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ON THE COMPARISON OF ASYMPTOTIC EXPANSION
TECHNIQUES FOR THE NONLINEAR KLEIN-GORDON
EQUATION IN THE NONRELATIVISTIC LIMIT REGIME

KATHARINA SCHRATZ AND XIAOFEI ZHAO

ABSTRACT. This work concerns the time averaging techniques for the nonlin-
ear Klein-Gordon (KG) equation in the nonrelativistic limit regime which have
recently gained a lot attention in numerical analysis. This is due to the fact
that the solution becomes highly-oscillatory in time in this regime which causes
the breakdown of classical integration schemes. To overcome this numerical
burden various novel numerical methods with excellent efficiency were derived
in recent years. The construction of each method thereby requests essentially
the averaged model of the problem. However, the averaged model of each
approach is found by different kinds of asymptotic approximation techniques
reaching from the modulated Fourier expansion over the multiscale expansion
by frequency up to the Chapman-Enskog expansion. In this work we give a
first comparison of these recently introduced asymptotic series, reviewing their
approximation validity to the KG in the asymptotic limit, their smoothness
assumptions as well as their geometric properties, e.g., energy conservation
and long-time behaviour of the remainder.

1. INTRODUCTION

In this paper, we consider the dimensionless nonlinear Klein-Gordon (KG) equa-
tion in d-dimensions (d = 1,2,3) [5, 4, 16, 17, 19, 7]:

e20uu(x,t) — Au(x,t) + gizu(x, t)+ flu(x,t)) =0, xeRY t>0,
(1.1)
u(x0) = 01(x), Bu(x,0) = éa(x), x € R

Here ¢ is the time, x is the spatial variable, u = u(x,t) is a unknown real-valued
scalar field and 0 < ¢ < 1 is a dimensionless parameter inversely proportional to
the speed of light. ¢; and ¢5 are given real-valued initial data independent of € and
f R — R is a given nonlinear function. It is a model widely occurred in quantum
and particle physics.

The so-called non relativistic limit ¢ — 0 of the KG equation (1.1) has been
extensively studied in literature from a physical and mathematical point of view.
Nowadays it is well understood that the KG equation converges to a nonlinear
Schrodinger (NLS) equation when e tends to zero. In Section 2 below we present
the detailed structure of the NLS limit system. For recent analytic approximations
results we refer to [26, 24, 25], and in the context of Birkhoff normal form trans-
formations in particular to the recent work [28], as well as the references therein.
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From a numerical point of view, however, the Klein-Gordon equation in the non-
relativistic was an open problem for a long time. Classical methods are not able to
resolve the highly-oscillatory nature of the solution which leads to severe step size
restrictions (at least at order 7 = O(¢72)) and huge computational costs ([5]). This
failure of classical integration schemes triggered intensive studies on the numerical
averaging of the model, serving to describe better asymptotic behaviour of the so-
lution and to design efficient numerical approximations. Based on this idea, very
recently novel numerical integrators were proposed which allow us to numerically
solve the KG equation (1.1) in the non relativistic regime ¢ — 0, capturing the
highly-oscillatory behaviour of the solution.

Three novel schemes for the Klein-Gordon equation in the non relativistic limit
regime were presented so far in literature [19, 4, 12]. Each of the proposed numerical
schemes for KG is essentially based on an asymptotic expansion techinque for the
averaged model, and each of the asymptotic expansion is mathematically obtained
by different analytic techniques, reaching from the modulated Fourier expansion
(see, e.g., [21, 15, 18, 19]) over multiscale expansion by frequency (see, e.g., [4, 6,
8, 9]) up to the Chapman-Enskog expansion (see, e.g., [12, 14]).

The aim of this work is to for the first time give a comparison of the novel
techniques, highlighting the gap to the KG in the asymptotic limit, reviewing their
approximation validity, their geometric properties (e.g., energy conservation), the
regularity requirement of each expansion to maintain the optimal asymptotic order,
and the long-time behaviour of the expansion. It is worth noting that the asymp-
totic series [28] found by the Birkhoff normal form transformation is the same as
the one derived from the modulated Fourier expansion [19]. In our analysis, we
in particular focus on the three asymptotic methods: the modulated Fourier ex-
pansion [19], the multiscale expansion by frequency [4] and the Chapman-Enskog
expansion [12]. Each expansion allows at leading order a remainder at order O(¢?)
in the approximation of the KG solution (1.1). However, each expansion is based
on different mathematically techniques, allowing different approximation validity.
This will be highlighted in Section 2.4 on the dynamics and comparison of the ex-
pansions, and underlined with numerical experiments.

We will consider in the following as most of the work in the literature did [4, 7, 5],
the cubic nonlinearity case, i.e.

flu(x,t) = du(x, 1), (1.2)

for some given constant A € R. More importantly, under this case, the concerned
asymptotic expansions of the solution of KG as ¢ — 0 could be derived in explicit
forms. When A < 0, the solution of KG has finite time blow-up [1]. Hence, our
discussion is always away from the maximum existence time of solution 7* > 0.

The paper is organized as follows. In Section 2, we present and compare the
leading order version of the modulated Fourier expansion, the multiscale expansion
by frequency and the Chapman-Enskog expansion. The higher order version the
three expansions and results are presented in Section 3. Conclusions are drawn in
Section 4.



ASYMPTOTIC EXPANSIONS FOR HIGHLY OSCILLATORY KG 3

2. LEADING ORDER EXPANSION

In this section, we revise the modulated Fourier expansion [19], the multiscale
frequency expansion [4] and the Chapman-Enskog expansion [12] of the KG (1.1)
up to the leading order terms.

2.1. Modulated Fourier expansion. The modulated Fourier expansion is a well
known approach in the mathematical and numerical analysis of oscillatory problems
(e.g., [15, 18, 21]). This technique was also recently introduced ([19]) as a numerical
integrator for the KG equation (1.1) in the non relativistic regime ¢ — 0. The
general idea lies in expanding the solution according to the frequency and amplitude
of the small parameter, i.e. for the KG (1.1)

u(xt) = Y e, (x, 1),
m€N+

where the functions w,,(x,t) have all the time derivatives uniformly bounded as
g — 0 (for sufficiently smooth solutions). Up to the leading order term, i.e. m =1,
the modulated Fourier expansion of the solution of the KG (1.1), reads [25, 19]

u(x,t) = e 2(x,t) + e (x, 1) + 0(1), £ —0, (2.1)

where z(x,t) solves the smooth (not highly oscillatory) nonlinear Schrédinger equa-
tion
2i0;2(x,t) — Az(x,t) + 3\ 2(x,t)[*2(x, 1) = 0, xeRY t>0,

z(x,0) = B [p1(x) — i2(x)], x € R
The convergence from u(x,t) to uppo(X,t)
untro(x,t) = /% 2(x, 1) + /< 5(x, 1) (2.3)

as € — 0 — up to the maximum existence time of the solution — has been rigorously
proven in some energy space, see for instance the recent work [24, 25]. Here, we
give a short time justification with address of the convergence rate in terms of e
and the required regularity.

Lemma 2.1. Define R(x,t) = u(X,t) — uprro(X,t). Under the assumption that
b1, P2 € H™THRY), mgy > d/2, we have

IRC, ) lermo S 0<t<T, (2.4)
for some T independent of € and 0 < T < T*.

Remark 2.2. Here we give a new (shorter) proof of the general result obtained in [19]
for the leading order £2. Our regularity assumptions on the solution nevertheless
go in line with [19, Theorem 2] (with e = ¢™1).

Proof of Lemma 2.1. Plugging u = uprp, + R into the KG equation (1.1), we get
eit/EQ [528,5,52 + 2’L8t2’ — AZ} + e_it/52 [626@55 — 2i8t2 — AZ]
R
+e204R+ AR+ = + f(u) = 0.
The cubic nonlinearity f(u) can be expanded as

f(u) — eit/€23)\|z\22 + eiit/523)\|2|2§+ eBit/sz)\ZB + 6731'1&/52)\23 + fR7
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with
fr = 6A2PR+ X302 R 4+ e 2/ 3N R + /¥ 3N R? + e M/ 3NZR2 + R,
Since z satisfies the NLS equation (2.2), so we have

R(x,t) it)e? 8t /62—
+ —Q + &3 N\ 2(x, )3 4+ e 73 Az (x,1)° (2.5)

€2attR(X, t) + AR(X, t)
+ e 20y a(x, 1) + ¢ 207 (x ) + fr(x,) =0, x€RY > 0.
At t = 0, according to the expansion we have

2(x,0) + Z(x,0) + R(x,0) = ¢1(x), x€RY,

gi.z [Z(X, 0) - E(X, O)] + 8tZ(X, 0) + @E(x, O) + 6tR(X, O) _ ¢2€(2X) )

Hence by noting in (2.2) z(x,0) = 1(¢1(x) — ig2(x)), we get
R(x,0) =0, 0:R(x,0)=—0:2(x,0) — 0:z(x,0),
and from the NLS equation, we can further get
9 R(x,0) = Im (—Az(x,0) + 3\[2(x, 0)[*2(x,0)) € H™T*(R?).
Using Duhamel’s principle in the Fourier space of (2.5), we have

R(e ) =D e g) / FAsI(e(t = 0) e o), (2.6)

We 52w§

_/t)\sin(ng(t—G)) [e3i9/82(/z'\3))(£79)_’_6—31’9/52(5/3\)(5’9)} do
0

€2w§

.
- [ D) foore e ) 4 005 6, ) o,
0

we

for we = s% 1+ €2|£]2. The second integral term does not have resonance in the
oscillatory part for [£] < 1/&2, and we can use a integration-by-part to see

. _ . 2 3it/e? _ — 3isi
/ Me?’w/szde _€ we (e (2048(6;15?) 31 sin(wet) — 0(2).
0 2w we(etwg —9)

By differentiating the NLS, we see 0y;2 € H™°. Noting Fr = O(R), we can use the
bootstrap argument to show assertion (2.4). O

In a natural way, the limit model should be completely independent of €. The
NLS equation (2.2) obtained by the modulated Fourier expansion is the classical
limit model of KG widely used among physicists [29, 20]. In [25] it is shown that if
the initial data of KG (1.1) is perturbed by an O(e) function, i.e.

u(x,0) = 010) + epr(x), - Deulx,0) = T2 (000 + ().

for some @1, s independent of e, then the remainder of the leading order modulated
Fourier expansion is no longer O(£?). Instead, one only obtains asymptotically that

u(X,t) = upro(x,t) + O(e), € —0.
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To improve the asymptotic convergence and obtain a remainder of order O(g?),
one has to include the next term in modulated Fourier expansion. In detail, the
improved expansion (up to second order) reads

u(x,t) = e/ [2(x,t) + ew(x, 1)] + e/ [2(x, 1) + ew(x, )] + O(E2),  (2.7)

where z solves the NLS (2.2) and w solves a Schrodinger-type coupled nonlinear
equation (for details see also [25])

2i0w(x,t) — Aw(x,t) + 3\ [2[z(x, 1) [Pw(x, t) + z(x,1)*W(x, )] =0, ¢t >0,

w(x,0) = % [p1(x) —ipa(x)], x€RY (2.8)

In the proof of Lemma 2.1 we can readily include a perturbation at order O(e).
More precisely, let us take a O(e) correction in the initial data of the NLS model
(2.2), ie.,

1
2(x,0) = 5 (u(x,0) — ie*dpu(x,0)), (2.9)
then the proof of Lemma 2.1 is still valid and we readily obtain that
u(x,t) = uprro(x,t) + O(?), € — 0.

In particular, we do not need to include further equations from the higher order
term in the modulated Fourier expansion. Getting the higher order approximation
of the model with less involved equations, is certainly more efficient in the numerical
simulation. Here the NLS (2.2) can be easily solved by splitting methods (see for
instance [23]).

In the following, we will refer to the classical expansion (2.7) as the two-term
expansion, and for the expansion (2.1) with high order corrections (2.9) as the one-
term expansion. The aim is to study and compare the two approaches numerically.
We choose the initial value in (1.1) as follows
e’ sech(z?)

2 T
and numerically simulate the remainder of the two kinds of expansions. The re-
mainders in the H'-norm at T = 0.5 and T = 1 under different ¢ are shown in Table
1. The dynamics of the remainders || R||z1/c? are plotted in Figure 1. As can be
seen from the results, the approximations of the two approaches are quite close.
The H'-norm of the remainders of the expansions are both linearly increasing with
respect to time. Therefore, we conclude that the one-term expansion approach is

more efficient numerically. The same strategy applies to all the other expansions
presented below. Hence, we shall not address this issue any further.

sech(z?)

) o
u(x,0) = ————= +ee™®, Ju(x,0) = L-=A

2 g2

2.2. Multiscale frequency expansion. The multiscale frequency expansion is
introduced in [4, 6, 8, 9]. Formally, it goes similarly as the modulated Fourier
expansion, i.e. u(x,t) =3, ey, imt/e*y, (x,t), but it allows e-dependent pertur-
bations and oscillations in the function w,,. The important thing is that u,,(x,t)
oscillates much weaker than the original solution u(x,t) in time. In other words,
the time derivatives of u, (x,t) up to some order are uniformly bounded as € — 0.

The leading order expansion for the KG (1.1) as given in [4] reads

e

u(x,t) = e/ 25 (x,t) + e W E (%, t) + o(1), €0, (2.10)
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TABLE 1. Remainders (in H'-norm) of the classical two-term ex-
pansion and the one-term with perturbation

t=10.5 e =0.05 g/2 g/22 g/23

two-term 9.00E-3 2.40E-3 5.98E-4 1.51E-4

one-term 9.60E-3 2.50E-3 6.45E-4 1.64E-4

t=1 e =0.05 /2 /22 g/23

two-term 1.79E-2 4.80E-3 1.20E-3 3.05E-4

one-term 1.84E-2 4.90E-3 1.30E-3 3.15E-4
two—term one—term
40 40
002 - - e=0.02
30 —e=0.01 30 €=0.01 P
., - - -£=0.005 o~y - - -£=0.005
\LI 20 \;: 20
= =
10t 10
0 0
0 1 3 4 0 1 3 4

FIGURE 1. Behavior of the remainder ||R||z:/e? of the two-term
expansion and the one-term expansion with respect to time.

where z°(x, t) solves the nonlinear Schrodinger equation with wave operator (NLSW)
2i0,2° (X, 1) + 201 2% (X, 1) — Az°(x, ) + 3N 2°(x, ) |*2°(x,1) = 0, x € RY, t >0,
1
25(x,0) = 3 [f1(x) — iga(x)], x € RY, (2.11)
8,2%(x,0) = % [—Az°(x,0) + 3|2°(x,0)[2°(x,0)] , x € R%.
The above NLSW with the so-called well-prepared initial data offers [4] 9F2°(x,t) =
O(1) for k =0,1,2, as ¢ — 0, and the expansion
uppe(x,t) = eit/EZZE(X, t) + e_it/sz?(x t)
has the estimate [4]:

Lemma 2.3. Define R(x,t) = u(x,t) — upmrpe(x,t). Under the assumption that
b1, o € H™FT2(RY), mg > d/2, we have

IRC, )] amo S 0<t<T, (2.12)
for some T independent of ¢ and 0 <T < T*.

The proof can be carried out similarly to the proof of Lemma 2.1 and will be
therefor omitted. For a detailed proof we refer to [4].

Comparison of Modulated Fourier Expansion and Multiscale Frequency Ezrpan-
sion: Comparing the approximation result in Lemma 2.3 to Lemma 2.1 we observe
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that the multiscale frequency expansion (2.10) requires less regularity assumptions
on the exact solution than the modulated Fourier expansion (2.1) to get optimal
quadratic convergence in €. This can be formally justified as follows: Note that in
the multiscale frequency expansion the second order time derivative term J;;2° is
the dominant term in the equation of z¢, whereas the modulated Fourier expansion
suffers from a less regular source term in the remainder’s equation (see (2.5)). This
leads to stronger regularity requirements on the solution in the latter.

The drawback of the mulsticale frequency expasion is that the limit model NLSW
(2.11) is still highly oscillatory. One can solve (2.11) by exponential integrators
[3, 30, 22] with uniform accuracy up to second order for all 0 < ¢ < 1, since
Oz = O(1). However, to obtain higher order numerical methods, one will again
need to incorporate a CFL-type condition restricting the time step by .

2.3. Chapman-Enskog expansion. The Chapman-Enskog expansion is origi-
nal used to derive the Navier-Stokes equation from the Boltzmann equation, and
is nowadays a popular tool for analysis in thermal dynamics [11]. In [12], the
Chapman-Enskog expansion has been applied to the nonlinear KG. Thereby, in a
first step we have to transform the KG wave equation into a first-order system in
time. This will allow a form, where the fast time scale contributes at the next order
term of the asymptotic series.

This is achieved by introducing the new variable (see [12] for the detailed con-
struction)

v(x,t) = u(x,t) —ie(1 — e2A)"V20,u(x, t).

This transformation allows to write the KG (1.1) as a first order system in time

1
10 = —6—2(1 — 2A)Y2y — %(1 —2N) V2 (v 4 7)?,

(x,0) = vg(x) := ¢1(x) —i(1 — £2A) 2y (x).
By introducing the filtered variable
w(x,t) = e_it/ezmv(x, t),
one furthermore obtains that
dw = %(1 . 62A)71/2e7it/62m (eit/EQmw 1 emit/e? 1752A@)37
w(x, 0) = vo(x). (2.13)
We observe from the above equation that the new unknown function w(x, t) satisfies
w(x,t) = 0(1), Quw(x,t)=0(1), Ouw(x,t)=0(E"?), -0,

which indicates that the fast time scale t/e? does not appear in the leading order
expansion of w(x,t).

Next, we isolate the fast time scale t/2 in (2.13). This will allow us to carry out
a time averaging technique later on. Define

1
DE:? [\/1—€2A—1:|7
F(t,f, ¢) — %(1 . EQA)—l/Qe—zge—ztDE (ezfeztDE¢ + e—zge—ltD6¢)3’

such that (2.13) reads
dw(x,t) = F(t, t/e*, w(x,t)), xcR% t>0. (2.14)
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Here it is important to note the 2m-periodicity of F(¢,&, ¢) in the £ variable. The
Chapmam-Enskog expansion for w then reads as
w(x,t) = w(x,t)+o(l), €—0,

where w(x, t) solves the averaged equation

2m

dun(x,t) = TIF (1,6 wix,0) 1= 5 [ Flt&ulxt)ds, xR, 150,
0

with w(x, 0) = w(x,0). Since we are considering the cubic nonlinearity, i.e. f(u) =
Au?, the average of F(t, €, ¢) in € can be written down explicitly, In particular, we
obtain the following leading order equation (or limit model)

8v1 —e2A
w(x,0) = vo(x). (2.15)
Lemma 2.4. Define h(x,t) = w(x,t)—w(x,t). Under the assumption that ¢1, P2 €
H™o+2(RY) mg > d/2, we have
[BC ) |ame S 0<t<T, (2.16)
for some T independent of € and 0 <T < T*.

Proof. Taking the difference between (2.13) and (2.15), we get
Bih(x, 1) = v [ezzt/ﬁeﬂtDE (eztDEw)?’ 4 g—dit/e? —itD: (efztDEE)3

8v1 —e2A

+ Be’Zit/EQe’”DE

dw(x,t) = e”Dewf (eitDsw) ., xeRY t>0,

Pl (70w + fu(x, )], >0,
with h(x,0) =0 and
fu(x,t) := e~ De Ue”DEw|2 (e“DEw) - |eitD5w’2 (eitDaw)} = O(h).

Hence, the solution reads

7/)\ t t . 2 .
h(x,t) =——— .0 d9+/ 3 2i0/e" g—i0De
(1) 8 1—52A[/0 fux.) 0 ‘ ‘

¢ t
+/ 02i0/? ,—i6D. (eieDEw)3d9+/ o 4i0/e? (0D, (e—iGDeE)ng]
0 0

emDswl2 (e_waﬁ) df

Based on the assumption, we have vy € H™°*2, Therefore from (2.13),
lw(, Ol mo+e + [[0w(, )| mo+2 S 1, 0 <t <T,

for some T' > 0. Also note that in the sense of operator, 0 < D, < —A/2. Then for
the three integral terms with highly oscillatory phases, by doing the integration-
by-parts on the phase, we can get

|h(,)|[ame S%, 0<t<T,
for another T' > 0 independent of . 0

The system (2.15) is the leading order limit model of (2.13). By reversing the
transforms, we define

17, — )
ucp(x,t) = 5 [e”/62 =2 (x, t) + e it/e? =A% (x, 1),
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to get the leading order Chapman-Enskog expansion for KG (1.1) as follows
u(x,t) =ucp(x,t)+o(l), €—0.

Corollary 2.5. Define R(x,t) = u(x,t) — ucg(x,t). Under the assumption that
b1, P2 € H™T2(RY), mg > d/2, we have

IR, t)||gmo S, 0<t<T, (2.17)
for some T independent of € and 0 < T < T*.
Proof. By noting
u(x,t) = % [eit/52mw(x,t) + eﬂ't/gmw(x,t)} , xeRY >0,
it becomes obvious from Lemma 2.4. (]

Comparison of Modulated Fourier Expansion (MFo), the Multiscale Frequency
Ezpansion (MFe) and Chapman-Enkog expansion (CE): In contrast to the modu-
lated Fourier expansion (2.1) and the multiscale expansion by frequency (2.10), the
Chapman-Enkog expansion (2.15) incorporates more higher order corrections into
the limit model. Therefore, though all the three expansions converge quadratically
in €, one would expect the Chapman-Enskog expansion (2.15) being closer to the
solution of KG in the nonrelativistic limit regime.

The drawback is however that (2.15) involves the evaluation of the pseudo-
differential operation for several times, which is more expensive than solving (2.1)
or (2.10) in practical computing. (Note that the limit equation (2.15) can be solved
for instance with a finite difference time integration scheme.) When the whole
space KG equation (1.1) is truncated onto a periodic domain or zero-boundary
domain, those pseudo-differential operations can be computed by FFT quite ef-
ficiently. However, if the KG equation is imposed on a general domain, spatial
approximations for (2.15) are not easily obtained.

2.4. Dynamics and comparisons. In this section, we consider the KG (1.1) in
one space dimension (d = 1, x = z). As a reference solution we employ the uni-
formly accurate method [7] with a very small step size to obtain a very accurate
approximation to the solution u(z,t) under different 0 < & < 1.

As we are interested in the comparison of the asymptotic error introduced under
the different expansion techniques we solve the corresponding limit model of each
expansion accurately by proper numerical methods as discussed before. We study
and compare the three presented expansions by the size of the remainders at a fixed
time and the dynamics of the remainders. For simplicity, we refer to the modulated
Fourier expansion by MFo, the multiscale frequency expansion by MFe and the
Chapman-Enskog expansion by CE. We denote the remainder of each as Raspo,
RMFe and RCE~

Example 2.6 (Comparison in accuracy). We begin with the comparison of the
accuracy of each expansion at a fixed time under different €. We choose the following
initial value in (1.1)
h 2 —a?
u(z,0) = %@6)7 Opu(z,0) = ¢ 5 L€ R (2.18)
and compute the remainder of the MFo, MFe and CE expansions presented above.
The remainders Ry;ro Ryrre and Reop measured in a discrete H'-norm at T = 0.5
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TABLE 2. Remainders (in H'-norm) of the leading order modu-
lated Fourier (MFo) expansion, the multiscale expansion by fre-
quency (MFe) and the Chapman-Enskog (CE) expansion.

t=0.5 e=0.1 €/2 /22 g/23

MFo 3.46E-2 9.90E-3 2.60E-3 6.50E-4
MFe 1.00E-2 2.10E-3 5.35E-4 1.31E-4
CE 1.20E-3 2.58E-4 6.59E-5 1.79E-5
t=1 e=0.1 /2 g/2? g/23

MFo 6.15E-2 1.88E-2 5.00E-3 1.30E-3
MFe 9.70E-3 2.40E-3 5.94E-4 1.51E-4
CE 9.29E-4 2.87E-4 7.23E-5 1.74E-5

and T = 1 are shown in Table 2. The quadratic convergence rate in ¢ of the
three expansions is clearly justified in the numerical experiments. Furthermore, as
presumed, the CE expansion allows the closest approximation to the solution of
KG in the nonrelativistic limit regime (introducing the smallest error).

Example 2.7 (Dynamics of remainders). We compute the dynamics of the re-
mainder term of the each expansion. Firstly, we consider the one-dimensional KG
equation (1.1) with smooth initial data in two cases: Once we choose an initially
localized wave in the whole space R, i.e., (2.18). In the other case we choose a
planewave on a 2m-torus T, i.e.,

_ 2cos(x)

¢1(z) 73
We simulate the dynamics of the remainder terms Rjspo, Ryrre and Rop under the
three expansions for the above two cases (2.18) and (2.19). Their behavior in the
H'-norm divided by €2 is plotted in Figure 2. The profiles given by the expansions
UMFo, UnFe and ucp as approximations to the solution of the KG u(x,t) at time
t = 3 are plotted in Figure 3.

The numerical results demonstrate the following: 1) The remainders of all the
expansions retain at order O(e?) within the O(1) time scale. 2) In the whole space
case, MFo has a (linearly) increasing remainder with respect to time, while the
remainders of MFe and CE are O(&?) uniformly in time. 3) In the case of the torus,
all the expansions lead to an increasing remainder, whereby the remainders of MFe
and CE start to increase only after some time (after ¢ = 1 from the figure).

po(x) = M z€T. (2.19)

Example 2.8 (Energy conservation). Under the cubic nonlinearity (1.2), one of
the most important conserved physical quantity of the KG equation is the energy
or Hamiltonian:
1 A
H(t) := / [52(8tu)2 + |Vul? + E—Quz + 5u4 dx = H(0), t>0.
Rd

We compute the approximated energy H(t) by using the three leading order ex-
pansions of u. Note that the exact energy H(0) is given exactly from the initial
data. The relative energy error |H(t) — H(0)|/|H(0)| as a function of time in the
case of the whole space (2.18) and torus (2.19), respectively, is plotted in Figure
4. The results show that the errors in the energy converges relatively with rate
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FIGURE 2. Behavior of the remainder terms ||Rarolm1/2,
|Rarrellmi /€2 and ||Ropl g /e* with respect to time under two
cases: initial smooth localized wave (2.18) in R (left) and smooth
planewave (2.19) on torus T (right).

O(g?). Moreover, the energy error of the three expansions appears to be uniformly
bounded in time.

Example 2.9 (Comparison in regularity). Next, we numerically investigate the
behavior of the remainders under non-smooth initial data. By doing so, we are
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FIGURE 3. Profiles of the expansions uprpo(x,3), upre(z,3),
ucp(z,3) and exact solution u(x,3) at ¢ = 3 under € = 0.1: the
whole space example (2.18) (up) and the torus example (2.19)
(down).

aiming to justify the critical regularity requirement of each expansion as given in
the Lemmas 2.1-2.4. In the case of the torus, we follow the construction in [27] to
obtain the low regularity initial data. More precisely, we choose in KG (1.1)

V2|05 n|7UN V2|0, n|~UN
= 10w x| UM 1 Pa(x) = zeT, (2.20)

N0, N | TOUN [ e

where N is an even integer, U~ € [0,1]" is a uniformly distributed random vector
and the pseudo-differential operator |0, ~| 7% with § > 0 reads for Fourier modes
k=-N/2,...N/2—1,

¢1(z)

. k= if k £0,
Oy 0y =
(105177, {o if k= 0.

Apparently, we can choose 6 such that the data ¢, ¢, € H?(T). For the modulated
Fourier expansion, we choose § = 5 and 4, respectively, and measure the remainder
in the discrete H'-norm and L2-norm. For the multiscale expansion by frequency
or the Chapman-Enskog expansion, we choose the critical values for 6 as 3 and 2,
respectively. The results are plotted in Figures 5-7.
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FIGURE 4. Energy error |H(t) — H(0)|/|H(0)| of the three expan-
sions to the leading order under whole space case (up) and torus
case (down).
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FIGURE 5. Behavior of the MFo remainder under lower regu-
larity initial data (2.20): ||Rarrollmi/e? (left) under HP-data,
| Rarroll 1 /€2 (middle) and || Rasro||r2/€? (right) under H*-data.

From the results, we can see: 1) H™0T regularity requirement of the initial data
is critical for MFo to allow the quadratic convergence ||Rysro|lgmo = O(g%). 2)
H™oF2_initial data is critical for MFe and CE to allow ||Rarrollmmo, ||[Rog||mme =

O(g?).
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FIGURE 6. Behavior of the MFe remainder under lower regu-
larity initial data (2.20): ||Rarrellmi/e? (left) under H3-data,
|Rarrell 1 /€2 (middle) and ||Rasre| p2/€? (right) under H?-data.

H’ data
30 "
250 |~ -e=0.2
—¢=0.1
A |- - ¢0.05

FIGURE 7. Behavior of the CE remainder under lower regu-
larity initial data (2.20): |[Rcogllg:/e? (left) under H3-data,
|Rek| g /e? (middle) and ||Reg||p2/€? (right) under H2-data.

3. NEXT ORDER EXPANSION

In this section, we present the higher order version of the discussed expansions.

3.1. Modulated Fourier expansion. Here we shall adopt the notations intro-
duced in Section 2.1. The modulated Fourier expansion of the solution of KG (1.1)
were found in [19] up to the next order term as follows

u(x,t) = e”/€2z(x, t)+ e*“/EQE(x, t) + 2w(x,t) + o(e?), xecRY, t>0,
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where w := w(x,t) € R satisfies

w(x,t) =v(x, t)e”/€2 +o(x, t)e*”/82 + % {z(x, t)?’e?’“/62 +§(x,t)ge*3”/52}
- %z(x,t)ﬁ [z(x, t)eit/e” m(x,t)e*“/ﬂ , xeR: t>0.

Thereby, z := z(x,t) solves the NLS system (2.2) and v := v(x,t) solves an addi-
tional NLS-type equation

1 12
2i0;v — Av + 6)|2]2v + 3\ (2)%T = 1A2z + %M‘Lz - %A(|z|22)7 t >0,
1
v(x,0) = —gz(x7 0)% + %E(x, 0)% + %|z(x7 0)]?2(x,0) + ZA(Z(X, 0) — z(x,0)).

(3.1)
The convergence from u(x,t) to uprpo(X,t)

UpFo(X, 1) = eit/EQZ(x, t) + e*“/gf(x, t) + e2w(x, t)
as € — 0 is given as follows.

Lemma 3.1. Define r(x,t) = u(x,t) — upro(x,t). Under the assumption that
b1, P2 € H™TE8(RY), mg > d/2, we have

[7(, )| me St 0<E<T, (3.2)
for some T independent of € and 0 <T < T*.

Remark 3.2. Again we give a new (shorter) proof of the general result obtained in
[19] for the fourth order correction e*. Again our regularity assumptions on the
solution go in line with [19, Theorem 2] (with e = ¢ 1).

Proof of Lemma 3.1. Based the leading order expansion (2.3) and the remainder
equation for R (2.5), now we compute each term with R = 2w + r. For the initial
data of r, we find

r(x,0) = —e%w(x,0) = —&? (v(x70) + %z(x, 0)® — %|Z(X7 0)|?2(x,0) + c.c.) =0.

For the initial derivative of r, we have

dyr(x,0) = 9;R(x,0) — £20,w(x, 0)
3

= 200(x,0) + 52§6t(z3)(x,0) — 62Z)\3t(|z\2z)(x, 0) + c.c. =: ey(x),

where v € H™0%2, Now let us firstly check the time derivative term in the equation
(2.5). We have

528ttR = 645)”11) + 52(9”7",
with
3\

, ) L 29\ , 63\ ;
£20,,w =26/ 200 — o/ y — 31t/ T3 | [23it/e? %@(23) + it/ I|z|2z

o2 B3I
— 2et/e %875(|z|22) + c.c. + *0(0yv) 4+ * 00 2).
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Next, we compute the nonlinear term fg:

fr=¢%6)z]Pw+e 2e21t/° 3022w + 262/ 30T + ¢ 0(w?) + O(r)

2 51\? 2
=2t/ 6\ 2|20 — e2eit/<” < T2t + 23N + ce. + 2 + 2O (w?) + O(r),

with
232 2 3 2 3\?
=3/ 2212228 4 357302 v — 2222 + e 5it/e* 22 Sy 4 coc..
4 4 8
Then together with
—AR—FEE;: 2 1t/s A’U—FSZ it)e? 34>‘ (|Z|2 )_|_€ e31t/s /\AZ3

, L, 23\ it /62 A
ety — 2D 2 4 P LB e — Ar 4
4 8 €2

and noting (3.1) and
Oz = 1 [-A% + 24 (1222)] + 220, (12P%2)
the equation (2.5) becomes
{ 20, — Ar + 612 + £0(0uv) + £20(02) + €25 + 1 O(w?) + O(r) =

r(x,0) =0, 0yr(x,0) = ey(x), (3.3)

with \ \
.6 .
g= QBit/<? %@(23) + C3”/€2§A23 +cc+g.

By the regularity assumption, we have z(x,t) € H™ ™8  Hence, from equation
(3.1), we find v € H™** and 9;v € H™°. Therefore, by standard techniques, we
can get ||7| gm0 < et U

3.2. Multiscale expansion by frequency. The high order multiscale expansion
by frequency of the solution u = u(x,t) of the KG (1.1) has recently been described
in [10]:

2
, N
u(x,t) = e”/EZZE(X, t) + %63”/6225(& )3 +ecc. +o(e?), xeRY t>0, (3.4)
where 2% = 2(x,t) satisfying
g2)\?

2i0;2° + 2025 — A2° 43 (A|z€|2 + 8|z€|4> =0, xeRY t>0, (3.5)

25(x,0) = wo(x) + £2ro(x),  012°(x,0) = % (—Aw (%) + 3\ |wo(x)[2wo(x))
with

wo() =5(81 () ~ o)), rolx) =

The expansion

A 3iA 7
wy(x)? — ZWO(X)B + T|wo|2¢2 - ZAQSQ«

, 2\ L.
UpFe(X,t) = e”/EQZE(x, t) + 5?e?”t/erzze(x, )% + c.c., (3.6)

has following short time estimate [10].



ASYMPTOTIC EXPANSIONS FOR HIGHLY OSCILLATORY KG 17

Lemma 3.3. Let R(x,t) := u(x,t)—upr re(X, t), under the assumption that ¢1, ¢y €
H™ot5(RY), mg > d/2, we have the following prior estimate on the solution

IR( )0 St 0<E<T, (3.7)
for some T independent of € and 0 < T < T*.

Proof. See detailed proof in [10]. O

Compared to the modulated Fourier expansion, the above high order multiscale
frequency expansion (3.6) is more compact, since it only involves one limit equation,
i.e. (3.5) to solve. It allows high order asymptotic convergence in €% by absorbing
some corrections to the limit model. The limit model (3.5) can again be numerically
solved by exponential integrators.

3.3. Chapman-Enskog expansion. The high order version of the Chapman-
Enskog expansion presented below is introduced by Mohammed Lemou et al, and
it has been utilised to design uniformly accurate scheme in [13].

Recall the formulation (2.14). The expansion of w(x,t) reads

w(x,t) = w(x,t) +20(t, t/e?, w(x, 1)) + o(e?), & —0,

where
13
Ot £,w) = (I - 1) / (F(t,0,w) — TIF(t, -, w)) do), (3.8)
0
and w = w(x,t) solves
21
o= [ Ft6 w2006 w) de, (3.9)
T Jo

w(x,0) = vo(x) — £20(0, 0, vp(x)).

Due to our cubic nonlinearity, one can explicitly obtain that

)\ . . . 3 . . . 2 .
[e) t, Jw) = I:e2z§e—ztD5 eztDEw _ 36—21{6—1th eltDEw e—ztDEE
(t:6,w) 16v/1 — e2A (") ul =
1 —4i€ [ —itDe— 3}
- = c . 3.10
Lot (o710 ) (3.10)
Denote
, —3e2) » 2 .
__ AitD. _ itDe —itD.—
o= pr= e 1_62A|e w|” e P,
2 2
e\ itD., \3 —€7A —itD.—\3
=—— (e""w) = e W
TN T ()" ps 32v/1 - e2A ( )

The limit equation (3.9) for w can be written explicitly down as
iA

————[390 + 391 + 92 + 93],
8m[go 91+ g2 + gs]

Ow =

where
g0 = Ipol*po + 2|p2I* po + 280192 + 2p0lp1|* + 20201 p3 + P03 + 2p0]ps|”
91 = Pop2 + 2lpol*P1 + 201 1p2|* + |p1 PPy + 2p0PaP3 + 2000175 + 291 |3

92 = 3p5p1 + 3pip2 + 6popaps,  gs = 3P5 0y + 3(Do) D3 + 6719273

b
| 2

)
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Lemma 3.4. Define h(x,t) = w(x,t) — w(x,t) — e20(t,t/e2, w(x,t)). Under the
assumption that ¢1, ¢ € H™T4(RY), my > d/2, we have

|R(, )| rmo S e, 0<t<T, (3.11)
for some T independent of € and 0 < T < T*.

Proof. In this case the explicit formulas are lengthy. For reasons of ease and clarity
of presentation we will not carry out the proof with detailed terms as we did in
Lemma 2.4. Instead, we will write things in an abstract form.

Firstly, we verify (3.11) at initial time.

h(x,0) = w(x,0) — w(x,0) — £20(0,0,w(x, 0))
=e2[0(0,0,v0(x)) — © (0,0, w(x,0))]

- 64/0 VO (0,0,v0(x) — 0276(0,0,v0(x))) ©(0,0, vo(x))df

where we denote VO(t, £, w) = 0,0(t, &, w). With vg € H™F we have
18, 0) | rmoa ey S €.
By the regularity assumption, one has for the limit model:
Fw(x,t) € H™H2RRY) - £ =0,1,2, 0<t<T,

for some T > 0.
Now for simplicity of notation, we would drop the space variable x. By differen-
tiation, we get

Oh =F(t,t/e*,w) —1IF (t,-, w+£*0(t, -, w)) — 29,0(t, /e, w) — FO(t, t/e*, w)
—e°VO (t,t/e*,w) Bw, t>0. (3.12)

By (3.8), we find
By Taylor’s expansion, we get

IF (t,-,w+£%O(t, -, w))
=IF(t,-,w) + 5211/1 VE (t,-,w+ 0e*0(t,-,w)) O(t, -, w)do,
and 0
F(t,t/e* w) =F(t, t/e* w) + /01 VE (t,t/e®,w+ 0(c*O + h)) (£© + h)db

1
=F(t,t/e*,w) + / VF (t,t/e*,w+ 0%0) (£°© + h)df
0

1 1
+ / / VF (t,t/e*, w+ 0(c*0 + oh)) Oh(e*O + h)dodo.
0 0
Denote

Fip(t,€) = /0 VF (& w(t) + 020) h(t) b

1 1
+ / / V2F (& w(t) + 0(e°O + oh(t))) Oh(t) (2O + h(t))dodb.
0 0
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with © = O(¢,&, w(t)), then we have
1
F(t,t/e?, w) =F(t,t/e* w) + & / VE (t,t/e®, w+ 0%0(t, t/e*, w)) O(t, t/e*, w)db
0

+ Fn (t, t/z’:‘z).
Therefore, we find

F(t,t/e*, w) — IIF (t, w4 20(t, -,w)) — 8§@(t,t/s2,w)

1
e / VF (/22w + 0201, /2%, w)) Ot £/, w)d0 + Fiy (£, /%)
0

1
— 5211/ VE (t,-,w+0e*0(t,-,w)) O(t, -, w)do
0
Denote

G(t,€) = / VE (1,6, w(t) + 0201t & w(t))) Ot &, w(t))df — VO (1,6, w(t)) du(?)

—II /1 VE (t,- w(t) + 020/t - w(t))) Ot -, w(t))do — D,O(t, & w(t)),
0

and then we can write (3.12) as
Oh(t) = 2G(t, /%) + Fip (t,t/*), t>0.

Now we consider a function H(t,¢) that solves

{ OH(L,€) + E%agH(t, €) = ’G(t,€) + Fim(t,€), t>0, (€T, (3.13)

H(0,€) =£*[0(0,¢,00) — ©(0,6,w(0))], ¢€T.
One can observe that
1H (0, )l gr1.(y x srmo+a(may S €* and H(0,0) = h(0),
which by the uniqueness of the solution leads to
H(t,t/e*) = h(t), t>0. (3.14)
Take Fourier transform of (3.13) on the &,

—

~ il ~ ~
8, H, (1) + ;—QHl(t) = &2Gy(t) + (Fi), (1), >0, [ €N,

By Duhamel’s formula, we get

t —_—
Hl(t) _ e_ilt/82Hl(O) +/ e—il(t—s)/52 |:52Gl(8) + (F[H])I(S)} ds. (315)
0

We carry out an integration-by-parts for [ # 0,

¢ y et /A ilt/e? A
/ e~ ilt=9)/" 25 (5)ds = — - (Gz(t) — g7 HHe Gz(O))
0
4 - t
0

with noting meanwhile

Go(t) =TIG(t,-) =0, t>0.
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From (3.10) and the regularity of the limit model (3.9), we can find
10e0(t, -, wt) | 1 1y x o2 ray S 1, 07Ot -, w(t)) ||y () x prmo Ry S 1
and therefore we can further have
|Gt ) (myxamor2ay S 1 N0:G () a1 (1) x Hrmo (ray S 1-

Then by squaring (3.15) and using Holder’s inequality and Parserval’s identity, we
get

t
VE(t, ) a1y o ety S €%+ / 1 Fiat) (5. 23y o ey .
0

Thanks to the fact:
Fim(t,6) = O(H(t,9)),

by a bootstrap argument, one can get
IH () myxamoray S €ty 0<t < T,
for some T' > 0 independent of e. Finally using (3.14) and the Sobolev imbedding,

1) a1 ey S NH () oo (rys vy S ety 0<t < T,

Again by defining
ucp(X,t) ;= % [e“/gm (w(x,t) +%0(t, t/e*, w(x, 1)) + c.c.} ) (3.16)
we get the next order Chapman-Enskog expansion for KG (1.1) as
u(x,t) = ucp(x,t) +o(e?), &—0.

Corollary 3.5. Define R(x,t) = u(x,t) — ucg(x,t). Under the assumption that
b1, P2 € H™THRY), mo > d/2, we have

IR(, )0 S, 0<t<T, (3.17)
for some T independent of € and 0 < T < T*.

We see that similarly to the high order multiscale frequency expansion, the high
order Chapman-Enskog expansion (3.16) is also in a rather compact form. That
is to say, the expansion (3.16) only involves a limit equation, i.e. (3.9) to solve.
However, the limit equation (3.9) is much more complicated than (3.5). Note that
again (3.9) can be solved by a finite time difference integrator.

3.4. Dynamics and comparisons. We consider again the one dimensional KG
to study and compare the high order versions of the three expansions.

Example 3.6 (Comparison in accuracy). Firstly, we compare the remainders of the
three expansions at a fixed time. The remainders Ry;r, Ry re and Rog measured
in a discrete H'-norm at T = 0.5 and T = 1 with initial values (2.18) are shown in
Table 3. The results show that the higher order MFe expansion is the most accurate
approximation to the KG.
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TABLE 3. Remainders (in H'-norm) of the next order modulated
Fourier (MFo) expansion, the multiscale frequency (MFe) expan-
sion and the Chapman-Enskog (CE) expansion.

t=0.5 e=0.1 €/2 /22 g/23
MFo 2.30E-2 2.30E-3 1.82E-4 1.20E-5
MFe 4.99E-6 1.61E-7 1.06E-8 6.69E-10
CE 3.64E-5 1.87E-6 1.20E-7 7.29E-9
t=1 e=0.1 /2 /22 g/23
MFo 5.68E-2 7.60E-3 6.84E-4 4.61E-5
MFe 3.03E-6 2.42E-7 1.56E-8 1.23E-9
CE 2.20E-5 1.58E-6 1.03E-7 6.48E-9

Example 3.7 (Dynamics of remainder). Next, we study the long-time behavior of
the expansions under smooth initial data. The dynamics of the remainder terms
Rirro, Ryure and Rop of three expansions in H' divided by €* in the whole space
case (2.18) and torus (2.19) are plotted in Figure 8. From the results, we can see:
1) In the whole space case, the remainder of MFo increases with time rapidly, but
in the torus case it increases linearly. 2) In the whole space case, the remainder of
MFe has an increasing drift, while CE has remainder uniformly bounded in time.
3) In the torus case, the remainders of both MFe and CE start to increase after
some time, but MFe has less increment.

Example 3.8 (Energy conservation). The relative energy error |H(t)—H (0)|/|H (0)]
by using the next order expansions under case (2.18) or (2.19) is plotted in Figure
9. The results show: 1) The energy by the expansions converges relatively with
rate O(e?) to the exact energy. 2) CE has uniformly bounded energy error with
respect to time. 3) MFe in the whole space case has a drift in the error similarly
as the behavior of the remainder. In the torus case, the error of MFe is bouncing.

Example 3.9 (Comparison in regularity). At last but not least, we test the behav-
ior of the remainders of the high order expansions under the initial data of lower
regularity (2.20) on the torus. We plot in Figure 10 the dynamics of the remain-
ders ||Rarrol /et under H7-data or HS-data, |Rarrellp /e and ||Rogl g /et
under H3-data or H*-data. Based on the numerical results, we observe that
| Rarrollmr = O(e*) under H®-data and ||Ryspel s |[Ree|m = O(e*) under H-
data. All the three expansions seem to hold the fourth order convergence rate in
¢ with less required regularity than the analytical results in Lemmas 3.1-3.5. Cer-
tainly more dedicated and deep analysis is needed to seek for the sharp regularity
requirement.

4. CONCLUSION

We studied and compared three kinds of popular asymptotic expansions applied
to the nonlinear Klein-Gordon equation in the nonrelativistic limit regime. The
expansions include the modulated Fourier expansion, multiscale expansion by fre-
quency and the Chapman-Enskog expansion up to the leading and higher order
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FIGURE 8. Behavior of the remainder terms ||Rapolm1/e?,
|Rarrellmi/e* and ||Ropl| g /e with respect to time under two
cases: initial smooth localized wave (2.18) in R (left) and smooth
planewave (2.19) on torus T (right).

term. The comparisons of the expansions were made on the accuracy, the regular-
ity and the dynamics. We commented on the advantages and disadvantages of each
expansion.
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sions to the next order under whole space case (up) and torus case
(down).
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