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Abstract

In this paper, we study the efficient solution of the nonlinear Schrédinger/équation with wave operator,
subject to periodic boundary conditions. In such a case, it is known that|its solution conserves a related
functional. By using a Fourier expansion in space, the problem is at first“casted into Hamiltonian form, with
the same Hamiltonian functional. A Fourier-Galerkin space semi-discretization then provides a large-size
Hamiltonian ODE problem, whose solution in time is carried out by“:means/of energy-conserving methods
in the HBVM class (Hamiltonian Boundary Value Methods). The efficient implementation of the methods
for the resulting problem is also considered and some numerical.examples are reported.

Keywords: Nonlinear Schrodinger equation, Hamiltonian problem, Wave operator, Energy-conserving
methods, Hamiltonian boundary value methods
MSC: 65P10, 65N40.

1. Introduction

In this paper, we deal with the numerical solution of the following nonlinear Schrédinger equation with
wave operator:

gt (2,1) — gy (x, 1) + 2iadiy(x, t) BO(x) f (Julz, t)[*)u(z, ) = 0, (z,t) € Q:=a,b] x [0,00), (1.1)

where, as is usual, the subscript denotes the partial derivative w.r.t. the given variable. Moreover, i is the
imaginary unit, o andse 7 0 are real constants, and 8 and f are real functions, with f’ the derivative of f.
Equations of this type have many different applications in Physics, such as nonrelativistic limit of the Klein-
Gordon equation{25, 26, 28], Langmuir wave envelope approximation in plasma physics [4], model of planar
light bullets [2, 84] and, so forth. For this reason, it has been subject of investigation, both from a theoretical
(see, e.g., [21]). and, more recently, also from a numerical point of view (see, e.g., [1, 19, 20, 23, 24, 29-33]).
We here consider the case where the equation (1.1) is completed with the initial conditions:

u(z,0) = up(x), ur(x,0) = vo(x), x € [a,b], and periodic b.c. (1.2)

Consequently, both ug and vy will be assumed to be periodic functions, regular enough (as a periodic
function). We shall also assume 8 to be periodic and suitably regular, even though the periodicity would

*Work supported by Universita di Firenze (project “Risoluzione numerica di problemi Hamiltoniani ed applicazioni”) and
NSFC (Grant No.11571128).
*Corresponding author.
Email addresses: luigi.brugnano@unifi.it (Luigi Brugnano), cjzhang@mail.hust.edu.cn (Chengjian Zhang),
dfli@mail.hust.edu.cn (Dongfang Li)

Preprint submitted to submitted to Elsevier December 30, 2017



be not strictly needed (see Remark 3.2 below). Also f is assumed to be suitably regular. It is known by the
following Theorem 2.1 that the solution of problem (1.1)—(1.2) conserves the functional:

1 b
Hul(t) = 5/ ue (2, ) + ¢fuq (x,1)]* + B2) f(|u(z,t)|*) dz, (1.3)

so that
Hlul(t) = H[u](0), vt > 0. (1.4)

Hence, the conservation property (1.3)—(1.4) is important for the correct numerical simulation of such prob-
lem. As an example, when 8(z), f(§) > 0, x € [a, b], £ > 0, the conservation of (1.3) impliessthe boundedness
of the partial derivatives of the solution. This, in turn, implies the boundedness of the‘solution, upon reg-
ularity assumptions on g, f, ug, vo are made (see, e.g., [33] or Corollary 2.4 below). Imaddition to this, the
conservation of the Hamiltonian functional has proved to confer more robustness on, the numerical solution
(see, e.g., [3, 6], for the nonlinear Schrodinger equation and the semilinear wave4€guation, respectively). For
this reason, in this paper we are concerned with the numerical solution of problem (1.1)—(1.2), while exactly
conserving an arbitrarily high-order approximation to (1.3). We would like to emphasize that we shall here
consider the case where in (1.1) = € [a,b] (i.e., the 1D case), even though the arguments can be naturally
extended to the case where x € [a1,b1] X -+ X [ag,bq], with d > 1 (in whichease, u,, becomes Au).

With this premise, the structure of the paper is as follows: in Section 2 we.cast the problem into real form,
also verifying the conservation property (1.3)—(1.4), moreover, we'tecast the problem into Hamiltonian form,
by considering a Fourier-type expansion in space; next, in Séction 3,we consider a semi-discrete problem,
which amounts to a large-size Hamiltonian system of ODEsjmin.Section 4 we sketch the basic facts about
Hamiltonian Boundary Value Methods (HBVMs), which we'shall use to solve the problem in time while
conserving the energy, and also explaining the details about their efficient implementation for the problem
at hand; in Section 5 we collect some test problems;@at last] in’Section 6 we report a few concluding remarks.

2. Fourier expansion in space
To begin with, let us pose the problem (1:1)—(1.2) in real form. By setting
u(@,t) = p(z,t) +iv(zA),  Nwlz) = po(z) +ivo(z),  vo(z) = ¢1(x) + i (2), (2.1)
the real and imaginary parts of the imvolved functions, we see that (1.1) can be rewritten as

et A€ Pue 2200 + B() f1 (9 + %) = 0, (2.2)
Yt 2 Va0 + 200 + B) f (PP + 0P = 0,  (z,t) €L

Hereafter, for sake of bfevity, we often avoid to explicitly mention the arguments (z,t). Finally, the initial
conditions (1.2)/become

(p($70) = Wo(x)a w($70) = wo(l")a g@t($70) = (Pl(x)7 ’(/Jt(:LO) = 1#1(33)7 T < [Ov 1]7 (2.3)

with periodie,betindary conditions. In a similar way, the functional (1.3) becomes

b
PO = 5 [ et + 66 + Ploalant + (e, 02) + 8@l (ot +6(w ) do. (24)

In the sequel, when not necessary we shall also omit the arguments (z,t) for the functions appearing in the
functional H, for sake of brevity. By using (2.2) one proves the conservation of the fucntional #.

Theorem 2.1. The functional (2.4) is conserved along the solution of problem (2.2)-(2.3).
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Proof. In fact, one has, by using (2.2), integration by parts, taking into account the periodic boundary
conditions, and denoting, as is usual, with the dot the time derivative:

b
Hlp, ¥)(t) = / Prpre + Vit + Elpepat + Yathar] + B(@) (0 + ) (ppr + i) da

b
= / ot + Vet — lorPus + Vethaa] + BE) (0> + 92 (s + Piy) da

b
/ Pt [ﬂptt — Py + 5($)f/(802 + 1/)2)80} + Py [T/Jtt — Pty + 5(35)fl(902 + ¢2)¢] dx

b
/ ot[2a1;] + Y[ —2ap] dx = 0.
This implies the theorem holds. 0O

Next, because of the periodic boundary conditions, we expand the functions ¢ and v in space, by using
the following orthonormal basis for periodic functions in L?|a, b],

29, - 2 -
¢i(x) = b_éocos<27rjz_s>, i>0, s;(z) = b_asin<27rj§_z>, i>1, (25)

with ;0 the Kronecker delta, such that for all allowed values of‘i andw:

b b b
/ ci(z) ¢j(x)der = 6;; = / si(z) sp(e)de, / ci(z) s;(z)dz = 0. (2.6)
Consequently, for suitable time dependent coefficients,y; (¢), n;(t), a;(¢), 8;(t), one has the expansions:

p(x,t) = col@n®F D ci(@)(t) + s5(x)n;(t),

] 2.7)
Yo, t) A co@)ao(t) + > cj()ay(t) + 55(x)B5(t).

Jj=1

Thus, the periodic boundary’conditions result to be fulfilled. The expansions (2.7) can be cast in a more
compact form, by defining-the infinite vectors

co(z) Yo(t) ag(t)
A I
s1(z 1(t 1(2
w@) = o |2 a®=| wir |+ O =] a |- (2.8)
s2() n2(t) Ba(t)
as follows:
p(z,t) =w(@) qit),  ¢(z,t) =w(x) ga(t). (2.9)
In so doing, we can easily compute the partial derivatives:
(Pt(xat) = ’w(ZL')qu(t), @tt(mvt) = ’w(SL')T(jl(t),
1T e N\T (2.10)
pr(xvt) =w (:L') ql(t)a @mz(mvt) =w (CC) ql(t)v

and similarly for . The following result holds true.



Lemma 2.2. Let us define the matrices

0 —1 _ 1 0

and the following infinite matrices:

0
-~ 2 1. JQ ~
D:b—a 2J2 :_DTa (212)
0

2 121

~ ot~ 2 2
D=D'D= 2, . 2.13
(ba) 22. 1, (2.13)

Then B

w'(z) = Dw(z), w"(zr) = —Dw(z). (2.14)

Proof. The first equality in (2.14) follows by observing that {see (2.8) ans (2.11)—(2.12))
0
—s1(x)
- c1(x)
Dw(x) = | sy |'= w'(x).
2ep(x)

The second equality then also derives, By observing that (see (2.13)) —D = D2. O

As a consequence of the previotis Demma, the space derivatives in (2.10) can be expressed as

po(r, s (Dw(@) ' q1(t),  pralz,t) = —(Dw(@)) qi(t), (2.15)

and similarly for ¢, andd).,. By considering that, because of the orthogonality conditions (2.6),

b
/ w(z)w(z) Tde =1, (2.16)
the identity operator, one easily derives that (2.2) can be recast in the “frequency” space as,
b
G+ 2Dq, — 2a4s —|—/ whf (w'q)* + (w @) (w q)dz = 0, (2.17)
b
ot g+ 2041+ [ wBf (@ a0 + (W) w ads = 0. t>0

where, for sake of brevity, we also skip the argument x for the functions 8 and w. In order to pose the
problem into first order form, let us define the infinite vectors

pi(t) = qi(t) —age(t),  pa(t) = Go(t) + aqi(t), (2.18)

so that (2.17) is rewritten as



1 = p1+aga,

G2 = Pp2—oqi, (2.19)
b
p1 = —cDqi+a(p: —aq) — / wBf (w'q1)? + (w' g2)?)(w' g1)dz,
b
po = —c2Dqgs —a(p + agqs) — / wBf (w'q1)* + (w' g2)?)(w' g2)da, t >0,
with the initial conditions:
b b
- / w(@)po(z)de, 42(0) = / w(z)o(x)dz, (2.20)
b b
0) = / w(z) (1 (z) — atbol(@))de, pa(0) = / w () (il N BB ) .

The following result then holds true.

Theorem 2.3. The system of equations (2.19) is Hamiltonian with  Hamiltonian

H(qi,q2,p1,p2) = %[(m +aqa) " (p1 + aga) +4Aps — agq1) " (p2 — aqi)
b
+lq] Day + @) Dol / Bi((w" q1)? + (w7 gs)2)de]. (2.21)

Moreover H is equivalent to the functional H defined in (2:4,).
Proof. The first part of the proof is straightforward, since one easily realizes that

. O0H .\ OH P19

qz*apia Pi= o = 1,4
In order to prove that H is equivalent to"thefunctional H defined in (2.4), it is enough to observe that, by
virtue of (2.9)—(2.16) and (2.19):

b b
(p1+ag2) (1 +0Qq) = ¢ ¢1 = / (w'qr) " (w'gr)de = / pidz,
b b
(p2 —q1)' (P2~ ag1) = 45 o = / (w'g2) " (w'go)dz = / Pide,
o b ) b
qlTDql = qlTDDqu = / qlTwaTDqudx = / goidm,

b b
q;Dqg = q;DDTqQ = / q;waTDqudx = / wgdz,

and b
/ Bf(wTqn)? + (wTq))de = [ Bf(4?+¢2)de

Consequently, from (2.21) one obtains that

1 b
Hlgnanpupe) =5 [ 6+ 02+ 6+ + 516 + )] do

This completes the proof. 0O

As anticipated in the introduction, the conservation of (2.21) has relevant implications in the solution of
problem (2.19)—(2.20), as stated in the following result.
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Corollary 2.4. Assume that for problem (2.19)-(2.20) one has 3, f > 0 and, moreover,

H(ql (0)7 QQ(O), b1 (0)7 pQ(O)) < 0.

Then, the solution of the problem is uniformly bounded.

Proof. The statement easily follows from the conservation of (2.21), which implies that ||g;||3 and,
therefore, ||p;||3, i = 1,2, are bounded. 0O

3. Fourier-Galerkin space semi-discretization

In order for problem (2.19)-(2.20) to be solvable on a computer, one needs t6 truncate the infinite
expansions (2.7) to finite sums. Therefore, having fixed a conveniently large value Nis> 1lene approximates
(2.7) as

N
p(z,t) =~ P(x,t) = Co(x)%(t)+ch(x)7j(t)+5j(l”)ﬂj(t),

N
Uv(x,t) = Pz, t) = co(z)ao(t) +ch(x)aj(t) + s;(x)B;(1).
j=1

The truncated expansions (3.1) can be cast in a vector form similar to (2.9), by replacing the infinite vectors
and matrices (2.8) and (2.12)—(2.13), respectively by

co() Yo(t) (1)
Y[
s1(x t 1(t

w(z) = : , a(t= ni . qt) = : € RN+ (3.2)

€ N (t) an(t)

sn (@) nn (t) B ()

and
0
D= sza L . =_D'Te R2N+1x2N+1) (3.3)
N - Jp
0
2 2,
D__DTD::(b?L> Pk ) € RINHIX2N+1 (3.4)
. N2. I,

where wé continue to use the same notation for the infinite vectors and matrices and the corresponding
truncated versions, in order not to complicate the notations, even though, hereafter, they will denote the
finite ones. Consequently, one obtains the expansions

Plat) =w@) i),  d(z,t) =w(z) ga(), (3.5)

in place of (2.8)—(2.9). Moreover, expressions similar to (2.10) hold true for the partial derivatives of ¢
and 1, as well as the result of Lemma 2.2 continues formally to hold for the truncated vectors (3.2). As a
result, equations (2.14)—(2.16) continue formally to hold for the finite approximations, even though now the
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functions (3.5) don’t satisfy the equations (2.2) anymore. However, in the spirit of Galerkin methods, by
requiring the residual be orthogonal to the functional space

Vn = span{co(x),c1(x), s1(x),...en(x), sy(x)}, (3.6)

to which the approximations (3.5) belong for all ¢, one formally obtains again the equations (2.19), with the
initial conditions formally still given by (2.20). Clearly, (2.19) is Hamiltonian, with Hamiltonian formally still
given by (2.21), even though, this latter is now only an approximation to the functional (2.4). Nevertheless,
it is known from the theory of Fourier methods [17] that, under regularity assumptions on o, 0, @1, %1,
B, and f, one has that the truncated approximations to ¢, 1, and H converge more than éxponentially to
them, as N — oo (this fact is usually referred to as spectral accuracy).

Remark 3.1. A criterion for the choice of N is to check that the residuals (see (2.20))

leo —w @ (O)ll, Il —w @), [I(vr —avo) —w pr(O)], (%1 Hépo)=w p2(0)lI,  (3.7)

corresponding to the initial conditions, are small enough, and, moreover, the difference of the values of

H(q1(0), q2(0), p1(0), p2(0))

s within round-off error level, when passing from N to N + 1.

Finally, in order to obtain a full space semi-discretization, ‘one needs to conveniently approximate the
integrals appearing in (2.19). For this purpose, as observedsins[6];-one can use a composite trapezoidal rule,

evaluated at the abscissae,

b_
gi=ati—o \g...m, (3.8)
m,

with m suitably large (see, e.g., [18, Th.5.1.4] and [22, 'Th.1.1]). Hence, the truncated problem (2.19),
having dimension 4(2N + 1), with the integralstapproximated via the composite trapezoidal rule at the
abscissae (3.8), define the semi-discrete problem in space to be integrated in time. The corresponding semi-
discrete Hamiltonian is then given formally by (2:21), with the integral appearing in it approximated via
the composite trapezoidal rule based atithe abscissae (3.8).

Remark 3.2. We observe that abhen the function B(x) in (1.1) is not periodic in [a,b], then a different
quadrature has to be used to computeithe/integrals in (2.19), in place of the composite trapezoidal rule based
at the abscissae (3.8). E.g.,@ high-order Gaussian formula.

Remark 3.3. As is clear, the proposed Fourier-Galerkin space semi-discretization is tailored for the case
of periodic boundary conditions. For sake of completeness, we mention that for general boundary conditions
different space semi~distretizations should be considered and, moreover, the Hamiltonian functional (2.4)
may be no longer conserved (even though its variation can still be correctly reproduced, as is shown, e.g., in
[6] for the semi-linear|wave equation). It must be also emphasized that the used space semi-discretization
greatly affects thevefficient implementation of the fully discrete method, as is shown in the next section. In
fact, the chosen space semi-discretization will result in an approzimate Jacobian with diagonal blocks, which
allows for awery efficient implementation of the method.

4. Hamiltonian Boundary Value Methods

In order to obtain a fully discrete method, we now need to integrate the Hamiltonian problem (2.19)—
(2.20) with the vectors w, q1, g2 and matrix D defined by (3.2)—(3.4). The fact of obtaining a Hamiltonian
semi-discrete ODE problem, from a PDE with Hamiltonian structure, is important, as observed in [27], if
one uses a suitable geometric integrator, able to take advantage of this property. For this reason, we shall
here consider the energy-conserving Runge-Kutta methods named Hamiltonian Boundary Value Methods
(HBVMs) for numerically solving (2.19)—(2.20). Such methods have been studied in a series of papers
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[5, 8,9, 11, 12] and have been generalized along several directions, including the application to Hamiltonian
PDEs [3, 6] (see also the recent monograph [7], for a thorough introduction to such methods). In more
detail, a HBVM(k, s) method is the k-stage Runge-Kutta method with Butcher tableau
cl|z,PlQ
bT

,ob=(b ... b)), e=(a o), (4.1)

where, by setting {P;};>0 the Legendre polynomial basis, orthonormal on [0, 1],
1
P; €11, / Pi(.’E)Pj(.Z‘)d.%‘:(Sij’, Vi, 5 =0,1,...,
0
(bi, ¢;) are the weights and abscissae of the Gauss-Legendre quadrature formula of ordex 2k (i.e., Py(c;) = 0,
i=1,...,k), and
Ps=( Pi—ilci) ), Zo = ( fy Pj-1(x)dz ) € RF*S, Q = diag(b) € RF**, (4.2)
It is also known that (see, e.g., [7]) a HBVM(k, s) method applied for solving the ODE-IVPs
y:g(y)v te [Oah]a y(O):yo,
with h the considered stepsize, defines a polynomial approximation o €\l such that

s—1

o0)=yo, w=o(h)=y(h),  S(E=IPi(c)y;, cel0.1], (4.3)
§=0

with
k 1
A = g b Pj(¢j)g(o(c;ih)) = /0 P;(e)g(a(ch))dc + Aj(h), j=0,...,s—1, (4.4)

and the quadrature error

Aj(h) = (4.5)

0, if g(o) €L, withv <2k—1—j,
O(h%7), otherwise.

On the basis of the previous statements; the following result holds true.
Theorem 4.1. For all kZ>'s; the k-stage Runge-Kutta HBVM(k, s) method (4.1):
e is symmetric and has order 2s;
e when k = s bt.reduces to the (symplectic) s-stage Gauss collocation method;
e it is energy-conserving for problem (2.19)-(2.21) when f is a polynomial of degree
v <k/s; (4.6)

in“the.non polynomial case, by setting, with reference to the Hamiltonian function defined at (2.21),

q1

gi € R4(2N+1)’ H(y) = H(qla Q27P17P2)7 (47)
P2

yo :=y(0), and y1 = y(h) the new approzimation, with h the used stepsize, one has that

H(y1) — H(yo) = O(h***1). (4.8)
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Proof. For the first two points, we refer, e.g., to [7, 11]. Concerning the last two points, let us rewrite
(2.19)—(2.20), by using the more compact notation (4.7) for the vector of the unknowns, as

. Osnt2  lan2
J— 0) = o, g ’ 4.9
] (y) y(0) = %o ( —Iint2 Osng2 )

with Oyni2 and Iyn4o the 4N + 2 X 4N + 2 zero and identity matrices, respectively. Consequently, by
taking into account of (4.3)—(4.5), the method will induce a polynomial approximation o € I, such that

s—1
o(0) = yo, o(h) = vy, o(ch) = ZPj(c)ﬁfj, ce0,1],
=0
with
k
v = Y biP(g)IVH(o(cih) = (o) + Ay(h), (4.10)
=1
1
yi(o) = / P, (¢)JV H (o (ch))de,
0
0, if JVH(o)eTlf, with 0'< 2k —1— J,
Aj(h) = . .
O(h"7), otherwise.

Thus, by taking into account that (see (4.9)) JJ = I, the identity matrix of dimension 4(2N + 1), one has
that
1
H(y1) — H(yo) = H(o(h)) - H(o(0)) = h/ VH (o (ch)) & (ch)de
0

s—1

1 o B i .
h/o VH(o(ch)) &(ch)dc = h/o VH (o (ch)) ZPj(c) [vj(o) + Aj(h)]de
T

Jj=0

j=0 /0 prd

0, it JVH(o)€Il,, withv <2k —s,
O(h2k+1), otherwise.

= DY ) TRy () {
=0

In the second case; (4.8) follows. In the former case, one has that the Hamiltonian is conserved, provided
that JVH (o) &11, withyw < 2k — s, i.e. (see (2.21)), f € II; with
(7 —1)2s+ s < 2k — s,

from which(4.6)/follows. 0O

Remark 4.1. As is clear from (4.6), by choosing k large enough, one can always gain an exact energy
conservation, in the polynomial case. However, also in the non-polynomial case one can still obtain a
practical energy conservation by choosing k large enough, since it suffices to make the error (4.8) fall within
the round-off error level.

The use of a large value of k, in turn, doesn’t make the implementation of the Runge-Kutta method (4.1)
too much costly, since, as we are going to sketch below, the discrete problem generated by its application has
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(block) dimension s, independently of k. As matter of fact, by considering the formulation (4.9) of problem
(2.19)—(2.20), denoting e = (1,...,1)T € R¥, and setting
Y1 VH(Y1)
v=| : | eR¥*END . vH(Y) = : : (4.11)

the stage vector for the method (4.1) applied for solving (4.9), and VH evaluated at the stages fespectively,
one obtains the nonlinear set of k£ vector equations

Y =e®yo+hI,P, Q2 JVH(Y). (4.12)

However, by further setting the vector

Yo
=P/ QR JVH(Y), (4.13)

[}
Il

Nor
containing the vector coefficients (4.10), it follows that (4.12) can be\written' as
Y =e®yo+ hl, @45. (4.14)
By plugging (4.14) into (4.13), one then obtains the equation
G(H):=4-P/Q® JVH (e Dyg+ hI, ® I¥) = 0, (4.15)

whose (block) dimension is s, independently of k. \Once ‘the discrete problem (4.15) has been solved, the
new approximation is then given by

Y1 = Yo + Yo.

In fact, taking into account (4.2), (4.10), (4.13), setting e; € R® the first unit vector, and considering that
Py(x) =1, one has

k
Yo=e B QRIVH(Y)=e' Q@ JVH(Y) =Y b JVH(Y),
=1

(we refer to, e.g., [7, L1] for’ full details). Consequently, the complexity for solving the discrete problem
(4.15) generated by the application of the HBVM(k, s) method (4.1) is greatly simplified, w.r.t. solving the
stage equation (4.12).3In addition to this, by taking into account that

& —&
0 1
PJOT, = X, = | © ER, L= (4.16)
S . . ’ v 2 ’
L € 2./ |4i 1]
fsfl 0
one has that the simplified Newton iteration for solving (4.15) reads
FORr = 0,1,...: (4.17)
solve [I,© 1 —hX,® JV?H(yo)| A" = —G(¥")
set ,Aerrl — ,Q/r + AT
END

11



starting, e.g., from 4° = 0. We observe that the coefficient matrix of the linear system in (4.17) has

dimension s times larger than that of the continuous problem (2.19), and we need to factor it at each

integration step. However, we can simplify this procedure along two directions, as below explained.
Firstly, by setting I, the identity matrix of dimension

0:=2N +1, (4.18)

and considering matrix D defined at (3.4), one has

(02D+a2IE+F11) Fio —aly
F (®D + ®I; + Fyr) ol
2 _ 12 ¢ 22 ¢
\% H(yO) - OéIe Ig 5
7&]@ I£

with
b
Fij = / Bww " [2f"(w'q1)? + (w'g2)*)(w @) (w' ;) + 6, f (W 01)* +/w' ¢2)*))] da.

Hence, when N > 1 (see (3.4)), one may assume

(Z=n) > 181011 A

Consequently, by setting

D(c,a) := 2D + oy, (4.19)
we can consider the approximate Hessian matrix
D(c, ) —aly
2 ~ D(C, Oé) OéIg .
V<H(yo) ~ al, I, =M, (4.20)
70&.[@ Ig

which is constant.

Secondly, in place of the simplified Newton iteration (4.17) with the simplified Hessian (4.20), we consider
a “splitting-Newton” blended iteratiom, This iteration, at first devised in [13], has been implemented in the
computational code BiM [15]. (which is available at the Test Set for IVP Solvers [35]), and has also been
considered for HBVMs [5{ 9], proving to be very efficient when applied to Hamiltonian PDEs, as is shown
in [6] for the semi-linear wave equation, and in [3] for the nonlinear Schrodinger equation. We here sketch
the main facts for the splution of problem (2.19), since each PDE has its own structural properties to be
exploited in orderito make efficient the nonlinear iteration. In more details, the iteration (4.17) is replaced
by the following one:

FORr = 0,1,...: (4.21)
st m' =G
set N =p X @I
set A"=LoXn + L, @3 (n" —ni)
cet 4T+ Z AT 4 AT
END

starting, e.g., from 4% = 0. Here X, is the matrix defined at (4.16),

s = min |}, 4.22
p Ag;ggs)II (4.22)
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(a few values of the parameter ps are listed in Table 1), and (see (4.9), (4.18), and (4.20))

Y= (I — hpsJM) " € RY*4

(4.23)

This latter matrix, having the same size as that of the continuous problem (2.19), is constant and, therefore,

needs to be computed only once. Moreover, by considering that (see (4.19))

Ié _6I£ —Elg Og
ol 1 O, —¢l
-1 = ¢ ¢ ¢ ¢ . o o
> B ED(C, Oé) OE Iy 75[@ ’ with €= hps’ 6= ag,

O[ ED(C, a) 5.[[ I
and Oy the zero ¢ x ¢ matrix, has a block diagonal structure, the following result holds, true:

Theorem 4.2. Let define the permutation matriz P of dimension 4¢ = 4(2N +(1) such that

1
2 T
P ) =(LL0+1,204+1,304+1,2,042,204+2,3042, ... 720,30, 40) .
40
Then
¥
»=PpP" P,

37}
where, by setting as is usual || the largest integer\less than or equal to x,

—1

1 =6 — O )
s 1 0 —¢ Y _ | 2meli/2] 2|
El_ §Z 0 1 -5 ) 51—5[(H +« s 'L—].,...,E.
0 & o6& M1
Proof. From (4.19) and (4.24); one has that
Y l=e?F+ G4,
with
Or Op O¢ Oy 1 -5 — 0
Fa Oe O@ Oz O@ G = 1) 1 0 —€

o D Og Og Og ’ o 80&2 0 1 -4

O¢c D O¢ Oy 0 ea? 6§ 1

The statement then follows by considering that PT (G ® I,)P = I, ® G and, by virtue of (3.4),

Fy
P'FP = ,
Fy

with

o = o o
— o o o
o O oo
o O oo

(4.24)

(4.25)



Table 1: Parameter defined at (4.22).
S 1 2 3 4 5 6
ps | 0.5000 0.2887 0.1967 0.1475 0.1173 0.0971

This completes the proof. 0O

As a consequence of Theorem 4.2, in order to perform the blended iteration (4.21), one needsto compute
(see (4.18)) the £ 4 x 4 matrices in (4.25). Actually, approximately half of them, since from (4.25) one easily
realizes that

§2i:§2i+1 = 221':E2i+17 izl,...,NE(f—l)/Q.

In conclusion, one obtains that the linear algebra cost for performing the iteration (4:21) iS linear in the
dimension of the problem (2.19) to be solved, both in terms of required operations@and memory requirements.

5. Numerical examples

In this section we provide a couple of numerical examples, aimed at, confirming the conservation properties
and accuracy of the proposed method.
The first problem is

Ugt — Uy + it + sin(2ful*)u = 0, (z,t) € [0,1] x [0, 77, (5.1)
for which the function f (see (1.1)) is non-polynomial,with the,initial conditions
u(zx,0) = exp(27iz), us(2,0) =2miexp(2riz), x €1]0,1]. (5.2)

The corresponding functional (1.3) is then given'by
T/l
H[u(t)E 5/ fual? + | ? + sin?([uf?)dz. (5.3)
0

Moreover, the solution of problem’(5.1)~(5.2) turns out to be in the form

u(z,t) = p(t) exp(27i(z 4+ w(t)),

with p(t) ~ 1 and w(t) real and smooth functions, as is shown in Figure 1. Consequently, choosing N = 1
in (3.1) and m = 3 in”(3.8) is.enough to have an exact representation of the solution and of the equations.
The correspondingvalué of the Hamiltonian functional (5.3) turns out to be given by

) 1
H[u] = Ho = 4n% + % ~ 39.83. (5.4)

In Table 2'we list' the obtained result by using HBVM(k, s), with s = 1 and k = 1,2, 3, and 10, when fixing
T = 2vand using a time-step h = 27", n = 1,...,10. Similarly, in Table 3 we list the obtained result by
using HBVM(k, s), with s = 2 and k = 2,3,4, and 10, when fixing 7' = 2 and using a time-step h = 27",
n = 1,.%,8. In both tables, err, denotes the maximum error in the computed solution, which has been
numerically estimated, whereas erry is the error in the numerical Hamiltonian, whose value is known to
be given by (5.4). We also list the corresponding estimated convergence rates (** means that the round-off
error level has been reached), along with the mean number of blended iterations (4.21) per step. From the
figures in the two tables, one easily deduces that the HBVM(k, s) method, according to Theorem 4.1:

e has the prescribed order 2s;
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Figure 1: Real (upper plot) and imaginary (lower plot) parts of the solution of problem (5.1)—(5.2)
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e the Hamiltonian error decreases with order 2k, for the smaller values of k, whereas one obtains a
practical energy conservation, when using & = 10 and time-steps smaller that| h = 0.25;

e the mean number of blended iterations decreases with the time-step (as is obviously expected) and,
moreover, it is remarkably independent of k, for s fixed.

We observe that, for this problem, the solution error is approximately the same, for h and s fixed, indepen-
dently of the value of k£ used. However, this could be no more the case, when one has particular solutions,
which may vary, depending on the value of the Hamiltonian functional, as it has been clearly shéwn in [6] for
the sine-Gordon equation. Unfortunately, we are not aware of similar situations for the considered equation
(1.1). Nevertheless, the conservation of the Hamiltonian functional may be useful, as_ the nextyexample
shows.

Let us consider the following problem,

Uy — gy + 2200, + (Ju]™® — 8|u|®) u =0, (z,t) € [0,1] X[0,T], (5.5)
for which the function f (see (1.1)) is a polynomial of degree v = 10, with the initjal conditions
u(z,0) =0,  w(x,0)=9sin’(7x), & €]0,1] (5.6)

The corresponding functional (1.3) is now given by

e 2 o, [u? 8
Hlu](t) = = lu|* + Jug|” 4+ — 2Ju|®dez, (5.7)
2 Jo 10
whose constant value is now given by
SIVEL %
Hlu] = Hy = < ) ‘sin (rz) =~ 7.136. (5.8)
0

The real and imaginary parts of the solution of problem (5.5)—(5.6) are plotted in Figure 2, for T' = 6.
Choosing N = 50 in (3.1) and m = 201 in (3.8) is now appropriate for obtaining an accurate numerical
solution: as matter of fact, both the.initial value of the Hamiltonian and the initial data turns out to be
approximated to full machine accuracy. We'now fix the time-step h = 0.03, thus performing 200 integra-
tion steps, by using the 4-th order methods HBVM(2,2) (i.e., the symplectic 2-stage Gauss method) and
HBVM(20,2). The latter method, according to Theorem 4.1, is energy conserving. This is confirmed by the
computed numerical solutien, for which the maximum energy error is ~ 0.41 for HBVM(2,2) and 1.33-10~1*
for HBVM(20,2). In the“upper plots in Figure 3 we plot the errors in the real part of the computed solution,
whereas in the lower plots are the errors in the imaginary part. Moreover, the plots on the left concern the
HBVM(20,2) meth6dy withymaximum errors ~ 5 - 1072 and 7 - 1072, respectively. Similarly, the plots on
the right concern” the HBYM(2,2) method, with maximum errors ~ 7 - 10~% and 6 - 1071, respectively. One
then concludes that thé solution provided by the energy-conserving method is pretty more accurate (about
one order of magnitude), w.r.t. the one provided by the symplectic 2-stage Gauss method. Consequently, at
least in this case, conserving the energy seems to confer more reliability on the computed numerical solution.

6. Conclusions

In this paper we have considered the numerical solution of the nonlinear Schrédinger equation with wave
operator equipped with periodic boundary conditions. The problem has been, at first, cast into Hamiltonian
form, by means of a Fourier-Galerkin space semi-discretization. Energy-conserving Runge-Kutta methods
in the HBVMs class have then been used for the time integration, while conserving the energy of the system.
The efficient implementation of such methods has been also studied, showing that their computational
complexity per step is linear in the dimension of the semi-discrete problem, and their effectiveness has been
evaluated on a couple of test problems.
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Table 2: problem (

5.1)—(5.2), with T' = 2, solved by unsing N = 1, m = 3 for th espace semi-discretization, and HBVM(k,1) in
time with stepsize h = 27 ™.

2
k=s=1

n err, | rate errg | rate it
1| 1.979e+0 — | 1.406e-02 — | 10.0
2 | 1.072e+0 0.9 | 8.089e-03 0.8 9.1
3 | 3.711e-01 1.5 | 6.902e-03 0.2 7.1
4 | 9.936e-02 1.9 | 2.325e-03 1.6 6.3
5 | 2.521e-02 2.0 | 6.261e-04 1.9 6.0
6 | 6.324e-03 2.0 | 1.595e-04 2.0 5.0
7 | 1.583e-03 2.0 | 4.006e-05 2.0 5.0
8 | 3.957e-04 2.0 | 1.003e-05 2.0 4.0
9 | 9.894e-05 2.0 | 2.508e-06 2.0 4.0
10 | 2.474e-05 2.0 | 6.269e-07 2.0 [ 4.0

k=2,s=1
1 | 1.970e+0 — | 2.809e-02 — N, 110
2 | 1.066e+0 0.9 | 7.653e-03 1.9 9.0
3 | 3.740e-01 1.5 | 8.458e-04 3.2 7.6
4 | 1.009e-01 1.9 | 6.162e=05 3.8 6.4
5 | 2.565e-02 2.0 | 4.000e-06 3.9 6.0
6 | 6.439e-03 2.0 | 2.524e-07 4.0 5.0
7 | 1.611e-03 2.0,| 1.581e-08 4.0 5.0
8 | 4.030e-04 2.0 ). 7.913e-10 4.3 4.0
9 | 1.008e-04 2.0% 2:132e-14 *ok 4.0
10 | 2.519e-05 2.0 2132e-14 Hk 4.0

k=3,s=1
1| 1.972e+0 — | 4.375e-04 — | 10.0
2 | 1.067e+0 0.9 | 1.598e-04 1.5 9.0
3 }/3.744e-01 1.5 | 1.235e-05 3.7 7.8
4715,1009e-01 1.9 | 3.048e-07 5.3 6.4
5 | 2.565e-02 2.0 | 5.353e-09 5.8 6.0
6. | 6.439e-03 2.0 | 1.421e-14 Hk 5.0
7 171.611e-03 2.0 | 1.421e-14 *k 5.0
8 | 4.030e-04 2.0 | 1.421e-14 Hok 4.0
9 | 1.008e-04 2.0 | 1.421e-14 Hk 4.0
10 | 2.519e-05 2.0 | 1.421e-14 *k 4.0

k=10,s=1
1| 1.972e+0 — | 2.202e-11 — | 10.3
2 | 1.067e+0 0.9 | 7.105e-15 | 11.6 9.0
3 | 3.744e-01 1.5 | 7.105e-15 Hok 8.0
4 | 1.009e-01 1.9 | 7.105e-15 *ok 6.9
5 | 2.565e-02 2.0 | 7.105e-15 *ok 6.0
6 | 6.439e-03 2.0 | 7.105e-15 Hok 5.0
7 | 1.611e-03 2.0 | 7.105e-15 *ok 5.0
8 | 4.030e-04 2.0 | 7.105e-15 *ok 4.0
9 | 1.008e-04 2.0 | 1.421e-14 *k 4.0
10 | 2.519e-05 2.0 | 1.421e-14 *ok 4.0
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Table 3: problem (

5.1)—(5.2), with T' = 2, solved by unsing N = 1, m = 3 for th espace semi-discretization, and HBVM(k,2) in
time with stepsize h =

27",
k=s=2

n erry rate erryg rate it
1| 6.417e-01 — | 5.007e-03 — | 19.3
2 | 6.317e-02 3.3 | 1.818e-03 1.5 | 16.6
3 | 4.307e-03 3.9 | 1.570e-04 3.5 | 13.2
4 | 2.760e-04 4.0 | 9.807e-06 4.0 | 11.0
5 | 1.736e-05 4.0 | 6.157e-07 4.0 9.1
6 | 1.087e-06 4.0 | 3.853e-08 4.0 8.0
7 | 6.794e-08 4.0 | 2.409e-09 4.0 7.0
8 | 4.247e-09 4.0 | 1.506e-10 4.0 60

k=3,s=2
1 | 6.438e-01 — | 4.284e-03 —19.0
2 | 6.330e-02 3.3 | 1.87Lle=04 4.5 | 16.8
3 | 4.386e-03 3.9 | 4.260e-06 5.5 | 13.6
4 | 2.812e-04 4.0 | 6:826e-08 6.0 | 11.0
5 | 1.769e-05 4.0, 1.073e-09 6.0 9.3
6 | 1.107e-06 4.0 h1.421e-14 ok 8.0
7 | 6.922e-08 4.0 | 1.421e-14 *k 7.0
8 | 4.327e-09 4.0 . 7.105e-15 *x 6.0

k=4,5=2
1 | 6.427e-01 — | 3.375e-04 — | 19.3
2 | 6.345e-02 3.3 | 2.068e-05 4.0 | 16.8
3 |[/4.388e-03 3.9 | 1.174e-07 7.5 | 13.6
47102.812e-04 4.0 | 5.108e-10 7.8 | 11.0
5 | 1.769e-05 4.0 | 1.421e-14 *k 9.3
6. 1.107e-06 4.0 | 7.105e-15 *x 8.0
7 16.922e-08 4.0 | 7.105e-15 ok 7.0
8 | 4.327e-09 4.0 | 7.105e-15 *k 6.0

k=10,s =2
1 | 6.431e-01 — | 1.958e-08 — | 19.5
2 | 6.344e-02 3.3 | 1.421e-14 ¥k 1174
3 | 4.388e-03 3.9 | 7.105e-15 k14,2
4 | 2.812e-04 4.0 | 7.105e-15 k11,2
5 | 1.769e-05 4.0 | 7.105e-15 ok 9.8
6 | 1.107e-06 4.0 | 1.421e-14 *k 8.0
7 | 6.922e-08 4.0 | 7.105e-15 *x 7.1
8 | 4.327e-09 4.0 | 1.421e-14 Hok 6.0
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Figure 2: Real (upper plot) and imaginary (lower plot) parts of the solution of problem (5.5)—(5.6).
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