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We consider the linear Lugiato—Lefever equation formulated on a finite interval
with nonzero boundary conditions. In particular, using the unified transform of
Fokas, we obtain explicit solution formulae both for the general nonperiodic
initial-boundary value problem and for the periodic Cauchy problem. These novel
solution formulae involve integrals, as opposed to the infinite series associated
with traditional solution techniques, and hence they have analytical as well as
computational advantages. Importantly, as the linear Lugiato—Lefever can be
related to the linear Schrodinger equation via a simple transformation, our results
are directly applicable also to the linear Schrodinger equation posed on a finite
interval with nonzero boundary conditions.

1. Introduction

The Lugiato—Lefever equation
Uy +iBuxy + (1 +ic)yu—ilul’u=F (1-1)

has recently gained significant attention within the broader applied mathematics
community. Here, u(x, t) is a complex-valued function, « and f are real parameters,
and F is a positive constant. Equation (1-1) is an envelope model that originates
from the Maxwell-Bloch equations and was introduced in [Lugiato and Lefever
1987] as an example for dissipative structure and pattern formation in nonlinear
optics. Further information about the derivation and relevance of the Lugiato—
Lefever equation as an optical model in various settings, including experimental
results that illustrate its physical significance, can be found in [Chembo and Yu
2010; Chembo and Menyuk 2013; Kippenberg et al. 2011; Mandel and Reichel
2017; Qi et al. 2017; Lugiato et al. 2018; Lottes et al. 2021]. Furthermore, several
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works have recently appeared in the literature on the rigorous mathematical study of
(1-1), where a direction of particular emphasis concerns the stability of the periodic
Cauchy problem — see, for example, the recent works [Delcey and Haragus 2018;
Stanislavova and Stefanov 2018; Hakkaev et al. 2019; Haragus et al. 2021; 2023].
The Lugiato-Lefever equation (1-1) arises naturally in the periodic setting and
also as a general initial-boundary value problem on a finite interval. In this work,
we are concerned with the forced linear counterpart of (1-1), namely the equation

Ur +iPuxy + (1 +ic)u = f(x,t), (1-2)

where f is a given forcing function, for which we derive novel, explicit solution
formulae in both the periodic and the nonperiodic case with nonzero boundary
conditions — see expressions (1-7) and (1-5) respectively. Our main motivation
behind this study is related to the task of showing well-posedness of the nonlinear
equation (1-1) via contraction mapping techniques. In particular, we note that in
recent years a new method has been introduced by one of the authors and collab-
orators for proving the local well-posedness of initial-boundary value problems
for nonlinear evolution equations — see, for example, [Fokas et al. 2016; 2017;
Himonas et al. 2019; Himonas and Mantzavinos 2020]. This method is based on a
contraction mapping argument that crucially relies on the solution formulae obtained
for the forced linear counterparts of these problems via the unified transform of
Fokas [1997; 2008] (also known as the Fokas method). In this respect, the explicit
solution formulae (1-5) and (1-7) derived in the present work for the forced linear
equation (1-2) will serve as starting points for implementing the method of [Fokas
et al. 2016; 2017; Himonas et al. 2019; Himonas and Mantzavinos 2020] in order
to establish the local well-posedness of the Lugiato—Lefever equation (1-1) on a
finite interval with nonperiodic or periodic nonzero boundary conditions.

Specifically, in this work we explicitly solve the forced linear initial-boundary
value problem

U +ifuxy +(1+ic)u= f(x,t), 0<x<4{,t>0, (1-3a)
u(x,0) =up(x), O0<x </, (1-3b)
u(0,1) = go(t), ul,t)=nho(t), t>0, (1-3¢)

where the initial data u and the boundary data gg, /¢ are assumed to be sufficiently
smooth so that the various computations carried out in this work make sense. In
particular, the precise characterization of the optimal regularity of the initial and
boundary data is a task which becomes more relevant when aiming to prove the
well-posedness of the nonlinear equation (1-1) and hence it is reserved for future
work in that direction.

Observe that, in the special case f(x,t) = F, equation (1-3a) corresponds to
the linearization of the Lugiato—Lefever equation (1-1). Furthermore, note that the
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initial-boundary value problem (1-3) for the forced linear Lugiato—Lefever equation
can be easily related to a corresponding problem for the forced linear Schrodinger
equation. Indeed, the transformation u(x,t) = e~ (IHity(x 1) turns problem (1-3)
into

Ve +iBogx = M f(x 1), O0<x<{,t>0, (1-4a)
v(x,0) =up(x), O0<x<d, (1-4b)
v(0.1) = eV go(r),  v(l.1) =MD hg(r), >0, (1-4c)

which is an initial-boundary value problem for the familiar forced linear Schrodinger
equation with Dirichlet data on the finite interval. Therefore, the results obtained in
this work for the forced linear Lugiato—Lefever equation on the interval are directly
applicable also to the solution of the forced linear Schrodinger equation on the
interval. In fact, although the cubic nonlinear Schrédinger equation on the interval
has been considered in various works (e.g., [Fokas and Its 2004; Fokas et al. 2005]),
to the best of our knowledge the solution to the forced linear problem (1-4) via the
unified transform has not been explicitly provided anywhere else in the literature.
In particular, here we provide a complete derivation of the solution to this problem,
with careful justification of the complex contour deformations that form the core of
the unified transform.

It should be noted that the unified transform employed in this work is a universal
method for solving initial-boundary value problems that involve evolution equations.
The method was introduced in [Fokas 1997] and has since been advanced in multiple
settings by many researchers. Indicatively, we mention [Fokas 2001; 2002b; Fokas
and Pelloni 2005; Kalimeris and Fokas 2010; Mantzavinos and Fokas 2013], which
establish Fokas’s method as the initial-boundary value problem analogue of the
classical Fourier transform used for the solution of the initial value problem of
linear evolution equations. Moreover, the unified transform also has a nonlinear
component which is applicable to completely integrable equations such as the
cubic nonlinear Schrédinger and Korteweg—de Vries equations on the half-line
and the finite interval [Fokas and Its 2004; Fokas et al. 2005; Boutet de Monvel
et al. 2006; Boutet de Monvel and Shepelsky 2003; 2004; Fokas 2002a] or the
Davey-Stewartson and Kadomtsev—Petviashvili equations on the half-plane [Fokas
2009; Mantzavinos and Fokas 2011]. A comprehensive presentation of the unified
transform can be found in the monograph [Fokas 2008] as well as the review
articles [Fokas and Spence 2012; Deconinck et al. 2014]. Especially relevant to
the periodic problem for NLS is the recent work [Deconinck et al. 2021], while a
general framework for linear constant-coefficient evolution equations with periodic
boundary conditions via the unified transform is laid out in [Trogdon and Deconinck
2012]. Finally, as noted above, the unified transform has recently inspired a new
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approach for proving well-posedness of general nonlinear evolution equations in
the initial-boundary value problem setting; see [Fokas et al. 2016; 2017; Himonas
et al. 2019; Himonas and Mantzavinos 2020].
The explicit solution formula for problem (1-3) as derived via the unified trans-
form in Section 3 is
1 t

_ ikx—iwt 5 L ikx—iwt iot ¢
u(x,t)= 277/keRe uo(k)dk—i—zn kERe /; e' Yt fk,2n)drdk

1 eikx—iwt - »
_E/k 1 Rl gl o k) — e Hilo (Zh)] dk
c _
/3 eikx—ia)t 5 »
"7 Joeps ekl gk lho(@.1) —eT go(@. ] dk
c _

1

elkx—iot t o .
— lwT 1 —7
_E/keﬁ ikl _ g—ikl /z:()e [ f (k.r) dT—e " f (k. 7)]dvdk

1 pik(x—0)—iwt
LT /keﬁ STkl gkt oK) —ito(=k)] dk

B eik—b—iot
1 ~
T e Skl gikg Kl ho(@. 1) = &o(w. )] dk
1 lk(x—O—iwt ot X A
lwT
+E keﬁ—m/_e [f(k’f)_f(—k,f)]dfdk, (1_5)

where w is given by (2-3), 1o and f denote the ﬁnite-intgrval Fourier transforms of
the initial data and the forcing defined by (2-1), 2o and h¢ are temporal transforms
of the boundary data defined by (2-5), and the complex contours £* correspond to
either

(i) the positively oriented boundaries dD* of the regions D* defined by (2-7),
i.e., the upper and lower branches of the hyperbola 28 Re(k) Im(k) = —1, or

(ii) the contours C* of Figure 1,
which are equivalent (by Cauchy’s theorem).

The general finite interval problem (1-3) is directly related to the periodic Cauchy
problem

U +ifuxy +(1+ic)u= f(x,1), O0<x<{,t>0, (1-6a)
u(x,0) =up(x), O0<x <, (1-6b)
u(0,t) =u(l,t), ux0,t)=ux(,t), t>0, (1-6¢)

where the initial data uo(x) and forcing f(x,t) are periodic functions such that
ug(x + ) = uo(x) and f(x +¢€,t) = f(x,t) for all x € R and ¢ > 0. Indeed,
via a similar approach to the one used for problem (1-3), our analysis yields the
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following solution formula for the periodic problem (1-6):

u(x,1) = % | ik dk
€
t
+ L elkx—la)t/ e”"rf(k, ‘L') d‘L' dk
2n keR =0
1 eikx—ia)t R
T2 Jyepr 1_emmrr 0 4K
1 eikx—ia)t t ior 2
~ 5 k£+m/ et fk,t)dtdk
c — _
1 eik(x—@)—iwt

27 | o o) dk

1 plk(x—O)—iwt t T A L dredk
+ — —_— e ,T)dtdk, 1-7
i | S [ i) (17
where, as before, w is given by (2-3), 1o and f denote the finite-interval Fourier
transforms of the initial data and the forcing defined by (2-1), and the complex
contours £* are the ones appearing in formula (1-5).

Structure. The solution formula (1-7) to the periodic problem (1-6) is derived in
Section 2. Interesting reductions to the traditional “separation of variables/Fourier
series” representation, as well as to the solution of the direct linearization of the
Lugiato—Lefever equation (1-1) (i.e., when the forcing f is constant and equal to
F > 0), are also provided in that section (see (2-13) and (2-11)). The analysis for
the general nonperiodic problem (1-3) requires an additional crucial idea and is
given in Section 3, leading to the solution formula (1-5). The reduction of this
formula to the direct linearization of the Lugiato—Lefever equation (1-1) is also
provided (see (3-14)).

2. The periodic problem

Our analysis is done for the linear Lugiato—Lefever equation (1-6a) with general,
nonconstant forcing f(x, 7). The motivation for this is that the resulting solution
formula can be used in the future for studying the nonlinear Lugiato-Lefever equa-
tion (1-1). Of course, setting f(x,¢) = F reduces (1-6a) to the linearization of (1-1).

2A. The global relation and an integral representation for the solution. The
Fourier transform pair for a function ¢ (x) on the interval 0 < x < £ is defined by

V4
(k) = f ey (x)dx, keC,
x=0 2-1)

¢(x)=i/ Gk dk, 0<x <t
27 Jier
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Applying the above Fourier transform to (1-6a) yields

(e, 1) +iBle™ " uy (€,0)—ux (0,1)+ik[e ™ Ku(l, 1)—u(0,1)+iki(k,1)]}
+(+ia)ik, 1) = f(k,t). (2-2)

In view of the initial condition (1-6b), the periodic boundary conditions (1-6¢), and
the notation

wk)=—Bk*—i +a,
u(,1) =u(l,t) =h(t), ux(0,t)=ux(l,t)=g(t),

(2-3)

we integrate (2-2) with respect to ¢ to obtain what is known in the unified transform
terminology as the global relation:

e ik, 1) = fo (k) +iB{[E(w. 1) +ikh(w, )]~ * g (w,0)+ikh(w,1)]}

t
+/ T f(k,r)dr, (2-4)

=0
where we have also introduced the notation

t .
d(w,1) = / e’ (1) dr. (2-5)

We remark that the global relation (2-4) is valid for all k € C in line with the domain
of the interval Fourier transform (2-1).

Inverting the global relation (2-4) for k € R by means of (2-1), we find the
following integral representation for the solution u:

1 . .
u(x,1) = —/k Relkx—’wfao(k) dk
S

2

1 ex—i b e 2
+ — elkx—la)t / ela)‘tf(k’ t)dtdk
27 Jker t=0

+ i e X030 1) + ikh(w, t)] dk
27 Jrer

_iB e kO=D=iot (54 1) +ikh(w, 1)] dk. (2-6)
27 Jker
The integral representation (2-6) is not an explicit solution formula since it
contains the unknown boundary values /(¢) and g(¢) through the transforms h (w,1)
and g(w, t). However, it turns out that these unknown transforms can be eliminated
from (2-6) by exploiting the analyticity and exponential decay of the relevant
integrands in appropriate regions of the complex k-plane.
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Figure 1. The regions D defined by (2-7) along with their pos-
itively oriented boundaries dD*, which correspond to the upper
and lower branches of the hyperbola 2 Re(k) Im(k) = —1 (black),
and the contours C* (blue) for B < 0 (top) and B > 0 (bottom).
The red dots along the real axis correspond to the zeros k;, = 2”7”,
n € Z, of the quantity 1 — e k% in the periodic problem, and the
zeros k,, = %, n € Z, of the quantity etkt _ o=ikl iy the finite

interval (nonperiodic) problem.

2B. Elimination of the unknowns and an explicit solution formula. Noting that
|le?k* | = ¢~ Im(k)X ynd recalling that x >0, we see that e’¥* is bounded for Im(k) =0
and decays to zero as |k| — oo whenever Im(k) > 0. Similarly, the exponential
e~1@(=1) with 0 < t < ¢ decays to zero in the region C\ DT U D—, where the
regions D+ are defined by

D* :={k € C:Im(k) = 0 and Re(iw) < 0}. (2-7)

More precisely, D* = {Im(k) = 0 and 28 Re(k) Im(k) +1 <0} and DT U D~ cor-
responds to the region outside the branches of the hyperbola 28 Re(k) Im(k) = —1
(see Figure 1).

__Therefore, etkx—10(t=7) decays to zero as |k | — oo inside the region {Im(k) > 0}\
DT and is bounded on the closure of that region. Thus, thanks to analyticity in k,
Cauchy’s integral theorem allows us to deform the path of integration of the third
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k-integral in (2-6) from R to the contour C* in the upper half of the complex
k-plane (see Figure 1). Similarly, since |¢!KX—0| = ¢=Im(K)x—0) and x < ¢,
ek(x=0—i0(t=1) decays to zero as |k| — oo inside the region {Im(k) < 0} \ D~
and is bounded on the closure of that region. Hence, we can deform the contour
of integration of the fourth k-integral in (2-6) from R to the contour C™ in the
lower half of the complex k-plane (see again Figure 1). We remark that both
deformations can be rigorously justified along the lines of Proposition 2.1 proved
later. Implementing them, we write the integral representation (2-6) as

u(x, 1) = % i Reikx_i‘“’ﬁo(k) dk
€
. . t . A~

+ e’kx—’“”/ 7 £k, 7) d dk

27 keR =0
+ ;—ﬂ KXz (6 1) + ik (o, 1)] dk

T Jkect

_iB KGO0tz ) L ikiw, D] dk.  (2-8)

27 Jxec—

Then, substituting for the unknown quantity g(w,t) + i kﬁ(co, t) via the global
relation (2-4), which is valid for all k € C and, in particular, for k € C¥, turns (2-8)
into the explicit solution formula (1-7) with £+ = C*, where we have made crucial
use of the following result, which is proved at the end of this section.

Proposition 2.1. For any 0 < x <{ and anyt > 0,

elkx A eik(x—lf) A
AEC+ mu(k,l)dk— o mu(k,[)dk—o (2-9)
Remark 2.2 (need for deformation). Substituting for the unknown g(w,?) +
ikh (w, 1) via (2-4) without first deforming the relevant contours to Ci, i.e., at
the level of (2-6), yields the tautology u(x,¢) = u(x, t). Hence, the deformation to
C* is needed in order to eliminate the unknown.

Remark 2.3 (deformation to the contours dD¥). The zeros of 1 —e ™ k& occur at
k=k,= Z”T", n € Z, thus they do not introduce any singularities in formula (1-7)
since they are avoided by C* (see Figure 1).

Furthermore, instead of CF, it is possible to deform the contours of integration of
the boundary-value integrals in (2-6) from R to the positively oriented boundaries
dD* of the regions D¥, i.e., to the upper and lower branches of the hyperbola
28 Re(k) Im(k) = —1 depicted in Figure 1. See Section 3B for a justification of this
alternative deformation in the case of the nonperiodic problem and, in particular,
for the analogue of Proposition 2.1 in the case of dD*. Therefore, formula (1-7)
provides the explicit solution to the periodic problem (1-6) for the forced linear

Lugiato—Lefever equation with either of the choices £¥ = DT and £L* = C*.
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In the special case f(x,?) = F, which corresponds to the linearization of the
Lugiato—Lefever equation (1-1), formula (1-7) becomes

. . . 1— —ik{ ] — e~ iot
u(x,r) = L/‘ etkx=ioty, (k) dk — i/ e’kx( e ) —e™) dk
keR keRrR

27 b4 kw
ikx—iwt —iwt
L o1-
_ L e—%ﬁo(k) dk+£/ kX1 ”8  ak
278 Jpep+ 1—e™t 27 Jrer+ kw
ik(x—0)—iwt ) 1— —iwt
L oy dk— £ [ kO g
27 Jkep— 1—e™! 27 Jker- kaw
(2-10)

This formula can be further simplified by observing that the singularities arising
from the zeros of w are all removable apart from k = 0, which is a simple pole due
to the presence of k in the denominator of the relevant integrands. Thus, denoting
by Cq [0,71(0) and C¢ [ 2,](0) the semicircles of radius & > 0 centered at the origin
and oriented counterclockwise from O to 7 and from 7 to 27 respectively, we
employ Cauchy’s integral theorem to write

/ eikxl—e_i‘”’ Jk — (/ _/ )eikxﬂ dk
ker+ kw keR\[—e,e] JkeCg 0.71(0) ko

and

) l_e—ia)t . l_e—iwt
[ oIk G—0) Jk— (/ +[ )ezk(x—e)—dk.
kec- ko keR\[~e,6]  JEECe (. 271(0) ko

In turn, we have

/ pikx 1—e'e! Jk — pikG—0) 1—e 't Jk
kect kw ker— kw
:/ eikx(l—e_ike)—l_e_lwt dk— eikx—l_e_lwt dk
keR\[—s,6] kw keC,.(0.21(0) kw

B / k-0 1= e 't Jk
k€Ce [r.271(0) ke

and so taking the limit & — 0" and then using Cauchy’s residue theorem for
the second and third integrals, as well as the fact that the singularity at k = 0 is
removable in the first integral, we find

—iwt

—iwt
/ pikx 1= sk 1=
kect ko keL— ko

/ ox (1 _e—ike)(l _ e—ia)t) 1 _e—(1+ia)t
= e e
keR

dk +2
kw tam l+ia
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Via the above calculations, expression (2-10) yields the following solution formula
for the linearization of the Lugiato—Lefever equation (1-1) with periodic boundary
conditions:

1 ) ) 1 pikx—iot
u(x,1) = —/k Relkx—lwfao(k) dk——/ —dig(k) dk
€

1 eik(x—Z)—ia)t l_e—(l-i-ioe)t
-— — sk dk + ——F. (2-11
27 Jrep— 1—e ikt o(k) dk + l+ia ( )

2C. Reduction to the traditional separation of variables/Fourier series repre-
sentation. We emphasize that the solution formula (2-11) could not have been
obtained without deforming from R to the contours £*. This is because if one
were to employ the global relation (2-4) without making these deformations (i.e.,
directly at the level of (2-6) instead of (2-8)) then one would obtain the tautology
u(x,t) =u(x,t). Indeed, without the deformations, the three terms involving the
initial datum in (1-7) would cancel one another, and so would the forcing terms,
while the last two terms that involve #i(k, t) would combine to yield u(x, t) via the
inverse Fourier transform.

At the same time, if desired, it is possible to collapse the contours £* involved
in formula (2-11) to the real axis. However, in doing so, one must take into account
the residue contributions from the poles at k,, = 2”7”, n € Z, arising from the term
1—e ket I particular, using analyticity (Cauchy’s theorem) and exponential decay,
we can write the solution formula (2-11) as

1 x—ior 1 eikx—ia)t
_ ikx—iwt n _ 7
u(x,t) = o /kERe uo(k) dk 7 /kez:;" 1_e_l.uuo(k) dk
1 eik(x—Z)—ia)t A 1— e—(l—i—ioe)t
2 kecs 1 —e ikt tto (k) dk + l+ia

with
‘C: =Re U U _Ce,[O,n](kn)a ‘C; =Re U U Cs,[n,Zn](kn)’

nez nez

1 2
where for 0 < & < 3lkp+1—kn| = % we define

RE = U[kl’l +89 kn—i—l _8]7

nez

Ce lap)(kn) = {lk —kn| = &, a < arg(k) < b},

with positive orientation. In fact, breaking down the contours Esi into their individ-
ual components and noting that the integrals along R, combine to a single integral
that does not involve a singular integrand, we take the limit ¢ — 0 to obtain
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ikx—iwt
u(x,t)=-— lim / —uo(k)dk
27[ e=>0" JkeU ez Ce.j0.710kn) 1—e~ikt
ik(x—@)—ia)t
+— lim [ —.ﬁo(k)dk
27 50+ JkeU,er Coframten) 1= 70 7 Ctiay
- F. (2-12)
I+ia
Finally, using Cauchy’s residue theorem we compute
eikx—iwt eikx—ia)t
lim ———ugplk)dk =in lim | ———(k —kp)uo(k
60+ JkeCo oy 1 — € TKE o(k) k—>kn|:1 _e_,ke( n)uo( )]
_ %eiknx—iw(kn)tﬁo(kn)
and, similarly,
eik(x—ﬁ)—iwt " o)t
lim —1 kdk— elknx—iokn)t o (k
e—>0t k€Ce [7.271(kn) 1 —eikt 0( ) ¢ O( )
Therefore, (2-12) becomes
1 ikpx—iw(ky)t 7 1— e—(1+ia)t 2mn
u(x. ) =53 e ito(kn) + —— 7 F. k== (2-13)

nez
which is the formula one can expect to obtain via separation of variables and the
traditional Fourier series method.

2D. Proof of Proposition 2.1. We only provide the proof for the integral along CT,
as the argument for the integral along C™ is entirely analogous. Integrating twice
by parts and rearranging, we have

elkx
/];ec-i- mu(k, l) dk

. 1 £ .
- e’kx—./ e Yy (y, 1) dy dk
/kec+ 1—e=ikt [ (v.0)dy

1 o1
=u(0.1 X dk —uy (0,1 etkx K
©.2) kect k »(0.1) kec+ k2_l,ky
e

Note that we have used Fub1n1 S theorem in order to 1nterchange the order of
integration in the double integral since

e—lky
[

/Z | | 1 e—Im(k)(x-‘ré—y) Iy
< uyy(y,1) / _ Yy < o0
=0 7 Jkeer kP JefRE—1]

via steps similar to those in the estimation of /g and Jg below.
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For the first k-integral on the right-hand side of (2-14), by Cauchy’s theorem we
have

/ e —dk =— lim dk
kect ik R—>00 kecR,eo(O) ik

where Cp g,(0) denotes the circular arc

CR 0o (O) =

with 0 = 0 if |R — k| = for all n €z and 6 € (0,sin"" (£%)] if there

exists n € Z such that |R — k | < 2% Since sin @ = sin(;r — ), the cases S < 0
and B > 0 can be handled in the same way to yield

/ eikx dkl <
keCroy©) Ik

Thus, using the well-known inequality

T

/2 e—stinO deo.
6=0

sin 6 > %9, 0 e [o, —], (2-15)

we find

%
/ oikx 1 dk‘ / RO gg = T (1—e*R)y 0, R o0,
keCr g, (0) ik 9=0 2xR

and hence we conclude that

/ ekx Lok —o. (2-16)
kect ik

Similarly, it follows that the second integral on the right-hand side of (2-14) also
equals zero:

ikx 1
/I;ech e' xkz dk = 0. (2-17)

Concerning the k-integral inside the double integral of (2-14), Cauchy’s theorem
implies
) 1 —iky . 1 —iky
/ e’kx—z—. dk=— lim e’kx—ze—. dk, (2-18)
kec+ k21— e ikt R—o00 keCr.o,(0) k21— e ikt
with Cp g,(0) defined as above. We will estimate this integral by decomposing it
into two pieces which we handle separately:

/ ikx 1 e—zky
et —————dk =Ip+ JR, (2-19)
keCr gy k2 1—emikt
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where
. 1 —iky
IR = / elkx_ze—'k( dk, (2_20)
keCr.,(0).Im(k)=%% k21 —e— i
. 1 e—iky
Jr = / elkx_—' dk. 221
keCR.g,(0),Im(k)<5% k21— ikt

3¢

Estimation of Ig. This term is the easiest of the two. First, observe that, since
y < £ and Im(k) = 0,

o—iky o~ Im(k) (=) 1
| = — < — 2-22
1_e—lkZ |elk€_1| |elk€_1| ( )
and so
a1 1
el < [ x| lakl. @)
keCr 6, (0),Im(k)>2Z et e — 1]

Therefore, noting that for k € Cg g,(0) with Im(k) > 2—” we have arg(f) €
[sin~ 1(32&) Z] when B<0 and arg(d) € [%,m—sin 1(32&)] when B >0, we
employ the triangle inequality twice to get

1 Z —stinG 40

= ————— do, <0,
1ol < | B o= G ety
RIS 7 —sin 1(3(1{) e—stmG

_/ iR 1|d9, B >0

1 72Z —xR sin 6

< ——rog 40,
R 0—sin—! (326771R) l_e—ZR sin 0

where we have made the change of variable 6 + 7 — 0 in the case 8 > 0. Thus,

noting in addition that Rsinf > e T and so 1 —e tRsn0 > 1 _ p=27/3 e find

T

e 2 .
|IR| < l(1 —6_23)_1/ e—stmO d@,
R 0=0,
and using inequality (2-15) we conclude that limg_o I =0, x,y € (0, £).

Estimation of Jg. This term is trickier only because it is harder to obtain a positive
lower bound for |e’ kt _ 1]. First, like for /g, using the triangle inequality and the
bound (2-22) we find

ikxi 1

3 || \dk|. (2-24)

=3¢

|JR| < / e
keCr o, (0),Im(k) < 2E

Next, we use the following result.
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kn kn'—i-l

Figure 2. The upper bound for the radius p used in the proof of Lemma 2.4.

Lemma 2.4. For any

ke {0<tmk) < Z3\ | Dax (kn),

nez

we have |e'kt — 1| = 1 —e=27/3,

Before proving this lemma, we use it to complete the estimation of Jg. From
(2-24), we have

sin~! (32£—”R)

|JR| < l(l _e_zTn)_l e—stinG deo.
R =60
Hence, employing once again inequality (2-15), we obtain
JR| < l—e_%n _MQ e_m“nil(%) Rooo, 0, x,ve(0,%).
y

2 R2
Altogether, combining the above with (2-18) and (2-19) we conclude that

L1 eTtky
ikx
———dk =0, ,y€(0,0),
Joor ™ i ©re®0

and so, in view of (2-14), (2-16) and (2-17),
) ) elot
/ ekx—iot = jk,r)dk =0, x,y€(0,4),
kect 1 —e—ikt
as desired. It remains to establish Lemma 2.4.

Proof of Lemma 2.4. We minimize |e'¥¢ — 1] as a function of two variables simply

by using calculus techniques. For any

ke{o<Im(k) <\ Dz (kn).

nez
there exists n € Z such that k = k,, + pe'?, with %’z <p< ‘F” and0<¢p<m
(see Figure 2 for the bounds on p). Then,

o'kt — 1|2 = ¢72Ptsind _ppmpbsing cog(plcos ) + 1 =: f(p, p).
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First, we look for critical points of f(p, ¢) inside (p, ¢) € [237; , ‘/3;”] x [0, 7] by
solving the system f,(p,¢) =0 and f4(p,¢) = 0. We note that if cos ¢ = 0 then
sing = 1 and f, = 2e7P¢(1 —e™P%) # 0, while if sin¢ = 0 then cos¢ = +1 and
Jo =TF2pL[1—cos(pl)] # 0. Hence, no critical points arise inside our domain when
cos ¢ sin¢ = 0. Therefore, assuming cos ¢ sin¢ # 0, we multiply the equation
Jo(p, @) =0by cos ¢ and the equation fy(p, ¢) =0 by sin¢/(p{) and then subtract
the resulting equations to obtain

sin(plcosp) =0 <<= plcos¢p =«km, k€.

Since 2375 <p< %, it follows that k¥ = 0, =1. However, none of these values
corresponds to critical points inside our domain since either f, # 0 (when « = 0)
or fy # 0 (when k = £1).

Since f is continuous and there are no critical points inside [2375 , 3 x [0, 7],
the minimum will be attained at the boundary of the domain. If p = —’Z then

_an g _2m g
f(5F¢) = 3P —2e7 T P cos(Fcosg) +1=1g(9). ¢ €0.7].
We compute
g’(¢)=—4T”e_27n5i“¢[cos¢e_27ﬂsm¢ cos(¢ + 2 cos ¢) |

and observe that g’(%) = 0. To show that ¢ = % is the unique zero of g, we consider
the intervals [O, > ] and [ ] separately.

If d) € [ ] then the function /(¢) := ¢ + 2% - cos ¢ has derivative /'(¢) =

1 — =¥ sin ¢. Thus, the only critical point occurs at ¢ =sin~! (23”) with correspond-

ing Value
sin”! (5%) + & /1 — 125 > 2.34.
Moreover, /1(0) = 2Zand h(%) = Z. Thus, Z < h(¢) < 2F and so
cos((,b + ZT” cos d)) <0
for ¢ € [0, %] In turn,
cos e~ 3 siné _ cos(¢ + 2L cos¢) = e - [cos ¢ — cos(¢p + ZE cos ¢)] = 0.
Moreover, for this nonnegative lower bound to vanish we must have
cos¢ =3k or COS¢+%¢+3K =0, kel

The first of these equations has unique solution ¢ = 7. The second equation has
no solution since cos ¢ + %qﬁ has global maximum equal to

J1— 2=+ 2sin”!(2) ~ 151
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(Via its unique critical point on [O, %] at ¢ =sin"! (%)) and global minimum equal
to 1 (via the end point ¢ = 0). Thus, we conclude that for ¢ € [0, %] the only zero
of g/isatgp = Z.

Similarly, if ¢ € [Z, 7] then cos (¢ + 27” cos¢) =0 and so

cos qﬁe_zT” sing _ cos(¢ + 27” cos ) < e [cos ¢ — cos(¢ + ZT” cosg)] <0

As before, we can show that the nonpositive upper bound vanishes only at ¢ = 7 and
is otherwise negative. Thus, for ¢ € [ ] the only zeroof g'isatp = 7 Overall,
since the only critical point of g on [0, JT] is at ¢ = =, comparing the values g( ) =
(1—e~27/3)2 and g(0) = g(7r) = 3, we conclude thatg(qb) f ( )1s minimized
at ¢ = 7 with corresponding value

2 —2x\2
S35 3)=—e3)
Along the same lines, if p = “/g” then we find
_/13m
FOAE9) = F(RE5) == TE
Finally, if ¢ = 0 or ¢ = 7, then recalling that p{ € [2?” @] we have

f(p.0) = f(p, ) =2[1 —cos(pl)] = 2[1 —cos(z”)] 3.

Therefore, the global minimum of f is equal to (1—e~27/3)2 as desired, completing

the proof of Lemma 2.4. O

3. The finite interval problem

We now consider the initial-boundary value problem (1-3) for the linear Lugiato—
Lefever equation with general forcing. While the first part of our derivation is
essentially the same as the one for the periodic problem, the elimination of the
unknown terms from the integral representation now requires an additional idea,
namely the use of a symmetry transformation for the quantity w. In addition, we
provide a justification of the deformation from R to the contours dD* and establish
Proposition 3.1, which is crucial behind this deformation.

3A. The global relation and an integral representation for the solution. As in
the periodic case, taking the Fourier transform (2-1) of (1-3a), we obtain (2-2).
Then, using the boundary conditions (1-3c¢) and the notation ux(0,¢) = g1(¢),
ux(£,t) = hy(t) for the (unknown) Neumann values, we have

Ak, t) +iw(k)i(k,t)
= iB{g1(t) — e *h1(0) + ik[go(t) — e *ho(0)]} + f (k1)  (3-1)
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where o is defined by (2-3). Hence, integrating with respect to ¢ and using the
initial condition (1-6b), as well as the notation (2-5), we obtain the global relation

ek, 1) = g (k) +ip{[g1(w, 1) +ikgo(w, )] — e * Ry (0, 1) +ikho(w,1)]}
t
+ / et f(k,t)dr, (3-2)

=0
where k € C and the time transform ¢ (w, t) of a function ¢(¢) is defined by (2-5).
Using the global relation (3-2) for k € R together with the inverse Fourier
transform (2-1), we obtain the integral representation

u(x, 1) = %/k Reikx_i‘”’ﬁo(k) dk
€

t
+ e’kx—’wf/ 7 f (k. 7) d dk
270 Jrer =0

B[ eikionz (. 1) + ikgo(. 1) dk

27 Jker
_IB [ k0o (o 1) + ik (@, )] k. (3-3)
27 Jker

The integral representation (3-3) is not an explicit solution formula as it involves
the unknown Neumann boundary values ux(0,7), ux (£, ?) through the transforms
g1(w, 1), h 1(w, t). Fortunately, as in the periodic case, these unknowns can be
eliminated. However, unlike the periodic case, where it sufficed to simply reemploy
the global relation after deforming the paths of integration from R to the complex
contours £+ (see Figure 1 and the deformed representation (2-8)), here we must
additionally exploit a certain symmetry of w.

3B. Elimination of the unknowns and an explicit solution formula. First, using
analyticity in k and Cauchy’s theorem from complex analysis, we claim that the
integral representation (3-3) can be written in the form

u(x,1) = %fk Reikx_i“’tﬁo(k) dk
(S
t
L eikx—ia)t/ ei“”fA(k, 'L’) dr dk
2r keR =0
+iB e kXTIOl g (W, 1)+ ikGo(w, 1)] dk
27 Jker+
_iB JKC=D=i0t [ (6 1) 4 ikho(w, D] dk, (34
27 Jrer-

where the contours £ can be chosen to be either dD* or C* (see Figure 1). For
L£* = C*, the deformation leading to (3-4) can be established similarly to the
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periodic case (see Section 2B). Thus, below we justify (3-4) for L£* =0D% and,
more precisely, for £ = dD™ and the third integral in (3-3)-(3-4) since the fourth
integral in (3-3)-(3-4) can be handled in the same way, namely we prove that

keR
edl) ! 3 S

The exponential e!K*~1@=7) decays to zero as |k | — oo inside {Im(k) > 0}\D_Jr
and is bounded on the closure of that region; hence by Cauchy’s theorem

/k ) eikx—iwt[gl(w, t)+ikgo(w,t)]dk
€

— lim ekxTiot g (W, 1)+ ikGo(w, 1)] dk

nmw T
11m:: / / + /—_
kECn ( 2¢ ) k=0

« olkx— ’wt[gl(a),t)‘f‘ikgO(a)’[)] dk, B <0, (3-6)

and
[ eiegio.n +iko(w.n] dk
keR
. %—}_5[7 ikx—iwtr~ ~
= lim "N g (w, 1) +ikgo(w, 1) dk
n—>0o0 k__nTn_2n7

0 i("F+3%)
= lim (/ —i—/ +/ - )
n—00 k=—BE_Z k=i0 kGCyj_
Xeikx—ia)t[g,l(w’t)+ikg0(a),[)] dk, B>0, (3-7)
where 5,;" denotes the circular arc
0.
p €l - A S 9 S T ’ ﬂ < 0’
tone’®: 5 <0 <} =" T ()
{one’®:0<0<Z}, B>0,

and is depicted in Figure 3. Note that the first equality in (3-6) and (3-7) is justified
by the assumption that the improper integral on the left-hand side exists as a double
limit, i.e., [} cp =limp N o0 [—_ps> and hence as a sequential limit for any
choice of sequences M = M(n) and N = N(n) that tend to oco.

Proposition 3.1. For x > 0,¢t > 0and B € R\ {0},

Cr=

n

lim e FXTIO G (W, 1) + ikGo(w, 1)] dk = 0. (3-9)

n—>00 kef,;"

Proof. The argument relies on integrating by parts with respect to t inside the
integrals that define the transforms go, g1 and then using the well-known inequality
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Figure 3. The hyperbola 28 Re(k) Im(k) = —1, whose branches
correspond to the contours D%, and the circular arcs CF, C,F,
Lfl, LI:',: for 8 < 0 (left) and B > 0O (right). The dots along the real

axis denote the zeros k, = %, ne€Z,of etkt — o—ikt

(2-15). For this, we assume that go, g1 are locally bounded functions with locally
bounded derivatives. We take § < 0, as the case § > 0 is entirely analogous.
Integrating by parts, we have

t

I+ (x.1) :=/ ~ e"kx—"wf/ €% [g1(1) +ikgo(v)] dr dk
n keC;f T

=/ R (k1) dk, (3-10)
keC,k
where
1 . —i .
1) = s (2100 + o)~ 1 51(0) + ko )

t
=0

Fork € 6,,+ and n large enough, |w| = |B||k|?> —+/1 4+ a2 > 0. Thus, parametrizing
k = pae'® with Z < 6 < 7, which implies sin(26) < 0, we find
T (pne'® )]

1 ( — (14802 sin(20))t
<————(lg1(0)|H+pnlgo(t) |+~ IHPPusC (|61 (0)|4p, ] g0(0)])
|Blp2—v/T+a? ! !

t _ 2 i _
+/ © (1+Boy sin(26)) r)(|g’1(T)|+/On|g6(f)|)df)
=

Pn

S W—lm(|g1(l)|+|g0(l)|+|g1(0)|+|g0(0)|

t
+ / (|g’1(r>|+|g6<r>|>dr).
=0
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Thus, J(pne'?, t) decays uniformly in 6 as p, — oo according to the bound
J(pne'® 1) <c ,
| Pn )| gosgl,t|ﬂ|przl_m

where

cgo.g1.t = 2(1€ollLoo(o,0) + €1llLoe(0,0)) + T (€0l o0 (0.0) + 11€1 Io0(0,6)) < 0.

Back to (3-10), using this bound together with inequality (2-15) and the fact that
x > 0, we obtain

2 T
80,81, Pn > —2omxg
|4 (x,1)] < £0.81 e do
“ |Blof = V1 +a2 Jo=o0
2
Cg0,81,tPn T (l_e—pnx) n—o0o 0. 0

1BlpE— VI +a? 2omx
In view of (3-9), equations (3-6) and (3-7) simplify to
[ eiegio.n +ikgo(w.n]dk
keR

i0 Pn . .
. ( / + / )e’kx—lwf[guw,z)+ikgo(w,t)] dk,
k=ipn k=0

n—>o0
[ RT3 (. 1) + ik Go(. 1)] dk
keR 0 ipn . ‘
— lim ([ +/ )e’kx_""’[gl(w,t)—i—ikgo(a),t)] dk.
k k

n—o00 ——pn —i0

Appealing to Cauchy’s theorem once again, we can deform the union of the contours
on the right-hand side to the union of the circular arcs

[+ e 5 -0, <0<3} <0,
BV one’® 2 <0<Z46,), B>0,
. {one'? 10 <0 <6,}, B <0,
4 {pneie:n—9n$0$n}, B >0,

where

1l qf 1
9n-—2SII1 (ﬁp%)’

with the contour dD,F", which denotes the portion of DT delimited by L}; and L
(see Figure 3). Combining this last deformation with the fact that, similarly to (3-9),

lim e kXTiOta (w0, 1) + ikGo(w.1)] dk

n—o0o kGLIJ;

=0=lim o e FXTIO G (W, 1) + ikGo(w,1)] dk,
€Ly
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we obtain

/k i KX O[5 (. 1) + ik Go(w, 1)] dk
(S

= lim_ ) 8D+eikx—fwf[gl(w,t)+ikgo(w,z)] dk,
€00y

which, after defining f keap+ -= limy o0 f keap+> amounts to the desired equality
(3-5).

Having established (3-4), we proceed to the elimination of the transforms g, h 1
of the unknown Neumann boundary values. For this step, we must use an idea which
was not needed in the periodic case, namely we must exploit the symmetries of w.
In particular, solving the equation w(v) = w(k), we find that the only nontrivial
symmetry of @ is k — —k. In turn, since the unknown transforms g1 (w, t), hi (w,1)
depend on k only through w, they are invariant under the transformation k — —k,
and the global relation (3-2) yields the additional identity

&'t (k. 1) = dio(—k)+iB{[g1(@.0) =ik Go(w.D)]—e* (1 (@.0)—ikho(w.1)]}
t
—i—/ e'“t f(—k,t)dr, keC. (3-11)
=0
_ Equations (3-2) and (3-11) form a 2 x 2 system for the unknowns g1 (w, ) and
hi(w,t). Solving this system for these two quantities and then substituting the

resulting expressions into (3-4), we obtain the explicit solution formula (1-5), where
we have made use of the following analogue of Proposition 2.1.

Proposition 3.2. Forany 0 <x <{ and anyt > 0,

eikx e "
ikl —ikl A
[keﬁ m[e u(k,t) —e"*"u(—k, 1)) dk

eik(x—é)
B /keL— m[u(k, t)—u(—k,t)]dk = 0.

For £* = C¥, Proposition 3.2 follows like Proposition 2.1, while for £+ =D+
its proof is analogous to Proposition 3.1 with (7,;" replaced by the arc C, shown
in Figure 3 (and with the obvious adjustments in the case of dD ™), provided that
the following crucial analogue of Lemma 2.4 is established (in order to have an
appropriate lower bound for e!%¢ — ¢~k along C,h).

Lemma 3.3. For k € C,} with n € N sufficiently large, we have

el — ek = My = min{v1+e 2l —e7 > 0. (3-12)

Therefore, we conclude with some final remarks on the solution formula (1-5)
and a proof of Lemma 3.3.
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Remark 3.4. The zeros of e’kt — ¢kt do not introduce any singularities in
formula (1-5) since they occur at k =k, = %, n € Z, and hence are avoided by

the contours £F (see Figure 1).

In the special case f(x,t) = F that corresponds to the linearization of the
Lugiato-Lefever equation (1-1), formula (1-5) reduces to

. . ) 1— —ikt | —e—iwt

u(x,t) = L elkx—ioty (k) ak—L e’kx( e ) —e™) dk
2r keR 21 keR ka)

1 eikx—iwt

27 Jiept ikt e—ike[eiuﬁ‘)(k)_e_ikz%(—k)]dk
c _

B eikx—iot . 5 ik -
" s SRR [ho(w,t)—e """ go(w, 1)) dk
i eikx(l_e—ikﬁ)(l_e—ia)t) ”
27 Jrer+ (14+e k) kw
1 eik(x—e)—ia)t

27 Jres W[ﬁo(k)—ﬁo(—k)]dk
e elkl_

B elk(x—O—iwt o
i ~
o oo R ke o= 0. 0] dk
F eik(x—ﬂ)(l_e—ikﬁ)(l_e—iwt)
2 e dk. (3-13)
2 ker— (1+el )kw

This formula can be further simplified by evaluating the integrals multiplied by F
via Cauchy’s residue theorem. In particular, we note that k = 0, as well as the
zeros of w in the integrals multiplied by F in (3-13), correspond to removable
singularities due to the presence of 1 — e %€ and 1 — e~®? respectively. That
is, recalling that in the nonperiodic case k, = %, n € Z, we see that the only
singularities in these integrals arise at k = kp,41, n € Z, due to the term 1 + e~ ikt
Hence, introducing the notation R, = Unezlkan+1 + & kany3 — €], and using
Cauchy’s residue theorem, we find

eik(x—@)(l_e—ikﬁ)(l_e—iwt)
: dk
/kez:— (14+e k) kw
eik(x—é)(l_e—ikﬁ)(l_e—iwl) 27 eik2n+1x(l_e—iw(k2n+1)t)
= lim =7 dk——
e=>0 Jr ek, (1+e_’ )ka) L nez k2n_|_1a)(k2n+1)
and
ikx —ikl —iwt
1— 1—
[ et
kect (1+e~kkw
ikx1_,—ikl\/1__,—iwt ikopnt1x(1__,—iwka,+1)t
1 1 2 2n+1X(] +
— lim e .k)e( ¢ )dk——nze (I=e )
e—0 Jref, (1+e ik Ykw 14 kan+1w(kan+1)

nez
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Therefore, adding these two expressions and noting that the resulting integral
along R, no longer contains singularities and hence can be replaced to one along R,
we obtain a simplified, final form of formula (3-13) as

u(x, 1) = %fk Reikx_i‘”’ﬁo(k)dk
€

1 elkx—iot " "
i A~ —i A~

1 ik~ —iwt
+E/k . m[uo(k)—uo(—k)] dk
o —

F eik2n+1x(] _e—iw(an-H)t)

t nez kan+10(kan+1)
B plkx—iot . ”
ikt
T Jrert mk[h"(w’t)_e go(w,1)] dk
B pik(x—O—iowt
T kle™ho(w.1) = go(w. 0] dk.  (3-14)

7 Jiep— ekl — o—ikt
Proof of Lemma 3.3. If Im(k) = 1, then by the reverse triangle inequality we get
|eikZ _ e—ik€| > eIm(k)Z _ e—Im(k)Z > e€ _ e—ﬁ.

If Im(k) < 1, then instead of using the triangle inequality (which will yield a

vanishing lower bound as n — o0), we proceed as follows. Reparametrizing C,;
by letting (see also Figure 4) k = k,, + re'®, we have

Pn cos 0 —ky, . Pn Sin
——, sin¢g = .

On sin 0 ¥

r= \/pﬁ—Z,onkn cosf —i—k,%, cotop =

Note that r, <r < R,, with

i 1
B?pon
Ru =V p2 =1 +i—knl = \/p2 +Kk2 = 2kav/p2 1,

where we have used the fact that

1 1
cosb, = = 1——+1).
§ 2( B2p;

Observe that, as n — 0o, r, — ”7[ and R, —+/1+ (”7{)2 as suggested by geometric
intuition. Also, for n € N large enough we have (see Figure 4)

\/2— T .
pn—l—knsrcos¢<ﬂ, 0O<rsing < 1. (3-15)
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0 kn+l

Figure 4. The local parametrization k = k, + re'? used when

Im(k) < 1.
Since e2tknt = 1 and k,, € R, |ekt — e—Tkt| = |e’[’em5 —e‘iérei¢| and so
|elk1€ _ e—ik6|2 — e—zér Sin¢ —2COS(2€V coSs ¢) + ezZr sin¢‘ (3-16)

Note, however, that

\/2— b4 1 1 b4

pp—l—kn=r——F—5 -0l ——=5| 55, n—o0,
20 2"+ 5) 2(1x 4 1) 20

which along with inequality (3-15) implies, for n large enough, cos(2¢r cos ¢) < 0.

In turn, using again (3-15), (3-16) yields

|eik€ _e—ik5|2 > e—Zerinq) +e2€rsin¢ >1 _{_e—ZZ‘ [
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