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Abstract

In this paper a technique is suggested to avoid order reduction when using Strang
method to integrate nonlinear Schréodinger equation subject to time-dependent
Dirichlet boundary conditions. The computational cost of this technique is
negligible compared to that of the method itself, at least when the timestepsize
is fixed. Moreover, a thorough error analysis is given as well as a modification
of the technique which allows to conserve the symmetry of the method while
retaining its second order.
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1. Introduction

Exponential methods have been proved to be efficient in the numerical time
integration of partial differential equations [16] although some times they show
order reduction [4, 14]. Moreover, they have been usually used when considering
homogeneous boundary conditions and the analysis has been performed under
that assumption. Just some recent research [5, 6, 13] has been done to include
non-homogeneous boundary conditions. Moreover, the techniques which are
suggested there manage to avoid order reduction for both homogeneous and non-
homogeneous boundary conditions. ([5] and [6] deal with Lawson and splitting
methods when integrating linear problems and [13] with splitting methods for
reaction-diffusion ones.)

In this paper, we will focus on the numerical integration of the nonlinear
Schrédinger equation subject to Dirichlet boundary conditions. More precisely,
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we search for the function u € C1([0,T], H?(£2,C)) such that

up(x,1) = i(Au(x, ) + f(lulx )P ux, 1), te0,T], xeq,
U(X, O) = uO(X)7 x €1,
ou(t) = g(¥), (1)

for a bounded domain  with smooth enough boundary 02, where 0 is the
Dirichlet trace operator in H?(f) [12], f is a smooth enough real function,
uy € H2(Q,C) and g € C*([0,T], H2(dQ),C). (The precise conditions which
are sufficient to assure the existence, uniqueness and well-posedness of such a
solution, until a certain time T° > 0, are non-trivial [7].) This problem has
applications, for example, in ionospheric modification experiments [8].

For the time integration we will focus on Strang method, which is a sym-
metric splitting method with classical order 2. The great advantage of using a
splitting method for the nonlinear Schrédinger equation is that, as firstly noticed
in [18], each part resulting from the decomposition

up = 1Au, (2)
we = if(ju*)u, (3)

can be solved as linear, which leads to a very easy and cheap implementation.
This comes from the fact that the solution of (3) leaves |u| invariant. (In fact,
neglecting the error coming from the space discretization, both equations are
exactly solvable.)

We shall offer a cheap technique to discretize (1) with Strang method in
such a way that order reduction is completely avoided. The procedure is as
cheap as that suggested, among other papers, in [1, 2, 3] to avoid order reduc-
tion with Runge-Kutta type methods when integrating linear problems. Notice,
however, that the technique here is different because the stages are not elliptic
problems any more. Moreover, for Strang method, we will suggest a slight mod-
ification of the procedure which even conserves symmetry while also avoiding
order reduction.

The paper is structured as follows. Section 2 gives some preliminaries on the
space discretization, Strang method and the drawbacks of dealing the problem
in other different ways. Section 3 describes the technique which is suggested
and gives the final formula to be implemented. In Section 4, the local error is
studied with such a technique. Section 5 describes how to modify the method
in order to conserve symmetry without losing order. Section 6 gives a thorough
analysis of the global error of the time semidiscretization and, finally, in Section
7 some numerical experiments are shown which corroborate the previous results.

2. Preliminaries

We will assume that the spatial discretization is performed with finite-
differences on a certain grid in 2 which contains some nodes in the interior



and some other nodes on the boundary. More precisely, we will suppose that
the discretization of the elliptic problem
Au(x) = F(x), x€Q,
ou =y,

where F € L?(Q,C) and g € H3 (Q,C), is done by solving the following system
ApoRpu+ Chg = P, F, (4)

where P} is just the nodal projection on the interior grid nodes, Rpu is the
approximation to the values of  in them, Ay, ¢ is an invertible matrix which de-
fines the discretization of the Laplacian with vanishing boundary conditions and
Chg is a vector which contains information on the values of g in the boundary
grid nodes. We will consider the following hypotheses:

(H1) For a certain constant M, which is independent of h, and the discrete
L2-norm, the matrices Ay, o satisfy

||eitAh,0||Li(Q) S M’ t e [O,T]

(H2) There exists a subspace Z of L%(Q), such that, for u € Z,
(a) Aglu S Z7 where Ao = A|H2(Q)HH01(Q)'
(b) for some &;, which is small with h,

| Ano(Ba — RuJull s g < o llull (5)

(That is, when u € Z, this hypothesis means that, by doing (4), a
consistent approximation of the Laplacian at the interior grid nodes
is achieved.)

When the boundary conditions are homogeneous (g = 0), a space discretization
of (1) leads to a system like
U;/L = ’L'(AhyoUh + f(|Uh|.2).Uh),

Un(0) = Pyuo, (6)
where . denotes pointwise vectorial multiplication. In this case of vanishing
boundary conditions, no order reduction of the splitting method turns up. That
can be observed in the numerical experiments and will also be shown in the
subsequent analysis. (In fact, numerical results in [10] also confirm that when

using a pseudospectral space discretization.) More precisely, when applying
Strang method to (6), the following scheme turns up

U,;L“ _ eng,nela‘Ah,oegiDl,nU’:L7 (7)
where U] approximates u(-,t,) for t,, = nk, with k the time stepsize,
Dy, = diag(f(|UP.2)), Da, = diag(f(|W'|.2), Wy = eFAnoeziDingyn,

However, when considering non-homogeneous boundary conditions, the two pos-
sibilities which in principle turn up have serious drawbacks:



(i)

If we first integrate (1) in space and then in time, a differential system
like this turns up

Up(t) = iAnoUn(t) + iCrg(t) + if ([Un|.?).Un, (8)

As we will describe in an example in Section 7, Crg(t) grows when h
diminishes. As Strang method applied to

U/:AlU—FAgU-l—F(t)

leads to

k
Ut = 3 Mo (o3 A BT 4 kF(t + 3),

when integrating (8),

Uptt = e31D2n g5 iAN 0 (e%zAh”Oe%ZDl’"U}? + ikChrg(t, + 5)),

where

Dy = diag(f(|U}].)),
D27n _ d1ag(f(|W,7|2)), W}rLL _ engh,o (G%ZA’“OG%lDI’"U}? =+ ikChg(tn + 5))

As we will see in Section 7, this leads to very poor results. The reason for
that is that Cjg take very big values when h — 0.

Another possibility which has been used in the literature for Runge-Kutta
methods on linear problems [9] and splitting methods in diffusion-reaction
problems [13] is to consider the solution of

Az(x,t) = 0, x€Q,
9z(t) = g(b), (9)

which is usually denoted as Ka(0)g(t). Then, making the difference
with (1), the following initial boundary value problem with homogeneous
boundary conditions turns up for w = u — z:

wy = iAw— 2z +if(Jw+ 2]?)(w + 2),

w(x,0) up(x) — 2(x,0), x€Q,
ow(t) = 0.

When decomposing the equation as

w, = iAw+if(]z]*)z — 2, (10)
we = if(lw+z)(w+2) —if (2], (11)

the corresponding splitting would probably not show order reduction ac-
cording to arguments similar to those in [13]. However, this procedure



has the following drawbacks: On the one hand, at each step, the calcu-
lation of z through (9) is necessary. In the one-dimensional case, that
just corresponds to a straight line and can be calculated analytically, as
well as z;. However, in more dimensions, that would mean to solve two
elliptic problems at each step (one for z and another for z; with boundary
g¢) when the boundary conditions and their derivatives depend on time.
On the other hand, the linear part (10) is not as directly solvable as (2)
because a source term turns up now and what is more serious, |w + z|? is
not an invariant of (11) and therefore, that equation cannot be solved as
if it were linear. Therefore, to integrate each of those parts, an additional
time integrator would have to be used.

In the description and analysis of the procedure which is suggested here
to avoid order reduction, we will use 1 (itAg), p2(itAg) and @3(itAg), where
{¢;} are the standard functions which are used in exponential methods [16] and
which are defined by

1" s T ,

Besides, the following is well-known to be satisfied [16]:

Pie) = 62; 1’ pa(z) = %’ p3(z) = %

N

(13)

These functions are bounded in the imaginary axis, which is the place where the
eigenvalues of itA lay, because A is a selfadjoint operator in L?(2). Therefore,
etBo o1 (itAo), p2(itAg) and @3(itAg) are operators which are bounded in L2-
norm for real ¢.

3. Description of the technique

In this section, we describe how to apply directly Strang exponential method
to nonlinear Schrodinger equation with nonhomogeneous and possibly time-
dependent Dirichlet boundary conditions in such a way that no order reduction
is shown. The main idea is to integrate (1) firstly in time with suitable boundary
values for the evolutionary partial differential equation and just then, to apply
the space discretization to the problems that turn up.

3.1. Time semidiscretization

Starting from the numerical approximation u™ at time t,, for the time inte-
gration of (1), we firstly tackle the nonlinear part of the problem (3) and then
solve

vp(s) = if(Ju"*)va(s),
v(0) = ", (14)



considering its value at s = k/2. Secondly, in order to integrate the linear part
(2), apart from an initial condition, we must also suggest a boundary. As we
take as initial condition for this problem v, (%), for the boundary we consider
the first-order Taylor expansion at s = 0 of the searched function w,, satisfying
(2). More precisely,

k k
wy, (0) + sw’, (0) :vn(§)+siAvn(§). (15)
On the other hand, in order to approximate this from the data which are given
in the original problem (1), we will consider the following approximation for

vn (%), which comes from (14),

on(5) = ultn) + i (u(tn) )u(tn). (16)

2
Neglecting then terms of second order in k and s, when u € H*(Q) and
f(Jul*)u € H*(Q), we consider the solution of

wh(x,8) = iAw,(x,5), x€Q, (17)
wn(x,0) = wvp(x, g), x €,
wn(s) = Olu(tn)+ gif(|u(tn)|2)u(tn) + stAu(ty)],

= g(tn) + gz‘ﬂlg(tn)l?)g(m + 5(9¢(tn) = 1/ (lg(tn)[*)9(tn)]-

Here (17) is understood in a generalized sense, in the same way that e*“0uy is
understood when dug # 0 (see [6, 17]). Notice also that the last equality just
comes from (1) considering that

OiAu(ty)] = Olue(tn) — if (Jultn)*)ultn)] = ge(tn) — if (lg(tn)*)g(tn).  (18)

Finally, evaluating w, at s = k and integrating again the nonlinear part of the
problem (3), we get

z(s) = if(lwn(k)[*)zn(s),
2n(0) = wy(k), (19)
and then we consider
"t = ZTL(%)' (20)

Remark 1. Notice that higher order terms of asymptotic expansion for the
boundary of wy(s) cannot be calculated from data since

k

k. k2
vn(5) & ultn) + Sif(Ju(tn)P)ultn) = < f(lu(tn)*)*u(tn),



and then,

wy (0) + sw!, (0) + %w;{(O) = vn(g) + siAvn(g) — %A%n(g)
u(tn) + i f(Ju(tn)|*)ultn) — %f(|u(tn)|2)2u(tn)

The trace of all these terms can be calculated except for OA(f(Ju(tn)|?)u(ty))
and OA2u(t,) at the same time. Notice that, from (18),

OBy (tn) = —igee(tn) — %[f(lg(tﬂz)g(t)]ltztm

and from (1),
OAu(t,) = 10Au(ty,) +i0A(f(|u(ty)*)u(ty,)).

Therefore, the sum of both terms can be calculated but not both of them sepa-
rately.

3.2. Final formula after space discretization

When the space discretization is applied to (14),(17),(19), the following sys-
tems turn up:

Vi o (s) = idiag(f(|UR|*)Vin(s),
Vin(0) = UR,
W) = 40,0 Wi () + iCilg(t) + i F(lg(t)2)g(t)
+5ge(tn) — if (l9(ta)[P)g(ta))),  (21)
Wi 0) = Vin(3),
Zp n(s) = idiag(f(|Whn(k)].?) Znn(s),
Zh,n(o) = Wh,n(k)

Notice that the solution of (21) at s = k is

: k
Win(k) = €40V, 0(2)

k
ti / =40, [g(t) + i (1) 2)glt0)) + slgr(tn) — 17 (1g(t) )t ds.

Therefore, the final formula for the implementation is the following. Starting
from Uy = Pjug and denoting V;* =V}, ,,(%), W = Wy, (k) and Ut = 27 =



Zpn(%), from each U} we calculate Ut in the following way:

v = esdiagaunimngn,

irn i (rn . . k

Wit = MOV ik (ikApo) Chlg(tn) + i F (|9(bn)[*)g (tn)]
ik 02 (ik Ap,0)Chlg: (tn) — if (|9(tn)|*)g(tn)],

Urtt = eisdiaguawi ) ypn, (22)

Remark 2. Notice that the information on the boundary for the numerical inte-
gration of (1) enters at each step through multiplication by matrices v1(ikAno)
and 2 (ikAp,0). Although one could think that the computational cost of calcu-
lating each of those terms is similar to that of calculating eikAthVh”, i practice
that is not the case for finite differences. In such a case, the vector Cy[-] has
many vanishing components and therefore just some columns of ¢1(ikAp,0) and
pa(ikAp0) are in fact necessary, which are of the order of the number of grid
nodes on the boundary, O(N9~1) against O(N?) for the total number of grid
nodes where d is the dimension of the problem and N the average number of
grid nodes in each direction. (Look at Section 7 for a particular example in one
dimension in which just two columns are necessary.) For fixed stepsize k, once
those columns are calculated at the very beginning, just a suitable linear com-
bination of them must be added to the method at each step with this procedure.

4. Local error

4.1. Local error of the time discretization

In order to study the local error, we consider the value "' obtained in (20)
starting from u" = u(t,) in (14).

Theorem 3. Let us assume that the solution u of (1) satisfies

(i) we C([0,T], H (%)),
(i) f(|ul*)u € C([0,T], H*(Q))
(iii) f(jul*)*u € C([0,T], L*(2)).

Then, when integrating (1) with Strang method using the technique (14),(17),
(19),(20), the local error ppy1 = u(tpy1) — Uny1 Satisfies

Hpn+1||L2(Q) = O(kQ)-

Proof. Similarly to (14),(17),(19) and (20) and defining

wn,B(8) = ul(tn) + Z'gf(IU(tn)IQ)U(tn) +isAu(tn), (23)



we now consider the solutions of the following problems
T (s) = if (lu(tn)[*)Tn(s), T (0) = ultn),
w,(s) = iAw,(s), w,(0)= En(g), Own(s) = 0w, g(s),  (24)
Z(s) = if ([ (K)[*)Zn(5),  Zn(0) = Wa(k),

Then, 7" = z,(%). Notice that

Bal3) = 510 (1,) = ultn) + i3 f(Julta)Pulta) + OG),  (25)

where the residue is bounded in L?-norm because of hypothesis (iii). Then, for
the difference Wy, (s) — wp, (), we have the following:

W, (s) — why p(s) = z'A@n()—iAu( )
= iAWn(s) — wn () + iA(w, 5(s) — u(ty))

= 1A(Wn(s) —wn,B(s)) - gA(f(IU(tn)P)U(tn) — sA%u(ty),

Tu(0) ~wa5(0) = e HOOIu(a,) —u(ty) — it f(fu(t)Pults),
O(w(s) —wn,p(s)) = 0.

Then, through a variation-of-constants formula,
Tia(s) — w () = €20 (1) —u(ty) — i F(ulta) )]
—§<P1(i8Ao)A(f(|U(fn)IZ)U(tn)) — 5% pa(isDo)A%u(t,) = O(K?). (26)

Because of the boundedness of e?*&o

(i) and (ii), this implies that

,01(1kAg) and @2 (ikAg) and assumptions

Wn(k) = wu(ty)+ gif(|u(tn)\2)u(tn) + kiAu(t,) + O(k?),

artt = zn(i) = eigf(\ﬁn(k)lz)@n(k)
= u(ty) + kif(Julty)?)uts) + kiAu(t,) + O(k?) = u(tni1) + O(K?).
|
4.2. Local error of the full discretization
In order to define the local error after full discretization, we consider
— - k
Unns1 = Znn(3) =€ i5diag(F(WanWI2DT7, (&), (27)



where Wy, ,,(s) solves
Whn(8) = i4n0W hn(s)
+iCrlg(tn) + igf(\g(tn)lz)g(tn)) +5[ge(tn) — if(J9(ta)[*)g(tn)]],
W (0) = V,w(g) _ it diagPuuen ) by (1), (28)
Then,
Whn(k) = eFAmoeisdaGUEIPLuE)) Py oy 1)

k
+i/0 el k=)Ao G [g(tn) +i§f(|9(tn)\2)g(tn)) +s(ge(tn) — if (l9(ta)*)g(tn)]]ds,

which can be inserted in (27).
We now define the local error at t = t,, as

Phn = Phu(tn) - Uh,n,
and study its behaviour in the following theorem.

Theorem 4. Under the same hypotheses of Theorem 3, assuming also that f
18 locally Lipschitz continuous, that

u, f([ul*)u, Au € C([0, T, Z), (29)

for the space Z which is defined in (H2) and hypotheses (H1)-(H2) for the space
discretization, when integrating (1) with Strang method as described in (22),

1pnmt1ll22 () = Ok? + ken), (30)

where gy, is that in (5).

Proof. Notice that

Phnt1 = Pru(tni1) — Unnt1 = Pupns1 + (Potinsr — Unnst)-

Then, from Theorem 3, the first term is O(k?). In order to bound the second
term, we take into account that

— k. — k
Prptunt1r = Unpy1 = Ph§n<§) - Zh,n(§)
= P, [¢' 3/ (@0, (k)] — 5 VABUIWin®INTT, ()
= ¢ #dBgPLI (T (W) P75, (k) — iAW WINTT, | (k)

— [ez‘%diag(mum(m\?)) _ eiédiag(fum,n(k)l?))]pmn(k)

ot 8RB LD Py, (k) — T (k) (31)

10



Then, considering (23),(25) and (4),
Pyw,, g(s) = iPyAu(ty,)
= i[PyAw, g(s) — igPhA(fﬂu(tn)\Q)u(tn)) — isP A2u(ty,)]
= iApoRpwn,B(5) +iChow, B(s) + gPhA(fﬂU(tn)F)U(tn))
+5P, A2uf(ty,)
= iAh’OPhwn}B(S) =+ iChawn,B(s) =+ ’L'Ah’o(Rh — Ph)wn,B(s)
JrgPhA(f(\u(tn)F)u(tn)) + s P A2u(t,)
Puons(0) = Puulta) + i f(|Pau(tn)|)-Pru(ta). (32)

Making now the difference with (28), we have that

Puwly 5(s) = Wy o(s) = iAno[Pawnp(5) = Whn(s)] +iAno(Rn — Pr)wn p(s)
PSP (fultn) Putn)) + sPuA%u(t),
Phme(O) — Wh,n(o) = Puyu(ty) + ’Lgf(lphu(tn”Z)Phu(tn)

5 diag(Puu)1 ) pyy(r,)

)

which implies that

k
Prwn (k) — Whn(k) = e®4noO(k?) +i / e k=9)4n0 A, o(Ry, — Pr)wy, p(s)ds
0

ko k
4 [ eI P A (ut)Pulta) + sPaARu(ta)) = Olhen + 1)
0

The last equality is deduced from (H1) and (5) using also that w, g(s) € Z
because of (23) and (29). Now, from (26), it is straightforward that

Py (k) — Whn(k) = O(kep, + k2). (33)

On the other hand, by considering the component-wise Taylor expansion of the
exponential,

i diag(Puf([w. (8)%) _ i diag(f(Wh.n(k)].%))

= ig[th(\@n(k)IQ) — F(Whn(B)]2)] + O(k?) = O(K*(en + 1)),

where we have used (33), the fact that f is locally Lipschitz continuous and that
Wy, (k) is bounded because of (26). Inserting this together with (33) in (31), the
result follows. U

11



5. How to conserve symmetry when avoiding order reduction

Splitting exponential methods integrating nonlinear Schrédinger equation
have the big advantage of integrating the linear and nonlinear part of the equa-
tion in an exact way, except for the error coming from the space discretization
or from the boundaries which are implicitly imposed when integrating the lin-
ear part. Apart from that, Strang method has the additional attractive feature
of being in principle a symmetric method and therefore conserving the time-
reversibility of the equation. The technique to avoid order reduction which is
described in the previous section implies to lose that symmetry because the
boundary for w, which is suggested in (17) is based on an asymptotic expan-
sion of v,(£) at s = 0 and therefore depends on values of the boundary of
the solution at ¢,. If we want to preserve symmetry, when integrating back-
wards from t,,41, that boundary should be the same. In this section, we will see
how to conserve that symmetry when avoiding order reduction and moreover,
independently of the space discretization being used for the Laplacian.

When integrating regular enough solutions of ordinary differential systems,
symmetry implies that the local error behaves as O(kPT!) with even p [15].
Unfortunately, this is not the case here and therefore we will not be able to
increase the order of the local error by conserving symmetry. The reason which
makes that the argument for ODEs cannot be applied here is that we do not
have an asymptotic expansion of the local error with a term in k2 and another
one in k3. (In the proof of Theorem 3 we had to stop at k? because of the
unboundedness of the operator Ag.)

5.1. Modification of the technique and proof of symmetry

Instead of approximating v,(%) as in (16), we can consider
k k.
Un(g) ~ u(thr%) - 57’Au(tn+%)a

which just differs from (16) in O(k?) because of (1). Then, substituting this
expression in (15) and neglecting terms of second order in k and s, we suggest
the following for the boundary of w,, which can again be calculated in terms of
data because of (18):

Pwa(s) = Oultyyy) + (s — D)idAult,y)

= Gl + (5= Darltnry) — it ) Poltr )] (39

Inserting this in (17) and applying afterwards the space discretization, the fol-
lowing formula is obtained for W;", which is the only one which must be changed
in (22):
W}? = ¢tkAn.o0 V,:L + 1k (ikAh’())Ch [g(t,H%)
k )
19t s) — 3719t )Pt
ik oa ik An0)Clgr (ts 1) — i 19ty 1)P)gltn 1) (35)

12



The following theorem states the symmetry for the time semidiscretization.

Theorem 5. The procedure given by (14), (17) with boundary (34), (19) and
(20) to integrate (1) with Strang method is symmetric.

Proof. Tt suffices to see that, starting from u"*! and advancing with stepsize

—k with tlge same procedure, we arrive at u”. For that, notice that u"*! =
ok

e 3/ wn(B)Dqp, (k) and therefore [u"t'| = |w,(k)|. Now, for the backwards

integration we will use tilde notation and, in a similar way to (14), we have

Upga(s) = if ([u" ™ 2) 041 (),

Opt1(0) = u™th,

Therefore, T,41(—%) = e~ BT ) i F(lwn )Py, (k) = wy (k). Then, the
equivalent of (17) with boundary (34) changing k& by —k and starting from the
latter function is

Wpy1(s) = iADn4(s),
u~1n+1(0) = w’ﬂ(k)v
Onir(s) = ltasy) + (5 + Doty y) — iF (gl ) Dot )]

It is direct to see that w,4+1(s) = w,(s + k) because both functions satisfy the
same equation, have the same value at s = 0 and have the same boundary.
As a consequence, Wn41(—k) = w,(0) = v, (%). Taking this into account, the
equivalent to (19) would be

k

Zuia(s) = if([on(H)")zn1a(s),

. k

Zn41(0) = 'Un(§)a
and therefore Z,,1(—%) = e—i%f(lvn(%)|2)vn(§) As v, (E) =€ 5 S (unf? )u and
then v, (5)] = [u"], it follows that Z,q(—E) = e~ i3/ eisf(u"F)yn — yn,
which implies the result. ]

The next theorem assures that the symmetry is also conserved exactly after
space discretization for any diagonallizable discretization of the Laplacian with
vanishing boundary conditions and any operator C}, concerning the boundary.

Theorem 6. Whenever Ay, is diagonallizable, the procedure given by (22) with
W substituted by (85) to integrate (1) with Strang method is symmetric.

n+1
Uh

Proof. As in the previous theorem, we will see that starting from and

advancing with stepsize —k, we arrive at Up'. As UM = ei%diag(lf(W,j”)\?)Wg,
going backwards

Ve = emihdiagUrqut 1) b diag Wi ) pm — yim

13



Then, considering this in (35) with k substituted by —k,

%) - if(lg(tn+%)|2)g(tn+%)]]
) = if(lg(tny1)))g(tny 1))

x i R . . k
W}’;L+1 — e ikAnpo Wit — Zk(pﬂ—lk‘Ah’o)Ch [g(thr%) + §[gt (tn+
—‘r’ik’z(pg(—ik/’Ah)o)Ch [gt(tn+

1
2
Substituting then here W,’LL by the forward expression (35),

Zn —i % orn ; ; k )
Wittt = em®Ano ) gRAnOV 4 ik (ik Ano)Cn[9(ta s 1) — Sl0tr ) = if(l9(tus )1 g (s 1)]]

k%0 (ikAn0)Cilae (b 1) — i (19(tn ) P)g(tn )

—ik1(—ikAno)Ch[g(tns1) + g[gt(tn+%) — i f(l9(tns 1)P)g(t s 1)]]
+ik?p2(=ikAn0)Chlge(tnss) = if (190t 1)1*)9(tngs)]-

= Vi iklem 00 (ikAno) — 1 (=ikAn0)]Crg(t, 1)
Lik?[ - %(e—ikAhwwl(z‘kAh,o> + g1 (—ikAp o)

e A0 0o (ik Ap o) + 2(—kAR0)] Chlge(tus 1) — if (|9(tas )P gt )]

Now, notice that the coefficients of k and k? vanish when Ay, o is diagonallizable
since, because of (13),

e p1(2) —p1(—2) =0,

5 0(E) + @r(=2) + e 0a(2) + a(—2)

—z)—e %
=—<p1(—z)+(p1( ) - =0.
z z

Therefore, W' = V;* and considering that V}* = eigdiag(f(‘Us"'2))Uﬁ,

g+t = mikdiag W2 e — —ikdiag(( v P = g

5.2. Local error

In a similar way to Theorem 3, we do have the following result:

Theorem 7. Let us assume that f in (1) is a continously differentiable function
and that the solution u of that problem satisfies, apart from hypotheses (i), (ii)
and (iii) in Theorem 3,

(iv) f'(lul*)u*Au € C([0,T], L*(Q2)),

(v) f(lul*)Au € C([0,T], L*(Q)).

14



Then, when integrating (1) with Strang method using the procedure (14), (17)
with boundary (34), (19) and (20), the local error ppi1 = w(tn+1) —TUnt1 Satisfies

pnt1ll 220y = O(K?).
Proof. This is proved in the same way as Theorem 3 with the difference that
now the boundary for w,(s) is given by
k..
wn,SB(S) = u<tn+%) + (S - 5)2Au(tn+%)7

and

_ ik fllu 2 k .

W, (0) — wp,sp(0) = 371y ) — u(thr%) + §2Au(tn+%).

By considering asymptotic expansions on k around u(t,), this expression can
be calculated to be O(k?) in the L?-norm because of assumptions (i)-(v). [

From here, with the same proof as that of Theorem 4, the following result
follows.

Theorem 8. Under the same hypotheses of Theorem 7 and assuming also (29)
for the space Z which is defined in (H2) and hypotheses (H1)-(H2) for the space
discretization, when integrating (1) with Strang method as described in (22) with
W substituted by (35),

lpnnt1llz2 @) = OK® + ken),

where e, is that in (5).

6. Global error

For the sake of brevity, we will focus here on the global error coming from the
time semidiscretization, which is the main aim of the paper. We will see that,
although classically local order 2 leads to global order 1, under assumptions of
regularity a summation-by-parts argument applies and global order is also 2.

Theorem 9. Under hypotheses of Theorem 3 (resp. 7), assuming also that
F(jul*yu € CH([0, T, HY(Q)),u € CH([0,T], H()), (36)
and that the following functions are well defined in C*([0,T], L?(2)):

FQul?Yu, f () A (ulu), £(ul?) A%, £/ ([u?)u? A (ul?)u), f/([u?)u? A2,
F1ul?) £ (ulyu? A, f(ulyul Aul?, f(ul?)u® Au, (Aw)*u, f(ul®) Au, w, (37)

applying the technique which is stated in the above theorems, it happens that

H6n||L2(Q) = O(kQ)-

15



Proof. Firstly, notice that, as f is continuously differentiable, if u1,us € L?(£2),
30y, — i8I 0ulyy = (uy — uy) + gE(Ul, uz),
where, for some constant C,

| E(u1,u2)| r2(0) < Cllur — uzl|2(q)-

Considering the notation e, = u(t,) — u™ for the global error, the standard
argument to relate it to local error gives:

enp1 = u(tpyr) —u™ = (u(tnyy) =@ + @ —um )
= purr 4 [ TR0 (k) — S ®Dy (1]
k
= pnt1 +Wn(k) — wn(k) + §E(wn(k)»wn(k))a (38)
Now, making the difference between (17) and (24),

(k) — wa (k) = 420, (5) — v (5))

= kDo (i 5 ()P ¢, ) — ei5 F(u"F)yny = gikBo(e, 4 SE(U(%)?U”)),
which, inserted in (38), implies that
eng1 = pna1 + PP, + EF (u(t,), u™),
where
[F (u(tn), u™)llL20) < C'llenllz2@)- (39)

Applying this inductively, as eg = 0,

n—1

ey = z": ei("_l)kAOpl +k Z ei(”_l_l)kAOF(u(tl), ul). (40)
1=1 1=0
Now we use the decomposition
n n—1 n—1 j—1
Zeik(nfl)Aopl _ (Z eirkAo)pl + Z (ZeirkAo)(pnfjJrl _ Pnfj) + pn, (41)
1=1 r=1 j=2 r=1
and we consider that, as stated in [11], for any n € H2(2) N H}(Q),
n—1
1kido > e 2on] 20y < TlInll 2 (0)-
r=1

Then, by proving that ||A61p1 | m2(0) = O(k3) and ||Aal(pn,j+1—pn,j)HHz(Q) =
O(k*), and inserting this in (41) and then in (40), the result follows by applying
discrete Gronwall’s inequality.

16



ERROR
=
o
T
I

Figure 1: Local error (*) and global error (o) with vanishing boundary conditions

For the sake of brevity, we will restrict the proof of [| Ay pu [l g2(0) = O(k®)
to the case of the assumptions of Theorem 3. Notice that, in such a case, if we
allow to use unbounded operators Ag, by using (13), we can write w, (k) in (26)
as
_ K 2 ;
wn (k) = u(tn) + iz f(ultn)[*)ultn) + ikAu(ty)

2
2

(0 + ik ik 80)) (5 Pt u(ta) + S F(ult)) (k) + )
B ik Do 8)AF (fu(t) PJut)

1
—k‘z(il + ik‘Aotpg(ikJAo))AQ’u(tﬂ).
By inserting this in
Ay pnyr = AFY [eigf(lm(k)\"‘)@n(k) —u(tpi1)],

and making the corresponding asymptotic expansions on k, it can be checked
that the coefficient of k% vanishes and that of k3 is bounded in H?(Q) because
of the hypotheses of regularity. Moreover, because of the same hypothesis, the
expression is continously differentiable in ¢,, and therefore one more power of k
can be obtained for the difference | A" (pn—jt1 — pn—y)|l mr2(0)-

|

7. Numerical experiments

In this section, we will show some numerical experiments which corroborate
the previous results. For that, we will integrate the one-dimensional problem

17



k 01]5x1072]25x%x1072 | 1.25 x 1072
Local order 3.42 3.17 2.97
Global order 1.65 1.87 2.07

Table 1: Orders for the local and global error with vanishing boundary conditions

ERROR
=
o

Figure 2: Local error (*) and global error (o) with non-vanishing boundary conditions, avoiding
order reduction without conserving symmetry (cont. line), avoiding order reduction conserving
symmetry (dash-dotted line) and not avoiding order reduction (discont. line)

k 6.25 x 1073 [ 3.125 x 1073 [ 1.5625 x 10~3 [ 7.8125 x 104
Local order 2.26 2.26 2.27
Global order 2.47 2.31 2.40

Table 2: Orders for the local and global error with non-vanishing boundary conditions using

procedure (22)
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(1) in Q = (a,b) with f(x) = 8z and data up and g such that the solution is

1+ 3sech(z)?(e% — 1)
1 — 3sech(z)*sin(4t)? '

u(z,t) = e'sech(x)

Notice that this solution is very regular and therefore all hypotheses (i)-(v) in
Theorems 3 and 7 are satisfied, as well as (29) in Theorems 4 and 8 and (36)-(37)
in Theorem 9.

For the space discretization of the Laplacian we will consider the second-
order symmetric difference scheme, for which

L 10a(0).0, .0, g (1)),

1 ..
Apo = —thdlag(l, —-2,1), Cpg(t) = 7z

h
where g¢,(t) and g(t) are the Dirichlet boundary conditions at the interval end-
points. As Ap o is symmetric and its eigenvalues are real, (H1) follows with
M = 1 because the spectral radius of e®4».0 is 1. Moreover, it is well-known
that (5) is satisfied with Z = H*(a,b). Even more, (H2a) is satisfied because if
u € H*(a,b), Ay'u € HS(a,b) C H*(a,b).

When considering (a, b) = (—50, 50), the boundary conditions can be consid-
ered as homogeneous and therefore, in such a case, no order reduction is shown
when integrating (1) directly through (7) with Strang method. Figure 1, which
shows the local and global error against the stepsize k when integrating till time
T = 1, corroborates that for h = 1/64. (This value of h makes the error in space
negligible compared to that in time.) Notice that, in this case, procedure (22)
is in fact the same as (7). In fact, Table 1 shows the estimated values of the
orders which come from consecutive values of the error and order near 3 can be
observed for the local error and near 2 for the global one. Notice that, in this
case, the additional values for the boundary of wy,(s) which would be required to
obtain order 3 according to Remark 1, would vanish and therefore this explains
that order 3 is observed for the local error.

However, when (a,b) = (0,1), the boundary conditions are not homogeneous
any more. Then, applying Strang method directly to (8) as described in the
preliminaries gives rise to very bad results which do not even diminish when
the considered values of the time stepsizes decrease. That can be observed in
Figure 2, where h = 1/400 has been used for the space discretization. However,
when applying the technique (22) which is justified in this paper, order even a
bit more than 2 is observed for the local and global errors, as Figure 2 and Table
2 shows. This corroborates Theorems 4 and 9. Moreover, if (22) is applied with
W,? calculated through (35), the symmetry of the method is conserved and no
order reduction is either shown, as it can be observed in the same figure and
in Table 3. Theorem 8 and again Theorem 9 are then corroborated and the
numerical results show that the approximation is more accurate.

Moreover, we remember that the cost of avoiding order reduction is negligible
compared to the rest of the calculations, as it was explained in Remark 2. In
that sense, we give a comparison in terms of CPU time, for this problem, when
considering the technique in [13], which was explained in part (ii) of Section
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k 6.25 x 1073 [ 3.125 x 1072 [ 1.5625 x 1073 | 7.8125 x 10~ %
Local order 2.28 2.27 2.26
Global order 2.17 2.29 2.88

Table 3: Orders for the local and global error with non-vanishing b. c. using procedure
(22) with W} substituted by (35) and therefore conserving symmetry for Strang method,
h=25x1073.

2. In the same way as in that paper, Crank-Nicolson has been used for the
integration of (10) and the classical fourth-order Runge-Kutta method for (11).
As for the methods which are suggested in this paper, we have calculated the
terms of the form e’*4roU, by using the fast sine discrete transform, taking
into account that the eigenvalues and eigenvectors of Ao are well-known in
this case and that an argument similar to a fast Poisson solver can be applied.
It is clear from Figure 3 that the method in [13] also leads to global order around
2. However, the symmetric method which is suggested in this paper manages
to get the same error with less computational time. In more dimensions, the
comparison would be more favourable for the generalizations of Strang method
which are suggested here since the calculation of z in (10)-(11) would not be so
direct and would imply an additional cost.

10

10

error

10 °F

10" .

10~ 10 10
cpu

Figure 3: Error against cpu time when h = 1/400 and the values of k in Table 2 for the
non-symmetric technique suggested here (o and continuous line), the symmetric technique
suggested here (* with continuous line) and the technique suggested in [13] (+ and discounti-
nous line)
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