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A THIRD-ORDER LOW-REGULARITY TRIGONOMETRIC INTEGRATOR
FOR THE SEMILINEAR KLEIN-GORDON EQUATION*

BIN WANG! AND YAOLIN JIANGH

Abstract. In this paper, we propose and analyze a novel third-order low-regularity trigonometric inte-
grator for the semilinear Klein-Gordon equation in the d-dimensional space with d = 1,2, 3. The integrator is
constructed based on the full use of Duhamel’s formula and the technique of twisted function to the trigono-
metric integrals. Rigorous error estimates are presented and the proposed method is shown to have third-order
accuracy in the energy space under a weak regularity requirement in H2 x H!'. A numerical experiment shows
that the proposed third-order low-regularity integrator is much more accurate than the well-known exponential
integrators of order three for approximating the Klein-Gordon equation with nonsmooth solutions.

Key words. Third order scheme, Low-regularity integrator, Error estimate, Klein—Gordon equation

AMS subject classifications. 35L70, 65M12, 656M15, 65M70

1. Introduction. This article concerns the numerical solution of the following semilinear
Klein—-Gordon equation (SKGE):

(L.1) Onu(t, ) — Au(t,z) + pu(t,z) = f(ult,x)), 0<t<T, ze€T*CR?
' u(0,z) = up(x), Opu(0,z) = vo(x), x € T%,

under the homogeneous Dirichlet boundary condition, where u(t, z) represents the wave dis-
placement at time ¢ and position z, d = 1,2,3 is the dimension of z, p > 0 is a given
parameter which is interpreted physically as the mass of the particle and f(u) : R — R is
a given nonlinear function. Theoretically, the NKGE is globally well-posed for the initial
data (ug(x),vo(x)) € HY(T?) x HY~}(T%) for v > 1 in high dimensions in general. There
are many well known examples coming from different choices of f(u). For the very special
case f(u) = 0, the above Klein-Gordon equation is known as the relativistic version of the
Schrédinger equation which correctly describes the spinless relativistic composite particles
such as the pion and the Higgs boson [15]. In the case f(u) = sin(u), the equation (1.1)
corresponds to the sine-Gordon equation which arises in various physical applications [4]. If
f(u) = Mu? with a given dimensionless parameter A (positive and negative for defocusing and
focusing self-interaction, respectively), the equation covers the cubic wave equation under the
choice of p = 0 and this system widely exists in plasma physics [7].

Classical time discretization methods have been extensively developed and researched in
recent decades for solving SKGE, such as splitting methods [1, 9, 16], trigonometric/exponential
integrators [3, 8, 17, 18, 35], uniformly accurate methods [2, 5, 6, 11] and structure-preserving
methods [10, 12, 14, 25, 26, 27]. For classical methods and their analysis, strong regularity
assumptions are unavoidable since every two temporal derivatives in the solution of the wave
equation can be converted to two spatial derivatives in the solution. Therefore, in order to
have mth-order approximation of the solution (u, d;u) in the space HY(T%) x HY~(T9) with
v > 1, the initial data of (1.1) is generally required to be in the stronger space H7+™~1(T%) x
HY+m=2(T4). However, such requirement may not be satisfied since the initial data can be
nonsmooth in various real-world applications.

To overcome this barrier, much attention has been paid to the equations with nonsmooth
initial data recently. A pioneering work is [28], where a low-regularity exponential-type inte-
grator was designed for nonlinear Schrédinger equation and the proposed scheme could have
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first-order convergence in H” for initial data in H?*! (the traditional regularity assumption is
H"Y*2 before the work [28]). Since this work [28], many different kinds of low-regularity (LG)
integrators have been developed for various equations, including Navier-Stokes equation [22],
Dirac equation [33], KdV equation [32, 39], and Schrodinger equations [28, 29, 30, 31].

For the system (1.1) of Klein—-Gordon equation, some important integrators with low-
regularity property have also been formulated in recently years. A second-order method was
presented in [31] and the convergence was shown in the energy space H'(T9) x L?(T¢) under
the weaker regularity condition (ug(z),vo(x)) € H7(T%) x H%(T?%). For a special nonlinear
function f(u) = u? in one dimension d = 1, a symmetric low-regularity integrator was derived
in [38] which possess second-order accuracy in H"(T?) x H"~(T%) without loss of regularity
of the solution. Recently, for the SKGE (1.1) with a general nonlinear function f(u), second
order convergence in H'(T¢) x L?(T¢) was obtained for a new integrator in [23] under the
weaker regularity condition (ug(z), vo(z)) € H' 4 (T?) x H%(T%) with d = 1,2,3. Moreover
recently, a symmetric second-order low-regularity integrator was constructed in [36] and it
was shown to have the same low regularity as that of [23] but with good long time near
conservations.

As far as we know, all the existing low-regularity integrators for the Klein-Gordon equation
and/or other equations are devoted to first-order and second-order schemes. It is an interesting
question whether higher-order algorithm can achieve low regularity property. The answer is
positive but the construction of higher-order algorithms is very challenging. There are two
main difficulties in designing higher order low-regularity integrators. The first one is how to
control the spatial derivatives in the approximation such that the regularity can be weakened.
The second one lies in the complicated structure in the design process which brings great
constriction in the formulation of higher-order schemes.

The objective of this article is to construct and analyse a third-order low-regularity in-
tegrator (Definition 2.1 given below) for the nonlinear Klein-Gordon equation (1.1) with a
general nonlinear function f(u) and the dimension d = 1,2,3. There are two central ideas to
achieve this goal. We first embed the structure of SKGE in the formulation and then apply
the technique of twisted function to the trigonometric integrals appeared in the Duhamel’s
formulation. By carefully selecting the tractable terms from the trigonometric integrals, the
spatial derivatives are almost uniformly distributed to the product terms in the remainder
and then a new integrator is obtained. With rigorously analysis, the proposed integrator
will be shown to have a third order convergence in H!(T%) x L?(T¢) under the weaker reg-
ularity condition (ug(z),ve(z)) € H?*(T?) x H'(T?) (classical third-order methods require
(ug(),vo(x)) € H3(TY) x H?(T?)). Compared with many existing LG methods, the new
integrator presented in this paper has a very simple scheme and it is very convenient to use
for the researchers even coming from different disciplines. Moreover, a fully-discrete scheme
is also proposed and studied in this article. The error bounds form spatial discretisation and
semidiscretisation in time are simultaneously researched for SKGE (1.1) with a nonsmooth
initial data.

The rest of this article is organized as follows. In Section 2, we present the formulation of
the semi-discrete and fully-discrete methods. The error estimates of the proposed two schemes
are rigorously analysed in Section 3. Some numerical results are given in Section 4 to show the
superiorities of the new integrators in comparison with some existing methods in the literature.
The conclusions are drawn in Section 5.

2. Construction of low-regularity integrator. In this section we will first introduce
the notations and technical tools which are used frequently in this paper. Then the new low-
regularity integrator including semi-discrete and fully-discrete schemes will be formulated.

2.1. Notations and technical tools. For simplicity, we denote by A < B the statement
A < OB for a generic constant C' > 0. The constant C' may depend on T" and |[uol| 52 , ||vol| g1,
and may be different at different occurrences, but is always independent of the time and space
discrete number of points and the time/space step sizes.
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For the linear differential operator appeared in (1.1), we denote it by a concise notation
(2.1) (Aw)(z) = —Aw(z) + pw(zx)

with w(z) on T?. In the construction of the integrator, we will frequently use the following
functions

(2.2)

) _sin(?) [ cos(tVA) [ tsinc(tV/A) [ VAsin(tVA)

sine(t) := t alt) = ( tsinc(tv/ A) )’ pl) = cos(tvVA) )’ V(#):= cos(tv'A) '
The Sobolev space of functions on the domain T¢ = [a,b]? is considered in the whole

paper, and we shall refer it as H”(T?) for any v > 0. The norm on this Sobolev space is
denoted by

o~

112 = -t S+ 6Py |Fo)|

gezd
where f is the Fourier transform of f(z) which is defined by f(f) = W Jpa €™ f(x)da
with € = (€1,€2,...,¢%) € Z% and = = (2',22,...,2%) € Z? Here |-| is defined as |¢| =
VIE?2+ ()2 +... + (€92
For the norm on Sobolev space, some obvious properties are frequently used in this article
and we summarize them as follows.

e With the notation J” := (1 — A)% for v > 0, it is clearly that

)

ToF©) = (1+1¢)E F(&) and (17 fll 2 = | fll o -

e For any function o : Z% — C% such that |o(€)] < Cy(1 + |€]*)™ with some constants
C, and m, the operator o(—iv/A) : H”(T?) — H”~™(T%) has the following result

o-iVE) @) = 3 o @F O, oV <Clfl.

gezd
. -1 L1
e For the special operator VA  which is defined by

(i@
VA TR =1 ¢l
0, when [¢]| =0,

when  [§| # 0,

it is straightforward to verify that

VAT S 1l

Hu+1

For the operator A introduced in (2.1), the following estimates are consequences of the
properties stated above.

ProPOSITION 2.1. If f € HY for any v > 0, then the following results hold

sin(t\/?l)fHHU < fllgv

costV A < 1Sl sine (VA <l

and

VA s S 1

Proof. The first statement is obvious. For the second one, it is easy to check that

1 . 1 :
[ty = 1 80 =2 [ty < Wl 69 > 1 ana |
p < 1. Therefore, the proof is complete.

Hv+1

FI| < 2l i
0
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The following version of the Kato—Ponce inequalities will also be needed in this paper,
which was originally given in [21] and developed in [24].

LEMMA 2.1. (The Kato—Ponce inequalities) If v > 1/2 and f,g € HY, then we have

£ gl < Wl Mol - [T T F D e S W gl e -

Ifv>0,v1 >1/2 and f € H"™™1, g € HY, the inequality

19l S rveen N9l i

holds. If f,g € H', then

177 (T f )| > < min{[I £l 2 1ol Ngllze 1F 1l }-

2.2. Semi-discrete scheme. In this subsection, we construct the semi-discrete numeri-
cal method based on twisted functions and Duhamel’s formula. For readers’ convenience, the
z-dependence of the unknown functions is omitted and some technical estimates of remainders
are deferred to Section 3, where a rigorous error analysis will be given.

Let t,, = nh with n = 0,1,..., N be a uniform partition of the time interval [0, T] with
stepsize h = T/N, where N is any given positive integer. For the nonlinear Klein-Gordon
equation (1.1), the Duhamel’s formula at ¢ = t,, + s with s € R reads
(2.3)

u(ty + s) = cos(svV' Au(t,) + ssinc(svV A (t,) + /0 S(s — 0)sinc((s — 0)VA) f (u(t, + 0))db,
v(t, + 5) = — sAsinc(svV.A)u(t,) + cos(svV.A)v(t,) + / ) cos((s — O)VA) f (u(tn + 0))df,
0

which plays a crucial role in the method’s formulation. Using this formula, we insert the
expression of u(t, + 6) into the trigonometric integrals on the right hand side of (2.3). Then
by carefully selecting the tractable terms from the obtained formulae and dropping some
parts which do not affect accuracy and regularity, the semi-discrete scheme is formulated.
The detailed procedure is presented blew.

Firstly, we get the expression of u(t, + s) by the first equation of (2.3) and then insert
this into f(u(t, + s)), which gives

o fu(tn +5)) =f (aT (s)U(tn)) +f (aT(s)U(tn)) (u(tn +s)—aT (s)U(tn))
' + Rpn(t,s) (ultn +5) - aT(s)U(tn))Q,

where U(ty,) := (u(t,),v(tn))T and
(2.5)

Ryo(tn, s / / 0" (1~ aT()U (1) + (1~ O)aT (U (t) + Bulty + 5) ) dedb.

Using the expression of u(t, + s) again in the right hand side of (2.4) yields the following
expression:

Flultn +5)) =F (aT(s)U(tn)) T (aT(s)U(tn)> /OJFS w

+ Ryn(tn, S)(/O+s w]“(u(tn + 9))d6‘)2.

Now we obtained a desired form of f(u(t,,+s)) and based on which, the two trigonometric

f(ult, +0))do
(2.6)
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integrals on the right hand side of (2.3) can be reformulated as

4 B ~ Msin((h—s)VA) o
/0 (h — s)sinc((h — s)VA) f (u(t, + ) ds _/0 — f(a (s)U(tn))ds
=:Iv
" sin((h — s 5 sin((s —
@7) +/0 @Tmﬁ (aT(s)U(tn)) /O «Tmf(u(tn +6))dbds
=: II%*
" sin((h — s)V'A) *5 sin((s — 0)VA) 2
+/O TRf//(tn,s)(/o Tf(u(tn + 9))d9) ds,
=: I11»
and
h h
/ cos((h — 9)\/Z)f(u(tn +6))do = / cos((h — s)\/jl)f(aT(s)U(tn))ds
0 0
=Iv
h +9 sin((s —
on /0 cos((h — VA f' (a7 (5)U (1)) /0 ((TM £ (ultn + 6))d6ds

=: IIv

h *5 sin((s — 0)VA) 2
+ /0 cos((h — s)VA) R (tn, s) (/0 Tf(u(tn + 9))d9) ds.

=: III”

The main objective is to find some computable third-order approximations of I“&IY,
T &I1Y, and IIT%&I11Y, which will be derived one by one in the follows.

e Approximation to I* and I'. We first deal with the integral I*. To this end, we
consider the technology of twisted variable which was widely used in the development of low-
regularity time discretizations [22, 23, 28, 29, 30, 31, 33, 38]. In this paper, we introduce a
new twisted function

F(ty +5):=B(=s)f(aT(s)U(tn)).

After splitting the term M\/ﬁ)m in I* into aT(h)B(—s), I* can expressed by the twisted

function F(t, + s) :

h h
r = [T B @7 U E)ds = [ aTtF(t, + s

Considering the Newton-Leibniz formula for the twisted function F:

Fltn+5) = Flta) + | TPt + O,
0

h h s
= /O aT(h)F(t)ds + /O aT(h) /0 F/(t, + C)dcds

h h
:/ aT(h)F(tn)ds + / aT (h)F'(tn + ¢)(h — ()dC.
0 0
According to the scheme of a(h) given in (2.2), direct calculation yields the following expression

cos(sv/A) ssinc(sv/A)

aT(h) =aT(h — s)M(s) with M(s) := ( _VAsin(svA)  cos(sv/A) ) for any s € R.
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Then, (2.9) can be expressed as
h h
I :/ aT(h)F(t,)ds + / (h —s)aT(h —2s)M (2s)F'(t, + s)ds
0 0

h h
:/ aT(h)F (tp)ds + / (h = s)aT(h —2s)M(0)F'(t,)ds
0 0

h . S d(M20)F'(tn, +C))
+/O (h — s)aT(h — 25)/0 i d¢ds.

For the term F’(t, + ¢) appeared above, it can be computed as:

F(ty + Q) =(-28(=0) F(aT (U (ta)) + A=) L F(aT(QU(E))

(C dg

—cos(CVA)f (aT(Q)U (tn)) — ¢sine(¢VA) g £ (@T(OU (tn))
—VAsin((VA)f(aT(Q)U (tn)) + cos(¢VA) g £ (aT(OU (1))

“M(=0)(— F@T(QU (). % f (0T (U (1))

(2.10)

This result further leads to

EMEO 1+ ) = 2 (0) iU )

dc dc = (@T(QU(tn))
_(d —F(aT(QU(t) A (= I(T(QU)
=(30) ( gremoviny ) 0% ( Zha@ui) )
(A /B Y (AU )
Aeos@VA) —vAsin(cvA) )\ 41T QUE)

— L F(aT(QU (L))
ag
+M(C)< = f(aT(QU (k) )
:( VAsin(CVA)F (0T (QU(E)) + Gsine(VA) 52 (2T (U (1)

Acos(CV AN (@T(QU () + cos(cV AN F(aT(OU 1) ) - AT

with the notation

Y(tn,¢) == Af (@T(QOU(tn)) + d—CQf(aT(C)U(tn))
*Af(ozT U (t)) + f"(@T(QU (tn)) (7T (U (tn), YT (U (tn))
(2.11) FlaT(Quit ))AaT( )U(tn)
—f”(aT QU () (YT QU (1), 4T (U (tn))
" (@™(Q)U(tn)) (VQT( QU(tn), VaT(QU(tn))
+pf(0‘T(OU(tn)) pf (aT(C)U( )) (OU tn)

Here in the last equation, we use the definition of A4 (2.1) and split it into —A and p. It is
noted that the result of Y(t,,() is the key point for reducing the regularity since it changes
A into V in the expression. This good aspect comes from the careful treatment of the twisted
function F' and the splitting of aT(h).
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With the above results and the splitting of Y(¢,,(), we derive that
h h
I :/ T(h)dsF(t,) + / (h—s)aT(h —2s)M(0)dsF’(t,)
0

+ h—s)aT(h—2s B¢ ¢)d¢ds
fo [, Pt

h? /2sinc(hv/ A T —f(u
—h2SinC(h\/Z)f(U(tn)) + ( sin(h\//z)*h\/(zcos(h)f ) ( u( 1(€ ; 35 )
2/A° n))ulin)

+/ —8)aT(h—2s / B (Y (tn,0) + Y(tn, ) — Y(tn,0))d(ds
sm(h\/—) hy/Acos(hv/A)

=h?/2sinc(hvV' A u(ty "(u(tn))v(tn
/2sinc(h vV A) f (u(ts)) + T f'(u(tn))v(tn)
n 2 - 2cos(h\/—)2A2h\/_s1n(h\/—) T(t, 0) + Ra(ty),
where the remainder R; is defined as
(2.12) Ry (tn) :/ — s)aT(h — 2s) / B(¢ Y(tn,0))dCds,

and its boundedness will be shown in Lemma 3.1.
In a very similar way, one deduces that

h
P = [ ATR)B-8) 1 (0T (1)) ds
0
h h
= [ s+ [ T EmE e O - de
0 0
h h
- / T(—h)dsF(ty) + / (h — $)77(2s — h)M(0)dsF' (1)
0

/ —s)yT(2s — h /B O)dCds

=h(cos(hVA) + smc(h\/—))/2f( (tn)) + h? /2sinc(hV A) f' (u(tn))v(tn)
L3 sinc(hv/A) — cos(h\/A)
2(hv.A)2

(2.13)

T(tna 0) + RZ(tn)
with the remainder

(2.14) Rg(tn)z/ S T(2s—h //3 T(tn, 0))dCds.

The estimate of this remainder will be given in Lemma 3.2.
e Approximation to IT* and II'. Now we turn to II* and II'. For the first one,
fourth-order local error will be derived as follows. From Proposition 2.1, it follows that

(2.15)
hsin((h — s T sin((s —
| )| 1 S /0 MTmf’(aT(s)U(tn))/o «#‘Wf(u(tn +9))d9ds

< /Oh |h (s — O)sinc((s — O)VA) f’ (aT(s)U(tn))f(u(tn +0)) HH dfds

g o)

H1

< p4
o o |[f (ultn + )| < 17
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However, for the part IIY, we only get the following estimate

h T sin((s —
1 = /0 cos((h — s8VA (a7 (5)U (1)) /0 Sin(s = OVA) ¢ 1. + 0)) dos

VA
_ [ _ ' T sin((s — 0)vA)
(2.16) _/0 cos((h — s)VA)f (u(tn))/o P dvds (u(t)) + Fa(t)
:hgsinc(h\/j) — cos(hv/ A) P (altn) f (ultn)) + Ratn),

2(hv/A)?

where Rj3 is a remainder defined by

h 5 sin((s —
R3(tn):/0 cos((h—s)\/Z)f/(aT(s)U(tn))/0 ((Tmf(u(tnw))deds

h , 5 sin((s — 0)VA)
_/0 cos((h — s)VA)f (u(tn))/o Sl s (u(t).

(2.17)

The bound of Rs(t,) will also be studied in Lemma 3.2.

e Approximation to IIT* and III”. Finally, we pay attention to the bounds of ITI*
and IITY which are respectively presented in (2.7) and (2.8). Using Proposition 2.1 again, the
following estimate holds

" sin((h — s)V.A) S sin((s — 0)V'A)
e AV e e "

‘Rf// (tn, ) ( /Os(s — B)sinc((s — O)VA) f (ulty + 9))d9)2H ds.

H1

[T | e S

~

5/0h<h—s>

In view of (2.5), we obtain

2
F(ultn + 9))d9) ds

h s
I8 S [ 0= ) Rt [ (5= 02 | (ult +0) [, o

2

(2.18)

By the same arguments, it is arrived that
(2.19) | TI1|| . <A

As a result, these two parts can be dropped in the numerical scheme without bringing any
impact on the accuracy and low-regularity requirement.

Based on these results, we define the following method for the Klein—-Gordon equation
(1.1) by dropping the remainders Ri(t,), Ra(tn), R3(ty) and II*, TIT*, IIT.

DEFINITION 2.1. (Semi-discrete integrator.) The low-regqularity integrator proposed
above for the Klein—Gordon equation (1.1) can be written as

U g1 = cos(hV A)uy, + hsine(hv/ A)v, + h2®1 (W A) f (un) + B>U 1 (v A) f' (un vy
+ B (W A) (17 ()02 = " () (VAuR)? + pf () = pf (tn)in )

Un i1 = — hAsine(hV A)u,, + cos(hV A)v, + h®s(hVA) f(un) + 2@ (W A) f (un) vy,
+ WPy (b A) (f”(un)(vi — (VAun)?) + pf (un) = f'(un)(pun — f (un>>),

(2.20)

where 0 < h < 1 is a time stepsize, n = 0,1,...,T/h — 1 and the coefficient functions of the
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integrator are defined by

sinc(hv/.A) 1 — cos(hv/A) — 2/ Asin(hv'A)
2

(hv/A)4 ’

By (h/A) = cos(hv/A) —;sinc(h\/jl)'

1 (hWWA) = —"72 Uy(hVA) =

(2:21) sinc(hv/'A) — cos(hvA)

2/ A)?
Here the prime on f indicates the derivative of f(u) w.r.t. u.

Remark 2.2. From (2.20), it can be observed clearly that this method is a kind of trigono-
metric integrators. The scheme (2.20) is not complicated even in comparison with some
lower-order low-regularity integrators. Therefore, it is convenient to implement the method
in practical computations.

Uy (hVA) =

2.3. Fully-discrete scheme. This subsection concerns the spatial discretization of (2.20)
which can be handled by using trigonometric interpolation [34]. To make the presentation be
more concise, it is assumed that T¢ := [0, 1]¢. Then any function W € Hg(T?) x L?(T¢) can
be expanded into the Fourier sine series, i.e.,

W = Z Wiy ms....ng Si(nymzy) sin(ngmas) - - - sin(ngmeq).

n1,M2,..,ng=1

Choose a positive integer N, > 0 and denote by Iy, and Il the trigonometric interpolation
and L2-orthogonal projection operators onto Sy, respectively, where the set Sy, is

Sn, =4 Z Wi gy SIN(ny ) sin(namas) - - - sin(ngmxa) © Wiy ns...n, € R*}

With these notations and based on the semi-discrete scheme given in Definition 2.1, the fully
discrete low-regularity integrator is defined as follows:

DEFINITION 2.2. (Fully discrete integrator.) For the semi-discrete integrator (2.20),

the fully discrete low-regularity integrator is given by
(2.22)

Uys1 = cos(hV AU, + hsinc(hV A)V,, + h2®1 (bW A)In, f(U,) + h30 (WA Iy, (f (Un) Vi)
+ WO (WA, (' (U)VE = " (Un) (VAU + pf(Un) = pf (Un)Un ).

Vis1 = — hdsine(hWW AU, + cos(hV AV, + h®s(hV A) Iy, f(Un) + h*®1 (W A) I, (f'(Un)Vs)
+ B (W A) Iy, (f”(Un)(Vn2 — (VAU + pf (Un) = f'(Un)(pUn — f (Un))),

where 0 < h < 1 is the time stepsize, n = 0,1,...,T/h — 1 and the initial values are chosen
as Uy = Ty, u(z) and Vo =y, v(zx) forz € {#"_H :n=1,2,..., N, }% In practical compu-
tation, the trigonometric interpolation In, can be implemented with Fast Fourier Transform

(FFT).

3. Convergence. In this section, we shall derive the convergence of the proposed semi-
discrete and fully-discrete integrators. For each scheme, we will first present the main result
and then prove the error estimates for H? x H'! initial data.

3.1. Convergence of semi-discrete scheme.

THEOREM 3.1. Let the nonlinear function f of the Klein-Gordon equation (1.1) satisfy
the Lipschitz continuity conditions |f(k) (w)‘ < Cy for w € R and k = 1,2,3. Under the
regularity condition

(3.1) (u(0, ), Bu(0,x)) € [H*(T) (") H5 (T)] x H'(T),
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there exist positive constants C' and hy such that for any h € (0, hg] the numerical result w,, v,
produced in Definition 2.1 has the global error:

(3.2) Ogryrzlga)T(/h lun — u(tn)llg < CRZ, 0§17r11<a)T(/h [vn —v(ta)l 2 < CR7,

where C' depends only on Cy and T .

The proof is given in the rest part of this section. We begin with the bounds on the
remainders Ry (t,) (2.12), Ra(t,) (2.14), R3(t,) (2.17), which will be derived one by one as
follows.

LEMMA 3.1. Under the conditions of Theorem 3.1, the remainder Ri(ty) given in (2.12)
is bounded by

(3.3) IR (ta) | S Y.

Proof. By using the expression (2.12), R1(t,) can be estimated as

H1

hops sin — 25
||Rl(tn)|H1=H/0 /O(h—s) (2 \2/Z+C)\/Z)(T(tn,4)—T(tn,O))dCds
h s

. . 2 Tt O —T(tn,mH
) 5/0 (h s)/o sin((h —2s + ()VA) A o dCds
o s wn,o—mn,ow
sf o VA "
3 T(tn7<) - T(tnao) 3
9 g | 3 g 0 - Y0

Then we are devoted to the bound of Y(¢,,() — Y(¢n,0), which can be decomposed into four
parts
(3.5)

Y(tn,C) — T(tm 0) :fll(aT(C)U(tn)) (VT(C)U(tn))

2 2

— f"(@T(0)U(t,)) (7T (0)U (tn))
=:A1f
(0T OU () (VaTOU (t)° — £(T(OU (t)) (TaT(QU ()
=:Aof
+ pf(aT(C)U(tn)) - Pf(aT(O)U(tn))
=:Asf
+ pf/(aT (O)U(tn))aT 0)U(tn) — Pfl(aT (OU(tn))aT QU (tn) -

=:Ayf

2

In what follows, we will deduce the results for these four terms one by one.
e Bound on [|A;f|[;.. We first recall the Kato-Ponce inequalities given in Lemma 2.1
and as a result

181f 12 S 17 (@7 QU ) = £ (@TOU ) | o | GTQU @),
+ 17" @ OU ) o | GTQU ) = GTOU )|
<[ (@T QU ) = £ (@ OU ) [ o || GTQU )|,

/(@)U () [| o VT (QU (tn) +4TO)U )l 70 2T (U (tn) = YT (0)U (tn)ll 2
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with % < 0 < 1. Based on this result, it is needed to estimate
[f"(aT(QUEn)) = F"(@T(OU (tn) || o S laT(QU (tn) = aT(O)U (ta) 10
< [[eostcvAyuttn) = uttn) + csine(cvAyuea) |
< H—Q sin(¢V.A/2)sinc(¢CV A/2)¢CV Ault,)

SC(Multn)ll gavo + o)l o )

o o

by using Proposition 2.1. Then the Sobolev embedding theorem shows that

[T OUED? e SIVTQOUEDG S IV QU E) 51 (WP < L)

ST QU 4. (WE2 — Whe)
S IWQUEIE s < |[VAsI(CYAutn) + coscV (i) 4
St g + 00l g + 2 fulta)ll g [0 4 -
Meanwhile, it follows from (2.2) that
IV (U ) + 97OV ()l g0 < | VAsin(CVAYulta) + cos(VAyolta) +vit)|
Slluttn) o+ 0n) o
Analogously, we obtain
T QU ) =77 OU ()l S |[VAsin(CVAYu(ta) + cos((VA(ta) = v(tn)||

< ch/ﬁ\/zsmc(g\/ﬂ)u(tn)

S Cllulta)ll gz + Cllotn) g -

L + H —25in(¢CV.A/2)sinc(CVA/2)¢V Av(t,)

L2

Overall, collecting all the estimates together yields

1ALf N2 St graes + 10 o0 ) (lulta) | e + lo(ta)ll?, 4
+ 2ulta)ll g o)l g+ luta)ll gz + o)l ) <<

e Bound on ||Ayf| .. By the similar argument as A; f, we decompose A, f into four
terms:

2

P (@T(QU () (VaT (U (tn))” = £ (aT(0)U (t)) (VaT (0)U (t))
(VaT (Q)U(tn))’ L

(VaT (U (tn))? = (VaT (0)U (tn))*

182, =|
S (@™ QUtn)) = £ (@ (O)U (tn)]| o

+ [/ (@T©OU @) | o

L2

Lz’

It is noted that this formula contains the same expression as A; f and thus we only need to esti-
mate the different two terms: H (Vat (C)U(tn))2HL2 and H (VaT(C)U(tn))2 — (Vat (O)U(tn))2 ’m
For the first one, it follows from the Sobolev embedding theorem that

[(VaT(QUE))?]|,2 SIVaT QU )5 S IVaT(QU )51 (WP s LY)
SIVaT(QUt)% g2 (Wi2 = WD)

U(tn) ?

VA

g+ 20 ulta)l s ot

SIVaTQUE)N?, 4 S [|eos(CV A)ultn) + sin(¢VA)

4

2 2
St g + o),
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For the second one, we first use the Kato—Ponce inequality to get
2 2
| (Ve U En)* = (VaTOU )’ |
SIIVaT(QU(tn) + VaT (U ()l go [[VaT(QU (tn) = VaT (0)U (t)]| 2

< eos(cVAuttn) +sin(VA U - u)]| | (@oscVA) = Datta) + ine(cVAo(tn)

SUelta)lso + [0t go ) (| -2 5in(CVA/2)sine(CVA/2)CV Aut
SCCuttn)llgso + oGt ) (o)l + € o)l ).

To summarize, we have

H1+0 H

| |esinetcv At

A2 fllL2 < ¢
e Bound on [|A3f|[;2. The following estimate can be proved in the same way as above

183 f1l2 = lof (aT(QU(t) = pf (2T O (tn)) | 2
ST QUtn) = aTO)U tn)ll 2 S Clultn)llm + lo(ta)ll 2 )-
e Bound on [|A,f||; 2. For the last part, we analogously obtain
184l =]lpf (aT(O)U (ta))aT(O)U (tn) — pf (aT(QU () aT(OU (ta) || .2
S (@7 QU ) = £/(aT(OU () || o 10T (U (tn)ll 2
+{[F(@TO)U ()] o 10T (U (tn) — aT(0)U (t)]l .2
SCultn)lggieo + o)l go ) (lulta)ll gz + ¢t g2 )-

Consequently, based on the above results, we arrive at

3.6 Y(t,, Y (tn, 0)||,2 < < h.
(36) e [ T(t0.0) = T(t. 02 S max ¢ 5

Combining this with (3.4) immediately gives the statement of this lemma and the proof is
complete. O

LEMMA 3.2. Suppose that the conditions of Theorem 3.1 hold. For the remainders Ra(ty)
and Rs(ty) respectively defined in (2.14) and (2.17), they are bounded by

(3.7) [Re(tn)ll 2 S h*, [Ra(ta)ll 2 S B

Proof. Keeping (3.6) in mind, the following estimate can be proved in the same way as
Lemma 3.1

h s
|Ra(tn)|l 2 = H/ / (h — s)cos((h —2s + C)m)(T(tn,C) — Y (tn,0))d¢ds

//|h—s||| s 0) = X(tn,0)) | . dds

<h3 Y(tn,C) — Y(tn,0 < ht.
e [V (t.C) = X(t0.0) 2 5

L2

Then we represent the scheme of R3(t,,)

" TS5 sin((s —
ot = [ o = A (e [ VD

N ' Tsin((s = OVA) e
/0 ((h — VA (u(tn)) / P s (ute)

f(u(ty, + 0))dods

)
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and split it into

(3.8)
" T sin((s —
Ry(tn) —/0 cos((h — )V A) (' (a7 ()U (tn)) — f’(u(tn)))/o sin((s = 0)V'A)

VA

g / * sin((s — 0)V'A)
+ /0 cos((h — $)VA) [/ (u(t,)) /O S (1 ult ) — F(uttn)) s,

f(u(tn + 6))dods

Some derivations lead to
h s

| Rs(ta)l s S / / 17 (aT(SU () — £ utn)]] o |5 — 61 | (ultn + 0))] . dBs
//Hf Mlige |5 — 01| (ultn +0)) — £ (u(ta) ||, dods

<h3 sréléa)ii] Hf (aT(s)U(tn)) — f'(u(tn))HHe +h? 921{3)}(11 Hf(u(tn +0)) — f(u(tn))HL2

<h3 T U tn) — tn h3 t 9) — t,
S max [l ($)U(tn) = ulta)llgo +h® max Ju(tn +6) = u(tn)]| 2
Sh* mae s(ult)ll o + [0(ta) o)+ max 0 Jo(E)]] . S b

The proof is complete. O

Sofar we have derived the bounds for the remainders which are dropped in the numerical
scheme. Based on them, we can present the error analysis (the proof of Theorem 3.1) in what
follows.

Proof of Theorem 3.1.

Proof. To estimate the error of the scheme (2.20)

en =u(ty) —un, €5 :=0(tn)—vn, 0<n<T/h,

u
n n

we shall first consider the local truncation errors which are defined by inserting the solution
of (1.1) into (2.20):

¢y o= (tn+1)—cos(h\/_)u(tn) hsmc(h\/_) (t,) — h2®q (R \/_)f(u(tn))
— B3 (WA (u(tn))0(tn) — B4 (hvV/A) (f” vt

— £ ultn) (VAu(tn)? + pf (u(ta) = pf(u(tn)u <tn>),
G i=v(tnsr) + hoAsine(hy/A)u(ty) — cos(hv/A)o(tn) — hoa(hV/A) f (u(tn))
— W2, (BVA) ' (ultn))o(tn) — 203 (VA (£ (u(t)) (0(t0)?

— (VAu(ta))?®) + pf (utn)) = f'(uta))(pultn) = f(u(tn))) ),

)
)

v

where n = 0,1,...,T/h. For the coefficient functions appeared above, it follows from (2.21)
that the functions

1 (m), Do(m), m¥y(m), m>*Wy(m)
are uniformly bounded for any m € R which immediately leads to
oV A Sl |02V A S Il
|nvAw (A Sl |(0VA VA<l

(3.10)

where we assume that y € H® with any s > 0.
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Subtracting the corresponding local error terms (3.9) from the scheme (2.20), we get the
recurrence relation for the errors

Cpi1 — cos(hvV/ A)e? — hsinc(hv/ A)e? = ¥ + hznn,

(3.11)
el 1 + hAsine(hv/ A)el — cos(h\/Z)e U4 hnl, n=0,1,...,T/h,

where we denote

<

s =01 (VA (f (wn) = f(u(tn))) +h¥s (WA (' (un)vn — [ (u(tn))v(tn))

+ B2 (W A) (£ ()02 = " (ult))o(tn)?)
- (f <un><f un> f”(U(tn))(\/_ (ta))?)

+ o (F () = ) o (wn)un — f'(ultn))u(tn)) )

(312) = 0a(hVA) (f(un) — S (ultn >>+h<1> hf A) (' (wn)vn = £ (ultn))o(t))
+h2W (/A >( (s <un>vz = " (ulta)o(tn)?)

= () (V)2 = () (VAu(t))?)

() = F(ulta)) = p(F (un)un = F'(ultn))u(ta)

— (" () ) = ' (lta)) () ).

The starting value of (3.11) is e} = ef = 0.

In what follows, the proof is divided into three parts. The first one is about the estimate
of local errors (Y, ¢y, the second is devoted to n%,ny and the last one concerns global errors
woey.

n’-n

e By the bounds (2.15), (2.18)-(2.19) and Lemmas 3.1-3.2, the local errors (%, (" are
estimated as

e

ISz S IR (ta)ll g+ [[Part I g + [[Part T o < A7,

~

IGallze < IR2(tn)ll 2 + [Ra(tn)ll 2 + [[Part III]| 1o < A%,

With these bounds, the recurrence relation (3.11) and the standard convergent analysis, a
coarse error estimate is derived

lenllg + llenll 2 S 1.

Considering further the regularity condition of exact solution (3.1) leads to the boundedness
of numerical solution:

(3.13) ltnll s + onllpe 1, n=0,1,...,T/h.

e To establish the estimate for the error terms n% and n? defined in (3.12), we consider
the terms of (3.12) separately. For the first and last terms, it is easy to see that

2 s (0 () = F(ut))) = p(F ()t — F(ultn))u(t)))
+ @A (fn) = F )|, S el

HH1

Based on the Lipschitz continuity conditions, Kato—Ponce inequalities and (3.10), it is derived
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that
| PO VA (7 ) = 1 b)) |
_ f'(un)vn = f'(u(tn))o(t )
= Hh\/Z\Ill(h\/Z) \/74 »
S (un)vn — f/(u(tn))v(tn)Hm
S Cun)llge llenll e + 1 (un) = " (u(t))ll 2 ()l o
Slenllpz +llenllze
and

| 2w (a1 ultn)o1)?)

H1

/ I(un)vi - f”(u(tn))v(tn)Q
—hHh\/_\Ifz( VA) N

Sh |1 oy = £ (u(tn) o (ta)?]]
Shillenll 2 + llenllz)-

With the same arguments, we get

H1

h2\112(h\/Z) (f”(un)(\/Zun)2 - fll(u(tn))(\/zu(tn)F)

£ (un) (VAuR)? = F"(u(tn)) (VAu(tn))?
A

|| ) (VAu)? — 7 (u(tn)) (VAu(tn)®
~ A

H1

={|h2 AWy (hV/ A)

H1

(fll(un) - fll(u(tn)))(\/jun)2 i fll(u(tn))((mun)2 - (\/Zu(tn))2)
A L2 VA

According to the results of Lemma 2.1 and the boundedness (3.13), we find

(" (un) = F"(ultn))) (V- Aun)®
VA Lo
Smin{]|| f" (un) — f//(u(tn))”m tnV Auy, o wnV Aty

Sl 17 () = £ )l < el

and

<

L2

Lo 17 Cn) = 7))l e}

" (u(tn) (VAun)? — (VAu(tn))?)
VA

Smin{ || £ (u(tn)|l o |[VAul — VAU (t

Sl = )| g 1" (o)l S ”enHHl

Therefore, it is obtained that

L2

7wl )

| n2 w2 (A (17 (1) (VAU = 1 (b)) VRt ))]| S Nl
Combining these results with the first formula of (3.12) gives

Il S lenllms + llenllpz -
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In a similar way, we can get the same result for n}:

1nllL2 S llenlla + llenll e -

e Now we turn back to recurrence relation (3.11) and rewrite it in the following form
e“ i\ cos(hv/ A) hsinc(hv/.A) el n CY + h2n¥
etr1 )\ —hAsinc(hv/A)  cos(hv/A) €n Gy +hm, )
w .
()] = Vol + Fals eives
cos(hv/A) hsinc(hv/.A) e _ e
—hAsinc(hv/A)  cos(hv/A) e B en )

Thus, it is obtained that
Cu + h2
g [

6Z+1 < e
e,”H_l - e
v > + \/(I\C#I\Hl +h2 [l g ) + (Gl 2 + B2 (08 ]l £2)?

Using the notation

Sce3e

e

IN
N
o

IN
Y
9]
Jedg 3ese I

2 2
> + C\/h8 +ho(lesll g + lleslizz) + ht (el + llenllz2)

IN
A
L)

2 2
)|+ cnt+ 0 et + el + 00\ lexlf + e

Applying the Gronwall inequality yields

Vet B + e < o,

This shows (3.2) exactly. Therefore, the theorem is confirmed. |

3.2. Convergence of fully-discrete scheme.

THEOREM 3.2. Under the conditions of Theorem 5.1 and the reqularity condition

(u(0, ), Bu(0,x)) € [H*(T) (") H5 (T)] x H'(T),

the numerical solution produced by the fully-discrete scheme (2.22) has the following error
bound:

(314) pomas (U () = Ul + 1TV (i) = Vol ) < O(° 4 NZ2).

where C is the error constant which only depends on T and Cy given in Theorem 35.1.

Remark 3.3. From this result, it follows that by passing to the limit N, the convergence of
semi-discretization given in Theorem 3.1 is obtained. In practical applications, a large N, can
be chosen and then the main error of fully-discrete scheme comes from the time discretization.

Proof. Denote the errors of the fully-discrete solution (2.22) by EY = Ty, U(t,) —
Uy, EX = My, V(t,) — V.. By the construction of the semi-discrete scheme presented in
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Section 2.2, it is obtained that the exact solution satisfies
(3.15)
TN, U(tny1) = cos(hV Ay, Ulty,) + hsine(hvV/ Ay, V ()

+ P20y (WAL, f(U(tn)) + B2y (W ATy, (f/(U () Vi)

+ B (W Ay, (f7 (U (E))V (1) = f(U () (VAU )?

+ pf (U(tn)) = pf' (U (£))U (tn) ) + Ty, (Ra(ta) + Part 11" + Part TI"),
Ty, V(tns1) = — hAsine(hV Ay, U(ty,) 4 cos(hvV/ Ay, V (t,)

+ h®o (W Ay, f(U(tn)) + W21 (W Ay, (f/(U(ta))V (t0))

+hw (h\/_)HN( "(U(tn)(V () = (VAU (t0))?)

+pf (U () = F (U E))(U (1) = fU (1))

+ Iy, (Rg(tn) + Ry(t,) + Part IH”).

Then considering the difference between (2.22) and (3.15), the following error equation is
obtained:
(3.16)

EY, | =cos(hWA)EY + hsinc(hVA)EY + h*®1 (W ALy, (f(U(tn)) — f(Uy))
+ B30 (WA, (f/(U(tn))V () — f/(Un)Va)
+ Bt (b Ay, (f”(U(tn))V(tn)2 FIUD)VE + 1 (Un)(VAUR)?
=[O ) (VAU + pf (U (1)) = pf Un) + pf Ua) U = pf (U () (1)
+ 1y, (Rl(tn) + Part IT + Part III“) + RU(t,) + RY (tn) + RY (t),
EY., = — hAsinc(hWVA)EY + cos(hWA)E) + h®s(hvV Ay, (f{U(tn)) — f(U,))
+ B30y (W ANy, (f'(U(E)V () = [/ (Un)Va)
+ B30 (b Ay, (f”(U(tn))V(tn)2 — ["U)V + 1 (Un)(VAU,)?
F"U ) (VAUL)? + pf (U(tn) = pf (Un) + pf (Un)Un — pf'(U(tn))U (tn)
+ S UE) U (t)) = ' Ua) f(Un) ) + T, (Ra(tn) + Ra(t) + Part TI°)
+ RY (ta) + RY (ta) + R (tn),

where we introduce the following notations to denote remainders
(3.17)

RY (tn) =h2®, (WA Ty, — In,) f(Un), RY (tn) = B30, (WA Ty, — In,) (f (Ua) Vi),

R (tn) =0 0o (WA Ty, = In,) (1" (U2)ViE = £"(Ua)(VAUR)? + pf (Un) = pf (Ua)Un ),

and
(3.18)

RY (tn) =h®s(hVA) Ty, — In,)f(Un), k‘?(t ) = h%l(hf ><HN —In,) (f’ V),

With the same analysis as the bounds (2.15), (2.18)-(2.19) and Lemmas 3.1-3.2, we have

HHNI (Rz(tn) + R3(ty) + Part IH”)

Lt HH N, (R1 (tn) + Part I + Part III“)

< pt,
HT ™
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In what follows, we derive the bounds for the terms (3.17)-(3.18) by using mathematical
induction on n: assuming that

(3.19) 1Unllgr < N U@ e + 1,0 (IVallgn < I8V E) e + 1,
we shall prove the following results:
(3.20) 1Un+1ll e < [N, Ultnan) gz + 1, [Vagallgn < N, V(Enga) [ g + 1

For the first two terms of (3.17), it follows from [23] and (3.19) that

—1-4

U - 2 2

| BV @], SANZ2(10allgz + 10l g ) S AN (W0l g + 10l ),
U - 2 2

|RE )|, SANZ2(1Tallzz + WValls + 10l g + 1Val% 4 )

—1-4a 2 2
SO O g + Vil g+ 100 g + Vil ).

4

For the third one in (3.17), by noticing ¥y (hv.A) = ﬁsincz(h\/ﬁﬂ) - ﬁsinc(h\/ﬁ), we
deduce that

1
VA
1 " 2 " 2 !
— (/" ODVE = P OVAT? + 0f(U) = of (U0

HRg(t”) H

Sh [y, = In)—5 (£ UV = £ (U2 (VAUL)? + pf (Un) = pf (U)Un)

H1

<hN,?

H3
SN2 | F1(U)VE = 1 (U (VAU + pf (Un) = pf (Un)Un

ShN 2 (IVall7a + Ul + 1f Ua)ll 2 + Ul 2 )-

L2

Similarly, we get

~

|RY ()

L ShN2 | RY (k)

San;2 |RY ()|,

< -2
Lo oS hN_ =
By using these estimates and taking the energy norm on both sides of (3.16), we obtain (3.14)
and (3.20) with the same arguments given in the proof of Theorem 3.1. The proof is complete.d

4. Numerical test. In this section, we show the numerical performance of the proposed
third-order low-regularity integrator (LGI) by comparing it with the well-known exponential
integrators (EIs) [20]. We choose two third-order Els from [19] (denoted by EI1 and EI2) and
an exponential fitting TT from [37] (denoted by EI3).

We shall present the results with an one-dimensional example of (1.1) for simplicity:
the nonlinear Klein-Gordon equation (1.1) with d = 1,p = 0,T = (—m,7), f(u) = sin(u).
We choose the initial values 1 (z) and t¢2(z) in the same way as described in Section 5.1
of [28] and Section 4 of [38]. More precisely, the initial values 1 (z) and vs(z) are in the
space HY(T) x H?~Y(T) and has the bound |[¢1(z)||gn = [¢2(z)| ;2 = 1. In the fourier
spectral collocation method, we choose N, = 1024 such that the error brought by the spatial
discretization can be neglected.

: : _ Nlun—utn)ll g2 lon—=v({tn)llp2 —
In this test, we display the global errors err = ”u(tn)”HlH + IIU(tn)HLgL at T =1. The

results for different initial value (1,12) € H?(T) x H®"Y(T) are given in Figure 1. From
the results, it can be observed that for the initial data in H%(T) x H®~Y(T) with 6 = 4,3,
all the methods performance third order convergence. However, for the initial data in a low-
regularity space H?(T) x H%~1(T) with # = 2, only the new integrator SLG proposed in this
article shows the correct third-order convergence in H'(T) x L?(T). If the initial data is in a
space HY(T) x H?~1(T) with § = 1.5, 1, 0.5 which is lower that the requirement H2(T) x H*(T)




A THIRD-ORDER LOW-REGULARITY TRIGONOMETRIC INTEGRATOR 19

Convergence with § = 4 Convergence with § = 3 Convergence with § =2
T eta e 1
il -El
2 |+4-ED B 2 |A-EI2 o P
- EI3 /. e 7 /.
-3 fi----slope 2 - ~slope 2 A 3
dope 3 / slope 3
5 LG
6 6 6 / —>-EIl
74 —-EI2
7 7 7 / ¢ EI3
o ——slope 2
slope 3
-8 -8 -8
2.5 2 -1.5 -1 05 0 25 -2 -15 -1 -0.5 0 2.5 2 -15 ‘-1 0.5 0
logio(h) logio(h) logy(h)
. Convergence with 6 = 1.5 . Convergence with § =1 . Convergence with § = 0.5
2 2 2
3 -3 -3
5+ B 4
S5 S5 S5 !
N /. 5 LI 2 Wz BN < LG
" A p>-EIl % SEN 5 >-EIl
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given in Theorem 3.1, the expected bad behaviour does not show up in Figure 1. To clarify
this issue, we further display the result with more timesteps in Figure 2. The result indicates
that if the problem has lower regularity than H?(T)x H!(T), the new integrator LGI also does
not show the correct order accuracy but it still performs much better than the exponential
integrators.

To investigate the practical gain from our proposed integrator, we study the efficiency of
all the methods. Figure 3 displays the error at T' = 5 against the CPU time. It can be seen
from the results that our proposed method LGI can reach the same error level with remarkably
less CPU time, and this clearly demonstrates the more efficiency of LGI than the exponential
integrators.

5. Conclusions. In this paper, a low-regularity trigonometric integrator was formulated
and analysed for solving the nonlinear Klein-Gordon equation in the d-dimensional space with
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time produced by different h = 1/2’“, where k=1,2,...,7.

d = 1,2,3. Rigorous error estimates were given and the proposed integrator was shown to
have third-order time accuracy in the energy space under a weak regularity condition. A
numerical experiment was carried out and the corresponding numerical results were presented
to demonstrate the superiorities of the new integrator in comparison with some well known
exponential integrators.
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