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ABSTRACT

We present an adaptation of the so-called structural method [6] for Hamiltonian systems, and re-
design the method for this specific context, which involves two coupled differential systems. Struc-
tural schemes decompose the problem into two sets of equations: the physical equations, which
describe the local dynamics of the system, and the structural equations, which only involve the dis-
cretization of a very compact stencil. They have desirable properties, such as unconditional stability
and high-order accuracy [7]. We first give a general description of the scheme for the one-body
case (which corresponds to e.g. spring-mass interactions or pendulum motion), before extending the
technique to the multi-body case (treating e.g. the n-body system). The scheme is also written in
the case of a non-separable system (e.g. a charged particle in an electromagnetic field). We prove
that the method is exactly energy-preserving for quadratic Hamiltonians, and we give numerical evi-
dence of the method’s efficiency, its capacity to preserve invariant quantities such as the total energy,
and draw comparisons with the traditional symplectic methods.

1 Introduction

Hamiltonian systems, a class of ordinary differential equations (ODEs) that arise from Hamiltonian mechanics, play
a fundamental role in the mathematical modelling of physical systems with conserved quantities, such as total energy
for a closed system. The dynamics of such systems are described by the principle of stationary action, leading to
the Euler-Lagrange equations and the associated Lagrangian function [18]. Derived from the Hamiltonian function,
Hamiltonian systems govern the time evolution of state variables such as positions and momenta. Hamiltonian systems
are ubiquitous in various fields, including celestial mechanics, where they describe planetary orbits, or plasma physics,
capturing the behavior of charged particles. Their inherent structure, characterized by symplectic geometry and energy
preservation, has to be considered in their numerical approximation.

Due to their rich structure, the numerical approximation of Hamiltonian systems presents several challenges. One of
the main issues is the preservation of geometric features, such as symplecticity and conserved quantities like energy
or angular momentum, which are integral to the physical behavior of the system. Standard numerical methods, even
of very high order, such as explicit or implicit Runge-Kutta schemes, often fail to maintain these properties during
simulations, generating error accumulations for long run simulations that can become critical and totally spoil the
quality of the solution [2]. Additionally, the typically oscillatory nature of the solutions to such systems, particularly
in applications like plasma physics, require specific methods to enable of handling multiple time scales without com-
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promising accuracy or stability. On the other hand, the high-dimensional phase spaces involved in many problems
further exacerbate computational costs, requiring efficient algorithms that balance precision with practicality.

These challenges have motivated the development of structure-preserving methods, such as symplectic integrators and
geometric numerical schemes [9], that ensure robust long-term stability by providing a good approximation of the total
energy or other invariants. The design of schemes that preserve geometric structures for ODEs provide accurate and
stable numerical methods. Some classes of partial differential equations, after well-adapted spatial discretization, are
written as high-dimensional Hamiltonian ODEs. As examples, we mention the works of [16, 19] in plasma physics
or [26] in climatology where these approaches, using geometric structure-preserving time discretization, have shown
their superiority.

Hamiltonian systems typically involve a system of two coupled ODEs, one describing the time evolution of a position
in phase space, and the second one governing the time evolution of the momentum (or velocity). The simplest sym-
plectic algorithm is a semi-implicit Euler integrator, where the first equation is integrated explicitly, and the second
one implicitly. Therefore, it requires solving a (potentially non-linear) implicit equation at each time step. However,
this integrator is only first-order accurate. In fact, one of the most well-known symplectic algorithms for Hamilto-
nian systems is the Stormer-Verlet method, see [28, | 1], which can be seen as a second-order accurate version of the
semi-implicit Euler scheme. From this second-order algorithm, it is relatively easy to construct high-order methods
thanks to the composition strategy, introduced in [27, 29, 20] and summarized in [12]. Nevertheless, one drawback
of this approach is that the number of function evaluations increases exponentially with the order of accuracy. Other
examples of high-order schemes are provided in [2 1, 25], and other composition schemes include the ones from [15],
which still suffer from the same drawback in terms of number of function evaluations.

The structural method was recently introduced, in [6, 7], to solve ODE systems. It provides a systematic way of
constructing implicit schemes with a highly compact stencil, which have an arbitrarily high order of accuracy together
with unconditional stability. The technique relies on separating the physical part of the problem, i.e., the system of
ODE:s, from the discretization, which only involves the unknown quantities associated with the grid. In practice, the
data is gathered into blocks, corresponding to several time steps to be solved simultaneously. This methodology was
also adapted to one-dimensional boundary-valued problems in [8]. In this case, the structural method achieves a sixth-
order accurate approximations using a tiny stencil of three points. Very recently, a complete study of the structural
method for ODE systems [7] has been carried out where linear stability, convergence, numerical errors and spectral
resolution were analyzed together with a wide spectrum of benchmarks to assess the accuracy and stability and the
ability to handle stiff problems.

In this paper, we develop and adapt the structural method to Hamiltonian systems, considering the specificities of such
systems, namely the conservation of several invariants, and the two-variable nature of the problem. The paper is orga-
nized as follows. First, we present the structural method for ordinary differential equations in Section 2, introducing
two formulations, the first using only the ODE and the second adding information related to the time derivative of the
ODE. Then, the structural method is applied to Hamiltonian one-body problems in Section 3 and to general multi-body
Hamiltonian systems in Section 5, thus constructing high-order accurate and stable schemes for Hamiltonian systems.
Finally, we present numerical results in Section 6 to demonstrate the efficiency and accuracy of the proposed schemes.
Several Hamiltonian systems are considered, from simple separable examples to more complex non-separable ones,
to illustrate the performance of the structural method in various contexts.

2 The structural method for ODEs

We provide a short review of the structural method based on the so-called Physical and Structural Equations (denoted
PE and SE respectively) detailed in [0, 7]. To this end, let us consider the Ordinary Differential Equation (ODE) for
tel0,T]
= f(x), x(0) = xo. ()
Traditional schemes blend the discretization with the physical equation, that is, the function that describe the dynamic
of the physical system. For example, the popular Crank-Nicolson scheme reads
Tnt+1 — Tn f(l‘n) + f(xn+1)

At 2
where the left-hand side is the time derivative discretization, while the right-hand side represents the physics (i.e., the
function f that characterizes the physical problem). Obviously, one can split the scheme into two equations, namely
Dy = f(Zn+1) and 2(Zn+1 - Zn) - At(Dn + D'rz+1) =0,

where Z,, and D,, are approximations of the Zeroth-order derivative x(t,,) and the first-order Derivative &(t,,), apply-
ing the same notations for Z,,; and D, at the time ¢,, ;. The left relation is called the Physical Equation since
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it only involves the physics of the problem and not the discretization; the right one is called the Structural Equation
since it only depends on the grid structure, and involves no physics.

An extension relies on taking the time derivative of the ODE, which reads & = f’(z)&. Denoting by .S, an approx-
imation of the Second derivative #(¢,), we now obtain two physical equations, respectively denoted by PE[1] and
PE[2]:

Dn+1 = f(Zn+1) and Sn+1 = f/(Zn+1)Dn+1-

Since we have three unknowns (Z,, 11, Dy41, Sn+1), We need one additional equation that represents the discretiza-
tion. We choose the following relation, exact for polynomial functions up to degree 4, and called the structural equation
SE[1]:

12(Zps1 — Zn) — 6AH(Dpy1 + Dyy) + At?(Sp1 — Sp) = 0.

Given the values (Z,,+1, Dy t1, Sn41) at a time t,,, we seek solutions at ¢, of PE[1], PE[2], and SE[1]. Note that the
problem is fully implicit and requires solving a small nonlinear system as soon as f is nonlinear.

Following the example, the idea of structural method consists in splitting the problem with, on the one hand, the
Physical Equations and, on the other hand, the Structural Equations. The two sets of equations involve the unknowns
over a block of size R steps corresponding to the time step t,,4; until £,,4 r, given the initial configuration at the time
t,. We obtain a non-linear system combining the function approximations together with the derivatives for all the
intermediate steps.

We now detail the structural method for the scalar ODE (1) in the ZD and ZDS formulations, respectively involving
the zeroth- and first-order derivatives in Section 2.1, and the zeroth-, first- and second-order derivatives in Section 2.2.
The complete algorithm is then given, for each formulation, in Section 2.3.

2.1 ZD equations

We first tackle the simple version called the ZD scheme, where one only uses implicit combinations of the approximate
function and first derivative as unknowns. The generic ZD structural equation then reads

R

Z ar,OZn+r + ar,lAt Dn+7‘ = 0; )
r=0

where (@, s)reqo,...,R},se{0,1} are the coefficients of the SE, independent of n by assuming a uniform time discretiza-
tion with time step At. It is important to remark that » = 0 corresponds to the time ¢,, where all the variables are
given. In total, 2(R + 1) coefficients characterize the structural equation. They can be reshaped as a vector

a = [Clo.,o, aio, ---, QAQRoO, @oa1, a11, ---, GR,1] .

On the other hand, the implicit problem involves 2R unknowns with R physical equations PE[1], ..., PE[R] corre-
sponding to the relations
Dyir = f(Zntr), forallr € {1,..., R}.

Hence, the structural method requires R linearly independent structural equations, i.e. R vectors, (@™ )meq1,.... R}
whose components are denoted by (a,”;),s,m, to close the system of size 2R.

We wish to provide this set of R structural equations by ensuring that the resulting scheme is high-order accurate. To
this end, for any vector a and function ¢, we define the functional

R

E(av d)) = Z ar,Od)(tr) + ar,lAt ¢/<tr)' (3)

r=0
£\
Taking the particular case of polynomial functions m,(t) = At) for ¢ € {1,...,2(R + 1)}, we consider the
linear system F(a, m;) = 0, which rewrites as the 2( R 4 1) equations
R
Vee{l,.. . 2R+ 1)}, Elajm) =Y anom(rAt) + a, At w(rAt) = 0.
r=0

We obtain a 2(R + 1) x 2(R + 1) non-singular linear system given by Ma = 0, where the matrix M gathers all the
coefficients my(rAt) and mj(rAt), forall ¢ € {1,...,2(R+ 1)} andr € {0,..., R}
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Remark: Notice that by construction the entries of matrix M do not depend on the time step At, therefore the vectors
of the kernel are independent of At.

To determine the R structural equations, we simply withdraw the R last lines of the matrix M, leading to a reduced
matrix whose kernel has dimension R. To build the structural equations, we select an orthogonal basis of this kernel
and place it in the vector (@™ ),,c¢1,... r}- Thanks to this procedure, the obtained relations
R

> @l Zpir +ali At Dy =0, m=1,-- R, 4)

r=0
remain exact for polynomials up to degree R + 1.
Remark: The relation (4) does not correspond to a multistep method. Indeed, only Z, and D, are given while
(Zp+tryDngr), 7 = 1,..., R are the unknowns. To close the system, we impose the R physical equations at the
time steps ¢y, 7 =1,..., R.

Remark: For small values of R (say R = 2), we derive an explicit analytic expression for the structural equation. However,
this becomes intractable for larger R > 4, and so we compute the kernel and determine an orthogonal basis to automatically
provide the R structural equations (see [6, 7] for details).

At the end of the day, we get a set of R structural equations SE[1], ..., SE[R], linearly independent, exact for polyno-
mials up to degree R + 1.

2.2 ZDS equations

The ZD scheme is quite effective and provides accurate solutions, but one can improve the accuracy of the method by
introducing the second derivatives. Indeed, differentiating the original physical equation provides a second physical
equation. Therefore, the scheme is more compact and accurate for the same block size. More precisely, the ZDS
scheme involves the zeroth-, first- and second-order derivatives as unknowns, with the structural equation reading
R

Z ar,OZn-‘r'r' + ar,lAt D7L+7' + a'r‘,2At2 Sn-i—r - 07 (5)

r=0
with @ = (a, 5)r s its coefficients, independent of the time index n, the block number 7 and the derivation order s.
The ZDS method involves the 3R unknowns (Z, 4, Dypyr, Sntr) With 7 € {1,..., R}. The physical equations
provide 2R relations between these unknowns:

Vr e {17 e ,R}, Dn+7‘ = f(Zn+7) and S7l+7- = f/(Zn—H‘)Dn-‘,—r-

To close the system, we need R linearly independent structural equations of type (5) with respective coeffi-
cients (a™),,e(1,...,ry» Whose entries are ay withr € {0,...,R}and d € {0,1,2}.

To this end, we introduce the functional
R
E(a, ) = Z ar0(rAL) + ap 1 At ¢ (rAt) + a, 2 At ¢ (rAt)
r=0
and recall the set of polynomial functions 7, = t‘~'. Then the 3(R + 1)(R + 1) linear system E(a,n;) = 0 is
non-singular and reads M'a = 0 where M is an invertible matrix.

Remark: Once again the entries of matrix M do not depend on At, hence the vectors of the kernel are independent of

At.

Eliminating the R last rows of the matrix M, we get a kernel of dimension R with an orthogonal basis (am)me{l,m R}

that provides the R structural equation PE[1], ..., PE[R]. Note that the relations
R
> a7 Z e + @ AL Dy + @A S, =0 form € {1,..., R} (6)
r=0

are exact for all polynomials of degree lower than 2(R + 1). The solution of the 2R physical equations together with
the R structural equations provide an approximation of the 3R variables.

Remark: The relations (6) do not correspond to a two-derivative multistep method in the sense of the book of Butcher
[5, Chapter 4], since only (Z,,, Dy, Sy,) are given whereas the other variables are unknowns of the problem. We use the
expression R-block to highlight that we solve a non-linear system that involves all the unknowns from ¢, until £,4 R.
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2.3 Structural method for a scalar ODE

Equipped with the physical and structural equations in the ZD and ZDS formulations, we now detail the full algorithm
to compute a full R-block of solutions with each of these formulations.

2.3.1 7ZD formulation

Assume that we know the solution (Z,,, D,,) at the time ¢,,. We seek the solution of the nonlinear problem with 2R
unknowns

R
Vme{l,...,R},  Dupym=f(Znim) and Y alyZnir+af At Dyyy = 0. (7)
r=0

LetbZ,, = (Znyr)req1,.. R} € R” and bD,, = (Drnir)requ,...ry € R* be the R-blocks for the approximations of

and & at time ¢,,,, foreach r € {1,..., R}. We rewrite the structural equations under a matrix form
ADZ, + At AgbD, + Z, a, + At D, aq =0, ()
with
A, = (a:?())m,rv a, = (a(l),O’ a%,o, to ’a50)17
Ag= (a:,ll)mﬂ’v aq = (a(l),l’ag,lv"' va(l)%,l)t‘

Assuming the matrix A, € R*% is non-singular, we rewrite the system as
bZ, + At B4bD,, + Z, b, + At D, by =0
with By = (Az)ilAd, b, = (AZ)’laZ, b, = (Az)*lad.

To solve problem (7), we proceed with a fixed-point method by producing a sequence (bZ ;k), ngLk)) that converges to
the solution. We sketch the algorithm hereafter.

* Initialization. To build bZ 510) and bD'”), we set for r € {1,...,R}

Z’I(L(RT = Zfzqgr—l + Ath’g)-r—h Dr(LOer = f(Zr(L(lzr)7

with 8" = Z,, DY = D,,.
« Iteration. We first compute a new approximation for the solution bZ, using the structural equations:

bz B+ — (Zn b. + At D, by + At By bD;"f))
Then, we update the first derivative with the physical equations:
vre{l,...,R}, DYV = pzht1)y.

» Stopping criterion. We end the fixed-point when two successive solutions are close enough, according to
the tolerance parameter tol, that is HbZ(kH) — bZﬁLk)H < tol.

n
Remark: Notice that R = 2 provides a 4th-order unconditionally stable scheme while R = 4 reaches sixth-order accuracy.
Methods with R = 6 and R = 8 will also be experimented in the numerical section. O

Remark: The non-linear part of the problem does not require some local linearization, hence the computation of the
derivative is straightforward. [

When dealing with a uniform grid, analytic expressions of the structural equations are available, and given in Table 18
(obtained from the coefficients in [7, appendix A]). The benchmarks we provide in the numerical section do not use
these analytic expressions, but rather the coefficients that are automatically derived from the kernel for any R.

2.3.2 ZDS formulation
Assume that we knew the solution (Z,,, D, S,) at the time ¢,. We seek the solution of the following nonlinear
problem with 3R unknowns: for allm € {1,..., R},

R

Dn—i—’m = f(Zn—i-m), S7L+7n = .fl(Z’rL-l-’rn)Dn-l-’rn and Z aTOZ’n+’r' + a':-y,LlAt Dn—i—'r' + a::LQAtQSn-&-T =0. 9
r=0
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Denoting by bS,, the R-block of the second derivative approximations, we rewrite the structural equations under a
matrix form

A DZ, + At AgbD,, + At? A bS,, + Z, a, + At D, aq + At* S, as = 0, (10)
with
A, = (G;V,Lo)m,rv a, = (a(1),07a3,07 T aa(})-{,o)tv
Ag = (ayfl)m,rv aq = (a(lmaa%,lv o 7a(1)%1)t7
As = (ayfz)m,rv as = (a(1),27a(2),27 T ’a(l)zz)l.

Remark: For the sake of simplicity, we still use the notation A,, A4, a, and a4 introduced in the ZD formulation. Of
course, the matrix entries are different from the ones corresponding to the ZD method.

Assuming the matrix A, € R¥*# is non-singular, we rewrite the system as
bZ, + At BybD,, + At? B,bS,, + Z, b, + At D,, by + At? S, by = 0, (11)
with By = (A,) 1Ay, Bs = (A,) 1A b, = (A.)ta., by = (A,) " tagbs = (A,)ta,.

A fixed-point procedure is applied to solve the system (9), by producing a sequence (bZ sg), ng“), bS;k)) that con-
verges to the solution. We give the algorithm for the ZDS case.

« Initialization. To build bZ'”, bD¥ bS”) we set forr € {1,..., R}

At?
0 0 0 0 0 0 0 0 0
Z’Sb-z"' = ZT(HZT—l + AtDiH)-T—l + 737(7,—27“—17 DEH)-r = f(Zr(L-zr)7 SSL-‘Z! = f/(Z'r(L—gr)DfH)-r?

with 29 =z, D =D, sY = 5, .

* Iteration. We first compute a new approximation for the solution using the structural equations:
bz D — (Zn b. + At D, by + A2 S, by + At B4bD™ + A2 B, bsg’”).
Then, we update the first and second derivatives with the physical equations, by computing
vre{l...R}, DY =FZED) ad S5 = (250D,

* Stopping criterion. We end the fixed-point when two successive solutions are close enough according to the
tolerance parameter tol, that is HngLkH) - bZELk) || < tol.

Remark: 1t has been shown in [7] that R = 1 provides a 4th-order unconditionally stable scheme while R = 2 reaches
sixth-order accuracy. Methods with R = 3 and R = 4 are also investigated in the numerical section. O

Remark: Given a grid, the structural equations’ coefficients are computed independently of the problem, and their evalu-
ations may be obtained in a pre-processing process or be stored with the grid points. O

Once again, analytic expressions of the structural equations are available for uniform grids. We reproduce the results
of [7] in Table 19. As mentioned above, we only use the kernel method to compute the coefficients, making it possible
to carry out the simulation for any R.

Remark: The authors showed in [7] that the structural method is equivalent to a multi-derivative Runge-Kutta (MDRK)
method as long as we use all the available physical equations. Note that the resulting MDKT is very specific since we
guarantee that all the intermediate steps enjoy the same order of accuracy than the last step. Such a property is not true
in general for the MDRK.

3 Structural method for Hamiltonian problems: one-body systems

We reach the main novelty of the present work by adapting the structural method to Hamiltonian systems. The main
difference is the introduction of a second variable p, that requires to handle both the approximations of ¢ — z(t) € R
and t — p(t) € R, coupled through Hamilton’s equations. This section is dedicated to one-body Hamiltonian
equations, while multi-body systems will be considered in the next section. We first introduce the physical equations
for the one-body Hamiltonian problem in Section 3.1, and then detail the structural equations and the algorithm to
solve the coupled physical and structural equations in Section 3.2.
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3.1 Physical equations

Consider a smooth function 7 : R? — R that takes as input the position 2 and the momentum p of some body subject
to some exterior forces. We seek solutions x = x(¢) and p = p(t) such that H (z(t), p(t)) is constant. Differentiating
in time gives 0, H (z, p)& + O, H (x, p)p = 0, and we define the trajectories as the solution of the ODE

T = aPH (:Evp) and p = 7817-[ (xap)v

with the initial condition (0) = g, p(0) = po. This ODE makes up the first physical equations PE[1]. We reformulate
the problem within the Z, D framework by denoting by Zx and Dx the approximations of = and &, and adopt similar
notations for Zp and Dp. The physical equations then read

Dx = 0,1 (Zx, Zp), (12)
Dp = —0,H (Zx, Zp). (13)

For each time step, we have 2 physical equations, with 4 unknowns in total, and so we need 2 structural equations to
close the system.

In the ZDS case, to provide the second physical system PE[2], we differentiate in time the first physical equations, and
we obtain
& = OppH (z,p)& + OppH (x,p)p and P = —0zH (x,p)E — OpH (z, p)p.
Reformulating the problem within the Z, D, S framework yields the second physical equations PE[2]:
Sx = OypH (ZX, Zp) Dx + OppH (Zx, Zp) Dp, (14)
Sp = —0uuH (2, Zp) Dx — 0xpH (Zx, Zp) Dp. (15)

Note that we have 4 physical equations, with 6 unknowns in total, and so 2 structural equations are required to close
the system for each time step.

3.2 Structural equations and algorithms

Equipped with the physical and structural equations in the ZD and ZDS formulations, coupling = and p, we now give
the algorithm to solve them in both cases.

3.2.1 7D schemes

Approximations of the function x and the derivative & are connected via the structural equations (4), and similarly for
the function p and its derivative. Hence, the structural equations read

R
Z ay'o Zxpr + 'y At DXy = 0,
vm e {1,..., R}, =0

R
Z a‘:"r,LOanJrr + a‘:"r,llAt Dpn+r =0.
r=0

It is important to note that the = and p use the same structural equations (the same coefficients a;";) and only differ
through the physical ones. Let denote by

bZx, = (ZXnt1, ZXng2, - - - ZX,H_R)[ and bZp,, = (Zppi1s DPpyas- - - an+R)l,
the respective R-block vectors for the functions x and p. Similarly, the R-block vectors for the first derivatives are
denoted by bDx,, and bDp,,. The structural equations for the ZD scheme of size R then read
0 = bZx,, + By AtbDx,, + Zx,, b, + Dx,, At by, (16)
0 =bZp,, + B4 AtbDp,, + Zp,, b, + Dp,, At b,. (17)

Remark: These two linear systems are independent and should be treated in parallel.

To solve the ODEs stemming from the Hamiltonian, we proceed in a very similar way as in Section 2.3.1. We produce
two sequences (I)Zx(k)7 beflk)) and (I)Zpglk)7 prglk)) that converge to the solution. The fixed-point algorithm is then

n

given by the following iterative procedure.
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« Initialization. To build bZx'", bDx'"), bZp”, bDp'”, we set for r € {1,..., R}

2O, = 2, A,

przolr = ZngOJ)rrfl + AtDpszoJ)rrflﬂ
DX, = o (20, 2, ).

ngLO-&)-r = 7817{ (ngzo-ﬁ)-rv prlo—‘)—T)’

with Zx(? = Zx,,, Dx(¥) = Dx,, and 2p¥) = Zp, , Dp\”) = Dp,,.

n

* Iteration. We first compute a new approximation for the solution using the structural equations

bzx (P = (an b, + Dx,, Atby + By At be;’f>),
A (an b. + Dp, Atby+ By At pr;’”),

and then update the first derivatives with the physical equations derived from the Hamiltonian

DY = o1 (2050 A,

n+r

(k+1) _ (k+1) (k+1)
n+r 78$H (an—i-r aan-H" )

* Stopping criterion. We end the fixed-point when two successive solutions are close enough according to the
tolerance parameter tol, that is Hbe(kH) - be(k)H < tol.

Remark: As in the case of the scalar ODE problems, no local linearization is required, leading to elementary formulations.
Nevertheless, we show in [7] that the fixed-point method converges under a CFL-like condition. [J

3.2.2 7ZDS schemes

Approximations of the function x and its two derivatives & and & are connected via the structural equations (6), as are
p and its derivatives. Therefore, the structural equations read

R
Z a0 Zxpyr + 'y At DXy + afoAtQ SXpir =0,
vm e {1,..., R}, T;O
Z a:"rvLOan-‘r’r‘ + a’;r,LlAt DPTH_T + aTQAt2 Spn+r = O
r=0

It is important to note that  and p once again use exactly the same structural equations and only differ through the
physical ones. We complete the notation with

bSXn = (SXTH‘lv SX7L+27 e 7SXn+R)t7 bSpn = (Spn+15 Spn+27 e 7Spn+R)t7

the R-block vectors for the second derivatives. The two structural equations of size R then read

0 = bZx,, + Bq AtbDx,, + B, At?bSx,, + Zx, b, + At Dx,, bg + Sx,, At? by, (18)
0 = bZp,, + Ba AtbDp,, + Bs At*bSp,, + Zp,, b, + At Dp,, by + Sp,, At? by. (19)

To solve the ODE stemming from the Hamiltonian, we proceed similarly as in the previous section. We produce
two sequences (beflk), be;k), beﬁP) and (priLk), prglk), bSpflk)) that converge to the solution. The fixed-point
algorithm is detailed below.
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« Initialization. To build I)folo), befALU), beg)), prﬁLO), pr(O), bSpﬁLO), we setforr € {1,..., R}

At?
2, = 20+ Ao, + A0,

At?
0 0 0 0
Dol = 2oy + ADP, L+ =5,

Dxn+r = OpH ( n+r7 prlo—i)-r)v

Dp5l°+r =0, M (ZXHT, pr?l,-),

K0 = Ou M (250, 2000 ) DXEL - Dyt (2530), 20301 ) Do),
P, = —OpaH (ZXflolw Zpiolr>DXﬁOlr — OapH (ng)lm przolr) ..

with Zx(¥) = Zx,,, Dx) = Dx,,, S = Sx,, and 2p”) = Zp,, Dp!”) = Dp,,, p'® = Sp,,.

* Iteration. We first compute a new approximation for the solution using the structural equations

hzx Pt = (an b. + Dx,, Atby + Sx, At2b, + By AtbDx¥) + B, At bsx;’f))
hzp D = (an b. + Dp, Atby + Sp, At? b, + By AtbDp™ + B, At* bspg‘?)>

and then update the first and second derivative with the physical equations derived from the Hamiltonian
(k+1) _ k+1) o, (k+1)
DXnJrr 8 H (ZXnJrr ’an+r )7
(k+1) k1) o (k+1)
n+r a H (an+7‘ 7an+r )7

S = 0,0 (55, ) DD + 0 (220, 5 D

n-+r a 71+r n+r
k+1 k+1 k+1 k+1 k+1 k+1 k+1)
S ’I(’L-'r’l‘ ) - _8I$H (ZX’I(’L-"-T‘ )7 Zp51+r )>DX’I(’L+’I‘ ) 8IPH (Z gz-&-r )7 Z ’I(’L-'r’l‘ ))ngz-&-r .

» Stopping criterion. We end the fixed-point algorithm when two successive solutions are close enough,

according to the tolerance parameter tol, that is ||be(k+1) — bzx®) || < tol.
Remark: The coupling between the primal x and dual variables p takes place in the physical equations, hence the compu-
tation of beng) and prEZH_l) are independent and can be carried out in parallel. O

Remark: We have just considered a very basic fixed-point method for the sake of simplicity, but any accelerating techniques
could be exploited. In practice, the predictor is good enough and very few iterations (3 to 12 in practice, depending on
the tolerance and order of the method) are required to provide the accurate approximation. Of course, for stiff problems,
a more sophisticated fixed-point procedure may be implemented. O

4 Conservation properties of the structural schemes

Before moving on to multi-body systems, we first check a few conservation properties of the ZD and ZDS schemes
applied to one-body Hamiltonian problems. Namely, we discuss their (the lack of) symplecticity in Section 4.1, and
their exact preservation of quadratic Hamiltonians in Section 4.2.

4.1 Structural scheme and symplecticity

The symplecticity is the ability to exactly preserve geometric properties of the flow. In [17, 24], a set of conditions for
the Butcher tableau coefficients is provided, corresponding to R(R + 1)/2 additional constraints on the coefficients
given by

AR+1,mOm, s + AR+1,50s;m = AR+1,mOR+1,s; 1 < m,s < R+ la
taking into account that 3,, = ar41,m in the context of the structural equations.

In conclusion, we have R(R+ 1)/2 additional constraints on RK matrix A and vector b that have already been defined
by the R+2 accuracy conditions (to be exact for polynomials up to degree R+ 1) together with the mandatory condition
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that the kernel is at least of dimension R to provide R linearly independent structural equations. Consequently, except
one very particular case (R = 1), the R(R + 1)/2 conditions cannot be satisfied, hence the symplecticity is not
achieved.

Moreover, Hairer et al. [13] prove that there is no two-derivative symplectic RK scheme. Consequently, the ZDS
scheme can not be symplectic.

4.2 Exact conservation of quadratic Hamiltonians

In 2006, Ernst Hairer [10] shows that exact energy conservation and symplecticity for Hamiltonian systems cannot
be obtained simultaneously. Moreover, symplectic integrators are not necessarily the main objective and researchers
promote the energy or momentum conservation strategy for the long-time simulations [4]. A first quantity that we
expect to preserve at the numerical level is the Hamiltonian. We prove in this section that the structural schemes ZD or
ZDsS with R blocks exactly preserve quadratic Hamiltonians every R steps.

4.2.1 The quadratic Hamiltonian

Let us consider the quadratic Hamiltonian of the form
1 1
H(z,p) = 5p° + yap + jwa, (20)

with v, w € R. Then, the associated ODEs read

i=~z+p, and  p=—w’r—p,

or in the compact form
bDx = vbZx + bZp, and bDp = —w?bZx — vbZp.

We also consider the ODEs satisfied by the second derivatives
i=(y-whz, and  j=( -,
which we rewrite under the form
bSx = (v* — w?)bZx, and bSp = (v* — w?)hZp,
to design the ZDS scheme.

For the sake of simplicity, we deal with the separable case, taking v = 0, and assume w = 1. Then, the equations
reduce to

bDx = bZp, bDp = —bZx, bSx = —bZx, bSp= —bZp. (21)

4.2.2 Hamiltonian preservation for the ZD scheme

We begin the study by considering the ZD scheme, and prove the following proposition.

Proposition 1. Let H be the quadratic separable Hamiltonian given by (20) with v = 0 and w = 1. We define the

vector 22 22
by = ((IR + AB3) (b, + AtQBdbd)) + AP ((IR + A?B2) " (by — Bdbz))

where the expression b®? is the Hadamard square (the square component-wise) of some vector b, I is the identity
matrix of size R, while By, b,, and by are the coefficients of the structural equations (16)—(17). Then, the R-block ZD
scheme exactly preserves the Hamiltonian at the r™ substep, that is

H (an+r7 anJrr) =M (Zx’m an>7
ifand only if by, = 1.

Proof. As a first step, we plug the physical equations (21) into the structural equations (16)—(17), and we obtain

bZx,, + At BybZp, = —Zx, b, — At Zp,, by, (22)
bZp, — At BybZx, = —Zp, b. + At Zx, by. (23)

10
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With
ZXn+1 S
ZXn+2 an
bZXn = . and prn = . - ’
ZXH+R an+R
the goal is to exhibit conditions on the coefficients of the structural equations such that
L, L2 IL,o 1,5
3%Pnir + 52X = 52, + 52X, (24)

for some 1 < r < R. To that end, we plug bZp,, from (23) into (22) and bZx,, from (22) into (23), to obtain

(Ir + At*B3) bZx,, = —Z%, (b, + At* Baby) — At Zp,, (ba — Bab.),
(Ir + At*B3) bZp,, = —2Zp,, (b, + At*Bybg) + At Zx,, (bg — Bab.,).

Squaring the vectors bZx,, and bZp, component-wise and summing them up, we get
bZxE? 4+ bZp2? = (2x% + Zp2 )by

Energy conservation (24) is thus satisfied for step r if by , = 1. O

Plugging the matrices and vectors of the ZD schemes (present in Table 18) into Proposition 1, we obtain the following
result, showing that by, = 1 for R € {1, 2, 3,4}.

Corollary 1. The ZD scheme with R € {1,2,3,4} blocks satisfies the conditions of Proposition 1 for r = R, i.e.,
H (Zxnsr, Zppi) = H (Zxn, Zp,,).

Proof. We use symbolic computation, providing a rational function depending on the powers of At, and we highlight
the leading term.

* R =1: we get the vector by =1

1— At*/c+ O(At)

* R = 2: we get the vector by = ( 1

), with ¢ = 18.

1+ 8At5/c + O(At®)
e R =3: we getthe vectorby = | 1+ AtS/c+ O(A#®) |, withc = 18.
1

1+ 135At5/c + O(At®)
1+ 80At5 /c + O(At®)

1+ 135A88 /¢ + O(As) [ With ¢ = 3600.
1

* R = 4: we get the vector by =

In each case, we have H(Zx,,, Dx,) = H(ZXn+r, DX,+Rr), while the intermediate solutions slightly deviate from
H(Zx,, Dx,). Moreover, they do not increase or decrease with respect to the final time 7', and they satisfy
H(an+r7 Dxn+r) = H(an+r+Ra DXn+T+R)~ O

Remark: The general case of a quadratic Hamiltonian (20) with v, w € R is treated in Appendix B. Basically, the results
of Corollary 1 carry over to this more general, non-separable setting. Hence, while it is not symplectic, the R-block ZD
scheme exactly preserves quadratic Hamiltonians every R steps, which is a desirable property for long-time simulations.

4.2.3 Hamiltonian preservation for the ZDS scheme

We obtain a similar property for the ZDS scheme, which we state hereafter.

Proposition 2. Let H be the quadratic separable Hamiltonian given by (20) with v = 0 and w = 1. We define the
vector

_ _ _ ®2 _ _ _ __\ ®2
by = ((IR + A2B2B2)"H(Bby + At2BBdbd)) AR ((IR + APB2B2)~N(Bby — BBde)) . (25

11
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with B = (Igr— At2BS)_1 and b = b, — At%b,, where the expression b®? is the Hadamard square (component-wise
square) of some vector b, I is the identity matrix of size R, while By, Bs, b, by, and by are the coefficients of the
structural equations (18)—(19). The R-block ZDS scheme exactly preserves the Hamiltonian at the r™ substep, that is

H (an+r, an-‘,—r) =H (Zxn, Zp,,),
ifand only ifby , = 1.
Proof. The proof follows the same lines as the one of Proposition 1, starting with plugging the physical equations (21)
into the structural equations (18)—(19), yielding
bZx,, + At BybZp, — At* By bZx,, = —Zx, b, — At Zp, by + At*b, Zx,,
bZp,, — At BybZx, — At*BsbZp, = —Zp,, b, + At Zx,, by + At?bs Zp,,.
Rearranging the terms, we get
bZx,, + At B BybZp, = —Zx,, Bb — At Zp,, B b, (26)
bZp, — At B BybZx,, = —Zp, Bb+ At Zx,, B by, 27)

where we have set ~ B
B=(Ip—At’B,)"' and b=b,— At’b,.

After substitution, we get

[Ir + (ALtBBy)?)bZx = —ZX{BB + AtQBBded} - Zp{AtBbd - AtBBdBB},

[In + (AtBB,)*pZp = Zx{AtBbd - AtBBdBl_)} - Zp{BB + AtQBBded}.
Let define
by = [Ir + (AtBBd)z]’l{Bl_) + At2BBded}, by = [Ir + (AtBBd)Q]’l{AtBbd - AtBBdBB}.

Then, we have bZx®? + bZp®? = by (Zx% + Zp?) with by = b% 4 b2, which is nothing but the expected relation
(25). O

‘We now analyze the energy conservation of the ZDS scheme using the coefficients from Table 19 to compute the vector
by for R € {1,2,3,4}.

Corollary 2. The ZDS scheme with R € {1,2,3,4} blocks satisfies the conditions of Proposition 2 for r = R, i.e.,
H (an+R, an+R) = H (Zxy, Zp,,)-

Proof. We use a symbolic computation software that provides the entries of the vector by as rational functions, given
hereafter.

* R =1: we get the vector by = 1

, with ¢ = 129600

— 6 8
* R = 2: we get the vector by = (1 120At {C +O(At )>

1+ 672A1%/c + O(At'?)
* R =3: we get the vector by = | 1+ 672A¢1%/c + O(At!?) |, with ¢ = 25401600
1

1 — 127575A82 /¢ + O(At14)
1 —302400A¢12 /ey + O(AL) | {Cl = 22861440000

* R = 4: we get the vector by = 1— 300875At12/c1 + O(At14) co = 51438240000
1

Once again, we have H(Zx,, Dx,,) = H(Zxy+r, Dx,+r) while the intermediate solutions slightly deviate from the
H(Zxy,, Dx,,). Furthermore, the non-dependence on the Hamiltonian on the final time 7" comes from the property
H(ZXptry Dxnyr) = H(ZXntr+ Ry DXngrtR)-

12
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S Structural method for Hamiltonian problems: multi-body systems

We now generalize the method to the situation where the Hamiltonian system involves K vector-valued bodies. Such
problems arise when modelling planetary systems, charged particles in electromagnetic fields, multiple coupled mass-
damped-spring systems, among many other cases. The main issue of this extension lies in handling the technical
difficulties arising when discretizing such complex systems. Overcoming these difficulties requires new notation and
specific operators, which we introduce in Section 5.1. The structural algorithm is then recast using this notation, in
Section 5.2.

5.1 Notation

The Hamiltonian system involves K distinct bodies characterized by their positions 2* € R’ and momenta p* € R’.
We gather the = and p in the “body space” B = R’*¥ and we introduce the matrix notation

1 2 K 1,2 K
x% x% x}( p% p% p}{
Ty Ty 0 Ty b2 p2 - P2
X =1 . and P=1
1 2 K 1 .2 K
T TF x7 P P1 by

Let X, P € B and H (X, P) € R be the Hamiltonian. We adopt the following notation.
* The gradients VxH (X, P) € B and VpH (X, P) € B are given by
VxH(X,P)=|0H(X,P) .
i ke{l,...,K},ie{1,...,I}

Note that the gradient does not output a vector but is reshaped to provide an element in 5.

» The second derivatives VxxH (X,P), VppH (X,P), VxpH (X,P) = Vx(VpH(X,P)), and
VexH (X,P) = Vp (VxH (X, P)) belong to B2. Note that the order Vxp and Vpx are, in general,
different. We introduce the following computation rules, using Einstein summation:

VPX%(X7P)p = |:8P;"azfo(X’P)me:|ke{l K}ie{l I}7
VxpH(X,P)-z = {myb@p?H(X,P)x;n]ke{l K}ie{l,...,1}

We also define the tensors that gather all the data we shall handle in the structural method.

* We denote by Zx,, ~ x(t,) € B an approximation of the positions of the K bodies at the time ¢,,. Similar
notation is used for the first and second derivatives, Dx,, ~ &(t,) € B and Sx,, = &(t,) € B. We adopt the
same notations Zp,,, Dp,, and Sp,, for the momentum p. Moreover, for anybody k, the row vector Zx,,[k]
represents its space coordinates in R’ .

* Given a block of size R, we introduce the B-valued vector bZx,, € B’ that gathers the coordinates of all
the K bodies from time ¢,, 11 until time ¢,,4 r with the convention bZx,,[r] = ZX,,+, € B and bZx,[r|[k] =
an+T [k] S RI.

» We introduce similar notation for bZp,, and the derivatives, namely bDx,,, bDp,,, bSx,,, bSp,,, elements of
B, The main difference compared to the previous section is that Zx,, . now belongs to the body space B
instead of being real values.

A last point concerns the linear algebra with elements of 5. To this end, we introduce the following notation

* Let Zx € B and o € R. Then aZx € ‘B is the usual product of a matrix with a real number.

s Let Zx € B and a = (a,), € RE, then a ® Zx is the vector in B given by
a1 ZX
as ZX
a®Zx =

aRrZx

13



Structural schemes for Hamiltonian system ARTICLE

e LetbZx € B2 and A = (a1 )rm @ square matrix of dimension R, then A x bZx is the vector in B given
by

Y1

R
A x bZx = : withy, = Y a4, mbZx[m] € B forallr € {1,..., R}.

. m=1
Yr
The ZD structural equations (16)—(17) adapted to vectors of BE read
0 = bZx,, + By X bDx,, + b, ® Zx,, + by ® Dx,,, (28)
0 =bZp,, + Bq x bDp,, + b, @ Zp,, + by ® Dp,,, 29)

while the ZDS structural equations (18)—(19) read
0 = bZx,, + Bg x bDx,, + B, X bSx,, + b, ® Zx,, + bqg @ Dx,, + bs @ Sxy,, (30)
0 =bZp, + By x bDp,, + B, x bSp,, +b. ® Zp,, + by @ Dp,, + bs ® Sp,,. (31)

Remark: We highlight again that we use the same notation for matrices By and vectors b, by for the sake of simplicity,
but they are different for the ZD or the ZDS methods. Additionally, the computation of the products is largely parallelizable,
which may be taken advantage of in an HPC context. [J

5.2 Algorithm

We rephrase the fixed-point method with the notation introduced in Section 5.1. Once again, we need an initialization
and an iteration routine. We just present the ZDS version. Indeed, the simpler ZD version only consists in extracting
from the ZDS version the two first physical equations (36)—(37) and structural equations (16)—(17).

Given the initial state (Zx,,, DXy, Sx,) and (Zp,,, Dp,,, Sp,,), we define two sequences (bZXslk), beslk), bSX;k))
and (pr(k) prElk), bSpglk)) of elements of B that converge to the R-block solution. We recall the convention
bZxM[r] = Zx,., € Bforallr € {1,..., R}.

« Initialization. To initialize the R-size blocks bZx'", bDx”, bSx?, bzp'?, bDp', bSp”) for all r €

1,..., R}, we use the second order Taylor expansion in space 23:
y p p
At?
2%}, = Zx\)), o+ MDY+ = S

At?
ZngO—&)-r = ZngOJ)rrfl + At ngzolrfl + T SpgzoJ)r'r‘fl?

where we compute the first and second derivatives through the physical equations
Dx{), = vpH (25, 2\),),
Dpl’), = ~VxH (Zfo’L 2p)),),
Sxi\), = VxpH ( XL prlolr) Dxy, +VppH ( Xyt ZPSL)%SLOL,
SoiL, = —ViaexH (25, 20)L ) DxV, — VexH (232, 20}, ) Dpl),
with Zx\¥) = Zx,,, Dx\¥) = Dx,,, Sx¥) = Sx,, and Zp'¥) = Zp,, Dp”) = Dp,,. Sp” = Sp,,.

n n

* Iteration. We first compute new R-size blocks bZx,, (k+1) and pr(kH), approximating the positions and
momenta, using the system of structural equations:

bz = (b @ Zx, + by @ Dy + by @ Sx, + By x bDX) + By x bSx(P),
oz = —(b.® Zp, + by @ Dp, +b, @ Sp,, + Bu x 5DplY + B, x bSpll).

14
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Then, for each r € {1,..., R}, we update the first and second derivatives at each time step ¢, by setting
DD = Ve (250, D),
DY = —viH (&), 2D,

Sk = Vet (ngffrl)’ Zpgﬁ))mf#) +VrrH (ngil)» Zpiﬁl))Dpﬁ;}%

SpUtD = VM (inﬁ}l), Zp;’it”)px;’it” — VpxH (Zx“““) Zpgil))mgil>.

n+r

* Stopping criterion. We end the fixed-point scheme once two successive solutions are close enough, accord-

ing to the tolerance parameter tol, that is ||Zx££:%) - foﬁ rll < tol.

Remark: Once again, we highlight that the procedure is highly parallelizable since the update of the derivative for each
time steps are independent.

Remark: Since the same structural equation is applied to each component of the system of ODEs, the results of Section 4
are directly applicable.

6 Benchmarks

We propose and analyze a series of benchmarks to assess the properties of the scheme. Namely, we check the ac-
curacy when an analytical solution is available, as well as the numerical preservation of several invariants, like the
Hamiltonian, for long-time simulations. In some cases, we also check the preservation of other invariant quantities
of interest. The method has been implemented in C++ in IEEE 754 quadruple and octuple precision using the
library qd developed by [14]. The new structural method will be compared to standard symplectic schemes already
implemented in julia 1.11, see [3]. These schemes are provided by the DifferentialEquations. j1 library, see
[23], and we use the second-order accurate McAte2 scheme from [21], the fourth-order accurate CalvoSanz4 scheme
from [25], and the sixth- and eighth-order accurate KahanL.i6 and KahanLi8 schemes from [15].

The benchmarks and their settings are summarized in Table 1. Moreover, Section 6.7 contains a study of the complexity
of the ZD and ZDS methods, compared to the classical ones, in separable and non-separable settings, as well as a study
of the computational cost of the fixed-point method. Finally, Section 6.8 provides a comparison of the computation
time of the ZD and ZDS methods with respect to the reference symplectic schemes.

Table 1: Summary of the benchmarks.

Has an exact Additional Separable

Benchmark solution Invariants Hamiltonian Section

Two springs, two masses system Yes No Yes Section 6.1
One-dimensional pendulum problem Yes No Yes Section 6.2
Two-dimensional Kepler problem No Yes Yes Section 6.3
Outer Solar system No Yes Yes Section 6.5
Particle in a 3D electromagnetic field No No No Section 6.6

In each benchmark, the time interval [0, 7] is uniformly divided into N steps of constant size At, and set ¢, = nAt,
forall n € {0,..., N} to represent the subdivision of this interval. Denoting by §(t,,) the exact quantity at time
t, (position, momentum, or invariant) and ¢, its approximation, we evaluate the error by computing eq,, (At) =
|gn — Z(t,,)], and we define the maximum error, together with the order, by

log (eq(Atl)/eq(At2)>
10g(At1/At2)

For instance, ex will represent the position error and eH the deviation of the Hamiltonian. All simulations have been
carried out with quadruple precision since the double precision is not enough to correctly compute the tiny errors
obtained when using very high order accurate methods (methods of eighth or tenth order, for instance).

eq(At) = max eq, (At), ordq(Aty, Aty) =

We mention a general property of the structural schemes that the variables connected by Physical Equations enjoy the
same order of accuracy (see the section on consistency errors in [7]). Consequently, to avoid an abundance of tables,
we only present the errors and convergence order for the variable Zx.

15
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6.1 Two springs, two masses system

We consider a system composed of two bodies linked by two springs, following Figure 1. The system is described by
the Hamiltonian functional, whose inputs are two vectors = (1, x2) and p = (p1,p2) in R2, and whose expression
is

_h P%
2m1 2m2

1 1
+ 5]{}133% + 5]{}2(1‘2 — I1)2. (32)

Figure 1: Schematic representation of the two masses-spring system.

The analytical solution (z, p) is given by

x1(t) = Acos (w1t + 1) + B cos (wat + a3),

A (k1 + ko — miw? Bk
xa(t) = ( 1 /:2 1 1) cos (w1t + 1) + mcos (wot 4+ 2),
p1(t) = —m1 (Aws sin (twy + 1) + Bws sin (tws + a2))
Awy (ky + ko — 2 Buwsk
pa(t) = —my < o (b k; ) i (Wit +oq) + ,Q_wi;;w%sin (w2t+a2)> ;

where w; and wy are positive solutions to

m1m2w4 — (m1k2 + m2k1 + kaQ)LUQ + klkg =0.
6.1.1 Physical equations
Hamilton’s equation & = V,H(x,p) and p = —V H(z,p), applied to the Hamiltonian (32), yields the following

dynamical system:
P O VA b= k1x1 + k2 (71 — 72)
p2/ma )’ ko(ze — x1) '

Differentiating with respect to time leads to the system
G = j?l/ml b= k13’;‘.1+k’?(a'1‘1—j72)
p2/ma )’ ko(d2 — 1) '
We deduce the first group of structural equation PE[1], given by

o 1/m1 0 o kl—l-kg —]{32
DX_[ 0 1/m2}Zp’ Dp__{ —k2 kz}zx’

while the second group of physical equation PE[2] reads
|1 / mq 0 . ki+ka —ko
SX_{ 0 l/mg}Dp’ Sp——[ —ka kz}Dx‘
6.1.2 Numerical tests

The analytical solution is computed for the physical parameters k; = 1, ko = 5, m1 = 2, mo = 1 that provides the

two frequencies
8 —3V6 [8 4+ 3v6
wy = T\[ ~ 0.57 and wy = %[ ~ 2.77.

Moreover, the initial condition is made of the analytical solution taken at time ¢t = 0, with A = 1, B = 2, ay = 7/2
and g = —7/4. Numerical simulations have been carried out with the ZD, ZDS and classical schemes. The error on
the position and the conservation of the Hamiltonian are the two main indicators we use to assess the quality of the
simulation.

16
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Accuracy and order of convergence. The final time is set to 7' = 100s, and we take N = 480, 960, 1920 and 3840.
We recall that the smallest period is T5 ~ 2.27, corresponding to ws. Thus, the coarse grid N = 480 corresponds to
about 11 points to cover a full period. We display in Figure 2 the maximal error and order of convergence for the ZD,
ZDS and classical schemes, respectively. The optimal order is clearly achieved in each situation. For a given order of
accuracy, the classical schemes generally yield a comparable or lower error than the ZDS scheme, with the ZD scheme
presenting an error larger by about three orders of magnitude.

erry

100
1072 ¢

104 +

1078 ¢

10710 1

—+— MA2 - +- ZD2 -+
10-12 | |—*—CS4- - ZD4 --»
—»— KL6 - x- ZD6 -

X

N
[w}
n
w

lo-14 | |+ KL8-4-ZD8-w-ZDSA| e

Figure 2: Two springs, two masses test case from Section 6.1: error on the position at 7' = 100s.

Preservation of the Hamiltonian. To address the Hamiltonian preservation issue, we take 7" = 10000 and assess
the position error together with the Hamiltonian deviation, checking the evolution of the maximum error over time.
A first note concerns the accuracy of the position: the errors increase with time, but the ZD and ZDS schemes provide
lower deviations than the classical schemes. Indeed, for the same order, we observe a gain of two orders of magnitude
when using the ZDS scheme rather than the classical schemes, while the difference between the ZD scheme and the
standard schemes was reduced to a factor 10. In conclusion, the ZD and ZDS schemes offer a better accuracy when
dealing with long-time simulations (i.e., numerous time steps).

Concerning the Hamiltonian conservation, the ZD and ZDS schemes reach machine precision (as expected from Sec-
tion 4), but the standard schemes do not reach such a target. Moreover, the deviation from the initial Hamiltonian
depends on the grid size for the classical schemes, while errors with the ZD and ZDS schemes are independent of At.

6.2 One-dimensional pendulum problem

We turn to a nonlinear one-body problem, and consider the one-dimensional pendulum system governed by the Hamil-
tonian
P2
H(z,p) = oy + mgl(1 — cos(x)) (33)

where m is the mass, ¢ the length of the pendulum and g the gravity.

6.2.1 Physical equations
The differential system derived from Hamilton’s equations reads

T=—, p = —mglsin(z) (34)
m

The solution is a periodic solution [ 1] with a period given by the elliptic integral
¢ [ d
Y S T
mg Jo 1 — w?sin’(u)
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Table 2: Two springs, two masses test case from Section 6.1: error on the position and the Hamiltonian at 7" = 10 000s.
For ex and eH, both rows correspond to N =T x 24 and N =T X 96 respectively.

(a) Errors obtained with the ZD scheme. (b) Errors obtained with the ZDS scheme.

R=2 R=4 R=6 R=8 R=1 R=2 R=3 R=4
ex(x24) 4.07e-01 3.08e-03 2.74e-05 2.60e-07 ex(x24) 2.55e-02 25805 3.10e-08 4.35e-11
ex(x96) 1.60e-03 7.59e-07 4.26e-10 2.62e-13 ex(x96) 9.97e-05 6.33e-09 4.76e-13  4.22¢-17
eH(x24) 3.70e-26 9.13e-27  8.00e-27  2.57e-28 eH(x24) 1.0le-25 4.26e-26 7.99e-26 3.28e-26
eH(x96) 2.54e-25 6.04e-26 2.19e-26 1.99e-26 eH(x96) 6.61e-25 2.17e-25 4.49e-25 1.84e-26

(c) Errors obtained with the classical schemes.

MA2 cs4 KL6 KL8
ex(x24) 7.51e+00 1.36e-03 9.98e-05  4.06e-09
ex(x96) 1.73e+00 529e-06 2.44e-08 1.06e-11
eH(x24) 6.57e-05  6.06e-08 5.56e-10 1.98e-14
eH(x96) 1.02e-06 2.33e-10 1.35e-13  3.03e-19

with w = sin(7/8). Then, differentiating the first physical equation (34) with respect to time provides relations
involving the second-order derivative, namely
= 27 p = —mglcos(z)i.
m

We then deduce the first set of physical equations PE[1], given by
Dx = Zp/m, Dp = —mglsin(Zx),
whereas the second set of physical equations PE[2] reads
Sx = Dp/m, Sp = —mg/ cos(Zx) Dx.

6.2.2 Numerical tests

The numerical applications have been carried out with m = 1, g = 1, £ = 1, and the initial conditions z(0) = /4
and p(0) = 0. A numerical approximation of the period is T, = 6.53. In [1], an analytical solution is derived, whose
expression, not reported here, involves a Jacobi elliptic function. The exact position and momentum at final time
T = 100 are given by

x(t = 100) = —0.2633498226088722 and p(t =100) = —0.7189111241830892

in double precision (since the Jacobi functions are not implemented with arbitrary precision). Hence, schemes with
very high accuracy will reach machine error with a comparatively low number of points.

Position errors, together with the deviation of the Hamiltonian are reported in Figures 3 and 4 for 7' = 100s. The
deviation of H strongly depends on the order of the method, as well as on the time step. The ZD scheme produces
larger errors, about two orders of magnitudes larger, than the ZDS scheme for the same rate of convergence. The CS4
outperforms the ZDS scheme with R = 1, yielding a better accuracy for the same number of points. Going up in the
order of accuracy, the KL6 and ZDS scheme with R = 2 present the same amount of error, whereas the KL8 scheme
provides the best accuracy compared to its competitor ZDS with R = 3. We recover the same accuracy by using the
ZDS scheme with R = 4. This is one of the main advantages of the ZDS scheme: the order is easily increased, simply
by increasing the block size. In the present case, we have a substantial gain of three orders of magnitude between
R=3and R =4.

To further study the growth of the error on x and p, we display in Figure 5 the errors on the position and momentum
over time for the ZD4 and ZDS2 schemes, until the final time 7' = 100. For each value of N (480, 960 and 1920),
we observe a linear growth of the error in both  and p for both schemes. This is in line with the fact that symplectic
integrators exhibit a linear error growth over time [12].

We then carried out the simulation to 7" = 100 000 seconds to check the invariance of the Hamiltonian for a very
long-time simulation. We use both a coarse grid with N = 37" (an intermediate between N = 2.47 and N = 4.8T
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Figure 3: Pendulum system from Section 6.2: position error at 1" = 100s.
10~
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—5—KL6 - » - ZD6 - ZDS3 —4— KL8 - 4~ ZD8 -4 ZDS4

Figure 4: Pendulum system from Section 6.2: Hamiltonian error at T = 100s.

we used for the case T' = 100), which corresponds to about 20 point for a full revolution 7}, ~ 6.53, and a finer grid
with N = 127 points, which makes it possible to compare the deviation of H with respect to the time step. We report
in Table 3 the errors for the ZD, ZDS and classical schemes, respectively. The errors are in line with the case 7' = 100
and the orders are optimal ones.
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Figure 5: Pendulum problem from Section 6.2: error on the position (left) and momentum (right) over time for the ZD4
(blue lines) and ZDS2 (green lines) schemes and several values of N, until T' = 100. To illustrate the growth of the error,
the rolling maximal errors are displayed in orange for ZD4 and in magenta for ZDS2.

Table 3: Pendulum system from Section 6.2: error on the Hamiltonian at 7' = 100000s. Both rows correspond to
N =T x 3and N =T X 12 respectively.

(a) Errors obtained with the ZD scheme. (b) Errors obtained with the ZDS scheme.
R=2 R=4 R=6 R=8 R=1 R=2 R=3 R=4
eH( ><3) 9.19e-03 2.51e-04 1.62e-04 9.60e-05 eH( ><3) 4.72e-05 3.78e-06 8.72e-07  1.89e-07
eH(x 12) 3.92e-05 2.58e-08 1.04e-09 7.97e-11 eH(x 12) 1.85e-07 8.70e-10  5.3%9e-12  5.28e-14

(c) Errors obtained with the classical schemes.

MA2 CS4 KL6 KL8

eH(x3) 9.01e-04 1.58e-06 1.42e-07  7.04e-10
eH(x12) 2.48e05 5.97e09 3.27e11 1.05e-14

We confirm in Figure 6 the strict invariance in time of the errors. We also plot, in the bottom right panel, several
examples of non-symplectic schemes (classical Runge-Kutta methods, see e.g. [12]) to highlight their major drawback,
namely a linear increase in the error over time.

6.3 Two-dimensional Kepler problem
The two-dimensional Kepler system consists in a particle moving around a fixed point. It is characterized by the

Hamiltonian )
_el> 1

H(z, p) 5 m7 (35)

corresponding to the total mechanical energy. The particle position z(t) € R? and the momentum p(t) € R? describe
a quadratic curve (elliptic, parabolic or hyperbolic) depending on the initial total energy.

6.3.1 Physical equations and invariants

We first derive the dynamical system associated to the Hamiltonian (35)

. . T
xr = -
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Figure 6: Pendulum problem from Section 6.2: error on the Hamiltonian over time. Top panels: ZD (left) and ZDS (right)
methods; bottom panels: classical symplectic (left) and non-symplectic (right) schemes.

and, differentiating with respect to time, we obtain the relations with the second derivatives:

. N P bz
T =Dp, D=—73 3T
(el l]®
We deduce the first group of physical equations PE[1], given by
7Zx
Dx=2p,  Dp=—r-om.
(24K
while the second group of physical equation PE[2] reads
Zp ZX - Zp

SX:DP’ Sp:—i+3ZX7
12]? [[2]°

In addition to the Hamiltonian, there are two other invariant quantities for the Kepler system, namely:

1. the angular momentum
L(z,p) = T X p=p2x1 — p122;
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2. the Laplace-Runge-Lenz (LRL) vector

Az,p) = L(x,p)p" +&,  withd = —,

6.3.2 Simulations

Simulations are carried out until a final time 7" = 100 seconds with the initial conditions x(0) = (0.4, 0) and p(0) =
(0,2). Coarse and fine meshes, with N = 247 and N = 967 respectively, are used to check the preservation of the
invariants. We denote by eA and eL stands the errors on the angular momentum and LRL vector.

Table 4: Kepler system from Section 6.3: errors on the Hamiltonian, angular momentum and Laplace-Runge-Lenz vector
at T' = 100s. For eH, eL and eA, both rows correspond to N =T X 24 and N =T X 96 respectively.

(a) Errors obtained with the ZD scheme. (b) Errors obtained with the ZDS scheme.

R=2 R=4 R=6 R=8 R=1 R=2 R=3 R=4
eH(x24) 4.15e-05 2.0le-05 1.52e-05 2.52¢-05 eH(x24) 4.83e-05 1.97e-06 3.08e-07 5.96e-08
eH(x96) 1.81e-07 3.83e-09 1.06e-10 4.58e-12 eH(x96) 1.88e-07 4.47e-10 2.47e-12 2.73e-14
eL(x24) 3.25e-05 6.40e-06 1.41e-05 1.14e-05 eL(x24) 1.27e-05 4.62e-07 6.02e-08 1.04e-08
eL(x96) 1.28e-07 1.36e-09 3.89e-11  2.45e-12 eL(x96) 4.93e-08 1.06e-10 5.62e-13  6.02e-15
eA(x24) 454e-03 3.83e-04 8.63e-05 4.08e-05 eA(x24) 3.26e-04 5.07e-06 3.33e-07 5.65e-08
eA(x96) 1.82e-05 1.06e-07 1.29e-09 2.80e-11 eA(x96) 1.28e-06 1.25e-09 3.52e-12 2.67e-14

(c) Errors obtained with the classical schemes.

MC2 CS4 KL6 KL8

eH(x24) 3.56e-03 4.82e-07 7.27e-09 3.67e-12
eH(x96) 2.22e-04 1.92e-09 1.73e-12 5.69e-17

el(x24) 7.95e-76 3.11e-76 7.00e-76  1.9le-75
eL(x96) 7.17e-76 5.96e-76 1.00e-75 1.1le-75

eA(x24) 5.23e-02 5.8le-05 5.13e-07 1.49e-10
eA(x96) 3.16e-03 2.28e-07 1.26e-10 2.29e-15

We report in Table 4 the deviations of the three invariants using the ZD, ZDS and classical methods, respectively. First,
we note that the H errors are now mesh-dependent, and decrease when the time step decreases. Second, the ZDS
schemes have smaller error than their equivalent-order ZD versions (about 2 orders of magnitude). Comparisons with
the classical symplectic schemes show that both structural methods provide larger errors than the CS4 scheme. On the
contrary, the KL6 (6th-order) and KL8 (8th-order) schemes clearly provide the lowest # errors in comparison with the
ZD R = 6 scheme (6th-order) and the ZDS R = 3 scheme (8th-order). We report a similar behavior for the LRL R
invariant with a particular mention for the KL8 method with a noticeable gain of three orders of magnitude regarding
the equivalent ZDS R = 3 structural scheme. Another comment concerns the conservation of the angular momentum
L. The structural schemes provide errors with the same magnitude as the Hamiltonian invariant, but the classical
schemes definitively deliver a perfect invariance where the errors are only the consequence of the machine errors due
to the quadruple precision.

6.3.3 Projection on the third invariant manifold

Since the last invariant is not fully preserved, we revisit the scheme by adding a projection onto the third invariant
manifold characterized by the equation

R(.’D,p) = R(:Eo,po) = Ro.
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In short, we provide new vectors Zx,, and Z)n close to Zx,, and Zp,, such that R(Z(m Z)n) = Ryo.

To this end, given x and p assumed to be close to the manifold, we consider the optimization problem: find = and p
that minimize

1)~ ~ 2 -~
J = §H[$’p]t — [a:,p]tH ,  under the constraint R(Z, p) = Ro.

We obtain an update Z, p given by

Z1 T
x2 T . ) o
B = ol - AV, ,R(Z,p), with R(z,p) = Ro,
D2 D2
where
[ (22)°7
R
(s —pr) — B
—pi1(p2 —p1) — +—%
VepR(z,p) = ||2]|3

2x9p1 — T1P2 — T2P2

| 221p2 — 21p1 — T2p1 |

We then use the following approximation
0=R(z ~ A\V,R(@B), P~ \V,R(& D)) — Ro ~ R(@,p) — Ro — N V2, R(E, B), VayR(,p) ).

Substituting V,, ,R(x, p) with V, ,R(x, p) in the inner product, and we get the approximation

R(£B7p) - 7Q'O

A= B/ R0
IVapR(,p)|?

Thus, the approximation of the projection onto the third manifold is given by

Fl- Bl e [vrien)

We report in Table 5 the deviation of the invariants at the final time 7" = 100 using the projection. We obtain very
similar errors to the non-projection case given in Table 4a,Table 4b. The correction does not bring significant change
in the error magnitude for the ZDS method. We just observe a slight reduction of the LRL error and larger errors for
the two other invariants for the ZD method.

Table 5: Kepler system from Section 6.3, with projection on the invariant LRL manifold: errors on the Hamiltonian, angular
momentum and Laplace-Runge-Lenz vector at 7' = 100s. For eH, eL and eA, both rows correspond to N =T x 24 and
N =T X 96 respectively.

(a) Errors obtained with the ZD scheme. (b) Errors obtained with the ZDS scheme.

R=2 R=4 R=6 R=8 R=1 R=2 R=3 R=4
eH(x24) 3.75e-03 3.88e-04 1.19e-04 2.16e-05 eH(x24) 3.17e-03 1.66e-05 2.07e-07 9.13e-08
eH(x96) 8.78e-05 1.89e-07 4.21e-09 1.13e-10 eH(x96) 1.25e-03 5.01e-08 1.57e-10 6.59¢-13
el(x24) 1.40e-03 5.68e-05 3.38e-05 1.48e-05 el(x24) 1.28e-03 2.70e-06 227e-07 2.25e-08
eL(x96) 5.16e-05 8.48e-08 1.41e-09 4.19e-11 eL(x96) 7.22e-04 2.78e-08 7.7le-11 2.88e-13
eA(x24) 1.39e-04 3.70e-05 2.15e-05 2.66e-05 eA(x24) 9.87e-05 6.85e-07 9.61e-08 4.61e-08
eA(x96) 2.97e-06 9.69e-09 3.95e-11  3.70e-12 eA(x96) 2.45e-05 1.37e-09 4.7le-12 1.93e-14
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Figure 7: L' errors and convergence orders for the 2-dimension 3-body problem. Position errors (left panel) and the
velocity errors (right panel) are given in function of the grid size for several schemes

6.4 Two-dimensional three-body problem: the figure-eight solution

The two-dimensional three-body system is characterized by the position X [k] = z* € R? and the momentum P[k] =
p* = myv* € R? of each body, where matrices X, P € B are given by X; , = =¥ and P, ;, = p¥, for k € {1,2,3}
and ¢ € {1,2}. The Hamiltonian corresponds to the time-invariant total mechanical energy

K
1 . Gmpmy
X,P:E — “*E e
H(X,P) 2 2mk”p | k;ﬁ[ 2k — |

We choose the figure-eight orbit for the three-body problem (K = 3) given by [22]. To simplify the problem, we
assume that all masses are equal to 1 and take the gravity constant G = 1. We prescribe the initial conditions with

1 (097000436 o (—0.97000436 s (0
=\ —024308753) > ¥ T\ 024308753 ) ¥ T \o)-
for the position while the initial velocities are given by

1 _ (0.466203685 5 (0.466203685 5 _ (—0.93240737
Y=\ 043236573 )0 " 0.43236573 ) Y —0.86473146 ) -

To check the accuracy for both the position and the velocity, we build a 32 digit-accurate approximation at time 7" = 6,
reported in Table 6, with a very fine mesh N = 10000, 16th-order method and octuple precision.

Table 6: 32 digit-accurate approximations of the final position and velocity at time T=6 for the two-dimensional three-body
problem?

component 1 component 2
xt 7.46327477619643171788882241806705e-01  -3.50642825804179469824366576996967e-01
vl 9.15234708896112323200536200718399-01 1.58591215936613597397887314351545e-01
v? | -1.06634604893325246853521993232162e+00 9.40324145269491260952974444713522e-02
v? 1.48379313616329367267908182363434e-01 4.67056998997661829135979976473009e-01
x3 3.20018571313609296746337690514915e-01 2.56610411277230343729069132525615e-01
v3 | -1.06361402251244169046844438308183e+00  -6.25648214934275426533867290824555¢-01

We plot in Figure 7, left panel, the sum of the position errors for the three bodies while the right panel provides the
error summation for the velocity. Methods SV (full line) and ZD (dashed line) provides similar accuracies for the
same order but from our experience, the ZD method runs much faster. When dealing with the ZDS method, we reach
the optimal order but observe a gain in accuracy of up to four orders of magnitude due to the compact nature of the
scheme. The introduction of the second derivative as an additional unknown together with the new physical equation
strongly reduce the errors with a modest extra computational cost.
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6.5 The outer Solar system

The three-dimensional K-body system is characterized by the position X[k] = =¥ € R? and the momentum P[k] =

pF = mypv* € R3 of each body, where matrices X, P € ‘B are given by X, = :cf* and P;;, = pff‘, for all
ke{l,...,K}andi € {1,2,3}. The Hamiltonian corresponds to the time-invariant total mechanical energy
K
1 . Gmpmy
H(X,P) = 112 - —_ .
0= 3 g I8 - X ey

6.5.1 Physical equations and invariants

Hamilton’s equations X = VpH (X, P) and P= —VxH(X, P) give the first set of physical equations:

forallk € {1,...,K},  &* p* = -3 @ .
e {l,..., ; = —, =— MM -
o mg P ot M |+ — xf|3
Hence, the first set of physical equations PE[1] given by relations (36) — (37) derives from Hamilton’s principle:
Zplk
Dx[k] = plH, (36)
mg
Zx[l] — Zx|k
Dplk] = — ZGmkmg x4 X[ 37)

P | 2x(6) — zx[k]||*

Differentiating the dynamical system once more provides the second set of physical equations PE[2], given by relations
(38) - (39):

Splk] = D}’%"] (38)
Dx[(] — Dx[k] Zx[k] — Zx((]
Splk] = — Gmypmy - — 3( Zx|k] — Zx|{], Dx[k| — Dx[{ = |, 39)
plF] ; : é(Hzxm — zx[i]|’ < (k] = Zx({], Dxlk] = Dx| > | Zx[K] — Zx[d]| >

with (-, -} the usual inner product, while Zx[k], Dx[k] and Sx[k] represent the position, the velocity and the accelera-
tion of body k. A second invariant of the K'-body system is the angular momentum £(X, P), given by

K K
L(X,P) =) Ly(X[k],Pk]) =) a" x p*.
k=1

k=1
6.5.2 Numerical tests

As an application, we consider the 6-body system corresponding to the so-called outer solar system: the Sun and
Jupiter, Saturn, Uranus, Neptune and Pluto [12]. The masses and initial conditions are given '+? in Table 7. The initial
positions are given in Astronomical Units (1 au=149 597 870 km) and the initial velocities are given in au per earth
day. The gravity constant is set to G = 2.95912208286 - 10~*. Together with the Hamiltonian, we analyse the angular
momentum, another quantity that is time-invariant, given by the vector

a=L(X,P)=> Ly(X[k],P[k]) => a* x p.
k=1 k=1

We provide in Table 8 the maximum errors for the Hamiltonian and angular momentum using the ZD, ZDS and classical
schemes, with coarse and fine grids, and 7' = 100000 years. In each situation, we obtain the optimal order for the
ZD, ZDS and classical methods, noting that we reach the quadruple precision for the angular momentum with the
symplectic scheme. We also observe the same gain of two or three orders of magnitude between the ZD and ZDS
schemes. The CS4 scheme (4th-order accurate) outperforms both of its structural equivalents. The KL6 scheme (6th-
order accurate) provides very similar deviations compared to its equivalent ZDS with R = 2, while the KL8 scheme
(8th-order accurate) is comparable to the ZDS with R = 3. The main advantage of the structural scheme is its ability
to choose or adapt the order without modifying its implementation, only by changing the value of the block size R.

'https://dspace.mit.edu/bitstream/handle/1721.1/6442/AIM-877 .pdf
2https://rebound.readthedocs.io/en/latest/c_examples/outer_solar_system/
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Table 7: Data and initial conditions for the outer solar system problem. Masses are normalized regarding the solar mass,
and the initial positions and velocities are given, respectively, in au and au per earth day.

Celestial body Mass Initial Position Initial Velocity period
0 0

Sun 1.00000597682e+00 0 0 0
0 0
-3.5023653 0.00565429

Jupiter 9.547861040430e-04 -3.8169847 -0.00412490 4333
-1.5507963 -0.00190589
9.0755314 0.00168318

Saturn 2.855837331510e-04 -3.0458353 0.00483525 10759
-1.6483708 0.00192462
8.3101420 0.00354178

Uranus 4.37273164546e-05 -16.2901086 0.00137102 30687
-7.2521278 0.00055029
11.4707666 0.00288930

Neptune 5.17759138449e-05 -25.7294829 0.00114527 60190
-10.8169456 0.00039677
-15.5387357 0.00276725

Pluto (10/13) e-08 -25.2225594 -0.00170702 90560
-3.1902382 -0.00136504

Table 8: Three-dimensional n-body problem (i.e., the outer Solar system) from Section 6.5: errors on the Hamiltonian
and angular momentum at 7' = 100000 years. For eH and eL, both rows correspond to N = 480 and N = 1920
respectively.

(a) Errors obtained with the ZD scheme. (b) Errors obtained with the ZDS scheme.

R=2 R=4 R=6 R=8 R=1 R=2 R=3 R=4
eH(480) 3.06e-04 1.07e-04 4.02e-05  3.79e-05 eH(480)  7.92e-05 2.33e-06 9.99e-08 3.48e-08
eH(1920) 1.26e-06 2.72e-08 5.11e-10 2.29e-11 eH(1920) 3.10e-07 5.69e-10 1.52e-12  1.03e-14
eL(480)  9.12¢-09 2.42e-09 9.37e-10 8.87e-10 eL(480) 1.76e-09  5.03e-11  2.63e-12  6.56e-13
eL(1920) 3.70e-11 6.15e-13 1.08e-14  5.46e-16 eL(1920) 6.88e-12 1.23e-14 3.12e-17  2.36e-19

(c) Errors obtained with the classical schemes.

MA2 Cs4 KL6 KL8

eH(480) 1.24e-01  6.19e-06 2.27e-05  3.29e-07
eH(1920) 7.43e-03 2.46e-08 3.55e-09 2.71le-12
eL(
el(

480) 7.91e-81 1.90e-80 2.06e-80 2.11e-80
1920) 3.37e-80 2.21e-80 4.53e-80 1.17e-79

6.6 Motion of a particle in a 3D electromagnetic field

We consider a charged particle subjected to electromagnetic forces, characterized by the electric potential ¢ = o(x) €
R and the magnetic potential A = A(z) € R3. This situation is governed by the following Hamiltonian:

He.p) = 5 b~ cA@)? + (@),

with m and e the mass and electric charge of the particle. We denote by A(x) = [A1, A2, A3]' the components of the
magnetic potential.
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This is an example of a non-separable Hamiltonian, i.e., a problem where V,,H depends on both = and p. The classical
schemes already used in the previous section and implemented in julia failed to solve such a problem. Hence, we
have implemented the second-order symplectic Stormer-Verlet schemes [ 1]. The composition method [12] make it
possible to reach the fourth, sixth and eighth orders of accuracy, to provide comparisons with the structural method.

6.6.1 Physical equations

From the Hamiltonian, we derive the equations of motion given by
. 1
& =hpH(@,p) = —(p —ed), (40)

d
b= —0,H(x,p) = % [0, A]'(p — eA) — edpip = ¢ ([axA]‘ dit” — 9, > , 1)
with the matrix 9, A(x) = [(“)in(m)} € R¥*3 and the vector d,¢(x) = [01¢(x), Daip(x), D30(x)]' € R3.
]
From relations (40) — (41), we deduce the first group of physical equations (PE[1]) connecting the first-order derivatives

mDx = Zp — eA(Zx), Dp=e ([@A(Zx)]th - (9x<p(ZX)) ,

Differentiating relations (40) — (41) with respect to time, we get the second group of physical equations

mi = p — edu Ak — A = e ([&CA]t:b —Dpp— D Al — 8tA> ,
. d . . . .
p=ec ([BmA]tw) —edlpx = e([azA]t:c +w— 8§g0w),
with
3 3
P = [0:0;¢],, andforallle {1,2,3}wy=> > 040, (Aj)j;ij:j.
i=1 j=1

The second group of physical equations (PE[2]) then reads
Lsx = ([0.A(2%)]" — [0.A(2x)] ) Dx — 9, A(Zx) — 0.0(Zx),
e

Sp = e([awA(Zx)]Sk +w — [02p(2x)] Dx)

6.6.2 A Sanity Check Benchmark (SCB)

The SCB consists in considering a pseudo-2D problem with very smooth magnetic and electric potentials. We take

0
1
olx)=——— A(z) = [ 100021 | .

The initial conditions are 2(0) = (1,0,0)" and p(0) = (0,1 + 100, 0)*, while the physical parameters are m = 1 and
q = 1, with final time 7" = 100.

We have carried out the simulation up to the time 7" = 100 using a coarse grid (/N = 127") and finer one (N = 487) to
check the order of accuracy and the preservation of the Hamiltonian. We report in Table 9 the Hamiltonian deviation for
the ZD, ZDS and Stormer-Verlet (SV) methods. Clearly, the structural schemes provide a better accuracy in comparison
to the SV version. Namely, the ZD methods provide a gain of up to one order of magnitude compared to the classical
SV methods, while we obtain a gain of two to three orders of magnitude with the ZDS approach. We highlight the
quality of the compact second-derivative method, able to reach such very low errors.

Figure 8 displays the growth of the Hamiltonian error in time for the ZD (left panel), ZDS (middle panel) and SV (right
panel) schemes. In each case, the Hamiltonian error becomes constant after a very short growth.
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Table 9: Particle in an electromagnetic field, Sanity Check Benchmark from Section 6.6.2: error on the Hamiltonian at
T = 100s. Both rows correspond to N = 1200 and N = 4800, respectively.

(a) Errors obtained with the ZD scheme. (b) Errors obtained with the ZDS scheme.
R=2 R=4 R=6 R=8 R=1 R=2 R=3 R=4
eH(x 12) 8.69e-07 2.27e-08 9.53e-10 8.56e-11 eH(x 12) 2.89e-07 9.42e-10 7.37e-12 1.18e-13
eH( ><48) 3.41e-09 5.57e-12 1.43e-14 6.96e-17 eH( ><48) 1.13e-09 2.29e-13 8.42e-17 1.04e-19

(c) Errors obtained with the classical schemes.

SVv2 Sv4 SVé6 Sv8

eH(x12) 6.10e-04 4.66e-06 1.98e-08 2.07e-09
eH(x48) 3.80e-05 1.82e-08 4.43e-12 3.23e-14

erry erry erry
106
10~7 104
sy
i 10710 1077
10-10 |
e e ™ T e i Em—— 1010
w2y ]
.
16 e o —13
10— frmmmm e 10716 4 === 10 ey e ey e e
e S 1019 o m e 1016
t t t
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
—— ZD, 12x, R=2 —— ZD, 12X, R =4 —— ZDS, 12X, R=1 —— ZDS, 12X, R =2 —— SV2, 12x —— SV4, 12x
—— 7D, 12x, R=6 — 2ZD, 12x, R=38 —— 7DS, 12x, R=3 — 2DS, 12x, R =4 —— SV6, 12x —— SV8, 12x
--- ZD,48x, R=12 --- ZD,48x, R=14 --- ZDS,48x, R=1 --- DS, 48x, R =2 - -~ SV2,48x --- SV4, 48x
--- 2ZD,48x, R=6 --- ZD, 48x, R=8 --- ZDS,48x, R=3 --- ZDS, 48x, R=4 --- SV6, 48x --- SV8, 48x

Figure 8: Particle in an electromagnetic field, Sanity Check Benchmark from Section 6.6.2: error on the Hamiltonian over
time. From left to right: ZD, ZDS and SV methods.

6.6.3 Non-separable case: particle motion for challenging potentials

We propose a more challenging benchmark, where the magnetic potential presents a singularity at 1 = 0, lead-
ing to additional numerical difficulties to preserve the Hamiltonian. The electrostatic potential is given by p(x) =
2 cos(x1)? + sin(z1)?(sin(z2) cos(z2) + sin(x3) cos(x3)), while the magnetic potential reads

2
Alz) = rzz :
—2log(1 +r?)
with 72 = x% + x% + x% The mass and charge are set to unity, i.e., m = 1 and ¢ = 1, and the final simulation time
is 20000 s. At last, we use the initial conditions «(0) = (0.5, —0.25, —0.25)" and p(0) = (0,0, —1)". Not that this
potential leads to a truly non-separable problem.

We run the ZD and ZDS simulation for N = 127" and N = 48T whereas, for stability reason, the SV method required
much finer grids with N = 1287 and N = 2567. The results are reported in Tables 10a to 10c. Once again, we
observe the superior advantage of the structural scheme to achieve very high accuracy, even with coarser grids. As
usual, we get a gain of about two orders of magnitude between the ZD and ZDS scheme for a given order of convergence.
Moreover, we display in Figure 9 the evolution of the deviation of the theoretically invariant Hamiltonian. On the one
hand, the SV method presents a linear growth of the error as a linear function of the time, independently of the method
order (almost the same slope in log scale). We observe a similar behavior for the fourth- and sixth-order structural
methods. At last, we notice a dramatic cut of the error growth when dealing with very high orders of accuracy, in
particular the ZDS scheme with R = 4 shows a horizontal line that indicates the boundedness of the Hamiltonian
deviation.
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Table 10: Particle in an electromagnetic field, non-separable case from Section 6.6.3: error on the Hamiltonian at 1" =
20000 s. For the ZD and ZDS schemes, both rows correspond to N = 12 X T" and N = 48 x T, respectively; for the
classical scheme, they correspond to N = 128 X T and N = 256 x T.

(a) Errors obtained with the ZD scheme. (b) Errors obtained with the ZDS scheme.
R=2 R=4 R=6 R=8 R=1 R=2 R=3 R=4
eH(x12) 2.28e-01 1.31e-02 6.00e-04 3.19e-04 eH(x12) 1.34e-02 1.15e-04 7.59e-07 6.44e-07
eH(x48) 8.45e-04 3.51e-06 1.11e-08 6.18e-11 eH(x48) 5.29e-05 2.95e-08 1.24e-11 2.64e-14

(c) Errors obtained with the classical schemes.

Sv2 Sv4 SV6 SVv8

eH(x128) 8.97e-02 3.82¢-04 5.01e-06 4.90e-08
eH(x256) 4.52e-02 2.4le-05 7.88e-08 1.76e-10
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Figure 9: Particle in an electromagnetic field, non-separable case from Section 6.6.3: error on the Hamiltonian over time.
From left to right: ZD, ZDS and classical methods.

6.7 Complexity and function calls

In this section, we analyse the complexity and function calls of the structural methods (ZD and ZDS) compared to
classical symplectic schemes. We first provide a detailed complexity analysis for both separable and non-separable
cases in Section 6.7.1. We then present, in Section 6.7.2, the average number of iterations and function calls required by
the fixed-point method used in the structural schemes. This complexity and function call analysis helps to understand
the computational efficiency and performance of the proposed methods.

6.7.1 Complexity analysis for a single time step

We start with comparing the methods introduced in this article to classical ones, in terms of algorithmic complexity.
We assume that the Hamiltonian system governs the behavior of K bodies in dimension I: therefore, the system has
Neq = 21K equations. Moreover, in the structural method (as well as the classical ones in the non-separable case),
non-linear equations have to be solved. We denote by n; the number of iterations of the non-linear solver (a fixed-
point method in the structural method, and Newton’s method for the classical schemes). This number of iterations
depends on the method, and we denote by n$", nZPand nZPSthe number of iterations for the SV, ZD and ZDS methods,
respectively. To compute the complexity, we split the problem into two main configurations: the separable and non-
separable cases. We assume that evaluating H (X, P) and its derivatives has complexity O(1). The complexity of a
single time step of each algorithm is reported in Table 11.

In the separable case, the complexity of the classical methods only depends on the order of accuracy and system
size. On the contrary, for the structural method, the complexity also depends on the number of iterations nj; in the
fixed-point method, with one additional iteration corresponding to the initialization stage. The ZDS method has twice
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Table 11: Complexity of the different schemes used and introduced in this paper.

(a) separable case (b) non-separable case
Method order sub-steps complexity Method order sub-steps complexity
MA2 2 3 0(3neq) Sv2 2 2 0(2neq (14n3Y))
cs4 4 4 O(4neq) Sv4 4 3%2 O(6neg (14n3"))
KL6 6 7x3 O(21neq) SV6 6 92 O(18neq (1+n5Y))
KL8 8 15 x 3 O(45ncq) Svs 8 27x2  O(54neq(14n5))
D R-+2 N/A O (2Rneq (1+n%7)) zD R+2 N/A O (2Rneq (1+n%P))
ZDS 2(R+1) N/A O(4Rneq (1+n%PS)) ZDS  2(R+1) N/A O(6Rneq (1+0%PS) )

the complexity of the ZD method, as it requires evaluating the second derivatives of the Hamiltonian in addition to its
first derivatives. Therefore, in terms of complexity, the structural methods are slightly less favorable for low orders,
but become comparable or even slightly better for very high orders, depending on the number of iterations. These
conclusions are summarized in Table 12, where we report the ratio of the complexity of the structural methods with
respect to the classical ones.

In the non-separable case, the complexity of the structural and classical methods depend on the order, the system
size, and the number of iterations. Indeed, in the SV2 method, one has to solve two non-linear equations and two
linear ones per unknown in the system, leading to a complexity in 2neq(1 + 7). This complexity is then multiplied by
a constant depending on the number of compositions, itself depending on the order of the method. For the structural
methods, it turns out that the complexity is almost the same as in the separable case. The only difference is that
the cross derivatives are now needed in the ZDS method, leading to an extra two evaluations of the Hamiltonian and
its derivatives compared to the separable case. Table 12 once again reports the ratio between the complexity of the
structural methods and the classical ones.

Table 12: Ratio of the complexity of the ZD and ZDS schemes with the classical ones.

Order Separable Non-separable
zD ZDs ZD zDs
4 (140%P) xa/7  (140fP%) x 477 (140ZP)/(14n3Y) x 2/3  (140ZPS)/(14n5Y) x
6  (14nfP) x8/21  (14nFPS) x8/21  (140ZP)/(14n5Y) x 4/9  (14nZPS)/(14nfY) x 2/3
8 (14nfP) x4/15  (14nFD5) x 4715 (140ZP)/(14n3Y) x 2/9  (14nZPS)/(14n5Y) x 1/3

In summary, in all cases, the gain in complexity by using the structural method depends on the number of iterations
of the non-linear solver. In addition, the number of sub-steps increases linearly with the order of accuracy for the
structural method, while this increase is super-linear, or even quadratic, for the classical methods. Therefore, to
conclude on the potential gains in computation time secured by our schemes, one has to compare the number of
iterations in the non-linear solver, as well as the total number of time steps. This is easily done through the number of
function calls, whose analysis is presented in the next section.

6.7.2 Function calls

On the one hand, the ZD and ZDS schemes solve the system using blocks of size R, while the total number of steps is
denoted by N. We simply call nb_iter_avg the ratio between the total number of iterations, including the fixed-point
solves, and the total number of steps /NV. Conversely, since one iteration over the block corresponds to R evaluations
of the Physical Equations (PE), the average number of “PE function calls” nb_call_avg is given by the ratio between
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the total number of calls to PE and the number of steps [V, thatis nb_call_avg = R x nb_iter_avg. The classical
schemes, on the other hand, compose several semi-implicit steps, with one linear and potentially one nonlinear solve
for every semi-implicit step. The steps alternate between solving for VxH (X, P) and VpH (X, P). In the separable
case, we have two linear solves; in the non-separable one, a linear and a non-linear solve are carried out. Note that, in
the specific case of the separable particle problem from Section 6.6.3, VpH (X, P) is linear in P, and the non-linear
solve for VpH (X, P) is not needed, which reduces the total number of non-linear solves.

Table 13: Number of iterations of the fixed point method for the outer solar system case, ZD scheme.

(a) N = 3000, tol = 107%. (b) N = 12000, tol = 107%.
R=2 R=4 R=6 R=8 R=2 R=4 R=6 R=8
total iter 33405 18454 12609 10103 total iter 91439 51000 34548 26357
nb_iter_avg 11 6 4.2 3.4 nb_iter_avg 7.6 4.25 2.88 2.2
nb_call_avg 22 24 25 27 nb_call_avg 15.2 17 17.3 17.6

() N = 12000, tol = 107,

R=2 R=4 R=6 R=8

total iter 47258 27000 18617 15749
nb_iter_avg 3.9 2.2 1.6 1.3
nb_call_avg 7.8 9 9.6 10.4

Table 14: Number of iterations of the fixed point method for the outer solar system case, ZDS scheme.

(a) N = 3000, tol = 107%. (b) N = 12000, tol = 1073,
R=1 R=2 R=3 R=4 R=1 R=2 R=3 R=4
total iter 60000 33591 25434 21719 total iter 168000 91169 64000 53994
nb_iter_avg 20.0 11.2 8.5 8 nb_iter_avg 14 7.6 53 4.5
nb_call_avg 20.0 22.4 25.4 29 nb_call_avg 14 15.2 16 18

(¢) N = 12000, tol = 1075,

R=1 R=2 R=3 R=4

total iter 84000 44891 32000 24000
nb_iter_avg 7 3.7 2.67 2
nb_call_avg 7 7.5 8 8

We report in Tables 13 and 14, the total number of iterations of the fixed point method (including the initialization), the
average number of iterations and call to PE for the outer solar system (a separable example from Section 6.5) and in
Tables 15 and 16, for the particle in an electromagnetic field (a non-separable example from Section 6.6), respectively.
The number of iterations decreases as we increase the value of R, since we handle larger blocks. We then observe that
the nb_iter_avg is also decreasing in both simulations. Moreover, the ratio also decreases for larger IV since we get
a better predictor for the fixed point method; hence we reduce the number of iterations to reach the tolerance value. If
one releases the constraint on the tolerance to 107% in the last case, we almost divide the number of iterations by two.
We run faster but less accurately; therefore the user has to determine the best trade-off between computational effort
and solution quality.

Additional remarks concern the outer solar system when we take N = 12000 instead of N = 3000. We observe that
we have a substantial gain since the iteration ratio strongly diminishes with a larger number of steps. This comes from
a better initialization of the fixed point method, making a smaller number of iterations with a more efficient predictor.
We highlight that the proposed initialization based on a simple Taylor expansion could be strongly improved by taking
advantage of the former values of the function and derivative computed in the previous R block.
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Table 15: Number of iterations of the fixed point method for the particle in electromagnetic field case, ZD scheme.

(a) N = 12000, tol = 107%. (b) N = 48000, tol = 1073,
R=2 R=4 R=6 R=8 R=2 R=4 R=6 R=8
total iter 188656 107441 77665 62836 total iter 473032 256917 182448 142823
nb_iter_avg 15.7 8.9 6.5 5.2 nb_iter_avg 9.6 5.4 3.8 3.0
nb_call_avg 31.4 35.9 39.0 42.0 nb_call_avg 19.7 21.4 22.8 23.8

(c) N = 48000, tol = 1075,

R=2 R=4 R=6 R=8

total iter 98541 57103 41795 34031
nb_iter_avg 2.1 1.2 0.87 0.71
nb_call_avg 4.1 4.8 5.2 5.7

Table 16: Number of iterations of the fixed point method for the particle in electromagnetic field case, ZDS scheme.

(a) N = 12000, tol = 10°%, (b) N = 48000, tol = 107,
R=1 R=2 R=3 R=4 R=1 R=2 R=3 R=4
total iter 340494 202183 161918 152791 total iter 856330 474821 349537 292265
nb_iter_avg 28.4 16.8 13.5 12.7 nb_iter_avg 17.8 9.9 73 6.1
nb_call_avg 28.4 337 405 51.0 nb_call_avg 17.8 19.8 21.8 24.4

(c) N = 48000, tol = 1075,

total iter 422185 238998 172695 143948
nb_iter_avg 8.8 5.0 3.4 3.0
nb_call_avg 8.8 10 10.8 12.0

Table 17: Number of time steps, function calls and Newton iterations for the classical schemes applied to the particle in
electromagnetic field case. On average, 3 Newton iterations are used at every time step, leading to 6 calls to the gradient
of the Hamiltonian and 3 calls to its second derivatives per time step.

(a) N = 2560000, tol = 107*®

Sv2 Sv4 SV6 SV8
# time steps 2560000 2560000 2560000 2560000
# function calls 23039068 69119694 207359500 622079462

# Newton iterations 7679534 23039847 69119750 207359731

(b) N = 5120000, tol = 107*°

Sv2 Sv4 SV6 Sv8
# time steps 5120000 5120000 5120000 5120000
# function calls 46034006 138218150 414695588 1244123488

# Newton iterations 15337003 46069 075 138227794 414701744

To compare the structural method to the classical ones, we provide in Table 17 the number of time steps, function
calls and Newton iterations for the classical schemes, in the case of the particle in an electromagnetic field, and with
double-precision accuracy (i.e., tol = 107'%). For the second-order SV2 schemes, in this case, three explicit sub-
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steps and one implicit sub-step are carried out for each time step. With, on average, three Newton iterations per
implicit sub-step, we obtain, on average, nine function calls per time step: 3 for the explicit steps, 3 for the gradient
in the Newton iterations, and 3 for the Hessian in the Newton iteration, assuming that computing the Hessian is as
expensive as computing the gradient, which is a very conservative assumption. This number of function calls per time
step is on par with the ZD and ZDS schemes for tol = 107'5. However, since the classical schemes require much
more time steps in order to ensure stability, it turns out that the total number of function calls is much higher for the
classical schemes than for the structural ones.

Based on the preceding analysis, we can summarize the key conclusions as follows:

* One of the key benefits of the structural method is its unconditional stability. Indeed, one can take very large
time steps, which leads to a significant reduction in the number of function calls without loss in accuracy.

* In the separable case, both approaches allow for large time steps. For high orders of accuracy and large
number N of time steps, the structural schemes are faster because n“P and nZPS remain small. At lower
orders and small values of [V, the structural method is slower, but its precision remains superior. As a result,

we maintain a better speed-to-accuracy ratio overall.

* In the non-separable case, regardless of IV, our method has a smaller complexity if a similar amount of
iterations in the non-linear solver is required. Even when the number of iterations is larger, the structural
method still has a significant advantage, namely its unconditional stability. In the particle case (where the
number of iterations was comparable), the classical method required time steps about 20 times smaller than
the structural method to ensure stability.

In conclusion, the structural method should, in general, be slightly faster than classical methods in the separable case,
and significantly faster in the non-separable case. To make sure this is truly the case, in the next section, we compare
the runtime of both methods in the two cases.

6.8 Computation time

This last section is dedicated to the comparison of the computation time required by the structural schemes and the
classical ones. We tackle a separable setting (the outer Solar system problem) and a non-separable one (the particle in
a 3D electromagnetic field). To provide a fair comparison, they were coded in the same framework, using the same
representation of floating-point numbers. Since the ZD and ZDS schemes are more stable, we additionally choose the
lowest time step imposed by the classical symplectic schemes. The tests were run on a personal computer with an
AMD Ryzen 7 5800H @ 4.46 GHz and 16 GB of RAM with only one thread.
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Figure 10: Hamiltonian error with respect to computation time for the outer solar system problem from Section 6.5. The
structural schemes (ZD and ZDS) are compared to the classical symplectic ones.

In Figure 10, we display the efficiency curves (error with respect to computation time) for the (separable) outer planets
benchmark, until final time 7" = 10°. In all cases, we observe that the structural scheme have an enormous gain in
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CPU time compared to the classical symplectic ones. For instance, if one wishes to pay a budget of around 30 seconds
of computation time with a scheme of order 8, one can reach an error of around 10~12 with the classical schemes,
while the structural schemes provide an error of around 10~16 (for ZD) and 10~*° (for ZDS), which is a gain of 7 orders
of magnitude in accuracy for the same computational effort. To this gain, one could add the larger time steps allowed
by the structural schemes, which would further increase the advantage of our method.

10,2 rerry
+ o
_ +.... =
1076
.,
10710 4
10714 4
10718 +
—+— SV4 - +- ZD2 -+ ZDS1
—e— SV6 - - ZD4 -« ZDS2
10722 “x
—»— SV8 - x- ZD6 --x--- ZDS3
) - 4- ZD8 -4 ZDS4
10726 | R CPU time [3]

0.5 1 2 5 10 20 30 60 120

Figure 11: Hamiltonian error with respect to computation time for the particle in a 3D electromagnetic field problem from
Section 6.6. The structural schemes (ZD and ZDS) are compared to the classical symplectic ones.

In Figure 11, we once again display efficiency curves, this time for the (non-separable) particle in a 3D electromagnetic
field problem, using the benchmark from Section 6.6.3, which we ran until final time 7" = 100. We again observe
dramatic gains in efficiency with the structural schemes. For instance, if one’s computational budget is 5 seconds,
one can reach an error of around 10~7 with the classical schemes, while both structural schemes provide an error of
around 10~1°. This is a gain of 12 orders of magnitude in accuracy for the same computational budget. This verifies
the observation from Section 6.7 that the structural schemes are more efficient in the non-separable case.

7 Conclusions

In this paper, evidence was brought forward of the ability of the structural method to provide stable and accurate
solutions in the specific context of Hamiltonian systems. We have detailed the design of the method, and provided
numerical experiments with different classical Hamiltonian systems, systematically comparing the results to well-
known symplectic solvers. These experiments showed that our method is quite efficient and fast, and, in the ZDS
case, provides a solution of excellent quality. We also tackled a non-separable system to prove the superiority of the
structural method with respect to other schemes. In short, we have provided a general framework for the numerical
approximation of Hamiltonian systems, that can easily be adapted to large classes of problems.

We would like to highlight that our method is quite versatile (e.g. by adapting the block size to fix the convergence
rate), very easy to implement, and with a low memory consumption. Unconditional stability is also a desirable prop-
erty, since it makes it possible to reduce the computational effort involved in dealing with long-time simulations by
taking large time steps. Additionally, we also mention the simplicity of the fixed point method to solve non-linear
problems where all the matrices and inverse matrices associated to the structural equations are computed once in a
pre-processing stage, that dramatically reduces runtime. At last, we achieve very high accuracy that requires quad-
precision (even octuple precision) when we use the ZDS scheme with R > 2.

A final remark is the ability to produce more physical equations by differentiating the physical equations twice (or
more), and by including the third-order (or higher-order) derivatives in the structural equations. That way, extreme
accuracy (more than one hundred correct digits) would be obtained, which could be useful for applications requiring
very long simulation times and very accurate approximations (planet or satellite positioning, for instance).
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A Analytic expressions for the structural schemes

For R € {1,2,3,4}, we provide in Table 18 the analytic expressions of the matrices A, and A,, and vectors a, and
a4 involved in the ZD scheme from (8). Similarly, in Table 19, we provide the analytic expressions of the matrices A,
Ay and A,, and vectors a, ag and a, involved in the ZDS scheme (10).

R=1: AZ:2, Ad:—l, aZ:—Q, ad:—l
5. (0 3 (-4 -1 (3 (1
R=2: Az—(_4 2), Ad—(o _1), az_(_2>5 ad—<_1)
27T =27 -11 2T 21 3 —11 -3
R=3: Az:(o —27 8>,Ad: 27 0 —3.),@2:(_19),%:(_6)
27 =27 13 0 0 —6 13 6

160 0 —-160 —25
—224 216 96 —19

~——
| o
D
QOO_‘

A=1 16 “108 48 -—16]> == 60 |"
B 32 36 32 —14 14
R=4 96 216 96 6 6
o [-192 216 0 6 -8
4= 96 0 0 6= | 18]
0 0 0 6 —6

Table 18: ZD scheme from (8): Expressions of the matrices A, and A4, and vectors @, and ag4, for R € {1,2,3,4}.

B Exact conservation of non-separable quadratic Hamiltonians

We consider a non-separable quadratic Hamiltonian of the form (20), i.e.,

1 1
H(z,p) = 52?2 + yzp + §w2x2-

In this section, we exhibit conditions on the R-block ZD scheme so that it exactly preserves this Hamiltonian at step
1<r<R,ie,
H (ZXnrs DPpyr) = M (Zxn, Zp,,).

The proof for the ZDS scheme is carried out in the same manner, and it is left to the reader. To exhibit the conditions,
we follow the same steps as in the proof of Proposition 1. Indeed, plugging the physical equations (12)—(13) into the
structural equations (16)—(17) yields

bZx,, + YAt BgbZx,, + At BybZp, = —Zx, b, — yAt Zx, by — At Zp,, by, (42)
bZp,, — YAt BybZp, — w>At BybZx,, = —Zp, b, + YAt Zp,, by + w? At Zx,, bg. (43)
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R=1: Az:12: Ad:—G, Asil, aZ:—12, ad:—6, a5:—1

—48 24 0 -9 -8 1
R_2: AZ:(O 15)’Ad:(716 77)’AS:(0 1)’
- —24 _ (-9 _ (-1

15 s Qg = 7 s Qg = 1

729 —729 103 243 243 -33 81 -81 3
AZ:<—486 243 70), Adz(—Sl —162 —27), As:<—81 0 3),
R—3 —81 81 113 162 —162 —48 0 0 6
103 33 3
az_(_m), ad_<_6o>, a5_<_6>
113 48 6
—~10240 19440 —10240 520 520
A 16640 19440 3840 370| [ -1410
== | —5248 2592 1152 307> %= = | 1197 |°
—512 0 512 269 —269
—3840 0 3840 —150 150
R_4: A, | 6144 5184 1536 —126) [ -—426
: —1536 —2592 —768 —114]°> % 390 |’
—512  —864 —512 —106 ~106
—768 2592 —768 12 12
4 |136 2502 0 12} [-36
s=|-768 0 0 12]° %= | 36
0 0 0 12 ~12

Table 19: ZDS scheme from (10): Expressions of the matrices A,, A4 and A, and vectors a., a4 and ag,, for R €
{1,2,3,4}.

Isolating bZx,, in (42) and bZp,, in (43), we obtain
(Ig + vAt BybZx,,) bZx,, = —At BqbZp,, — Zx,, (b, + vAtby) — At Zp,, by, (44)
(Ip — yAt BybZx,) bZp, = w?>At BybZx,, — Zp,, (b, — yAtbg) + w? At Zx,, by. (45)

Plugging (44) into (43) and (45) into (42), rearranging terms, and performing some straightforward (but tedious)
algebraic manipulations, we obtain that the R-blocks satisfy

Ay bZx, = Zx,at + At Zp,, a('; and A_bZp, = Zp, a; —w At Zx,, ay, (46)
where we have set
Ax = My +w?At? ByMi ' By,
azi = —b, FyAtbg — w?At? BdMi_lbd,
ai = —bg + BaM' (b, £ yAt by),
My = Ig £+ ~vAt By.
This gives eaasily checkable conditions for the preservation of the Hamiltonian, by simply computing the r entry of
the vector
2

1 1 1 1
Qpr” © bZp,, + VhZx,, © bZp,, + §w2ben o bZp,, — (2Zpi + vZxn2Zp,, + 2w2an> )

where bZx,, and bZp,, are given by (46), and ® denotes the Hadamard (componentwise) product of two vectors, and
checking whether it vanishes.
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