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Numerical time perturbation and resummation methods
for nonlinear ODE

C. Tayeh, G. Girault, Y. Guevel, J. M. Cadou

Abstract In this research work, numerical time per-
turbation methods are applied on nonlinear ODE. Solu-
tions are sought in the form of power series using time
as the perturbation parameter. This time integration
approach with continuation procedures allows to obtain
analytical continuous approximated solutions. Asymp-
totic Numerical Method and new resummations tech-
niques of divergent series namely Borel-Padé—Laplace
and Inverse Factorial series are studied. A comparison
with classic integration scheme is presented in order to
evaluate the robustness and the effectiveness of these
algorithms. Full details are given regarding first- and
second-order derivative of resummation techniques.

Keywords Time perturbation methods - Numerical
resummation - Borel-Laplace - Inverse factorial
series - Nonlinear ODE

1 Introduction

Time integration methods, used to solve dynamic prob-
lems, rely on a temporal discretization of the problem
by advancing the model in successive discrete time
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steps Ar. However, some constraint can appear espe-
cially when resolving nonlinear dynamic problems.
One may cite the delicate essential choice of an optimal
time step At thatusually causes the increase in the num-
ber of iterations and the computation time. Moreover, it
is also shown that classic time integration methods lead
sometimes to a destruction in the invariance properties
of physical phenomena.

Linear problems have been solved using time per-
turbation methods in [1]. Hence, for a decade, a time
integration scheme based on the perturbation theory is
proposed [2]. This makes it possible to overcome the
notion of discrete time step. It is connected to a develop-
ing area of research that deals with nonlinear problems
called the Asymptotic Numerical Method and denoted
by “ANM”.

This latter is based on the perturbation theory and
has been applied with success to various solid and fluid
mechanics problems in [3—10]. Recently, time pertur-
bation methods have been studiedin[1,11-13] on some
examples. The main idea of this time perturbation tech-
nique is to represent the unknowns of the problem in the
form of a polynomial by taking the time as the perturba-
tion parameter. Therefore, an analytical approximation
of the solution is then valid on a temporal domain to be
determined. A continuation technique is then applied to
reach a specific final time. The most important advan-
tage of this time approach is that the computed solutions
are obtained in a continuous way. However, its main
drawback is that the time-series solutions that appear
in physics are generally divergent [14—17].



Very recently, a new class of analytic transient
solvers with numerical resummation of divergent series
has been proposed [2]. Within this new class of tempo-
ral integrator, the algorithm that interests us is named
Borel-Padé-Laplace and is denoted by “BPL”. This
type of solver is promising in order to make the numer-
ical simulations more efficient in terms of capture
of fast dynamic phenomenon and numerical stability
over a large number of cycles and computation time.
This algorithm has been successfully applied on aca-
demic examples such as the resolution of the heat equa-
tion, Burgers equation and some examples of Hamilto-
nian systems [2, 12,13, 18-20]. While numerical results
have shown that BPL algorithm presents some interest-
ing properties, there are also many disadvantages that
need to be alleviated. One may cite the appearance of
some numerical poles that can arise with the use of the
Padé approximant. Therefore, in such cases, the Borel
sum converges very slowly. In order to avoid these prob-
lems, another numerical resummation method namely
Inverse factorial series and denoted by “IFS” is pro-
posed as a time integration scheme in [21]. A first
study on the effectiveness of the Inverse factorial series
scheme has been initiated on some academic examples
only in [12,21].

Since time perturbation and numerical resummation
methods are very recent, our goal is to understand more
the behavior and the feasibility of such integration, then
develop the way of their use on more complex prob-
lems, and finally test their relevance and their robust-
ness.

In this article, we seek to validate the time pertur-
bation and resummation methods on different exam-
ples of nonlinear ODE. Details will be presented only
for the Van der Pol oscillator problem. It should be
noticed that power series solutions for Van der Pol oscil-
lator have been presented in many detailed studies in
the literature, for example in [22-26]. In such stud-
ies, p is the perturbation parameter. Whereas in this
paper, time is used as the perturbation parameter. It
makes it possible to perform a time integration of the
problem.

An external force can be simulated as acting on the
system by adding a new periodic force to the second
member of the Van der Pol equation [27]. This forced
equation is studied in some papers [28-33]. Therefore,
a study of second member alone is realized by compar-
ing Taylor method and time perturbation methods using
some change of variables. This series representation is

then used in order to study the full forced Van der Pol
equation by time perturbation methods and resumma-
tion techniques.

Next, the proposed techniques are applied on the
nonlinear combustion equation, then to the hardening
spring problem. At the end, the efficiency of these lat-
ter is also established for the three degrees of free-
dom (3 DOF) Lorenz system. Solutions are obtained
in a continuous way, which permit to overcome the
notion of critical time step At related to the condition
of Courant—Friedrichs-Lewy (CFL). Since we have
no information in advance about the type of numer-
ical series terms obtained, resummation techniques
BPL and IFS are also applied. The purpose of this
study is to evaluate the recent tools of time perturba-
tion and resummation techniques on these interesting
examples. For a fair comparison: the first-, third- and
fourth-order accurate Runge—Kutta (RK) method are
considered.

This article is structured as follows. In Sect. 2, a brief
recall of the numerical time perturbation and resum-
mation methods is exposed. In Sect. 3, these latter are
studied and applied in details to the free Van der Pol
oscillator, then to the forced Van der Pol in Sect. 4.
Next, the advantages of the proposed methods with
respect to the classical integration schemes are shown
through two examples in Sects. 5 and 6. At the end,
the efficiency of these latter is also confirmed for the
three degrees of freedom (3 DOF) Lorenz system in
Sect. 7.

New estimates of first and second derivatives of
Borel-Padé-Laplace and Inverse factorial series, which
can prove useful also in other cases of studies to apply
the continuation technique, are established and given
explicitly in “Appendix A” and “B”.

2 Time perturbation and resummation methods

This section consists of a brief recall on the numerical
time perturbation and resummation methods. The orga-
nization of this section is as follow. First, ANM with
time series development is presented in subsection 2.1.
Then, the resummation methods Borel-Padé-Laplace
and Inverse-Factorial Series are exposed, respectively,
in Sects. 2.2 and 2.3.



2.1 Asymptotic numerical method using time as
perturbation parameter

Consider the following ordinary differential problem:
Mii+Cu+ Ku=0 (1)

with the initials conditions at a given time #

2

{ u(to) = ug
u(to) = uj
where M, C and K are prescribed scalars. In the case
of multiple degrees of freedom, those quantities are
matrices and u,it, ii are vectors.

Unknowns of the problem are sought as truncated
power series. In this work, time is the perturbation
parameter. Global time is then defined using a given
time #o and a perturbation time 7 as:

~

t=to+1 3)

Continuous approximation u(t) ~ u (f) writes as
follow:

N
i (f) =uo+2uifi 4
i—=1

where N denotes the truncation order. It is then possible
to differentiate this expression as:

. N—-1

i (f) = Z juif ! 5)
i=1

.. N_2

(i)=Y it—Dui > (6)
i=2

These developments are injected into Eq. (1) and by
identifying the terms according to the powers of 7, a
cascade of linear problems is obtained.

Y : 2Mur + Cuy + Kug =0
' 6Muz +2Cus + Kup =0
2 12Mus +3Cus + Kup =0

N2 MN(N = Duy +C(N = Duy_1 + Kuny_2=0

Series are obtained by the numerical resolutions of
those systems. Solutions are then defined on a specific

range of validity [0, fmax]. An explicit expression of
max has been proposed in [34]:

1
. (S ||u1||2>~ 1 o
lNunll2

where § denotes a given tolerance and ||.||, is the
Euclidean norm. Note that other definitions to evalu-
ate the range of validity domain exist in [34,35]. As
solutions are continuous in time, they can be evaluated
at any time 7 €10, tmax]-

In order to compute solution on a given time range,

a continuation algorithm is performed. It can be sum-
marized as follows:

1. Compute series until a given order N.

2. Evaluate the upper bound of the validity domain #ax
using §.

3. Evaluate a new starting point ug at a new fy = fy +
fmax, and go to 1.

This time series development allows to obtain a numer-
ical approximation of the solutions continuous in time.

2.2 Borel-Padé-Laplace

Drawback of the ANM approach with time as the per-
turbation parameter is that series might be divergent.
In such case, the range of validity of this representa-
tion, in the temporal domain, becomes extremely small.
Therefore, classical continuation is no longer efficient.
To mitigate this difficulty, a new class of analytic tran-
sient solvers with numerical resummation of divergent
series has been proposed [2,20].

Within this new class of temporal integrator, the
numerical algorithm named Borel-Padé—Laplace (BPL)
is presented in this subsection. First, a theoretical
reminder of Borel-Laplace is quickly presented. The
reader is referred to [17,36-39] for more details con-
cerning the definition of Borel resummation method.
Then, the numerical algorithm of Borel-Padé—Laplace
is exposed.

The first step, after computing the series terms, is to
compute the Borel transform given by

o0

Bi(§) =y g ®)

n!
n=0



The Borel transform Bii (¢) has a nonzero convergence
radius if # is a Gevrey series.

Note that # is a Gevrey series of index k, if there
exists two constants C > 0 and A > 0 such that

lun| < CA"(n)V/*, VneN 9)

The second step consists to prolongate naturally B (&)
into an analytical function P(£) (here Padé approxi-
mants).

The last one presents the Borel sum Su(¢) by com-
puting the Laplace transform of P along a direction d:

Si(i) = uo + / P@E)e ¢l (10)
d

which permits to go back to the originally space.

These three steps are translated into the following
numerical algorithm BPL. It is organized around the
following three stages: Borel transform (B) + Approx-
imation of Padé (P) + Laplace transform (L). We
present this algorithm for Gevrey series of index k = 1
in a direction d = R™.

For the first stage, series terms are computed up to
an order N, this yields that Borel transform B(£) is of
order N — 1.

For the second one, an extension of the Borel trans-
form is obtained by establishing an approximation of
Padé, which increases the range of validity of the series:

Ag+ ArE+ ArE2 4+ 4+ ArEL
14+ Bi§ + -+ BytgM

where L and M are two integers suchthat L+M = N —
1,Aq, A1, ..., Ar and By, ..., By are the coefficients
of Padé approximants. In cases of large size problems,
it is recommended to use a vector version of Padé [40].
Note that prolongation of Borel transform can be done
with different methods other than Padé. The interested
reader is referred to [41] for furthers details, but these
methods are designed for linear equations.

For the last stage, the Laplace transform is applied to
the Padé approximants in order to return to the temporal
space, with a Gauss—Laguerre quadrature [42].

Using the following relation

PE) = Y

P(E)e /1 = (P(g)eff/fef) o€ (12)

then applying the Gauss—Laguerre quadrature to Eq.
(12) yields to

Ng
~ el
SaN (@) =uo+ Y PE)e T Vuy (13)
i=1

where &; are the roots of the Ng-th Gauss—Laguerre
polynomial, and w; are the weights.

Applying the following change of variable £ = £ /1,
we get:

Ng
SaV (@) =uo+1)_ PEHw; (14)
i=1

Since the initial series Eq. (4) is truncated up to an
order N, and because of the numerical effects, numer-
ical resummation methods are not able to lead the
exact solution. Therefore, Borel sum Eq. (14) allows
to approximate analytically the exact solution only in a
certain time interval. Moreover, the definition of the
range of validity fnax of BPL is still not evaluated
explicitly. Therefore, a continuation procedure is pro-
posed to reach specific given time 7. The continuation
of BPL algorithm is carried out using a criterion based
on the residual Res(t) defined by

Res(t) = MS(t) + CS(t) + KS(t) (15)

where S(#) is the Borel sum presented in Eq. (14), g(t)
is the second derivative of Borel sum and $ () the first
derivative. Those latter should be determined in order
to evaluate the residual. These derivatives are estab-
lished in “Appendix A”. This constitutes one of the
main contributions of this work. Therefore, the ana-
lytical approximations are examined as long as

[Res(®)ll, < € (16)
where € is a small positive parameter and ||. ||, denotes
the Euclidean norm. For the next step, we redefine anew
starting point X (¢;) where 1; > fy, which corresponds
to the end of the step where relation Eq. (16) holds.

2.3 Inverse factorial series

Another method of resummation called Inverse facto-
rial series, denoted by “IFS” was initially proposed in



the context of time perturbation algorithm in [21]. The
link between Borel sum and Inverse factorial series is
shown in [21].

We call Inverse factorial series I (7) the following

i i byn!fnt! an
1) =up+ = =
© (1) (1+ni)
with
1 n+1
by = El;l&(n’k_ 1) |ug (18)

where Sg (1, k) denotes the Stirling numbers of the first
kind. Note that Eq. (18) is valid for the Borel summable
series in a direction d = R*. Numerically,  (f) is com-
puted up to N — 1 order. However, when the truncation
order N is large, the problem appears with the numer-
ical explosion of Stirling numbers.

Hence, an equivalent method to evaluate I (f), pro-
posed in [43], is described. Suppose that i(z) is 1-
summable in a direction d, with an angle 6 with the
positive half-axis.

Let ;7 = s with [ = (1,2,..., N), where

{s1,52,...,sn} is any sequence of complex numbers.
Let
1 .
1=, y = ze'’ 19)
uo 1 Um—1
a) = ,ag:z—z,...,amz Pt m=1,...,N
(20)

Note that if the series are summable in the RT direction,
we have y = z and we will choose s; = [ for[ > 1.
We call Inverse factorial series the following

N-1 N—1
N 1
1(1)=?§ vn+1:Z§ Vpr1 =z +v2 4+ ...+ oy)
n=0 n=0

(21)

where v, is the nth term of IFS which are calculated
using the following recursive algorithm based on

() G+
) Tn—1Vn + YUy .
v = n>1, > 1, (22
n+1 y+ T, J )
with

@1 _ (2) . (N) (23)

The terms v%l), vél), e ,(11), Uy(,lle

IFS denoted by : vy, v, ..., Uy, Upt1.
The continuation of IFS algorithm is carried out
using the criterion of the residual Res(¢) defined by

are the terms of the

Res(r) = MI(1)+ CI(t)+ K1(1) (24)

where f(t) is the second derivative of IFS, and I (1)
the first derivative of IFS. Therefore, the approxima-
tions of derivatives of the IFS algorithm are needed
for the residual evaluation. This new part is detailed
in “Appendix B”. Therefore, the analytical approxima-
tions are examined as long as

[Res(D)ll, < € (25)

where € is a small positive parameter and ||.||, denotes
the Euclidean norm. For the next step, we redefine a new
starting point X (¢;) where #; > fy, which corresponds
to the end of the step where relation Eq. (25) holds.

3 Application on free Van der Pol oscillator

First, we are interested to study the effectiveness of time
perturbation and resummation methods on free Van der
Pol oscillator problem that has attracted considerable
interest of many researchers from a long time, since
it models many problems in different areas [44]. The
Van der Pol oscillator equation is a dynamic system
described by a variable x(¢) satisfying the following
nonlinear differential equation of the form

F—p(l=x»i+x=0 (26)

with x(0) = a and x(0) = b the initial conditions, and
> 0 denotes the control parameter or the coefficient
of nonlinearity. Note that the nonlinear behavior of the
oscillations depends on . Therefore, according to its
value, the trajectories have precise characteristics.

For © = 0, Eq. (26) becomes

X+x=0 27

this is a simple harmonic oscillator, which has an exact
solution for o = 0 on the form:

x (1) = x(0) cos(r) + x(0) sin(z) (28)



For n # 0, Eq. (26) have no exact solution; there-
fore, it was first integrated by the classical discretiza-
tion schemes, in order to compare the efficiency of time
perturbation methods to the classical ones.

3.1 Classical discretization schemes

Equation (26) is written as a first-order system of dif-
ferential equation:

X =Yy

{y‘ = u(l =2k —x &9

A convergence study for different time steps At
between Runge—Kutta of first (RK1) and fourth order
(RK4) has been carried out. For sake of simplicity, only
results obtained with RK4 are presented for this exam-
ple. The goal of this comparison is just to get a good
approximation of the solution, since it will be the ref-
erence solution.

Firstly, constant time step A7 = 10735 is chosen for
RK4. Secondly, a type of adaptive RK4 has been used
as presented in [45]. It computes local error between
two solutions obtained after performing two consec-
utive time steps using step-size At and another using
only one time step but with a larger step-size 2A¢. The
tolerance parameter on local error denoted Ay makes
it possible to adjust the step-size.

Initial conditions at a given time #) = 0 are arbitrar-
ily chosen as x(0) = 1 and x(0) = 0 and the coefficient
of nonlinearity pu = 2.

It should be noticed that for every choice of ini-
tial conditions, except {x(0) = 0, x(0) = 0}, a unique
periodic motion is presented. The uniqueness of this
invariant set, the limit cycle, of the non-forced Eq. (26)
can be demonstrated by Liénard’s Theorem.

The results of numerical integration by Runge—Kutta
methods show that the characteristic of the trajectory
depends on the value of the coefficient of nonlinearity
(. For small pu, the limit cycle is very nearly circular.
For large p, the limit cycle is no longer nearly circular
and is representative of bounded periodic oscillatory
behavior.

3.2 Time perturbation series recurrence formula

In this subsection, time perturbation methods and
perturbation—resummation methods are applied on the
free Van der Pol oscillator. We seek to demonstrate the

accuracy of these methods by comparing their results to
RK4 and then check their ability on a problem involv-
ing significant temporal variations and limit cycles.
The Van der Pol equation is rewritten again
F—pud—xHi+x=0 (30)
Let the following change of variable
z=x2 31
This yields to the new quadratic equation

X—p(l—=—2x4+x=0 (32)

We first expand x(¢), x(¢), X(¢) and the new variable
z(t) as a time power series:

N
x() =xo0+ Zx,-fi

i=1

N—1
HOED IR T
i=1

N-=-2
@)= il —Dxif'?
=2
N .
D =z20+) uf (33)

i=1

where N denotes the truncation order of the series. Sub-
stitution of the expansion Eq. (33) into Eq. (32) yields
to the following sequence problems:

70 2xy — pu(x; — zox1) +x0 =0

1 6x3 — u(2x2 — 2x220 — x121) + X1 =0

20 12x4 — n(3x3 — 3x320 — 221%2 — 22X1) + X2 = 0

N (N +2)(N + Dy

N
—n ((N + Dy = ) (N +1 - i)xNH_,-Zi)

i=0

+xy =0

Therefore, series terms for k > 2 are given by the
following recurrence formula

k(k — 1)xy

k-2
=u ((k — Dxg—1 — Z(k -1- i)xkliZi> — Xg—2

i=0



where
i

i = ij'x,;j (34)
=0

Once the series terms are evaluated, range of valid-
ity of the perturbed representation Eq. (33) is sought.
In this study, two techniques are used. The first is the
historical one for ANM, detailed in [34]. It consists
into a tolerance between two consecutive truncation
order. The range of validity [0, fnax] using a prescribed
tolerance parameter § and for a truncation order N is
evaluated using Eq. (7). When using this criterion, the
method will be noted ANM(C). In this paper, for the
sake of comparison with other perturbation methods,
another criterion is used. Residual tolerance is used
in order to evaluate this f,x. It makes it possible to
ensure the quality of the solution. This method is noted
ANM(R).

3.3 Numerical results for time perturbation methods

Initial conditions are set to : x(0) = 1 and x(0) =
0, and the coefficient of nonlinearity is fixed in this
subsection to u = 2.

3.3.1 Numerical results of ANM

Behavior of ANM for different truncation orders N,
before any continuation procedure, is presented in Fig.
1. It is observed that only a part of the solution is
obtained by computing series, even with a big trun-
cation order N.

Then, the continuation technique is used, the trun-
cation order is fixed to N = 15 and the tolerance is
set to 8 = 107°. Continuation is depicted in Fig. 2. It
should be noted that in between each dots on the plot,
solutions are continuous. This is one of the main fea-
ture of such approach. It also highlights the accuracy
of the continuation of the time series, since it presents
the same numerical result as RK4.

3.3.2 Numerical results of Borel-Padé—Laplace

Numerical results of the resummation technique Borel—
Padé-Laplace (BPL), with the continuation procedure
are presented. The Laplace transform is computed

SOLUTION

Fig.1 Free Vander Pol oscillator ANM solutions using different
truncation order, and no continuation steps, compared to RK4

|— RK4
X SERIES|

SOLUTION

0 L] 10 15 20 25
TIME

Fig. 2 Free Van der Pol oscillator continuation using ANM
series for N = 15and § = 1079, compared to RK4

using Ng = 8 as number of Gauss points. The real
positive axis is the direction of the Laplace transform.
Scalar Padé in Eq. (11) applied on Borel’s terms are
chosen such that: M = integer part (N — 1)/2) and
L = (N — 1) — M. The residual is evaluated using
the first and second derivative of Borel sum presented
in “Appendix A” (in strategy 1). The continuation of
BPL based on the residual is carried up to t = 25s,
e=10""%

It can be observed in Fig. 3a that BPL is able to
reproduce solutions as RK4. This is further supported
by Fig. 3b that shows the ability to reproduce limit
cycle.



= RK4
X BPL

SOLUTION

TIME

(a)

= RK4
X BPL

(b)

Fig. 3 Approximated solution (left) and phase portrait (right) using BPL for ¢ = 10™*, N = 15 for the free Van der Pol oscillator. In

black, the reference RK4 solution using Az = 10~3s

However, in some cases Borel-Padé-Laplace proce-
dure lacks robustness. For example, apparition of poles
resulting from Padé approximants with different exam-
ples of parameter changes is depicted in Fig. 4. This
might disable efficient continuation procedure.

This drawback is well known. A way to overcome
this problem is to use Inverse factorial series resumma-
tion algorithm. It is applied also on Van der Pol oscil-
lator, where there is no need to evaluate P () [see Eq.

(D]

3.3.3 Numerical results of inverse factorial series

We are interested to compute the whole time solution
without any difficulty in their representation (as poles
with BPL). Therefore, we propose to use IFS for an
example of Fig. 4d.

A comparison of the solution by the perturbation
method ANM, resummation techniques BPL and IFS
for a truncation order N = 8 without continuation, is
displayedin Fig. 5. Note that IFS algorithm in this paper
is using the second method presented in Sect. 2.3.

As expected and per construction, no numerical
poles are observed for IFS.

In order to perform continuation procedure using
IFS, ranges of validity are using residual norm toler-
ance. This residual is based on the first and second
derivative of IFS presented in “Appendix B”. The con-
tinuation of IFS based on the residual is carried up to a

final time r = 155, using residual tolerance € = 1074
and truncation order N = 8.

Evolution of the IFS solutions is plotted in Fig. 6.
It can be observed that IFS presents the same numeri-
cal solution as the classic scheme fourth-order Runge—
Kutta. Oscillations with IFS reach also a limit cycle as
it can be appreciated in Fig. 6b.

Finally, numerical stability of these numerical sch-
emes has been tested also for a final time = 10, 000s.
Numerical results show the ability of time perturbation
and resummation methods to reproduce the dynamics
of the system over a large time. It should be noted
that the long-time behavior of BPL is investigated
through numerical experiments on Hamiltonian and
non-Hamiltonian system, as well as on a partial dif-
ferential equations in [20].

3.3.4 Computational efforts

Some global information on computational effort is
given in this section. It is noted that the comparison
of the performance is not an obvious question in the
present study, because solutions obtained by classic
or time-perturbation methods are not evaluated in the
same way.

To the best of our knowledge, no explicit formula
of temporal range of validity of BPL and IFS has been
established yet. That is why it is proposed to evaluate it
via a residual criterion as in [2]. This latter guarantees
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Fig. 4 Different examples of apparition of poles resulting from Padé approximant of BPL for the free Van der Pol oscillator
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Fig. 5 Approximated solutions obtained using perturbation
methods without continuation procedure : SERIES, BPL and
IFS, for N = 8. In black, the reference curve obtained using
classic time stepping RK4 (At = 107 3s)

a very good quality of the solution which is continuous
but sometimes time-consuming because of the evalua-
tion of the residue.

‘We compare the performance of the numerical meth-
ods in terms of their computational efficiency, as mea-
sured both by computational load (CPU time) and in
terms of numerical accuracy as quantified by evaluating
the residual of the computed numerical solution.

CPU time needed to reach a final time of r = 100s
using RK4 with a constant time step Ar = 10735 is

SOLUTION

TIME

(a)

Table 1 CPU time needed to reach ¢+ = 100s using the classic
time integration scheme RK4 adaptive time step for different
values of local error tolerance Ay

Ao CPU time (s)
103 0.30296
1074 0.98494
1073 3.2892

1076 10.258

7.8709s. Results for RK4 adaptive step size are pre-
sented in Table 1 for different values of local error tol-
erance Ag (Ap denotes the desire accuracy parameter
of RK4 as mentioned in [45]).

It should be noted that using Ag = 107° allows
to stay in the same residual range as the perturbation
methods.

CPU times for time perturbation techniques are
given in Table 2.

ANM(C), based on Cochelin criterion with &
1073 is in the same residual ranges than other meth-
ods, allows to reach final time in approximately 0.3s.
Interestingly, ANM using a residual norm criterion
(ANM(R)) for evaluating tmax and BPL are longer than
ANM (C). This shows the problem of using residual
for computing range of validity. Finally, it is noted that
IFS is relatively less efficient in terms of computational
time as can be seen in Table 2.

' |m—RK4
% IFs

Fig. 6 Approximated solution (left) and phase portrait (right) using IFS for ¢ = 10~*, N = 8 for the free Van der Pol oscillator. In

black, the reference RK4 solution using Az = 10~3s
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Table 2 CPU time needed to reach 1 = 100s time perturba-
tion methods (ANM), time perturbation-resummation methods
(BPL, IFS) for a truncation order N = 8

Table 3 Number of steps required to reach t = 10s for the free
Van der Pol equation using RK4 adaptive step size with different
values of the desire accuracy parameter A

Method CPU time (s) Ag Number of steps
ANM (C) 0.29951 1073 177
ANM (R) 1.3056 1074 575
BPL (R) 3.9281 10~3 1922
IFS (R) 7.0321 10~6 6026

For time perturbation methods, (R) stands for ranges of validity
evaluated using a residual tolerance criterion € = 1073, while
(C) stands for Cochelin criterion using § = 1072

So the results show that ANM based on Cochelin
criterion with § = 107 is the fastest in CPU time,
while the residual stays in the same range as others
methods. But when using ANM(C), it is not possible
to determine a priori the residual ranges. One have to
determine it afterward. One can note that RK4 adap-
tive step size with Ag = [10~%s, 10~ 3s] is also fast in
CPU time. However, the residual norms of the solu-
tion obtained are not as low as the ones prescribed with
ANM(R), BPL and IFS.

It is noted that computational efforts of classic and
perturbation methods are globally in the same order
of magnitude. ANM(C) is 4 time faster than ANM(R).
But ANM(R), BPL and IFS ensure a prescribed residual
tolerance. Moreover, most of the CPU time is spent in
the evaluation of the range of validity. An incremental
algorithm is being used, where dichotomy would be
much faster. At least, it is possible to conclude that IFS
is not so efficient in that case, but might be interesting
where BPL is not working due to bad a priori choice of
Padé approximants parameters.

3.3.5 ANM, BPL and IFS comparisons

We now propose a comparison of ranges of validity
and number of continuation steps needed to reach a
specific final time. We recall here that for each con-
tinuation step, continuous approximated solutions are
obtained using time perturbation methods. For the sake
of comparison, ranges of validity are evaluated using
the residual criterion.

As a reminder, RK4 needs 10,000 steps to reach a
final time of + = 10s using a discrete constant time
step Ar = 107 3s.
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Fig. 7 tmax evolution for ANM, BPL and IFS for N = 15, and
e=10"*

A small study on number of step is presented in Table
3 for adaptive RK4 based on [45]. For every Ag value,
residual of solutions were globally higher than 1073,

Evolution of 7, obtained using ANM (Series only),
BPL and IFS (numerical resummation) is proposed in
Fig. 7. It is observed an automatic adaptation of the
range of validity [0, #;yax ] accordingly to the cyclic solu-
tion. Ranges of validity for ANM and BPL oscillate
around 0.4s and stay bounded in [0.1, 0.78]s.

Number of steps for ANM, BPL, and IFS with each
other are given in Table 4. It is noted that ANM and
BPL reach final time using approximately the same
number of steps. BPL is slightly better than ANM in
this example. IFS performs two to four times more steps
than other methods in this example.

The results of this study highlights the effectiveness
of the analyticity of the approximation, since it can
represent the important temporal variations in the evo-
lution of the physical phenomenon studied.

Finally, regarding computational efforts and num-
ber of steps for adaptive RK4 and time perturbation



Table 4 Case of the free Van der Pol equation. Number of steps
needed to reach final time + = 10s using perturbation methods
with N = 15 and different values of the residual tolerance €

Residual tolerance ANM BPL IFS
1072 24 21 55
1073 30 26 79
104 36 33 99
1073 44 41 168
10-° 51 50 214

methods it is possible to say that wider step size is per-
formed, in a slightly better amount of time and for a
better prescribed accuracy of the solution.

3.4 Behavior for a higher value of

In this subsection, we consider the same equation of
the free Van der Pol oscillator by increasing the non-
linearity coefficient u to 1000. In this particular case,
the solution changes radically and presents oscillations
on a much longer time scale.

We are interested to see how the polynomial appro-
aches can deal with large values of the nonlinearity
coefficient where the equation becomes stiff and some
very fast dynamic in the system is expected.

First, Fig. 8 displays the results of the solution
obtained by time perturbation method ANM and RK4
for a discrete time step Ar = 10~*s and for a final
time t = 6000s. One can see that the solutions are
superposed. A zoom of the plot close to the area of
fast changes of the solution is presented in Fig. 9.
It is observed that ANM solution is different than
the one obtained by RK4 with a discrete time step
Ar = 10~%s. For this reason, we decrease the step
size to Ar = 107 s. With this latter, RK4 solution is
now in a good agreement with ANM solution as can be
appreciated in Fig. 9.

An additional plot of the velocity in that vicinity of
the “jumps” that can give an additional insight in the
quality of the approximation is presented in Fig. 10.

As mentioned in [46], if we integrate a stiff problem
using variable-step Runge—Kutta, the initial step size
chosen generally leads to a large local error estimate.
This then causes the routine to reduce the step size, until
the main local error is reduced to its specified limit. The
routine sometimes works well to integrate the problem,
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Fig. 8 Approximated solution using RK4 with a discrete time
step At = 10~*s, and ANM for a truncation order N = 15, for
the free Van der Pol oscillator with = 1000
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Fig. 9 Enlarged view of Fig. 8 of the approximated solution
using ANM and RK4 with two discrete time steps Ar = 10™4s
and At = 1077s, with i = 1000
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a residual tolerance criterion € = 10~4, while (C) stands for Cochelin criterion using § = 10~4

but uses a much larger number of steps than seems
logical. As a result, rounding error and computation
time are constraints when using classical techniques to
integrate such problems.

These constraints are surmounted with the time per-
turbation methods. This example is a very good illus-
tration to realize that these methods are also appropriate
for stiff problems.

Same results are obtained with the other time
perturbation—resummation methods BPL and IFS pre-
sented in this work.

We are now interested in comparing the range of
validity of these time perturbation and resummation
methods. The comparison is carried out in Fig. 11 for a
truncation order N = 15. It is observed that use of the
resummation methods BPL and IFS tend to increase
the range of validity of the ANM series in this case.

4 Application on forced Van der Pol oscillator

An external transient force F(¢) can act on the oscilla-
tor, by placing at the second member a function of 7,
which is equivalent in mechanics to the actions of an
external force on the system :
¥—pu(l—xDi+x=F@) (35)
This equation is called forced Van der Pol.

The external action will be assumed sinusoidal peri-
odic force; therefore, the second member F(¢) is cho-

sen as A cos(wt), where A denotes the forcing ampli-
tude and w the forcing frequency. While we use time
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perturbation for the unknowns, this right hand side
(RHS) also needs to be represented by a power series.
In order to obtain the best numerical solution of the
complete forced Eq. (35), it is necessary to have the
best approximation of this RHS. Therefore, a time per-
turbation study of this RHS is realized by comparing
Taylor method and time perturbation methods using
specific change of variable [47].

4.1 Time perturbation of the forcing term

The chosen time-dependent forcing term is F () =
Acos (wt). It is necessary to look for a polynomial
approximation of it, as:

N
ﬁ@:%+2ﬂ?
i=1

(36)

with Fy = F (#p). Two specific procedures are com-
pared in order to evaluate the F; series terms.

4.1.1 Variable change

The following change of variable U = cos(wt) and
V = sin(wt) proposed in [47] leads to
{ U = cos(wt) 37

dU = —wV dt
V = sin(wt)

dV = U dt

Writing U and V as series : U = E N Uil and
T Li=0 !
N ~ e .
V = Z V;t', then injecting them into Eq. (37),
i=0
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and finally equating terms with identical powers of 7,
we get fori > 1:

Ui=—%Via
Vi=%2 Ui~

l

(38)

The initial terms are Uy cos (wtg) and Vj

sin (wty), where fy denotes a given initial time.
Thus, the recurrence formula for the RHS is:

Fy = AU;

Vi > 0. (39)

4.1.2 Taylor decomposition

The general formula of Taylor series for cos(wt) also
makes it possible to determine the F; series terms:

N Q)
cos (wt) = Z —(COS(C;)‘tO))

i=0

t—1o) (40)

where (cos(wio))® denotes the ith derivative of the
cosine function evaluated at the point wty. This for-
mula has been directly used for numerical validation.
Recurrence formula for the F; terms is not provided
here as it was not necessary.
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4.1.3 Numerical validation of the RHS series
representation

Exact solution is compared to the solution given by
Taylor method and the change of variable method, for
A = 17, w = 4. It is done without continuation pro-
cedure in order to fully understand the behavior of the
obtained series. Firstly, influence of the initial time 7
is depicted in Fig. 12 using truncation order N = 20.
No difference can be seen between both methods, nor
influence of the initial time. Secondly, truncation order
influence is presented in Fig. 13. It can be seen that the
domain of validity fyax of the RHS, &~ 1.5s, is wider
than previously computed branch of solutions.

Numerical results for the zeroth step show that the
two methods: Taylor formula and the method based on
change of variable have the same behavior, same range
of validity and same error with the exact solution. As it
is easier to evaluate Eq. (39) than finding a recurrence
formula for the Taylor expansion for #y # 0, we decide
to use this method for the RHS.
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4.2 Numerical study of the forced Van der Pol
equation

4.2.1 Classical discretization schemes

The forced Van der Pol equation (35) is solved by con-
verting it into a first-order system of differential equa-
tion:
X=y
{ § = u(l = x5 —x + F(1) W
A convergence study for different time steps At
between RK4 and RK1 schemes has been also car-

ried out in this case. The corresponding time step for
x(0) =1,%(0) =0and u =2 is At = 107 3s.

4.2.2 Time perturbation representation

In order to solve the forced Van der Pol equation using
time perturbation, we proceed with the same proce-
dure as in the free case. Power series representation
of the unknowns Eq. (33), using time as the perturba-
tion parameter, are injected in the equation to solve Eq.
(35). Moreover, series terms F; of the RHS are eval-
uated using Eq. (39). Therefore, identifying the terms
according to the powers of 7, the following recurrence
formula is obtained:

k-2
k(k — Dxp = <(k — Dxp—1 — Z(k =1 —i)xp—1-i Zi)
i=0

—Xg—2 + Fr—2 (42)
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Fig. 14 Approximated solution using ANM (series only) for
different truncation orders N, in the case of the forced Van der
Pol oscillator (u =2, w =4 and A = 17)

where

i
2= XjXie
j=0

(43)

4.2.3 Numerical results

For all the computations, initials conditions are set to
x(0) = 1,x(0) = 0, the amplitude to A = 17 and the
frequency to w = 4.

In order to understand the behavior of the ANM,
solutions are plotted without continuation procedure in
Fig. 14. It can be seen a standard evolution in pertur-
bation method. After some time, continuous solutions
diverge. Moreover, the more terms you add in the rep-
resentation, the wider is the range of validity.

Solutions and phase portrait are proposed in Fig. 15.
Continuation procedure is exactly the same as in the
free case. Residual norm tolerance is set to an € value,
and this makes it possible to evaluate the range of valid-
ity of the time perturbation representation fyax. The
same results are obtained using IFS and ANM. They
are not plotted here for sake of conciseness. Hence, it
is confirmed that ANM, BPL and IFS are able to repro-
duce solutions of the forced Van der Pol equation.

A small robustness study is proposed for the time
perturbation methods. Phase portraits are plotted in Fig.
16 for BPL only (but results are the same for ANM
and IFS methods). It is done for others values of the
forced Van der Pol equation parameters A, w and w .
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Fig. 15 Approximated solution (left) and phase portrait (right) using BPL for e = 1074, N = 15, u = 2, w = 4 and A = 17 for the
forced Van der Pol oscillator. In black, the reference RK4 solution using At = 1073

Perfect agreement with the RK4 solutions is observed.
This confirms the ability of the proposed methods to
reproduce numerical solutions of the forced Van der
Pol oscillator.

Number of steps for ANM, BPL and IFS needed to
reach final time r = 10s are given in Table 5. Domain
of validities is around 0.1s to 0.2s. It is once again
recalled that solution within those steps is continuous.
Moreover, derivative values are available at any time
and are also continuous in time. It is noted that ANM
and BPL methods are equivalent in terms of number of
steps for this case of study and those parameters. But,
it is not easy to find BPL parameters (truncation order,
number of Gauss point) for which no pole appears. At
last, IFS needs about 50% more steps than BPL and
ANM.

5 Application on the nonlinear combustion
equation

We now consider a model of flame propagation. If a
match is lit, the fireball spreads rapidly until it reaches
a critical size. It then preserves this size because the
amount of oxygen absorbed by the combustion inside
the ball balances the amount accessible through the
surface of the fireball. To illustrate this further, let us
consider the following nonlinear combustion equation
[48]:
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=y (1-y) (44)
with the initial condition
y(0) =46 (45)

The scalar variable y(¢) represents the radius of the
ball. The terms y? and y3 refer to surface area and
volume. The critical parameter § corresponds to the
initial radius which is small. The solution is sought
over a length of time such that t € [0, 2/6].

This example is studied by Larry Shampine, one of
the authors of the MATLAB’s suite of ordinary dif-
ferential equations [49]. This problem is characterized
by its transitory aspect in the middle of the integration
interval. The solution switches from non-stiff to stiff,
and then, it becomes non-stiff again.

Series terms of time perturbation method for Eq.
(44) are given in “Appendix C.1”.

The exact solution of this differential equation is
[50]:

1
W(aexp(a — 1)) + 1

y(@) = (46)

wherea = 1/§—1 and W (¢) is the Lambert W function
(the inverse of the function : ¢ exp(t)).

For the numerical test, we take § = 0.0001. We
provide the solution of combustion equation by time
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perturbation methods and MATLAB ode solvers. We
start by ode45 (based on an explicit Runge—Kutta (4,
5) formula and the Dormand—Prince pair [51]), since
in general it is the best solver to apply as a first try for
the majority of problems.

Figure 17 shows the exact solution compared to the
solution obtained by time perturbation method and the
MATLAB solver ode45 with the zoom detail, for a final
time equal to 2/8, so to ¢ = 20, 000s. One can see that
the solution obtained by the solver ode45 gives oscil-
latory motion, while ANM solution is in a very good
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agreement with the exact one. Same result as ANM is
obtained by BPL and IFS.

Note that good results can be obtained with MAT-
LAB solver ode23s (based on a modified Rosenbrock
formula of order 2 [49]). However, it only solves some
kinds of stiff problems and none of all ode solvers is
exempt from the step size restriction. Thus, the quali-
tative features of the solution obtained by time pertur-
bation method are shown.



Table 5 Case of the forced Van der Pol equation (u =2, w = 4
and A = 17)

Tolerance ANM BPL IFS
1072 53 49 74
1073 61 65 99
1074 77 79 108

Number of steps needed to reach final time r = 105 using pertur-
bation methods with N = 15 and different values of the residual
tolerance €
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Fig. 17 Solution of Eq. (44) obtained by time perturbation
method (ANM) and ode45 for § = 0.0001

6 Application on the elastic hardening spring
problem

Consider the nonlinear elastic hardening spring prob-
lem [52,53] in the modified following form :

u+si(l+syu=0 47

y—u*=0 (48)
with the initials conditions u(0) = ug, u(0) = vy,
y(0) = uo?, where s; > 0 and s, > 0. This problem is
an example of conservative systems which maintain a
constant total energy in their exact solutions.

Solution of this problem presents periodic oscil-
lations. The exact period and solution can be found
analytically in [54]. Series terms of time perturbation
method for Egs. (47) and (48) are given in “Appendix
Cc.2”.

For numerical results, we take ug = 1.5, vg = 0.0,
S1 100, s, = 10 as presented in [52]. The non-
linear period of the problem is 7 = 0.15153. Clas-
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sic time integration schemes use a discrete time step
AT T/32. The phase portraits of the reference
solution and the one obtained by time perturbation
method (ANM) are given in Fig. 18. Same results are
obtained by BPL and IFS. It is seen that good agree-
ment is obtained. However, results obtained with clas-
sical discrete time step At show the inaccuracy of
the numerical solution. In conservative systems, the
exact displacement-velocity portrait should be a closed
cycle which is not satisfied by the classical integration
schemes Runge—Kutta of third (RK3) and fourth order
(RK4) as can be deduced from Fig. 18. Note that simi-
lar results are obtained by using the following classical
schemes: Newmark, the Houbolt method, o-method,
the average acceleration method, the central difference
method and the Wilson 6-method. This has been con-
firmed by the deviation of the total energy obtained by
these schemes from its initial value in [53].

The results depicted in Fig. 18 prove that a good
quality of solution is guaranteed over large period of
time with time perturbation methods as explained in
[20].

7 Application on a three degrees of freedom (3
DOF) example : Lorenz system

One of the most famous chaotic systems was developed
by Edward Lorenz [55] who was interested in the fluid
flow patterns of the Earth’s atmosphere and noticed an
unexpected chaotic behavior. Depending on the choice
of the parameters that existin the equations, Lorenz sys-
tem can exhibit chaotic and non-chaotic behavior. The
Lorenz equations govern, in a lower order, the dynam-
ics of convection in a heated fluid layer and present
particular challenges due to its high sensitivity to small
variations in initial conditions, from continuous con-
vection to low turbulence (chaos). The Lorenz equa-
tions are:

X=0(y—x) (49)
y=x(p—2 -y (50)
1=xy—pz (1)

where x, y and z are dynamical variables. The first com-
ponent of the solution x is related to the convection in
the atmospheric flow, while the other two components
y and z are related to horizontal and vertical tempera-
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Fig. 18 Phase portraits of the hardening spring problem ii +
100(1 + 10u2)u =0,up = 1.5,v9 = 0.0 for a final time equal
to 507, by time perturbation method (ANM) and the third- and

ture variation. The parameters o, p and 8 are the related
constants.

Series terms of time perturbation method for this
system are given in “Appendix C.3”.

Note that this system of differential equations is not
linear and it is very complicated to obtain exact solu-
tions with the presence of two nonlinear terms. Solu-
tions are completely dependent on initial parameters
and conditions, and it is very difficult to predict their
behavior. For some parameter values, the orbit of the
solution in the three-dimensional space is a strange
attractor. For other values of the parameters, the solu-
tion tends either to converge toward a fixed point,
or diverge to infinity or follow a periodic oscillation
motion. Bifurcation studies show that with the param-
eters o 10 and B = 8/3, and the critical chaos
parameter is p = por = 27.74 [56]. The behavior of
the solution is non-chaotic when p < p¢ and chaotic
otherwise.

When resolving this system numerically, the numer-
ical methods provide the solutions only at a discrete
point in time. In order to ensure a good convergence
of the solution, these methods require a very small dis-
crete time step. However, even by reducing the inte-
gration step Af, the result cannot be improved. This
is due to the fact that the integration error presents an
extremum as a function of At as mentioned in [57]. The
importance of handling Lorenz system with a time per-
turbation method instead of a discrete time integrator
is outlined in [57,58].
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(b)
fourth-order Runge—Kutta method (RK3/RK4) with a discrete

time step At = T'/32. Reference solution presented in [54]. (b)
is a zoom plot of (a)
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Fig. 19 Phase portraits of Lorenz system with xo = 5, yp =
5, z0 = 400 and p = 350 obtained by time perturbation method
(ANM) and ode45

For the numerical results, the following initials con-
ditions are set first to xo = 5, yop = 5, zo = 400 and
the constant p is set to p = 350. Figure 19 illustrates
the phase portrait of Lorenz system and shows the effi-
ciency of time perturbation method.

Then, we consider xo =5, y0 = 5,z0 =4 and p =
27. Figure 20 shows the ability of time perturbation
methods to reproduce the Lorenz attractor.

Same results are obtained for both test cases using
BPL and IFS.

8 Conclusions and perspectives

Nonlinear differential equations have been success-
fully solved using time perturbation methods as time
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Fig. 20 Phase portraits of Lorenz system with xo = 5, yo =
5,z0 = 4 and p = 27 obtained by time perturbation method
(ANM) and ode45

integrator. Full description of the time perturbation
has been made. First, classic Asymptotic Numerical
Method has been applied using time as perturbation
parameter. Then, resummation techniques Borel-Padé-
Laplace and Inverse-Factorial Series have been studied.
First- and second-order derivatives are explicitly given
for both BPL and IFS methods. This is one of the main
contributions of this work.

The principal advantage of such approaches is that
solutions and derivatives are continuous in time. It
makes it possible to evaluate those latter at any time. It
is noted that for free and forced Van der Pol equations,
both ANM and BPL methods are equivalent in terms of
number of steps using proposed parameters. Time per-
turbation methods make it possible to perform wider
time step, with a prescribed residual, than adaptive RK4
integrator. It is noted that computational efforts of clas-
sic and perturbation methods are globally in the same
order of magnitude. Most of the CPU time for ANM(R),
BPL and IFS is spent in the evaluation of the range of
validity. An incremental algorithm is being used, where
dichotomy should be much faster.

It has been confirmed that poles appear during con-
tinuation of BPL method. It is difficult to find correct
parameters for BPL : truncation order, number of Gauss
points, for which poles are not an issue. In this study,
IES is a bit less efficient, but it can provide a good
alternative to BPL where poles might appear and in the
case of divergent series, for which ANM method is no
longer efficient.

Finally, time perturbation and resummation meth-
ods are well adapted to simulation over long time. Sev-
eral examples have indicated that classical schemes
often introduce a slight shift at each period, whereas
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the time perturbation schemes reproduce more faith-
fully the limit cycle. The efficiency of these methods
has also been validated for the 3 DOF Lorenz system.
Some recent studies even show that time perturbation
features allow to handle correctly problems like Lorenz
system.

Application to models using high numbers of degrees
of freedom, more precise computational efforts and
comparisons of the proposed time perturbation inte-
grators will be studied in a further work.
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Appendix A Derivatives formulas for Borel-Padé-
Laplace

The Borel sum denoted by Sii(¢) in a directiond = R™
is given by the following formula:

o
Si(t) = ug +/ P(&)e 5/ 1dg (52)
0
The first derivative of Borel sum is given by:
dSa(r) d o0 ¢
=— P /14 53
I i <uo+/0 (é)e § (53)
dug o0 d _
=— PE)—(e¥/Nd 54
[ regEete ey
*© §
=0+ | PE(S)e ¥ de (55)
0 12
1 o
== | §PEe g (56)
12 0
The change of variable & = rt yields to:
dSi(r) 1 [ _
= — tP(rt)e”"d(rt 57
7 7 /0 rtP(rt)e " d(rt) (57)
l‘2 o0
= — rP(rt)e”"dr (58)
12 0
o0
=/ rP(rt)e "dr (59)
0
Finally, the first derivative of Si(z) is
dSu(t °
i) _ / rP(tt)e " dr (60)
dr 0



The second derivative of Borel sum is given by:

d>sa()  d

_ (i /OOSP<s>e—f/’ds)
dr? dr \2 J,

=h+Ih

with
d 1 o0
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ﬂdt [ EP(E)et/'d
For I;:
d 1 ©
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- /0 £P(E)e ¢/ d

Let the change of variable & = rt
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Tt dr
Therefore,
. —2dSu(r)
YT T
For I:
L= P(&)e*/1d
2=3 dt/ EP(&)e §

— —&/t
=5 [Cer@ 5ot
1 o
= [ ereetia
" Jo
Let the change of variable & = rt
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1 > 2 —r
= —/ reP(rt)e "dr (75)
rJo

Therefore, the second derivative of Borel sum is

d*Sa(r)  —2dSa(r)
a2t dt

1 oo
+- / r?P (e "dr (76)
0

Note that the evaluation of the second derivative of
Borel sum needs to start from #y # 0.
Therefore, as a summary:

o0
Si(t) = ug +t / P(rt)e"dr (77)
0
dSu(r o0
Su®) _ f rP(rt)e " dr (78)
dr 0
d2sa(r)y  —2dSa@) 1 [*,
== - P(t)e"dr (79
dr? tdt+z/0r()er()

A quick reminder about Gauss—Laguerre quadrature
is presented:

(80)

00 Ng
/O Foedx =3 wi f(x)
i=1

with w; are the quadrature coefficients (or weights).
The x; points, or nodes, are real, distinct, unique and
are the roots of Laguerre’s Ng polynomials.

Generally, we can also consider the integrals that
have a singularity of the law of power x“ known to
x = 0, for ¢ > —1 with « a real number that lead to
integrals of forms:

1)

00 Ng
/ x* f(x)e Fdx = Z w; f(x;)
0 i=1

This allows to estimate such integrals accurately for
f (x) smooth or polynomial even in the case where «
is not an integer.

It should be noticed that the nodes x; and the weighs
w; depend on o and Ng. So, here are two different
strategies for calculating first and second derivatives of
BPL.



A.1 Strategy 1

Strategy 1 is an application of Gauss—Laguerre formula
or the generalized formula with o« = 0.
Borel sum is given by:
oo
Su(t)y =uo+1 P(rt)ye "dr
0

——
H(r)

oo
=up+ t/ H(r)e "dr
0

Ng
= uy +t2wiH(ri)

i=1

Ng
= U +IZU),'P(V,'I)

(82)
i=1
The first derivative of Borel sum is given by:
dsa(r o
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dr 0o —
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The second derivative of Borel sum is given by:
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Therefore, with &« = 0, we have
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d2Sa(t)
dr?

—_2dSu(t)

87)
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For this first way, the Padé solution P (r;t) is calculated
only once for the estimation of the Borel solution, the
first and second derivatives.

A.2 Strategy 2

The second way is based on generalized Gauss—
Laguerre.
For ¢ = 0, we have:

o0

Si(t) =ug+1t P(rt)e "dr
0 \-\,—J
H(r)

o
=ug + t/ H(r)e "dr
0

Ng Ng
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For @ = 1, we have:
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For o = 2, we have:
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For this strategy, Padé’s development is not the same
for Borel sum and its derivative since the roots and the
weight depend on «.

Appendix B Derivatives formulas for inverse facto-
rial series

In this “Appendix,” we calculate the first and second
derivatives of Inverse factorial series 7 (¢) of the sec-
ond way of Sect. 2.3 (great order N). We recall some

with

vil) =a viz) =a UEN) =dan 98)
The terms vil), vél), .. v,(,l), ,(,21 are the terms of the
IFS denoted by: vy, v, ..., Uy, Upt1.

B.1 First derivative

Note that the derivative in this “Appendix” will be
denoted by premium even if they are temporal deriva-
tives. (Just for more clarification in the formulas).

The first derivative of Inverse factorial series is given
by:

dI (1)
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any sequence of complex numbers. Let 7 = __1 (100)
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Note that if the series are summable in R direction,
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where v, is the n-th term of IFS which is calculated y =7 (104)

using the following recursive algorithm based on
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If the series are summable in the RT direction, so

(105)



The terms (vgl))/, (vél))/, e (v,gl))’, (vr(lizl)' ... are
the terms of the D; g, (first derivative terms of IFS) :

/ / / /
Ul Vs e evs Upy Uy

B.2 Second derivative

The second derivative of Inverse factorial series is given
by:

d21 (1)
g7 =IO ="t v At o)
+27 (1" + v 4 V)
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We have
2
7' = 3 (107)
and
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= Z20m+1) (108)

We will build a recursive algorithm of second deriva-
tive. Since the second derivative is complicated to write
it directly, we will evaluate it using A, B, C such that

| . .
A= (ra @Y + o @Y ) 0+ )

(109)
and
B =~y (ta_tvy’ + yo/ ) (110)
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The terms (vil))”, (vél))”, . (v,(,l))”, (vr(llJZl)’/ are

the terms of the DIZFS, (second derivative terms of IFS)
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Appendix C Series terms for time perturbation
methods

C.1 Nonlinear combustion equation

The nonlinear combustion equation is

¥=y1-y) (119)
For sake of recurrence formulas, it is recast as follows

y—z2l=y=0 (120)
z—y*=0 (121)

Series terms for k > 1 for Eqgs. (120) and (121) are
given by the following recurrence formulas:

k—1
by ==Y ziyk-1-i (122)
i=0



(123)

i
2= Z)’j)’i—j
j=0

C.2 Elastic hardening spring problem

The nonlinear elastic hardening spring problem is in
the form

i+s1(1+s2y)u=0 (124)

y—u>=0 (125)

Series terms for equations (124) and (125) for k > 2
are given by the following recurrence formulas:

k=2
k(k = Dug = —s1 | Y (1 + sayi)ur—2i (126)
i=0
i
Vi= ) ujui_j (127)
j=0
C.3 Lorenz attractor
The Lorenz equations are
xX=o0(y—x) (128)
y=x(p—2)—y (129)
z=xy— Bz (130)

Series terms for Lorenz equations for k > 1 are given
by the following recurrence formulas:

1
Ne= o (k=1 — Xk—1) (131)
| k—1
N e > Xizko1-i = v (132)
i=0
W=
%= inyk_l_i — B (133)
i=0
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