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Abstract: There are typically several perturbation methods for approaching the solution of weakly
nonlinear vibrations (where the nonlinear terms are “small” compared to the linear ones): the Method
of Strained Parameters, the Naive Singular Perturbation Method, the Method of Multiple Scales, the
Method of Harmonic Balance and the Method of Averaging. The Straightforward Expansion Perturbation
Method (SEPM) applied to weakly nonlinear vibrations does not usually yield to correct solutions.
In this manuscript, we provide mathematical proof of the inaccuracy of the SEPM in general cases.
Nevertheless, we also provide a sufficient condition for the SEPM to be successfully applied to weakly
nonlinear vibrations. This mathematical formalism is written in the syntax of the first-order formal
language of Set Theory under the methodology framework provided by the Category Theory.

Keywords: numerical analysis; approximation theory; nonlinear vibration; perturbation method;
Banach space; unitary algebra; sup norm
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1. Introduction

This paper originates from and is motivated by a recently published manuscript [1],
where the influence of different support types in the nonlinear vibrations of beams is ana-
lyzed. During the development of this latter paper, the authors searched for a mathematical
proof of the Straightforward Expansion Perturbation Method (SEPM), not reaching any
manuscript containing a proper and rigorous definition and proof of the method. The main
objective of this paper is to provide a mathematical formalism of SEPM.

Currently, a large number of nonlinear vibration problems in Engineering are solved
by the Nonlinear Finite Element Method. However, in many cases, it is necessary to find
an analytical solution in order to better understand the contribution of forces, masses or
geometries. In the process of searching for an analytical solution, hypotheses, simplifi-
cations and linearizations are raised, which usually lead to approximations of the exact
analytical solutions. Traditionally, nonlinear problems have been solved by perturbations
methods in order to eliminate the generated secular terms. According to these techniques,
the solution is represented by a few terms of an expansion, usually no more than two or
three terms. Therefore, the deviation between the approximate analytical solution and
the exact analytical solution depends on the number of selected expansion terms and the
amplitude of the vibration [2-6].

In accordance with ([7], Subsection 3.5.1), there are typically three perturbation methods
for approaching the solution of weakly nonlinear vibrations: the Method of Multiple Scales,
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the Method of Harmonic Balance and the Method of Averaging. There is a fourth method, sim-
pler to apply than the previous three but much more imprecise, called the Straightforward
Expansion Perturbation Method (SEPM). This perturbation method applied to weakly nonlin-
ear vibrations does not usually yield to correct solutions, as shown in ([7], Subsection 3.5.2).
The appearance of secular terms, i.e., terms of the form fsin(f + ¢p), leads to incorrect so-
lutions due to, among other physical reasons, the unbounded growth of the term with time
t. In Theorem 3 and Corollary 4, we prove that, if the terms of the expansion are uniformly
bounded, then the SEPM leads to a correct solution of a weakly nonlinear vibration.

There are other perturbation methods such as the Method of Strained Parameters (also
known as Lindstedt-Poincaré Method) ([6], Section 3.1) and the Naive Singular Perturbation
Method [8]. Both methods can also be consider expansion methods, in the sense that the
solution of the nonlinear equation is calculated by means of an expansion series, like it
occurs with SEPM. The main difference between the SEPM and the previous two methods
relies on the way that the expansion terms are computed. On the other hand, as mentioned
above, we provide a mathematical proof that assures that, under uniform boundedness of
the expansion terms, the expansion series in the SEPM converges to the solution. We have
conveyed a search and we have found no mathematical theorems or formalism for the
Method of Strained Parameters or the Naive Singular Perturbation Method. Both methods
are described by means of examples and successfully applied in many situations. In this
direction, we refer the reader to several works by Van Groesen and his students Karjanto
and Cahyono [9-12], who accomplished more successful applications of perturbartion
methods in different settings, such as wave modelling.

In 1998, Liao [13] provided a new analytic technique, called Homotopy Analysis
Method (HAM), which differs from perturbation methods in the essential fact that the va-
lidity of HAM is independent on whether or not there exist small parameters in considered
nonlinear equations. Therefore, HAM is a powerful tool to deal with strongly nonlinear
problems. As we will show throughout this manuscript, the existence of small parameters
is crucial towards the convergence of SEPM (see Theorem 3 and Section 4). In fact, SEPM is
a powerful tool for weakly nonlinear vibrations in which the norm of the expansion terms
(6;)i>0 can be uniformly controlled. It is worth mentioning that we provide a mathematical
proof for the validity of SEPM in the previously mentioned weakly nonlinear vibrations,
whereas no mathematical proof is given for a general validation of HAM. However, Liao
applied HAM successfully in several situations such as boundary element methods [14],
the laminar viscous flow over a semi-infinite flat plate [15], and nonlinear oscillations [16].
In [17], HAM is compared with Euler transformations.

Many authors have investigated the SEPM and developed formulations. However,
a rigorous mathematical treatment has not been carried out. Therefore, it is necessary to
define the limit of the SEPM in order to provide mathematical formalism and contribute to
the advancement of this method. A Banach algebra of differentiable functions endowed
with an extended supremum norm has been used in this work. Many theorems, corollaries
and lemmas have been formulated with the purpose to assure the stability of the solutions
found with this method. In addition, all the methodology used has been applied to the
example of the famous pendulum [18].

2. Materials and Methods
The form of the motion equation of nonlinear vibrations is generally expressed as [7]:

0(t) +co(t) +ko(t) = g(t,6(t),0(t)),

with initial conditions 6(0) and 6(0),

0 € C?([a,b],R), 1)
kceR, 2—4k <0,

g € C3(R3,R).

Notice that the homogeneous equation § + cf + k6 = 0 has harmonic solutions if
and only if ¢ — 4k < 0. This is why this condition is imposed in Equation (1). On the
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other hand, 6y € R is said to be an equilibrium point of Equation (1) provided that the
constant function 6(t) := 6y is a solution of Equation (1). It is trivial to check that 6 € R
is an equilibrium point of Equation (1) if and only if 6y is a solution of g(t,6,0) — kff = 0
forall t € [a,b]. When the “size” of the nonlinear terms of Equation (1), g(t,6(t),6(t)), is
small compared to the one of the linear terms, then we call Equation (1) a weakly nonlinear
vibration. Later on, in the next section, we will rigorously define the “size” of a function by
means of a norm (see Equation (2)).

2.1. The Banach Space Unitary Algebra C™ ([a, b], R)

We will deal with the unitary algebra C™([a, b], R) of C"-differentiable real-valued
functions defined on the real interval [a, b] with a < b, i.e., real-valued functions which are
m times continuously differentiable on [a, b]. We will endowed it with the norm

iy 2= max{ 1 £llos [ s [ £ @
where || - || stands for the sup norm on C([a, ], R), i.e.,
Il = mavx [£C6,

for each f € C([a,b],R). Recall that C([4, b], R) is a Banach algebra endowed with the sup
norm, i.e., ||fglleo < [|flleollglleo for every f,g € C([a,b],R). Note also that the uniform
convergence of functions in C([a, b], R) is precisely the || - ||o-convergence (see [19] for a
complete study on Banach algebras). It is trivial to check that || f||(,) < [|f[|(;) whenever
p <gand f € Ci([a,b],R).

For the sake of completeness and to make this manuscript as self-contained as possible,
we will prove that C™([a, b], R) is a Banach space when endowed with the norm (2). We first
need a technical lemma.

Lemma 1. Let (fy),en be a sequence in C1([a, b], R). Assume that the following conditions hold:

1. Thereexists ty € [a, b] such that (f,(to)) is convergent.
2. Thereexists g € C([a,b],R) such that (f;,)yen 1S || - ||co-convergent to g.

Then there exists f € C'([a,b],R) such that f' = g and (fy)nen is || - |co-convergent to f.

Proof. Let L := 1311 fn(to) and define
n—oo

Fut) = [ lshds + futto) — [ F()ds, men,
and , "
(1) ::/a g(s)ds—i—L—/u ¢(s)ds

for every t € [a,b]. Observe that f,(t) = F,(t) for every t € [a,b] and every n € N. Thus, it
only remains to prove that (F,;),en is || - ||o-convergent to f. For every t € [a,b] and every
n € N, we have that

R@-101 = | [ s+ st = [ ros— [ ges—r+ ["gsas

< [ 146 - s@lds + alto) ~ LI+ [ 1f1(s) ~ g(6)]as
< |fu—sllo(t—a) +fulto) = LI+ [|f5 — 8ll o (to — 2)
< 20lfs = 8lloo (b — @) + [ fulto) — L.
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This shows that, for alln € N,

||Fn7fHooS2an gHoo —4a +|f”(t0) Ll

Since (f;)nen i || - ||o-convergent to g and (f,(f0)),en is convergent to L by hypothesis,
we deduce that (F,),en is || - ||o-convergent to f. [

Now, we are in the right position to prove that C™([a, b],R) is a Banach space. In the
following theorem and throughout the rest of this manuscript, f ~! stands for the inverse
of f with respect to the multiplication operation in the algebra C™ ([a, b], R).

Theorem 1. The unitary algebra C™([a, b], R) becomes a complete normed space endowed with
the norm (2) and satisfies, for all f,g € C™([a,b],R), that:

Lo |1y =

20 (158l amy < 21Nl ) 18 1l -
3. If fis invertible, then || f 1|, > 27" f||(*n})

Proof. Let fn)neN C C™([a, b], R) be a Cauchy sequence for the norm given in (2). Since
Hf j) _ H < |Ifv —qu(m) forall p,g € Nand all j € {0,...,m}, we conclude that

( (
n

C([a,
( ( ) is || - [|co-convergent to g; for all j € {0,...,m}. At this stage, we only need to
call on Lemma 1 to deduce that, if f := go, then f € C"([a,b],R) and fU) = g; for all

j€A{0,...,m}. Then (fr(‘j))neN is || - ||co-convergent to fU) forall j € {0,...,m}. Since j

ranges a finite set, we can conclude that (f),cn converges to f in C"([a, b], R). Next, we
will prove the three items of the statement of the theorem:

) is a Cauchy sequence in C([a,b],R) for the sup norm. The completeness of
b],

) endowed with the sup norm assures the existence of g; € C([a, b], R) such that

1. Ttisclear |[1]|(,) = 1 since
[y = max{ [ oo, [[01]eo/ -+, 0]l } = 1.

2. We will prove, by induction on m € NU {0}, that

() =3 () s igt? ®
i=0
and
[0, < 2" 1 N gl - @

For m = 0. It is clear that (3) holds if m = 0. Since C([a,b],R) is a Banach algebra
endowed with the sup norm, we have that

1f8li0) = 1f8lleo < lIfllecllglleo = Il (o) llg o) = 2°lfll o) I8l 0y
For m = 1. By using the product rule, we have that (fg)' = f'g + f¢’, therefore

1(£8) lleo < I1F |18 lleo + 11 flleo]|8" oo < 211 f a8l 1)

By induction hypothesis, [|fgllo < [Ifgll©0) < Ifl0)lIgl0) < 2Ilfll1)lI8ll(1), s0 we
conclude that

1f8lla) = max{llflle, [|(f8) [} < 2! fN1)llg i)
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(fg)tm V)

For m = 2. For the second derivative, we have (f¢)"” = f"¢ +2f'¢' + f¢", so

10£8) oo < 1F" leol18lleo 2] £ [l ]18 l|co + 1 flleo 18" [l oo < 4llf 2 18 1l2)

By induction hypothesis, || fglle < Ifgllo) < IIfl0)llglo) < 221 fll2)lIgll2) and
1£8) lleo < 1(f8) 1y < 2l f Ny llgllay < 2%M1f1I2) 8l 2), thus we obtain that

() [l 18)" |0} < 221 fll2) 18]l 2)

Suppose that (3) and (4) hold for m > 2. Let us prove it for m + 1. By relying again on
the product rule,

181l 2) = max{[|fglles,

oo’

R
f{agE
VS
- 3
N———
-
3
L
o
=

gk
7 N\
~ 3

Il
<}

(’ﬁ)f(mﬂ—i)g(i) n i (”?)ﬂm—i)g(iﬂ)
m—1
f(erl)g_i_Z(njl)ferl i +2< > m—i) z+1 +fgm+1
m .
"?>f(m+1 ) oli) 4 (l ) 1)) o) 4 po(mt1)
i=1

(
f(mﬂ)g“LZ(iTl)f (m+1—i) (i +i< ) (m+1-0) (i) 4 folm+1)
(

o8

I
o

i=1

m+ 1)f(m+1—i)g(i) + fogmt)

Next, we will prove that || fg|l41) < 2m+1||f||(m+1) &l m+1) by relying on our
induction Hypothesis (4). Notice that it is sufficient to show that H (fg)® H <
2m+1||f||(m+1)\|g||(m+1) forallk =0,...,m+1.Ifk € {0,...,m}, by (4) we know that

|2 B| < 178y < 2" 1Ny I8y < 2" Dy I s

It only remains to show that H (fg)lm+D) Hoo < 2" £l 1) l18 | 1) - Observe that

H(fg)(erl)Hoo _ ’"il (m ;L 1>f(m+li)g(i)

i=0

m+1 +1 m+1 +1
< (" )lmnsol < ()l s
m—+1 +1 "
< Wl o 2 ("7 ) 2 Wl lglinsay
=
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3. Finally, if f is invertible, by applying Theorem 1(2),

1= 1) = Hff‘lH(m) < 2MI|fH<m>Hf‘1H(m)

SO

(Fa o 22 "1y
O

Remark 1. If f,g,h € C"([a, b],R), then in view of Theorem 1(2),

£8P iy < 27 £ &M oy P oy < 4 1 oy U oy 11 oy

Remark 2. The inequality || fg |y < 2" || (m)lIg |l m) proved in Theorem 1(2) for the Banach
space unitary algebra C™([a,b],R), does not turn C™([a, b],R) into a Banach algebra, unless
m = 0. However, a very simple renorming does:

I My 2= 2" 1 f [ -

With this new equivalent norm on C™([a, b], R), we can trivially obtained that

1£8 My < IHLE N oy NG

for all fg,€ C™([a,b],R), turning C"™([a, b],R) into a Banach algebra. However, we will keep
working with the norm given by (2).

Corollary 1. A sequence (fn)nen is convergent in C™([a, b],R) to f € C™([a, b],R) if and only
if (f,sp)) N is convergent to f(P) in C([a, b], R) for every 0 < p < m.
ne

The following corollary will be crucial towards accomplishing our results.

Corollary 2. Let ¢ € (0,1) and let (0;);i>0 C?([a, b],R) be a bounded sequence. Then 6 :=

Y2 0€0; € C?([a,b],R). Furthermore, 0 = Y.°¢'6; in C1([a,b],R) and 6 = Y, €0; in

C([a,1],R).

Proof. We will prove first that (¥} £i9i)n>0 is convergent in C%([a, b],R). Indeed, take

M := sup||6; ). Notice that Z?:OHeiQiH(z) <MY} ¢ forevery n > 0,50 (TiLo€'6;) -
i>0 2

is absolutely convergent in C?([a, b], R) because 0 < ¢ < 1. Since C([a, b], R) is a Banach
space, we conclude that (¥}, €'6;), -, is convergent in C?([a, b],R). Finally, Corollary 1
assures that = Y% 1 €'6; in C!([a,b], R) and 6 = Y° 1 €'0; in C([a,b],R). O

We finalize this section with the following technical lemma of great importance
towards the development of the upcoming sections.

Lemma 2. If i € C*([a,b],R), then H € C*([a,b],R) and ||H|| ) < ||hl|2) max{b —a,1},
where H(t) := f;h(s)ds.

Proof. In the first place,

t t
HO) = | [ 09| < [ 166 ds < ]t = 0) < blla(b = 0) < ]2, (6~ a)
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for all t € [a,b], therefore ||[H|lo < [[h]leo(b —a) < |[Ih]l2)(b — a). Next, H = h, thus
|H||s = Itlleo < [I1ll2). Finally, H = , thus ||H|| , = ||i]|, < [|k]l2)- As a consequence,

Hlo |

1H [ (2) = max{|[|H ||, Hl| o} < [l 2) max{b —a,1}.

O

Observe that, in the settings of Lemma 2, H is, in fact, in C3([a,b],R).

2.2. Perturbation to Second-Order Linear Ordinary Differential Equations with
Constant Coefficients

We will deal with the solutions of a second-order linear ordinary differential equation
(ODE) with constant coefficients whose independent term has been applied a perturbation
to. Consider the following Initial Value Problem (IVP):

() + cO(t) + kO (t) = g(t), .

with initial conditions 6(0) and 6(0),

6 € C%([a,b],R), (5)
kceR, ¢2—4k <0,

¢ € C%([a,b],R).

An example of perturbation of the IVP (5) is the following IVP:

{ O(t) + cO(t) +kO(t) = h(t), (6)

with initial conditions 8(0) and 6(0),

where h € C?([a,b],R) and ||g — h|l2) < eforacertain0 <e < 1.
Our objective is to estimate || — 8| (), where 6 and ¢ are the unique solutions of (5)
and (6), respectively. Notice that § — ¢ is the unique solution of the IVP:

O(t) + cO(t) + kO(t) = g(t) — h(t),
0(0) =0, ?)
{ 8(0) = 0.

Therefore, everything is reduced to estimate the norm of the unique solution of
the IVP:

6(0) =0, ®)

where r € C?([a, b], R).

Suppose now that {6, 05} is a basis of the vector space of solutions of the homoge-
neous equation 8(t) + c(t) + ko(t) = 0. Let W(0c(t), 0s(t)) be the Wronskian of {6, 0s},
ie.,

W(Ee(0, 050 = | Gelt) Gl | = 0~ dcant,
Recall that if c1, ¢, € C%([a, b], R) satisfy
R X OO X (1)
10 = W, e ™0 = W, a0 ¥

then it is trivial that
¢160c + ¢0s = 0,
C160c + cp0s = 1.
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Hence, c10. + c20s is a particular solution of §(t) + c6(t) + kO(t) = r(t). Thus, the general
solution of §(t) + cO(t) + kO(t) = r(t) is given by

0(t) := C10c(t) + Cabs(t) + c1()0c(t) + ca(t)0s(t), (10)
where C1, C; € R are constants. Let us find the unique solution of (8). Notice that
L —0s(s)r(s)
- ds and ¢ / __YelS)rts)
= |, Wm0 = [ oo

both satisfy that c1,c; € C?([a,b], R) and verify Equation (9). Next, since ¢> — 4k < 0 by
initial assumption, we can choose

c c? c c2
0c(t) :=e 2 cos| ¢t k—z and 65(t) := e 2'sin| ¢t k—Z .

It is not hard to check that

{ 0:(0)=1, 4 0s(0) =0,
éc(o) = _%/ 0 Cz.

Then

0=0(0) = C; +¢1(0),
{ 0=10(0) = C1(—5) + Cor/k— G +¢1(0) +¢1(0)(=5) +c2(0)1/k — .

Observe that

therefore, we obtain that

Cl = _Cl(o)/
—61(0) — c(0) [k — &
C = - .
k=g

Now, we are in the right position to estimate the norm of the unique solution of (8).

Theorem 2. If0 € C%([a, ], R) is the unique solution of the IVP (8), then

[0]l2) < (160||9c||(2) max{b —a,1} +

ﬁ%mm»muws&>Hw

Proof. Following Equation (10), we have that
0(t) = C10c(t) + Cabs(t) + c1(t)0c(t) + ca(t)0s(t),

where
Ci1 = —c1(0),

C, = —¢1(0) — c2(0)4/k — T

and

o —8()rs) (5)r(s)
”—memw“mﬂt/w 5),6:)"
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In view of Lemma 2 and by taking into consideration Theorem 1 together with Remark 1,
we have that

max{b—a,1}
()

16165 o) 7 | (0cs — Bsble) ™|, max{b —a,1)

G 1 (0)] < lerlleo < flell (2

<[

IN

and

lléal H 12
——=+ ||zl + lle2ll2)

o) < 19Ol )<

k % k_% «/k—4
—0sr
< Woe,05) I H {b—a,1}
max{ib —a,
- k—¢ WGCIG) @)
< 16512l o | (0cds = 0:6) "

\/:

. . _1

+ 16||9c||(2)||r|\(2)H(GCGS—GSGC) H(z)max{b—a,l}.
Finally, by using again Lemma 2 and Theorem 1, we have that
10112 < IC1l[10cll(2) + [CalllOs | 2) + llc16cll(2) + [Ic205][ 2
< [Cilll0cll 2y + C2| 165l 2) +4lle1ll2) 16cll 2) + 4l e2ll2) 105l 2)
R -1

< 161/6s] o) Il 2 | (Bebs — Bs6e) ™|, max{t a1} o] o

16

=

16118 o) 7 o | (Bebs — Bs6e) |, max{— a1} 165 o

s 165/ Il | (6 = 886) |,

+ 641105 o) 7 o | (Bebs — Bs6e) |, max{b— 1} el

+ 64118l o) 7 o | (Bebs — Bs6e) |, max{b—,1}16s o

_ 16 . 1
= (160||9c||(2) max{b —a,1} + MII%II(Z)) ||9s||(2) H (GCGS - GSGC) H(z) ||r||(2)
O

Corollary 3. If 0,80 € C%([a,b],R) are the unique solutions of the IVPs (5) and (6), respec-

tively, then
16 =32 < Lllg—hll2

where

L:= (160||9C||(2) max{b—a,1} +

VijiWJQJn&man@ewalwa

Proof. Like we previously mentioned, 6 — ¢ is the unique solution of the IVP (7). Thus, we
only need to apply Theorem 2 [
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Observe that L > 0 and, since L only depends on the homogeneous equation 8(t) +
cd(t) +kB(t) = 0, i.e., on the real numbers 4, b, ¢, k and the fundamental set of solutions
{6c,6s}, we can state that, under the settings of Corollary 3, if h approaches g, then ¢
approaches 6.

2.3. Functions of Polynomial Behavior

To accomplish our goals, we will strongly rely on the algebra of polynomials with
several variables, R[xq, ..., x,], and on the algebra of formal series R[[x]] (see [20]). We
recall the reader that

p
Rlxy,...,x] = { Y aklmknxll(l---xﬁ” :pe NU{0}, Vke {0,...,p}
ky 4k =k, k=0

Vi e {1,...,1’[} k; ENU{O}, ki+---+ko =k, Akey.. kn ER}

and

R[[x]] := {i ax* Yk e NU{0} af € R}.
k=0

Notice that R[[x]] is a purely algebraic object, so no convergence is required for the series
(in fact, no topology is given).

Definition 1. A function g € C*(R?,R) is said to have polynomial behavior provided that there
exists a sequence (g;)i>o of functions g; € C?(R*! x R R) such that

Q (i ea,, i sibi> = i sigi(ao, e, ai,bo, ..., bp)
i=0  i=0 i=0
for every bounded sequences (a;)i>o, (b;)i>o of real numbers and every 0 < & < 1.
As expected, polynomials in two variables have polynomial behavior.
Proposition 1. Every p(x,y) € R[x,y] has polynomial behavior.

Proof. Let .

pluy)= Yyl
i+j=n, n=0
Ifa(z) = Y2 a;z' € Rl[z]] and B(z) = Y2, Biz' € R[[z]] are formal series, then §(z) :=
p(a(z), B(z)) € R[[z]] is another formal series because R[[z]] is an algebra. Then we can
write 6(z) = Y72 0;z' and, since the coefficients c;; of p(x, y) are fixed, we have that §; is a
function of ay, ..., «;, Bo, ..., Bi, ie.,

0 = 0i(ao, ..., i, Bo, - -, Bi)
for every i > 0. Finally, it only suffices to define

gi(xO/--~/xi/}/0,»--/]/i) = 5i(x0/--~/xi/]/0,~--/]/i)
€ R[xo,...,xi,yo,...,yi]
c @ (Ri-i-l % Ri—&-l,R)

for every i > 0. Indeed, if 0 < ¢ < 1 and (4;);>0, (b;)i>0 are bounded sequences of real
numbers, then
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p(Z siai,ZEibi> = Z(Si(ao,...,ai,bo,. ., bj)e = Zsigi(ao,...,ai,bo,...,bi).
i=0 j i=0 i=0

i=0 i

O

3. Results

After the application of the proposed methodology in this work, we obtain as a result
the mathematical formalism which yields to the validity of the SEPM. In particular, this
method will be applied to a simplified version of Equation (1) by introducing a perturbation
(0 < £ < 1) and a function with polynomial behavior (g). We will deal with Equation (11):

0+ c+ko =eg(6,0),

with initial conditions 6(0) and 6(0),

0 € C%([a,b],R),

e€(0,1),

kceR, c2—4k <0,

g€ c? (]Rz, R) with polynomial behavior.

(11)

Algorithm of Application for the Straightforward Expansion Perturbation Method

Since g € C?(R?,R) is of polynomial behavior, in view of Definition 1, there exists a
sequence (g;);>o of functions g; € C?(R'*! x R"*1, R) such that

8(2 ea;, Zeibz) =Y €gi(ao,...,a;,bo,...,b)
i=0  i=0 i=0

for every bounded sequences (4;);>0, (b;)i>o of real numbers and every 0 < & < 1.
By relying on the sequence (g;);cn, we will follow an inductive process:

1. 69 is the unique solution of the second-order linear IVP
b + cby + k6o = 0,
6p(0) = 6(0).
2. 0; is the unique solution of the second-order linear IVP
91 + C91 + k91 = g[)(@(), 90),
61(0) =0,
{ 61(0) = 0.
3. B, is the unique solution of the second-order linear IVP

0> + cb + k6> = g1(60,61,60,61),
6,(0) =0,
6,(0) = 0.
4.  And soon.
We can summarize this inductive process as follows: For i > 0, 8; is the unique solution of
the IVP
bo + cp + kb = 0, 0; +cb; + k6; = gi_1(60,.-.,0i-1,00,...,0,-1),
i=0= QO(O) = Q(O), i>1= Qi(O) =0, (12)
60(0) = 6(0), 6;(0) = 0.
Notice that
¢ 2 6(0) +6(0)S . 2
Bo(t) = 9(0)€2tcos<t k— C> + (0 +6( )262tsm<t k— C>
4 k& 4
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for all t € [a,b] and it is infinitely differentiable on [a, b]. Therefore,
8i—1 (901 ceey 91'71/ 90/ ceey 91’71) S CZ([”/ b]/ R)
and, according to Theorem 2,
16ill 2) < L|gi-1(0,---,6i-1,00,--.,6;1) ||(2) (13)

foralli > 1.

Theorem 3. For everyi > 0, let 0; € C?([a, b], R) be a solution of (12). If (6;);>¢ is bounded in
C?([a,b],R), then 0 := Y2 1 €'0; € C?([a, b], R) is the unique solution of (11).

Proof. By bearing in mind Corollary 2, 6 := 37 0€0; € C2([a,b],R). Furthermore,
0 = Y2,¢6; in C'([a,b],R) and § = Y2, ¢'6; in C([a,b],R). Finally, if we take into
consideration that, for every t € [a,b], (6;(t))i>0 and (6;(t)),. , are bounded sequences of
real numbers since

i>0

sup{|6;(t)],[6;(t)] : i1 > 0,t € [a,b]} < sup{||bille ||6i]|, 7 >0}
< sup{loill : i >0}
< 0o,
then we have that
() + cO(t) + kO(t Zse +c )Y it +k Y eo(t)
i=0 i=0
= Y & (Gi(t) + cbi(t) +k0;(t)) = Y € (Bi(t) + cb(t) +Kkb;(¢))

Il
o

i=1

I
Mg

e'gi1(60(t), ..., 0i-1(t),60(t), ..., 0,1 (t))

I
—

i1 (00(t), ..., 0i_1(£),60(t), ..., 01 (1))

Il

o
agk

mN

Il
—

= £

Mg

fgz (Bo(t 0i(t),00(t),...,0i(t))

A

Zse Zee ) eg(0(t),0(t)).

O

Please note that by bearing in mind Equation (13), if (g;(6, ..., 6;,60,.. ., Qi))i>0 isa
bounded sequence in C2([a, b], R), then so is (6;)>0.
Sometimes, for computation reasons, (12) is perturbated to obtain an easier IVP, such as

00(0) = 6(0), 0;(0) =0, (14)

fo + cby + kb = 0, 0; +cb; +kb; = h;_4,
1=0= ;12> 1=
d0(0) = 6(0), 6:(0) =0

where h; € C%([a,b],R) is closed to g;(6y,...,0;0p,...,0;) in the norm of C?([a,b],R).
In other words, we require that

Hhi_gi(()o,...,91,90/---r9i)|’(2)
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be sufficiently small for all i > 0 in such a way that

sup{ th — gi(Go, .. .,9,’,9.(), .. -/éi) H(Z) i Z 0}
will also be small.
In this situation, under certain circumstances, we can assure that the solutions of the

perturbated IVP approach the solution of the original IVP (11).

Corollary 4. For everyi > 0, let §; € C?([a, b],R) be a solution of (14). If (8;);i>0 is bounded in
C?([a,b],R), then ¢ := Y° 1 €'6; € C?([a, b], R) satisfies that

€ ; : ,
19— 6]z < mLsup{Hhi —8i(80, 03,60, 63) | ) 11 > 0},
where 0 € C?([a, b],R) is the unique solution of (11).

Proof. By relying on Theorem 2 and on the fact that 8y = 9y, it only suffices to observe that

18—6lley = || edi—Y €6 <Y €l0i—6ill =Y lloi—6il
i=0 i=0 i=0 i=1

)

e'L||hi—1 — gi—1(60,---,0i-1,60,...,6;1) ||(2)
i=1

= ¢ ZSiilLHhi—l —8i—1(60,...,0i-1,00,...,6i_1) ||(2)
i=1

(9]

IN

= & siLth-—gi(()o,...,()i,éo,...,éi)
i=0

< eLsup{ | — g0, 0,00, .., )| i = 0} Y
i=0

)

£ : : ,
= ELsup{Hhi —gi(Go,...,01-,(90,...,91-)||(2) ti> 0}.

O

4. Discussion

In this section, we will validate the formalism proposed in the previous section by
means of the pendulum example for a fixed bounded time interval.

Validation Example (Pendulum) for a Fixed Bounded Time Interval

In this subsection, we will apply our theorems to the weakly nonlinear vibration
example of the famous pendulum. This problem can be expressed by Equation (15) by
using Taylor approximations and can be found in [7] (see also [6,18]):

6+6= 5%93,

with initial conditions (0) and 6(0),
6 € C%([a,b],R),

e€ (0,1).

(15)

In this situation, ¢ = 0,k = 1and g(x,y) = £2° € R[x,y] C C?(R?,R) is a polynomial
in two variables so it is of polynomial behavior in view of Proposition 1. In fact:

3
: : 1 : 1 3 1 1
g(Zs’ai,Zelh) = (Zela,) = f(ao+ea1 +€2€l2—|—"') = a3+ Zajage+ -,
i—0 =0 6\/= 6 6 2
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therefore

go(x,y) = %x3,

1
g1(x,y) = 527,

The SEPM applied to (15) follows the next steps:

éo +6y=0,
1. 6 is the unique solution of the IVP ¢ 6,(0) = 6(0),
6p(0) = 6(0).

51 + 6, = %98,
2. 6 is the unique solution of the IVP ¢ 6,(0) =0,
{ 61(0) = 0.
éz + 6, = %9%91,
3. By is the unique solution of the IVP ¢ 6,(0) =0,
{ 6,(0) = 0.
4. Andsoon.

Notice that 6 can be easily computed, in fact,
60(t) = 8(0) cos(t) + 6(0) sin(t)

forall t € [a,b]. As a consequence, by relying on the Holder’s inequality (see [21]),

160l 2 < \/16(0)[2 + [6(0) . (16)

Since, in the case of (15), 6c(t) := cos(t) and 6s(t) := sin(t), the constant L can also be
bounded above by

16

ﬁwsl(z)) 1651l 2) H (Bcbs — QSQC)_lH(z)

L := (160||9c||(2) max{b—a,1} +

< 160max{b —a,1} + 16.

In view of Theorem 3, the SEPM leads to a correct solution of (15) if we can control
the norms ||91||(2), ||92||(2), e

Next, keep in mind that Theorem 2 together with Theorem 1(2) applied to %68 and
1620, yield
2Vov1 yie

1
61l 2) < LH698

8 3
< 2 L[l6oll2),
@) 3 (2)

1 64
Il < 2 350 |, < E8l60IRy 1y < FT2600

At this stage, in order to control the norms [[61| ), [|62]| (5, - - -, we need |[6p]| 5 to be
sufficiently small in such a way that ||6p ||?2), 160 ||?2), ... can counteract the growth of the

constants %L, 63—4L2, .... In view of Equation (16), by choosing the initial conditions, 6(0)
and 6(0), sufficiently small, the SEPM leads to a correct solution of (15) by bearing in mind
our Theorem 3.
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5. Conclusions

The main conclusion that we infer from our work is that the SEPM works in certain
cases (see Theorem 3 and Corollary 4), contrary to what is stated in ([7], Subsection 3.5.2).
In ([7], Subsection 3.5.2), the SEPM is neglected as a perturbation method simply because
it does not yield to correct solutions in only one example. No mathematical proof is
provided to show that the SEPM never works. Therefore, the SEPM should have never
been disregarded as a perturbation method, at least, until a mathematical proof states
so. In fact, here in this work, we demonstrate that the SEPM cannot be rejected as a
perturbation method because we provide a rigorous mathematical proof that shows the
validity of the SEPM by leading to a correct solution of the nonlinear vibration in the case
where the sequence of expansion terms (6;);>( is uniformly bounded. As an application of
our theorems, if we look at Section 4, then we can see that if we choose the initial conditions,
0(0) and 6(0), sufficiently small as well as the length of the interval [a, b] around 0, then
the SEPM successfully converges to the correct solution of (15).
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