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UNIFORM ERROR BOUNDS OF AN EXPONENTIAL WAVE
INTEGRATOR FOR THE LONG-TIME DYNAMICS OF THE
NONLINEAR KLEIN-GORDON EQUATION*

YUE FENG! AND WENFAN YI#

Abstract. We establish uniform error bounds of an exponential wave integrator Fourier pseu-
dospectral (EWI-FP) method for the long-time dynamics of the nonlinear Klein-Gordon equation
(NKGE) with a cubic nonlinearity whose strength is characterized by 2 with ¢ € (0, 1] a dimension-
less parameter. When 0 < € < 1, the problem is equivalent to the long-time dynamics of the NKGE
with small initial data (and O(1) cubic nonlinearity), while the amplitude of the initial data (and
the solution) is at O(¢). For the long-time dynamics of the NKGE up to the time at O(1/¢2), the
resolution and error bounds of the classical numerical methods depend significantly on the small pa-
rameter e, which causes severe numerical burdens as ¢ — 0. The EWI-FP method is fully explicit,
symmetric in time and has many superior properties in solving wave equations. By adapting the
energy method combined with the method of mathematical induction, we rigorously carry out the
uniform error bounds of the EWI-FP discretization at O(h™0 4 2=872) up to the time at O(1/¢?)
with 0 < 8 < 2, mesh size h, time step 7 and mo an integer depending on the regularity of the
solution. By a rescaling in time, our results are straightforwardly extended to the error bounds and
e-scalability (or meshing strategy requirement) of the EWI-FP method for an oscillatory NKGE,
whose solution propagates waves with wavelength at O(1) and O(@B) in space and time, respectively,
and wave speed at O(afﬂ ). Finally, extensive numerical results are reported to confirm our error
estimates.
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1. Introduction. The nonlinear Klein-Gordon equation (NKGE) is well-known
as the relativistic (and nonlinear) version of the Schrodinger equation and plays a
significant role in many scientific fields such as quantum electrodynamics, nonlinear
optics, particle, plasma and/or solid state physics to describe the dynamics of the
spinless particle like the pion [18, 22, 40, 41, 46, 51]. We consider the following
NKGE with a cubic nonlinearity on a torus T¢(d = 1,2, 3) as

Dru(x,t) — Au(x,t) +u(x,t) +e2ud(x,t) =0, xeT¢ t>0,

(1) u(x,0) = ¢(x), du(x,0) =~(x), xecT

Here, x is the spatial coordinate, ¢ is time, u := u(x,t) is a real-valued scalar field,
¢ € (0,1] is a dimensionless parameter and the initial data ¢(x) and v(x) are two given
real-valued functions independent of the parameter ¢. Provided that u(-,t) € H*(T¢)
and dsu(-,t) € L*(T9), the NKGE (1.1) is time symmetric or time reversible and
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conserves the energy [18, 31] as

52
E(t) = E(u(-1)) = /T (1o, )2 + [V, )2 + fuloe, ) + S ux, 1) dx

&2

= [, [P6? + V6P +10GoF + Flool ] dx
=E(0)=0(1), t>0

When 0 < ¢ < 1, rescaling the amplitude of the wave function u(x,t) by intro-
ducing w(x,t) = eu(x,t), the NKGE (1.1) with weak nonlinearity (and initial data
with amplitude at O(1)) can be reformulated as the following NKGE with small initial
data (and O(1) cubic nonlinearity):

(1.2) { drw(x,t) — Aw(x,t) +w(x, t) +w?(x,t) =0, xeT? >0,

w(x,0) = ep(x), Ow(x,0) =ey(x), xe&T

Noticing that the amplitude of the initial data (and the solution) of the NKGE (1.2)
is at O(e). Again, the above NKGE (1.2) is time symmetric or time reversible and
conserves the energy as

E(t) = E(w(-,1)) = /T [10rw(x, )2 + [Vao(x, )2 + [w(x, 1) + %|w(x, DI ax

EAigM@F+¥Wd@F+ﬂM@F+%W@Wdx
=e’E(0)=0(?), t>0.

We remark here that the long-time dynamics of the NKGE with weak nonlinearity
and O(1) initial data, i.e. the NKGE (1.1), is equivalent to the long-time dynamics
of the NKGE with small initial data and O(1) nonlinearity, i.e. the NKGE (1.2). In
the following, we only present numerical methods and their error estimates for the
NKGE (1.1) with weak nonlinearity. Extensions of the numerical methods and their
error bounds to the NKGE (1.2) with small initial data are straightforward.

The NKGE (1.1) (or (1.2)) has been studied extensively in both analytical and nu-
merical aspects. Along the analytical front, the existence of global classical solutions
and almost periodic solutions have been investigated [13, 14, 17, 50] and references
therein. For the Cauchy problem with small initial data (or weak nonlinearity), the
asymptotic behavior of solutions and long-time conservation properties have been con-
sidered in the literatures [18, 19, 35, 36, 39, 48]. In recent years, the life-span of the
solution to the NKGE (1.2) (or (1.1)) has gained a surge of attention [35, 38]. The an-
alytical results indicate that the life-span of a smooth solution to the NKGE (1.2) (or
(1.1)) is at least up to the time at O(e=2) [20]. For more details related to this topic,
we refer to [21, 26] and references therein. In the numerical aspects, various numerical
schemes have been developed in the literatures for the NKGE (1.1) (or (1.2)), includ-
ing the finite difference time domain (FDTD) methods [5, 24, 47], exponential wave
integrator Fourier pseudospectral (EWI-FP) method [5, 7, 11], asymptotic-preserving
(AP) schemes [15, 25, 34], multiscale time integrator Fourier pseudospectral (MTI-
FP) method [4, 8], etc. However, to the best of our knowledge, the error estimates
are normally valid up to the fixed time in the previous works. Since the life-span of
the solution to the NKGE (1.1) (or (1.2)) is up to the time at O(¢2), one has to
extend the classical error bounds of the numerical method for the NKGE (1.1) (or
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(1.2)) up to the time at O(¢~2) instead of O(1), i.e. long-time error analysis. In our
recent work [10], by employing the energy method, mathematical induction or cut-off
technique, the long-time error bounds of four explicit/semi-implicit/implicit conserva-
tive/nonconservative FDTD methods have been rigorously established for the NKGE
(1.1) with particular attentions paid to how the error bounds depend explicitly on
the mesh size h and the time step 7 as well as the small parameter € € (0,1] up to
the time at O(¢~#) with 0 < 8 < 2. Based on our error bounds, in order to obtain
“correct” numerical approximations of the NKGE (1.1) up to the time at O(¢~#), the
e—scalability (or meshing strategy requirement) of the FDTD methods should be:

h=0("?) and 7=0(P?),

which suggests that the FDTD methods are under-resolution in both space and time
with respect to € € (0, 1] regarding to the Shannon’s information theorem [37, 42, 43]-
to resolve a wave one needs to use a few grid points per wavelength. Moreover,
the Crank-Nicolson finite difference method (CNFD) is fully implicit and depends
on a direct solver or an iterative solver which is quite time-consuming, while other
FDTD methods naturally suffer from stability problems. The fourth-order compact
finite difference (4cFD) method has also been used for the long-time dynamics of the
NKGE (1.1), which has better spatial resolution than the FDTD methods [27]. Thus,
a discretization that performs well and allows larger mesh size and time step for a
given ¢, is of great importance for the investigation of the long-time dynamics of the
NKGE (1.1) (or (1.2)).

The EWI-FP method has many superior properties and is widely used to solve
wave equations in different regimes [2, 3, 5, 7, 23, 52]. The key ingredients of the
EWI-FP method are: (i) applying the Fourier pseudospectral discretization for the
spatial derivatives; (ii) adapting an exponential wave integrator based on some effi-
cient quadrature rules for integrating the NKGE under proper transmission conditions
between different time intervals in phase space. The main purpose of this paper is to
carry out long-time error bounds of a Gautschi-type EWI-FP discretization for the
NKGE (1.1) (or (1.2)) up to the time at O(¢~2). In our numerical analysis, besides
the standard technique of the energy method and inverse inequality, we adapt the
mathematical induction to obtain a priori uniform bound of the numerical solution.
The rigorous error bounds suggest that the e—scalability of the EWI-FP method up
to the time at O(¢~2) should be:

h=0(1) and 7=0(1),

which is uniform in terms of € and performs much better than the FDTD and 4cFD
methods. In addition, by rescaling the time as ¢t — /e, the NKGE (1.1) can be
reformulated as an oscillatory NKGE whose solution propagates waves with wave-
length at O(1) and O(e?) in space and time, respectively, and wave speed at O(c~?).
The rapid oscillation in time and outgoing waves bring new challenges in the design
and analysis for the numerical methods. Based on the long-time error analysis for
the EWIL-FP method to the NKGE (1.1), the error bounds and e-scalability of the
EWI-FP method for the oscillatory NKGE in a fixed time interval can be obtained
straightforwardly.

The rest of this paper is organized as follows. In Section 2, we discuss the deriva-
tion and analyze the stability of the EWI-FP discretization for the NKGE (1.1). In
Section 3, we establish uniform error bounds of the EWI-FP method for the long-time
dynamics of the NKGE (1.1) up to the time at O(¢™?) with 0 < 8 < 2. Extensive
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numerical results are reported in Section 4 to confirm our error bounds. In Section 5,
we extend the EWI-FP method and the error estimates to an oscillatory NKGE in a
fixed time interval. Finally, some conclusions are drawn in Section 6. Throughout the
paper, we adopt the standard Sobolev spaces and use the notation p < ¢ to represent
that there exists a generic constant C' > 0 which is independent of h, 7 and € such
that [p| < Cq.

2. An exponential wave integrator spectral method. In this section, in-
spired by the ideas in [2, 5, 7, 29, 30, 33], we propose and analyze a Gautschi-type
exponential wave integrator Fourier spectral/pseudospectral (EWI-FS/EWI-FP) dis-
cretization for the NKGE (1.1). For simplicity of notations, we only present the
numerical methods in one space dimension (1D). Thanks to tensor grids, generaliza-
tions to higher dimensions are straightforward and results remain valid with minor
modifications. In 1D, the NKGE (1.1) collapses to

21 { Ouu(z,t) — Oppu(z, t) +ulz,t) + e2u(x,t) =0, z€ Q= (a,b), t>0,
u(z,0) = (), Ou(z,0) =~(z), =€ Q=/]a,b],

with periodic boundary conditions.

2.1. The method. Choose the time step 7 = At > 0 and mesh size h := Ax =
(b — a)/M with M being an even positive integer, and denote time steps by ¢, = nr
for n > 0 and grid points as z; := a + jh, j = 0,1,--- , M. Denote the index set
Tu={lll=-M/2,-M/2+1,--- ,M/2—1}, and define C,(2) = {u € C(Q)|u(a) =
u(b)} and

27l

xGQZGTM}

Yy = {u = (uo,ul,--- ,’U,M) S RM+1 TUg = uM}

X = span{e (@~ = -

For any u(z) € Cp(f2) and a vector u € Yy, define Py : L?(2) — X as the
standard L?—projection operator onto Xy, I : Cp(Q) = Xppor Ing : Yy — X as
the trigonometric interpolation operator [32, 44], i.e

(Prru)( Z uett (@ a) (Ipu)(z Z et (@— a) zeQ,
leTm leTm
where
1 it (2—a) 1 Mi:l 1w —a)
(2.2) U = / u(z)e "M Yde, = — uje” HTITY e Ty,
b—a /, M —

with u; interpreted as u(z;) when involved.
We begin with the Fourier spectral method for discretizing the NKGE (2.1) in
space, i.e., find

(2.3) unr(@,t) = 3 (uan), (D™D € Xpy, weQ, 120,
leTm

such that

(2.4) Onuns(x,t) — Opwuns(x,t) +ups (2, t) +52PMf(uM(x,t)) =0, z€, t>0,
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with f(v) = v3. Plugging (2.3) into (2.4) and noticing the orthogonality of the Fourier
basis functions, we find

2 e e

(25) Do)+ (1 + ) (0 + (T =0, 1€ Ty, £20

For each fixed I(I € Ta), when ¢ is near t = ¢,(n > 0), the above ODEs can be
rewritten as

2 — ~
(26) (e +0)+ iyt +0) + 2F0) =0, Gk,
where
(2.7) G=\1+n2  FO) = (Fluar),(tn +0).

Now, we proceed to apply an exponential wave integrator for solving the ODEs
(2.6). By using the variation-of-constants formula for the ODEs (2.6), the general
solutions of the above second-order ODEs can be written as

Sin(@(l)
G

where ¢’ and d’ are two constants to be determined. When n = 0, we consider the
solution (2.8) for # € [0, 7]. The initial conditions in the NKGE (2.1) imply

— 2 0
(28)  (un)y(tn +6) = & cos(6G)) + a7 - / 7 (@) sin(G(60 — w))dw,

— —

(29) (i) = 31, (i 0) =3, L€ Tar

Plugging (2.9) into (2.8) with n = 0 and then letting # = 7 to determine ¢} and dY,
we get

— ~ ~ sin (7 52 i .
(2.10) (unr), (1) = ¢y cos(T¢r) + m% - 6/ PP (w) sin(G (7 — w))dw.
0
When n > 0, we consider the solution (2.8) for # € [—7, 7] and require the solution to
be continuous at t =t,, and t = t,,_1 = ¢, — 7. Plugging § = 0 and § = —7 into (2.8)
and letting § = 7 to determine ¢}’ and dj', we obtain

—

(uar)y(tns1) = — (uar);(bar) + 2 cos(rG) (unr), ()

(2.11) P A
-< /O [ () + ()] sin(Glr — )

In order to design an explicit scheme, we approximate the integrals in (2.10)-(2.11)
by the Gautschi-type quadrature [28],

/ " Pw)sin(a(r - w))dw ~ (0) / "sin(@(r — ) = LD (1~ cos(rqr)]

/O ’ [ (-w) + ()] sin(Glr — ) ~ 2fl;(0) [ —cos(rQ)], 1€ Tar, n > 1.

Denote (uf,), and uly;(z) be the approximations of (uar),(tn) and wuns(w,t,),
respectively. Choosing u,(z) = (Pum@)(x), a Gautschi-type exponential integrator
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6 YUE FENG AND WENFAN YI

Fourier spectral (EWI-FS) discretization for the NKGE (2.1) is to update the numer-
ical approximation u}y; () € Xas(n > 0) as

(2.12) upi ) = Y (up e, 2 eQ, n>0,
l€TMm
where
(2.13) (upg), = i+ @i+ (@), 1€ Tar,
(upf "), = —(uir ), + 2mi(usy), + 2r(f(ugy)y, L€Tu, n>1,

with the coefficients defined as

sin(7¢) . e2(cos(1¢;) — 1)
a G '

However, in practice, it is difficult to compute the Fourier coefficients in (2.13).
We simply replace the projections by the interpolations here, which refers to the
Fourier pseudospectral discretizaion. Let u} be the approximation of u(x;,t,) and
denote ug = ¢(z;)(j =0,1,--- ,M). For n =0,1,---, a Gautschi-type exponential
integrator Fourier pseudospectral (EWI-FP) discretization for the NKGE (2.1) is

(2.14) pr=cos(1¢1), q =

(2.15) uitt = 3" apttenim) 20,1, M,
leTm

where

—_~

i =pdi + a5 + (@), 1€ T,

(2.16)
artt = —ar T g opl + 2m(F(um)),, L€ T, n>1,

with the coefficients p;, ¢; and r; are given in (2.14).

The EWI-FP (2.15)-(2.16) is explicit, time symmetric and easy to extend to 2D
and 3D. The memory cost is O(M) and the computational cost per time step is
O(M log M).

2.2. Stability analysis. Let Ty > 0 be a fixed constant and 0 < 8 < 2, and
denote

2.17 = a |12,
( ) Omax Ogng"o?*ﬂ/THu Hl )

where [Ju|[;~ = pmax |u;| for u € Yps. According to the standard von Neumann
<GjSM—
stability analysis in [45], we can conclude the stability results of the EWI-FP (2.15)-

(2.16) for the NKGE (2.1) in the following lemma.
LEMMA 2.1. (stability) The EWI-FP (2.15)-(2.16) 4s conditionally stable under
the stability condition
2h

(2.18) 0<r<
\/71'2 + h2(1 + e%20max)

, h>0, 0<e<l1.
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Proof. Replacing the nonlinear term by f(u) = 2o maxu and plugging

u;_lfl _ E U162ijl7r/M, ’U,;l _ E flU[eQijl”/M, u;_hLl _ E §l2Ule2ijlﬂ'/M,
leTm leTm leTm

into (2.16) with & the amplification factor of the Ith mode in phase space, we obtain
the following characteristic equation

(2.19) £ 206 +1=0, 1€ T,
with
2 _ 2
0, = COS(TQ) I € Umax(CzSQ(TCl) 1) =1— (285—72“16‘)( + 2) SiIl2 (%) ,le T
l l

Since the characteristic equation (2.19) implies & = 6; + /67 — 1, it indicates that
the stability of the EWI-FP (2.15)-(2.16) amounts to

(2.20) |§l| <1 <— |91| <1, 1€ Tuy.

Noticing sin(z) < z for 2 > 0, under the condition (2.18), we have

2% nax 2% nax ?
(2_21) 0< Lf—FQ gin? T_Q < Lf—FQ . T_Cl <2,
G 2 G 2

which immediately leads to the conclusion. a

Remark 2.2. The stability of the EWI-FP (2.15)-(2.16) is related to opmax, depen-
dent on the boundedness of the [*° norm of the numerical solution u™ at the previous
time step. The error estimates up to the previous time step could ensure such a
bound in the [*° norm, by making use of the discrete Sobolev inequality, and such an
error estimate could be recovered at the next time step, as given by the Theorem 3.1
presented in Section 3.

3. Uniform error bounds for long-time dynamics. In this section, we rig-
orously carry out the uniform error bounds of the EWI-FS (2.12)-(2.13)/EWI-FP
(2.15)-(2.16) for the NKGE (2.1) up to the time ¢ € [0, Tp/e?] with 0 < 8 < 2.

3.1. Main results. For an integer m > 0, Q = (a, b), we denote by H™()) the
standard Sobolev space with norm

Z 2 ip(z—a 27l
B llelm =D +u)"@P, for a(@) =) Zen e =
leZ =

where z;(I € Z) are the Fourier transform coefficients of the function z(x). For
m = 0, the space is exactly L?(2) and the corresponding norm is denoted as || - ||.
Furthermore, we denote by H,*(€2) the subspace of H™(2) which consists of functions
with derivatives of the order up to m — 1 being (b — a)-periodic [44].

Motivated by the results in [20, 35, 36, 39] and references therein, we assume that
there exists an integer mgo > 2 such that the exact solution u(z,t) of the NKGE (2.1)
up to the time T, = Tp/e” with 8 € [0,2] and Ty > 0 fixed satisfies

u(zx,t) € L™ ([O,TE];H;”O) , Owu(x,t) € L™ ([O,TE]; W1’4) ,
Ouu(z,t) € L™ ([0,T.); H'),
||u($,t)||Lm([07T5];H;no) <1, ||atu($7t)||Lco([0,T€];W1,4) <1,

Ou(, )| Los (0,727, 01) S 1
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Under the assumption (A), we let

My = max {{lu(z, )l (o,r.1iz) + [0z, t)l| Lo o, S 1,

e€(0,1]
My = sup lv? < 1.
v#£0,|v| <1+ M,
Assuming
1 h
(3.2) 7 <min{ =, T , 0<e<l,
8" 3\/m2 + h2(1+e2M>)

we can establish the following error bounds of the EWI-FS (2.12)-(2.13).

THEOREM 3.1. Let ul;(z) be the approzimation obtained from the EWI-FS (2.12)
-(2.13), under the stability condition (2.18) and the assumptions (A) and (3.2), there
exist constants hg > 0 and 79 > 0 sufficiently small and independent of €, such that
forany0<e<1and0< B8<2, when 0 < h < hy, 0 <7 <719, we have

lu(z, tn) —uhy(z)|x SR~ 427072 A =0,1,

(3.3) o
ups (@)L < T4+ M, 0<n< L:_

Remark 3.2. (1). The EWI-FS (2.12)-(2.13) is a semi-discretization to the NKGE
(2.1), while the EWI-FP (2.15)-(2.16) is a full-discretization. The error estimates for
the EWL-FP (2.15)-(2.16) are quite similar as those in Theorem 3.1 with the proof
being quite similar to that in Section 3.2 and we omit the details for brevity.

(2). In 2D/3D case, Theorem 3.1 is still valid under the technical condition
7 < \/Ca(h), where Cy(h) = 1/|Inh| for d = 2; and resp., C4(h) = h'/? for d = 3.

These results are very useful in practical computations on how to select mesh
size and time step such that the numerical results are trustable. The error bounds
indicate that the e-scalability of the EWI-FS(2.12)-(2.13)/EWIL-FP (2.15)-(2.16) up
to the time at O(¢~?) is uniform in terms of € and should be taken as:

h=0(1), 7=0(), forany 0<e<1 and 0<pg<2.

3.2. Proof of Theorem 3.1. The key points of the proof are to deal with the
nonlinearity and overcome the main difficulty for obtaining the uniform bound of the
solution u?, (), i.e., ||uf;(x)||L= < 1. Since the EWI-FS (2.12)-(2.13) is explicit and
the nonlinear term only depends on the previous steps, we adapt the energy method
with suitable “energy” combined with the method of mathematical induction, which
is widely used in the literatures [1, 2, 5, 6, 7]. The nonlinear part is controlled by the
L norm of the error functions from previous steps by means of the discrete Sobolev
inequality and inverse inequality.

The exact solution of the NKGE (2.1) can be written as

(3.4) u(a,t) =Y w1 e, >0,
lEZ

where 4 (t)(I € Z) are the Fourier transform coefficients of u(x,t). Similar to the
derivation of (2.10)-(2.11), for I € Z, we have

~ in 2 T
(3.5)  Gu(r) = drcos(¢) + aﬁ%m _ Ec_l /O FO(w) sin(G (1 — w))dw,
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and for n > 1,

(3.6) U(tnt1) = —w(tn—1) + 2cos(7¢)u(ty) — EC_I /OT (F),(w) sin(G (1 — w))dw,

where

(3.7) (P, @) = Br(w) + Fr @), B (@) = Tt +w).
For 0 < n < Toe—?/7, denote the “error” function

(3.8) n"(x) := Pyu(z, t,) — uhy(z) = Z e 4 eq,

€T

with 7" = w(t,) — @ ;» | € Tar. By the assumption (A) and triangle inequality, we
have
luz, tn) = ufy (@)]Ix < llule, tn) = Parule,ta)llx + 19" (@)l £ H™07 + 7" () [1x-

Thus, we only need to estimate ||n"(z)|x for 0 <n < Tpe=?/7.

Now, we proceed to prove the error bounds in (3.3) by employing the energy
method combined with the method of mathematical induction in the following three
main steps.

Step 1. The growth of the “error” function. Define the local truncation errors
Entl(z) for 0 <n < Toe P/7— 1 as

(39) €n+1 Z fn—i-l ip(z—a)

€T
with
& =)~ i — 0= o), =~ [ W) sin(alr —w)e
AZ"H =t n+1 + U (tn—1) — 2p1t(tn) — 2 (f(u ))z(tn)a
/ W"Jrl Vsin(G (1T —w))dw, 1< n<Toe P/r—1,
where

Fw) - (@), L€Tu, n=0,

(3.10)  WMw) =9 e
(F?),(w) —2F0), 1€Ty, 1<n<Tee P/r—1,

and the coefficients p;, ¢ and r; are given in (2.14).
For each [ € Ty, subtracting (2.13) from (3.5)-(3.6), we obtain the equation for

the “error” function 7" as
(3.11) = =i 4 2c0s(rQ)A + T HRPTY, 1<n < T -1,
ﬁ? =0, 77z = fl )

and the nonlinear term errors Y"1 (x) € X, with

(3.12) gt 2220 C‘I;OS“@”WH, V= (Flugy), - B (0).
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Step 2. Estimates for the cases n =0 and n = 1. From the discretization of the
initial data, i.e., u§;(z) = Ppo(x), we have

lu(@, t = 0) = uly(@)x = 16 = Pugllx Sh™ ™, udy(@)]pe < CH™ ™ + M.

Therefore, there exists a constant hy > 0 sufficiently small and independent of £ such
that, when 0 < h < hy, the error estimates in (3.3) are valid for n = 0.

Since the calculation for the first step (n = 1) is different from others, we inves-
tigate the first step separately. Under the assumption (A), we get

16° — u3(ow)|2 = /|u (£,0) — u’(z,w)Pdx

<9M2/ lu(z,0) — u(z, w)|*dx

/ Osu(z, s)
< 9M22/ w/ |0su(z, s)|*dsdx
a 0

< OM5w?||Dpul-, )1 7o (0.7 12)
5 w27 0 S w S T

Similarly, we have ||¢® —u?(-,w)[|? Sw?, 0<w < 7.
Under the condition (3.2), we get

<cos(¢r) <1, 0<sin(G(r—w)) <sin(¢r) <1, 0<w<T.

DN | =

o
O<T<l§§7

Noticing 7} = 5} and the definition of fAll, by the Holder inequality, we obtain
2
i’

= Z_z/oT ﬁ/\ll(w) sin(( (7 — w))dw

<&t /O sin(G(r — w))de - / ‘Wll (w)f sin(G(r — w))dw
§7'54 {1 cos Gr Cliq— / ‘A

1 T
g—m‘*/ }W;(w) deo,
2 0

Multiplying both sides of the above equalities by (14 p?)* and then summing up for
l € Tu, the Parseval’s identity equality, triangle inequality, (3.10) and (3.13) lead to

In* (a §§ 42 (1+ ui) /‘VVl dw

(3.14)

lETM
7'54 Z 1+ 47) / ’ T(Qb\))l2dw
€T
S et / [ 0) = 6 R
< et =0,1.
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Thus, we immediately can obtain

lu,t1) = ups(@)llx < Julz, t1) = Paru(z, ta)llx + [In* (@)llx € B707 + €272,

By the triangle inequality and inverse inequality, there exist ho > 0 and 73 > 0
sufficiently small such that when 0 < h < hy and 0 < 7 < 77, we have

(3.15) by (@)l <1+ My,

Therefore, the estimates in (3.3) are valid when n = 1.

Step 8. Estimates for the cases 2 < n < T()E_B/T. Assume that the estimates in
(3.3) are valid for all 1 <n <m < Tos_ﬂ/T — 1, then we need to prove that they are
still valid when n = m + 1.

On the one hand, under the assumption (A), by the Holder inequality, we have

1265 (s tn) = w? (- tn — w) — WPt + )|

</
a

/ Hgou’ (z,tn, + 0)dods| dz

0 —s
b w s 9

S/ w 25/ ‘899u3(3:,tn+9)‘ dfdsdx
a 0 —s

(3.16)
g/ 2ws/ (OM20pgu(-, tn + 0) |2 + 36Ma]|Bpu(- b + O)|4.) dbds
0 —s

S wt [||atu(-, 2 (0,7, 3524) + |0l t)“QLOO([O,TE];L?)}
< ™, 0<w<T.
Similarly, we have |[u?(-,t, — w) + u3(-, tp + w) = 2u3(, )3 S, 0<w < 7.

On the other hand, noticing the definitions of El"“ and Y}, similar to (3.14),
we have

2 2 T 2

= %/ Wy (w) sin(G (7 — w))dw
(3.17) tJo . ,

< ret {1 - cos(rcl)} / ‘ﬁ/\anrl(w)‘ dw, 1€Tyu, 1<n<m,
0
2
|)?;z+1|2 _ 252(1 - Czos(TCl))f/\En-H
G
2

(3.18) 2¢*

?fflnﬂ/o sin(¢ (1 — w))dw

R 2
§T2€4[1—COS(TQ)} }V}"H} , €Ty, 1<n<m.

Multiplying the above inequalities with (1 + p2)*(A = 0,1) , dividing them by
1 — cos(7¢;) and then summing up [ € Ty, for 1 < n < m, the Parseval’s identity
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12 YUE FENG AND WENFAN YI

equality, triangle inequality,(3.10), (3.12) and (3.16) lead to

> (1 +p)? gn+1’2
— 1
=, 1 —cos(7¢;)
T 2
< 7t Z (1+ul2)/\/ ‘WZ"H(W)‘ dw
(3.19) = 0
< 754/ lud (ot — w) +u3 (-t + w) — 203+, 1) |3 dw
0
< ot
1+Mz ontl 22,4 o\ [t
> SRS e 3 (i [
e 1 —cos(7¢;) .
M €Tm

< TP ta) — (w13
S TPt M3 u tn) — w3
< 24 (hmg—)\ + E2—3T2)2

(3.20)

Define the “energy” function as

321 5 8 — 1 ~n |12 /\(n+12 COS(TC[ A/n+1 Aﬂz '
@) £ = 30 & & = e [+ S -

For n = 0, we have

1+ . T~ 2
&0 = Z 71(_ COZ(ITC B 1‘ < 7et Z 1+ pf) / ‘Wll(w)‘ dw < et
lE€ETM l l€TM 0

Noticing 0 < 8 < 2, multiplying both sides of (3.11) by (1 —i—ul) (ﬁ?“ ﬁ?fl),

dividing it by 1 — cos(7¢;) and summing up for [ € Tys, the Young’s inequality and
(3.17)-(3.20) result in

_ g 1< Z 1+:u’l

n+1 i An+1’ ) ‘Nn,+1 ~n71|

_ l m -
=, 1 —cos(7¢;)
1—|—ul +1 2 192
_Zl—cosTCl ( Tl =i +2EﬁTW[ﬂ_ﬁlﬂ
leTm
+% P+l +XnHr)
€
EBTCOS TCl ~n+1 ~n |2 ~n _ ~n—1|2
<2 1—cos(7¢) (1t 4i) (‘ ="+ (A = ‘)
leTm
1+M[ AnJrl‘ n+1
+z; eB7(1 — cos(7¢;)) \ U™ +[Xi ‘

<4elr (E" 4+ EMY) 4 Ca P (W 4 72) ) 1<n<m,

where the constant C' is independent of h, 7 and €. Summing the above inequality

for n =1,2,---,m, and noticing the condition 7 < 1/8, we get
m—1

(3.22) € SE +P7 Y € 4 Toet ™ (W 4 12)7, 1<m < Toe P /r - 1.
n=0
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Hence, the Gronwall’s inequality suggests that there exists a constant 7 > 0 suffi-
ciently small, such that when 0 < 7 < 75, the following holds for 1 < m < Toafﬁ/T— 1,

(3.23) EM S E0 4t (o 4 72)” < et (oA 4 12)”,

Recalling the definition of €™ in (3.21), for 1 < m < Toe#/7 — 1, we can obtain the
error estimate

I3 = D0 ) A < e et (et 4177
leTm

by combining (3.21) with the Parseval’s identity equality and (3.23), which immedi-
ately concludes that the first inequality in (3.3) is valid for n = m + 1.

Lastly, we have to prove the error estimate of |[u}"!(z)|z~ for 1 < m <
Toe #/7 — 1. In fact, the inverse inequality and triangle inequality will imply that
there exist hy > 0 and 73 > 0 sufficiently small such that when 0 < h < hg and
0 <7 < 713, we have

lufy ™ @)z < llu(@, tmer) = uiy™ (@)oo + [Jul@, tna) e < 14 M.
Overall, under the choice of hg = min{hq, ha, h3} and 79 = min{r, 72,73}, the proof
of Theorem 3.1 is completed by the method of mathematical induction.

4. Numerical results. In this section, we present numerical results of the EWI-
FP (2.15)-(2.16) for the NKGE (2.1) with weak nonlinearity to support our error
estimates. In our numerical experiments, we choose the initial data

1

(4.1) P(z) = m

and v(z) =sin(z), = € [0,27].

The numerical computation is carried out on a time interval [0, Tp/e%] with 0 < 5 < 2
and Tp > 0 fixed. Here, we study the following three cases with respect to different
B:

Case I. Fixed time dynamics up to the time at O(1), i.e., 8 = 0;

Case II. Intermediate long-time dynamics up to the time at O(¢71), i.e., 8 = 1;

Case II1. Long-time dynamics up to the time at O(¢2), i.e., 8 = 2.

The “exact” solution u(z,t) is computed by the time-splitting Fourier pseudospec-
tral method [9, 23] with a very fine mesh size h = 7/32 and a very small time step
7. = 5x 1074, Denote ujp . as the numerical solution at ¢ = ¢,, by the EWL-FP (2.15)-
(2.16) with mesh size h and time step 7. The errors are denoted as e(z,t,) € Xy
with e(z,t,) = u(z,t,) — In(up ) (z). In order to quantify the numerical results, we
measure the H! norm of e(x,t,).

The errors are displayed at ¢t = 1/¢® with different ¢ and 3. In order to test the
spatial errors, we fix the time step as 7 = 5 x 1074 such that the temporal error can
be ignored and solve the NKGE (2.1) under different mesh size h. Table 1 depicts the
spatial errors for 5 =0, § = 1 and = 2. Then, we check the temporal errors for
different 0 < e <1 and 0 < 8 < 2 with different time step 7 and a very fine mesh size
h = m/32 such that the spatial errors can be neglected. Tables 2-4 show the temporal
errors for 8 =0, 8 =1 and 8 = 2, respectively.

From Tables 1-4 and additional similar numerical results not shown here for
brevity, we can draw the following observations on the EWI-FP (2.15)-(2.16) for the
NKGE (2.1) up to the time at O(¢~?) with 0 < 5 < 2:
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TABLE 1
Spatial errors of the EWI-FP (2.15)-(2.16) for the NKGE (2.1) with (4.1) for different 8 and €.

||€(',1/Eﬁ)H1 h0:7T/2 h0/2 h0/22 h0/23

go=1 4.05E-2 8.80E-3 1.53E-4 7.19E-8

€0/2 4.78E-2 8.48E-3 1.58E-4 2.37E-8

8=0 £0/22 5.17E-2 8.36E-3 1.59E-4 1.15E-8
£0/23 5.28E-2 8.33E-3 1.59E-4 1.00E-8

g0/2% 5.31E-2 8.32E-3 1.59E-4 9.89E-9

eo=1 4.05E-2 8.80E-3 1.53E-4 7.19E-8

€0/2 3.98E-2 6.27E-3 5.61E-5 4.19E-8

=1 £0/22 1.57E-2 8.14E-3 1.33E-4 4.03E-8
£0/23 1.02E-2 3.17E-3 2.82E-5 1.08E-8

g0/2% 6.08E-3 3.44E-3 1.41E-5 1.98E-8

eo=1 4.05E-2 8.80E-3 1.53E-4 7.19E-8

€0/2 4.04E-2 8.46E-3 1.40E-4 9.30E-8

B8=2 £0/22 6.12E-2 4.18E-3 1.57E-5 6.90E-8
£0/23 1.01E-1 3.25E-3 1.45E-4 1.35E-7

g0/24 6.05E-2 1.31E-3 1.34E-4 4.16E-7

TABLE 2

Temporal errors of the EWI-FP (2.15)-(2.16) for the NKGE (2.1) with (4.1) and 8 = 0.

||€(',1/Eﬁ)H1 7'0:0.2 T0/2 7'0/22 T0/23 7'0/24 T0/25
eo=1 4.59E-2 1.13E-2 2.82E-3 7.04E-4 1.76E-4 4.37E-5

order - 2.02 2.00 2.00 2.00 2.01
£0/2 148E-2 3.66E-3 9.11E-4 2.27E-4 5.68E-5 141E-5
order - 2.02 2.01 2.00 2.00 2.01
£0/22 4.05E-3 1.00E-3 2.49E-4 6.23E-5 1.55E-5 3.86E-6
order - 2.02 2.01 2.00 2.01 2.01
£0/23 1.04E-3 2.56E-4 6.39E-5 1.59E-5 3.98E-6 9.89E-7
order - 2.02 2.00 2.01 2.00 2.01
g0/2% 2.61E-4 6.44E-5 1.61E-5 4.01E-6 1.00E-6 249E-7
order - 2.02 2.00 2.01 2.00 2.01
£0/2° 6.53E-5 1.61E-5 4.02E-6 1.00E-6 2.51E-7 6.23E-8
order - 2.02 2.00 2.01 1.99 2.01

(i) In space, the EWI-FP (2.15)-(2.16) is uniformly spectral accurate for any
0<e<land0<pg <2 (cf each row in Table 1) and the spatial errors are almost
independent of e (cf. each column in Table 1).

(ii) In time, for any fixed € = ¢¢ > 0, the EWI-FP (2.15)-(2.16) is uniformly
second-order accurate (cf. the first rows in Tables 2-4), which agree with those results
in the literature. In addition, Tables 2-4 illustrate that the error bounds of temporal
discretization for the EWI-FP (2.15)-(2.16) uniformly behave like O(g%7?) for the
fixed time dynamics up to the time at O(1), i.e., 8 = 0 (cf. each row and column
in Table 2), and O(e7?) for the intermediate long-time dynamics up to the time at
O(e71), i.e., B =1 (cf. each row and column in Table 3), and resp. O(7?) for the
long-time dynamics up to the time at O(e~2), i.e., 8 = 2 (cf. each row and column
in Table 4). In summary, our numerical results confirm the error bounds in Theorem
3.1 and demonstrate that they are sharp.
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TABLE 3
Temporal errors of the EWI-FP (2.15)-(2.16) for the NKGE (2.1) with (4.1) and 8 = 1.

||€(',1/Eﬁ)H1 7'0:0.2 T0/2 7'0/22 T0/23 7'0/24 T0/25
eo=1 4.59E-2 1.13E-2 2.82E-3 7.04E-4 1.76E-4 4.37E-5

order - 2.02 2.00 2.00 2.00 2.01
£0/2 1.30E-2 3.22E-3 8.04E-4 2.01E-4 5.02E-5 1.25E-5
order - 2.01 2.00 2.00 2.00 2.01
50/22 5.76E-3 1.43E-3 3.56E-4 8.90E-5 2.23E-5 b5.57E-6
order - 2.01 2.01 2.00 2.00 2.00
£0/23 2.30E-3 5.72E-4 1.43E-4 3.57E-5 8.92E-6 2.23E-6
order - 2.01 2.00 2.00 2.00 2.00
£0/2% 1.66E-3 4.11E-4 1.03E-4 2.56E-5 6.41E-6 1.60E-6
order - 2.01 2.00 2.01 2.00 2.00
50/25 4.18E-4 1.04E-4 2.59E-5 6.48E-6 1.62E-6 4.05E-7
order - 2.01 2.01 2.00 2.00 2.00
TABLE 4

Temporal errors of the EWI-FP (2.15)-(2.16) for the NKGE (2.1) with (4.1) and 8 = 2.

||€(',1/Eﬁ)H1 7'0:0.2 T0/2 7'0/22 T0/23 7'0/24 T0/25
eo=1 4.59E-2 1.13E-2 2.82E-3 7.04E-4 1.76E-4 4.37E-5

order - 2.02 2.00 2.00 2.00 2.01
£0/2 3.17E-2  7.83E-3 1.95E-3 4.88E-4 1.22E-4 3.04E-5
order - 2.02 2.01 2.00 2.00 2.00
£0/22 2.51E-2 6.23E-3 1.55E-3 3.88E-4 9.70E-5 2.42E-5
order - 2.01 2.01 2.00 2.00 2.00
£0/23 3.28E-2 8.14E-3 2.03E-3 5.08E-4 1.27E-4 3.17E-5
order - 2.01 2.00 2.00 2.00 2.00
g0/2% 2.50E-2 6.23E-3 1.56E-3 3.89E-4 9.72E-5 2.43E-5
order - 2.00 2.00 2.00 2.00 2.00
£0/2° 2.88E-2 T7.17E-3 1.79E-3 447E-4 1.12E-4 2.79E-5
order - 2.01 2.00 2.00 2.00 2.01

5. Extension to an oscillatory NKGE. By a rescaling in time s = ¢t with
0 < B < 2 and denoting v(x, s) := u(x,s/e”) = u(x,t) in the NKGE (1.1), we can
reformulate the NKGE (1.1) into the following oscillatory NKGE

(5.1) e20,50(x,8) — Av(x, 8) +v(x,8) + 203 (x,5) =0, €T >0,
. v(x,0) = ¢(x), dv(x,0) = Py(x), zeT,

which is also time symmetric or time reversible and conserves the energy, i.e.,

E(s) := /W [52ﬁ|65v(x, $)2 + |Vo(x, s)* + |v(x, s)|* + %|U(X,S)|4] dx

= [ [0+ (9060 + oo + 5

o0 dx

= E(0)=0(1), s>0.

Recently, more attentions are paid to the properties of the highly oscillatory
evolution equations [5, 7, 12, 16, 25]. The solution of the NKGE (5.1) propagates
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waves with wavelength at O(1) in space and O(¢?) in time, respectively [10]. To
illustrate this, Figures 1-2 show the solutions v(7,s) and v(z,1) of the oscillatory
NKGE (5.1) with d = 1, T' = (0,27) and initial data (4.1) for different 0 < & < 1
and . It is important to point out that the temporal oscillation frequency depends
on the space Fourier variable and the wave speed of the oscillatory NKGE (5.1) is at
O(e~#), which is quite different from that of the NKGE in the nonrelativistic limit
regime counsidered in [5, 7, 12, 25]. In fact, in the nonrelativistic limit regime, the
solution of the NKGE propagates waves with wavelength at O(1) in space and O(g?)
in time, and wave speed in space at O(1).

@ I (b)

0 0.5 1 15 2 25 3 0 0.5 1 15
t t
Fi1G. 1. The solution v(w, s) of the oscillatory NKGE (5.1) with d =1 and initial data (4.1) for

different € and B: (a) B=1, (b) B =2.

0s/ (a) PO (b)
05 V N
ot emzziniiz ~ |-
— 3 0N
8 B A
= 2 , \
-0.5F ™ —e= 1/2 . NG 7 '/’ —e= 1/2
-e=1/22 -0.5¢ . 0t -e=1/22
''''' e=1/2° g =1/23
-1r ‘ ‘ ‘ | e=12 Saeleet ‘ ‘ —e=1/24
0 1 2 3 4 5 6 0 1 2 3 4 5 6
x T

F1a. 2. The solution v(z, 1) of the oscillatory NKGE (5.1) with d = 1 and initial data (4.1) for
different € and B: (a) B =1, (b) B =2.

The dynamics of the oscillatory NKGE (5.1) up to the fixed time at O(1) is
equivalent to the long-time dynamics of the NKGE (1.1) with weak nonlinearity up
to the time at O(¢~#). The analysis of the EWI-FS/EWI-FP method and the error
estimates for the NKGE (1.1) with weak nonlinearity in Sections 2&3 can be extended
for the oscillatory NKGE (5.1). Again, for simplicity of notations, the EWI-FS/EWI-
FP method and the error estimates will be only presented in 1D and the results can
be easily generalized to higher dimensions with minor modifications. In addition, the
proofs for the error bounds are quite similar to those in Section 3 and we omit the
details here for brevity. We adopt similar notations to those used in Sections 2&3
except specified otherwise. In 1D, we consider the following oscillatory NKGE

(5.2) {smﬁssv(z, 8) — Opev(z, 8) +v(x,8) + 20 (2,5) =0, © € Q= (a,b), s> 0,
v(z,0) = p(z), dsv(z,0) = Py(z), ze€Q=]ab].
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5.1. EWI-FS/EWI-FP method. Let £k = As > 0 be the temporal step size
and denote time steps as s, := nk for n > 0. The Fourier spectral method for the
oscillatory NKGE (5.2) is to find vps(z, s) € Xy, ie.,

(5.3) vm(x,s) = Z (U/]\;)l(s)ei“l(w_“), reQ, s5>0,
1€Tm

such that
(5.4) 52585501\4(3:,s)—ava(x,5)—|—UM(33,S)—|—52PMf(vM(3:,s)) =0,z€Q, s>0,

with f(v) = v3. The derivations of the EWI-FS/EWI-FP discretization for the oscil-
latory NKGE (5.2) proceed in the analogous lines as those in Section 2 and we omit

the details for brevity. Denote (v/’]\“;) , and v} (x) be the approximations of G\ml(sn)
and vy (z, s,,), respectively. Choosing v9,(z) = (Pyp¢)(z), the Gautschi-type expo-
nential wave integrator Fourier spectral (EWI-FS) discretization for the oscillatory
NKGE (5.2) is

(5.5) o) = ) (o h),e e e, n>0,
€Ty

where

56) (0k)), = i + @Fi + 7 (f(8),, 1€ Tar,

(1171\71)1 = _(071\14_1)1 +2pi(vyy), +2n(f (i) L€Tu, n21,

with ¢, = e #\/1+ pu? = O(¢=?) and the coefficients given as

_ = _osin(kG) _ e%(cos(k() — 1)
57 == k B = — y e A
(5.7) pr=cos(kQ), @ 57, 7 e
Similarly, let v}' be the approximation of v(z;,s,) and denote v) = ¢(z;) (j =
0,1,---, M), then we can obtain the following Gautschi-type exponential wave inte-

grator Fourier pseudospectral (EWI-FP) discretization for the oscillatory NKGE (5.2)
as

(58) v;l"l‘l = Z 5;7/4‘161'#1(1]'*(1), .] :Ovla"' 7M7 n > 07
€T

where

—_~

(59) U =pd+as +n(f(@), L€ Tar,
ottt = =t 4 2pa 4 27 (F (o), L€ T, m>1,

with the coefficients p;, q; and 7; are given in (5.7).

The EWI-FP (5.8)-(5.9) is also explicit, time symmetric and easy to extend to
2D and 3D. The memory cost is O(M) and the computational cost per time step
is O(MlogM). Similar to Lemma 2.1, we have the following stability result for the
EWL-FP (5.8)-(5.9) with the proof omitted here for brevity.

This manuscript is for review purposes only.



18 YUE FENG AND WENFAN YI
LEMMA 5.1. (stability) Let To > 0 be a fized constant and denote

(5.10) Omax := max |[v"%.
0<n<Tp/k

The EWI-FP (5.8)-(5.9) is conditionally stable under the stability condition

2:81
< )
V2 + h2(1 + 225 max)

(5.11) 0<k h>0, 0<e<l.

5.2. Main results. In this section, we will establish the error estimates for the
oscillatory NKGE (5.2). Let 0 < Ty < T with T* the maximum existence time of
the solution. Again, motivated by the analytical results of the oscillatory NKGE (5.2)
and the assumption (A), we make some assumptions on the exact solution v(z, s) of
the oscillatory NKGE (5.2):

v(z,s) € L™ ([0, To]; Hy™) , dsv(x,s) € L™ ([0, To); W1,
dssv(z,s) € L ([0, To); H'),

1
”U(va)HLOO([O,TU];H;"“) 5 1, Hasv(xvS)”L“’([O,TO];WI*“) S E_ﬁ’
10ssv(@, )l Lo (0,7 11) S 25 Mo =2

Under the assumption (B), let

My = ce(o1] {llo(, $)ll o (0,703 + €7 10s0(@, 8) [l L= (o)1) } S 1,
My = sup v < 1.
v#0,|v|<1+My
Assuming
1 ePrh
(5.12) k<min{ =€, — , 0<e<1, 0<pB<2,
4 3v/h2 + 72 + e2Moh?

taking 7 = ke# and noticing the error bounds in Theorem 3.1, we can immediately
obtain the error bounds of the EWI-FS (5.5)-(5.6) (The results for the EWI-FP (5.8)-
(5.9) are quite similar and the details are skipped here for brevity):

THEOREM 5.2. Let v}, (x) be the approzimation obtained from the EWI-FS (5.5)-
(5.6), under the stability condition (5.11) and the assumptions (B) and (5.12), there
exist constants hg > 0 and kg > 0 sufficiently small and independent of €, such
that for any 0 < e <1 and 0 < § < 2, when0<h§ho,0<k§5a*ko with
o = max{0,38/2 — 1}, we have

v, Sp, — ()] < oA +5273ﬁk2, A=0,1,
M ~
(5.13) T
(@)L <1+DM;, 0<n< ?0
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Based on Theorem 5.2, for a given accuracy bound &g > 0, the e-scalability of the
EWIL-FS/EWI-FP method for the oscillatory NKGE (5.2) is:

h=0(1), k=0 /) =0, o =max{0,38/2—1}, 0< 3 < 2.

This indicates that, in order to obtain “correct” numerical solution in the fixed time
interval, one has to take the meshing strategy: h = O(1) and k = O(1), when
0 < 3 <2/3; and resp., h = O(1) and k = O(38/271) when 2/3 < 8 < 2. These
results are useful for choosing mesh size and time step in practical computations such
that the numerical results are trustable.

5.3. Numerical results of the oscillatory NKGE in the whole space.
To avoid repetitions, we consider the following oscillatory NKGE in d-dimensional
(d =1,2,3) whole space

(5.14) e289,,0(x, 5) — Av(x,8) +v(x,5) + 203 (x,5) =0, x€RY  s>0,
' v(x,0) = ¢(x), 0Osv(x,0) = Py(x), xecR™L

The solution of the oscillatory NKGE (5.14) propagates waves with wavelength
at O(1) in space and O(¢?) in time, and wave speed in space at O(¢~#). To illustrate
the outgoing waves of the solution to the oscillatory NKGE (5.14) further, Figure 3
shows the solutions v(z, 1) of the oscillatory NKGE (5.14) with d = 1 and the initial
data

(5.15) o(x) = 1/((3I2 + 6_12) and ~v(z) = 2", x eR.

Similar to those in the literature, due to the fast decay of the solution of the
oscillatory NKGE (5.14) at the far field (see [5, 24, 47] and references therein), in
practical computations, we usually truncate the original whole space problem onto a
bounded domain with periodic boundary conditions, which is large enough such that
the truncation error is negligible. Due to the rapid outgoing waves with wave speed
O(e7#), the computational domain €. has to be chosen as e-dependent.

In the following, we report numerical results of the oscillatory NKGE (5.14) with
d = 1 and the initial data (5.15). The problem is solved on a bounded domain
Q. =[-4—cP 4+ 7). The “exact” solution is obtained numerically by the time-
splitting Fourier pseudospectral method with a very fine mesh size and a very small
time step, e.g. he = 1/16 and k. = 107>, Denote v, . as the numerical solution at
s = s, by the EWI-FP (5.8)-(5.9) with mesh size h and time step k. The errors are
denoted as é(z,s,) € Xy with é(z, sn) = v(w,8,) — Im(vy ) (z). We also measure
the H! norm of é(z, s,) and the errors are displayed at s = 1 with different ¢ and .
For the oscillatory NKGE, we study the following three cases with respect to different
3:

Case 1. Classical case, i.e., 8 = 0;

Case II. Intermediately oscillatory case, i.e., f = 1;

Case III. Highly oscillatory case, i.e., = 2.

For spatial error analysis, we fix the time step as k = 107° such that the temporal
error can be ignored, and solve the oscillatory NKGE (5.14) with different mesh size
h. Table 5 depicts the spatial errors for 3 = 0, 8 = 1 and 8 = 2. For temporal
error analysis, a very fine mesh size h = 1/16 is chosen such that the spatial errors
can be neglected. Tables 6-8 show the temporal errors for 5 =0, § =1 and § = 2,
respectively.
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TABLE 5

leC, Dl ho =1 ho/2 ho/2? ho/2°
eo=1 3.66E-2 1.15E-3 7.13E-6 3.34E-7
€0/2 5.15E-2 5.43E-4 2.56E-6 3.26E-7

B=0 60/22 5.61E-2 6.35E-4 1.64E-6 3.10E-7

60/23 5.73E-2 6.89E-4 1.56E-6 2.96E-7

60/24 5.76E-2 7.04E-4 1.56E-6 3.06E-7

eo=1 3.66E-2 1.15E-3 7.13E-6 3.34E-7

€0/2 1.08E-1 1.23E-3 7.88E-6 8.99E-7

g=1 60/22 1.78E-1 4.00E-3 1.23E-5 6.68E-7
60/23 2.26E-1 9.90E-3 2.72E-5 1.20E-6

60/24 4.43E-2 1.81E-2 5.90E-5 3.7T1E-7

eo=1 3.66E-2 1.15E-3 7.13E-6 3.34E-7

£0/2 1.64E-1 3.43E-3 1.72E-5 5.70E-7

B=2 60/22 4.94E-2 1.78E-2 6.16E-5 3.66E-7

£0/23 2.73E-1 1.83E-2 6.03E-5 9.60E-8
60/24 1.60E-1 1.90E-2 8.86E-5 2.75E-7
TABLE 6
Temporal errors of the EWI-FP (5.8)-(5.9) for the oscillatory NKGE (5.14) with (5.15) and
B =0.

[eC.Dl[1 ko=0.1  ko/2 ko/2°  ko/2° ko2 ko/2°
gg=1 1.08E-2 2.68E-3 6.70E-4 1.67E-4 4.18E-5 1.05E-5
order - 2.01 2.00 2.00 2.00 1.99
€0/2 3.99E-3 9.95E-4 248E-4 6.21E-5 1.55E-5 3.88E-6
order - 2.00 2.00 2.00 2.00 2.00
60/22 1.15E-3 2.86E-4 7.15E-5 1.79E-5 4.47E-6 1.12E-6
order - 2.01 2.00 2.00 2.00 2.00
80/23 2.98E-4 7.43E-5 186E-5 4.64E-6 1.16E-6 2.90E-7
order - 2.00 2.00 2.00 2.00 2.00
60/24 7.52E-5 1.88E-5 4.69E-6 1.17E-6 293E-7 7.32E-8
order - 2.00 2.00 2.00 2.00 2.00

TABLE 7
Temporal errors of the EWI-FP (5.8)-(5.9) for the oscillatory NKGE (5.14) with (5.15) and
B=1.
lle¢-x D]l ko =0.1 ko/2 ko/2* ko /23 ko/2% ko/2°
eo=1 1.08E-2 2.68E-3 6.70E-4 1.67E-4 4.18E-5 1.05E-5

order - 2.01 2.00 2.00 2.00 1.99

€0/2 2.57E-2  6.26E-3 1.55E-3 3.88E-4 9.70E-5  2.42E-5

order - 2.04 2.01 2.00 2.00 2.00

60/22 5.01E-2 1.15E-2 2.81E-3 7.00E-4 1.75E-4  4.35E-5

order - 2.12 2.03 2.01 2.00 2.00

60/23 2.57E-1 2.12E-2 4.78E-3 1.17E-3 2.91E-4 7.28E-5

order - 3.60 2.15 2.03 2.01 2.00

60/24 1.70E-1 1.09E-1 7.47E-3 1.70E-3 4.18E-4 1.04E-4

order - 0.64 3.87 2.14 2.02 2.01

This manuscript is for review purposes only.



UNIFORM ERROR BOUNDS OF EWI FOR NKGE 21

1 w —
= 1/2
0.5- = 1/22
=1/23
_
5 O e
=
-0.5+ |
_1 L L I L L
-10 -5 0] 5 10
x
‘ —e=1
(b) -—e=1/2
os- 1| e=1/2°
—- e =1/23
/‘_T\ AN i\ e v A AU
E ol—apitflin JN S VR N AWANIYT
= AT RV IR WA PR RN R R VAT
Uy \ o ' A \ WV
b i
'-"1.,, :
Yo
051 ! 1
Ay
L L L N \\ L L L
-60 -40 -20 (0] 20 40 60
x

Fi1G. 3. The solutions v(z,1) of the oscillatory NKGE (5.14) for different € and B: (a) B =1,
() =2

From Tables 5-8 and additional numerical results not shown here for brevity, we
can draw the following observations:

(i) In space, the EWI-FP (5.8)-(5.9) converges uniformly with exponential con-
vergence rate for any fixed 0 < e <1 and 0 < 8 <2 (cf. each row in Table 5).

(ii) In time, for any fixed e = g9 > 0, the EWI-FP (5.8)-(5.9) is uniformly second-
order accurate (cf. the first rows in Tables 6-8), which agree with the results in the
literature. For the classical case, i.e., § = 0, Table 6 indicates that the temporal
error of the EWIL-FP (5.8)-(5.9) behaves like O(e2k?) (cf. each row and column in
Table 6); When 8 = 1, the EWI-FP(5.8)-(5.9) converges quadratically in time when
k < e (cf. each row in the upper triangle above the diagonal (corresponding to k ~ &
and being labelled in bold letters) in Table 7). When 5 = 2, the EWI-FP(5.8)-(5.9)
converges quadratically in time when k < &2 (cf. each row in the upper triangle above
the diagonal (corresponding to k ~ &2 and being labelled in bold letters) in Table 8).
In summary, our numerical results confirm our rigorous error estimates.

6. Conclusion. The Gautschi-type exponential wave integrator Fourier spec-
tral/ pseudospectral (EWI-FS/EWI-FP) method was proposed and analyzed for the
long-time dynamics of the nonlinear Klein-Gordon equation (NKGE) with a weak cu-
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TABLE 8
Temporal errors of the EWI-FP (5.8)-(5.9) for the oscillatory NKGE (5.14) with (5.15) and

8 =2.

e D ko =01  ko/d ko /12 ko /43 lo/A% ko/A°
cto=1 1.08E-2 6.70E-4 41855 26286 16467 <IB-7
order - 2.01 2.00 2.00 2.00 -
c0/2  198E-1 1.10E-2 6.86E-4 4.28E5 26856 1.645-7
order - 2.08 2.00 2.00 2.00 2.02
c0/22  325E+0 122E1 6.82E-3 4.24E4 26555 1.65E-6
order - 2.37 2.08 2.00 2.00 2.00
c0/2°  133E+0 1.95BE+1 4.71B-2 2.52B-3 15764 9.81E6
order - -0.28 2.69 2.11 2.00 2.00
c0/2%  481E-1 53351 088B-1 1.69E-2 7.94E-4 4.905E5
order - -0.07 -0.45 2.93 2.21 2.00

bic nonlinearity. Uniform error bounds of the EWI-FS/EWI-FP discretization were
rigorously established up to the time at O(e~#) with 0 < 8 < 2 and € € (0, 1] a dimen-
sionless parameter used to characterize the strength of the nonlinearity. In addition,
the EWI-FS/EWIL-FP method was also applied to solve an oscillatory NKGE with
the error bounds obtained straightforwardly. Based on the error bounds, in order to
obtain “correct” numerical approximations of the oscillatory NKGE, the e —scalability
(or meshing strategy requirement) of the EWI-FS/EWI-FP discretization has to be
taken as: h = O(1),k = O(¢®") with o* = max{0,38/2 — 1}. Finally, extensive
numerical results were reported to confirm our error estimates and demonstrate that
they are optimal and sharp.
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