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UNIFORM ERROR BOUNDS OF A FINITE DIFFERENCE
METHOD FOR THE KLEIN-GORDON-ZAKHAROV SYSTEM
IN THE SUBSONIC LIMIT REGIME

WEIZHU BAO AND CHUNMEI SU

ABSTRACT. We establish uniform error bounds of a finite difference method
for the Klein-Gordon-Zakharov (KGZ) system with a dimensionless parameter
e € (0, 1], which is inversely proportional to the acoustic speed. In the sub-
sonic limit regime, i.e., 0 < ¢ < 1, the solution propagates highly oscillatory
waves in time and/or rapid outgoing initial layers in space due to the singular
perturbation in the Zakharov equation and/or the incompatibility of the ini-
tial data. Specifically, the solution propagates waves with O(e)-wavelength in
time and O(1)-wavelength in space as well as outgoing initial layers in space at
speed O(1/¢e). This high oscillation in time and rapid outgoing waves in space
of the solution cause significant burdens in designing numerical methods and
establishing error estimates for KGZ system. By applying an asymptotic con-
sistent formulation, we propose a uniformly accurate finite difference method
and rigorously establish two independent error bounds at O(h? + 72 /¢) and
O(h? 4+ 7 + €) with h mesh size and 7 time step. Thus we obtain a uniform
error bound at O(h% + 7) for 0 < ¢ < 1. The main techniques in the analysis
include the energy method, cut-off of the nonlinearity to bound the numerical
solution, the integral approximation of the oscillatory term, and e-dependent
error bounds between the solutions of KGZ system and its limiting model when
e — 0%, Finally, numerical results are reported to confirm our error bounds.

1. INTRODUCTION

We study the Klein-Gordon-Zakharov (KGZ) system which describes the inter-
action between a Langmuir wave and an ion acoustic wave in plasma [24]:

O E(x,t) — 3vEAE(x,t) + wI%E(x, t)+ wﬁN(x, t)E(x,t) =0,

No€o

OuN(x,t) — 2AN(x,t) —
tt ( ) S ( ) 4mN0
where ¢ is time, x € R? (d = 1,2, 3) is the spatial coordinate, F(x,t) and N(x,t) are
real-valued functions representing the fast time scale component of the electric field
raised by electrons and the ion density fluctuation from the constant equilibrium,
respectively. Here vy is the electron thermal velocity, w, is the electron plasma

(1.1)

AlE*(x,t) =0, xRy t>0,
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frequency, ¢, is the ion-acoustic speed, ng is plasma charge number, £; is vacuum
dielectric constant, m is ion mass and Ny is electron density. It can be derived from
the Euler equations for the electrons and ions, coupled with the Maxwell equation
for the electron field by negeleting the magnetic effect and further assuming that
ions move much slower than electrons (cf. [12,[I6[33,B9] for physical and formal
derivations and [35] for mathematical justifications).

For scaling the KGZ system (II]), we introduce

(1.2) t= t/ts, x=x/zs, EXt)=E(xt)/Es, N(x,t)=N(x,t)/Ns,

where t, = ‘%7 T = @, Ey = 2c44/ ’::O]zg and N, = 1 are the dimensionless time,
length, electric field and ion density unit, respectively. Plugging (L2) into (LTI
and removing all “~” followed by replacing N(x,t) and E(x,t) by N°(x,t) and
E¢(x,t), respectively, we get the following dimensionless KGZ system as,

O E°(x,t) — AE*(x,t) + E*(x, t) + N°(x, ) E5(x, ) = 0,

(1.3) 201 N°(x,t) — AN®(x,t) — A|E°|?(x,t) =0, x€RY t>0,

where the dimensionless parameter € := @ > 0 is inversely proportional to the
speed of sound. Here we consider the case when the thermal electron velocity is
much smaller than the ion-acoustic speed, i.e., 303 < ¢2, which gives 0 < ¢ < 1,
i.e., the KGZ system in the subsonic limit regime. To study the dynamics of the
KGZ system (3], the initial data is usually given as

Ef(x,0) = Ey(x), O E*(x,0) = E1(x),

(14) N¢(x,0) = N§(x), 0N (x,0) = Ny (x).

As it is known, (L3) is time symmetric or time reversible and conserves the total
energy (or Hamiltonian) [24]25]

1 1
HE(t) == / [0.E°)7 + |[VES|? + |E° | + |V |> + < |N°|* + N°|E°|*] dx
(1.5) R4 2 2
= H*(0), t>0,

where ¢° is defined by Ap® = €0, N® with lim x| »° = 0.

There have been extensive studies for the KGZ system in the literature for ¢ = 1,
i.e., O(1)-acoustic-speed regime. Along the analytical part, for the derivation of
the KGZ system from two-fluid Euler-Maxwell system, we refer to [12,35]; and
for the well-posedness of the Cauchy problem, we refer to [27,29]30,[37]. Along
the numerical part, we refer to [38] for the finite difference method and [7,[I0] for
the exponential-wave-integrator Fourier pseudospectral method. However, in the
subsonic limit regime, the analysis and efficient computation of the KGZ system are
rather complicated [12124] due to the high oscillation in time and/or rapid outgoing
waves in space of the solution as ¢ — 0.

Based on the results in [14,26], in the subsonic limit, i.e., ¢ — 07, the KGZ
system collapses to the Klein-Gordon (KG) equation. Formally we have E¢ — Ej,
where Ey := Ex(x,t) is the solution of the KG equation [14}26]:

OBy (x,t) — AF(x,1) + By (x,t) — B (x,8)> =0, xe€R? t>0,

(1.6) 5 B B J
k(x,0) = Ep(x), OrEx(x,0) = Fi(x), x¢€R"
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The KG equation (6] conserves the energy

1
H(t) ;:/ 0B + [VE? + |Bf? ~ 5B dx = H(0), ¢ >0,
R

Different convergence rates can be obtained due to the incompatibility of the initial
data (Ey, E1, N§, NT) for (I3) with respect to (L)), which can be characterized as

(1.7) N§(x) = —Fo(x)? + e%wo(x), Ni(x) = —2Eo(x)F1(x) + Pwi(x), x € RY,

where o > 0 and § > —1 are given parameters describing the incompatibility of
the initial data of the KGZ system ([3)-(L4) with respect to that of the KG
equation (L6 in the subsonic limit regime such that the energy (LH) is bounded,
and wo(x) and wq(x) are given functions which are all independent of e. Similar to
the properties of the solutions of the Zakharov system in the subsonic limit regime
[25,28.31], when 0 < ¢ < 1, the solution of the KGZ system propagates waves
with wavelength O(e) and O(1) in time and space, respectively (cf. Fig. [[I(a)),
and/or rapid outgoing initial layers at speed O(1/e) in space (cf. Fig. [LIKb)).
More precisely, when a > 2 and 8 > 1, the leading oscillation comes from the 20y,
term; and otherwise from the incompatibility of the initial data.

0.2

0

FIGURE 1.1. The temporal oscillation (a) and rapid outgoing wave
in space (b) of the KGZ system (3] for d = 1.

To illustrate the temporal oscillation and rapid outgoing wave phenomena, Fig-
ure [[1] shows the solutions N®(x,1), N¢(1,t) of the KGZ system (3] for d = 1
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and the initial data

Eo(x) = sech(zx) cos (g), Ei(z) = %w ((z+10)/5) 1 ((10 — z)/5) sin (£)7

(1.8) _ .
wol(z) = ¥ ((z + 18)/10) ¥ (18 — ) /9) sin <2x + E) L wi(z) = e~ 7 sin(2a),
with
_ QD(ZE) _ _—1/z
(1.9) Y(x) = mv p(x)=e / X(0,00)>

and y being the characteristic function, « = 8 = 0 in (7)) for different e, which
was obtained numerically by the exponential-wave-integrator sine pseudospectral
method on a bounded interval [—200, 200] with the homogenous Dirichlet boundary
condition [7].

The highly temporal oscillatory nature in the solution of the KGZ system (3]
brings significant numerical difficulties, especially in the subsonic limit regime, i.e.,
0 < e < 1. To the best of our knowledge, there are few results concerning error
estimates of different numerical methods for KGZ system with respect to mesh size
h and time step 7 as well as the parameter 0 < £ < 1. Recently, a conservative finite
difference method (FDM) was proposed and analyzed in the subsonic limit regime
[32], where it was proved that in order to obtain “correct” oscillatory solutions, the
FDM requests the meshing strategy (or e-scalability) h = O(¢'/2?) and 7 = O(£%/?).
The reason is due to that N¢(x,t) does not converge as ¢ — 07 when o = 0 or
8= —1 [25B134] (cf. Figure [LT)).

The main aim of this paper is to propose and analyze a finite difference method
for the KGZ system, which is uniformly accurate in both space and time for
0 < ¢ < 1. The key points in designing the uniformly accurate finite difference
method include: (i) reformulating the KGZ system into an asymptotic consistent
formulation and (ii) using an integral approximation of the oscillatory term. To
establish the error bounds, we apply the energy method, cut-off technique for treat-
ing the nonlinearity and the inverse estimates to bound the numerical solution, and
the limiting equation via a nonlinear Klein-Gordon equation with an oscillatory
potential. The error bounds of our new numerical method significantly relax the
meshing strategy of the standard FDM for the KGZ system in the subsonic limit
regime [32].

The rest of the paper is organized as follows. In Section 2, we introduce an
asymptotic consistent formulation of the KGZ system, present a finite difference
method and state our main results. Section 3 is devoted to the details of the error
analysis. Numerical results are reported in Section 4 to confirm our error bounds.
Finally some conclusions are drawn in Section 5. Throughout the paper, we adopt
the standard Sobolev spaces as well as the corresponding norms and denote A < B
to represent that there exists a generic constant C' > 0 independent of €, 7, h, such
that |A| < C B.

2. A FINITE DIFFERENCE METHOD AND ITS ERROR BOUNDS

In this section, we present a uniformly accurate finite difference method based
on an asymptotic consistent formulation of the KGZ system and give its uniform
error bounds.
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2.1. An asymptotic consistent formulation. Following [§], we introduce
(1) FR(x,8) = No(x,t) + [ EE(x, D] — GE(x, 1), x €RY, ¢20,

where G°(x,t) represents initial layer caused by the incompatibility of the initial
data (7)), which is the solution of the linear wave equation

5 1 5 o d
(2.2) oG (x,1) = AGE(x,t)=0, xeRY t>0,

G4(x,0) = e%wo(x), 8,G°(x,0) =Pwi(x), xeR™L

Substituting (21)) into the KGZ system (3], we can reformulate it into an asymp-
totic consistent formulation

OuE®(x,1) — AES(x,t) + [1 — E°(x,t)* + F°(x,t) + G*(x,t)] E°(x,t) = 0,
(23) 523ttF€(X7t) — AFS(X, t) - €2att|E€(X, t)|2 = O, X € Rd, t > O,

Ef(x,0) = Ey(x), OE°(x,0)=Ei(x), F*(x,0)=0, 0.F°(x,0)=0.

In the subsonic limit regime, i.e., ¢ — 07, formally we have E¢(x,t) — Fy(x,t)

and F°(x,t) — 0, where Ex(x,t) is the solution of the KG equation (L@]). Moreover,
as € — 071, formally we can also get E°(x,t) — E°(x,t), where E° := E°(x,t) is

the solution of the Klein-Gordon equation with an oscillatory potential G¢(x,t)
(KGE-OP)

O ES(x,t) — AE®(x,t) + [1 — E*(x,t)? + G°(x, 1) E5(x,t) = 0,
E*(x,0) = Ey(x), 0,E°(x,0) = Ey(x), xeR%

Inspired by the convergence of the Zakharov system to the nonlinear Schrédinger
equation in the subsonic limit [28] and the analysis of the KGZ system converging to

the KG equation [I4], we can obtain the following result concerning the convergence
from the KGZ system (23] to the KGE-OP (2.4)),

(2.5) IE e + [[F e + 1E°Co 8) = B2( ) [[gr < Cre, 0<t<T,

where 0 < T < T* with T* > 0 being the maximum common existence time of
the solutions of the KGZ system (2.3) and the KGE-OP ([24) and Cr is a positive
constant independent of e. To illustrate this, Figure depicts the convergence be-
havior between the solutions of the KGZ system (Z3]) and the KGE-OP (24]), where
e () = [FC, ) p2, n5 () = 2IFC, )l Lo +10eF= (-, 1) || Loe + |00 F2 (-, 1) || L~ and
ne(t) == ||E°(-,t) — E°(-,t)| g for different ¢ with the same initial data as in (L)
ford=1and a =0, §=—-1.

(2.4)

2.2. A uniformly accurate finite difference method. For simplicity of nota-
tion, we will only present the numerical method for the KGZ system in one spatial
dimension, and extensions to higher dimensions are straightforward. Practically,
similar to most works for computation of the Zakharov-type system [8/0Q[13221[32],
[23) is truncated on a bounded interval 2 = (a, b) with the homogeneous Dirichlet
boundary condition:

OB (x,1) — Opo B (2,t) + [1 — E°(2,t)? + F*(z,t) + G°] E(x,t) = 0,
20 Fe(x,t) — 0pu FE(,t) — €20y |E° (2, 1)]* =0, x€Q, >0,
Ef(x,0) = Eo(x), O0:E°(x,0) = Eq(z), F*(x,0)=0, 0:F°(x,0)=0,
E¢(a,t) = E°(b,t) =0, F%(a,t)=F°(b,t)=0, t>0,

(2.6)
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e - — -

= 0.5
— 0.25 |
= 0.125
0 0.2 0.4 , 0.6 0.8 1
0.25 =
W 015¢
=
0.05
0 0.2 0.4 0.6 0.8 1

FIGURE 2.2. Time evolution of 77 (t), n5,(t) and 7 (t).

where G¢ := G*(x, t) is defined as the solution of ([Z2) with homogeneous Dirichlet
boundary condition for d =1,

1
O G (x,t) — E—28xxG5(x,t) =0, z€Q, t>0,

(2.7) G#(z,0) = e%wo(z), 8G(z,0) = Pwi(z), =€,
Ge(a,t) = G5(b,t) =0, ¢>0.
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As £ — 0, formally we have E=(z,t) — E=(z,t) and F¢(x,t) — 0, where E*(z, 1) is
the solution of the KGE-OP,

O EE (,t) — Dyp EF (2, 1) + [1 — E5(x,1) + G%(x,t)| E(x,t) = 0,
(2.8) E*(x,0) = Eo(x), O,E°(x,0) = Ey(z), z€q,

Ef(a,t) = E°(b,t) =0, t>0.
We remark here that our numerical method and its error bounds can be easily ex-
tended to the case when the homogeneous Dirichlet boundary condition is replaced
by the period boundary condition.

b—a

Choose a mesh size h := Ax = *;* with M being a positive integer and a time
step 7 := At > 0 and denote the grid points and time steps as

zj:=a+jh, j=0,1,...,M; tp:=kr, k£=0,1,2,....
Define the index sets
Tu=4{jlj=12...,M—1}, Ty=1{jli=0,1,...,M}.

Let Es’lC and Fs’lC be the approximations of E¢(z;,t;) and F*¢(x; ,tx), respectively,
and denote F=* — (EgF EDF . ESHT, Pk = (FOF FOR L FSRT @ RMH1
as the numerical solution vectors at ¢ = t;. The finite difference operators are the
standard notations as follows:

k k k+1 k k+1 k—1
5jE]k _ Ej+1h_ Ej 7 5+Ek¢ _ Ej — Ej 7 5§E]k _ Ej Z_Ej 7
T T
k+1 k k—1 k k k
ope BT -2BEL B BR, 2BE4 B
t=5 7_2 ’ g h2

In this paper, we consider the finite difference discretization of (2.6)) as follows,

€, k+1 e,k—1
E Ej

(2.92) SPES* = (02 =1+ |ESMP — FoF — HF) = 5 :

(9b)  PHFN = RET 4 F) L SFIE, e T, k21,

where we apply an average of the oscillatory potential G¢ over the interval [tg_1,
thra]:

1
(2.10) ij = / (1—|s|)G*(zj,tx + s7)ds, j€Tu, k>1
-1
Meanwhile, the boundary and initial conditions are discretized as

Er=Ey =0, FF=F3F=0, k>0,

(2.11)
B = Eo(xj), F;°=0, jeTy.

Next we consider the value of the first step Ef’l and F je’l. By Taylor expansion,
we get E;.’l as

e 7—2 e 7—2 .
(212) Ej’l = Eo(xj)+TE1($j)+78&E5($]‘,O), Fj’l = 78&178(.’3]',0), J S TM,
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where by (2.0),
O B (2,0) = Eq(x) — Eo(z) — NG () Eo(),
01 Fe(2,0) = 2F, (x)? + 2Ey(x)0, E° (,0).
In practical computation, H;’k in 2I0) can be obtained by solving the wave equa-

tion (27)) via the sine pseudospectral discretization in space followed by integrating
in time in phase space exactly [§] as

Hj’k =e" Z @l sin (%) /11(1 — |s]) cos (6y(tr + s7))ds
1=1 -
4P Ail (@ (Al /1 (1= |s]) sin (By(tx + s7))ds
= O M7 J
&= i W (A;) 1

=2 ; sin (M) [e%(wo), cos (Bity) + e? 0 sin (6;t) ] /0 cos (70;s)(1 — s)ds

- % ;1 % sin (ﬂﬁﬂ) sin? (9177) [5a®z cos (0ity) + Eﬁ(we—ll)l sin (0it%)],
where for [ € Ty,
0 = l—7T7 (W/\O/)z =2 Mz_:lwo(xj)sin (‘ﬂ—ﬂ-) () Mz: 1 (x7) sin ( Jlﬂ).

e(b—a) M = M 2 i

We remark here that our numerical method (23) is unconditionally stable due to
the fact that it is implicit.

2.3. Main results. For simplicity of notation, we denote
o :=min{1,a,1+ 8} € [0, 1].

Let T* > 0 be the maximum common existence time of solutions to the KGZ system
(Z6) and the KGE-OP (Z8)). Then for 0 < T < T*, according to the known results
n [1252831], we can assume the exact solution (E¢(z,t), F€(z,t)) of the KGZ

system (Z8) and the solution E°(z,t) of the KGE-OP (Z8) are smooth enough and
satisfy
15 lwa.oe @) + 10 B [[w2. (52) + 10 EZ[lw2.o0 () + €107 BF [l w0 ) S 1,
1
S
1€ lwace (o) S € 10 [lwaoe () + 100 FE[lwz.oe @) + |07 FEllwz.oe ) S 1.

Furthermore, we assume that the initial data satisfies

(A) 1B lwas @) + 10 lwae @) + 107 B e () S 1, 1077 oo () S

(B) [Eollws.ee (@) H 1 llws. () +[[wollws.o () +Hllwi [lws.oe () S 1.
It can be concluded from ([22)) and assumption (B) that
(2.13) [0 Ge lws.oy S ™, m=0,1,2,3.

To measure the error between the exact solution and the numerical solution of
the KGZ system, we introduce some notation. Denote

Xy ={v= (Uj)jeTA‘}‘UO =uvy =0} C RM+1,
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The norms and inner products over X,; are defined as

M—1 M—1 M—1
lal®=h > lwil?, lulli=h Y gl Iogul® =0 165w,
j=1 j=1 j=0

M

M—-1 -1
[ullse = sup |ujl, (u,v) =h > wv;, (Gfu,6iv)=h>  6Fu;ofv;.
JE€Ty j=1 j=0

Then it is easy to get
(2.14)  (=0%u,v) = (6 u, 05 v), ((=0%) tu,v) = (u, (=62)" ), wu,v € Xy

Define the error functions e®*, f&F as

ej’k = E°(xj,t) — Ej»k, f;”“ = F*(x;,tg) — Fjg’k, jeETY, 0<k<—.

SN

Then we have the following error estimates for the finite difference discretization

R.9) with 2.10)-2.12).

Theorem 2.1. Under assumptions (A) and (B), there exist hog > 0 and 79 > 0
sufficiently small and independent of € such that, when 0 < h < hg, 0 < 7 < 719, the

scheme (2Z9) with @I0)-ZI2) satisfies the following error estimates.

2
T
@215) e+ are ISR S 0<k <

(2.16) =) + 1|65 = | + [ f5 | S h? + 72 + 7 +e.

Thus by taking the minimum, we have the uniform e-independent error bound for
e€(0,1] and 0 <k < I,

2

(2.17) [|e=* | + |65 e=* || + I f5*|| < h? + max min 7-—,7'2 +7e% 4ep ShE4T
0<e<1 e

3. ERROR ANALYSIS

To prove Theorem 2] we will get the error bound (ZI5) by using the energy
method and (2I0) via the limiting equation KGE-OP (Z8]), which can be displayed
in the following diagram [3H5L&,[I5L2T]:

O(h?>+7247e™" 4l te” ~
(Eg’k,Fa’k) (h*+7 47" +e ) (EE,O)
O(e
M J “
(B2, F?).

To simplify notation, for a function V' (x,t), and a grid function V* € X, (k > 0),
we denote for k > 1,

V(z,t V(@ bty = ittt
(@ k“); o) e, VI = +——"—

(VD(=, ) = j €T
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3.1. Solvability of the scheme (29)—(2.11).

Lemma 3.1 (Solvability of the difference equations). For any given E¥, F¥F EF-1
FF=1 e Xy, denote C* = ||F*|| + ||H=|| + ||E*||? + ||6F E*||2, there exists T4 > 0
which depends on C* such that when T < T, there exists a unique solution of the
discretization (2.9)).

Proof. We first prove the existence of a solution for the first equation (Z39al). For
any EF, E¥=1 FF € X);, we rewrite (29a)) as

,7_2
(3.) [E]* = B* + SUR(E]®),

where U* : X3; — X defined as
(UFw); = (02 =1+ |EFP — FF — H: ")y, j €Ty, k>1
Denote the map Vk: Xy — X as
2
-

7Uk(u), ’1146)(1\/[7

and it is obvious that V* is continuous from X, to X,s. Moreover,

VE(u) =u— EF -

7_2 7_2
(VE),u) = [lul® = (B w) + S (16 ull” + lul?) + 5 (F* + H" = |BF?, %),

Applying the Cauchy inequality, the Sobolev inequality [40], and Young’s inequality,
we can obtain

(FF + HF = [B*2 )| < [l JO1F*(| + 25| + | E*(13)
< Cllaal V2|l 2 F*| + | HF | + 165 X)) BX(1*/2)
< CO*(|6Ful 2 ul®?
(3-2) < (163 ul)? + (CCH)Y2 lul .
Hence )
(V) ) 2 | (1= T (€M) full = B 1u].

Setting 7, = (CC*)~2/3, when 7 < 74, one has
(VF(u),u)
lull=oo [|uf ’

which implies that there exists a solution u* such that V*(u*) = 0 by applying the
Brouwer fixed point theorem [4123]. Thus (2:9a) is solvable.

Next we prove the uniqueness for (2.9a)). Suppose there exist two solutions E M),
E®) € X, satisfying the equation (Z9a), i.e., for j € Tay,

(1) k k—1 (1) k—1
Ej —2Ej—|—Ej E; —i—Ej

(33) = = (B B - Rt S
B — 2B} + B} EP 4 BV
(3.4) 4 T; I = [65 — 1+ |EF?— FF - Hj”‘?} %

Denote u = EM) — E?) € X, and subtract [34) from [B3), we get

T2 &
(3.5) w = [65—1+|Ef|2—FJk—Hj’k} uj,
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which implies that
-2
2

2
.
lull* + - (1o ull® + Jlul®) = 5 (1B = F* = B, ?)

Noticing (32), when 7 < 7, one obtains
272+2 272+2 k4/3272+212
[ull® + 5 oz ull™ + lull®) < S-(l6zul” + (CCP)Zlull®) < Z-lloz ull” + Sllull®,

which yields that v = 0. Thus the solution of ([2.9a)) is unique.
Finally we prove (2.90) is uniquely solvable. Multiplying (2.9b) by 72, we see
that the coefficient matrix for the unknown F**1 € Xy, of order (M —1) x (M —1),

1S
2 2 2

T 0 0
HE S GA
oz &t g o 0
Ak = 0 —Fz &+ - 0 ,
: : : . b
0 0 0 24
which is a symmetric positive definite matrix and it is invertible by Gerschgorin
[20] for any 7, h, € > 0. The proof is completed. a

Combining assumption (A), (B), and ([2I7), and using induction technique, we
can get that there exists a constant C' > 0 independent of &, when h < hg, 7 < 9,
the solution of the difference equation ([29) satisfies

IFSR) A+ [[HSR) + | B=F)? + (|6 B=F)? < C.
Thus by applying Lemma B.I] we can get the solvability of ([2.9]) for any k > 1.

Corollary 3.1. There exists hg > 0, 79 > 0 independent of €, such that the differ-
. . - . . . T
ence discretization 29) with ZII)-@I2) is uniquely solvable for 1 <k < - —1.

3.2. An error bound via the energy method. To bound the numerical so-
lution, following the idea in [2H4L[6L[36], we truncate the nonlinearity to a global
Lipschitz function with compact support, then the error can be achieved if the nu-
merical solution is close to the bounded exact solution. Choose a smooth function
p(s) € C°(R) such that

1, Is|
p(s) = € [07 1]) |5|
0, Is|

IV IAN A

1,
2,
2,
and set

My = max{ sup ||E€[|ze (), sup |E€||LOO(QT)},
e€(0,1] £€(0,1]

where Qp = Q x [0, 7], which is well defined by assumption (A). For s,y1,y2 € R,
define
(3.6) pn(s) = %(s/B), B =My+1

and

1 1
9y, y2) = 5/ Pp(syr + (1 — s)y2)ds.
0
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Then pp(s) is globally Lipschitz and there exists Cg > 0, such that
(3.7) lpp(s1) — pp(s2)| < Cpls1 — s2| Vsi,s2 €R.

Set B0 = g0 =0 = pe0 pel — pel el — pel and define E5F, 5% € X,
for k>1 as follows
- o . . .
59 SFESN = (02 —1— HM)[E Hj+(pB(Ejk)—Ff’“)g(EJE"““,Ejk b,
' g%ﬁ?kz5ﬁu§“ﬂ+ﬁ?“w+f%33@§%

Here (E=F, F=*) can be viewed as another approximation of (E=(z;, t), F&(z;, t1)).
Applying similar techniques in the proof for Lemma Bl we can get that (3.8)) is
uniquely solvable when 7, h are sufficiently small.

Define the error function é5%, f’s’k € Xy as

&N = E(ay,te) — ESY, N =Fo(xy0) - FSF, jEeT, k>0
Regarding the error bounds on (&%, fg’k), we have the following estimates.
Theorem 3.2. Under assumption (A), there exists 71 > 0 sufficiently small, when
0 <7 <71, the scheme [B.8)) satisfies the following error estimates:

T
, 0<e<1.

2
N N ~ T
eI+ arest + |74 SH2+ =, o<k

In order to prove it, we introduce the local truncation error fj , 77]5 FeXx M as

(3.9)
&F = 67 E (wj,tr) — (55 — 1= H ) (B (. tr)
= lpe(E* (), t))) — F* (x5, tr)] g (B (25, ths1), B (25, te—1))
= 07 B (ajt) = [03 = 1+ [B% (1) [P — H* = F= (a7, ) | (B, 1),
5" = 207 F (3, tr) — O2(F) (wj, te) — €207 pi (EF (w5, 1))
= 257 F (wj, ) — 02(FC) (), ty) — €207 | E* (zj, ) >, k> 1.
For the local truncation error, we have the following error bounds.

Lemma 3.3. Under assumption (A), we have for j € Ty,
T T
‘€6k| <h2+— |A5k| <h2—|—7' 1 <k< __1 |5cAsk| <h2+— 2 <]€< —_9
-
Proof. By (2.6]) and Taylor expansion, we have

52E6 (xj,tr) = Z / (1 —5)0uE*(x;,t, + msT)ds
m==1

1
_ / (1= |]) (Bun B° — E° + (E)* — E°F® — E°GF) (2, ty + s7)ds
-1
= 8sz6(xj, tk) — Ee(xj, tk) + Es(l'j, tk)?’ — EE(.’EJ', tk)FE(:cj, tk)

2 1
+ % (1= |51)°0h (Ona ES — EF + (E°)> — E5F*) (a5, 1, + s7)ds
-1

1
- / (1 —|s)E*(z,tx + s7)G" (zj,t) + sT) ds.
-1
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Similarly, by Taylor expansion, one can easily get that
102 = 14 By, )2 = H ™ = F= (g, t0) | (B (2, t)
= Oa B (2, t0) + || By, ti)[2 = 1= HS* = F* (2, 00) | B¥ (. 1)
h? [t
+ F/ (1 —|s)3(O2E®) (x; + sh,ty)ds
—1
e
+ 5 / 1(1 — |8 D20 ES (2, ty, + sT)ds
7'2 k 1
+5 [|E€(xj,tk)|2 —1-H - Fs(xj,tk)} / (1= |s]) O B (z;, ts, + s7)ds.
—1
Note that by (ZI0), we have
1
/ (1 —|s))E*(zj, ty + sT)G" (zj,t, + sT) ds — Eg(xj,tk)H;’k
—1
1
= TE; (x;,tk) / s(1—s)[G® (zj,tx + s7) — G (xj,tp — s7)]ds + Ax
0
1 s
(3.10) =7 Ef (v, tx) / s(1—9) 0G® (zj, 1, + 07) dOds + Aq,
0 —s
where
1 s
A = 72/ (1—1s))G* (zj, tr + ST)/ (s = 0)0u E* (x5, ty + 07)dbds.
—1 0

Accordingly, by assumption (A) and ([2I3)), we deduce that

€4 S W2IORE= e + 72 [0 ES e (L4 |Gl + 1P oo + 1B )
+ 10202 B | = + 0B | e (19:GF [ e + 110:FF]| )

1B oo (10 3 + 102 F7 )]

2 T
§h2+—T€, je€Tu, 1<k<=—1
-

Similar expansion gives

627'2 1
it = (= 1s)? [0 F7 (i + 5m) = OB (w, ta + 7)) s

2 1 h2 1
_ %/ (1 — |S|)6§Ft€t(l‘j,tk + ST)dS — ?/ (1 — |5|)3([8;1F5D(q;] + sh,tk)ds,
1

-1
which implies
1551 S P203Fe || oo + 72 (10707 FF || + &2[|0F FF|| oo + 7|0} B[] =)

T
SKE+7 jeTu, 1<k<—-—1
o
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AE’

Applying 0f to 77", one can deduce that

CArE, k
|5t77]

10200 FF || oo + T2(10307 FF || oo + €207 F* || + €°[|07 | E°[? || =)
2
T
§h2+%, J€Tu, 2<k< =2

Thus the proof is completed. |

For the initial step, we have the following estimates.

Lemma 3.4. Under assumption (A), the initial and first step errors of the dis-
cretization (ZI2) satisfy

re,l < T3 + ~£,0 + 7€,0 < 7-2
|fj |N?a ‘6t€j |‘H5tfj S

AO:]E;,O:(), A61|+|6+A61

Proof. By the definition of Ej’17 one can derive that

3

2

7_3

N T
&5t = SE (/8 2 RN

9

1
/ (1 — )20} E* (2, sT)ds
0

which implies that \6t+é§’0| < 7'6—2 Similarly, |6, A51| < 130,08 || < T Tt

~ ~ e

follows from (ZI2) and assumption (A) that

3

pe,l
5=

31193 8
1
ST ||6tF ||L°° N =

1
/ (1 —8)207F*(x;,s7)ds
0

Recalling that f;’o =0, we can get \52']?]5 | < % which completes the proof. [

Subtracting B8) from (B3), we have the error equations

As k+1 ~e,k—1
+é;

52A§k_(6 Hsk) +7’ +§
(3.11) 2 .

et = S k“+f;”“‘1)+a“‘6§p§+ﬁ§”i JET 1<k<—,
where

k 2 i e, k+1 e k—1
g = (BT =P (e ) - (pm(ESF) = FF) g(B7 M+ B34,

fe .k
Py =B (xj, tn)]* = pB(E]7).

By the property of pp (cf. (81)), one can easily get that

(3:13) 191 = lon(E*(o5,t0) — pu(ES ) < Calés ], j€Tar, 0k .
By the definition of g(-,-), and noticing that
(ED (), te) = g(E=(x), tiy), B (25, 1)),
it is known from [I3] that for j € Tar, 1 <k < L —1,
(314) [o(B B <10 B @) - 0B B £ YD 16
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Proof of Theorem B2 Multiplying both sides of the first equation of (BII]) by
2T(5§é§’k, summing together for j € Ty, we obtain for 1 < k < % -1,
(3.15)

. U 1 . JU . U
I, 1% = floF €= =M 4 S (llof e HH® — [lof e TH I + flem | — e )
_ (_Ha,k[[ée]]k + T‘k + ée,k’ éa,k+1 _ éa,k—l).

For analyzing the second equation of (BII]), we introduce a*+1/2 € X, by

~e,k+1/2 pek
8yt = 6F (£~ o).

Multiplying both sides of the second equation of (Il by T(ﬁj’kﬂ/z + ﬁ;’kflm),
summing together for j € Ty, we have

. e b 1, 4 Ao
e2(ll0F as 12|12 — [lofam =1 22) + SO = (1R

2 . . D T
:wﬂﬁﬁ“—ﬁﬂw4m“m“““+mkmx15ks:‘L

(3.16)

Introduce a discrete “energy”

1
AR = (o eI 4 S (eI + e P + llof e 1 + flaF e )
(3.17)
. 1,4 . T
S S e SUFEHH%), 0<k<— -1

Combining 315 and [BI4), we get for 1 < k < % -1,

Ak _ Ak—l _ (_Ha,k“éa]]k + T‘k + és,k,éa,lﬁ—l _ éa,lc—l)

(3'18) pemk k41 k—1 sk sek4+1/2 | ~ek—1/2

Now we estimate the terms in (B.I8)), respectively. By the definition of r*, it can
be derived that
pek+l fhek—1
= (1B (s ) = F () (D (g, ) — 9B B4
e k+1  fhek—1 k rek
+9(Ej B )(pj_fj )

In view of assumption (A), BI3), and [BI4), we can get that

(3.19)

e,k e,k e k—1 rek
(3.20) A i e o B o B i

This implies that

(_He,k[[éeﬂk + ’Fk + és,k7 ée,k—i-l _ éa,k—l)
_ T(—He’k[[és]]k + T‘k + éa,kjéjéa,k + 5t+ée,k—1)
k
STAA [H o) (I* 12 + 1651+ D0 e+ > l16Fe!
l=k+1 l=k—1

%)

(3.21) S T(IEF|2 + AF + AR,
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It can be easily seen from ([B.I4)) and assumption (A) that
P = P = B ) — B tmn)” — drg (B PT B5E o Bt
= 2((B) (. ) — g(BM BT (B (2, th) — B (2, trn))
+ 29(E57k+1’ E;,k—l)(éj,k-‘rl _ éj,k—l)
se kL) | qaek—1 se.k s k—1
STIE = (15" + 15" ) + (167 &5 + 167 &5 ),

which yields

k
(TP =P Sr D0 I e 1P+ Y et + 1F=)
=k—

l 1 l=k+1

T
(3.22) STAF LAY 1<k< = -1
T
Hence it can be concluded from BI8), (B21)), and B22]) that
(3.23) Ak _ Ak—l _ T(ﬁg’k,ﬁg’k+1/2 +ae,k—1/2) S . (Hée,kHQ -i-Ak —I—Ak_l) )

Applying ([ZI4), the Sobolev inequality, and the Cauchy inequality, we obtain

k

_ATk +TZ (ﬁs,l’ﬁs,lJrl/Q _‘_ﬂs,lfl/Q)
=1
Ak a 2\—11e,l fe,l+1 41 fe,l—1 1—1
=-7* ((—596) Y A S U A ¥ ))
=1

k k—1 .
- A 20 Y (s 5 )

k+1 1
30 (=) tgett fot = p) = 3 (o) e = )
1=k =0
k—1 2 k
(3:24)  SA 7Y (16 + A + Y I Y
=2 =1 I=k—-1

Summing the equation ([B:23]) together for k =1,2,...,m < % —1, applying (3:24),
we obtain that
(3.25)

m 2 m m m—1
A S A LTSS YD A IR T Y s,
=1 =2

1=1 =1 l=m—1
By Lemma [3.4] and the discrete Sobolev inequality, we deduce that
(3.26) ellora=' 2| S el (f2° = pO)I S elloi F20U + elloi el S 72,
which together with Lemma 4] yields that

A < 7
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Applying Lemma B3 and [B.23]), it can be concluded that there exists 71 > 0 such
that when 7 < 71, we have

2\ 2 m—1
m < h2 T_ i.
A™ < ( + - > +7 ; A
Applying the discrete Gronwall inequality, for sufficiently small 7, we can conclude
that
72\ T

A™ < (h2+—> , 0<m< = —1,

which completes the proof of Theorem B2 by recalling ([B17). O

3.3. Another bound via the limiting equation (24]).

Theorem 3.5. Under assumptions (A)—(B), there exists o > 0 sufficiently small,
when 0 < 7 < 19, the scheme [B) satisfies the following error estimates:

. . T
[e=*1 + lor e + I f=*) S h? + 72+ 7% +e, 0<k<—.
i
Define another error function
k _ = rek  pek ek . T

where E¢(z,t) is the solution of the KGE-OP (Z8). The local truncation error £,
ek € Xy is defined as

EN = 0RE=(xj, 1) — (02 — 1 = HIM)(E) (2, 1)
— pB(B (25, t1))9(E® (2, tug1), B (25, ti-1))
= OPE* (wyty) — (62 = 1+ | B¥ (g, ) 2 = H™) (B (2 th),
" = =20 pp (B (x5, tr)) = —<*07 | B (. 1) .

(3.27)

Lemma 3.6. Under assumption (A), we can obtain the following error bounds:
IEHI S B+ 72+ 7e™, TR S (o) St

Proof. Similar to the proof of Lemma [3.3] we can get that

~ h2 1 "
§F == | (= IsDP(O2ED(a; + sh,ti)ds
2 ~ ~
+ %/ (1= [s))*0u {meEE E® + \E8|3] (zj,te + s7)ds
-

1
2 1 _
/(_|S|)a§at2E€(ij7tk:+ST)dS—A2

1
S (1B st = 1= ) [ (0= (sD0uE 0+ s,
-1
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where

1
Ay = / (1—|s|)E (), t, + s7)G" (xj,t) + sT)ds — (x],tk)Hs k
-1

1 s
= 7—/ (1—|s))G® (zj,tp + 37)/ O E®(xj,ty + 07)dbds
~1 0

STIG | 0l S e
Hence we can conclude from assumption (A) that
IE5F S B2 + 72 + 7
Note that by assumption (A), it is easy to get that
OBRP|E|? = 60, E° 0y E° + 2B} B < e 1

which indicates that

2

<< I e

5 )

thus the proof is completed. O

Analogous to Lemma [3.4] we have the error bounds for 59 f‘5 0 5! and ]75’1.

Lemma 3.7. Under assumptions (A) and (B), the first step errors of the dis-
cretization (ZI2) satisfy

G- =0 G S e
7€, ,0 0
I+ lereEl S e, IS0 ST

Proof. Tt follows from ([Z4) and (Z8) that 9, E(z;,0) = Oy E*(x;,0). By [ZI2)
and assumption (B), one gets that

3
é’;’l = ?/ (1 —5)207 B (2, s7)ds

= %/ (1—s)%0, (’9MEE E° +|E°P — E8G€> (x,s7)ds

= %/ (1—5)20, 3mE€ E° + |EE|3) (x;,sT)ds
72 1 ~
+ 5 —FEo(xj)e®wo(z;) — 7 /0 (1 —s)E*(xj,s7)G"(x;,sT)ds
<47
Thus this gives that |5;" E§’0| < 72 4+ 76", Similar arguments can deduce that
[ '| < 73 4+ 722", By the definition, we have
1 = 15 S 7100 F=(a,0)) £ 7

The remaining conclusions are direct. (|

Proof of Theorem BA. Subtracting (B:8)) from (BIZI) one has the error equations

62~8k: (52 11— Ha k:)[[ ]] +?k +§
(3.28) e 2 | .
e“0i f; :(M[fgﬂ +e 5tpj+77j .3 € T, 1§k§?—17
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where
P = B (g ) POED o) — (p(BSY) = [P ) g(BSH EB5A
B = B (ay, tu)|” = pi(ES "),

Suppose skt € X is the solution to the equation

ekt ~ T
~0% T =G (7 -, JEeT, 0Sk< -1

Denote
~ 1
Ab = GFEH2 4 5 (2 + |2 + |3 e + oy e 2)
~ 1/~ ~
2ot 22 4 = (IR 1)

Applying the same approach as in the former part, there exists 72 > 0 sufficiently
small independent of ¢ such that

k-1 2 k k k-1
AR S A AN P+ D IFEE D NEE Y o
=1 =1 I=k—1 =1 1=2
By Lemma [3.7 and the discrete Sobolev inequality, we deduce that
ellof a2 S ellof F2O + ellof e || S e
which together with Lemma [B.7] yield that
A < (72 4 7e0)2,

Applying Lemma [3.6] it can be concluded that when 0 < 7 < 75,
AR < (B2 472 4 72 elte)? +TZAZ.
i=1

It follows from the discrete Gronwall inequality that
AP < (W2 472 4 7 4 e TeT)?,
implying that
[ + [loy e *

|+ H]Ta,k | S 12 +7_2 —l—TEa* +El+a*.

Using assumption (B) and the triangle inequality, we obtain that
58]+ Nl e | S 1™ |+ 116 & * | + 1B (- t) = E* (o te) |
Sh2 472476 +e,

LS 1758+ 1P (o t)llze S B2+ 72 47 e,

which completes the proof of Theorem O
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3.4. Proof of Theorem[2.I] Now we have proved the two types of estimates (2.15))
and (2.I6) for (E*, F=*) which is the solution of the modified finite difference
discretization (B.8) with ZI0)—(2I2)). Hence we can get the uniform error bounds
for (B, Fek):

E=* ]+ 16565 | + [L/=¥ I < b + 7,
which together with the inverse inequality [30] yields

1B~ 1B, )l < 167 oo S 10364 S B2 47, 0 <k <

Thus there exists hg > 0 and 73 > 0 sufficiently small such that when 0 < h < hyg
and 0 < 7 < 73,

R T
157 e € 1+ 1B t)lloo <14 Mo, 0< k< -
-
Set To = min{7’177'27’7'3}, when 0 < h < hO, 0<7 < 70, (m) Collapses to (m)7 i'e'7
(E=*, F'eF) are identical to (E=*, F*), which completes the proof. O

Remark 3.8. The error bounds in Theorem 2] are still valid in higher dimensions,
e.g., d = 2,3. The key point is the discrete Sobolev inequality in higher dimensions
as [4,[36]

1
! . Ty 477

)l < [nllme, with Ca(h) ~{ ||
Ca(h) BL/2 d=3

where 1y, is a mesh function over €2 with homogeneous Dirichlet boundary condition.
Thus by requiring an additional condition on the time step 7,

7 = 0(Ca(h)),

the same error bounds can be obtained.

4. NUMERICAL RESULTS

In this section, we present numerical results for the KGZ system (28] by the
finite difference discretization (2.9) with (2I0)—(2I2). In our experiment, the initial
condition is set as

Ey(x) = e~ sin z, Ei(z) = sech(z?/2) cosz,
wo(x) = sech(x?) cos(3z), wi(x) = sech(x?)sin(4x),

and the parameters o and § are chosen as:

CaseI.a=1and 8 = 0;

CaseII. « =0 and 8 = —1.

In practical computation, the truncated domain is set as 2, = [—30 — %, 30 + %] ,
which is large enough such that the homogeneous Dirichlet boundary condition
does not introduce significant errors. Similar to the truncation for the Zakharov
system, the bounded computational domain 2. has to be chosen as e-dependent
due to the fact that the rapid outgoing waves are at wave speed O (é) and the
homogeneous Dirichlet boundary condition is taken at the boundary. The compu-
tational e-dependent domain can be fixed as e-independent if one applies absorbing
boundary condition (ABC) [I7] or transport boundary condition (TBC) [I8|[19], or
perfected matched layer (PML) [I1] for the wave-type equations in (2.6) and (2.2)
during the truncation (cf. []]).
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TABLE 1. Spatial errors at time ¢t = 1 for Case I, i.e., « =0, g = —1.
66(1) ho =0.2 h0/2 h0/22 h0/23 h0/24 h0/25
e=1 1.57E-2 4.05E-3 1.02E-3 2.56E-4 6.39E-5 1.60E-5
rate - 1.95 1.99 2.00 2.00 2.00
e=1/2 1.35E-2 3.48E-3 8.76E-4 2.19E-4 5.49E-5 1.37E-5
rate - 1.95 1.99 2.00 2.00 2.00
e=1/22 1.30E-2 3.35E-3 8.44E-4 2.11E-4 5.29E-5 1.32E-5
rate - 1.95 1.99 2.00 2.00 2.00
e=1/23 1.32E-2 3.42E-3 8.60E-4 2.15E-4 5.39E-5 1.35E-5
rate - 1.95 1.99 2.00 2.00 2.00
e=1/2% 1.33E-2 3.43E-3 8.65E-4 2.17E-4 5.42E-5 1.36E-5
rate - 1.95 1.99 2.00 2.00 2.00
e=1/2° 1.33E-2 3.44E-3 8.66E-4 2.17E-4 5.43E-5 1.36E-5
rate - 1.95 1.99 2.00 2.00 2.00
e=1/2° 1.33E-2 3.44E-3 8.66E-4 2.17E-4 5.42E-5 1.36E-5
rate - 1.95 1.99 2.00 2.00 2.00
e=1/27 1.33E-2 3.44E-3 8.65E-4 2.17E-4 5.42E-5 1.36E-5
rate - 1.95 1.99 2.00 2.00 2.00
e=1/28 1.33E-2 3.43E-3 8.65E-4 2.17E-4 5.42E-5 1.36E-5
rate - 1.95 1.99 2.00 2.00 2.00
ns(l) h,() =0.2 h0/2 h0/22 h0/23 h0/24 h0/25
e=1 1.91E-2 4.79E-3 1.20E-3 2.99E-4 7.49E-5 1.87E-5
rate - 2.00 2.00 2.00 2.00 2.00
e=1/2 1.61E-2 3.98E-3 9.92E-4 2.48E-4 6.20E-5 1.55E-5
rate - 2.02 2.00 2.00 2.00 2.00
e =1/22 6.59E-3 1.67E-3 4.18E-4 1.05E-4 2.62E-5 6.56E-6
rate - 1.98 2.00 2.00 2.00 1.99
e=1/23 5.30E-3 1.35E-3 3.39E-4 8.49E-5 2.13E-5 5.33E-6
rate - 1.97 1.99 2.00 2.00 2.00
e=1/2% 5.12E-3 1.30E-3 3.28E-4 8.20E-5 2.05E-5 5.15E-6
rate - 1.97 1.99 2.00 2.00 1.99
e=1/2° 5.06E-3 1.29E-3 3.23E-4 8.10E-5 2.03E-5 5.09E-6
rate - 1.97 1.99 2.00 2.00 1.99
e=1/2° 5.03E-3 1.28E-3 3.21E-4 8.05E-5 2.02E-5 5.08E-6
rate - 1.97 1.99 2.00 2.00 1.99
e=1/27 5.01E-3 1.28E-3 3.21E-4 8.02E-5 2.01E-5 5.07E-6
rate - 1.97 1.99 2.00 2.00 1.99
e=1/28 5.01E-3 1.27E-3 3.20E-4 8.01E-5 2.01E-5 5.07E-6
rate - 1.97 1.99 2.00 1.99 1.99

To quantify the numerical errors, we introduce the error functions as follows,
e,k + ¢,k
s + |6 s
R e 2 O L
1B (-, ti) | [Ne( te)ll 2

where 5% = E¢(-ty) — ESF, n®F = N¢(-,t;) — N®F. The “exact” solution is
obtained by the EWI-SP method [4] with very small mesh size h = 1/64 and time

s,kH
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TABLE 2. Temporal errors at time t = 1 for Case [, i.e., a =1, 8 =0.
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66(1) 7'0:0.05 T0/2 ’7'0/22 T0/23 T0/24 T0/25 ’7'0/26 ’7'0/27
e=1 6.34E-3 1.64E-3 4.16E-4 1.05E-4 2.62E-5 6.59E-6 1.67TE-6 4.20E-7
rate - 1.95 1.98 1.99 1.99 1.99 1.98 1.99
e=1/2 5.19E-3 1.35E-3 3.42E-4 8.61E-5 2.16E-5 543E-6 1.37E-6 3.45E-7
rate - 1.95 1.98 1.99 1.99 1.99 1.98 1.99
e=1/22 517E-3 1.34E-3 3.41E-4 8.58E-5 2.15E-5 5.41E-6 1.37TE-6 3.45E-7
rate - 1.95 1.98 1.99 1.99 1.99 1.98 1.99
e=1/2% 5.17E-3 1.34E-3 3.41E-4 8.58E-5 2.15E-5 5.41E-6 1.37E-6 3.45E-7
rate - 1.95 1.98 1.99 1.99 1.99 1.98 1.99
e=1/2" 516E-3 1.34E-3 3.40E-4 8.56E-5 2.15E-5 5.40E-6 1.37E-6 3.45e-7
rate - 1.95 1.98 1.99 1.99 1.99 1.98 1.99
e=1/2° 514E-3 1.34E-3 3.39E-4 8.55E-5 2.15E-5 5.39E-6 1.36E-6 3.44E-7
rate - 1.94 1.98 1.99 1.99 1.99 1.98 1.98
e=1/2° 513E-3 1.33E-3 3.39E-4 8.54E-5 2.15E-5 5.39E-6 1.36E-6 3.45E-7
rate - 1.95 1.97 1.99 1.99 1.99 1.98 1.98
e=1/2" 5.00E-3 1.30E-3 3.29E-4 8.32E-5 2.09E-5 5.26E-6 1.33E-6 3.36E-7
rate - 1.95 1.98 1.98 1.99 1.99 1.98 1.98
e=1/2% 501E-3 1.30E-3 3.29E-4 8.29E-5 2.09E-5 5.25E-6 1.33E-6 3.36E-7
rate - 1.95 1.98 1.99 1.99 1.99 1.98 1.98
nf(l) 10=0.05 19/2 170/2%  10/2°  10/2*  10/2° 10/2° 1/27
e=1 6.59E-3 1.70E-3 4.29E-4 1.08E-4 2.70E-5 6.78E-6 1.71E-6 4.28E-7
rate - 1.96 1.98 1.99 2.00 2.00 1.99 2.00
e=1/2 187E-2 4.85E-3 1.23E-3 3.08E-4 7.71E-5 1.93E-5 4.85E-6 1.21E-6
rate - 1.95 1.98 1.99 2.00 2.00 1.99 2.00
€= 1/22 1.50E-2 4.63E-3 1.24E-3 3.15E-4 T7.90E-5 1.98E-5 4.96E-6 1.24E-6
rate - 1.70 1.90 1.98 1.99 2.00 2.00 2.00
e=1/2% 865E-3 3.50E-3 1.44E-3 4.36E-4 1.13E-4 2.83E-5 T7.09E-6 1.77E-6
rate - 1.31 1.28 1.73 1.95 1.99 2.00 2.00
e=1/2" 555E-3 1.96E-3 9.14E-4 4.87E-4 1.86E-4 5.02E-5 1.27E-5 3.18E-6
rate - 1.50 1.10 0.91 1.39 1.89 1.99 2.00
e=1/2> 497E-3 145E-3 5.53E-4 2.66E-4 1.56E-4 7.76E-5 2.38E-5 6.09E-6
rate - 1.78 1.39 1.06 0.77 1.01 1.70 1.97
€= 1/26 4.70E-3 1.30E-3 4.38E-4 1.81E-4 8.58E-5 4.86E-5 2.86E-5 1.12E-5
rate - 1.85 1.57 1.27 1.08 0.82 0.76 1.36
e=1/2" 419E-3 1.20E-3 3.57E-4 1.41E-4 6.30E-5 2.96E-5 1.55E-5 9.45E-6
rate - 1.81 1.75 1.34 1.16 1.09 0.93 0.72
e=1/2% 396E-3 1.12E-3 3.28E-4 1.12E-4 4.84E-5 2.26E-5 1.07E-5 5.30E-6
rate - 1.83 1.77 1.55 1.21 1.10 1.08 1.01

step 7 = 1075, The errors are displayed at t = 1. For spatial error analysis, we set
a time step 7 = 1072, such that the temporal error can be neglected; for temporal
error analysis, the mesh size h is set as h = 2.5 x 10~ such that the spatial error
can be ignored.
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TABLE 3. Temporal errors at time ¢ = 1 for Case I, i.e., a = 0,
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g =-1
68(1) 7020.05 T()/2 T0/22 T0/23 7'()/24 T()/25 70/26 T0/27
e=1 6.34E-3 1.64E-3 4.16E-4 1.05E-4 2.62E-5 6.59E-6 1.67E-6 4.20E-7
rate - 1.95 1.98 1.99 1.99 1.99 1.98 1.99
e=1/2 548E-3 1.42E-3 3.62E-4 9.11E-5 2.29E-5 5.74E-6 1.45E-6 3.65E-7
rate - 1.94 1.98 1.99 1.99 1.99 1.98 1.99
e=1/2> 516E-3 1.34E-3 3.41E-4 858E-5 2.16E-5 5.41E-6 1.37TE-6 3.42E-7
rate - 1.95 1.98 1.99 1.99 1.99 1.98 1.99
e=1/2> 520E-3 1.35E-3 3.44E-4 8.66E-5 2.18E-5 5.46E-6 1.38E-6 3.47E-7
rate - 1.94 1.98 1.99 1.99 1.99 1.98 1.99
e=1/2" 547E-3 1.42E-3 3.59E-4 9.04E-5 2.27E-5 5.71E-6 1.44E-6 3.63E-7
rate - 1.95 1.98 1.99 1.99 1.99 1.98 1.99
e=1/2°> B577E-3 1.63E-3 4.04E-4 1.00E-4 2.51E-5 6.30E-6 1.59E-6 4.01E-7
rate - 1.83 2.01 2.01 2.00 1.99 1.99 1.99
e=1/2 552E-3 1.98E-3 5.67E-4 1.32E-4 3.15E-5 7.81E-6 1.96E-6 4.93E-7
rate - 1.48 1.80 2.11 2.06 2.01 1.99 1.99
e=1/27 545E-3 1.92E-3 8.40E-4 2.40E-4 5.20E-5 1.18E-5 2.88E-6 7.26E-7
rate - 1.51 1.19 1.81 2.21 2.13 2.04 1.99
e=1/2% 545E-3 1.90E-3 8.42E-4 4.03E-4 1.13E-4 2.35E-5 5.17E-6 1.24E-6
rate - 1.52 1.17 1.06 1.83 2.27 2.19 2.06
nf(l) 7 =0.05 T19/2 0/2° 10/2°  T/2%  10/2°  10/2°  7/2°
e=1 6.59E-3 1.70E-3 4.29E-4 1.08E-4 2.70E-5 6.78E-6 1.71E-6 4.28E-7
rate - 1.96 1.98 1.99 2.00 2.00 1.99 2.00
e=1/2 1.33E-2 3.45E-3 8.73E-4 2.19E-4 5.49E-5 1.38E-5 3.46E-6 8.65E-7
rate - 1.95 1.98 1.99 2.00 2.00 1.99 2.00
e=1/22 961E-3 297E-3 7.98E-4 2.03E-4 5.09E-5 1.28E-5 3.20E-6 8.00E-7
rate - 1.70 1.89 1.98 1.99 2.00 2.00 2.00
e=1/2% 555E-3 2.30E-3 9.03E-4 2.77E-4 7.21E-5 1.81E-5 4.54E-6 1.14E-6
rate - 1.27 1.35 1.70 1.94 1.99 2.00 2.00
e=1/2" 392E-3 1.35E-3 6.30E-4 3.13E-4 1.17E-4 3.23E-5 8.18E-6 2.05E-6
rate - 1.54 1.10 1.01 1.43 1.85 1.98 2.00
e=1/2° 391E-3 1.19E-3 4.18E-4 1.89E-4 1.07E-4 4.80E-5 1.53E-5 3.96E-6
rate - 1.71 1.51 1.14 0.82 1.16 1.65 1.95
e=1/2% 353E-3 1.37E-3 4.38E-4 1.49E-4 6.27E-5 3.45E-5 1.84E-5 T7.03E-6
rate - 1.37 1.64 1.55 1.25 0.86 0.91 1.39
e=1/2" 331E-3 1.27E-3 5.49E-4 1.78E-4 5.74E-5 2.26E-5 1.11E-5 6.51E-6
rate - 1.38 1.21 1.63 1.63 1.35 1.02 0.77
e=1/2 3.18E-3 1.20E-3 5.47E-4 252E-4 7.81E-5 2.34E-5 8.60E-6 3.80E-6
rate - 1.41 1.13 1.12 1.69 1.74 1.45 1.18

Table [Il depicts the spatial errors for Case II initial data, which clearly demon-
strates that our numerical method is uniformly second order accurate in h for all
e € (0,1]. The result for Case I initial data is similar, which is omitted here for

brevity.
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Tables Rl and [3] present the temporal errors for Cases I and II, respectively, from
which we can conclude that the method is uniformly convergent in time for both
initial data. Specifically, Table 2 shows the method is uniformly second order
accurate for E¢, while for N¢, it is second order in time when 7 < ¢ or ¢ < 72 (cf.
upper and lower triangle parts, respectively). There is a resonance regime when
T ~ ¢ where the convergence rate degenerates to the first order, which agrees with
the analysis (2I5)—(2I6). For « = 0, 8 = —1, the upper and lower triangle parts
of Table Bl suggest that the method is second and first order in time when 7 < ¢
and e < 7, respectively. Moreover, the upper triangle parts of Tables 2] and [B] show
the order of the errors at O(72/¢e) for n® (cf. each column), which confirms our
error analysis in Section 3.

5. CONCLUSION

We presented a uniformly accurate finite difference method and carried out its
rigorous error bounds for the Klein-Gordon-Zakharov (KGZ) system in d (d =
1,2,3) dimensions, which involves a dimensionless parameter ¢ € (0,1]. When
0 < e < 1, 1i.e., in the subsonic limit regime, the solution of the KGZ system prop-
agates highly oscillatory waves in time and/or rapid outgoing waves in space. Our
method was designed by reformulating the KGZ system into an asymptotic consis-
tent formulation followed by adopting an integral approximation for the oscillating
term. By applying the energy method and the limiting equation, two independent
error bounds were obtained, which depend explicitly on the parameter €, mesh
size h and time step 7. Thus it can be established that the method is uniformly
convergent for € € (0, 1] with quadratic and linear convergence in space and time,
respectively. The error bound is confirmed by the numerical results, which also
suggest that our estimates are sharp.
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