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10 Lectures on Taylor Expansions!!

Taylor expansions are a very basic tool in numerical analysis and other areas
of mathematics that require approximations.

They enable the derivation of one—step numerical schemes for differential equa-
tions of arbitrary high order.

1. Ordinary Differential Equations
2. Random Ordinary Differential Equations
3. Stochastic Ordinary Differential Equations

4. Stochastic Ordinary Differential Equations:
Nonstandard Assumptions

5. Stochastic Partial Differential Equations:
Introduction

6. Stochastic Partial Differential Equations:
Numerical Methods

7. & 8. Stochastic Partial Differential Equations:
Additive Noise I & II

9. & 10. Stochastic Partial Differential Equations:
Multiplicative Noise I & 11



Lecture 1: Ordinary Differential Equations

The Taylor expansion of a p + 1 times continuously differentiable function x :

R — R is given by

! 1 D D xp+1 p+1
:c(t):a:(to)+x(t0)h+...+ﬁx()(t0)h oD P+D(g) B+ (1)

with the remainder term evaluated at some intermediate value 6 € [to, t], which is

usually unknown. Here h =t — t,.

1 Taylor Expansions for ODEs

Let x(t) = x(t, to, xo) be the solution of a scalar ODE

dx
E - f(t’ IE), (2)

with the initial value x(to) = x¢ and define the differential operator L by

(t.2) + £(t,2) 22, 2),

dg

Lg(t,z) := yn

i.e., Lg(t,z(t)) is the total derivative of g(t, z(t)) with respect to a solution x(t) of
the ODE (2), since

by the chain rule.



In particular, for any such solution

2(t) = f(tz(t))

) = ) = D) = L)
) = et = SL ) = L2 (0)

and, in general,

2D () = LI f(t,z(t)), j=1,2,...,

provided f is smooth enough.
For notational convenience, define L°f(t,z) = f(t, z).
If fis p times continuously differentiable, then the solution z(t) of the ODE

(2) is p+ 1 times continuously differentiable and has a Taylor expansion (1), which

can be rewritten as

o) = alte)+ Y %lef(to,x(to)) (t — to)]

+

(p+1)! L2 f(0,2(0)) (t — o).

On a subinterval [t,,t,,1] with h = t,,41 — t, > 0, the Taylor expansion is

for some 0,, € [t,, t,41], which is usually unknown.




Nevertheless, the error term can be estimated and is of order 0(hP!), since

hp+1 hp+1

LP (0, (0, th, Tn — LPf(t,x)| < Cprph?th
(p+ ) | f( SL’( x))‘_(p+1)'t0<t<T‘ f( SL’)| ,T,D

where D is some sufficiently large compact subset of R which contains the solution

over a bounded time interval [ty, T'] containing the subintervals under consideration.
The maximum can be used here since LP f is continuous on [t, T x D.

Note that LP f contains the partial derivatives of f of up to order p.

2 Taylor schemes for ODEs

The Taylor scheme of order p for the ODE (2),

Tpt+1 = Tp + Z _ LJ 1f<tn7 SL’n) <4>

7=1

is obtained by discarding the remainder term in the Taylor expansion (3) and re-

placing z(t,) by z,.

The Taylor scheme (4) is an example of one-step explicit scheme which has the

general form

Tpt1 = Ty + hE(h,t,, ) (5)

with an increment function F' defined by

hS]

1 )
F(h,t,z):= Z— Yt o) b
) J!



A one-step explicit scheme is said to have order p if its global discretisation error

T—1t
Gn<h’> = ‘x@nato,xo) —.T}n‘, n = 07 17 . _’Nh = . 0’

converges with order p, i.e., if

max Gn(h) < Cp,T,D h?.

0<n<Ny,

A basic result in numerical analyis says that a one—step explicit scheme converges

with order p if its local discretisation error converges with order p 4+ 1. This is

defined by

Ln+1(h) = |5L'(tn+1) - x(tn) - hF(hv tn? ZL‘(tn))| )

i.e., the error on each subinterval taking one interation of the scheme starting at

the exact value of the solution z(t,) at time ¢,.

e Thus, the Taylor scheme of order p is indeed a pth order scheme.

The simplest nontrivial Taylor scheme is the Euler scheme

Tpt1 = T + hf<tn7 xn)a

which has order p = 1.



The higher coefficients L'~ f(¢, z) of a Taylor scheme of order p > 1 are, however,

very complicated.

For example,

P = L) = DL+ T L)

_ af  ,of of ,of
- S ori o)

S NN Sy +f<g)2+f262—f

ot? ot Oz otox Oxot oxr 0x?

and this is just the scalar case!!

Taylor schemes are thus rarely used in practice, but they are very useful for theo-

retical purposes,

e.g., for determining by comparison the local discretization order of other numerical

schemes derived by heuristic means such as the Heun scheme

Bt = T+ 50t 0) + (s 2+ S b)),

which is a Runge-Kutta scheme of order 2.

Symbolic manipulators now greatly facilitate the use of Taylor schemes. Indeed,

B. CoomEs, H. KogAk AND K. PALMER, Rigorous computational shadowing
of orbits of ordinary differential equations, Numerische Mathematik 69 (1995),
no. 4, 401-421.

applied a Taylor scheme of order 31 to the 3-dimensional Lorenz equations.




3 Integral representation of Taylor expansion

Taylor expansions of a solution z(t) = z(t,ty,z9) of an ODE (2) also have an

integral derivation and representation.

These are based on the integral equation representation of the initial value problem

of the ODE,

x(t) = xo +/t f(s,x(s)) ds. (6)

By the Fundamental Theorem of Calculus, the integral form of the total derivative
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gt 2(t)) = glto o) + / Lg(s, 2(s)) ds. (7)

to

Note that (7) reduces to the integral equation (6) with ¢(t,z) = z, since Lg = f

in this case.

Applying (7) with ¢ = f over the interval [to, s] to the integrand of the integral

equation (6) gives

x(t) = x0+/; [f(to,xo)++/8Lf(7',x(7'))d7'} ds

t

= :L’O—i-f(to,xo)/t: dS—F/tt/t:Lf(T,SC(T))deS,

0

which is the first order Taylor expansion.



Then, applying (7) with ¢ = Lf over the interval [to, 7] to the integrand in the

double integral remainder term leads to

() = :c0+f(t0,x0)/ ds+Lf(t0,x0)/ / dr ds

to

+/t:/t: L)TLQf(p,x(p))dpdeS-

In this way one obtains the Taylor expansion in integral form

p ) t s1 Sj-1
fE(t) = ZE(to) + Z L]_lf(to, xO) / / t / dsj tee d$1
j=1 to Jto to

t s1 Sj
"—/ / c. / Lpf(8j+17 .T(SjJrl)) deJrl s dSl,
to Jto to

where for j = 1 there is just a single integral over t, < s; < ¢.

This is equivalent to the differential form of the Taylor expansion (3) by the Inte-

mediate Value Theorem for Integrals and the fact that

t s1 Sj—1 1 .
to Jto to j



Lecture 2: Random Ordinary Differential

Equations

Random ordinary differential equations (RODEs) are pathwise ODEs that

contain a stochastic process in their vector field functions.

Typically, the driving stochastic process has at most Holder continuous
sample paths, so the sample paths of the solutions are certainly continuously
differentiable. However, the derivatives of the solution sample paths are at

most Holder continuous in time.

Thus, after insertion of the driving stochastic process, the resulting vector
field is at most Holder continuous in time, no matter how smooth the vector

field is in its original variables.

Consequently, although classical numerical schemes for ODEs can be used
pathwise for RODEs, they rarely attain their traditional order and new

forms of higher order schemes are required.




Let
e (2, F,P) be a complete probability space
® ((t)icpo,r) be an R™-valued stochastic process with continuous sample paths

o f:R™ x R? — R? be a continuous function.

A random ordinary differential equation in RY,

dx

E - f(Ct(w)ax)v LS Rd? (1)

is a nonautonomous ordinary differential equation (ODE)

dl’_

= = Fu(t,2) = f(Gw).2) (2)

for almost every w € €.

A simple example of a scalar RODE is

d
d—f = —x + sin Wy(w),

where W; is a scalar Wiener process.

Here f(z,2) = —z +sinz and d = m = 1.

e Other kinds of noise such as fractional Brownian motion can also be used.



It will be assumed that f is infinitely often continuously differentiable in its vari-
ables, although k-times continuously differentiable with k sufficiently large would

suffice.

Then f is locally Lipschitz in x and the initial value problem

d

agjlt(u;) = f((w), 2 (w)), zo(w) = Xo(w), (3)

where the initial value X, is a R?valued random variable, has a unique pathwise
solution z¢(w) for every w € , which will be assumed to exist on the finite time

interval [0, 7] under consideration.

e Sufficient conditions guaranteeing the existence and uniqueness of solutions of

(3) are similar to those for ODEs.

The solution of the RODE (3) is a stochastic process (¢)cjo,r], which is nonan-
ticipative if the driving process (; is nonanticipative and independent of the initial

condition Xj.

Important: The sample paths ¢ — z;(w) of a RODE are continuously differen-
tiable. They need not be further differentiable, since the vector field F, (¢, x) of the
nonautonomous ODE (2) is usually only continuous, but not differentiable in ¢, no

matter how smooth the function f is in its variables.



1 Equivalence of RODEs and SODEs

RODEs with Wiener processes can be rewritten as SODEs, so results for one can

be applied to the other. For example, the scalar RODE

d
d—j = —x + sin Wy(w)

can be rewritten as the 2-dimensional SODE

Xt _Xt + Sin }/t 0
d = dt + dW,.

Y, 0 1

On the other hand, any finite dimensional SODE can be transformed to a RODE.

This is the famous D0OSS—SUSSMANN result.

It is easily illustrated for a scalar SODE with additive noise: the SODE

is equivalent to the RODE

dz
% = f(z + Ot) + Oy, (4)

where z(t) := X; — O; and O, is the ORNSTEIN-UHLENBECK stochastic stationary

process satisfying the linear SDE

dOt == —Ot dt + th




To see this, subtract integral versions of both SODEs and substitute to obtain

2(t) = 2(0) +/0 [f(2(s) + Os) + O] ds.

It follows by continuity and the Fundamental Theorem of Calculus that z is path-

wise differentiable. In particular, deterministic calculus can be used pathwise for

SODEs via RODEs.

This greatly facilitates the investigation of dynamical behaviour and other qualita-
tive properties of SODEs. For example, suppose that f in the RODE (4) satisfies

a one-sided dissipative Lipschitz condition (L > 0),

(x—y, f(x)— fy) < —Llz—yl>, Va,yeR.

Then, for any two solutions 2 (t) and 25(t) of the RODE (4),

J ) dzy dzy
Zla(t) - 0P = 2<21<t>‘22(t>%‘%>

= 2(z1(t) — 22(t), f(21(t) + O1) = f(22(t) + Op))
< —Lin(t) — 20

from which it follows that

|21(t) — 20(t)]* < e 2]21(0) — 22(0)]* = 0 ast — oo (pathwise).

By the theory of random dynamical systems, there thus exists a pathwise asymp-
totically stable stochastic stationary solution. Transforming back to the SODE,
one concludes that the SODE also has a pathwise asymptotically stable stochastic

stationary solution.



2  Simple Numerical schemes for RODEs

The rules of deterministic calculus apply pathwise to RODEs, but the vector field
function in F,(¢,x) in (2) is not smooth in ¢.

It is at most Holder continuous in time like the driving stochastic process ¢; and thus
lacks the smoothness needed to justify the Taylor expansions and the error analysis
of traditional numerical methods for ODEs.

Such methods can be used, but will attain at best a low convergence order, so new

higher order numerical schemes must be derived for RODEs.

For example, let ¢ — (;(w) be pathwise Holder continuous with Hélder exponent
1
5.

The Euler scheme

for the RODE

attains the pathwise order %

One can do better by using the pathwise averaged Fuler scheme

Vin@) = (1= a0 Vo) + [ G

which was proposed in

L. GRUNE AND P.E. KLOEDEN, Pathwise approximation of random ordinary dif-

ferential equations, BIT 41 (2001), 710-721.



It attains the pathwise order 1 provided the integral is approximated with Riemann

sums

JA,

[ Gty Gl
tn i

with the step size § satisfying 6'/2 ~ A, and 0 - Ja, = A,,.

In fact, this was proved for RODEs with an affine structure, i.e., of the form

dx

o = gla) + H@)G,

where g : R? - R? and H : R? — R% x R™ and (; is an m-dimensional process.

The explicit averaged Euler scheme here is

Yo=Y, + [g (Yn> +H (Yn> In] Ay,

where

For the general RODE (1) this suggests that one could pathwise average the vector
field, i.e.,

1 [l
ZQA F (Ca(w), Yalw)) ds,

which is computationally expensive even for low dimensional systems.

An better alternative is to use the averaged noise within the vector field, which

gives the general averaged Euler scheme

Yo=Y, + f (1, Y,) A




3 Taylor—like expansions for RODEs

Taylor-like expansions were used to derive systematically higher order numerical

schemes for RODEs in

P.E. KLOEDEN AND A. JENTZEN, Pathwise convergent higher order numerical

schemes for random ordinary differential equations, Proc. Roy. Soc. London, Series

A 463 (2007), 2929-2944.

A. JENTZEN AND P. E. KLOEDEN, Pathwise Taylor schemes for random ordinary

differential equations, BIT 49 (1) (2009), 113-140.

even though the solutions of RODES are at most continuously differentiable.

To emphasize the role of the sample paths of the driving stochastic process (;, a

canonical sample space 2 = C(R*,R™) of continuous functions from w : R* — R™

will be used, so (;(w) = w(t) for t € RT.

The RODE (1) will henceforth be written

dl’_

o = Fwlt).o)

Since f is assumed to be infinitely often continuously differentiable in its variables,
the initial value problem (3) has a unique solution, which will be assumed to exist

on a finite time interval [to, 7] under consideration.

By the continuity of the solution z(t) = x(t; to, zo,w) on [to, T], there exists an R
= R(w,T) > 0 such that

lz(t)] < R(w,T)  forall ¢t € [ty,T].




Holder continuity of the noise

It will be assumed that the sample paths of (; are locally Holder continuous with

the same Holder exponent,

i.e., there is a v € (0,1] such that for P almost all w € © and each T" > 0 there

exists a C,r > 0 such that

lw(t) —w(s)| < Cur-|t—s]" forall 0<s,t<T. (5)

For such sample paths w define

w(t) —wl(s
oo = sup (Ol = oo+ sup D=
tefto,T] Sit_es[fg’f] |t — 5‘7

SO

lw(t) —w(s)| < |lwlly- [t —s]" forall s,te [ty,T].

Let 6 be the supremum of all v with this property.

e Two cases will be distinguished:  Case A in which (5) also holds for 6 itself

and Case B when it does not.

1

5 is an example of Case B.

The Wiener process with 6 =



4  Multi—-index notation

Let Ny denote the nonnegative integers. For a multi-index o = (v, avp) € N2 define

al = a1 + Qs al = ! as!
|| , ! o)

For a given v € (0, 1] define the weighted magnitude of a multi-index a by

aly =7y a1+ a
For each K € R, with K > |al, define |a|ff := K — |al,.
For f € C*°(R x U,R ) denote
fo:=0"f = (01)"(02) f

with 99 f = f and (0,0)! = 1.

Let R(w,T) > 0 be an upper bound on the solution of the initial value problem

(3) corresponding to the sample path w on a fixed interval [to, 7] and define

[ fllx:=max sup |fa(y,2)|.
o<k Jy|<[lw]loo
|z|<R

For brevity, write || f| := || fllo-

Note that the solution of the initial value problem (3) is Lipschitz continuous with

2(t) —x(s)| < [ fl[ [t =s]  forall st €lto, T].

10



5 Taylor expansions of the vector field

The solution x(t) of the initial value problem (3) is only once differentiable, so the
usual Taylor expansion cannot be continued beyond the linear term.

Nevertheless, the special structure of a RODE and smoothness of f in both of its
variables allows one to derive implicit Taylor—like expansions of arbitrary order for

the solution.

Fix w € Q and an arbitrary ¢ € [to,T) and write

where & := w(t) and & := z({).

Then, for a fixed & € Z", the usual Taylor expansion for f in both variables gives

flw(s)a(s) =) éﬁaf(@%ﬂ?) (Awe )™ (Aze)* + Riya(s)

la| <K
with remainder term
1 . .
Fanls) = > —0°f(@+&Aw, & +EA,) (Aw)™ (Az,)*
lo|=k4+1

for some & € [0, 1].

11



Substituting this into the integral equation representation of the solution of (3),

z(t) =& +/f flw(s),xz(s)) ds

gives

1 AA ! a « !
A= Y o f@d) [@Qugmanydst [ Ruats)ds,

laj<k y
N 1 ‘_r
R remainder
Taylor—like approximation

or, more compactly, as

Az = Z T.(t: 1) + [t Ryi1(s) ds . (6)

lo| <k

where

To(t:4) = - £, ) / (Aw)™ (Az,) ds.

al

e The expression (6) is implicit in Az, so is not a standard Taylor expansion.

e Nevertheless, it can be used as the basis for constructing higher order numerical

schemes for the RODE (1).

12



6 RODE-Taylor schemes

The RODE-Taylor schemes are a family of explicit one—step schemes for RODESs on

subintervals [t,, t,11] of [ty, T] with step size, which are derived from the Taylor-like

expansion (6).

The simplest case is for &k = 0. Then (6) reduces to

which leads to the well known Euler scheme

Yntl = Yn + hn f(w(tn)a yn)

e To derive higher order schemes, the Ax, terms inside the integrals must also be

approximated.

This can be done with a numerical scheme of one order lower than that of the

scheme to be derived.

13



Higher order schemes can thus be built up recursively for sets of multi-indices of

the form

Ay = {a:(a1’a2)6N3 : |a|9:00z1+0z2<K},

where K € R, and 6 € (0, 1] is specified by the noise process in the RODE.

Fix K € R, and consider the first step

= y+A3/h (tA Y)

of a numerical approximation at the time instant  + h for a step size h € (0, 1] and

initial value (Z,9), where the increments Ay,(f() are defined recursively as follows

A =0, MyOEg) = S NI+ hE ),

lalg<K

where

—_
=
r\é

I
>
—
>
&
@
\_/
oS
>
@/‘\
v
Sx
A
>
N~

NG+ bt g) == = fal,d ) ds
(o4

with As = s —t and |a|f = K —6-a; — ay, i.e., in nontrivial cases, the NEO

are
evaluated in terms of previously determined Ay(ALS) with L= K —60-0; —as < K.

This procedure is repeated for each time step to give the Ax-RODE-Taylor scheme

Ynil =Y +ZN (st tusyl™) . n=0,1,2... Np—1,

on discretisation subintervals [t,,t,,1] with step sizes h, = t 11 — t, > 0.

14



7 Discretisation error

The increment function of an Ag-RODE-Taylor scheme or, simply, K-RODE-

Taylor scheme

is continuous in its variables as well as continuously differentiable, hence locally

Lipschitz, in the ¢ variable with

lim FE)(h,i,9) = f(©,9).
Jm F(h . g) = [(@,9)

RODE-Taylor schemes are thus consistent and hence convergent for each K > 0.

Moreover, the classical theorem for ODEs on the loss of a power from the local to
global discretisation errors also holds for the RODE-Taylor schemes. Consequently,

it suffices to estimate the local discretisation error

where x(f + h,t,7) is the value of the solution of the RODE at time  + h with
initial value (£,9) and yi"(£,9) is the first step of the numerical scheme with step

size h for the same initial value.

15



Define Ry := 0 and for K > 0 define

Ry == sup max |FE) (h,t, z)).

0<L<K (h,t,x)€
~ [0,1]x[tg,T]x[—R,R]d

In addition, let

k= ky = {—J (|-] integer part)

and define

Ry = max {RK, ||f||k+1} .

It is necessary to distinguish two cases, Case A in which the Holder estimate (5)
also holds for the supremum 6 of the admissible exponents itself and Case B when

it does not.

Theorem 1. The local discretisation error for a RODE-Taylor scheme in Case A
satisfies

)Lﬁf“(f, )| < O K+

for each 0 < h <1, where

O = (ellwl\e+2RK)K+1_
In Case B it satisfies

R B L

for e > 0 arbitrarily small, where

Coi= (M) = s

16



8 RODE—-Taylor schemes: Wiener process

A Wiener process as the driving process falls into Case B with 6 = %

The Ax-RODE-Taylor schemes have pathwise global convergence order K — .

Ag={a : ‘(X|%<K}:{Oé ap + 200 <2K -1}

Example 1. The 0-RODE-Taylor scheme corresponding to Ay = 0 is y, = 1o,

which s an inconsistent scheme.

Example 2. The 0.5-RODE-Tuaylor scheme corresponding to Ags = { (0,0) } is

the classical Euler scheme

Yn+1l = Yn + h,f((x)(tn), yn>7 (7)

which has order 0.5 — .

Example 3. The 1.0-RODE-Taylor scheme corresponding to A, o = {(0,0), (1,0)}

18 the “improved” Euler scheme,

tn+1
Yn+1 = Yn + hf(W(tn),yn) + f(l,O)(w(tn)ayn)/ Aw ds.
tn

Its order 1 — € is comparable to that of the Euler scheme for smooth ODEs.

17



In the following schemes the coefficient functions on the right side are evaluated at

(W(tn); yn)-

Example 4. The 1.5-RODE-Taylor scheme corresponding to Ay 5 = {(0,0), (1,0),
(2,0), (0,1)} is

tn41 f(2 0) tn4+1 9 h2
it =+ 0F 4 fuo [ dwadst 280 [T Q0 ds + fons
tn tn

Here |(0,1)|}° = 1.5—1 = 0.5 and the last term is obtained from f 1) ff”“(Ayg)f)) ds
2 n

with Ay(AOf) = (s — t,)f coming from the Euler scheme (7).

Example 5. In the next case Aso = {(0,0),(1,0),(2,0), (3,0),(0,1),(1,1)} and

I(1,1)2 = 0.5, [(0,1)]2 = 1, so the terms Ay, AyR? corresponding to the 0.5-
2 2

RODE-Taylor scheme and 1.0-RODE-Taylor scheme are required in the right hand

side of the new scheme. The resulting 2.0-RODE-Taylor scheme is then

tn+l f(2 O) tn+1 )
Ynt1 = Yo + hf + f(1,0)/ Aw, ds + T/ (Aws)” ds
tn tn

(2} h'2
- %/ (Aws)’ds + fon /5
tn

tnt1 S tnt1
+f(071)f(170) / / va dv ds -+ f(lvl)f/ AwSAs ds .
tn tn tn

Remark: The above K-RODE-Taylor schemes are not necessarily optimal

in the sense of involving the minimum number of terms for the given order.

18



9 Fractional Brownian motion

3

Fractional Brownian motion with Hurst exponent H = % also falls into Case B

with 6 = %. The RODE-Taylor schemes generally contain fewer terms than the

schemes of the same order with a Wiener process or attain a higher order when

they contain the same terms.

Example 6. For Ax = { (0,0) } with K € (0, 2] the RODE-Taylor scheme is the

classical Fuler scheme in Example 2, but now the order is % — €.

Example 7. Ax = {(0,0),(1,0)} for K € (3,1] : the RODE-Taylor scheme is

the same as that in Fxample 3 and also has order 1 — €.

Example 8. , For Ax = {(0,0),(1,0),(0,1)} with K € (1,3] the RODE-Taylor

scheme,

tnt1 hZ
Ynt1 =Yn + hf + f(1,0)/ Aws + fo)f o
tn

which has order 1.5 — ¢, omits one of the terms in the RODE-Taylor scheme of the

same order for a Wiener process given in Example 4.

Example 9. For Ax = {(0,0),(1,0),(0,1),(2,0)} with K € (3,I] the RODE-
Taylor scheme is the same as that for a Wiener process case in Example 4, but

now has order Z — ¢ instead of order order % — €.

19



Lecture 3: Stochastic Ordinary Differential

Equations

Deterministic calculus is much more robust to approximation than Ito stochas-
tic calculus because the integrand function in a Riemann sum approximating a
Riemann integral can be evaluated at an arbitrary point of the discretisation
subinterval, whereas for an It0 stochastic integral the integrand function must

always be evaluated at the left hand endpoint.

Consequently, considerable care is needed in deriving numerical schemes for
stochastic ordinary differential equations (SODEs) to ensure that they are con-

sistent with Ito calculus.

In particular, stochastic Taylor schemes are the essential starting point for the

derivation of consistent higher order numerical schemes for SODEs.

Other types of schemes for SODEs, such as derivative—free schemes, can then be

obtained by modifying the corresponding stochastic Taylor schemes.




1 Ito SODEs

Consider a scalar Ito stochastic differential equation (SODE)

dXt = a(t, Xt) dt + b(t, Xt) th, (1)

where (W}),cg+ is a standard Wiener process, i.e., with Wy = 0, w.p.1, and incre-

ments W, —W; ~ N(0;t—s) for t > s > 0, which are independent on nonoverlapping

subintervals.

The SODE (1) is, in fact, only symbolic for the stochastic integral equation

t t
Xt:XtO—i—/ a(s, Xs) ds+/ b(s, Xs)dWs,  (2)

to

to

where the first integral is pathwise a deterministic Riemann integral and the second

is an Ito stochastic integral — it is not a pathwise Riemann—Stieltjes integral !

The It6 stochastic integral of a nonanticipative mean—square integrable integrand

g is defined in terms of the mean—square limit, namely,

to

T
/ g(s) dWs ;== m.s. — lim

A—0

Np—1

Z g(tm w) {th+1 (w) - th (w)} )

n=0

taken over partitions of [tg, 7] of maximum step size A := max, 4A,, where A,, =

tn—i—l — tn and tNT =1T.

Two very useful properties of It integrals are

=(/ gty

0,

E ( / e dWs)Z - / "Eg(s)ds.




2 Existence and uniqueness of strong solutions

The following is a standard existence and uniqueness theorem for SODEs. The

vector valued case is analogous.

Theorem 1. Supose that a, b : [ty,T] x R — R are continuous in (t, )

and satisfy the global Lipschitz condition

uniformly in t € [to,T] and suppose that the random wvariable Xq is

nonanticipative with respect to the Wiener process Wy with
E(X]) < oo.
Then the Ito SODE
dX; = a(t, X;) dt + b(t, X;) dW,

has a unique strong solution on [to, T| with initial value X,, = Xo.

Alternatively, one could assume just a local Lipschitz condition. Then, the addi-

tional linear growth condition

la(t, x)| + [b(t, 2)| < K(1+ |2[)

ensures the existence of the solution on the entire time interval [0, T, i.e., prevents

explosions of solutions in finite time.

P.E. KLOEDEN AND E. PLATEN, Numerical Solutions of Stochastic Differential

Equations, Springer-Verlag, Berlin Heidelberg New York, 1992.



3 Simple numerical schemes for SODESs

The counterpart of the Euler scheme for the SODE (1) is the Euler-Maruyama scheme

Yo=Y, +alty, Yn) An + b(t,, Y,) AW, (3)

with time and noise increments

tnt1 tn+1
Ay =ty —ty = / ds, AW, =W, —W, = / AW,
tn tn

It seems to be (and is) consistent with the It6 stochastic calculus because the noise
term in (3) approximates the It6 stochastic integral in (2) over a discretisation

subinterval [t,,,t,,1] by evaluating its integrand at the left hand end point:

tna1 tnt1 tnt1
/ b(s, X,) dW, ~ / b(tn, X¢,) AW, = b(t,, Xy, / AW,
tn tn tn

It is usual to distinguish between strong and weak convergence, depending on whether

the realisations or only their probability distributions are required to be close.

Let A be the maximum step size of a given partition of a fixed interval [tg, T]. A

numerical scheme is said to converge with strong order - if

E(’XT—Y}@)D < Kr A (4)

and with weak order ( if, for each polynomial g,

E(g(xr) —E (9v})| < Kord®  (5)

e The Euler-Maruyama scheme (3) has strong order v = %, weak order 3 = 1.



To obtain a higher order, one should avoid heuristic adaptations of well known
deterministic numerical schemes because they are usually inconsistent with [to

calculus or, when consistent, do not improve the order of convergence.

Example: The deterministic Heun scheme adapted to the It6 SODE (1) has the

form
Vai = Yot [altn Ya) F alturn, Y+ altn, Yo A + Bt VAW, A,
% Bt Vo) + b(tns, Y+ altn, Vo) Ap + bty Ya)AW,)] AW,
For the Ito SODE dX; = X, dW, it simplifies to
Yo=Y, + % Y, (2+ AW,) AW,.

The conditional expectation

Yn+ 1= Yn
E(—=/—/ "=
< A,

T 1 T 1 1
Y: :—E A —A 2 = — _A — _
. x) A ( W, + 2( W,) ) A <0+ 5 n) 57

should approximate the drift term a(¢,2) = 0 of the SODE. The adapted Heun

scheme is thus not consistent with Ito6 calculus and does not converge in either the

weak or strong sense.

To obtain a higher order of convergence one needs to provide more information

about the Wiener process within the discretisation subinterval than that provided

by the simple increment AW,,.

Such information is provided by multiple integrals of the Wiener process, which

arise in stochastic Taylor expansions of the solution of an SODE.

e Consistent numerical schemes of arbitrarily desired higher order can be derived

by truncating appropriate stochastic Taylor expansions.



4 Ito—Taylor expansions

[to—Taylor expansions or stochastic Taylor expansions of solutions of [t6 SODEs are

derived through an iterated application of the stochastic chain rule, the It6 formula.

The nondifferentiability of the solutions in time is circumvented by using the integral

form of the Ito formula.

The It6 formula for scalar valued function f(¢, X;) of the solution X; of the scalar

It6 SODE (1) is

P00 = 1000 %0) ¢ [ 15t X as s [ D ), @

to to

where the operators LY and L' are defined by

0 o 1.,0° 0
0o_ 9 g 1,0 1_, 9
L _8t+a8x+2b or?’ L b(?x'

This differs from the deterministic chain rule by the additional third term in the

LY operator, which is due to the fact that E (JAW|?) = At.

When f(t,z) = z, the It6 formula (6) is just the integral version (2) of the SODE

(1) in the integral form

¢ ¢
Xt:XtOJr/ a(s,Xs)der/ b(s, Xs) dWs. (7)

to to



Iterated application of the Ito formula

Applying the Ito formula to the integrand functions

f(t,z) = al(t,x), f(t,x) = b(t,x)

in the SODE (7) gives

t s s
X, = X, + / {a(to,Xto)—i— / La(u, X,) du + / Lla(u,Xu)qu} ds
to

to to

t s s
+ / {b(to,Xto)—i— / LO(u, X,) du + / L'b(u, X.,) qu} dW,.
to

to to

t

t
= Xto + a(toa Xto) / ds + b(t()a Xto) / dWs + Rl (t, tO) (8)

to to

with the remainder

Ri(t, ty) = //Loa(u,Xu)duds—i-/ / L'a(u, X,) dW, ds
to to to to

t s t s
+ / / LO(u, X)) dudW, + / / L'(u, X)) dW, dW..
to Jto to Jto

Discarding the remainder gives the simplest stochastic Taylor approximation

t

t
Xt ~ Xt() + a(to, Xto) / dS + b(to, Xto) / dWS,

to to

which has strong order v = 0.5 and weak order g = 1.

e Higher order stochastic Taylor expansions are obtained by applying the Ito

formula to selected integrand functions in the remainder.



e.g., to the integrand L'b in the fourth double integral of the remainder Ry (t,t)

gives the stochastic Taylor expansion

t

t
X = Xto_'_a(tOuXto)/ ds+b(t0,Xt0)/ dW

to to

t S
FLMb(to, X, / / AW, dWV, + Ra(t, to) ()
to Jto

with the remainder

Ry(t, ty) = //Loa(u,Xu)duder/ / a(u, X,,) dW, ds
to Jto to Jto

t s t s u
+/ / Lob(u, X,,) dudWS+/ / / L°L'b(v, X,) dvdW, dW,
to Jto to Jto to
t s u
+/ / / Llle(v,Xv)dWUqudWS.
to Jto to

Discarding the remainder gives the stochastic Taylor approximation

t

t
Xt =~ Xto + (I(to, Xto) / ds + b(to, Xto) / dWS

to to

ab t S
+bltn, Xiu) 5 (10, X, / / AW, .,
to Jto

ob
since L'b = ba—. This has strong order v = 1 (and also weak order § = 1).
x

Remark: These two examples already indicate the general pattern of the schemes:
i) they achieve their higher order through the inclusion of multiple stochastic integral
terms;

i) an expansion may have different strong and weak orders of convergence;

iii) the possible orders for strong schemes increase by a fraction %, taking values %,

1, %, 2, ..., whereas possible orders for weak schemes are whole numbers 1, 2, 3, .. ..

8




5 General stochastic Taylor expansions

Multi-indices provide a succinct means to describe the terms that should be included
or expanded to obtain a stochastic Taylor expansion of a particular order as well
as for representing the iterated differential operators and stochastic integrals that

appear in the terms of such expansions.

A multi-index « of length [(«) = [ is an [-dimensional row vector a = (1, ja, - -, J1)

€ {0, 1} with components j; € {0,1} fori € {1, 2, ..., [}.

Let M1 be the set of all multi-indices of length greater than or equal to zero, where

a multi-index () of length zero is introduced for convenience.

Given a multi-index oo € M; with [(a)) > 1, write —a and a— for the multi-index

in M obtained by deleting the first and the last component, respectively, of a.

For a multi-index a = (ji, j2, ..., j1) with { > 1, define the multiple It6 integral

recursively by (here W =t and W}! = W})

Llg() e = / L [0 how W3, Iylg()ios = g(t)

to

and the It6 coefficient function for a deterministic function f recursively by

fa = lef*aa f@:f




The multiple stochastic integrals appearing in a stochastic Taylor expansion with

constant integrands cannot be chosen completely arbitrarily.

The set of corresponding multi-indices must form an hierarchical set, i.e., a nonempty

subset A of M; with

sup l(a) < 0o and —a€eA foreach o€ A\ {0}
acA

The multi-indices of the remainder terms in a stochastic Taylor expansion for a
given hierarchical set A belong to the corresponding remainder set B(A) of A
defined by

B(A)={ae Mj\ A: —a e A},

i.e., consisting of all of the “next following” multi-indices with respect to the given

hierarchical set.

The It6-Taylor expansion for the hierarchical set .4 and remainder set B(.A) is

t Xt Zfoz thXto o t0t+ Z ]t0t7

acA a€B(A)

i.e., with constant integrands (hence constant coefficients) in the first sum and time

dependent integrands in the remainder sum.

10



6 Ito—Taylor Numerical Schemes for SODEs

[to-Taylor numerical schemes are obtained by applying [to—Taylor expansion to the
identity function f = id on a subinterval [t,,t,,1] at a starting point (¢,,Y,) and

discarding the remainder term.

The Ito-Taylor expansion (8) gives the Euler-Maruyama scheme (3), which is the

simplest nontrivial stochastic Taylor scheme. It has strong order v = 0.5 and weak

order 3 = 1.

The Ito—Taylor expansion (9) gives the Milstein scheme

Y1 = Ya+at,,Y,) A, +0b(t,,Y,) AW,

b tns1 s
bt Vo) 5 (b0 X) / / AW, dW,.
tn tn

0b
Here the coefficient functions are fo) = a, fay = b, f11) = ba— and the iterated
x

integrals

tn+1 tnt1
[(0) (tnu thrl) = / dWs? = Anv I(l)<tn7 thrl) = / dVVs1 = Aan
tn tn

and

tnt1 S 1
Tnny(te, ther) = / / dWrdw} = 3 [(AW,)* — A,]. (10)
tn tn

The Milstein scheme converges with strong order v = 1 and weak order § = 1.

It has a higher order of convergence in the strong sense than the Euler-Maruyama

scheme, but gives no improvement in the weak sense.

11



Applying this idea to the Ito—Taylor expansion corresponding to the hierarchical

set A gives the A-stochastic Taylor scheme

Ynf}H = Z Ia [ida(tna YnA)Lmtnﬂ = YnA + Z ida(tn’ erl) IO‘ [l]tn,tnﬂ :
acA acA\D
(11)

The strong order 7 stochastic Taylor scheme, which converges with strong order +,

involves the hierarchical set

where n(«) denotes the number of components of a multi-index a equal to 0.

The weak order (3 stochastic Taylor scheme, which converges with weak order f3,

involves the hierarchical set

I's={ae M, :l(a) <p}.

For example, the hierarchical sets Ay, = I't = {0,(0), (1)} give the stochastic
Euler—-Maruyama scheme, which is both strongly and weakly convergent, while

the strongly convergent Milstein scheme corresponds to the hierarchical set A; =

{0,(0), (1), (1, 1)}

e The Milstein scheme does not correspond to a stochastic Taylor scheme for an

hierarchical set I's.

12
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Figure 1: Stochastic Taylor trees for the Euler—-Maruyama scheme (left) and the Milstein
scheme (right). The multi-indices are formed by concatenating indices along a branch
from the right back towards the root () of the tree. Dashed line segments correspond to

remainder terms.

Remark: Convergence theorems for stochastic Taylor schemes (Theorems 10.6.3
and 14.5.1 in KLOEDEN AND PLATEN) assume that the coefficients of the SODE are
sufficiently often differentiable so that all terms in these schemes make sense, with

all of these partial derivatives being uniformly bounded, hence globally Lipschitz, in

the case of strong convergence, and with globally Lipschitz coefficients and all of
the required partial derivatives satisfying a linear growth bound in the case of weak

convergence.

These will be called the standard assumptions. They are obviously not satisfied by

some SODEs that arise in many interesting applications .

13



7 Pathwise convergence

Pathwise convergence was already considered for RODEs and is also interesting for

SODESs because numerical calculations of the random variables Y,, in the numerical

scheme above are carried out path by path.

It6 stochastic calculus is, however, an L? or a mean-square calculus and not a path-

wise calculus.

Given that the sample paths of a Wiener process are Holder continuous with ex-

ponent % — € one may ask:

Is the convergence order % — € “sharp” for pathwise approrimation?

The answer is no! An arbitrary pathwise convergence order is possible.

P.E. KLOEDEN AND A. NEUENKIRCH, The pathwise convergence of approximation

schemes for stochastic differential equations, LMS J. Comp. Math. 10 (2007)

Theorem 2. Under the standard assumptions the Ito—Taylor scheme of strong order

v > 0 converges pathwise with order v — € for all e > 0, i.e.,

sup [, (w) = V)] < Kp(w) - AT

for almost all w € Q).

Note that the error constant here depends on w, so it is in fact a random variable.
The nature of its statistical properties is an interesting question, about which little

is known theoretically so far and requires further investigation.

14



The proof of Theorem 2 is based on the Burkholder-Davis—Gundy inequality

s t
/ X, dW, / X2dr
0 0

and a Borel-Cantelli argument in the following lemma.

P p/2

E sup < C,-E

s€[0,t]

Lemma 1. Let v > 0 and ¢, > 0 for p > 1. If {Z,}nen is a sequence of random

variables with

(E|Z./)? < ¢,-n7

for allp > 1 and n € N, then for each ¢ > 0 there exists a non-negative random

variable K. such that
|Z,(W)] < K (w) -n77% as.,

for all n € N,

15




8 Restrictiveness of the standard assumptions

Proofs in the literature of the convergence orders of [to—Taylor schemes assume that

the coefficient functions f, are uniformly bounded on R!, i.e., the partial deriva-

tives of appropriately high order of the SODE coefficient functions a and b are

uniformly bounded on R!.

This assumption is not satisfied for many SODEs in important applications such

as:

e the stochastic Ginzburg—Landau equation

1
dX, = (<y + 502) X; — AX,;”’) dt + o X, dW,.

Matters are even worse for

e the Fisher-Wright equation

dX; = [k1(1 = X3) — ko Xy dt + /X (1 — X;) dW,

e the Feller diffusion with logistic growth SODE

dXt = )\Xt (K - Xt) dt + o/ Xt th

e the Cox-Ingersoll-Ross equation

AV, = k(A = V,) dt + 0/ V, dW,,

since the square root function is not differentiable at zero and requires the expres-

sion under it to remain non—negative for the SODE to make sense.

16



9 Counterexample: Euler-Maruyama scheme

The scalar SODE

dX, = =X} dt + dW,

with the cubic drift and additive noise has a globally pathwise asymptotically stable
stochastic stationary solution. Its solution on the time interval [0, 1] for initial value

Xo = 0 satisfies the stochastic integral equation

t
Xt:—/ X3ds + W, (12)
0

and has finite first moment E | X;| < oo at T = 1.

The corresponding Euler—-Maruyama scheme with constant step size A = % is given

by

3
vy =y (Y,fN’) A + AW (w).

This scheme does not converge either strongly or weakly.

M. HUTZENTHALER, A. JENTZEN AND P.E. KLOEDEN, Strong and weak diver-
gence in finite time of Fuler’s method for SDEs with non-globally Lipschitz coeffi-

cients, (submitted).

Theorem 3. The solution X, of (12) and its Euler—Maruyama approzimation Yk(N)

satisfy
lim E ’Xl - Y}Vm’ — . (13)

N—oo

17



Outline of proof

Let N € N be arbitrary, define ry := max {3N, 2} and consider the event

Qn = {w €eQ: sup |[AWi(w)| <1, |AWs(w)|>1rN }

k=1,.,N—1

Then, it follows by induction that
’Y,C(N)(w)’ > 7“]2\?_1, YV we Qy,

forevery k =1,2,..., N.

P[Qn] :H»ky%AmwgqummmﬂZW]

- x

> P|sup (Wi < | -PAW,| > 7n]
lo<t<1 2]
- E

= P|sup [Wi| <3 'P[VN‘Wl/N‘Z\/NTN]
lo<t<1 2]
[ 11 1

> P |sup Wy <= -—\/N?“Ne_(‘/ﬁ””2
lo<t<1 2] 4

v

1 2
NPT

0<t<1

N

for every N € N. It follows that

1mEmW’>

N—oo

1 -
P lsup W] < —} - lim e VR 227
0<t<1 2] N—oo

|
S = s =

1 _
-P {sup Wyl < —] lim eV 227 = o,
0<¢<1 2 N—oo

Finally, since E | X;] is finite,

$mwx—mﬂz$mmmﬂ_mxbm. 0

18



Lecture 4: SODEs: Nonstandard Assumptions

There are various ways to overcome the problems caused by nonstandard

assumptions on the coefficients of an SODE.

One way is to restrict attention to SODEs with special dynamical properties
such as ergodicity, e.g., by assuming that the coefficients satisfy certain

dissipativity and nondegeneracy conditions.

This yields the appropriate order estimates without bounded derivatives of

coefficients.

However, several type of SODEs and in particular SODEs with square root

coefficients remain a problem.

Many numerical schemes do not preserve the domain of the solution of the

SODE and hence may crash when implemented, which has led to various

ad hoc modifications to prevent this from happening.

Pathwise and Monte Carlo convergences often have to be used instead of

strong and weak convergences.




1 SODEs without uniformly bounded coefficients

A localisation argument was used by

A. JENTZEN, P.E. KLOEDEN AND A. NEUENKIRCH, Convergence of numerical
approximations of stochastic differential equations on domains: higher order con-
vergence rates without global Lipschitz coefficients, Numerische Mathematik 112

(2009), no. 1, 41-64.

to show that the convergence theorem for strong Taylor schemes remains true for

an SODE

dXt = a(Xt) dt + b(Xt) th

when the coefficients satisfy

a,b € CHRYLRY),

i.e., they do not necessarily have uniformly bounded derivatives.

The convergence obtained is pathwise. This is a special case of Theorem 1 below.

Pathwise convergence with order v — € where ¢ > 0:

swp_|X,, (@)~ YO ()] < KO (w) - A7

i=0,...,N

for almost all w € .

Whether a strong convergence rate can always be derived under these assumptions

remains an open problem.



It applies, for example, to the stochastic Landau—Ginzburg equation to give con-

vergence is pathwise of the Taylor schemes.

Empirical distributions for the random error constants of the Euler—-Maruyama and

Milstein schemes applied to the SODE

dX, = —(1+ X)) (1 — X2 dt + (1 — X2)dW;,  X(0) =0,

on the time interval [0, 7] for N = 10* sample paths and time step A = 0.0001 are

plotted in Figure 1.
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Figure 1: Empirical distributions of Ké%g)l and Ké.ldg)l (sample size: N = 10%).



2 SODE on restricted regions

The Fisher—Wright SODE, the Feller diffusion with logistic growth SODE and the
Cox—Ingersoll-Ross SODE have square root coefficients, which require the solutions

to remain in the region where the expression under the square root is non—negative.

However, numerical iterations may leave this restricted region, in which case the

algorithm will terminate.

One way to avoid this problem is to use appropriately modified [to-Taylor schemes.

Consider an SODE
dXt = a(Xt) dt + b(Xt) th, (1)

where X; takes values in a domain D C R! for ¢t € [0,7]. Suppose that the
coefficients a and b are r-times continuously differentiable on D and that the SODE

(1) has a unique strong solution. Define

E:={zecR': z¢ D}

Then choose auxiliary functions f, g € C*(E;R!) for s € N and define

i(z) = a(@)-Ip(@)+ f(@) - Tp(), weR,

b(x) = b(x) -Ip(z)+g(x) - Ig(x), r € R

In addition, for x € 9D define



and the “modified” derivative of a function h : R? — R! by

0

Oph(x) = %h(x), r€DUE,

Oph(x) = lm 0uh(z), [=1,.

y—ax;yeD

..,d, x€ID.

=0, b(z) = 0 and d,.h(x) = 0 for z € OD.

If the above limits do not exist, set a(z)

A modified [t6—Taylor scheme is the corresponding [t6—Taylor scheme for the SODE
with modified coefficients

dX, = a(X,) dt + b(X,) dW,,

The purpose of the auxiliary functions is twofold:

e to obtain a well defined approximation scheme

e to “reflect” the numerical scheme back into D after it has left D.

Theorem 1. Assume that a, b € O+

)

(D;RYNCPYE;RY).
Then, for every e > 0 and v = 1,1, 3,

... there exists a mon—negative random
variable Kf(y{cgg) such that

sup | X, (@) — Y ()] < KU (w) - AT

’y7E

for almost all w € Q and alln = 1, ..., Ny, where A = T/Ny and the y,{med:)

correspond to the modified Ito—Taylor scheme applied to the SODE (2).

The convergence rate does not depend on the choice of the auxiliary functions, but

the random constant in the error bound clearly does.

bt



3 Examples

Example 1

Consider the Cox—Ingersoll-Ross SODE

dXt =K ()\ — Xt) dt + 9\/ Xt th

with kA > 6?/2 and x(0) = z > 0.
Here D = (0,00) and the coefficients

a(z) =k (AN —x), b(z) = 0/, r €D,
satisfy a, b € C=(D;R').

As auxiliary functions on F = = (—00,0) choose, e.g.,

or

The first choice of auxiliary functions “kills” the numerical approximation as soon

as it reaches a negative value.

However, the second is more appropriate, since if the scheme would take a negative

value, the auxiliary functions force the numerical scheme to be positive again after

the next steps, which recovers better the positivity of the exact solution.



Example 2

A general version of the Wright-Fisher SODE

dX, = f(X,) dt + /X, (1 — Xp) dW,  (3)

typically has a polynomial drift coefficient f.

Its solution should take values in the interval [0, 1], but, in general, depending on

the structure of f, the solution can attain the boundary {0, 1} in finite time, i.e.,

T{0,1} = ll’lf{t c [O,T] : Xt ¢ (O, 1)} <T

almost surely. Thus, Theorem 1 cannot be applied directly to the SODE (3).

But a modified It6-Taylor method Y,{™**" with the auxiliary functions f = 0 and

g =0 to (3) can be used up to the first hitting time of the boundary of D.

The error bound then takes the form

for almost all w € € and all n € N, where

Vi (w) = Xo(w) Ixweony,  120,w0e.



4 Monte Carlo convergence

The concepts of strong and weak convergence of a numerical scheme are theoretical

discretisation concepts.

In practice, one has to estimate the expectations by a finite random sample.

In the weak case, neglecting roundoff and other computational errors, one uses in

fact the convergence

lim
N,M—oc0

Eg(Xr)| - = S o) =0 (4)

for smooth functions ¢ : R — R with derivatives having at most polynomial growth.

By the triangle inequality

where the first and second summands on the right hand side are, respectively,

e the weak discretisation error due to approximating the exact solution with

numerical

e the statistical error due to approximating an expectation with the arithmetic

average of finitely many independent samples.



Thus, if the numerical scheme converges weakly, then it also converges in the above

sense (4), which was called Monte Carlo convergence in

M. HUTZENTHALER AND A. JENTZEN, Convergence of the stochastic Fuler scheme

for locally Lipschitz coefficients, (submitted).

Monte Carlo convergence often holds for the Euler-Maruyama scheme applied to

a scalar SODE such as

dX, = =X} dt + dW,, X, =0,

for which neither strong nor weak convergence holds.

Monte Carlo convergence (4) should be interpreted as holding almost surely.

The sample mean 7 22/1:1 g(Yjs,N) (wy)) in (4) is, in fact, a random variable, so the

To formulate this in a succinct way, the sample paths of M independent Wiener
processes Wt(l)(w), WM (w) for the same w will be considered instead of M

different sample paths Wy (w), ..., Wi(wy) of the same Wiener process W;.

e The choice M = N? ensures that Monte Carlo convergence for the Euler—
Maruyama scheme has the same order as that for weak convergence under standard

assumptions, namely 1, since the Monte Carlo simulation of E[g (YJSN))} with M

L _

5 — € for an arbitrarily

independent Euler approximations has convergence order

small € > 0.

With these modifications, Monte Carlo convergence takes the form

]\}eréo E[g(XT)} - % Zg(Y]f,N’k)(w)) =0, a.s., (5)
k=1

where Y]S,N’k) (w) is the w-realisation of the Nth iterate of the Euler-Maruyama

scheme applied to the SODE with the w-realisation of the kth Wiener process
k
Wi (w).



Let (2, F,P) be a probability space.

Theorem 2. Suppose thata, b, g : R — R are four times continuously differentiable

functions with derivatives satisfying
a™(2)] + ™ ()| + [¢™ ()| < L1 +2]"), VzeR,

forn =0,1,..., 4, where L € (0,00) and r € (1,00) are fized constants. Moreover,

suppose that the drift coefficient a satisfies the global one—sided Lipschitz condition
(¢ —y)-(ax) —a(y) < Lz —y)*, Va,yeR,
and that the diffusion coefficient satisfies the global Lipschitz condition
b(x) = b(y)| < Lz —yl, Va,yeR

Then, there is F-measurable mappings C. : Q — [0,00) for each e € (0,1) and an
event Q € F with P[Q)] = 1 such that

E[gm)} - (ZWJ&N”“’@))) < C) 1

for everyw € Q, Ne N ande € (0,1), where X, is the solution of the SODE

and Y]\(,N’k) s the Nth iterate of the Fuler—Maruyama scheme applied to this SODE
with the Wiener process Wt(k) fork =1, ..., N2

10



Lecture 5: Stochastic Partial Differential

Equations

The stochastic partial differential equations (SPDEs) considered here are stochastic

evolution equations of the parabolic or hyperbolic types.

There is an extensive literature on SPDEs.

P.L. CHOw, Stochastic Partial Differential Equations, Chapman & Hall/CRC,
Boca Raton, 2007.

G. DA PrRATO AND G. ZABCZYK, Stochastic Equations in Infinite Dimensions,

Cambridge University Press, Cambridge, 1992.

W. GRECKSCH AND C. TUDOR, Stochastic Evolution Equations. A Hilbert Space

Approach, Akademie—Verlag, Berlin, 1995.

N.V. KryLov AND B.L. RozovsKIl, Stochastic Fvolution Equations, World Sci.

Publ., Hackensack, N.J., 2007.

C. PREVOT AND M. ROCKNER, A Concise Course on Stochastic Partial Differ-

ential Fquations, Springer—Verlag, Berlin, 2007.

The theory of such SPDEs is complicated by different types of solution concepts and

function spaces depending on the spatial regularity of the driving noise process.




1 Random and stochastic PDEs

As with RODEs and SODEs, one can distinguish between random and stochastic

partial differential equations.

Attention is restricted here to parabolic reaction—diffusion type equations on a
bounded spatial domain D in R? with smooth boundary D with a Dirichlet bound-

ary condition.

An example of a random PDE (RPDE) is

ou
EZAU+JC(<}7U)7 u‘aszoa

where (; is a stochastic process (possibly infinite dimensional). This is interpreted

and analysed pathwise as a deterministic PDE.

An example of an It6 stochastic PDE (SPDE) is

dX; = [AX, + f(Xy)] dt + g(Xy) AW, Xi oD 0, (1)

where W, an infinite dimensional Wiener process of the form

Wy(z,w) = aWF(w)gk(x), t>0,2€D,
k=1

with pairwise independent scalar Wiener processes W[, k € N, and an orthonormal

basis system (¢y),cy of some function space, e.g., L*(D).

As for SODESs, the theory of SPDEs is a mean—square theory and requires an

infinite dimensional version of It0 stochastic calculus.



The D0SS—SUSSMANN theory is not as well developed for SPDEs as for SODEs,

but in simple cases an SPDE can be transformed to an RPDE.

For example, the SPDE (1) with additive noise

dXt — [AXt + f(Xt)] dt + dVVt, Xt oD — 0,

is equivalent to the RPDE

9,
8—3:&;+f(v+0t)+0t

with v(t) = Xy — O, t > 0, where O; is the (infinite-dimensional) ORNSTEIN—

UHLENBECK stochastic stationary solution of the linear SPDE

dOt - [AOt - Ot] dt + th, Ot’a’D - 0

As a specific example, the RPDE with a scalar ORNSTEIN-UHLENBECK process,

ov v
o = o VWt O)

on the spatial interval 0 < z < 1 with Dirichlet boundary conditions is equivalent

to the SPDE with additive noise

2
dX. 0

t — @Xt—Xt—Xf dt"—th

on D = [0, 1] with Dirichlet boundary conditions and a scalar Wiener process.



2 Mild solutions of SPDEs

An Tt6 stochastic partial differential equation (SPDE)

dX, = [AX, + F(X,)] dt + B(X,) dW, (2)

on a Hilbert space H, where

e A is, in general, an unbounded linear operator, e.g., the Laplace operator A

with the Dirichlet boundary condition

o (W),cg+ is an infinite dimensional cylindrical Wiener process,

is a stochastic integral equation

t t
X = xo +/ [AX + F(Xy)] ds +/ B(X) dW;
0 0

on H, where the first integral is pathwise a deterministic integral and the second

an [to stochastic integral in H.

There are several different interpretations of the stochastic integral equation (2) in

the literature.

The mild form is used here since it is better suited for the derivation of Taylor

expansions and numerical schemes.

The Ito stochastic integrals here and below are defined analogously to the

finite dimensional case.




The mild form of the SPDE (2) is also a stochastic integral equation in H

t t
X, = eMrg + / AIR(X,) ds + / AIB(X,)dW,, as.,  (3)
0 0

where (eAt) 1> 18 & semigroup of solution operators of the deterministic ODE/PDE

X _ax e A
dt

— = 0
ot ’

u’BD =

on H,ie., et =8, for t > 0, where X(t) = Sy(zo) is the solution with Dirichlet

boundary conditions for the initial value X (0) = .

In the finite dimensional case, H = R%, the SPDE is an SODE, Aisa d xd

matrix and e?? is a matrix exponential.

Define the L9-norm of of a random variable Z : 2 — U, where U is a Hilbert space,

for ¢ > 1 by

1
1210 = (E[Z]5;)

The following is a version of the Burkholder-Davis—Gundy inequality in infinite

dimensions

Lemma 1. Let (Ft)te[o 1) be a predictable stochastic process, whose values are

Hilbert-Schmidt operators from U to H with EfOT IT4||3,¢ ds < oo. Then,

t t :
[reaw) <o [t a)
0 La 0

for every t € [0, T] and every g > 2. (Both sides could be infinite).




3 Function space setting

Let (H,(-,-)) and (U, (-,-)) be two separable Hilbert spaces with norms |-| = |-|,

and ||,

Let (D, |-|p) be a separable Banach space with H C D continuously.

Let L(U, D) be the space of all bounded linear operators I' from U to D. Then

L(U, D) is a Banach space with the operator norm || - ||.

The space Lys(U, D) of Hilbert—Schmidt operators I' from U to D is the subspace

of L(U, D) consisting of bounded linear operators with the finite Hilbert—Schmidt

norm

where (), oy is a complete orthonormal basis of U.

The space Ly (U, D) of nuclear operators I' from U to D is the subspace of Lys(U, D)

consisting of bounded linear operators with finite trace norm

Ty == TeT*T =) (T*Tug, u)y, < 00,
k=1

where I'* is the adjoint of I and (uy),y is a complete orthonormal basis of U.



4 Infinite dimensional Wiener processes

Let (€, F,P) be a probability space with a normal filtration (%;),5,. and let W},

k > 1, be pairwise independent scalar Wiener processes that are all adapted to the

filtration F;.

Let @ € L(U,U) be a symmetric and non—negative operator with Tr @) < oc.

= there exists a complete orthonormal basis system (u), oy of U and a bounded

sequence of non—negative real numbers Ay such that Qug = Ayuy for k € N.

Then the infinite sequence

W= VAW (4)
k=1

converges in the space (U, |-|;;) and has the properties

EWtIO, COVWt :tQ, tZO

It is called a )-Wiener process or cylindrical ()-Wiener process on U with respect

to the filtration F; and @ is called its covariance operator.

W, is called a cylindrical 7-Wiener process on U with respect to F; when the covari-

ance operator () = I, the identity operator on U.

Then Tr@ = oo and the infinite series (4) does not converge in U, but it it does

converge in a larger space with a weaker topology.




5 Assumptions

The coefficient terms A, F' and B of the SPDE (2) and the stochastic integral

equation (3) are assumed to satisfy the following assumptions.

Assumption 1. (Linear Operator A) Let (\;);ez be a family of positive real numbers

with inf;ez A\; > 0 and let (e;)ier be an orthonormal basis of H, where T is a finite

or countable set.

The linear operator A : D(A) C H — H s given by

Av = Z =\ (e;,v) e

1€T

forallve D(A) ={veH : Sier NI (e, v) P < 00}

Assumption 2. (Drift F') The mapping F' : H — H s global Lipschitz continuous

with respect to |-| .

Assumption 3. (Diffusion B) The embedding D C D((—A)™") is continuous for

somer >0 and B : H — L(U, D) is a measurable mapping such that e**B(v) is a
Hilbert-Schmidt operator from U to H and

e B)||,;s < LA+ |vlm) 72, || (B(v) = B(w))| 5 < Llv — w]t=

for allv, w € H and t € (0,T], where L > 0 and ¢ > 0 are given constants.

Here D((—A)") with € R is the interpolation space of powers of the operator —A

and ||-|| ;¢ the Hilbert-Schmidt norm for Hilbert-Schmidt operators from U to H.

Assumption 4. (Initial value) The initial value is an Fo-measurable random

variable o : Q — H with E|zo|}; < oo for some p > 2.




6 Existence and uniqueness of mild solutions

The literature contains many existence and uniqueness theorems for mild solutions

of SPDESs, such as Theorems 7.4 and 7.6 in DA PRATO & ZABCZYK which treat the

space-time white noise (cylindrical /-Wiener process) and trace—class noise (cylin-

drical Q-Wiener process) cases separately under different assumptions.

For example, something is assumed about e (see equations (7.27) and (7.28) in
DP & Z) in the space-time white noise case and on B (see equation (7.5) in DP &

Z) in the trace—class noise case.

In contrast, Assumption 3, which postulates something on the mapping v + e*B(v)
satisfies a linear growth bound and a global Lipschitz condition with respect to the
Hilbert—Schmidt norm for each ¢ > 0 with the constants depending of a fractional

power of t.

This allows the space—time white noise and trace—class noise cases to be combined

in a single setting.

The theorems here are taken from

A. JENTZEN AND P. E. KLOEDEN, A unified existence and uniqueness theorem

for stochastic evolution equations, Bull. Austral. Math. Soc. 100 (2010), 33-46.



Theorem 1. Let Assumptions 1-4 be satisfied and let (Wt)te[O,T} be a cylindrical
I-Wiener process in U.

Then there is a unique (up to modifications) predictable stochastic process X : €0 x
0, T] — H with supyc,p B[ X[}, < 0o, where p > 2 is given in Assumption 4, such

that

t t
P {Xt:e%oju / AIR(X,) ds + / A B(X,)dW,| =1 (5)
0 0

for allt € ]0,T). X is the unique mild solution of the SPDE (2) in this sense.

The integrals in equation (5) are well defined under the Assumptions 1-4.

The following regularity property of the solution holds if further assumptions are

made on et B.

Theorem 2. Let Assumptions 1-4 be satisfied and let v € (0,1) be such that
E|(—A)zof%, < oo. Furthermore, suppose that (—A) e B(v) is a Hilbert-Schmidt

operator from U to H with
(=AY M B)|| ;5 < L1+ o)) 572

for allv € H and all t € (0,T] with constants L > 0 and ¢ > 0. Then the unique
solution process X : Q x [0,T] — H of the SPDE (2) given by Theorem 1 satisfies

supg<i<r B [(—A) X}y < oo.

10




Sketch proof of Theorem 1

Introduce the real vector space V, of all equivalence classes of predictable stochastic

processes X : Q x [0,T] — H with supy<,<q | X¢|, < 00.

Equip this space with the norm

X[, = sup e X,

0<t<

for every X €V, and some p € R.
Note that the pair (Vp, ||||M) is a Banach space for any u € R.

Define the mapping ® : V, — V, by

t t
(DX := eMug + / AR (X,)ds + / A9 B(X,)dW,
0 0

for every t € [0,7] and X € V.

First, it needs to be shown that ® is well defined and then that it is a contraction
with respect to ||-||, for an appropriate 4 € R. Now
1
K

t 2
”(I)X — (I)Y”u < W ”X — Y’H‘u + Lp (/ g2e—12ps dS) HX . Y”,u
H 0

K T
< W + Lp / s-le2us ds | | X — Y”u
H 0

for p < 0.

Hence ® is a contraction with respect to ||-|| , for 4 < 0 and it has a unique fixed point

X € V,, which is the desired solution. U

11



7 Examples: common setup

Two examples in which the above assumptions hold will be considered.

These have the following common set up for the linear operator A and

the drift coefficient F', but have different types of noise.

Let D := (0,1) C R? with d > 1 and let H = L?(D, R) be the Hilbert space of all

square integrable functions from D to R with the scalar product and the norm

<v,w>:/pv(:€)w(:c) de, o], = </Dv(a:)2da:>

for all v, w € H. Also define U := H.

NI

Let A = YA, ie., a constant ¥ > 0 times the Laplacian with Dirichlet boundary

conditions.

The eigenfunctions and eigenvalues of linear operator —A are

ei(x) = 2% sin(iymxy) - - - sin(igmay), Ao =9n? (i + ... +145)

for all x = (21,...,74) € Dand all i = (iy,...,iq) € Z := N%

The linear operator A has the representation

Af = _Z — i e, f)e;

forall f € D(A) = {feH : Y, (e [)]* < o0}

Thus Assumption 1 holds.

12



Furthermore, let f, g : R — R be globally Lipschitz continuous functions, i.e.,

l9(x) —gW)| < Llz—yl,  |f(z) = f(y)| < L]z -y

for all z, y € R with a constant L > 0.

Define the corresponding Nemytskii operators

forall v € H.

Hence, F' and G are also globally Lipschitz continuous functions on H, i.e.,

G(v) = G(w)ly < Lv—wly,  [F(v) = F(w)ly < Llv—wly

for all v, w € H, and Assumption 2 holds.

Assumption 3 will be verified separately for the two cases of space-time white noise

and trace—class noise.

13



8 Example 1: Space—time white noise

Remark: It was shown by WALSH that mild solutions do not exist for space-time

white noise in spatial domains of dimension higher than one.

Let d=1,s0 D := (0,1) and D = L'(0,1). Define B by

B:H— L(H D),  (B)(w))(z):=(G))(z)- w(x) (8)
for every x € (0,1) and v,w € H.

Then B is well defined, since by the Cauchy—-Schwarz inequality

|B(v)(w)lp = /OIG(U)(SE)-w(x)Idaf

(/01 |G (v)()[* dx); (/01 w(z)|? dx); = |G)|y - |w|,

IN

for all v, w € H.

In particular, B(v) is a bounded linear operator from H to D with the property

||B(U)||L(H,D) < [G()|y
for all v € H. In the same way, it follows that
1B(v) = B(u)ll .y < 1G(0) = G(u)|y < Lo —uly

for all v,u € H, since G is globally Lipschitz continuous.

Hence B is also a globally Lipschitz continuous function from H to L(H, D) and

thus measurable.

14



Combining the definitions in equations (6)—(7) and (8) gives for every v,w € H

B:H — L(H,D), (Bv)(w))(z):=g(v(z)) wx) forze(0,1).

In the next step, let ¥ > 0. Then (—A)?e*B(v) is a bounded linear operator from

H to H for every v € H and t € (0,71, since

[(=A)e"B)|,s = (ZZ A et e],B@)em))

€L jeET

1
2

< (Z(A?e‘QAJtQIG(v)@)) = V2[G ()| [[(-A)e

JjeET

forallve H, t € (0,T].

Now suppose that vy € [0, 1). Then,

e}

[(—Ayet|y = S aes
j=1
— i 2.2 27 e~ 205°7%t M Qt_%_gﬂ/
Jj=1 B m1n<1971>

from which it follows that

O e L O

for every v € H, ¢t € (0,T] and v € [0, 1).

15
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In the same way, it can be shown that

(=A™ (B(o) = Bw)| 15 < (%) G(v) = G|y 1747

for every v, u € H, t € (0,7] and v € [0, 1). Thus Assumption 3 holds.

Finally, if the initial value satisfies Assumption 4, then the SPDE

dX; = [AX, + f(Xy)] dt + g(X;) dW,,

on the domain D = (0, 1) has a unique mild solution by Theorem 1.

In addition, if the initial value satisfies E |(—A)Yzol}; < oo with v € [0, 1), then

the solution has almost surely values in D((—A)?7) in the sense of Theorem 2.

In particular, the SPDE with additive noise

dXy = [AX; + f(Xy)] dt + dW, 9(y) =1,

and the stochastic heat equation with linear multiplicative noise

dX, = AX,dt + X, dW,, 9w) =y, fly) =0,

both have unique mild solutions.
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9 Example 2: Trace—class noise

Let d > 1, D = H and let (f;),.; be another orthonormal basis in H with the

property that f; : D — R are continuous functions, which satisfy

supsup | fi(z)]| < 0.
€L zeD

Moreover, let \/Q : H — H be a bounded linear operator given by

VQu =Y aifi (fi,v)

1€l

for real numbers (o), satisfying Y, 7 o? < co.

Then /Qu : D — H is a continuous mapping with

sup| (V) @] < X (lal- 15 -sup 7o)

z€D i€l z€D

[V

< (Z a?>_ (Z () ) (supsup o)

i€l i€l

VAN

(Za?f (supsup o)1) ol = clol

icl i€L D

In the next step, define B by

B:H— L(H,D),  (B()(w))(z):=(G))(z)- ( Qw) () (9)

for every x € (0,1)% and v, w € H.

17



Then B is indeed well defined, since

sl = ([
< </(0’1)d\G(v)(x)|2dx)% (sup (\/@w> (@D

z€D

— 16l (sup|(v@w) @] ) < clGwlyluly

z€D

Gw)a) - (VQu))| da:)é

for all v, w € H.

Hence, B(v) is a bounded linear operator from H to H = D with the property

”B(U)HL(HJ)) §C|G(U)‘H, Yve H.

In the same way,
1B(v) = B(u)llm,p) < ¢lG(v) = Gu)ly < el —uly

for all v, uw € H, since G is global Lipschitz continuous.

Hence B is also a global Lipschitz continuous function from H to L(H, H).

Combining the definitions in equation (6)—(7) and (9), then shows that the operator
B: H — L(H, D) is defined by

(B(v)(w)) (z) = g(v(2)) - (VQu)(x), @€ (0,1)%,

for every v, w € H.

18



Let v € [0,1). Hence (—A)7eB(v) is a linear bounded operator from H to H and

[(=A)7 et B(v < =AY e IIB@) s < €7 1B s

o (£)[ )é

t (Z a?) G(V)] g (Supsup Ifi(af)l) =clG)|y 1

el 1€ zeD

s

=t (Z a?

1€l

IN

for every t > 0 and v € H. In the same way,

[(=A) e (B(v) = B(u))| g < ¢|G(v) = G(u)| t™
for every t > 0 and v, u € H, which verifies that Assumption 3.

Finally, if the initial value satisfies Assumption 4, then the SPDE

dX; = [AX, + f(X,)] dt + g(X,) /QdW,

on the domain D = (0,1)? has a unique solution by Theorem 1. Moreover, if

E|(—A)"u|” < oo with v € [0,1), then the solution has almost surely values in

D((—A)”) in the sense of Theorem 2.

In particular, the SPDE with additive noise

dX, = [AX, + f(X})] dt +/Q dW,, g(y) =1,

and the stochastic heat equation with linear multiplicative noise

dX, = AX,dt + X, \/Q dW,, 9y) =y, fly) =0,

both have unique mild solutions.
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Lecture 6: Numerical Methods for SPDEs

The numerical approximation of stochastic partial differential equations

(SPDEs), specifically stochastic evolution equations of the parabolic or hy-

perbolic type, encounters all of the difficulties that arise in the numerical

solution of both deterministic PDEs and finite dimensional stochastic ordi-

nary differential equations (SODESs) as well as many more due to the infinite

dimensional nature of the driving noise process.

The state of development of numerical schemes for SPDEs compares with

that for SODEs in the early 1970s.

However, most of the numerical schemes that have been proposed to date

have a low order of convergence, especially in terms of an overall computa-

tional effort.

Only recently has it been shown how to construct higher order schemes.




The breakthrough for SODEs started with the Milstein scheme and contin-

ued with the systematic derivation of stochastic Taylor expansions and the

numerical schemes based on them.

These stochastic Taylor schemes are based on an iterated application of the

It0 formula.

The crucial point is that the multiple stochastic integrals which they contain

provide more information about the noise processes within discretisation

subintervals and this allows an approximation of higher order to be obtained.

There is, however, NO general It6 formula for the solutions of SPDEs in

Hilbert spaces or Banach spaces.

Nevertheless, it has recently been shown that Taylor expansions for the

solutions of such equations can be constructed by taking advantage of the

mild form representation of the solutions.




1 An early result

Consider a parabolic SPDE with a Dirichlet boundary condition on a bounded

domain D in R?

dX, = [AX, + F(X,))] dt + G(X,) dW,. (1)

Suppose that the coefficients satisfy the assumptions of the previous lecture. In

particular, assume that the eigenvalues \; and the corresponding eigenfunctions ¢,

€ H,*(D) of the linear operator —A | i.e., with

form an orthonormal basis in Ly (D) with \; — 0o as j — oo.

e Assume (for now) also that W, is a standard scalar Wiener process.

Projecting the the SPDE (1) onto the N-dimensional subspace Hy of Ly(D) spanned
by {¢1, ..., én} gives an N-dimensional Ito—Galerkin SODE in RY of the form

ax™ = [ax XM 4 Fy(xi™)| dt+ Gu(xM)aw,, (@)

where X ) is written synonomously for (X1, ... XNNT ¢ RN or Zjvzl XNig,

€ Hy according to the context.

Moreover, Fry = Py F ’ Hy and Gy = PNG} Hy? where I’ and GG are now interpreted
as mappings of L,(D) or Hy*(D) into itself, and Py is the projection of Ly(D) or
H)*(D) onto Hy, while Ay = PNA‘HN is the diagonal matrix diag[A;, ..., An].




W. GRECKSCH AND P.E. KLOEDEN, Time-discretised Galerkin approzimations

of parabolic stochastic PDEs, Bulletin Austral. Math. Soc. 54 (1996), 79-84,

showed that the combined truncation and global discretisation error for an strong

order v stochastic Taylor scheme applied to (2) with time step A has the form

max_ E <‘Xm _ YA
k=0,1,....N

1
< K ()\71/2 )\Lv+5J+1A7>
LQ(D)) S K7 (Ayp T AN )

where |z | is the integer part of the real number x and Kr is a constant.

Since \; — oo as j — o0, a very small time step is needed in high dimensions to

ensure convergence, i.e., the Ito-Galerkin SODE (2) is stiff and explicit schemes

such as strong stochastic Taylor schemes are not really appropriate.

An implicit scheme should be used here, but the special structure of the SODE (2)

suggests a simpler linear—implicit scheme, since it is the matrix Ay in the linear
part of the drift coefficient that causes the troublesome growth with respect to the
eigenvalues, so only this part of the drift coefficient needs to be made implicit, e.g.,

as in the linear—implicit Euler scheme

VM = v 4 Ay A + Fy (VM)A + an (v, Awg,

These results are of limited value because W; is only one dimensional and the proofs
of the convergence of Taylor schemes for SODE require the partial derivatives of the

coefficient functions of the SODE to be uniformly bounded on R¥.




2 Overall convergence rate

The overall convergence rate with respective to the temporal and spatial discretisation

is usually expressed in terms of the computational cost of the scheme.

For one dimensional domains this is defined by K = N - M, where

e N is the number of arithmetical operations, random number and function eval-

uations per time step to calculate the next iterate Y,C(N’M) of the scheme (this is

related to the dimension in a Galerkin approximation) with
. T
e M time steps of constant length A = i

Write Y} as Yk(N’M) to emphasize the dependence on the number of time steps M.

If the scheme has error bound

1
2 3 1 1
sup (E ’th — Yk(N’M) er(p)) < Kr (W + W) (3)

k=0,....M

for o, > 0, then the optimal overall rate, i.e.,

af
a+

with respect to the computational cost is

af
2 5 —

) <Kp K @«t+05,
L2 (D)

[un

M

M)
s, (-,

1 1
o cg., ifa= 3 and [ = 1, then obtain the overall rate is 3"



3 Other early results

Much of the literature is concerned with a semilinear stochastic heat equation with

additive space-time white noise 1, on the one dimensional domain D = (0, 1) with

the Dirichlet boundary condition over the time interval [0, T], i.e.,

ou  O*u .
§:@+JC(U)+W@ (4)

The following papers are a representative selection of many others in the literature

dealing with the SPDE (4).

In 1998 and 1999 GYONGY applied finite differences to an SPDE driven by space—

time white noise and then used several temporal implicit and explicit schemes,

in particular, the linear—implicit Euler scheme. He showed that these schemes

converge with order % in the space and with order i in time — hence with an

overall convergence rate of % with respect to the computational cost in space and

time.

In 1999 SHARDLOW also applied finite differences to the SPDE (4) to obtain a

spatial discretisation, which he then discretised in time with a 8-method. This had

an overall convergence rate % with respect to the computational cost.

A.M. DAVIE AND J.G. GAINES, Convergence of numerical schemes for the solution
of parabolic stochastic partial differential equations, Math. Comput. 70 (2001), 123-
134,

showed that any numerical scheme applied to the SPDE (4) with f = 0 which uses

only values of the noise W; cannot converge faster than the rate of % with respect

to the computational cost.




MULLER—GRONBACH & RITTER showed in 2007 that this is also a lower bound

for the convergence rate.

They even showed that one cannot improve this rate of convergence by choosing

nonuniform time steps.

Higher rates were obtained for smoother types of noise

For example, in 2003 HAUSENBLAS applied the linear-implicit and explicit Euler

schemes and the Crank-Nicolson scheme to an SPDE of the form (4).

For trace—class noise she obtained the order % with respect to the computational

cost, but in the general case of space—time white noise the convergence rate was no

better than the Davie-Gaines barrier rate %.

Similarly, in 2004 LORD & ROUGEMONT discretised in time the Galerkin—-SODE

obtained from the SPDE (4) with the numerical scheme

Y = et (M 4 By (M0 a) + AWl
()

which they showed to be useful when the noise is very smooth in space, in particular

with Gévrey regularity.

However, in the general case of space-time white noise the scheme (5) converges

at Davie-Gaines barrier rate %.



4 The exponential Euler scheme

A. JENTZEN AND P. E. KLOEDEN, Ouvercoming the order barrier in the numerical

approzimation of SPDEs with additive space-time noise, Proc. Roy. Soc. London,

Series A 465 (2009), no. 2102, 649-667.

Consider a parabolic SPDE with additive noise

dX, = [AX, + F(X,)] dt +dW,,  Xo=mzo, (6)

in a Hilbert space (H, |- |) with inner product < -,- >, where A is an in general

unbounded linear operator, F' : H — H is a nonlinear continuous function and W;

is a cylindrical Wiener process.

Interpet the SPDE (6) in the mild sense

t t
X, = eMag +/ A P(X) d5+/ A qw,. (1)
0 0

Use the fact that the solution of the N-dimensional It6—Galerkin SODE in the

space Hy := PyH (or, equivalently, in RY)

dX) = (ANX) + Fn(X)Y)) dt +dwy (8)

has an analogous “mild” representation

t t
XN = ety 4 / AN P (XN ds + / AN g N o (9)
0 0




This motivated what JENTZEN & KLOEDEN called the exponential Euler scheme

Y = ey At (e — 1) Ey (M)

t
+ / ANt dwXx (10)

tg

with the time step A = % for some M € N and discretisation times t;, = kA for k

=0,1,..., M.

The exponential Euler scheme is easier to simulate than may seem on the first

sight.

Denoting the components of Y™ and Fy by
Y = <6¢,Y,§N’M)>, Fi={e;, Fy), i=1,...,N,

the numerical scheme (10) can be rewritten as

1

vV Ay (VA (1— e‘AlA)Fl (VM) Ny 2uA 2 Rl
k+1,1  — € k1 +T N (Y )+ 2—)\1( —e ) k
1 — e—>nA 2
v = ayn | L) payonany o (g gooa
’ ’ >\N 2)\]\[

R

N
k o

where the R fori =1,..., Nand k=0, 1, ..., M — 1 are independent, standard

normally distributed random variables.




5 Assumptions

Assumption 1. (Linear Operator A) There exist sequences of real eigenvalues 0

< A < A < ... and orthonormal eigenfunctions (e,),~, of A such that the linear

operator A : D(A) C H — H is given by

Av = Z =\ (en, V) en
n=1

for allv € D(A) with D(A) = {ve H : ¥, Anl? [(en, )] < 00}

Assumption 2. (Nonlinearity F') The nonlinearity F' : H — H is two times

continuously Fréchet differentiable and its derivatives satisfy

IF"(z) = F')l < Lz =yl [(=A)TF (@)(=4) 0|, < Lol
forallz,y € H,v € D(=A)) andr =0, 3, 1 and

) 9

AT P (@) (0, w)]; < L[(=4) 30

for all v,w,x € H, where L > 0 is a positive constant.

Assumption 3. (Cylindrical Q-Wiener process W;) There exist a sequence (gn),>,

of positive real numbers and a real number v € (0,1) such that

oo
Z Mg, < o0
n=1

and pairwise independent, scalar Fi-adapted Wiener processes (Vth)tZO forn > 1.

The cylindrical Q-Wiener process Wy is given formally by

W, = Z Va W ey
n=1

10



Assumption 4. (Initial value) The random wvariable xq : Q@ — D((—A)7)

satisfies B |(—A)Txo|y, < oo, where vy > 0 is given in Assumption 3.

Under Assumptions 1-4 the SPDE (6) has a unique mild solution X; on the time

interval [0, T'], where X, is the predictable stochastic process in D((—A)?) given by

the mild form equation (7).

Since Assumption 2 also applies to Fy, the Ito—Galerkin SODE (8) also has a

unique solution on [0, 7], which is given implicitly by the mild form equation (9).

The formalism here includes space—time white noise (in one dimensional domains)

as well as trace—class noise.

Theorem 1. Suppose that Assumptions 1—4 are satisfied. Then, there is a constant

Cr > 0 such that
1
2\ 2 log (M
sup (E ’th — YIC(N’M)’ ) < Cy <)‘NPY + og( ))
M H M

holds for all N, M € N, where X, is the solution of SPDE (6), Yk(N’M) is the
k
numerical solution given by (10), tx = TM fork=0,1,..., M, and v > 0 is the

constant given in Assumption (A2).

In fact, the exponential Euler scheme (10) converges in time with a strong order

1 — € for an arbitrary small £ > 0 since log(M) can be estimated by M¢, so

log(M) 1

~

M Vi

An essential point is that the integral ﬁi’““ eAvte1=3) JI N includes includes more

information about the noise on the discretisation interval.

11



6 Restrictiveness of the assumptions

Assumptions 1-4 in Theorem 1 are typical of those used in the mathematical lit-

erature and are interesting for when they are valid and not valid.

Assumptions 1-4 are quiet restrictive. and Theorem 1 has several

serious shortcomings.

Firstly, the eigenvalues and eigenfunctions of the operator A are rarely known
except in very simple domains — finite element methods are a possible way around

this difficulty.

More seriously, Assumption 2 on the nonlinearity F', which is understood as the

Nemytskii operator of some function f : R — R, is very restrictive and excludes

Nemytskii operators for functions like

u

m, f(U) = U—Us, UER

fu) =

A particular problem is the Fréchet differentiability of the function F' when con-

sidered as a mapping on the Hilbert space H into itself and the boundedness of the

derivatives of F' as expressed in Assumption 2.

The other problem is the global Lipschitz estimate on F' — this difficulty also

arises for finite dimensional [t6 SODE for which it can be overcome by using

pathwise convergence rather than strong convergence.
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Lectures 7 & 8: SPDEs with Additive Noise

Taylor expansions of solutions of SPDE in Banach spaces are the basis for deriving

higher order numerical schemes for SPDE, just as for SODE.

There is, however, a major difficulty for SPDE. Although the driving Wiener process

is a martingale, the solution process is usually not even a semi-martingale.

In particular, in general, an Ito formula does not exist for the solutions of SPDEs,

just special cases.

Hence stochastic Taylor expansions for the solutions of an SPDE cannot be derived

as for the solutions of finite dimensional SODE.

In this and the next lecture we consider the derivation of robust Taylor expansions

of solutions of SPDE with additive noise of the form

dX, = [AX, + f(X,)] dt + BdW;, (1)

which will be interpreted in mild form

t
Xt = Stg + / St—s F(XS) ds + Ot
0

for an appropriate semigroup of operators (S;):>o.

e The Taylor expansions will be derived in essential the same way as for RODEs.



1 Assumptions

Let (2, F,P) be a probability space and (V, |-|) be separable real Banach space.

Let (L(V), ||-]|) denote the real Banach space of all bounded linear operator from V'

to V and let (L (V,V),]-||) with n € N be the real Banach space of all bounded

n-multilinear operators from V" to V.

Finally, let B(V') be the Borel o-algebra on V' and fix 7" > 0.

A mapping Y : [0,7] x Q — V is said to be a stochastic process if the mappings

Y, : Q =V, w i Y (w) =Y(tw), w € (),

are F /B(V)-measurable for every ¢t € [0, T].

Such a stochastic process Y : [0, T]xQ — V is said to have continuous sample paths

if the mappings

0, 7] =V, t— Yi(w), t €10,7],

are continuous for every w € Q.

It is said to have #-Holder continuous sample paths where 6 € (0, 1] if

I ACES A

0<ti<t<T  (t; —15)°

holds for every w € €.



Assumption 1 (Semigroup S). The mapping S : [0,00) — L(V') satisfies

SO = [7 St15t2 = St1+t27

Sy — S| -
sup 5] < 0. sup LI FLE o )
0<t<T 0<s<t<T t—s

for every ty,ty € [0,00), where I is the identity operator on V.

Comments on Assumption 1:

For greater generality the semigroup S : [0,00) — L(V) in Assumption 1 is not

assumed to be strongly continuous as is usual in the literature.

The last condition in (2) implies that S; is locally Lipschitz continuous on (0, 7]

and also indicates the size of the local Lipschitz constant.

If S, = e, t >0, is a strongly continuous semigroup on V with the generator A :
gly g

D(A) C V — V| then the last condition in (2) follows from the estimate
|Aet|| <¢/t,  te(0,T],

and some constant ¢ > 0, since

eAtQ,U o eAtl,U‘ _ ‘(eA(tQ*tl) o At1

to—1t1
/ AsAeAtlv) ds

to—t1
/ ‘eASAeAtlv‘ ds < ( sup He H) (ta — t1) |v]
0

0<t<T

IN

for every 0 < t; <ty < T and every v € V.



Assumption 2 (Nonlinearity F'). The mapping F : V. — V is infinitely often

Fréchet differentiable.

Comments on Assumption 2: The smoothness of the drift coefficient provided

by Assumption 2 is required for the Taylor expansions that will be derived below.

The infinitely often differentiablility is assumed only for convenience and it would

suffice to assume that F' is k-times Fréchet differentiable for some k € N, which is

sufficiently large.

Assumption 3 (Stochastic process O). The stochastic process O : [0,T] x Q@ — V

is 0-Holder continuous sample paths with 6 € (0, 1).

Comments on Assumption 3: This means that the mappings
O :Q—V, w i Oyw) = O(t,w), w € (),

are F/B(V)-measurable for every ¢ € [0, 7] and that

|01, (w) = O (W)
‘6

sup < 00

t1,t2€[0,T |t2 — tl
t1#£t2

holds for every w € €.

Pathwise Holder continuity is typical of noise processes in applications.

Assumption 3 does not require the noise process to be generated by a Wiener process

— fractional Brownian motion is also possible.



Assumption 4 (Initial value §). The initial value & : Q — V is F /B(V)-measurable
with

sup 7 [5i6() — )] < o0

te(0,77]

for every w € Q.

Comments on Assumption 4: The condition in Assumption 4 states that the

initial random variable £ : 2 — V is smooth in some sense. This may not be

satisfied in some applications, but can be overcome in some cases.

Assumption 5 (Existence of a solution). There ezists a stochastic process X :

[0,T] x Q — V with continuous sample paths, which satisfies the integral equation

X,(w) = S.EW) + / S1s F(Xo(w)) ds + Oy(w) 3)

0

for every t € [0,T] and every w € Q.

(The integral in (3) is a V-valued Bochner integral).

Comments on Assumption 5: The existence of a solution of the SPDE provided

by Assumption 5 is a minimal assumption to do numerical analysis.

It is provided by more specific assumptions on the linear operator A in the SPDE.

The explicit use of the semigroup allows greater generality and simpler notation.




2 Properties of the solutions

The pathwise uniqueness and Hoélder continuity of the solution process, the exis-

tence of which is provided by Assumption 5, follow from Assumptions 1-4.

Lemma 1. Suppose that Assumptions 1-5 are satisfied and let X, Y : Qx [0,T] —

V' be two stochastic processes with continuous sample paths, which satisfy (3), i.e.,

Xi(w) = Sié(w)+ /0 Si—s F(Xs(w)) ds 4+ O¢(w)

Yiw) = Si(w) +/0 Si—s F(Ys(w)) ds + O(w)
forallt € [0,T] and w € Q. Then
Xi(w) = Yi(w)

forallt € [0,T] and w € Q.

The sample paths of the unique solution process are not only continuous, but in

fact Holder continuous.

Lemma 2. Suppose that Assumptions 1-5 hold. Then the unique solution process

X :[0,T] x Q — V has 0-Hélder continuous sample paths, i.e.,

X, — X
qup  Xe@ = Xa@I

0<t1 <t2<T (ty — t1)°

holds for every w € Q, where 6 € (0,1) is given in Assumption 3.




Subtracting the noise process O, from the solution process X; in integral equation

(3) gives the equation

t
Xt - Ot = Stg +/ St—s F(XS) ds (4)
0

for every t € [0, 7.

Proposition 1. Suppose that Assumptions 1 and 2 are sastisfied and let X : [0, T] X
Q — V be a stochastic process with continuous sample paths. Then'Y : [0,T] x
— V' given by
Yi(w) := /t Si_s F(Xs(w)) ds
0

for every t € [0,T] and w € Q is a well defined stochastic process with continuous

sample paths.

The process X; — O, is smoother than the original solution process X;. This

additional regularity of the stochastic process X; — O, will play an important role

in the derivation Taylor expansions.

Lemma 3. Suppose that Assumptions 1-5 hold. Then the stochastic process X — O

: [0, 7] x Q — V has Lipschitz continuous sample paths, i.e.,

up 1066 = 0u) ~ (%) = Oul _

holds for every w € ), where O and X are given in Assumptions 3 and 5.




3 Examples

Let H = L? ((0, 1)d , R) be the real Hilbert space of equivalence classes of square

integrable functions from D = (0,1)? to R for some d € N with the scalar product

and the norm

(u,v)y = /(071)(1 u(z)v(x) de, luly = (/(071)d u(z)? dx)

Let V = C([0,1]¢,R) be the real Banach space of continuous functions from [0, 1]¢

NI

to R with the norm is given by

vy, = sup |v(z)]
z€[0,1]¢

e Note that V' C H densely and continuously.

e;(z) = 22 sin(iymay) . . . sin(igray), z € [0,1), (5)
No=7 (i1 + ... +143) (6)
with indices i = (i1,...,14) € Z = N? with the Euclidean norm ||i|,.

These are eigenfunctions and eigenvalues of the minus Laplace operator on (0, 1)<

with the Dirichlet boundary condition.

The e; € V for i € N* and form an orthonormal basis of H.




3.1 Semigroup generated by the Laplacian

The next proposition gives an example of a semigroup satisfying Assumption 1.

Proposition 2. The mapping S : [0,00) — L(V') defined by

Sov = v, Sy = Z e M (e, v) e = lim Z e (e, V) €

N—oo
i€Nd ieNd
lléllo <N

for every t € (0,00) and v € V satisfies Assumption 1.

The functions (€;),cna and the real numbers (X;);cna are given by (5) and (6).

This is simply the semigroup generated by the Laplace operator with Dirichlet

boundary conditions. Other boundary conditions could also be considered here.

It is easy to see that the semigroup given in Proposition 2 is not strongly continuous.

The mapping

0,T] —V, t — S, t €[0,7T],

is not continuous at ¢ = 0 if, e.g., v(x) = 1, although the mapping

0, 7] — H, te Sw, tel0,T],

is continuous for every v € V with respect to the H-norm |-|.



3.2 The drift as a Nemytskii operator

The drift mapping F' : V' — V can often be defined as the Nemytskii operator of

a real valued function of real variables.

Let f:[0,1]Y x R — R be a continuous function such that the mappings

R — R, y— f(z,y), y € R, (7)

are infinitely often differentiable for each z € [0,1]¢ and let

j—wf:[o,ude_m

be the nth derivative of f with respect to its last variable in [0, 1] x R C R4

Proposition 3. Let f : [0,1]? x R — R be a continuous function which is smooth

in its last variable in the sense of (7) such that that the partial derivatives 8—f :
yn

[0,1]Y x R — R are continuous for every n € N.

Then the corresponding Nemytskii operator
F:V =V,  (F)(z):=f(z,ox), zel0,1]9 wveV,

is infinitely often Fréchet differentiable and its Fréchet derivatives F™ .V —
LMV, V) are given by

(F(”)<U)(Ul, - ,Un)) (:L’) = (aa—ynn ) (;L”UCL*)) . vl(x) .. vn(a:)

for every x € [0,1]* and v, v1, ..., v, € V for eachn € N.

(£

Moreover, these derivatives satisfy

HF(")(U)H = sup

z€l0,1]¢

for everyv € V andn € N.
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3.3 Stochastic process as stochastic convolution

In principle, O could be an arbitrary stochastic process with Holder continuous

sample paths such as a fractional Brownian motion

The following example is a very important case involving stochastic convolutions

of the semigroup S constructed in Proposition 2 and a cylindrical Wiener process.

Proposition 4. Let p > 0, let <Wti)t207 i € N%, be a family of pairwise independent

standard scalar Wiener processes and let b : N© — R be a given function with
120=2 (777 (2

Dien 1" [b(8)]7 < oo

Then, there exists a stochastic process O : [0,T] x Q — V which satisfies

o 106() = 04

S < oo
0<ti<tr<T (o — 1)

for every w € Q and § € (0,min (1, p)) such that

P | lim sup
N—oo g<¢<T

—0| =1

t
O — Y b (—)\i / eAi(ts)WjdstWf) e
0

ie{ly--wN}d

)

where the functions (e;);cna and the real numbers (\;),cna are given by (5) and (6).

In particular, the stochastic process O satisfies Assumption 3.

For an appropriate cylindrical I-Wiener process W; on H

t t
Oy =Y bli) < / e~ Ailt=9) de) e = / S,y BdW,,  P-—as.,
0 0

ieNd

where the bounded linear operator B : H — H is given by

Bv = Zb(z) (€i, V) €, Vove H.

i€ENd
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4 Concrete examples

As above consider

t
XtISt£+/ Stst(Xs)dS—FOt, te [O,T],
0

on the real Banach space V = C (0,14, R).

There are a many possible choices for the state space V for evolutionary SPDEs.

The choice V = C ([0,1]%,R) with its supremum norm |v| = SUp,.¢(0,1j¢ |v(7)] for

v € V yields very strong results.

In principle, the Dirichlet boundary condition could be incorporated in the space V'

so that the semigroup becomes strongly continuous.

This may, however, restrict the nonlinearity in some sense.

Example 1.)

Let d =1 and T = 1. In adddition, let f(z,y) =y —y> for all x € [0,1] and y €

R, let b(i) = 5 for each ¢ € N and, finally, let £ = fe;.

The SPDE

2

dX

1

with boundary and initial conditions
X:(0) = Xy(1) =0, Xo(z) = — sin(mz)

satisfies Assumption 3 on C ([0,1],R) for every 6 € (0, 1).
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Example 2.)

As before set d = 1 and T" = 1, but now choose the functions

Yy
1+ y?’

flx,y) = re€[0,1], y €R,

and b(i) = 1 for all i € N and the initial value £ = 0.
The SPDE

2

0
ox? Xi+

Xy

14+ X7

with boundary and initial conditions
Xi(0)=Xy(1)=0, Xy=0
satisfies Assumption 3 on C'([0,1],R) for all 6 € (0, ).
Example 3.)
Now let d = 2 with 7" =1 and £ = 0 as before and consider the function
flay)=—y* 201, y R,

and

b(i) = —— i = (i1,1y) € N2

The SPDE

o 0

2 2
Ory 0735

with boundary and initial conditions

Xiloo2 =0,  Xo=0
satisfies Assumption 3 on C ([0, 1]%, R) for every 6 € (0, 3).
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5 Taylor Expansions

Recall that we are considering the pathwise SPDE with additive noise in mild form

Xi(w) = Sié(w) + /0 Si—s F(Xs(w)) ds + Oy(w)

Taylor expansions of the solution of the SPDE (3) will be derived here in much the

same way as was done for RODEs,

i.e., using Taylor expansions of the drift function and inserting lower order Taylor

expansions of the right hand side of higher order ones to obtain a closed form

expression for the solution.

This will involve special integral operators acting on a space C of all stochastic

processes Y : [ty, T] x Q@ — V with continuous sample paths defined by

C .= {Y o, T) x Q= V| Y, : Q— Vis F/B(V)-measurable Vit € [ty, T

and [tg,T] 2 t — Y;(w) is continuous V w € Q}

This is a real vector space since V' is assumed to be separable.
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Define At :=t — to for t € [to, T] and define the stochastic processes

AX,AO : [to,T] xQ — V € C

AX (W) = Xo(w) = Xpy (@), AO,(w) = Oy(w) — Oy (w)

for t € [ty,T] and w € Q, where Oy is the stochastic process given in Assumption

3 and X; is the unique solution process of the SPDE (3).

Since

t
Xt = St§+/StSF(XS)dS+Ot
0

to t
= Sat (S&) + / Si_s F(Xs)ds + / Si—s F(Xs) ds + Oy
0

to

to t
- SAt (Stog + / Sto—s F(XS) dS) + / St—s F(XS) dS + Ot
0

to

t
— Sai(Xiy — Op) + / Sy s F(X.)ds + O,

to

for every t € [to, T], the increment AX of the solution is given by

t
AXt = (SAt_I) (Xto —Ot0)+/ Stfs F(XS) dS"‘AOt (11)

to

for all t € [to, T'.

The basic formula (11) is the starting point for derivation of Taylor expansions of

the solution process X and its increment AX.
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6 Integral operators

Define the stochastic processes I° and I? € C by

Ptw) = <sm—f><Xt0<w>—ot0<w>>+( / AtSst) F(X,y ()

L(tw) = (SAt—I)(Xto(W)—OtO(W))Jr/ Si-s F(Xs(w)) ds

to

for every t € [ty,T] and w € Q.

Note that the subscript * means that the solution process X 1is included

in the integrand.

The absence of this subscript means that only the constant value X, is present.

For each n € N define n-multilinear symmetric mappings I and I} : C" — C by

g, gn)(t,w) = % / Si_s F(")(Xt0 (W) (g1(s,w), ..., gn(s,w)) ds

to

and

I:[gla s 7gn](t7w) =

/t: Si—s (/01 F™ (X, (w) + rAX (W) (91(5,w), - .-, gn(s,w)) % dr) ds

for every t € [tg, T], w € Q and ¢1, ..., g, € C.

It follows as in Proposition 1 from Assumptions 1-5 that the stochastic processes

I° 1% € C and the mappings I", I" : C"* — C for n € N are well defined.
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A Taylor approximation of X; with ¢ € (¢y,T] about X;, can depend only on the

value of the process X at time ty, i.e., only on Xy, .

The stochastic processes I and I"[gy, ..., g,] € Cfor gy, ..., g, € C,n € N, depend

on the solution at time t; only and are therefore useful Taylor approximations for

the solution process X and its increment AX.

The stochastic processes I? and I™[gy,...,g,] € Cfor gy, ..., g, € C,n € N, depend

on the whole solution X with s € [to,¢] and can thus represent remainder terms,

which can then be further expanded to give a better approximation using the fol-

lowing proposition.

Proposition 5. Let Assumptions 1-5 hold. Then,

19 =1°4 1MI% + ILAO), (12)
and
oy, oognl = g1y g0 + L g1, 90) (13)
+IMAO, g1, . . ., gl
for every g1, ..., go € C andn € N.

The basic formula (11) for AX can be written in terms of these integral operators

as AX; = I°(t) + AO; t for every t € [ty, T] and symbolically in the space C as

AX = I°+ AO.
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Proof. Consider (12). Applying the Fundamental Theorem of Calculus for Banach

space valued functions to the function [0, 1] — V defined by

r F<Xt0 +T<Xs _Xt()))

yields

ﬂ&)ZFMwﬁfFWﬁN&—&MWrXMW
= F(Xy) +/1 F'( Xy, + rAX ) (AX,) dr

~ F(X,) +/1 F(X, +rAXS)(IS(s))dr+/1F’(XtO +rAX,)(AO,) dr

for every s € [to, T], where (15) has been used. Hence,

1) = (Sar—1)(Xy — Oy) + / t S,  F(X,)ds

to

t
— (Sar— 1) (Xyy — O) + / Siy F(Xyy) ds

to

t 1
+/ Sts/ F'(Xy, +rAX)(I0(s)) drds
to

0

t 1
+ / S / F/(X,, + rAX,)(AO,) dr ds,
to 0

which implies that

L(t) = I(t) + L [L)(t) + L. [AO)(t)

*

for all t € [to, T'. O
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An iterated application of Proposition 5 then allows Taylor expansions to be de-

rived step by step, as will be seen below.

The corresponding Taylor approximation is obtained by omitting the remainder

terms in the Taylor expansion.

Write Y; = O((At)") for a stochastic process Y € C and some real number r

€ (0,00) to denote that
Y,
i)
te(to,T) (t—to)"

< 00

holds for every w € €.

The following proposition will allow the order of a Taylor approximation to be es-

timated.

Proposition 6. Let Assumptions 1-5 hold. Then I°(t) = O (At) and I2(t) = O (At).
Moreover, if g1, ..., gn € C forn € N satisfy g1(t) = O ((AH)™), ..., gu(t) = O ((At)™")

with ay, ..., a, € (0,00), then

I"g1, - ga)(t) = O ((At)Ha”“'Jran) . g1y, 00)(t) =0 ((At)1+a1+"'+°‘") . (14)

Proof. Define the F/B([0, 00))-measurable mapping R : 2 — [0, 00) by

R(w) = 1+ sup [F(Xy(w))[+ sup |||
0<t<T 0<t<T
+ sup (X, (W) = O, (w)) = (X (w) = O ()]
0<t1<t2<T to — 11

for every w € €2, which is indeed finite and hence well defined by Assumptions 1-5

and Lemma 3.
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From the previous lecture

(XtQ - Ot2) - (Xt1 - Otl)

to t1
(S —Su)E+ / Spya F(X.) ds — / Sy F(X.)ds
0 0
t1 to
= (Stg—t1 — I) (Shg +/ Stl—s F(XS) dS) +/ Stg—s F(XS) ds
0 t1
to
— (S = DX =00+ [ S P ds
t1
forall 0 <t <ty <T.

Hence

‘(StQ*tl - [) (th - Ot1)|

to
= [(Xi — On) — (X — Oy) — / Suus F(X,) ds

t1

to
< (X — On) — (Xi — O)] + / Sy F(X,) ds

t1

< Rty —t) + R*(ty — t;) < 2R*(ty — 1))

forall 0 <t; <ty <T.
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It follows that

O] =[S = D) (X = 00+ [ Sia P60

to

< |(Stt — 1) (X — Og)| +

t
/ St,s F(Xto) ds
to

t
< 2R (-t + [ ISl IFC)] ds
to

< 2R*(t—ty) + R*(t —to) < 3R*(t —ty)

and

2O| = [Sea =006 -0+ [ S PX)ds

to

t
< 1Sty — 1) (Xiy — Ou)| + / Siy F(X.)ds

to

t
< 2R*(t —ty) +/ |Si—s|| |F(X5)| ds
to

< 2R*(t—ty) + R*(t —to) < 3R*(t —ty)

for every t € [tg, T, which shows

I°(t) = O (At) and  I2(t) = O (At).

*

The rest of the proof is by induction.
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7 Abstract examples of Taylor expansions

Proposition 5 will be used here to derive various Taylor expansions of the solution
X of the SPDE (3) and Proposition 6 will be used to determine their orders of

convergence.

Taylor expansion of order 1

The simplest Taylor expansion of the increment AX is given by the basic formula

(15), i.e.,

AX = I + AO. (15)

or AX, = I?(t) + AO; for t € [ty, T).

If the solution X is known at time ¢, only, the expression I2(¢) cannot be used to

determine AX; = X, — X, for ¢t € (o, T| since it contains the unknown solution

path X, with s € [to, ] .

Omitting I9 gives the approximation AX ~ AQO, which can also be written as

Xt ~ Xto —+ Ot - Otm t e [tQ,T] (16)

By Proposition 6 the remainder term I? of the Taylor approximation (16) can be

estimated by I9(t) = O(At), so

Xt — Xto —|— Ot - Oto + O(At) (17)

gives the simplest Taylor approximation of the solution process X.
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Taylor expansion of order 1+ ¢

Proposition 5 can now be used to derive a higher order expansion of the

basic formula (15).

More precisely, formula (12) is inserted to the remainder stochastic process I2, i.e.,

I =10+ IMI% + IMAO]

into the basic formula (15) to give

AX = (I°+ I[[I] + I}[AO]) + AO,

which can also be written as

AX =1+ AO + (1[I + I}[AO)) . (18)

Omitting the double integral terms I1[I?] and I}[AO] gives the Taylor approxima-

tion
AX ~ I°+ AO, (19)

which, using the definition of the stochastic process I, is equal to

At
AXt% (SAt—_[) (Xt() _Oto)+ (/ SSdS) F(Xt0)+AOt
0

for ¢t € [to, T
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Hence

At
X, ~ SacX, + ( / ssds) F(Xi) + (0 — Sai0) (20)
0

is another Taylor approximation for the solution of the SPDE (3).

By Proposition 6, I(t) = O (At) and, by Assumption 3, AO; = O ((At)9>. Hence

from (14) it follows that

L =0 (a0, A0l =0 ((an*).

Since 1 4 6 < 2, these imply that
LIS + 2[AO)) = 0 ((An™).
Hence, from (18),
AX =1"+A0+0 ((At)1+9)

It then follows from the definition of the stochastic process I° € C that

X, = Sar Xy + ( /0 > S, ds) F(Xy,) + (0f — Sai04) + O ((At)”e) . (21)

The Taylor approximation (21) plays an analogous role to the strong order v =

0.5 Taylor expansion giving the Euler—-Maruyama scheme for finite dimensional

SODEs.

It will be called the exponential Euler approximation since it gives the exponential

Euler scheme for SPDES with additive noise.
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Taylor expansion of order 1 + min(1,260)

Further expansions of the remainder terms in a Taylor expansion give a Taylor

expansion of higher order.

The remainder term of (18) consists of two terms: I}[I°] and I}[AO].

There are now two possibilities for obtaining a higher order Taylor expansion:

expand either

L =0(a0?) o IA0n =0 ((an™?).

Since 1 + 6 < 2 by Assumption 3, the stochastic process I'[AO] is of lower order
than I}[17].

Hence the term I}[AO] should be expanded to improve on the approximation order

1 + @ of the Taylor approximation (21).

More precisely, from (13),

IMAO] = I'[AO] + I2[I°, AO] + I2[AO, AO,

which is inserted into (18) to yield

AX = (I°+ AO+1'AO]) + R, (22)

where the remainder term R € C is given by

R = IMIT + I[I°, AO] + I?[AO, AO]. (23)
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By Proposition 6

L0 = 0 (A1), Bl A0)M) =0 ((an*),
12]A0, AO](t) = O ((At)1+29) .

Since min(2,2+ 60,1 + 20) = 1 4 min(1, 26), it follows that

R=0 ((At)l—l—min(l,ZG)) .

Thus

AXt = [O(t) +AOt +11[AO](t) +O ((At>1+min(1726)> .

This can also be written as

At
Xt = SAtXto + (/ Ss dS) F(Xto) + (Ot — SAtOto)
0

t .
+ / St,sF'(Xto)AosderO((At)”mm(lv?g)-) (24)
to

This is a Taylor approximation of order 1 + min(1, 26).
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Taylor expansion of order 1+ min(1, 360)

The remainder term (23) consists of three parts, namely
LI = O ((A1)?), 218, A0)(1) = O ((at)*),

2[A0, AO)(t) = O ((At)1+29) .

Let 0 < 1. Then min(2, 246, 14-20) = 1+20 and the stochastic process I2[AO, AO]
will be expanded here.

Applying Propostion 5 to this term yields

I?[AO, AO] = I*[AO, AO] + IP[I°, AO, AO] + I3[AO, AO, AO)]

and inserting this into (22) then gives

AX =I1°4+ AO + I'[AO] + I*[AO,AO] + R

with remainder

R =IMI? + [0, AO] + IZ[I°, AO, AO] + IZ[AO, AO, AO).

Then R = O ((At)Hmin(l’?’e)), since by Proposition 6
L[I7,A0,A0)(t) = O ((At)***),  I[AO,AO0,A0]|(t) = O ((At)'*+)
because here min(2,2 + 6,2 + 26,1 + 30) = 1 + min(1, 30).

The resulting Taylor expansion is

At t
Xt = SAtXto + (/ Ss dS) F(Xto) + (Ot - SAtOtO) +/ Stst/<Xt0)AOs ds
0

to

t
% / S, F"(X,,) (AO,, AO,) ds+o((m)1+mm<l739>). (25)
to
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Taylor expansion of order 1+ min(2,1 + 26, 60)

The expansions become quite complicated and depend on the values taken by 6.

For example, if < i, then the Taylor expansion of order 1+ min (2,1 + 26, 60) is

At
Xt = SAtXt() + </ SS dS) F(Xt()) + (Ot — SAtOtQ)
0

+ /t S, F'(Xy,) ((SAS —1I) (X4 — Op) + (/OAS Su du) F(Xm)) o

to

t 1 t
_'_/ StstI(Xm)AOs ds + 5/ Stst”(Xm) (AOS7 AOS) ds
to

to
t
+% / Si_ F¥(Xy,) (AO,, AO,, AO,) ds
to

1 t
+51 Sit—sy FD(X4,) (AO;, AOs, AO;, AO,) ds (26)
to

1 t
+§0 S,_ FO (X)) (AO,, AO,, AO,, AO,, AO,) ds
to

+/t: St F"(X4,) ((SAs = 1) (Xig = Or) + <

As

S, du) F(Xy,), AOS) ds

0

t s .
+ / Si_oF'(Xy,) < / Sts—uyF'(X1y) AO, du) ds + O ((At)”mm(?’””ﬁ@)).

to to

The Taylor approximations clearly become increasingly cumbersome.

The terms that need to be included can be characterised succinctly with concepts

of stochastic trees and stochastic woods of appropriate indices.

The corresponding notation will be explained later in the more general setting of

SPDEs with multiplicative noise.
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8 Examples: Space—time white noise

1) and

Assumption 3 is satisfied here with # = 1 — ¢ for an arbitrarily small ¢ € (0, i

4

Taylor approximations (21), (24) , (25) and (26) with this parameter are

At
Xt = Sat Xy, + (/ S ds) F(Xy,) + (O — SatOy) + O ((Atﬁ*e)
0

At
Xt = SAtXto + (/ SS dS) F(Xto) + (Ot - SAtOto)
0

t 3
+ / Si o F'(X:)AO, ds + O ((At)ﬁ)

to

At t
Xt = SAtXto + (/ Ss dS) F(Xto) + (Ot — SAtOto) +/ St—sF,(Xto)AOs dS
0

to

t
45 [ 8P () (80,80, ds + 0 ((80)17)
to

At
Xt = SAtXto + (/ SS dS) F(Xt()) -+ (Ot — SAtOto)
0

+/t Si o F'(Xyy) ((SAS — 1) (X, = Oy,) + (/OA S du) F(X“’)) -

to
t 1 t

+/ St—sF,(Xto)AOS ds + 5/ St—sF”(Xto) (AOsa AOS) ds
to

to

1 t
+s / Si_ FO(X,) (AO,, AO,, AO,) ds

S, FW(X,,) (AO,, AO,, AO,, AO,) ds

_|_

i/

24

1 / S,_ FO(X,,) (AO,, AO,, AO,, AO,, AO,) ds
S

/ (X)) ((SAS ) (X, — Op) + ( /O - Sudu) F(Xy,), AOS) ds
o

Si o F'(Xy,) (/ Sy o F'(X4iy ) AO, du) ds+O((At) )
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9 Examples: a nonlinear SPDE

Consider the above Taylor approximations for the the concrete nonlinear SPDE

0? 1
dXt - [@Xt +Xt - X?:| dt+ éth,

in the function space V' = C' ([0, 1], R) with the supremum norm. Here ¢ is always

an arbitrarily small real number in (0, 1).

At s
X, = S Xy + ( | s ds) (Xiy = Xi2)+ (00 = S5:01) +0 (8 ) (27)
0

At
Xt = SAtXt() + (/ SS dS) (Xt() - Xt?;) + (Ot - SAtOtO)
0

4 /t Si—s (1 =3X7) AO,) ds+ O ((At)%“f) (28)

to

At
X, - smxtﬁ( / ssds) (Xiy = X2) + (01 — SaiOy) (20)
0

i /t Si-s (1 =3X5)A0,) ds — 3/t Sis (X1 (80,)%) ds + 0 (A1)

to to

t
Xt = SAtXto —+ / St—s (Xt() + AOS — (Xto + AOS)?’) dS —+ (Ot — SAtOto)

to

/ Si—s (1 =3X7) ((Sas — I) (Xyy — Oy))) ds

+/ 5. s<1_3xfo> <</0AsSudu) (XtO—Xf;))) s

6 / Sy o (X0 AO, ((Sae— I) (Xs — On))) ds (30)

6/ S <XtOAO ((/OASSudu) (XtO—Xf;))) s

X / S (1—3X2) ( / S ((1-3X2)A0,) du) ds +0 ((20)7)

to
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10 Examples: Commonly used approximations

The linear-implicit Euler and linear-implicit Crank—Nicolson approximations are

commonly used approximations in the literature.

For the above nonlinear SPDE they are, respectively,

t
X, ~ (I —AtA)™ <Xt0+At (X — X)) ) +/ (I — AtA)~ aw, (31)

to

and

-1

—1
X, ~ (1 + %AtA) (I — %AtA) Xy, + At (I — %AtA) (X4 — X3)

t 1 -1
+ [ (1-zat4)  aw,, (32)
2
to

where W, is a cylindrical I-Wiener process and A is the Laplacian with Dirichlet

boundary conditions.

The approximations (31) and (32) approximate the exact solution locally in time

with the order i — €.

In contrast, the above Taylor approximations approximate it locally in time with

the orders 1, 2 —¢, 2 —¢, ..., 2 —¢.
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Computational burden versus higher order

The iterated integrals in the Taylor approximations need to be computed and it

is natural to ask if the extra computational burden is really worthwhile.

To answer this, note firstly that Taylor approximations are not only useful for

computational purposes, but are also important from a theoretical point of view,

i.e., for understanding local properties of the solution process.

In addition, for example, the Taylor approximation in equation (27) approximates

the exact solution with the order % — ¢, but with the same computational effort!

(up to a constant) as the Euler scheme.

Moreover, it is quiet easy to derive other approximations, which attain a higher order

and involve just a few more terms.

Finally, Taylor approximations such as (27)—(30) provide a theoretical basis for

deriving various higher order one-step numerical schemes for reaction—diffusion

like SPDEs with additive noise.
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11 Numerical Schemes from Taylor Expansions

The numerical approximation of the SPDE (3) requires the discretisation of the

solution on both the time interval [0, 7] and the infinite dimensional space V.

The above Taylor expansions provide the temporal discretisation in the space V,

while the space discretisation is introduced in the following assumption, which is

motivated by Galerkin approximations.

Assumption 6 (Projection operators). For each N € N, let Py : V. — V be a

bounded linear operator with (PN)2 = Py and PyS; = SiPy for all t € [0,00).

e Denote the image of Py in V by Viy := Py(V) = im(Py) C V.

Since the operator Py : V' — V is linear, (Vy, |-|) is a real normed linear subspace

of V for each N € N and, by Assumption 6, Py(v) = v for all v € Vy.
In addition, Vy is separable and its Borel o-algebra satisfies B(Vy) = B(V) N Vy.

Moreover, the spaces Vyy are invariant with respect to the semigroup Sy, i.e., S;(Vy)

C Vy for all t € [0, 00) by to Assumption 6.

Usually the spaces Vi are finite dimensional. Then Py projects the infinite di-

mensional SPDE (3) down onto the finite dimensional space Vy, where numerical

computations can be done.

The semigroup S, the nonlinearity F', the driving process O and the initial value &
will be approximated by mappings S% : [0,00) — L(Vy) and FY : Vy — Vy, by a
stochastic process O : [0,7] x Q@ — Vy C V and a F/B(Vy)-measurable random

variable £ : (2 — Vy defined, respectively, by
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Si(v) = Si(v), Fy(v) := Py (F(v)),

O0J(w) = Py(0sw)), (W)= Py (W)

forallv € Vi, t € [0,00), s € [0,T], w € Q and each N € N.

These truncated mappings S¥ satisfy

N _ QN
SYZI, SYSN SN swp ||V <oo  sup AN o
0<t<T

0<s<t<T t—s

for all ¢1, to € [0,00) by Assumption 1, so are a semigroup on Vy for each N € N.

In addition, by Assumption 2, Fyy : Viy — V) is infinitely often Fréchet differentiable

and for all vg, ..., v, € Vy for every n and N in N

F (o) (01, -, v) = Py (F™(vg) (v1,. .., 0,)) -

Finally, OV : [0,T] x Q — Vy has 6-Holder continuous sample paths for every

N € N, where 0 € (0,1) is given in Assumption 3.

Using this set up one-step numerical schemes in the spaces Vy, N € N, can be

derived from the Taylor approximations in the previous sections to approximate

the solution process X; of the SPDE (3).

The iterates of these schemes will be denoted by the F/B(Vy)-measurable map-

pings

Yy s vy with Y)Y =V o)

fork=0,1,..., M and N, M € N.
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The exponential Euler scheme

The global convergence order of the Taylor approximation (17) is too low to give
a consistent scheme. The next higher order Taylor approximation (21), the expo-

nential Euler approximation, leads to the exponential Euler scheme

h
VM = gy My ( / SN ds) Fx(v,M) + (O41n — SN ON) — (33)
0

for k=0,1,...,M — 1 for fixed N, M € N.

The integral foh SNds € L(Vy,V) is understood as an L(Vy,V)-valued Bochner
integral, where L(Vy, V) is the real Banach space of all bounded linear operators

from Vi to V. Now

h h h
PN</ S;Vds):/ Py (SY) ds:/ SNds,  VN,MecN,
0

0 0

which shows that foh SN ds is in fact in L(Vy) = L(Vy, V) for each N € N. and

hence the iterates of the numerical approximation (33) are well defined.

A higher order Taylor scheme

In a similar way, the Taylor approximation (24) leads to the numerical scheme

h
v = syt 4 ( /0 sy ds) Fy (YkN’M> + (Ofs1yn — SN OM)

(k+1)h s
+ /k ) St avn_sFie (Yk : ) (ON —OX) ds (34)
for k = 0,1, ..., M — 1 with fixed N and M in N. The well definedness of the

terms here can be shown in the same way as above.
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A Runge—Kutta scheme for SPDESs

In principle, the next Taylor approximations can be used to derive numerical

schemes of higher order.

These schemes are, however, of limited practical use due to cost and difficulty of

computing the higher iterated integrals as well as the higher order derivatives in

the Taylor approximations.

This situation is already well known for ODEs, where derivative—free schemes,

known as Runge-Kutta schemes, are often used.

Taylor schemes are then used for theoretical puroposes such as for determining

the convergence order.

To show how a Runge-Kutta scheme can be derived for SPDEs consider the Taylor

approximation (24) on the time subinterval [kh, (k + 1)h], namely

h
Xksvn ~ SpXpn + </ S dS) F(Xgn) + (O(k+1)h - ShOkh)
0

(k+1)h
+ / Stesim s F'(Xen) (Oy — Ogn) ds
kh

(k+1)h

Q

Sh (th + hF(th) + /k F/(th) (OS - Okh) dS)

h

+ (O(k+1)h - ShOkh)

1 (k+1)h
= Sh th+hF(th)+hFl(th) E/ (OS—Okh)dS
k

+ (Oes1yn — SnOwn)
for k=0,1,..., M —1 for a fixed M € N.
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The expression in the second last line is the classical Taylor approximation

1 [DR
Fl X+ — / (Os — Okh) ds
h kh

Using this in the approximation above gives

1 (k+1)h
Xrn ~ Su | Xen +hF | Xin + E/ (Os — Opy) ds
k

h
+ (Oes1yn — ShOwa)

and hence the Runga-Kutta scheme

SRS

Yk]j-fu = S (YkN’M +h Fy (YkN’M +

(k+1)h
/kh (O — o) d))

+ (O vn — Si O) (35)

for k=0,1,...,M — 1 and fixed N, M € N.

Reference

S. BECKER, A. JENTZEN AND P. E. KLOEDEN, Taylor expansions for stochastic

reaction—diffusion equations, (submitted)

A. JENTZEN AND P. E. KLOEDEN, Taylor-expansions of solutions of stochastic

partial differential equations with additive noise, Annals Probab. (to appear)
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Lectures 9 & 10: SPDEs with Multiplicative Noise

The key idea in deriving a higher order Taylor expansion of the solution of a SPDE

with non—additive noise is the same as for SPDE with additive noise.

Simply said, one uses classical Taylor expansions of the drift and diffusion coefficients

of the SPDE in the mild form and then recursively inserts lower order Taylor expansions

of the solution of this SPDE to obtained a closed form with remainder.

[terating this procedure yields Taylor expansions of the solution of a SPDE of arbitrarily

high orders.

These Taylor expansions contain multiple stochastic integrals involving the infinite

dimensional Wiener process and the semigroup, which provide more information

about the SPDE solution and the noise and, hence, allow an approximation of

higher order to be obtained.

This method for deriving Taylor expansions depends strongly on the semigroup

approach, i.e., interpreting the SPDE as a mild integral equation.

The multiplicative noise case here is technically more demanding than the additive

noise case and is presented for analytical semigroups rather than general ones.

The convergence obtained is strong convergence, not pathwise convergence.




1 Heuristic derivation of Taylor expansions

The underlying idea for deriving Taylor approximations for SPDEs will be sketched
briefly again. For simplicity the remainder terms are omitted and assumptions will

not be fully stated just now.

Let U and H be real separable Hilbert spaces and let A : D(A) C H — H be a

linear operator which generates an analytic semigroup on H., i.e., eA* : H — H for

t>0.

Let (2, F,P) be a probability space with a normal filtration F; and let W; be a

cylindrical I-Wiener process on U with respect to F;.

Consider the SPDE

which is understood in the mild form

t t
X, =eMX, + / AIR(X,) ds + / AIB(X,)dw,. (1)
0 0

The aim is to derive Taylor approximations of X; about the pivot time ¢y, € [0,7).

A first simple Taylor approximation of X; is obtained by omitting the second term

in (1) and by using the classical Taylor approximation B(Xy) ~ B(Xj,)

t
X, Al x, g / AIB(X,) dW,.  (2)

to

The Taylor approximation (2) is obviously an approximation of low order.



To derive a Taylor approximation of higher order consider the classical Taylor ap-

proximations

F(Xs> ~ F<Xt0) (3)

B(XS) ~ B(Xto) + B/(Xto) (XS - Xto) ) (4)

where B’ denotes the Fréchet derivative of B.

Inserting (3) and (4) into (1) and rearranging terms yields

t t
Xt ~ eA(ttO)XtO+/ €A(tS)F<Xto)d3+/ eA(tis)B(Xto)dWS

to to

t
+ / ACIB(X,) (X, — Xy) AW, (5)

to

The right hand side of (5) is not a Taylor approximation since the integral

t
/ eA(tis)Bl(Xto) (Xs - Xto) dWS’ te [tO’T]’

to

contains the unknown solution X for s € (¢o, ], which is what is to be approxi-

mated.

The trick is to replace X in the integral in (5) by the lower order Taylor

approximation (2).




This yields

t t

A R(X,,) ds + / eAIB(X,,) dW,

to

Xt ~ eA(tto)Xt0+/

to

¢ s
_'_/ eA(tfs)B/<XtO) (eA(sto)Xto 4 / eA(sfu)B(XtO) qu — th) dWs,
t t

0 0

which after rearranging gives

t t
X, ~ Attx, / e F(X,,) ds + / e B(Xy,) dW

to to

t
+ / MBI (X)) (€770 — 1) X)) dW

to

t s
s [, [ eNIBL,) Y,

to to

Now only the right hand side of (6) contains the solution X at time ¢y, so this

is an appropriate Taylor approximation. Moreoever, it has a higher order in the

mean—square sense.

The method for deriving the higher order Taylor approximation (6) has two

steps:

1) first, use classical Taylor approximations for the coefficients F' and B in

the mild integral equation of the SPDE, see (5);

2) second, insert recursively a lower order Taylor approximation, see (2).

The essential ingredients of such Taylor approximations are iterated derivatives of

the coefficients and iterated stochastic integrals involving the semigroup generated

by the dominant linear operator of the SPDE.
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2 Setting and assumptions

Let (H,(-,")y,|"ly) and (U, (-,-); . |:|;/) be two real separable Hilbert spaces.

Let (D,||) be a real separable Banach space with H C D continuously.

Recall that

® ||l pry is the operator norm in the real Banach space L™ (H, H) of n-

multilinear bounded operators from H" := H x --- x H to H for each n € N.

o (L(U, D), || ||L(U7D)) denotes the real Banach space of all bounded linear operators

from U to D.

o (Lys(U H),(-,")ys: |l zs) denotes the real Hilbert space of all Hilbert—Schmidt

operators from U to H.

Fix T' > 0 and a probability space (2, F,P) with a normal filtration F; and let W,

be a cylindrical /-Wiener process on U with respect to F;.

Assumption 1 (Linear Operator A). Let Z be a finite or countable set. Moreover,
let (\i)ier be a family of real numbers with inf,ez \; > —oo and let (e;)ier be an
orthonormal basis of H. The linear operator A : D(A) — H is given by
Av = Z —\i (€, V) €
1€l

for allv € D(A) with D(A) = {ve H : 3. |\|* [{ei,v),]* < ool C H.
i€l H

The linear operator A : D(A)— H is closed, densely defined and generates an

analytic semigroup et : H — H, t > 0.




Assumption 2 (Drift F). Let F : H — H be an infinitely often Fréchet differen-

tiable mapping with sup,c g HF(”) (v)HL(n)(H oy < 00 for all m € N.

Assumption 3 (Diffusion B). The embedding D C D((k — A)™") is continuous for
a given r € [0,00), the operator B : H — L(U, D) is infinitely often Fréchet differ-
entiable and the operators e* BM™ (v)(wy, ..., wy,) and (k — A) e B(v) are Hilbert—
Schmidt operators in Lys(U, H). In addition, there exist a family of real positive

numbers (Ly), oy and real numbers 6, p € (0,3] and v € (0,1) such that
[ B @), s g < Lo (L [0lg) - fnlg o el #7%,
e (B(v) = B(w))]| 5 < Lo - [v = wly - 772,
|(k — A) e B(v

1
>HHS < LO ’ (1 + ‘U|H) 107z

for allv, w, wy,...,w, € H,n € {0,1,2,...} and allt € (0,T].

Assumption 4 (Initial value). Let zo : Q@ — D((k—A)") be an Fy /
B(D((k — A)"))-measurable mapping with E|(x — A)" xol}; < oo for some p €

[1,00), where v € (0,1) is given in Assumption 3.




Consider the SPDE

dX, = {AXt + F(Xy) } dt + B(X;) dWy, Xo=m (6)

for t € [0,T7.

Under Assumptions 1-4 the SPDE (6) has a unique mild solution.

Proposition 1. Let Assumptions 1-4 be satisfied and let v € (0,1) be given by
Assumption 3. Then there is an up to modifications unique predictable stochastic

process X : [0, T) x Q — D((k—A)") with supg,r B |(k — A)” X[}, < 0o such that
t t

P [Xt = ey + / A R(X,) ds + / AIB(X,) dW,| =1 (7)
0 0

for all t € [0,T7.
Moreover, X is the unique mild solution of the SPDE (6) in the sense of equation

(7).

Reference

A. JENTZEN, Taylor expansions of solutions of stochastic partial differential equa-

tions, Discrete & Cont. Dyn. Systems Series B 14 (2010), 515-557.



3 Example: Stochastic heat equation

The stochastic heat equation with multiplicative space-time white noise on a one
dimensional spatial domain provides a simple example of an SPDE, which satisfies

Assumptions 1-4.

2

0

with
Xi(0) = Xi(1) =0, Xo = o,

where W, is a cylindrical I-Wiener process on L* ((0,1),R).

Let H = U = L?((0,1),R) and D = L' ((0, 1), R).

2

The operator A = ﬁﬁ with Dirichlet boundary conditions on the one dimensional
x

domain (0, 1) has eigenvalues and eigenfunctions
ei(z) = V2sin(inz), A = I2i?, e N.

It reduces to

Av = Z —97%% {e;,v) ; €, v € D(A),
i=1

with D(A) ={we H : ¥, .;i*|{e;, w),|* < 0o }. Thus Assumption 1 is fulfilled.

The drift F': H — H given by F(v) = 0 for all v € H satisfies Assumption 2. In
addition, the operator B : H — L(H, D) given by

(Bv)(w)) (x) = 0 -v(z) - wlz,  ze(0,1),

is infinitely often Fréchet differentiable with the derivatives B’(v) = B and B®(v)

L

-1
1 —¢and 6 = ; for every

= 0. Assumption 3 is satisfied with the parameters v =

arbitrarily small € € (0, 1).

Assumption 4 is also fulfilled for the initial value, e.g., zg = > oo i ‘e;.

8



4 Taylor expansions for SPDEs

Fix ty € [0,7) and let IT denote the real vector space of all equivalence classes of

predictable stochastic processes Y : [to, T] x Q2 — H with

sup Vil oy == sup_ (E[Yi[7)"7 < o0

to<t<T to<t<T
for p € [1,00).
Write
AX, = Xi— Xy, Ati=t—t,

for t € [ty,T] C [0,T], where X is the unique solution process of the SPDE (6).

4.1 Integral operators

Let j € {0,1,1*,2,2*}, where the indices 0, 1 and 2 label expressions containing
only a constant value of the SPDE solution, while 1* and 2* label certain integrals

with time dependent values of the solution in the integrand.

Define the stochastic processes [ ]Q e II by

(A5 — 1) X, j=0
S A CIR(X,)ds, =1
L(t) =4 [LeAt-9P(X,)ds, j=1°

to

i eMIB(Xy,) dW,, j=2

[LeAt=B(X,)dW,, j=2"

to

for each t € [ty, T.



Let i € N and j € {1,1%,2,2*}. Then, for all t € [ty,T] and all ¢y, ..., g; € II,

define the -multilinear symmetric mappings [ JZ (I =11 x --- x IT — II by

i-times

];[gl,...,gi](t) = %/ A FO (X, ) (g1(s), ..., gi(s) ) ds

to

when j = 1, by

I;[gl, i) =

/t: pAt=s) (/01 FOXy +1AX,) (g1(8), - -+, gi(s)) % dr) ds

when j = 1%, by

];[gl, o gi(t) = Z_ll / A BOX, Y (g1(s), ..., gi(s)) dW,

to

when j = 2, and by

I]Z:[gl, gt =

(1—r)t

/t: A=) (/01 BY(X,, + rAX,) (91(5), ..., gi(s)) NN

d'r) AW,

when j = 2*.

These are all well defined by Assumptions 1-4.
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The increment AX; of the solution X of the SPDE (6) obviously satisfies

to to

t t
AX, = (M= 1) X,y + / A F(X,) ds + / AU B(X,) dW

or, in terms of the above integral operators,
AXy = I0(t) + I.(t) + I3.(t),
for all t € [to, T], which can be written symbolically in the space II as

AX =10+ 10 + 13,

(9)

The stochastic processes IQ, Ii[g1, ..., g:] and Ii[gy, ..., gi] for g1, ..., g; € Il and i

€ N depend on the solution only at time ¢ = ¢, and are therefore useful approxima-

tions for the solution Xy, t € [tp,T]. On the other hand, the stochastic processes

Ii]g1,...,g] and I [gy,..., 9] for g1, ..., gi € Il and i € N depend on the whole

solution process X; for t € [tg, T}, i.e., on what is to be approximated.

Lemma 1. Suppose that Assumptions 1—4 hold. Then,
Lo, ....0) = Ll + L [I5 01, 9]
+I [ g, ) A I [ g g
and
Lolgi..ogl = Llo,....0)+ L[5, 9]
+ L g1, g+ B [ g 9]

for every g1, ..., g; € I and every ¢ € N.

These also hold for i = 0, in which case the g,...,g; are omitted.

(10)

(11)

11




5 Derivation of simple Taylor expansions

A further expansion of (9) can be obtained by applying formula (10) to the stochas-

tic process I{. and formula (11) to the stochastic process I3, i.e.,

L. = I+ LR+ L[] + L1,

L. = D4 LR+ L] + L. [I5.]

and inserting these into (9) to obtain

AX = [0+ (1D 4 L) + LN + 1L [1))

+ (19 + L [I9) + I3 [I1] + 1. [13.]) -

This can also be written as

AX =1+ +1IJ+R (12)

with the remainder
R =1L + IL[I) + TS5 + Lu[I§] + 1o [I] + 1. [I5.].

Since the double integral terms I.[I7], I.[I7] for j € {0,1*,2*} in R can be shown

to be sufficient small, this gives the approximation

AX = I+ 1)+ 13,

12



ie.,

At t
X, ~ e X, + < / e ds) F(Xy,) + / A B(Xy,) dWy, (13)
0

to

which is a Taylor approximation for the solution of SPDE (6) since the right hand

side of (13) depends on the solution only at time ¢ = t.

Recall that |Y|p, . = (E|Y|§’{)% for a F/B(H )-measurable mapping ¥ : Q@ —

H and a real number p € [1, 00).

Write Y; = Z;4+ O ((At)") for two stochastic processes Y, Z € II and a real number

r > 0if

sup Y — Zt|Lp(Q;H) <
te(to,T] (At>r .

It will be shown in Theorem 1 below the above remainder term can be estimated
by
‘ R(t)‘LP(Q,H) < Cp (At>9+min(%9)

for every t € [to, T] with constant C,, > 0 for p € [1,00), which implies that

At t
Xt = eAAtXtO + </ €AS dS) F(Xto) +/ eA(tis)B(Xto) dWS
0

to

+0 ((At)(”mi“(%@)) . (14)

The approximation (14) has order 6 + min(+y, ) in the above strong sense.

It is called the exponential Euler approximation.

13



Higher order Taylor expansions

Further expansions of the remainder terms in a Taylor expansion give a Taylor
expansion of higher order. To illustrate this the terms I3.[/J] and IJ.[I5.] in the

remainder R in (12) will be expanded.

The expansion formulas (10) and (11) yield

L8] = TAI8) + 1318, 19) + T21%, 19) + T2[1%., 19

and
L) = L]+ 10, 18] + 1410 1] + I2.[10., 19.]
= LB+ L{L )] + L[ L)) + I [ [1.]]
+ LI, 1) + LI, 1] + L1, 13.],

which are inserted into (12) to give

AX =+ I+ I3 + LY + LI + R.

The remainder term can be shown to satisfy R(t) = O ((At)9+2 min(%”). Thus

At t
Xt = €AAtXt0 -+ (/ €As dS) F(Xto) +/ eA(tis)B(Xm) dWS
0

to

t
- / MBI (Xy) (2% — 1) Xy dW

to

t s
+/ eA(tfs)B/(XtO) / eA(sfr)B(XtO) AW, dW, + O ((At)G-I—Zmln(%@)) )

to to

This approximation is of order 6 + 2 min(~, #). It was derived heuristically earlier.

14



6 Stochastic trees and woods

To construct Taylor approximations of arbitrarily high order a succinct way is

required to determine and label systematically the integral operators that need

to be used.

This is provided by the combinatorial concepts of rooted trees and woods.

Let N € N be a natural number and let
t':{2,....,N} = {1,...,N -1}, t":{1,...,N} — {0,1,2,1%,2%}

be two mappings with the property that t'(j) < j for all j € {2,..., N}.

The pair of mappings t = (t',t”) is called a stochastic tree (S-tree) with 1(t) := N

nodes.

The set of all stochastic trees is denoted by ST.

Every S-tree can be represented as a graph whose nodes are given by the set nd(t)
:={1,..., N} and whose arcs are described by the mapping t’ in the sense that

there is an edge from j to t'(j) for every node j € {2,..., N}.

The mapping t” is an additional labelling of the nodes with t”(j) € {0, 1,2, 1*,2*}

indicating the type of node j for every j € nd(t).

The _set of stochastic woods (S-woods) is defined by

SW := G(ST)".

n=1

Of course, the embedding ST C SW holds.

15



Figure 1: Two examples of stochastic trees

A node j € nd(t;) is represented by [J if t{(j) = 0, by @ if t{(j) = 1,

by O if t](j) = 2, by B if t](j) = 1* and, finally, by O if t{(j) = 2*.

The left picture in Figure 1 corresponds to the tree t; = (t/,t}) with nd(t;) =
{1,2,3,4,5} given by

t1(5)=2, ti(4)=1 t(3)=2,  t)(2) =1
and

ti(1) =1, t1(2) = 17, ti(3) =2, t7(4) =0, t1(5) = 2%

The root is always represented by the lowest node.

The number on the left of a node in Figure 1 is the number of the node

of the corresponding tree, while the type of the node is given by t7.

The right picture in Figure 1 corresponds to the tree to = (t5,t}) with nd(ty) =
{1,...,7} given by

t5(7) =4, t5(6) =4, t3(5) =1, t5(4) =1, t5(3) =1, t5(2) =1
and
t5(1) =0, t5(2) =0, t5(3) =2, t5(4) =1, t5(5) =1*, t5(6) =1, t5(7) = 2*.

16



10 1. 10

Figure 2: The stochastic wood wy in SW

A simple example of an S-wood required later is wg = (t1,t2,t3) € SW with t,
ty and t3 in ST given by 1(t;) = 1(t2) = 1(t3) = 1 and t{(1) = 0, t5(1) = 1*, t§(1)
= 2%

This is illustrated in Figure 2, where the left tree corresponds to t;, the middle one

to to and the right tree corresponds to ts.

Construction of stochastic trees and woods

Certain stochastic woods in SW are used to represent Taylor expansions of the

solution X of the SPDE (6).

An operator on the set SW enables the step by step construction of an appropriate

stochastic woods.

Let w = (ty,...,t,) € SW with n € N be an S-wood with t; = (t;,t) € ST for

1) "

ie{l,...,n}

In addition, let i € {1,...,n} and j € {1,...,1(t;)} be given and suppose that
either t/(j) = 1* or t/(j) = 2*. In this case the pair (4, 7) is called an active node

of w.

Denote the set of all active nodes of w by acn(w) C N2.

In Figures of woods and trees, e.g., in Figure 1, active nodes are represented by a

square (a filled square) M for 1* and a simple square [] for 2*.

17



Introduce the trees tn11 = (b1, t511), bz = (trpo, this), trs = (ts, ths)

€ ST by nd(t, ) = {1,...,1(t;),1(t;) + 1} and

t/

n+m

(k) = ti(k), k=2,...1(t), t

n+m

(k) =t/(k), k=1,...,1(t;),

;

0, m=1

t, () +1) =5t (At)+1) =<1 m=2

for m € {1,2,3}.

Further, consider the S-tree t = (’E/,f”) € ST given by t = t;, but with .
{1,...,1(t;))} — {0,1,2,1*,2*} given by t" (k) = t/(k) for every k € nd(t;) \ {j}
and by t () = 1if ¢/(j) = 1* and © (j) = 2 if t/(j) = 2.

Then define

E(ZJ)(W) = E(%]) ((t17 . e 7tn)) = (t17 e 7ti717 E, ti+1, e tn+3) € SW

and consider the set of all woods that can be constructed iteratively by applying

the E(; ;) operations, i.e.,

SW’ .=
dn e Nyiy, ... in, J1,--,Jn € N:VE€{1,...,n}

{WO} U w e SW (Zk,]k) € acn (E(ik—hjk—ﬂ .. -E(il,j1)W0) ,

W = E(Zm]n) Ce E(z‘l,jl)WO

for the wy introduced above in Figure 2.

The following examples using the initial stochastic wood wy given in Figure 2

illustrate these definitions.
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contains six trees shown in Figure 3. Writing w; = (tq,. ..

2] 2 2]

10 1 10 10 10 10

Figure 3: The stochastic wood wy in SW

200 2@ 2071 20 2@ 20

10 110101010 1M 1@ 1M

Figure 4: The stochastic wood wy in SW

Firstly, the active nodes of wy are acn(wy) = {(2,1), (3,1)}, since the first node in

the second tree and the first node in the third tree are represented by squares.

Hence, Ez1ywg is well defined and the resulting stochastic wood w; = E31ywq

Figure 3 corresponds to t;, the second tree to t; and so on. The active nodes of

acn(wy) = {(2,1), (4,1),(5,1),(5,2), (6,1), (6,2)}

so wy = E1yw; is also well defined. See Figure 4.

Figure 5 shows the stochastic wood w3 = E4,1yw2, which is well defined since

acn(ws) = {(4,1),(5,1),(5,2),(6,1),(6,2),(7,1),(8,1),(8,2),(9,1),(9,2)}.

For the S-wood ws

(5,1),(5,2),(6,1),(6,2),(7,1),(8,1),(8,2),

acn(wsg) =

,t6), the left tree in

(9,1),(9,2),(10,1),(11,1),(11,3),(12,1), (12, 3)
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2 2 201 2 20 211

1D1. 101 1010 1m 1M 1.

VY

Figure 5: The stochastic wood w3 in SW

2 20 201

10 1@ 10 1 101

LIVVVYY

1IN 1. 1.

Figure 6: The stochastic wood w, in SW

Since (6,1) € acn(ws), the stochastic wood wy = Es1yw3 given in Figure 6, is also

well defined. Its active nodes are

(5,1),(5,2),(6,2),(7,1),(8,1),(8,2),(9,1), (9, 2),
acn(wy) = (10,1), (11,1), (11, 3), (12, 1), (12,3), (13, 1),
(13,2), (14,1), (14,2), (14, 3), (15, 1), (15, 2), (15, 3)

By definition the S-woods wg, Wy, ..., ws are in SW’, but the stochastic wood

given by Figure 1 is not in SW”.
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2 3 [

10 10 1 1.

Figure 7: Subtrees of the right tree in Figure 1

Subtrees

Let t = (t/,t”) € SW be a given S-tree with cardinality |nd(t)| > 2.

For two nodes k, [ € nd(t) with & <[ the node at [ is said to be a grandchild of
k if there exists a sequence k1 = k < ky < ... < k,, = [ of nodes for some n € N

such that t'(k,.1) = k, for every v € {1,...,n— 1}.

Suppose that j; < ... < j, with n € N are the nodes of t such that t'(j;) = 1 for

every i € {1,...,n}.

For a given ¢ € {1,...,n} suppose that j; 1, ..., ji;, € nd(t) with /; € N and j; =

Ji1 < Jiz < ... < Ji, <1(t) are the grandchildren of j; € nd(t).

e Define the trees t; = (t},t]) € ST with 1(t;) := l; by jivzx) = t'(jir), ti(k) =

1) "

t"(jig) for k € {2,...,1;} and by t/(1) = t"(j;) for every i € {1,...,n}.

The trees tq, ..., t, € ST defined in this way are called subtrees of t, e.g., the
subtrees of the right tree in Figure 1 are given in Figure 7.

A node is called a leaf if it has no grandchildren except itself.

ST’ :={t =(t".t") e ST : (t"(j)=0=jisaleaf) Vj e {1,2,....1(t)}}.

Of course, if w = (t1,...,t,) € SW’ is a stochastic wood in SW’, then tq, ..., t,

€ ST.
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Order of stochastic trees and woods

The order of an S-tree t € ST’ is given by the function ordt : ST? — [0, c0)

ordt(t) = |{j €nd(t) : t"(j) =1 or t"(j) = 1"}

+y {7 €nd(t) : t(j) =0} +0[{j € nd(t) : t"(j) =2 or t"(j) = 2°}]

for every S-tree t = (t/,t") € ST".

Example The order of the left tree in Figure 1 is 24~ + 26 since the left tree has

one node of type 0, two nodes of type 1 and type 1%, and also two nodes of type 2

and type 2*.

A tree t = (t',t”) € ST” is said to be active if there is a j € nd(t) such that t"(j)

= 1% or t"(j) = 2%, i.e., an S-tree is active if it has an active node.

The order of an S-wood w € SW” is given by the function ord : SW’ — [0, 00)

ord(w) := min { ordt(t;) € [0,00) : i € {1,...,n} such that t; is active }

for every S-wood w = (ti,...,t,) € SW’ with n € N,

ord(wg) = min{l,0} =60

ord(wy) = min{l,0+~,0+1,} =0+ min(v,0)

ord(wy) = min{f+~,0+1,20,1+~,2,1+6} =6 + min(f,~)
ord(ws) = 6+ min(f,2y) = ord(wy)

ord(ws) = wsf + 2min(6, )
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Stochastic woods and Taylor expansions

Each stochastic wood in w € SW?’ characterises a Taylor expansion of the solution

X of the SPDE (6).

In particular, every stochastic tree t; € ST’ for i € {1,...,n} of a stochastic wood
w = (ti,...,t,) € SW’ with n € N represents a certain summand in the Taylor
expansion.

Consider the mappings ¢, ¢ : ST’ — II, which are defined recursively as follows:

For a given S-tree t = (t/,t”) € ST’ define

o(t) = Io,,(l) when 1(t) =1

Ot) = Iy lo(t), . 6(t)]  when 1(6)>2

where ty,..., t, € ST’ are the subtrees of t when 1(t) > 2.

Note that if 1(t) > 2 for a tree t = (t/,t”) € ST’, then t"(1) # 0.

In addition, for an arbitrary t € ST’ define

P(t) = 0 : t an active tree

P(t) = o(t) otherwise
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Finally, define mappings ®, ¥ : SW’ — II by

O(w) = o(t1) +... +o(tn),  W(w) =P(ts) + ... +(t)

for every S-wood w = (ty,...,t,) € SW’ with n € N.

For example, for the initial stochastic wood wq (see Figure 2)

D(wo) = I+ I +10,  Ulwo) =13 (15)

Hence, ®(wy) = AX from (15) and (9).

Furthermore,

O(wy) =I5+ I} + I + L [I5] + L [I0] + 15[ 15.] (16)

and

U(w,) = I+ 17 (17)

Each stochastic wood w € SW’ thus represents a Taylor expansion

Xy + @(w)(1)

and the corresponding Taylor approximation

X, +W(w)(2)
for ¢ € [to, T] of the solution process X of the SPDE (6).
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Theorem 1. Let Assumptions 1—4 be fulfilled, let w € SW’. Then there exists a

constant C,, > 0 such that
]P>|:Xt = Xt() —+ q)('UJ) (t):| = 1,

and
1

<E[]Xt — X — \If('w)(t)]];{]); < Cy (t — tg) ™™
holds for every t € [to, T|, where X is the up to modifications unique solution of the
SPDE (6).
The constant C, here only depends on the S-wood w, p and the coefficients of the
SPDE.

The Taylor approximation in Theorem 1 can also be written as

X, = X,y + ¥(w) + 0 ((At)ord(w)> (18)

for every stochastic wood w € SW”.

The following lemma shows that there are woods in SW’ with arbitrarily high

orders.

Lemma 2. Let Assumptions 1—4 be fulfilled. Then

sup ord(w) = oc.
weSW’

Thus Taylor approximations of arbitrarily high orders can be constructed by suc-

cessively applying the E; j) operator.
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7 Examples of Taylor approximations

Taylor approximations Xy, +W(w)(¢) in Theorem 1 and (18) based on the stochastic

woods w € {wq, Wy, ..., w5} are presented here. Theorem 1 gives

<E [}Xt — X~ ‘I’<W)(t>}2} ) " <) (Af)eH™)

for every t € [to, T] and appropriate constant C}, > 0, where p € [1, 00).

The orders of the Taylor approximations here depend on the two parameters 6 €
(0,1] and v € (0,1) in Assumption 3.

Taylor approximation of order 6

The first Taylor expansion of the solution is given by the initial stochastic wood wy
(see Figure 2), i.e., ®(wy) = AX is approximated by ¥(wq) with order ord(wy).
Specifically, by (15),

and

for every t € [to, T.

Since ord(wg) = 6, the corresponding Taylor approximation

X, = M, 10 ((At)e) (19)

has order 0.
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Two Taylor approximations of order 6 + min(vy, )

Consider the Taylor approximation given by the S-wood w; (see Figure 3) is based

on ®(wy) and ¥(wy), which were given in (16) and (17).

Since ord(w;) = 6 + min(vy, #), the Taylor approximation

t
X, = eAAtXtO + / eA(tfs)B(Xt()) dW,+ O ((At)e-l-mln(%G)) (20)

to

has order 6 4+ min(vy, ).

The stochastic wood wy (see Figure 4) has order 6 4+ min(y, ) and the Taylor

approximation W(wy) of ®(wy) = AX is given by U(wy) = I§ + I? + IY, i.e.,

At t
X, = eAAtXtO+< / eASds) F(X,)+ / A B(X,,) dW, (21)
0

to

L0 ((At>9+min(v,0)> .

This approximation of order 6 + min(~, 6) is the exponential Euler approximation.

It is natural to ask is why one should use the Taylor approximation (21) if it is of

the same order as the Taylor approximation (20).

Although both of these Taylor approximations have the same local approximation

order, for numerical schemes it is the global approximation order and behaviour

that are of primary importance, as will be discussed in subsection 9.

It turns out that the exponential Euler scheme based on the Taylor approximation

(21) has very good global approximation properties.
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Taylor approximation of order 6 + min(2v, 0)

The stochastic wood w3 (see Figure 5) has order 6 + min (2, 6) and
U(wsy) =I5 + I+ I3 + L[]

The corresponding Taylor approximation

At t
X, = eAAtXtO—i—( / eAsds) F(X,,) + / AIB(X,,) dW,  (22)
0

to

t
+/ eA(tfs)B/(Xt()) ((eAAS o [) Xto) dWS + O ((At)e-i-min(Q’Y,@))

to

thus has order 6 4+ min(2v, 6).

Note that the stochastic woods w3 and wy give the same Taylor approximation,

ie., U(wy) = U(ws).

Taylor approximation of order 6 + 2 min(+, 0)

The Taylor approximation corresponding to the S-wood wr is

At t
X, = eAAtXm+( / €A8d5> F(Xy,) + / e B(Xy,) dW
0

to

t S
+ / AIB(X,,) / M B(X,) AW, dWY, (23)

to to

t
+/ eA(tfs)B/(Xt()) ((eAAS o [) Xto) dWS + O ((At)9+2min('779))

to

and thus has order 6 + 2 min(vy, 6).
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7.1 Application to the stochastic heat equation

The stochastic heat equation (8) satisfies the Assumptions 1-4 with the parameters

9 = ; and v = I — ¢ for arbitrarily small £ € (0, §).

The Taylor approximations below exploit the special structure of the stochastic

heat equation, i.e., its drift term vanishes and its diffusion term is linear.

The Taylor approximations (20), (22) and (23) reduce to

¢ 1
X, =X, + / A9 B(X,,) dW, + O ((At)rs) .

to

t
X, = X, + / A B(X,,) dW,

0
to

+ / t AIB((e — 1) Xy,) AW, 4 O ((At)%>

to

t
= ANX, +/ A=) B2 X, ) dW, + O ((At)%) :

to

t
Xt — eAAtXtO+/ eA(t—S)B(eAAthO)dWS

to

t s
+ / eA(t_S)B< / eA(S"")B(XtO)dWT) dWS+O((At)%—€)
to

to

t S
= oo [ eon(on s [ oveonon ans) a,

to to

+0 ((At)%‘5> .
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7.2 Finite dimensional SODEs

The abstract setting for SPDE here includes finite dimensional SODEs.

Let U = H = R and let W; be a standard scalar Wiener process.

Suppose that the eigenfunctions and the eigenvalues of the linear operator A = 0
in Assumption 1 are given by e; = 1 € H and A; = 0 with the index set Z = {1}.
Thus D(A) = D((k—A)") = H =R, r € R. Define D = H =R, so L(U, D) =
Lys(U,D) =R.

The SPDE (6) in this setup is just the scalar SODE

The appropriate parameters in Assumption 3 here are § = % —cand y=1—¢ for

arbitrarily small € € (0, 1).

The exponential Euler approximation (21) here becomes

Xy =Xy + F(Xy) - At + B(Xy,) - (W, — Wy, ) + O(AL),

which is just the Euler—-Maruyama scheme.

Finally, the Taylor approximation (23) reduces to

Xi = Xy + F(Xy,) - At + B(Xy,) - (W = Wy,)

+B'(X;,) B(Xy) /tt /t AW, dW, + O ((At)%) :

which is the Milstein scheme.
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8 Numerical schemes for SPDEs

Numerical approximations of the SPDE (6) require the discretisation of both the

infinite dimensional space H and the time interval [0, 7).

The Galerkin discretisation set up of the previous lectures holds here too.

8.1 The exponential Euler scheme

The global convergence orders of the Taylor approximation (19) and the Taylor

approximation (20) are too low to be consistent.

The Taylor approximation (21) gives the consistent exponential Euler scheme

h
Ykzi,fu,L — ANk YkN,M,L+ (/0 pANs ds) FN<YkN,M,L> (24)

(k+1)h
Jr/ eAN((k+1)h—s)BN7L(YkN,M,L> AW,
kh

for k € {0,1,...,M — 1} and N, M, L € N.

The conditional distribution with respect to Fy, of the Ito integrals

(k+1)h
/ eAN((kJrl)hfs)BN’L (YkN,M,L> AW,
kh

in this numerical scheme is the normal distribution.
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8.2 Another Taylor scheme

Similarly, the Taylor approximation (22) gives the numerical scheme

h
iji,y,L — ANk YkN,M,L_'_ </0 pAns ds) Fy (YkN,M,L>

(k+1)h
+/ eAN((k-i-l)h—s)BN’L(YkN,M,L> AW,
kh

(k-+1)h
+/ eAN((k-l-l)h—s)B;V’L (YkN’M’L> ((6AN(s—kh) _ I) YkN’M’L) AW,
kh

for k € {0,1,...,M — 1} and N, M, L € N.

The conditional distributions with respect to Fy, of the integrals

k(/ljﬂ)h AN (D=5 B (YkN,M,L> .,

(DR A (b5 B (YkNvM7L> ((eAN(s—km —1) ykNvaL) AW,

are also the normal distribution.

However, it is much more complicated to compute the covariance matrix of these

normal distributed random variables than those used in the exponential Euler

scheme.
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8.3 An infinite dimensional analog of Milstein’s scheme

The Taylor approximation (23) gives the one-step numerical scheme

h
ijjfr,i\/[,L — ANk YkN,M,L+ (/0 eANst) Fy (YkN,M,L)

(k+1)h
+/ eAN((k—f—l)h—s)BN’L(YkN,M,L> W,
kh

(k+1)h
+/ eAN((k+1)h—s)B§V7L (YkN,M,L> ((eAN(s—kh) . I) YkN,M,L> AW,
kh

(k+1)h s
" / AN ((k+1)h—s) BEV,L(YRN’M’L> / AN (=) BN,L(YkNvM’L> AW, dW;
kh kh

for k € {0,1,...,M — 1} and N, M, L € N.

This is an infinite dimensional analog of the Milstein scheme for SODEs.
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8.4 Linear—implicit Euler and Crank—Nicolson schemes

Two representative numerical schemes used in the literature for the SPDE (6) are

the linear—implicit Euler scheme

VI = (L= han) T (M (1))

(k+1)h
n / (I — hAy) ' By, (YkN’M’L> AW,
kh

and the linear—implicit Crank—Nicolson scheme

o\ h
Y]ﬁ_’fu’[/ = ([ — QAN) <<[ + 514]\7) YkN7M’L + hFN (YkN’M’L>)

(k+1)h h -1
+ / (I - 5AN) By (YkN’M’L> dw,
kh

for k € {0,1,..., M —1}and N, M, L € N

Here it is necessary to assume that A\; > 0 for all # € Z in Assumption 1 in order

to ensure that (I — hA) is invertible for every h > 0.
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9 Global and local convergence orders

Taylor expansions provide a fundamental instrument for understanding the

local approximation properties of the solution of a differential equation.

For deterministic ODEs it is a general result (under suitable assumptions) that a

numerical scheme for an ODE has global convergence order p if it has local order

p+ 1 with p > 0.

Here local errors accumulate to give a larger global error.

For SODEs the situation is different.

A general result of MILSTEIN that says that a numerical scheme for an

1

SODE with local order r > % has global convergence order r — 3.

The reason is that the errors in every step do not accumulate so rapidly since they

are centered and independent random variables. Hence usually a half order only is

lost.
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For SPDEs the situation is different again. For example, the linear-implicit Euler

scheme and the linear—implicit Crank—Nicolson scheme converge in time to the

exact solution of the heat SPDE with local and global order i — €.

Hence, the temporal discretisation error does not accumulate at all !

A similar situation (but with a higher convergence order) holds for many Taylor
schemes introduced above, e.g., the exponential Euler scheme (24) converges with

local and global order % — €.

A combination of independent errors and the parabolic regularisation effect of the

semigroup seems to be the reason for this.

However, such global phenomena have been barely investigated.

At present there is no general result for SPDEs like Milstein’s Theorem for SODEs.
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