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Abstract

Fractional dissipation is a powerful tool to study nonlocal physical phenomena such
as damping models. The design of geometric, in particular, variational integrators for
the numerical simulation of such systems relies on a variational formulation of the
model. In Jiménez and Ober-Blobaum (J Nonlinear Sci 31:46, 2021), a new approach
is proposed to deal with dissipative systems including fractionally damped systems
in a variational way for both, the continuous and discrete setting. It is based on the
doubling of variables and their fractional derivatives. The aim of this work is to derive
higher-order fractional variational integrators by means of convolution quadrature
(CQ) based on backward difference formulas. We then provide numerical methods
that are of order 2 improving a previous result in Jiménez and Ober-Blobaum (J
Nonlinear Sci 31:46, 2021). The convergence properties of the fractional variational
integrators and saturation effects due to the approximation of the fractional derivatives
by CQ are studied numerically.
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1 Introduction

Fractional calculus is an extension of classical integration and differentiation theory
to any real or complex order (Samko et al. 1993; Anatoly et al. 2006; Podlubny
1999; Oldham and Spanier 1974). A major feature enjoyed by fractional calculus
is nonlocality which is used widely to model numerous phenomena in engineering,
physics (including classical and quantum mechanics), biology, chemistry, etc. Baleanu
(2008); Miller and Ross (1993); Silvaetal. (2008); Agrawal and Baleanu (2007); Hilfer
(2000b, a).

The fractional variational principle was first proposed in Agrawal (2002). It is a tool
to obtain a fractional equation of motion by defining Lagrangian actions depending
on fractional derivatives. A discrete version of this approach was introduced in Bastos
et al. (2011); Bourdin et al. (2013).

Fractional derivatives are successfully used to derive dissipative systems in the
framework of variational principles (Riewe 1996; Cresson 2007). In this context, a
new variational approach, the so-called restricted Hamilton’s principle, was developed
in Jiménez and Ober-Blobaum (2021). Contrary to the classical Hamilton’s principle,
the restricted one gives only sufficient conditions for the extremals of the fractional vari-
ational problem, leading to equation that describes dynamics of fractionally damped
systems, the so-called restricted fractional Euler—Lagrange equation:

d (0L oL o
S =E) = >
T <8x> o uDx, u>0, a=>0 (D)

where L(z, x, x) is a Lagrangian and D¢ is the fractional derivative operator. In par-
ticular, equation (1) with full order derivatives models the dynamics of forced systems
(with a force linear in X, such as linear dissipation). It can also describe the motion of
a rigid plate immersed in a Newtonian fluid with fractional derivatives of order 3/2
(Torvik and Bagley 1984).

As a particular case, with o« = 1, there exist several approaches to derive equation
(1) (Riewe 1996; Galley 2013; de Diego and de Almagro 2018; Cresson 2007, 2013;
Jiménez and Ober-Blobaum 2018, 2021).

From a numerical point of view, dealing with Lagrangian variational problems
permits us to construct variational integrators (Marsden and West 2001; Hairer et al.
2006) via a discrete calculus of variations which are numerical schemes preserving
the structural characteristics of the solution of the system. This approach is extended
to a large class of systems including forced systems as well as nonholonomic ones
(Monforte 2002; McLachlan and Perlmutter 2006; Marsden and West 2001).

Following (Jiménez and Ober-Blobaum 2018), a discrete version of (1), also
called Fractional Variational Integrator (FV1), is obtained from a discrete restricted
Hamilton’s principle and fractional difference approximation. The (FVI) is mainly a
combination of two different discretization schemes: one for the conservative part and
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the other for the fractional part. The authors use the midpoint rule for approximating a
Lagrangian in the conservative part and the so-called Griinwald-Letnikov approach to
approximate the a-fractional derivatives in the fractional part. As stated in Podlubny
(1999), this approximation is of first order. Then, the integrator (FVI) with « = 1 has
been proven to be of order one Jiménez and Ober-Blobaum (2019).

Another type for approximating fractional integrals and derivatives is known as con-
volution quadrature (CQ). Such method was introduced by Lubich in Lubich (1986,
1988) and based on a specific quadrature rule for evaluating the convolution integral.
The main difference between these methods and other numerical methods is that the
weights of CQ are computed by the Laplace transform of the convolution kernel and
multistep methods. As the left fractional integral is a particular convolution integral,
the quadrature weights are obtained from the fractional order power of the rational
polynomial of the generating functions of linear multistep methods (LMMs). In par-
ticular, the use of the classical backward difference formulas (BDFs), i.e., subclass of
LMMs, is widely adopted for high accuracy (Lubich 1985, 1986).

In Diethelm and Ford (2002), the authors consider a particular type of fractional
differential equations, called the Bagley—Torvik equation (Torvik and Bagley 1984)
of the form Ax"(r) + BDi/zx(t) + Cx(t) = f(t). This equation can be recast as
a system of four fractional differential equations of order 1/2, and then, Lubich’s
correction term (Lubich 1986, 1988) has to be applied to obtain high-order numerical
methods.

In the continuous setting, the integration by parts and semigroup properties are
crucial in the restricted Hamilton’s principle for constructing (1). Thus, preserving
such properties at the discrete level is then essential which can be fulfilled by CQ.

As we deal with higher-order approximation, it is also natural to apply higher-order

techniques, also known as high-order variational integrators or Galerkin variational
methods, for the conservative part. These techniques are applied to the action integral
associated to a Lagrangian L in order to construct numerical schemes of arbitrarily
high order. It is based on interpolating the trajectories and choosing a high-order
quadrature for the approximation of the integral, see (Ober-Blobaum and Saake 2015;
Ober-Blobaum 2016; Marsden and West 2001; Leok and Shingel 2012) and references
therein.
Main contributions. In this paper, we follow the same strategy as in the continuous
case in Jiménez and Ober-Blobaum (2018). However, we use different discretization
schemes, in particular, for the fractional part resulting in new fractional variational
integration schemes. The main contributions of this paper are as follows:

e We demonstrate how to use CQ based on fractional (BDF) methods for the approx-
imation of fractional Lagrangians.

e We combine those CQ-based approximations with Galerkin variational methods
for the conservative part (including the midpoint rule) to derive high-order varia-
tional factional schemes for (1).

e We prove the approximation order for a specific example with quadratic
Lagrangian.

e We verify numerically that our methods have second-order accuracy applied to
the coupled damped oscillator and the scalar Bagley—Torvik equations including
an 1/2-order derivative and an 3/2-order derivative.
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Structure of the paper. In Sects.2-3, we introduce and summarize the underlying
mathematical theories our work is based on. In Sect.2, we give a brief exposition of
Lagrangian variational integrators that will be used throughout the work. Section3
contains some necessary preliminaries of fractional calculus, including the notion of
CQ asin §3.2 and, in particular, Lubich’s fractional linear multistep methods. We also
discuss the main issue of using CQ with numerical experiments as illustration. After
recalling a continuous restricted Hamilton’s principle in Sect.4, we present our new
contribution as a generalization of the one obtained by Jiménez and Ober-Blobaum
(2021) for deriving FVIs associated with (1) by means of the CQ in the framework of the
discrete restricted Hamilton’s principle. We examine the accuracy, both, analytically
for a special case and numerically for the coupled damped oscillator and the Bagley—
Torvik equations. Section 5 treats the higher-order FVIs case by applying high-order
techniques as presented in Ober-Blobaum and Saake (2015); Ober-Blobaum (2016)
mixed with CQ.

2 Higher-Order Discrete Variational Mechanics
In this section, we recall the construction of variational integrators that will be used

in this work. We refer to Marsden and West (2001); Leok and Shingel (2012); Ober-
Blobaum and Saake (2015) and references therein for more details.

2.1 Hamilton’s Principle and Euler-Lagrange Equations

Consider a mechanical system defined on the d-dimensional configuration manifold
QO (later on we will particularize on R4, but in this section it can be considered as
a general smooth manifold) with corresponding tangent bundle 7' Q. Let g(¢) € Q
andg(t) € TynQ,t € [0,T] C R, 0 < T, be the time-dependent configuration and
velocity of the system. The action S : C 2([0, T1, Q) — R of a mechanical system is
defined as the time integral of the Lagrangian, i.e.,

T
S(q) = /0 L), ¢(t)) d, %)

where the C? Lagrangian function L : TQ — R consists of kinetic minus potential
energy. Hamilton’s principle seeks curves g, with fixed initial and final values g (0)
and ¢ (T'), which are extremals of the action, i.e., satisfying

§8(¢q) =0,

for arbitrary variations d¢q € T,C 2([0,T1, Q). A necessary and sufficient condition
for the extremals is the so-called Euler—Lagrange equation

d (dL oL
N - = 07 (3)
dt \ 9q aq
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which is a second-order differential equation and describes the dynamics of conser-
vative systems. See (Abraham and Marsden 1978) for more details.

2.2 Discrete Hamilton'’s Principle and Discrete Euler-Lagrange Equations

The discretization of the objects described in the previous subsection is based on
Marsden and West (2001); Moser and Veselov (1991). Let us consider a time grid
ty ={khlk=0,..., N}, where h € Ry is the time step and # N = T. We replace
the configuration ¢(z) by a discrete sequence ¢4 = {gx}o.ny € Q1! where ¢ will
be an approximation of ¢ (f;). The discrete Lagrangian L; : Q x Q — R will be an
approximation of the action (2) in one time step [fx, fx+1] based on two neighboring
configurations g and g1, i.e.,

Tk1

La(qis qest) ~ / L(q(0). ¢(t)) dr. @)

173
Furthermore, the discrete action sum 8 : QN 1 5 R is defined by

N—-1

Sa(qa) = Y La(qi, qr+1)-
k=0

The discrete Hamilton’s principle seeks extremals of the action S with fixed endpoints
490, g, i.e.,

884(qqa) =0,

for arbitrary dgx € Ty, O. A necessary and sufficient condition for the extremals is the
discrete Euler—Lagrange equations

Di1La(qk, qk+1) + DoLa(qk—1.qx) =0,  k=1,...,N—1, (5)

where D; is the derivative with respect to the i-th argument. Given that the matrix
D12 L4(qk, qr+1) 1s regular, equation (5) provides a discrete iteration scheme for (3)
that determines g4 for given g, and gx—1. This iteration scheme, which can be rep-
resented by the map Fr, : O x O — QO x O, (qk—1.qk) — (gk, gk+1). is called
variational integrator, and has interesting preservation properties, such as symplec-
ticity and momentum preservation under the action of a symmetry (Marsden and West
2001; Moser and Veselov 1991).

2.3 Higher-Order Approximations of the Action
Considering only two neighboring configurations gx and gi4+; in (4) limits the

approximation order to O(h?). With the aim of increasing this order, a well-
known approach is to take into account inner nodes in between [#x, #x+1] (Marsden
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and West 2001; Ober-Blobaum and Saake 2015; Hall and Leok 2015). This
higher-order approximation procedure consists of two steps: (1) the approxi-
mation of the space of trajectories and (2) the approximation of the integral
of the Lagrangian by appropriate quadrature rules. (1) Trajectories space The
space C([%, tkt1], Q) = {q : [, k1] = O 1qg(t) = gk, q(tkv1) = g1}, will be
approximated by C* ([, tx+11, Q) C C([tk, tx+1], @), where C° ([, tx+1], Q) denotes
the space of polynomials of degree s. Given s + 1 control points0 = dp < dj < --- <
ds—1 < dy = 1 and s + 1 configurations gx = (¢, q}, ..., q,iil,q,i), with ¢ = gk
and g; = g+1, then g4(t; k) € ([, tx+1], Q) can be defined by

qa(t:k) = g by <%) : 6)
v=0

where £, (7) are Lagrange polynomials of degree s such that £, (d;) = 6,; (here § is
the Kronecker symbol), and therefore gq(h d;; k) = q; according to (6). Moreover,
the time derivative of (6) is

. 1 < . ([t
qa(t; k) = EZOCIZEU <E> .
p=l

(2) Quadrature for the action integral For the approximation of the action integral (2),
first we replace the curves ¢(¢) and ¢(¢) by their polynomial counterparts g, (¢; k),
qa4(t; k) in the interval [k h, (k + 1) h], i.e.,

(k+1)h
f L(qa(t: k), 4a(t: k) dt, k=0,...,N — 1.
kh

Next, in the same time interval, a quadrature rule (b;, ¢;);_, is applied, with ¢; € [0, 1].
This defines the discrete Lagrangian:

La(qu) = La(qy, ..., ) = h Y _ biL(qa(ci hi k), Ga(ci b k)); @)

i=1

it is important to remark that L; depends on s + 1 variables. Naturally, the choice of
quadrature should be adapted to the desired order of approximation with respect to
the continuous action in order that now can be arbitrarily high.
The construction of higher-order variational integrators can be summarized in Fig. 1.
Now, following §2.2, the action sum can be defined from (7) by

N-1
Sa(qa) = Y Lalqu),
k=0

and the discrete Hamilton’s principle can be applied in order to obtain a necessary
and sufficient condition for its extremals, i.e., the discrete Euler—Lagrange equations.
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Q

s—1 s_ .0
4y, e = Tt

cih coh cr—1h crh
S R B A R .

T T Lol k

doh = tk dlh th dsfzh dsflh dsh = tk+1

Fig. 1 Polynomial interpolation principles. On each subinterval [#, fx41 ], the trajectory interpolated by a
polynomial passing through the points {q,’(}f:0 associated with the control points {dy,/}. The evaluations
are made by the quadrature points for the {c; 2}, indicated by cross points

These are:
DsiLa(@_1s - i) + DiLa(ql, ... q}) =0,
DiLay(q,....q}) =0, Vi=2,...,5;
fork =1,..., N — 1, where the transition condition, namely ¢;_, = q,?, has to be

taken into account. See (Marsden and West 2001; Ober-Blobaum and Saake 2015) for
further details.

Higher-order variational integrators (also denoted as Galerkin variational integra-
tors) have been extensively studied in Hall and Leok (2015); Leok and Shingel (2012);
Ober-Blobaum and Saake (2015); Campos (2014) for conservative systems and in
Campos et al. (2015) for optimal control problems. Obviously, the convergence order
of higher-order variational integrators is limited by the order of the function space
approximation and the order of the quadrature rule. In Hall and Leok (2015), a lower
error bound is provided by the approximation order of the finite-dimensional function
space (e.g., convergence order s is reached by using the space of polynomials of degree
s). Numerical convergence studies in Ober-Blobaum and Saake (2015) indicate that
Galerkin variational integrators based on the Lobatto and Gauss quadrature rules are
of order min (2s, u), where s is the degree of the polynomial and u the order of the
quadrature rule. A general proof of this superconvergence result is provided in Ober-
Blobaum and Vermeeren (2021) using backward error analysis in the context of the
calculus of variations. For particular classes that are equivalent to so-called (modified)
symplectic Runge—Kutta methods, a proof of a superconvergence has been made in
Ober-Blobaum (2016).

@ Springer



38 Page8o0f31 Journal of Nonlinear Science (2025) 35:38

3 Fractional Integrals, Fractional Derivatives and Their
Approximations

3.1 Fractional Integrals and Fractional Derivatives
Let us start by giving a brief overview concerning the fractional operators. We refer

to Samko et al. (1993); Oldham and Spanier (1974); Anatoly et al. (2006) for more
details.

3.1.1 Fractional Integrals

The Riemann—Liouville «-fractional integrals, Re @ > 0, for f : [0, T] — R! are
defined by

1 t
JEf(t) = m/o (t — r)“_lf(r)dr, te(0,T], (8a)

1 T
JOf@) = @/; (t =¥ f(r)ydr, t€[0,T), (8b)

where T is the Euler Gamma function and we set JO f = Jf: f = f. The fractional
integrals satisfy the so-called semigroup property (Samko et al. 1993, Theorem 2.5,
p.46),i.e.,

JEIE )y = J2PF(), o e{—, +). ©)

Let m € N. If the function f is continuously differentiable in [0, T'], then it can be
continued analytically to Re o < 0 via

m m

d d
JEf() = WJ,’”“L“ f0, Lo =-o

JUHf(t) forRea > —m. (10)

In this case, the fractional integral is called fractional derivative, and can be denoted
by D¢ (note that the real part of « is now negative).

In particular, from (10), and restricting ourselves to Re o € [0, 1] (which will
be the range of interest in this work), we can establish the following definition of
Riemann-Liouville fractional derivatives, which is usually found in the literature:

! For f e L! ([0, T]; R), J¥ f and Jfﬁ [ are defined almost everywhere on [0, T']. Moreover, they are
defined everywhere on [0, T'], if f € C([0, T']; R) (see (Diethelm 2010; Lovoie et al. 1976; Oldham and
Spanier 1974) for more details).
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3.1.2 Riemann-Liouville Fractional Derivatives

Let Re @ € [0, 1]. The left and right Riemann—Liouville fractional derivatives are,
respectively, defined by

o _ i 1—«a _ _ o
DZf@) = dtj’ f) = —( )dt/( ) " f(r)dr, 1€ (0, T](u)

d
DYf() =—— T f() = - / (t =0~ f(r)dr, 1€[0,7),

dt ri—a dt

provided that f € AC([0, T], R) which is a very simple sufficient condition for the
existence. It is easy to see that D f = Dg f = f, whereas it can be proven that

DLf=-D\f=df/dr (12)

The last relationships follow easily from the definitions (11) (first equality) and Jo f=
JJ? f = f, but the latter are not trivial from the definitions (8). >
Other relevant properties of fractional derivatives are

T T
fo f@)D5g(t)dt =f0 gL, f(0]dr, o ef{— +}, (13a)
D¢l =D 0<a,p<1/2. (13b)

Property (13a) is called “asymmetric integration by parts” of the fractional derivatives,
whereas (13b) is called again the “semigroup property.”

Remark 3.1 The left fractional derivative in the sense of Caputo, also based on left
Riemann-Liouville fractional integral (Anatoly et al. (2006), p. 73) is given by,

DY F(1) = I F @),

In the case 0 < o < 1 with some regularity on f, we have the following relation

—o

DS = D)~ o FO).

and it is important to note that, contrary to the Caputo derivative, the Riemann—
Liouville derivative of a function f when f(0) # 0 could lead to singularity at

2 The expression of the fractional derivative as a fractional integral of negative «-index (and therefore its
inverse operator) can be made explicit. Namely, from (9), (11) and (12), plus considering that J! s the
usual integral operator (inverse of the derivative), we have

pef=plyl=ey_pljlj-er_j-or

where, recall, @ € [0, 1]. A similar computation can be done for the Caputo definition of the fractional
derivative (Samko et al. 1993), i.e., *D% f := Jl-«pl f = D% f by imposing that f(0) = 0.
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t = 0. That is why the Caputo derivatives are more useful in applications, otherwise
we should impose f(0) = 0.

3.2 Discrete Convolution

For the time being, let us focus on the retarded fractional integral in (8), i.e., J* f (7).
It is easy to see that it is a particular convolution integral

t
JEF(0) = (@ % £)(1) :=f KOt —1)f(r)dt (14)
0

where the convolution kernel is given by

a—1

@y L
K (t)—r(a).

15)

Here, (o) must not be understood as a power in the left hand side, it is just a superscript
denoting the dependence of the kernel on the parameter «.> The Laplace transform of
this convolution kernel is given by

oo so—1

I'a)

K@ (s):= L(k®)(s) = / e Stdt =572, (17)
0

The theory of discrete convolutions is developed in Lubich (1986, 1988, 1994)
by Ch. Lubich (indeed, the topic of Lubich (1986) is the discretization of fractional
integrals).

Asin §2.2, let us consider a time grid fy = {kh |k =0, ..., N}, where h € R is
the time step and & N = T. Moreover, consider a discrete series { fi}o.y € (R)NF1,
where fi shall be an approximation of f ().

Now, define the discrete convolution in the following as an approximation of the
continuous convolution (k * f)(fx) in (16), namely

00 k
(k% )0 ~ @% 1) =Y onfien =" Y O fion, (18)

n=0 n=0

3In complete generality, a convolution integral can be defined for any kernel as

t
(ke x ) = /0 Kk(t — 1) f(T)dT. (16)
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observe that the series is truncated after =! since fx 1s not defined for k < 0%, with
a general convolution kernel x. The CQ weights w,, are defined as the coefficients of
the generating power series

(V(Z)> anz, Iz| small. (19)

Here, K (s) is the Laplace transform of the kernel x and the so-called characteristic
function y (z) = Y 2 y»2" is the quotient of the generating polynomials (p, o) of a
linear multistep method (LMM)

poYk + P1Yk—1 + -« . + PuYk—n = h(00 fk + 01 fk—1 + ... + On fk—n)
for the differential equation y’ = f(y), i.e.,

p() _ po+piz+...+ pa”
y(2) = = (20)

o(z) ao~|—a]z+...+a,,z”

where we assume that pg/oo > 0, so that (19) is well defined at least for sufficiently
small /. Note that if we define z_ to be the discrete backward operator, i.e.,

- fr = fr-1,
the LMM can be defined as p(z—) yx = h o (z—) fkx, where {y}o.n € (RHN+1 s also
a discrete series.

More importantly for the purposes of this article, the discrete convolution approx-
imating the fractional integral (8a),(14) can be redefined, according to (19), by

3 fi = K@ (V(Z )) Zw@”fk - @1)

where K (“)(y (2)/h), with K @ given in (17), has to be understood as an operator
acting on { fx}o.n- On the other hand, considering the discrete forward operator

2+ fr = fr+1s

4 It could be argued that a more natural expression for the discrete convolution would be

k
(@ ) =Y op_p fn.

n=0

according to (14) and the relationship between the continuous and discrete times. It can be shown easily that
both expressions are equivalent after rearranging the discrete time index and reordering the coefficients.
Moreover, (18) will make more sense when the discrete convolution is understood as the application of a
certain operator over the discrete series { fi }o.n
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the discrete convolution approximating the fractional integral (8b) will be

er @ (7@ . N @
o= KO (=) fio= D0 ol firn, (22)
n=0

where again the series (19) gets truncated because { fi}(.y is undefined for k > N 3
It is interesting to note that, following these definitions, the convolution weights a),(f‘)
are the same for J* and J¢.

Now, we take into consideration the convergence order of J§ with respect to J*
following (Lubich 1986); as we will see, this order is sensitive to the convergence order
of the multistep method (p, o). In particular, for the generating function y = p/o,
which gives rise to w,(,a) according to (21), we say that the corresponding multistep

method is convergent of order p if and only if

Y are bounded, (stability) (23a)
hy(e™)y=14 O(MP), ash— 0, (order p consistency), (23b)

where 7, are coefficients of the power series ¥ ~'(z) := 1/y(z). Now, we introduce
the notion of convergence of the quadrature w, " .

Definition 3.1 A CQ determined by the coefficients a),(f”) is convergent of order p (to

JL) if
JEP=t g2 tP=t = o (W) + 0(hP), (24)

forallpeC,B8#0,—1,-2,....

Theorem 3.1 (Theorem 2.6 in Lubich (1986)) Let (p, o) denote an implicit linear
multistep method which is convergent of order p (23) and assume that the zeros of
o have absolute value less than 1. Then, J5 (21), (22) are convergent of order p
(Definition 3.1) to J¥ (8).

In Lubich (1986) is also established, under the condition of p-convergence in Def-
inition 3.1, that for functions f(t) = A1 g(1), g(t) smooth, there always exists a
starting quadrature wk,nﬁ which is defined by

k s
3oifk = Zwr(za)fk—n + h® Z wk,nfnv (25)
n=0 n=0

5 Fora given function, the discrete convolution can be also defined in continuous time, namely

381 @ =KDy @)/h) f0) = o £t £ nh).

n>0

6 In practice, computing @y , becomes more complicated for some values of @ where a linear system
should be solved at each step.
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with s fixed, such that
J2f =38 f = 0mP), (26)

uniformly for ¢ € [0, T]. In other words, to achieve the order p convergence of the
underlying LMM, the extra term in (26) should be introduced in order to eliminate
low order terms in the error bound in (24).

It is important to remark that due to the presence of the extra  -initial terms in (25)
the convolution structure is violated, and therefore the properties proved in Lemma
4.1 are no longer true for J¢ f. In Lubich’s own words: “The convolution structure
is only violated by the few correction terms of the starting quadrature which will
be necessary for high order schemes.” Indeed, this is also relevant in terms of the
convergence order, since from Definition 3.1, Theorem 3.1 and (26) we conclude
that for a function f(r) = t#~1g(r), with g(¢) smooth, a multistep method (p, o) is
p-convergent would generate the following convergence bound:

JEf =38 f = 0Py + OhP). 7

Thus, we expect the saturation of the convergence order at min(g, p).

Remark 3.2 In asimilar way, the approximation for the Riemann-Liouville derivatives
by CQ can be formally done by using —« rather than « in (21) and (22). Moreover,
for a non-integer «, the standard relation between the Riemann—Liouville and Caputo
derivatives allows one to use the CQ for approximating Caputo derivatives (Diethelm
2019)

fa]-1 n—ao
*q—0 p . q—0 p I (n)
I fi = 0" fi go Fasiza/ O

A disadvantage of using the Caputo definitions is that the associated CQ may destroy
the integration by parts and the semigroup properties which we need in the next
section. In particular, *J_% f; and J_* fi coincide if and only if f (")(O) =0,n =
0,1,---,Ja] — 1.

We illustrate the saturation issue (27) for the function ¢+ — = !sin(¢) with
B = 1,3, 5 using the Caputo derivative of order « = 1/2 which is equivalent to
the Riemann—Liouville derivative in this case. In Fig. 2, the error is defined by means
of the maximum norm

en = max |72 f(te) — 3 fe|. (28)

versus h is plotted on Log—Log scale. Of our interested, the characteristic function
y (z—) of the classical backward differentiation formula (BDF) up to order 6, that is,

P
1
r@=> z1-2"=y@. (29)

k=1
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t > sin(t) t > t7sin(t) t > t'sin(t)

10

logio(Err)
logio(Err)
logio(Err)

100

107!

0

° ° 10

10 10
|Oglo(h) |Oglo(h) |Og1o(h)

—1

L 10

10

Fig.2 Log-Log plot the error Err(h) versus i corresponds to the Caputo fractional derivative of order 1/2
(¢ = —1/2 in (28)). As expected, the convergence starts to saturate at p = 1 (left), p = 3 (middle) and

p =5 (right)

4 Restricted Variational Principle for the Dynamics of Lagrangian
Systems Subject to Fractional Damping

In Jiménez and Ober-Blobaum (2018, 2021) a restricted variational principle (both
continuous and discrete) in order to obtain the dynamics of a Lagrangian system
subject to fractional damping is delivered. As in other previous approaches treating
dissipative systems in a variational fashion (Agrawal 2002; Bateman 1931; Cresson
and Inizan 2012; Galley 2013; Riewe 1996), it is based on the doubling of variables and
the introduction of their fractional derivatives (which in this work will be considered
as fractional integrals with negative « index, as explained in §3) in the state space of
the relevant Lagrangians.

4.1 Continuous Setting

Let us consider the AC? curves x, y:[0,T] — R and a Cz—Lagrangian function
L : TRY — R (we use the natural identification TR? = R? x R?). Define a C2-
Lagrangian function’

7 In Jiménez and Ober-Blsbaum (2018, 2021) the state space of 8 is defined as a particular vector bundle
with base point (x, y) and fiber (¥, y, J_“x, J;ﬂy). However, this space is totally isomorphic to the

Cartesian product of six copies of R4 and we will stick to this for simplicity, preserving the notation of the
base point (x, y) as argument of the forthcoming actions also for simplicity.

@ Springer



Journal of Nonlinear Science (2025) 35:38 Page 15 of 31 38

L@ RN RI xR xRY xR x RY - R
(e, vs &, 3, I I ) e L@P(x, y b, 3, T 0, Jlﬁw
LDy i 3 I 1P y) = L) + LOu9) = I~ 1y (30)

where o, B € [0, 1/2] and v € R... Given this particular Lagrangian, we define the
relevant action 8 : AC2([0, T]) x AC%([0,T]) — R by S(x,y) = 8 (x,y) +

frac

S (x,y) with

COHS

(x,y) = / (L(x(@), x(1)) + L(y(@), y(1))) dt
€1V

frac

T
(x,y) = / =) I Py dt,
0

where cons goes after “conservative” and frac after “fractional.” Moreover, let us
define restricted varied curves by means of

xe(t) =x() +€dx(t), ye(t) = y()+€dx(t), (32)

with € € Ry and an AC? 8x : [0, T] — R¥ such that $x(0) = 8x(T) = 0 (observe
that the variations are equal for both curves, which is the base of the restriction).
With these elements, and assuming fixed endpoints x(0), x(7), y(0), y(T), we can
establish the restricted variational principle:

Theorem 4.1 The equations

d aL oL —(a+B)
(=== , 33
d1 (ax) ax M7 (33a)
d (dL oL _

dt \ 9y 8y

are sufficient conditions for the extremals of 8(x, y) (31) under restricted variations
(32).

It is important to remark that in the proof of this theorem (see (Jiménez and Ober-
Blobaum 2021)), the use of the asymmetric integration by parts (13a) and the
semigroup property (13b) of the fractional derivatives is crucial. In addition, it is
also proven in (Jiménez and Ober-Blobaum (2021), Proposition 3.2) that under even
parity of L in the velocity variable, then (33b) reduces to (33a) in reversed time,
i.e., y(t) = x(T —t).Finally, it is easy to see that the dynamics (33), say the Lagrangian
dynamics subject to fractional damping, reduces to the usual linear damped dynamics
when o = 8 = 1/2, according to (12).

Remark 4.1 The statements in the traditional variational principles or the unrestricted
fractional variational principles (Jiménez and Ober-Blobaum (2021), Remark 3.2) are
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made with “sufficient and necessary conditions”; however, in the fractional varia-
tional principle under restricted variations the “necessary” part of the implication is
eliminated, see (Jiménez and Ober-Blobaum (2021), Theorem 3.1).

In the following, we give several intermediary lemmas which are obtained by gen-
eralizing the results presented in Jiménez and Ober-Blobaum (2021).

4.2 Discrete Setting Based on CQ

In Jiménez and Ober-Blobaum (2018, 2021), the author applied the discretization pro-
cedure described in §2.2 and the Griinwald—Letnikov approximation for the fractional
derivative to derive the so-called fractional variational integrators. In the following,
we propose a generalization of this process using CQ. For that, let us consider two
discrete series x; = {xi}o.ny and ys = {yk}o.n» as well as two particular discretizations
of (11),1i.e.,

k N—k
T =Y o % 3 = o P yin, (34)
n=0 n=0

where the weights w,ﬂ“’) are the coefficients of the generating power series of

K& (y(z)/h) with K@ defined in (17), namely

koo (19 (HO) S

k=0

For concreteness, we choose y,(z) as in (29), the generating function of the classical
BDF methods. The Griinwald weights used in Jiménez and Ober-Blobaum (2021)
coincide with a particular choice of y,(z),1i.e., ¥1(z) = 1 — z and the notations J “%xp

and Hlﬂ vk have been used as A% x; and Af_ Yk, respectively.

Now we are in situation to show the proof of some properties relevant for future
results. The following lemma is a generalization of the one given in Jiménez and
Ober-Blobaum (2021) by means of CQ.

Lemma 4.1 Consider two discrete series { fi}o.n » {8k }o.n- Then, the following prop-
erties hold true:

1. The semigroup property of the discrete convolution: J Hf fr = Hiﬂrﬂ Sx-
2. The asymmetric integration by parts:

N N
Y e (@ fi) =Y (@) fi- (35)
k=0 k=0

Proof (1) From the equalities (21) and (22) and as K @ (5) = s~ (17), it follows that:

e (252) 00 (52)
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(@) (v’
‘( i ) ( I ) T
@\ P, (z2) o
_ <7/;A ) —K +B <y%) :gk'f'ﬁ fk-

(2) See (Bourdin et al. 2013) for more details:

ng @ fi) =' Z Z o gk frn =2 i iwﬁ,” gk fi—n

k=0 n=0 n=0k=n
N N-n N N—k

=3 00 gin fi =YY o gryn fr =° Z (3% 86) fr-
n=0 k=0 k=0 n=0 k=0

In =!, the definition (21) (second equality) is used. To prove =2 is enough to notice
that, forfixed j =0, ..., N, theelements a; := a)fa) gj fj—i-i =0,..., j,ontheleft
hand side, disposed in columns, form an upper diagonal (N + 1) x (N + 1), whereas
the same elements on the right hand side, for j =0, ..., Nandi = j, ..., N, account
for the transposed matrix; therefore, their total sums are equal. In =3, the sum index is
rearranged. In =#, equivalent arguments to =2 can be used. Finally, in =¢ the definition
(22) (second equality) is used; this concludes the proof. m|

The discrete action, counterpart of (31), is then

Sa(xa, ya) =8y (xa.ya) + Szac (xd» ya),
N-1

Sq (Xarya) = Y (Lak, Xir1) + La(yi Y4 1)),
k=0 (36)

N
Sy (aya) = —wh Y33 we.
k=0

Taking the discrete equivalent of the restricted varied curves, i.e.,

xg=xa+€ 8xxlon. Yy =ya+e€ Sxilon, (37)

such that 6xg = §xy = 0, we can establish the discrete counterpart of Theorem 4.1:

Theorem 4.2 The equations

D1Lg(xk, Xk+1) + DoLg(xg—1, x1) = puh 9Py, (38a)

DiLa(y, yiy1) + DaLa(yi—1, i) = wh 35 Py, (38b)

fork =1,..., N — 1, are sufficient conditions for the extremals of S4(xq, yq) (36)
under restricted variations (37).
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See (Jiménez and Ober-Blobaum 2021) for the proof. As in the continuous side,
the semigroup property and asymmetric integration by parts of the discrete fractional
derivatives/integrals, properties (1) and (2) in Lemma 4.1, respectively, are crucial
in the proof of this theorem. It is also true that (38b) reduces to (38a) in discrete
reversed time, i.e., yx = xy—k ( (Jiménez and Ober-Blobaum 2021), Proposition 4.2).
Naturally, the equations (38) provide a discrete iteration scheme for the fractional
damped dynamics (33), with y1(z) = 1 — z, delivering a p = 1 convergent integrator;
see (Jiménez and Ober-Blobaum 2021) for further details.

4.2.1 Approximation Order

In a traditional variational integrator, the accuracy is assessed by variational error
analysis (Marsden and West 2001); in other words, it is sufficient to construct a discrete
Lagrangian that approximates the exact discrete Lagrangian with order p to obtain a
variational integrator of order p. The question is then can we determine the accuracy of
afractional variational integrator from fractional variational error analysis? In general,
this analysis concept is not directly applicable to a fractional Lagrangian since it is
defined on a different space (including fractional derivatives) compared to the classical
Lagrangian considered in Marsden and West (2001). The extension to the fractional
case is not immediately clear and still open. In Diethelm and Ford (2002), a different
approach is applied for a very particular class of fractional differential equations, the
Bagley—Torvik equation with Caputo derivative of order 3/2 by reformulating the
equation to a system of fractional differential equations of order 1/2. In that paper,
the modified CQ method (25) is used which makes it possible to obtain numerical
schemes of higher order. However, modified CQ methods destroy the structures, i.e.,
the integration by parts and the semigroup properties which we need in our approach.
For those reasons, we focus on an error analysis for a particular case of fractional
Lagrangian: Let us consider a Lagrangian associated to linearly damped systems

. I.r.
L(x,x) = Ex x —U(x). 39)
The Lagrangian defined in (30) reads

L@P (x,y, %, v, J "%, J_:ﬁy) =L(x,x)+ L(y,y) — /LJ__“xJJ:ﬂy.

The restricted fractional Euler—Lagrange equation associated to (33a) can be written
as fractional Hamiltonian system

*=p (40
)
p=-VU(x)— [,LD(E“)X.
With @ = 1/2 in (40), we recover the classical forced system
Tr @1)

p=-VU(x)— ux.
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To compare the first order Hamiltonian system (41) with the FVI (33a), we first have
to introduce the discrete momenta based on the discrete Legendre transform. Now
introduce the discrete Legendre transform for p, and p,j as

Py = —Di1La(xg, Xp1) + K h J_ P

Pt = DaLaCe, xi) — (1 —0)uwh 3~ P,

where « € [0, 1] is a real parameter. This allows to rewrite equivalently the fractional

DEL equations as matching condition for the momenta py := p,': = p; and hence a

unique momentum py is defined at every grid point along a solution of the FVIL.
With our particular Lagrangian (39), the FVI can then equivalently be written as

Xkal — Xk h -
pr= = 4 S VU (wisi) +kph - (42a)
X1 — Xk

Pk+1 = A

h _
- EVU (Xkt12) = (L =) h 3P (42b)

and solved for (xx+1, pr+1). In particular, for « = g = 1/2, the CQ associated with
BDF2 becomes

_ 1 (3 1
g_("”rﬂ)xk = <§xk — 2xp—1 + Exk2> .

Theorem 4.3 Let « = B = k = 1/2 with CQ method associated to BDF2. The local
truncation order of the FVI for the system (42), with respect to the continuous dynamics
(41), is two.

Proof for BDF2 With the notation x; := x(t), px := p(tx) = x(t), we perform the
Taylor expressions for x (tx11) and p(fx41) in terms of (41), namely:

h? 3
X(tkg1) = Xk + hpg — ?(ﬂpk + VU (xr)) + FPVU(Xk)

h3 2 4
+ (0 = AU ) + O 43)
2

h
Pltr1) = pe = h (ppi + VU (i) + —pVU (x0)
2

h
+ 5 (P = AUGW) + O (44)

On the other hand, solving (42a)+(42b)= pi+1 + pr W.r.t x;41 leads to

1

M 3 + 3chp

[Zh(Pk + p+1) + (4 —4hp + khp)xp

— Kkhpxg—2 + hpxg—1 + 3Kh,0xk_1]
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1 h3
= X3 + hpi — (xppk + EVU(xk)> h? — 7 (1= 20pVU ()

p2 h3
P 43 _ 2 o~ 4
+ A h”((1 — 5k 4 6k7) pi 2 AU (x)) + O(h™)

Comparing the previous equation with (43) and ¥ = % yields [|x(tx+1) — Xk+1]l =
O (h?). Furthermore, solving (42b)-(42a)= py41 — px W.L.t prs1 leads to

K
Pt = pr+ 2@ = Tioxe — Ly — (1= 5a) 2y =300 — 0 2
2 2 2 2
— hVU (xk+1/2)
= pk — (PP + VUG + (1 — ) p(ppr + VU (xi0))h?

1
- EpkAU(mhz + 00

From this last expression and (43) with k = % we obtain that ||p(tx+1) — pk+1ll =
O (h3). This completes the proof. O

In the following section, we will apply the order two midpoint variational integrator
for the conservative part (Marsden and West 2001) and BDFCQ for the fractional one.
Then, we will denote by FVI-BDFCQ the scheme (38a) and write it simply FVI when
no confusion can arise. All the experiments are carried out in Julia Version 1.9.3.

4.3 Numerical Experiment

Let us consider the Lagrangian associated to the undamped free coupled oscillators
system of the form Pribdtkin and Tomasiello (2023)

The dynamics of fractionally forced oscillators can be deduced from (33a) with
o = B as follows:

mi¥ +ayx) + Bixi 4+ e(x) —x2) = —pu JT-%y, (45a)
mak¥ + aaxy + faxs +e(x2 — x1) = —p2 JZ% . (45b)

In this experiment, we fix N = 2 with the parameters m; = m> = 1,1 = 0.01, a0 =
0.02,81 = B = 0,6 = 0.5, u; = up = 3/1/2,x01 = 0.8, x00 = —0.4, X091 =
X2 = 0.

Consider the problem on [0, 16] and choose o« = 1/2 so that the fractional operator
D coincides with the usual operator d /dt. In this test run, we take the initial values
x(0) =0, x(0) = 1.2 and u = 0.2. Firstly, we plot the numerical solution obtained by
the FVI-BDF1CQ, explicit and implicit Euler integrators on the interval [0, 16] with the
stepsize h = 0.125 in Fig. 3 (left). The corresponding results of energy dissipation and
absolute errors are presented in Fig. 3 (right) and Fig. 4 (left), respectively. Secondly,
we compute global errors as the maximum norm between the numerical solution and
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0.50

0.25

0.00

-0.25

0 10 20 30 -025 0.00 025 050 0.75
t x1

Fig. 3 Damped harmonic oscillator (45) (¢« = 1/2). Left: Exact solution vs FVI-BDF1CQ method for
h = 0.125. Right: Energy behavior for 7 = 0.125

the exact solution, i.e.,
max |x(tx) — x|, Vk.

The results are presented in Fig.4 (right) as the global errors (in logarithmic scale)
against stepsizes on [0, 16] with h = 16/2i, i=4,..., 11.

The main property of a dissipative system is that the energy is always dissipated with
time, and as we can see in Fig.3 (right), FVI-BDFICQ can preserve the dissipation
structure of the damped harmonic oscillator which confirm that FVI-BDF1CQ gives
good numerical behavior.

We can confirm from Fig.4 (right) that the order of FVI-BDF1CQ is one and this
result has been discussed in Jiménez and Ober-Blobaum (2021). However, we observe
that the second-order convergence both FVI-BDF2CQ and FVI-BDF3CQ which is
natural since the midpoint integrator being used is of second order.

We also consider another example. Let us choose a Lagrangian of the forced har-
monic oscillator problem defined by L(z,x,%) = x2/2 — x?/2 4+ x f(t) with a
nonvanishing function f. So that equation (33a), again for « = g, reads

i4+uD®x+x=f@), telo0 1] (46)

For a non-integer 2«, this problem is known as the Bagley—Torvik equation, which
can be used to describe, for example, the dynamics of a rigid plate immersed in a
Newtonian fluid when o = 3/4 (see (Podlubny 1999; Torvik and Bagley 1984)). Due
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BDF1CQ BDF2CQ BDF3CQ
=-x1 =-x1 -=x1
5 = X2 =-x2 -=X2
=2 H—0(h?) —O0(h?) —O(h?)
10 10—2 10_2
- = -
o o (]
= c =
() () ()]
E E E
(@) [@))] (@]
o o o
—4 | —4
1073 F 10 10
10?2 107t 10?2 107t 10?2 107t
logio(h) logio(h) logio(h)
Fig. 4 Damped harmonic oscillator (45). Left: absolute errors for 7 = 0.125. Right: Log-Log plot of the
global error presented on ¢ € [0, 16] forh = 16/2', i =4, ..., 11

to mathematical complexity, the analytic solutions of such equation are very few and
are restricted to the one-dimensional case. In particular, with the initial conditions
x(0) = x(0) = 0 and n = 1, the Bagley—Torvik equation is exactly solvable (see
(Jena and Chakraverty 2019; Ford and Connolly 2009)) by considering,

_ 32 _!
f()y=t +6t+1“(1/2)t NG a=, (47a)

f(t)=§x/;+§ﬁt+t2x/;, o=

where the analytic solutions are given, respectively, by x(r) = 13 (resp. = t%). We
numerically solve the Bagley—Torvik problem (46) using FVI on [0, 1] for o = le %.
The global errors (on logarithmic scale) are presented in Figs.5 for h = 1/2/, i =
I,...,8

Again, it can be observed from Fig. 5 that FVI-BDF1CQ leading to a convergence of
order one. A convergence of order 2 is obtained for FVI-BDF2CQ and FVI-BDF3CQ
(left plot), whereas a convergence of order cannot reach two for FVI-BDF2CQ and
FVI-BDF3CQ (right plot).

We summarize the convergence order of (38a) for equations (45) and (46) in Table 1
where we consider the midpoint integrator for the conservative part.
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—fl- FVI BDF1CQ —fl- FVI BDF1CQ
—@— FVI BDF2CQ —@— FVI BDF2CQ

—V— FVI BDF3CQ —V— FVI BDF3CQ o)

oY)

log(error)

10727 107" 107 107

log(h) log(h)

107!

Fig. 5 Bagley—Torvik equation (46). Log—Log plot of the global errors on ¢ € [0, 1] for h = 1720, i =
1,..., 8. Left: case (47a). Right: case (47b)

Table 1 Convergence order of (38a) for equations (45) and (46)

BDF1CQ BDF2CQ BDF3CQ
Damped oscillator (« = 1/2) order 1 order 2 order 2
Baglay-Torvik (¢ = 1/4) order 1 order 2 order 2
Baglay-Torvik (¢ = 3/4) order 1 order 1.8 order 1.8

5 Higher-Order Fractional Variational Integrators Based on
Convolution Quadrature

Now, we establish a particular discretization of the action (31), where we choose a
higher-order approximation with quadrature rule (b;, ¢;)_; (§2.3) for the conservative

part $“™ and CQ (21), (22) for the fractional integrals involved in Sfm instead of the
order 1 (34). For that, we take into account two discrete series x4 = {xx}o.y €

RHNHL vy = (o.y € RDNH and s + 1 inner nodes {x,f}ow € (R%)*+! in each
interval [k, k + 1] such that x} = x,? 1 (equiv. for y). Namely

cons frac
Sa(xa, ya) =84 (xa,ya) +384 (xa,ya).
N—-1

Sy (a»ya) = Y (La(xi) + La(yw)),
k=0

N
frac _ _
84 Gavya) =—nh Y 93 .

paard (48)

La(xx) =h Y biL(xa(ci hi k), Za(ci hs k),
i=1

La(y) =h Y _ biL(ya(ci hi k), $alci b k),
i=1
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where the definition (6) applies for x4(¢; k) and y,(¢; k) just by QO = R4, Now,
considering restricted varied curves

xg = {xt oo Fe (o lon . o= towo: te Bl . (49

such that §xg = 8x8 = 0 and éxy = dx3,_,; = 0, we establish the following result
(it is important to recall that, from now on, we shall consider the variation operator as
8 = d/de€le=0, applied over the “varied” quantities). Now, we set the following useful
lemma.

Lemma 5.1 According to the definitions (21), (22) and considering varied curves (49),
we have

83, “xx =35 % Sxx.

Equivalently for y.

Proof We pick o = —, the proof for 4 is equivalent. It is important to note that in the
CQ (21) the inner nodes are not involved, and consequently from (49) we only take
into consideration the main nodes, i.e., x5 = {xx}o.ny + € {Sxx}o.n-

_d
T de

d
J-%x5 =

§9=¢ —
"% e=0 de

k
o 2O ke + € D)
= n=0

k
= Z 0 8xp—p = J7 8xp..
n=0

Theorem 5.1 The equations

D‘Y+1Ld(x£_1, XD+ D]Ld(x,?, ce L XR) — uh H:(‘Hﬁ)xlg =0,

» 8,

, 5,

k=1,...,N—1, (50a)
DiLg(x,...,x}) =0, k=0,....N—1, i=2,...
(50b)
Dy 1 La(yp_y. - Vi) + DiLa(y. ... y9) — wh 3Py =0,
k=1,...,N—1, (50¢)
DiLs(y,...,y}) =0, k=0,....N—1, i=2,...
(50d)

are sufficient conditions for the extremals of (48) under restricted variations (49).

Proof From (48), we have that

cons frac
884(xd, ya) =88, (xa,ya) +88; (xa, ya).
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Let start to simplify § 8;0"5 (xd, ya)

N-—1
cons aLd(xk) Ld ()’k)
88y (xd.ya) = ( + 8xgs
d ]; ox} ayy k

where the summation over v is understood and we have employed the restricted vari-
. . frac .
ations (49). Concerning the term § 8 ; (x4, y4), we use the notation

9Lq(xy)

> Sx; = D;Lg(xk) (Sx,':", (51)

dx;,
where on the left hand side v = 0, ..., s and on the right hand side v = 0, vy =
I, ..., ve41 = s (in other words D; = a/ax,ﬁf); this way, it is highlighted that L is

a function of s 4 1 variables (equiv. for y). Thus, we have

N—1s+1
cons

88, (xa»ya) =Y > (DiLa(xx) + DiLa(yv)) 8x;'.
k=0 i=1
. N N
88y avy) =" —puh Y 378 s —puh > 350 8 e
k=0 k=0

N N
=2 —ph Y AT s —wh Yy 8x 3500w

k=0 k=0
N—1

= — uh (3:(’3+a)x,9 + H;(a+’3)y2) Sx,?.
k=1

In =!, we have employed the Leibnitz rule of the derivative and Lemma 5.1. In =2
we have employed the asymmetric integration by parts, i.e., property (2) in Lemma
4.1. Finally, in => we have rearranged terms, employed the semigroup property (1)
in Lemma 4.1, taken into account that x; = x,?, Vi = y,? and S x; = 6 x,? in terms of
the inner nodes and taken also into account that xg = dxy = 0, such that the terms
k = 0 and k = N vanish. Putting everything together, we have

N—1s+1
88a(xa, ya) = Y Y (DiLa(xk) + DiLa(y)) 8x;'
k=0 i=1
N-—1
a3 (@ ) 54
k=1
N—1s+1 N-—1
=S Y DLty sx + Y (DlLd(xk) - thj(”ﬂ)x,?) 5x?
k=0 i=2 k=1
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2

s+ N—-1
- DiLa 85y + Y (DiLaGw) = h 37 P50) 810
i=2 k=1

=
Il
=}

where it is taken into account that éxg = 8x8 = 0 and that Dgy1Lg(xk—1) =
D1 L;(xi). Now, given that (Sx,';[ are arbitrary fork =0,..., N—1,i=1,...,s+1
(except 6xp), we see from the last equality that

D;iLy(xp) =0, k=0,....N—1, i=2,...,s,
DyyiLg(xp—1) + DiLa(x) —phd~"“ Py =0, k=1,....N-1,
D;Lg(yx) =0, k=0,..., N—-1, i=2,..., s,
Dyp1Lak—1) + DiLayp) —ph 8Py =0, k=1,...,N—1,

is a sufficient condition for 8 8;(x4, y4) = 0 and the claim holds. O

Remark 5.1 The partial derivatives of L;(xx) (equiv. y) are completely determined by
the quadrature rule (b;, ¢;)!_, and the Lagrangian function L(g, ¢), according to (48)
and (6). Namely

) Zb( (rae B ), e s ) o

1+ 0L e b k. Oa
—(xq4(c; h; xq4(ci h;
aq. d 1 £ £ d 1 ax;:
d oL )
=h2 b; %(x,z(c,-h;k), xXq(ci h; k) £, (cih)
i=1

oL . 1.
+ —xalci hy k), xq(ci h; k) —£,(c;ih) ).
aq h

Naturally, equations (50a),(50b) can be employed as a discrete iteration scheme for
the dynamics (33a), the same way (50¢),(50d) can be used for (33b). We shall focus
on the x-part, since y is equivalent.

The equations

pxo =~ D1La(x], ..., x0)s
0= DiLg(x,....x}), Vi=2,...5, k=0,...,N—1,
0= DypiLaGd yoooooxl )+ DiLgGd . x) —uhd~ PO k=1, N -1,
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where we include the initial momentum p,, := —D; Ld(xo, ...,Xx))asa deﬁnitiong)
Pxo 0 0
conform a discrete iteration scheme

0 0 K 0
x5 > (xgs ..., x5 = X)),
0 0 0 0
Kf_ps oo Xy =X) > (X, ..., =x,), k=1,...,N—1,

that can be represented as an algorithm:

Algorithm 1 Higher-order fractional variational integrator (with CQ)

I: Initial data: N, h, @, B, of @ 1 30 po.
2: solve for xé, e, xa from

Py == D1Lg(xg. ... x3).

0= DiLy(x,....x5), Yi=2,...s.
3: Initial points: xg,...,x(s) :x?
4: fork=1: N —1do
solveforx,i,...,xi :x2+1 from

k
—(a+
0= DS+1Ld(xl?71,...,xi_1)+DlLd(xlg,...,x,i)—;Lh sz @ ﬁ))xl?in,
n=0
0=D;iLy(x),....x}), Vi=2,...,s.

5: end for
6: Output: (xi’, .. .,x}(,_l), v=0,...,s.

It is important to remark that at each step a nonlinear system of s algebraic equa-
tions is solved in order to obtain the s unknowns (x,}, e, xz = x,? +1), even in the
initialization step.

5.1 Numerical Experiment

We will employ a variational integrators of order 4 for the conservative part based
on two points Gauss quadrature and a polynomial degree 2 (see (Ober-Blobaum and
Saake 2015)) and BDFCQ for the fractional one. To simplify notation, we continue
to write FVI-BDFCQ (or only FVI when it is convenient) for equations 50a and 50b
and the numerical solution can be computed using Algorithm 1.

Let us consider the previous examples as in §4.3. As expected, we notice in Figs. 6
and 7 that FVI-BDF1CQ and FVI-BDF2CQ are of first and second order, respectively.
From the numerical point of view, one would expect a higher accuracy (order 3 using

8 Naturally, this definition is based on the Hamiltonian version of discrete mechanics, which can be con-
sulted for conservative systems in Marsden and West (2001), and for the particular case of fractional damping
in Jiménez and Ober-Blobaum (2021). We do not enter here in further details since it is offtopic.
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Table 2 Convergence order of (38a) for equations (45) and (46)

BDF1CQ BDF2CQ BDF3CQ
Damped oscillator (« = 1/2) order 1 order 2 order 2
Baglay-Torvik (¢ = 1/4) order 1 order 2 order 2
Baglay-Torvik (¢ = 3/4) order 1 order 2 order 2

—l— Vi order 4 with BDF1CQ
—@— Vi order 4 with BDF2CQ
—A— Vi order 4 with BDF3CQ

—l— Vi order 4 with BDF1CQ
—o— C
—h—

Vi order 4 with BDF2CQ
Vi order 4 with BDF3CQ | O(h)
107
s
L
. El
o(h*)
107

1072 107" 1072 107"
log(h) log(h)

Fig. 6 Damped harmonic oscillator (45). Left: absolute errors for 7 = 0.125. Right: Log-Log plot of the
global error presented on 7 € [0, 16] for h = 16/2', i =4, ..., 11

—il— Vi order 4 with BDF1CQ
—@— Vi order 4 with BDF2CQ
—A— Vi order 4 with BDF3CQ

—il— Vi order 4 with BDF1CQ

—@— Vi order 4 with BDF2CQ
—A— Viorder 4 with BDF3CQ [ O(h)

log(error)

1072 107" 107
log(h) log(h)

Fig. 7 Bagley-Torvik equation (46). Log-Log plot of the global error on ¢ € [0, 1] for h = 1 2 0=
1,..., 8. Left: case (47a). Right: case (47b)

BDF3CQ mixed with third-order variational integrator) which we do not get. One pos-
sible reason might be mixing of integrators (VIs and BDFCQ). In particular, BDFCQ
depends only the main nodes but not on the inner nodes which are considered in the
conservative part. Another possible reason might be saturation effects coming from
CQ as described in §3.2.

As we have seen in §3.2, the main issue of using BDFCQ for certain class of solution
functions is that one cannot achieve a high accuracy, see the saturation effects in Figs. 2.
However, a correction term should be added as in (25) to recover the accuracy order as
the one of the underlying BDF methods. We apply BDF3CQ with a correction term in
the discrete Euler—Lagrange equation in Algorithm 1 for equation (46) when o = 3/4
and as we observe in Fig. 8, the third accuracy order is almost achieved. However, this
phenomenon does not work with the previous studied cases, which seems related to
the accumulation of errors.
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l+ VI order 4 with BDF3CQ

10 ° ¢

log(error)

log(h)

Fig.8 Bagley-Torvik equation (46), case (47b),i.e., « = 3/4. Log-Log plot of the global erroront € [0, 1]
forh=1/2",i=1,...,8

We summarize the convergence order of (38a) for equations (45) and (46) in Table 2
where we consider an integrator of order 4 for the conservative part.

6 Conclusions

Several methods have been proposed to deal with nonconservative mechanical systems,
e.g., a restricted Hamilton’s principle (Jiménez and Ober-Blobaum 2018, 2021), an
approach introducing fractional derivatives. The main motivation of this approach is
to derive the dynamics of fractionally damped systems (1) as direct as it is in the case
of conservative systems, i.e., using a purely variational way.

We have developed a discrete version of the restricted Hamilton’s principle using
two different procedures. One for conservative part (Marsden and West 2001; Ober-
Blobaum and Saake 2015; Hall and Leok 2015) and the other for the fractional part
using the CQ method, which is particularly suitable (Lubich 1986, 1988) for approx-
imating fractional derivatives.

This work centers around increasing the accuracy the numerical scheme associ-
ated to (1). Here, we have focused on implementing the FVIs and test numerically
their accuracy using two mechanical systems, the coupled damped oscillator and the
Bagley—Torvik problems. We notice that for FVI based on BDFCQ, it can only achieve
the second-order accuracy even for a higher-order FVI (see Figs.6 and 7) which is
due to the fact that saturation effects are also a part of the problem. Another problem
of using BDFCQ is that the inner nodes used in a higher-order approximation for
the conservative action (31) are not taken into account in BDFCQ for the fractional
one. Thus, a way to handle this is to apply the high-order Runge—Kutta CQ (RKCQ)
(Lubich and Ostermann 1993; Banjai and Lubich 2011) for the fractional part, which
will be a future work.
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