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Abstract

A family of implicit multi-level one-step time-stepping schemes for Hamiltonian systems
is developed. The implicit multi-level one-step schemes are based upon the discontinuous
Galerkin finite element approximation of Hamilton’s canonical equations and possess nu-
merical dissipation. For comparison, energy conserving time-stepping schemes which rely
on the continuous Galerkin finite element method are also dealt with. The following two
natural systems are considered: the planar circular pendulum and the two-body central
force problem. In particular, constant and linear time finite elements are investigated.
The influence of exact and numerical quadrature in time on the algorithmic total energy
and angular momentum of the associated time-stepping schemes is examined in detail.
In this connection the numerical dissipation properties of the time-stepping schemes un-
der consideration are also inspected. Numerical examples for the circular pendulum deal
with linear motions (harmonic oscillator) as well as nonlinear motions. For the two-body
problem Hooke’s central force law (isotropic harmonic oscillator) and inverse square law
of force (Kepler’s problem) are considered.
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1 Introduction

This paper concernes the time integration of the Hamilton’s canonical equations. In-
stead considering a finite difference method from the outset, we employ the finite element
method for the temporal discretization. The Hamiltonian point of view implies an inte-
pendent approximation of the generalized coordinates and momenta. The starting point
of the present time finite element method is the weighted residual statement (weak form)
of Hamilton’s canonical equations in symplectic notation. We solve the corresponding
system of first-order ordinary differential equations by applying time-stepping schemes
emanating from the so-called discontinuous Galerkin method; see ERIKSSON ET AL. [12].

This Galerkin finite element method, often accredited to LASAINT & RAVIART [27], relies
upon the use of discontinuous trial and test functions of the same space. In comparison,
the continuous Galerkin method is based on continuous trial and test spaces with a test
space dimension reduced by one compared with the trial space dimension. According
to ERIKSSON ET AL. [12] the identical function spaces turns out to be an advantage in
the error analysis and also gains improved stability properties for parabolic problems in
comparison to the continuous Galerkin method. However, in contrast to the continuous
Galerkin method, one has to give up the requirement that the initial condition is exactly
satisfied.

In particular we examine in the present paper for constant and linear time finite elements
the conservation properties which hold for the following two holonomic, scleronomous
constrainted (natural) systems:

e the planar circular pendulum and
e the two-body central force problem.

The total energy and the total angular momentum are especially of interest because
these two constants of the motion play a central role in mechanics and therefore it is
also a great advantage to be able to conserve them exactly after each time step (algo-
rithmic conservation). According to LABUDDE & GREENSPAN [26] the application of
conventional numerical methods to systems of ordinary differential equations of motion
of classical mechanics leads to conservation of the total energy and angular momentum
only to the order of the truncation error.

Moreover, from the numerical viewpoint the energy conservation of a time-stepping
scheme is diserable for unconditional stability within the nonlinear regime; see BETSCH
& STEINMANN [9] and HUGHES [18].

Since, according to the papers of BAUCHAU & JOO [5], BAUCHAU & THERON [6], CHUNG
& HULBERT [11], HOFF & PAHL [17], HULBERT [20], JOHNSON [22|, JOHNSON ET AL.
[23], NEUMANN & SCHWEIZERHOF [30] and RUGE [32], for instance, a time discontinuous
Galerkin approximation leads to numerical dissipation in time and space-time finite ele-
ment methods, we aim to obey the conservation laws by a suitable numerical quadrature.
Note that within the scope of the continuous Galerkin finite element method P. Betsch



and P. Steinmann have achieved a conservation of algorithmic total angular momentum
in their papers BETSCH & STEINMANN [7, 8] by specific quadrature rules. In general,
we consider in the present paper so-called interpolating quadrature rules according to
ISAACSON & KELLER [21] and in particular, we restrict ourselves to the midpoint rule,
the trapezoidal rule and the Gaussian quadrature rules.

In addition, we have implemented the considered two natural systems and in the present
paper we illustrate the analytical results by numerical examples. We have taken as ref-
erence for the computations the energy conserving continuous Galerkin finite element
method according to BETSCH & STEINMANN [7, 9.

The remainder of this thesis is organized in the following manner: Part I aims at the
derivation of the time-stepping schemes emanating from the discontinuous Galerkin
method. First we review in Section 2 the Hamiltonian formulation of equations of mo-
tion: subsequent to an introduction of Hamilton’s canonical equations, we identify the
hamiltonian as the total energy of natural systems and thus as a constant of motion for
natural systems. In Section 3 we derive the implicit multi-level one-step time-stepping
schemes from the discontinuous Galerkin finite element method. Section 4 elaborates
upon the algorithmic hamiltonian of the discontinuous Galerkin method.

Part II comprises the consideration of the circular pendulum. Section 5 starts with an
introduction of the conservation of total angular momentum for only one particle which
we apply as well to the circular pendulum as to the two-body problem. We determine
in Section 6 a time finite element formulation for the harmonic oscillator which means
the circular pendulum for small oscillations. We consider exact quadrature and the
quadrature rules named above. In Section 7 we examine the algorithmic total energy of
the harmonic oscillator for exact and numerical quadrature. Section 8 is devoted to an
elaboration of a time finite element formulation for the circular pendulum for arbitrary
motions. Owing to the nonlinear conservative force, we gain time-stepping schemes for
linear time finite elements within the symplectic notation only by numerical quadrature.
Note that BETSCH & STEINMANN [9] show a possibility applying exact quadrature out-
side the symplectic notation. Section 9 is dedicated to the algorithmic total angular
momentum of the circular pendulum. Since we apply polar coordinates for generalized
coordinates, the calculation is almost trivial. Section 10 shows how we obtain algorith-
mic total energy conservation by a nonstandard quadrature rule.

Part III describes the application of the time-stepping schemes to the two-body central
force problem. Section 11 begins with a reduction of this problem with six degrees of
freedom to an equivalent planar one-body problem with two degrees of freedom. In
Section 12 we give the Hamiltonian formulation of the equivalent one-body problem.
In Section 13 we create a time finite element formulation for the isotropic harmonic
oscillator, ie Hooke’s central force law, which is based upon the equivalent one-body
problem. Section 14 concerns the algorithmic total energy of the isotropic harmonic
oscillator where we take into consideration exact quadrature as well as interpolating
quadrature rules. In Section 15 we investigate the algorithmic total angular momentum
of the isotropic harmonic oscillator for exact and numerical quadrature. In Section 16 we



turn to a time finite element formulation for arbitrary nonlinear central force laws and
consider the inverse square law of force (Kepler’s problem) in detail. Section 17 exam-
ines the conservation properties of algorithmic total angular momentum of the equivalent
one-body problem only for interpolating quadrature rules owing to the arbitrariness of
the central force law. Section 18 shows a possibility to obtain algorithmic total energy
conservation by a nonstandard quadrature rule. Section 19 concludes with a summary
and impulses for further investigations into the described finite element formulation.

Part 1
The Galerkin Finite Element
Formulation

2 The Hamiltonian formulation of equations of mo-
tion

The starting point for the Galerkin approximation developed below is the Hamiltonian
formulation of the equations of motion. In this section we give a brief account of classical
mechanics which will be needed for the subsequent derivation of numerical time-stepping
schemes from a finite element formulation. For more details, we refer to ARNOLD [3]
and GOLDSTEIN [14].

2.1 The canonical equations of Hamilton

We consider mechanical systems with ng,; degrees of freedom and holonomic, scle-
ronomous (natural) constraints. The state of the system is described by independent
generalized coordinates ¢;, © = 1,...,n4¢. Let the generalized coordinate g; be the ith
component of a ng,r X 1 column matrix q. Furthermore, let T'(q, q,t) be the total kinetic
energy of the system, where q = dq/dt is the generalized velocity vector, then the motion
of the system is described by the following equation:

d
yr (04T) - 0qT = Q. (1)
where Q denotes the ng,¢ x 1 column matrix of generalized forces Q;, ¢ = 1,...,Ngoys.
We assume that the motion of the system is influenced by generalized forces ; which
are associated with a conservative force field, ie Q = —dqV'. The potential V(q,t) of

the field is a function only of q and time t. Therefore, we define a new function L as

L is called the lagrangian or Lagrange function. Now the equation (1) takes the form
d
7 (9gL) — 0qL =0, (3)

3



where 0 denotes a ng,r X 1 zero matrix. We refer to equation (3) as Lagrange’s equation
of motion.

Lagrange’s equation generally leads to n4s nonlinear differential equations of second-
order. In view of the finite element formulation which we develop below, we prefer the
Hamiltonian formulation of the mechanical systems. Hamilton described the motion by
2n40¢ independent variables. Therefore, the equations of motion are in terms of 2n4,;
first-order differential equations. It is natural to choose half of the 2n4,; independent
variables to be the independent generalized coordinates g;, i = 1, ..., ng,r. Owing to the
relation g = dq/dt, the generalized velocity vector q depends on q. To obtain the other
half of the 2n4,¢ independent variables, Hamilton used the Legendre transformation

where Legendre defined the new vector variable p as
P = 8qL (5)

The function H(q,p,t) is called the Hamiltonian function or brief the hamiltonian.
According to definition (5) we refer to the new vector variable p as the generalized
momentum vector. Note that according to ARNOLD [3] the Legendre transformation
requires a convex total kinetic energy T to be unique. This condition is generally fulfilled
for scleronomous constrained (natural) systems, of which the total kinetic energy is
a positive definite quadratic form in the generalized velocities. Taking into account
equation (5), the total differential of the hamiltonian H leads to the canonical equations
of Hamilton given by

p = —0qH. (7)
The equation (3) of Lagrange is equivalent to Hamilton’s canonical equations (6) and

(7) if the condition
8tH - —@L (8)

is fulfilled. Note that for scleronomous constrained systems condition (8) is satisfied.

2.2 The conservation of the hamiltonian of natural systems

Natural systems are described by generalized coordinates which do not depend on time
explicitly. Furthermore, the generalized forces can be derived from a potential V. Hence
the total kinetic energy is a quadratic form with respect to . A lemma on the Legendre
transformation of quadratic forms implies that the hamiltonian H of natural systems is
the total energy (see ARNOLD [3]):

H=T+V. (9)

For a system which hamiltonian does not depend explicitly on time, ie 9,H = 0, the
Hamilton’s canonical equations leads to

H=0,H=0. (10)

Thus the hamiltonian of natural systems is a constant of the motion.



3 The discontinuous Galerkin (dG) method

We deal with the discontinuous Galerkin finite element method within the scope of the
Hamiltonian formulation of the equations of motion. Galerkin finite element methods
are based on piecewise polynomial approximation. The discontinuous Galerkin method
is defined by using discontinuous trial and test functions of degree k; see ERIKSSON ET
AL. [12]. In the following, we refer to a discontinuous Galerkin method of degree k as
the dG(k) method.

We obtain a compact representation of Hamilton’s canonical equations (6) and (7) if we
introduce the following matrix notation:

(3]

p

The variable z takes the shape of a 2n4,y X 1 column matrix. The canonical equations
are now equivalent to the equation

2 = JDH(z), (12)

where DH(z) designates the Jacobian matrix of the hamiltonian H with respect to z
and the skew-symmetric 2ng,; X 2n4,5 hypermatrix J takes the form

-1 G5l (13)

According to ARNOLD [4] the hypermatrix J is called the symplectic unit matrix and
we refer to equation (12) as Hamilton’s canonical equations in symplectic notation; see
GOLDSTEIN [14]. The matrices O and I are the ngof X ngor zero and identity matrix
respectively.

With respect to the initial condition z(ty) = z(o) the equation (12) forms the following
initial value problem: find z : I, — R?"s such that

{ z(t) = JDH (z(t)) for to<t<T, (14)

z(lo) = 2(0),

where I, = [to, to + T] denotes the time interval of interest.

To obtain a numerical solution of this initial value problem (14) on the time interval I,
we perform a discretization in time. For the given interval I, we let tqo < t; < ... <ty
be a partition of I; into subintervals I,, = [t,,_1, t,,] of length h,, = ¢, —t,_1,n=1,... N.
In view of a finite element formulation, we introduce a transformation 7), : t — «a(t) to
a master element I, = [0, 1], defined by

t—t,_ t—t,_
T, : oft) = L = L

= = 15
tn - tn—l hn ( )

In other words, we substitute the variable a and the derivative d(e)/da for the time ¢
and the time derivative d(e)/dt = h'd(e)/da respectively. Accordingly, the initial value

5



M; = a(2a—1)
k=3[ M= S~ la— a1
My =Za(a—2)(a—1)

Table 1: Lagrange basis functions M;(«) of
polynomial degree 0 < k < 3.

problem on the master element I, reads: find z : I, — R?"s such that
z'(a) = h,JDH(z(a)) for 0<a <1,
2(0) (16)

where the prime indicates differentiation with respect to a: (o) = d(e)/da.

With regard to the discontinuous Galerkin method, in the following we search for an
approximate solution of the initial value problem (16) in the space of polynomials. Let
Pk(0,1)%4es denote the space of 2n4,,-dimensional polynomials of degree k on the in-
terval I, which in general take the form z(a) = Y¢tlc;al. However, as basis of
P*(0,1)*"s | we choose the Lagrange basis {M;}**! associated to the distinct k + 1
nodes a1 < ag < ... < agyq in I,, determined by the requirement that M;(ay) = 0,

the Kronecker delta. The explicit expression for the basis function M is

= Zy,

k+1
Mia) = [ 1<I<k+1 (17)
a _
J=1 41—y
JAI

We refer to Table 1 for examples involving Lagrange basis functions M;(«) of polynomial
degree 0 < k < 3.

Remark 3.1 In respect to the definition of the nodal basis, the case k = 0 corresponds
to the case with only one node ;. Thus in equation (17) the indices I and J are equal.
Hence at the first sight the definition (17) does not hold for this case since I # J is
required. However, that equation (17) for arbitrary k holds, the sense of the restriction
I # J in equation (17) implies that (o — ay)/(ay — ay) is equal to one if I = J for
arbitrary k. Therefore, we obtain in equation (17) at the case k = 0 the nodal shape
function My = 1.



Figure 1: The jump in the approximate so-
lution on the master element /,; eg k=1.

The polynomial z"(a) € P*(0,1)?s has the value z; = z"(a;) at the nodes a, I =
1,...,k+1. Hence the polynomial z"(a) may be expressed in terms of the corresponding

Lagrange basis as
k41

zh(a) = ZM[(Q) Zr, (18)

so that the values {z"(a;)}5*! are the coefficients of z"(a) with respect to the Lagrange
basis. Note that we also refer to the Lagrange basis and the Lagrange basis functions
as a nodal basis and the nodal shape functions respectively. Now we may formulate the
dG(k) approximation for the initial value problem (16) as follows: find a trial function
z" € Pk(0,1)2"¢s such that

1 /
| 30at [(zh) — 1 IDH(Z")| da + I62, - [2"]y = 0, (19)
0

for all test functions dz" € P*(0,1)?"ws where [z"]y = z; — z¢ denotes the amount of a
jump at o = 0. Within the scope of a finite element formulation, let z"(a = 07) = z,
and z; = z"(a = 0T) denote the limit at & = 0 on the left and on the right respectively;
cf Figure 1. We also refer to the equation (19) as the weak form of the initial value
problem (16).

In this method the trial and test spaces are the same. To prevent that the nodal values
z; of the trial function are over-determined, we give up the requirement that z" satisfies
the initial condition z, exactly. Instead, the initial condition is satisfied weakly because
of the presence of the term Jdz; - [2"]y. For that reason, we get a jump [z"]y in the
master element I,.

The test function §z" is also an element of the space P*(0, 1)?"¢s such that it takes the
form given in (18):

k+1

6z (a) = Z M («) 0z;. (20)



Further, the nodal shape functions M;(«) take the form (17). Now we obtain the deriva-
tive of the trial function (18) with respect to « as follows:

k+1

(2") (a) = IZ M) z;. (21)

Next we introduce the equations (20) and (21) into the weak form (19). With regard to
the arbitrariness of the dz; on each subinterval I,,, we get the following set of algebraic

equations:
k41

1 1
Z / MIM}doz V7% hn/ M[JDH(Zh)dOz + 5[1[Zh]0 = 0, (22)
J=1"0 0

for I =1,...,k+ 1, where we introduced the Kronecker delta d;; owing to the identity
0z1 = 6710z;. Henceforth 0 denotes a column zero matrix which has, with a few excep-
tions, the dimensions 2n4,¢ x 1.

With the k 4+ 1 equations in (22), we obtain a family of implicit multi-level one-step

schemes of which we define a specific member by the selection of the polynomial degree
k and a specific quadrature rule for evaluation of the integrals in (22).

4 The algorithmic hamiltonian of the dG method

In this section we give a proof for the decay of the hamiltonian H provided that particular
conditions hold; also see BAUCHAU & J0O [5]. Let us consider the weak form (19):

/01 Joz" - [(zh)/ — hoJDH(2")| da + bz, - [2"]o = 0.
First we choose the test space such that the following condition holds
6z" = J'DH(z"). (23)
Taking into account equation (23) the weak form leads to
/0 ' DH(z") - () da — h, /0 'DH(z") - IDH(z"da + DH(zy) - [y = 0. (24)

On account of the form of the symplectic matrix J the bilinear form DH (z") - JDH (z")
vanishes (cf BETSCH & STEINMANN [8]) and equation (24) can be written as

/0 'DH()- (") da+ DH(z) - [")o = 0. (25)

We now use the Fundamental Theorem of Calculus to evaluate the integral (cf BETSCH
& STEINMANN [8]):

/0 1 DH(z") - (zh)' dov = H(zp41) — H(zy), (26)

8



where 7z, 1 denotes the nodal value of H at the node k + 1. Employing equation (26) in
equation (25) leads to

H(zpy1) — H(z1) + DH(z,) - [2"]o = 0. (27)

Note that we refer to H; = H(z;), i = 0,...,k + 1, as the algorithmic hamiltonian
at the ith node of the master element [,. Furthermore, we may write the algorithmic
hamiltonian Hy by means of Taylor’s theorem in the following form:

Hy = H(zo) = H(z1 — [2"]0) = H(z1) — DH(z1) - [2"]o + %Hﬁ[zh]o - [2"o, (28)

where He = D?H(z¢) denotes the Hessian matrix of the hamiltonian H at z with
Z¢ € [2o,21]; see eg APOSTOL [1]. We substitute equation (27) for H(z;) in equation
(28) and obtain

1
Hyy — Ho = —3 Helz"]o - [2"]o. (29)

Accordingly, the behavior of the algorithmic hamiltonian Hj,; depends on the definite-
ness of the Hessian matrix He:

Hi — Hy <0, for H¢ positive definite.
Hyy1 — Hy =0, for [z"]p = 0 or H¢ indefinite. (30)
Hyi1 — Hy >0, for H negative definite.

Therefore, a positive definite Hessian matrix H¢ leads to a decay of the algorithmic
hamiltonian Hj;, negative definiteness implies growth of the algorithmic hamiltonian
Hy1 and apart from vanishing of the jumps, according to ZURMUHL & FALK [35] only an
indefinite Hessian matrix H, may end up in a conservation of the algorithmic hamiltonian
Hk+1.

For this proof to hold: (i) the test space condition (23) and (ii) the Fundamental Theorem
of Calculus has to be fulfilled. Note that the test space condition is generally fulfilled
for the dG(0) method. Moreover, we will see in the sections below that the condition
(ii) is for the dG(0) method also fulfilled if interpolating quadrature rules according to
ISAACSON & KELLER [21] are used.

Remark 4.1 For instance, a convex hamiltonian fulfills the condition
H(z) — H(z) < DH(z) - [2"]o; (31)

see APOSTOL [2]. Therefore, according to equation (27) a conver hamiltonian leads to
a decay of the algorithmic hamiltonian Hy 1.



Part 11
The Circular Pendulum

The first considered natural system is a planar circular pendulum consisting of a particle
of mass m suspended by a massless rod of length [ and moving in a constant gravitational
field F = m g, where g denotes the gravitational acceleration vector; see Figure 2. The
generalized coordinate ¢ of this system with ng4,; = 1 degree is the clockwise rotation
angle.

We apply the dG(0) and dG(1) method to determine linear motions (harmonic oscilla-
tions) and arbitrary (nonlinear) motions. We are particularly interested in algorithmic
conservation properties. With this in mind, we investigate the conservation of the hamil-
tonian H, ie the total energy of the system, and the total angular momentum L.

A |

Figure 2: The planar circular pendulum.

5 The conservation of total angular momentum

Here we introduce the law of conservation of total angular momentum of only one particle
according to GOLDSTEIN [14]. We consider the motion of a particle of mass m in the
three-dimensional euclidean space £ relating to an inertial cartesian coordinate system
with the origin O.

The total angular momentum, denoted by L, is defined as

L=rxP, (32)

where r and P = m 1 denote the radius vector of the particle with respect to O and the
total linear momentum respectively. The total torque about O, we define as

N=rxF, (33)

10



where F = P is the total force (Newton’s Second Law of Motion). Therefore, we may
write the total torgue as

d
N:rxa(mi‘). (34)
On the other hand, the product rule of differentiation implies
d N : d .
%(rxmr):rme%—rx%(mr). (35)

The first term on the right vanishes on grounds of the cross product of two parallel
vectors. In consequence of the identity (35), according to equation (34), we may write

d o
N:%(rxmr):L. (36)

Owing to equation (36), we establish the following

Theorem 5.1 If the total torgue N vanishes then the total angular momentum L is
conserved. O

6 A time finite element formulation for the harmonic
oscillator

Here we investigate the algorithmic conservation properties of the dG(0) and dG(1)
method at the motion of the circular pendulum for small amplitudes (harmonic oscilla-
tions). Harmonic oscillations occur for a linear restoring force Q = —cq with ¢ = mgl,
where ¢ is the gravitational acceleration. Hence it follows that the potential V' (q) takes
the form

Vig)=5ed (37)

The total kinetic energy of the particle is T' = % I ¢?, with I = m [? the moment of inertia
so that the lagrangian L is

1 1

L) =T(@) = V(g) =514 = 5cd" (38)

However, to obtain the time-stepping schemes we need the hamiltonian in symplectic
notation. According to equation (5) we get the generalized momentum p as

p=0,L =14 (39)

Next we substitute in the total kinetic energy T the generalized momentum p for the
generalized velocity ¢ such that the hamiltonian H, being equal to the total energy of
the system, takes the form

H(g.p) =T(0) +V(a) = 557 + 5 cd” (10)

11



Figure 3: The master element I, of the dG(0)
method.

We see that the total kinetic energy 1" and the potential V' are quadratic forms so that
the hamiltonian H takes a quadratic form in symplectic notation. With z = [q, p]T

equation (40) yields
1
H=3 z' Hz, (41)

where H is the following 2ng,s X 2n4,5 matrix

H:[(C)l/ﬂ. (42)

According to ZURMUHL & FALK [35] we obtain the Jacobian matrix DH(z) owing to
equation (41) with the differentiation rule of quadratic forms:

DH(z) = Hz. (43)

6.1 Constant time finite elements

We apply the algebraic equations (22) to get the time-stepping scheme for constant time
finite elements (k=0), where z" = z, is the trial function; also see Figure 3. For k = 0,
we get only one equation because the indices are I = J = 1:

1 1
/ MM daz; — hy, / MIDH (z")da + [z = 0. (44)
0 0
According to Table 1 the single nodal shape function is M; = 1. Hence, the derivative
of M with respect to « is zero. Accordingly, the first integral in equation (44) vanishes
so that the time-stepping scheme may be written as:

1
21 — 20— hy, /0 IDH(z")da = 0. (45)

We refer to equation (45) as the general dG(0) method for Hamilton’s canonical equa-
tions.

12



6.1.1 Exact quadrature

With regard to equation (43) and taking into account z" = z;, according to equation
(18), the time-stepping scheme may be written as

(1 - hn JH) 71 = Zo, (46)

where 1 denotes the 2n4,¢ X 2n4,¢ identity matrix. Therefore, the time-stepping scheme
takes the shape of a system of linear algebraic equations which can be directly solved
with the given initial condition zg.

Remark 6.1 The form of equation (45) is equivalent to the form which we obtain with
the general ¢G(1) method (cf BETSCH & STEINMANN [8/):

2 — 21— hn /01 JDH(Z")da = 0. (47)

The difference lies in the trial function so that the time-stepping scheme generated by
the ¢G(1) method with an exactly evaluated integral is given by

! !
(1—§thH>z2—<1+§thH> 2 =0, (48)

where z, and 2z, denote the nodal values of the linear trial function at « =1 and o =0
respectively.

This linear algebraic system is used to solve by direct methods based on Gaussian elim-
ination; see eg ERIKSSON ET AL. [12]. In view of the solution of nonlinear algebraic
systems, we implemented the Newton-Raphson method; see Table 2. The application of
the Newton-Raphson method to a linear algebraic system does not prove disadvantageous
for the cost of computing because the Newton-Raphson method solves in each iteration
step the linearized system by a Gaussian elimination. Therefore, the Newton-Raphson
method need one iteration for solving equation (46).

Numerical Example 6.1 We take a length of the rod so that a harmonic solution with
a period T = 5 occurs. Furthermore, let be the mass m = 2 and the gravitational
acceleration g = 9.81. As initial condition, we take the vector z(t = 0) = [—0.1,0]".
Figure J shows the course of the rotation angle ¢ = q(t) for a time step size h, = 0.1
(dt = 0.1). We see that the dG(0) method leads to an asymptotic annihilation of the
amplitude of the rotation angle. Thus with respect to a damped harmonic oscillator,
we can conclude that the energy decays. This behavior is called algorithmic damping
or numerical dissipation. The bullets on the solid line of the dG(0) method denote the
nodes on each subinterval I, ie the nodes 0 and 1 with respect to the master element
I,; see Figure 3. The dotted line represents the reference curve which is computed with
the continuous Galerkin method with linear trial functions (¢G(1) method). On grounds
of the continuous trial functions, the ¢G(1) method has also in the master element one
unknown node. According to BETSCH & STEINMANN [7, 8, 9] the ¢G(k) method is
energy conserving. Therefore, the amplitude is constant. Of course, the asymptotic

annihilation also affects the amplitude of the generalized momentum p computed with the
dG(1) method; see Figure 5.
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Given: initial condition zg,

time step size h,, and

residual tolerance e = 10713

set iteration counter [ = 1

Find: nodal unknown z;

(a) compute residual vector

RY = (1 - h, JH) 2" — 2,

if |RY|| > € goto (b) else goto (c)
(b) compute tangent

KY =0, R(z\") = (1 - h, JH)
0]

1

solve for increment A z
Az = - (KY) RO
update the nodal unknown
zgl“) = zgl) +A zgl)

goto (a) with [ =141

(c) end.

Table 2: Newton-Raphson method to solve
the dG(0) time-stepping scheme for linear
motions.

6.1.2 The use of specific quadrature rules

We concern for two reasons quadrature rules within the scope of the discontinuous
Galerkin finite element method: In general, it can be difficult to evaluate the integrals
exactly such that quadrature rules are often used to compute finite integrals approx-
imately. Second, with quadrature rules used for computation of the integrals in the
dG(k) methods, we obtain implicit multi-level one-step schemes; for example, according
to LASAINT & RAVIART [27] the discrete dG(k) method is equivalent to a specific im-
plicit Runge-Kutta method. In view of the second reason, this subsection deals with the
influence of quadrature rules on the dG(0) method for the harmonic oscillator. Owing
to equation (45), the general dG(0) method is given by

1
Z) — Zo — hn/ JDH(z")doa = 0. (49)
0
Employing equation (43) and the trial function z" = z;, we get
1
zl—zo—thHzlf da = 0. (50)
0

14



The harmonic oscillator, dt=0.1, t=10
0.1 . :

0.05}

-0.05}

time

Figure 4: Rotation angle ¢ = ¢(t) of a harmonic oscil-
lator with a period T' = 5, mass m = 2 and gravita-
tional acceleration g = 9.81. Computed with the dG(0)
method with h,, = 0.1.

According to ISAACSON & KELLER [21] we approximate the integral with so-called in-
terpolating quadrature rules defined as

/01 f(a)da ~ ; Flw) wy, (51)

such that equation (50) takes the form

Nq
Zl—ZO—thHzle}l:O, (52)
=1
where N, denotes the number of quadrature points, and w; and a; denote the weights
and abscissae for I, respectively. When the quadrature rule fulfills the condition

Nq
S w =1, (53)
=1

the time-stepping scheme (52) is identical with the scheme (46) emanating from exact
quadrature in the previous subsection. In fact, this condition is fulfilled by all quadrature
rules which are interpolated. In this connection, we investigate the midpoint rule, the
trapezoidal rule and Gaussian quadrature rules. Therefore, we also obtain with this
quadrature rules the time-stepping scheme (46).
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The harmonic oscillator, dt=0.1, t=10
10 r . . ;

time

Figure 5: Generalized momentum p = p(t) of a har-
monic oscillator with a period 7' = 5, mass m = 2 and
gravitational acceleration g = 9.81. Computed with the

dG(0) method with h,, = 0.1.
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6.2 Linear time finite elements

The application of the equations (22) with £ = 1 leads to the dG(1) time-stepping
scheme for the harmonic oscillator. Here we obtain the following two linear nodal shape
functions (cf Table 1): M; = 1 — « and M, = a. Therefore, the trial function z" is as
follows:

z'(a) = (1—a) z +az,. (54)

The trial function is a linear function in the nodes 1 and 2; cf Figure 1. The time-stepping
scheme consists of two algebraic equations. Choosing the index I = 1,2, we get

1 1 1
/ MM da 7, +/ M, Mide zs — hn/ MIDH (2" da + 2"y = 0, (55)
0 0 0
1 1 1
/ MoMldaz, + / MyMidazs — h, / MyIDH(2")da = 0. (56)
0 0 0
With regard to the derivatives of the nodal shape functions with respect to o, M| = —1

and M} = 1, the first two integrals will be integrated exactly such that the equations
(55) and (56) yield the general dG(1) method for Hamilton’s canonical equations:

11 !
S+ 57— 70— hn/ M IDH(z")da = 0, (57)
0
11 !
57— 57— hn / MyIDH(z")da = 0. (58)
0

Remark 6.2 The form of the equations (57) and (58) of the general dG(1) method for
the canonical equations of Hamilton and the corresponding equations of the general ¢G(2)
method only differ in the coefficients of the nodal values (see BETSCH & STEINMANN

[7, 9]):

1 2 5 .

cmt i ha [ NLIDH(Z)da = 0 (59)
0

5 2 1 1 ~

LT hn/ MLJDH(2))da = 0, (60)
0

where 2" is the corresponding trial function of the cG(2) method plus the reduced shape
functions My =1 —« and My =« .

6.2.1 Exact quadrature

Owing to the linear form of equation (43), the employment of the trial function (54) leads
to the possibility of an exact evaluation of the integrals. Therefore, the time-stepping
scheme takes the following form:

1 1 1 2
5(1—§thH> Z2+§<1—§thH> Z1—Z0:0, (61)
1 2 1 1
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Given: initial condition zg,

time step size h,, and

residual tolerance e = 10713

set iteration counter [ = 1

Find: nodal unknowns z; and zs
(a) compute residual vector

RO — R(x)

if [R®|| > € goto (b) else goto (c)
(b) compute tangent

KY = Kp(x®)
solve for increment A x®
Ax) = _ (Kﬁ’)_l RO

update the nodal unknowns
xUHD = xO 1 A xO®

goto (a) with [ =141

(c) end.

Table 3: Newton-Raphson method to solve
the time-stepping scheme generated by the
dG(1) method.

We also apply the Newton-Raphson method to solve the time-stepping scheme (61), (62).
Therefore, we have to determine the residual vector R(x) which reads:

1 h,JH 1—+h,JH zo | |0
R(X):zlq—thH 1- QhJH]X [0]_[0]’ (63)

where x = [z] zI]7 is the unknown vector. Accordingly, the tangent Ky = 0xR(x) takes

the following shape:

K, =

1[ 2p, JH 1-— nJH] (64)

Lh
2 1—ih JH 1—§thH

We summarize the Newton-Raphson method for the time-stepping scheme generated by
the dG(1) method for the harmonic oscillator in Table 3.

Numerical Example 6.2 To give a direct comparison of the dG(0) and dG(1) method,
we compute in this example the same harmonic oscillator as in Example 6.1. For this
reason, we choose again the length of the rod so that an oscillation with a period T =5
occurs. Further, the mass is m = 2 and the gravitational acceleration is g = 9.81. The
initial condition is the matriz z(t = 0) = [—0.1,0]7. The reference solution is provided
by the cG(2) method with quadratic trial functions and thus two unknown nodes, too. In
Figure 6, the phase plane of the harmonic oscillator is shown only for three time steps
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The harmonic oscillator, dt=0.1, t=0.3

3.51

2.5}

0.5}

0 N ! ! !
-0.102 -0.1 —-0.098 —-0.096 -0.094 -0.092
q

Figure 6: Phase plane of a harmonic oscillator with a
period T' = 5, mass m = 2 and gravitational acceleration
g = 9.81. Computed with the dG(1) method with h,, =
0.1.

with a time step size h, = 0.1 (dt = 0.1). In this brief time interval, we are able to
see the jumps. In addition, we are able to see that in each subinterval the amount of
[p"]o is smaller than the amount of [¢"]o. Figure 7 depicts the calculated phase plain
corresponding to one complete period (T =5). We see that in each subinterval the jump
[2"]o has a minor amount. For the harmonic oscillator at hand, only considering a very
long time interval demonstrates the algorithmic damping of the dG(1) method.

6.2.2 The use of specific quadrature rules

Here we investigate the dG(1) method (57), (58) for the harmonic oscillator with applica-
tion of interpolating quadrature rules. For example, we have implemented the midpoint
rule, trapezoidal rule and Gaussian quadrature rules.

The trial function (54) employed in equation (43) yields

DH(z") = H (M, z, + My z,) . (65)

Thus the expansion of the integral of equation (57) results in

1 1 1
| MIDHE"do = 1 ( | M@y + [ My Myda z2) . (66)
0 0 0
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The harmonic oscillator, dt=0.1, t=5

10
5 -
o 0
-5t
~~~~~ cG(2)
dG(1)

-10 N 1 1 1 1
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15
a

Figure 7: Phase plane of a harmonic oscillator with a
period T' = 5, mass m = 2 and gravitational acceleration
g = 9.81. Computed with the dG(1) method with h,, =
0.1.

Therefore, the interpolating quadrature formula (51) leads to the following expression:

1
/0 MyIDH(z")da = JH (B11 21 + Bro 2s) (67)
where
Nq
ﬁij :ZMZ(OQ) Mj(al)wl, ’L,j € {1,,/{3+1} (68)
=1

In the same way, we approximate the integral of equation (58) by the quadrature formula
(51) and obtain

1
/O My DH (z")dow ~ JH (Bor 21 + o 22) (69)
where 15 = (21. Owing to equations (67), (69) the time-stepping scheme take the shape
1 1
(51_512thH) Zo + (51—511 thH) Z1—Z0:0, (70)
1 1
(51—522thH) Zy — (§1+512thH) VAl =0. (71)

To apply the Newton-Raphson method, we have to determine the residual vector R(x)

with x = [z] z2]7. Accordingly, the residual vector of the time-stepping scheme can be
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P | Pz | B2
midpoint rule /41 1/4 | 1/4
trapezoidal rule /21 0 |1/2
two Gaussian points | 1 |[-1/2] 1

three to five
Gaussian points 1/3]1/6 | 1/3

Table 4: Coefficients 3;; for a numerical
quadrature within the dG(1) method.

written as
_1 1—2511thH 1—2512thH Zg
R<X)_2[—1—2612thH 1—2Bpwh, JH | X | 0 | (72)
Hence, the corresponding tangent Ky = 0xR takes the form
B 1-20h, JH 1—-206h,JH
KT_l—l—QﬁmthH 1— 28y h, JH | ° (73)

We refer to Table 4 for the (3;; corresponding to the midpoint rule (N, = 1), trapezoidal
rule (N, = 2) and Gaussian rules with N, = 2,....5 quadrature points. The time-
stepping scheme emanating from the midpoint rule takes the form

1 1 1 1
<§1—1thH> Z2+<§1—1thH> Z1—Z0:0, (74)
1 1 1 1
Subtraction of the equations (74), (75) yields
7, = Zy. (76)

Therefore, the midpoint rule leads to a continuous solution because the jump [z"]y van-
ishes. On the other hand, addition of the equations (74), (75) yields

1 1
<1—§thH) 7 — 5 hn JH21 70 = 0. (77)
Referring to equation (76), equation (77) may be also written in the form
1 1
<1—§thH) 25 — <1+§thH> — (78)

This is the time-stepping scheme generated by the ¢G(1) method for the harmonic os-
cillator with exactly computed integral. Cf equation (48). Owing to the fact that with
equation (76) the trial functions of the dG(1) method and the ¢G(1) method are also
identical, the midpoint rule applied on the dG(1) method leads to the ¢G(1) method.
Hence, in the case of the harmonic oscillator, the ¢G(1) method is a special case of the
discrete dG(1) method; cf Figure 8.
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The harmonic oscillator, int=1, dt=0.1, t=0.3
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Figure 8: Rotation angle ¢ = ¢(t) of a harmonic oscil-
lator with a period T' = 5, mass m = 2 and gravita-
tional acceleration g = 9.81. Computed with the dG(1)
method with midpoint rule (N, = 1) and by a time step
size h, = 0.1.

Remark 6.3 Applying the midpoint rule to the cG(2) method leads to the discrete cG(1)
method. We are able to proof this by considering the equations (59) and (60). First we
add equation (59) and equation (60), using the midpoint rule and obtain

23— 21 — hy, JDH(zﬁ(%)) =0, (79)

owing to the identity My + My = 1. Furthermore, a subtraction of the equations (59),
(60) and subsequently applying the midpoint rule leads to

= + ! 0 (80)
——z — =2z =0.

5 3 2 5 %
The trial function of the cG(2) method reads 2 = Y} | M; z;, with the nodal shape
function for the case k = 2 according to Table 1. Taking into account equation (80), the

trial function takes the form
1

1
2(3) =5 (atz). (1)
The linear trial function (81) in connection with equation (79) describes the cG(1) method
according to equation (48), of which the integral is approrimated by the midpoint rule.
Note that for this reason the dotted line of the cG(2) method is covered by the solid line

of the dG(1) method in Figure 8.
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Remark 6.4 Referring to BETSCH & STEINMANN [9] the ¢G(1) method preserves the
total energy at each time step. Therefore, we expect algorithmic energy conservation for
the dG(1) method with midpoint rule, what we also proof in Section 7.

Now let us consider the trapezoidal rule. Referring to Table 4, the time-stepping scheme
reads

We add equation (82) and equation (83) and obtain
1
Z2—Z0—thH§ (Z1+Z2):O. (84)

Furthermore, a subtraction yields

1
Zl—ZO—thH§ (Zl—Zz):O. (85)

According to HUGHES [18] equation (84) would be identical with the so-called trape-
zoidal rule (or Crank-Nicholson) algorithm (or average acceleration method in structural
dynamics) if zg = z;, ie the solution is continuous. On the other hand, with regard to
equation (85) the solution can only become continuous if z; = zy which corresponds to
an equilibrium point.

The Gaussian rules with N, = 3,...,5 lead to the time-stepping scheme which coincides
with exact quadrature.

7 The algorithmic total energy of the harmonic os-
cillator

In this section we examine under which conditions constant and linear time finite ele-
ments, ie the dG(0) and dG(1) method, obey the law of conservation of total energy of
the harmonic oscillator. We know from Section 2 that for natural systems the hamilto-
nian H is the total energy of the system. Further, the hamiltonian H is constant for all
times if H does not depend explicitly on time. Therefore, within the scope of the finite
element formulation, we investigate the algorithmic hamiltonian Hj 1 at the last node of
the master element. Note that we refer to Hy; as the hamiltonian at the k£ + 1 node of
the master element ,, of the dG(k) method. According to equation (41) the algorithmic
hamiltonian Hj; of a harmonic oscillator is

1
Hip =5 7t Hzpy. (86)
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Through an elimination of the nodal values corresponding to the internal nodes of I,,, we
may bring each time-stepping scheme generated by the dG(k) method for the harmonic
oscillator into the form

Zk+1 = Ak Zg, (87)

where the 2ng,r X 2n4,y matrix Ay, denotes the amplification matrix of the dG(k) method.
According to RICHTMYER & MORTON [31] we refer to (87) as the two-level scheme of the
dG(k) method. Furthermore, referring to CADZOW & MARTENS [10] or GANTMACHER
[13], we are able to substitute the so-called Lagrange-Sylvester’s interpolation polynomial
of A for the matrix A, itself. If the eigenvalues \;, i = 1,..., Ny, of A, are distinct,
we have to substitute such that

N
Zi1 = (Z Ak,i )\i) Z, (88)
i=1

where simple distinct eigenvalues imply Ny = 2ngor. The 2ng,p X 2n40p matrix Ay ; is
called the ith constituent matrix of the Lagrange-Sylvester’s interpolation polynomial of
A, and takes for distinct eigenvalues \; the form

DAL -\
j=1 " J
J#

Remark 7.1 In general, the Lagrange-Sylvester’s interpolation polynomial defines a
function f for arguments in form of square matrices A with the relation

N
f(A) = ZAi f(N).
i=1
Therefore, the identity function implies:
N
A=) NA,
i=1

with the simple distinct eigenvalues \;, @ = 1,..., Ny. The Lagrange-Sylvester’s interpo-
lation polynomial goes back to SYLVESTER [34].

We obtain with two distinct eigenvalues (N = 2) the following expression for the hamil-
tonian Hy, after employing equation (88) in equation (86):

1
Hk+1 = 5 Zg (Ak,l )\1 + Ak,g )\Q)T H (Ak,l )\1 + Ak72 )\2) Zg. (90)
The expansion of expression (90) yields
PP SN L op (& 2ar
i=1 i—1
i#i
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with j € {1,2}, where p denotes the spectral radius p(Ay) = max{|\;|} = vV A1As be-
cause the eigenvalues A; and A\, are complex conjugate.

The reason why we have introduced the representation (88) of the time-stepping scheme
will become apparent in the applications to the dG(0) and dG(1) method in the subsec-
tions below.

7.1 Constant time finite elements

Here we consider the dG(0) method for the harmonic oscillator and apply the Lagrange-
Sylvester’s interpolation polynomial to the amplification matrix A to get the algorithmic
hamiltonian H;. According to the equations (42), (46) the amplification matrix A, takes

the following shape:
1 1 hy/I
A°_1+Q2l—hnc 1 ] (92)

where according to HUGHES & Liu [19] Q = h, w is called the sampling frequency and

w = y/c/I denotes the eigenfrequency of the harmonic oscillator with the moment of
inertia /. Determination of the eigenvalues A\; and Ay of A yields

1 1

MTTT T

(93)

where i denotes the imaginary unit. Therefore, we get from equation (89) the constituent
matrices of the amplification matrix Ag:

1] 1 1/(iwl) 1 1 —1/(iwl)
Ao’lz_[iwl 1 ] AO’QZ_[—iwI 1 ' (94)

Now we are able to determine the algorithmic hamiltonian. Owing to the equations in
(94), we obtain
Af,i HA;,;, = O, (95)

with ¢ € {1,2}, where O, generally denotes the 2n4,f X 2n4, zero matrix, and

2
Y ALHA =H, (96)
i=1
JF#i

with j € {1,2}. Employing equation (95) and (96) in equation (91) yields

1
Hy = 5 p* 2y Hzy = p* Ho, (97)

where Hj denotes the hamiltonian of the initial node 0; see Figure 3. Hence the difference
of the algorithmic hamiltonian at node 1 and node 0 is

Hy — Hy = (p* — 1) Ho. (98)
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Figure 9: Spectral radius of the dG(0) method.

Thus for a positive definite matrix H the energy is preserved in the sense that H; = H
if p?2 = 1 but we obtain energy decay and growth for p?> < 1 and p? > 1 respectively .

p? <1, energy decay
p? =1, energy conservation
p? > 1, energy growth

The squared spectral radius of the amplification matrix Ay is given by
5 1
1+ QY

Since the denominator is larger than the numerator for all sampling frequencies € # 0,
the squared spectral radius p? is less than one; also see Figure 9 and HULBERT [20]. Only
for infinitesimal time steps (h,, = 0) the energy is preserved. Figure 9 shows a numerical
dissipation already in the region of low sampling frequencies. Accordingly, we notice an
early starting high-frequency dissipation for the dG(0) method.

Since the time-stepping schemes emanating from the quadrature rules examined in Sub-
section 6.1.2 are identical with the scheme resulting from exact quadrature, we also get
the squared spectral radius (99).

p (99)

Numerical Example 7.1 We show in Figure 10 the course of the total energy of the
harmonic oscillator in FExample 6.1 for one period with a time step size h, = 0.1. One
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The harmonic oscillator, dt=0.1, t=5
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Figure 10: Total energy E = E(t) of a harmonic oscil-
lator with a period T' = 5, mass m = 2 and gravita-
tional acceleration g = 9.81. Computed with the dG(0)
method with h,, = 0.1.

sees the energy decay of the dG(0) method for each time finite element on account of the
squared spectral radius (99). Furthermore, the cG(1) method corroborates the algorithmic
energy conservation according to BETSCH & STEINMANN [7, 8, 9].
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7.2 Linear time finite elements

In this section we proceed along the lines of Subsection 7.1 to obtain the behavior of the
algorithmic hamiltonian H, for the harmonic oscillator computed with linear time finite
elements (k = 1). We investigate as well the time-stepping scheme emanating from exact
quadrature as the schemes which we obained by applying specific quadrature rules.

7.2.1 Time-stepping scheme associated with exact quadrature

We consider the time-stepping scheme (61), (62) generated by the dG(1) method with
exactly evaluated integrals.

1 1 1 2
5 (1—§thH> Z2+§ (1—§thH> Z1—Z0:0,

1 2 1 1

We now eliminate the nodal value z; to get the two-level scheme of the dG(1) method
according to equation (87). Therefore, the time-stepping scheme may be written as

z =2 (B_ + CB;'C) =, (100)

with the matrices
B+:1+%thH, B_zl—%thH, (101)
Czl—gthH. (102)

Accordingly, taking into account equation (42) the amplification matrix A; for the har-
monic oscillator takes the following shape (also see HULBERT [20] and RUGE [32]):

A 9 TP 18 (02— 18)h, /]
LT 402136 | (2 —18) Ay TQ2—18

(103)

Furthermore, the eigenvalues \;, i=1, 2, of the amplification matrix A are as follows:

TO2— 18 —iQ(Q? — 18) TO2— 18 +iQ (02 — 18)
Of + 402 + 36 OF +4Q% + 36

A = L A =2 . (104)

where i denotes the imaginary unit. Owing to equation (89), the constituent matrices
are as follows:

1 1 —1/(iwlI) 1 1 1/(Giwl)
A= 21 —iwl 1 ’ Az = 21 dwl 1 ‘ (105)

This constituent matrices fulfill the equations (95) and (96) such that the algorithmic
hamiltonian Hs is

1
Hy = 2 p* 2y Hzo = p* Hy, (106)
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and thus takes the same form as H;. Accordingly, the behavior of the algorithmic
hamiltonian H, is also determined by the squared spectral radius p? in the following

sense:
p? <1, energy decay

p* =1, energy conservation
p? > 1, energy growth

The squared spectral radius of the amplification matrix A; is

, 402436
A +402+ 36

P (107)
Hence for exact computation of the integrals the energy decays because for all sampling
frequencies € # 0 is the denominator of p* bigger than the numerator of p? and thus
p? < 1. We generally obtain energy conservation at = 0, but we only get a sampling
frequency €2 = 0 for infinitesimal time steps which means a time step size h,, = 0.

Numerical Example 7.2 Figure 11 shows the total energy of the harmonic oscillator
in Example 6.1 for each time step with a time step size h, = 0.1. The course describes
the energy decay of the dG(1) method owing to the squared spectral radius (107) for
one period. The cG(2) method also corroborates the algorithmic energy conservation
according to BETSCH & STEINMANN [7, 9].

7.2.2 Time-stepping schemes associated with specific quadrature rules

We now consider the time-stepping scheme (70), (71) with approximated integrals re-
sulting from the application of interpolating quadrature rules.

1 1
(51—512thH> Z2+<§1—511thH> Z1—Z0:0,
1 1
(51—522thH> Zo — <§1+512thH) VAl =0.

Elimination of the nodal value z; leads to a two-level scheme according to equation (87).
In analogy to the time-stepping scheme with exactly evaluated integrals, we may write

-1
2, =2 (B2 + BBy, Ba) 7, (108)

with the matrices
B,; =1-28h,JH, (109)

for 4,7 € {1,2}. On account of the complicated terms, we omit to represent the amplifi-
cation matrix and eigenvalues explicitly. The constituent matrices are identical with the
matrices (105) of the time-stepping scheme emanating from exact quadrature. Hence,
we have

1
Hyq = 5/)2 2, Hzo = p Ho, (110)
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The harmonic oscillator, dt=0.1, t=5
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Figure 11: Total energy E = E(t) of a harmonic oscil-
lator with a period T' = 5, mass m = 2 and gravita-
tional acceleration g = 9.81. Computed with the dG(1)
method with h,, = 0.1.

where the index g denotes the quadrature rule. We obtain the following squared spectral
radius for arbitrary number of quadrature points:

B 1+ 432,02
14+46% 02 + (P — 511)2 Q2 +4(6% — B 522)2 04

We see that only for 37 = P12 = (22 one obtains ,02 = 1 for arbitrary sampling frequen-
cies, ie the energy is preserved. In the other cases the energy decays because the squared
spectral radius is less than one (unless for the case 2 = 0 where the energy is generally
preserved).

We consider the midpoint rule, the trapezoidal rule and Gaussian quadrature rules with
N, =2,...,5 quadrature points. We obtain for the midpoint rule 811 = 12 = Pa2 = 1/4;
cf Table 4. Therefore, p?., = 1, ie the midpoint rule preserves the total energy of
the dG(1) method; see Figure 12. The conservation of the total energy of the dG(1)
method associated with the midpoint rule also follows from the fact that the resulting
time-stepping scheme is identical to the ¢G(1) method; cf Subsection 6.2.2. Therefore,
taking into account equation (76), it looks as if a continuous solution is connected with
algorithmic total energy conservation in the linear regime.

The trapezoidal rule (N, = 2) leads to 11 = 2 = 1/2 and (12 = 0 so that the squared
spectral radius takes the form

(111)

P4

4
04+ 47

(112)

2
ptrp -
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The harmonic oscillator, int=1, dt=0.1, t=5
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Figure 12: Total energy E = E(t) of a harmonic oscil-
lator with a period T' = 5, mass m = 2 and gravita-
tional acceleration g = 9.81. Computed with the dG(1)
method with midpoint rule (N, = 1) and with a time
step size h,, = 0.1.

and implies an energy decay for 2 # 0. Two Gaussian quadrature points result in
f11 = (a2 = 1 and 12 = —1/2. Hence the squared spectral radius is given by

) 402+ 4

_ , 113
Poov =901 402 + 4 (113)

The Gaussian quadrature rules with three to five quadrature points yield £y1 = (2 = 1/3
and (12 = 1/6 which we also obtain with exact quadrature. Accordingly, the squared
spectral radius is as follows:

) 407 + 36

= . 114

Figure 13 shows a comparison of the spectral radii of the dG(1) method associated with
specific quadrature rules and the exactly integrated dG(0) method; cf HULBERT [20]. In
Figure 13, we are able to see that the quadrature rule influences the frequency region in
which the asymptotic annihilation begins. Therefore, as well the degree k of the finite
elements in time as the applied quadrature affects the low-frequency dissipation. Further,
we see that with two quadradure points the dG(1) method has a faster annihilation as
the dG(0) method in the following sense. From Q? = (.8 upward lies the spectral radius
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Spectral radii of the dG(1) method
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Figure 13: Spectral radii of the dG(1) method associated
with specific quadrature rules.

of two Gaussian quadrature points under that of the dG(0) method. The spectral radius
of the trapezoidal rule is for ? > 4 less than the spectral radius of dG(0). The fastest
annihilation occurs for 0 < 92 < 0.8 with the dG(0) method, for 0.8 < Q? < 8 with two
Gaussian quadrature points and from Q2 = 8 upward with the trapezoidal rule. The
slowest annihilation of the dG(1) method occurs with three to five Gaussian quadrature
points because here is the spectral radius identical with the spectral radius of the time-
stepping scheme generated by the exactly integrated dG(1) method.
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8 A time finite element formulation for the circular
pendulum for arbitrary motions

This section is devoted to the circular pendulum for arbitrary motions, ie we have to

consider the nonlinear potential V' = —c¢ cos(q), with ¢ = m gl. The total kinetic energy
T of the particle can be taken from the harmonic oscillator:
T = % 14, (115)
where I = m[? is the moment of inertia. Therefore, the lagrangian L is
Lg.d) = T(@) ~ V() = 5 18— V(). (116)
Hence it follows that the generalized momentum p reads again
p=14q. (117)

The substitution of the generalized momentum p for the generalized velocity ¢ leads to
the hamiltonian H of the system:

Hg.p) = T() + V(g) = 5777 + V(a). (118)

To determine the time-stepping schemes, we require the Jacobian matrix DH(z). With
respect to the nonlinearity of the hamiltonian (118), we have to use the Jacobian matrix
to get DH(z). Accordingly, the Jacobian matrix takes the shape

0,1 (g, p) dV/dq

DH(z) = g ’ = . 119
=) lﬁpH(q,p) p/1 (119)

8.1 Constant time finite elements

We use the general dG(0) method (45) to obtain the time-stepping scheme for constant

trial functions z" = z; according to equation (18):

1
Z) — Zo — hn/o JDH(z")doa = 0.

Employing equation (119) and the trial function z" = [q;, p;]” leads to the time-stepping
scheme in the following form:

zl—zo—h/ [dvp‘fl/[/dq]d —0. (120)

On grounds of the constant trial function, we do not have to distinguish between exact
quadrature and the use of interpolating quadrature rules; see Subsection 6.1.2. Hence
for constant time finite elements the time-stepping scheme reads

21 — 7o — hp J l dV]()‘lh/)I/dq ] = 0. (121)
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Given: initial condition z,
time step size h,, and
residual tolerance e = 10713
set iteration counter [ =1
Find: nodal unknown z;
(a) compute residual vector
RO — 20 — gy — 1,3 [ dv(%%l))/dq ]

p /1
if [RY]| > € goto (b) else goto (c)
(b) compute tangent

2 O] 2

Kg) = 8Z1R(z§l)) =1-nh,J l d V<qb )/dg 1(/)1 ]
solve for increment A zgl)
Azl = — (Kg))i1 R
update the nodal unknown
Zglﬂ) _ Zgl) " Azg)
goto (a) with I =1+1
(c) end.

Table 5: Newton-Raphson method to solve the time-
stepping scheme generated by the dG(0) method for
nonlinear motions of the circular pendulum.

The time-stepping scheme (121) consists of nonlinear algebraic equations which have to
be solved by an iterative method. Again, we have implemented the Newton-Raphson
method. Therefore, we have to determine the residual vector R(z;) and the correspond-
ing tangent K7. The residual vector is given by

R(z1) = 71 — 70— J l dvgl/)]/ dq ] . (122)

The tangent Kr is the Jacobi matrix of the residual vector (122):

Kr=0z,R(z1)=1-h,J l dQV(qS)/d(f 1(/)] 1 . (123)

The realization of the Newton-Raphson method is shown in Table 5.

Numerical Example 8.1 Let the initial condition be z(t = 0) = [-7/2, 0]T. We com-
pute the motion of a circular pendulum with a rod of length | = 1 and a particle of
mass m = 5. Further, we choose a gravitational acceleration of g = 9.81. Figure 14
represents the rotation angle of the pendulum computed with a time step size h, = 0.1
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The circular pendulum, int=5, dt=0.1, t=5

time

Figure 14: Rotation angle ¢ = ¢(t) of a circular pendu-
lum with a rod of length [ = 1, a particle of mass m =5
and gravitational acceleration g = 9.81. Computed with

the dG(0) method with A, = 0.1.

(dt = 0.1). The dotted line gives the reference course computed with the ¢G(1) method
with five Gaussian quadrature points (int = 5). We choose five Gaussian quadrature
points because owing to BETSCH & STEINMANN [7] increasing the order of the applied
Gaussian rule will increase the energy preservation of the cG(k) method. Figure 14 also
shows the algorithmic damping of the dG(0) method in the nonlinear case. Furthermore,
for example from equation (121) it is obvious that for a smaller time step size h,, the jump
[2"]o = 21— 20 will be smaller so that the algorithmic damping will decrease; see Figure 15
with a time step size h, = 0.01 (dt = 0.01). Figure 16 shows the jumps in the course of
the total energy of the circular pendulum. We see that the dG(0) method approrimates
the total energy with a step function, owing to the constant finite elements in time, which
is attracted to V(t = oco) = —mgl on account of the algorithmic damping. The dotted
line depicts the course of the cG(1) method with linear time finite elements. We are able
to corroborate the algorithmic energy conserving in the sense that E(t,) = E(t,_1).
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The circular pendulum, int=5, dt=0.01, t=5

time

Figure 15: Rotation angle ¢ = ¢(t) of a circular pendu-
lum with a rod of length [ = 1, a particle of mass m =5
and gravitational acceleration g = 9.81. Computed with

the dG(0) method with h,, = 0.01.
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The circular pendulum, int=5, dt=0.3, t=0.9

10
0P -©- o o)
3-10
[}
c
O
S
S —20
-30+
~~~~~ cG(1)
— dG(0)
G—=—© analytical
_40 1 ! n
0 0.2 0.4 0.6 0.8 1

time

Figure 16: Approximated course £ = F(z"(a(t))) of the
total energy of a circular pendulum with a rod of length
[ = 1, a particle of mass m = 5 and gravitational ac-
celeration g = 9.81. Computed with the dG(0) method
with A, = 0.3.
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8.2 Linear time finite elements

In this section we elaborate on linear time finite elements (k = 1) for the circular pen-
dulum. The general dG(1) method, given by the equations (57), (58), takes the form

11 !
St 5m— 70— hn/ M IDH(z")da = 0,
0

11 ! .
57— 57— hn/ MyIDH(z")da = 0,
0

where M; =1 — « and M, = « are the nodal shape functions; cf Table 1. According to
equation (119) DH(z) is the Jacobian matrix of the hamiltonian H with respect to z.
Taking into account the trial function z"* = [¢", p"]T one obtains

DH(z") = l dv}g‘,{ly/ dq ] . (124)

This time-stepping scheme is nonlinear owing to the appearance of the potential V.
Therefore, we have to solve this algebraic system of equations iteratively, eg by the
Newton-Raphson method. Here the residual vector R(x) takes the shape of the following
4ngor X 1 hyper matrix:

R(x) = % [ _11 } ] X — [ (1) ] 20 — hn /01 l %;Eoﬁ ] IDH(Z'(a))da,  (125)

«

where x = [z zI]T. The tangent Ky = 0xR(x) of the residual vector (125) for the
Newton-Raphson method (see Table 3) takes the shape

111 L M1 L W1l JHY Oy
KT-§[_1 1]_hn/(] [M21‘|[8Z1Z 8Z2Z }[ 02 JH}[L{ da) (126)

where H?% = D?H (z") denotes the 2ngof X 2n4,¢ Hessian matrix of the hamiltonian H.
Hence H" takes the form

o — l dQV(qg)/dq2 1(/)[ 1 . (127)

The trial function z”" for linear time finite elements is z" = M; z; + M, z, so that the
partial derivatives in equation (126) yield

0z,2" = M1 1 and 0Og,z" = M, 1. (128)

To solve the nonlinear residual vector (125), we have to approximate the integral with
an interpolating quadrature rule in the manner of equation (51):

R(x) ~ % l L ” X — l (1)1 zo—hné l %;Egjgi ] IDH(Z"(o))wr.  (129)
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We have to also approximate the integral in the tangent such that

! My, JHY, Oy
KT~2[_1 1] thle MMul Mm][ 0, IH, | (130)

where the index [ denotes the evaluation at the abscissae «;.

Numerical Example 8.2 We consider the pendulum of Fxample 8.1. Therefore, the
initial condition is the matriz 2(t = 0) = [—7/2, 0|7, the length of the rod is | = 1 and
the particle has a mass of m = 5. Moreover, we choose a gravitational acceleration of
g = 9.81. Figure 17 depicts the rotation angle of the pendulum computed with a time
step size h, = 0.1 (dt = 0.1). The dotted line gives the reference solution computed
with the ¢G(2) method again. We used for both methods five Gaussian quadrature points
(int =5). We do not see a difference between the both methods in Figure 17, ie negligible
algorithmic damping of the dG(1) method and very small jumps. To see the jumps, we
have to consider a shorter time intervall; see Figure 18. We are able to also see that
the initial condition is not exactly fulfilled by the dG(1) method. We used five Gaussian
quadrature points but alredy two Gaussian quadrature points yield identical results; cf
BETSCH & STEINMANN [9]. The trapezoidal rule leads to larger jumps; see Figure 19.
The midpoint rule is an exception again because Figure 20 shows that the jumps also
vanish in the nonlinear case. Figure 21 shows the jumps in the course of the total energy
approzimated by linear time finite elements. We see that the total energy computed by
the dG(1) method decays on account of the algorithmic damping. The dotted line depicts
the course of the cG(2) method with quadratic time finite elements, which corroborates
the algorithmic energy conserving in the sense that E(t,) = E(t,_1).

Remember, we obtained in Subsection 6.2.2 the result that the time-stepping scheme gen-
erated by the dG(1) method for the harmonic oscillator in connection with the midpoint
rule leads to a continuous solution and further to the time-stepping scheme generated by
the ¢G(1) method with exactly evaluated integrals. Hence we formulate the following

Theorem 8.1 The general dG(1) method in connection with the midpoint rule leads to
the discrete c¢G(1) method with a continuous solution.

Proof.  We consider the equations (57), (58):

11 !
S+ 57— 70— hn/ M\IDH(z")da = 0,
0

11 ! .
57— 57— hn/ MyIDH(z")da = 0.
0

Addition of equation (57) and equation (58) yields
1
25 — 20 — hn/ (M; + M) IDH(2")da = 0, (131)
0
and on the other hand, a subtraction of the equations (57), (58) results in

1
21 — 79+ hn/ (My — M) IDH (z")da = 0. (132)
0
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The circular pendulum, int=5, dt=0.1, t=4.9

. ¢G(2) method
dG(1) method

0 1 2 3 4 5

Figure 17: Rotation angle ¢ = ¢(t) of a circular pen-
dulum with a rod of length [ = 1, a particle of mass
m = 5 and gravitational acceleration g = 9.81. Com-
puted with the dG(1) method with h, = 0.1 and five
Gaussian quadrature points.

We get with the nodal shape functions M; =1 — a and My = «

M+ M, = 1, (133)

We now introduce the quadrature rule. The midpoint rule approximation of fol f(a)da
is f(aw =1/2) such that we obtain a discrete dG(1) method given by

1
Zo — 7o — hn, JDH(zh(é)) =0, (135)
7y, — 2y = 0. (136)
Therefore, the solution, obtained by the midpoint rule, is continuous. This result is

corroborated by the numerical calculations; see Figure 20. Employing equation (136) in
equation (135) leads to

Zo — 71 — hy, JDH(zh(%)) =0. (137)

Equation (137) is identical with the ¢G(1) method (47) of which the integral is approxi-
mated by the midpoint rule. Accordingly, the dG(1) method can be converted into the
¢G(1) method by the midpoint rule. O
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The circular pendulum, int=5, dt=0.1, t=0.3
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Figure 18: Rotation angle ¢ = ¢(t) of a circular pen-
dulum with a rod of length [ = 1, a particle of mass
m = 5 and gravitational acceleration g = 9.81. Com-
puted with the dG(1) method with h, = 0.1 and five
Gaussian quadrature points.

Remark 8.1 In contrast to the harmonic oscillator, we do not expect energy conserva-
tion with the time-stepping scheme (137) because according to BETSCH & STEINMANN
[9] it is well-known that the midpoint rule does not preserve the energy in the nonlinear
regime. Figure 22 corroborates our presumption.

41



The circular pendulum, int=6, dt=0.1, t=0.3
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Figure 19: Rotation angle ¢ = ¢(t) of a circular pendu-
lum with a rod of length [ = 1, a particle of mass m =5
and gravitational acceleration g = 9.81. Computed with
the dG(1) method with h, = 0.1 and trapezoidal rule
(N, = 2).
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The circular pendulum, int=1, dt=0.1, t=0.3
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Figure 20: Rotation angle ¢ = ¢(t) of a circular pen-
dulum with a rod of length [ = 1, a particle of mass
m = 5 and gravitational acceleration g = 9.81. Com-
puted with the dG(1) method with h,, = 0.1 and mid-
point rule (N, = 1).
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The circular pendulum, int=5, dt=0.3, t=0.9
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Figure 21: Approximated course E = E(z"(a(t))) of the
total energy of a circular pendulum with a rod of length
[ = 1, a particle of mass m = 5 and gravitational ac-
celeration g = 9.81. Computed with the dG(1) method

with A, = 0.3.
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The circular pendulum, int=1, dt=0.1, t=2.4
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Figure 22: Total energy E = E(t) of a circular pendu-
lum with a rod of length [ = 1, a particle of mass m =5
and gravitational acceleration g = 9.81. Computed with
the dG(1) method with h, = 0.1 and midpoint rule
(N, =1).
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9 The algorithmic total angular momentum of the
circular pendulum

Here we examine the algorithmic total angular momentum L, of the circular pendulum.
Note that we refer to Lg,; as the total angular momentum at the £+ 1 node of the master
element I, of the dG(k) method. We deal with constant (k = 0) and linear (k = 1) time
finite elements.

We have established in Section 5 that the total angular momentum L is preserved only if
the total torgue N vanishes. Owing to the definition (33) of the total torgue, N vanishes
if (i) the total force F vanishes, ie the gravitational acceleration vector has to vanish or
(ii) the total force and the radius vector r of the particle are linearly dependent vectors,
ie the rotation angle ¢ has to amount to ¢ = v, for v =0,1,2,.. .; see eg APOSTOL [2].
Since the generalized coordinate g denotes the rotation angle, we present the radius
vector r in polar coordinates such that we obtain

r=Ilu,, (138)

where ||r|| = r = [ the length of the rod of the circular pendulum. The vector u, denotes
the unit vector which reflects the direction of the coordinate r; see Figure 23.

Figure 23: Polar coordinates for the circular
pendulum; see eg APOSTOL [2].

To determine the total angular momentum L owing to definition (32), we have to calcu-
late the total linear momentum P = m 1, where m is the mass of the particle. Referring
to the radius vector (138), we obtain

du,

P=ml
T

d
:mlaqurd—(i =mlqo,u,. (139)

According to APOSTOL [2] and taking Figure 23 into consideration, the unit vector u,
is given by
u, =singu, —cosqu,. (140)
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We now determine the partial derivative of the unit vector u, with respect to the gener-
alized coordinate ¢:
Jd,u, = cosqu, +sinqu, = —uy, (141)

where u, is also an unit vector, perpendicular to u, (see Figure 23), which is defined as
u, = —cosqu, —singu,. (142)

Therefore, the total linear momentum P is as follows:
P=mlilg(—u,). (143)

The total angular momentum L is defined as the cross product of the radius vector (138)
and the total linear momentum (143) such that

L=lu xmlj(-u,)=-ml*qu, =—Iqu,, (144)

where the unit vector u, reflects the direction of the z-axis which passes through the
origin O and the paper plane, perpendicular to the xy-plane (right-handed coordinate
system), and I = m [? denotes the moment of inertia. Taking into account equation (117),
we are able to relate the total angular momentum L to the generalized momentum p:

L=-pu.. (145)

Hence it follows that the generalized momentum p has the magnitude of the total angular
momentum L. Since the direction of L is constant, we only have to consider the behavior
of the generalized momentum p.

9.1 Constant time finite elements

First we investigate the generalized momentum of the general dG(0) method (120) for
constant time finite elements which reads

S TP

To let vanishes the total torgue on the particle, we have to neglect the gravitational
acceleration g. Therefore, the potential constant ¢ = m gl is zero and the potential V'
vanishes. Accordingly, we obtain

zl—zo—h/ [pl/I]da:O. (146)

Now we can write the integrand in an other form and get

1
Zl_ZO_hn/O [plo/[]dozzﬂ. (147)
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On account of the constant trial function z" = [q;, p1]T, we do not have to make a
distinction between the exactly evaluated integral and the use of interpolating quadrature
rules; see Subsection 6.1.2. Therefore, it is sufficient to consider the time-stepping scheme
which results from equation (147) by exact evaluation of the integral:

zl—zo—hn[plo/']] ~0. (148)

To investigate only the generalized momentum p" = p;, we devolve upon the represen-
tation of scalar equations:

hy,
G—Q— 7P = 0, (149)

pr—po = 0. (150)

It is immediate from equation (150) that the generalized momentum is preserved on each
time step. Therefore, the time-stepping scheme obeys the law of conservation of total
angular momentum L according to Theorem 5.1 in the sense that

L, = L, (151)

where Lj denotes the total angular momentum at the initial node 0 of the master element
1.

9.2 Linear time finite elements

In this subsection we examine whether linear time finite elements (k = 1) also preserve
the generalized momentum and the total angular mometum in the case of vanishing
gravitational acceleration (¢ = 0). However, we have to distinguish between employing
exact quadrature and using quadrature rules in the dG(1) method.

We consider the general dG(1) method (57), (58) for arbitrary motions of the circular
pendulum which is given by

1 1 1 h
—Z2+—Z1—Z0—hn/ Mp][dv(q >/dq]da:0,
0

2 2 ph /I
1 1 ! dv(q")/d
§Z2—§Z1—hn/0 MQJ[ 1()%/?[/ q]da:O,

where we have used equation (124). The nodal shape functions are M; = 1 — « and
My = «. The scalar trial functions take the shape:

¢"(@) = My(@) g1 + Ma() g, (152)
Mi(a) p1 + Ma(a) pa. (153)

=
S
I
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The vanishing gravitational acceleration g leads to a potential V' = 0 so that the dG(1)
method takes the form

1 1 1 hI

§Z2+§Z1—Z0—hn/0 Ml[po/ 1da:O, (154)
11 1 1
§z2—§zl—hn/0 MQ[pO/ ]dazo. (155)

Now we give up the symplectic notation and write the dG(1) method by means of scalar
equations and obtain

1 n 1 hy, /1 M. i _ 0 (156)
9 a2 9 q1 — 4o T Jo 1pax = U,
1 1 1
—P2+—P1—po—hn/ Oda = 0, (157)
2 2 0
1 1 h, 1
—gp—=q — — | Myp'da = 158
5 q2 5 q1 7 /o 2P ax 0, ( )
1 1 1
sp2—sp1—hy, [ 0da = 0. (159)
2 2 0

Since interpolating quadrature rules evaluate integrals of constant integrands exactly (cf
Subsection 6.1.2), we can also write

Lot h”/lM hda = 0 (160)

2612 2611 qo T Jo 1pacx = U,
L + L = 0 (161)

2]?2 21?1 bo = U,

1 1 h 1

00— a1 — 2| M.oda = 162
2612 2611 T /0 2p ac 0, ( 6 )
1 ! =0 (163)

2202 2]?1 = U

From the addition of equation (161) and equation (163) it follows
p2 —po=0. (164)

Therefore, regardless of the kind of quadrature being employed, the generalized momen-
tum is conserved for each time step size. On account of the relation (145) linear time
finite elements also obey the law of conservation of total angular momentum at each
time step:

L, = Ly. (165)
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10 The algorithmic total energy conservation of the
circular pendulum for arbitrary motions with lin-
ear time finite elements

In the present section we show how algorithmic total energy conservation for arbitrary
motions of the circular pendulum can be obtained with linear time finite elements by a
nonstandard quadrature rule.

According to Theorem 8.1 the application of the midpoint rule to the general dG(1)
method leads to the discrete ¢G(1) method of which the integrals are approximated by
the midpoint rule. We know from Remark 8.1 in connection with Figure 22 that the
resulting time-stepping scheme do not preserve the total energy. However, according to
BETSCH & STEINMANN [7] it is possible to gain algorithmic total energy conservation
with the discrete ¢G(1) method emanating from the so-called modified midpoint rule.
In contrast to the standard midpoint rule the modified midpoint rule is weighted such
that an arbitrary integral is approximated with

/01 F(a)da ~ mf(%), (166)

where r is determined by a condition. We consider the discrete dG(1) method (137)
which follows from the proof of Theorem 8.1:

1
Zo — 79 — By, JDH(zh(é)) = 0.

We have immediately employed equation (136) which reads z; = zy. However, we leave
the symplectic notation and take the explizit representation of the scheme (137). For
that purpose, we employ the Jacobian matrix (124) of the hamiltonian. Thus the explizit
representation takes the shape:

I, 1

h

—dn— 2y =0 167

¢ =g — 7 P(5) =0, (167)

P2 —po— ha Q(q"(1/2)) = 0, (168)

where I = m? and Q = —dV/dq designates the moment of inertia and the generalized

force respectively. Now we have to transform the time-stepping scheme according to
equation (166) to consider the modified midpoint rule instead of the standard midpoint
rule, which means we have to introduce a weight for each integral:

h, 1
q2 — 4o — — "ipph(—) =0, (169)

I 2
P2 — o — hn kg Q(q"(1/2)) = 0. (170)
The introduction of this weights retains a continuous solution. This states the following
Theorem 10.1 The general dG(1) method in connection with the modified midpoint rule
leads to the discrete ¢G(1) method with a continuous solution.
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Proof.  We consider the general dG(1) method (57), (58):

1 1 1
5 %2 + 5 %1~ %0~ hn/ MJDH(z")do = 0,
0

1 1 1
5 Zo — ) Z — hn/ MQJDH(Zh)da =0.
0

Addition of equation (57) and equation (58) leads to

25 — 70 — hy, /01 (M, + My) IDH (2" da = 0, (171)
and a subtraction of the equations (57), (58) gains

21 — 70+ hn /01 (My — M) IDH (z")da = 0. (172)

We obtain with the nodal shape functions M; = 1—a and M, = « the following relations:

M, +M, = 1, (173)

Using the modified midpoint rule according to equation (166) yields a discrete dG(1)
method which reads

1
Zo — 2o — hy, KJDH(zh(i)) =0, (175)
Z, —Zo — O, (176)
where
| kI O
K_[ S qul. (177)

Therefore, the solution is also continuous by applying the modified midpoint rule. On
the other hand, employing equation (176) in equation (175) leads to

Zo — 71 — hy KJDH(zh(%)) = 0. (178)
Note that equation (178) is identical with the ¢G(1) method (47) of which the integral
is approximated by the modified midpoint rule. Hence, the dG(1) method can be trans-
formed into the discrete ¢G(1) method emanating from the modified midpoint rule. O
Obviously, the scheme in (169), (170) is the explicit representation of equation (175).
According to BETSCH & STEINMANN [7], the condition for energy conservation is the ex-
act fulfillment of the Fundamental Theorem of Calculus for the kinetic energy T' = T'(p")
which reads

1,1 = [ 076" () do = [ 9,HG") (o) do. (179
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as well as for the potential V = V(¢"):

Vo Vi= [0V (¢) do= [ 0, (o) do. (180

where the prime indicates differentiation with respect to a. Taking into account the
equation (119) and the trial function z" = [¢", p"|T, the equations (179) and (180) take
the form:

1 1 /
-1 = /0 fph (ph) dav, (181)
LAV (q") 1 py

Now we consider the explizit trial functions. First we employ p"* = Y% | M; p; in equation
(181):

T, T = /01 % (Z Mi(a)pi> (p2 — 1) da, (183)

where M; = 1—« and My = . We aim at fulfilling the equation (183) with the modifiied
midpoint rule according to equation (166). Therefore, we obtain

K

T, -1, = ﬁ (p1+p2) (P2 — p1) - (184)

The expansion of equation (184) yields

1 1
T, — T = K, (ﬁ s — ﬁp%> . (185)

In consideration of the hamiltonian H = T+ V in equation (118), we are able to simplify
the right side of equation (185) as follows:

T2 - T1 = Kp (TQ - Tl) . (186)

Hence it follows that the Fundamental Theorem of Calculus for the kinetic energy is
satisfied for the weight x, = 1, which means the standard midpoint rule.
Now we employ the trial function ¢" = 3> | M; ¢; in equation (182) and obtain

v-vi= [T g, ) da (187)

Applying the modified midpoint rule according to equation (166) to equation (187) yields

dV(¢"(1/2))

‘/2_‘/1:/<vq dq

(2 — @) - (188)

Accordingly, we obtain the following weight if we consider that the solution is continuous:

(189)



with

O— Va—Vo
a2 — qo
The calculated weights of the modified midpoint rule yields the following time-stepping
scheme:

(190)

n

q2 — qo — 57 (po + p2) =0, (191)

p2—po+ha Q=0. (192)

The time-stepping scheme (191), (192) is identical with the scheme in BETSCH & STEIN-
MANN [9] which is generated by the ¢G(1) method with exact quadrature. Furthermore,
owing to the time-stepping scheme (191), (192) we are able to formulate the following

Theorem 10.2 The modified midpoint rule conserves the algorithmic total energy of the
circular pendulum for linear time finite elements.

Proof.  We consider the time-stepping scheme (191), (192). Taking into account the
identity (190), equation (192) multiplied by (g2 — qo) reads

(P2 — po) (@2 — qo) + hn (Vo —Vp) = 0. (193)

Employing equation (191), equation (193) yields

h,
57 (P2 =10) (o + p2) + I (V2 = Vo) = 0. (194)
Expanding equation (194) gains
Ly 1,
ha, (ﬁpz - ﬁpo) + hy (Vo — Vo) = 0. (195)

With regard to the hamiltonian H = T+ V of the circular pendulum in equation (118),
for a non-vanishing time step size h,, the equation (195) leads to

Hy — Hy = 0. (196)

O
To solve the time-stepping scheme (191), (192) by applying the Newton-Raphson method,
which is depicted in Table 6, we need the residual

21

R(p) = 3= (&2 = ) = 2p0 + hn@. (197)

The tangent Ky = 0,,R(¢2) takes the form

21

Kp ===+ h, Dy Q. (198)
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Given: initial conditions gy and po,
time step size h,, and
residual tolerance e = 10713
set iteration counter [ =1
Find: nodal unknown ¢, and po
(a) initialization
I !
95" = qo +ha/(21) (po+pY’)
(b) compute residual
RO = R(q))
if ||[RV|| > € goto (c) else goto (d)
(¢) compute tangent
Ky = Kr(q8)
solve for increment A qél)
A — — (Kéf))_l RO
update the nodal unknowns
¢ =gy + Ay
goto (b) with [ =1+ 1
(d) update generalized momentum
I !
Y = @20)/hn (65" = q0) — po
(e) end.

Table 6: Newton-Raphson method to solve
the time-stepping scheme generated by the
dG(1) method with modified midpoint rule
for the circular pendulum.

We calculate 8q2Q with the derivative formula for a quotient of two functions:

- aV(g)/dg—§
0,Q = L (199)

Employing equation (199) in equation (198), the tangent reads

21 Q2 + @
Kr=——h, , 200
! ho, 42 — qo (200)
with the generalized force
dV(g2)
= — 201
Q= -2 (201)

Numerical Example 10.1 We compute the total energy of a circular pendulum with
the modified midpoint rule. Let the initial condition be z = [—n/2, 1]T. The particle
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The circular pendulum, int=1, dt=0.1, t=0.3

© © ©
[SY [ =

total energy
o
|_\

0.1p S —©- O

0.1y

G——© dG(1) method with m.m.r
——  analytical

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
time

0.1

Figure 24: Total energy E = E(t) of a circular pendu-
lum with a rod of length [ = 1, a particle of mass m =5
and gravitational acceleration g = 9.81. Computed with
the dG(1) method with the modified midpoint rule and
by a time step size h,, = 0.1.

has the mass m =5 and the length of the rod s | = 1. Further, we take a gravitational
acceleration g = 9.81. Figure 24 bear out the algorithmic conservation of the total energy.
Figure 25 give a comparison of the discrete dG(1) method emanating from the modified
midpoint rule with the discrete dG(1) and ¢G(2) method emanating from the standard
midpoint rule. According to Remark 6.3 the dG(1) and ¢G(2) method lead to identical
schemes by applying the standard midpoint rule; therefore, in this case the total energies
of both methods are identical. Referring to BETSCH & STEINMANN /9] it is well-known
that the standard midpoint rule does mot conserves the total energy in the nonlinear
regime, what is corroborated in Figure 25.
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The circular pendulum, int=1, dt=0.1, t=2.4

0.35
~~~~~ cG(2) method
. dG(1) method
G—=9© dG(1) method with m.m.r
0.3 ——  analytical
5025} :
) -
c .
() ',
= : .
g 02 :
0.15¢
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Figure 25: Total energy E = E(t) of a circular pendu-
lum with a rod of length [ = 1, a particle of mass m =5
and gravitational acceleration g = 9.81. Computed with
the dG(1) method with the modified midpoint rule and

by a time step size h, = 0.1.
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Part II1
The Two-Body Central Force
Problem

This part of the paper in hand is concerned with the motion of two particles m; and ms
which takes place in the three-dimensional euclidean space £3. We introduce an inertial
cartesian coordinate system (x,y, z) with the origin O; see Figure 26. The two particles
move under the influence of a central force field. Such a natural system is said to be
closed. For more details, we refer to ARNOLD [3], GOLDSTEIN [14] and KUYPERS [25].

Y | mi

Figure 26: System of two particles in the
three-dimensional euclidean space £3.

We compute the system by applying constant (k = 0) and linear (k = 1) finite elements
in time corresponding to the dG method. We consider both a linear and a nonlinear
central force. The goal is the investigation of the conservation laws which means the
total energy and the total angular momentum L.

11 The reduction to an equivalent one-body prob-
lem

First we summarize the derivation of the equations of motion of the two particles. New-
ton’s second law of motion implies for a closed system of two particles

mlf'l = Flg, (202)
mzf'z = F21, (203)
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where 7, i = 1,2, denotes the radius vector of the ith particle (see Figure 26) and the
force of interaction F;;, 7 = 1,2, denotes a force vector in the direction from the ith to
the jth particle. Furthermore, the weak law of action and reaction implies that F;; and
F;; are equal and opposite:

F

Therefore, the equations (202), (203) may be written as

ij

mlfl = —F, (205)
m2f'2 = :F7 (206)

where F = F,; denotes the total force. Owing to the nature of an euclidean space the
total force F is able to depend only on the difference vector r = ry — r; and the time
derivative 1. In the present thesis, we exclusively consider natural systems such that an
explizit dependence on time ¢ does not appear:

F=f(r,7)u,, (207)

where u, = r/r denotes the unit vector in direction of r and r = ||r|| denotes the
magnitude of r with respect to the euclidean norm. The scalar function f denotes the
magnitude of the total force F. Obviously, the total force F is co-linear with the vector
r. Since the total force depends on the difference vector r, we introduce the components
of the difference vector as new coordinates of the motion. Addition of equation (205)
and equation (206) leads to

ma f‘l -+ Mo '1;2 = O, (208)

where 0 denotes a 3 x 1 zero matrix. Considering the definition of the radius vector R
to the center of mass of n, particles

2221 m; T's
R =" , 209
Dozl My (209)
the equation (208) takes the following form:
R =0. (210)

Therefore, it is apparent that the center of mass is either at rest or moving uniformly.
We now subtract equation (205) from (206) and obtain

putr =F, (211)
where -
1 Mg

- 212

= (212)

denotes the reduced mass. Thus we have substituted the components of the difference
vector r and the components of the radius vector R for the components of the radii
vectors r; and ry as coordinates of the motion. The new equations of motion (210),
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Figure 27: The reduced mass p in the three-
dimensional euclidean space £°.

(211) are uncoupled so that two independent motions occur: the motion of the center
of mass R of the two particles m; and mgy (the inertial motion) and the motion of the
reduced mass p at a distance r from a fixed center of force (the relative motion).

The subsequent discussion deals only with the motion of the reduced mass . Let £ be
a three-dimensional euclidean space, including an inertial cartesian coordinate system
(',y', 2") with the origin O’ in which the difference vector r denotes the radius vector
of the reduced mass p with respect to O’; see Figure 27. Furthermore, the origin O’ is
also the center of the total force F of equation (211). Note that a force which directs to
a point of an euclidean space is called a central force. The central force F can only take
the form

F = f(r)u,. (213)
To aim at a natural system, we restrict to conservative central forces F = —0rV which
can be derived from a potential V' which exclusively depends on the magnitude r = ||r||
of the radius vector r so that
av
F=—0;V =— d(r) u, = f(r) u,. (214)
r

We now have the two-body problem reduced to the motion of the reduced mass p in a
three-dimensional euclidean space with the following nonlinear equation of motion:
. dV(|lr|]) r
pr = ————= —. (215)
dr x|
Furthermore, the reduced mass p, moving relative to the origin of the euclidean space,
preserves the total angular momentum L = r x P, where P = u1 denotes the total
linear momentum of the reduced mass. That ensues from Theorem 5.1 because the total
torgue N = r x F vanishes on account of equation (214). The direction of the total
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Figure 28: Euclidean plane of motion £2 C
£ of the reduced mass .

angular momentum is perpendicular to the radius vector independently of time because
the scalar product r-L vanishes. Hence the motion r = r(¢) of the reduced mass p always
lies in an euclidean plane £ C &’ ?_ Since the reduced mass has two degrees of freedom
(naor = 2), we only need two generalized coordinates. In the subsequent discussion we
consider the cartesian coordinates ¢; und g¢o; see Figure 28.

12 The Hamiltonian formulation of the equivalent
one-body problem

In this section we develop the Hamiltonian formulation of the one-body problem which
represents the unknown relative motion of the two-body problem. The problem is as
follows: the reduced mass is moving in an euclidean plane £2 C & " with two degrees of
freedom. The motion is influenced by a conservative central force

dv(lrl) r
ULV LY DA (216)
dr— |||
with respect to the origin O’, where r and V' (||r||) denotes the radius vector of the reduced
mass and the potential of the central force respectively.

The total kinetic energy T' of this natural system is

1
T=3 it (217)

We express the radius vector r in the (7,§) coordinate system in the way
I =q1u,; + ¢ ug, (218)

where the unit vectors u, and u¢ reflect the direction of the n-axis and the §-axis re-
spectively. Since (7,€) is an inertial system, the velocity vector of the reduced mass is as
follows:

I' = ¢ U, + §2 ug. (219)
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Thus the matrix representation of the velocity vector with respect to the basis {u,, u¢}
is given by
q:[@], (220)
42
where we refer to q as the generalized velocity vector. According to equation (217), the
total kinetic energy takes the shape

I .
T=3 palIe. (221)
The matrix representation with respect to the basis {u,, u¢} also represents the trans-

formation from the radius vector r to the generalized coordinate vector

q= [‘-’11. (222)

q2

Hence it follows that the potential V' may be expressed as V' = V(1/q”q) so that the
lagrangian L(q, q) takes the form

La.4) = 3 nd"Ta—V(y/aTa) (223)

To obtain the hamiltonian H, we have to determine the generalized momentum vector
p = [p1, poJ’. Referring to definition (5), we get

p=0yql =pa, (224)

considering the differentiation rule of quadratic forms owing to ZURMUHL & FALK [35].
Introducing the generalized momentum vector p in the total kinetic energy (221) leads
to

H(q,p) = i p'Ip+V(yqTq). (225)

13 A time finite element formulation for the isotro-
pic harmonic oscillator

At first we consider Hooke’s central force law which implies a linear restoring force
associated with each degree of freedom (isotropic case). According to GOLDSTEIN [14]
the Hooke’s central force F results in closed orbits for all bound particles. The potential
V' of the central force F is given by

1
V=l (226)

with ¢ < 0 and expressing the euclidean norm by the generalized coordinate vector q,

we obtain )
V=—3c q'lq. (227)
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We gain the hamiltonian H of Hooke’s law by equation (225)

1 1
H(q,p)=—p'Ip—=-cq'lq. (228)

2 2
To use the dG(k) method (22), we have to introduce the symplectic notation in the
hamiltonian H. On account of the quadratic form of the total kinetic energy T and
the potential V', we also obtain a quadratic form of the hamiltonian H in symplectic
notation. With z = [q, p|’ we have
1

H=3 z’Hz, (229)

where owing to ngoy = 2, H is a 4 x 4 matrix of the shape

—cI O
H:[ o 1/,“1]' (230)

Using the derivative formula for quadratic forms (see eg ZURMUHL & FALK [35]), we get
the Jacobian matrix DH(z) owing to equation (229) as follows:

DH(z) =Hz. (231)

13.1 Constant time finite elements

In this subsection we examine a finite element formulation for constant time elements.
Apart from the matrix dimensions, the hamiltonian (229) is analogously to the hamilto-
nian (41) of the harmonic oscillator which is based upon the circular pendulum. There-
fore, we will gain time-stepping schemes which have the form of Subsection 6.1 and we
do not have to distinguish between exact quadrature and interpolating quadrature rules;
see Subsection 6.1.2.

Referring to equation (46), the time-stepping scheme emanating from exact quadrature
of the dG(0) method (45) reads

(1 - hn JH) 71 = Zy.

Analogous to Subsection 6.1.1, this time-stepping scheme will be solved by the Newton-
Raphson method according to Table 2.

Numerical Example 13.1 We compute the orbit of the reduced mass u = 2. The total
energy E of the reduced mass and the potential constant ¢ are E = 0.25 and ¢ = —0.25
respectively. Owing to this values, the orbit has to be circular. We determine the initial
condition z(t = 0) according to GROSS [15]. The used initial condition leads to a circular
orbit only for the energy conserving c¢G(1) method; see Figure 29. On account of the
asymptotic annihilation, the dG(0) method computes a spiral orbit. Note that for a clear
presentation only the nodal points corresponding to the dG(0) method have been plotted
in Figure 29.
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Figure 29: Orbit of an isotropic harmonic oscillator with
the reduced mass p = 2, total energy £ = 0.25 and po-
tential constant ¢ = —0.25. Computed with the dG(0)
method with h,, = 0.1.
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13.2 Linear time finite elements

Next we examine a finite element formulation for linear time finite elements. Linear
finite elements in time also yield time-stepping schemes which are equivalent to the
corresponding schemes for the harmonic oscillator; see Subsection 6.2. The dG(1) method
for Hooke’s law is equivalent to equations (57), (58) which reads

1 1 1
5 %2 + 5 %1~ %0~ hn/ MJDH(z")da = 0,
0

1 1 1
5 Zo — ) Z — hn/ MQJDH(Zh)da =0.
0

The linear trial function z"(a) = (1 — ) z; + a z, requires a distinction between exact
quadrature and the use of quadrature rules.

13.2.1 Exact quadrature

The exact evaluation of the two integrals in the equations (57), (58) lead to the time-
stepping scheme (61), (62) which reads:

1 1 2
(1—§thH) Z2+§ (1—§thH) Zl—ZOZ(),

1 2 1 1

1
2

We determine the numerical solution by applying the Newton-Raphson method as de-
scribed in Table 3, where the residual vector R and the tangent K is given by the
equivalent equations (63) and (64) respectively.

Numerical Example 13.2 Now we compare the dG(0) method with the dG(1) method
by computing the same oscillator as in Fxample 13.1. That means: mass i = 2, a total
energy ' = 0.25 and a potential constant ¢ = —0.25. Figure 30 shows the orbit of the
oscillator computed with the dG(1) and the energy preserving cG(2) method. In contrast
to the orbit of the dG(0) method in Figure 29, the dG(1) method does not reveal a per-
ceptible asymptotic annihilation in the same time interval. The algorithmic damping of
the dG(1) method with exactly evaluated integrals is for the isotropic harmonic oscillator
very small. Cf the phase plane of the harmonic oscillator in Figure 7. Analogous to
the harmonic oscillator, we see the jumps of dG(1) method in a brief time interval; see
Figure 31.

13.2.2 The use of specific quadrature rules

Let us evaluate the integrals of the equivalent equations (57), (58) by interpolating
quadrature rules. Owing to the form of the Jacobian matrix DH(z) in equation (231),
the time-stepping schemes generated by the dG(1) method for the isotropic harmonic
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The isotropic harmonic oscillator, dt=0.1, t=18
15 - -

~~~~~ ¢cG(2) method
—— dG(1) method

-15 : : : : :
15 -1 -05 0 05 1 15

4

Figure 30: Orbit of an isotropic harmonic oscillator with
the reduced mass p = 2, total energy £ = 0.25 and po-
tential constant ¢ = —0.25. Computed with the dG(1)
method with h,, = 0.1.

oscillator take the shape of the schemes in Subsection 6.2.2 which read
1 1
(51—512thH> Z2+<§1—511thH> Z1—Z0:0,
1 1
(al—ﬁggthH) Z2—(§1+512thH) Z1:0.

We refer to Table 4 for the coefficients (3;; of the considered quadrature rules. On grounds
of the equivalence of the time-stepping schemes for the harmonic and the isotropic har-
monic oscillator, we gain the results of Subsection 6.2.2.

Numerical Example 13.3 For a brief demonstration of this equivalence, we compute
by the midpoint rule the orbit of the same oscillator as in Example 13.1, ie mass = 2,
total energy E = 0.25 and potential constant ¢ = —0.25. According to Subsection 6.2.2
we expect for the dG(1) method a continuous orbit and nodal values which are identical
with the nodal values of the ¢G(2) method. Figure 32 shows the expected result.
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The isotropic harmonic oscillator, dt=0.1, t=0.3
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~~~~~ ¢G(2) method
—— dG(1) method
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Figure 31: Orbit of an isotropic harmonic oscillator with
the reduced mass p = 2, total energy £ = 0.25 and po-
tential constant ¢ = —0.25. Computed with the dG(1)
method with h,, = 0.1.
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The isotropic harmonic oscillator, int=1, dt=0.1, t=0.3
1.001 - : .

~~~~~ cG(2) method
—— dG(1) method
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Figure 32: Orbit of an isotropic harmonic oscillator with
the reduced mass p = 2, total energy £ = 0.25 and po-
tential constant ¢ = —0.25. Computed with the dG(1)
method with midpoint rule (N, = 1) and by a time step
size h,, = 0.1.
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14 The algorithmic total energy of the isotropic har-
monic oscillator

This section determines the behavior of the algorithmic total energy of the isotropic
harmonic oscillator by the Lagrange-Sylvester’s interpolation polynomial which we have
introduced for the harmonic oscillator in Section 7. Since the time-stepping schemes
for both oscillators only differ by the matrix dimensions, the way of calculating the
algorithmic hamiltonian Hj; is identical.

14.1 Constant time finite elements

First we consider the dG(0) method with constant time finite elements. Owing to the
equations (230) and (45), the amplification matrix A, is as follows:

1 I h,/pl
A0_1+Q2[hncl I ] (232)

with the sampling frequency Q2 = h, w and the eigenfrequency w = /—c/u, ¢ < 0. The
eigenvalues of the amplification matrix (232) read

1 1
A =\3 = >\2:)\4:m7

— 2
1—iQ’ (233)

where i denotes the imaginary unit. Accordingly, the amplification matrix (232) has
multiple eigenvalues, ie the characteristic polynomial

PO =TT =) 234)

of Ay has multiple roots. But this characteristic polynomial which satisfies the char-
acteristic equation P.(A) = 0 is not a polynomial of minimum degree. The polynomial
P,,(\) of minimum degree which also fulfills the equation P,,(\) = 0 is called the minimal
polynomial (see eg LOOMIS & STERNBERG [28]) and takes here the form

Pu(3) = (A= 21) (A= Aa). (235)

To show that the polynomial (235) holds for the condition P,,(\) = 0, we may use the
Cayley-Hamilton theorem owing to LORENZ [29]. The Cayley-Hamilton theorem states
that A satisfies its own characteristic equation which means
4
P.(Ag) =[] (Ag— A1) =0. (236)

i=1

Since the minimal polynomial is a factor of the characteristic polynomial, the minimal
polynomial has to also fulfill the condition P,,(Ay) = 0. Because of (Ag — A1 1) # 0
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but (Ag — A1 1)(Ap — A2 1) = 0 is the polynomial (235) the minimal polynomial P,,())
of the amplification matrix (232). According to GANTMACHER [13] we have to choose
in the equations (88), (89) N, = deg(P,,) = 2, where deg(P,,) denotes the degree of
the minimal polynomial. Therefore, we may continue in the way of Subsection 7.1 and
calculate the constituent matrices owing to equation (89):

1 I —1/(lwp)I 1 I 1/(lwp)I

A0’1_§ —twpl I ’ A0’2_§ iwpl I - (237)
This constituent matrices also satisfy the conditions (95), (96) such that according to
equation (97), we also come to the algorithmic hamiltonian

1
H, = 3 p’ ze Hzy = p* Hy. (238)
Thus the behavior of the algorithmic hamiltonian H; of the dG(0) method depends for
Hy # 0 on the spectral radius p of the amplification matrix A, as follows:

1, energy decay
1, energy conservation
1, energy growth

The squared spectral radius p* = A\; Xy of the amplification matrix (232) yields

9 1

=—— 239
1+ 02 (239)

p
where it is identical to the squared spectral radius (99) of the harmonic oscillator in
Subsection 7.1. Hence we are able to refer to Figure 9 for a plot of the spectral radius.
Equation (239) also implies that for all sampling frequencies 2 # 0 the denominater is
bigger than the numerator. Accordingly, the squared spectral radius is less than one for
2 # 0 and we gain algorithmic energy decay; see Figure 33. We get for interpolating
quadrature rules the same result because the time-stepping schemes are the same; see
Subsection 13.1.
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The isotropic harmonic oscillator, dt=0.1, t=18
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Figure 33: Total energy E = FE(t) of an isotropic har-
monic oscillator with the reduced mass p = 2, total
energy E = 0.25 and potential constant ¢ = —0.25.
Computed with the dG(0) method with h,, = 0.1.
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14.2 Linear time finite elements

Next we investigate the algorithmic hamiltonian Hs of the dG(1) method. In contrast to
the dG(0) method in Subsection 14.1, we have to distinguish between exactly evaluated
integrals and the use of quadrature rules. Through the equivalent time-stepping schemes,
we will also get different matrices but an identical spectral radius as for the harmonic
oscillator.

14.2.1 Time-stepping scheme associated with exact quadrature

The considered time-stepping scheme consists of the equations (61), (62) in conjunction
with the matrix (230). The elimination of the internal node z; leads to the two-level
scheme (100), out of which we are able to identify the amplification matrix:

—2 (7TQ2—18)1  hy/p(Q*—18)1

AL T IR 36 | hee(@—18)T (T2 —18)1 (240)
The eigenvalues of the amplification matrix (240) read
TO?—18+iQ (02— 18)
M =X = —92 241
P M +402+36 (241)
7O — 18 —iQ (02 — 18)
=M = -2 242
2o Q4 +402436 (242)

where i denotes the imaginary unit. According to equation (89) we determine the con-
stituent matrices and obtain:

1 I 1/(iwp)l 1 I —1/(iwp)I
AM_Q iwpl I ’ A1’2_§ —twpl I - (243)

The constituent matrices (243) satisfy the conditions (95), (96). Accordingly, equation
(106) is also valid for the isotropic harmonic oscillator:

1
Hy = 5 p?zi Hzy = p* Hy. (244)

From equation (244) we are able to conclude:
p? <1, energy decay

p? =1, energy conservation
p? > 1, energy growth

The squared spectral radius p which determines the algorithmic hamiltonian Hs results
from the eigenvalues (241), (242). We get

, 402436
A +402+ 36

This spectral radius is identical to the spectral radius of the harmonic oscillator which
is why we also gain energy decay for all sampling frequencies €2 # 0; see Figure 34.

p (245)
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The isotropic harmonic oscillator, dt=1, t=18

0.2505 T . .
0.25 ]
3 0.2495 | T :
[} .
c
()
= .
5 0.249¢ - ]
0.2485} . 7
~~~~~ ¢G(2) method *
dG(1) method
——  analytical
0.248 ! ; ;
0 5 10 15 20

time

Figure 34: Total energy £ = E(t) of an isotropic har-
monic oscillator with the reduced mass p = 2, total
energy E = 0.25 and potential constant ¢ = —0.25.
Computed with the dG(1) method with A, = 1.

14.2.2 Time-stepping schemes associated with specific quadrature rules

To consider quadrature rules, we are allowed to use the time-stepping scheme (70),
(71) for the harmonic oscillator and take into account the definition of the vector z for
the isotropic harmonic oscillator. Moreover, we employ equation (230) in the scheme.
Because of the complicated terms, we renounce an explicit representation of the ampli-
fication matrix and of the eigenvalues. The constituent matrices are identical with the
matrices (243). Therefore, the algorithmic hamiltonian which we obtain by interpolating
quadrature rules takes the form of equation (110):

1
Hy, = 5 pezy Hzo = p. Hy, (246)

The following squared spectral radius is given for an arbitrary interpolating quadrature

rule:
1+4p% 2

1AL+ (B — i)’ Q2+ 4B — B f)*
where we refer to Table 4 for the coefficients 3;; of the considered quadrature rules. We
have already obtained the spectral radius (247) for the harmonic oscillator in Subsec-

1 (247)
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The isotropic harmonic oscillator, int=1, dt=0.1, t=0.3
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Figure 35: Total energy £ = E(t) of an isotropic har-
monic oscillator with the reduced mass p = 2, total
energy E = 0.25 and potential constant ¢ = —0.25.
Computed with the dG(1) method with midpoint rule
(N, = 1) and by a time step size h,, = 0.1.

tion 7.2.2. Therefore, we get the results given in Subsection 7.2.2 from the discussion
of the spectral radius (247). For example, we gain energy conservation by the midpoint

rule; see Figure 35.
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15 The algorithmic total angular momentum of the
isotropic harmonic oscillator

This section deals with the total angular momentum L of the reduced mass u. We adhere
to the planar Hamiltonian formulation with respect to the euclidean plane of motion £2,
(see Figure 28) because according to GROSS [15] we are able to determine the initial
condition for the numerical examples easily.

We consider the equivalent one-body problem. Therefore, we are able to refer to Sec-
tion 5 for the calculation of the total angular momentum. We describe the motion of
the isotropic harmonic oscillator by means of the cartesian coordinates ¢; and ¢o; see
Figure 28. Thus the radius vector r of the reduced mass p is given by

r—=aq un + g2 Ug. (248)
Accordingly, the total linear momentum P = pr result in
P =p(giu, + doug) (249)

because the unit vectors u,,u¢ are linear combinations of the inertial unit vectors of the
euclidean space £°. In the consequence of the equations (220), (224), the total linar
momentum P may be written in the form

P= P14y + P2 Ug. (250)

Furthermore, the matrix representation of the total linear momentum P with respect to
the basis {u,, u¢} takes the form

P = lp ! 1 . (251)

P2

We see that the matrix representation of total linear momentum P is identical with
the generalized momentum vector (224) of the reduced mass. Moreover, according to
equation (222) the matrix representation of the radius vector r is identical with the
generalized coordinate vector q = [q1, ¢2]7. Therefore, the definition (32) of the total
angular momentum L yields

L = (qu,+que) x (pru, +prug) (252)
= qp2 (W, X ) +@p (ue X w,) (253)
L = (¢g1p2—q¢mn) ug, (254)

where u; = u, x u¢ denotes a new unit vector which is perpendicular to u, and u, such
that a right-handed cartesian coordinate system (7, ¢, () is introduced.

Next we define an operator X to obtain a compact matrix representation of the total
angular momentum by means of the generalized coordinate vector q and the generalized
momentum vector p. The matrix representation of the total angular momentum (254)
with respect to the basis {u,, ue, us} takes the shape:

0
L= 0 . (255)
q1P2 —q2P1
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Owing to the fact that the matrix representations of the radius vector r and the total
linear momentum P are equivalent to the generalized coordinate vector q and the gen-
eralized momentum vector p respectively, the matrix representation (255) of the total
angular momentum also results from the cross product

a1 h
L=|q|x|p]|. (256)
0 0

To use the 2 x 1 matrices q and p in a compact notation, we define an operator X as

follows:

| a
qu—lO

x[gw (257)

The following calculations with the operator X determine the directly following theorem
of which the proofs are based upon theorems of the cross product; see eg APOSTOL [2].

Theorem 15.1 For all 2 x 1 matrices a,b,c and for all real a, we have
(i) aX b= —(bX a) (skew symmetry),
(ii) aX (b+ ¢) = aX b+ aX ¢ (distributive law),
(i5i) (aa) X b=a (aXb),
(iv) aX a=10,0,0]7,
(v) OX a=10,0,0]", where O designates the 2 X 1 zero matriz.

Hence it follows that we are able to write the total angular momentum L in matrix form

as follows:
L=qXp. (258)

Now let us consider the algorithmic total angular momentum Lj,;, where the index
k+ 1 denotes the value at the £+ 1 node of the master element [, of the dG(k) method.
Referring to equation (258), the algorithmic total angular momentum is given by

Li = A1 XM Pryr- (259)

We aim at a representation which L, presents only as a linear function of L, where
Lo = q, X p, denotes the algorithmic total angular momentum at the initial node 0 of the
master element /,. To obtain the generalized coordinate vector q;_; and the generalized
momentum vector p, ., in dependence of the initial values q, and p,, we consider the
two-level scheme (87) of the dG(k) method. Again, we introduce Lagrange-Sylvester’s
interpolation polynomial of the amplification matrix Ay of the dG(k) method. The
minimal polynomial of the isotropic harmonic oscillator has two distinct roots (Ny = 2)
so that we get the following two-level scheme:

2
Zpy1 = Z Ai Ak 2o, (260)

i=1
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where \; and Ay, ; denotes the ith eigenvalue and the ¢th constituent matrix respectively.
However, the determination of the algorithmic total angular momentum requires leaving
the symplectic notation of the two-level scheme:

1,1 1,2
[ qurl ‘| Z)\ AI(€221) AIE:Q,@Q) [ do ‘| ) (261)
b Al af || b

The matrices A(l m) . I,m € {1,2}, denote the four ng,y X ng4or blocks of the 2ng4ys X
2n4,f constituent matrix A ;. We consider the constituent matrices (237) and (243) for
constant and linear time finite elements respectively, so that in this section k € {0, 1}
and hence the blocks of the constituent matrices have the form

Alm — gm) g 262
ki ki

Thus expansion of the matrices on the right side and introduction of an explicit repre-
sentation leads to the following two equations:

Qi1 = Z)\ a(ll qO+Z)\ a(12 Pos (263)
=1

Pii1 = Z)\ a(21q0+2)\ a(22 Po- (264)
=1

Employing the equations (263), (264) in the equation (259) leads to

Lk+1:<2)\a q0+2)\a ) (Z)\a qo+Z)\a 0) (265)

The Application of the properties (i), (ii) of Theorem 15.1 enables the expansion of the
equation (265):

L = Z)\ a(llqONZ)\ a(21q0+2)\ a(llqONZ)\ a(22 pPo+ (266)

7j=1
+Z)\ ay ) p MZA ay’ +Z)\a MZ)\ 22 po. (267
0 Y qq ' Po ap;’ Po- (267)
7=1 =1 Jj=1

Using property (iii) of Theorem 15.1 results in
2
L = > (WhaiV ol qo™Mae+ AN al aP ao™pg )+ (268)
',jfl

+Z (N A a0l po Mag + N A ay? 0 o Mpg) . (269)

1,7=1

The properties (i) and (iv) of Theorem 15.1 make it possible to simplify as follows:

L= 3 AN, (ai” ay” = ap;” a”) Lo, (270)

3,j=1
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The coeflicients a,(i’im ) of the main diagonal blocks of the constituent matrices (237)

and (243) are identical one half so that the condition al(il’-l) = a,(ff) = 1/2 is fulfilled.

Therefore, we obtain

Lo — 3 A\ (— — afl a,(f]l)) Lo. (271)

1,7=1

Further, the coefficients of the off-diagonal blocks of the constituent matrices (237), (243)
satisfy the identities al(€ ; )a,(fjl;zz —1/4 and a(l :2) a,(” Z; = 1/4 so that

L1 = p? Lo, (272)

where k € {0,1} and p* = \; Ay denotes the squared spectral radius. Hence it follows
that for the isotropic harmonic oscillator, in addition to the algorithmic total energy
Hy. 4, the algorithmic total angular momentum L., also depends only on the squared
spectral radius.

15.1 Constant time finite elements

We begin with investigating the algorithmic total angular momentum of the dG(0)
method (k = 0). Since we do not have to distinguish between exactly evaluated in-
tegrals and using interpolating quadrature rules, we consider only the scheme which we
obtained by exact quadrature. To use the equation (272) of the algorithmic total angu-
lar momentum for k£ = 0, we need only the squared spectral radius of the constituent
matrices (237) which according to equation (239) takes the form

9 1

=i

The relation (272) in connection with the squared spectral radius (239) shows that only
for a sampling frequency 2 = 0 conservation of the algorithmic total angular momentum
L; occurs and that for €2 # 0 the algorithmic total angular momentum L; decays;
see Figure 36. According to BETSCH & STEINMANN [7] the algorithmic total angular
momentum of the ¢cG(1) method is preserved for the equivalent one-body problem which
is why in Figure 36 the dotted line of the ¢G(1) method is covered by the solid line of
the exact total angular momentum.
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The isotropic harmonic oscillator, dt=0.1, t=18
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Figure 36: Total angular momentum component L, =
L¢(t) of an isotropic harmonic oscillator with the re-
duced mass p = 2, total energy E = 0.25 and potential
constant ¢ = —0.25. Computed with the dG(0) method
with h,, = 0.1.
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15.2 Linear time finite elements

Here we elaborate on linear time finite elements (k = 1). The linear trial function implies
in the dG(1) method a necessary distinction between exactly evaluated integrals and the
use of quadrature rules.

15.2.1 Time-stepping scheme associated with exact quadrature

In this subsection we consider the time-stepping scheme which we gain by exact evalua-
tion of the integrals. Owing to equation (272), the algorithmic total angular momentum
L, depends only on the squared spectral radius p. According to equation (245), the
squared spectral radius in the case of exactly evaluated integrals is given by

, 402436
A+ 402+ 36

p

Thus it is obvious that the algorithmic total angular momentum Ly for €2 # 0 decays
(see Figure 37) and obeys the law of conservation of total angular momentum only for
Q2=0.

15.2.2 Time-stepping schemes associated with specific quadrature rules

Now we consider the use of interpolating quadrature rules. Owing to relation (272),
the squared spectral radius is exclusively of interest for the algorithmic total angular
momentum Lj, which is given by the equation (247) and reads

B 1+4p6%02
14467502 + (P — 511)2 Q2 +4 (6% — B 522)2 o

We refer to Table 4 for the coefficients 3;; of the considered quadrature rules. It is obvious
that we get conservation of algorithmic total angular momentum only for 5y, = (15 = [ao
because then pg = 1. Therefore, according to Table 4 only the midpoint rule preserves
the algorithmic total angular momentum; see Figure 38. The other quadrature rules
lead to a decay of the algorithmic total angular momentum because the numerator of
the squared spectral radius (247) is for 2 # 0 bigger than its denominator.

o
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The isotropic harmonic oscillator, dt=1, t=18
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Figure 37: Total angular momentum component L, =
L¢(t) of an isotropic harmonic oscillator with the re-
duced mass p = 2, total energy E = 0.25 and potential
constant ¢ = —0.25. Computed with the dG(1) method
with h,, = 1.
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The isotropic harmonic oscillator, int=1, dt=0.1, t=0.3
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Figure 38: Total angular momentum component L, =
L(t) of an isotropic harmonic oscillator with the re-
duced mass = 2, total energy E = 0.25 and potential
constant ¢ = —0.25. Computed with the dG(1) method
with midpoint rule (N, = 1) and by a time step size
h, =0.1.
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16 A time finite element formulation for Kepler’s
problem

As an example for a nonlinear central force law, we consider the inverse square law of
force which is the second of two central force laws that results in closed orbits for all
bound particles; see GOLDSTEIN [14]. The inverse square law is the most important
force law in celestial mechanics. Its potential V is called Kepler’s potential and takes

the shape
c
V=—, 273
‘ (273)
where ¢ > 0 is the potential constant and r = ||r|| designates the euclidean norm of the
radius vector r. Expressed by the generalized coordinate vector q the euclidean norm

takes the form r = \/q”q. We refer to equation (225) for the hamiltonian
1
H(a.p) =5 P Ip+ V() (274)

We now determine the Jacobian matrix DH(z) to present the time-stepping scheme in
symplectic notation:

OqH oqV —f(r)o r]
DH=| 4 = q = a |, 275
[apH] ll/ulp] l 1/plp (275)
where f(r) = —dV (r)/dr denotes the conservative central force according to equation

(214). The derivative of the magnitude r = 1/q”Iq with respect to the generalized

coordinate vector q results in

1
Oqr = ~1q, (276)

where according to ZURMUHL & FALK [35] the differentiation rule of quadratic forms
was used. Hence it follows that the Jacobian matrix DH (z) takes the form

—f(r)/rl
DH = [ LiTp 4 ] (277)

Therefore, we are able to write the Jacobian matrix DH(z) in symplectic notation as

follows:
DH(z) = H(z) z, (278)

H(z) = l —f)/rt 0 ] (279)

with
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16.1 Constant time finite elements

This subsection begins the finite element formulation with the treatment of constant
time finite elements (k = 0), where the trial function z" = z, is constant. On account of
the constant trial function the nonlinear matrix (279) is also constant:

H(z)) = _f(%)/m 1/(21 , (280)

where m = \/q7 q; designates the magnitude of the radius vector at the unknown node
k41 =1 of the master element /,. Since interpolating quadrature rules lead to exactly
evaluated integrals for constant integrands, we only consider the time-stepping scheme
(46) generated by the dG(0) method which we obtained by exact evaluation of the
remaining integral:

(1= h,JH(z1)) 21 = 2.

Thus the used time-stepping scheme is a system of generally nonlinear algebraic equations
owing to H = H(z;). Accordingly, we solve this time-stepping scheme by the Newton-
Raphson method according to Table 7. However, first we have to determine the tangent
K1 = 0z,R(2z1). In consideration of the equations (275) and (278) we obtain

Ky =1—h, JHY, (281)

where HY, = D?H(z"), the 2ng,; X 2n4,; Hessian matrix of the hamiltonian (274), takes
the shape

dgV(d') O
h — | 74
Hy [ o 1pt | (282)
Taking into account equation (275), the Hessian matrix (’%V reads
0V =—0q (f(r)oqr) . (283)

According to STEINMANN [33] the derivative formula for a product of a scalar-valued
vector function and a vector-valued vector function implies

df (r)

8(21\/ =— (f(r) 8?17“ + 0qr ® 6qf(r)) =— <f(r) (’3(217“ +0qr ® e 8q7“> . (284)

where the operator ® designates the dyadic product. With regard to equation (276), the
equation (284) leads to

8(211/ =— <f(r) 8(2]7“ + r—lz dj;(:) q® q) . (285)

We determine the Hessian matrix 8%17’ with equation (276) in the same way:

1 1 d /1 1 1
2 = — = — —_— — = — _
dqr = 0q <T1q> 7nI+q®dr <T> dqr TI T3q®q. (286)
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Given: initial condition zg,
time step size h,, and

residual tolerance e = 10713

set iteration counter [ =1
Find: nodal unknown z;

(a) compute residual vector
RY = (1 — h, JH(z,)) 2" — zg
if |RY|| > € goto (b) else goto (c)
(b) compute tangent

Ky =05, R(z\")

solve for increment A zgl)

Az = - (KY) RO
update the nodal unknown
zgl“) = zgl) +A zgl)

goto (a) with [ =141

(c) end.

Table 7: Newton-Raphson method to solve
the dG(0) time-stepping scheme for an arbi-
trary central force law.

Employing equation (286) in equation (285) yields

%V:—g21+i<ﬂﬁ—#“vq®q (287)

72 r dr

The dyadic product q®q of a column matrix q with itself result in the following quadratic
matrix:

q®q=qq". (288)

Therefore, the Hessian matrix of the potential V' with respect to the generalized coordi-
nate vector q results in

%V:—ﬂﬁl+i<ﬂﬁ—ﬂﬁ»q$l (289)

r r2 r dr

Thus the Hessian matrix H% is determinated and with it the tangent Kr.

Numerical Example 16.1 Let the reduced mass be p = 2. The total energy and the
potential constant of the reduced mass is supposed to be = —0.25 and ¢ = 0.25 respec-
tively. Note that the sign of the potential constant has to be positive for Kepler’s potential
in the form of equation (273) and that Kepler’s potential only results in closed orbits for
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The Kepler problem, int=5, dt=0.01, t=6.3

¢G(1) method
dG(0) method

Figure 39: An orbit of the Kepler problem with the re-
duced mass p = 2, total energy £ = —0.25 and potential
constant ¢ = 0.25. Computed with the dG(0) method
with h, = 0.01.

negative total energies; see eg GROSS [15]. We see in Figure 39 a full circle of the or-
bit of the reduced mass computed with the dG(0) method with exactly evaluted integral
and by the energy conserving cG(1) method with five Gaussian quadrature points. The
open orbit of the dG(0) method reveals the asymptotic annihilation of the components of
the generalized coordinate vector q. In contrast to the above numerical examples in the
present thesis, the Newton-Raphson method needs a smaller time-step h, = 0.01.

85



16.2 Linear time finite elements

We continue the elaboration of a finite element formulation for Kepler’s problem with
linear time finite elements which means k& = 1. Since we have formulated the dG(1)
method for an arbitrary Jacobian matrix DH (z) in Subsection 8.2, we are able to refer

to equation (125) for the residual vector R(x) with x = [z] z]]T:

R(x) = % l _11 i ] x — l (1)] zo—hn/ol [ %;Eo‘gﬂ IDH (z"(a))da.

o

According to equation (278) DH (z") is given by

DH(z") = H(z") 2", (290)

with the matrix o
H(z") = [—f(ro)/r I 1/21]. (201)
The trial function reads z" = 22:1 M; z; with the nodal shape functions M; = 1 — « and

M, = « according to Table 1. We introduce an interpolating quadrature rule to evaluate
the integral in the residual vector (125) such that the approximated residual vector takes
the form of equation (129):

11 1 1 Ji [ My (ay) 1 .
R(x) ~ ) l 11 ] X — [ 0 ] Zo_hnl; [ My(a)) 1 JDH (z" (o)) w;.
To solve the residual vector in the way of Table 3, we need the approximated tangent
K1 ~ 0xR(x) of the residual vector (125) according to equation (130):

171 1 Yol My JHY, O,

with the 2ng4,¢ x 214, Hessian matrix H" according to equation (282).

Since we have proved Theorem 8.1 by the general dG(1) method without a concrete
Jacobian matrix DH (z), we are able to also use Theorem 8.1 on the dG(1) method for
the Kepler problem. Hence it follows that an orbit computed with the midpoint rule is
continuous.

Numerical Example 16.2 We consider the system of Fxample 16.1. Hence the re-
duced mass is p = 2. Further, the total energy and the potential constant of the reduced
mass is E = —0.25 and ¢ = 0.25 respectively. Figure 40 shows three time steps of the
orbit which is computed with the midpoint rule. The continuous orbit corroborates the
statement of Theorem 8.1. In contrast to it, five Gaussian quadrature points lead to
Jumps in the orbit; see Figure 41.
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The Kepler problem, int=1, dt=0.01, t=0.03
0.5 . .
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Figure 40: An orbit of the Kepler problem with the re-
duced mass p = 2, total energy £ = —0.25 and potential
constant ¢ = 0.25. Computed with the dG(1) method
with midpoint rule (N, = 1) and by a time step size
h, = 0.01.
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The Kepler problem, int=5, dt=0.01, t=0.03
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Figure 41: An orbit of the Kepler problem with the re-
duced mass p = 2, total energy £ = —0.25 and potential
constant ¢ = 0.25. Computed with the dG(1) method
with h,, = 0.01 and five Gaussian quadrature points.
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17 The algorithmic total angular momentum of the
equivalent one-body problem

We have investigated in Section 15 the algorithmic total angular momentum for Hooke’s
central force law. This section concerns the algorithmic total angular momentum for an
arbitrary central force law. However, we refer to Section 15 for the introduction of the
algorithmic total angular momentum Lj,; of the equivalent one-body problem which
ends in equation (259):

Lit1 = dpps X Ppys-

17.1 Constant time finite elements

We begin with constant time finite elements (k = 0) which means a constant trial
function z" = z; = [qf p7]?. The starting point is the time-stepping scheme (46) which
reads

(1—h,JH) 2, = 2z,

with respect to the matrix (280). To determine the algorithmic total angular momentum
L;.1 = Ly, we have to leave the symplectic notation and write the time-stepping scheme
in an explicit representation:

I
qdr — 9o — 7131 = 0, (292)
f(r
P1 — Py — ha 5“11) q = 0, (293)

where r; = /q¥'q, denotes the magnitude of the radius vector at the node k + 1 = 1 of
the master element /,. Further, O designates in the explicit representationa a ng.s x 1
zero matrix.

As first step to obtain the algorithmic total angular momentum L;, we employ equation
(292) instead of q; in equation (259):

hn
L, = (Qlo + 7131) MXp;. (294)
Because of the properties (i) and (ii) of Theorem 15.1, we obtain
hn
Li=qoXp; + FP1 M p;. (295)

Before we make use of property (iv) of Theorem 15.1, we apply the property (iii) of
Theorem 15.1. Thus we gain in the end

Li = qy ¥ p,. (206)
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Next we introduce equation (293) in equation (296) to eliminate the generalized momen-
tum p;:

,
L, = q, ¥ <p0 +hy, fi ) q1> . (297)
1
Property (ii) of Theorem 15.1 yields

fr
L, = qo X py + gy X hn 511) a. (298)

Ly = qy X p, denotes the algorithmic total angular momentum at the initial node 0 of
the master element I, so that the algorithmic total angular momentum at the unknown
node 1 takes the form

Li=Lo+h, le) (9o X qy), (299)

where we place the scalar functions at the head with the properties (i) and (iii) of
Theorem 15.1.

Because of the fact that q, as well as q; represents a vector which lies in the euclidean
plane of motion £, the product q, X q, yields for sufficiently brief time steps the matrix
representation of a vector which direction always is identical with the direction of the
initial total angular momentum L(¢ = 0); also see Figure 42. Since the radius is positive,
the effect of the second term in equation (299) is determined by the central force law
f(r). Therefore, the sign of the central force law f(r) determines whether the second
term in equation (299) implies a decay (negative sign) or a growth (positive sign) of the
algorithmic total angular momentum L; with respect to the algorithmic total angular
momentum Ly at the initial node.

Conservation of the algorithmic total angular momentum occurs for infinitesimal time
steps (h, = 0) and if the central force F vanishes which means the potential V' is constant.
The latter case is reasonable since a vanishing central force leads to (i) f(r) = 0 and
(ii) according to GROsS [15] to a line as orbit which implies q; = aqg, a € R, so that
because of the properties (i), (iii) and (iv) of Theorem 15.1 the product q, X q; vanishes.

Numerical Example 17.1 For instance, we consider the algorithmic total angular mo-
mentum of the inverse square law of force in Example 16.1. According to equation (273)
the Kepler potential takes the form V = —c/r, ¢ > 0, so that the inverse square law of
force f(r) = —dV/dr = —c/r?* is negative. Therefore, owing to equation (299) we expext
a decay of the algorithmic total angular momentum which we also see in Figure 43. Ac-
cording to BETSCH & STEINMANN [7] the algorithmic total angular momentum of the
cG(1) method is preserved for the equivalent one-body problem. Therfore, the dotted line
of the ¢G(1) method in Figure 36 is covered by the solid line of the exact total angular
momentum.

Numerical Example 17.2 We conclude the investigation of relation (299) with a sec-
ond example. Here we consider a linear repulsive central force f = cr, ¢ > 0, which
results from Hooke’s potential V. = —1/2cr? with a positive potential constant. For
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Figure 42: Generalized coordinate vectors at
the initial node 0 and at the last node k +
1 respectively of the master element I, in
the euclidean plane of motion £ (eg here a
closed orbit). The superscripts at the node
k 4+ 1 designates the direction of the initial
total angular momentum L(¢ = 0): the plus
means the direction of us and the minus the
opposite direction.

a concrete example we let ¢ = 0.25 and let the total energy of the reduced mass be
E =0.125. We expect by equation (299) an algorithmic total angular momentum growth
which Figure 44 corroborates.
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The Kepler problem, int=5, dt=0.01, t=6.3

0.5
0.49¢}
_i\f
0.48¢}
047}
~~~~~ ¢G(1) method
dG(0) method
—— analytical
0.46 : : !
0 1 2 3
time

Figure 43: Total angular momentum component L¢
L¢(t) of the Kepler problem with the reduced mass p
2, total energy £ = —0.25 and potential constant ¢

0.25. Computed with the dG(0) method with h,, = 0.01.
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The linear repulsive central force, dt=0.1, t=18
1.3 - . ;

¢

~~~~~ ¢G(1) method
dG(0) method
1.25¢ | — analytical

1.2}

1.15}

1.1}

1.05}

total angular momentum component L

0.95

time

Figure 44: Total angular momentum component L, =
L¢(t) of the reduced mass p = 2, total energy £ = 0.125
and potential constant ¢ = 0.25 within a linear repulsive
central force field. Computed with the dG(0) method
with h,, = 0.01.
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17.2 Linear time finite elements

In this subsection we consider linear time finite elements to determine the algorithmic
total angular momentum for an arbitrary central force law. Accordingly, we can evaluate
the integrals of the Jacobian matrix of hamiltonian (274) with respect to the generalized
coordinate vector q only by quadrature rules. Cf equation (275). On the other hand, we
are able to integrate the Jacobian matrix of the hamiltonian (274) with respect to the
generalized momentum vector p exactly; however, we want to preserve the possibility
of considering interpolating quadrature rules in this subsection below. Therefore, we do
not evaluate the integrals in the derivation of the algorithmic total angular momentum.
The starting point is the general dG(1) method (57), (58):

11 !
STt 37— % - hn/ M, IDH(2")da = 0, (300)
0
11 !
Sm-5m - hn/ MyIDH(2")da = 0. (301)
0

However, the determination of the algorithmic total angular momentum demands the
explicit representation of the general dG(1) method:

1 1 1
5@t 5 —d hn/o M, 9pH(q",p")de = 0, (302)
1 1 1
B Py + 5 P; —Pp + hn/o M, aqH(qh, p"da = 0, (303)
1 1 1 -
§qz—§q1—hn/0 M, 0pH(q",p")da = 0, (304)
1 1 1
P2 5P hn/o M, dqH (4", p")da = 0. (305)

If we take the trial function p” = Z?;l M; p; into consideration, owing to equation (275)
we are in the position to write the integrals in the equations (302) and (304) as follows:

/OlMi(a)apH(qh,ph)da _ i /OlMi(a)ZMj(a)pjda (306)
_ i > / " Mi(@) My(a)dap,. (307)

We introduce the following abbreviations for the integrals in equation (307):

1
i = / M (o) M;(a)de. (308)
0
Obviously, the coefficients ;; are symmetric, ie 7;; = 7;;. In addition, the consideration

of equation (275) lead to the following form of the equations (302)-(305):

1 1

I,
5 d2 + 5@~ do— 7 (Y11Py +712P2) = O, (309)
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1 1 1
§p2+§py—mﬁJmA<Mﬁthﬁﬂmm = 0, (310)
1 1 .
PRI R (M2P1 +722P2) = O, (311)
1 1 ! h _h
§p2—§py+m%;Mﬁth,pﬁm = 0, (312)

where the symmetry of 7;; has been taken into account. For the time being we do
not approximate the integrals in the equations (310) and (312). For that resason we
introduce the following abbreviation:

f")

T q"da, (313)

1 1
Ei:/o MzﬁqV(qh,ph)daE —/0 M,

where i € {1,2} and " = |/(q")Tq" denotes the radius vector. Hence it follows that the
general dG(1) method takes the following shape:

1 1 h,
5 Q2 + S s (v1P1 +712pP2) = 0, (314)

o

1 1
§P2+§P1—Po+hn21 = 0, (315)

1 1 h,
oA 5% ? (V12 P1 +722P2) = O, (316)

1 1

SP2—5Pitha2 = 0. (317)

Henceforth we proceed close to the line of BETSCH & STEINMANN [7]. Since we aim at
a relation which does not include the generalized coordinate vector q; explicitly, we add
equation (314) and equation (316). We obtain

I, hy
q —qp — F (11 +72) Py — F (712 + 7v22) P2 = 0. (318)

Now we consider the algorithmic total angular momentum Ly by employing the relation
(318) in equation (259):

h, h,
L, = <qo + m (Vi1 +m2) Py + m (712 + 722) Pz) M py. (319)
We dissolve the parenthesis with the properties (i) and (ii) of Theorem 15.1:

h., I,
Ly =qy X p,+ F (711 + 712) Pr X py + ? (712 + 722) P2 X Po. (320)

According to the properties (iii) and (iv) of Theorem 15.1 equation (320) can be also
written in the form

hy
L, = <q0 + 7 (711 + 712) P1> X py. (321)
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Next we add the equations (315) and (317) to obtain a relation without generalized
momentum vector p; explicitly:

Py — Po + hn (81 +32) = 0. (322)
Therefore, we are able to substitute equation (322) for the generalized momentum vector

p, in equation (321):

I
L, - <qo + 22 o 4 m)pl) 4 (Py — I (1 + 52)) (323)

The partly expansion of the equation (323) enables taking into account the properties
(i) and (ii) of Theorem 15.1. Moreover, the identity Ly = q, X p, yields

I, I,
L, = LO*? (711 +712) Py X Py + <(I0 + F (711 + 712) P1> M (—=hy, (31 4+ Xg)) . (324)

We place in equation (324) with the properties (i) and (iii) of Theorem 15.1 reals at the
head and obtain

hy, Iy
Ly =Ly + I (711 + m12) (P1 M py) — Ay <q0 + 7 (711 + 712) P1> X (X1 +3). (325)

The elimination of the explicit generalized momentum vector p, in equation (325) enables
the result of the subtraction of equation (317) from equation (315). The subtraction
yields

P1 — Po + Iy (31 — 32) = 0. (326)

We take the X-product with p; from the left on both sides of equation (326):
P1 X (P = Pg + i (31 — 3)) = p; XO. (327)

We dissolve the parenthesis in equation (327) with the properties (i) and (ii) of Theo-
rem 15.1 and subsequently, we place reals at the head with property (iii) of Theorem 15.1:

P X p; — Py X py+ hy (P X (B — B2)) = p; XO. (328)

Owing to the properties (i), (iv) and (v) of Theorem 15.1 the first term as well as the
right side of equation (328) vanishes:

—py X pg+h,py X (31 — %) =0, (329)

where 0 denotes the 3 x 1 zero matrix. We employ equation (329) in the middle term of
equation (325) and obtain

h2 h,
Ly =L+ ?" (Y11 +712) Py X (21 — 32) — hy (% + m (711 + m2) P1> M (31 + X,).

(330)
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After we have sorted according to the abbreviations ¥; with the properties (i), (ii) and
(iii) of Theorem 15.1, the equation (330) takes the form

hn
Ly =Ly —h, qp X X —hy qp X o —2h, (’711 + 712) (7131 Ul E2> . (331)

On the other hand, we combine the equations (317) and (318) such that the result
is the following relation which expressed the generalized momentum vector p; only in
generalized coordinate vectors as well as the integral 3,:

I, h?
L (11 + 272+ 722) Py + m (712 + 722) B2 = 0. (332)

We are able to simplify the contents of the parenthesis of the third term if we consider
the meanings of the abbreviations 7;;:

2 tam = [ (M) +2M(0) Myfa) + Mi(@)) da (33
N /o1 (My(a) + My(ar))’ da (334)
~ ["da, (335)

0

where the property M; + Ms; = 1 was used. With regard to the application of interpolat-
ing quadrature rules, which according to Subsection 6.1.2 integrate a constant exactly,
we can write

Y11 + 2712 + 7220 = 1. (336)

Consideration of identity (336) in equation (332) yields

he B2
q2 — 9o — ?P1 + m (712 + 722) B2 = 0. (337)

Now we take the M-product with 3, from the right on both sides of equation (337) and
obtain

hn, h?
<QQ — Qg — ?Ih + Fn (712 + 722) 22) X 3y =0 X 3. (338)

We partly dissolve the outer parenthesis on the left with the properties (i) and (ii) of
Theorem 15.1 and we apply the property (v) of Theorem 15.1 on the right side such that

I h2
(dy —dgp) M 3g — ;Ih X 3o + m (712 + 722) B M By = 0, (339)

where 0 denotes the 3 x 1 zero matrix. Applying the properties (iii) and (iv) to the last
term of equation (339) yields

hn
(92 —qp) X 3 — ;Ih M 3y = 0. (340)
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Now we employ equation (340) into the last term of equation (331) and use the properties
(i),(ii) and (iii) of Theorem 15.1. The result is

Ly = Lo — hpqg X X1 — by (qo + 2 (711 +712) (e — qp)) X s (341)

Now we dissolve the last inner parenthesis with the properties (i) and (ii) of Theorem 15.1
and unite q, to get:

Ly =Ly — hpag XX — hy (1= 27911 — 2712) dp + 2 (711 + 712) dp) X 2. (342)

The identity (336) implies a simplification of the coefficient of q, in the last term of
equation (342) such that the algorithmic total angular momentum in the end is as follows:

L2 - LO + hn NQ, (343)
where Ny denotes the following vector:

Ny = —qy X X1 — ((722 — 711) do + 2 (711 + 712) ap) X o (344)

In consequence of the rate of change (36) of the total angular momentum we generally
refer to Ny, as the algorithmic total torque of the master element I, of the dG(k)
method. Simple transformations lead to

AY = N,, (345)
with .
AW = 7 (L2 = Lo), (346)

where according to HILDEBRAND [16] A" denotes the first divided forward difference
of the total angular momentum L(«) of the master element /,. Thus we may interprete
equation (345) as the algorithmic counterpart of the rate of change (36) of the total
angular momentum.

According to equation (343) the behavior of the algorithmic total angular momentum
L, depends only on the algorithmic total torque N5 and the time step size h,,. Hence it
follows that Ny = 0, with 0 = [0, 0, 0]7, is the condition for the conservation of the algo-
rithmic total angular momentum Ly in the sense that Ly = Lj. Since the potential V' is
supposed to be arbitrary, we have to evaluate the integrals ¥;, i € {1,2}, by quadrature
rules. Thus we may interprete Ny = 0 as a restriction on the quadrature rules.

In the following, we examine which interpolating quadrature rules obey the law of con-
servation of total angular momentum for linear time finite elements. According to the
equations (343) and (344) the conservation condition takes the form

Ny = —qy X X1 — ((722 = 711) do + 2 (V11 +712) dp) X Xy =0, (347)

where 0 denotes the 3 x 1 zero matrix. At first we approximate the integrals ¥; according
to equation (313) with an interpolating quadrature rule according to equation (51):

Ng
2@' ~ Z Mi,l 8(1% wy, (348)

=1
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where the index [ designates the evaluation at the abscissae «;. Since the condition
(347) has to hold exactly for the conservation of algorithmic total angular momentum,
we demand the following condition for the quadrature rules:

Ny Ny
Ny = —qo XY My dqViwr — (Y22 — 711) do + 2 (711 + 712) Ao) XY My 9q Vi wy = 0.
=1 =1

(349)
We gain with the properties (i), (ii) and (iii) of the Theorem 15.1 the following simplifi-
cations:
Nq

Ny =Y (Miynoy + Moy (22 — 711) nog + 2 (711 + 712) nay)) wy = 0, (350)
=1

where we used the fact that we are able to prove by induction the distributiv law (ii)
of the Theorem 15.1 for arbitrary N, and we introduced the following abbreviation to
simplify the terms below:

_ M IaV (o o)) = Mf(rh)h 1
n; = — (q, 4 gV (a", p")) = q o dh (351)
where j € {0,1,2}. Accordingly, we may write
Nq
N, =Y T(a)w, =0, (352)

=1

with the vector-valued function
[(a) = (Mi(a) + (y22 — y11) Ma()) no(a) + 2 (711 + 712) Ma(a) na(a). (353)

On the other hand, we consider the residual vector of the general dG(1) method R =
R(q,,q,) = 0, where 0 denotes the 2n4,f x 1 zero matrix, which we obtain as a result
of an elimination of the generalized momentum vectors p; and ps:

R = (Yo2 — m11) Qo + A1 — 2 (712 + Y22) Ao + 4 12 /1 (Vi) — Y11 722) o . (354)
N/hn (QQ - (h) -2 (712 + 722) (Po — hy, 21) — 2 (712 - 722) hy, 29

We take the M-product with 35 from the right on both sides of the first component of
the residual vector (354):

((722 — 1) Qo + a4y — 2 (Y12 + Y22) Qo + 4 h2/ (7%2 — 71 722) Ez) X3y =0, (355)

where property (v) of Theorem 15.1 implies that 0 denotes the 3 x 1 zero matrix. Using
properties (i) and (ii) of Theorem 15.1 leads to a partly expanded equation (355). Sub-
sequently, we place reals at the head of the X-products with the properties (i) and (iii)
of Theorem 15.1. Finally, the property (iv) of Theorem 15.1 leads to the vanishing of
the last term on the right side of equation (355). Thus we obtain

(Y22 = 711) o + d; — 2 (712 + 722) 9p) X Xz = 0. (356)
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The relation (356) has to be also fulfilled by the quadrature rules. Therefore, it has to
be valid

Ng

(22 = 711) @2 + @y — 2 (712 + 722) @) M Z M3, 9q Vi wi = 0. (357)
=1

The properties (i), (ii) and (iii) of Theorem 15.1 gains

Ng

Z A(Ozl) w; = 0, (358)

=1

with the vector-valued function

Aa) = —=Ma(a) ((yo2 — 711) na(a) +ny(a) — 2 (712 + 722) no(a)) - (359)

To express the vector n; through the vector ny, we consider the trial function q"*(a) =
2 Mi(a) qp

1
 Mi(a)

a (a"(a) = Mo(a) @p),  Mi(e) #0, (360)

Taking the X-product with dqV" from the right on both sides of equation (360) yields

(o) = (Jita, = i o) ) e davia) (361)

where we introduced the abbreviation (351). We observe the properties (i) and (ii) of
the Theorem 15.1 and obtain

My(a)

M;(a) (@) M ()

n (o) = q" (@) X gV (). (362)

According to equation (275) the last M-product of equation (362) reads

h — oo _f(r(a)) (o
o) 0V(@) = (o) (L) ). (363)

The properties (i), (iii) and (iv) of the Theorem 15.1 lead to

a' (@) 21 8V (e) =~ (qP(a) (@) 0. (364

In consequence of equation (364) takes the vector n; the following form:

~ Ms(a)
M (@)

n;(a) = ny(a). (365)

Now we employ equation (365) in the vector A(«) and obtain

_ M;(«)
M (@)

A(a) (2 My(a) (712 + 722) mo() + (Ma(a) — My(a) (22 — 711)) ma(av)) -

(366)
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Here we devote to the evaluation of the coefficients in the vectors I' and A, which are
algebraic functions of the integrals v;;:

Yoo — Y11 = /01 (MQQ(&) — Mf(a)) da (367)
= [ (o) ~ My() (Ms(0) + Mof) d (368)
Y22~ = /01 (Ma(ar) — My () de, (369)

where the property M; + M; = 1 was applied. Furthermore, we obtain in the same line
of argument:

1
Y+ = /O M, (a) da, (370)

1
g+ Yoy = /0 My(a) da. (371)

We have reduced the coefficients to integrals of linear functions. To evaluate this integrals
above with quadrature rules exactly we need quadrature rules which are at least second
order accurate. The specific interpolating quadrature rules considered in the present
paper, ie the midpoint rule, the trapezoidal rule and the Gaussian quadrature rule,
fulfill this condition. According to ERIKSSON ET AL. [12] the midpoint rule and the
trapezoidal rule are second order accurate and according to ISAACSON & KELLER [21]
the Gaussian quadrature rules are 2N th order accurate. Therefore, within the scope
of the present paper we can use exact quadrature to calculate the coefficients. Exact
quadrature in the equations (369), (370) and (371) yield

Yoo — 11 = 0, (372)
1

Y1 t+72 = 5 (373)
1

M2 + Y22 > (374)

Taking into account the coefficients (372), (373) and (374), the vectors I' and A owing
to equations (353) and (366) respectively takes the form:

I'a) = M(a)ng+ My(a)no, (375)
Ms(a)
A M M- .
(a) My (o) (My(ar) ng + Ma(r) np) (376)
A comparison of equation (375) with equation (376) results in
. M () o
() = C(a) T(er), with C(«) M) 1-a (377)
Next we introduce equation (377) in equation (358):
Nq Nq
Z A(Ozl) w; = Z C(Oél) I‘(Oél) w; = 0. (378)
=1 =1
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Considering the summation over the quadrature points with the index [ in equation
(378), a constant function C' = const. leads straight away to a satiesfied conservation
property (352):

Nq Nq C-£0 Nq

S Ala)w=CY . T(a)w, =0 & 3 T()w = 0. (379)

=1 =1 =1

Hence it follows that the condition on the quadrature rules in the end takes the form:

=21 _ const., C #0, (380)
1— (0%}

fori =1,..., N,. Because of the side conditions of equations (360), (380) we additionally
obtain the following restriction: a; € I,, with the open interval I,, = (0, 1). Therefore,
quadrature points on the boundaries of the master element I, are not allowed in this
calculation. Accordingly, we have to neglect the trapezoidal rule and hence the quadra-
ture rules considered in the present paper are confined to the midpoint rule (N, = 1)
and Gaussian quadrature rules with N, =2,...,5.

Remark 17.1 In view of the conservation of the algorithmic total angular momentum
the exclusion of the trapezoidal rule from the consideration is not disadvantageous because
it proves that the trapezoidal rule does not obey the law of conservation of total angular
momentum L; see Figure 45.

On account of the linear numerator and denominator of C' in equation (380), for distinct
quadrature points «a; the constants C' = «;/(1 — o) are also distinct. Thus only one
quadrature point (N, = 1) fulfills the condition (380). Equation (352) implies for one
quadrature point that for a non-vanishing weight w; the conservation condition Ny = 0
is fulfilled only with the function I'(ov) = 0. Therefore, we have to investigate under
which circumstances I'(«) vanishes identically.

First we substitute in I'(«v) equation (351) for the abbreviations n;:

fr")

_ h f(rh) h
r r

Furthermore, we introduce the linear trial function q" = Z?Zl M; q, and obtain

0D (v, + My + My L0 (01, 0. 352)

F:MlqON

Using property (ii) of Theorem 15.1 to dissolve the parenthesis and the properties (i)
and (iii) of Theorem 15.1 to place reals at the head, equation (382) takes the form:

(M (qo M aqy) + M (qy X qy) + M (g, M qy)), (383)

where the property (iv) of Theorem 15.1 is responsible that the term q, X q, vanishes.
Now we apply property (i) on the last term and summarize the last two terms such that

YY) _ _
I'= M=~ (M (ao M a;) = M (q; — do) X a) - (384)
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If the jump [q]o = q; — q, vanishes, the last term drops out of equation (384) owing
to property (v) of Theorem 15.1 and the first term vanishes because of property (iv)
of Theorem 15.1. Hence it follows that I'(«) vanishes identically and thus according to
equation (352) the algorithmic total torque Ny also vanishes. Therefore, a continuous
solution of the dG(1) method implies the conservation of the algorithmic total angular
momentum Ly for linear time finite elements.

Since we know from Theorem 8.1 that the midpoint rule applied to all integrals of the
general dG(1) method leads to a continuous solution, the midpoint rule is an interpolating
quadrature rule which preserves the algorithmic total angular momentum Ly owing to
the continuous solution for linear time finite elements.

Numerical Example 17.3 We compute the total angular momentum of the Kepler
problem in Example 16.2 with the midpoint rule. Note that the midpoint rule gains the
constant C' =1 by which the conservation condition (347) is identical with the equation
(356). The reduced mass is u = 2. Moreover, the total energy and the potential constant
of the reduced mass is F = —0.25 and ¢ = 0.25 respectively. The non-vanishing total
angular momentum component L; shows Figure 46. We see the conservation of the total
angular momentum at each time step.
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The Kepler problem, int=6, dt=0.1, t=6.3
0.5002 . . . . . .

0.5t

0.4998

0.4996
0.4994 |
~~~~~ ¢G(2) method
. dG(1) method
——  analytical
0.4992 : : : : : :
0 1 2 3 4 5 6

time

Figure 45: Total angular momentum component L, =
L¢(t) of the Kepler problem with the reduced mass
i = 2, total energy ¥ = —0.25 and potential constant
¢ = 0.25. Computed with the dG(1) method with trape-
zoidal rule (N, = 2) and by a time step size h,, = 0.1.
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The Kepler problem, int=1, dt=0.01, t=0.03

0.5
0.5
~~~~~ ¢G(2) method
dG(1) method
——  analytical
0.5

0 0.005 0.01 0.015 0.02 0.025 0.03
time

Figure 46: Total angular momentum component L, =
L¢(t) of the Kepler problem with the reduced mass 1 =
2, total energy £ = —0.25 and potential constant ¢ =
0.25. Computed with the dG(1) method with midpoint
rule (IV, = 1) and by a time step size h,, = 0.01.
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18 The algorithmic total energy conservation of the
equivalent one-body problem with linear time fi-
nite elements

In the present section we proceed along the lines of Section 10 and show the possibility in
compliance with BETSCH & STEINMANN [7] to preserve the algorithmic total energy for
an arbitrary central force law with linear time finite elements by the so-called modified
midpoint rule.

According to Theorem 8.1, applying the standard midpoint rule to the general dG(1)
method leads to the discrete ¢G(1) method emanating from the standard midpoint rule
which not preserves the total energy in the nonlinear regime; ¢f BETSCH & STEINMANN
[9]. However, according to BETSCH & STEINMANN [7] we gain algorithmic total energy
conservation with the discrete ¢G(1) method emanating from the modified midpoint rule
corresponding to equation (166). The starting point is also the discrete dG(1) method
(137) which followed from the proof of Theorem 8.1:

1
Zo — Zo — hy JDH(zh(é)) =0.

Note that we have immediately employed equation (136). We leave the symplectic nota-
tion and take the explizit representation of the scheme (137). Simultaneously, we employ
the Jacobian matrix (277) of the hamiltonian. Hence the explizit representation reads

I, 1

®@ -~ PG =0, (385)

fr(1/2)) 4 1

— pn — hy, —-) =0, 386
P2 Po T‘h(]_/Q) q (2) ( )
where r = \/q'q and f(r) = —dV(r)/dr denotes the magnitude of the radius vector r
and the conservative central force law respectively. The matrix 0 designates the ng,s x 1
zero matrix. Now we have to introduce a weight for each integral according to equation

(166):

=y — 2% 5, "(5) = O (387)
7,,h
2= Py oty T (5) =0, (35%)

Corresponding to Theorem 10.1 the solution is also continuous. According to BETSCH &
STEINMANN [7], the condition for algorithmic energy conservation is the exact fulfillment
of the Fundamental Theorem of Calculus for: (i) the kinetic energy 7' = T'(p") which
reads

Ty—T) = /01 opT(p") - (p") da = /01 opH(p") - (p") da, (389)
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and (ii) the potential V = V(q") in the form

Vo= V; = /01 dqV(d") - (a") da= /01 dqH (") - (a)" da. (390)

The prime indicates differentiation with respect to o again. With regard to the equations
(275) and (276), the equations (389) and (390) lead to:

R L AR
nL-T = | P (p") da, (391)
L") h A
Vo—V, = —/0 a (q") do (392)

Considering the linear trial functions, we first employ p" = >2_, M; p; in equation (391):

T, — / <Z M;(a ) _p,) da, (393)

where M; =1 — a and M, = « are the nodal shape functions. We aim at fulfilling the
equation (393) with the modifiled midpoint rule corresponding to equation (166). Hence,

we obtain .
T, =T = ﬁ (p1+P2) (P2 —P1)- (394)

Expanding equation (394) leads to
L 7 L7
Ih—T1 =k 2”pzpz—2ﬂp1p1 : (395)

Taking into account the hamiltonian H = T'+ V in equation (274), equation (395) can
be written as
T2 - T1 = Kp (TQ - Tl) . (396)

Therefore, the Fundamental Theorem of Calculus for the kinetic energy 7T is fulfilled for
kp = 1, ie the standard midpoint rule.
Next we employ the trial function g = >°2_, M; q, in equation (392) and get

f(r
/ rh Z Mj(a —q,) da. (397)
i=1
We apply the modified midpoint rule corresponding to equation (166) to equation (397)

and obtain M1/
Vo= Vi = —ry % (a1 +a2) - (@2 —ay) - (398)

We take into account 72 = q - q = q’ q, hence the equation (398) takes the form

1/2) /5,
Vo— Vi = q%(rrrl). (399)
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Hence it follows that we get the following weight if we consider the continuous solution:

. 2rR(1/2)

— Gy =L 212) 4
o= O )y o)
h
where - Vi Vi o)
S

The determined weights «, and x, of the modified midpoint rule yields the following
time-stepping scheme:

I,
q —qp — ﬁ (po +Py) =0, (402)
P2 — Pyt by Cx (CIO +4q,) =0. (403)

The time-stepping scheme (402), (403) makes possible to formulate the following

Theorem 18.1 The modified midpoint rule conserves the algorithmic total energy of the
equivalent one-body problem for linear time finite elements.

Proof. ~ We consider the time-stepping scheme (402), (403). Equation (403) scalar
multiplied by (q, — q) reads

(P2 — Po) - (A2 — qp) + A Cao (do +d3) - (@2 —gp) =0. (404)
Taking into account the identity r* = q - q as well the identity (401), we obtain
(P2 = Po) - (42 — qp) + hn (V2 = Vo) = 0. (405)
Employing equation (402), equation (405) takes the form
hn
ﬂ (P2 — Po) - (Po + P2) + A (Vo — V) = 0. (406)

Expansion of equation (406) yields

1 1
B, (ﬂ PaPs — o poTpo> + hy (V2 —Vp) = 0. (407)

With regard to the hamiltonian H = T + V of the equivalent one-body problem in
equation (274), for a non-vanishing time step size h,, the equation (407) leads to

Hy — Hy = 0. (408)

O
To solve the time-stepping scheme (402), (403) by using the Newton-Raphson method
in Table 8, we need the residual vector R = R(qs,):

h2 h2 hn
R(qy) = |1+ ﬂczo a—(1- ﬁczo b~ Po (409)

108



The tangent K = dq,R(qy) results from the application of the derivative formula for a
product of a scalar-valued vector function and a vector-valued vector function according
to STEINMANN [33]:

hy ~ ha -
Ky = <1 + 24 C2o> I+ 24 (do + d2) ® Ig, Co, (410)

where @ denotes the dyadic product. We calculate dq, Cyo with the chain rule for differ-
entiating composite functions:

8(:12 020 = 8r2 020 8(:12’/‘2. (411)

With regard to relation (276), the tangent reads

hy - hy =
Ky = (1 + 21 C20> I+ 2 Cho (do + az) a3 , (412)
where ~
~ f2/7’2 -+ 2 020
Cop= =55 (413)
ry3— 1§

Note that the tangent (412) is unsymmetric.

Numerical Example 18.1 We compute the total energy of the Kepler problem in Ezx-
ample 16.2 with the modified midpoint rule. The reduced mass is p = 2, the total energy
and the potential constant of the reduced mass is E = —0.25 and ¢ = 0.25 respectively.
Figure 47 shows the conservation of the total energy at each time step. Figure 48 com-
pares the dG(1) and c¢G(2) method with standard midpoint rule and the dG(1) method
with modified midpoint rule. According to Remark 6.3 the dG(1) and ¢G(2) method lead
to identical schemes by applying the standard midpoint rule, which is why the total en-
ergies are identical. Referring to BETSCH & STEINMANN [9] it is well-known that the
standard midpoint rule does not conserve the total energy in the nonlinear regime, what
1s corroborated in Figure 48.

On the other hand, in Subsection 17.2 we have found that a one-point quadrature rule
which generates a continuous solution leads to conservation of the total angular momen-
tum for an arbitrary central force law. Since the modified midpoint rule consists of one
quadrature point and yields a continuous solution according to Theorem 10.1, we expect
conservation of the total angular momentum.

Remark 18.1 The proof in Subsection 17.2 requires an exact integration of the coeffi-
cients (369), (370) and (371). The origin of this coefficients lies in the integrals of the
equations (302) and (304) of the dG(1) method. On account of k, = 1 the integrals in
the equations (302) and (304) are evaluated by the standard midpoint rule. According to
Subsection 17.2, the standard midpoint rule evaluates the coefficients (369), (370) and
(371) exactly. Therefore, the proof in Subsection 17.2 holds for the time-stepping scheme
(402), (403) in the present section.
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Given: initial conditions q, and py,
time step size h,, and
residual tolerance ¢ = 10713
set iteration counter [ =1
Find: nodal unknown q, and p,
(a) initialization
I l
ay) = ag + ha/(212) (Py+ DY)
(b) compute residual vector
R" = R(qy)
if [RY]| > € goto (c) else goto (d)
(c) compute tangent
Ky =Kr(q)
solve for increment A qgl)
Ad = - (KU) RO
update the nodal unknowns
at™ = ay) + Agy
goto (b) with l =1+1
(d) update generalized momentum vector
l !
Py = (2p)/hn (a5’ —ao) — Py
(e) end.

Table 8: Newton-Raphson method to solve
the time-stepping scheme generated by the
dG(1) method with modified midpoint rule
for the equivalent one-body problem.

Numerical Example 18.2 We compute the total angular momentum of the Kepler
problem in Example 16.2 with the modified midpoint rule. The reduced mass is p = 2,
the total energy is E = —0.25 and the potential constant is ¢ = 0.25. Figure 49 shows the
algorithmic conservation of the total angular momentum of the dG(1) method integrated
by the modified midpoint rule as well as the ¢G(2) and dG(1) method integrated by the

standard midpoint rule.

The upshot is that the modifed midpoint rule according to BETSCH & STEINMANN [7]
preserves both the total energy and the total angular momentum at each time step for
an arbitrary central force law.
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total energy

The Kepler problem, int=1, dt=0.2, t=0.6
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-0.25¢ © O D
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—-0.25 |G—6 dG(1) method with m.m.r
——  analytical
0 0.1 0.2 0.3 0.4 0.5 0.6

time

Figure 47: Total energy £ = E(t) of the Kepler problem
with the reduced mass p = 2, total energy £ = —0.25
and potential constant ¢ = 0.25. Computed with the
dG(1) method with the modified midpoint rule and by
a time step size h,, = 0.2.
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The Kepler problem, int=1, dt=0.2, t=4.8

o e g
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G—=© dG(1) method with m.m.r
——  analytical
0 1 2 3 4

Figure 48: Total energy £ = E(t) of the Kepler problem
with the reduced mass p = 2, total energy £ = —0.25
and potential constant ¢ = 0.25. Computed with the
dG(1) method with the modified midpoint rule and by
a time step size h,, = 0.2.
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The Kepler problem, int=1, dt=0.2, t=0.6
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Figure 49: Total angular momentum component L, =
L¢(t) of the Kepler problem with the reduced mass p =
2, total energy £ = —0.25 and potential constant ¢ =
0.25. Computed with the dG(1) method with modified
midpoint rule and by a time step size h,, = 0.2.
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19 Summary and conclusions

In Part I of the present thesis we gave a brief account of the Hamiltonian formulation of
natural systems according to ARNOLD [3] and GOLDSTEIN [14]. Next we applied the dis-
continuous Galerkin (dG) finite element method according to ERIKSSON ET AL. [12] to
Hamilton’s canonical equations in symplectic notation. For the discontinuous Galerkin
method based upon piecewise Lagrange polynomials of degree k (dG(k) method), we
obtained a family of implicit multi-level one-step time-stepping schemes of which we got
a specific member through a fixed polynomial degree k£ and a fixed quadrature rule used
for the evaluation of the remaining integrals.

Further, we gave a proof for the decay of the algorithmic hamiltonian Hjq; also see
BaAucHAU & Joo [5]. We followed that the proof is valid as well for the dG(0) method
without restrictions concerning test space and quadrature as for £ > 0 under particular
circumstances.

In Part II we were concerned with the application of the Galerkin finite element method
to the planar circular pendulum for small oscillations (harmonic oscillator) and for ar-
bitrary motions. We confined ourselves to constant (k = 0) and linear (k = 1) finite
elements in time. To solve the equations of the implicit time-stepping schemes in the
paper in hand, we applied the Newton-Raphson method.

First we introduced the law of conservation of total angular momentum of only one par-
ticle according to GOLDSTEIN [14] as Theorem 5.1.

It followed a time finite element formulation for the harmonic oscillator. We examined
the time-stepping schemes emanating from as well exact quadrature as specific quadra-
ture rules. We considered in the present thesis so-called interpolating quadrature rules
according to ISAACSON & KELLER [21]. For constant time finite elements interpolating
quadrature rules and exact quadrature led to identical time-stepping schemes. However,
linear time finite elements generally implied an distinction between the use of quadrature
rules and exactly evaluated integrals. We investigated in the present paper the midpoint
rule, the trapezoidal rule and Gaussian quadrature rules with NV, = 2,...,5 quadrature
points in particular. We found that for linear time finite elements the midpoint rule leads
to a continuous solution. Furthermore, a comparison with HUGHES [18] furnished that
the trapezoidal rule would lead to the Crank-Nicholson algorithm (or average accelera-
tion method in structural dynamics) if the jump [z"]y vanishes. The Gaussian quadrature
with N, = 3,...,5 quadrature points yielded the time-stepping schemes emanating from
exact quadrature.

Next we examined the algorithmic total energy of the harmonic oscillator. We were
able to relate the algorithmic total energy for constant and linear time finite elements
to the spectral radius of the amplification matrix of the corresponding time-stepping
schemes. This was possible through the Lagrange-Sylvester’s interpolation polynomial
according to CADZOW & MARTENS [10] or GANTMACHER [13]. Therefore, we found
that the spectral radius determined whether the algorithmic total energy decays, grows
or is preserved. Accordingly, we showed that the algorithmic total energy of the dG(0)
and dG(1) method decays if exact quadrature was carried out. Moreover, we took into
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consideration the quadrature rules and found that only the midpoint rule conserves the
algorithmic total energy for linear time finite elements. Thus it looks as if a continuous
solution of the dG method is connected with algorithmic total energy conservation in
the linear regime. The other considered quadrature rules led to algorithmic total energy
decay and to jumps in the solution.

The next section was devoted to the planar circular pendulum for arbitrary motions and
we also elaborated on constant and linear time finite elements. In contrast to the har-
monic oscillator we had to use quadrature rules to evaluate the nonlinear integrals of the
dG(1) method in symplectic notation. Further, we formulated Theorem 8.1 which states
that the general dG(1) method can be converted into the discrete ¢G(1) method with
a continuous solution by applying the midpoint rule. Moreover, we corroborated the
fact according to BETSCH & STEINMANN [9] that in the nonlinear regime a continuous
solution does not guarantee algorithmic total energy conservation.

In the subsequent section we determined the algorithmic total angular momentum of
the circular pendulum for arbitrary motions with constant and linear time finite ele-
ments. We showed that the used polar coordinates immediately lead to conservation of
algorithmic total angular momentum if the external total force F = m g of the circular
pendulum vanishes.

Concluding this part, we showed how algorithmic total energy conservation of the circu-
lar pendulum for arbitrary motions can be obtained with linear time finite elements by a
nonstandard quadrature rule. We showed that a modification of the standard midpoint
rule according to BETSCH & STEINMANN [7] gains total energy conservation at each
time step. Further, we found that the general dG(1) method in connection with the
modified midpoint rule leads to the discrete ¢G(1) method with a continuous solution
(Theorem 10.1).

In Part I1I we dealed with the two-body central force problem. We first derived an equiv-
alent one-body problem of which we developed the Hamiltonian formulation. Next we
evolved a time finite element formulation of the so-called isotropic harmonic oscillator
based upon the equivalent one-body problem. We considered constant and linear time
finite elements. The time-stepping schemes for constant time finite elements emanated
from exact quadrature whereas the schemes for linear time finite elements resulted from
exact as well as numerical quadrature. We found that the time-stepping schemes of the
isotropic harmonic oscillator only differs from the schemes of the harmonic oscillator
in the matrix dimensions and so the results which we derived for the schemes of the
harmonic oscillator we also found for the isotropic harmonic oscillator. Accordingly, we
obtained a continuous solution by quadrature with midpoint rule.

We also examined the algorithmic total energy of the isotropic harmonic oscillator. Since
the time-stepping schemes for the isotropic harmonic oscillator and the harmonic oscilla-
tor only differ in the matrix dimensions, we also used the Lagrange-Sylvester’s interpola-
tion polynomial to determine the algorithmic total energy. For constant and linear time
finite elements the algorithmic total energy also depends only on the spectral radius of
the amplification matrix. Moreover, the spectral radii were identical with the spectral
radii of the harmonic oscillator so that we also got conservation of the algorithmic total
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energy only by applying the midpoint rule and a decay of the algorithmic total energy
in all the other cases.

Subsequent to the algorithmic total energy we determined the algorithmic total angular
momentum of the isotropic harmonic oscillator as follows: We began with the introduc-
tion of the total angular momentum for the planar equivalent one-body problem. We
gained a compact representation of the total angular momentum in matrix form through
the definition of the new operator X. We got with the Theorem 15.1 the tool to calculate
with the operator X. A further application of Lagrange-Sylvester’s interpolation poly-
nomial led to the algorithmic total angular momentum in dependence upon the spectral
radius of the amplification matrix for constant and linear time finite elements. Thus we
were able to show that the algorithmic total angular momentum of the isotropic har-
monic oscillator with linear time finite elements is not preserved except by using the
midpoint rule.

We next considered the Kepler problem as a concrete example of a nonlinear central force
law. We developed a time finite element formulation whereby we computed orbits of the
reduced mass with constant and linear time finite elements. Further, we corroborated
Theorem 8.1 with a continuous orbit of the Kepler problem which we computed with the
dG(1) method and midpoint rule.

Furthermore, we discussed whether constant and linear time finite elements obey the law
of conservation of total angular momentum for arbitrary central forces. We obtained the
result that constant time finite elements only lead to conservation of algorithmic total
angular momentum, regardless of the kind of quadrature, in the uninteresting case of a
constant central force potential V. However, we were able to show for sufficiently brief
time steps that the sign of the central force law determines whether the algorithmic total
angular momentum decays or grows. An approach of BETSCH & STEINMANN [7] made
it possible to find that linear time finite elements obey the law of conservation of the
algorithmic total angular momentum if the function I'(«) vanishes identically. We found
that I'(«) vanishes identically only if the solution of the dG(1) method is continuous.
Taking into consideration Theorem 8.1 implied that the midpoint rule is an interpolating
quadrature rule which leads to algorithmic total angular momentum conservation with
linear time finite elements owing to the fact that it leads to a continuous solution with
the dG(1) method.

The last section showed how the algorithmic total energy for an arbitrary central force
law can be conserved with linear finite elements in time by the modified midpoint rule
according to BETSCH & STEINMANN [7]. Taking into account the results of the previous
section, we were able to show that the modified midpoint rule also preserves the total
angular momentum at each time step.

The upshot of it all is that constant time finite elements in connection with interpolat-
ing quadrature rules have not generally fulfilled the considered conservation laws for the
circular pendulum and the two-body central force problem. On the other hand, linear
time finite elements applied to the circular pendulum have led to algorithmic total en-
ergy conservation by using the modified midpoint rule. Furthermore, linear time finite
elements applied to the two-body central force problem have led to algorithmic total
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angular momentum conservation by using the midpoint rule; the modified midpoint rule
according to BETSCH & STEINMANN [7] have led to algorithmic total energy and total
angular momentum conservation. The conservation properties of the standard midpoint
rule and the modified midpoint rule is attributed to the disappearance of the jumps
(continuous solution). Further, a continuous solution emanated from the midpoint rule
and also implied a conservation of algorithmic total energy in the linear regime of both
natural systems.

We conclude by giving impulses for further investigations: Since we have not shown
the behavior of the algorithmic total energy of the considered natural systems in the
nonlinear case for k& > 0, this issue can be the starting point for a follow-up paper.
Furthermore, the application of the Lagrange-Sylvester’s interpolation polynomial ap-
plied for quadratic potentials is not limited to the cases k = 0 and £ = 1 for which
we have shown the relation of the conservation properties to the spectral radius in the
linear case. Therefore, an improvement upon the expositions about the algorithmic con-
servation properties in the linear case would be to determine the constituent matrices
for arbitrary k. And finally, in Subsection 17.2 we have not determined the decay and
growth of the algorithmic total angular momentum of the dG(1) method for an arbitrary
central force law.
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A The content of the enclosed CD-ROM

The time-stepping schemes presented in the present thesis are implemented in MATLAB
5.0. The MATLAB-Files are provided on the enclosed CD-ROM of which the directory
tree is organized as follows:

(i) The first level separates the various time finite element formulations with respect
to the polynomial degree k, ie £ = 0 and k = 1 respectively.

(ii) The second level contains the specific problems which have been investigated,
namely the circular pendulum and the two-body problem.

(iii) The third level is divided corresponding to the form of the conservative force; on the
one hand the harmonic oscillator and the circular pendulum for arbitrary motions,
on the other hand the isotropic harmonic oscillator and Kepler’s problem.

Moreover, for £ = 1 we had to distinguish between exact and numerical quadrature. In
addition, the directory ‘Spectral Radii’ on the first level includes the MATLAB-File for
computing the spectral radii of the dG(0) and dG(1) method.

The MATLAB-Files for a specific problem consist of several components. One component
computes the first and second derivative of the potential. A further component calculates
the potential V' itself. The last components compute the residual and tangent for the
Newton-Raphson method of the considered dG or ¢G method respectively. The names
of the executable Files begin with ‘cp’ for circular pendulum or with ‘tbp’ for two-body
problem.
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m = 2 and gravitational acceleration g = 9.81. Computed with the dG(1)
method with midpoint rule (N, = 1) and with a time step size h,, = 0.1.
Spectral radii of the dG(1) method associated with specific quadrature
rules. ..o
Rotation angle ¢ = ¢(t) of a circular pendulum with a rod of length
[ =1, a particle of mass m = 5 and gravitational acceleration g = 9.81.
Computed with the dG(0) method with h, =0.1. . . .. ... ... ...
Rotation angle ¢ = ¢(t) of a circular pendulum with a rod of length
[ = 1, a particle of mass m = 5 and gravitational acceleration g = 9.81.
Computed with the dG(0) method with h, =0.01. . .. ... ... ...
Approximated course E = E(z"(a(t))) of the total energy of a circular
pendulum with a rod of length [ = 1, a particle of mass m = 5 and
gravitational acceleration g = 9.81. Computed with the dG(0) method
with h, =0.3. . . . .
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31

Rotation angle ¢ = ¢(t) of a circular pendulum with a rod of length | = 1,
a particle of mass m = 5 and gravitational acceleration g = 9.81. Com-
puted with the dG(1) method with h,, = 0.1 and five Gaussian quadrature
points. . ...
Rotation angle ¢ = ¢(t) of a circular pendulum with a rod of length [ = 1,
a particle of mass m = 5 and gravitational acceleration g = 9.81. Com-
puted with the dG(1) method with h,, = 0.1 and five Gaussian quadrature
points. . ..o
Rotation angle ¢ = ¢(t) of a circular pendulum with arod of length [ =1, a
particle of mass m = 5 and gravitational acceleration g = 9.81. Computed
with the dG(1) method with h,, = 0.1 and trapezoidal rule (N, = 2).
Rotation angle ¢ = ¢(t) of a circular pendulum with arod of length l = 1, a
particle of mass m = 5 and gravitational acceleration g = 9.81. Computed
with the dG(1) method with h,, = 0.1 and midpoint rule (N, = 1).
Approximated course E = E(z"(a(t))) of the total energy of a circular
pendulum with a rod of length [ = 1, a particle of mass m = 5 and
gravitational acceleration g = 9.81. Computed with the dG(1) method
with h, =0.3. . . . .
Total energy ' = E(t) of a circular pendulum with a rod of length [ =1, a
particle of mass m = 5 and gravitational acceleration g = 9.81. Computed
with the dG(1) method with h,, = 0.1 and midpoint rule (N, = 1).

Polar coordinates for the circular pendulum; see eg APOSTOL [2]. .
Total energy E' = E(t) of a circular pendulum with a rod of length [ =1, a
particle of mass m = 5 and gravitational acceleration g = 9.81. Computed
with the dG(1) method with the modified midpoint rule and by a time
step size h,, =0.1. . . . . ..
Total energy E = E(t) of a circular pendulum with a rod of length [ = 1, a
particle of mass m = 5 and gravitational acceleration g = 9.81. Computed
with the dG(1) method with the modified midpoint rule and by a time
step size hy, =0.1. . . . . L
System of two particles in the three-dimensional euclidean space £3.

The reduced mass j in the three-dimensional euclidean space £”.
Euclidean plane of motion €2 C £ of the reduced mass p. . . . . . . .
Orbit of an isotropic harmonic oscillator with the reduced mass p = 2,
total energy E' = 0.25 and potential constant ¢ = —0.25. Computed with
the dG(0) method with h, =0.1. . . ... ... ... ... ... .....
Orbit of an isotropic harmonic oscillator with the reduced mass p = 2,
total energy E = 0.25 and potential constant ¢ = —0.25. Computed with
the dG(1) method with h, =0.1. . . . . .. ... ... ... ... ...
Orbit of an isotropic harmonic oscillator with the reduced mass p = 2,
total energy E' = 0.25 and potential constant ¢ = —0.25. Computed with
the dG(1) method with h, =0.1. . . . ... ... .. ... ... .....
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Orbit of an isotropic harmonic oscillator with the reduced mass p = 2,
total energy E' = 0.25 and potential constant ¢ = —0.25. Computed with
the dG(1) method with midpoint rule (N, = 1) and by a time step size
hn =010 o e
Total energy E = E/(t) of an isotropic harmonic oscillator with the reduced
mass u = 2, total energy ' = 0.25 and potential constant ¢ = —0.25.
Computed with the dG(0) method with h, =0.1. . . .. ... ... ...
Total energy E = E(t) of an isotropic harmonic oscillator with the reduced
mass pu = 2, total energy £ = 0.25 and potential constant ¢ = —0.25.
Computed with the dG(1) method with h, =1. . . . .. ... ... ...
Total energy E = E(t) of an isotropic harmonic oscillator with the reduced
mass u = 2, total energy ' = 0.25 and potential constant ¢ = —0.25.
Computed with the dG(1) method with midpoint rule (N, = 1) and by a
time step size h, =0.1. . . . . . ..
Total angular momentum component L. = L¢(t) of an isotropic harmonic
oscillator with the reduced mass p = 2, total energy £/ = 0.25 and poten-

tial constant ¢ = —0.25. Computed with the dG(0) method with A, = 0.1.

Total angular momentum component L = L¢(t) of an isotropic harmonic
oscillator with the reduced mass p = 2, total energy £ = 0.25 and poten-
tial constant ¢ = —0.25. Computed with the dG(1) method with h,, = 1.
Total angular momentum component L, = L(t) of an isotropic harmonic
oscillator with the reduced mass p = 2, total energy £/ = 0.25 and poten-
tial constant ¢ = —0.25. Computed with the dG(1) method with midpoint
rule (N, = 1) and by a time step size h,, =0.1. . . . .. ... ... ...
An orbit of the Kepler problem with the reduced mass p = 2, total energy
E = —0.25 and potential constant ¢ = 0.25. Computed with the dG(0)
method with A, =0.01. . . . . . .. .. ...
An orbit of the Kepler problem with the reduced mass p = 2, total energy
E = —0.25 and potential constant ¢ = 0.25. Computed with the dG(1)
method with midpoint rule (N, = 1) and by a time step size h,, = 0.01.
An orbit of the Kepler problem with the reduced mass p = 2, total energy
E = —0.25 and potential constant ¢ = 0.25. Computed with the dG(1)
method with h, = 0.01 and five Gaussian quadrature points. . . . . . .
Generalized coordinate vectors at the initial node 0 and at the last node
k+1 respectively of the master element [, in the euclidean plane of motion
EZ (eg here a closed orbit). The superscripts at the node k + 1 designates
the direction of the initial total angular momentum L(¢ = 0): the plus
means the direction of u; and the minus the opposite direction. . . . . .
Total angular momentum component L. = L¢(t) of the Kepler problem
with the reduced mass p = 2, total energy £ = —0.25 and potential
constant ¢ = 0.25. Computed with the dG(0) method with h,, = 0.01.
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44

45

46

47

48

49

Total angular momentum component L, = L¢(t) of the reduced mass
i = 2, total energy £ = 0.125 and potential constant ¢ = 0.25 within
a linear repulsive central force field. Computed with the dG(0) method
with h, =0.01. . . . . . . .
Total angular momentum component L. = L¢(t) of the Kepler problem
with the reduced mass p = 2, total energy £ = —0.25 and potential
constant ¢ = 0.25. Computed with the dG(1) method with trapezoidal
rule (N, = 2) and by a time step size h,, =0.1. . . . ... .. ... ...
Total angular momentum component L. = L¢(t) of the Kepler problem
with the reduced mass p = 2, total energy £ = —0.25 and potential
constant ¢ = 0.25. Computed with the dG(1) method with midpoint rule
(N, = 1) and by a time step size h, =0.01. . . ... ... .. ... ...
Total energy E = E(t) of the Kepler problem with the reduced mass p = 2,
total energy ' = —0.25 and potential constant ¢ = 0.25. Computed with
the dG(1) method with the modified midpoint rule and by a time step
size hy, = 0.2. . . . . e
Total energy F = E(t) of the Kepler problem with the reduced mass p = 2,
total energy ' = —0.25 and potential constant ¢ = 0.25. Computed with
the dG(1) method with the modified midpoint rule and by a time step
size h,, = 0.2. . . . ..
Total angular momentum component L. = L¢(t) of the Kepler problem
with the reduced mass p = 2, total energy £ = —0.25 and potential
constant ¢ = 0.25. Computed with the dG(1) method with modified
midpoint rule and by a time step size h, =0.2. . . . ... ...
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Notation

Latin symbols

N
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M;

Ndof

real

column matrix

square matrices

column matrix

2ngof X 2ngop matrices
potential constant

column matrix

2ng4of X 2ngop matrices

scalar coefficient

symplectic Jacobian matrix
symplectic Hessian matrix
total energy

conservative central force law
external force

force of interaction
gravitational acceleration vector
gravitational acceleration
time step size

hamiltonian

algorithmic hamiltonian
matrix of symplectic hamiltonian
identity matrix (nayr X Ndof)
moment of inertia

time interval

nth subinterval of I

master element

an interval for abscissae
imaginary unit

symplectic unit matrix

trial function degree

tangent of the residual vector
coefficient matrix

rod length

lagrangian

angular momentum
algorithmic angular momentum
Ith nodal shape function
mass of a particle

index, denotes time steps
degrees of freedom

Zz= =B

2 2
z

AEESESNENESTTIIT 0022 TIWI VT OO0

Y,z

Zy
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number of particles

column matrix

index of end time

number of quadrature points
number of eigenvalues

total torque

algorithmic total torque

zero matrix (Ndof X Ndof)

zero matrix (2n4o5 X 2Ngor)
generalized momentum
generalized momentum vector
nodal value of p
characteristic polynomial
minimal polynomial

total linear momentum
generalized coordinate
generalized coordinate vector
nodal value of q

generalized velocity
generalized velocity vector
generalized force

generalized force vector
magnitude of the radius vector
radius vector

residual vector, column matrix
center of mass

time

nth time step

total kinetic energy

period of a harmonic solution
master element transformation
unit vector

potential

quadrature weight

coordinate axis

unknown column matrix
coordinate axis

symplectic variable

nodal value of z



Greek and miscellaneous symbols

(%

coordinate of I,

node in I,

abscissae of quadrature
numerical quadrature coefficients
exact quadrature coefficients
matrix-valued function
Kronecker delta

test function symbol
increment/difference symbol
residual tolerance
coordinate axis

euclidean space

Hessian matrix

coordinate origin

space of polynomials of degree k
the set of real numbers.
dim-dimensional real space.

column zero matrix
identity matrix (2n4,5 X 2N4of)

partial derivative

second partial derivative
time derivative

derivative with respect to «
total derivative

second total derivative
degree of polynomials
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S
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coordinate axis

eigenvalue

matrix-valued function
reduced mass

positive integer

coordinate axis

spektral radius
matrix-valued integral terms
eigenfrequency

sampling frequency

scalar product
cross/cartesian product
dyadic product

new matrix product
argument parentheses
denotes iterations

denotes block matrices
denotes an employed trial
function or an element of P*
denotes quadrature
designates the dG(k) method
matrix representation
transposed matrix
designates a jump at node ¢
a set of scalars/matrices
theorem is proved above
euclidean norm



Glossary
Miscellaneous general terms

Cross references are italicized.
Amplification matrix: Explained in the paper. See in the index.

Attractor: A geometrical object in phase space towards which trajectories converge
in the long-time limit. Attractors can be of various dimensionality. The simplest case of
an attractor is an equilibrium point, also called a fixed point in the context of maps. Cf
KoORsCH & JopL [24].

Configuration space: A ng,p-dimensional cartesian hyperspace where the generalized
coordinates ¢;, i = 1,...,n4f, form the ng,¢ coordinate axes. Cf GOLDSTEIN [14].

Damping: Asymptotic annihilation of a motion owing to forces of friction. Physical
important is a frictional force which is proportional to the velocity of a moving particle
(viscose damping). Algorithmic damping designates the effect of asymptotic annihilation
of time evolutions determined by numerical algorithms. In general, damping leads to
dissipation.

Damped harmonic oscillator: The differential equation i@+ ri + wix = 0. The
coefficient r is a measure for the damping and wy denotes the eigenfrequency of the
oscillator. This special kind of damping, the so-called viscose damping, leads to a reso-
nance frequency w,.s; which is smaller than the eigenfrequency and to an amplitude decay
according to an exponential function. Cf KORSCH & JODL [24].

Degrees of freedom: The number of independent coordinates of a system.

Differential equation: Equation determining the dynamics of a sytem by relating
variables of the system to their derivatives. Ordinary differential equations contain only
derivatives with respect to time t, whereas partial differential equations additionally
contain derivatives with respect to the variables. If a differential equation contains
derivatives up to the kth order, it is called a differential equations of kth order.

Discontinuity: Let f be a given continuous function and let W,Eq) the space of discon-
tinuous piecewise polynomials of degree ¢ on (a,b). An interpolant 7, f € W,Eq) is called
discontinuous at node i if its right-hand limit 7, f;” at node i and its left-hand limit
7nf; at node i exist but are unequal. In other words, the corresponding jump [m, f]; is
unequal to zero. Cf ERIKSSON ET AL. [12].
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Dissipation: A dynamical system, for which the volume elements in phase space shrink
under time evolution, is said to be dissipative. Dissipation is a prerequisite for the exis-
tence of attractors in the system. Cf KORSCH & JODL [24]. Numerical dissipation means
that a numerical method has an attractor unequal to the exact solution by computing of
algebraic equations. Prerequisite for numerical dissipation in numerical methods applied
to linear problems is that the amount of the eigenvalues of the amplification matriz is
less than one. Cf RICHTMYER & MORTON [31].

Dual space: The dual space V* of the vector space V' is the vector space Hom(V,R) of
all linear mappings from V' to R. Its elements are called linear functionals. Cf Loowmis
& STERNBERG [28].

Dynamical system: A system described by time-dependent variables. The time evo-
lution of the variables is given by a set of differential equations and initial conditions.

Equilibrium point: A point x, of a system x = f(x), x € R¥™ if x(t) = x¢ is a
solution of this system. In dynamical systems this usually means a phase space point
with zero velocity. Equilibria can be either (Liapunov) stable or unstable. In the latter
case, the slightest perturbation causes the system to move far away from the equilibrium
state, whereas it stays forever in the vicinity of the equilibrium in the case of stability
(in the sense of Liapunov). Cf ARNOLD [3] and KORSCH & JODL [24].

Finite element method: In basic form the Galerkin method with piecewise polyno-
mial approximation. Cf ERIKSSON ET AL. [12].

Fixed point (of a mapping): A point which is mapped onto itself. Cf ERIKSSON
ET AL. [12].

Galerkin method: Method for solving a general differential equation, which is based
on searching for an (approximate) solution in a (finite-dimensional) space spanned by
a set of basis functions which are easy to differentiate and integrate, together with an
orthogonality condition determining the coefficients or coordinates in the given basis.
With a finite number of basis functions, the Galerkin method leads to a system of
algebraic equations with a finite number of unknowns which produces an approximate
solution by numerical solving with a computer. Cf ERIKSSON ET AL. [12].

Hamiltonian system: Dynamical system with ng.s degrees of freedom in which the
equations of motion can be derived from a scalar function H(q,p,t), the hamilto-
nian, by partial differentiation: p = —dqH, q = OpH, where q = [ql,...,qndof]T
and p = [p1,...,Pn,, f]T denotes the generalized coordinates and momenta. This equa-
tions of motion, the canonical equations of Hamilton, generate trajectories in the 2n4,¢-
dimensional phase space. In more global terms it is said that the hamiltonian produces
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in the phase space a phase flow which preserves the phase space volume (Liouville’s
theorem). The name refers to the mathematician and astronomer W.R. Hamilton. Cf
ARNOLD [3] and KORSCH & JoDL [24].

Inertial system: A reference frame in which the Newton’s law of motion is valid.
Within classical mechanics the notion of an inertial system is something of an idealiza-
tion. In practice, however, it is usually feasible to set up a coordinate system that comes
as close to the desired properties as may be required. Cf GOLDSTEIN [14].

Initial condition: The values of the variables describing a dynamical system at a
certain instant in time.

Isotropic: Along all directions of a space, eg configuration space or phase space but
usually applied to an euclidean space (isotropic material), the physical properties are the
same. This term comes from the Greek isos for ‘same’ and tropos for ‘direction’.

Jump: Let f be a given continuous function and let W,Eq) the space of discontinuous
piecewise polynomials of degree ¢ on (a,b). A jump of an interpolant 7, f € W,Eq) at the
node 7 is denoted by [my, f]; = m fi¥ —7n fi, where 7, f;t and 7, f; denotes the right-hand
and left-hand limit at node i respectively. Cf ERIKSSON ET AL. [12].

Legendre transformation: Let y = f(z) be a convex function, f”(z) > 0. The
Legendre transformation of the function f is a new function g of a new variable p, which
is constructed in the following way: We draw the graph of f in the x, y plane. Let p
a given number. Consider the straight line y = pxz. We take the point z = x(p) at
which the curve is farthest from the straight line in the vertical direction: for each p the
function pz— f(z) = F(p, x) has a maximum with respect to = at the point z(p). Now we
define g(p) = F(p, x(p)). The point z(p) is defined by the extremal condition 0, F = 0,
ie f'(x) = p. Since f is convex, the point z(p) is unique. Expressed in more global terms,
the Legendre transformation transforms functions on a vector space to functions on the
dual space. The name of the transformation refers to the French mathematician A.M.
Legendre. Cf ARNOLD |[3].

Linear: A dynamical system /function is linear if its response/value to the change in a
variable is proportional to the value of the variable.

Nonlinear: Dynamical systems/functions in which the response/value to the change
in a variable is not linear.

Phase flow: The one-parameter group of transformations of phase space

9" : (q(0), p(0)) — (a(t), p(t)),

where q(t), p(t) are solutions of Hamilton’s canonical equations. Cf ARNOLD [3].
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Phase space: A 2n,,-dimensional space of generalized coordinates q = [q1, . . ., ¢n,, f]T
and momenta p = [p1, . .. ,pndof]T. In the phase space the time evolution of a system can
be described by first order differential equations. A point in the phase space uniquely
determines the future of a system. Therefore, different trajectories in the phase space

cannot intersect. Cf ARNOLD [3] and KORSCH & JODL [24].

Symplectic: This term comes from the Greek for ‘intertwined.” The symplectic no-
tation is particularly appropriate for Hamilton’s equations where q is connected with a
partial derivative with respect to p and p similarly with the negative of a q derivative.
H. Weyl first introduced the term in 1939 in his book The Classical Groups (p. 165 in
both the first edition, 1939, and second edition, 1946). Cf GOLDSTEIN [14].

Time-stepping scheme: A system of equations that relates the values of m + 1 vari-
ables at one time to the values at a previous time (one-step). Typically, an implicit
time-stepping scheme is given as z,, = f(z,...,2,), where f is generally a nonlinear
function. ‘Implicit’ reffers to the fact that f depends upon z,,. A time-stepping scheme
with m + 1 variables is called a (m + 1)-level scheme. Cf RICHTMYER & MORTON [31].

Trajectory: The image of the mapping 7' : ¢ — (q(t),p(t)) is called a trajectory in
phase space. Cf ARNOLD [3].
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Index

Amplification matrix
harmonic oscillator
dG(0), 25
dG(1), 28
isotropic harmonic oscillator
dG(0), 68
dG(1), exact quadrature, 71
two-level scheme, 24
Angular momentum, see Total angular
momentum
Average acceleration method, 23

Cayley-Hamilton theorem, 68
Center of mass, 58
Central force
conservative, 59
form of, 59
law
Hooke’s, 61
inverse square, 82
Conservation
hamiltonian
algorithmic, harmonic
oscillator, 30
algorithmic, isotropic harmonic os-
cillator, dG(1), 73
dG(k) method, 9
total angular momentum, 11
algorithmic, circular pendulum,
dG(0), 48
algorithmic, circular pendulum,
dG(1), 49
equivalent one-body problem, 59
equivalent one-body problem, algo-
rithmic, dG(1), 102
total energy, see Conservation,
hamiltonian
circular pendulum, algorithmic,
dG(1), 53
equivalent one-body problem, algo-
rithmic, dG(1), 108
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Constant of the motion
hamiltonian, 4
total angular momentum, see Con-
servation, total angular momen-
tum
total energy, see Constant of the mo-
tion, hamiltonian
Constituent matrices, 24
harmonic oscillator
dG(0), 25
dG(1), exact quadrature, 28
isotropic harmonic oscillator
dG(0), 69
dG(1), exact quadrature, 71
Coordinates
generalized, see Generalized coordi-
nate
polar, see Polar coordinates
Crank-Nicholson algorithm, 23

Definition
of the new operator X, 75
Dissipation
harmonic oscillator
dG(0), 26
dG(1), 31
Dyadic product, 84

Eigenfrequency
harmonic oscillator, 25
isotropic harmonic oscillator, 68

Eigenvalues
harmonic oscillator
dG(0), 25

dG(1), exact quadrature, 28
isotropic harmonic oscillator
dG(0), 68
dG(1), exact quadrature, 71
Energy, see Total energy
Equation of motion
equivalent one-body problem, 59



Equilibrium point, 23
Euclidean
plane of motion
equivalent one-body problem, 60

Family of implicit multi-level one-step
schemes, 8
First divided forward difference, 98
Function
Hamiltonian, see Hamiltonian
Lagrangian, see Lagrangian
nodal shape, see Nodal shape func-
tions
potential, see Potential
test, see Test function
trial, see Trial function

General ¢G(1) method, 13
General ¢G(2) method, 17
General dG(0) method, 12
General dG(1) method, 17
explicit representation, 94
Generalized coordinate
circular pendulum, 10
Generalized coordinate vector
equivalent one-body problem, 61
Generalized momentum
circular pendulum, 33
harmonic oscillator, 11
Generalized momentum vector, 4
equivalent one-body problem, 61

Hamilton’s canonical equations, 4
symplectic notation, 5
Hamiltonian, 4
algorithmic, 9
harmonic oscillator, 24
harmonic oscillator, dG(0), 26
harmonic oscillator, dG(1), exact
quadrature, 29
harmonic oscillator, dG(1), numer-
ical quadrature, 30
isotropic harmonic oscillator,

dG(0), 69
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isotropic harmonic oscillator,
dG(1), exact quadrature, 71
isotropic harmonic oscillator,
dG(1), numerical quadrature, 72
circular pendulum, 33
convex, 9
equivalent one-body problem, 61
harmonic oscillator, 12
isotropic harmonic oscillator, 62
Kepler problem, 82
symplectic
harmonic oscillator, 12
isotropic harmonic oscillator, 62
Hamiltonian function, see Hamiltonian
Hessian matrix
Kepler problem, 83
Taylor’s theorem, 9
Hooke’s potential, see Potential,
isotropic harmonic oscillator

Initial value problem, 5
Interpolating quadrature formula, 15

Jacobian matrix, 5
circular pendulum, 33
harmonic oscillator, 12
isotropic harmonic oscillator, 62
Kepler’s problem, 82

Jump, 7

Kepler’s potential, see Potential,
Kepler’s
Kinetic energy, see Total kinetic energy

Lagrange basis functions, 6
Lagrange function, see Lagrangian
Lagrange’s equations, 3
Lagrange-Sylvester’s interpolation poly-
nomial

harmonic oscillator, 24

isotropic harmonic oscillator, 69
Lagrangian, 3

circular pendulum, 33

equivalent one-body problem, 61

harmonic oscillator, 11



Legendre transformation, 4

Matrix
amplification, see Amplification ma-
trix
constituent, see Constituent matri-
ces

hessian, see Hessian matrix
jacobian, see Jacobian matrix
symplectic hamiltonian
harmonic oscillator, 12
isotropic harmonic oscillator, 62
Kepler problem, 82
Kepler problem, dG(0), 83
symplectic unit, see Symplectic unit
matrix
Modified midpoint rule, 50
Momentum
angular, see Total angular momen-
tum
generalized, see Generalized Momen-
tum
linear, see Total linear momentum

Newton’s second law of motion, 58
Nodal shape functions, 6

Polar coordinates, 46
Polynomial
characteristic
isotropic harmonic oscillator, 68
minimal
isotropic harmonic oscillator, 68
Potential
harmonic oscillator, 11
Hooke’s, see Potential, isotropic har-
monic oscillator
isotropic harmonic oscillator, 61
matrix representation, 62
Kepler’s, 82
Product derivative formula, 83

Quadrature, see Interpolating quadra-
ture formula

Radius vector
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equivalent one-body problem, 60
Reduced mass, 58
Residual
circular pendulum
dG(1), modified midpoint
rule, 53
Residual vector
circular pendulum
dG(0), 34
dG(1), 38
dG(1), numerical quadrature, 39
harmonic oscillator
dG(1), exact quadrature, 18
dG(1), numerical quadrature, 21
Kepler problem
dG(1), 86
dG(1), modified midpoint
rule, 109
dG(1), numerical quadrature, 86

Sampling frequency
harmonic oscillator, 25
isotropic harmonic oscillator, 68
Spectral radius
definition, 25
harmonic oscillator
dG(0), 26
dG(1), exact quadrature, 29
dG(1), numerical quadrature, 30
dG(1), three to five Gauss points,
31
dG(1), trapezoidal rule, 31
dG(1), two Gauss points, 31
isotropic harmonic oscillator
dG(0), 69
dG(1), exact quadrature, 71
dG(1), numerical quadrature, 72
Symplectic unit matrix, 5

Tangent
circular pendulum
dG(0), 34
dG(1), 38



dG(1), modified midpoint
rule, 54
dG(1), numerical quadrature, 39
harmonic oscillator
dG(1), exact quadrature, 18
dG(1), numerical quadrature, 21
Kepler problem
dG(0), 83
dG(1), modified midpoint
rule, 109
dG(1), numerical quadrature, 86
Test function, 8
Test space condition, 8
Theorem
15.1, properties of the new operator
X, 75
5.1, conservation of total angular mo-
mentum, 11
10.1, general dG(1) with modified
midpoint rule, 51
8.1, general dG(1) with midpoint
rule, 39
10.2, algorithmic total energy conser-
vation for the circular pendulum
by the dG(1) method with
modified midpoint rule, 53
18.1, algorithmic total energy con-
servation for the equivalent one-
body problem by the dG(1)
method with modified midpoint
rule, 108
Cayley-Hamilton, see Cayley-
Hamilton theorem
Time-stepping scheme
circular pendulum
dG(0), 34
dG(1), modified midpoint rule, 53
harmonic oscillator
cG(1), exactly integrated, 13
0), exactly integrated, 13
1), exactly integrated, 18
1), midpoint rule, 21
1), numerical quadrature, 20

dG(
dG(
dG(
dG(
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dG(1), trapezoidal rule, 23
isotropic harmonic oscillator
dG(0), 62
dG(1), exact quadrature, 64
dG(1), numerical quadrature, 65
Kepler problem
dG(0), 83
dG(0), explicit representation, 89
dG(1), modified midpoint rule, 108
Torque, see Total torque
Total angular momentum, 10
algorithmic
circular pendulum, dG(0), 48
circular pendulum, general dG(1),
49
equivalent one-body problem, ex-
pressed by X, 75
equivalent one-body problem,
dG(0), 90
equivalent one-body problem,
dG(1), 98
isotropic harmonic oscillator, 77
circular pendulum, 47
equivalent one-body problem
expressed by X, 75
isotropic harmonic oscillator, 74
matrix representation, 75
Total energy, 4
algorithmic, see Hamiltonian, algo-
rithmic
Total force, 11
two body central force problem, 58
Total kinetic energy
circular pendulum, 33
equivalent one-body problem, 60
matrix representation, 61
harmonic oscillator, 11
Total linear momentum, 11
circular pendulum, 47
equivalent one-body problem, 59
isotropic harmonic oscillator, 74
matrix representation, 74
Total torque, 11



algorithmic
equivalent one-body problem,
dG(1), 98
Transformation
Legendre, see Legendre transforma-
tion
to the master element, 5
Trial function, 7
Two-level scheme, 24
blockwise matrix representation, 76

Velocity vector
equivalent one-body problem, 61
matrix representation, 61

Weak
form, 7
law of action and reaction, 58
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S.2 Einleitung und Gliederung

Diese Arbeit beschaftigt sich mit der numerischen Integration der Hamiltonschen kanon-
ischen Gleichungen. Zur temporalen Diskretisierung wird anstatt eines Differenzen-
verfahrens eine Finite-Elemente-Methode verwendet. Aus der Hamiltonschen Betrach-
tungsweise folgt die unabhéngige Approximation der generalisierten Koordinaten und
Impulse. Der Ausgangspunkt der vorliegenden temporalen Finite-Elemente-Methode
ist die schwache Form der Hamiltonschen kanonischen Gleichungen in symplektischer
Schreibweise. Das entsprechende System von gewohnlichen Differentialgleichungen er-
ster Ordnung wird mittels eines Zeitschrittverfahren gelost, welches aus der sogenannten
diskontinuierlichen Galerkin(dG)-Methode abgeleitet wird (siehe ERIKSSON U.A. [12]).

Diese oft LASAINT & RAVIART [27] zugesprochene Galerkin-Finite-Elemente-Methode
verwendet diskontinuierliche Losungs- und Testfunktionen aus einem Funktionenraum.
Im Vergleich dazu stiitzt sich die kontinuierliche Galerkin-Methode (cG-Methode) auf
die Verwendung von Losungs- und Testraume bei denen die Dimension des Testraumes
gegeniiber der Dimension des Losungsraumes um eins niedriger ist. In ERIKSSON U.A.
[12] stellte sich heraus, dass verglichen mit der ¢G-Methode die Verwendung lediglich
eines Funktionenraumes einen Vorteil bei der Fehlerrechnung und eine Verbesserung der
Stabilitatseigenschaften fiir parabolische Probleme erzielt. Dafiir kann im allgemeinen,
im Gegensatz zur ¢cG-Methode, die Anfangsbedingung des Problems nicht mehr exakt
erfiillt werden.

In dieser Arbeit werden fiir konstante und lineare temporale Finite-Elemente die Er-
haltungseigenschaften untersucht, welche die folgenden zwei dynamischen Systeme mit
skleronomen Zwangsbedingungen erfiillen:

e das ebene Kreispendel und
e das Zweikorperproblem.

Von besonderem Interesse ist die Energie und der Drehimpuls, da diese Konstanten der
Bewegung in der Mechanik eine zentrale Rolle spielen und es sich deswegen auch als
ein grosser Vorteil erweist wenn man in der Lage ist diese nach jedem Zeitschritt exakt
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zu erhalten (algorithmische Erhaltung). Laut LABUDDE & GREENSPAN [26] fithrt die
Anwendung konventioneller numerischer Verfahren auf Systeme gewohnlicher Differen-
tialgleichungen der klassischen Mechanik lediglich zu einer Erhaltung der Energie und
des Drehimpulses im Rahmen der Fehlerordnung des Verfahrens.

Ausserdem ist die Energieerhaltung vom numerischen Standpunkt aus wiinschenswert
um unbedingte Stabilitdt im nichtlinearen Fall zu gewéhrleisten (siche dazu BETSCH &
STEINMANN [9] und HUGHES [18]).

Da zum Beispiel die wissenschaftlichen Arbeiten von BAuCHAU & JoO [5], BAUCHAU
& THERON [6], CHUNG & HULBERT [11], HOFF & PAHL [17], HULBERT [20], JOHNSON
[22], JOHNSON ET AL. [23], NEUMANN & SCHWEIZERHOF [30] und RUGE [32] fiir die
dG-Approximation innerhalb von temporalen und temporal-raumlichen Finite-Elemente-
Methoden numerische Dissipation nachweisen, kann eine Erfiillung der Erhaltungsgesetze
nur aufgrund einer geeigneten numerischen Integration erfolgen. Im Rahmen der cG-
Methode erzielten P. Betsch und P. Steinmann eine Drehimpulserhaltung durch spezielle
Quadraturregeln (siche BETSCH & STEINMANN [7, 8]). Generell werden in dieser Ar-
beit sogenannte interpolierende Quadraturregeln betrachtet (vgl. ISAACSON & KELLER
[21]), im besonderen werden die Mittelpunktsregel, die Trapezregel und die Gaussschen
Quadraturregeln untersucht.

Zusatzlich illustrieren numerische Beispielrechnungen die analytischen Resultate der Un-
tersuchungen iiber die betrachteten dynamischen Systemen, wobei die energieerhaltenden
c¢G-Methode als Referenz diente.

Der Rest der Arbeit ist wie folgt gegliedert: Das Ziel von Teil I ist die Ableitung des
Zeitschrittverfahrens fiir beliebige temporale Finite-Elemente aus der Galerkin Finite-
Element-Formulierung. Abschnitt 2 umfasst die Hamiltonsche Formulierung der Bewe-
gungsgleichungen: Zuerst werden die kanonischen Hamiltonschen Gleichungen eingefiihrt
und anschliessend wird die Hamiltonfunktion als Gesamtenergie und Erhaltungsgrosse
von dynamischen Systemen mit skleronomen Zwangsbedingungen identifiziert. In Ab-
schnitt 3 wird das implizite Zeitschrittverfahren aus der dG-Methode abgeleitet und Ab-
schnitt 4 untersucht innerhalb der dG-Methode das algorithmische Verhalten der Hamil-
tonfunktion.

Teil 1T behandelt die Anwendung der Zeitschrittverfahren konstanter und linearer tem-
poraler Finite-Elemente auf das ebene Kreispendel. Zu Anfang fithrt Abschnitt 5 das
Gesetz der Erhaltung des Drehimpulses eines Massepunktes ein, welches sowohl beim
Kreispendel als auch beim Zweikorperproblem Anwendung findet. In Abschnitt 6 wird
eine temporale Finite-Elemente-Formulierung des Kreispendels fiir kleine Ausschlage bes-
timmt, wobei interpolierende Quadraturregeln berticksichtigt werden. Abschnitt 7 un-
tersucht die algorithmische Gesamtenergie des Kreispendels ebenfalls fiir kleine Auss-
chlige unter Beachtung numerischer Integration. Abschnitt 8 behandelt die Erstel-
lung einer temporalen Finite-Elemente-Formulierung des Kreispendels fiir beliebig grosse
Ausschléage. Infolge des nichtlinearen Kraftgesetzes kann im Rahmen der symplektis-
chen Notation bei linearen temporalen Finite-Elementen nur auf numerische Integra-
tion zuriickgegriffen werden. Ausserhalb der symplektischen Notation zeigt BETSCH &
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STEINMANN [9] eine Moglichkeit exakt zu integrieren. Abschnitt 9 widmet sich dem
algorithmischen Gesamtdrehmpuls des Kreispendels fiir beliebig grosse Ausschldge. Da
jedoch Polarkoordinaten als generalisierte Koordinaten verwendet werden, erweisst sich
die Untersuchung als geradezu trivial. Abschnitt 10 zeigt wie die Gesamtenergie des
Kreispendels durch eine nichtstandardisierte Quadraturregel algorithmisch erhalten wer-
den kann.

Teil ITI befasst sich mit der Berechnung von Zentralkraftbewegungen zweier Massepunkte
(Zweikorperproblem). Abschnitt 11 beginnt mit einer Reduzierung dieses Problems mit
sechs Freiheitsgraden auf ein dquivalentes ebenes Einkorperproblem mit zwei Freiheits-
graden. Die Formulierung des aquivalenten Einkorperproblemes nach Hamilton wird in
Abschnitt 12 ermittelt. Abschnitt 13 stellt eine temporale Finite-Elemente-Formulierung
des aquivalentes Einkorperproblems fiir das Hookesche Zentralkraftgesetz vor. Ab-
schnitt 14 beschaftigt sich mit der algorithmischen Gesamtenergie in Verbindung mit
der Hookeschen Zentralkraft. Es wird gleichermassen exakte und numerische Integration
behandelt. In Abschnitt 15 wird der algorithmische Gesamtdrehimpuls in Verbindung
mit der Hookeschen Zentralkraft untersucht, wobei neben der exakten Integration auch
eine Quadratur in Betracht gezogen wird. In Abschnitt 16 wird eine temporale Finite-
Elemente-Formulierung beliebiger Zweikorperpotentiale aufgestellt und auf die nicht-
lineare Keplersche Zentralkraft angewendet (Keplerproblem). Abschnitt 17 untersucht
die Erhaltungseigenschaften des algorithmischen Gesamtdrehimpulses fiir beliebige Zen-
tralkrafte. Zur Integration werden nur interpolierende Quadraturregeln verwenden, da
die Annahme eines beliebigen Kraftgesetzes eine exakte Integration ausschliesst. Ab-
schnitt 18 zeigt eine Moglichkeit algorithmische Gesamtenergieerhaltung mit Hilfe einer
nichtstandardisierten Quadraturregel zu erzielen. Abschnitt 19 umfasst eine Zusammen-
fassung und Diskussion der Arbeit.

S.3 Zusammenfassung und Schlussbemerkungen

In Teil I der vorliegenden Arbeit wurde nach einem kurzen Beitrag iiber die Hamiltonsche
Formulierung von mechanischen Systemen mit holonomen, skleronomen Zwangsbedin-
gungen geméss ARNOLD [3] and GOLDSTEIN [14], die diskontinuierliche Galerkin-Finite-
Elemente-Methode entsprechend ERIKSSON U.A. [12] auf die Hamiltonschen kanonischen
Gleichungen in symplektischer Schreibweise angewendet. Da die entwickelte dG-Methode
auf Lagrangesche Interpolationspolynome vom Grade k basiert (dG(k)-Methode), erhielt
man eine Familie von impliziten Zeitschrittverfahren. Ein bestimmtes Mitglied dieser
Familie erhielt man durch die Festlegung des Polynomgrades k& und die Wahl einer Inte-
grationsmethode fiir die verbleibenden Integrale.

Ferner wurde ein Beweis fiir die Abnahme der algorithmischen Hamiltonfunktion Hy 4
geliefert (vgl. BAUCHAU & J0O [5]), woraus gefolgert wurde, dass der Beweis ohne Ein-
schrankungen beziiglich Testraum und Integration auf die dG(0)-Methode anwendbar
ist, jedoch fiir £ > 0 bestimmten Einschrankungen unterliegt.

Teil IT beschaftigte sich mit der Anwendung der Galerkin-Finite-Elemente-Methode auf
das ebene Kreispendel fiir kleine Schwingungen und fiir beliebig grosse Auslenkungen. Es
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wurden konstante und lineare temporale Finite-Elemente betrachtet. Die Gleichungen
der impliziten Zeitschrittverfahren wurden in der gesamten Arbeit mittels der Newton-
Raphson-Methode gelost.

Zuerst wurde das Gesetz der Erhaltung des Gesamtdrehimpulses eines Massepunktes
geméss GOLDSTEIN [14] als Theorem 5.1 eingefiihrt.

Es folgte eine temporale Finite-Element-Formulierung des ebenen Kreispendels fiir kleine
Schwingungen. Es wurden die Zeitschrittverfahren untersucht welche sowohl aus einer
exakten Integration als auch aus einer numerische Integration herriihrten. Der vorliegen-
den Arbeit wurden sogenannte interpolierende Quadraturregeln zu Grunde gelegt (siehe
ISAACSON & KELLER [21]). Bei konstanten temporalen Finite-Elementen fiihrten inter-
polierende Quadraturregeln und exakte Quadratur zu identischen Zeitschrittverfahren.
Jedoch bei linearen temporalen Finite-Elementen ist im allgemeinen eine unbedingte
Unterscheidung zwischen dem Gebrauch von Quadraturregeln und exakter Integration
notwendig. Im besonderen wurde die Mittelpunktsregel, die Trapezregel und die Gauss-
schen Quadraturregeln mit N, = 2,...,5 Quadraturpunkten untersucht. Es stellte sich
heraus, dass bei linearen temporalen Finite-Elementen die Mittelpunktsregel zu einer
kontinuierlichen Losung fithrte. Weiterhin erbrachte ein Vergleich mit HUGHES [18],
dass eine numerischen Quadratur mit der Trapezregel den Crank-Nichelson-Algorithmus
ergibt wenn die Spriinge z, verschwinden wiirden. Eine Gausssche Quadratur mit
N, = 3,...,5 Quadraturpunkten ergab die Zeitschrittverfahren die auch durch eine
exakte Quadratur erreicht wurden.

Als néchstes ist die algorithmische Gesamtenergie des Kreispendels fiir kleine Auss-
chlage untersucht worden. Es war moglich eine Verbindung zwischen der algorithmischen
Gesamtenergie fiir konstante und lineare temporale Finite-Elemente und dem Spektral-
radius der zu den entsprechenden Zeitschrittverfahren gehorenden Ubertragungsmatrix
zu finden. Ermoglicht wurde dies durch die Anwendung des Lagrange-Sylvesterschen
Interpolationspolynoms (siche CADZOW & MARTENS [10] oder GANTMACHER [13]).
Demzufolge bestimmt der Spektralradius ob die algorithmische Gesamtenergie abnimmt,
zunimmt oder erhalten bleibt. Folglich konnte gezeigt werden, dass die algorithmis-
che Gesamtenergie der dG(0)- und dG(1)-Methode bei exakter Integration abnimmt.
Ausserdem zeigte sich bei linearen temporalen Finite-Elementen, dass lediglich eine der
betrachteten Quadraturregeln die algorithmische Gesamtenergie erhalt: die Mittelpunk-
tsregel. Somit hat es den Anschein, als ware im linearen Fall mit einer kontinuierlichen
Losung eine algorithmische Gesamtenergieerhaltung verbunden. Die anderen betra-
chteten Quadraturregeln fiithrten zu einer algorithmischen Gesamtenergieabnahme und
Spriingen in der Losung.

Anschliessend wurden beliebig grosse Auslenkungen des Kreispendels in Verbindung mit
konstanten und linearen temporalen Finite-Elementen betrachtet. Im Gegensatz zu der
Berechnung fiir kleine Ausschlage waren Quadraturregeln notwendig um die nichtlinearen
Integrale der dG(1)-Methode auszuwerten. Ferner wurde das Theorem 8.1 formuliert
welches besagt, dass die Anwendung der Mittelpunktsregel auf die dG(1)-Methode diese
in die discrete ¢G(1)-Methode mit kontinuierlicher Losung transformiert. Ausserdem
wurde bestatigt, dass im nichtlinearen Fall eine kontinuierlichen Losung keine algorith-
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mische Gesamtenergieerhaltung garantiert (vgl. BETSCH & STEINMANN [9]).

Im nachfolgenten Abschnitt wurde der algorithmische Gesamtdrehimpuls beliebiger Be-
wegungen des Kreispendels unter Verwendung von konstanten und linearen temporalen
Finite-Elementen bestimmt. Es wurde gezeigt, dass Polarkoordinaten sofort zu einer al-
gorithmischen Erhaltung des Gesamtdrehimpulses fithren, wenn die externe Gesamtkraft
F = m g des Kreispendels verschwindet.

Der letzte Abschnitt der dem Kreispendel gewidmet ist zeigte, wie eine algorithmische
Erhaltung der Gesamtenergie des Kreispendel fiir beliebig grosse Auslenkungen mit-
tels linearer temporaler Finite-Elemente durch eine nichtstandardisierte Quadraturregel
erzielt werden kann. Es wurde gezeigt, dass eine Modifikation der gewohnlichen Mit-
telpunktsregel nach BETSCH & STEINMANN [7] die Gesamtenergie nach jedem Zeitschritt
erhélt. Ferner konnte gezeigt werden, dass die dG(1)-Methode in Verbindung mit der
modifizierten Mittelpunktsregel in eine discrete ¢G(1)-Methode tibergeht und zu einer
kontinuierlichen Losung fithrt (Theorem 10.1).

Teil IIT befasste sich mit dem Zweikorperproblem. Begonnen wurde mit der Ableitung
eines dquivalenten ebenen Einkorperproblems von welchem anschliessend die Hamilton-
sche Formulierung verfasst wurde. Als néchstes wurde eine temporale Finite-Elemente-
Formulierung der Hookeschen Zentralkraft bestimmt welche auf dem Einkorperproblem
basiert. Es wurden konstante und lineare temporale Finite-Elemente betrachtet. Die
Zeitschrittverfahren fiir konstante temporale Finite-Elemente ergaben sich aus einer
exakten Integration wohingegen die Zeitschrittverfahren fiir lineare temporale Finite-
Elemente sowohl aus einer exakten als auch aus einer numerischen Quadratur resul-
tierten. Es stellte sich heraus, dass sich die Zeitschrittverfahren fiir die Hookesche
Zentralkraft von den Zeitschrittverfahren fiir das Kreispendel mit kleinen Ausschlagen
nur in den Dimensionen der Matrizen unterscheiden. Daraufhin waren die abgeleiteten
Ergebnisse beziiglich der Zeitschrittverfahren identisch und man erhielt ebenfalls eine
kontinuierliche Losung durch eine Quadrature mit der Mittelpunktsregel.

Es wurde ebenfalls die algorithmische Gesamtenergie der Hookeschen Zentralkraft un-
tersucht. Da sich die Zeitschrittverfahren des Kreispendels fiir kleine Ausschldge und
die fiir die Hookesche Zentralkraft nur in den Matrizendimensionen unterschieden, war
es moglich das Lagrange-Sylvestersche Interpolationspolynom zur Bestimmung der algo-
rithmischen Gesamtenergie zu verwenden. Fiir konstante und lineare temporale Finite-
Elemente hing die algorithmische Gesamtenergie ebenfalls nur vom Spektralradius der
Ubertragungsmatrix ab. Ausserdem waren die Spektralradii identisch mit denen des
Kreispendels fiir kleine Ausschlage so dass die algorithmische Gesamtenergie nur nach
einer Quadratur mit der Mittelpunktsregel erhalten blieb und in allen anderen Fallen
abnahm.

Es folgte auf die algorithmische Gesamtenergie die Untersuchung des algorithmischen
Gesamtdrehimpulses der Hookeschen Zentralkraft. Zuerst wurde der Drehimpuls des
aquivalenten ebenen Einkorperproblemes eingefithrt. Mit der Definition des Operators
M wurde eine kompakte Darstellung des Drehimpulses in Matrixform erzielt. Das The-
orem 15.1 beinhaltete die notwendigen Rechenregeln fiir diesen neuen Operator. Eine
weitere Anwendung des Lagrange-Sylvesterschen Interpolationspolynoms fiihrte fiir kon-
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stante und lineare temporale Finite-Elemente zu einem algorithmischen Gesamtdrehim-
puls in Abhéngigkeit von dem Spektralradius der Ubertragungsmatrix. Damit konnte
gezeigt werden, dass der algorithmische Gesamtdrehimpuls der dG(1)-Methode ausss-
chliesslich durch eine Quadratur mit der Mittelpunktsregel erhalten wird.

Als néchstes wurde das Keplerproblem als konkretes Beispiel eines nichtlinearen Zen-
tralkraftgesetzes betrachtet. Es wurde eine temporale Finite-Elemente-Formulierung ent-
wickelt, womit Bahnkurven mit konstanten und linearen temporalen Finite-Elementen
berechnet wurden. Ferner ist Theorem 8.1 durch eine Berechnung einer kontinuierlichen
Bahnkurve nach einer Quadratur mit der Mittelpunktsregel bestatigten worden.
Weiterhin wurde fiir beliebige Zentralkraftgesetze diskutiert ob konstante und lineare
temporale Finite-Elemente der Drehimpulserhaltung gehorchen. Konstante temporale
Finite-Elemente fiihrten zu dem Ergebnis, dass, ungeachtet der Art der Quadratur,
eine Drehimpulserhaltung lediglich bei dem uninteressanten Fall eines konstanten Zen-
tralkraftpotenitals zu erreichen ist. Jedoch fiir hinreichend kleine Zeitschritte konnte
gezeigt werden, dass das Vorzeichen des Zentralkraftgesetzes bestimmt ob der algorith-
mische Gesamtdrehimpuls abnimmt oder zunimmt. Bei linearen temporalen Finite-
Elementen fiihrte ein Ansatz aus BETSCH & STEINMANN [7] zu folgendem Ergebnis:
Interpoliernde Quadraturregeln mit einem Quadraturpunkt liefern eine Erhaltung des
algorithmischen Gesamtdrehimpulses falls die Funktion I'(a) identisch verschwindet.
Umformungen ergaben, dass I'(a) nur dann identisch verschwindet falls die Losung der
dG(1)-Methode kontinuierlich ist. Mit Hilfe von Theorem 8.1 liess sich dann folgern,
dass nur die Mittelpunktsregel zur Erhaltung des algorithmischen Gesamtdrehimpulses
bei linearen temporalen Finite-Elementen fiihrt, aufgrund der Tatsache dass sich mit ihr
eine kontinuierlichen Losung ergibt.

Der letzte Abschnitt zeigte wie die algorithmische Gesamtenergie fiir ein beliebiges Zen-
tralkraftgesetz mit linearen temporalen Finiten-Elementen mittels der modifizierten Mit-
telpunktsregel nach BETSCH & STEINMANN [7] erhalten werden kann. Zudem, unter
Beachtung der Ergebnisse des vorherigen Abschnitts, war es moglich zu zeigen, dass die
modifizierte Mittelpunktsregel ebenfalls den Gesamtdrehimpuls nach jedem Zeitschritt
erhalt.

Das Fazit ist somit: konstante temporale Finite-Elemente in Verbinding mit inter-
polierenden Quadraturregeln haben die betrachteten Erhaltungsgesetze fiir das Kreis-
pendel und das Zweikorperproblem im allgemeinen nicht erfiillt. Dagegen haben lin-
eare temporale Finite-Elemente beim Kreispendel mittels einer Quadratur mit der Mit-
telpunktsregel zur algorithmischen Erhaltung der Gesamtenergie gefithrt. Weiterhin
haben lineare temporale Finite-Elemente im Rahmen des Zweikorperproblemes den Ge-
samtdrehimpuls durch die Anwendung der Mittelpunktsregel algorithmisch erhalten; die
modifizierte Mittelpunktsregel nach BETSCH & STEINMANN [7] hat eine algorithmische
Erhaltung der Gesamtenergie und des Gesamtdrehimpulses erzielt. Die Erhaltungseigen-
schaften der Mittelpunktsregel und der modifizierten Mittelpunktsregel beruhen auf dem
Verschwinden der Spriinge in der Losung. Ferner hat eine von der Mittelpunktsregel
stammende kontinuierliche Losung die algorithmische Erhaltung der Gesamtenergie im
linearen Fall beider Systeme zur Folge.
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Zum Abschluss werden noch Anregungen fiir weitere Untersuchungen gegeben: Da das
algorithmische Verhalten der Gesamtenergie der betrachteten mechanischen Systeme im
nichtlinearen Fall fiir £ > 0 nicht ermittelt wurde, konnte dies ein Thema fiir eine
nachfolgenden Arbeit sein. Die Anwendung des Lagrange-Sylvesterschen Interpolation-
spolynoms ist nicht auf die Falle k = 0 und k£ = 1 beschrankt, fiir welche im linearen
Fall die Verbindung der Erhaltungseigenschaften zu dem Spektralradius gezeigt wurde.
Folglich ist die Bestimmung der Koeffizientenmatrizen des Lagrange-Sylvesterschen In-
terpolationspolynoms fiir beliebige k£ eine Verbesserung der Ausfiihrungen iiber die Er-
haltungseigenschaften im linearen Fall. Und abschliessend: In Abschnitt 17.2 wurde
die Abnahme und das Ansteigen des algorithmischen Gesamtdrehimpulses der dG(1)-
Methode fiir ein beliebiges Zentralkraftgesetz nicht bestimmt.
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