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Abstract. For a general class of nonlinear port-Hamiltonian systems we develop a high-order time discretization
scheme with certain structure preservation properties. The finite or infinite-dimensional system under consideration
possesses a Hamiltonian function, which represents an energy in the system and is conserved or dissipated along
solutions. For infinite-dimensional systems this structure is preserved under suitable Galerkin discretization in space.
The numerical scheme is energy-consistent in the sense that the Hamiltonian of the approximate solutions at time
grid points behaves accordingly. This structure preservation property is achieved by specific design of a continuous
Petrov—Galerkin (cPG) method in time. It coincides with standard ¢cPG methods in special cases, in which the latter
are energy-consistent. Examples of port-Hamiltonian ODEs and PDEs are presented to visualize the framework. In
numerical experiments the energy consistency is verified and the convergence behavior is investigated.
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Keywords. port-Hamiltonian system, Hamiltonian system, gradient system, energy conserving, structure
preservation, Petrov-Galerkin.

The framework of port-Hamiltonian systems allows to model complex physical systems of ordinary
and partial differential equations that obey inherent energy conservation and dissipation principles.
Applications arise for example in mechanics, in electronics, and in energy systems, see, e.g., [35, Ch. 6]
and [32, 36]. Also various complex fluid systems [22] feature a Hamiltonian structure.

Port-Hamiltonian systems

Many infinite-dimensional port-Hamiltonian systems are of the form
Oz(t) = J(H'(2(t))) — R(H'(2(t))) + B(t,H'(2(t))) for t > to, (0.1)

with time-dependent state function z,for nonlinear operators J, R, B, subject to initial conditions on
z. The precise formulation is contained in Section 1.1. In this formulation, the operator J describes
conservative effects and the operator R describes dissipative effects. The term B contains further
interactions with the environment, e.g., controls, and it is related to the output of the system. There
is a Hamiltonian H associated with this system, which is non-increasing along sufficiently smooth
solutions z if B = 0, see Lemma 1.7. If additionally there is no dissipation in the system, i.e., R = 0,

https://doi.org/10.5802/smai-jcm.127
© The authors, 2025

335


mailto:giesselmann@mathematik.tu-darmstadt.de
mailto:karsai@math.tu-berlin.de
mailto:tscherpel@mathematik.tu-darmstadt.de
https://doi.org/10.5802/smai-jcm.127

J. GIESSELMANN, A. KARsAI & T. TSCHERPEL

then the Hamiltonian is conserved. The formulation (0.1) includes port-Hamiltonian ODEs and PDEs,
and Hamiltonian systems and gradient systems are special cases.

It seems that up to now there is no consensus on the notion of a nonlinear infinite-dimensional port-
Hamiltonian systems. The class of problems of the form (0.1) is very general since we only impose the
structure needed for our method to work. Notably, this formulation includes systems without a Dirac
structure. Below we shall address, under which conditions it is possible to reformulate system (0.1)
in the form of a classical port-Hamiltonian system. Also, slightly more general formulations with
z-dependent operators can be addressed, see Remark 1.2 below.

Structure preservation

To ensure robust computations, structure preservation properties of the numerical schemes are of
particular interest. Especially for Hamiltonian ODEs structure-preserving schemes have a long history,
see, e.g., [26] for an overview. In the context of (port)-Hamiltonian systems various different notions
of structure preservation are available, such as symplecticity [26], the conservation in time of the
Hamiltonian by the approximate solutions [14, 24, 33], or the preservation of the (port)-Hamiltonian
structure under spatial discretization [14, 33]. Here we focus on the latter two types, in the following
referred to as energy consistency and as structure-preserving space discretization, respectively. We call
a scheme energy-consistent if for any port-Hamiltonian system the energy of solutions to the scheme
has the same behavior at all time grid points as the energy of the exact solution; see Proposition 2.5
for the precise notion. In particular, for systems without control the Hamiltonian is (exactly) non-
increasing, and if additionally there is no dissipation, then the Hamiltonian is exactly preserved,
cf. also [7, Def. II1.2] and [29, Def. 1].

This is a stronger notion of energy consistency than the one used, e.g., in [31, Sec. IIIC], for
a comparison see Remark 2.6 below. Note that due to the celebrated Ge-Marsden Theorem [18]
energy-consistent schemes (as introduced before) with fixed time step size, cannot be symplectic for
Hamiltonian systems. For this reason our scheme is not symplectic. We call a space discretization
of a port-Hamiltonian system (0.1) structure-preserving, if the space discrete system has again the
form (0.1). Numerical schemes with these properties are presented in [14, 33].

Available methods

Exact energy preservation for Hamiltonian systems and energy dissipation for gradient systems has
attracted a lot of attention, and there is a wide range of methods available including some of high
order.

Discrete gradient methods date back to [21, 30] and usually are exactly energy-preserving for Hamil-
tonian systems and of second order. By now, also high-order generalizations are available, among
others [15], see also the references therein.

Another class of methods are the averaged vector field collocation methods, also referred to as
energy-preserving collocation methods [11, 24, 25]. They are exactly energy-preserving for Hamiltonian
systems, and energy-dissipating for gradient systems. Furthermore, they have been applied to port-
Hamiltonian systems and to gradient flows on Riemannian manifolds in [6, 7]. Note that they are of
arbitrary order and they are energy-consistent.

A structure preserving DG space discretization was presented in [27] for the linearized KAV equation.
In combination with the Crank—Nicolson scheme in time it is proven to be energy-consistent. In [28]
this approach was extended to energy-consistent schemes of lowest order in time for some dispersive
Hamiltonian systems.

Further methods include the continuous and discontinuous Petrov-Galerkin methods (cPG and
dPG for short); see, e.g., [16, Sec. 69, 70] for their formulation for general evolution equations. DPG
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methods are energy-dissipating rather than energy-preserving for Hamiltonian systems with convex
Hamiltonian. On the other hand, cPG methods have inherent energy consistency properties as shown
in [17] for gradient flows (ODEs and PDEs). It can easily be verified that standard cPG methods are
energy-consistent for Hamiltonian systems with linear operator J. For nonlinear operator J, this is
not true in general. The picture changes if quadrature is applied, e.g. the lowest order ¢cPG method
with the midpoint rule is energy-consistent only for quadratic Hamiltonian, but not in general. Hence,
it is evident that energy consistency is not available in general for nonlinear operator J and for non-
quadratic Hamiltonian. The ¢cPG methods have been well-investigated, for example in [4] for the heat
equation. Therein, the authors use Gaufl quadrature for the numerical approximation of the nonlinear
terms and prove superconvergence at the time grid points. In [37] the cPG method (referred to as dPG
method therein) was proven to dissipate energy for linear ODEs and gradient flows. It should be noted,
that for linear systems with B = 0 it reduces to a collocation method. In combination with certain
quadrature rules for Hamiltonian systems with linear operator J, cPG methods are energy-preserving
at the corresponding quadrature nodes [23].

For a specific class of Hamiltonian and gradient systems in [14] the authors design an energy-
consistent Petrov—Galerkin method of arbitrary order with the beneficial property that Galerkin pro-
jection in space preserves the Hamiltonian or gradient structure. A range of nonlinear systems can be
formulated in this framework. Unfortunately, for some systems it is not straightforward to see whether
they can be reformulated to fit into the framework of [14], since this involves inverting certain oper-
ators. For example this is the case for the quasilinear wave equation with friction, see Example 1.11
below. A more detailed discussion is presented in Remark 1.4 below.

In [33, Sec. 7.4] a cPG scheme for an alternative formulation of port-Hamiltonian systems is used,
which is energy-consistent and allows for a structure preserving space discretization, as presented
in [33, Sec. 7.2]. More specifically, instead of R(H'(z)) as in (0.1), the author considers terms of the
form R(z)H'(z), where R(z) is a z-dependent linear operator acting on #/(z), and analogously for the
term involving J. While many nonlinear port-Hamiltonian systems fit into both formulations, there are
examples of models for which our formulation is more natural since it clearly shows the monotonicity
of the operators. Examples are the p-Laplace equation or the quasilinear wave equation with nonlinear
friction term. Our strategy to achieve energy consistency and structure preservation by means of a
suitable projection of H'(z) is similar to the one in [33].

However, our setup avoids problems with singularities in cases where R(z) is singular, but R(z)H/(z)
is not. The schemes agree only if .J(z), R(z) are independent of z and J, R are linear, but not in general.
See also Remark 2.4 below for a detailed discussion.

There are more classes of methods that are exactly energy-consistent only for the special case
of quadratic Hamiltonian, such as standard collocation methods and certain types of Runge-Kutta
methods. For example collocation methods were used in [29, Thm. 2], [31, Sec. III C], and some
Runge-Kutta methods were used in [33].

To summarize, previous to this contribution the only high-order energy-consistent and structure-
preserving time discretization methods available for (port)-Hamiltonian systems with non-quadratic
Hamiltonian were energy-preserving collocation methods [24] for general port-Hamiltonian systems,
and continuous Petrov—Galerkin methods for a specific class of Hamiltonian and gradient systems [14],
and [33, Sec. 7] projecting in a different way. We refer to Remark 1.6 below for a comparison of the
formulations.

In this work we develop a (high-order) energy-consistent cPG method for nonlinear port-Hamiltonian
systems of the form (0.1), including Hamiltonian systems for general Hamiltonian. More specifically,
we present a modified continuous Petrov—Galerkin method that coincides with the classical one for
the special case of quadratic Hamiltonian and linear J and R. However, it is energy-consistent also for
non-quadratic Hamiltonian and nonlinear J and R. Our framework is not suitable for problems where
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irregular solutions display additional dissipation effects, e.g., shock solutions in hyperbolic models.
Also, our approach does not apply to models with degeneracy which induces lack of regularity. In
combination with a suitable space discretization the (port)-Hamiltonian structure is preserved under
space discretization.

By now, an extension of our scheme is available: In very recently announced and independent work [3]
the authors construct a general class of high-order in time energy-preserving methods for Hamiltonian
systems and dissipative differential equations. Remarkably, they even achieve the conservation of an
arbitrary number of invariants of finite-dimensional Hamiltonian systems by use of an additional
auxiliary variable per invariant. This leads to a larger mixed problem and can be reformulated in
terms of L2-projections. This approach is showcased on several examples and extended to, e.g., the
compressible Navier—Stokes equation in [3]. Without control and for state-independent J and R their
approach applied to the continuous Petrov—Galerkin agrees with our proposed method.

Main contributions and outline

The class of nonlinear infinite-dimensional port-Hamiltonian systems under consideration is introduced
in Section 1.1 in Assumption 1.1. Examples fitting into this framework include the quasilinear wave
equation, possibly with friction and viscosity, and doubly nonlinear parabolic equations, that in special
cases reduce to the porous medium equation and the p-Laplace equation. Those examples are discussed
in Section 1.4. Furthermore, in Section 1.2 we present the corresponding finite-dimensional setting
which encompasses many classical finite-dimensional port-Hamiltonian systems, and we present some
examples in Section 1.4.

For the class of port-Hamiltonian systems described above, in Section 2.2 we introduce a continuous
Petrov—Galerkin scheme (Scheme 2.2) of arbitrary polynomial degree k € N. On the nonlinear terms
a quadrature formula is used, and we only require positivity of the quadrature weights. Our scheme
is designed to be energy-consistent, as proved in Proposition 2.5. The main tool to achieve this for
general Hamiltonian is the L?-projection mapping to piecewise polynomials of maximal degree k — 1
in time. This is rather natural, since stability estimates for the L2-projection of the solution can be
obtained as in [1, Lem. 4.1]. For linear port-Hamiltonian systems with quadratic Hamiltonian the
projection cancels, and hence our proposed scheme reduces to the standard cPG method.

Our approach has similarities with mixed methods, because it can be reformulated by use of an
auxiliary variable. It has been extended in the more recent work [3]. For finite-dimensional port-
Hamiltonian systems similar ideas were used in [9] for the purpose of structure preserving model
reduction. For infinite-dimensional (port)-Hamiltonian systems the use of an orthogonal projection
in space allows to preserve the (port)-Hamiltonian structure under space discretization. In the PhD
thesis [27] such an approach was used for a DG space discretization of some dispersive Hamiltonian
system, and was extended in several contributions thereafter [8, 28] for continuous and discontinuous
space discretization for several Hamiltonian PDEs. In Section 3.4 we present the corresponding struc-
ture preserving conforming space discretization in our general framework. A similar discretization has
also been used for port-Hamiltonian systems of a slightly different form in [33, Sec. 7.2].

Furthermore, in Section 3 we present numerical experiments using Gaufl quadrature to verify the
energy consistency for some of the examples presented in Section 1.4. Indeed, we need quadrature
to handle the projections as well as the nonlinear terms involving R, J and B. More specifically, we
examine for which type of quadrature the energy consistency is satisfied up to machine precision.
Additionally, we investigate the convergence in the time discretization parameter. We observe that
using Gaufl quadrature with £ nodes (with exactness degree 2k — 1) both for the terms involving J and
R and for the approximation of the projection, leads to optimal convergence order k + 1 in the time
discretization parameter of the error in the L*-norm. Of course, this requires sufficient regularity of
the solutions. This matches with the results in [4] and indicates that the use of the L2-projection does
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not corrupt the convergence if applied correctly. Furthermore, we observe superconvergence at the time
grid points of order 2k in the time discretization for some of the examples. These are exactly the rates
known for parabolic problems [4], and hence also in this regard we do not lose anything by means of
the projection. Moreover, for some infinite-dimensional examples we use a structure preserving space
discretization. We find that the projection does not reduce the convergence order. Additionally, we
investigate the convergence order in the time discretization parameter for several space discretization
parameters, and observe that the errors are independent of the space discretization. Energy consistency
is achieved by using a sufficiently high number of nodes in the Gaufl quadrature for the projection.

Discussion and outlook

The main novelty of our scheme is that it yields energy consistency for arbitrary Hamiltonian, it
preserves the port-Hamiltonian structure under space discretization for a general class of nonlinear
infinite-dimensional port-Hamiltonian systems, and it is of arbitrary order. It applies to a large class
of (port)-Hamiltonian systems of form (0.1). In contrast to [14] it does not require a reformulation of
the model, and in contrast to [33] it allows us to treat port-Hamiltonian systems with singularities.

Our method extends the standard cPG method in a very natural way. Unlike the method in [14],
our scheme does not coincide with any of the collocation methods [7, 11] for special port-Hamiltonian
systems, except for polynomial degree k = 1.

Besides proving energy consistency, in this work we do not perform any numerical analysis such
as proving well-posedness of the discrete solutions. This is due to the fact that nonlinear problems
require a highly problem adapted approach, which does not fit well with the general framework we
present here. Also for a priori and a posteriori error estimates more structure of the specific problems
has to be used, and is therefore not addressed here.

Notation

Let X and Y be Banach spaces and I C R be an interval. We denote the set of all bounded linear
operators mapping from X to Y by L(X,Y). The Fréchet derivative of a mapping f: X — Y is
denoted by f’. For an open set D C X we denote by C'(D;R) the set of mappings, that are Fréchet
differentiable at all v € D, and for which D 3 v — f'(v) € L(X,Y) is continuous. We denote the dual
space of X by X’ and the dual pairing between X and X’ by (-,)x x.

For a bounded Lipschitz domain © C R? with d € N, and p € [1,00] we denote by LP(Q) the
Lebesgue space and by W1P(Q) the Sobolev space. By LP(I; X) we denote the Bochner space of
functions g: I — X that are Bochner measurable and that have finite norm, with norms

1/p
ol = ( [ ool at) ™ it [1,00),
190l = rx = esssup g0
tel

Furthermore, C(I; X) denotes the space of continuous functions with values in X. We denote by
|-| the Euclidean norm in RY, by (-,-) the Euclidean inner product, and by ||-||, the spectral norm
on matrices. Generic constants ¢ may change in a sequence of inequalities and only depend on the
quantities specified.

1. Problem setting

In this section we introduce the precise formulation of the nonlinear port-Hamiltonian systems under
consideration. We start with the infinite-dimensional case in Section 1.1, and we present the special case
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of finite-dimensional port-Hamiltonian systems in Section 1.2. The energy balance for these systems is
discussed in Section 1.3. Finally, in order to demonstrate the strength of our framework in Section 1.4
we present a number of examples that fit in.

1.1. Infinite-dimensional case
In the following we consider a very general setup for port-Hamiltonian systems.

Assumption 1.1 (problem formulation). Let Z be a Hilbert space identified with its dual Z = Z',
and assume that (X, ||| x) s a reflexive Banach space with continuous and dense embedding X — Z.
The duality relation between X and its dual space X' is denoted by (-,-)x: . Let I =[0,T] C R be a
non-empty bounded interval.

(A1) H: D — R is a Fréchet differentiable operator with H € C*(D;R) for some open subset
D CY < X for a Banach space Y and we denote n = H';

(A2) j,r: X x X = R and b: I x X x X — R are functionals, which are linear and Lipschitz
continuous in their last argument, and continuous in the remaining arguments. We assume
that there exists p € (1,00), a function b € C(I) and a constant ¢ > 0 such that

(0, w)| + [r(v, w)] + [b(t, v, w)] < e(b(t) + [ol5 ) wll (1.1)
for any v,w € X and any t € I. Furthermore, for j,r we assume that
(A2i) j satisfies for any v € X that
j(v,v) =05
(A2ii) r is dissipative in the sense that for any v € X we have that

r(v,v) > 0.

We consider port-Hamiltonian systems which in weak form can be stated as

<at27 ¢>X’7X = .7(77(2)7 ¢) - 7’(7](2), ¢) + b(? 77(2)7 ¢) for all ¢ € X7 pointwise on Ia (12&)

2(0) = 2o, (1.2b)

where z: I — D C X is a function with 9;z: I — X', and 29 € X is a given initial datum. We
usually shall suppress the time dependence and write for example z instead of z(t). The operator 7 is
the Fréchet derivative of the Hamiltonian H and the operators j, » and b are to be specified. Here, j

models energy conservative processes, r describes all dissipative processes, and b contains the control
of the system. Note also that b(-,7(2),n(z)) contains the output of the system.

Remark 1.2.

(a) There are several nonlinearities in (1.2): H need not be quadratic, and hence n may be non-
linear, and also j, r and b may be nonlinear.

(b) Notably, (A2i) is satisfied, if j is skew-symmetric.
(c) The estimate (1.1) in (A2) on the functionals ensures that all terms on the right-hand side

of (1.2) are integrable in time for test functions in LP(I; X) and provided that the solution is
sufficiently regular. Later we shall consider solutions z to (1.2) with (z) € C(I; X).
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(d) One may consider more general systems with functional 3(,2, n(z), ¢), with the property that
j(z,v,v) =0 for any z € D, and any v € X (and similarly for ). Such an operator represents

~

a z-dependent operator J(z,7n(z)) in (0.1). While in general J may be nonlinear in both
arguments, the case of z-dependent linear operator v — J(z,v) is a special case. Thus, the
formulation includes in particular systems with Dirac structure. In this case X would have to

be a Hilbert space.

We comment on the time-discretization for z-dependent operators in Remark 2.4 below.

Remark 1.3 (DAEs). Note that port-Hamiltonian DAESs are not contained in our framework. There
is a number of numerical schemes available in the literature: the discrete gradient method in [39] is
energy-consistent and of second order; cPG method for certain DAEs can be found in [2]; the collocation
methods in [29, Thm. 2], [31, Sec. III C], and the Runge-Kutta methods in [33] are energy-consistent
for quadratic Hamiltonian; the cPG methods in [14, 33], are energy-consistent.

Remark 1.4. The analysis in [14] covers systems not covered by our analysis and vice versa. Let us
discuss systems covered by our analysis but not by [14]: Therein, the authors consider Hamiltonian
and gradient systems of the form

C(2)0iz = —H'(2) + f(2), (1.3)

for Hamiltonian H, and C(-) positive semi-definite for any argument, and for given function f. This
formulation has the advantage, that the structure is preserved under Galerkin projection in space,
which is not the case for systems of the form (1.2), as discussed in detail in [14]. For invertible C(z),
one may transform the systems (1.2) and (1.3) into each other if either for given C the operators j,r
are such that

—{C(2) " n(2),8) = j(n(2),9) — r(n(2), d),
or, if for given r, j, the operator C is such that the same identity holds.

Below in Section 1.4 we present examples of infinite-dimensional systems that fit in our framework.
However, for one of them (Example 1.11 on the wave equation with viscosity or friction) a reformulation
in the form (1.3) is not available to the best of our knowledge. Indeed, the difficulty consists in the
fact that the right-hand side has several terms that would require a different operator C~! each. Note
that for two invertible operators their sum is not invertible in general. Even for linear operators on
finite-dimensional spaces this requires certain commutation properties.

1.2. Finite-dimensional case

For the purpose of visualization let us also present the port-Hamiltonian system for the simpler case
with finite-dimensional (Hilbert) space Z = X = R?. Then, the port-Hamiltonian system (1.2) in
strong form reduces to

Oz =J(n(z)) — R(n(z)) + B(-,n(z)) pointwise on I, (1.4a)
2(0) = 2o, (1.4b)
for zg € R%. In this special case Assumption 1.1 simplifies considerably.

Assumption 1.5 (problem formulation in finite dimensions). With d € N we assume that:

(al) H € CY(D;R) for some open subset D C R and we denote n = H';

(a2) J,R: R? — R? and B: I x R? — R are continuous mappings. We assume that there exists
p € (1,00), a function b € C(I) and a constant ¢ > 0 such that

[ (0)] + [R()| + [B(t, v)| < c(b(t) + [of"), (1.5)
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for any v € R and any t € I. Furthermore, on J and R we assume that
(a2i) J satisfies for any v € R? that
(J(v),v) = 0;
(a2ii) R is dissipative in the sense that for any v € R% one has
(R(v),v) > 0.

Remark 1.6 (classical state dependent port-Hamiltonian systems). The general conditions on J, R, B
in (a2) include z-dependent operators, if 7 is invertible. We consider the following conditions:

(al’) H € C%(R% R) is strictly convex and we denote n :== H' € C1(R%; R?).

(a2') J(v), R(v) € R™9 and B(v) € R™! are continuous as functions in v € R%. We assume that
there exists p € (1,00), and a constant ¢ > 0 such that

1@l + |R@) ]|y + 1B©)]l, < e(1 + [n(v)P~2), (1.6)
for any v € R?. Furthermore, we assume that

(a2i’) for any v € R? the matrix J(v) is skew-symmetric;
(a2ii’) for any v € R? the matrix R(v) is positive semi-definite.

The classical formulation of port-Hamiltonian systems reads
Oz = (j(z) - R(z)) n(z) + B(z)u  pointwise on I, (1.7a)
z(0) = 2. (1.7b)

Here u: I — R! with [ < d is some control and zg € R? is a given initial datum.
In case 7 is invertible, this is indeed a special case of (1.4): Then, the operators J, R: R? — R and
B: I x R?* - R? can be defined by

J(v) = J(n " (v))v, R(v)=R(n"(v))v and B(t,v) = B(n " (v)ult)

for any v € R, and any t € I. Assumption 1.5 on .J, R follows from (a2’).

In case 7 is not surjective, system (1.7) can still be transformed into the form (1.4) by defining J, R
and B on the image of 7.

Note that in (1.7) the splitting of an operator into a (symmetric) positive definite part and a skew-
symmetric part is unique. In the more general case of nonlinear operators in finite dimensions (1.4),
and in infinite dimensions (1.2) a splitting into dissipative part r and a conservative part j is not so
obvious, and depends on the modeling. However, a unique splitting of the corresponding right-hand
side of (1.2) is not used in the following investigation.

In [33] finite and infinite-dimensional systems of the form (1.7) are investigated. Even though the
examples considered below fit in both formulations, some of the resulting energy-consistent discretiza-
tions differ, as explained in Remark 2.4 below.

1.3. Energy balance

The structural assumptions on the port-Hamiltonian system entail that the Hamiltonian is diminished
by the dissipative term r, and affected by b which may include boundary terms and controls and
includes the output.
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Lemma 1.7 (energy balance). Let Assumption 1.1 be satisfied. Then, any sufficiently smooth solution
z to system (1.2), with n(z) € L'(I; X), satisfies the following energy balance

H(z)(s) = H(2)(5) = /S —r(n(2),1(2)) + (-, n(2),1(2)) dt

(1.8)
< /~ b(-,n(z),n(z))dt forany 0<s5<s<T.
Proof. Using the properties of 4 in Assumption 1.1(Al), employing equation (1.2) and condi-
tion (A2i) on j we find that
S d S
H(s) = HEAE) = [ GHE A = [ @ @)y dt = [ @) o x de

s
5

= [ (). m) = (), 1) + bl (), =) de

s

= [T =r )0 + b0, ) .

In combination with the dissipative nature of r according to (A2ii) this proves the claim. ]

Remark 1.8. For a finite-dimensional port-Hamiltonian system (1.7) the energy balance reads

%”H(Z') = —(R(=)n(z),0(2)) + (B(z)u,n(2)) < (B(2)u,n(2))- (1.9)

In the context of port-Hamiltonian modeling the quantity y = E(z)Tn(z) is the system output. In
this case (B(z)u,n(z)) can be replaced by (y,u) to arrive at the customary formulation of the energy
balance for port-Hamiltonian systems.

Note that in the finite-dimensional case the condition 7(z) € C(I;X) is satisfied, provided that
z € C(I;RY).

1.4. Examples

Let us discuss examples of port-Hamiltonian systems of the form (1.2) that fit into the framework
presented in Assumption 1.1. We focus on cases, where j or r is nonlinear in their first argument or the
Hamiltonian is not quadratic. We start by considering some finite-dimensional examples, that fit into
the framework in Section 1.2. While in the literature they are typically presented in the formulation
using the z-dependent operators J, R, cf. Remark 1.6, we shall present the formulations that fit in
Assumption 1.5. Then, we proceed with some infinite-dimensional examples for systems as introduced
in Section 1.1.

Since the purpose of this section is to showcase the strength of the framework we usually refrain
from presenting optimal estimates. In particular, the estimates on 7, j, b as in Assumption 1.1 (A2) can
be sharpened in several places.

First, we consider a finite-dimensional system with non-quadratic Hamiltonian.

Example 1.9 (Toda lattice). The Toda lattice describes the motion of a circular chain of particles
in 1D, where each particle is connected to its nearest neighbors with an exponential spring, cf. [9,
Sec. 3.4.2]. For N € N the number of particles, ¢ € R the displacement vector of the particles and
p € RN the momentum vector of the particles we set

2= (Z) e RV, (1.10)
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The following system of ordinary differential equations describes the motion
Oz = J(n(z)) — R(n(z)) + B, (1.11)

for J, R: R?N — R2N linear mappings given, for v = (Z) € R?N | by

o= (L, %)= (%)
0 0 0

R(v) = (0 diag(y1, . .. a’YN)) 0T (diag(% - WN)?J) 7

where Idy € RY*N is the identity matrix, and 7; > 0 are given damping parameters. Furthermore,
for given u € R, and e; € RY the first unit vector, B € R*V*! is the (constant) vector

=(0)

This means that the control exerts a force on the first particle. The Hamiltonian of the system reads,
for z as in (1.10),

N N—-1
1
H(z) =Y 5pk + > exp(gs — ar1) + explav —q1) = N, (1.12)
k=1 k=1

which is smooth and strictly convex and we set 7 := H'. System (1.11) is of the form (1.4) and we verify
that J, R and B satisfy Assumption 1.5: Since H is smooth, (al) holds. Furthermore J, R are linear
and B is a constant vector, and hence (1.5) is satisfied for p = 2. Note that (a2i), (a2ii) hold, because
J and R are represented by a skew-symmetric, and by a positive-semidefinite matrix, respectively. By
standard ODE theory well-posedness is available.

Next, let us consider a finite-dimensional system with quadratic Hamiltonian, but with nonlinear
operator J.

Example 1.10 (spinning rigid body). The motion of a rigid body spinning around its center of mass
in the absence of gravity and friction can be described by a system of the form

Oz =J(Qz) + B, (1.13)

see [35, Ex. 6.2.1]. Here, the solution z(t) = (p1(t),pa(t),p3(t))T € R? is the vector of the angular
momenta of the body in three spatial dimensions. For given principal moments of inertia I, I, Is > 0,
we have Q = diag(Iy, I, I3)~! € R3*3. The Hamiltonian of the system H(z) = %ZTQZ is quadratic,
and 7(2) = H'(2) = Qz. The mapping J: R?> — R3 is defined by

1)2?)3([2 — I 3)
J(U) = (1}1?)3([3 — Il)) for v € R3. (1.14)
vive (I — I2)
Furthermore, for by, b, bs € R the coordinates of the axis around which torque is applied, and u© € R
a given control B is the vector B = (b1, by, b3)"u € R3. Note that system (1.13) is of the form (1.4)
with R = 0. To verify Assumption 1.5 note that H is quadratic and hence (al) is satisfied. Since B
is a constant vector and J is a quadratic function, (1.5) holds with p = 3. Furthermore, it is straight
forward to verify that (J(v),v) = 0 for any v € R3, which verifies (a2i).
By standard ODE theory well-posedness of solutions is available.

Let us now proceed to consider examples of infinite-dimensional port-Hamiltonian systems. They
all are evolution equations posed on ) = I x Q) for given final time 7" > 0, time interval I = [0, 7]
and for a bounded Lipschitz domain Q ¢ R?, with d € N.
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Example 1.11 (quasilinear wave equation). We consider the quasilinear wave equation with friction
and viscosity:
Op + div(v) =0,
O +V(p(p)) = =v(p)F(v) + vAv,

on @, subject to initial conditions (p,v)(0,-) = (po,vo) in Q. The system is supplemented by suitable
boundary conditions introduced in the sequel.

Here, p,v and F' are given, possibly nonlinear functions to be specified, and v > 0 is a given
parameter. The term ~y(p)F(v) represents friction forces, i.e., there is no friction if this term vanishes.
Similarly, the term vAw represents viscous forces, and the non-viscous case is recovered for v = 0.
The function p: R — R is assumed to be strictly monotone and continuously differentiable, and
v: R — [0,00) is sufficiently smooth and bounded. Typical examples for F': R — R are power law
type functions, and in the following we consider

F(v) =|v]*?v for some s € (1,00), (1.16)

(1.15)

see Remark 1.13 for possible extensions. Note that the factor |v|* 2 is singular for s € (1,2).

Let us verify that the weak formulation of (1.15) can be cast into the form (1.2) and that Assump-
tion 1.1 holds. We choose Z = L?(Q)'*? and set 29 = (po,vo)" and

2= (5) . (1.17)

For a pressure potential P such that P’(s) = p(s) for any s > 0 we choose as Hamiltonian

H(2) Z:/QP(p) dx+;/gyv|2dx. (1.18)

Note that p is strictly monotone if and only if H is strictly convex. Then, formally, one has

n(z) =H(z) = (p(p)) . (1.19)

(%

Multiplying the system (1.15) by a smooth test function ¢ = (£, w)T € C®(Q)'*¢, assuming that z is
sufficiently regular that all of the following integrals are finite, integrating over €2, and integration by
parts on the second and on the last term on the right-hand side we obtain

/Q&gz-gbda::—/Qdiv(v)fdw—/QV(p(p))-wdx—/gy(p)F(v)-wdx+u/ﬂAv-wdx
:—/Qdiv(v)gdsn—/mp(p)w-ndo~|—/gp(p)div(w)d$ (1.20)
—/ny(p)U|s_2v-wdm+u/(99wTanda—V/QVU:dew,

where : denotes the Frobenius product between two matrices, and n is the outer unit normal to 0f.
This weak formulation is to be understood as an identity pointwise in time.

To consider the boundary conditions and to identify the Banach space X < Z, let us distinguish
the cases with and without viscosity:

(a) If v # 0, then we may consider homogeneous boundary conditions on v on part of the boundary

I' and natural boundary conditions on the relative complement 0Q \ T, i.e.,
v=20 on I x T,

(1.21)

(p(p)Id —vVo)n =g on I x OQ\ T,
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for some given function g € C(I; L?(92\T')%). We assume that T is sufficiently regular, e.g., it
has finitely many components with sufficiently smooth boundary in 9. Starting from (1.20),
imposing the first condition on the function space and the latter one weakly we arrive at

/&gz odr = — /le §d:c+/ ) div(w) dz

—/fy(p)]v|5_2v-wda:—1//Vv:dem—/ g-wdo,
Q Q HO\T

for anyp = (&, w)" € C®(Q)'¢ with w|;xr = 0. This suggests the choice of function spaces
with continuous and dense embedding

X = L}(Q) x (HE Q)N L3 (Q)9) — L*(Q) x L}(Q)¢ = Z, (1.23)

(1.22)

with s > 2 as in (1.16). Here H}(Q)? is defined as closure of {f € C®(Q)?: f|r = 0} with
respect to the norm in H'(Q)?. Depending on the growth properties of p the Banach space
Y C X and the open set D C Y have to be chosen sufficiently small that H: D — R asin (1.18)
is well-defined. Fréchet differentiability of H as well as continuity of D — Y, v — H'(v) = n(v)
are available, provided that p is continuously differentiable and D C Y < X is sufficiently
small. Under those conditions Assumption 1.1 (A1) is satisfied.

We define the functionals j,r7: X x X - R and b: I x X x X — R by

I, 9) = / div(x2)¢1 dx—i—/ x1div(¢z) dz (1.24)
(X, }) = V/QVX2 : Voo dr +/QW(X1)|X2’ X2 - o du, (1.25)
b(ta X ¢) = »/;Q\Fg(t) : ¢2 dO', (126)

for any x,¢ € X and any ¢t € I. If s > 2 as in (1.16), using Young’s inequality with s — 1 > 1,
a trace inequality and boundedness of «, one can show that

506 )]+ I 8)] + 15t X 8)] < oL+ l9(0) | 22 00y + Il DIl x (1.27)

for any ¢, x € X, with X as defined in (1.23). If on the other hand s € (1, 2), then we obtain
with the continuous embedding H'(Q2) < L*(2) and Young’s inequality with -5 > 1 that

106G @) + Ir( @)+ 16(E, x, @) < (L + lg(D)] L2000 + HX”X)H¢”X7 (1.28)

for any ¢,y € X. Consequently, with p = max(s,2) the estimate in Assumption 1.1(A2) is
satisfied. Note that j, r, b are linear in ¢, and hence by estimate (1.27) also Lipschitz continuous
in ¢. The same arguments hold for all terms depending on x except of the last term of r, which
ensures continuity in x. Since s > 1 in (1.16), also the last term of 7 is continuous in y2, and
hence in y.

To verify (A2) it remains to show (A2i) and (A2ii). Directly from the definition of j we see
that j(v,v) = 0 for any v € X. The dissipative nature of r, namely r(v,v) > 0 follows from
the fact that the power-law relation (1.16) is monotone and ~(-) > 0.

(b) If v = 0, then in (1.20) all terms involving v vanish, and we consider the boundary conditions
v-n=>0 on I xT,

1.29

plp)=9  onIxIQ\T, (1.29)
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for some given function g € C(I; HY(Q)). Again starting from (1.20) with v = 0 we impose
the first condition on the function space and the second one weakly and obtain

/Gtz odr =— /le §dx+/ ) div(w dx—/’y Yol %v - wda

/ gw -ndo,
O\

for anyp = (£,w)T € C®(Q)'** with w - n|rxr = 0. For s > 2 as in (1.16) we choose
X = L%(Q) x (Hp(div; Q)4 N L3 (Q)%) — L*(Q) x L}(Q)? = Z, (1.31)
where Hp(dlv Q) denotes the closure of {f € C>°(Q)%: (f-n)|r = 0} with respect to the norm

1 aiviy = 1l 2y + 1divfll 12(q)- The validity of (A1) follows analogously as in the case
v # 0 for suitably chosen D CY — Z.

Now, we define the functionals j,r: X x X - Rand b: I x X x X — R by

(1.30)

jlx, ¢) = —/QdiV(X2)¢1 dz +/Qxldiv(¢2) dz, (1.32)

r(x, @) = /QV(X1)1X2\872X2 - o dz, (1.33)

b(t, x; ¢) = —/ g(t) ¢2 - ndo, (1.34)
OO\

for any x,¢ € X and any t € I. To show that Assumption 1.1(A2) is satisfied with p = s, we
only have to argue that the estimate (1.27) holds for X as defined in (1.31).

For j the estimate still holds for any x, ¢ € L*(Q) x Hr(div; Q). For r we have one term less
than before, and the remaining term is estimated as before using the fact that the second
component of functions in X are contained in L*(Q)¢. Finally, for the bound on b(t, x, ¢) we
use the fact that the trace operator is bounded from H(div;Q) to H~'/2(dQ), which is the
dual space of the fractional space H'/2(9Q), see, e.g., [20, Ch. 1.2.2]. Thus, it follows that

[6(t X, D) < Mgl 17200y 192 - 2l 17200
< cllg®ll g2 o0y l1021l g aivi)
< C”g(t)|’H1(Q)H¢2”H(div;ﬂ)?

and the remaining arguments are as above, assuming that g € C(I; H(Q)).

Example 1.12 (doubly nonlinear parabolic equation). For functions «, 8 to be specified we consider
the nonlinear scalar evolution equation

Ora(v) — div(B(Vv)) = f on @, (1.35)
for given function f:  — R. This is supplemented by the following boundary conditions: For some
sufficiently smooth part of the boundary I' C 9€2, we impose

v=20 on I xT, (1.36a)

B(Vv) -n+dv=g on I x (0Q\T), (1.36b)

for a given function g: I x 9Q \I' — R, and a constant 6 > 0, with n the outer unit normal on 9f.
Furthermore, initial conditions are imposed.

The functions a: R — R and 3: R — R? are assumed to be monotone and may be singular for

v = 0, and for Vv = 0, respectively. In one space dimension d = 1 this equation is of particular
relevance to gas flow in pipelines in the high-friction and low Mach number regime, cf. [13].
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If «v is invertible, then formally from (1.35) one may derive the equation for z := a(v) as

Oz — div(B(V(a™(2))) = f. (1.37)

In the following we assume that o and 3 are given by

a(v) = ||~ for some ¢ € [1,00), (1.38a)

B(Vv) = |VolP 2V for some p € (1, 0), (1.38b)

with ¢’ € (1,00] the Holder conjugate to ¢, defined by % + % = 1. In the following we assume that
p> dZd1
= d+

For o, 8 as in (1.38) we obtain v = o~ 1(2) = |2|7"' 2z, and then (1.37) reads
-2
Oz — div (|Vv|p_2VU) = Opz — div (|V <|z]q_1z> |p \Y% <|z]q_1z)) = f. (1.39)

Note that for ¢ = 1 this evolution equation reduces to the p-Laplace equation, and for p = 2 it reduces
to the porous medium equation.

Let us determine the setup for (1.39) to fit into the framework described in (1.2) with Assump-
tion 1.1 satisfied. For any ¢ € C*°(Q), with ¢|;xr = 0, integrating by parts, employing the boundary
conditions, and using v = a~!(z) one can show that

—/div(ﬁ(Vv))gbdx:(S v¢da—/ g¢da—|—/ IVolP~2Vu - Ve du.
O\ HO\D Q
Thanks to p > d +1 > d +2 we have a continuous and dense embedding
X = WpP(Q) < L*(Q) = Z, (1.40)

where WI}’p(Q) denotes the closure of {f € C>°(Q): f|r = 0} with respect to the norm in WP ().
The Hamiltonian of (1.39) is given by
q+1 / |27 da,

which is defined for any z € LI"1(2) N X. With the Fréchet derivative
n(z) =H(z) = a ' (z) = |27z,

one can check, that H' € C'(D;R) for example for D := Y = LIt1(Q)NX. Thus, Assumption 1.1 (A1)
is satisfied, since 7(z) € L4tD(Q) C Y’ for any z € Y C LIt (Q).

With X = Wll’p(Q) the functionals j,r: X x X — R and b: I x X x X — R are chosen as
j(v,¢) =0 and

r(v, @) = / |VolP2Vu - Vo dz + 6/69\1“ vodo,
b(t, v, ) - /j ¢m+/ t) ¢do,

for any v,¢ € X, and for given u = (f,g) € C(I; L3(Q)) x C(I; L?(99)). Obviously they are linear
in ¢. Due to p > d+1’ the trace operator is bounded from W1P(Q) to L?(9Q). Hence, with a trace

inequality, the embedding WP(Q) — L?(Q), as well as Hélder’s and Young’s inequalities one can
show that

(v, @)+ [b(t, 0, )] < e (14 1F )l 20 + 19 1200y + [0l ) I9lwiny,  (1.41)

for any v, ¢ € X and any ¢ € I. Thus, the estimate in (A2) is satisfied with exponent max (2, p).

348



ENERGY-CONSISTENT TIME DISCRETIZATION OF PH SYSTEMS

By linearity of » and b in ¢ and the estimate (1.41) Lipschitz continuity in ¢ follows. Continuity
in v is obvious for the linear term in r, and also holds for the nonlinear term of r for p € (1,00). Since
b does not explicitly depend on v the corresponding properties are trivial. To verify (A2) we only have
to show dissipativity of r. Indeed, with § > 0 we have that

r(v,0) = Vo[l ) + 8llvll72(90) > 0 for any v € X.

Note that the nonlinearity of r in v stems from the p-Laplace structure, and the non-trivial n(z) arises
from the porous medium part of the equation.

For well-posedness to (1.35) for pg > 1 subject to homogeneous Dirichlet boundary conditions, i.e.,
I' = 09, see [34]. For well-posedness in case I' = ) see [38] for certain p, q.

Remark 1.13. Several structural assumptions on «, 8 in Example 1.12 and on F' in Example 1.11
can be relaxed. For example, alternative monotone functions, so-called Orlicz functions can be used,
see, e.g., [12].

2. Structure-preserving time discretization

In this section we introduce the general structure-preserving time-discrete numerical scheme for port-
Hamiltonian systems of the form (1.2). All of this equally applies to the finite-dimensional case in (1.4).

In Section 2.1 we collect the tools that are used in the following. Section 2.2 introduces the time-
discrete scheme with general quadrature. Furthermore, Proposition 2.5 contains the conservation and
dissipation of the Hamiltonian at the time grid points.

2.1. Preliminaries

For a final time 7" > 0 and a number m € N we consider the collection of time points {fo,...,tm}
with 0 =tp < t; < ... <ty =T. They generate a partition of I := [0, 7] denoted by

IT = {Ila .. '7Im}a

with subintervals I; :== [t;_1,¢;], for i = 1,...,m, and we denote the length of I; by 7, :=¢; —t;—1 > 0.
For convenience and with slight abuse of notation, we use the maximal mesh size 7 = max;—1_. m 7;
as index for the partition 1.

For a Banach space X and for arbitrary i = 1,...,m, by Pr(I;; X) we denote the set of polynomials
of degree at most k € Ny mapping from I; to X. Furthermore, we define the semi-discrete (in time)
function spaces of piecewise polynomial functions of degree at most k € Ny with values in X as

Vilr; X) ={2€ L=([; X): 2|, € Pr(I;;X) foralliec{l,...,m}}, and
Villr; X) = Vi(I; X) N C(1; X).

Quadrature

For the numerical scheme we require a quadrature rule to approximate the integrals on the intervals
I;, for i € {1,...,m}. For a general quadrature formula on [0, 1] with sg € N nodes, the corresponding
quadrature formulas on I; are Q;: C(I;) — R of the form

5Q
Qilg) = ij g((}) fori € {1,...,m}, (2.1)
j=1
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for some given weights w; and nodes C; €l,ie{l,...,m}, j=1,...,sq. For the weights we require
that

5Q
w; >0 forany je{l,...,sQ} and ijzl_
j=1

L?-projection

For a Hilbert space Z the L2-projection mapping to piecewise polynomial functions in time with values
in Z is a central tool in the numerical scheme proposed in the sequel. However, we also need to apply
the projections to functions in L?(I; X) for a Banach space X. Hence, as above we assume that Z
is a separable Hilbert space identified with its dual Z’, and that X is a reflexive Banach space with
continuous and dense embedding X < Z, see Assumption 1.1. This means that (X, Z, X') forms a
Gelfand triple

X727 < X',
with dense embedding Z" — X’. With inner product (-,-) on Z, we have in particular that
(v,w) ) x = (v,w) foranyve Z,we X.

From now on let k € N be fixed. The L?-projection IT: L?(I; Z) — Vy_1(I;; Z) is defined by

T T
/0 (ILF)(2), g(t)) dt = /0 ), g®)dt forall g € Vi_y(I; Z), (2.2)

for f € L?(I; Z). Note that since the functions in V_;(I,; Z) are discontinuous piecewise polynomials,
the L2-projection II is local. With the local L2-projection I1;: L?(I;; Z) — Pr_1(I;; Z), this means that
ILf|1, = (1)

For the sake of completeness let us summarize some stability properties of II. While the stability in
LP(I; Z) transfers from standard results, we are not aware of any reference for stability in the Banach
space LP(I; X), which is why we include it.

Lemma 2.1 (stability). Let k € N and let the function spaces as above. Then the L*-projection I1
in (2.2) extends to I1: L'(I; Z) — Vy_1(I;; Z) and maps LP(I; X) — Vi_1(I;; X) for any p > 1.
Furthermore, the following estimates are satisfied:

Lf o (rsz) < ol fllio(rizy  for any f € LP(I3;Z),  for p € (1,00],
WLf [ o (rx) < epll fllpperxy  for any f € LP(1; X)), for p € (1, 00].

for anyi e {1,...,m}. The constant ¢, > 0 depends only on k and on p. The corresponding estimates
hold for I; replaced by I.

Proof. We prove the statements on a single interval I; with IT mapping to Px_1([;; Z), for arbitrary
i€ {1,...,m}, since the global estimates are a consequence thereof.

The first estimate for p = 2 follows directly by definition of II. For general p the estimate is proved
by inverse estimates in time: Indeed, for p > 2 applying an inverse estimate in combination with the
stability in L?(I;; Z) as well as Holder’s inequality with £>1and % + p%f =1 we obtain

1_1 1

11
HHfHLP(Ii;Z) <ecr * HHfHLQ(Ii;Z) <erf ? HfHL?(Ii;Z) = CHfHLP(Ii;Z)'
The constant depends only on k£ € N and on p.
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To prove the statement for 1 < p < 2, we use the fact that (L¥ (I;; Z)) = LP(I;; Z) for p > 1. We
obtain by duality and by Hoélder’s inequality with % + z% =1 that

i (F0, g e (), (o) e

oer' (1nz) N9l (1,:2) ger (1nzy N9l 1:2)

HHfHLP(IZ-;Z) =

Mgl o 1,:2)

< fllee(riz)  sup < cllfll e, z)-

ger (1:2) 191 (1:2)
In the last step we have used the previously proved stability of II in Lp,(IZ-; Z) with p/ > 2. This
stability ensures, that II extends to LP(I; Z) for any p > 1.
To prove the second identity let f € LP(I;; X) < LP(I;; Z) for p € (1,00) be arbitrary. Then the linear
functional represented by IIf satisfies

o) =| [ mrgar =| [ (s

for any g € L2(I;; Z). Consequently, with the (dense) embedding L¥ (I;; Z) < L¥ (I;; X') the Hahn—
Banach extension theorem shows that the bounded linear functional ¢: Pr_1(I;; Z) — R extends to
a bounded linear functional ¢: Py_1(I;; X’) — R with the same operator norm and by density the
extension is unique. By the uniqueness of the extension and the fact that LP(I;; X) C L9(I;; X) for
p > q the extension is unique and independent of p. In particular, since X is reflexive, we have that
I1f € Pr_1(I;; X) and that

<Al eecsxollgll Lo (1, xry

HHfHLP(Ii;X) < CHfHLP(Ii;X)a
with constant independent of I; and f. The estimate for p = oo follows again by an inverse estimate.
This proves the second estimate. |

2. Petrov—Galerkin scheme

In this section we present the structure-preserving scheme to approximate solutions to the port-
Hamiltonian system (1.2) in the setting of Assumption 1.1. It is a Petrov—Galerkin type approximation,
meaning that it uses a variational formulation with different polynomial degrees for the solution
and for the space of test functions. More specifically, it is a continuous Petrov—Galerkin method,
cf. [16, Sec. 70.1.2]. Here “continuous” refers to the fact that the trial space consists of continuous
piecewise polynomial functions in time. We introduce it in combination with some quadrature formula
Q; approximating the integral on I; for all nonlinear terms, see (2.1).

Scheme 2.2. Find z; € V§(I;; X) such that z;(0) = zp and

/0 (Orzr, 8) dt = ZQZ (TIn(2,), 8) — r(Tn(z,), 8) + b(-, T(2,), 6)] (2.3)

holds for all ¢ € Vi_1(Ir; X).
Since the test functions are discontinuous, (2.3) can be localized in time. Indeed, we can equivalently
reformulate it as a time stepping via

[ (@)t = QuLiTI(z1), ) — r(TInz1), ) + b Tn(z0), )] (24)

ti—1

forall g € Pr—1(I;;X) and alli=1,...,m
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Remark 2.3.

(a) The L2-projection in the term b is not essential for the properties of the scheme, and it has
no relevance in case b is state-independent. Hence, in the implementation one may choose to
include it or not.

(b) In the special case of bilinear operators j,r the L?-projection in (2.3) drops out in the sense
that j(IIn(z;), ) = j(n(z;), @) since ¢ € Pr_1(I;; X) and correspondingly in r (the projection
only remains in b). Therefore, the method reduces to the standard continuous Petrov—Galerkin
method in this case. In particular, for £ = 1 and midpoint quadrature rule the scheme reduces
to the implicit midpoint method.

(c¢) Let us briefly discuss under which conditions all the terms in (2.3) are well-defined. For
this purpose we assume that a discrete solution z; € V§(I.;X) C C(I;X) satisfies that
n(zr) € C(I;X). Consequently, by Lemma 2.1 we have that IIn(z;) € Vi_1(I;; X), i.e., in
particular it is piecewise continuous. The same is true for ¢, and with continuity of j in both
arguments, it follows that j(IIn(z;), ¢) is piecewise continuous in time with respect to I.. There-
fore, the quadrature is well-defined, and the arguments for the other terms on the right-hand
side proceed analogously. The left-hand side is well-defined thanks to 0iz;,¢ € Vi_1(I-; X)
and the fact that X — Z.

The scheme can also be considered without the quadrature, by integrating over I; rather
than using a quadrature @Q;. Integrability of all terms follows by the above arguments, by the
estimates in Assumption 1.1(A2), and by the stability properties of IT in Lemma 2.1.

(d) For practical purposes the L?-projection has to be computed using a further quadrature formula
to approximate [; (n(zr),g) dt for any ¢ € Py_1(li; Z), cf. (2.2).

Remark 2.4 (comparison of schemes). The approach extends to the more general case of z-dependent
operators, cf. Remark 1.2(d). In this case, one would want to determine z; € V¢ (I;; X) such that
2:(0) = zp and

/0 <8tzq—a (Z) dt Z Qz { WACZE H77 ZT) (b) - ’F(ZTa HU(ZT% d)) =+ b('v Hn(zr)v (b)} (2'5)

holds for all ¢ € Vi_1(I;; X). In the special case of 3 linear in the second argument, this reduces to
the scheme introduced for infinite-dimensional and finite-dimensional port-Hamiltonian systems in [33,
Sec. 7] with the choice 7(z,v, ¢) = (J(2)v, ¢).

In this case the scheme would contain the term (J(z;)IIn(z,), ). Note that the operator J may be
singular, even if .J(v)n(v) is not singular. This may cause difficulties in the scheme, since II(7(z,)) may
be non-zero, where z; is zero, and similarly for R. Singular operators include the friction term (1.16)
for s < 2 in the quasilinear wave equation in Example 1.11 and operator R for the p-Laplace equation
for p < 2, see Example 1.12. For the scheme as in (2.5) and [33, Sec. 7] the term R(z,)IIn(z;) =
|V 2 |P~211(Vz,) would occur. In contrast, the corresponding term in Scheme 2.2 reads

r(In(z;), ) = / |VIlz, [P 2VIlz, - Vo dz,
Q
which is monotone and well-defined also for Vz,. = 0.

By construction, sufficiently smooth solutions to the scheme satisfy a discrete version of the energy
balance (1.8), which we refer to as energy consistency.
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Proposition 2.5. Solutions z, € V§(I.; X) to Scheme 2.2 with n(z,) € C(I; X) satisfy

H(Zr(ti)) - H(z’r(tifl)) = Qi [_T(HU(ZT)> Hn(zﬂ')) + b('a HU(ZT)a Hn(zﬂ'))]

< Qi [b(+, 1In(z7), IIn(2;))], (2.6)

foralli=1,...,m.

Proof. Let i€ {1,...,m} be arbitrary and let z, € V§ (I;; X) with n(z;) € C(I; X) be a solution to
Scheme 2.2. Then, we have in particular d;z, € Vj,_1(I;; X) C L>(I; X). Since II is the L2-orthogonal
projection to Vi_1(I-; Z) using (2.4) we find that

H(zr(ti)) — H(zr(tiz1)) = /ttl1 %H(ZT) dt = /:il<')'-[/(z.r),8tz¢> dt

= (N(z7), Orzr) dt = /tti (IIn(2;), Opzr) dt

ti—1

= Qi [i(In(zr), Mn(z7)) — r(Tn(zr), n(zr)) + b(-, Mn(zr), Tn(zr))]

Employing the conservation property of j and the dissipative nature of  due to Assumption 1.1(A2),
pointwise at the quadrature nodes, yields

H(zr (i) = H(zr(ti1)) = Qi [=r(Tn(zr), Mn(zr)) + b(-, T (2r), Hn(zr))]

< Qi [b(-,n(z7),1In(z7))] ,
which proves the claim. ]

Remark 2.6.

(a) For finite-dimensional port-Hamiltonian systems of the form (1.4) the discrete energy balance
reduces to

H(ZT(tl)) - H(ZT(ti—l)) = Qi [_<R(H77(ZT))7 Hn(ZT)> + <B(7 HU(ZT))a Hﬁ(zr)ﬂ
< Qi [<B(> Hn(zﬂ'))v HW(ZT»] )

and the discrete output can be defined from this.

(b) Note that for the special case of a Hamiltonian system, i.e., with » = b = 0, the Hamiltonian
is exactly conserved by our scheme. This is a stronger property than, e.g., the one achieved
in [31] for general Hamiltonian functions. There, the estimate is satisfied only asymptotically
for 7 — 0.

(c) Proposition 2.5 makes a statement for H(z,(t)) for t = ¢;, but not for arbitrary time points.
In case r is coercive in all components, boundedness of H(z-(t)) can be obtained for any
t € (ti—1,t;) using methods presented in [10]. Since those arguments are available only for
coercive r we refrain from presenting the details.

(d) For the scheme in Remark 2.4 a corresponding discrete energy balance is available.
Remark 2.7 (structure preserving space discretization). Our approach to achieve an energy-consistent
time discretization is closely related to a structure-preserving space discretization for infinite-

dimensional systems (1.2), see Section 3.4 below. With this approach the discrete system is a finite
dimensional port-Hamiltonian system of form (1.4).
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3. Numerical experiments

To showcase the performance of our cPG scheme presented in Section 2.2 we test it on some of the
examples in Section 1.4. This includes finite-dimensional port-Hamiltonian systems as well as space-
discrete versions of infinite-dimensional ones. For polynomial degree £k € N in Scheme 2.2 we use
Gaufl quadrature with sg € N nodes for (); and Gaufl quadrature with s;; € N nodes to approximate
II(n(zr)), cf. (2.4). We numerically investigate the impact of the choice of sg and sy on convergence
and energy consistency.

We observe optimal rates 751 for sufficiently smooth solutions, as for the standard ¢PG method,
cf. [4], provided that sq, sy > k. This means that the use of the L?-projection does not affect the
convergence order and neither does its approximation by means of quadrature of sufficiently high
order. Furthermore, under the same conditions we observe superconvergence of order 72* at the time
grid points, as expected from [4].

To investigate the energy consistency recall that the property in Proposition 2.5 is proved with
quadrature @;, but without use of quadrature for computing IIn(z;). Consequently, this property is
independent of the choice of sp, but the effect of the choice of sir on the energy consistency has to be
addressed. In the examples under consideration we find that using quadrature on the L2-projection
energy consistency is not satisfied exactly unless 7 is polynomial, and spy is chosen such that exactness
is ensured. However, for sy sufficiently large the relative error is close to machine precision.

In Section 3.4 we summarize a structure preserving space discretization, similar to the one in [27, 28],

and [33, Sec. 7.2].

3.1. Implementation details

For finite-dimensional and space-discrete port-Hamiltonian systems we consider examples of (1.4)
with X = Z = R®, where 6 € N is the dimension of the system, i.e., in the latter case the number of
degrees of freedom of the space discretization. To such systems we apply Scheme 2.2. Since it localizes
as described above, in each time step one has to solve for z;|;, with imposed value for z,(¢;—;). For
example, z, can be expanded in the L2-normalized Legendre polynomials forming a basis of P(I;).
Note that for s;; = k quadrature nodes and if 7 = Id, then the integrals in the L2-projection are
evaluated exactly.

In each time step a nonlinear system of equations has to be solved, for which we use Newton’s
method. The derivatives required in Newton’s method are computed symbolically using JAX [5]. In
the first time step the constant one vector is used as starting value for the Newton iteration, and in
subsequent time steps the numerical solution of the previous time step is used. We have not encountered
any issues regarding convergence of the Newton iteration in any of the computations.

To study the convergence of the scheme we employ manufactured solutions. This means that for a
function z and a system determined by J, R, and B we compute B and Zy such that

Orz = J(n(2)) — R(n(2)) + B(-,n(2)) (3.1)

subject to z(0) = Zo is satisfied. This system is again of the form (1.4) and its exact solution z is
available.

In the following we approximate the L°°-norm of the error z — z, by evaluation on a time grid
Tine = {iTane: 1 € {0,...,38913}} with time step size Tane ~ 1.29 - 10~%. The corresponding relative
error is denoted by

maXie Ty, |20 (1) — 2(1)|

FE =
maxie Ty, [[2(4)]|

(3.2)

354



ENERGY-CONSISTENT TIME DISCRETIZATION OF PH SYSTEMS

Furthermore, we evaluate the error at the time grid points to investigate nodal superconvergence

MAXye (1,11t} |12 (1) = ()]

E. = (3.3)
MaXee{to,t1,...,tm} 12|
To verify the proposed energy consistency of the method we compute the quantity
) — F(ti_ — i—ﬁ T,ﬁ T b'7ﬁ Taﬁ T
(ot o [ (0) = HCerlti0)) = Qulr(Tn(zr). () 4 b0 Tin(e) TGl (g

maxj=1,..m |H(2r(t;)) — H(zr(tj-1))| ’

where II denotes the approximation of the L2-projection obtained by using quadrature. This represents
a measure for the error in the energy balance in (2.6).

3.2. Toda lattice

To approximate solutions to Example 1.9 we use N =5, v; = 0.1 for i = 1,..., N and we numerically
approximate the discrete solutions on the time interval [0, 7] = [0, 5] with control input u(t) = sin(2t).
To investigate convergence we choose the manufactured solution

qi(t) =sin(t) and p;(t) =cos(t), i=1,...,N

and we compute the corresponding term B and Zg in (3.1). In order to approximate the error between
the approximate solution z; and the exact solution z in L*°(I) we evaluated the difference z — z;
on a time grid with step size Tane ~ 1.29 - 10~%. Figure 3.1a shows the convergence for polynomial
degrees k € {1,2,3,4} using Gaul quadrature with sg = s = k quadrature nodes. Evidently, our
method achieves the optimal convergence rate 7°*1. Figure 3.2a uses the same settings, but computes
the errors only at the time grid points to,...,t,,. Here, we observe convergence rate 72, i.e., our
method exhibits nodal superconvergence.

To verify that sg = s = k is the best choice for convergence Figure 3.1b shows the convergence
plot for polynomial degree k = 3 = sip and Gaufl quadrature rules @); with varying sg. Indeed, as
expected the results illustrate that higher order quadrature rules do not improve the convergence
order and lower order quadrature rules reduce it. Similarly, we investigate the effect of the choice of
the quadrature used to compute the L?-projection. For polynomial degree k = 3 = 5@, different Gaufl
quadrature rules with sy nodes are employed for the approximation of the projection IIn(z;). The
results in Figure 3.1c demonstrate that using quadrature rules with order of exactness higher than
2k — 1 does not improve the convergence, whereas quadrature rules with lower exactness degree lead
to a reduced convergence order. Since in this example 7 is nonlinear, this is a meaningful case to test
the impact of the quadrature rule used in the computation of the L?-projection.

Finally, we visualize the energy consistency property of our scheme by considering (1.11) for the
function u(t) = sin(2t) and zp = 0. In Figure 3.2b the quantity £(z;;t;) in (3.4), which is related to the
relative error in the energy balance (2.6), is plotted for 7 = 1072 and several polynomial degrees k €
{1,2,3,4}, sg = k and several numbers of Gaufl quadrature nodes sy in the projection IIn(z;) over ;.
The experiment shows that our method satisfies the energy balance close to machine precision, provided
that sy is sufficiently large. More specifically, one can observe that s;; > max(k, 3) yields satisfactory
energy consistency.

3.3. Spinning rigid body

Let us consider Example 1.10 for given ) and B with I; =¢and b; =1 for ¢ = 1,...,3 and for control
input u(t) = sin(2t) on the time interval [0,7] = [0, 5]. Note that there is no dissipation since R = 0.
We compute the numerical solution z; with Scheme 2.2 for several time steps 7 using Gaufl quadrature
with sg = k quadrature nodes for @; and s;p = k nodes for the approximation of IIn(z;). Since the
Hamiltonian H is quadratic in this example, and hence 7 is linear, this means that the computation of
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FIGURE 3.1. Convergence in 7 for the Toda lattice (1.11) for several polynomial degrees
k and several values of sg and s.
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k
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(a) nodal superconvergence for (b) relative energy error (3.4),
several k = sg = sq T = 1072, for several k = sg and sp

FI1GURE 3.2. Nodal superconvergence in 7 and relative error in the energy balance for
the Toda lattice (1.11) for several polynomial degrees k and several values of sg and

STI-

the L2-projection is exact when using s = k. Hence, by Proposition 2.5 the energy at the time grid
points is exactly preserved.
As manufactured solution we choose s = (py, p2,p3)' with

p1(t) = sin(t), pa(t) = sin(2t) cos(t)? + 0.5, and  ps(t) = cos(t).

To investigate the convergence we approximate the L°(I)-norm of the error by E as in (3.2) on a finer
time mesh with Tgne ~ 1.29 - 1074 and E, as defined in (3.3). Figure 3.3a shows the convergence for
polynomial degrees k € {1,2,3,4} and sg = s;; = k. Again, we observe optimal convergence rate T+l
Figure 3.3b uses the same parameters, but displays the errors E; at the time grid points tg,...,tm
only. As before, our method exhibits nodal superconvergence with convergence rate 72

Again, we visualize the energy consistency of our scheme by considering (1.13) for ), B and u as
above and zg = (0,0.5,1)T. In Figure 3.3c the quantity £(z,;;) as defined in (3.4) is plotted over #;, for
7 = 1072 and several polynomial degrees k € {1,2,3,4}, sg = k and s = k Gaufl quadrature nodes
in the projection IIn(z;). The experiment shows that the energy balance is satisfied up to machine
precision as expected.

Note that since J is quadratic in n(z), cf. (1.14), it is possible to choose the quadrature @; in a way
that the integration is exact. For this purpose it suffices to choose sg > %k — 1.

3.4. Space discretization

Even though the discretization in space is not the primary focus of this work let us present a simple
approach that yields a discrete Hamiltonian structure and that is closely linked to our approach for
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(a) convergence in 7 for several (b) nodal superconvergence in T (c) relative energy error (3.4),
k=350 =sn for several k = sg = s 7 =1072, for several k = sq = s

FIGURE 3.3. Convergence (3.3a), nodal superconvergence (3.3b) in 7 and relative error
in the energy balance (3.3c) for the rigid spinning body (1.13) for several polynomial
degrees k and sg = sip = k.

the time discretization, see also [27, 28]. We start from a port-Hamiltonian system of the form (1.2)
for z: I — X with X a Banach space on a domain 2. We assume that X; C X is a finite dimensional
subspace with a fixed basis with suitable approximation properties. This means that each z; € X
is determined by its coefficient vector wy, € R¥™Xn in this basis and by I; we denote the canonical
interpolation operator with I (wy) = zp. Furthermore, by ¢, we denote the mapping z,, — cp(zp) = wp,
of a function in X}, to its coefficients in the chosen basis.

Space-discrete port-Hamiltonian structure

To introduce the (space)-discrete Hamiltonian structure an orthogonal projection is instrumental
again. Recalling that X C X — Z for a Hilbert space Z, let Il: Z — X} be the Z-orthogonal
projection. Now, let us define the discrete Hamiltonian #,: R4™X» — R by

Hp(wp) = H(Ipwp,).

Then, by linearity of I;, and the projection property of IIj, the corresponding 7, with n, = H), can be
computed for vy, w;, € RIMXn a5
d d
3o Hnon + 5o o = G Hn(wn) + sT(vn)) =0 = (H (Tn(wn)), Tu(vn))
= (n(Un(wn)), In(vn)) = Uan(In(wn)), In(vn))
= (Mucn(Ipn(In(wr))), va) == (mn(wh), vp)-
Here M), is the corresponding mass matrix of the basis of X} with respect to the inner product of

Z. Note that this fully determines 7, : R4™Xn — RIMXn This motivates the following space-discrete
scheme

(Orzn, on) = J(Man(zn), dn) — r(pn(zn), én) + bC, Wan(zn), én)  for all ¢y € X, (3.5a)

zp(0) = Ip(20). (3.5b)

This still has the form (1.2) replacing j(n(zn), ¢n) by j(IIpn(zn), ¢n) = j(pn(zn), Hren), and hence
the property (A2i) is preserved. For this reason, by the arguments above or by direct calculation

energy consistency is available for any space-discrete solution zj, as

H(zn)(t) — H(zn)(to) = /t —r(Upn(zn), Man(zn)) + b(-, Wpn(2n), Oan(zn)) ds

o (3.6)
< / b(-, pn(zp), Hpn(zp)) ds for any t,tg € I,
to
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compare with Proposition 2.5. This concludes the discussion on the level of discrete function spaces.
Below we also detail the structure on the level of coeflicient vectors, since this is crucial for the
implementation of our method.

Details of the implementation

Both the system (3.5) as well as the energy consistency can be formulated in the coefficient vectors
wyp, with 2z, = I (wy), or ¢p(zn) = wyp. Provided that j, r and b are linear in the last argument, the
resulting system has the form (1.4). Indeed, under these conditions we may identify the operators J,
R: Rdith — Rdith and B: I % Rdith X Rdith N Rdith by

(J(vn), on) = j(In(vn), In(en)), (R(vn), on) = 7(In(vn), In(en)), and

(B(t,vn), n) = b(t, In(vn), In(¢n)),
for all vy, ¢, € RI™Xn With M), the mass matrix of the basis of X}, in the inner product of Z the
system reduces to

Mpdywy = J(cn(Tpn(In(wr)))) — R(cn(TMpn(In(wn)))) + B(-, cu(Tpn(In(wn)))), (
wp(0) = cp (I 2p). (
)

Noting that M}, is regular, symmetric and positive definite, and setting J(wy,) = Mh_lj(Mh_lwh , and
similarly for the other operators, and choosing ny (wp) = Mpcp(Ipn(Ipwy)) as above, system (3.7) has
the form (1.4) with Hamiltonian Hj(wy) = H(Ipwp). In particular, Assumption 1.5 is satisfied, and
the discretization preserves the Hamiltonian structure.

In all examples discussed below the Hilbert space Z is L?(2) or a vector-valued version thereof,
and the forms j, r, b are linear in the last argument. Note that we do not address well-posedness of the
fully discrete problem here, since this would require more structure.

Similarly as before, we approximate the L*(I;R%)-norm of the error wj — wp, with weighted
Euclidean norm on R? (this is equivalent to the L>°(I; L?(Q))-norm of z;, — zj,), by evaluation on a
time grid Thne = {iTne: 7 € {0,...,38913}} with time step size Tane ~ 1.29 - 1074, and additionally
we consider the error at the time grid points. This means that we work with the relative errors

MaXte {to,t1,.ytm} [whr () — wn (@)l

MaXte{tg,t1,. tm } [|wn ()]

7a)

3.
3.7b)

maxie g, [[Whr (t) — wi(t)]]
maxeTg,, [[wn(t)]

E = and E, = (3.8)

3.5. Quasilinear wave equation

We consider Example 1.11 on Q = I x Q for the one dimensional domain Q = [0,¢] = [0, 10] and for
the time interval I = [0,7] = [0, 5], for constants v,y > 0, the pressure law p(p) = p + p3, and the
friction term

F(v) = sign(v)y/Jo] = [v] 2. (3.9)

This corresponds to (1.16) with s = 3/2, and \v[71/2 is singular. System (1.15) is supplemented with
the boundary conditions

p(p(t7 O)) - I/ax’l)(t, 0) - gO(t) and p(p(ta E)) - Val"v(t?g) = gf(t)v
for some go, g € C(I), cf. (1.21), (1.29) with T" = (. Recall also, that

n(z):(p(vp)> forzz(ﬁ).

We employ the space discretization as described in Section 3.4 with piecewise constant functions for
p and continuous piecewise linear functions for v to obtain a semi-discretization of (1.15) in space.
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We choose the Lagrange basis functions and the corresponding Lagrange interpolation. When using
N equidistant inner grid points in @ = [0,¢] with h = ¢/(N + 1) the numerical approximation
zn = (pn,vn)T is represented by the coefficient vector wy;, = (wh,l,whg)-r: I — R2N+3. Then, the
method has the form (3.5) with operators j,r as specified in (1.24), (1.25) and with v = (g0, ge)
defining b as in (1.26) or (1.34), respectively. Note that we solve for the coefficients wy, and hence we
use the corresponding formulation of the method, cf. (3.7). In the following we use N = 9 interior
discretization points, i.e., the space discretization is based on 10 subintervals of equidistant length
h =1, and hence the system of form (3.5) has dimension ¢ = 21.

For the time discretization for some m € N we consider the time grid points tg, . .., ¢, with T =T/m
and t; = i1 for any i € {0,...,m}. As parameters we choose v = 0.1 and v € {0, 1}. The approximate
solutions zp, are obtained by applying Scheme 2.2 to the semi-discrete system of form (3.5), and
analogously wy, results from applying Scheme 2.2 to (3.7).

With pressure law p(p) = p+ p? it follows that p(zp,) € V5, (Ir;R%) for zp,, € V§(I-;R?). Thus, the
integrals in the computation of IIn(z) are exact if s;j = 2k nodes are used in the Gaufl quadrature,
which is used in the following. Furthermore, as before Gaufl quadrature with sg = k nodes is used for
the quadrature @; in (2.4).

For the convergence analysis we use a manufactured solution. We choose the space interval midpoint
values, and the space grid point values, respectively, of the functions

p(t,z) = v(t,x) == sin(t) sin(z),

as wy, = (wh,l,wh,g)T. As defined in (3.8) we consider the error terms comparing wy, and wy,. Le.,
we only investigate the error due to the time discretization, and not the one arising by the space
discretization. Figures 3.4a and 3.4b show convergence of E in 7 for fixed space discretization with
h =1 for polynomial degrees k € {2,4,6}, for sg = k, for v = 0 and for v = 1, respectively. We
observe optimal convergence rate 751 independently of the viscosity » = 0 and v = 1. Also in the
subsequent numerical experiments there is no difference between v = 0 and v = 1, which is why we
omit the case ¥ = 0 in the following. Note that the manufactured solution satisfies that v(t,-) = 0
for any ¢ € {m,2m,...}. Seemingly this does not cause any difficulties with the friction term, which
exemplifies that indeed our method can handle such situations, cf. Remark 2.4. In Figure 3.4c the
same parameters and settings are used, to investigate nodal superconvergence. As before, we observe
that the convergence rate is 72* in this case.

In Figure 3.5a convergence in 7 is shown for k = 4 = sp, and s = 2k and several spatial mesh
sizes h € {%, %, %, %} for v = 1. We observe that the convergence order in 7 and also the error is
independent of the spatial mesh size.

To verify the energy consistency, we move away from the manufactured solutions. As boundary data
we use

go(t) = ge(t) = 2 — sin(t)

and as initial data for wy, = (wp, 1, whg)T we use the corresponding point evaluations of the functions

1 . /7x dx 3
p(0,z) =1+ 5 Sin <€> and v(0,2) = <£ — 2) .

In Figure 3.5b the relative errors in the energy balance £ as defined in (3.4) for the space discrete
Hamiltonian H;, with h = 1 is depicted for v = 1 and 7 = 1072.

As before, we compare several polynomial degrees k € {1,2,3,4}, with sg = k and sip = 2k and
observe that our method satisfies the energy balance up to machine precision. This is expected because
the integration to compute II is exact.

359



J. GIESSELMANN, A. KARsAI & T. TSCHERPEL

L}q —_— .Y 5 B .\ 6
77 7 Tl')
1078 __/\___/ 107 ___/\_\/ U P 4
107 10°? 107! 107° 107 107! 10°? 10°? 107!
T T
(a) convergence (v = 0) (b) convergence (v =1) (¢c) nodal superconvergence (v = 1)

FIGUuRE 3.4. Convergence (3.4a) (3.4b) and nodal superconvergence (3.4c) in 7 for
several polynomial degrees k, sg = k and s;p = 2k for the space-discrete quasilinear
wave equation with fixed mesh size h =1 and v € {0,1}.
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FIGURE 3.5. Convergence in 7 for several space-discretization parameters h (3.5a) and
relative error in the energy balance with Hamiltonian Hy, (3.5b) for the space-discrete
quasilinear wave equation for v = 1.

3.6. Porous medium equation

We consider the porous medium equation (1.37) in Example 1.12 with £(s) = s (corresponding to
p=2) and

n(z)=a t(z) = 2|72+ ez (3.10)
for some ¢ > 1 and regularization parameter ¢ > 0. This results in the regularized porous medium
equation

Orz — Al H(2)) = 0sz — div ((q|z!q_1 + E)VZ) = 0. (3.11)

We consider a one dimensional domain Q = [0, 4] = [0, 15] and the time interval I = [0,T] = [0, 5].

We employ the space discretization scheme as described in Section 3.4 with continuous piecewise
linear functions for z. When using N equidistant inner grid points in Q = [0, /] with h = ¢/(N +1) the
numerical approximation zj, is represented by the coefficient vector wy: I — R¥*2. In the following
we use N = 14 interior discretization points, i.e., we have 15 subintervals of equidistant length h = 1.
This results in a system of form (3.5) of dimension § = 16.

For the time discretization of I = [0, 7] with time step size 7 > 0 we consider the time grid points
t; =it for i € {0,...,m} with 7 = T/m for m € N.

As parameters we choose ¢ € {1.5,2,3} and ¢ € {10719, 1078}. The approximate solutions are
obtained by applying Scheme 2.2 to the semi-discrete system of form (3.5), or rather the corresponding
system for wp,,.
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TABLE 3.1. Convergence in 7 for several polynomial degrees k, for sg = k, and
s = 2k, for the space-discrete (fixed mesh size h = 1) regularized (¢ = 1071%) porous
medium equation for ¢ = 1.5.

(a) Comparison of space-interpolant of zg (¢ = 0) (b) Comparison of space-interpolant of z5 and fully
and e-dependent fully discrete solution discrete solution (both e-dependent)
k=2 k=4 k=2 k=4
T error F/ EOC error F EOC T error E/ EOC error F EOC
2.50-10791|3.70-107% - [1.19-107%* - 2.50-10791336-107% - [851-1079° -
1.28-107% [1.72-107% 1.15 | 3.70-107% 1.75 1.28-107% [ 6.23-107% 252 | 1.63-107% 247
6.49-10792 | 1.22-10% 3.89 | 6.90-107% 2.47 6.49-10792 | 2.40-107% 1.41 | 1.09-107% 0.59
3.27-1079216.29-107% 0.97 | 1.67-1079 2.06 3.27-10792 | 727.107% 1.74 |1.54-1079 285
1.64-10792 | 2.45.107% 1.37 | 1.17-107% 0.52 1.64-10792 | 7.06-107°7 3.38 | 1.16-107°7 3.75
8.21-10793 | 4.71-10797 2.38 |2.04-10797 2.53 8.21-10793|322.107% 447 |3.41-107% 5.10
411-1079 11.27-10797 1.89 | 4.55-107% 2.16 411-1079 | 7921079 2,02 |5.98-10710 2.52
2.06-1079% | 3.77-107% 1.76 | 6.80-1079 2.74 2.06-1079%(2.03-107% 1.96 |4.78-10"10 0.32
1.03-107% [ 8.71-107% 211 | 1.19-107% 251 1.03-1079 [ 7.31-10710 1.48 | 1.30-10710 1.88
2 1.94 2 2.09 z 2.37 Z 2.44

For g = 3 the integrals in the computation of IIn(z) are exact if s;j = 2k nodes are used in the Gauf3
quadrature, which is usedin all experiments. Furthermore, as before Gaufl quadrature with sg = k
nodes is used for the quadrature @; in (2.4).

For the convergence analysis, we work with a smooth manufactured solution z;. Additionally we test
our method for the Barenblatt solution zp, which is an explicit non-smooth solution to equation (3.11)
without regularization, i.e., for ¢ = 0. For the first test case we consider z;, to be the continuous,
piecewise affine interpolant of the smooth function

2s(t, ) = cos(t) sin(x)

at the space grid points and we determine the corresponding right-hand side such that z; is the exact
solution to the space-discrete regularized porous medium equation (3.11) with € > 0. This means that
for fixed regularization parameter € > 0 we compare the space-discrete solution to the fully discrete
solution, or rather we compare their coefficient vectors. For the latter test case, we consider the 1D
Barenblatt solution, see, e.g., [40, Sec. 1.2.2], which reads

1

q—1

g—1 (z—3)°

1
zp(t,x) = (t+1) a*Tmax | 0,1 —
29(q+1) (4 4 1)1

In this case zp is the continuous piecewise affine interpolant of zp, and wy is the corresponding
coefficient vector. We compare this interpolation of the Barenblatt solution (which can be expected
to be close to the solution to the space-discrete equation for € = 0) and the numerical solution to the
fully-discrete method for the regularized porous medium equation depending on . Hence, both the
time-discretization and the regularization as well as the (fixed) space discretization affect the error.
As before, we compute the errors E and E;, as in (3.8).

To investigate the convergence order in 7 for fixed space discretization, we compute the estimated
order of convergence (eoc) of the errors. For a sequence of (7;); and errors (e;); it is defined by

s (25)

lox (7).

We compute the eoc for errors above the threshold 10~'* and of all those we also compute the
arithmetic mean, see Tables 3.1-3.7.

for j € N. (3.12)

eocj =
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TABLE 3.2. Convergence in 7 for several polynomial degrees k, for s¢g = k, and
sip = 2k, for the space-discrete (fixed mesh size h = 1) regularized (¢ = 10~%) porous
medium equation for ¢ = 1.5.

(a) 2B (b) 2
k=2 k=4 k=2 k=4
T error F/ EOC error EOC T error F/ EOC error EOC
2.50-10791|3.70-107% - [1.19-1079%* - 2.50-10791336-107% - [851-1079° -
1.28 1079 | 1.72.107% 1.15 | 3.70-107% 1.75 1.28 1079 | 6.23-1079 252 | 1.63-107% 247
6.49-10792 | 1.22.10% 3.89 | 6.90-107% 2.47 6.49-10792 | 2.40-107% 1.41 |1.09-107% 0.59
3.27-107926.29-107% 0.97 | 1.67-1079 2.06 3.27-10792 | 727-107% 1.74 |1.54-1079 2.85
1.64-10792 [ 2.45.107% 1.37 | 1.17-107% 0.52 1.64-10792 | 7.06-107°7 3.38 | 1.16-107°7 3.75
8.21-1079 | 4.71-107°7 238 |2.04-10797 2.53 8.21-1079%|3.22-1079 447 |3.41-107% 5.10
4.11-1079 |1.27-10797 1.89 | 4.55-107% 2.16 4.11-1079 | 7.92.107% 2,02 |5.98-10710 252
2.06-1079% | 3.77-107% 1.76 | 6.80-10799 2.74 2.06-1079%|2.03-107% 1.96 |4.78-10"10 (.32
1.03-1079 [ 871-107% 2.11 | 1.19-107% 251 1.03-1079 [ 7.31-1071° 1.48 | 1.30-10710 1.88
2 1.94 2 2.09 z 2.37 Z 2.44
TABLE 3.3. Convergence in 7 for several polynomial degrees k, for sp = k, and

spp = 2k, for the space-discrete (fixed mesh size h = 1) regularized (¢ = 10~!) porous
medium equation for g = 2.

(a) 2B (b) 2s
k=2 k=4 i k=2 k=4
T error F/ EOC error I/ EOC error F EOC error F/ EOC
250-10791|1.48.10792 - [852.-1079% - 250-10791 | 1.51-107% - |203-1079 -
1.28-107% | 1.79.10792 - ]4.35.-107% 1.01 1.28-107% 13.94.1079 2.01 |4.94-107% 2.12
6.49-10792 | 2.00-107% 322 |1.37-1079 1.69 6.49-10792|725.107% 249 |1.85-107% 1.44
3.27-10792(217-107% - |6.96-1079 0.99 3.27-10792 | 1.44.107% 236 |1.74-10797 3.45
1.64-10792 16.96-1079 1.65 | 6.48-107% 0.10 1.64-1079211.48-10797 3.29 | 1.40-107% 3.65
8.21-1079%6.96-107%% - |1.14-107% 2.52 8.21-1079% | 4.46-10% 5.07 | 1.02-10711 10.45
411-1079 1 2.70-107% 1.37 | 2.87-107% . 4.11-1079 | 5.57-1071% 3.00 | 3.16- 10! -
2.06-1079 | 251-107% 0.10 [ 1.08-107%* 1.41 2.06-1079 | 7.33.10"11 293 |1.39-10711 1.19
1.03-107% | 5.63-107% 2.16 | 3.04-107% 1.83 1.03-107% | 2.95.10" 1.31 | 3.40-10"'2 2.03
#1.01 2 1.03 Z 2.81 Z 2.84

Tables 3.1 and 3.2 show the error E for ¢ = 1.5, for polynomial degrees k € {2,4} and for sg = k,
si1 = 2k, for the solutions zp and z, each, and for regularization parameters ¢ = 10719 and ¢ = 1078,
respectively. Evidently, the choice of the regularization parameter does not have any effect, since both
tables show the same results. For this reason we shall refrain from presenting the results for both
choices in the following, and we only include the results for ¢ = 107'%. The same parameters and
settings (¢ = 10719) are used for ¢ = 2 in Table 3.3 and for ¢ = 3 in Table 3.4. We observe for the
Barenblatt solution zp that the convergence order in 7 is reduced for both k = 2 and k = 4, and it is
the smaller, the larger ¢ is, see the average values in Tables 3.1a, 3.3a and 3.4a. This can indeed be
expected due to the lack of higher regularity of the Barenblatt solution. More precisely, solutions to
the porous medium equation have less regularity in time the larger ¢ is, see [19]. On the other hand,
for the smooth solution zg higher convergence order can be observed, see Tables 3.1b, 3.3b and 3.4b.
However, the optimal rate 7°*! is only obtained for ¢ = 3. This can be expected since 7 is smooth for
q = 3, but only C! for ¢q € {1.5,2}.
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TABLE 3.4. Convergence in 7 for several polynomial degrees k, for s¢g = k, and
s = 2k, for the space-discrete (fixed mesh size h = 1) regularized (¢ = 1071%) porous
medium equation for ¢ = 3.

(a) 2B (b) 2
k=2 k=4 k=2 k=4

T error F/ EOC error F/ EOC T error EOC error EOC
2.50-10791 | 1.17-1079" - [537-10792 - 250-107911.89-107% - [1.26-10797 -
1.28 10791 | 8.66-10792 044 |2.09-10701 - 1.28 1079 [ 2.01-1079 3.36 | 2.06-10"% 6.16
6.49-10792 | 1.78-107°2 233 | 6.50-10792 1.72 6.49-10792|237-107% 314 |3.72-107 5.90
3.27-10792 | 4.42.107°2 - ]237-10792 1.47 3.27-107922.90-10797 3.06 |1.00-10"12 5.27
1.64-10792[2.14-107°2 1.05 | 1.38-10792 0.78 1.64-10792 [ 3.60-107%% 3.03 | 3.06-10~'* 5.06
821-107911.19-107°%2 084 [1.89-10792 - 8.21-1079 | 447-107% 3.01 |2.62-1071° 3.55
411-10792.20-10792 - [5.36-107% 1.82 4.11-1079 | 55810710 3.01 |249.-10715 -
2.06-1079% | 6.86-107% 1.68 |8.24-1079 - 2.06-1079 | 6.90-10"1* 3.02 [2.91-1071° -
1.03-107% [ 6.51-1079 0.08 | 5.62-107% 0.55 1.03-1079 [ 8491072 3.02 | 5.10-10°1% -
2 0.53 2 0.40 Z 3.08 2 5.19

In Tables 3.5-3.7 we investigate nodal superconvergence for ¢ € {1.5,2,3} and ¢ = 1071°. As before,
we observe that the convergence rate is 72* only for ¢ = 3 for the smooth solution z; and that the
convergence order is smaller for all other cases.

In Figure 3.6 and Figure 3.7 convergence is shown for several spatial mesh sizes h € {13 13 15 15

917233657
for zp and =z, respectively. Here we have chosen k = 4 = s, s = 2k = 8, ¢ = 10719 and all cases
q € {1.5,2,3} are presented. We observe that the error does not increase when the number of inner
grid points is increased.

To verify the energy consistency, in Figure 3.8 and 3.9 the relative errors in the energy balance
as defined in (3.4) for H;, for discretization parameter h = 1, for ¢ € {1.5,2,3} and regularization
parameter ¢ = 107!% and time step 7 = 1072 is presented. Here we use point evaluations of the
function zp and zg, respectively, as initial data for wy. As before, we compare several polynomial
degrees k € {1,2, 3,4}, and we choose sg = k and syp = 2k. We observe that for both the smooth and
the non-smooth initial datum the energy balance is satisfied up to machine precision for the case where
7 is smooth (¢ = 3), see Figures 3.9c and 3.8c, respectively. In the case of less regular n the relative
error in the energy balance is still mostly close to machine precision, but slightly larger at certain time
points, especially for low polynomial degree k. Since the energy balance is exact for exact integration
of the L?-projection, the reason for this is the lack of exactness of the quadrature to compute II. To
achieve a lower error in the energy balance it is inevitable to choose a larger number of quadrature
points syy.

Code availability

All custom code used to generate the results reported in this paper is available at https://github.
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TABLE 3.5. Nodal superconvergence in 7 for several polynomial degrees k, for sg = k,
and s;p = 2k, for the space-discrete (fixed mesh size h = 1) regularized (¢ = 10710)
porous medium equation for ¢ = 1.5.

(a) zB

k=2
error £,  EOC

k=4

error £,  EOC

2.50 -
1.28 -

6.49

3.27 -
1.64 -

8.21

4.11-
2.06 -

1.03

10701
10—01
. 10702
10702
10702
. 10—03
10703
10703
. 10—03

1.46-107% -
1.25-107% 0.23
5.86-107%  4.50
5.87-10706
4.65-10797
2.26 - 10797
2.70 10708
2.52-10708
8.70 - 10799

3.68
1.04
3.07
0.10
1.54

1.01-107%
3.05-1079
5.92.107%
1.33-1079
9.35.10797
1.66 - 10797
3.42.10798
2.96 - 10799
1.19-1079

1.79
241
2.17
0.52
2.50
2.28
3.53
1.31

2 1.77

2 2.06

EOC

k=4

error £,  EOC

2.50 -
1.28 -
6.49 -
3.27 -
1.64 -
8.21-
4.11-
2.06 -
1.03 -

10701
10—01
10702
10702
10702
10—03
10703
10703
10—03

.10704 -

2.98
1.00
1.77
6.70
1.88
2.60
1.68
0.39

8.50- 10795
7.21-107%
8.62 10796
1.13-10796
2.81-10798
1.54-1079
3.75-10710
3.67-10710
8.89 10711

3.70

2.96
5.35
4.20
2.04
0.03
2.05

z 2.37

2 2.51

TABLE 3.6. Nodal superconvergence in 7 for several polynomial degrees k, for sg = k,
and s;p = 2k, for the space-discrete (fixed mesh size h = 1) regularized (¢ = 10710)
porous medium equation for ¢ = 2.

(a) zB

k=2
error B,  EOC

k=4
error £,  EOC

2.50 -
1.28 -
6.49 -
3.27-

1.64

8.21-
4.11-

2.06

1.03 -

1079
1079
10702
10792
10702
1079
1079
10793
1079

12910792 -
1.53 - 10792
1.37-1079
2.03-1079 -
6.96-1079 1.55
6.96-10794 -

2.70-107%% 1.37
2.14-107%% 0.33
5.63-10% 1.93

3.55

5.92.1079% -

4281079 048
1.13-107%  1.96
6.96-1079 0.70
6.48-107% 0.10
1.05-107% 2,63
2.72.107%
1.02-107%4
2.79-1079

1.43
1.86

2 0.99

2 0.97

(b) 2

k=2
error £  EOC

k=4
error £,  EOC

2.50 -
1.28 -
6.49 -
3.27-
1.64 -
8.21-
4.11-
2.06 -
1.03 -

1070
1070
10702
10792
10792
1079
1079
1079
10-%

7.65-107% -
3.33-1079  1.25
6.53-1079 2.39
1.15-107% 253
1.03-107%  6.83
7481071 7.13
4.67-10712  4.00
1.31-1071 -
247-10711 -

2.03-1079% -

2.55-107% 3.11
1.37-107% 0.91
1.20-10797  3.55
2.95-1079 5.37
7.99-10712 8.55
2.49 .10~
8.12-10712
2.18 - 10712

1.62
1.90

Z 2.72

2 2.92

TABLE 3.7. Nodal superconvergence in 7 for several polynomial degrees k, for sg = k,
and sy = 2k, for the space-discrete (fixed mesh size h = 1) regularized (¢ = 10710)
porous medium equation for g = 3.

(a) zB

k=2
error I

EOC

k=4
error £,  EOC

2.50 -
1.28 -
6.49 -
3.27 -
1.64 -
8.21-
4.11-
2.06 -

1.03

1070
107
10702
107
10702
1079
10703
1079
10798

1.07-107%
8.36 - 10702
7.23.10703
420-10792 -
2.02-107%2  1.06
1.11-10792 (.86
2.15-10792 -

5.77-1079  1.90
6.20-1079% -

0.36
3.60

469-10792 -
1.79 - 10791
5.82.10702
2.05 - 10792
1.32.10702
1.86 - 10702
5.27-10793
8.04-10793
5.44-10793

1.66
1.52
0.64
1.82

0.56

2 0.52

2 0.39
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(b) 2

k=2
error I

EOC

k=4

error I

2.50 -
1.28 -
6.49 -
3.27-
1.64 -
8.21-
4.11-
2.06 -
1.03

1070
1070
10702
107
1072
10708
10703
1079

1078

1.50 - 10794
9.76 - 10796
6.14 - 10797
3.83-10708
2.39.10799
1.49-10710
9.34.10712
5.84-10713
3.67-10"1

4.10
4.07
4.04
4.02
4.01
4.00
4.00
3.99

3.02-10708
1.53-10710
6.39-10713
2.91-1071°
1.19-1071% -
2.20-10"1 -
245-107% -
2.74-107 -
5.08-107% -

2 4.03
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FiGUrE 3.6. Convergence in 7 for several space-discretization parameters for the reg-
ularized (¢ = 1071%) porous medium equation with ¢ € {1.5,2,3}, for k = sg = 4,
s = 2k = 8 and for the solution zg.
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FiGure 3.7. Convergence in 7 for several space-discretization parameters for the reg-
ularized (¢ = 107!%) porous medium equation with ¢ € {1.5,2,3}, for k = sq = 4,
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F1GURE 3.8. Relative error in the energy balance with space-discrete Hamiltonian Hj,
(h = 1) for the regularized (¢ = 107'%) porous medium equation with 7 = 1072 and

the Barenblatt solution zg as initial datum.
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FicUrE 3.9. Relative error in the energy balance with space-discrete Hamiltonian Hy,
(h = 1) for the regularized (¢ = 1071°) porous medium equation with 7 = 10~2 and

the smooth solution zg as initial datum.
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