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Abstract. We discuss stochastic differential equations with a stiff linear part and
their approximation by stochastic exponential Runge—Kutta integrators. Represent-
ing the exact and approximate solutions using B-series and rooted trees, we derive
the order conditions for stochastic exponential Runge—Kutta integrators. The re-
sulting general order theory covers both It6 and Stratonovich integration.

1 Introduction

The idea of expressing the exact and numerical solutions of different blends
of differential equations in terms of B-series and rooted trees has been an
indispensable tool ever since John Butcher introduced the idea in 1963 [4].
Naturally then, such series have also been derived for stochastic differential
equations (SDEs) by several authors, see e.g. [6] for an overview.

In this paper, the focus is on d-dimensional SDEs of the form

M
dX(t) = (AX(t)JrgO(X(t)))dtJrZ G (X () *dWin (1),  X(0) =z, (1)

or in integral form

t M t
X(t) _ etA.TO _’_‘/0 e(t—s)Ago(X(s))dS + Z /0 e(t—s)Agm(X(S)) *dWm(S),
m=1 (2>

in which case the linear term AX(t), A € R?*¢ constant will be treated
with particular care by the use of exponential Runge-Kutta integrators, see
e.g. [1,5,10] and references therein. The integrals w.r.t. the components of
the M-dimensional Wiener process W (t) can be interpreted e.g. as an Itd
or a Stratonovich integral. The coefficients g, : R? — R? are assumed
to be sufficiently differentiable and to satisfy a Lipschitz and a linear growth
condition. For Stratonovich SDEs, we require in addition that the coefficients
gm are differentiable and that also the g, g,, satisfy a Lipschitz and a linear
growth condition. In the following, we will denote dt = dWy(¢).
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For the numerical solution of (1) we consider a general class of v-stage
stochastic exponential Runge-Kutta integrators:

M v
H; =My, + 3N 200 A) - gn(H),  i=1,...,1, (3a)
m=0 j=1
M v
Yoir =Y + 30 32 (A) - g (H), (3b)
m=0 i=1

where typically the coefficients Zi(;n) and zi(m) are random variables depend-

ing on the stepsize h, the matrix A and the Wiener processes, and c¢; are real
coefficients, ¢ = 1,...,v. For vanishing A the method (3) reduces to a stan-
dard stochastic Runge-Kutta method. For an example of a 2-stage stochastic
exponential Runge-Kutta method, see Example 11 below.

Although convergence and order results of specific stochastic exponential
methods proposed in the literature are given, see for instance [1,5,10], there
is to our knowledge up to now no general order and convergence theory for
stochastic exponential Runge-Kutta methods. In this paper, such a theory
is provided. The theory is derived based on a combination of the ideas of
stochastic B-series and rooted trees developed in [6], and the similar ideas
for deterministic exponential Runge-Kutta methods, as derived in [2,8].

2 Some notation, definitions and preliminary results
on stochastic B-series

In Section 3 we will develop B-series for the exact solution of the stochastic
differential equation (1) and stochastic exponential Runge-Kutta integrators
of the form (3). For this, we will use the following definitions of the trees
associated to (1), their corresponding elementary differentials and associated
B-series.

Definition 1 (trees). The set of M + 2-colored, rooted trees
T={0}UToUTiU---UTy UTy
is recursively defined as follows:

1. The graph e, = [(}],, with only one vertex of color m belongs to Ty, and
o4 = [0] 4 with only one vertex of color A belongs to T4,

2. Let 7 = [r,7T2,...,Tx|m be the tree formed by joining the subtrees
Ty, To,...,Tx €ach by a single branch to a common root of color m and
7 = [71] 4 be the tree formed by joining the subtree 71 to a root of color A.
Ifr,79,...,7 € T\{0}, then 7 = [11, 72, ..., T]m € Trm and [11]4 € T4,

form=0,...,M.
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Definition 2 (elementary differential). For a tree 7 € T the elementary
differential is a mapping F(7) : R — R? defined recursively by

L F(0)(x0) = o,
2. F(.m)(l‘o) = gm(£0)> F(.A)(xo) = Axg,
3. If7y,70,...,7 € T\ {0}, then F([r1]a)(x0) = AF(11)(z0) and

F([r,m, -y Tlm) (@0) = 958 (20) (F (11) (0), -, F(75) (0))
form=0,..., M.
Now we give the definition of B-series.

Definition 3 (B-series). A (stochastic) B-series is a formal series of the
form

B(¢,zosh) = Y a(r) - ¢(7)(h) - F(7)(x0),

TeT
where ¢(7)(h) is a random variable satisfying ¢(#) = 1 and ¢(7)(0) = 0 for
all 7 € T\ {0}, and a : T — Q is given by

a@) =1,  afem)=1,  afes) =1,
1

K

allrns o meln) = r i L e, alinl) = atn),
where r1, 79, ..., count equal trees among 11,72, ...,Tx, and m =0,..., M.

Next we give an important lemma to derive B-series for the exact and nu-
merical solutions. It states that if Y'(h) can be expressed as a B-series, then
f(Y'(h)) can also be expressed as a B-series where the sum is taken over trees
with a root of color f and subtrees in 7.

Lemma 4. If Y(h) = B(¢,x0;h) is some B-series and [ € C"X’(Rd,R‘i),
then f(Y'(h)) can be written as a formal series of the form

FY(R) = Y Bu) - vo(u)(h) - Glu) (o) (4)

ueUy
where Uy is a set of trees derived from T', by

(i) 0]y €U, and u = [11,72,..., 7|5 € Uy,
(i) G([0]5)(w0) = f(x0) and

G([7—177—27‘ . 77—N]f)(x0) = f(n)(l‘o)(F(Tl)(fL'o), . '7F(TN)($0))=
(iii) B([0]f) =1 and B([r1,...,7x]f) = mn:zl (1), with r1, ro, ...,

7 counting equal trees among T1,Ta, ..., Tk,

(iv) Yo ([0]5) =1 and (1,72, ., 7] ) (R) = [Tjmy A7) (R),
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forallmy,mo,...., 7 €T\ {0} and k =1,2,....
Proof. The proof of this lemma is given in [6]. O

Applying Lemma 4 to the functions g, on the right hand side of (1) gives

gm(B(¢.o;h)) = Y a(r) - ¢, (r)(h) - F(7)(wo), ()

TETH
where

1 if 7 =oe,,,

[Tie, o(me)(h) i 7 =[r1,...,Tulm € Tm. ©)

G (T)(R) = {

To discuss the order of the numerical method, we need the following def-
inition.

Definition 5 (order). The order p(7) of a tree 7 € T is defined by

p0) =0,  p([r1]a) = p(m1) +1
and

Pl Tulm) = D pl7i) + {1 if m =0,

otherwise,
form=0,1,..., M.

Assuming we have derived B-series representations for the exact solution of
the stochastic differential equation (1) and stochastic exponential Runge—
Kutta integrators of the form (3), we can now apply the following B-series
criterion for the convergence of one—step methods, see [9,3,6], to determine
the order of convergence of a given one-step approximation:

Theorem 6. Assume that the exact solution of (1) has B-series representa-
tion X(h) = B(p,zo; h) and a numerical approzimation of it by a one-step
method has B-series representation Yy, 41 = B(P, Y,; h). Then the method has
mean square global order p if

&(7)(h) = o(7)(h) + (’)(hp+%) for all 7 € T with p(1) < p, (7a)

Ed(7)(h) = Eo(1)(h) + O(hPTY) for all T € T with p(t) < p+ % (7h)

Here, the O(:)-notation refers to h — 0 and, especially in (7a), to the L?-
norm.
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3 Main results

In this section we will develop B-series for the exact solution of the stochas-
tic differential equation (1) and of the stochastic exponential Runge-Kutta
integrators of the form (3) such that Theorem (6) can be applied.

Theorem 7. The solution X (h) of the SDE (1) can be written as a B-series
B(p,z0; h) with p(0)(h) =1, ([0]%)(h) = %!’
h (h _

ol rdud)®) = [P o) 6) et (s)
0 Y k=1

q
forrm,....,7w €T, k=1,2,...,¢q=0,1,... and m =0,..., M, where ; # ()
-times
. ) g A/q_H ~
fori=1,...,6ifc>1and [7)% =[..[[T]ala...]a for T € T\ Ty.

Proof. Write the exact solution X (h) of (1) at ¢t = h as a B-series B(g, xo; h).
Substituting X (k) = B(g, zo; h) in (2) and using (5) gives

M h
B(p, zo; h) :ehAffoJrZ/o "IN (7)1, (7)(5)-F(7) (o) <d Wiy, (5).
m=0 T€Tm

oo h1A9

Inserting the series representation e"4zy = Y =04

z( yields
B(p,x0;h) = x0 + ) aAqwo
qg=1

M oo h _ )
Yy a<%>§j( / (h)so:m(s)*dwm(s)-AQF<%><xo>). ®)

]
m=0+€T,, q=0 E

Note that any tree 7 € T can be rewritten as 7 = [7]% for ¢ = 0,1,..., with
7 € T\ T4, that means 7 = 0 or 7 = [71,...,Tu|m for an m € {1,...,M}.
It holds that F([7]%) = AYF(7) and «([7]%) = a(7). Especially, for 7 = [0]%
it holds that a(7) = 1 and F(7)(zg) = AYF(0) = A%zy. Using (6) and the
linear independence of the elementary differentials finishes the proof. a

e9

Ezample 8. Let 7 = 8, where the colors black, white and red correspond to
the deterministic function gg, the stochastic function g; and an application of
the matrix A, respectively. Then a(7) = 1, F(7)(x0) = 94 (91, 97 (Azo, g0))(x0)

and ¢(7)(h) = foh (Wi(s) [, s2+dWi(s1)) ds. Note also that e.g. 7 = & ¢ T
since it is impossible for node o to have more than one branch.

Next we derive the B-series representation for one step of the stochastic
exponential Runge-Kutta integrator (3).
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Theorem 9. Assume that the coefficients ZZ-(;T)(A) and zi(m)(A) can be ex-
pressed as power series of the form

Zi(A) ="z AT and 2M(A) =) Lm0 A1 (9)
q=0 q=0
fori,j =1,...;v, and m = 0,...,M. Then the stage values H; and the
numerical solution Y, 1 defined by (3) can be written as B-series H; =
B(®;,Yu;h), i = 1,...,v, and Y41 = B(D,Y,;h) with the following re-
currence relations for the functions @;(t)(h) and &(7)(h),

2(0) = o) =1, (Wm - L a@rm -2,
Pi([[r1, -, Tlml%) (R) = Z Zz‘(;‘n’q) H Pj(7)(h),
j=1 k=1
({71, sl (B) = 37 20 [ @ilm) (),
=1 k=1

form,...,7 €T, k=1,2,...,¢=0,1,... and m=0,..., M, where 7; # ()
forj=1,....kifk>1.

Proof. Write the stage values H; and the approximation Y, 11 to the exact
solution as B-series:
H; = B(®i,Yn; h), i=1,...,v and Yoi1 = B(9,Y,; k). (10)

Substituting (5) into (3) and using (9) we get

H, = Z () gay, + Z S 2 Y al)- 80 - Fr)(¥a)
m=0 j=1 TETH
h)? ShS  (m0)
A, + 3 N> alr) Y 2V (r)(h) - ATF (1) (Y),
q=0 : m=0 j=17€T,, q=0
and similarly

m=0 i=1 7€T,,

Yns1 = Z AqY + Z Z 3" alr) S 20 (r)(h) - ATF(r) (o).
q=0

Now using (10) and the linear independence of the elementary differentials
yields the assertion. a

Remark 10. When A vanishes, all elementary differentials corresponding to
trees in T4 are zero, and the above B-series theory agrees with the B-series
theory developed in [6]. In the deterministic case, with g, = 0 for m > 1,
the elementary differentials corresponding to trees in T},,, m > 1, vanish, and
our results agree with those given in [2,8].
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We conclude this article with an example on how to apply the theorems of
this section to decide the order of a given stochastic exponential integrator.

Ezample 11. We will apply Theorems 6, 7 and 9 to the 2-stage stochastic
exponential time-differencing Runge-Kutta (SETDRK) method for M = 1
given by

H, =Y,, H2:Yn+\/591(H1),

tn+1
Yoi1 = ", + / eltn1=94ds - go(Hy)

tn

tnt1
N / et =9 AW (s) - g1 (H1)
t

1’ tnt1
" \/ﬁ/ eln 1AWy (5) x AWi(s) - (=92 (H1) + g1 (Ho)) ,
t

where t,,41 = t,, + h. Using the expansion (for the manipulation of stochastic
integrals, see e.g. [7])

h h h
/ =94 L AWy (s) = / L dWi(s)A° + / (h — s) * AWy (s)A!
0 0 0

ho(p _ N2
+/ %*dwl(sm%...
0

- I(*l)AO + I(*lo)Al + I(*100)A2 + e

where I7, = foh ol fo T K AW, (sn) - - -xdWiy,,, (s1), and the similar

expansion foh =AW, (5) % AW (s) = I A% + It AT + ... we obtain

h 2 3
, h h
Z§O) = /O e(h_é)AdS = hAO + ?Al + €A2 + ceey

h
1 _ (h—s)A(q _ Wi(s) ~dW
A0 = [t 2 cawi)

1 I
* (11)\ 40 * (110) \ 41
= Iy — A°+ (1 — A+ R
( 1 \/E) ( (10) \/E )

h * *
(1) _ (h—s)A Wi(s) _ @ 0 @ 1
25 /Oe Tr * dW1(s) \/EA+ \/EA +....

We also have (with colors as in Example 8) zéo) =0, P1(e) = Pa(e) = Py(0) =
Dy(e) = D1(5) = B4 (%) = Do(%) = 0 and Py(o) = VA, resulting in the weight
functions given in Table ?7. While the weight functions for the exact solution
and the numerical approximation of the order 1.5 trees do not coincide, their
expectation values coincide in case of It0 integrals but not for Stratonovich
integrals (when 7 = ). Thus, by Theorem 7 the above method has mean
square order 1 in the It6 case but only 0.5 in the Stratonovich case.
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ARG G0 &(7)(h)

5|05 I A0+ =1

1 h (0 0) + Z(O ,0) —h

h h

I 21 (0) + 250 o (o) = Im)

15 I 200, (0) + 20, (0) =
hIfy — Iy “1 By (0) + 25"V b (0) = z(m)
Tion 241001 (0) + 25 Ba(0) =
I “ D@, (0) + 25 ds (o) =

Syl WE(s) AW (s)| 24" %%(n 2" %2(» —f Rty

* 1,0 ,0
I 21001 (0) + 288y (5) = 0

el 0o @

0 O 60

e
"0

OGO ¢

Table 1. Trees, corresponding order and weight functions for Example 11.
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