F (x)cos ("L—" (- c)> dx,

-1 a
@)
and
N 1" 1 (b nmw T 1 (P nmw
b, = —j Y (0)sin(nt)dt = —j Fosin (G — ) | Eax = —J F@sin (2 G = ¢) ) dx.
TJ_, T, L L L), L
©)
Thus, the Fourier series of F(x) can be written as
F(x) = S+ Tty @y 008 (2 (x = ) + Zity By sin (Z(x = ) ©
In the exponential form, (9) can be written as
FG) =55 ntnet 09, g, =2["F(x)e 1 ¢t (10)

Notice that in the representations (9) and (10), there is a shift in the trigonometric and exponential terms, that
is, x is shifted to the right by ¢ units. However, using orthogonality conditions of functions sin ("L—” x) and cos ("L—” x)
on interval[a, b], we can obtain the Fourier series representation without the shift as follows. Firstly, we list the
orthogonality conditions of the sine and cosine functions on interval[a, b]. Since b = a + 2L, for any integer n # O,
we have

f; sin ("L—”x) dx = f;cos ("L—”x) dx = 0. (11)
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For any integer values of n and m,

[ sin (%x) cos (“x) dx = 0. (12)
For integers n > 0 and m > 0,
[ sin (%x) sin (2x) dx = [;cos (x) cos (Z2x) dx = Syuul, (13)
where
b=l 13 0

With the orthogonal conditions, we can write the Fourier series of F(x) as
1 0 o0 .
F(x) = 540 + ), a, COS (nL—nx) + 3> by Sln(nL—nx), (15)
Where a, is the same as in (6) and

a, = %f; F (x)cos (nL—nx) dx, b, = %f; F (x)sin (nL—nx) dx. (16)

The corresponding exponential form is

ntm

F(x)=Y% _cq einTnx, Cp = %f;F (x)e_iTxdt. 17
Notice that there is no shifting of x in (15) and (17).
Next, we prove the equivalence of the above representations with and without shift.
Lemma 1. The Fourier series (9) of function F (x) is equivalent to the Fourier series (15).

Proof: It suffices to show that, for an arbitrary integer n > 1,
~ nm ~ . nm nm . nm
d, COS (T (x - c)) + b, sin (T (x - c)) = q,,C0S (Tx) + b,,sin (T x), (18)

Which can be proved using trigonometric identities as follows
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@, cos <nL—ﬂ (x— c)) + b, sin <nL—ﬂ (x— c))

:_LbF (x) cos <r2_rr (x — c)) dx] cos <nL—n(x - c)) + % U;bF (x) sin <r2_rr (x — c)) dx] sin <nL—n(x - c))
:LbF (%) (cos (nL—ﬂx) cos (r:—ﬂ c) +sin (nL—ﬂx) sin (r:—ﬂ c)) dx] cos <nL—ﬂ (x— c))

+% -be (x) (sin (nL—ﬂx) cos (nL—ﬂc) —Cos (nL—ﬂx) sin (nL—ﬂc)) dx] sin <nL—ﬂ(x - c))

[ D

:% f F (x) cos Tﬂx)dx]co —c cos<—(x—c))

+% f F(x)sm(nL—ﬂx)dx]sm(—c)cos(r:—ﬂ(x—c))
+% f F(x)sm(n x dx]cos(r:—ﬂc)3|n<r:—ﬂ(x—c))
_% f F(x)cos( x)dx]sm(r:ﬂ ) in<nL—ﬂ(x—c)).

Group the similar terms together, we have
@, cos ("L—" (x - c)) + B, sin ("L—" (x - c))
=2 s () ] (cos () s (- 0) s ()i (B2 x )
+% [pr Gsin () dx] (sin (57¢) cos ("L—" (x - c)) +cos (") sin ("L—" (x - c)))
=3[ P acos () x| os () 3 | opsin () | sin (3)

= a,C0S (nL—ﬂ x) + b,sin (nL—ﬂ x) .

I3 9

Lemma 2. The complex Fourier series (10) of function F (x) is equivalent to the complex Fourier series (17).
Proof: It suffices to show that, for an arbitrary integer n,

inm inm

thet ) =cet”, (19)
The proof is given as follows.

inm
Cn eT(x C)

inm inm 1 b inm inm
= ZU F (x)e_T(x_C)dt] er ™) = —U F(x)e L et Cdt]e T (=)
a
1 b inm int_ inm inm i
=ZUF(x)e_Txdt]eL Cer ¥ = UF(x)e dt]eLx
a

inr[x
= cpé L
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Therefore, the representations with shift, (9) and (10), and the ones without shift, (15) and (17), are
equivalent. As can be seen from the above proofs, the value of the shift ¢ does not affect the results. Hence, we can
choose any shift that is convenient for the function. If not stated otherwise, formula (15) will be used in this paper for
the Fourier series of different expansions.

If f(a) = f(b), the extended periodic function F(x) is continuous everywhere. The Fourier series restricted
on [a, b] will converge to the function f(x) on [a, b], including the end points x = a and x = b. However, the
function F(x) may not be differentiable at x = a and x = b, so the convergence may be slow.

If f(a) # f(b), the expanded periodic function F(x) is discontinuous at x = a and x = b. The Fourier
series restricted on [a, b] will converge to M at the end points [6], which never converges to f(a) and f(b).

Instead of applying the complicated acceleration methods proposed in [3, 1, 5] to improve the convergence
rate, we will expand the function to a larger domain with polynomials to achieve the desired smoothness.

2.2 Expansion to periodical function with period T = 2(b — a)

Although half-range sine or cosine expansions are commonly used to expand a function to a larger domain,
the constructed function may not be continuous. In this paper, we introduce polynomial expansion so that the

periodic function is smooth of class C* (k > 0), that is, having k-th order continuous derivative. Let T = 2(b — a)
and denotel = g = b — a. We will extend the function to interval [a, b + L] then expand it to a periodic function
with periodT.

We firstly expand f(x) to a periodic function of class C° that is continuous everywhere but may not be
differentiable at ends. A simple way is to expand the function by a straight line (a polynomial of degree 1) so that the
function value at x = b + L is the same as the function value at x = a. We denote this function as

f(x), a<x<bh

G(x) = {f(b) +f(a);f(b) (x—b) b<x<b+L' G(x+2L) =G(x). (20)

Since G (x) is periodic with period2L, the Fourier series of G (x) can be written in the form of (15) by replacing F (x)
with G (x) and replacing the interval [a, b] with[a, b + L].

Next, we expand f(x) to a periodic function of class C* that has continuous first order derivative. To match
the derivatives at x = a andx = b, we can choose a polynomial of degree 3 as follows

P(x) = c3x3 + cx% + ¢c1x + ¢, b<x<b+l, (21)
and require it to satisfy the following conditions
P(b)=f(), PMb+L)=f(a), P ()=f'(b), PO+L)=f"(a) (22)

Where the derivatives f'(a) and f'(b) are one-sided derivatives. The coefficients ¢;, (i =0,1,2,3) are
determined by the above conditions that is equivalent to the following linear system of equations

b3 b2 b 1|[es] [f()]
|(b+L1)2 (b+L)* (b+1) 1||cz| _[f(@)] )
3h2 2b 1 olfcr| |f'(B)]

3b+L)? 2b+L) 1 olleol [f(a)
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We denote the corresponding expansion as

m0={ BIiIpe  HEra=He) @

The Fourier series of H(x) can be written in the form of (15) by replacing F(x) with H(x) and replacing the interval
[a, b] with[a, b + L].

Remark 1: To expand the function £ (x) to a periodic function of class C* (k > 0), polynomials of degree 2k + 1 is needed.
Remark 2: For periodic function of class C* (k > 0), the Fourier coefficients a,, and b,, satisfy (see page 130 in [6])

lim a,n**! = lim b,n*** = 0. (25)

n—-oo n—-oo

3. Example

We consider f(x) = x?2 defined on interval [3, 4] and compare the three different expansions F(x), G(x),
and H (x) that are discussed in Section 2.

The expansion F(x) has period 1 and is discontinuous at x = 3 and x = 4. Its Fourier series is given as
follows

F(x) = % + )% L cos(2nmx) — Yo %Sin(Znnx). (26)

n=1y,2,2
The Fourier coefficients a,, is of order n=2 and b,, is of ordern™!.

From (20), we have the C° expansion as

G (x) has period 2 and is not differentiable at x = 3 and x = 4. Its Fourier series is given by

149 15-13(-1)" 2(1-(-1)?)

G(x) = STH Yo —g cos(nmx) + Yoy Wsin(nnx). (28)
The Fourier coefficients a,, is of order n=2 and b,, is of order n™3.
From (24), we have C* expansion as
H(x) = {’;((’3 SEEZE G2 =HE. (29)
where
P(x) = 28x3 — 379x% + 1696x — 2496. (30)

H (x) has period 2 and has continuous first order derivative at all points. The second order derivative does not exist at
x = 3 and x = 4. The Fourier series of H(x) is given by
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H(x) =2 4y 1680-CDT) 75 DO cos(nmx) + Y —8(11;?:3_ O sin(nnx). (31)
The Fourier coefficients a,, is of order n=* and b,, is of order n~3.

For comparison purpose, we also obtain the half-range cosine expansion of the shifted function (x + 3)2
defined on interval [0,1] as follows
(x+3)% 0<x<1
C(x) = , G(x+2)=0G6(x). 32
(x) {(x_g)zl 1<x<0 (x+2) =G(x) (32)

C(x) is a function of class €° and is not differentiable at x = 0 and x = 1. The Fourier series of C(x) is given by

4.( 3+4( 1))

C(x) == 7 4+ Yo cos(nmx). (33)

The Fourier coefficient a,, is of ordern=2. We do not consider the half-range sine expansion here because the
constructed periodic function will be discontinuous at x = 0 and x = 1.

From the Fourier coefficients of the corresponding expansions, we can tell that expansion with higher order
polynomial to larger domain improves the convergence rate. To have a better view of the convergence, we compute

the error of approximation from the partial sum of the corresponding Fourier series in (26), (28), (31), and (33).
Denote the partial sum as

Sy (x) ——a0+2n Lan cos( )+Zﬁ:1bnsin ("L—”x) (34)

The L2-norm of error using Sy from F(x) is denoted as errorF, that is,

errorF = J L2Cf () — Sy (x))2dx. (35)

The errors using G(x), H(x) and C(x) are defined similarly and denoted as errorG , errorH and errorC,

respectively. The errors at different values of N are presented in Table 1 and the graphs using log-log scale are shown
in Figure 1.

Table 1: L2-norm of errors using Sy for different Fourier series

N 3 5 10 20 40 80 160
errorF 8.3%-1 6.71e-1 4.86e-1 3.48e-1 2.48e-1 1.76e-1 1.24e-1
errorG 9.74e-2 5.45e-2 2.57e-2 9.15e-3 3.24e-3 1.15e-3 4.06e-4
errorH 6.46e-2 2.02e-2 2.86e-3 5.89%e-4 1.12e-4 2.06e-5 3.55e-6
errorC 9.90e-2 5.52e-2 2.58e-2 9.21e-3 3.27e-3 1.16e-3 4.09e-4
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Figure 1: The L2-norm of the errors using partial sums for different Fourier series

As can be seen from Table 1 and Figure 1, the Fourier series of H(x) converges faster than that of G (x),

while the Fourier series of G (x) converges faster than that of F(x). C(x) is nearly the same as G (x) because both of
them have same degree of smoothness.

Remark 3: The function £ (x) can be expanded to a periodic function using polynomial of higher degree following the similar
procedures. For example, using polynomial of degree 5 can extend the function to class of €2, and the corresponding Fourier coefficients a,
is of order n=® and b,, is of order n=>.
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