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This work is concerned with the preservation of invariants and volume forms by numerical methods
which can be expanded into B-series. The situation we consider here is that of a split vector field f =
fI 4.4 f[N], where each "] either has the common invariant | or is divergence-free. We derive
algebraic conditions on the coefficients of the B-series for it either to preserve | or to preserve the volume
for generic vector fields and interpret them for additive Runge—Kutta methods. Comparing the two sets
of conditions then enables us to state some nonexistence results. For a more restrictive class of problems,
where the system is partitioned into several components, we nevertheless obtain simplified conditions
and show that they can be solved.
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1. Introduction

Preserving volume forms is a necessary requirement in several well-identified applications, such as
molecular dynamics or meteorology, while preserving first integrals is vastly recognized as fundamental
in a very large number of physical situations. Although the requirements appear somehow disconnected,
they lead to algebraic conditions which have strong similarities and this is the very reason why we
address these questions together.

We will show in particular that a method that preserves the volume must also preserve all first
integrals® and as a consequence that no volume-preserving B-series method exists apart from the com-
position of exact flows (see Theorem 4.10 of Section 4.2). This result generalizes to split vector fields, a
known result of Feng & Shang (1995). Let us note that a similar result, using rather different techniques
of proof, has been derived independently by Iserles et al. (2006b). A noticeable difference is, in particu-
lar, that we obtain conditions on both the modified vector field (which has to be divergence free) and the
method itself (which is volume preserving). This then allows for the derivation of algebraic conditions
set directly on the coefficients of an additive Runge—Kutta (RK) method (see Section 4.2.1).

It is, however, interesting to consider specific classes of problems for which volume-preserving
integrators can be constructed. For instance, it is clear that symplectic methods are volume preserving for
Hamiltonian systems. In Section 4.3.1, we show that symplectic conditions are in general necessary for
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1The fact that no RK method can preserve polynomial invariants of degree less than or equal to 3 was first shown by Calvo
et al. (1997) and the extension of this result to arbitrary degree was considered in Zanna (1998) and Iserles & Zanna (2000). Here,
we extend this result to arbitrary B-series for split vector fields.
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a method to be volume-preserving and indeed sufficient for the special class of Hamiltonian problems.
In a similar spirit, we derive in Section 4.3 simplified conditions for partitioned systems with two and
three functions. The results obtained for two functions corroborate already known ones (see Hairer et al.,
2002, Theorem 3.4) and results for more than three functions (and their straightforward generalization
to more functions) appear to be completely new. It is interesting to note that the general idea used here
to obtain numerical methods also has some similarities with the technique considered by Iserles et al.
(2006a) for polynomial vector fields.
In the sequel, we shall thus consider an n-dimensional system of differential equations of the form

N
yoo =" My (1.1)
v=1
= fl(y) + 1@y + ...+ f[N(y). (1.2)

An NB-series NB(a) is a formal expression of the form

NB(a) = idgn + Z Wa(t)F(t) (1.3)

where the index set .7 is the set of N-coloured rooted trees, |-|, o and F are real functions defined on
Z and a is a function defined on .7 as well which characterizes the NB-series itself. These series have
been introduced in Araljo et al. (1997) in full details for the purpose of studying symplectic additive RK
methods. Note that this definition coincides with the standard definition of B-series as given in Hairer
et al. (2002) when only one colour is used for the vertices. In the sequel, we shall simply write B(a) for
the general case, and refer NB-series as B-series.

As in Chartier et al. (2006), S-series arises naturally. In accordance with B-series, we consider here
S-series for coloured trees. For instance, for N = 2 and for a smooth function g, an S-series is a series
of the form

S(e)[g] = a(e)g + ha(+)gy f + ha(o)gy f12

+h2(a( oy, (11, 1) 4 (e 01y (113, 1) 4 20 (12 f[Z]))

+h2a( gy f T 4 a(Pgy 118 4 a(fygy (AT 4+ a( P)gy 1A 112D + ..

Assuming that a function | with an S-series expansion is a first integral of individual differential equa-
tionsy = fl(y), v =1,..., N, i.e. it satisfies

vv=1,...,N, vyeR", (VI(y) Py =0, (1.4)
preserving | for an integrator B(a) amounts to satisfying the condition
Yy eR", (I1oB@)(y) =),
and it can be shown (Murua, 1999) that

| o B@@) = S(a)[l], (1.5)
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where «, acting on .%, is uniquely defined in terms of a. All further results on general invariants will be
obtained in this framework.
Assuming now that we have, instead of (1.4),

vv=1,...,N, vyeR" divilly) =0,

preserving the volume for an integrator whose modified vector field is fn(y) = %B(ﬂ)(y) amounts to
satisfying the condition

vy eR", div(fy(y)) =0.

Using the ‘linearity’ of the divergence operator and a convenient matrix representation of the differential
forms dF (t) for a tree t, we obtain algebraic conditions in terms of ‘aromatic’ trees, defined as oriented
trees with exactly one cycle. Anticipating on the computations of Section 4.2, consider, for instance, the
term div(F (\?)) as appearing in div( fh). We have

div(F(\P)) = Tr%(f%}(f[ﬂ’ (1),

= Tr(fR (P, £y 4 (eI £y 4 (e e 0, g2y
=Tr(F*(\P) + Tr(F*()F*(0)) + Tr(F*(P)F*(+))
:=div(01) + div(02) + div(03),

where F*(t) denotes the matrix obtained by differentiating F(t) “at the root of t’ and 01 = (1), 02 =
(/o) and o3 = () are aromatic trees composed, respectively, of one, two and two trees. Note
that owing to the properties of the trace operator, div(/ o) = div(o /), so that there is no reason to
distinguish (/ o) from (o /): this general property allows us to consider such expressions as trees with
one cycle. It will turn out that the algebraic conditions for volume preservation can be expressed solely
in terms of aromatic trees.

2. Basictools

In this section, we describe very briefly the basic algebraic tools that allow for the manipulation of S-
series. Since the definitions used here are rather similar to Chartier et al. (2006), we shall focus mainly
on the differences with the one-colour situation.

2.1 Thealgebra of trees

DEFINITION 2.1 (Rooted trees, forests) The set of (rooted) trees .7 and forests . are defined recur-
sively by the following:
1. the forest e is the empty forest;
2. ifty, ..., tharentrees of .7, the forestu = t3 - - - t, is the commutative juxtaposition of ty, ..., tp;
3. if uis a forest of .77, thent = [u],, where v € {1, ..., N}, is a tree of .7 with root of colour v.

The order of a tree is its number of vertices and is denoted by [t|. The order |u] of aforestu =t - - -ty
is the sum of the |tj| values. If u = t{l -.-t", where ty, ..., t, are pairwise distinct and are repeated,
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Forestu | o+ ) V?Ifg W}ng \Vg\f

Order |u| 4 11
Symmetry o (u) 2! 113111 31(21)32! 311!

FiG. 1. A few forests with their orders and symmetry coefficients.

respectively, r1, ..., ry times, then the symmetry o of u is

g(u) =r1!--ral(@ ()™ - (o ()™,

By convention, o () = 1. The symmetry o (t) of a tree t = [u], is the symmetry of u. The set of linear
combinations of forests in .% can be naturally endowed with an algebra structure .72, and the tensor
product of .77 with itself can be defined just as in Chartier et al. (2006).

DEFINITION 2.2 The algebra of forests .57 is defined as follows:
o V(U v)e.FEV(,u) eRE U+ uv e A,

e V(U,v)e.ZF2 uv e .# (note that up = vu),

e YUe.Z,ue=eu=u.

EXAMPLE 2.3 (Calculus in 22)

(-3 ears)(b-$e00)
I 309 S SRV SOV S0 U 9%

DEFINITION 2.4 The tensor product of 27 with itself is the set of elements of the form u ® » such that
forall (u,v, w, X) € % and all (1, ) € R?,

U4+ ) @w=2UuUR w)+ ul R w),
wQ (AU+ uv) =A(w @ U) + u(w ),
URv)(w®X)=(Uw R vX).

We will further denote by Alg(s#, R) the space of algebra morphisms from 77 to R, i.e. maps from
2 10 R such that

Yu=ty---tmhe.#, a()=ay): - -altm),

and by #* the space of linear forms on #. Eventually, the co-product has to take into account the
possibility of trees with different colours. Hence, the operator B+ becomes B as defined below:

B: F - 7,

u=ty-th [t -taly.
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EXAMPLE 2.5
Bf(eo)=[eoli=Y, Bf(ee)=[eela=Y, B (\/)=-ceo, B—(Y):\/_

Defining u (t) as the colour of the root of t, we then have the following definition.

DEFINITION 2.6 (Co-product) The co-product A is a ‘linear’ map from 7 to 2 ® .22 defined recur-
sively by the following:

1. A(e)=e®e
2.Vte 7, A)=t®e+ (idy ® B;r(t)) o Ao B (1),
3 Vu=t---th € Z,A) = A(ty) - - - A(ty).

EXAMPLE 2.7
A=Y ®e+(idy ® BS)A(s0)
=Y ®e+(idy @B HA(+)A(0)
=V ®e+(dy®B)(s®e+e® +)(c®e+e® o)
=V ®e+(dy®Bf)(roRe+e®o0+0®++e® +0)
=V ®et+teo®o+ex0L/+00 ] +ex .

REMARK 2.8 The co-product of a tree can also be written as (see Connes & Kreimer, 1998, for
instance)

A =t®e+ > Ui®S, (2.1)

where s € .7 is a subtree of t and u; the forest obtained when removing 5 from t.

2.2 B-series, Sseriesand their composition

Foratreet € .7, the ‘elementary differential’ F (t) is a mapping from R" to R" defined recursively by
nfvl

oyn

FGo® = ), Flt- )W) = e~ () F ), ... FE W),

where ¢, = [€],.

EXAMPLE 2.9
F(p)y =t pep) = 121, 1), F(}’) — U0,

We can now define formally a coloured B-series as follows.
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DEFINITION 2.10 (B-Series) Leta: .7 — R. The B-series B(a) is the formal series

B(@)(y) =a(®)y + Z T)a(t) FO().

ExXAMPLE 2.11 The B-series corresponding to the implicit/explicit Euler method is of the form
y1=Yo +h(fHy) + FP(y0)
= Yo+ hF(+)(yo) + hF (e)(Yo) + W’ F (/) (¥o) + h*F(2)(Yo) + O (h°).

Differential operators associated to a forest and S-series are exactly the same as for the one-colour
situation (Chartier et al., 2006).

DEeFINITION 2.12 (Differential operator associated to a forest (Merson, 1957)) Consider a forest u =
ty - - -t of 7. The differential operator X (u) associated to u is the map operating on smooth functions
2 = C®(R"; R™M), defined as

X(): 92— 2,
g XWIgl = g™ (F(t), . .., F(t)).

EXAMPLE 2.13 For g € Z, one has
X@ldl =9, X(w)lgl =gy,
X(P)gl =gy fIH T X(J « 0) = gyyy (1A T £ 12,
More generally, the relations
X®lidgn] = F(t), XM = F([ul,)

hold true.

DEFINITION 2.14 (Series of differential operators) Let a: .# — R. The S-series S(a) is the formal
series

S(e)[g] Z

Now, considering the action of a map g € & on a B-series B(a), the following formula can be easily
obtained (see, for instance, Murua (1999) for a proof):

hlu
goB@ = > ——a(uXu)Id] (22)

|
u
ueﬂa( )

witha(e) = land a(ty ---tj) = a(ty) - - - a(tj). It follows that to every B-series B(a) one can associate
an S-series S(a), where « is an algebra morphism.
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LEMMA 2.15 (Composition of S-series) Let o and £ be in 777 and let S(«) and S(f) be the associated
series of differential operators. Then, the composition of the two series S(a) and S(f) is again a series

S(af), i.e.
Vge 7, Sa)[SB)9l]l = (S(a)S(B)Ia]l = S(ap)ldl. (2.3)
where aff = (o ® ) o A.

Proof. The proof of this result is given in Theorem 24 of Murua (2006). O

Given an algebramap o € Alg(s#, R), we denote by # = log o the map defining the corresponding
vector field (see Murua (2006) or Chartier et al. (2005) for a formal definition and explicit formulas).
Following Calvo et al. (1994), we will use the property that the value of & = exp S for a forest u e
#\{e} can be obtained as the solution at = = 1 of the differential equation

O (U) = (arﬂ)(u)a (2 4)
ao(u) =0, |

with a. (e) = 1.

We end up this introductory section with a technical result which generalizes Lemma 3 in Chartier
et al. (2006) for coloured trees and a lemma giving an alternative expression of the co-product for trees
of the form ty o - - - o tm, Where o is the so-called Butcher product? and is meant to operate from right to
left in expressions liket; oty o - -+ o ty.

LEMMA 2.16 Forany (w1, ..., oN) € (22*)N, we have

N
h> " S@)X(+)) = S,

v=1
where «’ is defined by

o' (€) =0,

m
Vu=ti-tne 7, o' U)= o) (B_(ti)Htj>.
i=1

JA

Proof. Consider the expression (2.1) for the co-product. Now, let g, € #* be such that S(8,) =
hX(e,). Since B, (u) = 0unlessu = »,, we have

N N N N
(Z wuﬂu)(t) = (@ @ B)AMD) =D oy ©) + DD wy(Ui)(S) = @) (B (D).

v=1 v=1 v=1 v=1 i

For forests of m > 2 trees, we obtain

A(tl"'tm)ztl"'tm®e+zui ® vi,

2 ty and ty are two trees, tq oty is the tree obtained by grafting the root of t, onto the root of t;.
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where v; € % isaforest, vj =5 - - - &, of subtrees s, ..., s of 1 < k < mtreesamongty, ..., tynand
u; is the forest obtained when removing v; from ty - - - ty,. As before, since £, (u) = O unlessu = «,,
the only remaining terms are those for whichk =1, 0j = « gy and uj =ty -- - tj 1 B7(tj)tj 41 - - - tm.
O
LEMMA 2.17 Fort € 7 and u, v, w € %, define
URt)o(w®w)= (U ®tow),
A =Al)—t®e,
then for arbitrary trees ty, ..., tn € .7 one can write

A(to---otm)=0d(1,...,.tmRe

m—1
+ D Ao ot)@(tjz10-otm) ®€) + At) o+ 0 Altm), (2.5
i=1

m k
ot .. tm) =D (=D* > [ (tsro- oty (2.6)

k=1 O=jp<-<jkp1 i=1
Proof. From the definitions of A and A, we easily get
A(sy)=e® +y, Altow)=A(t)o A(w).
The identity (2.5) can then be proved by induction on m. O

3. Preservation of exact invariants

Given a differential equation of the form (1.1), we suppose that there exists a function | (y) of y, which
is kept invariant along any exact solution of the ordinary differential equation corresponding to any
individual vector field f'1, v = 1, ..., N. We wish to derive conditions for a B-series integrator B(«)
to preserve I, i.e.

| =1 0B(a) = S()[I]
In terms of S-series, this reads
S(e —id)[I]=0,

where id € J#* is such that id(u) = 1 foru = eand id(u) = 0 for u # e. In other words, o — id
should be an element of the annihilating left ideal .# 1] of I. | being an invariant for each f[*1, we have

Yve{l,...,N}, (vl =0, (3.1)

that is to say, the Lie derivative of | along any vector field f 1 is null. In terms of elementary differential
operators, this is nothing else but saying that

X(e)[11=0. (3.2)
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Since for any series of differential operators S(w1), S(w?), . . ., S(wn) acting, respectively, on X (e 1)[1],
X(e)[1], ..., X(sN)[1], we have

N
> S@)hX ()] = S@)[I]=0,
v=1

the inclusion {0 € 77*; 3w € 7*,0 = &'} C Z[1] follows.
We now look for conditions on ¢ such that § = «’. Writing this equality for trees gives

Vte 7, 1) =o' ) =w.m (B (1),
which is equivalent to
Vve(l,...,N}, Vue.Z, w,(u)=d4B]()). (3.3)

Given an arbitrary 6 € 7, define w, € 5#* by (3.3), then 6 = «’ if and only if for all forests with at
least two trees,

o(u) = o' (u) = Zw,u(ti)<B_(ti)Htj>
i=1

j#i

byg's)Za(B;(ti) (B‘(ti)Htj>>.
i=1

J#

(3.4)

Using more conventional notations, the necessary and sufficient condition for the existence of w € ¢,
such that 0 = o’ obtained above, can be rewritten as

m
St tm) = Dt o (tr -~ tj—1tj 41+ -tm)), (3.5)
j=1
where tjo(ty - - - tj_1tj41 - - - tm) denotes the tree obtained by grafting the roots of ty, ..., tj_1,tj, ..., tm

onto the root of t;.
We have thus proved the following statement.

LEMMA 3.1 Consider N vector fields f[’I, v = 1,..., N, all having the same first integral I. Let
0 € * be such that 6(e) = 0. If condition (3.5) holds forall m > 2 and all t, ..., tn, € .7, then

SO)[11=0.

The next lemma is a consequence of standard arguments used to prove the independence of elemen-
tary differentials (see, for instance, Butcher, 1987; Hairer et al., 1993).

LEMMA 3.2 Given aforestu =t; - - -ty € .% of order n, there exist polynomial maps f[’l: R" — R",
v=1...,N,of degree lessthann —m+ Ll and r: R" — R of degree m such that, for any v € .7,

X(@)[r](0) £0 iffo = u. (3.6)
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THEOREM 3.3 Leta € Alg(22, R). Then, S(a)[1]= | forall (N+1)-tuplets (fIH, f[2 . fINI 1)
of N vector fields f[’l, v = 1,..., N, with first integral | if, and only if, « satisfies the condition

i#]

a(tl)-na(tm):Za(tj oHti> (3.7
j=1

forallm>2andallty,...,tn e 7.

Proof. The proof follows step-by-step the proof of the corresponding result for N = 1. The only
difference is that, in order to prove the necessity of the conditions, we need to consider the following
differential system:

N
y=>_ M), (3.8)
v=1
N
z2==> (Vr(yn' tMy), (3.9)
v=1

where the f["I values and r are chosen so as to satisfy condition (3.6) of Lemma 3.2 above, for a given
u e .. Itis clear that

1(y,2)=r(y)+z

is an invariant of (3.8), (3.9) and each individual system

y=flly),
z=—(Vr(y)" fl(y).
O

REMARK 3.4 If f = loga denotes the coefficients of the modified vector associated with the S(a)-
series integrator, then an equivalent condition to (3.7) is

m

0=> 4 (tjoHti). (3.10)
j=1 i#]

It can be straightforwardly checked that the invariant | (y, z) = g(y) + z constructed in the proof of

Theorem 3.3 is a polynomial of degree m. This implies that condition (3.7) for m trees is also necessary
and sufficient for a B-series integrator to preserve polynomial first integrals up to degree m.

THEOREM 3.5 A B-series integrator that preserves all cubic polynomial invariants does in fact preserve
polynomial invariants of any degree.

Proof. This is a particular case of a more general result stated in Remark 24 of Murua (2006). Assume
that Condition (3.7) holds true for all m < nwith n > 3 and consider p 4+ ¢ = n+ 1trees, t1, ..., tp,
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ug, ..., Uq, in J withq > p > 2. Denoting, respectively, by Sy and &§; the sum of the first p terms and
of the last q terms of the right-hand side of (3.7), we can use (3.7) with m = g + 1 < n and obtain

Sp:Zi:a ((ti oj];[itj> o];[uk>

=—§a <uko (ti oHtj) H“') +Zi:a (ti oHtj) Ha(Uk)

j#i 1#£k j#i k

o) o) 1) (1)

A similar relation holds for ;. Hence, Sy + S — 2([T; a(t)) ([T @ (uk)) can be written as

() () )

Now, using (3.7) with m = 2, we have

T bu)-fem) )
=a (ukobéHKU|) 7 (ti Ojl;[it]) )

so that, upon using (3.7) again with m = p and m = ¢, we obtain

(o) (o)) r)(ee) e

As a consequence, relation (3.7) holds true for m=n+ 1 and the stated result follows by induction. [

At this stage, the question arises as to whether there exist methods that satisfy condition (3.7) for
preservation of arbitrary first integrals. By assumption, the exact flow of each individual equation y =
fl)l(y), v = 1,..., N, preserves the first integral |. We then note that numerical methods formed by
composition of such flows also preserve |. By repeated application of the Baker—Campbell-Hausdorff
formula, one can see that methods of this type can be formally interpreted as the exact flow of a vector
field lying in the Lie algebra generated by f[1, ..., fINI Conversely, any method that can be formally
interpreted in that way preserves | . The next theorem states that they are the only ones.

THEOREM 3.6 A B-series integrator that preserves all cubic polynomial invariants can be formally
interpreted as the exact flow of a vector field lying in the Lie algebra generated by fIU, .. fINI,

Proof. By Theorem 3.5, a B-series B(a) that preserves all cubic polynomials must necessarily satisfy
condition (3.7), and then the required result follows from Remark 21 in Murua (2006). O
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4. Volume-preserving integrators

In this section, we derive algebraic conditions for a B-series integrator to be volume preserving. Since
it is much easier to work with the divergence operator, we begin with deriving the conditions for a
modified vector field to be divergence free.

4.1 Divergence-free B-series

Consider N divergence-free vector fields "1, v = 1,..., N. A B-series B(B) with coefficients S
satisfying f(e) = 0,

hitl
> —BOF).

te 7 o ()

is divergence free if, and only if, (using the linearity of the divergence operator)

hitl
—— Bt)div(F(t)) = 0. (4.1)
200

The first problem we are thus confronted with is computing the divergence of each elementary differen-
tial vector field appearing in (4.1).

4.1.1 Aromatic trees. In order to conveniently represent div(F(t)) fort € .7, we introduce the
following ‘aromatic’ trees, which are certain connected oriented graphs with one cycle. Before defin-
ing them, we observe that coloured rooted trees can be interpreted as connected oriented graphs with
coloured vertices as follows: Givent € .7, let V be the set of vertices of t, thenthe set E ¢ V x V of
arcs of the oriented graph identified with t is the set of pairs (i, j) € V x V such that the vertex i is a
child of the vertex j (i.e. j is the parent of i). Thus, the root of t is the only vertex r € V such that there
isnoi € V with (r,i) € E. Furthermore, for each vertex i € V\{r}, there exists a unique sequence of
vertices j1,..., jm € V. (m > 1) such that (i, j1), (j1, j2), ..., (jm=1, Jm), (Jjm,T) € E. Typically, a
coloured rooted tree is graphically represented with the root at the bottom of the graph and the children
of each vertex positioned above it. When depicted as coloured oriented graphs, there is no need to draw
the children of a vertex in any particular position with respect to their parent. Below, a coloured rooted
tree is depicted in both the usual way and as a coloured oriented graph.

G 1

Similarly, a forest t; - - - ty, of coloured rooted trees can be identified with a coloured oriented graph
whose connected components are identified with the rooted trees tq, .. ., tm.

DEFINITION 4.1 An aromatic tree o is a coloured oriented graph with exactly one cycle such that if all
the arcs in the cycle are removed, then the resulting coloured oriented graph is identified with a forest
ty - - - tm Of coloured rooted trees (1, ..., tm € 7). If the arcs of o that form the cycle go from the root
of tj to the root of tjy1 (i = 1,..., m — 1) and from the root of ty to the root of t;, then we write
0= (t1---tm). Notethat o = (t1---tm) = (i ---tmtz---tj—1) foralli € {2,..., m}. The order |o|
of an aromatic tree 0 = (t; - - - ty) is the number of its vertices, i.e. |0] = [t1] + - - - + [tm]|. The set of
aromatic trees is denoted <77 and the set of nth order aromatic trees &7 7.
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EXAMPLE 4.2 For the aromatic tree

we have that 0 = (t1totity) = (tatytaty), where

t1=o—>o<—e=v, tg:o—»e:I,

DEFINITION 4.3 For any aromatic tree 0 = (t1---ty) € &7, C(0) is the unordered list of trees

obtained from o by breaking any edge of the cycle. If we denote fori =1,...,m,§ =tjotj;10---0
tmot; o---otj_1, where the grafting operation is meant to operate from right to left, then

C() ={s1,...,Sm}. (4.2)
Now, let 71, be the circular permutation of {1, ..., m} and let & be

0=#{1€0....m=1) (tora s tepm) = (oot

so that, for each i, there are @ copies of § in the list C(0). Then, the symmetry coefficient of o is defined

aso(0) =0]]jo).

EXAMPLE 4.4 Consider again the aromatic tree o and the coloured rooted trees t; and t in Example 4.2.
In that case, @ = 2, and thus the symmetry coefficient is o (0) = 20 (t1)%0 (t)2 = 2. As for the list of
coloured rooted trees in Definition 4.3, C(0) = {s1, S, S3, 4}, Where

S = ‘ y =totiotroty,

0]
O>—6<0
S = = =f1otyotyoty,

= ; _g&} =totiotroty,

S = = =tliothotyots.
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Fort =[t1,..., 1], € 7, we shall use the notations of Aradjo et al. (1997):
1+1 £ [v]
P = e (Fl. - FO),
so that
dRF®) _ F*®) Fr(ty) F*(t2)  F*(tm)
o) o o) o)  oltm)’

DEFINITION 4.5 (Elementary divergence) The divergence div(o) associated with an aromatic tree o =
(t1 - - - tm) is defined by

(4.3)

tyotpo---otm=t

div(o) = Tr(F*(t1) - - - F*(tm)). (4.4)

It can be easily seen from the definition of div(o) for 0 € <77 that one has

div((ty - - - tm)) = div ((tﬂn(l) . t,rlm(m))) . leN. (4.5)
This is the very reason for considering aromatic trees as cycles.

REMARK 4.6 An alternative way of defining div(o) for an aromatic tree o is as follows: Giveno € «7.7,
with m = |o|, represented as a coloured oriented graph with the set of indices V = {i1, ..., im} as the
set of vertices, coloured accordingtoamap &:V — {1,..., N}, and the setof arcs E C V x V. Let
foreachi € V denote g = f[”]' , Where v = £(i) (the colour of the vertex i), {j1,..., i} = {] €

.....

V:(j,i) e E}, and fJ[lv’]_'“ i (y) is the partial derivative of the i th component of f[*1(y) with respect to
the components yi1, ..., yll of y € R", then it is not difficult to see that

div(o) = Z Gy G-

4.1.2 Divergence-free conditions and first consequences. We are now in a position to write in a
convenient way the divergence of the modified vector field f, given as a B-series B(). We first observe
thatas div(fl")y = 0 forallv = 1,..., N, Tr(F*(t)) = 0 for all t € .7. We thus have, by taking (4.3)
into account,

dF (t)
nm It
d.v(Bw))_Zﬁ(t) ()d'V(F(t))— Zﬁ(‘)h T( (t))

- " F'() F't) F*(tm>)
=2 pont > 2, Tr(a(tl) o) otm)

teT m>2 tio--otm=t
_ Zﬁ(t)h'” Z Z iv((ty - - - tm))
te7 m>2 tyo---otm=t a(ta)---o(tm)

N div(0)
ZZh Z (Z ﬁ(t)) )

n=>1 oeo T \teC(0)
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THEOREM 4.7 A modified field given by the B-series B(f) is divergence free up to order p if the
following condition is satisfied:

Z p(t) =0 forall aromatic trees o € «7.7 with |o| < p. (4.6)
teC(0)

THEOREM 4.8 Condition (4.6) is a necessary condition for a vector field to be divergence free.

Proof. We will prove that, given o € «7.7 with |o| = n, there exist divergence-free vector fields
fl:RM 5 R, v =1,..., N, and yp € R" such that div(0)(yo) = 1 and for arbitrary 6 € «7.7\{o},
div(0)(yo) = 0.

Given 0 € /.7, we consider yop = (0,...,0)T € R"and fl’l: R" - R", v = 1,...,N,
constructed as follows: Let o be represented as a coloured oriented graph with the set of vertices V =
{1,...,n}, coloured accordingtoamap &: V — {1, ..., N}, and the set of arcs E c V x V. Then, for
eachv =1,...,Nandeachi = 1,...,n, theith component fl'li (y) of fl'l(y) (y = (yL, ..., yMT)
is defined as

H(j,i)eE yJ, Iff(l) =V,

0, otherwise.

iy =

Each such vector field f[*] is divergence free, as the main diagonal of its Jacobian matrix is identically
null. The required result then follows, by taking Remark 4.6 into account, from the observation that,

giveni,ji,....j1 e V.= {1,...,n}, fj[l”,].i”,jl(yo) £ 0 if and only if {j1,..., i} (ji,..., ji being
distinct) coincides with the set {j € V: (j,1) € E}. a

LEMMA 4.9 The conditions for two and three cycles are equivalent to the conditions for the preservation
of all cubic polynomial invariants.
Proof. For two cycles and three cycles, condition (4.6) can be written as
V(t,t) e 72, btioty) +btroty) =0 (4.7)
and
V(t,t,t3) € 73, btiothots) +b(thotzoty) +b(tzotioty) =0, (4.8)

respectively.
Condition (4.7) is the symplecticity condition. As for condition (4.8), taking into account condition
(4.7) and the induced relations

b(ty otz ot3) = —b((t2 o t3) o ta),
b(tzotzoty) =—b((tz o t1) o t2),
b(tz oty oty) = —b((ty o tp) o t3),
it can be rewritten as
V(t1,0,13) € 93, b(ty o tat3) + b(ty o tit3) 4+ b(tz o titp) =0,

which, together with (4.7), is the condition obtained in Chartier et al. (2006) with N = 1 for modified
fields to have solutions which preserve cubic invariants. O



16 of 25 P. CHARTIER AND A. MURUA

4.2 \olume-preserving B-series

The aim of this section is to rewrite the necessary and sufficient condition (4.6) obtained for the modified
field in terms of the coefficients of the B-series of the method itself.

A B-series that can be formally interpreted as the exact flow of a vector field lying in the Lie al-
gebra generated by f[1, ..., fINlis trivially volume preserving (as the Lie bracket of divergence-free
vector fields is also divergence free). We have already stated the following result on the nonexistence of
nontrivial B-series methods preserving the volume.

THEOREM 4.10 A volume-preserving B-series integrator can be formally interpreted as the exact flow
of a vector field lying in the Lie algebra generated by f[1, ... fINI,

Proof. This is a direct consequence of Lemma 4.9 and Theorem 3.6. O
DEFINITION 4.11 Consider an aromatic tree 0 = (t1 - - - ty). If we remove 1 < k < m edges of the

cycle o, we obtain a forest u with k trees. We denote by Ck(0) the ‘list’ of all possible forests obtained
by removing any k edges from o.

Observe that Cy(0) is denoted by C(0) in Section 4.2.

THEOREM 4.12 Consider a B-series integrator with coefficients «. B(a) preserves the volume up to
order p if, and only if, the following conditions hold forall 1 < n < p:

m
Vo=(ti-tm) e/ Tn, D (=D > a)=0. (4.9)
k=1 ueCy(0)

Proof. Assume that g € 277* is such that f(e) = 0 and that, for arbitrary t, ..., tn € 7,
m
Zﬁ(tﬁl(l) O-++-0 tﬁl(m)) = 0
I=1

According to Lemma 2.17, we have for a, = e as defined in (2.4)

ar(tyo---otm)=(a; @ f)A(t1o---otm)

m-1
=D drtio-ot)ar(@tj410- - otm) + (@ ® A)(At) o+ 0 Altm)),
j=1
(4.10)

where we have used the assumption that s(e) = 0. Thus,

m m—-1

m
Zd’(t”'(l) ooty = Z Z ar(tprqy o otg)ac (0t 41y 0 otimy))
1=1 =1 \ j=
m
+ D (ar ® BY(Altyy) o+ 0 Altyi(m)).

=1
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Since A(t,1(qy) o -+ o A(tyI ) is @ linear combination of terms of the form

m
U®ZZ”|(1) O"'Ozﬂ:l(m)7 (411)
=1

whereu € % and zy, ..., zm € .7, the second term of the previous sum vanishes and we get

m m-1
1j=

m
Zdr(tn'(l) o+ otrim) = Z ar by o otr)or (0t 1y 0 o trim)))
1=1

or, equivalently,

m m k
k+1 .
DD T e (b oo tagy) [T o (t”|(1i+1) 0::v0 t?f'(ji+1)) =0,
I=1 k=1 0=j1 < <jk41 i=2
which after integration leads to the stated result. a

4.2.1 Conditions for additive RK methods. In this section, we consider additive RK methods as de-
scribed in Aradjo et al. (1997). Denoting the coefficients by (ai[}j], b-[l]), ces (ai["\j‘], b-[N]), we can define

1 |
recursively

D(ey)=(1,....,1)" eRS, (4.12)
([t tml) = [ [ Ao (t). (4.13)
i=1

We then have a ([t - - - tm]y) = (b[”])Tqﬁ(ti ). Now, consider two trees t; and tp in 7. From the definition
of @, we easily get

D(ty oty) = D(ty) - ALl (ty),

where - denotes the componentwise product of vectors. More generally, for any mtreesty, ..., tym of 7,
it becomes

Doty - otm) = @) ALDIp(ty) ... ALl (g,

where the products (matrix-vector product or componentwise vector product) operate from right to left.
Denoting X; = diag(®(tj)), we can thus write

a(tyoty - otym) = e Bl aAlu@Ix, ... Aletm]y o

and the coefficients a (u) for u € Cx((t1 - - - tm)) all have the form
k

[1 (eTB[#(t"I(“)H Xotgy -+ AL (o) X”'(ji+l—1)e) ’

i=1

wherel e {1,...,mjand1l=j; < jo <--- < jk=m+ 1.
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DEFINITION 4.13 An aromatic multi-index p = (i {”1] e i,[#’“]) is an oriented cycle where the vertices
of the cycle are the ‘coloured’ indices i [”1], 5”2], e i,[T‘{m]. We denote by
Calp) = {0, ilmd), G52, il i),

the set of ordered multi-indices obtained by removing any edge of the cycle. If two edges of the cycle
are removed, then we get pairs of ordered coloured multi-indices, and we denote by

Calp) = (@52, ilely ol ilml jadyy -y

the set of such pairs; more generally, we denote by Cy(p), k =1, ..., m, the set of k-tuplets of ordered
coloured multi-indices obtained by removing any k edges of the cycle.

DEFINITION 4.14 Given an arbitrary ordered coloured multi-index @ = ig”l] . il[”'], we define

(PP gl gl

and if o = (w1, ..., wg) is a k-tuplet of ordered multi-indices, then
k
y() =[] v@p.

Then, the volume-preserving condition for the m-cycle p = (igvl] e i,[T‘{m]) reads

m
SO ST p) =0 foreach (1, ikmh) e 1, )™, (4.14)

k=1 veCyx(p)

It can be straightforwardly obtained from the conditions for the m-cycles o = (11 ---tm) by letting
t1, ..., tm be arbitrary trees of colours, respectively, vq, ..., vm. As a matter of fact, each matrix X| =
diag(@(t))) then spans the whole set of diagonal matrices and the choice (X)), = dj, leads to (4.14).

EXAMPLE 4.15 e For the coloured multi-index p = (i["] j[*2l), we obtain the conditions
bl"al?! 4 plalid — pfIpl2l =0, v v =12, i) =1,....5, (4.15)
i.e. the symplecticity conditions for additive RK methods (Araljo et al., 1997).
e For the cycle p = (i[v1]j[2lklsl) we get

[V1]a1[r2] [V3] [U2] [V3]ai£v1] [Ue]aigw]al[VZ] [Ul]bEVZ]aJ['f] _ bEVZ]b£”3]a£f1] [V:a]b[w]a][rz]

+0M ol =0, v vpvs=1,....3, i j.k=1....s
e Assume that we have one colour only. Taking i = j = k in previous conditions gives
bi(3a3 —3bjaj +b?) =0, i=1,...,s, (4.16)

which has no other real solution than by = by, = --- = bg = 0. This condition is by itself sufficient
to prove that there exist no volume-preserving RK methods and as a consequence that no RK method
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can preserve polynomial invariants of degree greater than or equal to 3 (see Calvo et al., 1997; Zanna,
1998; Hairer et al., 2002, Theorem IV 3.3.).

4.3 Systemswith additional structure

We have so far obtained negative result about the existence of volume-preserving N-colour B-series
integrators, apart from the trivial case of composition of exact flows of divergence-free vector fields
(more precisely, apart from methods that can be formally interpreted as the exact flow of a vector field in
the Lie algebra generated by the original vector fields in the splitting). In this section, we consider three
particular cases where the vector fields f*1 (v = 1, ..., N) have additional structure such that volume-
preserving B-series methods exist apart from the trivial case of composition of volume-preserving flows.

The first case we consider is when each f[l is actually a Hamiltonian vector field (hence diver-
gence free) so that, obviously, any symplectic B-series method applied to such decomposition of the
original vector field is divergence free (conservation of the symplectic form implies conservation of the
volume form). We show algebraically that, in that case our volume-preservation conditions reduce to
the symplecticity conditions in Araljo et al. (1997).

The second case we consider is a class of divergence-free systems split in two parts with a particular
structure already considered in the literature (see Hairer et al., 2002). In such case, some symplectic
methods (one-stage symplectic additive RK methods and two-stage symplectic RK methods) turn out to
be volume preserving.

New volume-preserving methods for divergence-free systems split in three parts with a particular
structure (generalization of the previous case) are considered as a third case. Similar results could be
obtained for further generalizations of divergence-free systems split in N > 4 parts without any diffi-
culty.

4.3.1 Hamiltonian systems. For f = ZL\‘zl K~1VHDPI where K is assumed to be an invertible
skew-symmetric matrix, we have the following fundamental relation:

Vte.Z, (KF*(t)" = KF*({t). (4.17)
Now, let us consider the transposition operator = defined on <7 .7 as follows:
Vo=t - -t) e &7, 1(0)= (tktk—1---11). (4.18)
Due to relation (4.17), we have
Vo= (ti---tx) e #7, div(o) = (=1)*div(z(0)). (4.19)
This can be easily seen by considering the following identity:
div(0) = Tr(F*(ty) - F*(t)) = Tr(F*(t) " -+ F*(t))")
= (=D)*Tr(KF* (K L. KF*(t)K ™).

THEOREM 4.16 Suppose that f is a sum of Hamiltonian parts (in possibly noncanonical form, i.e.
K is just assumed to be an invertible skew-symmetric matrix) f["l = K=1VH[1 If the Hamiltonian
conditions on the modified vector field B(b),

V(u,0) € 7%, bov)+bou)=0, (4.20)
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or equivalently the symplecticity conditions on the B-series integrator B(a),
Y(u,0) € 7%, a(uov)+a(ou)=aua®), (4.21)
are satisfied, then the flow f, is divergence-free and the integrator volume preserving.

Proof. Conditions for two cycles are satisfied by the assumption. Now, consider a k-cycle o = (t3 - - - t),
k € N*, then div(z (0)) = (—1)¥div(0). The two conditions corresponding to o and 7 (0) can be merged
into one:

> b+ (=D* > bu)=0. (4.22)

ueC(o) ueC(z(0))

Now, consider a tree u € C(0), for instance, u =tjotpo---otk. Thetree v = txotk—10--- oty belongs
to C(z(0)) and we have b(u) = (—1)¥~1b(v) since u and » belong to the same class of “free trees’ and
the distance between their roots is k — 1. Hence,

b(u) + (=1)¥b(v) = (1 + (=1)* Hb(u) = 0 (4.23)

and condition (4.22) is satisfied. O

4.3.2 Two-cyclesystems. In this section, we consider the special situation of systems of the form

-
p=t@. (4.24)
q=29(p),

where f and g are smooth functions. In the framework of split systems, we can write them as

(5) = @+ . (4.25)

with

fm(q)z(fg”) and f[Zl(p)z(gzl(op))'

Note that partitioned RK methods for systems of the form (4.24) can be interpreted as additive methods
for (4.25). Now, consider B-series with two colours, with black vertices (corresponding to f[) and
white vertices (corresponding to f[21), due to the special form of (4.25), not all trees of .7 need to be
considered. Ift = [t1, ..., tm] ., then F(t) vanishes as soon as one of the t; values has a black root. The
same obviously holds for trees with a white root so that only trees with vertices of ‘alternate’ colours
need to be considered. As for elementary divergences associated with aromatic trees, a lot also vanish:
ifu=[v1,...,oml. and v = [us, ..., un]o have, respectively, a black and a white root, F*(u) and
F*(v) have the following forms:

oM+ £[1]

FrW = 5o (FOns o Fom) = (8 ’7(%‘”),

an+l f [2]

F*(U):W(F(Ul),..., F(um)) = (ﬂ(g’ q) 8)’
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. 6m+1 f 6m+l R
with n = W(F(Dl)’ ..., Flom) and u = —gapm+1(F(U1), ..., F(um)). Aromatic cycles composed
of an odd number of trees are consequently irrelevant.

LEMMA 4.17 Let o be an aromatic tree of the form o = (13 - - - ty;+1) with | € N. Then, the correspond-
ing elementary divergence div(0) is zero.

Proof. Since o is composed of an odd number of trees, there exist two consecutive trees tx and tx;1 in
o (or possibly ty 11 and t1), with roots of the same colour, say, for instance, black. Then, we have

0 , 0 , 00
F*(tk>F*<tk+1)=(0 w(g q))(o nk+1ép q)):(O O)

and div(o) = 0. O

THEOREM 4.18 A one-stage additive RK method formed of (A, bl) = (61, 1) and (A, bl2) =
(62, 1) is volume-preserving for systems of the form (4.24) if and only if 6, = 1 — 6y, i.e. if, and only
if, the method is symplectic.

Proof. Consider an aromatic multi-index p = (i{l] e ig]) composed of 2| indices with colours in
black/white order and let v = (w1,...,wk) € Ck(p). Since all quantities are scalar, the indices

i{l], e, i£|2] take the value 1. Hence, if ky and k, denote the number of cuts before, respectively, a

black and a white root, we have

k
(o) =[] v =007,
j=1

and such a value of y(v) can be obtained in

() () 420

different ways from p with k = k3 + ky cuts. Hence, the condition for volume preservation becomes

2l
AV PRy
St 3 () () -o

kg +ko=k,
0<cky ko<

(91 - 1)(92 - 1) = 01(92 — 192 =1- 191. (4.27)
0

THEOREM 4.19 Two-stage symplectic RK methods are volume preserving for separable systems of the
form (4.24).

Proof. Consider a two-stage RK method with coefficient matrix A € R2*2 and b € R2. One of the
following two situations occurs: either @(+) = eand @(/) = Ae := c are linearly independent or
for all treest € 77, @(t) is co-linear to e. As matter of fact, if e and c are not linearly independent,
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being in a space of dimension 2 implies that c = Ae, for 1 € R, and an easy induction then shows that
@(t) = A(t)e, where A(t) € R for eacht € o7.7. The discussion in Section 4.2.1 shows that (4.9)
holds for a given m > 2 and forall o = (t1---tm) € &7 if it holds in the particular case where
t1, ..., tme {e, f}

Let us write now the conditions for the modified vector field with coefficients f = log(«) to be
volume-preserving for the special situation of a cycle 0 = (t3 - - - toy) with an even number of trees
chosen in the set {+, /}:

2m
D Bty o otem) =0. (4.28)
=1

We first recall that owing to the symplecticity conditions, one has

ﬂ(tﬂl(l) o tn"(Z) O---0 t77:|(2m)) = —ﬁ(tﬂ:l(zm) ¢] t77:|(2m—1) O©---0 tn"(l))

One can easily check that condition (4.28) is automatically satisfied provided that ty, ..., tom € {=, /}.

Following the proof of Theorem 4.12 in the particular case where s, ..., tom € {+, [/}, one observes
that A(t”|(1)) 0-++0 A(t”|(m)) is a linear combination of terms of the form (4.11), with z1, ..., zom €
{«, /) (this is due to the fact that A(+) = e® « and A(}) = e® [/ + + ® «). We thus have
that as (4.28) holds whenever ti, ..., tom € {+, [}, the volume-preserving condition (4.9) holds for
0= (t1,...,tom) ift1, ..., tom € {+, [/}, which concludes the proof. O

4.3.3 Three-cyclesystems. In this section, we consider the special situation of systems of the form

p=Z(),
q=9(), (4.29)
r=(p),

where F, G and H are smooth functions. In the framework of split systems, we can write them as

p
<q> = @) + @) + Bl(p),

r

7 Q) 0 0
flg=( 0o |, tPry={9r)| and Blp=( 0o |,
0 0 J(p)

and consider three series, with black vertices (corresponding to f 1), white vertices (corresponding to
f[21y and box vertices (corresponding to f[31). However, not all trees of .«7.7 need to be considered: if
t=[t1,...,tm]., then F(t) vanishes as soon as one of the t; values has a black or a box root. The same
obviously holds for trees with a white or a box root so that only trees with vertices of ‘alternate’ colours
in the order black/white/box need to be considered. As for elementary divergences associated with

with
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aromatic trees, a lot also vanish: if u = [v1,...,om]e, v = [w1, ..., wn]o and w = [u, ..., Ug]o
have, respectively, a black, a white and a box root, F*(u), F*(v) and F*(w) have the following forms:

am+lf[1] 0 ”(paqar) 0
Fruy= —(F ..., F =10 0 0
©= 5 gy FoD Fom) = (070 o),

on+1tl2] 00 0
Fro)=—(F ..., F =10 O
(1)) a(p’ q,r)n+1( (U)l)a > (U)n)) 0 O /u(paoq9r) s

. e - 8 8 8
(w)_W( (U1), ..., F(uo)) = fp.ar) 0 0 >

. m+1l g n+1¢, r+1
with = S (F(o1), . Fom), 1 = S5 (F(wa), ..., Fwn)) and & = S22 (F(uy), ...,

F (uo)). Aromatic cycles composed of a number of trees which is not a multiple of three are consequently
irrelevant.

LEMMA 4.20 Let obe an aromatic tree of the formo = (1 - - - ty). If there exists an indexi in {1, ..., m}
for which the three consecutive trees tj, ti 11 and tj;2 (or tm—1,tmand ty ifi = m—1orty,t; and tp
if i = m) have roots that are not in the order black/white/box, then the corresponding elementary
divergence div(o) is zero. In particular, if m = 3l + 1 or m = 3| + 2, then div(0) is zero.

Proof. Consider three consecutive trees of the aromatic tree o, say, for instance, t1, to and t3, and assume
that they have roots which are not in the order black/white/box. For instance, let us suppose that t; has
a black root. If t; also has a black root, then we have

0 nm(p,g,r) 0\ /0 #n2(p,q,r) O 0
F*(t)F* ()= [ 0 0 o)(o 0 ol=1{o
0 0 0/ \o 0 0 0

If t has a box root, then we have similarly

0 m(p,q,r) O 0 00 0
F*(t)F*(t) = |0 0 0 0 0 0j={o0
0 0 0 &H(p,q,r) 0 0 0

If t, has a white root, then it follows that

0 m(p,q,r) 0\ /0 O 0 0 0 (mu2)(p,q,r)
F*(t)F*(t2) = 0 0 0]1]{0 O p2(p,q,r)}=1(0 0 0
0 0 o/\o o 0 0 0 0

o O o o O O
o O o o O o

so that if t3 has no box root, then F*(t1)F*(to) F*(t3) = 0 once again. In all cases where t, to and t3
do not have their roots with colours in the order black/white/box, we thus get div(o) = 0. In particular,
if m= 3l + 1 orm = 3l 4 2, then there is necessarily such a sequence of three consecutive trees and
div(o) = 0. O
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THEOREM 4.21 A one-stage additive RK method formed of (A, bfll) = (41, 1), (Al4, bl2) = (65, 1)
and (AR, b1y = (63, 1) is volume-preserving for systems of the form (4.29) if, and only if,

(61 = 1)(02 — 1)(03 — 1) = 010203. (4.30)

Proof. Consider an aromatic multi-index p = (i F] e igf]) composed of 3l indices with colours in
black/white/box order and let v = (w1, ..., wk) € Ck(p). Since all quantities are scalar, the indices

i{l], e igf’] take the value 1. Hence, if kg, ko and ks denote the number of cuts before, respectively, a

black, a white and a box root, we have
K I—kq 5l —kp 5l —k
p() =[] v =66, "6,",
j=1

and such a value of y (v) can be obtained in

(1) () (&) @

different ways from p with k = k; + ko + k3 cuts. Hence, the condition for volume preservation becomes

3l

RVAR VAR PRI
PG (kl) (kz) (1@,)91 kgl kegl=ke —
k=1 k

ki+ko+ks=Kk,
0<ky, ke, k<l

i.e. if (4.30) holds. O

EXAMPLE 4.22 The method corresponding to (01, 62, 63) = (0,1/2,1) (i.e. explicit Euler/midpoint/
implicit Euler) can be written for systems of the form (4.29) as

+
|C>1=|00+hﬁ‘(o'1 . qo),
01 =0o + h¥(ry),

r1=ro + hs?(po)

and is thus explicit, and it is equivalent to the composition of exact flows for I, {2 and fE&1. As
an additional example, consider (61,62, 63) = (1/3,4/3,1/3) so that the corresponding additive RK
method reads

P=p+37(Q)., p=po+hF(Q,
Q=0+ MNY(R), =0 +h?(R),
R=ro+ §2(P), p1=po+hi(P)

and is not explicit.
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