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FINITE ELEMENT METHOD AND ITS ANALYSIS
FOR A NONLINEAR HELMHOLTZ EQUATION
WITH HIGH WAVE NUMBERS*

HAIJUN WU! AND JUN ZOU#

Abstract. The well-posedness of a nonlinear Helmholtz equation with an impedance boundary
condition is established for high frequencies in two and three dimensions. Stability estimates are
derived with explicit dependence on the wave number. Linear finite elements are considered for
the discretization of the nonlinear Helmholtz equation, and the well-posedness of the finite element
systems is analyzed. Stability and preasymptotic error estimates of the finite element solutions are
achieved with explicit dependence on the wave number. Numerical examples are also presented to
demonstrate the effectiveness and accuracies of the proposed finite element method for solving the
nonlinear Helmholtz equation.
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1. Introduction. The propagation of electromagnetic waves may be modeled
by Maxwell’s equations in physical media with various medium responses. In this
work we are interested in high intensity radiation, where the medium quantities may
depend on the location, frequency, and magnitude of the propagating field, resulting in
a nonlinear electromagnetic wave propagation. We shall consider the time-harmonic
propagation in a homogeneous background medium in R? (d = 2,3), where some
nonlinear medium, say, the Kerr medium, is sitting inside and occupying a domain
Qy. Let wg and c¢ be the angular frequency and the speed of light in vacuum, and
let ng and no be the index of refraction of the homogeneous medium and the Kerr
coefficient of the nonlinear medium, respectively. Then under linear polarization for
the electric field, we may come to the following nonlinear Helmholtz (NLH) equation
for the electric field after eliminating the magnetic field from the Maxwell system
[8, 9, 12, 22, 23]:

(1.1) —Au—k*(1+e1g, [u)u=f inR%

where k = wono/c is the wave number, e(z) = 2ns(x)/ng represents the Kerr constant
satisfying 0 < € < 1, and 1q, is the characteristic function of €.

There are already many mathematical and numerical studies in the literature for
the NLH equation (1.1) under various boundary conditions imposed on the finitely
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truncated subregion of the entire domain R?. A variational framework was developed
in [20] to prove the existence of nontrivial solutions for the NLH equation Au+ k?u =
f, where f is a nonlinear function that meets five specific conditions, under two
special asymptotic decay assumptions on the solution itself and its radial second-
order derivative. In addition, the radial symmetric case is also considered, in which
infinitely many solutions are shown to exist for different nonlinearities.

For the one-dimensional periodic dielectric photonic bandgap structures composed
of alternatively arranged nonlinear Kerr material layers, the well-posedness of the
NLH equation was established in [6], under the two-way boundary conditions that are
derived from the standard jump conditions. A numerical scheme was proposed in [37]
for solving the NLH equation, based on the existence of a stable steady-state solution
to a nonlinear Schrédinger type equation and an operator splitting technique.

A fourth-order finite difference scheme was proposed in [22] for solving (1.1) for
the case where the nonlinear medium domain 2y occupies the domain formed by two
parallel infinite planes by using a nonlocal two-way artificial boundary condition set on
the boundary of . In [23], an improved scheme was proposed by introducing some
Sommerfeld-type local radiation boundary conditions that are constructed directly
in the discrete setting. The high-order scheme was then extended in [7] to a three-
dimensional setting with cylindrical symmetry under both boundary conditions from
[22, 23].

In this work we shall carry out a systematical mathematical and numerical study
of the NLH system (1.2)—(1.3) in a general setting for both two and three dimensions.
We first make a general truncation of the homogeneous medium R? \ €y by a finite
domain Q with Q¢ C . Then we consider the lowest order absorbing boundary
condition on the boundary I' of Q to arrive at the following NLH system of our
interest in this work:

(1.2) —Au—k2(1+elg, |u®)u=f inQ,
(1.3) g—Z—l—ik‘u:g onT,

where i = v/—1 denotes the imaginary unit and n denotes the unit outer normal to
0. One may note that g depends on the incident wave uy,¢, that is, g = % +iktine.
Other kinds of more accurate boundary conditions such as PML may be considered
but are much more complicated to analyze both mathematically and numerically and
will not be studied in this work. For ease of presentation, we shall assume that & is
constant on 2 and consider only the case k > 1 since we are mainly interested in
high frequencies in this work, though most of our results are naturally true for low
frequencies.

The main focus of this work is to study the well-posedness of the NLH system
(1.2)—(1.3) and its finite element approximation as well as the error estimates of the
finite element solutions for high wave numbers in two and three dimensions. The
well-posedness of both the NLH system and its linear finite element approximation is
established. Particularly, we emphasize that the stability estimates of the continuous
NLH solutions and their finite element solutions are achieved with explicit dependence
on the wave number, and the preasymptotic optimal error estimates of the finite
element solutions are also derived. To the best of our knowledge, these results and
analyses are new, and there are still no similar studies and results available for NLH
equations in the literature.

We like to point out that the whole analysis in this work is focused on the NLH
system (1.2)—(1.3) that is expressed in terms of the total field w. But with some
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natural modifications, all our results and analyses can be extended to the case when
the NLH system (1.2)—(1.3) is expressed in terms of the scattered field uge := 1 — Uine
that satisfies

(14) —Auge — kzusc - kZS]—QO ( |usc + uinc‘z (usc + uinc) - |uinc|2 Uinc) = JF in Q,

Ouge

o + ikuse =0 on I,

(1.5)
where
f = f + Auinc =+ kQ(l + €1Q0 ‘uinc‘Q)uinc-

We shall provide further illustrations about this extension in Remarks 2.1 and 3.1.

Throughout the paper, we shall use the standard Sobolev space H*(f), its norm
and inner product, and refer to [10, 15] for their definitions. But (-,-) and (-, -) are used
for the L2-inner product on the complex-valued spaces L?(Q2) and L?(T'), respectively.
We will write by [|-||, and |-|, the norm and seminorm of the space H*(£2) and by
[lsr and |-|; p the norm and seminorm of H*(I'). In particular, we will often use the
weighted energy norm |||wl|| = (||Vw||(2) + k2 ||wH(2))1/2 for any w € H(Q).

For the simplicity of notation, we shall frequently use C for a generic positive
constant in most of the subsequent estimates, which is independent of the parameters
g, k and functions f, g in (1.2)—(1.3), as well as the penalty parameters involved in
the subsequent continuous interior penalty FEM. We will also often write A < B and
B 2 A for the inequalities A < CB and B > CA, respectively. A =~ B is used for an
equivalent statement when both A < B and B < A hold. We shall consider only the
case where the domain 2 is convex, so it is “strictly star-shaped,” which means that
there exists a point zg € {2 and a positive constant cn depending only on 2 such that

(1.6) (x—zq) -n>cq Vred
We shall assume dist(99, Q) 2 diam(€y) and frequently use the special function
a(z)=z—zq Ve

We end this section with a detailed plan for the rest of the paper. Section 2
is devoted to the stability estimate of the continuous NLH equation in L2?-, H'-
H?2-, and L>-norm. We will discuss the piecewise linear continuous finite element
approximation of the NLH equation and its error estimates in section 3. To reduce
the pollution errors of the linear finite elements, we introduce the continuous interior
penalty FEM in section 4. Finally in section 5, we present two numerical examples to
demonstrate the effectiveness and accuracies of our proposed finite element method
for solving the NLH equation.

2. Stability estimates of the continuous problem. In this section we will
establish some stability estimates of the solutions to the continuous NLH equation
(1.2)—(1.3), with their bounds depending on the wave number explicitly. We first cite
the following two integral identities [21, Lemma 4.1], which will play an important
role in our subsequent analysis.

LEMMA 2.1. It holds for v € H*(Q) that
(2.1) d||v]|2 + 2Re(v, o - Vv) = /a~n|v|2,
r

(2.2) (d—2)||Vv|]2 + 2Re(Vv, V(a - Vo)) = /Fa -n|Vol?.
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We remark that the identity (2.2) can be viewed as a local version of the Rellich
identity for the Laplacian A (cf. [16]).

2.1. An auxiliary problem. For the establishment of the well-posedness of the
nonlinear system (1.2)—(1.3), we shall use a linearized process to construct a sequence
of approximate solutions to linearized Helmholtz equations, show the uniform bounds
of these approximate solutions with respect to the wave number, then verify that the
limiting solution of this sequence solves our desired NLH system. To do so, we first
study the following linear auxiliary problem for a given function ¢ € L>(Q):

(2.3) —Au—k*(1+¢elq, ¢ )u=f inQ,
ou

(2.4) -

+iku=g onT.
Clearly, the variational formulation of the auxiliary problem reads as
(2.5) (Vu, Vo) —k?(u,v) — k*e(La, |6|° w,v) + ik (u,v) = (f,v) + (g,v) Yo € H ().
For convenience, we introduce two constants,
M(f,9) = |£llo+ lgllor > M(f,9):=M(f,9)+ k" |lglly r-

Then similarly to the stability estimates for the linear Helmholtz equations [16, 28, 30],
we may derive stability estimates for the auxiliary problem (2.3)—(2.4).

LEMMA 2.2, If ke ||¢)Hioc(90) < Oy for a positive constant 0y, then we have

(2.6) llull S M(f,9) and |lully S kM(f,g).

Proof. We first take v = u in (2.5), then compute the imaginary and real parts
of the resulting equation to obtain

@7) Bl = Tn((f0) + {g,w) < 1)l + 5 gl + 5 el
28)  IVall Kl - e lould o, < 1(F0] + o gl + 5 el
which imply immediately

(29) Fllulld < 2070l + 1 gl
(2.10) IVull3 ~ 82 ully ~ K2 [9ull g, < 2105l + 1 ol

Then we take v = 2a - Vu in (2.5) and compute the real part of the resulting
equation to derive by using Lemma 2.1 that

[ nlvup = @ 219ulg -2 ( [ a-aluf - dp3)
r r
—2k2e Re(1q, |6]° u, o - Vo) — 2k Im (u, o - V)

=2Re ((f,a- Vu) + (g, - V) ).

Using this relation, (2.9)—(2.10) and (1.6) we can deduce as follows:
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IVl + 5l = = [ o nlVuf + 12 [ o+ @ =0 (19l =52 )
+ 2k%e Re(1q, |0 u, a - Vi) + 2k Im (u, o - V) + 2Re ((f,a - V) + (g, @ - Vu))

1
< e |Vul2; + Ck (2 el + 7 ||g||3,r) +20% (|l gul g, + Re(La, |6 1,0 Vu))

CQ 2 1 2 2 2
+ o ||vu||o,r + ) [Vullg +Cl fllo +Cllg o,r

cQ 2 2 2
< =S IVl + 28% (lloull g, + | (Lay 61 v, a - Tu)|)

4 21w+l + 171+ C ol
which implies
211)  ull® < 4k2e([loully o, + | (L, [¢]° w0 - V) + C (I3 + C llglle - -
We can easily see
(2.12)
4k%e (|| gullp o, + | (Lay 8" v, 0 - Vu)) S ke |8l o) (lull3 + lully [Vully )
S ke (|11 70 ) Ml

Clearly we see the existence of a positive constant 8y such that the first estimate in
. 2
(2.6) follows from (2.11) and (2.12) if ke ||¢||L°°(Qo) < bp.
On the other hand, for the second estimate in (2.6) we may first apply the fol-
lowing standard a priori estimate for elliptic equations and (2.3)—(2.4):
’8u

lully S 1 Aully + Tl + 115

2 .
S K ullo + Kel| B wully g, + 171l + llg = ikully -

1
2L

Then the desired estimate is a consequence of the first one in (2.6). d
The following L> estimate will be crucial to our subsequent analysis.

LEMMA 2.3. Under the same condition of Lemma 2.2, it holds that

d—3
(2.13) [ull p () S k72 M(f,9)-

Proof. Let G(xz — y) be the Green’s function of the linear Helmholtz equation
—Au — k*>u = f with the standard radiation condition. Let r = |z — y|; then we know
iHél)(k:r) for d = 2,

G(r—y) = ikr

€ for d = 3.

drr

Some simple calculations show that the solution u to (2.3)—(2.4) meets the following
integral representation:

(214)  ulz)= /Q Gz — ) (f(y) + K2l |6(y) [ uly))dy

+ /F(g — iku)G(z —y)dsy — /FU(y)aG(aiy_y)dSy.
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Clearly,

1
(2.15) |Gz —y)| < - if d = 3.
For d = 2, we know from [35, p. 211] that
2.16 G(x — < — ifd=2.
(2.16) 6o -] $ =

Then by using a standard technique to remove a small ball centered at  we derive

(2.17) [ 166 - Py sk,
Q

On the other hand, we know
ik

—ZH{U(kr)g for d = 2,
VyG(x —y) = q ,ikr "

. Y=
47Tr(1k—r 1) - for d = 3.

Suppose x € Q. Since dist(99, Q) = diam(€g), we have for any y € T
Gla—y)| SF= and [V,Gla—y)| SKT.

Then it follows from these estimates, (2.14), and (2.17) that
a-3 2 d—3
u(e)| £ K5 (1l + K2 (012 ey Il + gl + K llully ) < £ M(F. ),

where we have used Lemma 2.2, (2.9), and the assumption that ke H(bHQLm(QD) < 6 to
derive the last inequality. This completes the proof of the desired estimate (2.13). 0O

2.2. Existence and stability estimates of the NLH solutions. We consider
an iterative procedure to establish the existence and stability of the solutions to the
NLH system (1.2)—(1.3).

Find u! € HY(Q) for I = 1,2,... by solving the linearized Helmholtz equation:

(2.18) —Aul — k2 (1 +elg, \ul—1|2> u'=f inQ,

oul

(2.19) o

+iku! =g onT.

We first derive the following stability estimates of the sequence {u'}.

LEMMA 2.4. There exists a positive constant 61 such that the following estimates

hold for 1 =1,2,... if ke HuOHim(QO) < k¥2eM(f,9)? < 0y:
220)  [W!]ly S M(L.9), Nullly S EML0), (!l o) S B MU, 9).
Proof. 1f ke Hul_lHim(Qo) < 6y, then Lemma 2.2 implies the estimates in (2.20).

Therefore ke HulHio@(Qo) < O if k92 M(f,g)? is small enough. Then the proof of
the lemma follows by the induction. 0
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Next we prove the well-posedness of the NLH problem (1.2)—(1.3) under certain
conditions by showing the convergence of the sequence {u'}.

THEOREM 2.5. There exists a constant 03 > 0 such that if k9 2eM(f, g)? < 0,
then the NLH system (1.2)~(1.3) attains a unique solution u satisfying the estimates

— d—3
(221)  [[Vully + kllully < M(f,9), lully S EM(f, 9), llullpeoy S &2 M(f,9).

Proof. Let the sequence u! for [ > 1 be defined by (2.18) and (2.19). Then it is
easy to check that the difference v! = u!*! — u! satisfies

—Avt — k2 (1 +elg, ’ul|2) vl = k2 19,0 (’ul|2 - |ul_1|2> in Q,
ot
I +ikv' =0 onl.

Now we suppose that the conditions of Lemma 2.4 are satisfied; then it follows from
Lemmas 2.2 and 2.4 that

o'l < cr2e]fut (Ju']” - =)
0,00

< O o] e gy (1| ey + 1~ ) 10 o

< o (5 1(7.0)) o1, < K200 .

Clearly there exists a constant 0, satisfying 0 < 6, < 6; (with 6; from Lemma 2.4)
such that if k92eM(f, g)? < 0, we have

9

o'l < 5 [l
2

which implies that [||o!]| < 27Y[v°|. Hence {u'} is a Cauchy sequence with respect
to the energy norm. Moreover, we have

|

which shows that {u'} is also a Cauchy sequence in the H2-norm. As a consequence,
u = lim;_, o, u! satisfies the NLH equation (1.2)—(1.3) and the stability estimates in
(2.21).

It remains to prove the uniqueness. Suppose w is another solution to (1.2)—(1.3)
satisfying the estimates in (2.21). Let v = u — w; then we can easily see

~ I

oty £ K% [t ('l = ') S KM () o' ) S o

—Av — E2(1 + elg, [u)v = k2ew (|u|2 —1g, |w|2> in Q,

@Jrikv:O on I
on

Applying Lemma 2.2, we have

2 2 d—
lloll < kel (juf” = fwl®) |y g, < CH2eM (£, 9)* el
Then it is easy to see that there exists a constant 6, satisfying 0 < 65 < 65 such that
[[olll < &[l|v|l| if k4~2eM(f, g)? < 6>. This implies the uniqueness of the solutions to

the NLH system (1.2)—(1.3) and so completes the proof of the theorem. d
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Remark 2.1. If we consider the NLH system (1.4)—(1.5) in terms of the scattered
field ug. := u — Uipc, instead of the NLH system (1.2)—(1.3) in terms of the total field
u, then the iterative scheme (2.18)—(2.19) is equivalent to the following one:

(2.22) —Auéc — kQuéC — k%e1q, (’ué;l + uinC’2 (uéC + Uine) — |uinc\2 uinc> = finQ,

ul,
on

(2.23) +ikul,=0onT,
where

f~ = f 4+ Augpe + k2(1 +elg, ‘Uinc‘z)uinc-

By following our previous analysis for (2.18)—(2.19), one may show that the sequence
=3 =
: uchLoo(QO) <k ||f||07 and

ul, converges if [[[ul | S [1f]lo,

_ s 2
(2.24) ma (422 713, ke tinel2 w0, ) < 0

for some constant € sufficiently small. And as a consequence, the following estimates
hold under the above conditions:

_ 3-d x
(2.25) klusellg + [Vuscllg + & ! [uselly + k2 ||USC||L°°(QO) < o

We omit the details.

3. Finite element methods and error estimates. We now discuss the finite
element approximation of the NLH system (1.2)—(1.3). Let 7, be a quasi-uniform
family of triangulations of size h with simplicial elements over the domain 2. For any
element K € Ty, we define hi := diam(K) and h = maxger, hx. Let V), be the
continuous piecewise linear finite element space associated with the triangulation 7:

Vi == {vn € HY(Q) : vy|x € Pi(K) VK €Ty},

where P;(K) denotes the set of all linear polynomials on K.
Now we propose to approximate the solution to the NLH system (1.2)—(1.3) by
the finite element solution uj, € V}, that solves the following equation for any vy € Vj:

(3.1)  (Vun, Vur) — k2 ((1 + elg, [un*Yun, vp) + ik (up, vn) = (f,vn) + (g, 0n) -

For our subsequent analysis, we need an elliptic projection P, : H*(Q) — V},
defined by

(3.2) (Vup, VPyw) + ik (vp, Pow) = (Vup, Vw) + ik (vp, w) Yo, € V.

The standard finite element error estimates for elliptic problems give the optimal
approximation accuracies of the projection P, in H'- and L?-norm (see [36, 10, 39]):

(3-3) lw = Phwlly < hlllw = Powl| S 5% [wl], .

3.1. Discrete Nirenberg inequality. In this subsection, we derive a very im-
portant discrete version of the following Nirenberg inequality [33] for our subsequent
analysis:

< Tl %
(3-4) [ell oo S Null * Juls + flully -



1346 HAIJUN WU AND JUN ZOU

For this purpose, we first introduce the discrete Laplacian operator Ay, : Vj, — Vj:
(35) (Ah’l)h, wh) = (Vl)h, th) + ik <1)h, wh) Ywy, € Vy,.

Note that A, can be viewed as a discrete version of the Laplacian operator —A under

the impedance boundary condition % +iku = 0 on T" and ||Apvpl|, as a discrete

H2-norm of any v;, € Vj,.
Now we can establish a discrete Nirenberg inequality that plays a crucial role in
the analysis of the finite element solutions in (3.1) to the NLH system (1.2)—(1.3).

LEMMA 3.1. It holds for kh <1 that
1—4 4
(3.6) lonllee S llvnllo * 1Anvnlly + llonlly  Von € Vi

Proof. For any v, € Vj, let v be the solution to the elliptic problem:

(3.7 —Av=Apvy, in g—z +ikv=0 onT.

Clearly, we see that v € H'(Q) satisfies
(VU, th) + ik <U, wh> = (Ah’Uh, wh) = (Vvh, th) + ik <Uh, wh> Ywy, € Vp,

which indicates that vy is the finite element approximation to the elliptic problem
(3.7). Using the regularity and finite element theory for elliptic PDEs we know v €
H?(Q) and ||v]|y < ||Anvnllo and the error estimates

(3-8) hllv = wnlly + o = vnllg S B? [oly S h* [ Apoall,

whose proof is omitted (by using the fact that v, = P,v). Let Iv be the finite
element interpolant of v. It follows from the inverse inequality and the interpolation
error estimate that

_d
[vrll e < lvn = Invllpoe + 1nvllpoo S 72 o — Invllg + [0l g
_d
SRR [ Aponllg + 0]l oo -

From (3.4),

1—4

_d Pl
(3.9) lonll e S P22 | Anvnlly +llvllo* 1Anvallg + llvllg -
By taking wp, = Apvp, in (3.5) and using the inverse inequality we have
||Ahvh||§ = (V’Uh, VAhUh) + ik <Uh, Ah’l)h> 5 (h_2 + kh_l) ||Uh||0 HAh'UhHo ,
which implies for kh < 1 that
[ Anvnllo < h 72 onlly -
Then using this estimate and (3.8), we can get
[vllg < llvallo + llo = vnlly S lvnlly + B2 [ Anonlly < llvallo »
2 d 2 1-4 4 1-4 4
W72 | Aponllg = (R* | Anvnlly ) * 1Anvalls S llvnllo * 1 Anvallg -

Now the discrete Nirenberg inequality (3.6) follows by combining these two estimates
and (3.9). This completes the proof of the lemma. d
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3.2. A discrete auxiliary problem. We shall follow our analyses of the con-
tinuous NLH system (1.2)—(1.3) to study its finite element solutions in (3.1). So for
a given function ¢ € L*>(Q), we introduce the finite element approximation to the
auxiliary problem (2.5). Find u;, € V}, that solves the equation for any vy, € Vj:

(3.10)  (Vaup, Vo) — K2 (1 + e1q, [0 )un, vn) + ik (un, vn) = (f,vn) + (g, vn) -

Let M(f,g) and 6y be two constants introduced in Lemma 2.2; then we can establish
the stability of the finite element problem (3.10).

LEMMA 3.2. If ke ||¢Hi°°(ﬂo) < Bo, there exists a constant Cy > 0 such that the

finite element solutions uy, to the approzimation system (3.10) are stable for k3h? <
Co.'

(3.11) lunlll < M(f,9)-

Proof. Just like the analysis we did for the continuous problem in subsection 2.1,
we first take vy, = uy, in (3.10) to obtain

1

(3.12) Fllunlly r < 21(Fun)l + 7 llallo
1

(313)  [IVunllg = K lunlls — K llunllg o, < 21(fun)l + 1 llallor-

But the second test function we took in the analysis for the continuous case can
not be copied now due to the fact that o - Vuy, € Vj,. We circumvent this difficulty
by a duality argument. Let w € H?(Q) be the solution of the following problem:

(3.14) —Aw — k*(1+¢lg, |6 )w =up, inQ,
(3.15) g—:: —ikw=0 onT.

Since the conjugate of w is the solution to (2.3)—(2.4) with f = @y, and g = 0, the
following regularity estimate holds under the conditions of Lemma 2.2:

(3.16) llwlll S llunllp  and  [Jwlly S & llunlly -
Now we multiply (3.14) by up and then apply (3.2) and (3.10) to obtain

||uh||(2) = (Vup, Vw) — k*((1 + lq, ¢|? Jun, w) + ik (up, w)
= (Vun, VPyw) + ik (up, Pyw) — k*((1 + elq, [¢]° )up, w)
= (fyw) + (g, w) + (f, Paw — w) + (g, Phw — w)
— K (up, w — Pyw) — k*e(1q, 612 up, w — Pyw).
Using the solution u to the auxiliary problem (2.3)—(2.4), we know from (2.5) and
(3.14)—(3.15) that (f,w) + (g, w) = (u,up). Then we can further derive from (3.3),
Lemma 2.2, and (3.16) that
lunlls < [(uswn) + 11 £llo 1w = Pawllg + Igllor lw = Pawllo p + k? [lunllg 1w — Prawllg
+ kbo [[unllg [lw — Prwllg
SETM(f, ) (lunlly + kh® [wly) + (k*h2 + kboh?) [[ull, |wl,
SETIM(9) (14 K2h3) Junllg + (K°h? + 00K*h°) flunllg
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and after canceling the common factor ||us,, we come to
lunlly S K=" M(f,9) + (K°h? + 00k*h%) [[unll, -

This indicates the existence of a constant Cy > 0 such that

(3.17) lunlly < k' M(F, 9)

if k3h? < Cy. Next we estimate ||Vuy||,. It follows from (3.13) that
2
(3.18) IVunlls < B llunllg + ke [ $unlg o, +21(7; Uh)| +z HgHo r

2 2 2 2
S B unlly + k2% [0l o ) llunllo + @ IF1l6 + g llgllo.r
< M(f.9)".
This, along with (3.17), yields the desired estimate (3.11). d

The next lemma provides the estimates of the error between the solution to the
continuous problem (2.5) and its finite element solution to the discretization (3.10),
where 6y and C are two constants introduced in Lemmas 2.2 and 3.2, respectively.

LEMMA 3.3. Let u and up, be the solutions to (2.5) and (3.10), respectively. Then
the error estimates hold under the conditions that ke ||¢>||ioo(90) <0y and k*h? < Cy:

(3.19) llw = unll S (ko + E*h*)M(f,9)  and [l —unlly S K*h>M(f, g).

Proof. Let uy, = Pyu be the elliptic projection of w; then it follows readily from
the definition (3.2) of P, that

(3.20) (Vip, Vop) + ik (Gp,vn) = (Vu, Vop,) + ik (u,vp) Yo, € Vy,
which, along with (3.3) and Lemma 2.2, implies
(3.21) lu = @nllg + b lllu = @l S kRM(f, g).
It remains to estimate 7, := up — up. For any vy, € Vj,, we can see that n;, solves
(3.22)  (Vin, Vou) — k2 (1 + 1oy [6* ), va) + ik (n, vn)
= (fovn) + (g,vn) — (Vu,vp) — ik (u,vp) + k> ((1 4 €lq, lp|? )i, vp)
= k2((1+ el |9 ) (@n — u), vn).
Applying the stability estimate of Lemma 3.2 to this problem leads to
il S K2[| (1 + 0y 61 ) (@ = w)ly S 2@ — ull, < BR2M(f,9).

This, combining (3.21), gives the desired estimate (3.19) by the triangle inequality. 0O

We end this subsection with an L estimate of the finite element solution wuy,
to the approximation (3.10), and this estimate is also essential to our subsequent
analysis.

LEMMA 3.4. Under the same conditions as in Lemma3.3, the following L esti-
mate holds for the finite element solution uy to the system (3.10):

[unll Lo g) S |1nh|k T (fag)'
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Proof. As in the proof of Lemma 3.3, we let 4, = P,u and n;, = uj, — 4. Then
we have by the triangle inequality that

(3.23) lunllpoo () < MRl poe 0y + 180 = wll oo () F+ 10ll o () -

Then it remains to estimate the first two terms on the right-hand side. It follows first
from the interior maximum-norm estimates for finite element solutions [34, Theorem
5.1], Lemma 2.3, (3.3), and Lemma 2.2 that

(3:24) [l = @ e gy S 1A [l e+ llu = @nllg S 1WA ] oy + o e
< (1m b= + 1) M(f,9) S | Inhl6*T M(£, 9),

where we have used k3h? < Cy to derive the last inequality.
Now we estimate |7 ;. From the definition (3.5) of A;, and (3.22), we have

(Annn,vn) = k(1 + e1qg 617 ) (un — w), ) Vo € Vi
Clearly, we can derive from (3.19) and (3.21) that
(3.25) nllg < llun = ully + lu = @nlly S k2h*M(f,g),
(3.26) [ Awmnlly < K[/ (1+ e1aq 61°) (un = w)lly S K*H2M (£, 9).
Now we define n € H'(Q) by the variational equation:
(3.27) (Vn, Vo) + ik (n,v) = k*((1 + £lq, £ Y(up —u),v) Yo e HY(Q).
Using the regularity estimate of the elliptic PDEs, we have

(3.28) lnlly S K2 (11 +2laq [0 ) (un — w)l|, S K*R*DL(f, 9).
To go further, we can easily verify that
(3.29) (Vnn, V) + ik (nn, v) = (Vi, Vo) + ik (n,v) .

So 1, can be viewed as the finite element approximation of 7, and it then follows from
the standard arguments for the Céa lemma and the interpolation error estimates that

(3.30) In—=mally S 1% Inly S K*R*M(f,g).
Now we take a subdomain €27 in Q such that Qg C €y and
dist (09, 0 ) ~ dist(92,00) =~ 1;
then we get from (3.29) and the interior maximum-norm estimates [34, Theorem 5.1]
7 =l e gy < TR0 = Innll oy + 17— Ml
S 1 hlh? nlyz.e o, + KA M(f.g).

From (3.27), the Schauder interior estimates for the elliptic equations [24], and the
Nirenberg and discrete Nirenberg inequalities (3.4) and (3.6), we conclude that

nllw2.cer) S MMl Lo @) + k? 17l poe () + k||, — ull oo ()
S Il poe ) + k? I7nl oo 0y + k? ||, — Inul| oo o) + k? [l oo ()
1—4 4
S llly + & lnnllo™* 1| Anmm g
2 (1~ 1-4 . d 9 1—d d
+E* Jan — Thully * |An(an — Inu)llg + £ fulle * [Julls
<K REV2R2M(f,g) + kEHLM(f, ),
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where we have used (3.28), (3.25)—(3.26), and Lemma 2.2 to derive the last inequality.
By combining the above two estimates and using k3h? < Cy, we have

9=l o) S Nkl (KF4R% 4 kEF102) BI(F, 9) + K*R* D (£, )
= [malnd (% 0%+ k308 ) k' M (f, ) + KA1 M (1, 9)
(3.31) S kT M(f, g).
On the other hand, by rewriting (3.27) we can see that n € H'(Q) solves the equation
(Vn, Vo) + ik (n,v) — k*(n,v) =k*(gn — 1, 0) + & (@, — u,0)
+ k2 (6190 |¢|2 (up, — u),v) Yo e HY(Q),
so we can apply Lemma 2.3 to obtain
EZ 2 (n = nlly + lan = ullg + " flun —ully )
kT k2 (K*n* + kh?)M(f, g)
= (K°h* + E*h?) k"7 M(f,9) S k7 M(f,9).

H77HL<><>(QO) <
S

Combining this and (3.31) gives

(3.32) Il () S 7 M, 9).
Then the desired L estimate follows readily from (2.13), (3.23)—(3.24), and
(3.32). O

3.3. Existence of the finite element solution. Following the analysis for
the continuous NLH equation in section 2.2, we consider an iterative procedure to
establish the existence and stability of the finite element solutions to the discrete
NLH system (3.1): for a given u$) € V4, find v}, € V}, for I = 1,2, ... such that

(3.33)
(Vulh,Vvh) —k2 ((1+5190 |uh ’ ) uél,vh> + ik <ulh,vh> =(f,vn) + (g,vn) Yo € Vj.

The following lemma gives the stability estimates of this sequence uﬁl for [ > 1.

LEMMA 3.5. There exists a constant 03 > 0 such that if ke Hu%”iw(ﬂo) <|Inh|?

kdfzsﬂ(f, 9)? < 03 and k®h? < Cy (from Lemma 3.2), then the following stability
estimates hold for 1l =1,2,...:

(330 [l S Mg and [ub]l,e i S [nBIEF RIS ).

Proof. First we can easily see that if ke Huh 1 HLOO(Q ) < 6o, then (3.34) follows di-
rectly from Lemmas 3.2 and 3.4. This implies immediately the existence of a constant

A3 > 0 such that

ke || ! < C| lnh\zkd*%]\/](f,g)2 < by

2
Up HLOO(QO)

if [In hl? kdfzsﬂ(f, g)? < 03. Now the proof of the lemma follows by induction. O
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We are now ready to show the convergence of the sequence {u} } to a finite element
solution of the discrete NLH system (3.1) under proper conditions.

THEOREM 3.6. There exists a constant C > 0 such that if K3h? < Cy (from

Lemma 3.2) and o = C|In h|2kd’2€]\7(f, g)? < 1, then the finite element system
(3.1) attains a unique solution wuy, satisfying the stability estimates:

d—3 —~
(3.35)  [[Vunllg + kllunlly S M(f,9) and |lupll (o, S |Inhlk 2 M(f,g).

Moreover, if |||ud]|| < M(f,g) and Hu%HLOO(QO) <|In h\kd%sl\/j(f, g), then the iterative
scheme (3.33) converges at a rate given by

(3.36) ([, = un|| < ' M(f,9).

Proof. Tt is easy to verify using the iterative scheme (3.33) that the difference

vfl = uﬁj‘l — u% solves the following equation:

(Vo' Vo) — k2 ((1 +¢elg, |u§1|2> vﬁl,vh) + ik (v}, vp)
= k%¢ (1QOU§L (‘ulh’Q — |u2_1|2> ,vh) Yo, € Vp,.

Under the conditions of Lemma 3.5, we have ke HuﬁlHim(Qo) < 6p. Then we conclude
from Lemmas 3.2 and 3.5 that

(oAl < 2 [, (i = s )

S ke ] gy (Hh ey ) M

< [ h2k4=2eM (£, 9)? ||| ol -

loc

That is, [[v} ]| < 6’|lnh|2kd’25ﬂ(f, 9)2[|[vi ||| for some constant C > 0. Therefore
{u}} is a Cauchy sequence if o = C|In h|2k?=2eM (£, g)? < 1 and converges, say, to
up. It is easy to check from (3.33) that up solves (3.1), and the estimates (3.35) are
a consequence of (3.34). The uniqueness of the solutions uy, to (3.1) can be proved in
a similar manner to the one for Theorem 2.5, and the details are omitted.

To see the error estimate (3.36), we recall the previous estimate |[[v}, ||| < of|lvl™||.
Then we readily obtain [|v}]]| < o![|v?]| < o!'M(f,g) and ||ul, — unl] < o'/(1 —
o)M(f,g). This completes the proof of the theorem. d

3.4. Error estimates of finite element solutions. In this subsection we esti-
mate the error between the continuous solution u to the NLH system (1.2)—(1.3) and
its finite element solution wyp, to the discrete NLH system (3.1).

THEOREM 3.7. There exist constants Co, C1,C2,0 > 0 such that if k3h? < Cy and
|In h|2k9=2e M (f, g)? < 0; then the following error estimate between the finite element
solution up, to (3.1) and the NLH solution u to (1.2)—(1.3) holds:

(3.37) llu — un | < (Cykh + Cok®h2)M(f, g).

Proof. We know from Theorems 2.5 and 3.6 that u and wj, are the limits of two
sequences {u'} and {u}} defined by the systems (2.18)—(2.19) and (3.33), respectively.
So it is natural to estimate the error u! — ul.
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We know from (2.18)—(2.19) that u! solves the variational formulation for [ =
1,2,...and v € H(Q):

(338)  (Vul, Vo) — k(1 +elq, [u" Yul,v) + ik (ul, v) = (f,0) + (g,0).

We now define @9 = u) and ﬂﬁl € Vi forl=1,2,... to be the solution to the following
problem for all vy, € Vj:

(3.39) (Viih, Von) — k(1 + elqy [at " itk vn) + ik (@b, vn) = (f, 0n) + (g, v) -

Clearly we can apply Lemma 3.3 with ¢ = u!~! to the system (3.38) and its finite
element approximation (3.39) to get for [ > 1

(3.40) |u' = ah|| S (kh+ K°h?)M(f, g).

Using u! —ul, = (u! — @) + (@}, — ul), we still need to estimate 7}, := @}, — ul. We

know from (3.33) and (3.39) that 7}, € Vj, solves
(3.41) (Vhy Vo) = k2 ((1+ 1y [~ ") why o) + i (o, on)
= k% (o, (o'~ = [ul ") ulon ) Von € Vi,
Then we can apply the stability estimate in Lemmas 3.2, 2.4, and 3.5 to obtain
kIl < 2l = = 7 Ykl g, < K2 (1 bR T RIS, ) ™ =7
< [ hPT2eM (£, )% ([l = i+ |l -
Clearly, if | In h|2k%2cM(f,9)? is sufficiently small, then

1 _ -
ikl < 5 = = @i+ 5l -

Noting that 1) = 0, by induction and using (3.40) we conclude that

(3.42) |unhm<22“H\uf—u S (W FRATT(f, ) + 27 Ju® — )|

now combining (3.40) and (3.42) gives
[ i ]Il < (B + KRN (f,g) + 27 |u — wp ]|
Then (3.37) follows by letting I — oco. This completes the proof of the theorem. 0O

Remark 3.1. As discussed in Remark 2.1, one may show that the iterative scheme
(3.33) still converges if the conditions in Lemma 3.5 are replaced by the following
conditions:

(3.43) k*h? < Oy,
~ M ~

(3.44) H|u2 - uincm SIS Hu% - uiﬂCHLoc(Qo) < | Inhlk™=" | fllo,

(3.45) max (| In k42 FIR, ke el o, ) <0

for some constant @ sufficiently small. As a consequence, the limiting solution wuy,
satisfies the following error estimate under the conditions (3.43) and (3.45):

(3.46) llu = wunlll < (Cikh + C2k®h?)|| fllo-
The details are omitted.
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4. Continuous interior penalty finite element method. It is well known
that the standard FEMs like we used in (3.1) have the strong pollution effect in
approximating the linear Helmholtz equation (i.e., ¢ = 0 in (1.2)) with high wave
number, that is, they do not produce optimal convergence. This has been widely
studied in the literature, along with efficient numerical solvers for finite element sys-
tems arising from the Helmholtz equations; see [2, 3, 13, 14, 19, 25, 26, 29, 31, 32]
and the references therein. There are different finite element strategies to reduce
such pollution effects, among which the continuous interior penalty finite element
method (CIP-FEM) has been proved to be very effective in reducing pollution errors
essentially [36, 39, 18, 27, 11].

We shall now introduce the CIP-FEM, which is done by adding some appropriate
penalty terms on the jumps of the fluxes across interior edges/faces to the finite
element system (3.1). Let & be the set of all interior edges/faces of Tj,. For every
e=0KNOK' € &L, let n. be a unit normal vector to e and [v] be the jump of v on
e, given by [v]|. :=v|x — v|k.

We define the “energy” space V' and the sesquilinear form a(-,-) on V x V as

Vi=H'(@Qn [[ B*K),

(4.1) a,(u,v) = (Vu, W)T?(u,v) Vu,v eV,
42) sy = Y e (o] [o])

eES}IL

where 7, for e € S,{ are called the penalty parameters, which are complex numbers
with nonnegative imaginary parts. It is clear that J(u,v) = 0 if u € H?*(Q) and
v € V. Therefore, if u € H?(Q) is the solution of (1.2)—(1.3), then

ay(u,v) = k(1 + €1, [u*)u, v) + ik (u,v) = (f,0) + (g,v) Vv eV

This motivates the definition of the CIP-FEM: Find u; € V}, such that
(4.3)
ay (un, vn) — k*((1 + elq, |uh|2)uhavh) + ik (up, vn) = (f,vn) + (g,vn) Vo € V.

Similarly to the iteration (3.33), we may consider the iterative method for the
CIP-FEM system (4.3): for a given ul) € Vj, find ulh eV, forl=1,2,--- such that

(4.4)
a (uh,vp) — k2 ((1 +elgq, ‘uﬁ;l‘z) uil,vh) + ik (uf, vp ) =(f,vn) + (g,vn) Vi, € Vi

Compared with our earlier standard FEM (3.1), the CIP-FEM (4.3) has added a
bilinear form J(u,v) that collects the so-called penalty terms, one from each interior
edge/face of Tj. Clearly, the CIP-FEM reduces to the standard FEM (3.1) when the
penalty parameters v, in J(u,v) are turned off.

The CIP-FEM (4.3) was analyzed systematically in [36, 39, 18] for the linear
Helmholtz problem, i.e., € = 0 in (1.2) and (4.3), and shown to be absolutely stable
for penalty parameters 7. with positive imaginary parts. Optimal order preasymp-
totic error estimates were also derived, and the penalty parameters may be tuned to
reduce the pollution errors significantly [36, 39, 18, 27, 11]. By following the technical
derivations and development in section 3, we can establish the stability estimates in
Theorem 3.6 and the error estimates in Theorem 3.7 also for the above CIP-FEM.
We omit the tedious technical details here.
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Remark 4.1. (1) Penalizing the jumps of normal derivatives across interior edges
or faces of a finite element mesh was used by Douglas and Dupont [17] for second-
order PDEs, by Babuska and Zldmal [4] for the fourth-order PDEs in the context of
C° finite element methods, by Baker [5] for the fourth-order PDEs, and by Arnold
[1] for second-order parabolic PDEs in the context of interior penalty discontinuous
Galerkin methods.

(2) We have considered in this work the scattering problem of the time dependence
et which corresponds to the positive sign before i in (1.3). If the scattering problem
of the time dependence e~** is considered instead, then the sign before i in (1.3)
should change, and the penalty parameters 7, in J(u,v) are complex numbers with
nonpositive imaginary parts.

Remark 4.2. In [38], Yuan and Lu proposed the following modified Newton’s
method for the NLH (1.2):

(4.5) —Adt = 2 (14 2610, [ ) ul = f — K2l [u Pt i,

The corresponding variant of this iterative method for the CIP-FEM system (4.3)
takes the following form: for a given uy € Vj,, find uﬁl €V, forl=1,2,... such that

(4.6) ay (uh, v) — k2 ((1 4 2e1q, |uﬁ;1‘2 Jub, vg) + ik (ul,, v )
= (f — k2€1QO ’ufl’Quﬁfl,vh) + (g,vh> Yo € V).

As we may observe, this iterative formula is quite similar to that of (2.18). So the
convergence may be established for both the modified Newton’s method (4.5) and its
CIP-FE discretization (4.6) by following the same arguments as that for Theorems 2.5
and 3.6. We omit the details.

5. Numerical examples. We consider the NLH (1.2)—(1.3) defined on the do-
main composed of two regular hexagons with their common center being the origin
and radiuses being 1 and %, respectively. For an even number n > 0, let 7;, be the
equilateral triangulation of mesh size h = 1/n. The penalty parameters for CIP-FEM

are chosen as /3 /3
3 3

Ve =7 =51 — woog (kh)?,
24 1728

which are able to remove the leading term of the dispersion error [27].

5.1. Accuracy of FEM and CIP-FEM. We examine the accuracy of the two
methods FEM and CIP-FEM by taking the Kerr constant to be ¢ = k2 and the
exact solution (cf. [12])

5 \/ieiy Vk2+425
“= Vek cosh(5z)"

Figure 5.1 plots the real part of Inu, |u£EM — Ihu|, and ‘USHLFEM — Ihu’ for
k = 100 and h = 1/200. It was shown that the standard FEM provides a wrong
approximation, while the CIP-FEM gives the desired approximation of the exact
solution.

Figure 5.2 plots the relative error in energy norm of the interpolant, the FE
solution, and the CIP-FE solution for k¥ = 10 : 10 : 500 with fixed kh = 1 and
kh = %, respectively. It is shown that the interpolant is pollution-free and the FE
solution suffers from obvious pollution effect, while the CIP-FE solution is almost
pollution-free for k up to 500.
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Fic. 5.2. kh =1,0.5, k = 10 : 10 : 500. Relative error in energy norm. Dotted: interpolation;
blue: FEM; red: CIP-FEM.

5.2. Collision of nonparaxial solitons. Unlike the Schrédinger equation com-
monly used in the nonlinear optics, the NLH has no preferred direction of propagation.
Therefore, it can be used to model the interaction of beams traveling at different an-
gles. To demonstrate this capability, we solve the NLH with ¢ = k=2 and incident
wave

iy VEZ+400 iVRZF400 (4 - 5=)
Uine = Uk + 1B, = 20@(;20 L2032 i
cosh(20 x) cosh (20(32 + % y))
Note that the incident wave u,. consists of two nonparaxial solitons, which are inci-

dent from south and southeast, respectively, into the nonlinear medium. We set the
source term

f o _Auinc - k2uinc in O \ QO,
o in Q.

Figure 5.3, left, shows the surface plot of |umc|2 with k = 100, while Figure 5.3, right,
plots the square of the amplitude of the CIP-FE solution with & = 100 and h = 1/400.
As expected, the two nonparaxial solitons are almost unchanged by the collision.

For comparison, we now consider only one incident nonparaxial soliton, that is,
we solve the NLH with
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—Aul  — Kl in Q\ Qo,

1nc

1
Uine = Uipes [ = .
me 0 in Q.

Figure 5.4 shows that the total field is almost the same as the incident wave, which
means the backward scattering is weak for the case of only one incident nonparaxial
soliton, while for the case of two incident nonparaxial solitons as shown in Figure 5.3,
the yellow part in 2\ Qg of total field indicates that the backward scattering is strong.

5.3. Optical bistability. We consider the NLH problem (1.2)—(1.3) with k =
ko := 13.8 in Q\ Qq, k = 2.5ky in Qp, ¢ = 1072, and f = 0. The incident wave is
specified as a plane wave ujp = Aefoi®,

In Figure 5.5, we show the energy norm of uy versus that of the incident wave.
A reference incident wave u) == = Apefoi® with Ay = 10° is introduced for scaling.
The vertical and horizontal axes are ||[up|| /|[[ul]ll and [[wine|l /|[|udy]ll, respectively.
Clearly, the larger the amplitude, the stronger the intensity of the incident wave. We
set the mesh size h = 1/100. The lower branch (solid) is computed by the itera-
tive method (4.4), the upper branch (dotted) is computed by the modified Newton’s
method with the CIP-FEM (4.6), and the middle branch (dashed) is computed by
the standard Newton’s method with the CIP-FEM (see, e.g., [38]). The method (4.4)
is easier to implement than the other two methods, but it converges only for A small
enough (A < 192,240). The method (4.6) is robust for small and large A but it
jumps to the upper branch a little earlier at A = 192,020 and fails in computing the
middle branch. We remark that a similar example on a circular domain is computed
by the modified Newton’s method discretized by a mixed pseudospectral method in
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in Figure 5.5.

[38]. Clearly, the proposed CIP-FEM here works for more general domains and more
complicated media. For 167,740 < A < 192,240, the NLH has three solutions with
different levels of energy. This corresponds to the optical bistability phenomenon,
since the two solutions corresponding to the upper and lower branches in Figure 5.5
are presumably stable, and the solution corresponding to the middle branch is unsta-
ble [38]. For A = 180,000, the NLH has three solutions marked as A, B, and C in
Figure 5.5. The electric field patterns of these solutions are shown in Figure 5.6. The
initial guess for the Newton’s method at point B is chosen as 0.9 times the solu-
tion corresponding to point C. After that, we can easily find the middle branch by
decreasing or increasing the amplitude A slightly in each step.
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