ON ASYMPTOTIC-NUMERICAL SOLVERS FOR DIFFERENTIAL
EQUATIONS WITH HIGHLY OSCILLATORY FORCING TERMS

M. CONDON*, A. DEANO', AND A. ISERLES 1

Abstract. We present a method to compute efficiently solutions of systems of ordinary differ-
ential equations that possess highly oscillatory forcing terms. This approach is based on asymptotic
expansions in inverse powers of the oscillatory parameter, and features two fundamental advantages
with respect to standard ODE solvers: firstly, the construction of the numerical solution is more ef-
ficient when the system is highly oscillatory, and secondly, the cost of the computation is essentially
independent of the oscillatory parameter. Numerical examples are provided, motivated by problems
in electronic engineering.

1. Introduction. In this paper we are concerned with an initial-value problem
involving an ODE system of the form

y'(t) = Ay(t) + 9. () f(y(t), t>0,  y(0)=1y,, (L.1)

where g,, is a rapidly oscillating scalar function of a frequency related to the oscillatory
parameter w > 1, while f : RY — R? is an analytic function. We further asume that
the spectral abcissa a[A] is nonpositive or that the logarithmic norm u[A] is non-
positive, so that the solution of the linear problem vy'(¢) = Ay(t) remains bounded.

Differential equations of this type abound in a wide variety of different contexts,
notably in the modelling of circuits in Radio Frequency communication systems, see
for instance [5], [9], [10]. In a broader context, this setting corresponds to the situation
where a physical system modelled by the differential equation is subject to a high
frequency forcing term (which could for instance be an electromagnetic wave or a
mechanical excitation) and we wish to analyse the behaviour of the system on a time
scale which is much larger than the period of the forcing function.

Oscillatory systems of differential equations have been widely studied in the lit-
erature, but in most cases it is the linear part of the equation which is responsible for
the oscillatory character, for example when A has eigenvalues with large imaginary
part, see [7], [8]. In our case the matrix A will be independent of w, therefore the
highly oscillatory behaviour of the solution originates solely in the forcing term.

Typical examples of highly oscillatory forcing terms in this context are

gult) = €1, gu(t) = e g (1) = enOeser, (1.2)

The first example involves just a Fourier oscillator, whereas the second and third
appear in the modelling of nonlinear circuits involving diodes and subject to various
amplitude and digital modulation formats, respectively.

In terms of the structure of the forcing function, a general framework is given by
modulated Fourier expansion (MFE), that is:

oo

gu(t) = > aj(t)e’, >0 (1.3)

j=—o0

Modulated Fourier expansions have already been used in the context of geometric
integration of Hamiltonian systems, see [2] and [6, Ch. XIII|, but it turns out that
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Fi1G. 1.1. Real (solid line) and imaginary part (dashed line) of the solution of (1.4) for w =10
(left) and w = 100 (right).

they provide the natural framework for the study of this type of differential equations
as well. They allow us to treat not only periodic forcing terms (in which case the
coefficients «;(t) will be independent of ¢), but more general cases, since the forcing
term is periodic in the variable wt but not necessarily in ¢.

In order to gain intuition about the expected behaviour of the solutions of such
type of differential equations, let us consider the scalar example

y' = 2iy + @iy, t>0, y(0) =1, (1.4)

whose exact solution is

RS L
y( ) = 1+ % + iei(2+w)t'

Note that y(t) is an O(w™1) perturbation of a periodic function. We have sketched
in Fig.1.1 the real and imaginary parts of y.
Another example is given by the equation

y =iy — 5eWiy?, >0, y(0) = 1. (1.5)

This example may look similar to the previous one, except that now the vector field
is dominated by the nonlinear, high frequency term. This is reflected by the plots in
Fig.1.2.

These examples and similar ones suggest the intuitive idea that the solution of a
system of ODEs with a highly oscillatory forcing term consists of a non-oscillatory base
function superimposed with small and very fast oscillations, and that the amplitude of
these oscillations decreases when w grows. The presence of these very small oscillations
makes the problem notoriously difficult to solve numerically using standard ODE
routines like the ones available in MATLAB or MAPLE, because one has to use an
exceedingly small stepsize in order to control the error.

The reason for the poor performance of classical numerical methods for solv-
ing ODEs in the presence of high oscillation lies at the very heart of the stan-
dard numerical theory, which is essentially based on Taylor expansion of the solu-
tion. In any numerical method of order p with step h, the error scales roughly like
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F1G. 1.2. Real (solid line) and imaginary part (dashed line) of the solution of (1.5) for w = 10
(left) and w = 100 (right).

hPHlyP+1 (1), Since the derivatives of highly oscillatory functions grow very fast,
typically y®P+t1(t) = O(wP*!), we require h to be extremely small in order to keep
the error down to an acceptable size.

In this paper we use ideas recently developed in the theory of highly oscillatory
problems to devise an alternative and efficient method to compute the solutions of
this type of equations. More precisely, we construct combined asymptotic-numerical
solvers, based on asymptotic expansions for large values of w rather than Taylor
expansions. The procedure presents two remarkable properties compared to the stan-
dard discretization method of ODEs: firstly, the algorithm becomes more efficient for
large values of the oscillatory parameter, and secondly, the computational effort is
essentially independent of w.

2. General setting. In order to justify the general form of the solution as a
base function superimposed with oscillations of decreasing amplitude when w grows,
our first step is to write the solution of (1.1) using nonlinear variation of constants,
see [7]. More precisely, considering

Y'(t) = Ay(t) + () F(y(@),  y(0) =y,

as a perturbation of the linear equation with the same initial value,

Z'(t) = Az(t),  2(0) =y,

we have

y(t) = 2(t) + et / go(2)e™™ F(y(2)) da (2.1)
0
— ety + et / go(@)e= " (y()) da.

Our essential ansatz in constructing asymptotic-numerical solvers is that the so-
lution y(t) admits an asymptotic expansion of the form:

y(t) ~ %ws(t) w1, (2.2)
s=0
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where ¥, (t) ~ O(1), w > 1, for s € Z.1

Taking into account formula (2.1) and the structure of the forcing term in (1.3),
it makes sense to look for a solution which is periodic in the variable wt. Actually,
a reasonable assumption in these conditions is that each ¥ (t) in (2.2), except when
s = 0, has itself the form of a modulated Fourier expansion:

o0

Yo(t) = > ag;(t)e7,  s>1. (2.3)

j=—o00

In order to satisfy the initial condition, we impose t,(0) = y(0) = y,, which
means that 1,(0) = 0 for s > 1, or equivalently

o0 oo

Z ao,;(0) = yo, Z as;(0) =0, s> 1.

j=—00 j=—o00

Instead of discretizing the highly oscillatory integral in (2.2) using standard
quadrature, a procedure which is very expensive and numerically not too reliable,
we will expand that integral in inverse powers of w and then identify the functions
1,,(t) as the terms that multiply the same inverse power of the oscillatory parameter.
Equivalently, we will try to compute the coefficients of the MFE of the different terms
1, (t). To this end, we note that since f is analytic, we can expand it into Taylor
series around 1, assuming that this term will give the main contribution:

m times

0 1 ———

Fo+0) =D —¢u(1,0.0,....0).
m=0

Here ¢, is an m-tensor related to the mth derivative of f at 1,

Po(o) = f(1y),

9 ()
$1(,0) = 8y 0,
0
(2(t00,0,0))k —ZZ aj;’“(,;ﬁo L k=1,2,....d,
i=1 j=1 v
etc. In general we can write
d d
am
(gam(qtbOvevve))k = Z Z %9”912 "'eim, k= 1,2,...,d.
i1=1  ip= “u tm

Note that each ¢,, (1,0, ...,0) is linear in each of the Oxs. Substituting the Taylor

IThis ansatz can be generalised to a more general expansion, e.g. pped Ow_’is P, (t), where
{Ks}s>0 is a strictly increasing nonnegative sequence such that lims—oc ks = 00, but for the
sake of simplicity we will restrict ourselves to this model.
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expansion of f into (2.1), we have

=1
y(t) ~ 30—t (tw) (2.4
n=0
~ ey, + et /t (x)e ™ f iiw (z,w) | dz
yO 0 Juw —~ wh n ’
= etAyo
=1 Y — Y, (7, W) — Y, (W)
+ etATnZ:O ﬁ /ng(x)e A(,pm<¢0(.’lj, w),nlle, e ’n;1WT> dz

1 Nt 1 K
A A
= ey, + e Z oo Z m/o Yo ,n () g () da,
m=0 =

= Ny nm=1

where the term

Vmn (@) = e, (o (), ¥y, (@), 2y, (@)

is nonoscillatory. Once we express the functions v, (¢) as modulated Fourier series,
as in (2.3), we obtain:

y(t) ~ ey, (2.5)
o0 o0 o0 t
1 1 iy
YL Y mm Y [ @ man
m=0 .n17~~~a77/7n:1 Jlyeen Jm=—00 0

where the nonoscillatory term is now

Ym,n,j (x) = e_IAQDm("/}O(x)a Any 51 (‘T)’ s Ay i, (‘T)) (26)

and we have used the notation |j| = j1 + jo + - .. jm-

This is the general form of the solution, and naturally the structure (and com-
plexity) of the #,,(¢) functions will depend both on the particular oscillator g,,(t) that
we are considering and on the nonlinear term f, through the ¢,, functions.

Now we need to expand the integrand in (2.5) in inverse powers of w, and for each
s > 1 identify the functions 1 (t) as the terms that multiply the w™* elements. For
this it is useful, given a multi-index n = (ny, na, ..., Ny ), to define the following sets:

I ={(m;n):me€Zy,n e N" |n|=s}, (2.7)

where again [n|:=mnj +n2+ ...+ ny,. It is understood that Iy = {(0)}, and the first
few sets are

L ={(1;1)}, I, ={(1;2),(2;1,1)}, I3 ={(1;3),(2;2,1),(2;1,2),(3;1,1,1)}.

Each value of s corresponds to terms that multiply the same inverse power of w.
However, in order to determine how many terms we should add in each step in the
Taylor expansion of f and in the modulated Fourier expansion of the forcing term, we
must take into account the characteristics of the oscillator g, (), since integration by
parts introduces additional inverse powers of w. In this sense, we present the following
definition:



DEFINITION 2.1. We say that the oscillator g,,(t) is soft if, given any C*> function
h(t), it is true that

/0 B()gu(@) dz ~ S [he(on(t,w) — Bu(O)or(0,0)],  w> 1. (28)
We say that g, (t) is hard if

t 0
/ hz)g,(z)dx ~ F[h] + Z %[hk(t)ak (t,w) — hg(0)or (0, w)]. (2.9)
0 k=1

Here the functions oy (t,w) are independent of h, while hi(x) is a linear combi-
nation of h(z),h'(x),...,h*=Y(x), and we assume that F is a linear operator.

Equivalently, and recalling formula (1.3), an oscillator is soft if ag = 0 and hard
otherwise.

In the case of a soft oscillator, we remark that the expansion (2.8) begins with
terms of order O(w~1!). Therefore, in order to find the O(w™*) terms in 4 (t), we
only need to consider an expansion up to the set I,_;.

In the case of hard oscillators, however, the oscillator itself will introduce a O(1)
term, which means both that the solution of the base equation %,(t) may not be
explicit and also that we need all the terms up to (and including) I, in order to
obtain %,(t). That will necessarily include the function ,(¢) inside the integral,
giving an implicit integral (or differential) equation.

In any case, we will show in the examples below that this strategy will allow us to
construct increasingly accurate approximations to the solution y(¢) by adding more
terms in (2.2). A very important point to bear in mind is that we do not solve any
oscillatory ODE to obtain the solution y(t). Instead, we construct 1) (¢), which is the
solution of a nonoscillatory equation, and then add subsequent terms ,(t), which
are computed by finding the coefficients of the modulated Fourier expansion as ;(t)
and then assembling the Fourier expansion itself.

In striking contrast to what happens in the classical setting, note that our pro-
cedure is likely to be more efficient the larger w is, since we will need fewer terms in
the asymptotic approximation to obtain similar accuracy. Moreover, observe that the
only time-stepping needed is when solving the ODE for the zeroth term ), (t), which
is nonoscillatory and hence affordable with standard algorithms.

3. The linear oscillator. Let us first consider the case of a Fourier oscillator
that involves a single frequency
gu(x) =e

Upon repeated integration by parts, it is straightforward to show that for any smooth
function h(t)

/0 h(z)e" do ~ =) ﬁ[h(k) ()t — n™(0)]. (3.1)

k=0

This is the simplest example of a soft oscillator, and the zeroth term of the
expansion is available explicitly:

Po(t) = etAyo- (3.2)
6



In order to find higher order terms, we substitute the asymptotic expansion (3.1)
n (2.5). Note that

t t
[ i s@eld g (@) ao = [ vm,n,ju)e“‘ﬂ‘*”“ dr
0 0

i (k) I (k)
kzo |J|+1 k+1[“/mna(t)e(m R P (U]

if |j| # —1, otherwise the integral is nonoscillatory. This is a simple example of
resonance (understood as the multiplication of oscillatory terms that results in a
nonoscillatory integral). However, as we will see later on, when the forcing term is
a Fourier oscillator that includes only the frequency wt, this phenomenon does not

occur.
Grouping equal powers of w, we obtain

ik+1

P (t) = tAZ Z lmx (33)

k=0 (mn)el,_,

1 k (5 k
S e [ 0]« 5 [

1 k+1
i WD) =1

for s > 0. Observe that in order to construct the function 4, (t) we need to add

contributions from all the spaces from Iy to I;.
For instance, to compute ), (t) we substitute p = 0 above to get

o0

i) ==t Y 5 Y [ @O 50

Now, since v (g),0(z) = e 4 f(1py()), we obtain

Pi(t) =1 [etAf(yo) - eiwtf(etAyo)} . (3.4)
Similarly,
: . 1 i(|7 w
Py (t) = —ie' Z 1 [‘71,(1),3'@)@ (9] +1)wt *’71,(1),]'(0)}
=

t
_ ietA/O 717(1),_1(1,) dz + etA [761(0)70(t)61(‘3|+1)wt _ 76,(0),0(0)} ]

Now observe that 717(1),_1(30) =0, since a1,—1(z) = 0 from the previous formula
for 4 (t). Moreover,

1) = e (o). an (o)) = oA L g,
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and

f(%( )

’76,(0),0(35) e A —Af(po(a)) + == ——P(x)

Substituting the known values, it turns out that we have the following structure,
emphasising only highly oscillatory terms:

Yyt w) = azo(t) +e“ a1 (t) + e ags(t),

where
azo(t) = etd {Af(yo) - 8];(50) [Ayo + %f(yo)] } )
azat) = A5 ) + 4 V) gy g,
_ 1 af(etAy ) ¢
ass(t) = *iTOf(e A40).

Observe that the number of frequencies present in each of the ) (¢) functions
grows as we increase s, and actually we have a straightforward pattern in accordance
with our ansatz (2.3), in a simpler setting:

THEOREM 3.1. For s > 0 the functions ¥ 4(t) have the form of (finite) modulated
Fourier expansions:

S
t) = Z a j(t)e+t
=0

where each as ;(t) is non-oscillatory, and indeed independent of w.
Proof. The result is clear for s = 0, suppose that it holds for s. It follows from
the general formula (3.3) that

sk+1 1

__tA ! (k) i(l5]+1)w (k)
b= =152 S 5 e a0 0],

k=0 (m,n)e]ls,k Qﬁljiﬁnz
1=

Note that
Jl+1<In[+1<s-k+1<s+1,

and therefore 1), () is indeed of the stipulated form and our ansatz is true. More-
over, the coefficients of the modulated Fourier expansion of % (t) can be written
explicitly in the form

1 ik -
ao =y Y Loy G T

k=1 (mm)ell,_, QSljiSm
1=

1 ik B
. tAZ 1 T -
asj Z m! Z (|J|+1)k Vm,n,j(t% j7=1,...,s.
i=1
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Fi1G. 3.1. Real part of the error in the approzimation of the solution of (3.5) for w = 100. Left
to right, es(t,w) for s =0,1,2.

d

We observe that this result rules out the possibility of resonance, as mentioned
before, since as,_1(t) = 0 for all s > 0.

To illustrate the performance of the approximation, let us go back to the examples
from the introduction:

y' = 2iy + @iy, t>0, y(0) =1, (3.5)

y =iy —5e“hy?  t>0,  y0)=1. (3.6)

We can compute the first terms of the asymptotic approximation and compare
with the exact solution. We define the absolute error

extt) =yt~ 3 Lml)
m=0

for s > 0. Figures (3.1) and (3.2) display the real part of the error for s =0, 1,2 for
w =100 and w = 500 (the imaginary part follows a similar pattern).

We note that in place of g,(t) = e“!, we can take a more general exponential
oscillator:

gu(t) = eia®,

where ¢’ # 0 in [0,¢]: in that case

't © 1 elwg(t) elwg(0)
h(x)g,(z)dx ~ — —_— [ — 0 )
[ Wt 2 i |0y — 0%
where
d hk(a:)

hQ(I’) = h(l’), hk+1($) = E g/(l')

The results can be extended to this case without any other conceptual difficulty,
at the price of more complicated algebra.
9
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Fic. 3.2. Same as figure 3.1 but with w = 500.

4. The Expcos oscillator and digital modulation. Another generalisation
of the previous model that one can consider is given by a forcing term that has a
proper modulated Fourier expansion:

gu(t) = Z o (t)el vt

j=—o0

In this case similar analysis is possible, although the general structure of the v, (¢)
functions is bound to be more complicated. Note in particular that if ag(t) # 0 then
the oscillator is of hard type, according to our previous definition.

4.1. General setting. An important case, significantly more complicated than
that of the Fourier oscillator, is given by

gw(t) =" Coswt7

already considered in [3], [4]. The Fourier expansion of the oscillator is given in terms
of modified Bessel functions:

et — [o(n) + 2 Z I, (n) cos mwt
m=1

see [1, Eq. 9.6.34]. The series converges very fast for fixed values of n due to the
asymptotic behaviour of the modified Bessel functions for large orders, see for instance
[1, Eq. 9.7.7], and the convergence is also uniform for fixed values of ¢.

This expansion implies that this oscillator g, (¢) introduces a non-oscillatory con-
tribution, since integration term by term gives

/0 h(z)g,(z)dx = Ig(n)/o h(z)dx +2 Z Im(n)/ h(x) cos mwzx dz,

m=1 0

for any smooth function h(t). Therefore in this case g, (t) is a hard oscillator.
A more general case of this oscillator can be obtained by allowing 1 to vary

y'(t) = Ay(t) + "Dt f(y(t), t>0,  y(0) = y,. (4.1)
10



In a typical example in applications, the function 7(t) will be piecewise constant
n(t) =, tE [T, Tit1) mE€ Zy,
where
D=1 < <m2<: - and 0p,01,...€ R
are given. We suppose that
minw(ri4 — 7)) > 1,

so the oscillator coswt undergoes many oscillations in each interval [r;, 7;41]. Thus
we want to solve the ODE

Y (1) = Ay(t) + "Dt f(y(1),  y(n) =y,

where ¢ € [7;,7;4+1) and the initial values y; in each subinterval are given. Naturally,
if n(t) is constant we will set i = 0 and 7; = 0. Also, in order to simplify notation, we
will omit the subscript 7 in the sequel, in the understanding that n or 7 stand for 7;
or 7; if needed.

As before, we assume that y(¢
powers of w, where each term 1, (¢

admits an asymptotic representation in inverse
can be expressed as a modulated Fourier series:

)
)

Pot)= Y an;(t)e’™,  neN (4.2)

j=—c0

The first term, 1), (¢), obeys the base nonoscillatory ODE:

Yo(t) = Ao (t) + Lo() F (o (1)), t=0,  who(7) = y(7). (4.3)

Note than, unlike what happened in the case of the Fourier oscillator, this base
equation is in general nonlinear, and the solution may be not be available analytically.
Yet, being nonoscillatory, it can be computed easily with conventional numerical
software.

Using the linearity of ¢,,,, we have

> )
n=0

= oy,
- 1 - 1 ! —T COS wWx
P S et [ e e (@), (o)., ()T da
m=0 N1y =1 T

t
_ etAyO +etA/ eszf(,l’bO(x))encosw(erT) dz

~ S 1 0o t
+ E - E E etA Yonm ‘(z)elh\wzencoswz dx
m)! wlnl Y]
m=1 ny,...,Nm=1 Jlseesjm=—00 T

where as usual

Vimm.g (@) = €0, (Yo(2), @ny i (@), -+, @y ().
11



Now we need an asymptotic expansion of the last integral in inverse powers of w.
Given ¢ € N and a smooth function h(t), we observe that

t
/ h(x)eiqwzencoswx dz
‘ — (=D*  on (2k)
~I(n) [ h@)de+ ) oot T (Magk(t) — R (T)aq k(7))
T k=0
— (—1)* R(2F+D) _ k)
+ el (t)Bq.k(t) (7) Bk (T)];
where, for every g e N, k € Z,
> I i —ijwzx
agr( 12 g—i 2k+tj+] (n)e :
j=1
e I ljwz + I ‘(n)e—ijwz
5q, Z = ] 2k+2
Jj=1
Since for all z € R
agr(@) = a_gr(@),  Ber(@) = Pogr(),

we can extend the definition of ay ; and f(, 1 to all ¢ € Z and obtain an asymptotic
expansion valid for all ¢ € Z, ¢ # 0. Moreover, for ¢ = 0 we have

aok(®) = Sk(z),  Pok(z) = Ck(x),
where
gy I,
Sk(z) =2 Z m";lgz)l sin mwz, Ci(z) =2 Z mZ—IEZl COS MW (4.4)
m=1 m=1

In the sequel we will omit the parameter n if no confusion arises, in order to
simplify notation. We also observe that given the asymptotic behaviour of the mod-
ified Bessel functions for large order m, the previous series converge absolutely and
uniformly for fixed values of 7 and k£ and for z € R.

Using this expansion, we can write

t>~Zw—1nwn<)

o t
= (_1)k (2k) (2k)
+ Z w2k+1 [7m n J( )a\ij(t) - 7m,n,j(7-)a|j\,k(7-):|
k=0
oo ] k
3 Cl et [ ()5, = 724D (18] }
k=0
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The procedure now consists of collecting all the O(w™?) terms on the right and
equating them to w‘p't,bp(t). We do so separately for odd and even p. Thus, for any
pE Z-l—a

1 = ¢
b= X Y Iyt [ g (15)
(m,n)€lapi1 " 1y fm=—00 T
- )P & 1A [ (2K) (2h)
+) =Y A Bt Y ()]
k=0 (m,’n)EHQ(p,k) ’ J1yeees Jm=—00
= (=1)* = 1A [ (2k+1) (2k+1)
+ - Z e [’Ym,n,j ®)B151.6() = Vonm. (7)6|j\,k(7—)} :
k=0 (m,n)€ly(p_i)—1 T 1enim=—00
Likewise, for all p € Z,
1 > t
bl = X o 3 I [ o) (16)
(m,n)€lzpy2 J1seesyJm=—00 T
: D" & ta [ (2k) (2k)
X e X o) — v (o)
k=0 (m,’n)Gﬂg(p,kH,l ’ J1seeeyJm=—00
- (=1 = 1A [ (2k+1) (2k+1)
+ Z Z - Z e [7m,n,j ®)B151.6(E) = Vonm. (T)ﬂm,k(ﬂ} :
k=0 (m,n)EHQ(p,k) ’ J1yeemy Jm=—00

We remark that when we try to solve for the modulated Fourier coefficients of,
say, Py, (t), those coefficients appear on the right hand side under the integral sign
as well, due to the presence of the index (2p+1,(1,1,...,1)) € I3,11 in the first sum.
The standard procedure in this case is first to identify the coefficients ags41 ;(t) for
j # 0 and then solve a differential (or integral) equation for the non-oscillatory term
a2s+1,0(t). Similar reasoning, with obvious changes, applies to the computation of

17b2s+2 (t) .
We illustrate this idea in the next subsections by computing ), (¢) and 4 (¢).

4.2. The first term. Using (4.5) with p = 0 we obtain:

TACEED DRI DR () (SR

(mm)€ly  Ji,eenfm=—00

+ — 2 M g Ds0(t) ~ YV i (Dg(7)]
A ! A
= Y L / Y1.00,5(@) dz -+ e [0 0).0()a00(E) = Yo,0).0(T)a00(7)]
Since for all z € R

Yo.0).0(z) = e (Yo (2)) = e f (1o (2)),

13



T1 00 0) = € (o), an i 0) = e AL g )

and ago(x) = So(x), it follows that if we write 4, (t) in modulated Fourier series,
then

hi0= Y a0 =t 30 pG) [ e 20, )

j=—00 j=—o00

+ F(1ho(8))So(t) — " DA (y (7)) So (7).

Note the presence of the coefficients a; ;(t) on both sides of the equation due to
the first index (1, (1)), as we mentioned before. Identifying coefficients we get

ay;(t) = _ilj(n)f(¢o(t)), J#0,

and a1 ;(t) = —ai,—;(t) for j > 1, using the fact that for integer orders I_,(n) =
I, (n), see for instance [1, Eq. 9.6.6]. The nonoscillatory term aj o(t) is implicitly
defined by

avo(t) = 1o(n) [ &AL 0, o) ai — o2y 7)) S0 r).

Observe that because of the symmetry of the coefficients a4 ;(¢) for j # 0, the
only remaining term in the sum is the one corresponding to j = 0. Multiplying by

e~t4 differentiating, multiplying by e*4 and rearranging term results in the ODE
Of (ot
ato(®) = 4+ hm PG D a0, are(r) = ~f@EDSE. @)

In general, we cannot write the solution of (4.7) (with the given initial values)
explicitly, but it can be approximated very well with standard numerical methods for
ODEs, since there are no oscillatory components present. In fact, we can write:

ayo(t) = =) f(y(r))S(7), (4.8)

where Q(t) is the solution of the matrix ODE

0 t

Q@)= |A+ 10(77)% Q(t), Q(r)=1. (4.9)

Incidentally, note that this is the variational equation corresponding to the ODE (4.3).
Finally, assembling everything we obtain

Pi(t) = F(Po()So(t) — (1) £ (y(7))So(7), (4.10)

Observe that 1, (7) = y;, which is consistent with the way we have imposed the
initial conditions in (4.3).
14



4.3. The second term. Once we substitute p = 0 in (4.6), we obtain

1 b ¢

b= Y o 3 Iyt [yl ds (4.11)

(mn)€ly  fisefm=—00 T

1 oo
+ Z o Z e [V i (D51.0() = Yonm s (T)s1,0(7)]
(mm)€ly  J1,emsm=—00

1 oo
+ — 2 M i (08100 = Vo (D)B1.0(0)]
(m,n)€ly J1seeesJm=—00

The first term comprises two different sums, originating in the two indices in I,
which are (m,n) = (1;2) and (m,n) = (2;1,1). Specifically:

oo o0

at)= S et / Tty @ dr= 3 (et / e, (0 (), az 5 (x)) da

j=—o00 j=—o00 T

and

[es] t
o(t) =3 Y Ij1+j2(77)em/72,(1,1),01,]‘2)(””)@

J1,J2=—00
oo t
1Y Lig(et / e, (o (), @, (2), arjy (z)) da,

J1,j2=—00 T

With regard this last sum o2(t), we can prove the following
PROPOSITION 4.1. The term o2(t) satisfies:

72(t) = & p [ & (1 (o), £ o)) () do
+3SETE [ e (1 (0), o) (), o) (y(r))) do + O,

where

p=1Iy(n) Z Jj(j).

Proof. We note that if we substitute the explicit value of the coefficients a_;(t),
then we obtain

o0

t
LY L (mett / ey (o (), anj, (2), arjy (2)) da,

J1,j2=—00

1Y L2 ) [ e enlwolo). Fwo@). Fwol)) da

12720 J1 J2

+ %Io(n)Sg(T)etA/ e~ "y (1ho(2), Q(2) £ (y (7)), Q(2) £ (y(7))) dz + O(w ™).
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Observe that when only one of the indices j; or js is equal to 0 then all the terms
in the sum cancel because of the symmetry of the coefficients a1 ;(t) with respect to
7, except when j; = js = 0, which corresponds to the last integral above.

Now, using again the property that I_, (n) = I,,(n) for integer n and the fact that
we can reorder the double sum due to absolute convergence, we have

S 1 L, (n) Lj, (n)
_% 1+J2 ] -7]—
J1,J27#0 ! ?

E % [Ijl +J2 (77) - Ij1 —J2 (77)]
Ji,j2=1 Ju2

Z Ijl (77)13‘2 (n)lj1+j2 (77) (]1 _ 32) + 10(77)

PRt J1j2(j1 + j2) =

> I3 (n)

= Io(n) Y | sz :

j=1

since the first sum vanishes due to symmetry. 0
The second term in (4.11) yields

o0

as(t) = D [e1(@o(t), a1;(8))aso0(t) — e oy (o(7), @1,(7))j0(7)] -

j=—00
Finally, the last one is
o4(t) = e [76,(0),0(73)50,0(75) - 7’0,(0),0(7)50,0(7')}
e 76,00 Colt) = ¥b,(0).0(T)Co (7)) -

Note that v¢ (0),0(z) = e~ f(1py(x)), and therefore

f(%( )

y 0(x) = & [ AF (o)) + h(a >} ,

where we can substitute the base equation ¥ (x) = Ay (x) + Io(n) f (1o (x)). Assem-
bling everything together, we get:

> antei = Y Lt [ e e, (hola), azs (o) da (4.12)

j=—c0 j=—o0

ety / ey (o (@), F(Who(x)), £ (o)) da
Ly () S (r)et / e, (0 (), 2(x) £ (y (), 2(x) f (y(r))) dz

+ Z ®1(Po(t), a1 (1)) o(t) — ey (y(7), a1,5(7))aj0(7)]

j=—00

e [, 100 ()Co(t) = Vo, 0,0(T)Co(7)] -
16



Identifying oscillatory terms, we deduce that for j # 0

az (1) = LD g0 3o L= oy ) oD 0
=
D o) wrso(n L2
In order to construct the term as.o(), we observe first that

> htoe [ Ao lo)san ) o
S g W0 [ o [ 00
+2i L (n / afw;( Dyt o) da
g / o [T 0 0

. _°° 1) / 8f(¢;( D oo de

Multiplying (4.12) by e~*4, differentiating and multiplying by e*4, we get
0 t
asot) = |4+ 1) LD ao0) + B, (4.14)

where

B() = <¢2<¢o<t>, Flu(o). (o) — 2| L0 fwo(t))) (4.15)

00 2
+ 22 IJ tA af "ﬁyo( ))’Y (0),0(t)

1Io( )S5(7) s (o (1), ) f (y(7)), (1) £ (y(7))),

with the initial condition given by ,(7) = 0, that is

wT
1120 E azg el

J7#0

afg’; ”f( (03 e 32 E ()
J#0 s#0
+ 21D £y )53
_ afg;(f))f(ym) Isin) le_s(n);fj-i-s(n) c0s jw — 7 (0.0(7)Co(7)
+ 21D £y )53
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We note that for implementation purposes all these series should be truncated
once a certain prescribed accuracy is reached. Due to the very rapid decay of the
modified Bessel functions when the order increases, in most cases we need only to
consider a few terms.

4.4. Examples. In this section we present several examples that illustrate the
construction that we have explained in the previous sections. In all cases we will
compare the approximation given by the first few terms of the asymptotic-numerical
solver with the exact solution (which may be analytically available or either computed
numerically with standard MATLAB routines up to prescribed accuracy).

We stress that the values of w that we use are much smaller than the ones normally
present in applications. This restriction is essentially imposed by the fact that the
comparison with the exact solution should be reliable and affordable. Increasing w
will benefit the asymptotic-numerical solver, since the approximation with a fixed
number of terms will be more accurate, and the computational cost will be roughly
similar.

In our first example we will take n(t) to be constant, and for simplicity we deal
with a scalar equation:

y' =iy + eyt >0, y(0) = 1. (4.16)

The exact solution
oit

t .
ix+coswx
1 fo e dzx

y(t) =

cannot be expressed in a finite manner by elementary functions.

The solution of (4.16) is periodic with period 27. This is not easily visible from
the explicit form of y(t) but can be seen from our asymptotic expansion. It is enough
to show that the integral in y(¢) is periodic of the given period. However, it follows
from the Expcos asymptotics that

t [e’e} [e%}
~ : ; ~ Sk(t) | . 1 ~
irx+coswx it it it
/O o dz ~ —ilo(1)(e" — 1) + ¢ ;;) ol lkzzo o ChBe — Cu(0))

where Si(t) and Ci(t) are given by (4.4) and are clearly periodic with period 27, as
of course is ei*. Therefore, it follows at once that

2m .
/ elircosw:n dSC — 0
0

and y is indeed periodic of period 27. The base function satisfies the ODE

vo(t) = iwo(t) + Do(¥5(),  wo(0) =1,
which can be solved analytically:
B oit
1+l (1) (et — 1)

Yo(t)

Higher order functions 14(t) can be obtained from the results of previous sections.
Note that we can take ¢ = 0 and 79 = 0 throughout, since 7(¢) is constant, and also

18



that ¢s(t) = 0 for s > 3, which greatly simplifies the results. For instance, from (4.10)
we deduce that

i (t) = So(t)¥5 (1),

since Sp(0) = 0. Actually the variational equation (4.9) can be solved explicitly as
well, since

o) = (14 ) [ 200D 1)

and in this case

Io(l)/o af(gz() ds = 2Io(1 /1/10

and thus Q(t) = e 3 (t).

—2log(1 +ilo(1)(e" - 1)),

The solution of the equation and the errors in the approximation when considering
the first few terms are sketched in Fig. 4.1

0.1
B @0
_01 I I
0 1 3 4
t
-3 -4
x 10 lx 10
2
<, =00
o 0 )
-2 -1 '
0 1 3 4 1
t

—+ N

Fi1G. 4.1. The ezxact solution of (4.16) for w = 100 (top left, real part in solid line and imaginary
part in dashed line) and the real part of the errors eo(t) (top right), e1(t) (bottom left) and ea(t)
(bottom right).

As a matter of fact, we can obtain more tss by direct expansion. Thus, expanding
the integral in the denominator of y(t), we have

Yo(t)
Y T TS @00 — 100 — e CoOTol -

< olt) + = So(t00A () + 5 ilCo() -
F 5 (Si DR + 2S(0)[Co(r) -
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0.01

B ® 0
-0.01 :
00O 1 2 3 4
t
-5 -7
x 10 ‘ ‘ ‘ 1xlO
2,
< <0
()] o
-2 -1
0 1 3 4 0 1 3 4

—
—

Fi1c. 4.2. The ezact solution of (4.16) for w = 1000 (top left) and the real part of the errors
eo(t) (top right), e1(t) (bottom left) and ea(t) (bottom right).

Note that 11 is exactly as predicted by our theory.

We make a remark on the wide discrepancy of the error — up to three degrees of
magnitude. The reason is in the relative size of |y| in different parts of the period (cf.
Fig. 4.1 and 4.2). It is easy to check that

Vm (t) = SF ()T (t) + lower-order terms in 1.

Since 1g(t) ~ y(t), this means that, when | (¢)So(t)] > 1, the mth component
Ym (t)/w™ scales roughly like |10 (t)So(t)/w|™. On the other hand, when |¢o(t)] is

small,

: it 2 _
P (t) = { 15[10&71(2%) e O (0190 (8), z _ 32’+ 1 +higher-order terms in .
n 0 bl —

Hence, in this regime t,,(t)/w™ scales roughly like |t/ (t)|>/w™. This explains the
different scaling of the error.

As a second example, we present an equation whose solution is not explicitly
available:

y'(t) = 2iy(t) + e““* tanh(y(t)), y(0) = 1. (4.17)

In this case, all the computations have to be carried out numerically in MATLAB,
using a grid of points on the interval of interest. As a comparison, we have solved the
equation with the standard ode45 solver, using reltol and abstol equal to 107!2,

In order to construct the asymptotic-numerical solver, we need to solve the fol-
20
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S MMedndmcnrrdeccrrnoas .
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t t
X107
2 L
CDH 0 '
2 1 2 3

F1c. 4.3. The ezact solution of (4.17) for w = 100 (top left, real part in solid line and imaginary

part in dashed line) and the real part of the errors eg(t) (top right), e1(t) (bottom left) and ea(t)
(bottom right).

lowing 3 x 3 (nonoscillatory) system:

vty 1[4 0 0 Wo(t)
am | = o A+ Ip(1) 2pe) 0 )
az,0(t) I 0 0 A+ 10(1)%2(“) asz,0(t)
[ Io(1) + f(2o(t))
n 0 :
i B(t)

where in this example A = 2i, f(y(¢)) = tanh(y(¢)) and B(t) is given in (4.15). Note
that this system is significantly cheaper to solve than the original equation using
standard ODE routines, since it is nonoscillatory. Of course, it is possible to add more
terms if needed, for example ag o(t), at the price of more complicated computations.

Once 9o(t), Q(t) and ag0(t) are constructed (on a certain grid given by the
tolerance we impose in MATLAB), we can compute 1 () using (4.10). Note that in
this case 7 =0, so

Y1(t) = So(t) f(¥o(t)) = So(t) tanh(yo (1)),

which can be easily computed on the same grid as 19(t). Observe that the series So(t)
converges fast for fixed ¢ due to the rapid decay of the modified Bessel functions. The
same is true for the different series that we have to compute for the coefficients as ;(t)
given in (4.13).

In Figures 4.3 and 4.4 we illustrate the approximations using 14(t) for s < 2.
For the sake of clarity and space we only plot the real part of the errors, since the
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e,

x 10~

e,

eo(t) (top right), e1(t) (bottom left) and ea(t) (bottom right).

Fic. 4.5. The ezact solution of (4.18) for w = 100 (top left) and the real part of the errors

imaginary part follows an analogous pattern. As before, we use the notation

eu(t) = y) - 3 Lm0,

m=0

s> 0.

The final example that we present includes a variable 1. For simplicity we re-

strict ourselves to the case where 7(t) is piecewise constant, and if fact we take n(t)

22



y(t)

F1G. 4.6. Similar to Figure 4.5, but with a different random grid and w = 1000.

alternating between 1 and —1 on a grid that we generate randomly in MATLAB. The
ODE that we take as an example is

Yy (t) = 2iy(t) + et coswta=u(®), (4.18)

with y(7;) = 1 fixed for all 7. Figures 4.5 and 4.6 depict the solution and absolute
errors for w = 100 and w = 1000.
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