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ABSTRACT. We consider a non-local variational problem whose critical points

are related to bound states in certain optical fibers. The functional is given

by ¢(u) = %\u@ll - fol Jr2 l€®*Aul* dzdt, and relying on the regularizing prop-

erties of the solution e to the free Schrédinger equation, it will be shown
that ¢ has infinitely many critical points.

1. INTRODUCTION

In optical fiber devices a key issue is to transfer signals, which come in the form
of pulses, over long distances. Therefore the question arises of how to stabilize
those pulses in order to counteract the effects of loss and dispersion along the fiber.
Classical approaches to this question rely mostly on techniques related to lineariz-
ing the problem. However, over the past two decades there have been suggested
different approaches which intend to make use of nonlinear effects in the underlying
equations; cf. e.g. [5]. As a model, we consider the nonlinear Schrédinger equation
(NLS)

(1.1) iug 4+ d(t)Au + c(t)|u*u =0

for the envelope function u = u(¢, x) of the electromagnetic wave. Here ¢ € R is the
distance along the fiber, whereas the coordinate of the sections orthogonal to the
fiber is € R?. The main motivation of introducing the ¢-dependent coefficients
d(t) and c(t) can be seen best by recalling that the NLS iu; + Au — |ul?u = 0 is
“defocussing”, whereas the NLS iu; + Au+ |u|?u = 0 is “focussing”; cf. [13]. There-
fore it could be anticipated that an appropriate switching of d(t) and/or ¢(t) from
41 to —1 would lead to the desired stabilizing effect, thus compensating disper-
sion through the nonlinearity. This technique goes under the heading “dispersion
management” (cf. [6] [7) [TT] and the references therein) and it should be noted that
meanwhile dispersion managed optical fibers have even been successfully commer-
cialized.
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From a mathematical viewpoint, an important problem for NLS-type equations
such as ([II]) is to prove that they support bound states, since these are expected
to play a dominant role for the dynamics, in analogy to e.g. [I4]. In view of
applications, a particular relevant case arises when d(t) is varying rapidly and
c(t) is constant. Then (LI]) can be averaged over one period of d(t) to obtain
a simpler equation which should have properties similar to those of (LIl). After
some calculation (and assuming that this period is of unit length), it was shown in
[17] that the relevant averaged equation may be written in the form

(1.2) iuy + aAu + Q(u) =0,

with a > 0 denoting the residual dispersion, and

1
(1.3) Q(u):/o U(t)’1(|U(t)u|2(U(t)u)) dt, wuelL>

In ([L3), U(t)uo = ug is the evolution operator of the free Schrodinger equation,
e, u(t,z) = (U(t)up)(x) solves

(1.4) iug + Au =0, u(0,z) = up(x).

By the results of [I7], in a situation where ¢(t) = 1 and d(t) in ([ is a square
function, if d(t) is replaced by e 1d(e~1t) and ¢ is sufficiently small, then (IZ)
indeed provides a good approximation of (LI)); see [17, Thm. 4.1].

Making the ansatz u(t,z) = e™“)(x) for a solution of (L2)), we see that ()
has to satisfy

(1.5) alp — wip + Q) = 0.

Accordingly, in [17] it was further shown that the variational problem

1
(1.6) min{a/]Rz V|2 da %/0 /R U ()] dadt : o € Hl,/]Rz 2 dz = )\}

admits a solution for every a, A > 0; note that [, Q(v)v da = fol Jge (U ()] * dasdt.
Cf. [9) for related results, and [I5] for properties of this solution. Hence there
is a solution % of (LCH) with w = —u, where u denotes the associated Lagrange
multiplier. We remark that Py := min{...} < 0 for the minimum from (L.6) by [17],
thus upon multiplication of ([CE) by % and integration, it follows that necessarily
w=A1(} fol Jg2 [U@#)p|* dzdt — Py) > 0. In fact the results in [I7, 0] are only
proven for the one-dimensional case z € R, but they transfer to the (physically
relevant) case x € R? without difficulty. However, the problem remained open to
show that there are multiple solutions of (LI, i.e., multiple critical points of the
functional

eztA

1

1 1
_ 2 2 - 4 1
(1.7)  I() = 2/]1&2 (a|w| + wly| )dx 4/0 /R U(t)|* dedt, o e HY,

as is indicated by the numerical results in [8]. The ultimate (but far out of reach)
goal would be to verify that the multiple bound-state type solutions of (L2)) we
have obtained this way would lead to corresponding (approximate) solutions of
(CI) which are dynamically relevant.

The aim of this paper is to show that for every «,w > 0 the functional I admits
a sequence of radially symmetric critical points (1;) C H' such that |11 — oo
as j — oo. We remark that we cannot prove the analogous result in the one-
dimensional case, mainly due to the fact that in this case no compactness can
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be gained due to symmetry. Concerning notation, we write H! = H'(R?;C) and
LP = LP(R?;C), both spaces being considered as real vector spaces. Since the proof
does not rely on the factors a, w, and % in (7)), we set all of them equal to unity.
Moreover, writing u for ¢ and ¢ for I, the functional we are interested in reads as

1
(18)  o(u) = 1/ (1Vul? +JuP?) da:—/ / U (t)ul* dedt, e H.
2 R2 0 R2

We are going to prove the following theorem.

Theorem 1.1. The functional ¢ admits a sequence (u;) C H' of critical points
such that all u; are radially symmetric, and moreover |uj|,, — oo as j — oo.

We refer to [1] 2] for related results covering in particular the case of the func-
tional p(u) = 3 [oo (|Vul? + |u|?) dz — [5. |u|* dz with the corresponding non-time-
averaged nonlinearity.

2. SOME PRELIMINARIES

We first need to collect some auxiliary results. The linearization of ¢ is discussed
in the following lemma.

Lemma 2.1. We have p € C*(H") with
go'(u)(v):/ (Vu'Vﬁ—l—uT)) dr —4 | Qu)vdr, wu,ve H,
R? R?
where Q(u) is defined in ([L3).

Proof. The fact that fol Jg2 U (t)u|* dzdt has linearization 4 [o, Q(u)vda in the
direction of v is verified by arguments similar to those used in Lemma 2 @lbelow. [

Next we are going to argue that the ‘principle of symmetric criticality’ [10]
applies, which allows us to reduce the problem to rotationally symmetric functions.
We consider the group G = O(2) of rotations of R? acting on H' as (gu)(z) =
(g(u1 + iu2))(z) := ui(g~'z) + iuz(g~'z), g € G. This action is isometric, i.e.,
lgul 1 = |u|y for g € G, and moreover Fix(G) = {u € H' : gu = uforall g €
G} =: H}, is the space of functions u € H! being invariant under all rotations.

Lemma 2.2. The functional ¢ is invariant under G.

Proof. We need to verify that ¢(gu) = ¢(u) for ¢ € G and u € H'. For this
we note that v(t) = g(U(t)u) has v(0) = gu as well as iv(t) = ig(iAU(t)u) =
—A(g(U(t)u)) = —Awv(t), due to the rotational invariance of A. Hence g(U(t)u) =
v(t) = U(t)(gu), and this yields the claim. O

Therefore [I0] implies that we can restrict ¢ to H} to find critical points, and
this space enjoys much better properties than H'; see the following lemma. We
note, however, that our results do not imply that necessarily all critical points of ¢
are radially symmetric.

Lemma 2.3. The embedding H}, C L* is compact, and for u € H}, the estimate

(2.1) u(z)| < Clul}2 (Va2 |z 7? e in R?
holds, with C independent of u.
Proof. Cf. [12)]. O
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In fact any of the embeddings H. C LP, 2 < p < oo, is compact, but we will
need this only for one particular p, which we fixed as p = 4.

Corollary 2.4. Ifu € H}, and t € R, then
(U (t)u) ()] < Clul}?|Vul iz "2 ae. in R,
with C independent of u.

Proof. The proof of Lemma 2.2 shows that U(t)u € H} if u € HL. Since U(t) :
L? — L? is an isometry, and V(U (t)u) = U(t)(Vu), the claim follows from .
(|

An important role will be played by the classical Strichartz estimate for the
linear Schrodinger equation (L4)) which says that there is a constant C' > 0 such
that

(2.2) /|U(t)u|§3 dt < Clul’., /|U(t)u|‘;6 dt < Cluf’,, wel?
R R

(cf. 4, Thm. 3.2.5]), and note that the pairs (¢,7) = (3,6) and (¢q,r) = (6, 3) are
both admissible in dimension two. We will also need an estimate on the localization
properties of the linear Schrédinger equation.

Lemma 2.5. There is a constant C' > 0 such that for any u € H', t € R, and
R > 0 we have

2 2 .
|U(t)u|L2(BR(O)) < |U|L2(BQR(0)) +CR 1|7f||“|L2|VU|L2a
with Br(0) denoting the ball of radius R.

Proof. The short proof, which is adapted from [3, Lemma 8.33, p. 73], is included
for convenience; cf. [17) Thm. 7.1] for a similar result. We choose ¢ € C§°(R?)
with values in [0, 1] such that ((z) = 1 for |z| < R, ((z) = 0 for |z| > 2R, and
V€| < CR™'. Denoting u(t) = U(t)u and I(t) = [o. |u(t)]*¢de, we then
find I(t) = Im Jg2 () (Vu(t) - VC) dx, whence [1(t)] < CR™Yu(t)| 2| Vu(t)| . =
CR™Yul;2|Vu| 2, the latter due to |u(t)|gz. = |u|g.. This yields, e.g. for ¢ > 0,

the bound
|u(t)|iQ(BR(O)) < /}Rz lu(t)*¢da = I(t) < I(0) + CR™ 't |u| 2| Vul 2
2 _
< Julagyny + Rt ul e[Vl e,
as was to be shown. O

The next lemma is the main technical result of this section.

Lemma 2.6. For u,v € H., and R > 0 the estimate

(2.3)

/ (Q(u) — Q(v))(a — v) de
RQ

< O(julfs + 1ol ) (V2w = ol + B2 (ul g0+ Jol0))

holds, with C independent of u, v, and R.
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Proof. Since the L?-adjoint of U(—t) is U(t), and taking into account U(t)u =

U (t)u, we obtain from (I3) that
A= [ Q) - Q- o) ds
— [ [ (OPut® - o) Pott)) D — 270 dnat,
0 JR2?

where u(t) = U(t)u and v(t) = U(t)v. We split the z-integral, and accordingly
decompose

1 1
Az// (...)dxdt+// () dudt = Ay + As.
0 Jlz|<R 0 Jz|>R

To bound A; we note that by Lemma 2.5 and using Holder’s inequality we obtain
uniformly for ¢ € [0, 1] that

[ - voPdo
lz|<R

< [ u-oldet OR (julge + 1ol ) ([Tuls + V)
|z|<2R

2 —1 2
CRJu—vl}. + CR™ (Julgs + ol )

IN

Therefore in view of (Z2)

/01 </lx|<R (P u(t) = (o) Pote)| da:) -

X </|x|<R lu(t) — v(t)[? dx) v dt

1
< C(RYu= vl + R (ul g+ [o]10)) / (Il + lo(t)f3 ) dt

24) < C(Juffa+lolfe) (B2 —vlge + B2 (uln + ol))-

| A

IN

Concerning Ag, for |z| > R we have
Jult, @) = v(t,2)| < Clu— o]} 5[V = Vol L2l /2 < CRTV2 (Jul g + ol )

by Corollary 2.4, thus Holder’s inequality in the ¢-variable yields

1
Al < OR (g + ol ) [ [ (ol + o)) dar
! 3 3
= OR (g + 1ol ) [ (O + o(0)3:) o

(
1 1/2
< CR™V*(Julg + ol ) ( | (ot + o) dt)
(

(2.5) = R (Julgs + lolz ) (Jul + o] ),

the latter in view of (Z2). From (24)) and (ZX) we see that (23) is satisfied. O
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3. CRITICAL POINTS
In this section we will give the proof of Theorem L1}
Lemma 3.1. The functional ¢ satisfies the Palais-Smale condition on X = H},.

Proof. We assume (u;) C X is such that |¢(u;)| < C and ¢'(u;) — 0 in X*. Since

(3.1) Q(u)udx :/0 /11&2 |U (t)u|* dadt,

]RQ
by using Lemma [2.1] it is verified that

Julin = 40(uj) — ¢ (u)(wy).

Hence (u;) C X is bounded. Passing to a subsequence, we may assume that u; — u
in H' and u; — u in L*; of. Lemmal[2:3] A short calculation reveals

Juj —ulfn = (¢ (uy) = &' (w)(u; —u) + 4/ (Q(uy) = Q(u))(u; —u) de,

R2
thus we obtain from Lemma [2Z6] that for every R > 0 the estimate

N

2
luj —ulpn < 1@ ()] ol — ul g + |9 (W) (uy — u)|

+C (Jugl3a + lulde ) (B2t =l o+ B2 s + il )

IN

Ol () - + 1! () (a; = w)] + C (B2t —ul o+ R7/?)
holds. This shows that u; — u in H'. O

Proof of Theorem [l We shall verify the assumptions of a theorem of Bartsch;
cf. [I6] Thm. 3.6]. We set X; = Re;, with {e; : j € N} an orthonormal base of
X = H(, and moreover we let Y}, = @?:1 X; as well as Zj, = @;’ik X;. In view
of Lemma BTl we thus only need to show that there are py > r; > 0 such that the
following mountain-pass type properties hold:

(P1) ar = max{p(u) : u € Yy, |u|y = pr} <0, and

(P2) by = inf{p(u) : u € Zy,|u| g =rp} — 00 as k — oo.
To verify (P1), observe that

1
mk—min{/ |U(t)ul* dzdt : u € Yy, |ul —1}>0,
o Jr?

since {u € Yy, |u|y1 = 1} is compact. Hence we find for u € Yj, with |u|; = px

that
(w) = Sfulp — [uf? //
u) = —|u — U
A= gl = e J5 L P Tl

Thus (P1) will be satisfied provided that we can arrange to have py > /5 L

mk'

u

4 1
dzdt < 5;)% — prmy.

U(t)

For (P2), we observe that analogously to [I6] Lemma 3.8] it follows that S, =
sup{|u|;a 1 u € Zy, |uly =1} — 0 as k — oo. Setting v = 0 in Lemma 2 and
observing ([B1)), we have for v € Z, with |u|;: = 7, the estimate

1
| [ wutdsar < Clulla (B2l | | 4 R )
0 JR2 |t g L4
<

Ord (Rl/Qﬂk + R’1/2).
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This holds for any R > 0, hence selecting R = 5, L we find

1
/ /2 |U (t)u|* dedt < Clrﬁﬁim, we Zy, |ulg =r,
0o Jr

for some constant C; > 0. This leads to

1 ! 1
p(u) = §|u|§{1 —/0 /}R2 |U (t)u|* dadt > 57"% - Cﬂ’éﬁ;m, uw€ Zi, |ulg =r.

Upon choosing rj = 6,;1/8 we see that by > %ﬁ,:lM — (4 — o0, thus yielding (P2),

and to satisfy (P1) we may finally set px = rp + ﬁ Therefore [16, Thm. 3.6)

applies to yield a sequence (u;) C H} of critical points of ¢ restricted to H}, such
that ¢(u;) — 0o as j — co. By the ‘principle of symmetric criticality’ (cf. Section

B)

in fact the u; are critical points of ¢ on H', and since ¢(u;) < %|uj|fql, we also

see that |u;|,, — 0o as j — oco. This completes the proof of the theorem. O

10.

11.

12.

13.

14.
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