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Abstract

The discrete gradient methods are integrators designed to preserve invariants of ordi-
nary differential equations. From a formal series expansion of a subclass of these
methods, we derive conditions for arbitrarily high order. We derive specific results for
the average vector field discrete gradient, from which we get P-series methods in the
general case, and B-series methods for canonical Hamiltonian systems. Higher order
schemes are presented, and their applications are demonstrated on the Hénon—Heiles
system and a Lotka—Volterra system, and on both the training and integration of a
pendulum system learned from data by a neural network.
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1 Energy preservation and discrete gradient methods
For an ordinary differential equation (ODE)
¥=f@), xeR f:R!I R (1)

a first integral, or invariant, is a function H : R? — R such that H (x(¢)) = H (x(19))
along the solution curves of (1). If we can write
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fx) =Sx)VH(x), @)

where S(x) : R9%4 — R4 jsa skew-symmetric matrix, then (1) preserves H: this
follows from the skew-symmetry of S(x), which yields

d

EH(x) =VHx) x=VHx)TSx)VH(x) = 0. 3)
The converse is also true: McLachlan et al. showed in [30] that, whenever (1) has
a first integral H, there exists a skew-symmetric matrix S(x), bounded near every
non-degenerate critical point of H, such that (1) can be written on what is called the
skew-gradient form:

¥ = S(X)VH®x). )

The proof provided in [30] for this is based on presenting a general form of one such
S(x), the so-called default formula

_fWOVH® - VH@) [T

5@) VHx)TVH®X)

(%)
Unless d = 2, this is generally not a unique choice of S(x), as e.g.

_ f@gm)" =g f@"

500 g0 VH®x)

will satisfy (2) for any non-vanishing function g : RY — R?. Many ODEs with first
integrals have a well-known skew-gradient form (4). This includes Poisson systems,
and the important class consisting of canonical Hamiltonian ODEs. For the latter, S
will be constant, so that we may write

X = SVH®x). (6)

A numerical integrator preserving a first integral H exactly is called an integral-
preserving, or energy-preserving, method. Starting in the late 1970s, a few energy-
preserving methods were proposed which relied on some discrete analogue of the
property (3), see e.g. [9, 23, 25, 26]. Most prominent among these is the class of
methods called discrete gradient methods, defined formally by Gonzalez in [18] and
given their current name in [30].

Given the first integral H, a discrete gradient VH : R? x R? — R? is a function
satisfying the conditions

VH(x,y)"(y —x) = H(y) — H(x), (7)
VH(x,x)=VH(x), (8)

for all x,y € R, Introducing_also the discrete approximation S(x, v, h) to S(x),
skew-symmetric and satisfying S(x, x, 0) = S(x), the corresponding discrete gradient
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method is given by

X—x =

- S(x, %, )VH(x, %). )

This scheme satisfies a discrete analogue to (3):

H(X)— H(x) =hVH(x, $)TS(x, £, h)VH(x, %) = 0.

We say that (9) is consistent to the skew-gradient system (4), since S(x,%,h)is a
consistent approximation of S(x) and VH (x, %) is a consistent approximation of
VH(x).

If d > 2, there are in general infinitely many functions satisfying (7)—(8). Many
explicit definitions of concrete discrete gradients have been suggested, and we will
discuss the most prominent among them in Sect. 2.1. One of these is the average vector
field (AVF) discrete gradient, first introduced in [22] and sometimes called the mean
value discrete gradient [30]. For a given H, it is given by the average of VH on the
segment [x, y]:

1
VaveH (x, y) = /0 VH((1 — £)x + £) de. (10)

When applied to the constant § system (6), the discrete gradient method with
S(x,y,h) = S and VH = VypH coincides with the scheme

X —x

h

1
=fo S —=&)x +&x)d8. (1)

This is sometimes viewed as a method by itself, applicable to any system (1), in which
case it is called the average vector field (AVF) method [37]. This was shown in [6] to
be a B-series method.

As pointed out in [30], the discrete gradient is restricted by its definition to be at
best a second order approximation to point values of V H. In much of the literature on
discrete gradient methods, see e.g. [18, 21], the approximation S is defined as being
independent of /4. In that case, the discrete gradient scheme (9) can at best guarantee
second order convergence towards the exact solution. Over the last two decades, there
have been published some notable papers on higher order discrete gradient methods.
McLaren and Quispel were first out with their bootstrapping technique derived in
[31, 32]. Given any discrete gradient VH and an approximation to S(x) given by
S(x, y, h), they compare the Taylor expansion of the corresponding discrete gradient
scheme to that of the exact solution, and thus find a new approximation S (x,y,h) to
S(x) which yields higher order. This quickly becomes a very involved procedure, but
by using a symmetric discrete gradient, they derive fourth order methods. A downside
of this method is that the schemes of order higher than two require the calculation of
tensors of order three or higher at every time step.

A fourth order generalization of the AVF method is proposed by the same authors
in [37]. This can be viewed as a fourth-order discrete gradient method for all skew-
gradient systems where S is constant. Also worth mentioning in this setting is the
collocation-like method introduced by Hairer [20] and then generalized to Poisson
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systems by Cohen and Hairer [10]. This is a multi-stage extension of the AVF discrete
gradient method. To get higher than second order, more than one stage is required. In
that case the method is not a discrete gradient method, although it is energy-preserving.

Norton et al. show in [35] that linear projection methods can be viewed as a class
of discrete gradient methods for skew-gradient systems with S(x) given by the default
formula (5). In connection to this, Norton and Quispel suggest in [36] the class of
approximations to (5) given by

fe,y, g, y, )T =g, y, ) f(x, y, )T

S(x, v, h) = ~ k:
(e ) gx,y, )T g(x,y, h)

; (12)

where f(x, v, h) is a consistent approximation to f(x), and g(x, y, k), g(x, y, h) and
g(x, v, h) are all consistent approximations to V H (x). The corresponding discrete
gradient method then inherits the order of the method X = x + h f(x, £, h).

The use of the discrete gradient method expands beyond the numerical integration of
ODEs. It can be applied to the time-integration of partial differential equations (PDEs)
which has constants of motion, guaranteeing preservation of a discrete approximation
of an integral [5, 14, 16]. Higher-order methods have been studied in this context,
but then only schemes that are expanding on the AVF method [3, 24]. Furthermore,
building on the recently introduced Hamiltonian neural networks [8, 19], Matsubara et
al. have shown how discrete gradients can be used to learn energy-preserving systems
from data [27]. Since the energy is given by a neural network, none of the higher-order
methods reviewed above are applicable in that case, and the authors suggest to use
multi-step methods to get higher than second order.

To the best of our knowledge, no one has so far suggested higher than fourth order
discrete gradient methods for a general skew-gradient system (4). Furthermore, for
this general case, all discrete gradient methods suggested of higher than second order
involve tensors of order three or higher. In this paper we present general theory for
achieving methods of arbitrary order, using any discrete gradient and not depending on
tensors of order higher than two. Largely inspired by the above mentioned references,
especially [31, 32, 37], we present here a general form giving a class of approximations
S(x, v, h) to any S(x) in (4), with corresponding conditions for achieving an arbitrary
order of the discrete gradient method (9). We do this step by step. In the next section,
we derive some useful properties of a general discrete gradient and discuss the most
common specific discrete gradients. Then we consider the AVF method and use order
theory for B-series methods to obtain a generalization of this, with corresponding
order conditions. In Sect. 4, we build on this to develop higher order discrete gradient
methods for a general skew-gradient system, using the AVF discrete gradient. Then,
in Sect. 5, we generalize this further to allow for a free choice of the discrete gradient,
thus arriving at the general form S(x, y, #) mentioned above, and a formal series
expansion of the corresponding discrete gradient methods. Throughout the paper,
we present several examples of higher order schemes for the different cases. In the
final section, we apply some of these schemes to numerical examples: the Hénon—
Heiles system with a constant S, a Lotka—Volterra system with a non-constant S, and
a pendulum system learned by a neural network.
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2 A preliminary analysis of discrete gradients

To simplify notation in the following derivations, we define ¢ := V H. Furthermore,
we suppress the first argument of V H and define g(y) := VH (x, y). We use Einstein
summation convention, with a comma in the subscript to differentiate between compo-

nents of covectors and derivatives. That is, we write g(y)f j= ag;ﬂ)i,g(y)i, ji= %
and so forth. Taylor expanding g(y) around x, we get
I A .
3O =g + W07 =) + 22 (0 = ) =46
13)
LN J ik kel _ 4
+ 580 ju (¥ = xHGT =Xy x)+O0(y —xI"),
or
= 1
g =) =2 -0~ (14)
= !

By the consistency criterion (8), we have g(x) = g(x). However, if we require the
discrete gradient to be a differentiable function in its second argument, (8) follows
directly from (7). To see this, we write (7) as

H(y) = H@) = §)i(y' —x). (15)
Differentiating this with respect to y/, we get

g =H),j =80 ;" —x)+80);, (16)

The case y = x immediately gives g(x); = g(x);, or (8). Assuming further that
VH e C?(R? x R¢, RY), we can differentiate once more to get

g jk=HO jk =8Wi ik —x)Y+ 80 jx + 80k, (17)
which means that
gX)jk=HX) jk =8x)jx + &k, j»

or
D?H(x) = D:VH(x,x) + (D,VH(x, x)T, (18)

zhere D?H := DV H denotes the Hessian of H, and ngH denotes the Jacobian of
V H with respect to its second argument.

Lemma 1 If the discrete gradient V H is symmetric, i.e. VH (x,y) = VH(y, x) for
allx,y € R4, then

D) VH(x,x) = %DzH(x). (19)
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Proof Disclosing the suppressed argument x in (16), we have
9 - i iy s
gy = W(g(x, MY —x) +8(x,y)),

which we can differentiate by x* to get

3 P d _ d _
0= Bxk—ayj(g(x’y)i)(y —x)—mg()ﬁy)k'f'mg(%)’)j-

If VH is symmetric,

q q _
Wg(x’ y)j= Wg(y,x)y
Thus, for y = x we get g(x)x; = &(xX)jx or (D2VH (x, x))T = D, VH(x, x).
Inserting that in (18), we obtain (19).

Definition 1 Given adiscrete gradient VH € C! (R xR?, R?), we define the function
0 :R? x RY — RI*4 by

1, = -
0(.y) = 5 ((D2VH@. y)" = D1 VH(x. ). (20)

Note that Q(x, y) is a skew-symmetric matrix. From (18), we see that Q(x, x) =
%DZH (x) — D,VH (x, x). The following result is crucial for the the main result of
this paper: the development of a general theory for higher order discrete gradient
methods.

Lemma 2 For a discrete gradient VH € CP(RY x RY, R) and the corresponding Q
given by (20),

_ 1
D5V H (x, K= —_D“VH «
» VH (x, x)v T (x)v

2K
Kk+1

Dg_lQ(x,x)vK forany k € [1, pl,v € R%.

Proof Differentiating (17) k — 1 times by y and setting y = x, we find that the «th
derivatives of g(x) can be expressed by the «th derivatives of g(x) through the relation

K
g1 =8W)j 1+ Y &)y (i, forall j, 1k, @1)
m=1
where I = {iy, ip, ..., i} is an ordered set of x indices, and
Im = I\{lm} = {i17i2""im717im+1’"'7il(}7
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i.e. I with the mth element excluded. Similarly, by continued differentiation of (20),
we obtain

_ 1_ 1_
(D51 Q(x, x)) 1 = 8@y (1) = 5801

Thus
_ _ 1_ . 1_
(D51 Q(x, x)v); = (DS Q(x, x))j o) = Eg(x»l,{,-,zl}v{*"} - 5g<x),-,1v’

1 « . 1 1 1
—_ p . . {J. 1} o . 1___ . I___ . 1
=5 mZ_l i a0 4 g (00— g0 = S
1 P B N ;1 ;o oK+ k
= ﬂg(x)j,zv - (ﬁ + E)g(x)j,w = Eg(x)j,w - Tg(X)j,IU .

2.1 Properties of different discrete gradients
While introducing the discrete gradient methods in [18], Gonzalez also gave an exam-

ple of a discrete gradient satisfying (7)—(8): the midpoint discrete gradient is given
by

y—2x).

x +y> L HO) - Hw - vH (= (v - x)
2 y—xT(—x)

VMmH(x,y) = VH<

Even when H is analytic, this discrete gradient is often not; the second order partial
derivatives are in general singularin y = x. For that reason, itis not suited for achieving
higher order methods by the techniques we consider in this paper.

The Itoh—Abe discrete gradient method, introduced in [23], notably does not require
evaluation of the gradient. The corresponding discrete gradient, which has also been
called the coordinate increment discrete gradient [30], is defined by

d
ViaH(x,y) =Y _ajej, (22)
j=1

where e; is the j™ canonical unit vector and
H(w;)— H(w;_ : :
( j)' ( J 1) ifyf;éxf,
(xj — y./ —x/

9H o '

o7 Wji—1) if y/ =/,
w~—§j ie-+En xie'
I =L i=jr17

While the other discrete gradients we consider in this paper are symmetric and thus
second order approximations to V H, the Itoh—Abe discrete gradient is only of first
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order. However, a second order discrete gradient, which we call the symmetrized Itoh—
Abe (SIA) discrete gradient, is given by

_ 1 — _
VsiaH (¥, y) = 5 (ViaH(x,y) + ViaH (y, x)) . (23)

Furihata presented the discrete variational derivative method for a class of PDEs in
[16], a method which has been developed further by Furihata, Matsuo and co-authors
in a series of papers, e.g. [29, 38], as well as the monograph [17]. As shown in [14],
these schemes can also be obtained by semi-discretizing the PDE in space and then
applying a discrete gradient method on the resulting system of ODEs. We give here
the definition of the specific discrete gradient that gives the schemes of Furihata and
co-author, defined for a class of invariants that includes all polynomial functions:

Definition 2 Assume that we can write the first integral as
d .
Hx) =Y a]] e, (24)
I j=I

for functions f ]l : R — R. The Furihata discrete gradient Vg H (x, y) is defined by

d
VEH(x.y) =Y _aje;. (25)
j=1

where e is the j™ canonical unit vector and

) —xJ
y k=j+1

Loyiy— fleiy (=1 j—1 d Lo ky g ook . .
¥ gL (H Al + T1 fk’(y")> [ LZOREOD gy o o,
1 k=1 k=1

aj =

7
] dx k= k=j+1

R (1_1 Alah+ T A <yk)) [ feich if y/ = .
1 k=1

The discrete gradient introduced by Matsubara and co-authors in [27] shares some
relation to the Furihata discrete gradient, in that they are both relying on a discrete
analogue to the product rule for derivatives. But the former discrete gradient, obtained
by what the authors call the automatic discrete differentiation algorithm, more impor-
tantly depends on an analogue to the chain rule. By using this algorithm instead of
standard automatic differentiation in a neural network that learns a dynamical sys-
tem from data, the discrete gradient is obtained together with the preserved energy.
Thus the learned system can be integrated in an energy-preserving manner, which
distinguishes the approach of Matsubara et al. from comparable studies [8, 19, 39].

Lastly we consider the AVF discrete gradient (10), which has several noteworthy
characteristics.

Lemma 3 The Q(x, y) corresponding to the AVF discrete gradient is the zero matrix,
since (DaVavrH (x, )T = DaVayrH (x, y).
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Proof For g(y) := VavrH (x, y), we have

1

9 g
eMij=— [ g -8x+E&y);ds = —g((1—-8x+E&y)dE
ay’ Jo o dy/

1 1
/0 Eg((1 — E)x + Ey)y; d = /0 Eg((L— E)x +Ey);.0 dE = 5

From the Integrability Lemma (see e.g. [21,Lemma V1.2.7]) and the above, we have
that the AVF discrete gradient defines a gradient vector field:

Corollary 1 The AVF discrete gradient is the gradient with respect to the second argu-
ment of a function H (x, y). That is,

VavrH (x,y) = VoH(x, y),

for some H R4 x RY — Rand all x, y € RY.

Any other discrete gradient will have these properties only for functions H for
which it coincides with the AVF discrete gradient:

Proposition 1 The AVF discrete gradient is the unique discrete gradient satisfying
(D.VH(x,y)! = D;VH(x, y) forall H, x and v, and it has the formal expansion

o0

VavrH (x,y) = Z
k=0

7 1)'DKVH()C)(y —x)~. (26)

Proof Assume that VH is an analytic function. As in the proof of Lemma 2, let
I = {iy,ip,...,i,} be an ordered set of « indices, and let I,, be I with the mth
element excluded. If g(y); j = g(y);,; foralli, j, then also

gWit =8y (i1, foralli, I, m. 27

Inserting (27) in (21) we get g®) (x) = (14 «)g® (x). Then inserting this for g (x)
in (14), we get (26), which uniquely defines the AVF discrete gradient.

A consequence of the above result is that the AVF discrete gradient is the unique
discrete gradient for which the scheme (9) with S(x, X, 1) = S is a B-series method
when applied to the system (6).

As we see from the above definitions and discussion, each of the discrete gradients
have their advantages and disadvantages. Gonzalez’ midpoint discrete gradient is eas-
ily calculated from the energy H and the gradient V H, but it is in general only once
differentiable. The Itoh—Abe and Furihata discrete gradient methods do not require
knowledge of the gradient, but the former is only a first order method and the latter is
only defined for H of the form (24). The AVF discrete gradient is the unique discrete
gradient whose series expansion is given by the differentials of the gradient. It does
however require an integral to be calculated. The discrete gradient of Matsubara and
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co-authors has a different area of use than the others: it is only defined when H is
a neural network. In that case neither Gonzelez’ midpoint, the AVF or the Furihata
discrete gradients can be obtained.

In the next section we consider the specific case where the AVF discrete gradient
is chosen and S is constant, so that we can build on established results for B-series
methods to develop new theory.

3 A generalization of the AVF method
Let us recall the concept of B-series. Referring to the definitions in [21,Section IIL.1],
we let T be the set of rooted trees, built recursively from starting with T = « and letting
T = [t1, ..., T;y] be the tree obtained by grafting the roots of the trees 7y, ..., T, to
a new root. Furthermore, F (7) is the elementary differential associated with the tree
7, defined by F(s)(x) = f(x) and
F@) @) = f™@)(FE)®), ..., F) X)),

and o (7) is the symmetry coefficient for t, defined by o (s) = 1 and

o(t) =o0(t)---0o(tw)  pilpal---, (28)

where the integers w1, 2, ... count equal trees among 71, ..., T,,. Then,if ¢ : T U
{?#} — R is an arbitrary map, a B-series is a formal series

B¢, x) =¢p@Wx+ )

teT

hltl
¢(T)F()(x). (29)
o (1)

The exact solution of (1) can be written as the B-series B(%, x), where the coefficient
y satisfies y (J) = y(s) = 1 and

y@ =Itly() - y(m) fort=[r1,..., Tl (30)
where |t] is the order, i.e. the number of nodes, of t.

Definition 3 The generalized AVF method is given by

A

p—1 n n
- * o <I + Zh” an](l_[ S @njr) + (=" 1_[ f/(an(n—k+l))))
n=2 k=1 k=1

J

1
/0 f((1—=&)x +£&X)dé, (31)

where each z,jk := znjk(x, X, h) = B(¢yjk, x) can be written as a B-series with

o) =1.
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Theorem 1 When applied to (1) with f(x) = SVH (x), where S is a constant skew-
symmetric matrix, the scheme (31) preserves H, in that H(X) = H (x).

Proof With f(x) = SVH(x), (31) becomes

X —X

; = S(x, %, h)VavrH (x, %),

with

p—1 n n
SCr, &,h) =S+ Y h"> by (]‘[ SD*H (zaj) + (=)' [ | SDQH(zn_fMH))) S.

n=2 J k=1 k=1

We have

n n T
(]‘[ SD*H (zyjk) - S+ (=" [ [ SD*H @njn—str1) - S)

k=1 k=1

=s" l—[ (D*H Znjin—t41)"ST) + (=D ST 1_[ (D?*H (z4ji)T ST)

k=1 k=1
. n n
= (DTS D*HGajnstr1))S = S| | D*H(znji) S
k=1 k=1
n n
= - <1'[ SD*H (zjx) - S + (=" [ [ SD*H (znjin—k11)) - S) :
k=1 k=1

and thus E(x, X, h) is a skew-symmetric matrix.

Before considering the order conditions of the generalized AVF method, let us recall
a couple of results from the literature on B-series.

Lemma4 ([21,Lemma II1.1.9]) Let B(a, x) be a B-series with a(¥) = 1. Then
hf(B(a,x)) = B(d,x) is also a B-series, with a’ () = 0, a’(s) = 1 and other-

wise
a(@)=a(r) --a(t,) fort=I[t,..., Tl

Lemma5 ([34,Theorem 2.2]) Let B(a, x) and B(b, x) be two B-series with a(f}) =
1 and b(¥) = 0. Then hf'(B(a,x))B(b,x) = B(a x b, x), i.e. a B-series, with
(a x b)(®) = (a x b)(s) = 0 and otherwise

@xb)ry=Y_ T[] a@pb@) forr=Ir.....7l.

i=1 j=1,j#i

@ Springer



S. Eidnes

Proposition 1 in [6] states that the standard AVF method is a B-series method. We
build on the proof of that proposition to prove the following result.

Proposition 2 The generalized AVF method (31) is a B-series method.

Proof First wedefinee : TU{#} — Rbye(@) = 1andeé(r) = 0forall T # @. Then,
assuming that the solution x of (31) can be written as the B-series x = B(®, x), we
find the B-series

1

1
! / F((1=&)x +£8)dE = h / F(BA(L— )6+ £, x)) d
0 0
1

=/O B(((1—&)é+&d),x)de

1
=B(/ (1 — §)é + £®) dg, x).

0

Setting 6 := [} (1—£)e+£®) de = [ (1—£)é) d& + [ (ED) d& = [} (6 D) dE,

we get

1
o) =0, 0@ =1, 6(t,...,m]) = m——i—qu(Tl) - D(Ty). 32)

Then we may rewrite (31) as

p—1 n n
f=x+ (1 +Y R by (]"[ T B@ujk, )+ D" [ [ £/ B@ujin-rsn, x)))) B(®, x)

n=2 J k=1 k=1
=x+ B9, x)

p—1

YD b (B@nji X -+ X bujn X 0,%) + (=1)"B($njn X -+ X $uj1 x 0, %))

n=2 j
=B(®,x),

with

p—1
Q=2+0+) Y byj(¢uj1 X+ X Gujn X O+ (—=1)" bujn X+ X Guj1 X 0).
n=2 j
(33)

Comparing the B-series of the exact solution and the B-series of the solution of
(31), and noting that the elementary differentials are independent, we immediately get
the following result.

Theorem 2 The generalized AVF method (31) is of order p if and only if

d(7) = 1 for|t| < p, (34)
y(T)
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Table 1 Elementary differentials and their coefficients in the B-series of the solution of (31), up to fourth
order

Il F(r)! T o(1) y (@) ®(1)

1 fi . 1 1 1

2 fJ’fff i 1 2 i

3 fifirt v 2 3 i
f}fkjfk } 1 6 %"‘ZZijj

4 Jl atl et Y 6 4 1

}kf'j rkr! \} 1 8 §+ 2k b2jbrjk

PR e Y 2 12 FH2Y kb2jd2jk(e)
PR AR A 1 1 2 L2y b

where ® is given by (33) and y is given by (30).

The terms ®(t) can be found from (33) by applying Lemma 5 recursively, as
illustrated by the following example.

Example 1 Consider T = \(}, and assume we have found @ for all trees up to and
including order four already, as given in Table 1. We have

1 11 1 2
6\}=—©.®I=—— 2 by;))=—+ = byi.
WM =300ed =17+ ; 2j) 12+3;2,
Then we calculate

(¢2j1 X 252 X 9)(\}) = ¢2j1(s)(¢2j2 X 9)(I) + ¢2jl(I)(¢2j2 x 60)(e)
1
= ¢2j1(s)(¢2j2 X 9)&) = $2j1(2j2(1)0}) = §¢2j1(0)»
where we have used in the second equality that (¢22 X 0)(s) = ¢2j2(1)0 (D) = 0.

Similarly we find (¢2;2 X ¢2j1 X 0)(¥) = %qbz j2(e). Furthermore,

(P3j1 X ¢3j2 X P33 X 9)(4) = ¢3;1(0)(¢h3j2 X P33 X 9)(1)
= ¢3j1()P3j2(D) (@3j3 x ) ()
= ¢3j1(0)$3;3(D)0(e) = ¢31(s),
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and (¢33 X @352 X @351 X 9)(\}) = ¢3;3(e). Hence,

cb(\}) —+ sz,+ szj(@ﬂ(-)wz,z(-))

+ Z b3 (¢3J1 (o) — ¢3;3(-))

Now, if we assume the order condition (34) to be satisfied for all trees up to and
including order four, we can replace Zj byj = —ﬁ and Zj brj(92j1(8) +2j2(s)) =

—ﬁ in the above expression, use that y(\}) = 30, and get that (34) is satisfied for\}

if and only if
1

sz,(@,l(.) $3j3() = — . (35)

3.1 Construction of higher order schemes

As the size of the trees grows, finding @ (t) from (33) can become quite a cumbersome
operation. Furthermore, we observe from Table 1 that there are some equivalent order
conditions for different trees. Before presenting more convenient techniques for finding
order conditions for the generalized AVF method, let us define some more concepts
related to B-series and trees.

First, recall that the Butcher product of two trees u = [u1,...,u,] and v =
[vi,...,v,]isgivenbyuov = [uy, ua, ..., un, v]. This operation is neither associa-
tive nor commutative, and in contrast to the practice in [21], we here take the product
of several factors without parentheses to mean evaluation from right to left:

uroupo---oug:=uo po(---oug)).

Given a forest © = (ty, ..., Ty), the tree obtained by grafting the roots of every
tree in p to a new root is denoted by [un] = [y, ..., T]. Moreover, u’l (7) denotes
the forest such that [z~ (t)] = 7. We extend the maps ¢ : T U {/} — R and
y : TU{#} — Rto forests by the letting ¢ (1) = [/~ ¢(zi) and y (n) = [[/L, v (i)
foru = (t1,..., T).

Consider now a tree T consisting of |7| nodes. We may number every tree from 1
to ||, starting at the root and going from left to right on the increasing levels above.
For a given node i € {1, ..., |t|} on level n + 1, there exists a unique set of forests

= {u}, ..., k) such that

T =[puiloluslo - olu ]
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That is, labeling node i,

i
Hit1

;1,’2 li

T = /

. /
1
My

Proposition 3 The ® of (34) can alternatively be found by

() =é(n)+0(m)+ Y AGE) (36)

is.tn>2

where e(#) = 1 and é(t) =0 forallt #@,0(0) =0,0() = 1,

1
9([t1’ ) Tm]) = m——HqD(T]) e q)(fm)v
and

NG = 01D Y by (St (1) - bugn (1) + (=1 B (W) -+ S 1))
J
(37)
Proof Define n; so that n; + 1 is the level of node i. Collect the children of node i in
the set C;. We have

[Mle.H] = [M]f,k] ° [Mﬁkﬂ] forall k € C;,

and thus

(@x b)[uh ) =Y alup)b(uy, D
keC;

Note also that /Lil[_ = ,uﬁi =k _ifk € C;. Then we get

np—1

(Guj1 X -+ X Gujn X O)(T) = (Puj1 X -+ X Pujn X O)([(1]])
= > bujt (W) Puja X -+ X buju x O)([1h D)

i1eCy

= bt () Y bup (W) (bujz X -+ X fujn X O)([HF])
i1eCy iZECr]

=3 > Gt U bu2 (W) (bujs X -+ X bujn x O)([1F])
i1eCy izeC,l

=YY Y bt ) Guin Oy D

i1eCy igEC,‘] i,,eC,’lH]
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= Y ) b (Ot -

i onlevel n+1

Inserting this and the corresponding result for (¢, X - -+ X ¢uj1 x 0)(7) in (33), we
get (37).

In[7, 15], conditions are derived for a B-series method to be energy preserving when
applied to the system (6). In [37], while giving the AVF method as one such method,
Quispel and McLaren present a general form of what they call energy-preserving linear
combinations of rooted trees:

vV V
n2 Mn—1
o= / +(=D" /

"1 Hn

Here we give their result as a lemma, which is proved later by the proof of the more
general Theorem 5.

Lemma6 Let i1, ..., Uy be n arbitrary forests. Then, if f(x) = SVH (x) for some
skew-symmetric constant matrix S, we have that F (w)(x) - VH (x) = 0 for

w=[pilopualo--[unl o [+ (=D)" [unl o [un—1l0---[1l o [].  (38)

There is a connection between (36) and Lemma 6 such that instead of order con-
ditions for every tree, we can calculate order conditions for every energy-preserving
linear combination. To see this we start by collecting the leaf nodes, i.e. nodes with
no children, of the tree 7 in a set /; and the other nodes in the set /,,. If node i € I,,,
we may then use the relation

Ay sty sy ) = 0 DA, - gy, D))

to find A (¢?) from the previously calculated A for a smaller tree. Then if lower order
conditions are satisfied, we have numerical values for these A. The leaf nodes on the
other hand, with their corresponding 7/ = { ,u‘i, ..., i, @}, gives an energy-preserving
linear combination (38) which t belongs to. If i is on level two, this combination is
simply T — 7 = 0, and accordingly A is not calculated for these nodes in (36).
Moreover, leaves on the same level have identical 7. Thus, a tree with leaves on m
different levels above level two will belong to at most m non-zero energy-preserving
linear combinations (38). For each of these combinations there is a corresponding
order condition, with the left hand side given by (37). The right hand side can be
found by considering the individual trees.

If we assume the conditions for order < p to be satisfied, we may replace (34) by

. 1 At ... 1, 0
SAGH = oy - Y AW D (39)
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where || denotes the number of trees in the forest . Note that A ({#}) = 1 and hence
A(t1) = 6(1). Then we can calculate the numerical value for the right hand side and,
if T has leaves on only one level > 2, find an order condition for both 7 and the other
tree in the combination (38). This warrants an example.

Example 2 Consider again the tree T = \}, which is part of the energy-preserving

linear combination w = \} — \( Ignoring the two nodes on level 2, there are three
nodes to calculate A for:i = 1,i =4 andi = 5. We find

1 1
3-1-6 18

A = =
2+ 1))/(-))/(})

o
A= Tyt 2

_ 1 (1 1 )_l<l_l)__i
2y (s) y(Q) 3y@y @) 2\8 6 48

AR = Ao, 0,0, 8) = Y b3j(¢3/1() — $373(5)).
J

The right hand side of (39) becomes

1 1 1 1 1 1 1

yo 18 T T e 70

and we have the order condition (35) for the linear combination V{ — Y

If there are leaves on r > 1 different levels above level two, things get slightly more
complicated. Then we get r different terms on the left hand side of (39) and we need
to consider the order condition for t and the r trees it forms energy-preserving linear
combinations with, so that we get an equation for every energy-preserving combination
of these trees, also those not including . This is illustrated by the following example.

Example 3 The tree Q} forms energy-preserving combinations with both \?( and V
Thus we have to calculate (39) for all three trees to find order conditions for the

corresponding linear combinations. Starting with t = Q}, which has three nodes
above level two, two leaves and one non-leaf, we get

AGYH = A3 0) = ZbZi (02710 2j2B) + d2j2() 21 D)),
J

1 1

1 1
AGEY) = _ _< N )
2y(e) 2 y(\y) 3y@y (V)

({'1 o Q})

— A
A+ Dy
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11,1 1 1
=33(5575) =5

A% = A(fe, 0,8, 0)) = Zb3j (6371 P3j2(s) — $3j3()3j2(s))
J
= Zb3j¢3j2(0)(¢3jl — ¢3;3)(e).
J

For the right hand side of (39), we get

1 1 1 1 1 1 7
— )= - + o5 = —ooc

"D o yer®

and hence the order condition for Q} is

Z b2 (62112120 + $212 @21 D) + Z b3j 372 (371 — $373)(6) =

Similarly we calculate (39) for \?{,

Y bajgoj(V) =2 Z b3j$3j2(0) (d3j1 — $373) () =

jk
and for V,

Z bajd2jx (V) +2 Z b2j(#2j1272() + $2j2 P21 D) =

120

36
Combining (40), (41) and (42), we get the equivalent system of equations
1
Zb3j¢3,-z<->(¢3,-1(-> —$3j3() = 5 e
j

1
E:mﬂmﬂQWyﬁb+¢ymmmﬂ@)__7E_a
j

Zb2j¢2jk(v) = 2a,

Jok

90 48 3-1-8 90 720°

7200
(40)

(41)

(42)

(43)

(44)

(45)

where the choice of o € Risarbitrary. The order conditions (43)—(45) can be associated

to the linear combinations Q} — \?{, V + \)} and \?{ + V, respectively.
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Table 2 Energy-preserving linear combinations of elementary differentials, and their associated order
conditions for the scheme (31), up to sixth order. The coefficients o1, «p € R are arbitrary

Il @ Order condition

1 R _

2 - —

’ | %ty =~

! Y+\} Y ikbrj2jk(e) =5

5 \T}-i—\l/ Zj,kb2j¢2jk(-)2=—%
\y 2 b2jd2j1(0d2j2() = — 5
\}_Y Y63 ($3j16) — $3/3() = — 75
U+Y Yixbabrkd = -5
[ Y b4 = 7

6 V+Y Zj’k b2j¢2jk(')3 _ _%

RSN IR
=4 <

+ +
<, TS

e g < <
—<l 22 —_—

3 b2 (#2167 $2j2() + d2j1(V2j2 () = —
Z} b3](¢'§]1(') _¢3}'%(°) )=- 720
ik brjdojk @D = — ok

¥ b3j#32() (@31() — $3j3(9) = i + 1

¥ baj(@4j1) + $aja®) = 2

1

72

Y b2 (@2j1@d228) + 621 Dd2ja () = —F5 — e

b33 — ¢33 = — 1y — 2

Y ixbajdrik (V) =20
2k b2j¢2jk(}) =

3 baj @aj2) + 6aj3() = — g — 2
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By considering the order conditions in Table 2, we find a fifth order scheme of the
form (31) given by

X — 5 1
AL (1 — (1@ @)+ @) f @) = 75 00

1
+@h3(f/(x)f/(x)f/(21) + £ @ f () f ()

1 1
+mh4f/(x)f'(x)f/(x)f/(x)> /0 FA—=&)x +&X)d§, (46)

where

2 174+ V17 17 — /17
Z1=x+§hf(X), zz=x+Thf(21), 23=X+Thf(21).

A symmetric sixth order scheme is given by

: ;" - (I - %hzf,(i * ghf@ - %hﬂf)))f(i - %hf(i + %hf(i)))
_ %hzf/(i - %hf(i + %hf(i)))f/(f + ghf(j _ %thf(f)))
- %hzf’(x)f’(x) - ﬁhzf’(f)f’(;?)
+ 7]%”31”’@ - %hf(i))f'(ff)f/(i + %hf(i))
— B EH SAF O @ G~ 2hf ()
+ %h“f’(i)f’@f/(i)f/(af)) /01 F(( = &)x + £3) dE, (47

where x = )% If we wish to calculate the matrix in front of the integral explicitly,
we have a non-symmetric sixth order scheme given by

A

(- B s '@ f’
= ~ 360 (f'Ge) [/ @) + f(z1) f(z6))

1 2( ¢/ / / /
——= (') ') + f@) f(20)

180
1
+mh3(f’(x)f’(zz)f’(za) — f@) @) f'(x0)
1 1
+m”‘f(Zz)f’(Zz)f/(Zz)f/(Z2)> /0 F(A=&)x +EX)dE, (48)
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with

71=x+ %hf(x) + %hf(x + %hf(x + %hf(x))), =x+ %hf(x),

1 3413
=x+hf(z), z4= z(x +23) — g—;hf(zz),
1 3413
75 = E(x +z3) + 2—\/6—hf(zz),
1 /13 1 /13
76 = E(x +z1) + BT hf(za), z7= E(X +21) — Yhf(%)'

4 AVF discrete gradient methods for general skew-gradient systems

We will now build on the results of the previous section by generalizing the results to
the situation where S(x) in the skew-gradient system (4) is not necessarily constant.
Consider therefore now an ODE of the form (4), and set again g := VH. By Taylor
expansion of x around ¢ = ty we get

h? n3
x(to +h) = x +hSg + 7(S/gSg + Sg’Sg) + F(S”g(Sg, Sg) +285¢'(Sg, Sg)
+ Sg"(Sg, Sg) + S¢S’ gSg + S'gSg'Sg
+ 5g'S'gSg + Sg'Sg'Sg) + Oh*),

where x := x(f9), and S, g and their derivatives are evaluated in x. Introducing the
notation f° := §’g and f* := Sg’, we can write this in the abbreviated form

h? 3
x(to+h) = x+hf+ 7(f°f +°H+ g(f""(f, D22 D+
HISOL A LS A LSS L) O (49)
4.1 Skew-gradient systems and P-series

A P-series is given by

(50)

P(¢, (x,y) = (d)(@)x + ZTGTP. %‘ﬁ(f)F(‘L’)(x, y))

SNy + Yrerp, 250 (@O F (O, y)

where T P is the set of rooted bi-colored trees and T P, and T P, are the subsets of T P
whose roots are black and white, respectively [21,Section III.2]. The bi-colored trees

are built recursively; starting with « and o, we let T = [7q, ..., T, ], be the tree you get
by grafting the roots of y, ..., 7, to a black root and T = [1q, ..., Tj], the tree you
get by grafting 7y, ..., T, to a white root. No subscript, i.e. T = [71, ..., 7], means

grafting to a black root.
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The exact solution of a partitioned system

X = f(x,y), x(to) = xo,

. (S

y=2g.y), y) = Yo,
can be written as (x(tp + h), y(to + h)) = P(1/y, (x0, yo0)), where the coeffi-
cient y is given by y(#) = y() = y() = 1 and (30). As noted in [10], setting
f(x,y) = S(y)VH(x), the skew-gradient system (4) can be written as (51) with
g = f. When g = f, all coefficients and the elementary differentials F'(7) in (50)
are given independently of the color of the root. Thus for the system (4), it suffices to
consider

P(¢,x)=¢p@Dx+ Y

T€T Py

hltl
( ¢ (D) F()(x), (52)

o (1)

and we have that the exact solution of (4) can be written as x (¢t + k) = P(1/y, xo).
Breaking slightly with convention, we define a P-series to be the single row version
(52) in the remainder of this paper. Denoting black-rooted subtrees by t; and white-
rooted subtrees by 7;, the elementary differentials F (t) for the skew-gradient system
are given recursively by F(s)(x) = F(o)(x) = S(x)VH (x), and

F()(x) = SPD"VH(F(1))(x), ..., F(tn)(x), FE) ), ..., F@E)(x) (53)

for both t = [t1,...,Tw, T1,-.., 7o and T = [T1,..., T, T1» ..., T1)o. The bi-
colored trees in T P, and their corresponding elementary differentials F are given up
to order three in Table 3. The number of trees grows very quickly with the order; see
https://oeis.org/ AOOO151.

The following lemma is Lemma III.2.2 in [21] amended to fit our setting.

Lemma?7 Let P(a, x) and P (b, x) be two P-series with a(¥)) = b(¥) = 1. Then
hS(P(a,x))VH(P(b,x)) = P(aV b, x),
where (a VvV b)(#) =0, (a Vv b)) = 1, and

(avb)(r)=a(t)) --a(tp)b(T1)---b(r)) fort=I[t1,...., T, T1,..., Tl

Proposition 4 The AVF discrete gradient scheme

A . 1
r :s(“f)/ VH((1 — &)x + ££) d& (54)
0

h

is a second order P-series method.
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Table 3 Bi-colored trees and their elementary differentials up to third order

7] F(v)! F(1) T a(7) y(@) o (1)
1 s;'. gl f . 1 1 1
2 St gl S 6! for i 1 2 !
siglske! ol ! 1 2 !
3 St m8’ Sf 8 S 8" £ ) 1% 1 3 )
S c&m S 8 S g" 1o ) v 2 3 |
S gim St e S g" oL % ! 3 )
Sins’ Sins' Si's" rores } ! 6 I
S8 S8 Si's" ref } I 6 |
Sig! St & Si'&" reres | 1 6 |
Stgl Sf gl S e roref I 1 6 1

Proof As in the proof of Proposition 2, we define ¢ by eé(#f) = 1 and e(r) = 0 for
all T # (. Now, assume that the solution x of (54) can be written as the P-series
X = P(®, x). Then, using Lemma 7, we find the P-series

- 1
hs(“?)/ VH((1 — £)x + £8) €
0

1
:hS(P(%é—i— %(ID,x))/O VH(P((1 -§)é+£d, x))d

1
=/ hS(P(%é+%q>, X)) VH(P((1 —§)é+ £, x)) d&
0

= P(/Ol ((%é+%d>) V(1 —§)e+£d))dg, x).

Thus weget ® = o+ [} (1e+1@)v((1-)é+£®)) de = e+ (1) v (6®))de.
Thatis, ®(@) = 1, ®(s) = 1, and

O(t1, .. s T, TLs -+ ., 7)) = O(t1) - P(1,)P(T1) - - - P(T)).

(m+ 12
Writing out the first few terms of the series, we have
fm b G ARG g L)
FLPL A G A LS LD 00,
which, after comparing with the expanded exact solution (49), we see is of order two.
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The following lemma is obtained in a manner similar to Lemma 5, i.e. Theorem
2.2 in [34], and hence we present it without its proof.

Lemma8 Let P(a, x), P(b, x) and P(c, x) be three P-series with a(¥)) = b(}) = 1
and c(¥) = 0. Then

h S(P(a,x))DzH(P(b,x))P(c, x) = P((a,b) x c, x)

with ((a, b) x ¢)(¥) = ((a, b) x ¢)(s) = 0 and otherwise

m m l
((a, b) x ¢)(1) :Z ]—[ ]_[ a(@)b(tj)e(w) fort=1[t1,... T, 1, ..., 7.

(55)

Note that {} counts as both a black-rooted and a white-rooted tree. Hence we have
e.g.
((a,b) x ) (V) = a(@bB)c(s) = a(s)c(s),

where we also use that a(o) = a(e).

We now present a subclass of the AVF discrete gradient method, for which we
will find order conditions using Lemma 7 and Lemma 8. This subclass is every AVF
discrete gradient method for which the approximation of S(x) can be written in the
form

p—1 n
Sex, &) =) h" an,-(]"[ SEnjt) D*H znjt) - S Gnjintn))
n=0 J k=1 (56)

n
+ (=D" S@njn+1)) l_[ D2H(an(n—k+1))S(an(n—k+1))),
k=1

where, if X is the solution of

X —X

; = S(x, %, h)VavrH (x, %),

each 7,k = zpjk (x, X, h) = P(¢njk, x) and each Z,jx = Zji (x, X, h) = P (Ynji, X)
can be written as a P-series with ¢,jx(¥) = ¥k (¥) = 1 for all n, j, k. We require
that ) j boj = %, which ensures that (56) is a consistent approximation of S(x).

Theorem 3 The discrete gradient scheme (9) with the AVF discrete gradient (10) and
the approximation of S(x) given by (56) is a P-series method.

Proof Generalizing the argument in the proof of Proposition 4, we find the P-series

1
s(P(a,x))/O VH((1 —&)x +£X)dE = P(fo‘ (av((—§&e+Ed))ds, x),
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where 6(a) := [ (a v ((1 — §)é + £®))dg = [, (a v D)) dE, so that §(a)(#) =
0,0(a)(s) = 1, and

- 1
O@ (1, .... T, 71, .. ) = m—HCD(Tl) c @(tma(ty) ---a(m).  (57)

Thus we may write the solution X found from applying the scheme (9) with the AVF
discrete gradient (10) and S(x, X, k) given by (56) as

p—1 n
F=x+) 0" by (H S(P (Yrnji, ) D> H(P (Bnj, X)) - POWnjntn)), %)

n=0 J k=1

+(=D" l_[ S(P(Ynj—k+2» X)) D H (P (@nji—k+1)s X)) - POWnj1), x))

k=1
p—1
=x+ anj (P((rnjts @nj1) X Wnj2, $nj2) X -+ X (Wnjn, Gnjn) X 0 Wnjinr1))s X)
n=0 j
+(71)nP(('//nj(n+l)v ¢njn) X (Wn_jnv¢nj(n71)) X X ("ﬁnj2v¢njl) X é(w;ljl)sx))
= P(d,x),

(58)
with

p—1
D =24 Y buj ((Wnj1, $uj1) X -+ X Wnjns Bujn) X 0 Wnjint)

n=0 j

+ (_l)n (I//nj(n+l)’ ¢njn) X X (wnj2v ¢njl) X é(l//njl))

(59)

Theorem 4 The AVF discrete gradient method with S given by (56) is of order p if
and only if
®(7) = L for|t| < p. (60)
y()
The values ®(t) can be found from (59) using (55) recursively and then (57).
However, a more convenient approach is derived in the next subsection.

4.2 Order conditions

This subsection is devoted to generalizations of the results in Sect. 3.1 to the cases
where S(x) is not necessarily constant. To that end, for a tree T € T P,, we cut off all
branches between black and white nodes and denote the mono-colored tree we are left
with by 7%. We number the nodes in that tree as before, from 1 to |rb |, and reattach
the cut-off parts to the tree to get T again. Let i denote a forest of black-rooted trees
and 7 a forest of white-rooted trees. Then, for a given node i € [1, ..., |t?|] on level
n + 1, there exists a unique set of forests tl = {(,u’i, n’i), e, (“Z-H’ ’7£z+1)} such that

T = [(h ) o [(uh, n) T o o [y, ).
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That is,

Now we can generalize Proposition 3 as follows.
Proposition 5 The ® of (59) can be found by

kad

O(r) = é(r) + Y A(F) ©1)

i=1

where e()) = 1 and é(t) = 0 for all T # @, and
AGD) =0l DY baj (wnﬂ(niwnﬂ(ui) - Ynjn M) P (M) Vi 1) (M 1)
J

+ (=D "Y1y D Prjn (WD) Yrnjn (1) - - -¢nj1(u;>wnj1<n£,+l)),

(62)
with

1
o1, ..., =——90 D .
(71 Tnl) mr 1 (T1) (Tm)
Proof Defining n; and C; as in the proof of Proposition 3, we have

[y 1 D] = [k mE D o [k y 0k o)1 forallk e C,

((a,b) x YAy, 12 Moy DD = Y aGiy )by deiy, 1. 1y, 11 D)-
kEC,‘

Observe that é(a)([u, n]) = a®)O([u]). For n = 0 we have
(W01 () = 8Wo;1) i, nil) = Yoj1 (DO,
and for n > 0 we get

(Wt Pnj1) X - X Wnjns ) X OWnjns1)) ()
= ((Ynj1, Puj1) X - X Wnjns Pujn) X O Wnjiurny)) [ed, 011
= " Vit 1D buj1 (1) (Wnj2. fnj2)

i1eCy

X X (Wnjns Gnjn) X OWnjina1y))) (1 15 1)
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Y T U O ) - U 1B O Wrjn 1) Uiy 1y 1)

i1eCy in€Ci, |

D U DG (D) Y 0 Bjn i) Vgt 1y (0l DO 1t 1D

i onlevel n+1

Inserting this and the corresponding result for ((¥,j 141y, @njn) X - - - X (Ynj2, dnj1) X
0(Ynj1))(7) in (59), we get (62).

Note that if 7 only has black nodes, we have A(fl) = 6(7) Zj boj(Yoj1(9) +
Yoj1(0)) = 0(7), and also A(%) = 0 for all nodes i on level 2. Thus (61) simplifies
to (36).

Like for the constant S case, the order conditions can be given for energy-preserving
linear combinations of elementary differentials instead for each elementary differen-
tial. In the following generalization of Lemma 6, we state that the energy-preserving
linear combinations of bi-colored rooted trees are given by

Mn+1 m
Mn  TNn M1 M2
= M2 Mmoo + (=D" Kn—1 1n
M1 M Mn NMn+1
Theorem5 Let w1, ua, ..., 1y, be arbitrary forests of black-rooted trees and n1, n2,

.., In41 arbitrary forests of white-rooted trees. Given f(x) = S(x)V H (x), where
S(x) is a skew-symmetric matrix, and elementary differentials defined by (53), the
linear combinations of trees given by

o =[(u1,nD]o- o [(tn, n)o[Mnt1]+ (=D [(n, npt)] 0 -0 [(1, n2)] o [m]
(63)
are energy-preserving in the sense that F(w)(x) - VH(x) = 0.
Proof For any forest of black-rooted trees pj, we have F([1;] o [#]) = SB;SVH
for some symmetric matrix Bj, suppressing the argument x. Similarly, for a forest of
white-rooted trees n;, we have F([n;]) = W;VH for some skew-symmetric matrix
W ;. Note that the empty forest is considered both a black-rooted and a white-rooted
forest, and accordingly we have F([#]o [0]) = FQ) = S(DZH)SVH and F([4]) =
F(s) = SVH. For these matrices B; and W; corresponding to the forests x; and n;,
we get

F([(e1.n)]o -+ o [(ttns m)] © [Mag1]) = WiBiW2Ba - - - ByWyp 1 VH.
We have

—Wus1ByWyB,—1--- BiW; if n even,

(W1B1 W2 B> 0 Wat1) {Wn+1BanBn—1"‘BIW1 if n odd.
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Thus F(w)(x) is a skew-symmetric matrix times V H (x), and the statement in the
above theorem follows directly.

For bi-colored trees, we define a node on the tree 7 to be a leaf if it is a leaf on the
corresponding cut tree 72 by the definition of leaves given in the previous section. We
let 1; be the set of leaves and I,, the set of non-leaf nodes which are also in 72, so that
UL, =1, ..., |t?|]. In contrast to the case with mono-colored trees, a leaf i on level
one or two of a bi-colored tree may give rise to a non-zero energy-preserving linear
combination; it does so if and only if r/f( # ) for any k = 1, 2. Accordingly, A(%') is
calculated in (61) also when n = 0, 1. Furthermore, two leaves i and j on the same
level will belong to two different energy-preserving combinations if ’72 0 F ’I,J1 il
Therefore we now simply state that a tree with r leaves, also including the lower two
levels, belong to at most r non-zero linear combinations. We thus get r terms on the
left hand side of

) A i 0 . i’ i L (9, i
YA = e - Y ({(Ml,ﬂl); (1 nn)i @ ﬂn+1)})7 64)
e y(T) il (1l + Dy (g 10)

which is equivalent to (60) if we assume the conditions for lower order to be satisfied.

Example 4 Consider the tree 7 = 5}, which is part of the energy-preserving linear

combination \; — V. Assume that the order conditions up to and including order
three are all satisfied. The cut tree 7% = ¥ has three nodes of which two are leaves.
Node number 2 is a leaf on level 2 with 77% = 17% = ¢, and thus gives A(£%) = 0. We
find for the other two,

1 1 1
(ull+ Dy (b T e+ yeyd e 6
AE) = A{(, ), B,9)}) = Zblj(¢1j1(-)1/fljz(o) = V110)9151())
J

AGH = AW D, MY = A({@. 9)})

=Y bijd1j1@OWj2 — ¥1j)0).
J

For the right hand side of (64) we get

L —AGFYH =

1 1
v (1) 8

1
6 24’
and thus the order condition
D b1 Wrijo — ¥ A p—
- 1jP1j1\e 152 1j1) e) = 24

for the energy-preserving linear combination \} -V
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Even though the number of black-rooted bi-colored trees grows very quickly, e.g.
to 26 for || = 4 and 107 for |t| = 5, finding and satisfying the order conditions
is not as daunting a task as it might first appear. First of all, it suffices to find order
conditions for the non-zero linear combinations given by (63). Moreover, a couple key
observations simplifies the process further:

e The large number of trees 7 for which b =, i.e. trees with no black nodes on
level 2, are all energy-preserving. They can be written 7 = [n{], and their order
condition is given by

ZZboﬂﬂo,l(m)—T)

e For trees that are identical except for the colors of the descendants of white nodes,

it suffices to calculate one order condition. E.g. for Y we have the order condition
2boj o1 W) = 11—2 where each of the gray nodes may be black or white. To
satisfy these conditions, it is natural to require that zZo;1 in (56) is a B-series up to
order p — 1.

From the order conditions displayed in Table 4 we find that one second order scheme
is given by (9) using the AVF discrete gradient (10) and an explicit skew-symmetric
approximation of § given by E(x, h) =Sk + %h f(x)). A third order scheme is
obtained if we instead use the skew-symmetric approximation of S explicitly given by

_ 1 3 1 2 2
S(x, - h) = ZS(X) + ZS(ZZ) + Zh (S(z1)D*H (x)S(x) — S(x)D*H (x)S(z1))

1
— ﬁh2 S(x)D*H (x)S(x)D*H (x)S(x),
(65)
where 21 = x + Shf(x), 22 = x + 3hf (21).
A symmetric fourth order scheme is given by (9) using the AVF discrete gradient
(10) and the skew-symmetric approximation of S

1 -
W+ i )

S(x, %, h) = % (;z

+1S( + = K hf(f—th(;E)))

2 Jﬁ V12
1 2
+3h S(x + —hf(x))D H(x)S(x — —hf(x))
%h S(x - —hf(x))D2H(x)S(x + —hf(x))
1

- Eh2 S(X)D*H (x)S(x)D*H (%) S(%),
(66)
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Table 4 Linear combinations @

Ord diti

of bi-colored black-rooted trees Izl @ rder condition
corresponding Fo 1 . 2 Zj boj =1
energy-preserving elementary :
differentials of 2 { 23 bojvoj16) =3
f(x) = S(x)VH(x), where 3 Y 22] b0j100j1(-)2 _ %

S(x) is a skew-symmetric
matrix, as well as their
associated order conditions for
the discrete gradient method (9)
with the AVF discrete gradient
(10) and S(x, %, h) given by (56)

Y iboj=—2
2% bojvon ) =1

2Y bojoj1h = §

—0 =00 e—0—e e—e—e

|
<

b1 — v = 1
230 bojvoj1@° = §

<

2 bajinja(e) = — 24
2% bojoj1(V) = 15
2% bojvo1(V) = 5
2% bojoji(V) = 15
2% bojvoj1@voi(d) = §
2% bojoj1@vo1 ) = §

¥ b2j@2j1 +$22)() = 35

<< e L < e e e e

-V Zjblj(wljz(-)zfill]j](.)z)=711f2
Y

X5 bijdt 1O = V1j0)e) = =5
2% boﬂ//Oﬂ(I) =4
2% boﬂﬂoj'l&) =4
2% bOjWOjl(i) =%

2% bijOjl(%)= o

+

|
< <t <

Y b (W1 + ¥2j3)@ = — 5

bW — G = -4

-0 60—0—0 @—O—8—O e—0—0—8 e—0—e—8

YibWip —viind = -4
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where x = "Jz”? . Another fourth order scheme is obtained if we instead use the explicit

skew-symmetric approximation of S found by

— 1
S(x,-, h) = E(S(ZS +26) + S(z5 — 26))
+ %h (S(z2)D*H (z1)S(x) — S(x)D*H (21)S(22)) (67)
1 2 2 2
- Eh S(z1)D"H (z1)S(z1)D"H (z1)S(z1),
where

1 1 1
71=x+ zhf(X), B3=x+hf(z2), z5= g(x +z21t+z22)+ E(—zs + z4),

V3

2=x+hf(z1),z4 =x+hf(z3), z6= £(7x —2z1 —4z0 + 23 — 2z4).

5 Order conditions for general discrete gradient methods

We will now generalize the results of the two previous sections to discrete gradient
methods with a general discrete gradient, as defined by (7)—(8). To that end, we intro-
duce two new series in the vein of B- and P-series, as well as related tree structures.

5.1 The constant S case

Consider mono-colored rooted trees whose nodes can have two different shapes: the
circle shape of the nodes in trees of B-series, but also a triangle shape. Let T G be the
set of such trees whose leaves are always circles. That is, from the first tree , every
tree T € TG can be built recursively through

[z, .., tmles [T1 s Tles T1-oo, T € TG,

which denotes the grafting of the trees 7y, ..., 7, to a root « or ., respectively. The
elementary differentials F(t) corresponding to a tree T € TG are likewise defined
recursively by F(e)(x) = f(x) = SVH(x) and

SD"™VH(x)(F(t))(x), ..., F(ty)(x)) fort =1[11,..., Tmles

FOW =10 """ -
SD5 7 Qx, x)(F(t)(x), ..., F(tw)(x)) fort =[t1,..., tml.

We can then define a generalization of B-series which includes these elementary
differentials.

Definition 4 A G-series is a formal series of the form

hll
¢ (D) F(7)(x), (68)

o (1)

G, x)=¢@Dx+ Y

teTG
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where ¢ : TG U {J} — R is an arbitrary mapping, and the symmetry coefficient o is
given by (28).

The G-series of the exact solution is given by x(ty + h) = G (&, x(tp)), with

1 .
fm={70 TTET (69)
0 otherwise.

For use in the remainder of this paper, we generalize the Butcher product by the
definition

uov="_[uy,...,upy,vly, foru=7_[uy,...,unle, »€ o a}.

Furthermore, we let |t| denote the total number of nodes in 7, and ||, the number
of nodes of type . Let SG be the set of tall trees in 7 G; that is, the set of trees with
only one node on each level. For a tree T € TG, number every tree from 1 to |z|, as
before. For any node i on level n + 1, we define the stem st € SG to be the tall tree
consisting of the nodes connecting the root to node i, including the root and node i.
Denote the jth node of s by s’}, so that si is the root and sle = i. Then we have a

unique set of forests 7/ = {,u’i, R Mle} such that

= [uilg o lubly o o [yl

n+1 :
That is,
i
Mgt
|

i
Mo Spi
T = \ K

The following lemma is a generalization of Lemma 5 to G-series. Its proof is very
similar to the proof of [34,Theorem 2.2], and hence omitted.

Lemma9 Let G(a, x) and G(b, x) be two G-series with a(}) = 1 and b(#}) = O.
Then the G-series hSD*H (G (a, x))G (b, x) = G(a x b, x) is given by (a x b)(¥) =
(a x b)(s) = 0 and otherwise

it HTzl,j;ti a(tj)b(z) fortv=Iti, ..., l,
0 fort =[11,..., Tyl

(axb)(r) = {

Moreover, hSQ(x, G(a, x))G (b, x) = G(a®b, x), with (a®@b)(?) = (a®b)(s) =0
and otherwise

0 fort =1[11,..., Tmle,
®b =
(@ @ b)) {ZZ-":l 10y 2 aepb(@) fort =1l ... tul.
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To every stem s € SG of height n + 1 = |s], we associate coefficients by; and ¢y
Letting si be the k™ node of s, we define the function

. .—— DzH(G(d’ija x)) lfSk — o,
Koo )= [Q(x, Gy, X)) ifsp =

Then we have hSR(¢sjk, X)G (b, x) = G(¢sjkob), with (¢5x0b) (D) = (¢sjiob) (o) =
0 and

(Bsix © b)(z) = Z;nzl l_[;'nzl,j# ¢sjk(fj)b(fi) fort =[t1,..., Tl
~ 0 if root of T # sy.

Consider now the class of skew-symmetric and consistent approximations to S that
can be written in the form

S, &, k) =Y 1" by (]‘[ SR(¢sjk, ¥) + (DI [T SR@sjn—tt1)» x>> s

5€SG j k=1 k=1
(70)
whenever X is the solution of
X —x
h

=S, %, WHVH(x, %),

with ¢y () = 1 for every s, j, k, and with }_; b,j = 3.

Lemma 10 The discrete gradient method (9) with S(x, %, h) given by (70) and VH e
C®R? x R4, RY) is a G-series method when applied to a constant S skew-gradient
system (6).

Proof Assume that the solution £ of (9) with S(x, £, h) g_iven by (70) can be written
as the G-series x = G (P, x). Then, using Lemma 2 and VH (x, x) = VH (x),

o0
_ 1 _
hSVH(x,%) =hS Z — D5 VH(x, x)(G(®, x) — x)"
m!

m=0

— ] m m
=hS ) mD VHx)(G(®, x) — x)

m=0

e 2m el "
_ hSW; mD2 0(x, x)(G(®, x) — x)".
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Arguing as in the proof of Lemma III.1.9 in [21], we get h SVH(x, x) = G, x),
with (@) = 0,60() = 1, and

1
O(r1, ..., tmls) = —q>(f1) o D(Ty),
’”; 1)
01, ..., Tl = ﬁdﬁn) - @ (7).

Then we can write (9) with S(x, £, &) given by (70) as

F=x+ ) M"Y by (H SR(¢sjk, ¥) + (=DF [T SR@sj—kt1)s x)) G, x)

s€SG j k=1 k=1
=x+G@,x)
+ Y D b(G@yi 000, x)
seSG, n>0
+ (=D)FTIG(@gjn 0+ 0 b1 06, )
= G(D, x),

with

O =c+6+ Z stj ((f)sj]<>-~~O([)sj,,<>9+(—1)|S"_1¢Sjn<>~~<>¢sj|OG).
seSG,n>0 j
(72)
Theorem 6 The discrete gradient method (9) with S(x, %, h) given by (70) and VH e
C®R? x R?, RY) is of order p if and only if

O(r) =&(r) forlt| < p, (73)

where ® is given by (72) and the & is given by (69).

We remark that VH € C®(R? x R?, R?) is a necessary condition for the method to
be a G-series method for all S and H, but not for its order; VH € CP~ (R4 x R?, RY)
is sufficient for the scheme to be of order p. The following proposition is presented
without its proof, which follows along the lines of the proof of Proposition 3.

Proposition 6 The ® of (73) satisfies

() =) +0(m)+ Y AGE.S) (74)

is.tn>1
where é(0) = 1 and é(t) = 0 for all T # @, 0 is given by (71), and
A(fi,si):9([%“]52+1 sti,@,«jl(ug)...¢Si/n(%

] (A
+ (=1)b'lem Zb s jn () - bsi 1 (),
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YA Al _ Af i
with §' given by §; = sn_k_Hfork =1,...,n, ands,H_1 =S,

As for the AVF method, one does not need to find the order conditions for every tree;
it suffices to find the order condition for each energy-preserving linear combination
of the form

w = [/’Ll]sl o [/’LZ]sz SRR [/Ln]s,, o[#], + (_1)n [Mn]s,, o [/Ln—l]s,,,l SRR [Ml]sl o [?]..

(76)
The above does not give every energy-preserving linear combination of the elementary
differentials of G-series; it gives the combinations one gets in the scheme (9) with
S(x, %, h) given by (70). Now, let again I; and I, denote the sets of leaf nodes and
non-leaf nodes, respectively. If we assume the conditions for order < p to be satisfied,
we have an equivalent order condition to (73) by

Y OAG L sH =& —e(r) - Y A@FL s, a7

iel) iel,

where we may use the relation
A -t 1 b 5D = 0 g DAY -y D)

to calculate A(£%) for i € I,. Here §' is s with sfH_l replaced by o, and é((/)) =

0,0() = 1, and
1

m—+1
A —LiMm
n 1E(rl)~~$(rm)-

O([t1, ..., Twls) =

E(T1) - &(Tm),
(78)

0(['[1, sty 7:I’l”l]A) =

m

Note that A(Z!, s!) = §(1). B
From the order conditions in Table 5, we can find an S(x, x, /) so that (9) becomes

a fourth order scheme for any VH e C3 (Rd x R4, R4 ). For instance, the stem s = I
has the related order conditions Y jbsj = % and )’ .k bsj®sjic(e) = %, which sets the
requirements for the term

n? stj(SQ(x, 21;)8Q(x, 225) + SO(x, 22;)S O (x, z1))S.

J
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Table 5 Energy-preserving

linear combinations of the form Izl @ 5 Order condition
(76) and their associated order 1 . . by = 1
conditions for the discrete 178 2
gradient method (9) with 2 1 1 Yibj=3%
S(x, X, h) given by (70
(x, X, h) given by (70) 3 v 1 ¥, bsjsj1 ) :%
I { Yibg=3%
Ifi } Zjbsjfzjbgjzo
1
I I 2jbsj=-m
4 \V I Z_/‘ bsj¢sjl (')2 = %

»—e

¥ bsjdsiih =0
2 byjosnh =1

+

Yk bsjbsjn) = 3
> bsjdsja() — X bsjdsj1(e) =0

2 bsjdsja(e) — 3 bsjdsji(e) =0

H<H<.\_<H<<*<*

+

|
<L <L <L <.

ZJ'Jc bsj@sjr(e) = _ﬁ

1
2jbsi=12

|
—>—r—e

2jbsj—2b5j=0

+
—o—p—o

D jbsj—2jbsj=0

Y bsj =0

Choosing bs; = % and z11 = 221 = x + %hf(x), we have fulfilled these conditions.
Likewise, finding terms that satisfy the other order conditions, we get e.g.

— 8 1
S(x,h) =5 ~I—hS(§Q(x, 23) + §Q(X,X))S

2 _i 2 2
+ h*S(Q(x, 22)SQ(x, 22) 5P H(z1)SD”H(z1))S

+138(0(x, x)SQ(x, x)SO(x, x)
— %DZH(x)SDzH(x)SQ(x, x) — 1—12Q(x, x)SD*H (x)SD?H (x))S,
(79
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where

1 2 3
a=x+hf(),  m=x+ A, m=xt hf@).

5.2 The general case

Allowing for S to be a function of the solution, we define now the set TV of bi-
colored trees whose nodes are either circles of triangles, and whose leaves on the cut
tree 72, defined as the mono-colored tree left when all branches between black and
white nodes are cut off, are always circles. Denoting as before black-rooted subtrees
by 7; and white-rooted subtrees by 7;, the elementary differentials of trees T € TV
are given by F(e)(x) = F(o)(x) = f(x) = SVH(x) and

SOD"VH (x)(F (1)), . .-, F@a)x)  fort =[r,..., Ty Thy ooy 7, Jo,

F =
0 {S(’)D'Z”_lQ(x,x)(F(rl)(x) ..... F@)(x)) fort =[1y,..., T Tlsee s 7, s

where o can be either « or o and » can be either . or .. Let 7'V, denote the set of trees in
TV with black roots, either of the shape  or a.

Definition 5 A V-series is a formal series of the form

hltl
T POFO), (80)

Vg0 =¢@xt ), —

teT Ve

where ¢ : TV, U {#} — R is an arbitrary mapping, and the symmetry coefficient o is
given by (28).

Proofs of the theorems in this subsection can be obtained similarly to the proofs in
Sects. 4 and 5.1, and are therefore omitted.
We redefine

D?H(G(¢sjk, x))  ifsp =,

R@sjir x) = {Q(x, V, (gsjk, X)) if sk =

and consider now approximations of S(x) that can be written as

S, 2y =Y " st,-(]_[ SV (Wsjks )R @k, ) - SV jat 1), X))
k=1

seSG J (81)
+ DIV Wi, ) [ | R@sjn—tans DSV @rgjnirn, x)))
k=1
whenever x is the solution of

X —X

- = S(x, %, hVH(x, %),
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with ¢gjx(9) = Yk (@) = 1 forevery s, j, k, and with )_; byj = 5.

Theorem 7 The discrete gradient scheme (9) with the approximation of S(x) given by
B andVH € C®[RY xR, RY) isa V-series method. It can be writtenx = V(®, x),
with

D=2+ Y Y by ((Ysji. bsj1) © -+ © Wigjns bsjn) © 0 Wsjnt1)
5€SG | (82)

+ (=" Wsjint1ys Bsjn) © - - © (W2, bsj1) © O(Wsi1)).

where

A 1
0@zt T, T1s - oos Tl) = m—+1<1>(f1) — @(p)a(ty) - - a(m),

—om (83)
9((1)([1’1, ceos Ty ‘Els ceey fl]A) = —(D(Tl) e CD(Tm)a(fl) te a(fl)
m—+1
The scheme is of order p if and only if
@(r) =&(r) forlt| < p, (84)
where )
— TP,
E() = {W) yre (85)
0 otherwise.

As in Sect. 4.2, we cut the branches between black and white nodes, regardless of
the shape of the nodes, and denote this tree by 7P, Number the nodes and reattach the
cut-off parts. For the node i and the corresponding stem s’, there exists a unique set
of forests 7% = {(/L’i, n’i), R (M;-H’ ’751+1)} such that

S (AU PR (A ) PR (TR A
Proposition 7 The ® of (82) satisfies

2]

(1) =é(1) + Y A(F.s) (86)

i=1

where e(¥) = 1 and é(t) = 0 for all T # @, and

A@ s = 01l (D by iV j1 DB j1 (1) -~ Byt jn () Wiy ()

o
Sn+

J
A+ DPES be iy D Bgt (1) -+~ bt 11 (Wi 1 (1)),
J

(87)
with 0 given by (71) and §' given by Sp =S,y fork=1,....nands, ,=s, |
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The number of trees in TV grows very quickly. However, in our task of finding
higher order schemes we may use the lessons of the previous sections, and require that
the arguments of S, D?>H and Q in (81) are B-series up to order p — 1. Then we only
need to find order conditions for energy-preserving linear combinations of the form

o= [(u,n)]s; 0+ o [(Wn, M), © [Mnt1le
+(—=D" [(tns Mag1]s, © - -~ o [(e1, 12)1s; © [M1]es (88)

where w; and n; are forests of trees in T P, and T P, respectively, fori = 1,...,n+1.

Thus we can disregard any tree with » in it. Furthermore, we may color all nodes

of the trees in w; and n; except the roots gray, and let the elementary differentials

corresponding to these trees be the same as the elementary differentials of B-trees.
We find the order conditions

DOAGE L s) =8 —em) = Y A@GL S,

i€l iel,

by using the relation

AQS D gy Mg )L 8D
=0yl JAAGS 0D, @) 5

to calculate A () fori € I,. The 6 is given by (78), and §' is s’ with S;iz+1 replaced
by o.
Example 5 Consider %[, which is part of the energy-preserving linear combination

% + %f We have two black nodes, and calculate

1

AGLSH = A D)0 =0DA{@. D), 0 = —s(->s§) =—c

A@ ) = AA@BY, BDVD =D b ® + )b p®
j J
= Z bxzj(wszjl + 1#52]2)(2)
j

Hence the order condition associated to this linear combination is

1

D bW+ e p® = ¢
J
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An approximation of S(x) satisfying all the order conditions in Tables 5 and 6 is
given by

1
S(x, -, h) =§(S(Z11 +z12) + S(z11 — 212))

+ %h (S(z6)D*H (22)S(x) — S(x) D*H (22)S(z6))

3
+ 7/1(5(23)Q(x, 25)S(24) + S(z4) Q(x, 25)S(x, 23))

8 1
+ ﬁhS(x)Q(x, z7)8(x) + EhS(x)Q(x, x)S(x)
+1? S(22) Q(x, 25) S (28) Q(x, 25) S (22)

1 2 2 2
— Eh S(z2)D“H (z2)S(z2) D H (22)S(22)
+ %hz(S(Zz) — S(x))D*H (x)S(x) Q(x, x)S(x)
- %hzst(x, x)S(x)D*H (x)(S(z2) — S(x))

+ 12 S(x) Q(x, x)S(x) Q(x, x)S(x) O (x, X)
- %lfS(x)DZH(x)S(x)DzH(x)S(x)Q(x, x)S(x)

- 11—2h3S(x)Q(x, x)S(x)D*H (x)S(x)D*H (x)S(x),
(89)
with

7—7
12

1 1
a=x+43hfx).  n=x+ohf). pm=x+

T4+ V7
12

hf(z1),

2
24 =X+ hf(z1), 25 =x+§hf(z2), 26 = x + hf(22),

5 4
Z7=X+th(zz), zx=x+§hf(zz), 29 =x+hf(z6), z10=x+hf(29),

1 1 3
1= g(x +22+z6) + E(—m +z10), zi2= %(h — 222 — 426 + 29 — 2210),

and hence a discrete gradient scheme with this S(x, -, #) andany V € C3(R? xR¢, RY)
will be of fourth order.

One advantage of choosing the AVF discrete gradient is that the resulting scheme
generally requires fewer computations at each time step. This is clearly evident in the
above example: if V = Vavr, then (89) collapses to (67). However, if the AVF discrete
gradient is difficult to calculate, there can also be much to gain in computational cost
by choosing a symmetric discrete gradient, like the symmetrized Itoh—Abe discrete
gradient (23) or the Furihata discrete gradient (25). Then one can ignore the order
condition for any combination (88) for which s; = . and p; = @ for some j € [1, n],
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Table 6 The energy-preserving Izl ® s Order condition
linear combinations of the form
(88) not given in Table 5, up to T _1
fourth order 2 I ‘ 2% bsj¥sjt ) = 2
3 v . 2% bY@ =1
} o 2% bggih =4
I+v I Zj bs;('//sﬂ +¢’512)(- j
}—V I Z,bv](‘//sJZ_wrjl)(')—_%
4

° 22_/ sl‘/fs_/l(-) = 1
M 22} sj'//SJI(O)Il'Ojl(i)—g
zzjbsﬂ//sjl(v) Lz

. ZZjhsjllfsjl(}):ﬁ
I Zjbsj‘psjl(i):%

'<i_o'<2_o"°'°'°-<<-<3_o<

T Y byvji Ovj26) = §

\}JFW 1 20 bsjbsj1 @ Wsji + ¥sj2) (o) = .
Yiw 1 Y by U1 2 + Ysjp@) = §
i-i_%[ 1 Zjbsj(‘//sjl+1//sj2)(i): %
Vowod Y byjbsj1 O Wgja = Ysj1) o) = — o
Y_\V I Z} bSJ(‘ﬁst(')z Ws;l(-) )=— iz
Zj bsj(‘pst 1/frjl)(i) = L4

> bsjsjale) = 3

Y bsj (Wgj1 + Vgj3) @) = 5

Zj bsj(w.vjl W&]S)(') = LZ

25 bsjrsjz(e) — 20 bsjvsji(e) =0

22] b2]W2jl(') = _L4
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since this corresponds to elementary differentials involving Q(x, x), which we recall
is zero when the discrete gradient is symmetric. If we consider the conditions for
fourth order presented in Tables 5 and 6, this eliminates 17 of the 22 conditions for
trees with . in the stem. By considering the remaining order conditions we get that, if
VH e C3(R? x R?,R?) and VH (x, y) = VH(y, x), the discrete gradient scheme
(9) is of fourth order if

— 1
S(x, -, h) =§(S(Z5 +26) + S(z5 — 26))

1 2 2
+5h (S(z2)D*H (z1)S(x) — S(x)D*H (z1)S(22))

8 1
+ 5hSED O, S @) — Ehz S(z1)D*H(z1)S(z1)D*H(z1)S(z21),

(90)
with

Z1 =x+%hf(x), =x+hf(z1), zw=x+hf(z2),

1 1
724 =X + hf(z3), Z5=§(X+Z1+Zz)+ﬁ(_23+z4)s

V3

=3

3
(Tx —2z1 — 422+ 23 —2z4), z7=x+ th(m)-

If S is constant, (90) simplifies to

_ 8 1
SCe, by =8+ ShSQ(x, 27)S — Ehz SD?H(z1)SD*H(z1)S.  (91)

6 Numerical experiments

For all the examples considered in the following, the resulting discrete gradient
schemes are nonlinearly implicit systems, which we here solve using Newton’s
method. Note that whenever S(x, x, &) is independent of X, the Jacobian of

FX)=%—x—hS(x, %, hHVH(x,Z)

is given by _ .
J(Xx)=1—hS(x,x,h)D,VH(x, X), 92)

where D;VH (x, %) may also be used for the calculation of Q(x, x). The extra com-
putational cost of using a higher-order scheme with an explicit S thus only lies in
the computation of this S once each time step. A scheme with an implicitly defined
S(x, %, h) can give a much more complicated Jacobian, but a quasi-Newton method
using the approximate Jacobian given by (92) may still be very efficient.
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Error at t=10
Global error

0 10 20 30 40 50
Step size Time

Fig. 1 Error plots for the Hénon—Heiles system (93) solved by various discrete gradient methods:
AVFM2/4/5/6 are AVF discrete gradient methods of different orders; FDGM4 is a fourth order Furihata
discrete gradient method; IADGM4 is a fourth order Itoh—Abe discrete gradient method. RK4 is the classic
Runge—Kutta method and GL4 is the fourth order Gauss—Legendre method, included for comparison. The
black dashed lines in the order plot are reference lines of order two, four, five and six. The step size in the
right plotis 7 = 0.1

6.1 Hénon-Heiles system

The Hénon—Heiles system can be written in the form (6) with

S = (_O, (')) CH@p) = 5] a3+ pt+ )+t - %qé, (93)
where [ is the 2 x 2 identity matrix. We use here the same initial conditions used in
[37]: q1 = %, q2 = —%, p1 = p2 = 0. The order of some of the energy-preserving
methods proposed in this paper are confirmed by the left plot in Fig. 1. We compare
the performance of the fourth order discrete gradient methods obtained by using the
S given by (79) coupled with three different discrete gradients: the Itoh—Abe discrete
gradient (22), the Furihata discrete gradient (25), and the AVF discrete gradient (10)
(right plot of Fig. 1). The symmetrized Itoh—Abe discrete gradient (23) is for this H
identical to the Furihata discrete gradient. The AVF and Furihata discrete gradient
methods perform in this case very similarly, and thus the error from the Furihata
discrete gradient method is excluded from the right plot in Fig. 1. We observe that,
although it initially performs on par with the AVF method, the Itoh—Abe discrete
gradient method gives a lower global error than the other fourth order methods as time
goes on. Note however that this method requires the most computations at every time
step.

6.2 Lotka-Volterra
The methods should also be tested on a skew-gradient system with non-constant S.
We choose the Lotka—Volterra system also used for numerical experiments in [10]. It

is given by

@ Springer



S. Eidnes

Fig.2 Order or discrete gradient
methods applied to the
Lotka—Volterra system (94),
with different S:

S(x, ) = S(X) for DGM2,
(65) for DGM3, (67) for
DGM4-exp, (66) for
DGM4-imp. The dashed lines
are reference lines of order two,
three and four

Error at t=10

DGM2
10710 DGM3 .
DGM4-exp
Ve DGM4-imp
i n n n
1078 102 107!
Time step
100
100
2 5
5 10 5 10 DGM2
£ H DGM3
% - DGM4-exp
a < DGM4-imp
<% 1074 3 :f: e
GL4
DGM2 10710}
DGM3
DGM4-exp
| DGM4-imp
10 RK4
GL4
0 10 20 30 40 50
Time Time

Fig. 3 Error in the solution and in the energy for discrete gradient methods with S given by S(x, X) =
S(#) for DGM2, (65) for DGM3, (67) for DGM4-exp and (66) for DGM4-imp, applied to the Lotka—
Volterra system, with step size &~ = 0.05. For comparison, errors from using the standard fourth order
Runge—Kutta (RK4) and Gauss—Legendre (GL4) methods are also included

1 0 —xix2 x1x3
S==1 x1x2 0 —2xx3], H(x) =2x1 + xp + 2x3 + In(x2) — 21n(x3),
—X1X3 2X2X3 0

94)
and initial conditions x| = 1, xp = %, X3 = % For this H, the Itoh—Abe, Furihata and
AVF discrete gradients are all equivalent. Order plots are given in Fig. 2. We consider
fourth order discrete gradient methods where VS is given either dependent on or
independent of x; that is, (66) or (67). The implicitly given (67) yields a significantly
lower error in the solution of the corresponding discrete gradient method, as can be
witnessed from the left plot in Fig. 3. In contrast to what we observed for the canonical
Hamiltonian system studied above, none of the discrete gradient methods give a global
error lower than that of the fourth order Gauss—Legendre method.
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6.3 Hamiltonian neural networks

We present here results on the pendulum problem also considered in [19, 27]. Training
data is first generated by adding noise to solutions of the system (6) with

01 2
S = , H(q, p) =2mgl(1 —cosq) + —pz,
-10 2m

with/ = m = 1 and g = 3, for various times ¢ € [0, 20] and 50 randomly sampled
initial coordinates. Then a Hamiltonian neural network (HNN) is used to learn the
Hamiltonian. If the automatic discrete differentiation algorithm is used for the training,
the corresponding discrete gradient is learned simultaneously. To compute Q (x, y), we
require that the network also learns the Jacobian of the discrete gradient with respect
to the second argument. This necessitates a modification of the network developed by
Matsubara et al [27], which we have done using the autograd class of PyTorch. The
resulting Jacobian is in any case very useful for integrating the system by any discrete
gradient method, since we then can employ a root-finding algorithm that use (92), e.g.
Newton’s method.

We have tested second, third and fourth order discrete gradient methods both for
training the network and for integrating the obtained dynamical system. For the fourth
order scheme, we have used the S given by (91) and for the third order scheme we
have used

S, h) =S+ hSQ(x,2)S — %iﬂ SD*H (x)SD?H (x)S, (95)

where z = x+ %hS V H (x). Note that VH and D? H can be obtained from the network
through the relations VH (x) = VH (x, x) and D?H (x) =2D>VH(x, x).

As is also noted in [27], energy preservation seems to be more important than high
order for the method used to train the system. In Fig. 4 we see an example of this:
the second order discrete gradient method outperforms the fourth order Runge—Kutta
method. Whether or not higher-order discrete gradient methods give an improved
performance that justifies the extra computational cost is not clear on this example.
A thorough investigation of this for more complex problems is a matter for future
studies.

For energy-preserving integration of the learned system, much can be gained in
accuracy by using a higher-order discrete gradient method, at the expense of not much
additional computational cost. The order plots in Fig. 5 are obtained by comparing to
a solution found by the fourth order discrete gradient method with a smaller step size.
Python code for the neural networks used to produce the plots in Figs. 4 and 5, and
additional results on a mass-spring system, is available at https://github.com/solveeid/
dgnet4.
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Fig.4 The trajectories that goes
through (¢, p) = (2, 0) for the 41
dynamical systems learned by an
HNN with the Euler method, the

classic Runge—Kutta method and 2 /

discrete gradient methods with § Exact solution
given by S (DGM2), (95) Forward Euler
(DGM3) and (91) (DGM4). The o 0- RK4

plots for DGM2 and DGM3 are DGM2

almost entirely hidden behind DGM3

the plot for DGM4. The step size
used in the training is 7 = 0.5

DGM4

10—2 o
1074 | K‘/’_‘
1076 4

— C

I g — RK4

-

= “; 1078 — DGM2

° ) DGM3

o [ —_—

£ £ 1010 DGM4
10712 4

T T T
1073 1072 107t 0 10 20 30 40 50
Step size t

Fig.5 Comparison of different integrators for the pendulum system found using an HNN with the second
order discrete gradient method. Left: Order plots for discrete gradient methods with S given by S (DGM2),
(95) (DGM3) and (91) (DGM4). The dashed lines are reference lines of order two, three and four. Right:
Energy errors for the same methods, and the fourth-order Runge—Kutta method. Step size &7 = 0.1

7 Conclusions and future work

The main purpose of this paper has been to develop order theory for discrete gradient
methods. This was achieved through the introduction of the function Q, Lemma 2 and a
generalization of B- and P-series results. Propositions 3, 5, 6 and 7 present results which
simplifies the derivation of the conditions from the general theory. The techniques
introduced in this paper for building on B- and P-series methods can possibly be used
on more methods than the discrete gradient methods. Future research may utilize this.

We have proposed some higher order schemes satisfying the derived order condi-
tions. The development of specific schemes has however not been the main focus of
this paper; analysis to find more optimal schemes is something we leave for the future.
After such an analysis is performed, the methods could be tested on more advanced
problems than those considered above, e.g. for the temporal discretization of Hamil-
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tonian partial differential equations, and their performance as measured by accuracy
relative to computational cost could be compared to existing methods.

The use of neural networks to train dynamical systems with preservation proper-
ties is an emerging field of study where new developments are coming with a high
frequency. To our knowledge, the use of higher-order one-step energy-preserving inte-
grators in this setting has not previously been studied, and may not even have been
known to be possible until the novel results of this paper. The potential utility of the
methods remain largely unexplored and will be considered in future work. This will
include using methods of order higher than four and analysis of the methods com-
pared to and in connection with other recent developments, both in the training of
the network and for the integration of the resulting system. It would also be interest-
ing to investigate how the methods perform on more advanced examples, including
Hamiltonian PDEs, and for Lagrangian neural networks [1, 11].

The order theory presented in this paper can also be developed further in several
different directions. The schemes given with S independent of % are linearly implicit
when H is quadratic; if the order theory is extended to the polarized discrete gradient
methods of [12, 13, 28], we could get higher order linearly implicit multi-step schemes
for systems with polynomial first integrals of any degree. Another avenue could be
to consider order conditions for the discrete Riemannian gradient methods presented
in [4]. Then the results in Sect. 5 are especially interesting, since the integral in the
AVF discrete Riemannian gradient can be challenging to compute analytically. Lastly,
building on [2], order conditions for the exponential AVF method is given in [33].
This could be extended to exponential integrators using any discrete gradient by the
theory presented in this paper.
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