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Abstract

The concern of this paper is in expanding and computing initial-value prob-
lems of the form ¢y’ = f(y) + h.(t) where the function h,, oscillates rapidly for
w > 1. Asymptotic expansions for such equations are well understood in the case
of modulated Fourier oscillators h.,(t) = Zm am(t)eim“"t and they can be used
as an organising principle for very accurate and affordable numerical solvers.
However, there is no similar theory for more general oscillators and there are
sound reasons to believe that approximations of this kind are unsuitable in that
setting. We follow in this paper an alternative route, demonstrating that, for a
much more general family of oscillators, e.g. linear combinations of functions of
the form €9 it is possible to expand y(t) in a different manner. Each rth
term in the expansion is O(w‘l/g) for some ¢ > 0 and it can be represented as
an r-dimensional highly oscillatory integral. Since computation of multivariate
highly oscillatory integrals is fairly well understood, this provides a powerful
method for an effective discretisation of a numerical solution for a large family
of highly oscillatory ordinary differential equations.

1 Introduction

The subject matter of this paper are highly oscillatory ODE systems of the form

y = fly) + ho(t), t>0,  y(0)=y,eC, (1.1)

where the function h,, oscillates rapidly for w > 1 and all (except possibly for a
countable set) values of t. We assume that the functions f and h,, are analytic but
our work extends straightforwardly to functions of lower smoothness.

In a previous paper we have considered the case of the oscillator

o ]
ho(t)= > ap(t)e™
m=—o00

(Condon, Deano & Iserles 2010a, Condon, Deaio & Iserles 2010b). In that case it is
possible to represent the solution as an asymptotic expansion in inverse powers of w
of the form

- 1 - imw
y(t) ~poot) + Y — D P >0, (1.2)
r=1 m=—00
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where the functions p, ,, are non-oscillatory and can be derived recursively: p, o by
solving a non-oscillatory ODE and p,.,,,, m # 0, by recursion. Once (1.2) is truncated
for r > R+ 1, we obtain a numerical approximation whose error, (’)(w_R_l), actually
improves for growing frequency w.

Unfortunately, (1.2) is no longer true for more general oscillators and it cannot be
easily generalised in an obvious manner. A good toy example that illustrates problems
inherent in such generalisation is the linear system

y/ = Ay + hw(t)a t>0, y(O) = Yo (13)

whose exact solution is
t
y(t) = ey, + etA/ e " h, (1) dr, t>0. (1.4)
0

Let first hy,(t,&) = a(t)eI") where ¢'(t) # 0, t > 0. In that case an asymptotic
expansion of the integral in (1.4) is readily available,

t . e 1 elwg(t) elwg(0)
—TA iwg(T) dr ~ — |: t _ 0
e a(T)e T . Ty Ty )
et 2 o 2O O
where d 2, (1)
_ T
J:O(t) =e tAa(t)v $7.+1(t) = a gT(t) . TELy

(Iserles & Ngrsett 2005). Note that the functions @, are non-oscillatory. This readily
provides an expansion of the solution in the form (1.2). Alternatively, we can pursue
the recursive approach of (Condon et al. 2010b). However, the paradigm (1.2) fails
for other oscillators. For example, suppose that ¢’(0) = 0, g”(0) # 0, while ¢'(¢) # 0,
t > 0. Without loss of generality we may assume that g(0) = 0. In that case the
asymptotic expansion is

t ) t > 1
/ e—TAa(T)elwg(‘r) dr ~ / ewdI(™) - Z - ;[;,,,(0) (15)
0 0

L [ = w0(0) gy 2(0)
;OUWH[ g () 7"(0) ]

where
d x,(t) — z,(0)

dat g
The first thing to notice is that, by the van der Corput Lemma (Stein 1993),

zo(t) =e a(t),  @(t)= r€ZLy.

/Ot w9 qr = O(wil/Q) , w> 1.

This immediately precludes the expansion (1.2) yet we might hope that perhaps it
can be easily generalised by expanding in w~"/2 in place of w™". Unfortunately, once



we do this, we run up against another problem. The simplest example of this kind is
g(t) = t2, in which case

- 1/2 1/2 jwt? -1)7(3)
iwg(T) - Wi . 1/2 ~ ™ _ € ( 2/T
/o e dr = 2 iw)i? erf ((—iw)"/t) 2~/ 9 TZ::O £2r T (Zig) T+

for all w>> 1 and ¢t > 0 (Olver, Lozier, Boisvert & Clark 2010), therefore

' -7 iwg(T 71—1/2 > 1
/o e Aa(T)e ) dr ~ 5 ; (—iw)”ré x,.(0)
! z,(t) —2,(0) | (=1)"()r iz Zh(0)
S =mr {[ s "’T(O)} © ‘z}'

r=0

On the face of it all is well and, upon substitution in (1.4), we have an asymptotic
expansion. Unfortunately, this expansion fails at the origin and makes little sense for
0 <t < 1. The goal surely must be an expansion which is uniformly valid for all
t > 0!

An obvious solution to our predicament is to forego the asymptotic expansion of
fg ewds(7) dr in (1.5), even when it is known. Indeed, we can go a step further and
forego an explicit asymptotic expansion of y(t) at the first place. Instead, we go back
to the variation-of-constants representation (1.4) and compute the integral therein by
any of the many modern quadrature methods for highly oscillatory integrals (Asheim
& Huybrechs 2010, Huybrechs & Olver 2009).

All this is fairly straightforward for linear equations: the goal of this paper is to
accomplish this task for nonlinear functions f. Thus, we intend to prove that the
solution y(t) of the equation (1.1) can be expanded in the form

y(t) ~ Zpr(t,w), t=>0, (1'6)
r=0

where p,.(t,w) = O(w™ ") for some 0 < K1 < kg < --- which depend on the oscil-
lator h,. The above expansion is not unique, because, for example, we can add an
O(w™"r+1) term to p, and subtract it from p, ;. Our assertion, though, is that it is
possible to define (1.6) in a particularly ‘clean’ form, whereby each p,., r € N, can be
represented as a multivariate highly oscillatory integral.

We assume for simplicity that

hw(t) = Zam(t7w)avn(t)7 (17)

where the oscillators 6,,s are scalar: the sum might be finite or infinite and in the
latter case we assume that it is convergent.

The most ubiquitous oscillators are 6,,(t,w) = e“9m®) Let ¢ > 1 be the least
integer such that gi. (ti) =0,¢=1,...,¢—1 and g5 (t«) # 0 for some t,. € [0,00).
Then

t
0



uniformly for ¢ € (0,00) and sufficiently smooth function f (Stein 1993). In that case
kr = 1/s, r € N. Other examples of oscillators include Bessel functions 0,,(t,w) =
Ju,, (tw), vy, € R. Since

/0 f(M) I (rw)dr = O(w™), w1,

it will follow that x, =, r € N.
The functions p, can be constructed recursively:

po=F(py), t>0,  py(0) =1y,

and

pr(t):Z-..Z@(t)/o /O /O sr(gl,...,gr)He,(gi,w)dgl...dgr, r €N,

J1
where ® is the solution of the linear equation

@’:M@, t>0, ®(0)=1.
oy

The non-oscillatory functions s, can be constructed recursively from f and its deriva-
tives and they are independent of w.

Once the functions s, are known for r = 1,2,..., R for some R € N, we construct
an O(w~"r+1) approximation to y with highly oscillatory quadrature over cubes of an
increasing dimension. The actual situation is somewhat more difficult: the functions
s, are piecewise-smooth and, for a high-order approximation, we will partition cubes
into simplexes. This can be accomplished by any of the familiar quadrature methods
for highly oscillatory integrals or by bespoke methods which will be discussed in a
follow-up paper. Note that the number of necessary quadratures, as well as their
dimension, increases rapidly with » > 1. This means that realistic computations are
likely to be restricted to modest values of R. Yet, even small Rs lead to a very good
approximation to y which, perhaps counterintuitively, becomes more accurate as the
frequency w grows.

In Section 2 we develop the recursive mechanism leading to the expansion (1.6),
while Section 3 is devoted to few simple examples which illustrate the potential of
our approach. Finally, in Section 4 we discuss briefly the computation of the highly
oscillatory multivariate integrals p,..

2 The recursive procedure

We assume for simplicity that h,, includes just one oscillator, hence that we are solving
the equation

y = f(y) +0(t.w)a(t), t>0, y(0)=y,ecC". (2.1)



Once we can expand (2.1) into the series (1.6), a generalisation to
Y =fW)+> On(twan), t>0,  y(0)=y,eC (2.2)

is straightforward, although the growth in the number of terms might be substantial.
Let us assume that

/0/ f()b(r,w)dr = O(w™7), w>1 (2.3)

generically for all smooth functions f, ¢ > 0 and some o > 0. Note that O(w~7) might
be exceeded for some functions f and values of ¢t — for example, while in general

t
/ f(T)ei“’(l_T)2 dr = O(w‘l/Z) , w>1,
0

it is true that .
/ f(T)ei“(lfT)2 dr =0(w™1), w>1
0

for t € (0,1), as well as for all ¢ > 0 in the case f(1) = 0.

2.1 The first few rs

We wish to find functions p,.(t,w) such that in (1.6) the function p, is non-oscillatory
(and independent of w) and

p(t,w)=0(w™"), w>»1, reZzy. (2.4)
Moreover, we stipulate that
pO(O):yOa pT(O,w)EO, r €N,

hence the expansion is consistent with the initial conditions of (2.1). Setting
o0
qT(t7w):ij(t,w), re€Zy,
Jj=r

we note that, subject to (2.4), it is true that

0, (tw) = O(w™), g, (t,w)—p,(tw) = O(w—““)a) . w1 (25)
For r = 0 we let
py = f(py), t>0, Po(0) = yo. (2.6)
Consider next r = 1. Since ¢, = y — py, we have
0 t
@, = £py+a1) + 0(t.)a(0) - £ = L2 g, o1, ya(n) +0(w)



Using (2.5) we thus deduce that p; obeys the ODE

9f (po(t))

8y Py + e(tvw)a’(t)a t >0, pl(o) =0.

P =
The solution is highly oscillatory but it can be easily written down explicitly,

t
pu(t) = B(1) / o (r)a(n)i(r,w)dr, >0, (2.7)
0
where @ is the solution of the non-oscillatory linear equation

- 2Eolt),

Note that, according to (2.3), p;(t) = O(w™7), consistently with (2.4).
Over to r = 2. We denote the derivative tensors of the analytic function f by

t>0, ®0)=1.

m+1 times
e N 00 1
Ffm:Clx .. xC*—C, meZy, suchthat f(y+6)zzﬁfm(y)[57...,6]
m=0 ’

and note that each f,, is linear in all its arguments except for the first. Of course,

Foly) = f(y) and f,(y)[0] = [0F (y)/0y]é.
Since y = py + p; + g4, we have

g5 = (y—py—p1) ={f(Po + P +q2) +0(t,w)a(t)} — f(py)

- {afg;)o)pl + e(aw)a(t)}

= {fo(Po) + F1(po)lP1 + a2] + %fz(Po)[ﬁ +qa,P1 + @] + O(“’_SU)}
— fo(po) — F1(Po)P1] — O(W_So)
= £1(p0)las] + 3 Falpo)lpr, ] + O ™).

Since, by (2.5), py = g5 + O(w™37), we deduce that p, obeys the ODE

0

1
P2+§f2(Po)[P17p1]a t>0, p2(0) = 0.

Although the equation is highly oscillatory, its linearity means that it can be solved
readily by quadrature,

palt) = 58(0) [ 9O LGB Pl >0

Substituting the value of p; from (2.7) and using the linearity of f, in its second and
third argument, we thus obtain, exchanging the order of integration,

pa(t) = 580 [ 20 at(r) |#(0) [ 07 @atenpl. 0 e



B(r) / " () a(e)0(Erw) dea, | dr

— (1) / / 52(61,E2)0(60, )0(Er, ) by, s, (2.8)
where
sa(61,6) = 1 / B L(7) £ (o (7)) [B(7) L (€)a(6r), B(r) @ (E)al&) dr.
2 Jmax{€: 62}

Note that the function s, is non-oscillatory and independent of w. Moreover, s
is piecewise smooth in [0,#]%: specifically, it is smooth in the simplexes with the
vertices {(0,0),(0,%), (¢,t)} and {(0,0), (¢,0), (¢,t)}, but just continuous along their
joint boundary &; = &,.

Because of (2.3), it follows that the double integral p, in (2.8) is O(w™27), as
required (Wong 1989).

22 p, forr>1

We are now in position to present and prove the main result of this paper. Let
m
L, = {(kl,kg,...,km) P1<k Sky <o <k, Yk :r}, m,r €N,

denote by vy, ,» the number of distinct m-tuples k € N™ such that 2211 k; = r and
set

s1(&1) = 27 (&)a(&),
$2(60,6) = (1) folpo()[@ ()81 (61), B(r)s1 (62) d,
max{§1,§2}
salna80) = [ (1) falpo(7)[@(7)s1(61), B(7)sa(Er, )] dr
max{£1,£2,€3}

vi [ OO E). 8 ) )s E)] dr
max{€1,£2,63}

and, in general, for every r > 2,

SGED DI DR NI U L P S

et ! kel max{&1,...,&r
(2.9)
where
Sk = Sk, (517 s 7£k1)5
Sty = Sk (St thy 141 bttty 1420 5 Sty )y J =250,

The following theorem establishes the form of p, as a multivariate highly oscillatory
integral, consistently with (2.7) and (2.8).



Theorem 1 The functions p,, v € N, in (1.6) can be expressed as r-dimensional
highly oscillatory integrals,

ptw) =00 [ [ [ o [oG e a. e
j=1

This implies that
p.(t,w) =0(w "), r€ZLy. (2.11)

Proof Let r > 1. We commence by proving by induction on r that p, obeys the
linear ODE

1%
Z L Z fnL pO pklapkzw'-apkm]' (212)

kel »

This is certainly true for r = 1. Otherwise, since

r—1
=1

exploring the fact that p; = O(w‘j") for j = 0,...,7 — 1 and that p; — q; =
O(w_(r-‘rl)a)a

r—1
p; _ q; +O< (r+1)o) _ y _ Zpl -I-O( T+1)U)
=0
r—1 r—1 1 v
= i +ta.]— o) — — F(Po)[Prys - - > Prem]
flo_pi+ta.|—f(po) -
7=0 i=1 m=1 © k€l
+ O( r—‘—l)a)
0 1 r—1 r—1
:Zﬁfm(po) ijl+qravzp]m+qr
m=1"" ji=1 Jm=1
i
1%
_ Z 'mi Z Fm(®0)[Pr,y s+ Do) + O(w—(r+1)a>
i=1 m=1 k€l i
T 1 T T
=2 o 2 2 S @o)lpy oy
J1=1 Jm=1
r—1 1 U
_Z Z % Z .fm(pO)[pkzla"-vpk,m} +O(w—(r+1)0>
i=1m=1 C k€l
r % o
=22 D ful@o)p Py,
i=1 m=1 k€l i
7
- Z Vm : f pO pk17 s 7pk,m} + O(w_(r—i_l)a)
i=1 m=1 kel i



= Z po pklv"'7pkm]7

m=1 el,,

where we have used I,,,; = §) for m > i+ 1. Since we can discard O (w™("+1)7) terms,
p, obeys the linear ODE (2.12).
We now solve (2.12) using variation of constants and use induction to substitute
p; for j <r —1 by relevant modification of (2.10),

Pt =00 [ 370 ST e, (), (]

kel

— ot / Z”’"’”Zf (Po() W1 (7). ()] .

"\ k€l

where kg = 0 and

_ q)(7->/ / skj(gko+...+kj,1+17...,§k1+-..+kj)
0 0

Ei4-+k;
X H 0i(&i,w) Ahotthy_y 1 Ayt
i=ko+-+hj_1+1
Therefore
=0 [ [T [0 X S g,
' keI[TTL7
(I)( ) km(nm)]H (gj,W)dfl‘“ d&"d’rv
j=1
where

M = (Ekotrthy_1+15 - - - s Ekotrothy ) J=1...,m.

We next note, consecutively exchanging the order of integration, that for any C*
function F : [0,¢]"*t — C

/Ot/OT-~-/OTF(T,£17...,£T)d51~-~dfrdT
:/Ot/j/OT---/OTF(T,fl,~--,f,.)dgl~-~dg,._ldfdgr
=/Ot /Ot /r:ax{&_m/;--~/OTF(T,§1,...,§T)d£1--- A, dr dé, 1 dt,
:/Ot.../Ot/l;x{&m&}F(ﬂgl,...,gr)degl--- dé, .



Therefore

p, (1) = 3(1) / / 2”’“;’“ 3 / (7)o (00 (7)) [B(7) 35, (1),

m: kel,, . 7 max{éy,..&r}

cre (I)(T)Skm (nm)] dr H 9(£j7w) dgl e dfr

j=1
t t r

:<I><t)/0 /O shl€nr o 60) [ 0065 w) dr -+ e,
j=1

proving (2.10). To conclude the proof of the theorem, we evoke the standard theory
of highly oscillatory integrals (Wong 1989) to argue (2.11), being an r-fold integral of
a function whose univariate integral is O(w~7?) and which has no resonance points on
the boundary. O

The extension of the theorem to equation (2.2) is straightforward: for simplicity
we assume that (2.3) is true (with the same o) for all 8,,. In that case we need to
replace (2.10) by

pr<t>¢<t>;~-~;/o / sr<5l,...,aajljlezj(sj,w)d&~~-dsr (2.13)

— the number of multivariate highly oscillatory integrals in need of computation in-
creases rapidly. Clearly, unless there is a fairly small number of oscillators 6;, com-
puting (2.13) for anything but modest values of r becomes impractical.

3 Examples and numerics

The purpose of this section is to demonstrate our approach, rather than to conduct an
exhaustive analytic and numerical investigation. Thus, our focus is on a single scalar
equation with three different kinds of oscillators. Our first example is
y =y + %eiwt, t>0, y(0)=1 (3.1)

The equation, to the best of our knowledge, cannot be integrated in terms of familiar
functions. Its numerical solution for different values of w is displayed in Fig. 3.1 and we
note that it behaves according to the theory: the larger w, the greater the frequency
of oscillation (which we can observe by looking at the imaginary part), but also the
smaller its departure from po(t) = (14t)~!, the solution of (2.6). This is demonstrated
in Fig. 3.2.

Since f(y) = —y?, we have f1(y) = —2y, fo = —2 and f,, = 0 for m > 3. Therefore
O = —2(1+t)"1®, ®(0) = 0, with the solution ®(t) = (1 + ¢)~2. Therefore,

1 ¢ ,
t) = 1 2 1w‘rd
p1(t) W02 /0 (1+71)% T
o e 1 i(l—i—t)ei“’t—l_i_iei“’t—l
2w (1+6)2] w2 (1+1)2 w3 (1+1)?

10
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Figure 3.1: Real (on the left) and imaginary parts of the solution of (3.1) for w =
12.5,50 and 200.

Fig. 3.3 displays the error |po(t) + p1(t,w) — y(t)| for different values of w. A compar-
ison with Fig. 3.2 demonstrates that, consistently with the theory, the error decays
considerably faster as w grows, specifically as O(w™?) rather than O(w™).

11
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Figure 3.2: |po(t) — y(t)| for w = 12.5,50, 200.
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Figure 3.3: |po(t) + p1(t,w) — y(t)| for w = 12.5,50, 200.

Next we compute

t T 2
pa(t) = —4(1175)2 /0 a —1—17)2 {/0 (14 n)2elen dn] dr
_ t N i (3 =5t) +4(1 + et — (14 t)%e?!
4w?(1+1t)3  8wd (1+41)3
1 (11 —5t) — 8(2 + t)elw! + 5(1 + t)2e?w?
8wt (1+1)3
N i (27 =5t) —16(3 + t)e™’ +21(1 + t)e*t 1 —1 4 2! — 2!
1605 (1+1)3 w6 (1+1)3

Fig. 3.4 depicts the error |pg(t) + p1(t,w) + pa2(t,w) — y(¢)| for ‘our’ values of w. We
have no easy explanation why the error does not decrease by as much as predicted

12
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Figure 3.4: |po(t) + p1(t, w) + p2(t, w) — y(t)| for w = 12.5,50, 200.

by our theory for w = 200, a likely reason might be that the reference solution (using
standard adaptive numerical method) is simply not accurate enough for the minute
error tolerance called for in this computation or that, in the presence of a large number
of minute steps, its error-control mechanism is distorted by significant roundoff error.

Few observations are in order. Firstly, it is hardly a surprise that p, = O(w™"),
r = 0,1, 2, because this is predicted by general theory. Secondly, we can easily pluck
from our expansion the leading terms of (1.2):

1
poo(t) = polt) = 1
i i

) = S =_ m =0, 0,1;

p1,0(t) 201+ )2 P11 B% b1, m #
4+ 3t 1

t) = — t) = —— m = 0, O7 1

p2,0(t) 1113 p2,1(t) 1 ¢ b2, m #

This is a feature exclusive to the oscillator 6(¢,w) = €. Finally, we note that there is a
transfer of wavelengths: while pq, like the original equation, exhibits just the frequency
et we have in p, both e! and e?“!. This feature, which we called ‘blossoming’ in
(Condon et al. 2010a), is characteristic of nonlinear systems and absent in (1.5), an
expansion of a forced linear system.

We consider next

1.
y =y’ + Qelw(l_”zv t>0,  y0)=1 (3-2)
Unlike (3.1), the oscillator has a stationary point at ¢ = 1. The numerical solution
is displayed in Fig. 3.5 and it is instructive to compare it with Fig. 3.1. As before,
the oscillation becomes faster as w grows, yet its amplitude decays — however, in the
present case it decays at a different rate. In the interval [0,1) the decay, similarly to

(3.1), is like O(w’l) but, once it crosses the stationary point, the amplitude increases

13
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Figure 3.5: Real (on the left) and imaginary parts of the solution of (3.2) for w =
12.5,50 and 200.

to O(w‘l/ 2). In general, the entire character of the solution changes at the stationary
point.
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Figure 3.6: The error for w = 12.5,50,200 (in the three columns) for pg (top row),
po + p1 (second row) and py + p1 + p2 (bottom row) and equation (3.2).

The functions py and ® do not change, while p; can be computed explicitly,

1 ¢ (12
pl(t7w) = (1_|_t)2/0 (1+T)261w(1 ) dr

_ /2 erf ((—iw)Y/?) — erf (1 — t)(—iw)"/?))
(—iw)1/2 (1+1)?
1 —3e + (34 t)elw-0
C —iw 4(1 + )2
/2 erf ((—iw)'/?) — erf ((1 — t)(—iw)/?))
T S+ |

where erf is the error function (Olver et al. 2010). Since erfz ~ 1 — 7~ 1/2e=%" /2
for |arg z| < 2, this is the case for erf ((—iw)'/2(1 — ¢)) for ¢ € (0, 1), as well as for
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Figure 3.7: Real (on the left) and imaginary parts of the solution of (3.3) for w =
12.5,50 and 200.
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Figure 3.8: The error for w = 12.5,50,200 (in the three columns) for pg (top row),
po + p1 (second row) and py + p1 + p2 (bottom row) and equation (3.3).

erf ((—iw)'/?). Therefore
erf ((—iw)l/Z) —erf ((1— t)(_iw)1/2)) _ O<w—1/2>

and pi(t,w) = O(w’l). However, for ¢ > 1 we need to use the parity of the error
function, erf (—z) = —erf z, for z = (—iw)"/?(1 — t) to fit within |argz| < 37 and
it readily follows that p;(t,w) = O(w‘l/ 2) for t > 1. The double integral ps, how-
ever, cannot be computed explicitly and we have resorted to high precision numerical
integration in our experiments.

Fig. 3.6 displays the errors of truncated expansions Zf:o pr for R = 0,1,2 and
w € {10,50,100}. All is in perfect accordance with the theory. Thus, the precision
is much greater in (0,1) but, once ¢ crosses a stationary point and the nature of
the asymptotic expansion changes, the error is larger, while its decay as w grows is

significantly slower.
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Our final example is

1.
Y = —y2+ e >0, y(0)=1. (3.3)

The oscillator has stationary points at the origin and at {/n , n € Zy. Thus,

y(t) — po(t) = O(w=1/2) for all t > 0 and the solution undergoes an infinite sequence
of changes to its behavior at the stationary points. This can be seen vividly in Fig. 3.7
by examining the imaginary part of the solution.

Fig. 3.8 displays the error committed by approximating y by Zfi:l pr for R €
{0,1,2}. The figure is fully consistent with our theory. Thus, the error drops down
for increasing R (in fact, it is O(w=(F+1)/2)) but also for increasing w.

4 The computation of p,: preliminary ideas

Let us assume that 6(t,w) = €“9(") since in that case the behaviour of oscillatory
integrals is well understood (Wong 1989).

To integrate (2.1) (or (2.2)) we advance by steps tg = 0 < t; < t3 < ---. The steps
need not be small: the accuracy of the method follows from the asymptotic expansion
(1.6) rather than from conventional concepts of order. However, it is important that
all stationary points of the oscillators are in the set {¢,} of time steps and that if ¢, is
a stationary point than neither ¢,,_; nor ¢,1 can be one. Therefore we have two types
of intervals of integration (¢,,t,+1): type I, when neither ¢, nor ¢, is a stationary
point, and type II, when either ¢, or ¢,41 (but not both!) is a stationary point. We
may in that case assume that ¢,, is a stationary point, since the other case follows by
trivial change of variable.

The function ®~1(¢)p, in (2.10) is formally an integral over the cube (t,,t,+1)"
but the function s, is piecewise-smooth there and it is a good idea to partition the
cube into 7! simplices where s, is smooth (or, at any rate, shares the smoothness
of f and a). Each such simplex can be obtained by commencing with the vertex
(tn,tn,.-.,tn) € R" and generating further r vertices by replacing one t,, at a time by
tnt1. After r such steps we reach the vertex (tn41,tnt1,---,tnt1)-

For r = 1 we have just one simplex, the interval with vertices ¢,, and t,4;. For
r = 2 our procedure yields two simplexes, with the vertices

(tny tn); (t'ru tn+1)7 (tn+17 thrl) and (t'ru tn)a (tn+17 tn); (thrla thrl)-

r = 3 results in six simplexes, whose vertices are

(tmtmtn)v(tmtnatn—&-l)a( nstny1, n+1)7( n+1,lnt1, n+1)a
(tnvtnvtn)a (tnvtnvtn+1)a( n+1atmtn+l>v( n+1,tnt1,t 1)7
(tnvtnvtn)v(tnvtn+lv )a( nytny1,t 1)7( n+1stnt1,t 1)7
(tnvtnvtn)v( tng1,t )a( nt1,tng1,t )v( nt1stng1,t 1)a
(tnvtnvtn)v( n+1atnat )a( n+17tmtn+1)7( n+1s tng1, n+1)a
(tnstnstn)s (ng1stnstn)s (Bng1s tngts tn)s (Bngts tnts togen)
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and so on.
The asymptotic behaviour for large w of an integral of the form

/ u(z)e@I®) de,
s

where S € R" is a polytope, depends on three kinds of critical points:
1. Stationary points . € clS where Vg(x,) = 0;

2. Resonance points x, € 0S where Vg(x,) # 0 is orthogonal to the boundary;
and

3. Vertices of the polytope S
(Huybrechs & Olver 2009, Wong 1989). In our case

g'(x)

Therefore for Type I integrals there is no stationary point in a simplex, while for
Type II integrals there is a single stationary point at (tn41,tnt1,- .-, tnt1). Moreover,
in neither case are there any resonance points. Therefore, the multivariate integral
inherits its behaviour in a fairly straightforward manner from the univariate one.
Specifically, in the case of Type I integrals p,.(t,+1,w) = O(w™"), while for Type II
it is true that p, (th41,w) = O(w™/C+Y), where ¢/(t,) = ¢"(tn) = -+ = g9 (t,) =0
and gt (t,) # 0.

A word of caution is in order: although formally p, (t,+1,w) = O(w™") for Type I,
the amplitude of the O(w™") term can be very large when either ¢, or t,11 is close
to a stationary point. Therefore, a safe strategy is to employ Type I integrals only
when the endpoints are well separated from stationary points. Once t, 12 — t41,
say, is small, it is a much better idea to go from t,, all the way to ¢,,+2, subsequently
backtracking from ¢,, 45 to t,41 — in other words, replacing one Type I and one Type II
integral by two Type II integrals.

4.1 Asymptotic expansions

The computation of explicit asymptotic expansions of multivariate highly oscillatory
integrals is possible, at least in principle, but, once dimensions increase, rapidly be-
come very complicated, arguably not very helpful (Iserles & Ngrsett 2006).

The situation is not unduly complicated for type I integrals, once we follow upon
the ideas of (Iserles & Ngrsett 2005). Let f be a smooth function in the closure of the
simplex in question. Recalling that ¢’ # 0 in (¢, ¢,+1), & univariate expansion follows
at once from (Iserles & Ngrsett 2005),

trnt1 . > 1 elw(tni1) elwg(tn)
elwg(é) d ~ — Erere— |: m tn 7  ~ —Jm tn TN |
/tn (&) $ mz::() (—iw)m+1 fn(tns1) g (tn+1) Fm{t) g (tn)
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where

Bo&) = 1), fmir(6) = (fgj;’f”(%), mezy.

It takes more effort to derive a bivariate expansion yet, after fairly standard algebra
using the methodology of (Iserles & Ngrsett 2006), we obtain, for example,

na1 n1 . )
/ / F(&1,62)e9() dgyel«9(€) dgy
tn 1
elwg(tnyr) 2 1

tnt+1
_ i Jtn elwd(®) g
g’(tn+1) — (—lw)“'l/t fé(f +1) f

n

- "6 aiw
—I—Z ") e+1/ J06,8) gt dg,
Z:O

9
where
0
fo(&1,82) = f(&1,&2), fer1(61,62) = % fo’;,(fng), (EZ,.

Let

Fod©) = FilEstarn), fen®) = g A,

: ~ fu&€) ; B 5 Fm 0 (&)

foe(§) = FIGE fmt1,0(8) = % g0 me€ Zg.

Then, expanding again,

tn41 tn41 ) )
/ / f({l,fg)e‘wg(&) d§261w9(£1) d¢
tn 1

e2iwg(tnt1)

= fm n+l
o g (tns1) Z m+zz om—1

mO

Z (—iw ym+2 me,é(tnﬂ)

m=0

eQi“’g(t"L+1 )

+
9’2 (tn+1)

eiw[g(tn)+9(tn+1)] i i
9 (tn)g (tnt+1) foon 0
2iwg(tn

e ) (o) m
m n
M mzo Z 0 z .

This procedure can be carried out also in higher dimensions although, needless to say,
its complexity increases rapidly.

Matters are becoming considerably more complicated for type II integrals. As-
sume thus that ¢'(¢t,4+1) = 0, ¢”(tn+1) and that otherwise g is strictly monotone. A
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univariate expansion is standard

tnt1 ) n+1
[ s aa / es(©) de Fltns1)
t tn

n

oo , elwg(tn+1) eiwg(tn)
Z (=L {fm(tn+1)g,,(tn+1) = [fm(tn) = frn(tns1)] 7 (tn) } )

m:O

where

d fm(g) — fm(tn-i-l)
d¢ 9'(&) ’
(Iserles & Nersett 2005). Unfortunately, a generalisation to a bivariate simplex, al-
though possible in principle, rapidly leads to fairly unpleasant expressions. It is rea-
sonable to rule out this approach as a practical computational tool for the different
dimensions and diverse oscillators occuring within the framework of this paper.

fO(g) :f(€)7 ferl(f)

4.2 Filon-type expansions

As pointed out in (Iserles & Ngrsett 2006), while asymptotic expansions are next to
useless as a direct computational tool in a multivariate setting, they are immensely
useful in identifying the data necessary for the implementation of Filon-type methods.

Let f: S — C and g : S — C be smooth functions in a closed polytope S ¢ RF
with vertices v1,vs,..., v € RE. Assume further that Vg is nonzero in S, except
possibly at the vertices and is nowhere orthogonal to the faces of the polytope. Then
there exists an asymptotic expansion of the form

M
/f Jeiwls@tFoEnl q¢ A Z (m+R T Zﬁme (ve), (4.1)
=1

where ¢ is the highest degree of a stationary point (that is, the largest number such
that d*g(v;) = 0 for a vertex, j € {1,2,..., M} and all |i| = 1,2,...,¢ and ¢ = 0 if
Vg # 0 at all the vertices). The functionals £,, ¢ are all linear and depend on f and
its derivatives. Let ¢ be any function that interpolates f and its derivatives at the
vertices, specifically so that L, ¢[¢ — f]=0forallm=0,1,...,pand £ =1,..., M.
Then the Filon-type quadrature

Flf] ::/Sw(s)eiW[g(él)Jr---Jrg(éR)] de (4.2)

satisfies F[f] = Z[f] + O(w~P+R/(+1) "as can be verified at once through a substi-
tution of ¢ — f in place of f in (4.1) (Iserles & Ngrsett 2006). Once the integral (4.2)
can be evaluated explicitly, we can use it to obtain a high-quality approximation to
(4.1).

An efficient computation of highly oscillatory integrals over simplexes using Filon-
type and other methods is beyond the scope of the current paper and a matter for
future investigation. In this paper we wish just to provide two examples, both of
bivariate integrals, that demonstrate the feasibility of this approach, at least for some
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Figure 4.1: The integral I, (¢) for the type I example. On the left we display w?|I,,(1)],
to highlight the (’)(w_Q) decay in amplitude. On the right we display the absolute
value and the real (at the top) and imaginary parts of Iso(t), noting the very rapid
oscillation of I, (t) as a function of ¢.

oscillators. In both cases we consider a simplex with the vertices (0,0), (¢,0) and (¢, t),
that is
S={(&,6) :0<6L<&G, 06 <t}

Firstly, consider f(z1,z2) = cosm(x1 — 222) and g(z) = z, a type I integral and let
I,(t) = Z[f], to highlight the dependence upon t and w. The behaviour of the integral
for varying ¢ and w is highlighted in Fig. 4.1.

We consider two Filon-type schemes, both with polynomial bases. In the first
case, henceforth denoted by FB] (t), we use the linear bivariate basis {1,z1,z2} to
interpolate f at the vertices, while in the second, F([f] (t), the basis of bivariate cubics
is used to interpolate to both f and its two directional derivatives at the vertices, as
well as to the value of f at (3t,4t). In both cases the integral (4.2) can be easily
computed explicitly.

We display in Fig. 4.2 the error for both methods for fixed ¢ and increasing w in
logarithmic scale — essentially, exhibiting the number of significant digits recovered by
the numerical approximation. It is clear that, using just a small number of function
values, we can recover the integral to a surprisingly high accuracy which increases with
w — everything is consistent with the theoretical estimates, |FB] (t)—I,(t) = O(w™?)
and |[F2(t) — I,(t)] = O(w™?).

As an example of a type IT integral we consider (in the same simplex) the function
f(x1,22) = e*172%2 and the oscillator g(x) = 22. We can use a polynomial basis

because the moments m,, , = fs x’lnxgei‘*’(ﬁ“”%) dx can be computed explicitly for
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Figure 4.2: The values of log,o |FU(t) — I,(t)], j = 1,2, for t = 75 (on the left) and
t =1 (on the right) and the type I integral. The top curve corresponds to FE].

allm,n € Z4, e.g.

 erf 2((—iw)'/2t)

Mo o(t,w) = 3 T ;

My o(tw) = /2 21/ 2exf ((—2iw)1/2t) — 261t erf ((—iw)!/2t)
DD 8 (—iw)3/2 ’

Mo (6w) = 7'/2 2erf ((—iw)/2t) — 21/ 2erf ((f2iw)1/2t)'
A 8 (—iw)3/2

Our first example uses linear functions to interpolate f at the vertices and its first
derivatives at (0,0) — we have 5 interpolation conditions and 6 elements in our basis
{1, 21,72, 2%, 179,23} and, to match conditions to degrees of freedom, we also in-
terpolate at (%t, %t) Using similar notation to the previous example, we denote the
exact integral and the outcome of this Filon-type method by I, and FB] respectively.

In our second example we interpolate to f and its first two derivatives (6 conditions
altogether) at (0,0), f and its first derivatives at (¢,0) and just f at (¢,¢). Thus we
have 10 conditions, matching the number of bivariate cubics. Alas, it is impossible
to use a base of cubics to interpolate to the above Hermite data. However, once
we complement the cubic base with z{, while adding an interpolation condition at

(2t,1t), all is well and this yields FI2,

3773 w
Fig. 4.3 depicts the number of significant digits in Fg](l) for j = 1,2. (Unlike
Fig. 4.2, there is little point in displaying the error for t = 1—10 since then the integral is

non-oscillatory.) As predicted by theory, FE] is better. However, the slower decay for

w > 1 (compared to type I integrals and Filon-type methods — in the current setting
we have FU[f] — I,[f] = O(w™?) and F2[f] — I,[f] = O(w~5/?)) means that the
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Figure 4.3: log,, |FU(1) — I,(1)|, j = 1,2, for the type II integral. The top curve
corresponds to Fg].

accuracy is lower (although not by much), in comparison to Fig. 4.2. This emphasises
a broader point about our asymptotic expansions: once stationary points are present,
we need more terms in the expansion (1.6) to attain the same accuracy — but also the
approximation of each term requires more data and effort.

The purpose of this section is to emphasise the important point that the highly
oscillatory integrals (2.10) (or indeed (2.13)) can be computed effectively by numerical
approximation. We definitely do not seek here to discuss this issue at any great depth.
Several important methodologies have emerged from modern theory of computational
highly oscillatory quadrature — not just Filon-type (Huybrechs & Olver 2012, Iserles
& Norsett 2006) but also Levin-type (Olver 2006) and stationary phase (Huybrechs
& Vandewalle 2007) methods, as well as complex-valued Gaussian quadrature (Deafio
& Huybrechs 2009). An attractive option is to generalise the univariate approach of
(Olver 2007), namely a Filon-type method without any need to calculate moments, to
a multivariate setting. All this is a matter for further exploration.

References

Asheim, A. & Huybrechs, D. (2010), ‘Asymptotic analysis of numerical steepest de-
scent with path approximations’, Found. Comput. Maths 10, 647—671.

Condon, M., Deano, A. & Iserles, A. (2010a), ‘On second order differential equations
with highly oscillatory forcing terms’, Proc. Royal Soc. A. 466, 1809—-1828.

Condon, M., Deano, A. & Iserles, A. (2010b), ‘On systems of differential equations
with extrinsic oscillation’, Discr. and Cont. Dynamical Sys. 28, 1345-1367.

24



Deano, A. & Huybrechs, D. (2009), ‘Complex Gaussian quadrature of oscillatory in-
tegrals’, Numer. Math. 112, 197-219.

Huybrechs, D. & Olver, S. (2009), Highly oscillatory quadrature, in B. Engquist,
A. Fokas, E. Hairer & A. Iserles, eds, ‘Highly Oscillatory Problems’, number 366
in ‘London Mathematical Society Lecture Note Series’, Cambridge University
Press, Cambridge, chapter 2, pp. 25-50.

Huybrechs, D. & Olver, S. (2012), ‘Superinterpolation in highly oscillatory quadra-
ture’, Found. Comput. Maths 12, 203-228.

Huybrechs, D. & Vandewalle, S. (2007), ‘The construction of cubature rules for mul-
tivariate highly oscillatory integrals’, Maths Comp. 76, 1955-1980.

Iserles, A. & Norsett, S. P. (2005), ‘Efficient quadrature of highly oscillatory integrals
using derivatives’, Proc. Royal Soc. A 461, 1383-1399.

Iserles, A. & Ngrsett, S. P. (2006), ‘Quadrature methods for multivariate highly oscil-
latory integrals using derivatives’, Maths Comp. 75, 1233-1258.

Olver, F. W. J., Lozier, D. W., Boisvert, R. F. & Clark, C. W., eds (2010), NIST
Handbook of Mathematical Functions, Cambridge University Press, Cambridge.

Olver, S. (2006), ‘On the quadrature of multivariate highly oscillatory integrals over
non-polytope domains’, Numer. Math. 103, 643-665.

Olver, S. (2007), ‘Moment-free numerical approximation of highly oscillatory integrals
with stationary points’, Furopean J. Appl. Maths 18, 435-447.

Stein, E. M. (1993), Harmonic Analysis: Real-variable Methods, Orthogonality, and
Oscillatory Integrals, Princeton University Press, Princeton, NJ.

Wong, R. (1989), Asymptotic Approzimation of Integrals, Academic Press, London.

MARISSA CONDON

The Rince Research Institute “Researching Innovative Engineering Technologies”
Dublin City University

Dublin 9

IRELAND

ARIEH ISERLES

Department of Applied Mathematics and Theoretical Physics
Centre for Mathematical Sciences

University of Cambridge

Cambridge CB3 OWA

UNITED KINGDOM

SYVERT P. N@GRSETT
Department of Mathematical Sciences

25



Norwegian Institute of Science and Technology
Trondheim 7491
NORWAY

26



